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Introduction


Intermolecular interactions involving peptides or protein
fragments are rather important supramolecular events and
are central to a variety of biochemical and medicinal pro-
cesses.[1] For example, signal transduction and enzymatic ac-
tivities, as well as pathological processes such as amyloid
formation responsible for Alzheimer!s disease or bacterial
cell wall maturation, critically depend on molecular recogni-
tion events involving peptides. Therefore, artificial receptors
that are capable of selectively binding a given peptide under
physiological conditions (in water) are not only interesting
as model systems for studying the principles of the underly-
ing supramolecular chemistry, but also as starting points for
the development of sensors as diagnostic tools[2] or as molec-
ular probes capable of interfering with an actual biological
event.[3]


For such purposes, strong complexation of the given
target peptide by the artificial host is necessary.[4,5] This,
however, is quite challenging. On the one hand, in water,
electrostatic interactions such as ion pairs or H-bonds,[6]


which due to their specificity and in some cases directionali-
ty[7] are quite useful for imposing selectivity in supramolec-
ular complex formation,[8] are weakened due to competitive
solvation by the polar water molecules. On the other hand,
hydrophobic interactions,[9] which are more important in
water, are rather non-specific, making the design of selective
host molecules difficult.[10] For Nature, this does not normal-
ly pose many problems. Molecular recognition events often
take place in clefts or cavities within proteins, which provide
a less polar microenvironment for the binding than the bulk
solvent, allowing the effective exploitation of electrostatic
interactions.[11,12] For artificial chemical receptors, however,
which in general are much smaller and therefore structurally
less well defined than proteins, this often represents a severe
limitation in terms of both their design and development as
well as for any potential application, which necessarily has
to take place under physiological conditions. Therefore,
most peptide receptors reported to date require additional
hydrophobic,[13] aromatic,[14] and/or much stronger metal-
ligand interactions[15] for efficient substrate binding in water.
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We have recently shown for the first time that binding of
the non-hydrophobic tetrapeptide N-Ac-d-Glu-l-Lys-d-Ala-
d-Ala-OH (EKAA) 2 in water is possible without the need
for additional hydrophobic or metal–ligand interactions.[16]


This tetrapeptide sequence is interesting in terms of its rele-
vance to bacterial cell wall maturation.[17] During the synthe-
sis of the bacterial cell wall, linear peptidoglycans are cross-
linked through a transamidation reaction involving this tetra-
peptide sequence, which is also the point of attack of the
glycopeptide antibiotic vancomycin. This substrate is there-
fore not only challenging in terms of its highly flexible and
polar character, but is also of value in view of its biological
relevance. Receptors that selectively bind this peptide se-
quence could be of interest in improving our understanding
of the molecular basis of vancomycin antibiotic activity and
resistance.[4c,j] Through a quantitative on-bead screening of a
medium-sized but focused combinatorial receptor library 1
with 512 members, we were able to identify efficient recep-
tors that bind the tetrapeptide 2 with Kass �104m�1. A statis-
tical QSAR analysis of the experimental data underlined
the fact that peptide binding is solely based on electrostatic
interactions in this case.[16]


We now present herein the results of a more thorough in-
vestigation of the binding properties of receptors of type 1.
We have probed the substrate selectivity of this receptor
class by using the inverse tetrapeptide N-Ac-d-Ala-d-Ala-l-
Lys-d-Glu-OH (AAKE) 3 as a second substrate. Further-
more, we present the results of detailed binding studies for
both substrates, on-bead and in free solution, by means of
experimental NMR, UV, and fluorescence titrations as well
as molecular mechanics and ab initio calculations. Compari-
son of the respective experimental binding data for the two
substrates 2 and 3 reveals interesting insights into the struc-
tural requirements for efficient peptide complexation by this
receptor class.


Results and Discussion


Design and synthesis of the library : The general design of
the receptor library 1 is based on our guanidiniocarbonyl
pyrrole binding motif, which we developed for efficient com-
plexation of carboxylates in aqueous solvents.[18,19] To this
carboxylate binding site (CBS) for the complexation of the
C-termini of peptides, additional interaction sites in the
form of a linear tripeptide unit have been attached. The
peptidic nature of the receptor allows the formation of a hy-
drogen-bonded antiparallel b-sheet[20] with the backbone of
the tetrapeptide substrate 2, as shown schematically in
Figure 1. Furthermore, multiple electrostatic interactions be-
tween the amino acid side chains on both the substrate and
the receptor should further stabilize the complex and pro-
vide the necessary substrate selectivity. Based on this recep-
tor design (abbreviated as CBS-AA1-AA2-AA3), facile and
fast solid-phase peptide synthesis can be performed, which
also allows the introduction of structural diversity by using a
combinatorial variation of the amino acids in the tripeptide


unit.[4j, 21] Therefore, a combinatorial receptor library[22] was
synthesized on amino-TentaGel as the solid support accord-
ing to a standard Fmoc protocol using the split-and-mix ap-
proach[23] in combination with IRORI radiofrequency tag-
ging technology[24] as described previously.[4e] In each of the
three coupling steps, the same eight different amino acids
were used, namely Lys(Boc), Tyr(tBu), Ser(tBu), Glu(OBn),
Phe, Val, Leu, and Trp, giving rise to a library with 512 dif-
ferent members. These specific amino acids used were
chosen among the proteinogenic amino acids to provide a
representative range of varying polar, charged, and hydro-
phobic residues within the final receptor library.[16] Depro-
tection of the side-chain functionalities was finally achieved
by using 25% HBr in acetic acid.
In a first experiment, this library 1 was screened for its af-


finity for the polar tetrapeptide N-Ac-d-Glu-l-Lys-d-Ala-d-
Ala-OH (EKAA) 2 in water.[16] Based on this initial library
screening, receptors were found that bind 2 with an affinity
of Kass �104m�1. To probe the substrate selectivity of the re-
ceptors, we have now also prepared the inverse sequence,
N-Ac-d-Ala-d-Ala-l-Lys-d-Glu-OH (AAKE), in the form
of a dansylated derivative 3 on Wang resin as a solid support
by means of a standard solid-phase peptide synthesis (SPPS)
based on an Fmoc protocol (Scheme 1). To ensure water sol-
ubility, a hydrophilic triethyleneglycol spacer was introduced
between the fluorescent dansyl label and the tetrapeptide.
Thus, the free N-terminal amino group of the side-chain-
protected tetrapeptide obtained after SPPS was reacted se-
quentially with succinic anhydride 4, the triethyleneglycol
diamine 5, and dansyl chloride 6. The labeled tetrapeptide 3
was cleaved from the resin with TFA in CH2Cl2 (1:1 mix-
ture). Under these conditions, the protecting groups on the
amino acid side chains are also cleaved, to afford analytical-
ly pure 3 in 83% yield.


Binding studies on-bead : To qualitatively probe the entire
receptor library for its binding properties towards this in-
verse substrate 3, aliquots of the 512 resin-bound deprotect-
ed receptors 1 were pooled and the combined mixture was
incubated with a 5 mm solution of the tetrapeptide substrate
3 in 20 mm bis-tris-buffer at pH 6.0 in water. After the super-
natant solution had been washed off, the beads were
screened under UV light using a fluorescence microscope. A
selective binding of the tetrapeptide substrate 3 by some,


Figure 1. Schematic representation of complex formation between the re-
ceptor library 1 and the dansylated tetrapeptide substrate 2.
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but not all, of the 512 receptors 1 could be observed, as indi-
cated by the strong fluorescence activity of individual beads
(Figure 2).


Only those beads on which the attached receptor is capa-
ble of binding the peptide even in water show the character-
istic fluorescence of the dansyl group. All of the other re-
ceptors that do not bind the peptide under these experimen-
tal conditions remain dark. The percentage of beads in the
mixture taking up the fluorescence was found to be directly
correlated with the concentration of the substrate solution
used for incubation. This underlines the fact that the ob-
served differences in fluorescence activity are indeed due to
different binding affinities of the individual receptors and
not to a selective fluorescence quenching within the com-
plex (which would be independent of concentration). How-
ever, this qualitative screening gave a first indication that
the binding of the inverse substrate 3 (AAKE) by receptors
of type 1 is weaker compared with that of the “normal” sub-
strate 2 (EKAA), as indicated by the higher concentrations
needed to achieve a significant peptide binding, reflected by
the intensity of the fluorescence staining (Figure 2).
The weaker binding of the inverse substrate 3 relative to


2 was confirmed by a quantitative on-bead fluorescence
assay using a high-throughput microtiter plate reader.[25] The
IRORI tagging technology provides the individual library
members locally separated and in amounts of about 20–
30 mg resin, which is enough material for a quantitative
screening. For each receptor, a precisely measured sample
(15–25 mg of resin with a 0.22 mmolg�1 loading, as deter-
mined by quantification of the Fmoc-piperidine adduct
during receptor synthesis) was incubated with 2 mL of a
39 mm solution of the dansylated tetrapeptide 3 in 200 mm
bis-tris-buffer at pH 6.0 for 20 h. After equilibration, 200 mL
of the supernatant solution was removed and the fluores-
cence intensity of the solution was measured. From the fluo-
rescence intensity before and after incubation and the load-
ing of the resin, the association constants Kass for each re-
ceptor could be calculated. The best receptors were found
to have a Kass �6000m�1 for 3 and in general Kass is around
two to three times smaller than for the “normal” substrate
2, for which the best receptors had Kass = 17100m�1


(Table 1).


Scheme 1. Synthesis of the dansylated tetrapeptide substrate 3.


Figure 2. On-bead binding assay in buffered water ([substrate] = 5 mm,
20 mm bis-tris buffer, pH 6.0). Strong fluorescence activity indicates selec-
tive binding of tetrapeptide 2 (EKAA) to selected cationic receptors 1
(top), whereas the inverse tetrapeptide 3 (AAKE) is bound less efficient-
ly at the same concentration (bottom).


Table 1. Selected association constants Kass (in m
�1)[a] for the complexa-


tion of tetrapeptides 2 (EKAA) and 3 (AAKE) by receptors of type 1
(CBS-AA1-AA2-AA3-resin) in water, as obtained from the library screen-
ing.


Entry Receptor AAKE 3 EKAA 2


1 CBS-KKF 4800 17100
2 CBS-KKL 5600 15400
3 CBS-KKE 5700 15300
4 CBS-KSK 5700 13200
5 CBS-KFK 6000 12900
6 CBS-KYY 3300 12300
7 CBS-KKK 4300 12000
8 CBS-KKV 5500 11500
9 CBS-LYK 2900 10000
10 CBS-KLF 2700 8800
11 CBS-FKK 2800 6200
12 CBS-FEK 500 1600
13 CBS-VYV 140 300
14 CBS-VEF <100 200


[a] Estimated error in K �20%.
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Interestingly, the best receptor for the inverse substrate 3
(CBS-KFK, entry 5) is not the same as that for substrate 2
(CBS-KKF, entry 1), even though the binding affinities for
substrate 3 do not differ significantly. In general, any recep-
tor that contains two lysine residues—irrespective of their
position—seems to bind the inverse substrate 3 rather well.
This again underlines the fact that the dominant binding
forces are charge interactions. Due to the flexibility of the
lysine side chain, no significant dependence on its position
in the receptor is therefore expected.


Complex formation in solution : To validate the binding data
obtained from the solid-phase screening, complexation stud-
ies in free solution were also performed.[26] Two members of
the library, receptors 7 and 8, were therefore synthesized on


Rink amide resin by using a standard Fmoc protocol and
were obtained in analytically pure form after cleavage from
the solid support. Receptor 7 (CBS-KKF) was the most effi-
cient one for 2 in the on-bead screening, whereas receptor 8
(CBS-KYK) showed a medium affinity (Kass �5800m�1 for
2 and 4500m�1 for 3, respectively). The unlabeled N-acety-
lated tetrapeptide substrates 9 (EKAA) and 10 (AAKE)
needed for the binding studies were synthesized by means
of a standard Fmoc protocol on Wang resin. Due to their
charged side chains, both tetrapeptides as well as the recep-
tors are well soluble in water, even at millimolar concentra-
tions.
We first tried 1H NMR titrations to reveal complex forma-


tion in solution. In water/DMSO (90:10), complexation-in-
duced shift changes could indeed be observed upon the ad-
dition of tetrapeptide 9 (NMe4


+ salt) to a solution of the re-
ceptor 8 (CBS-KYK, chloride salt). For example, the signals
of the amide NHs of the tripeptide backbone and of the ty-
rosine CHs of the receptor were shifted downfield, whereas
the signals of the pyrrole CHs were shifted upfield, in ac-
cordance with observations for other guanidiniocarbonyl
pyrrole receptor systems.[18] Unfortunately, due to the com-
plexity of the spectra and extensive overlap between the sig-
nals of the receptor and those of the substrate, a quantita-


tive analysis of the shift changes was not possible. Therefore,
complex formation in water can only be qualitatively dem-
onstrated by these NMR experiments. Nevertheless, as the
shift changes of the signals of the tyrosine CHs and the vari-
ous amide NHs suggest, the intermolecular interaction is
not limited to ion-pair formation between the guanidiniocar-
bonyl pyrrole cation and the carboxylate of the tetrapeptide,
but also extends well into the tripeptide unit of the receptor,
in agreement with the model schematically depicted in
Figure 1.
For a quantitative determination of the complex stabilities


in free solution, we performed UV and fluorescence titration
experiments in buffered water.[26] Stock solutions of the
tetrapeptides (c = 7.7P10�4m) and of the receptors (c =


5.4P10�5m) were freshly prepared in buffered water (bis-
tris-buffer, pH 6.15, c = 1.6P10�3m). Aliquots of the appro-
priate tetrapeptide solution were then added to a solution of
the receptor and the changes in the UV and fluorescence
spectra were recorded after each addition. In the UV spec-
tra, the decrease of the absorbance A of the pyrrole band at
300 nm was followed. A nonlinear curve-fitting based on a
1:1 complexation model was used to calculate the binding
constant K from the isotherms according to the following
equation.[26c]


A ¼ eR � ½R�0 þ eL � ½L�0 þ
K � De � ½R�0 � ½L�


1þK � ½L�


with:


½L� ¼ ½L�0�
K � ½R�0 � ½L�0


ð1þK � ½L�0Þ2 þK � ½R�0


where [L] = concentration of free ligand (tetrapeptide) in
the solution, [L]0 = total concentration of ligand (tetrapep-
tide) in the solution (free and bound), [R]0 = total concen-
tration of receptor in the solution (free and bound), and eRL,
eR, eL = absorption coefficients of the complex, the recep-
tor, and the ligand, respectively.


De ¼ eRL � eR � eL


Furthermore, the total concentrations of receptor [R]0
and ligand [L]0 in the actual sample can be calculated from
the initial concentrations of the stock solutions used ([R]0*
and [L]0*) by accounting for the change in volume caused
by each substrate addition using a dilution factor x that re-
lates the volume added in each titration step (Vadded) to the
initial volume of the sample at the beginning of the titration
(Vinitial):


½R�0 ¼ ½R�0*
1þ x


½L�0 ¼ ½L�0* � x
1þ x


with x ¼ Vadded


V initial


The absorption coefficients of the receptors (eR =


25300mcm�1 for 7 and eR = 22250mcm�1 for 8) as well as
of the tetrapeptide substrates (eL = 200mcm�1 for both 9
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and 10) were determined from independent measurements
and were used as constants in the data analysis. The only pa-
rameters to be fitted were therefore the absorption coeffi-
cient of the complex eRL and the binding constant K itself. A
representative binding isotherm is shown in Figure 3. These


titration experiments confirm that our receptors also form
stable complexes with both tetrapeptides in free solution.
For receptor 7 (CBS-KKF), which showed the highest affini-
ty for substrate 2 in the solid-phase screening, the binding
constant for tetrapeptide 9 (Kass = 15400m�1) is of the same
order of magnitude but slightly lower than that obtained
from the solid-phase screening (Kass = 17100m�1). In good
agreement with the data derived from the solid-phase
screening, the inverse peptide 10 is also bound less efficient-
ly in free solution (Kass = 4500m�1) but again with similar
affinity as on-bead (Kass = 4800m�1). For receptor 8 (CBS-
KYK), the binding constants in free solution are Kass =


6200m�1 for 9 (EKAA) and Kass = 5300m�1 for 10
(AAKE), again in excellent agreement with the binding af-
finities on-bead (Kass = 5800 and Kass = 4500m�1, respec-
tively). The results show that at least for this specific recep-
tor class the solid support itself does not have any significant
influence on the complexation event.[27]


We also used fluorescence titration as a second indepen-
dent method to determine the binding constant for receptor
8. In this case, the decrease in the fluorescence emission of
the pyrrole moiety at 329 nm upon complex formation was
followed. To avoid a signal overlap with the Raman peak of
water, an excitation wavelength > 300 nm had to be used
(here we used 310 nm). In preliminary tests, we observed
that in a certain concentration range the fluorescence inten-
sity of the receptor actually increased upon dilution of the
sample (Figure 4). The most probable explanation is that a
non-specific fluorescence quenching occurs with increasing
concentration. Another conceivable explanation, self-associ-
ation of the receptor, seems rather unlikely as no similar
effect was observed in the UV spectra. As Figure 4 shows,
the starting concentration of the receptor has to be c < 5P
10�5m to ensure Lambert–Beer behavior. Therefore, the


fluorescence titration was performed with an initial receptor
concentration of c = 1P10�5m.
Furthermore, the bis-tris buffer solution showed a signifi-


cant deterioration with age, leading to an intense fluores-
cence emission at around 300 nm after a few weeks. All so-
lutions were therefore freshly prepared. Even then, it took
up to 45 min after each substrate addition until a constant
and reproducible fluorescence intensity was observed.
Whether this was due to mixing effects or unfavorable dy-
namics of complex formation is not known, but the fluores-
cence emission of pyrrole receptors of type 1 is generally
rather sensitive to dissolved gases or solvent composition,
pH or even temperature changes. These experimental prob-
lems made fluorescence titration less well suited for the de-
termination of complex stabilities as a routine method, even
though it is more sensitive due to the larger absorption
changes. We therefore only investigated the complex forma-
tion between receptor 8 (CBS-KYK) and tetrapeptide 9
(EKAA) by fluorescence titration (Figure 5). As the tetra-
peptide 9 also has significant emission bands in the same
spectral range (due to the protonated ammonium group of
the lysine residue), we first determined its emission coeffi-
cient by means of a dilution experiment. Perfect Lambert–
Beer behavior was observed at 329 nm with an emission co-
efficient of e = 54740mcm�1, which together with that of
receptor 8 (e = 7.7P106mcm�1) was again used as a con-
stant in the nonlinear curve-fitting of the binding isotherm
(Figure 5). The calculated binding constant of Kass =


6100m�1 is in good agreement with that obtained from the
UV titration (Kass = 6200m�1). These titration experiments
show that fully flexible one-armed peptide receptors of type
1 are indeed capable of binding tetrapeptides such as 9 or
10 based on charge interactions and H-bonds even in free
solution, confirming the results obtained from the screening
of the solid-phase-bound library. However, the sequence of
the tetrapeptide substrate does have a significant effect on
the binding affinity, even though complexation is mainly do-
minated by rather long-range electrostatic interactions. As
discussed previously, based on a statistical QSAR analysis,
hydrophobic interactions are not important for substrate
binding in this case.[16]


Figure 3. Binding isotherm at l = 300 nm for the complexation of tetra-
peptide 9 by receptor 7 as obtained from a UV titration experiment cor-
rected for absorption changes due to dilution. The dotted line represents
the curve-fitting for a 1:1 complexation.


Figure 4. Dilution curve for the fluorescence intensity at l = 329 nm of
receptor 8 in buffered water. Above a concentration of 50 mm, fluores-
cence quenching is observed.
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Modeling studies : To further elucidate this difference in the
complex stabilities of the two substrates 9 and 10, we per-
formed molecular mechanics calculations (Macromodel V.
8.0, Amber* force field, GB/SA water solvation).[28] Energy-
minimized structures were obtained from a Monte Carlo
conformational search (at least 50000 steps, until the mini-
mum structure was found multiple times). The obtained
energy-minimized structures were then further subjected to
a MD simulation (10 ps at 300 K). According to these calcu-
lations, the weaker binding of the inverse tetrapeptide
AAKE 3 is probably due to intramolecular ion-pair forma-
tion between the lysine and the two glutamate carboxylates
(Figure 6). Both carboxylates of the inverse tetrapeptide
AAKE, the one in the side chain and the one at the C-ter-


minus, can interact simultaneously with the positively charg-
ed ammonium group of the lysine. These intramolecular ion
pairs have to be broken before an efficient intermolecular
interaction with the receptor can take place. In contrast, in
tetrapeptide EKAA, the glutamate is located at the N-ter-
minus and therefore the lysine can only interact with one of
the two carboxylate groups of this tetrapeptide, the one on
the glutamate side chain. The C-terminal alanine carboxyl-
ate is too far away and is not affected by this intramolecular
ion-pair formation. It is therefore available for complexation
by the guanidiniocarbonyl pyrrole receptor. This difference
in intramolecular charge interactions within the substrate
could explain the better binding of the tetrapeptide EKAA
2 compared to the inverse sequence AAKE 3.
The calculated energy-minimized structure of the complex


between the most efficient receptor 7 (CBS-KKF) and the
tetrapeptide 9 (EKAA) is shown in Figure 7. The C-terminal


carboxylate of the tetrapeptide substrate is bound by the
guanidiniocarbonyl pyrrole moiety and simultaneously by
the lysine in position 1 of the receptor. This explains the sig-
nificant effect of this position on complex stability, as also
seen in the library screening (Figure 8). When the amino
acid sequence of the tripeptide part of the receptor is sys-
tematically varied, every eighth member has a lysine in posi-
tion 1 next to the guanidinium cation, corresponding to a
general receptor sequence CBS-Lys-AA2-AA3. This causes a
significant increase in the association constant determined
in the quantitative on-bead screening compared to related


Figure 5. Changes in the fluorescence spectrum due to complex formation
between receptor 8 and tetrapeptide 9 (a) and the resulting binding iso-
therm at l = 329 nm (b).


Figure 6. Calculated energy-minimized structures of the tetrapeptide sub-
strates 9 (EKAA, top) and 10 (AAKE, bottom) in water.


Figure 7. Energy-minimized structure of the complex between receptor 7
(CBS-KKF, dark grey) and tetrapeptide 9 (EKAA, light grey) (top) in
water, and the binding scheme of the C-terminal carboxylate (bottom)
showing the stabilizing effect of lysine in position 1 of the receptor [non-
polar hydrogens omitted for clarity].
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sequences, as shown in Figure 8. This demonstrates the addi-
tional stabilization of the complex by a lysine in position 1
of the receptor. The second lysine of the receptor CBS-KKF
ion pairs with the glutamate side chain of the substrate,
which is also stabilized by the adjacent lysine of the sub-
strate (reflecting the intramolecular ion pair that can be
seen in Figure 6). Hence, complex formation can be sum-
marized as follows: strong double ion-pair formation to the
C-terminal carboxylate and a second, somewhat weaker,
charge interaction with the N-terminal glutamate.
This efficient binding of the C-terminal carboxylate is fur-


ther illustrated by the calculated electrostatic surface poten-
tial of the complex (Figure 9). The charge of the C-terminal
carboxylate (left side, green circle) is efficiently neutralized
by the cationic guanidiniocarbonyl pyrrole moiety and the
ammonium ion of lysine 1 in the receptor. This is most evi-


dent by comparison with the N-terminal glutamate carboxyl-
ate (right side, red circle), which despite being ion paired
with two ammonium cations still bears a significant negative
charge density. Even the various carbonyl oxygens (visible,
for example, at the lower rim of the complex) have a higher
negative charge density than the C-terminal carboxylate
bound by the guanidiniocarbonyl pyrrole moiety.
Furthermore, the calculated dynamic stability of the com-


plex is surprising in view of the flexibility of both the host
and guest. According to an MD simulation in water at
300 K, no significant changes of the general complex struc-
ture and hence in the corresponding binding interactions are
observed over a time period of 100 ps (Figure 10). The com-
plex is therefore conformationally rather well defined.


Conclusion


Our experiments show that fully flexible one-armed recep-
tors of the general type 1 form stable complexes based on
electrostatic interactions with polar anionic tetrapeptides
such as 9 or 10, even in water. In spite of the long range of
these charge interactions, the complex stability depends sig-
nificantly on the amino acid sequence of the substrate.
Moving the glutamate side chain from the N- to the C-ter-
minus as in the inverse substrate 10 significantly affects the
binding affinity. Hence, even rather flexible receptors such
as 1 can exhibit substrate selectivity. We are currently ex-
ploring the usefulness of receptors such as CBS-KKF in the
design of selective peptide sensors.


Experimental Section


General remarks : Reaction solvents were dried and distilled under argon
before use. All other reagents were used as obtained from either Aldrich
or Fluka. 1H and 13C NMR chemical shifts are reported relative to the
signals of the deuterated solvents. Peak assignments are based on either
DEPT, 2D NMR studies, and/or comparison with literature data. IR


Figure 8. Selection of association constants Kass [in m
�1] determined from


quantitative on-bead screening by systematic sequence variation of the
tripeptide part of the receptor. Every eighth column corresponds to a re-
ceptor of the general sequence CBS-Lys-AA2-AA3, each of which shows
significantly increased affinity compared with the other receptors. This
demonstrates the additional stabilization of the complex by a lysine in
position 1 of the receptor.


Figure 9. Calculated electrostatic surface potential (HF/6-31G*) mapped
onto the electron density, illustrating the charge complementarity be-
tween receptor 7 and tetrapeptide 9 (left), and the efficient charge neu-
tralization especially for the C-terminal carboxylate upon complex for-
mation (right). [Contour value = 0.02 eR�3; the geometries were taken
from the force field calculations; color code for 7: red < +0.15; yellow
+0.2; green +0.25; light blue +0.3; blue +0.35; for 9 : red < �0.15;
yellow �0.1; green �0.05; light blue 0.00; blue +0.05; for the complex:
red < +0.05; yellow +0.1; green +0.15; light blue +0.2; blue +0.25].


Figure 10. Superposition of complex structures as obtained from a molec-
ular dynamics simulation over a time period of 100 ps (one structure
taken every 2 ps) [grey: tetrapeptide 9 ; black: receptor 7 CBS-KKF; hy-
drogens omitted for clarity].
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spectra were recorded from samples prepared as KBr pellets. Melting
points are not corrected.


Synthesis of the dansylated tetrapeptide substrate 3 : The fluorophore-la-
beled tetrapeptide 3 was synthesized on Wang resin according to a stan-
dard protocol. Wang resin (300 mg, 1.11 mmolg�1, 0.33 mmol) was swol-
len in CH2Cl2/DMF (8:2) for 1.5 h, and the first amino acid was coupled
to the resin by the application of Fmoc-d-Glu(OBn)-OH (2.0 equiv), di-
isopropyl carbodiimide (DIC, 2.0 equiv), and dimethyl aminopyridine
(DMAP, 0.1 equiv) in CH2Cl2/MeOH (8:2) for a reaction time of 20 h.
The coupling step was repeated twice. The Fmoc group was then cleaved
with piperidine in DMF (20%). The next three amino acids (l-Lys(Boc),
d-Ala, and d-Ala, respectively) were coupled under the following condi-
tions: amino acid (2.5 equiv) and (benzotriazol-1-yloxy)trispyrrolidino-
phosphonium hexafluorophosphate (PyBOP) (2.5 equiv) in DMF con-
taining 3% N-methylmorpholine (NMM; 10 mL) for 4 h. The free amino
function of the tetrapeptide was then coupled with succinic anhydride 4
(10.0 equiv) in CH2Cl2/DMF (8:2) for 3 h. The resulting carboxylic acid
was coupled with 1,13-diamino-4,7,10-trioxaundecane 5 in the presence
of PyBOP (10.0 equiv) in DMF (reaction time 3 h). The resulting amine
was treated with dansyl chloride 6 (3.0 equiv) in DMF for 20 h. Cleavage
from the resin and deprotection of the side chains was performed by ex-
posure to CH2Cl2/TFA (1:1) for 2 h. The solvents were then evaporated,
and the resulting red oil was treated with dry diethyl ether to obtain a
light-green solid that was found to be analytically pure.


Tetrapeptide 3 (AAKE): Yield: 165 mg, 0.17 mmol, 52%; m.p. 106 8C; 1H
NMR (600 MHz, [D6]DMSO): d = 1.18 (d, 3JH-H = 7.1 Hz, 3H; CH3),
1.23 (d, 3JH-H = 7.1 Hz, 3H; CH3), 1.25–1.35 (m, 2H; CH2), 1.49–1.60 (m,
6H; CH2), 1.66 (m, 1H; CH2), 1.77 (m, 1H; CH2), 1.96 (m, 1H; CH2),
2.22 (t, 3JH-H = 7.4 Hz, 2H; CH2), 2.30–2.39 (m, 4H; CH2), 2.70 (m, 2H;
CH2), 2.83 (q,


3JH-H = 5.9 Hz, 2H; CH2), 3.03 (m, 2H; CH2), 3.14 (s, 6H;
CH3), 3.21–3.24 (m, 4H; CH2), 3.31–3.37 (m, 4H; CH2), 3.38–3.42 (m,
4H; CH2), 3.44–3.50 (m, 2H; CH2), 4.14–4.23 (m, 4H; CH), 7.77 (m, 2H;
ar-CH), 7.84 (d, 3JH-H = 8.2 Hz, 2H; ar-CH), 7.95 (t, 1H; NH), 7.99 (d,
3JH-H = 8.0 Hz, 1H; NH), 8.00 (s, 3H; NH3


+), 8.06 (t, 3JH-H = 5.2 Hz,
1H; NH), 8.13 (d, 3JH-H = 6.9 Hz, 1H; NH), 8.18 (m, 2H; ar-CH), 8.61
(d, 3JH-H = 8.1 Hz, 1H; NH), 8.86 (d, 3JH-H = 7.4 Hz, 1H; NH); 13C
NMR (150 MHz, [D6]DMSO): d = 17.7, 17.8 (CH3), 22.3, 26.5, 26.6,
29.5, 29.6, 30.1, 31.0, 31.1, 31.4, 36.0, 38.6, 40.2 (CH2), 46.2 (CH3), 48.7,
49.1, 51.2, 52.6 (CH), 67.5, 68.2, 69.5, 69.7, 69.8, 69.9 (CH2), 125.4, 127.3,
127.8, 128.4, 129.0, 129.1 (CH), 136.7, 171.7, 172.0, 172.2, 172.5, 172.7,
173.2, 173.9 (Cq); MS (ESI, DMSO/H2O): m/z : 953 [M +], 806 [M +


�C5H8NO4], 678 [M +�C11H20N3O5], 607 [C29H43N4O8S
+], 536


[C26H38N3O7S
+], 452 [C22H34N3O5S


+]; HR-MS (pos. ESI): m /z : calcd for
C43H68N8O14S


+ : 953.465; found: 953.466; FT-IR (KBr disk): ñ = 3413 (s),
3268 (s), 2925 (m), 1732 (m), 1647 (s), 1542 (m), 1450 (w), 1321 (w), 1320
(w), 1214 (w), 1143 (w), 795 cm�1 (w).


Synthesis of receptors 7 and 8 (general protocol): The synthesis was per-
formed on Rink amide resin following a standard protocol. Rink amide
resin (300 mg, 0.74 mmolg�1, 0.22 mmol) was swollen in DMF for 1.5 h.
The Fmoc protecting group was then removed by agitation with piperi-
dine in DMF (20%) for 20 min. The conditions for the coupling of amino
acids were as follows: Fmoc amino acid (2.5 equiv) and PyBOP
(2.5 equiv) in DMF containing 3% NMM (10 mL). The mixture was
shaken for 3.5 h to ensure quantitative coupling. The yield was monitored
indirectly by the UV absorption of the Fmoc-piperidine adduct at
300 nm. The attachment of the 5-guanidiniocarbonylpyrrole-2-carboxylic
acid was performed under similar conditions, carboxylic acid (2.5 equiv)
and PyBOP (2.5 equiv) in DMF containing 5% NMM, for extended reac-
tion times of 24 h. To ensure a quantitative coupling, the last step was re-
peated. The product was cleaved from the solid support by shaking the
resin with CH2Cl2/TFA (5:95). The solvents were evaporated and the re-
maining oil was treated with dry diethyl ether. To obtain the hydrochlo-
ride salt, the resulting white solid was dissolved in methanol (1 mL) and
acidified with 0.1n hydrochloric acid (4 mL) and the mixture was lyophi-
lized. This was repeated three times to ensure complete exchange of tri-
fluoroacetate for chloride.


Receptor 7 (CBS-KKF): Yield: 151 mg, 0.21 mmol, 98%; m.p. 247 8C
(decomp); 1H NMR (400 MHz, [D6]DMSO): d = 1.16–1.28 (m, 2H;


CH2), 1.29–1.42 (m, 2H; CH2), 1.44–1.75 (m, 8H; CH2), 2.66–2.71 (m,
2H; CH2), 2.73–2.79 (m, 2H; CH2), 2.80–2.86 (m, 1H; CH), 2.98–3.02
(m, 1H; CH2), 4.12–4.17 (m, 1H; CH), 4.40–4.45 (m, 2H; CH), 6.91 (s,
1H; py-CH), 7.12 (s, 1H; NH2), 7.18–7.25 (m, 5H; ar-CH), 7.45 (s, 1H;
NH2), 7.60 (m, 1H; py-CH), 7.88 (d,


3JH-H = 8.1 Hz, 1H; NH), 7.92 (br s,
6H; NH3


+), 8.27 (d, 3JH-H = 7.8 Hz, 1H; NH), 8.51 (s, 2H; gua-NH2),
8.67 (d, 3JH-H = 7.6 Hz, 1H; NH), 8.71 (s, 2H; gua-NH2), 12.17 (s, 1H;
gua-NH), 12.52 (s, 1H; py-NH); 13C NMR (150 MHz, [D6]DMSO): d =


22.3, 22.7, 26.6, 26.7, 31.2, 31.3, 37.8, 38.7, 40.2 (CH2), 53.0, 53.0, 53.8
(CH), 113.8, 116.0 (py-CH), 125.8, 132.5 (py-Cq), 126.4, 128.2, 129.4,
155.7 (gua-Cq), 137.9, 159.1, 159.9, 171.3, 171.8, 173.0 (Cq); MS (ESI,
DMSO/H2O): m/z : 599 [M


+], 377 [C21H37N6O3
+], 300 [(M+H)2+], 179


[C7H7N4O2
+]; FT-IR (KBr disk): ñ = 3326 (s), 3061 (s), 2949 (m), 1702


(s), 1654 (s), 1541 (m), 1472 (w), 1276 (w), 1198 (w), 815 (w), 754 cm�1


(w).


Receptor 8 (CBS-KYK): Yield: 110 mg, 0.15 mmol, 69%; m.p. 209 8C; 1H
NMR (400 MHz, [D6]DMSO): d = 1.20–1.32 (m, 4H; CH2), 1.47–1.69
(m, 6H; CH2), 1.65–1.70 (m, 2H; CH2), 2.69–2.77 (m, 5H; CH2), 2.90–
2.96 (m, 1H; CH), 4.33–4.43 (m, 2H; CH), 6.59 (d, 3JH-H = 8.6 Hz, 2H;
ar-CH), 6.91 (s, 1H; py-CH), 7.01 (d, 3JH-H = 8.6 Hz, 2H; ar-CH), 7.06 (s,
1H; NH2), 7.25 (s, 1H; NH2), 7.61 (m, 1H; py-CH), 7.87 (d,


3JH-H =


8.1 Hz, 1H; NH), 7.97 (br s, 6H; NH3
+), 8.20 (d, 3JH-H = 8.1 Hz, 1H;


NH), 8.53 (s, 2H; gua-NH2), 8.66 (d,
3JH-H = 7.6 Hz, 1H; NH), 8.72 (s,


2H; gua-NH2), 9.18 (br s, 1H; OH), 12.15 (s, 1H; gua-NH), 12.51 (s, 1H;
py-NH); 13C NMR (100 MHz, [D6]DMSO): d = 22.3, 22.6, 26.7, 26.8,
31.3, 31.5, 36.3, 38.7 (CH2), 52.4, 53.2, 54.6 (CH), 113.8, 116.0 (py-CH),
115.0, 130.2 (ar-CH), 125.8, 132.5 (py-Cq), 155.8 (gua-Cq), 127.9, 156.0,
159.9, 171.0, 171.6, 173.5 (Cq); MS (ESI, DMSO/H2O): m/z : 615 [M+H+],
437 [M +�C7H9N4O2], 308 [(M+H)2+], 179 [C7H7N4O2


+]; FT-IR (KBr
disk): ñ = 3421 (s), 2938 (m), 1710 (s), 1654 (s), 1558 (m), 1477 (w), 1268
(w), 1194 (w), 821 (w), 758 cm�1 (w).


Synthesis of the acetylated tetrapeptides 9 and 10 : The acetylated tetra-
peptides 9 and 10 were synthesized on Wang resin according to a stan-
dard protocol. Wang resin (300 mg, 1.11 mmolg�1, 0.33 mmol) was swol-
len in CH2Cl2/DMF (8:2) for 1.5 h, and the first amino acid was coupled
to the resin by the application of Fmoc-d-Ala-OH (2.0 equiv) or Fmoc-d-
Glu-OH (2.0 equiv), respectively, diisopropylcarbodiimide (DIC,
2.0 equiv), and dimethylaminopyridine (DMAP, 0.1 equiv) in CH2Cl2/
MeOH (8:2) for a reaction time of 20 h. The coupling step was repeated
twice. The Fmoc group was then cleaved with piperidine in DMF (20%).
The other three amino acids (d-Ala, l-Lys, d-Glu and l-Lys, d-Ala, d-
Ala, respectively) were coupled under the following conditions: amino
acid (2.5 equiv) and (benzotriazol-1-yloxy)trispyrrolidinophosphonium
hexafluorophosphate (PyBOP) (2.5 equiv) in DMF containing 3% N-
methylmorpholine (NMM; 10 mL) for 4 h. The resulting free amino func-
tions were acetylated using acetic anhydride (340 mg, 3.3 mmol, 10 equiv)
and DMAP (0.1 equiv) in CH2Cl2/DMF (8:2) for 8 h. The resin was
washed thoroughly with CH2Cl2, methanol, diethyl ether, and further
CH2Cl2 to remove traces of DMF. Cleavage of the product from the resin
was achieved by treatment with 50% TFA in CH2Cl2 and it was then pre-
cipitated by adding dry diethyl ether to the solution. The white solids
were lyophilized twice with water containing 2 mL of 0.1n HCl to ensure
the presence of a hydrochloride salt. The white solids thus obtained were
found to be analytically pure.


Tetrapeptide 9 (N-Ac-EKAA-OH): Yield: 82 mg, 0.17 mmol, 52%; m.p.
187 8C; 1H NMR (600 MHz, [D6]DMSO): d = 1.18 (d, 3JH-H = 7.0 Hz,
3H; CH3), 1.26 (d,


3JH-H = 7.3 Hz, 3H; CH3), 1.21–1.35 (m, 4H; CH2),
1.49–1.56 (m, 4H; CH2), 1.63 (m, 1H; CH2), 1.72 (m, 1H; CH2), 1.83 (m,
1H; CH2), 1.84 (s, 3H; CH3), 2.23 (m, 2H; CH2), 2.72 (m, 2H; CH2),
4.15–4.22 (m, 3H; CH), 4.30 (m, 1H; CH), 7.93 (br s, 3H; NH3


+), 8.04
(d, 3JH-H = 7.9 Hz, 1H; NH), 8.04 (d, 3JH-H = 7.6 Hz, 1H; NH), 8.09 (d,
3JH-H = 7.6 Hz, 1H; NH), 8.13 (d, 3JH-H = 7.3 Hz, 1H; NH); 13C NMR
(150 MHz, [D6]DMSO): d = 16.9, 18.2, 22.4 (CH3), 22.1, 26.4, 27.1, 30.1,
31.0, 38.4 (CH2), 47.4, 47.6, 52.1, 52.4 (CH), 169.8, 171.2, 171.6, 171.9,
174.0, 174.1 (Cq); MS (ESI, DMSO/H2O): m/z : 460 [M


++H], 396 [M+


+Na�C3H6NO2], 389 [C18H33N2O7
+], 290 [C13H24NO6


+], 203
[C8H15O5Na


+]; FT-IR (KBr disk): ñ = 3422 (s), 3074 (s), 2922 (s), 1728
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(m), 1654 (s), 1542 (m), 1459 (w), 1378 (w), 1213 (m), 1170 (m), 1046
(w), 826 cm�1 (w).


Tetrapeptide 10 (N-Ac-AAKE-OH): Yield: 220 mg, 0.21 mmol, 98% (as
trifluoroacetate salt); m.p. 154 8C; 1H NMR (600 MHz, [D6]DMSO): d =


1.19 (d, 3JH-H = 7.1 Hz, 3H; CH3), 1.23 (d,
3JH-H = 7.3 Hz, 3H; CH3),


1.25–1.34 (m, 2H; CH2), 1.47–1.56 (m, 3H; CH2), 1.69 (m, 1H; CH2),
1.81 (m, 1H; CH2), 1.84 (s, 3H; CH3), 1.98 (m, 1H; CH2), 2.29 (t,


3JH-H =


7.9 Hz, 2H; CH2), 2.75 (m, 2H; CH2), 4.16–4.29 (m, 4H; CH), 7.72 (br s,
3H; NH3


+), 7.85 (d, 3JH-H = 8.2 Hz, 1H; NH), 8.04 (m, 2H; NH), 8.11
(d, 3JH-H = 7.7 Hz, 1H; NH), 12.44 (br s, 1H; COOH); 13C NMR
(100 MHz, [D6]DMSO): d = 18.1, 18.2, 22.6 (CH3), 22.1, 26.3, 26.7, 30.2,
31.5, 38.9 (CH2), 48.5, 48.7, 51.4, 52.0 (CH), 169.5, 171.6, 172.2, 172.5,
173.2, 173.9 (Cq); MS (ESI, DMSO/H2O): m/z : 460 [M


++H], 346 [M +


�C5H7NO2], 274 [M +�C8H13N2O3]; FT-IR (KBr disk): ñ = 3423 (s),
3071 (s), 2927 (s), 1729 (m), 1655 (s), 1542 (m), 1450 (w), 1374 (w), 1210
(m), 1172 cm�1 (m).
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Cross-Conjugated Dienone Library
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Kazuo Iguchi,[b] and Takashi Takahashi*[a]


Introduction


Biologically active natural products have served as effective
biochemical probes for the discovery of not only new drug
targets but also new biomarkers.[1,2] The synthesis of small
molecules based upon the structure of biologically active
natural products would be an effective and promising way
for the identification of new biochemical probes.[3,4] Combi-
natorial chemistry can assist the high-speed synthesis of
these focused libraries. The combinatorial approach might
not be an economic route when compared with the tradi-
tional approach based on elucidating the best fragment at
each diverse site because fully combinatorial libraries con-
tain many redundant compounds. However, in the tradition-
al approach the compounds composed of the best fragments
would not often exhibit the strongest biological activity in
cell-based assay since the cell permeability of the small mol-
ecules would largely influence their biological activity.


Mammalian cross-conjugated dienone prostanoids such as
D7-prostaglandin A2 (D


7-PGA1) (2) and 15-deoxy-D12,14-pros-
taglandin J2 (15d-PGJ2) (3) are metabolites of cyclopente-
none prostanoids PGA2, PGA1, and PGJ2 (Scheme 1).[5]


They display varied biological activities, the biological mech-
anisms of which, would be based on reversible and selective
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alkylation with specific proteins at their C11 position to
give thermodynamically stable adducts 4a.[6,7] For example,
in 1995, the 15-deoxy-D12,14-PGJ2 (2) ligand was found to
have a high affinity for the nuclear receptor PPARg, and to
modulate gene transcription by binding to this receptor via
alkylation with the highly reactive cross-conjugated dienone
system.[6a] On the other hand, marine prostanoid clavulone I
(1) isolated from the Okinawan soft coral features the same
cross-conjugate dienone system along with a tert-acetoxyl
group at the C12 position and shows strong cytotoxicity.[8,9]


The cross-conjugated dienone 1 could undergo sequential al-
kylation to provide the dicoupling product 5b, followed by
irreversible b-elimination of the C12 acetoxyl group to
afford enone 6. The irreversible alkylation is expected to be
effective for inducing stronger biological activity than such
mammalian prostanoids. Therefore, we started a project in-
volving the combinatorial synthesis of cross-conjugated di-
enones based on the structure of clavulones. There have
been many reports on the synthesis of clavulones as a single
target.[9,10] However, there are few examples of the synthesis
of their libraries. We have previously reported an effective
solid-phase synthesis of clavulones involving two carbon�
carbon bond-forming reactions.[11] Herein we report the
solid-phase synthesis of a combinatorial library of cross-con-
jugated dienones and the biological activity of the library
members.


Results and Discussion


The cross-conjugated dienones 7 attached to two aromatic
side-chains was designed as a scaffold in the library synthe-
sis (Scheme 2). We have already reported that the diphenyl
derivative 7aA possessing a hydroxyl group at the C12 posi-
tion irreversibly reacted with two nucleophiles under mildly
basic conditions, and showed strong antitumor activity
(IC50=15 nm) in HeLaS3 cells.[12] Lower steric hindrance of


the hydroxyl group at the C12 position compared with that
of the the acetoxyl group improved reactivity of enone 7aA
towards electrophilic addition. Tuning the steric and elec-
tronic parameters of the two aromatic side-chains would be
effective not only for further improvement of the biological
activity, but also inducing selectivity in the alkylation reac-
tion.


Our strategy for the solid-phase synthesis of cross-conju-
gated dienones 7 is described in Scheme 2. We designed the
solid-supported 4-propynyl-4-hydroxylcyclopentenone 10 as
a key intermediate. Sonogashira-coupling reaction of cyclo-
pentenone 10 with the aryl iodide 11 and aldol condensation
with aldehyde 9 would enable the incorporation of the a-
and w-chains, respectively. In the previous report, the aldol
reaction involved b-elimination of the tert-alkyloxy group as
an undesired side-reaction. In the solid-phase synthesis, the
corresponding b-elimination does not reduce the purity of
the products because the b-eliminated products would be re-
leased from the resin. The cyclopentenone core 10 was im-
mobilized at the tert-hydroxyl group through a tetrahydro-
pyranyl (THP) linker,[13] that is stable to the two carbon�
carbon bond formations. Cleavage from the solid-support
under mildly acidic conditions yields the cross-conjugated
dienones 7 without decomposition.


Preparation of solid-supported cyclopentenone 15 bearing
a terminal acetylene is shown in Scheme 3. Treatment of cy-
clopentenone 12 with 3-trimethylsilyl-2-propynyl lithium in
THF at �78 8C gave stereoselective diol 13 in 85% yield as
a single isomer. Removal of the TMS group under basic
conditions gave the terminal acetylene 14 in 85% yield, fol-
lowed by selective oxidation of the secondary alcohol to
afford cyclopentenone 15 in 65% yield. The latter was at-
tached to the resin through the THP linker. Exposure of
3,4-dihydro-2H-pyran (DHP) polystyrene (1.10 mmolg�1) to
a solution of diol 13 and pyridinium p-toluenesulfonate
(PPTS) in CH2Cl2 at 40 8C for 24 h provided the solid-sup-
ported terminal acetylene group of cyclopentenone 10. The
IR spectra of 10 show a 3293 cm�1 absorption derived from
the terminal acetylene group. The loading of 10 was estimat-


Scheme 1. Structure of cross-conjugated dienone prostanoids and their
proposed biological mechanism of action.


Scheme 2. Strategy for the solid-phase synthesis of cross-conjugated dien-
one library 7.
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ed by acidic cleavage followed by purification using column
chromatography on silica gel to be 54% yield based on the
resin.


Solid-phase synthesis of the diphenyl derivative 7aA was
examined. Incorporation of the w-chain was achieved by
treatment of compound 10 with phenyl iodide (11a), [Pd-
(PPh3)4], CuI, and diisopropylethylamine in DMF for 24 h
at 40 8C[14] to give the solid-supported phenyl acetylene 8a.
Cleavage from the resin under acidic conditions provided
the phenyl acetylene 16a in quantitative yield based on 10.
Next, we explored the aldol reaction using phenyl acetylene
8a. The resin was packed into Irori MicroKans. The solid-
supported ketone 8a was treated with potassium hexame-
thyldisilazane (KHMDS) in THF at �78 8C for 1 h to gener-
ate the enolate that was subsequently treated with benzalde-
hyde 9A to provide the solid-supported cross-conjugated di-
enone 17aA. The cross-conjugated dienone 17aA was
cleaved from the resin under acidic conditions, followed by
purification through column chromatography on silica gel,
to give the cross-conjugated dienone 7aA in 56% yield
based on compound 10. The analytical data (1H NMR, 13C
NMR, and IR) of 7aA was identical with our previously re-
ported data.[12] Surprisingly, the yield of the products sug-
gested that the b-elimination of the tert-alkyloxy group did
not occur during the aldol reaction of 8a, presumably be-
cause the large steric hindrance of the solid-support could
hinder the attack of the base at the propargyl position.


Combinatorial synthesis of cross-conjugated dienones was
then investigated (Scheme 4). Eleven aryl iodides 11a–k and
a vinyl bromide 11 l for the w-chain, and eight aldehydes
9A–H for the a-chain were used as building blocks for the
preparation of a 96-member library (Figure 1). Sonogashira-
coupling reaction of the solid-supported acetylene group
with each of the twelve halides 11a–l was achieved utilizing
an Argonaut Quest210 Parallel Organic synthesizer. Use of
the Quest210 synthesizer was effective for minimization of
solvent and reagent quantities in the coupling reactions. The
resulting resins coupled with each building block were
packed into eight MicroKans to provide 96 MicroKans.
Aldol condensation of the twelve solid-supported ketones
8a–l in MicroKans with each of the eight aldehydes 9A–H
was achieved in the same vessel to provide the solid-sup-
ported cross-conjugated dieneones 17aA–lH. Cleavage of
the compounds from each resin was achieved by using the


Scheme 3. a) TMSCCCH2Li, THF, �78 8C, 85%; b) K2CO3, MeOH, RT,
85%; c) MnO2, CH2Cl2, RT, 65%; d) HM-DHP resin, PPTS, CH2Cl2,
40 8C, 24 h, 54% based on the resin; e) [Pd(Ph3P)4], CuI, NEt3, DMF,
40 8C, 24 h; f) 5% TFA/CH2Cl2, quant, from 10 ; g) KHMDS, THF,
�78 8C, then 9A, �78 8C; h) 5% TFA/CH2Cl2, 56% from 10.


Scheme 4. Combinatorial synthesis of a combinatorial library 7: e), g), and h) as in Scheme 3.
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Quest210 synthesizer. The cleaved solution was neutralized
with 2.0 equivalents of piperidinomethyl polystyrene
(3.48 mmolg�1), followed by concentration in vacuo. It
should be noted that concentration of the crude products
without notarization resulted in decomposition of the cross-
conjugated dienones 7. The purity of the library compounds
was estimated by HPLC-MS analysis using the UV absorp-
tion at 254 nm (Figure 2). In 98 trials, 76 compounds 7 were


detected by MS spectra. Aldehyde 9F and the vinyl bromide
11 l did not perform well in the library synthesis because of
the low solubility of 9F in the reaction solvent and low reac-
tivity of 9 l in the coupling reaction. Further HPLC analysis
based on the UV absorption at 254 nm shows that there are
12 compounds with over 70% purity and 33 compounds
with 40–70% purity (Figure 2).


Biological evaluation : The alkylation reaction with biomole-
cules in cells can result in antiproliferative effects. We first
examined the cytotoxicity of all unpurified library com-
pounds in HeLaS3 cells (Figure 3).[15] Figure 4 shows the li-
brary members 7 jA, 7kA, 7aD, 7dD, 7hD, 7kD, 7hE, 7kE,
7 iG, 7 jG, and 7 iH exhibiting very strong antitumor activity
(IC50<0.05 mm). The phenyl, 2-pyridyl, 4-methoxylcarbonyl-


Figure 2. Purity of the combinatorial library 7, as estimated by HPLC-MS
analysis based on the UV absorption at 254 nm.


Figure 3. Cytotoxicity of crude library compounds 7 in HeLaS3 cells.


Figure 1. Building blocks for the synthesis of a combinatorial library 7.
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phenyl, pyrazoyl substituents at the a-chain would improve
cytotoxicity. On the other hand, although trans-cinnamalde-
hyde (9B) and furfural (9C) were converted to the desired
cross-conjugated dienones with good purity, the cross-conju-
gated dienones 7aB–7kB and 7aC–7kC exhibited relatively
low cytotoxicity. These results suggested that electron-with-
drawing groups at the a-chain could be effective for the
strong biological activity.


Further biological testing of the purified compounds
against five tumor cell lines (A549, HeLaS3, MCF7, TMF1,
and P388) was examined (Table 1). We selected four com-
pounds 7 jA, 7dD, 7dG, and 7 jG from the library on the


basis not only of their biological activity, but also their hy-
drophilicity as hydrophobic compounds often result in non-
specific interaction with biomolecules. 5-Fluorouracil (5-FU)
and adriamycin (ADM) were used as positive controls. All
compounds showed very strong biological activity compara-
ble to adriamycin against four tumor cells except for TMF1.
Especially, the cytotoxicity of 7 jG against HeLaS3 was four-
fold stronger than the lead compound 7aA. At this stage, it
is not clear if the cytotoxicity is caused by alkylation of spe-
cific targets or by random alkylation. However, the differ-
ence of cytotoxicity against TMF1 and the other cell lines is
promising, and we plan to elucidate the mechanism of
action in subsequent work.


Conclusion


We demonstrated the solid-phase synthesis of a cross-conju-
gated dienone library using the Sonogashira-coupling reac-
tion and aldol condensation. A 96-member combinatorial
synthesis using twelve aryl iodides 11a–l and eight alde-
hydes 9A–H provided 76 cross-conjugate dienones 7 with
good purity. From the library, eleven compounds showed
very strong cytotoxicity in HeLaS3 cells. Further biological
examination using four selected and purified compounds
against several tumor cell lines showed that all compounds
have strong cytotoxicity comparable to that of adriamicin,
except against TMF1 cells. Combinatorial synthesis of larger
libraries and identification of the target molecules are in
progress.


Experimental Section


General procedure : NMR spectra were obtained by using a JEOL Model
EX-270 (270 MHz for 1H, 67.8 MHz for 13C NMR spectra) or a JEOL
Model ECP-400 (400 MHz for 1H, 100 MHz for 13C NMR spectra) instru-
ment in the indicated solvent. 1H NMR spectral data are reported as fol-
lows: Chemical shifts are reported relative to tetramethylsilane
(0.00 ppm) or chloroform (7.26 ppm). 13C signals are reported relative to
CDCl3 (77.0 ppm) or [D6]DMSO (39.7 ppm). FTIR spectra were record-
ed on a JASCO FT/IR-610 spectrometer and only significant diagnostic
bands are reported. Reverse-phase column chromatography was per-
formed using ODS-AM120-S50 resin (YMC). Silica gel thin-layer chro-
matography (TLC) was performed on plates precoated with Kieselgel
60F254 (E. Merck AG, Darmstadt). High Performance Liquid Chroma-
tography (HPLC) was performed on a Hewlett–Packard1100 series in-
strument equipped with an XTerra MS C18 column (Waters, 2.5 mm,
2.1M20 mm). Mass spectra were provided by a Mariner Biospectrometry


Workstation (ESI-TOF) from PE Sci-
ence or a Micromass LCT (ESI-TOF)
system.


(1R*,4S*)-1-(1-Trimethylsilylpropyn-
yl)-cyclopent-2-en-1,4-diol (13): n-Bu-
tyllithium (14.2 mL, 1.59m in hexane,
22.5 mmol) was added to a stirred so-
lution of diisopropylamine (3.4 mL,
24.5 mmol) in dry tetrahydrofuran
(40 mL) at 0 8C under argon. After
stirring for 20 min, the mixture was
cooled to �20 8C and 1-trimethylsilyl-


Figure 4. Structures of the members of the library 7 showing strong bio-
logical activity.


Table 1. Cytotoxicity of purified cross-conjugated dienones 7 jA, 7dD, 7dG, and 7jG in various tumor cells.


Entry Compound IC50 [mm]
A549 HeLaS3 MCF7 TMF1 P388


1 7 jA 0.058 0.009 0.020 0.112 0.014
2 7dD 0.048 0.016 0.030 0.220 0.009
4 7dG 0.077 0.040 0.057 0.419 0.061
3 7 jG 0.086 0.004 0.040 0.200 0.055
5 5-FU 1.44 13.3 0.52 4.72 0.887
6 ADM 0.067 0.021 0.021 0.083 0.015
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propyne (3.3 mL, 22.5 mmol) in dry tetrahydrofuran (5.0 mL) was added.
After 20 min, a solution of 4-hydroxy-2-cyclopentenone (12) (950 mg,
9.79 mmol) in dry tetrahydrofuran (10 mL) was added at �78 8C to the
mixture. After stirring at �78 8C for 10 min, the reaction mixture was di-
luted with Et2O and poured into saturated aqueous NH4Cl (50 mL) at
0 8C. The aqueous layer was extracted with Et2O (3M50 mL) and the
combined extracts were washed with brine (50 mL), and dried over anhy-
drous MgSO4. After removal of the solvent, the residue was purified by
column chromatography on silica gel (hexane/ethyl acetate 60:40) to
afford acetylene 13 (1.74 g, 8.29 mmol, 85%) as a white solid. 1H NMR
(270 MHz, CDCl3): d=6.00 (dd, J=2.0, 5.6 Hz, 1H), 5.93 (d, J=5.6 Hz,
1H), 4.72 (m, 1H), 2.56 (dd, J=6.9, 14.2 Hz, 1H), 2.54 (s, 2H), 1.81 (dd,
J=3.6, 14.2 Hz, 1H), 0.17 ppm (s, 9H; Me3Si);


13C NMR (67.8 MHz,
CDCl3): d=138.4, 136.2, 102.3, 82.5, 81.4, 75.5, 48.0, 32.4 ppm; IR (KBr):
ñ=3724, 2180, 1353, 1306, 1248, 1082 cm�1.


(1R*,4S*)-1-(1-Propynyl)-cyclopent-2-en-1,4-diol (14): K2CO3 (108 mg,
0.667 mmol) was added to a stirred solution of diol 12 (140 mg,
0.667 mmol) in dry MeOH (10 mL) at room temperature under argon.
After being stirred at the same temperature for 6 h, the reaction mixture
was filtered through Celite. After removal of the solvent in vacuo, the
residue was purified by column chromatography on silica gel (hexane/
ethyl acetate 90:10) to afford terminal acetylene 14 (78.5 mg,
0.568 mmol, 85%) as a white solid. 1H NMR (270 MHz, CDCl3): d=6.01
(dd, J=2.0, 5.6 Hz, 1H), 5.96 (d, J=5.6 Hz, 1H), 4.76 (br s, 1H), 2.56
(dd, J=6.9, 14.2 Hz, 1H), 2.52 (s, 2H), 2.05 (t, J=2.6 Hz, 1H), 1.83 ppm
(dd, J=3.3, 14.2 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): d=138.4, 136.0,
82.2, 80.4, 75.2, 70.5, 47.4, 30.8 ppm; IR (solid): ñ=3295, 2119, 1642,
1422, 1354, 1091 cm�1; HRMS (ESI-TOF): m/z : calcd for C8H12NaO2:
161.0573, found: 161.0572 [M+Na]+ .


4-Hydroxy-4-(prop-1-ynyl)-cyclopent-2-en-1-one (15): MnO2 (26.3 g,
303 mmol) was added to a stirred solution of diol 14 (4.18 g, 30.3 mmol)
in dry CH2Cl2 (30 mL) at room temperature under argon. After being
stirred at the same temperature for 60 h, the mixture was filtered through
Celite. After removal of the solvent in vacuo, the residue was purified by
column chromatography on silica gel (-hexane/ethyl acetate 50:50) to
afford enone 15 (2.71 g, 19.9 mmol, 65%) as a yellow oil. 1H NMR
(400 MHz, CDCl3): d=7.50 (d, J=5.8 Hz, 1H), 6.20 (d, J=5.8 Hz, 1H),
2.69–2.67 (m, 2H), 2.66 (d, J=18.5 Hz, 1H), 2.55 (d, J=18.5 Hz, 1H),
2.14 ppm (t, J=2.4 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): d=206.8,
164.5, 134.1, 78.9, 77.6, 71.9, 48.2, 30.6 ppm; IR (neat): ñ=3407, 3291,
2931, 2120, 1715, 1590 cm�1.


Solid-supported hydroxycyclopentenone (10): 3,4-Dihydro-2H-pyran-2-yl-
methoxymethyl polystyrene (2.30 g, 3.30 mmol, 1.10 mmolg�1) was added
into a 50 mL reaction vessel in a Quest205 synthesizer. To the reaction
vessel was added a solution of 4-hydroxy-4-propargyl-2-cyclopentenone
(15) (1.90 g, 52.1 mmol) and pyridinium p-toluenesulfonate (226 mg,
0.900 mmol) in dry dichloromethane (18 mL) at room temperature under
argon. After agitation at 40 8C for 24 h, the reaction mixture was drained.
The remaining beads were washed with tetrahydrofuran (3M20 mL), tet-
rahydrofuran/water 1:1 (3M20 mL), methanol (3M20 mL), tetrahydrofur-
an/water 1:1 (3M20 mL), and methanol (3M20 mL), and were dried in
vacuo to afford the solid-supported cyclopentenone 10. IR (KBr): ñ=
3293, 3024, 2858, 1719, 1601 cm�1.


A part of the resin 10 (119 mg) was treated with a solution of trifluoro-
acetic acid (0.1 mL) in dichloromethane (2.0 mL) for 30 min at room
temperature. The resulting resin was rinsed with dry dichloromethane
(3M5.0 mL). The filtrate was washed with saturated NaHCO3 solution
and brine, and dried over MgSO4. After removal of the solvent, the resi-
due was purified by column chromatography on silica gel (MeOH/CH3Cl
5:95) to give the recovered-cyclopentenone 15 (9.9 mg, 72 mmol, 56%
based on the resin).


Solid-supported phenylacetylene (8a): The acetylene resin 10 (300 mg,
0.185 mmol) and CuI (95.0 mg, 0.500 mmol) were added into 20 mL reac-
tion vessels in a Quest210 organic synthesizer. To the reaction vessel, a
solution of phenyl iodide (11a) (0.279 mL, 2.50 mmol) and diisopropyle-
thylamine (0.61 mL, 3.50 mmol) in DMF (15 mL), and [Pd(PPh3)4]
(289 mg, 0.25 mmol) were added under argon. After agitation at 40 8C for
24 h, the reaction mixture was drained. The remaining beads were


washed with tetrahydrofuran (2M50 mL), tetrahydrofuran/water 1:1 (2M
50 mL), N,N-dimethylformamide (2M50 mL), methanol (2M50 mL), tet-
rahydrofuran (2M50 mL), and were dried in vacuo to afford the solid-
supported cyclopentenones 8a (1.56 g). IR (KBr): ñ=3026, 2939, 1729,
1600 cm�1.


A part of the resin 8 (21 mg) was treated with a solution of trifluoroace-
tic acid (0.1 mL) in dichloromethane (2.0 mL) for 30 min at room tem-
perature. The mixture was filtered. The resulting resin was rinsed with
dry dichloromethane (3M3.0 mL). The filtrate was washed with saturated
NaHCO3solution and brine, and dried over MgSO4. After removal of the
solvent, the residue was purified by column chromatography on silica gel
(MeOH/CH3Cl 5:95) to provide phenylacetylene 16a (2.5 mg,
0.012 mmol, quant). 1H NMR (270 MHz, CDCl3): d=7.54 (d, J=5.6 Hz,
1H), 7.27–7.41 (m, 5H; aromatic), 6.23 (d, J=5.6 Hz, 1H), 2.90 (s, 2H),
2.74 (d, J=18.2 Hz, 1H), 2.58 ppm (d, J=18.2 Hz, 1H); 13C NMR
(67.8 MHz, CDCl3): d=206.2, 164.3, 134.2, 131.7, 128.4, 122.6, 84.1, 83.9,
78.2, 48.5, 31.9 ppm; IR (KBr): ñ=3378, 3059, 2927, 1716, 1598 cm�1;
HRMS (ESI-TOF): m/z : calcd for C14H12NaO2: 235.0730, found:
235.0729 [M+Na]+ .


Solid-phase synthesis of 7aA : Two MicroKans containing resins 8a sup-
ported with phenylacetylene (30 mgM2) were added to a reaction vessels
under argon. Tetrahydrofuran (4.0 mL) was added to the reaction vessel
to swell the resins. Subsequently, a solution of potassium bis(trimethylsi-
lyl)amide (1.20 mL, 0.600 mmol) in toluene (0.5m) at �78 8C under argon
was added to the reaction vessel. The reaction mixtures were stirred for
1 h at the same temperature. To the mixture, benzaldehyde (11A)
(0.305 mL, 3.00 mmol) in tetrahydrofuran (0.80 mL) was added to the re-
action vessel at �78 8C. After stirring for 1 h at the same temperature,
the reaction mixture was warmed at �20 8C and stirred for 30 min at this
temperature. The MicroKans were isolated by filtration and washed with
cooled tetrahydrofuran/saturated aqueous NH4Cl 1:1 (2M10 mL), metha-
nol (2M10 mL), tetrahydrofuran (2M10 mL), dichloromethane (2M
30 mL), and methanol (2M10 mL), and dried in vacuo to afford solid-sup-
ported dienone 14aA.


Solid-supported dienone 14aA was treated with a solution of trifluoro-
acetic acid (0.1 mL) in dichloromethane (2.0 mL) for 30 min at room
temperature. The resulting resins were rinsed with dry dichloromethane
(3M5.0 mL). The filtrate was washed with saturated NaHCO3 solution
and brine, and dried over MgSO4. After removal of the solvent, the resi-
due was purified by column chromatography on silica gel to give enone
7aA (7.2 mg, 0.024 mmol, 73% yield based on compound 10). 1H NMR
(400 MHz, CDCl3): d=2.81(br s, 1H), 2.90 (d, J=17.0 Hz, 1H), 3.28 (d,
J=17.0 Hz, 1H), 6.51 (d, J=6.8 Hz, 1H), 7.27–7.30 (m, 3H), 7.33–7.39
(m, 2H), 7.33–7.39 (m, 2H), 7.41–7.45 (m, 3H), 7.52 (s, 1H), 7.66 (d, J=
6.8 Hz, 1H), 7.98 ppm (brd, J=8.7 Hz, 2H); 13C NMR (100 MHz,
CDCl3): d=195.2, 160.8, 136.1, 135.3, 134.4, 133.4, 132.1, 131.6, 130.0,
128.8, 128.3, 128.2, 122.8, 84.1, 84.0, 78.1, 27.4 ppm; IR (neat): ñ=3418,
3074, 2910, 1681, 1589 cm�1; MS (ESI-TOF): m/z : 301 [M+H]+ ; HRMS
(ESI-TOF): m/z : calcd for C21H16NaO2: 323.1043; found: 323.1044
[M+Na]+ .


Solid-phase synthesis of library 7


Sonogashira-coupling to provide 8a–l : Resin 10 supported with terminal
acetylene (300 mg) and CuI (0.3 mmol) were added into twelve 100 mL
reaction vessels in the Quest205 synthesizer. To the reaction vessels, solu-
tions of aryl iodide 11a–l (1.5 mmol) in N,N-dimethylformamide
(3.0 mL) and diisopropylethylamine (130 mL, 0.75 mmol), and [Pd-
(PPh3)4] (347 mg, 0.30 mmol) were added under argon. After agitation at
40 8C for 36 h, the reaction mixture was drained. The remaining beads
were washed with tetrahydrofuran (2M3.0 mL), tetrahydrofuran/water 1:1
(2M3.0 mL), N,N-dimethylformamide (2M3.0 mL), methanol (2M3.0 mL),
tetrahydrofuran (2M3.0 mL), and were dried in vacuo to afford the solid-
supported cyclopentenones 8a–l.


Solid-phase synthesis of solid-supported cross-conjugated dienones
14aA–14 lH : Each of the resins 8a–l (30 mg) was packed into eight Mi-
croKans encoded with an Rf Tag to provide a total of 96 MicroKans.
Eight reaction vessels involving the twelve different MicroKans 8a–l
were prepared. Tetrahydrofuran (36 mL) was added to the reaction ves-
sels to swell the resins. Subsequently, a solution of potassium bis(trime-
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thylsilyl)amide (7.60 mL, 3.60 mmol;
0.50m in toluene) was added to the re-
action vessels at �78 8C under argon.
The reaction mixtures were stirred at
�78 8C for 1 h. The eight aldehydes
11A–H (18.0 mmol) in tetrahydrofur-
an (5.0 mL) were added to the differ-
ent reaction vessels at �78 8C. After
stirring for 1 h at that temperature, the
reaction mixture was gradually
warmed at �20 8C and stirred for
30 min at this temperature. The Micro-
Kans were isolated by filtration and
washed with cooled tetrahydrofuran/
saturated aqueous NH4Cl 1:1 (2M
30 mL), methanol (2M30 mL), tetrahy-
drofuran (2M30 mL), dichloromethane
(2M30 mL), methanol (2M30 mL), and
were dried in vacuo to afford 96 solid-
supported cross-conjugated dienones
14aA–14 lH in MicroKans.


Cleavage of compounds 7aA–7 lH :
The MicroKans 14aA–14 lH were sep-
arately treated with a solution of tri-
fluoroacetic acid (0.1 mL) in dichloro-
methane (2.0 mL) for 30 min at room
temperature in a different vessel of the
Quest210 synthesizer. After addition
of dichloromethane (3.0 mL), the reac-
tion mixture was neutralized with a pi-
peridinomethyl polystyrene (316 mg,
1.1 mmol, 3.48 mmolg�1) for 30 min.
The mixture was filtered and the re-
sulting resins were rinsed with dry di-
chloromethane (3M5.0 mL). The com-
bined filtrate was concentrated in
vacuo to give crude enones 7aA–7 lH
as yellow oils. Purity of the crude
enones 7aA–7 lH was analyzed by
HPLC-MS based on the UV absorp-
tion at 254 nm by using a YMC-Pack
ProC18 (5 mm, 4.6M50 mm column;
flow rate: 10 mLmin�1, temperature:
40 8C, mobile phase: 0.1% HCOOH in
H2O/0.1% HCOOH in MeCN 70:30
(0 min), 10:90 (5–8 min), for 7aA–7 lF
and 7aH–7 lH ; 0.1% HCOOH in
H2O/0.1% HCOOH in MeCN 70:30
(0 min), 10:90 (5–8 min) for 7aG–7kG
(Table 2) Further purification of the
selected compounds was achieved by
column chromatography on silica gel.


Compound 7 jA : 1H NMR (270 MHz,
CDCl3): d=2.98 (d, J=17.1 Hz, 1H),
3.25 (d, J=17.1 Hz, 1H), 6.51 (d, J=
6.8 Hz, 1H), 7.40–7.54 (m, 7H), 7.63
(d, J=6.8 Hz, 1H), 7.98 ppm (m, 2H);
13C NMR (67.8 MHz, CDCl3): d=


195.3, 160.7, 136.1, 135.5, 134.6, 133.5,
133.2, 132.1, 131.9, 130.2, 129.7, 128.8,
126.7, 125.2, 86.9, 82.7, 78.1, 27.2 ppm;
IR (neat): ñ=3404, 3067, 1695,
1626 cm�1; MS (ESI-TOF): m/z : 369
[M+H]+ .


Compound 7dG : 1H NMR (270 MHz,
CDCl3): d=2.95 (s, 3H), 3.10 (s, 3H),
3.13 (d, J=16.5 Hz, 1H), 3.32 (d, J=
16.5 Hz, 1H), 3.32 (s, 3H), 6.58 (d, J=


Table 2. Purity and cytotoxicity against HeLaS3 cells of 76 compounds in the combinatorial library 7.


Entry R2X R1CHO Product tR [min] MS [M+H]+ Yield [mg] (%)
/Purity (HPLC area%)


1 11a 9A 7aA 4.62 301 4.2 (56)/73
2 11b 9A 7bA 5.0 315 4.9 (62)/31
3 11c 9A 7cA 3.36 372 6.0 (65)/86
4 11d 9A 7dA 3.39 372 5.8 (63)/77
5 11e 9A 7eA 3.34 372 5.1 (55)/66
6 11 f 9A 7 fA 5.03 373 5.1 (55)/78
7 11g 9A 7gA 2.85 302 6.8 (90)/46
8 11h 9A 7hA 2.66 302 5.1 (68)/97
9 11 i 9A 7iA 5.17 335 5.2 (62)/94
10 11j 9A 7jA 5.36 369 5.5 (60)/92
11 11k 9A 7kA 4.43 307 4.6 (60)/39
12 11a 9B 7aB 4.87 327 8.2 (101)/79
13 11b 9B 7bB 5.21 341 7.5 (88)/82
14 11c 9B 7cB 3.62 398 10.3 (104)/82
15 11d 9B 7dB 3.66 398 10.4 (105)/81
16 11e 9B 7eB 3.71 398 7.7 (78)/61
17 11 f 9B 7 fB 5.21 399 9.0 (91)/78
18 11g 9B 7gB 3.26 328 11.2 (137)/64
19 11h 9B 7hB 3.03 328 11.0 (135)/82
20 11 i 9B 7iB 5.44 361 9.2 (102)/90
21 11j 9B 7jB 5.53 395 11.5 (117)/76
22 11k 9B 7kB 4.72 333 8.5 (102)/71
23 11a 9C 7aC 3.92 291 9.0 (124)/83
24 11b 9C 7bC 4.38 305 7.9 (104)/74
25 11c 9C 7cC 2.60 362 11.0 (122)/83
26 11d 9C 7dC 2.66 362 10.1 (112)/81
27 11e 9C 7eC 2.56 362 8.4 (93)/71
28 11 f 9C 7 fC 4.41 363 8.9 (98)/83
29 11g 9C 7gC 1.80 292 10.4 (143)/47
30 11h 9C 7hC 1.58 292 10.7 (147)/82
31 11 i 9C 7iC 4.57 325 9.7 (120)/90
32 11j 9C 7jC 4.75 359 8.8 (98)/76
33 11k 9C 7kC 3.77 297 6.8 (92)/71
34 11a 9D 7aD 4.26 302 9.2 (122)/79
35 11b 9D 7bD 4.68 316 9.2 (117)/66
36 11c 9D 7cD 2.94 373 12.1 (130)/79
37 11d 9D 7dD 2.94 373 9.0 (97)/86
38 11e 9D 7eD 2.84 373 11.2 (121)/70
39 11 f 9D 7 fD 4.74 374 10.5 (113)/64
40 11g 9D 7gD 2.12 303 11.5 (152)/60
41 11h 9D 7hD 2.02 303 10.5 (139)/92
42 11 i 9D 7iD 4.88 336 10.3 (123)/85
43 11j 9D 7jD 5.09 370 8.6 (93)/87
44 11k 9D 7kD 4.05 308 9.6 (125)/41
45 11a 9E 7aE 4.56 359 9.1 (102)/61
46 11b 9E 7bE 4.20 373 9.7 (104)/84
47 11c 9E 7cE 3.32 430 11.0 (103)/80
48 11d 9E 7dE 3.35 430 10.7 (100)/62
49 11e 9E 7eE 3.39 430 8.1 (76)/73
50 11 f 9E 7 fE 4.94 431 8.9 (83)/76
51 11g 9E 7gE 2.96 360 10.4 (116)/30
52 11h 9E 7hE 2.72 360 10.0 (112)/92
53 11 i 9E 7iE 5.14 393 7.1 (72)/89
54 11j 9E 7jE 5.26 427 8.0 (75)/89
55 11k 9E 7kE 4.37 365 8.7 (96)/25
56 11a 9G 7aG 2.99 305 5.6 (74)/50
57 11b 9G 7bG 3.53 319 5.5 (69)/42
58 11c 9G 7cG 1.46 376 8.6 (92)/23
59 11d 9G 7dG 1.49 376 8.1 (86)/32
60 11e 9G 7eG 1.37 376 7.3 (78)/18
61 11 f 9G 7 fG 3.76 377 7.1 (76)/43
62 11 i 9G 7iG 3.85 339 7.9 (93)/51
63 11j 9G 7jG 4.22 373 7.8 (84)/58
64 11a 9H 7aH 4.24 279 4.1 (59)/33
65 11b 9H 7bH 4.65 293 6.6 (90)/18
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5.9 Hz, 1H), 7.01 (d, J=1.0 Hz, 1H), 7.17 (s, 1H), 7.27–7.32 (m, 4H),
7.63 (brd, J=5.9 Hz, 1H), 8.76 ppm (br s, 1H); IR (neat): ñ=3412, 2932,
1700, 1635 cm�1; MS (ESI-TOF): m/z : 376 [M+H]+ .


Compound 7 iA : 1H NMR (270 MHz, CDCl3): d=7.99 (m, 2H), 7.64 (d,
J=5.9 Hz, 1H), 7.53 (s, 1H), 7.50–7.38 (m, 2H), 7.35–7.20 (m, 5H), 6.53
(d, J=5.9 Hz, 1H), 3.28 (d, J=17.0 Hz, 1H), 2.91 ppm (d, J=17.0 Hz,
1H); 13C NMR (67.8 MHz, CDCl3): d=195.3, 161.0, 137.5, 137.2, 135.4,
134.6, 133.0, 132.2, 130.2, 128.9, 128.7, 121.4, 85.2, 78.2, 29.8, 27.5 ppm;
FTIR (neat): ñ=3374, 2925, 1693, 1626, 1489, 826 cm�1; HRMS (ESI-
TOF): m/z : calcd for C21H15ClNaO2: 357.0653, found: 357.0661 [M+Na]+


.


Compound 7kE : 1H NMR (270 MHz, CDCl3): d=8.12–8.01 (m, 4H),
7.68 (d, J=5.9 Hz, 1H), 7.51 (s, 1H), 7.21 (dd, J=1.0, 5.0 Hz, 1H), 7.12
(dd, J=1.0, 3.6 Hz, 1H), 6.93 (dd, J=3.6, 5.0 Hz, 1H), 6.53 (d, J=5.9 Hz,
1H), 3.94 (s, 3H; Me), 3.26 (d, J=17.1 Hz, 1H), 2.86 ppm (d, J=17.1 Hz,
1H); 13C NMR (67.8 MHz, CDCl3): d=194.7, 166.6, 161.0, 138.0, 137.9,
134.7, 134.0, 132.1, 131.8, 130.0, 127.0, 126.9, 87.7, 78.0, 52.4, 28.0 ppm;
FTIR (neat): ñ=3329, 1924, 1719, 1628, 826 cm�1; HRMS (ESI-TOF):
m/z : calcd for C21H16NaO4S: 387.0662; found: 387.0669 [M+Na]+ .


Compound 7aD : 1H NMR (270 MHz, CDCl3): d=8.71 (brdd, 1H), 7.86
(dt, J=2.0, 7.5 Hz, 1H), 7.67 (brd, 1H), 7.63 (brd, 1H), 7.39–7.22 (m,
4H), 7.31 (s, 1H), 6.61 (d, 1H), 3.16 (d, J=16.8, 22.8 Hz, 1H), 3.08 ppm
(d, J=16.8, 22.8 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): d=195.1, 161.4,
153.1, 148.9, 144.8, 138.4, 135.3, 131.6, 128.7, 128.3, 128.0, 127.6, 123.8,
85.3, 83.7, 78.5, 30.3 ppm; FTIR (neat): ñ=3060, 2917, 1705, 1646, 1589,
1087, 692 cm�1; HRMS (ESI-TOF): m/z : calcd for C20H15NO2: 302.1176
[M+H]+ , found: 302.1178.


Compound 7kD : 1H NMR (270 MHz, CDCl3): d=8.71 (brd, 1H), 7.87
(dt, J=6.0, 7.5 Hz, 1H), 7.68 (d, J=6.2 Hz, 1H), 7.64 (brd, J=7.5 Hz,
1H), 7.36 (dd, J=5.0, 12.5 Hz, 1H), 7.31 (s, 1H), 7.16 (dd, J=5.3 Hz,
1H), 7.05 (brd, J=3.6 Hz, 1H), 6.90 (dd, J=3.6, 5.3 Hz, 1H), 6.60 (d, J=
6.2 Hz, 1H), 3.13 ppm (s, 2H); 13C NMR (67.8 MHz, CDCl3): d=195.0,
161.4, 153.1, 148.9, 144.7, 138.4, 135.3, 131.7, 128.8, 127.8, 126.9, 126.5,
123.8, 89.3, 78.4, 30.6, 29.8 ppm; FTIR (neat): ñ=2918, 1700, 1644, 1589,
1190, 830 cm�1; HRMS (ESI-TOF): m/z : calcd for C18H13NO2S: 308.0740,
found: 308.0742 [M+H]+ .


Compound 7jD : 1H NMR (270 MHz, CDCl3): d=8.71 (brd, J=3.7 Hz,
1H), 7.88 (dt, J=1.7, 7.9 Hz, 1H), 7.66 (d, J=5.9 Hz, 1H), 7.64 (d, J=
7.9 Hz, 1H), 7.50 (d, J=8.3 Hz, 2H), 7.37 (d, J=8.3 Hz, 2H), 7.34–7.40
(m, 1H), 7.32 (s, 1H), 6.61 (d, J=5.9 Hz, 1H), 3.18 (dd, J=16.8 Hz, 2H),
3.09 ppm (dd, J=16.8 Hz, 2H); 13C NMR (67.8 MHz, CDCl3): d=195.0,
161.2, 153.1, 148.9, 144.7, 138.4, 135.3, 131.8, 128.8, 127.8, 125.2, 123.9,
88.9, 82.6, 78.4, 30.3 ppm; FTIR (solid): ñ=3081, 2920, 1701, 1643, 1320,
842 cm�1; HRMS (ESI-TOF): m/z : calcd for C21H14F3NO2: 370.1049;
found: 370.1049 [M+H]+ .


Compound 7dD : 1H NMR (270 MHz, CDCl3): d=8.71 (brd, 1H), 7.87
(dt, J=7.9, 2.0 Hz, 1H), 7.66 (d, J=5.9 Hz, 1H), 7.64 (d, J=7.9 Hz, 1H),
7.36 (dd, J=5.4, 7.9 Hz, 1H), 7.33–7.27 (m, 4H), 7.30 (s, 1H), 6.60 (d, J=
5.9 Hz, 1H), 3.16 (d, J=1.68 Hz, 1H), 3.10 (s, 3H), 3.08 ppm (d, J=
16.8 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): d=195.1, 170.8, 161.3, 153.1,
148.9, 144.8, 138.4, 136.5, 135.3, 132.6, 130.1, 128.7, 128.4, 127.7, 126.6,
123.8, 123.5, 86.3, 83.0, 78.5, 39.6, 35.4, 30.3 ppm; FTIR (solid): ñ=2926,


1705, 1639, 1087, 747 cm�1; HRMS
(ESI-TOF): m/z : calcd for
C23H20N2O3: 373.1547; found: 373.1556
[M+H]+ .


Compound 7 iG : 1H NMR (270 MHz,
CDCl3): d=7.63 (d, J=5.9 Hz, 1H),
7.37–7.15 (m, 4H), 7.17 (s, 1H), 7.01
(s, 1H), 6.59 (d, J=5.9 Hz, 1H), 3.85
(s, 3H), 3.32 (d, J=16.8 Hz, 1H),
3.11 ppm (d, J=16.8 Hz, 1H);
13C NMR (67.8 MHz, CDCl3): d=


194.9, 161.2, 142.8, 142.5, 135.4, 133.9,
132.8, 19.9, 128.6, 123.5, 112.8, 86.8,
82.5, 78.5, 33.7, 29.3 ppm; FTIR
(solid): ñ=2922, 1697, 1646, 1477,


1224, 826, 755 cm�1; HRMS (ESI-TOF): m/z : calcd for C19H15ClN2O2:
339.0895; found: 339.0899 [M+H]+ .


Compound 7jG : 1H NMR (270 MHz, CDCl3): d=7.63 (d, J=5.9 Hz,
1H), 7.50 (d, J=8.2 Hz, 2H), 7.37 (d, J=8.2 Hz, 2H), 7.18 (s, 1H), 7.02
(s, 1H), 6.60 (d, J=5.9 Hz, 1H), 3.85 (s, 3H), 3.35 (d, J=16.8 Hz, 1H),
3.14 ppm (d, J=16.8 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): d=194.8,
161.1, 142.7, 142.3, 135.4, 131.8, 130.0, 125.2, 123.6, 112.9, 88.5, 82.4, 78.5,
33.7, 29.3 ppm; FTIR (neat): ñ= 3115, 2928, 2225, 1703, 1647, 1323 cm�1;
HRMS (ESI-TOF): m/z : calcd for C20H15F3N2O2: 373.1158; found:
373.1155 [M+H]+ .


Biological assay : Each cell line (A549, HeLaS3, MCF7, TMF1 and P388)
was seeded into a 96-multiwell plate and was incubated for 24 h. The
cells were treated with 7jA, 7dD, 7jG, 7dD, 5-FU or Adriamycin for
72 h. In the case of A549, HeLaS3, MCF7, and TMF1 cell lines, the cells
were fixed with glutaraldehyde and stained with crystal violet for estima-
tion of cell population. For the P388 cell lines, 20 mL per well of WST-8
solution was added and the plate was further incubated for 1.5 h. After
incubation, the absorbance was measured at 450 nm for an estimation of
the cell population.
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Introduction


Recent years have seen a great deal of interest in using bor-
onic acids as recognition moieties for the synthesis of artifi-
cial receptors for compounds that contain two adjacent
Lewis base functional groups. Such compounds may include
carbohydrates,[1–3] catechols,[4] a-hydroxy acids,[5] amino
acids,[4f] etc. The use of the boronic acid moiety is based on
the formation of tight complexes between boronic acid and
compounds that have two adjacent nucleophiles, such as
diols.[1] Our laboratory group has a long-standing interest in


the development of boronic acid based artificial lectins for
the recognition of oligosaccharides.[6a,b] We term these recog-
nition moieties “boronolectins”. These boronolectins have
the potential to be developed as medicinal, imaging, and di-
agnostic agents.[1e,2d,g,6,7] Their ability to recognize cell-sur-
face carbohydrate biomarkers also allows them to be used
as targeting vectors for the delivery of other medicinal and
imaging agents and as research tools for the identification of
cells based on their surface biomarkers. Furthermore, fluo-
rescent boronolectins can also be used as sensors for various
analytical applications.[3]


In the preparation of boronolectins, regardless of whether
fluorescence is required for the eventual application, the
availability of fluorescent boronic acid reporter compounds
is very important. For the preparation of fluorescent boro-
nolectins for analytical applications, the change in fluores-
cence properties provides a reporting event in response to
binding. For other applications where fluorescence proper-
ties are not essential, the use of fluorescent boronic acids
allows the quick screening of libraries of compounds for the
identification of boronolectins of interest. It is for these rea-
sons that we and others have been interested in the develop-
ment of fluorescent boronic acid reporter compounds[8] that
1) change fluorescence properties upon binding to a diol,
2) are chemically and photochemically stable, and 3) are
water soluble. Such reporters can be used for the prepara-
tion of combinatorial libraries of potential boronolectins.
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Abstract: Four new naphthalene-based
boronic acid compounds (1–4) were
synthesized. The effect of various car-
bohydrates on their fluorescence prop-
erties has been studied in aqueous
phosphate buffer at pH 7.4. Different
substitutions on the aniline group of
the naphthalene ring resulted in signifi-
cant differences in fluorescence proper-
ties for these four compounds. Com-
pound 1 shows ratiometric fluorescence
changes upon addition of a sugar.


Compounds 2 and 3 do not show ratio-
metric fluorescence changes but show
very large fluorescence intensity
changes (about 70-fold fluorescence in-
tensity increase). In addition to the
quantifiable fluorescence property
changes upon sugar addition, the fluo-


rescence color changes of 1–3 are also
visible to the naked eye. However,
amidation of the aniline nitrogen atom
significantly diminishes the fluores-
cence intensity of compound 4. The
crystal structure of one boronic acid
provided some insight into the structur-
al features that are important for the
fluorescence properties of these com-
pounds.


Keywords: boronic acid · carbohy-
drates · fluorescence · lectins · sen-
sors
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Recently, we reported two
new water-soluble boronic acid
sensors: 4-(dimethylamino)-
naphthalene-1-boronic acid (4-
DMANBA) and 5-(dimethyla-
mino)-naphthalene-1-boronic
acid (5-DMANBA).[8a,b] 5-
DMANBA is a ratiometric
sensor, while 4-DMANBA is an
off–on sensor. In order for
these reporter compounds to be
useful for our bisboronic acid
combinatorial-library construc-
tion in the search for borono-
lectins specific for saccharides
of biological interest, certain
“handles” need to be installed
so that the boronic acids can be
“conjugated”. For this, one can
think of introducing an alkyl
group, which contains a func-
tional group for conjugation, on
the aniline nitrogen atom. Another possibility is to use the
aniline nitrogen atom for amide formation as a way to ach-
ieve conjugation. However, it is well known that the fluores-
cence properties of a compound can be affected by various
factors. In this study we wanted to see whether amidation
chemistry, the introduction of an alkyl group bearing an
ester moiety, or a change in the number of alkyl group on
the aniline nitrogen atom would affect the fluorescence
properties of 5-DMANBA. Such information would be very
useful for the application of such fluorescent reporters in
our combinatorial-library work. Therefore, we designed and
examined a series of new fluorescent boronic acid com-
pounds (1–4), which have different substituents on the ani-
line amino group (Scheme 1). These derivatives show some-
what different fluorescence properties to 5-DMANBA de-
pending on the specific structural features that are intro-
duced. Some are detrimental to their application (4) and
others (1–3) have no effect.


Results and Discussion


Synthesis : The synthesis of 5-(tert-butoxycarbonylmethyl-
methylamino)-naphthalene-1-boronic acid (5-CMANBA, 1)
is shown in Scheme 2. The starting material 5-amino-1-bro-


monaphthalene (5) was synthesized as described previous-
ly.[8b] 5-(Monomethylamino)-1-bromonaphthalene (7) was
synthesized by the reaction of compound 5 with formalde-
hyde in the presence of 1H-benzotriazole and then reduc-
tion with NaBH4 following a procedure similar to that in
the literature.[9] Alkylation of compound 7 with tert-butyl
bromoacetate gave compound 8. The protected boronate
compound 9 was synthesized through the reaction of 8 with
bis(neopentyl glycolato)diboron with [PdCl2(dppf)] as the
catalyst.[10] The final boronic acid compound 1 was obtained
through deprotection of compound 9 by using a mixture of
acetone and aqueous HCl solution.


5-(Monomethylamino)-naphthalene-1-boronic acid (5-
MMANBA, 2) and 5-Amino-naphthalene-1-boronic acid (5-
ANBA, 3) were readily synthesized from compounds 7 and
5, respectively, by catalytic borylation with bis(neopentyl
glycolato)diboron followed by deprotection (Scheme 3).


The synthesis of 5-(acetylmethylamino)-naphthalene-1-
boronic acid (5-AMANBA, 4) started with the amidation of
7 by using acetyl chloride to give 12. The boronic acid com-


Scheme 1. The structures of the fluorescent boronic acid compounds syn-
thesized in this study.


Scheme 2. Synthesis of 5-CMANBA (1): a) HCHO, EtOH, 92%; b) NaBH4, THF, 50 8C, 98%; c) tert-butyl
bromoacetate, K2CO3, DMF, 80 8C, 70%; d) bis(neopentyl glycolato)diboron, KOAc, [PdCl2(dppf)], DMSO,
80 8C, 64%; e) acetone/H2O, HCl, 30%. THF= tetrahydrofuran, DMF=N,N-dimethylformamide, dppf=1,1’-
bis(diphenylphosphanyl)ferrocene), DMSO=dimethyl sulfoxide.


Scheme 3. Synthesis of 5-MMANBA (2) and 5-ANBA (3): a) bis(neo-
pentyl glycolato)diboron, KOAc, [PdCl2(dppf)], DMSO, 80 8C, 71% for
10 and 82% for 11; b) acetone/H2O, HCl, 39% for 2 and 36% for 3.
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pound 5-AMANBA (4) was obtained through catalytic bor-
ylation followed by deprotection (Scheme 4).


Fluorescence property examinations : Earlier, we reported 5-
DMANBA to be a ratiometric fluorescent sensor.[8b] It
shows very significant fluorescence intensity changes at
2 wavelengths, 513 and 433 nm, upon addition of a sugar.
For example, addition of fructose (50 mm) to the solution of
5-DMANBA induced a 61% fluorescence intensity decrease
at 513 nm and a 36-fold increase at 433 nm.[8b] We are inter-
ested in examining the effect of various structural modifica-
tions on its fluorescence properties. Such modifications in-
clude a) alkylation of the aniline amino group with an alkyl
group bearing another functional group (an ester), which is
useful for conjugation (1), b) removal of one (2) or both (3)
methyl groups from the aniline nitrogen atom, and c) con-
version of the aniline nitrogen atom into an amide group
(4). The fluorescence properties
of compounds 1–3 were studied
in 0.1m aqueous phosphate
buffer at pH 7.4. The effect of
various carbohydrates on the
fluorescence properties of these
compounds was examined
under similar conditions. It was
found that a change in the
number and/or nature of the
alkyl groups on the aniline ni-
trogen atom (as in compounds
1–3) resulted in some changes
in the fluorescence properties
of 5-DMANBA, changes that
do not affect the application of
these compounds as fluorescent
reporter compounds. These
compounds show very large
fluorescence property changes
upon sugar binding (Figure 1).
However, when the aniline ni-
trogen atom was masked in an
amide group, compound 4
became only weakly fluorescent
(Figure 1). These results are
discussed in detail in the subse-
quent sections.


5-CMANBA (1) is very similar to its parent compound, 5-
DMANBA, in that it has two alkyl groups attached to the


aniline nitrogen atom. The only
difference is that one of these
two alkyl groups has a protect-
ed carboxylic acid in 1. Com-
pound 1 shows similar ratiomet-
ric fluorescence changes (Fig-
ure 1A) upon addition of a
sugar to those of 5-DMAN-
BA.[8b] However, compound 1
shows a shorter emission maxi-
mum (at 490 nm versus 513 nm
for 5-DMANBA) and a longer
absorption maximum (at


320 nm versus 300 nm for 5-DMANBA) in 0.1m aqueous
phosphate buffer at pH 7.4, with a Stokes shift of 170 nm.
Addition of carbohydrate resulted in a significant decrease
in fluorescence intensity at 490 nm and an increase with a
greater magnitude at 440 nm. For example, addition of fruc-
tose (50 mm) to the solution of 1 induced a 4.2-fold fluores-
cence intensity increase at 440 nm and a 32% fluorescence
intensity decrease at 490 nm (Figure 1A and Table 1). An
isosbestic point was observed at 478 nm. The effect of other
sugars, such as sorbitol, tagatose, galactose, and glucose, on
the fluorescence properties of 1 was also examined. Ratio-
metric fluorescence changes were observed with all the
sugars tested (Table 1). Such results indicate that the intro-
duction of an ester functional group on the side chain does


Scheme 4. Synthesis of 5-AMANBA (4): a) acetyl chloride, iPr2NEt, toluene, 94%; b) bis(neopentyl glycolato)-
diboron, KOAc, PdCl2(dppf), DMSO, 80 8C, 70%; c) acetone/H2O, HCl, 45%.


Figure 1. Fluorescence spectral changes of boronic acid compounds 1–4 with different concentrations of d-fruc-
tose (0–50 mm) in 0.1m aqueous phosphate buffer at pH 7.4. A) 5-CMANBA (1; 1.0O10�5


m), lex=320 nm;
B) 5-MMANBA (2 ; 4O10�6


m), lex=320 nm; C) 5-ANBA (3 ; 1.0O10�5
m), lex=307 nm; D) 5-AMANBA (4 ;


1.0O10�5
m), lex=280 nm.
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not abolish the ability of the fluorophore to show a ratio-
metric response to binding with a sugar. This is very impor-
tant for the preparation of di- or multiboronic acid com-
pounds for sensing and other applications.


5-MMANBA (2) has one fewer methyl group on the ni-
trogen than the parent compound, 5-DMANBA. It shows
an emission maximum at 515 nm and a smaller shoulder
emission peak at 438 nm before addition of a sugar (Fig-
ure 1B). After addition of a sugar, the fluorescence intensity
at 515 nm remained about the same but the intensity at
438 nm increased significantly. For example, addition of
fructose (50 mm) to the solution of 2 induced a 71-fold fluo-
rescence intensity increase at 438 nm (Figure 1B and
Table 1). This represents the largest fluorescence change
among all the fluorescent boronic acids we have developed.
To the best of our knowledge, such a large fluorescence
change has never been reported in the literature. Theoreti-
cally, this compound also gives ratiometric changes upon ad-
dition of a sugar. However, because of the much lower fluo-
rescence intensity in the absence of any sugar, the peak at
515 nm cannot be used for ratiometric sensing in an accurate
fashion (Figure 1B).


The situation with 5-ANBA (3), which has both methyl
groups removed from the aniline group of 5-DMANBA, is
similar to that of 2. Compound 3 shows an emission maxi-
mum at 513 nm and a smaller shoulder emission peak at
437 nm before addition of a sugar (Figure 1C). After addi-
tion of sugar, the fluorescence intensity at 513 nm remained
about the same, but the intensity at 437 nm increased signifi-
cantly. For example, addition of fructose (50 mm) to the so-
lution of 3 induced a 66-fold fluorescence intensity increase
at 437 nm (Figure 1C and Table 1). Similarly to 2, com-
pound 3 does not allow ratiometric sensing of sugars in an
accurate fashion because of the large difference in quantum
yields between the peaks at 513 and 437 nm after the addi-
tion of a sugar, a difference that does not allow for baseline
resolution of the two peaks. Therefore, although both 2 and
3 show ratiometric fluorescence property changes after addi-
tion of a sugar, neither can be used accurately for ratiomet-
ric sensing. This is in direct contrast to the fluorescence
properties of 5-DMANBA. However, compounds 2 and 3
are both very good off–on fluorescent sensors because of
their dramatic fluorescence increases upon binding of a
sugar. Overall, all three analogues with either a free aniline


or an alkylated aniline show
large fluorescence intensity
changes upon sugar addition.


5-AMANBA (4) is in a
unique category by itself. The
aniline group in 4 has been
masked as an amide. It is well
known that the lone-pair elec-
trons of the nitrogen atom in an
amide are not readily available
due to resonance stabilization.
Since the participation of the
nitrogen lone-pair electrons is


very important for the fluorescence property changes upon
sugar binding,[8,11] one would expect compound 4 to behave
differently from compounds 1–3. This is indeed the case.
Compound 4 shows much a shorter emission wavelength
and weaker fluorescence than 1–3. The emission spectrum
change of 4 in the absence and presence of fructose at a
fixed concentration (50 mm) in 0.1m aqueous phosphate
buffer solution (pH 7.4) is shown in Figure 1D. We did not
examine the binding of 4 with additional carbohydrates be-
cause of its weak fluorescence properties.


The fluorescence quantum yields (fF) of 1–3 were deter-
mined in 0.1m phosphate buffer (pH 7.4) in the absence of a
sugar and in the presence of 50 mm fructose, with 8-quino-
line boronic acid (fF=0.58 in 12m H2SO4) as a reference
compound.[12] The results are summarized in Table 2. A


good quantum yield (fF=0.26) was observed for compound
1 at 490 nm in the absence of a sugar. Upon addition of
50 mm of fructose, the emission wavelength changed to
440 nm and the quantum yield at this shorter wavelength in-
creased to 0.37. The fluorescence quantum yields of com-
pounds 2 and 3 in the absence of a sugar were below 10%,
but they increased dramatically after addition of 50 mm fruc-
tose. The fluorescence quantum yield of compound 4 was
not studied because of its low fluorescence intensity.


In addition to the quantifiable fluorescence property
changes upon sugar addition, the fluorescence color changes
of 1–3 are visible to the naked eye. Figure 2 shows the fluo-
rescence color changes of these sensor solutions in the ab-
sence and presence of a sugar (50 mm fructose) under a
365 nm UV light. The solutions of these compounds without
a sugar clearly show greenish colors under the commonly
used 365 nm UV light although their excitation maximums
are in the range of 300–320 nm. Addition of a sugar (for ex-
ample, 50 mm fructose) causes a clearly visible color change


Table 1. Apparent association constants (Ka) and maximal fluorescence intensity changes (DI/I0) of com-
pounds 1–3 with different sugars.


Sugar 5-CMANBA (1) 5-MMANBA (2) 5-ANBA (3)
Ka [m


�1] DI/I0 (sugar conc. [m]) Ka [m
�1] DI/I0 (sugar


conc. [m])
Ka [m


�1] DI/I0 (sugar
conc. [m])


440 nm 490 nm


sorbitol 263�4 4.6 (0.05) �0.33 (0.05) 268�4 71 (0.05) 288�4 69 (0.05)
fructose 159�3 4.2 (0.05) �0.32 (0.05) 180�3 71 (0.05) 190�3 66 (0.05)
tagatose 170�3 3.7 (0.05) �0.34 (0.05) 159�2 66 (0.05) 185�3 58 (0.05)
galactose 16.3�0.2 3.3 (0.50) �0.37 (0.50) 23�0.3 54 (0.50) 20�0.3 49 (0.50)
glucose 4.5�0.2 0.79 (0.50) �0.35 (0.50) 5.5�0.1 30 (0.50) 5.0�0.1 28 (0.50)


Table 2. The excitation and emission maxima and fluorescence quantum
yields (fF) of compounds 1–3 with and without sugar (50 mm fructose).


lex [nm] Without sugar With sugar
lem [nm] fF lem [nm] fF


1 320 490 0.26 440 0.37
2 320 515 and 438 0.056 438 0.72
3 307 513 and 437 0.041 437 0.89
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in the sensor solutions. Therefore, these compounds also
have the potential to be used as color sensors.


The apparent binding constants, Ka, of these boronic acid
compounds (1–3) with five carbohydrates (sorbitol, fructose,
tagatose, galactose, and glucose) were determined under the
same conditions with the assumption of the formation of a
1:1 complex.[13] These binding constants are similar to those
observed with phenylboronic acid.[1c,d] As expected, the af-
finity trend of various sugars with these three sensors (1–3)
also followed that of simple monoboronic acid, in the order
sorbitol> fructose� tagatose>galactose>glucose (Table 1).
The different binding properties of these sugars are attribut-
ed to the different dihedral angles of the diols. The substitu-
tion pattern on the aniline nitrogen atom has a significant
effect on the fluorescence properties of these compounds
but not on the selectivity of these sensors for different
sugars. The sensors 1–3 show similar selectivity for the five
tested sugars. The results are consistent with other boronic
acids reported. Usually, selectivity can be bestowed by the
incorporation of a secondary or tertiary binding site.


X-ray crystallography : We were also interested in examining
the crystal structures of the boronic acids synthesized, in the
hope of gaining some insight into the structural features that
are important for the fluorescence properties of these com-
pounds. Along this line, we successfully grew single crystals
of the protected form of 5-MMANBA (2), that is, [5-(5,5-di-
methyl-[1,3,2]dioxaborinan-2-yl)-naphthalen-1-yl]-methyla-
mine (10·HCl). These single crystals were grown in metha-
nol and the crystal structures were analyzed by X-ray dif-
fraction (Figure 3).[14]


It is important to note that the fluorescence changes of 4-
and 5-DMANBA are believed to be through the regulation
of an internal charge-transfer process, which involves the
lone-pair electrons of the aniline nitrogen atom and the
open shell of the boron atom. In order for this to happen,
both the lone-pair electrons and the boron open shell need
to be in conjugation with the aromatic system. The crystal
structure studies indicate that the dihedral angles formed
between the methyl group on the aniline nitrogen atom and
the naphthalene ring are within 58 of coplanarity, so the ni-


trogen lone-pair electrons are in conjugation with the naph-
thalene ring. A similar dihedral angle measurement indi-
cates that the boron open shell is within 98 of the naphtha-
lene plane, which would result in good conjugation for the
system. Such structural results are consistent with the pro-
posed internal charge-transfer mechanism for fluorescence
changes upon sugar binding.


Conclusion


Four water-soluble naphthalene-based fluorescent saccha-
ride sensors, 5-CMANBA (1), 5-MMANBA (2), 5-ANBA
(3), and 5-AMANBA (4), have been synthesized and their
fluorescence properties have been studied. Although these
compounds are analogues of 5-DMANBA, which we report-
ed previously, they show very different fluorescence changes
after modification of the aniline group. The substitution pat-
tern on the aniline nitrogen atom has a significant effect on
the fluorescence properties of these compounds. 5-
CMANBA (1) shows ratiometric fluorescence changes upon
binding of a sugar, so it can be used for the synthesis of ra-
tiometric di- or multiboronic acid compounds after removal
of the tert-butyl protection group and a coupling reaction
with a di- or multiamine linker. 5-MMANBA (2) and 5-
ANBA (3) show dramatic fluorescence increases upon bind-
ing of a sugar, so they are very good off–on fluorescent sen-
sors for sugars. In addition to the quantifiable fluorescence
property changes upon sugar addition, the fluorescence
color changes of 1–3 are also visible to the naked eye.
Therefore, they can also be used as color sensors. The crys-
tal structure of one boronic acid provided some insight into
the structural features important for the fluorescence prop-
erties of these compounds.


Figure 2. Fluorescence colors of compounds 1–3 in the absence and pres-
ence of 50 mm fructose in 0.1m aqueous phosphate buffer (pH 7.4). 1n,
2n, and 3n are the solutions of compounds 1–3, respectively, without
sugar; 1s, 2s, and 3s are the solutions of compounds 1–3, respectively,
with 50 mm fructose. The pictures were taken under irradiation of the sol-
utions (5O10�5


m) under a 365 nm UV light.


Figure 3. A) The crystal structure of compound 10·HCl;[14] B) packing di-
agram for molecules in the unit cell.
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Experimental Section


General : 1H and 13C NMR spectra were recorded at 300 or 400 MHz and
75 or 100 MHz, respectively, with tetramethylsilane as the internal stan-
dard. Elemental analyses and mass spectrum analyses were performed by
the Georgia State University Analytical Facility. Fluorescence spectra
were recorded on a Shimadzu RF-5301 PC spectrofluorometer. Absorp-
tion spectra were recorded on Shimadzu UV-1700 UV/Vis spectropho-
tometer. All pH values were determined with a UB-10 Ultra Basic
Benchtop pH meter (Denver Instruments). Column chromatography was
performed by using silica gel (200–400 mesh) from Aldrich. THF was dis-
tilled from Na and benzophenone.


Benzotriazol-1-ylmethyl-(5-bromonaphthalen-1-yl)-amine (6): An aque-
ous solution of formaldehyde (40%wt, 0.68 mL, 9.0 mmol) was added to
a solution of compound 5 (2.0 g, 9.0 mmol) and 1H-benzotriazole (1.1 g,
9.0 mmol) in EtOH (40 mL). The reaction mixture was stirred vigorously
overnight under N2 at room temperature. The precipitate was filtered
and recrystallized from ethanol to give compound 6 as a white solid
(3.25 g, 92%): 1H NMR (400 MHz, DMSO): d=8.23 (s, 1H), 8.15 (s,
1H), 7.99 (m, 2H), 7.46 (m, 5H), 7.09 (1H), 6.30 ppm (s, 1H); 13C NMR
(100 MHz, DMSO): d=146.1, 142.3, 133.2, 132.7, 130.6, 128.6, 127.7,
125.6, 124.9, 124.5, 123.0, 122.0, 119.6, 116.5, 111.6, 106.4, 57.7 ppm; EI-
MS: m/z calcd for C17H13BrN4: 354.2 [M+]; found: 354.1; elemental anal-
ysis calcd (%) for C17H13BrN4: C 57.81, H 3.71, N 15.86; found: C 57.76,
H 3.65, N 15.81.


(5-Bromonaphthalen-1-yl)-methylamine (7): NaBH4 (1.5 g, 40 mmol) was
added to a solution of compound 5 (2.8 g, 8.0 mmol) in THF (40 mL).
The reaction mixture was stirred at 50 8C overnight. After evaporation of
solvent, the residue was dissolved in CH2Cl2 (50 mL); the solution was
then washed with 5% NaHCO3 (3O30 mL) and dried over Na2SO4.
After filtration and evaporation of solvent, the crude product was puri-
fied on a silica gel column, with elution with CH2Cl2/hexanes (1:3), to
give compound 7 as a colorless oil (1.86 g, 98%): 1H NMR (300 MHz,
CDCl3): d=7.70 (d, J=1.2 Hz, 1H), 7.57 (t, J=6.3 Hz, 2H), 7.38 (t, J=
8.4 1H), 7.09 (t, J=7.2 Hz, 1H), 6.53 (d, J=7.5 Hz, 1H), 4.21 (s, 1H),
2.87 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=144.9, 132.9, 130.2,
128.4, 124.8, 124.7, 123.9, 120.0, 116.3, 104.8, 31.2 ppm; EI-MS: m/z calcd
for C11H10BrN: 235.0 [M+]; found: 235.0; elemental analysis calcd (%)
for C11H10BrN: C 55.96, H 4.27, N 5.93; found: C 55.96, H 4.19, N 5.93.


tert-Butyl [(5-bromonaphthalen-1-yl)-methylamino]acetate (8): K2CO3


(2.0 g, 15 mmol) was added to a solution of compound 7 (0.40 g,
1.7 mmol) and tert-butyl bromoacetate (1.20 mL, 7.4 mmol) in DMF
(6 mL). The reaction mixture was stirred at 80 8C for 2 days. After evapo-
ration of solvent, the residue was dissolved in CH2Cl2 (30 mL); the solu-
tion was then washed with 5% NaHCO3 (3O20 mL) and dried over
Na2SO4. After filtration and evaporation of solvent, the crude product
was purified on a silica gel column, with elution with CH2Cl2/hexanes
(1:3), to give compound 8 as a yellow oil (0.41 g, 70%): 1H NMR
(300 MHz, CDCl3): d=8.25 (d, J=8.4 Hz, 1H), 7.95 (d, J=8.4 Hz, 1H),
7.75 (d, J=7.4 Hz, 1H), 7.47 (t, 1H), 7.28 (t, 1H), 7.21 (d, J=7.2 Hz,
1H), 3.78 (s, 2H), 2.98 (s, 3H), 1.48 ppm (s, 9H); 13C NMR (75 MHz,
CDCl3): d=170.1, 149.5, 133.5, 130.4, 127.2, 125.8, 124.1, 123.4, 122.6,
117.3, 81.5, 59.8, 42.2, 28.3 ppm; HR ESI-MS: m/z calcd for
C17H21BrNO2: 350.0756 [M+H]+ ; found: 350.0771.


tert-Butyl {[4-(5,5-dimethyl-[1,3,2]dioxaboronan-2-yl)naphthalen-1-yl]me-
thylamino}acetate (9): KOAc (30 mg, 0.30 mmol) was added to a solution
of compound 8 (35 mg, 0.10 mmol), bis(neopentyl glycolato)diboron
(51 mg, 0.20 mmol), and PdCl2(dppf) (4 mg, 0.005 mmol) in DMSO
(3 mL). The reaction mixture was stirred at 80 8C overnight. The mixture
was dissolved in CH2Cl2 (30 mL); the solution was then washed with 5%
NaHCO3 (4O20 mL) and dried over Na2SO4. After filtration and evapo-
ration of solvent, the crude product was purified on a silica gel column,
with elution with CH2Cl2/hexanes (2:1), to give compound 9 as a white
powder (150 mg, 64%): 1H NMR (300 MHz, CDCl3): d=8.46 (d, J=
19.5 Hz, 2H), 8.03 (d, J=6.3 Hz, 1H), 7.44 (m, 2H), 7.18 (d, J=7.2 Hz,
1H), 3.89 (s, 4H), 3.81 (s, 2H), 3.00 (s, 3H), 1.45 (s, 9H), 1.10 ppm (s,
6H); 13C NMR (100 MHz, CDCl3): d=170.2, 149.2, 138.0, 134.2, 128.8,
126.5, 125.5, 124.5, 123.8, 115.5, 81.0, 72.5, 59.8, 42.0, 31.7, 28.1, 21.9 ppm;


EI-MS: m/z calcd for C22H30BNO4: 383.2 [M+]; found: 383.0; elemental
analysis calcd (%) for C22H30BNO4: C 68.94, H 7.89, N 3.65; found: C
69.42, H 8.14, N 3.33.


5-(tert-Butoxycarbonylmethyl-methylamino)-naphthalene-1-boronic acid
(5-CMANBA, 1): Compound 9 (0.5 g, 1.3 mmol) was deprotected by stir-
ring in acetone/water (9:1, 10 mL), with aqueous 12n HCl (3 drops), at
RT for 4 h. After evaporation of solvent, the mixture was dissolved in
CH2Cl2 (30 mL); the solution was then washed with 5% NaHCO3 (2O
20 mL) and dried over Na2SO4. The crude product was purified on a
silica gel column, with elution with CH2Cl2/MeOH (30:1), to give 1 as a
white powder (24 mg, 30%): 1H NMR (300 MHz, CD3OD): d=8.23 (d,
J=7.5 Hz, 1H), 7.48 (m, 4H), 7.18 (d, J=8.1 Hz, 1H), 3.79 (s, 2H), 2.96
(s, 3H), 1.43 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=170.9, 149.5,
136.4, 129.8, 128.5, 125.6, 124.6, 124.4, 123.4, 115.7, 81.3, 72.5, 59.6, 41.2,
27.2 ppm; HR ESI-MS: m/z calcd for C17H23BNO4: 316.1720 [M+H]+ ;
found: 316.1733.


[5-(5,5-Dimethyl-[1,3,2]dioxaborinan-2-yl)-naphthalen-1-yl]-methylamine
(10): Compound 10 was synthesized from 7 by following equivalent reac-
tion procedures to those used for the synthesis of 9. The crude product
was purified on a silica gel column, with elution with CH2Cl2/hexanes
(2:1), to give compound 10 as colorless crystals (71%): 1H NMR
(300 MHz, CDCl3): d=8.13 (d, J=7.8 Hz, 1H), 7.99 (d, J=6.9 Hz, 1H),
7.82 (d, J=7.5 Hz, 1H), 7.39 (m, 2H), 6.56 (d, J=7.2 Hz, 1H), 3.81 (s,
4H), 2.90 (s, 3H), 1.02 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=


161.2, 144.9, 137.6, 134.1, 126.8, 123.9, 122.5, 117.9, 103.7, 72.6, 31.8,
22.2 ppm; EI-MS: m/z calcd for C16H20BNO2: 269.1 [M+]; found: 269.0;
see Figure 3 for the crystal structure.


5-(Methylamino)-naphthalene-1-boronic acid (5-MMANBA, 2): Com-
pound 2 was synthesized from 10 by following the deprotection proce-
dure as that used for the synthesis of 1. The crude product was purified
on a silica gel column, with elution with CH2Cl2/MeOH (30:1), to give 2
as a white powder (39%): 1H NMR (300 MHz, CD3OD): d=8.0 (d, J=
8.1, 1H), 7.4–7.2 (m, 3H), 7.03 (d, J=8.4, 1H), 6.54 (d, J=7.5,1H),
2.94 ppm (s, 3H); 13C NMR (75 MHz, CD3OD): d=145.9, 135.7, 129.3,
126.8, 123.6, 123.5, 121.4, 116.4, 103.2, 103.1, 29.75 ppm; HR ESI-MS: m/
z : calcd for C11H13BNO2: 202.1039 [M+H]+ ; found: 202.1043.


5-(5,5-Dimethyl-[1,3,2]dioxaboronan-2-yl)-naphthalen-1-yl]-amine (11):
Compound 11 was synthesized from 5 by following equivalent reaction
procedures to those used for the synthesis of 9. The crude product was
purified on a silica gel column, with elution with CH2Cl2/hexanes (2:1),
to give compound 11 as a white powder (82%): 1H NMR (300 MHz,
CD3OD): d=8.21 (d, J=8.4 Hz, 1H), 8.00 (d, J=5.7 Hz, 1H), 7.88 (d,
J=8.4 Hz, 1H), 7.41 (t, 1H), 7.29 (t, 1H), 6.74 (d, J=7.5 Hz, 1H), 3.84
(s, 4H), 1.05 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=142.5, 137.8,
134.4, 134.1, 126.6, 124.2, 123.9, 123.6, 119.7, 109.8, 72.7, 22.3 ppm; HR
ESI-MS: m/z calcd for C15H19BNO2: 256.1509 [M+H]+ ; found: 256.1514.


5-Aminonaphthalene-1-boronic acid (5-ANBA, 3): Compound 3 was syn-
thesized from 11 by following the same deprotection procedure as that
used for the synthesis of 1. The crude product was purified on a silica gel
column, with elution with CH2Cl2/MeOH (30:1), to give 3 as a white
powder (36%): 1H NMR (300 MHz, CD3OD): d=8.13 (d, J=8.7, 1H),
7.51 (t, J=6.9, 1H), 7.36 (d, J=6.9, 1H), 7.01 (t, J=7.5, 1H), 6.81 (d, J=
7.5, 1H), 6.66 ppm (d, J=8.4, 1H); 13C NMR (100 MHz, CDCl3): d=


145.8, 137.9, 131.5, 128.4, 125.7, 125.6, 124.2, 120.1, 111.5 ppm; HR ESI-
MS: m/z calcd for C10H11BNO2: 188.0883 [M+H]+ ; found: 188.0887.


N-(5-Bromo-naphthalen-1-yl)-N-methylacetamide (12): Acetyl chloride
(21.5 mg, 0.27 mmol) was added to a solution of compound 7 (50 mg,
0.18 mmol) and (iPr)2EtN (94 mg, 0.55 mmol) in toluene (15 mL). The re-
action mixture was stirred at 35 8C overnight. The mixture was dissolved
in CH2Cl2 (30 mL); the solution was then washed with 5% NaHCO3 (2O
20 mL) and dried over Na2SO4. After filtration and evaporation of sol-
vent, the crude product was purified on a silica gel column, with elution
with CH2Cl2/MeOH (60:1), to give compound 12 as a colorless oil
(56 mg, 94%): 1H NMR (300 MHz, CDCl3): d=8.32 (d, J=8.4, 1H), 7.87
(d, J=7.5, 1H), 7.81 (d, J=9.3, 1H), 7.63 (t, 1H), 7.43 (m, 2H), 3.36 (s,
3H), 1.76 ppm (s, 3H); 13C NMR (75 MHz, CD3OD): d=141.1, 133.4,
131.7, 131.8, 123.1, 128.1, 127.9, 127.4, 126.4, 123.8, 122.4, 37.3, 22.3 ppm;
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HR ESI-MS: m/z calcd for C13H13BrNO: 278.0181 [M+H]+ ; found:
278.0190.


N-[5-(5,5-Dimethyl-[1,3,2]dioxaboronan-2-yl)-naphthalen-1-yl]-N-methyl-
acetamide (13): Compound 13 was synthesized from 12 by following the
equivalent reaction procedure to that used for the synthesis of 9. The
crude product was purified on a silica gel column, with elution with
CH2Cl2/hexanes (2:1), to give compound 13 as a white powder (70%):
1H NMR (300 MHz, CDCl3): d=8.81 (d, J=8.7, 1H), 8.11 (d, J=6.9,
1H), 7.89 (d, J=8.4, 1H), 7.62–7.52 (m, 2H), 7.36 (d, J=7.2, 2H), 3.94
(s, 4H), 3.38 (s, 3H), 1.78 (s, 3H), 1.15 ppm (s, 6H); 13C NMR (100 MHz,
CD3OD): d=171.5, 140.8, 137.9, 135.0, 130.0, 129.1, 128.6, 126.6, 125.8,
124.7, 122.2 ppm; EI-MS: m/z calcd for C18H22BNO3: 311.2 [M+]; found:
311.0.


5-(Acetyl-methylamino)-naphthalene-1-boronic acid (5-AMANBA, 4):
Compound 4 was synthesized from 15 by following the same deprotection
procedure as that used for the synthesis of 1. The crude product was puri-
fied on a silica gel column, with elution with CH2Cl2/MeOH (30:1), to
give 4 as a white powder (45%): 1H NMR (300 MHz, CDOD3): d=7.92
(d, J=8.1, 1H), 7.78 (d, J=3.6, 1H), 7.64 (m, 3H), 7.50 (d, J=6.6, 1H),
4.87 (s, 2H), 3.30 (s, 3H), 1.73 ppm (s, 3H); 13C NMR (100 MHz,
CD3OD): d=173.7, 141.9, 137.6, 132.1, 130.7, 130.1, 128.1, 127.2, 126.4,
123.7 ppm; HR ESI-MS: m/z calcd for C13H15BNO3: 244.1145 [M+H]+ ;
found: 244.1146.


Procedures for the binding studies : Distinct solutions of the sensors and
the sugars (various concentrations) were prepared in 0.1m phosphate
buffer at pH 7.40. Then, a sensor solution (2 mL) was mixed with a sugar
solution (2 mL). After stirring for 20 min, the mixture was transferred
into a 1-cm quartz cuvette and the fluorescence intensity was recorded
immediately.
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Facile Synthesis and Optimization of Conductive Copolymer Nanoparticles
and Nanocomposite Films from Aniline with Sulfodiphenylamine


Xin-Gui Li,*[a, b] Qiu-Feng L2,[a] and Mei-Rong Huang*[a]


Introduction


Nanoscopic conducting materials have recently attracted
considerable interest from an interdisciplinary readership in
a wide variety of fields.[1–5] Polyaniline (PAN) is the most at-
tractive advanced conducting polymer because of its ease of
preparation, low cost, variable structure, performance stabil-
ity, special doping mechanism, and its unique optical, mag-
netic, electrical, electrochemical, and electrochemomechani-
cal properties.[5–10] However, the main disadvantage of PAN


is its poor solubility in common solvents, except for N-meth-
ylpyrrolidone (NMP) and sulfuric acid, as well as its infus-
ibility at traditional melt-processing temperatures. To im-
prove its processability, many investigations into homopoly-
mers of aniline (AN) derivatives or copolymers of AN with
its ring-substituted or N-substituted derivatives have been
performed. One successful approach to produce soluble
PAN results from the introduction of sulfonic acid
groups.[11–16] The sulfonated PAN can be obtained either by
a post-treatment (sulfonation) of the PAN with the appro-
priate reagents or by polymerizing sulfonic AN derivatives.
Yue and Epstein reported the first sulfonic acid self-doped
PAN by sulfonation of the PAN emeraldine base with
fuming sulfuric acid.[11] A water soluble 4-sulfonic diphenyl-
amine homopolymer has also been synthesized.[12] Unfortu-
nately, the homopolymer had low molecular weight and
polymerization yield. Chen and Hwang prepared a water-
soluble copolymer, poly[AN-co-(N-propane sulfonic ani-
line)].[13] Another copolymer of AN with sodium diphenyl-
amine-4-sulfonate (SDP) was also prepared by means of oxi-
dative polymerization.[14] Therefore, sulfonic-group-contain-


Abstract: A new series of electrically
conductive pure copolymer nanoparti-
cles was facilely synthesized by using
oxidative polymerization of aniline
(AN) and sodium diphenylamine-4-sul-
fonate (SDP) in acidic media in the ab-
sence of stabilizer. The variation of the
structure of the copolymer particles
was comprehensively studied by care-
fully choosing several important pa-
rameters, such as the comonomer ratio,
oxidant/monomer ratio, polymerization
time and temperature, monomer con-
centration, acidic medium, and oxidant
species. Analytical techniques used in-
clude IR and UV-visible spectroscopy,
X-ray diffraction, laser particle analy-
sis, atomic force microscopy, and trans-


mission electron microscopy. It was
found that the particle size varied sig-
nificantly with the above-mentioned
polymerization parameters, only
changes in the salt concentration in the
aqueous testing solution had no notice-
able effect. The polymerization condi-
tions were optimized for the formation
of copolymer nanoparticles with
sought-after properties. The doped co-
polymer particles of AN/SDP (50:50)
at an oxidant/monomer molar ratio of
0.5 exhibit a minimum length of 50 nm


and a minimum diameter of 44 nm.
The bulk electrical conductivity of the
copolymer particles increases greatly
from 5.90=10�4 to 1.15=10�2 Scm�1


with increasing AN content. Compared
with barely soluble polyaniline, the co-
polymers exhibit a remarkably en-
hanced solubility in most solvents, in-
cluding NH4OH and even water, due
to the presence of the hydrophilic sul-
fonic groups. Nanocomposite films of
the nanoparticles and cellulose diace-
tate exhibit a percolation threshold of
down to 0.1 wt%, at which the film re-
tains 98% of the transparency, 94% of
the strength, and 5=107 times the con-
ductivity of a pure cellulose diacetate
film.
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ing AN polymers have attracted interest owing to their
largely improved solubility, self-doping nature, and potential
for a number of applications.[8,14]


Another important approach to remarkably improve the
processability of PAN is based on the preparation of dis-
persed colloidal particles. PAN dispersions have been suc-
cessfully prepared by polymerization of AN in micelles,[9,16]


emulsions,[17] and reversed microemulsions[18] as polymeri-
zation media. Kim et al. prepared colloidal PAN nanoparti-
cles from sodium dodecyl sulfate micellar solution in aque-
ous media.[16] Han et al. reported the preparation of conduc-
tive PAN nanoparticles with significantly enhanced process-
ability and thermal stability in a micellar solution of dode-
cylbenzene sulfonic acid.[9] PAN aqueous dispersions can
also be prepared by using dispersion polymerization in the
presence of suitable steric stabilizers, usually water-soluble
polymers, such as poly(vinyl alcohol),[19] poly(vinylpyrroli-
done),[20] poly(vinylmethyl ether),[21] or cellulose ethers.[22]


Unfortunately, these emulsion and dispersion polymeri-
zation systems must include a large amount of external
emulsifier, stabilizer, and dispersant, leading to multistep
synthetic procedures and complicated compositions of the
PAN nanoparticles, which seriously restrict their direct ap-
plications. A new technique in which the pure AN polymer
nanoparticles are simply prepared by using oxidative poly-
merization in a relatively simple reaction medium without
any external additives has been an important subject. The
synthesis of these nanoparticles can be described as an
emulsifier-free polymerization. However, a systematic inves-
tigation into a facile synthesis technique and the relationship
between the polymerization conditions and the size of the
AN copolymer nanoparticles has not been carried out so
far.


The purpose of this article is to systematically investigate
the effect of several important polymerization parameters,
including the comonomer ratio and concentration, polymeri-
zation temperature and time, acidic medium, oxidant, and
oxidant/monomer ratio on the polymerization yield, struc-
ture, and properties of the pure AN/SDP copolymer nano-
particles. Furthermore, a transparent composite film of the
nanoparticles with cellulose diacetate (CDA) as a matrix
was prepared and characterized. In particular, the optimiza-
tion of the preparation conditions for the formation of the
smallest nanoparticles and their nanofilms with the desired
properties is also reported.


Results and Discussion


Copolymerization of AN and SDP monomers : A typical ex-
ample of the variation of the open-circuit potential (OCP)
and temperature of the AN/SDP (50:50) copolymerization
solution with polymerization time is shown in Figure 1; this
provides insight into the polymerization process. The solu-
tion changes from colorless to light green, then green, and
finally to dark green with dropwise addition of the oxidant.
At point A the solution becomes light green with an accom-


panying drastic potential increase, indicating the beginning
of the chain propagation. With a continuous addition of the
oxidant, the mixture darkens gradually along with a continu-
ous rise in potential that reaches a maximum at point B
about one hour after the last addition of oxidant. This is fol-
lowed by a sharp potential decrease. The temperature of the
polymerization system rises steadily up to point C, after
which the temperature first decreases rapidly and then
reaches a nearly constant value. It appears that the AN/SDP
copolymerization process is exothermic. The variation of so-
lution OCP displays three stages: drastic rise, gradual rise,
and fast decline. The drastic OCP rise can be ascribed to the
addition of the oxidant. The gradual OCP rise is caused by
the dissociation of persulfate ions to radical anions (SO4C�)
and anions (SO4


2�) in the presence of monomers. The
formed oligomers can act as reducing agents in this stage.
The oxidized oligomers could propagate subsequent poly-
merization with residual monomers by means of an electro-
philic aromatic substitution mechanism. The fast OCP de-
cline is attributed to the completion of the polymerization.


The variation of the OCP and the time taken to reach the
maximum OCP with differing AN/SDP ratios of the poly-
merization solution are listed in Table 1. With increasing
SDP content, both the DOCP and the time required to


Figure 1. Typical open-circuit potential (OCP, *) and temperature (*) of
a polymerization solution during the AN/SDP (50:50) polymerization.


Table 1. The polymerization characteristics of the AN/SDP copolymer
salts with an (NH4)2S2O8/monomer molar ratio of 0.5 in 1.0m HCl at 1 8C
for 24 h.


AN/SDP[a] OCPinitial


[mV]
vs SCE


OCPmax


[mV]
vs SCE


DOCP[b]


[mV]
vs SCE


t at OCPmax


[min]
Yield
[%]


100:0 391 790 399 23 83.0
90:10 420 793 373 74 51.0
80:20 366 742 375 76 42.0
70:30 383 744 361 76 38.7
50:50 398 734 336 78 27.8
30:70 370 780 410 90 19.5
0:100 382 732 350 73 15.3


[a] Molar ratio. [b] DOCP=OCPmax�OCPinitial.
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reach the maximum OCP exhibit a maximum at the AN/
SDP molar ratio of 30:70, regardless of the lower oxidation
potential of the SDP monomer relative to the AN mono-
mer. On the contrary, AN homopolymerization also exhibits
a maximal DOCP, but the shortest time required to reach
the maximum OCP. This implies that the polymerization be-
tween AN and SDP monomers is not a simple addition of
their homopolymerizations, but a real copolymerization as a
result of a strong chemical interaction between AN and
SDP monomers.


The copolymerization yield for the formation of the fine
AN/SDP copolymer particles decreases steadily from 83.0 to
15.3 wt% with increasing SDP content from zero to 100%,
as also listed in Table 1. The yield decrease is attributed to
the losses that occur in the washing step[13,14] and also to the
lower polymerizability of the SDP monomer, which contains
a sulfophenylene side group exhibiting greater steric hin-
drance than that of the AN monomer.


IR spectra of the AN/SDP copolymers : IR spectra for the
copolymers with varying SDP content from 0 to 100% are
shown in Figure 2. A broad absorption band at 3452–


3443 cm�1 is ascribed to the N�H stretching vibration,[23]


which suggests the presence of secondary amino groups
(�NH�) in the polymers. The absorption at 1596–1574 cm�1


is associated with the quinoid-ring stretching vibration. A
strong absorption at 1496–1491 cm�1 is attributed to the ben-
zenoid rings of the copolymers. As the SDP content rises
from 0 to 70 mol%, an increase in the relative intensity


ratio of quinoid to benzenoid structures occurs. A medium
peak at 1287–1300 cm�1 is due to the C�N stretching vibra-
tion in alternate quinoid–benzenoid–quinoid units. A
shoulder peak at 1238–1243 cm�1 is ascribed to the C�N
stretching vibration in the benzenoid–benzenoid–benzenoid
triad sequence. The IR absorption of the copolymers exhib-
its a reduced intensity at 791–817 cm�1 with an increase in
the SDP content; this indicates that the peak is indeed at-
tributable to the C�H out-of-plane bending vibration of the
p-substituted benzene rings on the AN unit.[14] The peaks at
1121–1126 and 1025–1035 cm�1 can be ascribed to the S=O
asymmetric stretching vibration and the symmetric stretch-
ing vibration of the SO3


� group on the SDP unit,[13,14] re-
spectively, because the intensity of these peaks increased
significantly as the SDP content increased. A strong S�O
stretching band is observed at 695–704 cm�1. In particular,
the peak at 1025–1035 cm�1 is present in seven of the SDP-
unit-containing polymers, but is absent in the PAN spec-
trum. These results show that the obtained AN/SDP poly-
mers are real copolymers rather than a mixture of AN and
SDP homopolymers. In addition, it is seen from Figure 2
that the IR spectra of the copolymers illustrate a vigorous
change with increasing SDP content from 50 to 70 mol%.
This change signifies that the molecular structure is directed
by the presence of AN units with a SDP content of 0–
50 mol%, but by the SDP unit with a SDP content of 70–
100 mol%.


UV-visible spectra of the AN/SDP copolymers : The UV-
visible absorption spectra of all AN/SDP copolymers in
Figure 3 exhibit two absorption bands; the first band at 313–


326 nm owing to a p–p* transition,[14] and the second band
around 628–635 nm from a n–p* excitation band associated
with the excitation of the benzenoid to the quinoid ring in
the polymer chain. The band intensity at 313–326 nm in-
creases gradually while the absorbance at 628–635 nm be-


Figure 2. FTIR absorption spectra of the copolymer salts prepared with
whole AN/SDP molar ratios with an (NH4)2S2O8/monomer molar ratio of
0.25 in 1.0m HCl at a polymerization temperature of 25 8C and reaction
time of 24 h.


Figure 3. UV-visible absorption spectra of the copolymer salts with AN/
SDP molar ratios of a) 100:0, b) 90:10, c) 70:30, d) 50:50, e) 30:70,
f) 10:90, and g) 0:100 in NMP at l=10�2 gL�1 at an oxidant/comonomer
molar ratio of 0.25.
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comes steadily weaker with increasing SDP content, which
indicates a remarkably lower concentration of the quinone
imine units at higher SDP concentration; this is in agree-
ment with the FTIR spectroscopy results. Simultaneously,
the exciton band near 628–635 nm undergoes a hypsochro-
mic shift with increasing SDP content,[15] suggesting a de-
crease in the extent of conjugation but an increased band
gap. The blueshift with increasing SDP is presumably due to
the steric effects of sulfophenylene side groups that produce
torsional twists and therefore shorten the conjugation
lengths.[8] This is substantially consistent with the following
conductivity results.


Size and morphology of the AN/SDP copolymer particles :
The preparation of PAN nanoparticles by conventional mi-
croemulsion and dispersion polymerizations involves a large
amount of external stabilizer, which leads to impure nano-
particles. In this study, unexpected fine nanoparticles of AN/
SDP copolymers were easily and directly obtained by chem-
ically oxidative precipitation polymerization in acidic aque-
ous media without any external stabilizer. The comonomer
ratio, oxidant/monomer ratio, polymerization time and tem-
perature, monomer concentration, acidic medium, and oxi-
dant type have been carefully optimized for the formation
and stable existence of the copolymer nanoparticles, as dis-
cussed below.


Optimization of the comonomer ratio : It was found that, for
the AN/SDP copolymer particles with increasing SDP con-
tent from 0 to 60 mol%, the mean diameter and its standard
deviation initially decreased significantly from 10.16 mm to
95.1 nm and from 4.777 mm to 81.0 nm, respectively, fol-
lowed by a slight increase to 171 nm and 119 nm, respective-
ly (Figure 4a). The copolymer particles with an SDP content
of 50 mol% exhibit a minimal diameter of 95.1 nm, which is
much smaller than the smallest polysulfoanisidine particles
with a mean diameter of 218 nm, as obtained by a laser par-
ticle analyzer (LPA).[8] That is to say, the AN/SDP copoly-
mer containing one sulfonic group on every two units exhib-
its a much stronger ability to stabilize the formation and ex-
istence of the nanoparticles than the polysulfoanisidine con-
taining one sulfonic group on every unit. The reason for this
is that the sulfonic groups connected to the AN/SDP poly-
mer chains by a phenylene bridge, just like poly(styrene-co-
styrenesulfonate),[24] are much freer than those connected
directly to the polysulfoanisidine chains.[8] Therefore, the
AN/SDP copolymer should be more appropriate for the
facile synthesis of the nanoparticles than polysulfoanisidine.
In fact, the polysulfoanisidine and sulfoanisidine/ethylaniline
copolymer can form stable sub-micrometer particles, but not
nanoparticles.[8] The decrease of the particle diameters with
increasing SDP content is attributed to the existence of the
negatively charged sulfonic groups on the SDP units, acting
as an internal stabilizer for the nanoparticles with high sur-
face energy. Similar results were observed when the emulsi-
fier-free copolymerization of styrene and sodium styrene
sulfonate was studied.[24] The sulfonic groups in the polymer


chains tend to move onto the surface of the particles, as
shown in Figure 4b. Therefore, the sulfonic groups engender
a strong static repulsion among the particles and further ef-
ficiently stabilize the nanoparticles. The copolymers tend to
exhibit a more folded chain configuration as SDP content
increases, leading to the formation of smaller particles.
Moreover, the nanoparticles with the mean diameter of
95.1 nm were stable in aqueous solution for one year. How-
ever, the AN/SDP (45:55 and 40:60) copolymer particles are
larger than the AN/SDP (50:50) copolymer particles be-
cause the former exhibits slightly more swelling in water
and a looser assembly structure. Slightly larger standard de-
viations of the diameters could be ascribed to the flocculat-
ing action of the water-soluble SDP-rich oligomers generat-
ed during the nucleation and propagation steps of the co-
polymerization process.[24] Note that the mean diameter and
its standard deviation of the copolymer particles are depen-
dent on the AN/SDP ratio because of a strong copolymeri-
zation effect between both of the monomers. It is concluded


Figure 4. a) The variation of the mean diameter (*) and its standard devi-
ation (*, determined by LPA), and the electroconductivity (~) of the ul-
trasonically dispersed AN/SDP copolymer salt particles with SDP con-
tent. For the copolymerization, an (NH4)2S2O8/monomer molar ratio of
0.25 in 1.0m HCl, a reaction temperature of 25 8C, and a reaction time of
24 h were used; b) The simulated steric macromolecular model of a
random AN/SDP (50:50) copolymer (DPn=32) at minimal energy.
Yellow, red, blue, gray, and white spheres represent S, O, N, C, and H
atoms, respectively.
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that the AN/SDP molar ratio of 50:50 is optimal for the
facile synthesis of copolymer nanoparticles.


The morphology of the AN/SDP (50:50) copolymer nano-
particles was further observed by atomic force microscopy
(AFM), as shown in Figure 5a. It seems that the virgin
doped copolymer particles are largely ellipsoidal. A typical


ellipsoid has a length and diam-
eter of 90 and 67 nm, respec-
tively. These values are even
smaller than the smallest ethyl-
aniline/sulfoanisidine (70:30)
copolymer particles with a di-
ameter of 120–160 nm, as deter-
mined by AFM.[8] When in-
specting the AFM image in Fig-
ure 5a, it is more likely that the
ellipsoids are aggregates of two
or three particles with sizes of
approximately 34 nm. It ap-
pears that both LPA and AFM
methods reveal that the AN/
SDP polymer particles are
smaller than the ethylaniline/
sulfoanisidine polymer particles;[8] this suggests that the AN/
SDP polymer nanoparticles are unusual rather than the eth-
ylaniline/sulfoanisidine polymer sub-micrometer particles.
Note that the particle size revealed by AFM is considerably
smaller than that observed by LPA because of the contrac-
tion caused by an exclusion of water inside the particles
during drying; AFM samples are in dry state whereas LPA
samples are swollen with water because the copolymers con-
tain a large amount of hydrophilic sulfonic groups. The
doped AN/SDP (50:50) copolymer ellipsoids were also ob-
served by using transmission electron microscopy (TEM), as
shown in Figure 5b. TEM analysis revealed that the particles
have a more uniform length and diameter of 50 and 44 nm,
respectively. These values are even smaller than those found
by using AFM because of the much greater shrinkage of
particles due to larger losses of absorbed water in the high
vacuum environment during TEM measurements.[24] The


size distribution of the AN/SDP (50:50) copolymer nanopar-
ticles was also observed by using AFM analysis, as shown in
Figure 6. The AFM image reveals that the doped copolymer
particles exhibit a mean diameter of 60.2 nm in a diameter
range from 11 to 130 nm. Similarly, the TEM image shows
that the copolymer particles have a diameter range from 6
to 60 nm with a mean diameter of 33 nm. Obviously, the
particle size revealed by TEM analysis is again confirmed to
be substantially smaller than that found by AFM analysis.


In summary, the existence of sulfonic groups on the co-
polymer chains permits the particle size to be facilely con-
trolled by varying the SDP content. Here, the sulfonic
groups act as internal stabilizers and provide strong static
repulsion and steric hindrance amongst the particles and fur-
ther efficiently stabilize nanoparticles. The optimal AN/SDP
molar ratio to easily prepare the nanoparticles is 50:50.
Therefore, the AN/SDP molar ratio was fixed at 50:50 for
the following study on the optimization of other polymeri-
zation conditions for the synthesis of the copolymer nano-
particles.


Optimization of the oxidant/monomer ratio : The influence of
the oxidant/monomer ratio on the mean diameter and its
standard deviation of AN/SDP (50:50) copolymer particles
is shown in Figure 7. It is seen that the mean diameter and
standard deviation decrease significantly when the oxidant/
monomer molar ratio is changed from 1.25 to 1.0, but only
decrease slightly when the oxidant/monomer ratio is
changed from 1.0 to 0.25, and exhibit the smallest values of
95.1 and 81.0 nm at an oxidant/monomer ratio of 0.25. At a
lower oxidant concentration, more SDP cation radicals form
relative to AN cation radicals because the SDP monomer,
containing electron-withdrawing sulfophenylene groups, is
more easily oxidized than the AN monomer. Generally, N-
aryl-substituted AN monomers are more reactive than AN
monomers, whereas their radicals are less reactive because
substitution on the nitrogen atom can considerably enhance
the stability of the radical intermediate.[25] Therefore, lower


Figure 5. AFM (a) and TEM (b) images of the particles of HCl-doped
AN/SDP (50:50) copolymer salt with an (NH4)2S2O8/monomer molar
ratio of 0.25 in 1.0m HCl at 25 8C.


Figure 6. Typical three-dimensional AFM image (a) and distribution diagram (b) of ultrasonically dispersed
particles of the AN/SDP (50:50) copolymer salts formed at an (NH4)2S2O8/monomer molar ratio of 0.25 for a
polymerization time of 24 h in 1.0m HCl at 25 8C.
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oxidant content can result in the formation of copolymers
containing more SDP units, which leads to smaller particle
sizes. On the other hand, a higher oxidant content is benefi-
cial for the formation of the AN cation radicals, and there-
fore the concentration of the AN intermediates is greater
than that of the SDP intermediates. This is favorable for the
formation of larger copolymer particles and suggests that
the optimal oxidant/monomer molar ratio is 0.25–1.0 for the
synthesis of the copolymer nanoparticles.


Optimization of the polymerization time : It can be seen
from Figure 8 that the particle size and its standard devia-
tion of AN/SDP (50:50) copolymer salt particles are signifi-
cantly dependent on polymerization time.[8] The copolymers


form relatively small particles of around 460 nm in a poly-
merization time period of 0.5–8 h. The mean size and stan-
dard deviation then dramatically decrease to much smaller
values of 165 and 113 nm, respectively, at 24 h. The variation
of particle size with polymerization time indicates that a rel-
atively long polymerization time is beneficial to obtain uni-
form small particles. This is because an agglomeration of the
initial small particles might occur at the earlier polymeri-
zation stage thus producing large particles that are conse-
quently smashed up at a later polymerization stage. The ag-
glomeration of the initially formed small particles should be
a relatively spontaneous process, whereas the smashing up
and uniformization of the large particles formed later could
be attributed to continual and vigorous stirring during the
polymerization process. It is concluded that a long polymeri-
zation time of about 24 h is beneficial to the formation and
stabilization of uniform small particles.


Optimization of the polymerization temperature : It is found
that polymerization temperature significantly influences the
size of AN/SDP (50:50) copolymer particles with a fixed
(NH4)2S2O8/monomer molar ratio (0.25) in 1.0m HCl. With
elevation of the polymerization temperature from 1 to 30 8C,
the mean diameter and its standard deviation of the parti-
cles first exhibit a decrease and then an increase. The nano-
particles with mean diameters of 91, 93, and 95 nm were ob-
tained at 15, 20, and 25 8C, respectively. The particles
formed at 1 8C are the biggest (157 nm), partly due to the
lower polymerizability of the SDP monomer (containing a
sulfophenylene side group with greater steric hindrance than
the AN monomer), which leads to fewer sulfonic groups on
the polymer chain. However, at a high temperature, the par-
ticles could agglomerate easily because of the higher growth
rate of the copolymer particles.[26] Thus, it can be concluded
that a temperature that is too low or too high does not favor
the formation of the copolymer nanoparticles and that 15–
25 8C is suitable for the preparation of AN/SDP (50:50) co-
polymer nanoparticles.


Optimization of the monomer concentration : It can be seen
from Figure 9 that the monomer concentration is also an im-
portant factor that could be used to regulate the formation
of the copolymer nanoparticles. Both the size and standard
deviation increase with an increase in monomer concentra-
tion from 0.025 to 0.4m in 1.0m HCl at about 25 8C. When
more monomer was added, the oxidant was consumed
faster; this led to the formation larger particles. It appears
that the lower the monomer concentration, the smaller the
formed particles are. However, a monomer concentration
that is too low could result in the efficiency and conductivity
of the particles being too low. Consequently, the optimal
monomer concentration should be around 0.025m for the
formation of the nanoparticles.


Optimization of the acid as polymerization medium : It was
found that the diameter of the AN/SDP (50:50) copolymer
particles (at an oxidant/monomer molar ratio of 0.5 in 1.0m


Figure 7. The variation of the mean diameter (*) and its standard devia-
tion (*, determined by LPA), and the conductivity (~) of the AN/SDP
(50:50) copolymer salt particles dispersed ultrasonically with the oxidant/
monomer molar ratio during the copolymerization with ammonium per-
oxydisulfate as oxidant in 1.0m HCl at a reaction temperature of 25 8C
for 24 h.


Figure 8. The variation of the mean diameter (*) and its standard devia-
tion (*, determined by LPA), and the conductivity (~) of the AN/SDP
(50:50) copolymer salt particles with polymerization time during the co-
polymerization with an (NH4)2S2O8/monomer molar ratio of 0.5 in 1.0m
HCl at 25 8C.
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acidic aqueous solution at 25 8C) increases steadily by
changing the acid polymerization medium from HCl to
H2SO4, HNO3, or H3PO4 (Table 2). That is to say, the parti-


cle size and distribution are significantly dependent on the
nature of the acid because proton transfer always accompa-
nies the oxidative copolymerization. In particular, the poly-
dispersity index, defined as (weight-average diameter)/
(number-average diameter), seems to increase slightly in a
narrow range from 1.06 to 1.13. This signifies that the parti-
cles synthesized in this way all exhibit narrow dispersity.
When HCl was employed, the smallest size and narrowest
size distribution were observed, possibly due to the tightest
assembly of the HCl-doped polymer chains as a result of it
possessing the smallest anion relative to the other investigat-
ed acids. Consequently, the HCl aqueous solution is believed
to be the optimal medium for the synthesis of AN/SDP co-
polymer nanoparticles.


The acid concentration, moreover, dramatically affects
the formation of the copolymer particles, as shown in
Figure 10. The particles formed in 1.0m HCl are the small-
est, implying that the 1.0m HCl concentration is of great
benefit to produce and stabilize the smallest particles.


Optimization of the oxidant type : Four important oxidants—
(NH4)2S2O8, Na2S2O8, K2S2O8, and H2O2/FeCl2—were used
in the copolymerization system. The influence of oxidant
species on the particle size distribution of the AN/SDP
(50:50) copolymers is displayed in Table 2. The particles
formed with only (NH4)2S2O8 as oxidant are the smallest
and have the narrowest size distribution. However, H2O2/
FeCl2 as oxidant results in the biggest particle size and the
broadest size distribution. This suggests that the oxidant
cation species in the reaction medium with the same anion
would influence the formation and stabilization of the nano-
particles. It appears that (NH4)2S2O8 is the optimal oxidant
to prepare the nanoparticles.


The effect of salt concentration on the particle size: The rela-
tionship between the particle size and NaCl concentration in
an aqueous test solution is shown in Figure 11. It was found
that the mean diameter and polydispersity index of the par-
ticles remain almost constant with changing NaCl concentra-
tion from 0 to 1.0m. That is to say, the electrostatic coupling
of particles through the surface charges was not found with
decreasing ionic strength. This implies that the presence of
salt in the testing medium does not influence the stabiliza-
tion of the nanoparticles. It appears that pure water serves
as a suitable standard aqueous test solution for nanoparti-
cles with a large amount of sulfonic groups. The diameter of
poly(styrene-co-styrenesulfonate) latexes obtained by dy-
namic light scattering measurement in pure water is con-
firmed to be just slightly larger than that observed by
TEM.[27]


Figure 9. The variation of the mean diameter (*) and its standard devia-
tion (*, determined by LPA), and conductivity (~) of the ultrasonically
dispersed AN/SDP (50:50) copolymer salt particles with monomer con-
centration during the copolymerization. A fixed (NH4)2S2O8/monomer
molar ratio of 0.5 in 1.0m HCl at 25 8C were the conditions used.


Table 2. The effect of acidic medium and oxidant type on the diameter
and bulk conductivity of AN/SDP (50:50) copolymer salt particles with
an oxidant/monomer molar ratio of 0.25 at a comonomer concentration
of 0.2m in a 1.0m acidic aqueous solution at 25 8C.


Particle size Bulk
Number- Standard Polydispersity conductivity
average deviation index [Scm�1]
diameter [nm] [nm]


Acid medium with a fixed oxidant of (NH4)2S2O8


HCl 95 81 1.06 1.92=10�3


H2SO4 147 71 1.10 1.72=10�3


HNO3 156 84 1.13 1.12=10�3


H3PO4 158 78 1.12 1.44=10�3


Oxidant in a fixed acid medium of HCl
(NH4)2S2O8 95 81 1.06 1.92=10�3


Na2S2O8 145 67 1.09 1.14=10�3


K2S2O8 160 91 1.14 1.47=10�3


H2O2/FeCl2
[a] 164 93 1.16 2.09=10�3


[a] 500:1 molar ratio.


Figure 10. The variation of the mean diameter (*) and its standard devia-
tion (*, determined by LPA), and the conductivity (~) of the AN/SDP
(50:50) copolymer salt particles dispersed ultrasonically with HCl con-
centration for the copolymerization with an (NH4)2S2O8/monomer molar
ratio of 0.25 at 25 8C for 24 h.
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It can be concluded that the formation of AN/SDP co-
polymer nanoparticles is especially attributed to the exis-
tence of negatively charged sulfonic groups on the SDP
units. The sulfonic group, acting as an internal stabilizer, can
produce electrostatic repulsion among the particles and fur-
ther efficiently stabilize the particles. In particular, the nano-
particles formed in this way, just like aminoquinoline/ethyl-
aniline copolymer nanoparticles,[28] are relatively pure be-
cause the contamination from the external stabilizer is com-
pletely excluded. The pure particles could further be applied
easily and directly to the preparation of transparent electro-
conducting nanocomposite films with high performance, as
discussed below.


Properties of the AN/SDP copolymer particles


Bulk electrical conductivity : As shown in Figure 4a, the
pressed pellets of the virgin HCl salts of the AN/SDP co-
polymer particles exhibit a decreased bulk conductivity
from 1.15=10�2 to 5.9=10�4 Scm�1 with increasing SDP con-
tent from zero to 60 mol%. The reason for this decrease
could be that the steric influence of the sulfophenylene side
group can cause a twist in the
polymer backbone. This twist
will decrease the chainPs copla-
narity and introduce a barrier
to the intrachain transfer and
interchain jumping of the elec-
trons, thereby shortening the
conjugation length.[14,15] A simi-
lar decrease in the conductivity
was observed for AN/(3-amino-
benzene sulfonic acid) copoly-
mers.[29]


As illustrated in Figures 7–9,
the conductivity of the AN/
SDP (50:50) copolymers steadi-
ly increases with an increase in


the oxidant/monomer ratio, monomer concentration, or by
extending the polymerization time, because of an increase in
the oxidized-state content or molecular weight and therefore
conjugation length. However, the conductivity of the copoly-
mers varies unusually with HCl concentration (Figure 10)
and polymerization temperature (data not shown). The con-
ductivity of the particles first decreases from 2.09=
10�3 Scm�1 to the lowest value of 1.33=10�3 Scm�1 at 15 8C
and then increases up to the highest value of 2.65=
10�3 Scm�1 as a result of elevating the polymerization tem-
perature from 1 to 30 8C. That is to say, the conductivity is
lowest for the smallest particles prepared in 1.0m HCl or at
15 8C. It appears that the conductivity also varies remark-
ably with particle size. Larger particles have a higher con-
ductivity whereas the nanoparticles have a lower conductivi-
ty, because the former consists of longer conjugated chains
and a lower interface resistance in the pressed pellets. How-
ever, particle sizes that are too small will produce stronger
nanoeffects, that is, stronger interface resistance between
the nanoparticles, and more localized electrons due to some
lattice defects.[30] It can also be seen from Table 2 that the
conductivity of the copolymers significantly changes with
acidic medium and oxidant species. The copolymer nanopar-
ticles formed in HCl exhibit the highest conductivity, indi-
cating that the acid medium species have a stronger effect
on the conductivity than particle size. The largest copolymer
particles formed with H2O2/FeCl2 exhibit the highest con-
ductivity, but the smallest copolymer nanoparticles formed
with (NH4)2S2O8 as oxidant exhibit the second highest con-
ductivity, implying that both particle size and oxidant spe-
cies have a significant effect on the conductivity.


Solubility : The solubility and solution color of the AN/SDP
copolymer salts in various solvents are listed in Table 3. It
can be seen that all polymers are mainly soluble in polar sol-
vents such as NMP and formic acid, both with a high polari-
ty index, but only slightly soluble in THF with a low polarity
index. The solubility of the polymers becomes low in
DMSO and DMF but high in formic acid, NH4OH, and
water with increasing SDP content. This result suggests that
the solubility is primarily controlled by molecular structure.


Figure 11. The variation of the size and size distribution (determined by
LPA) of the ultrasonically dispersed AN/SDP (50:50) copolymer salt par-
ticles with NaCl concentration in an aqueous medium. The particles were
synthesized in the copolymerization medium of 1.0m HCl with an
(NH4)2S2O8/monomer molar ratio of 0.25 at 25 8C for 24 h.


Table 3. The effect of AN/SDP ratio on the solubility and solvatochromism of AN/SDP copolymer salt parti-
cles with an (NH4)2S2O8/monomer molar ratio of 0.25 in 1.0m HCl at a polymerization temperature of 25 8C
for 24 h.


AN/SDP Solubility[a] (solution color,[b] UV/Vis maximum absorption wavelength [nm])
molar ratio THF DMF DMSO NMP HCOOH NH4OH Water


Polarity index 4.2 6.4 6.5 6.7 20[c] – 10
100:0 SS PS (bg) PS (bg,630) MS (b,633) MS (g,755) IS IS
90:10 SS PS (bg) PS (bg) MS (b,635) MS (g) IS IS
70:30 SS PS (bg,550) PS (g,614) MS (b,636) MS (g,787) IS IS
50:50 SS SS PS (g) MS (b,632) MS (g,520) MS (p,554) PS (y,612)
30:70 SS SS PS (g,562) MS (b,628) S (dg,515) S (y,543) MS (dg,713)
10:90 SS SS SS MS (b,483) S (dg,470) S (g) S (g)
0:100 SS SS SS MS (p,477) S (dg,460) S (g,390) S (v,480)


[a] Solubility: IS= insoluble; MS=mainly soluble; PS=partially soluble; S= soluble; SS= slightly soluble.
[b] Solution color: b=blue; bg=bluish green; dg=dark green; g=green; p=purple; v=viridian; y=yellow.
[c] The data is an estimated value based on the polarity index and dielectric constant of acetic acid.
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The sulfonic group should be responsible for the significant
variation of the solubility. Additionally, a certain depen-
dence of the solubility in NH4OH and water on the AN/
SDP ratio provides evidence that the polymerization prod-
ucts are indeed copolymers containing both monomer units
rather than a simple mixture of two homopolymers.


Solvatochromism and thermochromism : As listed in Table 3,
the solution color of the virgin doped AN/SDP copolymers
depends on the solvents used. The copolymer solutions are
blue in NMP and become green in DMF, DMSO, and
formic acid. The UV-visible maximum absorption wave-
length of the AN/SDP (100:0 and 70:30) polymer solutions
increases steadily when changing the solvents from DMF,
DMSO, and NMP to formic acid. This signifies that the co-
polymers exhibit solvatochromic properties, as the copoly-
mer chains may have different conformations in different
solvents and therefore different conjugation lengths.[8,15] In
addition, the maximum UV-visible absorption wavelength of
the copolymer solutions depends significantly on the AN/
SDP ratio, regardless of a slight variation of solution color.
The wavelength of the polymer solutions in NMP and
formic acid exhibits a maximum at the AN/SDP molar ratio
of 70:30. However, there is no clear relationship between
the color and maximal absorption wavelength of the solu-
tions. Besides the solvatochromism, the copolymers also ex-
hibit interesting reversible thermochromism.[31] Figure 12


shows a representative temperature dependence of UV-visi-
ble spectra of the AN/SDP (70:30) copolymer in formic
acid. An almost completely reversible variation of the maxi-
mal absorption wavelength of the spectra, from 787, 786,
and 785 to 784 nm, took place with heating or cooling the
polymer solution between 25 and 90 8C. However, the solu-
tion color did not seem to change much, as observed by the


naked eye, indicating that the variation of copolymer struc-
ture with temperature is reversible. That is to say, on heating
the polymer solution from 25 to 90 8C, the absorbance at
784–787 nm, which is mainly related to the conjugated struc-
ture, steadily decreases. On the contrary, the absorbance at
784–787 nm becomes stronger on cooling from 90 to 25 8C.


Crystallinity : The wide-angle X-ray diffractograms for the
HCl-doped AN/SDP copolymers in Figure 13 suggest that


the copolymers are substantially amorphous. PAN shows
four peaks at the Bragg angle (2q) of 9.2, 16.1, 20.6, and
25.48.[32] The two strongest peaks centered at 20.6 and 25.48
can be ascribed to the periodicity parallel and perpendicular
to the polymer chains.[33] With increasing SDP content, three
of the peaks gradually merge into two peaks. In particular,
the intensity of the peak at 25.48 becomes weaker and shifts
to a lower Bragg angle. At the same time, a new peak ap-
pears around 17.78 and becomes the strongest. Note that the
AN/SDP (50:50) copolymer exhibits the broadest peak.
Consequently, it can be concluded that the crystalline struc-
ture significantly varies with the SDP content, with the
lowest crystallinity at a SDP content of 50 mol% because of
its most disordered chain structure. The variation of the
crystallinity indicates that the AN/SDP polymers prepared
by this method are real copolymers rather than a mixture of
two homopolymers.


Conducting nanocomposite films : As shown in Figure 14,
highly transparent, flexible, and conductive nanocomposite
films of CDA containing a small amount of the AN/SDP
(50:50) copolymer nanoparticles do not show any well-de-
fined percolation threshold. However, the data have been
fitted to the scaling law of percolation theory.[33] This
method yields a percolation threshold value of 0.10% and a
critical exponent of 1.96. The critical exponent value is in
good agreement with the predicted universal critical expo-


Figure 12. Typical reversible variation of UV-visible absorption spectra of
the AN/SDP (70:30) copolymer salt in formic acid with temperature:
c=25, b=40, d=70, and g=90 8C.


Figure 13. X-ray diffraction patterns for the copolymer HCl salts with the
AN/SDP molar ratios from 100:0 to 10:90.
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nent of 2 for PAN/(camphor sulfonic acid-PMMA) compos-
ite films.[34] It seems that the percolation threshold for the
copolymer nanoparticles/HCl-CDA system in this study is
significantly lower than the percolation threshold (4.0 or
0.84%) for the composite films from PAN/camphor sulfonic
acid-unplasticized or -plasticized CDA.[35] It is worth noting
that the copolymer nanoparticles/CDA composite films have
similar electroconductivity to 2 nm-sized polypyrrole nano-
particles/polycarbonate composite films.[36] It is interesting
to note that films cast from m-cresol exhibit a ten times
higher conductivity than that from acetone, because the m-
cresol, as a secondary dopant, induces an expanded confor-
mation and longer conjugation length of the chains in the
nanoparticles in the film.[37]


In particular, the nanocomposite films of AN/SDP copoly-
mer nanoparticles in CDA at the percolation threshold
(0.10 wt%) exhibit a slightly lower transparency (88%) and
tensile strength (142 MPa) than those of pure CDA films
(with a transparency and strength of 90% and 151 MPa, re-
spectively). In other words, the nanocomposite film retains
98% of the transparency[36] and 94% of the strength of the
matrix film but exhibits 5=107 times the conductivity of the
matrix film. Note that a uniform, transparent, and flexible
nanocomposite film with a conductivity of 5.4=10�4 Scm�1


could be fabricated, even at a high nanoparticle content of
9.0 wt%. This result signifies that the low processability of
the AN/SDP copolymers could be resolved by simply blend-
ing with traditional processable polymers as the matrix.


Conclusion


Copolymer nanoparticles were successfully synthesized by
the oxidative polymerization of AN and SDP monomers in
acidic aqueous media in the absence of any external emulsi-
fier or stabilizer. The polymerization yield, size, morphology,
and conductivity of the copolymer particles significantly
depend on the comonomer ratio, oxidant/monomer ratio,
polymerization time and temperature, monomer concentra-
tion, acidic medium, and oxidant species. These key synthet-


ic parameters have therefore been optimized for the forma-
tion of small copolymer nanoparticles with optimal proper-
ties. The copolymers are mainly or completely soluble in
NMP and formic acid. In particular, the copolymers contain-
ing more than 50 mol% SDP units are partly or totally solu-
ble in water and NH4OH. A variation of the particle size,
spectra, and properties of the polymers with the comonomer
ratio suggests that the polymers obtained are real copoly-
mers rather than a simple mixture of two homopolymers.
The presence of sulfonic groups on the SDP units is vital for
the facile synthesis of nanoparticles as small as 50 nm by
means of the precipitation copolymerization of AN with
SDP monomers. The negatively charged sulfonic side groups
act as a unique internal stabilizer and can engender strong
electrostatic repulsion between the as-formed particles and
further efficiently stabilize them. Nanocomposite films were
facilely fabricated by blending the AN/SDP copolymer
nanoparticles with CDA. The films have a low percolation
threshold of 0.10 wt% nanoparticles. The nanocomposite
films at the percolation threshold possess 98% of the trans-
parency, 94% of the tensile strength, and 5=107 times the
conductivity relative to pure CDA film. The nanocomposite
film containing 9 wt% copolymer nanoparticles exhibits
conductivity of about 5.4=10�4 Scm�1, which is very close to
the values obtained for the copolymer nanoparticles alone.
In particular, the electrical and other properties of the nano-
composite films could be optimized by simply changing the
nanoparticle content. Furthermore, it could be speculated
that the nanoparticles could be used as a novel support for
enzyme immobilization due to their very large surface-to-
volume ratio. In addition, they possess large amounts of sul-
fonic and imino groups that present very simple, mild, and
time-saving possibilities for enzyme immobilization.[38]


Experimental Section


Reagents : Aniline (AN), sodium diphenylamine-4-sulfonate (SDP), cellu-
lose diacetate (CDA), ammonium peroxydisulfate, N-methylpyrrolidone
(NMP), formic acid, dimethyl sulfoxide (DMSO), and other solvents
were commercially obtained and used as received.


Synthesis of the AN/SDP copolymer nanoparticles : The AN/SDP copoly-
mer nanoparticles were prepared by chemically oxidative polymerization
in an aqueous HCl medium under different polymerization conditions
without any external stabilizers. A representative procedure for the prep-
aration of the AN/SDP (50:50) copolymer nanoparticles is as follows:
HCl (1.0m, 25 mL) was added to AN (0.455 mL, 5 mmol) and SDP
(1.356 g, 5 mmol) in a 250 mL glass flask in a water bath and stirred vigo-
rously for half an hour. In a separate container, ammonium peroxydisul-
fate (NH4)2S2O8 (0.571 g, 2.5 mmol) was dissolved in HCl (1.0m, 25 mL)
to prepare an oxidant solution. The oxidant solution was then added
dropwise to the monomer solution at a rate of one drop every 3 s at
25 8C over a period of 30 min. The reaction mixture was then continuous-
ly stirred by using a magnetic stirrer for 24 h in a water bath at 25 8C.
After the reaction, the virgin HCl salt copolymer particles formed were
isolated from the reaction mixture by filtration or centrifugation and
washed with an excess of distilled water to remove the oxidant and
oligomers. The salt particles of the copolymers in the corresponding solu-
tions were analyzed directly by LPA, AFM, and TEM before filtration.
A dark green powder was left to dry under an infrared lamp for one


Figure 14. Effect of AN/SDP copolymer salt nanoparticle content on the
bulk electrical conductivity of the nanoparticles–CDA composite films
cast from m-cresol (*) and acetone (*).
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week. The AN/SDP copolymers exhib-
it the nominal structure as presented
in Scheme 1.


Preparation of the nanocomposite
films : The nanocomposite films were
prepared by ultrasonically dispersing
preformed AN/SDP (50:50) copoly-
mer nanoparticles in acetone or m-
cresol solutions of CDA for 2.0 h, fol-
lowed by solution casting onto a glass
plate. The ellipsoidal copolymer nano-
particles were prepared with an


(NH4)2S2O8/monomer ratio of 0.25 in 1.0m HCl at 25 8C. The virgin HCl-
doped nanoparticles were sedimented by centrifugation and washed with
1.0m HCl aqueous solution. After drying at 60 8C in an oven for 48 h, the
10–30 mm-thick film was peeled off the glass substrate to form a free-
standing film for performance evaluation.


Measurements : The copolymerization was followed by analysis by the
OCP technique, by using a saturated calomel electrode (SCE) as refer-
ence electrode and a Pt electrode as working electrode. IR spectra were
recorded on a Nicolet FTIR Nexsus 470 spectrophotometer using KBr
pellets. UV-visible spectra were obtained on a Lambda 35 UV-visible
spectrophotometer from Perkin–Elmer in a wavelength range of 190–
1100 nm. Samples consisted of either homogeneous solutions of the co-
polymers for the molecular structure evaluation, or nanocomposite films
of the copolymer particles in CDA for transparency characterization.
Wide-angle X-ray diffractograms for virgin HCl-doped particles of the
AN/SDP copolymers were obtained by using a D/max 2550 model X-ray
diffractometer (Rigaku, Japan) with CuKa radiation at a scanning rate of
10 8min�1 in the reflection mode over a 2q range from 5 to 708. The size
and size distribution of the water-washed copolymer particles were ana-
lyzed in aqueous medium or NaCl aqueous solution on a Beckman
Coulter LS230 laser particle-size analyzer (LPA) by using a static scatter-
ing laser with a wavelength of 750 nm. AFM measurements of particle
size were carried out by using an SPA-300HV AFM instrument (Seiko
SII instrument, Japan) in the standard tapping mode in a scan range of
20 mm in the xy direction and 2 mm in the z direction. The resolution in
the xy and z directions was 0.2 and 0.01 nm, respectively. The AFM sam-
ples were prepared by dropping an aqueous suspension of the particles
onto a cover glass, followed by drying in air at 20 8C. AFM observation
of the particle size distribution was performed by using a Multimode
Nanoscope IIIa Instrument, Digital Instrument USA, in the standard tap-
ping mode with a scan range of 125=125 mm2 in the xy direction and
5 mm in the z direction at a scanning rate of 1.606 Hz with a magnifica-
tion of 1000000. The resolution in the xy and z directions was 0.1 and
0.01 nm, respectively. Samples for high-resolution TEM (Jeol TEM-2010)
were prepared by dropping a suspension of the particles onto copper
grids. The solubility of the copolymers was evaluated by using the follow-
ing method: Dried polymer powders (5 mg) were added to the solvent
(1 mL) and dispersed thoroughly. After the mixture was shaken continu-
ously for 24 h at room temperature, the solubility of the polymers and so-
lution color were characterized. The bulk electrical conductivity of a
pressed disk with a thickness of 10–100 mm for the AN/SDP copolymers
and the nanocomposite films were measured by a two-probe method at
20 8C. The mechanical properties of the films were measured by using an
Electronic Pulling Tester.
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Scheme 1. A nominal macro-
molecular chain structure of
aniline (AN) and sulfodiphe-
nylamine (SDP) copolymers.
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Controlled Self-Assembly of Amphiphilic Oligopeptides into Shape-Specific
Nanoarchitectures


Tomoyuki Koga,[a] Masahiro Higuchi,[b] Takatoshi Kinoshita,[c] and Nobuyuki Higashi*[a]


Introduction


The self-assembly of peptides, proteins, and their derivatives
into shape-specific nanoarchitectures has attracted much at-
tention as a powerful approach for designing novel function-
al nanomaterials, and because of their association with neu-
rodegenerative diseases.[1–5] For example, the polymerization
of the amyloid b-peptide (Ab) into protease-resistant fibril-
lar deposits with an a-to-b structural change in the brain pa-
renchyma and vasculature has been considered a significant
step in the pathogenesis of Alzheimer%s disease.[6] In previ-
ous studies, a total of at least 16 different proteins and pep-
tides were identified in amyloid aggregates,[7,8] and these ag-


gregates were found to have a common core structure (a
straight, long, cross-b structure),[9] despite the fact that the
proteins involved have no sequential or structural similari-
ties. Nonpathogenic proteins and synthetic peptides also
form nanofibers that structurally resemble in vivo fi-
brils.[10–14] Thus, the ability to form amyloid fibrils from a
wide range of synthetic peptides gives access to a large
number of model systems with which to study the process of
fibril formation in more detail. However, despite extensive
studies of amyloid fibrils that have resulted in the elucida-
tion of many aspects of their underlying nature, important
issues concerning their structure and mechanism of forma-
tion remain to be resolved. It is, therefore, important to con-
struct peptide b-sheet assemblies and to elucidate their mo-
lecular structure, including their formation mechanism, to
understand the pathogenesis of and therapeutics for the dis-
eases with which they are associated.


On the other hand, from the standpoint of materials sci-
ence, molecular self-assembly is a good candidate for a
breakthrough technology that enables the fabrication of
three-dimensional structures from the bottom-up on the
scale between nanometers and submicrons. Peptides and
proteins in particular are versatile building blocks for con-
structing nanomaterials; examples of their use as various
scaffolds are found in nature. A number of artificial peptide-
mimetics have been prepared and reported to self-assemble
into nanostructures, such as micelles,[15] vesicles,[16,17]


fibers,[13,14,18] networks,[19,20] and a variety of other morpholo-


Abstract: Here, we report a novel, pro-
grammable, molecular self-assembling
system to fabricate shape-specific,
three-dimensional nanoarchitectures.
Three types of simple 16-mer peptides
consisting of hydrophobic Leu and hy-
drophilic Lys, LKL16, KLK16, and
LK16, were prepared as building
blocks for nanofabrications. A detailed
analysis of the conformation and self-
assembling mechanism was performed


by using circular dichroism (CD),
FTIR spectroscopy, and atomic force
microscopy (AFM). A wide variety of
self-assembled nanoarchitectures, such
as b-sheet-plates, b-sheet-fibers, a-
helix-particles, and a-helix-plates,


could be fabricated by tuning the pep-
tide sequence, reaction time, and solu-
tion pH. The ability to control the self-
assembled nanostructures should pro-
vide a simple and/or essential insight
into the mechanism of peptide aggrega-
tion, including amyloid formation, and
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gies.[21] These self-organized protein architectures are ex-
pected to have potential as novel biomaterials with a wide
range of applications, such as bioscaffolds, nanoreactors,
nanocarriers, and nanotemplates, depending on their three-
dimensional nanostructures. If the self-assembling behavior
of peptides on the nanoscale can be controlled precisely by
tuning the molecular structure and/or environment, that is,
self-assembly can be programmed, nanofabrications of de-
signed and more complicated three-dimensional objects
could be accomplished more easily, quickly, and accurately
than by the conventional top-down approaches.


Here, we report the controlled self-assembly of amphi-
philic oligopeptides into shape-specific nanoarchitectures.
Three types of simple 16-mer peptides consisting of hydro-
phobic Leu and hydrophilic Lys were prepared and used as
building blocks for nanofabrication. A detailed analysis of
the conformation and self-assembling mechanism was per-
formed, with consideration of both molecular structure and
environmental factors. These studies should provide useful
information, not only for understanding the mechanism of
peptide aggregation, including amyloid formation, but also
for developing novel peptide-based nanomaterials.


Results and Discussion


To obtain simple and/or essential information about the
peptide aggregation involved in amyloid formation, and to
fabricate the designed nanoarchitecture, we used three types
of simple amphiphilic peptides composed of Leu and Lys as
building blocks for molecular self-assembly. For in vivo sys-
tems, it has been assumed that hydrophobic defects, derived
from hydrophobic amino acid sequences, induce molecular
aggregation for many amyloidogenic peptides. For example,
the Ab(1–40/42) peptides contain two hydrophobic domains,
comprising residues 17–21 and residues 29–40/42. The
LKL16, LK16, and KLK16 were also designed to have a
tetra-Leu domain, which provided the hydrophobic driving
force for self-assembly, and was located at either both ends
(N and C termini), at one end (C terminus), or in the center
of the peptide, respectively (Figure 1). These peptides
should clarify the effect of the arrangement of the hydro-
phobic Leu domain in the peptide chain on their self-assem-
bling properties in water. In addition, we anticipated that it
might be possible to control the distribution of the high-
order structures by manipulating conditions, such as pH and
ionic strength, owing to perturbations of peptide chains, de-
pendent on the charged condition of the Lys residues.


The conformational properties of the peptides were first
investigated by circular dichroism (CD) and FTIR spectro-
scopic analysis. Figure 2 show the CD spectra for KLK16,
LK16, and LKL16, respectively, at various pHs ([peptides]=
40 mm), just after preparation of sample solutions. For
KLK16 and LK16, the spectra show a pattern typical of
right-handed helical peptides with two negative maxima,
one at 222 nm and one at 204 nm, in the high pH region of
10.6 (Figure 2a and b). By lowering the pH value to 5.8, the


spectra change to that of random coil structures (negative
peak at 198 nm) through an isodichroic point at around
202 nm. These CD spectra were time-independent within
the period of one week. On the other hand, the conforma-
tional properties of LKL16 differ considerably from those of
LK16 and KLK16, as shown in Figure 2c. Although the
LKL16 also existed as a random coil structure at pH 5.8, the
structural transition into a b-sheet (single negative maxi-
mum at 217 nm) was observed by increasing the pH value
up to 9.4. Above pH 9.5, the CD spectra showed the aggre-
gated b-sheet structure, as evidenced by the red-shifting of
the 217 nm band toward 220 nm, reduction in ellipticity, and
deviation from the isodichroic point. This result was also
supported by atomic force microscopy (AFM, described
later). Interestingly, in the case of LKL16, the spontaneous
conformational transition with incubation time was observed
within the narrow pH range of 8.8–9.4. Figure 3 shows the
time dependence of CD spectra for LKL16 at pH 9.2. With
freshly prepared sample solution, the spectrum initially
showed a mixed pattern of a-helix and random coil struc-
tures, and then revealed a gradual change typical for a b-


Figure 1. Molecular structures of the amphiphilic 16-mer peptides,
LKL16, LK16, and KLK16, which were used as building blocks for nano-
fabrication.
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sheet through an isodichroic point at 205 nm after 24 h.
Transmission FTIR spectra provided more detailed informa-
tion regarding the secondary structure. In the amide I
region,[22] characteristic absorptions of an antiparallel b-
sheet structure were observed at 1687 and 1625 cm�1 for
LKL16 after incubation for 24 h at pH 9.2 (see Figure S1,
Supporting Information), whereas such b-sheet formation
was not observed for KLK16 and LK16 (peak maxima at
1670 cm�1 in both cases). Figure 3 inset shows the plot of
molar ellipticity at 217 nm ([q]217) as a function of time. As
time lapsed, the [q]217 value decreased sigmoidally, and
reached a constant value after about 200 min. A nucleation-
dependent polymerization model has been proposed to ex-


plain the mechanisms of amyloid formation by a variety of
disease-related proteins,[23–25] and it has been well establish-
ed as the fundamental mechanism of crystal growth.[26] In
this model, nucleus formation requires a thermodynamically
unfavorable step involving association with protein mono-
mer, and as a result, a lag phase was observed before aggre-
gation and/or conformational transition of proteins and pep-
tides. In our case, conformational transition of LKL16 was
also accelerated at around 10–50 min, suggesting the similar-
ity in transition kinetics between LKL16 and authentic amy-
loids. In addition, such spontaneous b-sheet formation was
found to be concentration dependent. The critical aggrega-
tion concentration (cac) of the LKL16 was determined by
using pyrene as a fluorescent probe at pH 9.2. Solutions of
LKL16 at concentrations ranging from 10�8 to 10�4


m were
prepared with a constant pyrene concentration (6.1J10�7


m),
and the excitation spectra were recorded. A red-shift of the
pyrene band from 335 to 339 nm was observed upon increas-
ing the peptide concentration (Figure 4a). This change re-
flects the transfer of pyrene from water into the hydropho-
bic part of the peptide aggregate. A plot of the ratio of the
intensity of the signal at 339 nm to that at 335 nm (I339/I335)
versus the LKL16 concentration (Figure 4b) resulted in a
cac value of around 5 mm. At concentrations below cac, the
LKL16 did not form a b-sheet structure, even after incuba-
tion. Notably, aggregate formations by KLK16 and LK16,
which form a-helix structures instead of b-sheet structures,
were also suggested from the results of fluorescence studies
at pH 10.6. The cac values of KLK16 and LK16 were evalu-
ated to be 12 and 25 mm, respectively, which are somewhat
higher than the value for LKL16, probably due to the differ-
ences in total hydrophobicity and/or conformation of the
peptides.


These designed peptides showed the diverse self-assembly
that depends on the variety of conformational properties.
AFM is a useful technique for evaluating three-dimensional
structural features of proteins and their assemblies on the
nanometer scale, and provides significant information on the


Figure 2. Conformational analyses of the peptides in aqueous media (containing 5% TFE) under various conditions. CD spectra of KLK16 (a), LK16
(b), and LKL16 (c), at the various pHs indicated (5.8–10.6). [peptides]=40 mm.


Figure 3. CD spectral change of LKL16 at pH 9.2. The peptide was incu-
bated at RT for the time indicated (0–1440 min). The inset shows the
time dependence of the molar ellipticity at 217 nm ([q]217) under these
conditions. [LKL16]=40 mm.
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process of peptide aggregation. It is, however, well known
that the convolution of the scanning tip leads to an overesti-
mation of the sample%s width.[27] All sample dimensions
were, therefore, estimated mainly from the measured height
of the sample shown in cross-section. Figure 5 shows the hi-
erarchical self-assembly of LKL16 associated with the b-
sheet formation at pH 9.2. A tapping-mode (TM)-AFM
image obtained after 3 min revealed the presence of only
globular aggregates (Figure 5a). The average height of the
globular species was determined to be 0.8�0.3 nm, indicat-
ing that the LKL16 exists in aqueous solution as a mono-
mer. After incubation for 30 min, tape-like aggregates with
a height of 1.6�0.3 nm (average width 11 nm at AFM level)
were newly observed, together with the globular species
(Figure 5b). Herpar et al. reported that the Ab protofibril
elongation involved both the incorporation of monomers
and the association of immature protofibrils.[28] In our case,
it seems that the tape-like aggregates are also formed by the
association of monomeric globular species. In addition, the
actual width of the tape-aggregates can be calibrated from


the observed width (Wobs=11 nm) to be 5.7 nm by using the
following equation;[29] W=Wobs�2(RtH�H2)1/2, in which the
aggregate is assumed to be a plate, H is the observed height,
and Rt is the radius of the AFM tip. This calculated value is
consistent with the expected molecular length of a 16-resi-
due peptide in b-sheet conformation (5.4 nm). It can be con-
sidered, therefore, that pairs of b-sheets build up the tape-
like aggregate in a face-to-face manner, presumably by in-
teracting through the Leu residues (see Figure 8). Amyloid-
like peptide nanofibers with a different nanostructure were
observed instead of globular species after incubation for 5–
24 h (Figure 5c–f). Two types of fibers with lengths in excess
of 1 mm and with different diametric ranges can be clearly
distinguished in this image (Figure 5c). The type I fiber pos-
sesses a diameter of around 6.0 nm and a clearly visible left-
handed twist that repeats along the fiber length (Figure 5d,
amplitude image). The periodicity of this repeat is 45�
5 nm, and the fiber height varies between 5.5 nm and
6.5 nm. Although we have no direct evidence for the process
of fiber formation, the molecular dimensions of the ob-
served tape and type I fiber suggest that the three or four
tapes form the type I fiber by associating with each other
and then twisting along the fiber axis.[30] The observed left-
handed twists of type I fibers are probably due to the chiral-
ity of the amino acids (l-isomers) in the constituent peptide
species. However, the type II fiber was found to construct
itself by intertwisting of the two type I-fibers. Figure 5e
clearly reveals the branched and intertwisted structure of
such type II fibers. From these height profiles, the maximum
diameter of the type II fiber (ca. 12 nm) was consistent with
the sum of the two type I fibers, each of diameter 6.0 nm,
and the periodicity along the fiber length was 65�5 nm (the
difference between the maximum and minimum heights
along the axis was ca. 4.5 nm). Furthermore, the observed
fiber morphology of the branched structure on both sides of
the type II fiber provides a plausible mechanism for the
type I-to-type II fiber transition observed under the present
conditions; two type I fibers contact and/or superpose upon
each other at a point on the type I fiber, then they twist
from this contact point (see Figure 8). Two such wound amy-
loid fibrils similar to the type II fiber were also observed in
Alzheimer%s disease (AD) brain tissue sections in in vivo
studies.[31,32] An amyloid-like ordered structure of the
LKL16 fiber was also supported strongly by results of a
Congo red (CR) binding study. CR is a sulfonated azo dye
that binds preferentially, but not exclusively, to protein and
peptide species that adopt a cross-b amyloid structure.[33]


Figure 6 shows an optical microscope image obtained under
cross-polarized light and reveals the LKL16 fibers stained
with CR. The stained peptide fibers exhibited a birefrin-
gence under cross-polarized light, demonstrating their aniso-
tropy, and, therefore, indicating the presence of a regular
quaternary structure, as was observed in authentic amyloids.


The morphological property of LKL16 was strongly af-
fected by solution pH, which could induce the perturbation
of secondary structure in response to the charged condition
of amino groups on the Lys residues (see Figure S2, Sup-


Figure 4. a) Fluorescence excitation spectra of pyrene (0.61 mm) with and
without LKL16 (40 mm) at pH 9.2. b) Intensity ratio I339/I335 at pH 9.2 ob-
tained from the fluorescence excitation spectra of pyrene plotted against
LKL16 concentration.
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porting Information). In the lower pH region (7.0), at which
LKL16 had positively charged amino groups, no aggregation
was observed, indicating that LKL16 is predominantly in


the monomeric random coil
conformation (Figure S2a). On
the other hand, at a higher pH
of 10.6, the peptide was assem-
bled rapidly with a b-sheet con-
formation (suggested by CD re-
sults), and formed poorly or-
ganized amorphous aggregates
(Figure S2c). At pH 10.6, the
positive charges present on the
LKL16 will be shielded or will
disappear. This increased ten-
dency for intermolecular inter-
actions between peptides, which
causes the rapid aggregation of
LKL16, is due to a drastic de-
crease in electrostatic repulsion
and an increase in hydrophobic-
ity. Such rapid aggregation of
LKL16 seems to restrict mobili-
ty of the peptide chains, which
prevents appropriate packing of
peptide chains necessary for
further organization. Thus, it
seems that the development of
regular intermolecular interac-
tions involving extended re-
gions of peptides is important
for the formation of a highly or-
ganized nanofiber. At pH 9.2,
the amino groups of LKL16 are
partly protonated, and this
charge will probably provide
sufficient intermolecular repul-
sion to permit the controlled
growth of fibers, as well as suf-
ficient mobility of peptide
chains for appropriate packing.


Self-fabricated nanostruc-
tures from peptide building
blocks could also be controlled
by tuning the peptide sequence,
namely the arrangement of the
hydrophobic Leu domain in the
peptide chain. Figure 7 shows
the TM-AFM images of a-heli-
cal LK16 and KLK16 after in-
cubation for 24 h at pH 10.6.
Prolonged incubation (one
week) caused no significant
morphological or conformation-
al changes in either LK16 or
KLK16. From Figure 7a, it is
apparent that spherical aggre-


gates with heights of around 3.0–5.0 nm were formed from
LK16. The measured dimensions of these aggregates are in
good agreement with twice the molecular length of LK16


Figure 5. Hierarchical self-assembly of LKL16 (40 mm) into nanofibers at pH 9.2 and RT. Tapping-mode AFM
images (3J3 mm2 (a and b), 6J6 mm2 (c and f)) obtained after incubation for 3 min (a), 30 min (b), 8 h (c), and
24 h (f). z-scale; 35 nm. d) Amplitude AFM image of a type I fiber, corresponding to the area marked with a
black square in image (c). The average diameter is around 6.0 nm, and the twist repeat along the fiber axis is
left-handed, with a periodicity of around 45 nm. e) Magnitude AFM image of a type II fiber, corresponding to
the area marked with a white square in image (c). The type II fiber (diameter ca. 12 nm) was constructed by
the intertwisting of the two type I fibers.
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(ca. 2.4 nm), calculated by considering the conformation of
the complete helix; the length of helix with n=16 can be
computed by using the occupied length (0.15 nm) of one
amino acid residue along the helix axis. This result indicates
the formation of a micelle-like structure consisting of a hy-
drophobic Leu domain core and the shell of a Lys domain
(see Figure 8). The LK16 has the tetra-Leu domain at only
one chain terminus, and this diblock-type structure will
probably stabilize such micelle-structures. On the other
hand, the a-helical KLK16, in which the tetra-Leu domain
was arranged at the center, self-assembled into plate-shaped
aggregates with heights of around 1.5 nm and lengths of
100–500 nm (Figure 7b). The observed heights of the plates
correspond to the diameter of a polylysine helix (ca.
1.4 nm). Therefore, these plate-shaped aggregates probably
consist of helix monolayers, in which KLK16 helices interact
with each other in two dimensions, through the hydrophobic
interaction between Leu residues located at the center (see
Figure 8). Moreover, the helix–macrodipole interaction
(namely, the head-to-tail antiparallel orientation of the KLK
helices, which is energetically more favorable) may also con-
tribute to the stability of the plate-shaped, high-order struc-
ture. The dipole moments of amino acids in an a-helical
peptide align in the same orientation, nearly parallel to the
helix axis. The resulting macroscopic dipole then generates
an electrostatic potential, directed from the N terminus to
the C terminus.[34] We reported direct evidence for a helix–
helix macrodipole interaction obtained by exploring an at-
tractive interaction between the disulfide-modified poly(l-
glutamic acid) PLGA self-assembled monolayer on gold and
redox-active PLGA derivatives as guest helices.[35] Thus, this
electrostatic field, as well as the hydrophobic interaction
and hydrogen bonding, should be one of the useful media-
tors for the assembly of high-order structures of protein/
peptide architectures.


Conclusion


We have demonstrated a powerful strategy for fabricating
novel supramolecular nanoarchitectures by the controlled
self-assembly of peptide building blocks, as summarized in
Figure 8. By tuning the peptide sequence and environmental
conditions, such as solution pH and reaction time (input in-
formation), a wide variety of self-organized, three-dimen-
sional architectures with various nanostructures were ob-
tained (output information) by these self-assembling sys-
tems. In addition, the purely synthetic simple peptide
LKL16 formed an amyloid-like nanofiber with structural
transition under appropriate conditions, as did the other
proteins associated with neurodegenerative diseases. These
studies should make an important contribution, not only to
our understanding of the mechanisms of protein aggrega-
tion, but also in establishing a novel and programmable mo-
lecular self-assembling system for the fabrication of de-
signed three-dimensional nanoarchitectures.


Figure 6. Optical microscope image obtained under cross-polarized light
and showing the LKL16 fiber stained with Congo red. The fibrillar
LKL16 assembly was obtained after incubation for 24 h at pH 9.2.


Figure 7. Three-dimensional TM-AFM images (1.5J1.5 mm2) of LK16 (a)
and KLK16 (b) after incubation for 24 h at pH 10.6 and RT. [peptides]=
40 mm. z-scale; 60 nm.
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Experimental Section


Peptide preparation : The amphiphilic 16-mer oligopeptides (LKL16,
KLK16, and LK16) used in this study were prepared by solid-phase pep-
tide synthesis using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry. The
peptide chains were synthesized on a CREAR (cross-linked ethoxylate
acrylate resin, Peptide Institute), by using Fmoc-amino acid derivatives
(3 equiv), 1-hydroxy-7-azabenzotriazole (3 equiv), and 1,3-diisopropylcar-
bodiimide (3 equiv) in N,N-dimethylformamide (DMF) for coupling, and
piperidine (25%)/DMF for Fmoc removal. To cleave the peptide from
the resin and to remove the side-chain-protecting groups, the peptide
resins were treated with trifluoroacetic acid (TFA)/CH2Cl2 (9:1 v/v). The
crude peptides were purified by performing reversed-phase HPLC (Bio-
Rad, DuoFlow) with a YMC-Pack Pro C18 column (20J150 mm) by
using a linear gradient of water/acetonitrile (containing 0.1% TFA). The
purified peptides were identified by conducting MALDI-TOF MS (Shi-
mazu KOMPACT MALDI III) and 1H NMR spectroscopy (400 MHz,
JEOL FX-400). All peptides were dissolved in 2,2,2-trifluoroethanol
(TFE) as a stock solution before the aggregation assay. The aggregation
solutions of the peptides (final peptide concentration: 40 mm, TFE con-
tent: 5%) were prepared by diluting the stock solution with 5 mm Tris/
HCl buffer and aqueous NaOH. All the incubations for the aggregation
of the peptides were performed at room temperature.


MALDI-TOF MS (see Figure S3, Supporting Information): m/z calcd for
LKL16 [M+H]+ : 1949.9; found: 1948.4; m/z calcd for KLK16 [M+H]+ :
2007.4; found: 2007.6; m/z calcd for LK16 [M+H]+ : 2007.4; found:
2006.6. 1H NMR analyses also gave satisfactory results (see Figure S4,
Supporting Information).


Circular dichroism (CD) and FTIR spectroscopy : CD spectra were re-
corded by using a J-720 spectropolarimeter (JASCO) under a nitrogen at-
mosphere. Experiments were performed by using a quartz cell with a
5 mm path length over the range of 190–260 nm at ambient temperature.
Sample solutions were prepared by diluting the TFE stock solution of
peptides with buffer. Final peptide concentration was 40 mm in aqueous
media. Transmission-FTIR spectra were measured by using CaF2 plates
with the Perkin–Elmer Spectrum 2000, and a mercury–cadmium–telluri-
um (MCT) detector (resolution, 2 cm�1; number of scans, 1024). The pep-
tides (LKL16, KLK16, and LK16) were adsorbed onto CaF2 plates after
incubation for 24 h at pH 9.2. The sample and the detector chambers
were purged with dried nitrogen before and during measurement.


Atomic force microscopy (AFM): The
AFM images were collected at ambi-
ent temperature by using a Nanoscope
IIIa (Digital Instruments), which was
operated by tapping with a super-
sharp silicon tip (tip radius 3 nm). An
aliquot (10 mL) of the sample (LKL16,
LK16, or KLK16) in buffer (contain-
ing 5% TFE) was placed on freshly
cleaved mica. After adsorption for 2–
30 min under moist conditions, the
excess solution was removed by ab-
sorption onto filter paper. The resul-
tant substrates were rinsed with buffer
(30 mL, twice) to remove salt and the
loosely bound peptide, and the sam-
ples were stored in a covered contain-
er to protect them from contamination
until they were imaged (within 1–2 h).
A 10 mmJ10 mm scanner was used for
imaging. The scanning speed was at a
line frequency of 1 Hz, and the origi-
nal images were sampled at a resolu-
tion of 512J512 points.


Fluorescence spectroscopy : Fluores-
cence studies were conducted by using
a FP770 spectrofluorometer (JASCO).
Experiments were performed at room
temperature by using a quartz cell


with a 10 mm path length. By using pyrene (Wako Pure Chemical Indus-
tries) as the probe molecules, a stock solution in buffer was prepared.
Peptide samples were dissolved in the TFE stock solution, then diluted
to specific concentrations with pyrene-containing buffer. Final pyrene
concentration was 6.1J10�7


m. Excitation was performed from 300 to
360 nm, with 390 nm as the emission wavelength, 5 h after preparation of
the sample solutions.


Congo red binding study : A Congo red (CR) (Wako Pure Chemical In-
dustries) stock solution (150 mm) was prepared by dissolving the dye in
buffer (pH 9.2) containing NaCl. CR binding studies were performed by
diluting the incubated sample solutions (LKL16, 24 h incubation in 5 mm


Tris/HCl buffer at pH 9.2) with the CR solution. The final concentration
of CR was 5 mm in buffer at pH 9.2, and this included 100 mm NaCl. The
resulting solution was incubated at room temperature for 3 h, then 50 mL
was placed on a microscope slide and dried. The slide was examined
under a microscope (Olympus Optical, BX50–34-FLAD-1) by using a
cross-polarized light (magnification J1000).
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Density Functional Studies of Dicobalt Octacarbonyl-Mediated Azobenzene
Formation from 4-Ethynylaniline
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Introduction


Because the N�H bond is intrinsically strong, its cleavage is
a rather energy-demanding process (~90 kcalmol�1). There-
fore, options of activating the primary or secondary amine
have received increasing attention.[1] Normally, it is through
the oxidative addition of the N�H bond to a low-valent
transition-metal center that the activation energy can be re-
duced. Indeed, the participation of a low-valent transition
metal in the catalytic cycle is a critical step for many reac-
tions, such as alkene hydroamination,[2,3] aryl amination,[4]


and imine hydrogenation.[5] Although the oxidative addition
of the N�H bond onto various heavy transition metals has
been reported, it is relatively rare for the first-row transi-
tion-metal complexes.[6,7]


In previous studies, we demonstrated an unusual carbony-
lation reaction of the primary amine propargylamine HC�
CCH2NH2 by utilizing [Co2(CO)8] as a reaction promoter
(Scheme 1).[8] This reaction was carried out at 25 8C for 3 h
in THF and gave [{[Co2(CO)6(m-HC�C�)]CH2NH}2C=O] 1
in 40% yield. A proposed mechanism for the formation of 1
was carefully examined by means of DFT.[9] Furthermore,
replacement of the propargylamine by the 4-ethynylaniline
HC�CC6H4NH2 resulted in an azobenzene derivative,
[{[Co2(CO)6(m-HC�C�)]�C6H4N=}2] 2, in 18% yield after
reaction at 55 8C for 4 h in THF.[10] As shown, the formation
of 2 requires more severe conditions and the yield is lower
than that of 1. Complex 2 can be regarded as an organome-
tallic version of a potential organic liquid-crystal raw materi-
al.[11,12]


To understand this reaction more fully, a comprehensive
knowledge of the reaction route, or reaction mechanism, is
required. Unfortunately, most of the conventional experi-
mental methods do not always provide conclusive evidence
concerning reaction pathways. Computational quantum
techniques are regarded as a promising alternative[13] and
have gradually emerged as a useful complementary tool to
previously existing experimental means.[14] Recently, the
density functional theory (DFT) method, with greater com-
putational efficiency than the conventional Hartree–Fock ab


Abstract: Two adiabatic potential-
energy surfaces are employed for prob-
ing the processes of [Co2(CO)8]-medi-
ated C6H5N=NC6H5 formation from
NH2C6H5. Elementary steps, including
oxidative addition of the coordinated
amine proton to the cobalt center, re-
ductive elimination of H2, CO associa-
tion, and the coupling process of the
diamino fragments, are modeled and
examined by using DFT methods at
the B3LYP/631LAN level. The forma-
tion of C6H5N=NC6H5 from NH2C6H5


through reductive coupling is a thermo-


dynamically unfavorable process. Three
hydride-migration processes, from the
proton of N�H to the cobalt center,
are established as the most energy-de-
manding steps. The activation energies
(DG*) are calculated as 49.4, 55.4, and
33.3 kcalmol�1, respectively, for the
proposed reaction route 1. These large
activation energies might be reduced


slightly by purposely adding small
protic molecules, such as H2O, or by
changing the active metal from Co to a
heavier metal, such as Rh or Ir. An al-
ternative pathway, route 2, is also pro-
posed, in which transition states with
four-membered rings are formed. By
this route, severe strain caused by the
formation of three-membered rings
during the hydride-migration processes
in route 1 can be avoided. Route 2 is
established as the more energy-feasible
reaction pathway.
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initio method, has been applied extensively to transition-
metal complexes and has gained broad acceptance among
both theoretical and experimental chemists.[15]


To our knowledge, a comprehensive computational exami-
nation of the catalytic process in the formation of an azo-
benzene derivative has not yet been reported. Therefore, a
thorough study of the formation of C6H5N=NC6H5, mimick-
ing 2, from the [Co2(CO)8]-mediated coupling reaction of
NH2C6H5 was pursued by using computational quantum
techniques. For computing efficiency, the primary amine
NH2C6H5 was selected to replace the cumbersome 4-ethyn-
ylaniline-bridged dicobalt complex [Co2(CO)6(m-HC�
CC6H4NH2)].


[16]


Computational Methods


All calculations were carried out by using Gaussian 03,[17] in which the
tight criterion (10�8 hartree) is the default for the self-consistent-field
(SCF) convergence. The molecular geometries were fully optimized
under C1 symmetry, in which the Becke3LYP


[18] functional was used. The
LANL2DZ including the double-z basis sets for the valence and outer-
most-core orbitals combined with pseudopotential were used for Co,[19,20]


and 6–31G(d) basis sets were used for the other atoms. This combination
is denoted 631LAN, which has proven to be successful in describing the
cobalt-mediated Pauson–Khand reaction.[21] All the stationary points
found were characterized as minima (number of imaginary frequency
Nimag=0) and transition states (Nimag=1) by performing harmonic vibra-
tional frequency analysis. For the determination of transition-state geom-
etry, isothermal relaxation current (IRC)[22] analyses were used to moni-
tor geometry optimization, to ensure that the transition structures are
smoothly connected by two proximal minima along the reaction coordi-
nate. The transition structure (TS) calculations of hydride migration as-
sisted by H2O were performed by using the quadratic synchronous transit
(QST2) method. Thermodynamic quantities, the calculated electronic en-
ergies, the enthalpies of reaction DHR, and the activation free energies
DG*, were obtained and corrected at constant pressure and 298 K. Stabil-
ity analysis[23] was performed to determine if the Kohn–Sham (KS) solu-
tions were stable with respect to variations, which break spin and spatial
symmetry.


Results and Discussion


The two most probable reaction routes for the formation of
C6H5N=NC6H5 through cobalt-mediated coupling of
NH2C6H5 are proposed: route 1 is termed a three-mem-
bered-ring pathway, and route 2, a four-membered-ring
pathway. As shown below, these two routes are constructed
from successive elementary steps.


Route 1: Three-membered-ring
pathway


A reaction mechanism employ-
ing a monomeric cobalt moiety
as the acting catalytic species
was proposed. This was used to
accommodate a probable reac-
tion route (route 1) for the for-
mation of an azobenzene deriv-
ative, [{[Co2(CO)6(m-HC�C�)]�


C6H4N=}2] 2, through cobalt-mediated coupling of
NH2C6H4C�CH. As shown in Figure 1, the mechanism is
composed of 11 consecutive elementary reactions:


a) p-bridging of a 4-ethynylaniline onto a dicobalt fragment
accompanied by the release of 2 molar equivalents of
carbonyl groups


b) generation of a side product [CoH(CO)4] and the cata-
lyst precursor [Co(CO)4(NHX)] (X: [Co2(CO)6(m-HC�
CC6H4�)]), which is ready for further steps


c) release of another molar equivalent of CO
d) association of an additional NH2X molecule with the


cobalt center
e) N�H oxidative addition (or hydride migration) from the


newly coordinated NH2X to the cobalt center
f) release of another molar equivalent of carbonyl species
g) a second hydride migration from one coordinated NHX


to the cobalt center
h) reductive elimination of one molar equivalent of H2


i) hydride migration for the third time
j) coordination of a carbonyl group to the cobalt center
k) dissociation of the azobenzene derivative 2 along with


the active species [CoH(CO)3].


Because the validity of the first four processes, steps a–d,
are well accepted both experimentally and theoretically, our
computational studies focus on steps e–k.[24]


Hydride migration from the coordinated amine and the re-
lease of CO : Figure 2 depicts the geometry-optimized mo-
lecular structures, including transition states, from 1CP to
3CP. The outward appearance of 1CP is a distorted trigo-
nal-bipyramidal (TBP) structure. An approximate octahe-
dron (Oh) is apparent for 2CP if taking the hydride into
consideration. In the process of 1CP!1TS!2CP, an N�H
bond is broken and at the same time a Co�H bond is
formed. The Ha (from N2) transfers to the Co center and
forms a new Co�H bond; meanwhile, the bond angle of
aN2-Co-Ha changes from 578 in 1TS to 87.38 in 2CP. The
bonding mode of N2�Ha towards Co in 1TS might be best
described as agostic bonding.[25] The bond length of Co�N2
decreases considerably from 2.399 to 1.944 O, and then
lengthens slightly to 1.996 O for 1CP, 1TS, and 2CP, respec-
tively. As calculated, the activation free energy for the hy-
dride-migration step (e), 1CP!1TS, is rather high (ca.
49.4 kcalmol�1). It has been shown elsewhere that activation


Scheme 1. The formation of 1 and 2.
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of the N�H bond is an energy-demanding process mediated
by a low-valent metal complex.[26] As described below for all
the elementary steps, these types of hydride-migration pro-
cesses represent the most crucial steps in the cobalt-mediat-
ed formation of azobenzene. For 2CP!2TS!3CP, a car-
bonyl is released from 2CP and a distorted TBP is restored
in 3CP. The Co�CO bond is elongated from 1.852 O in 2CP
to 2.651 O in 2TS. Finally, the coordinated CO is completely
released from 2TS. Interestingly, this CO-releasing process,
2CP!2TS!3CP, does not require a great amount of
energy (ca. 24.4 kcalmol�1).


Hydride migration from the amino group and the release of
H2 : As depicted in Figure 3, the processes of 3CP!3TS!
4CP are similar to the previous hydride migration, except
that the hydride comes from the amino group rather than
the coordinated amine. The hydride-migration step, 3CP!
3TS, has the highest activation energy (ca. 55.5 kcalmol�1).
The bond length of the ready-to-be-released N1�Hb increas-


es from 1.015 O (3CP) to
1.797 O (3TS); this is then fol-
lowed by the complete dissocia-
tion of the N1�Hb bond and
the formation of a Co�Hb
bond (4CP). The Co�N1 bond
is best regarded as a Co=N
double bond in 3TS. Meantime,
the Co�Hb bond length is re-
duced from 1.522 O (3TS) to
1.486 O (4CP). Furthermore,
the N1�N2 bond is formed
during the processes of 3CP!
3TS!4CP. This is indicated by
both the changes in bond
angles of aN1-Co-N2 (from
107.28 in 3CP to 107.08 in 3TS
to 41.88 in 4CP) and the short
bond length of N1�N2
(1.404 O) in 4CP.
In 4CP, the bonding between


the cobalt atom and the dinitro-
gen moiety, diphenylhydrazide,
can be regarded as a combina-
tion of a covalent and a dative
bond. Reports of crystal struc-
tures containing triangular MN2


moieties for the first-row transi-
tion-metal complexes are
rare,[27] although many exam-
ples for heavy transition metals
are known.[28] The next step is
the release of one molar equiv-
alent of H2 molecules from
4CP by reductive elimination.
The distance between Ha and
Hb is shortened from 1.783 O
in 4CP to 1.356 O in 4TS, and


the Co�Ha and Co�Hb bonds are elongated to 1.498 and
1.506 O, respectively. Furthermore, the bond angle of aHa-
Co-Hb is reduced from 73.78 in 4CP to 53.78 in 4TS. Finally,
the complete elimination of one H2 molecule from the
cobalt fragment is observed in 5CP. The release of H2 can
be detected experimentally. A rather unusual square-planar
(SP) geometry is perceived for the CoI center of 5CP, in
which N1, N2, Co, C2, and C3 are almost coplanar. The di-
hedral angle between planes N1-Co-N2 and C2-Co-C3 is
only 7.248.


Amino hydride migration and CO coordination : Figure 4
represents the geometry-optimized molecular structures
from 5CP to 7CP. A hydride migration from the diphenyl-
hydrazide group on 5CP is required to produce the desired
azobenzene 2. Interestingly, the activation free energy for
the hydride-migration step, 5CP!5TS, is significantly lower
(ca. 33.3 kcalmol�1) than the previous two hydride-migra-
tion processes. From 5CP to 6CP, the bonding between the


Figure 1. The formation of an azobenzene derivative 2 : Route 1.
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azo moiety and the cobalt fragment changes from a relative-
ly complicated arrangement to a simple L!M dative bond.
The bond lengths of Co�N1 and Co�N2 in 5TS are 2.004


and 2.138 O, respectively. The
corresponding bonds in 6CP
are 2.087 and 2.138 O. The
bond length of N1�N2 is
1.303 O. In 6CP, five atoms,
N1, Hc, Co, C2, and C3, are
almost coplanar. The dihedral
angle between planes N1-Co-
Hc and C2-Co-C3 is small,
2.648. 6CP can be regarded as
an unsaturated [CoH(CO)2(m-
C6H5N=NC6H5)]. The subse-
quent steps, 6CP!6TS!7CP,
represent an external CO coor-
dination to the Co center and
the change in bonding mode of
the azobenzene ligand C6H5N=
NC6H5. This leads to the forma-
tion of a saturated
[CoH(CO)3(L)] (L: C6H5N=
NC6H5) with a TBP shape in
7CP. Here, the bonding mode
of the coordinating ligand
C6H5N=NC6H5 changes from a
p- to a s-type dative bond. The
Co�N1 bond length decreases
from 2.087 O (6CP) to 1.957 O


(6TS) and then to 2.194 O (7CP). Meanwhile, the bond
length of N1�N2 decreases from 1.303 O in 6CP to 1.264 O
in 6TS and then to 1.258 O in 7CP. The latter two values


Figure 2. Geometries of stationary points from 1CP to 3CP in route 1. Distances and angles are in O and de-
grees, respectively.


Figure 3. Geometries of stationary points from 3CP to 5CP in route 1. Distances and angles are in O and degrees, respectively.
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represent the characteristic N=N double bond. A TBP con-
formation is sustained in 7CP, with the hydride at one of
the axial positions and the azobenzene at one of the equato-
rial positions.


Potential-energy surface: route 1: The potential-energy sur-
face of the proposed reaction route 1 is presented in
Figure 5. It can be seen that the formation of C6H5N=NC6H5


from NH2C6H5 through reductive coupling is a thermody-
namically unfavorable process, DG=41.4 kcalmol�1, and
also that the three hydride-migration processes are the most
energy-demanding of the steps.


Route 2: Four-membered-ring pathway


As described above, several high-energy-demanding steps in
route 1 are caused by the formation of three-membered
rings during the hydride-migration processes. To avoid the
severe strain that this induces, an alternative four-mem-
bered-ring pathway, route 2, is proposed (Figure 6). Route 2
is constructed from several elementary steps as follows:


f’) coupling of two amino groups by the linking of two ni-
trogen atoms and breaking of one Co�N bond


g’) hydride migration from amine to cobalt via a four-mem-
bered ring containing Co, N1, N2, and Hb atoms, and
then formation of another four-membered ring contain-
ing Co, N1, N2, and C(C=O) atoms


h’) elimination of one molar equivalent of H2 from the
cobalt center


i’) dissociation of the azobenzene derivative 2, which is ac-
companied by the active species [CoH(CO)3].


Coupling of two amino groups and hydride migration via a
four-membered ring : As presented in Figure 7, the initial
configuration of 2CPa is similar to 2CP, except for the rela-
tive positions of the two phenyl groups. Furthermore, 2CP
is slightly more stable than 2CPa by approximately
3.5 kcalmol�1. During the processes of 2CPa!2TSa!
3CPa, two amino groups are coupled by the linking of two
nitrogen atoms and a diphenylhydrazine moiety is generat-
ed. This coupling process proceeds by shortening of the N1�
N2 bond (2TSa : 1.966 O and 3CPa : 1.416 O) and reduction
in the angle of aN1-Co-N2 (2CPa : 103.58 and 2TSa : 57.28).
The shape of the molecule changes from Oh for 2CPa to
TBP for 3CPa. The diphenylhydrazine fragment is situated
in one of the equatorial positions and the hydride is located
at one of the axial positions.
The 3CPa!3TSa!4CPa represents the hydride-migra-


tion process. The Hb shifts from the N2 atom to the Co
metal by forming a four-membered ring containing Co, N1,
N2, and Hb atoms in 3TSa. Clearly, this conformation as-
sists in reducing the ring strain of the three-membered ring
formed in 1TS. Interestingly, the conformation acquires an-
other four-membered ring containing Co, N1, N2, and C(C=
O) atoms in 4CPa. The length of the N2�Hb bond increases
from 1.011 O in 3CPa to 1.889 O in 3TSa. Meanwhile, the
Co�Hb bond length is reduced from 2.952 O (3CPa) to
1.521 O (3TSa). By taking two hydrides into consideration,
a distorted Oh is roughly held for 4CPa. From the view of
the three coordinated carbonyl ligands, this is a fac-tricarbo-
nylcobalt complex. One of the carbonyl groups interacts
with the diphenylhydrazine moiety and forms a C�N bond.
This coupling process leads to the formation of a four-mem-
bered ring containing Co, N1, N2, and C(CO) atoms.


Figure 4. Geometries of stationary points from 5CP to 7CP in route 1. Distances and angles are in O and degrees, respectively.
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Hydride migration accompanied by the release of H2 : Simi-
larly, the optimized structures of the process 4CPa!
4TSa!5CPa are depicted in Figure 8. A hydride migration
from the amino group accompanied by the release of one
molar equivalent of hydrogen are observed. The Co�N1
bond length is reduced from 2.014 O (4CPa) to 1.972 O
(4TSa) and then to 1.804 O (5CPa). The enhanced Co�N1
bond strength assists in stabilizing the electron-unsaturated
5CPa.


Potential-energy surface: route
2 : The potential-energy surface
of the proposed route 2 is pre-
sented in Figure 9. The highest
activation free energy (DG*) of
the corresponding transition
state, 3TSa, is 56.7 kcalmol�1. It
is evident that the formation of
C6H5N=NC6H5 from NH2C6H5


through this route is a thermo-
dynamically unfavorable pro-
cess, and that the hydride-mi-
gration processes are the most
energy-demanding steps. As a
result, route 2 is established as
a more energy-feasible pathway
than route 1.


Energy comparison for three related reactions : The energies
for the formation of three related compounds were calculat-
ed and are presented in Table 1. The carbonylation reaction
is a thermodynamically favorable process (entry 1, ca.
�24.5 kcalmol�1). In contrast, the formation of azobenzene
from NH2C6H5 is thermodynamically a rather unfavorable
course (entry 2, ca. 61.0 kcalmol�1), which can be made
more feasible if a metal-containing species, such as dicobalt-
carbonyl, participates in bonding (entry 3, ca. 47.0 kcal


Figure 5. Free energies of transition states involved in route 1.


Figure 6. The formation of an azobenzene derivative 2 : Route 2.
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Figure 7. Geometries of stationary points from 2CPa to 4CPa in route 2. Distances and angles are in O and degrees, respectively.


Figure 8. Geometries of stationary points from 4CPa to 5CPa in route 2. Distances and angles are in O and degrees, respectively.


Figure 9. Energy profile for route 2. Values of free energies are based on 1CP (left axis) and 2CPa (right axis).
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mol�1). Evidently, the dicobaltcarbonyl fragment plays an
important role in reducing the reaction enthalpy.


Hydride migration assisted by H2O : The hydride-migration
process was demonstrated to be an energy-demanding pro-
cess throughout the reaction course. At least two reasons
might explain this observation. First, the intrinsically large
enthalpy of the N�H bond, making its cleavage difficult ;
second, the formation of an energetically unfavorable trian-
gular cycle containing Co, N, and H atoms in the transition
state. The significant drawback of the latter might be abated
by preventing the formation of an energetically unfavorable
triangular cycle. A protic molecule, such as H2O, which is
frequently involved in assisting acidification in organic reac-
tions through proton transfer, is employed here to reduce
the strain of forming an energetically unfavorable conforma-
tion. During actual experimental operations, it is quite possi-
ble that a small amount of H2O indeed dissolves in the
polar solvent employed in the reaction.
The hydride-migration process in the presence of H2O


was pursued by using the QST2 method (Scheme 2). The
calculated activation free energy for the hydride-migration
step with the assistance of H2O is 44.3 kcalmol�1, which is
5.1 kcalmol�1 lower than for the same step in the absence of
H2O.
The hydride-migration processes of 1CP·H2O!


1TS·H2O!2CP·H2O that are assisted by H2O are depicted
in Figure 10. As shown, the hydride Ha does not directly mi-
grate from the N2 atom to the Co metal, rather, it transfers
firstly from the N2 atom to H2O. This is then followed by
the transfer of He from H2O to the Co metal. The data
show that the Co�N2 bond in 1CP·H2O, 1TS·H2O, and
2CP·H2O is significantly longer than its counterpart in the
1CP!1TS!2CP processes: 2.328 O in 1CP·H2O is short-
ened to 2.042 O in 1TS·H2O and then to 2.006 O in
2CP·H2O. An imaginary frequency in 452i cm


�1 is observed
for the transition state 1TS·H2O. This transition state is a
five-membered-ring complex containing Co, N2, Ha, O, and
He atoms. As demonstrated, a protic molecule, such as H2O,
indeed provides a lower-energy route, although not signifi-
cantly lower, for the hydride-migration process. In principle,


a well-chosen polar and protic
solvent might provide an even
better environment for lowering
the activation free energy.


Energy comparison for the hy-
dride-migration process assisted
by a Co, Rh, or Ir complex : For
comparison, the activation ener-
gies and enthalpies for the pro-
cesses of 1CP!1T!2CP with
heavy transition metals, such as
Rh and Ir, were re-examined


(Scheme 3). As revealed in Table 2, both the activation
energy and enthalpy of N�H oxidative addition were re-
duced (by ca. 5 and 7 kcalmol�1, respectively) by employing
a modeled Rh complex. These effects were even greater
with a modeled Ir complex (enthalpy reduced by ca.
16 kcalmol�1). This indicates that the amine- or amino-hy-
dride-migration process is more feasible in heavy transition-
metal complexes, such as Rh or Ir complexes, than in Co
complexes. This has two reasons: first, the larger size of the
heavy transition metal atom reduces the strain of the ener-
getically unfavorable triangular cycle containing M, N, and
H atoms; second, the availability of more orbitals allows the
hybridized orbitals to form acute angles on bonding.


Conclusion


We have explored the reaction pathways of the [Co2(CO)8]-
mediated N=N coupling reaction from the primary amine
NH2C6H5. The proposed reaction routes, routes 1 and 2,
were examined by utilizing the DFT method at the B3LYP/
631LAN level. The N�H oxidative addition processes (hy-
dride migration) were identified as the most energy-de-
manding steps for both routes. These large energy barriers
are responsible for the rigorous reaction conditions required


Table 1. Reaction enthalpies for the carbonylation, azobenzene formation, and dicobalt-assisted azobenzene
formation.


Entry Reaction DHR [kcalmol
�1]


1 �24.5


2 61.0


3 47.0


Scheme 2. The water-assisted hydride-migration process.
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in the cobalt-mediated azobenzene-formation reaction. The
large activation energies might be reduced by addition of a
protic molecule, such as H2O (reduction ca. 5.1 kcalmol�1),
or by changing the active metal to Rh or Ir. To our knowl-
edge, this is the first integrated computational examination
of a [Co2(CO)8]-mediated dinitrogen coupling reaction from
a primary amine.
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Introduction


The magnetic properties of cyclic, polymetallic complexes of
paramagnetic transition-metal ions have attracted great in-
terest. Antiferromagnetically coupled examples are relative-
ly common,[1] and examples are known with nuclearities up
to 24.[2] Such molecules are finite models for 1D antiferro-


magnetic materials,[3] and heterometallic examples[4] have
been proposed as good candidates for observing quantum
coherence phenomena,[5a] and even as qubits in quantum
computing.[5b] However, ferromagnetically coupled cyclic
clusters are much rarer. To the best of our knowledge only
four have been reported to date, the CuII


6 and MnIII
6 wheels


of Gatteschi and co-workers,[6] and Winpenny.s isostructural


Abstract: The synthesis and crystal
structures of a family of decametallic
CrIII “molecular wheels” are reported,
namely [Cr10(OR)20(O2CR’)10] [R’=
Me, R=Me (1), Et (2); R’=Et, R=


Me (3), Et (4); R’=CMe3, R=Me (5),
Et (6)]. Magnetic studies on 1–6 reveal
a remarkable dependence of the mag-
netic behaviour on the nature of R. In
each pair of complexes with a common
carboxylate (R’) the nearest neighbour
Cr···Cr magnetic exchange coupling is
more antiferromagnetic for the ethox-
ide-bridged (R=Et) cluster than for
the methoxide analogue. In complexes


2, 4 and 6 the overall coupling is
weakly antiferromagnetic resulting in
diamagnetic (S=0) ground states for
the cluster, whilst in 1 and 5 it is
weakly ferromagnetic thus resulting in
very high-spin ground states. This
ground state has been probed directly
in the perdeuterated version of 1
([D]1) by inelastic neutron scattering


experiments, and these support the S=
15 ground state expected for ferromag-
netic coupling of ten CrIII ions, and
they also indicate that a single J-value
model is inadequate. The ground state
of 5 is large but not well defined. The
trends in J on changing R are further
supported by density functional calcu-
lations on 1–6, which are in excellent
agreement with experiment. The very
large changes in the nature of the
ground state between 1 and 2, and 5
and 6 are the result of relatively small
changes in J that happen to cross J=0,
hence changing the sign of J.


Keywords: chromium · cluster com-
pounds · magnetic properties · met-
al–metal interactions · solvothermal
synthesis
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NiII12 and CoII
12 pair.


[7] Such ferromagnetic coupling leads to
a high-spin ground state and the possibility of being a
“single molecule magnet” (SMM), in which individual mole-
cules display a memory effect.[8] Indeed the S=12 ground
state Ni12 wheel has been shown to be a SMM.[9]


We recently reported the synthesis (by a solvothermal
route) of two decametallic CrIII wheels [Cr10(OR)20-
(O2CMe)10], in which R=Me (1) or Et (2) (with structures
analogous to that in Figure 1).[10] These are the highest nu-


clearity cyclic CrIII clusters reported to date (the highest nu-
clearity CrIII cluster reported of any structural type is 12),[11]


and are analogues of the famous “ferric wheel” [Fe10-
(OMe)20(O2CCH2Cl)10] first prepared by Lippard and co-
workers.[12] (The direct analogue of 1, [Fe10(OMe)20-
(O2CMe)10], was reported later by Winpenny and co-work-
ers.[13]) More recently we have also prepared the vanadi-
um(iii) analogues.[14] Preliminary magnetic susceptibility
studies on 1 and 2 indicated that the magnetic coupling be-
tween neighbouring CrIII ions in 2 was antiferromagnetic, as
is the case for all other cyclic CrIII complexes reported to
date (Cr3–8),


[15] albeit the exchange H=��JijŜiŜj, J=�0.9 cm�1


assuming a single unique J value; throughout this paper a
negative J value implies an antiferromagnetic interaction) is
much weaker in comparison. This of course leads to an S=0
ground state, since there is an even number of paramagnetic
ions in the ring. Remarkably, cT (c=molar magnetic sus-
ceptibility, T= temperature) increased with decreasing tem-
perature for the methoxide analogue 1 showing that it is fer-
romagnetically coupled (see data in Figure 3, later). Un-
fortunately, analysis of the magnetic data was hampered by
the presence of a significant antiferromagnetic intermolecu-
lar exchange that caused cT to collapse at low temperatures.
Modelling of the cT versus T data of 2 gave an intramolecu-
lar exchange J=++4.5 cm�1, with Jinter=�0.26 cm�1.[10] If this
model is correct then the ground-state spin of 1 must be S=
15, which would be among the highest known for any mole-
cule.[16] Hence, it appears that a trivial change in the chemis-
try (ethoxide vs methoxide bridge) leads to a small change
in the magnitude of J (J changes by 5.4 cm�1); however, be-


cause the sign of J changes there is a monumental change in
the nature of the ground state: S=0 to S=15.


To probe this further we set out to prepare further exam-
ples of this family of complexes in the hope of developing a
magnetostructural correlation. As a further goal we wished
to prepare analogues of 1 and 2 in which the molecules
could be magnetically isolated to a greater extent to reduce
any possible intermolecular exchange or dipolar interac-
tions. This entails incorporating bulkier carboxylate and/or
alkoxide groups into the molecules with the aim of spacing
them further apart in the crystal lattice. We now report the
synthesis of bulkier analogues of 1 and 2, namely
[Cr10(OR)20(O2CEt)10] [R=Me (3), Et (4)] and [Cr10(OR)20-
(O2CCMe3)10] [R=Me (5), Et (6)], and their structural and
magnetic characterisation, including the second example of
a ferromagnetically coupled Cr10 wheel (compound 5). The
experimental observation of ferromagnetic coupling in rings
1 and 5, is supported by density functional theory (DFT)
calculations on 1–6, and confirmed by the direct measure-
ment of J in the fully deuterated analogue of compound 1
([D]1) by inelastic neutron scattering (INS).


Results and Discussion


Synthesis : As part of a programme investigating the use of
solvothermal synthetic techniques towards large paramag-
netic clusters,[17] we previously described the synthesis of the
decametallic CrIII complexes [Cr10(OR)20(O2CMe)10] by su-
perheating alcohol [ROH; R=Me (1), Et (2)] solutions of
the trinuclear basic chromium acetate [Cr3O(O2CMe)6-
(H2O)3]Cl at 200 8C.[10] Analogous reactions with [Cr3O-
(O2CEt)6(H2O)3]NO3 give the propionate analogues
[Cr10(OR)20(O2CEt)10] [R=Me (3), Et (4)] in excellent
yields with the products crystallising directly from the reac-
tion mixtures. However, similar treatments of the pivalate
complex [Cr3O(O2CCMe3)6(H2O)3]NO3 fail to crystallise
any products on cooling the reaction mixtures, possibly be-
cause the reaction intermediates and products are too solu-
ble in ROH. However, in a (failed) attempt to synthesise an
alkoxide-bridged octametallic wheel by reaction of [Cr8F8-
(O2CCMe3)16]


[18] in superheated MeOH, the decametallic
pivalate wheel [Cr10(OMe)20(O2CCMe3)10] (5) crystallised in
good yield. We originally used a solution of [Cr8F8-
(O2CCMe3)16] in a toluene/MeOH mixture, as the starting
material is not soluble in MeOH but it is in toluene. Howev-
er, we then discovered that simply heating a mixture of the
starting material and MeOH at 200 8C also gave pure crys-
talline product 5 in improved yield. This highlights one of
the advantages of solvothermal techniques in the synthesis
of clusters—the changed solubilising properties of the sol-
vent under superheated conditions allows this reaction to
take place. A similar reaction of a mixture of [Cr8F8-
(O2CCMe3)16] and EtOH gives [Cr10(OEt)20(O2CCMe3)10]
(6).


In contrast to the insoluble complexes 1 and 2,[10] com-
plexes 3–6 are very soluble in a variety of organic solvents,


Figure 1. Molecular structure of [Cr10(OMe)20(O2CEt)10] (3), viewed per-
pendicular to the best plane of the Cr10 ring. Scheme: Cr (cross hatched),
O (open circles), C (skeleton only), H omitted for clarity.
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and their integrity in solution is confirmed by the presence
of the molecular ion in electrospray mass spectrometry.


Compound [D]1 was prepared by reaction of [Cr3O-
(O2CD3)6(H2O)3](O2CCD3) in CD3OD at 200 8C. We found
that this route gave higher yields than using a directly analo-
gous reaction to that reported previously for 1. Note that we
only had to use two deuterated reagents in the preparation
of [D]1 (CD3CO2D and CD3OD)—the excess of both of
which can be recovered and recycled in order to make the
approximate 4 g quantity necessary for INS studies at rea-
sonable cost.


X-ray crystal structures : Unit-cell details for 3–6 are in
Table 1. The molecular structures of 3–6 are closely related
to the reported structures of 1 and 2,[10] all consisting of a


cyclic, decametallic array of CrIII ions, in which each pair of
CrIII ions is bridged by a m2-carboxylate and two m2-alkoxides
(Figure 1). In each case the Cr10 ring is near planar (mean
square deviations from best planes in Table 3, below). The
carboxylate groups alternate between lying above the Cr10
plane and below it, but are all oriented away from the
centre of the ring. The two alkoxides between each neigh-
bouring pair of CrIII ions point towards and away from the
ring, respectively, with one lying above and the other lying
below the Cr10 plane; this pattern alternates around the ring.
Although, the diameter of the Cr10 ring is about 9.7 U in
each case, the alkoxide bridges leave little room for any
“guest” and the cavities are empty. There is no solvent in-
corporated in any of the structures.


Compounds 3 and 5 crystallise in P1̄ and the molecules lie
on an inversion centre, hence there are only five indepen-


dent CrIII ions in each structure. Compound 4 crystallises in
P21/n and the molecules lie on a twofold axis: again there
are only five independent CrIII ions per molecule. Com-
pound 6 crystallises in C2/m and the molecules lie on a 2m
site with C2h point symmetry; there are only three indepen-
dent CrIII ions per molecule. Values for the Cr-O(R)-Cr
angles and Cr�Cr separations for 1–6 are in Table 2; the
ranges and averages of the important structural parameters
for each of 1 to 6 are in Table 3. The Cr···O bond lengths
are unremarkable. The Cr-O(R)-Cr interbond angles in 1 to
6 lie between 98 and 1008, with the exception of 3, which
has a range of 95–1028, although the ranges for each individ-
ual compound are 1.3–2.58 (7.28 for 3). There is no signifi-
cant difference between the average angles for the OR
groups that point towards and away from the centre of the


rings. The smallest average Cr-O(R)-Cr angle is found for
cluster 5 at 98.6�0.68, while the largest is found for 4 at
99.6�1.38. The spread of these values makes meaningful
comparison of the average structural parameters difficult.
There is a significant variation in the Cr···Cr distances in
compounds 1 to 6 ; the largest average separation is found
for 4 (3.028�0.008 U), while the shortest is found for 6
(2.956�0.006 U). The spread of the Cr···Cr distances within
a given complex is 0.005–0.016 U.


The molecules pack in a columnar fashion. For complexes
1, 4, 5, and 6 the Cr10 rings are significantly tilted with re-
spect to the stacking direction, whilst in complexes 2 and 3
they are nearer perpendicular (e.g., Figure 2); the stacking
directions are parallel to the shortest unit-cell axis (a in 1–5,
c in 6). The shortest intermolecular distances (measured
from the centroids of the Cr10 rings) are along these colum-


Table 1. X-ray data for 3–6.


3 4 5 6


chemical formula Cr10C50H110O40 Cr10C70H150O40 Cr10C70H150O40 Cr10C90H190O40


Mr 1871.38 2151.90 2151.90 2432.42
crystal dimensions [mm�1] 0.45W0.08W0.05 0.3W0.25W0.08 0.30W0.30W0.20 0.60W0.60W0.40
crystal system triclinic monoclinic triclinic monoclinic
space group P̄1 (no. 2) P21/n (no. 14) P̄1 (no. 2) C2m
a [U] 7.739(10) 9.46(2) 9.867(2) 19.247(14)
b [U] 17.75(3) 16.87(1) 16.990(2) 32.51(2)
c [U] 17.71(3) 30.88(5) 17.898(2) 9.347(7)
a [8] 110.22(7) 90 115.098(2) 90
b[8] 102.39(7) 93.07(9) 99.908(2) 103.438(13)
g[8] 102.48(8) 90 97.185(2) 90
V [U] 2115(6) 4920(11) 2609.8(7) 5704(7)
Z 1 2 1 2
1calcd [Mgm�3] 1.469 1.453 1.367 1.416
T [K] 293 293 100 100
2qmax [8] 50.04 50.08 52.84 52.56
data collected 33777 76138 14993 12879
(unique) (6526) (7749) (10396) (5134)
data used [I>2s(I)] 4989 4959 7679 3520
parameters 451 384 646 315
R (F) 0.1329 0.0878 0.0642 0.0772
wR2 0.3846 0.2897 0.1725 0.2038
D1min [eU


�3] �0.641 �0.642
D1max [eU


�3] 0.815 0.841
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nar directions. The change between acetate (complexes 1
and 2) and propionate (complexes 3 and 4) does not signifi-
cantly alter this separation; the two ethoxide complexes 2
and 4 both stack approximately 9.45 U apart, whilst the
methoxide complexes 1 and 3 pack closer at 8.83 and
7.74 U, respectively. In these four complexes the nature of
the alkoxide seems more important in determining this dis-
tance than the carboxylates; the steric bulk above and
below the plane of the molecules, which determines the clos-
est intermolecular separations, is due primarily to the alkox-
ides (e.g., see Figure 2). Although the intermolecular sepa-
ration in the much bulkier pivalate methoxide complex 5
(9.87 U) is significantly greater than for the other methoxide
complexes 1 and 3 that in the pivalate ethoxide 6 (9.37 U) is
counter-intuitively smaller than that in the other ethoxide
complexes 2 and 4.


Magnetic studies : The magnetic susceptibility as a function
of temperature was measured for complexes 3–6 ; the data
are shown as a cT versus T plot in Figure 3, together with
the data of 1 for comparison.


Table 2. Cr-O(R)-Cr angles [o] and Cr···Cr distances [U] for 1–6.


1[a] 2[a] 3 4 5 6[c]


Cr1-O-Cr2 99.4(3), 99.9(3) 99.2(3), 99.6(3) 100.9(6), 101.9(6) 99.9(2), 100.2(2) 98.3(1), 98.9(2) 99.3(2), 98.6(2)
Cr6-O-Cr7[b] 99.1(3), 98.8(3)
Cr2-O-Cr3 98.5(3), 98.8(3) 99.1(3), 98.5(3) 97.4(6), 95.2(5) 100.3(2), 99.9(2) 98.0(2), 99.3(2) 99.9(2), 98.3(2)
Cr7-O-Cr8[b] 99.5(3), 99.4(3)
Cr3-O-Cr4 99.4(3), 98.0(3) 99.3(3), 100.1(3) 98.3(4), 98.7(4) 99.2(2), 99.5(2) 98.3(2), 99.1(2)
Cr8-O-Cr9[b] 99.9(3), 99.3(4)
Cr4-O-Cr5 99.3(3), 100.3(4) 99.5(3), 99.4(3) 99.8(5), 102.4(6) 99.2(2), 97.7(2) 98.7(2), 98.5(1)
Cr9-O-Cr10[b] 99.3(3), 100.1(4)
Cr5-O-Cr1b 98.9(3), 98.8(3) 98.9(3), 98.8(3) 95.9(5), 98.0(6) 99.1(2), 100.2(2) 98.1(2), 99.0(2)
Cr10-O-Cr6b[b] 98.9(3), 98.4(3)


Cr1···Cr2 2.989(3) 2.997(2) 3.009(5) 3.027(2) 2.967(1) 2.950(2)
Cr6···Cr7[b] 2.994(3)
Cr2···Cr3 2.991(3) 2.992(2) 3.008(5) 3.031(1) 2.966(1) 2.962(2)
Cr7···Cr8[b] 2.989(3)
Cr3···Cr4 2.984(3) 2.996(2) 2.993(4) 3.034(1) 2.966(1)
Cr8···Cr9[b] 2.989(3)
Cr4···Cr5 2.989(3) 2.994(2) 2.996(5) 3.028(1) 2.969(1)
Cr9···Cr10[b] 2.990(3)
Cr5···Cr1b 2.988(3) 2.997(2) 3.000(5) 3.018(2) 2.961(1)
Cr10···Cr6b[b] 2.989(3)


[a] Reference [10]. [b] Compound 1 has two half molecules per asymmetric unit, Cr1–5 and Cr6–7, respectively. Compounds 2–5 have one half molecule
per asymmetric unit (Cr1–Cr5); [c] Compound 6 has only three unique CrIII ions (Cr1–Cr3).


Table 3. Structural parameter ranges and averages for 1–6.


1 2 3 4 5 6


Cr···Cr [U] 2.985(3)–2.994(3) 2.992(2)–2.997(2) 2.993(4)–3.009(5) 3.018(2)–3.034(1) 2.961(1)–2.967(1) 2.950(2)–2.962(2)
average [U] 2.989�0.005 2.995�0.003 3.001�0.008 3.028�0.008 2.966�0.003 2.956�0.006
Cr-O(R)-Cr [8] 98.0(3)-100.3(4) 98.5(3)-100.1(3) 95.2(5)-102.4(6) 97.7(2)-100.3(2) 98.02(15)-99.28(15) 98.3(2)-99.9(2)
average [8] 99.2�0.1 99.2�0.8 98.9�3.6 99.6�1.3 98.6�0.6 99.0�0.9
Cr�O(R) [U] 1.935(7)–1.985(8) 1.951(6)–1.980(6) 1.893(13)–2.059(11) 1.956(5)–2.024(5) 1.945(3)–1.967(3) 1.927(4)–1.963(5)
Cr�O(carboxylate) [U] 1.969(8)–2.005(7) 1.981(7)–1.998(7) 1.949(16)–2.055(13) 1.987(5)–2.025(5) 1.973(4)–1.987(3) 1.962(5)–1.982(4)
Cr10···Cr10 [U] 8.83 9.45 7.74 9.46 9.87 9.37
mean deviation from 0.0151, 0.0194 0.0116 0.0102 0.0078 0.0078 0.0203
best Cr10 plane [U]


Figure 2. Packing of the molecules in [Cr10(OMe)20(O2CEt)10] (3) viewed
perpendicular to the crystallographic a axis. Scheme as in Figure 1, but
with H atoms shown as small white spheres.
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Method for determination of the J values : To calculate
quantitatively the susceptibility for ten interacting S=3/2
ions we must diagonalise the Heisenberg spin–Hamiltonian
matrix (H=��JijŜiŜj) for the 116304 spin states of the clus-
ter. Even after grouping states with the same total spin the
largest matrix still has dimensions of 19425W19425, which is
beyond our present computational capabilities. Therefore, in
order to determine J we performed calculations on a ficti-
tious eight-membered ring, and fitted the experimental data
rescaled by a factor of 0.8. This is completely justified at
high temperatures, since the exchange interactions are rela-
tively small, as shown by the fact that the observed suscepti-
bility values are close to those expected for ten noninteract-
ing ions. In the case of predominantly antiferromagnetic in-
teractions, the spin ground state is zero and the cT product
tends towards zero for both ten- and eight-membered rings;
the scaling procedure is expected to be a reasonable approx-
imation. In contrast, the scaling is less valid in the ferromag-
netic case, since the low-temperature limiting value of the
cT value for eight ferromagnetically coupled S=3/2 ions
(76.5 cm3Kmol�1) is less than that for ten ferromagnetically
coupled ions rescaled by 0.8 (94.1 cm3Kmol�1). For this


reason, the fits were not performed down to the lowest tem-
peratures in all cases.


Although, the twofold symmetry of 1–5 implies that there
are strictly five unique nearest neighbour J values (two
unique values in the higher symmetry complex 6), we have
restricted ourselves to a single J model to avoid over-param-
eterisation. Furthermore, in some cases we have tested the
effect of the inclusion of more than one unique J value and
there is no significant improvement in the quality of the fits
to the experimental cT versus T data (see below); therefore,
there is no justification for the use of these more complicat-
ed models when fitting cT.


The sign and magnitude of J can also be estimated from
Weiss constants (V) extracted from Curie–Weiss plots (c�1


vs T). The Weiss constants for 1 and 5 are positive (consis-
tent with ferromagnetic coupling), while those for 2, 4 and 6
are negative (consistent with antiferromagnetic coupling)
and that for 3 is very close to zero (Table 4). The Weiss con-
stants can be related to the nearest neighbour exchange in-
teraction[15c] by Equation (1), in which SCr is the spin of the
CrIII ions (=3/2), k is the Boltzmann constant, and the sum-


mation is over nearest neighbours (i.e., over two interac-
tions in 1–6):


V ¼ SCrðSCr þ 1Þ
3k


X


j


Jij ð1Þ


Values of J for 1–6, determined both by fitting the cT
data and from the Weiss constants, are given in Table 4; the
two methods are in excellent agreement with each other,
which gives confidence in the results. In the discussion
below we refer to the values determined from cT.


Interpretation : We have reported the magnetic data of 1
and 2 previously (see Introduction).[10] One factor which
hampered our effort to characterise the intramolecular fer-
romagnetically coupled magnetic behaviour of 1 was the
presence of an antiferromagnetic intermolecular coupling.
The presence of an intermolecular interaction is easy to ra-
tionalise: a dipolar interaction between two point dipoles is
expected to vary as /S(S+1)/r3, in which S is the spin and r
is the separation.[19] Therefore, for highly paramagnetic mol-
ecules (large S) there can be a significant dipolar interaction


Figure 3. Plots of cT versus T for [Cr10(OR)20(O2CR’)10] [R’=Me, R=


Me (1); R’=Et, R=Me (3), Et (4); R’=CMe, R=Me (5), Et (6)]. Solid
lines are best fits as described in the text and using parameters in
Table 4.


Table 4. Calculated and experimental J values for [Cr10(OR)20(O2CR’)10] (1–6).


R R’ cT at 300 K
[cm3Kmol�1]


V[a]


[K]
J[b]


[cm�1]
g[c] J[c]


[cm�1]
PBE J[d]


[cm�1]
B3LYP J[e]


[cm�1]


1 Me Me 17.8 +13.4�0.7 +3.7 1.98 +4.5 +10.9, +11.9[f] –
2 Et Me 18.8 �3.4�0.5 �1.0 1.98 �0.9 +3.1 +5.9
3 Me Et 18.5 +0.3�0.3 +0.08 1.99 �0.37 +10.7 +7.4
4 Et Et 17.3 �9.3�0.3 �2.6 1.94 �2.1 �17.5 �4.7
5 Me CMe3 18.4 +1.49�0.07 +0.41 1.98 +0.38 +4.1 –
6 Et CMe3 16.7 �20.2�0.5 �5.6 1.93 �5.3 �37 –


[a] From Curie–Weiss law. [b] From Weiss constant and Equation (1). [c] From fitting cT versus T. [d] Calculated by PBE numerical method using
SIESTA code. [e] Calculated with B3LYP functional using a Gaussian basis set. [f] Two crystallographically independent molecules in 1: first value for
molecule containing Cr1–Cr5, second value for molecule containing Cr6–Cr10.
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even at relatively large distances. For example, if we treat
the molecules in the crystal structure of 1 as being point di-
poles with S=15 (due to the intramolecular ferromagnetic
coupling) then we would have a dipolar interaction of
�1.2 cm�1. This is clearly the upper limit because: 1) the
Cr10 molecules in 1 are not point dipoles and 2) there is a
Boltzmann distribution over all possible spin states (this
would make the dipolar term more important as the temper-
ature decreases, as the more paramagnetic states are prefer-
entially populated). Nevertheless, this clearly makes the in-
teraction derived from a fit to the experimental magnetic
data of Jinter=�0.26 cm�1 feasible. The fact that we did not
have to invoke such a term in the fit of 2 is not surprising—
calculated cT versus T plots for 2 are insensitive to an inter-
molecular antiferromagnetic coupling between intramolecu-
lary antiferromagnetically coupled species (J=�0.9 cm�1; at
0 K only S=0 would be populated). A similar phenomenon
to that observed for 1 has been observed in ferromagnetical-
ly coupled CrIII dimers.[20]


Substitution of acetate with the slightly bigger propionate
bridges in compounds 3 and 4 does not lead to a significant-
ly increased intermolecular separation (see above) and the
magnetic properties reflect this. The room-temperature
values of cT are close to that expected for ten uncoupled
CrIII ions in both cases (18.5 and 17.3 cm3Kmol�1 for 3 and
4, respectively). The cT value for 3 is virtually constant
down to 30 K, in agreement with a negligible Weiss constant
of V=++0.3�0.3 K. Below 30 K, cT decreases slowly, indi-
cating the presence of very weak antiferromagnetic interac-
tions. Fitting the cT data using the eight-membered ring
model gives an exchange interaction of J=�0.37 cm�1


(Figure 3). On cooling, cT falls for 4, consistent with weak
antiferromagnetic exchange between neighbouring CrIII ions.
The rate of decrease is larger for 4 than for 3, indicating
stronger antiferromagnetic exchange, in agreement with the
larger (more negative) Weiss temperature of V=�9.3�
0.3 K. The high-temperature (T>40 K) data for 4 can be fit
with a weak antiferromagnetic interaction of J=�2.1 cm�1


with g=1.94, very similar to that observed for 2 which has a
very similar cT versus T curve. Below 40 K the experimental
curve decreases at a lower rate than that calculated for this
exchange coupling strength, pointing to limitations of the
model fit (see above). We investigated whether this could be
due to the presence of more than one unique exchange in-
teraction. For example, if two (C2 related) J values were fer-
romagnetic in 4, while the remaining eight were antiferro-
magnetic, an S=3 ground state would be expected, with a
low-temperature limiting cT value of 5.9 cm3Kmol�1. How-
ever, attempts to use exchange-coupling schemes similar to
those employed to analyse the INS results on [D]1 (see
below), were unsuccessful so we limited ourselves to the
simpler (single J) model above. In any case, a similar pattern
is seen for the propionate-bridged compounds 3 and 4 as for
the acetates 1 and 2[10]—the ethoxide-bridged wheel is more
antiferromagnetically (or less ferromagnetically) coupled
than the methoxide for a given bridging carboxylate.


The magnetic behaviour of 5 is very different. Again, cT
at room temperature is 18.4 cm3Kmol�1, but then steadily
increases as T is decreased, up to 26 cm3Kmol�1 at 2 K; no
maximum is observed (Figure 3). This is clearly indicative of
a ferromagnetic intramolecular exchange between neigh-
bouring CrIII ions. This is supported by fitting the c data
above 15 K to a Curie–Weiss law, giving C=


18.3 cm3Kmol�1 and a small positive (i.e., ferromagnetic)
Weiss constant of V=++1.49�0.07 K (Figure 4). The low-


temperature value of cT is much smaller than that expected
for an isolated S=15 ground state, which is consistent with
the small value of jJ j and consequent population of several
spin states, even at 2 K. However, a magnetisation versus
applied magnetic field plot fails to reach saturation, even at
6 T and 2 K (reaching ca. 17 mB and still increasing,
Figure 5), which implies that S=15 is not the ground state.


If the single J-value model is inadequate (see below) a high
spin, but not the maximum possible S=15, ground state
could result with S=15 as a low-lying excited state. The
magnetisation would then only saturate at very high magnet-
ic field at which the MS=�15 level of the S=15 state
crosses the lowest component of the (zero-field) ground


Figure 4. Plot of c�1 versus T for [Cr10(OMe)20(O2CCMe3)10] (5) and the
fit (solid line) to a Curie–Weiss law with C=18.4 cm3Kmol�1 and V=


+1.49�0.07 K.


Figure 5. Magnetisation versus applied magnetic field for [Cr10(O-
Me)20(O2CCMe3)10] (5) at 1.8 K.
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state. Hence, the ground-state spin of 5 is ambiguous, but
must be large. However, it is clear that the cluster exhibits
overall ferromagnetic coupling as evidenced by the cT data.


In 5 the intermolecular separation is significantly larger
than in 1–4, and this presumably helps to dampen the inter-
molecular interaction that is evident in 1. The magnetic data
for 5 can be fit with a weak ferromagnetic J value of
+0.38 cm�1 (see Figure 3). Although the ferromagnetic cou-
pling is weaker than that observed in 1,[10] it is more evident
in the cT versus T curve than is the case for 1 due to the
presence of the greater intermolecular term in 1 (see
above). The corresponding ethoxide complex 6 shows the
strongest antiferromagnetic coupling of all of the complexes
1–6, as evidenced by the rapid decrease in cT with decreas-
ing temperature. Consequently, fitting of cT versus T gives
the most negative exchange coupling constant of J=
�5.3 cm�1, and fitting of c�1 versus T gives the most nega-
tive Weiss temperature of V=�20.2�0.5 K.


Thus, the experimental cT versus T data for 1–6 can be
summarised (Table 4): 1) all the J values lie within a small
range around 0 cm�1, +4.5	J	�5.3 cm�1, indicating that
the antiferro- and ferromagnetic components of the ex-
change interaction are very similar in magnitude; 2) for
each pair of complexes with a common carboxylate, the
methoxide cluster is more ferromagnetically (or less antifer-
romagnetically) coupled than the ethoxide. A similar trend
has been observed in the simple bis-alkoxide-bridged CrIII


dimers [Cr2(3-Br-acac)4(OR)2] (3-Br-acacH=3-bromo-2,4-
pentanedionato), in which J=�8.5 and �18 cm�1 for R=


Me and Et, respectively, a change of about 10 cm�1.[21] This
shift is similar to those observed between the pairs 1 and 2,
3 and 4, and 5 and 6. Thus, our results are entirely in keep-
ing with results on smaller, well-understood CrIII dimers—
substitution of an ethoxide group by a methoxide leads to a
small shift in J to a more positive (more ferromagnetic)
value. In the case of complexes 1 and 2 and 5 and 6, the
small shift happens to cross J=0 cm�1 and therefore the
overall coupling is switched from antiferro- to ferromagnetic
(in 3, J
0 cm�1).


A few efforts have been made to correlate exchange cou-
pling constants with structural parameters in Cr(OR)2Cr
dimers (R=H, alkyl),[22] inspired by the successful correla-
tion found between Cu-O-Cu angles and J in analogous CuII


complexes.[23] However, the Cr�O(R) distances (r) and Cr-
O(R)-Cr angles (q) within the planar CrO2Cr cores of
[Cr2(3-Br-acac)4(OR)2], R=Me or Et, are identical within
experimental error. The change in J on changing R was ini-
tially rationalised by simple orbital-overlap arguments, as
originally laid out by Hoffmann and co-workers[24] namely,
the greater the electron density at the bridging atom, the
greater the orbital overlap between the magnetic orbitals
and the stronger the antiferromagnetic component of the ex-
change interaction. Thus, the larger inductive effect of an Et
group versus a Me group leads to stronger antiferromagnetic
exchange.[21] The same authors later argued that J was not
only dependent on r and q, but also on the dihedral angles
formed between the O�R vectors and the planar CrO2Cr


cores (f);[22a] magnetostructural correlations were developed
on this basis for Cr(OR)2Cr dimers with R=H and alkyl.[22]


Extending magnetostructural correlations to higher nucle-
arity clusters is often hampered by the low symmetry of the
clusters. The most developed correlation in cyclic clusters is
Saalfrank.s correlation between the Fe-O-Fe angles in the
antiferromagnetically coupled FeIII6 rings [M�Fe6L6] and
[M�Fe8L8] (M=alkali metal cation, H3L= triethanol-
amine)—this study was aided by the sixfold and fourfold
crystallographic symmetry, respectively, in these species.[25]


Unfortunately, the comparatively low (twofold) symmetry of
1 to 5 and the range of structural parameters found within
each molecule (as well as the partial disorder in the struc-
tures) makes extension of the magnetostructural correla-
tions developed for Cr(OR)2Cr dimers from 1–6 difficult,
and there is no evident correlation between J and any of the
averaged structural parameters in Table 2.


Density functional theory calculations : Considering the lack
of any clear magnetostructural correlation for 1 to 6, we
have carried out DFT calculations to provide theoretical
support to the observed trends in J. Theoretical calculation
of J values in high-nuclearity complexes is difficult. Howev-
er, some considerable advances have been made recently in
this field.[26] For example (and importantly in terms of the
present study), Ruiz et al. performed calculations using
Gaussian functions with hybrid B3LYP functionals on two
cyclic, hexametallic NiII6 and CuII


6 clusters, which are ferro-
and antiferromagnetically coupled, respectively. The calcula-
tions not only reproduced the correct sign of J in each case,
but also the correct magnitude of J to within a few cm�1 (cf.
values derived from fitting to experimental cT vs T data).[26]


On high-nuclearity systems calculation using Gaussian func-
tions becomes hugely expensive computationally (a single
calculation on a decametallic CrIII cluster like 1–6 takes ca.
three months) and the same group have proposed[27] a much
faster method using the “SIESTA” code,[28] with pure
Perdew–Burke–Ernzerhof (PBE) functionals and numerical
basis sets. Previous work shows that correct signs and rela-
tive strengths of exchange coupling constants can be repro-
duced accurately by this method when applied to large clus-
ters (although absolute values of jJ j tend to be slightly over
estimated, compared to the Gaussian calculated values).[27, 29]


Calculations on full wheels : To test the methodology ap-
plied in the SIESTA code to these high-nuclearity wheels,
we performed a calculation on the ferric wheel [Fe10-
(OMe)20(O2CMe)10], for which the experimental J value is
well defined as �10 cm�1.[12] Single-point PBE numerical cal-
culations based on the full crystal structure[13] give J=
�16 cm�1, in good agreement in both sign and magnitude
with experimental data. Therefore, we conclude that this
methodology is useful to compare trends in the J values of
the CrIII10 family 1–6, which are the CrIII analogues of the
ferric wheel but have smaller spin systems with two less un-
paired electrons per metal ion.


PBE numerical calculations were performed using the full
crystal structures with no simplifications or modelling. In
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each case, the energy of the “ferromagnetic” S=15 state
(EF, all spins aligned) was calculated, as was the energy of
the “antiferromagnetic” S=0 state (EA, spins alternating
“up” and “down” around the Cr10 ring) using a broken-sym-
metry approach. The exchange coupling constant J is then
related to the energy difference by a pair-wise relation-
ship[26a] [Eq. (2)], in which SCr is the spin of the component
CrIII ions (=3/2) and the factor ten accounts for the ten
nearest neighbour interactions in the Cr10 ring.


Jcalc ¼
ðEA�EFÞ


10ð2SCr
2 þ SCrÞ


ð2Þ


The use of Equation (2) assumes a single, nearest neigh-
bour J value (rather than five discrete values, as would be
strictly correct for a Cr10 ring with twofold symmetry; two
discrete J values for 6). This model is consistent with the
single J models used to fit the magnetic-susceptibility data
(see above).


The PBE numerically calculated J values for 1–6 (Table 4)
are within the range +10>J>�37 cm�1, in agreement with
the experimental observation that the coupling is relatively
weak in these clusters. For all pairs of Cr10 rings with a
common carboxylate—1 and 2, 3 and 4, and 5 and 6—the
pattern of the calculated J values is consistent with the
values modelled from magnetic-susceptibility data; the
methoxide-bridged species are more ferromagnetically (or
less antiferromagnetically) coupled than the ethoxides.


In complex 1, there are two crystallographically indepen-
dent molecules in the crystal structure and calculations were
performed on both molecules independently. For both mole-
cules of 1 the J values are calculated to be ferromagnetic
with J=++10.9 and +11.9 cm�1, respectively, in excellent
agreement (correct sign and magnitude within 5 cm�1) with
the value obtained from the fitting of magnetic-susceptibility
data (+4.5 cm�1). The fact that the calculated value is slight-
ly larger is consistent with previous theoretical studies.[29]


Note also that the two independent molecules in 1 give very
similar calculated J values, as we would expect, since the
structural parameters are very similar; this justifies our
treatment of these molecules as identical when modelling
the experimental magnetic data. Although the J value calcu-
lated for 2 is apparently the wrong sign it is within 4 cm�1 of
the experimental value and, importantly, the difference be-
tween the calculated J values of 1 and 2 is approximately
7 cm�1, in remarkable agreement with the difference of
6 cm�1 in the experimental values.


The experimental data for 3 imply very weak antiferro-
magnetic coupling (<�1 cm�1). Although the PBE numeri-
cal calculations on 3 predict it to be ferromagnetically cou-
pled, the calculated value is still within about 10 cm�1. The
calculated value for 4 of �18 cm�1 is antiferromagnetic, in
agreement with experimental value of �2.1 cm�1, although
significantly larger. The reason for the poorer agreement,
both absolute and relative, between calculated and experi-
mental J values for 3 and 4 is unclear. Nevertheless, the cal-
culations for 3 and 4 are in agreement with the above


trends—more antiferromagnetic exchange in (ethoxide-
bridged) 4 than in (methoxide-bridged) 3. The PBE numeri-
cal calculations also support weak ferromagnetic exchange
in 5 and, moreover, that this interaction is weaker than that
in 1. They also support the fact that 6 is the most strongly
antiferromagnetically coupled cluster in the family. Al-
though the DFT-calculated J values in both 4 and 6 are
overestimated it is interesting to note that the ratio between
the calculated and experimental J values is approximately
the same between the two.


As a further test of the PBE numerical calculations, we
have performed calculations using Gaussian methodology
on selected complexes (2–4, see Table 4). The Gaussian and
PBE numerical calculations give the same sign of J in each
case, and the results for 2 and 3 are very similar (within ca.
3 cm�1) by the two methods. In contrast, the Gaussian calcu-
lated J value for 4 is significantly smaller in magnitude than
the PBE numerical value, in much better agreement with
experimental data. This effect has also been observed in
smaller clusters.[29]


In summary, the DFT calculations support experimentally
determined trends in the magnitudes of J—a good agree-
ment given the small experimentally observed differences
between compounds 1–6.


Inelastic Neutron Scattering (INS) studies of [Cr10(OCD3)20-
(O2CCD3)10] ([D]-1): The experimental magnetic data, sup-
ported by the DFT calculations, reveal that the exchange in-
teractions in 1 and 5 are ferromagnetic. This should lead to
a very high spin ground state electronic spin, S=15 in the
assumption of a unique J value. To probe this directly we
performed INS studies on [D]1 (1 is easier to perdeuterate
than 5). INS allows the direct spectroscopic determination
of magnetic exchange splittings. In an INS experiment in-
coming neutrons with an energy Ei and a momentum �hki ex-
change energy and momentum with the sample. After the
scattering process the neutrons have energy Ef and momen-
tum �hkf. The transferred energy �hw=Ei�Ef excites the
sample from one state jYii into another jYfi. The intensity
of magnetic excitations generally decreases with increasing
scattering vector Q=ki�kf due to the magnetic form
factor.[30] Possible INS transitions are governed by the fol-
lowing selection rules given in Equation (3).


DS ¼ 0,� 1 and DMS ¼ 0,� 1 ð3Þ


The INS spectrum of [D]1, obtained at 1.5 K on the in-
verted geometry time-of-flight spectrometer IRIS, is depict-
ed in Figure 6. The dotted line corresponds to a background
accounting for thermal-diffuse scattering contributions. The
spectrum after subtraction of the background is shown as a
solid line. We observe peaks at 1.00(1) (I), 2.50(2) (II),
4.82(3) (III), and 5.90(2) cm�1 (*). On the basis of the Q
(see inset Figure 6) and temperature dependence (not
shown) of peaks I–III, we assign them to be of magnetic
origin, while the sharp peak at 5.90 cm�1 (*) is a tempera-
ture-independent spurious feature. All three peaks are clear-
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ly asymmetric with a shoulder on the low-energy side. The
experimental peak widths are up to three times as large as
the instrumental resolution.


To fit the INS spectra it is necessary to explicitly consider
the nature and energies of the low-lying excited-spin states
and the ground state. Therefore we have calculated the low-
lying states based on various J values by using MAG-
PACK.[31] It was not possible to get reasonable fits to the
INS spectra with models for which the intracluster exchange
was antiferromagnetic. Calculation of the low-lying spin
states based on the model used to fit the experimental cT
data for 1—one unique ferromagnetic intracluster exchange
parameter J=++4.5 cm�1—yields an S=15 cluster ground
state with two degenerate S=14 states at 2.58 cm�1 (restrict-
ing the calculations to states with S=15 and S=14). The
next highest S=14 state is at 9.36 cm�1 and is also doubly
degenerate. The state at 2.58 cm�1 matches the energy of
peak II in the INS spectrum quite well (DS=�1), though
peaks I and III remain unexplained. This result clearly
shows that a model with a single J value is inadequate. Con-
sidering the Ci point symmetry of the wheel in [D]1 this
result is not surprising as there are in principal five different
exchange parameters. It is evident that the INS data with
three magnetic peaks do not allow the determination of five
parameters. We explored models with two inequivalent pa-
rameters. Variation of J12=J67=J’, while keeping J=
+4.5 cm�1, leads to a splitting of the degenerate S=14
states. The best agreement with the observed peaks (I–III)
was found for J’=++1.1 cm�1, as depicted in Figure 7. How-
ever, this calculation also yields an S=14 state at 9.36 cm�1,
which is not observed experimentally. The above solution is
the best one obtained with only two different exchange in-
teraction parameters: models with 6WJ and 4WJ’ were ex-
plored, but no better agreement with the observed peaks


could be found. A model with 5WJ and 5WJ’ is forbidden by
symmetry.


We conclude that neither a one nor a two-parameter
model can account for the three INS peaks observed. By in-
troducing five parameters we could undoubtedly reproduce
the observed peak positions by a multitude of parameter
sets. Since this is pointless, there remains one important con-
clusion. While the magnetic data can be reasonably account-
ed for by a one-parameter model, the more direct, spectro-
scopic probe of the INS experiment shows us that this
model is not adequate for 1, consistent with the Ci molecular
symmetry. The magnetically determined J value is thus an
average of the five unique parameters.


The large width and asymmetry of the peaks possibly re-
flect a small and unresolved zero-field splitting (ZFS) with a
negative D [HZFS=D(Sj2z�S(S+1)/3)]. A small ZFS in the
ground state of the ferromagnetically coupled examples of
these clusters is consistent with preliminary EPR studies on
5, which give a partially resolved fine structure suggesting
D
�0.04 cm�1.[32] This would admix the wavefunctions of
MS levels of different S states, and thus affect the transition
intensities. Intercluster interactions or an inhomogeneous
distribution of cluster geometries resulting from the structur-
al disorder could also explain the broadening of the peaks.


The agreement of INS and magnetic susceptibility data is
good considering the complexity of the problem (large
matrix size, low symmetry, disorder, intercluster interac-
tions): the average exchange interaction parameter deduced
from the two distinct J value models for the INS data [Jav=
(8J+2J’)/10=++3.8 cm�1] is only slightly smaller than the
value obtained from magnetic susceptibility (J=++4.5 cm�1).
Furthermore, INS data shows that the ZFS is considerably
smaller than the exchange splitting.


Conclusion


In summary, we have analysed experimental variable tem-
perature c data for 1–6 to abstract J values assuming a
single unique J value, by: 1) modelling cT versus T based on
a Cr8 model and scaling, and 2) from analysis of Weiss tem-


Figure 6. INS spectrum of d-1 measured at 1.5 K on IRIS with Ef=


14.8 cm�1 and for detector angles 25.882q118.38. The solid line is the
spectrum after subtraction of the thermal-diffuse scattering (dotted line).
Inset: Q-dependence of the integrated intensity of peaks I (*), II (!),
and III (~); dashed lines are guides to the eye.


Figure 7. Coupling scheme (left) of [D]1 for the model with 8WJ and 2W
J’, and the calculated energy spectrum for J=++4.5 cm�1 and J’=
+1.1 cm�1 (right). Vertical arrows indicate observed INS transitions.
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peratures. For 1 only it is necessary to include an intermo-
lecular term to model cT. The two treatments agree well
and the observed trends in J are supported by DFT-calculat-
ed values. INS studies on [D]1 reveal that the single J-value
model is not adequate, as at least three different J values
are required to fit the experimental observations by this
direct spectroscopic technique. The J values derived from
bulk c data are averages of the independent J values within
each molecule (five for 1–5, two for 6).


Despite the lack of any clear magneostructural correlation
in 1–6, it is clear that, in general, the antiferro- and ferro-
magnetic contributions to the Cr···Cr exchange are similar,
such that jJ j is relatively small. Furthermore, the J values
unambiguously depend on the nature of the alkoxide, with
the methoxides being more ferromagnetically coupled than
the ethoxides. In 1 and 5 this results in an overall ferromag-
netic coupling, and we have measured this directly (as op-
posed to fitting a magnetic susceptibility curve) in 1 by INS.
The antiferromagnetic exchange in 2, 4 and 6 must lead to
S=0 ground states, whilst the INS data of [D]1 is consistent
with an S=15 ground state. We have not been able to un-
ambiguously characterise the ground state of 5 ; although it
does not appear to be the maximum value of 15, S must be
large because the average J value is positive. These remark-
able changes in the ground state, resulting from trivial
changes in chemistry, are a consequence of the fact that the
average J value lies in a narrow range around zero, and in
the case of 1 and 5 falls on the positive side of zero.


Despite this there is no evidence that 1 and 5 behave as
SMMs at temperatures down to 1.8 K—this could either be
due to a positive or small zero-field splitting in the ground
spin states, or to the small magnitude of J, making it impos-
sible to populate the ground state exclusively, even at tem-
peratures of a few K. To this end, it would be interesting to
synthesise new analogues of Cr10 in which the ferromagnetic
exchange is greater in magnitude. If the correlation with the
electron density at the bridging atoms is valid (see above),
then isolating analogues of 1–6 with more electron-with-
drawing bridges should give much more ferromagnetic J
values and hence more isolated S=15 ground states. Such
investigations are currently underway and will be reported
at a later date.


Experimental Section


Magnetic measurements : Magnetic susceptibilities were measured on
SQUID magnetometers (Cryogenics S600 and Quantum Design XL7)
between 2 and 300 K in applied magnetic fields of 0.1 T for temperatures
of 2–50 K and 1.0 T for temperatures of 40–300 K; diamagnetic correc-
tions were applied.


INS measurements : Polycrystalline [Cr10(OCD3)20(O2CCD3)10] ([D]1, ap-
proximately 4 g) was sealed under helium in a hollow cylinder of 23 mm
outer diameter, 50 mm height, and 2 mm sample space. Experiments
were performed on an inverted geometry time-of-flight IRIS spectrome-
ter at the pulsed neutron source ISIS (Rutherford Appleton Laboratory,
Chilton, UK) at four temperatures between 1.5 and 10 K. Final energy
selection (Ef=14.8 cm�1) was achieved with the (002) reflection of pyro-


lythic graphite. The chosen time window allowed us to observe energy
transfers from �1.6 to 11.3 cm�1.


DFT calculations : DFT calculations were performed on the full struc-
tures of 1–6 by using SIESTA 1.3[28] density-functional software and
PBE[33] generalised-gradient approximation functionals.[26, 27, 29] Only va-
lence electrons were included in the calculations with the core being re-
placed by norm-conserving scalar relativistic pseudopotentials factorised
in the Kleinman–Bylander form.[34] The pseudopotentials were generated
by the procedure of Trouiller and Martins.[35] Numerical basis sets of
triple-z quality with polarisation functions were used for the metal ions,
and double-z quality with polarisation functions for the main group
atoms. See reference[23] for further details.


Synthesis of [Cr10(OR)20(O2CEt)10] [R=Me (3), Et (4)]: These com-
plexes were prepared by heating solutions of [Cr3O(O2CEt)6(H2O)3]
NO3


[36] (ca. 200 mg) in ROH (ca. 10 mL) at 200 8C for 1 d followed by
slow cooling (0.1 8Cmin�1) in 23 mL Teflon-lined Parr autoclaves; this
procedure resulted in dark-green crystalline masses of the products
(yields ca. 60% for 3 and 4). These were separated by filtration, washed
with ROH and dried in air. IR (KBr) spectra of 1–6 contain sharp
stretches at 2822–2980 cm�1 due to m2-OR.


Data for 3 : IR(KBr): ñ=2929 (s), 2823 (s), 1553 (s), 1451 (s), 1350 (s),
687 (s), 623 (w), 537 (s), 503 cm�1 (m); elemental analysis calcd (%) for
Cr10C50H110O40: C 31.5, H 5.8; found C 32.1, H 5.9. Electrospray MS in
CH2Cl2/toluene solution: molecular ion at m/z 1872 (3), no other signifi-
cant peaks.


Data for 4 : IR(KBr): ñ=2969 (m), 2924 (m), 2868 (m), 1555 (s), 1456 (s),
1379 (m), 1351 (w), 1160 (w), 1105 (s), 1054 (s), 892 (s), 788 (m), 682 (s),
624 (m), 565 (s), 540 cm�1 (s); elemental analysis calcd (%) for
Cr10C70H150O40: C 38.8, H 6.4; found: C 39.1, H 7.0.


Synthesis of [Cr10(OMe)20(O2CCMe3)10] (5): Complex 5 was prepared by
heating a mixture of [Cr8F8(O2CCMe3)16]


[18] (300 mg) in MeOH (9 mL) at
200 8C for 1 d, followed by slow cooling as above. The resulting dark-
green crystalline product was separated by filtration, washed with
MeOH, and air dried, yield 65%. IR (KBr): ñ=2963 (s), 2824 (s), 1544
(s), 1487 (s), 1433 (s), 1382 (s), 1231 (s), 940 (w), 904 (m), 801 (m), 788
(m), 609 (s), 511 (s), 487 cm�1 (w); elemental analysis calcd (%) for
Cr10C70H150O40 : C 38.9, H 6.9; found: C 39.1, 7.0.


Synthesis of [Cr10(OEt)20(O2CCMe3)10] (6): Complex 6 was prepared by
an analogous reaction to that of 5, using EtOH in place of MeOH, yield
53%. IR(KBr): ñ=2964 (s), 2927 (m), 2871 (m), 1549 (s), 1486 (s), 1433
(s), 1382 (s), 1363 (s), 1230 (s), 1162 (w), 1110 (s), 1055 (s), 898 (s), 800
(w), 787 (s), 611 (s), 539 cm�1 (s); elemental analysis calcd (%) for
Cr10C90H190O40: C 43.3, H 6.3; found: C 44.4, H 7.9.


Synthesis of compound [Cr10(OCD3)20(O2CD3)10] ([D]1): Compound
[D]1 can be prepared by an analogous route to 1[10] from [Cr3O(O2CD3)6-
(H2O)3]Cl in CD3OH at 200 8C. However, we found that we could obtain
better yields of [D]1 starting from [Cr3O(O2CD3)6(H2O)3](O2CCD3),
based on the preparation reported by Jayasooriya et al.[37] for
[Cr3O(O2CD3)6(H2O)3]X (X=Cl or NO3). [Cr3O(O2CMe)6-
(H2O)3](O2CMe) was prepared by addition of a solution of NaOH (4.0 g)
in minimum H2O to a solution of CrCl3·6H2O (8.8 g) in H2O (50 mL)
with rapid stirring. The resulting precipitate was filtered off and air dried,
before being dissolved in glacial acetic acid (6.4 g) in a large evaporating
dish. The green solution was warmed until most of the solvent evaporat-
ed and a crystalline solid product was obtained. Elemental analysis calcd
(%) for Cr3C14H27O18: C 20.4, H 3.8, Cr 20.2; found C 20.8, H 4.1, Cr
19.3. [Cr3O(O2CD3)6(H2O)3](O2CCD3) was prepared by an analogous
route, substituting CD3CO2D for CH3CO2H. Note that because the termi-
nal water molecules are not incorporated into the final product [D]1, it
was not necessary to use D2O in this preparation.


Crystalline samples of 1 obtained from [Cr3O(O2CMe)6(H2O)3](O2CMe)
gave identical analyses and unit cells to those reported previously.[10] A
sample of [D]1 was prepared by heating [Cr3O(O2CD3)6-
(H2O)3](O2CCD3) (200 mg) in CD3OD (10 mL) at 200 8C for 1 d in a
23 mL Teflon-lined Parr autoclave, followed by slow cooling to give a
dark-green crystalline product, yield 20%. The CD3OD filtrate was re-
covered after each reaction, distilled, and reused in repeated reactions in
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order to obtain the approximately 4 g of [D]1 necessary for INS measure-
ments. IR (KBr): ñ=2205 (m), 2124 (w), 2061 (s), 1436 (s), 1443 (s), 1104
(s), 1028 (s), 926 (w), 847 (w), 661 (m), 533 (s), 460 cm�1 (m).


X-ray crystallography : Data were measured on a Bruker SMART diffrac-
tometer with a CCD area detector for 5 and 6, and a Rigaku RAXIS ro-
tating anode with image-plate detector for 2 and 3, with graphite mono-
chromators (MoKa). Absorption corrections were applied to 5 and 6 (mul-
tiscan), but not to 3 or 4. Structure solution (by direct methods) and re-
finement were performed with SHELXS L-97. Refinement of F2 was
against all reflections. Details of data collection and refinement are given
in Table 1.


The asymmetric unit of 3 contains half the molecule, with the other half
related by a centre of symmetry. The atoms C1F, C1G and C1J were dis-
ordered over two sites each, the occupancies of which were constrained
to sum to 1.0 with isotropic thermal parameters constrained to be equal,
and restraints on their bond lengths. H atoms were included in calculated
positions, and the non-H atoms, except those of the disordered atoms,
were refined anisotropically. The R factor was rather high which might
be due to crystal twinning, with b and c reversed. A twinning matrix was
included, and the fraction of each component refined to 0.5119:0.4881,
this improved the R value by about 1%. The asymmetric unit of 4 con-
sists of half the molecule. The thermal motion of all atoms was high, es-
pecially for the C atoms. In some cases there was disorder over two sites,
with occupancies constrained at 0.5 for each site. Some methyl C atoms
were not located. H atoms were included in calculated positions when
possible, and the Cr and O atoms were refined anisotropically; other
non-H atoms were refined isotropically. Some restraints were used on the
bond lengths and angles between the C atoms. The asymmetric unit of 5
contains half the cluster. Some of the tBu and Me groups are disordered
over two sites, the occupancies of which were constrained to sum to 1.0.
The non-H atoms were refined anisotropically, with restraints on geomet-
ric and thermal parameters of the C atoms. H atoms bonded to C were
included in calculated positions. The asymmetric unit of 6 contains one
quarter molecule. One pivalate was disordered over two sites the occu-
pancies of which were constrained to sum to 1.0; similarly, C24 was disor-
dered over two sites. The thermal motion of the Et groups C6, C7 and
C15, C16 were very high and attempts were made to split these groups
into two disordered components, but this did not improve the atomic dis-
placement parameters of these atoms. Therefore, they were not split in
the final rounds of refinement and were refined with restraints on their
geometry. Non-H atoms were refined anisotropically, with restraints on
those of the C atoms. H atoms were included in calculated positions.


CCDC-281843–281846 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data centre via www.ccdc.cam.ac.uk/data_
request/cif.
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A Simple and Efficient Approach to 1,3-Polyols: Application to the Synthesis
of Cryptocarya Diacetate
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Introduction


Optically active syn-and anti-1,3-polyols/5,6-dihydropyran-2-
ones are ubiquitous structural motifs in various biologically
active compounds.[1] Fascinated by their broad range of bio-
logical activity and structural diversity in compounds rang-
ing from simple carbohydrates
to complex alkaloids and poly-
ketides, synthetic chemists con-
tinue to pursue their synthesis[2]


by the development of new
methodologies. The lactone ring
constitutes a structural feature
of many natural products, par-
ticularly those that are Michael
acceptors (a,b-unsaturated).
They possess interesting phar-
macological properties, such as
plant-growth inhibition, as well
as antifeedant, antifungal, anti-
bacterial, and antitumor proper-
ties.[3,4] The simplest structure
with a syn-1,3-diol/5,6-dihydro-
pyran-2-one motif is tarchonan-
thuslactone (1), isolated from


Tarchonanthustrilobus compositae.[5] The related 6-substitut-
ed 5,6-dihydropyran-2-ones, such as cryptocarya diacetate
(2) and cryptocarya triacetate (3), and more complex 1,3-
polyols, such as passifloricin A (4) (Figure 1), were isolated
from the leaves and bark of the South African plant Crypto-
carya latifolia. Medicinal properties of these compounds


range from the treatment of headaches and morning sick-
ness to that of cancer, pulmonary diseases, and various bac-
terial and fungal infections.[6] Absolute and relative stereo-
chemistry of cryptocarya acetate were determined by a com-
bination of Mosher-s ester and Rychnovsky 13C NMR/aceto-
nide analysis.[7] Further, it was confirmed by the enantiose-
lective total synthesis of 2 from (S)-tert-butyl 3-
hydroxybutyrate.[8] Recently O-Doherty et al. synthesized 2
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Figure 1. Examples of syn-1,3-polyols/5,6-dihydropyran-2-ones.
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from d-hydroxy-1-enoate by using enantio- and regioselec-
tive Sharpless asymmetric dihydroxylation and a palladium-
catalyzed reduction.[9] As a part of our research program,
aimed at developing enantioselective syntheses of naturally
occurring lactones,[10] we became interested in devising a
practical and concise route to syn-1,3-polyols/5,6-dihydro-
pyran-2-ones. Herein we report our successful endeavors to-
wards the development of a general and practical route for
1,3-polyols and its subsequent application to the stereoselec-
tive total synthesis of cryptocarya diacetate (2), employing
hydrolytic kinetic resolution (HKR),[11] diastereoselective
iodine-induced electrophilic cyclization,[12] and ring-closing
metathesis (RCM)[13] as the key steps. The HKR method uti-
lizes the readily accessible cobalt-based chiral salen complex
5 as a catalyst (Figure 2) and water to resolve a racemic ep-
oxide into an enantiomerically enriched epoxide and diol in
high enantiomeric excess. Similarly the iodolactonization of
an enantiomerically pure homoallylic alcohol directs the ep-
oxidation of a double bond in a diastereoselective manner
to afford the syn-epoxy alcohol.


Results and Discussion


Our retrosynthetic strategy for
the synthesis of 2 is outlined in
Scheme 1. We envisioned that
the lactone moiety could be
constructed by the ring-closing
metathesis of an acrylate ester
21, which in turn could be ob-
tained from epoxide 18. The ep-
oxide 18 could be prepared
from homoallylic alcohol 15 by
means of diastereoselective
iodine-induced electrophilic
cyclization, which in turn could be prepared from 13. The
epoxide 13 could be prepared by means of iterative HKR
from racemic propylene oxide 7.


Synthesis of epoxide 12 : Our synthesis of 2 requires three
major reactions: Jacobsen-s hydrolytic kinetic resolution,
diastereoselective iodine-induced electrophilic cyclization to
install the stereogenic centers, and ring-closing metathesis to
construct the d-lactone moiety. In designing a route to 2, we
chose propylene oxide as an appropriate starting material
(Scheme 2). Thus, commercially available propylene oxide 7
was subjected to Jacobsen-s HKR by using (S,S)-Salen-Co-
OAc catalyst 5 (Figure 2) to give (S)-propylene oxide[11d] 8
as a single isomer; this compound was easily isolated from
the more polar diol 9 by distillation.


With enantiomerically pure epoxide 8 in hand, our next
task was to construct the syn-1,3-diol.[14] To establish the
second stereogenic center with required stereochemistry, we
examined the stereoselective epoxidation of a homoallylic
alcohol. Thus (S)-propylene oxide 8 was treated with vinyl-
magnesium bromide in the presence of CuI to give the ho-


moallylic alcohol 10 in excellent yield. We then proceeded
to explore the stereoselective outcome of the epoxidation
reaction with and without hydroxyl-group protection. To
this end, the hydroxyl group of homoallylic alcohol 10 was
first protected as the TBS ether, followed by epoxidation


Figure 2. Catalysts used in the synthesis.


Scheme 1. Retrosynthetic analysis of cryptocarya diacetate.


Scheme 2. Synthesis of epoxide 12 : a) S,S-Salen-Co-(OAc) (0.5 mol%),
dist. H2O (0.55 equiv), 0 8C, 14 h, (45% for 8, 43% for 9); b) Vinylmag-
nesium bromide, CuI, THF, �20 8C, 12 h, 87%; c) mCPBA, CH2Cl2, 0 8C
to RT, 10 h, 96%; d) TBS-Cl (TBS= tert-butyldimethylsilyl), imidazole,
CH2Cl2, 0 8C to RT, 4 h, 95%.
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with mCPBA (mCPBA=meta-chloroperbenzoic acid). The
epoxide produced was found to be a mixture of two diaste-
reomers (anti/syn 3:1) with the desired syn-isomer of 12 ob-
tained as the minor component. In contrast, the epoxidation
of homoallylic alcohol 10, followed by hydroxy-group pro-
tection as the TBS ether (TBS= tert-butyldimethylsilyl) pro-
duced the epoxide 12 in favor of the desired syn-isomer
(syn/anti 1.2:1). The two dia-
stereomers could not be differ-
entiated by TLC.


Synthesis of the diastereomeri-
cally pure epoxide and conver-
sion of diol 14 into epoxide 13 :
The next step in the synthesis
was to construct the diastereo-
merically pure epoxides by
means of Jacobsen-s hydrolytic
kinetic resolution (Scheme 3).
To this end, the epoxide 12 was
treated with (S,S)-Salen-Co-
OAc complex (0.5 mol%) and
water (0.55 equiv) in THF
(0.55 equiv) to afford the epox-
ide 13 as a single stereoisomer
(as determined by 1H and
13C NMR spectral analysis) in
46% yield and the diol 14 in
45% yield. Epoxide 13 could
easily be separated from the
more polar diol 14 by silica-gel
column chromatography.


We required a substantial
amount of epoxide 13 for the
synthesis of target molecule 2.
As the HKR method provided
the desired epoxide 13 along
with unwanted diol 14 in almost
equal amounts, we decided that
it would be appropriate to con-
vert the diol into the required
epoxide by means of an internal
nucleophilic substitution of a
secondary mesylate (Ms=
mesyl).[15] Accordingly, chemo-
selective pivalation of diol 14
with pivaloyl chloride, followed
by mesylation of the secondary
hydroxyl and treatment of the
crude mesylate product with
K2CO3 in methanol led to the
deprotection of the pivaloyl
ester. Concomitant ring closure
by intramolecular SN2 displace-
ment of the mesylate furnished
the epoxide 13 in 61% overall
yield (Scheme 3).


Synthesis of cryptocarya diacetate (2): The synthesis of cryp-
tocarya diacetate (2) was accomplished by starting from ep-
oxide 13 (Scheme 4). Thus, 13 was first treated with vinyl-
magnesium bromide in the presence of CuI in THF at
�20 8C to give the homoallylic alcohol 15 in 82% yield.
With substantial amounts of homoallylic alcohol in hand, we
then investigated the stereoselective epoxidation of the


Scheme 3. Synthesis of diastereomerically pure epoxide 13 and conversion of diol 14 into epoxide 13 : a) S,S-
Salen-Co-(OAc) (0.5 mol%), dist. H2O (0.55 equiv), THF, 0 8C, 24 h (46% for 13, 45% for 14); b) i) PivCl,
Et3N, cat. DMAP, RT, 2 h; ii) MsCl, Et3N, DMAP, 0 8C to RT, 1 h; c) K2CO3, MeOH, RT, overnight (61% for
three steps).


Scheme 4. Synthesis of cryptocarya diacetate: a) Vinylmagnesium bromide, THF, CuI, �20 8C, 1 h, 82%;
b) Boc2O, DMAP, CH3CN, RT, 5 h, 90%; c) IBr, PhMe, �85 8C, 1 h; d) K2CO3, MeOH, RT, 2 h, 81% from
both the steps; e) TBS-Cl (TBS= tert-butyldimethylsilyl), imidazole, DMF, 0 8C to RT, 22 h, 89%; f) Vinylmag-
nesium bromide, THF, CuI, �20 8C, 1 h, 80%; g) Acryloyl chloride, Et3N, CH2Cl2, 0 8C to RT, 5 h, 82%;
h) (PCy3)2Ru(Cl)2=CH�Ph (20 mol%), CH2Cl2, Ti(iPrO)4 (0.03 equiv), reflux, 6 h, 84%; i) i) TBAF, THF, RT,
overnight; ii) Ac2O, pyridine, 2 h, 75% from both the steps.
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carbon–carbon double bond. As a direct approach, the dia-
stereoselective epoxidation of the homoallylic alcohol 15
was examined without success by using Sharpless-s proto-
col[16] with tert-butyl hydroperoxide in the presence of vana-
dium acetylacetonate. The desired syn-epoxy alcohol 18 was
isolated in moderate yield with low selectivity. To improve
the diastereoselectivity of this reaction, we applied a three-
step sequence based on a modified Cardillo iodo cyclization
procedure.[12] Following this methodology, the homoallylic
tert-butyl carbonate 16 was prepared from the corresponding
alcohol 15 in 90% yield by treatment with di-tert-butyl di-
carbonate in the presence of DMAP (DMAP=4-dimethyla-
minopyridine) in acetonitrile. The diastereoselective iodine-
induced electrophilic cyclization of the homoallylic tert-butyl
carbonate 16 with IBr at low temperature (�85 8C) furnish-
ed the iodo carbonate 17, which was directly treated with
K2CO3 in methanol to give the desired syn-epoxy alcohol 18
as a single diastereomer in 81% yield. The epoxy alcohol 18
was treated with TBS chloride to furnish the TBS-protected
epoxide 19 in 89% yield. The opening of the epoxide 19
with vinylmagnesium bromide in the presence of CuI in
THF at �20 8C furnished the homoallylic alcohol 20 in 80%
yield. Alcohol 20 was esterified with acryloyl chloride in the
presence of Et3N and catalytic amount of DMAP to afford
the acryloyl ester 21 in 82% yield.


Subsequent ring-closing metathesis of ester 21 with com-
mercially available Grubbs 1st generation catalyst 6a in the
presence of
Ti(iPrO)4 (0.03 equiv) in refluxing CH2Cl2 for 6 h
(Scheme 4) afforded the a,b-unsaturated d-lactone 22 in
84% yield. In the absence of Ti(iPrO)4, the reaction was
found to be sluggish; however, the reaction proceeded well
with a comparable yield, without the addition of any
Ti(iPrO)4, when 5 mol% of Grubbs 2nd generation catalyst
6b was used. Now all that remained to complete the synthe-
sis was to remove the TBS group and acetylate the resulting
diol. Thus desilylation of 22 with TBAF (TBAF= tetra-butyl-
ammonium fluoride) produced a diol, which was directly
acylated by the addition of acetic anhydride and pyridine to
give cryptocarya diacetate (2) in 75% yield. The physical
and spectroscopic data of 2 were in full agreement with the
literature data.[8,9]


Conclusion


A practical and efficient strategy has been developed for the
syntheses of 1,3-polyols/5,6-dihydropyran-2-ones. This syn-
thetic protocol has been utilized for the synthesis of crypto-
carya diacetate. The stereocenters in this compound were in-
corporated by hydrolytic kinetic resolution and diastereose-
lective iodine-induced electrophilic cyclization. Construction
of the lactone moiety was achieved by ring-closing metathe-
sis. This synthetic strategy, which is amenable to both syn-
and anti-1,3-polyols, has significant potential for extension
to the synthesis of a variety of other biologically important
natural products containing 1,3-polyol-substituted 5,6-dihy-


dropyran-2-one. Currently studies are in progress in this di-
rection.


Experimental Section


(S)-Propylene oxide (8): The racemic propylene oxide 7 was resolved to
chiral epoxide 7 in high enantiomeric excess by the HKR method, follow-
ing a literature procedure.[11d] [a]25


D =�11.3 (neat) (lit. [11d] [a]25
D =�11.6


(neat)).


(S)-Pent-4-en-2-ol (10): A round-bottomed flask was charged with cop-
per(i)iodide (1.64 g, 8.6 mmol), gently heated under vacuum, slowly
cooled with a flow of argon, and then dry THF (20 mL) was added. The
resulting suspension was cooled to �20 8C with vigorous stirring and then
vinylmagnesium bromide (1m in THF, 172 mL, 172.4 mmol) was injected
into the mixture. A solution of propylene oxide 8 (5 g, 86.1 mmol) in
THF (10 mL) was added slowly to the above reagent, and the mixture
was stirred at �20 8C for 12 h. After this time, the reaction mixture was
quenched with a saturated aqueous solution of NH4Cl and the organic
layer produced was washed with brine, dried (Na2SO4), and then concen-
trated to afford the crude homoallylic alcohol 10, which was purified by
distillation to give the pure product (6.5 g, 87%) as a colorless liquid.
B.p. 115 8C (lit. [17] 115 8C); [a]25


D =++10.86 (c=3.2 in Et2O) (lit. [17]
[a]24


D =�9.84 (c=3.2 in Et2O) for (R)-pent-4-en-2-ol); 1H NMR
(500 MHz, CDCl3): d=5.77–5.85 (m, 1H), 5.12 (d, J=6.6 Hz, 1H), 5.09
(d, J=2.4 Hz, 1H), 3.80–3.86 (m, 1H), 2.22–2.38 (m, 2H), 1.82 (s, 1H),
1.18 ppm (d, J=6.1, 3H); 13C NMR (50 MHz, CDCl3): d=134.6, 116.6,
66.5, 43.2, 22.1 ppm; IR (CHCl3): ñ=3400, 3078, 2931, 2975, 1562, 1457,
1432, 1243, 1071, 914 cm�1.


1-Oxiranyl-propan-2-ol (11): To a stirred solution of olefin 10 (6 g,
69.7 mmol) in CH2Cl2 (50 mL) at 0 8C was added mCPBA (50%, 28.85 g,
83.6 mmol). The reaction mixture was stirred at room temperature for
10 h and then quenched with saturated NaHCO3 solution. The resulting
mixture was extracted with CH2Cl2, washed with saturated NaHCO3 and
brine, dried (Na2SO4), concentrated, and then purified by silica-gel
column chromatography (petroleum ether/EtOAc 9:1) to yield the epox-
ide 11 (6.83 g, 96%) as a colorless liquid and as a diastereomeric mixture
(1.1:1). [a]25


D =++12.2 (c=0.79 in CHCl3);
1H NMR (200 MHz, CDCl3):


d=4.06–4.10 (m, 1H), 3.02–3.05 (m, 1H), 2.81–2.84 (m, 1H), 2.52–2.54
(m, 1H), 1.82–1.86 (m, 1H), 1.71–1.74 (m, 1H), 1.18 ppm (d, J=6.3 Hz,
3H); 13C NMR (50 MHz, CDCl3) both diastereomers: d=66.5, 66.3, 49.6,
49.3, 47.2, 46.3, 42.9, 42.3, 25.7, 24.2 ppm; IR (CHCl3): ñ=3436, 3192,
2968, 2932, 2852, 1471, 1379, 1265, 1206, 1101, 944, 878 cm�1; elemental
analysis (%) calcd for C5H10O2 (102.13): C 58.80, H 9.87; found: C 58.69,
H 9.82.


tert-Butyldimethyl(1-methyl-but-3-enyloxy)silane (12): Imidazole (8.0 g,
117.5 mmol) was added to a stirred solution of alcohol 11 (6 g,
58.8 mmol) in CH2Cl2 (25 mL). tert-Butyl dimethylchlorosilane (10.63 g,
70.5 mmol) was then added to this solution at 0 8C, and reaction was stir-
red at room temperature for 4 h. After this time, the reaction mixture
was quenched with saturated aqueous NH4Cl and extracted with CH2Cl2
(3J50 mL). The organic extracts were washed with brine, dried
(Na2SO4), and then concentrated. Silica-gel column chromatography of
the crude product (petroleum ether/EtOAc 19:1) provided 12 (12.08 g,
95%) as a colorless liquid.


Compounds 13 and 14 : A solution of epoxide 12 (5 g, 23.1 mmol) and
(S,S)-Salen-CoIII-OAc (0.076 g, 0.12 mmol) in THF (0.3 mL) was stirred
at 0 8C for 5 min and then distilled water (229 mL, 12.7 mmol) was added.
After stirring for 24 h, this mixture was concentrated and purified by
silica-gel column chromatography (petroleum ether/EtOAc 19:1) to
afford 13 (2.3 g, 46%) as a yellow liquid. Continued chromatography
with petroleum ether/EtOAc 3:2) provided the diol 14 (2.25 g, 45%) as a
brown liquid and as a single diastereomer.


Epoxide 13 : [a]25
D =++9.6 (c=0.53 in CHCl3);


1H NMR (500 MHz,
CDCl3): d=4.01–4.08 (m, 1H), 3.02–3.04 (m, 1H), 2.76–2.80 (m, 1H),
2.46–2.50 (m, 1H), 1.67–1.71 (m, 1H), 1.50–1.52 (m, 1H), 1.19 (d, J=
6.3 Hz, 3H), 0.87 (s, 9H), 0.03 (s, 3H), 0.02 ppm (s, 3H); 13C NMR
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(50 MHz, CDCl3): d=66.3, 48.8, 45.8, 42.1, 25.4, 23.3, 17.6, �5.0,
�5.3 ppm; IR (CHCl3): ñ=3018, 2958, 2930, 1858, 1472, 1463, 1377, 1256,
1216, 1101, 1005, 938, 878, 760 cm�1; elemental analysis (%) calcd for
C11H24O2Si (216.39): C 61.05, H 11.18, Si 12.98; found: C 61.12, H 11.08,
Si 12.96.


Diol 14 : [a]25
D =�33.8 (c=0.92 in CHCl3);


1H NMR (200 MHz, CDCl3):
d=4.22–4.31 (m, 1H), 4.04–4.14 (m, 1H), 3.46–3.70 (m, 2H), 1.67–1.81
(m, 2H), 1.32–1.50 (m, 2H), 1.27 (d, J=6.1 Hz, 3H), 0.90 (s, 9H),
0.10 ppm (s, 6H); 13C NMR (50 MHz, CDCl3): d=68.9, 66.7, 66.3, 41.1,
25.6, 23.4, 17.7, �4.7, �5.1 ppm; IR (CHCl3): ñ=3430, 3018, 2957, 2931,
2859, 1652, 1471, 1379, 1256, 1212, 1101, 1036, 971, 869, 758 cm�1; ele-
mental analysis (%) calcd for C11H26O3Si (234.41): C 56.36, H 11.18, Si
11.98; found: C 56.72, H 11.07, Si 11.28.


Conversion of 14 into 13 : Diol 14 (2 g, 8.5 mmol) was dissolved in dry
CH2Cl2 (25 mL) under argon and treated with pivaloyl chloride (1.13 g,
9.4 mmol), Et3N (1.03 g, 10.2 mmol), and catalytic amount of DMAP. The
resulting mixture was stirred at room temperature for 2 h and then
worked up (extraction with CH2Cl2). Removal of volatiles under reduced
pressure gave an oily crude monopivalate. This compound was then dis-
solved in dry CH2Cl2 (30 mL) under argon and treated with MsCl
(0.978 g, 8.5 mmol), Et3N (1.033 g, 10.2 mmol), and catalytic amount of
DMAP. The reaction mixture was stirred at room temperature for 1 h
and then quenched with water. The water layer was extracted with
CH2Cl2 (3J50 mL) and the combined organic layers were washed with
brine, dried (Na2SO4), and concentrated to give a crude product, which
was dissolved in MeOH (20 mL) and treated with K2CO3 (1.17 g,
8.5 mmol). This mixture was stirred overnight at room temperature and
then filtered through Celite. Removal of the volatiles under reduced
pressure, followed by column chromatography on silica gel (petroleum
ether/EtOAc 19:1) produced the epoxide 13 (1.13 g, overall yield 61%)
as a yellow liquid. [a]25


D =++9.8 (c=0.50 in CHCl3).


6-(tert-Butyldimethylsilanyloxy)hept-1-en-4-ol (15): A round-bottomed
flask was charged with copper(i)iodide (0.88 g, 4.6 mmol), gently heated
under vacuum, and then slowly cooled under a flow of argon. THF
(20 mL) was then added and the resulting suspension was cooled to
�20 8C, stirred, and vinylmagnesium bromide (1m in THF, 18.5 mL,
18.5 mmol) added. A solution of epoxide 13 (1.0 g, 4.6 mmol) in THF
(15 mL) was added to the above reagent and the mixture was stirred at
�20 8C for 1 h. After consumption of starting material, the reaction mix-
ture was quenched with saturated aqueous NH4Cl. The water layer was
extracted with EtOAc (3J50 mL) and the combined organic layers were
washed with brine, dried (Na2SO4), and concentrated. Purification of
crude product by silica-gel column chromatography (petroleum ether/
EtOAc 9:1) afforded 15 (0.92 g, 82%) as a colorless liquid. [a]25


D =++32.8
(c=0.76 in CHCl3);


1H NMR (200 MHz, CDCl3): d=5.74–5.93 (m, 1H),
5.15 (d, J=6.9 Hz, 1H), 5.06 (d, J=2.9 Hz, 1H), 4.03–4.23 (m, 1H), 3.80–
3.86 (m, 1H), 2.19–2.26 (m, 2H), 1.53–1.60 (m, 2H), 1.21 (d, J=7 Hz,
3H), 0.90 (s, 9H), 0.11 (s, 3H), 0.09 ppm (s, 3H); 13C NMR (50 MHz,
CDCl3): d=134.9, 117.1, 70.3, 69.5, 45.3, 42.0, 25.8, 24.4, 17.8, �4.0,
�4.9 ppm; IR (CHCl3): ñ=3460, 2959, 2857, 1640, 1448, 1376, 1255,
1078 cm�1; elemental analysis (%) calcd for C13H28O2Si (244.45): C 63.87,
H 11.55, Si 11.49; found: C 63.82, H 11.38, Si 11.36.


Carbonic acid tert-butyl ester 1-[2-(tert-butyldimethylsilanyloxy)propyl]-
but-3-enyl ester (16): (Boc)2O ((Boc)2O=di-tert-butyldicarbonate, 2.68 g,
12.3 mmol) and DMAP (0.400 g, 3.3 mmol) were added to a solution of
alcohol 15 (2 g, 8.2 mmol) in CH3CN (40 mL). After stirring for 5 h, the
solvent was evaporated under reduced pressure and the resulting residue
dissolved in EtOH (30 mL), and imidazole (2.79 g, 41.0 mmol) was
added. This mixture was stirred at room temperature for 15 min and then
CH2Cl2 was added. The organic layer was washed with water, dried
(Na2SO4), and then concentrated. Purification of the crude product by
silica-gel column chromatography (petroleum ether/EtOAc 19:1) pro-
duced 16 (1.94 g, 90%) as a colorless liquid. [a]25


D =�20.84 (c=1.2 in
CHCl3);


1H NMR (200 MHz, CDCl3): d=5.72–5.87 (m, 1H), 5.15 (d, J=
7.5 Hz, 1H), 5.06 (d, J=2.9 Hz, 1H), 4.79–4.90 (m, 1H), 3.85–4.0 (m,
1H), 2.32–2.45 (m, 2H), 1.79–1.90 (m, 1H), 1.58–1.69 (m, 1H), 1.48 (s,
9H), 1.19 (d, J=6.9 Hz, 3H), 0.89 (s, 9H), 0.06 ppm (s, 6H); 13C NMR
(50 MHz, CDCl3): d=153.2, 133.5, 117.9, 81.6, 73.9, 65.6, 43.5, 38.9, 27.8,


25.8, 23.5, 18.1, �4.4, �4.8 ppm; IR (CHCl3): ñ=3020, 2958, 2931, 2858,
1737, 1643, 1521, 1473, 1463, 1394, 1370, 1280, 1216, 1115, 1092, 994 cm�1;
elemental analysis (%) calcd for C18H36O4Si (344.56): C 62.74, H 10.53, Si
8.15; found: C 62.72, H 10.37, Si 8.02.


4-[2-(tert-Butyldimethylsilanyloxy)propyl]-6-iodomethyl[1,3]dioxan-2-
one (17): A solution of IBr (1m in CH2Cl2, 0.80 g, 9.3 mmol) was slowly
added to a solution of carbonate 16 (2 g, 5.8 mmol) in toluene at �85 8C.
After the mixture had been stirred at �85 8C for 1 h, it was quenched
with a mixture of aqueous Na2S2O3 (20%)/aqueous NaHCO3 (5%) 1:1
and then diluted with ether (20 mL). The aqueous phase was extracted
with ether (2J50 mL) and the organic extracts were washed with brine,
dried (Na2SO4), and then concentrated under reduced pressure. The resi-
due produced was used directly for the next step in the synthesis due to
extensive decomposition.


4-(tert-Butyldimethylsilanyloxy)-1-oxiranyl-pentan-2-ol (18): K2CO3


(2.09 g, 15.1 mmol) was added to a solution of cyclic carbonate 17 (2.09 g,
5.0 mmol) in anhydrous MeOH (20 mL) at room temperature and the re-
sulting reaction mixture was stirred for 2 h. After this time, the mixture
was diluted with ether (20 mL) and quenched with a mixture of saturated
aqueous Na2S2O3/saturated aqueous NaHCO3 1:1. The aqueous phase
was extracted with ether (3J50 mL) and the organic extracts were
washed with brine, dried (Na2SO4), and then concentrated. Purification
of the crude product by silica-gel column chromatography (petroleum
ether/EtOAc 7:3) afforded the epoxide 18 (1.22 g, 81% from both the
steps) as a colorless oil. [a]25


D =++21.58 (c=0.88 in CHCl3);
1H NMR


(200 MHz, CDCl3): d=4.09–4.16 (m, 1H), 3.96–4.03 (m, 1H), 3.08–3.14
(m, 1H), 2.79 (dd, J=4.8, 4.0 Hz, 1H) 2.52 (dd, J=5.1, 2.8 Hz, 1H),
1.69–1.74 (m, 2H), 1.63–1.67 (m, 2H), 1.22 (d, J=6.1 Hz, 3H), 0.91 (s,
9H), 0.13 (s, 3H), 0.12 ppm (s, 3H); 13C NMR (50 MHz, CDCl3): d=


69.6, 69.2, 49.5, 46.5, 45.6, 39.9, 25.7, 24.4, 17.8, �3.9, �4.9 ppm; IR
(CHCl3): ñ=3471, 3019, 2957, 2931, 2859, 2400, 1662, 1377, 1258, 1216,
1082, 836, 758 cm�1; elemental analysis (%) calcd for C13H28O3Si
(260.45): C 59.95, H 10.84, Si 10.78; found: C 59.82, H 10.79, Si 10.85.


2-[2,4-Bis-(tert-butyldimethylsilanyloxy)pentyl]oxirane (19): Imidazole
(0.52 g, 7.6 mmol) was added to a stirred solution of alcohol 18 (1 g,
3.8 mmol) in DMF (5 mL); this was followed by the addition of tert-bu-
tyldimethylchlorosilane (0.69 g, 4.6 mmol) at 0 8C. The resulting reaction
mixture stirred at room temperature for 22 h and was then quenched
with saturated aqueous NH4Cl and extracted with EtOAc (3J100 mL).
The resulting organic extracts were washed with brine, dried (Na2SO4),
and then concentrated. Purification of crude product by silica-gel column
chromatography (petroleum ether/EtOAc 9:1) produced 19 (1.28 g,
89%) as a colorless oil. [a]25


D =++10.62 (c=0.84 in CHCl3);
1H NMR


(200 MHz, CDCl3): d=4.21–4.28 (m, 1H), 3.99–4.04 (m, 1H), 3.11–3.21
(m, 1H), 2.80 (dd, J=4.9, 4.0 Hz, 1H), 2.54 (dd, J=5, 2.9 Hz, 1H), 1.72–
1.76 (m, 2H), 1.65–1.71 (m, 2H), 1.21 (d, J=6.1, 3H), 0.89 (s, 18H), 0.12
(s, 6H), 0.11 ppm (s, 6H); 13C NMR (50 MHz, CDCl3): d=69.6, 66.8,
65.7, 49.2, 47.8, 43.1, 25.8, 24.0, 18.1, �4.3, �4.4 ppm; IR (CHCl3): ñ=


2957, 2931, 2888, 2858, 1619, 1473, 1464,1384, 1362, 1257, 761 cm�1; ele-
mental analysis (%) calcd for C19H42O3Si2 (374.71): C 60.90, H 11.30, Si
14.99; found: C 60.81, H 11.49, Si 14.87.


6,8-Bis-(tert-butyldimethylsilanyloxy)non-1-en-4-ol (20): A round-bot-
tomed flask was charged with copper(i)iodide (51 mg, 0.27 mmol), gently
heated under vacuum, and then slowly cooled under a flow of argon.
THF (10 mL) was then added and the resulting suspension was cooled to
�20 8C whilst stirring; this was followed by the addition of vinylmagnesi-
um bromide (1m in THF, 5.34 mL, 5.4 mmol). A solution of epoxide 19
(1 g, 2.7 mmol) in THF (10 mL) was then added to the above reagent
and the mixture was stirred at �20 8C for 1 h. After completion of the re-
action, the mixture was quenched with saturated aqueous NH4Cl and the
aqueous layer was extracted with EtOAc (3J50 mL). The combined or-
ganic layers were washed with brine, dried (Na2SO4), and then concen-
trated. Purification of crude product by silica-gel column chromatography
(petroleum ether/EtOAc 9:1) afforded 20 (0.86 g, 80%) as a colorless
liquid. [a]25


D =++11.34 (c=0.46 in CHCl3);
1H NMR (200 MHz, CDCl3):


d=5.74–5.96 (m, 1H), 5.15 (d, J=6.1 Hz, 1H), 5.07 (d, J=2.9 Hz, 1H),
4.13–4.22 (m, 1H), 3.94–4.07 (m, 1H), 3.77–3.84 (m, 1H), 2.26 (ddd, J=
18.0, 12.3, 7.0 Hz, 2H), 1.70–1.74 (m, 2H), 1.62–1.68 (m, 2H), 1.16 (d, J=
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6.1 Hz, 3H), 0.90 (s, 9H), 0.88 (s, 9H), 0.12 (s, 6H), 0.07 ppm (s, 6H);
13C NMR (50 MHz, CDCl3): d=134.9, 117.2, 69.1, 67.7, 65.7, 45.7, 42.4,
40.0, 25.8, 24.4, 17.9, �4.1, �4.9 ppm; IR (CHCl3): ñ=3469, 3079, 3006,
2956, 2931, 2887, 1642, 1472, 1463, 1376, 1257, 1216, 1064, 918, 837, 759,
667 cm�1; elemental analysis (%) calcd for C21H46O3Si2 (402.76): C 62.62,
H 11.51, Si 13.95; found: C 62.81, H 11.74, Si 13.85.


Acrylic acid 1-[2,4-bis-(tert-butyldimethylsilanyloxy)pentyl]but-3-enyl
ester (21): Acryloyl chloride (0.27 g, 0.24 mL, 3.0 mmol) was added drop-
wise under argon to a solution of 20 (1.2 g, 3.0 mmol) and triethylamine
(1.2 g, 1.7 mL, 11.9 mmol) in dry CH2Cl2 (15 mL) at 0 8C, and the mixture
was stirred for 5 h at room temperature. After this time, the mixture was
filtered through a pad of Celite and then poured into water. The resulting
organic layer was separated and the aqueous layer extracted with CH2Cl2
(3J40 mL). The combined organic layers were washed with brine, dried
(Na2SO4), and then concentrated. Purification of the crude product by
silica-gel column chromatography (petroleum ether/EtOAc 19:1) afford-
ed the acrylate 21 (1.12 g, 82%) as a colorless oil. [a]25


D =++25.84 (c=0.98
in CHCl3);


1H NMR (200 MHz, CDCl3): d=6.43 (dd, J=17.3, 1.8 Hz,
1H), 6.11 (dd, J=17.1, 10.2 Hz, 1H), 5.82 (dd, J=10.3, 2.1 Hz, 1H),
5.70–5.75 (m, 1H), 5.09–5.12 (m, 2H), 5.04–5.06 (m,1H), 3.79–3.96 (m,
2H), 2.29–2.43 (m, 2H), 1.69–1.83 (m, 2H), 1.41–1.58 (m, 2H), 1.15 (d,
J=6.1 Hz, 3H), 0.89 (s, 18H), 0.06 (s, 6H), 0.04 ppm (s, 6H); 13C NMR
(50 MHz, CDCl3): d=165.8, 133.4, 130.3, 128.9, 117.9, 70.9, 66.1, 65.5,
48.5, 40.8, 39.0, 25.9, 24.4, 17.9, �4.0, �4.1 ppm; IR (CHCl3): ñ=3081,
2952, 2932, 2896, 2850, 2710, 2401, 1719, 1639, 1619, 1472, 1463, 1438,
1407, 1377, 1362, 1297, 1275, 1215, 1199, 1067, 1048, 967, 919, 759 cm�1;
elemental analysis (%) calcd for C24H48O4Si2 (456.81): C 63.10, H 10.59,
Si 12.30; found: C 63.18, H 10.64, Si 12.15.


6-[2,4-Bis-(tert-butyldimethylsilanyloxy)pentyl]-5,6-dihydropyran-2-one
(22): 1st generation Grubbs catalyst 6a (0.073 g, 0.09 mmol) in CH2Cl2
(10 mL) was added dropwise to a refluxing solution of 21 (0.40 g,
0.9 mmol) and Ti(iPrO)4 (7 mg, 0.03 mmol) in dry CH2Cl2 (100 mL). The
mixture was refluxed for 6 h, after which time all the starting material
had been consumed. Removal of the solvent under reduced pressure, fol-
lowed by purification of the crude product by silica-gel column chroma-
tography (petroleum ether/EtOAc 8:2) afforded 22 (0.315 g, 84%) as a
colorless oil. [a]25


D =++42.69 (c=0.82 in CHCl3);
1H NMR (200 MHz,


CDCl3): d=6.88 (ddd, J=9.6, 5.8, 2.1 Hz, 1H), 6.05 (ddd, J=9.6, 1.9,
1.6 Hz, 1H), 4.54–4.65 (m, 1H), 4.09–4.22 (m, 1H), 3.87–4.02 (m, 1H),
2.29–2.39 (m, 2H), 1.95–2.07 (m, 1H), 1.74–1.78 (m, 1H), 1.60–1.66 (m,
2H), 1.17 (d, J=6.1 Hz, 3H), 0.88 (s, 18H), 0.09 (s, 6H), 0.07 ppm (s,
6H); 13C NMR (50 MHz, CDCl3): d=163.9, 144.8, 121.5, 74.4, 66.2, 65.3,
48.2, 42.7, 30.1, 25.8, 24.3, 17.9, �4.2, �4.3 ppm; IR (CHCl3): ñ=3020,
2955, 2930, 2887, 2857, 1721, 1472, 1463, 1423, 1387, 1361, 1255, 1216,
1180, 1061, 975, 836 cm-1; elemental analysis (%) calcd for C22H44O4Si2
(428.75): C 61.63, H 10.34, Si 13.10; found: C 61.58, H 10.46, Si 13.05.


Cryptocarya diacetate (2): TBAF (2.1 mL, 1m solution in THF) was
added dropwise to a solution of the lactone 22 (0.30 g, 0.7 mmol) and
benzoic acid (0.26 g, 2.1 mmol) in THF (5 mL). The reaction mixture was
stirred at room temperature overnight, and then concentrated and ex-
tracted with EtOAc (3J30 mL). Evaporation of the solvent produced the
crude diol, which was directly used for the next step.


Ac2O (1.15 g, 1.06 mL, 11.3 mmol), pyridine (5 mL), and a catalytic
amount of DMAP were added to a solution of the crude diol in CH2Cl2
(10 mL). The reaction mixture was stirred for 2 h, after which time satu-
rated sodium bicarbonate (1 mL) was added. The resulting layers were
separated and the aqueous layer was extracted with diethyl ether (3J
25 mL). The organic layers were combined and dried over anhydrous
Na2SO4. Evaporation of the solvent, followed by the purification of the
crude product by silica-gel column chromatography (petroleum ether/
EtOAc 4:1) afforded cryptocarya diacetate (2) (0.149 g, 75% from both
the steps) as a colorless oil. [a]25


D =++53.6 (c=1 in CHCl3) (lit. [4] [a]22
D =


+55.8 (c=1.06 in CHCl3));
1H NMR (200 MHz, CDCl3): d=6.89 (ddd,


J=9.7, 6.1, 2.3 Hz, 1H), 6.03 (ddd, J=9.7, 2.1, 1.3 Hz, 1H), 5.08–5.24 (m,
1H), 4.90–5.04 (m, 1H), 4.43–4.55 (m, 1H), 2.49 (ddd, J=18, 6.5, 5 Hz,
1H), 2.30–2.38 (m, 1H), 2.19 (ddd, J=14.7, 8.6, 6.5 Hz, 1H), 2.05 (s, 3H),
2.02 (s, 3H), 2.0–1.95 (m, 1H), 1.93–1.83 (m, 2H), 1.27 ppm (d, J=
6.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=170.5, 170.3, 163.6, 144.5,


121.3, 74.9, 67.8, 67.6, 40.4, 39.5, 29.2, 21.2, 21.1, 20.0 ppm; IR (CHCl3):
ñ=3010, 2962, 1732, 1438, 1365, 1233, 1167, 1118, 1032, 984 cm�1.
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Introduction


The understanding of the kinetics and reaction mechanisms
for proton-transfer processes is a fundamental problem in
chemistry, and research in the last few decades has establish-
ed that most proton-transfer processes such as those repre-


sented in Equation (1) are fast and are often diffusion-con-
trolled reactions.[1] Moreover, the availability in recent years
of ultrafast instrumentation and more powerful computa-
tional tools is revealing more detailed knowledge of the inti-
mate mechanistic details of these reactions.[2] In addition to
these rapid processes, in some cases proton transfer occurs
significantly slower than expected for diffusion control. Al-
though the reactions of carbon acids are the most studied of
these “slow” proton-transfer processes,[1,3] another important
example of non-diffusion-controlled reactions of this type
are those in which the proton to be transferred is initially
coordinated to a metal centre [Eq. (2)].[4]


A�Hþ B� ! A� þH�B ð1Þ


LnM�Hþ B� ! LnM
� þH�B ð2Þ


However, in addition to the processes represented by
Equation (2), in which the LnMH complex behaves as an


Abstract: The reaction of the hydride
cluster [W3S4H3(dmpe)3]


+ (1, dmpe=
1,2-bis(dimethylphosphanyl)ethane)
with acids (HCl, CF3COOH, HBF4) in
CH2Cl2 solution under pseudo-first-
order conditions of excess acid occurs
with three kinetically distinguishable
steps that can be interpreted as corre-
sponding to successive formal substitu-
tion processes of the coordinated hy-
drides by the anion of the acid (HCl,
CF3COOH) or the solvent (HBF4).
Whereas the rate law for the third step
changes with the nature of the acid, the
first two kinetic steps always show a
second-order dependence on acid con-
centration. In contrast, a single kinetic


step with a first-order dependence with
respect to the acid is observed when
the experiments are carried out with a
deficit of acid. The decrease in the T1


values for the hydride NMR signal of 1
in the presence of added HCl suggests
the formation of an adduct with a W�
H···H�Cl dihydrogen bond. Theoretical
calculations for the reaction with HCl
indicate that the kinetic results in
CH2Cl2 solution can be interpreted on
the basis of a mechanism with two


competitive pathways. One of the path-
ways consists of direct proton transfer
within the W�H···H�Cl adduct to form
W�Cl and H2, whereas the other re-
quires the presence of a second HCl
molecule to form a W�H···H�Cl···H�
Cl adduct that transforms into W�Cl,
H2 and HCl in the rate-determining
step. The activation barriers and the
structures of the transition states for
both pathways were also calculated,
and the results indicate that both path-
ways can be competitive and that the
transition states can be described in
both cases as a dihydrogen complex hy-
drogen-bonded to Cl� or HCl2


� .
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acid, many hydride complexes are basic enough to behave
as a base and to accept a proton.[5] Although attack by the
proton at the metal centre can not be completely ruled out
in all cases, most of the information available to date indi-
cates that attack occurs preferentially at the coordinated hy-
dride[6] and leads to formation of a dihydrogen complex
[Eq. (3)], which can be stable or release H2 in a subsequent
step.[5] The reverse of the process in Equation (3) leads from
an H2 molecule to a proton and a coordinated hydride, and
so proton transfer to hydride complexes is relevant to heter-
olytic splitting of H2, a topic of current interest for its rele-
vance to biological dihydrogen activation, ionic hydrogena-
tions and catalytic applications of dihydrogen complexes.[7]


For this reason, there is also considerable interest in study-
ing the kinetic and mechanistic aspects of these protonation
reactions, and the information currently available reveals an
important role of dihydrogen-bonded species (M�H···H�X)
as transition states or real intermediates during proton
transfer.[8–17] However, some mechanistic diversity may
result as a consequence of formation of homoconjugated
HB2


� species with an active role in proton transfer,[14–16] and
because ion pairing with external anions may be mechanisti-


cally relevant in the solvents most commonly used to carry
out the proton transfers in Equation (3).[8,9,17]


LnM�HþHB ! LnMðH2Þþ þ B� ! LnM
þ þH2 þ B� ð3Þ


The study of processes like that in Equation (3) can be
more complicated in cluster hydrides. Hydride ligands in
transition metal clusters can be located in terminal, edge-
bridging, face-capping and interstitial positions. In triangular
cluster chalcogenides, the edge-bridging mode is domi-
nant,[18] although ambiguity sometimes exists regarding this
m-H coordination mode versus the m3-H face-capping one.[19]


Terminal coordination of the hydride to the metal is restrict-
ed to the phosphano incomplete cuboidal W3(m3-Q)(m-Q)3


(Q=S, Se) complexes. This system has been widely investi-
gated in the last few decades, motivated by the relevance of
these cubane-type structures as models for several biological
and industrial catalytic processes.[20,21] The comprehensive
work of Sykes et al. regarding the kinetics of substitution of
the terminal ligands in the aqua complexes [M3Q4(H2O)9]


4+


and [M4Q4(H2O)12]
4+ has lead to a very good understanding


of the mechanisms involved in these processes,[20,22] but in-
formation on the kinetics and mechanisms of other reactions
are practically nonexistent for these clusters. We recently re-
ported that the protonation of the hydride cubane-type clus-
ter [W3S4H3(dmpe)3]


+ (1; dmpe=1,2-bis(dimethylphospha-


nyl)ethane, Scheme 1) with
acids in MeCN and MeCN/H2O
to form the corresponding
[W3Q4X3(dmpe)3]


+ halide com-
plexes (2) [Eq. (4); X=Cl, Br;
[W3Se4H3(dmpe)3]


+ undergoes
an analogous reaction] occurs
with three kinetically distin-
guishable steps,[23, 24] kinetics sig-
nificantly more complicated
than those observed for the
substitution of the aqua ligands
in the corresponding [M3Q4-
(H2O)9]


4+ and [M4Q4(H2O)12]
4+


complexes. Despite this complexity, the properties of cluster
1 (stable in air and soluble in a wide variety of solvents)
make it an excellent substrate for a more detailed study of
the mechanism of protonation of hydride complexes. Be-
cause the second step in the mechanism previously pro-
posed[24] involves attack by a solvent molecule, we consid-
ered it of interest to carry out a kinetic study of the reaction
in Equation (4) using a weakly coordinating solvent such as
CH2Cl2. Surprisingly, we found that the initial proton trans-
fer to the coordinated hydrides shows an unprecedented
second-order dependence on acid concentration. To get a
better understanding of the mechanistic relevance of this
finding, theoretical calculations were carried out, and the
experimental and computational results presented here
reveal the existence of competitive reaction pathways for
protonation of the hydride ligands.


Abstract in Spanish: La reacci�n del hidruro clfflster
[W3S4H3(dmpe)3]


+ (1) con #cidos (HCl, CF3COOH, HBF4)
en disoluci�n de CH2Cl2 bajo condiciones de pseudo-primer
orden (exceso de #cido), ocurre con tres pasos distinguibles
cin-ticamente y que pueden asignarse a los sucesivos proce-
sos de sustituci�n formal de los tres hidruros coordinados
por el ani�n del #cido (HCl, CF3COOH) o por el disolvente
(HBF4). Mientras que la ley de velocidad para la tercera
etapa cambia con la naturaleza del #cido, las dos primeras
etapas siempre muestran una dependencia de segundo orden
con respecto a la concentraci�n de #cido. Por el contrario,
cuando los experimentos se realizan usando un d-ficit de
#cido solo se observa una etapa con una dependencia de
primer orden respecto al #cido. La disminuci�n de los valores
de T1 para la seÇal de RMN del hidruro de 1 en presencia de
un exceso de HCl sugiere la formaci�n de un aducto con un
enlace de dihidr�geno W�H···H�Cl. Los c#lculos te�ricos
realizados para la reacci�n con HCl indican que los resulta-
dos cin-ticos en disoluci�n de CH2Cl2 pueden interpretarse
considerando un mecanismo con dos caminos de reacci�n
competitivos. Uno de los caminos consistir:a en la transferen-
cia prot�nica directa en el aducto W�H···H�Cl para formar
W�Cl y H2, mientras que el otro camino requerir:a de la pre-
sencia de una segunda mol-cula de HCl para formar un
aducto W�H···H�Cl···H�Cl que se convertir:a en W�Cl, H2 y
HCl en la etapa controlante de la velocidad. Se han calculado
tambi-n las barreras de activaci�n y las estructuras de los es-
tados de transici�n para ambos caminos, y los resultados in-
dican que los dos caminos pueden ser competitivos y que los
estados de transici�n pueden describirse en ambos casos
como complejos de dihidr�geno formando enlaces de hidr�-
geno con Cl� o HCl2


� .


Scheme 1.
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½W3S4H3ðdmpeÞ3�þþ 3HX ! ½W3S4X3ðdmpeÞ3�þ þ 3H2 ð4Þ


Results and Discussion


Reaction kinetics of [W3S4H3(dmpe)3]
+ with acids in CH2Cl2


solution : The reaction of 1 with an excess of HCl in di-
chloromethane solution occurs according to Equation (4)
(X=Cl), and typical results of the stopped-flow experiments
are illustrated in Figure 1.


The formation of [W3S4Cl3(dmpe)3]
+ as the reaction prod-


uct was confirmed in independent NMR and MS experi-
ments. Analysis of the spectral changes shown in Figure 1
reveals that the process occurs with three kinetically distin-
guishable steps with rate constants k1obs, k2obs and k3obs. No
changes in the observed rate constants were observed when
the cluster concentration was changed, which indicates that
all three constants show a first-
order dependence on the con-
centration of 1. Although the
absorbance band of 1 at 502 nm
disappears in the first step, the
band typical of the trichloro
complex only appears in the
last step, that is, two reaction
intermediates I1 and I2 are pre-
viously formed. The electronic
spectra calculated for these in-
termediates are included in
Figure 2 and show that the
maximum of the absorption
band is displaced to longer
wavelength as the reaction pro-
gresses. Although the spectra of
1 and 2 are little affected by
the solvent, the spectra calcu-
lated for the intermediates in


dichloromethane differ from those obtained in MeCN and
MeCN/H2O solutions,[23] which suggests that the nature of
the intermediates changes with solvent. Moreover, the effect
of the solvent on the kinetics of Equation (4) is not limited
to changes in the spectra of the reaction intermediates, but
the dependence of the observed rate constants on acid con-
centration is also different. Previous studies in MeCN-con-
taining solutions revealed that k1obs changes linearly with
concentration of HCl, whereas k2obs and k3obs are independ-
ent of acid concentration. In contrast, the plots in Figure 3
show that the observed rate constants for the first and
second steps in dichloromethane solution have a second-
order dependence on acid concentration. The fit of the ex-
perimental data by Equation (5) (X=Cl; i=1, 2) leads to
k1= (2.41�0.06)T105


m
�2 s�1 and k2= (1.03�0.03)T


104
m


�2 s�1. The values obtained for k3obs in CH2Cl2 solution
only show random changes with acid concentration, which
indicates zero order with respect to HCl; the k3 value is (4�
1)T10�3 s�1.


Figure 1. Typical spectral changes with time for the reaction of cluster 1
with HCl in CH2Cl2 solution at 25.0 8C. The data were recorded during
1000 s with a logarithmic time base, although for simplicity only every
twentieth acquired spectrum is shown.


Figure 2. Electronic spectra calculated for starting complex 1, reaction in-
termediates I1 and I2 and the final reaction product 2 from the spectral
changes observed during the reaction of cluster 1 with HCl in CH2Cl2 so-
lution.


Figure 3. Plots of the observed rate constants vs [H+] (left) and [H+]2 (right) for the first (*) and second (~)
steps in the reaction of 1 with HCl in CH2Cl2 solution at 25.0 8C. Note that the rate constants of each step are
plotted with different scales (see arrows).
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kiobs ¼ ki½HX�2 ð5Þ


To our knowledge, these results are the first example of
proton-transfer processes to a hydride complex with second-
order dependence on acid concentration. To add further
support to this finding, additional evidence was sought by
studying the kinetics of reaction of 1 with other acids in di-
chloromethane solution. The results obtained with HBF4


and CF3COOH are quite similar to those with HCl: the re-
action occurs with three kinetic steps for HBF4 and two
steps for CF3COOH, but in both cases k1obs and k2obs show a
second-order dependence on acid concentration. However,
whereas the k1obs values can be well fitted by Equation (5),
the fit of k2obs with these acids requires an additional acid-in-
dependent term [Eq. (6) with i=2, see Figure 4] which sug-


gests that the second step actually occurs under equilibrium
conditions with some contribution from the reverse reaction
to the rate measured for this step. The values of k3obs ob-
tained for HBF4 change linearly with acid concentration and
can be fitted by Equation (7). As occurs with HCl, the maxi-
mum of the absorption band is displaced to longer wave-
length as the reaction with HBF4 or CF3COOH progresses,
although the actual values are
specific for each acid. The
values of the rate constants and
the absorption maxima of the
reaction intermediates observed
in dichloromethane solution for
the three acids studied are sum-
marised in Table 1.


Note that despite the com-
plex multistep kinetics, a satis-
factory analysis can be achieved
in all cases, and the second-


order dependence with respect to the acid is always clear
for the first two steps. However, the results obtained for the
third step differ for the different acids: it is absent for
CF3COOH and shows order zero for HCl and order one for
HBF4.


kiobs ¼ ki½HX�2 þ kib ð6Þ


kiobs ¼ ki½HX� ð7Þ


NMR experiments and the number and nature of the reac-
tion intermediates: Although none of the intermediates de-
tected in the kinetic studies described above could be isolat-
ed, the changes in the position of the absorption maxima of
the intermediates I1 and I2 with the nature of the acid indi-
cates that the mechanism previously proposed for this reac-
tion in neat MeCN and MeCN/H2O is not valid in CH2Cl2
solution. Of special relevance is the position of the band for
intermediate I1, which according to the previous proposal[23]


should contain a vacant coordination site and have a spec-
trum independent of the nature of the acid. However, the
data in Table 1 clearly indicate that this is not the case for
the reaction in dichloromethane, where the changes in the
band position when the acid is replaced suggest coordination
of the anion of the acid. Additional evidence supporting this
conclusion was obtained when the reactions with the three
acids were monitored by NMR spectroscopy. When different
aliquots of a solution of the acid are added to an NMR tube
containing a concentrated solution of 1, a careful selection
of the amount of acid added allows the reaction to be stop-
ped at different conversions. The proton and phosphorus
spectra recorded after each addition of acid show the ap-
pearance and disappearance of signals, as well as intensity
changes between successive spectra. This information can be
used to determine the number of intermediates and to
assign their NMR signals. For the reaction with HCl, only
two intermediates were observed between 1 (with three W�
H bonds) and the final product 2 (with three W�Cl bonds),
and the signals in the 31P{1H} and 1H NMR spectra of both
intermediates are summarised in Table 2. Both clusters 1
and 2 have a C3 axis and show two phosphorus signals asso-
ciated with the presence of two kinds of phosphorus atoms,
located below (trans to the capping sulfur atom) and above
(trans to the bridging sulfur atom) the plane defined by the
three metal atoms. The six phosphorus signals observed for


Figure 4. Plots of the observed rate constants versus [H+]2 for the first
(*) and second (&) steps in the reaction of 1 with CF3COOH in CH2Cl2
solution at 25.0 8C. Note that the rate constants for the two steps are plot-
ted with different scales (see arrows).


Table 1. Rate constants and absorption maxima calculated for the species formed during the protonation of 1
with different acids in CH2Cl2 solution at 25.0 8C.


Acid Rate constants Absorption maxima [nm]
k1 [m�2 s�1] k2 [m�2 s�1] k3


[a] 1 I1 I2 P


HCl (2.41�0.06)T105 (1.03�0.03)T104 (4�1)T103 s�1 502 516 547 562
HBF4 (8.0�0.4)T104 (1.11�0.06)T104[b] 11.9�0.6m�1 s�1 502 509 535 541
CF3COOH 17.3�0.2 0.21�0.01[c] [d] 502 513 540 –[d]


[a] Because of the different rate laws observed for this step, the units of each rate constant are given. [b] Data
fitted by Equation (6) with k2b= (2.4�0.6)T10�2 s�1. [c] Data fitted by Equation (6) with k2b= (2.6�0.4)T
10�4 s�1. [d] Only two steps are observed for this acid. Although NMR experiments provide evidence for the
formation of small amounts of the product corresponding to the third step, this occurs over very long reaction
times, much longer than those used in the stopped-flow measurements.
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both I1 and I2 indicate lowering of symmetry in the inter-
mediates that makes the dmpe ligands coordinated to the
three metal centres nonequivalent. As the proton spectra
show the existence of two W�H signals for I1 and only one
for I2, the most plausible interpretation is that intermediate
I1 is actually [W3S4H2Cl(dmpe)3]


+ and I2 is [W3S4HCl2-
(dmpe)3]


+ . In the third step, the reaction is completed at the
third metal centre, and so there is no W�H signal in the
proton spectrum. As the C3 symmetry is recovered, only two
phosphorus signals are observed for [W3S4Cl3(dmpe)3]


+ (2).
Although some of the signals for the intermediates are split
by P,P coupling, no attempt was made to measure the corre-
sponding coupling constants due to their expected relatively
low values (JP,P are less than ca. 5 Hz for similar tungsten
complexes)[24,25] and the recording conditions of the spectra
(dilute solutions, large number of signals), which require
routine application of line-broadening procedures to in-
crease the sensitivity to a satisfactory level. When HCl is re-
placed by CF3COOH two intermediates are also observed.
Although the intermediates have the same number of NMR
signals for both acids (see Table 2), the chemical shifts are
different in each case, which adds further support to the for-
mulation of I1 and I2 as [W3S4H2X(dmpe)3]


+ and [W3S4HX2-
(dmpe)3]


+ respectively, where X� is the anion of the acid,
an interpretation that would also explain the differences in
Table 1 between the UV/Vis spectra for the intermediates
with different acids. The final product in the reaction with
CF3COOH, that is, [W3S4(CF3COO)3(dmpe)3]


+ , is only de-
tected in the NMR experiments as a minor product after
18 h of reaction at room temperature with relatively high
acid concentrations (ca. 0.1m). This observation agrees with
the kinetic results that show the existence of only two steps
for this acid, the third step being undetectable under the
conditions of the stopped-flow experiments.


The interpretation of the NMR monitoring of the reaction
between 1 and HBF4 in dichloromethane is not so clear as
for the other acids. Formation of species [W3S4HnX3�n-
(dmpe)3]


+ is not expected due to the weak coordinating
ability of BF4


� , and in fact the only intermediate (I1) whose


signals could be unambiguously assigned does not show the
P�F couplings expected for a species with coordinated BF4


�


(see Table 2). The phosphorus spectra recorded at later
stages of the reaction could not be interpreted because they
are complicated by the presence of a large number of sig-
nals, many of them split by P�F coupling. At the end of the
reaction, formation of [W3S4F3(dmpe)3]


+ was observed; its
signals in CD2Cl2 (dP=12.4 ppm, 2JP,F=61.6 Hz and dP=


9.1 ppm, 2JP-F=97.6 Hz) showed only small changes with re-
spect to those observed in MeCN solution.[23] Monitoring
the reaction by 19F NMR spectroscopy confirmed that no
fluorine-containing coordinated species are formed during
the early stages of the reaction and, in agreement with the
phosphorous spectrum for [W3S4F3(dmpe)3]


+ , the fluorine
spectrum shows a doublet of doublets (centred at d=


�201.1 ppm) with identical 2JP,F coupling constants. Al-
though no definitive conclusions can be made, the similari-
ties between the reaction kinetics of 1 with HBF4 and with
the other acids leads us to think that the complexities ob-
served during the NMR monitoring of the reaction with
HBF4 are due to fluorine-abstraction processes that are slow
on the stopped-flow timescale but do occur during the long
times required to acquire the NMR spectra with a reasona-
ble signal-to-noise ratio. The I1, I2 and P species formed in
the kinetic experiments would then be [W3S4Hn-
(dmpe)3]


(4�n)+ (with 3�n vacant coordination sites) or
[W3S4Hn(CH2Cl2)3�n(dmpe)3]


(4�n)+ (with 3�n weakly coordi-
nated solvent molecules). The results of theoretical calcula-
tions (see below) favour the latter formulation.


In summary, the set of stopped-flow and NMR experi-
mental data for the reaction of 1 with different acids in
CH2Cl2 solution can be rationalised according to a mecha-
nism in which the three observed steps correspond to se-
quential acid-promoted substitution of the three hydride li-
gands at the different metal centres. Schematically, the pro-
cess can be represented by Equation (8), where the dmpe li-
gands have been omitted for clarity and X� represents the
anion of the acid, except for HBF4, for which these coordi-
nation sites are probably occupied by solvent molecules.


Table 2. 31P{1H} and 1H NMR signals in CD2Cl2 solution at 25.0 8C for all the species observed during the reaction between 1 and different acids.


HCl HBF4
[a] CF3COOH


Species 1 I1 I2 P I1 I1 I2 P


dP [ppm] 13.7 13.9 10.9 6.8 12.7 11.2 11.7 11.1
�5.6 10.8 7.3 6.2 11.1 10.6 10.3 7.7


5.7 4.9 2.5 10.4 10.0
0.3 4.6 1.8 �0.8 7.7


�2.4 �1.2 �2.8 �0.9 �1.2
�8.8 �1.9 �11.9 �9.9 �2.7


dH [ppm] �1.09 �0.30 �0.04[b] –[c] 0.04 �0.07 �0.13 –[c]


JH,P [Hz] 29.4, 45.4 33.0, 45.1 (33.2, 44.9) 29.8, 50.5 28.6, 49.5
�0.60 �0.43 �0.52
27.3, 46.0 28.9, 44.0 28.6, 44.8


[a] The signals corresponding to intermediate I2 and final product P could not be assigned for the case of HBF4 because abstraction of fluoride occurs
during the long time required to acquire the NMR spectra, which leads to a complex mixture of species with an exceedingly large number of signals in
the experimental spectra. [b] The coupling constants for this signal could not be precisely assigned because it overlaps with those of the Si-containing
products. [c] No hydride signal was observed for this species.
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W3S4H3
þ k1obs��!W3S4H2X


þ k2obs��!W3S4HX2
þ k3obs��!W3S4X3


þ ð8Þ


According to this scheme, all three steps are similar pro-
cesses, and hence the same rate law is expected for each of
them. However, whereas a second-order dependence on
acid concentration is evident for k1obs and k2obs, the rate law
for the third step differs from one acid to another. Although
the reasons for the different behaviour observed for k3obs are
not clear at this moment, a plausible explanation would be a
less thermodynamically favoured reaction at the third metal
centre that would result in a higher contribution of the re-
verse process to the net reaction rate and would mask the
dependence of the forward process on the acid. This contri-
bution and the accumulation of experimental and fitting
errors could be responsible for the different kinetic results
obtained for the third step. For this reason, the discussion in
the next sections is focussed on the second-order depend-
ence observed for the first two steps, although some com-
ments about the formal aspects of the kinetics of reaction
must be made first.


Comprehensive work by Sykes et al.[20,22] indicates that
the kinetics of substitution reactions in [M3Q4(H2O)9]


4+ clus-
ters (M=Mo, W; Q=S, Se) occurs with statistically control-
led kinetics; that is, the rates of substitution at the three
metal centres are in a 3:2:1 ratio. It can be demonstrated
that if the three chromophores behave independently, there
is a simplification of the rate equations and the expected
three-exponential kinetics reduce to a single exponential
with an observed rate constant that corresponds to reaction
at the third metal centre.[26] Our previous results for the
acid-assisted substitution of coordinated hydrides in
[W3Q4H3(dmpe)3]


+ complexes in MeCN and MeCN/H2O
solutions also favour the occurrence of statistically control-
led kinetics.[23] In contrast, the results in dichloromethane
solution can not be explained by invoking statistically con-
trolled kinetics, and this indicates an important effect of the
solvent that warrants future work to get a better under-
standing of the reasons for deviations from the statistical re-
action kinetics of this kind of complexes. From the results in
the present work, the k1/k2 ratio is 7, 23 and 82 for the reac-
tion of 1 with HBF4, HCl and CF3COOH, respectively. All
of these ratios are higher than the value expected from sta-
tistics (3:2=1.5), and the significant differences between the
three acids indicate an important effect of the entering
ligand on the deviation from the statistical prediction.


In an attempt to obtain new information about these devi-
ations, the kinetics of the reaction in Equation (4) were also
studied under conditions of an excess of metal complex 1.
Unfortunately, in most cases the absorbance changes are
very small and occur over such a long time that a satisfacto-
ry kinetic analysis is precluded. Only for the case of HBF4


with acid concentrations lower than but close to the com-
plex concentration were good spectral changes obtained. As
expected from the deficit of acid, the spectral changes are
typical of a single-step process, and a satisfactory fit can be
obtained with a “1+HBF4!products” scheme with first-
order dependence on the concentration of both 1 and the


acid and a rate constant k1=0.040�0.007m�1 s�1. No signifi-
cant improvement in the quality of the fit is obtained by in-
troducing a second-order dependence with respect to the
acid, which seems to indicate that the deficit of acid causes
a change in the rate law from the second-order dependence
observed with excess acid to a less acid dependent form
when there is a deficit of acid. The change in the rate law
observed for HBF4 under acid deficit together with the im-
possibility of studying the reaction with other acids with an
excess of metal hydride precludes a more detailed analysis
of the deviations from statistical behaviour.


The T1 values for the hydride signal of [W3S4H3(dmpe)3]
+


and the mechanism of proton transfer from acids : The un-
precedented second-order dependence on acid concentra-
tion observed for proton transfer from acids HX to 1 under
pseudo-first-order conditions of excess acid indicates that
two molecules of acid are required to complete proton
transfer to the hydride complex. As previous work[24] with
the Se analogue of 1 showed that the T1 values for the hy-
dride signal in the presence of acid provides strong evidence
for initial attack by the acid at the hydride ligands, a similar
study was now also carried out for the S cluster. The results
in Figure 5 show that whereas the addition of the weak hy-


drogen donor (CF3)2CHOH does not cause any significant
decrease in the T1 values for the hydride signal in the
1H NMR spectrum of 1 in CD2Cl2 solution, the presence of
an excess of HCl leads to a small but significant decrease
that can be interpreted by considering the formation of a di-
hydrogen-bonded W�H···H�Cl adduct. If this adduct con-
tains a single W�H···H�Cl interaction and the other two hy-
drides continue to relax at the same rate, (1/T1)obs will be
the average of the rates of relaxation of the three hydrides,
and a value of 0.458 s can be deduced for the relaxation


Figure 5. Temperature dependence of the T1 value for the hydride signal
of complex 1 in CD2Cl2 solution: complex alone (*), complex plus an
excess of (CF3)2CHOH (!) and complex plus an excess of HCl (&). For
the case of HCl, measurements could not be made at higher tempera-
tures because the proton-transfer process is accelerated and the hydride
signal disappears.
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time of the dihydrogen-bonded hydride ligand. If conversion
of the complex to the adduct is considered to be complete, a
H···H distance of about 2.33 W can be estimated from the
decrease in T1min (from 0.63 to 0.458 s) by using Equa-
tion (9),[24,27] where rH�H is the H···H distance in W, T1min is
the relaxation time corresponding to the dihydrogen interac-
tion and # is the working frequency of the NMR spectrome-
ter.


rH�H ¼ 5:815


ffiffiffiffiffiffiffiffiffiffiffi
T1min


n


6


r
ð9Þ


To obtain additional information on the interaction of
cluster 1 with HCl, a theoretical study has been done by
using [W3S4H3(PH3)6]


+ (3) as molecular model. The calcula-
tions show formation of an adduct with a W�H···H�Cl dihy-
drogen interaction and the optimised geometry shown in
Figure 6. The calculated H···H distance is 1.36 W, and this in-


teraction stabilises the adduct by 3.07 kcalmol�1 with respect
to its components. Thus, both the theoretical calculations
and the decrease in the T1 values support the formation of a
dihydrogen-bonded W�H···H�X adduct, although the differ-
ence between the H···H distances calculated by the two pro-
cedures is large. An explanation for this difference is given
below in the context of a discussion of the intimate mecha-
nism for proton transfer.


As pointed out above, the second-order dependence with
respect to HCl observed in CH2Cl2 solution indicates that
protonation of the W�H bonds of cluster 1 in this solvent
requires two molecules of acid. This conclusion differs from
previous results for the same reaction in other solvents and
for protonation of other hydride complexes, which are usu-
ally first-order with respect to the acid.[6,8–12,15,16] The sim-
plest interpretation of the first-order dependence is a one-
step mechanism that goes through a dihydrogen-bonded


transition state,[8–12,15] although there are also reports sug-
gesting the participation of two acid molecules in the proto-
nation of metal hydrides, despite the observation of a first-
order rate law.[6,14–16] In the latter case, the first-order de-
pendence is the result of a rapid pre-equilibrium largely dis-
placed towards formation of the dihydrogen-bonded
adduct.[16] The subsequent rate-determining attack by a
second molecule of acid results in formation of the dihydro-
gen complex and the homoconjugate species HX2


� , a con-
clusion also supported by the results of theoretical calcula-
tions.[14, 15] In the case of cluster 1, the kinetic data in the
present paper are consistent with this mechanism [Eqs. (10)
and (11), followed in this case by rapid conversion to W�X
in a later step], although the pre-equilibrium should be now
displaced towards the starting species in order to explain the
experimental rate law in Equation (5) as a simplification of
the general expression for this mechanism [Eq. (12)]. In that
case, the value derived for k1 corresponds to the product
Kakhc.


W�HþH�XG
Ka


HW�H 
 
 
H�X ð10Þ


W�H 
 
 
H�XþH�X khc�!WðH2Þþ þHX2
� ð11Þ


kobs ¼
khcKa½HX�2
1þKa½HX� ð12Þ


The large difference in the H···H distances estimated from
the theoretical model and the decrease in T1 can also be
easily understood on the basis of the mechanism in Equa-
tions (10) and (11) with equilibrium (10) largely displaced to
the left. In our opinion, the interpretation of the kinetic re-
sults indicates that the H···H distance of ca. 2.33 � calculat-
ed from the decrease in T1min is overestimated because con-
version to the adduct is only partial. In fact, if the distance
in the adduct is considered to be that calculated with the
theoretical model (1.36 W), application of Equation (9) leads
to a value of 15.3 s�1 for the excess relaxation rate of the di-
hydrogen-bonded hydride signal, so that (1/T1)obs for the
adduct is expected to be 16.4 s�1 by considering again that
the values for the three hydride ligands are averaged. As
the equilibrium in Equation (10) is established rapidly, the
experimental values of 1/T1 (1/T1obs) are the weighted aver-
age of the corresponding values in the free complex (1/T1complex)
and the adduct (1/T1adduct) [Eq. (13)], and so the observed
(0.596 s�1) and calculated (16.4 s�1) excess relaxation rates
can be used to obtain the molar fraction of adduct cadduct by
using Equation (14). The result of such a calculation is
cadduct=0.036, which leads to a Ka value of 2.4m�1 when the
HCl concentration used in the T1 experiments (0.015m) is
considered. This value of Ka is only a rough estimation but
its order of magnitude clearly indicates that the equilibrium
is only slightly displaced towards adduct formation under
the conditions of the kinetic experiments. For the acid con-
centrations used, 1@Ka[HX] and a second-order depend-
ence with respect to HX results from simplification of the
rate law in Equation (12). These considerations also indicate


Figure 6. Optimised geometry for the W�H···H�Cl adduct resulting from
the interaction of [W3S4H3(PH3)6]


+ with HCl. Relevant distances are ex-
pressed in �.
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that estimation of H···H distances from changes in T1 values
must always be made with care, because apparently unusual
large distances can be the result of dihydrogen-bonded ad-
ducts with “normal” distances that exist in equilibrium with
free metal hydride.


1
T1obs


¼ 1
T1complex


þ ccomplex
1


T1adduct
cadduct ð13Þ


1
T1obs


� 1
T1complex


¼
�


1
T1adduct


� 1
T1complex


�
cadduct ð14Þ


The small value of cadduct found for the interaction of 1
with an excess of an acid such as HCl indicates a low basici-
ty for this hydride. For this reason, attempts were made to
estimate the basicity of 1 using the Iogansen basicity factor
Ej successfully employed by Shubina et al. to rationalise the
basicity of other metal hydrides.[28] However, the IR spectra
of solutions containing 1 and (CF3)2CHOH do not show any
#OH(adduct) band, which indicates that the amount of
adduct formed with this fluorinated alcohol is very small
and hinders the calculation of the Ej value. This finding
agrees with the lack of changes in the T1min value for the hy-
dride NMR signal of 1 in the presence of this alcohol (see
Figure 5) and indicates that 1 is significantly less basic than
the hydrides studied by Shubina et al.[28]


Theoretical studies on the existence of competitive first-
and second-order pathways for the protonation of [W3S4H3-
(dmpe)3]


+ with acids : The discussion in the previous section
indicates that a satisfactory explanation can be given for the
kinetic and T1 data for proton transfer from acids HX to 1
in CH2Cl2 solution. The process occurs with H2 release and
leads to the formal substitution of H� by X� , and under
pseudo-first-order conditions of excess acid shows a second-
order dependence on acid concentration. In contrast, the ex-
perimental data available under conditions of acid deficit in-
dicate a first-order dependence with respect to HX, a result
that agrees better with previous findings for the same reac-
tion in other solvents and for proton transfers to other hy-
dride complexes.[6,8–16] Thus, it appears that two competitive
first- and second-order pathways exist for the protonation of
the W�H bonds in cluster 1. As the experimental data in di-
chloromethane solution also indicate that conversion of
each W�H bond to an W�X unit occurs without accumula-
tion of any reaction intermediate, a detailed theoretical
study of the proton-transfer process is more amenable for
this mechanism than for the one previously proposed to ex-
plain the data in MeCN-containing solutions.[23] The calcula-
tions were carried out on model complex 3 and HCl, a
strong acid with a monoatomic anion for which theoretical
studies of proton transfer to hydride complexes are lacking.
For simplicity, theoretical studies were limited to proton
transfer to the first W�H bond, and the calculations were
carried out with special attention to the comparison of the
energetic and structural changes associated with the two
competitive pathways.


Our theoretical approach assumes that the attacking spe-
cies in the proton transfer processes is the HX molecule, but
some additional comments must be made at this point, be-
cause the precise details of the acid–base behaviour of HCl
and the other acids in CH2Cl2 solution are unknown. How-
ever, the data available for other aprotic solvents[29] indicate
that they behave as weak acids with pKa values as low as 8.9
and 10.7 for HCl in acetonitrile and nitromethane, respec-
tively (12.6 and 11.3 for CF3COOH in the same solvents).
In the case of HBF4, the molecule does not exist in solu-
tion[30] but H+BF4


� ion pairs are expected to form extensive-
ly in solvents of low dielectric constant such as dichlorome-
thane, and indeed pKa values close to 2 have been reported
in solvents with higher dielectric constant such as N,N-dime-
thylformamide and acetone.[29] Thus, it can be expected from
the behaviour in other solvents that dissociation of the acids
[Eq. (15)] is negligible in dichloromethane, so that the solu-
tions will essentially contain HX molecules (HCl,
CF3COOH) or ion pairs (HBF4). Because of the low degree
of dissociation, the formation of homoconjugated HX2


� spe-
cies [Eq. (16)] can be also ignored in these solutions, al-
though they should be formed in the presence of added X� .


HX Ð Hþ þX� ð15Þ


HXþX� Ð HX2
� ð16Þ


Once the nature of the attacking species has been estab-
lished, the site of attack and the details of the proton-trans-
fer mechanism remain to be determined. Although we have
previously shown that protonation of 1 with H+ is clearly
favoured at the W�H bonds with respect to attack at the
bridging sulfide ligands,[23] the existence of the acids in mo-
lecular form and the requirement of two acid molecules to
complete the proton transfer in CH2Cl2 solution led us to
also calculate the energy changes associated with the inter-
action of HCl at different sites of the model cluster [W3S4-
(PH3)6H3]


+ (3). The results are summarised in Figure 7 and
indicate that formation of a 3·HCl adduct in which the acid
interacts with one of the m2-S


2� ligands leads to an stabiliza-
tion of 1.98 kcalmol�1 in CH2Cl2 solution, whereas the inter-
action with m3-S


2� stabilizes the system only by 1.36 kcal


Figure 7. Relative energies for the interaction of one and two HCl mole-
cules at different sites of model cluster 3.
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mol�1. These two values are smaller than that corresponding
to the interaction at the W�H bond (2.90 kcalmol�1 in
CH2Cl2 solution), so that attack at the hydride position is
favoured and leads to the formation of a dihydrogen-
bonded W�H···H�Cl adduct with the optimised geometry
shown in Figure 6. The calculations also reveal that conver-
sion of this adduct to the final product is highly favoured
thermodynamically, as indicated graphically in Figure 8 and
numerically in Table 3, where the stabilization energies ob-


tained in the gas phase and MeCN are also included for
comparison with the values calculated for CH2Cl2 solution.
The structure of the transition state for this conversion is
shown in Figure 9, and the values calculated for the activa-
tion barrier are 15.14 in the gas phase, 13.38 in CH2Cl2 and
13.09 in MeCN (all values in kcalmol�1). The structure of
the transition state shows that the low activation barrier is
probably a consequence of the simultaneous stabilisation


caused by strengthening of the H�H and (less important)
Cl�W interactions, and the destabilisation caused by weak-
ening of the W�H and H�Cl bonds. Interestingly, the H�H
distance in the transition state is very short (0.81 �), and
the two W···H distances are 1.98 and 2.18 �, so that the
transition state can be described as a dihydrogen complex
slightly distorted because of ion pairing with Cl� . The find-
ing of the dihydrogen complex at a maximum along the re-
action coordinate justifies the lack of success in detecting
this species during NMR monitoring of the reaction of 1
with acids.


The results of the theoretical calculations change signifi-
cantly with the introduction of a second HCl molecule. A
possible explanation for the second-order dependence with
respect to the acid that was not considered in the previous
section is that attack of one of the HX molecules occurs at
one of the bridging sulfide ligands and facilitates attack of
the second molecule at the hydride site. Actually, there are
reports showing that acid-catalysed substitutions in analo-
gous Fe clusters are caused by labilisation of the leaving
ligand induced by protonation of the bridging sulfide li-
gands.[31] The results in Figure 7 indicate that the interaction
of HCl with a W�H bond in the m3-S


2�···H�Cl adduct leads
to a stabilisation of only 2.13 kcalmol�1 in dichloromethane.
For the interaction of one HCl molecule with a W�H bond
in the m2-S


2�···H�Cl adduct, three different possibilities lead
to stabilisation energies between 2.55 and 3.14 kcalmol�1, in
the most favourable case of which the second HCl molecule
attacks the hydride ligand coordinated to the W atom not
bridged by the m2-S


2� ligand that interacts with the first HCl
molecule. These values are close to or lower than the energy
associated with formation of the W�H···H�Cl adduct, that
is, the presence of an HCl molecule interacting with any of
the bridging sulfide ligands does not facilitate interaction of
a second HCl molecule with a W�H bond. The situation is
quite different for the formation of a W�H···H�Cl···H�Cl


Figure 8. Energy profile showing the competitive first- and second- order
pathways for the reaction between 1 and HCl. Note that, for consistency,
two HCl molecules have been written for both pathways, although only
one of them was used in the calculations corresponding to the upper
pathway. The actual values of the energies are those obtained for CH2Cl2
solution, but quite similar results are obtained for other solvents (see text
and Table 3).


Table 3. Relative energies to the corresponding reactants (3 and HCl in
the first pathway; 3 and 2HCl in the second pathway).


Species[a] Energy [kcalmol�1]
gas phase CH2Cl2 solution MeCN solution


W�H···H�Cl �3.07 �2.90 �2.79
TSO1[b] 12.07 10.48 10.30
W�C+H2 �28.23 �27.36 �27.18
W�H···H�Cl···H�Cl �9.21 �7.74 �7.45
TSO2[b] 5.42 4.49 4.44
W�C···H�Cl+H2 �32.05 -30.61 �30.33


[a] Although the calculations considered the attack of the first HCl mole-
cule on the [W3S4H3(PH3)6]


+ cluster, for simplicity only the reacting W�
H bond is written. [b] TSO1 and TSO2 refer to the transition states for
the pathways showing first- and second-order dependence with respect to
the acid, respectively.


Figure 9. Optimised geometry for the transition structure TSO1 calculat-
ed for the conversion to the final products of the W�H···H�Cl adduct re-
sulting from the interaction of [W3S4H3(PH3)6]


+ with HCl. Relevant dis-
tances are expressed in �.


Chem. Eur. J. 2006, 12, 1413 – 1426 N 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1421


FULL PAPERProton Transfer to Hydride Complexes



www.chemeurj.org





adduct, in which the stabilisation caused by the second mol-
ecule of acid (4.84 kcalmol�1 in CH2Cl2) is significantly
higher than that achieved with the first HCl molecule. Thus,
the theoretical calculations support the conclusion that the
interaction of both HCl molecules with a single W�H site is
the most favoured possibility. The optimised geometry of
the W�H···H�Cl···H�Cl adduct (Figure 10) shows that the


second molecule of acid forms a hydrogen bond with the
first that leads to stabilisation with respect to the adduct
with a single HCl molecule (see Figure 8 and Table 3). The
H�H distance in this adduct (1.15 �) is significantly shorter
than the corresponding one in the W�H···H�Cl adduct
(1.36 �), and thus addition of the second molecule strength-
ens the H�H interaction and prepares the system for H2 re-
lease. Conversion of this adduct to the final product (the
chloro complex hydrogen-bonded to an HCl molecule) is
also highly favoured (see Figure 8 and Table 3), and it
occurs through a transition state with the optimised geome-
try shown in Figure 11. The H�H distance in the transition
state is only 0.78 �, whereas the W�H distances are 2.10
and 2.25 �, so that it can be described as a dihydrogen com-
plex ion-paired with a HCl2


� anion, which again agrees with
our inability to observe signals for this kind of species in the
NMR experiments. The activation barrier for this pathway is
slightly lower than that for the other, in agreement with the
shorter H�H distance. As a consequence, the pathway with
a second-order dependence with respect to the acid is fav-
oured, provided there is enough HCl. However, the differ-
ences between the activation barriers for the two pathways
are not large, and the first-order pathway operates when
there is a deficit of acid.


At this point, some changes must be made to the mecha-
nistic proposal in Equations (10) and (11) to conciliate the
results of the theoretical calculations. As the dihydrogen
complex is not an intermediate and the rate-determining


step is not attack by the second molecule of acid but the re-
lease of the H2 molecule from the W�H···H�Cl···H�Cl
adduct, the mechanism is better represented by Equa-
tions (17)–(19), although Equation (20) must be added to ac-
count for the first-order pathway. The corresponding rate
law is given by Equation (21), which reduces to Equa-
tion (22) when the equilibria in Equations (17) and (18) are
considered to be displaced to the left. In that case, the ex-
perimental rate constant corresponds to Ka1Ka2k3 when the
reaction shows a second-order dependence with respect to
the acid, and to Ka1k4 when it goes through the first-order
pathway.


W�HþH�XG
Ka1


HW�H 
 
 
H�X ð17Þ


W�H 
 
 
H�XþH�XG
Ka2


HW�H 
 
 
H�X 
 
 
H�X ð18Þ


W�H 
 
 
H�X 
 
 
H�X k3�!W�X 
 
 
HXþH2 ð19Þ


W�H 
 
 
H�X k4�!W�XþH2 ð20Þ


kobs ¼
k4Ka1½HX� þ k3Ka1Ka2½HX�2
1þKa1½HX� þKa1Ka2½HX�2 ð21Þ


kobs ¼ k4Ka1½HX� þ k3Ka1Ka2½HX�2 ð22Þ


An additional possibility that can be considered to explain
the second-order dependence with respect to the acid is the
formation of (HX)2 dimers in CH2Cl2 solution [Eq. (23)]
that could act as the attacking species towards the hydride
ligands in cluster 1. In the absence of information about
these dimerisation processes, the problem was faced by the-
oretical calculations, again with HCl as the acid. The calcu-
lations indicate that formation of (HCl)2 leads to a stabilisa-
tion of 2.20 kcalmol�1 in dichloromethane solution
(1.48 kcalmol�1 in the gas phase), a value quite close to that
corresponding to formation of the W�H···H�Cl adduct


Figure 10. Optimised geometry for the W�H···H�Cl···H�Cl adduct result-
ing from the interaction of [W3S4H3(PH3)6]


+ with two molecules of HCl.
Relevant distances are expressed in �.


Figure 11. Optimised geometry for the transition structure TSO2 calculat-
ed for the conversion to the final products of the W�H···H�Cl···H�Cl
adduct resulting from the interaction of [W3S4H3(PH3)6]


+ with two mole-
cules of HCl. Relevant distances are expressed in �.
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(2.90 kcalmol�1 in CH2Cl2) but significantly smaller than
that corresponding to formation of W�H···H�Cl···H�Cl
(7.74 kcalmol�1 in CH2Cl2). From these values, it appears
reasonable to consider that dimerisation of the acid proba-
bly occurs in the experiments with excess acid, although
their interaction with the metal hydride would lead to the
rapid formation of the more stable W�H···H�Cl···H�Cl
adduct, which would be converted to the final products in
the rate-determining step depicted in Equation (19). At low
concentrations of the acid and in the presence of an excess
of the hydride, formation of (HCl)2 is not expected to be
favoured versus W�H···H�Cl, so that the reaction will then
go through the first-order pathway.


2HX Ð ðHXÞ2 ð23Þ


Participation of two molecules of acid in proton-transfer
processes to hydride complexes has been proposed previous-
ly[6,14–16] for several systems, although in all these cases the
processes lead to the formation of dihydrogen complexes. In
their study on proton transfers to [Cp*Fe(dppe)H] (Cp*=
h5-C5Me5),


[15] LledKs, Poli, Shubina et al. found that the
second HX molecule increases the strength of the primary
dihydrogen-bonding interaction in a way similar to that
found in the present work. However, in that case an addi-
tional important role of the second HX molecule consists of
stabilising the final product through formation of a homo-
conjugated HX2


� anion hydrogen-bonded to the dihydrogen
complex. In contrast, such a situation is unstable for proton
transfers to cluster 1, and the calculations show that the
system evolves to the X�-substituted product and H2. The
role of the second HX molecule in this case is thus limited
to formation of a hydrogen bond with the first molecule,
which leads to an adduct with a stronger H�H interaction
that facilitates the release of H2 in the subsequent rate-de-
termining step.


As pointed out above, the energy profiles in Figure 8 indi-
cate that the activation barriers for the two pathways are
not very different, and so they may become competitive in
experimental systems. For this reason, changes in the prefer-
red pathway may occur when the reaction conditions are
varied, for example, by changing the relative concentrations
of the reagents or the nature of the acid and/or the solvent.
The results in the present paper indicate that the second-
order pathway is preferred in dichloromethane solution for
several acids of different characteristics provided the acid is
in excess, but a deficit of acid changes the preferred path-
way to the first-order one. On the other hand, kinetic stud-
ies on the reaction of 1 with an excess of acid in neat MeCN
and MeCN/H2O solutions showed that the process occurs
with a first-order dependence on acid concentration.[23] As
the calculations show that the stability of the adducts is little
affected when the solvent changes from CH2Cl2 to MeCN
(Table 3), the change in the preferred pathway should then
be a consequence of a change in the relative values of k3


and k4 with the nature of the solvent. However, a large sol-
vent dependence does not appear reasonable for these rate


constants because they correspond to processes that occur
within the adducts. As the data in Table 3 indicate that
changing the solvent from CH2Cl2 to MeCN only causes
minimal differences in the activation energies and in the en-
ergies corresponding to adduct formation, some additional
contribution must be invoked to explain the change in the
rate law. One possible contribution comes from the fact that
the formation of dihydrogen-bonded adducts [Eq. (17) and
(18)] requires reorganisation of the solvent molecules inter-
acting directly with the reagents to allow close W�H···HX
contact, that is, some contribution must be associated with
changes in the specific interactions with the solvent that
were not considered in the PCM model. To estimate the
energy changes associated with this reorganisation, some
theoretical calculations were performed with inclusion of a
solvent molecule in the model. These calculations indicate
that the process represented in [Eq. (24)] is favoured in
CH2Cl2 by 1.22 kcalmol�1 but is disfavoured both in MeCN
and H2O by 6.35 and 11.55 kcalmol�1, respectively. In the
same way, the processes in Equations (25) and (26) are fav-
oured in dichloromethane (by 3.15 and 3.48 kcalmol�1, re-
spectively) but disfavoured in MeCN (4.49 and 7.18 kcal -
mol�1) and H2O (9.86 and 9.75 kcalmol�1). From these
values, it can be concluded that in CH2Cl2 solution the con-
tribution of the specific interactions with the solvent favours
the breaking of solvent–HCl aggregates and the formation
of W�H···HCl and W�H···HCl···H�Cl adducts. As the stabi-
lisation is higher for the case of W�H···HCl···HCl, this
would represent an additional contribution favouring the
second-order pathway in this solvent. In contrast, the release
of the solvent molecule adds an unfavourable contribution
to adduct formation both in MeCN and water, so that the
first-order pathway would be preferred in MeCN/H2O solu-
tion to minimise the energy cost associated with solvent re-
organisation.


W�Hþ ðsolventÞ-HCl ! W�H 
 
 
HClþ solvent ð24Þ


W�H 
 
 
HClþ ðsolventÞ-HCl !
W�H 
 
 
HCl 
 
 
HClþ solvent


ð25Þ


W�Hþ ðsolventÞ-HCl 
 
 
HCl !
W�H 
 
 
HCl 
 
 
HClþ solvent


ð26Þ


Nevertheless, although the kinetic data in MeCN-contain-
ing solutions can be explained in terms of the competitive
pathways in Figure 8, it is important to note that proton
transfer in these solvents does not lead directly to the final
product but to a reaction intermediate that does not contain
coordinated X� . The intermediate formed in the proton-
transfer step was originally proposed to be a coordinatively
unsaturated species that results from rapid release of H2


from a dihydrogen complex,[23] but the theoretical results in
the present work indicate that formation of a dihydrogen
complex is not favoured. In fact, if the geometry and energy
of the dihydrogen complex are optimised, the products
[W3S4H2(H2)(PH3)6]


2+ +Cl� are 27.18 kcalmol�1 higher in
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energy than the reagents in MeCN solution (only 11.01 kcal
mol�1 if two HCl molecules and HCl2


� are considered),
whereas the coordinatively unsaturated species ([W3S4H2-
(PH3)6]


2+ +Cl�+H2) is destabilised by 35.24 kcalmol�1 in
acetonitrile (19.06 kcalmol�1 for two HCl molecules and
HCl2


�). Any of these energies appears too high and makes
unreasonable the assumption that intermediate I1 in MeCN
(or MeCN/H2O) solution corresponds to any of these two
species. In contrast, the possibility of MeCN coordination in
the intermediate formed in the proton transfer step can not
be ruled out, because formation of [W3S4H2(MeCN)-
(PH3)6]


2+ from the species with a vacant coordination site
leads to a stabilisation of 40.04 kcalmol�1, and its formation
would be also favoured by the high concentration of solvent
molecules surrounding the metal complex. Thus, the stabili-
sation associated with acetonitrile coordination provides an
alternative explanation for the change in the rate law and
the mechanism with respect to those observed in dichloro-
methane solution. Following the initial formation of a
WH···H�X adduct [Eq. (17)], interaction with the solvent
can lead to MeCN coordination with release of H2 and X�


in a process [Eq. (27)] that would show a first-order depend-
ence with respect to HX (kobs=Ka1ks[HCl]). For a solvent-
assisted pathway of this kind to be competitive with those in
Figure 8, the stabilisation caused by coordination of the sol-
vent molecule must be high. When the calculations are per-
formed for water instead of MeCN, formation of [W3S4H2-
(H2O)(PH3)6]


2+ is found to be favoured by only 29.29 kcal
mol�1, which indicates that water is less effective than
MeCN. As expected from the lower coordination ability of
dichloromethane, formation of [W3S4H2(CH2Cl2)(PH3)6]


2+


results in a stabilisation of only 6.28 kcalmol�1, a value too
low to make the solvent-assisted pathway competitive and,
as a consequence, the reaction would be forced to go
through the pathways in Figure 8.


W�H 
 
 
H�XþMeCN ks�!W�NCMeþH2 þX� ð27Þ


Conclusion


The picture that is emerging from experimental and theoret-
ical studies of proton transfer to hydride complexes reveals
that these processes may occur through complex mecha-
nisms with alternative pathways, so that changes in the reac-
tion conditions may lead to mechanistic changes. These
changes must not be considered too surprising, because of
the large differences in the properties of the hydride com-
plexes, the acids and the solvents. The results in the present
paper for the reaction of hydride complex 1 with acids in
CH2Cl2 solution, when taken together with those previously
reported for the same reaction in other solvents,[23] consti-
tute an excellent example of the kinetic and mechanistic
complexity of these processes. Thus, this system has allowed
the experimental confirmation for the first time of the exis-
tence of a pathway with second-order kinetics with respect


to the acid, and theoretical calculations confirmed the previ-
ous proposal[15] that the role of both HX molecules is to
form a network of hydrogen bonds that decreases the activa-
tion barrier for the formation of H2. This pathway is in com-
petition with an alternative pathway that requires the partic-
ipation of a single HX molecule and is favoured when there
is a deficit of acid. For solvents with higher coordination
ability, the theoretical calculations also indicate the possibili-
ty of a solvent-assisted first-order pathway in which the role
of the solvent would be to favour proton transfer by stabilis-
ing the reaction product resulting from H2 release. Finally, it
has been recently shown[17] that the “inert” salts frequently
used to control the ionic strength in kinetic experiments can
also play an important role in proton-transfer processes in-
volving metal hydrides. Work is in progress to determine the
possible effects of added salts on the kinetics of proton
transfer to hydride cluster 1 and to check how ion-pair for-
mation affects the mechanism of proton transfer.


Experimental Section


[W3S4H3(dmpe)3]PF6 was prepared by the literature procedure[32] and its
purity checked by NMR and MS using a Varian 300 MHz NMR spec-
trometer and an Electrospray Micromass Quattro LC mass spectrometer,
respectively. The chemical shifts in the NMR spectra are reported with
respect to the following external references: TMS (1H), H3PO4 (31P) and
CFCl3 (19F). The HCl solutions used in the kinetic studies were prepared
from ClSiMe3 and CH3OH. The solvents for kinetics studies were ob-
tained from Aldrich or SDS as anhydrous grades and taken from recently
opened bottles. All other reagents used in the synthetic and kinetic stud-
ies were obtained from commercial sources and used without further pu-
rification. The measurement of the T1 values for the hydride NMR signal
of complex 1 at different temperatures was carried out with a Varian
Unity 400 spectrometer using the standard inversion–recovery method.
In the presence of added HCl, the measurements had to be limited to the
lowest temperatures because the rate of reaction at higher temperatures
is large enough to cause complete disappearance of the hydride signal.


The kinetic experiments were carried out with an Applied Photophysics
SX17MV stopped-flow spectrometer provided with a PDA.1 photodiode
array (PDA) detector. All experiments were carried out at 25.0 8C by
mixing dichloromethane solutions of [W3S4H3(dmpe)3]PF6 and the acid.
The solutions of the complex were prepared at concentrations of (0.8–
9.0)T10�4 moldm�3, and preliminary experiments at two or three differ-
ent concentrations were carried out in all cases to confirm the first-order
dependence of the observed rate constants on complex concentration.
The acid solutions were used within 2–3 h after preparation, and their
concentrations were determined by titration with KOH (phenolphthalein
indicator) of solutions resulting from adding an aliquot (3 mL) to 50 mL
of water and stirring vigorously for 20 min. The reaction kinetics were
monitored by recording the spectral changes with the PDA detector
using a logarithmic time base and analysing the data with the SPECFIT
program[33] and the appropriate kinetic model. Most experiments were
carried out under pseudo-first-order conditions of excess acid and the
analysis required the use of a multistep kinetic model. However, some
experiments were also carried out with a deficit of the acid and the kinet-
ic files could be satisfactorily fitted in these cases by a single exponential.


The theoretical study used [W3S4H3(PH3)6]
+ (3) as molecular model for


[W3S4H3(dmpe)3]
+ . This made attainable calculation times possible with-


out changing the W3S4H3 cluster core where protonation takes place. The
calculations were conducted with the Becke hybrid density functional
(B3LYP)[34,35] method as implemented in the Gaussian98 program
suite.[36] The double-z pseudo-orbital basis set LanL2DZ, in which W, S
and P atoms are represented by the relativistic core LanL2 potential of
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Los Alamos,[37] was used. All stationary points found, i.e, minima and
transition structures, were characterised by the number of negative eigen-
values of the Hessian matrix (0 for a minimum, 1 for a saddle point cor-
responding to a transition structure). This index is also the number of
imaginary wavenumbers (or frequencies) obtained in a normal-mode
analysis of the corresponding molecular structure. For a transition struc-
ture, the unique imaginary frequency is associated with the transition
vector. Once this vector was characterised, it was possible to trace the in-
trinsic reaction coordinate[38] path connecting each transition structure
with the two associated minima by using the second-order Gonz9lez–
Schlegel integration method.[39,40]


Solvent effects were taken into account by means of polarised continuum
model calculations[41,42] using standard options. The energies of solvation
were computed in dichloromethane (e=8.93), acetonitrile (e=36.64) and
water (e=78.39) at the geometries optimised in the gas phase.


Acknowledgement


Financial support by the Spanish DirecciKn General de InvestigaciKn and
FEDER program (Grants BQU2002-00313 and BQU2003-04737), Fun-
daciK Bancaixa-UJI (projects P1 1B2004-19 and P1 1A2002-04), Junta de
Andaluc<a (Grupo FQM-137) and Generalitat Valenciana (Project
GV04B-029) is gratefully acknowledged.


[1] a) R. P. Bell, The Proton in Chemistry, 2nd ed., Chapman and Hall,
London, 1973 ; b) Proton Transfer (Eds.: E. F. Caldin, V. Gold),
Chapman and Hall, London, 1975 ; c) E. F. Caldin, The Mechanisms
of Fast Reactions in Solution, IOS Press, Amsterdam, 2001, Chap. 8.


[2] a) T. Elsaesser in Femtosecond Chemistry (Eds.: J. Manz, L. Wçste),
VCH, Weinheim, 1995, Chap. 18; b) P. L. Geissler, C. Dellago, D.
Chandler, J. Hutter, M. Parrinello, Science 2001, 291, 5511; c) Ultra-
fast Hydrogen Bonding Dynamics and Proton Transfer Processes in
the Condensed Phase (Eds.: T. Elsaesser, H. Bakker), Kluwer,
Boston, 2002 ; d) M. Rini, B. Z. Magnes, E. Pines, E. T. J. Nibbering,
Science 2003, 301, 349; e) S. J. Schmidtke, D. F. Underwood, D. A.
Blank, J. Am. Chem. Soc. 2004, 126, 8620.


[3] a) C. F. Bernasconi, Acc. Chem. Res. 1992, 25, 9; b) C. Costentin,
J. M. Sav[ant, J. Am. Chem. Soc. 2004, 126, 14787.


[4] a) R. F. Jordan, J. R. Norton, J. Am. Chem. Soc. 1982, 104, 1255;
b) E. J. Moore, J. M. Sullivan, J. R. Norton, J. Am. Chem. Soc. 1986,
108, 2257; c) R. T. Edidin, J. M. Sullivan, J. R. Norton, J. Am. Chem.
Soc. 1987, 109, 3945; d) S. S. Kristj9nsdKttir, J. R. Norton in Transi-
tion Metal Hydrides (Ed.: A. Dedieu), VCH, New York, 1992,
pp. 309–357.


[5] a) P. G. Jessop, R. H. Morris, Coord. Chem. Rev. 1992, 121, 155;
b) D. M. Heinekey, W. J. Oldham, Chem. Rev. 1993, 93, 913;
c) Recent Advances in Hydride Chemistry (Eds.: M. Peruzzini, R.
Poli), Elsevier, Amsterdam, 2001; d) G. J. Kubas, Metal Dihydrogen
and s-Bond Complexes: Structure, Theory and Reactivity, Kluwer,
New York, 2001.


[6] a) E. T. Papish, F. C. Rix, N. Spetseris, J. A. Norton, R. D. Williams,
J. Am. Chem. Soc. 2000, 122, 12235; b) E. T. Papis, M. P. Magee,
J. R. Norton, in Recent Advances in Hydride Chemistry (Eds.: M.
Peruzzini, R. Poli), Elsevier: Amsterdam, 2001, pp. 39–74.


[7] a) M. A. Esteruelas, L. A. Oro, Chem. Rev. 1998, 98, 577; b) R. M.
Bullock, M. H. Voges, J. Am. Chem. Soc. 2000, 122, 12594; c) V.
Rautenstrauch, X. Hoang-Cong, R. Churlaud, K. Abdur-Rashid,
R. H. Morris, Chem. Eur. J. 2003, 9, 4954; d) S. E. Clapham, A. Had-
zovic, R. H. Morris, Coord. Chem. Rev. 2004, 248, 2201; e) A. K. Jus-
tice, R. C. Linck, T. B. Rauchfuss, S. R. Wilson, J. Am. Chem. Soc.
2004, 126, 13214; f) R. M. Bullock, Chem. Eur. J. 2004, 10, 2366;
g) R. Abbel, K. Abdur-Rashid, M. Faatz, A. Hadzovic, A. J. Lough,
R. H. Morrris, J. Am. Chem. Soc. 2005, 127, 1870; h) C. P. Casey,
J. B. Johnson, J. Am. Chem. Soc. 2005, 127, 1883; i) R. J. Hamilton,
C. G. Leong, G. Bigam, M. Miskolzie, S. H. Bergens, J. Am. Chem.


Soc. 2005, 127, 4152; j) S. E. Lamle, S. P. J. Albracht, F. A. Arm-
strong, J. Am. Chem. Soc. 2005, 127, 6595; k) H. Guan, M. Iimura,
M. P. Magee, J. R. Norton, G. Zhu, J. Am. Chem. Soc. 2005, 127,
7805.


[8] M. G. Basallote, J. Dur9n, M. J. Fern9ndez-Trujillo, M. A. M9Çez, J.
Rodr<guez de la Torre, J. Chem. Soc. Dalton Trans. 1998, 745.


[9] M. G. Basallote, J. Dur9n, M. J. Fern9ndez-Trujillo, M. A. M9Çez, J.
Chem. Soc. Dalton Trans. 1998, 2205.


[10] M. G. Basallote, J. Dur9n, M. J. Fern9ndez-Trujillo, M. A. M9Çez,
Inorg. Chem. 1999, 38, 5067.


[11] M. G. Basallote, J. Dur9n, M. J. Fern9ndez-Trujillo, M. A. M9Çez,
Organometallics 2000, 19, 695.


[12] V. I. Bakhmutov, Eur. J. Inorg. Chem. 2005, 245.
[13] a) H. S. Chu, C. P. Lau, K. Y. Wong, W. T. Wong, Organometallics


1998, 17, 2768; b) H. S. Chu, Z. Xu, S. M. Ng, C. P. Lau, Z. Lin, Eur.
J. Inorg. Chem. 2000, 993; c) J. A. AyllKn, C. Gervaux, S. Sabo-Eti-
enne, B. Chaudret, Organometallics 1997, 16, 2000; d) N. V. Belkova,
E. V. Kakhmutova, E. S. Shubina, C. Bianchini, M. Peruzzini, V. I.
Bakhmutov, L. M. Epstein, Eur. J. Inorg. Chem. 2000, 2163; e) W. K.
Fung, X. Huang, M. L. Man, S. M. Ng, M. Y. Hung, Z. Lin, C. P.
Lau, J. Am. Chem. Soc. 2003, 125, 11539.


[14] N. V. Belkova, M. Besora, L. M. Epstein, A. LledKs, F. Maseras,
E. S. Shubina, J. Am. Chem. Soc. 2003, 125, 7715.


[15] N. V. Belkova, E. Collange, P. Dub, L. M. Epstein, D. A. Lemenov-
skii, A. LledKs, O. Maresca, F. Maseras, R. Poli, P. O. Revin, E. S.
Shubina, E. V. Vorontsov, Chem. Eur. J. 2005, 11, 873.


[16] N. V. Belkova, P. O. Revin, L. M. Epstein, E. V. Vorontsov, V. I.
Bakhmutov, E. S. Shubina, E. Collange, R. Poli, J. Am. Chem. Soc.
2003, 125, 11106.


[17] M. G. Basallote, M. Besora, J. Dur9n, M. J. Fern9ndez-Trujillo, A.
LledKs, M. A. M9Çez, F. Maseras, J. Am. Chem. Soc. 2004, 126,
2320.


[18] a) T. A. Bright, R. A. Jones, S. U. Koschmieder, C. N. Nunn, Inorg.
Chem. 1988, 27, 3819; b) S. Kuwata, M. Andou, K. Hashizume, Y.
Mizobe, M. Hidai, Organometallics 1998, 17, 3429.


[19] L. C. Song, Y. B. Dong, Q. M. Hu, W. Q. Gao, D. S. Guo, P. C. Liu,
X. Y. Huang, J. Sun, Organometallics 1999, 18, 2168.


[20] R. Hern9ndez-Molina, A. G. Sykes, J. Chem. Soc. Dalton Trans.
1999, 3137.


[21] R. Llusar, S. Uriel, Eur. J. Inorg. Chem. 2003, 1271.
[22] a) Q M. Nasreldin, A. Olatunji, P. W. Dimmock, A. G. Sykes, J.


Chem. Soc. Dalton Trans. 1990, 1765; b) D. M. Saysell, V. P. Fedin,
G. J. Lamprecht, M. Sokolov, A. G. Sykes, Inorg. Chem. 1997, 36,
2982.


[23] M. G. Basallote, M. Feliz, M. J. Fern9ndez-Trujillo, R. Llusar, V. S.
Safont, S. Uriel, Chem. Eur. J. 2004, 10, 1463.


[24] M. G. Basallote, F. Estevan, M. Feliz, M. J. Fern9ndez-Trujillo, D. A.
Hoyos, R. Llusar, S. Uriel, C. Vicent, Dalton Trans. 2004, 530.


[25] F. Estevan, M. Feliz, R. Llusar, J. A. Mata, S. Uriel, Polyhedron
2001, 20, 527.


[26] R. G. Wilkins, Kinetics and Mechanisms of Reactions of Transition
Metal Complexes, VCH, New York, 1991, Chap. 1, p. 22.


[27] V. I. Bakhmutov, E. V. Vorontsov, Rev. Inorg. Chem. 1998, 18, 183.
[28] a) N. V. Belkova, A. V. Ionidis, L. M. Epstein, E. S. Shubina, S.


Gruendemann, N. S. Golubev, H. H. Limbach, Eur. J. Inorg. Chem.
2001, 1753; b) E. I. Gutsul, N. V. Belkova, M. S. Sverdlov, L. M. Ep-
stein, E. S. Shubina, V. I. Bakhmutov, T. N. Gribanova, R. M. Min-
yaev, C. Bianchini, M. Peruzzini, F. Zenobini, Chem. Eur. J. 2003, 9,
2219; c) L. M. Epstein, N. V. Belkova, E. S. Shubina in Recent Ad-
vances in Hydride Chemistry (Eds.: M. Peruzzini, R. Poli), Elsevier,
Amsterdam, 2001, pp. 391–418.


[29] K. Izutsu, Acid-Base Dissociation Constants in Dipolar Aprotic Sol-
vents, IUPAC Chemical Data Series, vol. 35, Blackwell, Oxford,
1990.


[30] F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 5th ed.,
Wiley, New York, 1988, p. 116.


[31] See, for example, a) G. R. Dukes, R. H. Holm, J. Am. Chem. Soc.
1975, 97, 528; b) J. L. C. Duff, J. L. J. Breton, J. N. Butt, F. A. Arm-


Chem. Eur. J. 2006, 12, 1413 – 1426 N 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1425


FULL PAPERProton Transfer to Hydride Complexes



www.chemeurj.org





strong, A. J. Thomson, J. Am. Chem. Soc. 1996, 118, 8593; c) R. A.
Henderson, K. E. Oglieve, J. Chem. Soc. Dalton Trans. 1998, 1731.


[32] F. A. Cotton, R. Llusar, C. T. Eagle, J. Am. Chem. Soc. 1989, 111,
4332.


[33] R. A. Binstead, B. Jung, A. D. Zuberb]hler, SPECFIT-32, Spectrum
Software Associates, Chappel Hill, 2000.


[34] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[35] C. Lee, Y. Yang, R. G. Parr, Phys. Rev. Sect. B 1988, 37, 785.
[36] Gaussian98, revision A.7, M. J. Frisch, G. W. Trucks, H. B. Schlegel,


G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery Jr., R. E. Stratmann, J. C. Burant, S. Dapprich,
J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefa-
nov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts,


R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, C. Gonzalez, M. Challacombe, P. M. W. Gill, B. John-
son, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-
Gordon, E. S. Replogle, J. A. Pople, Gaussian, Inc., Pittsburgh, PA,
1998.


[37] P. J. Hay, R. Wadt, J. Chem. Phys. 1985, 82, 270.
[38] K. J. Fukui, J. Phys. Chem. 1970, 74, 4161.
[39] C. Gonz9lez, H. B. Schlegel, J. Phys. Chem. 1990, 94, 5523.
[40] C. Gonz9lez, H. B. Schlegel, J. Chem. Phys. 1991, 95, 5853.
[41] J. Tomasi, M. Persico, Chem. Rev. 1994, 94, 2027.
[42] C. Amovilli, V. Barone, R. Cammi, E. CancJs, M. Cossi, B. Menucci,


C. S. Pomelli, J. Tomasi, Adv. Quantum Chem. 1998, 32, 227.


Received: June 17, 2005
Revised: September 1, 2005


Published online: November 18, 2005


www.chemeurj.org N 2006 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1413 – 14261426


M. G. Basallote, V. S. Safont et al.



www.chemeurj.org






DOI: 10.1002/chem.200500100


Decacyclene as Complexation Manifold: Synthesis, Structure and Properties
of Its Fe2 and Fe4 Slipped Triple-Decker Complexes


Jçrg J. Schneider,*[a] Dirk Spickermann,[a] Christian W. Lehmann,[b] Jçrg Magull,[c]


Hans-Jçrg Kr2ger,[d] J2rgen Ensling,[e] and Philipp G2tlich[e]


Dedicated to Professor Dr. mult. G�nther Wilke on the occasion of his 80th birthday


Introduction


Since the synthesis of the archetype of a triple-decker com-
plex by Werner and Salzer, a variety of triple-decker,[1–3]


tetra-decker,[4] penta-decker,[5] hexa-decker,[5] and large ex-
tended multidecker[6] p complexes have been synthesized. A
variety of unusual bonding modes of p aromatic homo- and
heteroaromatic middle decks to main group metals have
been realized in these compounds so far. Introducing poly-
condensed aromatic hydrocarbons (PAHs) as bridging p pe-
rimeters opens up the possibility of multiple spatial arrange-
ments and different coordination modes for transition
metal/ligand fragments with these ligands. Recent examples
in the area of transition-metal chemistry stem from the com-
plexation of corannulene[7] and hemibuckminsterfullerene.[8]


Stacked p complexes with redox-active metal centers in
close proximity are model compounds for studying electron
transfer across delocalized p perimeters. They may also
serve as model compounds for studying haptotropic shifts of
metal/ligand fragments over polycyclic surfaces.[9]


Abstract: Reaction of [(h5-
Me4EtC5)Fe


IICl(tmeda)] (tmeda=
N,N,N’N’-tetramethylethylenediamine)
with a polyanion solution of decacy-
clene (1) results in the formation of the
triple-deckers [{(h5-Me4EtC5)Fe}2-m2-
(h6 :h6-decacyclene)] (3) and [{(h5-
Me4EtC5)Fe}4-m4-(h


6:h6:h6:h6-decacy-
clene)] (4). Metal complexation in 3
and 4 occurs on opposite faces of the p


perimeter in an alternating mode. The
decacyclene ring adopts a gently twist-
ed molecular propeller geometry with
twofold crystallographic symmetry


(C2). Complex 4 crystallizes in the
chiral space group C2221; the investi-
gated crystal only contains decacyclene
rings with M chirality. The handedness
can be assigned unambiguously to the
presence of the iron atoms. Cyclovol-
tammetric studies revealed quasirever-
sible behavior of the redox events and
a strong interaction of the Fe atoms in


3 and 4, exemplified by potential differ-
ences DE of 660 and 770(780) mV be-
tween the first and the second individu-
al oxidation processes. This corre-
sponds to a high degree of metal–metal
interaction for 3 and 4. The sucesssful
syntheses of 3 and 4 together with ear-
lier results from our laboratory proves
that all five- and six-membered p subu-
nit sets of 1 are prone to metal com-
plexation. A clear site preference in 1
towards the complexation of [CpR]iron,
-cobalt, and -nickel fragments exists.
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nation modes · electrochemistry ·
iron · sandwich complexes
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Results and Discussion


Herein we report on the syn-
thesis, molecular structure, elec-
trochemical characterization,
and Mçssbauer spectroscopy of
a new type of triple-decker con-
taining four iron atoms which
decorate opposite faces of the
PAH decacyclene C36H18 (1) in
an alternate fashion. Decacy-
clene forms the middle deck of
the triple-decker. It was chosen
as bridging p-perimeter since it
has three equivalent naphtha-
lene units available for com-
plexation to transition metals.
Recently, we could show that
the central six- and the neigh-
boring five-membered rings of
a decacyclene unit are able to coordinate to {(CpR)Ni} or
{(CpR)Co} fragments in distinct coordination modes
(Figure 1).[10,11] We have now explored the coordination
properties of 1 towards substituted cyclopentadienyliron
fragments and report here Fe2 and Fe4 slipped triple-decker
complexes in which the naphthalene fragments forming the
periphery of 1 are metal-coordinated. The results presented
herein, together with our earlier studies on complexation of
1,[10,11] prove that all p ring subsystems of the decacylene
ligand are prone to complexation of metal/ligand entities.
The PAH 1 is a rare case of a ligand which allows complexa-
tion of one to four metal atoms in up to three different posi-
tions with varying hapticity.


As {(h5-CpR)Fe}-transfer agent we chose [(h5-
Me4EtC5)Fe


IICl(tmeda)][12] 2 [Eq. (1), tmeda=N,N,N’N’-tet-
ramethyethylenediamine], which belongs to the rare class of
half-sandwich complexes bearing no CO or phosphane li-
gands.[12] The structure of 2 was proven by X-ray crystallog-


raphy (Figure 2),[13–15] which revealed a three-legged piano-
stool geometry in which the tmeda ligand occupies two coor-
dination sites (4e donor) resulting in a distorted tetrahedral
coordination geometry around the FeII center. Characteristic
bond lengths and angles are given in the legend to Figure 2.


Synthesis of 3 : The reaction of 2 with 12�, prepared in situ
from 1 and potassium metal in THF in a 1:2 molar ratio,


yielded the dinuclear complex [{(h5-Me4EtC5)Fe}2-m2-(deca-
cyclene)] (3) as main product, to which we assigned a triple-
decker structure with a bridging decacyclene unit [Eq. (2)].


The NMR data of 3 are in agreement with twofold com-
plexation of a single naphthalene unit of decacyclene with
two {(h5-Me4EtC5)Fe} fragments. The individual 1H NMR
signals of dinuclear 3 (C2 symmetry) can be assigned to
three AMX spin systems corresponding to the protons of
three naphthalene units and giving rise to nine signal mul-
tiplets. The 1H NMR resonances of the protons of one naph-


Figure 1. Experimentally realized coordination sites of decacyclene to iron, cobalt, and nickel.


Figure 2. Molecular structure of 2 as determined by single-crystal X-ray
analysis. Anisotropic displacement ellipsoids are drawn at the 50% prob-
ability level. Selected bond lengths [P] and angles [8]: Fe1�N1 2.312(2),
Fe1�N2 2.236(2), Fe1�Cl1 2.340(1), Fe1�C1–5 2.312–2.430(2); N1-Fe1-
N2 78.57(6), N1-Fe1-Cl1 96.80(4), N2-Fe1-Cl1 94.68(5), Fe1-N1-C12
108.10(12), Fe1-N2-C13 103.01(12), N1-C12-C13 110.97(17), N2-C13-C12
110.76(18); Fe1�CpCentroid 2.045(2), Cl1-Fe1-CpCentroid 119.20, N1-Fe1-
CpCentroid 131.30(6), N2-Fe2-CpCentroid 125.20(6).
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thalene unit (d=2.12, 5.56,
7.82 ppm) are significantly shift-
ed to high field due to twofold
metal coordination. Their coor-
dination shifts are well in
accord with the protons of the
dinuclear naphthalene iron
complexes 7 and 8 reported by
Jonas et al.[16–18] as well as the
mononuclear cobalt complex
[{(h5-Me4EtC5)Co}(h


4-decacy-
clene)] reported by us.[11] The
h4-complexed diene part of 3
shows the typical, significantly larger high-field chemical
shift of the ortho proton at C1 compared to the protons at
C2 and C3 of the naphthalene diene fragments (see Table 1
for shifts and numbering). A comparable gradation of
the chemical shifts is found for protons H1 and H2 of the
diene fragment of the iron naphthalene complexes 7 and 8


as well as for a variety of other
iron-coordinated dienes (see
Table 1).[19–21]


Metal coordination compara-
ble to that in 3 in which oppo-
site sides of the decacyclene
ligand are complexed by two
metal/ligand fragments was


found for Ni2 decacylene complex 5[10] and Co2 decacylene
complex 6.[11]


Interestingly, crystal batches obtained from reaction (2)
gave low yields of crystals of the larger, tetranuclear aggre-
gate 4 in addition to the dinuclear main product 3. One may
assume that tetranuclear 4 is formed in a stepwise manner
from 3 followed by a subsequent further reduction/complex-
ation sequence. An alternative route may first involve re-
duction of 1 by four electrons, after which four consecutive
complexation steps yield 4. However, the second route has
no precedent in transition metal hydrocarbon chemistry so
far. Nevertheless, reports on the formation and characteriza-
tion of multiple anions in the area of hydrocarbon chemistry
are known. To the best of our knowledge, the rubrene tet-
raanion,[22] and the tetraanion of decacyclene,[23] obtained by
alkali metal reduction in dme, are the only PAH tetraanions
which have been unambiguously characterized by single-
crystal structure analysis. In the case of decacyclene it is
even known that multiple reversible reductions up to 16�


can be carried out by electrochemical means.[24] Moreover,
there are reports by Scott, Baumgarten et al. in which the
tetraanion of the PAH corannulene has been studied and
fully characterized in solution.[25,26]


These reports encouraged us to study the synthesis of 4 by
a direct reduction route.


Selective synthesis of 4 : Reaction of 2 with a brown THF so-
lution of 14�, prepared from 1 and four equivalents of potas-
sium at room temperature, gave dark crystals of 4 after
workup [Eq. (3)]. In 4, four {(h5-Me4EtC5)Fe} fragments are
coordinated to the p perimeter of 1.


The 1H NMR spectrum of 4 exhibits three distinct sets of
resonances for the protons of the complexed decacyclene
ligand. Two of these are shifted to higher field and one to


Table 1. 1H NMR data for the metal-complexed naphthalene parts of
complexes 3 and 4 together with 1H NMR data of dinuclear complexes 7
and 8 and free naphthalene and decacyclene (1) for comparison.


HPos d [ppm] Dd[a] [ppm]


3 1 2.12 (d, 2H, 3J=5.4 Hz) �5.58
2 5.56 (t, 2H, 3J=5.4 Hz) �1.96
3 7.82 (d, 2H, 3J=5.4 Hz) �0.91


4 1 2.19 (d, 2H, 3J=5.3 Hz) �5.51
2 5.67 (t, 2H, 3J=5.3 Hz) �1.85
3 7.96 (d, 2H, 3J=5.3 Hz) �0.77
4 2.53 (d, 2H, 3J=5.4 Hz) �5.17
5 5.59 (t, 2H, 3J=5.4 Hz) �1.93
6 7.77 (d, 2H, 3J=5.4 Hz) �0.96


7 1 1.57 (m) �6.09
2 5.68 (m) �1.62


8 1 2.06 (m) �5.60
2 6.55 (m) �0.75


1 1 7.70 (d, 6H, 3J=7.6 Hz)
2 7.52 (t, 6H, 3J=7.6 Hz)
3 8.73 (d, 6H, 3J=7.6 Hz)


naphthalene 1 7.66 (m)
2 7.30 (m)


[a] Dd=d(complex)�d(ligand).
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lower field compared to free decacyclene (1). This is in
accord with a twofold {(h5-Me4EtC5)Fe} coordination on two
of the three naphthalene subsets of the decacylene p perim-
eter. The two high-field sets of naphthalene signals have
twice the intensity as the low-field set. Table 1 compares
1H NMR resonances and coordination shifts of 4 to those of
the related complexes 3, 7,[16,17] and 8,[18] free ligand 1, and
free naphthalene. The unambiguous assignment of the sepa-
rate multiplets in 3 and 4 is based on 1H,13C double-reso-
nance experiments. The two high-field-shifted proton mul-
tiplets show a strong splitting characteristic of the coordinat-
ed diene positions of the naphthalene subunits, as observed
for 3. Signals forH1 and H4 are shifted about 5–6 ppm to
higher field, while those for H2, H3 and H5, H6 are shifted
only by 1–2 ppm. The 13C NMR spectrum yielded similar re-
sults. Here positions C1 and C4 are shifted to high field by
about 20 ppm compared to C2, C3, C5, and C6, in full agree-
ment with other h4-naphthalene iron complexes.[19,20] Their
signals are found in the same characteristic shift region for
complexed versus uncomplexed carbon positions. Consistent
with the twofold complexation of two of the three naphtha-
lene subunits of 4 is also the agreement with data reported
for the closely related [(h5-CpRFe)2(m2-naphthalene)] (R=


H5, Me5) complexes 7[16,17] and 8[18] (Table 1).


Attempts to produce decacyclene complexes with nuclearity
greater than 4 : Treating a concentrated THF solution of tet-
ranuclear 4 in an NMR tube with a solid potassium mirror
(metal excess) at ambient temperature results in a color
change of the solution from green to brown after 1 h and
disappearance of the remaining proton signals of the decacy-
clene ligand, while at the same time the Me4EtC5 proton sig-
nals became broadened. No precipitation occurred and the
NMR spectrum was still unchanged after several hours. This
finding indeed indicates the possibility of a further electron
transfer to the decacylide p perimeter in 4 and prompted us
to attempt the synthesis of the hexanuclear complex
[{(Me4EtC5)Fe}6(m6-h


6:h6h6 :h6h6:h6-decacyclene)]. However,
1H NMR spectroscopy on the material isolated from such a
preparation showed a mixture of isomers which could not
be assigned individually. Nevertheless, the ratio of the
proton signals of the {(h5-Me4EtC5)Fe} fragments and the
coordinated naphthalene units of the decacyclene ligand
gives evidence of a {(h5-Me4EtC5)Fe}/decacylene ratio of 6/1,
that is, complete complexation of the naphthalene subunits


of 1. So far we have not been
able to isolate pure hexanuclear
[{(h5-Me4EtC5)Fe}6(m6-
h6 :h6h6 :h6h6:h6-decacyclene)].


Molecular structure of 4 :
Single-crystal structural analysis
of 4 confirmed the proposed
molecular structure with four
{(h5-Me4EtC5)Fe} ligand frag-
ments bound to two of the
three peripheral naphthalene


units in an antarafacial geometry (Figure 3). The molecule
has twofold crystallographic symmetry with the C2 axis posi-
tioned along the bond C1a�C1b, which bisects the uncoordi-
nated naphthalene unit of the decacyclene ring. The decacy-
clene ring adopts a gently twisted molecular propeller geom-
etry, which has been found for free decacyclene (1)[27] and
an Ni2 complex.[10]


Since 4 crystallizes in the chiral space group C2221 the in-
vestigated crystal only contains decacyclene rings with M
chirality. In contrast to the crystal structure of free decacy-
clene, which crystallizes in the same space group, the hand-
edness can be assigned unambiguously as due to the pres-
ence of the iron atoms. However, the CD spectrum of a dis-
solved single crystal shows no optical activity. Unlike the
crystal structure of free decacyclene there is no indication
for twinning, which would be responsible for the optical in-
activity, but rapid racemization of 4 in solution is assumed.
Similarly, the absence of any diastereomers, formally obtain-
able by interchanging the antarafacial positions of the iron
atoms, follows directly from the racemization.


Both iron atoms display, at first glance, similar coordina-
tion geometries. The distances between the ring carbon
atoms of the Me4EtC5 ligand and the iron atoms range be-
tween 2.051(5) and 2.097(5) P, which is a significant devia-
tion from equidistant positions. For Fe1 these distances can
be divided into one group of three distances averaging
2.056(5) P and two longer distances averaging 2.088(13) P.
For Fe2 there are three longer Fe�C distances with a aver-
age of 2.084(4) P and two shorter distances of 2.063(5) and
2.069(4) P. The distances between the iron atoms and the
decacyclene ring atoms cover an even larger range. As ex-
pected, the longest distances are found between the iron
atoms and the bridging carbon atoms C6a and C6b. Approx-
imately 0.2 P shorter distances are observed between the
metal atoms and C4a and C9a, which link the naphthalene
ring to the central benzene ring. Even shorter distances,
within the range of distances between the iron atoms and
the carbon atoms of the cyclopentadienyl rings, are found to
the unsubstituted carbon atoms on the perimeter of the
naphthalene rings. A closer comparison of the distances in-
volving pairwise chemically equivalent atoms reveals that all
distances formed by Fe1 and the unsubstituted carbon
atoms are systematically shorter, while the distances to the
bridging atoms are significantly longer than those of Fe2.
The biggest absolute and relative differences are found be-
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tween the metal atoms and C6a/C6b, which amount to
0.050(4) and 0.061(4) P. Together with the distance pattern
found for the two cyclopentadienyl rings, there is an overall
balance of shorter and longer distances for either iron atom.
This observation is also reflected by the sum of all Fe1�C
distances of 23.573(5) P, while the equivalent sum for Fe2 is
23.529(4) P.


Finally, closer inspection of the decacyclene moiety and
comparison with the geometry of the decacyclene moieties
in the Ni and Co complexes,[11] as well as in the tetrakis(al-
kali metal) salts[23] and free decacyclene,[27] seems to be war-
ranted. The two independent dihedral angles of 4 formed
between the naphthalene units and the essentially planar
central benzene ring are 8.878 for the Fe-complexed naph-
thalene unit and 6.538 for the uncomplexed part. The corre-
sponding angles in free decacyclene are 9.30 and 7.758,
while in the Ni complex these values are 13.92, 14.33, and
4.718. In the case of the decacyclene tetraanions, only the
potassium salt has a reported crystal structure. The decacy-
clene moiety also exhibits two twisted napthalene units with
dihedral angles of 9.40 and 13.478, while the third naphtha-
lene ring is twisted by only 3.808. 2,8,14-Trichlorodecacy-
clene[28] is even more twisted towards a propeller-shaped ge-
ometry. The single, symmetry-independent dihedral angle is
18.528.1 While this propeller shape seems to be preserved
for decacyclenes in general and has been explained by re-
pulsion between the hydrogen atoms or substituents in posi-
tions 3–4, 9–10, and 15–16, a different geometry was found
for 1,6,7,12,13,18-hexa-tert-butyldecacyclene,[29] which can be
described as bowl-shaped. A similar shape was found for the
Co complex.[11] Since the central benzene ring adopts a boat
conformation, one naphthalene ring is deflected out of the
molecular plane, while the other two show a butterflylike ar-
rangement and thus minimize repulsion between the hydro-
gen atoms in the fjord regions.


The naphthalene units in 4 are themselves slightly distort-
ed from planarity, with rms derivatives of 0.21 and 0.08 P
for the complexed and the uncomplexed rings, respectively.
Compared to free decacyclene, which exhibits significant
bond-length alternation between the endo and exo bonds of
the central benzene ring, this effect is less pronounced in 4.


According to the structural parameters all carbons atoms
of the two complexed naphthalene fragments are coordinat-
ed to iron. The finding that the Fe�C distances to the naph-
thalene bridgehead carbons atoms C6a and C6b are signifi-
cantly longer than those to C4, C5, C6, and C4a seems to in-
dicate unsymmetrical h6 coordination, which can be de-
scribed as an h4+h2 coordination mode of the naphthalene
fragments of 1 to each of the Fe centers. Each naphthalene
subunit contributes as a 10e-donating ligand fragment to the
overall valence electron count. This results in an 18e config-
uration of each iron center and 36 valence electrons for
each “isolated” Fe2 triple-decker unit in 4.


Due to the large distance between the iron centers in 4
(4.611 P) their direct electronic interaction is unlikely. How-
ever, mediation of such a interaction by the bridging poly-
condensed decacyclene ligand seems possible and can
indeed be proven experimentally for 3 and 4 by cyclic vol-
tammetry (see below).


Figure 3. Molecular structure of 4 as determined by single-crystal X-ray
analysis. Anisotropic displacement ellipsoids are drawn at the 50% prob-
ability level. Selected bond lengths [P] and angles [8]: Fe1�C4a 2.200(4),
Fe1�C4 2.036(4), Fe1�C5 2.016(6), Fe1�C6 2.097(5), Fe1�C6a 2.445(4),
Fe1�C6b 2.435(4), Fe1�C11 2.060(4), Fe2�C6b 2.374(4), Fe2�C6a
2.395(4), Fe2�C7 2.112(4), Fe2�C8 2.035(4), Fe2�C9 2.053(5), Fe2�C9a
2.176(4), Fe2�C21 2.088(4), C4a�C4 1.439(6), C4�C5 1.425(6), C5�C6
1.435(5), C6�C6a 1.420(6), C6a�C6b 1.413(6), C4a�C6b 1.434(5); C4a-
C4-C5 119.0(3), C4-C5-C6 119.6(4), C5-C6-C6a 121.1(4), C6-C6a-C6b
116.4(3), C6a-C6b-C4a 123.6(4), C6b-C4a-C4 117.8(4), C6-C6a-C7
128.4(4), C4a-C6b-C9a 112.2(3), C4a-C4b-C9b 108.7(3). a) Top view of 4
with atom-numbering scheme. b) Side view of the molecular structure of
4 showing the propeller-like ligand twist and the arrangement of the {(h5-
Me4EtC5)Fe} fragments in a double triple-decker fashion.


1 The molecular least-squares planes of the naphthalene units were de-
fined to encompass all ten atoms formally belonging to this unit. The
same approach holds for the central benzene ring.
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Electrochemistry of 3 and 4 : The cyclic voltammograms
(CVs) of 3 and 4 recorded at ambient temperature in THF,
are shown in Figures 4 and 5. The corresponding data are
given in Tables 2 and 3.


The CVs of 3 and 4 show three and five quasireversible
redox processes, respectively. Compared to ferrocene
(0.52 V) and decamethylferrocene (�0.05 V) the first oxida-
tion of 3 and 4 occurs at significantly lower potentials
(Table 2). This is indicative of the ease of oxidation of 3 and
4 compared to these parent sandwich compounds; however,
one must keep in mind that different Fe oxidation states are
involved in these processes for ferrocene and decamethylfer-
rocene.


The first two oxidation peaks in the CV of 3 can be as-
signed to two successive one-electron transfer steps. In bi-
metallic complexes that contain two metal centers, the sepa-
ration between two redox events can be indicative of the
degree of electronic interaction.[30–37]The large potential sep-
aration DE of 660 mV between the two successive electro-
chemical events in 3 is characteristic of a strong electronic
interaction between the two Fe centers and extensive elec-
tronic delocalization in the mixed-valent form 3+ . The po-
tential separation DE of 3 compares well with that of bis-
(iron)-m-pentalene 9 (DE=850 mV[33]) and bis(iron)-m-inda-
cene 10 (DE=820 mV[33]) which are known to be highly de-
localized species in their mixed-valent forms.[32,33] The bond-
ing situation in pentalene complex 9 and indacene complex
10 is related to those in 3 and 4 in that the two metal ions in
the latter complexes share the same ligand orbitals.


The cyclic voltammetric data of tetranuclear 4 fit nicely
into the line of dinuclear Fe2 complex 3. Compared to 3 two
additional quasireversible oxidation events occur in the
cyclic voltammogram of 4. The separation of redox poten-
tials of the one-electron oxidation steps FeI–IV


1+ /2+ and FeI–
IV


2+ /3+ is at an almost identical potential E1/2, which indi-
cates chemically equivalent metal/ligand centers (DE1/2


0/1+ =


0.13 and DE1/2
0/1+ =0.12 V). The potential differences DE


between the first and second individual oxidation events are
780 and 770 mV, and this underlines the high degree of pos-
sible metal interaction in the mixed-valent states of 4. How-
ever, Geiger et. al showed that care must be taken when es-
timating electronic interactions from DE data due to their
strong dependence on solvent and counterion.[34] Neverthe-
less, even if DE for 3 and 4 is assumed to be solvent-depen-
dent and thus might be influenced significantly by changing
the solvent, the strongly coupled situation between the
metal centers will not be eliminated by the solvent alone.


In addition to the two (for 3) or four oxidation events (for
4) a quasireversible redox event occurs for 3 (�1.65 V) and


Figure 4. Cyclic voltammogram of 3 in THF under ambient conditions.


Figure 5. Cyclic voltammogram of 4 under ambient conditions.


Table 2. Cyclovoltammetric data for 3.


E1/2 [V] vs SCE[a] E1/2 [V] vs Fc/Fc+ DEp
[b] DE(1+ /2+ ) [V] Kcomp


[c]


�0.25 �0.77 88(5)
�0.91 �1.43 91(4) 0.66 1.4T1011


�1.65 �2.17 99(1)


[a] In THF/nBu4NClO4, at 25 8C, Pt electrode, scan rate=100 mVs�1, Fc/
Fc+ complex: E1/2=0.52 V versus SCE. [b] Peak-to-peak difference of re-
duction and oxidation waves; DEp= jEp(cathodic)�Ep(anodic) j .
[c] lg Kcomp=16.9DE(1+ /2+ ).


Table 3. Cyclovoltammetric data for 4.


E1/2 [V] vs SCE[a] E1/2 [V] vs Fc/Fc+ DEp
[b] DE(1+ /2+ ) [V] Kcomp


[c]


�0.06 �0.58 94(16)
�0.19 �0.71 89(5)
�0.84 �1.36 94(6) 0.78 1.5T1013


�0.96 �1.48 90(6) 0.77 1.0T1013


�1.83 �2.35 94(5)


[a] In THF/nBu4NClO4, at 25 8C, Pt electrode, scan rate=100 mVs�1, Fc/
Fc+ complex: E1/2=0.52 V versus SCE. [b] Peak-to-peak difference of re-
duction and oxidation waves; DEp= jEp(cathodic)�Ep(anodic) j .
[c] lg Kcomp=16.9DE(1+ /2+ ).
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4 (�1.82 V). Decacyclene itself undergoes four reversible
single-electron transfers at Ered I


1=2 =�2.05, Ered II
1=2 =�2.46 V,


Ered III
1=2 =�2.88 V, and Ered IV


1=2 =�3.35 V.[24a] The assignment of
the two most anodic waves in the CV of 3 and 4 to the first
ligand reduction of complexed decacylene seems reasonable,
because successive metal/ligand complexation of 1 with {(h5-
Me4EtC5)Fe} fragments as in 3 and 4 should enhance the
ease of reduction and therefore lower the first reduction po-
tential of the metal-complexed decacyclene ligand substan-
tially.


Mçssbauer spectroscopy of 4 : Owing to the unusual coordi-
nation mode of 4 determined by X-ray crystallography and
NMR spectroscopy, we studied 4 by Mçssbauer spectrosco-
py at 273 and 78 K. The Mçssbauer resonance spectra of 4
consist of well-resolved doublets (Figure 6). Two additional


well-resolved doublet compo-
nents, with about 7% overall
spectral intensity, have Mçssba-
uer parameters clearly charac-
teristic for FeII. We assign this
minor component to an oxi-
dized contaminant. Since 4 is
highly air sensitive (see Experi-
mental Section) this minor
component might be due to an
FeII contaminant formed by oxi-
dation of 4, which contains for-
mally FeI. The overall observed
characteristic isomer shifts (IS),


related to the electron density around the metal nucleus,
and quadrupole splittings (QS), related to the symmetry of
the charge distribution around the metal atom, determined
for 4 are given in Table 4, together with the same data on
the parent sandwich compounds ferrocene, its permethylat-
ed derivative, the dinuclear naphthalene iron compound 8,
and a couple of other organoiron compounds containing h4-
coordinated ligands. Complex 4 shows a symmetrical dou-
blet indicative of symmetry-equivalent iron centers. For 4
and the structurally related dinuclear naphthalene complex
8, the observed IS and QS values are in the same range. The
IS for 4 and 8 are significantly higher than those of ferro-
cene and its permethylated derivative, as well as the penta-
lene and s-indacene complexes 9 and 10.[33] (all formally
FeII ; see Table 4). Interestingly, the IS values for 4 and 8 are
in between those of these four FeII complexes and the ho-
moleptic iron complexes [{(h6-toluene)Fe}2-(m2-h


3:h3-tolu-
ene)][39] and [{(h6-benzene)Fe(h4-benzene)],[40] both of which
contain formally Fe0 metal centers.


A plausible explanation for the significantly reduced QS
values for 4 and 8 compared to the ferrocenes and dinuclear
Fe2 complexes 9 and 10 might be a high degree of metal/
ligand orbital mixing due to the unique ligand bonding sit-
uation for 4 and 8 (see above), which produces a somewhat
symmetrical valence electron distribution around the iron
centers.


In conclusion, synthesis of the new iron complexes 3 and
4 underpins the ability of decacyclene to act as a versatile
and unique ligand towards transition metal fragments. Alter-
nating metal complexation on opposite faces of 1 was ob-
served, with coordination of two or four iron/ligand frag-
ments. To the best of our knowledge the latter coordination
was characterized for the first time in transition metal
chemistry. The iron centers are strongly coupled across the
bridging decacyclene ligand, as can be judged from electro-
chemical measurements.


Experimental Section


All manipulations were done in Schlenk tubes under argon using dried
solvents. [(h5-Me4EtCp)FeCl(tmeda)] was prepared according to a proce-
dure developed by Jonas et al.[12] NMR measurements were performed


Figure 6. Mçssbauer spectra of 4 at 273 and 78 K.


Table 4. Mçssbauer data for the diiron complexes 4 and 8, ferrocene, decamethylferrocene, and related iron p


complexes.


Compound T [K] IS d [mms�1] QS [mms�1]


ferrocene[38] 90 0.531(3) 2.491(1)
[(C5Me5)2Fe]


[38] 90 0.492(3) 2.473(17)
[(C5H5)2Fe]


+ [38] 90 0.4 0.1–0.6
4 (this work) 78 0.60 1.68


273 0.55 1.63
8[16, 17] 273 0.543 1.555
9[33] 293 0.48 2.49
10[33] 77 0.49 2.40
[{(h6-toluene)Fe}2-(m2-h


3:h3-toluene)][39] 80 0.66 0.23
[(h6-benzene)Fe(h4-benzene)][40] 7 0.64 1.04
[(h6-benzene)Fe(h4-cyclohexadiene)][40] 77 0.49 0.92
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on a Bruker WM 300 instrument in vacuum-sealed tubes with the residu-
al proton signals of the deuterated solvent as standard. The appropriate
deuterated solvent was vacuum-transferred onto the solid sample. Elec-
trochemical experiments were carried out on a PAR Model 270 Research
Electrochemistry Software controlled Potentiostat/Galvanostat Model
273 A with the electrochemical cell placed in a glovebox. The experi-
ments were performed on 1–2 mm THF solutions containing 0.6m
(Bu4N)ClO4 as supporting electrolyte; a higher than normal electrolyte
concentration was applied to minimize solution resistance. All potentials
were measured vs an SCE reference electrode at 25 8C. The potentials
were not corrected for junction potentials. A Pt foil electrode was em-
ployed as working electrode. Under these conditions the potential for the
ferrocene/ferrocenium ion couple was 0.52 V versus SCE.


Mçssbauer spectroscopy was carried out on a conventional spectrometer
equipped with a cryostat unit CF 500 (Oxford Instruments, England).
Calibration of the Doppler velocity of the Mçssbauer source (ca. 10 mCi
57Co in Rh) was performed using the hyperfine splitting of metallic iron.
The isomer shift values are quoted relative to a-Fe.


3 : Decacylene (1, Aldrich, 250 mg, 0.56 mmol, sublimed prior to use) was
suspended in THF (50 mL) and transferred into a flask in which a thin
mirror of potassium metal (60 mg, 1.54 mmol) had been prepared. After
three days about 90% of the metal had dissolved, and a deep red-brown
solution containing varying small amounts of precipitate had formed.
After the mixture had been cooled to �78 8C, solid 2 (450 mg,
1.26 mmol) was added to this solution in one batch with stirring, and the
resulting mixture allowed to warm to room temperature over 5 h. After
removal of all volatile substances, the residue was dissolved in diethyl
ether and crystallized from that solvent at �30 8C to give black micro-
crystals of 3 (260 mg, 0.30 mmol, 54%). A further crop (90 mg,
0.07 mmol, 13%) of 4 could be isolated from the mother liquor.


3 : 1H NMR (300 MHz, C6D6, 25 8C): d=0.70 (t, 6H), 1.12 (s, 6H), 1.13 (s,
6H), 1.21 (s, 6H), 1.25 (s, 6H), 1.74 (q, 4H), 2.12 (d, 2H, 3J=5.4 Hz),
5.56 (t, 2H, 3J=5.4 Hz), 7.44 (t, 2H, 3J=7.9 Hz), 7.65 (t, 2H, 3J=7.3 Hz),
7.66 (d, 2H, 3J=7.9 Hz), 7.73 (d, 2H, 3J=7.9 Hz), 7.82 (d, 2H, 3J=
5.4 Hz), 8.77 (d, 2H, 3J=7.3 Hz), 9.19 ppm (d, 2H, 3J=7.3 Hz); 13C NMR
(75 MHz, C6D6, 25 8C): d=9.0, 9.1, 9.2, 14.7, 18.3, 53.3, 69.6, 75.7, 77.4,
79.2, 79.9, 80.9, 81.8, 82.5, 86.6, 94.1, 122.7, 122.8, 125.9, 126.0, 131.0,
131.3, 134.0, 134.3, 136.3, 139.5, 139.9 ppm; MS (EI): m/z (%): 860 (1)
[M+], 450 (42) [decacyclene], 354 (49) [(Me4EtC5)2Fe], 150 (50)
[Me4EtC5]; elemental analysis (%) for C58H52Fe2 (860.75 gmol�1): calcd:
C 80.93, H 6.09; found: C 79.23, H 7.01.


4 : Decacylene (1, 360 mg, 0.8 mmol) was suspended in THF (50 mL) and
transferred into a flask in which a thin mirror of potassium metal
(140 mg, 3.6 mmol) had been prepared. After 3 h the deep red-brown so-
lution was cooled to �78 8C. 2 (1140 mg, 3.2 mmol) was added to this so-
lution in one batch with stirring, and the resulting mixture allowed to
warm to room temperature over 5 h. After removal of all volatile sub-
stances, the residue was dissolved in diethyl ether, and 4 (660 mg,
0.52 mmol, 65%) was obtained as shimmering black crystals from that
solvent at �30 8C.


4 : 1H NMR (300 MHz, C6D6, 25 8C): d=0.82 (t, 6H), 0.97 (t, 6H), 1.29 (s,
6H), 1.32 (s, 6H), 1.35 (s, 6H), 1.38 (s, 6H), 1.47 (s, 6H), 1.48 (s, 6H),
1.51 (s, 6H), 1.52 (s, 6H), 1.92 (q, 4H), 2.02 (q, 4H), 2.19 (d, 2H, 3J=
5.3 Hz), 2.53 (d, 2H, 3J=5.4 Hz), 5.59 (t, 2H, 3J=5.4 Hz), 5.67 (t, 2H,
3J=5.3 Hz), 7.61 (t, 2H, 3J=7.5 Hz), 7.74 (d, 2H, 3J=7.5 Hz), 7.77 (d,
2H, 3J=5.4 Hz), 7.96 (d, 2H, 3J=5.3 Hz), 9.25 ppm (d, 2H, 3J=7.5 Hz);
13C NMR (75 MHz, C6D6, 25 8C): d=9.79, 9.80, 9.87, 9.91, 9.93, 9.98, 10.0,
15.0, 18.8, 52.1, 56.6, 67.0, 72.9, 75.2, 76.4, 76.5, 77.1, 79.1, 79.9, 80.0, 80.2,
80.8, 80.9, 81.6, 82.4, 86.5, 86.9, 87.1, 95.9, 123.0, 125.1, 130.7, 130.8, 133.8,
134.1, 135.2, 140.7 ppm; elemental analysis (%) for C80H86Fe4
(1270.96 gmol�1): calcd: C 75.60, H 6.82; found: C 78.64, H 6.43.
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Introduction


The de novo design and total synthesis of monomeric globu-
lar proteins with linear sequences in excess of 50 amino acid
residues is a considerable challenge. Adding to this chal-
lenge is the design of proteins that fold into well-defined ter-
tiary structures. In de novo design research, a synthetic ap-
proach is required as it offers fast access to the designed
protein for structure and stability analysis. So far, only two
monomeric globular proteins have been synthesized that


have a native-like structure.[1,2] These are three-helix bun-
dles and are constructed of 65 and 71 residues. Other de-
signed monomeric proteins with well-defined folds consist of
short amino acid sequences,[3–5] which is a challenge in itself.
Recent advances in computer-assisted design[6] have yielded
well-folded structures[7–9] as well as monomeric proteins of
more than 90 residues that are prepared by protein expres-
sion.[10,11] For the preparation of larger monomeric struc-
tures, protein designers have employed methods that involve
protein assembly on templates.[12–15] A number of designed
well-folded proteins have been reported that have a total of
more than 50 residues. They are constructed though of ag-
gregates of secondary-structure-containing building-blocks
such as a-helices,[8,16] b-strands,[17] and the helix-loop-helix
motif.[18,19] This strategy for designing oligomeric aggregates
is interesting as it offers a simple way to prepare tertiary
structures. However, there is a need to prepare monomeric
globular proteins for folding analysis and for the engineering
of unique binding sites as this is a common motif in nature.


Abstract: The design and total chemi-
cal synthesis of a monomeric native-
like four-helix bundle protein is pre-
sented. The designed protein, GTD-
Lig, consists of 90 amino acids and is
based on the dimeric structure of the
de novo designed helix-loop-helix
GTD-43. GTD-Lig was prepared by
the native chemical ligation strategy
and the fragments (45 residues long)
were synthesized by applying standard
fluorenylmethoxycarbonyl (Fmoc)
chemistry. The required peptide–thio-
ester fragment was prepared by an-
choring the free g-carboxy group of
Fmoc-Glu-allyl to the solid phase.
After chain elongation the allyl moiety
was orthogonally removed and the re-
sulting carboxy group was functional-
ized with a glycine–thioester followed


by standard trifluoroacetic acid (TFA)
cleavage to produce the unprotected
peptide–thioester. The structure of the
synthetic protein was examined by far-
and near-UV circular dichroism (CD),
sedimentation equilibrium ultracentri-
fugation, and NMR and fluorescence
spectroscopy. The spectroscopic meth-
ods show a highly helical and native-
like monomeric protein consistent with
the design. Heat-induced unfolding was
studied by tryptophan absorbance and
far-UV CD. The thermal unfolding of
GTD-Lig occurs in two steps; a cooper-
ative transition from the native state to


an intermediate state and thereafter by
noncooperative melting to the unfold-
ed state. The intermediate exhibits the
properties of a molten globule such as
a retained native secondary structure
and a compact hydrophobic core. The
thermodynamics of GuHCl-induced
unfolding were evaluated by far-UV
CD monitoring and the unfolding ex-
hibited a cooperative transition that is
well-fitted by a two-state mechanism
from the native to the unfolded state.
GTD-Lig clearly shows the characteris-
tics of a native protein with a well-de-
fined structure and typical unfolding
transitions. The design and synthesis
presented herein is of general applica-
bility for the construction of large mon-
omeric proteins.
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De novo protein design offers the ultimate test for our un-
derstanding of protein folding and structure, which has prac-
tical applications in the engineering of, for example, biosen-
sors,[20] novel catalysts,[21] immunogenic folds,[22] pharmaceut-
ical applications,[23] and cofactor-linked proteins.[24,9] Previ-
ously, the majority of de novo designed proteins were best
described as molten globules due to elusive design princi-
ples. Today much has been learned from de novo design
which now enables the construction of peptides and proteins
with well-defined structures.[25–27] It is important to consider
the fact that shape-complementarity between the hydropho-
bic interfaces of amphiphilic a-helices and b-sheets is not
enough to achieve well-defined tertiary structures and that
the incorporation of conformational constraints is necessa-
ry.[28, 29]


Previously the author has reported with collaborators on
the de novo design and synthesis of GTD-43, a 43-residue
peptide that dimerizes to form a four-helix bundle.[29,30] The
related and more soluble GTD-C has also been reported
previously.[31] These structures have been shown to fold into
well-defined four-helix bundles by circular dichroism (CD),
sedimentation equilibrium ultracentrifugation, and NMR
spectroscopy. The well-folded nature of the structures was
attributed to the designed aromatic ensemble in the central
hydrophobic core, designed to form a conformational con-
straint and restrict the dynamics of the hydrophobic residues
in the folded structure.[30] In addition, GTD-C showed that
there was increased specificity other than the contribution
from the aromatic ensemble, which was assigned to the in-
terhelical salt bridge between His17 and Asp27 located at
the hydrophobic core-loop boundary.[31]


The de novo design and structural characterization of
GTD-Lig, a monomeric four-helix bundle protein, is report-
ed herein. The design is based on the folded dimeric struc-
ture of GTD-43. The sequence of GTD-43 was redesigned
in order to connect all four helices together through a rear-
rangement of the loops. This new monomeric four-helix
bundle is folded from a single polypeptide chain containing
90 amino acid residues. In the work described herein the
modifications required to transform a well-folded dimeric
four-helix bundle protein into the corresponding monomeric
four-helix bundle were investigated.
Also presented in this report is the total synthesis of the


designed monomeric globular protein, prepared through the
use of the native chemical ligation strategy (NCL).[32]


A major advance in protein chemistry has been the devel-
opment of chemical ligation methods by which two unpro-
tected peptide fragments are chemoselectively ligated to-
gether. These methods have drastically increased the size of
synthetic proteins and allowed their redesign.[33,34]


Up to now, the syntheses of the required C-terminal pep-
tide thioesters have been performed mainly by the Boc-pro-
tection strategy (Boc; tert-butyloxycarbonyl) of solid-phase
peptide synthesis (SPPS). The disadvantage of the Boc strat-
egy is the repeated use of strong acid for a-amino deprotec-
tion and final HF cleavage. Other disadvantages are encoun-
tered when the peptide segment is modified with HF sensi-


tive glycosidic linkages or fluorescent probes. For these rea-
sons the Fmoc-protection strategy (Fmoc; fluorenylmethoxy-
carbonyl) is preferred for its milder conditions. However
there is one problem to overcome with the Fmoc strategy,
which is the susceptibility of the thioester linkage towards
nucleophilic piperidine which is used for Fmoc removal. In
recent years, several strategies have been reported that over-
come this problem.[35] The published methods however
either require extensive optimization, special agents/linkers,
or are reported to cause undesirable side-reactions.
A simple alternative to previously published methods of


peptide-thioester preparation with Fmoc SPPS is the side-
chain anchoring of an orthogonally protected amino acid on
to the resin. Tulla-Puche and Barany have reported on the
synthesis of a peptide-thioester by side-chain anchoring of
Fmoc-Asp-Allyl for on-resin ligation.[36] Here, as the thioest-
er is cleaved from the resin and purified before ligation,
Fmoc-Glu-Allyl is used in combination with a peptide-
amide resin that forms a glutamine upon cleavage to avoid
possible side-reactions such as ester migration.[37] The allyl is
an orthogonal protecting group on the a-carboxy group,
which is simply and selectively removed after completion of
the sequential solid-phase peptide synthesis. Glycine-benzyl
thioester is then coupled to the resulting free a-carboxy
group using standard coupling reagents;[38] thereafter, the
desired peptide-thioester is released from the resin through
standard TFA-cleavage procedures.
The monomeric four-helix bundle protein presented


herein has been synthesized in high yield with the aid of
NCL and studied by a number of biophysical analytical
methods to determine its structure and stability. The results
show that the structure is highly helical and that it folds into
a native-like monomeric structure. These results have impli-
cations for the de novo design and total synthesis of large
monomeric proteins with applications, for example, in the
research of membrane channels, metalloproteins, and the
binding of cofactors. The preparation of GTD-Lig, which
contains 90 residues, demonstrates that the presented strat-
egy for peptide-thioester synthesis in combination with
native chemical ligation provides an easy access to large
peptides/proteins. The results also show that the redesign of
de novo designed and native proteins is possible as the rear-
rangement of the loops in the four-helix bundle had little
effect on the tertiary fold.


Results


The design of GTD-Lig : The monomeric four-helix bundle
protein GTD-Lig was designed based on GTD-43 and
GTD-C. These 43-residue polypeptides fold into helix-loop-
helix motifs that dimerize to form antiparallel four-helix
bundles in aqueous solution. The de novo design procedure
of GTD-43 and GTD-C, which has previously been de-
scribed in detail, involves the design of an aromatic ensem-
ble, Phe10 and Trp13 in helix 1 and Phe34 in helix 2, that in-
duces unique conformational stability.[30] The conformational
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stability of GTD-43 is characterized by a well-dispersed 1H
NMR spectrum that exhibits slow exchange on the NMR
timescale, slow amide proton exchange rates in part of the
sequence, and a narrow temperature range for thermal de-
naturation.
For the design of the monomeric four-helix bundle, it was


necessary for the loops to undergo rearrangement to avoid a
loop stretching the length of the helical structure. To do this,
the loop between helices 1 and 2 was removed and two new
loops between helices 1 and 1’ and between helices 2’ and 2
were designed (Figure 1). The loop between helices 1’ and 2’
was unchanged. The new loops were designed to have the
same sequence as in the original helix-loop-helix, namely,
Gly-Thr-Gly-Pro.
The site for native chemical ligation was designed to be in


the region of the loop in the center of the amino acid se-
quence. This has the advantage of producing ligating frag-
ments of similar length and the introduction of the cysteine
necessary for ligation has helix-destabilizing properties. Cys-
teine replaces the threonine in the loop as this leads to only
small changes in the structural features of the loop, which
now becomes Gly-Cys-Gly-Pro. The two peptide fragments
to be ligated together are designated GTD-(1,1’)-SBzl and
GTD-(2’,2), where (1,1’) and (2’,2) indicate the individual
helices in the four-helix bundle and SBzl is the C-terminal
benzyl thioester (Figure 2).


Synthesis of GTD-Lig : The required peptide fragment with
a C-terminal glycine-thioester [GTD-(1,1’)-SBzl] was de-


signed to be synthesized by the Fmoc strategy. This was pos-
sible and easily achieved by using the a-carboxy orthogonal-


protected Fmoc-Glu-a-Allyl in
a two-dimensional solid-phase
synthesis (Scheme 1). This
amino acid is coupled to the
solid-phase resin through its
side-chain and allows, first, the
Fmoc group to be used for se-
quential peptide synthesis. Sec-
ondly, after SPPS the allyl
group can be selectively re-
moved to give the a-carboxy
group, which is then functional-
ized with the appropriate
amino acid-thioester.
To synthesize the 45-residue


peptide benzyl thioester, GTD-
(1,1’)-SBzl, amino acids were
coupled by TBTU/DIPEA acti-
vation starting with the first res-
idue Fmoc-Glu-a-Allyl. There-
after the allyl group was selec-
tively removed by treatment
with palladium(0) for 3 h at
room temperature. Glycine-
benzyl thioester was then cou-
pled to the resulting free a-car-
boxy moiety by PyBop/HOBt/
DIPEA activation. The desired


Figure 1. Schematic representation of antiparallel and dimeric GTD-43 and its redesign to monomeric GTD-
Lig. a) Dimer of GTD-43. The helices are denoted 1 and 2 in the top monomer and 1’ and 2’ in the bottom
monomer. b) Intermediate fragments GTD-(1,1’)-SBzl and GTD-(2’,2). The * indicates the location of the liga-
tion reaction. c) Modeled representation of GTD-Lig with the individual helices having the same relative ori-
entation to one another as those in the dimeric structure of GTD-43. d) Schematic representation of GTD-Lig
showing the hydrophobic amino acids phenylalanine and tryptophan. The two aromatic ensembles originate
from the designed aromatic ensemble of GTD-43.


Figure 2. Amino acid sequences of the fragments GTD-(1,1’)-SBzl and
GTD-(2’,2), and the ligated protein GTD-Lig. A one-letter code is used
for the amino acid residues. The helices are connected by the loop se-
quences GTGP and GCGP. BzlS is the benzyl thioester.
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peptide thioester was released from the resin through
normal TFA cleavage procedures. In this synthesis a peptide
amide linker was chosen that transforms the attached side-
chain of the glutamic acid from a carboxylic acid into an
amide, and the resulting cleaved peptide has a glutamine
residue at this position. The GTD-(2’,2) fragment was pre-
pared by the standard Fmoc-SPPS procedure.


Native chemical ligation : Native chemical ligation of the
two synthetic peptide fragments was performed using stan-
dard methodology[39] and was complete within 22 h. The li-
gation reaction was followed by analytical HPLC (Figure 3).
After 1.5 h the formation of the reactive phenyl thioester
GTD-(1,1’)-SPh was observed as well as a small amount of
ligation product. After 7 h the ligation reaction was about 2=3
complete and additional GTD-(2’,2) was added to the reac-
tion mixture at this point. After completion of the ligation
reaction, GTD-Lig was readily purified in good yield and
identified by electrospray mass spectroscopy: found:
9836.5 Da; calculated: 9837.1 Da.


Biophysical characterization of GTD-Lig : The pH depend-
ence of GTD-Lig was studied with far-UV CD in the range
of pH 2.1–9.8. The protein was found to precipitate near its
calculated pI of 7. At a pH below 5 and above 8, GTD-Lig
is fully soluble and the CD spectrum is independent of pH
(data not shown). To analyze and find the optimum condi-
tions in which GTD-Lig folds into the desired well-defined
four-helix bundle protein, the pH and temperature were
varied and the structure was studied by 1H NMR spectrosco-
py. At pH 3 the 1H NMR spectrum of GTD-Lig is well dis-
persed and has narrow line-widths relative to the spectrum
at pH 4.5, which shows less dispersion and broad line-widths
(Figure 4). Well-dispersed spectra with narrow line-widths
are characteristics that distinguish between a native-like
structure and the molten globular state. The broad lines that


are found in the spectrum at pH 4.5 indicate the formation
of a molten globular structure. The molten globular struc-
ture is most probably induced by nonspecific aggregation as
the pH approaches the proteinLs pI.


Scheme 1. Fmoc strategy for the preparation of peptide–thioesters starting from Fmoc-Glu-a-Allyl. TBTU= 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetrame-
thyluronium tetrafluoroborate, DIPEA=diisopropylethylamine, PyBOP= benzotriazole-1-yl-oxy-tris(pyrrolidino)phosphonium hexafluorophosphate,
HOBt = 1-hydroxybenzotriazide, TIS= triisopropylsilane.


Figure 3. The ligation between GTD-(1,1’)-SBzl and GTD-(2’,2) was
monitored by analytical HPLC (chromatograms at 230 nm are shown).
After 22 h, the formation of the product GTD-Lig was essentially com-
plete. The bottom chromatogram shows the reaction mixture after re-
moval of excess thiophenol by diethyl ether extraction.
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The temperature dependence of the 1H NMR spectrum of
GTD-Lig was studied at pH 3, at which pH the protein
shows native-like behavior (Figure 5). With increasing tem-
perature the chemical-shift dispersion decreases and the
line-widths become broader; this shows that at pH 3 and
below 20 8C GTD-Lig is in slow exchange on the NMR
timescale.[40]


The CD spectra in the far-UV region (Figure 6) show that
the protein in aqueous solution at pH 3 at different temper-
atures has the characteristics of an a-helical protein, with
minima at 222 and 208 nm and a maximum at 195 nm. The
protein structure is the most helical below 20 8C, with
[q]222=�20500 degcm2dmol�1, which is the same, within ex-
perimental error, as that reported for both GTD-43 and
GTD-C. Thus the modifications introduced into the sequen-
ces of the parent proteins to create a monomeric structure


with rearranged loops apparently do not affect the secon-
dary structure. The CD spectrum of GTD-Lig was also
found to be independent of concentration in the measured
range of 2–500mm at pH 3 and 21 8C. The following structure
and conformational studies of GTD-Lig were all performed
within this concentration range and at pH 3.
The two tryptophan residues in the aromatic ensemble of


the hydrophobic core are convenient probes for studying the
structure and stability of GTD-Lig. The tryptophan fluores-
cence maximum is at 329 nm in aqueous solution at pH 3
and 20 8C; this value is blue-shifted relative to that of a fully
exposed tryptophan, which usually has a maximum at about
350 nm (see the Supplementary Information). The signifi-
cantly lower value shows that the tryptophan molecules are
partly buried in the hydrophobic core of the folded struc-
ture.[41] Note also that the fluorescence maximum is red-


shifted to 337 nm at 80 8C. This
indicates that the tryptophan
residues are still buried but to a
lesser extent.


Sedimentation equilibrium ul-
tracentrifugation : To verify that
GTD-Lig is indeed monomeric
and to probe for concentration
dependence, sedimentation
equilibrium ultracentrifugation
of 6 and 30mm aqueous solu-
tions (salt-free, pH 3) of the
protein was performed; the
same conditions as those used
for stability and structural
measurements. The equilibrium
curves were measured at five
speeds between 15000 and
35000 rpm. Analysis was per-
formed at each concentration


Figure 4. pH dependence of the aromatic-amide and methyl region of the 1H NMR spectrum of GTD-Lig at a concentration of 0.5mm and 5 8C.


Figure 5. The aromatic-amide and methyl region of the 1H NMR spectrum of GTD-Lig as a function of tem-
perature at pH 3.0. Same sample as in Figure 4.
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by simultaneously fitting the data measured at different
rotor speeds to the equation for a single species of a mono-
mer. For the 6 and 30mm solutions, the apparent molecular
weights, MW,app, were determined to be 9100 and 6500 Da,
respectively. The value of MW,app determined for the low-
concentration sample is close to the calculated molecular
weight, MW,calcd, which is 9837 Da; this indicates that the pro-
tein GTD-Lig, as designed, is a monomer at pH 3.0. As can
be seen, when the data are fitted individually at each con-
centration, MW,app becomes less than MW,calcd and decreases
with increasing protein concentration. This indicates that
the solutions of GTD-Lig are nonideal.[42] Nonideality can
be described in terms of the second virial coefficient B,
which was determined from the equilibrium curves obtained
from the 30mm solution in which the nonideality is most ob-
vious. Data were fitted with MW set equal to MW,calcd


(9837 Da), which gave a value of B of 5.4M10�5 molLg�2


(Figure 7). The residuals of the 25000 rpm data-fit are
shown and are representative of the goodness-of-fit as the
residuals are random and centered around zero.


The conformational stability of GTD-Lig : The appearance
of the 1H NMR spectrum shows that GTD-Lig has a well-


defined native-like structure at pH 3 and at temperatures
below 20 8C (Figure 4 and Figure 5). To complement this
NMR thermal study, the thermal unfolding of GTD-Lig was
studied by monitoring the tryptophan absorbance and circu-
lar dichroism in both the far- and near-UV regions at pH 3.
Tryptophan is a suitable chromophore for studying transi-
tions of the tertiary structure, whereas far-UV CD is suita-
ble for studying changes to the secondary structure. Figure 8
shows the temperature dependence of the tryptophan ab-
sorbance which decreases sharply between 20 and 40 8C.
Above 40 8C there is a less pronounced linear decrease in
the absorbance. The unfolding transition is highly coopera-
tive and reversible: When the temperature was lowered, the
value of the tryptophan absorbance returned to its original
level.
Monitoring the thermal unfolding by far-UV CD


(Figure 6) shows that the negative values of the mean resi-
due ellipticities at 208 and 222 nm decrease with increasing
temperature, which indicates a decrease of helical content.
There is a transition between 10 and 40 8C and above 40 8C
the thermal unfolding is diffuse. Thus the thermal unfolding
monitored by far-UV CD corresponds to the temperature
dependence of the tryptophan absorbance. The helical struc-
ture of GTD-Lig is remarkably stable to temperature as the
far-UV CD spectrum at 98 8C retains its characteristic a-hel-
ical minima at 208 and 222 nm and the maxima at 195 nm.
The value of [q]222 at 98 8C is about half the low-temperature


Figure 6. Temperature dependence of the far-UV CD spectra. Tempera-
tures range from 3 8C (bottom trace) to 98 8C (top trace at 222 nm).
(Inset): the mean residue ellipticity at 222 nm as a function of tempera-
ture. The solid lines fitted to the data are only to aid the eye and are de-
scribed in the Discussion section.


Figure 7. Equilibrium ultracentrifugation analysis of GTD-Lig (30mm) in
aqueous solution at pH 3.0. Data are from measurements taken at 15000,
20000, 25000, 30000, and 35000 rpm and globally fitted to a single spe-
cies of a monomer with MW fixed at 9837.1 Da. The second virial coeffi-
cient was estimated to be 5.4M10�5 molLg�2. The solid lines represent
the calculated fit. The residuals of the fit of the 25000 rpm data are
shown above.
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value. Usually natural proteins are completely denatured at
high temperatures.
The near-UV CD spectra of GTD-Lig at different temper-


atures are shown in Figure 9. The spectrum of GTD-Lig at
pH 3 and 5 8C is characterized by a strong broad negative
band with minima at 283 and 290 nm and a broad maximum


at 260 nm. The spectrum is typical of tryptophan in an or-
dered environment and from the 7 nm vibronic spacing be-
tween the two minima, they are identified as the tryptophan
1Lb vibronic bands.


[43] Upon heating the spectrum loses some
of its vibronic structure as both the minima at 283 and
290 nm decrease. The small change in the mean residue el-
lipticities upon heating indicates that the tryptophan resi-


dues are still in a hydrophobic environment at high temper-
atures.
Binding studies using the hydrophobic fluorescent dye


ANS (1-anilinonaphthalene-8-sulfonic acid) are commonly
performed to discriminate molten globules from native pro-
teins. ANS has a strong affinity for the hydrophobic core
found in molten globules and its binding to it is accompa-
nied by a strongly enhanced fluorescence intensity and a
blue shift of the fluorescence maximum wavelength.[44] In
the study of a ten-fold excess of ANS (20mm) and its interac-
tion with GTD-Lig (2mm), only an eight-fold increase in the
fluorescence intensity is seen and the fluorescence maximum
wavelength, lmax, is blue-shifted to 480 nm (Figure 10).


When studying the same mixture with 1, 4, and 7m GuHCl,
the fluorescence intensity and lmax values are almost the
same as those of ANS alone. As GTD-Lig has a native
structure at 1m GuHCl (see Figure 11), the observed affinity
of ANS for GTD-Lig at 0m GuHCl is probably due to elec-
trostatic interactions between the negative charge of ANS
and the large positive charge of the protein at pH 3,[45]


which are reduced at a high ionic concentration of GuHCl.


Heat denaturation : The NMR, CD, and UV thermal studies
indicate that in the low-temperature range, below 40 8C, a
transition occurs that disrupts the well-defined tertiary struc-
ture and that an intermediate state is formed. With further
heating this intermediate state shows characteristics of a
molten globule, such as diffuse thermal unfolding. Also, at
40 8C, the values of the CD signals in the far- and near-UV
region are still considerable, indicating a highly helical com-
pact structure typical of molten globules.


Figure 8. Heat-induced unfolding of GTD-Lig. The thermal unfolding
was followed by monitoring the absorbance at 280 nm using a peptide
concentration of 25mm at pH 3.0. The solid line shows the nonlinear
least-squares best fit of the experimental results to Equation (2) (see Ex-
perimental Section).


Figure 9. Effect of temperature on the near-UV CD spectra of GTD-Lig
at a peptide concentration of 100mm in aqueous solution at pH 3. Solid
line: 5 8C; dashed line: 43 8C; dotted line: 98 8C.


Figure 10. Study of the interaction of ANS (20mm) and GTD-Lig (2mm)
in aqueous solution at pH 3 by fluorescence spectroscopy: a) No GuHCl
added; b) 1m GuHCl; c) 4m GuHCl; d) 7m GuHCl; e) ANS alone.
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By regarding the temperature dependence of the trypto-
phan absorbance in Figure 8 as a two-state transition be-
tween the native structure (N) and the intermediate molten
globule (I) [see Equation (1) in the Experimental Section],
the Gibbs free energy of thermal unfolding to the I state,
DGNI(T), was calculated. A two-state transition between the
native and intermediate states is defined as the UV data
show that thermal unfolding is reversible. The temperature
at the midpoint of the transition, Tm,NI, was determined to
be 29 8C when the linear change above 40 8C was defined as
a post-transitional baseline. The UV absorbance data at
280 nm are well-fitted to the two-state model according to
Equation (2). The value of DCP, the difference in heat ca-
pacity between the two states, is estimated[46] to be 14 kcal
mol�1K�1 res�1 and the derived parameters Tm,NI and DHm,NI


were used to calculate DGNI(10 8C) using Equation (3) (see
Experimental Section). The value of DHm,NI was determined
to be 54�1.2 kcalmol�1 and DGNI(10 8C) was calculated to
be 2.6 kcalmol�1.


Denaturation with GuHCl : Chemical denaturation allowed
the stability properties of GTD-Lig to be further character-
ized. Denaturation was followed by monitoring the mean
residue ellipticity at 222 nm, [q]222, as a function of GuHCl
concentration at 20 8C and pH 3 (Figure 11). Unlike heat de-
naturation, GuHCl denaturation completely unfolds the pro-
tein. The denaturation first gives a pre-transitional baseline
from 0 to 4m GuHCl and thereafter a sigmoidal curve with
a sharp decrease between 4 and 7m GuHCl is observed. The
midpoint of the transition is 5.5m. Assuming that the dena-
turation may be described by a two-state model that in-
volves only a native structure (N) and an unfolded random
coil (U), nonlinear least-squares fitting of the experimental
results to Equation (5) (see Experimental Section) gives the
Gibbs free energy of unfolding in aqueous solution, DGH2O.
The constant mG in Equation (5) is also determined and is a
measure of the cooperativity of the denaturation. The


values of DGH2O and mG are 4.6�0.5 kcalmol�1 and
0.8 kcalmol�1m�1, respectively.


Discussion


The design, total synthesis, and structural and thermody-
namic characterization of a monomeric protein, GTD-Lig, is
discussed.


Structure : The structure of GTD-Lig has been demonstrated
to fold into the designed monomeric four-helix bundle pro-
tein by NMR, far- and near-UV CD spectroscopy, sedimen-
tation equilibrium ultracentrifugation, and fluorescence
spectroscopy. GTD-Lig exhibits strong CD signals in the far-
and near-UV regions, and the value of the mean residue el-
lipticity at 222 nm is �20500 degcm2dmol�1, which is the
same, within experimental error, as that of the original di-
meric bundles.[29–31] Note that the 1H NMR spectra of GTD-
Lig and GTD-43 are nearly identical, which indicates that
the structures have the same fold. The sedimentation equi-
librium study shows that GTD-Lig is a monomer in the con-
centration range measured. As the experiment was carried
out under the same conditions as those used for structure
and stability studies (salt-free, pH 3.0), the observed noni-
deality is mainly the result of charge–charge repulsion be-
tween the proteins, which alters the protein concentration
distribution.[47]


Native-like structure : Proteins with well-defined native
structures are discriminated from molten globule structures
by the use of spectroscopic probes.[48] A tightly packed
native protein has, for example, a well-dispersed 1H NMR
spectrum with narrow line-widths, a well-defined thermal
melting point, strong CD signals in the far- and near-UV re-
gions, and a low affinity to the hydrophobic fluorescent dye
ANS. GTD-Lig fulfils these criteria as it has a well-dis-
persed 1H NMR spectrum with narrow line-widths at pH 3.0
and 5 8C. The NH chemical shifts cover a wide range with
signals shifted downfield to d=9.3 ppm and the methyl
region has a width of 0.9 ppm. GTD-Lig is comparable to
the much larger naturally occurring four-helix bundle IL-4
(133 residues), which exhibits similar chemical-shift disper-
sion with NH chemical shifts as far downfield as d=9.3 ppm
and a methyl range of 0.94 ppm.[49] The methyl range for
molten globules is less than 0.3 ppm. At pH 4.5 the 1H
NMR spectrum exhibits broadened resonances and poor
resolution, which is typical of molten globule structures. Be-
tween pH 5 and 8 the protein is near its isoelectric point
and in this pH range the protein has low solubility. The
broad lines in the NMR spectrum at pH 4.5 may be due to
aggregation. The temperature dependence of the 1H NMR
spectrum shows that the resolution is dramatically better at
lower temperatures than at elevated temperatures. This
shows that the structure is in slow conformational exchange
on the NMR timescale and that the conformational ex-
change processes are accelerated at elevated temperatures,


Figure 11. GuHCl-induced unfolding of GTD-Lig monitored by the mean
residue ellipticity at 222 nm and 20 8C. The solid line is the nonlinear
least-squares best fit of the experimental results to Equation (5).
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which is demonstrated by the broadening of the resonances.
The hydrophobic fluorescent dye ANS is found to bind
weakly to GTD-Lig. This binding is expected to result from
an electrostatic attraction[45] as ANS has a negative charge
and GTD-Lig has a large positive charge at pH 3, at which
it displays a native-like fold and at which pH the study was
performed. This was confirmed by increasing the ionic
strength of the solution, which resulted in a return of the
ANS fluorescence to intensity and lmax values of the un-
bound dye. Further evidence of a well-developed structure
comes from the observation of a strong near-UV CD spec-
trum and the blue shift of the tryptophan fluorescence maxi-
mum to 329 nm. This indicates that the tryptophan residues
are buried in the hydrophobic core.


Design : Rearranging the loops in the original de novo de-
signed dimeric structure of GTD-43 has obviously not al-
tered the well-folded characteristics of the tertiary structure.
One of the factors contributing to the similar folding in the
monomeric and dimeric structures is the choice of loop. The
two new loops connecting helix 1 to helix 1’ and helix 2’ to
helix 2 were given the sequence Gly-Thr-Gly-Pro, the same
loop sequence as in the GTD-43 monomeric structure. The
other main factor that contributes to the conformational sta-
bility of the folded structure is the hydrophobic core. The
hydrophobic core is constructed of aromatic residues, which,
through their reduced rotational freedom as well as aromat-
ic interactions, are designed to restrict the dynamics be-
tween different conformations. The aromatic ensemble in
GTD-Lig is constructed of Phe10 and Trp13 in helix 1,
Phe34 and Trp37 in helix 1’, Phe58 in helix 2’, and Phe81 in
helix 2 (Figure 1). It seems that the hydrophobic interac-
tions, together with the reduced dynamics of the aromatics,
allow large structural changes such as the ones demonstrat-
ed here with rearrangement of loops that convert the dimer-
ic tertiary structure into a monomeric structure.


Heat denaturation : The thermal unfolding of GTD-Lig, fol-
lowed by monitoring the tryptophan absorbance (Figure 8),
apparently occurs in two steps as demonstrated by the pres-
ence of, first, a sigmoidal transition with a transition mid-
point, Tm, of 29 8C. Secondly, there is an uncooperative melt-
ing of the protein at higher temperatures. After, the first
transition an intermediate state (I) is populated. The N–I
transition is cooperative as the observed change in the tryp-
tophan absorbance is reversible. Similar conclusions can be
inferred from the thermal unfolding monitored by far-UV
CD. Though less obvious, it also shows a two-step unfolding
process which seems to correspond to the temperature de-
pendence of the tryptophan absorbance (Figure 6, inset; the
low-temperature data is fitted to Equation (2) with the slope
of the pre- and post-unfolding baselines set to zero, while
the high-temperature data is linear). The observed isodi-
chroic point at 203 nm in the CD study indicates a two-state
transition.[50] This shows that the secondary and tertiary
structures follow each other, indicating a cooperative un-
folding to the intermediate state. In noncooperative unfold-


ing secondary and tertiary structures unfold at different tem-
peratures.[51]


GTD-Lig exhibits a well-defined structure at 10 8C and
the value of DGNI(10 8C) is calculated to be 2.6 kcalmol�1,
which is apparently enough of an energy difference for the
folding of a native-like structure from the intermediate
found at 40 8C. This temperature-induced intermediate
shows structural characteristics typical of a molten globule,
such as uncooperative melting and a retained helical struc-
ture. Further evidence of a molten globule structure is pro-
vided by the following points: The magnitudes of DGNI-
(10 8C) and DHm,NI correspond to partial unfolding, the 1H
NMR spectrum at 45 8C exhibits decreased chemical-shift
dispersion and broad lines characteristic of a molten globule,
and finally the study of the tryptophan residues at 40 8C by
near-UV CD and fluorescence spectroscopy (see the Sup-
porting Information) shows that the transition from the
native to the intermediate state does not lead to greater ex-
posure of the tryptophan residues to the solvent, which is
typical for a molten globule structure.


GuHCl denaturation : GuHCl-induced unfolding of GTD-
Lig is well-approximated by a two-state transition. The N–U
transition occurs between 4 and 7m GuHCl (Figure 11). The
protein is moderately stable with a DG


o


H2O
value of


4.5 kcalmol�1. This value is apparently enough for a well-
folded structure to form. For a comparison with other mon-
omeric four-helix bundle proteins of similar size, the binding
domain of the kinas FRAP contains 95 residues and is stabi-
lized by 6.27 kcalmol�1 with a value of mG=


2.6 kcalmol�1m�1 at 10 8C.[52] The corresponding values for
the immunity proteins Im 7 (85 residues) and Im 9 (87 resi-
dues) are DG


o


H2O
=5.6 kcalmol�1 and mG=1.1 kcalmol�1m�1,


and DG
o


H2O
=7.4 kcalmol�1 and mG=1.1 kcalmol�1m�1, re-


spectively, at 10 8C.[53] So GTD-Lig is at the lower end of the
stability range for monomeric four-helix bundle proteins of
similar size. This could be due to a number of factors such
as the size of the hydrophobic core and the number of elec-
trostatic interactions. The stability of GTD-Lig was deter-
mined at pH 3. Therefore the number of stabilizing electro-
static interactions is expected to be low as a result of the
protonation of aspartic and glutamic acids. The value of mG


is a measure of cooperativity and the value found for GTD-
Lig is 0.8 kcalmol�1m�1, which is at the lower end of the
range observed for natural proteins of similar size. The con-
centration of GuHCl at the midpoint of the denaturation,
[GuHCl]1=2 , is 5.5m. This high stability observed towards
GuHCl is common for small proteins with low m values.[46]


It is difficult to compare the stabilities of monomeric and
oligomeric proteins. Ferreira and co-workers have studied
the dissociation and unfolding of the dimeric protein triose-
phosphate isomerase as well as a designed helix-loop-helix
dimer (four-helix bundle) and found that both proteins are
stabilized mainly through the association of the mono-
mers.[18, 54] Comparison of the stabilities of the monomeric
GTD-Lig (DG


o


H2O
=4.6 kcalmol�1) and the dimeric GTD-43


(DG
o


H2O
=10 kcalmol�1)[30] shows the dimeric structure to


www.chemeurj.org I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1436 – 14471444


G. T. Dolphin



www.chemeurj.org





have an increased stability, which could partly be a result of
the association between the two monomers.


Conclusions


GTD-Lig clearly shows characteristics of a native protein
with a well-defined structure and typical unfolding transi-
tions such as a cooperative GuHCl denaturation and the for-
mation of a heat-induced intermediate (I) state. Such I
states are believed to be involved in the folding of natural
proteins.[55,56] The de novo design of large monomeric pro-
teins is another step towards improving our understanding
of the forces and interactions that stabilize protein struc-
tures. The total synthetic approach utilizing native chemical
ligation and standard Fmoc chemistry offers facile access to
long polypeptides for protein-folding analysis as well as
novel protein folds. The design of an aggregating four-helix
bundle monomer that forms a tetramer may be possible in
the future. By designing electrostatic and hydrophobic inter-
actions, such a tetramer would create a quaternary structure
with 16 helices. This would indeed test our understanding of
protein folding and association.


Experimental Section


Peptide synthesis : Peptides were synthesized on a Pioneer automated
peptide synthesizer (Applied Biosystems) using general fluorenylmethoxy-
carbonyl (Fmoc) procedures. The synthesis of GTD-(2’,2) was performed
on a PAC-PEG linked Fmoc-Asn(Trt) polystyrene polymer (Applied
Biosystems) with a substitution level of 0.18 mmolg�1. For the synthesis
of GTD-(1,1’)-SBzl a Fmoc-PAL-PEG polystyrene polymer (Applied
Biosystems) with a substitution level of 0.17 mmolg�1 was used. The side-
chains of the amino acids (Calbiochem-Novabiochem AG) were protect-
ed with piperidine-stable groups: tert-butyl (Ser, Thr, and Tyr), tert-butyl
ester (Asp and Glu), tert-butoxycarbonyl (Lys and Trp), trityl (Asn, Gln,
and His), and 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Arg).
The Fmoc protecting groups were removed from the amino termini by
treatment with 20% piperidine in DMF (v/v) for 8 min. A fourfold
excess of amino acid was used in each coupling and amino acids were
preactivated with a mixture of TBTU (Alexis Biochemicals)/DIPEA
(1:2) in DMF. A standard amino acid coupling time of 60 minutes was
used except in the cases of Asn, Arg, and Gln (120 min).


Synthesis of GTD-(1,1’)-SBzl : Fmoc-Glu-a-Allyl (Applied Biosystems)
was coupled to the resin by its side-chain using the standard procedures
described above. After completion of the sequence the N-terminus of the
peptide was capped with acetic anhydride (0.3m) in DMF. The C-termi-
nal allyloxycarbonyl group was selectively removed by treatment with
tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] (3 equiv) in a mix-
ture of trichloromethane, acetic acid, and morpholine (17:2:1, v/v; 20 mL
per gram of polymer) for 3 h at room temperature. To remove the Pd0


the resin was washed sequentially with diethyldithiocarbamic acid
(20mm) in DMF and DIPEA (30mm) in DMF, and finally with DMF.
The C-terminal thioester of GTD-(1,1’) was prepared by coupling Gly-
SBzl (4 equiv) with PyBop (4 equiv), HOBt (4 equiv), and DIPEA
(8 equiv) in DMF (6 mL per g of polymer) for 1 h. Gly-SBzl was synthe-
sized as previously described.[38]


GTD-(1,1’)-SBzl was deprotected and cleaved from the resin by stirring
with a mixture of TFA/TIS/H2O (95:2.5:2.5, v/v; 15 mL per g of resin) for
2 h at room temperature. After removing the resin by filtration the pep-
tide was precipitated and washed three times with cold diethyl ether.
GTD-(1,1’)-SBzl was purified by reversed-phase HPLC on a semiprepar-


ative Kromasil C-8 column eluting isocratically with 36.5% isopropanol
and 0.1% TFA at a flow rate of 10 mLmin�1 (retention time=30 min).
The identity of the peptide was verified by electrospray mass spectrome-
try with a VG Analytical ZabSpec instrument. The calculated weight for
GTD-(1,1’)-SBzl is 5189.7 Da; found 5188.9 Da.


Synthesis of GTD-(2’,2): After SPPS, GTD-(2’,2) was deprotected and
cleaved from the resin using a mixture of TFA/H2O/1,2-ethanedithiol/TIS
(95:2.5:2.5:1, v/v). Work up, purification, and identification was per-
formed as for GTD-(1,1’)-SBzl. For HPLC purification GTD-(2’,2) had a
retention time of 22 min, eluting isocratically with 34% isopropanol and
0.1% TFA at a flow rate of 10 mLmin�1. The calculated weight for
GTD-(2’,2) is 4770.5 Da; found 4769.8 Da.


Native chemical ligation : The ligation of the two unprotected synthetic
peptide fragments was performed using a standard methodology.[32] Brief-
ly, the GTD-(1,1’)-thioester (4.9 mg, 0.94 mmol) and the C-terminal seg-
ment GTD-(2’,2) (6.3 mg, 1.3 mmol) were dissolved in GuHCl (6m) and
sodium phosphate (100mm, pH 7.5) to give a final concentration of 1mm


of the thioester. Thiophenol (3%, v/v) was added and the mixture was
stirred for 22 h and monitored by analytical C-8 reversed-phase HPLC.
Chromatographic separations were achieved by using a 30.7–55%
AcCN+0.1% TFA linear gradient at 0.57%min�1 and a flow rate of
1.5 mLmin�1. After the ligation, the product was purified by first remov-
ing the thiophenol by extraction with diethyl ether followed by semipre-
parative C-8 reversed-phase HPLC and lyophilization to afford 6 mg
[65% yield based on the limiting GTD-(1,1’)-thioester] of the full-length
protein GTD-Lig. The product was characterized by analytical C-8 re-
versed-phase HPLC and ES-MS: calculated 9837.1 Da; found 9836.5 Da.


General : An equivalent of DTT was used in the structure and stability
experiments, unless otherwise noted, to reduce eventual oxidized cysteine
sulfhydryl groups.


NMR spectroscopy: 500 MHz 1H NMR spectra were recorded with a
Varian Unity 500 NMR spectrometer equipped with a matrix shim
system from Resonance Research Inc. using a 908 pulse of 11.5 ms and a
sweep width of 8000 Hz. Solvent suppression was accomplished by weak
pre-irradiation of the water resonance for 1.5 s. The NMR spectra ob-
tained are an average of 64 transients. Samples contained 0.5mm peptide
in H2O/D2O (90:10) with [D10]DTT (5mm) to keep cysteines reduced.
The temperature dependence of the 1H NMR spectrum of GTD-Lig was
determined at pH 3 and the pH dependence was performed at 5 8C.


Circular dichroism spectroscopy: Circular dichroism (CD) spectra were
acquired by signal averaging on a Jasco J-714 spectropolarimeter and a
baseline was recorded separately and subtracted. The instrument was
routinely calibrated using [D]-10-(+)-camphorsulfonic acid. The spectra
were processed and presented using the IGOR software from Wavemet-
rics Inc. Far-UV spectra were recorded from 260 to 185 nm using quartz
cells, 1 nm bandwidths, and 0.25 s response times. Near-UV CD spectra
were recorded from 350 to 240 nm using a 1.0 cm quartz cell, 1 nm band-
widths, and 0.5 s response times. The far- and near-UV spectra obtained
are the averages of 10 scans and ellipticities are reported as mean residue
ellipticities. Stock peptide concentrations were determined spectrophoto-
metrically in GuHCl (6.0m) using an extinction coefficient at 280 nm of
13512 cm�1


m
�1.


The far-UV CD pH profile of GTD-Lig was recorded using an aqueous
peptide solution (42mm) in a 0.1 cm quartz cell at 21 8C. The pH was ad-
justed with HCl and NaOH (0.1m).


The temperature dependence of the mean residue ellipticity was deter-
mined in the far- and near-UV regions. For the far-UV CD temperature
profile, a jacketed quartz cell with a 0.05 cm path length was used and
the spectra of GTD-Lig were recorded using an aqueous peptide solution
(53mm) at pH 3. The near-UV CD temperature profile was recorded
using an aqueous peptide solution (100mm) at pH 3. The temperature was
varied in the range from 3 to 98 8C, controlled by a Lauda-T water bath.
The sample cell temperature was raised in 4–6 8C increments with 10-
minute delays between spectra to obtain thermal equilibrium.


A solution of GTD-Lig (20mm) was denatured by the addition of 0–7m
GuHCl at 20 8C. The samples were prepared from a stock solution of the
peptide (100mm) by the addition of aliquots from a stock solution of
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GuHCl (7.68m) followed by dilution with water to the desired volume;
the pH was set to 3.0 in all solutions. The samples were equilibrated for
30 minutes before analysis. The concentration of the stock solution of
GuHCl was determined from its refractive index. Spectra were recorded
from 260 to 210 nm using a 0.05 cm quartz cell, 1 nm bandwidth, and 2 s
response time.


The CD spectrum of GTD-Lig was recorded as a function of concentra-
tion at pH 3 and 21 8C. The aqueous concentrations studied and respec-
tive cell lengths were: 1.9mm, 0.5 cm; 9.6mm, 0.5 cm; 96mm, 0.05 cm;
480mm, 0.01 cm.


Sedimentation equilibrium ultracentrifugation : The aggregation state of
GTD-Lig was determined by equilibrium sedimentation ultracentrifuga-
tion at 20 8C using a Beckman Coulter Optima XL-I analytical ultracen-
trifuge equipped with an An-50 Ti Rotor and six sector cells. Rotor
speeds of 15000–35000 rpm were used with steps of 5000 rpm. The equi-
librium at each speed was reached after 20 h. The sedimentation was
monitored by measuring the absorbance at 280 nm. Aqueous solutions of
GTD-Lig (6 and 30mm) were analyzed at pH 3.0. The SedNterp software
was used to calculate the solvent density (0.99823 gmL�1) and the partial
specific volume (0.7364 mLg�1) of the protein. The sedimentation proper-
ties were analyzed using the self-association model in the Beckman data
analysis software package. Global data fits were obtained by fitting five
sets of data simultaneously to the sedimentation equilibrium equation.
The quality of the fits was assessed by comparing the randomness of the
residuals, the magnitude of the computed variance, and by checking the
physical reality of offsets and association constants.


Fluorescence measurements : The temperature dependence of the trypto-
phan fluorescence was studied using a Spex 1680 Fluorolog t2 spectrome-
ter using a 0.3 cm reduced cell with a sample volume of 60 mL. The band-
width for excitation was 0.5 nm and for emission 4 nm, and the response
time was 2 s. The changes in fluorescence intensity and wavelength maxi-
mum were studied using an aqueous peptide solution (4mm) at pH 3 with
excitation at 295 nm. The emission spectra were recorded at 1 nm inter-
vals between 300 and 400 nm.


The fluorescence spectra of ANS (1-anilinonaphthalene-8-sulfonate)
binding were recorded with an F-4500 spectrofluorimeter (Hitachi High-
Technologies Corp.) using a 1.0 cm quartz cell at 21 8C. An excitation
wavelength of 370 nm was used and the emission was monitored between
400 and 600 nm. Excitation and emission slits of 5 and 10 nm, respective-
ly, were used. The baseline was recorded separately and subtracted from
the spectra. The fluorescence of ANS (20mm) in the presence of GTD-
Lig (2mm) at pH 3.0 was recorded and compared with solutions contain-
ing GuHCl and ANS alone.


UV spectroscopy : The temperature dependence of the tryptophan ab-
sorbance at 280 nm was monitored using a Cary 100 instrument with a
Cary temperature controller in a temperature range of 8–70 8C. An aque-
ous solution of GTD-Lig (25mm) at pH 3 in a 1 cm quartz cell, 1 nm
bandwidths, and 5 s response times was used. The temperature was in-
creased at 0.25 8Cmin�1 and data was collected at each 0.25 8C.


Data analysis : The thermal unfolding curve derived from the tempera-
ture dependence of the tryptophan absorbance was analyzed for the two-
state transition between native (N) and partly unfolded or intermediate
(I) structures, as described by Equation (1), where KNI= [I]/[N], the equi-
librium constant between the native and populated intermediate states.
The free energy of unfolding of GTD-Lig to the I state was determined
from the thermal unfolding. The unfolding to the completely unfolded
state (U) could not be analyzed as this transition is an undefined melting
process. The observed absorbance, Aobs, can be described in terms of the
native, AN, and unfolded baselines, AI, and the fraction of native protein,
fN, by Equation (2).


N ,
KNI


I ,
KIU


U ð1Þ


Aobs ¼ fNðAN�AIÞ þAI ð2Þ


The folded and unfolded (intermediate) baselines were approximated
from the linear temperature functions, AN=A


o


N+mNT and AI=A
o


I+mIT,
where A


o


N and A
o


I are the extrapolated absorbances of the baselines at


0 K and mN and mI are the slopes of the baselines. The fraction of native
protein, fN, is expressed as fN=1�{[I]/([I]+ [N])}, and combining this with
KNI= [I]/[N], DG8=�RTMlnKNI, and the Gibbs–Helmholtz equation
[Eq. (3)], the fraction of native protein, fN, can be expressed in terms of
thermodynamic parameters by Equation (4), where DHm is the enthalpy
of unfolding at the transition midpoint temperature, Tm, DCp is the differ-
ence in heat capacity between the two states, and R is the gas constant.


DGðTÞ ¼ DHmð1�T=TmÞ þ DCp½T�Tm�Tln ðT=TmÞ	 ð3Þ


fN ¼ 1
1þ exp fDHm=RðT=Tm�1=TÞ þ DCp=RT½Tm�T þ Tln ðT=TmÞ	g


ð4Þ


For the N–I transition the thermodynamic parameters were determined
from nonlinear least-squares fitting to the thermal denaturation curve
with Equations (2) and (4); this gives DHm,NI, Tm,NI, DCp,NI, A


o


N, A
o


I , mN,
and mI. In the initial fitting process, all the thermodynamic parameters
were allowed to vary. As DHm,NI and DCp,NI are strongly linked and the
DCp,NI value obtained was difficult to define, a DCp,NI contribution of
14 calmol�1K�1 per amino acid was used to give an estimate, which was
fixed for the data analysis.[46] The value of 14 calmol�1K�1 per amino acid
is an average value for globular protein N–U transitions and has been
used here for the transition to the I state, as the corresponding value for
the I–U transition, DCp,IU, is expected to be small. The values obtained
for DHm,NI and Tm,NI were used to calculate the free energy of unfolding
of the protein to the I state, DG


o


NI(T), from Equation (3).


The experimental results of GuHCl-induced unfolding, as monitored by
CD at 222 nm (Figure 11), were fitted to a two-state model using Equa-
tion (5) described by Santoro and Bolen,[57] where q


o


N and q
o


U are the ex-
trapolated signals of the pre- and post-transitional baselines to zero dena-
turant concentration [D] and mN and mU are the slopes of the baselines.
DG


o


H2O
is the free energy of unfolding extrapolated to aqueous solution


and mG is the slope. Nonlinear least-squares fitting of the experimental
results to Equation (5) gives the free energy of unfolding in aqueous so-
lution. All nonlinear least-squares fittings were performed with the Igor
Pro (WaveMatric) program.


qobs ¼
ðqo


N þmN½D	Þ þ ðqo


U þmU½D	Þexp f�ðDGo


H2O
þmG½D	Þ=RTg


1þ exp f�ðDGo


H2O
þmG½D	Þ=RTg


ð5Þ
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Hollow Silica Spheres with an Ordered Pore Structure and Their Application
in Controlled Release Studies


Nicole E. Botterhuis,[a] Qianyao Sun,[a] Pieter C. M. M. Magusin,[b]


Rutger A. van Santen,[b] and Nico A. J. M. Sommerdijk*[a]


Introduction


The silica exoskeleton of diatoms is an intriguing example
of the mineralized structures that provide support and pro-
tection to a large range of organisms. This mesostructured
inorganic matrix with a hierarchical morphology is formed
by deposition of amorphous polysilicic acid on the outer
wall of the diatom. This process is regulated by organic tem-
plates that are produced by the diatoms themselves.[1] These
low-density, thermally and mechanically stable materials
have attracted the attention of chemists and materials scien-
tists for their potential use in a variety of applications such
as enzyme immobilization,[2] thermal and electronic insula-
tors, catalysts, sorbents, controlled drug-delivery agents, and
biomolecular separators.[3]


Highly ordered mesoporous synthetic silicas—MCM-type
materials—were first synthesized by using the ionic surfac-
tant cetyltrimethylammonium bromide (CTAB) as a struc-


ture-directing agent.[4] Later, it was shown that nonionic sur-
factants can also serve as templating agents for the forma-
tion of mesoporous silicas with varying pore morphologies
and different pore sizes.[5] These findings opened-up a new
field in which different lyotropic phases of a large variety of
surfactants and amphiphilic polymers have been used to
structure the developing silica phase that grows around
these self-assembled organic templates to form numerous
new mesophases.[6] At present, mesoporous silicas with con-
trolled morphology are receiving increasing attention for
their potential applications as compartments for the storage
and release of (bio)molecules.


Silica hollow spheres have been prepared by templating
routes that make use of vesicles,[7,8] solid particles,[9,10] and
emulsion systems,[11,12] but also by the use of acoustic cavita-
tion[13] or electrically forced liquid jets.[14] However, among
these only a few examples of hollow spheres with an or-
dered wall structure exist.[7,11–13] The system developed in
our laboratory[12] makes use of an emulsion of trimethylben-
zene (TMB) in water, stabilized by a pluronic-type (b-poly-
(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide)) triblock copolymer (EO76-PO29-EO76). These
spheres, prepared at 80 8C, possess a well-defined, layered
shell structure (average diameter: 1000 nm; thickness:
~100 nm) that consists of highly cross-linked silica.
Many systems have been proposed in the literature for


drug delivery. These include, for example, oil dispersions,
liposomes, low-density lipoproteins, polymeric micelles, hy-
drophilic drug–polymer complexes, silica–poly(NIPAAm)
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hybrid gels,[15] porous silica xerogels,[16] calcium phosphate
nanoparticles,[17] drug nanoparticles encapsulated in macro-
molecular nanoshells,[18] or silica spheres.[19] The use of
hollow silica spheres as controlled-release systems has often
been suggested.[10] The hollow nature of the spheres makes
them particularly suitable for controlled release as the dis-
tance of the individual encapsulated molecules to the parti-
cle surface is more homogeneous for hollow than for solid
spheres. Furthermore, silica has been demonstrated to be a
bio-inert but degradable material.[20] However, to the best of
our knowledge only one example is known of the use of
silica hollow spheres as a drug-delivery system.[10] This ex-
ample involves post-synthesis drug loading and release. In
this paper, however, we report the synthesis and characteri-
zation of dye-encapsulating hollow silica spheres. These
spheres have a narrow size distribution, uniform wall thick-
ness, and a worm-like pore structure. The synthesis tempera-
ture can be kept as low as 40 8C, which is compatible with
the inclusion of delicate organic compounds. We also dem-
onstrate that these spheres can indeed be used for the re-
lease of dye molecules.


Results and Discussion


Synthesis : The silica hollow spheres were synthesized by
adding an ethanolic solution of 1,3,5-trimethylbenzene
(TMB) to a solution of EO76-PO29-EO76 in 0.14m HCl.
Sodium silicate was then added to the resulting emulsion
and the pH value was adjusted to 5.2. This mixture was aged
for 4 h at 40 8C in closed containers without stirring, after
which the silica particles were collected by filtration,
washed, and subsequently freeze-dried.[21]


Starting from 1.0 g of EO76-PO29-EO76 and 0.68 g of SiO2,
0.7 g of material was obtained, which corresponds to a yield
of 42%. Calcination at 700 8C reduced the sample to 70%
of its original weight, which indicates that the as-made sam-
ples contain approximately 30 wt% of the polymer. From
this we calculated that 72% of the sodium silicate and 21%
of the block copolymer had been incorporated in the
spheres. These numbers were confirmed by thermogravimet-
ric analysis (TGA) of both the samples and the dried filtrate
and washing fluid.


Particle morphology : Scanning electron microscopy (SEM)
showed that the obtained silica samples indeed consisted of
spherical particles with a smooth surface and a size distribu-
tion of between 0.6 and 1.2 mm. The hollow nature of the
particles was indicated by the observation of a small fraction
of spheres (approximately 1%) that were cracked (Fig-
ure 1a).


This conclusion was confirmed by transmission electron
microscopy (TEM), from which a shell thickness of 60–
100 nm could also be derived. Significantly, TEM revealed a
worm-like morphology within the particle shell that was in-
terpreted as originating from organic channels (diameters of
3–5 nm) in a (more electron opaque) silica matrix that are


oriented both parallel and perpendicular to the particle sur-
face (Figure 1b).


As an approximation for the worm-like structure of the
pores we use a simplified model in which the particle shell is
represented as consisting of packed organic cylinders in a
polymer/silica matrix (Figure 2). The pore volume/wall
volume ratio Apores/Awall can be calculated by using the trian-
gular unit cell and the values d1=3.5 nm and d2=7.5 nm de-
termined from the TEM images (Figure 1b).
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From this calculation, a pore volume/wall volume ratio of
1/4 can be estimated. The volumetric polymer/SiO2 ratio of
1/5 that was obtained from the TGA experiments[22] suggests
that the polymer fraction is not large enough to account for
the total pore volume. From this, and the fact that part of
the PEO will also be entrapped in the silica matrix,[23] it fol-
lows that in the as-prepared particles a part of the pore
volume must consist of TMB.


Pore size analysis : For the noncalcined, freeze-dried sam-
ples, pore size analysis by N2 adsorption indicated a BET
surface area of 3.6 m2g�1 and a total pore volume of only
0.011 cm3g�1.[24] This pore volume probably corresponds to
the volume of the TMB that is included in the pores before
freeze-drying. In contrast, for samples calcined at 550 8C for
4 h, a BET surface area of 430 m2g�1 was determined. The
total pore volume was measured to be 0.12 cm3g�1, which
corresponds to a relative pore volume of 19%,[22] a number
that is in good agreement with the pore volume/wall volume
ratio estimated from the TEM images, and hence shows the
validity of the model described above (Figure 2). A pore di-
ameter of 3.5 nm was deduced, which again is in good agree-
ment with the TEM observations.


The drastic increase in pore volume upon calcination was
attributed to the formation of pores by the decomposition


Figure 1. a) SEM image of a cracked particle, revealing its hollow nature
and wall thickness. b) TEM image of as-made silica hollow spheres, re-
vealing the porous structure of the spheres. Scale bars represent 200 nm.
Inset: Magnification of the TEM image of the pores in the silica shell.
Scale bar represents 7.5 nm.
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of the organic phase, that is, of the EO76-PO29-EO76. Inter-
estingly, SEM revealed that the surface of the calcined parti-
cles was significantly rougher than that of the noncalcined
particles (Figure 3). This was attributed to the rupture of the
outermost silica layer by escaping combustion products.


Solid-state NMR spectroscopy : To investigate the supra-
molecular structure of the particles by magic angle spinning
(MAS) 1H NMR spectroscopy without the normally over-
whelming presence of the H2O signal, the samples were pre-
pared in D2O. They were also only partially dried after syn-
thesis, by which means well-resolved TMB resonances could
be observed in the 1H NMR spectra. In addition to center-
band signals with shift values close to those in the solution
spectra, the 4 kHz MAS 1H NMR spectra show small but
significant sample-rotation sidebands (Figure 4). The origin
of these sidebands could be residual 1H–1H dipole couplings
as a result of nonisotropic rotational motion, or local sus-
ceptibility effects. Consequently, trapped or adsorbed sol-
vent molecules with a sufficiently long residence time tend
to have more intense sidebands than solvent molecules tum-
bling freely in solution. Interestingly, the spinning sidebands
of the TMB peaks in the 1H NMR spectrum consist of a
sharp (d=9.9 ppm) and a broad (d=9.75 ppm) component.
We attribute this to the existence of two TMB phases: a


Figure 2. Schematic model of close-packed organic cylinders in a silica
matrix. The unit cell that is used for the estimation of the pore volume/
wall volume ratio is indicated with a triangle. The values for d1 and d2


can be estimated from the TEM image in Figure 1b.


Figure 3. SEM image of silica hollow spheres after calcination. The scale
bar represents 500 nm.


Figure 4. Variable-temperature 1H NMR spectra of particles that were prepared in D2O and were only partially dried after synthesis. a) First-order side-
band region magnified 50 times. b) Centerband region corresponding to the typical shift values in liquid-state NMR spectroscopy.
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bulk component with molecules tumbling isotropically in a
homogeneous environment, and a surface-affected compo-
nent that has a solid-like behavior, respectively.[25] Two-di-
mensional exchange 1H NMR spectroscopy revealed cross-
peak intensity between the resonances of the two phases of
TMB for mixing times of 10 ms or longer. This indicates
that TMB molecules can migrate between the mobile bulk
phase and the relatively immobile surface-affected phase.[26]


Upon cooling the sameple, the MAS 1H NMR signals of
PPO, PEO, and water show strong broadening at 271 K
(calibrated temperature), corresponding to the freezing
point of water in mesopores (Figure 4). No significant
changes, however, were observed in the 1H NMR signals of
TMB between 298 and 271 K. This indicates that the bulk
fluid phase of TMB is not physically mixed with either the
block copolymer or water, which is consistent with our
model. The TMB resonances are strongly broadened at
228 K, that is, close to the freezing point of TMB. The
broadening of the broad component in the spinning side-
band of the TMB signal, assigned to the surface-affected
fraction, is less dramatic than for the sharp component,
which is related to the bulk phase. A likely explanation is
melting point depression, as commonly found for molecules
confined in a small volume.[27] This confirms our picture of a
confined TMB phase located inside the mesopores of the
particle shell.


The magic angle spinning 29Si NMR line-shape could be
deconvoluted into three gaussian components at d=�92,
�102, and �111 ppm. These components were assigned to
silicon with different numbers of Si neighbors in the second
coordination sphere, namely Q2[Si(OSi)2(OH)2], Q3 [Si-
(OSi)3(OH)1], and Q4 [Si(OSi)4], respectively. A Q3/Q4 ratio
of 1.1 was determined from the line-shape deconvolution
(repetition time 120 s, Figure 5a). This reflects a relatively
low degree of cross linking at this synthesis temperature.


The cross-polarization-based 1H–29Si correlation NMR
spectra[28] showed that all silica centers had short-range di-
polar couplings with water. Apparently, water is well dis-
persed inside the silica matrix (Figure 5b). In 1H–29Si corre-
lation NMR experiments extended with a spin-diffusion step
of 300 ms[29] we readily observed cross-peaks between the
PEO resonances and the three silica signals. This confirms
the inclusion of the PEO in the silica matrix (Figure 5c).
Two-dimensional exchange 1H NMR spectra recorded with
a dipolar mixing time of 10 ms showed evidence of short-
range (<5 L) dipolar couplings between the water and PEO
protons, whereas the cross-peaks between the water and
PPO methyl protons could only be observed at high mixing
times (300 ms). This suggests that only the PEO blocks are
directly in contact with the water included in the silica
matrix.


A comparison of the MAS 13C NMR spectra of the parti-
ally dried particles with those of lyophilized silica particles
demonstrated that TMB is successfully removed by the
freeze-drying process (not shown). This is important for the
potential application of these particles as a drug-delivery
device.


Monitoring particle formation : To get insight into the mech-
anism of the formation of the silica hollow spheres, the dif-
ferent stages in the synthesis were monitored by confocal
laser scanning microscopy (CLSM). To this end, Eosin B
Spirit Soluble (ES), a fluorescent dye, was added to the
TMB/EtOH mixture prior to mixing it with the acidified
aqueous PEO-PPO-PEO solution. The fluorescence micro-
graphs revealed that the size of the emulsion droplets is of
the order of 200 nm (Figure 6a). Upon addition of the


Figure 5. a) 29Si MAS NMR spectrum of as-made silica particles. The
ratio between the peak areas of Q3 and Q4 is a measure of the degree of
cross-linking of the silica network. b) and c) 1H-29Si correlation NMR
spectra of partially dried silica particles prepared in D2O. Lines a–e indi-
cate cross-sections trough the 2D spectrum (a : Q2, b : Q3, c : Q4, d : H2O,
e : CH2 PEO). In c), the experiment is extended with a spin diffusion
step.
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sodium silicate solution the size of these droplets increased
only slightly to 200–300 nm (Figure 6b); however, upon rais-
ing the pH to 5.2 CLSM revealed that particles with an aver-
age size of 1 mm and a fluorescent shell of about 100 nm
were predominant within 15 minutes (Figure 6c).


This increase in size, in contrast to earlier beliefs, argues
against a true templating role of the emulsion droplets. Dy-
namic light scattering (DLS) showed a gradual increase in
the size of the emulsion droplets upon standing before min-
eralization (Figure 6d). It was further found that this pro-
cess is faster at higher pH, and at a pH of 5.2, as used in the
synthesis procedure, an average emulsion droplet size of
1000 nm was reached after 1 h. However, at pH 5.2 and in
the presence of sodium silicate, this point was already
reached after about 15 minutes, thereby suggesting that the
interaction of the sodium silicate with the block copolymer
plays a role in the increase in particle size. Hydrogen-bond
formation between the silica precursor and EO76-PO29-EO76
most likely leads to a decreased emulsifying action of the
block copolymer, which results in larger, but stable, emul-
sion droplets that subsequently become mineralized.


Dye encapsulation : To explore the possibility of using the
hollow interior of these silica spheres as containers from
which organic molecules can be released, dyes with different
hydrophobicities were incorporated during the synthesis in a
manner similar to that described above for Eosin. CSLM re-
vealed that whereas all the dyes were contained in the initial
emulsion droplets, the location of the dye in the silica parti-
cles depended on its specific hydrophobicity (Figure 7), that
is, only the most hydrophobic ones (Sudan II (SII) and
Quinoline Yellow (QY)) remained in the TMB phase after
addition of the sodium silicate. In all other cases (Fluorex-
on(F), Rose Bengal (RB), and ES) the dyes were located in
the outermost layer of the particles, most likely by entrap-
ment in the developing silica shell.


The amount of dye that could
be loaded into these silica
spheres also depended on the
hydrophilicity of the specific
compounds. With TGA we
compared the mass loss of the
dye-containing spheres with the
mass loss of the spheres which
contained the block copolymer
as the only organic component.
Assuming a constant silica/
block copolymer ratio we deter-
mined loadings ranging from
around 2.5 to 15 wt% (with an
error of �2% for all dyes) for
seven different dyes. The hy-
drophobic ones that were locat-
ed in the central TMB phases
could be loaded up to amounts


of 4% (QY), 8.5% (SII), and 15% (Pyrene), whereas the
hydrophilic dyes could only be loaded up to 2.5% (RB),
3.0% (ES), and 3.2% (F).


No dramatic effect in pore size due to the immobilization
of the dye molecules was observed from BET analysis of the
resulting materials, either before or after calcination
(Figure 8). However, the surface area (552 m2g�1) and pore
volume (0.20 cm3g�1) of the RB-containing spheres were sig-
nificantly larger after calcination than those of the QY-con-
taining particles (495 m2g�1 and 0.14 cm3g�1, respectively),
which is only slightly higher than the values for the silica
spheres without encapsulated dye. The difference between
RB and QY may be due to the fact that RB is located in
the shell of the particles, whereas QY is loaded in the core
of the particles.


Figure 6. a)–c) CLSM pictures of Eosin B-containing particles at different stages of synthesis. Scale bars repre-
sent 1 mm. a) Emulsion droplets of TMB with PEO-PPO-PEO in water (pH~0.5). b) After addition of sodium
silicate (pH~2). c) After addition of NaOH (pH~5.2). d) Dependence of average emulsion droplet size on
pH and time as determined by DLS (& and *) and CLSM (~) analysis of the sample presented in c.


Figure 7. CLSM pictures of as-prepared silica particles with encapsulated
dyes. Data bars represent 1 mm. a) Rose Bengal, b) Eosin B, c) Sudan II,
and d) Quinoline Yellow.
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Release experiments : For a further study of the release of
the encapsulated compounds from these spheres upon im-
mersion in aqueous media we selected QY, one of the dyes
that are located in the interior of the spheres. For this pur-
pose a release experiment was performed in which a low
amount of the freeze-dried, dye-containing particles was dis-
persed in phosphate-buffered saline (PBS, 10 mm phosphate
and 0.9 wt.% NaCl in ultrapure water at pH 7.4) contained
in a thermostatted (37 8C) shaking vessel. UV spectroscopy
revealed a fast release in the first 20 minutes of the experi-
ment, after which the release leveled off (Figure 9a).


When a release experiment was performed in a thermo-
statted (37 8C) shaking vessel with RB, a probe that is local-
ized in the shell of the particles, a similarly fast release was
observed to that for QY (Figure 9a). However, rather than
leveling-off of the release after approximately 20 min, we
observed a contribution of a new, although slower, release
mechanism. This rate was linear with the square root of
time for approximately three months, thus suggesting a
stable, diffusion-controlled, release (Figure 9b).[30]


The difference in release rates may be explained by as-
suming two kinds of encapsulation states of the dye: in one
state the dye may be immobilized in the meso- and macro-
pores, from which it can easily diffuse out, whereas in the
other state, which comprises only a small amount of the dye,


it could be included in the silica walls, which must dissolve
prior to release of the dye.


Interestingly, the dye molecules are able to escape from
the particles despite the fact that the pore size analysis
pointed to a very low surface area before the calcinations.
This indicates that there is only a small amount of pores
present in the particles. Nevertheless, a small amount of
pores with diameters of 10 nm was always observed, both
before and after calcination (Figure 8), which may be re-
sponsible for the release of the dyes.


Conclusion


We have demonstrated that silica spheres with a hollow
morphology and a worm-like pore structure can be synthe-
sized in which dye molecules can be incorporated and subse-
quently released in aqueous media. Important in our synthe-
sis route are the moderate silica-formation temperature
(40 8C), which we believe to be compatible with the inclu-
sion of a large variety of organic molecules, and the freeze-
drying process, which limits the amount of cracked particles
to around 1% and removes the TMB. The organic dye mol-


Figure 8. Pore size distributions in a) as-made samples and b) calcined
silica spheres with and without incorporated dyes. Figure 9. a) Release characteristics of freeze-dried silica spheres contain-


ing QY or RB dispersed in PBS at 37 8C. b) Second release from RB-con-
taining silica spheres after rinsing and re-dispersion of the particles.
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ecules can be introduced by dispersing them in the organic
phase of the EO76-PO29-EO76 stabilized emulsion around
which the silica shell is formed. Hydrophobic dyes are locat-
ed predominantly in the TMB phase of the particles, where-
as more hydrophilic dyes are concentrated in the silica shell.
The inclusion of a fluorescent dye in these emulsion droplets
has allowed monitoring of the formation process. This re-
vealed that, in contrast to earlier beliefs, the particles are
not formed by a true templating process. Instead, the com-
plexation of the polymer chains with silicate ions induces an
increase in the droplet size from approximately 200 nm to
1 mm, which eventually determines the particle size.


Furthermore, we have shown the successful encapsulation
of hydrophobic and more hydrophilic organic molecules. A
fast release was observed in the first 20 minutes of the ex-
periment for both hydrophobic and hydrophilic dyes. For
Rose Bengal, which is more hydrophilic, a second slow re-
lease was observed that persisted for three months.


The observed release characteristics of our silica hollow
spheres, in combination with the fact that the particles after
freeze-drying consist of only silica and a pluronic-type poly-
mer and that both materials have been proven to be bio-
compatible in tests in vivo, make this system a promising
candidate for a future controlled-release system.


Experimental Section


Materials : 1,3,5-Trimethylbenzene (mesitylene, 97%), Quinoline Yellow,
spirit soluble (95%), Sudan II, and potassium phosphate, monobasic,
p. a., were purchased from Acros Organics. Poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (av. Mn=


8400 gmol�1), Fluorexon (indicator grade), Rhodamine B base (97%),
and Eosin B, spirit soluble (95%), were purchased from Aldrich. Sodium
silicate solution (27 wt.% SiO2, 8 wt.% Na2O, analytical grade), Hydro-
chloric acid (1n), dipotassium hydrogen phosphate (anhydrous extra
pure), sodium chloride (GR for analysis), and sodium hydroxide pellets
(extra pure) were purchased from Merck. Ethanol (AR) was purchased
from Biosolve Ltd., Bengal Rose B was purchased from Fluka, D2O
(99.9%) was purchased from Cambridge Isotope Laboratories Inc., hy-
drochloric acid (min. 37%) was purchased from Vel, and dialysis mem-
branes of 12–14 kD were purchased from Spectrum laboratories. Ultra-
pure water was used with a constant quality of 17.6 Wm.


Synthesis of the silica hollow spheres : The silica hollow spheres were syn-
thesized as follows: EO76-PO29-EO76 (1 g) was first dissolved in ultrapure
water (73 g) and 12 mL of 1m HCl was added to this mixture whilst stir-
ring. TMB (1 g) was dissolved in 25 g of ethanol, then the solution was
added slowly to the copolymer solution whilst stirring. A milky emulsion
formed immediately. Finally, 10 mL of fourfold diluted sodium silicate so-
lution was added dropwise with vigorous stirring. The pH value was then
adjusted to 5.2 with dilute NaOH solution (0.1 or 2 n). After 4 h of aging
at 40 8C in closed containers without stirring, the particles were collected
by filtration and washed with 500 mL of ultrapure water. The particles
were dried either by rotation evaporation at 40 8C or freeze-drying; the
latter method reduced the cracking to approximately 1% of the particles
produced.


Dyes can be incorporated into the silica hollow spheres by replacing
10 wt.% of TMB with dye during the synthesis procedure, and dissolving
the dye in the TMB and ethanol mixture before adding it to the acidified
solution of PEO-PPO-PEO in water.


Confocal laser scanning microscopy (CLSM): Cross-sectional fluores-
cence images were recorded on a Perkin Elmer Ultraview LCI confocal


imaging system in the spatial mode, which was connected to a Zeiss Axi-
overt 200 inverse microscope equipped with a 100O oil immersion objec-
tive with a numerical aperture of 1.4. An Omnichrome 643-life A01 ion
laser was used as the excitation source. An excitation filter of 488 nm
was used. Samples were prepared by placing a droplet of a suspension of
particles in water between a microscope plate and a thin glass cover slip.


Magic angle spinning (MAS) NMR spectroscopy : All MAS NMR spectra
were recorded on a Bruker DMX-500 spectrometer operating at 1H, 13C,
and 29Si NMR frequencies of 500, 125, and 99 MHz, respectively. Both a
4-mm and a 7-mm magic angle spinning (MAS) probe-head were used
with sample rotation rates of 4 kHz. Hahn echoes were recorded by use
of the 908-t-1808-t two-pulse sequence with a delay, t, of 2.5 ms and a 908
pulse of 5 ms. High-power (50 kHz) proton decoupling was used to
remove the effect of dipolar 1H-13C and 1H-29Si broadening. The number
of scans for the 13C NMR spectra was 1024, and the relaxation delay 10 s.
For quantitative 29Si NMR hpdec spectra, 512 scans were accumulated
with an interscan delay of 120 s to have full relaxation of all peaks.
Cross-polarization from 1H to 29Si was recorded with a ramped contact
pulse of 10 ms and an interscan delay of 3 s. The wideline-separated spec-
troscopy (WISE) pulse sequence[28] with ramped contact pulse was used
to correlate the 1H NMR resonances with those of the 13C or 29Si nuclei.
For observing relayed 1H–13C and 1H–29Si contacts the WISE experiment
was extended with a spin diffusion time interval before the cross polari-
zation.[25] Finally, 2D exchange 1H NMR spectra were recorded by use of
the standard NOESY pulse sequence with three 908 pulses.


All NMR measurements were performed on samples that were synthe-
sized in D2O,[31] and either freeze-dried or only briefly dried at room
temp. to prevent complete evaporation of TMB.


Scanning electron microscopy: SEM was performed on a Philips XL30
ESEM-FEG electron microscope in the hi-vac mode. The acceleration
voltage used was either 2.0 or 3.0 kV. Samples were prepared by either
placing a droplet of a suspension of the particles in ethanol on an alumi-
num stub and evaporation of the ethanol or by mounting the particles
with carbon tape on an aluminum stub.


Transmission electron microscopy : TEM was performed using a JEOL
JEM-2000FX electron microscope operating at 80 kV. Samples were
mounted on copper–carbon grids by placing a droplet of a suspension of
particles in water on the grid, and removing the water with filter paper
after either 10 or 60 seconds.


Thermogravimetric analysis : TGA experiments were performed on a
Pyris 6 thermogravimetric analyzer (Perkin Elmer). Samples were heated
at a heating rate of 1 8Cmin�1 from 50 to 600 8C. The dye loading capaci-
ty of the particles was calculated by assuming that the ratio of PEO-
PPO-PEO to silica, which can be calculated from TGA on a particle
without dye, is the same in all the samples.


Pore size analysis : The distribution of pores was measured by the nitro-
gen adsorption method at liquid nitrogen temperature on a Tri-Star 2000
(Micromeritics Co.) using standard continuous procedures. Calcined sam-
ples were degassed for 4 h at 150 8C, while noncalcined samples were de-
gassed for 15 h at 80 8C because at 150 8C the PEO-PPO-PEO starts to
decompose, as was seen by TGA. The surface area was determined by
the BET method in the 0.05–0.3 relative pressure range. The Barrett–
Joyner–Halenda (BJH) method was used to analyze adsorption and de-
sorption curves.[32] The values for surface area, pore volume, and pore-
size distribution given above were calculated from the desorption branch
of the isotherm plot.


Dynamic light scattering : Dynamic light scattering measurements were
performed on a Malvern 7400 system with an Ion laser technology model
5400 laser (l=488 nm). The aperture was adjusted between 35 and 100
to have about the same number of counts per minute in each measure-
ment. Samples were made by preparing an emulsion by the normal pro-
cedure, without addition of the sodium silicate, and dividing this emul-
sion into two beakers. In one of the beakers the pH was not adjusted,
whereas in the other beaker the pH was immediately adjusted to 5.2 with
an NaOH solution (2 n or 0.1 n). Samples were taken from these beakers
alternately.
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Release studies : For the experiments in shaking vessels, freeze-dried,
dye-containing particles were suspended in phosphate-buffered saline
(PBS, 10 mm phosphate and 0.9 wt.% NaCl in ultrapure water, pH 7.4;
the amount of spheres corresponds to 0.1 w/v% for RB and 0.0046 w/v%
for QY) and placed in a thermostatted beaker at 37 8C. For the particles
containing the hydrophilic dye (RB), the suspension was filtered and
washed after 400 minutes and the particles were re-suspended in 50 mL
of buffer to further monitor the second release.


In another release experiment, dialysis was performed in an equilibrium
dialyzer (Spectrum laboratories), in which five cells consisting of two
Teflon-coated compartments of 6 mL, divided by a dialysis membrane of
12–14 kD, were rotated continuously in a water bath which was kept at a
constant temperature of 37 8C. Freeze-dried, QY-containing particles
(50 mg) were put in the left compartment together with 3.5 mL of PBS
and the right compartment was filled with 5 mL of PBS. After three and
seven days the right compartments were emptied and refilled with 5 mL
of buffer. The release was stopped after nine days.
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Introduction


Some of the most important applications of phthalocyanines
(Pcs) are based on the interaction of visible light with the
chromophore: dyes and pigments,[1] photoconductors in
laser printers,[2] photosensitisers in the photodynamic thera-
py of cancer[3] and degradation of pollutants of waste and
natural water.[4] Pcs as thin films or adsorbed on inorganic
semiconductors have potential applications in photovoltaic
or dye-sensitised solar cells.[5] Based on these applications
and taking into account the increasing interest in near-infra-
red (NIR) absorbing systems,[6] it is important to make com-
pounds with absorptions over a broad region of visible light
down to the NIR region.


Most dissolved monomolecular metal-free or metal-con-
taining Pcs have a Q-band absorption at l�680 nm with


high extinction coefficients e>105
m


�1 cm�1. Substituted Pcs,
especially those containing electron-donating substituents
such as alkoxy groups in positions 1, 4, 8, 11, 14, 18, 22 and
25, exhibit a bathochromic shift of their Q band up to l


�760 nm.[7] By annulation of further benzene rings at the Pc
moiety the p system is extended, and strong redshifts of the
Q band are observed for naphthalocyanines (Nc) at l�740–
810 nm and anthracocyanines (Ac) at l�830–860 nm that
are dependent on the substituents on the naphthalene or an-
thracene rings.[8] A great disadvantage is the decreasing sta-
bility of the compounds going from Pc to Nc and then to
Ac. Anthracocyanines are particularly unstable in solution
and also in the solid state.[8b]


Another possibility to extend the p-electron system and
thus to shift the Q band into the NIR region is the dimerisa-
tion of Pcs and related macrocycles through a common an-
nulated benzene ring or another fully conjugated linker.
Conjugated dimers and oligomers are well known in the por-
phyrin family and are of special interest as potential molecu-
lar wires and photosynthetic antenna models.[9] Some exam-
ples are known among phthalocyanines and related porphyr-
azine derivatives: Pc–Pc, Pc–Nc, Pc–pyrazinoporphyrazine
dimers sharing a common benzene ring; Pc–Pc sharing a
common naphthalene ring; dimeric Pc fused with anthraqui-
none.[10] Their Q bands are shifted up to l�850 nm into the
NIR region, thus indicating the extension of the p-electron
system. Besides electronic absorption spectra, the dinuclear
compounds were characterized by magnetic circular dichro-
ism (MCD) spectra,[10a,c,d] electrochemical redox behav-
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iour,[10a,d] time-resolved electron paramagnetic resonance
(TREPR),[10b] mesophase behaviour[10g] and molecular orbi-
tal calculations.[10a,c,d]


In this paper, the synthesis and photophysical properties
of a metal-free dinuclear phthalocyanine H2Pc–H2Pc 4 and
its mononuclear analogue H2Pc 3 are presented and com-
pared. To the best of our knowledge, the synthesis of a tri-
nuclear phthalocyanine H2Pc–H2Pc–H2Pc 5 is described here
for the first time. All annulated Pcs containing the same
bulky substituents are bridged through shared benzene rings
and consist of extended p-electron systems. This structural
situation allows the comparison of their photophysical prop-
erties such as fluorescence quantum yields, fluorescence life-
times and singlet-oxygen quantum yields.


Results and Discussion


Synthesis : 4,5-Bis(2,6-dimethylphenoxy)phthalonitrile (2) as
one precursor for the synthesis of the phthalocyanines was
synthesized according to a well-known method[11] (aromatic
nucleophilic substitution) from 4,5-dichlorophthalonitrile
and 2,6-dimethylphenol (Scheme 1). Introducing bulky sub-
stituents onto the phthalocyanine ring is a common method
used to increase the solubility, reduce aggregation and allow
easier chromatographic separation of the phthalocyanines.
In comparison with monosubsti-
tuted (e.g., tert-butyl- or neopen-
toxy-[12]) phthalonitriles, phthalo-
cyanines formed from 4,5- or 3,6-
disubstituted phthalonitriles exist
as single isomers, with the advan-
tages of easier separation and
characterisation. In contrast to
alkoxy[13] and most other types of
substituents,[14] phenoxy groups
can be introduced into phthalo-
nitrile by a simple one-step proce-
dure starting from commercially
available compounds. Thus, the
2,6-dimethylphenoxy group was
found to be a suitable peripheral
substituent. The bis(diiminoisoin-
doline) compound 1 of 1,2,4,5-tet-
racyanobenzene was prepared as
described in the literature[10d] and
used directly in the phthalocya-
nine synthesis without further pu-
rification. The yield of 1 was
quantitative, but the mass spec-
trum indicated traces of alkoxy-
iminoisoindolenines.


On the whole, annulated phtha-
locyanine dimers are prepared by
mixed condensation of two diimi-
noisoindoline derivatives, ob-
tained by reaction of 1,2,4,5-tetra-


cyanobenzene and an alkoxy-substituted phthalonitrile.[10, 15]


Annulated phthalocyanines studied in this work were pre-
pared by a method for binuclear porphyrazines described by
Hoffmann et al.[16] As shown in Scheme 2, the employed
method is based on a mixed cyclotetramerisation of the bis-
(diiminoisoindoline) 1 and the substituted phthalonitrile 2 in
a molar ratio of 1:7, with magnesium butoxide in boiling bu-
tanol. Attempts to use other molar ratios of 1 and 2 were
unsuccessful for the isolation of the trinuclear compound 5.
For example, the theoretical molar ratio of 1:4 for synthesis-
ing 5 led to a larger amount of higher oligomeric phthalo-
cyanines thus preventing the isolation of the trinuclear Pc.
Resulting mixtures of magnesium phthalocyanines were de-
metallated with trifluoroacetic acid. The obtained mixture
of metal-free phthalocyanines was separated by chromatog-
raphy on silica gel. As main products, an octasubstituted
mononuclear phthalocyanine H2Pc 3 (24% yield) and an an-
nulated dinuclear phthalocyanine H2Pc–H2Pc 4 (11% yield)


Scheme 1. Synthesis of 4,5-bis(2,6-dimethylphenoxy)phthalonitrile (2).


Scheme 2. Synthesis of mononuclear, dinuclear and trinuclear phthalocyanines 3, 4 and 5 by mixed conden-
sation of 1 and 2.
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were isolated. The linear, annulated trinuclear phthalocya-
nine H2Pc–H2Pc–H2Pc 5 showed a small peak near l=


950 nm in the UV/Vis spectrum of the obtained phthalocya-
nine mixture. Compound 5 was eluted from the chromato-
graphic column in a mixture with 4, and then isolated by re-
crystallisation from toluene (0.2% yield). In the reaction
mixture an additional peak near l=900 nm was also seen,
but the corresponding compound expected to be a G-type
trimer was not isolated. Compound 5 is the first example of
a conjugated trinuclear Pc–Pc–Pc compound bridged by
common annulated benzene rings. Favoured by the bulky
substituents, all phthalocyanines are soluble in several or-
ganic solvents (CHCl3, aromatics and THF, but not in alco-
hols or hexane), with an aggregation tendency low enough
for chromatographic separation and NMR characterisation
(see below). In the solid state the phthalocyanines are inten-
sively green coloured. In solution, 3 is intensively green col-
oured whereas 4 and 5 of the same concentration exhibit
only a weak yellow-green colour as a result of their low ab-
sorption intensities in the visible region (Figure 2, see
below).


The phthalocyanines exhibit molecular-ion peaks in their
mass spectra (electrospray ionization (ESI) for 3 and 4 and
matrix-assisted laser desorption/ionization (MALDI) for 5)
without significant fragmentation. The MALDI spectrum of
trinuclear 5 contains no peaks of mononuclear 3 and dinu-
clear 4, which is a sign of the good purity of 5.


1H NMR spectra of metal-free phthalocyanines 3, 4 and 5
were recorded in CDCl3 at room temperature. They show
no evidence of aggregation (broadening of the signals of Pc
aromatic protons) at the concentrations used (10�4


m). All
phthalocyanines show relatively simple 1H NMR spectra
due to their high symmetry. The aromatic protons of 2,6-di-
methylphenoxy substituents give broad, nonresolved multip-
lets for all compounds. For 5, two broad peaks with a 1:3
ratio (at d=7.48–7.53 and 7.32–7.44 ppm, respectively) can
be assigned to the substituents at central and side phthalo-
cyanine rings, respectively. The chemical shifts of aromatic
protons on phthalocyanine rings, pyrrole protons and methyl
protons are shown in Table 1. In the symmetrical mononu-
clear compound 3, both methyl and Pc aromatic protons
give one singlet each. In the dinuclear compound 4, three
types of methyl groups and four types of Pc aromatic pro-
tons lead, as expected, to separate singlets taking into ac-
count ring-current effects. The protons closer to the centre
of the molecule are deshielded by the ring currents of both
phthalocyanine subunits and their signals are more down-
field-shifted. In the trinuclear compound 5, four types of
methyl groups and five types of Pc aromatic protons are
clearly resolved in the spectrum (Figure 1). In both dinu-


clear and trinuclear phthalocyanines, the most downfield-
shifted signals are those of the protons on the common
bridging benzene rings. They appear as singlets near d=


11 ppm, which is comparable to what was previously ob-
served for dinuclear Pc[10g] and subphthalocyanine.[19] For 4
and 5 the signals of the pyrrole protons are less upfield-
shifted than those in 3 which indicates the deshielding effect
of the neighbouring phthalocyanine rings. The NMR spec-
trum is a rather clear proof that the trinuclear Pc 5 has a
linear annulated and not a rectangular annulated structure.
The NMR spectra of 5 does not contain the pattern of other
phthalocyanines such as 3 and 4. For tert-butyl-substituted
metal-free phthalocyanines (Pc), naphthalocyanine (Nc) and
anthracocyanine (Ac), the pyrrole protons are less upfield-
shifted with increasing size of the macrocycle, which indi-
cates that the ring current decreases the larger the macrocy-
cle.[8b]


The NIR-absorbing 4 and 5 exhibit, in contrast to other
NIR-absorbing phthalocyanine analogues like Nc and Ac in
air and daylight, good stability in the solid state and in solu-
tion which enables their chromatographic purification. Acs
decompose quickly even during chromatography, which is
necessary for their purification.[8b] Solid CoAc can be stored
in the dark whereas solid H2Ac decomposes within a few
days even if stored in the dark under nitrogen. The photo-
oxidative stabilities of ZnAcs and ZnNcs are one and a half
and one order of magnitude lower than ZnPcs, respective-
ly.[17]


Photophysical properties : The UV/Vis-NIR spectra of 3, 4
and 5 in solution are shown in Figure 2, and values are given
in Table 2. The two most intense Q bands (Q1 and Q2) are
bathochromically shifted going from the mononuclear 3 (l=
664/701 nm) to the dinuclear 4 (l=830/853 nm) and to the
trinuclear 5 (l=944 nm), which clearly reflects the exten-


sion of the p-electron system
by the three connected phtha-
locyanines rings.[8b,10c,16] Sur-
prisingly, two-dimensional poly-
(phthalocyanines) show no
apparent redshift of the Q
band which may due to some


Table 1. 1H NMR chemical shifts (d in ppm) for the phthalocyanines 3, 4 and 5 in CDCl3.


Methyl protons Pc aromatic protons Pyrrole protons


3 (M=2H) 2.43 8.18 �0.76
4 (M=2H) 2.38, 2.48, 2.62 8.15, 8.29, 9.06, 11.14 �0.04
5 (M=2H) 2.37, 2.49, 2.60, 2.64 8.16, 8.29, 9.06, 9.15, 11.12 0.01, 0.65


Figure 1. 1H NMR spectrum of 5 in CDCl3.
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defects in the structure of the polymer, but this is still a
point of discussion.[18] Taking the centre between the maxi-
mum of the Q1 and Q2 bands of 3 and 4, and the maximum
of the Q1 band of 5, the bathochromic shift decreases from
2750 cm�1 going from 3 to 4 to 1300 cm�1 going from 4 to 5
(Table 3). The first value is comparable with 2700 cm�1 re-


ported for similar mono- and dinuclear metal-free Pcs (with
other substituents).[10c] Also, for tert-butyl-substituted metal-
free phthalocyanine (Pc), naphthalocyanine (Nc) and an-
thracocyanine (Ac) absorbing at l=664/698, 784 and
858 nm, respectively, the Q bands are observed at longer
wavelengths with increasing number of annulated benzene
rings on the macrocycles.[8b] The shift of the Q bands on
going from H2Pc to H2Nc and to H2Ac are 1939 and
1100 cm�1, respectively. Therefore the extension of the p-
electron system by annulation of phthalocyanines bridged
by benzene rings leads to a larger bathochromic shift than
the annulation of benzene rings at the phthalocyanine. An
interesting long wavelength shift was also observed for an-
nulated subphthalocyanines (lmax=575 (monomer), 693
(dimer), 755 nm (trimer)[19a]).[19] For a Pc–triazolehemipor-


phyrazine dimer absorbing at l=730 nm a shift of only
900 cm�1 with respect to the corresponding Pc monomer ab-
sorbing at l=685 nm and a further shift of only 450 cm�1


from the dimer to a Pc–triazolehemiporphyrazine–Pc trimer
absorbing at l=755 nm are observed.[20] The reason for this
is that the bridging hemiporphyrazine is nonaromatic thus
giving only a weak contribution to the extension of the con-
jugated p-electron system. A Pc dimer connected by a dehy-
dro[12]annulene fragment shows only a 1550 cm�1 redshift
of the Q band compared with its monomeric analogue.[21]


Triphthalocyaninodehydro[18]annulenes exhibit no pro-
nounced long wavelength shift of the Q band.[21] Therefore,
using a benzene ring as a linker provides the best conjuga-
tion between Pc rings.


Compounds 3, 4 and 5 additionally exhibit small absorp-
tion bands (Q3, Q4, Q5) of low extinctions outside the main
Q-band region (Q1, Q2) due to normal vibrational splitting


and (for 4 and 5) electronic
splitting of Q bands.[10c] For all
compounds 3–5 the change of
the Soret (B) band position
around l=360 nm is very
small compared with that of
the Q bands (Tables 2 and 3).
The very small shift of the B
band indicates that linking of


two or three Pcs results only in a weak perturbation of the
high excited singlet states of the Pc moiety.[10c,16]


The extinction coefficients are 1.38N105
m


�1 cm�1 (l=
707 nm, in toluene) for 3, 1.65N105


m
�1 cm�1 (l=853 nm, in


toluene) for 4 and 3.00N105
m


�1 cm�1 (l=944 nm, in THF)
for 5. For tert-butyl-substituted metal-free Pc, Nc and Ac
the extinction coefficients of the longest wavelength Q
bands in pyridine are 1.41N105 (l=698 nm), 2.04N105 (l=
784 nm) and only 0.89N105


m
�1 cm�1 (l=858 nm), respecti-


vely.[8b] Surprisingly, the extinction coefficient of H2Ac is
lower than that of H2Nc. The values of 3, 4 and 5 increase
with extension of the p-electron system which is a usual
effect of increasing transition dipole moment.


As metal-free Pcs have a D2h symmetry, the Q band of
the mononuclear Pc 3 is split into two sub-bands Q1 and Q2


with an energetic distance of 800 cm�1 (Table 2). A small
(300 cm�1) splitting of the main peak in Q band was also ob-
served for the dinuclear Pc 4, probably due to the presence
of isomers with different positions of inner hydrogen
atoms[10c] (this splitting is solvent-dependent and absent, for
instance, in DMF). The Q1 band of the trinuclear phthalo-
cyanine Pc 5 shows no visible splitting (Figure 2). For metal-
free Pcs and their analogues it was found that the splitting
of the Q band decreases with increasing absorption wave-
length.[8b,22]


The fluorescence spectra of compounds 3, 4 and 5 are
shown in Figure 3. The maximum of the fluorescence spec-
trum of the mononuclear Pc 3 at l=706 nm shifts to l=


860 nm for the dinuclear Pc 4 and to l=956 nm for the tri-
nuclear Pc 5 (Table 4). The Stokes shifts between the
maxima of the lowest energetic absorption and fluorescence


Figure 2. Absorption spectra of the phthalocyanines 3, 4 and 5 in toluene
(a.u.=arbitrary units).


Table 2. Absorption bands [nm] of phthalocyanines 3, 4 and 5 in toluene; values in parentheses are given in
cm�1.


Q1 Q2 Q3 Q4 Q5 B


3 701 (14250) 664 (15050) 647 (15450) 636 (15700) 601 (16650) 353 (28350)
4 853 (11750) 830 (12050) 745 (13400) – – 358 (27800)
5 944 (10600) – 887 (11300) 833 (12000) 760 (13150) 362 (27600)


Table 3. Shifts [cm�1] between absorption bands of the phthalocyanines
3, 4 and 5 in toluene.


B band Q band


3–4 550 2750 (Q1/Q2 for 3 and Q1/Q2 for 4)
4–5 200 1300 (Q1/Q2 for 4 and Q1 for 5)
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band are comparably low for 3, 4 and 5, which is usual for
such rigid molecules like Pcs and their analogues.


The fluorescence quantum yield (Ffl) of the mononuclear
Pc 3 is 0.33, of the dinuclear Pc 4 0.04 and for the trinuclear
Pc 5 less than 0.02 (Table 4). The fluorescence lifetime (tfl)
of 3 is 6.2 ns compared with 0.8 ns for 4 and 0.4 ns for 5. The
values of the fluorescence quantum yield of the dinuclear
and trinuclear Pcs are reduced compared with that of the
mononuclear Pc. The reduction is in good agreement with
the decrease of the fluorescence lifetime. Similarly, for a dif-
ferently substituted metal-free Pc and an analogously substi-
tuted metal-free Nc with an enlarged p-electron system, a
decrease of the fluorescence quantum yield from 0.85 to
0.14 and a decrease of the fluorescence lifetime from 7.2 to
3.2 ns was reported.[23] This usual effect is due to the de-
crease of the HOMO–LUMO gap and a more extended vi-
brational level structure of larger molecules, thus increasing
the probability of nonradiative decay.


Singlet oxygen (1O2,
1Dg) is generated by energy transfer


from the excited triplet state of a sensitiser molecule to the
ground-state triplet oxygen (3O2,


3�g
�). As the 1O2 state lies


0.98 eV above the triplet ground state, the energy difference
between T1 and S0 of a sensitiser should be above or around
this value to allow the generation of singlet oxygen.[23,24]


This prerequisite holds for 5,10,15,20-tetraphenylporphyrins
with a triplet energy (ET) of �1.59 eV and phthalocyanines
with ET of �1.2 eV.[25] For ZnPc and H2Pc singlet-oxygen
quantum yields (FD) of 0.55 and 0.13, respectively, were
found.[26] The triplet energy of Ncs is �0.94 eV, thus below
0.98 eV.[23a] The singlet-oxygen quantum yields of 3, 4 and 5
were determined by time-resolved measurement of the pho-
tosensitised-generated singlet-oxygen luminescence at l=


1270 nm.[26,27] For the mononuclear 3, the FD value of 0.10 is
in good agreement with the values known for other metal-
free phthalocyanines.[26] Due to the low triplet energy of di-
nuclear 4 and trinuclear 5, the signal of singlet-oxygen lumi-
nescence was below the resolution of the measurement
setup (<0.02) for these compounds (Table 4).


Conclusion


The mixed cyclotetramerisation of the bis(diiminoisoindo-
line) compound 1 from 1,2,4,5-tetracyanobenzene and 4,5-
bis(2,6-dimethylphenoxy)phthalonitrile (2) in nBuOH in the
presence of magnesium butoxide with a precursor molar
ratio of 1:7 is suitable to isolate the mononuclear H2Pc 3
and the dinuclear H2Pc-H2Pc 4, in addition to the trinuclear
H2Pc-H2Pc-H2Pc 5 in a low yield. The phthalocyanine rings
in 4 and 5 are connected by common annulated benzene
rings. To the best of our knowledge, a trinuclear benzo-
bridged p-electron conjugated phthalocyanine is described
here for the first time. UV-visible-NIR spectra in solution
document a very strong extension of the conjugated p-elec-
tron system by a shift of the Q bands at l=664/701 nm for
H2Pc 3 to l=830/853 nm for H2Pc–H2Pc 4 and then to l=


944 nm for H2Pc–H2Pc–H2Pc 5. Furthermore, the extinction
coefficients increase with molecular extension. In the series
of mononuclear Pc 3 to dinuclear Pc 4 and then to trinuclear
Pc 5, the fluorescence quantum yields, fluorescence lifetimes
and singlet-oxygen quantum yields decrease. Work is now in
progress to synthesise metal complexes of mononuclear, di-
nuclear and trinuclear phthalocyanines connected either by
annulated benzene rings or by single bonds in order to study
the influence of the binding type on the photophysical prop-
erties in more detail.


Experimental Section


Measurements : IR spectra were recorded on a Perkin–Elmer Spectrum
1000 FTIR spectrometer, 1H NMR spectra were recorded on a Bruker
Avance DPX-200 (200 MHz), MS MALDI-TOF spectra were recorded
on a Applied Biosystems Voyager System 6033, MS-ESI spectra were re-
corded on a Bruker Esquire LC and MS-EI spectra were recorded on a
Finnigan MAT 95.


Steady-state absorption and fluorescence : The ground-state absorption
spectra were recorded at room temperature by using the Shimadzu
UV160 A spectrophotometer. The emission spectra were recorded at
room temperature in optical quartz cells (1N1 cm) using a xenon lamp
(OSRAM) with monochromator for excitation and a polychromator with
a cooled charge coupled device (CCD) matrix for detection (LOT-Oriel,
Instaspec IV).[28] The mononuclear Pc 3 and binuclear Pc 4 were mea-
sured relative to pheophorbide a in ethanol (Ffl=0.28).[29] The fluores-
cence quantum yield of the trinuclear compound 5 was estimated by
comparison with the dye IR140 in dimethyl sulfoxide (DMSO).[30]


Time-resolved fluorescence : The time-resolved fluorescence decays were
obtained by using a time-correlated single-photon-counting technique
(TCSPC) (Becker & Hickl GmbH, SPC 600) with frequency-doubled
pulses of a Ti:sapphire laser (Coherent Mira 900, 350–460 nm, FWHM
120 fs) for excitation. The response function of the system, which was
measured with a scattering Ludox solution (Aldrich), had a full width at


Figure 3. Fluorescence spectra of the phthalocyanines 3, 4 and 5 in tolu-
ene.


Table 4. Photophysical properties of the phthalocyanines 3, 4 and 5 in
toluene.


Fluorescence band[a] Stokes shift
[cm�1]


Ffl tfl


[ns]
FD


3 706 (14150) 100 0.33 6.2 10
4 860 (11600) 100 0.04 0.8 <0.02
5 956 (10450) 150 <0.02 0.4 <0.02


[a] Fluorescence in nm; values in parentheses are given in cm�1.
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half-maximum height (FWHM) of spectral peak of about 60 ps. The
setup was previously described in reference [31].


Time-resolved singlet-oxygen detection : Photosensitised-generated sin-
glet-oxygen luminescence (SOLM) was measured time-resolved at
1270 nm. A nanosecond Nd-YAG laser (BMI) was used to excite the
samples at l=355 nm and the luminescence signal was recorded by using
a germanium pin diode (Northcoast). For calculating the singlet-oxygen
quantum yield of both samples the solution of the H2TPP in toluene was
used as reference (FD=0.68).[27] The setup and details are described else-
where.[26]


Materials : 4,5-Dichlorophthalonitrile (Aldrich), 2,6-dimethylphenol (Al-
drich), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, Aldrich), magnesium
turnings (Merck) and anhydrous potassium carbonate (Merck) purchased
in the highest available purity were used without further purification.
The bis(diiminoisoindoline) compound 1 was prepared as described[10d]


from 1,2,4,5-tetracyanobenzene.[32] The solvents used for the preparations
(reagent grade) were dried, distilled and stored under dry conditions. All
syntheses were carried out under dry high purity nitrogen. Silica gel 60
(40–63 mm; Merck) was used for chromatographic analyses.


4,5-Bis(2,6-dimethylphenoxy)phthalonitrile (2): 4,5-Dichlorophthaloni-
trile (4.0 g, 20 mmol) and 2,6-dimethylphenol (14.6 g, 120 mmol) in dry
DMSO (40 mL) were stirred under dry nitrogen at 95 8C. Dry potassium
carbonate (5N12 g) was added (every 5 min) and the solution was stirred
at 95 8C for an additional 1.5 h, then cooled and poured into ice–water
(400 mL). The sticky precipitate was filtered, washed with cold water,
ethanol, and then dissolved in dichloromethane and precipitated with
ethanol with subsequent evaporation of dichloromethane. The precipitate
was filtered and vacuum-dried to give white crystals (5.77 g, 77%).
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.20 (br s, 6H), 6.74 (s, 2H),
2.19 ppm (s, 12H); MS (EI, 70 eV): m/z (%): 368 (100) [M+ C], 105 (55)
[R+] (see Scheme 2).


Phthalocyanines 3–5 : Magnesium turnings (0.14 g) were heated in
nBuOH (40 mL) under reflux for 2 h (until all magnesium was con-
sumed). Compounds 1 (prepared from 101 mg (0.57 mmol), 1,2,4,5-tetra-
cyanobenzene)[10d] and 2 (1.47 g, 4 mmol) were added to this cooled sus-
pension and the mixture was heated under reflux for 48 h. After the reac-
tion mixture had been cooled, methanol (200 mL) was added and the re-
sulting mixture was stirred for 1 h. The precipitate was collected by cen-
trifugation, washed with methanol, dried and then extracted with
toluene. After evaporation of toluene the solid was dissolved in trifluoro-
acetic acid (25 mL) and stirred in the dark for 1 h. The solution was
poured into ice–water (100 mL), the precipitate collected, washed succes-
sively with water, 5% NaHCO3, water and methanol, then dried under
vacuum, extracted with toluene/hexanes (4:1 v/v) and subjected to chro-
matography on silica gel eluting with toluene/hexanes gradually reducing
the hexanes content from 20 to 5 vol%. From the first green fraction
containing 3 the solvents were evaporated, and the resulting solid was re-
crystallised from toluene. From the main (front) part of the second green
fraction the solvents were evaporated and the solid 4 was reprecipitated
from toluene with hexanes. From the tail of the second fraction a part
having an absorption peak near 950 nm in the UV-visible-NIR spectrum
was collected and the solvents were evaporated; the solid was recrystal-
lised twice from toluene. Thus 5 was obtained. Solids 3, 4 and 5 were
then dried under vacuum (10�2 mbar) at 60 8C.


2,3,9,10,16,17,23,24-Octakis(2,6-dimethylphenoxy)phthalocyanine (3):
Green crystals; yield: 0.36 g (24%); 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=8.18 (s, 8H), 7.30–7.41 (brm, 24H), 2.43 (s, 48H), �0.76 ppm
(br s, 2H); IR (KBr): ñ=3296 (N�H), 3024, 2952, 2922, 2854, 1612, 1588,
1442, 1396, 1328, 1276, 1222, 1188, 1092, 1016, 920, 878, 834, 800, 762,
708, 696 cm�1; UV/Vis: see Table 2; MS (ESI, positive mode): m/z : 1475
[M++H], 1497 [M++Na]; MS (ESI, negative mode): m/z : 1473 [M��H].


Compound 4 : Green powder; yield: 0.15 g (11%); 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=11.14 (s, 2H), 9.06 (s, 4H), 8.29 (s, 4H), 8.15 (s,
4H), 7.32–7.44 (brm, 36H), 2.62 (s, 24H), 2.48 (s, 24H), 2.38 (s, 24H),
�0.04 ppm (br s, 4H); IR (KBr): ñ=3296 (N�H), 3024, 2952, 2922, 2854,
1612, 1588, 1470, 1446, 1398, 1352, 1328, 1274, 1222, 1186, 1092, 1058,
1012, 880, 764, 706, 694 cm�1; UV/Vis: see Table 2; MS (ESI, positive
mode): m/z : 2390 [M+ C]; MS (ESI, negative mode): m/z : 2389 [M��H].


Compound 5 : Green powder, yield: 2.0 mg (0.2%); 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=11.12 (s, 4H), 9.15 (s, 4H), 9.06 (s, 4H), 8.29 (s,
4H), 8.16 (s, 4H), 7.48–7.53 (brm, 12H), 7.32–7.44 (brm, 36H), 2.64 (s,
24H), 2.60 (s, 24H), 2.49 (s, 24H), 2.37 (s, 24H), 0.65 (br s, 2H),
0.01 ppm (br s, 4H); UV/Vis (THF): lmax (e)=944 (300000), 890 (73000),
836 (88000), 754 (69000), 661 (40000), 608 (36000), 355 nm
(177000m�1 cm�1) (see Table 2); MS (MALDI-TOF): m/z : 3306 [M+ C].
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Origin of Stereoinduction by Chiral Aminophosphane Phosphinite Ligands in
Enantioselective Catalysis: Asymmetric Hydroformylation


Jorge J. Carb(,*[a, b] Agust- Lled(s,[c] Dieter Vogt,[d] and Carles Bo*[a, b]


Introduction


Nowadays, there is enormous interest in obtaining enantio-
merically pure compounds as building blocks for pharma-
ceuticals and bioactive agents. Homogeneous asymmetric
catalysis is becoming one of the most successful tools to
obtain chiral compounds from cheap substrates.[1] In the last
few years, asymmetric hydroformylation has attracted much
interest as a potential tool for preparing enantiomerically
pure aldehydes.[2] A real breakthrough occurred in this field
with the discovery of the Rh/BINAPHOS catalysts by
Takaya et al.[3] Since then new active chiral ligands such as
diphosphites,[4] phosphane phosphoramidites,[5] aminophos-
phane phosphinites,[6] and others[7] have been developed.
However, hydroformylation has yet not been of frequent
use in organic synthesis.[2] The most difficult problem with
these processes is simultaneous control of enantio- and re-
gioselectivity.


The chiral aminophosphane phosphinite (AMPP) ligand
family was synthesized and successfully applied in enantiose-
lective hydrogenation in the 1980.[8] Since then, many other
syntheses and applications of AMPP and closely related li-
gands have been reported.[6,9–10] Recently, new chiral AMPP


Abstract: The origin of stereoinduction
by chiral aminophosphane phosphinite
(AMPP) ligands in asymmetric hydro-
formylation was investigated with a
theoretical approach. The roles of the
stereogenic center at the aminophos-
phane phosphorus atom (NP*) and of
the chirality of the backbone were ana-
lyzed by considering three experimen-
tally tested cases: 1) P-stereogenic
yielding high ee, 2) P-nonstereogenic
yielding low ee, and 3) P-stereogenic
yielding low ee. We succeeded in repro-
ducing the experimentally observed
trends for the three studied AMPP li-
gands. Our results indicated that


alkene insertion into the rhodium–hy-
dride bond is the selectivity-determin-
ing step, and not alkene coordination.
Additional calculations on model sys-
tems revealed that the different non-
bonding weak-type interactions of sty-
rene with the substituents of the NP*
stereogenic center in an axial position
is responsible for stereodifferentiation.
The chirality of the AMPP backbone


plays a secondary role. The rationaliza-
tion of the stereochemical outcome is
not straightforward, because two com-
petitive equatorial/axial reaction paths,
showing opposite asymmetric induc-
tion, must be considered. Construction
of stereochemical models and evalua-
tion of stereoinduction for novel ligand
systems suggested that two prerequi-
sites are required to improve the per-
formance of AMPP-type ligands in
asymmetric hydroformylation: 1) com-
bination of stereorecognition and ster-
eohindrance by substituents at the NP*
atom, and 2) more rigid backbones.


Keywords: asymmetric catalysis ·
density functional calculations ·
hybrid QM/MM calculations ·
hydroformylation · P ligands
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ligands, with a stereogenic center at the P(N) atom, were de-
veloped.[6] Their application in rhodium-catalyzed asymmet-
ric hydroformylations of vinyl arenes reached high enantio-
meric excess. Although the BINAPHOS ligand remains a
benchmark in asymmetric hydroformylation, the AMPP
ligand family provides enormous potential for variation and
ligand fine-tuning for a number of transition metal catalyzed


reactions.[9] Vogt et al. have
varied the substituents at the
P(N) and at P(O) centers to
study their influence on enan-
tioselectivity (Scheme 1,
Table 1).[6] The results highlight
that the presence of the addi-


tional stereogenic aminophosphane phosphorus atom seems
to be crucial for obtaining good enantioselectivities. Note
that in ligand h (R=Ph) without a stereogenic center at the
phosphorus atom, the enantioselectivity drops considerably
as compared to ligand a (R=CH3). On the other hand, the
introduction of a 1-naphthyl group (ligand i) also resulted in
a decrease in enantioselectivity, despite the presence of a
P(N) stereogenic center. Moreover, in situ NMR and IR
studies of hydrido rhodium complexes under syngas pressure
revealed that the ligand coordination mode also has a great
influence in controlling enantioselectivity. Ligands that give
high ee coordinate in a stable axial/equatorial manner, with
the aminophosphane moiety in the axial position of the
trigonal-bipyramidal complex.


Despite the rapid evolution of asymmetric catalysis, prog-
ress in catalyst development is often guided by trial-and-
error approaches rather than by rational design. There is a
lack of a fundamental understanding of when and how enan-
tioselectivity is controlled. In many cases the enantioselec-
tivity of a reaction is lower than the inherent selectivity of a
catalyst because of an unselective background reaction, cat-
alytically active impurities, or partial dissociation of a chiral
ligand. Theoretical methods allow these kinds of problems
to be avoided by determining the catalystNs ability for enan-
tiodiscrimination by directly examining the catalyst–reactant
complex rather than by experimental product analysis. Sev-
eral theoretical studies on hydroformylation have been pub-
lished lately, especially DFT and hybrid quantum mechanics/
molecular mechanics (QM/MM) methods. These studies in-


clude cobalt, unmodified rhodium, and phosphane-modified
rhodium catalysts. Most of the work has been reviewed,[11–13]


but several aspects of hydroformylation are still under inves-
tigation.[14–18,22–24] The entire catalytic cycle for rhodium/
phosphane-catalyzed hydroformylation has been examined
at different levels of calculation by using simplified model
phosphanes and ethene as model alkene.[14–16] Recently,
Rocha and Almeida used propene instead of ethene as sub-
strate to investigate the regioselectivity on HRh(CO)(PH3)2
model rhodium/phosphane catalysts,[17a] and on HRh(CO)3
unmodified rhodium catalysts.[17b] Alagona et al. also studied
the regioselectivity for reaction of several vinyl substrates
with unmodified rhodium catalysts.[18] Nowadays, the main
research interest in homogenous catalysis is focused on the
development of new ligands with tailored stereoelectronic
properties. The development of QM/MM methods such as
IMOMM[19] and the derived ONIOM method[20] has enabled
the investigation of real-size phosphane ligands.[21–24] Also,
previous theoretical approaches were performed using ex-
clusively MM methods[25] and semiquantitative “QM then
MM” methods.[26,27] Until now most of the effort has been
devoted to the regioselectivity issue,[17,18,21–26] whereas only
few studies have been reported on the nature of enantiose-
lectivity.[27] Herrmann et al. made a first contribution to the
theoretical description of asymmetric hydroformylation for
BINAPHOS[27a] and a series of C2-symmetric bis-phosphane
ligands.[27b] They used a combined “QM then MM” ap-
proach, which has some limitations due to the lack of relax-
ation of reactive centers (in the QM region) under the influ-
ence of the ligands. Nevertheless, they succeeded in propos-
ing a molecular model to explain the observed stereoselec-
tivity for BINAPHOS.


The promising results of AMPP ligands in asymmetric hy-
droformylation, along with our previous analysis of hydro-
formylation regioselectivity,[11,21] prompted us to perform a
theoretical study on experimentally tested AMPP systems.
We made use of first-principles quantum mechanics/molecu-
lar mechanics (QM/MM) based on the IMOMM scheme
and pure quantum mechanics on the [HRh(CO)(AMPP)-
(styrene)] real-world system. Our goal is to provide a quan-
titative theoretical characterization of the stereochemical
outcome of a hydroformylation reaction with chiral AMPP
ligand systems and their derivatives, and to explain the par-
ticular role of the P-stereogenic center. We selected three
ligand systems a, h, and i, which represent respectively the
three cases of P-stereogenic yielding high ee, P-nonstereo-
genic yielding low ee, and P-stereogenic yielding low ee (see
Table 1). The substrate of choice is styrene, a common
model substrate in asymmetric hydroformylation. In addi-
tion, we theoretically evaluated the stereochemical perfor-
mance of novel target ligand systems. Furthermore, this
study aims to gain insight into the origin of enantioselectivi-
ty in asymmetric hydroformylation with bidentate phos-
phane ligands, and if possible, to direct experimentalists to-
wards the synthesis of novel efficient catalyst systems.


Scheme 1.


Table 1. Selected results from reference [6] for aminophosphane phos-
phinite ligands (L) and hydroformylation of styrene with [HRh(L)(CO)2]
(L=a–i). See Scheme 1 for definitions of R and Ar.


Ligand R Ar ee [%]


a CH3 Ph 75
b CH3 4-CH3-C6H4 71
c CH3 3,5-(CF3)2-C6H3 32
e nBu Ph 75
g nBu 3,5-(CF3)2-C6H3 46
h Ph Ph 10
i 1-naphthyl Ph 10
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Computational Details


DFT calculations were carried out using the Amsterdam density func-
tional program (ADFv2000) developed by Baerends et al.[28] The elec-
tronic configurations of the molecular systems were described by a triple-
z plus polarization Slater-type basis set, as included in the ADF package
(Basis set IV), on the rhodium atom. Double-z plus polarization Slater-
type basis set (Basis set III) were used for phosphorus, oxygen, carbon,
nitrogen, and hydrogen atoms. The 1s–3d electrons for Rh, the 1s elec-
trons for C, O, and N, and the 2p electrons for P were treated as frozen
cores. Energies and geometries were evaluated by augmenting the local
VWN exchange-correlation potential with BeckeNs nonlocal exchange-
correlation correction[29] and PerdewNs correlation corrections[30] (BP86).
Quasirelativistic corrections were used for the core electrons alongside
the Pauli formalism with corrected core potentials. The quasirelativistic
frozen core shells were generated with the auxiliary program DIRAC[28]


included in the ADFv2000 package.


For the hybrid QM/MM calculations, we applied the IMOMM method[19]


as implemented in the ADF package.[31] The QM region of the catalysts
included the aminophosphane phosphinite backbone RhH(CO)(H2-


POCH2CH2NHPH2), while the sub-
strate, ethene or styrene, was C2H2.
The molecular QM/MM partition is
represented in Scheme 2. The QM
level was the same as mentioned
above. SYBYL force field[32] was used
as implemented in ADF to describe
the atoms included in the MM part.
The van der Waals parameters for the
rhodium atom were taken from the
UFF force field,[33] and torsional contri-
butions involving dihedral angles with
the metal atom in terminal position
were set to zero. The ratio between the
P�C(aromatic) bond and the P�H
bond lengths was 1.287, between C-


(sp2)�C(aromatic) and C(sp2)�H 1.387, between P�C(sp3) and P�H
1.289, between C(sp3)�C(aromatic) and C(sp3)�H 1.386, between C(sp3)�
C(sp3) and C(sp3)�H 1.400, and between N�C(sp3) and N�H 1.361.


The minima were localized by full optimization of the starting structures.
Transition states were initially localized for the model system
RhH(CO)(H2POCH2CH2NHPH2)(ethene). Convergence criteria in tran-
sition state search were set to 2S10�3 a.u. on the maximum Cartesian
gradient, and to 2S10�4 a.u. on the energy. Vibrational frequency analysis
was performed by double numerical differential of the energy gradients
on the four possible isomers (see below). Transition states were charac-
terized by single imaginary frequency, except for the case of the phos-
phinite-rotation side at position I (see Figure 3 and next section for de-
tails), in which a small residual negative frequency (�10.3 cm�1) was
found. Attempts to get rid of the residual negative frequency were unsuc-
cessful. However, in all cases the normal mode of the largest imaginary
frequency corresponded to the expected motion. In the case of QM/MM
calculations, for which vibrational frequencies are not available, transi-
tion states searches were started from the characterized geometries of
the model system. First, the reaction-center coordinates (rhodium, hy-
dride, and olefinic carbon atoms) were kept fixed while all the other de-
grees of freedom were fully optimized. Then transition state searches
were performed by making use of the Hessians describing the expected
shapes of the potential energy hypersurface.


Results and Discussion


Mechanistic analysis : One of the main problems in theoreti-
cal studies on homogeneous catalysis is the growing number
of coordination modes, conformations, and species to be


considered. Thus, some considerations need to be made to
tackle the problem. Before presenting the results for styrene
hydroformylation, we first discuss the possible selectivity-de-
termining step, ligand coordination mode, and conforma-
tions of AMPP-type ligands.


First, in rhodium-catalyzed hydroformylation it is still un-
clear which are the rate- and selectivity-determining steps
and whether they coincide.[34–35] The fundamental catalytic
steps of the generally accepted mechanism[36] are represent-
ed in Scheme 3 for an AMPP ligand with equatorial/axial


coordination. According to this mechanism, the selectivity
for linear/branched and R/S branched products is deter-
mined in the alkene insertion, provided this step is irreversi-
ble. Previously, some of us showed that the relative energies
of transition states for alkene insertion can be used to deter-
mine the regioselectivity for xantphos-type catalysts.[21] In
that case, with regard to regioselectivity, the relative stability
of the different alkene complexes was unimportant, since
each can give rise to pro-linear and pro-branched transition
state and product. Others have also successfully used this
kind of assumption in theoretical studies on the regioselec-
tivity of hydroformylation.[17–18,22,26–27] In the case of enantio-
selectivity, coordination of the alkene could also be the ster-
eoselective step whenever alkene complexation is not rever-
sible. The terminal alkene has two enantiofaces. Thus, each
intermediate can only lead to one kind of pro-branched
transition state, that is, pro-R or pro-S, depending on which
face of the double bond coordinates to the metal. On the
other hand, the interconversion of the different isomers of
the styrene complex could be much faster than styrene in-
sertion, and this would result in Curtin–Hammett behavior.
Under this condition the product ratio would be therefore
determined by the relative energy of the transition states for
insertion.


Scheme 2.


Scheme 3.
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Second, studies on hydrido complexes [HRh-
(AMPP)(CO)2] by in situ 1H and 31P NMR and IR spectros-
copy under syngas pressure revealed that the coordination
mode of the AMPP ligand could be related to the enantiose-
lectivity.[6] Ligands a, b, e, h, and i formed a single mononu-
clear hydrido complex which is in equilibrium with a catalyt-
ically inactive dinuclear carbonyl-bridged complex. In the
mononuclear complexes, the ligand coordinates in equatori-
al/axial (ea) manner with the P(N) moiety in the axial posi-
tion and the P(O) moiety in the equatorial position (see
Scheme 2). On the other hand, ligands bearing electron-
withdrawing groups in the phosphinite part give a mixture
of several different species in solution. Interestingly, in com-
plexes exhibiting fluxional behavior (c and g) the enantio-
meric excess drops considerably as compared to complexes
with equatorial/axial coordination (Table 1). In the case of
pentacoordinate alkene complexes, we have computationally
validated the preference for ligand coordination in
[(AMPP)RhH(CO)(C2H4)] (AMPP= ligand a, conformation
A, see below). In principle, three different types of coordi-
nation isomers can be formed for equatorial coordination of
ethene: equatorial/axial with the P(N) moiety in axial posi-
tion (ea1), equatorial/axial with the P(N) moiety in equato-
rial position (ea2), and equatorial/equatorial (ee). For each
type, two isomers can be defined according to position of
ethene coordination in the ea forms, and the relative dispo-
sition of hydride and carbonyl ligands in the ee form. The
most stable isomer was computed to be one of the ea1
types, in full agreement with experimental findings for the
corresponding dicarbonyl complexes. The calculated ener-
gies of the ea2 and ee isomers are between 6 and
17 kJmol�1 higher than that of the lowest ea1 isomer. These
results suggest that the pentacoordinate species ea with the
P(N) moiety in axial position might be responsible for good
enantioselection, and therefore they are considered here.
Furthermore, previous ab initio calculations have shown an
axial preference of the hydride in related pentacoordinate
TBP complexes, in which the alkene occupies an equatorial
position and is oriented parallel to the equatorial plane.[11–13]


Third, coordination of the AMPP ligand to the metal
center forms a flexible seven-membered chelate ring, for


which several conformations
are conceivable. A search of
the Cambridge Structural Data-
base (CSD)[37] was performed
for metal complexes with the
motif shown in Scheme 4 to de-
termine the possible conforma-
tions of the AMPP chelate. The
search produced 18 hits con-
taining 26 molecular fragments.


For each CSD hit seven endocyclic torsion angles di (i=1–7)
in the chelate ring (Scheme 4) were tabulated. Principal
component analysis (PCA) was used to study the structural
patterns in this dataset. The utility of PCA in identifying
conformers of chelate complexes has been recently demon-
strated.[38] The PCA of the seven torsion angles gave two


principal components with large eigenvalues, which ex-
plained nearly 90% of the variance in the dataset. The scat-
ter plot of the scores is shown in Figure 1. In this plot, it is


possible to identify four different regions separated by un-
populated gaps. Each region, in which each point represents
a particular AMPP fragment, corresponds to a distinct con-
former of the ring (A, B, C, and D). The four types of ring
conformation are schematically represented in Figure 2. In
this case, PCA provides a significant reduction in dimension-
ality, and therefore it reduces the number of parameters
needed to define the conformations of the AMPP fragment.


We evaluated the relative stabilities of the four conforma-
tions of the corresponding pentacoordinate ethene com-
plexes [(AMPP)RhH(CO)(C2H4)] in which AMPP is ligand
a (R=CH3). Note that for ea coordination of the AMPP
ligand with the P(N) moiety in axial position trans to the hy-
dride ligand, there are still two possible coordination posi-


Scheme 4.


Figure 1. Scatter plot of pc1 and pc2 scores for the fragment described in
Scheme 4.


Figure 2. Schematic representation of conformation types (A, B, C, and
D) found in X-ray structures for aminophosphane phosphinite seven-
membered chelate rings.
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tions for the alkene, I and II (Figure 2). At our computa-
tional level, the two most stable complexes are structures I
and II of conformer A. The other isomers (B, C, and D) are
notably higher in energy than their corresponding isomers
A (between 26 and 73 kJmol�1). The highest energy isomers
correspond to type C (Figure 2). All these structurally char-
acterized fragments have an sp2-hybridized carbon atom in
the seven-membered chelate ring, whereas the computed
AMPP ligands only have sp3-hybridized carbon atoms. On
the other hand, the group of lowest energy A-type confor-
mations includes the structure that most resembles the
ligand under analysis. The entry IHEKUB corresponds to a
ruthenium complex with an EPHOS ligand ((+)-(1R,2S)-2-
[(diphenylphosphanyl)methylamino]-1-phenylpropyl diphe-
nylphosphinite) analogous to ligand h.[39] From all these
data, we presume that the species involved in enantioselec-
tion (styrene complexes and transition states for styrene in-
sertion) with ring conformations B, C, and D are shifted
upward in energy with respect to the A conformations, and
therefore their contribution to overall enantioselectivity can
be neglected.


In summary, for ea coordination of the AMPP ligand
there are two available equatorial coordination positions for
the alkene, I and II. Thus, the alkene substituent can adopt
four different orientations. From each conformation the
alkene can rotate clockwise
(CW) or counterclockwise
(CCW), that is, rotation
through the phosphinite or car-
bonyl sides (labeled with P and
CO superscripts, respectively)
to reach the pro-linear and pro-
branched TSs (see Figure 3).
Since we are only interested in
analyzing the enantioselectivity,
we will not consider the pro-
linear TSs. Thus, the number of
possible pathways is eight, four
of which lead to the R product


(R), and four to the S product (S). Consequently, eight sty-
rene complexes and eight TSs must be computed. Figure 3
depicts schematically the pathways and their labels. The
structures discussed hereafter are labeled, for example, as
2a-II-SP, with the following meaning: 1) The first label such
as 2a indicates the type of species [ethene complex (1), sty-
rene complex (2), or transition state for styrene insertion
(TS)] and type of ligand (a, h, i, or j). 2) The second label, I
or II, indicates the two different equatorial positions for
alkene coordination. 3) The third label, SP, SCO, RP, or RCO,
indicates which enantioface of the double bond is bound to
the metal and the orientation of the phenyl substituent.


P-chiral versus P-nonchiral ligands : Initially, we focus on
AMPP ligands a (R=CH3) and h (R=Ph), which respec-
tively represent the case of a ligand with a stereogenic
center at the phosphorus atom and the case without a ster-
eogenic center. For ligand a, we characterized the eight pos-
sible paths by localization of the corresponding styrene com-
plexes and transition states. Table 2 collects the relative en-
ergies and the main geometric parameters of all the charac-
terized structures. The energies are relative to that of the
lowest lying styrene complex and transition state. The de-
composition of total energy in quantum mechanics (EQM)


Figure 3. Definition of the possible paths leading to branched product from the key equatorial/axial pentacoor-
dinate intermediate.


Table 2. Relative energies [kJmol�1] and selected geometric parameters (distances [U] and angles [8]) of the styrene complexes and transition state for
styrene insertion for ligands a (P-stereogenic) and h (P-nonstereogenic)[a] .


Ligand a Ligand h
Position I Position II Position II


Styrene SCO RCO SP RP SCO RCO SP RP SCO RCO SP RP


Etotal 16.8 3.9 20.6 20.5 0.0 3.6 5.1 9.8 0.0 5.3 9.5 12.8
EQM 10.4 8.2 1.1 6.9 0.0 7.0 �1.7 �3.1 0.0 13.0 4.4 3.3
EMM 6.4 �4.3 19.6 13.7 0.0 �3.4 6.8 12.9 0.0 �7.7 5.1 9.5
Rh�H 1.590 1.587 1.591 1.586 1.593 1.592 1.596 1.597 1.586 1.590 1.590 1.595
Ca=Cb 1.418 1.414 1.417 1.415 1.416 1.419 1.415 1.418 1.420 1.419 1.416 1.413


TS SCO RCO SP RP SCO RCO SP RP SCO RCO SP RP


Etotal 13.1 18.7 9.3 14.9 0.0 13.7 2.3 12.7 5.4 5.6 3.1 0.0
EQM �1.2 �2.8 0.5 8.8 0.0 1.4 1.6 �1.7 6.4 5.0 5.8 0.0
EMM 14.3 21.4 8.8 6.2 0.0 12.3 0.7 14.4 �1.0 0.6 �2.7 0.0
H-Rh-Ca-Cb 22.0 23.0 �12.1 �8.2 �9.6 �9.7 4.1 12.6 �8.9 �10.7 4.0 13.6
Rh�H 1.640 1.641 1.649 1.648 1.643 1.639 1.654 1.648 1.635 1.644 1.652 1.646
Ca=Cb 1.427 1.427 1.418 1.422 1.407 1.407 1.422 1.415 1.408 1.411 1.418 1.416


[a] Ca= styrene terminal carbon atom; Cb= styrene substituted carbon atom.
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and molecular mechanics (EMM) parts is also reported in
Table 2.


Two main features are clear from the results of calcula-
tions on ligand a. First, the lowest energy minimum and
saddle point correspond to position II, the 2a-II-SCO styrene
complex and the TSa-II-SCO transition state. Although some
low-energy species correspond to position I, it seems that
the preferred position for styrene coordination and insertion
is position II, since on a one-to-one basis the isomers of po-
sition II are lower in energy than their position I counter-
parts. Second, in both styrene coordination and styrene in-
sertion through path II, the pro-S species are energetically
favored over the pro-R ones, by 0.0 and 5.1 versus 3.6 and
9.8 kJmol�1 for styrene complexes, and 0.0 and 2.3 versus
13.7 and 12.7 kJmol�1 for transition states. This initial ener-
getic analysis agrees with the configuration of the experi-
mentally observed product. However, at this point, it is not
possible to establish whether the enantioselectivity-deter-
mining step is styrene coordination or styrene insertion.


The overall S selectivity of the reaction is intimately relat-
ed to the fact that it passes through position II. Thus, if the
reaction proceeded through paths I and styrene coordina-
tion were the enantioselectivity-determining step, the main
product would be the R isomer, whereas if the determining
step were styrene insertion, there would be a significant re-
duction in stereodifferentiation. Note that the energy differ-
ences between the corresponding pro-S and pro-R TSs in
path I of around 5 kJmol�1 are significantly smaller than
those on path II (�10 kJmol�1). Thus, a priori, we focus our
discussion on the nature of this position and the factors de-
fining its preference. It does not matter at this point whether
there are other possible conformations and/or coordination
modes defining new reaction paths, whenever these are not
more favored than those through position II.


To compare ligand a with the case of a ligand without a
stereogenic center at the phosphorus atom, we investigated
path II for ligand h (R=Ph). The relative energies of the
pro-S and pro-R styrene complexes with ligands a and h
show similar patterns (Table 2), despite the fact that experi-
mentally a exhibited significant stereoinduction and h did
not. On the other hand, computation of relative energies of
TSs for alkene insertion reproduce experimental enantiose-
lectivity trends. The pro-S TSs are energetically favored
with respect to the pro-R ones for ligand a (P-stereogenic).
The relative energies of the pro-R transition states lie 13.7
and 10.4 kJmol�1 above their pro-S counterparts for ligand
a. On going from ligand a to h (P-nonstereogenic) there is a
substantial reduction of energy differences. In h the maxi-
mum difference between a pro-S and a pro-R TS is only
3.1 kJmol�1. Thus, the results for styrene insertion fully
agree with experimental observations indicating that styrene
insertion through path II determines the enantioselectivity
rather than styrene coordination.


The structural nature of the transition states for position
II is also fully consistent with experimental findings, for
which high ee values were obtained for the system with an
asymmetric center at the phosphorus atom. A closer look at


the geometries of the TSs for ligands a and h reveals that
the phenyl substituent of the olefinic substrate faces the sub-
stituents of the P-stereogenic atom. In a, the styrene sub-
stituent faces the phenyl group of the aminophosphane
phosphorus atom for the pro-S TSs, while it faces the
methyl substituent on the phosphorus atom for the pro-R
isomers (Figure 4). It seems that the different interaction of


styrene with the P(N)* substituents is responsible for stereo-
differentiation. Accordingly, for path TSa-II the energy dif-
ferences between pro-S and pro-R TSs lie mostly in the MM
part. Note that in the QM/MM partition scheme, the sub-
stituents of the olefinic substrate and of the phosphorus
atom are included in the MM part. In h, the methyl group is
replaced by a phenyl group. Thus, in the pro-S and pro-R
TSs the substrate points toward the same type of ligand sub-
stituent, and consequently similar type of interactions are
expected for both TSs.


Despite the widely accepted idea that the stereoinduction
in asymmetric hydroformylation is determined in alkene co-
ordination, these results indicate that styrene insertion into
the rhodium–hydride bond is the selectivity-determining
step. In this case, there is a loss of stereochemical memory
through rapid conformational interconversion of styrene
complexes. Thus, Curtin–Hammett behavior is operative,
and therefore it is the relative energies of transition states
for alkene insertion that determine selectivity. In line with
these arguments, recent high-level calculations on related
model systems showed that barriers for alkene association/
dissociation are negligible, and when free-energy corrections
are considered, alkene complexes and their dissociation
products are almost isoenergetic.[14]


Substrate–ligand interactions : To more deeply analyze the
factors governing enantioselectivity, we investigated ligand–
substrate interactions in more detail. We stated above that
the difference between phenyl–phenyl and phenyl–methyl
interactions may be crucial in sterodifferentiation. Structural
inspection allowed us to identify two aryl rings in face-to-
face arrangement for pro-S TSs of path II with ligand a, and


Figure 4. Molecular structures of pro-S and pro-R TSs for styrene inser-
tion with ligand a : TSa-II-SCO (a) and TSa-II-RCO (b). Hydrogen atoms
of phenyl groups are omitted for clarity.
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an alkyl C�H bond oriented towards an aryl ring for pro-R
TSs of path II with ligand a. Noncovalent interactions in-
volving aromatic rings such as p–p stacking and C�H/p in-
teractions are well characterized, both experimentally[40–41]


and theoretically.[42–46] Their importance has been demon-
strated for many chemical and biological processes, includ-
ing molecular recognition. Their occurrence in asymmetric
catalysis has been successfully characterized and evaluated
by QM/MM methods.[47–48] However, the role of arene–
arene and arene–alkyl interactions is still a matter of debate.


Quantifying the contribution of individual functional
groups to catalysis is not an easy task. However, theoretical
methods allow the design of artificial models to estimate the
importance of each individual molecular fragment. To evalu-
ate the relative strengths of phenyl–phenyl p–p stacking and
alkyl–phenyl C�H/p interactions, we built two model sys-


tems by assembling the follow-
ing interacting moieties
(Figure 5): 1) styrene and
PH2Ph, and 2) styrene and PH2-
(CH3). Each moiety was treat-
ed at the same level as for the
whole complex, that is, with in-
clusion of the phenyl and
methyl substituents in the MM
part. The interaction energies
(IE) were evaluated as the
energy difference between the
two fragments in the transition-
state geometries and the two
fragments at infinite distance in
the geometries they adopt at
the saddle points. Table 3 col-
lects the energies and geomet-
ric parameters (Figure 5) of
these interactions for path II of


ligand a. The interaction energies for pro-S TSs are stabiliz-
ing in nature, whereas for pro-R TSs the IEs are negligible
or even slightly repulsive. High-level theoretical studies on
benzene dimer proposed the existence of different minima:
T-shaped, parallel, and parallel-displaced.[43–44] The last two
minima have ring–center distances of around 3.8 and 3.9 U,
respectively. Calculations at a similar level for benzene–
methane models obtained intermolecular distances between


methane carbon atom and benzene centroid of 3.6–4.0 U,
depending on methane orientation.[42] The distances between
the ring centroids for the pro-S TSs (3.1 U) are significantly
shorter than those of previous studies on benzene dimer.
However, at our molecular mechanics level, the distance in
global minimum for p–p interaction of the benzene dimer
(3.111 U) is very similar to those at TSs. Moreover, optimi-
zation of the styrene–PH2Ph adduct leads to a close stable
structure with an inter-ring distance of 3.193 U, and to a
similar interaction energy of �21.1 kJmol�1. These data sug-
gest that the substrate is arranged in a way that maximizes
its p–p stacking interaction with the catalyst. In the case of
pro-R TSs, the distances between the methyl carbon atom
and the phenyl centroid range from 3.6 to 4.0 U in TSa-II-
RCO and TSa-II-RP, respectively. The distance is 3.644 U for
the optimized styrene–methylphosphane adduct and 3.244 U
for the benzene–methane model complex, the interaction
energies of which are �7.5 and �8.9 kJmol�1, respectively.
In accordance with previous studies,[42] the structural analy-
sis might indicate a very shallow potential energy curve and
a weak interaction for phenyl–methyl groups, and conse-
quently the substrate–ligand interactions in pro-R TSs do
not seem to play a relevant role.


A clear correlation exists between the computed IEs of
the functional groups and the relative energies of the TSs
(Table 3). More interestingly, the computed IEs account for
most of the energy differences observed between the pro-S
and pro-R TSs. The IEs for pro-S TSs are about 15 kJmol�1,
whereas for pro-R TSs the IEs are practically negligible. The
difference between the IEs for pro-S and pro-R TSs (about
15 kJmol�1) are roughly their difference in relative energies
(about 12 kJmol�1). Thus, we can conclude that stereodiffer-
entiation is governed by weak-type interaction induced in
the different interactions of styrene with the substituents at
the stereogenic P(N)* center (phenyl and methyl). Further-
more, no significant effect on enantioselectivity of the other
two chiral centers at the AMPP backbone seems to be pres-
ent.


Assuming a Boltzmann distribution, the ee obtained from
the relative energies of TSs of position II is calculated to be
98.6% for the S isomer. Our computed ee value overesti-
mates the experimentally determined enantioselectivity of
75% under optimal conditions. The computed MM interac-
tion energies of benzene dimer and benzene–methane
adduct are �22.6 and �8.9 kJmol�1, respectively. The MM
calculations tend to overestimate the IE values found at
higher computational level (from �10.4[43] to �11.7[44] and
�6.7 kJmol�1[42] , respectively) and experimental measure-
ments in the gas phase on benzene dimer (from �6.7�
0.8 kJmol�1[49] to �10.0�1.6 kJmol�1[50]). However, the dif-
ferences between p–p stacking and C�H/p interactions is
qualitatively reproduced by MM calculations, which favor
the interaction between two phenyl groups. Thus, MM treat-
ment of p–p stacking interactions could be one of the main
reasons for the overestimation of ee in our calculation. Note
that in transition-state calculations the substituents on the
alkene and on the phosphorus atom are included in the MM


Figure 5. Schematic represen-
tation of model interacting
fragments styrene–PH2Ph (a)
and styrene–PH2CH3 (b) for
p–p stacking and C�H/p inter-
actions in ligand a. Distance d
between ring centroids (a),
and between ring centroid and
carbon atom (b). Angle a be-
tween ring mean planes (a)
and between ring mean plane
and centroid–carbon vector
(b).


Table 3. Relative energies Erel [kcalmol�1] of transition states for path II,
ligand a. Interaction energies (IE [kcalmol�1]) between substrate and the
key ligand moieties in the model systems. Distance between ring cent-
roids and between ring centroid and carbon atom (d in U). Angle be-
tween ring mean planes and between ring mean plane and centroid–
carbon vector (a [8], see Figure 5).


styrene-PH2Ph styrene-PH2CH3


TSa-II-SCO TSa-II-SP TSa-II-RCO TSa-II-RP


Erel 0.0 2.3 13.7 12.7
IE �15.1 �15.9 �1.4 2.2
d 3.139 3.068 3.634 4.007
a 72.0 80.1 77.0 64.3
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region, and their interactions govern stereodifferentiation.
In fact, if we apply a correction factor, derived from com-
parison with higher level calculations,[51] to the relative ener-
gies of pro-S TSs, the calculated ee drops to about 74%,
which is close to the experimental results. The value result-
ing from the application of the correction factor is an ap-
proximation, and it must be interpreted qualitatively. How-
ever, it clearly shows a meaningful trend in which the theo-
retical ee is in better agreement with experimental findings.


We recomputed the TSa-II-SCO and TSa-II-RCO structures
at full DFT level. On going from QM/MM to full DFT cal-
culation the energy difference between the two isomers de-
creases substantially, and the pro-R TS is more stable than
the pro-S TS by 2.6 kJmol�1. Computation of interaction en-
ergies of the styrene–phenylphosphane and the styrene–
methylphosphane fragments by an analogous procedure to
that described above yielded values of 1.3 and
�1.9 kJmol�1, respectively, which are fully consistent with
the relative stabilities of the TSs. Thus, according to full
DFT calculations, no significant stereoinduction is expected
for interaction of the substrate with the stereogenic center
at the phosphorus atom. This is in agreement with previous
theoretical findings, which suggest that dispersion forces
cannot be properly described by gradient-corrected density
functional approaches because this interaction is a long-
range nonlocal correlation effect.[46,52] In fact, systematic
DFT studies on intermolecular binding of benzene dimer
predict weak attractive or repulsive interactions.[45–46] As in
previous findings, the interaction energies of benzene dimer
and benzene–methane adduct computed at our density func-
tional level are �5.5 and �4.1 kJmol�1, respectively. These
values, compared to those of CCSD(T) calculations (�10.4
and �6.1 kJmol�1, respectively),[42–43] show that DFT under-
estimates IEs and, more importantly, that the difference be-
tween p–p stacking and C�H/p interactions is minimized by
DFT. On the other hand, molecular mechanics methods can
easily describe long-range dispersion-type interactions via a
classical potential such as Lennard–Jones 12-6 potential.
Thus, in this case, in which the p-p stacking interactions are
crucial for stereodifferentiation, the DFT/MM calculations
tend to give superior results to pure DFT calculations.


Stereochemical model : We have succeeded in reproducing
experimental trends and in identifying and evaluating the
key factors which govern the enantioselectivity. To help to
rationalize the stereochemical outcome of AMPP ligand sys-
tems, we built a stereochemical model from simple schemat-
ic representations. Using this scheme, we rediscuss the re-
sults in order to provide a more general understanding of
the mechanism. In a first approximation, we assume that the
reaction proceeds mostly through path II. The rationaliza-
tion of the observed ee values with ligands a and h are
based on the model depicted in Figure 6. The (O)P-Rh-CO
and (N)P-Rh-H axes of the system are projected into the
plane of the paper, and the alkene is at the front side. The
arrows indicate the main intramolecular interactions be-
tween substrate and catalyst.


For styrene complexes, both pro-S and pro-R species of
the carbonyl-rotation side exhibit stabilizing phenyl–phenyl
interactions. Accordingly, the calculated energies are similar
for both species in ligand a and h. In the pro-S species of
the phosphinite-rotation side, the substrate interacts mostly
with the R substituent of the P(N) atom. This might favor S
configuration in ligand h by means of a stabilizing phenyl–
phenyl interaction. However, the computed relative energies
indicate that the interaction is less effective for this isomer.
Finally, no significant stabilizing interaction is observed in
the pro-R isomers of the phosphinite-rotation side, and con-
sequently they are the highest in energy. From this model,
we would expect a very low enantioselectivity for both a
and h ligands, and an even higher preference for the S
isomer with ligand h. This is contrary to experimental obser-
vations, and consequently it seems that coordination of sty-
rene can be rejected as the enantioselectivity-determining
step. In the TSs for styrene insertion yielding the branched
product, two types of substrate–ligand interactions are possi-
ble. For pro-S TSs the styrene substituent interacts with the
phenyl substituent of P(N), whereas for pro-R TSs styrene
interacts with the R substituent of P(N). Thus, when R is a
methyl group (ligand a) the difference in interaction induces
enantioselectivity. When R is a phenyl group (ligand h) the
substrate–ligand interactions for both types of transition
state become very similar, and consequently we do not
expect high stereoinduction. According to the proposed ste-
reochemical model, the enantioselectivity of this reaction
could, in principle, be tuned by appropriate selection of the
substituents on the aminophosphane phosphorus atom.


To validate our mechanism, we tested it on the enantiose-
lectivity of ligand i (R=1-naphthyl). Experimental data in-


Figure 6. Relative energies and schematic representation of styrene com-
plexes and transition states for styrene insertion in path II. Energies [kJ
mol�1] relative to the lowest energy styrene complex or transition state.
Double arrows indicate the main intramolecular ligand–substrate interac-
tions, and single arrows indicate the direction of rotation of styrene to
reach the transition state.
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dicated that the introduction of a 1-napththyl group resulted
in a considerable decrease in enantioselectivity to only
10%, despite the presence of a stereogenic center at the
phosphorus atom. A possible explanation is that phenyl–
phenyl and phenyl–naphthyl interactions are of the same
order of magnitude. However, the calculated interaction
energy between styrene and the PH2(1-naphthyl) model
fragment (�38.5 kJmol�1) is significantly higher than that
for the styrene–PH2Ph adduct (�21.1 kJmol�1). Moreover,
the pro-R TSs are energetically favored with respect to the
pro-S TSs (see Figure 6), which would indicate reversal of
enantioselectivity favoring the R product. These data sug-
gest that the proposed stereochemical model is mistaken or
incomplete. Therefore, we computed the transition states for
path I, and this showed that the pro-S TSs are slightly more
stable than the corresponding pro-R TSs of path II. Setting
the zero of energy to the most stable isomer of path II, the
relative energies of pro-S TSs are �2.7 and �0.8 kJmol�1


for TSi-I-SCO and TSi-I-SP, respectively, whereas the pro-R
TSs showed relative energies of 12.9 and 17.8 kJmol�11 for
TSi-I-RCO and TSi-I-RP, respectively. These values indicate
that the two pro-S TSs of path I contribute significantly to
the overall enantioselectivity, balancing the R preference
predicted by path II. Thus, calculations predict a small over-
all S preference, in agreement with experimental results. A
simple schematic representation for path I (Figure 7, analo-


gous to that of path II) reveals a stabilizing phenyl–naphthyl
interaction for pro-S TSs, whereas the pro-R TSs do not ex-
hibit any significant interaction. In agreement with this, for
ligand h we observe a similar pattern due to a stabilizing
phenyl–phenyl interaction, whereas for ligand a all TSs are
shifted upward in energy with respect to the lowest isomer
of path I, due to the absence of significant stabilizing inter-
actions (see Figure 7).


In summary, the interaction of the substrate with substitu-
ents at the P-stereogenic center governs the enantioselectivi-
ty. However, the rationalization of the stereochemical out-
come is not that straightforward because the interaction of
the substrate with the R substituent favors/disfavors both
the R product through path II and the S product through


path I. As a general rule, we can state that asymmetric sub-
stitution of the P(N) atom induces enantioselectivity when-
ever the functional groups at the R position do not exhibit a
higher (or similar) stabilizing interaction with the substrate
than the other phosphorus substituent.


Novel ligand systems : The utility of computationally derived
stereochemical models lies not only in the analysis of well-
known aminophosphane phophinites, but also in the search
for novel ligand systems. The synthetic route to the amino-
phosphane phosphinite ligand family provides enormous po-
tential for variation, including diastereoselective introduc-
tion of various residues on the phosphorus moieties.[6,9] Our
initial target phosphane for further computational study is a
simple derivative of ligand a in which the methyl substituent
at the stereogenic phosphorus atom has been replaced by
the bulkier tBu group. According to the proposed stereo-
chemical model, we expected that the hypothetical ligand j
(R= tBu) would destabilize the pro-R TSs of path II, and
consequently cause a higher preference for pro-S species.
For ligand j, the computed TSs of path II show a preference
for pro-S TSs, but we do not observe a qualitative difference
with respect to the experimentally tested ligand a (Figure 6).
Thus, despite introducing a more bulky substituent, which
should in principle destabilize the corresponding pro-R TSs,
the AMPP skeleton is flexible enough to accommodate sty-
rene. In other words, the ligand can rearrange to optimize
the distance between a C�H moiety of the tBu group and
the phenyl ring of styrene. On going from ligand a to h, we
observed variation of the dihedral angles involving the Rh-
P(N) and P�N bonds of about 108 in the TSs. In fact, the
calculated interacting energies of the model functional
groups styrene and PH2(tBu) are slightly attractive: �3.8
and �2.3 kJmol�1 for TSj-II-RCO and TSj-II-RP, respectively.


Recently, Yoon and Jacobsen introduced the concept of
privileged ligands for asymmetric catalysis.[53] These are
ligand structures which have broad applicability across
many different types of reaction. These authors suggest that
common feature of such ligands could be that they usually
have rigid structures. Here, our analysis of the AMPP ligand
family reveals that its flexible backbone allows the stereore-
cognition of one enantiomer, but prevents severe stereohin-
drance of the other enantiomer. Thus, a possible strategy to
develop more efficient catalysts for asymmetric hydroformy-
lation and other enantioselective processes could be to
design related ligands with more rigid backbones. This
would allow stereorecognition and stereohindrance to be
combined and stereodifferentiation to be increased. Within
the AMPP family, another possible strategy could be to re-
place the phenyl substituent at the stereogenic phosphorus
atom by a functional group which would reinforce the stabi-
lizing interaction with the substrate observed in the pro-S
TSs. For example, we have already observed that the 1-
naphthyl group exhibits a stronger p–p stacking interaction
with styrene than the phenyl residue of ligand a.


Figure 7. Relative energies and schematic representation of transition
states for styrene insertion on path I. Energies [kJmol�1] relative to the
lowest energy transition state. Double arrows indicate the main intramo-
lecular ligand–substrate interactions.
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Summary and Conclusions


Our calculations reproduce experimental results showing
that alkene insertion into the rhodium–hydride bond is the
step determining the enantioselectivity, and not alkene coor-
dination. Analysis of ligand–substrate interactions in the
transition states for styrene insertion indicates that different
weak nonbonding interactions of styrene with the substitu-
ents at the stereogenic P(N)* center are responsible for ster-
eodifferentiation. In the case of ligand a, the difference be-
tween phenyl–phenyl p–p-stacking interaction and methyl–
phenyl C�H/p interactions governs enantioinduction. The
stronger p–p stacking interaction stabilizes the pro-S transi-
tion states and favors the S product. Thus, on going from
ligand a (P-stereogenic) to h (P-nonstereogenic) the ligand-
substrate interactions at pro-S and pro-R TSs become very
similar, and consequently low ee is expected. In fact, the sit-
uation is a little more complicated because it is necessary to
consider two coordination modes I and II (Figures 6 and 7,
respectively). When the interaction of the R substituent of
the aminophosphane phosphorus atom with the substrate is
stabilizing in nature, the reaction path through coordination
mode I becomes available. Then, paths I and II exhibit op-
posite asymmetric inductions that cause cancellation of ster-
eoselectivity, as is the case for ligand i (R=1-naphthyl). On
the other hand, the chirality of the AMPP backbone plays a
secondary role in asymmetric hydroformylation, possibly fa-
voring a specific ligand conformation.


We have built a stereochemical model based on simple
molecular schematic representations (Figures 6 and 7) in
order to rationalize the observed stereochemical outcome
and to search for novel ligand systems. According to the
proposed stereochemical model, to improve the perfor-
mance we should avoid functional groups at the R position
that undergo stabilizing interaction with the substrate. Thus,
a novel ligand j with a potentially destabilizing tBu substitu-
ent at R position was envisaged and computationally tested.
However, no relevant selective stereohindrance was ob-
served because of the flexible AMPP backbone. From these
results, two strategies can be envisaged for the development
of more efficient AMPP or derived catalysts. First, efforts
could be directed towards the design of related ligands with
more rigid backbones, to combine stereorecognition and
stereohindrance at the asymmetric phosphorus atom.
Second, the replacement of the phenyl substituent at the
P(N)* atom by a functional group that reinforces the inter-
action with the substrate would improve stereodifferentia-
tion. By comparing the molecular structure of enantioselec-
tive Rh/AMPP and Rh/BINAPHOS catalysts, we can pre-
liminarily outline some prerequisites for efficient enantioin-
duction in asymmetric hydroformylation of styrene: 1) li-
gands with a well-defined coordination mode and 2) ligands
with functional groups providing strong ligand–substrate
stereorecognition. Currently, our experimental laboratory is
working on the synthesis of novel ligands for asymmetric
catalysis based on the insight gained in this theoretical


study. Also, theoretical analysis of other asymmetric ligands
is underway.


Finally, quantum mechanics/molecular mechanics methods
have shown their potential applicability to the study of ho-
mogeneous catalyst systems. In this case, where nonbonding
p–p stacking interactions govern enantioselectivity, QM/
MM gives better results than pure DFT quantum mechanics
methods.
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Introduction


Porphyrins and their non-naturally occurring analogues,
phthalocyanines, are the most common and important tetra-
pyrrole derivatives.[1] Both series of macrocycles can form
complexes with almost all the metals in the Periodic Table.
Rare earths, actinides, and some early transition metals and
main-group elements form sandwich-type complexes with
these ligands in the form of double- and triple-deckers,
which are emerging as an important class of functional ma-
terials.[2] The bis(phthalocyaninato) rare-earth sandwich
complexes have been known since the mid 1960s,[3] while
studies of their bis(porphyrinato) counterparts began in the
1980s.[4] To understand the nature of the ring-to-ring interac-
tions in these bis- and tris(tetrapyrrole) metal complexes, a
substantial number of heteroleptic sandwich compounds
with different porphyrin and/or phthalocyanine ligands have
been prepared and examined in recent years.[5]


Abstract: The half-sandwich rare-earth
complexes [MIII(acac)(TClPP)] (M=


Sm, Eu, Y; TClPP=meso-tetrakis(4-
chlorophenyl)porphyrinate; acac=ace-
tylacetonate), generated in situ from
[M(acac)3]·nH2O and H2(TClPP), were
treated with 1,8,15,22-tetrakis(3-pentyl-
oxy)phthalocyanine [H2{Pc(a-
OC5H11)4}] (Pc=phthalocyaninate)
under reflux in n-octanol to yield both
the neutral nonprotonated and proton-
ated (phthalocyaninato)(porphyrinato)
rare-earth double-decker complexes,
[MIII{Pc(a-OC5H11)4}(TClPP)] (1–3)
and [MIIIH{Pc(a-OC5H11)4}(TClPP)]
(4–6), respectively. In contrast, reaction


of [YIII(acac)(TClPP)] with
1,4,8,11,15,18,22,25-octakis(1-butyloxy)-
phthalocyanine [H2Pc(a-OC4H9)8] gave
only the protonated double-decker
complex [YIIIH{Pc(a-OC4H9)8}-
(TClPP)] (7). These observations clear-
ly show the importance of the number
and positions of substituents on the
phthalocyanine ligand in controlling
the nature of the (phthalocyaninato)-


(porphyrinato) rare-earth double-deck-
ers obtained. In particular, a-alkoxyla-
tion of the phthalocyanine ligand is
found to stabilize the protonated form,
a fact supported by molecular-orbital
calculations. A combination of mass
spectrometry, NMR, UV-visible, near-
IR, MCD, and IR spectroscopy, and X-
ray diffraction analyses, facilitated the
differentiation of the newly prepared
neutral nonprotonated and protonated
double-decker complexes. The crystal
structure of the protonated form has
been determined for the first time.
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effect
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Bis(phthalocyaninato) rare-earth complexes are usually
prepared by cyclic tetramerization of phthalonitriles with
rare-earth salts in the presence of an organic base, such as
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), as a promoter. In
these reactions, protonated double-deckers [MIIIH(Pc’)2]
(Pc’=general phthalocyaninate) are believed to be the ini-
tial products that undergo oxidation in air to give the
nonprotonated analogues [MIII(Pc’)2].


[6] In the presence of
reducing agents, some mono-anionic double-deckers such as
Li[MIII(Pc)2] (M=La–Yb except Ce),[7] (NBu4)[M


III(Pc)2]
(M=La, Ce, Pr, Nd, Sm, Gd, Ho, Lu),[8] and (PNP)-
[MIII(Pc)2] (PNP=bis(triphenyl-
phosphino)iminium; M=La,
Gd, Tm)[8a,9] have been isolated
and characterized. The synthe-
sis of the bis(porphyrinato)
complexes usually involves the
treatment of metal-free por-
phyrins with rare-earth salts,
such as M(acac)3·nH2O. The
“reduced” protonated double-
deckers, such as [PrIIIH(TTP)2]
(TPP=meso-tetraphenylpor-
phyrinate), [PrIIIH(OEP)2]
(OEP=octaethylporphyrinate),
[MIIIH(TPP)2] (M=La–Lu
except Ce), and [MIIIH(OEP)-
(TPP)] (M=Nd–Lu), and their
neutral nonprotonated counter-
parts have also been isolated.[10]


Mixed (phthalocyaninato)(por-
phyrinato) rare-earth double-
deckers are usually prepared by
[MIII(Por)(acac)] (Por=general
porphyrinate)-induced cyclic
tetramerization of phthaloni-
triles or by treating metal-free porphyrins with Li2Pc in the
presence of rare-earth salts. The reduced protonated species
[LaIIIH(Pc)(TPP)][11] and [MIIIH(Pc)(TPyP)] [M=Gd, Eu,
Y; TpyP=meso-tetra(4-pyridyl)porphyrinate][12] and the
lithiated analogues Li[MIII(Pc)(TPyP)] (M=Eu, Gd)[13] have
been isolated and characterized, mainly by electronic ab-
sorption spectroscopy, and are proposed to be the inter-
mediates in the formation of the neutral nonprotonated
mixed-ring double-deckers. In the present paper, we de-
scribe in detail the isolation, spectroscopic, and structural
characterization of the reduced protonated mixed-ring
double-decker rare-earth(iii) complexes [MIIIH{Pc(a-
OC5H11)4}(TClPP)] (M=Sm, Eu, Y) (4–6) and [YIIIH{Pc(a-
OC4H9)8}(TClPP)] (7), the formation of which was promot-
ed by the use of a-alkoxyphthalocyanines. A comparison of
the spectroscopic and structural data with that obtained for
the available neutral complexes [MIII{Pc(a-OC5H11)4}-
(TClPP)] (M=Sm, Eu, Y) (1–3) provides direct and unam-
biguous evidence for the formation of such reduced, pro-
tonated, mixed (phthalocyaninato)(porphyrinato), rare-
earth(iii) double-decker complexes.


The electrochemical and spectroscopic properties of
phthalocyanine derivatives can be tuned by changing the
type, number, and positions of the substituents on the mac-
rocycle ligands. However, to the best of our knowledge, no
study of the influence of the substituents of the phthalocya-
nine ligand on the formation of the corresponding sandwich
rare-earth complexes has been made. To this end, mixed-
ring double-decker rare-earth complexes M(TClPP)[Pc(a-
OC5H11)4] (M=Sm, Eu, Y) (1–3), MH(TClPP)[Pc(a-
OC5H11)4] (M=Sm, Eu, Y) (4–6), and YH(TClPP)[Pc(a-
OC4H9)8] (7), Scheme 1, have been designed, prepared, and


characterized. The TClPP ligand is the same in all com-
plexes; complexes 1–7 differ only in the nature and number
of alkoxy groups at the non-peripheral positions of the
phthalocyanine ligand. The effect of alkoxy substituents at
these positions on the properties of the isolated mixed
(phthalocyaninato)(porphyrinato) rare-earth complexes is
discussed in relation to the properties of analogous com-
plexes containing unsubstituted phthalocyanine ligand.[14,15]


This constitutes the first attempt towards understanding the
effect of substituents of the phthalocyanine ligand on the
formation chemistry of the corresponding rare-earth sand-
wich complexes.


Results and Discussion


Synthesis of heteroleptic double-deckers 1–7: Treatment of
the half-sandwich complexes [MIII(acac)(TClPP)] (M=Sm,
Eu, Y), which were generated in situ from the correspond-
ing [M(acac)3]·nH2O (M=Sm, Eu, Y) and H2TClPP, with
the metal-free phthalocyanine H2Pc(a-OC5H11)4 in refluxing


Scheme 1. Synthesis of mixed double-decker complexes.
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n-octanol for seven hours gave a mixture of the nonpro-
tonated double-deckers [MIII[Pc(a-OC5H11)4(TClPP)] (M=


Sm, Eu, Y; 1–3, respectively) and their protonated ana-
logues [MIIIH[Pc(a-OC5H11)4(TClPP)] (M=Sm, Eu, Y; 4–6,
respectively), Scheme 1. These compounds were soluble in
common organic solvents, such as CHCl3, CH2Cl2, and tolu-
ene, and could be separated by column chromatography. In-
terestingly, when [YIII(acac)(TClPP)] was treated with the
octa-a-substituted phthalocyanine H2Pc(a-OC4H9)8, only the
protonated double-decker [YIIIH[Pc(a-OC4H9)8(TClPP)] (7)
was isolated. Heteroleptic triple-decker complexes were not
detected in any of these reactions. It is worth noting that
treatment of [MIII(acac)(TClPP)] (M=Y, La–Er except Ce
and Pm) with Li2(Pc) results in a mixture of the triple-deck-
ers [MIII


2(Pc)(TClPP)2] and [MIII
2(Pc)2(TClPP)] together


with a small amount of [MIII(Pc)(TClPP)].[14] In contrast, re-
action of [MIII(acac)(TClPP)] (M=Y, La–Lu except Ce and
Pm) with phthalonitrile in the presence of DBU affords neu-
tral nonprotonated double-deckers [MIII(Pc)(TClPP)] via
the intermediate protonated [MIIIH(Pc)(TClPP)] species.[15]


These results clearly show that the a-alkoxy substituents of
the phthalocyanine ligand can stabilize the protonated
double-deckers.
For comparative studies of the effects of a-substitution,


we used the b-substituted 2(3),9(10),16(17),24(5)-tetrakis(3-
pentyloxy)phthalocyanine [H2Pc(b-OC5H11)4] and
2,3,9,10,16,17,23,24-octakis(1-pentyloxy)phthalocyanine
[H2Pc(b-OC5H11)8] as starting materials. Similar reaction
conditions to those described above yielded mixed triple-
deckers as the main reaction products together with a trace
amount of nonprotonated double-deckers.[16] It is likely that
the protonated intermediate products are easily oxidized by
air and that the resulting neutral nonprotonated double-
deckers further complex with the half-sandwich phthalocy-
aninato or porphyrinato complexes to form the triple-deck-
ers. These observations clearly show the importance of the
number and position of substituents on the phthalocyanine
ligand in controlling the nature of the isolated mixed
(phthalocyaninato)(porphyrinato) rare-earth double-deck-
ers.


Spectroscopic characterization : Compounds 1–7 gave satis-
factory elemental analysis data, which are presented in
Table 1 together with the product yields. The table also


shows the MALDI-TOF mass-spectral data. Under the
same experimental conditions, the mass of the monoisotopic
protonated molecular ion ([MH]+) for the protonated
double-deckers 4–6 shifts by one mass unit compared to that
of the nonprotonated counterparts 1–3. In the table, the
masses of the molecular ion of the protonated and non-pro-
tonated Sm and Y complexes differ by only 0.3 and 0.1, re-
spectively. The isotopic pattern is in good agreement with
the simulated spectrum for all these compounds, as exempli-
fied by the spectrum of the protonated europium analogue 5
(Figure 1).


Like other nonprotonated bis(tetrapyrrole) rare-earth(iii)
complexes,[2] the double-deckers 1–3 can be regarded as
single-hole complexes in which an unpaired electron is pres-
ent in one of the macrocyclic ligands. This was demonstrated
by the EPR spectrum of [YIII{Pc(a-OC5H11)4}(TClPP)] (3),
which showed a characteristic signal for organic radicals at
g=2.000. In contrast, the protonated yttrium analogues 6
and 7 were EPR silent, showing that these compounds are
diamagnetic. The samarium and europium complexes 1 and
2 were also EPR silent due to the interaction between the
ringPs unpaired electron and the paramagnetic metal center.


Table 1. Analytical and mass spectroscopic data for the heteroleptic double-deckers 1–7.


Compound Yield [%] [MH]+ (m/z)[a,b] Analysis (%)[a]


C H N


[SmIII{Pc(a-OC5H11)4}(TClPP)] (1)
[c] 16 1758.7 (1759.4) 64.98 (64.87) 4.63 (4.54) 9.27 (9.44)


[EuIII{Pc(a-OC5H11)4}(TClPP)] (2)
[c] 19 1760.2 (1760.4) 64.62 (64.80) 4.63 (4.53) 9.13 (9.43)


[YIII{Pc(a-OC5H11)4}(TClPP)] (3)
[c] 24 1695.8 (1696.4) 67.32 (67.19) 4.92 (4.70) 9.41 (9.77)


[SmIIIH{Pc(a-OC5H11)4}(TClPP)] (4)
[d] 24 1760.0 (1760.4) 63.33 (63.73) 4.51 (4.52) 8.83 (9.24)


[EuIIIH{Pc(a-OC5H11)4}(TClPP)] (5)
[d] 31 1761.4 (1761.5) 63.22 (63.67) 4.54 (4.51) 8.82 (9.23)


[YIIIH{Pc(a-OC5H11)4}(TClPP)] (6)
[d] 61 1696.9 (1697.4) 65.47 (65.96) 4.71 (4.68) 9.15 (9.56)


[YIIIH{Pc(a-OC4H9)8}(TClPP)] (7) 52 1930.4 (1930.6) 66.60 (67.72) 5.32 (5.48) 8.70 (8.71)


[a] Calculated values given in parentheses. [b] By MALDI-TOF mass spectrometry. The value corresponds to the most abundant isotopic peak of the
protonated molecular ion ([MH]+). [c] Contains 0.2 equiv of solvated CHCl3. [d] Contains 0.5 equiv of solvated CHCl3.


Figure 1. a) Experimental and b) simulated isotopic pattern for the mo-
lecular ion of [EuIIIH[Pc(a-OC5H11)4(TClPP)].
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Due to the presence of the unpaired electron and the par-
amagnetic nature of some of the rare-earth ions, NMR data
for single-hole bis(tetrapyrrole) rare-earth(iii) complexes are
difficult to obtain.[2] Surprisingly, satisfactory NMR spectra
were not be obtained for the apparently diamagnetic pro-
tonated double-deckers 4–7. To illustrate this, Figure 2a


shows the 1H NMR spectrum of the yttrium complex 6 in
CDCl3. Only few broad signals are observed (at d=5.1 and
1.2–2.5 ppm) for the 3-pentyloxy substituents. However,
upon addition of about 1% hydrazine hydrate, a common
reducing agent for acquiring NMR data for nonprotonated
double-deckers,[17] a well-resolved spectrum was obtained,
giving virtually all the expected signals. As shown in Fig-
ure 2b, the doublets at d=8.63 and 7.48 ppm are due to the
a and g ring protons of Pc(a-OC5H11)4. The signals for the b


protons of Pc(a-OC5H11)4 and TClPP overlap in the region
d=7.86–7.99 ppm. As a result of the disposition of the
3-pentyloxy substituents about the C4 axis, the TClPP b pro-
tons are no longer equivalent. Due to the restricted rotation
of the 4-chlorophenyl ring around the C(meso)�C(ipso)
bond in TClPP, and the 3-pentyloxy group about the C-
(ipso)�O bond in Pc(a-OC5H11)4, four broad doublets (at
d=7.54, 7.25, 7.09, and 6.43 ppm) are observed for the
C6H4Cl ring protons, while the 3-pentyloxy group resonates


as three multiplets at d=5.28–5.33 (OCH), 2.36–2.50 (CH2),
and 2.00–2.20 ppm (CH2), and two triplets at d=1.61 and
1.19 ppm (CH3). The assignments were unambiguously con-
firmed by the 1H-1H COSY spectrum. It is likely that the
acidic proton in 6 is weakly bound to one of the nitrogen
atoms and that the slow tautomerization leads to a broaden-
ing of the signals. Addition of hydrazine hydrate converts
the protonated species to the diamagnetic mono-anionic
double-decker [YIII{Pc(a-OC5H11)4}(TClPP)]


� , so that a sat-
isfactory spectrum is observed.
The spectra for the samarium and europium analogues 4


and 5 are similar to that of 6, except that the signals occur
in narrower and wider regions, respectively, due to the para-
magnetic nature of the metal centers. The data and assign-
ments are given in Tables 2 and 3. Note that the spectra of
4–6 obtained in this manner are virtually identical to those
of the corresponding nonprotonated analogues 1–3, with
and without hydrazine hydrate. This suggests that, for both
series of complexes, the species under study are actually the
mono-anionic double-deckers.
The 1H NMR spectrum of [YIIIH{Pc(a-OC4H9)8}(TClPP)]


(7) treated with hydrazine hydrate was also satisfactorily as-
signed. The b protons of Pc(a-OC4H9)8 gave rise to a singlet
at d=7.49 ppm. The b protons of TClPP are equivalent,
giving a singlet at d=7.92 ppm, while the four C6H4Cl pro-
tons gave three broad multiplets at d=6.4–7.6 ppm. The
OCH2 protons are diastereotopic in this environment, giving
two multiplets at d=5.01–5.10 and 4.92–4.98 ppm. The re-
maining methylene and methyl protons gave the typical res-
onance patterns (Table 3).
The electronic absorption (Table 4) and magnetic circular


dichroism (MCD) spectra of compounds 1–7 were measured
in CHCl3 (Figure 3). The spectra of the nonprotonated
double-deckers [MIII{Pc(a-OC5H11)4}(TClPP)] (M=Sm, Eu,
Y; 1–3, respectively) exhibit features typical of single-hole
(phthalocyaninato)(porphyrinato) double-decker complexes.[2,5a]


All three absorption spectra show medium to strong bands
at 309–310 and 406–410 nm, which can be attributed to the
Soret bands of the phthalocyanine and porphyrin ligands, re-
spectively. The Faraday A-term-like dispersion in the MCD
spectra of the corresponding signals supports this assign-
ment. The absorptions at 469–470 and 989–1033 nm can be
attributed to the electronic transitions involving the semi-oc-
cupied molecular orbital (SOMO). An additional marker
band for single-hole double-deckers in the near-IR region
(1174–1220 nm) shifts toward the blue as the size of the
metal center decreases.
The absorption spectra of the protonated analogues


[MIIIH{Pc(a-OC5H11)4}(TClPP)] (M=Sm, Eu, Y; 4–6, re-
spectively; Figure 4) resemble those of double-deckers con-
taining two dianionic ligands, such as [CeIV(Pc)(TPP)],[18]


[MIV(Pc)(Por)] (M=Zr, Hf, Th, U),[19] and Li[MIII(Pc)-
(TPyP)] (M=Eu, Gd).[13] The spectra show medium to
strong phthalocyanine and porphyrin Soret bands at 315 and
413–416 nm, respectively, and several Q bands in the 567–
944 nm region. The spectra also display a band of medium
intensity at 490–492 nm, which is attributed to a transition


Figure 2. 1H NMR spectra of [YIIIH[Pc(a-OC5H11)4(TClPP)] (6) in
a) CDCl3 and b) CDCl3/DMSO (1:1) in the presence of approximately
1% hydrazine hydrate.
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Table 2. 1H NMR data (d [ppm]) for the aromatic protons in heteroleptic double-deckers 4–7 in CDCl3/[D6]DMSO (1:1) in the presence of approximate-
ly 1% hydrazine hydrate.


Signals for TClPP Signals for Pc(a-OC5H11)4 or Pc(a-OC4H9)8
Hb Haryl Ha Hb Hg


4 7.08–7.13 (m, 12H)[a] 6.78 (brd, J=7.2 Hz, 4H),
5.98 (brd, J=7.2 Hz, 4H)


8.11 (d, J=7.5 Hz, 4H) 7.65 (t, J=7.5 Hz, 4H) 7.22–7.24 (m, 8H)[a]


5 7.20–7.28 (m, 8H),[a]


7.13 (d, J=4.8 Hz, 4H)
10.96–11.00 (m, 4H) 8.68–8.72 (m, 4H),
6.76–6.80 (m, 4H)


10.04 (d, J=7.5 Hz, 4H) 8.42 (t, J=7.5 Hz, 4H) –[b]


6 7.86–7.99 (m, 12H)[c] 7.54 (brd, J=7.2 Hz, 4H),
7.25 (brd, J=7.2 Hz, 4H),
7.09 (brd, J=7.2 Hz, 4H),
6.43 (brd, J=7.2 Hz, 4H)


8.63 (d, J=7.5 Hz, 4H) – 7.48 (d, J=7.5 Hz, 4H)


7 7.92 (s, 8H) 7.48–7.62 (m, 4H), 7.06–7.24 (m, 8H),
6.42–6.54 (m, 4H)


– 7.49 (s, 8H) –


[a] Overlapped with one of the TClPP Haryl signals. [b] Obscured by the strong residual CHCl3 signal at d=7.95 ppm. [c] Overlapped with the Hb signal
of Pc(a-OC5H11)4.


Table 3. 1H NMR data (d [ppm]) for the side chain protons in heteroleptic double-deckers 4–7 in CDCl3/[D6]DMSO (1:1) in the presence of approxi-
mately 1% hydrazine hydrate.


Signals for Pc(a-OC5H11)4 or Pc(a-OC4H9)8
OCH (or OCH2) CH2 CH3


4 4.72–4.78 (m, 4H) 1.98–2.08 (m, 8H) 1.76–1.90 (m, 8H) 1.18 (t, J=7.2 Hz, 12H) 1.04 (t, J=7.2 Hz, 12H)
5 5.98–6.02 (m, 4H) 3.50–3.68 (m, 8H) 2.85–2.98 (m, 8H) 2.82 (t, J=7.5 Hz, 12H) 1.64 (t, J=7.5 Hz, 12H)
6 5.28–5.33 (m, 4H) 2.36–2.50 (m, 8H) 2.00–2.20 (m, 8H) 1.61 (t, J=7.5 Hz, 12H) 1.19 (t, J=7.5 Hz, 12H)
7 5.01–5.10 (m, 8H) 4.92–4.98 (m, 8H) 2.06–2.15 (m, 16H) 1.65–1.76 (m, 16H) 1.08 (t, J=7.5 Hz, 24H)


Table 4. Electronic absorption data for double-deckers 1–7 in CHCl3.


lmaxnm
�1 (log e)


1 310 (3.89) 410 (4.14) 469 (3.58) 551 (3.46) 596 (3.47) 679 (3.15) 989 (2.96) 1220 (2.70)
2 310 (3.88) 409 (4.11) 469 (3.57) 547 (3.46) 594 (3.46) 671 (3.17) 998 (2.94) 1211 (2.71)
3 309 (3.90) 406 (4.09) 470 (3.56) 538 (3.49) 590 (3.48) 646 (3.25) 1033 (2.94) 1174 (2.78)
4 315 (3.81) 416 (4.36) 492 (3.73) 567 (3.23) 613 (3.52) 849 (3.13) 898 (3.14)
5 315 (3.81) 415 (4.33) 492 (3.74) 569 (3.23) 614 (3.53) 849 (3.11) 907 (3.13)
6 315 (3.83) 413 (4.35) 490 (3.84) 576 (3.24) 617 (3.59) 849 (3.03) 944 (3.09)
7 323 (4.85) 418 (5.40) 498 (4.75) 571 (4.20) 627 (4.56) 848 (sh) 954 (4.20)


Figure 3. Electronic absorption and MCD spectra of [MIII{Pc(a-OC5H11)4}(TClPP)] (M=Sm, Eu, Y; 1–3, respectively) in CHCl3.
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involving a delocalized orbital.[19,20] A near-IR absorption
band at approximately 1200 nm, characteristic of the non-
protonated complexes, was not detected for 4–6, thus con-
firming the “reduced” nature of these double-deckers. The
MCD spectra of 4–6 (Figure 4) are simpler than those of 1–
3 due to the reduced number of possible transitions associat-
ed with the fully occupied HOMO and the degenerate
LUMO of the protonated complexes. The Faraday A-term-
like dispersion for all the Soret and Q absorption bands is
indicative of transitions from HOMO or low-lying occupied
molecular orbitals to the degenerate LUMO or higher unoc-
cupied degenerate orbitals. Compound 7 has similar spectral
characteristics and can be assigned similarly. The data are
collected in Table 4.
The IR spectra of 1–3 showed an intense band at 1308–


1310 cm�1, which is a marker band for the phthalocyanine p-
radical anion.[21] The TClPPC� marker band at about 1270–
1300 cm�1 was not observed. The results suggest that the un-
paired electron resides mainly on the phthalocyanine ligand,
as is reported for many (phthalocyaninato)(porphyrinato)
rare-earth(iii) double-deckers.[2,5a,15b] For the protonated
complexes 4–7, the phthalocyanine p-radical-anion marker
band is shifted to approximately 1325 cm�1, which is charac-
teristic of dianionic phthalocyanine ligands.[21] Hence both
of the macrocyclic ligands in 4–7 are regarded as dianions.
For comparison, the IR spectra of the nonprotonated and
protonated yttrium complexes 3 and 6 are provided in Sup-
porting Information (Figure S1).


Structural studies : The molecular structures of the nonpro-
tonated double-deckers 1 and 2, and their protonated coun-
terparts 4–6 were determined by X-ray diffraction analyses.
The latter are the first structurally characterized protonated


(phthalocyaninato)(porphyrinato) double-decker complexes.
Single crystals of these compounds were obtained by slow
diffusion of MeOH into the corresponding solutions of the
complexes in CHCl3. The C4 symmetry of these double-
decker molecules means that they are intrinsically chiral, as
are the bis(phthalocyaninato) analogues [MIII(Pc){Pc(a-
OC5H11)4}] .


[22] However, attempts to resolve the two enan-
tiomers of the samarium compounds 1 and 4 by HPLC using
a silica gel column coated with cellulose 2,3,6-tris(3,5-dime-
thylphenylcarbamate) were unsuccessful due to their limited
solubility in hexane-containing solvent systems [note that or-
ganic solvents other than hexane will dissolve and remove
the active material of cellulose 2,3,6-tris(3,5-dimethylphenyl-
carbamate) coated on silica gel].[23]


Compounds 1 and 2 crystallize in the orthorhombic
system, with two pairs of enantiomeric double-deckers per
unit cell. On the other hand, compounds 4–6 crystallize in
the triclinic system with one pair of enantiomeric molecules
per unit cell. The crystal structures of these protonated
double-deckers also contain two solvated CHCl3 molecules.
Figure 5 shows the molecular structures of the samarium
compounds 1 and 4 viewed along the C4 axis. Both com-
pounds adopt a slightly distorted square-antiprismatic struc-
ture around the metal center. However, the average twist
angle, defined as the rotation angle of one macrocycle away
from the eclipsed conformation of the two macrocycles, was
found to be larger for 1 and 2 (43.8–44.18 vs 38.3–38.98 for
4–6). These data together with other structural parameters
for these compounds are summarized in Table 5, from which
the structural differences between the two series of double-
deckers are evident. Apart from the average twist angle, the
distance between the metal and the N4 plane of TClPP, for
example, is also significantly larger for the protonated


Figure 4. Electronic absorption and MCD spectra of [MIIIH{Pc(a-OC5H11)4}(TClPP)] (M=Sm, Eu, Y; 4–6 ; respectively) in CHCl3.
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double-deckers than for their nonprotonated counterparts,
leading to a greater ring-to-ring separation.
As shown in the crystal-packing diagram for


[SmIIIH{Pc(a-OC5H11)4}(TClPP)] (4) (Figure S2a in Support-
ing Information), the two enantiomeric molecules appear to
be bound to each other to form a pseudo-quadruple-decker
supramolecular structure through the two Pc(a-OC5H11)4 li-
gands. The ring-to-ring separation of the mean planes of the
two virtually parallel N(isoindole)4 moieties in Pc(a-
OC5H11)4 is 4.40 T (4.45 and 4.53 T for the europium and
yttrium analogues 5 and 6, respectively). This value is com-
parable with the distance 4.23 T reported previously for the
slipped pseudo-quadruple-decker complex of phthalocya-
nines [(Pc)SmIII{Pc(a-OC4H9)8}Na2{Pc(a-OC4H9)8}Sm


III(Pc)]
(8), a complex in which the two heteroleptic bis(phthalocya-
ninato) units are linked by two sodium atoms through the
Pc(a-OC4H9)8 rings.


[24] The distance between the two C4
axes of each [SmIIIH{Pc(a-OC5H11)4}(TClPP)] unit is 4.04 T
(4.95 and 4.61 T for 5 and 6, respectively), which is much
shorter than that of 8 (6.97 T).[24] These results suggest the
presence of a significant and effective p–p interaction be-
tween the two phthalocyanine rings due to their close prox-
imity in the supramolecular structure. In contrast, the N-
(pyrrole)4 planes of TClPP in adjacent molecules are sepa-
rated by 7.22 T (7.26 and 7.35 T for 5 and 6, respectively),
indicating that the intermolecular p–p interaction between
the TClPP rings is insignificant.
The nonprotonated analogue [SmIII{Pc(a-OC5H11)4}-


(TClPP)] (1) has a different crystal packing (Figure S2b in
the Supporting Information) and the large separation be-
tween the two C4 axes of adjacent [Sm


III{Pc(a-OC5H11)4}-
(TClPP)] units (8.01 T) prevents an effective interaction be-
tween the p systems.


Electrochemical properties : The redox behavior of the non-
protonated double-deckers 1–3 was studied by cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) with
CH2Cl2 as the solvent. All compounds exhibited three quasi-
reversible one-electron oxidations and three quasi-reversible
one-electron reductions, all of which can be attributed to
ligand-based redox processes. The half-wavelength poten-
tials are summarized in Table 6. Apart from a slight shift in


the potentials, the electrochemi-
cal properties of these com-
pounds are similar to those of
[MIII(Pc)(TClPP)].[15b]


The protonated complexes 4–
7 exhibited redox behavior typi-
cal of protonated bis(tetrapyr-
role) rare-earth com-
pounds;[10b–e] however, this be-
havior is more complicated and
difficult to interpret than that
of the nonprotonated com-
plexes. The shapes of some of
the voltammograms are not
well-defined, but nevertheless


Figure 5. Molecular structure of [SmIII{Pc(a-OC5H11)4}(TClPP)] (1) (top)
and [SmIIIH{Pc(a-OC5H11)4}(TClPP)] (4) (below) viewed along the C4
axis. Hydrogen atoms are omitted for clarity and the ellipsoids are drawn
at the 30% probability level.


Table 5. Comparison of the structural data for double-deckers 1, 2, and 4–6.


1 2 4 5 6


average M�N(TClPP) bond length [T] 2.474 2.452 2.471 2.472 2.439
average M�N[Pc(a-OC5H11)4] bond length [T] 2.528 2.502 2.523 2.519 2.479
M�N4(TClPP) plane distance [T] 1.334 1.312 1.363 1.349 1.304
M�N4[Pc(a-OC5H11)4] plane distance [T] 1.557 1.533 1.558 1.545 1.496
interplanar distance [T] 2.891 2.845 2.921 2.894 2.800


dihedral angle between the two N4 planes [8] 0.0 0.0 0.9 1.0 0.8
average dihedral angle f for the TClPP ring [8] [a] 11.0 11.5 11.8 11.8 12.6
average dihedral angle f for the Pc(a-OC5H11)4 ring [8]


[a] 13.8 14.2 11.5 12.8 13.4
average twist angle [8][b] 43.8 44.1 38.3 38.4 38.9


[a] The average dihedral angle of the individual pyrrole or isoindole rings with respect to the corresponding N4
mean plane. [b] Defined as the rotation angle of one macrocycle away from the eclipsed conformation of the
two macrocycles.
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show roughly 10 redox couples in CH2Cl2. The addition of
triethylamine did simplify the voltammograms slightly; how-
ever assignments were difficult to make and further analysis
is required to fully understand the electrochemical behavior
of the complexes.


Molecular-orbital calculations : In an attempt to rationalize
the effect of a-substitution of the phthalocyanine ligand on
the formation of these double-decker complexes, we per-
formed molecular-orbital calculations for H2TClPP and the
metal-free phthalocyanines H2Pc, H2Pc(a-OMe)4, and H2Pc-
(a-OMe)8 within the framework of the PM3 approximation.
Figure 6 shows partial orbital-energy diagrams for these


macrocycles. The energy of the HOMO increases signifi-
cantly in the order: H2Pc, H2Pc(a-OMe)4, H2Pc(a-OMe)8,
while the LUMO energy of H2Pc lies between that of H2Pc-
(a-OMe)4 and H2Pc(a-OMe)8. The energy difference be-
tween the HOMO levels of H2TClPP and the substituted
phthalocyanines is larger than that between the HOMOs of
H2TClPP and H2Pc, suggesting a weaker p–p interaction in


the double-deckers containing substituted phthalocyanine
ligand. This will decrease the extent of delocalization of the
unpaired electron over the two macrocycles. In other words,
the SOMO will have a higher phthalocyanine character for
complexes with a-substituted phthalocyanine ligands, com-
pared with [MIII(Pc)(TClPP)].[15b] This in turn facilitates the
formation of protonated (and “reduced”) species. Hence, by
using H2Pc(a-OC5H11)4 as the starting material, both non-
protonated (1–3) and protonated (4–6) double-deckers were
formed, while the use of H2Pc(a-OC4H9)8 gave only the pro-
tonated double-decker 7.


Revealing the location of the proton in complexes 4–7: An
interesting problem in relation to these protonated double-
deckers is the question of the location of the acidic proton.
As in the case of [MIIIH(OEP)(TPP)],[10] satisfactory 1H
NMR spectra could not be obtained, probably due to tauto-
merization, and the proton could not be located using this
technique.
Although crystallographic studies could not directly


reveal the location of this proton, a detailed examination of
the structural parameters may shed some light on the
matter. As mentioned in the previous section, the protonat-
ed double-deckers form a pseudo-quadruple-decker supra-


molecular structure in the crys-
tal lattice. The close separation
between the Pc(a-OC5H11)4
rings in adjacent molecules
(4.40–4.53 T) seems to suggest
that weak hydrogen bonds may
exist linking the enantiomeric
molecules through these macro-
cycles. In addition, the average
twist angle of the two ligands in
4–6 (38.3–38.98) deviates from
the fully staggered conforma-
tion observed for the nonproto-
nated analogues. This suggests
that the nonbonding interaction
between the 4-chlorophenyl
groups of TClPP and the 3-pen-
tyloxy groups of Pc(a-OC5H11)4
is stronger in the protonated
complexes, which may lead to a
larger deformation in the two
macrocylic ligands. As shown in
Table 5, the average dihedral
angle f for the TClPP ring mar-
ginally increases (by 0.3–0.88),
while that of the Pc(a-OC5H11)4


ring significantly decreases (by 1.4–2.38) upon protonation.
The larger change in deformation of the Pc(a-OC5H11)4 ring
may also suggest that the proton resides on the phthalocya-
nine rather than on the porphyrin ligand, as it is known that
the presence of additional tetrapyrrole ligand to bis(tetra-
pyrrole) rare-earth complexes significantly reduces the de-
formation of the central tetrapyrrole ligand in the tris(tetra-


Table 6. Electrochemical data for the non-protonated double-deckers
1–3.[a]


Oxd3 Oxd2 Oxd1 Red1 Red2 Red3


1 +1.56 +1.24 +0.59 +0.06 �1.39 �1.83
2 +1.56 +1.23 +0.57 +0.05 �1.39 �1.86
3 +1.56 +1.22 +0.48 �0.04 �1.46 �1.94


[a] Recorded with [Bu4N][ClO4] as electrolyte in CH2Cl2 (0.1 moldm
�3)


at ambient temperature. Potentials were obtained by cyclic voltammetry
with a scan rate of 20 mVs�1, and are expressed as half-wave potentials
(E1/2) in V relative to SCE unless otherwise stated.


Figure 6. Partial energy diagram for H2TClPP, H2Pc, H2Pc(a-OMe)4, and H2Pc(a-OMe)8 obtained by PM3 cal-
culations.
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pyrrole) rare-earth compounds thus formed.[25] This is fur-
ther supported by the observation that for the nonprotonat-
ed double-deckers, the four M�N(isoindole) and the four
M�N(pyrrole) bond lengths are very similar (differing by
less than 0.01 T), but for the protonated counterparts, the
four M�N(isoindole) bond lengths span a wider range (dif-
fering by ca. 0.05 T) than the four M�N(pyrrole) bond
lengths (differing by ca. 0.02 T).
Aside from these observations, it seems sensible that the


acidic proton should reside at the more basic phthalocyanine
ligand. In accordance with the electrochemical data and mo-
lecular-orbital calculations described earlier, each of the
three phthalocyanines are more electron rich than TClPP,
and should therefore more readily accommodate the proton
in the double-decker complex.


Conclusion


In summary, we have prepared a series of nonprotonated
and protonated (phthalocyaninato)(porphyrinato) double-
decker complexes 1–7. The use of a-alkoxyphthalocyanines
enhances the formation of the protonated form. On the
basis of the spectroscopic and structural data obtained, the
nonprotonated and protonated double-deckers could be dif-
ferentiated, and the protonated heteroleptic (phthalocyani-
nato)(porphyrinato) rare-earth(iii) double-decker complexes
could be unambiguously characterized for the first time.
Most importantly, we show that the nature of the mixed
(phthalocyaninato)(porphyrinato) rare-earth double-decker
complexes isolated is controlled by the number and position
of alkoxy groups on the phthalocyanine ligand.


Experimental Section


General : n-Octanol was distilled from sodium. Hexane used for chroma-
tography was distilled from anhydrous CaCl2. Column chromatography
was carried out on silica gel columns (Merck, Kieselgel 60, 70–230 mesh)
with the eluents indicated. The electrolyte [Bu4N][ClO4] was recrystal-
lized twice from tetrahydrofuran. Dichloromethane for voltammetric
studies was freshly distilled from CaH2 under nitrogen. All other reagents
and solvents were used as received. The compounds H2TClPP,


[26] H2Pc(a-
OC5H11)4,


[27] H2Pc(a-OC4H9)8,
[28] and [M(acac)3]·nH2O


[29] were prepared
according to the literature procedures.


Electronic absorption spectra were recorded on a Hitachi U-4100 spec-
trophotometer. Magnetic circular dichroism (MCD) measurements were
made with a JASCO J-725 spectrodichrometer equipped with a JASCO
electromagnet that produced magnetic fields (both parallel and antiparal-
lel) of up to 1.09 T. Its magnitude is expressed in terms of molar elliptici-
ty per Tesla [q]M/10


4 degmol�1 m3cm�1T�1. IR spectra were recorded on
KBr-matrix pellets on a BIORAD FTS-165 spectrometer with a resolu-
tion of 2 cm�1. MALDI-TOF mass spectra were taken on a Bruker
BIFLEX III ultra-high-resolution Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometer with a-cyano-4-hydroxycinnamic acid
as matrix. Elemental analyses were performed by the Institute of
Chemistry, Chinese Academy of Sciences. Electrochemical measurements
were carried out with a BAS CV-50W voltammetric analyzer. The cell
comprised inlets for a glassy-carbon-disk working electrode of 2.0 mm in
diameter and a silver-wire counter electrode. The reference electrode
was Ag/Ag+ , which was connected to the solution by a Luggin capillary
whose tip was placed close to the working electrode. It was corrected for
junction potentials by being referenced internally to the ferrocenium/fer-
rocene (Fe+/Fe) couple (E1/2[Fe


+/Fe]=501 mV vs SCE). Typically, a
0.1 moldm�3 solution of [Bu4N][ClO4] in CH2Cl2 containing
0.5 mmoldm�3 of sample was purged with nitrogen for 10 min. The vol-
tammograms were then recorded at ambient temperature. The scan rate
was 20 and 10 mVs�1 for CV and DPV, respectively.


[MIII{Pc(a-OC5H11)4}(TClPP)] (M=Sm, Eu, Y; 1–3, respectively) and
[MIIIH{Pc(a-OC5H11)4}(TClPP)] (M=Sm, Eu, Y; 4–6, respectively): A
mixture of [M(acac)3]·nH2O (M=Sm, Eu, Y) (25 mg, ca. 0.05 mmol) and
H2TClPP (38 mg, 0.05 mmol) in n-octanol (4 mL) was heated to reflux
under nitrogen for about 4 h. The mixture was cooled to room tempera-
ture, then treated with H2Pc(a-OC5H11)4 (0.05 mmol) under reflux for an-


Table 7. Crystallographic data for 1, 2, and 4–6.


1 2 4·CHCl3 5·CHCl3 6·CHCl3


formula C96H80N12O4Cl4Sm C96H80N12O4Cl4Eu C97H82N12O4Cl7Sm C97H82N12O4Cl7Eu C97H82N12O4Cl7Y
Mr 1757.87 1759.48 1878.25 1879.86 1816.81
crystal size [mm3] 0.42U0.21U0.13 0.38U0.23U0.11 0.42U0.35U0.14 0.35U0.24U0.08 0.43U0.30U0.16
crystal system orthorhombic orthorhombic triclinic triclinic triclinic
space group Pbcn Pbcn P1 P1̄ P1̄
a [T] 15.961(16) 15.87(9) 14.23(3) 14.294(10) 14.29(2)
b [T] 33.03(3) 32.92(18) 17.68(4) 17.739(12) 17.64(3)
c [T] 16.223(16) 16.02(9) 18.94(4) 19.044(13) 19.01(3)
a [8] 90 90 112.49(3) 112.790(9) 112.68(2)
b [8] 90 90 97.31(3) 96.654(9) 96.56(3)
g [8] 90 90 97.40(3) 97.734(10) 97.87(2)
V [T3] 8554(15) 8368(79) 4286(15) 4336(5) 4308(11)
Z 4 4 2 2 2
F(000) 3608 3612 1922 1924 1876
1calcd [mgm


�3] 1.365 1.397 1.456 1.440 1.401
m [mm�1] 0.871 0.938 0.965 1.000 0.955
q range [8] 1.89–25.07 1.77–25.03 1.75–25.03 2.54–25.03 1.96–25.03
total reflns 41421 41001 22049 22656 17624
independent reflns 7423 (Rint=0.0791) 7287 (Rint=0.1635) 14726 (Rint=0.0288) 14955 (Rint=0.0297) 13732 (Rint=0.0607)
parameters 528 528 1090 1090 1085
R1 [I>2s(I)] 0.0433 0.0460 0.0535 0.0550 0.0763
wR2 [I>2s(I)] 0.0718 0.0648 0.1272 0.1251 0.1849
goodness of fit 1.022 0.859 0.978 0.961 0.884
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other 7 h. After a brief cooling, the mixture was evaporated under re-
duced pressure and the residue was subjected to chromatography on a
silica-gel column. A small amount of unreacted H2TClPP was separated
by using CHCl3/hexane (1:2) as eluent, then the column was eluted with
CHCl3. A small green band containing the metal-free phthalocyanine fol-
lowed by another green band containing the nonprotonated and proton-
ated double-deckers were developed. The latter fraction was collected
and subjected to chromatography again using ethyl acetate/petroleum
ether (b.p.: 60–90 8C) (5:95) as eluent. The first brown band containing
the nonprotonated double-decker and the second green band containing
the protonated analogue were collected and evaporated. The products
were further purified by recrystallization from CHCl3/MeOH.


Note that the reaction yields for compounds 1–7 are given in Table 1.


[YIIIH{Pc(a-OC4H9)4}(TClPP)] (7): Following the above procedure and
by using H2Pc(a-OC4H9)8 instead of H2Pc(a-OC5H11)4 as the starting ma-
terial, this product was isolated in 52% yield. The nonprotonated coun-
terpart was not detected during chromatography.


X-ray crystallographic analyses of 1, 2, 4–6 : Crystal data and details of
data collection and structure refinement are given in Table 7. Data were
collected on a Bruker SMART CCD diffractometer with an MoKa sealed
tube (l=0.71073 T) at 293 K, using a w scan mode with an increment of
0.38. Preliminary unit cell parameters were obtained from 45 frames.
Final unit cell parameters were obtained by global refinements of reflec-
tions obtained from integration of all the frame data. The collected
frames were integrated by using the preliminary cell-orientation matrix.
The SMART software was used for collecting frames of data, indexing
reflections, and determination of lattice constants; SAINT-PLUS for the
integration of intensity of the reflections and scaling;[30] SADABS for the
absorption correction;[31] and SHELXL for space group and structure de-
termination, refinements, graphics, and structure reporting.[32] CCDC-
202238, 202446, and 210752–210754 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Introduction


Transition-metal chalcogenide clusters with cubane-type
structures, in which the metal and the chalcogen atoms
occupy adjacent vertices in a cube, have been used as simple
models for metalloenzymes and industrial hydrodesulfuriza-
tion processes.[1–3] Despite their relevance as enzymatic
models, the application of these Mo3M’S4 (M’= transition


metal) cuboidal clusters as catalysts for organic reactions is
largely unexplored; exceptions being the palladium- and
nickel-based systems that catalyze the addition of methanol
or carboxylic acids to electron-deficient alkynes[4–6] and the
Mo3RuS4 clusters that are effective for the N�N bond cleav-
age of hydrazines.[7]


The development of transition-metal cluster chemistry is
closely related to the existence of rational methods for their
synthesis. In the past twenty years, several efficient ap-
proaches have evolved, namely excision from solid-state
polymers and building-block processes from lower nucleari-
ty synthons. In particular, cluster excision from polymeric
{M3Q7X4}n phases with diphosphanes has been used to pre-
pare a series of complexes of the general formula [M3Q4(di-
phosphane)3X3]


+ (M=Mo, W; Q=S, Se; X=Cl, Br).[8] Such
synthetic strategies have been illustrated in the preparation
of the trinuclear [Mo3S4(dmpe)3Cl3]


+ sulfido cluster
(dmpe=1,2-bis(dimethylphosphino)ethane), recently report-
ed by us.[9] The specific coordination of the diphosphane
ligand, with one phosphorus atom trans to the capping


Abstract: Cluster excision of polymeric
{Mo3S7Cl4}n phases with chiral phos-
phane (+)-1,2-bis[(2R,5R)-2,5-(dimeth-
ylphospholan-1-yl)]ethane ((R,R)-Me-
BPE) or with its enantiomer ((S,S)-Me-
BPE) yields the stereoselective forma-
tion of the trinuclear cluster complexes
[Mo3S4{(R,R)-Me-BPE}3Cl3]


+ ([(P)-
1]+) and [Mo3S4{(S,S)-Me-BPE}3Cl3]


+


([(M)-1]+), respectively. These com-
plexes posses an incomplete cuboidal
structure with the metal atoms defining
an equilateral triangle and one capping
and three bridging sulfur atoms. The P
and M symbols refer to the rotation of
the chlorine atoms around the C3 axis,
with the capping sulphur atom pointing
towards the viewer. Incorporation of


copper into these trinuclear complexes
affords heterodimetallic cubane-type
compounds of formula [Mo3CuS4-
{(R,R)-Me-BPE}3Cl4]


+ ([(P)-2]+) or
[Mo3CuS4{(S,S)-Me-BPE}3Cl4]


+ ([(M)-
2]+), respectively, for which the chirali-
ty of the trinuclear precursor is pre-
served in the final product. Cationic
complexes [(P)-1]+ , [(M)-1]+ , [(P)-2]+ ,
and [(M)-2]+ combine the chirality of
the metal cluster framework with that
of the optically active diphosphane li-
gands. The known racemic [Mo3CuS4-


(dmpe)3Cl4]
+ cluster (dmpe=1,2-bis-


(dimethylphosphanyl)ethane) as well
as the new enantiomerically pure
Mo3CuS4 [(P)-2]+ and [(M)-2]+ com-
plexes are efficient catalysts for the in-
tramolecular cyclopropanation of 1-
diazo-5-hexen-2-one (3) and for the in-
termolecular cyclopropanation of al-
kenes, such as styrene and 2-phenylpro-
pene, with ethyl diazoacetate. In all
cases, the cyclopropanation products
were obtained in high yields. The dia-
stereoselectivity in the intermolecular
cyclopropanation of the alkenes and
the enantioselectivity in the inter- or
intramolecular processes are only mod-
erate.
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sulfur atom and the other trans to the bridging sulfur atom,
results in cubane-type sulfido clusters with backbone chirali-
ty. This trinuclear complex is obtained as a racemic mixture
of the P and M enantiomers.[10] Once the chirality of one
metal center is defined, that of the other two metallic cen-
ters is equally fixed.


These complexes react with a second metal to build up
chiral heterodimetallic cubane-type clusters of formula
[M3M’Q4(diphosphane)3X3L]+ (M’=Co, Ni, Cu, and Pd;
L= ligand coordinated to the heterometal) as racemic mix-
tures.[8] However, no studies concerning their resolution or a
strategy for their diastereoselective synthesis have been re-
ported. So far, the catalytic performance of cuboidal
Mo3CuS4 species has never been studied.


Here we report a straightforward preparation of two
enantiomerically pure cuboidal Mo3CuS4 clusters, namely
[(P)-2]+ or [(M)-2]+ , based on the diastereoselective and ef-
ficient construction of their trinuclear Mo3S4 precursors,
[(P)-1]+ or [(M)-1]+ , respectively, by using either (+)-1,2-
bis[(2R,5R)-2,5-(dimethylphospholan-1-yl)]ethane ((R,R)-
Me-BPE) or its enantiomer ((S,S)-Me-BPE). We also pres-
ent the capability of the racemic cluster of formula
[Mo3CuS4(dmpe)3Cl4]


+ as an efficient catalyst for the trans-


formation of diazo compounds, as well as preliminary stud-
ies on the catalytic performance of the chiral cubane-type
cluster in enantioselective carbene transfer reactions, in
both intra- and intermolecular processes.


Results and Discussion


The effectiveness of copper(i) compounds for diazo transfor-
mations is well documented.[11] This fact prompted us to in-
vestigate the catalytic activity of the racemic [Mo3CuS4-
(dmpe)3Cl4]


+ copper cluster in the intramolecular cyclopro-
panation of 1-diazo-5-hexen-2-one (3), as well as in the in-
termolecular cyclopropanation of alkenes with ethyl diazo-
acetate. Cuboidal complex [Mo3CuS4(dmpe)3Cl4]


+ was
prepared readily as a racemic mixture from the reaction of
the [Mo3S4(dmpe)3Cl3]


+ complex with CuCl or [Cu-
(CH3CN)4]PF6 in THF at room temperature, as represented
in Scheme 1.[12,13]


The a-diazoketone was added to a solution of the copper-
containing cluster in dichloromethane under reflux and the
mixture was stirred for 24 hours. The cyclopropanation
product, formulated as [3.1.0]pentan-2-one (4), was obtained
in a 95% yield, as shown in Table 1.[14] The UV-visible and
ESI mass spectra of the resulting solution after the complete
transformation of the diazo precursor indicated that the
Mo3CuS4 cluster remained intact. Besides, no traces of free
phosphane in the solution were detected, as confirmed by
1H and 31P{1H} NMR spectroscopic analysis. In addition, the
racemic cuboidal complex [Mo3CuS4(dmpe)3Cl4]


+ was effi-
cient for cyclopropanation of styrene with ethyl diazoacetate
(ca. 80% yield; E/Z=2.4, see Table 2).


Abstract in Spanish: La reacci�n de escisi�n de la fase poli-
m�rica {Mo3S7Cl4}n con la fosfina quiral (+)-1,2-bis-
[(2R,5R)-2,5-(dimetilfosfolan-1-il)]etano, (R,R)-Me-BPE, o
con su enanti�mero, (S,S)-Me-BPE, conduce a la formaci�n
estereoselectiva de los complejos clfflster trinucleares
[Mo3S4(R,R-Me-BPE)3Cl3]


+ ([(P)-1]+) y [Mo3S4(S,S-Me-
BPE)3Cl3]


+ ([(M)-1]+), respectivamente. Estos complejos
poseen una estructura de cubo incompleto, d�nde los 2tomos
met2licos definen un tri2ngulo equil2tero, con un azufre
unido a tres 2tomos de molibdeno y tres azufres puente. Los
s5mbolos P y M hacen referencia a la rotaci�n de los 2tomos
de cloro alrededor del eje C3, con el azufre apuntado dirigido
hacia el observador. La incorporaci�n de cobre a estos com-
plejos trinucleares conduce a compuestos heterodimet2licos
con estructura tipo cubano de f�rmula [Mo3CuS4(R,R-Me-
BPE)3Cl4]


+ ([(P)-2]+) y [Mo3CuS4(S,S-Me-BPE)3Cl4]
+


([(M)-2]+) donde la quiralidad del precursor trinuclear se
mantiene en el producto final. Los complejos cati�nicos [(P)-
1]+ , [(M)-1]+ , [(P)-2]+ y [(M)-2]+ combinan la quiralidad
del esqueleto clfflster con la de los ligandos difosfina. El clffls-
ter rac�mico [Mo3CuS4(dmpe)3Cl4]


+ (dmpe=1,2-bis(dimetil-
fosfino)etano), as5 como los complejos Mo3CuS4 enantiom�-
ricamente puros [(P)-2]+ o [(M)-2]+ son catalizadores efica-
ces para la reacci�n de ciclopropanaci�n intramolecular de
1-diazo-5-hexen-2-ona (3) y para la ciclopropanaci�n inter-
molecular de alquenos, estireno y 2-fenilpropeno, con etil dia-
zoacetato. En todos los casos los productos de ciclopropana-
ci�n se obtienen con rendimientos elevados. La diastereose-
lectividad en la ciclopropanaci�n intermolecular de alquenos
y la enantioselectividad en los procesos tanto inter- como in-
tramoleculares son fflnicamente moderadas.


Scheme 1. General synthetic procedure for [Mo3Cu(diphosphane)3Cl4]
+


clusters.


Table 1. Intramolecular cyclopropanation of a-diazoketone (3) catalyzed
by rac-[Mo3CuS4(dmpe)3Cl4]


+ or [(P)-2]+ .[a]


Catalyst Yield of cyclopropane[c] [%] ee [%]


rac-[Mo3CuS4(dmpe)3Cl4]
+ [b] 95 –


[(P)-2]+ 84 25


[a] Reactions were carried out under a nitrogen atmosphere. [b] rac= rac-
emic. [c] Isolated yields.
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Furthermore, a control experiment was performed to as-
certain that the trinuclear [Mo3S4(dmpe)3Cl3]Cl compound
was catalytically inactive in the a-diazoketone transforma-
tion.


Motivated by the catalytic behavior of this racemic tetra-
nuclear cluster, we decided to investigate the stereoselective
synthesis of a closely related compound. Vahreckamp et al.
have prepared optically active organometallic clusters with
framework chirality based on the presence of four different
elements within the tetrahedron cluster unit.[15] A different
strategy to obtain enantiomerically pure transition-metal
complexes consists of their transformation into diaste-
reoisomers by the use of chiral ligands, and their subsequent
separation by means of crystallization or chromatographic
methods, which is always a time-consuming task. Indeed, the
use of chiral phosphanes in the synthesis of mononuclear
catalysts for enantioselective reactions is prevalent. In this
context, asymmetric induction of mononuclear transition-
metal complexes containing chiral phosphane ligands, such
as (R,R)-Me-BPE and its respective enantiomer (S,S)-Me-
BPE, are well known.[16,17] However, relatively few examples
concerning the preparation of chiral cluster compounds and
cluster-based catalysts with chiral phosphanes as ligands
have been reported.[18] It should also be noted that the syn-
thesis of chiral phosphane ligands containing clusters is very
promising, as the resulting compounds might combine two
sources of chirality, one arising from the chiral phosphane li-
gands (designated as R,R and S,S), and another coming
from the polynuclear cluster framework (designated as P
and M).


Reaction of the chiral diphosphane (R,R)-Me-BPE with
the polymeric {Mo3S7Cl4}n phase showed a unique efficiency
and stereoselectivity in the formation of only one out of the
four possible trinuclear [Mo3S4{(R,R)-Me-BPE}3Cl3]


+ dia-
stereoisomers, [(P)-1]+ , as represented in Scheme 2.


The circular dichroism (CD) spectrum of [(P)-1]+ shows
two signals at lmax=265 and 416 nm for +450 and
+136 mdeg, respectively (Figure 1). On the other hand, the
reaction of (S,S)-Me-BPE with the {Mo3S7Cl4}n phase
(Scheme 2) led to the selective formation of a unique dia-
stereoisomer [Mo3S4{(S,S)-Me-BPE}3Cl3]


+ ([(M)-1]+) also
displaying two signals at lmax=265 and 413 nm with similar


intensities, but opposite signs to
those produced by the (R,R)-
Me-BPE complex. These obser-
vations indicate that these com-
pounds are enantiomers, taking
into account that both CD spec-
tra were recorded at concentra-
tions with equal absorbance in-
tensities in the UV-visible
region. Further evidence is pro-
vided by the fact that these
compounds have the same
31P{1H} NMR spectrum, with


two doublets of doublets at d=53.79 (three P atoms) and
64.77 ppm (three P atoms), typical features for a
(AA’A’’BB’B’’) system.


The absolute configuration for [Mo3S4{(R,R)-Me-
BPE}3Cl3]


+ and [Mo3S4{(S,S)-Me-BPE}3Cl3]
+ were deter-


mined by X-ray crystallography as P and M, respectively.
An ORTEP representation of these two enantiomers is
given in Figure 2. Both “paddlewheel” structures were


Table 2. Catalytic cyclopropanation of styrenes with ethyl diazoacetate using catalysts rac-[Mo3CuS4-
(dmpe)3Cl4]


+ or [(P)-2]+ .[a]


Alkene Catalyst Yield of cyclopropane[b]


[%]
E/Z[c] Z isomer[d]


ee [%]
E isomer[d]


ee [%]


styrene rac-[Mo3CuS4(dmpe)3Cl4]
+ 80 2.4 – –


styrene [(P)-2]+ 88 2.6 21 20
2-phenylpropene [(P)-2]+ 84 2.6 12 16


[a] All reactions were carried out under a nitrogen atmosphere. [b] Isolated yields. [c] Determined by 1H
NMR spectroscopy. [d] Determined by GC analysis using a 2,3-di-O-acetyl-6-O-(tert-butyldimethylsilyl) b-
CDX column.


Scheme 2. Synthesis of chiral trinuclear clusters.


Figure 1. Circular dichroism spectra of [Mo3S4{(R,R)-Me-BPE}3Cl3]
+ ,


([(P)-1]+ , c) and [Mo3S4{(S,S)-Me-BPE}3Cl3]
+ ([(M)-1]+ , b) in di-


chloromethane at 25 8C at 1.53T10�4
m.
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solved in the noncentrosymmetric space group R3 with the
Mo3S4 core located on a three-fold axis. Deviations from the
ideal C3v symmetry are attributable to the specific arrange-
ment of the two phosphorous and one chlorine atoms in the
external sites on each Mo atom. In each case, the uniform
stereochemistry of the diphosphane ligands was observed
with no ambiguity. The refined values of the Flack parame-
ters equal zero for the two absolute structures reported, P
for [Mo3S4{(R,R)-Me-BPE}3Cl3]


+ and M for [Mo3S4{(S,S)-
Me-BPE}3Cl3]


+ . Steric interactions upon ligand coordination
are thought to be responsible for this unprecedented stereo-
selectivity in the preparation of compounds of the Mo3S4


core type.
The X-ray analysis performed on racemic [Mo3CuS4-


(dmpe)3Cl4]
+ samples revealed that there was no significant


structural rearrangement on going from the trinuclear to the
tetranuclear complex.[12] Therefore, one would expect that
reaction of cluster [(P)-1]+ or [(M)-1]+ with CuCl would
produce the enantiomerically pure heterodimetallic cuboidal
cluster [(P)-2]+ or [(M)-2]+ , respectively.


Subsequent reaction of [(P)-1]+ or [(M)-1]+ with CuCl
proceeded in a similar way to the copper incorporation into
the dmpe-containing trinuclear complex to afford only the
heterodimetallic cubane-type cluster without changes in the
chirality of the trinuclear precursors [Eq. (1) and (2)]:


ðPÞ-½Mo3S4fðR,RÞ-Me-BPEg3Cl3�þ þ CuCl !
ðPÞ-½Mo3CuS4fðR,RÞ-Me-BPEg3Cl4�þ


ð1Þ


ðMÞ-½Mo3S4fðS,SÞ-Me-BPEg3Cl3�þ þ CuCl !
ðMÞ-½Mo3CuS4fðS,SÞ-Me-BPEg3Cl4�þ


ð2Þ


In the case of (M)-[Mo3CuS4{(S,S)-Me-BPE}3Cl4]
+ ([(M)-2]+),


the absolute configuration was determined by X-ray analysis


on single crystals and confirmed
by CD measurements, as previ-
ously detailed for its trinuclear
[(M)-1]+ precursor (Figure 3).
The Cu�Cl distance in [(M)-2]+


of 2.18 U is similar to that
found for rac-[Mo3S4Cu-
(dmpe)3Cl4]


+ but significantly
longer than that found in other
CuI halide complexes. The CD
spectra of [(P)-2]+ and [(M)-
2]+ are represented in Figure 4,
supporting without ambiguity
the fact that both cubanes are
enantiomers.


The same sequence in the
signs of the CD bands, as illus-
trated in Figures 1 and 4, ob-
tained either for compounds
[(P)-1]+ and [(P)-2]+ or [(M)-
1]+ and [(M)-2]+ , can be con-


sidered characteristic of the cluster asymmetry, as the chiral
diphosphane does not display electronic transitions in the
l=240–800 nm interval.


With these enantiomerically pure cubane-type clusters in
hand, we performed preliminary studies on the activity and
selectivity of the enantiomerically pure cubane [(P)-2]+


using the intramolecular cyclization of a-diazoketone 3, as
well as the intermolecular cyclopropanation of alkenes (i.e.,
styrene and 2-phenylpropene) with ethyl diazoacetate, as
model catalytic reactions (Tables 1 and 2).[14] In all cases, the


Figure 2. ORTEP plot of [Mo3S4{(R,R)-Me-BPE}3Cl3]PF6 ([(P)-1]PF6, left) and [Mo3S4{(S,S)-Me-BPE}3Cl3]PF6


([(M)-1]PF6, right) with the atom-numbering scheme (50% probability ellipsoids). Carbon atoms are drawn as
spheres for clarity. Selected bond lengths [U]: [(P)-1]PF6: Mo�Mo 2.8011(8), Mo(1)�(m3-S(1)) 2.360(2),
Mo(1)�(m-S(2)) 2.327(2), Mo(1)�(m-S(2 A)) 2.283(2), Mo(1)�P(1) 2.568(2), Mo(1)�P(2) 2.641(2), Mo�Cl
2.487(2); [(M)-1]PF6: Mo�Mo 2.7975(9), Mo(1)�(m3-S(1)) 2.362(2), Mo(1)�(m-S(2)) 2.322(2), Mo(1)�(m-S(2A))
2.282(2), Mo(1)�P(1) 2.558(2), Mo(1)�P(2) 2.633(2), Mo�Cl 2.485(2).


Figure 3. ORTEP plot of [Mo3CuS4{(S,S)-Me-BPE}3Cl4]CuCl2 ([(M)-
2]CuCl2) with the atom-numbering scheme (50% probability ellipsoids).
Carbon atoms are drawn as spheres for clarity. Selected bond lengths
[U]: Mo�Mo 2.804(2), Mo(1)�(m3-S(1)) 2.352(6), Mo(1)�(m3-S(2))
2.311(5), Mo(1)�(m3-S(2A)) 2.368(5), Mo(1)�P(1) 2.590(5), Mo(1)�P(2)
2.632(5), Mo(1)�Cl 2.458(5), Mo(1)�Cu(1) 2.843(3), Cu(1)�(m3-S(2))
2.312(5), Cu(1)�Cl 2.18(1).
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cyclopropanation products were obtained in high yields. The
diastereoselectivity in the intermolecular cyclopropanation
of the alkenes and the enantioselectivity in the inter- and in-
tramolecular processes are not very high. The lower enantio-
selectivities observed for the cyclopropanation products of
the chiral-cluster-catalyzed reactions, in comparison with
those produced by copper(i)-containing chiral N-donor li-
gands, could be due to an inherent disadvantage of the
copper-containing cuboidal cluster catalysts.[19] The forma-
tion of the presumably electrophilic copper carbene and the
preferred approach of the incoming alkene to the copper
carbene could mean a reaction can occur when there is not
enough steric hindrance between the substituents at the car-
bene and those at the chiral phosphane, the latter not being
coordinated to the copper ion.[20] At this very early point in
our studies, we can only speculate that the degree of induc-
tion could be raised by a gradual increase of the steric hin-
drance in the chiral pocket constructed by the chiral diphos-
phane in the coordination sphere of the catalytically active
copper center.


To ascertain that the integrity of the cubane clusters re-
mains after catalysis, the corresponding 31P{1H} NMR spec-
tra of [(P)-2]+ , before and after its involvement in the cata-
lytic cyclopropanation of styrene with ethyl diazoacetate,
were recorded. The similarity in signal shifts and intensities,
as well as the absence of new signals, provide evidence that
the cubane structure remains intact after catalysis. It should
also be noted that a systematic UV-visible analysis of com-
pound [(P)-2]+ , before and after cyclopropanation of sty-
rene, was carried out. In fact, this experiment was extremely
useful to quantify the concentration of the catalyst after the
ethyl diazoacetate transformation. UV-visible spectra moni-
tored at lmax=474 and 529 nm did not show any degradation
of the cubane complex.


Conclusion


Enantiomerically pure cuboidal complexes, namely (P)-
[Mo3CuS4{(R,R)-Me-BPE}3Cl4]


+ ([(P)-2]+) or (M)-
[Mo3CuS4{(S,S)-Me-BPE}3Cl4]


+ ([(M)-2]+) can be readily
and diastereoselectively prepared by using the right chiral
diphosphanes and the adequate polymeric {M3Q7X4}n phase.
Enantiomerically pure clusters containing chiral phosphane
ligands and catalytically active centers of the general formu-
la [M3M’Q4(diphosphane)3X3L]+ could be lead structures
for a new series of chiral catalysts. Ongoing studies are
being directed at developing more efficient cubane-type cat-
alysts by extending this strategy to other chalcogens or/and
catalytically active transition metals, as well as by using
them for other catalytic organic transformations.


Experimental Section


General : 31P{1H} NMR spectra were recorded on a Varian 300 MHz spec-
trometer using CD2Cl2 as the solvent and are referenced to external 85%
H3PO4. Electrospray ionization (ESI) mass spectra were recorded on a
Micromass Quattro LC instrument using dichloromethane as the solvent.
Circular dichroism measurements were recorded on a JASCO J-810 spec-
tropolarimeter. The sample solutions were prepared in a quartz cuvette
of 1 cm path length and measured at 25 8C. UV/Vis measurements were
carried out by using a Shimadzu UV-1603 instrument and the samples
were prepared in a quartz cuvette of 1 cm path length, and measured at
room temperature. The ee values for the cyclopropane products were
based on GC analysis with a 2,3-di-O-acetyl-6-O-(tert-butyldimethylsilyl)
b-cyclodextrin (CDX) column.


All reactions were carried out under a nitrogen atmosphere using stan-
dard Schlenck techniques. The polymeric {Mo3S7Cl4}n phase and the het-
erodimetallic [Mo3CuS4(dmpe)3Cl4]


+ complex were prepared according
to literature methods.[21,12] The remaining reactants were obtained from
commercial sources and used as received. Solvents for use in syntheses
were dried and degassed by standard methods before use. Chromato-
graphic work was performed by using silica gel (60 U).


[Mo3S4{(R,R)-Me-BPE}3Cl3]Cl, [(P)-1]Cl : This compound was prepared
by an excision reaction of the polymeric {Mo3S7Cl4} phase (150 mg,
0.229 mmol) with (R,R)-Me-BPE (267 mg, 1.034 mmol) in acetonitrile
(20 mL) under reflux. After 48 h, the reaction mixture was filtered, the
solvent was removed under vacuum, and the solid was dissolved in di-
chloromethane. Addition of ether (30 mL) caused the complete precipita-
tion of a green solid (280 mg, 92%). 31P{1H} NMR (121.47 MHz, CD2Cl2,
25 8C): d=53.79 (dd, 3P), 64.77 ppm (dd, 3P) (AA’A’’BB’B’’ system);
UV/Vis (CH2Cl2): lmax (e)=408 (5993.20), 299 nm
(12401.36 mol�1m3cm�1); ESI-MS (30 V): m/z (%): 1299 (100) [M]+ ; ele-
mental analysis calcd (%) for Mo3S4Cl4C42H84P6: C 37.85, H 6.36; found:
C 37.81, H 6.38.


[Mo3S4{(S,S)-Me-BPE}3Cl3]Cl, [(M)-1]Cl : This complex was prepared fol-
lowing the procedure described for [(P)-1]Cl but using the enantiomeri-
cally pure (S,S)-Me-BPE phosphane. Yield: 91%; 31P{1H} NMR
(121.47 MHz, CD2Cl2, 25 8C): d=53.80 (dd, 3P), 64.81 ppm (dd, 3P)
(AA’A’’BB’B’’ system); UV/Vis (CH2Cl2): lmax (e)=408 (6827.60),
299 nm (14165.52 mol�1m3cm�1); ESI-MS (30 V): m/z (%): 1299 (100)
[M]+ ; elemental analysis calcd (%) for Mo3S4Cl4C42H84: C 37.85, H 6.36;
found: C 37.84, H 6.47.


[Mo3CuS4{(R,R)-Me-BPE}3Cl4]CuCl2, [(P)-2]CuCl2 : Compound [(P)-
1]Cl (80 mg, 0.060 mmol) and an excess of CuCl (36 mg, 0.364 mmol)
were dissolved in dichloromethane (10 mL). The reaction mixture turned
red in 5 min and was stirred for 4 h at room temperature. Then, the re-
sulting solution was filtered under an inert atmosphere and evaporated
to dryness to yield the desired dark red product (76 mg, 88.5%). [a]20


D =


Figure 4. Circular dichroism spectra of [Mo3CuS4{(R,R)-Me-BPE}3Cl4]-
CuCl2 ([(P)-2]CuCl2, c) and [Mo3CuS4{(S,S)-Me-BPE}3Cl4]CuCl2
([(M)-2]CuCl2, b) in dichloromethane (1.33T10�4 and 1.35T10�4


m, re-
spectively) at 25 8C.
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�8 (c=0.5 in CHCl3);
31P{1H} NMR


(121.47 MHz, CD2Cl2, 25 8C): d=61.36
(d, 3P), 68.40 ppm (d, 3P); UV/Vis
(CH2Cl2): lmax (e)=508 (2044), 311 nm
(11207 mol�1m3cm�1); ESI-MS (30 V):
m/z (%): 1396 (100) [M]+ ; elemental
analysis calcd (%) for Mo3-
Cu2S4Cl6C42H84P6: C 32.93, H 5.54, S
8.37; found: C 32.96, H 5.56, S 8.19.


[Mo3CuS4{(S,S)-Me-BPE}3Cl4]CuCl2,
[(M)-2]CuCl2 : This compound was pre-
pared following the procedure de-
scribed for complex [(P)-2]CuCl2 but
using [(M)-1]Cl as the starting materi-
al. Yield: 73 mg (85%). Suitable crys-
tals for X-ray determination for com-
pound [(M)-2]CuCl2 were grown by
slow diffusion of ether into sample sol-
utions in dichloromethane. [a]20


D =++8
(c=0.5 in CHCl3);


31P{1H} NMR
(121.47 MHz, CD2Cl2, 25 8C): d=61.32
(d, 3P), 68.35 ppm (d, 3P); UV/Vis
(CH2Cl2): lmax (e)=508 (2192), 311 nm
(11821 mol�1m3cm�1); ESI-MS (30 V):
m/z (%): 1396 (100) [M]+ ; elemental
analysis calcd (%) for Mo3Cu2S4Cl6C42H84P6: C 32.93, H 5.54, S 8.37;
found: C 32.94, H 5.52, S 8.15.


X-ray data collection and structure refinement : Suitable crystals for X-
ray diffraction for compounds [(P)-1]PF6 and [(M)-1]PF6 were grown by
slow diffusion of toluene into a sample solution of the PF6


� salt in di-
chloromethane. Replacement of the Cl� anion in clusters [(P)-1]Cl and
[(M)-1]Cl were carried out by using silica gel chromatography, eluting
the product with a saturated solution of KPF6 in acetone. In the case of
complex [(M)-2]CuCl2, crystals were grown under nitrogen in a dry box.
The data collection was performed on a Bruker Smart CCD diffractome-
ter using graphite-monochromated MoKa radiation (l=0.71073 U) in an
essentially routine manner. The diffraction frames were integrated by
using the SAINT package and corrected for absorption with
SADABS.[22,23] The crystal parameters and basic information relating to
data collection and structure refinement for the three compounds are
summarized in Table 3.


In all three compounds, the positions of the heavy atoms were deter-
mined by using direct methods and successive-difference electron-density
maps using the SHELXTL 5.10 software package.[24] Difference Fourier
maps were carried out to locate the remaining atoms. Refinement was
performed by means of the full-matrix least-squares method based on F2.
All atoms were refined anisotropically except for the fluorine atoms in
compounds [(P)-1]PF6 and [(M)-1]PF6 and carbon atoms in compound
[(M)-2]CuCl2. The positions of all hydrogen atoms were generated geo-
metrically, assigned isotropic thermal parameters, and allowed to ride on
their respective parent C atoms.


CCDC-270138 ([(P)-1]PF6), CCDC-270139 ([(M)-1]PF6), and CCDC-
270140 ([(M)-2]CuCl2) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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Nucleic Acid Intercalators and Avidin Probes Derived from Luminescent
Cyclometalated Iridium(iii)–Dipyridoquinoxaline and –Dipyridophenazine
Complexes


Kenneth Kam-Wing Lo,*[a] Chi-Keung Chung,[a] and Nianyong Zhu[b]


Introduction


Interactions between transition-metal complexes and nucleic
acid molecules continue to receive much attention.[1] In par-
ticular, complexes containing intercalating ligands such as
dipyrido[3,2-f :2’,3’-h]quinoxaline (dpq) and dipyrido[3,2-
a :2’,3’-c]phenazine (dppz) have been the focus of many stud-
ies.[2–13] Whilst transition-metal centers such as rutheni-
um(ii),[2,3,4a–d,g,5,6,8b,13b] osmium(ii),[4e] rhenium(i),[7,8a,9,10]


rhodium(iii),[13a] chromium(iii),[11] cobalt(iii),[12] and nickel-
(ii)[12] have been extensively studied, related probes derived
from iridium(iii) have been relatively unexplored.[4f, 13a,14] Ex-
amples include the redox-active complex [Ir(bpy)(phen)-
(phi)]3+ (bpy=2,2’-bipyridine; phen=1,10-phenanthroline;
phi=9,10-phenanthrenequinonediimine) that has been em-
ployed to study electron transfer in DNA molecules.[4f] The


DNA-binding properties of the organometallic iridium(iii)
complexes [(h5-C5Me5)Ir(Aa)(dppz)]n+ (Aa= (S)-amino
acids) have been studied by absorption titrations, NMR
spectroscopy, and gel electrophoresis.[13a] Recently, an
iridium(iii)–dppz complex has also been included as a
member of a combinatorial library.[14] Despite these reports,
the design of DNA probes derived from luminescent
iridium(iii) complexes has not been investigated.
In view of the interesting photophysical and photochemi-


cal properties of luminescent iridium(iii)–polypyridine com-
plexes[15–30] and our recent interest in using these complexes
as biological labels and probes,[30] we anticipate that they
can be exploited as new luminescent intercalators for DNA
molecules and probes for proteins. We report here the syn-
thesis, photophysical, and electrochemical properties of six
luminescent cyclometalated iridium(iii) complexes contain-
ing an extended planar diimine ligand, [Ir(ppy)2(N-N)](PF6)
(Hppy=2-phenylpyridine; N-N=dipyrido[3,2-f :2’,3’-h]qui-
noxaline, dpq (1); 2-n-butylamidodipyrido[3,2-f :2’,3’-h]qui-
noxaline, dpqa (2); 2-((2-biotinamido)ethyl)amidodipyri-
do[3,2-f :2’,3’-h]quinoxaline, dpqB (3); dipyrido[3,2-a :2’,3’-
c]phenazine, dppz (4); benzo[i]dipyrido[3,2-a :2’,3’-c]phena-
zine, dppn (5); 11-((2-biotinamido)ethyl)amidodipyrido[3,2-
a :2’,3’-c]phenazine, dppzB (6)) (see below). The structure of
complex 4 has been studied by X-ray crystallography. The
binding of the complexes to double-stranded calf thymus
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DNA and synthetic double-stranded oligonucleotides poly-
(dA)·poly(dT) and poly(dG)·poly(dC) has been investigated
by spectroscopic titrations. The interactions between the
biotin-containing complexes and avidin have been studied
by 4’-hydroxyazobenzene-2-carboxylic acid (HABA) assays
and emission titrations.


Results and Discussion


Synthesis : The ligands dpq,[2b] dpqa,[31] dppz,[32] and dppn[32]


were synthesized according to reported procedures. The
biotin-containing ligands dpqB and dppzB were prepared by
using two different approaches. The ligand dpqB was ob-
tained from the reaction of 2-((2-amino)ethyl)amidodipyri-
do[3,2-f :2’,3’-h]quinoxaline (dpq-en) with biotinyl-N-hydrox-
ysuccinimidyl ester (biotin-NHS)[33] in DMF at 60 8C. The
ligand dppzB was obtained from the reaction of 1,1-carbon-
yldiimidazole (CDI)-activated dipyrido[3,2-a :2’,3’-c]phena-
zine-11-carboxylic acid (dppz-COOH)[34] with biotinylethyl-
enediamine (biotin-en)[35] in DMF at 80 8C. Complexes 1–6
were synthesized from the reaction of [Ir2(ppy)4Cl2]


[15b] with
two equivalents of the corresponding diimine ligands in re-
fluxing MeOH/CH2Cl2 under nitrogen for 4 h, followed by
metathesis with KPF6.


[16b,26a] The complexes were purified by
column chromatography and recrystallization from a
CH2Cl2/diethyl ether mixture, and isolated as air-stable
orange-to-yellow crystals in good yields. All the complexes
were characterized by 1H NMR spectroscopy, positive-ion
ESI-MS, IR spectroscopy, and gave satisfactory microanaly-
ses. The amide moieties of complexes 2, 3, and 6 were char-
acterized by intense IR absorption bands at approximately
3268–3498 and 1653–1694 cm�1.


X-ray crystal structure determination of complex 4 : The per-
spective drawings of the two independent complex cations
of complex 4 are depicted in Figure 1. Selected bond lengths
and angles are listed in Table 1. The iridium(iii) centers of
both cations adopted distorted octahedral geometry. The
trans angles at the iridium centers ranged from 171.7(9) to
174.5(10)8. In a similar manner to the related iridium(iii)
complexes,[16c,e,24a,30c,d,f] a cis arrangement was observed for
the metal–carbon bonds around the iridium(iii) centers. The
Ir�N bond lengths of the dppz ligands (approximately
2.132(18)–2.19(2) J) were slightly longer than those of the
ppy� ligands (approximately 2.05(2)–2.14(2) J), due to the
trans-influence of the carbon donors. Interestingly, the dppz
ligands from two neighboring cations revealed p-stacking in-
teractions with an interplanar separation of about 2.96 J.
The participation of extended planar ligands in p-stacking
has also been observed in other dppz and dppn com-
plexes.[6a,9,13]


Electronic absorption and emission properties : The elec-
tronic absorption spectral data of complexes 1–6 are listed
in Table 2. The electronic absorption spectra of complexes 4
and 5 in CH3CN are shown in Figure 2. All the complexes
showed intense intraligand (1IL) (p!p* (diimine and
ppy�)) absorption bands at approximately 243–329 nm (e of
the order of 104 dm3mol�1 cm�1). The complexes also dis-
played less intense absorption shoulders at around 334–
497 nm, attributable to spin-allowed metal-to-ligand charge-
transfer (1MLCT) (dp(Ir)!p* (diimine and ppy�)) transi-
tions.[15a–c,16, 18,20d,24a,25, 26a,28a,29, 30a,c–g] However, for complexes
4–6, the involvement of 1IL (p!p* (diimine)) character in
these absorption features cannot be excluded since the free
ligands dppz and dppn also absorb in a similar region.[7,8a,9]


In addition, all the complexes exhibited weak absorption
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tails towards the lower energy region (at about 502–
550 nm), that are tentatively assigned to spin-forbidden
3MLCT (dp(Ir)!p* (diimine and ppy�)) transi-
tions.[15a–c,16, 18,20d,24a,25, 26a,28a,29, 30a,c–g]


Upon photoexcitation, complexes 1–6 displayed long-lived
green-to-orange luminescence under ambient conditions and
in alcohol glass at 77 K. The emission data are summarized
in Table 3. The emission spectra of the dppz complex 4 and
the dppzB complex 6 in fluid solutions at 298 K and in
EtOH/MeOH glass at 77 K are shown in Figures 3 and 4, re-
spectively. The emission of complexes 1–5 in fluid solutions
is assigned to an 3MLCT (dp(Ir)!p* (diimine)) excited
state.[15, 16b,e,18a,19b,20a,b,d,24a,25a,b,26a,28a,29b,30a,c–f] The assignment of
a charge-transfer excited state is supported by the shorter
emission lifetimes and lower emission quantum yields of the
complexes in more polar solvents such as CH3CN and
MeOH than in the less polar CH2Cl2 solvent (Table 3).
These observations are common to other iridium(iii) MLCT
emitters.[15,16b,18a,19b,20a,b,d,24a,30a,c–f] Among complexes 1–3, it is
interesting to note that the decrease of the emission quan-
tum yield on going from CH2Cl2 to MeOH was much more
significant for the amido complexes 2 and 3 compared with
the dpq complex 1 (Table 3). In aqueous buffer, complex 1
emitted very weakly whereas complexes 2 and 3 were non-
emissive. It is likely that the reduced quantum yields of
complexes 2 and 3 are due to the possible hydrogen-bonding


Figure 1. Perspective drawings of the two independent complex cations
of complex 4. The thermal ellipsoids are set at a 20% probability level.


Table 1. Selected bond lengths [J] and angles [8] for the two independ-
ent complex cations of complex 4.


Ir1�N1 2.132(18) Ir2�N7 2.19(2)
Ir1�N2 2.18(2) Ir2�N8 2.169(19)
Ir1�N5 2.10(2) Ir2�N11 2.05(2)
Ir1�N6 2.09(2) Ir2�N12 2.14(2)
Ir1�C25 2.06(3) Ir2�C65 2.05(3)
Ir1�C36 2.08(3) Ir2�C76 2.10(3)
N1-Ir1-N2 75.7(8) N7-Ir2-N8 77.4(8)
N1-Ir1-N5 95.8(8) N7-Ir2-N12 89.0(8)
N1-Ir1-N6 89.0(8) N7-Ir2-N11 95.9(9)
N1-Ir1-C25 174.4(10) N7-Ir2-C65 174.5(10)
N1-Ir1-C36 96.8(9) N7-Ir2-C76 97.1(9)
N2-Ir1-N5 89.1(9) N8-Ir2-N11 91.0(8)
N2-Ir1-N6 97.1(9) N8-Ir2-N12 95.7(8)
N2-Ir1-C25 99.8(10) N8-Ir2-C65 97.5(9)
N2-Ir1-C36 172.3(9) N8-Ir2-C76 171.7(9)
N5-Ir1-N6 172.9(9) N11-Ir2-N12 172.4(9)
N5-Ir1-C25 80.8(12) N11-Ir2-C65 82.2(11)
N5-Ir1-C36 93.5(11) N11-Ir2-C76 95.8(10)
N6-Ir1-C25 94.8(12) N12-Ir2-C65 93.4(10)
N6-Ir1-C36 80.8(11) N12-Ir2-C76 77.9(10)
C25-Ir1-C36 87.8(11) C65-Ir2-C76 88.2(10)


Figure 2. Electronic absorption spectra of complexes 4 (c) and 5 (a)
in CH3CN at 298 K.


Table 2. Electronic absorption spectral data for complexes 1–6 at 298 K.


Complex Medium labs [nm] (emax [dm
3mol�1 cm�1])


1 CH2Cl2 258 (78070), 295 sh (34005), 337 sh (11015), 358 sh (8365), 382 (8165), 420 (2980), 467 sh (925)
MeOH 257 (74365), 293 sh (31555), 335 sh (10650), 355 sh (8230), 375 (7320), 414 sh (3170), 467 sh (850)


2 CH2Cl2 254 sh (64000), 262 (75865), 296 sh (34535), 363 sh (8840), 385 sh (7790), 467 sh (895)
MeOH 252 sh (56385), 261 (67595), 297 sh (31130), 360 sh (8635), 383 sh (6915), 465 sh (830)


3 CH2Cl2 255 sh (74265), 262 (83835), 298 sh (37435), 361 sh (10095), 383 sh (8810), 411 sh (4365), 468 sh (1035)
MeOH 253 sh (64675), 261 (73725), 299 sh (33650), 361 sh (9635), 381 sh (8025), 468 sh (950)


4 CH2Cl2 254 sh (80320), 269 sh (74900), 280 (82990), 366 (16985), 389 (16320), 467 sh (1195), 497 sh (850)
CH3CN 275 (64890), 334 sh (13810), 364 (12680), 385 (12660), 468 sh (850)


5 CH2Cl2 245 sh (59935), 260 (72100), 313 sh (58465), 329 (82515), 379 sh (14350), 401 (14850), 424 (14720), 470 sh (3645)
CH3CN 243 sh (60315), 257 (67190), 307 sh (66155), 321 (85445), 375 sh (11905), 397 (13565), 419 (14205), 465 sh (3230)


6 CH2Cl2 252 sh (53755), 269 sh (71085), 282 (82540), 338 sh (18940), 372 (18450), 393 (16560), 466 sh (1255), 502 sh (810)
CH3CN 250 sh (54195), 268 sh (77855), 277 (87360), 336 sh (18810), 369 (18220), 388 (17140), 467 sh (1230)
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interactions between the amide groups of the diimine li-
gands and protic solvent molecules.[3a] Among the dppz and
dppn complexes 4–6, we found that complexes 4 and 6 also
showed solvent-dependent emission quantum yields
(Table 3). Both of these complexes did not emit in aqueous
solution. Hydrogen-bonding interactions between the phen-
azine nitrogen atoms of both complexes (and the amide
moiety of complex 6) and water molecules may also
exist.[4a–e,g] However, the dppn complex 5 did not display
similar solvent-dependent emission but exhibited very simi-
lar emission lifetimes and quantum yields in different sol-
vents. It is probable that the excited state of this complex
has substantial 3IL (p!p* (dppn)) character. Unlike com-
plexes 1–5, dppzB complex 6 displayed dual emission in
fluid solutions at room temperature. Every effort was made
to check the purity of the sample to ensure that the emission
was not due to the presence of impurities. The purity of the
samples has been confirmed by the characterization data, el-
emental analysis, and HPLC analysis. Specifically, the emis-
sion spectrum of complex 6 in CH2Cl2 displayed two bands
at 510 and 654 (sh) nm (Figure 4). Excitation spectra moni-
tored at these two emission wavelengths were similar, with
broad bands at around 340 and 410 nm; this indicates that
both emission bands are from the same species. The higher-
energy emission band at approximately 510 nm is tentatively
assigned to an excited state of 3IL (p!p* (dppzB)) charac-
ter in view of its longer emission lifetime (to=0.71 ms) and
structural features. The lower-energy emission shoulder was
of a shorter lifetime (to=0.13 ms) and appeared at about
654 nm, and is lower in energy compared with the emission
band of the dppz complex 4 (around 603 nm) under similar
conditions. It is likely that this emission is derived from an
excited state of 3MLCT (dp(Ir)!p* (dppzB)) character.
The occurrence of this band at lower energy than that of the
dppz complex 4 is due to the presence of the electron-with-
drawing amide group in the dppzB ligand. Similar dual lumi-
nescence was observed in other solvents such as MeOH and
CH3CN (Figure 4). The 3IL emission occurred at 490–
556 nm (to=1.71–1.40 ms) and the 3MLCT emission at 612–
650 nm (sh) (to=0.83–0.36 ms).


Upon cooling to low temperature, most of the complexes
displayed a significant blue shift in the emission maxima
(Table 3). The blue shifts indicate that 3MLCT (dp(Ir)!p*
(diimine)) character exists in the excited states of these
complexes at low temperature. The emission spectra of the
dppz complex 4 and dppzB complex 6 in alcohol glass
showed rich vibronic features with progressional spacings of
about 1362–1426 cm�1 (Figures 3 and 4), and their emission
lifetimes approached 1 ms. These observations suggest that
the emissive state of these complexes at low temperature
possessed predominant 3IL (p!p* (dppz or dppzB)) char-
acter. Similar vibronically structured emission has also been


Figure 3. Emission spectra of complex 4 in CH2Cl2 at 298 K (c) and
EtOH/MeOH 4:1 at 77 K (a).


Table 3. Photophysical data for complexes 1–6.


Complex Medium
(T [K])


lem [nm] to [ms] Fem


1 CH2Cl2
(298)


590 0.67 0.24


CH3CN
(298)


601 0.34 0.11


MeOH
(298)


603 0.18 0.064


glass[a] (77) 528, 561 sh 4.72
2 CH2Cl2


(298)
599 0.48 0.17


CH3CN
(298)


608 0.13 0.034


MeOH
(298)


598 1.46 (8%),
0.14 (92%)


0.0009


glass[a] (77) 532, 566 sh 3.86
3 CH2Cl2


(298)
597 0.43 0.13


CH3CN
(298)


606 0.09 0.019


MeOH
(298)


596 1.13 (7%),
0.15 (93%)


0.0006


glass[a] (77) 529, 565 sh 3.93
4 CH2Cl2


(298)
603 0.56 0.072


CH3CN
(298)


630 0.077 0.0023


MeOH
(298)


600 0.38 <10�4


glass[a] (77) 544 (max), 563 sh,
589, 643 sh


1224


5 CH2Cl2
(298)


585 0.58 0.0016


CH3CN
(298)


588 0.36 0.0012


MeOH
(298)


583 0.42 0.0016


glass[a] (77) 535 4.45
6 CH2Cl2


(298)
510, 535 sh 0.71 0.019


654 sh 0.13
CH3CN
(298)


492 sh, 520 1.40 0.0064


612 sh 0.83
MeOH
(298)


490, 530, 556 (max) 1.71 0.0010


650 sh 0.36
glass[a] (77) 547 (max), 591, 644


sh
1040


[a] EtOH/MeOH 4:1.


Chem. Eur. J. 2006, 12, 1500 – 1512 E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1503


FULL PAPERNucleic Acid Intercalators



www.chemeurj.org





observed for related rheni-
um(i)–dppz complexes in alco-
hol glass at 77 K.[7,8a,9,10]


Electrochemical properties :
The electrochemical properties
of complexes 1–6 have been
studied by cyclic voltammetry.
The electrochemical data are
collected in Table 4. The cyclic
voltammograms of all the com-
plexes showed a reversible/
quasi-reversible oxidation couple at about +1.26 V versus
SCE, that is assigned to metal-centered IrIV/IrIII oxida-
tion.[15a,b,16b,d,e,20a,24b,25b,28a,30a,c–g] The complexes exhibited the
first and second reduction couples at around �0.76 to
�1.26 V and �1.20 to �1.72 V versus SCE, respectively
(Table 4). With reference to previous studies,[15a,b,, 16a,b,d, e,
18,20a,24a,b,25b,26a,30a,c–g] these couples are assigned to the reduc-
tion of the diimine ligands. This assignment is substantiated
by the fact that the first two reduction couples of the amido
dpq complexes 2 and 3 (��1.1 and �1.5 V) occurred at less
negative potentials than those of the dpq complex 1 (�1.26
and �1.72 V). These observations are attributed to the elec-
tron-withdrawing properties of the amide group of the li-
gands dpqa and dpqB. In addition, the first two reduction
couples of the dppn complex 5 (�0.76 and �1.20 V) occur-
red at less negative potentials than those of the dppz com-
plex 4 (�0.98 and �1.50 V) owing to the more conjugated
dppn ligand of the former complex. The first two reduction
couples of the dppzB complex 6 (�0.85 and �1.34 V) also
occurred at less negative potentials than those of the dppz
complex 4 because of the presence of the electron-withdraw-
ing amide group in the dppzB ligand. All the complexes un-
derwent reductions at more negative potentials that are as-
signed to the reduction of the diimine and cyclometalating
ligands.[15a,b,16a,b,d,e,18,20a,24a,b,25b,26a,30a,c–g]


DNA-binding studies


Electronic absorption titrations : The interactions of com-
plexes 1–6 with double-stranded calf thymus DNA have
been investigated by electronic absorption titrations. Com-
plexes 1–3 and 6 did not show any changes in their absorp-
tion spectra in the presence of double-stranded DNA. How-
ever, the absorption bands of the dppz complex 4 at approx-
imately 366 and 386 nm, and the dppn complex 5 at around
322, 397, and 419 nm exhibited hypochromism and batho-
chromic shifts upon addition of double-stranded calf thymus
DNA. The electronic absorption spectra of the dppn com-
plex 5 in the absence and presence of double-stranded calf
thymus DNA are shown in Figure 5. These results indicate


that these complexes bind to the double-stranded DNA
molecules, probably through a non-covalent intercalative
binding mode.[36] Similar spectral changes have been ob-
served in other transition-metal dppz and dppn com-
plexes.[4a–e,5, 6c,7–13]


The data obtained from the absorption titration experi-
ments have been fitted by using Equations (1) and (2) devel-
oped by Bard[37] and Thorp[6b,c] to estimate the intrinsic bind-


Figure 4. Emission spectra of complex 6 in CH2Cl2 (c) and CH3CN
(a) at 298 K, and EtOH/MeOH 4:1 at 77 K (g).


Table 4. Electrochemical data for complexes 1–6.[a]


Complex Oxidation E1=2
or Ea [V] Reduction E1=2


or Ec [V]


1 +1.26 �1.26, �1.72,[b] �2.05,[c] �2.46,[c] �2.67[c]
2 +1.27 �1.10, �1.54, �2.08,[c] �2.26,[c] �2.70
3 +1.26 �1.08, �1.55,[c] �2.26[c]
4 +1.26 �0.98, �1.50, �1.68, �2.13[c]
5 +1.27[b] �0.76, �1.20,[b] �1.65, �2.10[c]
6 +1.27[b] �0.85, �1.34, �1.75,[c] �2.39[c]


[a] In CH3CN (0.1 moldm�3 TBAP) at 298 K, glassy carbon electrode, sweep rate 0.1 Vs�1, all potentials
versus SCE. [b] Quasi-reversible couple. [c] Irreversible wave.


Figure 5. Electronic absorption spectra of complex 5 (12 mm) in a mixture
of Tris-Cl buffer (50 mm, pH 7.4) and methanol (7:3) in the absence
(c) and presence (a) of double-stranded calf thymus DNA
(671 mm).
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ing constants (K) and binding site sizes (s) for complexes 4
and 5 :


ðea�efÞ
ðeb�efÞ


¼


�
b�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2� 2K 2ct ½DNA�


s


q �


2Kct


ð1Þ


b ¼ 1 þ Kct þ
K½DNA�


2s
ð2Þ


where ea is the extinction coefficient observed for the ab-
sorption band at a DNA concentration [DNA]; eb is the ex-
tinction coefficient of the fully bound species; ef is the ex-
tinction coefficient of free complex and ct is the total con-
centration of the metal complex. The plot of (ea�ef)/(eb�ef)
against [DNA] for the dppn complex 5 is shown in Figure 6.


The intrinsic binding constants were determined to be 2.0O
104 (s=1.3) and 7.8O104m�1 (s=1.4) for the binding of the
dppz complex 4 and dppn complex 5 to double-stranded calf
thymus DNA, respectively (Table 5). The binding constants
of the complexes are smaller than those observed for [(h5-
C5Me5)Ir(N-acetyl-l-cysteine)(dppz)]


+ (K=8.8O104m�1)[13a]


and [fac-Re(dppz)(CO)3(4-MePy)]+ (4-MePy=4-methylpyr-
idine) (K=6.0O106m�1),[7] which could be due to the higher


MeOH content of the titration buffer in the current work.[38]


The constants are also smaller than the binding constant of
[Ru(bpy)2(dppz)]


2+ (K=4.0O106m�1).[6b] Thus, the diminish-
ed binding strength can also be due to the lower cationic
charge of the current iridium(iii) complexes. The binding
constant of the dppn complex 5 is larger than that of the
dppz complex 4. It is likely that the enhanced binding affini-
ty is due to the larger planar surface area of the dppn
ligand. Similar observations have been reported for related
rhenium(i)–dppz and –dppn complexes.[9,10]


Emission titrations : The DNA-binding properties of all the
iridium(iii) complexes have been studied by emission titra-
tions. Of the six complexes, the biotin-free complexes 1, 2,
4, and 5 displayed emission enhancement in the presence of
double-stranded calf thymus DNA. The emission intensity
of the dpq complex 1 at about 591 nm was enhanced by ap-
proximately 33-fold (Figure 7). Both the dpqa complex 2


and the dppz complex 4 did not emit in aqueous buffer solu-
tion. However, upon addition of double-stranded DNA, new
emission bands were observed at around 602 and 606 nm for
these two complexes, respectively (Figures 8 and 9). The
emission intensities of the new emission bands were approx-


Figure 6. Plot of (ea�ef)/(eb�ef) against [DNA] for the binding of complex
5 (12 mm) to double-stranded calf thymus DNA. The experimental data at
labs=322 nm were fitted by using Equations (1) and (2).


Table 5. DNA-binding parameters for complexes 1–6 in a mixture of Tris-Cl buffer (50 mm, pH 7.4) and methanol (7:3) at 298 K.[a]


Complex Intrinsic binding constant, K [m�1] (binding site size, s)
absorption titrations emission titrations


calf thymus DNA poly(dA)·poly(dT) poly(dG)·poly(dC) calf thymus DNA poly(dA)·poly(dT) poly(dG)·poly(dC)


1 [b] [b] [b] 1.2O104 (1.6) 1.9O104 (0.7) 3.0O104 (0.6)
2 [b] [b] [b] 1.1O104 (1.5) 1.1O104 (0.7) [c]


3 [b] [b] [b] [b] [b] [b]


4 2.0O104 (1.3) 2.3O104 (1.7) 1.0O104 (1.1) 2.4O104 (1.6) 3.0O104 (1.9) 1.5O104 (1.3)
5 7.8O104 (1.4) 7.6O104 (1.2) 5.0O104 (1.0) [c] [c] [c]


6 [b] [b] [b] [b] [b] [b]


[a] The trifluoromethanesulfonate salts of complexes 4 and 5 were used for the absorption and emission titration experiments due to their higher solubili-
ties. [b] No observable changes. [c] The binding parameters could not be accurately determined due to the low increase in emission intensity and unsatis-
factory fits.


Figure 7. Emission spectra of complex 1 (137 mm) in a mixture of Tris-Cl
buffer (50 mm, pH 7.4) and methanol (7:3) in the absence (a) and
presence (c) of double-stranded calf thymus DNA (744 mm).
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imately 40- and 12-times that of the background in the ab-
sence of DNA. The emission enhancement is ascribed to the
intercalation of the complexes to the base-pairs of the
double-stranded DNA molecules. In general, intercalation
results in: i) the protection of the diimine ligands from inter-
acting with the water molecules; ii) a more hydrophobic en-
vironment; iii) a higher rigidity of the local surroundings of
the complexes. All these factors would lead to enhanced
emission intensity. The emission titration curve for the dpqa
complex 2 with calf thymus DNA is displayed in Figure 10.
The data from the emission titrations were fitted by using
Equations (1) and (2) to determine the binding parameters.
Fitting of the titration data for the dpq complex 1, dpqa
complex 2, and dppz complex 4 gave intrinsic binding con-
stants of 1.2O104 (s=1.6), 1.1O104 (s=1.5) and 2.4O104 m�1


(s=1.6), respectively (Table 5). The binding constants for
the dpq complex 1 and dpqa complex 2 are smaller than
those observed for [Ru(bpy)2(dpq)]


2+ (K=5.9O104m�1) and
[Ru(bpy)2(dpqC)]


2+ (dpqC=dipyrido[3,2-a :2’,3’-c](6,7,8,9-
tetrahydro)phenazine) (K=8.5O104m�1).[4g] Again, the di-
minished binding affinity is attributed to the higher MeOH
content of the titration buffer and the lower cationic charge


of the complexes. The binding constant for the dppz com-
plex 4 is similar to that obtained by absorption titrations
(Table 5), which is approximately two orders of magnitude
smaller than the K values of other dppz complexes such as
[Ru(bpy)2(dppz)]


2+ (K=4.0O106m�1).[6b] The DNA-induced
emission enhancement of the dppn complex 5 was relatively
small (< four-fold approximately) and no satisfactory fits
could be obtained from the emission data. Similarly small
emission enhancement has also been observed for [Ru-
(phen)2(dppn)]


2+ and it was ascribed to the insensitivity of
the luminescence of this complex to its local environment.[4a]


The small increase of emission intensity of complex 5 is also
in line with our findings that the luminescence quantum
yields of this complex were not very sensitive to the solvent
polarity (Table 3). Nevertheless, the intercalative binding of
complex 5 to double-stranded DNA is justified by the ob-
served changes in absorption titrations (Figure 5).
Although the photophysical properties of the biotin com-


plexes 3 and 6 were very similar to those of their dpq and
dppz counterparts (complexes 1 and 4), respectively, their
spectra did not show any changes in the DNA titration ex-
periments. These observations are probably a result of the
steric bulk of the biotin moiety that prevents the complexes
from intercalating into the double-stranded DNA molecules.


Synthetic DNA-binding studies


Electronic absorption titrations : To examine the possible
DNA-sequence selectivity of the intercalating complexes,
absorption titration experiments using the synthetic double-
stranded oligonucleotides poly(dA)·poly(dT) and poly-
(dG)·poly(dC) have been performed. Similar to the case of
calf thymus DNA, the low-energy absorption bands of the
dppz complex 4 and dppn complex 5 exhibited hypochrom-
ism and bathochromic shifts upon addition of the synthetic
double-stranded oligonucleotides. The binding affinities of
the dppz complex 4 to poly(dA)·poly(dT) and poly(dG)·po-
ly(dC) were determined to be 2.3O104m�1 (s=1.7) and 1.0O
104m�1 (s=1.1), respectively (Table 5). The binding parame-


Figure 8. Emission spectra of complex 2 (124 mm) in a mixture of Tris-Cl
buffer (50 mm, pH 7.4) and methanol (7:3) in the absence (a) and
presence (c) of double-stranded calf thymus DNA (114 mm).


Figure 9. Emission spectra of complex 4 (85 mm) in a mixture of Tris-Cl
buffer (50 mm, pH 7.4) and methanol (7:3) in the absence (a) and
presence (c) of double-stranded calf thymus DNA (238 mm).


Figure 10. Emission titration curve for the titrations of complex 2
(124 mm) with double-stranded calf thymus DNA. The emission intensity
of complex 2 was monitored at 602 nm.
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ters of the dppn complex 5 to poly(dA)·poly(dT) (K=7.6O
104m�1, s=1.2) and poly(dG)·poly(dC) (K=5.0O104m�1, s=
1.0) have also been determined (Table 5). The binding affin-
ities of these two complexes to calf thymus DNA (GC con-
tent=42%)[39] are comparable to those to poly(dA)·po-
ly(dT) but higher than those to poly(dG)·poly(dC)
(Table 5). Similar selective binding has been observed for
related osmium(ii) complexes.[4e]


Emission titrations : The emission intensity of the dpq com-
plex 1 was enhanced by approximately 38- and 30-fold upon
addition of poly(dA)·poly(dT) and poly(dG)·poly(dC), re-
spectively. Fitting of the titration data gave intrinsic binding
constants of 1.9O104 (s=0.7) and 3.0O104 m�1 (s=0.6) for
poly(dA)·poly(dT) and poly(dG)·poly(dC), respectively
(Table 5). Interestingly, these values reveal that complex 1
binds to poly(dG)·poly(dC) with a slightly higher affinity.
Such binding preference has been reported for a ruthen-
ium(ii)–dppz complex [Ru(tpm)(py)(dppz)]2+ (tpm= tris-(1-
pyrazolyl)methane; py=pyridine), the binding constant of
which for poly(dG)·poly(dC) is an order of magnitude
larger than that for poly(dA)·poly(dT).[8b] For the dpqa com-
plex 2, the emission intensity was increased by approximate-
ly 46-fold in the presence of poly(dA)·poly(dT). The binding
constant and site size determined from Equations (1) and
(2) were 1.1O104m�1 and 0.7, respectively, and are similar to
those for calf thymus DNA (Table 5). Unfortunately, only
small emission enhancement (< five-fold approximately)
was observed when poly(dG)·poly(dC) was used and no sat-
isfactory fits were obtained. The binding parameters could
not be determined from the emission titration data with ac-
curacy.
The emission intensity of the dppz complex 4 was en-


hanced by about 17-fold upon addition of poly(dA)·po-
ly(dT). The emission enhancement induced by poly(dG)·po-
ly(dC) was slightly smaller (approximately 14-fold). The
binding affinities for complex 4 to poly(dA)·poly(dT) (K=


3.0O104m�1 and s=1.9) and poly(dG)·poly(dC) (K=1.5O
104m�1 and s=1.3) are also in agreement to those deter-
mined from absorption titrations (Table 5). The higher bind-
ing affinity to poly(dA)·poly(dT) than poly(dG)·poly(dC) is
also similar to the results obtained in absorption titrations.
The dppn complex 5, again, showed only small emission en-
hancement (< two-fold approximately) upon addition of
synthetic DNA, which is ascribed to the insensitivity of the
emission of this complex to its surroundings.


Avidin-binding studies


The avidin-biotin system has been widely used in various
bioanalytical applications owing to the extremely strong
binding affinity of biotin to avidin (first dissociation con-
stant, Kd= �10�15m).[40, 41] Recently, we have reported the
use of transition-metal biotin complexes as luminescent
probes for avidin.[10,30e,g,42] Emission increase and lifetime
elongation are both observed when the complexes bind to
the hydrophobic binding sites of avidin. We anticipated that


by attaching a biotin moiety to iridium(iii)–dpq and –dppz
complexes, specific and sensitive luminescent probes for
avidin could be obtained. In view of this, the dpqB complex
3 and dppzB complex 6, both containing a biotin moiety,
have been designed. The avidin-binding properties of the
complexes have been studied by using HABA assays and
emission titrations.


HABA assays : The assays are based on the competition be-
tween biotin and HABA on binding to the substrate-binding
sites of avidin. The binding of HABA to avidin is associated
with an absorption feature at approximately 500 nm. Since
the binding of HABA to avidin (first dissociation constant,
Kd=6O10�6m) is much weaker than that of biotin (Kd=


�10�15m), addition of biotin replaces the bound HABA
molecules, leading to a decrease of the absorbance at
500 nm. Addition of complex 3 or 6 to a mixture of HABA
and avidin decreased the absorbance at 500 nm; this indi-
cates the displacement of HABA from the avidin molecules.
Nonspecific displacement of HABA from the biotin-binding
site was excluded since no absorption change was observed
when complex 1, 2, 4, or 5 was added. The plots of
�DA500 nm against [Ir]:[avidin] for complexes 3 and 6 showed
that the equivalence points occurred at [Ir]:[avidin] �4.3
and 5.4, respectively. These values are larger than those of
other iridium–biotin complexes in our previous studies.[30e,g]


These results show that the binding of complexes 3 and 6 to
avidin is not substantially stronger than that of HABA.


Avidin emission titrations : Both the dpqB complex 3 and
dppzB complex 6 were non-emissive in aqueous buffer.
However, addition of avidin to complex 3 or 6 in a mixture
of potassium phosphate buffer (50 mm, pH 7.4) and MeOH
(9:1) led to the appearance of a new emission band with a
maximum at 490 nm and a shoulder at around 520 nm. The
emission spectra of complex 3 in the absence and presence
of avidin are displayed in Figure 11. At a ratio of [Ir]:
[avidin]=4, the emission intensities of complexes 3 and 6 at
490 nm were increased by approximately 31- and 8-fold, re-


Figure 11. Emission spectra of complex 3 (22 mm) in a mixture of potassi-
um phosphate buffer (50 mm, pH 7.4) and methanol (9:1) in the absence
(a) and presence (c) of avidin (5.5 mm).
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spectively. The emission enhancement is attributed to the
specific binding of the biotin moiety of complexes 3 and 6 to
avidin since such emission enhancement was not observed
for the biotin-free complexes 1, 2, 4, and 5 or when avidin
pre-blocked with biotin was added to complexes 3 and 6. In-
terestingly, the emission band of the adduct 34-avidin occur-
red at much higher energy compared with the free complex
in organic solvents (about 596–606 nm) (Table 3) and the
DNA-adducts of the dpq complex 1 and dpqa complex 2
(around 591 and 602 nm, respectively) (Figures 7 and 8). Al-
though avidin-induced emission enhancement of lumines-
cent transition-metal biotin complexes has been observed,
the emission energy did not change significantly.[10,30e,g,42]


The appearance of a new emission band for this iridium(iii)–
biotin complex at higher energy could be partly due to the
hydrophobic biotin-binding site of the protein because many
cyclometalated iridium(iii)–diimine complexes possess solva-
tochromic behavior.[15,16a–c,e,18, 19b,20,24a,b,30a,c–f] However, com-
plex 3 did not show very different emission wavelengths in
different solvents (Table 3), and such a large difference in
emission energy (approximately 3755 cm�1) compared to the
DNA adduct of the dpqa complex 2, which has the same lu-
minophore, cannot be solely due to hydrophobic effects.
The occurrence of this high-energy emission band cannot be
fully ascribed to rigidochromic effects either. The reason is
that the emission maximum of the complex 3 in rigid glass
occurred at 529 nm (Table 3), that is still of significantly
lower energy compared to that of the emission maximum of
34-avidin in buffer solution (490 nm). Thus, the most proba-
ble reason for the blue-shift is that the emission of this
adduct originates from a state of higher energy than the
MLCT state, that is likely to be a state of predominant 3IL
(p!p*(dpqB)) character. This assignment is supported by
the long emission lifetime (about 2.20 ms) and the vibronic
features of the emission band, that showed a spacing of
1177 cm�1. In addition, the uncoordinated dpqB ligand dis-
played vibronic emission at lmax�480 nm in alcohol glass
(progressional spacings of approximately 1378 cm�1). The
reason for the switching of excited-state nature from suppos-
edly 3MLCT (dp(Ir)!p*(dppzB)) to 3IL (p!p*(dppzB)) is
unknown at this stage. However, these findings could be
unique to cyclometalated iridium(iii)–polypyridine com-
plexes because the 3IL/3MLCT emission of these complexes
responds very sensitively to subtle changes of the identity of
the cyclometalating and polypyridine ligands as well as their
local environments.
Emission titration studies showed that the adduct 64-


avidin showed a structured emission band at around 490 nm
(a spacing of 1177 cm�1) with a lifetime of 1.78 ms. We tenta-
tively assign this band to an excited state of 3IL (p!p*
(dppzB)) character. The assignment is supported by the ob-
servation of the 3IL emission of complex 6 at similar energy
in organic solvents (Table 3).


Determination of kon, koff, and Kd : The first dissociation con-
stants Kd of complexes 3 and 6 were determined from the
on- and off-rate constants of the iridium–avidin adducts


from kinetics experiments.[43] The Kd of complexes 3 and 6
were determined to be 2.0O10�7 and 8.2O10�7m, respective-
ly (Table 6). The Kd values of the complexes are approxi-


mately 8–9 orders of magnitude larger than that of native
biotin (Kd = �10�15m)[40,41] and 1–3 orders of magnitude
larger than those of other iridium–biotin complexes in our
previous studies.[30e,g] This indicates that the binding of the
current iridium(iii)–biotin complexes to avidin is hindered
by the extended planar moieties of the dpqB and dppzB li-
gands. The larger dissociation constants of these iridium(iii)–
biotin complexes are also a consequence of the relatively
short spacer-arms between the iridium(iii) complex and the
biotin moiety.


Conclusion


A new class of luminescent iridium complexes containing
different extended planar ligands has been synthesized. The
DNA-binding properties of the complexes have been inves-
tigated by absporption and emission titrations. The results
suggested that the dpq, dpqa, dppz, and dppn complexes
bind to the double-stranded DNA through an intercalative
binding mode. The avidin-binding properties of the biotin-
containing complexes have also been investigated by HABA
and emission titrations. Remarkably, unlike the DNA-ad-
ducts of related complexes, upon binding to avidin, these
biotin complexes emitted from an intraligand triplet excited
state. These interesting findings could be useful in the
design of biomolecule-specific luminescent probes.


Experimental Section


General comments and instrumentation : All solvents were of analytical
reagent grade and purified according to standard procedures.[44] All
buffer components were of biological grade and used as received.
IrCl3·3H2O (Aldrich), Hppy (Aldrich), 2,3-diaminonaphthalene (Acros),
CDI (Acros), biotin (Acros), and KPF6 (Acros) were used without purifi-
cation. 1,2-Diaminobenzene (Acros) was purified by sublimation. Ethyle-
nediamine (Sigma) and n-butylamine (Aldrich) were purified by distilla-
tion. 2-(Methoxycarbonyl)dipyrido[3,2-f :2’,3’-h]quinoxaline,[31] biotin-
NHS,[33] dppz-COOH,[34] biotin-en,[35] dpq,[2b] dpqa,[31] dppz,[32] and
dppn[32] were synthesized according to literature procedures. Tetra-n-bu-
tylammonium hexafluorophosphate (TBAP) was obtained from Aldrich
and was recrystallized from hot EtOH and dried in vacuo at 110 8C
before being used. Double-stranded calf thymus DNA was obtained from
Calbiochem and purified by phenol extraction as described.[45] Synthetic
double-stranded oligonucleotides poly(dA)·poly(dT) and poly(dG)·po-
ly(dC) (Amersham Biosciences) were used as received. The DNA con-
centration per base-pair was determined from absorption spectroscopy


Table 6. On- and off-rate constants for complexes 3 and 6 and first disso-
ciation constants for the iridium(iii)–avidin adducts in potassium phos-
phate buffer (50 mm, pH 7.4) at 298 K.


Complex kon [m
�1min�1] koff [min�1] Kd [m]


3 1.1O104 2.2O10�3 2.0O10�7


6 6.7O103 5.5O10�3 8.2O10�7
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using the following extinction coefficients (dm3mol�1 cm�1) at the indicat-
ed wavelengths: calf thymus DNA, e260 nm=6600; poly(dA)·poly(dT),
e260 nm=6000; and poly(dG)·poly(dC), e253 nm=7400.[46] The instrumenta-
tion for physical measurements has been described previously.[30d] Lumi-
nescent quantum yields were measured using the optically dilute
method[47] with an aerated aqueous solution of [Ru(bpy)3]Cl2 (Fem=


0.028)[48] as the standard solution.


Synthesis of dpq-en : A mixture of 2-(methoxycarbonyl)dipyrido[3,2-
f :2’,3’-h]quinoxaline (500 mg, 1.72 mmol) and ethylenediamine (5.8 mL,
86 mmol) in MeOH (250 mL) was stirred under an inert atmosphere of
nitrogen for five days. The yellow solution was then evaporated to dry-
ness under vacuum. The solid was washed with CH2Cl2 and diethyl ether.
Subsequent recrystallization of the product from a MeOH/diethyl ether
mixture afforded a yellow solid (548 mg, 99%). Positive-ion ESI-MS ion
clusters at m/z [M +]: 319 [dpq-en+H]+ .


DpqB : A mixture of dpq-en (200 mg, 0.63 mmol) and biotin-NHS
(236 mL, 0.69 mmol) in DMF (45 mL) was heated at 60 8C under an inert
atmosphere of nitrogen for 12 h. The pale yellow solution was then
evaporated to dryness under vacuum. The solid was washed with isopro-
panol and diethyl ether. Subsequent recrystallization of the product from
a MeOH/diethyl ether mixture afforded pale brown crystals (140 mg,
41%). 1H NMR (300 MHz, CD3OD, 298 K, TMS): d=9.94–9.86 (m, 1H;
Hc), 9.65 (s, 1H; Hd), 9.56 (d, J=7.6 Hz, 1H; He), 9.26–9.20 (m, 2H; Ha,
Hg), 8.20–7.92 (m, 2H; Hb, Hf), 4.51–4.47 (m, 1H; NCH biotin), 4.32–4.28
(m, 1H; NCH biotin), 3.68–3.60 (m, 4H; NH(CH2)2NH), 3.28–3.17 (m,
1H; SCH biotin), 2.93 (dd, J=12.6, 5.0 Hz, 1H; SCH biotin), 2.70 (d, J=
14.1 Hz, 1H; SCH biotin), 2.33–2.15 (m, 2H; COCH2 biotin), 1.75–
1.28 ppm (m, 6H; COCH2(CH2)3 biotin); IR (KBr): ñ=3280 (N�H),
1709 (C=O), 1636 cm�1 (C=O); positive-ion ESI-MS ion clusters at m/z
[M +]: 545 [dpqB+H]+.


DppzB : A solution of CDI (178 mg, 1.10 mmol) in DMF (5 mL) was
added to a suspension of dppz-COOH (73 mg, 0.22 mmol) in DMF
(45 mL). The mixture was heated at 80 8C under nitrogen until the grey
solid was dissolved. Then, biotin-en (63 mg, 0.22 mmol) in DMF (5 mL)
was added to the brown solution. The solution was heated at 80 8C under
nitrogen for 16 h and was then evaporated to dryness under vacuum. The
brown solid was washed with chloroform and diethyl ether. Subsequent
recrystallization of the product from a MeOH/diethyl ether mixture gave
a brown solid (100 mg, 75%). 1H NMR (300 MHz, CD3OD, 298 K,
TMS): d=9.74–9.70 (m, 2H; Hc, Hg), 9.21–9.19 (m, 2H; Ha, Hi), 8.97 (d,
J=0.6 Hz, 1H; Hd), 8.51–8.47 (m, 1H; Hf), 8.41–8.38 (m, 1H; He), 7.98–
7.91 (m, 2H; Hb, Hh), 4.51–4.47 (m, 1H; NCH biotin), 4.32–4.28 (m, 1H;
NCH biotin), 3.53–3.43 (m, 4H; NH(CH2)2NH), 3.07–3.06 (m, 1H; SCH
biotin), 2.93 (dd, J=12.6, 5.0 Hz, 1H; SCH biotin), 2.70 (d, J=12.6 Hz,
1H; SCH biotin), 2.32–2.15 (m, 2H; COCH2 biotin), 1.66–1.43 ppm (m,
6H; COCH2(CH2)3 biotin); IR (KBr): ñ=3278 (N�H), 1701 (C=O),
1647 cm�1 (C=O); positive-ion ESI-MS clusters at m/z [M +]: 596
[dppzB+H]+ .


[Ir(ppy)2(dpq)](PF6) (1): A mixture of [Ir2(ppy)4Cl2] (68 mg, 0.06 mmol)
and dpq (29 mg, 0.12 mmol) in MeOH/CH2Cl2 (40 mL, 1:1) was heated
under reflux under an inert atmosphere of nitrogen in the dark for 4 h.
The orange solution was then cooled to room temperature and KPF6


(26 mg, 0.14 mmol) was added to the solution. The mixture was then
evaporated to dryness and the solid was dissolved in CH2Cl2 and purified
by column chromatography on silica gel. The desired product was eluted
with CH2Cl2/acetone (9:1). Subsequent recrystallization of the complex
from a CH2Cl2/diethyl ether mixture afforded complex 1 as yellow crys-
tals (83 mg, 73%). 1H NMR (300 MHz, [D6]acetone, 298 K, TMS): d=
9.78 (dd, J=8.5, 1.8 Hz, 2H; Hc dpq), 9.35 (s, 2H; Hd dpq), 8.56 (dd, J=
5.3, 1.5 Hz, 2H; Ha dpq), 8.27–8.18 (m, 4H; H3 pyridyl ring ppy� , Hb


dpq), 7.97–7.89 (m, 4H; H3 phenyl ring, H4 pyridyl ring ppy�), 7.82–7.80
(td, J=5.3, 0.8 Hz, 2H; H6 pyridyl ring ppy�), 7.13–7.06 (dt, J=7.3,
1.2 Hz, 2H; H4 phenyl ring ppy�), 7.01–6.96 (m, 4H; H5 phenyl ring,
H5 pyridyl ring ppy�), 6.46 ppm (dd, J=7.6, 0.9 Hz, 2H; H6 phenyl ring
ppy�); IR (KBr): ñ=840 cm�1 (PF6


�); positive-ion ESI-MS ion clusters at
m/z [M +]: 732 [Ir(ppy)2(dpq)]


+ ; elemental analysis calcd (%) for
C36H24N6F6PIr·H2O: C 48.27, H 2.93, N 9.38; found: C 48.21, H 3.21, N
9.61.


[Ir(ppy)2(dpqa)](PF6) (2): The procedure was similar to that described
for the preparation of complex 1, except that dpqa (42 mg, 0.12 mmol)
was used instead of dpq. Complex 2 was isolated as yellow crystals
(100 mg, 81%). 1H NMR (300 MHz, [D6]acetone, 298 K, TMS): d=10.03
(dd, J=8.5, 1.5 Hz, 1H; Hc dpqa), 9.85 (s, 1H; Hd dpqa), 9.80 (dd, J=
8.5, 1.5 Hz, 1H; He dpqa), 9.16 (t, J=6.5 Hz, 1H; N�H), 8.60–8.55 (m,
2H; Ha, Hg dpqa), 8.30–8.21 (m, 4H; H3 pyridyl ring ppy� , Hb, Hf dpqa),
7.97–7.89 (m, 4H; H3 phenyl ring, H4 pyridyl ring ppy�), 7.83 (d, J=
5.9 Hz, 1H; H6 pyridyl ring ppy�), 7.78 (dd, J=5.0 Hz, 1H; H6 pyridyl
ring ppy�), 7.10 (dt, J=7.6, 1.5 Hz, 2H; H4 pyridyl ring ppy�), 7.02–6.96
(m, 4H; H5 phenyl ring, H5 pyridyl ring ppy�), 6.46 (d, J=7.0 Hz, 2H;
H6 phenyl ring ppy�), 3.60–3.52 (m, 2H; CH2(CH2)2CH3), 1.73–1.64 (m,
2H; CH2CH2CH2CH3), 1.50–1.38 (m, 2H; (CH2)2CH2CH3), 0.96 ppm (t,
J=7.3 Hz, 3H; CH3); IR (KBr): ñ=3498 (N�H), 3396 (N�H), 1671 (C=
O), 846 cm�1 (PF6


�); positive-ion ESI-MS ion-cluster at m/z [M +]: 832
[Ir(ppy)2(dpqa)]


+ , 501 [Ir(ppy)2]
+ ; elemental analysis calcd (%) for


C41H33N7OF6PIr·1.5H2O: C 49.05, H 3.61, N 9.77; found: C 49.23, H 3.80,
N 9.54.


[Ir(ppy)2(dpqB)](PF6) (3): The procedure was similar to that described
for the preparation of complex 1, except that dpqB (74 mg, 0.12 mmol)
was used instead of dpq and that the reactants were heated under reflux
in a mixture of MeOH/CH2Cl2 (3:1) and MeOH was used to elute the
product from an alumina column. Complex 3 was isolated as orange crys-
tals (75 mg, 46%). 1H NMR (300 MHz, [D6]acetone, 298 K, TMS): d=
10.39 (dt, J=7.5, 1.5 Hz, 1H; Hc dpqB), 9.80–9.71 (m, 3H; Hd, He dpqB,
dpqB-CONH), 8.59–8.56 (m, 2H; Ha, Hg dpqB), 8.31–8.22 (m, 4H; H3
pyridyl ring ppy� , Hb, Hf dpqB), 7.97–7.78 (m, 7H; H3 phenyl ring, H4,
H6 pyridyl ring ppy� , NH(CH2)2NHCO), 7.10 (t, J=7.6 Hz, 2H; H4
phenyl ring ppy�), 7.02–6.96 (m, 4H; H5 phenyl ring, H5 pyridyl ring
ppy�), 6.45 (td, J=7.3, 1.2 Hz, 2H; H6 phenyl ring ppy�), 5.55–5.44 (m,
2H; N�H biotin), 4.35–4.21 (m, 1H; NCH biotin), 4.10–4.02 (m, 1H;
NCH biotin), 3.65–3.54 (m, 4H; NH(CH2)2NH), 2.95–2.84 (m, 1H; SCH-
(CH2)4) biotin), 2.67–2.60 (m, 1H; SCH biotin), 2.47–2.41 (m, 1H; SCH
biotin), 2.33–2.24 (m, 2H; COCH2 biotin), 1.67–1.27 ppm (m, 6H;
COCH2(CH2)3 biotin); IR (KBr): ñ=3423 (N�H), 3268 (N�H), 1676 (C=
O), 844 cm�1 (PF6


�); positive-ion ESI-MS ion clusters at m/z [M +]: 1045
[Ir(ppy)2(dpqB)]


+ , 501 [Ir(ppy)2]
+ ; elemental analysis calcd (%) for


C49H44N10O3SF6PIr·3H2O: C 47.30, H 4.05, N 11.26; found: C 47.34, H
4.11, N 11.41.


[Ir(ppy)2(dppz)](PF6) (4): The procedure was similar to that described
for the preparation of complex 1, except that dppz (36 mg, 0.12 mmol)
was used instead of dpq. Complex 4 was isolated as orange crystals
(62 mg, 37%). 1H NMR (300 MHz, [D6]acetone, 298 K, TMS): d=9.89
(dd, J=8.2, 1.5 Hz, 2H; Hc dppz), 8.56–8.51 (m, 4H; Ha, Hd dppz), 8.29–
8.20 (m, 6H; H3 pyridyl ring ppy� , Hb, He dppz), 7.98–7.87 (m, 6H; H4,
H6 pyridyl ring, H3 phenyl ring ppy�), 7.11 (dt, J=7.6, 1.2 Hz, 2H; H4
phenyl ring ppy�), 7.05–6.97 (m, 4H; H5 pyridyl ring, H5 phenyl ring
ppy�), 6.47 ppm (dd, J=7.3, 0.9 Hz, 2H; H6 phenyl ring ppy�); IR
(KBr): ñ=839 cm�1 (PF�); positive-ion ESI-MS ion clusters at m/z [M +]:
782 [Ir(ppy)2(dppz)]


+ , 501 [Ir(ppy)2]
+ ; elemental analysis calcd (%) for


C40H26N6F6PIr·0.5H2O: C 51.28, H 2.90, N 8.97; found: C 51.24, H 3.05,
N 8.83.


[Ir(ppy)2(dppn)](PF6) (5): The procedure was similar to that described
for the preparation of complex 1, except that dppn (42 mg, 0.12 mmol)
was used instead of dpq. Complex 5 was isolated as orange crystals
(41 mg, 33%). 1H NMR (300 MHz, [D6]acetone, 298 K, TMS): d=9.89
(dd, J=8.1, 1.2 Hz, 2H; Hc dppn), 9.21 (s, 2H; Hd dppn), 8.53 (dd, J=
5.3, 1.5 Hz, 2H; Ha dppn), 8.44 (dd, J=6.6, 3.5 Hz, 2H; Hb dppn), 8.31–
8.22 (m, 4H; H3 pyridyl ring ppy� , He dppn), 7.99–7.92 (m, 6H; H4, H6
pyridyl ring, H3 phenyl ring ppy�), 7.81 (dd, J=6.6, 2.9 Hz, 2H; Hf


dppn), 7.13–6.98 (m, 6H; H5 pyridyl ring, H4, H5 phenyl ring ppy�),
6.47 ppm (d, J=7.3 Hz, 2H; H6 phenyl ring ppy�); IR (KBr): ñ=


844 cm�1 (PF�); positive-ion ESI-MS ion clusters at m/z [M +]: 832 [Ir-
(ppy)2(dppn)]


+ , 501 [Ir(ppy)2]
+ ; elemental analysis calcd (%) for


C44H28N6F6PIr·H2O: C 53.06, H 3.04, N 8.44; found: C 52.87, H 3.05, N
8.40.


[Ir(ppy)2(dppzB)](PF6) (6): The procedure was similar to that described
for the preparation of complex 1, except that dppzB (77 mg, 0.12 mmol)
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was used instead of dpq and that the reactants were refluxed in a mixture
of MeOH/CH2Cl2 (5:1) and a solvent mixture of CH3CN/MeOH (9:1)
was used to elute the product from an alumina column. Complex 6 was
isolated as orange crystals (123 mg, 30%). 1H NMR (300 MHz, [D6]ace-
tone, 298 K, TMS): d=9.92–9.87 (m, 2H; Hc, Hg dppzB), 8.96 (s, 1H; He


dppzB), 8.68 (s, 1H; dppz-CONH), 8.56–8.55 (m, 4H; Ha, Hd, Hf, Hi


dppzB), 8.30–8.23 (m, 4H; H3 pyridyl ring ppy� , Hb, Hh dppzB), 7.98–
7.88 (m, 6H; H3 phenyl ring, H4, H6 pyridyl ring ppy�), 7.65 (s, 1H;
NH(CH2)2NHCO), 7.14–6.97 (m, 6H; H4, H5 phenyl ring, H5 pyridyl
ring ppy�), 6.46 (d, J=7.3 Hz, 2H; H6 phenyl ring ppy�), 5.64 (s, 1H;
NH biotin), 5.54 (s, 1H; NH biotin), 4.38–4.36 (m, 1H; NCH biotin),
4.23–4.19 (m, 1H; NCH biotin), 3.62–3.59 (m, 4H; NH(CH2)2NH), 2.60–
2.53 (m, 2H; SCH2 biotin), 2.28–2.24 (m, 2H; COCH2 biotin), 1.67–
1.41 ppm (m, 6H; COCH2(CH2)3 biotin); IR (KBr): ñ=3415 (N�H),
1694 (C=O), 1653 (C=O), 844 cm�1 (s, PF�); positive-ion ESI-MS ion-
clusters at m/z [M+]: 1094 [Ir(ppy)2(dppzB)]


+ , 501 [Ir(ppy)2]
+ ; elemental


analysis calcd (%) for C53H46N10O3SF6PIr·2H2O: C 49.88, H 3.95, N
10.97; found: C 49.59, H 4.13, N 10.69. Reversed-phase HPLC analysis:
Alltima C18 column (53O7 mm, 3 mm), isocratic 95% aqueous MeOH,
flow rate=1 mLmin�1, tR=1.40 min.


DNA absorption and emission titrations : In a typical experiment, ali-
quots (5 mL) of calf thymus DNA or synthetic oligonucleotides (3.4 mm)
in Tris-Cl buffer (50 mm, pH 7.4) were added cumulatively to the iridium
complex (84.7 mm) in a mixture of the same buffer and methanol (7:3) at
1 min intervals. The absorption and emission spectra of the solution were
measured. For solubility reasons, the trifluoromethanesulfonate salts of
complexes 4 and 5 were used while the hexafluorophosphate salts of
other complexes were employed. Although these complexes were only
sparingly soluble in pure aqueous solutions, addition of aqueous buffer to
a methanolic solution of the complexes to give a buffer/methanol (7:3)
mixture did not cause any precipitation problems. The solutions remained
visually clear, the baselines of the absorption spectra of all the complexes
in this solvent mixture did not increase, and no scattering effects were
observed in the measured emission spectra.


HABA assays : In a typical experiment, aliquots (5 mL) of complex 3 or 6
(550 mm) in methanol were added cumulatively to a mixture of avidin
(3.8 mm) and HABA (0.3 mm) in potassium phosphate buffer (2 mL,
50 mm, pH 7.4) at 1 min intervals. The binding of the complexes to avidin
was indicated by the decrease of absorbance at 500 nm due to the dis-
placement of HABA from the avidin by the complexes. The binding stoi-
chiometries of the complexes to avidin were determined from a plot of
�DA500 nm versus [Ir]:[avidin].


Determination of kon, koff, and Kd : The Kd value is defined as the ratio
koff/kon, where kon is the bimolecular rate constant for the binding of the
fourth iridium(iii)–biotin complex to avidin–Ir3, and koff is the unimolecu-
lar rate constant for the dissociation of the first iridium(iii)–biotin com-
plex from the fully bound adduct avidin–Ir4 (as induced by addition of
excess unmodified biotin molecules).[43] In the association studies, an
avidin solution was added to four equivalents of complex 3 or 6 in an
emission cuvette. The emission intensity of the solution was measured.
The on-rate constant kon for the binding of the complexes to avidin was
estimated from Equation (3):[43]


1
F�F4


0 ¼ 1
F3


0�F4
0 þ


1
F3


0�F4
0 ða=VÞkont ð3Þ


where F = emission intensity at time = t, F3’ = initial emission intensity,
F4’ = final emission intensity, a = number of moles of avidin added, V
= total volume of solution, t = reaction time after avidin was added.


In practice, F4’ was varied until the plot of 1/(F�F4’) against t was linear.
The y intercept and slope of the linear-fit gave 1/(F3’�F4’) and
(F3’�F4’)


�1(a/V)kon, respectively. Thus, the constant kon can be deter-
mined.


The dissociation of the iridium(iii)–biotin complex from avidin was in-
duced by addition of an excess of unmodified biotin. The subsequent de-
crease in emission intensity was interpreted in terms of a monomolecular
reaction. The off-rate constant koff was determined according to Equa-
tion (4):[43]


F�F3


F4�F3
¼ �kofft ð4Þ


where F4 = initial emission intensity of the iridium(iii)–avidin adduct, F3


= emission intensity after dissociation of one equivalent of iridium(iii)-
biotin, t = reaction time after excess biotin was added.


The slope of the linear fit of (F�F3)/(F4�F3) against t gave the constant
�koff.
X-ray structure analysis for complex 4 : Single crystals of the complex
suitable for X-ray crystallographic studies were obtained by layering of
petroleum ether (b.p. 40–60 8C) over a concentrated acetone solution of
the complex. A crystal of dimensions 0.2O0.15O0.1 mm3 mounted in a
glass capillary was used for data collection at �20 8C on a MAR diffrac-
tometer with a 300 mm image-plate detector by using graphite mono-
chromatized MoKa radiation (l=0.710 73 J). Data collection was made
with 28 oscillation steps of f, 600 s exposure time, and a scanner distance
at 120 mm. A total of 100 images were collected. The images were inter-
preted and intensities integrated using the program DENZO.[49] The
structure was solved by direct methods employing the program
SHELXS-97[50] on a PC. Iridium, phosphorus, and many nonhydrogen
atoms were located according to the direct methods. The positions of
other nonhydrogen atoms were found after successful refinement by full-
matrix least-squares by using the program SHELXL-97.[50] Two individual
molecules were located in the asymmetric unit together with one acetone
and two water oxygen atoms. One crystallographic asymmetric unit con-
sisted of two formula units. In the final stage of least-squares refinement,
the iridium atoms were refined anisotropically and other atoms isotropi-


Table 7. Crystal data and summary of data collection and refinement for
complex 4.


formula C41.50H31F6IrN6O1.50P
Mw 974.89
crystal size [mm3] 0.2O0.15O0.1
T [K] 253(2)
crystal system triclinic
space group P1̄ (no. 2)
a [J] 13.908(3)
b [J] 16.322(3)
c [J] 20.112(4)
a [8] 93.93(3)
b [8] 98.92(3)
g [8] 94.50(3)
V [J3] 4481.3(16)
Z 4
1calcd [mgm�3] 1.445
m [mm�1] 3.078
F(000) 1920
q range [8] 1.49–22.63
oscillations [8] 2
no. images collected 100
distance [mm] 120
exposure time [s] 600
index ranges �12�h�12


�15�k�16
�19� l�20


no. data collected 12211
Rint


[a] 0.0795
no. of unique data/restraints/parameters 6611/5/491
GOF on F 2[b] 0.914
R1, wR2 (I>2s(I))[c] 0.0783, 0.1942
R1, wR2 (all data) 0.1576, 0.2393
largest diff. peak/hole [eJ�3] 1.050, �0.747


[a] Rint=� jF 2
o�F 2


c (mean) j /�[F 2
o]. [b] GOF= {�[w(F 2


o�F 2
c )


2]/(n�p)}1/2,
where n is the number of reflections and p is the total number of parame-
ters refined. The weighting scheme is w=1/[s2(F 2


o) + (aP)2 + bP],
where P= [2F 2


o + max (F 2
o,0)]/3, a=0.1112 and b=0.0000. [c] R1=


� j jFo j� jFc j j /� jFo j , wR2= {�[w(F 2
o�F 2


c )
2]/�[w(F 2


o)
2]}1/2.
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cally. Hydrogen atoms were generated by the program SHELXL-97. The
positions of the hydrogen atoms (except those on acetone and water
oxygen) were calculated based on the riding mode with thermal parame-
ters equal to 1.2-times that of the associated carbon atoms, and were
used in the calculation of final R indices. Crystal data and a summary of
data collection and refinement details are given in Table 7.


CCDC-218619 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif/.
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Unusual High-Temperature Structural Behaviour in Ferroelectric Bi2WO6


Neil A. McDowell,[a] Kevin S. Knight,[b, c] and Philip Lightfoot*[a]


Introduction


Bi2WO6 is an archetypal n=1 member of the Aurivillius
family of layered perovskites, which are structurally com-
posed of alternating perovskite-like and fluorite-like blocks,
of general formula [Bi2O2][An�1BnO3n+1] .


[1] For Bi2WO6 the
perovskite block consists of an infinite two-dimensional
array of corner-linked WO6 octahedra, one octahedral layer
thick. The crystal structure of the ambient-temperature
phase of Bi2WO6 has been studied in detail using both
single-crystal X-ray diffraction (XRD)[2] and high-resolution
powder neutron diffraction (PND).[3] Both studies agree on
the assignment of the polar space group P21ab (No. 29) to
this phase (hereafter referred to as the low-temperature


(LT) phase, in contrast to earlier work, which suggested the
higher symmetry B2cb (No. 41).[4]


Bi2WO6 is a well-known ferroelectric compound with a
high Curie temperature (TC~960 8C).[5] In addition to the
paraelectric–ferroelectric phase transition, it has been sug-
gested by several authors that a second structural phase
transition exists, at a temperature of about 660 8C.[6,7] Wata-
nabe[6] used dilatometric and differential thermal analysis
(DTA) measurements to suggest an intermediate phase
change with very small enthalpy and change in dimensional-
ity of the crystals; Yanovskii and Voronkova[7] quantified
this somewhat further by carrying out a high-temperature
powder XRD study and suggested a second polar ortho-
rhombic phase at approximately 690 8C<T<960 8C. Knight
has studied this intermediate temperature (IT) phase in
detail using PND,[8] and established unequivocally that the
material in this temperature regime adopts the orthorhom-
bic B2cb space group, and retains the essential Aurivillius
structure, albeit losing one “tilt” mode of the perovskite-like
octahedral layer.


Although all the previous authors have been aware of the
existence of the additional high-temperature (HT) phase
(T>960 8C), it has so far eluded a definitive structural char-
acterisation. Watanabe identified a marked similarity of the
X-ray powder pattern of this high-temperature phase to that
of BiLaWO6. Based on previous work on that phase, using
high-resolution electron microscopy and Raman spectra,
Watanabe had tentatively suggested[9] an unusual layered-
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been studied in detail as a function of
temperature by using high-resolution
powder neutron diffraction. In agree-
ment with an earlier study, a transition
from space group P21ab to B2cb occurs
at about 660 8C. This transition corre-
sponds to the loss of one octahedral tilt
mode within the perovskite-like WO4


layer of the structure. A second, recon-
structive, phase transition occurs
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ferroelectric Curie point; in contrast to
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this high-temperature phase contains
layers of stoichiometry WO4, with WO6


octahedra sharing edges and corners,
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type structure, in a monoclinic unit cell, which retained the
fluorite-like Bi2O2 layers of the parent phase but recon-
structed the perovskite-like layer of corner-sharing WO6 oc-
tahedra to isolated WO4 tetrahedra, whilst still retaining the
overall WO4 stoichiometry. Our own recent work[10] on iso-
structural Bi0.7Yb1.3WO6 has shown this model to be incor-
rect; this phase contains WO4 layers consisting of dimeric
chains of edge-sharing WO6 octahedra, rather than either
corner sharing octahedra or isolated tetrahedra.


In order to clarify the full high-temperature phase dia-
gram of Bi2WO6 we have carried out a further PND study,
in which we highlight further details of the thermal evolu-
tion of the LT and IT phases, and also confirm that the long
misunderstood HT phase does indeed correspond to
BiLaWO6, consisting of alternating layers of fluorite-like
Bi2O2 and edge-sharing octahedral chains of WO4 stioichi-
ometry.


Experimental Section


A yellow polycrystalline sample of Bi2WO6 (approximately 10 g) was pre-
pared by heating a thoroughly ground stoichiometric mixture of Bi2O3


and WO3 at 750 8C for 48 h, followed by heating at 850 8C for 24 h, with
one intermediate regrinding. Phase purity was confirmed by X-ray
powder diffraction. Powder neutron diffraction data were collected on
the high-resolution time-of-flight powder diffractometer (HRPD) at ISIS,
Rutherford Appleton Laboratory. The sample was first sealed under
vacuum in a thin-walled silica tube, to prevent volatilisation at elevated
temperatures, and then loaded into a cylindrical vanadium can. PND
data were collected at temperatures of 20 and 100 8C, then at 25 8C inter-
vals to 600 8C, 10 8C intervals to 700 8C, 25 8C intervals to 900 8C, and
10 8C intervals to 960 8C. The standard data-collection time was about
15 minutes (8 mAh) at each temperature, with longer runs of about 4.5 h
(150 mAhr) at temperatures of 400, 800 and 900 8C in order to define the
LT and IT phases. A final 150 mAhr dataset was collected at 965 8C once
complete transformation to the HT phase had been confirmed. Data
from two detector banks, at 2q~168 and 908, were used in subsequent
Rietveld analysis using the general structural analysis system (GSAS)
package.[11] An appropriate cylindrical absorption correction was applied
to all datasets. Further details of the data collection and refinement are
given in Table 1.


Results and Discussion


Thermal evolution of the Aurivillius structure : In the previ-
ous PND study,[8] a full structural characterisation versus


temperature was not carried out. Instead, the evolution of
lattice parameters and space group was ascertained by a
model-independent profile fit, and the structure of the IT
phase was determined at only one temperature (688 8C). In
the present study we extend this work to establish detailed
structural models at all temperatures. In line with the previ-
ous work, all datasets up to 660 8C were refined using the
P21ab space group; in this study we choose the nonstandard
setting of Pca21 (No. 29) in order to conform with the con-
vention in Aurivillius phase ferroelectrics of assigning the
“long” axis as c, and the polar axis as a. Around the antici-
pated LT–IT phase transition, a careful comparison of fits in
both P21ab and B2cb (nonstandard setting of Aba2, No. 41)
was undertaken. In particular, the observation of key reflec-
tions violating B-centring was noted at 660 8C. It was con-
firmed that the transition occurs at this point, with P21ab
being the best description of the structure at 660 8C and
B2cb the best description at 670 8C. The B2cb (IT) structure
is maintained up to 950 8C, with evidence of a slow (i.e.,
first-order) phase transition at 960 8C, involving temporary
coexistence of the two phases, which is complete at 965 8C
(HT phase). By using these two models for the Aurivillius
structure, the Rietveld refinements proceeded smoothly
with a total of 59 variables (two scale factors, 12 background
parameters, diffractometer constant and six profile coeffi-
cients for the two histograms, plus three lattice parameters,
26 variable coordinates and 9 isotropic displacement param-
eters) for the LT, P21ab structure and 64 variables for the
IT, B2cb structure. Note that the IT structure was refined
anisotropically, whereas the LT structure was refined iso-
tropically, due to the strong degree of pseudosymmetry. Fur-
ther details of these refinements are given in Table 1. Repre-
sentative Rietveld fits for the two phases are given in
Figure 1, with selected tables of final refined atomic parame-
ters being provided in the Supporting Information. Note
that the anisotropic atomic displacement parameters for the
IT phase are consistent with the anticipated thermal motion
of the WO6 polyhedra. Selected bond lengths and angles for
the two datasets at 400 and 900 8C are given in Table 2, with
the corresponding atom-numbering scheme shown in
Figure 2.


Thermal evolution of the lattice parameters for these two
phases is shown in Figure 3. The trends agree with those in
the previous PND study,[8] with clear evidence of a phase
transition at 660 8C. It is interesting to note that the devia-
tion from tetragonal symmetry (Figure 3c) increases
throughout the LT–IT regime, which contrasts with the be-
haviour seen in all previously studied Aurivillius phases, as
discussed later. Mean axial thermal expansion coefficients
(a) for the LT and IT phases are LT (125–630 8C): aa=16.8L
10�6, ab=13.9L10�6, ac=8.6L10�6 8C�1; IT (725–900 8C):
aa=10.3L10�6, ab=9.0L10�6, ac=9.5L10�6 8C�1.


To further explore the subtle evolution of the Aurivillius
structure from LT to IT, it is necessary to understand the
differences between the two structures, which are largely
manifested in the behaviour of the perovskite-like WO4


Table 1. Details of neutron data collection and refinement.


Temperature [8C] 400 900 965


space group P21ab B2cb A2/m
a [M] 5.48806(3) 5.53422(2) 8.37445(5)
b [M] 5.46073(2) 5.49995(2) 3.85444(2)
c [M] 16.48455(8) 16.55045(7) 16.4403(1)
b [8] 102.334(1)
data range [M] 0.7–3.2 0.7–3.2 0.85–3.5
contributing 809 417 525
reflections
no. parameters 60 64 49
Rwp, Rp 0.042, 0.040 0.036, 0.034 0.044, 0.042
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layer. Figure 4 shows a view of this layer for both phases, a
network of corner-linked WO6 octahedra, with W being dis-
placed noticeably towards one octahedral edge. In the LT
phase there is rotation of the octahedra around both the a
and c axes, but not around the b axis; in the IT phase there
is rotation around the a axis only. Therefore, a measure of
the LT–IT transition is the degree of rotation of the WO6


octahedra around the c axis. This can be defined by taking
the angle between the O4�O4 “octahedral edge” and the a
axis within the LT phase; the corresponding O3�O3 angle
in the IT phase is zero. This parameter is plotted as a func-
tion of temperature in Figure 5; the nature of this evolution
is consistent with a second order LT–IT phase transition, as
allowed by group theory.


In the IT phase, the tilt around the c axis is frozen out,
but the a tilt persists. A measure of the evolution of this
aspect of the structure between the two phases is the angle
between neighbouring octahedral edges propagating along
the b axis, within the ab plane, as shown in Figure 4. For the
LT structure this is the angle O4i-O5i-O4ii (symmetry opera-
tors: i) x,y,z ; ii) x, �1+y, z) and for the IT structure O3i-
O3ii-O3iii (symmetry operators: i) x, 2-y, 2-z; ii) x,y,z; iii) x,
1�y, 2�z). Thermal evolution of this parameter is shown in
Figure 6. Note that this parameter is influenced by both a


and c axis tilts in the LT phase, but purely by the a axis tilt
in the IT phase. It can be seen that, in the LT phase, this
angle is relatively invariant with T, despite the fact that the


Figure 1. a) Final Rietveld fit for the LT phase, P21ab, at 400 8C. b) Final
Rietveld fit for the IT phase, B2cb, at 900 8C.


Table 2. Selected bond lengths [M] and angles [8] for Bi2WO6 in the LT
(400 8C) and IT (900 8C) phases.


At 400 8C
Bi1�O3 2.543(6) Bi2�O2 2.228(6)
Bi1�O3 2.164(7) Bi2�O2 2.205(8)
Bi1�O3 2.248(6) Bi2�O2 2.502(7)
Bi1�O3 2.349(7) W1�O1 1.85(1)
Bi1�O5 3.036(7) W1�O4 2.240(7)
Bi1�O6 2.533(7) W1�O4 1.728(6)
Bi1�O6 2.571(8) W1�O5 2.215(6)
Bi2�O1 2.639(9) W1�O5 1.720(7)
Bi2�O1 2.464(9) W1�O6 1.87(1)
Bi2�O2 2.377(6)


Bi2-O2-Bi2 109.4(2) Bi1-O3-Bi1 105.5(2)
Bi2-O2-Bi2 109.7(3) Bi1-O3-Bi1 114.0(3)
Bi2-O2-Bi2 100.2(3) Bi1-O3-Bi1 99.6(3)
Bi2-O2-Bi2 115.3(4) Bi1-O3-Bi1 115.8(3)
Bi2-O2-Bi2 115.3(3) Bi1-O3-Bi1 111.3(3)
Bi2-O2-Bi2 105.8(2) Bi1-O3-Bi1 109.5(2)
W1-O4-W1 164.2(6) W1-O5-W1 151.1(4)


At 900 8C
Bi1�O1 2.711(3) Bi1�O2 2.213(5)
Bi1�O1 2.553(3) W1�O1L2 1.861(3)
Bi1�O2 2.398(4) W1�O3L2 2.191(5)
Bi1�O2 2.500(5) W1�O3L2 1.738(5)
Bi1�O2 2.258(5)


Bi1-O2-Bi1 100.5(1) Bi1-O2-Bi1 106.6(2)
Bi1-O2-Bi1 108.6(2) Bi1-O2-Bi1 114.8(2)
Bi1-O2-Bi1 111.5(2) W1-O3-W1 166.3(3)
Bi1-O2-Bi1 114.0(2)


Figure 2. Crystal structure of the LT phase (P21ab). Note that in the IT
phase (B2cb) the following pairs of atoms become crystallographically
equivalent, with the IT phase numbering scheme in brackets: Bi1/Bi2
(Bi1), O1/O6 (O1), O2/O3 (O2), O4/O5 (O3).
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“c-axis tilt” mechanism described above is taking place. In
other words, the change in the degree of the “a-axis tilt” is
small compared to that of the c axis, on passing from the LT
to the IT phase; this can be clearly seen in Figure 4. This
suggests that the most straightforward way of visualising the
overall evolution of the Aurivillius structure within the LT–
IT regime is a two-step process, involving an essentially 2D
“untilting” around the c axis in the LT regime, followed by
an almost independent untilting around the a axis in the IT
regime. The expected change of behaviour is seen around
660 8C, at the LT–IT transition. More subtly, and perhaps
more curiously, a second change in slope is seen around
850 8C; we are currently unable to explain this feature. Be-
tween 850 and 960 8C the O3i-O3ii-O3iii angle rapidly relaxes
outwards, but never reaches 1808, as would be expected if a


transition towards a tetragonal paraelectric phase occurred.
Instead, the observed reconstructive phase transition to the
HT phase occurs.


This type of HT phase transition is unique among Aurivil-
lius phase ferroelectrics. In previous studies of n=2, 3 and 4
Aurivillius phases, three different types of phase-transition
sequence have been observed. Firstly, a direct, first-order
transition from polar orthorhombic to centrosymmetric tet-
ragonal at TC, as seen in Bi4Ti3O12.


[12,13] Secondly, a continu-
ous transition from polar orthorhombic to centrosymmetric
orthorhombic at TC, followed by a second transition to cen-
trosymmetric tetragonal above TC; this corresponds to suc-
cessive freezing out of two different octahedral tilt modes,
and has been observed in SrBi2Ta2O9 and related composi-
tions,[14, 15] and SrBi4Ti4O15.


[16] Finally, an apparently direct
transition from polar orthorhombic to centrosymmetric tet-
ragonal at TC; this type of transition is required to be first-
order by group theory and is still the subject of some con-
troversy.[17,18]


Crystal structure of the HT phase : In the earlier work of
Watanabe[6] it was postulated that the crystal structure of
HT-Bi2WO6 was isomorphous to that of the ambient-temper-
ature structure of the lanthanide-doped derivatives Bi2�xLnx-
WO6 (approximate composition limits 0.3<x<1.3 for most
lanthanides).[19] As outlined in the Introduction, WatanabeOs
suggested structure of this phase has been shown to be erro-
neous, and the true structure has recently been establish-
ed.[10] This model was therefore used as the basis for the
present determination of the structure of the HT phase. Ber-
donosov et al.[10] lowered the symmetry of this phase from
A2/m to A2 with a significant improvement in fit. We found
this to be unnecessary in the present case, and the final
model for HT-Bi2WO6 has been carried out in A2/m with no
disorder of oxygen atoms. A further, more extensive, struc-
tural study of some of the Bi2�xLnxWO6 series is underway,
and will be published in due course.


The final Rietveld refinement for the present model con-
sisted of 49 parameters, with an excellent profile fit being
achieved (Table 1 and Figure 7). Final structural parameters
are given in Table 3 and selected geometry in Table 4. The
crystal structure (Figure 8) reveals features reminiscent of
the parent Aurivillius phase, namely a layered structure of
alternating fluorite-like layers and layers of composition
WO4. However, there is a major reconstruction of the WO4


layer from corner-shared octahedral sheets to edge-shared
dimeric chains (Figure 9). On the other hand, the fluorite-
like Bi2O2 layers retain a quite regular geometry, similar to
those in the Aurivillius phases, although there is a significant
“stretching” of this layer along the a axis, in order to accom-
modate the reconstruction of the WO4 layer. Note the one
extreme Bi1-O2-Bi2 angle (133.98) in Table 4, which corre-
sponds to alternating Bi1–Bi2 distances of 4.43 and 3.95 M
along the a axis, compared to 3.85 M along the b axis; the
corresponding distances in the IT phase at 900 8C are 3.80
and 4.00 M along both axes. In the LT and IT Aurivillius
structures the W atom is offset significantly towards one


Figure 3. Thermal evolution of the lattice parameters of the Aurivillius
structure through the LT–IT phase transition. a) a ^ and b & axes, b) c
axis, c) orthorhombic distortion (a�b)/(a+b).


www.chemeurj.org I 2006 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1493 – 14991496


P. Lightfoot et al.



www.chemeurj.org





edge of the WO6 octahedron along the polar axis; indeed,
this is the major cause of the ferroelectric polarisation
itself.[20] Off-centre octahedral distortions are a general fea-
ture of the structural chemistry of d0 metal cations, a phe-
nomenon which is generally ascribed to covalency effects
(i.e., second-order Jahn–Teller effects); the specific prefer-
ence of W6+ for edge- or face-directed displacements rather
than vertex-directed is discussed by Halasyamani.[21] In the
HT phase, there is no net polarisation, but within each
edge-sharing dimer the W atom is once again off-centred—
in this case away from the shared edge, as may be expected
due to inter-cation repulsions; the W–W contact within the
dimeric pair is still short, at 3.32 M. Regarding communica-


tion between the Bi2O2 and
WO4 layers, the environments
of the two crystallographically
distinct Bi sites in this phase
are significantly different than
in the Aurivillius phases, as in
this case Bi1 and Bi2 lie above
a “gap” or above a “shared
edge”, respectively in the WO4


layer. The latter case results in
a significantly shorter contact
than the former (Bi2�O4=
2.583 M, Bi1�O5=2.754 M).


Conclusion


A detailed study of the high-
temperature phases of Bi2WO6


has been carried out. The LT
and IT phases are ferroelectric,
and adopt polar versions of the
basic Aurivillius structure, in
space groups P21ab and B2cb,
respectively, in agreement with
earlier studies.[2,3,8] The evolu-


tion of these two structures, with consecutive loss of octahe-
dral tilt modes around the c and a axes, has been followed
in detail. However, before the a-axis tilt is lost completely in
a continuous manner, a major reconstructive phase transi-
tion to the HT phase occurs, at TC~960 8C, coinciding with
the loss of ferroelectricity. This HT phase adopts a layer
structure with similarities, but also dramatic differences, to
the Aurivillius structures, with the WO4 layers being trans-
formed from corner-sharing octahedral sheets to edge-shar-
ing octahedral chains. This type of ferroelectric–paraelectric
transition is unique amongst Aurivillius phases. Moreover,
we are unaware of any other layered perovskite-like struc-


Figure 4. Views of the [WO4] layer in a) the LT phase along [001], b) the IT phase along [001], c) the LT phase
along [100], and d) the IT phase along [100].


Figure 5. Thermal evolution of the angle of the O4�O4 vector versus the
a axis within the LT phase: a measure of the tilt of the WO6 octahedra
around the c axis.


Figure 6. Thermal evolution of the angle of the O-O-O interoctahedral
angle within the ab plane (see text and Figure 4 for definitions). This pro-
vides a measure of the tilt of the WO6 octahedra around the a and c axes
in the LT phase, and around the a axis only in the IT phase.
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tures that contain edge-sharing dimeric chains of the type
seen in HT-Bi2WO6 and Bi2�xLnxWO6. The underlying rea-
sons for this unusual behaviour merit further study.


Further details of the crystal structure investigations can
be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)
7247-808-666; e-mail: crysdata@fiz.karlsruhe.de) on quoting
the depository number CSD-415669.
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Figure 7. Final Rietveld fit for the HT phase, A2/m, at 965 8C.


Table 3. Final refined atomic parameters for Bi2WO6 in the HT phase
(965 8C).


Atom x y z UisoL100 [M2]


Bi1 0.9313(2) 0 0.3341(2) 4.3(1)
Bi2 0.3950(3) 0 0.3213(2) 4.7(1)
W1 0.3007(4) 0.5 0.4981(3) 2.8(1)
O1 0.1170(4) 0 0.2469(2) 4.6(1)
O2 0.3638(5) 0.5 0.2313(2) 4.5(1)
O3 0.3113(5) 0 0.4946(3) 8.0(2)
O4 0.5087(5) 0.5 0.5753(3) 5.6(1)
O5 0.1734(5) 0.5 0.5696(3) 6.6(1)
O6 0.1645(5) 0.5 0.3972(3) 7.2(2)


Figure 8. Crystal structure of the HT phase at 965 8C. Compare and con-
trast the Aurivillius structure in Figure 2.


Table 4. Selected bond lengths [M] and angles [8] for Bi2WO6 in the HT
phase (965 8C).


Bi1�O1 2.331(4) Bi2�O2 2.361(5)
Bi1�O1L2 2.328(3) Bi2�O4L2 2.583(3)
Bi1�O2 2.475(4) W1�O3L2 1.931(1)
Bi1�O5L2 2.754(4) W1�O4 1.923(5)
Bi1�O6L2 2.782(4) W1�O4 2.196(7)
Bi2�O1 2.387(4) W1�O5 1.748(7)
Bi2�O2L2 2.409(3) W1�O6 1.801(7)


Bi1-O1-Bi1L2 107.1(1) Bi1-O2-Bi2L2 103.5(1)
Bi1-O1-Bi2 113.0(2) Bi1-O2-Bi2 133.9(2)
Bi1-O1-Bi1 111.8(2) Bi2-O2-Bi2 106.2(2)
Bi1-O1-Bi2L2 108.9(1) Bi2-O2-Bi2L2 103.6(1)
W1-O3-W1 173.2(2) W1-O4-W1 107.4(2)


Figure 9. Plan view (along [001]) of a single [WO4] sheet in the HT struc-
ture, showing corner-linked chains of edge-shared octahedral dimers.
Compare with the perovskite-like layers shown in Figure 4a and b.
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Introduction


The biology and chemistry of glycosylphosphatidylinositols
(GPIs) have received a great deal of attention.[1] Some GPIs
serve to attach proteins to the outer faces of cellular mem-
branes through covalent linkages. These protein GPI an-
chors present the conserved core structure NH2EtOPO3-
6Mana(1!2)Mana(1!6)Mana(1!4)GlcNH2a(1!6)-myo-


Ins1-OPO3–lipid, which may appear in forms modified by
the presence of branching groups at specific positions.[2]


Other GPIs serve to attach extracellular non-protein glyco-
conjugates to cell membranes, particularly in the case of
protozoa. These non-protein GPI anchors share the
common core structure Mana(1!4)GlcNH2a(1!6)-myo-
Ins1-OPO3–lipid.[3] In addition, the existence of free GPIs
(GPI-like molecules without anchoring functions, which do
not seem to be derived from hydrolysis of GPI-anchored
proteins or glycoconjugates) has also been described.[4] The
structures of free GPIs are much less defined than those of
the GPI anchors. It has been postulated that they may be in-
volved in an intracellular signaling system that may operate
for insulin and for several growth factors and cytokines. Ac-
cording to this proposal, free GPIs at the cell surface would
be cleaved by specific phospholipases (PLs) to give water-
soluble second messengers that have been termed inositol-
phosphoglycans (IPGs).[5] Two different families of IPGs
have been proposed on the basis of chemical composition
and biological activity data: type A, which inhibit cAMP-de-


Abstract: The nature of chiro-inositol-
containing inositolphosphoglycans
(IPGs), reported to be putative insulin
mediators, was studied by examination
of the substrate specificities of the
phosphatidylinositol-specific phospholi-
pase C (PI-PLC) and the glycosylphos-
phatidylinositol-specific phospholi-
pase D (GPI-PLD) by using a series of
synthetic d- and l-chiro-glycosylphos-
phoinositides. 3-O-a-d-Glucosaminyl-
(3) and -galactosaminyl-2-phosphatid-
yl-l-chiro-inositol (4), which show the
maximum stereochemical similarity to
the 6-O-a-d-glucosaminylphosphatidyl-
inositol pseudodisaccharide motifs of
GPI anchors, were synthesized and
asymmetrically incorporated into phos-


pholipid bilayers in the form of large
unilamellar vesicles (LUVs). Similarly,
2-O-a-d-glucosaminyl- (5) and -galac-
tosaminyl-1-phosphatidyl-d-chiro-inosi-
tol (6), which differ from the corre-
sponding pseudodisaccharide motif of
the GPI anchors only in the axial ori-
entation of the phosphatidyl moiety,
were also synthesized and asymmetri-
cally inserted into LUVs. The cleavage
of these synthetic molecules in the lipo-
somal constructs by PI-PLC from Ba-
cillus cereus and by GPI-PLD from


bovine serum was studied with the use
of 6-O-a-d-glucosaminylphosphatidyl-
inositol (7) and the conserved GPI
anchor structure (8) as positive con-
trols. Although PI-PLC cleaved 3 and 4
with about the same efficiency as 7 and
8, this enzyme did not accept 5 or 6.
GPI-PLD accepted both the l-chiro- (3
and 4) and the d-chiro- (5 and 6) glyco-
sylinositolphosphoinositides. Therefore,
IPGs containing l-chiro-inositol only
are expected to be released from chiro-
inositol-containing GPIs if the cleavage
is effected by a PI-PLC, whereas GPI-
PLD cleavage could result in both l-
chiro- and d-chiro-inositol-containing
IPGs.
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pendent protein kinase (PKA) and contain myo-inositol or
1d-chiro-inositol and glucosamine,[6] and type P, which acti-
vate pyruvate dehydrogenase phosphatase (PDHPase) and
contain 1d-chiro-inositol and galactosamine.[7] Neither the
IPG mediators nor the free GPI precursors have been fully
characterized, with the sole exception of a biologically
active IPG isolated from beef liver, the structure of which
has recently been elucidated to be GalNH2b(1!4)-d-chiro-
Ins-3Me.[8] According to these results, the GPI precursors of
these IPG mediators would not share the minimum consen-
sus structure of GPI anchors (Mana(1!4)GlcNH2a(1!6)-
myo-Ins), although they may at least contain a GlcNH2 (or
GalNH2) 1!x-myo- (or chiro-)Ins pseudodisaccharide struc-
tural motif.


Although the presence of chiro-inositol in GPIs was first
reported in 1985,[9] no PLs specifically involved in the cleav-
age of chiro-inositol-containing GPIs are currently known.
Phosphatidylinositol-specific (PI-specific) PLs (PI-PLs) con-
stitute a broad family of proteins of various sizes and se-
quences. Some of them have been used as tools for the
structural study of GPIs; these include PI-PLC from Bacil-
lus cereus,[10a,b] GPI-PLC from Trypanosoma brucei,[10b,c] and
mammalian bovine GPI-PLD.[11] PI-PLCs play a central role
in signal transduction, cleaving specialized PIs to form
second messengers.[12] Bacterial PI-PLCs cleave GPIs if no
acyl group is present at the 2-position in the myo-inositol
unit, but show no hydrolytic activity towards phosphorylated
forms of PI, phosphatidylcholine (PtdCho), or phosphatidyl-
ethanolamine (PtdEth).[13] GPI-PLC from Tripanosoma
cleaves GPIs that do not bear an acyl group at the 2-posi-
tion in the myo-inositol ring.[10b,14] It could also cleave PI,
but only if presented in detergent-based micelles.[15] Mam-
malian GPI-PLD does not exhibit activity against PI or its
phosphorylated forms and seems to be specific for GPIs
with or without acyl groups at the 2-position in the myo-ino-
sitol moiety.[16] Importantly, in the only case in which the en-
zymatic hydrolysis of pure synthetic chiro-inositol-contain-
ing lipids was investigated, it was shown that bacterial PI-
PLC from Bacillus thuringiensis cleaves 1l-chiro-PI at a rate
10�3 times that attained with the natural substrate (PI), and
in addition, that synthetic 1d-chiro-PI is resistant to PI-
PLC.[17] This result suggests that the natural chiro-inositol-
containing GPIs should have the 1l configuration rather
than the 1d configuration if the chiro-inositol-containing
IPGs are produced after PI-PLC cleavage of a chiro-inosi-
tol-containing free GPI. In addition, it has also been shown
that isomerization of myo-inositol to d-chiro-inositol may
occur during acidic hydrolysis of GPIs.[18] Taken together,
these results seem to suggest that the detection of d-chiro-
inositol in GPI structures could be due either to incorrect
assignment or to isomerization.


Under physiological conditions, PLs recognize their sub-
strates in the form of bilayers; therefore, studies with these
enzymes must be carried out on detergent-based micelles or
artificial lipidic vesicles (liposomes) rather than on lipid
monomers. In natural systems, the enzymatic cleavage of
GPIs takes place during attachment to biological mem-


branes. In biomembranes, glycolipids and cholesterol (Ch)
assemble in microdomains (“rafts”) that sometimes cluster
and self-stabilize in flask-shaped invaginations of the cell
plasma membrane, known as caveolae.[19] These microdo-
mains have an asymmetric disposition in which the glyco-
lipids and GPI-linked proteins are located on the outer leaf-
let.[19a, c,20,21]


Some of us have described the preparation of large unila-
mellar vesicles (LUVs) of approximately 100 nm in diame-
ter, incorporating natural GPIs preferentially located in the
outer monolayer. It was shown that these GPIs could be
cleaved by specific PLs.[22] Because of the structural and
functional importance of rafts and caveolae, these synthetic
vesicles with asymmetric distributions of glycophosphoinosi-
tides constitute a highly attractive and relatively simple arti-
ficial system with which to study PL-mediated enzymatic
cleavage of GPI-like structures. By using this system, we
have investigated the enzymatic hydrolysis of some synthetic
d- and l-chiro-inositol phosphoinositides as part of a pro-
gram on the synthesis, structures, and biological activities of
IPG-like molecules as putative insulin mediators.[23] In the
context of this program, we have previously synthesized a
variety of IPG-like structures and have explored their bio-
logical activities as potential insulin mimetics. The main aim
of the current work was to investigate whether PI-PLC or
GPI-PLD could accept unusual chiro-glycophosphoinosi-
tides in membrane-like environments to produce IPG-like
structures capable of displaying insulin mimetic activity.


Results and Discussion


As indicated above, the only available data on the enzymat-
ic hydrolysis of chiro-inositol-containing lipids were report-
ed more than ten years ago and involved bacterial PI-
PLC.[17] On stereochemical grounds (Figure 1), it was pre-
dicted that PI-PLC would be more likely to accept the 1l-
chiro-PI (1) than the 1d-chiro-PI diastereomer (2), and it
was found experimentally that 1 was accepted at a reduced
rate and 2 was not a substrate.[17] In the absence of structural
information on chiro-inositol-containing phospholipids,
these structures (2-phosphatidyl-chiro-inositols) were select-
ed on the basis of the greatest stereochemical similarity to
myo-inositol-containing phospholipids.


Also as a result of the absence of structural information,
we have previously synthesized different types of IPG-like
molecules containing a variety of GlcNH2 and GalNH2 a-
and b(1!x)-myo-, -d-chiro-, and -l-chiro-inositol structural
motifs.[23] These include GlcNH2- and GalNH2a(1!3)-l-
chiro-inositol (I and II) and GlcNH2- and GalNH2a(1!2)-
d-chiro-inositol (III and IV).[23i] The former pair would
permit access to 3-O-glycosaminyl-2-phosphatidyl-l-chiro-
inositols (such as 3 and 4), showing the maximum stereo-
chemical similarity to the GlcNH2a(1!6)-myo-Ins structural
motif of the GPI anchors, and the latter pair would allow 2-
O-glycosaminyl-1-phosphatidyl-d-chiro-inositols (such as 5
and 6)—differing from the GPI anchor motif only in the ori-
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entation of the phosphatidyl
moiety—to be obtained. We
synthesized these glycolipids
and studied their behavior
when asymmetrically incorpo-
rated in a liposomal membrane,
versus PI-PLC from Bacillus
cereus and GPI-PLD from
bovine serum. For comparison,
we similarly studied the behav-
ior of the naturally occurring
myo-inositol glycophosphoino-
sitide structures 7 and 8 under
the same conditions, as positive
controls, together with that of
the rearranged l-chiro-inositol
glycophosphoinositides 9 and
10, obtained from secondary in-
termediates in the synthesis of
3 and 4, as predictable negative
substrates.


Figure 1. Structural relationship of 2-phosphatidyl-l-chiro-inositol (1), 2-phosphatidyl-d-chiro-inositol (2), PI,
and GPI anchors.
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We had already developed a short synthesis of l-chiro-
inositol-containing pseudodisaccharides 11 and 12
(Scheme 1) as key intermediates for the preparation of IPG-
like molecules with the structural motifs GlcNH2(1!3)-l-
chiro-Ins and GalNH2(1!3)-l-chiro-Ins, respectively.[23i] Al-
though protecting group manipulation was required to
obtain the suitably protected derivatives 19 and 20, these in-
termediates were chosen as starting materials for the synthe-
sis of 3 and 4. Attempted p-methoxybenzylation or allyla-
tion of 11 and 12 under mild acidic conditions[24] and
p-methoxybenzylation with p-methoxybenzyl trichloroacet-
imidate[25] did not give satisfactory results. Allylation of 11
and 12 with methyl allylcarbonate/Pd[26] afforded the rear-
ranged 1-O-allyl derivatives 13 and 14, respectively. Howev-
er, methoxymethylation in the presence of iPr2EtN[17] afford-
ed the 2-O-methoxymethyl derivatives 15 and 16 in good
yields. Debenzoylation of 15 and 16 followed by convention-
al benzylation gave 17 and 18, from which the methoxy-
methyl groups were removed to yield 19 and 20, respective-
ly. Treatment of 19 and 20 with benzyl-1,2-di-O-miristoyl-
sn-glycero-N,N-diisopropyl phosphoramidite[27] followed by
m-chloroperoxybenzoic acid (m-CPBA) under the usual
conditions gave the fully protected glycolipids 21 and 22,
which were subjected to hydrogenation in an AcOEt/THF/
EtOH/H2O solvent mixture and in the presence of 10% Pd/
C catalyst to yield the l-chiro-inositol glycophosphoinosi-
tides 3 and 4.


The 1-O-allyl derivatives 13 and 14 were debenzoylated
to yield 23 and 24, which were benzylated to give 25 and 26,
and these were in turn deallylated[28] to afford the key inter-
mediates 27 and 28, respectively. These compounds were
treated in the same way as 19 and 20 to give 29 and 30. The
free glycolipids 9 and 10 were obtained after hydrogenation
of 29 and 30, as described for 21 and 22.


We had also already reported the synthesis of the d-chiro-
inositol-containing pseudodisaccharides 31 and 32.[23i] These
were transformed into glycophosphoinositides 5 and 6, re-
spectively (Scheme 2), via the intermediates 33 and 34, by
using the same chemistry described above for the prepara-
tion of 3 and 4 from 21 and 22.


The synthesis of the myo-inositol glycophosphoinositide 7
through regioselective phosphorylation of diol 35 by phos-
phite–phosphonium salt methodology[29] was reported previ-
ously by us.[23b] As an alternative, 7 was also prepared from
35 (Scheme 3) by dibutyltin-mediated allylation[30] to afford
36 (68%) and 37 (20%), benzylation of 36 (!38), deallyla-
tion[28] (!39), phosphorylation with benzyl 1,2-dimyristoyl-
sn-glycero-N,N-diisopropyl phosphoramidite[27] (!40), and
final hydrogenation, as above. Finally, the conserved GPI
structure 8 was synthesized as reported recently by us.[23m]


Each of the synthetic glycoinositol phospholipids 3–8 was
asymmetrically incorporated (0.03 mm final concentration)
into LUVs consisting of phosphatidylcholine(PtdCho)/egg
phosphatidylethanolamine(PtdEth)/cholesterol(Ch) (molar
ratio 2:1:1) at 0.3 mm total lipid concentration[22] and treated
with PI-PLC and GPI-PLD. Assays of enzymatic hydrolysis
were conducted at 39 8C in 10 mm HEPES, 50 mm NaCl


pH 7.5, in the presence of 0.1% bovine serum albumin
(BSA) with continuous stirring. The final concentrations of
PI-PLC from Bacillus cereus and bovine serum GPI-PLD
were 0.16 and 0.5 UmL�1, respectively. Aliquots were re-
moved from the reaction mixture at regular intervals and
extracted with chloroform/methanol/hydrochloric acid
(66:33:1).[22a] The course of the enzymatic cleavage was fol-
lowed by evaluation of aminosugar free-amino groups in the
aqueous phase by fluorescamine assay,[30] which has previ-
ously been utilized for the quantitative evaluation of lyso-
phosphatidylethanolamine in trace amounts and has proven
to be a very sensitive and reliable method for the nanomo-
lar-range quantification of amine-containing lipids.[31] In our
hands, this was a more reliable and sensitive assay than
phosphorus determination.[32] The time-courses of PI-PLC
and GPI-PLD hydrolysis for selected synthetic glycophos-
phoinositides are shown in Figures 2 and 3, and more com-
prehensive data are collected in Table 1. The plots in
Figure 2 show that PI-PLC accepts a “natural” lipid (8) as a
substrate, whereas the “rearranged” molecule 9 is inactive
in this respect. The synthetic l-chiro-glycoinositol phospho-
lipid 3 permits an intermediate enzyme activity. The data in
Table 1 demonstrate that the “natural” substrates 7 and 8,
together with the l-chiro-compound 4, produce the highest
rates and greatest extents of hydrolysis. The d-chiro 5 and 6
and the “rearranged” lipids 9 and 10 are totally inactive as
PI-PLC substrates. The quantitative data in Table 1 also con-
firm that compound 3 is a PI-PLC substrate, but, under our
conditions, not as good a one as 7 or 8.


Data for GPI-PLD are given in Figure 3, and also in
Table 1. All eight lipids tested are accepted as substrates by
GPI-PLD, but the hydrolysis rates and extents differ vastly.
Figure 3 shows representative time-courses for the hydroly-
ses of a good (7) and a poor (10) substrate. The highest ini-
tial rates under our conditions are found for the “natural”
lipid 8. This is followed by a group of molecules that are hy-
drolyzed at lower rates, such as the “natural” lipid 7, the l-
chiro-compounds 3 and 4, and the d-chiro 5 and 6. The “re-
arranged” molecules 9 and 10 are distinctly poorer GPI-


Table 1. Initial rates and maximum extent of hydrolysis of compounds 3–
10 by PI-PLC and GPI-PLD. LUVs composition: PtdCho/PtEth/Ch
(2:1:1 mole ratio). Substrate conc.: 0.03 mm. Enzyme units: PI-PLC
(0.16 UmL�1), GPI-PLD (0.5 UmL�1).


PI-PLC GPI-PLD
Compound Rate


[molT10�10 s�1]
Extent[a]


[nmol]
Rate


[molT10�10 s�1]
Extent[a]


[nmol]


3 4.5�0.3 15�0.0 4.2�0.5 27�0.03
4 8.2 23 2.0 16
5 <0.1 <1 1.9 24�0.9
6 <0.1 <1 2.1 22�3.2
7 8.9�0.3 29 4.7�0.3 25�0.6
8 8.2 29�0.0 9.6�0.1 28�0.0
9 <0.1 <1 0.93 4.2�1.0
10 <0.1 <1 0.48 3.9�0.9


[a] Nanomoles of substrate processed after apparent equilibrium was
reached (15 min).
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Scheme 1. Abbreviations: [Pd2(dba)3]: tris(dibenzylideneacetone)dipalladium; dppb: 1,4-bis(diphenylphosphino)butane; MOM: CH3OCH2. Reagents and
conditions: a) AllCO2Me (T2.0), [Pd2(dba)3] (T0.05), dppb (T0.2), THF, 80 8C, 2 h, 80%; b) MOMCl (T52), iPr2EtN, DMF, 52 h; c) MeONa (T1.0),
MeOH, 16 h, 100%; d) BnBr (T8.0), NaH (T6.0), DMF, overnight; e) PhSH (T1.2), BF3·Et2O (T1.0), CH2Cl2, 2 h; f) 1,2-di-O-myristoyl-sn-glycero-3-yl
benzyl N,N-diisopropyl phosphoramidite (T2.0), 1H-tetrazole (T2.2), CH2Cl2, RT, 2 h; g) m-CPBA (T1.0), CH2Cl2, 20 min; h) H2, Pd/C (T3.0), AcOEt/
THF/EtOH/H2O 2:1:1:0.1, RT, 6 h, Sephadex LH-20; i) [{Ir(cod)Ph2PMe}2]PF6, THF and then NBS (T1.5), H2O, 72%.
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PLD substrates. Overall, both PI-PLC and GPI-PLD show a
preference for the “natural” glycophosphoinositides, fol-
lowed by the l-chiro molecules. The “rearranged” lipids 9
and 10 are poor or very poor substrates for both enzymes.
The d-chiro-glycophosphoinositides 5 and 6 are hydrolyzed,
albeit at a low rate, by GPI-PLD, but cannot be processed
by PI-PLC.


The observation that bacterial PI-PLC hydrolyzes both 3-
O-glucosaminyl- (3) and 3-O-galactosaminyl-2-phosphatidyl-
l-chiro-inositol (4) is in agreement with previous results on
the hydrolysis of 2-O-phosphatidyl-l-chiro-inositol (1).[17]


This enzyme cleaves neither the 2-O-glycosaminyl-1-phos-
phatidyl-d-chiro-inositols 5 and 6 (Table 1) nor the rear-
ranged glycolipids 9 and 10 (Figures 2 and 3), in which the
phosphatidyl moiety is axially oriented. However, in con-
trast to previous findings[17] that bacterial PLC cleaved 1 at
a rate 10�3 times that attained with the natural substrate PI,
this enzyme hydrolyzes 3 and 4 with efficiency similar to
that for the myo-inositol lipid 7 and the GPI-anchor struc-
ture 8 (Figure 2 and Table 1), in which the glycophosphoino-
sitides presented are incorporated asymmetrically in a lipo-
somal membrane.


Both bacterial PI-PLC and mammalian GPI-PLD accept
both 7 and 8, but this is not the case for GPI-PLC from Try-


panosoma.[37] GPI-PLD is also active against 5 and 6 in spite
of the axial orientations of the phosphatidyl moieties in
these glycophosphoinositides (Table 1).


Conclusion


After almost twenty years of intensive chemical and biologi-
cal research, the structures of chiro-inositol-containing IPGs
proposed as putative insulin mediators remain controversial.
It has been postulated that these IPGs are generated after
PL cleavage of free GPIs at the cell surface, but neither the
structures of these GPIs nor the nature of the specific PL in-
volved in GPI hydrolysis is presently known. These issues
have now been addressed through the synthesis of several
d- and l-chiro-glycophosphoinositides and investigation of
their enzymatic hydrolysis by PLs in membrane-like envi-
ronments. Here we demonstrate for the first time that 3-O-
a-d-glucosaminyl- (3) and -galactosaminyl-2-phosphatidyl-l-
chiro-inositol (4)—showing the maximum stereochemical
similarity to the 6-O-a-d-glucosaminylphosphatidylinositol
structural motif of the GPI anchors—and 2-O-a-d-glucosa-
minyl- (5) and galactosaminyl-1-phosphatidyl-d-chiro-inosi-
tol (6)—which differ from the corresponding structural
motif of the GPI anchors only in the orientation of the PI
moiety—can be synthesized in a straightforward manner. To
the best of our knowledge, these compounds constitute the
first synthetic d- and l-chiro-glycosylphosphoinositides ever
reported in the literature. These compounds, as well as the
myo-glycophosphoinositide (7) and the conserved GPI
structure (8), can be asymmetrically incorporated into
LUVs to mimic the natural membrane environment. These
liposomal constructs constitute a convenient system for
studying the cleavage of synthetic phosphoinositide mole-
cules by PLs, which is necessary to provide insight into the
structure–activity relationship of these important enzymes.
Investigation of the cleavage of compounds 2–8, asymmetri-
cally incorporated into these LUVs, by a bacterial PI-PLC
and a mammalian GPI-PLD has provided interesting results.
The configuration of the chiro-inositol unit in a chiro-inosi-
tol-containing naturally occurring IPG could be either d or
l, depending on the nature of the PL responsible for IPG
generation. Whereas a 3-O-glycosyl-2-O-phosphatidyl-l-
chiro-inositol structural motif seems to be required for PI-
PLC cleavage, mammalian GPI-PLD accepts 2-O-glycosyl-
1-phosphatidyl-d-chiro-inositols, despite the axial orienta-
tions of the phosphatidyl moieties in these compounds.
Therefore, until new PI-PLs or GPI-PLs specific for chiro-
inositol-containing PIs or GPIs are discovered, the uncer-
tainty as to whether GPI precursors of IPG mediators may
be composed of either d- or l-chiro-inositol will remain. On
the other hand, neither of the enzymes utilized in this study
accepts exotic GPI structures such as 9 and 10, and for none
of them does the nature of the glycan chain beyond the glu-
cosamine unit linked to the inositol ring seem to play a
major role in enzymatic cleavage.


Scheme 2. Reagents and conditions: a) 1,2-di-O-myristoyl-sn-glycero-3-yl
benzyl N,N-diisopropyl phosphoramidite (T2.0), 1H-tetrazole (T2.2),
CH2Cl2, RT, 2 h; b) m-CPBA (T1.0), CH2Cl2, 20 min; c) H2, Pd/C (T3.0),
AcOEt/THF/EtOH/H2O 2:1:1:0.1, RT, 6 h, Sephadex LH-20.
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Experimental Section


General methods : All organic solvents used were dried by established
procedures.[33] Dichloromethane was distilled from calcium hydride,
whilst hexane, diethyl ether, and THF were distilled from sodium/benzo-
phenone. iPr2EtN was distilled from ninhydrin and KOH, whilst DMF
and MeOH were dried from molecular sieves (4 X) unless otherwise
stated (for the preparation of 15 and 16, DMF was distilled from TsCl
and BaO). Molecular sieves (4 X, powdered) were predried in an oven
and then activated for 10 min under vacuum at 500 8C. All aqueous (aq)


solutions were saturated unless otherwise stated. All reactions were con-
ducted under dry argon in oven-dried glassware and in freshly distilled
and dried solvents unless otherwise stated. Purification by flash chroma-
tography was performed by using Merck 60 silica gel (15–200 and 230–
400 mesh) and eluents are given as volume ratios (v/v). Preparative thin-
layer chromatography (PLC) was performed by using Merck silica gel
(60 F254). Preparative gel chromatography was performed by using Amer-
sham Bioscience Sephadex LH-20. Analytical thin-layer chromatography
(TLC) was performed by using Merck silica gel (60 F254) with detection
by UV light (l=254 nm) and heating with phosphomolybdic acid/EtOH
or Ce(SO4)2/phosphomolybdic acid/H2SO4/H2O, and with Mo/MoO4/


Scheme 3. Reagents and conditions: a) Bn2SnO (T1.2), toluene, reflux, 24 h; b) AllBr, TBAI (T1.1), reflux, 2 h, 36 (68%), 37 (20%); c) BnBr (T8.0),
NaH (T6.0), DMF, overnight, 68%; d) [{Ir(cod)Ph2PMe}2]PF6, THF and then NBS (T1.5), H2O, 1 h 30 min, 72%; e) 1,2-di-O-myristoyl-sn-glycero-3-yl
benzyl N,N-diisopropyl phosphoramidite (T2.0), 1H-tetrazole (T2.2), CH2Cl2, RT, 2 h; f) m-CPBA, CH2Cl2, 20 min, 82%; g) H2, Pd/C (T3.0), AcOEt/
THF/EtOH/H2O, 2:1:1:0.1, RT, 16 h, Sephadex LH-20, 98%.


Figure 2. Time-courses of the enzymatic hydrolysis of compounds 3, 8,
and 9, asymmetrically incorporated into LUVs, by PI-PLC from Bacillus
cereus under the experimental conditions indicated in Table 1.


Figure 3. Time-courses of the enzymatic hydrolysis of compounds 7 and
10, asymmetrically incorporated into LUVs, by GPI-PLD from bovine
serum under the experimental conditions indicated in Table 1.
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H2SO4 for glycophospholipids 3–7, 9, and 10. Chemical shifts are given in
ppm and coupling constants are reported in Hz. Resonance signals were
assigned with the aid of 2D spectra (COSY, COSY-dqf, HMQC, HSQC,
TOCSY, NOESY, and ROESY). 1H NMR and 13C NMR were recorded
at 298 K by using Bruker Avance DRX 500, DRX 400, and DPX 300
spectrometers with TMS as internal reference signal. Microanalyses were
determined by using a Leco CHNS-932 instrument, high-resolution mass
spectra were recorded by using a Micromass Autospec apparatus, optical
rotations were measured by using a Perkin–Elmer 341 polarimeter, and
pH was measured by using a Cole Parmer apparatus.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!3)-1-O-allyl-
2,4,5,6-tetra-O-benzoyl-l-chiro-inositol (13): A solution of [Pd2(dba)3]
(dba= tris(dibenzylideneacetone)dipalladium) (8 mg, 0.009 mmol,
0.05 equiv) and 1,4-bis(diphenylphosphino)butane (dppb) (16 mg,
0.04 mmol, 0.2 equiv) in dry THF (1 mL) was added under argon to a so-
lution of 11 (196 mg, 0.19 mmol, 1 equiv) and AllCO2Me (42 mL,
0.1 mmol, 2 equiv) in dry THF (9 mL). After the solution had been stir-
red at 80 8C for 2 h, the solvent was evaporated and the crude product
was purified by column chromatography (n-hexane/AcOEt 8:1) to give
13 as a white foam (161 mg, 0.15 mmol, 80%). [a]20


D =++32 (c=0.4 in
CHCl3); Rf (n-hexane/AcOEt 3:1): 0.31; 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d=8.11 (d, 3J(H,H)=6.5 Hz, 4Hortho ; Bz), 7.92 (d, 3J-
(H,H)=8.0 Hz, 2Hortho ; Bz), 7.82 (d, 3J(H,H)=7.5 Hz, 2Hortho ; Bz), 7.62
(t, 3J(H,H)=7.5 Hz, 1Hpara ; Bz), 7.58 (t, 3J(H,H)=7.5 Hz, 1Hpara ; Bz),
7.52 (t, 3J(H,H)=7.5 Hz, 2Hmeta ; Bz), 7.45 (t, 3J(H,H)=6.5 Hz, 2Hmeta ;
Bz), 7.41 (t, 3J(H,H)=6.5 Hz, 2Hpara ; Bz), 7.29–7.18 (m, 4H; Bz, 11H;
Bn), 7.12 (m, 2H; Bn), 6.97 (m, 2H; Bn), 6.08 (t, 3J(H,H)=9.5 Hz, 1H;
H4), 5.98–5.85 (m, 2H; H5, CH=CH2), 5.91 (app. s, 1H; H6), 5.80 (app.d,
3J(H,H)=10.0 Hz, 1H; H2), 5.34 (app.d, 3J(H,H)=17.0 Hz, 1H; CH=


CH2), 5.29 (d, 3J(H,H)=2.8 Hz, 1H; H1’), 5.20 (app.d, 3J(H,H)=10.5 Hz,
1H; CH=CH2), 4.74–4.58 (m, 5H; 4TCH�Ph, H3), 4.34–4.18 (m, 3H;
CH�Ph, CH2�CH=CH2), 4.20 (s, 1H; H1), 4.05 (d, 3J(H,H)=12.0 Hz,
1H; CH�Ph), 3.81 (br t, 3J(H,H)=10.0 Hz, 1H; H3’), 3.57 (m, 2H; H4’,
H5’), 3.19 (dd, 3J(H2’,H3’)=10.0 Hz, 3J(H2’,H1’)=2.8 Hz, 1H; H2’),
2.99 ppm (m, 2H; H6a’, H6b’);


13C NMR (125 MHz, CDCl3, 25 8C, TMS):
d=165.7, 165.6, 165.5, 165.4 (4TCOPh), 138.3, 138.0, 137.6 (3C; Bn),
133.7, 133.4, 133.23, 133.16 (4CHpara ; Bz, CH=CH2), 130.0, 129.8, 129.6
(8TCHortho ; Bz), 129.0–127.3 (23TCH; Bz, Bn), 118.7 (CH=CH2), 99.2
(C1’), 80.1 (C3’), 77.6 (C4’), 76.5 (C3), 75.4 (CH2Ph), 74.7 (C1), 74.4
(CH2Ph), 74.4 (C2, CH2Ph), 73.2 (CH2�CH=CH2), 71.4 (C5’), 71.2 (C4),
70.6 (C5), 68.8 (C6), 67.1 (C6’), 63.6 ppm (C2’); FAB HRMS: m/z calcd for
[C64H59N3O14+Na]+ : 1116.3895; found: 1116.3992.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-galactopyranosyl-a-(1!3)-1-O-
allyl-2,4,5,6-tetra-O-benzoyl-l-chiro-inositol (14): Compound 14 (161 mg,
0.15 mmol, 80%) was obtained as a white foam from 12 (196 mg,
0.19 mmol) by the same experimental procedure as that used for the
preparation of compound 13. The product was purified by flash chroma-
tography (n-hexane/AcOEt 10:1); Rf (n-hexane/AcOEt 3:1): 0.23;
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=8.11 (d, 3J(H,H)=8.0 Hz,
2Hortho ; Bz), 8.08 (d, 3J(H,H)=8.5 Hz, 2Hortho ; Bz), 7.99 (d, 3J(H,H)=
7.5 Hz, 2Hortho ; Bz), 7.79 (d, 2H; 3J(H,H)=7.5 Hz, 2Hortho ; Bz), 7.63 (t,
3J(H,H)=7.5 Hz, 1Hpara ; Bz), 7.58 (t, 3J(H,H)=7.5 Hz, 1Hpara ; Bz), 7.52
(t, 3J(H,H)=8.0 Hz, 2Hmeta ; Bz), 7.47 (t, 3J(H,H)=7.5 Hz, 2Hmeta ; Bz),
7.32–7.21 (m, 7H; Bz, 8H; Bn), 7.15 (m, 3H; Bn), 7.07 (m, 4H; Bn), 6.08
(t, 3J(H,H)=10.0 Hz, 1H; H4), 5.96–5.89 (m, 2H; H6, CH=CH2), 5.86
(dd, 3J(H5,H4)=10.0 Hz, 3J(H5,H6)=3.5 Hz, 1H; H5), 5.80 (dd, 3J-
(H2,H3)=9.5 Hz, 3J(H2,H1)=3.0 Hz, 1H; H2), 5.32 (dd, 3J(H,H)=
17.0 Hz, 3J(H,H)=1.5 Hz, 1H; CH=CH2), 5.30 (d, 3J(H,H)=4.0 Hz, 1H;
H1’), 5.18 (dd, 3J(H,H)=10.5 Hz, 3J(H,H)=1.5 Hz, 1H; CH=CH2), 4.68
(t, 3J(H,H)=9.5 Hz, 1H; H3), 4.64 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph),
4.54 (AB, 2H; CH2Ph), 4.29 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.25–
4.20 (m, 3H; H1, CH2�CH=CH2), 3.95 (AB, 2H; CH2Ph), 3.88–3.80 (m,
3H; H3’, H4’, H5’), 3.68 (dd, 3J(H2’,H3’)=10.5 Hz, 3J(H2’,H1’)=4.0 Hz; H2’),
3.36 (t, 3J(H,H)=8.5 Hz, 1H; H6a’), 3.00 ppm (m, 1H; H6b’);


13C NMR
(125 MHz, CDCl3, 25 8C, TMS): d=165.8, 165.7, 165.6, 165.5 (4TCOPh),
138.4, 138.0, 137.9 (3C; Bn), 133.9–133.3 (CH=CH2, 4TCHpara ; Bz,),
130.2–128.6 (31TCH, Bz, Bn), 118.8 (CH=CH2), 99.4 (C1’), 77.5–76.7
(C3’), 75.1 (CH2Ph), 74.8 (C3), 74.6 (C1), 74.0 (C2), 73.3, 73.22, 73.17
(CH2Ph, CH2�CH=CH2, C4’), 72.3 (CH2Ph), 71.5 (C4), 70.9 (C5), 69.7


(C5’), 68.9 (C6), 67.5 (C6’), 60.0 ppm (C2’); FAB HRMS: m/z calcd for
[C64H59N3O14+Na]+ : 1116.3895; found: 1116.3965.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!3)-2-methoxy-
methyl-1,4,5,6-tetra-O-benzoyl-l-chiro-inositol (15): MOMCl (MOM=


CH3OCH2) (866 mL, 11.48 mmol, 52 equiv) was added dropwise under Ar
to a solution of compound 11 (242 mg, 0.23 mmol, 1 equiv) and iPr2EtN
(4 mL) in dry DMF (0.3 mL). After the reaction mixture had been stirred
at RT for 52 h, NH4OH (1 mL) was added and the mixture was washed
successively with a solution of saturated NH4Cl, H2O, and brine. The or-
ganic layer was dried (MgSO4) and concentrated, and the crude product
was purified by flash chromatography (n-hexane/AcOEt 2:1) to give 15
as a syrup (250 mg, 0.23 mmol, 99%). [a]20


D =++46 (c=0.51 in CHCl3); Rf


(n-hexane/AcOEt 2:1): 0.43; 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=8.16 (d, 3J(H,H)=7.5 Hz, 2Hortho ; Bz), 8.08 (d, 3J(H,H)=7.5 Hz,
2Hortho ; Bz), 7.93 (d, 3J(H,H)=7.5 Hz, 2Hortho ; Bz), 7.76 (d, 3J(H,H)=
7.8 Hz, 2Hortho ; Bz), 7.66 (t, 3J(H,H)=7.2 Hz, 1Hpara ; Bz), 7.63 (t, 3J-
(H,H)=6.9 Hz, 1Hpara ; Bz), 7.53 (t, 3J(H,H)=7.5 Hz, 2Hmeta ; Bz), 7.51 (t,
3J(H,H)=7.5 Hz, 2Hmeta ; Bz), 7.42 (t, 3J(H,H)=6.9 Hz, 1Hpara ; Bz), 7.40
(t, J=7.5 Hz, 1Hpara ; Bz), 7.36–7.18 (m, 4H; Bz, 13H; Bn), 6.92 (m, 2H;
Bn), 6.05 (t, 3J(H,H)=9.3 Hz, 1H; H4), 5.99 (t, 3J(H,H)=3.8 Hz, 1H;
H6), 5.89 (t, 3J(H,H)=3.8 Hz, 1H; H1), 5.81 (dd, 3J(H5,H4)=9.3 Hz, 3J-
(H5,H6)=3.8 Hz, 1H; H5), 5.52 (d, 3J(H,H)=3.6 Hz, 1H; H1’), 4.96 (d, 3J-
(H,H)=7.0 Hz, 1H; CH3OCH2), 4.79 (app. s, 2H; CH2Ph), 4.78 (d, 3J-
(H,H)=7.0 Hz, 1H; CH3OCH2), 4.62 (d, 3J(H,H)=11.1 Hz, 1H; CH�
Ph), 4.52 (t, 3J(H,H)=9.3 Hz, 1H; H3), 4.46 (d, 3J(H,H)=11.7 Hz, 1H;
CH�Ph), 4.43 (dd, 3J(H2,H3)=9.3 Hz, 3J(H2,H1)=3.3 Hz, 1H; H2), 4.27
(d, 3J(H,H)=11.1 Hz, 1H; CH�Ph), 4.20 (d, 3J(H,H)=11.7 Hz, 1H; CH�
Ph) 3.83 (m, 1H; H3’), 3.62 (m, 2H; H4’, H5’), 3.39 (dd, 3J(H2’,H3’)=
10.5 Hz, 3J(H2’,H1’)=3.6 Hz, 1H; H2’), 3.31 (s, 3H; CH3OCH2), 3.18 (m,
1H; H6a’), 3.02 ppm (m, 1H; H6b’);


13C NMR (125 MHz, CDCl3, 25 8C,
TMS): d=165.8, 165.6, 165.2, 165.0 (4TCOPh), 138.4, 138.1, 137.8 (3C;
Bn), 133.8, 133.4, 133.3 (4CHpara ; Bz), 130.2, 130.1, 129.94, 129.87
(8CHortho ; Bz), 129.5–127.5 (23TCH, 4TC; Bz, Bn), 98.5 (CH2OCH3,
C1’), 80.0 (C3’), 77.9 (C2), 76.5 (C4’), 74.5 (CH2Ph), 73.6 (C3), 71.3, 70.7
(2TCH2Ph), 70.6 (C4, C5’), 70.3 (C5, C1), 68.3 (C6), 67.6 (C6’), 63.7 (C2’),
56.5 ppm (CH2OCH3); FAB HRMS: m/z calcd for [C63H59N3O15+Na]+ :
1120.3844; found: 1120.3969.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-galactopyranosyl-a-(1!3)-2-meth-
oxymethyl-1,4,5,6-tetra-O-benzoyl-l-chiro-inositol (16): Compound 16
was obtained as a colorless syrup (50 mg, 0.045 mmol, 58%, no optimized
yield) from 12 (83 mg, 0.079 mmol, 1 equiv) by the same experimental
procedure as that used in the preparation of 15. Compound 16 was puri-
fied by flash chromatography (n-hexane/AcOEt 2:1). [a]20


D =++47 (c=
0.32 in CHCl3); Rf (n-hexane/AcOEt 2:1): 0.40; 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=8.12 (d, 3J(H,H)=7.5 Hz, 2Hortho ; Bz), 8.06 (d,
3J(H,H)=7.5 Hz, 2Hortho ; Bz), 8.00 (d, 3J(H,H)=7.5 Hz, 2Hortho ; Bz), 7.78
(d, 3J(H,H)=7.0 Hz, 2Hortho ; Bz), 7.63 (t, 3J(H,H)=7.5 Hz, 1Hpara ; Bz),
7.60 (t, 3J(H,H)=7.5 Hz, 1Hpara ; Bz), 7.50 (t, 3J(H,H)=7.5 Hz, 2Hmeta ;
Bz), 7.44 (t, 3J(H,H)=7.5 Hz, 2Hmeta ; Bz), 7.42–7.18 (m, 6H; Bz, 13H;
Bn), 7.14 (m, 2H; Bn), 6.05 (t, 3J(H,H)=9.5 Hz, 1H; H4), 6.00 (app. s,
1H; H6), 5.91 (app. s, 1H; H1), 5.83 (dd, 3J(H5,H4)=9.5 Hz, 3J(H5,H6)=
3.5 Hz, 1H; H5), 5.53 (app. s, 1H; H1’), 4.89 (d, 3J(H,H)=7.0 Hz, 2H;
CH3OCH2), 4.77 (d, 3J(H,H)=7.0 Hz, 1H; CH3OCH2), 4.72 (d, 3J-
(H,H)=11.0 Hz, 1H; CH�Ph), 4.57 (t, 3J(H,H)=9.5 Hz, 1H; H3), 4.53
(app. s, 2H; CH2Ph), 4.45 (dd, 3J(H2,H3)=9.5 Hz, 3J(H2,H1)=3.5 Hz, H2),
4.32 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.24 (d, 3J(H,H)=11.5 Hz, 1H;
CH�Ph), 4.14 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 3.95 (app. t, 3J(H,H)=
7.0 Hz, 1H; H5’), 3.90 (dd, 3J(H2’,H3’)=10.5 Hz, 3J(H2’,H1’)=3.5 Hz, 1H;
H2’), 3.83 (dd, 3J(H3’,H4’)=10.5 Hz, 3J(H3’,H4’)=2.5 Hz, 1H; H3’), 3.62
(app. s, 1H; H4’), 3.18 (t, 3J(H,H)=8.5 Hz, 1H; H6a’), 3.31 ppm (m, 3H;
CH3OCH2, 1H; H6b’);


13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=


165.7, 165.5, 165.2, 165.0 (4TCOPh), 138.4, 138.0, 137.7 (3C; Bn), 133.8,
133.7, 133.5, 133.4 (4CHpara ; Bz), 130.1, 130.0, 129.8, (8CHortho ; Bz),
129.2–127.8 (23TCH, 4C; Bz, Bn), 98.3 (C1’), 98.0 (CH2OCH3), 77.4 (C2),
76.7 (C3’), 74.8 (CH2Ph), 74.1 (C3), 73.3, 73.2 (CH2Ph, C4’), 72.2 (CH2Ph),
70.9 (C4), 70.6 (C5), 70.0, 69.8 (C1, C5’), 68.2 (C6, C6’), 59.9 (C2’), 56.5 ppm
(CH2OCH3); FAB HRMS: m/z calcd for [C63H59N3O15+Na]+ : 1120.3844;
found: 1120.3807.
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2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!3)-2-methoxy-
methyl-1,4,5,6-tetra-O-benzyl-l-chiro-inositol (17): MeONa/MeOH
(1.0m, 0.23 mL, 0.23 mmol, 1 equiv) was added under Ar to a solution of
compound 15 (242 mg, 0.23 mmol, 1 equiv) in dried MeOH (6 mL). The
solution was stirred for 20 h and was then concentrated to dryness and
treated directly with NaH (74 mg, 1.84 mmol, 8 equiv) in dried DMF
(1.5 mL). After the mixture had been cooled to �15 8C in an ice/salt
bath, BnBr (218 mL, 1.84 mmol, 8 equiv) was added dropwise. The reac-
tion mixture was stirred overnight, NH4OH was then added, and the mix-
ture was washed successively with a solution of saturated NH4Cl, H2O,
and brine. The organic layer was dried (MgSO4) and evaporated, and the
crude product was purified by flash chromatography (n-hexane/AcOEt
10:1) to provide 17 as a syrup (181 mg, 0.17 mmol, 89%). [a]20


D =++54
(c=0.38 in CHCl3); Rf (n-hexane/AcOEt 3:1): 0.28; 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.38–7.00 (m, 35H; Ph), 5.52 (d, 3J(H,H)=
4.0 Hz, 1H; H1’), 4.99 (d, 3J(H,H)=10.5 Hz, 1H; CH�Ph), 4.87 (s, 2H;
CH2Ph), 4.82, 4.714 (2Td, 3J(H,H)=6.5 Hz, 2H; CH3OCH2), 4.711 (d,
3J(H,H)=10.5 Hz, 1H; CH�Ph), 4.67 (d, 3J(H,H)=12.5 Hz, 1H; CH�
Ph), 4.62 (d, 3J(H,H)=10.5 Hz, 1H; CH�Ph), 4.58 (d, 3J(H,H)=12.0 Hz,
1H; CH�Ph), 4.57 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.50, 4.48, 4.40
(3Td, 3J(H,H)=12.0 Hz, 3H; 3TCH�Ph), 4.39 (d, 3J(H,H)=11.0 Hz,
1H; CH�Ph), 4.30, 4.20 (2Td, 3J(H,H)=12.0 Hz, 2H; 2TCH�Ph), 4.08
(app.d, 3J(H,H)=9.5 Hz, 1H; H5’), 4.06 (t, 3J(H,H)=10.0 Hz, 1H; H3),
3.99 (dd, 3J(H2,H3)=10.0 Hz, 3J(H2,H1)=2.5 Hz, 1H; H2), 3.94 (t,
3J(H,H)=9.5 Hz, 1H; H3’), 3.80 (m, 2H; H1, H5), 3.78 (t, 3J(H,H)=
9.5 Hz, 1H; H4), 3.70 (t, 3J(H,H)=3.0 Hz, 1H; H4’), 3.64 (t, 3J(H,H)=
2.5 Hz, 1H; H6), 3.35 (m, 4H; CH3OCH2, H2’), 3.20 (app.d, 3J(H,H)=
10.5 Hz, 1H; H6a’), 3.14 ppm (app.d, 3J(H,H)=9.0 Hz, 1H; H6b’);
13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=138.7, 138.6, 138.3, 138.2
(7C; Ph), 128.6–127.4 (35TCH; Ph), 98.5 (CH2OCH3), 97.6 (C1’), 81.1
(C2), 80.6, 80.5 (C3’, C5), 79.6 (C4), 78.5 (C4’), 77.2 (C1), 75.8, 75.7, 75.5,
74.9 (3TCH2Ph, C3), 73.9, 73.45, 73.38, 73.2, 73.1 (4TCH2Ph, C6), 70.3
(C5’), 67.9 (C6’), 63.9 (C2’), 56.0 ppm (CH2OCH3); FAB HRMS: m/z calcd
for [C63H67N3O11+Na]+ : 1064.4673; found: 1064.4720.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-galactopyranosyl-a-(1!3)-2-meth-
oxymethyl-1,4,5,6-tetra-O-benzyl-l-chiro-inositol (18): Compound 18
(29 mg, 0.028 mmol, 74%) was obtained from 16 (42 mg, 0.04 mmol) by
the same experimental procedure as that used for the preparation of 17
and was purified by flash chromatography (n-hexane/AcOEt 6:1). [a]20


D =


+97 (c=0.9 in CHCl3); Rf (n-hexane/AcOEt 3:1): 0.22; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=7.40–7.12 (m, 35H; Ph), 5.52 (d, 3J-
(H,H)=3.0 Hz, 1H; H1’), 5.99 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.794
(d, 3J(H,H)=6.5 Hz, 1H; CH3OCH2), 4.788 (d, 3J(H,H)=11.5 Hz, 1H;
CH�Ph), 4.681 (d, 3J(H,H)=12.5 Hz, 1H; CH�Ph), 4.677 (d, 3J(H,H)=
6.5 Hz, 1H; CH3OCH2), 4.673 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.602
(d, 3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.598 (app. s, 2H; CH2Ph), 4.50 (d,
3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.49 (d, 3J(H,H)=12.5 Hz, 1H; CH�
Ph), 4.44 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.34 (d, 3J(H,H)=12.0 Hz,
1H; CH�Ph), 4.33 (m, 1H; H5’), 4.31 (d, 3J(H,H)=12.0 Hz, 1H; CH�
Ph), 4.26, 4.21 (AB, 3J(H,H)=11.5 Hz, 2H; 2TCH�Ph), 4.11 (t, 3J-
(H,H)=9.5 Hz, 1H; H3), 4.01 (dd, 3J(H2,H3)=9.5 Hz, 3J(H2,H1)=2.5 Hz,
1H; H2), 3.87–3.82 (m, 2H; H4, H2’), 3.81–3.77 (m, 3H; H1, H5, H3’), 3.72
(app. s, 1H; H4’), 3.65 (t, 3J(H,H)=3.0 Hz, 1H; H6), 3.46 (t, 1H; J=
9.0 Hz, J=6.0 Hz, H6a’), 3.39 (m, 1H; H6b’), 3.36 ppm (m, 3H;
CH3OCH2);


13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=139.2, 138.8,
138.6, 138.5, 138.4, 138.0 (7C; Ph), 128.8–127.0 (35TCH; Ph), 98.0
(CH2OCH3), 97.4 (C1’), 80.6, 80.5, 80.1, 79.7 (C2, C3’, C4, C5), 77.2 (C1),
75.7, 74.9 (2TCH2Ph), 74.3 (C3), 74.1 (C6), 73.8 (C4’), 73.38, 73.26, 73.1,
72.1 (5TCH2Ph), 69.0 (C5’), 68.7 (C6’), 60.3 (C2’), 56.1 ppm (CH2OCH3);
FAB HRMS: m/z calcd for [C63H67N3O11+Na]+ : 1064.4673; found:
1064.4656.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!3)-1,4,5,6-
tetra-O-benzyl-l-chiro-inositol (19): PhSH (2.2 mL, 0.0218 mmol,
1.2 equiv) and BF3·Et2O (2.3 mL, 0.0218 mmol, 1.0 equiv) were added
under Ar to a solution of 17 (19 mg, 0.0182 mmol) in CH2Cl2. After 2 h,
the mixture was washed with solutions of saturated NaHCO3 and NaCl,
the organic layer was dried (MgSO4), the solvent was evaporated, and
the crude residue was purified by preparative chromatography (n-
hexane/AcOEt 6:1) to give 19 as a syrup (14 mg, 0.01402 mmol, 77%).


[a]20
D =++44 (c=0.65 in CHCl3); Rf (n-hexane/AcOEt 3:1): 0.19; 1H NMR


(500 MHz, CDCl3, 25 8C, TMS): d=7.38–7.07 (m, 35H; Ph), 5.43 (d, 3J-
(H,H)=3.5 Hz, 1H; H1’), 5.04 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.90,
4.86 (AB, 3J(H,H)=11.0 Hz, 2H; 2TCH�Ph), 4.73 (d, 3J(H,H)=11.0 Hz,
1H; CH�Ph), 4.70 (d, 3J(H,H)=12.5 Hz, 1H; CH�Ph), 4.63 (d, 3J-
(H,H)=11.0 Hz, 1H; CH�Ph), 4.584 (d, 3J(H,H)=11.5 Hz, 1H; CH�
Ph), 4.578 (d, 3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.52 (d, 3J(H,H)=
12.5 Hz, 1H; CH�Ph), 4.46 (d, 3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.44 (d,
3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.41 (d, 3J(H,H) 3J(H,H)=11.0 Hz, 1H;
CH�Ph), 4.36 (d, 3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.14 (d, 3J(H,H)=
12.0 Hz, CH�Ph), 4.08 (m, 1H; H2), 3.99 (t, 3J(H,H)=10.0 Hz, 1H; H3’),
3.96 (app.d, 3J(H,H)=8.5 Hz, 1H; H5’), 3.84–3.77 (m, 3H; H1, H4, H5),
3.76–3.71 (m, 2H; H3, H4’), 3.69 (m, 1H; H6), 3.53 (dd, 3J(H2’,H3’)=
10.5 Hz, 3J(H2’,H1’)=3.5 Hz, 1H; H2’), 3.29 (d, 3J(H,H)=6.0 Hz, 1H;
C2OH), 3.26 (dd, 3J(H6a’,H6b’)=10.5 Hz, 3J(H6a’,H5’)=2.0 Hz; H6a’),
3.06 ppm (dd, 3J(H6b’,H6a’)=11.0 Hz, 3J(H6b’,H5’)=1.5 Hz; H6b’);


13C NMR
(125 MHz, CDCl3, 25 8C, TMS): d=138.8, 138.4, 138.2, 138.1, 137.99,
137.96 (7C; Ph), 128.5–127.3 (35TCH; Ph), 98.5 (C1’), 81.2, 80.4, 79.1 (C1,
C4, C5), 81.0 (C3’), 78.2, 77.5 (C4’, C3), 75.5, 75.2, 74.8, 73.9, 73.6, 73.4,
73.2, 73.0 (7TCH2Ph, C6), 72.7 (C2), 70.8 (C5’), 67.6 (C6’), 64.4 ppm (C2’);
FAB HRMS: m/z calcd for [C61H63N3O10+Na]+ : 1020.4411; found:
1020.4455.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-galactopyranosyl-a-(1!3)-1,4,5,6-
tetra-O-benzyl-l-chiro-inositol (20): Compound 20 (15 mg,
0.01503 mmol, 68%) was obtained as a syrup from 18 (23 mg,
0.0221 mmol) by the same experimental procedure as that described for
the preparation of 19. Compound 20 was purified by PLC (n-hexane/
AcOEt 3:1); Rf (n-hexane/AcOEt 3:1): 0.17; [a]20


D =++91 (c=0.20 in
CHCl3);


1H NMR (500 MHz, CDCl3,25 8C, TMS): d=7.38–7.16 (m, 35H;
Ph), 5.38 (d, 3J(H,H)=3.5 Hz, 1H; H1’), 4.98 (d, 3J(H,H)=11.5 Hz, 1H;
CH�Ph), 4.80 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.73 (d, 3J(H,H)=
11.5 Hz, 1H; CH�Ph), 4.66 (d, 3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.65
(AB, 2H; CH2Ph), 4.62 (d, 3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.513 (d, 3J-
(H,H)=12.0 Hz, 1H; CH�Ph), 4.508 (d, 3J(H,H)=11.5 Hz, 1H; CH�
Ph), 4.46 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.39 (d, 3J(H,H)=12.0 Hz,
1H; CH�Ph), 4.36 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.36 (d, 3J-
(H,H)=12.0 Hz, 1H; CH�Ph), 4.19 (t, 3J(H,H)=6.0 Hz, 1H; H5’), 4.16,
4.11 (AB, 3J(H,H)=11.5 Hz, 2H; 2TCH�Ph), 4.06 (m, 1H; H2), 4.03
(dd, 3J(H,H)=11.0 Hz, 3J(H,H)=3.5 Hz, 1H; H2’), 3.94–3.90 (m, 2H; H3,
H4’), 3.79–3.84 (m, 3H; H4, H5, H3’), 3.75 (t, 3J(H,H)=4.0 Hz, 1H; H1),
3.68 (m, 1H; H6), 3.61 (d, 3J(H,H)=5.5 Hz, 1H; C2OH), 3.44 (dd,
3J(H6a’,H6b’)=8.8 Hz, 3J(H6a’,H5’)=6.0 Hz, 1H; H6a’), 3.26 ppm (dd,
3J(H6b’,H6a’)=8.8 Hz, 3J(H6b’,H5’)=6.0 Hz; H6b’);


13C NMR (125 MHz,
CDCl3, 25 8C, TMS): d=138.6, 138.5, 138.4, 138.3, 138.2, 137.8 (7C; Ph),
128.6–127.2 (35TCH; Ph), 98.9 (C1’), 81.6, 80.4, 79.4 (C3’, C4, C5), 78.2
(C3), 77.5 (C1), 75.0, 74.7 (2TCH2Ph), 74.2 (C6), 73.8 (CH2Ph), 73.4 (C4’),
73.3, 73.2, 73.1 (3TCH2Ph), 72.6 (C2), 72.1 (CH2Ph), 69.6 (C5’), 68.3 (C6’),
61.3 ppm (C2’); FAB HRMS: m/z calcd for [C61H63N3O10+Na]+ :
1020.4411; found: 1020.4438.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!3)-2-O-(1’,2’-
di-O-myristoyl-sn-glycero-3’-((R,S))-benzyl-phosphatidyl)-1,4,5,6-tetra-
O-benzyl-l-chiro-inositol (21): Compound 19 (73 mg, 0.073 mmol) and
1H-tetrazole (11 mg, 0.161 mmol, 2.2 equiv) were coevaporated three
times with toluene and dried under vacuum overnight in the presence of
P2O5. The mixture was dissolved in CH2Cl2 (4 mL) and a solution of 1,2-
di-O-myristoyl-sn-glycero-3-yl benzyl N,N-diisopropyl phosphoramidite
(0.5m, 292 mL, 2 equiv, 0.146 mmol) in CH2Cl2 was added under Ar.
After 1 h 30 min, the mixture was cooled to �40 8C and a solution of m-
CPBA (18 mg, 0.073 mmol, 1 equiv) in CH2Cl2 (3.2 mL) was added. The
reaction mixture was neutralized with Et3N (1 mm in CH2Cl2) and puri-
fied on PLC plates (n-hexane/AcOEt 4:1) previously treated with Et3N,
to give a colorless syrup 21 as a 1:1 mixture of diastereomers (77 mg,
0.046 mmol, 63%). [a]20


D =++25 (c=1.5 in CHCl3); Rf (n-hexane/AcOEt
3:1): 0.37; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.44–7.01 (m,
80H; Ph), 5.44 (d, 3J(H,H)=3.5 Hz, 1H; H1’), 5.42 (d, 3J(H,H)=4.0 Hz,
1H; H1’), 5.24–5.19 (m, 2H; CH�Ph, C2aHglycerol), 5.16 (d, 3J(H,H)=
10.5 Hz, 1H; CH�Ph), 5.11–5.07 (m, 3H; 2TCH�Ph, C2bHglycerol), 4.98
(app.d, 3J(H,H)=10.0 Hz, 2H; 2TCH�Ph), 4.87 (m, 4H; 4TCH�Ph),
4.83 (m, 2H; 2TH2), 4.74 (d, 3J(H,H)=11.0 Hz; CH�Ph), 4.73 (d, 3J-
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(H,H)=10.5 Hz, 1H; CH�Ph), 4.65 (m, 2H; 2TCH�Ph), 4.58–4.49 (m,
3H; 3TCH�Ph), 4.42–3.95 (m, 14H; 14TCH�Ph), 4.367, 4.32–4.26 (m,
3H; H1, C1aH, C3bHglycerol), 4.26 (m, 1H; H1), 4.22–4.14 (m, 4H; 2TH3,
C1aH, C3bHglycerol), 4.11–4.04 (m, 5H; 2TH5’, C3aH2, C1bHglycerol), 4.00 (t, 3J-
(H,H)=9.0 Hz, 1H; H3’), 3.98 (t, 3J(H,H)=9.0 Hz, 1H; H3’), 3.97 (m,
1H; C1bHglycerol), 3.88 (m, 4H; 2TH5, 2TH4), 3.71 (t, 3J(H,H)=9.5 Hz,
1H; H4’), 3.70 (t, 3J(H,H)=10.0 Hz, 1H; H4’), 3.60 (m, 2H; 2TH6), 3.29
(dd, 3J(H2’,H3’)=10.5 Hz, 3J(H2’,H1’)=4.0 Hz, 2H; 2TH2’), 3.24 (app.d, 3J-
(H,H)=11.0 Hz, 2H; 2TH6a’), 3.18 (dd, 3J(H6b’,H6a’)=11.0 Hz, 3J-
(H6b’,H5’)=2.5 Hz; 2TH6b’), 2.35 (m, 4H; 2TCH2CO), 2.23 (m, 4H; 2T
CH2CO), 1.65–1.50 (m, 8H; 4TCH2CH2CO), 1.34–1.20 (m, 80H; 40T
CH2), 0.89 ppm (t, 3J(H,H)=7.0 Hz, 4H; 4TCH3);


13C NMR (125 MHz,
CDCl3, 25 8C, TMS): d=173.3, 173.2, 173.0, 172.8 (4TCO), 138.6, 138.3,
138.25, 138.20, 138.13, 138.10, 137.9 (16C; Ph), 129.2–127.4 (80TCH;
Ph), 97.8, 97.6 (2TC1’), 80.2, 80.1, 80.0, 79.2 (2TC3’, 2TC2, 2TC4, 2TC5),
78.4 (2TC4’), 76.4, 76.3 (2TC1), 75.9, 75.4 (4TCH2Ph), 74.9 (2TC3), 74.0,
73.8, 73.4 (6TCH2Ph), 73.2, 72.9 (2TC6), 72.9, 72.7 (4TCH2Ph), 70.4 (2T
C5’), 70.0, 69.7 (2Td, 3J(H,H)=5.4 Hz; 2TC2Hglycerol), 69.6, 69.5 (2Td, J=
7.9 Hz; 2TPOCH2Ph), 67.9 (2TC6’), 66.1, 65.7 (2Td, 3J(H,H)=5.1 Hz;
2TC3H2glycerol), 63.52, 63.47 (2TC2’), 62.2, 61.7 (2TC1H2glycerol), 34.4, 34.3,
34.2, 34.1 (4TCH2CO), 32.0 (4TCH2CH2CH3), 29.8–29.2 (32TCH2),
25.08, 25.02, 24.94, 24.91 (4TCH2CH2CO), 22.8 (4TCH2CH2CH3),
12.2 ppm (4CH3);


31P NMR (202 MHz, CDCl3, 25 8C, TMS): d=�2.87,
�2.98 ppm; FAB HRMS: m/z calcd for [C99H129N3O17P+Na]+ : 1685.8957;
found: 1684.8963.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-galactopyranosyl-a-(1!3)-2-O-
(1’,2’-di-O-myristoyl-sn-glycero-3’-(R,S)-benzyl-phosphatidyl)-1,4,5,6-
tetra-O-benzyl-l-chiro-inositol (22): Compound 22 was obtained as a col-
orless syrup and as a 1:1 mixture of two diastereomers (15 mg,
0.009 mmol, 60%) from 20 (15 mg, 0.015 mmol) by the procedure de-
scribed for the preparation of 21. The crude product was fractionated on
PLC plates (Hex/AcOEt 4:1) previously treated with Et3N to give 22 as a
colorless syrup. [a]20


D =++34 (c=0.8 in CHCl3 diastereomers 1/1); Rf (n-
hexane/AcOEt 3:1): 0.27; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=
7.40–7.07 (m, 80H; Ph), 5.44 (m, 3J(H,H)=3.5 Hz, 2H; 2TH1’), 5.21–5.12
(m, 1H; C2aHglycerol), 5.13–5.04 (m, 3H; 2TCH�Ph, C2bHglycerol), 4.81 (m,
1H; H2), 4.78, 4.77 (2Td, 3J(H,H)=11.0 Hz, 2H; 2TCH�Ph), 4.69–4.63
(m, 3H; 3TCH�Ph), 4.60–4.14 (m, 35H; 25TCH�Ph, 2TH5’, 2TH1, 2T
H3, C1aH, C1aH, C3bH, C3aHglycerol), 4.13–3.95 (m, 4H; C3aH, C3bH,
C1bH2glycerol), 3.89–3.84 (m, 2H; 2TH5), 3.84–3.75 (m, 6H; 2TH4, 2TH2’,
2TH3’), 3.67, 3.65 (2 br s, 2H; 2TH4’), 3.60 (m, 2H; 2TH6), 3.48 (dd,
3J(H6b’,H6a’)=9.5 Hz, 3J(H6b’,H5’)=9.0 Hz, 2H; 2TH6a’), 3.36 (t, 3J(H,H)=
8.0 Hz, 2H; 2TH6b’), 2.35 (m, 4H; 2TCH2CO), 2.23 (m, 4H; 2T
CH2CO), 1.65–1.50 (m, 8H; 4TCH2CH2CO), 1.34–1.20 (m, 80H; 40T
CH2), 0.89 ppm (t, 3J(H,H)=7.0 Hz, 12H; 4TCH3);


13C NMR (125 MHz,
CDCl3, 25 8C, TMS): d=173.7–172.9 (4TCO), 139.0, 138.6, 138.4, 137.9
(16C; Ph), 128.8–127.5 (80TCH; Ph), 97.6 (2TC1’), 80.1 (2TC2), 79.7,
79.8 (2TC4, 2TC5), 77.0 (2TC3’), 76.3 (2TC1), 74.6 (2TCH2Ph), 74.1–72.4
(10TCH2Ph), 73.6 (C4’), 73.8 (2TCH2Ph), 73.5 (2TC6), 73.4 (2TC3), 73.0
(2TCH2Ph), 69.3 (C5’), 69.7, 69.5 (2TC2H2glycerol), 68.9 (2TC6’), 65.6, 65.3
(2TC3H2glycerol), 61.62 (2TC1H2glycerol), 60.0 (2TC2’), 34.2, 34.1 (4T
CH2CO), 32.1 (4TCH2CH2CH3), 29.8–29.3 (32TCH2), 24.9 (4T
CH2CH2CO), 22.8 (4TCH2CH2CH3), 14.3 ppm (4TCH3);


31P NMR
(202 MHz, CDCl3, 25 8C, TMS): d=�2.74, �2.91 ppm; FAB HRMS: m/z
calcd for [C99H128N3O17P+Na]+ : 1684.8879; found: 1684.8948.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!3)-1-allyl-l-
chiro-inositol (23): Compound 13 (432 mg, 0.40 mmol) was dissolved
under Ar in dried MeOH (7 mL), treated with MeONa/MeOH (1.0m,
3.2 mL, 3.2 mmol, 8 equiv), and stirred for 16 h. The solvent and BzOMe
obtained as byproduct were evaporated by heating (50 8C) under vacuum
to give 23 quantitatively as a syrup (270 mg, 0.40 mmol). [a]20


D =�11 (c=
0.1 in CHCl3); Rf (n-hexane/AcOEt 1:3): 0.49; 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.59–7.19 (m, 15H; Ph), 5.88 (m, 1H; CH=CH2),
5.26 (app.d, 3J(H,H)=17.0 Hz, 1H; CH=CH2), 5.17 (app.d, 3J(H,H)=
10.0 Hz, 1H; CH=CH2), 5.09 (d, 3J(H,H)=3.6 Hz, 1H; H1’), 4.88 (s, 2H;
CH2Ph), 4.82 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.63–4.53 (m, 3H;
CH2�Ph, CH�Ph), 4.24 (dd, 3J(H,H)=12.5 Hz, 3J(H,H)=5.0 Hz, 1H;
CH2�CH=CH2), 4.17–4.07 (m, 3H; H5’, H6, CH2�CH=CH2), 3.98 (m, 1H;
H2), 3.94 (t, 3J(H,H)=9.7 Hz, 1H; H3’), 3.90 (t, 3J(H,H)=3.5 Hz, 1H;


H1), 3.72 (app.d, 3J(H,H)=6.5 Hz, 1H; H5), 3.71–3.66 (m, 1H; H6a’), 3.62
(dd, 3J(H2’,H3’)=9.7 Hz, 3J(H2’,H1’)=3.6 Hz, 1H; H2’), 3.55 (m, 2H; H3,
H4), 3.49 (m, 1H; H6b’), 3.44 ppm (t, 3J(H,H)=9.7 Hz, 1H; H4’);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=137.5, 137.3 (3C; Ph), 134.8
(CH=CH2), 128.7–127.3 (15TCH; Ph), 117.3 (CH=CH2), 99.1 (C1’), 87.5
(C3), 81.6 (C3’), 78.8 (C4’), 77.4 (C1), 76.0, 75.2, 73.8 (3TCH2Ph), 72.8
(CH2�CH=CH2), 72.4 (C4), 72.0, 69.2 (C5’, C6), 71.5 (C5), 70.5 (C2), 68.9
(C6’), 65.0 ppm (C2’); FAB HRMS: m/z calcd for [C36H43N3O10+Na]+ :
700.2846; found: 700.2892.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-galactopyranosyl-a-(1!3)-1-allyl-l-
chiro-inositol (24): Compound 24 (53 mg, 0.08 mmol) was obtained as a
white foam from 14 (83 mg, 0.08 mmol) by the same experimental proce-
dure as that used to obtain 23. [a]20


D =++2 (c=0.2 in CHCl3); Rf (n-
hexane/AcOEt 1:3): 0.33; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=
7.44–7.20 (m, 15H; Ph), 5.88 (m, 1H; CH=CH2), 5.26 (dd, 3J(H,H)=
17.2 Hz, 3J(H,H)=1.8 Hz, 1H; CH=CH2), 5.16 (dd, 3J(H,H)=17.2 Hz, 3J-
(H,H)=1.2 Hz, 1H; CH=CH2), 5.05 (d, 3J(H,H)=3.9 Hz, 1H; H1’), 4.86
(d, 3J(H,H)=11.7 Hz, 1H; CH�Ph), 4.74 (s, 2H; CH2Ph), 4.50 (d, 3J-
(H,H)=11.7 Hz, 1H; CH�Ph), 4.48 (d, 3J(H,H)=11.7 Hz, 1H; CH�Ph),
4.40 (d, 3J(H,H)=11.7 Hz, 1H; CH�Ph), 4.24 (dd, 3J(H,H)=13.2 Hz, 3J-
(H,H)=5.4 Hz; CH2�CH=CH2), 4.16–4.05 (m, 4H; H2’, H5’, H6, CH2�
CH=CH2), 3.94 (m, 1H; H2), 3.91–3.85 (m, 2H; H3’, H4’), 3.84 (app. s, 1H;
H1), 3.72 (dd, 3J(H5,H4)=9.4 Hz, 3J(H5,H6)=3.0 Hz, 1H; H5), 3.62 (t, 3J-
(H,H)=9.4 Hz, 1H; H6a’), 3.53 (m, 1H; H3), 3.50 (m, 1H; H4), 3.27 ppm
(dd, 3J(H6b’,H6a’)=9.4 Hz, 3J(H6b’,H5’)=3.3 Hz, 1H; H6b’);


13C NMR
(75 MHz, CDCl3, 25 8C, TMS): d=137.9, 137.3 (3C; Ph), 134.9 (CH2�
CH=CH2), 128.8–128.0 (15TCH; Ph), 117.2 (CH=CH2), 99.4 (C1’), 87.2
(C3), 79.0 (C3’), 77.0 (C4’), 74.5, 73.9 (2TCH2Ph), 73.1 (C1), 72.8 (CH2Ph),
72.6 (CH2�CH=CH2), 72.3 (C4), 71.7 (C5), 71.1 (C5’), 70.5 (C2), 70.2 (C6’),
69.3 (C6), 61.4 ppm (C2’); FAB HRMS: m/z calcd for [C36H43N3O10+Na]+:
700.2846; found: 700.2861.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!3)-1-allyl-
2,4,5,6-tetra-O-benzyl-l-chiro-inositol (25): A mixture of compound 23
(141 mg, 0.21 mmol) and NaH (50 mg, 1.26 mmol, 6 equiv) in dried DMF
(8 mL) was stirred under Ar for 10 min. After the mixture had been
cooled to �15 8C in an ice/salt bath, BnBr (200 mL, 1.68 mmol, 8 equiv)
was added dropwise. The reaction mixture was stirred overnight, NH4OH
was added, and the mixture was then successively washed with a solution
of saturated NH4Cl, H2O, and brine. The organic layer was dried
(MgSO4) and evaporated, and the crude product was purified by flash
chromatography (Hex/AcOEt 20:1, AcOEt) to provide 25 as a syrup
(145 mg, 0.14 mmol, 68%). [a]20


D =++32 (c=0.4 in CHCl3); Rf (n-hexane/
AcOEt 3:1): 0.33; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.37–7.01
(m, 35H; Ph), 5.73–5.64 (m, 2H; H1’, CH=CH2), 5.07–5.01 (m, 2H; CH=


CH2), 4.99 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.88 (s, 2H; CH2Ph), 4.75
(d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.70 (d, 3J(H,H)=11.5 Hz, 2H; 2T
CH�Ph) 4.64 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.62 (d, 3J(H,H)=
11.5 Hz, 1H; CH�Ph), 4.58 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.50 (d,
3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.44 (d, 3J(H,H)=11.5 Hz, 1H; CH�
Ph), 4.42 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.38 (d, 3J(H,H)=11.0 Hz,
1H; CH�Ph), 4.20 (d, 3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.08 (m, 1H;
H5’), 4.03 (t, 3J(H,H)=9.5 Hz, 1H; H3), 4.00–3.93 (m, 2H; H3’, CH2�CH=


CH2), 3.91 (dd, 3J(H2,H3)=9.5 Hz, 3J(H2,H1)=3.0 Hz, 1H; H2), 3.85–3.77
(m, 2H; H4, H5), 3.78 (app.d, 3J(H,H)=6.0 Hz, 1H; CH2�CH=CH2), 3.68
(t, 1H, 3J(H,H)=9.5 Hz, 1H; H4’), 3.67 (app. s, 1H; H6), 3.56 (t, 3J-
(H,H)=3.0 Hz, 1H; H1), 3.26 (dd, 3J(H2’,H3’)=10.5 Hz, 3J(H2’,H1’)=
4.0 Hz, 1H; H2’), 3.21 (app.d, 3J(H,H)=10.0 Hz, 1H; H6a’), 3.15 ppm
(app.d, 3J(H,H)=10.0 Hz, 1H; H6b’);


13C NMR (125 MHz, CDCl3, 25 8C,
TMS): d=138.7–138.2 (7C; Ph), 135.0 (CH=CH2), 128.6–127.3 (35TCH;
Ph), 117.1 (CH=CH2), 97.6 (C1’), 81.4 (C2), 80.8 (C3’), 80.6 (C5), 79.7 (C4),
78.6 (C4’), 75.8 (CH2Ph), 75.6 (C3), 75.4 (CH2Ph), 74.8 (C6, CH2Ph), 73.8
(C1), 73.5 (2TCH2Ph), 73.4, 72.5 (2TCH2Ph), 72.4 (CH2�CH=CH2), 70.1
(C5’), 67.9 (C6’), 63.7 ppm (C2’); FAB HRMS: m/z calcd for
[C64H67N3O10+Na]+ : 1060.4724; found: 1060.4765.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-galactopyranosyl-a-(1!3)-1-allyl-
2,4,5,6-tetra-O-benzyl-l-chiro-inositol (26): Compound 26 (151 mg,
0.15 mmol, 68%) was obtained as a syrup from 24 (147 mg, 0.22 mmol)
by the experimental procedure described above for the preparation of
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25. The crude product was purified by flash chromatography (n-hexane/
AcOEt 20:1, AcOEt) and preparative chromatography (n-hexane/AcOEt
18:1). [a]20


D =++53 (c=1.3 in CHCl3); Rf (n-hexane/AcOEt 6:1): 0.21;
1H NMR (500 MHz, CDCl3, 25 8C. TMS): d=7.40–7.17 (m, 35H; Ph),
5.73–5.63 (m, 1H; CH=CH2), 5.66 (d, 3J(H,H)=3.0 Hz, 1H; H1’), 5.07–
5.01 (m, 2H; CH2�CH=CH2), 4.99 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph),
4.77 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.73 (d, 3J(H,H)=12.5 Hz, 1H;
CH�Ph), 4.68 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.61 (m, 4H; 4TCH�
Ph), 4.52 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.44 (m, 3H; 3TCH�Ph),
4.32 (app. t, 3J(H,H)=7.0 Hz, 1H; H5’), 4.30, 4.24 (AB, 3J(H,H)=11.5 Hz,
2H; 2TCH�Ph), 4.08 (t, 3J(H,H)=9.0 Hz, 1H; H3), 3.98 (dd, 3J(H,H)=
12.5 Hz, 3J(H,H)=5.0 Hz, 1H; CH=CH2), 3.90 (m, 1H; CH=CH2), 3.87–
3.79 (m, 4H; H4, H3’, H5, H2’), 3.76 (dd, 3J(H,H)=10.5 Hz, 1H; H2), 3.72
(s, 1H; H4’), 3.69 (app. s, 1H; H6), 3.58 (app. s, 1H; H1), 3.46 (app. t, 3J-
(H,H)=9.0 Hz, 1H; H6a’), 3.38 ppm (app. t, 3J(H,H)=9.0 Hz, 1H; H6b’);
13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=139.2–138.0 (7C; Ph), 134.8
(CH=CH2), 128.6–127.3 (35TCH; Ph), 116.9 (CH=CH2), 97.4 (C1’), 81.2,
80.6, 80.1 (C2, C4, C5), 77.4 (C3’), 75.6 (CH2Ph), 75.1 (C6), 74.8 (2T
CH2Ph), 74.2 (C3), 73.8 (C1, C4’), 73.5, 73.6, 73.1 (3TCH2Ph), 72.4 (CH2�
CH=CH2), 72.0 (CH2Ph), 71.1 (C5’), 68.8 (C6’), 60.2 ppm (C2’); FAB
HRMS: m/z calcd for [C64H67N3O10+Na]+ : 1060.4724; found: 1060.4793.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!3)-2,4,5,6-
tetra-O-benzyl-l-chiro-inositol (27): A solution (6 mm) of [{Ir-
(cod)Ph2PMe}2]PF6 (cod=cyclooctadiene) (84 mL, 2.3 mmol, 0.03 equiv)
in THF was added to a solution of 25 (80 mg, 0.077 mmol, 1 equiv) in
freshly distilled THF (2.2 mL). After 1 h, the solvent was evaporated
with a stream of Ar and a freshly prepared solution (6 mm) of [{Ir-
(cod)Ph2PMe}2]PF6 in THF (384 mL) was added. After 30 min, N-bromo-
succinimide (NBS) (21 mg, 0.116 mmol, 1.5 equiv) and H2O (232 mL,
12.94 mmol, 168 equiv) were added and the mixture was stirred for
10 min. AcOEt was added, and the organic layer was separated and
washed with a solution of cold saturated NaHCO3 (2T5mL) and NaCl
(3T5mL), and dried with MgSO4. The crude product was purified by
flash chromatography (n-hexane/AcOEt 3:1) to provide 27 as a colorless
syrup (55 mg, 0.055 mmol, 72%). [a]20


D =++10 (c=0.15 in CHCl3); Rf (n-
hexane/AcOEt 4:1): 0.20; 1H NMR (500 MHz, CDCl3,): d=7.37–7.01 (m,
35H; Ph), 5.62 (d, 3J(H,H)=3.5 Hz, 1H; H1’), 4.99 (d, 3J(H,H)=11.0 Hz,
1H; CH�Ph), 4.88 (AB, 2H; CH2Ph), 4.79 (d, 3J(H,H)=12.0 Hz, 1H;
CH�Ph), 4.70 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.68 (d, 3J(H,H)=
11.0 Hz, 1H; CH�Ph), 4.67, 4.62 (AB, 3J(H,H)=10.5 Hz, 2H; 2TCH�
Ph), 4.61 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.52 (d, 3J(H,H)=12.0 Hz,
1H; CH�Ph), 4.48 (d, 3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.46 (d, 3J-
(H,H)=11.0 Hz; CH�Ph), 4.36 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.19
(d, 3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.08 (app.d, 3J(H5’,H4’)=9.5 Hz, 1H;
H5’), 3.99–3.84 (m, 7H; H1, H2, H3, H4, H5, H6, H3’), 3.68 (t, 3J(H,H)=
9.5 Hz, 1H; H4’), 3.32 (dd, 3J(H2’,H3’)=10.0 Hz, 3J(H2’,H1’)=3.5 Hz, 1H;
H2’), 3.19–3.10 (m, 2H; H6a’, H6b’), 2.29 ppm (s, 1H; C1OH); 13C NMR
(125 MHz, CDCl3, 25 8C, TMS): d=138.8–137.6 (7C; Ph), 128.8–127.4
(35TCH; Ph), 97.6 (C1’), 81.9 (Cinositol), 80.7 (C3’), 80.5, 79.0 (2TCinositol),
78.5 (C4’), 75.7 (2TCinositol, 2TCH2Ph), 74.8, 73.8, 73.5, 73.2, 72.5 (5T
CH2Ph), 70.2 (C5’), 67.8 (C6’), 67.3 (C1), 63.6 ppm (C2’); elemental analysis
calcd (%) for C61H63N3O10·H2O: C 72.10, H 6.45, N 4.14; found: C 72.40,
H 6.85, N 4.06; FAB HRMS: m/z calcd for [C61H63N3O10+Na]+ :
1020.4411; found: 1020.4386.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-galactopyranosyl-a-(1!3)-2,4,5,6-
tetra-O-benzyl-l-chiro-inositol (28): Compound 28 (22 mg, 0.021 mmol,
72%) was prepared from 26 (30 mg, 0.029 mmol) by the same procedure
as that described for the preparation of 27. Syrup 28 was purified by
flash chromatography (n-hexane/AcOEt 4:1). [a]20


D =++31 (c=0.2 in
CHCl3); Rf (n-hexane/AcOEt 4:1): 0.21; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=7.41–7.16 (m, 35H; Ph), 5.62 (d, 3J(H,H)=2.4 Hz, 1H;
H1’), 5.01 (d, 3J(H,H)=11.7 Hz, 1H; CH�Ph), 4.80 (d, 3J(H,H)=12.1 Hz,
1H; CH�Ph), 4.78 (d, 3J(H,H)=11.2 Hz, 1H; CH�Ph), 4.67 (d, 3J-
(H,H)=11.7 Hz, 1H; CH�Ph), 4.65 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph),
4.63–4.59 (m, 4H; 2TCH2Ph), 4.55 (d, 3J(H,H)=12.1 Hz, 1H; CH�Ph),
4.51 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.44 (d, 3J(H,H)=11.2 Hz, 1H;
CH�Ph), 4.32 (m, 1H; H5’), 4.25 (AB, 2H; CH2Ph), 4.06–3.88 (m, 6H;
H1, H2, H3, H4, H5, H6), 3.82 (s, 2H; H2’, H3’), 3.68 (s, 1H; H4’), 3.44 (dd,
3J(H6a’,H6b’)=9.3 Hz, 3J(H6a’,H5’)=9.0 Hz, 1H; H6a’), 3.32 ppm (t, 3J-


(H,H)=9.3 Hz, 1H; H6b’);
13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=


139.1–137.5 (7C; Ph), 128.8–127.4 (35TCH; Ph), 97.3 (C1’), 81.9, 80.5,
79.5 (3Cinositol), 77.0 (C3’), 75.6, 75.5 (2Cinositol), 74.9, 74.2, 73.8, (3T
CH2Ph), 73.7 (C4’), 73.2, 73.1, 72.5, 72.1 (4TCH2Ph), 68.9 (C5’), 68.8 (C6’),
67.4 (C1), 60.1 ppm (C2’); elemental analysis calcd (%) for
C61H63N3O10·3H2O: C 69.63, H 6.61, N 3.99; found: C 70.00, H 6.99, N
3.68; FAB HRMS: m/z calcd for [C61H63N3O10+Na]+ : 1020.4411; found:
1020.4352.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!3)-1-O-(1’,2’-
di-O-myristoyl-sn-glycero-3’-(R,S)-benzylphosphatidyl)-2,4,5,6-tetra-O-
benzyl-l-chiro-inositol (29): Compound 29 was obtained as a colorless
syrup from 27 (39 mg, 0.039 mmol) by the procedure described for the
preparation of 21. The crude product was fractionated on PLC plates (n-
hexane/AcOEt 3:1) previously treated with Et3N to give 29 as a mixture
of two diastereomers (1:1, 53 mg, 0.032 mmol, 82%). [a]20


D =++15 (c=0.47
in CHCl3, diastereomers 3/1); Rf (n-hexane/AcOEt 3:1): 0.29; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=7.43–7.02 (m, 80H; Ph), 5.66 (d, 3J-
(H,H)=3.5 Hz, 1H; H1’), 5.64 (d, 3J(H,H)=4.0 Hz, 1H; H1’), 5.13 (m,
1H; C2aHglycerol), 5.01 (m, 3H; 2TCH�Ph, C2bHglycerol), 4.94–4.81 (m, 12H;
10TCH�Ph, 2TH1), 4.77–4.42 (m, 16H; 16TCH�Ph), 4.38 (d, 3J(H,H)=
11.5 Hz, 1H; CH�Ph), 4.37 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.24 (dd,
3J(H,H)=12.0 Hz, 3J(H,H)=4.0 Hz, 1H; C1aHglycerol), 4.20 (d, 3J(H,H)=
12.0 Hz, 2H; 2TCH�Ph), 4.09–3.82 (m, 21H; 2TH2, 2TH3, 2TH4, 2TH5,
2TH6, 2TH3’, 2TH5’, C1aH, C3aH, C1bH, C3aH, C1bH, C3bH2glycerol), 3.71 (t,
3J(H,H)=9.5 Hz, 2H; 2TH4’), 3.30 (dd, 3J(H2’,H3’)=10.5 Hz, 3J(H2’,H1’)=
3.7 Hz, 2H; 2TH2’), 3.21–3.12 (m, 4H; 2TH6a’, 2TH6b’), 2.26, 2.20 (2Tm,
8H; 4TCH2CO), 1.60–1.50 (m, 8H; 4TCH2CH2CO), 1.33–1.20 (m, 80H;
40TCH2), 0.89 ppm (t, 3J(H,H)=7.0 Hz, 12H; 4TCH3);


13C NMR
(75 MHz, CDCl3, 25 8C, TMS): d=173.6, 173.2 (4TCO), 138.8, 138.6,
138.5, 138.43, 138.35, 138.2, 137.6, 135.9 (16C; Ph), 129.1–127.8 (80TCH;
Ph), 99.4, 98.0 (2TC1’), 80.8, 80.4, 79.5, 78.6 (2TC3, 2TC4, 2TC6, 2TC3’),
78.4 (2TC4’), 77.6 (2TCH2Ph), 76.2, 75.8, 75.4, 75.1, 74.4, 73.8, 73.3, 72.7
(12TCH2Ph, 2TC2, 2TC5), 73.2 (m; POCH2Ph), 73.1 (m; POCH2Ph),
70.5 (2TC5’), 70.2 (d, 3J(H,H)=5.4 Hz; 2TC2Hglycerol), 69.65, 69.55 (2T
C1), 68.0 (2TC6’), 66.1 (m; C3H2glycerol), 65.6 (d, 3J(H,H)=5.4 Hz, C3H2gly-


cerol), 63.7 (2TC2’), 62.0 (2TC1H2glycerol), 34.5, 34.4 (4TCH2CO), 32.4 (4T
CH2CH2CH3), 30.1–29.6 (32TCH2), 25.2 (4TCH2CH2CO), 23.1 (4T
CH2CH2CH3), 14.6 ppm (4TCH3);


31P NMR (202 MHz, CDCl3, 25 8C;
TMS): d=�1.96, �2.1 ppm; elemental analysis calcd (%) for
C99H128N3O17·2H2O: C 69.98, H 7.83, N, 2.47; found: C 70.13, H 8.09, N
2.26; FAB HRMS: m/z calcd for [C99H128N3O17P+Na]+ : 1684.8879;
found: 1684.9006.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-galactopyranosyl-a-(1!3)-1-O-
(1’,2’-di-O-myristoyl-sn-glycero-3’-(R,S)-benzylphosphatidyl)-2,4,5,6-
tetra-O-benzyl-l-chiro-inositol (30): Compound 30 was obtained as a
mixture of two diastereomers (1:1, 29 mg, 0.017 mmol, 78%) from 28
(22 mg, 0.022 mmol) by the procedure described for the preparation of
29. The crude product was fractionated on PLC plates (n-hexane/AcOEt
3:1) previously treated with Et3N to give 30 as a colorless syrup. [a]20


D =


+22 (c=0.7 in CHCl3); Rf (n-hexane/AcOEt 2:1): 0.44; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=7.44–7.12 (m, 80H; Ph), 5.66 (d, 3J-
(H,H)=3.5 Hz, 1H; H1’), 5.63 (d, 3J(H,H)=3.0 Hz, 1H; H1’), 5.11 (m,
1H; C2aHglycerol), 5.03 (m, 1H; C2bHglycerol), 4.99 (d, 3J(H,H)=11.5 Hz, 1H;
CH�Ph), 4.98 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.90–4.73 (m, 10H;
2TH1, 8TCH�Ph), 4.68 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.66 (d, 3J-
(H,H)=11.5 Hz, 1H; CH�Ph), 4.63–4.38 (m, 16H; 16TCH�Ph), 4.30 (m,
2H; 2TH5’), 4.28–4.18 (m, 3H; C1aHglycerol, 2TCH�Ph), 4.07–3.94 (m, 8H;
2TH2, C1aH, C3aH2, C1bHglycerol, 2TCH�Ph), 3.93–3.75 (m, 13H; 2TH3,
2TH4, 2TH6, 2TH3’, 2TH2’, C1bH, C3bH2), 3.72 (app. s, 2H; 2TH4’), 3.68
(m, 2H; 2TH5’), 3.46–3.40 (m, 2H; 2TH6a’), 3.34 (m, 2H; 2TH6b’), 2.25
(m, 4H; 2TCH2CO), 2.18 (m, 4H; 2TCH2CO), 1.57–1.40 (m, 8H; 4T
CH2CH2CO), 1.33–1.20 (m, 80H; 40TCH2), 0.90 ppm (t, 3J(H,H)=
7.0 Hz, 12H; 4TCH3);


13C NMR and HSQC (125 and 500 MHz, CDCl3,
25 8C, TMS): d=138.0–137.2 (16C; Ph), 129.1–127.5 (80TCH; Ph), 97.4
(2TC1’), 80.2 (2TC6), 79.8 (2TC4), 77.2 (2TC3), 75.8–72.1 (14TCH2Ph,
2TC2, 2TC5, 2TC3’, 2TC4’), 70.0–68.7 (2TC5’, 2TC1, 2TC6’, 2TPOCH2Ph,
2TC2Hglycerol), 65.3, 66.0 (2TC3H2glycerol), 61.8 (2TC1H2glycerol), 60.0 (2T
C2’), 34.3, 34.1 (4TCH2CO), 32.1 (4TCH2CH2CH3), 29.8–29.3 (32TCH2),
25.0 (4TCH2CH2CO), 22.8 (4TCH2CH2CH3), 14.3 ppm (4TCH3);
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31P NMR (202 MHz, CDCl3, 25 8C, TMS): d=�2.16, �2.36 ppm; FAB
HRMS: m/z calcd for [C99H128N3O17P+Na]+ : 1684.8879; found:
1684.9006.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!2)-1-O-(1’,2’-
di-O-myristoyl-sn-glycero-3’-(R,S)-benzylphosphatidyl)-3,4,5,6-tetra-O-
benzyl-d-chiro-inositol (33): Compound 33 was obtained as a colorless
syrup and as a mixture of two diastereomers (1:1, 43 mg, 0.026 mmol,
42% with 24% of starting material 31) from 31 (82 mg, 0.015 mmol), by
the procedure described for the preparation of 29. The crude product
was fractionated on PLC plates (n-hexane/AcOEt 4:1) previously treated
with Et3N to provide 33. [a]20


D =++42 (c=1.0 in CHCl3); Rf (n-hexane/
AcOEt 3:1): 0.28; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.38–7.01
(m, 80H; Ph), 5.200 (m, 1H; C2aHglycerol), 5.198, 5.15 (2Td, 3J(H,H)=
3.5 Hz, 2H; 2TH1’), 5.12 (m, 2H; 2TCH�Ph), 5.09 (m, 1H; C2bHglycerol),
4.97 (m, 2H; 2TCH�Ph), 4.91–4.81 (m, 4H; 2TCH�Ph, 2TH1), 4.81–
4.62 (m, 16H; 16TCH�Ph), 4.60–4.43 (m, 8H; 8TCH�Ph), 4.34–4.28 (m,
3H; 2TCH�Ph, C1aHglycerol), 4.28–4.21 (m, 2H; C1bH, C3aHglycerol), 4.19 (t,
3J(H,H)=3.6 Hz, 1H; H6), 4.18–4.06 (m, 5H; C1aH, C3aH, H6, 2TH2),
4.04–3.94 (m, 7H; 2TH3’, 2TH5’, C1bH, C3bH2glycerol), 3.92 (t, 3J(H,H)=
9.3 Hz, 1H; H4), 3.88 (t, 3J(H,H)=9.3 Hz, 1H; H3), 3.83 (dd, 3J(H5,H4)=
9.6 Hz, 3J(H5,H6)=3.1 Hz, 1H; H5), 3.79–3.70 (m, 5H; H5, H3, H4, 2T
H4’), 3.59 (dd, 3J(H6a’,H6b’)=11.0 Hz, 3J(H6a’,H5’)=2.9 Hz, H6a’), 3.56 (dd,
3J(H6a’,H6b’)=10.6 Hz, 3J(H6a’,H5’)=2.9 Hz, 1H; H6a’), 3.45 (app.d,
3J(H6b’,H6a’)=11.0 Hz, 1H; H6b’), 3.42 (app.d, 3J(H6b’,H6a’)=10.6 Hz, 1H;
H6b’), 3.37 (dd, 3J(H2’,H3’)=10.1 Hz, 3J(H2’,H1’)=3.5 Hz, 1H; H2’), 3.34
(dd, 3J(H2’,H3’)=10.3 Hz, 3J(H2’,H1’)=3.5 Hz, 1H; H2’), 2.30–2.13 (m, 8H;
4TCH2CO), 1.61–1.48 (m, 8H; 4TCH2CH2CO), 1.32–1.18 (m, 80H; 40T
CH2), 0.86 ppm (t, 3J(H,H)=7.1 Hz, 12H; 4TCH3);


13C NMR (125 MHz,
CDCl3, 25 8C, TMS): d=173.3, 173.2, 173.0, 172.8 (4TCO), 138.97,
138.93, 138.49, 138.44, 138.29, 138.0, 135.7 (16C; Ph), 128.9–127.6 (80T
CH; Ph), 94.4, 94.1 (2TC1’), 82.0 (C3, C4), 80.1 (2TC3’), 79.6 (C5), 80.4
(C3, 2TC4’), 78.2 (C4, C5), 76.5, 76.2, (6TCH2Ph), 74.4 (C6), 74.2 (2TC2),
73.9, 73.6, 73.1, 72.8 (8TCH2Ph), 72.8 (C6), 71.13 (2TC1), 71.1 (2TC5’),
70.0, 69.8 (2Td, 3J(H,H)=5.8 Hz, 2TC2Hglycerol), 69.5, 69,4 (d, 3J(H,H)=
7.7 Hz, 2TPOCH2Ph), 68.2 (2TC6’), 66.0, 65.8 (2Td, 3J(H,H)=4.8 Hz, 2T
C3H2glycerol), 63.53, 63.31 (2TC2’), 61.95, 61.92 (2TC1H2glycerol), 34.3, 34.2
34.13, 34.10 (4TCH2CO), 32.1 (4TCH2CH2CH3), 29.8–29.2 (32TCH2),
25.0 (4TCH2CH2CO), 22.8 (4TCH2CH2CH3), 14.3 ppm (4TCH3);
31P NMR (202 MHz, CDCl3, 25 8C, TMS): d=�1.56, �1.98 ppm; FAB
HRMS: m/z calcd for [C99H128N3O17P+Na]+ : 1684.8879; found:
1684.9002.


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-galactopyranosyl-a-(1!2)-1-O-
(1’,2’-di-O-myristoyl-sn-glycero-3’-(R,S)-benzylphosphatidyl)-3,4,5,6-
tetra-O-benzyl-d-chiro-inositol (34): Compound 34 was obtained as a
colorless syrup and as a mixture of two diastereomers (1:1, 86 mg,
0.052 mmol, 91% with 8% of starting material 32) from 32 (70 mg,
0.070 mmol) by the procedure described for the preparation of 29. The
crude product was fractionated on PLC plates (n-hexane/AcOEt 4:1)
previously treated with Et3N to give 34. [a]20


D =++42 (c=0.9 in CHCl3); Rf


(n-hexane/AcOEt 3:1): 0.23; 1H NMR (500 MHz, CDCl3, 25 8C, TMS):
d=7.38–7.20 (m, 80H; Ph), 5.22 (m, 1H; C2aHglycerol), 5.20, 5.15 (2Ts,
2H; 2TH1’), 5.14–5.05 (m, 3H; 2TCH�Ph, C2bHglycerol), 4.98 (m, 2H; 2T
CH�Ph), 4.58 (d, 3J(H,H)=11.7 Hz, 1H; CH�Ph), 4.55 (d, 3J(H,H)=
11.7 Hz, 1H; CH�Ph), 4.53 (d, 3J(H,H)=11.4 Hz, 1H; CH�Ph), 4.96–
4.73 (m, 12H; 10TCH�Ph, 2TH1), 4.73–4.65 (m, 3H; 3TCH�Ph), 4.49–
4.37 (m, 9H; 9TCH�Ph), 4.38–4.28 (m, 3H; 2TCH�Ph C1aHglycerol), 4.28–
4.06 (m, 10H; CH�Ph, 2TH6, H2, 2TH5’, C1aH, C1bH, C3aH2glycerol), 4.07–
3.91 (m, 6H; C1bH, C3bH2, H2, 2TH4), 3.87–3.68 (m, 10H; 2TH2’, 2TH3’,
2TH4’, 2TH5, 2TH3), 3.53–3.42 (m, 4H; 2TH6a’, 2TH6b’), 2.30–2.18 (m,
8H; 4TCH2CO), 1.61–1.50 (m, 8H; 4TCH2CH2CO), 1.38–1.20 (m, 80H;
40TCH2), 0.89 ppm (t, 3J(H,H)=6.6 Hz, 12H; 4TCH3);


13C NMR
(125 MHz, CDCl3, 25 8C, TMS): d=173.30, 173.25, 172.89, 172.83 (4T
CO), 139.17, 139.12, 138.9, 138.6, 138.5, 138.35, 138.33, 138.02, 137.96,
137.8, 135.75, 135.70 (16C; Ph), 128.8–127.1 (80TCH; Ph), 94.6, 94.9 (2T
C1’), 82.3 (2TC4), 80.9 (2TC5), 79.9 (2TC3), 77.7 (2TC3’), 76.5, 76.08, 75.3
(9TCH2Ph), 75.2, 74.8 (2TC2), 73.7, 73.2 (4TCH2Ph), 73.69 (2TC4’),
72.67 (2TC6), 72.4 (CH2Ph), 72.02, 71.96 (2TC1), 69.45, 69.39 (2Td, 3J-
(H,H)=7.6 Hz; 2TPOCH2Ph), 69.6 (2TC5’), 69.93, 69.75 (2Td, 3J-
(H,H)=5.4 Hz; 2TC2Hglycerol), 69.1 (2TC6’), 65.9, 65.8 (2Td, 3J(H,H)=


4.6 Hz; 2TC3H2glycerol), 62.3, 62.1 (2TC1H2glycerol), 59.92, 59.76 (2TC2’),
34.2, 34.1 (4TCH2CO), 32.1 (4TCH2CH2CH3), 29.8–29.2 (32TCH2), 24.9
(4TCH2CH2CO), 23.4 (4TCH2CH2CH3), 14.2 ppm (4TCH3);


31P NMR
(202 MHz, CDCl3, 25 8C, TMS): d=�1.78, �2.21 ppm; FAB HRMS: m/z
calcd for [C99H128N3O17P+Na]+ : 1684.8879; found: 1684.8856.


O-(2-Azido-3,4,6-tri-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-1-O-
allyl-3,4,5-tri-O-benzyl-d-myo-inositol (36) and O-(2-azido-3,4,6-tri-O-
benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-2-O-allyl-3,4,5-tri-O-benzyl-
d-myo-inositol (37): Dibutyltin oxide (30 mg, 0.121 1.2 equiv) was added
to a solution of 35 (90 mg, 0.099 mmol, 1 equiv) in dry toluene (10 mL)
and the mixture was heated at reflux overnight under a Dean–Stark ap-
paratus. The reaction mixture was then evaporated to dryness and the
residue was dissolved in AllBr (3 mL). Tetra-n-butylammonium iodide
(TBAI) (41 mg, 0.109 mmol, 1.1 equiv) was added and the mixture was
heated at reflux for 2 h. The mixture was treated with NH4OH (3.7 mL)
in an ice/water bath, diluted with AcOEt, washed with brine (3T20 mL),
and dried over MgSO4. The crude product was purified by flash chroma-
tography (n-hexane/AcOEt 6:1, 4:1, 2:1) to give 36 (54 mg, 0.057 mmol,
68%) and 37 as syrups (19 mg, 0.020 mmol, 20%).


Data for 36 : [a]20
D =++43 (c=0.50 in CHCl3); Rf (n-hexane/AcOEt 2:1):


0.27; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.40–7.05 (m, 30H;
Ph), 5.98 (ddd, 3J(H,H)=16.5 Hz, 3J(H,H)=10.5 Hz, 3J(H,H)=6.0 Hz,
1H; CH=CH2), 5.67 (d, 3J(H,H)=3.5 Hz, 1H; H1’), 5.30 (app.d, 3J-
(H,H)=16.5 Hz, 1H; CH=CH2), 5.22 (app.d, 3J(H,H)=10.5 Hz, 1H;
CH=CH2), 4.99 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.97 (d, 3J(H,H)=
10.5 Hz, 1H; CH�Ph), 4.88 (s, 2H; CH2Ph), 4.83 (d, 3J(H,H)=10.5 Hz,
1H; CH�Ph), 4.75 (s, 2H; CH2Ph), 4.72 (d, 3J(H,H)=11.0 Hz, 1H; CH�
Ph), 4.67 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.53 (d, 3J(H,H)=12.0 Hz,
1H; CH�Ph), 4.41 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.26 (d, 3J-
(H,H)=12.0 Hz, 1H; CH�Ph), 4.23 (app. s, 1H; H2), 4.21–4.01 (m, 5H;
H4, H5’, H6, CH2�CH=CH2), 3.94 (t, 3J(H,H)=9.2 Hz, 1H; H3’), 3.72 (t,
3J(H,H)=9.2 Hz, 1H; H4’), 3.48–3.38 (m, 3H; H1, H3, H5), 3.32 (dd, 3J-
(H2’,H3’)=10.5 Hz, 3J(H2’,H1’)=3.5 Hz, 1H; H2’), 3.24 (app.d, 3J(H,H)=
11.0 Hz, 1H; H6a’), 3.16 (app.d, 3J(H,H)=11.0 Hz, 1H; H6b’), 2.41 ppm (s,
1H; C2OH); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=138.7, 138.6,
138.21, 138.18, 138.1, 138.0 (6C; Ph), 134.2 (CH=CH2), 128.6–127.4
(30CH, Ph), 117.9 (CH=CH2), 97.7 (C1’), 81.6 (C4), 81.3, 81.0, 80.3, 79.8
(C1, C3, C5, C3’), 78.4 (C4’), 76.0, 75.9, 75.4, 75.0, 74.8, 73.5, 72.9 (6T
CH2Ph, C6), 71.2 (CH2�CH=CH2), 67.8 (C5’, C2), 66.6 (C6’), 63.6 ppm
(C2’); FAB HRMS: m/z calcd for [C57H61N3O10+Na]+ : 970.4255; found:
970.4313.


Data for 37: [a]20
D =++4.3 (c=1.1 in CHCl3); Rf (n-hexane/AcOEt 2:1):


0.38; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.37–7.04 (m, 30H;
Ph), 5.96 (ddd, 3J(H,H)=17.0 Hz, 3J(H,H)=11.0 Hz, 3J(H,H)=6.0 Hz,
1H; CH=CH2), 5.46 (d, 3J(H,H)=3.5 Hz, 1H; H1’), 5.30 (dd, 3J(H,H)=
17.0 Hz, 3J(H,H)=1.5 Hz, CH=CH2), 5.19 (app.d, 3J(H,H)=11.0 Hz, 1H;
CH=CH2), 5.02 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.93 (d, 3J(H,H)=
10.5 Hz, 1H; CH�Ph), 4.88, 4.84 (AB, 3J(H,H)=11.0 Hz, 2H; 2TCH�
Ph), 4.78 (d, 3J(H,H)=10.5 Hz, 1H; CH�Ph), 4.71 (d, 3J(H,H)=11.0 Hz,
1H; CH�Ph), 4.70 (s, 2H; CH2Ph), 4.64 (d, 3J(H,H)=11.0 Hz, 1H; CH�
Ph), 4.47 (d, 3J(H,H)=11.8 Hz, 1H; CH�Ph), 4.47–4.40 (m, 1H; CH2�
CH=CH2), 4.40 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.24 (dd, 3J(H,H)=
12.5 Hz, 3J(H,H)=6.0 Hz, CH2�CH=CH2), 4.15 (d, 3J(H,H)=11.8 Hz,
1H; CH�Ph), 4.04 (t, 3J(H,H)=9.5 Hz, 1H; H4), 3.98–3.89 (m, 4H; H2,
H3’, H5’, H6), 3.72 (t, 3J(H,H)=9.5 Hz, 1H; H4’), 3.60 (m, 1H; H1), 3.50
(dd, 3J(H2’,H3’)=10.5 Hz, 3J(H2’,H1’)=3.5 Hz, 1H; H2’), 3.44 (dd, 3J-
(H3,H4)=9.5 Hz, 3J(H3,H2)=2.0 Hz, 1H; H3), 3.36 (t, 3J(H,H)=9.5 Hz,
1H; H5), 3.28 (d, 3J(H,H)=6.0 Hz, 1H; C1OH), 3.24 (dd, 3J(H6a’,H6b’)=
11.0 Hz, 3J(H6a’,H5’)=2.5 Hz, 1H; H6a’), 3.07 ppm (app.d, 3J(H,H)=
11.0 Hz, 1H; H6b’);


13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=138.7,
138.6, 138.4, 138.2, 138.03, 137.99 (6C; Ph), 135.3 (CH=CH2), 128.6–127.4
(30TCH; Ph), 117.2 (CH=CH2), 98.5 (C1’), 82.1 (C4), 81.3 (C5), 81.0 (C3),
80.8, 80.5 (C6, C3’), 78.3 (C4’), 76.8 (C2), 75.9, 75.5, 75.3, 74.9 (4TCH2Ph),
74.0 (CH2�CH=CH2), 73.6 (C1), 73.5, 73.0 (2TCH2Ph), 71.0 (C5’), 67.7
(C6’), 64.3 ppm (C2’); FAB HRMS: m/z calcd for [C57H61N3O10+Na]+ :
970.4255; found: 970.4276.


O-(2-Azido-3,4,6-tri-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-1-O-
allyl-2,3,4,5-tetra-O-benzyl-d-myo-inositol (38): A mixture of compound
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23 (187 mg, 0.02 mmol) and NaH (66 mg, 1.67 mmol, 6 equiv) in dried
DMF (11 mL) was stirred for 10 min under Ar. After the mixture had
been cooled to �15 8C in an ice/salt bath, BnBr (265 mL, 2.23 mmol,
8 equiv) was added dropwise. The reaction mixture was stirred overnight,
NH4OH was added, and the mixture was then washed successively with a
saturated solution of NH4Cl, H2O, and brine. The organic layer was dried
(MgSO4) and concentrated, and the crude product was purified by flash
chromatography (n-hexane/AcOEt 10:1, AcOEt) to provide 38 as a
white foam (145 mg, 0.14 mmol, 68%). [a]20


D =++51 (c=0.45 in CHCl3);
Rf (n-hexane/AcOEt 3:1): 0.49; 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=7.48–7.05 (m, 35H; Ph), 5.96 (ddd, 3J(H,H)=17.2 Hz, 3J(H,H)=
10.5 Hz, 3J(H,H)=5.1 Hz, 1H; CH=CH2), 5.75 (d, 3J(H,H)=3.6 Hz, 1H;
H1’), 5.30 (dd, 3J(H,H)=17.2, 3J(H,H)=1.2 Hz, 1H; CH=CH2), 5.22
(app.d, 3J(H,H)=10.5 Hz, CH=CH2), 5.05 (d, 3J(H,H)=10.8 Hz, 1H;
CH�Ph), 5.00 (d, 3J(H,H)=10.5 Hz, 1H; CH�Ph), 4.88 (2 AB, 4H; 2T
CH2Ph), 4.87 (m, 1H; CH�Ph), 4.84 (d, 3J(H,H)=10.5 Hz, 1H; CH�Ph),
4.74 (d, 3J(H,H)=11.1 Hz, 1H; CH�Ph), 4.71–4.62 (m, 4H; CH�Ph),
4.56 (d, 3J(H,H)=12.0 Hz, 1H; CH�Ph), 4.40 (d, 3J(H,H)=10.8 Hz, 1H;
CH�Ph), 4.26 (t, 3J(H,H)=9.6 Hz, 1H; H6), 4.24 (d, 3J(H,H)=12.0 Hz,
1H; CH�Ph), 4.16 (t, 3J(H,H)=9.6 Hz, 1H; H4), 4.10–4.00 (m, 4H;
CH2�CH=CH2, H2, H5’) 3.97 (t, 3J(H,H)=9.8 Hz, 1H; H3’), 3.74 (t, 3J-
(H,H)=9.8 Hz, 1H; H4’), 3.48–3.30 (m, 3H; H1, H3, H5), 3.33 (dd, 3J-
(H2’,H3’)=9.8 Hz, 3J(H2’,H1’)=3.6 Hz, 1H; H2’), 3.24 (app.d, 3J(H,H)=
9.8 Hz, 1H; H6a’), 3.12 ppm (dd, 3J(H6b’,H6a’)=9.8 Hz, 3J(H6b’,H5’)=
1.8 Hz, 1H; H6b’);


13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=139.2,
139.0, 138.6 (7C; Ph), 134.7 (CH=CH2), 128.8–127.6 (35C; Ph), 117.3
(CH=CH2), 98.1 (C1’), 82.4 (C4), 82.3, 81.7, 81.2 (C1, C3, C5), 80.6 (C3’),
78.6 (C4’), 76.2, 76.0 (2TCH2Ph), 75.8 (C6), 75.7, 75.1, 74.5, 73.8, 73.3 (5T
CH2Ph), 73.2, 71.3, 70.4 (C2, C5’, CH2�CH=CH2), 68.0 (C6’), 63.9 ppm
(C2’); FAB HRMS: m/z calcd for [C64H67N3O10+Na]+ : 1060.4724; found:
1060.4791.


O-(2-Azido-3,4,6-tri-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-
2,3,4,5-tetra-O-benzyl-d-myo-inositol (39):[34] Compound 39 (41 mg,
0.041 mmol, 72%) was obtained as a colorless syrup from 38 (59 mg,
0.057 mmol) by the same experimental procedure as that used for the
preparation of 27. 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.45–7.05
(m, 35H; Ph), 5.45 (d, 3J(H,H)=3.0 Hz, 1H; H1’), 5.03 (d, 3J(H,H)=
11.0 Hz, 1H; CH�Ph), 4.99 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph), 4.96 (d,
3J(H,H)=10.5 Hz, 1H; CH�Ph), 4.87 (AB, 2H; CH2Ph), 4.80 (d, 3J-
(H,H)=10.5 Hz, 1H; CH�Ph), 4.77 (d, 3J(H,H)=11.5 Hz, 1H; CH�Ph),
4.74 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.70 (s, 2H; CH2Ph), 4.64 (d, 3J-
(H,H)=11.0 Hz, 1H; CH�Ph), 4.46 (d, 3J(H,H)=12.0 Hz, 1H; CH�Ph),
4.41 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.14 (d, 3J(H,H)=12.0 Hz, 1H;
CH�Ph), 4.10 (t, 3J(H,H)=9.1 Hz, 1H; H4), 4.01 (s, 1H; H2), 4.03–3.91
(m, 3H; H6, H3’, H5’), 3.73 (t, 3J(H,H)=9.5 Hz, 1H; H4’), 3.66 (m, 1H;
H1), 3.50 (m, 2H; H2’, H3), 3.38 (t, 1H; 3J(H,H)=9.1 Hz, 1H; H5), 3.22
(m, 2H; C1OH, H6a’), 3.06 ppm (app.d, 3J(H,H)=11.0 Hz, 1H; H6b’).


2-Azido-2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranosyl-a-(1!6)-1-O-(1’,2’-
di-O-myristoyl-sn-glycero-3’-(R,S)-benzylphosphatidyl)-1,4,5,6-tetra-O-
benzyl-d-myo-inositol (40): Compound 40 was obtained as a colorless
syrup and as a mixture of two diastereomers (1:1, 31 mg, 0.0188 mmol,
82%) from 39 (23 mg, 0.023 mmol) by the procedure described for the
preparation of 29. The crude product was fractionated on PLC plates (n-
hexane/AcOEt 3:1) previously treated with Et3N to give 40. [a]20


D =++37
(c=0.31 in CHCl3); Rf (n-hexane/AcOEt 2:1): 0.54; 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.43–7.01 (m, 80H; Ph), 5.45 (d, 3J(H,H)=
3.5 Hz, 1H; H1’), 5.42 (d, 3J(H,H)=3.5 Hz, 1H; H1’), 5.24 (m, 1H; C2aH-


glycerol), 5.22–5.15 (m, 2H; 2TCH�Ph), 5.11–4.97 (m, 6H; C2bHglycerol, 5T
CH�Ph), 4.94 (d, 3J(H,H)=10.5 Hz, 1H; CH�Ph), 4.93 (d, 3J(H,H)=
10.5 Hz, 2H; 2TCH�Ph), 4.87 (AB, 2H; CH2Ph), 4.86 (AB, 2H;
CH2Ph), 4.77 (app.d, 3J(H,H)=10.5 Hz, 3H; 3TCH�Ph), 4.74–4.59 (m,
7H; 7TCH�Ph), 4.51 (app.d, 3J(H,H)=12.0 Hz, 2H; 2TCH�Ph), 4.47
(br t, 3J(H,H)=2.0 Hz, 1H; H2), 4.48 (br t, 3J(H,H)=2.0 Hz, 1H; H2),
4.45–4.41 (m, 1H; H1), 4.370 (d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.367
(d, 3J(H,H)=11.0 Hz, 1H; CH�Ph), 4.34–4.27 (m, 4H; H1, 2TH6, C1a-
Hglycerol), 4.21 (app.d, 3J(H,H)=12.0 Hz, 2H; 2TCH�Ph), 4.23–4.12 (m,
4H; C3aH2, C1aH, C1bHglycerol), 4.10 (t, 3J(H,H)=10.0 Hz, 2H; 2TH4),
4.06–4.00 (m, 5H; C3bH2glycerol, POCH�Ph, 2TH5’), 3.98–3.92 (m, 4H;
2TH3’, POCH�Ph, C1bHglycerol), 3.70 (m, 2H; 2TH4’), 3.52 (dd, 3J(H3,H4)=


10.0 Hz, 3J(H3,H2)=2.0 Hz, 1H; H3), 3.47 (dd, 3J(H3,H4)=10.0 Hz, 3J-
(H3,H2)=2.0 Hz, 1H; H3), 3.42, 3.40 (2Tt, 3J(H,H)=10.0 Hz, 2H; 2T
H5), 3.26–3.18 (m, 4H; 2TH2’, 2TH6a’), 3.11 (dt, 3J(H6b’,H6a’)=11.0 Hz, 3J-
(H6b’,H5’)=2.5 Hz, 2H; 2TH6b’), 2.30–2.21 (m, 8H; 4TCH2CO), 1.65–1.50
(m, 8H; 4TCH2CH2CO), 1.34–1.20 (m, 80H; 40TCH2), 0.89 ppm (t, 3J-
(H,H)=7.0 Hz, 12H; 4TCH3);


13C NMR (125 MHz, CDCl3, 25 8C, TMS):
d=173.3, 173.2, 173.0, 172.8 (4TCO), 139.0, 138.6, 138.2, 138.0 (16C;
Ph), 129.0–127.5 (80TCH; Ph), 98.0, 97.9 (2TC1’), 81.7 (2TC4), 80.8 (2T
C3, 2TC5), 80.7, 80.2 (2TC1, 2TC6), 79.9, 79.8 (2TC3’), 78.3 (2TC4’), 75.6
(2TC2), 76.0–72.9 (14TCH2Ph), 70.5 (2TC5’), 70.2, 69.8 (2Td, 3J(H,H)=
5.4 Hz, 2TC2Hglycerol,), 69.6, 69.4 (2Td, 3J(H,H)=7.8 Hz, 2TPOCH2Ph),
67.7 (2TC6’), 66.1, 65.7 (2Td, 3J(H,H)=5.0 Hz; 2TC3H2glycerol), 63.2 (2T
C2’), 61.7, 61.6 (2TC1H2glycerol), 34.3, 34.2, 34.14, 34.09 (4TCH2CO), 32.1
(4TCH2CH2CH3), 29.8–29.2 (32TCH2), 25.0 (4TCH2CH2CO), 22.8 (4T
CH2CH2CH3), 14.3 ppm (4TCH3);


31P NMR (202 MHz, CDCl3, 25 8C,
TMS): d=�2.59, �2.77 ppm; elemental analysis calcd (%) for
C99H128N3O17·H2O: C 70.73, H 7.80, N 2.50; found: C 71.00, H 7.90, N
2.87; FAB HRMS: m/z calcd for [C99H128N3O17P+Na]+ : 1684.8879;
found: 1684.8352.


2-Amino-2-deoxy-d-glucopyranosyl-a-(1!6)-1-O-(1’,2’-di-O-myristoyl-
sn-glycero-3’-phosphatidyl)-d-myo-inositol (7):[23b] A suspension of 21
(12 mg, 0.007 mmol) in an AcOEt/THF/EtOH/H2O mixture (2:1:1:0.1,
3.5 mL) was stirred for 16 h under H2 in the presence of Pd on charcoal
(10%, 22 mg, 0.021 mmol) as catalyst. The reaction mixture was filtered
over celite, washed with MeOH (10 mL), and carefully neutralized with a
solution of NaOH in MeOH (0.1%). The slurry was evaporated to dry-
ness and the residue was purified on Sephadex LH-20 in MeOH to give 7
(6 mg, 0.007 mmol, 98%) as a white dust. Rf (tBuOH/EtOH/aqueous
NH3 30%/H2O 4:2:0.5:1): 0.19. NMR experiments were performed at
pH 7.6; 1H NMR (500 MHz, [D4]MeOH, 25 8C, TMS): d=5.50 (d, 3J-
(H,H)=4.0 Hz, 1H; H1’), 5.25 (m, 1H; C2Hglycerol), 4.45 (dd, 3J(H,H)=
12.0 Hz, 3J(H,H)=3.0 Hz, 1H; C1Hglycerol), 4.20 (dd, 3J(H,H)=12.0 Hz, 3J-
(H,H)=6.5 Hz, 1H; C1Hglycerol), 4.17–4.11 (m, 2H; H1, H5’), 4.09 (t, 3J-
(H,H)=2.5 Hz, 1H; H2), 4.04 (m, 2H; C3H2glycerol), 3.97 (t, 3J(H,H)=
9.5 Hz, 1H; H6), 3.82 (dd, 3J(H6a’,H6b’)=11.5 Hz, 3J(H6a’,H5’)=2.5 Hz, 1H;
H6a’), 3.80 (t, 3J(H,H)=9.5 Hz, 1H; H3’), 3.71 (dd, 3J(H6b’,H6a’)=11.5 Hz,
3J(H6b’,H5’)=4.5 Hz, 1H; H6b’), 3.67 (t, 3J(H,H)=9.5 Hz, 1H; H4), 3.40 (t,
3J(H,H)=9.5 Hz, 1H; H4’), 3.37 (dd, 3J(H3,H4)=9.5 Hz, 3J(H3,H2)=
2.5 Hz, 1H; H3), 3.28 (t, 3J(H,H)=9.5 Hz, 1H; H5), 3.08 (dd, 3J(H2’,H3’)=
9.5 Hz, 3J(H2’,H1’)=4.0 Hz, 1H; H2’), 2.34 (m, 4H; 2TCH2CO), 1.60 (m,
4H; 2TCH2CH2CO), 1.30 (app. s, 40H; 20TCH2), 0.90 ppm (t, 3J(H,H)=
7.0 Hz, 6H; 2TCH3);


13C NMR and HMQC (125 and 500 MHz,
[D4]MeOH, 25 8C, TMS): d=97.2 (C1’), 79.4 (C6), 78.4 (C1), 74.9 (C5),
74.2 (C4), 73.5 (C5’), 73.4 (C2), 72.5 (C3), 72.0 (C3’), 71.9 (C2Hglycerol), 71.5
(C4’), 65.0 (C3H2glycerol), 62.5 (C1H2glycerol), 62.1 (C6’), 56.2 (C2’), 35.1, 35.0
(2TCH2CO), 33.1 (2TCH2CH2CH3), 30.8–30.2 (16TCH2), 26.0 (2T
CH2CH2CO), 23.8 (2TCH2CH2CH3), 14.4 ppm (2TCH3);


31P NMR
(202 MHz, [D4]MeOD, 25 8C, TMS): d=�0.58 ppm.


2-Amino-2-deoxy-d-glucopyranosyl-a-(1!3)-1-O-(1’,2’-di-O-myristoyl-
sn-glycero-3’-phosphatidyl)-l-chiro-inositol (9): Compound 9 (12 mg,
0.0131 mmol, 98%) was obtained as a white dust from 29 (23 mg,
0.0138 mmol) by the procedure described for the preparation of 7. Purifi-
cation was on Sephadex LH-20 in MeOH/CH2Cl2 (9:1). [a]20


D =++13 (c=
0.19 in MeOH); Rf (tBuOH/EtOH/aqueous NH3 30%/H2O 4:2:0.5:1):
0.30. NMR experiments were performed at pH 7.6; 1H NMR (500 MHz,
[D4]MeOH, 25 8C, TMS): d=5.32 (d, 3J(H,H)=3.5 Hz, 1H; H1’), 5.24
(ddd, 3J(H,H)=6.5 Hz, 3J(H,H)=5.5 Hz, 3J(H,H)=3.5 Hz, 1H; C2Hglycerol),
4.46 (dd, 3J(H,H)=12.0 Hz, 3J(H,H)=3.5 Hz, 1H; C1Hglycerol), 4.42 (ddd,
3J(H1,HP)=8.5 Hz, 3J(H1,H2)=3.5 Hz, 3J(H1,H6)=2.5 Hz, 1H; H1), 4.20
(dd, 3J(H,H)=12.0 Hz, 3J(H,H)=6.5 Hz, 1H; C1Hglycerol), 4.06 (ddd, 3J-
(H,H)=11.0 Hz, 3J(H,H)=5.5 Hz, 3J(H,H)=5.5 Hz, 1H; C3Hglycerol), 4.03
(ddd, 3J(H5’,H4)=9.5 Hz, 3J(H5’,H6b’)=5.0 Hz, 3J(H5’,H6a’)=2.5 Hz, 1H;
H5’), 4.05 (m, 1H; H6), 4.00 (ddd, 3J(H,H)=11.0 Hz, 3J(H,H)=5.5 Hz, 3J-
(H,H)=5.5 Hz, 1H; C3Hglycerol), 3.96 (dd, 3J(H2,H3)=9.0 Hz, 3J(H2,H1)=
3.5 Hz, 1H; H2), 3.82 (dd, 3J(H6a’,H6b’)=12.0 Hz, 3J(H6a’,H5’)=2.5 Hz, 1H;
H6a’), 3.78 (dd, 3J(H3’,H2’)=10.5 Hz, 3J(H3’,H4’)=9.5 Hz, 1H; H3’), 3.73
(dd, 3J(H6b’,H6a’)=12.0 Hz, 3J(H6b’,H5’)=5.0 Hz, 1H; H6b’), 3.72 (dd, 3J-
(H5,H4)=9.0 Hz, 3J(H5,H6)=4.0 Hz, 1H; H5), 3.67 (t, 3J(H,H)=9.0 Hz,
1H; H3), 3.59 (t, 3J(H,H)=9.0 Hz, 1H; H4), 3.41 (t, 3J(H,H)=9.5 Hz,
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1H; H4’), 3.07 (dd, 3J(H2’,H3’)=10.5 Hz, 3J(H2’,H1’)=3.5 Hz, 1H; H2’),
2.36 (t, 3J(H,H)=7.5 Hz, 4H; CH2CO), 2.33 (t, 3J(H,H)=7.5 Hz, 4H; 2T
CH2CO), 1.58 (m, 4H; 2TCH2CH2CO), 1.29 (app. s, 40H; 20TCH2),
0.90 ppm (t, 3J(H,H)=6.5 Hz, 6H; 2TCH3);


13C NMR and HMQC (125
and 500 MHz, [D4]MeOH, 25 8C, TMS): d=98.2 (C1’), 83.5 (C3), 76.8
(C1), 73.0 (C5’), 72.1 (C4), 71.7 (C5), 71.3 (C2, C6), 71.0 (C3’), 70.8 (C2Hglycerol),
70.4 (C4’), 63.7 (C3H2glycerol), 62.4 (C1H2glycerol), 60.6 (C6’), 55.5 (C2’), 36.0,
35.8 (2TCH2CO), 34.0 (2TCH2CH2CH3), 31.7–31.1 (16TCH2), 26.9 (2T
CH2CH2CO), 24.6 (2TCH2CH2CH3), 15.4 ppm (2TCH3);


31P NMR
(121 MHz, [D4]MeOD, 25 8C, TMS): d=�0.09 ppm; FAB HRMS: m/z
calcd for [C43H82NO17P+Na]+ : 938.5218; found: 938.5239.


2-Amino-2-deoxy-d-galactopyranosyl-a-(1!3)-1-O-(1’,2’-di-O-myristoyl-
sn-glycero-3’-(R,S)-phosphatidyl)-l-chiro-inositol (10): Compound 10
(9 mg, 0.01 mmol, 98%) was obtained as a white dust from 30 (16 mg,
0.01 mmol) by the procedure described for compound 7. Compound 10
was purified on Sephadex LH-20 in MeOH. [a]20


D =�32 (c=0.03 in
MeOH); Rf (nBuOH/EtOH/aqueous NH3 (30%)/H2O 2:2:1:3): 0.62.
NMR experiments were performed at pH 6.7; 1H NMR (500 MHz,
[D4]MeOD, 25 8C, TMS): d=5.28 (d, 3J(H,H)=3.5 Hz, 1H; H1’), 5.24 (m,
1H; C2Hglycerol), 4.46 (dd, 3J(H,H)=12.0 Hz, 3J(H,H)=3.5 Hz, 1H; C1Hgly-


cerol), 4.40 (ddd, 3J(H1,HP)=8.5 Hz, 3J(H1,H6)=
3J(H1,H2)=4.5 Hz, 1H;


H1), 4.24 (t, 3J(H,H)=6.0 Hz, 1H; H5’), 4.20 (dd, 3J(H,H)=12.0 Hz, 3J-
(H,H)=6.0 Hz, 1H; C1Hglycerol), 4.07 (m, 1H; C3Hglycerol), 4.06 (t, 3J-
(H,H)=4.5 Hz, 1H; H6), 4.00 (dd, 3J(H,H)=11.0 Hz, 3J(H,H)=5.5 Hz,
1H; C3Hglycerol), 3.96 (app.d, 3J(H,H)=9.5 Hz, 1H; H2), 3.90 (d, 3J-
(H,H)=3.5 Hz, 1H; H4’), 3.82 (app.dd, 3J(H3’,H2’)=10.5 Hz, 3J(H3’,H4’)=
3.5 Hz, 1H; H3’), 3.77–3.70 (m, 3H; H5, H6a’, H6b’), 3.67 (t, 3J(H,H)=
9.5 Hz, 1H; H3), 3.59 (t, 3J(H,H)=9.5 Hz, 1H; H4), 3.26 (m, 1H; H2’),
2.35 (t, 3J(H,H)=7.5 Hz, 2H; CH2CO), 2.32 (t, 3J(H,H)=7.5 Hz, 2H;
CH2CO), 1.60 (m, 4H; 2TCH2CH2CO), 1.29 (app. s, 40H; 20TCH2),
0.90 ppm (t, 3J(H,H)=6.5 Hz, 6H; 2TCH3); HMQC (500 MHz,
[D4]MeOD, 25 8C, TMS): d=100.8 (C1’), 84.0 (C3), 77.7 (C1), 74.2 (C6),
73.2 (C4), 72.5 (C5’), 72.0 (C2, C5), 71.6 (C2Hglycerol), 70.5 (C3’), 70.0 (C4’),
64.9 (C3H2glycerol), 63.5 (C1H2glycerol), 62.5 (C6’), 49.0 (C2’), 34.8 (2T
CH2CO), 31.5–29.6 (18TCH2), 26.0 (2TCH2CH2CO), 23.2 (2T
CH2CH2CH3), 14.4 ppm (2TCH3);


31P NMR (202 MHz,[D4]MeOD, 25 8C,
TMS): d=�0.32 ppm; FAB HRMS: m/z calcd for [C43H82NO17P+Na]+ :
938.5218; found: 938.5232.


2-Amino-2-deoxy-d-glucopyranosyl-a-(1!3)-2-O-(1’,2’-di-O-myristoyl-
sn-glycero-3’-(R,S)-phosphatidyl)-l-chiro-inositol (3): Compound 10
(7 mg, 0.0079 mmol, 69%) was obtained as a white dust from 21 (19 mg,
0.0114 mmol) by the procedure described for compound 7. Compound 3
was purified on Sephadex LH-20 in MeOH. [a]20


D =�21 (c=1.15 in
MeOH); Rf (tBuOH/EtOH/aqueous NH3 (30%)/H2O 4:2:0.5:1): 0.44.
NMR experiments were performed at pH 7.7; 1H NMR (500 MHz,
[D4]MeOD, 25 8C, TMS): d=5.51 (d, 3J(H,H)=3.2 Hz, 1H; H1’), 5.26 (m,
1H; C2Hglycerol), 4.55 (td, 3J(H2,HP)= 3J(H2,H3)=9.0 Hz, 3J(H2,H1)=
2.5 Hz, 1H; H2), 4.47 (dd, 3J(H,H)=12.5 Hz, 3J(H,H)=3.5 Hz, 1H;
C1Hglycerol), 4.21 (dd, 3J(H,H)=12.0 Hz, 3J(H,H)=6.5 Hz, 1H; C1Hglycerol),
4.15 (m, 1H; H5’), 4.098 (t, 3J(H,H)=3.0 Hz, 1H; H1), 4.08, 4.06 (2Tm,
2H; C3H2glycerol), 3.94 (t, 3J(H,H)=3.5 Hz, 1H; H6), 3.91 (t, 3J(H,H)=
9.0 Hz, 1H; H3), 3.85 (app.d, 3J(H,H)=11.5 Hz, 1H; H6a’), 3.82 (t, 3J-
(H,H)=10.5 Hz, 1H; H3’), 3.76 (dd, 3J(H5,H4)=9.5 Hz, 3J(H,H)=3.5 Hz,
1H; H5), 3.72 (dd, 3J(H6b’,H6a’)=11.5 Hz, 3J(H6b’,H5’)=4.5 Hz, 1H; H6b’),
3.67 (t, 3J(H,H)=9.0 Hz, 1H; H4), 3.41 (t, 3J(H,H)=9.5 Hz, 1H; H4’),
3.07 (dd, 3J(H2’,H3’)=10.5 Hz, 3J(H2’,H1’)=3.2 Hz, 1H; H2’), 2.37 (t, 3J-
(H,H)=7.5 Hz, 2H; CH2CO), 2.34 (t, 3J(H,H)=7.5 Hz, 2H; 2TCH2CO),
1.62 (m, 4H; 2TCH2CH2CO), 1.29 (app. s, 40H; 20TCH2), 0.92 ppm (t,
3J(H,H)=6.5 Hz, 6H; 2TCH3); HMQC (500 MHz, [D4]MeOD, 25 8C,
TMS): d=99.0 (C1’), 80.9 (C3), 78.0 (C2), 74.1 (C1), 73.7 (C5), 73.0 (C6),
72.9 (C5’), 72.3 (C3’), 71.84 (C2Hglycerol), 71.80 (C4’), 71.5 (C4), 65.0 (C1H2glycerol),
63.7 (C3H2glycerol), 62.4 (C6’), 56.5 (C2’), 34.9 (2TCH2CO), 33.0 (2T
CH2CH2CH3), 31.8–29.2 (16TCH2), 26.0 (2TCH2CH2CO), 23.6 (2T
CH2CH2CH3), 14.4 ppm (2TCH3);


31P NMR (121 MHz, [D4]MeOD,
25 8C, TMS): d=�0.74 ppm; FAB HRMS: m/z calcd for
[C43H82NO17P+Na]+ : 938.5218; found: 938.5155.


2-Amino-2-deoxy-d-galactopyranosyl-a-(1!3)-2-O-(1’,2’-di-O-myristoyl-
sn-glycero-3’-(R,S)-phosphatidyl)-l-chiro-inositol (4): Compound 4


(5 mg, 0.0057 mmol, 94%) was obtained as a white dust from 22 (10 mg,
0.006 mmol) by the procedure described for compound 7. Compound 4
was purified on Sephadex LH-20 in MeOH. [a]20


D =++18 (c=0.12 in
CHCl3); Rf (tBuOH/EtOH/aqueous NH3 (30%)/H2O 4:2:0.5:1): 0.25.
NMR experiments were performed at pH 6.5; 1H NMR ([D4]methanol,
500 MHz): d=5.47 (d, 3J(H,H)=4.0 Hz, 1H; H1’), 5.18 (m, 1H; C2Hgly-


cerol), 4.46 (td, 3J(H2,HP)= 3J(H2,H3)=9.5 Hz, 3J(H2,H1)=3.0 Hz, 1H;
H2), 4.39 (dd, 3J(H,H)=12.0 Hz, 3J(H,H)=3.0 Hz, 1H; C1Hglycerol), 4.29
(app. t, 3J(H,H)=6.0 Hz, 1H; H5’), 4.13 (dd, 3J(H,H)=12.0 Hz, 3J(H,H)=
6.5 Hz, 1H; C1Hglycerol), 4.00 (t, 3J(H,H)=4.0 Hz, 1H; H1), 3.99, 4.06 (2T
t, 3J(H,H)=5.5 Hz, 2H; 2TC3Hglycerol), 3.92 (dd, 3J(H,H)=10.5 Hz, 3J-
(H,H)=3.0 Hz, 1H; H3’), 3.85 (m, 2H; H4’, H6), 3.84 (t, 3J(H,H)=9.5 Hz,
1H; H3), 3.72–3.57 (m, 4H; H4, H5, H6a’, H6b’), 3.35 (dd, 3J(H2’,H3’)=
11.0 Hz, 3J(H2’,H1’)=4.0 Hz, 1H; H2’), 2.28 (t, 3J(H,H)=7.0 Hz, 2H;
CH2CO), 2.24 (t, 3J(H,H)=7.5 Hz, 2H; CH2CO), 1.54 (m, 4H; 2T
CH2CH2CO), 1.23 (app. s, 40H; 20TCH2), 0.84 ppm (t, 3J(H,H)=6.5 Hz,
6H; 2TCH3); HMQC (500 MHz, [D4]MeOD, 25 8C, TMS): d=96.4 (C1’),
79.2 (C3), 77.4 (C2), 72.8 (C4), 72.38 (C6), 72.35 (C1), 71.7 (C5’), 71.6 (C5),
71.2 (C2Hglycerol), 69.3 (C4’), 68.1 (C3’), 64.3 (C1H2glycerol), 63.0 (C3H2glycerol),
61.7 (C6’), 51.9 (C2’), 34.3 (2TCH2CO), 32.8 (2TCH2CH2CH3), 29.1–31.4
(16TCH2), 25.4 (2TCH2CH2CO), 23.2 (2TCH2CH2CH3), 13.8 ppm (2T
CH3);


31P NMR (121 MHz, [D4]MeOD, 25 8C, TMS): d=�0.42 ppm;
FAB HRMS: m/z calcd for [C43H82NO17P+Na]+: 938.5218; found:
938.5164.


2-Amino-2-deoxy-d-glucopyranosyl-a-(1!2)-1-O-(1’,2’-di-O-myristoyl-
sn-glycero-3’-(R,S)-phosphatidyl)-d-chiro-inositol (5): Compound 5
(7 mg, 0.0076 mmol, 42%) was obtained as a white dust from 33 (10 mg,
0.006 mmol) by the procedure described for compound 7. Compound 5
was purified on Sephadex LH-20 in MeOH. [a]20


D =�64 (c=0.02 in
MeOH); Rf (tBuOH/EtOH/aqueous NH3 (30%)/H2O 4:2:0.5:1): 0.13.
NMR experiments were performed at pH 6.8; 1H NMR (500 MHz,
[D4]MeOD, 25 8C, TMS): d=5.33 (d, 3J(H,H)=4.0 Hz, 1H; H1’), 5.24 (m,
1H; C2Hglycerol), 4.57 (m, 1H; H1), 4.43 (dd, 3J(H,H)=11.9 Hz, 3J(H,H)=
3.2 Hz, 1H; C1Hglycerol), 4.18 (dd, 3J(H,H)=12.1 Hz, 3J(H,H)=6.9 Hz,
1H; C1Hglycerol), 4.05 (t, 3J(H,H)=3.7 Hz, 1H; H6), 4.04–3.93 (m, 4H; H2,
H5’, C3H2glycerol), 3.90 (t, 3J(H,H)=9.8 Hz, H3’), 3.82 (dd, 3J(H6a’,H6b’)=
12.1 Hz, 3J(H6a’,H5’)=2.3 Hz, 1H; H6a’), 3.75–3.69 (m, 2H; H5, H6b’), 3.67
(t, 3J(H,H)=9.5 Hz, 1H; H3), 3.60 (t, 3J(H,H)=9.5 Hz, 1H; H4), 3.40 (t,
3J(H,H)=9.8 Hz, 1H; H4’), 3.12 (dd, 3J(H2’,H3’)=9.8 Hz, 3J(H2’,H1’)=
4.0 Hz, 1H; H2’), 2.36 (t, 3J(H,H)=7.3 Hz, 2H; CH2CO), 2.33 (t, 3J-
(H,H)=7.3 Hz, 2H; CH2CO), 1.61 (m, 4H; 2TCH2CH2CO), 1.29 (m,
40H; 20TCH2), 0.90 ppm (t, 3J(H,H)=7.0 Hz, 6H; 2TCH3); HSQC
(500 MHz, [D4]MeOD, 25 8C, TMS): d=93.3 (C1’), 75.3 (C2), 74.4 (C4),
73.5 (C5’), 72.8 (C3), 72.3 (C1), 72.0 (C5), 71.9 (C6), 71.8 (C3’), 71.6 (C2Hgly-


cerol), 71.3 (C4’), 64.8 (C1H2glycerol), 63.3 (C3H2glycerol), 61.8 (C6’), 55.1 (C2’),
34.8 (2TCH2CO), 32.9 (2TCH2CH2CH3), 29.7–31.0 (16TCH2), 25.8 (2T
CH2CH2CO), 23.5 (2TCH2CH2CH3), 14.3 ppm (2TCH3);


31P NMR
(202 MHz, [D4]MeOD, 25 8C, TMS): d=�0.09 ppm; FAB HRMS: m/z
calcd for [C43H82NO17P+Na]+ : 938.5218; found: 938.5159.


2-Amino-2-deoxy-d-galactopyranosyl-a-(1!2)-1-O-(1’,2’-di-O-myristoyl-
sn-glycero-3’-(R,S)-phosphatidyl)-d-chiro-inositol (6)[23b]: Compound 6
(8 mg, 0.0082 mmol, 37%) was obtained as a white dust from 31 (37 mg,
0.022 mmol) by the procedure described for compound 7. Compound 6
was purified on Sephadex LH-20 in MeOH. NMR experiments were per-
formed at pH 6.3; [a]20


D =++35 (c=0.24 in MeOH); Rf (tBuOH/EtOH/
aqueous NH3 (30%)/H2O 4:2:0.5:1): 0.07; 1H NMR (500 MHz,
[D4]MeOD, 25 8C, TMS): d=5.36 (d, 3J(H,H)=4.0 Hz, 1H; H1’), 5.25 (m,
1H; C2Hglycerol), 4.59 (m, 1H; H1), 4.45 (dd, 3J(H,H)=12.0 Hz, 3J(H,H)=
3.2 Hz, 1H; C1Hglycerol), 4.20 (m, 2H; H5’, C1Hglycerol), 4.08 (dd, 3J(H,H)=
10.6 Hz, 3J(H,H)=3.0 Hz, 1H; H3’), 4.05–3.95 (m, 4H; H6, H2, C3H2gly-


cerol), 3.93 (app. s, 1H; H4’), 3.80–3.70 (m, 3H; H6a’, H6b’, H5), 3.68 (t, 3J-
(H,H)=9.3 Hz, 1H; H3), 3.62 (t, 3J(H,H)=9.3 Hz, 1H; H4), 3.44 (dd, 3J-
(H2’,H3’)=10.6 Hz, 3J(H2’,H1’)=4.0 Hz, 1H; H2’), 2.37 (t, 3J(H,H)=
7.5 Hz, 2H; CH2CO), 2.34 (t, 3J(H,H)=7.5 Hz, 2H; CH2CO), 1.62 (m,
4H; 2TCH2CH2CO), 1.31 (app. s, 40H; 20TCH2), 0.92 ppm (t, 3J(H,H)=
7.2 Hz, 6H; 2TCH3); HSQC (500 MHz, [D4]MeOD, 25 8C, TMS): d=


93.7 (C1’), 75.5 (C5), 74.5 (C3), 73.0 (C4), 72.5 (C6), 72.3 (C5’), 72.03 (C2),
71.95 (C1), 71.8 (C2Hglycerol), 69.8 (C4’), 68.7 (C3’), 64.8 (C1H2glycerol), 63.4
(C3H2glycerol), 62.3 (C6’), 52.0 (C2’), 34.9 (2TCH2CO), 33.1 (2T
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CH2CH2CH3), 29.3–31.7 (16TCH2), 25.8 (2TCH2CH2CO), 24.2 (2T
CH2CH2CH3), 14.3 ppm (2TCH3);


31P NMR (202 MHz, [D4]MeOD,
25 8C, TMS): d=�0.10 ppm; FAB HRMS: m/z calcd for
[C43H82NO17P+Na]+ : 938.5218; found: 938.5210.


PI-PLC and GPI-PLD hydrolysis of glycosylphosphoinositides


Materials and methods : PI-PLC from Bacillus cereus was purchased from
Molecular Probes (Eugene, OR, USA). GPI-PLD from bovine serum
was a generous gift from Dr. Urs Brodbeck. Egg PtdCho, Egg PtdEth,
and Ch were purchased from Avanti Polar Lipids (Alabaster, AL, USA),
bovine serum albumin (BSA) and Triton X-100 were from Sigma.
HEPES was purchased from Apollo. Salts, organics solvents, and other
reagents were of analytical grade and were supplied by Merck (Darm-
stadt, Germany).


Liposome preparation : Glycophosphoinositides 3–10 were reconstituted
asymmetrically into preformed liposomal membranes as described pre-
viously.[22b] Briefly, LUVs composed of PtdCho/PtdEth/Ch (2:1:1 mole
ratio) were prepared by the extrusion method,[35] with the use of 100 nm
pore diameter Nuclepore filters (Merck, Darmstadt, Germany) at RT, as
detailed previously.[36] Total lipid concentration was adjusted to 0.3 mm


after lipid phosphate analysis.[32] The appropriate amount of glycophos-
phoinositide was then dissolved in methanol and mixed with the lipo-
somes in buffer (10 mm HEPES, 50 mm NaCl, 0.1% BSA, pH 7.5) so that
the glycophosphoinositide mole fraction in the lipid was 10%, unless oth-
erwise stated, and the volume of the methanolic solution was 5% of the
vesicle suspension. The resulting mixture was incubated for 15 min at RT.
This causes the glycophosphoinositides to become asymmetrically insert-
ed into the outer monolayer of the vesicle. The resulting suspension was
then used in the PL assays with the enzymes mentioned previously.[22]


Hydrolysis of GPI by phospholipases : For optimal catalytic activity, all
experiments were performed at 39 8C in the buffer described above. PI-
PLC was used at a final concentration of 0.16 UmL�1 and GPI-PLD at
0.5 UmL�1. Enzyme activity was assayed as follows: Aliquots were re-
moved from the reaction mixture at regular intervals and extracted with
CHCl3/MeOH/HCl (66:33:1). Amine determination in the aqueous phase
was performed by using the fluorescamine-based method.[30] An
AMINCO BowmanZ Series 2 luminescence spectrofluorimeter was used
at RT, and excitation and emission wavelengths were 390 and 475 nm, re-
spectively. The method was validated by control experiments involving
enzymatic hydrolysis with LUVs with and without incorporation of glyco-
phosphoinositide 8.


The linear dependence of fluorescence intensity on the concentration of
phospholipase-released amino groups in the fluorescamine assay was
checked by using control solutions of glucosamine, galactosamine, and
phosphorylethanolamine.


Data presentation : Unless specified otherwise, data are presented as aver-
aged results of at least two similar, independent measurements. Activity
data �SD were calculated from three measurements.
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Synthesis of Strained Tricyclic b-Lactams by Intramolecular [2+2]
Cycloaddition Reactions of 2-Azetidinone-Tethered Enallenols: Control of
Regioselectivity by Selective Alkene Substitution


Benito Alcaide,*[a] Pedro Almendros,*[b] Cristina Aragoncillo,[a] Mar1a C. Redondo,[a] and
M. Rosario Torres[c]


Introduction


The importance of the stereoselective synthesis of chiral b-
lactams is ever increasing in light of structure-activity rela-
tionship studies and the development of new derivatives of
the b-lactam antibiotics and inhibitors of b-lactamases.[1]


Due to increased bacterial resistance,[2] the discovery of tri-


cyclic b-lactam antibiotics, which are a new class of synthetic
antibacterial agents featuring good resistance to b-lactamas-
es and dehydropeptidases,[3] has triggered a renewed interest
in the building of new polycyclic b-lactam systems in an at-
tempt to move away from the classical b-lactam antibiotic
structures.[4] In addition, there are many important nonanti-
biotic uses of 2-azetidinones in fields ranging from enzyme
inhibition,[5] to the use of these products as starting materi-
als for the development of new synthetic methodologies.[6]


During the past decades the allene moiety has developed
from almost a rarity to an established member of the weap-
onry utilized in modern organic synthetic chemistry.[7] In
particular, the [2+2] cycloaddition reaction of allenes with
alkenes has been of special interest, because of the synthetic
importance of the methylenecyclobutane products pro-
duced.[8] However, this process has suffered from low
stereo- and positional selectivity. Intramolecularization of
the reactions, usually by placing the reacting group at a dis-
tance that produces five- or six-membered rings, should
solve the regioselectivity problems as larger rings are unfa-
vored.


In our ongoing project, directed towards the preparation
of nitrogen-containing products of biological interest,[9] we
have initiated a study into the use of allenols in organic syn-
thesis. In this contribution, we present full details of the
formal [2+2] cycloaddition of the alkene partner with the
distal bond of the allene moiety in 2-azetidinone-tethered
enallenols,[10] together with a reversal of regioselectivity in
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Abstract: A convenient metal-free
methodology for the preparation of
structurally novel, strained tricyclic b-
lactams containing a cyclobutane ring
has been developed. The first examples
accounting for the intramolecular
[2+2] cycloaddition reactions in b-lac-
tams have been achieved by the ther-


molysis of 2-azetidinone-tethered enal-
lenols, which have been prepared in
aqueous media by regio- and diastereo-
selective indium-mediated carbonyl al-


lenylation of 4-oxoazetidine-2-carbal-
dehydes. Notably, the regioselectivity
of the cycloaddition can be tuned in
the allene component just by a subtle
variation in the substitution pattern of
the alkene component.Keywords: allenes · cyclization · cy-


cloaddition · lactams · radicals
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the allene component just by a subtle variation of the substi-
tution pattern of the alkene to give cyclobutane fused b-lac-
tams.


Results and Discussion


The starting substrates, 4-oxoazetidine-2-carbaldehydes 1a–f
(Table 1), were prepared both in the racemic form and in


optically pure form by using standard methodology. Enan-
tiopure 2-azetidinones (+)-1a–d were obtained as single cis-
enantiomers from imines of (R)-2,3-O-isopropylideneglycer-
aldehyde, by means of a Staudinger reaction with methoxy-
or phenoxyacetyl chloride in the presence of Et3N, followed
by sequential acidic acetonide hydrolysis and oxidative
cleavage.[11] Racemic compounds (� )-1e and (� )-1 f were
obtained as single cis-diastereoisomers, following our one-
pot method from N,N-di-(p-methoxyphenyl)glyoxal di-
imine.[12] 2-Azetidinone-tethered allenols 2a–k (Table 1)
were obtained by a metal-mediated Barbier-type carbonyl-
allenylation reaction of b-lactam aldehydes 1a–f in aqueous
media by using our previously described methodologies
(Scheme 1, Table 1).[9d,e] a-Allenyl alcohol (+)-2 l was pre-
pared by boron trifluoridediethyletherate-induced condensa-
tion of 4-oxoazetidine-2-carbaldehydes (+)-1a with propar-
gyltrimethylsilane (Scheme 2). When total diastereocontrol


was not achieved for the indium-mediated allenylation of al-
dehydes 1, the diastereomeric a-allenols 2 and anti-2 were
easily separated by gravity flow chromatography.


Derivatization of the enantiopure 3-phenoxy a-allenol
(+)-2g with (R)- and (S)-acetylmandelic acids to give man-
delates 3 enabled the assignment of the configuration at the
carbinolic stereocenter (Scheme 3). The configuration at the
carbinolic chiral center of the product (+)-2g was establish-
ed by using TrostMs method, which involved a comparison of


the 1H NMR chemical shifts of
the acetylmandelates (+)-3a
and (+)-3b,[13] and was assumed
to be the same for the rest of
enantiopure b-lactams 2. The
configurational assignment for
the racemic series was con-
firmed by X-ray crystallography
of the C3-alkenyl adduct anti-
(� )-2 j (Figure 1).[14] It should
be noted that the relative
1H NMR chemical shifts of the
b-lactamic and carbinolic pro-
tons could be a diagnostic tool
for the determination of the rel-
ative stereochemistries of 2-syn-


and 2-anti-allenols. For any pair of syn- and anti-diastereo-
mers, the b-lactamic (H3) and carbinolic hydrogens of the 2-
syn-isomers were approximately d=0.05–0.2 ppm upfield of


Abstract in Spanish: Se ha descubierto una metodolog�a para
la preparaci�n de b-lactamas tric�clicas tensionadas estructu-
ralmente novedosas sin la intervenci�n de metales. La pir�li-
sis de alenoles-b-lact"micos, que se prepararon en medio
acuoso mediante la alenilaci�n carbon�lica de 4-oxoazetidin-
2-carbaldehidos, constituye el primer ejemplo de cicloadici�n
intramolecular [2+2] en b-lactamas. Menci�n especial
merece la regioselectividad observada, pudi,ndose controlar
y modular con un simple cambio en la sustituci�n del alque-
no.


Table 1. Regio- and stereoselective allenylation of 4-oxoazetidine-2-carbaldehydes 1 in aqueous media.


Aldehyde R1 R2 R3 Product syn/anti ratio[a] Yield [%][b]


(+)-1a allyl MeO Me (+)-2a 95:5 75
(+)-1a allyl MeO Ph (+)-2b 100:0 64
(+)-1b 3-methyl-but-2-enyl MeO Me (+)-2c 85:15 68
(+)-1b 3-methyl-but-2-enyl MeO Ph (+)-2d 100:0 61
(+)-1c methallyl MeO Ph (+)-2e 100:0 51
(+)-1d methallyl PhO Me (+)-2 f 90:10 79
(+)-1d methallyl PhO Ph (+)-2g 100:0 58
(�)-1e PMP vinyl Me anti-(� )-2h 10:90 60
(�)-1e PMP vinyl Ph (�)-2 i 70:30 89
(�)-1 f PMP isopropenyl Me anti-(� )-2j 10:90 72
(�)-1 f PMP isopropenyl Ph (�)-2k 65:35 63


[a] The ratio was determined from the integration of well-resolved signals in the 1H NMR spectra (300 MHz)
of the crude reaction mixtures before purification. [b] Yield of pure, isolated product with correct analytical
and spectral data. PMP=4-MeOC6H4.


Scheme 1. Regioselective preparation of a-allenic alcohols 2 in aqueous
media. Reagents and conditions: a) In, THF, NHCl4 (aq sat.), RT, 3–16 h.


Scheme 2. Regioselective preparation of a-allenic alcohol (+)-2 l in anhy-
drous media. Reagents and conditions: a) BF3.Et2O, CH2Cl2, �78 8C, 1 h.


Scheme 3. Preparation of (R)- and (S)-acetylmandelates 3. Reagents and
conditions: a) DCC, DMAP (cat), CH2Cl2, RT, 16 h (DCC=N,N-dicyclo-
hexylcarbodiimide; DMAP=4-dimethylaminopyridine).
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the analogous hydrogens of the 2-anti-isomers, whilst oppo-
site behavior was observed for the other b-lactamic proton
(H4). For the stereoselective addition of the organometallic
reagents to b-alkoxyaldehydes 1a–d, 1,5-metal chelation be-
tween the C3-alkoxy substituent and the oxygen aldehyde
should preferentially orient towards a 1,2-anti selectivity.
The lack of 1,5-chelation in 4-oxoazetidine-2-carbaldehydes
1a–f, can favor either 1,2-syn (Cram–Felkin–Ahn control, b-
alkoxyaldehydes 1a–d) or 1,2-anti addition (anti-Cram–
Felkin–Ahn control, b-alkenylaldehydes (� )-1e and
(� )-1 f), depending on the nature of the C3-group and the
nucleophile; these results demonstrate that controlling the
stereoselectivitity of these reactions is not a trivial matter.


Although, in theory, intramolecular cycloaddition reac-
tions of b-lactam-dienes could be used to prepare tricycles,
such reactions involving 2-azetidinone-tethered alkenes
have not been reported in the literature. Because of the in-
herent instability imparted by the cumulated double bond in
allenes, cycloaddition reactions take place easily relative to
an isolated double bond. Having obtained the enallenols 2,
the next stage was to react the allene group as a 2p-electron
donor in the [2+2] process.


A model thermal cyclization reaction for the enallenes 2
was carried out by heating a solution of N-allyl a-allenol
(+)-2a in toluene at 220 8C in a sealed tube. The thermolysis
afforded, in reasonable yield and complete regio- and dia-
stereoselectivity, the tricyclic b-lactam (+)-4a, which bears a
cyclobutane ring (Scheme 4).[15] Enallenes (+)-2b and


(+)-2 l also efficiently undergo [2+2] thermal cyclization to
afford the corresponding strained tricycles (+)-4b and
(�)-4c. The tricyclic ring structures 4a–c arise from the


formal [2+2] cycloaddition of the alkene with the distal
bond of the allene, most likely via a diradical intermediate.
The regioselectivity of the process is not affected by the sub-
stitution at the allene carbon. The cyclization of the allene
(+)-2 l results in a somewhat slower rate of reaction, but
with similar regioselectivity.[16] Substitution patterns in enal-
lenes (+)-2a, (+)-2b, and (+)-2 l were selected in order to
direct the regioselectivity of the cycloaddition to the six-
membered central-ring formation. However, it was found
that the thermal reaction produced tricycles 4, which bear a
central seven-membered ring. No traces of the exocyclic
methylene regioisomer were detected.


In a similar manner, 3-vinyl allenols anti-(� )-2h and
(� )-2 i produced the C3–C4 fused tricyclic 2-azetidinones
(� )-5a and (� )-5b. The present reaction was successfully
extended to the enallenes (+)-2c and (+)-2d, terminally dis-
ubstituted at the alkene moieties, producing the tricyles
(+)-6a and (+)-6b (Scheme 5). No other isomers or side


products were detected. Although complete conversion was
observed by TLC and 1H NMR spectrosopic analysis of the
crude reaction mixtures, some decomposition of the sensi-
tive tricycles 5 and 6 was detected during purification by
flash chromatography; this may be responsible for the mod-
erate isolated yields obtained in some cases.


Our observed regioselectivity for the thermal [2+2] cyclo-
addition is remarkable as it contrasts previously reported re-
lated examples in which the 2p-component was the internal
double bond of the allene moiety.[17] Only Padwa et al. have
reported a similar regioselectivity in their study of intramo-
lecular [2+2] cycloaddition reactions of (phenylsulfonyl)-
enallenes, which were used for the preparation of bicyclo-
[4.2.0]octene systems,[18] related to compounds 5. However,


Figure 1. X-ray diffraction analysis of a-allenol anti-(� )-2j.


Scheme 4. Regio- and diastereoselective preparation of tricyclic b-lactams
4. Reagents and conditions: a) toluene, 220 8C, sealed tube, (+)-4a : 5 h,
(+)-4b : 3 h, (�)4c : 10 h.


Scheme 5. Regio- and diastereoselective preparation of tricyclic b-lactams
5 and 6. Reagents and conditions: a) toluene, 220 8C, sealed tube,
(� )-5a : 4.5 h, (� )-5b : 3.5 h, (+)-6a : 14 h, (+)-6b : 8 h.
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these authors were not able to prepare bicyclo-
[5.2.0]nonenes, related to compounds 4 and 6, obtaining in-
stead monocyclic-substituted cyclooctenes.[18]


As substitution at every position of the alkene moiety in
2-azetidinone-tethered enallenols is possible, the effect of a
substituent at the internal position of the alkene double
bond was studied. Exposure of N-methallyl allenols (+)-2e–
g to the above thermal treatment afforded methylenecyclo-
butane 2-azetidinones (+)-7a–c as the only products
(Scheme 6). No other isomer was detected in the 1H NMR


spectrum of the crude reaction mixtures. The regioselective
assignment is based on the 1H NMR pattern of the vinylic
protons. Of the possible regioisomers, only compounds 7
were formed, as is apparent from the 1H NMR spectra in
which the vinylic groups appear as two sharp singlets at d=
4.95–4.99 and 4.97–5.01 ppm. Additional signals for com-
pounds 7 appeared as a multiplet or doublets at d=2.54–
2.82 ppm, suggesting the presence of only a methylene
group on the cyclobutane ring. Vinylic proton signals were
not detected by 1H NMR spectroscopy for tricycles 4–6. In
fact, adducts 4 and 5 produced several multiplets (d=1.61–
3.58 ppm) in the 1H NMR spectra corresponding to two
methylene groups on the cyclobutane ring. However, the
13C NMR spectra for compounds 7 produced one signal at
d=113.6–113.7 ppm, characteristic of the C=CH2 vinylic
carbon atom of compounds 7.


Notably, the presence of an internal substituent on the
alkene moiety switched the regioselectivity. The successful
reversal of regioselectivity in the allene component, just by
a subtle variation in the substitution of the alkene moiety, is
an important development. In our case, it allowed for the
preparation of a diverse array of structurally novel strained
tricyclic b-lactams. For example, enantiopure compounds
7a–c are remarkable as they bear two quaternary stereogen-
ic centers.[19] As a result of steric congestion, the stereocon-
trolled construction of carbon atoms containing four carbon
ligands, all-carbon quaternary centers, is a formidable chal-
lenge for chemical synthesis. This challenge is magnified
when the central carbon is stereogenic.[20]


To further explore the regio- and diastereoselectivity of
the present formal [2+2] cycloaddition, the reactions of 2-
azetidinones anti-(� )-2 j, (� )-2k, and anti-(� )-2k, bearing
an isopropenyl group on one side (C3) and the allenol
moiety on the other side (C4), were investigated


(Scheme 7). There are several interesting features that are
noteworthy from this study. First, the regioselectivity. Upon
use of enallenol (� )-2k, both the [2+2] cycloaddition prod-


uct at the internal double bond (� )-10 and the unexpected
distal cycloadduct (� )-11 were obtained in 40% and 13%
yields, respectively. Full regiocontrol was achieved for enal-
lenes anti-(� )-2 j and anti-(� )-2k. Second, the diastereose-
lectivity. The C3-isopropenyl a-allenols employed in
Scheme 7 are structurally equivalent to the N-methallyl a-al-
lenols of Scheme 6. However, the thermal treatment of enal-
lene anti-(� )-2 j resulted in a mixture of two separable dia-
stereomers. The intramolecular cycloaddition of anti-(� )-2k
provided the tricycle (� )-9b in 40% yield as a single regio-
and diastereomer. The stereochemical relationship of tricy-
cle (� )-8 was established by X-ray diffraction analysis
(Figure 2).[21] To see if the [2+2] cycloaddition reaction is re-
versible, the separated cycloadducts (� )-8, (� )-9a, (� )-9b,
(� )-10, and (� )-11 were subjected to the reaction condi-
tions again. However, after heating a solution of the separat-
ed cycloadducts 8–11 in toluene at 220 8C in a sealed tube
for 8 h, they remained unaltered.


Thermal [2+2] cycloaddition reactions,[22] normally helped
by Lewis acids, are much less common than photochemical
ones,[23] and usually they are assumed to occur through the
participation of dipolar or diradical intermediates. In our
case, when a catalytic amount of hydroquinone was added,
the reaction rate was considerably reduced and the product
yield fell dramatically. This fact is consistent with the in-
volvement of a radical mechanism. The formation of fused,
strained tricycles 4–6 can be rationalized by a mechanism
that includes an exocyclic diradical intermediate 12 through


Scheme 6. Regio- and diastereoselective preparation of tricyclic b-lactams
7. Reagents and conditions: a) toluene, 220 8C, sealed tube, (+)-7a : 5 h,
(+)-7b : 8 h, (+)7c : 7 h.


Scheme 7. Preparation of strained tricyclic b-lactams 8–11. Reagents and
conditions: a) toluene, 220 8C, sealed tube, (� )-8, (� )-9a : 2 h; (� )-10,
(� )-11: 1.5 h; (� )-9b : 2 h.
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initial carbon–carbon bond formation involving the central
allene and proximal alkene carbon atoms (path A,
Scheme 8). An alternative mechanism for the thermal reac-


tion, which leads to tricyclic 2-azetidinones 4–6 is proposed
in path B (Scheme 8). This pathway involves an endocyclic
diradical intermediate 13, arising from the initial attack of
the terminal olefinic carbon onto the distal allene carbon.
For both pathways, the final step must involve a rapid ring-
closure of the diradical intermediates, before bond rotation
can occur.


Analogously, the thermal formation of fused, strained tri-
cycles 7–10 can be rationalized by a mechanism which in-
cludes an exocyclic diradical intermediate 14 through initial
carbon–carbon bond formation involving the proximal
allene and internal alkene carbon atoms (path C, Scheme 9).
An alternative pathway leading to tricyclic 2-azetidinones 7–
10 is proposed in path D (Scheme 9). This proposal involves
an endocyclic diradical intermediate 15, arising from the ini-
tial attack of the terminal olefinic carbon onto the central
allene carbon. The final ring-closing step of the diradical in-
termediates accounts for the cyclobutane formation.


It seems that the regioselectivity in this type of [2+2] cy-
cloaddition reaction is determined by the presence or ab-
sence of an alkyl substituent at the internal alkene carbon
atom, as the enallenes 2a–d,h,i,l that are lacking a methyl


group exclusively produced addition at the b,g-double bond,
while the enallenes 2e–g,j,k, which bear a methyl group at
the internal olefinic carbon underwent a formal [2+2] cyclo-
addition reaction at the a,b-double bond. Path A
(Scheme 8) looks valid for the formation of products 4–6.
For this case, the Me group at R3 stabilizes the exocyclic di-
radical, and the presence of the double bond promotes the
allylic radical 12 over the alternate endocyclic vinylic radical
13 in path B. However, it could be presumed that for the
formation of compounds 7–10, path D (Scheme 9) is more
reasonable. The simultaneous stabilization of the endocyclic
diradical 15 by the presence of a methyl substituent and al-
lylic stabilization makes this radical favored over the exocy-
clic diradical 14. Substitution on the allene moiety affects
the rate of the reaction, presumably by influencing the sta-
bility of the allylic portion of the resulting exocyclic diradi-
cal intermediate 12. Thus, for example, cyclization of the
enallenol (+)-2 l requires 10 h for completion, whereas the
reaction of substituted analogues (+)-2a and (+)-2b is com-
plete in 5 h and 3 h, respectively.


The structures and stereochemistries of compounds 4–11
were assigned by NMR spectroscopic studies. The cis-stereo-
chemistry of the four-membered b-lactam ring was set
during the cyclization step to form the 2-azetidinone nu-
cleus, and it was transferred unaltered during the following
synthetic steps. The tricyclic structures (by DEPT, HMQC,
HMBC, and COSY) and the stereochemical relationships
(by vicinal proton couplings and qualitative homonuclear
NOE difference spectra) of fused cyclobutane b-lactams 4–
11 were established by NMR spectroscopic one- and two-di-
mensional techniques. This structural and configurational as-
signment was confirmed by an X-ray diffraction analysis of
the cycloadduct (� )-8, which is the major product from the
cyclization of enallenol (� )-2 j.[24]


Selected NOE enhancements which are in agreement
with the proposed stereochemistries are shown in Figure 3.
As an example, NOE irradiation of the less shielded proton
of the C2 methylene group (trinem numbering) in com-
pound (+)-6b gave an increment both on the H3 proton
(7%) and the H8 proton (4%). Irradiation of the more
shielded proton of the C2 methylene group in compound
(+)-6b resulted in a 4% increment on the signal corre-


Figure 2. X-ray diffraction analysis of tricyclic b-lactam (� )-8.


Scheme 8. Rationalization for the thermal preparation of strained tricy-
clic b-lactams 4–6.


Scheme 9. Rationalization for the thermal preparation of strained tricy-
clic b-lactams 7–10.
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sponding to one of the C4 methyl groups. Irradiation of the
H3 proton in compound (+)-6b gave a NOE enhancement
on the other C4 methyl hydrogens (5%), together with a
4% increment on the signal of the H8 proton. As another
example, irradiation of the H3 hydrogen (trinem number-
ing) in compound (� )-9b resulted in a 6% increment on
the H2 proton and an absence of NOE enhancement on the
phenyl signals. NOE irradiation of the protons on the
methyl group in compound (� )-9b gave a 4% increment on
the phenyl hydrogens, but no enhancement was observed on
the H8 proton. Similar figures were observed on performing
NOE experiments for the rest of tricycles 4–11.


Conclusion


In conclusion, we have presented a convenient metal-free
methodology for the synthesis of racemic and enantiopure
strained tricyclic b-lactams containing a cyclobutane ring by
means of intramolecular formal [2+2] cycloaddition reac-
tions in 2-azetidinone-tethered enallenols. Interestingly, the
regioselectivity of this thermal cyclization is determined by
the presence or absence of an alkyl substituent at the inter-
nal alkene carbon atom. Enallenols lacking a methyl group
exclusively produced addition at the b,g-double bond, while
enallenols bearing a methyl group at the internal olefinic
carbon underwent a formal [2+2] cycloaddition reaction at


the a,b-double bond. Taking both of these observations to-
gether, this cyclization reaction has the potential to signifi-
cantly extend the utility of the allenol moiety in synthesis.


Experimental Section


General methods : 1H NMR and 13C NMR spectra were recorded on a
Bruker Avance-300, Varian VRX-300S, or Bruker AC-200. NMR spectra
were recorded in CDCl3, except when otherwise stated. Chemical shifts
are given in ppm relative to TMS (1H, d=0.0 ppm), or CDCl3 (13C, d=
76.9 ppm). Low and high resolution mass spectra were taken on a
HP5989A spectrometer by using the electronic impact (EI) or electro-
spray (ES) modes, unless otherwise stated. Specific rotation [a]D is given
in 10�1degcm2g�1 at 20 8C, and the concentration (c) is expressed in
g per 100 mL. All commercially available compounds were used without
further purification. Aldehydes (+)-1a,[11a] (+)-1d,[11b] (� )-1e,[12b] and
(� )-1 f.[12b] were prepared according to our previously reported proce-
dures. Data for a-allenols (+)-2a, (+)-2b, (� )-2h, (� )-2 i, and (+)-2 l
can be found in reference [9e], whilst data for tricycles (+)-4a, (+)-4b,
and (� )-5a can be found in the Supporting Information of the prelimina-
ry communication for this paper.[10]


General procedure for the preparation of strained tricyclic b-lactams 4–
11: A solution of the corresponding enallenol 2 (0.20 mmol) in toluene
(10 mL) was heated in a sealed tube at 220 8C until the starting material
had been consumed (determined by TLC analysis). The reaction mixture
was allowed to cool to room temperature, and then the solvent was re-
moved under reduced pressure. After purification by flash chromatogra-
phy tricycles 4–11 were obtained. Spectroscopic and analytical data for
some representative forms of compounds 4–11 follow.[25]


Tricycle (+)-6b : By starting from enallenol (70 mg, 0.22 mmol) (+)-2d,
followed by chromatography of the product residue (hexanes/EtOAc
3:1), compound (+)-6b (40 mg, 57%) was produced as a colorless oil;
Rf=0.30 (hexanes/EtOAc 3:1); 1H NMR (300 MHz, CDCl3, 25 8C): d=
7.31 (m, 5H; ArH), 4.66 (d, J=0.8 Hz, 1H; H8), 4.53 (dd, J=4.6, 1.2 Hz,
1H; H10), 4.01 (dd, J=12.7, 5.6 Hz, 1H; NCHH), 3.86 (dd, J=4.6,
1.0 Hz, 1H; H9), 3.64 (s, 3H, OMe), 3.40 (m, 1H, NCHH), 2.98 (m, 1H;
H3), 2.63 (m, 2H, H5+H5’), 1.70 (d, J=1.7 Hz, 1H; OH), 1.19 and
1.09 ppm (s, each 3H; Me (Q2)); 13C NMR (75 MHz, CDCl3, 25 8C): d=
165.9 (C11), 142.7, 139.8, 135.1, 128.2 (Ar), 127.9, 126.5 (Ar), 84.5 (C10),
72.6 (C8), 59.6 (C9), 59.5 (OMe), 49.9 (C3), 43.3 (C5), 39.8, 32.9, 29.7
(Me), 23.9 ppm (Me); IR (CHCl3): ñ=3215, 1742 cm�1; MS (ES): m/z
(%): 314 (100) [M+H]+ , 313 (12) [M]+ ; elemental analysis (%) calcd for
C19H23NO3 (313.4): C 72.82, H 7.40, N 4.47; found C 72.95, H 7.36, N
4.44.


Tricycle (+)-7a : By starting from enallenol (58 mg, 0.19 mmol) (+)-2e,
followed by chromatography of the product residue (hexanes/EtOAc
3:1), compound (+)-7a (32 mg, 56%) was produced as a colorless oil;
Rf=0.32 (hexanes/EtOAc 3:1); [a]D=++21.5 (c=0.8 in CHCl3);


1H NMR
(300 MHz, CDCl3, 25 8C): d=7.31 (m, 5H; ArH), 4.97 and 4.95 (s, each
1H;=CH2), 4.57 (d, J=5.1 Hz, 1H; H9), 4.03 (m, 3H; NCHH, H7+H8),
3.82 (d, J=15.5 Hz, 1H; NCHH), 3.64 (s, 3H; OMe), 2.76 (s, 1H; H4),
2.74 (s, 1H; H4’), 1.75 ppm (s, 3H; Me); 13C NMR (75 MHz, CDCl3,
25 8C): d=167.8 (C10), 139.9 (C=CH2), 131.6 (Ar), 128.3 (Ar), 128.1,
123.1, 113.7 (C=CH2), 84.9, 83.1 (C9), 75.7, 69.2 (C7), 59.7, 59.5, 47.8
(NCH2), 25.0 (C4); 20.3 (Me); IR (CHCl3): ñ=3223, 1750 cm�1; MS
(ES): m/z (%): 300 (100) [M+H]+ , 299 (9) [M]+ ; elemental analysis (%)
calcd for C18H21NO3 (299.4): C 72.22, H 7.07, N 4.68; found C 72.19, H
7.04, N 4.71.


Preparation of tricycles (� )-8 and (� )-9a : By starting from a-allenic al-
cohol (75 mg, 0.25 mmol) (� )-2 j, followed by chromatography of the
product residue (hexanes/EtOAc 5:1), the less polar compound (� )-8
(30 mg, 40%) and the more polar compound (� )-9a (15 mg, 20%) were
obtained.


Tricycle (� )-8 : Colorless solid; m.p. 113–115 8C; Rf=0.23 (hexanes/
EtOAc 5:1); 1H NMR (300 MHz, CDCl3, 25 8C): d=7.45 and 6.85 (d, J=


Figure 3. Selected NOE spectroscopic data for tricyclic b-lactams 4–11.
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9.0 Hz, each 2H; ArH), 4.85 (t, J=2.2 Hz, 2H; =CH2), 4.57 (dd, J=5.8,
4.6 Hz, 1H; H2), 4.07 (br s, 1H; H3), 3.78 (s, 3H; OMe), 3.38 (d, J=
4.6 Hz, 1H; H8), 3.19 (dt, J=16.0, 1.9 Hz, 1H; H6), 2.51 (dt, J=16.0,
2.9 Hz, 1H; H6’), 1.75 (br s, 1H; OH), 1.26 (s, 3H; Me), 1.15 ppm (s, 3H;
Me); 13C NMR (75 MHz, CDCl3, 25 8C): d=165.8 (C9), 156.1, 151.2 (C=
CH2), 131.6, 118.6 (Ar), 114.2 (Ar), 106.9 (C=CH2), 82.5 (C2), 62.8, 61.2,
61.1, 55.4 (OMe), 41.3, 37.8 (C6), 21.9 (Me), 20.5 ppm (Me); IR
(CHCl3): ñ=3310, 1734 cm�1; MS (EI): m/z (%): 300 (20) [M+H]+ , 299
(100) [M]+ ; elemental analysis (%) calcd for C18H21NO3 (299.4): C 72.22,
H 7.07, N 4.68; found C 72.09, H 7.03, N 4.70.


Tricycle (� )-9a : Colorless solid; m.p. 120–122 8C; Rf=0.12 (hexanes/
ETOAc 5:1); 1H NMR (300 MHz, CDCl3, 25 8C): d=7.48 and 6.85 (d, J=
9.0 Hz, each 2H; ArH), 4.85 (t, J=2.7 Hz, 1H; =CHH), 4.79 (t, J=
1.7 Hz, 1H; =CHH), 4.72 (t, J=4.4 Hz, 1H; H2), 4.51 (d, J=5.1 Hz, 1H;
H3), 3.71 (s, 3H; MeO), 3.43 (d, J=4.1 Hz, 1H; H8), 2.54 (dt, J=15.0,
2.7 Hz, 1H; H6), 2.35 (dt, J=15.0, 1.7 Hz, 1H, H6’), 1.59 (br s, 1H; OH),
1.36 (s, 3H; Me), 1.06 ppm (s, 3H, Me); 13C NMR (75 MHz, CDCl3,
25 8C): d=166.1 (C9), 156.0, 151.9 (C=CH2), 120.3, 118.5 (Ar), 114.1
(Ar), 103.9 (C=CH2), 80.2 (C2), 62.2, 61.1, 59.5, 55.3 (OMe), 44.3, 42.9
(C6), 18.0 (Me), 13.1 ppm (Me); IR (CHCl3): n=3312, 1738 cm�1; MS
(EI): m/z (%): 300 (21) [M+H]+ , 299 (100) [M]+ ; elemental analysis (%)
calcd for C18H21NO3 (299.4): C 72.22, H 7.07, N 4.68; found C 72.33, H
7.10, N 4.66.


Tricycle (� )-9b : By starting from enallenol anti-(� )-2k (40 mg,
0.11 mmol), followed by chromatography of the product residue (hex-
anes/EtOAc 2:1), compound (� )-9b (16 mg, 40%) was produced as a
colorless oil; Rf=0.30 (hexanes/EtOAc 2:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=7.25 (m, 7H; ArH), 6.82 (d, J=9.0 Hz, 2H; ArH), 5.20 (t, J=
2.5 Hz, 1H; =CHH), 5.13 (br s, 1H; =CHH), 4.81 (t, J=5.3 Hz, 1H; H2),
4.61 (d, J=5.5 Hz, 1H; H3), 3.71 (s, 3H; OMe), 3.56 (d, J=4.5 Hz, 1H;
H8), 2.48 and 2.61 (dt, J=10.2, 1.5 Hz, each H; H6+H6’), 1.68 (br s, 1H;
OH), 1.91 ppm (s, 3H; Me); 13C NMR (75 MHz, CDCl3, 25 8C): d=165.1
(C9), 155.9, 149.2, 134.9 (C=CH2), 132.1, 129.1 (Ar), 128.3 (Ar), 127.0
(Ar), 118.3 (Ar), 114.0 (Ar), 109.1 (C=CH2), 80.3 (C2), 70.8, 63.2, 62.3,
55.3 (OMe), 47.1 (C7), 43.5 (C6), 20.7 ppm (Me); IR (CHCl3): ñ=3240,
1733 cm�1; MS (EI): m/z (%): 362 (25) [M+H]+ , 361 (100) [M]+ ; elemen-
tal analysis (%) calcd for C23H23NO3 (361.4): C 76.43, H 6.41, N 3.88;
found C 76.30, H 6.37, N 3.91.


Acknowledgements


Support for this work by the DGI-MCYT (Project BQU2003–07793-
C02–01) is gratefully acknowledged. C.A. and M.C.R. thank the CAM
and MEC, respectively, for predoctoral grants.


[1] “Synthesis, Stereochemistry, Synthons and Biological Evaluation”:
B. K. Banik, Curr. Med. Chem. 2004, 11, 1813.


[2] a) J. F. Fisher, S. O. Meroueh, S. Mobashery, Chem. Rev. 2005, 105,
395; b) C. Birck, J. Y. Cha, J. Cross, C. Schulze-Briese, S. O. Mer-
oueh, H. B. Schlegel, S. Mobashery, J.-P. Samama, J. Am. Chem. Soc.
2004, 126, 13945; c) C. Walsh, Antibiotics: Actions, Origins, Resist-
ance, ASM Press, Washington DC, 2003 ; d) O. A. Mascaretti, Bacte-
ria versus Antibacterial Agents, ASM Press, Washington, DC, 2003 ;
e) V. P. Sandanayaka, A. S. Prashad, Curr. Med. Chem. 2002, 9,
1145; f) C. Walsh, Nature 2000, 406, 775; g) M. I. Page, A. P. Laws,
Chem. Commun. 1998, 1609; h) D. Niccolai, L. Tarsi, R. J. Thomas,
Chem. Commun. 1997, 2333; i) V. Hook, Chem. Br. 1997, 33, 34;
j) B. G. Spratt, Science 1994, 264, 388; k) J. Davies, Science 1994,
264, 375; l) F. C. Neuhaus, N. H. Georgeopapadakou in Emerging
Targets in Antibacterial and Antifungal Chemoterapy (Eds.: J. Sut-
cliffe, N. H., Georgeopapadakou), Chapman and Hall, New York,
1992.


[3] They are generally referred to as trinems. For selected references
see: a) O. Kanno, I. Kawamoto, Tetrahedron 2000, 56, 5639; b) S.
Hanessian, B. Reddy, Tetrahedron 1999, 55, 3427; c) S. Biondi, A.


Pecunioso, F. Busi, S. A. Contini, D. Donati, M. Maffeis, D. A. Pizzi,
L. Rossi, T. Rossi, F. M. Sabbatine, Tetrahedron 2000, 56, 5649; d) C.
Ghiron, T. Rossi, The Chemistry of Trinems in Targets in Heterocy-
clic Systems-Chemistry and Properties, Vol. 1 (Eds.: O. A. Attanasi,
D. Spinelli), Societa Chimica Italiana, Rome, 1997, pp. 161–186;
e) J. Ngo, J. CastaÇer, Drugs Future 1996, 21, 1238.


[4] For a review on bi- and tricyclic-b-lactams with a nonclassical struc-
ture see: B. Alcaide, P. Almendros, Curr. Org. Chem. 2002, 6, 245.


[5] Some of the more notable advances concern the development of
mechanism-based serine protease inhibitors of elastase, cytomegalo-
virus protease, thrombin, prostate specific antigen, and cell metasta-
sis and as inhibitors of acyl-CoA cholesterol acyl transferase. For a
review see: a) G. Veinberg, M. Vorona, I. Shestakova, I. Kanepe, E.
Lukevics, Curr. Med. Chem. 2003, 10, 1741. For selected examples,
see: b) J. W. Clader, J. Med. Chem. 2004, 47, 1; c) L. Kvaerno, T.
Ritter, M. Werder, H. Hauser, E. M. Carreira, Angew. Chem. Int.
Ed. 2004, 43, 4653; Angew. Chem. 2004, 116, 4753; d) D. A. Burnett,
Curr. Med. Chem. 2004, 11, 1873; e) M. I. Page, A. P. Laws, Tetrahe-
dron 2000, 56, 5631; f) T. M. Haley, S. J. Angier, A. D. Borthwick, R.
Singh, R. G. Micetich, Drugs 2000, 3, 512; g) P. R. Bonneau, F.
Hasani, C. Plouffe, E. Malenfant, S. R. LaPlante, I. Guse, W. W.
Ogilvie, R. Plante, W. C. Davidson, J. L. Hopkins, M. M. Morelock,
M. G. Cordingley, R. Deziel, J. Am. Chem. Soc. 1999, 121, 2965;
h) W. W. Ogilvie, C. Yoakim, F. Do, B. Hache, L. Lagace, J. Naud,
J. A. OMMeara, R. Deziel, Bioorg. Med. Chem. Lett. 1999, 9, 1521;
i) W. D. Vaccaro, H. R. Davis Jr., Bioorg. Med. Chem. Lett. 1998, 8,
313; j) A. D. Borthwick, G. Weingarte, T. M. Haley, M. Tomaszew-
ski, W. Wang, Z. Hu, J. Bedard, H. Jin, L. Yuen, T. S. Mansour,
Bioorg. Med. Chem. Lett. 1998, 8, 365; k) W. T. Han, A. K. Trehan,
J. J. K. Wright, M. E. Federici, S. M. Seiler, N. Meanwell, Bioorg.
Med. Chem. Lett. 1995, 3, 1123.


[6] For reviews see: a) B. Alcaide, P. Almendros, Synlett 2002, 381; b) B.
Alcaide, P. Almendros, Chem. Soc. Rev. 2001, 30, 226; c) C. Palomo,
J. M. Aizpurua, I. Ganboa, M. Oiarbide, Synlett 2001, 1813; d) B. Al-
caide, P. Almendros, Org. Prep. Proced. Int. 2001, 33, 315; e) C.
Palomo, J. M. Aizpurua, I. Ganboa, M. Oiarbide, Amino acids, 1999,
16, 321; f) I. Ojima, F. Delaloge, Chem. Soc. Rev. 1997, 26, 377; g) I.
Ojima, Adv. Asymmetric. Synth. 1995, 1, 95; h) M. S. Manhas, D. R.
Wagle, J. Chiang, A. K. Bose, Heterocycles 1988, 27, 1755.


[7] For reviews see: a) S. Ma, Acc. Chem. Res. 2003, 36, 701; b) B. Al-
caide, P. Almendros, Eur. J. Org. Chem. 2004, 3377; c) R. W. Bates,
V. Satcharoen, Chem. Soc. Rev. 2002, 31, 12; d) A. S. K. Hashmi,
Angew. Chem. 2000, 112, 3737; Angew. Chem. Int. Ed. 2000, 39,
3590; ; e) R. Zimmer, C. U. Dinesh, E. Nandanan, F. A. Khan,
Chem. Rev. 2000, 100, 3067.


[8] a) S. Patai in The Chemistry of Ketenes, Allenes, and Related Com-
pounds, Wiley, Chichester, 1980 ; b) H. F. Schuster, G. M. Coppola in
Allenes in Organic Synthesis, Wiley, New York, 1984 ; c) P. H. Beusk-
er, J. W. Scheeren in The chemistry of dienes and polyenes, Vol. 2
(Ed.: Z. Rappoport), Wiley, 2000, pp. 331–337; d) H. Horino, M.
Kimura, S. Tanaka, T. Okajima, Y. Tamaru, Chem. Eur. J. 2003, 9,
2419 and references therein; e) M. Murakami, T. Matsuda in
Modern Allene Chemistry, Vol. 2 (Eds.: N. Krause, A. S. K. Hashmi),
Wiley-VCH, Weinheim, 2004, pp. 727–815; f) S. Ma, Chem. Rev.
2005, 105, 2829.


[9] a) B. Alcaide, P. Almendros, R. Rodr4guez-Acebes, Chem. Eur. J.
2005, 11, 5708; b) B. Alcaide, P. Almendros, R. Rodr4guez-Acebes, J.
Org. Chem. 2005, 70, 2713; c) B. Alcaide, P. Almendros, M. C. Re-
dondo, Org. Lett. 2004, 6, 1765; d) B. Alcaide, P. Almendros, J. M.
Alonso, M. F. Aly, Chem. Eur. J. 2003, 9, 3415; e) B. Alcaide, P. Al-
mendros, C. Aragoncillo, Chem. Eur. J. 2002, 8, 1719.


[10] For a preliminary communication of a part of this work see: B. Al-
caide, P. Almendros, C. Aragoncillo, Org. Lett. 2003, 5, 3795.


[11] a) B. Alcaide, P. Almendros, C. Aragoncillo, J. Org. Chem. 2001, 66,
1612; b) B. Alcaide, C. Pardo, C. Rodr4guez-Ranera, A. Rodr4guez-
Vicente, Org. Lett. 2001, 3, 4205.


[12] a) B. Alcaide, Y. Mart4n-Cantalejo, J. Plumet, J. Rodr4guez-LCpez,
M. A. Sierra, Tetrahedron Lett. 1991, 32, 803; b) B. Alcaide, Y.


Chem. Eur. J. 2006, 12, 1539 – 1546 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1545


FULL PAPERSynthesis of Tricyclic b-Lactams



www.chemeurj.org





Mart4n-Cantalejo, J. PVrez-Castells, J. Rodr4guez-LCpez, M. A.
Sierra, A. Monge, V. PVrez-Garc4a, J. Org. Chem. 1992, 57, 5921.


[13] a) B. M. Trost, J. L. Belletire, S. Godleski, P. G. McDougal, J. M. Bal-
kovec, J. J. Baldwin, M. E. Christy, G. S. Ponticello, S. L. Varga, J. P.
Springer, J. Org. Chem. 1986, 51, 2370; b) K. M. Sureshan, T. Miya-
sou, S. Miyamori, Y. Watanabe, Tetrahedron: Asymmetry 2004, 15,
3357; for a review, see: c) J. M. Seco, E. QuiÇo6, R. Riguera, Chem.
Rev. 2004, 104, 17.


[14] X-ray data of anti-(� )-2 j : crystallized from EtOAc/n-hexane at
20 8C; C18H21NO3 (Mr=299.36); monoclinic; space group=P2(1)/n ;
a=11.8192(16), b=8.0200(11), c=17.379(2) W; a=90, b=91.320(3),
g=90 8 ; V=1646.9(4) W3; Z=4; 1calcd=1.207 mgm�3 ; m=


0.082 mm�1; F(000)=640. A transparent crystal of dimensions 0.11Q
0.17Q0.20 mm3 was used; 2883 [R(int)=0.1020] independent reflec-
tions were collected on a Bruker Smart CCD difractomer with
graphite-monochromated MoKa radiation (l=0.71073 W). Data were
collected over a hemisphere of the reciprocal space by combination
of three exposure sets. Each exposure of 20 s and 30 s covered 0.3 in
w. The structure was solved by direct methods and Fourier synthesis.
It was refined by full-matrix least-squares procedures on F2


(SHELXL-97). The nonhydrogen atoms were refined anisotropical-
ly. The hydrogen atoms were refined only in terms of their coordi-
nates. CCDC-254722 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.


[15] The methodology of the asymmetric formation of cyclobutane deriv-
atives is limited in preparative organic chemistry. For an example
see: Methods of Organic Chemistry, Vol. E17e (Ed.: A. de Meijere),
Houben-Weyl, Thieme, Stuttgart, 1997.


[16] It has been reported that different substitution patterns at the allene
moiety (double bonds tethered either to the a-position or the g-posi-
tion of the allene) switched the regioselectivity of the [2+2] cycload-
dition of phenylsulfonyl enallenes. See: A. Padwa, H. Lipka, S. H.
Watterson, S. S. Murphree, J. Org. Chem. 2003, 68, 6238.


[17] a) L. Skattebøl, Y. Stenstrøm, Tetrahedron Lett. 1983, 24, 3021; b) V.
Nair, D. Sethumadhavan, S. M. Nair, P. Shanmugam, P. M. Treesa,
G. K. Eigendorf, Synlett 2002, 1655; c) T. V. Hansen, L. Skattebøl, Y.
Stenstrøm, Tetrahedron 2003, 59, 3461.


[18] a) A. Padwa, M. Meske, S. Murphree, S. H. Watterson, Z. Ni, J. Am.
Chem. Soc. 1995, 117, 7071; b) see reference [15].


[19] For the enantioselective preparation of C3–C4 fused tricyclic b-lac-
tams bearing a quaternary stereocenter at the C3 position see: R.
Shintani, G. C. Fu, Angew. Chem. 2003, 115, 4216; Angew. Chem.
Int. Ed. 2003, 42, 4082; .


[20] For reviews see: a) I. Denissova, L. Barriault, Tetrahedron 2003, 59,
10105; b) A. Mann, J. Christoffers, Angew. Chem. 2001, 113, 4725;
Angew. Chem. Int. Ed. 2001, 40, 4591; ; c) E. J. Corey, A. Guzm6n-


PVrez, Angew. Chem. 1998, 110, 402; Angew. Chem. Int. Ed. 1998,
37, 388.


[21] X-ray data for (� )-8 : crystallized from EtOAc/n-hexane at 20 8C;
C18H21NO3 (Mr=299.36); triclinic; space group=P�1; a=6.8434(8),
b=7.4150(8), c=16.0555(18) W; a=82.663(2), b=87.921(2), g=


76.361(2) 8 ; V=785.24(15) W3; Z=2; 1calcd=1.266 mgm�3; m=


0.086 mm�1; F(000)=320. A transparent crystal of dimensions 0.08Q
0.28Q0.32 mm3 was used. 2727 [R(int)=0.0531] independent reflec-
tions were collected on a Bruker Smart CCD difractomer using
graphite-monochromated MoKa radiation (l=0.71073 W). Data were
collected over a hemisphere of the reciprocal space by combination
of three exposure sets. Each exposure of 20 s and 30 s covered 0.3 in
w. The structure was solved by direct methods and Fourier synthesis.
It was refined by full-matrix least-squares procedures on F2


(SHELXL-97). The nonhydrogen atoms were refined anisotropical-
ly. The hydrogen atoms were refined only in terms of their coordi-
nates. CCDC-254723 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


[22] For some recent examples see: a) J. D. Winkler, E. C. McLaughlin,
Org. Lett. 2005, 7, 227; b) K. Inanaga, K. Takasu, M. Ihara, J. Am.
Chem. Soc. 2005, 127, 3668; c) Ohno, H.; Mizutani, T.; Kadoh, Y.;
Miyamura, K.; Tanaka, T. Angew. Chem. 2005, 117, 5243; Angew.
Chem. Int. Ed. 2005, 44, 5113; ; d) K. M. Brummond, D. Chen, Org.
Lett. 2005, 7, 3473; e) K. Villeneuve, W. Tam, Angew. Chem. 2004,
116, 620; Angew. Chem. Int. Ed. 2004, 43, 610; ; f) R. F. Sweis, M. P.
Schramm, S. A. Kozmin, J. Am. Chem. Soc. 2004, 126, 7442; g) F.
Marion, J. Coulomn, C. Courillon, L. Fensterbank, M. Malacria,
Org. Lett. 2004, 6, 1509.


[23] For selected reviews see: a) S. W. Baldwin in Organic Photochemis-
try, Vol. 5 (Ed.: A. Padwa), Marcel Dekker, New York, 1981,
pp.132–225; b) W. Oppolzer, Acc. Chem. Res. 1982, 15, 135; c) A. C.
Weedon in Synthetic Organic Chemistry (Ed.: W. M. Horspool),
Plenum, New York, 1984, pp. 61–144; d) H. A. J. Carless in Photo-
chemistry in Organic Synthesis, (Ed.: J. D. Coyle), Royal Society of
Chemistry, London, 1986, pp. 95–117.


[24] Taking into account that allenic alcohols 2 could be obtained and cy-
clized to tricyclic b-lactams, the stereochemistry at the carbinolic
stereogenic center for compounds 2 was immediately deduced by
comparison with the NOE and X-Ray spectroscopic results for the
tricyclic b-lactams 4–11.


[25] Full spectroscopic and analytical data for compounds not included
in this Experimental Section are described in the Supporting Infor-
mation.


Received: July 13, 2005
Published online: November 18, 2005


www.chemeurj.org I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1539 – 15461546


B. Alcaide, P. Almendros et al.



www.chemeurj.org






DOI: 10.1002/chem.200500813
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6,6’-Dimethyl-2,2’-bipyridine and 2,9-Dimethyl-1,10-phenanthroline:
Transformation of the Latter into a 2-Alkenyl-9-methyl-1,10-phenanthroline
Ligand


Javier A. Cabeza,*[a] Ignacio del R3o,[a] Lorena Mart3nez-M4ndez,[a] and Daniel Miguel[b]


Introduction


The activation of C�H[1] and C�C[2] bonds promoted by
transition-metal complexes has increasingly attracted the at-
tention of researches over the last two decades. The use of


these processes in chemoselective organic synthesis[1–3] is the
final goal of such an intense research activity. However, the
applied aspects of these reactions are not the only area of
interest. When sp3 carbon atoms are involved, the known
examples of C�H bond activation by oxidative addition pro-
cesses in solution are fewer than those known for C(sp2)�H
bonds,[1,3] and the number of processes in which C(sp3)�C
bonds are activated is even smaller.[2,3] Therefore, the search
for new systems capable of activating C(sp3)�H and C(sp3)�
C bonds under mild conditions and the understanding of the
factors that control such processes are currently highly
active research fields.


It has been reported that C�H and C�C bonds of mole-
cules in which these bonds are in the proximity of a coordin-


Abstract: The treatment of
[Ru3(CO)12] with 6,6’-dimethyl-2,2’-bi-
pyridine (Me2bipy) or 2,9-dimethyl-
1,10-phenanthroline (Me2phen) in THF
at reflux temperature gives the trinu-
clear dihydride complexes [Ru3(m-H)2-
(m3-L


1)(CO)8] (L1=HCbipyMe 1a,
HCphenMe 1b), which result from the
activation of two C�H bonds of a
methyl group. The hexa-, hepta-, and
pentanuclear derivatives [Ru6(m3-H)(m5-
L2)(m-CO)3(CO)13] (L2=CbipyMe 2a,
CphenMe 2b), [Ru7(m3-H)(m5-L


2)(m-
CO)2(CO)16] (L2=CbipyMe 3a,
CphenMe 3b), and [Ru5(m-H)(m5-C)(m-
L3)(CO)13] (L3=bipyMe 4a, phenMe
4b) can also be obtained by treating 1a
and 1b with [Ru3(CO)12]. Compounds
2a and 2b have a basal edge-bridged
square-pyramidal metallic skeleton
with a carbyne-type C atom capping
the four Ru atoms of the pyramid base.


The structures of 3a and 3b are similar
to those of 2a and 2b, respectively, but
an additional Ru atom now caps a tri-
angular face of the square-pyramidal
fragment of the metallic skeleton. The
most interesting feature of 2a, 2b, 3a,
and 3b is that their carbyne-type C
atoms were originally bound to three
hydrogen atoms in Me2bipy or
Me2phen and, therefore, they arise
from the unprecedented activation of
all three C�H bonds of C-bound
methyl groups. The pentanuclear com-
pounds 4a and 4b contain a carbide
ligand surrounded by five Ru atoms in
a distorted trigonal-bipyramidal envi-
ronment. They are the products of a


series of processes that includes the ac-
tivation of all bonds (three C�H and
one C�C) of organic methyl groups,
and are the first examples of complexes
having carbide ligands that arise from
C-bonded methyl groups. The alkenyl
derivatives [Ru5(m5-C)(m-p-MeC6H4-
CHCHphenMe)(CO)13] (5b), [Ru5(m-
H)(m5-C)(m-p-MeC6H4CHCHphenMe)-
(p-tolC2)(CO)12] (6b), and [Ru5(m-H)-
(m5-C)(m-PhCHCHphenMe)(PhC2)(CO)12]
(7b) have been obtained by treating
4b with p-tolyl- and phenylacetylene,
respectively. Their heterocyclic ligands
contain an alkenyl fragment in the po-
sition that was originally occupied by a
methyl group. Therefore, these com-
plexes are the result of the formal sub-
stitution of an alkenyl group for a
methyl group of 2,9-dimethyl-1,10-
phenanthroline.
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able heteroatom or functional group are, in general, more
easily cleaved than bonds that are far apart from these
groups.[1–4] These processes have been named “chelation-as-
sisted” bond activations[3a,4] because their driving force is
the formation of a stable metallacycle after the bond cleav-
age.


In a related chelation-assisted approach, we have ob-
served that [Ru3(CO)12] can promote the oxidative addition
of both N�H bonds of the amino group of 2-aminopyridines,
transforming it into a m4-imido fragment (Scheme 1).[5,6]


Such an uncommon reaction prompted us to attempt the ac-
tivation of methyl C�H bonds of a series of 2-methyl-N-het-
erocycles under the same conditions as those used for the
reactions with 2-aminopyridines.


We now report that simple 2-methylpyridines fail to react
with [Ru3(CO)12] in a similar manner to 2-aminopyridines.
However, with substrates with two coordinable heteroatoms,
one of which is close to the bond to be activated, that are
therefore capable of forming at least two metallacycles after
the bond cleavage, we have managed to transform an organ-
ic methyl group, that is, a methyl group attached to a C
atom of an organic fragment, into bridging methylene-type,
carbine, and carbide groups. Such processes imply the acti-
vation of two C(sp3)�H bonds, three C(sp3)�H bonds, and
the C(sp3)�C bond plus the three C(sp3)�H bonds, respec-
tively, of an organic methyl group.[7] We also report that the
metalated heterocyclic ligand left after the C�Me bond
cleavage can be functionalized with alkenyl fragments at the
C atom that was originally attached to the methyl group.


Results and Discussion


No reaction at all was observed when [Ru3(CO)12] was treat-
ed with 2,6-dimethylpyridine (2.5:1 mol ratio) in THF or
chlorobenzene at reflux temperature for 2 h. However, 6,6’-
dimethyl-2,2’-bipyridine (Me2bipy) and 2,9-dimethyl-1,10-
phenanthroline (Me2phen) reacted slowly with [Ru3(CO)12]
in refluxing THF to give the trinuclear derivatives [Ru3(m-
H)2(m3-HCbipyMe)(CO)8] (1a) and [Ru3(m-H)2(m3-HCphen-
Me)(CO)8] (1b), respectively, in moderate yields
(Scheme 2). Both N-donor ligands were used in excess to ac-
celerate the consumption of [Ru3(CO)12] and to minimize
the formation of polynuclear by-products (see below).


Higher reaction temperatures
resulted in lower yields of these
compounds.


The trinuclear nature of
these complexes was inferred
from their FAB mass spectra,
which contain the correspond-
ing molecular ion. The activa-
tion of two C�H bonds of a
methyl group was indicated by
their 1H NMR spectra, which,
in addition to the aromatic
proton resonances, contain sig-


nals assignable to two hydrides (mutually coupled), one CH,
and only one methyl group.


The molecular structure of 1a was confirmed by X-ray
diffraction. A selection of interatomic distances is given in
Table 1. Figure 1 shows that a bridging HCbipyMe ligand is
attached to three ruthenium atoms in such a way that the
CH fragment spans an Ru�Ru edge and the bipy fragment
chelates the remaining Ru atom. The cluster shell is com-


Scheme 1. Reactivity of 2-aminopyridines with [Ru3(CO)12].


Scheme 2. Synthesis of 1a and 1b.


Table 1. Selected interatomic distances [O] in compound 1a.


Ru1�Ru2 2.9654(7) Ru1�Ru3 2.7466(6)
Ru2�Ru3 2.7916(7) Ru1�N1 2.099(4)
Ru1�N2 2.253(4) Ru2�C1 2.157(5)
Ru3�C1 2.133(5)


Figure 1. Molecular structure of 1a.
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pleted by eight terminal CO ligands and two edge-bridging
hydrides.


It has been reported that the reactions of [Ru3(CO)12]
with 2,2’-bipyridine (H2bipy) and 1,10-phenanthroline
(H2phen) give [Ru3(H2bipy)(m-CO)2(CO)8]


[8] and [Ru3-
(H2phen)(m-CO)2(CO)8],


[9] respectively, in which the H2bipy
and H2phen ligands chelate a ruthenium atom. A careful in-
spection of the X-ray structure of the H2bipy derivative
(Figure 2) reveals that a similar structure would not be pos-
sible for Me2bipy or Me2phen because there is not enough
room to accommodate the methyl groups without their in-
teracting with the carbonyl ligands.


Thus, in the reaction of [Ru3(CO)12] with Me2bipy (or
Me2phen), the chelation of this ligand should be accompa-
nied by the release of at least three CO ligands. This is in
accordance with the observation that the reaction is slow
and requires thermal activation. The unsaturation of the 46-
electron intermediate thus-formed and the proximity of one
methyl group to the metal atoms would promote the activa-
tion of a methyl C�H bond. However, such a monohydrido
nonacarbonyl intermediate has not been observed, probably
because it is thermodynamically less stable than complex
1a, which arises from a double C�H bond activation.


As no reaction was observed between 2,6-dimethylpyri-
dine and [Ru3(CO)12] under analogous conditions, it is clear
that the chelating ability of Me2bipy and Me2phen is the
driving force for the metalation of one of their methyl
groups. A related chelation-assisted approach, in which two
metallacycles are formed after the bond activation step, has
been used to activate methyl C�H and C�C bonds of appro-
priate bidentate ligands with mononuclear complexes.[10]


Previous reports describing the oxidative addition of two
C�H bonds of a C-bonded methyl group to a metallic frag-
ment are scarce[11] and, as far as we are aware, only one cor-
responds to a ruthenium cluster.[11a] Some examples of
double C�H activation of methyl groups attached to
metal[12] or nitrogen[13] atoms are known.


The reaction of 1a with an equimolar amount of
[Ru3(CO)12] in chlorobenzene at reflux temperature afford-
ed a mixture of the compounds [Ru6(m3-H)(m5-CbipyMe)(m-
CO)3(CO)13] (2a), [Ru7(m3-H)(m5-CbipyMe)(m-CO)2(CO)16]
(3a), and [Ru5(m-H)(m5-C)(m-bipyMe)(CO)13] (4a), which


were separated by chromatographic techniques (Scheme 3).
An analogous reaction starting from 1b gave [Ru6(m3-H)(m5-
CphenMe)(m-CO)3(CO)13] (2b), [Ru7(m3-H)(m5-CphenMe)-


(m-CO)2(CO)16] (3b), and [Ru5(m-H)(m5-C)(m-phenMe)-
(CO)13] (4b) (Scheme 3). The hexanuclear complex 2b was
formed in a very small amount and could not be obtained
pure (it was always contaminated by some 3b). These prod-
ucts could also be prepared in analogous yields by treating
[Ru3(CO)12] with Me2bipy or Me2phen, in a 2:1 ratio, in re-
fluxing chlorobenzene.


The IR spectra of the Me2bipy-derived compounds are
similar to those of the Me2phen-derived complexes, thereby
indicating analogous structures. However, the analytical and
spectroscopic data of these products were insufficient to
assign their structures. These were determined by X-ray dif-
fraction.


The structure of the hexanuclear compound 2a is shown
in Figure 3. A selection of bond lengths is collected in
Table 2. It consists of a basal edge-bridged square-pyramidal
metallic skeleton with the edge-bridging Ru3 atom chelated
by both N atoms of the CbipyMe ligand and the metallic
square capped by the carbyne-type C1 atom of the CbipyMe
fragment. One face-capping hydride and 16 CO ligands
(three of them in bridging positions) complete the cluster
shell. Overall, this structure is related to those of [Ru6(m3-
H)2(m5-NpyMe)(m-CO)2(CO)14],


[5] [Ru6(m3-H)(m5-NpyC6H4)-
(m-CO)3(CO)13],


[6] [Ru6(m3-H)2(m5-NCO2Me)(m-CO)2-
(CO)14],


[14] and [Ru6(m4-S)(m-CO)3(CO)15],
[15] although these


compounds have m4-imido or m4-sulfido ligands instead of a
m4-carbyne.


The structures of the heptanuclear derivatives 3a and 3b
are shown in Figure 4. Table 3 contains a selection of inter-


Figure 2. Ball-and-stick and space-filling views of [Ru3(H2bipy)(m-
CO)2(CO)8]. Scheme 3. Synthesis of 2a,b, 3a,b, and 4a,b.
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atomic distances. Both structures are very similar to that of
2a, but an additional Ru atom now caps a triangular face of
the square-pyramidal fragment of the metallic skeleton.


The most interesting feature of compounds 2a, 2b, 3a,
and 3b is that they contain a carbyne-type carbon atom that


was originally bound to three hydrogen atoms in Me2bipy or
Me2phen. The activation of the three C�H bonds of a
metal-bound methyl group has been reported.[16] However,
to the best of our knowledge, the oxidative addition of all
three C�H bonds of an organic methyl group is unprece-
dented. Carbyne ligands bridging four metal atoms are also
scarce,[12a,b,17] and none of them arises from an organic
methyl group.


The structures of the pentanuclear compounds 4a and 4b
are very similar. Table 4 contains a comparative selection of
interatomic distances. Figure 5 shows, for both complexes,
the presence of a carbide ligand, C1, surrounded by five Ru
atoms in a distorted trigonal-bipyramidal environment. The
cluster core of 4a and 4b only contains seven Ru�Ru bonds
because the equatorial Ru1 atom is only bonded to the axial
Ru2 and Ru3 atoms, while the equatorial Ru4 and Ru5


Figure 3. Molecular structure of 2a.


Table 2. Selected interatomic distances [O] in compound 2a.


Ru1�Ru2 2.8438(8) Ru1�Ru3 2.8550(9)
Ru1�Ru4 2.7311(8) Ru1�Ru6 2.9686(9)
Ru2�Ru3 2.7798(8) Ru2�Ru5 2.7469(8)
Ru2�Ru6 2.8859(8) Ru4�Ru5 2.7596(9)
Ru4�Ru6 2.8599(9) Ru5�Ru6 2.9116(9)
Ru3�N1 2.126(5) Ru3�N2 2.208(5)
Ru1�C1 2.168(5) Ru2�C1 2.229(6)
Ru4�C1 2.266(5) Ru5�C1 2.223(6)


Figure 4. Molecular structures of 3a (left) and 3b (right).


Table 3. Selected interatomic distances [O] in compounds 3a and 3b.


3a 3b


Ru1�Ru2 2.7719(15) 2.7468(9)
Ru1�Ru3 2.7819(13) 2.8103(8)
Ru1�Ru4 2.7347(14) 2.7315(9)
Ru1�Ru6 2.9367(15) 2.9796(11)
Ru2�Ru3 2.8176(15) 2.8008(10)
Ru2�Ru5 2.7317(15) 2.7377(9)
Ru2�Ru6 2.8682(14) 2.8412(8)
Ru2�Ru7 2.7326(15) 2.7033(10)
Ru4�Ru5 2.7256(16) 2.7085(9)
Ru4�Ru6 2.9161(17) 2.9069(9)
Ru5�Ru6 2.8384(16) 2.8344(9)
Ru5�Ru7 2.7279(17) 2.7283(10)
Ru6�Ru7 2.8635(17) 2.8852(10)
Ru3�N1 2.091(9) 2.096(4)
Ru3�N2 2.180(9) 2.201(5)
Ru1�C1 2.231(11) 2.213(5)
Ru2�C1 2.133(12) 2.127(5)
Ru4�C1 2.244(10) 2.237(5)
Ru5�C1 2.191(10) 2.187(5)
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atoms are bonded to each other and to both axial Ru atoms.
The bipyMe (in 4a) or phenMe (in 4b) ligands chelate a Ru
atom through both N atoms and are also bonded to an addi-
tional Ru atom through the carbon atom, C2, that was origi-
nally bound to a methyl group. In both complexes, the clus-
ter shell is completed by 13 terminal CO ligands and a
bridging hydride that spans the Ru4�Ru5 edge.


Many transition metal clusters containing carbide ligands
have been reported, but none of these ligands arises from
an organic methyl group. It is also interesting to note that a
few C�C bond activation reactions involving methyl groups
have been reported,[2,10, 18] but the metal-bound methyl
groups of the products do not undergo further C�H bond
activation processes.


It is clear that compounds 1 (a or b) are precursors to
compounds 2–4 (a or b, respectively). However, complex 2a
was not transformed into a mixture of 3a and 4a when it
was heated in refluxing chlorobenzene. Therefore, as the
hexanuclear complexes 2 are not intermediates in the syn-
thesis of 3 and 4, the formation of the latter should take


place through the condensation of compound 1 with
[Run(CO)m] species (n=1, 3) that are available in hot solu-
tions of [Ru3(CO)12].


The fact that the pentanuclear compounds 4a and 4b con-
tain C-metalated N-heterocyclic ligands prompted us to
study their reactions with alkynes as such reactions could
lead to cluster complexes containing novel ligands having an
unsaturated group (alkenyl or alkynyl) in the same position
as that originally occupied by one of the methyl groups of
Me2bipy or Me2phen. In addition, these reactions could also
lead to products arising from carbide–alkenyl or carbide–al-
kynyl coupling processes.


As no significant differences had so far been observed in
the structure and reactivity of the Me2bipy- and Me2phen-
derived complexes 1–4, we decided to use 4b as a represen-


tative starting material for
these reactions because we had
accumulated a large amount of
this complex compared with
what we had of 4a.


Only untractable decomposi-
tion products were obtained
when 4b was treated with di-
phenylacetylene in toluene at
reflux temperature (>2 h), and
no reaction was observed under
milder conditions or with short-
er reaction times. However, the
treatment of 4b with p-tolylace-
tylene in toluene at reflux tem-
perature afforded a mixture of
compounds from which com-
plexes [Ru5(m5-C)(m-p-
MeC6H4CHCHphenMe)(CO)13]
(5b) and [Ru5(m-H)(m5-C)(m-p-
MeC6H4CHCHphenMe)(p-
tolC2)(CO)12] (6b) could be


separated by chromatographic methods in 29 and 34%
yield, respectively (Scheme 4). Under similar conditions, the
reaction of 4b with phenylacetylene also gave an analogous
mixture of compounds (1H NMR and TLC monitoring), but
[Ru5(m-H)(m5-C)(m-PhCHCHphenMe)(PhC2)(CO)12] (7b)
was the only product (35% yield) that could be efficiently
separated (Scheme 4).


The microanalyses and mass spectra of 5b, 6b, and 7b
confirmed their formulation and molecular weight. Their
1H NMR spectra show the presence of trans alkenyl frag-
ments in all three compounds and the absence (in 5b) or
the presence of one hydride ligand (in 6b and 7b), but give
no additional structural information. The CO-stretching re-
gions of the IR spectra of 6b and 7b are nearly identical,
thus indicating that both compounds have similar structures.


The molecular structure of compound 5b was determined
by X-ray diffraction (Figure 6). A selection of interatomic
distances is collected in Table 5. The metal core of 5b is sim-
ilar to that of its predecessor 4b and it also maintains the
m5-carbide carbon atom. The novel feature of this complex is


Table 4. Selected interatomic distances [O] in compounds 4a and 4b.


4a 4b


Ru1�Ru2 2.8645(7) 2.8750(10)
Ru1�Ru3 2.8933(6) 2.8887(10)
Ru2�Ru4 2.8096(7) 2.7892(11)
Ru2�Ru5 2.8798(7) 2.8745(10)
Ru3�Ru4 2.8552(7) 2.8469(9)
Ru3�Ru5 2.8586(7) 2.8576(10)
Ru4�Ru5 2.8840(7) 2.8835(10)
Ru1�N1 2.098(4) 2.106(6)
Ru1�N2 2.173(4) 2.168(6)
Ru1�C1 2.056(5) 2.042(6)
Ru2�C1 2.004(5) 2.006(7)
Ru3�C1 1.961(5) 1.964(7)
Ru4�C1 2.035(5) 2.042(6)
Ru5�C1 2.104(5) 2.102(7)
Ru4�C2 2.056(5) 2.066(7)


Figure 5. Molecular structures of 4a (left) and 4b (right).
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that it contains the novel ligand (E)-1-(9-methyl-1,10-phen-
anthro-2-yl)-2-(p-tolyl)ethene. This ligand is coordinated to
Ru3 through both C atoms of its olefin moiety while it che-


lates the adjacent metal atom Ru1 through the N atoms of
its heterocyclic fragment. As in 4b, 13 terminal CO ligands
complete the cluster shell.


Many attempts to get crystals of compounds 6b and 7b
suitable for X-ray diffraction analysis were carried out but,
unfortunately, only poor-quality crystals of 7b·H2O were ob-
tained. Nevertheless, one of those crystals was studied by X-
ray diffraction. Although the results are not accurate (many
non-metal atoms were found to be nonpositive definite after
anisotropic refinement),[19] they unambiguously reveal the
atom connectivity (Figure 7). The position of the hydride


ligand was calculated with XHYDEX.[20] In 7b, one of the
CO ligands on Ru1 of the phenyl analog of 5b has been re-
placed by an alkynyl ligand and a hydride now spans the
Ru4�Ru5 edge. Therefore, complex 7b can be described as
the result of the formal substitution of a CO ligand of the
phenyl analogue of 5b by two one-electron ligands—hydride
and alkynyl—that arise from the oxidative addition of the
terminal alkyne C�H bond.


A reasonable reaction pathway that would account for
the formation of 5b, 6b, and 7b is as follows. As 4b is a co-
ordinatively saturated 76-electron species, it most probably
needs to release a CO ligand to allow the coordination of
the incoming alkyne reagent. This should be the slowest
step of the whole reaction pathway because the reaction re-
quires strong thermal activation (reflux in toluene); 4b dis-
appears very slowly as the reaction progresses (IR monitor-
ing). A migratory insertion of the coordinated alkyne into a
hydride–ruthenium bond would give a metal-bound alkenyl
fragment which, through a reductive coupling with the C-
metalated heterocycle, would subsequently render an inter-
mediate with the same organic ligand as 5b (or its phenyl
analog), but with only 12 CO ligands. This species could al-
leviate its unsaturation by either taking a CO from solution
to give 5b (or its phenyl analog), reacting with more alkyne


Scheme 4. Reactivity of 4b with p-tolyl- and phenylacetylene.


Figure 6. Molecular structure of 5b.


Table 5. Selected interatomic distances [O] in compound 5b.


Ru1�Ru2 2.9480(12) Ru1�Ru3 2.8420(12)
Ru2�Ru4 2.8533(12) Ru2�Ru5 2.8923(11)
Ru3�Ru4 2.9017(12) Ru3�Ru5 2.8735(12)
Ru4�Ru5 2.7067(13) Ru1�N1 2.123(7)
Ru1�N2 2.169(7) Ru1�C1 2.101(9)
Ru2�C1 1.968(9) Ru3�C1 1.963(9)
Ru4�C1 2.138(9) Ru5�C1 2.111(9)
Ru3�C21 2.223(10) Ru3�C22 2.276(9)


Figure 7. Molecular structure of 7b.
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to give 6b (or 7b), or undergoing decomposition. The obser-
vation of 5b, 6b, and some other minor by-products in the
reaction of 4b with p-tolylacetylene suggests that these
three possibilities occur at similar rates. The fact that we
have not isolated the phenyl analog of 5b from the reaction
of 4b with phenylacetylene does not necessarily imply that
such a complex is not formed as a product. It most probably
is formed in a small amount and we simply have been
unable to separate it from the decomposition products. The
use of 4b-to-alkyne ratios lower than two only increased the
amount of decomposition products.


Therefore, in the reactions of 4b with terminal alkynes,
the first incoming alkyne is transformed into an alkenyl
ligand that ends up coupled to the heterocyclic fragment
and not to the carbide carbon atom. Space-filling diagrams
of the molecular structure of 4b demonstrate that the car-
bide is very well protected from external attack by the
metal atoms and also by some CO ligands.


Conclusion


We have described the ruthenium cluster-mediated transfor-
mation of organic methyl groups into carbide ligands (com-
pounds 4a and 4b). Such reactions involve the unprecedent-
ed activation of all bonds (three C�H and one C�C) associ-
ated with the carbon atom of an organic methyl group. In
addition, compounds 2 and 3 (a and b) are unique examples
of the activation of three C�H bonds of C-bonded methyl
groups.


We have demonstrated that the proximity of a methyl
group to a coordinating atom of a ligand is not the only
requisite necessary to accomplish various bond-activation
processes associated with such a methyl group. There are
two additional requirements: one is that the ligand should
be a chelate (the energy released on its coordination com-
pensates the high activation energy of the bond-cleavage
process), and the other requirement is the use of a poly-
metallic complex, since the possibility to have the methyl
group of a ligand in close proximity to a metal atom of a
complex (and thus being susceptible to undergo a C�H or a
C�C bond activation) is much greater for polynuclear than
for mononuclear complexes.


We have also been able to attach alkenyl fragments to the
C2 carbon atom of the heterocyclic ligand of complex 4b
and, hence, to transform 2,9-dimethyl-1,10-phenanthroline
into 2-alkenyl-9-methyl-1,10-phenanthroline ligands.


Experimental Section


General : Solvents were dried over Na/Ph2CO (THF, diethyl ether, hydro-
carbons), CaH2 (dichloromethane), or molecular sieves (chlorobenzene)
and distilled under nitrogen prior to use. The reactions were carried out
under nitrogen, using Schlenk/vacuum line techniques, and were routine-
ly monitored by solution IR spectroscopy (carbonyl stretching region)
and by spot TLC on silica gel. All reagents were purchased as analytical-
ly pure samples. IR: Perkin–Elmer FT Paragon 1000X. NMR: Bruker


AV-400 and DPX-300, room temperature, TMS as internal standard (d=
0 ppm). Microanalyses: Perkin–Elmer 2400. MS: VG Autospec double-
focusing mass spectrometer operating in the FAB+ mode; ions were
produced with a standard Cs+ gun at about 30 kV; 3-nitrobenzyl alcohol
(NBA) was used as matrix; data given refer to the most abundant molec-
ular ion isotopomer.


[Ru3(m-H)2(m3-HCbipyMe)(CO)8] (1a): A solution of [Ru3(CO)12]
(300 mg, 0.469 mmol) and 6,6’-dimethyl-2,2’-bipyridine (216 mg,
1.173 mmol) in THF (30 mL) was stirred at reflux temperature for 5.5 h.
The color changed from orange to black. The solvent was then removed
under reduced pressure and the residue dissolved in dichloromethane
(2 mL). This solution was separated by column chromatography (15V
2 cm) on silica gel. Hexane/dichloromethane (3:1) eluted some unreacted
[Ru3(CO)12] and a major band (orange), which gave compound 1a after
solvent removal (108 mg, 32%). 1H NMR (CD2Cl2): d=7.8–6.6 (m, 6H;
CH bipy), 5.46 (s, 1H; CH), 2.77 (s, 3H; Me), �12.42 (d, J=3.2 Hz, 1H;
m-H), �13.72 ppm (d, J=3.2 Hz, 1H; m-H); IR (CH2Cl2): n(CO)=2088
(m), 2049 (s), 2014 (s), 1990 (m), 1980 (m, sh), 1962 (w), 1928 cm�1 (w);
FAB-MS: m/z : 712 [M]+ ; elemental analysis (%) calcd for
C20H12N2O8Ru3 (711.53): C 33.76, H 1.70, N 3.94; found: C 33.82, H 1.75,
N 3.86.


[Ru3(m-H)2(m3-HCphenMe)(CO)8] (1b): A solution of [Ru3(CO)12]
(100 mg, 0.057 mmol) and 2,9-dimethyl-1,10-phenanthroline (65 mg,
0.312 mmol) in THF (30 mL) was stirred at reflux temperature for
75 min. The color changed from orange to dark brown. The solvent was
removed under reduced pressure and the residue dissolved in dichloro-
methane (2 mL). This solution was supported on preparative silica gel
TLC plates. Hexane/dichloromethane (2:1) eluted several bands. The
major band (second, orange) gave compound 1b upon extraction with di-
chloromethane and solvent removal (29 mg, 25%). A dark residue re-
mained uneluted in the baseline of the TLC plates. 1H NMR (CDCl3):
d=8.13 (d, J=8.2 Hz, 1H; CH phen), 7.76 (d, J=8.2 Hz, 1H; CH phen),
7.55 (m, 4H; 4 CH phen), 5.36 (s, 1H; CH), 2.97 (s, 3H; Me), �12.21 (d,
J=3.9 Hz, 1H; m-H), �13.39 ppm (d, J=3.9 Hz, 1H; m-H); IR (CH2Cl2):
n(CO)=2089 (m), 2050 (s), 2017 (s), 1991 (m), 1980 (m, sh), 1963 (w),
1928 cm�1 (w); FAB-MS: m/z : 737 [M]+ ; elemental analysis (%) calcd
for C22H12N2O8Ru3 (735.54): C 35.92, H 1.64, N 3.81; found: C 36.10, H
1.73, N 3.71.


[Ru6(m3-H)(m5-CbipyMe)(m-CO)3(CO)13] (2a), [Ru7(m3-H)(m5-CbipyMe)-
(m-CO)2(CO)16] (3a) and [Ru5(m-H)(m5-C)(m-bipyMe)(CO)13] (4a): A so-
lution of [Ru3(CO)12] (100 mg, 0.156 mmol) and 6,6’-dimethyl-2,2’-bipyri-
dine (14 mg, 0.078 mmol) in chlorobenzene (10 mL) was stirred at reflux
temperature for 5 h. The color changed from orange to very dark green.
The solvent was then removed under reduced pressure and the residue
was dissolved in dichloromethane (2 mL) and applied onto silica gel TLC
plates. Hexane/dichloromethane (3:2) eluted five bands. The first band
(yellow) contained a small amount of a mixture of [Ru3(CO)12] and
[Ru4H4(CO)12]. The second (orange) contained a trace amount of com-
pound 1a. The third (yellow), fourth (dark green), and fifth (dark green)
bands afforded compounds 4a (19 mg, 23%), 3a (18 mg, 17%), and 2a
(13 mg, 14%), respectively, after extraction with dichloromethane and
solvent removal. A dark residue remained uneluted in the baseline of the
TLC plates.


Data for 2a : 1H NMR (CD2Cl2): d=7.9–5.9 (m, 6H; CH bipy), 3.05 (s,
3H; Me), �14.37 ppm (s, 1H; m-H); IR (CH2Cl2): n(CO)=2079 (m),
2042 (vs), 2016 (w), 2000 (m), 1935 (w, br), 1850 (w), 1824 cm�1 (m);
FAB-MS: m/z : 1237 [M]+ ; elemental analysis (%) calcd for
C28H10N2O16Ru6 (1236.8) : C 27.19, H 0.81, N 2.26; found: C 27.25, H
0.93, N 2.18.


Data for 3a : 1H NMR (CD2Cl2): d=7.9–5.9 (m, 6H; CH bipy), 3.12 (s,
3H; Me), �15.46 ppm (s, 1H; m-H); IR (CH2Cl2): n(CO)=2084 (m),
2052 (s), 2034 (vs), 2013 (m), 1971 (w), 1947 (w), 1849 (w), 1817 cm�1


(w); FAB-MS: m/z : 1394 [M]+ ; elemental analysis (%) calcd for
C30H10N2O18Ru7 (1393.89): C 25.85, H 0.72, N 2.01; found: C 25.93, H
0.80, N 1.95.


Data for 4a : 1H NMR (CD2Cl2): d=7.9–7.0 (m, 6H; CH bipy), 2.96 (s,
3H; Me), �21.31 ppm (s, 1H; m-H); IR (CH2Cl2): n(CO)=2085 (m),
2046 (s), 2041 (s), 2029 (s), 2006 (w), 1989 (m), 1970 (w, sh), 1943 cm�1
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(w); FAB-MS: m/z : 1052 [M]+ ; elemental analysis (%) calcd for
C25H10N2O13Ru5 (1051.70): C 28.55, H 0.96, N 2.66; found: C 28.61, H
1.03, N 2.57.


[Ru6(m3-H)(m5-CphenMe)(m-CO)3(CO)13] (2b), [Ru7(m3-H)(m5-
CphenMe)(m-CO)2(CO)16] (3b), and [Ru5(m-H)(m5-C)(m-phenMe)-
(CO)13] (4b): A solution of [Ru3(CO)12] (300 mg, 0.471 mmol) and 2,9-di-
methyl-1,10-phenanthroline (60 mg, 0.276 mmol) in chlorobenzene
(10 mL) was stirred at reflux temperature for 5 h. The color changed
from orange to very dark green. The solvent was then removed under re-
duced pressure and the residue was dissolved in THF (5 mL) and sup-
ported on silica gel (ca. 5 g) by evaporation under vacuum. This material
was placed on top of a silica gel chromatographic column (15V3 cm)
packed in hexane. Hexane eluted trace amounts of [Ru3(CO)12] and
[Ru4H4(CO)12]. Hexane/dichloromethane (5:1) eluted a small amount of
1b followed by a yellow band, which afforded compound 4b upon sol-
vent removal (32 mg, 11%), and a red band containing a trace amount of
an unidentified product. Hexane/dichloromethane (3:2) eluted a dark
green band that contained a 1:8 mixture of compounds 2b and 3b. Re-
crystallization of this mixture from dichloromethane/hexane afforded
pure 3b (43 mg, 11%). A dark residue remained uneluted in the baseline
of the TLC plates.


Data for 2b : 1H NMR (CDCl3, mixture with 3b): d=3.25 (s, 3H; Me),
�14.34 ppm (s, 1H; m-H); the resonances of the phen protons overlap
with those of complex 3b.


Data for 3b : 1H NMR (CDCl3): d=8.35 (d, J=8.2 Hz, 1H; CH phen),
7.83 (d, J=8.2 Hz, 1H, CH phen), 7.81 (d, J=8.6 Hz, 1H; CH phen),
7.71 (m, 2H; 2 CH phen), 6.22 (d, J=8.6 Hz, 1H; CH phen), 3.32 (s, 3H;
Me), �15.57 ppm (s, 1H; m-H); IR
(CH2Cl2): n(CO)=2084 (m), 2052 (s),
2034 (vs), 2014 (m), 1970 (w), 1944
(w), 1845 (w), 1817 cm�1 (w); FAB-
MS: m/z : 1418 [M]+ ; elemental analy-
sis (%) calcd for C32H10N2O18Ru7


(1417.9): C 27.11, H 0.71, N 1.98;
found: C 27.01, H 0.75, N 2.03.


Data for 4b : 1H NMR (CD2Cl2): d=


8.39 (d, J=8.2 Hz, 1H; CH phen),
7.75 (d, J=3.7 Hz, 1H; CH phen),
7.72 (d, J=3.7 Hz, 1H; CH phen),
7.65 (m, 2H, 2 CH phen), 7.45 (d, J=
8.2 Hz, 1H; CH phen), 3.16 (s, 3H;
Me), �21.28 ppm (s, 1H; m-H); IR
(CH2Cl2): n(CO)=2085 (m), 2046 (s),
2041 (s), 2029 (s), 2006 (w), 1989 (m),
1969 (w, sh), 1945 cm�1 (w); FAB-MS:
m/z : 1076 [M]+ ; elemental analysis
(%) calcd for C27H10N2O13Ru5


(1075.7): C 30.15, H 0.94, N 2.60;
found: C 30.20, H 0.95, N 2.55.


[Ru5(m5-C)(m-p-MeC6H4CHCHphen-
Me)(CO)13] (5b) and [Ru5(m-H)(m5-
C)(m-p-MeC6H4CHCHphenMe)(p-
tolC2)(CO)12] (6b): A toluene solution
(20 mL) of 4b (25 mg, 0.023 mmol)
and p-tolylacetylene (6 mL,
0.050 mmol) was stirred at reflux tem-
perature for 75 min. The color
changed from yellow to brown. The
solvent was then removed under re-
duced pressure, the residue was dis-
solved in dichloromethane (2 mL), and
the resulting solution was supported
onto preparative silica gel TLC plates.
Repeated elution of the plates with
hexane/dichloromethane (3:2) allowed
the separation of several bands. The
two major bands, fourth and fifth in
order of elution, both orange, were


worked up to afford compounds 5b (8 mg, 29%) and 6b (7 mg, 24%),
respectively.


Data for 5b : 1H NMR (CDCl3): d=8.44 (d, J=8.3 Hz, 1H; CH phen),
8.21 (d, J=8.7 Hz, 1H, CH phen), 7.92 (d, J=8.3 Hz, 1H; CH phen),
7.84 (m, 3H; CH phen + p-tolyl), 7.45 (d, J=7.8 Hz, 2H; CH p-tolyl),
7.21 (m, 2H; CH phen), 5.91 (d, J=11.4 Hz, 1H; CH alkenyl), 5.84 (d,
J=11.4 Hz, 1H; CH alkenyl), 3.32 (s, 3H; Me), 2.39 ppm (s, 3H; Me);
IR (CH2Cl2): n(CO)=2064 (m), 2030 (vs), 2024 (s, sh), 2005 (m), 1972
(w, br), 1956 cm�1 (w, sh); FAB-MS: m/z : 1192 [M]+ ; elemental analysis
(%) calcd for C36H18N2O13Ru5 (1191.9): C 36.28, H 1.52, N 2.35; found: C
36.33, H 1.73, N 2.23.


Data for 6b : 1H NMR (CDCl3): d=8.27 (d, J=8.3 Hz, 1H; CH phen),
8.12 (d, J=8.3 Hz, 1H; CH phen), 7.88 (d, J=12.0 Hz, 1H; CH alkenyl),
7.79 (m, 6H, CH phen + p-tolyl), 7.47 (d, J=7.9 Hz, 2H; CH p-tolyl),
7.19 (d, J=7.9 Hz, 1H; CH phen), 7.07 (d, J=8.3 Hz, 1H; CH phen),
6.90 (d, J=7.9 Hz, 2H; CH p-tolyl), 6.07 (d, J=12.0 Hz, 1H; CH alken-
yl), 3.27 (s, 3H; Me), 2.37 (s, 3H; Me), 2.23 (s, 3H; Me), �21.48 ppm (s,
1H; m-H); IR (CH2Cl2): n(CO)=2081 (s), 2055 (s), 2034 (s), 2016 (m),
1992 (w, sh), 1978 (w), 1966 cm�1 (w); FAB-MS: m/z : 1281 [M]+ ; elemen-
tal analysis (%) calcd for C44H26N2O12Ru5 (1280.1): C 41.29, H 2.05, N
2.19; found: C 41.37, H 2.16, N 2.05.


[Ru5(m-H)(m5-C)(m-PhCHCHphenMe)(PhC2)(CO)12] (7b): A toluene so-
lution (20 mL) of 4b (25 mg, 0.023 mmol) and phenylacetylene (6 mL,
0.053 mmol) was stirred at reflux temperature for 60 min. The color
changed from yellow to brown. The solvent was then removed under re-
duced pressure, the residue was dissolved in dichloromethane (2 mL),
and the resulting solution was supported onto preparative silica gel TLC


Table 6. Selected crystal, measurement, and refinement data for compounds 1a, 2a, 3a, and 3b


1a 2a 3a 3b


formula C20H12N2O8Ru3 C28H10N2O16Ru6 C30H10N2O18Ru7 C32H10N2O18Ru7


formula weight 711.53 1236.80 1393.89 1417.91
color orange black black black
crystal system triclinic monoclinic orthorhombic monoclinic
space group P1̄ P21/c Pna21 P21/n
a [O] 8.1592(14) 10.306(3) 30.505(12) 17.406(5)
b [O] 10.9528(19) 30.631(8) 11.815(5) 11.007(4)
c [O] 13.132(2) 10.826(3) 10.394(4) 20.420(6)
a [8] 91.752(3) 90 90 90
b [8] 98.785(3) 94.188(4) 90 101.140(6)
g [8] 95.719(3) 90 90 90
V [O3] 1152.8(3) 3408.6(15) 3746(3) 3838(2)
Z 2 4 4 4
F(000) 684 2336 2624 2672
1calcd [gcm


�3] 2.050 2.410 2.472 2.454
radiation (l, O) MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073
m [mm�1] 1.988 2.667 2.825 2.759
crystal size [mm] 0.05V0.10V0.19 0.08V0.12V0.14 0.11V0.21V0.24 0.06V0.13V0.22
temperature [K] 299(2) 293(2) 293(2) 296(2)
q limits [8] 1.57 to 23.28 1.33 to 23.28 1.34 to 23.33 1.41 to 23.28
min./max. h, k, l �9/9, �12/12, �14/


14
�11/10, �30/33, �11/
11


-33/33, �13/13, �6/
11


�15/19, �12/12, �21/
22


collected reflns. 7401 14898 16343 16669
unique reflns. 3293 4811 4152 5508
reflns. with
I>2s(I)


2614 3975 3977 4468


absorption correc-
tion


SADABS SADABS SADABS SADABS


parameters/re-
straints


311/0 475/0 520/1 538/0


GOF on F2 1.016 1.011 1.110 1.029
R1 (on F, I>2s(I)) 0.0269 0.0304 0.0315 0.0285
wR2 (on F2, all
data)


0.0540 0.0656 0.0650 0.0721


max./min. D1
[eO�3]


0.490 and �0.371 0.595 and �0.549 0.752 and �0.642 0.629 and �0.616
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plates. A major band was separated from several minor bands by eluting
the plates several times with hexane/dichloromethane/acetone (8:1:1).
Work-up the major band afforded compound 7b as an orange solid
(10 mg, 35%). 1H NMR (CDCl3): d=8.34 (d, J=8.1 Hz, 1H; CH phen),
8.19 (d, J=8.1 Hz, 1H; CH phen), 7.83 (m, 3H, CH phen + Ph), 7.57 (d,
J=7.1 Hz, 2H; CH Ph), 7.18 (m, 10H, CH phen + Ph + alkenyl), 6.13
(d, J=11.5 Hz, 1H; CH alkenyl), 3.41 (s, 3H; Me), �21.46 ppm (s, 1H;
m-H); IR (CH2Cl2): n(CO)=2081 (s), 2055 (s), 2033 (s), 2019 (m), 1993
(w, sh), 1968 cm�1 (w, br); FAB-MS: m/z : 1253 [M]+ ; elemental analysis
(%) calcd for C42H22N2O12Ru5 (1252.0): C 40.29, H 1.77, N 2.24; found: C
40.36, H 1.92, N 2.16.


X-ray diffraction studies on 1a, 2a, 3a, 3b, 4a, 4b·CH2Cl2, and
5b·H2O·0.5(C6H14): Intensity measurements were made with a Bruker
AXS SMART 1000 diffractometer with graphite-monochromated MoKa


X-radiation and a CCD area detector. Selected crystallographic data can
be found in Tables 6 and 7. Raw frame data were integrated with the
SAINT+ [21] program. The structures were solved by direct methods with
SHELXTL.[22] A semi-empirical absorption correction was applied with
the program SADABS.[23] All non-hydrogen atoms were refined aniso-
tropically. The hydride ligands of all compounds and the hydrogen atom
of the bridging CH fragment of 1a were located in difference maps and
were fully refined (both coordinates and isotropic thermal parameters).
The remaining hydrogen atoms were set in calculated positions and re-
fined as riding atoms. Refinements were made with SHELXTL,[22] and
molecular plots were produced with the PLATON program package.[24]


CCDC-231373 (1a), CCDC-231374 (2a), CCDC-231375 (3a), CCDC-
277942 (3b), CCDC-231376 (4a), CCDC-277943 (4b·CH2Cl2), and
CCDC-277944 (5b·H2O·0.5(C6H14)) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Control of Metal-Ion Composition in the Synthesis of Ternary II-II’-VI
Nanoparticles by Using a Mixed-Metal Cluster Precursor Approach


Marty W. DeGroot,[a] Harald Rçsner,[b] and John F. Corrigan*[a]


Introduction


A landmark discovery in the synthesis of II-VI nanoparticles
was the establishment of the trioctylphosphine/trioctylphos-
phine oxide (TOP/TOPO) method by Bawendi et al. , af-
fording synthetic access to high-quality, monodisperse nano-
particles in gram-scale quantities.[1] Nucleation and growth
of nanoparticles in these systems are prompted by the rapid
injection of metal and chalcogen precursors into a hot
(~150–350 8C), coordinating solvent. The concept of pyrolytic
degradation of organometallic precursors that forms the
basis of the TOP/TOPO method has been complemented by
numerous studies involving the use of single-source precur-
sors in the synthesis of semiconductor nanoparticles.[2–4] This
approach involves the pyrolysis of complexes with a pre-


formed metal–nonmetal bond, tendering the potential ad-
vantages of low-temperature synthetic routes, the avoidance
of toxic and volatile precursors, and low incorporation of
impurities.[5,6] An expansion of this precursor approach in-
volves the use of cluster complexes as single-source precur-
sors to nanoparticle formation.[7,8]


Recently, Strouse and co-workers fashioned a convenient
synthetic route for the synthesis of II-VI nanoparticles by
combining the concept of cluster precursors with the tuna-
bility of lyothermal degradation techniques, such as the
TOP/TOPO method.[9] The clusters, [M10Se4(SPh)16]


4� (M=


Zn, Cd),[10] which already contain the requisite structural ar-
rangement present in the semiconductor material, were
found to be excellent candidates for nanoparticle formation.
The lyothermal cluster degradation method was further ex-
tended to the synthesis of Co-doped CdSe quantum dots by
using a combination of [Cd10Se4(SPh)16]


4� and [Co4(SPh)16]
2�


in hexadecylamine.[11] In a related investigation, Osterloh
and Hewitt treated the tetraadamantane cadmium sulfur
cluster [Cd10S4Br4(SR)12] with elemental sulfur to produce
crystalline wurtzite CdS with an average particle size of
5.8 nm.[12]


Among the most extensively investigated nanomaterials
are those of II-VI semiconductors (MxEx, in which M=Zn,
Cd, Hg; E=S, Se, Te), especially CdSe, for which the emis-
sion energy can be tuned across the visible spectrum.[1,13,14]


Far less attention has been directed at the synthesis of terna-
ry II-II’-VI nanoparticles. In these alloyed compounds, the


Abstract: The ternary molecular nano-
clusters [ZnxCd10�xSe4(SePh)12(PnPr3)4]
(x=1.8, 1a ; x=2.6, 1b) were employed
as single-source precursors for the syn-
thesis of high-quality hexagonal
ZnxCd1�xSe nanocrystals. The tellurium
clusters [ZnxCd10�xTe4(TePh)12(PnPr3)4]
(x=1.8, 2a ; x=2.6, 2b) are equally
convenient precursors for the synthesis
cubic ZnxCd1�xE nanoparticles. The
thermolysis of the cluster molecules in


hexadecylamine provides an efficient
system in which the inherent metal-ion
stoichiometry of the clusters is retained
in the nanocrystalline products, whilst
also affording control of particle size
within the 2–5 nm range. In all cases,


the nanoparticles are monodisperse,
and luminescence spectra exhibit emis-
sion energies close to the absorption
edge. Analysis of the optical spectra
and X-ray diffraction patterns of these
materials indicates a metal-ion concen-
tration gradient within the structures of
the nanocrystals, with ZnII ions pre-
dominantly located near the surface of
the particles.
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band gap energy can be mutually tuned by controlling both
the size of the nanoparticles and the metal-ion stoichiometry
(i.e. the ratio of M/M’). Indeed, recent reports on the syn-
thesis of ZnxCd1�xE and CdxHg1�xE nanoparticles demon-
strate that the excitation energy of these compounds can be
manipulated by changing the compositions.[15–17] Knoll and
co-workers have prepared a series of highly luminescent
(70–85% quantum efficiency) ZnxCd1�xSe nanocrystals
through the incorporation of Zn and Se into CdSe nanopar-
ticles.[18] The emission energy of these particles can be tuned
across the visible spectrum by changing the Zn/Cd ratio; the
incorporation of zinc is accommodated by an increase in the
size of the nanoparticle.
Recently, we reported the development of molecular pre-


cursor routes for the formation of ternary ZnCdSe and
ZnCdTe nanoclusters.[19, 20] These “pre-mixed” ternary clus-
ter molecules are exceptional candidates for the synthesis of
ternary nanoparticles in which the Zn/Cd ratio of the final
products can be modulated by the adjustable stoichiometry
of the clusters. Herein, we describe the growth of
ZnxCd1�xSe and ZnxCd1�xTe nanoparticles from the single-
source cluster precursors [ZnxCd10�xE4(EPh)12(PnPr3)4] and
[Zn5Cd11E13(EPh)6(thf)n(N,N’-tmeda)5] (E=Se, Te). This ap-
proach offers tunability both in the form of thermal control
of particle size as well as in the Zn/Cd composition by varia-
tion of the metal-ion constitution of the cluster starting re-
agents.


Results and Discussion


Semiconductor nanocrystallites are an exciting class of ma-
terials that exist in the transition region between semicon-
ductor solids and molecular complexes. The unique size-
and surface-dependent properties of these materials have in-
spired a prolific development in the chemical and physical
understanding of their properties.[21–27] Of particular interest
from a technological standpoint are the effects of quantum
confinement of the bulk exciton that result in size-tuneable
optical absorption and emission properties.[28–34] As the field
of “nanotechnology” has started to emerge, there has been
a movement from an academic interest to one based on the
implementation of these materials in electronic device appli-
cations, such as light-emitting devices,[35] photovoltaics,[36]


and lasers.[37] Therefore, in addition to the control of particle
size and chemical composition, the focus on the develop-
ment of straightforward synthetic routes to highly processa-
ble, high-purity materials with a narrow size distribution and
completely derivatized surface remains at the forefront of
this area of science.
Semiconductor cluster complexes can serve as molecular


structural models for bulk and nanocrystalline semiconduc-
tors,[38,39] and this has established their foundation for the
application of molecular clusters as single-source precursors
for nanoparticle formation. In this approach, the clusters act
as “seeds” for growth and, therefore, eliminate the require-
ment for a nucleation step that typically involves the injec-


tion of toxic precursors into hot solutions.[1,13] The ternary
nanoclusters [ZnxCd10�xE4(EPh)12(PnPr3)4] (E=Se, x=0.18,
1a ; E=Se, x=0.26, 1b ; E=Te, x=0.18, 2a ; E=Te, x=0.26,
2b) and [Zn5Cd11E13(EPh)6(thf)n(N,N’-tmeda)5] (E=Se, n=
2, 3 ; E=Te, n=1, 4) are thus excellent candidates for the
lyothermal generation of alloyed ZnxCd1�xE nanomaterials,
because their synthesis is easily scalable to produce large
amounts of pure cluster material in high yield.[19, 20] The clus-
ters are stable in the solid-state under inert atmosphere and
can even be handled in air for short periods of time. These
are important considerations for the development of a tech-
nique to produce large quantities of nanoparticles for indus-
trial applications. In this vein, hexadecylamine (HDA) offers
an affordable alternative to the more typically employed tri-
octylphosphine/trioctylphosphine oxide (TOP/TOPO) sol-
vent system. The lower boiling point of the amine relative
to that of TOP does not prohibit quantum-dot growth in
this system, owing to the absence of the need for a high-
temperature nucleation step.[9]


Growth and metal-ion composition of the ternary
ZnxCd1�xE nanoparticles : The addition of the ZnCdSe or
ZnCdTe cluster materials to hot (120 8C) HDA immediately
results in the formation of yellow (Se) or deep yellow (Te)
solutions. As the temperature is gradually increased, the
color of the solution progressively changes from yellow to
orange and red (to deep purple for ZnxCd1�xTe), indicating
the growth of larger materials. The progress of cluster
growth can easily be monitored spectroscopically by taking
aliquots at various intervals and obtaining the absorption
spectrum. The nanoparticles can be isolated at the desired
size by cooling the reaction below the growth temperature,
followed by precipitation with methanol. The isolated nano-
crystalline materials are indefinitely stable under inert at-
mosphere; however, extended exposure to air results in a
gradual deterioration of luminescence intensities. In addi-
tion, the nanoparticles can be stored in the parent hexade-
cylamine mixture for prolonged periods without observable
effects to their spectroscopic properties.
To determine the efficiency of these cluster precursors in


the synthesis of ternary nanomaterials, the relative metal-
ion compositions of the ternary ZnxCd1�xE nanoparticles
were examined using energy-dispersive X-ray (EDX) spec-
troscopy. The results of these analyses indicated that the
Zn0.18Cd0.82 and Zn0.26Cd0.74 stoichiometries present in clus-
ters 1a and 1b remained constant throughout the lyother-
mal degradation process and were retained in the nanocrys-
talline products. For [Zn5Cd11Se13(SePh)6(thf)2(N,N’-
tmeda)5] (3), on the other hand, EDX intensity data suggest-
ed a continual decrease in the Zn composition of the isolat-
ed nanomaterials with increasing temperature. Similar re-
sults were obtained for the tellurium materials, with preser-
vation of the metal-ion constitution observed for the ada-
mantoid clusters 2a and 2b, and partial zinc loss occurring
for cluster 4. These results suggest that structural differences
play a significant role in the thermolytic pathway. Clusters 1
and 2 exhibit the characteristic[40,41] cagelike adamantane-
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based architecture I, representative of the building blocks
comprised in the extended structures of II-VI materials,
while clusters 3 and 4 exhibit more condensed structures
II.[20] Thus, for the lyothermal decomposition of clusters 1


and 2, the composition of the resulting nanoparticles can be
manipulated by controlling the metal-ion ratio of the associ-
ated cluster precursors. Our previous results have demon-
strated that such stoichiometric control is easily accommo-
dated in the synthesis of these clusters.[19] The use of clusters
3 and 4 appears to be less favorable in this regard, because
the metal content of the precursors is fixed (Zn0.31Cd0.69) and
the ratio of Zn/Cd changes with the thermolysis tempera-
ture.


Particle-size characterization of selected ternary nanopar-
ticles obtained from clusters 1 and 2 was carried out by
using high-resolution transmission electron microscopy
(TEM). The TEM micrographs verify the growth of the
nanoparticles with increasing temperature, with particles at-
taining a maximum size of approximately 5 nm at 240 8C
(Figure 1). These analyses confirmed the presence of indi-
vidual nanoparticles and the highly crystalline nature of the
materials, as demonstrated by the identifiable lattice fringes
within the structures of the particles (Figure 2).


The evolution of particle size in the growth process of the
ZnxCd1�xSe and ZnxCd1�xTe nanoparticles was further moni-
tored by dynamic light-scattering analysis and by the experi-
mentally determined (from the optical spectra, see below)
band-gap energies of the semiconductor nanomaterials.
These analyses revealed the following features associated
with nanoparticle growth in these ternary systems. First, no
substantial differences were observed between the growth of
the [ZnxCd10�xSe4(SePh)12(PnPr3)4] clusters 1a and 1b. Simi-
lar growth progression was also observed for the ZnCdTe
clusters 2a and 2b. Thus, it is apparent that the small differ-
ences in the metal-ion composition of crystals of these com-


Figure 1. Bright-field TEM micrographs: Top: overview of sample 2a
heated at 240 8C in hexadecylamine. Bottom: overview of sample 2b
heated at 240 8C in hexadecylamine.


Figure 2. High-resolution TEM micrographs showing details of sample 2a
(top) and of sample 2b (bottom) heated at 240 8C in hexadecylamine.
The bar scale is 5 nm. The inserts depict the corresponding Fourier trans-
forms; the d-spacing values for 2a and 2b calculated from the first ring
of the electron diffraction pattern are 0.39 and 0.387 nm, respectively.
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plexes have little effect on nanoparticle growth. The pres-
ence of zinc in the clusters does, however, markedly affect
the growth of nanocrystalline materials at high temperature.
In the synthesis of CdSe nanoparticles from the cluster
[Cd10Se4(SPh)16]


4�, substantial nanocluster growth is ob-
served above 220 8C, with a two- to threefold increase
(yielding 6–9 nm particles) in size observed in the 220–
240 8C range.[9] For clusters 1a and 1b only a small increase
in the growth rate is observed at this temperature, and clus-
ter sizes reach 5 nm at 240 8C. A similar escalation of
growth is observed at ~180 8C for the tellurium clusters 2a
and 2b. The observed lower decomposition temperatures of
the telluride versus selenide clusters are consistent with
those of the solid-state thermolyses.[19b,20b]


Optical properties : Figure 3 shows the evolution of the ab-
sorption spectra with increasing batch temperature for the
lyothermal degradation of the ZnCdSe nanoclusters 1a,b.


The absorption spectra of the nanoparticles feature well-de-
fined absorption onsets with distinct lowest energy excitonic
transitions. The sharp absorption features and the observa-
tion of higher energy second and third excitonic transitions
in the absorption spectra are also indicative of a narrow size
distribution.[1] Consistent with the results of related investi-


gations,[9] this distribution could be narrowed by thermal an-
nealing of the reaction batches at 20 8C below their growth
temperature.
The effects of quantum confinement are observed as a


shift of the first excitonic transition to lower energy with in-
creasing particle size. The same effect is observed in the
emission spectra (Figure 4), which have maxima at the ab-


sorption edge and line widths that are comparable to those
of the absorption spectra (Figure 5). As expected these
become more prominent with increasing particle size. A
comparison of the optical spectra of the products obtained
from clusters 1a, 1b, and 3 at 240 8C reveals that despite sig-
nificant differences in the metal-ion content of these prod-
ucts, the band-gap energy of these nanoparticles is virtually
identical (see Supporting Information). This feature is in-
consistent with the homogeneous distribution of zinc(ii)
within the structure of the nanoparticles. The presence of in-


Figure 3. Normalized absorption spectra for the ZnxCd1�xSe nanoparticles
synthesized from clusters a) 1a and b) 1b. All spectra were measured at
room temperature in toluene.


Figure 4. Normalized emission spectra for the ZnxCd1�xSe nanoparticles
synthesized from clusters 1b isolated at various temperatures. The excita-
tion wavelength for all samples was 350 nm.


Figure 5. Comparison of the absorption (c) and photoluminescence
(b) spectra of the ternary ZnxCd1�xSe nanoparticles synthesized by
means of the lyothermal decomposition of cluster 1b isolated at 180 8C
(bottom) and 240 8C (top).
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dividual ZnSe and CdSe nanoparticles can be ruled out by
the absorption and emission spectra, which feature optical
transitions associated with a single species.
The most likely explanation is that a concentration gradi-


ent of the metal ions is present in the nanoparticles, with a
majority of the zinc(ii) centers residing near the quantum-
dot surfaces. The relative sharpness of the absorption and
emission spectra, as well as the presence of higher energy
excitonic transitions is consistent with this elucidation, as
mixed ternary ZnxCd1�xSe nanoparticles feature broader
spectra.[18] In comparison to those of the ZnxCd1�xSe nano-
particles, the absorption and emission spectra of the
ZnxCd1�xTe derivatives are shifted to lower energy, consis-
tent with the relative band-gap energies of the bulk semi-
conductors (Figure 6). Thus, the emission of these nanoparti-


cles can be extended into the red region of the visible spec-
trum (Figure 7). The absorption spectra of these nanoparti-
cles show less structure than their selenide counterparts and,
in addition, the full width at half maximum height (fwhm)


of the lowest energy bands of out-of-batch samples increases
markedly with increasing reaction temperature, suggesting
that the size distribution widens significantly as particle size
increases. Again, this can be improved by thermal annealing
of the batches below the growth temperature. Evaluation of
the absorption and emission energies of the products from
2a, 2b, and 4 suggest that the ZnII ion is also concentrated
near the nanoparticle surfaces, similar to “type I” core/shell
structures. In “type I” core/shell materials, a nanocrystalline
core is covered with a shell of a wider band-gap material
and these nanocrystals often exhibit increased photolumi-
nescence efficiency and photostability relative to binary
“core-only” quantum dots.[42–44] Alternatively, reverse “type
II” nanoparticles, in which the narrower gap semiconductor
is employed as the shell, are designed to spatially separate
photogenerated charge carriers in the core and shell materi-
als,[45] and the emission can be tuned by changing the rela-
tive thickness of the shell material.[46]


Structural characterization : Structural analysis of the
ZnxCd1�xSe and ZnxCd1�xTe nanoparticles was carried out
by using powder X-ray diffraction (XRD; see Supporting In-
formation). While the broadness of the XRD patterns for
the selenide series prohibits unambiguous assignment of the
crystal lattice type, the data are most consistent with the
hexagonal (wurtzite) structure, as observed by Knoll and
Han and co-workers for their TOP-capped ZnxCd1�xSe
nanoparticles.[18] In the ZnxCd1�xTe system, XRD patterns
could be indexed to the cubic (sphalerite) phase. These
structural types are consistent with those observed for the
solid-state thermolysis of the clusters.[19b,20b] Since the struc-
tural architectures of the cluster precursors 1a,b are com-
posed exclusively of adamantane cages that represent the
fundamental unit of the cubic modification, the formation of
hexagonal ZnxCd1�xSe must be accompanied by a change
from the adamantane to a barrelane cage structure. The evi-
dent decrease in the relative broadness of the Bragg diffrac-
tion peaks with increasing reaction temperature can be at-
tributed to the increasing particle size.
The consistency of the peak positions in the XRD pat-


terns of compounds with different metal composition
(Figure 8) provides support that the majority of zinc ions


Figure 6. Normalized absorption spectra for the ZnxCd1�xTe nanoparticles
synthesized from clusters 2b. All spectra were measured at room temper-
ature in toluene.


Figure 7. Normalized emission spectra for the ZnxCd1�xTe nanoparticles
synthesized from clusters 2b isolated at various temperatures. The excita-
tion wavelength for all samples was 450 nm.


Figure 8. Powder XRD patterns for the fractions taken at 240 8C for the
synthesis of ZnxCd1�xTe nanoparticles from cluster 2a (bottom), 2b
(middle), and 4 (top).
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within these systems occupy surface positions on the nano-
particles. The calculated lattice constant a=6.45 P is very
similar to that of bulk CdTe (a=6.48 P); however, the small
disparity suggests that a small amount of zinc exists within
the core (i.e., a concentration gradient). By VegardQs analo-
gy,[47] lattice constants for ZnxCd1�xTe (x=0.18–0.27) should
lie in the range of 6.38–6.42 P in a homogeneously mixed
system.


Particle growth and mechanistic considerations : The synthe-
sis of CdSe and ZnSe nanoparticles was carried out by
means of decomposition of the clusters [M10Se4(SPh)16][X]4
(M=Cd, X=Li+ ; M=Zn, X=Me4N


+).[9] In addition to the
evident extension of this approach to ternary ZnxCd1�xE
nanomaterials, several notable differences in the constitu-
tion of the cluster precursors used here appear to have a sig-
nificant influence on the growth pathway of the nanomateri-
als. The first apparent disparity arises from the metal-to-
chalcogen ratio present in the molecules. While the ratio of
metal-to-chalcogenide (E2�) ligands is equivalent for all
{M10} clusters, the presence of phenylselenolate and -telluro-
late ligands in clusters 1 and 2 provide an additional source
of E2�. Indeed, studies of the solid-state thermolysis of clus-
ters 1–4 have demonstrated that the stoichiometric forma-
tion of bulk and nanocrystalline ZnxCd1�xE materials is ac-
commodated by the generation of E2� through the elimina-
tion of Ph2E molecules.[19, 20] Evidently, this pathway is not
available for the generation of MSe materials from [M10Se4-
(SPh)16]


4�. Thus, due to the high M/Se ratio in these clusters,
the formation of nanoparticles must be accompanied by the
elimination of metal ions. The authors suggest that the ini-
tial nucleus-formation step involves the elimination of Cd-
(SPh)3


� units from the apical positions, and that further
nanoparticle growth additionally involves the formation of
other cadmium thiophenolate or amine complexes.[9]


While this adequately accounts for the growth of CdSe
nanoparticles from the [M10Se4(SPh)16]


4� precursors, it does
not seem to be the most viable route to nanoparticle forma-
tion from clusters 1 and 2. Primary evidence is provided by
the observed retention of the metal-ion stoichiometry
throughout the formation of the nanocrystalline products.
NMR and crystallographic analysis have revealed that the
metal distribution in the cluster complexes 1 and 2 is not ho-
mogeneous, but rather that the ZnII ions predominantly
occupy the apical positions on the clusters.[19b] The elimina-
tion of M(SePh)3


� from the terminal positions of these clus-
ters would consequently result in a marked increase in the
Cd/Zn ratio.
To further probe the cluster decomposition process, the


HDA–nanoparticle mixtures were dissolved in CH2Cl2 and
analyzed by GC/MS. In addition to the evidently ubiquitous
presence of hexadecylamine and other long chain amines,
the existence of organochalcogen complexes provided valua-
ble information. For the decomposition of clusters 1a and
1b, reaction mixtures in the early stages of cluster growth
(120–160 8C) invariably contain diphenyldiselenide (Ph2Se2).
The relative concentration of Ph2Se2 in the reaction mixture


slowly declines with increasing reaction temperature, and
this decrease is complemented by the gradual appearance of
diphenylselenide (Ph2Se). The formation of ZnxCd1�xTe
nanomaterials from clusters 2a,b appears to follow the same
pathway, as Ph2Te2 is observed only at low reaction tempera-
tures. The onset of Ph2Te formation occurs at lower temper-
atures for the tellurium derivatives, consistent with the earli-
er onset of growth in these clusters.
For the adamantoid clusters 1–2, it can be supposed that


the first step of lyothermal decomposition involves the re-
placement of the PnPr3 ligands at the terminal positions by
simple mass action of the HDA to produce a [ZnxCd10�xE4-
(EPh)12(HDA)4] cluster. This is followed immediately by the
elimination of (at least a portion of) the phenylchalcogeno-
late ligands to produce a metal-rich intermediate, with the
resultant free sites on the metal atoms occupied by HDA li-
gands. Since reductive elimination of Ph2E2 (E=Se, Te)
from the cluster framework is unlikely, the appearance of
this species in the GC/MS may indicate the presence [M-
(EPh)2] or [M(EPh)3]


� complexes in the reaction mixture. If
this is the case, however, such elimination must proceed
such that the metal stoichiometry remains unchanged. An
alternative explanation for the formation of Ph2E2 may in-
volve the direct elimination of PhE� from the cluster frame-
work, followed by oxidation caused by ambient conditions
in the reaction flask. Following the establishment of an
MxEx core, further growth progression could occur through
the Ostwald ripening process.
The mechanism outlined above is most likely an oversim-


plification of the actual thermodegradation process; howev-
er, it does satisfactorily account for the major differences
between our investigations and earlier studies.[9] Although
the formation of Ph2S2 from excess thiol has been speculat-
ed to occur in the lyothermal degradation of [M10Se4-
(SPh)16]


4�, the corresponding conversion of this species to
Ph2S and S


2� can be ruled out by the observed formation of
pure MxSex nanoparticles. The differences in proposed reac-
tion pathways can be attributed to the relative stability of
E�E and E�C bonds, which decrease in the order E=S>
Se>Te. The results of our investigations suggest that the
substitution of �SPh ligands for �SePh or �TePh may afford
the advantage of higher yields (c.f. the compulsory loss of
60% of MII centers from [M10Se4(SPh)16]


4�).
Finally, the apparent concentration of ZnII near the sur-


face of the nanoparticles can be accounted for in terms of
the relative strength of the metal–amine interaction. The an-
ticipated stronger Zn�N interaction[48] may result in the con-
tinuous “extraction” of zinc to the surface. The distribution
of metal ions within the nanoparticles appears to mirror that
observed in the cluster precursors.[19] These results suggest
that both composition and metal-ion distribution of the
nanoparticles may be determined by the characteristics of
the clusters themselves. Thus, this method thus affords a
convenient route to ternary CdE/ZnE with core/shell-type
architecture.
The effect of ZnII ions at the surface during the lyother-


mal degradation process apparently slows the growth pro-
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gression in these ternary systems (relative to CdSe[9]). This
is consistent with the formation of ZnSe nanoparticles using
[Zn10Se4(SPh)16]


4�, in which the particle sizes reached a max-
imum at approximately 5 nm, although Hines and Guyot-
Sionnest found that the use of a mixture of alkylamine and
trioctylphosphine (versus TOP/TOPO) as the coordinating
solvent afforded enhancement of the growth rate in the syn-
thesis of ZnE nanocrystals.[49] The retarded growth was at-
tributed to the strong coordination of TOPO to the Zn cen-
ters.


Conclusion


The lyothermal degradation of molecular metal–chalcogen
cluster precursors represents a convenient route for the gen-
eration of larger nanocrystalline materials. This approach
was utilized for the formation of ternary ZnxCd10�xSe and
ZnxCd1�xTe nanoparticles from ternary cluster molecules.
For the degradation of the adamantoid clusters
[ZnxCd10�xE4(EPh)12(PnPr3)4] (E=Se, Te; x=0.18, 0.26),
both the composition and metal-ion distribution of the clus-
ters was reflected in the resultant nanocrystalline products,
demonstrating that these clusters are efficient precursors for
the formation of ternary materials. Thermolysis of the clus-
ters [Zn5Cd11Se13(SePh)6(N,N’-tmeda)5], on the other hand,
resulted in partial loss of zinc. Spectroscopic and crystallo-
graphic data suggests an inhomogeneous distribution of the
metal centers, with Zn ions evidently concentrated near the
surfaces of the nanoparticles. The products were highly crys-
talline and featured a narrow size distribution, and the
growth of the nanocrystals could be controlled by variation
of the reaction temperature; however, the sizes were signifi-
cantly smaller than those reported for CdSe nanoparticles
obtained using a similar approach. Structural differences be-
tween the cluster precursors reported here and those used
to generate binary CdSe[26] appear to have a significant
effect on nanoparticle growth.


Experimental Section


Materials and methods : All synthetic preparations were carried out
under an inert (N2) atmosphere by using standard Schlenk techniques.
Clusters 1–4 were synthesized by using previously reported proce-
dures.[19–20] Hexadecylamine (tech, 90%) was purchased from Aldrich
and used without further purification. HPLC grade toluene (Fisher
Chemicals) and glass-distilled CH2Cl2 and methanol (Caledon) were used
as provided. UV-visible spectroscopy was performed using a Varian Cary
100 Bio UV-visible spectrophotometer. Photoluminesence (PL) spectra
were measured at room temperature by using a Photon Technology
Quanta Master (QM4/2003) scanning spectrofluorimeter. PL measure-
ments were conducted on dilute solutions in order to avoid self-absorp-
tion by the nanoparticles. Powder X-ray diffraction measurements were
carried out on a Rigaku diffractometer with CoKa radiation source (l=
1.799260 P). Samples were prepared by placing finely dispersed powders
on standard supports. Dynamic light-scattering experiments were carried
out with a Malvern Zetasizer Nano S series particle size analyzer with a
He-Ne laser (633 nm) and Avalanche photodiode photon detector. Sol-
vents and samples were filtered through 0.1 mm Anotop 10 inorganic


membrane filters (Whatman) prior to analysis. All measurements were
recorded at 20 8C in quartz cuvettes. EDX analyses were carried out at
Surface Science Western (Mr. Ross Davidson) with an EDAX Phoenix
Model energy dispersive X-ray system that was coupled to a Hitachi S-
4500 scanning electron microscope (SEM). Analyses were carried out by
using a 20 kV electron beam rastered over a 100U100 mm area and mea-
surements were conducted on multiple samples to ensure reproducibility.
The samples for the TEM characterization were prepared by dropping a
suspension of THF containing the samples onto carbon-coated copper
grids. TEM investigations were performed in a Philips Tecnai F20 ST op-
erated at 200 kV using an extraction voltage of 4.1 keV for the field emis-
sion gun. The point resolution of this microscope was about 0.235 nm at
Scherzer focus and an information limit of about 0.14 nm was obtained.
High-resolution micrographs were taken with a 1U1 K CCD camera and
analyzed with the software package Digital Micrographs (Version 3.5.2,
Gatan Company) in order to perform Fourier transformations.


Synthesis of the nanoparticles : The synthesis of ternary ZnxCd1�xE nano-
particles from cluster precursors was carried out in a similar manner as
reported previously for the synthesis of CdSe nanoparticles from
[Cd10Se4(SPh)16][Li]4.


[9] The typical preparations were as follows: Hexade-
cylamine (25 g) was dried and degassed in the reaction vessel by heating
to 120 8C under vacuum for 60 min, during which time the flask was peri-
odically flushed with nitrogen. The cluster complex (0.25 g) was added
with stirring at 120 8C under a flow of N2, and the flask was sealed with a
septum. The reaction temperature was then raised slowly (~1 8Cmin�1)
and aliquots (~4 mL) were taken from the reaction mixture at various in-
tervals. The hexadecylamine solidified upon standing at room tempera-
ture, providing a matrix in which the nanoparticle materials were stable
for a short duration even under atmospheric conditions. The growth of
the nanocrystalline materials was monitored by absorption spectroscopy.
At the desired nanoparticle size, thermal annealing could be carried out
by lowering the reaction temperature by 20–30 8C and holding at that
temperature for several hours.


Isolation and purification of the nanoparticles : The ternary ZnxCd1�xSe
and ZnxCd1�xTe nanoparticles were separated from the HDA by treating
hot (~60 8C) solutions with anhydrous methanol followed by centrifuga-
tion. Excess HDA was removed by successive resuspension of the nano-
particles in methanol and isolated again by centrifugation. The solids
were then dried under vacuum for 60 min.
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… through molecular recognition,
with the proper choice of appropri-
ate functional groups, demon-
strates the elegancy of noncovalent
synthesis to yield molecular lad-
ders, rosettes, tubular structures,
and so forth. In this context, 3,5-
dihydroxybenzoic acid and its
bromo derivative have been found
to yield molecular ladders upon
co-crystallization with some N-
donor compounds. More details of
these fascinating supramolecular
assemblies are described by V. R.
Pedireddi and S. Varughese on
page 1597 ff.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Olefin Epoxidation
In their Full Paper on page 1587 ff. , R. J. Kazlaukas and
K. Okrasa discuss the use of a new peroxidase (CA[Mn])
for the moderately enantioselective epoxidation of olefins
to epoxides. This enantioselectivity is similar to that
obtained for natural heme-based peroxidases.


Organotin Chemistry
In their Full Paper on page 1642 ff. , J. Otera, S. Fukuzumi,
D. L. An et al. describe the synthesis, characterization, and
catalysis of organotin perfluorooctanesulfonates. These
were found to be air-stable Lewis acid catalysts and their
activities were assessed in carbon–carbon bond-forming
reactions.


Low Coordination but High Potential
The synthesis and use of low-coordinate silicon compounds,
that is, silylenes, silenes, and disilenes, are described in the
Concept article by P. G. Steel and H. Ottosson on page
1576 ff. The emerging applications in catalysis and
stereoselective synthesis point to a new field within syn-
thetic organosilicon chemistry.
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Silylenes, Silenes, and Disilenes: Novel Silicon-Based Reagents for Organic
Synthesis?


Henrik Ottosson*[a] and Patrick G. Steel*[b]


Introduction


Silicon-based reagents have found widespread use in organic
synthesis.[1] Invariably these applications involve compounds
containing a tetravalent silicon atom and exploit the ability
of the silicon atom to undergo facile substitution reactions,
enabling easy connections to be established, even between
sterically bulky units; stabilise either an a-carbanion or b-
carbocation (allyl silane, silyl enol ether, aryl silane chemis-
try); and to form multiple silicon�oxygen bonds (polysil-
oxane chemistry), Scheme 1.


However, recent developments in silicon chemistry have
led to the development of synthetic routes to stable or semi-


stable low-coordinate silicon compounds, including silylenes,
silenes and disilenes.[2] One way to display the interconnec-
tion of these various low-coordinate silicon compounds is
centred on the silylene (Scheme 2), a divalent silicon species.
Dimerisation affords a disilene whilst, formally, the addition
of a divalent carbon (a carbene) to a silylene yields a silene,
in which, depending on the substituents, the properties of
the silicon atom range between that of a silyl cation and
anion. The hypothetical addition of a carbon atom to a sily-
lene yields a silavinylidene, a species that is isomeric to a sil-
icon�carbon triple-bonded silyne whilst formal insertion of
a C atom into a silene affords a sila-allene. Given their
unique structure and reactivity, the chemistry of these low-
coordinate silicon compounds has been an area of consider-
able activity. Whilst a detailed account of fundamental
silene, disilene, and silylene chemistry is beyond the scope


Abstract: Silylenes, silenes, and disilenes are silicon ana-
logues of carbenes and alkenes. Since the first detection
and isolation of these species a few decades ago, focus
has been given to their fundamental structure and reac-
tivity properties. Recent developments show that the
time is set to exploit their unique chemistry in applied
areas. Emerging applications in catalysis and stereose-
lective synthesis point to a new field within synthetic or-
ganosilicon chemistry.


Keywords: alkene homologues · carbene homologues ·
catalysis · silicon · stereoselectivity
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Scheme 1. Classical organosilicon synthesis.
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of a “concepts” paper this has been the subject of a number
of recent review articles.[3–6]


In contrast to classical tetracoordinate silicon compounds,
which have relatively low reactivity, all of these species are
highly reactive, normally formed only as transient intermedi-
ates and offer considerable advances for novel synthetic or-
ganic chemistry providing access to compounds that would
otherwise be inaccessible. This concepts article will summa-
rise recent developments in the fundamental chemistry of
these compounds that demonstrate potential for exploitation
in selective organic synthesis.


Low-Coordinate Silicon—A Historical Overview


Following developments in classical carbon chemistry, or-
ganosilicon chemistry had its origins in the late 19th century
with the synthesis of tetraethylsilane by Friedel and Crafts.[7]


Subsequent to this, there was considerable efforts to extend
this analogy to generation of multiple-bonded species con-
taining Si=Si or Si=C bonds. The first “successful” attempt
was claimed in 1912 when Schlenk and Renning reported
the synthesis of a silene by dehydration of a silanol as evi-
denced by the release of water.[8] However, Kipping subse-
quently showed that the product was a siloxane and later
concluded that multiple bonds to silicon were not a realistic
objective.[9] This view was reinforced by the theoretical work
of Pitzer and Mulliken which subsequently led to the formu-
lation of the now discredited double bond rule which stated
that elements with a principal quantum number greater than
2 do not form pp–pp bonds.[10,11]


The first evidence for the existence of silenes was estab-
lished in 1967 when GuselHnikov and Flowers reported
silene generation as an intermediate during the pyrolysis of
dimethylsilacyclobutane 1.[12] The observed production of
ethylene and 1,3-disilacyclobutane 3 were explained as aris-
ing from retro[2+2] cycloaddition to afford 2, which then
underwent [2+2] silene dimerisation, Scheme 3.


The next major development was the direct detection of
silenes in an argon matrix at 8–20 K.[13–15] However, it was
not until 1981 that Brook, who through investigations into
the generation of silenes by photolysis of acylpolysilanes


had deduced that the steric bulk of the substituents on the
carbon atom was a key factor in moderating their reactivity,
ultimately reported the isolation of the stable silene 4 which
could be characterised by X-ray diffraction.[16] Although, the
silene is kinetically stable with regard to dimerisation it is
still highly reactive in the presence of other reagents. For ex-
ample, Brook reports that a sample of silene 4 is “un-
changed after several years although if exposed to air disap-
pears in a puff of smoke”.[17]


The concept of steric protection has become widely ac-
cepted and has been employed to generate a number of
other isolable silenes (e.g. 5,[18] 6,[19] Scheme 4). Alternative-
ly, the stability of the silene can be enhanced by providing
an electron donor to stabilise the electrophilic silicon atom.
This may be achieved either intermolecularly (7)[20,21] or in-
tramolecularly (8).[22]


Increased stability is also realised with silenes influenced
by reversed Si=C bond polarisation, that is, an Sid�=Cd+ in-
stead of Sid+=Cd� polarisation, effected by p-donor substitu-
ents on the carbon atom.[23] This leads to a lower release in
energy upon dimerisation,[24] and slower reaction rates for
addition of water and alcohols to the silenes.[25,26] Whilst the
2-siloxysilenes of Brook show this reversed Si=C bond po-
larisation effect, other examples are seen with the silatriaful-
vene 9[27] and silenolates.[28,29] In particular, Ottosson has ex-
emplified this concept in a recent report describing an isola-
ble silenolate 10a although, having a very long Si�C bond


Scheme 2. Low-coordinate silicon species.


Scheme 3. The GuselHnikov and Flowers experiment.


Scheme 4. Selected examples of stables silenes.
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(1.926 J), this is probably better described by the alterna-
tive resonance structure 10b.[30]


Since BrookHs first report of a stable silene, efforts have
been made to extend this concept to conjugated and cumu-
lated systems. Whilst stable 1-silaallenes 11, have been
known since 1993,[31] the first stable silaaromatics 12 and 13


were only reported by Okazaki, Tokitoh and co-workers in
1997 and 2000, respectively.[32,33] Despite the increased sta-
bility offered by the gain in aromatic resonance energy
these compounds still require steric protection, coordination
by a transition metal (see Scheme 5), or further stabilisation
through electron donation to the silicon atom to inhibit di-
merisation.[34,35]


The development of “stable” disilene and silylene chemis-
try parallels that of silenes. In a similar fashion to that de-
scribed above, silylenes were first identified as transient in-
termediates by Skell and Goldstein and subsequently spec-
troscopically characterised in an argon matrix by Michl and
West.[36, 37] The first stable silylenes were the silicocene 14


described by Jutzi[38,39] and the silicon analogues of N-heter-
ocyclic carbenes (15–17) isolated by the West and Lappert/
Gehrhus groups.[40,41] More recently, in 1999, a sterically hin-
dered isolable dialkylsilylene 18 was reported Kira.[42] As
with silenes the stability of these with respect to dimerisa-
tion is dependent on steric bulk and to a lesser extent aro-
maticity for silylenes 15 and 17.


The initial evidence that disilenes have a finite existence
was provided by Peddle et al. through a pyrolysis and trap-
ping experiment [Eq. (1)].[43] Although subsequent attempts
to obtain matrix-isolated samples were not successful, warm-
ing of hydrocarbon matrix isolated dimesitylsilylene 19 al-
lowed West, Fink, and Michl to afford the corresponding
disilene 20 which could be structurally characterised by X-
ray crystallography [Eq. (2)].[44] Subsequently, a significant
number of other stable disilenes have been reported.


Whilst the predominant strategy for stabilisation of these
low-coordinate silicon species has been based on steric in-
hibition of dimerisation, enhanced stability has also been re-
alised through coordination to metal centres (see Scheme 5).
Although complexes of all three classes of low-coordinate
silicon species are known, this strategy is most commonly
used for silylenes and it is pertinent to note that the first iso-
lation of a silylene as an uncomplexed species was preceded
by the preparation of transition-metal coordinated silylene
complexes, first as a base-coordinated silylene com-
plexes[45–47] and a few years later as the base-free complex
21.[48a]


Generation and General Reactivity of Low-
Coordinate Silicon Compounds


Based on the historical perspective it is not surprising to dis-
cover that methods for generation of silenes, disilenes and
silylenes are commonly forcing in nature. Many of the earli-
er methods commonly involved thermolytic or photolytic in-
duced fragmentations or rearrangements, particularly of


Scheme 5. Selected transition-metal-complexed low-coordinate silicon
compounds.[48]
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strained ring systems or other highly reactive precursors. Al-
ternative methods, which avoid these high energy conditions,
have been sought, notably those which involve irreversible
elimination of stable salts. Illustrative methods for the gen-
eration of silenes are given in Equations (3)–(6).[49]


Similarly, as indicated by the efforts required to prepare
stable examples of the various low-coordinate silicon spe-
cies, these are all highly reactive species that commonly only
have a transient existence. In the absence of a trapping re-
agent, unless kinetically stabilised as described in the previ-
ous section, these undergo rapid dimerisation. However, in
the presence of other reagents these compounds exhibit a
rich diversity of chemistry providing access to a range of
substituted (cyclic) silanes not easily accessible by more
classical methods.


As with their carbon congeners, silylenes tend to react by
either insertion into a s-bond or addition to a p-bond.[5] Re-
flecting the fact that they have singlet ground states,[50] si-
lylenes are electrophilic and thus insertion reactions tend to
follow a nucleophilic addition–rearrangement pathway,
Scheme 6. Insertion occurs readily with O�H, Si�H and O�
Si bonds with relative ease but only reluctantly with C�H
bonds.


The greatest potential for this class of reagents is in their
reactions with multiple bonds. With simple alkenes siliranes
are formed whilst dienes afford silacyclopentenes via rear-
rangement of the initially formed vinylsilirane. In some


cases the initial siliranes are relatively unstable and can be
used as a convenient source of silylenes for reactions with
other alkenes, a process exploited elegantly by Woerpel (see
section on Emerging Applications in Organic Synthesis).
Addition to heteronuclear bonds is also known. Ketones ini-
tially afford siloxiranes and subsequently silyl enol ethers or
siladioxolanes, whilst a,b-unsaturated carbonyl compounds
provide access to oxasilacyclopentenes via the intermediacy
of a oxysilirane or silyloxy ylide (Scheme 7).


The multiple-bonded species such as silenes and disilenes
are particularly susceptible to attack by nucleophiles, partic-
ularly oxygen-based species (Scheme 8).[4] The exceptions to
this observation are found in the highly reversed polarised


silenolates which undergo alkylation reactions with reactive
electrophiles.[29] Whilst these addition processes can provide
access to functionalised silanes and siloxanes they are pri-
mary of fundamental interest and it is the varied cycloaddi-
tion chemistry that provides the principal attraction for the
synthetic organic chemist. Alkenes, alkynes and ketones/
imines undergo a [2+2] cycloaddition reaction whilst dienes
and a,b-unsaturated carbonyl compounds normally follow a
[4+2] pathway. However, with the latter substrates both
ene and [2+2] products can also arise in variable amounts
with the exact pathway followed being controlled by the
steric and electronic demands of the silene. For example,
highly reversed polarised silenes and silenolates undergo ex-
clusive [4+2] cycloadditions [see Eq. (7)][30,51] whilst the
Brook-type siloxysilene 27 undergoes preferential [2+2] cy-
cloaddition with the highly electron deficient diene, di-
methylhexadienedioate [Eq. (8)].[52]


Scheme 6. Insertion reactions of simple silylenes.[5]


Scheme 7. Common addition reactions of free silylenes.[5]


Scheme 8. Typical reactions of silenes.[3, 4]
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Recent Developments in Fundamental Aspects of
Low-Coordinate Silicon Compounds


In the years since the first isolation of stable low-coordinate
silicon species there has been continuing efforts to generate
new species. For example, the transient silyne generated by
Apeloig and Schwarz,[53] and the formation of isolable disi-
lyne, trisilaallene, and tetrasilabutadienes by the groups of
Sekiguchi, Wiberg, Kira, and Weidenbruch.[54–56] Moreover
new reaction pathways for these species continue to be de-
veloped including the silene oxy-Cope rearrangement re-
ported by Ohshita [Eq. (9)][57] and the tandem cycloaddi-
tion-rearrangement of the 2-amino-2-siloxysilenes of Ottos-
son [Eq. (10)].[58]


In a similar vein, since the first isolation of silylene com-
plexes (section on Low-Coordinate Silicon), a large number
of silylene transition-metal complexes have now been re-
ported particularly those based on the stable N-heterocyclic
silylenes pioneered by the West and Lappert/Gehrhus
groups.[59] The basic reactivity of these silylene complexes
have been explored,[60] and applications in catalysis are now
emerging.


Underpinning these discoveries has been a concomitant
growth in the understanding of fundamental electronic


structures of low-coordinate silicon and the implications of
these for rationalizing and predicting basic reactivity. For ex-
ample, with the exception of the recently reported bis(tri-
tert-butylsilyl)silylene of Sekiguchi and co-workers which by
EPR measurements has a triplet ground state,[61] and in con-
trast to carbenes, silylenes have singlet multiplicity ground
states. This observation has been examined by Apeloig
through a quantum chemical decomposition of the singlet-
triplet energy gaps (DEST) of SiH2 and CH2.


[50] It was found
that the major part (~60%) of the difference is attributed to
variation in electron–electron repulsion between the two
frontier orbital electrons of the two species.[50] Dimerisation
of silylenes yields disilenes, and the structural features of
these species are closely connected to the electronic nature
of silylenes. For example, the first disilene formed, tetrame-
sityldisilene, exhibits conformational polymorphism with
two of the four possible conformers being nonplanar with
pyramidal Si atoms.[62] Such nonplanar (nonclassical) alkene
structures can be rationalised by the theory of Carter, God-
dard, Malrieu, and Trinquier.[63–66] which relates the structur-
al features to the sum of the singlet–triplet energy gaps of
the two interacting silylenes (�DEST). The most favourable
orbital interaction between two singlet silylenes occurs at
nonclassical bent structures, whereas the most favourable in-
teraction between two triplet silylenes leads to a planar
structure. Indeed, disilenes are on the borderline between
classical planar and nonclassical nonplanar structures and
small structural changes, for example, rotation of the mesityl
substituents in tetramesityldisilene, enforce a change in the
Si=Si bond. This ability of substituents to influence the
structural features of the Si=Si bond has been probed
through quantum chemical calculations and an excellent cor-
relation between �DEST and pyramidalisation angles as well
as Si=Si bond length was found.[67]


In a related fashion, the bonding in silenes can be related
to the singlet multiplicity of silylenes. Ottosson showed that
silenes adopt a pyramidal structure at Si when �DEST ex-
ceeds a threshold, and that there is a correlation between
the �DEST and the charge at Si (q(Si)). This finding connects
the CGMT theory on bonding in heavy alkenes to the re-
verse Si=C bond polarisation effect of Apeloig and Karni.[23]


Such reverse Si=C bond polarisation, that is, Sid�=Cd+ in-
stead of the natural Sid+=Cd�, is effected through p-donor
groups at the C atom (OR<NR2<O�) and is suggested to
be the single most important electronic factor to influence
the reactivity of silenes. Through reverse polarisation nega-
tive charge is pushed to Si making this centre less electro-
philic and leading to silenes that react more selectively with
dienes. Such predictions are supported by observations that
transient 2-amino-2-siloxysilenes, 4-silatriafulvenes and lithi-
um silenolates all provide exclusive [4+2] cycloaddition
products on reaction with dienes.[27,51, 58] Furthermore, recent
X-ray structural investigation of Ottosson revealed that sile-
nolates are strongly influenced by the resonance structure
with negative charge placed at Si.[30] Therefore, silenolates
are closely related to silyl anions, species with a markedly
pyramidal and hence potentially chiral silicon centre.[68,69]
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Consequently, Ottosson has predicted, based on quantum
chemical calculations, that ultimately these silenes may be
designed with Si as a chiral centre thereby enabling enantio-
selective synthetic transformations to be achieved.[24]


Emerging Applications in Organic Synthesis


As discussed above, the area of low-coordinate silicon com-
pounds continues to expand. However, this on-going ad-
vance in fundamental knowledge has been accompanied nei-
ther by a related exploitation of the potential of these re-
agents in organic synthesis nor for the generation of novel
silicon substituted compounds. Such a study is particularly
timely as, in recent years, there has been a growing recogni-
tion that incorporation of silicon into bioactive molecules
can provide distinct advantages in terms of higher activity
and better pharmacokinetic profiles.[70,71] However, a limita-
tion in exploiting such an approach has been access to com-
plex silicon containing structures with good levels of stereo-
control. Recently these opportunities have begun to be rec-
ognised with silylene, metal silylene complexes and silenes
all finding applications in synthesis, providing access to
novel silanes and siloxanes and enabling new synthetic or-
ganic transformations to be realised.


Building on the seminal publications of Seyferth,[72]


Ando,[73] Weidenbruch[74] and others, Woerpel has demon-
strated that siliranes (silacyclopropanes) formed by addition
of silylenes to alkenes undergo a range of synthetically
useful transformations, see Scheme 9.[75]


One restriction to this chemistry was the limited methods
for the generation of silylenes and hence alternative silirane
starting materials. Classically the generation of silylenes re-
quires elevated temperatures, strongly reducing conditions
or photolysis which limits the functional groups that can be
tolerated. This problem has been recently addressed by


Woerpel who has developed an efficient cata-
lytic silylene-transfer process, from readily ac-
cessible cyclohexene silirane 29, promoted by
silver salts.[76,77] This new reaction is efficient,
stereospecific with respect to alkene geometry,


and compatible with aryl, benzyl and silyl ethers and non
enolisable esters. Although the silirane products can be iso-
lated in good yields and high diastereoselectivity from un-
symmetrical alkenes, their air sensitive nature can compli-
cate handling. This difficulty can be avoided through an in
situ metal-catalysed insertion of carbonyl compounds to
give oxasilacyclopentanes which represent useful building
blocks for further synthetic transformations [Eqs. (11)–(16)].


In contrast to the thermal silylene-transfer reactions involv-
ing free silylenes, these silver-catalysed processes [Eqs. (11)–
(16)] are postulated to proceed via a silver silylenoid spe-
cies.[78]


Extension of the silver promoted silylene addition chemis-
try to alkynes afford silacyclopropenes 31 which undergo
carbonyl insertion reactions to provide 1-oxa-2-silacyclo-
pent-3-enes 32.[79] Alternatively, the isomeric 2-oxa-1-silacy-
clopent-3-enes 35 are generated via additions to a,b-unsatu-
rated carbonyl compounds and silylenol ethers from enolisa-
ble carbonyl compounds.[80] Both products are versatile in-
termediates that can be converted into highly functionalised
building blocks containing multiple stereocentres in relative-
ly few steps. For example, alkyne addition products lead to
the synthesis of allylic alcohols, diols and complex polysila-
cycles [Eq. (17)] whilst a tandem silylene insertion reaction/
Ireland–Claisen rearrangement of allylester 34 provides diol
37 with three contiguous chiral centres including a quarter-
nary centre with high levels of stereocontrol [Eq. (18)].


Transition-metal silylene complexes have been postulated
to play roles in a series of catalytic and stoichiometric pro-
cesses and this has led to the development of new synthetic
applications.[81] For example, Glaser and Tilley have de-


Scheme 9. Applications of siliranes in organic synthesis.
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scribed a new catalytic hydrosilylation of alkenes involving a
ruthenium silylene complex,[82] and, exploiting the fact that
N-heterocyclic silylenes of West and others have similar
ligand properties as triarylphosphines and classical NHC,
FOrstner has shown that a binuclear Pd0 complex with bridg-
ing N-heterocyclic silylene ligands catalyses Suzuki cou-
plings of aryl boronic acids with bromoarenes in high
yields.[83]


The chemistry of silenes is equally diverse but as yet is
much less well explored. Earlier reports have shown that
simple siloxysilenes undergo thermal Diels–Alder reactions
with electron rich dienes with moderate diastereoselectivity
(Scheme 10).[84]


As with the silylene chemistry discussed above, the gener-
al applicability of such an approach is limited by the high
temperature requirements. More recent studies by Steel
have shown that anionic generation of silenes and sileno-
lates avoids these difficulties and enables the cycloadducts


to be generated in good yields and selectivities. As with the
silylene adducts, these products are not only structurally
complex silanes in their own right but provide access to
functionalised molecules in relatively few steps. For exam-
ple, successive reduction of the alkene and Fleming–Tamao
oxidation affords substituted valerolactones, whilst exploit-
ing the latent allylsilane unit in a Lewis acid mediated Sa-
kurai reaction affords molecules with four contiguous chiral
centres with good to moderate diastereoselectivity
(Scheme 11).[85, 86]


Conclusions and Future Prospects


Low-coordinate silicon reagents, particularly silylenes and
silenes, represent a significantly under-explored class of re-
agents for alkene, alkyne and carbonyl group functionalisa-
tion. Recent work, highlighted above, has illustrated the po-
tential of this methodology for the generation of new orga-
nosilanes. Moreover, the selective and efficient cycloaddi-
tion chemistry of silylenes and silenes provides facile routes
to structurally complex silacyclic compounds that can not
only support a growing silapharmacaceutical industry but
also function as versatile starting materials for the synthesis
of polyfunctional molecules. Given the modular nature of
the reaction schemes such a strategy represents a particular-
ly powerful method for the generation of diverse structural
motifs. The future applications of low-coordinate silicon sys-
tems in synthesis will undoubtedly build on these begin-
nings.


Future drivers of progress in this field will involve the de-
velopment of new milder (catalytic) methods of silylene and
silene generation combined with new stereoselective and
enantioselective reactions of both these reagents and the
transformations of the initial cycloadducts. Similarly it is
reasonable to expect that metal stabilised low-coordinate sil-


Scheme 10. Diastereoselectivity in siloxysilene cycloaddition.


Scheme 11. Stereoselective synthesis with silenes.
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icon species will play an increasing role in catalysis and syn-
thesis.
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Manganese-Substituted Carbonic Anhydrase as a New Peroxidase
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Introduction


Initial applications of biocatalysis involved the scale-up of
naturally occurring reactions, such as glucose isomerization,
protein digestion for laundry applications, or fermentation
to produce natural amino acids. Later, biocatalysis extended
to unnatural substrates, notably in the preparation of enan-
tiopure pharmaceutical intermediates utilizing hydrolases or
dehydrogenases.[1] An emerging trend is non-natural biocat-
alytic reactions—enzyme catalysis of reactions that do not
normally occur in nature.[2] A commercial example of such a
reaction is the pyruvate decarboxylase-catalyzed acyloin
condensation of benzaldehyde and acetaldehyde to make an
enantiopure hydroxyketone for ephedrine synthesis.[3] Our
goal in this paper is to achieve a non-natural biocatalytic ox-
idation.
Most natural biocatalytic oxidations involve electron-car-


rying cofactors, such as nicotinamide or flavin derivatives.
These cofactors allow coupling of redox reactions in cells.
However, the goal of synthetic redox reactions is the direct


reaction of the redox reagent with the substrate. In princi-
ple, cofactors are not needed and only complicate scale-up
and reduce the stability of the biocatalyst. For example,
direct oxidation of ketones to lactones by using oxygen
would be ideal, but no enzymes exist for this direct oxida-
tion. In practice, researchers continue to use cofactor-depen-
dent enzymes. For this example, researchers use flavin mono-
oxygenases, which use oxygen as the ultimate oxidant, but
require both flavin and NADPH as cofactors. Enantioselec-
tive epoxidation of styrenes with flavin monooxygenases
therefore uses whole cells to regenerate the cofactors[4] and
this use of whole cells limits the concentrations. Our goal in
non-natural biocatalytic oxidation is the direct use of chemi-
cal oxidants, such as hydrogen peroxide, without the use of
cofactors.
Hydrogen peroxide is an ideal oxidant because it has high


active oxygen content and produces water as the reduction
product.[5] Since hydrogen peroxide is relatively unreactive,
its use requires a catalyst. Although chemical catalysts can
catalyze oxidations by hydrogen peroxide, biocatalysts
should show higher stereoselectivity and remain environ-
mentally benign.
Heme-containing peroxidases are biocatalysts that already


catalyze oxidations with hydrogen peroxide.[6a] Unfortunate-
ly, these peroxidases inactivate rapidly, show moderate to
low enantioselectivity, and form aldehyde side products. For
example, peroxidase from Caldariomyces fumago (CPO)


Abstract: Carbonic anhydrase is a zinc
metalloenzyme that catalyzes the hy-
dration of carbon dioxide to bicarbon-
ate. Replacing the active-site zinc with
manganese yielded manganese-substi-
tuted carbonic anhydrase (CA[Mn]),
which shows peroxidase activity with a
bicarbonate-dependent mechanism. In
the presence of bicarbonate and hydro-
gen peroxide, (CA[Mn]) catalyzed the
efficient oxidation of o-dianisidine with
kcat/KM=1.4C106m�1 s�1, which is com-
parable to that for horseradish perox-


idase, kcat/KM=57C106m�1 s�1. CA[Mn]
also catalyzed the moderately enantio-
selective epoxidation of olefins to ep-
oxides (E=5 for p-chlorostyrene) in
the presence of an amino-alcohol
buffer, such as N,N-bis(2-hydroxyeth-
yl)-2-aminoethanesulfonic acid (BES).
This enantioselectivity is similar to that


for natural heme-based peroxidases,
but has the advantage that CA[Mn]
avoids the formation of aldehyde side
products. CA[Mn] degrades during the
epoxidation limiting the yield of the
epoxidations to <12%. Replacement
of active-site residues Asn62, His64,
Asn67, Gln92, or Thr200 with alanine
by site-directed mutagenesis decreased
the enantioselectivity demonstrating
that the active site controls the enan-
tioselectivity of the epoxidation.
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catalyzes styrene epoxidation typically with only 40–60% ee
(ee=enantiomeric excess).[7,8] Aldehyde side products (up
to 50%) also form during these reactions and the high
enzyme cost limits its application. In some case, P450 oxi-
dases accept hydrogen peroxide as an oxidant, but peroxide-
mediated heme degradation limits the turnover number of
these reactions.[6b]


In this paper, we examine a new, non-natural biocatalytic
reaction catalyzed by manganese-substituted carbonic anhy-
drase. Carbonic anhydrase [CA, EC 4.2.1.1] is a stable zinc
metalloprotein containing no cysteine residues in a mostly
b-sheet structure.[9] Previous workers replaced the active-site
zinc with other metals, including manganese. This manga-
nese complex binds bicarbonate, but is a poor catalyst for
dehydration to carbon dioxide. Manganese complexes often
catalyze oxidations with hydrogen peroxide[10] and Burgess
and coworkers reported bicarbonate-mediated oxidations
with hydrogen peroxide catalyzed by manganese salts.[11] We
hypothesized that the carbonic anhydrase active site could
impart enantioselectivity to these manganese-catalyzed oxi-
dations.


Results


Replacement of the active-site zinc in carbonic anhydrase
with manganese : Following literature procedures,[12] we re-
moved the active-site zinc from carbonic anhydrase obtained
from bovine erythrocytes (a mixture of isoenzymes,
Scheme 1). Dialysis of carbonic anhydrase against 2,6-pyri-


dinedicarboxylate in acetate buffer at pH 5.5 removed 90–
95 mol% of the zinc as shown by inductively-coupled-
plasma-atomic-emission spectrometry (ICP-AES). This
amount is similar to that removed previously for bovine[12]


and human[13] carbonic anhydrase. Consistent with this re-
moval of the active-site zinc, the apo-carbonic anhydrase
lost 93–97% of the original catalytic activity for the hydroly-
sis of p-nitrophenyl acetate. Similar treatment of bovine car-
bonic anhydrase isoenzyme II (available commercially) and
human carbonic anhydrase isoenzyme II (cloned and over-


expressed in E. coli, see below) gave the corresponding apo-
enzymes.
Subsequent dialysis of apo-carbonic anhydrase against


manganese(ii) chloride at pH 6.95 yielded manganese-substi-
tuted carbonic anhydrase (CA[Mn] or CAII[Mn] for isoen-
zyme II and hCAII[Mn] for human carbonic anhydrase,
Scheme 1). Metal analysis showed that this enzyme con-
tained up to 80 mol% manganese and 5–10 mol% zinc. The
remaining 10–15 mol% was likely to be apo-carbonic anhy-
drase as manganese binds to apo-carbonic anhydrase less
tightly than zinc (pKD=<3.4–4.0 for MnII vs. 12.0 for
ZnII)[13] and dissociates rapidly in the presence of zinc (t1/2=
27 min at pH 6.8).[12a] The samples showed 10–15% of origi-
nal hydrolytic activity toward p-nitrophenyl acetate, likely
due both to the remaining zinc and to hydrolytic activity of
CA[Mn], which is 7–8% of the native carbonic anhy-
drase.[14]


Efficient peroxidase activity of CA[Mn]: CA[Mn] efficiently
catalyzed the oxidation of o-dianisidine to the red quinone-
diimine with hydrogen peroxide (Scheme 2). This o-dianisi-


dine oxidation is a common assay for peroxidase activity[15,20]


or for peroxidase-based detection of hydrogen peroxide.[16]


As control reactions, native zinc carbonic anhydrase showed
<1% of the activity of CA[Mn], while manganese(ii) chlo-
ride and bicarbonate alone showed only 5% of the activity
of CA[Mn]. Unlike other peroxidases,[15, 20] the CA[Mn]-cat-
alyzed oxidation of o-dianisidine required bicarbonate and
showed only 1.5% of the activity in the absence of bicar-
bonate.
This oxidation of o-dianisidine by hydrogen peroxide cat-


alyzed by CA[Mn] is only 60–75-fold less efficient than the
hydration of carbon dioxide catalyzed by native carbonic an-
hydrase (Table 1). We measured these apparent kinetic con-
stants in BES buffer pH 7.2 by using variable concentrations
of o-dianisidine (5.5–1030 mm) and constant amounts of hy-
drogen peroxide and sodium bicarbonate. The kinetic con-
stants for the oxidation show an unexceptional catalytic con-
stant (kcat) of 17 s


�1, but a low apparent Michaelis constant
(KM) of 15 mm. These values give an apparent specificity
constant (kcat/KM) of 1.1C106m�1 s�1. Similarly CAII[Mn]
produced a kcat of 140 s


�1, and a KM of 98 mm, which corre-


Scheme 1. Dialysis of carbonic anhydrase against a zinc chelator, 2,6-pyri-
dinedicarboxylate, removed 90–95% of the active-site zinc. Subsequent
dialysis against manganese(ii) yielded manganese-substituted carbonic
anhydrase (CA[Mn]). Similar procedures yielded manganese-substituted
carbonic anhydrase isoenzyme II (CAII[Mn]) and manganese-substituted
human carbonic anhydrase isoenzyme II (hCAII[Mn]).


Scheme 2. Manganese-substituted carbonic anhydrase (CA[Mn]) cata-
lyzed the oxidation of o-dianisidine by hydrogen peroxide. Reaction con-
ditions: 25 8C, BES buffer (0.1m, pH 7.2), CA[Mn](20 mm), sodium bicar-
bonate (8 mm), o-dianisidine (43 mm), H2O2 (400 mm). The red color was
monitored at 460 nm and is apparent by eye after a few seconds.
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sponds to a specificity constant of 1.4C106m�1 s�1. For com-
parison, carbonic anhydrase shows a high catalytic constant
for the hydration of carbon dioxide, 106 s�1, but a low affini-
ty for carbon dioxide (KM=12 mm).[17] These values corre-
spond to a specificity constant of 83C106m�1 s�1, which is
only 60–75-fold higher than the value for the CA[Mn] or
CAII[Mn]-catalyzed oxidation of o-dianisidine. In the re-
verse direction (dehydration of bicarbonate), the specificity
constant is lower (15C106m�1 s�1)[18] and only 11–14 times
higher than the value for the CA[Mn] or CAII[Mn]-cata-
lyzed oxidation of o-dianisidine. The active site of carbonic
anhydrase contains hydrophobic patches (see below), which
contribute one-hundred to one-thousand fold to the binding
of hydrophobic ligands regardless of their structure.[19] It is
likely that o-anisidine binds to this hydrophobic region.
The peroxidase activity of CA[Mn] is comparable to that


for true peroxidases. For horseradish peroxidase (HRP)-cat-
alyzed oxidation of o-dianisidine,[20] the kcat=630 s�1 and
kcat/KM=57C106m�1 s�1, which is approximately 50-fold
higher than the CA[Mn]-catalyzed reaction. Another perox-
idase, vanadium chloroperoxidase (VClPO), produced a
lower kcat/KM of 0.31C106m�1 s�1 (approximately 3-fold
lower than for CA[Mn]), but this comparison is imperfect as
the VCIPO data is for a different substrate, 2,2’-azino-bis-
(3-ethylbenzthiazoline-6-sulfonic acid).[21]


Epoxidation of olefins catalyzed by CA[Mn]: In the pres-
ence of bicarbonate, hydrogen peroxide, and BES buffer,
CA[Mn] also catalyzed the enantioselective epoxidation of
p-chlorostyrene (Scheme 3). This epoxidation was moderate-
ly enantioselective (E=5 favoring the R enantiomer) sug-
gesting that oxygen transfer occurs in the active site. Like
the oxidation of o-dianisidine above, the epoxidation re-
quired bicarbonate. Replacing sodium bicarbonate with
sodium phosphate or sodium acetate produced no epoxida-
tion. Native zinc carbonic anhydrase also did not produce
any epoxidation. On another hand, with a 10-fold higher


concentration of manganese(ii) chloride as compared to
CA[Mn], we observed 1% conversion to racemic epoxide
after 16 h (Table 3).


Although epoxidation also occurred without BES buffer,
it was not enantioselective (Table 2). Epoxidation in bicar-
bonate-phosphate buffer or bicarbonate buffer produced a
similar conversion to that in BES buffer, but no enantiose-
lectivity. Triethanolamine and BES imparted the highest
enantioselectivity (66–67% ee). Other amino alcohols, dieth-
anolamine or tris(hydroxymethyl) aminomethane (TRIS),
imparted lower enantioselectivity (20–50% ee), while a triol
or an amine imparted no enantioselectivity.
CA[Mn] also catalyzed the enantioselective epoxidation


of other olefins (Table 3). Expoxidation of styrene
(56% ee), 5-bromobutene (45% ee), and trans-b-methyl sty-
rene (46% ee) was less enantioselective than the epoxida-
tion of p-chlorostyrene (67% ee). Epoxidation with
CAII[Mn] (pure isoenzyme CA II instead of a mixture of
isozymes) gave slightly higher enantioselectivity for 5-bro-
mobutene (52% ee) and trans-b-methyl styrene (50.5% ee),
but no change for styrene (57% ee) and p-chlorostyrene
(66.5% ee). As reported previously by Burgess,[11] manga-
nese(ii) salts also catalyzed the epoxidation of olefins, but
required approximately ten-fold higher concentrations of
manganese compared to CA[Mn] and showed no enantiose-
lectivity.
The conversions of all the CA[Mn]-catalyzed epoxidations


were disappointingly low, with maximum of 12.5%, which
corresponds to a turnover number of 22 (22 moles of p-
chlorostyrene epoxide formed per mole of CAII[Mn]).
These turnover numbers are similar or higher than perox-
idase from Coprinus cinereus (Cip) (p-chlorstyrene TTN=


21.5; styrene TTN=9),[22] but not as high as those for chloro-
peroxidase from Caldariomyces fumago (CPO) (styrene


Table 1. Kinetic constants for reactions catalyzed by carbonic anhydrase
and peroxidases.[a]


Enzyme Substrate KM [mm] kcat [s
�1] kcat/KM [m�1 s�1C106]


CA CO2 12000 1000000 83
CA HCO3


� 26000 400000 15
CA[Mn] o-dianisidine[b] 15 17 1.1
CAII[Mn] o-dianisidine[b] 98 140 1.4
HRP[a] o-dianisidine 11 630 57


[a] HRP=horseradish peroxidase. [b] Apparent kinetic constants for o-
dianisidine were measured at fixed concentrations of 0.4 mm hydrogen
peroxide for CA[Mn] (1.2 mm H2O2 for CAII[Mn]) and 8 mm sodium bi-
carbonate.


Scheme 3. Epoxidation of p-chlorostyrene catalyzed by CA[Mn]. Reac-
tion conditions: 30 8C, 16 h, BES buffer (0.1m), pH 7.2, CA[Mn] (41 mm),
sodium bicarbonate (147 mm), p-chlorostyrene (7.4 mm), H2O2 (7.4 mm).


Table 2. Enantioselectivity of the CA[Mn]-catalyzed epoxidation of p-
chlorostyrene in the presence of different additives.[a]


Additive ee
[%]


Additive ee
[%]


None (water pH 7.2 or phosphate
buffer)


0 67


20 66


0 50


[a] Conditions: 30 8C, 16 h, additive (0.1m), pH 7.2, CA[Mn] (41 mm), p-
chlorostyrene (7.4 mm), hydrogen peroxide (7.4 mm), sodium bicarbonate
(147 mm), 30 8C. Conversions ranged from 2.5–4.5%.
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TTN=1500).[23] Importantly, we did not observe any alde-
hyde byproducts during epoxidation, but heme peroxidases
Cip and CPO formed up to 50% aldehyde byproducts. The
time course of the CA[Mn]-catalyzed epoxidation of olefins
showed good activity over the first four hours, followed by a
rapid decrease. For example, the turnover number of
CA[Mn] was equal to four over the first four hours, but in-
creased to only seven over the next twelve hours. This result
and the MS analysis below suggest that CA[Mn] degrades
during epoxidation.


Slower initial rate of epoxidation suggests that protein hin-
ders access to manganese : The initial rate of the CA[Mn]-
catalyzed epoxidation of p-chlorostyrene was slower than
that for nonenzymatic manganese-dependent epoxidation
catalysts (Table 4). The CA[Mn]-catalyzed formation of p-


chlorostyrene epoxide is con-
stant initially (t=4 h) and cor-
responds to a turnover fre-
quency (TOF) of
0.013 per min. This value is
440-fold lower than the corre-
sponding manganese/bicarbon-
ate catalyst without the car-
bonic anhydrase ligand
(5.7 per min). The slower reac-
tion of the CA[Mn] catalyst is
consistent with the notion that
the protein hinders access of
the olefin to the manganese re-
action center thereby impart-
ing enantioselectivity to the
epoxidation. JacobsenMs enan-
tioselective epoxidation cata-
lyst is also slower than free
manganese/bicarbonate
(0.06 per min)[24] but about 4.6
times faster than CA[Mn].


Degradation of CA[Mn] limits
the turnover number : ESI-MS
analysis of bovine carbonic an-
hydrase II manganese showed


a molecular weight of 29024 D (Figure 1) which agrees with
a previous report of 29025 D[25] and with the calculated mo-
lecular weight of 29024 D. This calculated molecular weight
omits the zinc ion and initial methionine, and adds an acetyl
group to the N-terminus. The zinc ion likely dissociated
before MS analysis because the preparation of the protein
sample involved dissolving the protein in solutions contain-


Table 3. Epoxidation of terminal olefins conjugated to an aromatic or aliphatic chain by manganese-substitut-
ed carbonic anhydrases.


Substrate Catalyst[a] t [h] ee [%] (config.) Conversion [%] TTN[b]


– 16 0 0 –


’’ MnCl2
[c] 16 0 1 –


’’ CA[Zn]+MnCl2
[c] 16 0 2 3.5


’’ CA[Mn] 2 66 (R) 1 2.2
’’ CA[Mn] 4 66.5 (R) 1.8 4
’’ CA[Mn] 16 67 (R) 4 7
’’ CAII[Mn] 16 66.5 (R) 12.5 22
’’ hCAII[Mn][d] 16 55 (R) 6.5 9.5
’’ Cip[22, 1] 16 21 (S) 43 21.5


CA[Mn] 16 56 (R) 6 10.5


’’ CAII[Mn] 16 57.5 (R) 12 21
’’ Cip[22] 16 35 (S) 18 9
’’ CPO[1,23] 5 49 (R) 40 1500


CA[Mn] 16 46 (R,R) 1.8 3


’’ CAII[Mn] 16 50.5 (R,R) 4.3 7.5
’’ Cip[22] or CPO[23] no expoxide formed


CA[Mn] 16 45 (nd)[e] 2.5 4.5
’’ CAII[Mn] 16 52 (nd)[e] 4 7


[a] Cip=peroxidase from Coprinus cinereus ; CPO=chloroperoxidase from Caldariomyces fumago. Reaction
conditions as in Scheme 3. [b] Total turnover: number of mmol of epoxide formed per mmol of enzyme,
[c] 412 mm MnCl2. [d] 50 mm hCAII[Mn]. [e] nd=not determined.


Table 4. Turnover frequency during epoxidation of styrenes catalyzed by
different catalysts with hydrogen peroxide as a source of oxygen.


Substrate Catalyst TOF [min�1][a]


CA[Mn]/bicarbonate 0.013


chiral complex MnIII-salen 0.06[b]


MnII/bicarbonate 5.7[c]


[a] Turnover frequency: number of mmol of epoxide formed per mmol of
enzyme per minute. [b] From reference [24]. [c] Calculated from data in
reference [11]; reaction conditions: MnSO4 (0.2 mm), 4-vinylbenzoic acid
(20 mm), bicarbonate (100 mm), of H2O2 (10 equiv).


Figure 1. ESI-MS spectra of CA[Mn] before (t=0) and after 16 h of ep-
oxidation of p-chlorostyrene with hydrogen peroxide. The peak at
29024 D corresponds to carbonic anhydrase, while the absence of this
peak after the expoxidation indicates degradation of the protein. Reac-
tion conditions are in the note to Scheme 3 (cps=counts per second).
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ing 5–75% acetonitrile and 0.1% formic acid. Removal of
the initial methionine and acetylation of the N-terminus are
common post-translational modifications in E. coli.
As the epoxidation proceeds, the ESI-MS spectrum of


CA[Mn] broadens and after 16 h shows no clear protein
peak (Figure 1). This disappearance suggests oxidation of
the protein during epoxidation. CA[Mn] was stable to
added peracid or hydrogen peroxide. Incubation of CA[Mn]
with m-chloroperoxybenzoic acid or hydrogen peroxide
(0.01m, 8 h) showed no detectable degradation or increase
in mass corresponding to added oxygen atoms; this concen-
tration of oxidants was twice as high as during epoxidation.
This stability to added oxidant suggests that intermediates
generated during catalysis, possibly radicals, cause the degra-
dation of bovine carbonic anhydrase.


Residues in the active site influence enantioselectivity : To
show that amino acid residues in the active site impart enan-
tioselectivity, we used site-directed mutagenesis of human
carbonic anhydrase isoenzyme II to replace selected amino
acids in the active site by alanine. FierkeMs group previously
cloned and overexpressed human carbonic anhydrase II
(hCA WT) in E. coli[26] and several X-ray crystal structures
are available,[27,28] including a structure of the manganese-
substituted form (Figure 2a).[29] We chose six positions in
the substrate-binding site for mutagenesis: Asn62, His64,
Asn67, Gln92, Thr199, and Thr200. We expected that replac-
ing these amino acids with alanine would create more room
in the active site, thereby allowing alternative p-chlorostyr-
ene orientations and thus lower enantioselectivity. We also
prepared Thr200His, a mutant that forms a more stable
zinc-bicarbonate complex.[30]


Site-directed mutagenesis yielded genes encoding all
seven desired mutants of human carbon anhydrase II. Six of
these mutants showed good protein expression by SDS
PAGE (data not shown), while the seventh mutant,
Thr199Ala, yielded 4–5 times less protein than the others
and was not further investigated. The resulting proteins pro-
duced the expected decreases in molecular weight by ESI-
MS (Table 5). The calculated
molecular weight for hCA II
WT was 29099 D, while the ex-
perimental ESI-MS showed
29098 or 29095 D. Drift of the
apparatus from calibration
likely causes such 1–4 mass
unit variation in the experi-
mental molecular weights.
All six mutants catalyzed the


hydrolysis of p-nitrophenyl
acetate. His64Ala showed the
same hydrolytic activity as wild
type, while the other mutants
showed lower activity
(Table 5). His64Ala, Gln92Ala,
and Thr200Ala produced 70%
of wild-type activity, while


Figure 2. Structures of the active site of manganese-substituted human
carbonic anhydrase II. a) X-ray crystal structure. The surrounding protein
atoms are illustrated by a grey space-filling representation and the man-
ganese ion is a violet ball. Amino acids nearest the active site are shown
as sticks in CPK colors. White circles mark the five amino acids that
were replaced with alanine by using site-directed mutagenesis (see text).
b) Computer model created by adding peroxycarbonate (pastel blue
sticks), BES (orange sticks) and p-chlorostyrene (red sticks) to an X-ray
crystal structure of manganese-substituted human carbonic anhydrase.[29]


The peroxybicarbonate lies closest to the favored face of p-chlorostyrene
for epoxidation.


Table 5. Calculated and experimental molecular weights, hydrolytic activity, and enantioselectivity of p-chloro-
styrene epoxidation of hCA II mutants.


Mutant Molecular weight of enzyme [Daltons] Hydrolytic activity
[mmol min�1mg�1]


ee [%][c]


Calculated
[difference: mutant vs. WT][a]


Determined by ESI-MS
[difference: mutant vs. WT][b]


hCAII WT 29 099 29 095 0.21 55
Asn62Ala 29 056 (43) 29 052 (43) 0.01 6
His64Ala 29 033 (66) 29 029 (66) 0.21 13
Asn67Ala 29 056 (43) 29 053 (42) 0.16 33
Gln92Ala 29 042 (57) 29 038 (57) 0.14 31
Thr200Ala 29 069 (30) 29 066 (29) 0.15 0
Thr200His 29 135 (36) 29 132 (37) 0.04 32


[a] Calculated molecular weights from the amino acid sequences omit the initial methionine and the zinc ion,
but add an acetyl group. [b] Molecular weights of all samples were measured on the same day. Samples run on
another day showed small differences in experimental values (e.g., wild-type hCA II 29097.52), are likely due
to a drift in the instrument calibration. [c] Conditions as in Scheme 3. Epoxidation with hCAII[Mn] wild type
used 50 mm of protein solution and gave 6.5% conversion. Epoxidation with the hCAII[Mn] mutants used a
23.5 mm solution and gave ~1% conversion.
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Asn62Ala and Thr200His produced only 4 and 20%, respec-
tively.
After substitution of zinc with manganese in hCA II, the


resulting hCAII[Mn] produced similar enantioselectivity
and conversion for the oxidation of p-chlorostyrene
(55% ee, 6.5% conversion) as to the bovine CA[Mn]. All
six mutants of hCA II produced lower enantioselectivity
than wild-type hCA II (Table 5). Asn62, His64, and Thr200
produced the largest decrease in ee (0–13% ee ; a 4–9-fold
decrease) and thus, appear to be the key residues that
impart enantioselectivity. It also possible that these muta-
tions alter the enantioselectivity indirectly by altering the
binding of the BES buffer molecule. There was no correla-
tion between the hydrolytic activity of zinc hCA II mutants
and enantioselectivity of epoxidation catalyzed by the corre-
sponding hCAII[Mn] mutants.


Molecular modeling of a possible reactive complex : Com-
puter modeling yielded a model of a possible reactive com-
plex for the human carbonic anhydrase II containing manga-
nese, peroxybicarbonate, BES, and p-chlorostyrene (Fig-
ure 2b). Modeling started from the X-ray crystal structure
of human carbonic anhydrase II[27] and first replaced the
active-site zinc with manganese. Next, we added peroxybi-
carbonate, BES, and p-chlorostyrene stepwise. After each
addition the new atoms were geometry optimized and then
the entire complex was geometry optimized. The peroxybi-
carbonate bound in the same location as bicarbonate in a
previous X-ray crystal structure.[29b] The BES bound to the
manganese via its sulfonate group and filled a hydrophobic
site formed by Val121, Val143, Leu198, and Thr209. This
BES position agrees with previous X-ray structures, which
showed a sulfate bound to manganese at the sulfonate loca-
tion[30] and a Tris-buffer molecule bound in the hydrophobic
site.[31] The BES molecule also limits the space available to
bind p-chlorostyrene. Modeling p-chlorostyrene in the re-
maining space yields an orientation with one olefin face
near (~3 O) the active oxygen of peroxybicarbonate. This
orientation is consistent with the observed preference for
the (R)-epoxide. One side of the aromatic ring of p-chloro-
styrene faces BES, consistent with the requirement for
BES or other bulky aminoalcohol for an enantioselective
epoxidation. The other side of the aromatic ring faces resi-
dues Asn 62, His 64, Asn 67, and Gln 92, consistent with
the lower enantioselectivity observed after site-directed mu-
tagenesis of these residues to the smaller alanine residue.
This model is a good working hypothesis for the reactive
complex and is consistent with the current experimental
data.


Discussion


A number of groups have added metal ions to metal-free
proteins to create enantioselective catalysts. For example,
Whitesides linked an achiral rhodium hydrogenation catalyst
to the surface of albumin and demonstrated moderate enan-


tioselectivity.[32] More recently, Ward and coworkers linked
hydrogenation catalysts to streptavidin and found high enan-
tioselectivity (up to 96% ee) in the reduction of olefins and
ketones.[33] Van de Velde et al.[34] added a vanadate ion to
the active site of phytase to create a catalyst for enantiose-
lective oxididation of thioanisole to the sulfoxide in 66% ee.
Hilvert introduced selenoserine into the protease subtilisin
to create an enantioselective catalyst for the reduction of
hydroperoxides.[35]


On the other hand, replacement of a metal ion in a metal-
loenzyme has not yet yielded an enantioselective catalyst.
Yamamura and Kaiser replaced the zinc in carboxypeptidase
with copper(ii) to catalyze the slow air oxidation of ascor-
bate.[36] Bakker et al.[37] replaced the zinc in thermolysin
with anions, such as molybdate, selenate, or tungstate to
give an enzyme that catalyzed the nonenantioselective oxi-
dation of thioanisoles with hydrogen peroxide.
In this paper, we showed that substitution of manganese


for zinc in carbonic anhydrase converted this hydrolase to
an enantioselective peroxidase. Native carbonic anhydrase
catalyzes the enantioselective hydrolysis of methyl mande-
late (40–51% ee) and of several N-acetyl-dl-amino acid
methyl esters (>95% ee).[38] Substitution of manganese for
zinc extends this enantioselectivity to a different reaction
class. The enantioselectivity of the CA[Mn]-catalyzed epoxi-
dation of styrenes was moderate, but comparable to or
better than that for natural peroxidases. For epoxidation of
p-chlorostyrene and styrene, CA[Mn] produced 67
and 58% ee, respectively. Chloroperoxidase from Caldario-
myces fumago (CPO) produced 66 and 49% ee,[23, 39] while
peroxidase from Coprinus cinereus (Cip) produced 21
and 35% ee.[22] Wild-type horseradish peroxidase oxidized
styrene with ~11% ee, but the His42Gln mutant produced
58% ee.[40]


The affinity of carbonic anhydrase for manganese is low
(pKD=<3.4–4.0, corresponding to a binding enthalpy of
~3 kcalmol�1), so that solutions of CA[Mn] inevitably con-
tain some free manganese. Fortunately, the oxidative activity
of CA[Mn] is higher that that of free manganese, so that the
observed products are primarily from the CA[Mn]-catalyzed
reaction. Adding up to ten equivalents of free manganese to
solutions of CA[Mn] did not change the reaction rate or the
product distribution.
Two advantages of CA[Mn] are a broader substrate range


and the lack of aldehyde side products. CA[Mn] catalyzed
epoxidation of trans-b-methyl styrene (46% ee), but this
substrate was not oxidized by CPO.[23] We did not detect any
aldehyde side products in the CA[Mn]-catalyzed epoxida-
tions. In contrast, the CPO and Cip-catalyzed epoxidation of
styrene formed 24[23] and 52%[22] benzaldehyde side-product.
These aldehyde side products form simultaneously with ep-
oxide during styrene epoxidation catalyzed by heme peroxi-
dases.[22] Although the mechanism of aldehyde formation is
unknown, this simultaneous formation of aldehyde suggests
that it forms from a reaction intermediate of epoxidation.
As the mechanism of epoxidation for the CA[Mn] percar-
bonate reaction differs from that for the heme peroxidases,
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this different mechanism may account for the lack of alde-
hyde side products.
Although conversions for the CA[Mn]-catalyzed epoxida-


tion of styrenes were only ~12%, conversions for the CPO
and Cip-catalyzed expoxidations were also low: 40% for p-
chlorostyrene and 18–40% for styrene.[22,33] ESI-MS analysis
of the CA[Mn]-catalyzed epoxidation suggested that the
enzyme degrades during epoxidation. Soluble manganese
complexes are powerful bleaching agents when using hydro-
gen peroxide and may involve radical intermediates.[41] Such
radical intermediates may also form in the CA[Mn]-cata-
lyzed epoxidation and damage the protein. It may be possi-
ble to eliminate this degradation by using protein engineer-
ing, as protein engineering yielded a more than 100-fold sta-
bilization of a heme peroxidase toward oxidative degrada-
tion.[42]


Because of this catalyst degradation, organometallic cata-
lysts are currently the best synthetic reagents for enantiose-
lective epoxidation of olefins. Chiral MnIII-salen complexes
yield up to 99% ee for cis-disubstituted, tri- and tetra-substi-
tuted alkenes,[43] but the best results require less desirable
oxidants, such as iodosyl benzene or hypochlorite. Other
catalysts accept a more limited substrate range: the Sharp-
less-Katsuki titanium-tartrate ester[44] for allylic alcohols and
the JuliQ-Colonna epoxidation for a,b-unsaturated ke-
tones.[45]


The likely mechanism of the CA[Mn]-catalyzed epoxida-
tion of olefins involves direct transfer of oxygen from peroxy-
bicarbonate to the olefin while both are bound in the active
site of carbonic anhydrase. Previous work on the epoxida-
tion of olefins catalyzed by free manganese and bicarbonate
suggested peroxycarbonate as the key intermediate in epoxi-
dation.[11] CA[Mn] forms a stable manganese-bicarbonate
complex in the active site.[46] Hydrogen peroxide may add to
the carbonyl of this bicarbonate complex and displace
water, thereby forming a peroxycarbonate, which may then
epoxidize a bound olefin. Computer modeling shows that
both the olefin and peroxycarbonate can fit in the active site
of carbonic anhydrase in an orientation consistent with the
observed enantioselectivity.
Both BES and the amino acid residues in the active site


are likely to be controlling the enantioselectivity of epoxida-
tion. Omitting BES (or a similar amino alcohol) from the
reaction mixture eliminated enantioselectivity. Previous
work, including an X-ray crystal structure, showed that Tris
buffer (an amino alcohol) binds to the active site of carbonic
anhydrase.[25] Our modeling showed that such binding of
BES restricts the ways that p-chlorostyrene can bind to the
active site. Site-directed mutagenesis of six amino acid resi-
dues in the active site to a smaller amino acid residue (ala-
nine) decreased the enantioselectivity of epoxidation. The
largest decrease (from 55% ee in wt to 0–13% ee in the mu-
tants) occurred for Asn62Ala, His64Ala, and Thr200Ala, in-
dicating that these residues may orient p-chlorostyrene
during catalysis.


Experimental Section


General : All chemicals and enzymes were purchased from Sigma-Al-
drich. Carbonic anhydrase (mixture of isoenzymes) from bovine erythro-
cytes (Sigma-Aldrich C-3934) was a lyophilized powder containing 93%
of protein, and carbonic anhydrase isoenzyme II from bovine erythro-
cytes (Sigma-Aldrich C-2522) was a lyophilized powder containing 95%
of protein. ESI-MS used a QSTAR quadruplole-TOF MS (Applied Bio-
systems) with a nanospray infusion to introduce the protein solution. Pro-
teins were desalted by using a PorosR2 (Applied Biosystems) column
before analysis first by washing with water: acetonitrile 95:5 v/v contain-
ing 0.1% formic acid and then eluting the protein with water: acetonitrile
25:75 v/v containing 0.1% formic acid. BioAnalyst Software Tool (Ap-
plied Biosystems) was used to calculate the expected molecular weight
from the amino acid sequence, the average multi-isotopic mass of amino
acids, and also to deconvolute the multiplycharged ion envelope to yield
the experimental molecular weights (Bayesian Protein Reconstruction
Tool).


Replacement of zinc in carbonic anhydrase with manganese : We used a
modification of a literature method.[12] A dialysis tube (Spectra/Por 2,
molecular weight cut off=12–14000 gmol�1) containing a solution of car-
bonic anhydrase from bovine erythrocytes (75 mg, 2.4 mmol) in buffer
(0.1m N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES),
pH 7.2, 5.0 mL) was dialyzed overnight against 2,6-pyridinedicarboxylic
acid (2,6-PDCA, 557 mg, 3.34 mmol in acetate buffer (500 mL, 0.1m,
pH 5.5). The tube was removed and dialyzed for 16 h against buffer
(0.05m BES, pH 6.95, 500 mL) to remove the excess of 2,6-PDCA and
yield apo-carbonic anhydrase. The manganese ion was added by dialysis
for 16 h against manganese(ii) chloride (250 mg, 2 mmol in 500 mL of
0.05m BES buffer, pH 6.95). To remove the traces of unbound manga-
nese the dialysis tubing was dialyzed for 2 h against buffer (0.05m BES,
pH 6.95); this washing step should not exceed 2 h to avoid loss of manga-
nese. (After 3 h we observed 12% less manganese and after 4 h, 25–30%
less.) Total volume of manganese-substituted CA solution increased
about 10% (to 5.5 mL) during the entire process.


Determination of kinetic constants, CA[Mn]-catalyzed oxidation of o-di-
anisidine with hydrogen peroxide : CA[Mn] (5 ml of 0.49 mm), bicarbonate
solution (10 ml of 0.1m), and the desired volume of o-dianisidine in aceto-
nitrile (1–18 ml of a 0.54 mm to 8.6 mm solution) was added to BES buffer
(99–82 ml, 0.1m, pH 7.2). To start the reaction, hydrogen peroxide (10 ml
of 5 mm for CA[Mn] or 15 mm for CAII[Mn]) was added. The KM and
kcat were calculated from spectophotometrical measurements at 460 nm
of the resulting red-oxidation product (e=11.3 mm


�1 cm�1 at pH 7.2[47])
for the following o-dianisidine concentration: 5.4–299 mm for CA[Mn]
and 33.2–1030 mm for CA[Mn]. The final concentration of hydrogen per-
oxide was constant during measurements and equal to 500 mm for
CA[Mn] and 1500 mm for CAII[Mn].


Determination of esterase activity of carbonic anhydrase : Assay adapted
from a previous method[48] to 96-well microplate by mixing enzyme solu-
tion (10 ml of 0.0045–0.05 mm) with assay solution (90 ml prepared from
BES buffer (11 mL, 100 mm, pH 7.2), 4-nitrophenyl acetate (20 ml of
200 mm), and acetonitrile (880 ml)). During this assay 4-nitrophenyl ace-
tate was hydrolyzed to 4-nitrophenol (e=17.3 mm


�1 cm�1)[49] the forma-
tion of which was measured spectrophotometrically at 404 nm. Typical
activity for zinc-containing bovine CA was 0.15 mmolmin�1 mg�1 and for
manganese-containing bovine CA, 0.02 mmolmin�1 mg�1.


CA[Mn]-catalyzed epoxidation of olefins : A closed vial containing BES
buffer (500 ml of 0.1m, pH 7.2), sodium bicarbonate (100 ml of 1m), man-
ganese-substituted carbonic anhydrase (60 ml, 0.028 mmol), a methanol so-
lution of appropriate olefin (p-chlorostyrene, styrene, 5-bromopentene,
or methyl-b-styrene (10 ml of 0.5m)), and hydrogen peroxide (10 ml of
0.5m) was stirred for 16 h at 30 8C. After this time, the product and un-
reacted substrate were extracted with EtOAc and the extracts were ana-
lyzed by GC on the chiral column Chirasil-Dex CB 25 mC0.25 mm (oven
temperature: 150 8C for p-chlorostyrene and 100 8C for styrene, 5-bromo-
pentene, or methyl-b-styrene). Retention times: 3.37 (R, major enantio-
mer) and 3.48 min for p-chlorostyrene oxide; 8.02 (R, major enantiomer)
and 8.66 min for styrene oxide; 8.46 (major enantiomer) and 8.74 min for
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5-bromo-1-pentene oxide; 9.46 and 9.64 min (R,R major enantiomer) for
methyl-b-trans-styrene oxide. Comparing the GC traces for the reaction
products with commercially available epoxide samples with known con-
figuration established the absolute configuration of the products.


Expression of human carbonic anhydrase II : Plasmid encoding human
carbonic anhydrase isoenzyme II with a T7 RNA polymerase promoter
and an ampicillin resistance gene (pACA) was a gift from Carol
Fierke.[26] Their construction of this plasmid changed the amino acid at
position 2 from serine to alanine. This change has no apparent effect on
the enzyme expression or catalytic properties. The ESI-MS data was con-
sistent with an alanine at position 2. The Escherichia coli strain BL21-
(DE3) containing pACA was grown in induction media (20 gL�1 tryp-
tone, 10 gL�1 yeast extract, 80 mm NaCl, 0.4% glucose, 0.36CM9 salts so-
lution, 200 mm ZnSO4, 0.1 gL


�1 ampicillin) at 37 8C to A600=1. Addition
of isopropyl-b-d-thiogalactopyranoside (250 mm, final concentration) and
ZnSO4 (690 mm, final concentration) induced protein expression. After 5–
6 h incubation at 37 8C the cells were pelleted (4500 rpm for 15 min at
4 8C) and lysed by the addition of hen egg white lysozyme in a buffer
containing 200 mm ZnSO4, 1 mm dithiothreitol, 10 mm EDTA, and the
protease inhibitors phenylmethanesulfonyl fluoride (10 mgmL�1) and N-
a-p-tosyl-l-arginine methyl ester (1 mgmL�1). Nucleic acids were precipi-
tated by the addition of 10% streptomycin-sulfate, followed by centrifu-
gation (4500 rpm for 45 min at 4 8C). The supernatant, containing crude
hCA II, was dialyzed (Spectra/Por 2, MWCO: 12–14000) overnight
against zinc buffer (10 mm Tris-sulfate, pH 8.0, 0.1 mm ZnSO4, 1 mm di-
thiothreitol) and then mixed with DEAE-Sephacel gel (7.5 mL of gel for
250 mL of growth media). After stirring for 15 min at 4 8C, the solution
was filtered and the remaining gel washed with zinc buffer. All initial
flows contained protein and should be collected. This procedure yielded
100–200 mg of hCA II per liter of culture and was typically 90–95% pure
by SDS-PAGE. The final protein concentration was calculated by using
e280=5.4C104m�1 cm�1.[50]


Site-directed mutagenesis of human carbonic anhydrase II : Site-directed
mutagenesis was carried out by using the Stratagene QuikChangeS site-
directed mutagenesis kit according to the manufacturerMs instructions.
Polymerase chain reaction (PCR) conditions: reaction buffer (5 ml, 10C),
plasmid (1 ml, 50 ng), forward primer (1 ml, 125 ng, see Table 6), reverse
primer (1 ml, 125 ng, see Table 6), dNTP mix (10 ml, 20 mm), and ddH2O
(31 ml) were mixed to give a final volume of 49 ml ; then PfuTurbo DNA
polymerase (1 ml, 2.5 Uml�1) was added. PCR machine conditions: 1 seg-
ment cycle: 95 8C for 30 s; 2 segment cycle (repeated 20 times): 95 8C for
30 s, 55 8C for 1 min, and 68 8C for 5 min; 3 segment cycle: 4 8C for
10 min. Dpn I restriction enzyme (1 ml, 10 Uml�1) was added directly to
each PCR reaction and thoroughly mixed by pipetting. Then each PCR
reaction was centrifuged for 1 min at 13,200 rpm and incubated at 37 8C
for 1 h to digest the nonmutated plasmid. Mutated DNA was transferred
to E. coli BL21 (DE3) and protein was expressed as above for the wild-
type protein.


Molecular modeling : Molecular modeling was performed with InsightII/
Discover (Accelrys, San Diego, CA) by using the extensible and system-
atic force field (ESFF)[51] to allow modeling of the manganese ion. The


dielectric constant was distance dependent and set to 1 to mimic the sol-
vation effects of water. The starting structure was the X-ray crystal struc-
ture of zinc human carbonic anhydrase II at 2.0 O resolution, PDB file
ID: 4CAC.[21] We used the X-ray crystal structure of hCAII containing
zinc instead of the one containing manganese due to its higher resolution.
Hydrogen atoms were added (pH set to 7.2) and the atom types for His
94, 96, 119 were set to HisP (protonated histidines) to allow metal coor-
dination. The structure was geometry optimized stepwise. First, the hy-
drogen atoms on water were geometry optimized, next the hydrogen
atoms on the protein, then all water molecules, and finally the whole pro-
tein with water molecules. Each geometry optimization step involved a
minimization with steepest descent algorithm until the RMS derivative
was <1 kcalmol�1 O�1 and then with conjugate gradient (Polak-Ribiere)
algorithm until the RMS derivative was <0.001 kcalmol�1 O�1.


The reactive complex for epoxidation was also prepared stepwise. Water
molecules (#3, 55, 56, 75, and 122) were removed from the active site, the
zinc atom was replaced with manganese, peroxycarbonate and BES were
added to the manganese atom, and p-chlorostyrene was added so that
the double bond was near the peroxycarbonate. Each added fragment
was minimized (the rest of the protein was fixed) with steepest descent
algorithm (2000 steps) and then with conjugate gradient (Polak-Ribiere)
algorithm until the RMS derivative was lower than 0.001 kcalmol�1 O�1.
After these steps, the entire unrestricted structure was minimized as de-
scribed above.
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Introduction


Molecular recognition,[1] the process of bringing different
chemical entities together through noncovalent forces, is a
powerful tool for the development of novel targeted assem-
blies with tailor-made properties.[2–4] Initial studies towards
host–guest-type assemblies, in which the guest molecules are
captured in the cavities/channels formed by host molecules,
such as crown ethers,[5] cryptands,[6] and so on, indeed
brought about dramatic changes in organic synthesis and led
to the development of novel synthetic strategies for the
preparation of complex molecules to be employed in molec-
ular recognition studies. As a result, the synthesis of host
structures[7,8] by using noncovalent bonds (e.g., hydrogen
bonds), which are weaker than conventional covalent bonds
(s and p bonds) and also have the advantage of flexibility


for fine-tuning to obtain the desired network or architecture,
evolved as a general synthetic strategy for the creation of
exotic assemblies that can be utilized in molecular recogni-
tion studies.[9] Numerous examples of host–guest systems
generated through noncovalent synthetic procedures have
appeared in the recent literature. For example, adducts of
trimesic acid,[10] 3,5-dinitrobenzoic acid,[11] 3,5-dinitrobenzo-
nitrile,[12] cyanuric acid,[13] trithiocyanuric acid,[14] 1,2,4,5-ben-
zenetetracarboxylic acid,[15] and so on, representing a variety
of host–guest systems of different architectures (Scheme 1),
demonstrate the elegance and reliability of molecular recog-
nition process.


In further developments aimed at increased knowledge of
hydrogen bonds,[16] attention was also directed towards uti-
lization of hydrogen bonds for synthesis of targeted assem-
blies to perform unusual chemical transformations that oth-
erwise appear to be either infeasible or complex in
nature.[17,18] In this regard, the elegant studies by MacGilliv-
ray et al. on the synthesis of ladderanes by cocrystallization
and subsequent photochemical reaction by irradiation of the
adducts of resorcinol and unsaturated N-donor molecules
such as 1,2-bis(4-pyridyl)ethene, prepared by inducing rec-
ognition between the constituents through O�H···N hydro-


Abstract: A molecular recognition
study of 3,5-dihydroxybenzoic acid (1)
and its bromo derivative 4-bromo-3,5-
dihydroxybenzoic acid (2) with the N-
donor compounds 1,2-bis(4-pyridyl)eth-
ene (bpyee), 1,2-bis(4-pyridyl)ethane
(bpyea), and 4,4’-bipyridine (bpy) is re-
ported. Thus, the syntheses and structur-
al analysis of molecular adducts 1a–1c
(1 with bpyee, bpyea, and bpy, respec-
tively) and 2a–2c (2 with bpyee, bpyea,
and bpy, respectively) are discussed. In
all these adducts, recognition between
the constituents is established through
either O�H···N and/or O�H···N/C�


H···O pairwise hydrogen bonds. In all
the adducts both OH and COOH func-
tional groups available on 1 and 2 inter-
act with the N-donor compounds,
except in 2a, in which only COOH
(COO�) is involved in the recognition
process. The COOH moieties in 1a, 1b,
and 2b form only single O�H···N hy-
drogen bonds, whereas in 1c and 2c,


they form pairwise O�H···N/C�H···O
hydrogen bonds. In addition, subtle dif-
ferences in the recognition patterns re-
sulted in the formation of cyclic net-
works of different dimensions. In fact,
only 1c forms a four-molecule cyclic
moiety, as was already documented in
the literature for this kind of assemblies.
All complexes have been characterized
by single-crystal X-ray diffraction. The
supramolecular architectures are quite
elegant and simple, with stacking of
sheets in all adducts, but a rather com-
plex network with a threefold inter-
penetration pattern was found in 2c.
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gen bonds, are superb examples that highlight the use of
molecular recognition phenomenon for the generation of
complex chemical systems (Scheme 2).[19] From those stud-
ies, it was further noted that the recognition pattern be-
tween the OH groups in the meta-positions and aromatic N-
donor compounds was not affected by the presence of differ-
ent functional groups, as was shown recently in a case study
on a homologous series of phluroglucinols.[20] However,
studies on the influence of functional group such as COOH,
which is also capable of forming O�H···N hydrogen bonds,
on the topological arrangement shown in Scheme 2, is not
well explored. Thus, studies towards understanding the com-
petition of COOH and OH for N-donor compounds would
provide valuable information for the development of hither-
to unknown assemblies.


In our continued exploration of utilization of O�H···N
and O�H···N/C�H···O pairwise hydrogen bonds[21] in supra-
molecular synthesis and molecular recognition, we carried
out such competitive recognition studies employing molecu-
lar entities having both OH and COOH groups by cocrystal-
lization with different heteroaromatic compounds, which
can exploit the robustness of the four-membered recognition
pattern (Scheme 2) or may lead to new assemblies generat-
ed through different recognition schemes. Thus, we chose
3,5-dihydroxybenzoic acid (1) for cocrystallization with 1,2-
bis(4-pyridyl)ethene (bpyee), 1,2-bis(4-pyridyl)ethane,
(bpyea), and 4,4’-bipyridine (bpy). Furthermore, the study
was extended to halo derivatives of 1, as such substitution
did not have any effect on the basic molecular recognition
features in the resultant assemblies, as known from the earli-
er studies of MacGillivray et al.[22] Hence, cocrystallizations
of 4-bromo-3,5-dihydroxybenzoic acid with bpyee, bpyea,
and bpy were also carried out. The synthetic strategies and
the nature of the products are illustrated in Scheme 3.


Results and Discussion


Cocrystallization of 3,5-dihydroxybenzoic acid (1) with the
N-donor compounds 1,2-bis(4-pyridyl)ethene (bpyee), 1,2-
bis(4-pyridyl)ethane (bpyea) and 4,4’-bipyridyl (bpy) from
CH3OH gave single crystals of 1a–1c, respectively. Similarly,
4-bromo-3,5-dihydroxybenzoic acid gave cocrystals 2a–2c
with bpyee, bpyea, and bpy, respectively. Single-crystal X-
ray diffraction revealed that the reactants recognize each
other by interaction of OH and/or COOH groups of 1 and 2
with the N atoms of N-donor compounds. Each adduct is
unique in aspects of structural arrangements with respect toScheme 1.


Scheme 2.
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the conformation and the nature of the hydrogen bonds
formed by OH and COOH groups. However, collectively,
they exhibit many common features, especially in the forma-
tion of ladderlike structures. Thus, descriptions of the
unique features of each adduct are followed by a compari-
son to deduce common features which may be useful for
evaluating literature examples and formulating new systems.


Molecular complex of 3,5-dihydroxybenzoic acid and 1,2-
bis(4-pyridyl)ethene (1a): Cocrystallization of 3,5-dihy-


droxybenzoic acid (1) and bpyee in a 1:1 ratio from metha-
nol gave single crystals suitable for X-ray diffraction. Struc-
ture determination (Table 1)[23] revealed that 1 and bpyee
are present in a 2:3 ratio in the molecular complex 1a, and
the asymmetric unit is shown in Figure 1. The two OH
groups on 1 are arranged in a syn–syn orientation with re-
spect to the H atom in the para position, and one of the
bpyee molecules is disordered around the olefinic bridge in
a 53:47 distribution. The ordered bpyee molecules are de-
noted as B, and the disordered molecules as C. These mole-


Scheme 3.


Table 1. Crystallographic data for 1a, 1b and 2a–2c


1a 1b 2a 2b 2c


formula 2(C7H6O4):3(C12H10N2) (C7H6O4):(C12H12N2) 2(C7H4O4Br):(C12H12N2) 2(C7H5O4Br):2(C12H12N2) (C7H5O4Br):(C10H8N2)
Mr 852.88 338.35 648.26 830.48 389.20
crystal habit blocks blocks blocks blocks blocks
crystal system triclinic triclinic monoclinic triclinic monoclinic
space group P1̄ P1̄ P21/n P1̄ P21/n
a [H] 9.035(8) 7.234(2) 6.693(2) 7.321(2) 10.247(4)
b [H] 10.648(9) 13.914(3) 16.425(4) 8.047(2) 9.270(3)
c [H] 12.813(9) 17.141(4) 11.197(3) 16.817(5) 17.130(6)
a [8] 107.46(9) 78.54(4) 90 98.34(5) 90
b [8] 102.50 (9) 82.50(4) 91.55(5) 90.74(5) 99.39(5)
g [8] 109.12(9) 84.00(4) 90 114.91(4) 90
V [H3) 1041.0(2) 1671.0(7) 1230.5(6) 886.0(4) 1605.4(10)
Z 1 4 2 1 4
1calcd [g cm


�3] 1.360 1.345 1.750 1.556 1.610
T [K] 298(2) 298(2) 298(2) 298(2) 298(2)
l(MoKa) 0.71073 0.71073 0.71073 0.71073 0.71073
m [mm�1] 0.094 0.095 3.350 2.347 2.585
2q range [8] 46.74 46.66 46.58 46.62 46.56
index ranges �10�h�10 �8�h�8 �7�h�7 �8�h�8 �11�h�10


�11�k�11 �15�k�15 �18�k�18 �8�k�8 �10�k�10
�14� l�13 �18� l�19 �11� l�12 �18� l�18 �19� l�18


F(000) 446 712 648 420 784
total reflns 6482 14115 5235 7360 9552
unique reflns 3000 4816 1785 2554 2306
reflns used 1924 2213 1399 2072 1939
parameters 374 455 212 305 266
GOF on F2 1.038 0.819 0.930 0.910 1.013
R1 [I>2s(I)] 0.0527 0.0493 0.0267 0.0363 0.0275
wR2 0.1069 0.0973 0.0623 0.0914 0.0740
max./min. residual electron
density [eH�3]


0.366/�0.144 0.194/�0.180 0.331/�0.404 0.492/�0.243 0.305/�0.399
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cules are arranged in the crystal lattice to yield a sheet struc-
ture, stacked along the a axis (Figure 1b).


In each sheet, recognition between 1 and bpyee is estab-
lished through O�H···N hydrogen bonds. The basic recogni-
tion pattern is shown in Figure 2a. Each molecule of 1 is
connected one ordered and one disordered bpyee molecule
by O�H···N hydrogen bonds (H···N 1.77, 1.97 H) involving
the OH groups. The characteristics of the hydrogen bonds
are listed in Table 2. Furthermore, these two bpyee mole-
cules in turn interact with a pair of molecules of 1, which
themselves are held together by cyclic C�H···O hydrogen
bonds (H···O 2.68 H), by formation of O�H···N hydrogen
bonds (H···N 1.97 and 1.62 H, Table 2) involving OH and
COOH groups (see Figure 2a). Thus, a five-membered
supramolecular entity is established in such a manner that
the disordered bpyee forms O�H···N hydrogen bonds exclu-
sively with OH groups, while the ordered bpyee molecules
interact with both OH and COOH groups. As a result, it ap-
pears that the presence of COOH group disturbed the rec-
ognition pattern, which was otherwise expected be a four-
membered unit, as shown in Scheme 2. However, adjacent
supramolecular ensembles interact with each other to form
a ladder structure in which bpyee molecules are inserted as
rungs between the rods of acid 1 (Figure 2b).


The distance between the rungs is 4.2 H (Figure 2b),
which is a reactive distance for photodimerization. Thus,
even though COOH is able to influence the fundamental
recognition pattern, the gross structure still did not deviate
from the required topological arrangement, and thus the
properties of the structures remain intact for utilization in
further reactions, such as [2+2] cycloaddition. Retention of
such three-dimensional packing irrespective of the nature of
substitutuents on the acid molecules is further reflected in a
more elegant manner in adduct 1b, in which not only the
basic recognition interaction is totally different than that ob-
served in 1a, but also from that of the pattern shown in
Scheme 2.


Molecular complex of 3,5-dihydroxybenzoic acid and 1,2-
bis(4-pyridyl)ethane (1b): Complex 1b was prepared under


Figure 1. a) ORTEP plot of molecular entities in the asymmetric unit of 1a. b) Packing of molecules in stacked layers in the crystal lattice (view down c
axis).


Figure 2. a) Recognition pattern between 1 and bpyee to give a five-
membered cyclic moiety. b) and c) Ladderlike structure observed in 1a
along with a schematic representation. The different colors of the rungs
represent ordered and disordered bpyee.
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the same conditions as 1a and is a 1:1 complex of 1 and
bpyea (Table 1), but with two symmetry-independent mole-
cules in the asymmetric unit (Figure 3a), without any abnor-
mal features, such as the disorder that was observed in 1a.


The two symmetry-independent molecules of 1 are denot-
ed as A and B, and those of bpyea as C and D. While the
molecular geometries of A and B are more or less the same,
the differences in C and D are mainly due to the variable
conformational arrangement of methylene bridge; the two
phenyl moieties in bpyea are twisted by 5.28 in C and 7.38 in
D. The molecules form a stacked planar sheet structure
along the c axis. However, the interactions between the mol-
ecules in each layer are quite intriguing.


Unlike in 1a, the recognition between 1 and bpyea is es-
tablished such that each symmetry-related molecule of
bpyea is held by both symmetry-independent molecules (A
and B) of 1 with formation of O�H···N hydrogen bonds
(H···N 1.73 and 1.90 H; 1.72 and 1.77 H; Table 2) involving
both OH and COOH groups. This arrangement is shown in
Figure 3b and c, respectively, for molecules C and D. Thus,
an infinite one-dimensional crinkled tape is formed. In two
dimensions, adjacent tapes are arranged in antiparallel
manner such that the two symmetry-independent molecules
of 1 interact with each other through an O�H···O hydrogen


bond (H···O, 1.81 and 1.85 H, Table 2) between OH and
COOH groups, which is supplemented by C�H···O hydro-
gen bonds (H···O, 2.67–2.79 H, Table 2), as shown in Fig-
ure 3d. Thus, a ladderlike network is established in which
the rods are the two symmetry-independent molecules of 1,
and the molecules of bpyea of particular symmetry (C or D)
are rungs. Hence, two different types of ladders are formed,
which are arranged in a crinkled manner, as shown schemat-
ically in Figure 3d. Thus, although the basic recognition pat-
tern in 1b is entirely different to either known pattern
(Scheme 2) or that observed in 1a, retention of the global
packing motif and formation of a ladderlike structure sug-
gests its stabilization in the solid state. However, cocrystalli-
zation of 1 and 4,4’-bipyridine gave an assembly (1c) that is
clearly different from 1a and 1b.


Molecular complex of 3,5-dihydroxybenzoic acid and 4,4’-bi-
pyridine (1c): Cocrystallization of 1 and bpy in a 1:1 ratio
from methanol gave single crystals of 1c. However, a CSD
search[24] revealed that the crystal structure of 1c with a 2:3
ratio is known. Furthermore, the unit-cell dimensions of 1c
synthesized by us (a=9.666, b=14.359 c=14.769 H, a=


63.21, b=83.22, g=80.148) were similar to those of the re-
ported structure (a=9.683(1), b=14.378(3), c=14.797


Table 2. Characteristics of hydrogen bonds [bond lengths in H, angles in 8] in 1a–1c and 2a–2c.


1a 1b 1c 2a 2b 2c


O�H···O 1.812 2.631 177 1.778 2.595 169 2.034 2.708 150 1.888 2.668 169
1.846 2.666 178 1.830 2.655 173


1.624 2.599 178 1.717 2.535 175 1.853 2.685 171 1.703 2.539 173 1.744 2.557 171
1.773 2.692 179 1.729 2.547 175 1.882 2.721 177 1.919 2.633 174 1.917 2.741 172


O�H···N 1.965 2.814 174 1.767 2.681 163 1.886 2.720 172
1.898 2.673 157 1.918 2.750 170


1.917 2.756 178
1.976 2.814 176


N+�H···O� 1.667 2.608 179
2.529 3.121 121


2.359 3.321 174 2.666 3.578 167 2.450 3.342 156 2.400 3.077 129 2.680 3.523 167 2.443 3.429 175
2.567 3.431 144 2.674 3.329 128 2.496 3.393 157 2.482 3.281 149 2.791 3.755 172 2.709 3.305 124
2.626 3.332 128 2.693 3.547 153 2.515 3.373 151 2.835 3.440 124 2.916 3.741 147 2.827 3.389 121
2.669 3.473 143 2.708 3.339 126 2.569 3.236 128 2.874 3.636 141 3.018 3.871 164
2.680 3.565 153 2.730 3.416 131 2.582 3.264 129
2.711 3.594 147 2.730 3.463 136 2.618 3.486 152


C�H···O 2.936 3.857 166 2.781 3.688 165 2.655 3.572 162
2.785 3.636 153 2.662 3.452 141
2.831 3.740 156 2.676 3.429 137
2.839 3.625 143 2.687 3.364 129
2.841 3.454 125 2.748 3.414 128
2.876 3.796 170 2.756 3.367 123
2.910 3.634 136 2.764 3.479 133


2.792 3.403 123
2.936 3.641 132
2.972 3.628 127
2.973 3.612 126
2.980 3.568 122


2.701 3.342 128 2.913 3.676 136 2.522 3.254 134 2.882 3.473 123 2.910 3.455 128
2.782 3.472 133 2.892 3.643 135 2.611 3.304 130


C�H···N 2.690 3.375 130
2.737 3.679 171
2.815 3.477 128
2.911 3.837 165
2.979 3.692 133
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(3) H, a=63.17(6), b=83.25(11), g=80.17(10)8), so we did
not proceed with the determination of the crystal structure
of 1c.


However, the focus of the study was to compare the abili-
ty of the COOH group to yield O�H···N hydrogen bonds
with N-donor compounds in a series of carboxylic acids.
Thus, emphasis on the three-dimensional networks was alto-
gether different, and the competitive nature of different
functional groups was not addressed. Hence, we continued
our analysis using the data retrieved from the CSD, as it is
an accurate structure with good R factor.


In 1c, the basic recognition pattern (Figure 4) is quite in-
triguing, as the recognition feature shown in Scheme 2 is
formed, with a network of cyclic tetramers comprising two
molecules each of 1 and bpy, formed through O�H···N hy-


drogen bonds (H···N, 1.89–1.98 H, Table 2) involving the
OH groups. Such adjacent units are held together by an ad-
ditional molecule of bpy by forming O�H···N/C�H···O pair-
wise hydrogen bonds (H···N 1.85 H, H···O 2.97 H) between
the COOH group and the N atom (see Figure 4a). As a
result an infinite open braceletlike structure is formed,
which is represented in a close-packing mode in Figure 4b.


Thus, the two functional groups OH and COOH interact
with bpy as if they were on two different molecules. Further-
more, adjacent bracelets are held together differently in dif-
ferent directions of packing. The two orientations are shown
in Figure 4c and d. Along the a axis, adjacent bracelets are
held together by a combination of C�H···O hydrogen bonds
and p–p interactions, as shown in Figure 4c. Along the b
axis, however, a combination of O�H···N (H···O 1.89 H) and


Figure 3. a) ORTEP plot of asymmetric unit of 1b. b) and c) Different recognition patterns formed by the two symmetry-independent molecules of
bpyea. d) and e) Two-dimensional ladderlike arrangement in the crystal lattice and its schematic representation. The different colors of rungs in the
ladder represent different symmetry-independent molecules.
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C�H···O (H···O, 2.52 H) hydrogen bonds binds adjacent
rings in a quartet manner. In fact, this quartet network is a
novel pattern in supramolecular structures and may be uti-
lized in strategic design to prepare novel assemblies in
future.


However, it is quite surprising that in the three-dimen-
sional arrangement, despite its having the expected cyclic
molecular component, a ladderlike structure did not form.
Since subtle variations have been observed among 1a–1c,
the study was extended to further molecular complexes
while keeping the OH and COOH groups intact. To this
end, we considered bulky halo substituents, with their anom-
alous electronic effects on aromatic moieties and their abili-
ty to form the pattern shown in Scheme 2, as exemplified by
the studies of MacGillivray et al.,[22] and attempted cocrys-
tallization of halo derivatives of 1 with the N-donor com-
pounds. However, we were successful only in obtaining
single crystals of complexes of 4-bromo-3,5-dihydroxybenzo-
ic acid with bpyee, bpyea, and bpy.


Molecular complex of 4-bromo-
3,5-dihydroxybenzoic acid and
1,2-bis(4-pyridyl)ethene (2a):
Cocrystallization of 4-bromo-
3,5-dihydroxybenzoic acid (2)
and bpyee from methanol gave
single crystals of (2a) with a 2:1
ratio of 2 and bpyee in the
asymmetric unit (Table 1). The
structure is fully ordered (Fig-
ure 5a).


Among the complexes stud-
ied so far, deprotonation of
COOH occurred only in 2a.
Furthermore, recognition be-
tween 2 and bpyee is establish-
ed through the carboxylate
group and the protonated N
atom of bpyee by formation of
N+�H···O� (H···O� 1.67 H) and
C�H···O (H···O 2.40 H) pair-
wise hydrogen bonds. The rec-
ognition pattern is shown in
Figure 5b. The resultant three
molecular ensembles are fur-
ther held together in a perpen-
dicular direction by an interac-
tion between carboxylate and
OH groups (Figure 5c) by for-
mation of O�H···O hydrogen
bonds (H···O 1.78 and 1.83 H).
Thus, in the two-dimensional
arrangement, in each chain Br
atoms on molecules of 2 lie on
the same side of the chain (Fig-
ure 5d).


It is also evident from Fig-
ure 5d that complex 2a also has


a ladder structure, but not exactly as was observed in 1a
and 1b. All the acid molecules that constituted rods of the
ladders in 1a and 1b lie in the same plane, while they are
twisted by almost 908 in 2a. Also, the ladders are formed as
discrete units, whereas in 1a and 1b adjacent ladders share
edges. It could be rationalized that the Br substituent could
perturb the basic recognition patterns, perhaps due to elec-
tronic effects on the molecular structures of the reactants,
without any significant dramatic changes in the three-dimen-
sional arrangement in the crystal lattice. This is indeed well
reflected in the structure of 2b, which was synthesized to
evaluate the influence of the heavy atom Br in the light of
the unusual observations made in 2a, such as deprotonation
and subtle variations in the formation of ladders.


Molecular complex of 4-bromo-3,5-dihydroxybenzoic acid
and 1,2-bis(4-pyridyl)ethane (2b): Cocrystallization of 2 and
bpyea resulted in formation of 2:2 complex 2b, with two
molecules of each reactant in the unit cell (Table 1). An


Figure 4. a) Basic recognition pattern and formation of molecular tape in 1c. b) Arrangement of adjacent
tapes in a braceletlike network. c) Close-packed model of the bracelet (along a axis) shown in b). d) Arrange-
ment of the tapes in the perpendicular direction forming an unusual tetrameric hydrogen-bonding network.
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ORTEP plot of 2b is shown in Figure 6a. The two molecules
of bpyea in 2b differ in the ethylene bridges, one of which is
fully ordered, while the other is disordered in the ratio of
68:32.


In the three-dimensional arrangement, these molecules
pack to form sheets stacked along the b axis (Figure 6b).
The interactions among the molecules in the sheets are
quite intriguing and show many common features with the
packing observed in 1b.


As observed in 1b, the two molecules of bpyea interact
with 2 in different modes. In one case, a disordered mole-
cule of bpyea forms O�H···N hydrogen bonds (H···N
1.70 H) exclusively by interacting only with a COOH group.
The second molecule of bpyea, with a perfectly ordered eth-
ylene bridge, interacts with 2 exclusively by forming O�
H···N hydrogen bonds (H···N 1.92 H) involving only OH
groups. Thus, an infinite chain of alternately ordered and
disordered bpyea molecules are separated by molecules of
2, results. These chains, in two-dimensions, yield a sheet
structure by formation of O�H···O hydrogen bonds (H···O
2.03 H) between OH and COOH groups (Figure 6d). As a
result, a ladderlike structure is formed, exactly as observed
in 1b, in which alternating ladders have bpyea molecules of
different orientation. Such similar global packing between
1b and 2b further supports that the role of Br is limited to
variations in the molecular geometry and basic recognition
patterns, without any influence on the ultimate three-dimen-
sional packing features. However, the influence of the Br
atom in a unilateral manner is observed in complex 2c,
formed between 2 and bpy.


Molecular complex of 4-bromo-3,5-dihydroxybenzoic acid
and 4,4-bipyridine (2c): Cocrystallization of acid 2 with bpy
from methanol occurred in a 1:1 ratio to give 2c (Table 1).
There are no anomalous features about the molecular geom-
etry of the product, as the structure is well refined without
any ambiguity. However, the packing arrangement in the
crystal lattice is fascinating in many aspects. The basic recog-
nition between 2 and bpy involves both COOH and OH
groups, which form O�H···N hydrogen bonds as in 1c.


In 2c, each bpy interacts with two molecules of 2 forming
O�H···N hydrogen bonds (H···N 1.92 H) with OH groups
and pairwise O�H···N (H···N 1.74 H) and C�H···O (H···O,
2.71 H) hydrogen bonds formed by COOH groups. Thus, a
one-dimensional crinkled tape (Figure 7a) is formed, which
is quite usual feature of this type of recognition process that
was observed in earlier examples, too. However, the interac-
tion between adjacent tapes and the resulting three-dimen-
sional arrangement is quite fascinating.


The one-dimensional units are held together by forming a
four-membered O�H···N and C�H···O hydrogen-bond cou-
pling (inset of Figure 7b). The H···N and H···O distances are
1.92 and 2.44 H, respectively. Interestingly, a similar network
was observed in the crystal structure of complex 1c, which is
formed by bpy with 1 instead of 2. Thus a huge void space,
(12L29 H2) results, as observed in many other organic as-
semblies (see Figure 7c). Since such void structures are quite


Figure 5. a) ORTEP plot showing deprotonation of acid molecules 2 in
the asymmetric unit of 2a. b) The basic recognition pattern, formed ex-
clusively by interaction between COO� of 2 and protonated N atom of
bpyee. c) Arrangement of molecules of 2 showing cisoid orientation of
Br atoms. d) Two-dimensional arrangement of the molecular ensembles
in 2a (viewed along a axis).
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unstable, they are generally occupied by guest species if an
appropriate molecule is available; otherwise, catenation or
interpenetration result through self-assembly. In complex
2c, as no guest species is present, the void space is filled by
a self-assembly process leading to exotic threefold inter-
penetration (Figure 7d). The three units are shown in differ-
ent colors for a better understanding of the interpenetration.
Although the Br atom is not involved directly in any appre-
ciable nonbonding interactions or hydrogen bonds, its effect
is fully reflected in the formation of an interpenetrated net-
work structure, despite the similar nature of interactions to
those observed in 1c, perhaps due to its bulky nature.


From ladders to interpenetration and host–guest networks :
It is apparent from the study of molecular complexes 1a–1c
and 2a–2c that ladderlike structure are predominately
formed in 1a, 1b, 2a, and 2b, whereas 1c and 2c completely
deviate from this behavior. In particular, it is noteworthy


that bpy as spacer molecule did not yield ladderlike struc-
tures with either 1 or 2. However, bpyea, irrespective of the
nature of the acid, gave the same type of supramolecular
structure, whereas bpyee showed variations, and it is not
possible to draw firm conclusion on its behavior, as the de-
protonation of the acid molecule in complex 2a can signifi-
cantly change the overall packing pattern. However, the ob-
served transition from ladders to interpenetration could be
related to the dimensions of the molecular components and
their ability to form closed ensembles. In this process, if the
dimension of the void space is within the van der Waals
limits, a regular ladderlike structure results, otherwise an in-
terpenetrated or host–guest network would be formed. A
schematic representation of the relations among the global
architectures is shown in Scheme 4.


Conformational differences of the OH groups in complexes
1a–1c and 2a–2c : A collective analysis of all the complexes


Figure 6. a) ORTEP plot of 2b showing disorder around the methylene bridge in one of the molecules of bpyea. b) and c) Different recognition patterns
shown by the two molecules of bpyea with acid 2. d) Two-dimensional arrangement of the ensembles formed by the two different molecules of bpyea
with 2, yielding a ladderlike structure. e) Schematic representation of the ladder (viewed along c axis).
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reveal that the conformations of acids 1 and 2 in 1a–1c and
2a–2c are different due to the differences in the arrange-
ment of OH groups, and it appears that this is the prime
factor in the formation of specific structural arrangements.
The different conformations observed are shown in Figure 8.
In 1a and 1c the OH group adopts a syn–syn arrangement,
while in 2a and 2c the hydroxyl groups are in anti–anti ar-
rangements. In 1b and 2b, the arrangement is syn–anti.


The above classification is with respect to the orientation
of the H atom on the OH group towards the H/Br atom at
the para position on molecules 1 and 2. It is apparent that
bpy and bpyee directed the syn–syn conformation in 1,
while they induced the anti–anti conformation in 2. In con-
trast, bpyea always strongly favored the syn–anti conforma-
tion. This could be the reason for the formation of same lad-


Figure 7. a) Recognition pattern between 2 and bpy through the formation of O�H···N and O�H···N/C�H···O pairwise hydrogen bonds between OH and
COOH, respectively, with N atoms to form a crinkled tape. b) Arrangement of the adjacent tapes, held together by a fourfold hydrogen-bonding pattern
involving O�H···N and C�H···O hydrogen bonds. c) Void space in tetrameric unit shown in b). d) Filling of the void space by interaction between the ad-
jacent tapes and threefold interpenetration (viewed along a axis).


Scheme 4.
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derlike structure in 1b and 2b, whereas the nature of the
global structure varied in the other complexes due to the
variations in the conformations of the OH groups. Further-
more, the syn–anti arrangement is intact in both 1b and 2b,
irrespective of the presence of a Br atom. Similarly, the
anti–anti arrangements in 2a and 2c could also be attributed
to the bulky nature of the Br atom. Although global packing
and molecular interactions could not give conclusive infor-
mation about the role of the Br atom, the conformational
analysis more or less demonstrates its size effect, based on
the observed variations in the lattice arrangements between
1a–1c and 2a–2c.


Conclusion


We have synthesized and structurally evaluated molecular
complexes 1a–1c and 2a–2c to account for the basic recog-
nition pattern between the constituents. It is evident that
the affinities of COOH and OH groups towards N-donor
compounds are fairly competitive, and this is in a way re-
flected in the formation of different recognition patterns.
However, the global packing arrangement is not much per-
turbed, perhaps due to the operation of same principles in
all the complexes, that is, effective space filling in accord-
ance with crystallographic symmetry rules. Thus, ladderlike
structures and interpenetrated networks appeared, depend-
ing on the size of the available molecular components and
dimensions of resultant void space. Furthermore, the role of
a Br substituent is enigmatic, as it appears to be dominated
by its electronic nature in the basic recognition aspect, but
in a molecular analysis, the role of its bulky nature is more
predominant. Nevertheless, the packing arrangements in
2a–2c are not that different from those of unsubstituted
structures 1a–1c, except for 2c. We believe that a large


number of further examples are required to draw authentic
conclusions on the effects of various functional groups on
the robustness of formation of four-membered cyclic units
as depicted in Scheme 2. To this end, we are synthesizing
and analyzing other halogen derivatives and also those with
other functional groups such as nitrile, nitro, and amide moi-
eties.


Experimental Section


Preparation of molecular complexes 1a–1c and 2a–2c : All chemicals, re-
agents, and solvents were obtained from commercial suppliers and used
without further purification. We used spectroscopic-grade solvents in all
cocrystallization studies. All cocrystals 1a–1c and 2a–2c were prepared
by dissolving the respective reactants in a ratio of 1:1 in CH3OH and al-
lowing the solvent to evaporate under ambient conditions. In all cases,
single crystals suitable for X-ray diffraction analysis were obtained within
3 d.


In a typical cocrystallization experiment 4-bromo-3,5-dihydroxybenzoic
acid (2, 0.094 g, 0.400 mmol) and 1,2-bis(4-pyridyl)ethene (bpyea, 0.072 g,
0.400 mmol) were dissolved in MeOH (8 mL) in a 25 mL conical flask by
warming on a water bath. The resultant solution was allowed to evapo-
rate under ambient conditions, and colorless single crystals were obtained
in 2 d. The crystals were separated from the mother liquor by filtration,
washed with ice-cold CH3OH, and dried under vacuum.


Crystal structure determination : Single crystals were analyzed under a
Leica microscope equipped with a CCD camera, and good-quality crys-
tals were chosen for structure determination by x-ray diffraction with a
Polaroid detector. The crystals were mounted on a goniometer by gluing
to a glass fiber with cyanoacrylate adhesive, and crystal data were collect-
ed on a CCD diffractometer with APEX detector. The intensity data
were processed using SAINT[23] software of the Bruker suite of programs.
The structures were solved and refined using the SHELXTL package,[23]


and no anomalies were observed at any stage of structure solutions. The
final crystallographic details and data collection strategies are given in
Table 1. All calculations of intermolecular interactions listed in Table 2
were done with PLATON.[25]


CCDC-278691–278695 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Acknowledgement


We thank Dr. S. Sivaram (Director, NCL) and Dr. K. N. Ganesh (Head
of Organic Division, NCL) for their constant support and encourage-
ment. S.V. thanks Council of Scientific and Industrial Research (CSIR)
for the award of Senior Research Fellowship (SRF).


[1] a) Y. Aoyama, K. Endo, T. Anzai, Y. Yamaguchi, T. Sawaki, K. Ko-
boyashi, N. Kanehisa, H. Hashimoto, Y. Kai, H. Masuda, J. Am.
Chem. Soc. 1996, 118, 5562–5571; b) R. Horikoshi, C. Nambu, T.
Mochida, New J. Chem. 2004, 28, 26–33; c) T. Nabeshima, T. Saiki,
J. Iwabuchi, S. Akine, J. Am. Chem. Soc. 2005, 127, 5507–5511;
d) G. Marinescu, M. Andruh, M. Julve, F. Lloret, R. Llusar, S. Uriel,
J. Vaissermann, Cryst. Growth Des. 2005, 5, 261–267; e) S. A.
Bourne, K. C. Corin, L. R. Nassimbeni, F. Toda, Cryst. Growth Des.
2005, 5, 379–382; f) K. Biradha, G. Mahata, Cryst. Growth Des.
2005, 5, 61–63; g) Z. Popovic, G. Pavlovic, V. Roje, N. Doslic, D. M.
Calogovic, I. Leban, Struct. Chem. 2004, 15, 587–598; h) X. Mei, C.
Wolf, Eur. J. Org. Chem. 2004, 4340–4347; i) L. Carlucci, A. Gavez-
zotti, Chem. Eur. J. 2005, 11, 271–279.


Figure 8. Representation of different conformations of 1 in complexes
1a–1c and 2 in complexes 2a–2c.


Chem. Eur. J. 2006, 12, 1597 – 1609 D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1607


FULL PAPERSupramolecular Assemblies



www.chemeurj.org





[2] a) J. Rebek, Jr., Angew. Chem. 2005, 117, 2104–2115; Angew. Chem.
Int. Ed. 2005, 44, 2068–2078; b) J. D. Dunitz, A. Gavezzotti, Angew.
Chem. 2005, 117, 1796–1819; Angew. Chem. Int. Ed. 2005, 44, 1766–
1787; c) C. A. Hunter, Angew. Chem. 2004, 116, 5424–5439; Angew.
Chem. Int. Ed. 2004, 43, 5310–5324; d) W. Ong, M. GQmez-Kaifer,
A. E. Kaifer, Chem. Commun. 2004, 1677–1683; e) F. Hof, F. Die-
derich, Chem. Commun. 2004, 477–480; f) M. W. Hosseini, Coord.
Chem. Rev. 2003, 240, 157–166; g) E. A. Meyer, R. K. Castellano, F.
Diederich, Angew. Chem. 2003, 115, 1244–1287; Angew. Chem. Int.
Ed. 2003, 42, 1210–1250; h) N. C. Seeman, Nature 2003, 421, 427–
431.


[3] a) D. M. Rudkevich, Angew. Chem. 2004, 116, 568–581; Angew.
Chem. Int. Ed. 2004, 43, 558–571; b) A. De Santis, A. Forni, R.
Liantonio, P. Metrangolo, T. Pilati, G. Resnati, Chem. Eur. J. 2003,
9, 3974–3983; c) L. R. MacGiilivray, J. L. Atwood, Angew. Chem.
1999, 111, 1080–1096; Angew. Chem. Int. Ed. 1999, 38, 1018–1033;
d) Z. R. Laughrey, C. L. D. Gibb, T. Senechal, B. C. Gibb, Chem.
Eur. J. 2003, 9, 130–139; e) L. J. Prins, R. Hulst, P. Timmerman,
D. N. Reinhoudt, Chem. Eur. J. 2002, 8, 2288–2301; f) D. N. Rein-
houdt, M. Crego-Calama, Science 2005, 295, 2403–2407; g) S. J.
Rowan, S. J. Cantrill, G. R. L. Cousins, J. K. M. Sanders, J. F. Stod-
dart, Angew. Chem. 2002, 114, 938–993; Angew. Chem. Int. Ed.
2002, 41, 899–952; h) L. J. Prins, D. N. Reinhoudt, P. Timmerman,
Angew. Chem. 2001, 113, 2446–2492; Angew. Chem. Int. Ed. 2001,
40, 2382–2426; i) M. C. Calama, P. Timmerman, D. N. Reinhoudt,
Angew. Chem. 2000, 112, 771–774; Angew. Chem. Int. Ed. 2000, 39,
755–758.


[4] a) G. R. Desiraju, Chem. Commun. 1997, 1475–1482; b) F. H. Allen,
V. J. Hoy, J. A. K. Howard, V. R. Thalladi, G. R. Desiraju, C. C.
Wilson, G. J. McIntyre, J. Am. Chem. Soc. 1997, 119, 3477–3480;
c) V. R. Thalladi, B. S. Goud, V. J. Hoy, F. H. Allen, J. A. K.
Howard, G. R. Desiraju, Chem. Commun. 1996, 401–402; d) J. V.
HernRndez, E. R. Kay, D. A. Leigh, Science 2004, 306, 1532–1537;
e) A. L. Hubbard, G. J. E. Davidson, R. H. Patel, J. A. Wisner, S. J.
Loeb, Chem. Commun. 2004, 138–139; f) S. G. Telfer, R. Kuroda,
Chem. Eur. J. 2005, 11, 57–68; g) J. L. Brumaghim, M. Michels, D.
Pagliero, K. N. Raymond, Eur. J. Org. Chem. 2004, 5115–5118;
j) A. M. Beatty, Coord. Chem. Rev. 2003, 246, 131–143; h) F. A.
Cotton, C. Lin, C. A. Murillo, Acc. Chem. Res. 2001, 34, 759–771;
i) T. Da Ros, D. M. Guldi, A. F. Morales, D. A. Leigh, M. Prato, R.
Turco, Org. Lett. 2003, 5, 689–691.


[5] a) F. Huang, H. W. Gibson, Chem. Commun. 2005, 1696–1698; b) F.
DSSouza, R. Chitta, S. Gadde, M. E. Zandler, A. S. D. Sandanayaka,
Y. Araki, O. Ito, Chem. Commun. 2005, 1279–1281; c) J. S. Kim,
J. A. Rim, O. J. Shon, K. H. Noh, E.-H. Kim, C. Cheong, J. Vicens, J.
Inclusion Phenom. Macrocyclic Chem. 2002, 43, 51–54; d) T. G.
Levitskaia, J. C. Bryan, R. A. Sachleben, J. D. Lamb, B. A. Moyer, J.
Am. Chem. Soc. 2000, 122, 554–562.


[6] a) J. Geier, J. Harmer, H. GrTtzmacher, Angew. Chem. 2004, 116,
4185–4189; Angew. Chem. Int. Ed. 2004, 43, 4093–4097; b) L. H.
Gade, Angew. Chem. 2001, 113, 3685–3688; Angew. Chem. Int. Ed.
2001, 40, 3573–3575; c) S. Shinoda, T. Nishimura, M. Tadokoro, H.
Tsukube, J. Org. Chem. 2001, 66, 6104–6108; d) V. Amendola, L.
Fabbrizzi, C. Mangano, P. Pallavicini, A. Poggi, A. Taglietti, Coord.
Chem. Rev. 2001, 219–221, 821–837; e) V. Amendola, E. Bastianello,
L. Fabbrizzi, C. Mangano, P. Pallavicini, A. Perotti, A. M. Lanfredi,
F. Ugozzoli, Angew. Chem. 2000, 112, 3039–3042; Angew. Chem.
Int. Ed. 2000, 39, 2917–2920.


[7] a) K. Kim, N. Selvapalam, D. H. Oh, J. Inclusion Phenom. Macrocy-
clic Chem. 2004, 50, 31–36; b) A. Tafi, B. Botta, M. Botta, G. Delle
Monache, A. Filippi, M. Speranza, Chem. Eur. J. 2004, 10, 4126–
4135; c) J. D. Crowley, A. J. Goshe, I. M. Steele, B. Bosnich, Chem.
Eur. J. 2004, 10, 1944–1955; d) J. L. Scott, T. Yamada, K. Tanaka,
New J. Chem. 2004, 28, 447–450; e) V. R. Vangala, R. Mondal, C. K.
Broder, J. A. K. Howard, G. R. Desiraju, Cryst. Growth Des. 2005, 5,
99–104; f) R. K. R. Jetti, R. Boese, T. S. Thakur, V. R. Vangala,
G. R. Desiraju, Chem. Commun. 2004, 2526–2527; g) J. M. C. A.
Kerckhoffs, F. W. B. Van Leeuwen, A. L. Spek, H. Kooijman, M.
Crego-Calama, D. N. Reinhoudt, Angew. Chem. 2003, 115, 5895–


5900; Angew. Chem. Int. Ed. 2003, 42, 5717–5722; h) I. Csçregh, T.
Brehmer, S. I. Nitsche, W. Seichter, E. Weber, J. Inclusion Phenom.
Macrocyclic Chem. 2003, 47, 113–121.


[8] a) J. Scott, M. Asami, K. Tanaka, New J. Chem. 2002, 26, 1822–
1826; b) J. D. Crowley, A. J. Goshe, B. Bosnich, Chem. Commun.
2003, 2824–2825; c) F. Huang, J. W. Jones, C. Slebodnick, H. W.
Gibson, J. Am. Chem. Soc. 2003, 125, 14458–14464; d) K. N. Houk,
A. G. Leach, S. P. Kim, X. Zhang, Angew. Chem. 2003, 115, 5020–
5046; Angew. Chem. Int. Ed. 2003, 42, 4872–4897; e) J. W. Jones,
H. W. Gibson, J. Am. Chem. Soc. 2003, 125, 7001–7004; f) R.
Sekiya, S.-I. Nishikiori, Chem. Eur. J. 2002, 8, 4803–4810; g) B. S.
Hammes, X. Luo, M. W. Carrano, C. J. Carrano, Angew. Chem.
2002, 114, 3393–3395; Angew. Chem. Int. Ed. 2002, 41, 3259–3261;
h) S. Apel, M. Lennartz, L. R. Nassimbeni, E. Weber, Chem. Eur. J.
2002, 8, 3678–3686; i) R. Ziessel, L. CharbonniVre, M. Cesario, T.
PrangW, Angew. Chem. 2002, 114, 1017–1021; Angew. Chem. Int. Ed.
2002, 41, 975–979.


[9] a) S.-I. Tamaru, M. Yamamoto, S. Shinkai, A. B. Khasanov, T. W.
Bell, Chem. Eur. J. 2001, 7, 5270–5276; b) M. R. De Jong, R. M. A.
Knegtel, P. D. J. Grootenhuis, J. Huskens, D. N. Reinhoudt, Angew.
Chem. 2002, 114, 1046–1050; Angew. Chem. Int. Ed. 2002, 41, 1004–
1008; c) M. Tominaga, S. Tashiro, M. Aoyagi, M. Fujita, Chem.
Commun. 2002, 2038–2039; d) S.-S. Sun, A. J. Lees, Coord. Chem.
Rev. 2002, 230, 171–192; e) D. W. Johnson, K. N. Raymond, Supra-
mol. Chem. 2001, 13, 639–659; f) K. Biradha, M. Fujita, J. Inclusion
Phenom. Macrocyclic Chem. 2001, 41, 201–208; g) H. Kurebayashi,
T. Haino, S. Usui, Y. Fukazawa, Tetrahedron 2001, 57, 8667–8674;
h) D. L. Caulder, C. BrTckner, R. E. Powers, S. Kçnig, T. N. Parac,
J. A. Leary, J. Am. Chem. Soc. 2001, 123, 8923–8938; i) M. I. Ogden,
A. L. Rohl, J. D. Gale, Chem. Commun. 2001, 1626–1627;
j) R. K. R. Jetti, A. Nangia, F. Xue, T. C. W. Mak, Chem. Commun.
2001, 919–920; k) A. Irico, M. Vincenti, E. Dalcanale, Chem. Eur. J.
2001, 7, 2034–2042.


[10] a) R. E. MelWndez, M. J. Zaworotko, Supramol. Chem. 1997, 8, 157–
168; b) S. V. Kolotuchin, P. A. Thiessen, E. E. Fenlon, S. R. Wilson,
C. J. Loweth, S. C. Zimmerman, Chem. Eur. J. 1999, 5, 2537–2547;
c) F. A. Almeida Paz, A. D. Bond, Y. Z. Khimyak, J. Klinowski, New
J. Chem. 2002, 26, 381–383; d) R. Liu, K.-F. Mok, S. Valiyaveettil,
New J. Chem. 2001, 25, 890–892; e) O. Ermer, J. Neudçrfl, Chem.
Eur. J. 2001, 7, 4961–4980; f) S. V. Kolotuchin, E. E. Fenlon, S. R.
Wilson, C. J. Loweth, S. C. Zimmerman, Angew. Chem. 1995, 107,
2873–2876; Angew. Chem. Int. Ed. Engl. 1995, 34, 2654–2657.


[11] a) X.-L. Zhang, X.-M. Chen, Cryst. Growth Des. 2005, 5, 617–622;
b) S. Varughese, V. R. Pedireddi, Tetrahedron Lett. 2005, 46, 2411–
2415; c) S. Chantrapromma, A. Usman, H. K. Fun, B. L. Poh, C.
Karalai, J. Mol. Struct. 2004, 688, 59–65; d) V. R. Pedireddi, J. Pra-
kashaReddy, Tetrahedron Lett. 2002, 43, 4927–4930; e) C. B. Aake-
rçy, A. M. Beatty, B. A. Helfrich, Angew. Chem. 2001, 113, 3340–
3342; Angew. Chem. Int. Ed. 2001, 40, 3240–3242; f) V. R. Pedired-
di, A. Ranganathan, S. Chatterjee, Tetrahedron Lett. 1998, 39, 9831–
9834.


[12] a) K. K. Arora, V. R. Pedireddi, Tetrahedron 2004, 60, 919–925;
b) V. R. Pedireddi, J. PrakashaReddy, K. K. Arora, Tetrahedron Lett.
2003, 44, 4857–4860.


[13] a) V. R. Pedireddi, D. Belhekar, Tetrahedron 2002, 58, 2937–2941;
b) A. Ranganathan, V. R. Pedireddi, G. Sanjayan, K. N. Ganesh,
C. N. R. Rao, J. Mol. Struct. 2000, 522, 87–94; c) A. Ranganathan,
V. R. Pedireddi, C. N. R. Rao, J. Am. Chem. Soc. 1999, 121, 1752–
1753; d) E. E. Simanek, M. Mammen, D. M. Gordon, D. Chin, J. P.
Mathias, C. T. Seto, G. M. Whitesides, Tetrahedron 1995, 51, 607–
619; e) J. A. Zerkowski, J. C. MacDonald, C. T. Seto, D. A. Wierda,
G. M. Whitesides, J. Am. Chem. Soc. 1994, 116, 2382–2391; f) C. T.
Seto, G. M. Whitesides, J. Am. Chem. Soc. 1993, 115, 905–916;
g) J. A. Zerkowski, C. T. Seto, G. M. Whitesides, J. Am. Chem. Soc.
1992, 114, 5473–5475; h) C. T. Seto, G. M. Whitesides, J. Am. Chem.
Soc. 1990, 112, 6409–6411.


[14] a) S. Ahn, J. PrakashaReddy, B. M. Kariuki, S. Chatterjee, A. Ran-
ganathan, V. R. Pedireddi, C. N. R. Rao, K. D. M. Harris, Chem.
Eur. J. 2005, 11, 2433–2439; b) P. A. W. Dean, M. Jennings, T. M.


www.chemeurj.org D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1597 – 16091608


V. R. Pedireddi and S. Varughese



www.chemeurj.org





Houle, D. C. Craig, I. G. Dance, J. M. Hook, M. L. Scudder, Crys-
tEngComm 2004, 543–548; c) X. Li, D. N. Chin, G. M. Whitesides, J.
Org. Chem. 1996, 61, 1779–1786; d) A. Ranganathan, V. R. Pedired-
di, S. Chatterjee, C. N. R. Rao, J. Mater. Chem. 1999, 9, 2407–2411;
e) X. Li, D. N. Chin, G. M. Whitesides, J. Org. Chem. 1996, 61,
1779–1786.


[15] a) K. K. Arora, V. R. Pedireddi, J. Org. Chem. 2003, 68, 9177–9185;
b) N. Shan, W. Jones, Tetrahedron Lett. 2003, 44, 3687–3689; c) O.
Fabelo, L. CaXadillas-Delgado, F. S. Delgado, P. Lorenzo-Luis,
M. M. Laz, M. Julve, C. Ruiz-PWrez, Cryst. Growth Des. 2005, 5,
1163–1167; d) M. Du, Z. -H. Zhang, X.-J. Zhao, Cryst. Growth Des.
2005, 5, 1247–1254.


[16] a) G. R. Desiraju, J. Mol. Struct. 2003, 656, 5–15; b) G. R. Desiraju,
Acc. Chem. Res. 2002, 35, 565–573; c) J. A. R. P. Sarma, G. R. Desir-
aju, Cryst. Growth Des. 2002, 2, 93–100; d) G. R. Desiraju, Nature
2001, 412, 397–400; e) S. S. Kuduva, D. C. Craig, A. Nangia, G. R.
Desiraju, J. Am. Chem. Soc. 1999, 121, 1936–1944; f) D. Braga, F.
Grepioni, G. R. Desiraju, J. Organomet. Chem. 1997, 548, 33–43;
g) G. R. Desiraju, Angew. Chem. 1995, 107, 2541–2558; Angew.
Chem. Int. Ed. Engl. 1995, 34, 2311–2327; h) M. A. Viswamitra, R.
Radhakrishnan, J. Bandekar, G. R. Desiraju, J. Am. Chem. Soc.
1993, 115, 4868–4869; i) M. C. Etter, Acc. Chem. Res. 1990, 23, 120–
126; j) J. Bernstein, R. E. Davis, L. Shimoni, N.-L. Chang, Angew.
Chem. 1995, 107, 1689–1708; Angew. Chem. Int. Ed. Engl. 1995, 34,
1555–1573; k) G. R. Desiraju, Acc. Chem. Res. 1996, 29, 441–449;
l) G. R. Desiraju, Acc. Chem. Res. 1991, 24, 290–296.


[17] a) J. N. Moorthy, P. Venkatakrishnan, A. S. Singh, CrystEngComm
2003, 507–513; b) T. S. Balaban, A. D. Bhise, M. Fischer, M. Linke-
Schaetzel, C. Roussel, N. Vanthuyne, Angew. Chem. 2003, 115,
2190–2194; Angew. Chem. Int. Ed. 2003, 42, 2140–2144; c) J. Antes-
berger, G. W. V. Cave, M. C. Ferrarelli, M. W. Heaven, C. L. Raston,
J. L. Atwood, Chem. Commun. 2005, 892–894; d) M. A. Mateos-
Timoneda, M. Crego-Calama, D. N. Reinhoudt, Supramol. Chem.
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Properties of Excited Ketyl Radicals of Benzophenone Analogues Affected
by the Size and Electronic Character of the Aromatic Ring Systems


Masanori Sakamoto, Xichen Cai, Mamoru Fujitsuka, and Tetsuro Majima*[a]


Introduction


As free radials are one of the most important photochemical
intermediates, radicals in the excited state are of interest in
both photochemical and photophysical investigations.[1,2]


The reactivity of the excited radical, which is different from
that of the ground-state radical, and its emission are also at-
tractive subjects.[3] The properties of the excited benzophe-
none (1) ketyl radical (1HC) and its related ketyl radicals
have been extensively investigated.[3] In particular, a consid-
erable number of studies of 1HC have been carried out by
using absorption and emission spectroscopy to elucidate
electronic structures and chemical properties in the con-
densed phase.


One of the attractive properties of 1HC is its highly emis-
sive character. Fluorescence of other ketyl radicals as a
result of the D1!D0 transition has also been detected in the
condensed phase at room temperature. Establishing the fac-
tors that regulate the fluorescence lifetime of ketyl radicals
is an interesting topic to investigate. It has been confirmed
that the lifetime of derivatives of 1HC in the excited state in-
crease with a decrease of the Stokes shift.[3h,s] Furthermore,


it has been reported that anthrone and dibenzosuberone
ketyl radicals in the excited state have long lifetimes owing
to their structures, which prevent the conformational change
between the D0 and D1 states.[3h,s] These experimental results
indicate that the conformational change associated with the
electronic transition between the D1 and D0 states plays an
important role in the decay process. Based on these points,
we decided to investigate the properties of ketyl radicals of
benzophenone analogues with large aromatic ring systems,
such as naphthylphenylketone (2), 4-benzoylbiphenyl (3),
and bis(biphenyl-4-yl)methanone (4), in the excited state.
Conformational change associated with the electronic transi-
tion between the D1 and D0 states should therefore be af-
fected by the large aromatic ring systems of compounds 2, 3,
and 4.


Abstract: The properties of benzophe-
none ketyl radical analogues with large
aromatic ring systems, such as naph-
thylphenylketone (2), 4-benzoylbiphen-
yl (3), and bis(biphenyl-4-yl)metha-
none (4), were investigated in the ex-
cited state by using nanosecond–pico-
second two-color two-laser flash pho-
tolysis. Fluorescence and transient
absorption spectra of ketyl radicals of
2–4 in the excited state were observed


for the first time. The fluorescence and
properties of the excited ketyl radicals
were significantly affected by the size
and electronic properties of the aro-
matic ring systems. The reactivity of
the ketyl radicals in the excited state


with several quenchers was examined
and they were found to show reactivity
toward N,N-diethylaniline. In addition,
for the benzophenone ketyl radical, a
unique quenching process of the radi-
cal in the excited state by the ground-
state parent molecule was found. The
factors regulating the fluorescence life-
time of the ketyl radicals in the excited
state are discussed quantitatively.
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In the present work, the properties of the ketyl radicals of
compounds 1, 2, 3, and 4 (1HC, 2HC, 3HC, and 4HC, respec-
tively) have been investigated by using nanosecond–picosec-
ond two-color two-laser flash photolysis. The fluorescence
and transient absorption spectra of 2HC(D1), 3HC(D1), and
4HC(D1) have been observed for the first time. Factors that
affect the lifetime of ketyl radicals in the excited state, such
as uni- and bimolecular reactivities and conformational
changes between the D1 and D0 states, are discussed quanti-
tatively.


Results and Discussion


Generation of the ketyl radicals : 1HC, 2HC, 3HC, and 4HC
were generated by a bimolecular reaction with N,N-diethyl-
aniline [Equation (1)].[4]


The spectra of the ketyl radicals are shown in Figure 1. The
spectra of 1HC, 3HC, and 4HC are consistent with those re-
ported in the literature.[3i, 5] To the best of our knowledge, no
report on the spectrum of 2HC exists. The absorption
maxima (lmax


a ) of the ketyl radicals are summarized in
Table 1.


The absorption peaks of 1HC at l=330 and 545 nm were
assigned to the D2


!D0 and D1


!D0 transitions, respective-
ly.[3e,f] 3HC and 4HC showed analogous absorption spectra to
1HC (Figure 1).[5] The absorption peaks due to the D2


!D0


and D1


!D0 transitions of 3HC showed redshifts of 27 and
40 nm, respectively, relative to those of 1HC, whereas the ab-
sorption peaks of 4HC showed an even greater redshift. It
seems that phenyl substitution increases the redshift of the
absorption peak of ketyl radicals. Compared with 1HC, 3HC,
and 4HC, 2HC shows five peaks in the spectral range (these
bands have not been assigned), which indicate that a
number of transitions participate in its absorption spectrum.


Fluorescence spectra and the lifetime of ketyl radicals : The
generated ketyl radicals were excited at the visible absorp-
tion band by using a second laser (532 nm, 15 mJpulse�1,
30 ps fwhm) with a delay time of 1 ms after the first laser
[Equation (2)].


Upon excitation, 1HC showed
fluorescence. The fluorescence
peak at l=582 nm (1HC(D1))
in acetonitrile agreed well with
that reported in the litera-
ture.[3i] The fluorescence spec-
trum of 1HC(D1) is almost a
mirror image of the absorption
spectrum (Figure 1). Although
the same experiment was car-
ried out in the presence of sev-
eral concentrations of N,N-
diethylaniline, the shape of the
fluorescence spectrum did not
change (Figure 2). Thus, it can
be concluded that the interac-
tion between 1HC(D1) and
N,N-diethylaniline can be ig-
nored under the present exper-
imental conditions. Similar ex-
perimental results were de-
scribed by Obi et al. who re-
ported that 1HC(D0) forms a
nonemissive complex with tri-
ethylamine due to hydrogen-
bond formation, and that fluo-
rescence is derived from free
1HC.[6]


Figure 1. Absorption (c) and fluorescence (a) spectra of a) 1HC, b) 2HC, c) 3HC, and d) 4HC in argon-satu-
rated acetonitrile at room temperature. The absorption spectra were obtained during the 355 nm one-laser
flash photolysis of the corresponding parent molecules (1.0G10�4


m). The fluorescence spectra were obtained
during the 355 and 532 nm two-color two-laser flash photolysis of the corresponding parent molecules (1.0G
10�4


m). Both were carried out in the presence of N,N-diethylaniline (0.055m). The blanks in the spectra
around 355 and 532 nm are due to the residual second and third harmonic generation (SHG and THG) of the
Nd3+ :YAG laser, respectively.


Table 1. Spectroscopic data for the ketyl radicals of compounds 1–4.


lmax
a


[nm]
lmax


f


[nm]
lmax


D1


[nm]
nss/103


[cm�1]
tf0


[ns]
DE[a]


[eV]


1 330, 545 582 345, 475 1.18 4.1�0.2 2.1
2 411, 486, 541, 585, 636 661 �450[b] 0.601 0.35 1.9
3 357, 585 656 389, 525 1.82 2.2 1.9
4 389, 630 696 462, 657 1.56 2.5 1.8


[a] The energy gap between the D1 and D0 states. [b] The peak was not
clear due to the absorption overlap of 2HC(D1) and bleaching of 2HC(D0).
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The fluorescence peak of 1HC(D1) in cyclohexane at room
temperature occurred at l=565 nm,[3s] which is blueshifted
by 17 nm relative to that in acetonitrile. It seems that the
properties of 1HC(D1) are significantly affected by the sol-
vent polarity. Analogous fluorescence behavior was ob-
served in the case of the other ketyl radicals. The fluores-
cence maxima (lmax


f ) and Stokes shift (nss) values of the
ketyl radicals are listed in Table 1. Among 1HC, 3HC, and
4HC, the nss value tends to be larger as the size of the phenyl
ring system increases. It is therefore suggested that the large
aromatic ring systems of 3HC(D1) and 4HC(D1) augment the
difference between the conformations in the D0 and D1


states. This tendency seems to be limited to the ketyl radi-
cals composed of phenyl and biphenyl groups. 2HC showed a
smaller nss value in spite of its aromatic ring. One of the pos-
sible reasons for this small conformational change is the de-
localization of the spin density in the naphthalene ring. It
has been reported that the spin density at the hydroxy-bear-


ing carbon atom of 1HC is shift-
ed substantially to a para posi-
tion in the D1 state.[3x] In the
case of 2HC(D1), the shifted
spin density would be delocal-
ized in the naphthalene ring.
As a result, the conformational
change of 2HC between the D0


and D1 states would be smaller
than those of 1HC, 3HC, and
4HC.


The energy gap between the
D1 and D0 states of 1HC
(DE(D1–D0)) was determined
from the fluorescence maxima
(Table 1). The DE(D1–D0)
values were found to decrease
as follows: 1HC>2HC=3HC>
4HC.


The fluorescence lifetimes
(tf) of the ketyl radicals in the
excited state were measured at
the peak positions of the fluo-
rescence spectra. All fluores-
cence decay curves fitted well
with the single-exponential
decay function (Figure 3). It
has been reported that
1HC(D1) reacts with amine,[3g]


and it was found that the tf


values of 1HC(D1) decreased
with an increase of the concen-
tration of 1(S0). Thus, the in-
trinsic fluorescence lifetime
(tf0) was estimated from the
liner correlation between 1/tf


versus the concentration of
N,N-diethylaniline ([N,N-dieth-
ylaniline]), and from 1/tf


versus the concentration of the parent molecules ([S0]) ac-
cording to Equation (3) (Figures 4 and 5):[1]


1
tf


¼ 1
tf0


þ ksq½S0� þ kq½N,N-diethylaniline� ð3Þ


in which kq and ksq denote the bimolecular reaction rate
constants for the reaction with N,N-diethylaniline and the
parent molecule, respectively. The tf0 values of 1HC(D1),
2HC(D1), 3HC(D1), and 4HC(D1) are listed in Table 1.


The kq value of 1HC(D1) was estimated to be 9.9G
108


m
�1 s�1 (Table 2). The kq values of the other ketyl radicals


in the excited state are summarized in Table 2. Radicals
2HC(D1), 3HC(D1), and 4HC(D1) have larger kq values than
that of 1HC(D1). The reaction distance between two mole-
cules was expressed as the sum of the radius of each mole-
cule. The Onsager radius of 2HC, 3HC, and 4HC is larger than
that of 1HC, and the reaction distance increases with increas-


Figure 2. Fluorescence spectra of the ketyl radicals a) 1HC, b) 2HC, c) 3HC, and d) 4HC during the 355 and
532 nm two-color two-laser flash photolysis of the corresponding parent molecules (1.0G10�4


m) in argon-satu-
rated acetonitrile with different concentrations of N,N-diethylaniline.
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ing radius of the ketyl radical. Thus, it was suggested that an
increase of the reaction distance between the ketyl radical
and the N,N-diethylaniline molecules enhances the bimolec-
ular reaction. The ksq value was estimated to be 2.1G
1010


m
�1 s�1 for 1HC(D1), which is similar to the diffusion-con-


trolled rate constant in aceto-
nitrile. In our previous paper,
electron transfer from the 4,4’-
dimethoxybenzophenone ketyl
radical in the D1 state to the
ground-state parent molecule
was reported.[3w] As 1HC(D0)
has quite a low oxidation po-
tential (Eox=�0.25 V versus
SCE),[7] the electron transfer
from 1HC(D1) to 1(S0) would
occur (see below). For
2HC(D1), 3HC(D1), and
4HC(D1), no decrease of tf was
observed with an increase of
the ground-state parent mole-
cule concentration. Because re-
duction potentials of 2(S0)
(Ered=�1.6 V versus SCE)[8a]


and 3(S0) (Ered=�1.35 V
versus SCE)[8b] were more pos-
itive than that of 1(S0) (Ered=


�1.8 V versus SCE), the ineffi-
cient electron transfer from
2HC(D1) and 3HC(D1) to the
corresponding parent mole-


cules indicates high oxidation potentials of 2HC(D0) and
3HC(D0). It should be noted that low solubility of 4HC in ace-
tonitrile (<10�5


m) made the concentration-dependence ex-
periment impossible. Even if 4HC(D1) reacts with 4(S0) at
the diffusion-controlled rate constant, the difference of tf


(<0.01 ns) is smaller than the experimental error.


It is generally accepted that tf0 of derivatives of 1HC(D1)
becomes longer with a decrease of nss.


[3h,s] This tendency is
also confirmed for 1HC(D1), 3HC(D1), and 4HC(D1). It is
noteworthy that the tf0 value of 2HC(D1), which showed the
smallest nss, was the shortest of the investigated ketyl radi-
cals in the excited state.


Absorption spectra of the excited ketyl radicals : Immediate-
ly after the second laser irradiation of 1HC(D1), a sharp ab-
sorption band at l=400 nm and broad absorption bands at


Figure 3. Kinetic traces for the fluorescence intensity and absorption of a) 1HC ([N,N-diethylaniline]=0.28m),
b) 2HC ([N,N-diethylaniline]=0.28m), c) 3HC ([N,N-diethylaniline]=0.055m), and d) 4HC ([N,N-diethylani-
line]=0.055m) at the peak position of fluorescence during the two-color two-laser photolysis of the corre-
sponding parent molecules (1.0G10�4


m) in argon-saturated acetonitrile.


Figure 4. The plots of 1/t of 1HC (&), 2HC (*), 3HC (~), and 4HC (*)
versus [N,N-diethylaniline].


Figure 5. The plots of 1/t versus [1(S0)].


Table 2. Rate constants of unimolecular and bimolecular chemical reac-
tions (kC), nonradiative (knr) and radiative (kr) transition processes, and
quenching by N,N-diethylaniline (kq) and the ground-state parent mole-
cule (ksq).


kq [m�1 s�1] ksq [m�1 s�1] kr+knr [s�1] kc [s�1]


1 9.9G108 2.1G1010 [b] [b]


2 (4.5�1.7)G109 [a] [c] [c]


3 1.2G109 [a] 2.9G108 1.4G108


4 2.1G109 [a] 3.6G108 5.3G106


[a] Quenching by the ground-state parent molecule was not observed
under the present experimental conditions. [b] The recovery was not ob-
served due to the absorption overlap of 1HC(D1). [c] The recovery was
not observed under the present experimental conditions.
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l=420–520 and 600–800 nm appeared (Figure 6). As the
lifetime of the band at 420–520 nm was essentially the same
as the tf value, this can be attributed to 1HC(D1) (Figure 3).
The transient absorption spectrum of 1HC(D1) in acetonitrile
was similar to that in cyclohexane.[3s] The spectral shape of
ketyl radicals in the excited state is shown in Figure 6. These
transient absorption bands are attributed to the Dn


!D1


transitions (n>1) (Scheme 1). It is interesting to note that


the absorption spectra were significantly affected by the aro-
matic rings. The peak of the transient absorption spectrum
in the visible region (lmax


D1 ) was redshifted in the order of
4HC(D1)>3HC(D1)>1HC(D1). For 2HC(D1), only a weak,
broad absorption band was observed around 450 nm.


The lifetimes of the bands at 400 and 600–800 nm of
1HC(D1) were longer than tf. These peaks were proposed to
be those of the benzophenone radical anion (1C�). It is sug-


Figure 6. Transient absorption spectra (upper spectra) observed at 0.5 (red line) and 20 ns (green line) after the second laser irradiation during the two-
color two-laser photolysis (266 or 355 and 532 nm), and the spectrum during one-laser photolysis (266 or 355 nm, black line) of a) 1 (1.0G10�4


m ; [N,N-di-
ethylaniline]=0.28m), b) 2 (1.0G10�4


m ; [N,N-diethylaniline]=0.28m), c) 3 (1.0G10�4
m ; [N,N-diethylaniline]=0.055m), and d) 4 (1.0G10�4


m ; [N,N-dieth-
ylaniline]=0.055m) in argon-saturated acetonitrile. The second laser irradiated 1 ms after the first laser pulse. The transient absorption spectra of ketyl
radicals in the D1 state (lower spectrum, black line) were given by subtracting one spectrum (upper spectrum, black line) from the other (upper spec-
trum, red line). Changes in the transient absorption spectra of ketyl radicals in the D0 state (lower spectrum, red line) at 20 ns after the second laser irra-
diation were given by subtracting one spectrum (upper spectrum, black line) from the other (upper spectrum, green line). In the case of 1HC, the transi-
ent absorption spectra of 1HC(D1) (e) was given by subtracting one spectrum (middle spectrum, red line) from the other (middle spectrum, black line).
The blanks in the spectra around 355 and 532 nm were due to the residual SHG and THG of the Nd3+ :YAG laser, respectively.
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gested that both ionization and
electron-transfer processes
giving 1C� occurred upon the
second laser excitation. The
former process generates 1C�


by a two-step mechanism: 1HC
is ionized by the irradiation of
the second laser causing the
ejection of an electron into the
solvent. The solvated electron
(e�


solv) generated in acetonitrile
is then trapped by 1(S0) to pro-
duce 1C� .[3e] The latter process
is the above-mentioned elec-
tron transfer from 1HC(D1) to
1(S0).


For other ketyl radicals, no
formation of radical anions
was observed. Because e�


solv has
quite “high reducing power”,
the e�


solv generated by the ioni-
zation of ketyl radicals should
reduce the parent molecules in
the ground state. Thus, it is
suggested that the ionization
process also did not occur in
the cases of 2HC, 3HC, and 4HC, probably because their ioni-
zation potentials are higher than that of 1HC.


Upon excitation with the second laser, the bleaching and
recovery of 3HC(D0) and 4HC(D0) were observed (Figure 7).
In the cases of 1HC and 2HC, only bleaching of the D0 state
was observed. The deactivation of the excited ketyl radical
can also be attributed to the combination of a unimolecular
chemical reaction (kC), a self-quenching type of reaction
with the ground-state parent molecules (ksq), a reaction with
N,N-diethylaniline (kq), and nonradiative (knr) and radiative
(kr) transition processes (Scheme 1). The observed lifetime
(t) can be expressed as shown in Equation (4):


t ¼ 1
kr þ knr þ kC þ kq½N,N-diethylaniline� þ ksq½S0�


ð4Þ


Because the chemical reactions
do not regenerate the D0 state,
the sum of kr and knr is given
by Equation (5):


1�DDAðt ¼ 1Þ
DDA


¼ ðkr þ knrÞt


ð5Þ


in which DDA and DDA(t=1)
refer to the absorption imme-
diately and a sufficiently long
time after the second laser ir-


radiation, respectively, as estimated from the curve fitting.
The recovery rates of 3HC(D0) and 4HC(D0) after the bleach-
ing upon the second laser irradiation were identical to the
corresponding fluorescence lifetimes. These results strongly
indicate that none of the products absorb photons at the ex-
amined wavelength. kC can be estimated from Equation (6):


DDAðt ¼ 1Þ
DDA


¼ ðkc þ kq½N,N-diethylaniline� þ ksq½S0�Þt ð6Þ


The kc and (kr+knr) values for the ketyl radicals were esti-
mated as summarized in Table 2. It is noteworthy that 2HC
had a much larger kc value than the other compounds. In
the case of 1HC, it has been reported that 20% of the chemi-
cal reaction process is photoionization and 80% is O�H
bond cleavage to generate 1(S0).


[3i] The chemical reaction is
possible for 2HC(D1), 3HC(D1), and 4HC(D1). However, as


Scheme 1. Energy-level diagrams of 1HC (left), 3HC (middle), and 4HC (right) in the ground and excited states
and the transient processes.


Figure 7. Recovery of absorption of a) 1HC ([N,N-diethylaniline]=0.28m), b) 2HC ([N,N-diethylaniline]=
0.28m), c) 3HC ([N,N-diethylaniline]=0.055m), and d) 4HC ([N,N-diethylaniline]=0.055m) during the two-color
two-laser photolysis of the corresponding parent molecules (1.0G10�4


m) in argon-saturated acetonitrile.
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the ionization of 2HC(D1), 3HC(D1), and 4HC(D1) was not ob-
served under the present experimental conditions, it is sug-
gested that the main chemical reaction process was the O�
H bond cleavage. The optimized geometry of 2HC(D1) calcu-
lated at the HF/6-31G** level[9] is shown in Figure 8. The


phenyl ring of 2HC is twisted and the hydrogen atom of the
hydroxyl group is close to the phenyl ring in the excited
state. The distance between these two parts was calculated
to be 3.1 P, which is suitable for OH–p hydrogen-bond for-
mation between benzene and the alcohol.[10] It is suggested
that the OH–p interaction promotes the O�H bond-cleav-
age process from 2HC(D1).


The kC value of 4HC(D1) is smaller than that of 3HC(D1).
The O�H bond-cleavage process from 4HC(D1) is inefficient
owing to the small conformational change between the D0


and D1 states. Because 4HC(D1) had a larger (kr+knr) value
than that of 3HC(D1), according to the energy-gap law we
suggest that this difference reflects the difference of DE(D1–
D0).


[1]


Conclusion


In the present work, the properties of 1HC(D1), 2HC(D1),
3HC(D1), and 4HC(D1) were investigated by using nanosec-
ond–picosecond two-color two-laser flash photolysis. The
properties of these ketyl radicals in the excited state were
significantly affected by the size and electronic properties of
the aromatic ring systems. For 1HC(D1), 3HC(D1), and
4HC(D1), tf0 becomes longer with a decrease of the nss value.
Although 2HC had a smaller nss value than that of 1HC, its tf


value was shorter. It is suggested that the OH–p interaction
in the excited state promotes the O�H bond-cleavage pro-
cess of 2HC(D1). Bimolecular reactions between ketyl radi-
cals in the excited state and several quenchers were ob-
served. Ketyl radicals in the excited state showed reactivity
with N,N-diethylaniline. It was found that 1HC(D1) was effi-
ciently quenched by the ground-state parent molecule.


Experimental Section


The two-color two-laser flash photolysis experiments were carried out by
using the third (355 nm) harmonic oscillation of a nanosecond
Nd3+ :YAG laser (Quantel, Brilliant; 5 ns fwhm) as the first laser and the
second harmonic oscillation (532 nm) of a picosecond Nd3+ :YAG laser


(Continuum, RGA69-10; 30 ps fwhm, 10 Hz) as the second laser. A delay
time of two laser flashes was adjusted to 1 ms by using a four channel dig-
ital delay/pulse generator (Stanford Research Systems, DG 535). The
breakdown of Xe gas generated by the fundamental pulse of the second
laser was used as a probe light. Transient absorption spectra and kinetic
traces were measured by using a streak camera (Hamamatsu Photonics,
C7700) equipped with a CCD camera (Hamamatsu Photonics, C4742-98)
and were stored by using a personal computer. To avoid stray light and
pyrolysis of the sample by the probe light, suitable filters were employed.
Each sample was poured into a transparent rectangular quartz cell (1.0G
0.5G2.0 cm) at room temperature.


Compounds 1, 2, 3, and 4 were purchased from Kanto Chemical, Tokyo
Kasei, Aldrich, and Lancaster, respectively. 1 was recrystallized from eth-
anol before use. The other compounds were used as received. Sample so-
lutions were deoxygenated before irradiation by bubbling with argon gas
for 30 min.
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Introduction


The defined formation of two-dimensional ordered struc-
tures of organic molecules at surfaces is of major current in-
terest in view of the design and development of new func-
tional materials.[1] Chemical pathways to, for example, elec-
tronic materials of various kinds will rely on a priori forma-
tion of such ordered structures. The organization of purely
organic molecules is quite advanced. An often used ap-


proach is to attach long saturated hydrocarbon chains to the
respective functional organic systems and use their tendency
to order through physi/chemisorption at, for example, the
liquid/solid interface.[2] Whereas such techniques have suc-
cessfully been used for the formation of two-dimensionally
ordered arrays of organic systems, they have less often ad-
dressed metal-containing materials.[3] Such assembly process-
es might bring metal centers of functional organometallic
systems into close proximity in a highly ordered extended
periodical structural pattern that could be of interest for
future uses in, for example, electronic materials chemistry
or surface catalysis. We have begun to investigate possible
pathways to such systems and have prepared and character-
ized physisorbed ordered arrays of oligoethylene-bridged di-
ferrocenes and some closely related substances at the liquid/
solid or the solid/gas interface. Some of these first experi-
ments and results are described and discussed here.


Results and Discussion


Synthesis and structural characterization of oligoethylene-
linked diferrocenes : Two different synthetic pathways were
followed for the preparation of oligoethylene-bridged difer-
rocenes. The majority of the compounds was obtained by an
organometallic olefin metathesis route (see Scheme 1).[4–6]


The formation of tetramethylene-bridged diferrocene 5a
may serve as a typical example. Ferrocene was monolithiat-


Abstract: A series of unsaturated long-
chain-bridged diferrocenes Fc-(CH2)n-
CH=CH-(CH2)n-Fc (4a–e) was synthe-
sized by means of olefin metathesis.
Subsequent catalytic hydrogenation
furnished the saturated a,w-bis-ferrro-
cenyl oligoethylene products Fc-
(CH2)m-Fc (5). Members of both series
formed highly ordered laminar struc-


tures at the highly oriented pyrolytic
graphite (HOPG) solid/liquid interface
or on the Ag(110) surface, which were
characterized by STM. Details of the


structural features of these ordered
physisorbed surface assemblies of 4
and 5 were analyzed by comparison
with DFT calculations on model sys-
tems and with the characteristic pack-
ing modes of these systems in the crys-
tal.
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ed by treatment with tert-butyllithium, as described by Her-
berhold et al.,[7] and then treated with allyl bromide in THF
to yield the allyl ferrocene product 3a. This was then treated
with the [Cl2(PCy3)2Ru=CHPh] olefin metathesis catalyst
(10 mol%, 5 h at 60 8C in toluene) to give an approximately
3/1 mixture of trans-4a and cis-4a. Pure trans-1,4-butenedi-
yl-bridged diferrocene 4a
(FcCH2CH=CHCH2Fc) was
separated by column chroma-
tography and crystallization and
isolated in a yield of about
40%. The corresponding difer-
rocenes 4b–d were synthesized
analogously. Treatment of lith-
ioferrocene (2) with the respec-
tive Br(CH2)nCH=CH2 reagents
(n=3, 6, 8) gave the corre-
sponding alkenylferrocenes Fc-
(CH2)n-CH=CH2 (3b–d). Subse-
quent treatment with the [Cl2-
(PCy3)2Ru=CHPh] metathesis
catalyst in each case furnished a
trans/cis mixture of coupling
products with liberation of
ethene. The trans-(Fc-(CH2)n-
CH=CH-(CH2)n-Fc) products
trans-4b–d were again obtained
pure after column chromatogra-
phy and crystallization. They
were characterized spectroscop-
ically and by X-ray diffraction
(see below). The 1H NMR spec-
trum of diferrocene product
trans-4b shows a typical appear-


ance. It features the �CH= resonance of the central trans-
olefin at d=5.42 ppm (m, 2H), a ferrocene Cp singlet
(10H) at d=4.01 ppm, the signals of the C5H4 ligand at d=
4.06 (2,5-H) and 4.03 ppm (3,4-H), and three separate CH2


multiplets at d=2.32 (4H; a-CH2), 2.03 (4H; g-CH2), and
1.57 ppm (4H; b-CH2).


The central C=C double bond of unsaturated diferrocenes
4a–d was selectively hydrogenated (H2, Pd/C in THF at am-
bient temperature) to give high yields (mostly >90%) of sa-
turated diferrocenes of the composition Fc-(CH2)m-Fc (5a–d
with m=4, 8, 14, and 18, respectively). The typical 13C NMR
spectrum of compound 5b features a Cp resonance at d=


68.8 ppm, three signals of the monosubstituted cyclopenta-
dienide moiety at d=89.6 (C1), 68.4 (C2, C5), and 67.5 ppm
(C3, C4), and four separate 13CH2 NMR signals of the four
symmetry-equivalent pairs of methylene groups of the bridg-
ing�(CH2)8� chain (d=31.7, 30.01, 29.97, 29.93 ppm).


The diferrocene with the longest unsaturated bridging
chain, Fc-(CH2)10-CH=CH-(CH2)10-Fc (4e), was prepared
differently. In this case olefin metathesis was carried out
prior to attachment of the long bridging chain to the ferro-
cene nucleus. The starting material 1-bromo-11-dodecene
(6)[8] underwent olefin metathesis (1 mol% [Cl2(PCy3)2Ru=
CHPh] in toluene at room temperature) to yield a 3:1 mix-
ture of trans- and cis-1,22-dibromo-11-docosene (7). Pure
trans-7 was obtained by crystallization from heptane. It was
treated with about three molar equivalents of ferrocenyl-
lithium (2) to give trans-Fc-(CH2)10-CH=CH-(CH2)10-Fc (4e)
in about 40% yield after chromatography (see Scheme 2).


Scheme 1.


Scheme 2.
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Catalytic hydrogenation of 4e (H2, Pd/C, THF) furnished
the saturated derivative Fc-(CH2)22-Fc (5e) in 94% yield.
One additional saturated oligoethylene-bridged diferrocene
was prepared in a similar way, namely, Fc-(CH2)12-Fc (5 f).
In this case lithioferrocene (2) was treated with 1,12-dibro-
mododecane. From the reaction mixture the product Fc-
(CH2)12-Fc (5 f) was isolated after chromatography and crys-
tallization (27% yield; see Scheme 2).


The unsaturated trans-alkenediyl-bridged diferrocenes
4a–e were characterized by X-ray crystal structure analyses.
Figure 1 shows the molecular structures of these compounds


in the solid state. All the connecting hydrocarbon chains are
in their maximally extended conformations with antiperipla-
nar orientations of all saturated C(sp3)�C(sp3) linkages. In
all compounds the ferrocenyl units at the termini of the con-
necting hydrocarbon chain are oriented parallel to each
other with their Cp(centroid)-Fe-Cp(centroid) vectors close to per-
pendicular to the connecting hydrocarbon chain. In the ob-
served orientation in the crystal packing of each of these
molecules the -(CH2)n-CH=CH-(CH2)n- chain connects an
“upper” Cp ring of one ferrocene unit with a “lower” cyclo-
pentadienide in this orientation with a parallel intramolecu-
lar arrangement of the Cp(centroid)-Fe-Cp(centroid) vectors (see
Figure 1).


The saturated oligoethylene-bridged diferrocenes 5a–e
were also characterized by X-ray diffraction (Figure 2).
They behave structurally as if a respective section were cut
from a polyethylene chain and its ends “stoppered” by the
organometallic ferrocenyl end groups. In all compounds the
-(CH2)m- chains are in maximal extension (all-antiperiplanar
alkane conformations). The projections depicted in Figure 2
show that the Cp(centroid)-Fe-Cp(centroid) vectors of 5a (C4-bridg-
ed), 5c (C14), 5d (C18), and 5e (C22) are intramolecularly ar-


ranged parallel to each other, and again “upper” Cp rings
on one end are connected to “lower” Cp rings at the other
end of the chain in this extended orientation. Only the con-
formational orientation of Fc-(CH2)8-Fc (5b) is different.
Here the Cp(centroid)-Fe-Cp(centroid) vectors are in an almost
perpendicular relative orientation (see Figure 2). This prob-
ably means that both the parallel and the perpendicular ori-
entations are energetically not much separated. This will be
of importance for the interpretation of the surface assembly
of these systems (see below).


The crystal packing of all these compounds shows charac-
teristic parallel arrangements of the long oligoethylene
chains. This is illustrated by views of the packing pattern of
Fc-(CH2)18-Fc (5d) from two different directions (Figures 3
and 4; see also Supporting Information). A skew projection
onto the ac plane shows parallel arrangements of the
-(CH2)18- chains (C�C 7.59 Q). The ferrocenyl units are all
oriented with their Cp(centroid)-Fe-Cp(centroid) vectors perpendic-
ular to the mean -(CH2)18- vectors (see Figure 3). The
Fe···Fe separations between parallel Fc-(CH2)18-Fc chains
are 7.59 Q. The ferrocenyl units of the pairs of the resulting
Fc-(CH2)18-Fc ribbons are close together with calculated
Fe···Fe distances of 5.85 Q (see Figure 3).


Figure 4 shows a different view of the packing with a rela-
tive arrangement of different next neighbors in the unit cell.
In this arrangement the -(CH2)18- chains are rather close to-
gether (closest C···C distance between two chains: 4.14 Q,
longest C···C distance between two chains: 4.81 Q). The fer-
rocenyl units within the ribbons exhibit an alternating ste-


Figure 1. Comparison of the molecular structures of the trans-Fc-(CH2)n-
CH=CH-(CH2)n-Fc compounds 4a–e in the crystal (with space group and
intramolecular Cp(centroid)···Cp(centroid) distances between the C5H4 groups).


Figure 2. Comparison of the molecular structures of the Fc-(CH2)m-Fc
compounds 5a–f in the crystal (with space group and intramolecular
Cp(centroid)···Cp(centroid) distances between the C5H4 groups). Compound 5 f
was measured at room temperature; at �75 8C a first-order phase transi-
tion resulted in decomposition of the crystal.
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reochemical orientation with their Cp(centroid)-Fe-Cp(centroid)


vectors close to normal to each other and intraribbon
Fe···Fe separations of 7.19 und 6.44 Q. The ferrocenes be-


tween adjacent ribbons are ar-
ranged parallel and feature a
Fe···Fe distance of 5.85 Q. The
oriented -(CH2)18- chains form
an angle of about 508 with the
hypothetical vector along which
the ferrocenyl units are aligned
(see Figure 4).


Surface assembly of the bridged
diferrocenes : Our STM experi-
ments were carried out with the
diferrocenes linked with suffi-
ciently long hydrocarbon
chains. We first investigated
their assembly at the solid/
liquid interface using highly ori-
ented pyrolytic graphite
(HOPG). Saturated solutions of
4 or 5 were added to the sur-
face of freshly conditioned
HOPG, and the resulting or-
dered Fc-R-Fc monolayers in-
vestigated by STM.


The long bridging hydrocar-
bon chain is essential to ob-
serve ordered physisorption of
the Fc-R-Fc compounds 4 and 5
at the HOPG/phenyloctane
solid/liquid interphase. With the
shorter chains, for example, 5a
(Fc-(CH2)4-Fc) and 5b (Fc-
(CH2)8-Fc) we did not observed
an ordered STM image under
our experimental conditions.
Also for the unsaturated system
4c (trans-Fc-(CH2)6-CH=CH-
(CH2)6-Fc), no stable STM
image on the HOPG surface
was obtained. However, the sa-
turated compounds 5 f, 5c, and
5d (Fc-(CH2)m-Fc, with m=12,
14, and 18) gave highly ordered
physisorbed monolayers on
HOPG, as observed by STM.


Figure 5 depicts an STM
image of a 5c (Fc-(CH2)14-Fc)
monolayer on HOPG. The lam-
inar structure of the adsorbed
molecular monolayer is clearly
visible. The periodicity of the
laminar pattern is about 2.2 nm,
which matches well with the
molecular dimensions of the in-


dividual molecules of 5c (the Cp(centroid)···Cp(centroid) distance
in the extended conformation of 5c found in the crystal is
21.3 Q, see above). The rows of bright spots in the image


Figure 3. Crystal packing arrangement of the individual Fc-(CH2)18-Fc chains of 5d (views onto the plane par-
allel to the b axis from two angles are depicted).


Figure 4. Two projections of the intermolecular arrangement of the nearest-neighbor molecules of Fc-(CH2)18-
Fc compound 5d in the crystal.
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may represent places where the ferrocenyl head groups of
5c are located in this pattern. Thus, the overall appearance
of the pattern of the Fc-(CH2)14-Fc (5c) molecules physisor-
bed on the HOPG surface seems to be similar to their gen-
eral arrangement in the crystal: It appears that double rows
of ferrocenyl head groups are assembled close to each other.


The pattern of physisorbed Fc-(CH2)18-Fc (5d) on HOPG
is similar (Figure 6). The bright features in the close-up


image may again originate from the ferrocenyl double rows.
The lateral separation between the individual chains is
about 6 Q. In this case the direction of the -(CH2)18- chains
seems to form an angle of ca. 608 with the vector of align-
ment of the ferrocenyl groups. The rows of bright ferrocenyl
features in this case are about 2.7 nm apart. Again, the
image of the laminar pattern of the physisorbed Fc-(CH2)18-
Fc molecules bears some resemblance to the general pack-
ing pattern observed for 5d in the crystal (see above).


The unsaturated trans-Fc-(CH2)n-CH=CH-(CH2)n-Fc com-
pounds form physisorbed ordered monolayers of a similar
appearance when the connecting chains are of sufficient
length, but they are in general more difficult to image by
STM. We have observed STM images of the laminar surface


structures of trans-4d and trans-4e. Figure 7 provides two
views of the pattern obtained from trans-Fc-(CH2)8-CH=


CH-(CH2)8-Fc (4d). In the close-up view the typical pattern
of the double rows of ferrocenyl end groups again shows up
as poorly resolved rows of bright spots.


Analogous ordered laminar structures could be obtained
by depositing trans-Fc-(CH2)6-CH=CH-(CH2)6-Fc (4c) on an
Ag(110) surface by molecular beam expitaxy under ultra-
high vacuum (UHV). The bright spots in the UHV STM
image of trans-4c on Ag(110) again may represent the
double rows of ferrocenyl end groups (Figure 8). In the sur-
face structure of unsaturated trans-Fc-(CH2)6-CH=CH-
(CH2)6-Fc, additional prominent features appear periodically
in the center of the dark intermediate areas between the
bright rows of ferrocenyl features.


The STM experiments revealed that the hydrocarbon-
bridged diferrocenes trans-4 and 5 form ordered laminar
structures at the HOPG surface if the connecting chains are
of sufficient length that feature overall structural arrange-
ments similar to those observed for such compounds in the
crystal, with the long hydrocarbon chains arranged parallel
to each other and the ferrocenyl head groups oriented close-
ly together. From the analysis of the crystal packing (see
above) it could, however, not be decided whether a struc-
ture in which the ferrocene subunits are oriented with their
major Cp(centroid)-Fe-Cp(centroid) vectors parallel or orthogonal
would be favored at the surface. Since the resolution of the
STM images was insufficient to distinguish between these
structural alternatives, we used a quantum chemical ap-
proach to possibly solve this interesting problem.


The self-assembly of the diferrocene derivatives on a
planar graphite surface was approached by model DFT cal-
culations.[9] Since most functionals fail in the description of


Figure 5. STM image of 5c (Fc-(CH2)14-Fc) on HOPG.


Figure 6. STM images of Fc-(CH2)18-Fc (5d) on HOPG with a projection
of a pair of molecular models (left).


Figure 7. Overview (left) and close-up (right) STM images of the surface
pattern of trans-Fc-(CH2)8-CH=CH-(CH2)8-Fc (4d) at the HOPG/phenyl-
octane interface.
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attractive dispersion (van der Waals) forces, we used a re-
cently proposed empirical approach (DFT-D)[10] that cor-
rects this behavior. All complexes shown are only stable due
to the dispersion correction and have positive DFT binding
energies.


We first determined the dimerization energy of a pair of
ferrocene molecules in the gas phase[11] (Figure 9a) in two
alternative orientations. These correspond grossly to the
possible arrangements of the ferrocene units in crystals of
the oligoethylene-linked diferrocenes (see above). In the gas
phase the ferrocene dimer favors the orthogonal orientation
(12


par), which allows for a shorter metal–metal distance
(5.045 Q) than its parallel isomer 12


par (5.520 Q). In the 12
ort


dimer, one Cp ring fills a gap near the metal atom of the
second monomer, and thus a calculated angle of 728 results
between the Fe�Fe and Cp(centroid)-Fe-Cp(centroid) vectors. The
parallel orientation 12


par is only 1.2 kcalmol�1 less stable.
The gas-phase dimerization energies of 1 are comparable
with that of naphthalene (5.3 kcalmol�1 with DFT-D-
BYLP).[10] Closer inspection (energy decomposition) of the
interactions reveals that dispersion, electrostatic, and orbital
interactions stabilize 12


ort more than 12
par, which has lower


Pauli repulsion, probably due to the greater distance be-
tween the monomers (for further details see the Supporting
Information).


The physisorption of ferrocene on graphite was modeled
by DFT with coronene (C24H12) as substrate for ferrocene
and a larger polycyclic compound (C40H16) for the ferrocene
dimer. The ferrocene molecule has a relatively large binding
energy (�9.5 kcalmol�1) to coronene and prefers C�H···p
interactions[11] (“T-shaped”) with the aromatic system (Fig-
ure 9b). Compared to the binding energy of the T-shaped
benzene dimer (�2.1 kcalmol�1 with DFT-D-BLYP),[10]


more C�H···p interactions and larger dispersion contribu-
tions stabilize (1·C24H12)


T. The stacked complex (1·C24H12)
S


is less favored by 1.1 kcalmol�1 in the DFT-D calculation.


Its dispersion, electrostatic, and orbital interactions are
smaller than those of (1·C24H12)


T.
To analyze how a pair of adjacent ferrocene molecules


might interact in a nonbonding situation on graphite, we re-
optimized the ferrocene dimers on a larger graphite model
(C40H16, Figure 9c). Similar to the gas phase, the orthogonal
orientation of the Cp(centroid)-Fe-Cp(centroid) vectors was found
to be more favorable, now by 3.1 kcalmol�1. Binding of the
orthogonal dimer 12


ort on this substrate is 1.9 kcalmol�1


more favorable than of the parallel dimer 12
par, which is


preferentially bound by C�H···p interactions to the sub-
strate. These results show that the interaction with the aro-
matic system adds additional relative stabilization to the or-
thogonal dimer. We would therefore expect neighboring fer-
rocenes on a HOPG surface to prefer a similar orientation
with the Cp(centroid)-Fe-Cp(centroid) vectors arranged preferen-
tially normal to each other, although other relative arrange-
ments seem possible in view of the small energy differences
involved.


Conclusion


We have shown that unsaturated trans-Fc-(CH2)n-CH=CH-
(CH2)n-Fc compounds 4 are readily available, for example,
by olefin metathesis routes from the respective alkenylferro-
cene precursors. The catalytic hydrogenation of 4 furnished
a series of oligoethylene-bridged diferrocenes 5. Both these
series of molecules form highly ordered physisorbed struc-
tures at the solid/liquid or solid/gas interface. These have a
laminarlike appearance. It seems that the ferrocenyl end
groups in these ordered structures are oriented along a
vector in a defined angle to the direction of the bridging hy-
drocarbon chains. We thus were able to orient metal-con-
taining chemical building blocks at a surface in well-defined
patterns. It is even possible to introduce functional groups


Figure 8. UHV-STM images of the pattern of trans-Fc-(CH2)6-CH=CH-(CH2)6-Fc (4c) molecules deposited on an Ag(110) surface.
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within the connecting chains, which may eventually allow
these structures to be fixed, for example, by chemical cross-
linking.[12] This may open pathways to generate functional-
ized surfaces from readily available suitable organometallic
precursors.


Experimental Section


General : All reactions with air- and moisture-sensitive compounds were
carried out under dry argon in Schlenk-type glassware or in a glove box.
Solvents were dried and distilled prior to use. Commercially available re-
agents were used as received (Fluka: allyl bromide, [Cl2(PCy3)2Ru=
CHPh]; Aldrich: 5-bromo-1-pentene, 8-bromo-1-octene, 10-bromo-1-
decene). 1-Bromo-11-dodecene (6) was prepared according to a literature


procedure.[8] For additional general conditions, including a list of instru-
ments used for physical characterization of the compounds, see ref. [6].
Most NMR assignments were secured by a variety of 2D NMR experi-
ments.[13]


Data sets were collected with a Nonius KappaCCD diffractometer,
equipped with a rotating-anode generator. Programs used: data collection
COLLECT (Nonius B.V., 1998), data reduction Denzo-SMN (Z. Otwi-
nowski, W. Minor, Methods Enzymol. 1997, 276, 307–326), absorption
correction SORTAV (R. H. Blessing, Acta Crystallogr. Sect. A 1995, 51,
33–37; R. H. Blessing, J. Appl. Crystallogr. 1997, 30, 421–426) and Denzo
(Z. Otwinowski, D. Borek, W. Majewski, W. Minor, Acta Cryst. Sect. A


2003, 59, 228–234), structure solution SHELXS-97 (G. M. Sheldrick, Acta


Crystallogr. Sect. A 1990, 46, 467–473), structure refinement SHELXL-97
(G. M. Sheldrick, Universit@t Gçttingen, 1997), graphics SCHAKAL (E.
Keller, Universit@t Freiburg, 1997) and CCDC-MERCURY V1.3.[14]


Figure 9. DFT-D (BLYP/TZVP) calculated structures of ferrocene dimer and physisorption on graphite model compounds. a) Ferrocene dimer with or-
thogonal and parallel orientation of the Fe(Cp)2 units. b) Ferrocene monomer on coronene (C24H12): T-shaped (T) and stacked (S) conformers. c) Ferro-
cene dimers on C40H16: orthogonal and two isomers of adsorbed parallel dimer. Adsorption energies are given for the respective dimers. Relative ener-
gies are given for the three structural isomers shown.
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CCDC-268624 (4a), CCDC-268625 (4b), CCDC-268626 (4c), CCDC-
268627 (4d), CCDC-268628 (4e), CCDC-268629 (5a), CCDC-268630
(5b), CCDC-268631 (5c), CCDC-268632 (5d), CCDC-268633 (5e), and
CCDC-270036 (5 f) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


DFT calculations : The calculations were performed with the TURBO-
MOLE 5.6 suite of programs (Universit@t Karlsruhe, 2003). The struc-
tures were fully optimized at the DFT level employing the B-LYP func-
tional (A. D. Becke, Phys. Rev. A. 1988, 38, 3098–3100, C. Lee, W. Yang,
R. G. Parr, Phys. Rev. B, 1988, 37, 785–789). A Gaussian AO basis of va-
lence-triple-zeta quality including polarization functions (TZVP) (A.
Sch@fer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 100, 5829–5835) was
used for all atoms. The RI approximation was used for the two-electron
integrals (K. Eichkorn, O. Treutler, H. Uhm, M. H@ser, R. Ahlrichs,
Chem. Phys. Lett. 1995, 240, 283–290.)


STM analysis : The STM used in the experiment at the liquid/solid inter-
face was a commercial instrument (Digital Instruments, NanoScope III).
HOPG (Grade ZYB, mosaicity 0.8�0.2 deg) and STM tip (Pt/Ir 90/10
wire) were bought from Material-Technologie & Kristalle (MaTeck)
GmbH, J9lich, Germany.


Phenyloctane was selected as solvent because of its low vapor pressure
and nonpolarity. A drop of a saturated solution of the material was ap-
plied to a slab of freshly cleaved HOPG with a Pasteur pipette. The drop
slipped off of the substrate leaving an liquid film on the surface into
which the STM tip was immersed. The physisorbed 2D crystal structure
was investigated at the solid/liquid interface using STM.


The monolayer films on Ag(110) were prepared by using organic molecu-
lar beam deposition (OMBD) under ultrahigh vacuum (UHV) with a
base vacuum of about 10�9 Torr. The substrates were cleaned by Ar+


sputtering (500 eV, 15 min) and then annealed to 800 K. Before deposi-
tion, the organic materials were degassed and purified in OMBD cruci-
bles under UHV by heating to their sublimation temperatures (120 8C for
Fc(CH2)6CH=CH(CH2)6Fc (4c)) and maintaining this temperature for
more than 3 h. The purified material was then sublimed onto the cleaned
metallic substrate at room temperature with a deposition rate of about
0.2 mLmin�1. The as-prepared monolayer films were then investigated by
scanning tunneling microscopy (Omicron) under UHV at room tempera-
ture. Tungsten tips obtained by electrochemical etching were used for the
STM experiments.


Fc-CH2CH=CH2 (3a): The monolithiation of ferrocene (1) was carried
out under the conditions described by Herberhold et al. ,[7] using ferro-
cene (11.2 g, 60 mmol) and tert-butyllithium (1.5m in pentane, 40 mL,
60 mmol) in tetrahydrofuran (80 mL) under argon. The generated lithio-
ferrocene (2) was used in situ. Tetrahydrofuran (100 mL) was added, and
the solution cooled to �78 8C. Allyl bromide (4.80 g, 40 mmol) was
added slowly via syringe, and the reaction mixture stirred for 16 h, while
slowly warming to room temperature. The solvent was removed under re-
duced pressure. The residue was dissolved in pentane, the solvent volume
reduced, and the remaining ferrocene (1) was allowed to crystallize out
of the mixture. Compound 3a remained in solution. Afterwards the
crude product was purified by column chromatography on silica gel.
(pentane). The second fraction was collected. (Rf (1)=0.34; Rf (3a)=
0.30) After evaporation of the solvent compound 3a was obtained as a
red liquid (1.80 g, 20%) that contained ca. 15% of ferrocene (removed
after the subsequent metathesis coupling step, see below). 1H NMR
(599.8 MHz, 298 K, C6D6): d=5.94 (ddt, 3JH,H=17.0 Hz, 3JH,H=10.3 Hz,
3JH,H=6.7 Hz, 1H; 7-H), 5.01 (dm, 3JH,H=17.0 Hz, 1H; 8-HZ), 4.98 (dm,
3JH,H=10.2 Hz, 1H; 8-HE), 3.99 (s, 5H; Cp-H), 3.94 (s, 4H; 2,3,4,5-H),
2.93 ppm (dt, 3JH,H=6.7 Hz, 4JH,H=1.5 Hz, 2H; 6-H); 13C NMR
(150.8 MHz, 298 K, C6D6): d=137.9 (C7), 115.1 (C8), 87.1 (C1), 68.8
(Cp), 68.3 (C2, C5), 67.7 (C3, C4), 34.0 ppm (C6); MS (MALDI-TOF
(DCTB)): m/z (%): 226.0 (100) [M+].


Fc-(CH2)3-CH=CH2 (3b): Compound 3b was prepared analogously to
the procedure described for 3a using 5-bromo-1-pentene (5.00 g,
33.6 mmol), ferrocene (1, 9.35 g, 50 mmol), and tert-butyllithium (1.5m in
pentane, 34 mL, 50 mmol). After column chromatography on silica gel


(pentane), compound 3b was obtained as a red liquid (Rf (1)=0.34; Rf


(3b)=0.28) (1.43 g, 28%) that contained ca. 15% of ferrocene (removed
after the subsequent metathesis coupling step, see below). 1H NMR
(400 MHz, 300 K, C6D6): d=5.76 (ddt, 3JH,H=17.2 Hz, 3JH,H=10.2 Hz,
3JH,H=6.7 Hz, 1H; 9H), 5.03 (dm, 3JH,H=17.2 Hz, 1H; 10-HZ), 4.99 (dm,
3JH,H=10.2 Hz, 1H; 10-HE), 3.99 (s, 5H; Cp-H), 3.94 (s, 4H; 2,3,4,5-H),
2.21 (m, 2H; 6-H), 2.00 (m, 2H; 8-H), 1.54 ppm (m, 2H; 7-H); 13C NMR
(101 MHz, 300 K, C6D6): d=139.3 (C9), 115.3 (C10), 89.5 (C1), 69.2
(Cp), 68.8 (C2, C5), 67.9 (C3, C4), 34.3 (C8), 31.2 (C7), 29.7 ppm (C6).


Fc-(CH2)6-CH=CH2 (3c): Compound 3c was prepared analogously to the
procedure described for 3a using 8-bromo-1-octene (3.24 g, 17 mmol),
ferrocene (1, 3.5 g, 18.8 mmol), and tert-butyllithium (1.5m in pentane,
12.5 mL, 18.8 mmol) After column chromatography on silica gel (pen-
tane), compound 3c was obtained as a red liquid (Rf (1)=0.35; Rf (3c)=
0.30) (1.43 g, 28%) that contained ca. 15% of ferrocene (removed after
the subsequent metathesis coupling step, see below). 1H NMR
(599.8 MHz, 298 K, C6D6): d=5.78 (ddt, 3JH,H=17.0 Hz, 3JH,H=10.3 Hz,
3JH,H=6.6 Hz, 1H; 12-H), 5.04 (dm, 3JH,H=17.0 Hz, 1H; 13-HZ), 4.99
(dm, 3JH,H=10.1 Hz, 1H; 13-HE), 4.02 (s, 5H; Cp-H), 3.98 (pt, 2H; 2,5-
H), 3.96 (pt, 2H; 3,4-H), 2.25 (m, 2H; 6-H), 1.98 (m, 2H; 11-H), 1.47 (m,
2H; 7-H), 1.31 (m, 2H; 10-H), 1.25 ppm (m, 4H; 8,9-H); 13C NMR
(150.8 MHz, 298 K, C6D6): d=139.2 (C12), 114.5 (C13), 89.5 (C1), 68.8
(Cp), 68.4 (C2, C5), 67.5 (C3, C4), 34.2 (C11), 31.6 (C7), 30.0 (C6), 29.8
(C8), 29.4 (C9), 29.2 ppm (C10); MS (MALDI-TOF (DCTB)): m/z (%):
296.0 (100) [M+].


Fc-(CH2)8-CH=CH2 (3d): Compound 3d was prepared analogously to
the procedure described for 3a using 10-bromo-1-decene (5 g,
22.9 mmol), ferrocene (1, 8.6 g, 45 mmol), and tert-butyllithium (1.5m in
pentane, 30 mL, 45 mmol). After column chromatography on silica gel
(pentane), compound 3d was obtained as a red liquid (Rf (1)=0.35; Rf


(3d)=0.30) (3.66 g, 49%) that contained about 15% of ferrocene (re-
moved after the subsequent metathesis coupling step, see below).
1H NMR (599.8 MHz, 298 K, C6D6): d=5.79 (ddt, 3JH,H=17.1 Hz, 3JH,H=


10.4 Hz, 3JH,H=6.6 Hz, 1H; 14-H), 5.04 (dm, 3JH,H=17.1 Hz, 1H; 15-HZ),
4.99 (dm, 3JH,H=10.4 Hz, 1H; 15-HE), 4.02 (s, 5H; Cp-H), 3.99 (pt, 2H;
2,5-H), 3.96 (pt, 2H; 3,4-H), 2.26 (m, 2H; 6-H), 1.99 (m, 2H; 13-H), 1.49
(m, 2H; 7-H), 1.32 (m, 2H; 12-H), 1.24 ppm (m, 8H; 8,9,10,11-H);
13C NMR (150.8 MHz, 298 K, C6D6): d=139.2 (C14), 114.5 (C15), 89.5
(C1), 68.8 (Cp), 68.4 (C2, C5), 67.5 (C3, C4), 34.2 (C13), 31.7 (C7), 30.0
(C6), 29.96, 29.89, 29.87 (C8, C9, C10), 29.5 (C11), 29.3 ppm (C12).


Fc-CH2-CH=CH-CH2-Fc (4a): A solution of 3a (0.71 g, 3.14 mmol) in
toluene (20 mL) was added at once to a solution of [Cl2(PCy3)2Ru=
CHPh] (0.29 g, 10 mol%) in toluene (10 mL) and stirred for 5 h at 60 8C
under argon. The solvent was removed under reduced pressure, and the
resulting red solid purified by column chromatography (pentane/toluene
9/1; Rf (1; 3a)=0.6; Rf (4a)=0.2) (0.29 mg, 44%). Single crystals of
trans-4a suitable for X-ray analysis could be obtained from a concentrat-
ed CHCl3 solution by slow evaporation of the solvent. M.p. 111 8C.
1H NMR (599.8 MHz, 298 K, CDCl3): d=5.61 (m, 2H; 7-H), 4.09 (s,
10H; Cp-H), 4.05 (m, 8H; 2,3,4,5-H), 3.03 ppm (m, 4H; 6-H); 13C NMR
(150.8 MHz, 298 K, CDCl3): d=129.7 (C7), 87.9 (C1), 68.4 (Cp), 67.9
(C2, C5), 67.2 (C3, C4), 32.30 ppm (C6); elemental analysis calcd (%) for
C24H24Fe2 (Mr=424.14): C 67.96, H 5.70; found: C 67.58, H 5.61; MS
(MALDI-TOF (DCTB)): m/z (%): 424.0 (100) [M+]. X-ray crystal struc-
ture analysis of trans-4a : formula C24H24Fe2, Mr=424.13, yellow crystal,
0.25V0.15V0.05 mm, a=11.173(1), b=9.783(1), c=8.411(1) Q, b=


94.47(1)8, V=916.6(2) Q3, 1calcd=1.537 gcm�3, m=15.87 cm�1, empirical
absorption correction (0.693�T�0.925), Z=2, monoclinic, space group
P21/c (no. 14), l=0.71073 Q, T=198 K, w and f scans, 6780 reflections
collected (�h, �k, � l), sinq/l=0.66 Q�1, 2168 independent (Rint=0.038)
and 1604 observed reflections [I�2s(I)], 118 refined parameters, R=


0.033, wR2=0.071, max. (min.) residual electron density 0.44
(�0.33) eQ�3, hydrogen atoms calculated and refined as riding atoms.


Fc-(CH2)3-CH=CH-(CH2)3-Fc (4b): Analogously to the procedure de-
scribed for 4a, compound 4b was prepared using 3b (0.76 g, 3.02 mmol)
and [Cl2(PCy3)2Ru=CHPh] (0.25 g, 10 mol%). After column chromatog-
raphy (pentane/toluene 4/1; R (1; 3b)=0.75; Rf (4b)=0.45) compound
4b was obtained as an orange solid (0.29 g, 35%). Single crystals of
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trans-4b suitable for X-ray analysis could be obtained from a pentane/di-
chloromethane (4/1) solution at �30 8C. M.p. 53 8C. 1H NMR
(400.1 MHz, 300 K, CDCl3): d=5.42 (m, 2H; 9-H), 4.01 (s, 10H; Cp-H),
4.06 (m, 4H; 2,5-H), 4.03 (m, 4H; 3,4-H), 2.32 (m, 4H; 6-H), 2.03 (m,
4H; 8-H), 1.57 ppm (m, 4H; 7-H); 13C NMR (100.6 MHz, 300 K, CDCl3):
d=130.4 (C9), 89.3 (C1), 68.5 (Cp), 68.0 (C2, C5), 67.0 (C3, C4), 32.5
(C8), 31.0 (C7), 29.0 ppm (C6); elemental analysis calcd (%) for
C28H32Fe2 (Mr=480.27): C 70.03, H 6.72; found: C 69.97, H 6.60; MS
(MALDI-TOF (DCTB)): m/z (%): 480.2 (100) [M+]. X-ray crystal struc-
ture analysis of trans-4b : formula C28H32Fe2, Mr=480.24, yellow crystal
0.25V0.15V0.05 mm, a=25.938(1), b=7.249(1), c=12.340(1) Q, b=


90.78(1)8, V=2320.0(4) Q3, 1calcd=1.375 gcm�3, m=12.62 cm�1, empirical
absorption correction (0.743�T�0.940), Z=4, monoclinic, space group
C2/c (no. 15), l=0.71073 Q, T=198 K, w and f scans, 7374 reflections
collected (�h, �k, � l), sinq/l=0.66 Q�1, 2774 independent (Rint=0.054)
and 1921 observed reflections [I�2s(I)], 140 refined parameters, R=


0.049, wR2=0.123, max. (min.) residual electron density 0.73
(�0.44) eQ�3, hydrogen atoms calculated and refined as riding atoms.


Fc-(CH2)6-CH=CH-(CH2)6-Fc (4c): Analogously to the procedure de-
scribed for 4a, compound 4c was prepared using 3c (0.73 g, 2.4 mmol)
and [Cl2(PCy3)2Ru=CHPh] (0.20 g, 10 mol%). After column chromatog-
raphy (pentane/toluene 9/1; R (1; 3c)=0.6; Rf (4c)=0.2) compound 4c
was obtained as a yellow solid (0.26 g, 38%). Single crystals of trans-4c
suitable for X-ray analysis could be obtained from a pentane solution at
�30 8C. M.p. 50 8C. 1H NMR (599.8 MHz, 298 K, CDCl3): d=5.37 (m,
2H; 12-H); 4.07 (s, 10H; Cp-H), 4.03 (m, 4H; 2,5-H), 4.01 (m, 4H; 3,4-
H), 2.29 (m, 4H; 6-H), 1.95 (m, 4H; 11-H), 1.47 (m, 4H; 7-H), 1.32 (m,
4H; 10-H), 1.29 ppm (m, 8H; 8,9-H); 13C NMR (150.8 MHz, 298 K,
CDCl3): d=130.4 (C12), 89.5 (C1), 68.4 (Cp), 68.0 (C2, C5), 66.9 (C3,
C4), 32.6 (C11), 31.1 (C7), 29.60, 29.57, 29.50 (C6, C8, C10), 29.0 ppm
(C9); elemental analysis calcd (%) for C34H44Fe2 (Mr=564.4): C 72.35, H
7.86; found: C 72.45, H 7.96; MS (MALDI-TOF (DCTB)): m/z (%):
564.2 (100) [M+]. X-ray crystal structure analysis of trans-4c : formula
C34H44Fe2, Mr=564.39, yellow crystal, 0.15V0.03V0.03 mm, a=14.944(1),
b=7.646(1), c=13.286(1) Q, b=111.76(1)8, V=1409.9(2) Q3, 1calcd=


1.329 gcm�3, m=10.49 cm�1, empirical absorption correction (0.859�T�
0.969), Z=2, monoclinic, space group P21/c (no. 14), l=0.71073 Q, T=


198 K, w and f scans, 8956 reflections collected (�h, �k, � l), sinq/l=
0.59 Q�1, 2470 independent (Rint=0.110) and 1651 observed reflections
[I�2s(I)], 163 refined parameters, R=0.066, wR2=0.156, max. (min.)
residual electron density 0.47 (�0.43) eQ�3, due to small size the crystals
only diffract weakly, hydrogen atoms calculated and refined as riding
atoms.


Fc-(CH2)8-CH=CH-(CH2)8-Fc (4d): Analogously to the procedure de-
scribed for 4a, compound 4d was prepared using 3d (1.5 g, 4.63 mmol)
and [Cl2(PCy3)2Ru=CHPh] (0.38 g, 10 mol%). After column chromatog-
raphy (pentane/toluene 4/1; Rf (1; 3d)=0.7; Rf (4d)=0.5) compound 4d
was obtained as yellow solid (0.37 g, 26%). Single crystals of trans-4d
suitable for X-ray analysis could be obtained from a pentane/CH2Cl2 so-
lution (9/1) at �30 8C. M.p. 68.9 8C. 1H NMR (599.8 MHz, 298 K, CDCl3):
d=5.37 (m, 2H; 14-H), 4.07 (s, 10H; Cp-H), 4.03 (m, 4H; 2,5-H), 4.02
(m, 4H; 3,5-H), 2.29 (m, 4H; 6-H), 1.95 (m, 4H; 13-H), 1.47 (m, 4H; 7-
H), 1.31 (m, 4H; 12-H), 1.27 ppm (m, 16H; 8,9,10,11-H); 13C NMR
(150.8 MHz, 298 K, CDCl3): d=130.3 (C14), 89.6 (C1), 68.4 (Cp), 68.0
(C2, C5), 67.0 (C3, C4), 32.6 (C13), 31.1 (C7), 29.65 (double intensity),
29.57, 29.50, 29.48, 29.16 ppm (C6, C8, C9, C10, C11, C12); elemental
analysis calcd (%) for C38H52Fe2 (Mr=620.50): C 73.55, H 8.45; found: C
73.56, H 8.35; MS (MALDI-TOF (DCTB)): m/z (%): 620.1 (100) [M+].
X-ray crystal structure analysis of trans-4d : formula C38H52Fe2, Mr=


620.50, yellow crystal 0.20V0.15V0.03 mm, a=15.892(1), b=7.655(1), c=
13.186(1) Q, b=92.07(1)8, V=1603.1(3) Q3, 1calcd=1.285 gcm�3, m=


9.29 cm�1, empirical absorption correction (0.836�T�0.973), Z=2, mon-
oclinic, space group P21/c (no. 14), l=0.71073 Q, T=198 K, w and f
scans, 10451 reflections collected (�h, �k, � l), sinq/l=0.66 Q�1, 3778
independent (Rint=0.119) and 2216 observed reflections [I�2s(I)], 181
refined parameters, R=0.085, wR2=0.185, max. (min.) residual electron
density 0.46 (�0.65) eQ�3, relatively poor quality of the data due to
shape of crystals, hydrogen atoms calculated and refined as riding atoms.


Fc-(CH2)10-CH=CH-(CH2)10-Fc (trans-4e): trans-1,22-Dibromo-11-doco-
sene (7, 0.30 g, 0.65 mmol) and lithioferrocene (2, 0.434 g, 2.2 mmol)
were suspended in a mixture of toluene (10 mL) and tetrahydrofuran
(5 mL) at �78 8C. The reaction mixture was allowed to warm to room
temperature while stirring for 16 h. To quench the reaction it was poured
into water and the aqueous phase was extracted three times with toluene.
After drying over magnesium sulfate the crude product was purified by
column chromatography (pentane/toluene 9/1; Rf (1)=0.6; Rf (trans-
4e)=0.4). Compound trans-4e was obtained as a yellow solid (0.17 g,
39%). Single crystals of trans-4e suitable for X-ray analysis could be ob-
tained from a pentane/dichloromethane (2/1) solution at 5 8C. M.p. 83 8C.
1H NMR (599.8 MHz, 298 K, C6D6): d=5.52 (m, 2H; 16-H), 4.03 (s,
10H; Cp-H), 4.00 (pt, 4H; 2,5-H), 3.97 (pt, 4H; 3,4-H), 2.29 (m, 4H; 6-
H), 2.07 (m, 4H; 15-H), 1.53 (m, 4H; 7-H), 1.42 (m, 4H; 14-H), 1.33 (m,
4H; 13-H), 1.31 ppm (m, 20H; 8,9,10,11,12-H); 13C NMR (150.8 MHz,
298 K, C6D6): d=130.8 (C16), 89.5 (C1), 68.8 (Cp), 68.4 (C2, C5), 67.5
(C3, C4), 33.1 (C15), 31.8 (C7), 30.11, 30.09, 30.08, 30.01 (double intensi-
ty), 29.99, 29.98 (C6, C8, C9, C10, C11, C12, C14), 29.6 ppm (C13); ele-
mental analysis calcd (%) for C42H60Fe2 (Mr=676.64 gmol�1): C 74.55, H
8.94; found: C 74.07, H 8.92; MS (MALDI-TOF (DCTB)): m/z (%)
676.6 (100) [M+]. X-ray crystal structure analysis of trans-4e : formula
C42H60Fe2, Mr=676.60, light yellow crystal, 0.15V0.10V0.03 mm, a=
18.072(1), b=7.647(1), c=13.241(1) Q, b=103.06(1)8, V=1782.5(3) Q3,
1calcd=1.261 gcm�3, m=8.42 cm�1, empirical absorption correction
(0.884�T�0.975), Z=2, monoclinic, space group P21/c (no. 14), l=


0.71073 Q, T=198 K, w and f scans, 11674 reflections collected (�h, �
k, � l), [(sinq)/l]=0.66 Q�1, 4215 independent (Rint=0.095) and 2631 ob-
served reflections [I�2s(I)], 199 refined parameters, R=0.073, wR2=


0.135, max. (min.) residual electron density 0.35 (�0.62) eQ�3, due to
small size the crystals only diffract weakly, hydrogen atoms calculated
and refined as riding atoms.


Fc-(CH2)4-Fc (5a): A solution of 4a (0.15 g, 0.35 mmol) in tetrahydrofur-
an (10 mL) and Pd/C catalyst (15 mg) were stirred under 1 atm of H2 for
3 h. After filtration over Celite and removal of the solvent, 5a was isolat-
ed as a yellow solid. Single crystals of 5a suitable for X-ray analysis
could be obtained from a concentrated CHCl3 solution by slow evapora-
tion of the solvent. (0.14 g, 95%). M.p. 117 8C. 1H NMR (599.8 MHz,
298 K, CDCl3): d=4.06 (s, 10H; Cp-H), 4.03 (m, 4H; 2,5-H), 4.01 (m,
4H; 3,4-H), 2.30 (m, 4H; 6-H), 1.51 ppm (m, 4H; 7-H); 13C NMR
(150.8 MHz, 298 K, CDCl3): d=89.4 (C1), 68.5 (Cp), 68.0 (C2, C5), 67.0
(C3, C4), 31.1 (C7), 29.5 ppm (C6); elemental analysis calcd (%) for
C24H26Fe2 (Mr=426.14): C 67.64, H 6.15; found: C 66.96, H 5.93. X-ray
crystal structure analysis of 5a : formula C24H26Fe2, Mr=426.15, yellow
crystal 0.10V0.10V0.05 mm, a=11.409(1), b=9.730(1), c=8.498(1) Q,
b=95.46(1)8, V=939.1(2) Q3, 1calcd=1.507 gcm�3, m=15.49 cm�1, empiri-
cal absorption correction (0.861�T�0.927), Z=2, monoclinic, space
group P21/c (no. 14), l=0.71073 Q, T=198 K, w and f scans, 7507 reflec-
tions collected (�h, �k, � l), sinq/l=0.66 Q�1, 2215 independent (Rint=


0.044) and 1703 observed reflections [I�2s(I)], 118 refined parameters,
R=0.034, wR2=0.075, max. (min.) residual electron density 0.41
(�0.31) eQ�3, hydrogen atoms calculated and refined as riding atoms.


Fc-(CH2)8-Fc (5b): Analogously to the procedure described for 5a, 5b
was prepared using 4b (0.10 g, 0.21 mmol) and Pd/C catalyst (10 mg).
After purification 5b was obtained as a yellow solid (95 mg, 95%).
Single crystals of 5b suitable for X-ray analysis could be obtained from a
pentane/dichloromethane (10/1) solution at 5 8C. M.p. 96 8C. 1H NMR
(599.8 MHz, 298 K, C6D6): d=4.02 (s, 10H; Cp-H), 4.00 (pt, 4H; 2,5-H),
3.97 (pt, 4H; 3,4-H), 2.28 (m, 4H; 6-H), 1.52 (m, 4H; 7-H), 1.31 ppm (m,
8H; 8,9-H); 13C NMR (150.8 MHz, 298 K, C6D6): d=89.6 (C1), 68.8
(Cp), 68.4 (C2, C5), 67.5 (C3, C4), 31.7 (C7), 30.01, 29.97, 29.93 ppm (C6,
C8, C9); elemental analysis calcd (%) for C28H34Fe2 (Mr=482.28): C
69.73, H 7.11; found: C 69.36, H 7.27; MS (MALDI-TOF (DCTB)): m/z
(%): 481.9 (100) [M+]. X-ray crystal structure analysis of 5b : formula
C28H34Fe2, Mr=482.25, yellow crystal, 0.30V0.25V0.20 mm, a=26.636(1),
b=7.608(1), c=11.438(1) Q, b=102.35(1)8, V=2264.2(4) Q3, 1calcd=


1.415 gcm�3, m=12.94 cm�1, empirical absorption correction (0.698�T�
0.782), Z=4, monoclinic, space group C2/c (no. 15), l=0.71073 Q, T=


198 K, w and f scans, 7279 reflections collected (�h, �k, � l), sinq/l=
0.66 Q�1, 2688 independent (Rint=0.046) and 2285 observed reflections
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[I�2s(I)], 136 refined parameters, R=0.033, wR2=0.097, max. (min.)
residual electron density 0.36 (�0.46) eQ�3, hydrogen atoms calculated
and refined as riding atoms.


Fc-(CH2)14-Fc (5c): Analogously to the procedure described for 5a, 5c
was prepared using 4c (90 mg, 0.16 mmol) and Pd/C catalyst (10 mg).
After purification 5c was obtained as a yellow solid (90 mg, 99%). Single
crystals of 5c suitable for X-ray analysis could be obtained from a pen-
tane solution at 5 8C. M.p. 94 8C. 1H NMR (599.8 MHz, 298 K, CDCl3):
d=4.07 (s, 10H; Cp-H), 4.03 (m, 4H; 2,5-H), 4.01 (m, 4H; 3,4-H), 2.29
(m, 4H; 6-H), 1.47 (m, 4H; 7-H), 1.27 (m, 4H; 8-H), 1.25 ppm (m, 16H;
9,10,11,12-H); 13C NMR (150.8 MHz, 298 K, CDCl3): d=89.6 (C1), 68,4
(Cp), 68.1 (C2, C5), 66.9 (C3, C4), 31.1 (C7), 29.67 (triple intensity),
29.64, 29.57, 29.55 ppm (C6, C8, C9, C10, C11, C12); elemental analysis
calcd (%) for C34H46Fe2 (Mr=566.43): C 72.10, H 8.19; found: C 72.55, H
8.25; MS (MALDI-TOF (DCTB)): m/z (%): 566.1 (100) [M+]. X-ray
crystal structure analysis of 5c : formula C34H46Fe2, M=566.41, yellow
crystal 0.35V0.15V0.03 mm, a=16.785(1), b=7.587(1), c=11.225(1) Q,
b=95.28(1)8, V=1423.4(2) Q3, 1calcd=1.322 gcm�3, m=10.40 cm�1, empir-
ical absorption correction (0.712�T�0.970), Z=2, monoclinic, space
group P21/c (no. 14), l=0.71073 Q, T=198 K, w and f scans, 8593 reflec-
tions collected (�h, �k, � l), [(sinq)/l]=0.62 Q�1, 2877 independent
(Rint=0.082) and 2046 observed reflections [I�2s(I)], 163 refined pa-
rameters, R=0.053, wR2=0.119, max. (min.) residual electron density
0.51 (�0.33) eQ�3, hydrogen atoms calculated and refined as riding
atoms.


Fc-(CH2)18-Fc (5d): Analogously to the procedure described for 5a, com-
pound 5d was prepared using 4d (70 mg, 0.11 mmol) and Pd/C catalyst
(10 mg). After purification compound 5d was obtained as a yellow solid
(70 mg, 99%). Single crystals of 5d suitable for X-ray analysis could be
obtained from a heptane/CH2Cl2 solution (5/1) at �30 8C. M.p. 73 8C.
1H NMR (599.8 MHz, 298 K, C6D6): d=4.03 (s, 10H; Cp-H), 4.00 (pt,
4H; 2,5-H), 3.97 (pt, 4H; 3,4-H), 2.29 (m, 4H; 6-H), 1.53 (m, 4H; 7-H),
1.34 ppm (m, 28H; 8,9,10,11,12,13,14-H); 13C NMR (150.8 MHz, 298 K,
C6D6): d=89.5 (C1), 68.8 (Cp), 68.4 (C2, C5), 67.5 (C3, C4), 31.7 (C7),
30.17 (double intensity), 30.16, 30.14, 30.11, 30.01, 30.00 ppm (double in-
tensity, C6, C8–C14); elemental analysis calcd (%) for C38H54Fe2 (Mr=


622.51): C 73.32, H 8.74; found: C 73.05, H 9.00; MS (MALDI-TOF
(DCTB)): m/z (%): 622.3 (100) [M+]. X-ray crystal structure analysis of
5d : formula C38H54Fe2, Mr=622.51, yellow crystal, 0.30V0.25V0.03 mm,
a=19.119(1), b=7.591(1), c=11.267(1) Q, b=99.14(1)8, V=


1614.4(3) Q3, 1calcd=1.281 gcm�3, m=9.23 cm�1, empirical absorption cor-
rection (0.769�T�0.973), Z=2, monoclinic, space group P21/c (no. 14),
l=0.71073 Q, T=198 K, w and f scans, 8744 reflections collected (�h,
�k, � l), sinq/l=0.67 Q�1, 3939 independent (Rint=0.057) and 2832 ob-
served reflections [I�2s(I)], 181 refined parameters, R=0.072, wR2=


0.156, max. (min.) residual electron density 0.75 (�0.39) eQ�3, hydrogen
atoms calculated and refined as riding atoms.


Fc-(CH2)22-Fc (5e): Analogously to the procedure described for 5a, 5e
was prepared using 4e (90 mg, 0.13 mmol) and Pd/C catalyst (10 mg).
After purification 5e was obtained as a yellow solid (85 mg, 94%). Single
crystals of 5e suitable for X-ray analysis could be obtained from a hep-
tane/CH2Cl2 solution (2/1) at 5 8C. M.p. 104 8C. 1H NMR (599.8 MHz,
298 K, C6D6): d=4.03 (s, 10H; Cp-H), 4.00 (pt, 4H; 2,5-H), 3.97 (pt, 4H;
3,4-H), 2.28 (m, 4H; 6-H), 1.53 (m, 4H; 7-H), 1.34 ppm (m, 36H;
8,9,10,11,12,13,14,15,16-H); 13C NMR (150.8 MHz, 298 K, C6D6): d=89.5
(C1), 68.8 (Cp), 68.4 (C2, C5), 67.5 (C3, C4), 31.8 (C7), 30.17 (triple in-
tensity), 30.16, 30.15, 30.11, 30.02, 30.01 ppm (double intensity, C6, C8–
C16); elemental analysis calcd (%) for C42H62Fe2 (Mr=678.65): C 74.33,
H 9.21; found: C 73.64, H 9.30; MS (MALDI-TOF (DCTB)): m/z (%):
678.4 (100) [M+]. X-ray crystal structure analysis of 5e : formula
C42H62Fe2, Mr=678.62, yellow crystal 0.25V0.20V0.03 mm, a=21.407(1),
b=7.551(1), c=11.248(1) Q, b=99.91(1)8, V=1791.0(3) Q3, 1calcd=


1.258 gcm�3, m=8.38 cm�1, empirical absorption correction (0.818�T�
0.975), Z=2, monoclinic, space group P21/c (no. 14), l=0.71073 Q, T=


198 K, w and f scans, 16644 reflections collected (�h, �k, � l), sinq/l=
0.66 Q�1, 4257 independent (Rint=0.058) and 3322 observed reflections
[I�2s(I)], 199 refined parameters, R=0.058, wR2=0.151, max. (min.)


residual electron density 0.76 (�0.56) eQ�3, hydrogen atoms calculated
and refined as riding atoms.


Fc-(CH2)12-Fc (5 f): Lithioferrocene (2) was prepared in situ from ferro-
cene (1, 9.35 g, 50 mmol) and tert-butyllithium (1.5m in pentane, 34 mL,
50 mmol) in tetrahydrofuran (70 mL) under argon. The resulting suspen-
sion was cooled to �78 8C and a solution of 1,12-dibromododecane
(5.00 g, 15.3 mmol) in tetrahydrofuran (30 mL) was added dropwise. The
suspension was stirred for 16 h while slowly warming to room tempera-
ture. The residue was dissolved in pentane, the solvent volume reduced,
and the remaining ferrocene was allowed to crystallize out of the mix-
ture. Compound 5 f remained in solution. Afterwards the crude product
was purified by column chromatography on silica gel (pentane/toluene
17/3). The second fraction was collected. (Rf (1)=0.7; Rf (5 f)=0.5).
After evaporation of the solvent 5 f was obtained as an orange solid
(2.20 g, 27%). Single crystals of 5 f suitable for X-ray analysis could be
obtained from a heptane/CH2Cl2 solution (5/1) at 5 8C. M.p. 92 8C.
1H NMR (599.8 MHz, 298 K, C6D6): d=4.03 (s, 10H; Cp-H), 4.00 (pt,
4H; 2,5-H), 3.97 (pt, 4H; 2,5-H), 2.23 (m, 4H; 6-H), 1.53 (m, 4H; 7-H),
1.33 ppm (m, 16H; 8,9,10,11-H); 13C NMR (150.8 MHz, 298 K, C6D6):
d=89.5 (C1), 68.8 (Cp), 68.4 (C2, C5), 67.5 (C3, C4), 31.7 (C7), 30.12,
30.09, 30.00 (double intensity), 29.99 ppm (C6, C8–C11); elemental analy-
sis calcd (%) for C32H42Fe2 (Mr=538.39): C 71.39, H 7.86; found: C
71.48, H 7.84; MS (MALDI-TOF (DCTB)): m/z (%) 538.2 (100) [M+].
X-ray crystal structure analysis for 5 f : formula C32H42Fe2, Mr=538.36,
yellow crystal 0.25V0.25V0.05 mm, a=16.265(1), b=7.657(1), c=
11.276(1) Q, b=104.07(1)8, V=1362.2(2) Q3, 1calcd=1.313 gcm�3, m=


10.83 cm�1, empirical absorption correction (0.774�T�0.948), Z=2,
monoclinic, space group P21/c (no. 14), l=0.71073 Q, T=293 K, w and f
scans, 10515 reflections collected (�h, �k, � l), sinq/l=0.67 Q�1, 3342
independent (Rint=0.050) and 2270 observed reflections [I�2s(I)], 154
refined parameters, R=0.037, wR2=0.095, max. (min.) residual electron
density 0.20 (�0.34) eQ�3, hydrogen atoms calculated and refined as
riding atoms.


Br-(CH2)10-CH=CH-(CH2)10-Br (7): A solution of 1-bromo-11-dodecene
(6, 1.72 g, 6.97 mmol) in toluene (40 mL) was added at once to a solution
of [Cl2(PCy3)2Ru=CHPh] (57 mg, 1 mol%) in toluene (5 mL) and stirred
for 12 h at room temperature. The solvent was removed under reduced
pressure and the resulting solid was purified by column chromatography.
(pentane, Rf (7)=0.3) (1.27 g, 78%, cis/trans mixture). Recrystallization
from a heptane solution of 7 at 5 8C gave the pure trans product (0.53 g,
33%). M.p. 49 8C. 1H NMR (599.8 MHz, 298 K, C6D6): d=5.53 (m, 2H;
11-H), 2.97 (t, 3JH,H=7.0 Hz, 4H; 1-H), 2.08 (m, 4H; 10-H), 1.51 (m, 4H;
2-H), 1.41 (m, 4H; 9-H), 1.32 (m, 4H; 8-H), 1.26 (m, 4H; 7-H), 1.21 (m,
4H; 6-H), 1.15 (m, 8H; 3,5-H), 1.07 ppm (m, 4H; 4-H); 13C NMR
(150.8 MHz, 298 K, C6D6): d=130.8 (C11), 33.7 (C1), 33.1 (C10), 33.0
(C2), 30.1 (C9), 29.9 (C6, C7), 29.7 (C5), 29.6 (C8), 29.0 (C4), 28.3 ppm
(C3); elemental analysis calcd (%) for C22H42Br2 (Mr=466.38): C 56.66,
H 9.08; found: C 56.22, H 8.95.
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Introduction


Supramolecular chemistry deals with the development and
function of complex chemical systems.[1–3] They are formed
by association from smaller molecular components held to-
gether by noncovalent bonds in well-defined structures


under thermodynamic control. Dynamic processes deter-
mine the kinetic stabilities and hence the properties of
supramolecular associates.[4] Systems are known which are
stable at room temperature, for example, the hemicarceplex-
es of Cram et al. , which consist of hemicarcerand host mole-
cules and small guest molecules.[5,6] Exit and entry of the
guest molecule proceed only at higher temperature with a
substantial activation barrier resulting from opening and
closing of a gate by conformational distortion of the host ge-
ometry, which is required for guest movement in- and out-
side the host cavity.[7,8] Other examples of kinetically highly
stable supramolecules are the catenanes[9] and rotax-
anes,[10–12] in which two or more rings or a molecular wheel
and a molecular axis are mechanically interlocked. In these
systems the intramolecular dynamics (in catenanes, move-
ment of the rings relative to each other, and in the rotax-


Abstract: The dynamics in the host–
guest complexes of the molecular
tweezers 1a,b and clips 2a,b with
1,2,4,5-tetracyanobenzene (TCNB, 3)
and tropylium tetrafluoroborate (4) as
guest molecules were analyzed by tem-
perature-dependent 1H NMR spectros-
copy. The TCNB complexes of tweez-
ers 1a,b were found to be particularly
stable (dissociation barrier: DG�=16.8
and 15.7 kcalmol�1, respectively), more
stable than the TCNB complexes of
clips 2a,b and the tropylium complex
of tweezer 1b (dissociation barrier:
DG�=12.4, 11.2, and 12.3 kcalmol�1,
respectively). A detailed analysis of the
kinetic and thermodynamic data (espe-
cially the negative entropies of activa-
tion found for complex dissociation)
suggests that in the transition state of
dissociation the guest molecule is still
clipped between the aromatic tips of
the host molecule. The 1H NMR analy-


sis of the TCNB complexes 3@1b and
3@2a at low temperatures (T<�80 8C)
showed that 3 undergoes fast rotation
inside the cavity of tweezer 1b or clip
2a (rotational barrier: DG�=11.7 and
8.3 kcalmol�1, respectively). This rota-
tion of a guest molecule inside the host
cavity can be considered to be the dy-
namic equilibration of noncovalent
conformers. In the case of clip complex
3@2a the association and rotational
barriers are smaller by DDG�=3–
4 kcalmol�1 than those in tweezer com-
plexes 3@1a,b. This can be explained
by the more open topology of the tri-
methylene-bridged clips compared to
the tetramethylene-bridged tweezers.


Finally, the bromo substituents in the
newly prepared clip 2b have a substan-
tial effect on the kinetics and thermo-
dynamics of complex formation. Clip
2b forms weaker complexes with
(TCNB, 3) and tetracyanoquinodime-
thane (TCNQ, 12) and a more stable
complex with 2,4,7-trinitrofluoren-9-yl-
idene (TNF, 13) than the parent clip
2a. These results can be explained by a
less negative electrostatic potential sur-
face (EPS) inside the cavity and a
larger van der Waals contact surface of
2b compared to 2a. In the case of the
highly electron-deficient guest mole-
cules TCNB and TCNQ the attractive
electrostatic interaction is predominant
and hence responsible for the thermo-
dynamic complex stability, whereas in
the case of TNF with its extended p


system, dispersion forces are more im-
portant for host–guest binding.
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anes, “shuttling” of the wheel along the molecular axis)[13,14]


are of considerable interest, for example, in connection with
the construction of molecular devices.[15] However, most su-
pramolecules (host–guest complexes,[16–20] molecular capsu-
les,[21, 22] rosettes,[23,24] helicates,[25] etc.) result from formation
of noncovalent bonds, which usually occurs in diffusion-con-
trolled processes. Thus, these associates are kinetically not
very stable and dissociation proceeds rapidly. Here we
report on the dynamics in host–guest complexes of molecu-
lar tweezers 1a,b and clips 2a,b.
We recently described the syntheses and some supra-


molecular properties of the new host molecules 1a,b[26–29]


and 2a,[30] named molecular tweezers and clips.[31] The size


and shape of their cavities depends on the number of meth-
ylene bridges and on the size of the aromatic spacer units
(benzene or naphthalene). These host molecules selectively
bind electron-deficient aromatic neutral and cationic guests
inside their cavity by multiple attractive noncovalent CH–p
and p–p interactions. Electron-rich arenes or anions are not
bound by these hosts within the limits of experimental de-
tection. This high selectivity for electron-deficient guest
molecules was explained by the markedly negative electro-
static surfaces (EPSs) calculated for the concave faces of
1a,b and 2a by quantum chemical methods.[32,33] When anal-
ogous calculations were performed for electron-deficient
guest molecules binding to 1a,b and 2a, the complementary
nature of their positive EPSs became evident, and this sug-
gests that host–guest binding in these complexes is predomi-
nantly electrostatic in nature. This report focuses on the dy-
namics of host–guest binding, the dissociation/association
process, and the mobility of the guest molecule inside the
tweezer or clip cavity. Furthermore, we describe the synthe-
sis of hitherto-unknown tetrabromo-substituted clip 2b and
the kinetics and thermodynamics of its complex formation
with various electron-deficient guest molecules. One aim of
this study is to find out whether the kinetic complex stability
correlates with the topology of the tweezer or clip.


Results and Discussion


The parent naphthalene-spaced molecular tweezer 1a forms
a stable, bright yellow complex with 1,2,4,5-tetracyanoben-


zene (TCNB, 3).[27] In this case complex dissociation and as-
sociation are slow processes with respect to the NMR time-
scale, so that at room temperature in the 1H NMR spectrum
of a 2:1 mixture of 1a and 3 separate signals of empty and
complexed 1a are observed, which coalesce at 81 8C. From
the analysis of the temperature-dependent line shapes of


these signals (Figure 1), the specific rate constants, and
hence the activation parameters (Gibbs enthalpy DG�, en-
thalpy DH�, and entropy DS� of activation) of the mutual
exchange of the TCNB guest molecule between complex 3@
1a and empty tweezer 1a could be determined (Table 1a,
Figure 2a).


Similar results were obtained for complex formation be-
tween diacetoxy-substituted tweezer 1b and TCNB (3). In
the 1H NMR spectrum of 2:1 mixture of 1b and 3 separate
signals at d=5.86 and 5.51 ppm can be assigned to the pro-


Figure 1. 1H NMR spectra (300 MHz, (CDCl2)2) of tweezer 1a and
TCNB 3 ([1a]0=0.02m, [3]0=0.01m) at different temperatures. The su-
perimposed red-line fit to the peaks results from line-shape analysis.


Table 1. Temperature dependence of the specific rate constants of ex-
change of guest between the host–guest complex and empty host, deter-
mined from line-shape of the exchanging-host signals in the 1H NMR
spectra of a 2:1 mixture of host and guest: a) tweezer 1a and TCNB (3)
(300 MHz, (CDCl2)2); b) clip 2a and TCNB (3) (500 MHz, [D8]toluene);
c) tweezer (1b) and tropylium tetrafluoroborate (4) (500 MHz, CDCl3/
CD3OD 1/1); d) clip 2b and TCNB (3) (500 MHz, [D8]toluene).


a b c d
T k T k T k T k


[8C] [s�1] [8C] [s�1] [8C] [s�1] [8C] [s�1]


21 7 �40 23 �50 20 �80 11
41 12 �25 65 �5 580 �70 25
61 60 �18 132 10 1600 �60 75
81 190 �15 168 25 5550 �20 1087
101 1100 �13 206 55 15000 25 5633


5 710
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tons at the terminal benzene units (Hd, Hd’, He, He’) of
empty and complexed 1b, that is, at room temperature ex-


change is again slow with re-
spect to the NMR timescale.
Also in this case an increase in
temperature leads to specific
broadening and finally to coa-
lescence of the exchanging sig-
nals. Because of partial overlap
of the exchanging signals we
could not perform a complete
line-shape analysis and could
only estimate the rate constant
(kc�313 s�1) and Gibbs activa-
tion enthalpy (DG�15.7 kcal
mol�1) at 60 8C (the tempera-
ture of coalescence) in
(CDCl2)2 from the difference in
the resonance frequencies of
the exchanging signals (Dn=
141 Hz) using the simple ap-
proximation kc�2.22Dn. The
rate constant of the exchange
of the signals of free and com-
plexed TCNB 3 in the 1H NMR
spectrum of a 1:2 mixture of 1b
and 3 in [D8]toluene at 60 8C
was estimated to be on the
same order of magnitude
(k�1000 s�1, DG��15.0 kcal
mol�1).
Provided the structure of the


TCNB complex of diacetoxy-
substituted tweezer 1b in solu-
tion resembles that of the
parent tweezer in 3@1a ob-
tained by single-crystal struc-
ture analysis, the TCNB pro-
tons are expected to be chemi-
cally nonequivalent in complex
3@1b. This is also true for the
complex structure which was
calculated by force-field
MMFF94[34,35] (Monte Carlo
conformer search) to be the
energy minimum (Figure 3). In
the 1H NMR spectrum of 3@1b
at 25 8C (500 MHz, CD2Cl2, see
Supporting Information: Fig-
ure S2) the signal for both
TCNB protons is evidently su-
perimposed by the aliphatic sig-
nals of 1b and cannot be as-
signed. By lowering the temper-
ature this signal is broadened
and finally split into two signals
at d=2.15 and 2.35 ppm, as ex-


pected for the calculated structures of complex 3@1b, in
which the TCNB molecule adopts a position either with a


Figure 2. Arrhenius plots (lnk vs T�1 [K�1]) and activation parameters (enthalpy DH�, entropy DS�, and Gibbs
enthalpy DG� of activation) resulting from the temperature dependence of the specific rate constants k listed
in Table 1 for complex formation between a) 1a and 3 ; b) 2a and 3, c) 1b and 4, and d) 2b and 3.
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slope or parallel to the diacetoxynaphthalene spacer unit
with hydrogen atoms Ha and Hb pointing toward the side-
walls of the tweezer and the cyano groups out of the cavity
(Figure 3). The kinetics of “intramolecular” exchange of Ha


and Hb inside complex 3@1b could not be determined by
line-shape analysis of the temperature-dependent 1H NMR
spectra in CD2Cl2, owing to the overlap of the TCNB signal
at d=2.35 ppm with those of the CH2 and CH3 protons of
1b at d=2.35 ppm. In the 1H NMR spectrum of 3@1b in
[D8]toluene at �55 8C the signals assigned to TCNB protons
Ha and Hb are both shifted downfield, to d=2.40 and
2.98 ppm, and do not overlap with signals assigned to the
CH2 and CH3 protons of 1b (Figure 4). In this case the spe-


cific rate constants k of the exchange of Ha and Hb inside
complex 3@1b could be determined by line-shape analysis
of the temperature-dependent 1H NMR signals (Figure 5a,
Table 2a).
The parent trimethylene-bridged clip 2a forms a highly


stable 1:1 complex with TCNB (3) besides a weaker 2:1
complex (25 8C: K (1:1)=14.3M106m�1 and K (2:1)=4.4M
104m�1).[30] The 1:1 complex 3@2a is even more stable than
the corresponding tweezer complex 3@1b (K=7.3M
105m�1).[36] The 1H NMR spectrum of a 2:1 mixture of clip
2a and 3 (500 MHz, [D8]toluene, 25 8C), however, shows no
separate signals for complexed and empty 2a. Only a specif-
ic broadening of the proton signals of 2a indicates an ex-
change process that is still fast relative to the NMR time-
scale, contrary to the above-mentioned guest exchange be-
tween empty and complexed tweezers 1a,b which is slow at
room temperature, so that separate 1H NMR signals of
empty and complexed 1a,b were observed. In the tempera-
ture range between +5 and �40 8C, exchange between
empty and complexed 2a could be also observed in the
1H NMR spectrum of clip 2a and 3 (Figure 6), and the spe-
cific rate constants at different temperatures (Table 1b), and
hence the activation parameters, could be again determined
by line-shape analyses (Figure 2b).
In the 1H NMR spectrum of 2a and TCNB (3), further


lowering of the temperature (T<�40 8C) led to broadening
and finally, at �105 8C, to splitting of the TCNB signal into
two singlets at d=2.9 and 4.4 ppm. The finding of two sepa-
rated 1H NMR signals for the complexed TCNB protons at
�105 8C is good evidence for the complex structure calculat-
ed by force-field MMFF 94,[34,35] which is the ground state of
3@2a. In this structure the plane of the benzene ring of 3 is


Figure 3. The lowest energy structures of a) 3@1b and b) 3@2a calculated by force-field MMFF 94[34,35] (Monte Carlo conformer search).


Figure 4. 1H NMR spectra (500 MHz, [D8]toluene) of a 1:1 mixture of
clip 1b and TCNB (3) ([1b]0=0.01m, [3]0=0.01m) at different tempera-
tures. The superimposed red-line fit to the peaks results from line-shape
analysis.
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positioned nearly parallel to the naphthalene sidewalls of 2a
with all four TCNB cyano groups pointing out of the clip
cavity and Ha, Hb pointing either toward or away from the
central norbornadiene spacer unit of 2a (Figure 3b). The
specific rate constants k and activation parameters of the ex-
change of Ha and Hb of 3 inside complex 3@2a could be
again determined by line-shape analysis of the temperature-
dependent 1H NMR signals (Figure 5b and Table 2b). Due
to partial overlap of the averaged TCNB signal with one of
the bridgehead signals of complexed 2a (Figure 7) the


errors in the rate constants cal-
culated at temperatures T<


�100 8C from the fit of the line-
shape of the TCNB signal are
certainly larger than those cal-
culated from the line shapes of
the separated TCNB signals at
T<�100 C. Therefore, in this
case the enthalpy and entropy
of activation derived from the
temperature dependence of the
rate constants k is only of little
significance, whereas the error
in the Gibbs activation enthalpy
which can be derived from a k
value at a single temperature is
certainly much smaller.[37]


The rapid exchange of the
1H NMR signals of the TCNB
guest protons Ha and Hb ob-
served in complexes 3@1b and
3@2a by 1H NMR spectroscopy
at low temperatures can be ex-
plained by rotation of the guest
molecule inside the tweezer or
clip cavity. The activation barri-


ers calculated for rotation of the TCNB molecule around
the C2 axis (dividing the bonds C


1�C2 and C4�C5) by force-
field MMFF 94[34,35] (Figure 8a, b) are in good agreement
with the experimental values. The activation barriers for
other rotational processes, in which the TCNB molecule ro-


Figure 5. Arrhenius plots (lnk vs T�1 [K�1]) and activation parameters (enthalpy DH�, entropy DS�, and Gibbs
enthalpy DG� of activation) resulting from the temperature dependence of the specific rate constants k listed
in Table 2 for exchange of the TCNB protons Ha and Hb inside the cavity of a) 1b ; b) 2a.


Table 2. Temperature dependence of the specific rate constants k of ex-
change of protons Ha and Hb of TCNB (3) inside the host–guest complex,
determined from the line-shape of the exchanging-guest signals in the
1H NMR spectra (500 MHz, [D8]toluene): a) tweezer 1b and TCNB (3);
b) clip 2a and TCNB (3).


a b
T k T k
[8C] [s�1] [8C] [s�1]


�70 1.3 �110 65
�65 10 �105 (87�7)[a]
�55 (17.5�2.5)[a] �100 (186 �6)[a]
�45 45 �95 327
�35 (109�1)[a] �50 (47000�3000)[a]
�25 209 �40 100000
�15 (735�35)[a] �35 53000
�5 (1550�50)[a] �18 550000
5 2500
15 3140


[a] Rate constants were determined by two independent measurements
on TCNB (3) and 1b or 2a (1:2) and (1:1). Figure 6. 1H NMR spectra (500 MHz, [D8]toluene) of a 2:1 mixture of


clip 2a and TCNB (3) ([2a]0=0.01m, [3]0=0.005m) at different tempera-
tures. Only the signals assigned to the bridgehead protons of 2a and com-
plexed 3 [5 8C: d=3.64 (3), 3.79 (2a-Hc), and 3.99 (2a-Ha); �40 8C: d=
3.65 (3@2a-Hc), 4.07 (3@2a-Ha), and 3.86 (free 2a-Hc), 3.96 (free 2a-Ha)]
are shown. The superimposed red-line fit to the peaks results from line-
shape analysis.
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tates around the C6 axis (through the center of the benzene
ring) and the cyano groups must move through the host


cavity, are calculated to be much higher than the experimen-
tal data.[38] The rotation of the TCNB molecule inside the
tweezer or clip cavity in complexes 3@1b and 3@2a can be
considered to be the dynamic equilibration of noncovalent
conformers. Comparison with the rotational barriers of con-
formers covalently bound by C�C s bonds, for example,
ethane or n-butane, shows that the rotation in the noncova-
lent conformers is even more hindered than in covalently
bound conformers.
Besides rapid guest rotation inside the host cavity, the


TCNB complexes of the molecular tweezers and clips
3@1a,b and 3@2a are kinetically and thermodynamically
very stable. Exchange of the guest molecule between the
host–guest complex and the empty host molecule observed
by temperature-dependent 1H NMR spectroscopy can be
the result either of complete dissociation and reformation of
the host–guest complex (Figure 9, path a) or associative,
SN2-like host–guest exchange (Figure 9, path b). Therefore,
the complex dissociation barriers are either equal to or even
higher than the experimentally determined activation pa-
rameters of the exchange of the guest molecule between the
host–guest complex and the empty host.


Figure 7. 1H NMR spectra (500 MHz, [D8]toluene) of a 2:1 mixture of
clip 2a and TCNB (3) ([2a]0=0.01m, [3]0=0.005m) at different low tem-
peratures. The superimposed red-line fit to the peaks results from line-
shape analysis.


Figure 8. Activation barriers of rotation of TCNB (3) inside the cavity of a) 1a and b) 2a (both around the C2 axis) calculated by force-field
MMFF94.[34,35]
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The finding that the rate constant of the dissociation of
complex 3@1b determined independently by cyclic voltam-
metry experiments performed at different scan rates (k=
200 s�1 at room temperature)[36] is on the same order of
magnitude as that observed for the exchange of TCNB (3)
between complex 3@1b and empty tweezer 1b by tempera-
ture-dependent 1H NMR (k=313 s�1 at 60 8C) suggests that
the latter process also occurs by the dissociative mechanism
(Figure 9, path a). The observation of negative entropies of


activation, however, seems to support the associative mecha-
nism, but this can be also explained with the dissociative
mechanism. In the transition states of the dissociation of
complex 3@1a and 3@2a calculated by force-field MMFF
94, guest rotation inside the host cavity must be restricted,
and the guest molecule 3 is still clipped between the tips of
1a or 2a (Figure 10). Both processes—restriction of rota-
tional and translatory degrees of freedom—contribute nega-
tive terms to the entropy of activation.


Figure 9. Schematic presentation of the exchange of a guest molecule between a host–guest complex and an empty host molecule a) by a dissociative and
b) by an associative SN2-like mechanism.


Figure 10. Schematic description of complex dissociation via path a: a) 3@2a ; b) 3@1b (calculated by force-field MMFF94).[34,35]
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Complex formation between TCNB (3) and tweezer 1b
or clip 2a can be further characterized by the construction
of complete Gibbs enthalpy diagrams for complex associa-
tion/dissociation (Figures 11 and 12) by means of the now-


available kinetic and thermodynamic data. From these dia-
grams it becomes evident that complex formation between 3
and tweezer 1b has a substantial activation barrier, whereas
the activation barrier for formation of complex 3@2a is
small (not far from a diffusion-controlled process). These
findings can be explained by the different topologies of
tweezers 1a,b and clip 2a. The tweezers have the topology
of an almost closed wheel, which requires substantial expan-
sion of the tweezerOs tips in the transition state of complex
formation and makes the inclusion of the guest molecule
inside the cavity a kinetically rather difficult process, where-
as clip 2a has a much more open topology which makes the
inclusion of the guest molecule easier and hence the activa-
tion barrier for this process smaller. The same arguments
can be applied to explain the activation barrier of guest ro-
tation inside the host cavity, which is higher in tweezer com-
plex 3@1b than in clip complex 3a@2a.


In complexes 3@1a,b and 3@2a the cyano groups of the
TCNB guest molecule, which point out of the cavity at the
open tweezer or clip faces, evidently prevent complex disso-
ciation by guest departure through the open tweezer or clip
face and force the guest molecule to leave the cavity
through the hostOs tips. To make this second pathway acces-
sible, too, and to find out whether the association proceeds
under diffusion control in this case, we studied complex for-
mation between diacetoxy-substituted tweezer 1b and tropy-
lium tetrafluoroborate (4). In the 500 MHz 1H NMR spec-
trum of a 2:1 mixture of 1b and 4 in CDCl3/CD3OD (1:1),
in which both components are soluble, at 25 8C the sharp
singlet assigned to the protons of 4 is shifted upfield by
Ddobs=3.13 ppm. The signals at d=6.4 and 6.5 ppm, as-
signed to the protons at one of the terminal benzene rings
of 1b, are already broadened, and this indicates fast ex-
change of guest molecule 4 between complex 4@1b and
empty tweezer 1b. An increase in temperature (T>25 8C)
leads to sharpening of the tweezer signals, whereas a de-
crease in temperature (T>25 8C) leads to further broaden-
ing and finally, at �50 8C, to splitting of these signals into
three signals at d=6.0, 6.1, and 6.8 ppm which could be as-
signed to complex 4@1b and empty 1b, respectively. At
�50 8C exchange is slow, and from the 1H NMR signal as-
signed to the protons of 4 a maximum complexation-induced
shift of the guest protons of Ddmax=3.22 ppm could be ob-
tained (Supporting Information: Figure S3). The sharp
1H NMR signal observed for complexed 4 at �50 8C indi-
cates that guest rotation inside the tweezer cavity is still fast
with respect to the NMR timescale. The binding constant of
the formation of complex 4@1b at 25 8C can be calculated
by use of the starting concentrations [1b]0=0.01m and [4]0=
0.005m and the complexation-induced shifts Ddobs and Ddmax
to be Ka=6750m


�1. The specific rate constants k and activa-
tion parameters of the exchange of guest 4 between complex
4@1b and empty tweezer 1b could again be determined by
line-shape analysis of the temperature-dependent 1H NMR
spectra (Table 1c, Figure 2c). By using the kinetic and ther-
modynamic data, the Gibbs enthalpy diagram can be con-
structed for complex formation between 4 and tweezer 1b
(Figure 11, right). Accordingly, the dissociation barrier of
complex 4@1b (DG�=12.3 kcalmol�1) is significantly small-
er than those of the TCNB–tweezer complexes 3@1a,b
(DG�=16.8 and 15.7 kcalmol�1, respectively) and of similar
size to that of TCNB–clip complex 3@2a (DG�=12.4 kcal
mol�1). This comparison of the dissociation barriers, howev-
er, does not allow any conclusion concerning the question
whether the formation of tropylium complex 4@1b proceeds
differently to that of TCNB complex 3@1b, because all
these complexes are of different thermodynamic stability,
and this contributes to the size of the dissociation barrier.
The association barriers provide the answer to this question.
They are calculated from the experimental kinetic and ther-
modynamic data to be DG�=7.8 and 7.1 kcalmol�1, respec-
tively (Figure 11), and thus of very similar size to those for
formation of tweezer complexes 3@1b and 4@1b. These bar-
riers are significantly larger than that calculated for clip


Figure 11. Gibbs enthalpy diagram of association and dissociation of the
complexes of tweezer 1b with TCNB (3)[39] (left) and tropylium tetra-
fluoroborate (4, right).


Figure 12. Gibbs enthalpy diagram of the association and dissociation of
the complexes of clips 2a (left) and 2b (right) with TCNB (3).[39]
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complex 3@2a (DG�=2.8 kcalmol�1, Figure 12). This find-
ing is good evidence that formation of tropylium complex
4@1b proceeds similarly to that of TCNB complex 3@1b by
picking up the guest molecule through the tips of the tweez-
er. This suggestion is further supported by the finding of a
negative activation entropy of dissociation of 4@1b, compa-
rable to those of 3@1a and 3@2a.
If complex formation indeed occurs as suggested, by entry


of the guest molecule into the cavity through the host tips,
substituents at the tips are expected to affect the size of the
association barrier. To determine the effect of such substitu-
ents we synthesized and investigated the hitherto-unknown
tetrabromo-substituted clip 2b (Scheme 1). Clip 2b can be


prepared analogously to parent clip 2a[30] starting from hex-
abromo-o-xylene 5[40,41] and 5,6-bis(chloromethyl)norbor-
nene (6).[42–44] 1,4-Br2 elimination of 5 by sodium iodide gen-
erates the unstable tetrabromo-o-quinodimethane, which
reacts further with norbornene 6 in the fashion of a Diels–
Alder cycloaddition followed by twofold HBr elimination in
the primary cycloadduct to produce naphthonorbornene 7.
Basic HCl elimination from 7 leads to diene 8. Repetitive
Diels–Alder reactions of diene 8 with norbornadiene 9 as
bis-dienophile proceeded stereoselectively on the endo face
of the diene and the exo face of the bis-dienophile to give
all-syn bis-adduct 10, which was converted to the desired
tetrabromo-substituted clip 2b by oxidative dehydrogena-
tion with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ). In the last step benzonaphthonorbornadiene 11 was
observed as byproduct which can be explained by a retro-
Diels–Alder reaction of a partially dehydrogenated primary
product in the DDQ oxidation of 10. The symmetric struc-
ture of 2b can be unambiguously assigned from its 1H NMR
spectrum (500 MHz, CDCl3), which displays a singlet at d=
2.5 and an AB spectrum at d=2.3, 2.4 for the CH2 protons


of the central (Hg) and peripheral methylene bridges (Hh),
respectively, two signals at d=4.0 (Hc) and 4.1 ppm (Ha) in
a 2:1 ratio for the bridgehead protons, and three singlets at
d=6.7, 7.1 and 7.2 ppm in a 2:2:2 ratio for the remaining ar-
omatic protons (He, Hd, Hb) at the benzene and naphthalene
rings. The 1H NMR signals of 2b show concentration-depen-
dent shifts indicating a self-association process (for details,
see Supporting Information). The specific broadening of the
singlets at d=6.7 (He) and 7.1 ppm (Hd) assigned to the
naphthalene protons indicates that the naphthalene side-
walls are involved in this self-association of 2b.
Tetrabromo-substituted clip 2b forms host–guest com-


plexes with TCNB (3), TCNQ (12), and TNF (13). Complex


formation could be easily detected by the characteristic up-
field shifts of the signals of the guest protons. No complexa-
tion could be detected by this NMR criterion for p-dinitro-
benzene, p- and m-dicyanobenzene, 1,5-difluoro-2,4-dinitro-
benzene, or 1-ethyl-4-(methoxycarbonyl)pyridinium iodide
(Kosower salt) as guest molecules. The maximum complexa-
tion-induced shifts Ddmax, the association constants Ka, and
hence the Gibbs enthalpies DG of association could be de-
termined for the formation of complexes of 2b with 3, 12,
and 13 by 1H NMR titration experiments (Table 3). Clip 2b
forms the most stable, bright yellow complex with 3. The
yellow color of the complex results from a charge transfer
(CT) absorption band at lmax=405 nm (e=789, CHCl3). The
association constant Ka of formation of 3@2b and the ther-
modynamic parameters DH, DS, and DG could be deter-
mined by use of an isothermal titration microcalorimeter
(ITC, Figure 13). The values of Ka and DG derived from the
calorimetric measurements agree well with those obtained
independently by 1H NMR titration experiments (Table 4).
The TCNB and TCNQ complexes of tetrabromo-substi-


tuted clip 2b are substantially less stable, by a factor of 560


Scheme 1. Synthesis of tetrabomo-substituted clip 2b.
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and 2, respectively, than the corresponding complexes of
parent clip 2a, whereas the TNF complex 13@2b is more
stable by a factor of 7.2 than 13@2a (Table 3). These results
can be explained by the effect of the bromo substituents on
the electrostatic potential surface (EPS) and the van der -
Waals contact surface of clip 2b. Evidently, binding of rela-
tively small but highly electron deficient guest molecules
such as TCNB (3) and TCNQ (12) to clips 2a,b is predomi-
nantly electrostatic in nature. Due to the electron-withdraw-
ing bromo substituents, the EPS inside the cavity of 2b is
less negative than that of 2a,[45] and hence complexes 3@2b
and 12@2b are less stable than 3@2a and 12@2a. In the
case of TNF (13) with its extended aromatic p system, the
dispersion forces are more important for host–guest binding.


That explains why clip 2b, with its larger van der Waals con-
tact surface, forms a more stable complex with 13 than 2a
(Figure 14).
The specific rate constants k and the activation parame-


ters of the dissociation of complex 3@2b could again be de-
termined by line-shape analysis of the temperature-depen-
dent 1H NMR spectra of a (2:1) mixture of clip 2b and
TNCB 3 (Table 1d, Figure 2d; Supporting Information: Fig-
ure S4). The complete Gibbs enthalpy diagram (Figure 12,
right), constructed from kinetic and thermodynamic meas-
urements, clearly shows that the Gibbs activation enthalpy
calculated for the formation of complex 3@2b of DG�


ass=


5.2 kcalmol�1 is significantly larger than that of the forma-
tion of 3@2b (DG�


ass=2.9 kcalmol
�1), as is expected for the


entry of the guest molecule into the host cavity through its
tips.


Conclusion


Analysis of the dynamics in host–guest complexes of molec-
ular tweezers 1a,b and clips 2a,b with TCNB (3) and tropy-


Table 3. Comparison of Ddmax, Ka [m
�1], and DG [kcalmol�1] for the formation of complexes between clips 2a and 2b as host molecule and guest mole-


cules 3, 12, and 13 in CDCl3 at 25 8C.


Host
2b 2a


Guest Ddmax Ka DG Ddmax Ka DG


4.6 25600�520 �6.0 4.7
(14.3�0.3)M106 (1:1)[a]
(4.4�0.9)M104 (2:1)[a]


�9.8
�6.3


1.9 1300�100 �4.0 3.3 2600�150 �4.6


0.6 (Ha)
1.8 (Hb)
2.0 (Hc)
2.0 (Hd)
0.6 (He)


940�40 �4.0


1.1 (Ha)
1.5 (Hb)
4.6 (Hc)
4.0 (Hd)
2.1 (He)


130�10 �2.9


[a] ITC measurement.


Figure 13. a) Plot of the experimental calorimetric data: Measured power versus time. b) Analysis of the experimental data: Heat of reaction versus con-
centration ratio [3]/[2b].


Table 4. Thermodynamic data for formation of complex 3@2b calculated
from calorimetric measurements.


Ka DG DH DS
[m�1] [kcalmol�1] [kcalmol�1] [calmol�1K�1]


26500�2000 �6.0[a] �7.1 �3.7
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lium tetrafluoroborate (4) by temperature-dependent
1H NMR spectroscopy allows the conclusion that complex
formation proceeds by clipping of the guest molecule be-
tween the tips of the tweezers before it moves into its final
position inside the host cavity. In the 1H NMR spectra of 3@
1b and 3@2a at very low temperatures, we could observe
that 3 undergoes fast rotation inside the cavity of tweezer
1b or clip 2a. In the TCNB complex of parent tweezer 1a,
guest rotation certainly occurs at a rate comparable to that
in complex 3@1b, but this process cannot be experimentally
detected because the two TCNB protons remain chemically
and hence magnetically equivalent in the complex 3@1a. In
the clip complex 3@2a the association and rotational barri-
ers are smaller by DDG�=3–4 kcalmol�1 than those in
tweezer complexes 3@1a,b. This can be explained by the
more open topology of the trimethylene-bridged clips com-
pared to that of the tetramethylene-bridged tweezers. Final-
ly, the bromo substituents in the newly prepared clip 2b
have a substantial effect on the kinetics and thermodynam-
ics of complex formation. Clip 2b forms weaker complexes
with 3 and TCNQ (12) and a more stable complex with
TNF (13) than parent clip 2a. These results can be ex-
plained by a less negative EPS and a larger van der Waals
contact surface of 2b compared to 2a.


Experimental Section


General : IR: Bio-Rad FTS 135. UV: Varian Cary 300 Bio. 1H NMR,
13C NMR, DEPT, H,H-COSY, C,H-COSY, NOESY, HMQC, HMBC:
Bruker DRX 500; 1H NMR titration experiments: Varian Gemini XL
200 and Bruker DRX 500; the undeuterated residue of the solvent was
used as internal standard. Positions of the protons of the methano bridges
are indicated by the letters i (innen, towards the center of the molecule)
and a (aussen, away from the center of the molecule). MS: Fison Instru-
ments VG ProSpec 3000 (70 eV). All melting points are uncorrected.
Thin-layer chromatography (tlc): Polygram SIL G/UV254 0.2 mm silica gel
with fluorescent indicator. Column chromatography: silica gel 0.063–
0.2 mm. All solvents were distilled prior to use. Ampoules were sealed in
vacuo after three freeze (2-propanol/dry ice) and thaw cycles with argon
as inert gas. Microcalorimetry experiments: All titration experiments
were performed on a TAM 2277 microcalorimeter (Thermometric, JErfEl-


la, Sweden) using the ampoule unit
2277-201. The temperature during the
experiments was 298 K and we used
chloroform as solvent. 1 mL of the re-
ceptor solution was filled into the cell
of the microcalorimeter. The addition
of the substrate solution during the ti-
tration experiment was managed with
a syringe-pump 6120-031, Lund,
Sweden.


cis-2,3-Bis(chloromethyl)-1,4-meth-
ano-1,2,3,4-tetrahydro-6,7-dibromoan-
thracene (7): Powdered sodium iodide
(80 g) was added in one portion to a
stirred solution of hexabromoxylene
5[40, 41] (41 g, 70.0 mmol) and dienophile
6[42–44] (6 g, 31.0 mmol) in anhydrous
DMF (300 mL) at 60 8C under argon.
The mixture was stirred for 5 h and
then poured into ice water (600 mL).


Saturated aqueous NaHSO3 was added to the brownish mixture until its
color turned to light yellow. The resulting precipitate was dissolved in di-
chloromethane (300 mL) and the separated organic phase was washed
with saturated aqueous NaHCO3, water, and dried over anhydrous
MgSO4. After removal of the solvent the crude product was purified by
column chromatography (silica gel, cyclohexane/ethyl acetate 10/1) to
give 7 as a beige solid (6.8 g, 15 mmol, 49%). tlc: Rf (cyclohexane/ethyl
acetate 10/1): 0.67; m.p. 137 8C; 1H NMR (500 MHz, CDCl3): d=1.89 (d,
1H, 2J(13a-H, 13i-H)=9.6 Hz, 13a-H), 1.99 (d, 1H, 2J(13i-H, 13a-H)=
9.6 Hz, 13i-H), 2.57 (m, 2H, 11-H/12-H), 2.84 (m, 2H, 2-H, 3-H), 3.21
(m, 2H, 11-H/12-H), 3.67 (s, 2H, 1-H, 4-H), 7.57 (s, 2H, 9-H, 10-H),
8.08 ppm (s, 2H, 5-H, 8-H); 13C NMR (126 MHz, CDCl3): d=43.61 (t, C-
11, C-12), 44.35 (d, C-2, C-3), 46.96 (t, C-13), 47.43 (d, C-1, C-4) , 120.35
(d, C-9, C-10), 121.35 (s, C-6, C-7), 132.04 (d, C-1, C-4), 132.50 (s, C-8a,
C-10a), 143.68 ppm (s, C-4a, C-9a); IR (KBr): ñ=2989 (CH), 2944 (CH),
2876 (CH), 1642 (C=C), 1581 (C=C), 1400 (CH2), 1033 (CBr), 900 (CH),
729 cm�1 (CCl); UV/Vis (CHCl3): lmax (lge)=275 (3.81), 285 (3.76), 316
(3.13), 330 nm (3.13); MS (70 eV): m/z (%): 448 (84) [M+], 324 (100)
[M+�C4H4Cl2], 243 (90) [M+�C4H4Cl2Br], 163 (76) [M+�C4H4Cl2Br2];
HRMS (70 eV) calcd (C17H14Cl2Br2): 445.8839; found: 445.8901.


2,3-Bis-exo-methylene-1,4-methano-1,2,3,4-tetrahydro-6,7-dibromoanthra-
cene (8): Under argon at 0 8C potassium hydroxide (6 g, 0.11 mol) was
added in portions to a solution of [18]crown-6 (300 mg, 1.13 mmol) and 7
(1.8 g, 4.0 mmol) in tetrahydrofuran (60 mL). The mixture was stirred for
30 min at 0 8C. After 5 h stirring at room temperature the mixture was
poured into ice water (60 mL). The aqueous phase was extracted with di-
ethyl ether (2M60 mL), and the combined organic phases were washed
with water and dried over anhydrous MgSO4. After removal of the dieth-
yl ether the crude product was purified by column chromatography
(silica gel, n-hexane/chloroform 4/1) to give diene 8 as a beige solid
(1.12 g, 2.95 mmol, 73%). tlc: Rf (cyclohexane/ethyl acetate 3/1): 0.90;
m.p. 143 8C; 1H NMR (500 MHz, CDCl3): d=2.03 (d, 1H,


2J(13a-H, 13i-
H)=8.9 Hz, 13a-H), 2.11 (d, 1H, 2J(13i-H, 13a-H)=8.9 Hz, 13i-H), 3.95
(s, 2H, 1-H, 4-H), 5.10 (s, 2H, 11a-H, 12a-H), 5.22 (s, 2H, 11i-H, 12i-H),
7.46 (s, 2H, 9-H, 10-H), 7.99 ppm (s, 2H, 5-H, 8-H); 13C NMR (126 MHz,
CDCl3): d=50.43 (t, C-13), 52.21 (d, C-1, C-4), 103.02 (t, C-11, C-12),
117.78 (d, C-9, C-10), 120.90 (s, C-6, C-7), 131.94 (d, C-5, C-8), 132.70 (s,
C-8a, C-10a), 146.32 (s, C-4a, C-9a), 147.86 ppm (s, C-2, C-3); IR (KBr):
ñ=3160 (CH), 3076 (CH2), 2988/2959/2933 (CH2), 2858 (CH), 1633 (C=
C), 1583 (C=C), 1469 (CH), 1400 (CH2), 1102 (CBr), 886 cm


�1 (CH);
UV/Vis (CHCl3): lmax (lge)=318 (3.25), 333 nm (3.33); MS (70 eV): m/z
(%): 376 (100) [M+], 216 (60) [M+�Br2], 163 (38) [M+�C4H4Br2];
HRMS (70 eV): calcd (C17H12Br2): 373.9306; found: 373.9294.


2,3,13,14-Tetrabromo-6,7,7a,8,8a,9,10,17,18,18a,19,19a,20,21-tetradecahy-
dro-6,21:8,19:10,17-trimethanononacene (10): A solution of diene 8
(1.12 g, 2.95 mmol), bis-dienophile 9 (106 mg, 1.20 mmol), and anhydrous
triethylamine (fifteen drops) in a mixture of anhydrous toluene (8 mL)
and anhydrous acetonitrile (2 mL) saturated with argon was heated to


Figure 14. Geometries of the TNF complexes a) 13@2a and b) 13@2b calculated by force-field MMFF94.[34,35]
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170 8C for three days in a sealed ampoule. The reaction mixture was
cooled overnight in a refrigerator. The precipitated product was filtered
off, washed thoroughly with cold toluene, and dried in vacuo. The brown-
ish product 10 (200 mg, 0.27 mmol, 23%) was used without further purifi-
cation. At room temperature 10 is unstable and decomposes within 24 h.
Therefore, 10 must be used for the next step immediately. 1H NMR
(500 MHz, CDCl3): d=1.41 (m, 4H, 7a-H, 8a-H, 18a-H, 19a-H), 1.55 (s,
2H, 8-H, 19-H), 2.10–2.26 (m, 14H, 7-H2, 8-H, 8-H2, 18-H2, 19-H, 23-H2,
24-H2, 25-H2), 3.60 (s, 4H, 6-H, 10-H, 17-H, 21-H), 7.26 (s, 4H, 1-H, 4-H,
12-H, 15-H), 7.85 ppm (s, 4H, 5-H, 11-H, 16-H, 22-H). The 13C shifts
were not assigned due to the low solubility and the long acquisition time
for a 13C NMR spectrum with respect to the instability of 15 and and
slight contamination by polymers.


2,3,13,14-Tetrabromo-6,8,10,17,19,21-hexahydro-6,21:8,19:10,17-trimetha-
nononacene (2b): DDQ (350 mg, 0.95 mmol) was added to a solution of
10 (200 mg, 0.24 mmol) in anhydrous toluene (20 mL). The intensively
stirred mixture was placed immediately in an oil bath preheated to
110 8C and kept at 110 8C for 3 h. The reaction mixture was allowed to
cool to 50 8C. Excess DDQ was converted to DDQH2 by reaction with
1,4-cyclohexadiene (0.2 mL). After stirring for 15 min at 50 8C the mix-
ture was filtered and the filtrate was concentrated in vacuo. Purification
of the crude product by column chromatography (silica gel, n-hexane/
chloroform 4/1) yielded 2b as a light yellow solid (42 mg, 0.05 mmol).
For further purification the solid was suspended in a small amount of
ethyl acetate and treated for 5 min with ultrasound, the solvent was fil-
tered off, and the remaining product was dried in vacuo. Clip 2b (36 mg,
0.043 mmol, 18%) was obtained as a colorless solid. tlc: Rf (n-hexane/
CHCl3 4/1): 0.14; m.p. >280 8C (decomp);


1H NMR (500 MHz, CDCl3):
d=2.28 (d, 2H, 2J(23i-H, 23a-H)=8.0 Hz, 23i-H, 25i-H), 2.44 (d, 2H,
2J(23a-H, 23i-H)=8.0 Hz, 23a-H, 25a-H), 2.49 (s, 2H, 24-H2), 4.02 (s, 4H,
6-H, 10-H, 17-H, 21-H), 4.09 (s, 2H, 8-H, 19-H), 6.66 (br s, 4H, 1-H, 4-H,
12-H, 15-H), 7.17 (s, 4H, 7-H, 9-H, 18-H, 20-H), 7.21 ppm (br s, 4H, 5-H,
11-H, 16-H, 22-H); 13C NMR (126 MHz, CDCl3): d [ppm]=50.82 (d, C-6,
C-10, C-17, C-21), 51.66 (d, C-8, C-19), 65.60 (t, C-23, C-25), 69.45 (t, C-
24), 116.26 (d, C-7, C-9, C-18, C-20), 117.30 (d, C-1, C-4, C-12, C-15),
120.03 (s, C-2, C-3, C-13, C-14), 130.99 (s, C-4a, C-11a, C-15a, C-22a),
131.37 (d, C-5, C-11, C-16, C-22), 145.93 (s, C-5a, C-10a, C-16a, C-21a),
147.89 (s, C-7a, C-8a, C-18a, C-19a), 148.21 ppm (s, C-6a, C-9a, C-17a, C-
20a); IR (KBr): ñ=3054 (CH), 2977/2935 (CH2), 2862 (CH), 1582 (C=C),
1470/1455 (CH), 1404 (CH2), 1104 (CBr), 901 cm


�1 (CH); UV/Vis
(CHCl3): lmax (lge)=286 (4.24), 321 (3.53), 335 nm (3.60); MS (70 eV) m/
z (%): 836 (100) [M+], 756 (24) [M+�Br], 676 (14) [M+�Br2], 378 (24)
[M+�C16H6Br2], 257 (49) [M+�C25H19Br2]; HRMS (70 eV) calcd
(C41H24Br4): 831.8544; found: 831.8548.


Determination of Ka by
1H NMR titration method : Receptor R and sub-


strate S are in equilibrium with the 1:1 complex RS (R + SÐRS). The
association constant Ka is then defined by Equation (1). [R]0 and [S]0 are
the starting concentrations of the receptor and the substrate, respectively.


Ka ¼
½RS�
½R�½S� ¼


½RS�
ð½R�0�½RS�Þð½S�0�½RS�Þ ð1Þ


The observed chemical shift dobs of the substrate in the
1H NMR spec-


trum is an averaged value between free (d0) and complexed substrate
(dRS), assuming that the exchange is fast on the NMR timescale [Eq. (2)].
Combination of Equations (1) and (2) and the use of differences in chem-
ical shift (Dd=d0�dobs ; Ddmax=d0�dRS) leads to Equation (3).


dobs ¼
½S�


½S� þ ½RS�d0 þ
½RS�


½S� þ ½RS�dRS
ð2Þ


Dd ¼ Ddmax


½S�0


�
1
2


�
½R�0 þ ½S�0 þ


1
Ka


�
�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4


�
½R�0 þ ½S�0 þ


1
Ka


�2


�½R�0½S�0


s �


ð3Þ


In the titration experiments, the total substrate concentration [S]0 was
kept constant, whereas the total receptor concentration [R]0 was varied.
This was achieved by dissolving a defined amount of receptor R in
0.6 mL of a solution containing the substrate concentration [S]0. Dd was
determined from the chemical shift of the pure substrate and the chemi-
cal shift of the substrate measured in the 1H NMR spectrum (500 MHz,
25 8C) of this mixture. Successive addition of further solution containing
[S]0 leads to a dilution of the concentration [R]0 in the mixture, while [S]0
is kept constant. Measurement of the chemical shift of the substrate as a
function of the concentration [R]0 afforded the data pairs Dd and [R]0.
Fitting of these data to the 1:1 binding isotherm by iterative methods[46]


delivered the parameters Ka and Ddmax.


In the case of substrates having more than one kind of nonequivalent
protons, the determination of the association constants Ka sometimes
leads to different values of Ka. This may result from increasing errors
caused by decreasing Ddmax values. To minimize such errors the associa-
tion constants Ka were determined for that proton of the substrate S dis-
playing the largest value for Ddmax. The Ddmax values of the other kind of
substrate protons were calculated by use of Equation (5). Equation (5)
was derived from the relationship between [RS] and the observed Dd


and Ddmax of each kind of guest protons shown in Equation (4).


½RS� ¼ ½S�0
Dd1


Dd1,max
¼ ½S�0


Dd2


Dd2,max
¼ ½S�0


Ddn


Ddn,max
ð4Þ


Ddn,max ¼ dn
Dd1


Dd1,max
ð5Þ


The corresponding maximum complexation-induced shifts DdR,max of the
protons of the receptor R=2b were not determined due to its concentra-
tion-dependent chemical shifts. The observed shifts for all protons of 2b
in the absence of any substrate in the concentration range of 2.1M10�3 to
3.3M10�5m in CDCl3 is documented in the Supporting Information: Table
S1.


Determination of the activation parameters DH�, DS�, and DG� by line-
shape analysis : The exchange frequency k of the investigated process was
determined by simulation of the corresponding 1H NMR spectra with the
computer program WINDYNA.[47] The activation parameters are derived
by utilizing the temperature dependence of the frequency k. The Arrhe-
nius correlation is shown in Equation (6)


k ¼ A exp
�
� Ea


RT


�
ð6Þ


where k is the exchange frequency, A the preexponential factor, R the
general gas constant, Ea the activation energy, and T the temperature.


The logarithmic form of the Arrhenius correlation is shown in Equa-
tion (7).


ln k ¼ lnA�Ea


R
1
T


ð7Þ


The exchange frequencies k are determined iteratively at different tem-
peratures. By the use of Equation (7) lnk is plotted against T�1, and a
linear regression analysis is performed. From this analysis the preexpo-
nential factor A results from the axis intercept and the activation energy
Ea from the slope. From this data the activation parameters are finally
calculated by the use of Equations (8)–(10)


DS� ¼ R
�
lnA�ln


�
kBT
h


�
�1


�
ð8Þ
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DH� ¼ Ea�RT ð9Þ


DG� ¼ DH��TDS� ð10Þ


where A is the preexponential factor, Ea the activation energy, T the tem-
perature, R the general gas constant (1.987 calmol�1K�1), kB the Boltz-
mann constant (3.302M10�24 calmol�1, and h the Planck constant (1.584M
10�34 cal s).
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Introduction


The knowledge of leaving group abilities is of similar impor-
tance for the understanding of nucleophilic substitution re-
actions as the knowledge of nucleophilic properties. While
the latter aspect has been the topic of numerous investiga-
tions for more than half a century,[1] much less attention has
been paid to the quantification of nucleofugalities,[2,3] and
most textbooks confine themselves to the qualitative rule
that leaving group abilities of X� increase with increasing
acidities of the conjugate acids HX.[4]


It is obvious that a general nucleofugality scale cannot
exist. Relative leaving group abilities do not only depend on
the mechanism—SN1 or SN2—but even within one type of
mechanism they depend on substrate and solvent.


Nucleofuge : A leaving group that carries away the bonding
electron pair[43] (for example, X� in Equation (1) below).


Electrofuge : A leaving group that does not carry away the
bonding electron pair[43] (for example, R+ in Equation (1)
below, or H+ in the nitration of benzene by NO2


+).


Nucleofugality and electrofugality are kinetic terms describ-
ing leaving group abilities. They are related to the kinetic
terms nucleophilicity and electrophilicity and the thermody-
namic terms Lewis basicity and Lewis acidity, respectively.


Specifically in this work nucleofugality is defined for combi-
nations of leaving groups and solvents, while differential ef-
fects of solvents on electrofugality are neglected.


In SN1-type solvolyses, for example, large leaving groups
(tosylates) come off particularly fast from bulky substrates,
due to steric repulsions in the ground state (back strain).[5]


Furthermore, geminal interactions between the leaving
group and other substituents at the reaction center are vari-
able (e.g., anomeric effect)[6] and, therefore, account for the
dependence of relative nucleofugalities on the nature of the
electrofuges.


The observation that benzhydryl bromides solvolyze
about 30 times faster in ethanol than the corresponding
chlorides (see below), while the leaving group abilities of
bromide and chloride are comparable in trifluoroethanol, il-
lustrate the dependence of relative leaving group abilities
on the solvent. Even more pronounced solvent effects on
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Faculty of Pharmacy and Biochemistry, University of Zagreb
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Abstract: A series of 21 benzhydrylium
ions (diarylmethylium ions) are pro-
posed as reference electrofuges for the
development of a general nucleofugali-
ty scale, where nucleofugality refers to
a combination of leaving group and
solvent. A total of 167 solvolysis rate
constants of benzhydrylium tosylates,
bromides, chlorides, trifluoroacetates,
3,5-dinitrobenzoates, and 4-nitroben-
zoates, two-thirds of which have been


determined during this work, were sub-
jected to a least-squares fit according
to the correlation equation logk25 8C =


sf(Nf + Ef), where sf and Nf are nucleo-
fuge-specific parameters and Ef is an
electrofuge-specific parameter. Al-


though nucleofuges and electrofuges
characterized in this way cover more
than 12 orders of magnitude, a single
set of the parameters, namely sf, Nf,
and Ef, is sufficient to calculate the sol-
volysis rate constants at 25 8C with an
accuracy of �16%. Because sf�1 for
all nucleofuges, that is, leaving group/
solvent combinations, studied so far,
qualitative discussions of nucleofugality
can be based on Nf.


Keywords: carbocations · kinetics ·
nucleophilic substitution · reaction
mechanisms · solvent effects
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relative leaving group abilities are encountered when anion-
ic and neutral leaving groups are compared.[7,8] Thus, a
change from ethanol to 20% aqueous ethanol increases the
solvolysis rate of 1-adamantyl chloride by a factor of 106.6


(at 25 8C),[9] whereas the same variation of solvents acceler-
ated the solvolysis of the 1-adamantyldimethylsulfonium ion
by a factor of only 1.7 (at 70.4 8C).[8]


For these reasons, comparisons of leaving group abilities
have to refer to certain reference reactions, for example, the
rate constants for the reaction in Equation (1) for a given R
in a certain solvent at a certain temperature.


R�X
EtOH=25 oC


k
������!Rþ þX� ! Products ð1Þ


However, nucleofugality scales derived in this way cover
only narrow ranges. For the determination of solvolysis
rates, the substrate has to be dissolved in the corresponding
medium, and because of the mixing problem, it is very diffi-
cult to investigate solvolysis reactions with k>102 s�1. While
rate constants of this order of magnitude may be obtained
for solvent mixtures by means of stopped-flow techniques,
the limitation for pure solvents is even lower. On the other
hand, the study of reactions with k<10�5 s�1 takes a long
time, and even when investigations at variable temperature
are considered, it is difficult to develop nucleofugality scales
based on single reference electrofuges R+ , which exceed ten
orders of magnitude. In practice, this range is even smaller,
and the core of the well-known nucleofugality scale by
Noyce,[2a] which is based on solvolysis rates of 1-phenylethyl
derivatives in 80% aqueous ethanol, covers only six orders
of magnitude. Noyce extended this scale to 14 orders of
magnitude by including substituted 1-phenylethyl derivatives
and assuming constant reactivity ratios.


We now report that a comprehensive nucleofugality scale
may be constructed by the same procedure that had ren-
dered the most extended nucleophilicity scales presently
available.[10]


Results and Discussion


By using highly stabilized benzhydrylium ions for character-
izing strong nucleophiles and non- or weakly stabilized
benzhydrylium ions to characterize weak nucleophiles, the
method of overlapping reactivity series had allowed us to
quantitatively compare nucleophiles as weak as benzene
with nucleophiles as strong as malonate and thiolate
ions.[11–16] Equation (2), where s and N are nucleophile-spe-
cific parameters and E is an electrophile-specific parameter,
presently includes electrophiles and nucleophiles that differ
by almost 30 orders of magnitude.


log k ¼ sðN þ EÞ ð2Þ


In analogy to this procedure, which employed benzhydry-
lium ions as the reference electrophiles, we now use p- and
m-substituted benzhydrylium ions as reference electrofuges.


In this way, the steric requirements of the electrofuges are
kept constant. Furthermore, the use of benzhydrylium ions
as reference electrophiles in electrophile/nucleophile combi-
nations and as reference electrofuges in heterolysis reactions
will allow us to elucidate the relationships between the two
types of scales.


Combinations of poor leaving groups (weak nucleofuges)
with highly stabilized benzhydrylium ions (good electrofug-
es), for example, A, and combinations of good leaving
groups (good nucleofuges) with destabilized benzhydrylium
ions (poor electrofuges), for example, B, give substrates that
solvolyze at rates that can be measured conveniently.[17]


Because of the variable solvent effects on the leaving
group abilities of different groups X, the nucleofuge-specific
parameters sf and Nf, defined by Equation (3), will generally
refer to combinations of leaving groups and solvents, for ex-
ample, Cl� in EtOH or dinitrobenzoate in 80% aqueous
acetone.


log ks ¼ sfðNf þ EfÞ ð3Þ


sf, Nf : nucleofuge-specific parameters,
Ef : electrofuge-specific parameter.


As previously discussed for Equation (2),[10,11] the special
types of the linear free-energy relationships [Eq. (2) and
Eq. (3)], which define N (or Nf) as the negative intercepts
on the abscissa (E or Ef axis), render nucleophilicity param-
eters N or nucleofugality parameters Nf that are not strongly
dependent on the slopes. This is because the intersections of
the correlation lines with the abscissa are within or close to
the experimental range and never require long-ranging ex-
trapolations, which would be inevitable if nucleophilicity or
nucleofugality would be defined as intercepts on the ordi-
nate.


By selecting common leaving groups (LG), for example,
p-tosylate (OTs), bromide, chloride, trifluoroacetate, 3,5-di-
nitrobenzoate (DNB), and 4-nitrobenzoate (PNB), and
common solvents (ethanol, methanol, 80% aqueous ethanol,
80 and 90% aqueous acetone, and trifluoroethanol) for our
investigations (Scheme 1), it is possible to employ a mani-
fold of literature data for the correlations.


Kinetics : All solvolysis rate constants determined during
this work were derived from conductivity measurements.
Whenever possible, the experiments were carried out at
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25 8C. If the reactions were too fast or too slow at this tem-
perature, the kinetics were determined at lower or at elevat-
ed temperatures, and the Eyring equation was used to ex-
trapolate to 25 8C.


Table 1[18–30] summarizes all solvolysis rate constants ks


(s�1) that were employed to calculate the electrofugality and
nucleofugality parameters according to Equation (3). In
cases where different solvolysis rate constants for the same
substrate under the same conditions are given in the litera-
ture, only the ks that is closest to the calculated value from
the correlation equation (kcalcd) is given in Table 1. All avail-
able rate constants are listed in Table S1 of the Supporting
Information.


The solvolysis rate constants given in Table 1 were sub-
jected to a least-squares fit according to Equation (3): �D2,
as defined in Equation (4), was minimized[31] to yield the op-
timized parameters Nf and sf (Table 2) as well as Ef


(Table 3). In order to link Equation (3) to Equation (2), Ef


Scheme 1. Solvolysis reactions of X,Y-substituted benzhydryl derivatives
with different leaving groups.


Table 1. Solvolysis rate constants of X,Y-substituted benzhydryl derivatives in different solvents (25 8C).


Nucleofuge Electrofuge ks [s
�1] kcalcd [s


�1][a] Ref.
Leaving group Solvent[b] X,Y


TsO 90A10W H 3.01Q10�1 2.74Q10�1 –
3-Cl, 4’-Cl 2.60Q10�3 3.31Q10�3 –
3-Cl, 3’-Cl 2.05Q10�4 1.77Q10�4 –


Br 90A10W 4-Me, 4’-Me 6.24Q10�2 6.98Q10�2 –
4-OPh 6.86Q10�2 5.87Q10�2 –
4-Me 4.08Q10�3 4.40Q10�3 –
4-F 3.60Q10�4 3.50Q10�4 –
H 1.87Q10�4 1.88Q10�4 –
4-Cl 6.45Q10�5 6.40Q10�5 –


Cl 90A10W 4-Me, 4’-Me 1.83Q10�3 1.79Q10�3 –
4-Me 1.11Q10�4 1.16Q10�4 –
4-F 9.78Q10�6 9.47Q10�6 –
H 5.07Q10�6 5.11Q10�6 [18]


CF3CO2 90A10W 4-OMe 1.44Q10�2 1.52Q10�2 –
4-Me, 4’-Me 7.97Q10�4 7.12Q10�4 –
4-Me 4.95Q10�5 5.26Q10�5 –


DNB 90A10W 4-OMe, 4’-OMe 9.42Q10�4 [c] 9.33Q10�4 –
4-OMe, 4’-OPh 1.01Q10�4 [c] 1.04Q10�4 –
4-OMe, 4’-Me 2.87Q10�5 [c] 2.82Q10�5 –


TsO 80A20W 3-Cl, 4’-Cl 1.41Q10�2 1.45Q10�2 –
3-Cl, 3’-Cl 1.07Q10�3 1.01Q10�3 –
3,5-(Cl)2, 3’-Cl 4.05Q10�5 4.16Q10�5 –


Br 80A20W 4-OPh 2.59Q10�1 3.54Q10�1 [19a]
4-Me 4.54Q10�2 3.45Q10�2 –
3,5-(Me)2 8.99Q10�3 6.62Q10�3 [19b]
4-OPh, 4’-NO2 5.19Q10�3 4.73Q10�3 [20]
4-F 3.71Q10�3 3.55Q10�3 –
3-Me 4.08Q10�3 3.53Q10�3 [19a]
H 2.03Q10�3 2.02Q10�3 –
4-Cl 6.81Q10�4 7.69Q10�4 –
4-Br 4.60Q10�4 5.58Q10�4 [19a]
4-Cl, 4’-Cl 2.72Q10�4 3.09Q10�4 –
3-Cl 4.42Q10�5 6.14Q10�5 [19a]
4-NO2 3.33Q10�6 2.67Q10�6 [21]


Cl 80A20W 4-Me, 4’-Me 2.79Q10�2 2.96Q10�2 –
4-OPh 2.64Q10�2 2.55Q10�2 –
4-Me 1.76Q10�3 1.74Q10�3 –
3,5-(Me)2 2.25Q10�4 2.65Q10�4 [22]
4-OPh, 4’-NO2 2.05Q10�4 1.81Q10�4 [20]
4-F 1.34Q10�4 1.30Q10�4 –
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Table 1. (Continued)


Nucleofuge Electrofuge ks [s
�1] kcalcd [s


�1][a] Ref.
Leaving group Solvent[b] X,Y


Cl 80A20W 3-Me 1.22Q10�4 1.29Q10�4 [22]
H 6.82Q10�5 6.86Q10�5 –
4-Cl 2.31Q10�5 2.27Q10�5 [23]
4-Br 1.66Q10�5 1.58Q10�5 [18]
4-Cl, 4’-Cl 8.40Q10�6 8.03Q10�6 [18]
3-Cl 1.20Q10�6 1.27Q10�6 [24]


CF3CO2 80A20W 4-Me, 4’-Me 3.77Q10�3 3.59Q10�3 –
4-Me 2.85Q10�4 3.11Q10�4 –
4-F 3.24Q10�5 3.32Q10�5 –
H 2.04Q10�5 1.91Q10�5 [19a]


DNB 80A20W 4-OMe, 4’-OMe 2.99Q10�3 [c] 3.09Q10�3 –
4-OMe, 4’-OPh 3.34Q10�4 [c] 3.79Q10�4 –
4-OMe, 4’-Me 1.08Q10�4 [c] 1.09Q10�4 –
4-OMe 1.85Q10�5 [c] 1.47Q10�5 –
H 4.39Q10�10 4.65Q10�10 [19a]


TsO ethanol 3-Cl 5.57Q10�2 5.47Q10�2 –
3-Cl, 4’-Cl 2.83Q10�2 2.47Q10�2 –
3-Cl, 3’-Cl 1.83Q10�3 2.12Q10�3 –
3,5-(Cl)2, 3’-Cl 9.65Q10�5 1.12Q10�4 –
3,5-(Cl)2, 3’,5’-(Cl)2 5.81Q10�6 5.06Q10�6 –


Br ethanol 4-Me 2.95Q10�2 2.67Q10�2 –
4-OPh, 4’-NO2 3.55Q10�3 3.45Q10�3 [20]
4-F 2.38Q10�3 2.56Q10�3 –
H 1.34Q10�3 1.44Q10�3 –
4-Cl 5.00Q10�4 5.32Q10�4 –
4-Cl, 4’-Cl 2.10Q10�4 2.08Q10�4 –
3-Cl, 4’-Cl 1.58Q10�5 1.48Q10�5 –


Cl ethanol 4-OMe, 4’-OMe 5.72Q101 7.36Q101 [25]
4-OMe, 4’-OPh 1.52Q101 1.15Q101 [25]
4-OMe, 4’-Me 5.14 3.81 [25]
4-OMe 5.00Q10�1 6.44Q10�1 [25]
4-Me, 4’-Me 2.17Q10�2 2.48Q10�2 –
4-OPh 2.22Q10�2 2.09Q10�2 [25]
4-Me 1.54Q10�3 1.55Q10�3 –
3,5-(Me)2 2.25Q10�4 2.46Q10�4 [26b]
4-OPh, 4’-NO2 2.67Q10�4 1.69Q10�4 [20]
4-F 1.07Q10�4 1.23Q10�4 –
3-Me 1.12Q10�4 1.22Q10�4 [26a]
H 5.54Q10�5 6.57Q10�5 –
4-Cl 2.06Q10�5 2.23Q10�5 [26a]
4-Br 1.61Q10�5 1.56Q10�5 [26a]
4-Cl, 4’-Cl 8.07Q10�6 8.05Q10�6 [26b]
3-Cl 1.25Q10�6 1.33Q10�6 [26a]
3-Cl, 4’-Cl 5.03Q10�7 4.58Q10�7 [26c]
4-NO2 4.24Q10�8 4.03Q10�8 [26a]


CF3CO2 ethanol 4-OMe 2.86Q10�2 2.95Q10�2 –
4-Me, 4’-Me 1.89Q10�3 1.73Q10�3 –
4-Me 1.40Q10�4 1.54Q10�4 –
4-F 1.84Q10�5 1.69Q10�5 –
H 9.37Q10�6 9.81Q10�6 –


DNB ethanol 4-OMe, 4’-OMe 5.79Q10�3 [c] 5.64Q10�3 –
4-OMe, 4’-OPh 7.52Q10�4 [c] 7.23Q10�4 –
4-OMe, 4’-Me 1.88Q10�4 [c] 2.14Q10�4 –
4-OMe 3.22Q10�5 [c] 3.01Q10�5 –


TsO 80E20W 3-Cl 6.54Q10�1 5.99Q10�1 –
3-Cl, 4’-Cl 2.72Q10�1 2.60Q10�1 –
3-Cl, 3’-Cl 1.59Q10�2 1.96Q10�2 –
3,5-(Cl)2, 3’-Cl 9.13Q10�4 8.93Q10�4 –
3,5-(Cl)2, 3’,5’-(Cl)2 3.64Q10�5 3.45Q10�5 –


Br 80E20W 4-OPh, 4’-NO2 4.72Q10�2 6.75Q10�2 [20]
4-F 5.88Q10�2 4.99Q10�2 [27]
H 3.04Q10�2 2.78Q10�2 [27]
4-Cl 1.21Q10�2 1.01Q10�2 –
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Table 1. (Continued)


Nucleofuge Electrofuge ks [s
�1] kcalcd [s


�1][a] Ref.
Leaving group Solvent[b] X,Y


Br 80E20W 4-Cl, 4’-Cl 4.81Q10�3 3.90Q10�3 –
3-Cl 6.48Q10�4 7.24Q10�4 [27]
3-Cl, 4’-Cl 2.59Q10�4 2.67Q10�4 –
4-NO2 2.63Q10�5 2.74Q10�5 [27]
3-Cl, 3’-Cl 8.99Q10�6 1.23Q10�5 –
3,5-(Cl)2, 3’-Cl 3.84Q10�7 3.10Q10�7 –


Cl 80E20W 4-Me 4.64Q10�2 4.26Q10�2 –
3,5-(Me)2 5.84Q10�3 6.98Q10�3 [22]
4-OPh, 4’-NO2 4.26Q10�3 4.83Q10�3 [20]
4-F 3.67Q10�3 3.52Q10�3 –
3-Me 3.40Q10�3 3.50Q10�3 [22]
H 2.04Q10�3 1.91Q10�3 –
4-Cl 7.29Q10�4 6.60Q10�4 –
4-Cl, 4’-Cl 2.86Q10�4 2.43Q10�4 –
3-Cl 3.56Q10�5 4.14Q10�5 [24]
3-Cl, 4’-Cl 1.53Q10�5 1.45Q10�5 –
4-NO2 1.30Q10�6 1.33Q10�6 [24]


CF3CO2 80E20W 4-Me, 4’-Me 2.30Q10�2 2.23Q10�2 –
4-Me 2.10Q10�3 2.28Q10�3 –
4-F 3.27Q10�4 2.83Q10�4 –
H 1.55Q10�4 1.69Q10�4 –


DNB 80E20W 4-OMe, 4’-OMe 3.93Q10�2 3.78Q10�2 –
4-OMe, 4’-OPh 5.59Q10�3 5.95Q10�3 –
4-OMe, 4’-Me 1.98Q10�3 1.99Q10�3 –
4-OMe 3.50Q10�4 3.40Q10�4 –


PNB 80E20W 4-OMe, 4’-OMe 2.65Q10�3 2.12Q10�3 –
4-OMe, 4’-OPh 3.35Q10�4 3.69Q10�4 –
4-OMe, 4’-Me 1.11Q10�4 1.31Q10�4 –
4-OMe 2.38Q10�5 2.46Q10�5 –
4-Me, 4’-Me 1.19Q10�6 1.15Q10�6 [28]
H 4.50Q10�9 4.32Q10�9 [2c]


Br methanol 4-OPh, 4’-NO2 4.74Q10�2 4.47Q10�2 [20]
4-F 2.92Q10�2 3.26Q10�2 [27]
H 1.76Q10�2 1.76Q10�2 [27]
3-Cl 4.22Q10�4 3.78Q10�4 [27]
4-NO2 1.14Q10�5 1.21Q10�5 [27]


Cl methanol 4-Me 1.98Q10�2 2.01Q10�2 [24]
3,5-(Me)2 3.87Q10�3 3.29Q10�3 [26b]
4-OPh, 4’-NO2 2.18Q10�3 2.28Q10�3 [20]
4-F 1.38Q10�3 1.66Q10�3 [26a]
3-Me 1.74Q10�3 1.65Q10�3 [26a]
H 8.33Q10�4 8.97Q10�4 [29]
4-Cl 2.97Q10�4 3.11Q10�4 [26a]
4-Br 2.39Q10�4 2.18Q10�4 [26a]
4-Cl, 4’-Cl 1.15Q10�4 1.14Q10�4 [26b]
3-Cl 1.93Q10�5 1.94Q10�5 [24]
3-Cl, 4’-Cl 8.21Q10�6 6.83Q10�6 [26c]
4-NO2 5.50Q10�7 6.25Q10�7 [30]


TsO TFE[f] 3,5-(Cl)2, 3’-Cl 4.36Q10�2 4.36Q10�2 [d] –


3,5-(Cl)2, 3’,5’-(Cl)2 1.07Q10�3 1.07Q10�3 [d] –


Br TFE[f] H 1.10 1.36 –
4-Cl, 4’-Cl 1.52Q10�1 1.97Q10�1 –
3-Cl 6.62Q10�2 3.76Q10�2 –
3-Cl, 4’-Cl 1.40Q10�2 1.41Q10�2 –
4-NO2 2.89Q10�4 [e] (1.50Q10�3) [27]
3-Cl, 3’-Cl 6.70Q10�4 6.82Q10�4 –
3,5-(Cl)2, 3’-Cl 1.99Q10�5 1.82Q10�5 –
3,5-(Cl)2, 3’,5’-(Cl)2 3.41Q10�7 4.00Q10�7 –


Cl TFE[f] 4-OPh, 4’-NO2 6.34Q10�1 8.60Q10�1 [20]
H 6.17Q10�1 3.94Q10�1 –
4-Cl, 4’-Cl 6.40Q10�2 6.98Q10�2 –
3-Cl 1.52Q10�2 1.58Q10�2 –
3-Cl, 4’-Cl 4.85Q10�3 6.59Q10�3 –
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for the dianisylcarbenium ion (X, Y = 4-OMe, 4’-OMe) was
set to 0.00 (as was E for this carbocation), and sf for the
leaving group/solvent combination chloride/ethanol was set
to 1.00. Details of the optimization procedure are given in
the Supporting Information.


X
D2 ¼


X
ðlog ks�log kcalcdÞ2 ¼


X
ðlog ks�sfðNf þ EfÞÞ2


ð4Þ


The good agreement between experimental and calculat-
ed rate constants shown in Table 1 and the graphical repre-
sentation of some of the linear correlations (Figure 1) show
that Equation (3) is indeed well-suited for correlating the
solvolysis rate constants listed in Table 1.


Table 1. (Continued)


Nucleofuge Electrofuge ks [s
�1] kcalcd [s


�1][a] Ref.
Leaving group Solvent[b] X,Y


Cl TFE[f] 4-NO2 5.44Q10�5 [e] (8.87Q10�4) [24]
3-Cl, 3’-Cl 7.20Q10�4 4.38Q10�4 –


Table 2. Nucleofugality parameters Nf and sf for leaving groups (LG) in various solvents.[a]


LG Nf/sf
90A10W 80A20W EtOH 80E20W MeOH TFE


TsO 5.42/0.89 5.94/0.81 6.05/0.75 7.46/0.79 – 9.82/0.89[b]


Br 2.31/1.00 3.04/0.90 2.97/0.92 4.39/0.94 4.27/0.98 6.20/0.92
Cl 0.69/0.99 1.98/1.02 1.87/1.00[c] 3.28/0.98 2.95/0.98 5.56/0.82
CF3CO2 0.12/0.94 0.70/0.88 0.30/0.87 1.46/0.82 – –
DNB �2.57/1.18 �2.23/1.13 �2.04/1.10 �1.43/0.99 – –
PNB – – – �2.84/0.94 – –


[a] Mixtures of solvents are given as (v/v); solvents: A=acetone, E=ethanol, TFE=2,2,2-trifluoroethanol, W=water. [b] Only two solvolysis rate con-
stants were available for a tentative determination of Nf and sf. [c] The predefined slope parameter for chloride in ethanol (sf=1.00) was kept constant
during the optimization procedure.


Table 3. Electrofugality (Ef) and electrophilicity (E) parameters of X,Y-
substituted benzhydryl derivatives.


No. X Y Ef E[a]


1 4-OCH3 4-OCH3 0.00[b] 0.00
2 4-OCH3 4-OPh �0.81 0.61
3 4-OCH3 4-CH3 �1.29 1.48
4 4-OCH3 H �2.06 2.11
5 4-CH3 4-CH3 �3.47 3.63
6 4-OPh H �3.55 2.90
7 4-CH3 H �4.68 4.59
8 3,5-(CH3)2 H �5.48 –
9 4-OPh 4-NO2 �5.64 –
10 4-F H �5.78 5.60
11 3-CH3 H �5.78 –
12 H H �6.05 5.90
13 4-Cl H �6.52 –
14 4-Br H �6.67 –
15 4-Cl 4-Cl �6.96 6.02
16 3-Cl H �7.74 –
17 3-Cl 4-Cl �8.21 –
18 4-NO2 H �9.26 –
19 3-Cl 3-Cl �9.63 –
20 3,5-(Cl)2 3-Cl �11.34 –
21 3,5-(Cl)2 3,5-(Cl)2 �13.14 –


[a] From ref. [10a]. [b] The predefined electrofugality Ef=0 was kept
constant during the optimization procedure.


Figure 1. Plot of logks (25 8C, from Table 1) vs Ef (from Table 3) for the
solvolysis reactions of X,Y-substituted benzhydryl derivatives in various
solvents. Mixtures of solvents are given as (v/v); solvents: W=water, A=


acetone, E=ethanol, M=methanol, TFE=2,2,2-trifluoroethanol. The
solvolysis rate constant for the 4-nitrobenzhydryl chloride in TFE (~)
was not used for the correlation. In order to avoid overlaps, only 11 of
the 26 correlations are shown; all correlation lines are depicted in the
Supporting Information.
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The similarity of the slopes sf implies that variation of the
carbocations has similar effects on the ionization rates of
different esters in different solvents. So far, we have not
been able to interpret the small differences in sf, which are
neglected in the following qualitative treatments.


Figure 2 illustrates the increase of nucleofugality from 4-
nitrobenzoate to tosylate in 80% aqueous ethanol by more


than ten orders of magnitude. Since, for most leaving
groups, the reactivities in 100% ethanol and 80% aqueous
acetone are very similar (Tables 1 and 2), the latter parame-
ters could not be included in the graphical presentation of
Figure 2. Our method of assigning nucleofugality parameters
to combinations of leaving groups and solvents is an alterna-
tive to previous approaches that employ different Y scales
for different leaving groups.[3c,32–34]


The solvent effect on ionization rates, which is illustrated
by Nf in Table 2 and Figure 2, is alternatively illustrated in
Figure 3. It can be seen that the solvent dependence is stron-
gest for Cl and decreases in the order Cl>Br�OTs>
CF3CO2>DNB. This order correlates qualitatively with the
localization of charge in the anionic leaving group, that is,
the necessity of anion solvation, and not with the nucleofu-
gality Nf. In agreement with this observation, Bentley and
Roberts reported a slope of 0.7 when solvolysis rates of 1-
adamantyl trifluoroacetate in a variety of solvents were plot-
ted against the solvolysis rates of 1-adamantyl chloride
(25 8C).[35] An analogous correlation between the solvolysis
rate constants for 1-adamantyl picrate[36] and 1-adamantyl
chloride,[9] with a slope of 0.5, reflects the even better delo-


calization of charge density in the picrate leaving group. Be-
cause of the small number of data points for the correlations
in Figure 3, we refrain from a quantitative discussion of the
slopes.


The linear correlation between the electrofugality param-
eters Ef versus the Hammett s[37] constants, with a slope of
1=�4.39 (Figure 4), is in agreement with previous analyses
by Tsuno and Fujio, who systematically studied the devia-
tions of donor/acceptor-substituted benzhydrylium systems
from this correlation.[38]


Figure 2. Nucleofugalities Nf for typical leaving groups in the reference
solvents used in this work (data from Table 2). Mixtures of solvents are
given as (v/v); solvents: 90A=90% aq. acetone, 80E=80% aq. ethanol,
100E=ethanol, TFE=2,2,2-trifluoroethanol.


Figure 3. Plot of Nf(LG) vs Nf(Cl) in different solvents. Mixtures of sol-
vents are given as (v/v); solvents: 90A=90% aq. acetone, 80A=80%
aq. acetone, E=ethanol, 80E=80% aq. ethanol.


Figure 4. Correlation of the electrofugality parameters Ef of benzhydryli-
um ions (Table 3) with Hammett s constants (from ref. [37]). Ef=


�4.39�s�6.14, n=20, r2=0.9917; the deviating point of 4-nitro-4’-phe-
noxybenzhydrylium (*) is not included in the correlation.
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A comparison of the electrofugality parameters Ef with
the available electrophilicity parameters E (Table 3) shows
that in most cases Ef��E, but that the 4-phenoxy- and 4,4’-
dichloro-substituted benzhydrylium ions are poorer electro-
fuges than expected on the basis of their electrophilicities
(Figure 5). The reason for these deviations is not clear at
present. It now has to be examined whether the good corre-
lation between electrofugality Ef and electrophilicity E
shown in Figure 5 also holds for other types of carbocations
and for systems with Ef>0 and Ef<�6.


Conclusion


The excellent correlations shown in Figure 1 indicate that
our goal of developing a basis for a general nucleofugality
scale has indeed been achieved. In the succeeding paper, we
will show how this method can be employed for characteriz-
ing other nucleofuges and electrofuges and for estimating
absolute solvolysis rate constants.


Experimental Section


Caution: One or more of the chloro-substituted benzhydryl compounds
cause severe irritation of the skin and should be handled with extreme
care.


Benzhydryl derivatives : Chloro-substituted benzhydrols were prepared
by reactions of substituted benzaldehydes with Grignard reagents, which
were obtained from bromoarenes. Treatment of benzhydrol solutions in
benzene with 4-nitrobenzoyl chloride or 3,5-dinitrobenzoyl chloride in
the presence of pyridine furnished benzhydryl 4-nitrobenzoates and 3,5-
dinitrobenzoates, respectively.[39,40] Benzhydryl trifluoroacetates were pre-
pared from benzhydrols and trifluoroacetic anhydride in dry diethyl
ether according to the procedure published by Bunton and Hadwick.[41]


Benzhydryl chlorides were obtained from the reaction of benzhydrols
with thionyl chloride in dichloromethane. Benzhydryl bromides were pre-
pared by treatment of benzhydrols with phosphorus tribromide in di-
chloromethane. 3,3’,5-Trichlorobenzhydryl tosylate was obtained from


3,3’,5-trichlorobenzhydrol by treatment with n-butyllithium at �78 8C and
subsequent addition of tosyl chloride. All other benzhydryl tosylates
were prepared according to the procedure published by Cheeseman and
Poller[42] by addition of silver tosylate to solutions of the benzhydryl
chlorides in diethyl ether. Detailed procedures and characterizations of
the new compounds are given in the Supporting Information.


Kinetics : Solvolysis rates of benzhydrylium derivatives (Table 1) were
monitored by following the increase in the conductivity of the reaction
mixtures (conductimeters: WTW LF530 or Tacussel CD 810, Pt elec-
trode: WTW LTA 1/NS). In the cases of 4-nitrobenzoates, 3,5-dinitroben-
zoates, and trifluoroacetates, organic bases were added to ionize the
weak acids produced by the solvolysis reactions. Details of the kinetic
measurements are given in the Supporting Information.
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Commun. 1973, 38, 3496–3505.


[20] K.-T. Liu, C.-S. Chuang, B.-Y. Jin, J. Phys. Org. Chem. 2002, 15, 21–
28.


[21] K.-T. Liu, C.-P. Chin, Y.-S. Lin, M.-L. Tsao, J. Chem. Res. Synop.
1997, 18–19.


[22] W. M. Schubert, R. G. Minton, J. Am. Chem. Soc. 1960, 82, 6188–
6193.


[23] D. J. Raber, J. M. Harris, R. E. Hall, P. von R. Schleyer, J. Am.
Chem. Soc. 1971, 93, 4821–4828.


[24] K.-T. Liu, Y.-S. Lin, M.-L. Tsao, J. Phys. Org. Chem. 1998, 11, 223–
229.


[25] a) C. Schade, H. Mayr, Tetrahedron 1988, 44, 5761–5770; b) C.
Schade, Dissertation, Med. UniversitCt zu LDbeck, 1988.


[26] a) S. Nishida, J. Org. Chem. 1967, 32, 2692–2695; b) S. Nishida, J.
Org. Chem. 1967, 32, 2695–2697; c) S. Nishida, J. Org. Chem. 1967,
32, 2697–2701.


[27] K.-T. Liu, C.-P Chin, Y.-S Lin, M.-L. Tsao, Tetrahedron Lett. 1995,
36, 6919–6922.


[28] D. J. McLennan, P. L. Martin, J. Chem. Soc. Perkin Trans. 2 1982,
1091–1097.


[29] S. Winstein, A. H. Fainberg, E. Grunwald, J. Am. Chem. Soc. 1957,
79, 4146–4155.


[30] S. Altscher, R. Baltzly, S. W. Blackman, J. Am. Chem. Soc. 1952, 74,
3649–3652.


[31] Parameters Ef, Nf, and sf have been calculated by minimizing �D2,
where D2= (logks�logkcalcd)


2= (logks�sf(Nf+Ef))
2, by using the pro-


gram “What4sBest! 7.0 Professional” by Lindo Systems.
[32] K.-T. Liu, C.-W. Chang, H.-I. Chen, C.-P. Chin, Y.-F. Duann, J. Phys.


Org. Chem. 2000, 13, 203–207.
[33] Relationships between Nf and the various Y scales will be discussed


in detail in ref. [34].
[34] B. Denegri, A. R. Ofial, S. Jurić, A. Streiter, O. Kronja, H. Mayr,
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Introduction


Reactions of 1,6-enynes catalyzed by electrophilic transi-
tion-metal complexes or salts proceed through two general
pathways, depending on whether the metal coordinates se-
lectively to the alkyne (as in I) or to both the alkyne and
the alkene (as in II) (Scheme 1).[1–3] In the second case, an
oxidative cyclometalation could then form III, which should
usually evolve by b-hydrogen elimination to give Alder-ene
type products.[2,4–6] Cyclopropyl metal carbenes IV or V are
formed from I by exo-dig or endo-dig processes, respective-
ly.[2,7] Reactions of IV with alcohols or water give products
of alkoxy- or hydroxycyclization VI and/or VII.[2,8] Inter-
mediates V can undergo a-CH insertion and elimination to
form VIII,[3b,9,10] whereas reactions with alcohols afford
IX.[3a]


In the absence of nucleophiles, enynes undergo skeletal
rearrangement to form dienes X (single cleavage) and/or XI


(double cleavage) (Scheme 2).[1,5,11,12] Cyclobutenes XII have
been proposed as intermediates for the formation of dienes
X.[12,13] Interestingly, cyclobutenes of type XIII have also
been isolated in certain reactions catalyzed by PdII,[13] AuI,[14]


and PtII.[15]


By using cationic gold(i) complexes [Au(L)(S)]+ X� as
catalysts we uncovered the first examples of the 6-endo-dig


Abstract: Gold(i) complexes are the
most active catalysts for alkoxy- or hy-
droxycyclization and for skeletal rear-
rangement reactions of 1,6-enynes. In-
tramolecular alkoxycyclizations also
proceed efficiently in the presence of
gold(i) catalysts. The first examples of
the skeletal rearrangement of enynes


by the endocyclic cyclization pathway
are also documented. Iron(iii) is also
able to catalyze exo and endo skeletal
rearrangements of 1,6-enynes, although


the scope of this transformation is
more limited. The gold(i)-catalyzed en-
docyclic cyclization proceeds by a
mechanism different from those fol-
lowed in the presence of PdII, HgII, or
RhI catalysts.Keywords: alkynes · cyclization ·
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Scheme 1. Mechanisms for the endo- and exo-alkoxycyclization of
enynes.
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skeletal rearrangement of 1,6-enynes,[16] a type of reaction of
enynes that, somewhat surprisingly, had not been reported
before with other transition-metal catalysts. Gold(i) com-
plexes are also excellent catalysts for the cyclization of a va-
riety of enynes.[14,17] Here we report the results of an in-
depth study of the cyclization of 1,6-enynes with different
gold(i) complexes, resulting variously in alkoxy- or hydroxy-
cyclization or in skeletal rearrangement. We have also found
that FeIII catalyzes the skeletal rearrangement, and in one
case gives 6-endo-dig skeletal rearrangement products, al-
though the scope of this transformation is more limited. In


the accompanying paper in this issue we analyze the mecha-
nism and stereoselectivity observed in the double cyclopro-
panation reaction catalyzed by gold(i).[18]


Results and Discussion


[AuI(PPh3)(S)]+-catalyzed intermolecular alkoxy- and hy-
droxycyclization : Alkoxycyclization was observed when
enynes were allowed to react in alcohols ROH as solvent in
the presence of a catalyst formed in situ from [Au(PPh3)Me]
and a protic acid such as HBF4, phosphotungstic acid trihy-
drate, or trifluoroacetic acid (TFA) (Table 1). Under these
conditions the complex [Au(PPh3)(ROH)]+ is presumably
generated. No cyclizations were observed with the protic
acids in the absence of AuI. Addition of PPh3 or diphos-
phanes (dppe, dppe, dppf) (3 mol%) resulted in unreactive
gold(i) complexes, but the reaction could be carried out in
the presence of bulky and electron-rich PCy3 (Table 1,
entry 6). Hydroxycyclization of 1 in aqueous acetone gave a
1:1 mixture of alcohol 2 c and bicyclic lactone 3 (Table 1,
entry 5). The cyclization of enol ether 6 could be carried out
in the presence of only 1 mol% of catalyst (Table 1, en-
tries 7 and 8). The reactions in the presence of gold(i) usual-
ly proceeded at room temperature, although the cyclization


Scheme 2. exo-Skeletal rearrangement and formal [2+2] cycloaddition
products.


Table 1. Alkoxy- or hydroxycyclization of enynes on treatment with [Au(PPh3)Me] (3 mol%) and protic acid (6 mol%).


Entry Enyne ROH HA t [h] Product (yield [%])


1 1, Z = C(CO2Me)2 MeOH HBF4 4 2 a (97)


2 1 MeOH TFA 3 2 a (82)
3 1 MeOH H3PW12O40


[a] 4 2 a (96)


4 1 EtOH TFA 24 2 b (75)


5 1 H2O/acetone TFA 24 (100, 1:1)


6[b] 4, Z = C(SO2Ph)2 MeOH HBF4 12 5 (85)


7 6, Z = C(CO2Me)2 MeOH TFA 0.5 7 (95)


8[c] 6 MeOH H3PW12O40
[a] 2 7 (96)


9[d] 8, Z = NTs MeOH H3PW12O40
[b] 17 9(85)


10[d] 10, Z = C(SO2Ph)2 MeOH H3PW12O40
[b] 17 11 (96)


[a] The trihydrate was used. [b] PCy3 (3 mol%) was also added. [c] 1 mol% [Au(PPh3)Me] and 2 mol% protic acid. [d] Reaction was carried out under
reflux.


www.chemeurj.org K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1677 – 16931678



www.chemeurj.org





of the less reactive substrates 8 and 10 had to be performed
at reflux in methanol (Table 1, entries 9 and 10). In all cases
the alkoxycyclizations proceeded more readily in the pres-
ence of gold(i) than in the presence of platinum(ii) cata-
lysts.[2]


As previously observed for PtII-catalyzed alkoxy- and hy-
droxycyclizations,[2] the AuI-catalyzed process is stereospecif-
ic. Treatment of 12 in MeOH, EtOH, or aqueous acetone
thus gave 13 a–c as single diastereomers (Table 2). These re-


actions were carried out at room temperature over 4–7 h in
the presence of 3 mol% catalyst and provided adducts 13 a–
c in satisfactory yields. However, the hydroxycyclization of
12 also afforded products of skeletal rearrangement and bis-
cyclopropanation.[18]


The corresponding treatment of bissulfone 14 proceeded
more slowly to give 15 (Scheme 3), which can be attributed
to the strongly electron-withdrawing effect of the sulfone
groups. Enyne 16, the Z diastereomer of 12, reacted in
MeOH to give ether 17, the diastereomer of 13 a, exclusive-
ly. On the other hand, the regioselectivity in the C�C bond
formation (the formation of products of type VI or VII ;
Scheme 1) is dictated by the substituents at the alkene, the
AuI-catalyzed reaction of enyne 18 in methanol thus giving
the six-membered derivative 19. In this case, the best results
were achieved with a catalyst formed in situ from [Au-
(PPh3)Cl] and AgSbF6.
The allylsilane 20 reacted in the presence of cationic


gold(i) complexes to give the diene 21[19] (Table 3, entries 1
and 2). In the case of the more reactive substrate 22, the
cyclization could also be carried out in the presence of the
neutral complex [Au(PPh3)Cl], although the reaction had to
be performed in MeOH at reflux (Table 3, entry 5). With a
catalyst formed from [Au(PPh3)Cl] by chloride abstraction
with AgSbF6, the cyclization of 20 could be carried out at


room temperature (Table 3, entry 3). Desilylation assisted
by attack of MeOH presumably takes place on an inter-
mediate of type IV (Scheme 1).[19b]


Although, in general, the cationic catalysts generated in
situ from [Au(PPh3)Me] and protic acid (6 mol%) proved to
be satisfactory for the cyclization of enynes, we sought to
develop alternative conditions that could allow the reactions
to be performed under neutral conditions. We reasoned that
highly active AuI catalysts should be formed by chloride ab-
straction from [Au(L)Cl] complexes bearing bulky phos-
phanes as ligands.[14] In particular, we focused on the bulky,
biphenyl-based phosphanes developed by Buchwald in the
context of palladium-catalyzed C�C and C�X bond-forma-
tion reactions.[20,21] The gold(i) complexes 24 a–d were thus
readily prepared by the known procedure for the synthesis
of [Au(PPh3)Cl] (Figure 1),


[22] whilst the cationic complexes
24 e and 25 were prepared by chloride abstraction from the
corresponding neutral complexes with AgSbF6 in acetoni-


Table 2. Alkoxy- or hydroxycyclization of enynes 12 in the presence of
[Au(PPh3)Me] and protic acid.


Entry [Au(PPh3)Me] HA ROH T t Product
[mol%] ([mol%]) [8C] [h] (yield


[%])


1 5 HBF4 (25) MeOH 65 0.5 13a (78)
2 5 TFA (25) MeOH 23 4 13a (96)
3 3 TFA (6) MeOH 23 4 13a (82)
4 3 HBF4 (6) MeOH 23 4 13a (82)
5 3 H3PW12O40


[a] MeOH 23 7 13a (67)
6 3 TFA (6) EtOH 23 4 13b (79)
7 3 TFA (6) H2O/ace-


tone
23 4 13c (63)[b]


[a] The trihydrate was used. [b] The skeletal rearrangement product and
a tetracyclic derivative were also obtained in 22% and 15% yields, re-
spectively.[18]


Scheme 3. Regioselective and/or stereospecific methoxycyclizations of 14,
16, and 18.


Table 3. AuI-catalyzed intramolecular reactions between allylsilane and
alkyne functional units.


Entry Allylsilane [Au] HA (mol%) Product
([mol%]) ([mol%]) (yield


[%])


1 20 [Au(PPh3)Me] (3) TFA (6) 21 (93)
2 20 [Au(PPh3)Me] (3) H3PW12O40


[a] 21 (82)
3 20 [Au(PPh3)Cl] (5)/AgSbF6


(5)
- 21 (94)


4 22 [Au(PPh3)Me] (3) HBF4 (6) 23 (97)
5[b] 22 [Au(PPh3)Cl] (5) - 23 (97)


[a] The trihydrate was used. [b] The reaction was carried out at 65 8C.
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trile.[12] The AuI complexes 26 a–c, with N-heterocyclic donor
ligands,[23] were also tested as catalysts for the methoxycycli-
zation of enyne 1 (Table 2). Complex 26 a and other related
complexes have been independently prepared by Nolan
et al.[24]


The reaction of 1 in MeOH proceeded inefficiently in the
presence of catalysts generated from AuCl or [Au(Me2S)Cl]
and AgSbF6 (Table 4, entries 1–2).


[25,26] However, complexes
[Au(L)Cl]—where L = PPh3, PCy3, P(C6F5)3, or AsPh3—
gave 2 a in similar yields in 3–5 h (Table 4, entries 3–6).
Treatment of 1 with [Au(L)Cl] complexes containing the
bulkier phosphanes P(o-Tol)3 or P(1-Napth)3 resulted in
slower reactions (Table 4, entries 7 and 8). Remarkably, use
of the complexes 24 a–e provided 2 a in 15–30 min at room
temperature (Table 4, entries 9–13), whilst cyclization with
AuI complexes 26 a–c, containing N-heterocyclic donor li-
gands, was not as efficient (Table 4, entries 14–16).
Cyclization of enyne 27 to give 28 proceeded more satis-


factorily in the presence of catalyst 24 c (Table 5, entry 9),
although reaction times were in all cases longer than those
require to cyclize enyne 1 (Table 4), which bears a more re-
active trisubstituted alkene. Similarly, enyne 29 reacted with
MeOH in the presence of catalysts 24 e or 25 to give 30 in
excellent yield (Scheme 4). In contrast, the nitro derivative
31 failed to provide any methoxycyclized derivative under
the same conditions. After long reaction times (72 h, 23 8C),
ketone 32 was obtained in moderate yield (15–22%) as a
result of the AuI-catalyzed hydration of the alkyne by the
traces of water contained in the methanol.[27] Interestingly,
the double bond migration
products 31’ and 32’ were also
detected in the crude reaction
mixtures. Addition of 4 T mo-
lecular sieves inhibited the hy-
dration of the alkyne.


[AuIPPh3)(S)]+-catalyzed in-
tramolecular alkoxycyclization :
The corresponding treatment
of substrate 33, containing a
propargylic alcohol, resulted in
intramolecular attack of the


hydroxy group on the cyclopropyl gold carbene intermediate
to afford ether 34 quantitatively (Scheme 5). Similarly, sub-


Figure 1. AuI complexes with bulky phosphane or N-heterocyclic ligands.


Table 4. AuI-catalyzed methoxycyclization of enyne 1.


Entry Complex Time Conversion Yield of
[h] [%][a] 2 a [%]


1 AuCl 24 32 10
2 [Au(SMe2)Cl] 24 <2 <2
3 [Au(PPh3)Cl] 3 >98 84
4 [Au(PCy3)Cl] 3.5 >98 77
5 [Au{P(C6F5)3}Cl] 5 >98 77
6 [Au(AsPh3)Cl] 4 >98 78
7 [Au{P(o-Tol)3}Cl] 24 >98 90
8 [Au{P(1-Naph)3}Cl] 12 >98 76
9 24a 0.5 >98 97
10 24b 0.25 >98 90
11 24c 0.25 >98 92
12 24d 0.25 >98 89
13 24e 0.25 >98 91
14 26a 1.5 >98 71
15 26b 5 >98 87
16 26c 24 >98 34


[a] Conversions were determined by GC.


Table 5. AuI-catalyzed methoxycyclization of enyne 27.


Entry Complex t Conversion Yield
[h] [%][a] [%]


1 AuCl 48 50 35
2 [Au(Me2S)Cl] 48 21 5
3 [Au(Ph3P)Cl] 18 93 70
4 [Au(Cy3P)Cl] 18 >98 83
5 [Au{(C6F5)3P}Cl] 48 66 44
6 [Au(Ph3As)Cl] 48 68 48
7 [Au{(o-Tol)3P}Cl] 30 >98 79
8 24 a 18 >98 68
9 24 c 18 >98 94
10 26 a 20 >98 76
11 26 b 24 73 51
12 26 c 48 84 48


[a] Levels of conversion were determined by GC.


Scheme 4. Methoxycyclization of cinnamyl derivatives 29 and 31.
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strates 35–40, containing hydroxy groups in their alkene
chains, underwent intramolecular cyclizations to give 41–46
(Table 6). These cyclizations took place within 5–30 min at
room temperature in the presence of a catalyst formed from
[Au(PPh3)Cl] and AgSbF6. In contrast, when PtCl2 was used
as catalyst, the reaction had to be performed at 80 8C for 3 h
(Table 6, entry 6). Cyclization of enynes 36–40 gave 1:1 mix-
tures of diastereomers, epimeric at C-5 of the tetrahydrofur-
an ring. In the case of substrate 40, containing two hydroxy
groups, exclusive formation of tetrahydrofurans 46 a/46 b
was observed as the result of the opening of the cyclopropyl
gold carbene intermediate by the less hindered secondary
hydroxy moiety (Table 6, entry 7).


Skeletal rearrangement : On application of catalysts formed
in situ from [Au(PPh3)Cl]/AgX (X = BF4 or SbF6), the
enynes underwent skeletal rearrangement (Scheme 2). The
rearrangements of enynes 1, 16, 18, and 47–50 proceeded


readily at room temperature in CH2Cl2 and were completed
in less than 1 h, giving the corresponding 1,3-dienes
(Table 7). The reaction did not take place in solvents such as
MeCN or toluene, and no reaction was observed with [Au-
(PPh3)Cl] alone. In addition, the reaction was not catalyzed
by AgI salts. The reaction could also be performed in the
presence of AuCl3 or AuCl (Table 7, Entries 5 and 6), al-
though it was very slow in the latter case. The rearrange-
ment was stereospecific, as shown in the reactions of enynes
50 and 16, each with a Z configuration at the alkene, which
gave Z-dienes 55 and 57, respectively (Table 7, entries 8 and
10). In the case of substrate 50, the allylic alcohol did not in-
terfere in the rearrangement.
Surprisingly, in contrast with 1 (entry 1, Table 7), enyne 58


gave 59 as the major 1,3-diene, along with the exo-skeletal
rearrangement product 60 (Scheme 6). Diene 59 is the prod-
uct of an endocyclic skeletal rearrangement (see below).
Trost had reported the reaction of 58 to give 59 catalyzed by
[Pd(OAc)2]/bis(2-methoxyphenylphosphane)propane.[28]


However, the involvement of a palladium hydride in this re-
action was proposed and the cyclization takes place through
an intramolecular insertion of an alkenylpalladium com-
plex.[28–30] It is interesting to note that products with this
structure have also been obtained by the ring-closing meta-
thesis of enynes catalyzed by a second-generation ruthenium


Grubbs catalyst[31] and, more
recently, in the cycloisomeriza-
tion of enynes with RhI, which
proceeds via vinylidene inter-
mediates.[32,33] Enyne 27 gave a
mixture of endo (61) and exo
(62) skeletal rearrangement
products (Scheme 6). The reac-
tion behavior of substrates 29
and 31 was studied to deter-
mine the effect of substituents
at the alkene. As expected, 29
reacted more rapidly than 31,
containing an electron-with-
drawing para-nitrophenyl sub-
stituent. Monitoring of the re-
actions by 1H NMR in CD2Cl2
at 5 8C showed pseudo-first
order behavior, with k(29)/
k(31) = 2.6. The exo/endo
ratio depended on the elec-
tronic effects of substituents at
the alkene: cinnamyl (27) and
p-nitrocinnamyl (31) deriva-
tives thus afforded 1:1.1–1.9
ratios of endo/exo products,
whereas the exo pathway was
more clearly favored in the re-
action of p-methoxycinnamyl
derivative 29 (1:5.5–7 ratios).
Enynes with NTs as tethers


were particularly prone to un-


Scheme 5. Intramolecular alkoxycyclization of enyne 33.


Table 6. Intramolecular alkoxycyclization of enynes 35–40.


Entry Enyne t [min] Product(s) (yield [%])


1 35, R = H 45 41 (76)


2 36, R = Me 15 42a/42 b (1:1, 60)


3 37, R = tBu 30 43a/43 b (1:1, 85)


4 38, R = CH=CH2 30 44a/44 b (1:1, 82)


5 39, R = Ph 5 45a/45 b (1:1, 80)


6[a] 39 180 45a/45 b (1:1, 82)


7 40, R = C(OH)Me2 10 46a/46 b (1:1, 77)


[a] Reaction carried out with PtCl2 (3 mol%) in toluene at 80 8C.
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dergo the endo-skeletal rearrangement (Scheme 7). The N-
propargyl-N-allyl toluene-4-sulfonylamine 67 thus gave a
>10:1 mixture of endo (68) and exo (69) rearranged prod-
ucts, whereas the more highly substituted 8 exclusively af-
forded 70. Diene 70 was also formed as a minor product
(12–19% yield) in the skeletal rearrangement of enyne 8 in
the presence of 5 mol% PtCl2 (toluene, reflux) or 5 mol%
PtCl4 (toluene, 23 8C). In platinum-catalyzed reactions of 8,
Alder–ene cycloisomerization was the major pathway.[2a,b]


Enynes 71 a,b also underwent endo rearrangement to yield
72 a,b as the major products. In these cases the bicyclo-
[4.1.0]heptenes 74 a,b were also obtained as byproducts,
whilst similar bicyclic derivatives were also obtained in the
cyclizations of 75 and 84. On the other hand, 79 and 82 rear-
ranged quite cleanly to give the endo products 80 and 83, re-
spectively. The formation of bicyclo[4.1.0]heptenes and endo
skeletal rearrangement products in some of these cycliza-
tions strongly suggests that a common intermediate V
(Scheme 1) is involved for both processes.
Interestingly, the exo/endo selectivity may be different in


the methoxycyclization and the skeletal rearrangement of
enynes. Thus, substrate 8 underwent skeletal rearrangement
by an endo pathway in the presence of [Au(PPh3)]


+


(Scheme 8), whilst in MeOH
the reaction proceeded exo-
cyclically (Table 1, entry 9).
The opposite was the case with
enyne 18, which rearranged
exocyclically (Table 7, entry 9)
but reacted by the endo path-
way with respect to the alkene
in MeOH (Scheme 3).
We also decided to compare


these results with those of re-
actions catalyzed by harder
Lewis acids. Thus, after investi-
gation of a variety of Lewis
acids, we found that FeCl3
itself was also able to catalyze
skeletal rearrangements of
enynes (Table 8). This is in
contrast with the cyclization of
certain enynes promoted by
stoichiometric amounts of
FeCl3, which resulted in cycli-
zation with concomitant addi-
tion of chloride to the triple
bond.[34] On the other hand,
treatment of enyne 1 with the
Fe0 complex [Fe(CO)4-
(acetone)] had been reported
to give Alder–ene cycloisome-
rization.[35] The reactions had
to be carried out with 5 mol%
catalyst in toluene at 80–90 8C
and were more limited in
scope than those catalyzed by


AuI. The exo-skeletal rearrangement was the most favored
process for enynes with Z = C(CO2Me)2 or C(SO2Ph)2
(Table 8, entries 1–6). However, enyne 8 gave 70, the endo
rearrangement derivative, as the major product (Table 8,
entry 7), although the exo rearrangement diene 89 was also
formed in the FeIII-catalyzed process. In the cyclization of 1,
in addition to 51, a second diene 87 was also formed as the
result of the isomerization of the endocyclic double bond of
51 (Table 8, entry 1). Diene 87 has also been observed as a
minor product in reactions of 1 catalyzed by AuI complexes.


Mechanistic insights into the skeletal rearrangement of
enynes catalyzed by AuI complexes : Since metal carbenes
have been proposed as intermediates in enyne cyclization
reactions,[1d,2,16] and as, on the other hand, products of endo
cyclization had been observed in cyclization of enynes cata-
lyzed by Grubbs carbenes,[31] we wished to examine the pos-
sible involvement of alkene metathesis in the skeletal rear-
rangement of enynes. For that purpose, experiments involv-
ing mixtures of two different enynes were carried out to de-
termine whether any cross-over was occurring in the pres-
ence of AuI catalysts.


Table 7. exo-Skeletal rearrangement of enynes in the presence of [Au(PPh3)Cl] (2 mol%) and AgX (2 mol%).


Entry Enyne AgX t
[min]


Product (yield [%])


1 1, Z = C(CO2Me)2, R
1 = R2 = Me, R3 = H AgSbF6 25


51
(91)[a]


2[b] 1 – 5 51
(98)


3 47, Z = C(SO2Ph)2, R
1 = R2 = R3 = H AgSbF6 5


52
(100)


4 48,[c] Z = C(CO2Me)2, R
1 = Me, R2 = R3 = H AgBF4 10


53[c]


(96)


5[d] 48 – 5 53[c]


(70)
6[e] 48 – 840 53[c]


(81)


7 49,[b] Z = C(SO2Ph)2, R
1 = Me, R2 = R3 = H AgBF4 15


54[b]


(100)


8
50, Z = C(CO2Me)2, R


1 = Me, R2 = CH2OH, R3 =


H
AgSbF6 5


55
(67)


9 18, Z = C(CO2Me)2, R
1 = R2 = H, R3 = Me AgBF4 5


56
(76)


10[f]
16, Z = C(CO2Me)2, R


1 = Me, R2 = (CH2)2CH=
CMe2, R


3 = H
AgSbF6 60


57
(47)


[a] Isomerization product 87 was also obtained as a minor product (see Table 8, entry 1). [b] The reaction was
carried out in the presence of catalyst 24e (2 mol%). [c] E/Z 4:1. [d] The reaction was carried out in the pres-
ence of AuCl3 (5 mol%). [e] The reaction was carried out in the presence of AuCl (10 mol%). [f] The reaction
was performed at �4 8C.
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In the event, treatment of a
1:1 mixture of 58 and 8 with
AuI gave a mixture of 59 and
60 (arising from 58), together
with 70, which is derived from
8 (Scheme 8a). Similar treat-
ment of a 1:1 mixture of
enynes 1 and 47 afforded only
those products expected from
fully intramolecular processes
(Scheme 8b).
With regards to the forma-


tion of endo rearrangement
products, we found that treat-
ment of enyne 18 with Hg-
(OTf)2 (2 mol%)[7] as catalyst
surprisingly afforded diene 90
(Scheme 9), in contrast with
findings from the AuI-cata-
lyzed reaction of 18 described
above (Table 7, entry 9). Treat-
ment of [D1]-18 with Hg(OTf)2
gave [D1]-90, which demon-
strates that there is no skeletal
rearrangement in this transfor-
mation. On the other hand,
[D1]-18 reacted in the presence
of a AuI catalyst to give [D1]-
56, the product of a single exo
rearrangement, whilst enyne
[D1]-75 gave a mixture of endo
products [D1]-76 and [D1]-78.


Scheme 6. endo-Skeletal rearrangements of enynes with malonate as the tether.


Table 8. Skeletal rearrangement of enynes in the presence of FeCl3 in toluene at 90 8C.


Entry Enyne t [h] Product(s) (yield [%], ratio])


1 1, Z = C(CO2Me)2, R
1 = R2 = Me 12 (88, 0.8:1)


2 47, Z = C(SO2Ph)2, R
1 = R2 = H 12 (84)


3 48,[b] Z = C(CO2Me)2, R
1 = Me, R2 = R3 = H 12 (79)


4 49,[b] Z = C(SO2Ph)2, R
1 = Me, R2 = H 15 (85)


5 58, Z = C(CO2Me)2, R
1 = R2 = H 17 (98)[a]


6 4, Z = C(SO2Ph)2, R
1 = R2 = Me 12 (36)


7[c] 8, Z = NTs, R1 = R2 = Me 17 (63, 0.4:1)


[a] Based on 84% conversion. [b] E/Z 4:1. [c] The reaction was performed at 80 8C.
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The formation of the same type of skeleton, but with dif-
ferent deuteration patterns, in the reactions of 18 and 75 in-
dicates that two different mechanisms are operating. For the
endo rearrangement, the formation of D1-76 from D1-75 can
be explained by evolution of intermediate V (Scheme 10).


Scheme 7. endo-Skeletal rearrangement of enynes with TsN- as the
tether.


Scheme 8. Experiments aimed at determining cross-metathesis between
different enynes.


Scheme 9. HgII- and AuI-catalyzed cyclization and experiments with deu-
terated substrates in the exo- and endo-skeletal rearrangement.
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Opening of cyclopropane V to form XIV, followed by
proton loss and final cleavage of the M�C bond, could also
be conceived as a possible mechanism for the formation of
products XV. However, this mechanism can be excluded be-
cause an intermediate like XVI would be formed from 75,
which would not explain the formation of 76. In addition, in-
volvement of a metal vinylidene as an intermediate[32] is ex-
cluded by the observed deuteration pattern and by the fact
that the cyclization also proceeded with enynes containing a
methyl substituent at C-2 of the alkene, which would not be
able to undergo the required b-hydride elimination.
To interpret the different reactivity of 18 with HgII, we


propose the involvement of intermediate XVII, which
would undergo proton loss to give XVIII, followed by
proto-demercuration (Scheme 11). A similar mechanism has
recently been proposed independently by Mikami et al.[36]


and by Yamamoto et al. for the Pd0-catalyzed endo-cycliza-
tion of enynes.[37]


Importantly, cation [Au(PPh3)]
+ , which is isolobal to


H+ ,[38] cannot coordinate to the alkene and the alkyne si-


multaneously and, in consequence, the Alder-ene cycloiso-
merization does not compete and the cyclizations proceed
exclusively through complexes of type I (Scheme 1). Howev-
er, when the reaction of enyne 1 was attempted in DMSO
as the solvent at 50 8C in the presence of the highly reactive
AuI complex 24 e, a mixture of dienes 23 and 91 was ob-
tained (Scheme 12).


Diene 23 is the product of formal Alder–ene type cyclo-
isomerization of 1. However, treatment of [D1]-1 with 24 e
(3 mol%) in DMSO at 50 8C afforded dienes [D1]-23 and
[D1]-91 with a deuteration pattern that excluded the partici-
pation of Alder-ene type cycloisomerization in this transfor-
mation, as this would have resulted in the formation of [D1]-
23’.[2b] This result, and the formation of 91, can be satisfacto-
rily explained by ring-opening of intermediate XIX to car-
bocation XX, followed by proton loss.


Conclusion


Gold(i) complexes are the most active catalysts for the
alkoxy-/hydroxycyclization and skeletal rearrangement of
enynes. In particular, gold(i) catalysts generated by chloride
abstraction with a silver salt or cationic complexes such as
24 e and 25 are, by far, more active as catalysts than the PtII


salts or complexes used for alkoxycyclization, hydroxycycli-
zation, and skeletal rearrangement reactions.[2] Gold(i) com-
plexes are selective alkynophilic catalysts, promoting reac-
tions through the exclusive coordination of the metal com-
plex to the alkyne of the enyne. With these catalysts, the
first examples of skeletal rearrangement of enynes by the


Scheme 10. Proposed mechanism for the endo-skeletal rearrangement
with AuI.


Scheme 11. Proposed mechanism for the HgII-catalyzed cycloisomeriza-
tion.


Scheme 12. Formation of dienes 23 and 91 from 1 with 24e as catalyst in
DMSO.
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endocyclic cyclization pathway have been documented. This
endocyclic cyclization proceeds by a mechanism different
from those followed in the presence of PdII, HgII, or RhI cat-
alysts.


Experimental Section


Unless otherwise stated, all reactions were carried out under Ar under
anhydrous conditions. Chromatography purifications were carried out
with flash grade silica gel (SDS Chromatogel 60 ACC, 40–60 mm).


The following compounds have been described: a) Starting enynes: 1,[39]


4,[2a,b] 6,[2c] 7,[40] 8,[41] 10,[2a,b] 12,[2a,b] 16,[42] 18,[13a] 20,[19] 22,[19] 27,[52] 47,[43]


48,[44] 49,[4a] 58,[44] 67,[45] 72 a,[46] 71b,[47] 75,[2a,b] 79,[8] and 84 ;[48] b) carbo-
and heterocycles: 2 a,[2a,b] 5,[2a,b] 9,[8] 11,[2a,b] 13a,[2a,b] 17,[2a,b] 19,[2a,b] 21,[49]


23,[50] 51,[51] 52,[10a] 53,[52] 54,[2a,b] 56,[44] 59,[29] 60,[52] 62,[52] 68,[10b] 69,[10b]


73a,[53] 76,[54] 77,[55] 78,[10] 79,[8] 81,[53] 89,[53] 90,[53] and 91.[56]


Synthesis of new enynes


(E)-1,1-Bis(phenylsulfonyl)-4,8-dimethylnona-3,7-diene : Bis(phenylsulfo-
nyl)methane (500 mg, 1.68 mmol) was added at 0 8C to a suspension of
NaH (68 mg, 1.68 mmol, 60% in mineral oil) in DMF (15 mL). After
20 min, geranyl bromide (365 mg, 1.68 mmol) was added, and the result-
ing mixture was stirred at 23 8C for 12 h. After extractive workup (Et2O/
10% HCl) and chromatography (2:1 hexane/EtOAc), the title compound
was obtained (552 mg, 76%) as a white solid: 1H NMR (300 MHz,
CDCl3): d = 7.98–7.97 (m, 2H), 7.96–7.94 (m, 2H), 7.72–7.67 (m, 2H),
7.61–7.55 (m, 4H), 5.08–5.01 (m, 2H), 4.42 (t, J = 6.1 Hz, 1H), 3.10 (m,
2H), 2.01–1.86 (m, 4H), 1.68 (d, J = 1.2 Hz, 3H), 1.59 (s, 3H), 1.47 (d, J
= 1.2 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): d = 139.69, 138.19,
134.49, 131.75, 129.64, 129.03, 123.78, 118.03, 84.35, 39.44, 26.27, 25.67,
24.62, 17.71, 16.13 ppm; HMRS-FAB: m/z calcd for C23H29O4S2:
433.1507; found 433.1499 [M+1]+; elemental analysis (%) calcd for
C23H28O4S2: C 63.86, H 6.52; found: C 63.79, H 6.18.


(E)-4,4-Bis(phenylsulfonyl)-7,11-dimethyldodeca-6,10-dien-1-yne (14):
(E)-1,1-Bis(phenylsulfonyl)-4,8-dimethylnona-3,7-diene (500 mg,
1.15 mmol) was added at 0 8C to a suspension of NaH (55 mg, 1.38 mmol,
60% mineral oil) in DMF (15 mL). After 20 min, propargyl bromide
(138 mg, 1.15 mmol) was added, and the resulting mixture was stirred at
23 8C for 12 h. After extractive workup (Et2O/10% HCl) and chromatog-
raphy (hexane/EtOAc 4:1), 14 (245 mg, 45%) was obtained as a pale
yellow solid: 1H NMR (300 MHz, CDCl3): d = 8.16–8.14 (m, 2H), 8.13–
8.11 (m, 2H), 7.73–7.68 (m, 2H), 7.59–7.55 (m, 4H), 5.42 (t, J = 6.5 Hz,
1H), 5.12–5.10 (m, 1H), 3.18 (d, J = 2.8 Hz, 2H), 3.04 (d, J = 6.5 Hz,
2H), 2.16–2.02 (m, 5H), 1.69 (s, 3H), 1.62 (s, 3H), 1.58 (s, 3H) ppm;
13C NMR (75 MHz, CDCl3): d = 140.44, 136.48, 134.64, 131.52, 128.45,
123.91, 114.87, 89.27, 76.11, 73.99, 39.88, 27.69, 26.18, 25.68, 20.36, 17.74,
16.59 (one carbon signal overlaps) ppm; HMRS-CI: m/z calcd for
C26H31O4S2: 471.1664; found 471.1675 [M+1]+ .


Dimethyl 2-(p-methoxycinnamyl)-2-propargylmalonate (29): A solution
of dimethyl 2-propargylmalonate (0.22 mL, 1.44 mmol) in DMF (5 mL)
was added at 0 8C to a suspension of NaH (63.0 mg, 1.57 mmol, 60% in
mineral oil) in DMF (3 mL). After 20 min, a solution of p-methoxycin-
namyl bromide (597 mg, 2.60 mmol) in DMF (10 mL) was added and the
resulting mixture was stirred at 23 8C for 18 h. After extractive workup
(Et2O/10% HCl) and chromatography (hexane/EtOAc 10:1), 29 (398 mg,
87%) was obtained as a white, waxy solid: 1H NMR (400 MHz, CDCl3):
d = 7.26 (d, J = 8.8 Hz, 2H), 6.83 (d, J = 8.8 Hz, 2H), 6.46 (d, J =


15.7 Hz, 1H), 5.85 (q, J = 15.5, 7.7 Hz, 1H), 3.80 (s, 3H), 3.76 (s, 6H),
2.94 (d, J = 7.7 Hz, 2H), 2.84 (d, J = 2.7 Hz, 2H), 2.05 (t, J = 2.7 Hz,
1H) ppm; 13C NMR (100 MHz, CDCl3): d = 170.20, 159.14, 134.05,
129.78, 127.42, 120.68, 113.89, 71.52, 71.51, 57.26, 55.26, 52.78, 35.85,
22.80 ppm; HRMS-ESI: m/z calcd for C18H20O5Na: 339.1208; found
339.1199 [M+Na]+ .


Dimethyl 2-(p-nitrocinnamyl)-2-propargylmalonate (31): A solution of
dimethyl 2-propargylmalonate (561 mg, 2.64 mmol) in DMF (10 mL) was
added at 0 8C to a suspension of NaH (133.2 mg, 3.33 mmol, 60% in min-


eral oil) in DMF (5 mL). After 20 min, a solution of p-nitrocinnamyl bro-
mide (798 mg, 3.13 mmol) in DMF (15 mL) was added and the resulting
mixture was stirred at 23 8C for 16 h. After extractive workup (Et2O/10%
HCl), chromatography (hexane/EtOAc 10:1), and recrystallization from
hexane, 31 was obtained (704 mg, 81%) as yellow crystals, m.p. 73–75 8C:
1H NMR (400 MHz, CDCl3): d = 8.16 (d, J = 8.87 Hz, 2H), 7.46 (d, J =


8.8 Hz, 2H), 6.59 (d, J = 15.7 Hz, 1H), 6.24 (q, J = 7.7, 15.6 Hz, 1H),
3.77 (s, 6H), 3.01 (d, J = 6. 7 Hz, 2H), 2.85 (d, J = 2.7 Hz, 2H), 2.08 (t,
J = 2. 7 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3; DEPT, HMQC, and
HMBC): d = 168.89, 146.90, 143.23, 132.57, 128.67, 126.78, 123.94, 71.93,
71.92, 57.00, 52.94, 36.08, 23.18 ppm; IR (KBr): ñ = 1731 cm�1; HRMS-
ESI: m/z calcd for C17H17NO6Na: 354.0954; found 354.0965 [M+Na]+ .


1-(1-Cinnamylcyclohexyl)prop-2-yn-1-ol (33): Propargylmagnesium bro-
mide (0.5m in THF, 11.39 mL, 5.69 mmol) was added at �40 8C to a solu-
tion of 1-trans-cinnamylcyclohexanecarbaldehyde[57] (1.00 g, 4.38 mmol)
in THF (10 mL), and the mixture was stirred for 2 h at this temperature
and for 1 h at 23 8C. After extractive workup (Et2O) and chromatography
(hexane/EtOAc 10:1), 33 was obtained as a colorless oil (643 mg, 58%):
1H NMR (300 MHz, CDCl3): d = 7.32 (m, 5H), 6.53 (d, J = 16.0 Hz,
1H), 6.35 (q, J = 7.3 Hz, 1H), 4.35 (dd, J = 6.7, 2.0 Hz, 1H), 2.57 (d, J
= 2.2 Hz, 1H), 2.52 (dq, J = 8.1, 2.2 Hz, 2H), 2.00 (d, J = 6.7 Hz, 1H),
1.65–1.51 (m, 10H) ppm; 13C NMR (75 MHz, CDCl3; DEPT): d =


137.52 (C), 132.69 (CH), 128.46 (CH), 127.55 (CH), 127.51 (CH), 127.01
(CH), 126.81 (CH), 126.02 (CH), 83.34 (CH), 74.82 (C), 68.55 (CH),
41.48 (C), 35.97 (CH2), 31.18 (CH2), 30.10 (CH2) 26.00 (CH2), 21.37
(CH2), 21.27 (CH2) ppm; HRMS-CI: m/z calcd for C18H23O: 253.1592;
found 253.1583 [M+1]+ .


Dimethyl 2-(3-methyl-2-buten-4-ol)-2-(prop-2-ynyl)malonate (50): 2-
Methyl-2-vinyloxirane (0.57 mL, 5.87 mmol) and dimethyl propargylmal-
onate (0.89 mL, 5.87 mmol) were added at 23 8C to a suspension of [Pd2-
(dba)3·dba] (337 mg, 0.59 mmol) and Ph3P (154 mg, 0.59 mmol) in
CH3CN. The mixture was stirred at this temperature for 16 h. Then
CH3CN was evaporated (without heating) and the mixture was diluted
with CH2Cl2 and filtered through Celite. After chromatography (hexane/
EtOAc 10:1 to 3:1), 50 was obtained as a yellow oil and as a E/Z isomer
mixture (1.20 g, 81%): 1H NMR (300 MHz, CDCl3): d = 5.22 (tdd, J =


7.7, 2.8, 1.2 Hz, 1H; E isomer), 5.07 (td, J = 8.1, 1.2 Hz, 1H; Z isomer),
4.1 (br s, 2H; Z isomer), 3.99 (s, 2H; E isomer), 3.75 (s, 6H; Z isomer),
3.74 (s, 6H; E isomer), 2.89 (dm, J = 7.7 Hz, 2H; E isomer), 2.83 (d, J=
2.8 Hz, 2H; E isomer, 2H; Z isomer), 2.78 (d, J = 2.8 Hz, 2H; Z
isomer), 2.06 (t, J = 2.8 Hz, 2H), 2.05 (s, 1H; E isomer), 1.81 (m, 3H; Z
isomer), 1.70 (s, 3H; E isomer) ppm; 13C NMR (75 MHz, CDCl3; DEPT):
d = 170.3 (2 C; E isomer, Z isomer), 140.0 (C; Z isomer), 139.9 (C; E
isomer), 120.4 (CH; Z isomer), 117.9 (CH; E isomer), 88.0 (CH; E
isomer), 81.9 (CH; Z isomer), 78.9 (2 C; E isomer, Z isomer), 72.0 (C; Z
isomer), 71.4 (C; E isomer), 68.4 (CH2; E isomer), 61.2 (CH2; Z isomer),
56.9 (2 C; E isomer, Z isomer), 52.9 (CH3; Z isomer), 52.8 (CH3; E
isomer), 30.3 (CH2; Z isomer), 30.2 (CH2; E isomer), 22.6 (CH3; E
isomer), 21.7 (CH3; Z isomer) ppm; HRMS-EI: m/z calcd for C13H18O5:
254.1154; found 254.1158.


N-((2Z)-3,7-Dimethyl-octa-2,6-dienyl)-N-(prop-2-ynyl)toluene-4-sulfona-
mide (82): A solution of N-(prop-2-ynyl)toluene-4-sulfonamide (1.00 g,
4.79 mmol) in DMF (10 mL) was added at 0 8C to a suspension of NaH
(60% in mineral oil, 192 mg, 4.79 mmol) in DMF (5 mL), followed by
neryl bromide (1.04 g, 4.79 mmol). The mixture was stirred for 17 h at
23 8C and was then quenched with H2O. After extractive workup (Et2O/
HCl 10%) and chromatography (hexane/EtOAc 30:1), 82 (1.03 g, 62%)
was obtained as a yellow oil: 1H NMR (300 MHz, CDCl3): d = 7.72 (d,
J=8.3 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 5.12–5.02 (m, 2H), 4.05 (d, J=
2.4 Hz, 2H), 3.79 (d, J = 7.3 Hz, 2H), 2.42 (s, 3H), 2.06 (m, 4H), 1.97 (t,
J = 2.6 Hz, 1H), 1.72 (d, J = 1.2 Hz, 3H), 1.66 (s, 3H), 1.57 (s,
3H) ppm; 13C NMR (75 MHz, CDCl3; DEPT): d = 143.32 (C), 142.30
(C), 136.21 (C), 132.07 (C), 129.35 (CH), 127.77 (CH), 123.62 (CH),
118.76 (CH), 77.07 (CH), 73.37 (C), 43.63 (CH2), 35.39 (CH2), 31.75
(CH2), 26.47 (CH2), 25.65 (CH3), 23.42 (CH3), 21.49 (CH3), 17.62
(CH3) ppm; HRMS-EI: m/z calcd for C20H27NO2S: 345.1762; found
345.1751.
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Synthesis of alcohols 35–40


Dimethyl 2-((E)-6,7-dihydroxy-3,7-dimethyloct-2-enyl)-2-(prop-2-ynyl)-
malonate (40): A solution of OsO4 (4% wt. in water, 3.3 mL, 0.55 mmol)
was added to a solution of N-methylmorpholine N-oxide (1.623 g,
12 mmol) in tert-butyl alcohol (10 mL) and water (10 mL). Dienyne 12
(3.342 g, 10.92 mmol), dissolved in tert-butyl alcohol (20 mL) and water
(10 mL), was added at 23 8C to the former solution. After stirring for 6 h,
the mixture was extracted with CH2Cl2, washed with a saturated aqueous
solution of NaHSO3 and with saturated aqueous NaCl solution, and dried
over MgSO4. The solvent was evaporated and the residue mixture was
chromatographed (hexane/EtOAc 1:1) to give 40 (2.397 g, 65%) as a
pale brown oil: 1H NMR (300 MHz, CDCl3): d = 5.05–4.97 (m, 1H),
3.74 (s, 6H), 3.30 (dd, J = 10.4, 2.0 Hz, 1H), 2.83–2.76 (m, 4H), 2.30–
2.03 (m, 2H), 2.01 (t, 2.6 Hz, 1H), 1.66 (s, 3H), 1.65–1.52 (m, 2H), 1.47–
1.33 (m, 2H), 1.20 (s, 3H), 1.16 (s, 3H) ppm; 13C NMR, DEPT (75 MHz,
CDCl3): d = 170.46 (C), 170.45 (C), 140.14 (C), 117.75 (CH), 79.08 (C),
77.72 (CH), 72.94 (C), 71.31 (CH), 57.10 (C), 52.74 (2ZCH3), 36.92
(CH2), 30.63 (CH2), 29.36 (CH2), 26.29 (CH3), 23.33 (CH3), 22.61 (CH2),
16.03 (CH3) ppm; HRMS-ESI: m/z calcd for C18H28O6Na: 363.1784;
found 363.1785 [M+Na]+ .


Dimethyl 2-((E)-3-methyl-6-oxohex-2-enyl)-2-(prop-2-ynyl)malonate
(93): A solution of NaIO4 (330 mg, 1.54 mmol) in water (2.5 mL) was
added to a solution of 40 (240 mg, 0.706 mmol) in acetone (10 mL). The
mixture was stirred for 2 h and then filtered through Celite. It was then
partitioned between CH2Cl2 and water and, after extractive workup and
chromatography (hexane/EtOAc 5:1), aldehyde 93 (101 mg, 51%) was
obtained as a colorless oil. 1H NMR (300 MHz, CDCl3): d = 9.73 (t, J =


1.8 Hz, 1H), 5.01–4.93 (m, J = 7.7, 2.3 Hz, 1H), 3.72 (s, 6H), 2.81–2.73
(two overlapping d, J = 7.6, 2.7 Hz, 4H), 2.54–2.46 (m, 2H), 2.32 (t, J =


7.4 Hz, 2H), 2.00 (t, J = 2.7 Hz, 1H), 1.66 (s, 3H) ppm; 13C NMR,
DEPT (75 MHz, CDCl3): d = 201.96 (CH), 170.27 (2 C), 138.48 (C),
118.19 (CH), 79.04 (C), 71.33 (CH), 57.00 (C), 52.73 (2ZCH3), 42.08
(CH2), 32.02 (CH2), 30.58 (CH2), 22.59 (CH2), 16.29 (CH3) ppm; HRMS-
ESI: calcd for C15H20O5Na: 303.1208; found 303.1198 [M+Na]+ .


Dimethyl 2-((E)-6-hydroxy-3-methylhex-2-enyl)-2-(prop-2-ynyl)malonate
(35): Dimethyl 2-((E)-3-methyl-6-oxohex-2-enyl)-2-(prop-2-ynyl)malo-
nate (93, 99 mg, 0.353 mmol) was dissolved in THF (4 mL) at 0 8C.
DIBAL-H solution in CH2Cl2 was added (0.350 mL, 0.350 mmol) and the
mixture was stirred for 45 min at 0 8C. After that time, the reaction was
quenched with a saturated aqueous sodium/potassium tartrate solution
(2 mL) and EtOAc (2 mL). This was stirred for 1 h, and the reaction mix-
ture was then extracted with CH2Cl2, washed with saturated aqueous
NaCl solution, and dried over MgSO4. Flash chromatography (hexane/
EtOAc 2:1) yielded 35 (64 mg, 65% yield) as a colorless oil. 1H NMR
(400 MHz, CDCl3): d = 4.97 (t, J = 7.7 Hz, 1H), 3.73 (s, 6H), 3.60 (t, J
= 6.4 Hz, 2H), 2.81–2.76 (two overlapping d, J = 7.8, 2.8 Hz, 4H), 2.07
(t, J = 7.5 Hz, 2H), 2.00 (t, J = 2.5 Hz, 1H), 1.72–1.60 (overlapping s
and m, 5H) ppm; 13C NMR, DEPT (100 MHz, CDCl3): d = 170.44 (2 C),
140.09 (C), 117.45 (CH), 79.15 (C), 71.28 (CH), 62.44 (CH2), 57.14 (C),
52.71 (2ZCH3), 36.20 (CH2), 30.66 (2ZCH2), 22.62 (CH2), 16.07
(CH3) ppm; HRMS-ESI: m/z calcd for C15H23O5: 283.1545; found
283.1549.


Dimethyl 2-((E)-6-hydroxy-3-methylhept-2-enyl)-2-(prop-2-ynyl)malo-
nate (36): A solution of methylmagnesium bromide in hexane (3.0m,


0.156 mL, 0.467 mmol) was added at
�45 8C to a solution of aldehyde 93
(131 mg, 0.467 mmol) in THF (5 mL).
The solution was warmed up to 23 8C
and after 2 h was quenched with a sa-
turated aqueous solution of NH4Cl,
washed with saturated aqueous NaCl
solution, and dried over MgSO4. The
solvent was evaporated and the resi-
due was chromatographed (hexane/
EtOAc 3:2) to yield 36 (115 mg,
83%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d = 4.97 (tq, J =


7.7, 1.2 Hz, 1H), 3.71 (overlapping s
and m, 7H), 2.80–2.73 (m, 4H), 2.15–


2.00 (m, 2H), 2.00 (t, J = 2.7 Hz, 1H), 1.64 (s, 3H), 1.55–1.45 (m, 2H),
1.18 (d, J = 6.3 Hz, 3H) ppm; 13C NMR, DEPT (75 MHz, CDCl3): d =


171.09 (2 C), 141.04 (C), 117.87 (CH), 79.79 (C), 71.92 (CH), 68.34 (CH),
57.76 (C), 53.34 (2ZCH3), 37.91 (CH2), 36.90 (CH2), 31.26 (CH2), 24.11
(CH3), 23.22 (CH2), 16.77 (CH3) ppm; HRMS-ESI: m/z calcd for
C16H25O5: 297.1702; found 297.1703; elemental analysis (%) calcd for
C16H24O5: C 64.84, H 8.16; found: C 64.78, H 8.07.


Dimethyl 2-((E)-6-hydroxy-3,7,7-trimethyloct-2-enyl)-2-(prop-2-ynyl)mal-
onate (37): A solution of tert-butylmagnesium chloride in hexanes (1.0m,
0.350 mL, 0.35 mmol) was added at 0 8C to a solution of aldehyde 93
(98 mg, 0.35 mmol) in THF (4 mL). The solution was stirred for 30 min
at 0 8C and the cooling bath was then removed so that the solution could
reach 23 8C. The reaction was quenched with a saturated aqueous solu-
tion of NH4Cl, washed with saturated aqueous NaCl solution, and dried
over MgSO4. The solvent was evaporated and the residue was chromato-
graphed (hexane/EtOAc 5:1) to give 37 (50 mg, 42%) as a colorless oil.
1H NMR (400 MHz, CDCl3): d = 4.98 (tq, J = 7.7, 1.26 Hz, 1H), 3.73 (s,
6H), 3.15 (brd, J = 10.4 Hz, 1H), 2.82–2.76 [overlapping dd (J = 7.8,
3.2 Hz, 2H) and dd (J = 2.7, 1.3 Hz, 2H)], 2.26–2.17 (m, 1H), 2.11–2.02
(m, 1H), 2.00 (t, J = 2.7 Hz, 1H), 1.65 (s, 3H), 1.67–1.60 (overlapping s
and m, 4H), 1.45 (br s, 1H), 1.37–1.26 (m, 1H), 0.89 (s, 9H) ppm;
13C NMR, DEPT (100 MHz, CDCl3): d = 170.49 (C), 170.45 (C), 140.54
(C), 117.48 (CH), 79.21 (CH), 79.08 (C), 71.25 (CH), 57.19 (C), 52.72
(CH3), 52.70 (CH3), 37.32 (CH2), 34.91 (C), 30.68 (CH2), 29.29 (CH2),
25.70 (3ZCH3), 22.62 (CH2), 16.08 (CH3) ppm; HRMS-ESI: m/z calcd
for C19H31O5: 339.2171; found 339.2170.


Dimethyl 2-((E)-6-hydroxy-3-methylocta-2,7-dienyl)-2-(prop-2-ynyl)mal-
onate (38): A solution of vinylmagnesium bromide in THF (1.0m,
0.156 mL, 0.467 mmol) was added at �0 8C to a solution of aldehyde 93
(146 mg, 0.521 mmol) in THF (5 mL). The solution was warmed up to
23 8C and after 1 h was quenched with a aqueous solution of NH4Cl
(pH 8), washed with saturated aqueous NaCl solution, and dried over
MgSO4. The solvent was evaporated and the residue was chromatograph-
ed (hexane/EtOAc 4:1) to yield 38 (89 mg, 55%) as a colorless oil.
1H NMR (400 MHz, CDCl3): d = 5.86 (ddd, J = 17.2, 10.4, 6.2 Hz, 1H),
5.22 (dt, J = 17.2, 1.4 Hz, 1H), 5.11 (dt, J = 10.4, 1.3 Hz, 1H), 4.97 (dt,
J = 7.7, 1.2 Hz, 1H), 4.06 (q, J = 6.4 Hz, 1H), 3.73 (s, 6H), 2.82–2.76
(two overlapping d, J = 7.8, 2.7 Hz, 4H), 2.15–2.01 (m, J = 7.0 Hz, 2H),
2.00 (t, J = 2.6 Hz, 1H), 1.66 (s, 3H), 1.65–1.57 (m, 3H) ppm; 13C NMR,
DEPT (100 MHz, CDCl3): d = 170.43 (2 C), 141.06 (CH), 140.11 (C),
117.45 (CH), 114.73 (CH2), 79.17 (C), 72.69 (CH), 71.26 (CH), 57.14 (C),
52.70 (2ZCH3), 35.72 (CH2), 35.08 (CH2), 30.66 (CH2), 22.61 (CH2),
16.18 (CH3) ppm; HRMS-ESI: m/z calcd for C17H24O5Na: 331.1521;
found 331.1530 [M+Na]+ .


Dimethyl 2-((E)-6-hydroxy-3-methyl-6-phenylhex-2-enyl)-2-(prop-2-
ynyl)malonate (39): A solution of phenylmagnesium bromide in hexane
(1.0m, 0.156 mL, 0.467 mmol) was added at 0 8C to a solution of aldehyde
93 (98 mg, 0.350 mmol) in THF (5 mL). This mixture was stirred for
30 min, the cooling bath was removed, and the mixture was stirred for an
additional 30 min, quenched with saturated aqueous NH4Cl, washed with
saturated aqueous NaCl solution, and dried over MgSO4. The solvent
was evaporated and the residue was chromatographed (hexane/EtOAc
3:1) to yield 39 (72 mg, 57% yield) as a colorless oil. 1H NMR (400 MHz,
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CDCl3): d = 7.31–7.17 (m, 5H), 4.90 (dt, J = 7.7, 1.1 Hz, 1H), 4.56 (dd,
J = 7.7, 5.3 Hz, 1H), 3.66 (s, 6H), 2.75–2.69 (two overlapping d, J = 7.9,
2.6 Hz, 4H), 2.12–1.95 (m, 2H), 1.93 (t, J = 2.6 Hz, 1H), 1.86–1.65 (m,
3H), 1.59 (s, 3H) ppm; 13C NMR, DEPT (100 MHz, CDCl3): d = 170.44
(C), 170.43 (C), 144.71 (C), 140.01 (C), 128.47 (2ZCH), 127.54 (CH),
125.87 (2ZCH), 117.53 (CH), 79.17 (C), 74.02 (CH), 71.28 (CH), 57.14
(C), 52.72 (CH3), 52.71 (CH3), 37.09 (CH2), 36.21 (CH2), 30.67 (CH2),
22.62 (CH2), 16.19 (CH3) ppm; HRMS-ESI: m/z calcd for C21H26O5Na:
381.1678; found 381.1672 [M+Na]+ .


Synthesis of [Au(L)Cl] complexes: These complexes were prepared by
the literature procedure for the synthesis of [Au(PPh3)Cl]:


[22] sodium
tetrachloroaurate(iii) dihydrate or tetrachloroauric acid (1 mmol) was dis-
solved in water, and the orange solution was cooled in ice. 2,2’-Thiodi-
ethanol (3 mmol) was slowly added (ca. 45 min) to this solution with stir-
ring. A solution of the phosphine ligand (1 mmol) in EtOH was added
dropwise to give a white solid. The solid was filtered off, washed with
MeOH, and dried in vacuo.


[Au(PCy3)Cl]: Yield 84%; 1H NMR (400 MHz, CDCl3): d = 2.03–1.93
(m, 9H), 1.89–1.85 (m, 6H), 1.75–1.72 (m, 3H), 1.52–1.41 (m, 6H), 1.35–
1.21 (m, 9H) ppm; 13C NMR (100 MHz, CDCl3): d = 33.28 (d, 1J13C,31P =


31 Hz), 30.75, 26.96 (d, 2J13C,31P = 12.2 Hz), 25.80 (d, 3J13C,31P =


1.5 Hz) ppm; 31P NMR (161.98 MHz, CDCl3): d = 57.12 ppm; HRMS-
ESI (from MeCN solution) m/z calcd for C20H36AuNP: 518.2251; found
518.2241 [M+MeCN�Cl]+ .
[Au{P(C6F5)3}Cl]: Yield 82% ppm; 31P NMR (161.98 MHz, CDCl3): d =


57.08 ppm; HRMS-FAB: m/z calcd for C18F15AuP: 728.9164; found
728.9169.


[Au{P(o-Tol)3}Cl]: Yield 49%. 1H NMR (400 MHz, CDCl3): d = 7.46 (tt,
J = 7.5, 1.5 Hz, 3H), 7.35 (m, 3H), 7.19 (t, J = 7.7 Hz, 3H), 6.92 (ddd, J
= 13.3, 7.8, 1.1 Hz, 3H), 2.67 (s, 9H) ppm; 13C NMR (100 MHz, CDCl3):
d = 143.0 (d, 2J13C,31P = 12 Hz), 133.49 (d, 3J13C,31P = 9.6 Hz), 132.42 (d,
3J13C,31P = 9.1 Hz), 131.97 (d, 4J13C,31P = 2.6 Hz), 126.69 (d, 2J13C,31P =


10.5 Hz), 125.00 (d, 1J13C,31P = 61.3 Hz), 23.31 (d, 3J13C,31P = 11.3 Hz) ppm;
31P NMR (161.98 MHz, CDCl3): d = 11.50 ppm; HRMS-ESI (from
MeCN solution) m/z calcd for C23H24AuNP: 542.1312; found 542.1318
[M+MeCN�Cl]+ .
[Au(AsPh3)Cl]: Yield 88%. 1H NMR (400 MHz, CDCl3): d = 7.55–7.50
(m, 15H) ppm; 13C NMR (100 MHz, CDCl3): d = 133.23, 131.44, 131.05,
129.62 ppm; HRMS-ESI (from MeCN solution) m/z calcd for
C20H18AuNAs: 544.0321; found 544.0306 [M+MeCN�Cl]+.
[Au{P(1-Naph)3}Cl]: This compound was prepared by the described pro-
cedure.[58] Yield 80%. 1H NMR (400 MHz, CDCl3): d = 8.82 (d, J =


8.5 Hz, 3H), 8.09 (d, J = 8.0 Hz, 3H), 8.00 (d, J = 8.2 Hz, 3H), 7.61 (dd,
J = 7.9, 7.1 Hz, 3H), 7.51 (dd, J = 8.1, 7.5 Hz, 3H), 7.33 (m, 6H) ppm;
13C NMR (100 MHz, CDCl3): d = 135.04 (d, 3J13C,31P = 8.1 Hz), 134.14 (d,
3J13C,31P = 8.1 Hz), 133.94 (d, 2J13C,31P = 11.8 Hz), 133.51, 129.26 (d, 4J13C,31P


= 1.3 Hz), 127.79, 126.97, 126.50 (d, 2J13C,31P = 14.4 Hz), 125.13 (d, 2J13C,31P


= 12.0 Hz), 122.53 (d, 1J13C,31P = 62.7 Hz) ppm; 31P NMR (161.98 MHz,
CDCl3): d = 9.59 ppm: HRMS-ESI (from MeCN solution) m/z calcd for
C32H24AuNP: 650.1312; found 650.1335 [M+MeCN�Cl]+ .
Complex 24 a : Yield 69%. 1H NMR (400 MHz, CDCl3): d = 7.76–7.71
(m, 1H), 7.57–7.44 (m, 5H), 7.33–7.28 (m, 1H), 7.18 (d, J = Hz, 3H),
2.08–1.94 (m, 4H) 1.83–1.74 (m, 4H), 1.68–1.43 (m, 6H) 1.33–1.18 (m,
8H) ppm; 13C NMR (100 MHz, CDCl3): d = 149.09, 134.29, 132.48 (d,
3J13C,31P = 7.4 Hz), 130.71, 129.24, 128.64, 128.35, 127.43 (d, 3J13C,31P =


8.4 Hz), 124.43, 36.58 (d, 1J13C,31P = 33.3 Hz), 31.16 (d, 3J13C,31P = 4.5 Hz),
29.42, 26.54 (d, 2J13C,31P = 10 Hz), 24.43 (d, 2J13C,31P = 14 Hz), 25.58 ppm;
31P NMR (161.98 MHz, CDCl3): d = 47.15 ppm; HRMS-ESI(from
MeCN solution) m/z calcd for C26H34AuNP: 588.2094; found 588.2075
[M+MeCN�Cl]+ .
Complex 24b : Yield 43%. 1H NMR (400 MHz, CDCl3): d = 7.87 (td, J
= 7.7, 1.7 Hz, 1H), 7.51 (m, 5H), 7.31 (m, 1H), 7.13 (dd, J = 8.0. 1.0 Hz,
2H), 1.41 (d, J = 15.6, 18H) ppm; 13C NMR (100 MHz, CDCl3): d =


150.16 (d, 2J13C,31P = 13.5 Hz), 142.10 (d, 3J13C,31P = 6.3 Hz), 133.46 (d,
4J13C,31P = 3.0 Hz), 133.22 (d, 3J13C,31P = 7.5 Hz), 129.19, 128.67, 128.22,
126.67 (d, 3J13C,31P = 6.8), 126.06 (d, 1J13C,31P = 45.3 Hz), 37.75 (d, 1J13C,31P =


25.7 Hz), 30.84 (d, 2J13C,31P = 6.7 Hz) ppm; 31P NMR (161.98 MHz,


CDCl3): d = 63.11 ppm; HRMS-ESI (from MeCN solution) m/z calcd
for C22H30AuNP: 536.1781; found 536.1779 [M+MeCN�Cl]+ .
Complex 24c : Yield 61%. 1H NMR (400 MHz, CDCl3): d = 7.57–7.55
(m, 1H), 7.47–7.45 (m, 2H), 7.23 (m, 1H), 7.05 (s, 2H), 2.95 (hept, J =


7.0 Hz, 1H), 2.21 (hept, J = 6.7 Hz, 2H), 2.05–2.01 (m, 4H), 1.83–1.71
(m, 6H), 1.67–1.61 (m, 2H), 1.53–1.42 (m, 3H), 1.35 (s, 3H), 1.34 (s, 3H),
1.28 (s, 3H), 1.26 (s, 3H), 1.23–1.13 (m, 7H), 0.92 (s, 3H), 0.91 (s,
3H) ppm; 13C NMR (100 MHz, CDCl3): d = 150.06, 145.48, 133.82 (d,
3J13C,31P = 8.1 Hz), 132.04 (d, 1J13C,31P = 3.2 Hz), 130.35 (d, 1J13C,31P =


1.8 Hz), 127.08 (d, 1J13C,31P = 7.1 Hz), 121.70, 37.23 (d, 1J13C,31P = 33.5 Hz),
34.30, 30.93, 30.81, 27.01 (d, 1J13C,31P = 13.5 Hz), 26.69 (d, 1J13C,31P =


12.9 Hz), 24.36, 23.12 ppm; 31P NMR (161.98 MHz, CDCl3): d 38.48 ppm;
HRMS-ESI: m/z calcd for C33H49AuPNa: 731.2823; found 731.2789
[M+Na]+ .


Complex 24d : Yield 51%. 1H NMR (400 MHz, CDCl3): d = 7.66–7.42
(m, 4H), 7.23–7.20 (m, 1H), 6.66 (d, J = 8.4 Hz, 2H), 3.70 (s, 6H), 2.18–
2.13 (m, 2H), 1.98–1.93 (m, 2H), 1.83–1.64 (m, 8H), 1.48–1.36 (m, 4H),
1.33–1.15 (m, 6H) ppm; 13C NMR (100 MHz, CDCl3): d = 176.44, 152.44
(d, 1J13C,31P = 7.9 Hz), 151.08 (d, 1J13C,31P = 3.9 Hz), 150.19 (d, 1J13C,31P =


2.4 Hz), 149.25, 146.27 (d, 1J13C,31P = 3.3 Hz), 146.16 (d, 1J13C,31P = 2.9 Hz),
123.60, 74.54, 55.58 (d, 1J13C,31P = 34.20 Hz), 49.52 (d, 1J13C,31P = 3.8 Hz),
48.45, 45.94 (d, 1J13C,31P = 12.8 Hz), 45.80 (d, 1J13C,31P = 14.3 Hz), 44.94 (d,
1J13C,31P = 1.6 Hz) ppm; 31P NMR (161.98 MHz, CDCl3): d = 41.79 ppm;
HRMS-ESI (from MeCN solution) m/z calcd for C28H38AuPNO2:
648.2306; found 648.2286 [M+MeCN�Cl]+ .
Synthesis of cationic gold complexes 24e and 25 : A mixture of [Au(L)Cl]
complex (0.5 mmol) and AgSbF6 (0.5 mmol) was suspended in MeCN
(4 mL). The reaction mixture was stirred at 23 8C for 12 h, the solvent
was evaporated, and the crude product was dissolved in MeCN (1 mL).
The mixture was then filtered through a pad of Celite, and the solvent
was evaporated under reduced pressure to give the cationic complexes as
white solids.


Complex 24e : Yield 73%. 1H NMR (400 MHz, CDCl3): d = 7.85 (m,
1H), 7.65–7.50 (m, 5H), 7.35–7.30 (m, 1H), 7.20 (m, 2H), 2.42 (s, 3H),
1.42 (d, J1H,31P) = 16.3 Hz, 18H) ppm; 13C NMR (100 MHz, CDCl3): d =


149.00 (d, J13C,31P = 11.7 Hz), 142.36 (d, J13C,31P = 7.20 Hz), 133.22 (d,
J13C,31P = 7.6 Hz), 133.04 (d, J13C,31P = 3.8 Hz), 131.43 (d, J13C,31P = 2.4 Hz),
129.44, 129.20, 127.99, 127.56 (d, J13C,31P = 7.8 Hz), 123.72 (d, J13C,31P =


53.2 Hz), 118.97, 38.00 (d, J13C,31P = 27.2 Hz), 30.77, 2.20 ppm; 31P NMR
(162 MHz, CDCl3): d = 60.29 ppm; HRMS-ESI m/z calcd for
C22H30AuNP: 536.1781; found 536.1791 [M�SbF6]


+ .


Complex 25 : Yield 95%. 1H NMR (400 MHz, CDCl3): d = 7.62–7.46 (m,
15H), 2.49 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): d = 134.11 (d,
J13C,31P = 13.2 Hz), 132.89 (d, J13C,31P = 2.9 Hz), 129.78 (d, J13C,31P =


12.44 Hz), 126.38 (d, J13C,31P = 66.55 Hz), 2.64 (one carbon signal was not
observed) ppm; 31P NMR (162 MHz, CDCl3): d = 32.36 ppm; HRMS-
ESI m/z calcd for C20H18AuNP: 500.0842; found 500.0829 [M�SbF6]


+ .


N-Methyl-N’-(2,4,6-trimethylphenyl)imidazolium iodide :[59] MeI (1.91 g,
13.5 mmol) was added dropwise to a solution of 1-(2,4,6-trimethyl)imida-
zole[60] (500 mg, 2.7 mmol) in THF (2 mL). The mixture was heated at
reflux while the white product precipitated. After 48 h, the reaction mix-
ture was filtered to give a white solid (1.98 mmol, 73%). The solid was
used without any further purification. 1H NMR (300 MHz, CDCl3): d =


9.91 (s, 1H), 7.86 (t, J = 1.8 Hz, 1H), 7.18 (t, J = 1.8 Hz, 1H), 6.99 (s,
2H), 4.36 (s, 3H), 2.33 (s, 3H), 2.08 (s, 6H) ppm; 13C NMR (75 MHz,
CDCl3): d = 141.39, 137.66, 134.25, 130.46, 129.85, 124.69, 123.07, 37.96,
21.06, 17.91 ppm; HRMS-EI: m/z calcd for C13H15N2I: 327.0358; found
327.0359 [M�1]+ .
General procedure for the synthesis of NHC AuI complexes 26a–c :[61]


Ag2O (0.5 mmol) was added to a solution of the imidazolium ligand
(1 mmol)[62] in CH2Cl2. The suspension became clear after stirring for 3 h
at 23 8C. A solution of [Au(Me2S)Cl] (1 mmol) in CH2Cl2 was added
dropwise, the reaction mixture was stirred for another 4 h, the solution
was filtered through Celite, and the solvent was partially evaporated. Ad-
dition of hexane resulted in the precipitation of the NHC AuI complex.


Complex 26 a : Yield 49%. 1H NMR (400 MHz, CDCl3): d = 7.08 (s,
2H), 6.97 (br s, 4H), 2.33 (s, 6H), 2.09 (s, 12H) ppm; 13C NMR
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(100 MHz, CDCl3): d = 139.79, 134.68, 129.49, 122.12, 21.13, 17.75 (one
signal is missing) ppm; HRMS-FAB: m/z calcd for C21H26AuN2Cl:
537.1372; found 537.1361 [M+H]+ . This complex has been also described
by Nolan et al.[24]


Complex 26b : Yield 60%. 1H NMR (500 MHz, CDCl3): d = 7.14 (d, J =


2.0 Hz, 1H), 6.95 (br s, 2H), 6.88 (d, J = 2.0 Hz, 1H), 3.95 (s, 3H), 2.32
(s, 3H), 2.00 (s 6H) ppm; 13C NMR (125 MHz, CDCl3): d = 172.69,
139.71, 134.80, 134.69, 129.45, 122.18, 121.69, 38.37, 21.12, 17.85 ppm;
HRMS-ESI: m/z calcd for C13H18AuN2Cl: 433.0746; found 433.0739
[M+H]+ .


Complex 26c : 1H NMR (400 MHz, CDCl3): d = 6.92 (br s, 2H), 3.82 (s,
6H) ppm; 13C NMR (100 MHz, CDCl3): d = 174.32, 121.72, 38.19 ppm;
HRMS-ESI (from MeCN solution) m/z calcd for C7H11AuN3: 334.0619;
found 334.0623 [M+MeCN�Cl]+ .
General procedures for AuI-catalyzed intermolecular alkoxycyclization :
The protic acid (6 mol%) was added to a mixture of the enyne (0.2–
0.5 mmol) and gold(i) catalyst [Au(PPh3)Me] (3 mol%) in the stated sol-
vent (3–5 mL of MeOH, EtOH, or aqueous acetone) and the mixtures
were stirred under the conditions stated in Tables 1 and 2 and Scheme 3.
The resulting mixture was filtered through Celite, the solvent was evapo-
rated, and the residue was chromatographed (hexane/EtOAc) to give the
corresponding carbo- or heterocycle. Alternatively, complex [Au(L)Cl]
and a AgI salt or the corresponding cationic AuI complex were used as
the catalyst (Tables 4 and 5 and Scheme 4). Routinely, synthetic grade
MeOH or EtOH (>99.8% purity) were used as solvents, without further
drying.


General procedure for AuI-catalyzed intramolecular alkoxycyclization or
skeletal rearrangement of enynes : The enyne (0.10–0.50 mmol) in CH2Cl2
(1 mL) was added to a mixture of [Au(PPh3)Cl] (2 mol%) and silver(i)
salt (2 mol%) (or the corresponding cationic AuI complex) in CH2Cl2
(2 mL) and the mixture was stirred for the time and at the temperature
indicated in Schemes 5–7 and Tables 6 and 7. The resulting mixture was
filtered through SiO2 and the solvent was evaporated to give the corre-
sponding product.


General procedure for FeIII-catalyzed skeletal rearrangement of enynes :
The same procedure was followed but with FeCl3 (5 mol%) as catalyst in
toluene at 80–90 8C (Table 8).


Dimethyl 3-(1-ethoxy-1-methylethyl)-4-methylenecyclopentane-1,1-dicar-
boxylate (2 b): Colorless oil: 1H NMR (300 MHz, CDCl3): d = 4.97 (brd,
J = 8.9 Hz, 2H), 3.70 (s, 3H), 3.69 (s, 3H), 3.37 (m, 2H), 2.92–2.78 (m,
3H), 2.51 (ddd, J = 13.3, 8.1, 1.6 Hz, 1H), 2.00 (dd, J = 13.3, 9.3 Hz,
1H), 1.16 (s, 3H), 1.10 (m, 6H) ppm; 13C NMR (75 MHz, CDCl3): d =


172.01, 171.90, 148.34, 110.33, 76.41, 58.54, 56.19, 52.63, 49.47, 43.39,
36.01, 23.23, 22.59, 15.84 ppm; EI-HMRS calcd for C15H23O4: 283.1545;
found 283.1544 [M�1]+ .
Bicyclic lactone 3 : Colorless oil: 1H NMR (500 MHz, CDCl3): d = 5.17
(dd, J = 2.0, 1.9 Hz, 1H), 5.14 (dd, J = 3.1, 2.6 Hz, 1H), 3.82 (s, 3H),
2.98 (dt, J = 17.9, 2.5 Hz, 1H), 2.77 (dd, J = 17.9, 1.5 Hz, 1H), 2.67 (d,
J = 5.0 Hz, 1H), 2.62 (dd, J = 12.3, 1.8 Hz, 1H), 2.04 (dd, J = 12.3,
5.1 Hz, 1H), 1.53 (s, 3H), 1.41 (s, 3H) ppm; 13C NMR (125 MHz,
CDCl3): d = 170.45, 170.40, 144.73, 112.20, 84.91, 56.41, 52.71, 50.81,
37.89, 33.39, 27.84, 27.51 ppm; EI-HMRS calcd for C12H16O4: 224.1048;
found 224.1038. The structure was confirmed by COSY, NOESY, HMBC,
and HMQC experiments.


(3R*)-Dimethyl 3-[(1R*)-1-ethoxy-1,5-dimethyl-4-hexenyl]-4-methylene-
cyclopentane-1,1-dicarboxylate (13 b): Colorless oil: 1H NMR (300 MHz,
CDCl3): d = 5.10 (m, 1H), 5.00 (s, 1H), 4.89 (s, 1H), 3.72 (s, 3H), 3.71
(s, 3H), 3.35 (m, 2H), 2.96–2.82 (m, 4H), 2.77–2.50 (m, 1H), 2.15 (ddd, J
= 14.5, 8.9, 7.9 Hz, 1H), 2.09–1.95 (m, 2H), 1.66 (s, 2H), 1.60 (s, 2H),
1.12 (t, J = 6.9 Hz, 3H), 1.02 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3):
d = 172.13, 171.96, 148.65, 131.28, 124.63, 110.40, 78.03, 58.58, 56.01,
52.62, 48.25, 43.76, 35.68, 35.25, 25.66, 22.32, 19.96, 17.58, 15.73 ppm; EI-
HRMS calcd for C20H32O5: 352.2250; found 352.2251.


Carbocycle 13 c : 1H NMR (300 MHz, CDCl3): d = 5.05 (br s, 2H), 4.92
(s, 1H), 3.68 (s, 3H), 3.67 (s, 3H), 2.84 (m, 2H), 2.66 (tq, J = 8.0, 2.0 Hz,
1H), 2.55 (m, 2H), 2.13–1.95 (m, 2H), 1.64 (s, 3H), 1.58 (s, 3H), 1.47 (td,
J = 8.9, 1.6 Hz, 2H), 1.16 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d =


171.91, 148.45, 134.23, 131.95, 129.29, 74.71, 58.65, 52.71, 51.51, 43.67,
38.68, 35.42, 25.69, 24.65, 22.45, 17.66 ppm; HMRS-CI: m/z calcd for
C18H27O5: 323.1858; found 323.1860 [M�1]+ .
3-(1-Methoxy-1,5-dimethyl-4-hexenyl)-4-methylene-1,1-bis(phenylsulfo-
nyl)cyclopentane (15): White solid: 1H NMR (300 MHz, CDCl3): d =


8.07–8.01 (m, 4H), 7.72–7.66 (m, 2H), 7.60–7.53 (m, 4H), 5.10 (m, 1H),
4.97 (s, 1H), 4.92 (s, 1H), 3.48 (dq, J = 17.0, 2.8 Hz, 1H), 3.08 (s, 3H),
2.72 (m, 4H), 1.95 (m, 2H), 1.69 (s, 3H), 1.61 (s, 3H), 1.56 (m, 2H), 1.04
(s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d = 137.21, 135.98, 134.57,
134.39, 131.61, 131.04, 124.11, 110.98, 91.89, 76.57, 48.89, 48.72, 40.84,
34.91, 32.80, 25.63, 21.69, 19.01, 17.61 ppm; HRMS-CI m/z calcd for
C27H34O4S2: 485.1820; found 485.1797 [M�OH]+ .


Dimethyl 3-[methoxy(4-methoxyphenyl)methyl]-4-methylenecyclopen-
tane-1,1-dicarboxylate (30): Colorless oil: 1H NMR (CDCl3, 400 MHz): d
= 7.18 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 4.90 (br s, 1H),
4.46 (br s, 1H), 4.08 (d, J = 6.3 Hz, 1H), 3.80 (s, 3H), 3.73 (s, 3H), 3.67
(s, 3H), 3.16 (s, 3H), 2.99–2.93 (m, J = 16.0, 2.4 Hz, 1H), 2.90–2.84 (m,
2H), 2.48 (dd, J = 13.5, 8.0 Hz, 1H), 2.30 (dd, J = 13.5 Hz, 8.9 Hz,
1H) ppm; 13C NMR (CDCl3, 100 MHz; DEPT): d = 172.11, 172.08,
159.11, 148.36, 132.62, 128.47, 113.60, 108.69, 85.36, 58.59, 56.88, 55.22,
52.65, 49.29, 42.06, 35.76 ppm; HRMS-ESI: m/z calcd for C19H24O6Na:
371.1471; found 371.1456 [M+Na]+ .


Dimethyl 2-((E)-3-(4-nitrophenyl)allyl)-2-(2-oxopropyl)malonate (32):
Yellow solid: 1H NMR (CDCl3, 400 MHz): d = 8.14 (d, J = 8.5 Hz, 2H),
7.43 (d, J = 8.8 Hz, 2H), 6.45 (d, J = 15.8 Hz, 1H), 6.28 (q, J = 15.6,
7.7 Hz, 1H), 3.74 (s, 6H), 3.14 (s, 2H), 2.97 (d, J = 7.6 Hz, 2H), 2.12 (s,
3H) ppm; 13C NMR (CDCl3, 100 MHz; DEPT): d = 204.89, 170.54,
147.10, 143.20, 132.06, 129.94, 126.75, 124.01, 55.27, 52.93, 46.13, 37.28,
30.27 ppm; IR (KBr): ñ = 1740, 1709 cm�1; HRMS-ESI: m/z calcd for
C17H19NO7Na: 372.1059; found 372.1061 [M+Na]+ . The structure of 32
was confirmed by COSY, NOESY, HMQC, and HMBC experiments.
Isomer 32’ was also obtained as a byproduct (ca. 5:1 32/32’ ratio) that
could not be separated from 32 : 1H NMR (CDCl3, 400 MHz): d = 8.18
(d, J = 8.5 Hz, 2H), 7.38 (d, J = 8.8 Hz, 2H), 6.59 (d, J = 11.8 Hz, 1H),
5.71, (dt, J = 11.8, 7.4 Hz, 1H), 3.69 (s, 6H), 3.11 (s, 2H), 3.08 (d, J =


7.6 Hz, 2H), 2.03 (s, 3H) ppm; 13C NMR (CDCl3, 100 MHz): d = 204.89,
170.54, 147.10, 143.20, 132.06, 129.94, 126.75, 124.01, 55.27, 52.93, 46.13,
37.28, 30.27 ppm. Recovered enyne 31 was also contaminated with 31’
(ca. 5:1 31/31’ ratio): 1H NMR (CDCl3, 400 MHz): d = 8.19 (d, J =


8.7 Hz, 2H), 7.45 (d, J = 8.8 Hz, 2H), 6.63 (d, J = 11.9 Hz, 1H), 5.68
(dt, J = 11.8, 7.5 Hz, 1H), 3.70 (s, 6H), 3.09 (d, J = 7.5 Hz, 2H), 2.81 (d,
J = 2.6 Hz, 2H), 1.85 (t, J = 2.7 Hz, 1H).


Tricycle 34 : Yellow oil: 1H NMR (300 MHz, CDCl3): d = 7.30 (m, 5H),
5.00 (s, 1H), 4.76 (s, 1H), 4.71 (s, 1H), 4.04 (s, 1H), 2.53 (d, J = 4.05 Hz,
1H), 1.69–1.31 (m, 12H) ppm; 13C NMR (75 MHz, CDCl3; DEPT): d =


149.36 (C), 142.74 (C), 127.81 (CH), 127.09 (CH), 125.94 (CH), 102.88
(CH2), 83.07 (CH), 82.74 (CH), 48.79 (CH), 43.11 (C), 41.71 (CH2), 35.78
(CH2), 33.02 (CH2), 26.02 (CH2), 23.23 (CH2), 22.25 (CH2) ppm; HRMS-
EI: m/z calcd for C18H22O: 254.1671; found 254.1663. The structure of 34
was confirmed by COSY, NOESY, HMBC, and HMQC experiments.


Dimethyl 4-methylene-3-(2-methyltetrahydrofuran-2-yl)cyclopentane-1,1-
dicarboxylate (41): Colorless oil. 1H NMR (300 MHz, CDCl3): d = 5.02
(q, J = 2.0 Hz, 2H), 3.84–3.74 (m, 2H), 3.71 (s, 3H), 3.70 (s, 3H), 2.93–
2.80 (m, 3H), 2.62 (dd, J = 13.2, 8.6 Hz, 1H), 2.01–1.52 (m, 4H), 1.13 (s,
3H) ppm; 13C NMR, DEPT (75 MHz, CDCl3): d = 171.92 (2 C), 148.29
(C), 110.34 (CH2), 84.99 (C), 67.23 (CH2), 58.48 (C), 52.67 (CH3), 52.63
(CH3), 50.53 (CH), 43.29 (CH2), 36.82 (CH2), 34.90 (CH2), 26.02 (CH2),
23.87 (CH3) ppm; HRMS-ESI: m/z calcd for C15H22O5Na: 305.1365;
found 305.1361 [M+Na]+ . The structure of 41 was confirmed by COSY,
NOESY, HMQC, and HMBC experiments.


Dimethyl 3-(2,5-dimethyltetrahydrofuran-2-yl)-4-methylenecyclopentane-
1,1-dicarboxylate (42 a/42 b): Colorless oil. 1H NMR (500 MHz, CDCl3):
5.06 (m, 1H (major)), 5.01 (m, 3H (2H minor, 1H major)), 4.09–4.00 (m,
2H (both)), 3.71 (s, 3H), 3.701 (s, 6H), 3.699 (s, 3H), 2.93–2.83 (m, 5H
(2H major, 3H minor)), 2.78 (ddq, J = 9.7, 8.2, 1.9 Hz, 1H (major)),
2.69–2.59 (m, 2H (1H major, 1H minor)), 2.04–1.83 (m, 6H (3H major,
3H minor), 1.74 (ddd, J = 12.0, 7.7, 2.4 Hz, 1H (minor)), 1.63 (dt, J =


12.4, 8.2 Hz, 1H (major)), 1.59–1.50 (m, J = 10.5, 9.4, 7.8 Hz, 1H
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(minor)), 1.45 (ddt, J = 12.1, 9.6, 7.9 Hz, 1H (major)), overlapping 1.20
(d, J = 5.0 Hz, 3H minor) and 1.19 (d, J = 5.0 Hz, 3H major), 1.15 (s,
6H) ppm; 13C NMR, DEPT (125 MHz, CDCl3): d = 171.99 (2 C), 171.94
(2 C), 148.44 (C), 148.09 (C), 110.59 (CH2), 110.42 (CH2), 85.26 (C),
85.07 (C), 75.62 (CH), 73.67 (CH), 58.56 (C), 58.50 (C), 52.71 (2ZCH3),
52.67 (2ZCH3), 50.75 (2ZCH), 43.50 (CH2), 43.47 (CH2), 36.90 (CH2),
36.84 (CH2), 35.96 (CH2), 34.99 (CH2), 33.82 (CH2), 33.75 (CH2), 25.62
(CH3), 24.35 (CH3), 22.08 (CH3), 21.03 (CH3) ppm; HRMS-ESI: m/z
calcd for C16H25O5Na: 319.1545; found 319.1536 [M+Na]+ . The struc-
tures of 42a/42 b were confirmed by COSY, NOESY, HMQC, and
HMBC experiments.


Dimethyl 3-(5-tert-butyl-2-methyltetrahydrofuran-2-yl)-4-methylenecyclo-
pentane-1,1-dicarboxylate (43 a/43 b): Colorless oil. 1H NMR (400 MHz,
CDCl3): d = 5.02–5.04 (q, J = 2.02 Hz, 2H), 4.99–5.01 (m, J = 1.1 Hz,
1H), 4.93–4.95 (m, J = 1.1 Hz, 1H), 3.721 (s, 3H), 3.717 (s, 3H), 3.713 (s,
3H), 3.711 (s, 3H), 3.55–3.62 (m, 2H), 2.74–2.96 (m, 6H), 2.63–2.71 (ddd,
J = 1.9, 8.5, 13.4 Hz, 1H), 2.56–2.63 (m, 1H), 2.04–2.11 (dd, J = 9.1,
13.4 Hz, 1H), 1.88–1.95 (dd, J = 9.7, 13.4 Hz, 1H), 1.60–1.85 (overlap-
ping m, 8H), 1.127 (s, 3H), 1.101 (s, 3H), 0.86 (s, 9H), 0.85 (s, 9H) ppm;
13C NMR (100 MHz, CDCl3): d = 172.09, 172.00, 171.99, 171.97, 148.57,
148.52, 110.56, 110.01, 87.93, 85.27, 84.51, 83.97, 58.58, 58.55, 52.66, 52.64
(2 C), 52.59, 51.14, 50.73, 43.56, 43.37, 36.83, 36.14 (2 C), 35.20, 33.58,
33.07, 26.42(2 C), 25.94 (3 C), 25.83, 25.81 (3 C), 25.41 ppm; HRMS-EI:
m/z calcd for C19H31O5: 339.2171; found 339.2171.


Dimethyl 3-(2-methyl-5-vinyltetrahydrofuran-2-yl)-4-methylenecyclopen-
tane-1,1-dicarboxylate (44 a/44 b): Colorless oil. 1H NMR (400 MHz,
CDCl3): d = 5.83 (dtd, J = 17.0, 10.2, 6.8 Hz, 2H), 5.22 (dddd, J = 17.1,
9.3, 1.6, 1.2 Hz, 2H), 5.10–5.00 (overlapping m, 6H), 4.36 (m, J = 6.8 Hz,
2H), 3.720 (s, 6H), 3.717 (s, 6H), 2.97–2.80 (overlapping m, 6H), 2.73–
2.60 (overlapping m, 2H), 2.15–1.85 (overlapping m, 6H), 1.82–1.60
(overlapping m, 4H), 1.19 (s, 3H), 1.18 (s, 3H) ppm; 13C NMR, DEPT
(100 MHz, CDCl3): d = 171.91 (4 C), 148.33 (C), 148.11 (C), 140.15
(CH), 139.10 (CH), 115.16 (2ZCH2), 110.55 (CH2), 110.52 (CH2), 85.81
(C), 85.44 (C), 80.75 (CH), 78.92 (CH), 58.52 (2 C), 52.69 (2ZCH3), 52.65
(2ZCH3), 50.84 (CH), 50.74 (CH), 43.44 (CH2), 43.41 (CH2), 36.93
(CH2), 36.80 (CH2), 35.43 (CH2), 35.24 (CH2), 32.64 (CH2), 32.49 (CH2),
25.29 (CH3), 23.84 (CH3) ppm; HRMS-ESI: m/z calcd for C17H24O5Na:
331.1521; found 331.1508 [M+Na]+ . The structures of 44 a/44 b were con-
firmed by COSY, NOESY, HMBC, and HMQC experiments.


Dimethyl 3-(2-methyl-5-phenyltetrahydrofuran-2-yl)-4-methylenecyclo-
pentane-1,1-dicarboxylate (45 a/45 b): Colorless oil. 1H NMR (400 MHz,
CDCl3): d = 7.29–7.28 (m, 8H; both isomers), 7.26–7.21 (m, 2H; both
isomers), 5.12–5.07 (m, 2H; major isomer), 5.06–5.02 (m, 2H; minor
isomer), 4.98–4.91 (m, 2H; both isomers), 3.74 (s, 3H; minor isomer),
3.730 (s, 3H; major isomer), 3.727 (s, 3H; minor isomer), 3.71 (s, 3H;
major isomer), 3.04–2.87 (m, 6H; both isomers), 2.83–2.75 (ddd, J =


13.4, 8.3, 2.1 Hz, 1H (minor isomer)), 2.70 (ddd„ J = 13.4, 8.3, 1.0 Hz,
1H; major isomer), 2.39–2.26 (m, 2H; both isomers), 2.18–1.78 (m, 8H;
both isomers), 1.32 (s, 3H; major isomer), 1.29 (s, 3H; minor iso-
mer) ppm; 13C NMR, DEPT (100 MHz, CDCl3): d = 171.99 (2 C),
171.92 (2 C), 148.39 (C), 148.27 (C), 143.41 (C), 142.72 (C), 128.29 (2Z
CH), 128.23 (2ZCH), 127.16 (CH), 127.14 (CH), 125.91 (2ZCH), 125.76
(2ZCH), 110.76 (CH2), 110.49 (CH2), 86.05 (C), 85.32 (C), 81.57 (CH),
79.24 (CH), 58.58 (C), 58.56 (C), 52.73 (2ZCH3), 52.67 (2ZCH3), 51.12
(CH), 50.87 (CH), 43.53 (CH2), 43.47 (CH2), 37.00 (CH2), 36.60 (CH2),
36.20 (CH2), 35.95 (CH2), 35.32 (CH2), 35.03 (CH2), 25.36 (CH3), 23.15
(CH3) ppm; HRMS-EI: m/z calcd for C21H26O5: 358.1780; found
358.1773. The structures of 45 a/45 b were confirmed by COSY, NOESY,
HMQC, and HMBC experiments.


Dimethyl 3-[5-(2-hydroxypropan-2-yl)-4-methylene-2-methyltetrahydro-
furan-2-yl]cyclopentane-1,1-dicarboxylate (46 a/46 b): Colorless oil.
1H NMR (500 MHz, CDCl3): d = 5.06 (m, 2H), 5.02 (m, 1H), 4.94 (m,
1H), 3.78–3.71 (overlapping m, 2H), 3.73 (s, 6H), 3.72 (s, 3H), 3.71 (s,
3H), 2.98–2.74 (m overlapping qt, J = 15.0, 2.4 Hz and qt, J = 8.3,
1.6 Hz, 6H), 2.70 (ddd, J = 13.1, 8.7, 1.5 Hz, 1H), 2.61 (dd, J = 13.0,
8.3 Hz, 1H), 2.10 (dd, J = 13.3, 8.3 Hz, 2H), 1.97–1.66 (m, 10H), 1.23 (s,
3H), 1.19 (s, 3H), 1.16 (s, 3H), 1.15 (s, 3H), 1.10 (s, 3H), 1.09 (s, 3H)
ppm; 13C NMR, DEPT (125 MHz, CDCl3): d = 172.35 (C), 171.99 (C),


171.95 (2 C), 149.01 (C), 148.34 (C), 110.86 (CH2), 110.72 (CH2), 86.56
(CH), 85.47 (C), 84.86 (C), 83.94 (CH), 71.33 (C), 70.32 (C), 58.67 (C),
58.56 (C), 52.88 (2ZCH3), 52.77 (2ZCH3), 50.89 (CH), 50.87 (CH), 43.53
(CH2), 43.48 (CH2), 36.80 (CH2), 36.12 (CH2), 35.38 (CH2), 35.25 (CH2),
27.73 (CH3), 27.64 (CH3), 26.14 (CH2), 25.67 (CH2), 25.43 (CH3), 24.76
(CH3), 24.04 (CH3), 22.71 (CH3) ppm; HRMS-ESI: m/z calcd for
C18H28O6Na: 363.1784; found 363.1780 [M+Na]+. The structures of 46 a/
46b were confirmed by COSY, NOESY, HMBC, and HMQC experi-
ments.


Dimethyl 3-((Z)-3-hydroxy-2-methylprop-1-enyl)cyclopent-3-ene-1,1-di-
carboxylate (55): Yellow oil: 1H NMR (300 MHz, CDCl3): d = 5.85 (br s,
1H), 5.44 (br s, 1H), 4.25 (s, 2H), 3.73 (s, 6H), 3.14 (br s, 2H), 3.05 (s,
2H), 1.88 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d = 172.44, 140.02,
137.80, 126.79, 123.29, 62.38, 59.37, 52.90, 43.10, 40.39, 22.19 ppm;
HRMS-EI: m/z calcd for C13H17O5: 253.1076; found 253.1070 [M�1]+ .
Dimethyl 3-((Z)-2,6-dimethylhepta-1,5-dienyl)cyclopent-3-ene-1,1-dicar-
boxylate (57): Pale yellow oil: 1H NMR (300 MHz, CDCl3): d = 5.73 (s,
1H), 5.38 (s, 1H), 5.12 (tsext, J = 8.7, 1.4 Hz, 1H), 3.73 (s, 6H), 3.16 (d,
J = 1.8 Hz, 2H), 3.03 (s, 2H), 2.20 (m, 2H), 2.13 (m, 2H), 1.77 (s, 3H),
1.68 (d, J = 1.0 Hz, 3H), 1.60 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3;
DEPT): d = 172.59 (C), 139.42 (C), 138.48 (C), 131.82 (C), 124.58 (CH),
123.92 (CH), 121.04 (CH), 59.37 (C), 52.79 (CH3), 43.13 (CH2), 40.23
(CH2), 33.37 (CH2), 27.05 (CH2), 25.67 (CH3), 24.66 (CH3), 17.63 (CH3).
HMRS-ESI: m/z calcd for C18H26O4: 306.1831; found 306.1824. The struc-
ture of 57 was confirmed by a NOESY experiment.


Dimethyl (E)-5-benzylidenecyclohex-3-ene-1,1-dicarboxylate (61):
Yellow oil: 1H NMR (300 MHz, CDCl3): d = 7.42–7.19 (m, 5H), 6.60 (d,
J = 10.1 Hz, 1H), 6.34 (br s, 1H), 5.87 (m, 1H), 3.73 (s, 6H), 2.95 (d, J =


1.4 Hz, 2H), 2.76 (dd, J = 4.2, 2.2 Hz, 2H) ppm; 13C NMR (75 MHz,
CDCl3): d = 171.35, 137.08, 131.15, 129.17, 128.11, 128.02, 127.59, 126.67,
125.08, 52.76, 52.71, 37.69, 31.90 ppm; HRMS-ESI: m/z calcd for
C17H18O4Na: 286.1205; found 309.1092 [M+Na]+ .


Dimethyl 3-((E)-4-methoxystyryl)cyclopent-3-ene-1,1-dicarboxylate (64):
Colorless oil: 1H NMR (CDCl3, 400 MHz): d = 7.17 (d, J = 8.7 Hz, 2H),
6.83 (d, J = 8.7 Hz, 2H), 6.43 (d, J = 12.0 Hz, 1H), 6.14 (d, J =


12.0 Hz, 1H), 5.63 (br s, 1H), 3.81 (s, 3H), 3.70 (s, 6H), 3.02 (br s, 2H),
2.86 (br s, 2H) ppm; 13C NMR (CDCl3, 100 MHz): d = 172.32, 158.77,
138.42, 130.19, 130.08, 128.41, 124.82, 133.35, 59.34, 55.41, 52.92, 42.13,
40.31 ppm; HRMS-ESI: m/z calcd for C18H20O5: 339.1208; found
339.1222. The structure of 64 was confirmed by HMQC, HMBC, COSY,
and NOESY experiments.


Dimethyl 5-((Z)-4-methoxybenzylidene)cyclohex-3-ene-1,1-dicarboxylate
(63): Colorless oil: 1H NMR (CDCl3, 400 MHz): d = 7.17 (d, J = 8.7 Hz,
2H), 6.83 (d, J = 8.7 Hz, 2H), 6.6 (d, J = 10.1 Hz, 1H), 6.28 (br s, 1H),
5.86–5.81 (m, 1H), 3.76 (s, 3H), 3.72 (6H), 2.94 (brd, J = 1.4 Hz, 2H),
2.76–2.75 (brm, 2H) ppm; HRMS-ESI: m/z calcd for C18H20O5: 339.1208;
found 339.1222. The structure of 63 was confirmed by HMQC, HMBC,
COSY, and NOESY experiments.


Dimethyl 3-((E)-4-nitrostyryl)cyclopent-3-ene-1,1-dicarboxylate (66):
Yellow solid; 1H NMR (CDCl3, 400 MHz): d = 8.16 (d, J = 8.9 Hz, 2H),
7.50 (d, J = 8.8 Hz, 2H), 7.04 (d, J = 15.7 Hz, 1H), 6.47 (d, J =


16.1 Hz, 1H), 5.86 (br s, 1H), 3.77 (s, 6H), 3.27 (br s, 2H), 3.19 (br s,
2H) ppm; 13C NMR (CDCl3, 100 MHz): d = 172.05, 146.81, 146.21,
143.63, 139.21, 131.09, 130.79, 127.71, 126.75, 58.4, 53.02, 41.19,
39,39 ppm; HRMS-ESI: m/z calcd for C17H17NO6Na: 354.0954; found
354.0955 [M+Na]+ . The structure of 66 was confirmed by HMQC,
HMBC, COSY, and NOESY experiments.


Dimethyl 5-((Z)-4-nitrobenzylidene)cyclohex-3-ene-1,1-dicarboxylate
(65): Yellow solid; 1H NMR (CDCl3, 400 MHz): d = 8.15 (d, J = 8.8 Hz,
2H), 7.37 (d, J = 8.5 Hz, 2H), 6.54 (d, J = 10.1 Hz, 1H), 6.35 (br s, 1H),
6.03–5.98 (m, J = 10.1 Hz, 1H), 3.74 (s, 6H), 2.99 (d, J = 1.5 Hz, 2H),
2.81–2.80 (brm, 2H) ppm; 13C NMR (CDCl3, 100 MHz): d = 170.94,
145.96, 134.95, 130.68, 129.68, 125.26, 124.21, 123.63, 53.91, 52.94, 37.73,
31.72 (one signal is missing due to overlapping) ppm; HRMS-ESI: m/z
calcd for C17H17NO6Na: 354.0954; found 354.0955 [M+Na]+ . The struc-
ture of 65 was confirmed by HMQC, HMBC, COSY, and NOESY ex-
periments.
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3-(Prop-2-ylidene)-1-(toluene-4-sulfonyl)-1,2,3,6-tetrahydropyridine (70):
1H NMR (300 MHz, CDCl3): d = 7.68 (d, J = 8.3 Hz, 2H), 7.30 (d, J =


8.3 Hz, 2H), 6.37 (dt, J = 10.3, 2.1 Hz, 1H), 5.55 (dt, J = 10.3, 3.5 Hz,
1H), 3.93 (s, 2H), 3.80 (s, 2H), 2.45 (s, 3H), 1.80 (s, 3H), 1.71 (s,
3H) ppm; 13C NMR (75 MHz, CDCl3; DEPT): d = 143.26 (C), 134.19
(C), 129.84 (C), 129.69 (C), 129.26 (CH), 127.63 (CH), 124.43 (CH),
120.84 (CH), 44.98 (CH2), 44.96 (CH2), 21.43 (CH3), 20.23 (CH3), 19.55
(CH3) ppm; HMRS-EI: m/z calcd for C15H19NO2S: 277.1136; found
277.1145. The structure of 71 was confirmed by COSY, NOESY, HMBC,
and HMQC experiments.


3-Ethylidene-1-(toluene-4-sulfonyl)-1,2,3,6-tetrahydropyridine (72 a): Vis-
cous, yellow oil: Isomer mixture, E/Z 4:1; 1H NMR (500 MHz, CDCl3): d
= 7.72 (dd, J = 8.3, 3.0 Hz, 2H; minor isomer), 7.67 (d, J = 8.3 Hz, 2H;
major isomer), 7.32 (dd, J = 8.5, 4.0 Hz, 2H; minor), 7.28 (d, J =


8.3 Hz, 2H; major), 6.30 (dt, J = 10.1, 3.4 Hz, 1H), 5.60 (m, 1H), 5.29
(q, J = 7.6 Hz, 1H), 3.70 (t, J = 2.4 Hz, 2H), 3.65 (t, J = 1.2 Hz, 2H),
2.32 (s, 3H; minor), 2.33 (s, 3H; major), 1.63 (d, J = 7.2 Hz, 3H; minor),
1.59 (d, J = 7.3 Hz, 3H; major) ppm; 13C NMR (125 MHz, CDCl3;
DEPT; major isomer): d = 143.49 (C), 137.14 (C), 133.77 (C), 129.54
(CH), 127.86 (CH), 123.60 (CH), 122.87 (CH), 122.72 (CH), 49.67 (CH2),
45.72 (CH2), 21.53 (CH3), 12.45 (CH3) ppm; HRMS-EI: m/z calcd for
C14H17NO2S: 263.0980; found 263.0984. The structure of 73 a was con-
firmed by COSY, HMBC, HMQC, and NOESY experiments (major E
isomer).


7-Methyl-3-(toluene-4-sulfonyl)-3-azabicyclo[4.1.0]hept-4-ene (74 a):
Isomer mixture, 10:1; white solid: mp 96–98 8C (major isomer); colorless
oil (minor isomer); 1H NMR (500 MHz, CDCl3): d = 7.74 (d, J =


8.2 Hz, 2H; minor isomer), 7.67 (d, J = 8.2 Hz, 2H; minor), 7.63 (d, J =


8.3 Hz, 2H; major isomer), 7.30 (d, J = 7.9 Hz, 2H; major), 6.63 (d, J =


8.5 Hz, 1H; minor), 6.28 (d, J = 8.1 Hz, 1H; major), 5.40 (dd, J = 8.1,
5.4 Hz, 1H; major), 5.03 (dd, J = 7.5, 4.2 Hz, 1H; minor), 4.08 (d, J =


2.5 Hz, 1H; minor), 3.88 (d, J = 11.5 Hz, 1H), 3.35 (dd, J 12.0, 5.6 Hz,
1H; minor), 2.94 (dd, J = 11.5, 3.0 Hz, 1H; major), 2.43 (s, 3H; minor),
2.42 (s, 3H; major), 1.23–1.20 (m, 1H; major), 0.96 (d, J = 6.1 Hz, 3H;
major), 0.85–0.82 (m, 1H), 0.74 (d, J = 5.6 Hz, 3H; minor), 0.72–0.68
(m, 1H; major) ppm; 13C NMR (125 MHz, CDCl3; DEPT; major
isomer): d = 143.59 (C), 134.88 (C), 129.70 (CH), 127.21 (CH), 120.74
(CH), 111.85 (CH), 40.73 (CH2), 26.39 (CH), 21.72 (CH), 21.55 (CH3),
17.44 (CH3), 15.46 (CH) ppm; HRMS-EI: m/z calcd for C14H17NO2S:
263.0980; found 263.0992.


3-Ethylidene-6-methyl-1-(toluene-4-sulfonyl)-1,2,3,6-tetrahydropyridine
(72 b) and 2-methyl-4-propenyl-1-(toluene-4-sulfonyl)-2,5-dihydro-1H-
pyrrole (73 b): Compound 72b : Orange solid: mp 65–67 8C; 1H NMR
(500 MHz, CDCl3): d = 7.63 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 8.0 Hz,
2H), 6.18 (dd, J = 10.2, 0.8 Hz, 1H), 5.56 (s, 1H), 5.30 (q, J = 7.0 Hz,
1H), 4.47 (quint, J = 6.5 Hz, 1H), 4.23 (d, J = 15.6 Hz, 1H), 3.88 (dt, J
= 15.8, 2.0 Hz, 1H), 2.41 (s, 3H), 1.56 (dd, J = 7.1, 2.0 Hz, 3H), 1.34 (d,
J = 6.8 Hz, 3H) ppm. Compound 73 b : vitreous solid; 1H NMR
(500 MHz, CDCl3): d = 7.75 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 7.9 Hz,
2H), 6.07 (d, J = 15.9 Hz, 1H), 5.56 (m, 1H), 5.35 (br s, 1H), 4.51 (quint,
J = 5.8 Hz, 1H), 4.30 (ddd, J = 13.6, 4.7, 1.7 Hz, 1H), 4.14 (m, 1H),
2.44 (s, 3H), 1.78 (d, J = 6.8 Hz, 3H), 1.44 (d, J = 6.5 Hz, 3H) ppm;
13C NMR (125 MHz, CDCl3; DEPT): d = 143.33 (C), 142.82 (C), 137.26
(C), 135.37 (C), 134.87 (C), 129.73 (CH; endo), 129.48 (CH; exo), 128.98
(CH; endo), 127.48 (CH; endo), 127.43 (CH; exo), 126.43 (CH; exo),
126.65 (CH; exo), 122.52 (CH; exo), 121.62 (CH; exo), 63.14 (CH; exo),
54.42 (CH2; exo), 50.63 (CH; endo), 44.91 (CH2; exo), 22.86 (CH3; exo),
21.52 (CH3), 21.48 (CH3), 19.96 (CH3; endo), 18.39 (CH3; exo), 12.19
(CH3; endo) ppm; HRMS-EI: m/z calcd for C15H19NO2S (mixture of):
277.1136; found 277.1133. The structures of 73 b/74b were confirmed by
COSY, HMBC, HMQC, and NOESY experiments.


2,7-Dimethyl-3-(toluene-4-sulfonyl)-3-azabicyclo[4.1.0]hept-4-ene (74 b):
White solid: mp 167–169 8C; 1H NMR (300 MHz, CDCl3): d = 7.63 (d, J
= 8.4 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 6.07 (dm, J = 7.7 Hz, 1H), 5.50
(dd, J = 7.8, 5.6 Hz, 1H), 4.27 (q, J = 6.4 Hz, 1H), 2.42 (s, 3H), 1.20 (d,
J = 6.4 Hz, 3H), 1.07 (ddd, J = 8.4, 5.0, 1.4 Hz, 1H), 0.83 (m, 1H), 0.79
(d, J = 6.0 Hz, 3H), 0.00 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3;
DEPT): d = 143.16 (C), 136.33 (C), 129.52 (CH), 126.67 (CH), 117.41


(CH), 114.83 (CH), 46.21 (CH), 36.12 (CH), 22.22 (CH), 21.45 (CH3),
20.44 (CH3), 17.20 (CH3), 15.29 (CH) ppm; HRMS-EI: m/z calcd for
C15H19NO2S: 277.1136; found 277.1144. The structure of 75b was con-
firmed by COSY, HMBC, HMQC, and NOESY experiments and by se-
lective NOE experiments (irradiation on signals at 4.27 and 0.00 ppm).


3-((E)-Benzylidene)-1-(toluene-4-sulfonyl)-1,2,3,6-tetrahydropyridine
(80): White solid: mp 57–59 8C; 1H NMR (300 MHz, CDCl3): d = 7.73
(d, J = 8.3 Hz, 2H), 7.38–7.25 (m, 5H), 7.11 (d, J = 6.7 Hz, 2H), 6.54
(dt, J = 10.1, 2.4 Hz, 1H), 6.37 (s, 1H), 5.78 (dtd, J = 10.1, 3.4, 1.6 Hz,
1H), 4.01 (d, J = 1.2 Hz, 2H), 3.95 (t, J = 3.2 Hz, 2H), 2.44 (s,
3H) ppm; 13C NMR (75 MHz, CDCl3; DEPT): d = 135.89 (C), 134.31
(C), 129.48 (C), 129.00 (CH), 128.87 (C), 128.10 (CH), 127.74 (CH),
127.09 (CH), 127.02 (CH), 126.00 (CH), 124.08 (CH), 49.78 (CH2), 45.85
(CH2), 21.43 (CH3) ppm; HRMS-EI calcd for C19H19NO2S: 325.1136;
found 325.1136. The structure of 80 was confirmed by COSY, HMBC,
HMQC, and NOESY experiments.


3-(1,5-Dimethylhex-4-enylidene)-1-(toluene-4-sulfonyl)-1,2,3,6-tetrahy-
dropyridine (83): Viscous, colorless oil: 1H NMR (300 MHz, CDCl3): d =


7.22 (d, J = 8.2 Hz, 2H), 7.27 (d, J = 8.6 Hz, 2H), 6.33 (dt, J = 10.3,
2.2 Hz, 1H), 5.54 (dt, J = 10.3, 3.7 Hz, 1H), 5.10 (tq, J = 5.7, 1.4 Hz,
1H), 3.87 (q, J = 1.2 Hz, 2H), 3.74 (td, J = 2.9, 0.5 Hz, 2H), 2.40 (s,
3H), 2.16–2.04 (m, 4H), 1.69 (d, J = 0.6 Hz, 3H), 1.67 (d, J = 1.0 Hz,
3H), 1.60 (dd, J = 1.40, 0.4 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3;
DEPT): d = 143.27 (C), 134.05 (C), 133.85 (C), 132.33 (C), 129.29 (CH),
127.66 (CH), 124.68 (CH), 123.46 (CH), 122.69 (C), 121.27 (CH), 45.07
(CH2), 44.78 (CH2), 34.44 (CH2), 26.52 (CH2), 25.68 (CH3), 21.44 (CH3),
17.75 (CH3), 17.56 (CH3) ppm; HRMS-EI: m/z calcd for C20H27NO2S:
345.1762; found 345.1769.


(1 aR*,4 aS*,8R*)-4-(Toluene-4-sulfonyl)-1,1 a,4,4 a,5,6,7,8-octahydrocy-
clopropa[d]quinoline (85): White solid: 1H NMR (500 MHz, CDCl3): d =


7.62 (d, J = 8.4 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 6.11 (d, J = 7.7 Hz,
1H), 5.50 (dd, J = 7.6, 5.4 Hz, 1H), 3.91 (dd, J = 11.2, 4.1 Hz, 1H), 2.41
(s, 3H), 1.83 (m, 1H), 1.78 (qd, J = 13.7, 3.78 Hz, 2H), 1.55 (m, 1H),
1.44 (m, 1H), 1.42 (sext.t, J = 13.2, 3.2 Hz, 1H), 1.22 (qt, J = 12.9,
3.5 Hz, 1H), 0.90 (t, J = 3.9 Hz, 1H), 0.92–0.85 (m, 1H), 0.33 (dd, J =


8.2, 4.2 Hz, 1H), �0.18 (t, J = 4.1 Hz, 1H) ppm; 13C NMR (125 MHz,
CDCl3; DEPT): d = 143.14 (C), 136.30 (C), 129.61 (CH), 126.60 (CH),
117.35 (CH), 115.08 (CH), 52.73 (CH), 36.36 (CH2), 33.86 (C), 30.80
(CH2), 25.40 (CH2), 24.31 (CH2), 21.51 (CH2), 21.10 (CH), 15.32 (CH3);
EI-MS (m/z): 303.2 [M]+ ; HRMS-EI: m/z calcd for C17H21NO2S:
303.1293; found 303.1290; elemental analysis (%) calcd for C17H21NO2S:
C 67.29, H 6.98, N 4.62, S 10.57; found: C 66.97, H 7.82, N 4.52, S 10.77.
The structure of 85 was confirmed by COSY and NOESY experiments.


1-(Toluene-4-sulfonyl)-2-vinyl-2,4,5,6,7,7 a-hexahydro-1H-indole (86):
Colorless oil: 1H NMR (300 MHz, CDCl3): d = 7.73 (d, J = 8.1 Hz, 2H),
7.30 (d, J = 7.9 Hz, 2H), 6.43 (dd, J = 17.6, 10.9 Hz, 1H), 5.10 (d, J =


10.9 Hz, 1H) 4.95 (d, J = 17.4 Hz, 1H), 4.27 (dd, J = 12.5, 4.3 Hz, 1H),
4.12 (d, J = 14.9 Hz, 1H), 4.07 (m, 1H), 2.65 (d, J = 15.6 Hz, 1H), 2.52
(m, 1H), 2.42 (s, 3H), 1.80 (m, 3H), 1.39 (m, 2H), 1.22 (m, 1H) ppm;
13C NMR (75 MHz, CDCl3; DEPT): d = 143.32 (C), 138.61 (C), 129.73
(CH), 127.52 (CH), 125.21 (C), 115.08 (CH2), 68.05 (CH), 54.74 (CH2),
36.32 (CH2), 26.08 (CH2), 25.63 (CH2), 23.99 (CH2), 21.51 (CH3) (two
carbon signals overlap) ppm; EI-MS (m/z): 302.1 [M�1]+ .
Dimethyl 3-(2-methylprop-1-enyl)-cyclopent-2-ene-1,1-dicarboxylate
(87): Colorless oil: 1H NMR (500 MHz, CDCl3): d = 5.73 (m, 1H), 5.52
(m, 1H), 3.65 (s, 6H), 2.58 (td, J = 6.5, 1.9 Hz, 2H), 2.40 (m, 2H), 1.77
(d, J = 0.9 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3; DEPT): d =


172.02 (2 C), 146.13 (C), 138.04 (C), 124.86 (CH), 120.69 (CH), 65.98 (C),
52.66 (CH3), 52.72 (CH3), 34.78 (CH2), 32.14 (CH2), 27.42 (CH3), 20.51
(CH3).


3-(2-Methyl-1-propenyl)-1,1-bis(phenylsulfonyl)cyclopent-3-ene (88):
Pale orange solid: mp 139–141 8C; 1H NMR (300 MHz, CDCl3): d = 8.00
(d, J = 7.3 Hz, 4H), 7.69 (tt, J = 6.9, 1.2 Hz, 2H), 7.55 (t, J = 6.8 Hz,
4H), 5.39 (s, 1H), 5.02 (s, 1H), 3.47 (s, 2H), 3.36 (s, 2H), 1.71 (s, 3H),
1.57 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3; DEPT): d = 138.21 (C),
137.49 (C), 136.93 (C), 134.51 (CH), 130.82 (CH), 128.73 (CH), 122.73
(CH), 118.97 (CH), 91.44 (C), 41.30 (CH2), 38.54 (CH2), 27.05 (CH3),
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19.80 (CH3) ppm; HRMS-CI m/z calcd for C21H22O4S2: 403.1045; found
403.1045 [M+1]+ .


3-(2-Methyl-1-propenyl)-1,1-bis(phenylsulfonyl)cyclopent-3-ene (89):
Pale orange solid: mp 139–141 8C; 1H NMR (300 MHz, CDCl3): d = 8.00
(d, J = 7.3 Hz, 4H), 7.69 (tt, J = 6.9, 1.2 Hz, 2H), 7.55 (t, J = 6.8 Hz,
4H), 5.39 (s, 1H), 5.02 (s, 1H), 3.47 (s, 2H), 3.36 (s, 2H), 1.71 (s, 3H),
1,57 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3; DEPT): d = 138.21 (C),
137.49 (C), 136.93 (C), 134.51 (CH), 130.82 (CH), 128.73 (CH), 122.73
(CH), 118.97 (CH), 91.44 (C), 41.30 (CH2), 38.54 (CH2), 27.05 (CH3),
19.80 (CH3) ppm; HRMS-CI m/z calcd for C21H22O4S2: 403.1045; found
403.1045 [M+1]+ .


Dimethyl 3-methyl-5-methylenecyclohex-3-ene-1,1-dicarboxylate (91):
Yellow oil: 1H NMR (300 MHz, CDCl3): d = 5.90 (s, 1H), 4.78 (s, 2H),
3.69 (s, 6H), 2.80 (s, 2H), 2.57 (s, 2H), 1.79 (s, 3H) ppm; 13C NMR
(75 MHz, CDCl3; DEPT): d = 171.38 (C), 139.30 (C), 135.48 (C), 124.38
(CH), 111.05 (CH2), 54.42 (C), 52.71 (CH3), 35.64 (CH2), 35.48 (CH2),
23.34 (CH3) ppm; HRMS-EI: m/z calcd for C12H16O4: 224.1049; found
224.1048. The corresponding reaction of deuterated enyne [D1]-18 gave
[D1]-91a (Scheme 9), in which the signal at 4.78 ppm (1H) was not ob-
served.


[Au(PPh3)Cl]/AgSbF6-catalyzed cyclization of [D1]-75 (Scheme 9): Cycli-
zation of the deuterated enyne [D1]-75 gave [D1]-76 and [D1]-78. In [D1]-
76 the olefinic hydrogen at 5.89 ppm was not observed [1H NMR
(300 MHz, CDCl3) for 76 : d = 7.68 (d, J = 7.7 Hz, 2H), 7.31 (d, J =


7.7 Hz, 2H), 5.89 (s, 1H), 4.81 (d, J = 8.7 Hz, 2H), 3.77 (s, 2H), 3.59 (s,
2H), 2.43 (s, 3H), 1.73 (s, 3H)]. In [D1]-78 the signal at 0.92 ppm (1H)
was not observed [1H NMR (300 MHz, CDCl3): for 78 : d = 7.65 (d, J =


84 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 6.28 (d, J = 7.9 Hz, 1H), 5.40 (dd,
J = 7.9, 5.6 Hz, 1H), 3.84 (d, J = 11.3 Hz, 1H), 2.72 (dd, J = 11.3,
0.7 Hz, 1H), 2.42 8 s, 3H), 1.11 (s, 3H), 0.92 (m, 1H), 0.63 (ddd, J = 8.1,
4.4, 1.2 Hz, 1H), 0.56 (t, J = 4.4 Hz, 1H)].
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Introduction


Transition-metal-catalyzed reactions of 1,6-enynes[1,2] that
proceed through the selective coordination of the metal to
the alkyne (I) take place through exo-cyclopropyl metal car-
benes II or the related endo intermediates (Scheme 1).[2,3]


Reactions between II and alcohols or water gives products
of alkoxy- or hydroxycyclization III. In the absence of nucle-
ophiles, enynes undergo skeletal rearrangements to form
dienes IV (single cleavage) and/or V (double cleavage).[4,5]


We proposed the involvement of intermediates II in PtII-
catalyzed cyclization of enynes on the basis of DFT calcula-
tions[2a,b] and the isolation of cyclopropanecarbaldehyde in
PtII-[2b] or PdII-mediated hydroxycyclization[6] of certain
enynes. Recently, we have also proposed similar intermedi-
ates in AuI-catalyzed hydroxy- and alkoxycyclization[3,7] and


the skeletal rearrangements of 1,6-enynes.[8] Cyclopropyl de-
rivatives were also obtained by Trost et al. in intermolecular
reactions between dienynes and alkenes.[9] Other theoretical
work has also supported the involvement of intermediates II
in these reactions.[2,3,10]


Strong evidence for the existence of intermediates such as
II was also obtained in the reactions of dienynes such as 1
catalyzed by electrophilic metal complexes described by
Murai7s group (Scheme 2).[11] The ruthenium carbene inter-
mediate is trapped intramolecularly by the terminal alkene
yielding tetracycle 2 containing two cyclopropanes.
Malacria7s group has described related examples in the


PtCl2-catalyzed reactions of substrates 3, containing prop-
argyl alcohol or ether units in their structures, to form tetra-
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able to promote the biscyclopropana-
tion, although less efficiently. The con-
figurations obtained in all cases with
the use of gold(i) catalysts can be ex-
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through anti cyclopropyl gold carbenes.
Similar intermediates are most proba-
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Scheme 1. exo-Cyclization of enynes through cyclopropyl metal carbenes
II.
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cycles 4 (Scheme 3).[12] In this reaction, the cyclopropyl plati-
num carbene VII is probably formed as an intermediate.[10]


In a cyclization of this kind, the relative configuration of
the second cyclopropane is determined by the conformation
of the cyclopropyl metal carbene around the single C�C
bond. The observed stereochemistry of the last cyclopropa-
nation can be interpreted by assuming a more favored anti-
periplanar arrangement of the cyclopropane and the metal
carbene (anti-VIIIa) (Scheme 4), which is in full agreement


with the results of the calculations.[2b,c,3] Such an arrange-
ment is also consistent with the results of Brookhart
et al. ,[13] which show preferred antiperiplanar conformations
for iron (5a) and ruthenium (5b) cyclopropyl carbene com-
plexes.
Using cationic gold(i) complexes [Au(PPh3)]


+ X� (X =


BF4, SbF6), we have recently reported examples of biscyclo-
propanation reactions occurring at temperatures much
lower that those required with RuII and PtII catalysts.[3,14]


Here we report details of this work, including a theoretical
study of the AuI-catalyzed intramolecular cyclopropanation.


Results and Discussion


Scope of the intramolecular cyclopropanation : In addition
to readily available [Au(PPh3)Cl],


[15] we also assayed as cat-
alysts the new AuI complexes 6a-e,[16] with bulky, biphenyl-


based phosphanes.[17] Cationic complex 7 was prepared by
chloride abstraction of [Au(PPh3)Cl] with AgSbF6 in aceto-
nitrile. Complexes with N-heterocyclic donor ligands 8a–c[18]


were also tested as catalysts. Complex 8a and several relat-
ed complexes have been independently prepared by Nolan
et al.[19]


We had found that dienynes 9–11 react with a catalyst
formed from [Au(PPh3)Me] and protic acid in MeOH to
give methoxycyclization products 12–14 exclusively
(Scheme 5).[3,7]


In the absence of MeOH, dienyne 9 reacts with a variety
of AuI complexes to give tetracycle 15 as the major or exclu-
sive product under very mild conditions (Table 1). An active
catalyst could also be generated by treatment of [Au-
(PPh3)Me] with trifluoroacetic acid (TFA). No reaction was
observed in DMF or in the presence of additional PPh3


Scheme 2. RuII-catalyzed biscyclopropanation of dienyne 1.[11]


Scheme 3. PtII-catalyzed biscyclopropanation of dienynes 3.[12]


Scheme 4. syn- and anti-Cyclopropyl metal carbenes.


Scheme 5. Methoxycyclization of dienynes 9–11.


Chem. Eur. J. 2006, 12, 1694 – 1702 M 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1695


FULL PAPER



www.chemeurj.org





(1 equiv). The tetracyclization was usually complete with
quantitative conversion in less than 3 h at �40 8C with most
AuI catalysts, the exceptions being catalysts generated from
AuCl, [Au(SMe2)Cl], and [Au{P(C6F5)3}Cl]/(Table 1, en-
tries 1, 2, and 5), which gave lower yields. For preparative
purposes, the best conversion was achieved by use of cation-
ic catalyst 7, which resulted in almost quantitative formation
of tetracycle 15 in just 5 min at room temperature (Table 1,
entry 12). Whilst skeletal rearrangement derivative 16 could
also be detected as a minor product in some of the reactions,
a substantial amount of 16 was formed with complex 6c
(Table 1, entry 11), which bears a rather bulky phosphane as
ligand.
The use of PtII and ZnII as catalysts in the tetracyclization


of 9 was also examined (Table 2). In all cases, reactions cata-
lyzed by PtII were slower than those catalyzed by AuI


(Table 1). The reaction proceeded more satisfactorily with
complexes prepared in situ from PtCl2 and 1 equivalent of
PCy3 as ligand, which gave the best selectivity and yield of
15 (ca. 37%) (Table 2, entry 2). With other bulky phos-
phanes, in addition to tetracycle 15, the skeletal rearrange-
ment product 16 was obtained as the major compound,
along with Alder-ene cycloisomerization derivative 17[2a,b]


(Table 2, entries 3–5). Interestingly, although ZnII has
seldom been used in enyne cyclizations,[20] we found that 9
reacted in the presence of [ZnCl2(PPh3)]


[21] and AgSbF6


(50 mol% each) in 1,2-dichloroethane at room temperature
to afford a mixture of tetracycle 15 and skeletal rearrange-
ment product 16, although the yield of isolated product was
low (Table 2, entry 6). With [ZnCl2(PPh3)] or Zn(OTf)2 in
the absence of AgI, 16 was obtained along with other un-
characterized compounds (Table 2, entries 7–9).


Tetracycles were also obtained in the reactions of other
dienynes (Scheme 6). The disulfone 10 and the diacetate 19
cyclized in excellent yields in the presence of catalyst 7 in
5 min at room temperature to give the tetracycles 18 and 20,
respectively. In the case of the N-toluene-4-sulfonyl deriva-
tive 21, use of the cationic AuI complex 7 gave a 50% yield,
whereas a better yield was obtained with [Au(PPh3)Cl] and
AgSbF6 in CH2Cl2 at 0 8C. The propargyl ester 23 afforded
24 as a single isomer in the presence of the neutral AuI com-
plex 8c. The cyclization of 25, an analogue of substrate 1
(Scheme 2) with three additional methyl groups on the al-
kenes, provided the tetracycle 26 in good yield under very
mild conditions. On the other hand, the reaction of 27 in the
presence of catalyst 7 was relatively slower and provided a
mixture of the tetracycle 28 and the skeletal rearrangement
product 29.
In all cases single diastereomers were obtained. The con-


figurations of the tetracyclic compounds were determined
by NOESY experiments. In the case of the bissulfone 18,
the configuration was confirmed by an X-ray structure de-
termination (Figure 1).


Table 1. Intramolecular cyclopropanation of dienyne 15 with [AuI]
(2 mol%).


Entry Catalyst[a] T [8C] t [h] Product(s) (yield [%])


AuCl 23 1 15 (60) + 16 (2%)
1 AuCl/AgSbF6 �40 3 15 (13)
2 [Au(SMe2)Cl]/AgSbF6 �40 3 15 (22)
3 [Au(PPh3)Cl]/AgSbF6 �40 3 15 (47)
4 [Au(PCy3)Cl]/AgSbF6 �40 3 15 (55)
5 [Au{P(C6F5)3}Cl]/AgSbF6 �40 3 15 (24)
6 [Au{P(o-Tol)3}Cl]/AgSbF6 �40 3 15 (64)
7 [Au(AsPh3)Cl]/AgSbF6 �40 3 15 (50)
8 [Au(PPh3)Cl]/AgBF4 �30 0.3 15 (78) + 16 (7)
9 [Au(PPh3)Me]/TFA[b] 23 240 15 (63)
10 6a �40 3 15 (78)
11 6c �40 3 15 (49) + 16 (30)
12 7 23 0.1 15 (98)
13 8a �40 3 15 (71)
14 8b �40 3 15 (71)
15 8c �40 3 15 (79)


[a] 2 mol% AuI complex and (for reactions in entries 1–8, 10, 11, 13–15)
2 mol% AgI salt. [b] 3 mol% gold(i) and 6 mol% TFA.


Table 2. Intramolecular cyclopropanation of dienyne 9 in the presence of
PtII (5 mol%) or ZnII.


Entry MXn [mol%] L[a] t
[h]


Product(s) (yield,
[%]; ratio)[b]


1 PtCl2 (5) – 17 15 (30)
2 PtCl2 (5) PCy3 17 15 + 16 + 17 (70;


3:1.6:1)
3 PtCl2 (5) P(oTol)3 17 15 + 16 + 17 (89;


6:8:1)


4 PtCl2 (5) 17
15 + 16 + 17 (74;


2:2.6:1)


5 PtCl2 (5) 17
15 + 16 + 17 (77;


1.7:2.6:1)


6 [ZnCl2(PPh3)]/
AgSbF6 (50)


- 0.5 15 (9) + 16 (21)[c]


7 [ZnCl2(PPh3)] - 7[d] 16 (11)[e]


8 Zn(OTf)2 (50) - 15[d] 16 (10)[f]


9 Zn(OTf)2 (50) PPh3 24[d] 16 (7)[g]


[a] An equimolar amount of L was used. [b] Yield of isolated product;
product ratios determined by GC and/or 1H NMR spectroscopy. [c] 88%
conversion; yield of 16 determined by 1H NMR spectroscopy. [d] Re-
action performed at 70 8C. [e] 71% conversion; yield of 16 determined by
1H NMR spectroscopy. [f] 65% conversion; yield of 16 determined by
1H NMR spectroscopy. [g] 74% conversion; yield of 16 determined by
1H NMR spectroscopy.
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It is interesting to note that tetracycles 15, 18, 20, 22, and
24 possess the same carbon skeleton as myliol (30), an un-


usual sesquiterpene that was isolated as the major compo-
nent of pentane extracts of the liverwort (Hepaticae) Mylia
taylorii.[22,23] Other members of this family of sesquiterpene
are anastreptene (31),[24] dihydromylione A (32),[25] and
myli-4(15)-en-9-one (33).[26]


Stereoselectivity and the mechanism of the double cyclopro-
panation : The relative configuration between the two cyclo-
propane rings common to the natural products 30–33 is the
opposite of that obtained in the cyclization of the dienynes.
An explanation of the formation of products 35 and 36, with
opposite configurations at the dimethylcyclopropane, is pre-
sented in Scheme 7. Thus, a simplified dienyne such as 34


could form either anti-IX or syn-IX cyclopropyl gold(i) car-
benes, which would undergo intramolecular cyclopropana-
tion to give 35 (unnatural configuration) or 36 (ent-myliol-
type configuration).
The stereoselectivity of the last cyclopropanation appears


to be a result of the kinetically controlled trapping of anti-
IX. To gain insight into the mechanism of this process we
carried out DFT calculations starting from model complex
34, which shows the metal coordinated in an h1 fashion to
the alkyne (Figure 2). As also observed with a simpler 1,6-


Scheme 6. Cyclization of dienynes 10, 19, 21, 23, 25, and 27.


Figure 1. Structure of the tetracycle 18 (ORTEP diagram with thermal el-
lipsoids at 50% probability).


Scheme 7. Mechanistic proposal for the stereoselective formation of tet-
racycles 32 via anti-IX.
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enyne,[3] complex 34 evolves exothermically through anti
attack of the alkene to the (h1-alkyne)gold moiety to form
anti-IX through an early transition state TS1. Remarkably,
the second cyclopropanation takes place via transition state
TS2 in a single step to form a corner-metalated cyclopropane
X in a slightly endothermic process. However, this reaction
is kinetically reasonable and much more favorable than the
possible isomerization of anti-IX to syn-IX (see Figure 3), a
process for which an activation energy as high as 24.7 kcal -
mol�1 has been estimated in a model system.[8] Corner met-
alation of the cyclopropane would be expected to be more
favorable for a poor back-donor such as AuI.[27,28] A concert-
ed cyclopropanation by a platinum carbene has also been
identified as the most favorable pathway for the cyclopropa-
nation of a model system in which a propargylic hydroxyl
group could act as an additional coordination site for the
metal.[10]


Complex syn-IX can be formed directly by syn attack of
the alkene on the (h1-alkyne)gold moiety in complex 34’, a
slightly more stable conformer of 34 (Figure 3). However,
the activation energy required to reach TS3 in this syn pro-
cess is much higher than that required in the anti attack of
the alkene to form anti-IX (10.3 vs. 2.9 kcalmol�1). Complex
syn-IX shows a weak stabilizing interaction between the
electrophilic gold(i) carbene and the alkene that might ex-
plain why 34’ does not evolve to form a cyclobutene inter-
mediate. Intermediate syn-IX evolves by a complex two-
step process to form firstly a C�C bond in intermediate XI
and finally an edge-metalated cyclopropane XII. A subse-
quent demetalation would furnish 36 (Scheme 7), with the
relative configuration fond in myliol (30) and related sesqui-
terpenes. Overall, however, this alternative biscyclopropana-
tion proceeding via syn-IX is kinetically and thermodynami-
cally much less favorable than that proceeding via anti-IX.


It is interesting to note that, whereas in the cyclopropana-
tion of anti-IX the gold carbene behaves as a two-electron
electrophile (such as in the formation of bromonium ions
from alkenes), the gold carbene of syn-IX behaves as a
proton or a carbenium ion, producing an open carbocation-
type species XI. In either case, both processes appear to be
electrophilic cyclopropanations of alkenes.[29]


Conclusion


Highly alkynophilic gold(i) complexes are the most active
catalysts for the biscyclopropanation of dienynes to form
complex tetracyclic compounds. These reactions are remark-
ably clean in most cases and take place at room temperature
in a few minutes. PtII and ZnII are also able to promote the
biscyclopropanation, although less efficiently. The common
configuration obtained in all cases can be explained by the
pathway shown in Figure 2, proceeding through intermedi-
ates such as anti-IX. Similar intermediates are most proba-
bly involved in reactions catalyzed by RuII and PtII. Interest-
ingly, two different cyclopropanation pathways have been
uncovered, depending on the structures of cyclopropyl gold
carbenes (anti or syn) and the relative arrangements of the
carbenes and the alkenes. Similar mechanisms might be op-
erative in the recently developed intermolecular AuI-cata-
lyzed cyclopropanation of alkenes with diazo com-
pounds.[30,31]


Experimental Section


Computational methods : Calculations were performed with Gaussi-
an 98.[32] The geometries of all complexes were optimized by application


Figure 2. Reaction pathway for the biscyclopropanation from complex 34 calculated at the B3LYP/6–31G(d) (C,H,P), LANL2DZ (Au) level (ZPE-cor-
rected energies are given in kcalmol�1). Color code: Au: yellow; C: gray; P: purple; H: turquoise.


www.chemeurj.org M 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1694 – 17021698


A. M. Echavarren et al.



www.chemeurj.org





of density functional theory (DFT) at the generalized gradient approxi-
mation through the use of the B3LYP hybrid functional.[33] The standard
6–31G(d) basis set was used for C, H, and P. The LANL2DZ basis set,
which includes the relativistic effective core potential (ECP) of Hay and
Wadt[34] and employs a split-valence (double-x) basis set, was used for
Au. Energies include zero-point energy (ZPE) correction. Harmonic fre-
quencies were calculated at the same level to characterize the stationary
points and to determine the zero-point energies. The starting approxi-
mate geometries for the transition states (TSs) were located graphically.
Intrinsic reaction coordinate calculations were used to confirm the actual
reagent and products for all transition states.


Chemical : All reactions were carried out under Ar or N2 in dry solvents.
Chromatography purifications were carried out with flash grade silica gel
(SDS Chromatogel 60 ACC, 40–60 mm).


Compounds 9 and 17 have been described.[2a,b] The synthesis of the AuI


complexes 6a–e, 7, and 8a–c is described in the accompanying paper.[7]


Synthesis of dienynes


(E)-7,11-Dimethyl-4,4-bis(phenylsulfonyl)dodeca-6,10-dien-1-yne (10):
(E)-4,8-Dimethyl-1,1-bis(phenylsulfonyl)nona-3,7-diene[7] (500 mg,
1.15 mmol) was added at 0 8C to a suspension of NaH (55 mg, 1.38 mmol,
60% mineral oil) in DMF (15 mL). After 20 min, propargyl bromide
(138 mg, 1.15 mmol) was added, and the resulting mixture was stirred at
23 8C for 12 h. After extractive workup (Et2O/10% HCl) and chromatog-
raphy (hexane/EtOAc 4:1), 10 (245 mg, 45%) was obtained as a pale
yellow solid: mp 78–79.58 ; 1H NMR (300 MHz, CDCl3): d = 8.16–8.14
(m, 2H), 8.13–8.11 (m, 2H), 7.73–7.68 (m, 2H), 7.59–7.55 (m, 4H), 5.42
(t, J = 6.5 Hz, 1H), 5.12–5.10 (m, 1H), 3.18 (d, J = 2.8 Hz, 2H), 3.04 (d,
J = 6.5 Hz, 2H), 2.16–2.02 (m, 5H), 1.69 (s, 3H), 1.62 (s, 3H), 1.58 (s,
3H) ppm; 13C NMR (75 MHz, CDCl3): d = 140.44, 136.48, 134.64,
131.52, 128.45, 123.91, 114.87, 89.27, 76.11, 73.99, 39.88, 27.69, 26.18,


25.68, 20.36, 17.74, 16.59 (one carbon signal overlaps) ppm; HMRS-CI
m/z calcd for C26H30O4S2: 471.1664; found 471.1675 [M+1]+ .


2-((E)-3,7-Dimethylocta-2,6-dienyl)-2-(prop-2-ynyl)propane-1,3-diol : A
solution of dimethyl geranylpropargylmalonate (9) (2.000 g, 6.53 mmol)
in THF (8 mL) was added dropwise at 0 8C to a suspension of LiAlH4


(496 mg, 13.06 mmol) in THF (8 mL). The reaction mixture was stirred at
23 8C for 3 h, and was then cooled to 0 8C and quenched with a saturated
solution of tartaric acid. After extractive workup (Et2O) and chromatog-
raphy the diol was obtained as a colorless oil. Yield 70% (1055.4 mg).
1H NMR (300 MHz, CDCl3): d = 5.14 (m, 1H), 5.04 (m, 1H), 3.64 (m,
4H), 2.31 (br s, 2H), 2.25 (d, J = 2.0 Hz, 2H), 2.08–2.00 (m, 7H), 1.67 (s,
3H), 1.63 (s, 3H), 1.59 8 s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d =


138.72, 131.64, 124.12, 118.60, 81.35, 70.65, 67.72, 42.86, 40.04, 30.05,
26.47, 25.71, 21.43, 17.69, 16.09 ppm; HMRS-ESI m/z calcd for C16H27O2


251.2011; found 251.2014 [M+1]+ .


Tetramethyl (E)-7,12-dimethyltrideca-6,11-dien-1-yne-4,4,9,9-tetracarbox-
ylate (25): Pale yellow oil. 1H NMR (400 MHz, CDCl3): d = 5.20 (t, J =


7.5 Hz, 1H), 4.91 (t, J = 7.5 Hz, 1H), 3.72 (s, 6H), 3.69 (s, 6H), 2.80 (s,
2H), 2.75 (d, J = 2.6 Hz, 2H), 2.60 (s, 2H), 2.58 (s, 2H), 2.02 (t, J =


2.7 Hz, 1H), 1.68 (s, 3H), 1.59 (s, 3H), 1.50 (s, 3H) ppm; 13C NMR
(100 MHz, CDCl3): d = 171.70, 170.60, 135.82, 133.00, 124.67, 117.69,
76.69, 71.76, 57.56, 52.72, 52.34, 41.67, 31.07, 31.00, 26.04, 22.43, 17.91,
16.82 ppm; HRMS-ESI m/z calcd for C23H32O8Na: 459.1995; found
459.1999 [M+Na]+ .


2-((E)-3,7-Dimethylocta-2,6-dienyl)-2-(prop-2-ynyl)propane-1,3-diyl diac-
etate (19): A solution of the above diol (1.000 g, 4.0 mmol) in CH2Cl2
(4 mL) was added to a solution of DMAP (48.8 mg, 0.4 mmol) and pyri-
dine (650 ml, 8.0 mmol). Ac2O (1.5 mL, 16 mmol) was then added drop-
wise. The mixture was stirred at 23 8C overnight, and after extractive
workup (CH2Cl2) and chromatography, 19 was obtained as a colorless oil.


Figure 3. Reaction pathway for the biscyclopropanation from complex 34’ calculated at the B3LYP/6–31G(d) (C,H,P), LANL2DZ (Au) level (ZPE-cor-
rected energies are given in kcalmol�1). The biscyclopropanation pathway from complex 34 (blue) is included for comparison. Color code: Au: yellow;
C: gray; P: purple; H: turquoise.
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Yield 92% (1230 mg). 1H NMR (400 MHz, CDCl3): d = 5.06 (m, 2H),
4.05 (m, 4H), 2.25 (d, J = 2.4 Hz, 2H), 2.18 (d, J = 8.0 Hz, 2H), 2.13–
2.02 (m, 4H), 2.06 (s, 6H), 2.00 (t, J = 2.7 Hz, 1H), 1.68 (s, 3H), 1.61 (s,
3H), 1.60 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3; DEPT): d = 170.71
(2 C), 139.57 (C) 131.64 (C) 124.07 (CH), 117.47 (CH), 71.90 (CH), 71.10
(C) 65.49 (2XCH2), 40.67 (C), 40.03 (CH2), 29.70 (CH2), 26.47 (CH2),
25.67 (2XCH3), 22.02 (CH2), 20.82 (CH3), 17.67 (CH3), 16.04 (CH3) ppm;
HMRS-ESI m/z calcd for C20H29O4: 333.2071; found 333.2072 [M�1]+ .
N-((E)-3,7-Dimethylocta-2,6-dien-1-yl)-N-(prop-2-ynyl)-N-(toluene-4-sul-
fonyl)amine (21)


i : A solution of toluene-4-sulfonamide (863 mg, 5.04 mmol) in DMF
(10 mL) was added at 0 8C to a suspension of NaH (60% in mineral oil,
202 mg, 5.04 mmol) in DMF (5 mL), followed by geranyl bromide
(1.00 mL, 5.04 mmol). The mixture was stirred for 4 h at 23 8C and was
then quenched with H2O. After extractive workup (EtOAc/HCl (10%))
and chromatography (hexane/EtOAc 20:1 to 10:1), N-((2E)-3,7-dimethy-
locta-2,6-dienyl)toluene-4-sulfonamide[35] was obtained as a vitreous solid
(203 mg, 13%): 1H NMR (300 MHz, CDCl3): d = 7.74 (d, J = 8.1 Hz,
2H), 7.30 (d, J = 8.3 Hz, 2H), 5.04 (m, 2H), 4.27 (t, J = 5.3 Hz, 1H),
3.55 (t, J = 6.5 Hz, 2H), 2.42 (s, 3H), 1.98–1.91 (m, 4H), 1.66 (s, 3H),
1.56 (s, 3H), 1.53 (s, 3H) ppm.


ii : N-((2E)-3,7-Dimethyl-octa-2,6-dienyl)toluene-4-sulfonamide (170 mg,
0.55 mmol) was added at 0 8C to a suspension of NaH (60% mineral oil,
22 mg, 0.55 mmol) in DMF (10 mL). After 10 min, propargyl bromide
(80% in toluene, 82 mg, 0.55 mmol,) was added, and the resulting mix-
ture was stirred at 23 8C overnight. After the usual workup (EtOAc/HCl
(10%)) and chromatography (hexane/EtOAc 30:1), 21 was obtained as a
colorless oil (133 mg, 70%): 1H NMR (300 MHz, CDCl3): d = 7.42 (d, J
= 8.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 5.05 (m, 2H), 4.05 (d, J =


2.4 Hz, 2H), 3.82 (d, J = 7.3 Hz, 2H), 2.42 (s, 3H), 2.05–1.96 (m, 4H),
1.67 (s, 3H), 1.65 (s, 3H), 1.58 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3;
DEPT): d = 143.35 (C), 142.48 (C), 136.17 (C), 131.88 (C), 129.38 (CH),
127.80 (CH), 123.71 (CH), 117.77 (CH), 77.08 (CH), 73.29 (C), 43.84
(CH2), 39.60 (CH2), 35.22 (CH2), 26.14 (CH2), 25.67 (CH3), 21.51 (CH3),
17.65 (CH3), 16.11 (CH3) ppm; EI-MS m/z (%): 69.00 (71), 91.00 (100),
155.00 (11), 190.15 (9), 222.00 (21), 276.10 (1).


(E)-7,11-Dimethyldodeca-6,10-dien-1-yn-3-yl 4-methoxybenzoate (23)


i : A solution of (4E)-5,9-dimethyl-4,8-deca-4,8-dienal[36] (353 mg,
1.96 mmol) in THF (5 mL) was added at 0 8C to a solution of propargyl-
magnesium bromide (0.5m in THF, 5.88 mL, 2.94 mmol) and the mixture
was stirred at 23 8C for 2 h. After extractive workup (Et2O) and chroma-
tography (hexane/EtOAc 30:1), (E)-7,11-dimethyldodeca-6,10-dien-1-yn-
3-ol was obtained as a yellow oil (218 mg, 54%): 1H NMR (300 MHz,
CDCl3): d = 5.16–5.04 (m, 2H), 4.35 (m, 1H), 2.47 (t, J = 2.0 Hz, 1H),
2.13–2.08 (m, 2H), 1.98–1.91 (m, 5H), 1.72–1.65 (m, 1H), 1.61 (s, 3H),
1.55 (s, 3H), 1.52 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3; DEPT): d =


136.33 (C), 131.38 (C), 124.17 (CH), 122.97 (CH), 84.99 (C), 72.84 (CH),
61.78 (CH), 39.63 (CH2), 37.51 (CH2), 31.83 (CH2), 26.53 (CH2), 17.59
(CH3), 15.92 (CH3) ppm; HRMS-EI m/z calcd for C14H22O: 205.1592;
found 205.1589 [M�1]+ .
ii : A solution of (E)-7,11-dimethyldodeca-6,10-dien-1-yn-3-ol (50 mg,
0.24 mmol) in CH2Cl2 (1.5 mL) was added to a mixture of pyridine
(0.078 mL, 0.97 mmol) and p-anisoyl chloride (83 mg, 0.48 mmol) in
CH2Cl2 (2.5 mL). The mixture was stirred for 24 h at 23 8C and was then
heated at reflux in CH2Cl2 for 1 h. The solvent was evaporated and the
resulting oil was purified by chromatography (hexane/EtOAc 9:1) to give
23 as a colorless oil (75 mg, 86%): 1H NMR (400 MHz, CDCl3): d = 8.02
(d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 5.41 (td, J = 6.6, 2.1 Hz,
1H), 5.18–5.05 (m, 2H), 3.86 (s, 3H), 2.48 (d, J = 2.3 Hz, 1H), 2.23 (q, J
= 7.3 Hz, 2H), 2.11–1.91 (m, 6H), 1.68 (s, 3H), 1.60 (m, 3H), 1.56 (s,
3H) ppm; 13C NMR (100 MHz, CDCl3): d = 165.19, 163.55, 136.69,
131.81, 131.47, 124.19, 122.42, 113.6, 81.64, 73.48, 63.60, 55.43, 53.20,
39.66, 34.86, 26.62, 25.66, 23.52, 17.67, 16.00ppm; HMRS-ESI m/z calcd
for C23H33O8: 437.2175; found 437.2168 [M+H]+ .


Dimethyl 2-[(E)-4-(2-methylallyloxy)but-2-enyl]-2-(prop-2-ynyl)malonate
(27)


i : Butadiene monoxide (0.946 mL, 11.75 mmol) and dimethyl propargyl-
malonate (1.78 mL, 11.75 mmol) were added to a mixture of [Pd2-
(dba)3·dba] (338.7 mg, 0.589 mmol) and dppe (245.5 mg, 0.616 mmol) in
dry THF (10 mL). The mixture was stirred for 3 h at 23 8C, the volatiles
were evaporated, and the residue was dissolved in Et2O and filtered
through a plug of Celite. After chromatography (hexane/EtOAc 4:1 to
2:1), dimethyl 2-(4-hydroxybut-2-enyl)-2-(prop-2-ynyl)malonate was ob-
tained as a colorless oil (1.64 g, 58%): 1H NMR (400 MHz, CDCl3): d =


5.80 (dtt, J = 15.5, 5.6, 1.2 Hz, 1H), 5.51 (dtt, J = 15.1, 7.5, 1.5 Hz, 1H),
4.09 (d, J = 5.6 Hz, 2H), 3.74 (s, 6H), 2.82–2.80 (m, 2H), 2.79 (d, J =


2.9 Hz, 2H), 2.02 (t, J = 2.6 Hz, 1H), 1.5 (br s, 1H).


ii : A solution of the dimethyl 2-(4-hydroxybut-2-enyl)-2-(prop-2-ynyl)-
malonate (554 mg, 2.3 mmol) in DMF (2 mL) was added at 0 8C to a sus-
pension of NaH (101 mg, 2.5 mmol, 60% mineral oil) in DMF (3 mL).
After 30 min, neryl bromide was added and the mixture was stirred over-
night. After extractive workup (water/Et2O) and chromatography
(hexane/EtOAc 95:5), 27 (373 mg, 55%) was obtained: 1H NMR
(400 MHz, CDCl3): d = 5.70 (dt, J = 15.2, 5.9 Hz, 1H), 5.48 (dt, J =


15.2, 7.6 Hz, 1H), 4.92 (s, 1H), 4.86 (s, 1H), 3.87 (d, J = 6.5 Hz, 2H),
3.82 (s, 2H), 3.72, (s, 6H), 2.79 (d, J = 7.3 Hz, 2H), 2.77 (d, J = 2.6 Hz,
2H), 2.00 (t, J = 2.6 Hz, 1H), 1.70 (s, 3H) ppm; 13C NMR (100 MHz,
CDCl3): d = 170.10, 142.18, 132.05, 126.25, 112.02, 73.72, 71.51, 69.85,
56.87, 52.69, 35.04, 22.69, 19.40 ppm; HMRS-CI m/z calcd for C16H22O5:
295.1545; found 295.1551 [M+1]+ .


Cyclization reactions : The enyne (0.10–0.50 mmol) in CH2Cl2 (1 mL) was
added to a mixture of gold(i) complex (2 mol%) in CH2Cl2 (2 mL) and
the mixture was stirred for the time and at the temperature indicated in
Scheme 6. The resulting mixture was filtered through SiO2 and the sol-
vent was evaporated to give the corresponding product, which was puri-
fied by column chromatography (EtOAc/hexane mixtures).


Tetracycle 15 : Colorless oil: 1H NMR (500 MHz, CDCl3): d = 3.43 (s,
3H), 3.34 (s, 3H), 2.87 (qd, J = 7.3, 1.8 Hz, 1H), 2.80 (dd, J = 14.5,
1.8 Hz, 1H), 2.49 (d, J = 14.5 Hz, 1H), 2.28 (dd, J = 14.5, 2.8 Hz, 1H),
1.57 (m, 2H), 1.13 (dd, J = 7.3, 2.9 Hz, 1H), 1.09 (d, J = 8.9 Hz, 1H),
1.06 (s, 3H), 1.03–0.96 (m, 4H), 0.92 (s, 3H), 0.78 (td, J = 13.0, 4.4 Hz,
1H), 0.64 (td, J = 8.6, 6.0 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3): d
= 173.77, 171.67, 68.18, 52.74, 52.41, 40.14, 38.21, 34.92, 34.30, 33.07,
28.96, 28.23, 23,96, 20.24, 17.56, 16.59, 14.40 (one carbon signal over-
laps) ppm; HMRS-FAB m/z calcd for C18H26O4: 306.1813; found
306.1818. The structure of 15 was confirmed by COSY and NOESY ex-
periments.


Dimethyl 3-((E)-2,6-Dimethylhepta-1,5-dienyl)cyclopent-3-ene-1,1-dicar-
boxylate (16): Yellow oil: 1H NMR (300 MHz, CDCl3): d = 5.73 (br s,
1H), 5.41 (br s, 1H), 5.09 (m, 1H), 3.74 (s, 6H), 3.20 (d, J = 1.8 Hz, 2H),
3.06 (s, 2H), 2.2–2.0 (m, 4H), 1.82 (s, 3H), 1.68 (s, 3H), 1.60 (s,
3H) ppm; 13C NMR (75 MHz, CDCl3): d = 172.66, 139.26, 138.74,
131.74, 124.62, 123.92, 120.29, 59.29, 52.81, 43.45, 41.15, 40.39, 26.76,
25.66, 18.28, 17.67 ppm; HMRS-CI m/z calcd for C18H26O4: 306.1831;
found 306.1833.


Tetracycle 18 : White solid: mp 72.5–74 8C; 1H NMR (500 MHz, CDCl3):
d = 8.17 (d, J = 7.3 Hz, 2H), 8.05 (d, J = 7.4 Hz, 2H), 7.73–7.68 (m,
2H), 7.63–7.57 (m, 4H), 2.85 (d, J = 16.2 Hz, 1H), 2.76 (ddd, J = 15.8,
7.3, 2.2 Hz, 1H), 2.45 (dd, J = 15.8, 2.8 Hz, 1H), 2.38 (dd, J = 16.4,
2.2 Hz, 1H), 1.73 (dt, J = 13.1, 3.2 Hz, 1H), 1.67–1.61 (m, 1H), 1.26 (dd,
J = 7.1, 2.8 Hz, 1H), 1.18 (s, 3H), 1.11 (s, 3H), 0.97 (d, J = 8.8 Hz, 1H),
0.93–0.85 (m, 1H), 0.83 (s, 3H), 0.77–0.69 (m, 2H) ppm; 13C NMR
(125 MHz, CDCl3; DEPT): d = 173.95 (C), 135.91 (C), 134.46 (CH),
134.33 (CH), 132.14 (CH), 130.84 (CH), 128.56 (CH), 128.51 (CH),
100.68 (C), 39.96 (CH), 36.78 (CH2), 36.27 (CH2), 33.24 (C), 32.74 (CH2),
31.54 (C), 27.91 (CH3), 24.69 (CH), 23.97 (CH), 20.58 (C), 17.67 (CH3),
16.16 (CH2), 13.66 (CH3) ppm; HMRS-EI m/z calcd for C26H30O4S2:
470.1586; found 470.1577. The structure of 18 was confirmed by COSY,
NOESY, HMBC, and HMQC experiments and by X-ray diffraction.


Tetracycle 20 : 1H NMR (400 MHz, CDCl3): d = 4.07 (s, 2H), 3.90 (dd, J
= 15.2, 11.1 Hz, 2H), 2.09 (s, 3H), 2.04 (s, 3H), 1.75 (ddd, J = 14.4, 7.4,
1.7 Hz, 1H), 1.73–1.57 (m, 2H), 1.55 (q, J = 14.4 Hz, 2H), 1.27 (dd, J =


14.4, 2.4, Hz, 1H), 1.05–0.94 (m with a s at 1.01, 5H), 0.94 (s, 3H), 0.89–
0.76 (m with a s at 0.87, 5H), 0.66 (td, J = 8.5, 6.2 Hz, 1H) ppm;
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13C NMR (100 MHz, CDCl3): d = 171.35, 66.92, 66.21, 54.92, 38.02,
37.18, 35.14, 31.75, 31.21, 28.34, 28.20, 25.95, 24.06, 20.90, 20.83, 20.20,
17.47, 16.55, 14.38ppm; HMRS-ESI m/z calcd for C20H30O4Na [M+Na]+ :
357.2042; found 357.2033. This structure was confirmed by COSY,
NOESY, HMBC, and HMQC experiments.


Tetracycle 22 : Vitreous solid: 1H NMR (500 MHz, CDCl3): d = 7.71 (d,
J = 8.4 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H), 3.37–3.34 (m, 3H), 3.31 (d, J
= 9.6 Hz, 1H), 2.42 (s, 3H), 1.66–1.64 (m, 1H), 1.63–1.60 (m, 1H), 1.03
(d, J = 4.7 Hz, 1H), 1.02–0.96 (m, 1H), 0.98 (s, 3H), 0.90 (s, 3H), 0.88 (s,
3H), 0.85 (m, 1H), 0.67 (m, 1H), 0.69 (d, J = 8.8 Hz, 1H) ppm;
13C NMR (125 MHz, CDCl3; DEPT): d = 143.18 (C), 134.42 (C), 129.61
(CH), 127.41 (CH), 51.78 (CH2), 48.03 (CH2), 35.10 (CH), 34.63 (CH2),
29.80 (C), 28.07 (CH3), 24.48 (C), 23.83 (CH), 22.28 (CH), 21.56 (CH3),
20.46 (C), 17.57 (CH3), 16.46 (CH2), 12.49 (CH3) ppm; HMRS-CI m/z
calcd for C20H27NO2S: 345.1762; found 345.1766. The structure of 22 was
confirmed by COSY, NOESY, HMBC, and HMQC experiments.


Tetracycle 24 : 1H NMR (400 MHz, CDCl3): d = 7.90 (d, J = 7.9 Hz,
2H), 6.84 (d, J = 9.7 Hz, 2H), 5.70 (dd, J = 10.5, 6.7 Hz, 1H), 3.78 (s,
3H), 2.56–2.44 (m, 1H), 2.06–1.97 (m, 1H), 1.79–1.69 (m, 1H), 1.62–1.48
(m, 1H), 1.46–1.34 (m, 2H), 1.46–1.34 (m, 2H), 1.21 (s, 3H), 1.15 (d, J =


6.3 Hz, 1H), 0.97 (s, 3H), 0.87 (s, 3H), 0.81 (d, J = 9.2 Hz, 1H), 0.53
(ddd, J = 9.4, 5.0, 3.7 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3): d =


166.47, 131.54, 123.57, 113.50, 84.66, 55.42, 35.13, 34.05, 33.53, 31.93,
29.45, 25.78, 25.59, 23.66, 22.16, 18.35, 17.93, 17.88 ppm; HRMS-EI m/z
calcd for C22H28O3Na: 363.1936; found 363.1944 [M+Na]+. The structure
of 24 was confirmed by COSY, NOESY, HMBC, and HMQC experi-
ments.


Tetracycle 26 : 1H NMR (400 MHz, CDCl3): d = 3.70 (s, 3H), 3.69 (s,
3H), 3.68 (s, 3H), 3.67 (s, 3H), 2.68 (d, J = 13.6 Hz, 1H), 2.64 (d, J =


13.6 Hz, 1H), 2.41 (d, J = 13.6 Hz, 1H), 2.29 (d, J = 13.6 Hz, 1H), 2.29–
2.20 (m, 1H), 2.14 (d, J = 14.6, 4.1 Hz, 1H), 1.80–1.55 (m, 2H), 1.21 (s,
3H), 1.13 (s, 3H), 1.04 (s, 3H), 0.57–0.52 (m, 2H), 0.34 (dd, J = 11.8,
3.8 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3): d = 173.10, 172.82,
172.70, 172.36, 58.73, 55.81, 52.94, 52.35, 43.90, 42.95, 31.41, 30.03, 29.55,
28.59, 28.27, 24.02, 23.60, 22.06, 19.60, 17.75, 13.96 ppm; HRMS-EI m/z
calcd for C23H33O8: 437.2175; found 437.2168 [M+H]+ . The structure of
26 was confirmed by COSY, NOESY, HMBC, and HMQC experiments.


Tetracycle 28 : 1H NMR (CDCl3, 400 MHz): d = 4.07 (dd, J = 12.0,
4.7 Hz, 1H), 3.84 (dd, J = 11.8, 1.1 Hz, 1H), 3.70 (s, 3H), 3.69 (s, 3H),
3.31 (d, J = 12 Hz, 1H), 3.13 (t, J = 11.5 Hz, 1H), 2.60 (d, J = 2.9 Hz,
2H), 2.50 (d, J = 14.2 Hz, 1H), 2.46 (d, J = 14.1 Hz, 1H), 1.10 (td, J =


5.9, 2.9 Hz, 1H), 1.08–1.03 (m with a s at 1.06, 4H), 0.60–0.55 (m, 1H),
0.53 (dd, J = 8.7, 5.0 Hz, 1H), 0.39 (t, J = 5.1 Hz, 1H) ppm; 13C NMR
(100 MHz, CDCl3): d = 172.89, 172.32, 71.8, 71.81, 67.35, 59.58, 53.03,
41.59, 36.55, 32.16, 31.08, 25.47, 24.53, 20.94, 17.91, 17.48 ppm; HRMS-EI
m/z calcd for C16H22O5Na: 317.1365; found 317.1365 [M+Na]+ . The
structure of 28 was confirmed by COSY, NOESY, HMBC, and HMQC
experiments.


Dimethyl 3-[(E)-3-(2-methylallyloxy)prop-1-enyl]cyclopent-3-ene-1,1-di-
carboxylate (29): 1H NMR (400 MHz, CDCl3): d = 6.38 (d, J = 16.2 Hz,
1H), 5.64 (dt, J = 15.8, 6.1 Hz, 1H), 5.56 (s, 1H), 4.96 (s, 1H), 4.90 (s,
1H), 4.02 (s, 1H), 4.00 (s, 1H), 3.89 (s, 3H), 3.74 (s, 3H), 3.13 (s, 1H),
3.10 (1H), 1.74 (3H) ppm; 13C NMR (400 MHz, CDCl3): d = 166.18,
127.90, 127.58, 126.69, 119.88, 112.19, 74.17, 70.23, 52.90, 40.94, 39.77,
19.54 (two carbons signals overlap) ppm; HRMS-EI m/z calcd. for
C16H22O5Na: 317.1365; found 317.1362 [M+Na]+ .
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How Fast Do R�X Bonds Ionize? A Semiquantitative Approach
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Introduction


Ionization processes as depicted in Equation (1), are key
steps in many synthetic transformations.


R�X
k! Rþ þX� ! Products ð1Þ


The factors that are responsible for the relative rates of
ionization, for example, the reactivity series depicted in
Scheme 1, are familiar to any organic chemist.[1]


However, most chemists have problems in estimating ab-
solute SN1 reactivities and cannot easily assess approximate
reaction times, even for simple systems, such as the half-life
of tert-butyl chloride in ethanol at 25 8C (answer: 93 days).[2]


However, such knowledge is important in many situations of
everyday laboratory practice, as illustrated by the following
examples.
Can a substrate RX be purified by chromatography or


crystallization in alcoholic solution without being solvo-
lyzed? Does RX tolerate synthetic transformations of R in
aqueous or alcoholic solutions without solvolysis of the
R�X bond? Can one isolate and manipulate compounds 1
or 2 without the occurrence of allylic rearrangements or of
thiocyanate/isothiocyanate rearrangements, respectively?
Are enantiopure compounds 3 configurationally stable, or
do they racemize in dipolar protic or nonprotic media?


While we know that, in principle, all these reactions may
occur, we often do not know whether they actually will
occur under certain conditions. Clearly, numerous parame-
ters have to be considered when accurate answers to these
questions are required. While several scales that correlate
solvolysis rate constants of certain substrates with empirical
solvent parameters have been published,[2–9] they cannot
easily be applied to predict ionization rates of R�X in gen-


Abstract: The correlation equation
logk25 8C = sf(Nf + Ef), where sf and Nf


are nucleofuge-specific parameters re-
ferring to leaving group/solvent combi-
nations and Ef are electrofuge-specific
parameters referring to the incipient
carbocation R+ , are used to predict
ionization rate constants of alkyl deriv-
atives R�X. We show how to employ


the Ef parameters of reference electro-
fuges and the sf and Nf parameters of
reference nucleofuges reported in the
preceding article for determining fur-


ther sf, Nf, and Ef parameters. Since sf
is usually close to 1.0, one comes to the
semiquantitative rule that at 25 8C,
compounds R�X for which Nf + Ef>


�2 will solvolyze with half-lives of less
than a minute, while the solvolysis half-
lives will exceed 1 month if Nf + Ef<


�6.5.
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Scheme 1. Relative SN1 reactivities.
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eral. This article demonstrates that, in a variety of reference
solvents and solvent mixtures, semiquantitative rate con-
stants for the heterolysis of R�X bonds can be derived from
just two parameters: nucleofugality Nf and electrofugality
Ef.
In the preceding article[10] we have demonstrated that


Equation (2) is suitable for the calculation of heterolysis
rate constants of benzhydryl derivatives in various solvents
(Scheme 2).


log k25 oC ¼ sfðNf þ EfÞ ð2Þ


where k is the first-order rate constant (s�1), sf is the nucleo-
fuge-specific slope parameter, Nf is the nucleofugality pa-
rameter, and Ef is the electrofugality parameter.


We studied the solvolysis rates of a large variety of benz-
hydrylium tosylates, bromides, chlorides, trifluoroacetates,
3,5-dinitrobenzoates, and 4-nitrobenzoates in standard sol-
vents and subjected the solvolysis rate constants to a corre-
lation analysis on the basis of Equation (2), and thus ob-
tained Ef values for a series of benzhydrylium ions, which
are considered as reference electrofuges, as well as Nf and sf
values for several combinations of leaving groups and sol-
vents, which are considered as reference nucleofuges.[10]


Here, we demonstrate how to employ these reactivity pa-
rameters for characterizing further electrofuges and nucleo-
fuges, and show how to use these data for answering the
questions raised above.


Results and Discussion


Characterization of further nucleofuges


Nucleofugalities of chloride and bromide in different sol-
vents : Solvolysis rates of benzhydrylium chlorides and bro-
mides have been investigated in a manifold of solvents,[7,11, 12]


and the corresponding rate constants are given in the Sup-
porting Information. As depicted in Figure 1, the isopropa-
nolysis rate constants of benzhydrylium chlorides, as well as
the corresponding solvolysis rate constants in 90% aqueous
methanol (90M) and 70% aqueous acetone (70A), correlate
well with the corresponding electrofugality parameters Ef


reported in the preceding article.[10] The same is true for sol-
volysis rate constants in other solvents, and the Nf and sf pa-
rameters summarized in Table 1 and depicted in Scheme 3
have been obtained as the negative intercepts on the abscis-
sa and the slopes of analogous correlations, respectively.


Scheme 2. LG= leaving group.


Figure 1. Correlation of the rate constants for the solvolysis reactions of
benzhydrylium chlorides in 90% aq. methanol (90M), 70% aq. acetone
(70A), and isopropanol[7,11,12] with the electrofugalities Ef of the benzhy-
drylium ions from ref. [10].


Table 1. Nucleofugality parameters Nf and sf for chloride and bromide in
various solvents.


Solvent[a] Nf (sf)
[b]


Chloride Bromide


100M 2.95 (0.98)[c] 4.27 (0.98)[c]


90M10W 3.59 (0.99) 4.86 (0.98)
80M20W 4.16 (1.00) 5.38 (0.99)
60M40W 5.25[d]


100E 1.87 (1.00)[c] 2.97 (0.92)[c]


90E10W 2.66 (0.98) 3.75 (0.93)
80E20W 3.28 (0.98)[c] 4.39 (0.94)[c]


70E30W 3.64 (0.96) 4.86 (0.96)
60E40W 4.11 (0.97)
40E60W 5.40[d]


isopropanol 0.39 (0.92)
90A10W 0.69 (0.99)[c] 2.31 (1.00)[c]


80A20W 1.98 (1.02)[c] 3.04 (0.90)[c]


70A30W 2.75 (1.00) 3.99 (0.95)
60A40W 3.41 (0.98) 4.71 (0.97)
50A50W 4.29 (1.02) 5.15 (0.92)
90D10W 0.28[d] 1.69[d]


80D20W 1.48[d] 2.80[d]


70D30W 2.36[d] 3.63[d]


60D40W 3.16[d]


60AN40W[e] 3.75[d]


50AN50W[e] 4.30[d]


40AN60W[e] 4.87[d]


30AN70W[e] 5.34[d]


40E60D 1.71[d]


60E40D 2.32[d]


80E20D 2.77[d]


100T 5.56 (0.82)[c] 6.20 (0.92)[c]


80T20E 5.14 (1.14) 5.89 (1.14)
60T40E 4.47 (1.15) 5.18 (1.08)
40T60E 3.49 (1.04) 4.47[d]


[a] Mixtures of solvents are given as (v/v) unless specified. Solvents: A=


acetone, AN=acetonitrile, D=1,4-dioxane, E=ethanol, M=methanol,
T=2,2,2-trifluoroethanol, W=water. [b] Nucleofugality parameters Nf


and sf were derived from logks vs Ef correlations unless otherwise noted.
The solvolysis rate constants that were employed for the correlations and
the corresponding references are given in the Supporting Information
(Table S1). [c] From ref. [10]. [d] Nf parameters were calculated from a
single solvolysis rate constant of Ph2CH�Cl or Ph2CH�Br by using Equa-
tion (2) and assuming sf=1. [e] Mixtures of solvents are given as (w/w).
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Since the slope parameters sf given in Table 1 do not
differ significantly from 1, one may expect a relationship be-
tween the nucleofugalities Nf for Cl in different solvents and
the solvent-ionizing power Y, which was defined by Winstein
and Grunwald as the ratio of solvolysis rates of tert-butyl
chloride (m=1) in a given solvent and in 80% aqueous eth-
anol (Y=0) at 25 8C [Eq. (3)].[2]


log ðk=k0Þ ¼ mY ð3Þ


While Equation (3) was initially assumed to be applicable
to all types of SN1 solvolyses, it was soon realized that devia-
tions from Equation (3) were not only due to nucleophilic
solvent participation in the rate-determining step, but were
also due to variable solvation, particularly of alkyl and aryl
groups, of the developing carbocations.[13–20] As a conse-
quence, a number of Y scales of solvent-ionizing power have
been established,[5–7,14a,15,21, 22] each of which was developed
in an attempt to render reliable predictions of solvolysis rate
constants for structurally related compounds.


With this background, it is not surprising that the nucleo-
fugality parameters Nf of Table 1, which were derived from
benzhydryl solvolysis rates, correlate better with Y scales de-
rived from the secondary benzyl derivatives 4–6
(Figure 2)[5–7] than with Y scales based on tert-alkyl deriva-
tives.
The fact that different types of solvents are on the same


correlation line indicates that, in the transition state, the in-


cipient secondary benzyl cat-
ions arising from 4–6 experi-
ence the same changes in solva-
tion as the incipient benzhydry-
lium ions. The different slopes
for different leaving groups re-
flect the different demands of
anions for solvent stabilization,
which decrease in the order Cl
> Br � OTs > CF3CO2 >


DNB (OTs=p-tosylate, DNB=


3,5-dinitrobenzoate), as dis-
cussed in the preceding arti-
cle.[10]


Analogous plots of Nf(Cl
�)


and Nf(Br
�) against Y scales de-


rived from tert-butyl[14a] and
adamantyl[21] species give rise to
separate lines for each binary
solvent pair (Figure 3). The
same type of dispersion was re-
ported by Winstein, Fainberg,
and Grunwald for a plot of
logk for the benzhydryl chlo-
ride solvolysis vs Y(tBuCl).[15]


While the origin of the disper-
sion, which implies that benzhy-
dryl solvolysis rates decrease in
the order aqueous MeOH >


aqueous EtOH > aqueous acetone in solvents of the same
Y(tBuCl) values, was not clear at that time, Kevill rational-
ized the dispersion by differential solvation of p-conjugated
and nonconjugated carbocations.[23]


As a consequence of the correlations shown in Figures 2
and 3, the nucleofugality parameters Nf derived from benz-
hydryl solvolyses can be expected to yield reliable predic-
tions of ionization rates for solvolyses yielding p-delocalized
carbocations. On the other hand, deviations of one to two
orders of magnitude can be expected when alkyl-substituted
carbenium ions are generated. In view of the systematic de-
viations shown in Figure 3, corrections are feasible;[23] how-
ever, for the sake of clarity and simplicity, we will not intro-
duce correction terms and rather will tolerate the deviations
for saturated systems.


Nucleofugalities of further leaving groups : While the influ-
ence of solvents on the ionization rates has been one of the
most intensely studied topics of physical organic chemistry
for more than half a century,[21,22,24] there are relatively few
investigations on the nucleofugalities of different leaving
groups. The need for such data in daily practice has been
the impetus for establishing Equation (2). We now demon-
strate how to derive such parameters from published solvol-
ysis rate constants.
For benzhydryl fluoride, solvolysis rate constants of 6.63Q


10�8 s�1 (80% aq. acetone)[25] and 2.75Q10�7 s�1 (80% aq.
ethanol)[26] have been reported (25 8C). With Ef(Ph2CH


+)=


Scheme 3. Nucleofugality parameters Nf for chloride and bromide in various solvents. Solvents: A=acetone,
AN=acetonitrile, D=1,4-dioxane, E=ethanol, M=methanol. In general, solvent mixtures are given as (v/v);
however, solvents that contain acetonitrile (AN) refer to (w/w). Data from Table 1.
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�6.05[10] and the assumption of sf=1.00, one calculates Nf=


�1.13 for fluoride in 80% aqueous acetone and Nf=�0.51
for fluoride in 80% aqueous ethanol, that is, nucleofugalities
that are three to four orders of magnitude lower than those
of chloride in the corresponding solvents. Hughes, Streit-
wieser, and Noyce estimated a Cl/F ratio of 105 for the sol-
volysis rate constants of the corresponding tert-butyl and 1-
phenylethyl halides, respectively, in 80% aqueous etha-
nol.[27,28]


Solvolysis studies of the parent benzhydrylium mesylate
in 80% aqueous ethanol (80E) at �17.1 to 0.8 8C[29] allowed
the extrapolation k258C=14.8 s�1 from which Nf=7.22 for
MsO� in 80E was calculated with the assumption of sf=
1.00. A value of Nf=7.53 would be calculated if sf=0.79 was
assumed as for tosylate. This small difference illustrates the
low sensitivity of the Nf parameters on sf and confirms that
mesylate in 80E has a similar nucleofugality as tosylate.
From the ethanolysis rate constant of the parent benzhydry-
lium mesylate at 25 8C (0.82 s�1) a nucleofugality of
Nf(MsO�/EtOH)=5.96 was calculated for sf=1.00 and of
Nf=5.94 for sf=0.75.[30] Similar leaving group abilities of to-
sylate and mesylate have been reported previously by Bent-
ley and Brown for secondary alkyl derivatives[31] and esti-
mated by Noyce.[32]


Figure 3. Dispersion of the nucleofugality parameters Nf derived from
benzhydryl solvolysis rates as exemplified in the plots of Nf(Cl


�) vs
Y(tBuCl) and Nf(Br


�) vs Y(Ad�Br).


Figure 2. Correlations of the nucleofugality parameters Nf for various
leaving groups with three different Y scales (OTs = p-tosylate, DNB =


3,5-dinitrobenzoate). Mixtures of solvents are defined as shown in
Scheme 3.
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Bunton and Hendy studied the solvolysis of benzhydryli-
um toluene-p-sulfinate in 60% aqueous dioxane (60D40W).
They observed a solvolysis rate constant of k=1.42Q10�6 s�1


at 25 8C.[33] With an assumed sf=1.00, a nucleofugality of
Nf=0.20 can be calculated for the toluene-p-sulfinate leav-
ing group in 60D40W. This value is consistent with the poor
leaving group ability of toluene-p-sulfinate in 60D40W com-
pared to Cl� in the same solvent, which undergoes heteroly-
sis 1000 times faster.[33]


From acetolysis rates of benzhydryl 2,4-dinitrophenolate
and benzhydryl 2-nitro-4-cyanophenolate at 49–78 8C,[34] one
can calculate k258C=1.12Q10�6 s�1 and 7.96Q10�7 s�1, respec-
tively, from which Nf=0.10 for 2,4-dinitrophenolate and
Nf=�0.05 for 2-nitro-4-cyanophenolate in acetic acid are
calculated when sf=1.0 is assumed. From these numbers
one can derive that 2,4-dinitrophenolates of benzhydrylium
systems with weak electron-donating substituents should sol-
volyze with moderate rates at 25 8C. This would allow one to
examine whether sf�1 also holds for phenolate leaving
groups.
Isomerizations, racemizations, and solvolysis reactions of


benzhydryl thiocyanates (Scheme 4) were studied intensively


in the 1960s in order to elucidate the role of different ion
pairs and free ions in these processes.[35–39]


From the isomerization rates of bis(p-tolyl)methyl thio-
cyanate (k25 8C=8.79Q10�5 s�1) and diphenylmethyl thiocya-
nate (k25 8C=1.65Q10�7 s�1, from experiments at 70–90 8C) in
acetonitrile, one can calculate sf=1.06 and Nf=�0.37 for
thiocyanate in acetonitrile.[35] Since the bis(p-tolyl)methyli-
um ion and the parent benzhydrylium ion are known to
react 5–10 times faster with the S terminus of thiocyanate
than with the N terminus,[40] the Nf value reflecting the ioni-
zation step should be approximately one unit larger. Com-
parable nucleofugality parameters can be derived for thio-
cyanate in 95% aqueous acetone, where an isomerization
rate constant of 5.33Q10�5 s�1 and a solvolysis rate constant
of 1.32Q10�5 s�1 have been observed for bis(p-tolyl)methyl
thiocyanate at 25 8C.[37]


The leaving group ability of dimethylsulfide from the
benzhydryl dimethylsulfonium ion has been studied in a
large variety of solvents. In accordance with findings for
other neutral leaving groups,[22] the rate constants vary only
slightly with the solvent, namely, from 10�4 s�1 in 20–80%
aqueous dioxane to 57Q10�4 s�1 in 97% hexafluoroisopropa-
nol. Rate constants[41] and nucleofugalities of dimethylsul-
fide in the selected standard solvents are given in Table 2,
assuming sf=1.0.


There is a relatively good agreement between the nucleo-
fugality parameters Nf determined in this work and the rela-
tive solvolysis rates of 1-phenylethyl esters reported by
Noyce and Virgilio[28] (Scheme 5); however, trifluoroacetate


seems to be a much better leaving group on the Noyce scale
than on the Nf scale.
The discrepancy is caused largely by the smaller sf value


for trifluoroacetate (sf=0.82 for CF3CO2/80E20W) com-
pared to chloride (sf=0.98 for Cl/80E20W).[10] As already
seen in the benzhydrylium series,[10] the preference of Cl�


over CF3CO2
� as a leaving group decreases with decreasing


stabilization of the carbocations. An extrapolation of these
results indicates that R�Cl and R�OCOCF3 will solvolyze
with identical rates in 80% aqueous ethanol at Ef=�12.6 in


Scheme 4.


Table 2. Solvolysis rate constants ks of Ph2CHS+Me2 and nucleofugalities
Nf of SMe2 in various solvents (assumption sf=1.0).


Solvent[a] ks
[b] [s�1] Nf


90A 2.81Q10�4 2.50
100E 4.60Q10�4 2.71
80A 2.29Q10�4 2.41
100M 7.88Q10�4 2.95
80E 2.30Q10�4 2.41


[a] Solvent mixtures are given as (v/v); solvents: 90A=90% aq. acetone,
80A=80% aq. acetone, 100E=ethanol, 80E=80% aq. ethanol, 100M=


methanol. [b] At 25 8C, from ref. [41].


Scheme 5. Comparison of the nucleofugality parameters Nf (25 8C) and
the relative solvolysis rates of 1-phenylethyl esters (logks)rel (75 8C, from
ref. [28]) for various leaving groups in 80% aq. ethanol (v/v) (if not
stated otherwise). [a] In acetic acid. [b] In 60% aq. dioxane. [c] R�SCN
heterolysis in acetonitrile. DNB = 3,5-dinitrobenzoate, PNB=4-nitro-
benzoate, OTs=p-tosylate, OMs=mesylate.
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the benzhydrylium series. The
similar reactivities of 1-phenyl-
ethyl chloride and trifluoroace-
tate reported by Noyce[28] are,
therefore, within the range of
the confidence limit of Equa-
tion (2) for Ef(PhCH


+CH3)=
�8.44 (see below). In addition,
O-acyl cleavage may become
attractive for trifluoroacetates
that undergo SN1 solvolysis
very slowly.[42]


Electrofugalities of other car-
benium ions : As discussed
above, relative electrofugalities
depend somewhat on the
nature of the leaving groups as
well as on the types of sol-
vents. Differential steric and
electronic interactions between
R and X in the RX substrates,
as well as differential solvation
of differently delocalized car-
bocations, have been suggested
to be responsible for the devia-
tions from the correlations
shown in Figures 2 and 3.
In order to examine the


scope of Equation (2) for vari-
able R groups, we have used it
to calculate Ef for a variety of
carbocations from the solvoly-
sis rates of the corresponding
chlorides and bromides in
standard solvents. Entries 1–9
of Table 3[43–58] demonstrate
that, for aryl-substituted carbe-
nium ions, the agreement in Ef


is generally better than 	0.4.
Somewhat larger deviations of
up to 	0.5 were observed
when p-conjugation is less ex-
tended, as in propargyl and
allyl systems (entries 10–12).
The largest scatter in Ef (	1.0)
was found for the tert-butyl
cation.
Since the deviations in dif-


ferent solvents are in the same
direction for tert-butyl chloride
and bromide, which are con-
sidered as models for other
1,1-dimethylalkyl halides,[59]


one can conclude that the de-
viations shown in Table 3 are
not predominantly due to the


Table 3. Electrofugalities Ef of R
+ derived from solvolysis rate constants ks of R�X (X = Cl, Br) in different


solvents.


Entry R�X X/Solvent[a] Nf
[b] sf


[b] ks
[c] [s�1] Ref. Individual Ef


[d]


1 Cl/90A 0.69 0.99 4.84Q10�10 [7] �10.10
Cl/100E 1.87 1.00 7.10Q10�9 [7] �10.02
Cl/80A 1.98 1.02 6.80Q10�9 [7] �9.99
Cl/100M 2.95 0.98 1.16Q10�7 [7] �10.03


Ef = �9.96	0.29[e] Cl/80E 3.28 0.98 1.99Q10�7 [7] �10.12
Br/90A 2.31 1.00 4.40Q10�8 [6] �9.67
Br/100E 2.97 0.92 2.79Q10�7 [6] �10.09
Br/80A 3.04 0.90 4.63Q10�7 [6] �10.08
Br/100M 4.27 0.98 5.57Q10�6 [43] �9.63
Br/80E 4.39 0.94 7.03Q10�6 [43] �9.87


2 Cl/90A 0.69 0.99 3.40Q10�3 [44] �3.18
Cl/100E 1.87 1.00 2.17Q10�2 [5b] �3.53
Cl/80A 1.98 1.02 7.21Q10�2 [5b] �3.10


Ef = �3.25	0.17[e] Cl/100M 2.95 0.98 3.94Q10�1 [44] �3.36
Cl/80E 3.28 0.98 1.55 [44] �3.09


3 Cl/100E 1.87 1.00 1.65Q10�7 [45] �8.65
Cl/80A 1.98 1.02 6.80Q10�7 [46] �8.03
Cl/100M 2.95 0.98 2.26Q10�6 [14b] �8.71


Ef = �8.48	0.23[e] Cl/80E 3.28 0.98 1.00Q10�5 [47a] �8.38
Br/100E 2.97 0.92 6.28Q10�6 [14c] �8.62
Br/100M 4.27 0.98 5.10Q10�5 [14c] �8.65
Br/80E 4.39 0.94 2.02Q10�4 [47b] �8.32


4 Cl/90A 0.69 0.99 3.04Q10�6 [48] �6.26
Cl/100E 1.87 1.00 1.67Q10�5 [48, 49] �6.65
Cl/80A 1.98 1.02 6.61Q10�5 [48] �6.08


Ef = �6.50	0.24[e] Cl/100M 2.95 0.98 2.90Q10�4 [44] �6.56
Cl/80E 3.28 0.98 1.16Q10�3 [44] �6.28
Br/90A 2.31 1.00 5.89Q10�5 [44] �6.54
Br/100E 2.97 0.92 2.35Q10�4 [44] �6.91
Br/80A 3.04 0.90 8.57Q10�4 [44] �6.45
Br/100M 4.27 0.98 3.31Q10�3 [44] �6.80
Br/80E 4.39 0.94 9.69Q10�3 [44] �6.53


5 Cl/90A 0.69 0.99 4.28Q10�4 [50] �4.09
Cl/100E 1.87 1.00 1.64Q10�3 [50] �4.66
Cl/80A 1.98 1.02 7.09Q10�3 [50] �4.09
Cl/100M 2.95 0.98 5.05Q10�2 [50] �4.27
Cl/80E 3.28 0.98 1.53Q10�1 [50] �4.11


Ef = �4.24	0.22[e]


6 Cl/90A 0.69 0.99 1.67Q10�5 [51] �5.52
Cl/100E 1.87 1.00 3.71Q10�5 [51] �6.30
Cl/80A 1.98 1.02 2.15Q10�4 [51] �5.58
Cl/100M 2.95 0.98 7.33Q10�4 [51] �6.15


Ef = �5.92	0.32[e] Cl/80E 3.28 0.98 1.78Q10�3 [51] �6.09


7 Cl/90A 0.69 0.99 1.24Q10�4 [52] �4.64
Cl/100E 1.87 1.00 3.80Q10�4 [51] �5.29
Cl/80A 1.98 1.02 1.79Q10�3 [51] �4.67


Ef = �4.99	0.29[e] Cl/100M 2.95 0.98 5.11Q10�3 [52] �5.29
Cl/80E 3.28 0.98 1.73Q10�2 [51] �5.08


8 Cl/90A 0.69 0.99 1.94Q10�6 [52] �6.46
Cl/100E 1.87 1.00 6.86Q10�6 [52] �7.03
Cl/80A 1.98 1.02 2.52Q10�5 [50] �6.49
Cl/100M 2.95 0.98 8.00Q10�5 [52] �7.13


Ef = �6.81	0.28[e] Cl/80E 3.28 0.98 2.60Q10�4 [50] �6.94


www.chemeurj.org L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1657 – 16661662


H. Mayr et al.



www.chemeurj.org





variation of the leaving group. The lower electrofugality cal-
culated for tBu+ in alcoholic media compared to in acetone/
water mixtures reflects the different solvation of localized
and p-delocalized carbocations in the different solvents, as
previously noted in the discussion of Figure 3.[23]


Not many solvolysis rate constants are available that
allow systematic comparisons of Cl� and Br� with other
types of leaving groups. Scheme 5 implies that 1-phenylethyl
solvolyses are affected by leaving group variation in a simi-
lar way as benzhydryl solvolyses over a wide range of reac-
tivity. Analogously, Bentley, Christl, and Norman have dem-
onstrated that the p-tosylate/p-nitrobenzoate ratio of 3.3Q
109 determined for benzhydryl derivatives in 80% aqueous
ethanol at 25 8C remains almost constant for 1-adamantyl,
tert-butyl, 7-norbornenyl, and 2-norbornyl derivatives.[29]


Solvolysis reactions of a-tert-butyl-substituted benzyl
chlorides, bromides, and tosylates yield Ef parameters that
agree within two orders of magnitude for each of the elec-
trofuges (Table 4).[7,60–62] The fact that the tosylates of these


sterically strained compounds
are on the low-reactivity end is
surprising in view of the high
steric demand of the tosyloxy
group.[63]


For the 9-fluorenyl cation,
electrofugality parameters Ef


can be calculated with maxi-
mum deviations of 	1.0 from
the corresponding chloride,
bromide, and tosylate in a vari-
ety of solvents employing rate
constants that cover five
orders of magnitude.
Perhaps the most convincing


demonstration of the applica-
bility of Equation (2) to other
types of carbocations comes
from solvolysis rates of a varie-
ty of 1-adamantyl esters that
have been studied in a variety
of solvents. As shown in
Table 5,[9,64–66] rate constants
extending over more than six
orders of magnitude can be
used to arrive at Ef=�11.1	
0.7, thus demonstrating the ap-
plicability of Ef and Nf/sf pa-
rameters to semiquantitatively
predict heterolysis rate con-
stants of a large variety of sub-
strates.


How fast do R�X bonds
ionize? It has long been
known that the experimentally
determined solvolysis rate con-
stants are complex quanti-


ties[35–39,67] that, in the case of fast consecutive reactions,
become identical to the ionization rates.[68] Recently, we re-
ported quantitative Gibbs energy profiles for solvolysis reac-
tions that allow us to identify cases in which solvolysis rate
constants reflect the ionization rates.[69]


Since first-order rate constants k are related to the reac-
tion half-lives t1/2 by t1/2= (ln2)/k, Equation (2) can be em-
ployed to estimate the half-lives of solvolyses of R�X in var-
ious solvents (Table 6).
In this and the preceding article, it has been shown that sf


is usually close to 1,[10] and deviations from 1 can be neglect-
ed in semiquantitative treatments as long as sf is multiplied
by relatively small numbers. This is generally the case when
applying Equation (2) since measured solvolysis rate con-
stants are usually between 10�6<ks<10�2 s�1 (see refer-
ence [10]). One can, therefore, neglect sf for practical appli-
cations and estimate absolute heterolysis rate constants by
considering only the electrofugality Ef and the nucleofugali-
ty Nf, as depicted in Figure 4.


Table 3. (Continued)


Entry R�X X/Solvent[a] Nf
[b] sf


[b] ks
[c] [s�1] Ref. Individual Ef


[d]


9 Cl/100E 1.87 1.00 8.39Q10�7 [53] �7.95
Cl/80A 1.98 1.02 2.15Q10�6 [53] �7.54
Cl/100M 2.95 0.98 8.51Q10�6 [53] �8.12


Ef = �7.97	0.24[e] Cl/80E 3.28 0.98 4.73Q10�5 [53] �7.69
Br/100E 2.97 0.92 1.56Q10�5 [54] �8.19
Br/80A 3.04 0.90 2.87Q10�5 [54] �8.09
Br/100M 4.27 0.98 1.13Q10�4 [54] �8.30
Br/80E 4.39 0.94 4.78Q10�4 [54] �7.92


10 Cl/100E 1.87 1.00 7.56Q10�6 [55] �6.99
Cl/80A 1.98 1.02 6.02Q10�5 [55] �6.12
Cl/100M 2.95 0.98 8.77Q10�5 [55] �7.09


Ef = �6.69	0.38[e] Cl/80E 3.28 0.98 5.42Q10�4 [56] �6.61


11 Cl/90A 0.69 0.99 3.5Q10�5 [55] �5.19
Cl/100E 1.87 1.00 4.57Q10�5 [55] �6.21
Cl/80A 1.98 1.02 5.64Q10�4 [55] �5.17


Ef = �5.70	0.47[e] Cl/100M 2.95 0.98 5.8Q10�4 [55] �6.25
Cl/80E 3.28 0.98 4.3Q10�3 [55] �5.69


12 Br/90A 2.31 1.00 2.23Q10�4 [30] �5.96
Br/100E 2.97 0.92 2.09Q10�4 [30] �6.97
Br/80A 3.04 0.90 2.30Q10�3 [30] �5.97


Ef = �6.33	0.41[e] Br/80E 4.39 0.94 1.16Q10�2 [30] �6.45


13 Cl/90A 0.69 0.99 1.27Q10�7 [14a] �7.66
Cl/100E 1.87 1.00 8.60Q10�8 [14a] �8.94
Cl/80A 1.98 1.02 1.97Q10�6 [14a] �7.57


Ef = �8.21	0.68[e] Cl/100M 2.95 0.98 7.53Q10�7 [14a] �9.20
Cl/80E 3.28 0.98 9.26Q10�6 [14a] �8.42
Br/90A 2.31 1.00 1.27Q10�5 [57] �7.21
Br/100E 2.97 0.92 4.40Q10�6 [14c] �8.79
Br/80A 3.04 0.90 1.10Q10�4 [2, 58] �7.44
Br/100M 4.27 0.98 3.44Q10�5 [14c] �8.82
Br/80E 4.39 0.94 3.58Q10�4 [14c] �8.06


[a] Solvent mixtures are given as (v/v); solvents: 90A=90% aq. acetone, 80A=80% aq. acetone, 100E=etha-
nol, 80E=80% aq. ethanol, 100M=methanol. [b] From ref. [10]. [c] At 25 8C. [d] Individual Ef parameters
were calculated from Ef= [(logks)/sf]�Nf for each reaction. [e] Ef was obtained from all available solvolysis
rate constants for a certain R+ by minimizing �D2=�(logks�sf(Nf+Ef))


2, standard deviations refer to the dif-
ferences between the individual Ef parameters and the optimized Ef for R


+ .
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Heterolyses of R�X, which
correspond to the blue range in
Figure 4, will be so slow that
they cannot be observed at
room temperature. Ionizations
of substrates in the red range
will be so fast that solutions of
the corresponding substrates
can hardly be prepared at room
temperature. Although the bor-
derlines between these ranges
(green!yellow!red and
green!blue in Figure 4)
depend somewhat on sf, clearly
the green range is the most
easily accessible for kinetic in-
vestigations of ionization pro-
cesses.
Figure 4 combined with the


Ef and Nf parameters presented
in this and the preceding arti-
cle[10] can now be used to
answer the questions raised at
the start. Substrates located in
the blue range are stable
enough to tolerate short-time
exposure to the corresponding
solvents for purification or syn-
thetic transformations without
undergoing solvolysis or race-
mization. Regioselectivities of


the reactions of ambident carbenium ions (allyl or propargyl
cations) with nucleophiles or of ambident anions with carbe-
nium ions will be thermodynamically controlled if the prod-
ucts are in the red range and kinetically controlled if the
products are in the blue range. Because blue and red cover
the largest area of Figure 4, there remains only the relatively
small green range that requires more subtle consideration.
Since the electrofugalities Ef of a large variety of carbeni-


um ions can easily be derived from the numerous solvolysis
rates published in the literature, we will focus our future
work on the determination of nucleofugalities of leaving
groups that are relevant in organic synthesis.
In combination with an analogous treatment of electro-


phile/nucleophile combinations,[70,71] it has thus become pos-
sible to semiquantitatively describe the rates of two of the
most important processes in organic chemistry.


Table 4. Comparison of carbocation electrofugalities Ef derived from solvolysis rates of sterically demanding
benzyl as well as fluorenyl tosylates, bromides, and chlorides in different solvents (25 8C).


R�X X ks [s
�1] Solvent[a] Individual Ef


[b] Ref.


OTs 1.50Q10�6 90A �11.96 [60]
1.21Q10�5 80A �12.01 [60]
6.14Q10�6 100E �13.00 [60]
1.07Q10�4 80E �12.49 [60]


Ef = �11.70	0.72[c] 1.25Q10�2 TFE �11.96 [60]
Br 6.22Q10�8 80A �11.05 [61]


4.18Q10�7 80E �11.18 [61]
6.92Q10�5 TFE �10.72 [61]


OTs 3.48Q10�5 80A �11.44 [61]
3.08Q10�4 80E �11.90 [61]
1.26Q10�1 TFE �10.83 [61]


Br 1.38Q10�6 80E �10.62 [61]


Ef = �10.67	0.79[c] 1.18Q10�6 100M �10.32 [61]
1.04Q10�3 TFE �9.44 [61]


OTs 3.42Q10�4 90A �9.31 [62]
2.66Q10�3 80A �9.12 [62]
3.34Q10�3 100E �9.35 [62]
6.71Q10�2 80E �8.95 [62]


Ef = �9.92	0.60[c] Br 2.45Q10�6 80E �10.36 [62]
1.22Q10�6 100M �10.30 [62]
1.05Q10�4 TFE �10.52 [62]


Cl 5.86Q10�9 80A �10.05 [7]
3.01Q10�7 80E �9.93 [7]
5.92Q10�5 TFE �10.72 [7]


[a] Solvent mixtures are given as (v/v); solvents: 90A=90% aq. acetone, 80A=80% aq. acetone, 100E=etha-
nol, 80E=80% aq. ethanol, 100M=methanol, TFE=2,2,2-trifluoroethanol. [b] Individual Ef parameters were
calculated from Ef= [(logks)/sf]�Nf for each reaction. [c] Ef was obtained from all available solvolysis rate con-
stants for a certain R+ by minimizing �D2=�(logks�sf(Nf+Ef))


2, standard deviations refer to the differences
between the individual Ef parameters and the optimized Ef for R


+ .


Table 5. Solvolysis rates of 1-adamantyl derivatives with different leaving
groups in various solvents (25 8C).


R�X ks [s
�1] Solvent[a] Individual Ef


[b] Ref.


7.6Q10�9 80E �11.6 [9]
5.41Q10�6 97T �12.0 [9]


2.8Q10�7 80E �11.4 [9]
9.5Q10�5 97T �10.6 [9]


4.03Q10�3 80E �10.5 [64]
4.40Q10�5 100E �11.9 [64]
4.61Q10�4 80A �10.1 [64]
4.16Q10�5 90A �10.3 [64]


6.61Q10�10 80E �11.6 [65]


5.97Q10�9 80E �11.5 [66]
1.28Q10�9 80A �10.8 [66]


[a] Solvent mixtures are given as (v/v); solvents: 90A=90% aq. acetone,
80A=80% aq. acetone, 100E=ethanol, 80E=80% aq. ethanol, 97T=


97% aq. 2,2,2-trifluoroethanol. [b] Individual Ef parameters were calcu-
lated from Ef= [(logks)/sf]�Nf for each reaction. An Ef=�11.1	0.7 was
obtained from all available solvolysis rate constants for the 1-adamantyli-
um ion by minimizing �D2=�(logks�sf(Nf+Ef))


2, the standard deviation
refers to the differences between the individual Ef parameters and the
optimized Ef for R


+ .


Table 6. Solvolysis half-lives for benzhydryl halides.


t1/2 ks [s
�1] sf(Nf+Ef)


1 min 1.2Q10�2 �2.0
1 hour 1.9Q10�4 �3.7
1 day 8.0Q10�6 �5.1
1 month 2.6Q10�7 �6.6
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Ba2[Ni3N2]: A Low-Valent Nitridonickelate—Synthesis, Crystal Structure,
and Physical Properties
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Introduction


The chemistry of nitridometalates is an area of rapid devel-
opment and increasing diversity.[1] Nitridonickelates of lithi-
um and alkaline-earth metals have been thoroughly investi-
gated since the pioneering work of Robert Juza.[2] Common
structural features of nitridonickelates are infinite [NiN2/2]
chains with nickel coordinated in an almost linear (twofold)
fashion by nitrogen and short Ni�N contacts (179–
187 pm[3–12]). Nitridonickelates are characterized by excep-
tionally low oxidation states of nickel with the most
common oxidation state NiI, as observed in the ternary com-
pounds AE[NiN] (AE (alkaline-earth metal)=Ca,[3,4] Sr,[5,6]


Ba[7]). Mixed-valent Ni0,I is observed in Ba2(Ba6N)[NiN]6
[8]


and Li3Sr3Ni4N4
[9] as well as in Ba2[(Li1�xNix)Ni2N2],


[10] a
solid solution variant of the title compound Ba2[Ni3N2] with
“Ba2[LiNi2N2]”, but no physical property investigations on
any of the mixed-valent compounds have been reported up
to now. Higher oxidation states (up to NiII) were reported in


Li5[NiN3],
[11, 12] Li[NiN],[12] and Sr2[NiN2],


[13] but at least the
latter compound remains doubtful.[14]


Here we report on the synthesis, structure, and physical
properties of Ba2[Ni3N2],


[15] the first mixed low-valency nitri-
donickelate with a two-dimensional metal–nitrogen anionic
network.


Results and Discussion


Crystal structure : Ba2[Ni3N2] crystallizes with the ortho-
rhombic space group Cmca (no. 64, a=715.27(18) pm,
b=1032.99(21) pm, c=740.12(20) pm, V=546.9(4)9106 pm3.
Both room-temperature powder X-ray diffraction data and
neutron diffraction data correspond well with these values
within the standard deviation. In a first single-crystal data
refinement, the anisotropic displacement parameters for the
Ni(2) atom show an anomaly in U11, resulting in a prolate
(cigar-shaped) thermal displacement ellipsoid. A subsequent
refinement of the Ni(2) atom as a split position gives rise to
“normal” displacement parameters with the occupation pa-
rameter remaining constant within the standard deviation,
whereas a change to a lower symmetry space group (e.g.
C2221 (no. 20), C2ca (no. 41), Pbcb (no. 54), Pbna (no. 60))
does not improve the model. This behavior is discussed in
depth later taking low-temperature data into consideration.


Abstract: The ternary alkaline-earth ni-
tridonickelate Ba2[Ni3N2] (Ba2[NiI2-
Ni0N2]) was prepared by the reaction
of mixtures of Ba2N and Ni in nitrogen
gas of ambient back-pressure at
1173 K. The crystal structure deter-
mined by X-ray single-crystal and
powder diffraction methods as well as
from neutron diffraction data at vari-
ous temperatures between 2 and 298 K
is orthorhombic (Cmca (no. 64), 298 K:
a=715.27(18) pm, b=1032.99(21) pm,


c=740.12(20) pm) and provides the
first example of a nitridonickelate with
a two-dimensional complex anion. The
Ni(2) atom is described with a split po-
sition and the corresponding super-
structure variants are investigated by
theoretical full-potential nonorthogonal


local-orbital calculations (FPLO). The
average oxidation state of Ni in Ba2-
[Ni3N2] is +0.67, the lowest average
value observed in nitridonickelates so
far. Investigations of the physical prop-
erties demonstrate that Ba2[Ni3N2] acts
as a “poor” metal with a large resistivi-
ty of �2.7 mWcm at 300 K and exhib-
its low-dimensional magnetism with an-
tiferromagnetic ordering at T�90 K.
XAS spectra correspond with low-
valent Ni states.


Keywords: magnetic properties ·
mixed-valent compounds · nitrido-
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Table 1 shows crystallographic and refinement data; posi-
tional and displacement parameters are given in Tables 2


and 3. Selected interatomic distances and angles are given in
Table 4.


The predominant features of the crystal structure of Ba2-
[Ni3N2] (Figure 1) are infinite two-dimensional (2D) puck-
ered layers 2


1[Ni3N2
4�] (see Figure 2a), stacked in an ···AB···


sequence along the [010] direction (see Figure 2b). The two
symmetry-independent nickel atoms are coordinated in a
nearly linear fashion by nitrogen, and the bond lengths
(d(Ni(1)�N)=179.4(1) pm, d(Ni(2)�N)=187.1(2) pm) are
within the range observed in other nitridonickelates (Ba-
[NiN]: d(Ni�N)=180.1 pm;[7] Ba2(Ba6N)[NiN]6: d(Ni�N)=
179.22 pm;[8] Ca[NiN] d(Ni�N)=179.0(4) pm;[3] Sr[NiN]
d(Ni�N)=183.6 pm[6]). Ni(1)�N bond lengths are signifi-
cantly shorter than the Ni(2)�N bond lengths. The N atom
is coordinated by three Ni and three Ba atoms in a distorted
octahedron. Ba is coordinated in a distorted trigonal-planar
arrangement by three N atoms, two of them belonging to
the same 2


1[Ni3N2
4�] layer and one to the neighboring layer.


The Ba�N bond lengths (d(Ba�N)=284.4(2) pm) corre-
spond well with data for other barium nitridonickelates (Ba-
[NiN]: d(Ba�N)=288.05 pm;[7] Ba2(Ba6N)[NiN]6: d(Ba�
N)=299.71 pm[8]). The 2


1[Ni3N2
4�] network consists of


Ni(1)�N chains that run along the [100] direction. Whereas
the Ni(1) atom is nearly linearly coordinated by the N atom
(aN-Ni(1)-N=179.30(1)8), the aNi(1)-N-Ni(1) angle of


Abstract in German: Das tern�re Nitridonickelat Ba2[Ni3N2]
(Ba2[NiI2Ni0N2]) wurde aus Ba2N und Ni im Stickstoffstrom
bei 1173 K dargestellt. Die mit Einkristall- und Pulver-Rçnt-
genbeugungsmethoden sowie Neutronenbeugungsdaten bei
verschiedenen Temperaturen zwischen 2 und 298 K bes-
timmte Kristallstruktur ist orthorhombisch (Cmca (Nr. 64),
a=715.27(18) pm, b=1032.99(21) pm, c=740.12(20) pm)
und das erste Beispiel f9r ein tern�res Nitridonickelat mit
einem zweidimensionalen komplexen Anion. Ni(2) wird als
Splitposition beschrieben, entsprechende ;berstrukturvarian-
ten werden mittels theoretischer Rechnungen (full-potential
nonorthogonal local-orbital, FPLO) 9berpr9ft. Die mittlere
Oxidationszahl von Ni in Ba2[Ni3N2] ist +0.67, der nied-
rigste Mittelwert, der bisher in Nitridonickelaten beobachtet
wurde. Physikalische Messungen zeigen, dass Ba2[Ni3N2] ein
“schlechtes Metall” ist mit einem großen spezifischen Wider-
stand von �2.7 mW cm bei 300 K. Es weist Anzeichen von
niedrigdimensionalem Magnetismus mit einer antiferromag-
netischen Ordnung bei T�90 K auf. XAS-Spektren stehen
mit niedervalenten Ni-Zust�nden im Einklang.


Table 1. Crystallographic data for Ba2[Ni3N2] at 293, 200, and 100 K from single-crystal X-ray diffraction data.[a]


Temperature of measurement 293 K 200 K 100 K


crystal system orthorhombic orthorhombic orthorhombic
space group Cmca (no. 64) Cmca (no. 64) Cmca (no. 64)
a [pm] 715.27(18) 712.47(6) 712.55(7)
b [pm] 1032.99(21) 1027.21(10) 1026.11(11)
c [pm] 740.12(20) 736.40(7) 736.19(8)
cell volume[106 pm3] 546.9(4) 538.9(2) 538.3(2)
Z 4 4 4
1calcd [gcm


�3] 5.816 5.901 5.909
crystal color, habit shiny black, irregular shiny black, irregular shiny black, irregular
crystal size [mm3] 0.1L0.1L0.1 0.1L0.1L0.1 0.1L0.1L0.1
m(AgKa) [mm�1] 12.715 12.90 12.92
2q range [8] 6.22–47.60 6.26–55.54 6.26–55.70
diffractometer STOE IPDS STOE IPDS STOE IPDS
radiation, wavelength [M] X-ray, 0.56087 X-ray, 0.56087 X-ray, 0.56087
monochromator graphite graphite graphite
scan mode Df=0.88 Df=0.88 Df=0.88
measured reflections 3196 4310 4422
independent reflections 456 679 692
observed reflections [Fo>4s(Fo)] 413 636 647
Rint 0.0270 0.0286 0.0309
structure solution method direct methods direct methods direct methods
program for structure solution SHELXS97[24] SHELXS97[24] SHELXS97[24]


program for structure refinement SHELXS97[24] SHELXS97[24] SHELXS97[24]


number of parameters 24 24 24
goodness-of-fit on F2 1.018 1.177 1.174
R1 [Fo>4s(Fo)] 0.0118 0.0164 0.0168
wR2 0.0223 0.0335 0.0325
R1 (all data) 0.0152 0.0189 0.0197
wR2 0.0229 0.0341 0.0332
residual electron density [eL10�6 pm�3] 0.59/�0.47 1.22/�0.99 1.23/�0.99


[a] Further details of the crystal structure investigations can be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein–Leopoldshafen,
Germany, (fax: (+49)7247-808-666; e-mail : crysdata@fiz.karlsruhe.de) on quoting the depository numbers CSD-415467 (293 K), CSD-415468 (200 K),
and CSD-415469 (100 K), respectively.
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170.46(1)8 shows an explicit kink giving rise to a zigzag
chain nearly planar in the (010) plane, the Ni(1) atom is lo-
cated about 1.0(1) pm above this plane constituted by the N
atom. Neighboring NiN2/2 chains are connected through the
Ni(2) atom in alternating directions [001] and [001̄] at every


other N atom with the Ni(2) atom statistically occupying a
split position.


The description of the 2D complex anion [Ni3N2
4�] (see


Figure 2a) focuses on a (corrugated) square net of Ni(1)
atoms (dotted lines in Figure 2a). The (Ni(1)2�Ni(2)�


Table 2. Atomic coordinates and equivalent isotropic displacement parameters [pm2] for Ba2[Ni3N2] at 293 K, 200 K, and 100 K. The Ni(2) atom is de-
scribed with a split position. Standard deviations of the last digit are in parentheses.


Temperature Atom Site x y z Ueq Occupancy


293 K Ba(1) 8 f 0 0.168902(15) 0.090882(17) 99.9(6) 1
Ni(1) 8e 0.25 0.42484(3) 0.25 83.6(8) 1
Ni(2) 8d 0.0207(5) 0.5 0 106(5) 0.5
N(1) 8 f 0 0.4259(2) 0.2298(3) 82(4) 1


200 K Ba(1) 8 f 0 0.169011(14) 0.090908(18) 74.3(6) 1
Ni(1) 8e 0.25 0.42493(3) 0.25 65.5(7) 1
Ni(2) 8d 0.0200(4) 0.5 0 87(4) 0.5
N(1) 8 f 0 0.4256(2) 0.2300(3) 67(3) 1


100 K Ba(1) 8 f 0 0.169150(14) 0.090764(17) 34.6(5) 1
Ni(1) 8e 0.25 0.42508(3) 0.25 33.2(7) 1
Ni(2) 8d 0.0205(4) 0.5 0 51(4) 0.5
N(1) 8 f 0 0.4260(2) 0.2301(3) 42(3) 1


Table 3. Anisotropic displacement parameters [pm2] for Ba2[Ni3N2] at 293 K, 200 K, and 100 K. The Ni(2) atom is described with a split position. Stan-
dard deviations of the last digit are in parentheses.


Temperature Atom U11 U22 U33 U23 U13 U12


293 K Ba(1) 131.5(9) 79.0(9) 89.2(8) �9.9(5) 0 0
Ni(1) 37.5(14) 103.5(16) 109.7(13) 0 3.2(11) 0
Ni(2) 135(15) 109(2) 75(2) 16.1(18) 0 0
N(1) 47(9) 103(10) 94(10) 9(7) 0 0


200 K Ba(1) 92.9(8) 67.4(8) 62.6(7) �6.5(4) 0 0
Ni(1) 28.6(13) 87.9(14) 80.1(12) 0 2.8(10) 0
Ni(2) 123(13) 84(2) 55(2) 10.4(15) 0 0
N(1) 42(8) 105(9) 53(7) 11(6) 0 0


100 K Ba(1) 43.7(7) 33.3(7) 26.6(7) �3.5(4) 0 0
Ni(1) 10.8(13) 49.0(13) 39.8(11) 0 0.4(10) 0
Ni(2) 85(12) 43(2) 25.0(18) 6.2(15) 0 0
N(1) 23(8) 73(8) 31(7) 8(6) 0 0


Table 4. Selected lengths and bond angles in Ba2[Ni3N2] at 293 K, 200 K, and 100 K. Standard deviations of the last digit are in parentheses.


Temperature Atoms Distance [pm] No. of bonds Atoms Distance [pm] No. of bonds Atoms Angle [8]


293 K Ni(1)�N 179.45(5) 2L N�Ni(1) 179.45(5) 2L N-Ni(1)-N 179.30(1)
Ni(2)�N 187.1(2) 2L N�Ni(2) 187.1(2) 1L N-Ni(2)-N 170.92(10)
Ni(2)�Ni(2) 29.6(7) N�Ba 283.9(2) 1L
Ni(1)�Ni(2) 259.2(2) 2L N�Ba 284.6(2) 1L
Ni(1)�Ni(2) 278.9(3) 2L N�Ba 284.7(2) 1L


Ba�N 284.7(2) 1L
Ba�N 284.6(2) 1L
Ba�N 283.9(2) 1L


200 K Ni(1)�N 178.73(5) 2L
Ni(2)�N 186.3(2) 2L
Ni(2)�Ni(2) 28.5(6)


100 K Ni(1)�N 178.74(5) 2L
Ni(2)�N 186.2(2) 2L
Ni(2)�Ni(2) 29.2(5)
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(Ni(1)2) units (yellow squares in Figure 2a) are planar,
which gives rise to planar bands of Ni(1) squares alternat-
ingly centered by a Ni(2) atom or being empty along the
[100] direction. Ni(1)–Ni(2) distances (259.2(2) and
278.9(3) pm) correspond well with data of other nitridonick-
elates (Sr[NiN]: d(Ni�Ni)=237.6 pm;[6] Ba[NiN]: d(Ni�Ni)=
242.6 pm;[7] Ba2(Ba6N)[NiN]6N: d=256.8 pm[8]). The N
atoms are located on the edges of these planar bands. The
angle between the interconnected bands is 134(1)8 resulting
in a corrugated layer 2


1[Ni3N2
4�] (see Figure 2b). By assum-


ing a purely formal ionic situation, Ba2[Ni3N2] may be de-
scribed as mixed-valent Ba2[NiI2Ni0N2].


The anomaly in the anisotropic displacement parameters
for the Ni(2) atom was studied as part of a detailed investi-
gation of the low-temperature behavior of the crystal struc-
ture of Ba2[Ni3N2]. Close investigation of both room-tem-
perature and low-temperature X-ray diffraction data did not
reveal any superstructure reflections or violations of reflec-
tion conditions. To distinguish between dynamic (“cigar-
shaped” thermal vibrations) and static displacement (Ni(2)
split position), low-temperature single-crystal X-ray diffrac-
tion data were collected at temperatures of 200 and 100 K.
Refinements of these data clearly validate the split-position
model, as is shown in Figure 3. Whereas the cross section of


the thermal displacement ellipsoid in the “idealized” model
(Ni(2) in (0.0,5,0)) steadily decreases with decreasing tem-
perature, the longest axis of the thermal displacement ellip-
soid remains constant indicating a clear inconsistency in the
model. In contrast, in the split-position model (Ni(2) in
(0.02,0.5,0)) the thermal displacement ellipsoid isotropically
decreases with decreasing temperature, whereas the
Ni(2)�Ni(2) interatomic distance remains virtually constant
(29(2) pm).


To discuss the split position of the Ni(2) atom in more
detail, group–subgroup relations were taken into consider-
ation. The space group Cmca has 15 maximal nonisomorphic
subgroups,[16] but in only four of the subgroups (C2221 (no.
20), C2ca (no. 41), Pbcb (no. 54), Pbna (no. 60)) the split-
position Ni(2) atom is resolved into two independent posi-
tions Ni(2a) and Ni(2b) (Figure 4). In the 11 other maximal


Figure 1. Section of the crystal structure of Ba2[Ni3N2]. Unit cell and co-
ordination spheres of Ba, Ni, and N are highlighted.


Figure 2. a) 2
1[Ni3N2


4�] anionic layer, Ni(1) square net (dotted lines) and
Ni(1)2Ni(2)Ni(1)2 squares (yellow) highlighted, corrugation indicated by
light and dark gray shading. b) Stacking sequence of layers 2


1[Ni3N2
4�].


Figure 3. Temperature dependence of the thermal displacement ellipsoids
of the Ni(2) position; top: split position (0.02, 0.5, 0), bottom: “ideal”
non-split position (0, 0.5, 0).
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Figure 4. Group–subgroup relationships in Ba2[Ni3N2]. Only the four maximal non-isomorphic subgroups are shown that allow an ordering of Ni(2).
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non-isomorphic subgroups the split-position Ni(2) atom re-
mains unaltered due to symmetry restrictions.[17] Data re-
finement in any of these four subgroups does not improve
the crystal structure description, but always results in twin
models that resemble the Ni(2) atom split position. Since
there are no indications of macroscopic twinning, we must
assume that either “real” disorder is prevalent or ordered
microstructural domains are present. For a deeper insight
into this we performed electronic structure calculations.


Electronic structure calculations: Starting from the descrip-
tion of Ba2[Ni3N2] in the space group Cmca (no. 64) with
the Ni(2) atom in the center of the large thermal displace-
ment ellipsoid, we performed total energy calculations for
the four different ordered occupation patterns shown in
Figure 4 by using the subgroups C2221 (no, 20), C2ca (no.
41), Pbcb (no. 54), and Pbna (no. 60), respectively. We
found that the C2221 arrangement exhibited the lowest
energy, although the other Ni(2) occupation patterns are
very close in energy. Normalized to the energy of the C2221


arrangement, they differ by 3.0 (35 K, C2ca), 3.2 (37 K,
Pbcb), and 5.2 meV (61 K, Pbna) per formula unit only. On
the other hand, the description in terms of the non-split
Cmca structure yields an energy of about 2300 meV above
the C2221 structure and can therefore be excluded as a
stable state at low temperatures. Considering the very small
energy differences between the ordered occupation patterns,
a long range ordering of the Ni(2) atom split positions is not
expected even at low temperatures. The energy barrier be-
tween the Ni(2) atom split positions (the Cmca energy gives
a rough estimate) is more than two orders of magnitude
higher than the difference between the different Ni(2) ar-
rangements, therefore, any Ni atom ordering is highly inhib-
ited. Furthermore, the small energy differences between the
four Ni(2) patterns will be even further reduced by local re-
laxation that is neglected in the calculations. That leads us
to the conclusion that the Ni(2) atom split position should
be completely randomly occupied and corresponds well with
the results of the crystal structure refinements.


Low-temperature investigations: Low-temperature X-ray
powder diffraction data (Figure 5) show an interesting fea-
ture: whereas the unit cell volume V and the lattice parame-
ter b decrease steadily as the temperature is lowered, the
lattice parameter a (corresponding to the direction of the
Ni�N chains) remains almost constant. Above 100 K, the
lattice parameter c decreases, but below a transition temper-
ature of T�100 K indicating a second order phase transi-
tion, the lattice parameter c increases with decreasing tem-
perature, an observation that corresponds to a decreasing
corrugation of the [Ni3N2] layers with decreasing tempera-
ture below 100 K.


Neutron diffraction powder data support the above inter-
pretation (see Figures 6a and b), and no magnetic ordering
in the compound could be detected, neither at 298 K (Cmca
(no. 64), a=715.377(11), b=1031.110(14), c=
739.029(11) pm, see Figure 6b) nor at lower temperatures


Figure 5. Temperature dependence of lattice parameters and unit cell
volume of Ba2[Ni3N2] and its effect on the 2D anion.


Figure 6. Neutron diffraction refinement of Ba2[Ni3N2] at: a) 2 K and
b) 298 K. Tick marks represent Ba2[Ni3N2] (top) and Ni (bottom).
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down to 2 K (Cmca (no. 64), a=715.606(9), b=
1026.916(11), c=738.161(9) pm, see Figure 6a). Data refine-
ment of powder neutron data with the FULLPROF[18] pro-
gram package gave results similar to single-crystal X-ray
data refinements (Tables 5 and 6).


Electrical resistivity: The electrical resistivity 1(T) of Ba2-
[Ni3N2] (Figure 7) shows a clear linear temperature depend-
ence for T>100 K, indicating a metallic conduction mecha-


nism. However, the resistivity of �2.7 mWcm at 300 K is
high compared with the classical limit of �0.1 mWcm for
metallic conduction, classifying the compound as a “poor”
metal (similar to the doped cuprate oxides). The crystallo-
graphic (T�100 K, Figure 5)/magnetic transition (T�90 K,
Figure 8) is mirrored by a change of the slope of 1(T) and a
strong curvature below that temperature. The derivative d1/
dT, which often resembles the temperature dependence of


the specific heat of magnetic
systems, shows a clear l peak
at 87 K (inset Figure 7). The
shape of d1/dT is characteristic
for the reduction of the spin-
disorder scattering of charge
carriers in a magnetically or-
dered phase and therefore may
be associated with stronger Ni–
Ni interactions due to decreas-
ing corrugation of the 2D net-
work. Interestingly, many alka-
line-earth nitridonickelates
(Ba[NiN], Ba2(Ba6N)[NiN]6N,


and Ba2[Ni3N2]) show “poor” metallic behavior, however,
Ba2[Ni3N2] exhibits the lowest resistivity.[19] The solid solu-
tion series Li2[(Li1�xNix)N] reveals an insulator–metal transi-
tion with increasing x at x�0.80.[20]


Magnetic susceptibility: The magnetic susceptibility
(Figure 8) of Ba2[Ni3N2] displays a broad maximum around
120 K that is a signature of low-dimensional magnetism.
c(T) can be approximated by a Curie–Weiss law only at
much higher temperature. The effective magnetic moment
per formula unit meff/f.u.=2.5 mB obtained from a linear fit of
1/c(T) above 200 K is nevertheless roughly consistent with
two NiI species (S= 1=2, mso=1.73 mB) on the chain-sites
(Ni(1)) and one nonmagnetic Ni0 species in the “connec-
tion-site” (Ni(2)). However, as shown above, the system is
metallic and the situation is clearly not in the ionic limit
with well-defined magnetic moments localized at certain Ni
species. The magnetic system might be therefore described
as Ni-centered quantum spins (S= 1=2) with predominant


Table 5. Crystallographic data for Ba2[Ni3N2] at 298 and 2 K from
powder neutron diffraction data.


temperature of measurement 298 K 2 K
crystal system orthorhombic
space group Cmca (no. 64)
a [pm] 715.377(11) 715.606(9)
b [pm] 1031.110(14) 1026.916(11)
c [pm] 739.029(11) 738.161(9)
cell volume[106 pm3] 545.132 (14) 542.451(11)
Z 4
crystal color, habit black, powder
2q range [8] 6–156
diffractometer HMI Berlin, E9
wavelength [M] 1.79685
independent reflections 205
program for structure refinement FULLPROF[18]


number of parameters 31
RBragg 0.079 0.059
RProfile 0.055 0.041


Table 6. Atomic coordinates and equivalent isotropic displacement parameters [pm2] from powder neutron
diffraction data for Ba2[Ni3N2] at 298 K and 2 K. The Ni(2) atom is described with a split position. Standard
deviations of the last digit are in parentheses.


Temperature Atom Site x y z Biso Occupancy


298 K Ba(1) 8 f 0 0.1699(6) 0.0916(6) 0.81(9) 1
Ni(1) 8e 0.25 0.4250(3) 0.25 0.61(5) 1
Ni(2) 8d 0.0197(15) 0.5 0 1.07(10) 0.5
N(1) 8 f 0 0.4254(3) 0.2293(4) 0.81(6) 1


2 K Ba(1) 8 f 0 0.1694(4) 0.0903(5) �0.21(6) 1
Ni(1) 8e 0.25 0.4252(2) 0.25 0.46(4) 1
Ni(2) 8d 0.0258(9) 0.50 0.46(8) 0.5
N(1) 8 f 0 0.4263(2) 0.2313(3) 0.52(4) 1


Figure 7. Electrical resistivity of Ba2[Ni3N2] as a function of temperature.
The derivative d1/dT is emphasized in the inset.


Figure 8. Magnetic susceptibility of Ba2[Ni3N2] against T for different
magnetic fields and extrapolation for the pure substance (see text).
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magnetic exchange in the chains running in the a direction.
The sharp kink in c(T) at TN�90 K and the concomitant
strong reduction of the electrical resistivity indicate the
long-range antiferromagnetic ordering of the Ni species. The
fact, that no additional reflections were observed in the neu-
tron diffraction powder data at low temperature (T=2 K)
might be due to a very small ordered magnetic moment.
This situation is often met in low-dimensional isoelectronic
copper S= 1=2 compounds. The relatively high TN compared
to the temperature of the maximum in c(T) indicates a
strong out-of-chain coupling (along the c axis). Magnetic
coupling along the b axis can be quite weak in this respect.
The spin quantum number 1=2 and the coupling to a structur-
al distortion render this compound a very interesting mag-
netic system. There is no significant shift or broadening of
the phase transition due to the high applied magnetic field.
Field or temperature hysteresis effects were also not detect-
ed. Thus no weak ferromagnetic moments at 90 K or other
phase transitions have been observed for T>1.8 K.


X-ray absorption spectroscopy: For independent informa-
tion on the electronic states of nickel, X-ray absorption
spectroscopy was employed at the K-threshold of Ni. XAS
spectra of Ba2[Ni3N2] were collected at different tempera-
tures between 5 and 300 K. Representative spectra at 5, 100,
and 300 K along with the spectra of Ni0 and NiIIO as energy
references are shown in Figure 9a. The derivative of the Ni
K-edge X-ray absorption spectrum is shown in Figure 9b.
The X-ray absorption spectrum of Ba2[Ni3N2] shows several
contributions of varying magnitude to the fine-structure
near to the Ni K-edge. These secondary peaks are more visi-
ble from the derivative curve, which shows at least four dis-
tinct maxima in the edge region. The energies as well as the
shapes of these features are temperature independent that is
shown by the spectra and their derivatives at T=5 and
300 K, and agree well also with spectra near the phase tran-
sition at 100 K.


The comparison of the absorption spectra of Ba2[Ni3N2]
with spectra of Ni and NiO used as Ni0 and NiII references
show stronger similarities to the Ni spectrum with respect to
position and shape of the K-edges indicating a low Ni elec-
tronic state of Ba2[Ni3N2]. Major differences to the spectrum
of elemental Ni occur near to the first maximum, the magni-
tude of which is reduced and not well-defined in the Ba2-
[Ni3N2] spectrum. This absorption maximum is related to
the main contribution of the density of states at the Ni K-
edge and is caused by the dipole excitation of 1s electrons
to unoccupied 4p levels above the Fermi energy. This rela-
tion of the absorption behavior at the K-edge to the l=1
projected density of states was calculated for Ni[21] and
NiO.[22] Both spectra and their first derivatives show the
main maximum at almost the same energy. In the low-
energy region the absorption of elemental Ni is significantly
higher than for NiO, which reflects the differences in the l=
1 projection of the density of states above the Fermi energy.
The absorption behavior of both elemental Ni and Ba2-
[Ni3N2] is very similar in the low-energy region. For elemen-


tal Ni, it was found that the absorption behavior is dominat-
ed by contributions of unoccupied 3d levels on the l=1 pro-
jection of the density of states in this energy range. The co-
incidence of both spectra in this energy range indicates simi-
lar 3d level configurations for elemental Ni and Ba2[Ni3N2].
This relation will be further investigated by theoretical cal-
culations of the absorption coefficient that should also give
some hints on the differences arising from the Ni configura-
tions in both elemental Ni and Ba2[Ni3N2] due to the varying
absorption behavior near the first maximum.[23]


Qualitatively, the absorption spectra of Ba2[Ni3N2] do not
change with temperature and show that the l=1 projection
of the density of states is temperature independent. This in-
dicates that the phase transition at 100 K is not related to
changes in the band structure of the compound or to major
changes near the Fermi energy.


Conclusion


Ba2[Ni3N2] exhibits the lowest average oxidation state of Ni
(+0.67) observed in nitridonickelates so far. The mixed-
valent nickel compound contains a two-dimensional com-


Figure 9. a) Ni K-edge X-ray absorption spectra of Ba2[Ni3N2] at different
temperatures, Ni0, and NiIIO. b) Derivative curve of Ni K-edge X-ray ab-
sorption spectra of Ba2[Ni3N2] at different temperatures, Ni0, and NiIIO.
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plex anion that is built up by Ni(1)�N chains connected by
N-Ni(2)-N dumb-bell units. The split position of the nearly
linearly coordinated Ni(2) atom is discussed taking group–
subgroup relations into account using both diffraction data
and FPLO calculations. Ba2[Ni3N2] is a “poor” metal and
displays a structural and magnetic phase transition at T
�90 K. The transition is interpreted as a long range antifer-
romagnetic ordering of NiI species accompanied by a sym-
metry-retaining structural distortion. XAS investigations
correspond well with the low oxidation state of Ni and cor-
roborate the electric and magnetic measurements.


Experimental Section


Owing to the high sensitivity towards air and moisture of the compounds
of the system under investigation, all manipulations were performed
inside an argon-filled glovebox (p(O2, H2O)<0.1 ppm). Temperature ex-
periments were performed using a quartz-glass tube reactor and a tube
furnace capable of sustaining temperatures up to 1423 K. The sample
purity was checked by powder X-ray diffraction methods and by elemen-
tal analysis.


Ba2N as a starting material was prepared by the reaction of dendritic
barium metal (Alfa, 99.987%) with nitrogen of ambient back-pressure
(Messer–Griesheim, 99.999%, additionally purified by passing over mo-
lecular sieve, Roth 3 M, and BTS catalyst, Merck), in a tantalum crucible
placed inside a quartz-glass tube reactor by heating for 48 h at 923 K. To
prevent a reaction of the quartz reactor with subliming Ba2N, the tanta-
lum crucible was placed inside a stainless steel tube. To remove diazenide
impurities in the Ba2N, the sample was heated under vacuum at 673 K
for 12 h. The Ba2N thus prepared was black, ductile, and shone with a
metallic luster. Its quality was ascertained by X-ray powder diffraction
and elemental analysis. Nickel powder (100 mesh, Chempur, 99.9%) was
used without further purification after ascertaining its purity by X-ray
powder diffraction measurement and elemental analysis.


For the preparation of dark gray single-phase Ba2[Ni3N2], a mixture of
Ba2N and Ni (molar ratio 1.00:3.00) was ground to a fine powder and
pelletized. The pellets were sintered in a nickel crucible placed in the
quartz reactor described above under an ambient back-pressure of nitro-
gen at 1173 K for 240 h. Sintering with intermediate regrinding and repel-
letizing was repeated until complete reaction was achieved. Irregular-
shaped, black single crystals with metallic luster were prepared by heat-
ing a mixture of Ba2N and Ni (molar ratio 1.00:2.50) in a nickel crucible
under an ambient back-pressure of nitrogen at 1273 K for 36 h.
Ba2[Ni3N2] is sensitive towards air and moisture.


The chemical composition of Ba2[Ni3N2] was checked by elemental analy-
sis of the bulk material. The N and O content was determined quantita-
tively by a carrier-gas hot-extraction technique (LECO analyzer TC-436
DR/5), no oxygen impurities above the detection limit (typically 15 mg
powder sample, <0.02% oxygen on weight) were found. The Ni and Ba
content was determined quantitatively using ICP-OES (Varian “Vista
RL” radial plasma). All values corresponded well with calculated data.
Elemental analysis calcd (%) for Ba2[Ni3N2]: Ba 57.28, Ni 36.87, N 5.84;
found: Ba 56.6(1.4), Ni 37.9(1.1), N 5.66(4).


For X-ray powder diffraction investigations the samples were ground to a
very fine powder and evenly distributed between two Kapton films for
protection against air and moisture. Measurements were performed on a
Huber image-plate Guinier camera in the 2q range of 3–1008 (exposure
time 90 min), using CuKa1 radiation. Low-temperature X-ray powder dif-
fraction data collection (10=T=300 K) was performed by using the
same setup with the sample placed inside a closed-cycle helium cryostat.


Suitably sized single crystals of Ba2[Ni3N2] were sealed in glass capillaries
for X-ray diffraction intensity data collection on a STOE IPDS automatic
four-circle diffractometer with AgKa radiation using a graphite-mono-
chromator and the f scan technique. An open nitrogen gas stream as


coolant was employed for low-temperature single-crystal X-ray diffrac-
tion measurements. The crystal structure was solved from single-crystal
data and was refined by using the SHELX software package.[24]


Neutron diffraction experiments were carried out on the powder diffrac-
tometer E9 at the BERII reactor of the Hahn–Meitner Institute (HMI),
Berlin, Germany. Ba2[Ni3N2] (�3 g) was placed under argon into a cylin-
drical vanadium container (diameter 6 mm, length 47 mm, and wall thick-
ness 0.15 mm) closed with a cap containing an indium seal. Crystal struc-
ture data were derived from neutron diffraction experiments with the
wavelength l=1.79685(2) M in the range 2<2T<1588 at 298 and 2 K.
The refinements were carried out using the FULLPROF[18] and GSAS[25]


programs.


Magnetization measurements at different magnetic fields between
100 Oe and 70 kOe in the temperature range 2–400 K were carried out in
a SQUID magnetometer (MPMS XL-7, Quantum Design). The polycrys-
talline sample (�100 mg) was sealed in a quartz tube under 0.4 bar He
atmosphere. Corrections for the sample container were applied. Owing
to traces of ferromagnetic nickel metal impurities (�60 ppm by mass) in
the sample a correction of the high-field data (c(T) versus 1/H extrapo-
lated to 0, Honda–Owen method) was utilized to obtain the intrinsic sus-
ceptibility of the compound.


Electrical resistivity measurements were performed on phase-pure (ascer-
tained by X-ray powder diffraction data) powder in situ pressed to a cy-
lindrical tablet in a sapphire die cell. The van-der-Pauw method with four
soft Pt spheres as electrical contacts pressed into the sample was utilized
in the temperature range 4–320 K. All manipulations and measurements
were carried out inside an argon-filled glovebox with an integrated cryo-
stat.


X-ray absorption spectra (XAS) at the K-threshold of nickel were col-
lected to obtain information on the electronic state of nickel. The
powder samples were mixed with B4C in a volume ratio of 1:3 to produce
a homogenous absorber. To prevent contamination from moisture and air
the sample was loaded in a steel capsule, equipped with Be-windows
(0.5 mm). For low-temperature (5 K�T�300 K) XAS measurements the
sample preparation was modified: a mixture of Ba2[Ni3N2] and B4C was
added to molten dry paraffin, the mixture was cast into an appropriately
sized die, and upon solidification was wrapped with Kapton foil to pre-
vent contamination by moisture and air. The measurements were per-
formed at the A1 bending magnet beam-line located at the DORISIII
storage-ring in the HASYLAB, DESY Laboratory (Hamburg, Germany).
The X-ray beam was monochromatized using a double-crystal monochro-
mator equipped with a Si(111) crystal. The Ni K-edge measurements
were performed in transmission geometry. The absorption spectra of the
compound were measured simultaneously with the spectrum of nickel
foil serving as a reference for energy calibration.


Electronic structure calculations: To investigate the nature of the occupa-
tion patterns for the Ni(2) split position of the N-Ni(2)-N dumb-bell, full-
potential electronic structure calculations within the local density approx-
imation (LDA) were carried out. For this purpose an FPLO calculation
scheme[26] was applied. In the scalar-relativistic calculations the exchange
and correlation potential of Perdew and Wang[27] was used. As the basis
set, Ba (5s, 5p, 6 s, 6p, 5d), Ni (3s, 3p, 4 s, 4p, 3d), and N (2s, 2p, 3d)
states were employed. The lower-lying states were treated fully relativisti-
cally as core states. The N (3d) and the Ba (5d) states were taken into
account as polarization states to increase the completeness of the basis
set and thus the accuracy of the total energy. The treatment of the Ni
(3s, 3p) and Ba (5s, 5p) semi-core-like states as valence states was neces-
sary to account for non-negligible core–core overlaps. The spatial exten-
sion of the basis orbitals, controlled by a confining potential (r/r0)


4, was
optimized to minimize the total energy.[28] A k-mesh of 4096 points in the
full Brillouin zone was used. The convergency of the total energy with re-
spect to the k-mesh and the basis set was carefully checked.
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Organotin Perfluorooctanesulfonates as Air-Stable Lewis Acid Catalysts:
Synthesis, Characterization, and Catalysis


De Lie An,*[a] Zhihong Peng,[a, b] Akihiro Orita,[b] Akinobu Kurita,[b] Sumiyo Man-e,[b]


Kei Ohkubo,[c] Xingshu Li,[b] Shunichi Fukuzumi,*[c] and Junzo Otera*[b]


Introduction


A number of organotin compounds serve as Lewis acid cata-
lysts in organic synthesis.[1] Normally, their Lewis acidity is
mild so that high chemoselectivity could be attained in vari-
ous functional group transformations.[2] The mild Lewis acid-


ity, on the other hand, often causes failure in the carbon–
carbon bond formation. Hence, the increase of the Lewis
acidity of organotin compounds is of prime importance to
expand the scope of their synthetic utility. One method is to
attach electron-withdrawing group(s) on tin. Guided by this
postulate, we previously disclosed that organotin triflates
served to catalyze carbon–carbon bond-forming reactions
like Mukaiyama–aldol and –Michael reactions in a highly
chemoselective manner.[3] However, their hygroscopic
nature did not allow us to fully characterize these com-
pounds despite strong demands for detailed information
about such synthetically useful class of organotin com-
pounds. Recently, we reported in a preliminary form that
1,3-bis(perfluorooctanesulfonato)-1,1,3,3-tertabutyldistan-
noxane (1) is air-stable and acidic enough to catalyze, for
the first time for this class of compounds, various carbon–
carbon bond-forming reactions with stannyl and silyl nucleo-
philes.[4] Hence, we have investigated relevant organotin per-
fluorooctanesulfonates. In this paper, we put forth a full ac-
count of synthesis and characterization of these compounds.
Furthermore, their catalytic activities are assessed in
carbon–carbon bond-forming reactions.


Abstract: The reactions of 1,3-dichloro-
1,1,3,3-tetrabutyldistannoxane and di-
alkyltin dihalides with silver perfluoro-
octanesulfonate provided the corre-
sponding sulfonates as hydrates. The
number of water molecules (n) of hy-
dration was dependent on the condi-
tions. The distannoxane derivative was
identified as n from 0.5 to 6, while in
the hydrated mononuclear species and
DMSO complexes n varied widely
from 4 to 13. 119Sn NMR spectroscopy
and conductivity measurements indi-


cated the ionic dissociation of these
compounds in solution. These com-
pounds exhibited unusually high solu-
bility in polar organic solvents. The
ionic dissociation together with facile
hydration probably causes the unusual
solubility. The Lewis acidity of these
compounds was found to be high


among organotin derivatives on the
basis of ESR spectra of superoxide/
metal-ion complexes. In contrast to
well-known organotin triflates, these
compounds suffered no hydrolysis
upon storage in open air. The high cat-
alytic activity of the distannoxane 1
was exemplified for various carbon–
carbon bond-forming reactions, such as
Mukaiyama–aldol as well as -Michael
reactions and allylation of aldehydes.
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Results and Discussion


Synthesis : The synthesis of 1 is straightforward (Scheme 1).
Treatment of (ClBu2SnOSnBu2Cl)2


[5] with four equivalents
of AgOSO2C8F17 (AgOPf) in acetone afforded 1 in a hydrat-


ed form (PfOBu2SnOSnBu2OPf)2·nH2O. This stands in
strong contrast with the reaction with AgOSO2CF3
(AgOTf), which resulted in a skeletal change to furnish m-
hydroxo dimers 2 (Scheme 2).[6] Single-crystal X-ray analysis
revealed a neutral structure for the butyl derivative 2a,
while a dicationic structure was found for the tert-butyl and
2-phenylbutyl derivatives, 2b and 2c, respectively. However,
all compounds were found to dissociate into the ionic spe-


cies in CH3CN on the basis of conductivity measurements.
The hydration number of 1 is variable depending on the
conditions. 1H NMR spectroscopy (in dry CD3CN) proved
that the freshly prepared sample after recrystallization from
EtOAc/hexane (1:3) contained approximately one H2O mol-
ecule per each tin atom (n=4); the water content increased
up to n= �6 (on the basis of 1H NMR spectroscopy) upon
standing in open air. Pumping in vacuo for two days at
room temperature caused partial dehydration giving rise to
n�0.5. Elemental analysis of this sample was consistent
with this composition.
Mononulcear compounds 3–5


were prepared analogously by
treatment of R2SnCl2 (R=Bu,
Me, Ph) with two equivalents of
AgOPf in acetone (Scheme 3).
These compounds were also ob-
tained as hydrates, but the hy-
dration number varied widely
from 4 to 13 depending on the
conditions. Although the parent
peaks corresponding to 3 and 4
were confirmed by ESI-MS, no
reliable combustion analyses
were attained for these compounds. We therefore trans-
formed the hydrated species to DMSO adducts. Addition of
four equivalents of DMSO to a solution of 3–5 in diethyl
ether afforded [R2Sn(DMSO)4]


2+ ·2OPf� , 6–8, which gave
correct analytical data.
As seen from Schemes 1 and 2, the perfluorooctanesulfo-


nate anion reacts with (ClBu2SnOSnBu2Cl)2 quite differently
from the triflate anion. The skeletal change to 2 with the
latter anion is induced by facile hydrolysis of the putative
bis(triflato)distannoxane, while 1 can resist the hydrolysis
though being hydrated. The analogous facile hydrolysis at-
tacks mononuclear organotin triflates, RnSn(OTf)4�n, leading
to unidentifiable products, yet the corresponding perfluor-
ooctanesulfonates 3–5 survive the hydrolysis. As such, the
organotin perfluorooctanesulfonates are storable in open
air, offering a great advantage over the organotin triflates
from the operational point of view.


Characterization : A 119Sn NMR spectrum of 1 exhibited two
signals at d=�162.5 and �203.0 ppm in [D6]acetone, diag-
nostic of the dimeric formulation,[7] while a single peak was
observed for 3–5 consistent with the mononuclear structure
(Table 1). Upon complexation with DMSO, the d values ex-
perienced low-frequency shifts. The dicationic character of 6
was supported by appearance of its 119Sn NMR signal (d=


Scheme 1. Synthesis of perfluorooctanesulfonato distannoxane.


Scheme 2. Synthesis of cationic organotin compounds.


Scheme 3. Synthesis of diorga-
notin perfluorooctanesulfo-
nates.


Table 1. The 119Sn NMR spectra of organotin perfluorooctanesulfonates
in [D6]acetone.


Compound d [ppm] Compound d [ppm]


1 �162.5, �203.0 6 �338.1
3 �348.9 7 �303.3
4 �324.4 8 �501.3
5 �524.1
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�338.1 ppm) in the same region as that found for [Me2Sn-
(DMSO)4]


2+ ·2Ph4B
�[8] in [D6]DMSO (d=�336.0 ppm). The


119Sn NMR chemical shift of a dibutyltin dicationic species,
[Bu2Sn(H2O)4]


2+ ·2ClO4
� , was estimated by use of Bu2SnO


in aqueous HClO4.
[9] The d values were plotted against vari-


ous tin concentrations and extrapolation to the infinite dilu-
tion gave rise to d=�294.0 ppm, which is close to d=


�303.2 ppm of 7, indicative of dicationic nature of this com-
pound. No significant differences in d values between 3–5
and 6–8 suggest that the hydrated compounds also are con-
siderably dissociated into the dicationic species, for example,
[R2Sn(H2O)m]


2+ ·2OPf�·nH2O.
The conductivity measurements are consistent with the


ionic dissociation (Table 2). A substantially large conductivi-
ty was observed for 1 in CH3CN, but the molar conductivity


is somewhat smaller than that of well-defined dicationic m-
hydroxo dimer 2a. It follows that 1 is not totally but partial-
ly dissociated into the dicationic species like 1’
(Scheme 1).[10] Mononuclear compounds 3–5 exhibited
larger molar conductivities, the magnitudes of which, howev-
er, are not large enough to assume the dicationic formula-
tion because the corresponding DMSO complexes gave
much greater values. It is reasonably concluded as a whole
that the DMSO complexes 6–8 are virtually dicationic, while
the hydrates species 3–5 are involved in equilibrium be-
tween associated and dissociated forms.
Previously, we advanced that the binding energies (DE


values) of Lewis acid metal atoms with O2C� can be correlat-
ed with the Lewis acidity of the metals.[11] Thus, we mea-
sured the DE values of the organotin perfluorooctanesulfo-
nates, which are shown in Table 3 together with those of rel-
evant organotin compounds for comparison. As expected,
compounds 1 and 3–5 exhibited relatively large DE values.


Rather unexpectedly, however, the DMSO complexes 6–8
did not give rise to the significant decrease in the DE values.
For example, the DE value of Sc(OTf)3 changed from 1.00
to 0.72 upon complexation with hexamethyl phosphoramide
(HMPA).[11] This may be reminiscent of weaker coordina-
tion of DMSO on the tin than that of HMPA on the scandi-
um.
Another notable feature is unusual solubility of 1 and 3–


5. As given in Table 4, the solubility of these compounds in
acetone, THF, EtOAc, CH3CN, and MeOH is extraordinari-
ly high amounting up to 3251 gL�1; it is better to say that


they are miscible with each other to form a slightly viscous
liquid. They exhibit normal solubility in less polar Et2O, but
are not soluble in CH2Cl2, a quite surprising behavior be-
cause this solvent is usually the best solvent for similar orga-
notin compounds. Consistently, they are not soluble in much
less polar toluene and nonpolar hexane. Nevertheless, these
compounds are also hydrophobic as is apparent from their
insolubility in water. The long fluoroalkyl chain in the sulfo-
nate ligand must be responsible for the hydrophobicity. Pre-
sumably, such amphiphilic nature is reflected on the unusual
solubility in the polar organic solvents. Upon dissolving the
organotin compounds in polar solvents, the solvent mole-
cules can approach the coordination sphere of the tin to re-
place the hydrated water on account of the compatibility be-
tween them, and the resulting solvated species are highly
soluble in the same polar solvents. By contrast, CH2Cl2 as
well as hydrocarbons cannot have access to the tin atoms
because of interference by the water against these hydro-
phobic solvents. It is concluded therefore that the organotin
perfluorooctanesulfonates are neither hydrophilic nor lipo-
philic in their hydrated form, and accordingly they are not
soluble in both strongly hydrophobic organic solvents and
water. However, the water molecules are readily replaced
by the polar organic solvents to generate the highly soluble
solvated species.
It is reasonable to assume that the solubility decreases by


formation of the highly cationic DMSO complexes. In fact,
the solubility of the hydrated mononuclear species basically
decreases upon formation of the DMSO complexes 6–8. In
particular, conversion of 5 to 8 induced a drastic decrease in
solubility except in MeOH. By contrast, dibutyltin and di-


Table 2. Conductivities of organotin perfluorooctanesulfonates.[a]


Compound Conductivity
[mScm�1][b]


Compound Conductivity
[mScm�1][b]


1 256.5 (64.1) 6 218.0 (218.0)
3 129.9 (129.9) 7 197.1 (197.1)
4 125.5 (125.5) 8 231.8 (231.8)
5 118.1 (118.1) 2a 165.5 (82.8)


[a] In CH3CN (1.0 mmolL�1) at 25 8C. [b] The value given in parentheses
is the molar conductivity (L) (mScm2mol�1).


Table 3. gzz and DE values of ESR spectra of O2C�/organotin complexes.


Compound gzz DE


1 2.0336 0.90
3 2.0333 0.90
4 2.0338 0.90
5 2.0343 0.88
6 2.0335 0.90
7 2.0342 0.88
8 2.0346 0.87
2a 2.0595 0.49
Bu2Sn(OTf)2


[a] 2.0327 0.92
(C6F5)2SnBr2


[a] 2.0336 0.89


[a] Reference [11].


Table 4. Solubility of organotin perfluorooctanesulfonates in organic sol-
vents at 25 8C.


Solubility [gL�1]
1 3 4 5 6 7 8


acetone 3018 2447 1745 1973 2123 1646 98
THF 2908 2239 517 1323 22 81 0
EtOAc 1594 2569 2417 1155 17 33 0
MeOH 2643 3251 1878 2317 2114 2036 1137
CH3CN 1245 3018 42 119 1971 1438 54
Et2O 108 192 88 351 0 0 0
CH2Cl2 0 0 0 0 152 21 0
toluene 0 0 0 0 0 0 0
hexane 0 0 0 0 0 0 0
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methyltin derivatives 4 and 5, respectively, exhibited differ-
ent behaviors. The solubility was greatly decreased in THF,
EtOAc, and Et2O, whereas only slightly in acetone, MeOH,
and CH3CN, or even increased occasionally. These com-
pounds became slightly soluble in CH2Cl2 upon complex for-
mation in contrast to the insoluble parent hydrates. The
high solubility of these DMSO complexes might result from
replacement of DMSO with polar solvent molecules. How-
ever, in 1H NMR spectra in [D6]acetone, the S-methyl
proton signals of 6 and 7 experienced strong upfield shifts
(Dd relative to pure DMSO: �0.38 ppm for 6 and
�0.52 ppm for 7). As shown in Table 1, 119Sn NMR spectra
also gave rise to appreciable shifts upon complexation.
These outcomes support the retention of the DMSO coordi-
nation in acetone.


Catalysis : The catalytic activities of 1 and 3 together with m-
hydroxo dimer 2a as a control cationic species were assessed
for various carbon–carbon bond-forming reactions. First, re-
actions of benzaldehyde (9) with nucleophiles, such as tet-
raallyltin (10), enol silyl ethers 11 and 12, and ketene silyl
acetals 13 and 14, were scrutinized (Scheme 4). All reactions


were carried out in the presence of 1 (0.5 mol%) or 3 and
2a (1 mol%), and the yields of the respective reactions are
compiled in Table 5. High yields were constantly attained
with 1, while the other catalysts resulted in much lower
yields. Notably, the solvent, that is, CH3CN, in these reac-
tions was used as received. No dry solvent is needed, be-
cause of tolerance of 1 toward hydrolysis.[12,13] The low activ-
ity of 2a is reasonable in terms of the criterion which we
put forth previously: efficient carbon–carbon bond-forming
reactions are effected by Lewis acid catalysts with the DE
values lager than 0.88.[11] By contrast, rather low activity of
3 cannot be accommodated by this notion. We have no ex-
plicit explanation for this anomaly at present.
Then, the reactions of other substrates, such as acetophe-


none (15), bezaldehyde dimethyl acetal (16), and cyclohexe-
none (17), were examined under catalysis of 1 and 3
(Scheme 5, Table 6). As expected, acetophenone is less reac-
tive than benzaldehyde and thus no reaction occurred with


the enol silyl ethers 11 and 12 ; however, the other reactions
exhibited the similar tendency of the catalytic activity to the
reaction with 9. Probably, the nucleophilicity of the enol
silyl ethers is very strong. Finally, reactions of the acetal and
cyclohexenone substrates 16 and 17 were carried out. No re-
actions occurred with tetraallyltin, which usually exhibits
highest reactivity, whereas high yields were obtained in the


Scheme 4. Reaction of benzaldehyde with various nucleophiles catalyzed
by 1.


Table 5. Yields [%] in reactions of benzaldehyde with stannyl and silyl
nucleophiles catalyzed by organotin perfluorooctanesulfonates and 2a.


Catalyst
Nucleophile Product 1[a] 3[g] 2a[g]


10 18 98[b] 59[h] 90[i]


11 19 81[c] 30 –
12 20 85[d] 27 75
13 21 91[e] 27 64
14 22 95[f] 25 67


[a] Reaction conditions: substrate (1.0 mmol); nucleophile (1.3 mmol);
catalyst (0.05 mmol); solvent (3.0 mL); RT; 24 h. [b] 10 (0.3 mmol), 1
(0.005 mmol), THF, 12 h. [c] THF, 12 h. [d] THF, 6 h. [e] 1 (0.01 mmol),
MeCN, 2 h. [f] 1 (0.01 mmol), MeCN, 3 h. [g] Reaction conditions: sub-
strate (1.0 mmol); nucleophile (1.3 mmol); Catalyst (0.01 mmol); MeCN
(3 mL); RT; 24 h. [h] 10 (0.3 mmol). [i] 10 (0.3 mmol), 4 h.


Scheme 5. Reaction of acetophenone, benzaldehyde, and cyclohexenone
with silyl nucleophiles catalyzed by 1.


Table 6. Yields [%] in reaction of 15, 16, and 17 with stannyl and silyl nu-
cleophiles catalyzed by organotin perfluorooctanesulfonates.[a]


Catalyst[b]


Substrate Nucleophile Product 1 3


15 10 23 87[c] 19[k]


11 nr nr
12 nr nr
13 24 87[d] 21
14 25 90[e] 20


16 10 nr nr
11 25 91[f] 37
12 27 93[f] 34
13 28 50[g] 21
14 29 93[h] 35


17 10 nr nr
11 30 71[i] 29
13 31 – 25
14 32 95[j] 43


[a] Reaction conditions: substrate (1.0 mmol); nucleophile (1.3 mmol);
catalyst (0.01 mmol); CH3CN (3.0 mL); RT; 24 h. [b] nr=no reaction.
[c] 10 (0.4 mmol); 1 (0.05 mmol); THF (3.0 mL). [d] 14 h. [e] 1
(0.02 mmol); 10 h. [f] 13 h. [g] 0 8C, 16 h. [h] 1 (0.02 mmol); 0 8C; 8 h. [i] 1
(0.02 mmol); 0 8C; 16 h. [j] 6 h. [k] 10 (0.4 mmol).
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other reactions catalyzed by 1, except the reaction of 16
with 13.


Conclusion


The reactions of 1,3-dichloro-1,1,3,3-tetrabutyldistannoxane
and dialkyltin dihalides with silver perfluorooctanesulfonate
provided the corresponding sulfonates as hydrates. The hy-
drated mononuclear species could be converted to DMSO
complexes. 119Sn NMR spectroscopy and conductivity mea-
surements indicated the ionic dissociation of these com-
pounds in solution. The ionic dissociation together with
facile hydration probably causes the unusual solubility. The
Lewis acidity of these compounds was found to be high
among organotin derivatives. In contrast to well-known or-
ganotin triflates, these compounds suffered no hydrolysis
when stored in open air. The high catalytic activity of the
distannoxane 1 was exemplified for various carbon–carbon
bond-forming reactions. The stability and catalytic activity
of organotin perfluorooctanesulfonates will find a wide
range of applications.


Experimental Section


General : All reactions were carried out under an atmosphere of nitrogen
with freshly distilled solvents, unless otherwise noted. Tetrahydrofuran
(THF) was distilled from sodium/benzophenone. Acetonitrile was distil-
led from CaH2. Silica gel (Daiso gel IR-60) was used for column chroma-
tography. NMR spectra were recorded at 25 8C on JEOL Lambda 300
and JEOL Lambda 500 instruments and calibrated with tetramethylsilane
(TMS) as an internal reference and tetramethylstannane (Me4Sn) as an
external reference. Mass spectra were recorded on Platform II single
quadrupole mass spectrometer (Micromass, Altrinchan, UK). Elemental
analyses were performed by the Perkin–Elmer PE 2400. Conductivity
was measured on HORIBA conductivity meter DS-12.


ESR measurements : A quartz ESR tube (4.5 mm i.d.) containing an
oxygen-saturated solution of dimeric 1-benzyl-1,4-dihydronicotinamide
[(BNA)2] in MeCN (1.0N10�3m) and a Lewis acid (1.0N10�3m) was irra-
diated in the cavity of the ESR spectrometer with the focused light of a
1000 W high-pressure Hg lamp through an aqueous filter. Dimeric
(BNA)2, which used as an electron donor to reduce oxygen, was prepared
according to the literature.[14–16] The ESR spectra of O2C� Lewis acid com-
plexes in frozen MeCN were measured at 143 K with a JEOL X-band
spectrometer (JES-RE1XE) using an attached VT (variable temperature)
apparatus under nonsaturating microwave power conditions. The g values
were calibrated precisely with an Mn2+ marker, which was used as a ref-
erence.


Preparation of C8F17SO3Ag :
[17] Commercially available C8F17SO3H was


not pure, but used as received. A suspension of C8F17SO3H (1.00 g; as-
suming it was pure, it corresponded to 2.0 mmol) and Ag2CO3 (331 mg,
1.2 mmol) in water (15 mL) was stirred in the dark at 100 8C for 1 h, and
then at RT for 1 h. After filtration, the solids obtained were washed with
ice-water till the filtrate turned neutral. The solids were dissolved in ace-
tone and filtered. After the filtrate had been evaporated, the crude solids
were subjected to recrystallization from THF (1.5 mL) and Et2O (4 mL)
to afford C8F17SO3Ag in a pure form (484 mg, 40%). 19F NMR
(282 MHz, [D6]acetone): d=�79.20 (m, 3F), �112.29 (m, 2F), �118.59
(m, 2F), �119.72 to �120.00 (m, 6F), �120.85 (m, 2F), �124.25 to
�124.38 ppm (m, 2F).


Preparation of (PfOBu2SnOSnBu2OPf)2 (1): A solution of (ClBu2SnOSn-
Bu2Cl)2


[5] (553 mg, 0.5 mmol) and silver perfluorooctanesulfonate


(1.214 g, 2.0 mmol) in acetone (10 mL) was stirred at RT for 3 h in the
dark. After filtration, the filtrate was evaporated. The crude products
were dissolved in acetone (2 mL), and the solution was added dropwise
to CH2Cl2 (50 mL). Precipitates were separated by filtration and dried in
vacuo. Recrystallization of the solids from AcOEt (4 mL)/hexane
(10 mL) afforded 1 as a hydrate (1.05 g, 71%). 1H NMR (300 MHz,
[D6]acetone): d=0.93 (t, 24H), 1.37–1.41 (m, 16H), 1.63–1.78 (m, 32H),
4.64 ppm (s, 9.8H); 19F NMR (282 MHz, [D6]acetone): d=�79.21 (m,
24F), �112.21 (m, 16F), �118.59 (m, 16F), �119.74 to �119.99 (m, 48F),
�120.85 (m, 16F), �124.27 to �124.37 ppm (m, 16F); 119Sn NMR
(111 MHz, acetone-d6): d=�162.54, �202.95 ppm; IR (Nujol mull): ñ=
3389, 2959, 2925, 2854, 1634, 1329, 1240, 1153, 1074, 1037, 940, 747,
687 cm�1; elemental analysis calcd (%) for C64H76F68O16S4Sn4 (as dihy-
drate): C 25.65, H 2.56; found: C 25.63, H 2.51 (after pumping for
2 days).


Preparation of Bu2Sn(OSO2C8F17)2 (3): An solution of Bu2SnCl2 (304 mg,
1.0 mmol) and silver perfluorooctanesulfonate (1.214 g, 2.0 mmol) in ace-
tone (10 mL) was stirred at RT for 3 h in the dark. After filtration, the
filtrate was evaporated. The crude products were dissolved in acetone
(2 mL) and the solution was added dropwise to CH2Cl2 (50 mL). Precipi-
tates were separated by filtration and dried in vacuo. Recrystallization of
the solids from AcOEt (8 mL)/hexane (1 mL) afforded 3 as a hydrate
(850 mg, 69%). 1H NMR (300 MHz, [D6]acetone): d=0.94 (t, 6H), 1.37–
1.41 (m, 4H), 1.69–1.80 (m, 8H), 3.52 ppm (s, 6.1H); 19F NMR
(282 MHz, [D6]acetone): d=�79.20 (m, 6F), �112.27 (m, 4F), �118.61
(m, 4F), �119.74 to �119.99 (m, 12F), �120.85 (m, 4F), �124.27 to
�124.37 ppm (m, 4F); 119Sn NMR (111 MHz, [D6]acetone): d=


�348.89 ppm: IR (Nujol mull): ñ=3357, 2955, 2924, 2853, 1650, 1331,
1203, 1152, 1075, 1038, 942, 706 cm�1; ESI-MS: m/z calcd for
C24H18F34NaO6S2Sn [M+Na]+ : 1254.89; found: 1254.42.


Preparation of compounds Ph2Sn(OSO2C8F17)2 (5) and Me2Sn-
(OSO2C8F17)2 (4): Compounds 4 and 5 were obtained by using a similar
procedure described above for compound 3.


Data for Ph2Sn(OSO2C8F17)2 (5): Yield: 61%; 1H NMR (300 MHz,
[D6]acetone): d=6.30 (s, 10.8H), 7.51 (m, 6H), 8.02 ppm (m, 4H);
19F NMR (282 MHz, [D6]acetone): d=�79.20 (m, 6F), �112.38 (m, 4F),
�118.62 (m, 4F), �119.75 to �119.99 (m, 12F), �120.84 (m, 4F),
�124.25 to �124.35 ppm (m, 4F); 119Sn NMR (111 MHz, [D6]acetone):
d=�524.07 ppm; IR (Nujol mull): ñ=3411, 1650, 1332, 1268, 1235, 1204,
1151, 1075, 1037, 939, 695 cm�1.


Data for Me2Sn(OSO2C8F17)2 (4): Yield: 66%; 1H NMR (300 MHz,
[D6]acetone): d=1.32 (s, 6H), 5.91 ppm (s, 5.4H); 19F NMR (282 MHz,
[D6]acetone): d=�79.21 (m, 6F), �112.44 (m, 4F), �118.66 (m, 4F),
�119.75 to �120.00 (m, 12F), �120.86 (m, 4F), �124.27 to �124.39 ppm
(m, 4F); 119Sn NMR (111 MHz, [D6]acetone): d=�324.43 ppm; IR
(Nujol mull): ñ=3252, 1650, 1328, 1241, 1205, 1152, 1076, 1041, 940,
742 cm�1; ESI-MS: m/z calcd for C18H6F34NaO6S2Sn [M+Na]+ : 1170.79;
found: 1170.26.


Preparation of Bu2Sn(OSO2C8F17)2(DMSO)4 (6): A solution of 3
(1.231 mg, 1.0 mmol) and DMSO (313 mg, 4.0 mmol) in Et2O (10 mL)
was stirred at RT for 1 h in the dark. After filtration, the solids were
washed with AcOEt. Recrystallization of the solids from CH2Cl2/AcOEt
afforded 6 in a pure form (1.36 g, 88%). 1H NMR (300 MHz, [D6]ace-
tone): d=0.91 (t, 6H), 1.36–1.42 (m, 4H), 1.72–1.84 (m, 8H), 2.91 ppm
(s, 24H); 19F NMR (282 MHz, [D6]acetone): d=�79.19 (m, 6F), �112.52
(m, 4F), �118.57 (m, 4F), �119.70 to �119.97 (m, 12F), �120.82 (m,
4F), �124.26 to �124.35 ppm (m, 4F); 119Sn NMR (111 MHz, [D6]ace-
tone): d=�338.05 ppm; IR (Nujol mull): ñ=2954, 2923, 2854, 1329,
1258, 1204, 1150, 986, 931 cm�1; elemental analysis calcd (%) for
C32H42F34O10S6Sn: C 24.90, H 2.74; found: C 24.65, H 2.61.


Preparation of compounds Ph2Sn(OSO2C8F17)2(DMSO)4 (8) and
Me2Sn(OSO2C8F17)2(DMSO)4 (7): Compounds 7 and 8 were obtained by
using a similar procedure described above for compound 6.


Data for Ph2Sn(OSO2C8F17)2(DMSO)4 (8): Yield: 80%; 1H NMR
(300 MHz, [D6]acetone): d=2.98 (s, 24H), 7.51 (m 6H), 7.99 ppm (m,
4H); 19F NMR (282 MHz, [D6]acetone): d=�79.19 (m, 6F), �112.77 (m,
4F), �118.58 (m, 4F), �119.69 to �119.99 (m, 12F), �120.84 (m, 4F),
�124.25 to �124.37 ppm (m, 4F); 119Sn NMR (111 MHz, [D6]acetone):
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d=�501.30 ppm; IR (Nujol mull): ñ=1329, 1243, 1216, 1152, 1023,
942 cm�1; elemental analysis calcd (%) for C36H34F34O10S6Sn: C 27.30, H
2.16; found: C 27.43, H 2.23.


Data for Me2Sn(OSO2C8F17)2(DMSO)4 (7): Yield: 92%; 1H NMR
(300 MHz, [D6]acetone): d=1.19 (s, 6H), 3.04 ppm (s, 24H); 19F NMR
(282 MHz, [D6]acetone): d=�79.19 (m, 6F), �112.56 (m, 4F), �118.58
(m, 4F), �119.70 to �119.99 (m, 12F), �120.84 (m, 4F), �124.25 to
�124.37 (m, 4F); 119Sn NMR (111 MHz, [D6]acetone): d=�303.29 ppm;
IR (Nujol mull): ñ=1329, 1283, 1242, 1202, 1151, 1073, 1040, 993,
941 cm�1; elemental analysis calcd (%) for C26H30F34O10S6Sn: C 21.40, H
2.07; found: C 21.37, H 1.70.


Determination of a hydration number of 1 (representative): Molecular
sieves (4 O, 11 g, dried at 190 8C for 0.5 h under reduced pressure) were
added to [D3]acetonitrile (25 g), and the mixture was kept under argon
overnight. In this [D3]acetonitrile, water was not detected by 1H NMR
spectroscopy. The dehydrated [D3]acetonitrile (0.6 mL) was added to a
freshly prepared 1 (10 mg, recrystallized from AcOEt/hexane followed
by drying under reduced pressure for 2 h), and the solution was analyzed
by 1H NMR spectroscopy. Based on integrations of CH3 of butyl (d=
0.93 ppm (t, 24H)) and H2O (d=3.66 ppm (s, 8.08H)), a hydration
number was determined to be about 1.01 per each Sn atom.


According the same procedure, hydration numbers were determined for
the following organotin compounds which had been dried under reduced
pressure overnight and kept in the air (Table 7).


Solubility determination of 1 (representative): AcOEt (0.5 mL) was
placed in a test tube; compound 1 was added gradually at RT. When the
amount of added 1 exceeded 797.2 mg, insoluble 1 appeared. Based on
this data, solubility of (C8F17SO3)Bu2SnOSnBu2(OSO2C8F17) was deter-
mined to be 1594 gL�1. According to the same procedure, other solubili-
ties were determined.


Allylation of benzaldehyde with 10 catalyzed by 1 (representative):
PhCHO (106 mg, 1.0 mmol) and 10 (85 mg, 0.3 mmol) were added to a
solution of 1 (74 mg, 0.05 mmol) in THF (3 mL), and the mixture was
stirred at RT for 12 h. After water (2 mL) was added, the mixture was
stirred at RT for 1 h. After usual workup with AcOEt/water, the com-
bined organic layer was evaporated. The crude product was subjected to
GC analysis to determine a GC yield (98%).


Mukaiyama–aldol reaction of benzaldehyde with 11 catalyzed by 1 (rep-
resentative): PhCHO (106 mg, 1.0 mmol) and 11 (250 mg, 1.3 mmol)
were added to a solution of 1 (74 mg, 0.05 mmol) in THF (3 mL), and the
mixture was stirred at RT for 12 h. After water (2 mL) had been added,
the mixture was stirred at RT for 1 h. After usual workup with AcOEt/
water, the combined organic layer was evaporated. The crude product
was subjected to column chromatography on silica gel (5:1 hexane/
AcOEt) to afford the desired compound in a pure form (81% yield).


Aldehydes such as benzaldehyde, 15–17 and nucleophiles 10–14 are com-
mercially available. All products have been reported: 18,[18] 19,[19] 20,[20]


21,[21] 22,[22] 23,[23] 24,[20] 25,[24] 26,[25] 27,[26] 28,[27] 29,[28] 30,[29] 31,[30] and
32.[31]


[1] a) A. Orita, J. Otera, in Main Group Metals in Organic Synthesis
Vol. 2 (Eds.: H. Yamamoto, K. Oshima), Wiley-VCH, Weinheim,


2004, p. 621; b) M. Pereyre, J.-P. Quintard, A. Rahm, Tin in Organic
Synthesis, Butterworths, London, 1987.
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(Ed.: J. M. Coxon), JAI, London, 1994, p. 167; b) J. Otera, in Ency-
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Table 7. Hydration numbers for compounds 1 and 3–5.


Hydration number per Sn atom[a]


5 min 1 day 3 days


(PfOBu2SnOSnBu2OPf)2 (1) 0.13 1.28 1.30
Bu2Sn(OSO2C8F17)2 (3) 0.24 3.06 3.20
Ph2Sn(OSO2C8F17)2 (5) 1.46 11.0 12.7
Me2Sn(OSO2C8F17)2 (4) 1.12 6.70 6.90


[a] After keeping in the air.
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Cationic P–S–X cages (X=Br, I)


Marcin Gonsior,[a] Ingo Krossing,*[b] and Eberhard Matern[a]


Introduction


Hitherto about 19 different binary tetraphosphorus sulfide
molecules P4Sn (n=3–10) are known. Of these, P4S3 and
P4S10 are used on a multi-ton scale.[1] Polymeric (P4Sn)1 vari-
eties are unknown. Other binary compositions such as PxSn


(x¼6 4) are unknown in the condensed phase, except for a
compound that is thought to be polymeric PS.[2] Ternary tri-
valent polyphosphorus sulfides such as P5S2Y (Y=H,
NMePh, SPh, PPh, Cl, Br, I)[3,4] and P6SY2 (Y= I)[4] are less
common and, apart from a- and b-P4S3I2, structurally un-
characterized.[5–8] The only other ternary phosphorus sulfides
known are of the type S=PX3, X=F-I (also mixed halides).
Ionic polyphosphorus–sulfur cages are less well explored
than the respective neutral compounds. Some rare examples
have been observed inside a mass spectrometer, but there
are no structurally characterized anionic binary P–S or ter-


nary P–S–Y cages. This is astonishing considering the large
number of investigations on the related Pn


x� polyphos-
phides.[9–13] Binary P–Ch and ternary P–Ch–X cations (Ch=
O–Te, X=F–I) remain unknown in the condensed phase,
the As–S cation As3S4


+ being the only related example that
is known.[14] All earlier attempts to synthesize Px


+ and PxSy
+


ions failed.[15] Hitherto applied counterions like MF6
� (M=


As, Sb) decompose in the presence of P-containing cations
with liberation of PF3. This should be contrasted with the
multitude of lighter homologous binary N–S and ternary N–
S–X cations known that are stable in the presence of MF6


�


ions. Therefore, it appears that a new preparative route and
another weakly coordinating anion (WCA) are prerequisites
for the successful synthesis of binary and ternary P–S(–X)
cations.


Herein we report a method for the preparation of ternary
P–S–X cations (X=Br, I) with the perfluorinated alkoxyalu-
minate [Al(OR)4]


� as a counterion (R=C(CF3)3).[15–26] Reac-
tion of the Ag+/PX3 reagent[16,22,25, 27] with P4S3 leads to the
cations P5S3X2


+ , P4S4X
+ , and P5S2X2


+ (X=Br, I).


Results


Synthesis : Depending on the temperature, three halogen-
containing salts 1–3 (Figure 1) are obtained from P4S3, PX3,
and Ag[Al(OR)]4, namely P5S3X2


+[Al(OR)]4
� at �78 8C


Abstract: The first condensed-phase
preparation of ternary P–Ch–X cations
(Ch=O–Te, X=F–I) is reported:
[P5S3X2]


+ , [P5S2X2]
+ , and [P4S4X]+


(X=Br, I). [P5S3X2]
+ is formed from


the reaction of the Ag+/PX3 reagent
with P4S3. The [P5S3X2]


+ ions have a
structure that is related to P4S5 by re-
placing P=S by P+�X and S in the
four-membered ring by P(X). We pro-
vide evidence that the active ingredient
of the Ag+/PX3 reagent is the
(H2CCl2)Ag–X–PX2


+ cation. The latter


likely reacts with the HOMO of P4S3 in
a concerted HOMO–LUMO addition
to give the P5S3X2


+ ion as the first spe-
cies visible in situ in the low-tempera-
ture 31P NMR spectrum. The [P5S3X2]


+


ions are metastable at �78 8C and dis-
proportionate at slightly higher temper-
atures to give [P5S2X2]


+ and [P4S4X]+ ,
probably with the extrusion of 1/


n (PX)n (X=Br, I). All six new cage
compounds have been characterized by
multinuclear NMR spectroscopy and,
in part, by IR or Raman spectroscopy.
The [P5S2X2]


+ salts have a nortricy-
clane skeleton and were also character-
ized by X-ray crystallography. The
structure of the [P4S4X]+ ion is related
to that of P4S5 in that the exo-cage P=S
bond is replaced by an isoelectronic
P+�X moiety.Keywords: cage compounds ·


cations · phosphorus · silver · sulfur
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[X=Br 1 a, I 1 b, Eq. (1)], P5S2X2
+[Al(OR)]4


� [X=Br 2 a, I
2 b, Eq. (2)] also at �78 8C, and P4S4X


+[Al(OR)]4
� [X=Br


3 a, I 3 b, Eq. (3)] at �30 8C.


The reaction proceeds initial-
ly by complex formation be-
tween Ag+ , P4S3, and PBr3


[Eq. (1)]. The dynamic and ex-
changing [Ag(P4S3)(PBr3)]+


complex has a sufficiently long
lifetime at �78 8C to be ob-
served in the 31P NMR spec-
trum (broad lines for PBr3 and
P4S3; see Supporting Informa-
tion).


We assume a similar situation
for Ag+ , P4S3, and PI3. Howev-
er, no signal due to coordinated
PI3 was observed, which may be
due to the low solubility of PI3


at �78 8C and the immediate
elimination of AgI from the
[Ag(P4S3)(PI3)]+ intermediate
[Eq. (3)]. The presence of
P5S3X2


+ ions was confirmed by
the 31P NMR spectra of NMR-
scale reactions that were always
kept at �78 8C. The reactions
leading to 1 a and 1 b proceed
selectively at �78 8C to give
only one P5S3X2


+ isomer (no
mixture, see X= I in Figure 2).


Assignment of the correct structure to 1 a,b (Figure 1) was
difficult (see Discussion) as only a P–X disruptive addition
of a PX2


+ moiety to P4S3 led to a structure that is in good
agreement with available related experimental as well as
calculated data. (For related NMR calculations see referen-
ces [3,28]) At this point we have to thank one of the
referees, who correctly suggested that we reconsider our
initially proposed structure for 1 a,b.


Upon trying to grow crystals of 1 a,b at �30 8C we only
isolated crystals of 2 a,b, which have one S atom less in the
skeleton than 1 a,b, such that 2 a,b have a structure that is
isoelectronic to that of P4S3 in which one S atom has been
replaced by a PX2


+ unit (Figure 1). Compounds 1 a,b dismu-
tate in solution at temperatures above �78 8C. The forma-
tion of 1 b is complete after three weeks at �78 8C, and
almost no signals other than those of 1 b are observed in the
NMR spectrum (Figure 2). However, after this three-week
period, or when the temperature is increased for a few mi-
nutes to room temperature, the signals of the dismutation
products 2 b and 3 b appear with increasing intensity. The
dismutation of 1 a proceeds analogously to give 2 a and 3 a.
The rates of the dismutation reactions of 1 a and 1 b, howev-
er, are different, and 1 b converts faster than its Br analogue
1 a : only 2 b and 3 b are observed in the 31P NMR spectrum
after about 20–30 minutes at room temperature or after 1–2


Figure 1. Structures of the cationic P–S–X cages in 1 a,b, 2 a,b, and 3a,b.


Figure 2. Progress of the reaction between PI3, P4S3, and Ag[Al(OR)4] in the 31P NMR spectrum. Uncom-
plexed PI3 and P4S3 are insoluble in CD2Cl2 at low temperature and are not observed. The signals at d=++75.1
(q, 2JP,P=62.6 Hz) and �125.2 ppm (2JP,P=62.3 Hz) belong to Ag(P4S3)x


+ .[23]
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weeks at �30 8C, whereas 1 a is
still present in the 31P NMR
spectrum after several weeks at
�30 8C. If the sample is kept at
0 8C, the conversion of 1 a to 2 a
and 3 a proceeds within 1–2
days and is accompanied by
some anion decomposition,
which is indicative that 1 a is
more reactive than 1 b (forma-
tion of the [(RO)3Al�F�
Al(OR)3]


� ion is detected by
NMR spectroscopy, see earlier
work).[15,22, 29] No decomposition
of the anion was detected for
1 b or its disproportionation
products 2 b and 3 b, even when
the solution was handled at am-
bient temperature. Since the
salts 1 a and 1 b are only meta-
stable, the isolation of pure
solid products was not possible,
not even when the reactions
were performed in a CS2/
CH2Cl2 solvent mixture. Solid 2 a, 2 b, and 3 a (2 a as a mix-
ture with 3 a) were obtained in good yields and were charac-
terized by IR and, in part, also by Raman spectroscopy, as
well as by an X-ray single-crystal structure analysis for 2 a,b.


31P NMR spectroscopic characterization : Prior to discussing
the results, it should be noted that we can describe the spin
systems by reasonably converged data sets. The standard de-
viations for the simulation are of the order of 1 Hz. Owing
to the sensitivity of the compounds and the unfavorable
signal-to-noise ratio, we did not attempt to obtain a higher
accuracy of the coupling constants.


NMR characterization of 1a,b and 3a,b : Compound 1 b
gives five groups of almost first-order multiplets in the
31P NMR spectrum, in agreement with a C1-symmetric spe-
cies, whereas compound 1 a only shows three multiplets at
d=++258, +159, and about +113.5 ppm in a 1:1:3 ratio (see
Supporting Information). The signal at d�113.5 ppm con-
tains three independent signals, thus showing that compound
1 a is also asymmetric. In contrast to the two lines of 1 a at
d=258 and 159 ppm, this multiplet at d=113.5 ppm is of
higher order. For 1 b, the simulation with the program
WINDAISY was very accurate (see Supporting Informa-
tion). The proposed assignment of the signals in 1 a,b is
shown in Table 1, together with the calculated chemical
shifts and coupling constants of the P5S3Br2


+ ion at the
MPW1PW91/6-311G(2df) level. Since we failed to simulate
the higher-order spectrum of 1 a adequately, no coupling
constants are given for this compound. One should note the
similarity of the structures of 1 a,b and 3 a,b (replace “P(X)”
in the four-membered ring of 1 a,b by “S” to obtain 3 a,b).
Accordingly, the chemical shifts and coupling constants of
the four equivalent positions in 1 a,b and 3 a,b are similar.


The four signals of 3 a and 3 b were assigned based on the
NMR data of a-P4S5


[30] and the calculated shifts and cou-
pling constants of 3 a and a-P4S5.


NMR characterization of 2a,b : Compounds 2 a,b give
first-order spectra. Since the P5S2X2


+ ions are Cs-symmetric,
only four groups of signals are observed in the 31P NMR
spectrum (Table 2). The signals of the equivalent P atoms in
2 a and 2 b differ by about �10 to �25 ppm. The only ex-
ception is the P atom of the PX2


+ unit, with d(31P)=++173.3
(2 a) and +61.5 ppm (2 b). The chemical shift of this phos-
phonium phosphorus atom is strongly influenced by the in-
verse halogen dependence that leads to higher frequencies
for the heavier halogens.[31] The 31P NMR spectroscopic data
of the related neutral P5S2X (X=Br, I)[3,4] compounds give
similar signal patterns. The only difference is that the neu-
tral species (C1 symmetry) give five signal groups, since the
PA and PB atoms are not equivalent (cf. Table 2). Naturally,
the greatest differences in the chemical shifts of neutral
P5S2X compounds are found for the P atoms of the PX unit.
The absolute coupling constants 1JE,C and 1JE,D are also
about 120 to 230 Hz larger for 2 a,b than those of P5S2X.


Crystal structures : Compounds 2 a,b were characterized by
their single-crystal X-ray structures. Compound 2 b crystal-
lized at �28 8C from very concentrated “oily” solutions,
whereas the best crystals of 2 a were obtained at room tem-
perature. Crystals of 2 b (2 a) are air-sensitive, yellow (pale
yellow) plates. Since 2 a,b represent the same type of struc-
ture, the distances and angles of the cations are shown in
Table 3 together with the values for the related bonds in
P4S3 and P5Br2


+ . No other structural data on cationic phos-
phorus–sulfur cages are available. However, the structures
of 2 b (Figure 3) and 2 a can be compared with that of neu-


Table 1. Experimental and MPW1PW91/6-311G(2df) calculated 31P NMR shifts and coupling constants of the
cations of 1 a, 1 b, 3a, and 3b.


1a 1a 1 b 3 a 3a 3 b a-P4S5
[30] a-P4S5


exptl[a] calcd[a] exptl[a] exptl[a] calcd[a] exptl[a] exptl calcd


d(PA) ~113.5[b] +89 +146.3 d(PA) +173.6 +169 +193.4 +124.9 +117
d(PB) +159.2 +136 +168.6 d(PB) +130.1 +114 +122.2 +91.7 +81
d(PC) ~113.5[b] +167[c] +44.7 d(PC) +120.0 +190[c] +62.9 +127.0 +136
d(PD) +257.1 +246 +261.4 d(PD) +266.3 +287 +255.2 +233.8 +242
d(PE) ~113.5[b] +122 +64.1 – – –
1JA,B – �215 �191.0 1JA,B �157.1 �185 �170.4 �184.7 �220
2JA,C – +162 +128.7 2JA,C +164.1 +229 +162.2 +119.0 +149
2JA,D – +50 +36.1 2JA,D +29.8 +31 +27.9 +19.0 +12
1JA,E – �257 �206.3 – – –
1JB,C – �509 �344.8 1JB,C �370.9 �490 �342.8 �285.5 �364
2JB,D – +86 +74.3 2JB,D +58.4 +60 +61.6 +53.5 +47
2JB,E – �54 +41.6 – – –
2JC,D – +55 +54.6 2JC,D +42.3 +33 +43.7 +27.9 +19
1JC,E – �433 �283.2 – – –
3JD,E – +44 +28.9 – – –


[a] Labeling of the phosphorus atoms: . [b] Three multiplets of 1a are superimposed in a


range of about 18 ppm, centered at about d=113.5 ppm. [c] The calculated shifts of these atoms are affected
by relativistic effects and are systematically wrong by about +50 to +60 ppm for a P+–Br moiety.


Chem. Eur. J. 2006, 12, 1703 – 1714 I 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 1705


FULL PAPERCationic P–S–X cages



www.chemeurj.org





tral P4S3. The basal P�P bond
lengths in 2 a,b are in the typi-
cal to long range for P�P single
bonds (2.207(2) to
2.351(6) O).[15,22,25] However,
the P4�P5 distance in 2 a is
longer than other basal P�P
bonds in 2 a,b or P4S3. We at-
tribute this to the bad quality of
the crystal and/or crystal pack-
ing effects, since this long P�P
distance was not reproduced by
either BP86/SVP (2.284 O) or
MP2/TZVPP (2.253 O) calcula-
tions. The P�I bonds
(2.368(1) O on average) are
equal within the standard devi-
ations and lie in the typical
(lower) range for P�I bonds of
phosphorus–iodine cations (cf.
P3I6


+ : d(P�I)=2.361(6) to
2.435(6) O). The P�Br bond
lengths (2.150(4) O, on aver-
age) are comparable to those in
P5Br2


+ (2.140(3) O) and lie in a
similar range to the P�Br bond
lengths of P2Br5


+ (2.115(2) to
2.199(3) O). The two P�P dis-
tances around the PX2 units are
shorter towards the P3 base and
differ by 0.045 (X= I) and
0.06 O (X=Br). The apical P�S
bonds in 2 a,b are similar to
within 0.02 O, as are the basal
P�S bonds to within 0.04 O.
The cage skeleton in 2 b has
nearly ideal Cs symmetry, while
in 2 a it is more distorted. The
formal phosphonium atoms ex-
hibit nearly ideal tetrahedral


environments, that is, bond angles of 107.6(2)–111.3(2)8 in
2 a and 108.3(1)–111.1(1)8 in 2 b.


The structures of the cations in 2 a,b were fully repro-
duced by ab initio MP2 calculations (see Table 3), except for
the P4�P5 distance in 2 a (see comment above). The struc-
tural parameters of the [Al(OR)4]


� ion in 2 a,b are normal
(see Supporting Information).[32]


Using I. D. BrownQs empirical formula,[33] we calculated
the partial charges residing on the sulfur atoms from the
number and lengths of the fluorine contacts shown in
Figure 4. The presence and strengths, rather than absence,
of contacts is an indication of the higher positive charge re-
siding on the respective atom. The experimentally estimated
partial charges or number of contacts, together with the re-
sults of population analyses of the calculated structure (MP2
and BP86 level), are summarized in Table 4.


Table 2. Experimental and MPW1PW91/6-311G(2df) calculated 31P NMR shifts and coupling constants of the
cations of 2 a and 2 b in comparison with P5X2


+ and neutral P5S2X (X=Br, I).


2a 2 a 2b P5S2Br[3] P5S2Br P5S2I
[3] P5Br2


+ [22, 25] P5I2
+ [22, 25]


exptl[a] calcd[a] exptl[a] exptl[b] calcd[b] exptl[b] exptl[c] exptl[c]


d(PA) �38.2 �34 �45.7 �70.75 �76 �72.08 d(PA) �237.1 �193.9
d(PB) �38.2 �34 �45.7 �52.11 �51 �57.33 d(PB) +162.0 +168.2
d(PC) �292.8 �313 �267.3 �209.11 �224 �200.24 d(PC) +20.0 �89.0
d(PD) +10.0 +22 +21.0 +30.34 +46 +29.91 1JA,B �148.7 �152.6
d(PE) +173.3 +265[d] +61.5 +169.71 +200[d] +111.35 1JA,C 25.8 26.7
1JA,B – �212 – �191.78 �238 �188.58 1JB,C �320.9 �278.5
1JA,C �162.9 �195 �162.3 �169.14 �209 �169.08
2JA,D 73.6 +77 74.2 73.99 +63 72.75
2JA,E 13.9 �45 10.5 15.86 +3 17.03
1JB,C �162.9 �195 �162.3 �173.51 �214 �168.05
2JB,D 73.6 +77 74.2 59.45 +57 60.28
2JB,E 13.9 �45 10.5 �8.67 �23 �8.51
2JC,D 16.3 �26 �4.4 44.57 +42 45.51
1JC,E �616.0 �772 �553.7 �385.97 �463 �368.17
1JD,E �416.0 �526 �370.2 �265.21 �323 �251.52


[a] Labeling of the phosphorus atoms: . [b] In CS2 at 297 K.


[c] At 193 K. [d] The calculated shifts of these atoms are affected by relativistic effects and are systematically
wrong by about +100 ppm for a P+Br2 and about +30 ppm for a P–Br moiety.


Table 3. Important structural parameters of the solid-state structures of the cations of 2a and 2b in compari-
son with the calculated structures and the solid-state structures of P4S3 and P5Br2


+ .


Parameter P4S3 2 a[a] 2a 2 b 2b[a] P5Br2
+


exptl calcd exptl exptl calcd exptl


P�P 2.223(1)–2.235(1) P4�P5 2.253 2.351(6) 2.224(2) 2.251 2.239(8)
(P�P)av 2.227(1) P3�P5 2.253 2.223(6) 2.233(2) 2.251


P3�P4 2.226 2.220(5) 2.207(2) 2.229
Pap�S 2.089(1)–2.098(1) P2�S2 2.085 2.099(5) 2.075(2) 2.084
(Pap�S)av 2.092(1) P2�S1 2.085 2.079(5) 2.076(2) 2.084
Pbas�S 2.087(1)–2.089(1) P3�S1 2.136 2.116(6) 2.115(2) 2.133
(Pbas�S)av 2.086(1) P4�S2 2.136 2.077(6) 2.121(2) 2.133


P1�P5 2.178 2.128(5) 2.177(2) 2.182 2.156(7)
P1�P2 2.227 2.188(5) 2.222(2) 2.233 2.156(7)
P1�X1 2.155 2.147(3) 2.367(2) 2.376 2.140(3)
P1�X2 2.155 2.153(4) 2.370(2) 2.376 2.140(3)


[a] Calculated at the MP2/TZVPP level.


Figure 3. Molecular structure of 2b. Since 2 a and 2 b are isostructural
only 2 b is shown (thermal ellipsoids drawn at the 25% probability level).
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A comparison of the charge distributions obtained by
solid-state structure contacts and those calculated at the
MP2 or BP86 levels shows that the calculated values are in-
consistent with the method and basis set (cf. charges on P1,


P5, and Br1/2 above), and the calculated charge-distribution
does not agree with the number and strengths of contacts
found in the experiment (cf. Table 4 and Figure 4). This fail-
ure underlines our earlier finding[16,17] that the charge distri-
butions of ionic species obtained by ab initio or DFT meth-
ods are not reliable. If possible, the distribution of the posi-
tive charge should be established based on a careful analysis
of the solid-state cation–anion contacts.


IR spectroscopy: We recorded the IR spectra of a 1:1 mix-
ture of 2 a and 3 a, as well as pure 2 b. To assign the vibra-
tions of the cations, frequency calculations were carried out
at the BP86/SV(P) level. All spectra were simulated by a su-
perposition of Gauss functions using the calculated frequen-
cies and intensities of the cations and the [Al(OR)4]


� ion,
and compared with the experimental as well as a simulated
spectrum of the anion (simulations deposited as Supporting
Information). The absorptions of all cations appear in the
far infrared between 200 and 600 cm�1. The vibrations of 2 a
and 2 b are closely related, although the energy of those
modes in which halogen atoms are involved differ considera-
bly, for example, nas(X�P�X)=500 cm�1 for 2 a and
427 cm�1 for 2 b. In the Raman spectrum of 2 b, the most in-
tense band at 154 cm�1 was assigned to the symmetric Pap–
PI2–Pbas stretching vibration. The same vibration is found for
P5I2


+ at 168 cm�1. We succeeded in separating and assigning
the vibrations of 2 a and 3 a in the 1:1 mixture. The vibra-
tions of the [Al(OR)4]


� ion were clearly assigned by com-
parison with known salts (Table 5).


Discussion


The active ingredient of the Ag+/PX3 reagent : The reaction
of PX3 (X=Br, I) with Ag[Al(OR)4]


[26] in dichloromethane
solution at �78 8C may give the electrophilic “PX2


+” car-
bene analogue as an intermediate [Eq. (4)] .[16,22,25, 27]


AgþðCH2Cl2Þ þ PX3ðCH2Cl2Þ
�78 oC
���!00PX2


þ
ðCH2Cl2Þ


00 þAgXðsÞ ð4Þ


Despite many attempts, the presence of free PX2
+ could


never be verified experimentally. In contrast, gaseous PX2
+


has been intensely studied by experimental[34–37] and theoret-


ical means (X=halogen).[38–41]


The gas-phase investigations
suggested that PX2


+ may react
by insertion into suitable bonds
but may also act as a Lewis
acid. This also holds for other
“PR2


+” reagents in condensed
phases (see, for example, the in-
sertion and/or coordination
chemistry of the “R2P


+” re-
agents R2PCl/Me3SiOTf or
R2PCl/GaCl3 observed by Bur-
ford et al.[42–46]).


Figure 4. Fluorine contacts [O] of cation 2b (top) and 2a (bottom).


Table 4. Charge distribution of the cations within the salts 2 a and 2 b.


2 a 2b
atom exptl MP2 BP/SVP atom exptl MP2 BP/SVP


charge[a] charge[b] charge[b] charge[a] charge[b] charge[b]


P1 0 cont. +0.82 +0.42 P1 0 cont. +0.50 +0.28
P2 0 cont. +0.22 +0.18 P2 0 cont. +0.21 +0.18
P3 3 cont. +0.16 +0.15 P3 2 cont. +0.15 +0.15
P4 3 cont. +0.16 +0.15 P4 3 cont. +0.15 +0.15
P5 2 cont. �0.03 +0.06 P5 3 cont. �0.03 +0.05
S1 +0.13 �0.09 �0.02 S1 +0.13 �0.09 �0.02
S2 +0.06 �0.09 �0.02 S2 +0.13 �0.09 �0.02
Br1 3 cont. �0.07 +0.05 I1 3 cont. +0.10 +0.12
Br2 2 cont. �0.07 +0.05 I2 3 cont. +0.10 +0.12


[a] cont.=exp. number of fluorine contacts in the solid-state structure. [b] Paboon=population analysis based
on occupation numbers.
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Table 5. Experimental IR/Raman (RA) bands of 2a,b and 3a. Tentative assignment of the cation vibrations. The IR/Raman frequencies of the
[Al(OR)]4


� ion are compared to those of CS2Br3
+[Al(OR)]4


� .[17] The bands and assignments of the cations are given in italics.


3a assign-
ment


3a calcd
[km mol�1]


3a and
2a IR


2a
calc


2 a assign-
ment


2 b IR 2 b Raman
[%]


2 b calcd
[km mol�1]


2 b assign-
ment


[Al(OR)4]
�


53(0) 42(0)
68(0) 57(0) 49(0)
94(0) 94(1) 63(1)
142(0) 110(1) 110(5) 93(1)
150(1) 151(0) ns(Pap–PX2–


Pbas)
147(sh) 130(1)


173(0) 169(0) 154(100) 135(0) ns(Pap–PX2–
Pbas)


207(2) 176(1) 187(5) 174(1)
216(w) 215(w) 214(10) IR: 215(w);


RA: 216(5)
230(vw) 203(5) ds(Pap–S2) 229(w) 202(7) ds(Pap–S2)


230(10) RA: 232(5)
245(5) RA: 245(5)


ds(Pap–S2) 214(3) 235(vw)
285(m) 286(w) 284(w)


221(2) 273(0)
260(10) 269(15) d(S2–Pap–


PX2)
278(7) 290(m) 288(65) 273(0)


264(2)
301(2)
310(1)


315(s) 315(m) 314(w)
331(w) 331(w) 320(70) IR: 330(vw);


RA: 318(sh)
346(m) 323(11) n(S2–Pap–


PX2)
335(m) 317(19) ns(S2–Pap–


PX2)
327(2) 336(40) 324(4)


329(1)
333(4) 345(sh) 333(3)


347(5)
372(w) 361(20) 365–427(br)


n(BrPbas–Pbas) 358(17) 375(m)
ns(S–Pap–S) 370(21) 392(vs) 367(4) 404(m) 368(15) 365(10) ns(X2P–Pap)
nas(Pbas–Sap–Pap) 390(17) 409(s) 411(20) 366(7) ns(X–P–X)


386(4)
422(m) 419(17) ns(X–P–X) 427(s) 420(sh) 384(58) nas(X–P–X)


ns(Pbas–Sap–Pap) 427(10) 437(s) 436(sh) 391(10) nas(Pbas–S2)
442(sh) 443(10) 423(12) n(X2P–Pbas)


432(2) 459(20) 433(18) ns(S–Pap–S)
444(s) 444(s) 445(m)
489(m) 448(19) nas(Pap–S2)


450(73) n(X2P–Pbas)
nas(Pbas–Pbas–Br) 464(37) 500(m) 467(53) nas(X–P–X) 483(m) 480(5) 458(8) nas(Pap–S2)


468(1) 491(w) 465(4) ns(P3)
nas(Br–Pbas–Sap) 484(51) 518(m)
n(Pbas–Sap) 494(26) 528(m)


536(s) 536(s) 537(mw)
561(s) 561(m) 561(mw)
571(m) 571(m) 571(w)


nas(Sbas–Pbas–Sap) 542(40) 589(m)
638(w) [(RO)3AlFAl(OR)3)]�


728(s) 727(vs) 728(s)
745(10) RA: 745(20)


756(m) 755(m) 755(w)
796(10) RA: 797(20)


831(m) 831(m) 832(m)
863(w) [(RO)3AlFAl(OR)3)]�


976(vs) 972(vs) 973(vs)
1079(w) 1075(sh)


1136(s) 1133(sh)
1161(s) 1161(w) 1169(ms)
1220(s) 1219(vs) 1219(vs)
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The Ag+/PX3 (“PX2
+”) reagent prepared according to


Equation (4) reacts with the bonds of a limited set of sub-
strates in a way that suggests insertion is preferred over co-
ordination. This likely insertion is most evident for P4 as a
substrate (to give P5X2


+).[22, 25] Only one type of bond is
available for the proposed insertion with P4, PX3, and X2 as
a substrate. Moreover, it is not possible to distinguish be-
tween “PX2


+” insertion and “PX2
+” coordination with the


substrates PX3 and P2I4.
[47] Therefore, we were interested in


extending this chemistry to substrates with a limited number
of different bonds that, upon insertion or coordination of
“PX2


+”, would remain intact as such, for example P4S3, with
the hope of gaining an insight into the electronic preference
of the proposed “PX2


+” intermediate.
Quantum-chemical calculations suggested that P-coordi-


nation as well as P�P insertion should be thermodynamical-
ly favored over S-coordination and P�S insertion (by +15
to +61 kJ mol�1, MP2/TZVPP). However, none of the six
isomers given in Figure 5 fitted well with the experimental
NMR spectroscopic data of 1 a,b. The calculation of the
chemical shifts and the P–P coupling constants for all six iso-
mers (see Supporting Information) supports this conclusion,
and shows that the Ag+/PX3 reagent shows a different type
of reactivity to coordination or insertion towards the P4S3


cage. The finally assigned structure of 1 a,b (Figure 6) shows
the P�X disruptive addition of PX2


+ towards the P4S3 cage.
It is the global minimum of all the P5S3X2


+ structures as-
sessed so far and is lower in energy than all the other iso-
mers shown in Figure 5 by 14 (Br) and 16 (I) kJ mol�1.


Compounds 1 a and 1 b were the first species to be identi-
fied in low temperature in situ NMR reactions kept at
�78 8C. Therefore, a concerted addition of the “PX2


+” inter-
mediate to P4S3 appeared likely. The most likely scenario for
such a concerted addition would involve the frontier orbitals
of “PX2


+” and P4S3. The respective HOMO and LUMO or-
bital energies are collected in Table 6.


From an inspection of these orbital energies it is clear
that the most likely interaction involves the HOMO of P4S3


and the LUMO of PX2
+ . However, the LUMO of PX2


+ has
p* symmetry and coefficients on all three atoms. For this
reason one would expect a different reactivity for this free


PX2
+ than is observed with


P4S3. This rendered the pres-
ence of the free PX2


+ cation in
solution unlikely.


We have recently shown
computationally that Ag+ and


PX3 form complexes in CH2Cl2 solution that can be consid-
ered as intermediates on the way to the formation of PX4


+


and P2X5
+ .[16,27] Thus, it ap-


peared likely that the true
“PX2


+” reagent is in fact a
mixed Ag–CH2Cl2–PX3 com-
plex. We therefore analyzed the
possibility that [(CH2Cl2)Ag-
(PBr3)]+ acts as a PBr2


+ source
by performing DFT calcula-
tions. All three isomers shown
in Figure 7 lie within 8 kJ mol�1


of each other and are therefore
in rapid exchange (BP86/SVP,
free energies in CH2Cl2 solu-
tion).


Table 5. (Continued)


3a assign-
ment


3a calcd
[km mol�1]


3a and
2a IR


2a
calc


2 a assign-
ment


2 b IR 2 b Raman
[%]


2 b calcd
[km mol�1]


2 b assign-
ment


[Al(OR)4]
�


1247(vs) 1247(vs) 1242(vs)
1264(s)
1277(s) 1275(vs) 1276(vs)
1299(s) 1299(vs) 1301(s)
1353(m) 1353(s) 1353(ms)


Figure 5. The six likely sites of “PX2
+” attack and the resulting products,


with their relative free-energies, in CH2Cl2 solution at 298 K (MP2/
TZVPP).


Figure 6. The optimized struc-
ture of the cation in 1 a (MP2/
TZVPP, distances in O).
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Since the coordinated P�Br distance in the monodentate
complex is elongated to 2.39 O and the Ag�Br distance is as
short as 2.54 O, the structure with a monodentate Br-PBr2


moiety is closest to being a “PBr2
+” intermediate. These dis-


tances should be compared to those in free PBr3 (2.27 O)
and free AgBr (2.42 O) at the same level. Thus, the CH2Cl2–
Ag–Br-PBr2


+ complex is halfway towards ionization and for-
mation of PBr2


+ and AgBr. An inspection of the energies
and nature of the frontier orbitals revealed that the LUMO
of CH2Cl2–Ag–Br-PBr2


+ has only coefficients at the P and
two of the three Br atoms. This frontier orbital is well suited
for a concerted and P�X disruptive interaction with the
HOMO of P4S3 (Figure 8).


In this process, electron density from the occupied P4S3


HOMO is transferred into the LUMO of CH2Cl2–Ag–Br-


PBr2
+ , which is antibonding with respect to two of the three


P�X moieties. Consequently, such an interaction would fa-
cilitate cleavage of (CH2Cl2)AgBr and also lead to a P�X-
disruptive addition of a PX2


+ moiety to P4S3, as observed by
NMR spectroscopy. Therefore, we propose that the active
ingredient of the Ag+/PX3 reagent in CH2Cl2 solution is the
monodentate complex (CH2Cl2)Ag–Br-PBr2


+ .


On the formation of P5S3X2
+ 1 a,b : Based on the available


experimental data and the above conclusions we propose
the following mechanism for the formation of 1 a,b
(Figure 9).


The formation of the proposed Ag(P4S3)(PBr3)
+ com-


plexes is likely and favorable in CH2Cl2 solution by �11 to
�22 kJ mol�1 (DG8CH2Cl2 ; nine isomers assessed at the BP86/
SVP level; see Supporting Information). The similarity of
the relative energies of the nine isomers also gives an ex-
planation for the broad lines in the NMR spectrum of the
reaction mixture: all complexes are in dynamic exchange,
which leads to line broadening, and the chemical shifts of
the ligands PBr3 and P4S3 are only slightly different to those
of the free molecules. From these Ag(P4S3)(PBr3)


+ com-
plexes, it is likely that (CH2Cl2)Ag–BrPBr2


+ and P4S3 form
as intermediates, which react by the above-mentioned con-
certed HOMO–LUMO interaction to give 1 a,b. The entire
reaction is highly exergonic by �208 to �224 kJ mol�1 for
1 a,b, respectively.


The disproportionation of P5S3X2
+ : Formation of P5S2X2


+


and P4S4X
+ : Once the formation of 1 a,b is complete at


�78 8C, they disproportionate at higher temperature into the
products P5S2X2


+ (2 a,b), P4S4X
+ (3 a,b), and a species we


Table 6. HOMO and LUMO orbital energies of PBr2
+ , PI2


+ , and P4S3


(HF/TZVPP).


P4S3 PBr2
+ PI2


+


HOMO �0.348 H �0.632 H �0.571 H
(�9.471 eV) (�17.192 eV) (�15.530 eV)


LUMO +0.047 H �0.264 H �0.255 H
(+1.291 eV) (�7.187 eV) (�6.952 eV)


Figure 7. The relative free energies of three (CH2Cl2)Ag(PBr3)
+ isomers


in CH2Cl2 solution.


Figure 8. Possible concerted interaction of P4S3 (HOMO) with
CH2Cl2Ag–Br-PBr2


+ (LUMO; Kohn–Sham orbitals at BP86/SVP).


Figure 9. Likely mechanism for the formation of 1a (as well as 1 b).
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have tentatively assigned as (PX)6, thereby recovering the
nortricyclane skeleton in 2 a,b. For 1/n (PI)n (such as P6I6,
P4I4, or P2I2), no signals were observed that could be as-
signed unequivocally. The sharp singlet in the spectrum of a
crystalline mixture of 2 a and 3 a at d=++228 ppm may be
assigned to PBr3 (d(CH2Cl2)=++228 ppm) or P6Br6 (d-
(THF)=++220 ppm).[48] However, P6Br6 is known to be only
stable for a few hours in dilute solution and its decomposi-
tion products always contain PBr3. Thus, the assignment is
not clear. The 31P NMR signals of the identified products
(2 a,b and 3 a,b) grow at the same time as the signals of 1 a,b
disappear. Therefore, it is highly possible that 2 a and 3 a
(2 b and 3 b) result from a collision of two 1 a (1 b) cations
with formation of P2X2, which subsequently and irreversibly
polymerizes to give (PX)6. This thesis is supported by the
calculated thermodynamics [Eq. (5)].


In agreement with the experiment, the disproportionation
reaction shown in Equation (5) is slightly exergonic at room
temperature and less favorable at low temperature. This ac-
counts for the observed metastable formation of 1 a,b at
�78 8C.


The MP2/TZVPP-optimized structures of 2 a,b were in-
cluded with the X-ray data above; those of the cations in
3 a,b are shown in Figure 10.


Conclusion


The current contribution suggests that the “PX2
+” inter-


mediate generated from PX3 and Ag[Al(OR)4] is likely to
be (CH2Cl2)Ag–X-PX2


+ . The initially assumed insertion or
coordination of the “PX2


+” intermediate was not observed;
rather, this Ag+/PX3 mixture may react in a concerted
manner with P4S3 to give the P5S3X2


+ ions 1 a,b, which are
metastable at �78 8C. Above �78 8C, these cations dispro-
portionate intermolecularly into the cations P5S2X2


+ (2 a,b)


and P4S4X
+ (3 a,b). Cations 2 a,b have been characterized by


their X-ray crystal structures and represent the first structur-
ally characterized examples of any ternary P–Ch–X cation
(Ch=O–Te, X=F–I).


The Ag+/PX3 reagents appears to be a selective “PX2
+”


equivalent (X=Br, I) that allows the introduction of a PX2
+


moiety to a given substrate, especially P4S3, P4, P2I4, PX3,
and X2. Owing to the different frontier orbitals of free PX2


+


and (CH2Cl2)Ag–X-PX2
+ , its reactivity may be markedly


different to the chemistry of the free PX2
+ ion, which is as-


yet unknown in the condensed phase.


Experimental Section


General : All manipulations were performed by using standard Schlenk
or dry-box techniques under dinitrogen or argon (H2O and O2 < 1 ppm).
Reaction vessels were closed by J. Young valves with a glass stem (leak-
tight at �80 8C). All solvents were rigorously dried over P2O5, degassed
prior to use, and stored under N2. PBr3 (Fluka), I2 (Merck), and P4S3 (Al-
drich) were purchased and purified prior to use by distillation, sublima-
tion, and recrystallisation from CS2. PI3 was prepared from white phos-
phorus and iodine in CS2 and its purity was checked by Raman spectros-
copy. M[Al(OR)4] (M=Li, Ag) was prepared according to the litera-
ture.[24, 26] Raman and IR spectra were recorded using a 1064-nm laser on
a Bruker IFS 66v spectrometer equipped with the Raman module
FRA106. IR spectra were recorded from Nujol mulls between CsI plates.
NMR spectra of sealed samples were recorded on a Bruker AC250 spec-
trometer in CD2Cl2 and are referenced to the solvent (1H, 13C) or exter-
nal H3PO4 (31P), CFCl3 (19F), or aqueous AlCl3 (27Al). The 31P NMR spec-
tra were simulated and assigned with the programs WINNMR and
WINDAISY.[49]


Synthesis of P5S3Br2
+[Al(OR)4]


� , P4S4Br+[Al(OR)4]
� , and P5S2Br2


+


[Al(OR)4]
�


Synthesis of P5S3Br2
+[Al(OR)4]


� , NMR-tube reaction : Ag[Al(OR)4]
(0.495 g, 0.427 mmol) and P4S3 (0.094 g,0.427 mmol) were weighed under
inert atmosphere into an NMR tube attached to a valve. CD2Cl2 (0.8 mL)
was condensed onto the solids at �78 8C and then PBr3 (0.115 g,
0.040 mL, 0.427 mmol) was added with a 50-mL Hamilton syringe fitted
with a Teflon needle. Precipitation of AgBr occurred immediately. The
NMR tube was sealed under vacuum at �196 8C and kept at �78 8C until
the spectrum was recorded. The 31P NMR spectra showed three groups
of signals (in a 1:1:3 ratio), which were assigned to P5S3Br2


+[Al(OR)4]
�


as well as the unreacted substrates PBr3 and P4S3 involved in the ex-
change processes. (original spectrum available as Supporting Informa-
tion).
31P NMR (101 MHz, CD2Cl2, �70 8C): P5S3Br2


+ : d=257.1 (m, 1 P), 160.5
(m, 1 P), 116.0 ppm (m, 3P); PBr3: d=225.6 (br. s, n1/2=960 Hz); P4S3:
d=87.9 (br. s, n1/2=470 Hz), �105.7 ppm (br. d, J=1661.6 Hz, n1/2=


726 Hz). 13C NMR (63 MHz, CD2Cl2, �70 8C): d=120.6 (q, JC,F=


292.4 Hz, CF3), 79.0 (m, Ctert(CF3)3). 27Al NMR (78 MHz, CD2Cl2,
�50 8C): d=38.3 ppm (s, n1/2=86.0 Hz).


Synthesis of P5S2Br2
+[Al(OR)4]


� : Ag[Al(OR)4] (0.679 g, 0.585 mmol)
and P4S3 (0.129 g, 0.585 mmol) were transferred under an inert atmos-
phere into a two-bulb vessel incorporating a sintered glass frit and closed
by Young valves with a glass stem. CH2Cl2 (10 mL) was added, the result-
ing mixture was cooled to �78 8C, and PBr3 (0.158 g, 0.056 mL,
0.585 mmol) was then added with a Hamilton syringe. The reaction mix-
ture was kept at �78 8C until AgBr had precipitated almost quantitative-
ly. The flask was left for an additional two days at �28 8C and after that
time some more solid AgBr appeared. The solution was filtered from the
precipitate, concentrated, and left to crystallize at �25 8C. No crystals ap-
peared after 2–3 weeks of storage, therefore the solution was further con-
centrated until it formed an oily, viscous, and turbid phase. Very pale-
yellow crystals of P5S2Br2


+[Al(OR)4]
� grew from this oily phase after


Figure 10. MP2/TZVPP-optimized structures of the cations in 3a,b.
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one day at room temperature (yield: 0.187 g, 24%). These crystals were
used for the crystal-structure determination and NMR and vibrational
spectroscopy.


Synthesis of a 1:1 mixture of P5S2Br2
+[Al(OR)4]


� and P4S4Br+


[Al(OR)4]
� : This compound was synthesized from Ag[Al(OR)4] (1.000 g,


0.862 mmol), P4S3 (0.189 g, 0.862 mmol), and PBr3 (0.233 g, 0.082 mL,
0.862 mmol) in a manner similar to the synthesis of P5S2Br2


+[Al(OR)4]
� ,


except that, to increase the rate of transformation, the flask was kept for
about 24 h at 0 8C. After this period of time the solution was filtered
from the yellowish precipitate, concentrated to about one quarter the
original volume, and stored at �25 8C. Crystalline solids precipitated
quantitatively and the solvent was decanted and removed in vacuo. Sam-
ples for NMR and IR spectroscopy were prepared from this crystalline
material.
13C NMR (63 MHz, CD2Cl2, �30 8C): d=121.0 (q, JC,F=291.3 Hz, CF3,
undecomposed anion), 120.5 ppm (q, JC,F=292.1 Hz, CF3, decomposition
product, probably [(RO)3Al-F-Al(OR)3]4


� , accounting for about 20 % of
the intensity of the main signal)


Synthesis of P5S3I2
+[Al(OR)4]


� , P4S4I
+[Al(OR)4]


� , and P5S2I2
+


[Al(OR)4]
�


NMR-scale synthesis of P5S3I2
+[Al(OR)4]


� : Ag[Al(OR)4] (0.120 g,
0.112 mmol), P4S3 (0.025 g, 0.112 mmol), and PI3 (0.046 g, 0.112 mmol)
were loaded, in a glove box, into an NMR tube attached to a valve.
CD2Cl2 (0.8 mL) was then condensed onto the mixture at �78 8C. The
immediate precipitation of a yellow solid (AgI) was observed. The NMR
tube was then sealed and stored at �80 8C until the spectrum was mea-
sured (16 h). Shortly before the measurement the sample was shaken and
warmed for one minute to about �30 8C. The sample was measured at
different temperatures (Figure 2). After every measurement, the sample
was shaken at ambient temperature for about 20–30 s so that the reaction
proceeded. 31P NMR data of 1 b, 2b, and 3b are given in the NMR sec-
tion above. Additional NMR data: 13C NMR (63 MHz, CD2Cl2, �70 8C):
d=120.5 ppm (q, JC,F=292.1 Hz, CF3). 27Al NMR (78 MHz, CD2Cl2,
�30 8C): d=37.5 ppm (s, n1/2=35.0 Hz).


Large-scale synthesis of P5S2I2
+[Al(OR)4]


� : Ag[Al(OR)4] (0.500 g,
0.431 mmol), P4S3 (0.177 g, 0.431 mmol), and PI3 (0.095 g, 0.431 mmol)
were loaded in a glove box into a two-bulb vessel closed by Young valves
and CH2Cl2 (10 mL) was condensed onto the mixture at �78 8C. Immedi-
ate precipitation of a yellow solid (AgI) was observed. The flask was oc-
casionally shaken and kept at �78 8C until the reaction was finished (no
new formation of AgI visible). The yellow solution was filtered from the
solids and concentrated to about one quarter. Yellow crystals of P5S2I2


+


[Al(OR)4]
� grew from the concentrated solution after 1–2 weeks at


�30 8C (yield of crystalline material: 0.252 g, 41% with respect to Ag-
[Al(OR)4]).
13C NMR (63 MHz, CD2Cl2, �30 8C): d=121.1 ppm (q, JC,F=293.2 Hz,
CF3). 27Al NMR (78 MHz, CD2Cl2, �30 8C): d=37.5 ppm (s, n1/2=


47.0 Hz).


X-ray crystal structure determinations : Data collection for X-ray struc-
ture determinations was performed on a STOE IPDS II diffractometer
using graphite-monochromated MoKa (l=0.71073 O) radiation. Crystals
were mounted in perfluoroether oil on top of a glass fiber and then
placed in the cold stream of a low-temperature device so that the oil sol-
idified. All calculations were performed on a PC using the SHELX97
software package. The structures were solved by direct methods and suc-
cessive interpretation of the difference Fourier maps, followed by least-
squares refinement (see Table 7). The crystal structure of 2a which, ac-
cording to the cell parameters is orthorhombic, was refined as a mono-
clinic twin (b=90.05(3)8) with the yz mirror plane being the twin ele-
ment (transformation matrix: �100, 010, 001). Nevertheless, the agree-
ment factors are not satisfactory due to additional heavy disorder. All
the C(CF3)3 groups in 2a had to be fixed with SADI restraints. Due to
the similarity of the cell parameters of 2a and 2b and the agreement
with the MP2 calculation, we have taken the structure of 2a as a structur-
al proof for the formation of 2a but resist discussing the structural pa-
rameters in depth. All the C(CF3)3 groups in the anion of 2 b were also
fixed with SADI restraints and six CF3 moieties of two C(CF3)3 groups
had to be (partially) split over two positions (70 % main occupation);


they were included anisotropically in the refinement.CCDC-259932 (2 a)
and CCDC-259933 (2 b) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Computational details : The majority of the calculations were performed
with the program TURBOMOLE.[50, 51] The geometries of all species
were optimized at the (RI-)MP2 level[52] with the triple z valence polari-
zation TZVPP basis set (one f and two d functions).[53, 54] The 28- and 46-
electron-cores of Ag and I were replaced by a quasi-relativistic effective
core potential.[55] All species were also fully optimized at the (RI-)BP86/
SV(P) (DFT�)level. Approximate solvation energies [CH2Cl2 solution
with er=8.93 (298 K), 11.46 (243 K), and 14.95 (195 K)] were calculated
with the COSMO model[56] at the (RI-)BP86/SV(P) (DFT�)level. Fre-
quency calculations were performed for all species, and the structures
represent true minima without imaginary frequencies on the respective
hypersurface. For thermodynamic calculations the zero-point energy and
thermal contributions to the enthalpy and the free energy at 298 K (and
for some species at 243 and 195 K) were included. The calculation of the
thermal contributions to the enthalpy and entropic contributions to the
free energy were done with TURBOMOLE using the FreeH module.
For some species a modified Roby–Davidson population analysis based
on occupation numbers (paboon) was performed using the (RI-)MP2/
TZVPP electron density. The calculation of the chemical shifts and the
spin–spin J-coupling constants was done with Gaussian 03 at the
MPW1PW91/6-311G(2df) level of theory (keyword nmr= spinspin) with
fully optimized structures obtained at the same level.[57] The
MPW1PW91/6-311G(2df) level was selected since it also reproduces
quantum chemical problem cases like the S4


2+ and S8
2+ cations.[58–60] The


referencing of the calculated chemical shifts was done in analogy to the
procedure described by Tattershall,[3] with the only difference being that
all halogen-bearing atoms, which are known to be systematically in error
due to relativistic effects,[31] were omitted for the assignment of the refer-
ence values. The reference value for d31P=0 ppm for P5S3Br2


+ was
276.2 ppm, for P5S2Br2


+ it was 318.4 ppm, for P5S2Br it was 323.6 ppm,
for P4S4Br+ it was 296.0 ppm, and for P4S5 it was 301.2 ppm for the abso-


Table 7. Crystallographic details for P5S2Br2
+[Al(OR)4]


� (2a) and
P5S2I2


+[Al(OR)4]
� (2b).


2a 2 b


crystal size [mm3] 0.3W 0.2W 0.1 0.6 W 0.3W 0.1
crystal system monoclinic monoclinic
space group P21/n P21/c
a [O] 13.776(3) 13.739(3)
b [O] 19.355(4) 14.514(3)
c [O] 14.446(3) 19.715(4)
a [8] 90.000 90
b [8] 90.05(3) 91.78(3)
g [8] 90.000 90
V [O3] 3851.9(13) 3929.3(1)
Z 4 4
1calcd [Mg m�3] 2.321 2.434
m [mm�1] 2.649 2.135
max./min. trans. 0.5250/0.6261 0.3596/0.4992
index range �16�h�16 �17�h�17


�20�k�22 �18�k�18
�17� l�14 �24� l�25


2q [8] 52.0 54.3
temperature [K] 130 120
refl. collected 22213 37 150
refl. unique 20504 8612
refl. observed (2s) 8308 8109
R(int.) 0.238 0.0646
GOOF/GOOF restrained 1.109/1.108 1.183/1.189
final R/wR2 (2s) 0.1580/0.3642 0.0424/0.1001
final R/wR2 (all data) 0.2748/0.4369 0.0446/0.1011
larg. res. peak [e O�3] 1.992 0.799


www.chemeurj.org I 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1703 – 17141712


I. Krossing et al.



www.chemeurj.org





lute isotropic shielding tensor. All calculated chemical shifts and coupling
constants, together with machine readable xyz-orientations of the calcu-
lated structures and the calculated vibrational frequencies, are given as
Supporting Information.
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Protonic and Temperature Modulation of Constituent Expression by
Component Selection in a Dynamic Combinatorial Library of Imines
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Introduction


Constitutional dynamic chemistry (CDC) deals with the gen-
eration of both molecular and supramolecular dynamic li-
braries of constituents by reversible connection between a
set of basic building blocks.[1] It has been implemented spe-
cifically on the molecular level in the actively developing
area of dynamic (covalent) combinatorial chemistry (DCC)
based on recombination of molecular components linked
through reversible covalent bonds.[2] At thermodynamic
equilibrium, these libraries may contain all possible combi-
nations of components in a well-defined ratio, although they
may also just remain virtual depending on conditions.[2b]


Such systems can be instructed by the presence of molecular
targets, through an internal organization (self-recognition)
or by means of an external one (species binding). As a
result, the equilibrium is shifted to the over-expression of se-
lected products by target recognition-directed self-assembly.
Numerous investigations on DCC have been pursued by dif-
ferent groups over the last few years, showing in particular
the wide potentialities of the seminal concept in various
fields such as drug discovery;[2f, 3] self-assembly of inorganic


architectures, receptor generation, and substrate binding;[3–5]


and catalyst screening.[6] However, CDC and, therefore, its
molecular domain DCC are not limited to receptor genera-
tion for a substrate or substrate assembly by a receptor
(RACS: receptor-assisted compound synthesis[2h]). CDC can
also be applied to materials science, leading to the genera-
tion of dynamic materials of molecular or supramolecular
nature,[1,2b,7] such as, in particular, dynamic polymers (“dy-
namers”), the monomeric components of which are connect-
ed by reversible covalent[8] or noncovalent[9] bonds.


The discrimination between the constituents of dynamic
combinatorial libraries (DCLs) has centered on the utiliza-
tion of molecular recognition as the driving force, due in
particular to application in drug discovery. In the course of
our investigations toward the design of adaptative chemical
systems[1,2b,7b] that respond to environmental parameters, we
have become interested in the potential offered by the pos-
sibility to drive constituent reorganization and amplifica-
tion/selection, by means of component exchange in a DCL,
by external physical (temperature, pressure, electric field) or
chemical (protons, ions, molecules) triggers. Changes in the
composition of the constituents of a DCL represent an
adaptation of the dynamic system in response to the pertur-
bation. Such effects are of special interest in the perspective
of developing dynamic materials responding to environmen-
tal effectors. We have recently described the evolution of
constitutional dynamic systems driven by the coordination
of metal ions[10] or by a phase change, such as the formation
of a stable hydrogel[11a] or of a solid.[11b]
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A DCL may be characterized by three main parameters:


1) The conversion, that is, the total amount of constituents
generated with respect to the free components.


2) The composition, that is, the distribution or relative
amounts of the different constituents that also represents
the selectivity of the system.


3) The product of conversion and selectivity may be consid-
ered as defining the expression of a given constituent.[12]


Changes in expression of the different constituents as a
factor of external parameters represent an adaptation of the
system to environmental conditions, such as medium (sol-
vent), presence of interacting species (protons, metal ions,
substrate molecules, etc.) or physical factors (temperature,
pressure, electric or magnetic fields, etc.).


We report here a study of the simultaneous modulation of
these three parameters of a DCL by both protonation and
temperature, through expression of different constituents, by
means of component selection driven by chemical and/or
physical stimuli. It implements sets of imine constituents, as
imine formation from amino and carbonyl groups represents
a reversible covalent reaction playing a widespread role in
chemical, biological, and material sciences.[2–4,8–11]


Imine formation has been very extensively studied (see
below) as have multiple equilibria. The aim of the present
investigation is to describe the response of sets of com-
pounds, linked and interconverting through multiple equili-
bria to effectors by expression of different constituents, as
an illustration of the behavior of complex constitutionally
dynamic chemical systems.


Results


A dynamic set of aromatic imines A–D was generated from
a stoechiometric mixture of 1-naphtylamine (1), 2-aminoan-
thracene (2), 9-anthracene carboxaldehyde (3), and 1-azu-
lenecarboxaldehyde (4 ; Scheme 1). These components were
chosen in view of the different emission properties of the


imine products formed, so as to provide a dynamic emissive
library presenting modulation of a physical property, that is,
light emission, and not just library composition.


In addition, to highlight the role of the basicity of the
amines in such DCLs of imines, a simpler three-component
set has been studied; it involves a stoichiometric mixture of
an aromatic amine 1, an aliphatic amine, cyclopentylamine
(5) and the aldehyde 3, generating the imines A and E
(Scheme 2).


Generation of the dynamic library of imines A–D : The (par-
tial) condensation of the components 1–4 (each 5L10�2


m in
[D6]DMSO; Scheme 1) into the four possible imine products


Abstract in French: Une biblioth�que combinatoire dynami-
que d�imines pr�sente un comportement complexe sous l�ac-
tion de deux param�tres: concentration en protons et temp�-
rature. Une analyse qualitative des donn�es quantitatives est
pr�sent�e. Les r�sultats illustrent les possibilit�s offertes par
les changements de constitution en r�ponse $ des stimuli phy-
siques (T) ou chimiques (H+), et ils d�montrent l’adaptation
de tels syst�mes sous la pression de param�tres environne-
mentaux. Cette modulation de la constitution permet �gale-
ment d�envisager la modulation d�une propri�t� fonctionnelle
donn�e (optique, �lectronique, ionique) par variation des sti-
muli impos�s. Une telle approche pr�sente un int�rÞt particu-
lier pour le d�veloppement de mat�riaux dynamiques fonc-
tionnels adaptatifs.


Scheme 1. Dynamic library of the four components 1–4 and the four con-
stituents A–D. The study was performed using a concentration of 5.12L
10�2


m for each component 1–4.


Scheme 2. Dynamic library formed by the three components 1, 3, 5 and
the two constituents A, E.
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A–D and the distribution of all these compounds were fol-
lowed by 1H NMR spectroscopy as a function of tempera-
ture and proton (CF3CO2D) concentration (Figure 1). The


constituents A–D were also synthesized separately and their
different well-resolved and easily identifiable 1H NMR sig-
nals provided an unambiguous assignement for the products
in the mixture. This allowed an accurate analysis of the com-
position.


At first, to establish the reversibility of the overall process
in the conditions used, we performed two kinetic experi-
ments at two concentrations of acid CF3CO2D: 6.29L10�5


m


and 7.75L10�2
m. At the lowest concentration, a stable distri-


bution pattern of the products (A<C<D!B) was estab-
lished in less than 24 h at 298 K. Heating the reaction mix-
ture to 338 K in the NMR probe gave a change in the distri-
bution pattern which stabilized after three hours to A!D<


B<C. Cooling back to 298 K, the equilibrium was reached
after 48 h, showing a composition close to that obtained
before heating. Increasing the acid concentration provided
the same observation regarding the reversibility of the
system, but with a faster rate and different distribution pat-
terns: C!D<A<B at 298 K and B~C~D<A at 338 K.[13]


Temperature and protonic modulation of global conversion
in the DCL (1–4, A–D): We first studied in detail the global
conversion C of the starting materials 1–4 into the four
imines A–D (Scheme 1).[13] Determination of the amounts
of the four imine constituents A–D of the DCL yielded the
conversion surface of the set as a contour map according to
the variations of temperature (every 10 degrees from 298 K
to 368 K)[14] and CF3CO2D concentration (25 different
values between 0m and 4.99L10�1


m ; Figure 2).


The remaining compounds are unconverted starting mate-
rials. It is clearly apparent that while the system has only a
small number of components, its behavior is nevertheless al-
ready rather complex.


One may distinguish five main regions in the conversion
diagram as a function of temperature (T) and acidity [H+]:


1) A low C (10–20%) region at low T and low [H+]; it may
be considered as a “virtual”[2b] domain, in which the po-
tential imine products are only weakly expressed.


2) As T is increased from 298 K to 368 K at low [H+], C in-
creases dramatically to a high C (70%) region.


3) A decrease of C is observed at all T as [H+] is progres-
sively increased, generating a valley.


4) From the valley a ridge of high C (60–70%) is reached
at all T as [H+] is further increased (7.75L10�2


m<


[CF3CO2D]<1.10L10�1
m).


5) Finally, further increase in [H+] results in an extended
region of progressive but moderate decrease in C to
about 50% at 298 K and 40% at 358 K for [CF3CO2D]=
4.67L10�1


m ; this region also corresponds to acidities
higher than stoichiometry with respect to the amines.


The two cuts of the conversion surface at 308 K and at
358 K as a function of [H+] clearly show these evolutions
(Figure 2). Two other main trends are that whereas C in-
creases with T at low [H+], it decreases as T increases at
higher [H+] values once the valley has been reached


Figure 1. 400 MHz proton NMR spectrum of the DCL generated from
components 1–4 in [D6]DMSO at 40 8C, for [CF3CO2D]=2.07L10�1


m.
The signals marked 3a and 4a correspond to the aldehyde signals of com-
pounds 3 and 4, respectively. The signals marked Ai, Bi, Ci, and Di rep-
resent the imine signals for compounds A, B, C, and D, respectively. The
signals marked 4z, Bz, and Dz are the H(2) signals of the azulene group
for compounds 4, B, and D, respectively.


Figure 2. Top: Conversion surface for the 4/4 DCL (1–4, A–D) as a func-
tion of temperature and CF3CO2D concentration. The following concen-
trations of CF3CO2D were used: c=0; 6.29L10�6; 3.10L10�5 ; 6.29L10�5 ;
1.57L10�4 ; 3.14L10�4; 6.29L10�4 ; 1.57L10�3 ; 3.15L10�3 ; 6.29L10�3 ;
4.50L10�2 ; 7.75L10�2 ; 1.10L10�1; 1.42L10�1; 1.75L10�1; 2.07L10�1;
2.39L10�1; 2.72L10�1; 3.00L10�1; 3.37L10�1; 3.69L10�1; 4.02L10�1;
4.34L10�1; 4.67L10�1; 4.99L10�1


m. Bottom: Cross sections at 308 K and
358 K.
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([CF3CO2D]=7.75L10�2
m) and beyond. One also notes that


in domain 5, deshielding of the imine proton signals and
changes in fluorescence indicate that protonation of the
imines takes place.


Temperature and protonic modulation of constituent expres-
sion in the 4/4 DCL (1–4, A–D): After examining reversibil-
ity and conversion, it remained to study the selectivity of
the system in terms of relative amounts of imine products. It
underlies the most significant feature of the DCL, the ex-
pression of its different imine constituents.[12] The hypersur-
face representing the expression space, defined by the rela-
tive abundance of the imines A–D multiplied by the conver-
sion, as a function of the temperature and the acidity
(CF3CO2D concentration), is represented in Figure 3.


It represents the expression of the individual imines by
the system in specific (T, [H+]) conditions. This three-di-
mensional diagram displays the complex behavior of the
system and gives an overview of the expression domains ob-


tained as a function of the two parameters. The main fea-
tures of Figure 3 may be summarized as follows.


1) The predominant imine species display very marked con-
stitutional variation over the whole hypersurface.


2) The three domains of high conversion (Figure 2) present
markedly different expression. Whereas C and A pre-
dominate in the localized low [H+]/high T region, B and
then A predominate on the central ridge as T increases,
and finally A and then D predominate over the whole T
range at moderate and high [H+] respectively.


3) Because of the components constituting the imine prod-
ucts, that is, A (1,3), B (1,4), C (2,3), D (2,4), the expres-
sions of the constitutionally unrelated pairs of products
(no common component), that is, A and D on one hand
and B and C on the other, are independent. However,
the constitutionally related A and C interchange in the
low [H+]/high T region, and similarly A and B compete
along the central ridge of high conversion. Furthermore,


Figure 3. Top: Hypersurface for the expression of the four constituents A–D of the 4/4 DCL (1–4 ; A–D) as a function of temperature and CF3CO2D con-
centration.[12] Data were recorded after 12 h equilibration. Red surface: compound A and its protonated form AH+ ; green surface: B and BH+ ; blue sur-
face: C and CH+ ; yellow surface: D and DH+. Bottom: Distributions of imines A–D at two temperatures as a function of acidity [H+]. The following
concentrations of CF3CO2D were used: c=0; 6.29L10�6; 3.10L10�5 ; 6.29L10�5 ; 1.57L10�4 ; 3.14L10�4 ; 6.29L10�4 ; 1.57L10�3 ; 3.15L10�3 ; 6.29L10�3 ;
4.50L10�2 ; 7.75L10�2 ; 1.10L10�1; 1.42L10�1; 1.75L10�1; 2.07L10�1; 2.39L10�1; 2.72L10�1; 3.00L10�1; 3.37L10�1; 3.69L10�1; 4.02L10�1; 4.34L10�1; 4.67L
10�1; 4.99L10�1


m.
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A and D share the extended high conversion domain
and therefore B and C are depressed in this region.
However, such competition is not exclusive, as higher ex-
pression may also incorporate higher conversion, that is,
higher formation from the pool of unreacted compounds.


Protonic modulation of the composition of the 3/2 DCL (1,
3, 5, A, E): Considering the highly complex behavior of the
above system of four starting components and four resulting
constituents, we also investigated a simpler system that
might reveal some directing features of the processes in-
volved.


To highlight the effect of amine basicity,[15] we studied a
three-component set involving two amines of markedly dif-
ferent basicities, the aromatic 1 and the aliphatic cyclopen-
tylamine (5), which form the imines A and E with aldehyde
3 (Scheme 2). Figure 4 illustrates the variation in conversion
and composition of the CDL at 298 K as a function of
CF3CO2D concentration.


The effect of acidity on the system has been determined
by analysis of the proton NMR spectra as illustrated in
Figure 4, which also shows a graphical presentation of the
results. It is clearly seen that whereas imine E, formed from
the more basic aliphatic amine 5, predominates with high
conversion at low [H+], increasing the acidity leads to a
strong decrease and finally disappearance of E, shifting the
library towards the expression of imine A.


This evolution may be attributed to the preferential pro-
tonation of 5, which displaces it from the imine E, thus al-
lowing the formation of the imine A of the appreciably less
basic aromatic amine 1. On further increase of the acidity,
A also decreases as 1 is eventually protonated.


This shift from imine of an aliphatic amine E towards
imine of an aromatic amine A on protonation of the corre-
sponding amines is reminiscent of a similar effect caused by
coordination of zinc ions to related amines.[10b]


To further analyze the behavior of the system, the forma-
tion of imine A was also studied separately as a function of
acidity at room temperature, yielding a bell-shaped curve
(Figure 5).


Discussion


The expression of the imine
constituents of a DCL may be
expected to result from a super-
position of acidity and protona-
tion of the different species on
one hand and of the tempera-
ture on the other hand, on the
two steps of the overall imine
formation process:[15]


Addition of the amine to the
carbonyl group [Eq. (1)]


R�NH2 þ R0-CHO Ð R�NH�CHOH�R0 ð1Þ


Elimination of water from the hemiaminal intermediate
[Eq. (2)]


Figure 4. 3/2 DCL (1, 3, 5 ; A, E). Top: Expression of constituents A and
E as a function of [H+]. Bottom: 400 MHz proton NMR spectra as a
function of added acid CF3 COOD.


Figure 5. Bell-shaped curve for the formation of imine A from amine 1 and aldehyde 3 as a function of acid
concentration [H+] at 298 K.
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R�NH�CHOH�R0 Ð R�N¼CH�R0 þ H2O ð2Þ


One may attempt to rationalize the behavior of the sys-
tems in terms of the effects of T and [H+] on these two
steps; however, note that in addition, transimination by
direct reaction of an amine with an imine may occur, as in
the case of scandium(iii)-catalyzed exchange of the amine
component of imines.[16]


Considering first the simplest case (1, 3, A), the bell-
shaped curve, for the formation of the single imine A
(Figure 5) may be considered to result from the effect of
acidity on the equilibria in Equations (1) and (2): decrease
in conversion being due to decreased water elimination at
low [H+] [Eq. (2)], and to increased amine protonation at
high [H+] [Eq. (1)], following the general scheme for the
effect of acidity on imine formation.[15]


In the competitive formation of imines A and E in the (1,
3, 5 ; A, E) 3/2 DCL, the expression of A and E is clearly de-
termined by the very different basicities of the amines 1 and 5.


Coming to the behavior of the more complex 4/4 DCL
(1–4 ; A–D), the following remarks may be made.


1) At low [H+] (left of the central ridge, Figure 2), the lim-
iting step is water elimination[17] and increasing T in-
creases imine formation.


2) At higher [H+], up the ridge and above, acid catalysis
and temperature effects on either or both steps increase
imine formation, reaching maxima of conversion.


3) At the highest acidities studied, conversion to imines de-
creases due to protonation of the amines, driving the
equilibria towards the starting components. The analysis
of the behavior of the system is further complicated by
the fact that the imine products are also protonated, at
the higher acidities.


The complex hypersurface representing the constituent
expression (Figure 3) results from the interpenetration of
the formation surfaces of the four imines A–D. A cross sec-
tion around room temperature as a function of acidity con-
tains the bell-shaped curves for the four imines A–D, yield-
ing the variation of the distributions of A–D with acidity
[H+] (Figure 6).


The connectivities between the four imines A–D may be
represented in a square graph (Scheme 3): constituents di-
rectly related through one of their components share an
edge and may be considered as antagonists (increasing one,
decreases the others), whereas constituents with no common
component are located on the diagonals and behave as ago-
nists (increasing one, increases the other).


Conclusion


The aim of the present study was to describe the complex
behavior displayed by the constitutional recomposition of a
dynamic library under the effect of two parameters, acidity
and temperature.


The complexity of the effects does not allow a detailed
quantitative explanation in terms of structure and mecha-
nism.[15] However, the results illustrate the response of such
a dynamic system to a physical (T) stimulus and a chemical
effector ([H+]), thus demonstrating the adaptive behavior of
the system under the pressure of external factors. They also
point to the possibility of modulating a given functional
property (optical, electronic, ionic) by constitutional recom-
position induced by a specific trigger.[17] Such features are of
great interest for the development of stimuli-responsive,
functional dynamic materials.[7]


Experimental Section


General aspects : All reagents and solvents were purchased at the highest
commercial quality and used without further purification unless other-
wise noted. Yields refer to purified spectroscopically (1H NMR) homoge-
neous materials. 1H NMR spectra were recorded on a Bruker Avance 400
spectrometer. The spectra were internally referenced to the residual
proton solvent signal. In the 1H NMR assignments, the chemical shifts
are given in ppm. The coupling constants J are listed in Hz. The following
notation is used for the 1H NMR spectral splitting patterns: singlet (s),
doublet (d), triplet (t), multiplet (m), broad (br). The temperatures that
are given for the kinetic and thermodynamic data were directly measured
and regulated in the NMR probe using a thermocouple. Electrospray
(ESI and ESI-TOF) studies were performed on a Bruker Micro TOF
mass spectrometer (sample solutions were introduced into the mass spec-
trometer source with a syringe pump with a flow rate of 160 mLmin�1).
Melting points (m.p.) were recorded on a Kofler Heizblock and on a
BPchi Melting Point B-540 apparatus and are uncorrected. Microanalyses


Figure 6. Cross section of the hypersurface of Figure 3 showing the bell-
shaped curves and the distribution of the constituent imines A–E as a
function of [H+] at 298 K.


Scheme 3. Representation of the connectivities between the constituents
A–D of the 4/4 DCL. Antagonists are connected by edges and agonists
by the diagonals (see text).
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were performed by the Service de Microanalyse, Institut de Chimie, Uni-
versitA Louis Pasteur.


General procedures for the synthesis of isolated imines : Equimolar
amounts of amine and aldehyde were solubilized or suspended in ethanol
at a concentration of 0.1m and the reaction mixtures were refluxed over-
night under vigorous stirring. The solutions were then either evaporated
to dryness and the crude residues were purified by flash chromatography
or, after cooling of the solutions to 0 8C, the precipitates formed from the
reaction mixture were filtered and washed with cold ethanol and the
compounds crystallized or precipitated from AcOEt/hexane mixtures.


General procedure for crossover experiments and determination of ther-
modynamic and kinetic data : A typical protocol is realized by the prepa-
ration in a NMR tube of a fresh solution of the compounds to exchange
in [D6]DMSO (0.6 mL, 5.12L10�2


m in each amine and aldehyde) at a
given concentration of CF3CO2D. The NMR tubes were topped with
teflon caps to keep a constant concentration and to avoid water evapora-
tion upon heating. The mixtures were equilibrated for 12 h at a given
temperature and 1H NMR spectra were recorded at the same tempera-
ture by direct heating inside the NMR probe.


Azulene-1-carbaldehyde (4): The product was synthesized using the
method described by Hansen et al.[20] 1H NMR ([D6]DMSO): d=7.47 (d,
3J=4.1 Hz, 1H), 7.68–7.80 (m, 2H), 8.00 (t, 3J=9.9 Hz, 1H), 8.36 (d, 3J=
4.1 Hz, 1H), 8.72 (d, 3J=9.9 Hz, 1H), 9.52 (d, 3J=9.6 Hz, 1H),
10.37 ppm (s, 1H)); 13C NMR ([D6]DMSO): d=119.65, 126.00, 129.35,
130.05, 137.25, 140.25, 140.45, 141.15, 141.30, 145.85, 186.65 ppm; MS
(electrospray): m/z (%): 157.1 (100) [M+H]+ ; HRMS: calcd 157.0648;
found: 157.0648.


(E)-N-(Anthracen-10-ylmethylene)naphthalen-1-amine (A): The product
was synthesized by using the general method and obtained as a bright
yellow powder (yield 85%). M.p. 151–152 8C; elemental analysis calcd
(%) for C20H19N: C 90.60, H 5.17; N 4.23; found: C 90.23, H 5.23, N 4.05;
1H NMR (CDCl3): d=7.32 (d, 3J=7.3 Hz, 1H), 7.55–7.66 (m, 8H), 7.85
(d, 3J=7.8 Hz, 1H), 7.95 (d, 3J=8.8 Hz, 1H), 8.12 (d, 3J=8.3 Hz, 2H),
8.47 (d, 3J=7.3 Hz, 1H), 8.65 (s, 1H), 8.97 (d, 3J=8.8 Hz, 2H), 9.86 ppm
(s, 1H); 1H NMR ([D6]DMSO): d=7.50–7.77 (m, 7H), 7.90 (d, 3J=
8.2 Hz, 1H), 7.99–8.04 (m, 1H), 8.21 (m, 2H), 8.31 (m, 1H), 8.86 (s, 1H),
8.97 (d, 3J=8.2 Hz, 2H), 9.93 ppm (s, 1H); 13C NMR (CDCl3): d=112.95,
124.25, 124.85, 125.45, 126.00, 126.15, 126.20, 126.50, 127.15, 127.40,
127.70, 128.80, 129.10, 130.90, 131.00, 131.35, 134.05, 150.30, 159.95 ppm;
MS (electrospray): m/z (%): 332.1 (100) [M+H]+ .


(E)-N-(Azulen-1-ylmethylene)naphthalen-1-amine (B): The product was
synthesized by using the general method and obtained as a brown-purple
oil (yield 72%). 1H NMR ([D6]DMSO): d=7.31 (d, 3J=6.8 Hz, 1H),
7.48–7.63 (m, 6H), 7.78 (d, 3J=8.2 Hz, 1H), 7.91–7.96 (m, 2H), 8.44–8.46
(m, 1H), 8.52 (d, 3J=4.1 Hz, 1H), 8.62 (d, 3J=9.2 Hz, 1H), 9.22 (s, 1H),
9.62 ppm (d, 3J=9.6 Hz, 1H); 13C NMR ([D6]DMSOd6): d=107.85,
113.20, 119.70, 124.05, 124.20, 125.20, 125.85, 126.05, 126.75, 126.95,
127.25, 127.40, 128.05, 134.10, 136.90, 139.05, 139.30, 140.35, 144.90,
150.25, 155.85 ppm; MS (electrospray): m/z (%): 282.1 (100) [M+H]+ ;
HRMS: calcd 282.1277; found: 282.1299.


(E)-N-(Anthracen-10-ylmethylene)anthracen-2-amine (C): The product
was synthesized by using the general method and obtained as a green
powder (yield 88%). M.p. 231–232 8C; 1H NMR ([D6]DMSO): d=7.55–
7.56 (m, 2H), 7.62–7.72 (m, 4H), 7.84 (d, 3J=8.6 Hz, 1H), 8.13 (l, 3H),
8.22–8.27 (m, 3H), 8.68 (d, 3J=9.2 Hz, 2H), 8.86 (s, 1H), 8.99 (d, 3J=
8.2 Hz, 2H), 10.03 ppm (s, 1H); 13C NMR ([D6]DMSO): d=118.00,
122.60, 125.50, 125.95, 126.15, 126.30, 126.60, 126.70, 127.40, 128.00,
128.35, 128.65, 129.50, 129.85, 130.55, 130.65, 131.25, 131.35, 131.50,
132.15, 132.35, 149.60, 160.45 ppm; MS (electrospray): m/z (%): 382.2
(100) [M+H]+ ; HRMS: calcd 382.1590; found: 382.1614.


(E)-N-(Azulen-1-ylmethylene)anthracen-2-amine (D): The product was
synthesized by using the general method and obtained as a brown-purple
powder (yield 80%). M.p. 124–126 8C; 1H NMR ([D6]DMSO): d=7.48–
7.59 (m, 6H), 7.62–7.76 (m, 2H), 8.05–8.10 (m, 1H), 8.15 (d, 3J=8.9 Hz,
1H), 8.57 (d, 3J=7.8 Hz, 2H), 8.74 (d, 3J=9.6 Hz, 1H), 9.38 (s, 2H),
9.57 ppm (d, 3J=9.9 Hz, 1H); 13C NMR ([D6]DMSO): d=117.30, 119.65,
119.85, 122.90, 125.60, 125.85, 126.00, 126.15, 126.40, 127.20, 128.25,
128.60, 129.40, 129.60, 130.05, 130.25, 131.15, 132.10, 132.65, 136.85,


137.25, 138.75, 139.00, 144.95, 155.41 ppm; MS (electrospray): m/z (%):
332.1 (100) [M+H]+ ; HRMS: calcd 332.1438; found: 382.1460.


(E)-N-(Anthracen-10-ylmethylene)cyclopentylamine (E): The product
was synthesized by using the general method and obtained as a yellow,
fluffy powder (yield 92%). M.p. 95–96 8C; elemental analysis calcd (%)
for C20H19N: C 87.87, H 7.01, N 5.12; found: C 87.28, H 7.07, N 5.18;
1H NMR (CDCl3): d=1.80 (l, 2H), 2.00 (l, 4H), 2.13 (l, 2H), 4.15 (qt,
3J=5.9 Hz, 1H), 7.53 (m, 4H), 8.05 (d, 3J=8.3 Hz, 2H), 8.49 (d, 3J=
8.3 Hz, 2H), 8.50 (s, 1H), 9.43 ppm (s, 1H); 13C NMR (CDCl3): d=24.95,
34.90, 73.35, 124.85, 125.20, 126.45, 128.70, 128.85, 129.90, 131.35, 157.55,
162.00 ppm; MS (electrospray): m/z (%): 274.15 (100) [M+H]+ .
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Total Synthesis of Gambierol: The Generation of the A–C and F–H Subunits
by Using a C-Glycoside Centered Strategy


Utpal Majumder,[a] Jason M. Cox,[b] Henry W. B. Johnson,[a] and Jon D. Rainier*[a]


Introduction


The marine ladder toxin family consists of structurally inter-
esting polycyclic ether containing natural products.[1,2] Rep-
resentative is gambierol (Figure 1), a ladder toxin the struc-
ture of which was first reported in 1993 by Yasumoto and
co-workers from the cultured cells of Gambierdiscus toxicus,
the organism responsible for ciguatera poisoning.[3] Archi-
tecturally, gambierol consists of eight ether rings, 18 stereo-


centers, and two challenging pyranyl rings having methyl
groups that are in a 1,3-diaxial orientation to each other.
Equally intriguing to their structures are the biological


properties of the polyethers. Although commonly associated
with neurotoxicity in the form of ciguatera (ciguatoxin),[4]


red tides (brevetoxins),[5] and diarrhetic shellfish poisoning
(yessotoxin),[6] recent reports have described other phenom-
ena.[7] Gambierol0s properties are typical of the neurotoxic
members of this family; it has demonstrated neurotoxicity in
mice (LD50 50 mgkg


�1) targeting the lungs, heart, and stom-
ach.[8] Its symptoms are similar to those seen with the cigua-
toxins inferring the possibility that gambierol is involved in
ciguatera poisoning.[9] As with the other neurotoxic mem-
bers of this family, it is believed that gambierol0s symptoms
arise from its ability to bind to ion channels. This has, in
fact, been demonstrated: Yasumoto, Hirama, and co-work-
ers have shown that gambierol inhibits the binding of breve-
toxin PbTx-3 to its target, site 5 of voltage gated sodium
channels;[10] Bigiani, Sasaki, and co-workers demonstrated
that gambierol is capable of binding to potassium chan-
nels.[11]


Results and Discussion


As a result of its biology and relatively complex molecular
structure, gambierol has attracted the attention of synthetic
chemists worldwide.[12] This attention has resulted in the
completion of three total syntheses. The Sasaki group utiliz-
ed their Suzuki coupling strategy to complete the first total


Abstract: Gambierol, a representative
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sists of eight ether rings, 18 stereocen-
ters, and two challenging pyranyl rings
having methyl groups that are in a 1,3-
diaxial orientation to one another.
Herein we describe the generation of
gambierol0s A–C and F–H ring systems
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synthesis of gambierol.[13] Shortly thereafter, the Yamamoto
group completed the second synthesis using their intramo-
lecular allylstannane cyclization chemistry.[14] The third syn-
thesis is described herein and in the adjoining manuscript.[15]


We decided to employ an iterative strategy to the synthe-
sis of gambierol that centers on the generation of C-glyco-
sides from cyclic enol ethers (Scheme 1). Although this ap-
proach had been reasonably successful for us previously, it
was clear that gambierol0s octacyclic core and 18 stereocen-
ters would present unique challenges that would test its
scope and limitations.[16]


Our analysis of gambierol is outlined in Scheme 2. We
opted to employ a convergent approach where the iterative
C-glycoside strategy outlined above would be used to both
generate and couple two nearly equal subunits (e.g. 9 + 10
! 8 ! 7 ! 1). Described in this manuscript is our synthesis
of the A–C (i.e., 9) and F–H (i.e., 10) ring precursors.[17] The
adjoining manuscript describes the coupling of the precur-
sors and the completion of gambierol.[18]


A–C Gambierol subunit


A-Ring : Our synthesis of the gambierol A–C subunit began
with the A-ring and an asymmetric hetero-Diels–Alder cy-
cloaddition reaction.[19] Our initial experiments explored the
use of Keck0s titanium BINOL protocol because of the suc-
cess observed using it to catalyze the analogous reaction be-
tween Danishefsky0s diene and 15.[20,21] In contrast to these
results, no cycloadduct was observed when methyl-substitut-
ed diene 16[22] was subjected to 15, BINOL, and [Ti(OiPr)4]
(Table 1, entry 2).[23] Other Lewis acid–BINOL complexes
gave moderate yields of cycloadduct; the cycloadduct was
formed racemically or in low enantiomeric excess (Table 1,
entries 3 and 4).[24]


With the failure of the BINOL complexes to catalyze the
asymmetric reaction between 15 and 16, we turned to other
catalysts and became intrigued by reports of the use of Ja-
cobsen0s tridentate CrIII catalyst 18 [Eq. (1)] in hetero-
Diels–Alder reactions.[25] To our delight, 18 catalyzed the re-
action between 15 and 16 to give cycloadduct 17 in both
high yield and enantiomeric purity (Table 1, entry 1).[26]


Having established an effective route to pyranone 17, we
planned to use the newly established C(4) stereocenter to
generate the remaining A–C stereocenters. These efforts


began with the reduction of the C(6) ketone using Luche
conditions to give the corresponding ether after protection
of the C(6) alcohol (Scheme 3).[27] That the C(6) stereocen-
ter from this reaction was epimeric to that needed for gam-
bierol was intentional; we planned to use this center to con-


Scheme 1. Generation of C-glycosides from cyclic enol ethers.


Scheme 2. Retrosynthetic analysis.


Table 1. Influence of adamantane catalyst 18 and BINOL (19) derived
catalysts on the hetero-Diels–Alder cycloaddition of 15 and 16.


Entry Catalyst Conditions Yield [%] ee [%]


1 18 4 M MS, RT, 70 h;
TFA, 0 8C, CH2Cl2, 1 h 90 94


2 19 [Ti(OiPr)4]; TFA 0 –
3 19 B(OMe)3 69 0
4 19 AlMe3 20 8
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trol the formation of the C(7) and C(8) centers in the subse-
quent b-C-glycoside forming chemistry. To this goal, expo-
sure of 23 and 24 to dimethyl dioxirane (DMDO) and pro-
penyl magnesium chloride resulted in the generation of a
mixture of C-glycoside diastereomers favoring the desired
isomers 29A and 30A, respectively.[28] Although 29A and
30A were isolated in useful quantities, it was surprising that
this reaction was not more selective; PMB ether 25,[29]


which lacks a C(7) alkyl substituent, gave b-C-glycoside 31
in 95% yield and with >95:5 diastereoselectivity.[30]


The ether substituent at C(6) also influenced the effec-
tiveness of the C-glycoside forming chemistry. Glycals con-
taining C(6) silyl ethers reacted much more sluggishly and
with even lower diastereoselectivity than the corresponding
C(6) benzyl ethers (Table 2, entries 4–6).


B-Ring : Having found a reasonable route to the A-ring, we
turned our attention to the B-
ring. We intended to utilize an
enol ether–olefin ring closing
metathesis (RCM) sequence to
convert the olefinic alcohols 29
and 30 into the corresponding
cyclic enol ether followed by a
C-ketoside forming reaction to
generate the C(10) and C(11)


stereocenters.[31,32] Required for the metathesis sequence
was the conversion of 29 and 30 into the corresponding acy-
clic enol ether via the corresponding ester (Scheme 4,
Table 3). From the variety of methods to carry out this con-
version (most involving the use of titanium reagents), we
have had the most success with the Takai–Utimoto re-
agent.[33] When compared with other titanium alkylidenes,
the advantages of this reagent include that the active titani-
um alkylidene reagent is generated in situ and that the reac-
tivity of the reagent falls somewhere between the more
commonly used Tebbe and Petasis reagents. When the ole-
finic acetate from 29 or 30 was subjected to the Takai–Uti-
moto reagent a 1:1 mixture of cyclic and acyclic products
were isolated (Scheme 4).[34] That mixtures were obtained in
these reactions was not a problem, the mixtures were simply
subjected to the Schrock Mo catalyst 39 or the Grubbs II
catalyst 38 to cyclize the remaining acyclic material.
Having generated the requisite B-ring enol ether, we


turned our attention to the formation of the B-ring C-keto-


Scheme 3. Synthesis of the A-ring fragments 29 and 30. a) NaBH4,
CeCl3·7H2O, MeOH 0 8C; b) NaH, BnBr, TBAI, THF (92%, 2 steps); c)
NaH, PMBCl, DMF (95%, two steps); d) TMSCl, imidazole, DMF; e)
TBDMSCl, imidazole, DMAP, DMF; f) TBDPSCl, NEt3, DMAP, DMF;
g) DMDO, CH2Cl2 (�65 8C to RT); propenyl magnesium chloride, THF,
(�65 8C to RT), see Table 2.


Table 2. Conversion of enol ethers 23–28 into C-glycosides 29–33.


Entry Enol ether C-glycoside A/B[a] Yield [%]


1 23 29 7.5:1[b] 90
2 24 30 7.5:1[b] 78
3 25 31 >95:5 95
4 26 32 2:1[c] 20
5 27 33 2:1[c] 46
6 28 – – <5


[a] Ratio was determined from 1H NMR of crude reaction mixture.
[b] Also isolated 5% of diastereomeric glycoside 34. [c] Major by-product
was acetone adduct 35.


Scheme 4. a) Ac2O, HOnigs base; b) TiCl4, CH2Br2, PbCl2, TMEDA, Zn,
THF, CH2Cl2; c) RCM (see Table 3).


Table 3. Conversion of A-ring substrates 30 and 29 into cyclic enol ethers 36 and 37, respectively.


Entry ROH R Yield (acetate) [%] RCM catalyst
Conditions


Yield (RCM) [%][a,b]


1 29 PMB 77 38 (20%), PhH, RT 74
2 29 PMB 77 39 (20%), hexanes, 65 8C 70
3 30 Bn 85 38 (10%), PhH, RT 80


[a] Takai protocol gave a 1:1 mixture of cyclic and acyclic enol ethers. [b] Two steps.


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1736 – 17461738


J. D. Rainier et al.



www.chemeurj.org





side. From the outset, we had viewed the generation of this
ketoside to be a challenge as it required the stereoselective
addition of a carbon nucleophile to the more substituted
end of the anhydride. In spite of this concern, we were
hopeful that we would be able to overcome any problems
that might arise because of the high degree of flexibility in
the anhydride coupling sequence.[35]


In the event, the sequential treatment of 37 with DMDO
and propenyl magnesium chloride gave a modest yield of C-
ketoside 41 having the undesired C(11) stereochemistry
[Eq. (2), Table 4]. Interestingly, the coupling reaction had
occurred from the same face as the angular methyl group in
42 (Figure 2) implying a direct addition of the nucleophile


to the anhydride rather than via the intermediacy of an oxo-
carbenium ion as had been anticipated. In an attempt to
force the reaction of 42 to proceed through the desired in-
termediate, we examined the coupling of 42 with triallyl alu-
minum and triallyl borane. Unfortunately, the use of these
reagents resulted in the generation of gross mixtures of ster-
eoisomeric C-ketosides.[36] Clearly, our concerns about the
use of anhydrides to generate the gambierol B-ring had
proved themselves to be well founded.


The relatively low yields observed in the reactions of 37
were probably a consequence of the instability of anhydride
42. Ring-opening of the presumed ground state conformer
proceeds through a chair transition state giving trans-diaxial
addition products (Figure 2). Consequently, relatively weak
nucleophiles (i.e. , acetone) were capable of decomposing
this substrate.[37]


In light of the direct addition of propenyl magnesium
chloride to 42, the simple reversal of the order of the C(11)
C�C bond formation might solve the problem of establish-
ing the C(11) center (Scheme 5). That is, the incorporation
of a C-ring precursor into the B-ring anhydride and the cou-


pling of this species with methyl magnesium chloride would,
in theory, result in the desired adduct. Unfortunately, this
strategy was also unsuccessful and instead gave ketone 46
from a stereoselective hydride migration in 75% yield.[38]


The enhanced yield in this reaction is probably the result of
our not concentrating the intermediate anhydride as a result
of using Messeguer0s “acetone free” dimethyl dioxirane that
can be generated as an �0.2m solution in CH2Cl2.


[39]


Following the disappointing results mentioned above, it
was apparent that a reassessment of our synthetic plans to
the C(11) ketoside was needed. Among the various possibil-
ities, we became intrigued with the possibility of exchanging
an intramolecular C�C bond forming reaction for the inter-
molecular variant that we had been attempting. More specif-
ically, we became interested in employing a C(10) allyl vinyl
ether in a Claisen rearrangement to generate the C(11) ke-
toside. Although related rearrangements had been utilized
to generate C-glycosides, all previous examples that we are
aware of had come from precursors having the allylic com-
ponent as part of the pyranyl ring system. In these cases, the
control of the C-glycoside center was predetermined by the
stereochemistry of the allylic center.[40] In our substrate, we
hoped that subtler influences would control the outcome of
the reaction. Namely, we envisioned that the C(7) angular
methyl and/or the trans-pyranyl ring system would direct the
generation of the new C(11) stereocenter. That the pro-
posed reaction would lead to a C(10) ketone was an added
benefit as it would enable us to avoid a subsequent epimeri-
zation reaction; reduction of the ketone from the axial face
would result in the desired C(10) alcohol.
The execution of the strategy began with the epoxidation


of 36 and 37 by using m-CPBA in methanol to give ketals
47 and 48, respectively, as a 2:1 mixture of anomers in high
yield (Scheme 6). These were then converted into allyl
ethers 49 and 50 using standard conditions. We were pleased
to isolate C-ketosides 51 and 52, each as an 8:1 mixture of
diastereomers and in 97% yield, when 47 and 48 were sub-
jected to PPTS and pyridine at 100 8C. Not only had the


Figure 2.


Table 4. The coupling of propenyl nucleophiles with anhydride 42.


Entry M 40 :41 Yield [%]


1 MgCl <5:95 50
2 B(allyl)2 1:1.5 45
3 Al(allyl)2 1.5:1 48


Scheme 5. a) DCC, DMAP, CH2Cl2 (64%); b) TiCl4, PbCl2, CH2Br2,
TMEDA, Zn, THF, CH2Cl2; c) 38 (20%), PhH, RT (62%, two steps); d)
DMDO, CH2Cl2, MeMgCl, THF, �60 8C (75%).
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PPTS conditions generated the enol ether but they had also
induced the desired rearrangement.
Presumably, the C(11) stereocenter resulted from a chair-


like transition state to give the trans-pyranyl system as indi-


cated by 55 (Figure 3). Rearrangement to the opposite face
would suffer from steric interactions between the angular
methyl group and the side chain.


Having finally solved the C(11) problem, we next turned
to the inversion of the C(6) stereocenter. This was accom-
plished using standard conditions; namely, oxidative remov-
al of the PMB ether, Mitsunobu inversion, and silyl ether
formation (Scheme 7). We examined b-PMB ether 54, a-
TMS ether 58, and a-TIPS ether 57 in the subsequent
chemistry.


C-Ring : The most direct route to the C-ring and the A–C
coupling precursor from 54, 57, or 58 would involve the gen-
eration of the corresponding unsubstituted enol ether (e.g.
61) and its subsequent conversion to an allylic alcohol (e.g.
63). TMS bicycle 58 was used to examine the feasibility of
this approach. Reduction of the ketone from the axial face
and opposite the C(7) methyl group provided alcohol 59
(Scheme 8). Vinyl ether formation gave metathesis precur-
sor 60.[41] Enol ether–olefin RCM provided 61 as the precur-
sor to the C ring.


Unfortunately, all attempts to couple the anhydride from
61 (i.e., 62) with allyl nucleophiles failed to deliver the de-
sired allyl C-glycoside. Instead we isolated a considerable
amount of ketone 65 [Eq. (3)] resulting from a 1,2-hydride
migration or tertiary alcohol 64 from allyl addition to the
ketone.[42]


Although the results with allylic nucleophiles were disap-
pointing, we were encouraged by our ability to efficiently
reduce 62 using DIBAL-H to give 66 as this reaction ulti-
mately led to a solution to the generation of the C-ring ster-
eocenters [Eq. (4)].


Scheme 6. a) m-CPBA, MeOH; b) propenyl bromide, NaH, THF; c)
PPTS, pyridine, 100 8C.


Figure 3.


Scheme 7. a) DDQ, CH2Cl2/H2O (97%); b) DEAD, PPh3, p-NO2C6H4-


CO2H, PhCH3; NaOH, THF, MeOH (80%); c) TIPSOTf, 2,6-lutidine,
DMAP DMF (100%); d) TMSOTf, NEt3, DMF (97%).


Scheme 8. a) NaBH4, EtOH (100%); b) TsOH, ethyl vinyl ether, methyl
tert-butyl ether, �60 to 0 8C (95%); c) TMSOTf, NEt3, CH2Cl2, 0 8C
(98%); d) 38 (20 mol%), PhH, RT (95%).
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We became intrigued with the notion of using the
DIBAL-H reduction sequence on an appropriately substitut-
ed anhydride to generate the desired compound. To this
end, the exposure of esters 68 and 69 to the Takai–Utimoto
protocol gave mostly acyclic enol ether along with approxi-
mately 8% of cyclic enol ethers 70 and 71, respectively
(Scheme 9).[43] As described previously, the presence of the
mixture was of no consequence; enol ether–olefin RCM was
used to cyclize the remaining acyclic material.


The final C-ring stereocenters were incorporated either
using the anhydride formation, directed reduction strategy
(b-OPMB substrate 71) or using a hydroboration, oxidation
reaction [a-OTIPS substrate 70, Eq. (5)].[44] Presumably, the
C(11) angular methyl group directs the oxidation reaction;
as has been discussed previously we believe that the stereo-
chemical outcome of the anhydride reduction sequence is a
result of a directed reduction via an aluminum ate complex
(i.e., 74).[45]


Our initial subunit coupling reactions were carried out on
b-OPMB derivative 75 ; its synthesis from 73 is illustrated in
Scheme 10. Generation of the C(13) pivaloyl ester was fol-
lowed by TIPS ether hydrolysis using TBAF. Oxidation of


the resulting primary alcohol and hydrolysis of the ester
gave the corresponding hydroxy aldehyde. Wittig olefination
completed our synthesis of A–C coupling precursor 75.


F–H Subunit : With a reasonable synthesis of the A–C cou-
pling precursor in hand, we set our sights on the generation
of the gambierol F–H subunit. At the outset of this work,
we anticipated that the biggest challenge would be the F-
and G-rings where we were again faced with the generation
of a C-ketoside. In spite of the fact that we had been largely
unsuccessful in our previous attempts to use a-substituted
anhydrides as direct precursors to ketosides,[46] the potential
efficiency of the anhydride to ketoside approach convinced
us that it deserved further examination.


G-Ring : We selected bis-silyl d-glucal derivative 77 as a pre-
cursor to the G-ring (Scheme 11). Not only would the C(25)
stereocenter serve as a handle for the introduction of the
C(23) and C(24) centers but the C(26) and C(27) centers
would come directly from d-glucal. The choice of TBDPS
and cyclic silylene were made to insure orthogonality and
because they had been reported to be robust to the condi-
tions required to incorporate the a-methyl group. The syn-
thesis of 77 involved the sequential generation of the cyclic
silylene and the TBDPS ether followed by the incorporation
of the C(23) methyl group.[47,48] Following its synthesis, we
subjected 77 to DMDO and propenyl magnesium chloride
and, to our delight, isolated b-ketoside 79 in 93% yield.
This was the first time that we are aware of that a Grignard
reagent had been coupled in a stereoselective fashion with
an a-substituted anhydride to give the corresponding keto-
side where the newly formed C�O and C�C bonds were
trans- to one another.[49]


Scheme 9. a) NaBH4, EtOH; b) DCC, DMAP, 65 ; c) CH2Br2, CH2Cl2,
TiCl4, Zn, PbCl2, TMEDA, THF; d) 38 (20 mol%), PhH, RT; e) 39
(20 mol%), hexanes, 60 8C.


Scheme 10. a) PivCl, DMAP, pyridine, CH2Cl2 (90%); b) TBAF, THF
(93%); c) (COCl)2, DMSO, NEt3, CH2Cl2 (98%); d) LiOH, MeOH;
silica gel (90%); e) Ph3P=CH2, THF (92%).


Scheme 11. a) tBu2Si(OTf)2, 2,6-lutidine (76%); b) TBDPSCl, imidazole
(100%); c) tBuLi; MeI (95%); d) DMDO; propenyl magnesium chloride
(93%).
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As our plans to the gambierol F-ring involved an RCM
reaction to a tetrasubstituted enol ether (see below) we re-
quired the incorporation of a methyl group into the allyl nu-
cleophile. Surprising to us was that the use of our normal
conditions (i.e. , formation of the anhydride in CH2Cl2, con-
centration of the mixture, solvation of the resulting residue,
and addition of the nucleophile) using 2-methylpropenyl
magnesium chloride as the nucleophile resulted in a pinacol
rearrangement and a 78% yield of ketone 81 (Table 5, en-


tries 1–3). After considerable experimentation we found
that the conditions used to generate the anhydride were im-
portant and that the use of Messegeur0s “acetone free” di-
methyl dioxirane was critical for success.[39] Through the use
of these conditions and by avoiding the concentration of the
intermediate anhydride, 2-methylpropenyl magnesium chlo-
ride could be successfully coupled with anhydride 78 to give
80 in 65% yield (Table 5, entry 4). Further optimization
showed that the Grignard salt was also important; when a
bromide instead of a chloride counterion was used, C-keto-
side 80 was generated in 92% yield. Significant to our gam-
bierol efforts was that the reaction was scalable (ca. 8 g),
and was highly diastereoselec-
tive (>95:5).
The C(25) substituent was


also key to the success of the
ketoside forming reaction. The
use of C(25)-deoxy-substrate
82 gave a 60% yield of 84 as a
2:1 b/a mixture and C(25)
TBDMS ether 83 gave 85 as a
4:1 b/a mixture in 80% yield
(Table 6). Most interesting was
that the mixture did not lie at
the C(24) hydroxyl group but
at the newly formed C(23) C�
C bond. Thus, the C(25) sub-
stituent was not only influenc-


ing the oxidation reaction but, to our surprise, was also play-
ing a role in the subsequent formation of the C(23) C�C
bond. We currently believe that the reaction requires a
group at C(25) group that is of sufficient size (i.e.,
> OTBDMS) to serve as a protecting group for the adja-
cent anhydride enabling it to avoid decomposition via oxo-
carbenium chemistry prior to formation of the C�C bond
formation.[50]


F-Ring : Having discovered a solution to the gambierol G-
ring, we next examined the aforementioned RCM chemistry
to the F-ring. Not surprising was that the steric crowding
about the C(24) alcohol was a significant hindrance in the
conversion of 80 into the corresponding metathesis precur-
sor. Esterification of 80 with 86 required a large excess of
acid and prolonged reaction times to deliver 88 in 75%
yield (Table 7, entry 1). The conversion of 88 into the corre-
sponding acyclic enol ether using the Takai–Utimoto condi-
tions was also sluggish, resulting in a 35% yield of 91. Fortu-
nately, these yields could be improved by decreasing the
steric environment about the ester. For example, TMS ether
87 gave an enhanced conversion to both the ester and the
acyclic enol ether (Table 7, entry 2). Ultimately, the conver-
sion problem was solved by turning to the C(25) deoxy-sub-
strate 84. When subjected to the Takai–Utimoto protocol it
gave an 83% yield of acyclic enol ether 93 (Table 7,
entry 3).
TMS ether 89 and deoxy-substrate 90 were generated ac-


cording to the sequence illustrated in Scheme 12 and Equa-


Table 5. Addition of 2-methylpropenyl nucleophiles to anhydride 78.


Entry X Conditions[a] Additive 80/81 Yield [%]


1 Cl A none <5:95 78
2 Cl A ZnCl2 <5:95 78
3 Cl A CuI <5:95 81
4 Cl B none >95:5 65
5 Br B none >95:5 92


[a] A: concentration of intermediate anhydride; residue was dissolved in
THF; nucleophile added. [b] B: Messegeuer0s conditions (DMDO added
to the enol ether as a ca. 0.2m solution in CH2Cl2); nucleophile added di-
rectly to the anhydride without concentration.


Table 6. The generation of C-ketosides 84 and 85 from cyclic enol ethers
82 and 83.


R b :a Ketoside Yield [%]


H 2:1 84 60
OTBDMS 4:1 85 80


Table 7. Synthesis of the metathesis precursor.


Entry Alcohol R’ Ester Yield [%] Enol ether Yield [%]


1 80 OTBDPS 88 75 91 35[a]


2 87 OTMS 89 90 92 50[b]


3 84 H 90[c] – 93 83


[a] 47% recovered 88. [b] 33% recovered 89. [c] For the synthesis of 90 see Scheme 12, Equations (9), (10),
and Table 8.
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tions (9) and (10). The most direct route to 90 (i.e., removal
of the TBDPS group from ester 90 and deoxygenation)
proved unworkable as it required forcing conditions that re-
sulted in competitive removal of the silylene and/or the de-
composition of 88. Removing the TBDPS group prior to
ester formation circumvented this problem. Key to the suc-
cess of this route was the selective generation of a C(25)
TMS ether to give 87. Incorporation of the ester was fol-
lowed by TMS ether hydrolysis to give alcohol 94.


The Barton–McCombie protocol was used to deoxygenate
94 [Eqs. (9) and (10)]. In the initial xanthate formation, the
reaction temperature was critical; elevated temperatures re-
sulted in a substantial quantity of 96 from ester migration
and C(24) xanthate formation.
Deoxygenation of 95 using free-radical conditions


(Bu3SnH/AIBN, 80 8C) gave 90 [Eq. (10)]. Not surprisingly,
this reaction was sensitive to concentration. If run at rela-
tively high concentration (0.125m), the desired product was
generated in 90% yield
(Table 8). At lower concentra-
tions tricycle 97 from a 6-endo
cyclization of the intermediate
radical became the dominant,
or when concentrations were
low enough, the only isolated
product.[51]


With acyclic enol ethers 91
and 93 in hand (Table 7), we
examined their conversion into
the corresponding F-ring enol
ether using RCM. In light of
the fact that the F-ring required
the generation of a tetrasubsti-
tuted enol ether it was not sur-


prising that these reactions were sluggish. The use of 91 and
either the Schrock Mo alkylidene catalyst 39 at 65 8C or the
Grubbs II catalyst 38 at RT resulted in the complete recov-
ery of starting material (Table 9, entries 1–3). The stability
of the Grubbs catalyst at elevated temperatures turned out
to be critical.[52] When 91 was subjected to 38 (45 mol%,
added in three portions) at 65 8C a small amount (ca. 5%)
of tetrasubstituted enol ether 98 was isolated (Table 9,
entry 4). When the temperature of the reaction of 91 or 93
was increased to 80 8C we isolated 98 or 99 in 82 and 83%
yield, respectively (Table 9, entries 5 and 6).
In contrast to the enol ether RCM reactions of the sub-


strates that have been described previously in this manu-
script, we believe that the reactions of the more sterically
encumbered olefinic substrates 91 and 93 proceed through
less reactive Fischer carbene intermediates (i.e., 100, 101),
thus the need for elevated temperatures [Eq. (12)].[53]


Scheme 12. a) NaH, HMPA (92%); b) TMSOTf, iPr2NEt (90%); c) 86,
DCC, DMAP (90%); d) HOAc, H2O (98%).


Table 8. Deoxygenation of xanthate 95.


c [m] 90/97[a] Yield [%]


0.003 <5:95 50
0.014 1:1.4 60
0.125 >95:5 90


[a] 97 was isolated as a 3:1 mixture of diastereomers.


Table 9. Generation of tetrasubstituted enol ethers 98 and 99 using RCM.


Entry Enol ether R Catalyst (mol%) Conditions Yield [%]


1 91 OTBDPS 39 (20) hexanes, 65 8C 0
2 91 OTBDPS 38 (20) PhH, RT 0
3 93 H 38 (20) PhH, RT 0
4 91 OTBDPS 38 (45)[a] PhH, 65 8C 5
5 91 OTBDPS 38 (45)[a] PhH, 80 8C 82
6 93 H 38 (45)[a] PhH, 80 8C 83


[a] 38 was added over three additions (15% + 15% + 15%).
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Remaining to the F-ring were the C(20) and C(21) stereo-
centers. From tricyclic enol ether 99, DMDO oxidation and
DIBAL-H reduction of the intermediate anhydride 102 pro-
vided the requisite stereocenters and 103 in a highly effi-
cient fashion [Eq. (13)]. As discussed previously, we believe
that the generation of the C(20) stereocenter comes from a
directed reduction [see Eq. (5)].


H-Ring : Having completed the F-ring, we moved to the
seven-membered H-ring. In addition to the challenge of em-
ploying enol ether–olefin RCM to generate the seven-mem-
bered ring we were also concerned with control of the C(30)
and C(31) stereocenters. To examine this, the cyclic silylene
was removed using HF·pyridine and the resulting triol was
transformed into the primary triflate and secondary TBS
ether to give 104 (Scheme 13). Coupling with propenyl cup-
rate delivered 105.[54] Removal of the TBS group, esterifica-
tion, and C(21) TMS ether formation gave olefinic-ester
106.


We were pleased to find that 106 was amenable to RCM
[Eq. (14)]. Sequential exposure of 106 to the Takai–Utimoto
conditions and Schrock0s molybdenum catalyst 39 resulted
in a 62% yield of 107 over the two steps (10% recovered


starting material). In contrast to our previous use of RCM
to generate oxepenes,[16] the Grubbs II catalyst 38 was less
successful than the Schrock catalyst, its use resulted in the
generation of 107 in 35–39% overall yield from 106.


With the H-ring skeleton in place, we were now prepared
to examine the formation of the C(30) and C(31) stereocen-
ters. To our delight the use of the DMDO oxidation,
DIBAL-H reduction sequence resulted in the generation of
108 in 92% yield as a single diastereomer [Eq. (15)]. From
the analysis of a calculated transition state structure of the
DMDO oxidation on a substrate related to 107, we tenta-
tively believe that an unfavorable torsional interaction be-
tween the allylic axial hydrogen in 107 and DMDO results
in the observed facial selectivity.[55]


To complete the F–H substrate, it remained to introduce
the C(28)�C(29) alkene and the C(30) tertiary alcohol. To
this end, TPAP and Saegusa oxidations resulted in the incor-
poration of the requisite enone as 109 (Scheme 14). Borrow-
ing from Yamamoto and Kadota0s work, addition of methyl
magnesium bromide gave tertiary ether 110 following silyl
ether formation.[56] The stereoselectivity in this transforma-
tion is interesting; we believe that axial attack of methyl
magnesium bromide is dictated by developing eclipsing in-
teractions between the C�O bond and the adjacent C(30) si-
lyloxymethyl substituent during the transition state that
would lead to the undesired axial alcohol.[57] The completion
of the synthesis of the F–H coupling precursor 111 involved
oxidative hydrolysis of the PMB group, TPAP oxidation of
the resulting primary alcohol, and sodium chlorite oxidation
to the corresponding carboxylic acid.
To summarize our generation of gambierol0s A–C and F–


H ring systems, we have demonstrated the versatility of the
glycosyl anhydride, enol ether–olefin RCM strategy to fused
polycyclic ethers. These efforts have directed us to an inter-
esting substituent and reagent influence on the generation
of C-ketosides from the corresponding anhydrides. Also in-
teresting is a novel Claisen rearrangement reaction to a bi-
cyclic C-ketoside that is controlled by subtle conformational
issues. In the area of enol ether–olefin RCM chemistry, we
have been able to generate a tetrasubstituted enol ether and


Scheme 13. a) HF·pyridine, THF, 0 8C (100%); b) Tf2O, 2,6-lutidine,
CH2Cl2, �65 8C; TBSOTf, 2,6-lutidine, 0 8C (79%); c) propenyl magnesi-
um chloride, CuI, Et2O, �40 8C ! RT (88%); d) TBAF, THF (85%); e)
TBSOCH2CO2H, DCC, DMAP, (95%); f) TMSCl, DMAP, HOnigs base
(100%).
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a highly substituted oxepene using either the second genera-
tion Grubbs catalyst 38 or the Schrock catalyst 39. Equally
important to these fundamental issues is that the reactions
listed above have enabled us to generate sufficient quanti-
ties of the A–C and F–H substrates to complete our gam-
bierol efforts. This work is described in the accompanying
manuscript.
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Total Synthesis of Gambierol: Subunit Coupling and Completion


Henry W. B. Johnson, Utpal Majumder, and Jon D. Rainier*[a]


Introduction


As mentioned in the preceding manuscript, gambierol is a
member of the marine ladder toxin family and was isolated
by Yasumoto and co-workers from cultured Gambierdiscus
toxicus (GI-1 strain).[1,2] As it is not available in any signifi-
cant quantities from the natural source,[3] synthesis is proba-
bly the most effective method to uncover its biological prop-
erties and the only way to carry out SAR work.[4] When we
became interested in the chemical synthesis of gambierol we
had two criteria that we considered: First, any approach to
its synthesis needed to be efficient enough to enable us to
carry out structure activity work to gain better insight into
gambierol-s biological target(s). Equally critical to us was
that the approach employ novel coupling chemistry that
once developed might prove to be beneficial for future work
in the ladder toxin/polyether area. With this in mind, we
opted to pursue an approach that would utilize enol ether–
olefin ring-closing metathesis (RCM) chemistry in subunit
coupling that would result in the generation of the D-ring.[5]


If successful, this would set the stage for well-precedented
ketal reduction chemistry to the E-ring.[6] Subsequently, in-


corporation of the H-ring side chain would result in the syn-
thesis of gambierol.


Results and Discussion


From our perspective, the strategy outlined above was ad-
vantageous in that: a) esterification would be employed to
couple the two subunits (i.e., 4 + 5 ! 3); b) the enol
ether–olefin RCM chemistry would be used to generate the
presumably easier to form six-membered D-ring (3 ! 2); c)
the more difficult seven-membered E-ring would come from
a cyclization and ketal reduction sequence (2 ! 1); d) in
principle, the H-ring olefin would be compatible with this
strategy and thus reduce the number of post-coupling trans-
formations. The preceding manuscript detailed our synthesis
of the gambierol A–C and F–H ring precursors
(Scheme 1).[7] Reported herein is a description of the cou-
pling of the two precursors and the conversion of the cou-
pled material into gambierol.


Subunit coupling—1st Generation strategy : Our efforts to
couple the A–C and F–H precursors began with the genera-
tion of 8 from the esterification of 7 with 6. A two-step enol
ether–olefin RCM reaction using the Grubbs II catalyst to
effect ring-closure was used to generate dihydropyran 10
(Scheme 2).[8] Oxidation of the cyclic enol ether by using di-
methyl dioxirane (DMDO) and directed reduction using
DIBAL-H provided the corresponding secondary alcohol as
a 3:1 mixture of diastereomers.[8] Of note is that the use of
hydroboration, oxidation on 10 resulted in the competitive


Abstract: The preceding manuscript
detailed our synthesis of the gambierol
A–C and F–H ring precursors. Report-
ed herein is a description of the cou-
pling of the two precursors and the
conversion of the coupled material into
gambierol. Coupling of the subunits in-
volved ester formation, enol ether
RCM, and mixed thioketal formation


and reduction. By employing this strat-
egy we were able to bring highly ad-
vanced subunits into the coupling and,
as a result, we were able to minimize


the number of post-coupling transfor-
mations required to complete gambier-
ol. At the completion of the synthesis,
we generated 7.5 mg (1.5 % overall
yield) of (�)-gambierol in 44 steps
(longest linear sequence).Keywords: gambierol · glycosides ·


metathesis · natural products ·
total synthesis


[a] H. W. B. Johnson, Dr. U. Majumder, Prof. J. D. Rainier
University of Utah, Department of Chemistry
315 South 1400 East, Salt Lake City, Utah 84112 (USA)
Fax: (+1) 801-581-8433
E-mail : rainier@chem.utah.edu


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


Chem. Eur. J. 2006, 12, 1747 – 1753 F 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1747


FULL PAPER







reduction of the H-ring olefin.[9] That the reaction gave a
mixture of C(17) diastereomers favoring the undesired a-
isomer was not a problem; we took advantage of the ther-
modynamic stability of the desired C(17) b-stereochemistry
by oxidizing the C(16) alcohol and equilibrating the C(17)
stereocenter to give 11.[10] Equilibration resulted in a 4:1
mixture of isomers that could be separated and recycled.


With 11 in hand, it remained to form the E-ring. Unfortu-
nately, all attempts to affect the cyclization of 11 were un-
successful [Eq. (1)]. Included were attempts to generate the
corresponding mixed thioketal through the use of EtSH and
various acids and the generation of the cyclic ether directly
through the use of BiBr3 and Et3SiH or TMSOTf and
Ph2MeSiH.[11,12] Based upon the lack of olefinic protons in
the 1H NMR spectra of recovered samples we believe that
the H-ring olefin was undergoing competitive decomposition
under the reaction conditions.


In an attempt to avoid the olefin decomposition problem,
we examined the corresponding C(28)�C(29) saturated sub-
strate. Although somewhat less than ideal in that the use of
this substrate would require that the olefin be introduced
post-coupling, at the very least these experiments would
enable us to determine the overall feasibility of the ap-
proach. With this in mind, coupling, metathesis, and oxida-
tion/reduction was carried out as described previously to
give 15 [Eq. (2)].[13] Subjecting 15 to a variety of conditions
to generate the corresponding O,S-ketal all failed.[14] The
main products were either the acyclic dithiane 16 or decom-
position when attempts were made to push the reaction.
Clearly the use of the C(21) tertiary alcohol as a nucleophile
to generate gambierol-s E-ring was problematic in our
hands.


From the efforts described above, it was clear that an al-
ternate coupling protocol was needed. Because of our con-
tinued belief that it could become a highly efficient means
of generating polycyclic ethers, we opted to continue to


Scheme 1.


Scheme 2. a) DCC, DMAP, CH2Cl2, RT (90 %); b) TiCl4, TMEDA, THF,
CH2Cl2, Zn, PbCl2, CH2Br2; c) 9 (20 mol %) (75 %, two steps); d)
DMDO (acetone free), CH2Cl2, �65 8C to RT; DIBAl-H, �65 8C (80 %,
3:1 a/b mixture); e) TPAP, NMO (80 %); f) DBU, PhH, 80 8C (100 %,
b/a 4:1); TMEDA: tetramethylethylenediamine, TPAP: tetrapropylam-
monium perruthenate.
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pursue an enol ether–olefin RCM strategy (Scheme 3).
However, instead of employing metathesis to generate the
“easier” D-ring, we would use it to generate the seven-mem-
bered E-ring. Subsequently, a ketal cyclization and reduction
sequence would be employed to generate the D-ring.


To examine this approach, our syntheses of both the A–C
and F–H subunits required modification. The generation of
the A–C substrate 23 was carried out from 21 according to
the sequence of reactions illustrated in Scheme 4. Exchange
of the C(1) benzyl ether for a TBDPS ether and selective
acid catalyzed hydrolysis of the primary TIPS ether in the
presence of the secondary TIPS ether and primary TBDPS
ether gave 22 after bis-TES ether formation. Selective hy-
drolysis of the primary TES ether and oxidation provided
coupling precursor 23.


The gambierol F–H precursors 30 and 31 were construct-
ed according to the sequence illustrated in Scheme 5. Oxida-
tive hydrolysis of the PMB group was followed by TPAP ox-


idation of the resulting primary alcohol. For reasons that
will become clear (see below), we utilized both the terminal
and the internal olefin containing substrates 26 and 27, re-
spectively, as precursors to the E-ring. Subsequent to olefin
formation, hydrolysis of the C(21) tertiary TMS ether also
resulted in the hydrolysis of the C(32) TBS ether. Reincor-
poration of the TBS ether gave coupling precursors 30 and
31.


With the precursors in hand, we examined their unifica-
tion [Table 1, Eq. (3)]. Not surprising based upon our earlier
work that attempted to use it to generate an E-ring ketal,
esterification of the C(21) tertiary alcohols 30 and 31 with
acids 23 or 32[15] proved challenging. After considerable ex-
perimentation,[16] we found that the Yamaguchi protocol
worked the best in our hands.[17] Important was that we
employ elevated temperatures and, because the intermedi-
ate anhydride was not stable for indefinite periods of time,
that the formation of the anhydride be monitored by
1H NMR.[18] When this protocol was followed, the coupled
products 33 and 34 could be generated in �90 % yield
(Table 1, entries 8 and 9).


We were now prepared to examine the metathesis chemis-
try to the E-ring. To this goal, our attempts to generate the
acyclic enol ether corresponding to ester 33 were completely
ineffective. Instead, we isolated a very small amount of
cyclic enol ether 37 along with a mixture of products all
lacking the terminal olefin [Eq. (4)].


Scheme 3.


Scheme 4. a) LiDBB, THF, �78 to �40 8C (80 %); b) TBDPSCl, NEt3,
DMAP, CH2Cl2, �78 8C (95 %); c) CSA, CH2Cl2, RT (92 %); d) TESCl,
NEt3, DMAP, CH2Cl2 (100 %); e) AcOH, H2O/MeOH (97 %); f) TPAP,
NMO, CH2Cl2 (97 %); g) NaClO2, 2-methyl-2-butene, NaHPO4, H2O,
tBuOH (95 %); LiDBB: lithium 4,4’-di-tert-butylbiphenylide, CSA: cam-
phorsulfonic acid.


Scheme 5. a) DDQ, H2O, CH2Cl2 (98 %); b) TPAP, NMO; c) PPh3PCH2;
d) Ph3PCHCH3; e) CSA, MeOH; f) TBSCl, NEt3, DMAP, CH2Cl2;
DDQ: 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.
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In light of the steric environment about the ester in 33, it
was not surprising that acyclic enol ether formation was
problematic.[19,20] We decided to simultaneously increase the
stability of the olefin and our chances of generating the acy-
clic enol ether by utilizing internal alkene substrate 34. In-
terestingly however, when 34 was subjected to the Takai–
Utimoto protocol preferential decomposition of the olefin
was again observed. The only identifiable products from this
transformation were cyclic enol ether 37 and terminal olefin
33.


At this stage, we decided to attempt to optimize the for-
mation of cyclic enol ether 37 by taking advantage of the
propensity for the reaction of the presumed Ti methylidene
from the Takai–Utimoto reagent with the olefin.[21,22] Mech-
anistically, the interaction of the Ti methylidene with the
alkene in 34 produces one of two intermediate titanacyclo-
butanes (Scheme 6). The intermediate that leads to cyclic
enol ether 37 has Ti oriented at the more hindered, “inter-
nal” position of the alkene (i.e., 38). The alternative “unde-
sired” orientation proceeds through titanocyclobutane 40
having Ti proximal to the methyl group and leads to termi-


nal olefin 33. Based upon the
poor conversions observed
when 33 was independently
subjected to the reaction condi-
tions [Eq. (4)], we believe that
the reasons for the low and cap-
ricious conversions in the reac-
tion was related to the instabili-
ty of terminal olefin 33 to the
reaction conditions; it was
being siphoned out of the meta-
thesis pathway by undergoing a
competitive non-productive de-
composition. To overcome this
and to improve the overall effi-
ciency of this process, we pro-
posed to employ a Ti alkylidene
(R ¼6 H) rather than a methyli-
dene (R=H). Reaction of an
alkylidene in the “undesired di-
rection” would simply result in
the re-generation of the rela-
tively stable substituted olefin
(i.e., 34). Ultimately the alkyli-
dene would react to give 38 and
cyclic product 37 after its de-
composition to 39 and cycliza-
tion. From a practical perspec-
tive, critical to this proposal
was that the Takai–Utimoto
protocol has been shown to be


amenable to the generation of a variety of alkylidenes
through the use of different dibromoalkanes in its in situ
preparation.[23]


We were very pleased when this hypothesis proved to be
accurate. By subjecting a-TIPS substrate 34 to the Takai–
Utimoto ethylidene reagent that was generated from dibro-
moethane instead of dibromomethane we isolated 43 in
60 % yield. Interesting is that this reaction also led to a sub-
stantial quantity of acyclic enol ether 44 [Eq. (6)].


Acyclic enol ether 44 could be converted into cyclic sub-
strate 43 when subjected to the 2nd generation Grubbs cata-
lyst but only when ethylene was added to the reaction. It


Table 1. Subunit coupling of gambierol A–C precursors 32 and 23 with F–H precursors 30 and 31.


Entry Alcohol Acid Conditions R R’ R’’ Ester Yield [%]


1 30 32 DCC, DMAP Bn b-PMB H 33 0
2 30 32 (COCl)2; NaH Bn b-PMB H 33 0
3 30 32 (COCl)2; Zn Bn b-PMB H 33 0
4 30 32 35 Bn b-PMB H 33 0
5 30 32 A,[a] 12 h Bn b-PMB H 33 30–60
6 30 32 B,[a] 0.5 h Bn b-PMB H 33 35
7 30 32 B,[a] 4 h Bn b-PMB H 33 0
8 30 32 B,[a] 1.3 h Bn b-PMB H 33 92[b]


9 31 23 B,[a] 1.3 h TBDPS a-TIPS CH3 34 90[b]


[a] Condition A: 36 (6 equiv), NEt3 (7.5 equiv), DMAP (7.5 equiv), CH2Cl2 (�20 to �5 8C); condition B: 36
(6 equiv), NEt3 (7.5 equiv), DMAP (7.5 equiv), CH2Cl2 (40 8C). [b] Progress of anhydride formation was moni-
tored by 1H NMR.
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was important that 44 be converted into the corresponding
terminal olefin prior to it undergoing cyclization.[24] Elevat-
ed reaction temperatures were required to avoid the genera-
tion of dihydropyran 45 from isomerization of the olefin
and cyclization. With the ability to transform 44 into 43, our
overall yield for the conversion of ester 34 into heptacycle
43 increased to a respectable 80 % (Table 2).


D-Ring : With the E-ring finally in hand, we turned our at-
tention to the reductive cyclization chemistry to the D-ring.
To this goal, selective oxidation of the cyclic enol ether with
DMDO followed by reduction of the intermediate epoxide
with DIBAL-H gave secondary alcohol 48 as a 10:1 mixture
of diastereomers [Eq. (8)]. We did not anticipate the facial
selectivity in the dioxirane reaction as it is from the side of
the C(21) angular methyl group. This phenomenon seems to
be a general feature of fused oxepenes having a-substitution
as evidenced by our results with the gambierol H-ring and
with bicyclic models from tribenzyl-d-glucal.[25,26]


Oxidation of the secondary alcohol using TPAP gave ke-
tones 49 and 50 as a 10:1 mixture of diastereomers


(Scheme 7). The isomers were separated and the minor
isomer (e.g. 50) was recycled to a 4:1 mixture of isomers by
using imidazole and heat. Other bases (DBU) were much
less effective in this reaction.[10] Following its formation,
ketone 49 was treated with CSA to remove the C(13) TES
group. As was seen previously in our synthesis of the F–H
coupling precursor (see Scheme 6), it was fortuitous that


these conditions also removed
the C(32) TBS group. Gambier-
ol-s octacyclic core was com-
pleted by subjecting the hy-
droxy ketone from 49 to Zn-
(OTf)2 and EtSH. In contrast to
our attempts to generate the E-
ring, this reaction generated a
single O,S-ketal diastereomer
without any degradation of the
H-ring olefin. Undoubtedly, the
more facile cyclization to form
the D-ring is responsible for
this result. Reduction of the
O,S-ketal by using Ph3SnH then
gave the gambierol octacycle in
97 % yield.


It remained to attach the skipped triene side chain and
remove the remaining protecting groups. To this end, we
borrowed heavily from the work of Yamamoto and
Sasaki.[2,27] Oxidation of the primary alcohol was followed
by the conversion of the resulting aldehyde into the corre-


Table 2. Conversion of acyclic enol ether 44 into heptacycle 43.


Entry Conditions Yield [%] (43)


1 9 (20 mol %), PhH, RT to 80 8C 0 (60 % recovered 44)
2 9 (20 mol %), PhCH3, 110 8C 0 (60 % 45)
3 46 (20 mol %), hexanes, 60 8C 0 (80 % recovered 44)
4 9 (20 mol %), PhH, 80 8C, ethylene (1 atm); N2 purge, 9 (20 mol %), 40 8C 30 (40 % 45)
5 9 (20 mol %), PhH, 80 8C, ethylene (1 atm); N2 purge, 9 (20 mol %), 80 8C 65 (20 % 45)


Scheme 6.
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sponding diiodoalkene using a modified Corey–Fuchs addi-
tion reaction (Scheme 8).[28] Stereoselective reduction using
Zn(Cu) couple,[29] global deprotection using SiF4,


[30] and
Stille coupling of the resulting triol with dienyl stannane
53[27] provided (�)-gambierol. The spectroscopic and physi-
cal data for synthetic gambierol was identical to that report-
ed previously. Impressive in this work is that only 12 post-
coupling transformations were required to complete the syn-
thesis from A–C and F–H subunits 23 and 31, respectively.
Overall, our synthesis involved 44 steps (longest linear se-
quence from d-glucal, 69 total steps) and resulted in a 1.5 %
overall yield of gambierol.[31] Using the chemistry described
we were able to generate 7.5 mg of gambierol that we are
currently using in ion channel binding studies.


To conclude, this manuscript has described our total syn-
thesis of the marine ladder toxin gambierol. This work has
described a new subunit coupling strategy to polycyclic
ethers. Critical to the success was the use of a titanium eth-
ylidene in an olefin metathesis, carbonyl–olefination cycliza-
tion reaction. Current investigations include the exploration
of the biological properties of synthetic gambierol and ana-
logues as well as the application of this coupling strategy to
other marine polycyclic ethers.
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Introduction


Heterometallic bismuth oxide based materials have found
widespread applications as catalysts, nontoxic pigments,


oxide ion conductors, superconductors, gas sensors and fer-
roelectric or piezoelectric devices. Among the heterometal-
lic oxides, a variety of combinations such as Bi/Ti/O,[1–3] Bi/
Nb/O,[4] Bi/Sr/Ta/O,[5] Bi/Mo/O,[6,7] Bi/V/O[8,9] and Bi/Fe/O[10]


have been extensively studied. Four polymorphs of the
binary metal oxide Bi2O3 (a, b, g and d phases) have been
reported[11,12] and are of growing interest with respect to the
synthesis of novel nanoscale devices. Initially, it was mainly
the optical and electrical properties of bismuth oxide thin
films that were investigated,[13,14] but recent studies have fo-
cussed on nanoparticles[15] and nanowires.[16] Although
chemical vapour deposition techniques have been used for
the synthesis of homo- and heterometallic bismuth oxide


Abstract: The reaction of the bismuth
silanolates [Bi(OSiR2R’)3] (R = R’ =


Me, Et, iPr; R = Me, R’ = tBu) with
water has been studied. Partial hydro-
lysis gave polynuclear bismuth-oxo
clusters whereas amorphous bismuth-
oxo(hydroxy) silanolates were obtained
when an excess of water was used in
the hydrolysis reaction. The metathesis
reaction of BiCl3 with NaOSiMe3 pro-
vided mixtures of heterobimetallic si-
lanolates. The molecular structures of
[Bi18Na4O20(OSiMe3)18] (2), [Bi33NaO38-
(OSiMe3)24]·3C7H8 (3·3C7H8), [Bi50Na2-
O64(OH)2(OSiMe3)22]·2C7H8·2H2O
(4·2C7H8·2H2O), [Bi4O2(OSiEt3)8] (5),
[Bi9O7(OSiMe3)13]·0.5C7H8 (6·0.5C7H8),
[Bi18O18(OSiMe3)18]·2C7H8 (7·2C7H8)
and [Bi20O18(OSiMe3)24]·3C7H8
(8·3C7H8) are presented and compared
with the solid-state structures of [Bi22-
O26(OSiMe2tBu)14] (9) and b-Bi2O3.
Compound 2 crystallises in the triclinic
space group P1̄ with the lattice con-
stants a = 17.0337(9), b =


19.5750(14), c = 26.6799(16) =, a =


72.691(4), b = 73.113(4) and g =


70.985(4)8 ; compound 3·3C7H8 crystal-
lises in the monoclinic space group P21/
n with the lattice constants a =


20.488(4), b = 22.539(5), c =


26.154(5) = and b = 100.79(3)8 ; com-
pound 4·2C7H8·2H2O crystallises in the
monoclinic space group P21/n with the
lattice constants a = 20.0518(12), b =


24.1010(15), c = 27.4976(14) = and b


= 103.973(3)8 ; compound 5 crystallises
in the monoclinic space group P21/c
with the lattice constants a =


25.256(5), b = 15.372(3), c =


21.306(4) = and b = 113.96(3)8 ; com-
pound 6·0.5C7H8 crystallises in the tri-
clinic space group P1̄ with the lattice
constants a = 15.1916(9), b =


15.2439(13), c = 22.487(5) =, a =


79.686(3), b = 74.540(5) and g =


66.020(4)8 ; compound 7·2C7H8 crystal-


lises in the triclinic space group P1̄
with the lattice constants a =


14.8295(12), b = 16.1523(13), c =


18.4166(17) =, a = 75.960(4), b =


79.112(4) and g = 63.789(4)8 ; and
compound 8·3C7H8 crystallises in the
triclinic space group P1̄ with the lattice
constants a = 17.2915(14), b =


18.383(2), c = 18.4014(18) =, a =


95.120(5), b = 115.995(5) and g =


106.813(5)8. The molecular structures
of the bismuth-rich compounds are re-
lated to the CaF2-type structure. For-
mally, the hexanuclear [Bi6O8]


2+ frag-
ment might be described as the central
building unit, which is composed of bis-
muth atoms placed at the vertices of an
octahedron and oxygen atoms capping
the trigonal faces. Depending on the
reaction conditions and the identity of
R, the thermal decomposition of the
hydrolysis products [BinOl(OH)m-
(OSiR3)3n�(2l�m)] gives a-Bi2O3, b-Bi2O3,
Bi12SiO20 or Bi4Si3O12.


Keywords: bismuth · cluster
compounds · crystal structures ·
metal oxides · silanolates


[a] Dr. M. Mehring, D. Mansfeld, S. Paalasmaa, Dr. M. Sch?rmann
Anorganische Chemie II
Fachbereich Chemie der UniversitAt Dortmund
Otto-Hahn-Str. 6, 44227 Dortmund (Germany)
Fax: (+49)231-755-5048
E-mail : michael.mehring@uni-dortmund.de


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


Chem. Eur. J. 2006, 12, 1767 – 1781 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1767


FULL PAPER







films,[2,14, 17,18] wet chemical approaches towards bismuth-con-
taining materials such as the sol–gel process have found
broader application.[3,9,19,20] The sol–gel process offers sever-
al advantages, such as mild processing temperatures and ag-
gregation of molecular precursors in solution prior to forma-
tion of the final material. This approach gives access to ther-
modynamically stable as well as metastable compounds and
favours the formation of homogeneous products. The high
potential of single-source precursors has motivated several
research groups to investigate the reactivity and the structur-
al chemistry of heterometallic bismuth precursors in order
to obtain more information on how to control the composi-
tion and morphology of the final material at the molecular
level.[4,7,20–26] Following this strategy, simple bismuth alkox-
ides, which have been reported previously but have not at-
tracted considerable interest until recently,[17,25, 27–29] repre-
sent potential starting materials for heterometallic single-
source precursors such as [BiTi2(m3-O)(m3-OiPr)4(OiPr)5].


[30]


Alkoxide ligands at the periphery of the metal-oxo alkox-
ides offer the potential for further aggregation through hy-
drolysis/condensation reactions. However, the hydrolysis
process of metal alkoxides is difficult to control and often
leads to the intimate formation of intractable solids. This is
especially pronounced in the case of heavy main group
metals. Large organic substituents reduce the reactivity, but
often to an extent which reduces the potential application of
these alkoxides as precursors for the sol–gel process. As a
result of steric constraints, polynuclear bismuth-oxo alkox-
ides such as [Bi8(m4-O)2(m3-O)2(m-OC6F5)16]


[23] and [Bi9(m3-
O)7(m3-OR)(OR)12] (R = C6F5, 2,6-C6H3Cl2)


[23,31,32] are
among the largest bismuth-oxo alkoxides reported to date
and the formation of larger aggregates with sterically hin-
dered ligands seems unlikely. Addition of auxiliary ligands is
one strategy towards larger multimetallic compounds such
as [Bi8Ti8(sal)20(m-OiPr)8(OiPr)8] (sal= salicylate),


[24] which
also show a reduced reactivity of the metal alkoxide
bonds.[21] Similarly, replacing alkoxides by silanolate ligands
might be expected to slow down the hydrolysis reaction and
reduce the tendency for aggregation through intermolecular
M···OR bonds to give poorly soluble coordination poly-
mers.[33]


However, reports on bismuth silanolates are restricted to
a few compounds and most studies have focussed on syn-
thetic aspects. Four different synthetic routes have been es-
tablished for bismuth silanolates such as [Bi(OSiR3)3] (R =


Me,[34,35] Et,[35] iPr,[35] Ph,[36] OtBu[37]) and [Bi(OSiR2R’)3] (R
= OtBu, R’ = Ph;[37] R = Me, R’ = tBu;[38] R = Ph, R’ =
tBu[39]) (Scheme 1).
We are interested in the formation process of bismuth


oxide starting from molecular precursors and have initiated
studies on the hydrolysis process of bismuth silanolates. A
thorough understanding of this process might provide infor-
mation on how to control the composition and morphology
of homo- and heterometallic bismuth-containing materials
produced by way of wet chemical processes. Partial hydroly-
sis of [Bi(OSiMe2tBu)3] was reported to give the polynuclear
bismuth-oxo cluster [Bi22O26(OSiMe2tBu)14],


[38] and here we


report an extension of this study on the hydrolysis process
concerning [Bi(OSiR3)3] (R = Me, Et, iPr).[35] Single-crystal
X-ray structure analyses of the bismuth-oxo clusters
[Bi18Na4O20(OSiMe3)18] (2), [Bi33NaO38(OSiMe3)24] (3),
[Bi50Na2O64(OH)2(OSiMe3)22] (4), [Bi4O2(OSiEt3)8] (5),
[Bi9O7(OSiMe3)13] (6), [Bi18O18(OSiMe3)18] (7) and [Bi20O18-
(OSiMe3)24] (8) are reported, and their structural relation-
ships with [Bi22O26(OSiMe2tBu)14] (9)


[38] and b-Bi2O3 are dis-
cussed.


Results


Initially, we tried to synthesise [Bi(OSiMe3)3] by a metathe-
sis reaction starting from MOSiMe3 (M = Li, Na, K) and
BiCl3 according to Equation (4). For M = Li, K, ill-defined
and poorly soluble solids were obtained and for M = Na
heterometallic bismuth-oxo clusters were produced. We
have recently reported that heating a mixture of BiCl3 and
NaOSiMe3 gave the heterometallic bismuth-oxo silanolate
[Bi2Na4O(OSiMe3)8] (1) and Me3SiOSiMe3. In the presence
of air moisture, the heterometallic bismuth-oxo clusters
[Bi10Na5O7(OH)6(OSiMe3)15] and [Bi15Na3O18(OSiMe3)12]
were obtained.[40] It appeared likely that the metathesis reac-
tion at ambient or low temperature and under rigorous ex-
clusion of moisture might give access to [Bi(OSiMe3)3].
However, reaction of BiCl3 with NaOSiMe3 at room temper-
ature also gave Me3SiOSiMe3, which is indicative of the for-
mation of bismuth-oxo clusters. Crystallisation from tolu-
ene/benzene gave a large quantity of highly moisture-sensi-
tive single crystals. The crystalline fraction appeared to be
heterogeneous by visual inspection under a microscope,
which was confirmed by X-ray diffraction analyses of sever-
al single crystals. We identified [Bi2Na4O(OSiMe3)8] (1) as
the major product, and [Bi18Na4O20(OSiMe3)18] (2) and
[Bi33NaO38(OSiMe3)24] (3) as byproducts. Single crystals of
compound 2 were also isolated by crystallisation from pen-
tane. In a similar experiment but with prolonged storage at
0 8C, we observed a mixture composed of compound 1 as
the major product and [Bi50Na2O64(OH)2(OSiMe3)22] (4) as a
minor product (Scheme 2). The identities of both were con-


Scheme 1. The synthetic routes that have been established for bismuth si-
lanolates.
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firmed by single-crystal X-ray diffraction analyses. Appa-
rently, the heterometallic oxo cluster 4 is a hydrolysis prod-
uct of the initially formed compounds. The molecular struc-
tures of compounds 3 and 4 reveal remarkable insight into
the formation process of Bi2O3 and are thus discussed here,
together with the homometallic bismuth-oxo clusters (see
below).
As our attempts to prepare [Bi(OSiMe3)3] from the meta-


thesis route failed, alkoxide-silanol exchange was used to
prepare the homoleptic bismuth silanolates [Bi(OSiR2R’)3]
(R = R’ = Me, Et, iPr; R = Me, R’ = tBu) [Eq. (2)].
It is well known that the hydrolysis of metal silanolates


[M(OSiR3)z]n proceeds by the formation of small aggregates
of metal-oxo(hydroxy) siloxides, which are further linked by
hydrolysis-condensation reactions to give compounds of the
general type [MOx(OH)y(OSiR3)z�y�2x]n.


[33] This was also ob-
served upon hydrolysis of the bismuth compounds [Bi-
(OSiR2R’)3] (R = R’ = Me, Et, iPr; R = Me, R’ = tBu),
as indicated by elemental analyses (C, H) and the IR spectra
of the dried powders [Eq. (5)].


n ½BiðOSiR3Þ3� þ ðl þmÞH2O


! ½BinOlðOHÞmðOSiR3Þ3n�ð2lþmÞ� þ ð2l þmÞR3SiOH
ð5Þ


Thermal decomposition of the hydrolysis products
[BinOl(OH)m(OSiR3)3n�(2l+m)] gave a-Bi2O3, b-Bi2O3,
Bi12SiO20 or Bi4Si3O12, depending on the triorganosilanolate
ligand, the amount of water and the temperature. Thermal
decomposition at 750 8C of [Bi(OSiEt3)3] and [Bi(OSiiPr3)3],
which had been treated with a slight excess of water (l+m
= 20n), gave Bi12SiO20 (JCPDS No. 80-0627). Under the
same conditions, [Bi(OSiMe3)3] gave a mixture of Bi12SiO20
and Bi4Si3O12 (JCPDS No. 76-1726). When the hydrolysis of
[Bi(OSiEt3)3] was carried out with a larger excess of water
and the hydrolysis product was heated in vacuo at 150 8C
prior to the thermolysis at 750 8C, a-Bi2O3 (JCPDS No. 71-
2274) was recovered as the final material. Previously, it was
shown that thermal decomposition of the hydrolysis product
of [Bi(OSiMe2tBu)3] at 350 8C gave b-Bi2O3 and amorphous
SiO2. At higher temperatures, Bi12SiO20 is formed.


[38] In con-
trast to [Bi(OSiEt3)3], [Bi(OSiiPr3)3] and [Bi(OSiMe2tBu)3],
the methyl derivative [Bi(OSiMe3)3] readily decomposes


with elimination of Me3SiOSiMe3 at moderate temperatures
(ca. 80 8C), both in the solid state and in solution.[35] In the
presence of alkali metals, the elimination of hexamethyldi-
siloxane is observed at even lower temperatures.
Attempts to hydrolyse bismuth silanolates by addition of


water or by slow evaporation of the solvent under constant
humidity (15, 32 and 45%) gave amorphous solids. Howev-
er, exposing the bismuth silanolate solutions to air moisture
and crystallising at 4 8C or slowly evaporating the solvent
gave single crystals of [Bi4O2(OSiEt3)8] (5), [Bi9O7-
(OSiMe3)13] (6), [Bi18O18(OSiMe3)18] (7), [Bi20O18(OSiMe3)24]
(8) and the previously described [Bi22O26(OSiMe2tBu)14] (9)
(Scheme 3).[38] Hydrolysis may be initiated by either passing


a stream of moist air or nitrogen above the solution or by
opening the reaction vessel for a short period of time. It is
noteworthy that for successful crystallisation of compound 9
the reaction vessel could be fitted with a perforated stopper
to allow slow evaporation of the solvent, whereas in the
case of compounds 5–8 the reaction vessel had to be closed
to avoid formation of amorphous solids. The IR spectra of
both the crystalline and amorphous solids provide only lim-
ited information. However, the IR spectra of the amorphous
materials do not correspond to those of the crystalline mate-
rials (Figures S1 and S2 in the Supporting Information) and
elemental analyses indicate a higher degree of hydrolysis for
the amorphous solids (carbon content <8%).
The tetranuclear compound 5 (yield 15%) and the nona-


nuclear compound 6 (yield >90%) were obtained from
highly concentrated solutions in toluene, and in the case of
the silanolate 5 even from neat liquid [Bi(OSiEt3)3]. The
low isolated yield of compound 5 is a result of its high solu-
bility in all common organic solvents. The high-nuclearity
bismuth-oxo clusters 7 and 8 were obtained from dilute solu-
tions in toluene by fractional crystallisation. Notably, after a
first batch of single crystals of 8 had been isolated (yield
11%), a second crop of crystals was obtained. This crystal-


Scheme 2. The synthetic route used to obtain compounds 1–4.


Scheme 3. Crystalline products obtained upon partial hydrolysis of bis-
muth tris(trialkylsilanolates). Isolated yields are given in brackets.
[a] The low isolated yield results from the high solubility of this com-
pound.
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line material was found to be composed of both the octade-
canuclear metal-oxo cluster 7 and the eicosanuclear metal-
oxo cluster 8, as shown by single-crystal X-ray diffraction
analysis. When this mixture was kept in toluene for several
weeks, compound 8 slowly dissolved and compound 7 was
exclusively obtained (yield 8%). Apparently, compounds 7
and 8 are in equilibrium and this equilibrium is shifted in
favour of 7 either as a result of its low solubility or its
higher thermodynamic stability. The 29Si NMR spectrum of
the supernatant solution shows a major signal at d =


7.4 ppm attributable to Me3SiOSiMe3 and signals of lesser
intensity at d = 6.9, 7.2 and 7.9 ppm. At present, we cannot
assign the bismuth-containing species present in solution.
NMR studies on the bismuth-oxo clusters are hampered by
their poor solubility as well as their moisture sensitivity, and
provide little structural information. For example, the 1H
NMR spectra of compounds 6 and 8 in [D8]toluene show
one single broad signal centred at d = 0.16 and 0.29 ppm,
respectively.


Molecular structures


[Bi18Na4(m3-O)4(m4-O)15(m5-O)(m-OSiMe3)6(m3-OSiMe3)12]
(2): The heterobimetallic silanolate [Bi18Na4O20(OSiMe3)18]
(2) crystallises from both pentane and toluene as solvate in
the space group P1̄ with two formula units per unit cell.
Crystallographic data for the toluene solvate are given in
Table 1, its molecular structure is shown in Figure 1, and se-
lected bond lengths and bond angles are listed in the figure
caption. The molecular structure is composed of 18 bismuth
atoms and four sodium atoms, with the metal atoms showing
a variety of coordination environments and a broad range of
metal–oxygen bond lengths. Two five-coordinated sodium


Table 1. Crystallographic data for [Bi18Na4O20(OSiMe3)18] (2), [Bi33NaO38(OSiMe3)24]·3C7H8 (3·3C7H8), [Bi50Na2O64(OH)2(OSiMe3)22]·2C7H8·2H2O
(4·2C7H8·2H2O) and [Bi4O2(OSiEt3)8] (5).


2 3·3C7H8 4·2C7H8·2H2O 5


empirical formula C54H162Bi18Na4O38Si18 C72H216Bi33NaO62Si24·3C7H8 C66H198Bi50Na2O88Si22·2C7H8·2H2O C48H120Bi4O10Si8
formula weight 5779.06 9944.34 13715.49 1918.08
temperature [K] 173 143 143 173
crystal system triclinic monoclinic monoclinic monoclinic
space group P1̄ P21/n P21/n P21/c
a [=] 17.0337(9) 20.488(4) 20.0518(12) 25.256(5)
b [=] 19.5750(14) 22.539(5) 24.1010(15) 15.372(3)
c [=] 26.6799(16) 26.154(5) 27.4976(14) 21.306(4)
a [8] 72.691(4)
b [8] 73.113(4) 100.79(3) 103.973(3) 113.96(3)
g [8] 70.985(4)
volume [=3] 7842.9(8) 11864(4) 12896(1) 7559(3)
Z 2 2 2 4
1calcd [gcm


�3] 2.447 2.784 3.532 1.685
absorption coefficient [mm�1] 20.309 24.548 34.136 9.453
crystal size [mm] 0.13O0.13O0.03 0.13O0.03O0.03 0.12O0.12O0.02 0.35O0.15O0.10
q range for data collection [8] 2.92 to 25.37 2.93 to 25.38 2.91 to 25.00 2.94 to 25.07
reflections collected 82794 126243 93902 73572
reflections unique 28558 21400 22595 13347


[Rint = 0.079] [Rint = 0.088] [Rint = 0.085] [Rint = 0.107]
R [I>2s(I)] 0.0475 0.0478 0.0761 0.0785
wR2 (all data) 0.0899 0.0995 0.1652 0.2122
largest diff. peak/hole [e=�3] 3.209/�1.933 1.443/�1.361 3.850/�2.421 7.434/�1.669


Figure 1. Molecular structure of [Bi18Na4(m3-O)4(m4-O)15(m5-O)(m-
OSiMe3)6(m3-OSiMe3)12] (2). Selected bond lengths [=] depending on the
coordination number (CN) at the bismuth atoms and bond angles [8]:
Bi�O (CN = [3+2], Bi9–Bi11, Bi13) 2.048(9)–2.227(8), 2.417(1)–
2.563(9); Bi–O (CN = [3+3], Bi3, Bi7, Bi16) 2.089(8)–2.221(9),
2.526(9)–3.198(10); Bi�O (CN = 4, Bi12) 2.049(9)–2.308(8); Bi�O (CN
= [4+1], Bi8, Bi14, Bi15) 2.035(8)–2.372(10), 2.759(9)–3.278(10); Bi�O
(CN = [4+2], Bi5) 2.063(8)–2.415(8), 2.879(8)–2.947(8); Bi�O (CN = 5,
Bi17, Bi18) 2.132(9)–2.495(9); Bi�O (CN = [5+1], Bi1, Bi4, Bi6)
2.127(8)–2.482(10), 2.809(8)–3.185(10); Bi�O (CN = [5+2], Bi2)
2.111(8)–2.437(8), 2.991(9)–3.006(9); Na�O 2.123(10)–3.455(10) (av
2.550); Bi-m3-O-Bi 100.4(4)–147.2(4) (av 118.3); Bi-m4-O-Bi 86.3(3)–
136.7(4) (av 107.8); Bi-m4-O-M (M = Na, Bi; 3OBi, 1ONa) 75.0(3)–
141.2(5) (av 106.4); M-m4-O-M (M = Na, Bi; 2OBi, 2ONa) 84.5(3)–
131.1(4) (av 109.0); trans-Na-m5-O-Na 147.8(4), cis-M-m5-O-M 67.3(3)–
131.0(4) (M = Na, Bi).
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atoms, Na2 and Na3, with Na–O distances in the range
2.32(1)–3.15(1) = are found at the periphery of the metal-
oxo cluster. The sodium atoms Na4 and Na1 show eight-
and ninefold coordination, respectively, with Na–O distances
in the range 2.12(1)–3.46(1) =. The sodium atoms do not
show any preferred coordination geometry, whereas strongly
distorted but distinct coordination polyhedra can be as-
signed to the bismuth atoms. The distortions may be as-
signed to the stereochemical activity of the lone pair at the
bismuth atoms. The coordination polyhedra are best de-
scribed as oxygen-capped pseudo-tetrahedra with [3+2]-
(Bi9–Bi11, Bi13) and [3+3]-coordination (Bi3, Bi7, Bi16), as
regular and oxygen-capped pseudo-trigonal bipyramids with
4- (Bi12), [4+1]- (Bi8, Bi14, Bi15) and [4+2]-coordination
(Bi5), and as regular and oxygen-capped pseudo-octahedra
with 5- (Bi17, Bi18), [5+1]- (Bi1, Bi4, Bi6) and [5+2]-coor-
dination (Bi2). The Bi–O distances are found in the broad
range 2.035(8)–3.28(1) =, with the primary bonds showing
an upper limit of approximately 2.20 = for pseudo-tetrahe-
dral coordination and approximately 2.50 = in the case of
pseudo-trigonal bipyramidal and pseudo-octahedral coordi-
nation. The metal-oxo core of cluster 2 is composed of four
m3-oxo ligands connected to three bismuth atoms, ten m4-oxo
ligands connected to three bismuth atoms and a sodium
atom, four m4-oxo ligands connected to two bismuth and two
sodium atoms, one m4-oxo ligand connected to four bismuth
atoms and one m5-oxo ligand connected to two bismuth and
three sodium atoms. Most remarkably, coordination of three
bismuth atoms to the m3-oxo and m4-oxo ligands results in a
nearly planar trinuclear [Bi3O] moiety, regardless of the
bridging mode of the ligand. A nearly tetrahedral m4-oxo
ligand is observed if two sodium atoms and two bismuth
atoms are involved in the metal–oxygen coordination. The
heterometallic oxo core of 2 is embedded in a hydrophobic
shell composed of six m-OSiMe3 and 12 m3-OSiMe3 ligands,
which show average M�O bond lengths of 2.48 and 2.63 =,
respectively.


[Bi4(m3-O)2(m-OSiEt3)6(OSiEt3)2] (5): The bismuth-oxo sila-
nolate [Bi4O2(OSiEt3)8] (5) is highly soluble in common or-
ganic solvents such as toluene, benzene, CH2Cl2, THF and
pentane. Single crystals of 5 were obtained from a concen-
trated solution of [Bi(OSiEt3)3] in toluene as well as from
neat [Bi(OSiEt3)3]. Compound 5 crystallises in the space
group P21/c with four formula units in the unit cell. Two
crystallographically independent molecules are observed in
the crystal lattice, which do not show marked differences in
their bond lengths and angles. Thus, only one molecule is
discussed in more detail. Crystallographic data are given in
Table 1, its molecular structure is shown in Figure 2, and se-
lected bond lengths and angles are listed in the figure cap-
tion. The molecular structure of [Bi4(m3-O)2(m-OSiEt3)6-
(OSiEt3)2] (5) is best described as being composed of the
subunit [Bi2(m3-O)2(OSiEt3)2] coordinated by two [Bi-
(OSiEt3)3] molecules. This description is consistent with the
dynamic behaviour of compound 5 in solution, which is indi-
cated by one set of resonances for the ethyl groups in the


1H NMR spectrum. The bismuth atoms Bi1 and Bi2 in com-
pound 5 are both five-coordinate, but show different coordi-
nation polyhedra (Figure 3). An oxygen-capped pseudo-tet-


rahedron with [3+2]-coordination is assigned to Bi1, with
primary Bi�O bonds Bi1–O1 2.07(2), Bi1–O3 2.14(1) and
Bi1–O5 2.05(1) =, and secondary bonds Bi1–O2 2.61(1) and
Bi1–O4 3.10(2) =. An oxygen-capped pseudo-trigonal bipyr-
amid with [4+1]-coordination is assigned to Bi2, with pri-
mary Bi�O bonds Bi2–O2 2.19(1), Bi2–O4 2.10(2), Bi2–O5
2.13(1), Bi2–O5A 2.36(1) =, and a secondary bond Bi2–
O3A 3.05(1) =.


Figure 2. Molecular structure of [Bi4(m3-O)2(m-OSiEt3)6(OSiEt3)2] (5)
showing 30% displacement ellipsoids for bismuth, silicon and oxygen
atoms and the atom numbering scheme. The carbon atoms are represent-
ed by open circles and hydrogen atoms are omitted for clarity. Only one
of the two crystallographically independent molecules present in the unit
cell is shown. Selected bond lengths [=] and bond angles [8]: Bi1�O1
2.07(2), Bi1�O2 2.61(1), Bi1�O3 2.14(1), Bi1�O4 3.10(2), Bi1�O5
2.05(1), Bi2�O2 2.19(1), Bi2�O4 2.10(2), Bi2�O5 2.13(1), Bi2�O3A
3.05(1), Bi2�O5A 2.36(1); O1-Bi1-O2 103.4(6), O1-Bi1-O3 93.6(6), O1-
Bi1-O4 154.5(6), O1-Bi1-O5 92.3(6), O2-Bi1-O3 146.1(4), O2-Bi1-O4
59.6(4), O2-Bi1-O5 69.0(4), O3-Bi1-O4 93.4(5), O3-Bi1-O5 81.4(5), O4-
Bi1-O5 64.7(4), O2-Bi2-O4 83.9(5), O2-Bi2-O5 76.8(5), O2-Bi2-O3A
144.2(4), O2-Bi2-O5A 149.1(4), O4-Bi2-O5 86.4(6), O4-Bi2-O3A
129.5(5), O4-Bi2-O5A 86.1(5), O5-Bi2-O3A 113.1(4), O5-Bi2-O5A
73.4(4), O3A-Bi2-O5A 59.0(4).


Figure 3. Coordination polyhedra observed for the bismuth atoms in [Bi4-
(m3-O)2(m-OSiEt3)6(OSiEt3)2] (5).
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[Bi9(m3-O)4(m4-O)3(m-OSiMe3)12-
(m3-OSiMe3)] (6): After expo-
sure of a concentrated solution
of [Bi(OSiMe3)3] in toluene to
air moisture, single crystals of
[Bi9(m3-O)4(m4-O)3(m-OSiMe3)12-
(m3-OSiMe3)] (6) were ob-
tained at 4 8C. The compound
crystallises in the space group
P1̄ with two formula units in
the unit cell. Crystallographic
data of compound 6 are given
in Table 2, its molecular struc-
ture is shown in Figure 4, and
selected bond lengths and
angles are listed in the figure
caption. The molecular struc-
ture of the bismuth-oxo silano-
late 6 is composed of nine bis-
muth atoms showing a variety
of BiOn coordination poly-
hedra (see below), and four m3-
oxo and three m4-oxo ligands.
One m3-OSiMe3 and 12
m-OSiMe3 ligands are found at the periphery of the metal-
oxo cluster. The stereochemical activity of the lone pair at
the bismuth atoms is indicated by the strongly distorted co-
ordination polyhedra, which are best described as oxygen-
capped pseudo-tetrahedra with [3+2]-coordination for Bi7,
Bi8 and Bi9, as oxygen-capped pseudo-trigonal bipyramids
with [4+1]-coordination for Bi4, [4+2]-coordination for Bi1
and Bi2 and as oxygen-capped pseudo-octahedra with
[5+1]-coordination for Bi3, Bi5 and Bi6. The Bi–O distances
are found to be in the range 2.08–3.00 =, with the primary
bonds showing an upper limit of approximately 2.20 = for
[3+2]-coordination and 2.60 = for [4+1]- and [5+1]-coordi-
nation. However, it is difficult to distinguish between [3+2]-
coordination and distorted pseudo-trigonal bipyramidal co-
ordination. Formally, the metal-oxo cluster 6 can be divided
into a cationic [Bi6O8]


2+ fragment (A), an Me3Si cation and
three anionic [Bi(OSiMe3)4]


� units coordinated to the cen-
tral metal-oxo core A (Figure 5). The hexanuclear unit A is
the most common structural motif reported for bismuth-oxo
compounds and is realised in bismuth-oxo(hydroxy) ni-
trates,[41] bismuth-oxo(hydroxy) perchlorates,[42] bismuth-oxo
alkoxides,[23,31,32] and bismuth-oxo carboxylates.[43,44]


[Bi18(m3-O)12(m4-O)6(m-OSiMe3)10(m3-OSiMe3)6(OSiMe3)2]
(7) and [Bi20(m3-O)10(m4-O)8(m-OSiMe3)16(m3-OSiMe3)4-
(OSiMe3)4] (8): Single crystals of [Bi18(m3-O)12(m4-O)6(m-
OSiMe3)10(m3-OSiMe3)6(OSiMe3)2] (7) and [Bi20(m3-O)10(m4-
O)8(m-OSiMe3)16(m3-OSiMe3)4(OSiMe3)4] (8) were obtained
as toluene solvates from a dilute solution of [Bi(OSiMe3)3]
in toluene at 4 8C that had been exposed to air moisture.
Compounds 7 and 8 both crystallise in the space group P1̄
with one formula unit per unit cell. Crystallographic data of
compounds 7 and 8 are given in Table 2, the molecular


structures are shown in Figures 6 and 7, and selected bond
lengths and angles are listed in the figure captions.


Table 2. Crystallographic data for [Bi9O7(OSiMe3)13]·0.5C7H8 (6·0.5C7H8), [Bi18O18(OSiMe3)18]·2C7H8
(7·2C7H8) and [Bi20O18(OSiMe3)24]·3C7H8 (8·3C7H8).


6·0.5C7H8 7·2C7H8 8·3C7H8


empirical formula C39H117Bi9O20Si13·0.5C7H8 C54H162Bi18O36Si18·2C7H8 C72H216Bi20O42Si24·3C7H8
formula weight 3198.38 5839.36 6884.61
temperature [K] 143 143 173
crystal system triclinic triclinic triclinic
space group P1̄ P1̄ P1̄
a [=] 15.1916(9) 14.8295(12) 17.2915(14)
b [=] 15.2439(13) 16.1523(13) 18.383(2)
c [=] 22.487(5) 18.4166(17) 18.4014(18)
a [8] 79.686(3) 75.960(4) 95.120(5)
b [8] 74.540(5) 79.112(4) 115.995(5)
g [8] 66.020(4) 63.789(4) 106.813(5)
volume [=3] 4571(1) 3822.5(6) 4171.6(8)
Z 2 1 1
1calcd [gcm


�3] 2.324 2.537 2.347
absorption coefficient [mm�1] 17.477 20.825 18.187
crystal size [mm] 0.25O0.10O0.04 0.18O0.13O0.05 0.08O0.05O0.03
q range for data collection [8] 2.93 to 27.50 2.91 to 27.48 2.92 to 27.50
reflections collected 87444 51518 79183
reflections unique 20928 17451 22203


[Rint = 0.119] [Rint = 0.049] [Rint = 0.056]
R [I>2s(I)] 0.0385 0.0359 0.0341
wR2 (all data) 0.0711 0.0666 0.0619
largest diff. peak/hole [e=�3] 2.002/�2.455 1.506/�1.429 1.718/�1.214


Figure 4. Molecular structure of [Bi9(m3-O)4(m4-O)3(m-OSiMe3)12(m3-
OSiMe3)] (6) showing 30% displacement ellipsoids and the atom num-
bering scheme. Hydrogen atoms are omitted for clarity. Selected bond
lengths [=] depending on the coordination number (CN) at the bismuth
atom and bond angles [8]: Bi�O (CN = [3+2], Bi7–Bi9) 2.082(6)–
2.196(6), 2.329(6)–2.583(7); Bi�O (CN = [4+1], Bi4) 2.088(6)–2.373(7),
2.789(8); Bi�O (CN = [4+2], Bi1, Bi2) 2.137(6)–2.392(6), 2.751(6)–
2.950(7); Bi�O (CN = [5+1], Bi3, Bi5, Bi6) 2.151(6)–2.374(6), 2.717(6)–
2.999(7); Bi-m-OSiMe3-Bi 88.6(2)–99.2(2) (av 95.1); Bi-m3-OSiMe3-Bi
86.9(2), 92.6(2), 94.9(2) (av 91.5); Bi-m3-O-Bi 106.7(3)–131.7(3) (av
115.6); Bi-m4-O-Bi 100.1(2)–123.0(3) (av 109.2).
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The molecular structure of the metal-oxo cluster 7 is com-
posed of 18 bismuth atoms, 12 m3-oxo and six m4-oxo ligands
within the metal-oxo core, and ten m-OSiMe3, six m3-OSiMe3
and two terminal OSiMe3 ligands at the periphery of the
metal-oxo cluster. Strongly distorted coordination polyhedra
at the bismuth atoms are observed. Oxygen-capped pseudo-
tetrahedra with [3+1]-coordination are assigned to Bi3, with
[3+2]-coordination to Bi4 and Bi9, and with [3+3]-coordina-
tion to Bi1, Bi2 and Bi5. The primary Bi�O bonds are ob-
served in the range 2.028(6)–2.273(5) = and the secondary


bonds are in the range 2.415(6)–3.324(6) =. The coordina-
tion at Bi7 is best described as oxygen-capped pseudo-trigo-
nal-bipyramidal with bond lengths of 2.071(6)–2.330(5) =
and 2.864(6) =. Oxygen-capped pseudo-octahedra with
[5+1]-coordination are observed for Bi6 and Bi8.
The molecular structure of compound 8 comprises 20 bis-


muth atoms, ten m3-oxo and eight m4-oxo ligands within the
metal-oxo core, and 16 m-OSiMe3, four m3-OSiMe3 and four
terminal OSiMe3 ligands at the periphery. The following bis-
muth–oxygen coordination polyhedra are found: monocap-
ped pseudo-tetrahedra for Bi1, Bi4, Bi9 and Bi10, bicapped
pseudo-tetrahedra for Bi2 and Bi3, a monocapped pseudo-
trigonal bipyramid for Bi7, and monocapped pseudo-octahe-
dra for Bi6 and Bi8. The bismuth–oxygen distances are in
the same range as those observed for the metal-oxo cluster
7.
The most striking common feature of the two bismuth-


oxo clusters 7 and 8 is the substructure [Bi16O18(OSiMe3)12]
(B), which is based on four
edge-sharing octahedral {Bi6}
units of type A (Figure 8). In
unit B, the trigonal faces of the
{Bi6} units are capped by oxo
and OSiMe3 ligands. Two
OSiMe3 ligands in compound 8
were formally assigned as ter-
minal ligands, but show weak
Bi–O interactions with bond
lengths of 3.739 and 3.685 = to
bismuth atoms placed on a
trigonal face of a {Bi6} unit.
The molecular structures of
the bismuth-oxo clusters 7 and
8 can be derived from [Bi16O18-
(OSiMe3)12] (B) by adding two
and four [Bi(OSiMe3)3] mole-
cules, respectively. Slightly dif-
ferent structural arrangements
of the oxo and OSiMe3 ligands
are observed for compounds 7
and 8, but with only minor per-
turbation of the {Bi6} units A
(Figure 8). The bismuth silano-
late fragments at the periphery
of the bismuth-oxo clusters
might be formulated as [Bi-
(OSiMe3)4]


� anions, which are
coordinated to an oxo ligand of unit B. The geometry at
these bismuth atoms (7, Bi9; 8, Bi9, Bi10) is best described
as [3+2]-coordination. In both compounds, the bismuth
atom Bi9 exhibits a short Bi–O distance to the oxo ligand of
unit B (7, Bi9–O9 2.113(5) =; 8, Bi9–O16 2.090(5) =). In
contrast, the Bi–O distance of Bi10 to the oxo ligand of the
central metal-oxo core in compound 8 is larger and amounts
to 2.638(5) = (Figure 7). Furthermore, Bi9 in compounds 7
and 8 is linked to unit B by four m-OSiMe3 ligands, whereas
Bi10 is coordinated to three m-OSiMe3 ligands. Thus, in com-


Figure 5. View of the central hexanuclear motif [Bi6O8]
2+ (A) (oxygen-


capped red octahedron) in [Bi9(m3-O)4(m4-O)3(m-OSiMe3)12(m3-OSiMe3)]
(6). Carbon atoms are omitted for clarity.


Figure 6. Molecular structure of [Bi18(m3-O)12(m4-O)6(m-OSiMe3)10(m3-OSiMe3)6(OSiMe3)2] (7). Selected bond
lengths [=] depending on the coordination number (CN) at the bismuth atoms and bond angles [8]: Bi�O (CN
= [3+1], Bi3) 2.028(6)–2.127(7), 2.501(6); Bi�O (CN = [3+2], Bi4, Bi9) 2.050(5)–2.193(6), 2.415(6)–2.683(6);
Bi�O (CN = [3+3], Bi1, Bi2, Bi5) 2.077(6)–2.273(5), 2.433(5)–3.324(6); Bi�O (CN = [4+1], Bi7) 2.071(6)–
2.330(5), 2.864(6); Bi�O (CN = [5+1], Bi6, Bi8) 2.0915–2.496(6), 2.944(6)–3.172(6); Bi-m-OSiMe3-Bi 88.8(2)–
101.8(2) (av 95.3); Bi-m3-OSiMe3-Bi 78.1(2)–93.8(2) (av 90.6); Bi-m3-O-Bi 102.6(2)–135.2(3) (av 117.5); Bi-m4-
O-Bi 90.0(2)–125.1(2) (av 108.8).
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pound 8 dissociation of [Bi(OSiMe3)3] in solution is most
likely to occur first at the site of Bi10 coordination. The
structural features discussed here support the hypothesis
that compounds 7 and 8 are in equilibrium (see results),


probably together with [Bi-
(OSiMe3)3]. This aspect will be
addressed in more detail in
future work.


[Bi33Na(m3-O)10(m4-O)26(m6-O)2-
(m-OSiMe3)12(m3-OSiMe3)12]
(3): The heterobimetallic sila-
nolate [Bi32(Bi0.5/Na0.5)2(m3-O)10-
(m4-O)26(m6-O)2(m-OSiMe3)12(m3-
OSiMe3)12] (3) crystallises
from toluene in the space
group P21/n with two formula
units per unit cell. Crystallo-
graphic data are given in
Table 1, its molecular structure
is shown in Figure 9, and se-
lected bond lengths and angles
are listed in the figure caption.
The molecular structure of the
heterobimetallic compound 3
is composed of 33 bismuth
atoms and one sodium atom.
The sodium atom and one bis-
muth atom (M17, M = Bi,
Na) are disordered and occupy
the same position with an oc-
cupancy of 50% for each
metal. In total, 17 crystallo-
graphically independent posi-
tions are observed for the
metal atoms as a result of a
centre of inversion. The metal-
oxo core of compound 3 is
composed of 38 oxo and 24
OSiMe3 ligands. The latter are
placed at the periphery of the
cluster and half of the OSiMe3
ligands are m- and the other
half m3-bridging. In addition to
the ten m3-oxo and 26 m4-oxo li-
gands, two m6-oxo ligands are
observed. The existence of m6-
oxo ligands is attributed to the
presence of sodium atoms and
has been reported previously
for heterobimetallic sodium–
bismuth-oxo clusters.[26,40, 45]


As has been noted for other
bismuth-oxo clusters, a variety
of coordination geometries for
the bismuth atoms are ob-
served in compound 3, includ-


ing coordination numbers of [3+1], [3+2], [3+3], [4+1],
[4+2], [4+3], 5, [5+2], [6+2] and 9. This demonstrates the
variable and rich coordination chemistry of the bismuth
atom, which often makes structure prediction for bismuth-


Figure 7. Molecular structure of [Bi20(m3-O)10(m4-O)8(m-OSiMe3)16(m3-OSiMe3)4(OSiMe3)4] (8). Selected bond
lengths [=] depending on the coordination number (CN) at the bismuth atoms and bond angles [8]: Bi�O (CN
= [3+2], Bi1, Bi4, Bi9, Bi10) 2.067(5)–2.209(5), 2.448(5)–3.125(6); Bi�O (CN = [3+3], Bi2, Bi3) 2.085(5)–
2.211(6), 2.528(5)–2.900(6); Bi�O (CN = [4+1], Bi7) 2.083(5)–2.300(6), 2.881(6); Bi�O (CN = [5+1], Bi5,
Bi6, Bi8) 2.081(5)–2.569(5), 2.968(6)–3.137(6); Bi-m-OSiMe3-Bi 89.3(2)–102.9(2) (av 97.5); Bi-m3-OSiMe3-Bi
90.0(2)–95.6(2) (av 93.1); Bi-m3-O-Bi 105.8(2)–131.0(3) (av 117.6); Bi-m4-O-Bi 88.2(2)–133.3(3) (av 108.8).


Figure 8. Views of the metal-oxo frameworks of [Bi18(m3-O)12(m4-O)6(m-OSiMe3)10(m3-OSiMe3)6(OSiMe3)2] (7,
left) and [Bi20(m3-O)10(m4-O)8(m-OSiMe3)16(m3-OSiMe3)4(OSiMe3)4] (8, right). The octahedral {Bi6} units A
which constitute the substructure [Bi16O18(OSiMe3)12] (B) are highlighted in red. Carbon atoms are omitted.
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containing complexes a difficult task. Most remarkably, the
metal-oxo cluster 3 is composed of ten edge-sharing {Bi6}


units of type A (with partial
substitution by Na atoms). Two
sets of five {Bi6} units can be
distinguished, which define two
layers. In Figure 10, one set is
highlighted in blue and the
other in red. The {Bi6} units (A)
are connected through the
edges of the octahedra.
The disordered sodium atom


is found in two symmetry-
equivalent positions, which are
shared by six {Bi6} units. Clear-
ly, the partial exchange of bis-
muth by sodium atoms does not
significantly influence the basic
structural motif based on edge-
sharing {Bi6} units (A), but re-
sults in changes in the oxygen
sublattice. In compounds 6–8,
the octahedral voids of the {Bi6}
units (A) are not occupied by
oxygen atoms, whereas in com-
pound 3 a total of four {Bi6}
units (A) show inclusion of
oxygen atoms (Figure 10). No-
tably, [Bi2Na4O(OSiMe3)8] (1)
is also based on an octahedral
{M6} unit (M = Bi, Na), with
an oxygen atom occupying the
octahedral void inside the
metal-oxo cluster.[40]


[Bi50Na2(m3-O)18(m4-O)46(m3-OH)2-
(m3-OSiMe3)4(m-OSiMe3)18] (4):
The heterobimetallic silanolate
[Bi50Na2O64(OH)2(OSiMe3)22]


(4) crystallises from toluene in the space group P21/n with
two formula units per unit cell. Crystallographic data are
given in Table 1, its molecular structure is shown in
Figure 11, and selected bond lengths and angles are listed in
the figure caption. Compound 4 is obtained as a minor prod-
uct accompanying the formation of [Bi2Na4O(OSiMe3)8] (1).
Its identity was unambiguously established by single-crystal
X-ray diffraction analyses of five crystals. The molecular
structure of the heterobimetallic silanolate 4 is composed of
two sodium atoms and 50 bismuth atoms showing a variety
of coordination geometries. The predominant coordination
is based on the pseudo-tetrahedron, with Bi–O distances in
the range 1.9–2.5 =. These primary bonds are accompanied
by a maximum of six secondary bonds with distances in the
range 2.7–3.4 =. Notably, six bismuth atoms show a coordi-
nation geometry that is best described as pseudo-pentago-
nal-bipyramidal (Bi–O 2.05(2)–2.77(2) =). This coordination
polyhedron was not noticed in any of the other bismuth-oxo
clusters. The oxygen sublattice is composed of 18 m3- and 46
m4-oxo ligands. In addition, two m3-OH ligands are located at


Figure 9. Molecular structure of [Bi32(Bi0.5/Na0.5)2(m3-O)10(m4-O)26(m6-O)2(m-OSiMe3)12(m3-OSiMe3)12] (3). Select-
ed bond lengths [=] depending on the coordination number (CN) at the bismuth atoms and bond angles [8]:
Bi�O (CN = [3+1], Bi8) 2.03(1)–2.17(1), 2.52(1); Bi�O (CN = [3+2], Bi11, Bi16) 2.02(1)–2.19(1), 2.52(1)–
2.93(1); Bi�O (CN = [3+3], Bi9) 2.12(1)–2.160(9), 2.48(1)–3.19(1); Bi�O (CN = [4+1], Bi10, Bi12) 2.04(1)–
2.40(1), 2.97(1)–3.19(1); Bi�O (CN = [4+2], Bi3, Bi4, Bi14) 2.06(1)–2.445(9), 2.97(1)–3.06(1); Bi�O (CN =


[4+3], Bi5) 2.10(1)–2.37(1), 2.75(1)–3.32(1); Bi�O (CN = 5, Bi2, Bi13, Bi15) 2.07(1)–2.49(1); Bi�O (CN =


[5+2], Bi6) 2.13(1)–2.62(1), 2.94(1)–3.04(1); Bi�O (CN = [6+2], Bi7) 2.08(1)–2.48(1), 3.30(1)–3.43(1); M�O
(CN = 7, Bi/Na17) 2.37(1)–2.66(1); Bi�O (CN = 9, Bi1) 2.22(1)–3.38(1); Bi-m-OSiMe3-Bi 87.8(4)–100.0(5)
(av 93.0); Bi-m3-OSiMe3-Bi 68.0(4)–99.0(5) (av 85.0); Bi-m3-O-Bi 103.1(4)–131.2(5) (av 117.9); Bi-m4-O-Bi
85.6(4)–151.0(5) (av 108.7); M-m4-O-M (M = Na, Bi) 84.9(4)–137.7(5) (av 108.1).


Figure 10. View of the basic structural motif in [Bi32(Bi0.5/Na0.5)2(m3-O)10-
(m4-O)26(m6-O)2(m-OSiMe3)12(m3-OSiMe3)12] (3). The octahedral {Bi6} units
A are highlighted in red and in blue. Carbon atoms are omitted.
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the periphery of the bismuth-oxo cluster. A short O(38)–
O(42) bond length of 2.49(2) = is indicative of strong hydro-
gen bonding between the hydroxy group and a silanolate
ligand. The moisture sensitivity of the compound might be
explained by the insufficient shielding of the cluster by a
total of only 22 OSiMe3 ligands. The metal-oxo core of com-
pound 4 is composed of 20 edge-sharing {Bi6} units of type
A, which are highlighted in red and blue in Figure 12. Most


of the octahedral voids are empty, with exceptions occurring
mainly at the periphery of the metal-oxo cluster. Some of
the oxo ligands, which would be expected to be placed on
the trigonal faces of the {Bi6} units (A), are shifted slightly
towards the centre of the octahedron.


Discussion


We have analysed the molecular structures of eight novel
homo- and heterometallic bismuth-oxo silanolates, which
provide information on the growth process of bismuth-oxo
clusters. The molecular structures of the bismuth-rich het-
erometallic compounds 3 and 4 are closely related to those
obtained for the bismuth-oxo clusters 5–9. In contrast, the
sodium-rich compound [Bi18Na4O20(OSiMe3)18] (2), as well
as the recently reported sodium–bismuth-oxo silanolates
[Bi10Na5O7(OH)6(OSiMe3)15] and [Bi15Na3O18(OSiMe3)12],


[40]


show only a limited structural relationship with compounds
5–9. This might be attributed to the preferred formation of
[Bi3(m3-O)] units in bismuth-rich metal-oxo clusters, which is
essential for the formation of {Bi6} moieties of type A (see
below). Substitution of bismuth atoms by sodium atoms par-
tially disrupts this preferred coordination motif as a result of
the nondirected coordination bonds to sodium.
The synthesis of homoleptic bismuth silanolates of the


general type [Bi(OSiR3)3] by a metathesis reaction starting
from BiCl3 and NaOSiR3 has been reported for bulky organ-
ic groups R such as OtBu.[37] It has been shown that hetero-
bimetallic sodium–bismuth-oxo clusters and Me3SiOSiMe3
are obtained with NaOSiMe3. In contrast, [Bi(OtBu)3] is ac-
cessible by metathesis reaction.[28]


Homoleptic bismuth silanolates are extremely moisture-
sensitive and tend to hydrolyse more rapidly than bismuth
alkoxides. Additionally, elimination of siloxanes to give Bi–
O–Bi moieties is much easier than ether elimination from
metal alkoxides. Another important difference is the fact
that the hydrolysis products of the alkoxides are poorly solu-
ble, whereas bismuth-oxo silanolates tend to give large ag-
gregates of the type [BiOx(OSiR3)3�y]n with better solubility
properties.
The molecular structures of compounds 5–8 are best de-


scribed as aggregates composed of metal-oxo clusters [BiOx-
(OSiR3)3�y]n and bismuth silanolate molecules [Bi(OSiR3)3].
Thus, the bismuth-oxo clusters [Bi4O2(OSiEt3)8] (5), [Bi9O7-
(OSiMe3)13] (6), [Bi18O18(OSiMe3)18] (7) and [Bi20O18-
(OSiMe3)24] (8) might be described as [Bi2O2-
(OSiEt3)2]·2 [Bi(OSiEt3)3] (5), [Bi6O7(OSiMe3)4]·3 [Bi(OSi-
Me3)3] (6), [Bi16O18(OSiMe3)12]·2 [Bi(OSiMe3)3] (7) and
[Bi16O18(OSiMe3)12]·4 [Bi(OSiMe3)3] (8), respectively. Appa-
rently, the bismuth silanolate coordinates at the periphery of
the central metal-oxo cluster to give the final crystalline ma-
terial.
The first hydrolysis step of [Bi(OSiR3)3] is expected to


give [Bi(OH)(OSiR3)2], and this is followed by condensation
to give [Bi2O(OSiR3)4]n. To the best of our knowledge, sila-
nolates and alkoxides of bismuth compounds of this type


Figure 11. Molecular structure of [Bi50Na2(m3-O)18(m4-O)46(m3-OH)2(m3-
OSiMe3)4(m-OSiMe3)18] (4). Selected bond lengths [=] depending on the
coordination number (CN) at the bismuth atoms and bond angles [8]; n
defines the number of bismuth atoms assigned to a coordination number:
Bi�O (CN = [3+2], n = 1) 2.02(2)–2.27(2), 2.48(2)–2.56(2); Bi�O (CN
= 4, n = 8) 1.99(2)–2.47(2); Bi�O (CN = [4+1], n = 5) 1.97(2)–
2.40(2), 2.69(2)–2.84(2); Bi�O (CN = [4+2], n = 1) 2.07(2)–2.31(2),
2.99(2)–3.21(2); Bi�O (CN = 6, n = 3) 2.05(2)–2.77(2); Bi�O (CN =


7–10, n = 7) 2.06(2)–3.41(2); Na�O (CN = 5) 2.23(2)–2.57(2); Bi-m-
OSiMe3-Bi 86.9(8)–97.8(8) (av 92.5); Bi-m3-OSiMe3-Bi 73.5(7)–94.4(8) (av
85.9); Bi-m3-O-Bi 91.9(8)–150.4(9) (av 117.3); Bi-m4-O-Bi 85.8(7)–138.6(9)
(av 108.2); M-m4-O-M (M = Na, Bi) 81.1(4)–122.2(5) (av 108.0).


Figure 12. View of the basic metal-oxo core of [Bi50Na2O64(OH)2-
(OSiMe3)22] (4). The octahedral {Bi6} units are highlighted in red and in
blue. Carbon atoms are omitted.
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have not been reported previously, although related
diorganobismuth(iii) oxides are known.[46] A primary hydro-
lysis product, [Bi3(OH)(OOCCF3)8], was recently observed
upon partial hydrolysis of bismuth trifluoroacetate, and
might be formulated as the coordination compound
[Bi(OH)(OOCCF3)2]·2 [Bi(OOCF3)3].


[44] The second hydro-
lysis/condensation step is expected to give compounds of the
type [BiO(OSiR3)]n. This structure is realised in [Bi4O2-
(OSiEt3)8] (5) as well as in [Bi4O2(OtBu)8],


[47] [Bi4O2-
(OOCCF3)8],


[48] and in the complex anion [Bi2O2(OH)6]
4�


found in Na6[Bi2O2(OH)6](OH)2·2H2O.
[49] These compounds


might be assigned the general formulae [BiOX]2·2BiX3 (X
= OR, OSiR3, OOCR) and [BiOX]2·4X (X = OH�), re-
spectively. It is noteworthy that the hydrolysis of BiCl3 by
addition of water results in the formation of BiOCl. This is
in agreement with the observation that the bismuth/oxo
ligand ratio in the central bismuth-oxo clusters of com-
pounds 5–8 is close to one-to-one.
A basic structural motif in the silanolate 5 is the four-


membered [Bi2O2] ring, which is observed in a variety of bis-
muth compounds.[23,29,49,50] The {Bi6} unit [Bi6O8]


2+ (A) may
be described as a closed 3,4-connected net comprising 12
[Bi2O2] units. Alternatively, the substructure A might be de-
scribed as an octahedron with the bismuth atoms placed at
the corners and the oxygen atoms placed on the trigonal
faces. Thus, eight edge-sharing [Bi3(m3-O)] units are formed.
Such an oxo-centred trinuclear [Bi3(m3-O)] unit has been ob-
served in [Bi3(OH)(OOCCF3)8], which is the only example
of which we are aware.[44] In contrast, the hexanuclear {Bi6}
unit A is part of a wide variety of molecular bismuth-oxo
clusters.[23,31, 32,41–44] It has been suggested that in aqueous so-
lution hexanuclear cations of the type [Bi6O4+x(OH)4�x]


(6�x)+


are predominantly found at pH<3 at low concentrations
(0.1m). With increasing pH, nonanuclear species are
formed.[51] It was only very recently that the first nonanu-
clear bismuth-oxo-hydroxo cation was isolated, namely [Bi9-
(m3-O)8(m3-OH)6]


5+ .[52] The basic building unit is described as
a [Bi4(m3-O)2(m3-OH)4] subunit, which is similar to the basic
structural motif of [Bi4(m3-O)2(OSiEt3)8] (5). Interestingly, a
hexanuclear {Bi6} motif of type A is not observed. Instead,
three edge-/corner-sharing {Bi5} units constitute the molecu-
lar framework. The pentanuclear {Bi5} unit is derived from
the {Bi6} unit A by removal of one bismuth atom. Similar
pentanuclear metal-oxo fragments of the type {Bi5�xNax} are
observed in [Bi10Na5O7(OH)6(OSiMe3)15],


[40] [Bi15Na3O18-
(OSiMe3)12]


[40] and [Bi18Na4O20(OSiMe3)18] (2). Notably, the
latter contains a structural fragment of the type [Bi8Na(m3-
O)10(m3-OSiMe3)4] (Figure S3 in the Supporting Informa-
tion), which is closely related to the bismuth-oxo framework
of [Bi9(m3-O)8(m3-OR)6]


5+ (R = H, Et).[52]


The bismuth-rich silanolates reported here might be de-
scribed in terms of assemblies of the {Bi6} unit A. Thus, four
{Bi6} units (A) are observed in the structures of compounds
7 and 8, six in [Bi22O26(OSiMe2tBu)14] (9) (Figure 13), ten in
[Bi33NaO38(OSiMe3)24] (3) and 20 in [Bi50Na2O64(OH)2-
(OSiMe3)22] (4). The octahedral {Bi6} units of type A are as-
sembled through their Bi–Bi edges to give the final bismuth-


oxo cluster core. A correlation of the bismuth-oxo cluster
size with the number of units A is shown in Figure 14.


Building up an infinite structure based on the {Bi6} units
(A) results in an arrangement of bismuth atoms that is close
to an fcc structure. Similar structures have been described
for bismuth compounds such as tetragonal b-Bi2O3 and
cubic d-Bi2O3, both of which can be deduced from the CaF2
structure by assuming a defect oxygen sublattice. However,
in contrast to b-Bi2O3 and d-Bi2O3, in the bismuth-oxo clus-
ters 3, 4 and 6–9 all tetrahedral voids are occupied by
oxygen atoms and in the sodium-containing compounds
even some of the octahedral voids are occupied. It is likely
that similar “defects” will occur in the solid-state structures
of heterometallic bismuth compounds that are prepared
starting from sodium metalates. The electronic properties of
such “defect” compounds might be different from those of


Figure 13. View of the basic structural motif in [Bi22O26(OSiMe2tBu)14]
(9).[38] The octahedral {Bi6} units A are highlighted in red and blue.
Carbon atoms are omitted.


Figure 14. Correlation of the number of {Bi6} units A and the size of
metal-oxo clusters. The octahedral {Bi6} unit A is highlighted in red. In 3
and 4, there is partial substitution of bismuth atoms by sodium atoms; in
b-Bi2O3 and d-Bi2O3 only three-quarters of the tetrahedral voids of the
bismuth atom sublattice are occupied by oxygen atoms.
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the pure material. Recently, it was reported that the photo-
catalytic activity of monoclinic BiVO4 prepared from
sodium vanadate and bismuth nitrate depends on the syn-
thetic procedure used (wet chemical route vs solid-state re-
action).[53] It seems likely that different degrees of substitu-
tion of bismuth atoms by sodium atoms are responsible for
the changes in electronic properties rather than the synthetic
procedure used.
The most prominent BiOn coordination polyhedron ob-


served within the bismuth-oxo clusters is the BiO4X (X =


lone pair) pseudo-trigonal bipyramid with Bi�O bond
lengths in the range 2.0–2.5 =. Additional secondary Bi�O
bonds often complete the coordination sphere at the bis-
muth atom and cause deviations from the ideal polyhedron.
This bonding situation is closest to that found in b-Bi2O3. In
the latter, the bismuth atom shows pseudo-trigonal bipyra-
midal coordination with Bi�O bond lengths of 2.096(4),
2.128(7), 2.253(7) and 2.463(7) =.[12]


To the best of our knowledge, examples of a series of
structurally closely related compounds formed along the hy-
drolysis pathway of metal siloxides and even alkoxides are
rare. The most extensively studied compounds are those of
Group IV. Several titanium-oxo alkoxides have been fully
characterised,[54] in which the predominant coordination
number of the titanium atoms within the metal-oxo clusters
is six. The large oxygen atoms play a structure-directing
role. In contrast, the hydrolysis/condensation process of bis-
muth silanolates is controlled by the large bismuth atoms,
which leads to assembly in an fcc structure. The oxygen
atoms occupy the corresponding voids. The coordination ge-
ometries are predominantly pseudo-tetrahedral, pseudo-
trigonal bipyramidal and pseudo-octahedral, with additional
bismuth–oxygen distances being significantly less than the
sum of the van der Waals radii (rvdW(O) 1.50 =, rvdW(Bi)
2.40 =).[55] The lone pair on the bismuth atom causes strong
distortions from ideal coordination geometries.


Conclusion


We have shown herein that hydrolysis of bismuth silanolates
proceeds via polynuclear bismuth-oxo clusters. Eight bis-
muth-oxo silanolates of different sizes have been structurally
characterised, which might be regarded as molecular models
for the hydrolysis/condensation process of bismuth silano-
lates. The results are also likely to be of relevance to the
polycondensation of bismuth compounds in general. The
smallest molecule, [Bi4O2(OSiEt3)8] (5), contains four bis-
muth atoms, while the largest, [Bi50Na2O64(OH)2(OSiMe3)22]
(4), contains 50 bismuth atoms. The predominant structural
motif is the hexanuclear [Bi6O8]


2+ fragment, referred to as
{Bi6} unit A. The assembly of these octahedral {Bi6} units
(A) through their Bi–Bi edges results in a nearly fcc packing
of the bismuth atoms. The oxygen atoms mainly occupy the
tetrahedral voids to give a molecular structure that might be
regarded as a “cut-out” of the solid-state structure of b-
Bi2O3 with an excess of oxygen in the tetrahedral voids.


Hydrolysis of bismuth silanolates using an excess of water
gives [BinOx(OH)y(OSiR3)z]. Thermolysis of the latter has
been shown to yield bismuth silicates such as Bi12SiO20 and
Bi4Si3O12, and bismuth oxide (a-Bi2O3 and b-Bi2O3), depend-
ing on the substituent R and the reaction conditions. Char-
acterisation of the unprecedented [Bi33NaO38(OSiMe3)24] (3)
demonstrates that substitution of single bismuth atoms by
sodium atoms is possible. The general motif of the fcc pack-
ing of the metal atoms is only slightly disturbed, but the sub-
stitution results in a change in the number and the positions
of the oxygen atoms. It might be anticipated that in compar-
ison with the parent bismuth oxide the electronic structure
of such “defect” materials may be modified without an obvi-
ous change to the basic solid-state structure. This should be
considered when bismuth oxide-based materials are pre-
pared from sodium-containing precursors.
The control of the growth process of homo- and hetero-


metallic metal-oxo particles is still challenging. The results
presented here contribute to the fundamental understanding
of this process. It has been shown that partial hydrolysis of
bismuth silanolates offers a mild synthetic route to tailor-
made bismuth-oxo clusters with dimensions in the nanome-
ter range. In addition, the large bismuth-oxo clusters are
embedded in a silanolate matrix, which offers the possibility
of introducing further functionality at their periphery by ex-
change reactions with functionalised ligands.


Experimental Section


General procedures and instrumentation : All manipulations were per-
formed under inert conditions using the Schlenk technique and an argon
atmosphere. Solvents were distilled from appropriate drying agents prior
to use. Elemental analyses were performed on a LECO-CHN analyzer.
The DTA-TG measurements were performed at a heating rate of
6 8Cmin�1 to a maximum temperature of 750 8C in an atmosphere of
flowing argon using Al2O3 as a reference material. The residues were ex-
amined by powder X-ray diffraction using a Phillips PW1050/25 diffrac-
tometer. 1H and 29Si NMR spectra were recorded from samples in
[D8]toluene at 400.13 MHz and 59.6 MHz, respectively. Chemical shifts d
are given in ppm and were referenced against Me4Si. IR spectra were re-
corded from samples as Nujol mulls and absorption bands assigned to the
compounds in the range 400–1400 cm�1 are listed. Celite (Fluka) and
sodium silanolate (Aldrich) were dried in vacuo at 120 8C prior to use.
Bismuth trichloride (Lancaster) was heated at reflux in thionyl chloride,
washed with pentane and dried in vacuo. Triethylsilanol (ABCR) was
used as received. [Bi(OtBu)3],


[28] [Bi(OSiR3)3] (R = Me, Et, iPr),[35] and
[Bi22O26(OSiMe2tBu)14]


[38] were prepared according to literature proce-
dures.


Synthesis


Hydrolysis of bismuth silanolates [Bi(OSiR2R’)3] (R = R’ = Me, Et, iPr;
R = Me, R’ = tBu)—typical procedure : A solution of H2O in iPrOH
(12.3 mL, c = 5.55 molL�1) was slowly added to a solution of [Bi-
(OSiMe3)3] (1.62 g, 3.40 mmol) in benzene (5 mL). The resulting suspen-
sion was stirred at room temperature for 20 min and then the solvent was
evaporated in vacuo at 30 8C to leave an amorphous residue. The IR
spectrum of the residue was indicative of partial hydrolysis. Thermolysis
was carried out at a heating rate of 6 8Cmin�1 to a maximum temperature
of 750 8C in an atmosphere of flowing argon. The residue was analysed
by powder X-ray diffraction and the carbon content was determined. [Bi-
(OSiMe3)3] gave a mixture of Bi12SiO20 (JCPDS No. 80-0627) and some
Bi4Si3O12 (JCPDS No. 76-1726). [Bi(OSiEt3)3], [Bi(OSiiPr3)3] and [Bi(O-
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SiMe2tBu)3] gave Bi12SiO20. Heat treatment of the hydrolysis product of
[Bi(OSiEt3)3] at 150 8C in vacuo for 4 h prior to thermolysis gave a-Bi2O3
(JCPDS No. 71-2274) as the final material after calcination at 750 8C. The
carbon content was below the detection limit for all samples.


Synthesis of [Bi18Na4O20(OSiMe3)18] (2), [Bi33NaO38(OSiMe3)24]·3C7H8


(3·3C7H8) and [Bi50Na2O64(OH)2(OSiMe3)22]·2C7H8·2H2O
(4·2C7H8·2H2O): In an attempt to prepare [Bi(OSiMe3)3] by a metathesis
reaction, single crystals of the heterobimetallic compounds [Bi2Na4O-
(OSiMe3)8] (1),


[40] [Bi18Na4O20(OSiMe3)18] (2), [Bi33NaO38(OSiMe3)24] (3)
and [Bi50Na2O64(OH)2(OSiMe3)22] (4) were obtained. These have been
characterised by single-crystal X-ray diffraction analysis. NaOSiMe3
(12.01 g, 107.1 mmol) was added in small portions to a suspension of
BiCl3 (11.26 g, 35.7 mmol) in THF (80 mL) at room temperature. The
suspension turned yellow upon stirring at room temperature overnight.
The THF was removed in vacuo and the solid residue was suspended in
toluene (100 mL). The solid material was removed by centrifugation
under inert conditions. The 29Si NMR spectrum of the remaining crude
reaction mixture in toluene (D2O capillary) showed only one signal at d
= 7.4 ppm, attributable to Me3SiOSiMe3. The solution was concentrated
to a volume of approximately 25 mL and benzene (25 mL) was added.
After several days at 4 8C, single crystals were obtained, which by visual
inspection under a microscope appeared to be a mixture. The presence of
three different crystalline compounds was confirmed by single-crystal X-
ray diffraction analysis: [Bi2Na4O(OSiMe3)8] (1),[40] [Bi18Na4O20-
(OSiMe3)18] (2) and [Bi33NaO38(OSiMe3)24]·3C7H8 (3·3C7H8). A mixture
of single crystals of [Bi2Na4O(OSiMe3)8] (1) and [Bi50Na2O64(OH)2-
(OSiMe3)22]·2C7H8·2H2O (4·2C7H8·2H2O) was obtained from a similar
experiment after the solution had been kept for several months at 4 8C.
The heterometallic bismuth-oxo silanolates are extremely moisture-sensi-
tive and were mounted on the diffractometer by the oil-drop technique
immediately after removal from the crystallisation vessel.


Synthesis of [Bi4O2(OSiEt3)8] (5): A solution of Et3SiOH (8.30 g,
63 mmol) in toluene (50 mL) was added dropwise to a solution of [Bi-
(OtBu)3] (9.00 g, 21 mmol) in toluene (70 mL) at room temperature. The
cloudy solution was filtered through Celite and all volatiles were re-
moved in vacuo at 40 8C to give liquid [Bi(OSiEt3)3] (11.98 g, 95%). The
bismuth silanolate was dissolved in toluene and the solution was exposed
to air moisture for 5 min. The solvent was partially removed in vacuo to
give a concentrated solution. Crystallisation at 4 8C gave colourless crys-
tals (1.52 g, 15%) of [Bi4O2(OSiEt3)8] (5) with a melting point of 76 8C.
After the crystals had been isolated, a second crop of single crystals was
observed. Alternatively, single crystals were obtained upon slow evapora-
tion of the solvent. 1H NMR (C7D8): d = 0.69 (q, J = 7.8 Hz, 2H; CH2),
1.09 ppm (t, J = 7.8 Hz, 3H; CH3); IR (Nujol): ñ = 1414 (w), 1237 (w),
1015 (m), 974 (w), 954 (vw), 878 (s), 846 (w), 828 (w), 736 (s), 550 cm�1


(m); elemental analysis calcd (%) for C48H120Bi4O10Si8 (5)
(1918.1 gmol�1): C 30.1, H 6.3; found: C 29.4, H 6.1.


Synthesis of [Bi9O7(OSiMe3)13]·0.5C7H8 (6·0.5C7H8): The bismuth silano-
late [Bi(OSiMe3)3] (230 mg, 0.48 mmol) was dissolved in toluene
(10 mL). The solution was exposed to air moisture for 5 min and the sol-
vent was almost completely removed. Crystallisation at 4 8C quantitative-
ly afforded colourless single crystals of [Bi9O7(OSiMe3)13]·0.5C7H8
(6·0.5C7H8) with m.p. 210 8C (decomp) for a dried sample. IR (Nujol): ñ
= 1403 (w), 1294 (w), 1258 (m), 1245 (m), 1155 (w), 934 (s), 909 (s), 832
(s), 723 (w), 676 (w), 501 cm�1 (m); elemental analysis calcd (%) for
C39H117Bi9O20Si13 (6) (3152.3 gmol


�1): C 14.9, H 3.7; found: C 14.9, H 3.8.


Synthesis of [Bi18O18(OSiMe3)18]·2C7H8 (7·2C7H8) and [Bi20O18-
(OSiMe3)24]·3C7H8 (8·3C7H8): Freshly prepared [Bi(OSiMe3)3] (15.63 g,
32.9 mmol) was suspended in toluene (15 mL) and the solid was removed
by centrifugation under inert conditions. The solution was exposed to air
moisture for 5 min. Crystallisation at �20 8C gave colourless single crys-
tals of [Bi20O18(OSiMe3)24]·3C7H8 (8·3C7H8), which were isolated and
dried in vacuo (1.21 g, 11%); m.p. 211 8C (decomp). After the toluene
solvate 8·3C7H8 had been isolated, a second crop of single crystals was
obtained at 4 8C. Single-crystal X-ray diffraction analyses of this second
crop showed it to consist of a mixture of 8·3C7H8 and 7·2C7H8. The su-
pernatant solution was removed to leave a suspension of single crystals.
After several weeks, single-crystal X-ray diffraction analysis of eight crys-


tals was indicative of a pure fraction of 7·2C7H8, which was isolated and
dried in vacuo (0.81 g, 8%); m.p. 204 8C (decomp).


Compound 7: IR (Nujol): ñ = 1453 (sh), 1408 (w), 1360 (sh), 1333 (w),
1301 (w), 1257 (m), 1244 (m), 954 (m), 909 (s), 831 (s), 742 (m), 620 (w),
564 (m, br), 540 (m), 498 (w), 478 (w), 464 (w), 427 (m), 405 cm�1 (br s);
elemental analysis calcd (%) for C54H162Bi18O36Si18 (5655.1 gmol


�1): C
11.5, H 2.9; found: C 11.4, H 2.8.


Compound 8 : IR (Nujol): ñ = 1362 (w), 1343 (w), 1293 (m), 1258 (s),
1245 (s), 956 (s), 913 (s, br), 830 (s), 742 (s), 676 (m), 620 (w), 599 (sh),
570 (s), 536 (s), 496 cm�1 (m); elemental analysis calcd (%) for
C72H216Bi20O42Si24 (6729.3 gmol


�1): C 13.1, H 3.3; found: C 14.0, H 3.3.


Structure determination : Intensity data for the colourless crystals were
collected on a Nonius KappaCCD diffractometer with graphite-mono-
chromated MoKa radiation. The structures were solved by direct methods
using SHELXS97[56] and successive difference Fourier syntheses. Refine-
ment was carried out by full-matrix least-squares methods using
SHELXL97.[57] An absorption correction was applied with a multiscan
method using SCALEPACK.[58] The figures were created with
SHELXTL[59] and DIAMOND (release 2.1e, 2001). Selected crystallo-
graphic data are presented in Tables 1 and 2. Further details on the data
collection and refinement are given in the Supporting Information.


CCDC-278713 (2), -278707 (3·3C7H8), -278712 (4·2C7H8·2H2O), -278711
(5), -278710 (6·0.5C7H8), -278709 (7·2C7H8) and -278708 (8·3C7H8) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


The selective and efficient activation of paraffins and their
conversion into valuable building blocks is a major scientific
challenge. The successful, controlled oxidation of these un-
reactive substances to mono- or difunctionalized compounds
is also of great economic significance. The conversion of cy-
clohexane to cyclohexanone [K] and cyclohexanol [A] with
high selectivity is of importance as these compounds are uti-
lized in the manufacture of nylon-6 and nylon-6,6.[1,2] Cur-
rently, conversions have to be kept well below 10% to ach-
ieve reasonable selectivities and to avoid overoxidation. For
this selective oxidation of cyclohexane, cobalt is used as the
principal metal in both homogeneous and heterogeneous


catalysis. Industrially, this reaction is carried out homogene-
ously at temperatures above 150 8C. A selectivity of approxi-
mately 85% for mono-oxygenated products (a mixture of K,
A, and the intermediate cyclohexylhydroperoxide (CHHP))
is achieved. The CHHP is decomposed either directly or in
a separate step to yield additional ketone and alcohol.[3,4] In
a follow-up step, the cyclohexanol produced has to be con-
verted into the desired product, cyclohexanone. Conse-
quently, a heterogeneous system might offer several advan-
tages, such as ease of separation, recycling of the catalyst,
and solvent-free reaction conditions. Cobalt-containing mo-
lecular sieves have been extensively studied for their appli-
cation in heterogeneous cyclohexane oxidation.[5–14] Howev-
er, the K/A ratios reported in these studies were only
around 1–2. It has been proven that the framework-substi-
tuted cobalt is responsible for the catalytic activity,[10] and
that there is a correlation between the degree of activity
and the amount of oxidizable cobalt in the framework.[10]


Cyclohexane oxidation was also reported recently in the ap-
plication of nanostructured amorphous iron and cobalt cata-
lysts under an oxygen atmosphere. However, in these re-
ports, leaching of the metal and recycling of the catalyst
were not addressed.[15,16] In an earlier study,[17] we demon-
strated that the K/A ratio could be improved by immobiliz-
ing well-defined cobalt acetate oligomers inside the pores of
MCM-41, although leaching of the cobalt due to the forma-
tion of acidic side products could not be avoided. Others
showed that Co could be incorporated successfully into the
framework either as isolated CoII[18,19] or as nanoparticles of
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Co oxide.[20,21] The structural limitation (one-dimensional
structure) of MCM-41, which affects the catalytic activity,
prompted us to investigate a different heterogenization for
cobalt; the incorporation into a three-dimensional, mesopo-
rous silicate, TUD-1. In this manner, we aim to combine the
improved K/A ratios of our previous studies with the advan-
tages of framework-fixed cobalt, while avoiding the diffu-
sion limitations that might occur in MCM-41. TUD-1 has a
spongelike structure with tunable pore sizes, resulting in
high substrate accessibility. In addition, the synthesis of
TUD-1 is cost-effective and environmentally friendly as it is
surfactant-free.[22] In an initial study, we prepared Co-TUD-
1 in which the CoII atoms were highly dispersed and incor-
porated tetrahedrally into the TUD-1 framework. With this
Co-TUD-1, encouraging results were obtained in the cyclo-
hexane oxidation.[23] Even at 5.5% cyclohexane conversion,
the selectivity for mono-oxygenated products was 89% and
the K/A ratio was 4.35. Moreover, no leaching and activity
loss was observed. This indicated that our hypothesis was
promising. Therefore, we extended our study to two types of
Co incorporation into TUD-1: cobalt was incorporated into
the framework or integrated as
cobalt oxide particles.


Results and Discussion


Synthesis mechanism of Co-
TUD-1: During the synthesis of
TUD-1, triethanolamine (TEA)
plays an essential role. Initially,
tetraethyl orthosilicate (TEOS)
was hydrolysed to produce sila-
nol species [Eq. (1)], which
then undergo partial condensa-
tion with each other and with
some of the TEA [Eq. (2)] to
form mixtures of mono- and
oligomeric-silatrane complexes
of various silica species.


SiðOC2H5Þ4þH2O ! ðC2H5OÞ3SiOHþ C2H5OH ð1Þ


ðC2H5OÞ3SiOHþNðCH2CH2OHÞ3 !
NðCH2CH2OÞ3SiOHþ 3C2H5OH


ð2Þ


Shan et al[24] proposed that TEA has a second role in the
formation of Ti-TUD-1; to stabilize the titanium alkoxide
through complexation. This is based on the observation that
the three hydroxyl groups in TEA can easily replace butanol
groups of Ti butoxide. Moreover, the lone-pair electrons of
the nitrogen atom in TEA can be donated to the empty or-
bital in titanium to form stable complexes. The formation of
a Co–TEA complex under the same conditions has been
proven earlier.[25] The synthesis mixture thereby becomes an
organic–inorganic hybrid, in which TEA and its Co complex
are homogeneously dispersed in a three-dimensional silica gel.


During the drying step, a substantial loss of volatile com-
ponents (water and ethanol, up to 70 wt%) takes place. At
elevated temperature (hydrothermal treatment step), the
silica framework will form through extensive condensation
reactions between silica oligomers, and TEA and its Co
complexes are expelled from the inorganic framework to
form mesosized, organic-dominated aggregates.
The formation of Co–TEA complexes will lead to en-


riched Co species in the TEA-dominated organic phase.
After calcination, Co atoms were deposited onto the inter-
nal mesoporous surface (in situ grafting). Moreover, at
higher Co-loading the chance for Co3O4 formation increases,
nanosized scale crystals will grow inside the pores, and/or
bulky Co3O4 will be formed as extra framework crystals.


Co-TUD-1 as a mesoporous material : Figure 1a illustrates
XRD patterns for the prepared Co-TUD-1 samples com-
pared with the pattern for Co3O4. All Co-TUD-1 samples
show a single intensive peak at low angle, indicating that
Co-TUD-1 is a mesostructural material; the peak intensity
decreases slightly as Co-loading increases, indicating the in-


fluence of Co-loading on the integrity of the mesoporous
structure. A shift to large angles at higher Co-loading sup-
ports this observation (Figure 1b). In the spectra for Co-5
and Co-10, the peaks characteristic for crystalline Co3O4
become visible, indicating the presence of Co3O4 particles.
The elemental analysis and the porosity measurements


obtained from N2 adsorption at 77 K are listed in Table 1.
Elemental analysis (Figure 2) showed that the Si/Co ratio
obtained after calcination corresponds with that present in
the synthesis gel, which indicates that most of the Co cations
are incorporated into the final solid product. Moreover, it
demonstrates the high predictability of the synthesis
method.
Figure 3a shows the N2 sorption isotherms of the Co-


TUD-1 samples. All the samples show type IV adsorption
isotherms, according to IUPAC classification, indicating


Figure 1. a) XRD patterns for Co-TUD-1 samples compared with the pattern for Co3O4. b) Low-angle XRD
pattern of Co-TUD-1.
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their mesostructured character[26] with narrow pore-size dis-
tribution (Figure 3b). All hysteresis loops exhibit the same
H3-type behavior, that is, they show one well-defined step
at high partial pressure (0.45<P/Po<8), which should be
due to the capillary condensation of N2 inside the meso-
pores. Moreover, the increase in Co-loading did not seem to
affect the hysteresis type. This is an indication that the bulk
crystals of Co3O4, which formed in samples with a higher
Co-loading, were formed outside the silica framework. This
is also supported by the observation that, although the sur-
face areas did not change significantly (see Table 1), the


pore volumes and pore diameters decrease as the Co-load-
ing increases. This result is a further indication that at low
Co-loading the Co is integrated into the framework of
TUD-1.
The 29Si magic-angle spinning (MAS)-NMR spectrum of


calcined siliceous TUD-1 samples is shown in Figure 4a.
After the deconvolution of the spectrum, three main peaks


were detected. The first at around d=�110 ppm can be as-
signed to (-O-)4Si with no OH group attached to the silicon
atom (Q4). The second peak at d=�102 ppm is assigned to
(-O-)3Si(OH) with one OH group (Q3). The last peak at d=
�90 ppm, is assigned to (-O-)2Si(OH)2 with two OH groups
(Q2).


[27] In contrast, in the spectrum of Co-5 (Figure 4b),
three peaks were detected that show a strong paramagnetic
shift due to the cobalt oxide particles/atoms incorporated
into the framework. The peak at d=�113 ppm is assigned
to Q4 that was shifted due to the strong paramagnetic field
of Co-oxide particles nearby, and the signal at d=�102 ppm
is assigned to the Q3. More importantly, a new signal at d=
�109 ppm could be detected. This might be attributed to a
Si atom adjacent to a Co atom incorporated into the TUD-1
framework as [(-O-)3Si-O-Co]. The


29Si MAS-NMR spectra
for all the samples were virtually identical: clearly the maxi-


Table 1. Characterization of Co-TUD-1 samples with different Co-load-
ing.


Sample Si/Co ratio SBET
[a]


[m2g�1]
Vmeso


[b]


[cm3g�1]
Dmeso


[c]


[nm]
Color


synthesis
mixture


after
calcination


Co-1 100 108 619 0.73 4 grayish
violet


Co-2 50 47.8 605 0.65 3.9 grayish
violet


Co-5 20 18.6 614 0.69 3.6 gray
Co-10 10 9.95 684 0.58 3.1 gray


[a] Specific surface area. [b] Mesopore volume. [c] Mesopore diameter.


Figure 2. The elemental composition of Co-TUD-1 in the synthesis gel
plotted against the Si/Co ratio obtained in the final product.


Figure 3. a) Nitrogen sorption isotherms of Co-TUD-1 samples. b) The
pore-size distribution of Co-TUD-1 samples.


Figure 4. 29Si MAS-NMR spectra for a) Si-TUD-1 compared with b) the
Co-5 sample.
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mum of Co incorporated into the silica matrix is achieved at
1–2%, and consequently, the signal at d=�109 ppm has a
similar intensity for all the samples. These conclusions are in
agreement with a recent study on Co-MCM-41-like materi-
al.[28]


The UV/Vis spectra of different Co-TUD-1 samples and
Co3O4 are presented in Figure 5. Spectra of prepared sam-


ples exhibit two peaks at around 525 and 654 nm. Both ab-
sorption bands can be assigned to the 4A2(F)!4T1(P) transi-
tion of divalent cobalt ions (Co2+) in tetrahedral coordina-
tion.[29,30] The absence of peaks at around 480 and 506 nm
indicates the absence of Co2+ in an octahedral environ-
ment,[28,31] and the absence of a peak at 410 nm indicates the
absence of framework Co3+ .[32] A peak at around 356 nm
was detected in Co-5 and Co-10 only. This strong and broad
band in the lower wavelength region will be due to the
charge-transfer bands associated with the non-framework
Co3+ species. This is strong evidence for the presence of a
distinct Co3O4 phase, as it is the main peak found in the
Co3O4 spectrum;


[33] this is also consistent with the XRD
spectra.
Laser Raman spectra of the Co-TUD-1 samples and


Co3O4 are compared in Figure 6. All spectra showed a band
at around 998 cm�1 that was assigned to the SiO2 matrix.


[34]


The increase of the Co-loading from Co-5 to Co-10 gives
rise to three bands at around 690, 485, and 525 cm�1, as-
signed to the A1g, Eg, and F2g active Raman modes, respec-
tively, of the direct spinel Co3O4,


[35,36] which is consistent
with XRD and UV/Vis spectra. The spectra for Co-1 and
Co-2 were virtually identical. The broad signals at approxi-
mately 500 and 820 cm�1 were also described for Co-MCM-
41 samples with isolated and framework-incorporated Co
species at a very low Co-loading.[37]


The prepared Co-TUD-1 samples were investigated by
transmission electron microscopy; almost 25 images were
taken per sample. All the images of Co-1 (Figure 7) and Co-
2 (not presented here) showed only the spongelike, three-di-
mensional structure characteristic of TUD-1 mesoporous


materials.[38] This is a strong indication for the incorporation
of Co2+ ions into the framework. Given the low Co concen-
trations and the UV/Vis data, these Co atoms should be iso-
lated in the framework. The images of the Co-5 sample
showed also a spongelike mesoporous matrix beside the
Co3O4 bulky crystals and, more importantly, by using higher
magnification, the diffraction fringes of the embedded
Co3O4 nanoparticles could be observed.
Table 2 summarizes the characteristics of the prepared


Co-TUD-1 samples as obtained from the different character-
ization techniques applied.


Figure 5. Diffuse reflectance UV/Vis spectra of Co-TUD-1 samples com-
pared with that for Co3O4.


Figure 6. Laser Raman spectra of Co-TUD-1 samples compared with that
of Co3O4. The spectrum of Co-2 is not shown as it is very similar to that
of Co-1.


Figure 7. HRTEM image representative for the Co-TUD-1 samples. The
wormlike structure of the mesoporous materials described in detail else-
where[38] is clearly shown.


Table 2. Appearance of Co in Co-TUD-1 samples.


Sample Co Oxida-
tion state


Isolated
CoII[a]


Co3O4
nanoparticles[a]


Extra framework
bulky Co3O4


[a]


Co-1 CoII ++ – –
Co-2 CoII ++ – –
Co-5 CoII+CoIII + + +


Co-10 CoII+CoIII + – ++


[a] (++ ) abundantly present, (+ ) weakly or poorly present, (–) absent.
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Catalysis : The major products of cyclohexane oxidation with
tert-butylhydroperoxide (TBHP) over the Co-TUD-1 sam-
ples described above were cyclohexanone [K], cyclohexanol
[A], and cyclohexylhydroperoxide (CHHP). However, trace
amounts of cyclohexyl-tert-butylperether and cyclohexylfor-
mate were also observed as mono-oxygenated products. All
the cobalt catalysts showed an excellent selectivity to mono-
oxygenated products at a remarkable conversion of 5%. By
comparing the results for the cyclohexane oxidation with
these catalysts (Figure 8a–e), it became evident that isolated
cobalt species in TUD-1 are very active in the oxidation of
cyclohexane with TBHP. At the beginning of the reaction,
the K/A ratios for all the cobalt catalysts studied were close
to 1 or even lower (Figure 8d), and this ratio increased as
conversion increased, showing that cyclohexanol [A] is the
primary product, which is later oxidized to cyclohexanone
[K]. A typical product distribution over Co-1 after 1 h is
(mol%) K=30.5%, A=23.3%, CHHP=39.0%. After 18 h,
the distribution changed to K=62.8%, A=9.4%, CHHP=
13.7%. These values strongly indicate the oxidation of cy-
clohexanol to cyclohexanone with TBHP. As CHHP is one
of the products formed, it might be suggested that it too can
act as an oxidizing agent. However, as the conversion of cy-
clohexane increased from 1.2 to 10% (over Co-1), the yield
of CHHP also increased continuously. This indicates that
CHHP does not act as an oxidizing agent. On the other
hand, it cannot be excluded that a thermal reaction, such as
the mixed Russell termination[17] (Scheme 1), occurs and
contributes to cyclohexanone formation. This selectivity to-
wards cyclohexanone decreased as the loading of cobalt in
the catalyst increased and is especially noticeable in Co-10,
in which the cobalt is present as cobalt oxide clusters (Fig-
ure 8c and d). The loss of selectivity is accompanied by a
loss of activity (Figure 8a and b). Thus, the conversion of
both cyclohexane and cyclohexanol decreases as the cobalt
concentration in TUD-1 increases. This might be attributed
to the increasing aggregation of Co or Co oxide at higher
cobalt concentrations (see above). The agglomeration of Co
reduces the accessibility of the individual cobalt atoms and,
therefore, of the number of active sites. At lower conversion
levels, all these catalysts behaved in a similar manner, as is
evident from the conversion vs selectivity graph (Figure 8e).
However, at a moderate conversion of 5%, the selectivities
of the catalysts show significant differences, with Co-1 being
clearly the most selective catalyst (Co-1>Co-2>Co-5>Co-
10). Under identical experimental conditions, the cobalt
oxide behaved similarly to Co-10, however, the conversions
were relatively low, with CHHP as the major product
(Table 3). These studies demonstrate that isolated cobalt
species are more efficient than Co-oxide clusters in the oxi-
dation of cyclohexane and cyclohexanol with TBHP.
In an earlier study,[17] we improved the K/A ratio signifi-


cantly. However, overoxidation led to leaching of active
cobalt species. Therefore, the aim of this study was to sup-
press overoxidation and the leaching of cobalt that it indu-
ces. Here, analysis for the possible overoxidation products
revealed that dicarboxylic acids (adipic, succinic), monocar-


boxylic acids (valeric, caproic), along with very low concen-
trations of hydroxyacids, such as 5-hydroxyvaleric acid and
6-hydroxycaproic acid, were barely formed at low conver-
sions. Only at higher conversions, as the selectivity of the
catalysts dropped to below 93% (Figure 8e), could acids be


Figure 8. Catalytic performance of Co-TUD-1 samples in cyclohexane ox-
idation with TBHP at 70 8C.
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observed. To confirm that the catalysts are indeed heteroge-
neous and that no activity leaches, hot-filtration studies
were performed. After 1 h of reaction, the hot (above 50 8C)
reaction mixture was filtered, and the reaction was contin-
ued with the filtrate. The results (Table 3) indicate that,
after a period of 2–5 h, there is still a low level of activity in
the filtrate, due to the slow termination of residual radical
chains. However, after longer runs (24 h), there is little im-
provement in the conversion of cyclohexane. The heteroge-
neity of this reaction was further reflected in the drop in se-
lectivity for mono-oxygenated products at comparable con-
version levels. Analysis of the Co-TUD-1 samples for their
Co content after filtration revealed no loss of metal. This
once again suggests that Co is incorporated into the TUD-1
framework.


Conclusion


We have demonstrated the application of cobalt-containing,
three-dimensional mesoporous silicate, Co-TUD-1, in the
oxidation of cyclohexane. Improvements in the selectivity
for mono-oxygenated products, as well as in the K/A ratio,
were achieved. Cobalt was successfully incorporated into
the three-dimensional silica matrix of TUD-1 either as iso-
lated Co atoms or as bulky cobalt oxide particles. At lower
concentrations, the cobalt is incorporated into the frame-
work of TUD-1 as an isolated atom, whereas at higher load-


ing of cobalt, oxide clusters
along with a very small amount
of cobalt oxide nanoparticles
are observed in the TUD-1.
This new catalyst system is het-
erogeneous, as no catalytic ac-
tivity was detected after hot fil-
tration.


Experimental Section


Materials synthesis : Co-TUD-1 sam-
ples with different Co content (Si/Co
ratio=100, 50, 20, and 10 denoted as
Co-1, Co-2, Co-5, and Co-10, respec-
tively) were synthesized by means of
direct hydrothermal treatment (DHT)
according to the molar oxide ratio
SiO2:xCoO:0.5TEAOH:1TEA:11H2O
(TEAOH= tetraethyl ammonium hy-
droxide). In a typical synthesis (for
Co-1),[23] a mixture of 12.6 g TEA
(97%, ACROS) and deionized water
(3.5 mL) was added drop-wise to a
mixture of 17.4 g tetraethyl orthosili-
cate (TEOS, >98%, ACROS) and
0.23 g cobalt(ii)sulfate heptahydrate
(CoSO4·7H2O, Aldrich) dissolved in


deionized water (5 mL) under vigorous stirring. After stirring for a fur-
ther 30 min, 10.3 g of TEAOH (35%, Aldrich) was added. The mixture
was aged at RT for 24 h, dried at 100 8C for 24 h, and then hydrothermal-
ly treated in teflon-lined stainless steel autoclaves at 180 8C for 4 h. Final-
ly, the solid samples were calcined at 600 8C for 10 h at a ramp rate of
1 8Cmin�1 in air.


Materials characterization : Powder X-ray diffraction (XRD) patterns
were measured by using a Philips PW 1840 diffractometer equipped with
a graphite monochromator using CuKa radiation (l=0.1541 nm). The
samples were scanned over a range of 0.1–808 2q with steps of 0.028. Ni-
trogen adsorption and desorption isotherms were recorded by using a
QuantaChrome Autosorb-6B at 77 K. The pore-size distribution was cal-
culated from the adsorption branch by using the Barret–Joyner–Halenda
(BJH) model.[39] Samples were previously evacuated at 623 K for 16 h.
The BET method was used to calculate the surface area (SBET) of the
samples, and the mesopore volume (Vmeso) was determined by using the t-
plot method according to Lippens and de Boer.[40] Instrumental neutron
activation analysis (INAA)[41] for chemical composition determination
(elemental analysis) was performed by using the “Hoger Onderwijs Re-
actor” nuclear reactor with a thermal power of 2 MW and maximum neu-
tron reflux of 2x1014 m�2 s�1. This method can be applied to solid samples
and was used because of difficulties in dissolving the samples. The
method proceeds in three steps: irradiation of the elements with neutrons
in the nuclear reactor, a period of decay, and finally, measurement of the


Scheme 1. Mixed Russell termination step between tBuOOC and cyclo-
C6H11OOC.


Table 3. Cyclohexane oxidation over various Co-TUD-1 samples.


Catalyst Time[a]


[h]
Conv. cyclohexane
[mol%]


Conv. TBHP
[mol%]


K
[%]


A
[%]


CHHP
[%]


Sel. mono.
[mol%]


K/A
ratio


Co-1 1 1.2 3.8 30.5 23.3 39 96.58 1.31
5 4.09 22.73 45.46 19.36 26.59 92.62 2.35
18 10.3 49.5 62.8 9.4 13.1 90.52 6.72
3.5[b] 1.4 7.54 29.85 13.09 49.99 95.18 2.28
24 3.40 18.76 38.78 14 37.22 94.40 2.77


Co-2 1 0.6 3.5 20.2 22.4 54.7 97.22 0.9
7.5 3.17 16.13 31.93 10.59 46.6 93.95 3.01
18 8.8 41.1 54.8 9.7 17.6 88.58 5.76
4.5[b] 1.39 7.26 31.15 10.32 44.02 89.42 3.02
21 2.90 17.71 35.5 10.08 36.15 85.71 3.5


Co-5 1 0.7 3.1 17.2 24.1 56.2 97.5 0.71
8 2.22 10.99 30.30 9.02 56.70 96.03 3.36
18 5.3 21.5 45.8 9.5 30.6 90.98 4.85
4.5[b] 1.33 5.46 38.41 12.18 41.12 93.36 3.15
24 2.69 9.16 33.49 4.67 42.3 84.9 3.74


Co-10 1 0.5 1.3 18.3 26.2 50.1 97.46 0.7
8 2.54 14.39 35.32 8.33 44.04 90.08 4.24
24 5.8 25.9 49. 3 9.8 27.1 88.65 5.05
4[b] 1.52 8.31 35.14 11.69 39.13 88.5 3.01
24 2.97 13.0 27.75 5.8 45.24 83.8 4.78


Co3O4 1 0.34 76 – –
18 2.0 69 – –


[a] Total reaction time. [b] Analysis from hot-filtration studies.
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radioactivity resulting from irradiation. The energy of the radiation and
the half-life period of the radioactivity enable a highly accurate quantita-
tive analysis.[41] 29Si MAS-NMR experiments were performed at a mag-
netic field of 9.4 T by using a Varian VXR-400 S spectrometer operating
at 104.2 MHz with pulse width of 3.2 msec. Zirconia rotors of 4 mm were
used with a spinning speed set to 8 kHz. The chemical shift was measured
with respect to tetraethylsilane (TMS) as an external standard at 0 ppm.
1000 scans were collected by using a sweep width of 20000 Hz and an
aquisition delay of 20 sec.


UV/Vis spectra were collected at ambient temperature by using a Cary-
Win 300 spectrometer with BaSO4 as a reference. Samples were ground
carefully, heated overnight at 180 8C, and then scanned from 190–800 nm.
The UV/Vis absorption data were converted to Kubelka–Munk units.
The in situ laser Raman spectra were obtained by using a Renishaw
Raman Imaging Microscope, system 2000. The green (l=514 nm) polar-
ized radiation of an argon-ion laser beam of 20 mW was used for excita-
tion. A Leica DMLM optical microscope with a Leica PL floutar L500/5
objective lens was used to focus the beam onto the sample. The Rama-
scope was calibrated by using a silicon wafer. Samples were dehydrated
in situ in an air flow of 100 mLmin�1 by using a temperature-program-
med heated cell (Linkam TS1500). The spectra were collected in the
range of 180–1600 cm�1. HRTEM was carried out by using a Philips
CM30UT electron microscope with a field-emission gun as the source of
electrons operated at 300 kV. Samples were mounted on a copper-sup-
ported carbon-polymer grid by placing a few droplets of a suspension of
ground sample in ethanol onto the grid, followed by drying under ambi-
ent conditions. Electron dispersive X-ray (EDX) elemental analysis was
performed by using a LINK EDX system. Atomic absorption spectrosco-
py (AAS) analysis for leached metal ions in the filtered product mixtures
of cyclohexane oxidation experiments was performed by using a Perkin–
Elmer 4100ZL instrument.


Catalytic performance : A stock solution of TBHP in cyclohexane was
prepared by extraction of commercial TBHP (Aldrich, 70% in water)
into an equal volume of cyclohexane. Phase separation was promoted by
saturation of the aqueous layer with NaCl. The organic layer was dried
over MgSO4, filtered, and stored at 4 8C. TBHP content was determined
by GC analysis with chlorobenzene as an internal standard.


Oxidation of cyclohexane was carried out with 20 mL of a mixture of cy-
clohexane (65 mol%) and TBHP (35 mol%). Chlorobenzene (1 g) was
added as the internal standard. In all the experiments, an equimolar con-
centration of cobalt was used (0.1 mmol). The round-bottomed glass
flask with the reaction mixture containing the catalyst was then immersed
in a thermostated oil bath. The gas phase above the reaction mixture was
filled with nitrogen and a gas burette was attached. The course of the re-
action was followed by analyzing the liquid samples with a gas chromato-
graph (Agilent 6890) equipped with a split inlet (200 8C, split ratio 10.0)
and a Sil 5 CB capillary column (ID, 50 mP0.53 mm; constant flow of
carrier gas N2, 4.0 mLmin


�1) coupled to a FID detector. The concentra-
tion of carboxylic acid side products was determined by performing GC
analysis from separate samples after conversion into the respective
methyl esters.[17,23] Identification of the products was achieved by con-
ducting GC–MS. The evolution of molecular oxygen and its consumption
was monitored volumetrically by using the attached gas burette. The con-
version of cyclohexane is defined in mol%, that is, the number of moles
of products formed divided by the initial number of moles of cyclohexane
multiplied by 100. All mass balances were >92%.
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Introduction


Constitutional dynamic chemistry (CDC)[1] rests on the gen-
eration of plasticity in combinatorial systems whose constit-
uents result from reversible constitutional combination of a
set of basic building blocks. External stimuli may interact
with the mixture of constituents, and allow for a tunable reg-
ulation of the connectivities within the library. Indeed, such
molecular[2–5] or supramolecular systems,[1,6,7] linked through
covalent bonds or noncovalent interactions, respectively, are
able to evolve by responding to chemical or physical effec-
tors through reorganization of their constituents. Over the
last years molecular/covalent CDC has been implemented in
dynamic combinatorial chemistry (DCC), particularly in the
field of drug discovery.[3] Thus, the global thermodynamic
equilibria between real or virtual[3a] members of a library of
inhibitors are shifted by the presence of a biological target
in situ, through the amplification/selection of the constituent
with the highest affinity with its active site. The use of shape
recognition as a driving force, able to guide thermodynamic
equilibria, has also been exploited in the selective self-as-


sembly of metallosupramolecular architectures from dynam-
ic sets of specifically encoded ligands.[8]


Target binding is but one particular case of effect induced
by external stimuli, and encompass a much broader range of
triggering types; indeed, proton concentration or tempera-
ture markedly rearrange the constitutional composition of
entities interconnected through coupled equilibria in libra-
ries of imines.[9] In addition to enhancing the fundamental
understanding of the intrinsically adaptative behavior pres-
ent in such systems, this type of control emerges as a useful
tool to tune the composition of dynamic constitutional libra-
ries that are able to express various latent properties, which
are not observed with connectively static entities. CDC is
also of special interest for materials science, as it offers the
possibility of designing dynamic “smart materials”, allowing
either the expression/nonexpression or the fine tuning of a
given property under different environmental conditions
through well-defined constitutional reshuffling. Access to
such materials can be realized by the design and control of
dynamic polymers, named “dynamers”, in which monomers
are connected by reversible covalent bonds or noncovalent
interactions in dynamic molecular[5,10] or supramolecular[6]


polymers, respectively. Functional dynamers, incorporating
physically or chemically active components represent a par-
ticularly attractive type of dynamic materials.
Oligofluorenes and polyfluorenes constitute a broad and


very attractive class of efficient photoactive and electroac-
tive compounds with high charge-carrier mobility and good
processability.[11] The great interest shown for these mole-
cules over the last years reflects their special relevance for
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manufacturing organic light-emitting diodes (OLEDs)[12]


and, especially, their use for display applications. Other un-
usual properties contribute also to this activity, such as a
doped polyelectrolyte anion conductivity and thermochrom-
ism.[13]


We herein demonstrate the ability of a set of oligo- and
polyiminofluorene-based dynamers to undergo tunable ex-
change processes through incorporation, decorporation, and
exchange of their monomeric entities by means of reversible
imine formation under the action of external stimuli, result-
ing in the generation of optical signals varying in both wave-
length and intensity, according to the general pattern shown
in Figure 1. In particular, fully conjugated dynamic poly-


fluorenes can thus be generated. The behavior of the system
was investigated by 1H NMR studies correlated with UV-
visible and fluorescence spectroscopy under the effect of
either pH or metallic ions, and the control over its constitu-
tional dynamics has been achieved.
In addition, these studies revealed the emergence of a


more complex type of behavior whereby an effector
(namely ZnII ions) induces the upregulation of its own de-
tector (reorganization process and subsequent detection of


the effector); this amounts to a sort of “self-sensing” process
that extends the range of self-processes towards (dynamic)
systems of increasing complexity.[1,10, 14]


Finally, in addition to the selection aspect, the kinetics of
the exchange processes indicate that the ZnII driven evolu-
tion is catalyzed by the presence of the zinc itself by means
of a transimination pathway.


Results and Discussion


Synthesis and characterization of oligomeric and polymeric
stuctures :[15] To obtain reference data for the study of the
dynamic oligoimino- and polyiminofluorene entities in cou-
pled thermodynamic equilibria, we first synthesized a series
of model compounds so as to characterize their spectroscop-
ic properties. The systems investigated are based on the use
of the readily available 2,7-fluorenebiscarboxaldehyde A as
a core building block (Scheme 1).
Compound A readily reacts through imine formation with


aromatic and aliphatic amines in ethanol to give entities
ranging from the tris-component compounds 1–3 (termed
tris thereafter) to oligomeric 4 and 5 (when a capping agent
is used) and to polymeric 6–9 compounds (Scheme 2). The
products were isolated as white (2 and 6) and yellow (1, 3,
4, 5, 7, 8, 9) powders. Various analytic techniques were used
for the structure determination of the conjugated and non-
conjugated derivatives: MALDI-TOF mass spectrometry,
1H NMR and UV-visible spectroscopy, and fluorescence op-
tical studies.
MALDI-TOF mass spectrometry confirmed the trimeric


structures of compounds 1–3, as well as the oligomeric and
polymeric structures of compounds 4–9. For the last ones,
the repetitive units were found to actually correspond to
monomeric fragments bearing one amine and one aldehyde
as well as some other smaller fragments (Figure 2, top). The
degree of polymerization (DP) values and the corresponding
masses are summed up in Table 1. In the case of oligomeric
structures 4 and 5, which were obtained by using capping
agents (aniline and aminofluorene, respectively), the
MALDI-TOF spectra show, as expected, shorter lengths
than the polymeric ones (one third for the DP values com-
pared to 8 and 7, respectively) with predominant formation
of the expected compounds 4 and 5 with n=1. The optical
properties are also correlated with these observations (vide
infra).


1H NMR studies are particularly useful for obtaining
structural information about both static and dynamic enti-
ties, for it is possible to follow the polymer length as well as
its chemical composition by integration of the different
imine-type and remaining aldehyde proton signals (Figure 2,
bottom). Such data allow a detailed analysis of the molecu-
lar constitution during the exchange processes, as well as the
interpretation of the changes in optical properties. The poly-
mer length was estimated by 1H NMR spectroscopy, using
Equation (1); the different average DPs are given in
Table 1.


Abstract in French: Des oligom�res et des polym�res r�versi-
bles de type iminofluor�nes ont �t� g�n�r�s. Ils subissent une
recomposition constitutionnelle sous l�influence des param�-
tres: concentration en protons et en ions zinc(ii). Il en r�sulte
des modifications prononc�es des propri�t�es optiques. Les
r�sultats illustrent les possibilit�s offertes par les changements
de constitution en r�ponse ' des stimuli chimiques (H+ et
ZnII), et ils d�montrent l�adaptation de tels syst�mes sous la
pression de param�tres environnementaux. Cette modulation
de la constitution permet la modulation des propri�t�s opti-
ques (absorption UV-Vis et fluorescence) en fonction des sti-
muli impos�s. De tels syst�mes pr�sentent un int�rÞt particu-
lier pour le d�veloppement de mat�riaux dynamiques dont les
propri�t�s fonctionnelles se modifient en r�ponse ' des stimu-
lations externes.


Figure 1. General representation of the tunable exchange process in a li-
brary of fluorescent dynamers. The changes in the emission properties
result from the recombination of the photoactive monomeric components
incorporated into the polymeric structure by using external stimuli.
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The dialdehyde A, trimer 2, and nonconjugated polymer 6
have very similar UV-visible spectra, with three absorption
bands below 350 nm, and only a slight difference is observed
in their purple/blue fluorescence emission spectra (416, 423,
and 431 nm, respectively; Figure 3 and Table 1). As expect-
ed, the conjugated imines exhibit a bathochromic shift in


their absorption spectra de-
pending on their lengths. For
example, compound 1, which
contains three conjugated fluo-
rene moieties, absorbs at
394 nm; compound 5 with an
average DP of 2 absorbs at
414 nm; and for polyfluorene 8
(average DP of 10), a plateau is
reached at 418 nm. The general
behavior of compounds 1, 5,
and 8 is similar; in the fluores-
cence spectra emission wave-
lengths from blue to green at
460, 477, and 493 nm respec-
tively, are observed. Compara-
ble responses are obtained for
compounds 4 and 7, containing
1,4-phenylenediamine moieties,


with an average DP of 2 (labs=408 nm; lem=483 nm) and 16
(labs=420 nm; lem=490 nm), respectively.
Based on the characteristic variations in the physical


properties of the iminofluorene derivatives, as a function of
constitution and length, this type of system appeared to be
suitable for their implementation in constitutional dynamic
experiments and for the subsequent studies of the optical
signals.


Scheme 1. Synthetic scheme for the five steps sequence leading to 2,7-fluorenebiscarboxaldehyde A from fluo-
rene. a) nBuLi (2 equiv), slow addition (0.5 h), THF, �78 8C; then 1-bromohexane, 3 equiv, �78 8C!RT, 12 h,
quantitative yield.[26] b) Paraformaldehyde (10 equiv), 0 8C; then 30% solution of HBr in acetic acid, 65 8C,
24 h, 88%.[26] c) Anhydrous sodium acetate (10 equiv), acetic acid anhydride (10 equiv), acetic acid, reflux,
24 h, mixture of mono and bisacetate (2:1), 30%. d) LiAlH4 (10 equiv), THF, reflux 18 h, 92%. e) PCC
(20 equiv), molecular sieves (50 mass%), silica gel (50 mass%), CH2Cl2, 4 h, then RT, 12 h, 75%.


Scheme 2. Synthetic scheme for the syntheses of oligomeric and polymeric structures 1–9 from 2,7-fluorenebiscarboxaldehyde A. All the reactions were
set up by mixing A with imine derivatives in ethanol for 12 h. a) 2 equiv aminofluorene. b) 3 equiv cyclopentylamine. c) 1 equiv trans-1,4-cyclohexyldia-
mine. d) 0.5 equiv 1,4-phenylendiamine, 1 equiv aniline. e) 0.5 equiv 2,7-diaminofluorene, 1 equiv 2-aminofluorene. f) 1 equiv 4,4’-diaminostilbene. g)
1 equiv 2,7-diaminofluorene. h) 1 equiv 1,4-phenylenediamine.
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Protonic modulation of the constitutional dynamic libraries :
Our first experiments on the control of constitutional reor-


ganization of the iminofluorene dynamers were based on
previous work, namely the use of protons as a triggering ef-
fector.[9] They involved the analysis by 1H NMR spectrosco-
py of the effect of acid on the constitutional dynamic behav-
ior of the library (CDL I) obtained from a 1:2:2 mixture of
2,7-fluorenebiscarboxaldehyde A, cyclopentylamine and 2-


aminofluorene in CDCl3
(Figure 4).
The mixture was analyzed for


a range of CF3CO2D concentra-
tions between 0 and 1m. The
various solutions were light
yellow for [CF3CO2D]=10


�2
m,


then turned to orange on in-
creasing the acid concentration
to 10�1m, and finally it evolved
to a deep red for [CF3CO2D]=
1m. These observations were
correlated with a dramatic evo-
lution of the library constitution
as can be followed by 1H NMR
spectroscopy (Figure 4,
bottom).[16] For 0<
[CF3CO2D]=10


�3
m, the system,


Figure 2. Top: MALDI-TOF spectroscopy in a ditranol matrix of com-
pound 7 bearing repetitive monomeric units (with their corresponding
mass fragments M and m) up to a degree of polymerization (DP) of 34
(MW	15000). Bottom: 1H NMR spectrum of a mixed polymeric struc-
ture incorporating both 1,4-phenylenediamine and trans-1,4-cyclohexane-
diamine (1:1) in chloroform (c=10�4m) at RT with labeled characteristic
signals of: remaining aldehyde (x), aromatic imine (y), and (cis + trans)
aliphatic imine (z).


Table 1. Degree of polymerization, molecular weight, and optical properties obtained from MALDI-TOF,
1H NMR, UV-visible absorption, and fluorescence emission spectroscopy for compounds A and 1–9 depicted
in Scheme 2.


DPn
[a] DPmax


[b] MW[c] [gmol�1] c [molL�1] Abs. max. [nm] e [Lmol�1 cm�1] Em. max. [nm]


A – – 390.5 5.05P10�5 343, 329, 311 2.09P104 416
1 – – 716.4 1.50P10�5 394 9.15P104 460
2 – – 524.4 7.62P10�5 342, 329, 310 1.69P104 423
4 2 8 1464 5.42P10�6 408 2.18P105 483
5 2 6 1816 5.36P10�6 414 2.08P105 477
6 9 14 4216 6.68P10�5 345, 331, 309 2.12P104 431[d]


7 16 32 7400 1.56P10�5 420 8.00P105 490
8 10 18 5500 1.16P10�5 418 6.80P105 493
9 13 25 7332 1.15P10�5 422 8.09P105 496


[a] The DP average is given in chloroform (10�4m) and was determined by 1H NMR spectroscopy by using
Equation (1), except for compounds 4 and 5 for which the DP average was taken directly from MALDI-TOF
spectroscopy. [b] The DP maximum was taken from MALDI-TOF spectroscopy. [c] Calculated from the DP
average. [d] This value is given for an excitation wavelength at 380 nm. The excitation at 320 nm leads to an
emission at 370 nm.


Figure 3. Top: UV-visible absorption spectra of structures A and 1–9 de-
picted in Scheme 2, recorded at 298 K in chloroform (see Table 1 for ab-
sorption values). Bottom: Normalized fluorescence spectra of structures
A and 1–9 depicted in Scheme 2 recorded at 298 K in chloroform (see
Table 1 for absorption values).
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as expected, expresses mainly the bis-aliphatic imine 2 with
a ratio of 7:2.5:0.5 with respect to the mixed compound 10
and bis-aromatic derivative 1 respectively.[17,18] For higher
H+ concentrations, the system starts expressing more and
more of bis-aromatic adduct 1 and a total selectivity in favor
of 1 is obtained for [H+]=10�1m (resonance imine signal at
d=8.65 ppm), although a lower global conversion is also
reached at this point.[19] Above this value, the aromatic
imine signal is shifted toward higher ppm values (Dd=
0.45 ppm), characteristic of protonated compound 1, with a
90% conversion. Increasing further the amount of acid
leads to a decomposition of the system into protonated free
amine and aldehyde. The selectivity and dissociation of the
system by hydrolysis are governed by the relative and abso-
lute pKa values of the two amines involved. As a conse-
quence, the most basic cyclopentylamine is protonated first
and taken out of the trimeric species 2, allowing for its sub-
stitution by the less basic 2-aminofluorene, until the latter
also undergoes protonation ([H+]>1m).
It has previously been shown that temperature variations


can markedly change the distribution inside a dynamic set
of imines.[9] A study of the present system between 298 K
and 348 K in 5 K increments gave, unfortunately, no im-
provement of the selectivity.[19] These results are consistent


with the fact that the large difference in the bacicities of the
amines in the present system (about 6 pKa units), leads to a
predominant effect of the CF3CO2D concentration that
cannot be significantly affected within such a range of tem-
perature variations.
The optical absorption and emission variations due to the


acidity-induced reshuffling (Figure 5) are fully correlated
with the NMR studies. Thus, after equilibration at 298 K
and for [CF3CO2D]=0m, CDL I displays the characteristic
UV-visible absorption pattern of compound 2 (trace b), su-
perimposable to that of the reference spectrum of the isolat-
ed imine (trace a) with, in addition, a small shoulder corre-
sponding to residual mixed compound 10 and imine 1. For
[CF3CO2D]=10


�1
m (trace c), the maximum of absorption


fits with the lmax of bis-aromatic imine 1 and finally, the ab-
sortion at 490 nm for a [CF3CO2D]=1m corresponds to pro-
tonated imine 1 (trace d). Also consistent with NMR data,
the photoluminescence properties of CDL I shows a dramat-
ic shift from 420 nm (blue) to 610 nm (red) over the same
range of CF3CO2D concentrations (traces f to i).


Figure 4. Top: Constitutional dynamic library of iminofluorenes (CDL I)
with CF3CO2D promoted component exchange in deuterated chloroform
leading to a mixture of trimeric species 1, 2 and 10. Bottom: Selected
1H NMR spectra (400 MHz) of CDL I (5.12P10�2m in CDCl3) for various
CF3CO2D concentrations at 298 K. a) signal of aliphatic imine 2 ; b) imine
signals of mixed compound 10 ; c) signal of aromatic imine 1; d) signal of
protonated imine 1.


Figure 5. Top: UV-visible absorption spectra of CDL I in chloroform for
various concentrations in CF3CO2D (a: reference 2 ; b: CDL I, 0m ; c:
CDL I, 10�1m ; d: CDL I, 1m). Bottom: Normalized fluorescence spectra
of CDL I in chloroform for various concentrations in CF3CO2D (e: refer-
ence 2 ; f : CDL I, 0m ; g: CDL I, 10�4m ; h: CDL I, 10�1m ; i : CDL I, 1m).
For both experiments, the proton concentration values are given for a so-
lution of initial concentration 5.12P10�2m in dialdehyde A ; the spectra
were recorded after equilibration and subsequent dilution to reach the
values of [A]=2.6P10�5m (top) and [A]=2.6P10�6m (bottom). Dilution
is not expected to change the equilibria; as the measurements are con-
ducted in chloroform, the protonation state should not be significantly af-
fected; furthermore, no change in spectra over time has been observed.
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Finally, the reversibility of the overall system has been
evaluated by using triethylamine for neutralizing the reac-
tion mixture and returning to its original constitution. The
reversibility (2Q1) was confirmed by 1H NMR experiments
three times in a row, and the fluorescence behavior also il-
lustrates the good monitoring of the system (Figure 6 top).
The non-normalized fluorescence spectra (bottom) empha-
size the two effects brought by the proton trigger: constitu-
tional recombination (fQh) and subsequent appearance of
an optical signal by interaction of the protons in excess with
the trimer, which had been previously formed under their
influence (hQi).


On the basis of the results obtained for the “tris” system
CDL I, the possibility to inteconvert polyimines 6 and 8
(CDL II) was investigated. Again, the system appeared to
be coherent with expectation based on the 1H NMR studies,
but the lower conversion to imine for [CF3CO2D]=10


�1
m


did not allow the preservation of the polymeric structures.


Indeed, even if CDL II preferentially expresses nonconju-
gated polyimine 6 (80% by 1H NMR spectroscopy) and if
the exchange effectively occurs towards formation of 8
when the [CF3CO2D] is increased, the system decomposes
quickly (a few minutes timescale) into short size oligomeric
structures, above 10�1m acid, as shown by the various spec-
troscopic analyses. This dissociation of the polymers by acid
precluded the induction of the “doping effect” as it had
been done in CDL I (Figure 6, bottom) in order to extend
the exploitable optical domain.


Modulation of the constitutional dynamic by metal ions


Interaction with metal ions : As a consequence of the difficul-
ties encountered with protonation, we extensively looked
for a suitable trigger capable of reorganizing polymeric sys-
tems, while preventing their dissociation by hydrolysis. The
fluorescence shift/enhancement caused by protons with com-
pound 1 prompted us to explore the interaction of such pol-
yiminofluorene structures with various Lewis acid metal
ions.
Interactions between C=N bonds and protons or metallic


ions are well known in the literature: imines may undergo
changes in optical properties upon metal-ion coordina-
tion,[20] and a few sensors were previously designed using
this chemical bond.[21]


Considering that optical changes would be a sign for the
interaction of given metal ions with the imine compounds,
we explored the optical responses of isolated polyimines 7
and 8 upon the addition of a broad range of metal ions and
a selection of some of the patterns thus obtained is repre-
sented in Figure 7, which shows the spectra obtained by ad-
dition of silver(ii), cadmium(ii), copper(ii), and zinc(ii) salts
to polymer 7. It is seen that the increase of the fluorescence
emission as well as its shift from the original position de-
pends on both the metal ion and the polymer structure. For
example, the behavior of 7 upon addition of silver triflate
(Figure 7, top left) results in the enhancement of the poly-
mer emission by a factor of ten, together with a bathochro-
mic shift of 125 nm to the yellow part of the spectrum
(lmax=575 nm). Addition of copper(ii) triflate to 7 leads to a
narrower band at the same wavelength and with a very
strong increase in intensity by a factor of 40 (Figure 7,
middle left). CdCl2 does not cause a shift in lmax, but a small
positive emission response (Figure 7, top right).
The crucial role played by the nature of the backbone and


its length is illustrated in the last three graphs representing
the responses of polymers 7 (middle right), 8 (bottom left)
and tris 1 (bottom right) upon addition of Zn(BF4)2·8H2O.
The differences between these spectra are striking: while
compounds 1 and 7 display bathochromic shifts (15 and
100 nm, respectively), compound 8 shows a hypsochromic
shift of 50 nm.


Metal-ion-induced CDL reorganization : Taking the above
results as an indication for which metal ions may interact
with the studied dynamers, we investigated the possible re-


Figure 6. Top: Normalized fluorescence spectra of CDL I in chloroform
for various concentrations in CF3CO2D and Et3N (a: [CF3CO2D]=0m ; b:
[CF3CO2D]=1m ; c: b then neutralization to 0m in acid (2 min); d: b
then neutralization to 0m in acid (20 minutes); e: d then acidification to
[CF3CO2D]=1m. Bottom: Non-normalized fluorescence spectra of CDL
I in chloroform for various concentrations in CF3CO2D and for a same
excitation wavelength (400 nm) (f: [CF3CO2D]=0m ; h: CF3CO2D]=
10�1m ; i : CF3CO2D]=1m). For both experiments, the proton concentra-
tion values are given for a solution of initial concentration 5.12P10�2m in
dialdehyde A ; the spectra were recorded after equilibration and subse-
quent dilution to reach the values of [A]=2.6P10�6m (see also caption
to Figure 5).
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organization of libraries of iminofluorenes upon metal-
driven exchange. A wide set of metal salts were investigated
and, although most of them led to a recombination, only
Zn(BF4)2·8H2O appeared to selectively realize a full ex-
change between cylopentylamine and 2-aminofluorene in
the model system CDL I (Figure 8). The 1H NMR titration
shows that the completion of the exchange is obtained for
two equivalents of zinc(ii) tetafluoroborate, while one equiv-
alent leads to a ratio of 1:1:2 in 1, 2, and 10 respectively:


these statistical values indicate that one aliphatic amine is
trapped by one ZnII ion. This observation is also consistent
with the shift of the signal of the proton on the a-carbon of
cyclopentylamine compared to its resonance in the free
amine (d=3.75 and 3.40 ppm, respectively). Zinc(ii) appa-
rently displays both the Lewis acidity and the proper inter-
action selectivity for catalyzing the exchange and for dis-
criminating between aromatic and aliphatic amines, in con-
trast to the other tested metal salts.[22] Moreover, the system


Figure 7. Top left: Fluorescence spectra at 298 K in CHCl3 of compound 7 (c=4P10�6m) when adding increasing amounts of Ag(OTf) solubilized in
MeNO2. Excitation wavelength 390 nm for all the series. Top right: Fluorescence spectra at 298 K in CHCl3 of compound 7 (c=4P10�6m) when adding
increasing amounts of CdCl2 solubilized in CHCl3. Excitation wavelength 333 nm for all the series. Middle left: Fluorescence spectra at 298 K in CHCl3
of compound 7 (c=4P10�6m) when adding increasing amounts of Cu(OTf)2 solubilized in CH3CN; excitation wavelength 350 nm for all the series.
Middle right: Fluorescence spectra at 298 K in CHCl3 of fluorene polyimine 8 (c=4P10�6m) when adding increasing amounts of Cu(OTf)2 (equivalent
with respect to initial A in 8) solubilized in CH3CN; excitation at 350 nm for all the series. Bottom left: Fluorescence spectra at 298 K in CHCl3 of fluo-
rene polyimine 8 (c=4.05P10�6m) when adding increasing amounts of Zn(BF4)2·8H2O solubilized in CH3CN; excitation at 390 nm for all the series.
Bottom right: Fluorescence spectra at 298 K in CHCl3 of fluorene diimine 1 (c=4.05P10�5m) when adding increasing amounts of Zn(BF4)2·8H2O solubi-
lized in CH3CN; excitation at 333 nm for all the series.
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retains high conversion to imines in presence of ZnII that en-
ables an extension of its use to polymeric structures. The
ZnII ions can be seen as a “soft proton” capable of trapping
an aliphatic amine efficiently and thus allowing its exchange
for an aromatic one.
We then turned to the exchange of components in the


polymers formed from a 1:1:1 mixture of A, trans-1,4-cyclo-
hexanediamine and 2,7-diaminofluorene (CDL II) in etha-
nol at room temperature.[23] Selected 1H NMR measure-
ments associated with the corresponding UV-visible spectra
of polymeric CDL II under Zn(BF4)2·8H2O-promoted com-
ponent exchange are shown in Figure 9. CDL II consists in
principle of the two-component polymers 6 and 8 together
with a mixture of intermediate three-component A/cyclo-
hexyldiamine/diaminofluorene mixed species. Polymers 6
and 8 were prepared independently in the same conditions
as the reference compounds for 1H NMR, UV-visible, and
fluorescence spectroscopic studies. The composition of the
polymer mixture generated from the A/cyclohexyldiamine/
diaminofluorene mixture was characterized on the basis of
the NMR signal of the imine protons of 6 and 8, as well as
of the UV-visible electronic absorption bands and the fluo-
rescence emission (vide infra) of the isolated compounds. It
contained mainly (80% of the mixture with a cis/trans ratio
of 25:75) alternating fluorene/cyclohexane sequence 6, in-
corporating the more nucleophilic cyclohexane diamine and
displaying a characteristic absorption band at 345 nm. Inte-
gration of the imino�CH and of the remaining aldehyde
proton NMR signals gave [Eq. (1) above] a DP of about 9
(MW~5000). By adding ZnII to CDL II, its color evolved
from a pale yellow (without zinc) to a red brown suspension
(two equivalents of zinc with respect to A). The change in
composition was followed by 1H NMR and UV spectroscopy
in chloroform (Figure 9).[23] The increase of the aromatic
and the concomitant decrease of the aliphatic imine�CH
proton NMR signals indicated that the polymer incorporat-
ed an increasing amount of the diaminofluoene component,
up to practically pure 8.
Simultaneously, the absorption band at 345 nm decreased


and the band at 418 nm strongly increased, finally becoming


similar to the bands displayed
by the isolated polymer 8. The
reversibility was shown by addi-
tion of hexamethylhexacyclen B
(one equivalent with respect to
Zn(BF4)2), which led to the
same pattern as was observed
for the system without zinc.[24]


Dynamic constitutional self-
sensing :[10] As seen above, the
fluorescence of polyiminofluor-
ene 8 itself in the presence of
various amounts of ZnII


(Figure 7, bottom left) dis-


Figure 8. Constitutional dynamic library of iminofluorenes, CDL I, with Zn(BF4)2·8H2O-promoted component
exchange (see Figure 4, top): 1H NMR spectra (400 MHz) of CDL I for different Zn(BF4)2·8H2O concentra-
tions at 298 K in CDCl3 (a=0m ; b=3.10P10


�2
m ; c=6.20P10�2m ; d=8.68P10�2m ; e=1.24P10�1m); initial


concentration of A : 5.12P10�2m (see also Figure 1 in reference [10]).


Figure 9. Top: Constitutional dynamic library of polymeric iminofluor-
enes, CDL II (A/cyclohexanediamine/diaminofluorene 1:1:1), with ZnII-
promoted component exchange and absorption spectra of the CDL re-
corded at 298 K in CDCl3 for various amounts of Zn(BF4)2·8H2O solubi-
lized in CD3CN. B=Hexamethylhexacyclen. Bottom: Selected 1H NMR
spectra (400 MHz) of CDL II for different A/Zn(BF4)2·8H2O ratios at
298 K in CDCl3 with [A]=10


�4
m. For both experiments, the initial con-


centration in dialdehyde A was 5.12P10�2m. The spectra were recorded
after equilibration and subsequent dilution to reach the values of [A]=
2.5P10�5m (UV-visible spectroscopy) and [A]=10�4m (1H NMR spec-
troscopy).
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played a shift from yellow to blue as well as an increase in
emission intensity (four times) in presence of large excess
(30 equivalents) of ZnII. No such changes were observed for
nonconjugated polymeric structure 6.
The combined effects of the ZnII ions, that is, simultane-


ous modification of constitution and fluorescence enhance-
ment, were examined by adding increasing amounts of
metal salt, from 0 to 30 equivalents, to CDL II (Figure 10,
top; see also the preliminary report, reference [10]). As indi-
cated above, the constitution of the polymeric structure
changes progressively from 6 towards genuine 8 at two
equivalents of zinc salt, accompanied by pronounced spec-


tral modifications. For higher amounts of zinc ions, new
emission bands appear at 400 and 430 nm and evolve to-
wards a very intense band at 420 nm for large amounts of
metal salt. These last effects may be considered as resulting
from the interaction of the fully aromatic polyimine 8 with
the ZnII ions; this interaction manifests itself by a marked
fluorescence change after more than two equivalents of ZnII


have been added to CDL II. It amounts to an ion-induced
signal generation (Figure 10, bottom). On a conceptual
level, these results express a synergistic adaptative behavior:
the addition of an external effector (e.g., zinc ions) drives a
constitutional evolution of the dynamic mixture towards the
selection and amplification of that species (compound 8)
which allows the generation of a (optical) signal indicating
the presence of the very effector that promoted its genera-
tion in the first place. This embodies a “constitutional dy-
namic self-sensing” process that extends the range of self-
processes.[14] A similar effect is found when the acid is used
for the reorganization of CDL I, resulting in a red shift and
a large increase in intensity after the exchange, as shown in
Figure 6 (bottom). The effect of both ZnII and H+ may
result from a sort of doping by a positively charged entity.
Zinc plays two distinct roles: it is a selection trigger and


fluorescence-enhancing agent, as it interacts selectively with
the amines and imines in the system. In the following part
of the discussion, we highlight that ZnII ions furthermore act
as catalyst for the recombination process.


Kinetic and mechanistic aspects of the constitutional dynam-
ic processes : In the course of our investigations, we ob-
served some interesting kinetic aspects of the effect of both
protons and zinc ions on the constitutional dynamic libraries
discussed above. Whereas the time required to form 2 at
equilibrium from aldehyde A and free amines in the forma-
tion of CDL I was about 24 h (Figures 4 and 8), the ex-
change process for going from 2 to 1, in presence of ZnII


ions, took less than one minute (the equilibration was even
too fast to be followed by 1H NMR spectroscopy). On the
other hand, the backward reaction (regeneration of com-
pound 2 from 1, Scheme 3) using hexamethylhexacyclene as
a zinc trapping agent,[24] takes 30 minutes to reach the equi-
librium (t1/2=3.5 min) (entry 8, Table 2).
These observations pointed to a possible activation of the


exchange process by the ZnII ions. The half-life of the for-
mation of the aliphatic bis-imine 2 starting from compound
1 (as formed in situ from its components) in presence of two


Figure 10. Top: Fluorescence spectra at 298 K in CHCl3 of the CDL II of
fluorene polyimines of Figure 9, on addition of increasing amounts of Zn-
(BF4)2·8H2O (equivalent with respect to initial A in CDL II) solubilized
in CH3CN; excitation at 320 nm. Bottom: Partial titration (0 to 4 equiv
ZnII) in the same conditions as the spectra shown in the top part of the
figure, illustrating the self-sensing occurring after the component ex-
change process (sensor formation) is completed, that is, beyond 2 equiv
of ZnII (see also Figure 3 in reference [10]).


Scheme 3. Constitutional reorganization CDL I where the reaction is set up from the compound 1 formed in situ. The results obtained by variations of
the two parameters (relative quantity of cyclopentylamine and relative quantity of zinc) are reported in Table 2.
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and five equivalents of cyclopentylamine in chloroform
without metal ions (entries 1 and 2, Table 2) was found to
be 15 and 7.5 minutes, respectively, by NMR measurements.
This indicates that the exchange leading to 2 is faster than
its formation from aldehyde A ; it probably occurs by means
of a transimination pathway rather than a hydrolysis/con-
densation one. As each ZnII ions traps a cyclopentylamine
molecule, there is no effect of the metal cation on the rate
of this conversion of 1 to 2 with one or two equivalents of
amine (Table 2, entries 3 and 4). In presence of an excess
(3–5 equivalents) of amine, equilibration occurs in less than
one minute, full conversion being reached for five equiva-
lents (Table 2, entries 5–7). The fast rates observed reveal a
catalytic effect of ZnII ions as the reaction is faster than for
the two control experiments (Table 2, entries 1 and 2). That
this effect is due predominantly to the metal cations and not
to protons, which might be formed by hydrolysis of the Zn-
(BF4)2·8H2O salt, was indicated by the fact that, within
CDL I (Scheme 3), 1) the rate of the 2!1 conversion re-
mained very slow on addition of two equivalents of
CF3CO2D in absence of salt, and 2) the rate of the 1!2 con-
version remained fast on addition of triethylamine as proton
trap.
Furthermore, in the course of the conversion of CDL I


from predominantly 2 to 1 on addition of acid and back to 1
on addition of triethylamine as proton scavenger, the forma-
tion of a significant amount (up to 32%) of monoaldehyde
was observed by NMR spectroscopy. In contrast, only traces
(less than 5%) of monoaldehyde were detected when the
same conversions were performed in presence of ZnII ions
(Figure 11).
Taken together, the results obtained point to two mecha-


nistic pathways: on one hand, a hydrolysis/condensation one
when H+ is used, and on the other hand, a transimination-
type exchange when zinc(ii) is present. This conclusion
agrees with and is supported by an extensive investigation
of the catalysis of similar transimination reactions by
scandium(iii) ions as Lewis acid.[8b,25]


Conclusion


The constitutional composition of a dynamic molecular ma-
terial based on fluorenylimines, generated from a set of
components connected by reversible covalent bonds, has
been modulated by external effectors. Highly selective com-
ponent exchange has been obtained by using protons or ZnII


ions as effectors. Zn(BF4)2·8H2O was found to be the most
efficient trigger for controlled rearrangement of the polyi-
mine structures, without the drawback of hydrolysis as
occurs in the presence of H+ . The data obtained indicate
that the exchange takes place mainly through a zinc(ii)-cata-
lyzed transimination mechanism. In view of the important
role played by fluorene-derived polymers as materials for
light-emitting devices (LEDs),[12] the present polyiminofluor-
enes[15] constitute a dynamic analogue, which may display in-
triguing potential as dynamic LEDs (Dyna-LEDs), capable
of responding to external solicitations by physical or chemi-
cal triggers.
In addition to inducing selection, ZnII ions also lead to a


fluorescence shift/enhancement. On a conceptual level, both
features brought together express a synergistic adaptative
behavior: the addition of an external effector (e.g., zinc
ions) drives a constitutional evolution of the dynamic mix-
ture towards the selection and amplification of the species


Table 2. Thermodynamic and kinetic data for the equilibration of the re-
action starting from different ratios of mixture 1/cyclopentylamine and
leading to 2 and free aminofluorene (Scheme 3) in the presence of addi-
tives.


Entry X equiv Equiv of
additive


% of 2 at
the equilibrium[a]


t1/2 [min]
[b]


1 2 – 100 15
2 5 – 100 7.5
3 1 2Zn 0 –
4 2 2Zn 0 –
5 3 2Zn 5 <1
6 4 2Zn 25[c] <1
7 5 2Zn 100 <1


[a] The relative percentage is given compared to a reference which is de-
fined from the equilibrium of CDL I in initial conditions (formation from
free aldehyde A and amines). [b] Based on the formation of 2.
[c] Products 1, 2, 10 are expressed in a ratio equal to 1:1:2.


Figure 11. Top: Evolution with time of the exchange process inside CDL
I when ZnII ions are trapped with hexamethylhexacyclene B ; plotted
from 1H NMR data and labeled as follows: black triangles (2); dots (1);
open triangles (10, mixed imine); diamonds (aromatic monoaldehyde).
Bottom: Evolution with time of the exchange process inside CDL I when
H+ ions are neutralized with triethylamine; plotted from 1H NMR data
and labeled as described in the top scheme.
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(compound 8) that in return allows the generation of a (op-
tical) signal indicating the presence of the very effector that
promoted its generation in the first place. This embodies a
“constitutional dynamic self-sensing” process, which extends
the range of self-processes. Such constitutional reorganiza-
tion of a system, particularly a dynamer library, is of special
interest for the design of dynamic “smart” materials, allow-
ing the expression/fine tuning of a given virtual (latent)
property and/or producing an adaptative response under the
pressure of external conditions. Moreover, the self-sensing
behavior (whereby an effector induces the upregulation of
its own detector) represents a further step in the emergence,
at both the molecular and supramolecular levels, of dynamic
systems of increasing complexity.


Experimental Section


General aspects : All reagents and solvents were purchased at the highest
commercial quality and were used without further purification unless oth-
erwise noted. Yields refer to purified (1H NMR spectroscopy) homogene-
ous materials. 1H NMR spectra were recorded on a Bruker Avance 400
and Bruker 250 spectrometers. The spectra were internally referenced to
the residual proton solvent signal. In the 1H NMR assignments, the chem-
ical shifts are given in ppm. The coupling constants J are listed in Hz.
The following notation is used for the 1H NMR spectral splitting pat-
terns: singlet (s), doublet (d), triplet (t), multiplet (m), broad (br). The
temperatures that are given for the kinetic and thermodynamic data were
directly measured and regulated in the NMR probe by using a thermo-
couple. Electrospray (ESI and ESI-TOF) studies were performed on a
Bruker Micro TOF mass spectrometer (sample solutions were introduced
into the mass spectrometer source with a syringe pump with a flow rate
of 160 mLmin�1). MALDI-MS was carried out on a Bruker Autoflex or
on a Perspective Biosystems Voyager Pro DE with dithranol as matrix.
Melting Points (m.p.) were recorded on a Kofler Heizblock and on a
BSchi Melting Point B-540 apparatus and are uncorrected. Microanalyses
were performed by the Service de Microanalyse, Institut de Chimie, Uni-
versitC Louis Pasteur.


General procedures for the synthesis of isolated imines and polyimines :
Equimolar amounts of amine and aldehydes were solubilized or suspend-
ed in ethanol at a concentration of 0.1m and the reaction mixtures were
refluxed overnight under vigorous stirring. The solutions were then either
evaporated to dryness and the crude residues were purified by flash chro-
matography or, after cooling of the solutions to 0 8C, the precipitates
formed from the reaction mixture were filtered and washed with cold
ethanol and the compounds crystallized or precipitated from AcOEt/
hexane mixtures.


General procedure for crossover experiments in CDL I and determina-
tions of thermodynamic and kinetic data : A typical protocol was realized
by the preparation of a fresh solution of the compounds to exchange in
CDCl3 (0.6 mL, 5.12P10


�2
m in A) in a NMR tube. To avoid the catalysis


of the transimination reaction, the traces of acid in the deuterated
chloroform were removed by flash chromatogaphy through neutral alu-
mina, immediately prior to use. The NMR tubes were topped with teflon
caps in order to keep a constant concentration and avoid water evapora-
tion upon heating. The mixtures were equilibrated for 24 h at room tem-
perature and 1H NMR spectra were recorded upon addition of increasing
amounts of CF3CO2D (direct addition using a teflon coated microsyr-
inge) or Zn(BF4)2·8H20 dissolved in CD3CN (5–50 mL, 0.2–8.0 vol% of
CD3CN in CDCl3), at the same temperature.


General procedure for crossover experiments in CDL II and determina-
tions of thermodynamic and kinetic data : A typical protocol was realized
by the preparation of a fresh solution of the compounds to exchange in
EtOH (3 mL, 5.12P10�2m in A) in a 10 mL flask. The mixtures were


equilibrated for 24 h at room temperature and the exchange reactions
were performed upon addition of increasing amounts of CF3CO2D
(direct addition using a teflon coated microsyringe) or Zn(BF4)2·8H20
dissolved in a CD3CN (5–50 mL, 0.2–8.0 vol% of CD3CN in EtOH), at
the same temperature. The reaction product was a pale yellow solution
and precipitate ([A]i=5.12P10


�2
m). For spectral characterization, this


product was either dissolved in chloroform (for UV-visible and fluores-
cence spectroscopy) or evaporated to dryness under vacuum, without
heating, and a sample dissolved in chloroform (for 1H NMR spectroscopy
as well as UV-visible and fluorescence spectral determinations); when
both procedures were used they gave the same results. The concentration
of the solutions used for NMR spectroscopy was 10�4m in CDCl3.


9,9-Dihexyl-9H-fluorene-2,7-dicarbaldehyde (A): The dialdehyde was
synthesized from the corresponding diol,[26] by using the following proto-
col. Pyridinium chlorochromate (5 g), activated molecular sieves (4 T;
1 g) and silica gel (1 g) were mixed together in dry methylene chloride
(20 mL) and cooled to 0 8C by using an ice bath. A solution of the diol
(2 g) in methylene chloride (20 mL) was added dropwise, and the reac-
tion was stirred 4 h at 0 8C and then for a further 12 h at room tempera-
ture. The reaction mixture was filtered through a pad of silica gel with
methylene chloride as solvent, and then the crude product was evaporat-
ed, purified by flash chromatography (solvent system hexane/AcOEt
85:15), and obtained as a white powder. Yield 85%; m.p. 51–52 8C; ele-
mental analysis calcd (%) for C27H34O2: C 82.82, H 9.01; found: C 82.64,
H 8.77; 1H NMR (400 MHz) (CDCl3): d=0.53–0.59 (m, 4H), 0.76 (t,


3J=
6.8 Hz, 6H), 0.98–1.13 (m, 12H), 2.08–2.11 (m, 4H), 7.92–7.97 (m, 6H),
10.13 ppm (s, 2H); 13C NMR (CDCl3): d=13.90, 22.50, 23.75, 29.50,
31.40, 40.00, 55.55, 121.30, 123.35, 130.30, 136.40, 145.60, 152.85,
192.20 ppm; MS (electrospray): m/z (%): 391.3 (100) [M+H]+ ; HRMS:
calcd: 391.2632; found: 391.2592; UV/Vis (CHCl3, 5.05P10


�5 molL�1):
l=343, 329, 311 nm; fluorescence: lmax=416 nm.


(E)-N-{{7-[(E)-(9H-Fluoren-2-ylimino)methyl]-9,9-dihexyl-9H-fluoren-2-
yl}methylene}-9H-fluoren-2-amine (1): The product was synthesized by
using the general method and obtained as a bright yellow powder (yield
95%). M.p. 188–190 8C; 1H NMR (400 MHz) (CDCl3): d=0.65–0.75 (m,
4H), 0.80 (t, 3J=6.8 Hz, 6H), 1.06–1.16 (m, 12H), 2.13–2.18 (m, 4H),
3.99 (s, 4H), 7.36 (qd, 3J=8.2 Hz, 3J=2 Hz, 4H), 7.41 (t, 3J=7.6 Hz, 2H),
7.53 (s, 2H), 7.41 (d, 3J=7.3 Hz, 2H), 7.82–7.89 (m, 6H), 7.92–7.95 (m,
2H), 8.03 (s, 2H), 8.68 ppm (s, 2H); 13C NMR (CDCl3): d=14.05, 22.60,
23.85, 29.70, 31.55, 37.00, 40.35, 117.70, 119.75, 120.25, 120.40, 120.60,
122.60, 125.05, 126.50, 126.85, 128.95, 136.00, 139.90, 141.45, 143.50,
143.60, 144.50, 151.10, 152.25, 160.00 ppm; MS (electrospray): m/z (%):
717.3 (100) [M+H]+ ; HRMS: calcd: 717.4203; found: 717.4166; UV/Vis
(CHCl3, 1.50P10


�5 molL�1): l=394 nm; fluorescence: lmax=460 nm.


(E)-N-{{7-[(E)-(Cyclopentylimino)methyl]-9,9-dihexyl-9H-fluoren-2-yl}-
methylene}cyclopentanamine (2): The product was synthesized by using
the general method and obtained as a white powder (yield 88%). M.p.
88–90 8C; 1H NMR (400 MHz) (CDCl3): d=0.55–0.62 (m, 4H), 0.77 (t,
3J=6.8 Hz, 6H), 0.98–1.13 (m, 12H), 1.71–1.79 (m, 8H), 1.89–1.96 (m,
8H), 2.08–2.11 (m, 4H), 3.78–3.86 (m, 2H), 7.70 (s, 2H), 7074 (s, 4H),
8.39 ppm (s, 2H); 13C NMR (CDCl3): d=14.00, 22.55, 23.65, 24.75, 29.60,
31.50, 34.50, 40.25, 55.25, 72.15, 120.10, 122.32, 127.46, 135.85, 142.75,
151.70, 159.20 ppm; MS (electrospray): m/z (%): 512.4 (100) [M+H]+ ;
HRMS: calcd: 525.4203; found: 525.4214; UV/Vis (CHCl3, 7.62P
10�5 molL�1): l=342, 329, 310 nm; fluorescence: lmax=423 nm.


(E)-N-{{9,9-Dihexyl-7-[(E)-(phenylimino)methyl]-9H-fluoren-2-yl}methy-
lene}benzenamine (3): The product was synthesized by using the general
method and obtained as a brown-yellow waxy solid (yield 95%). M.p.
48–50 8C; 1H NMR (400 MHz) (CDCl3): d=0.60–0.67 (m, 4H), 0.78 (t,
3J=6.8 Hz, 6H), 1.03–1.13 (m, 12H), 2.08–2.14 (m, 4H), 7.29–7.31 (m,
6H), 7.43–7.47 (m, 4H), 7.88–7.99 (m, 6H), 8.60 ppm (s, 2H); MS (elec-
trospray): m/z (%): 541.4 (100) [M+H]+ ; HRMS: calcd: 541.3577; found:
541.3597; UV/Vis (pyridine, 1 gmL�1): l=400 nm; fluorescence: lmax=
465 nm.


(E+Z)-7-[(9H-Fluoren-2-ylimino)methyl]-9,9-dihexyl-9H-fluorene-2-car-
baldehyde (10): The product was synthesized by using the general
method and obtained as a bright yellow oil (yield 66%); 1H NMR
(400 MHz) (CDCl3): d=0.57–0.69 (m, 4H), 0.75–0.80 (m, 6H), 1.05–1.13
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(m, 12H), 2.08–2.14 (m, 4H), 3.99 (s, 2H), 7.32–7.38 (m, 2H), 7.44 (t,
3J=7.2 Hz, 1H), 7.52 (s, 1H), 7.59 (d, 3J=7.5 Hz, 1H), 7.81–7.90 (m,
3H), 7.92–7.98 (m, 4H), 8.02 (br, 1H), 8.68 (s, 1H), 10.12, 10.13 ppm (2s,
1H); 13C NMR (CDCl3): d=13.90, 13.95, 14.00, 22.45, 22.55, 22.60, 23.75,
23.80, 29.50, 29.60, 29.65, 31.40, 31.45, 31.55, 36.95, 40.05, 40.20, 55.50,
117.65, 119.75, 120.20, 120.40, 120.55, 120.65, 121.20, 121.30, 122.65,
122.75, 123.20, 123.35, 125.00, 126.55, 126.85, 128.90, 130.30, 130.45,
135.85, 136.45, 136.80, 140.05, 141.35, 142.65, 143.35, 144.50, 145.60,
146.60, 150.90, 152.25, 152.35, 152.80, 152.85, 159.65, 160.00, 192.20,
192.30 ppm; MS (electrospray): m/z (%): 554.4 (100) [M+H]+ ; HRMS:
calcd: 554.3417; found: 554.3392.


Oligomer (4): The product was synthesized by using the general method
and obtained as a bright yellow powder (yield 79%); M.p. 226 8C
(decomp); 1H NMR (250 MHz, pyridine): d=0.72 (br, 14H), 1.02 (br,
30H), 2.24 (br, 8H), 7.45–7.60 (br, 8H), 8.10–8.20 (br, 12H), 8.50 (br,
6H), 8.86 ppm (br, 4H); MS (MALDI-TOF) (n=1): m/z (%): 1003.6
(100) [M+H]+ (polymeric structures are observed up to n=10); HRMS
(electrospray) (n=1): calcd: 1003.6612; found: 1003.6668; UV/Vis
(CHCl3, 5.42P10


�6 molL�1): l=408 nm; fluorescence: lmax=483 nm.


Oligomer (5): The product was synthesized by using the general method
and obtained as a bright yellow powder (yield 76%); M.p. (decomposi-
tion) 300 8C; 1H NMR (250 MHz; pyridine): d=0.72 (br, 14H), 1.03 (br,
30H), 2.24 (br, 8H), 4.95 (br, 6H), 7.45–7.60 (br, 8H), 7.90–8.30 (m,
16H), 8.50–860 (br, 8H), 8.93 ppm (br, 4H); MS (MALDI-TOF) (n=1):
m/z (%): 1292.3 (100) [M+Na]+ (polymeric structures are observed up
to n=10); HRMS (electrospray) (n=1): calcd: 1267.7514; found:
1267.7508; UV/Vis (CHCl3, 5.36P10


�6 molL�1): l=414 nm; fluorescence:
lmax=477 nm.


Polymer (6): The product was synthesized by using the general method
and obtained as a white powder (yield 95%); M.p. (decomp) 270 8C;
1H NMR(400 MHz) (CDCl3): d=0.60 (br, 4H), 0.78 (m, 6H), 1.05–1.13
(m, 12H), 1.62 (br, 2H), 1.90–2.08 (m, 6H), 2.10–2.20 (br, 4H), 3.39 (br,
2H), 2.08–2.11 (m, 4H), 7.75–7.85 (m, 6H), 8.50 ppm (s, 2H); MS
(MALDI-TOF; repeated fragments of the main unit): m/z : 470 [M+H]+


(polymeric structures are observed up to n=14); UV/Vis (CHCl3, 6.68P
10�5 molL�1): l=345, 331, 309 nm; fluorescence: lmax=431 (lexit=380),
lmax=370 nm (lexit=320 nm).


Polymer (7): The product was synthesized by using the general method
and obtained as a bright yellow powder (yield 96%); M.p. >360 8C
(decomp); 1H NMR (400 MHz) (CDCl3): d=0.65 (br, 4H), 0.78 (m, 6H),
1.05–1.13 (m, 12H), 2.10–2.20 (br, 4H), 7.40–7.60 (br, 4H), 7.80–7.95 (br,
4H), 8.02 (s, 2H), 8.67 (s, 2H); MS (MALDI-TOF; repeated fragments
of the main unit): m/z : 463 [M+H]+ (polymeric structures are observed
up to n=32); UV/Vis (CHCl3, 1.56P10


�5 molL�1): l=420 nm; fluores-
cence: lmax=490 nm.


Polymer (8): The product was synthesized by using the general method
and obtained as a bright yellow powder (yield 98%); M.p. >360 8C
(decomp); 1H NMR (400 MHz) (CDCl3): d=0.69 (br, 4H), 0.78 (m, 6H),
1.00–1.20 (br, 12H), 2.10–2.20 (br, 4H), 4.00(br, 2H), 7.33–7.40 (m, 2H),
7.40–7.60 (m, 2H), 7.80–8.00 (m, 6H), 8.03 (s, 2H), 8.70 ppm (s, 2H); MS
(MALDI-TOF; repeated fragments of the main unit): m/z : 551 [M+H]+


(polymeric structures are observed up to n=18); UV/Vis (CHCl3, 1.16P
10�5 molL�1): l=418 nm; fluorescence: lmax=493 nm.


Polymer (9): The product was synthesized by using the general method
and obtained as a bright yellow powder (yield 94%); M.p. >360 8C
(decomp); 1H NMR (400 MHz) (CDCl3): d=0.65 (br, 4H), 0.78 (m, 6H),
1.00–1.20 (br, 12H), 2.00–2.20 (br, 4H), 7.20 (s, 2H), 7.35 (d, 3J=7.3 Hz,
4H), 7.63 (d, 3J=7.3 Hz, 4H), 7.83–7.88 (m, 4H), 8.01 (s, 2H), 8.64 ppm
(s, 2H); MS (MALDI-TOF; repeated fragments of the main unit): m/z :
565 [M+H]+ (polymeric structures are observed up to n=25); UV/Vis
(CHCl3, 1.15P10


�5 molL�1): l=422 nm; fluorescence: lmax=496 nm.
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Introduction


N-Confused porphyrins (NCPs) exhibit attractive properties
such as an ability to stabilize unusual oxidation states of
metals, unique tautomerism between isomers bearing outer
and inner NH, and supramolecular assembling through the
interaction of the confused outer nitrogen atom with metal
ions.[1,2] Extension of such NCP chemistry to expanded por-
phyrins[3] has been recently achieved by incorporating an N-


confused oligopyrrolic subunit into macrocycle, hence pro-
viding novel macrocycles including a doubly N-confused
hexaphyrin (DNCH, 2),[4a] a doubly N-fused pentaphyrin,[4b]


and doubly N-confused pentaphyrins.[4c] Among these, the
macrocycle 2 has been shown to be a useful bis-metal-coor-
dinating ligand for NiII and CuII ions.[4a] DNCH and its bis-
metal complexes are also attractive as near-infrared-absorb-
ing dyes in the light of their expanded p-electronic systems,
but have been only poorly explored, mainly due to its te-
dious multistep synthesis starting from an N-confused tripyr-
rane precursor. Such a synthetic difficulty precludes its large
scale preparation, which would be needed for its further ap-
plications. Herein, we report on an unexpected but efficient
route to DNCH 2 from [26]hexaphyrin(1.1.1.1.1.1) (1)[3c,5]


by means of a double pyrrolic rearrangement, effected by
CuI-mediated aerobic oxidation.


Results and Discussion


Under aerobic conditions, CuCl was added to a solution of 1
in pyridine and the resulting mixture was stirred for 3 h.
TLC analysis of the reaction mixture revealed the appear-
ance of a pale blue band moving faster than 1. After usual
workup followed by chromatographic separation through a
silica gel column, a reddish solid was isolated as a sole
major product. Positive-mode high-resolution electrospray
ionization mass spectroscopy (HR-ESI-TOF-MS) exhibited
the parent ion peak at m/z : 1616.9052 [M+H]+ (calcd for
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yield through an unprecedented double pyrrolic rearrangement. Macrocycle 2 has
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C66H11F30N6O2Cu2: 1616.9050), thus demonstrating that two
oxygen atoms are incorporated in addition to two copper
ions. The structure of this complex has been revealed by
single-crystal X-ray diffraction analysis to be bis-CuII–
DNCH (3 ; Figure 1), in which each of two Cu atoms is
bound to three pyrrolic nitrogen atoms and a carbonyl
oxygen atom with a Cu�Cu distance of 4.896(1) K in a
planar macrocycle with the mean plane deviation of only
0.079 K and small Cu ion displacements of 0.059 K. Bond


lengths are Cu�NA 2.043(4) K, Cu�NB 1.961(4) K, Cu�NC
2.052(4) K, and Cu�O 1.932(3) K. Remarkably, both of the
inverted pyrrole rings of 1 underwent simultaneous rear-
rangements to form N-confused pyrroles with concomitant
oxygenation at the internal pyrrolic a-position in 3
(Scheme 1). For structural confirmation, the complex 3 was


quantitatively demetallated to its free base 2 upon treatment
with trifluoroacetic acid (TFA). Eventually, all the structural
data of 2 including high-resolution ESI mass, the electronic
absorption spectrum, 1H- and 19F NMR spectra, and single-
crystal X-ray diffraction analysis, confirmed that this com-
pound is exactly identical to that prepared by the previous
stepwise synthesis.[4a] Although the yield of 3 is modest
(24.4%), this reaction is far superior to the previous synthe-
sis in terms of the easy procedure and ready availability of
1. N-Confused porphyrinic macrocycles have been so far
prepared by an accidental coupling reaction of an aryl alde-
hyde with pyrrole at the b-position or by means of a de-
signed route using N-confused mono- or oligopyrrolic pre-
cursors.[1,6] In this respect, this procedure is quite attractive,
since it opens up a new entry to N-confused expanded por-
phyrins from normal expanded porphyrins by means of an
unprecedented pyrrole rearrangement.
We then examined the similar rearrangement reaction of


hexaphyrins 5 and 6, which have been shown to be confor-
mationally stable at 0 8C, but start to show a caterpillar-like
rotational isomerization around 20 8C.[7] When subjected to
the similar metallation conditions (CuCl, pyridine, O2) at
0 8C followed by demetallation with TFA, hexaphyrin 5 gave
7 in 13% as a sole DNCH product, but at 20 8C it gave 7, 8,
and 9 in 4.7, 14, and 4.7% yields. Similarly, the reaction of 6
at 0 8C gave a 1:1 mixture of 8 and 9 in 9%. These results
suggest that the rearrangement occurs selectively at the in-
verted pyrroles at the long side. DNCH products were
formed from hexaphyrins bearing electron-deficient aryl
substituents such as 10, 11, and 12 (18, 19, and 20, respec-
tively), but not from those with electron-rich aryl substitu-
ents like 13 and 14. Modest yields of DNCH products sug-
gest that the rearrangements may occur independently in
either direction to give several rearranged products, of
which only DNCH-type products are stabilized through the
coordination of two CuII ions.
At present, we know very little about the mechanistic


course from 1 to 3. Several experimental facts are given
below:


Figure 1. Crystal structures of 3. The thermal ellipsoids were scaled to the
50% probability level. meso-Aryl substituents and hydrogen atoms were
omitted for clarity.


Scheme 1. Double pyrrolic rearrangements from 1 to 3.
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1) The initial reaction is a reduction of 1 to [28]hexaphyrin
4 probably with CuI ions, since in the beginning of reac-
tion the purple color of 1 changed immediately to the
blue color of 4, and 4 underwent similar double rear-
rangements under the same conditions.


2) The gable-type bis-Cu complexes[8] of 1 that were pre-
pared from the metallation of 1 with CuII ion were not
precursors for this rearrangement, since these CuII-com-
plexes did not undergo any rearrangements under the
same conditions.


3) The reaction needed molecular oxygen, since the reac-
tion did not proceed under anaerobic conditions but was
initiated upon introduction of air or molecular oxygen.


4) Both CuI ions and pyridine are essential for the reaction.
5) The parent ion peak of 2 was increased by four mass
units when the reaction was conducted in the presence of
18O-labelled water, suggesting adventitious water and not
molecular oxygen was the oxygen source.


We thus anticipated the involvement of CuCl–pyridine–
O2 oxidation


[9] in this reaction.[10] Indeed, a pretreated green
solution of CuCl–pyridine–O2


[9] was found to effect the
transformation of 1 to 3 with 13% yield.
DNCH 2 provides two NNNO units and serves as an ef-


fective bis-metal chelate for various metal ions including
CoII, MnIII, and FeIII ions besides CuII and NiII ions. Thus,
bis-metal complexes of 2 were prepared quantitatively by
simple metallation. The bis-CoII complex 15, bis-MnIII com-
plex 16, and bis-FeIII complex 17 exhibited parent ion peaks
at m/z : 1606.9130 (calcd for C66H11F30N6O2Co2: 1606.9123)
for 15, at m/z=1669.75 (calcd for C66H10F30N6O2Mn2Cl2:
1669.56) for 16, and at m/z=1663.92 (calcd for
C66H10F30N6O2Fe2Cl2: 1671.37) for 17. These smooth metalla-
tion behaviors of 2 are in sharp contrast to unpredictable
metallation behaviors of expanded porphyrins[11] including
hexaphyrin 1.[8,12] Crystals of 15 suitable for X-ray crystallog-
raphy were grown by slow evaporation of a solution of the
sample in THF/octane (Figure 2). The complex 15 shows a
slightly distorted structure with the mean plane deviation of
0.117 K defined by the 36 atoms in the macrocycle. The dis-
placement of Co ion is 0.302 K and the Co�Co distance is
4.802(9) K. Water molecules coordinated at the axial posi-
tion of the Co ion were found with a Co�O distance of
2.025(4) K. In the complex 15, bond lengths were Co�NA
2.139(4) K, Co�NB 2.007(4) K, Co�NC 2.052(4) K, and
Co�O 1.932(3) K, respectively, which were almost the same
as those of porphyrins.
Finally, promising attributes of 2 as a near-infrared ab-


sorbing dye are briefly described. DNCH 2 possesses a 26p-
conjugated aromatic electronic network, which is compara-
ble to that of the hexaphyrin 1, but larger than the 18p-con-
jugated one of porphyrins. The absorption spectrum of 2
shows a Soret band at 566 nm with a shoulder at 586 nm
and Q-bands at 722, 793, 911, and 1047 nm (Figure 3). The
Soret band of 2 (e=410000) is distinctly sharper than that
of 1 (e=260000; Figure 4). Interestingly, compound 2 exhib-
its fluorescence at 1058 nm with a vibronic structure and a


very small Stokes shift, suggesting a rigid structure
(Figure 3). The fluorescence quantum yield of 2 was mea-
sured to be ~0.65 of that of 1, which was roughly estimated
to be less than 10�4.[13] These results may be rationalized in
terms of a more rigid structure of 2 relative to that of 1


Figure 2. Crystal structures of 15. The thermal ellipsoids were scaled to
the 50% probability level. meso-Aryl substituents and hydrogen atoms
were omitted for clarity.


Figure 3. Absorption and fluorescence spectra of 2 in toluene at room
temperature.


Figure 4. UV-visible absorption spectra of 1, 2, 3, 15, 16, and 17 in
CH2Cl2.
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owing to multiple intramolecular hydrogen-bonding interac-
tions. Femtosecond time-resolved transient absorption spec-
troscopy was used to detected the S1-state dynamics at
570 nm, which decays following a single exponential func-
tion with t=62 ps (Figure 5); this value is quite small rela-


tive to those of free-base porphyrins (ca. 10 ns), but almost
comparable to 98 ps of the S1-state of 1.


[13] The fluorescence
in the near-infrared region is quite interesting, because of a
variety of possible applications including biomedical imag-
ing and sensing,[14] nonlinear optical materials,[15] and so
forth, despite a limited number of fluorescent dyes in this
region known.[16] The absorption spectra of 15–17 are shown
in Figure 4, in which the Soret-like bands are observed at
614, 615, 610, and 602 nm for 3, 15, 16, and 17, respectively,
showing 36–49 nm red shifts upon metallation.


Conclusion


In summary, we found a facile entry to DNCH 2 from 1 by
means of a double pyrrolic rearrangement, which can be
performed in a large scale. The rearrangement was induced
upon the treatment of [26]hexaphyrins(1.1.1.1.1.1) with CuI


ions in pyridine in the presence of molecular oxygen. This
pyrrolic-rearrangement strategy may be applied to other
meso-aryl-substituted expanded porphyrins and may allow a
new direct entry to other larger N-confused expanded por-
phyrins, which is an subject worthy of further investigations.


Experimental Section


General : All reagents and solvents were of the commercial reagent grade
and were used without further purification except where noted. 1H and
19F NMR spectra were recorded on a JEOL ECA-600 spectrometer (op-
erating as 600.17 MHz for 1H and 564.73 MHz for 19F NMR spectra) with


the residual solvent (CHCl3) as an internal reference for
1H spectra (d=


7.260 ppm) and hexafluorobenzene as an external reference for 19F spec-
tra (d=�162.9 ppm). Spectroscopic grade CH2Cl2 was used as solvents
for all spectroscopic studies. UV-visible absorption spectra were recorded
on a Shimadzu UV-3100 spectrometer. Mass spectra were recorded on a
Shimadzu/KRATOS KOMPACT MALDI 4 spectrometer, using positive-
MALDI ionization method and on a BRUKER microTOF with the posi-
tive or negative mode ESI-TOF method in acetonitrile. Preparative sepa-
rations were performed by silica gel flash column chromatography
(Merck Kieselgel 60H Art. 7736), and silica gel gravity column chroma-
tography (Wako gel C-400).


Doubly N-confused hexaphyrin bis-CuII complex 3 : Compound 1
(400 mg) and CuCl (2 g) in pyridine (100 mL) were stirred under aerobic
conditions for 3 h at room temperature. The reaction mixture was diluted
with AcOEt, and the organic layer was washed with brine three times,
and dried over anhydrous Na2SO4. After removal of solvent, the crude
product was purified by silica gel column chromatography with CH2Cl2/
hexane (3:7) as an eluent. The major blue-green fraction was collected.
Recrystallization from a mixture of CH2Cl2/hexane gave reddish solids of
3 (108 mg, yield: 24.4%).


Doubly N-confused [26]hexaphyrin(1.1.1.1.1.1) 2 : An excess amount of
trifluoroacetic acid (TFA; 2 mL) was added to a solution of 3 (30 mg) in
CH2Cl2 (10 mL) and the resulting solution was stirred for 1 h. The reac-
tion mixture was quenched with water. The organic layer was separated
and dried over anhydrous Na2SO4. Recrystallization from a mixture of
CH2Cl2/acetonitrile gave 2 quantitatively as a greenish solid. 1H NMR
(600 MHz, CDCl3): d=�0.75 (s, 2H; NH), �0.25 (s, 2H; NH), 9.18 (d,
J=4.5 Hz, 2H; outer b-H), 9.22 (d, J=4.5 Hz, 2H; outer b-H), 9.43 (d,
J=4.5 Hz, 2H; outer b-H), 9.50 (d, J=4.8 Hz, 2H; outer b-H),
10.75 ppm (s, 2H; outer b-H); 19F NMR (564 MHz, CDCl3): d=�161.23
(t, J=17.5 Hz, 4F; meta-F), �160.75 (t, J=17.5 Hz, 4F; meta-F), �159.54
(t, J=17.5 Hz, 4F; meta-F), �150.74 (t, J=17.5 Hz, 2F; para-F), �149.70
(t, J=17.5 Hz, 2F; para-F), �149.57 (t, J=17.5 Hz, 2F; para-F), �136.56
(d, J=17.3 Hz, 4F; ortho-F), �135.98 (d, J=17.3 Hz, 4F; ortho-F),
�135.78 ppm (d, J=17.5 Hz, 4F; ortho-F); UV/Vis (CH2Cl2): lmax (e)=
1047 (9200), 911 (7500), 793 (38000), 722 (23000), 664 (13000), 586 (sh,
200000), 566 (410000), 382 (38000), 335 nm (30000m�1 cm�1); HR-ESI-
TOF-MS (positive mode): m/z (%) calcd for C66H15F30N6O2 [M+H]+ :
1493.0772; found: 1493.0720 (100).


General procedure for the synthesis of doubly N-confused hexaphyrin
bis-metal complexes: A solution of 2 in CHCl3/MeOH (3:1) was refluxed
in the presence of metal salt (large excess) under a nitrogen atmosphere
overnight. The reaction mixture was quenched with water. The organic
layer was separated and dried over anhydrous Na2SO4. Recrystallization
from a mixture of CH2Cl2/MeOH gave bis-metallated complexes quanti-
tatively. Complex 3 was obtained from the reaction of 2 with copper(ii)
acetate (15 with cobalt(ii) chloride; 16 with manganese(ii) chloride; 17
with iron(ii) chloride).


Data for 3 : UV/Vis (CH2Cl2): lmax (e)=1049 (11000), 911 (14000), 614
(150000), 465 (30000), 400 nm (40000m�1 cm�1); HR-ESI-TOF-MS (posi-
tive mode): m/z (%) calcd for C66H11F30N6O2Cu2 [M+H]+ : 1616.9052;
found: 1616.9050 (100).


Data for 7: Yield: 13%; 1H NMR (600 MHz, CDCl3): d=�0.79 (s, 2H;
NH), �0.35 (s, 2H; NH), 7.34 (m, 4H; phenyl), 9.19 (d, J=4.1 Hz, 2H;
outer b-H), 9.24 (d, J=4.6 Hz, 2H; outer b-H), 9.47 (s, 4H; outer b-H),
10.73 ppm (s, 2H; outer b-H); 19F NMR (564 MHz, CDCl3): d=�161.01
(t, J=17.3 Hz, 4F; meta-F), �159.80 (t, J=17.4 Hz, 4F; meta-F), �150.14
(t, J=17.3 Hz, 2F; para-F), �150.01 (t, J=17.3 Hz, 4F; para-F), �136.59
(m, 8F; ortho-F), �135.77 (d, J=17.3 Hz, 4F; ortho-F), �138.2 ppm (d,
J=17.3 Hz, 4F; ortho-F); UV/Vis (CH2Cl2): lmax (e)=1046 (5800), 905
(6000), 793 (25000), 722 (15000), 664 (7700), 590 (sh, 140000), 566
(280000), 381 (25000), 334 nm (20000m�1 cm�1); HR-ESI-TOF-MS (posi-
tive mode): m/z (%) calcd for C66H19F26N6O2 [M+H]+ : 1421.1149; found:
1421.1143 (100).


Data for 8 and 9 : Yield: 4.5% + 4.5%; 1H NMR (600 MHz, CDCl3): d=
�0.83 (s, 2H; NH), �0.64 (s, 2H; NH), �0.37 (s, 2H; NH), �0.13 (s, 2H;
NH), 7.42–7.45 (br, 4H; phenyl), 7.49–7.52 (br, 4H; phenyl), 9.13 (d, J=
4.6 Hz, 2H; outer b-H), 9.20 (m, 4H; outer b-H), 9.25 (m, 4H; outer b-


Figure 5. Temporal profile of 2 in toluene measured by transient absorp-
tion spectroscopy which has time-resolution of 150 fs. Obtained curve is
well-fitted by single exponential decay with a time constant of 62.05�
0.05 ps, which correspond to the S1-state lifetime. Both pump and probe
wavelengths are 570 nm.
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H), 9.39 (d, J=3.7 Hz, 2H; outer b-H), 9.42 (d, J=3.7 Hz, 2H; outer b-
H), 9.47 (d, J=4.6 Hz, 2H; outer b-H), 9.58 (d, J=5.0 Hz, 2H; outer b-
H), 10.73 (s, 2H; outer b-H), 10.83 ppm (s, 2H; outer b-H); 19F NMR
(564 MHz, CDCl3): d=�161.50 (br, 8F; meta-F), �161.24 (t, J=17.4 Hz,
4F; meta-F), 160.02 (t, J=17.3 Hz, 4F; meta-F), �151.16 (m, 8F; para-
F), �150.32 (m, 4F; para-F), �136.57 (d, J=17.3 Hz, 4F; ortho-F),
�135.96 (br, 12F; ortho-F), �135.74 ppm (d, J=17.3 Hz, 8F; ortho-F);
UV/Vis (CH2Cl2): lmax=1049, 911, 792, 721, 587 (sh), 566, 382 nm.


Data for 15 : UV/Vis (CH2Cl2): lmax (e)=1043 (18000), 907 (16000), 879
(16000), 612 (210000), 379 nm (42000m�1 cm�1); HR-ESI-TOF-MS (posi-
tive mode): m/z (%) calcd for C66H11F30N6O2Co2 [M+H]+ : 1606.9123;
found: 1606.9130 (100).


Data for 16 : UV/Vis (CH2Cl2): lmax (e)=1065 (9300), 887 (8900), 610
(120000), 304 nm (34000m�1 cm�1); MALDI-TOF-MS (positive mode):
m/z calcd for C66H10F30N6O2Mn2Cl2 [M]


+ : 1669.56; found: 1669.75.


Data for 17: UV/Vis (CH2Cl2): lmax (e)=1059 (9600), 889 (9400), 789
(9300), 602 (67000), 377 nm (34000m�1 cm�1); MALDI-TOF-MS (posi-
tive mode): m/z : 1663.92 [M]+ , 1629.04 [M�Cl]+ , 1594.21 [M�Cl2]+ .
Data for 18 : Yield: 1.7%; 1H NMR spectrum was not successfully ob-
tained because of its poor solubility; UV/Vis (CH2Cl2): lmax (e)=1060
(9200), 916 (4900), 802 (19000), 730 (16000), 600 (sh, 140000), 575
(230000), 383 nm (22000m�1 cm�1); HR-ESI-TOF-MS (positive mode):
m/z (%) calcd for C66H33Cl12N6O2 [M+H]+ : 1366.8853; found: 1366.8715
(100).


Data for 19 : Yield: 13%; 1H NMR (600 MHz, CD2Cl2): d=�0.92 (s, 1H;
NH), �0.90 (s, 1H; NH), �0.52 (s, 2H; NH), 7.38 (t, J=7.8 Hz, 2H;
phenyl), 7.47 (t, J=7.8 Hz, 2H; phenyl), 7.53 (t, J=7.6 Hz, 2H; phenyl),
9.22 (d, J=4.6 Hz, 1H; outer b-H), 9.25 (d, J=4.6 Hz, 1H; outer b-H),
9.30 (d, J=4.6 Hz, 1H; outer b-H), 9.34 (d, J=4.6 Hz, 1H; outer b-H),
9.46 (d, J=3.7 Hz, 1H; outer b-H), 9.54 (s, 2H; outer b-H), 9.64 (d, J=
5.0 Hz, 1H; outer b-H), 10.90 (s, 1H; outer b-H), 10.93 ppm (s, 1H;
outer b-H); 19F NMR (564 MHz, CDCl3): d=�161.97 (br, 4F; meta-F),
�161.67 (br, 4F; meta-F), �160.48 (br, 4F; meta-F), �151.79 (br, 2F;
para-F), �150.01 (br, 4F; para-F), �137.02 (br, 4F; ortho-F), �136.36
(br, 4F; ortho-F), �136.24 ppm (br, 4F; ortho-F); UV/Vis (CH2Cl2): lmax
(e): 1049 (8800), 906 (6500), 792 (27000), 721 (18000), 589 (sh, 150000),
566 (310000), 382 nm (33000m�1 cm�1); HR-ESI-TOF-MS (negative
mode): m/z (%) calcd for C66H19F24N6O2 [M�H]�): 1383.1192; found:
1383.1183 (100).


Data for 20 : Yield: 13%; 1H NMR (600 MHz, CDCl3): d=�0.71 (s, 2H;
NH), �0.24 (s, 2H; NH), 1.29–1.34 (54H; tert-butyl), 4.35 (s, 2H; OCH2),
4.39 (s, 2H; OCH2), 4.40 (s, 2H; OCH2), 9.20 (d, J=4.1 Hz, 2H; outer b-
H), 9.27 (d, J=4.6 Hz, 2H; outer b-H), 9.44 (d, J=4.6 Hz, 2H; outer b-
H), 9.53 (d, J=4.6 Hz, 2H; outer b-H), 10.81 ppm (s, 2H; outer b-H);
19F NMR (564 MHz, CDCl3): d=�157.37 (d, J=17.4 Hz, 4F; meta-F),
�156.98 (d, J=17.4 Hz, 4F; meta-F), �155.90 (d, J=17.4 Hz, 4F; meta-
F), �138.86 (d, J=17.3 Hz, 4H; ortho-F), �138.50 (d, J=26.0 Hz, 4F;
ortho-F), �138.20 ppm (d, J=17.3 Hz, 4F; ortho-F); UV/Vis (CH2Cl2):
lmax (e)=1050 (9300), 907 (6200), 795 (30000), 724 (20000), 587 (sh,
190000), 569 (370000), 384 nm (33000m�1 cm�1); HR-ESI-TOF-MS (posi-
tive mode): m/z (%) calcd for C96H81F24N6O8 [M+H]+ : 1902.5760; found:
1902.5743 (100).


Crystal data for 3 : C66H10F30N6O2Cu2·2 (C8H18)·2 (C6)=1728, triclinic,
space group P1̄ (No. 2), a=7.92(1), b=15.04(2), c=17.50(2) K, a=


80.8(1), b=79.2(1), g=79.5(1)8, V=1996 (5) K3, Z=1, 1calcd=


1.594 gcm�3, T=�150 8C, R1=0.097 [I>2s(I)], RW=0.245 (all data),
GOF=1.396.


Crystal data of 15 : C66H10F30N6O2Co2·6 (C4H8O)·2O=2071, monoclinic,
space group P21/n (No. 14), a=20.43(1), b=8.927(7), c=25.14(2) K, b=
97.94(4)8, V=4541(6) K3, Z=1, 1calcd=1.515 gcm


�3, T=�150 8C, R1=
0.071 [I>2s(I)], RW=0.227 (all data), GOF=1.239.


CCDC-280247 (3) and CCDC-280248 (15) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Near-IR fluorescence spectra : The fluorescence emission was detected by
using a near-IR photomultiplier (Hamamatsu, H9170–75), a lock-in am-


plifier (EG&G, 5210) combined with a chopper after laser excitation at
442 nm from a CW He-Cd laser (Melles Griot, Omnichrome 74).


Femtosecond transient absorption measurements : The dual-beam femto-
second time-resolved transient absorption spectrometer consisted of a
self-mode-locked femtosecond Ti:sapphire laser (Coherent, MIRA), a
Ti:sapphire regenerative amplifier (Clark MXR, CPA-1000) pumped by a
Q-switched Nd:YAG laser (ORC-1000), a pulse stretcher/compressor,
OPG-OPA system, and an optical detection system. A femtosecond
Ti:sapphire oscillator pumped by a cw Nd:YVO4 laser (Coherent, Verdi)
produced a train of 60 fs mode-locked pulses with an averaged power of
600 mW at 800 nm. The seed pulses from the oscillator were stretched
(~250 ps) and sent to a Ti:sapphire regenerative amplifier pumped by a
Q-switched Nd:YAG laser operating at 1 kHz. The femtosecond seed
pulses and Nd:YAG laser pulses were synchronized by adjusting an elec-
tronic delay between Ti:sapphire oscillator and Nd:YAG laser. Then, the
amplified pulse train inside the Ti:sapphire regenerative amplifier cavity
was cavity-dumped by using Q-switching technique, and about 30000-
fold amplification at 1 kHz was obtained. After recompression, the am-
plified pulses were color-tuned by optical parametric generation and opti-
cal parametric amplification (OPG-OPA) technique. The resulting laser
pulses had a pulse width of ~150 fs and an average power of 5–30 mW at
1 kHz repetition rate in the range 550–700 nm. The pump beam was fo-
cused to a 1 mm diameter spot, and laser fluence was adjusted less than
~1.0 mJcm�2 by using a variable neutral-density filter. The fundamental
beam remaining in the OPG-OPA system was focused onto a flowing
water cell to generate a white-light continuum, which was again split into
two parts. The one part of the white-light continuum was overlapped
with the pump beam at the sample to probe the transient, while the
other part of the beam was passed through the sample without overlap-
ping the pump beam. The time delay between pump and probe beams
was controlled by making the pump beam travel along a variable optical
delay. The white continuum beams after sample were sent to a 15 cm
focal length spectrograph (Acton Research) through each optical fiber
and then detected by the dual 512 channel photodiode arrays (Princeton
Instruments). The intensity of the white light of each 512 channel photo-
diode array was processed to calculate the absorption difference spec-
trum at the desired time delay between pump and probe pulses. To
obtain the time-resolved transient absorption difference signal at the spe-
cific wavelength, the monitoring wavelength was selected by using an in-
terference filter. By chopping the pump pulses at 43 Hz, the modulated
probe pulses as well as the reference pulses were detected by two sepa-
rate photodiodes. The output current was amplified with a homemade
fast preamplifier, and then the resultant voltage signals of the probe
pulses were gated and processed by a boxcar averager. The resultant
modulated signal was measured by a lock-in amplifier and then fed into a
personal computer for further signal processing.
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Continuous Homogeneous Asymmetric Transfer Hydrogenation of Ketones:
Lessons from Kinetics


Lasse Greiner,*[a, d] Stephan Laue,[b, d] Andreas Liese,[c, d] and Christian Wandrey*[d]


Introduction


Selective retention of macromolecular catalysts is possible
by membrane filtration.[1,2] By using ultra- or nanofiltration
membranes, the high-molecular-weight catalysts are separat-
ed from low-molecular-weight reactants and the residence
times are effectively decoupled. This is an alternative to het-
erogeneous immobilisation of homogeneous catalysts.[3] For
the large class of natural homogeneous catalysts, enzymes,
this has proven to be a successful concept and the enzyme


membrane reactor (EMR) has been used for the production
of fine chemicals for more than two decades.[4–6]


Application of an analogous concept to polymer-enlarged,
chemical, homogeneous catalysts is attractive for both recy-
cling and continuous operation.[7] Reactor concepts for con-
tinuous operation are denoted as chemical or “chemzyme”[7]


membrane reactor (CMR), in close analogy to the enzymat-
ic idol. The scope of feasible reactions in the CMR and suit-
able man-made macromolecular catalysts are reported in a
number of accounts and reviews.[7–12] Feasible reactions in-
clude diethylzinc addition,[11] Corey–Bakshi–Shibata (CBS)
reduction,[13,14] Sharpless dihydroxylation,[15] allylic substitu-
tion,[16] hydrovinylation,[17] and transfer hydrogenation with
formate[18] and, most recently, 2-propanol[19] as reducing
agents.


The synthesis of macromolecular catalysts is generally
more labour-intensive than that of its low-molecular-weight
pendant and usually involves more synthetic steps. Further-
more, the macromolecular catalyst is often less active in
terms of turnover frequency (TOF) per active site. Conse-
quently, the question of whether the extra effort pays off is
valid and important. In our opinion, there is no general
answer to this question. Reaction viability is best deter-
mined by comparing space–time yield (STY) and total turn-
over number (TTN). Under reaction conditions, these prop-
erties are governed mainly by catalyst robustness and appar-
ent deactivation, respectively. In a CMR, catalyst loading
can be chosen to be much higher than for batch reactions to


Abstract: Is polymer enlargement of
homogeneous catalysts a tedious task?
Is not batch operation with homogene-
ous catalysts the optimum performance
point for homogeneous catalysis? Is ki-
netic modelling relevant to more than
academic questions in homogeneous
catalysis? Can all answers for a given
system be answered satisfactory? In
the authors< view, answers to these
questions are no, no, yes, and depends.


Polymer enlargement allowed the con-
tinuous operation of transfer hydroge-
nation in a chemical membrane reactor
with total turnover numbers of up to
2.6>103 and a space–time yield of
0.58 kgL�1d�1 with an enantiomeric


ratio of 26.8 (enantiomeric excess
92.8%) for a conversion level of 80%.
This was predicted from simulation
conducted with a model from kinetic
batch experiments adopted for continu-
ous application. These simulations for
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compensate for lower activity under the reaction conditions.
Lower activity is due mainly to the overall lower catalytic
activity and the high conversion level in the CMR, which is
operated as a continuously stirred tank reactor. The upper
limit for TTN is a direct result of apparent stability.[19] Thor-
ough kinetic investigation and modelling are a powerful tool
to judge whether a catalyst is suitable for continuous appli-
cations or should be disqualified due to low stability.[20] Fur-
thermore, it is not always possible to account for continuous
conditions by kinetic investigations.[19, 21] Catalysts suitable
for continuous operation are chosen for stability reasons
rather than for short-lived activity.


Transfer hydrogenation with 2-propanol as reducing agent
is an equilibrium reaction with coupled equilibria between
possible enantiomeric products (Figure 1). To optimise reac-


tion conditions, it is necessary to derive a kinetic model. A
kinetic model can also suggest whether a modified or ex-
tended reactor setup is likely to yield better results for the
reaction system. Even though the coupled equilibrium with
two parallel reactions is among textbook examples,[22] a sat-
isfactory description for the homogeneous catalytic system
was not available. Previous work on the topic showed that
reverse reactions and thermodynamic boundaries could be
disregarded.[23,24] A kinetic description following this ap-
proach is, therefore, not appropriate for our experimental
outcomes, especially thermodynamically limited conversion
and decrease of enantiomeric excess (ee) at semi-equilibri-
um conversion.


Here, we report on how mechanistic and thermodynamic
considerations were included in deriving a model for asym-
metric-transfer hydrogenation with polymer-bound catalyst
C, which was successfully employed continuously in the
CMR.[19,25] Simulation led to an isoconversion maximum of
STY. Furthermore, the catalyst performance of classical
batch operation and continuous operation was compared for
a given STY and verified experimentally.


Results and Discussion


Transfer hydrogenation of acetophenone (A) with 2-propa-
nol (I) is best described as a reversible parallel reaction that
yields the two phenyl ethanol enantiomers (S) and (R) and
acetone (Ac).


Equilibrium thermodynamics : The overall equilibrium of
the reaction is given by the difference in redox potentials,
DE0. For the system acetophenone (A) and 2-propanol (I),
this value is DE0=�11 mV.[26] This results in an equilibrium
constant K=0.4482 at 45 8C. For the reaction system, equi-
librium conversion is determined by the concentration ratio
of I and A [Eq. (1)],


r0 ¼
½I�0
½A�0


� 1 ð1Þ


in which initial concentrations of both reactants are used, as-
suming no product is present at t=0. Equilibrium conver-
sion Xeq,A is given by the physically meaningful solution
shown in Equation (2).[27]


Xeq,A ¼ K
r0 þ 1�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1�r0Þ2 þ 4K�1r0


p


2ðK�1Þ
ð2Þ


From the fact that the standard potential is negative and
K	0, it is clear that an excess of 2-propanol must be em-
ployed for synthetically useful conversion levels. Commonly,
this is achieved by using 2-propanol as the solvent. For pure
solvent, an equilibrium conversion of Xeq,A=0.96 is possible.
For 80% 2-propanol content, equilibrium conversion is
slightly decreased to 0.95. It is evident that a thermodynam-
ic equilibrium implies [R]eq= [S]eq in accordance with the
second law of thermodynamics.


Model


Mechanistic implications : Activation of catalytic activity and
catalytic cycle have been targets of investigations. Activation
of catalyst is assumed to occur via base-induced formal hy-
drogen chloride abstraction from the catalyst.[28] Both enan-
tioselectivity and TOF are dependent on base concentration.
In continuous experiments, base dosage after initial activa-
tion was proved necessary.[19] This is most likely due to cata-
lyst deactivation by trace amounts of water in the solvent.
This deactivation is reversible and the catalyst is maintained
in an active state by the addition of base.


Among the various mechanistic routes for transfer hydro-
genation,[29] the mechanism proposed by Noyori and co-
workers[30] is the most likely for the catalyst used in this
study. It was shown that the imine analogue of catalyst
shows no catalytic activity[25] and a hydride species was con-
firmed.[31] Our own attempts to elucidate the mechanism
with non-polymer-bound catalyst analogous to the work of
Wills and co-workers[32] were unsuccessful. Probably only a
minor fraction of catalyst is activated. This would explain


Figure 1. Reaction system for asymmetric-transfer hydrogenation.
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the comparably[33] low turnover frequencies achieved for
this catalyst.


Deriving the kinetic model : A model should be able to de-
scribe the system by involving a minimum of physically
meaningful parameters. A random coordination with rate-
limiting successive formation of bound products—Hougen–
Watson kinetics—was chosen as a basis. Reaction rates for
the two parallel equilibrium reactions were described inde-
pendently by Equations (3) and (4)].


f S ¼
rS
½C�0


¼ kS½C-A-I��k0
S½C-S-Ac�


D0 ð3Þ


f R ¼ rR
½C�0


¼ kR½C-A-I��k0
R½C-R-Ac�


D0 ð4Þ


Both rate terms share the same denominator D’ because
the active sites are the same for both reactions. D’ consists
of all major catalyst species present in the system (Figure 2)
[Eq. (5)].


D0 ¼ ½C� þ ½C-AP� þ ½C-I� þ ½C-S� þ ½C-R� þ ½C-Ac�
þ½C-A-I� þ ½C-S-Ac� þ ½C-R-Ac�


ð5Þ


In previous kinetic modelling approaches, reverse reac-
tions were found to have no significance and were conse-
quently omitted.[23,24]


Fast equilibrium was assumed, so that in Equations (3)
and (4), all catalyst species can be substituted with mass-
action terms of accessible concentrations. For example,
[Eq. (6)]:


½C-A-I� ¼ ½C�½A�½I�
KAK


0
A


¼ ½C�½A�½I�
KIK


0
I


ð6Þ


Substitution of all concentrations with corresponding
equilibrium equations and division by catalyst concentration


[C] yields turnover-frequency equations for the parallel re-
actions. Furthermore, it was assumed that the adsorption
equilibria are independent. Thus, corresponding equilibrium
constants are equal[34] (Figure 2, for example, KAcS=K0


S). As
only a small fraction of catalyst is activated, contributions of
mixed adsorption terms in the denominator were assumed
to be small and could be neglected. To further simplify the
model, KI was assigned the same value as the initial concen-
tration of 2-propanol; KI= [I]0=10.5m (80:20 2-propa-
nol:DCM). The rate equations for parameter estimation
were thereby reduced to those shown in Equations (7) and (8),


f S ¼
kS


½A�½I�
KAKI


�k0
S
½Ac�½S�
KAcKS


D
ð7Þ


f R ¼
kR


½A�½I�
KAKI


�k0
R


½Ac�½R�
KAcKR


D
ð8Þ


with the common denominator [Eq. (9)].


D ¼ 1þ ½I�
KI


þ ½A�
KA


þ ½Ac�
KAc


þ


½S�
K0


S


þ ½R�
K0


R


ð9Þ


That species with two bound
molecules can be omitted from
the adsorption term may indi-
cate an Eley–Rideal-type mech-
anism. However, this evidence
is not strong, as we did not
alter driving terms in the nomi-
nator accordingly.


Fitting of parameters


Forward-reaction parameters
were estimated by fitting to
classical rate measurements. By
adding different amounts of


product enantiomers separately, dissociation constants K0
S


and K0
R were determined from the resulting decrease in rate.


A similar approach for the reverse reactions with high
concentrations of acetone was not possible, because activa-
tion of catalyst is achieved by adding potassium 2-propoxide
as base. Side reactions, most probably aldol condensation,
led to yellowish solutions and new aliphatic signals in
1H NMR spectra. These phenomena were not detectable
under normal catalytic conditions. Remaining parameters
for reverse reactions, k0


S and k0
R, were calculated by using the


Haldane equation. At equilibrium, forward and reverse re-
actions occur at the same rate, so that net rate or TOF, re-
spectively, is zero. At equilibrium, product distribution must
be racemic, thus product concentrations [S]= [R]= [Ac]/2.
Therefore, the rate constants can be calculated from param-
eter values already estimated and equilibrium thermody-
namics by using Equation (10).


Figure 2. Reaction system for the random-Bi-Bi mechanism assumed for the kinetic description of asymmetric
transfer hydrogenation.
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k0
SKAKA


kSKSKAc
¼ k0


RKAKA


kRKSKAc
¼ 2


½A�eq½I�eq
½Ac�eq2


¼ 2K�1 ð10Þ


Errors were estimated by using Gaussian error propaga-
tion. Estimated parameter values are given in Table 1.


Notably, maximum enantioselectivity is possible if the
backward reaction is negligible ([Ac]=0). According to the
model, maximum ee and enantiomeric ratio (e.r.) can be cal-
culated as eemax= (kS�kR)/(kS+kR)=0.947 (e.r.max=kS/kR=


36.7). Deviation from the maximum experimental value of
eemax=0.96 (e.r.=49) is small and is due to experimental
error in the determination of kinetic constants for the reac-
tion to R. Reaction rates for the R-selective reaction are
about one order of magnitude lower than the S-selective
rates under similar conditions. This is also reflected in the
larger relative standard deviations of R-related parameters
(Table 1).


Activation: Influence of base : Activity as a function of base
concentration can be described by a hyperbolic function
[Eqs. (11) and (12)] (Figure 3).


f S ¼ f S,max
½base�


Kbase
S þ ½base� ð11Þ


f S ¼ f R,max
½base�


Kbase
R þ ½base� ð12Þ


Remarkably, activity of the monomeric catalyst is slightly
higher than that of the polymer-bound catalyst C (Figure 3).
In particular, affinity to the base, Kbase, is decreased in the
polymeric case (data not shown). Whether this is a direct in-
fluence of polymer enlargement, or due to side reactions be-
tween the base and the polymer, is unclear.[19] Nevertheless,
fS,max is lowered by 4%, whereas fR,max is lowered by 32%. A
satisfactory explanation is still pending for this effect, which
rather enhances enantioselectivity for the polymer-bound
catalyst, C. It cannot be deduced from experimental data
whether this is due to conformational changes or interac-
tions with the polymer backbone.


It could be demonstrated that a constant dosage of base is
necessary to maintain activity in continuous experiments.[19]


However, the role and kinetics of base as an activating
agent are still not fully understood. Water acts as an inhibi-
tor of catalytic activity, and addition of base prevents deacti-
vation. To compromise between the loss of enantioselectivi-
ty and an increase in activity, experiments were carried out
typically at [base]=1.0 mm�Kbase


S . In practice, similar values
of activity and selectivity are obtained if base concentration
is chosen in this way.


Simulation


Batch experiments : To simulate batch reactor data, a set of
ordinary differential equations (ODE) was integrated nu-
merically over time (see Supporting Information). The simu-
lation was in good agreement with experimental data, apart
from the starting conditions. Initially, a rate acceleration and
a shift in selectivity are observed that are not influenced by
starting conditions (Figure 4). This can, in principle, be de-
scribed by extending the model, assuming a first-order acti-
vation of the S-selective catalyst species.[35] These effects


Table 1. Parameter values.


Parameter Value Error Unit


KA 81 �10 mm


kS 1.81 �0.01 min�1


KS 116 �21 mm


kR 0.048 �0.0015 min�1


KR 262 �82 mm


KAc 245 �41 mm


k0
S 0.27 �0.07 min�1 [a]


k0
R 0.016 �0.008 min�1 [a]


fS,max 2.20 �0.06 min�1


Kbase
S 0.97 �0.07 mm


fR,max 0.15 �0.04 min�1


Kbase
R 4.3 �2.2 mm


[a] Calculated by using Equation (10).


Figure 3. Turnover frequency (S: filled symbols, R: hollow symbols) for
polymer-bound (C) (circles) and monomeric catalyst (diamonds) as a
function of base concentration ([A]=0.25m, [C]=0.50 mm).


Figure 4. Conversion (filled symbols) and enantiomeric excess (ee, hollow
symbols) as functions of time for batch reactor. Points denote experimen-
tal data and lines are simulated time plots. ([A]=0.50m (circles), 0.25m
(diamonds), 0.50 mm (squares); [C]=0.5 mm).
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were of minor interest in the simulation of continuous ex-
periments in the enzyme or chemzyme membrane reactor
employing macromolecular catalysts,[7,10,11, 13,14, 19,36,37] which is
our main interest.


According to the model, racemisation is relatively slow.
For example, for [A]=0.50m, equilibrium conversion is 0.91.
At approximately XA=0.85, fS= f 0


S occurs. However, racemi-
sation is a slow process compared to initial conversion, ex-
plaining the high ee obtained experimentally.


As it is, in principle, possible to remove acetone from the
reaction system,[38] simulation was performed for [Ac]=0.
Under these conditions, reverse reactions can be neglected,
and under standard conditions, a constant maximum e.r. and
ee is obtained with conversion greater than 0.99 after 30 h
([A]=0.50m, [C]=0.1 mm, [base]=1.0 mm). Thus, in situ re-
moval of acetone is a favorable concept for asymmetric
transfer hydrogenation.


Continuous experiment : As base dosage was proved necessa-
ry for catalytic activity,[19] the correction of active catalyst
concentration by an empirical factor is required. This adap-
tation for process conditions is essential if conditions cannot
be accounted for by independent kinetic measurements.[21]


The increase in activity during continuous experiments was
found to be linear for a 2-propoxide concentration of
1.47 mm


�1.
Three process parameters were identified as objectives for


optimisation; a high STY is desirable for optimal usage of
the reactor volume, conversion XA should be high for ease
of downstream processing, and the ee or er values should
also be high. These were simulated with a constant catalyst
concentration [C]=15.0 mm and [base]=1.0 mm. It became
clear that it is not possible to determine a global optimum,
because firstly, trends are contradictory for optimisation ob-
jectives, and secondly, maxima are located at the boundaries
that were chosen after practical considerations. For down-
stream processing, minimum acceptable conversion was esti-
mated as XA=0.80. Mixtures of lower phenyl ethanol con-
tent are difficult to crystallise. Following the isoconversion
path on the hyperplane, the maximum STY of 0.58 kgL�1d�1


with e.r.=26.8 (ee=92.8%) is achieved with a residence
time of t=0.9 h at an inlet concentration of acetophenone
of 0.22m (Figure 5). By following the isoconversion paths at
XA=0.85, the maximum STY=0.36 kgL�1d�1 decreases sig-
nificantly with e.r.=25.0 (ee=92.3%).


Conditions close to the predicted optimum were em-
ployed in a chemical membrane reactor run, and results
close to predicted values were obtained.[19] With t=1.0 h
and increased inlet concentration [A]=0.25m (instead of
220 mm), STY was 0.58 kgL�1d�1, even though conversion
was slightly decreased. The obtained product ee (e.r.) was
92.8% (25.3), close to predicted values (Figure 6). Retention
of catalyst under these reaction conditions suffered from in-
stability of the polymeric backbone.[19] Therefore, to main-
tain a constant concentration of catalyst in the reactor, it
was necessary to add 0.5% catalyst (0.075 mol) per resi-
dence time. The limiting total turnover number (TTN)


based on continuous dosage of catalyst is 2.6>103 at a turn-
over frequency TOF=13 h�1.


Analogous to the batch experiments, simulations with in
situ removal of acetone proved that the reverse reaction
limits maximum performance. At [Ac]=0, ee is unaffected
by inlet concentration. A discrete maximum of STY as a
function of acetophenone concentration [A] was found with
the reverse reaction, however, in the absence of reverse re-
action, [A] does not limit STY. For an inlet concentration
[A]=0.50 mm, a STY of more than 1.2 kgL�1d�1 results. Ex-
trapolation to [A]=1.00m gives STY=1.6 kgL�1d�1 at
TOF=40 h�1. By assuming the same loss of catalyst of 0.5%
per residence time, the limiting TTN would be increased by
about three times to 8>103.


It is now interesting to consider the conditions under
which a comparable STY for batch-wise operation could be
achieved. This was carried out by assuming that delay times
for reactor loading and catalyst deactivation are negligible.
To achieve similar STY at XA=80%, starting concentrations
[A]0=0.30m and [C]=5 mm would be necessary. Thus, a
more than 50-fold decrease in TTN would be achieved by
batch operation.


Figure 5. Simulated space–time yield (STY) and enantiomeric excess (ee)
as functions of acetophenone concentration [A] in the CMR for XA=


80% (solid line) and 85% (dashed line). Crosses denote optimum condi-
tions for STY and corresponding ee.


Figure 6. Excerpted time course of conversion and enantiomeric excess
(ee) for a continuous CMR experiment compared to simulation (t=1 h,
[A]=0.25m, [C]=15.0 mm, 0.075 mm constant addition of catalyst).
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Conclusion


The chemical membrane reactor (CMR) is an attractive al-
ternative to batch operation. The use of polymer-enlarged
soluble catalysts retains advantages of homogeneous cataly-
sis. The increase in TTN of more than one order of magni-
tude justifies synthetic efforts for polymer enlargement and
is not only of academic interest. This is the case even
though TOF appears low and catalyst loading appears high
in comparison to batch operation. By using soluble polymers
as scaffold for homogeneous catalysts, catalytic activity re-
mains high. In the given example, more than two thirds of
catalytic activity is retained. Due to their greater loss of cat-
alytic activity and additional mass-transfer limitations, heter-
ogenisation methods may be at a disadvantage. On other
hand, gaining operational stability and an increase of reten-
tion may outperform these shortcomings. Decisions should,
therefore, be made on a case-by-case basis, by consideration
of reaction engineering methods.


Kinetic modelling, partly adopted for continuous condi-
tions that cannot be accounted for by batch investigations,
provides a tool for optimising reaction conditions and simu-
lation of extensions to the reactor setup.[21] In situ removal
of the byproduct acetone (Ac) from the reaction mixture is
likely to enhance reactor performance. In theory, a three-
fold increase of STY and increased enantioselectivity are ex-
pected from this approach.
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Extraction of Lanthanides from Aqueous Solution by Using Room-
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Introduction


Supercritical fluids and room-temperature ionic liquids
(RTILs) are increasingly used in numerous fields of chemis-
try owing to their “green” characteristics.[1–7] Carbon dioxide
is the most widely used gas for supercritical fluid extraction
due to the fact that it has moderate critical constants and is
commercially available with high purity at a low cost. The
main “green” advantages of using this fluid are the inertness


of carbon dioxide and the absence of waste-solvent genera-
tion. In the specific field of metal extraction, as the usual or-
ganic phases (mostly volatile organic compounds) can be re-
placed by supercritical carbon dioxide (Sc-CO2), procedures
using Sc-CO2 can be regarded as “green processes”. The po-
tential of Sc-CO2 for metal extraction has been extensively
studied during the last decade. Numerous reports in the lit-
erature have demonstrated that (quantitative) extraction of
metal species, from solid or liquid samples, can be accom-
plished by using proper chelating agents as extractants.[2,8]


For example, actinides, lanthanides, and transition metals
are easily extracted by using highly soluble fluorinated b-di-
ketones in Sc-CO2.


[9,10] Adding an organophosphorus re-
agent such as tri(n-butyl)phosphate (TBP) to the b-dike-
tone/Sc-CO2 system could create a positive synergistic
effect, further enhancing the metal-extraction efficiencies
for both solid and liquid samples.[11,12]


RTILs also show unique “green” properties such as near-
zero vapor pressure and nonflammability, in addition to
their interesting physicochemical properties[4] (in particular,
polarity, polarizability, and molar volume) including wide
liquidus and high solubilities for a variety of compounds
(both neutral and charged). These properties make RTILs
good candidates to replace traditional volatile organic sol-
vents in current extraction processes.[13–18] In the case of
their potential nuclear fuel reprocessing applications, RTILs
display the additional advantage of good radiation stabili-
ty.[19] However, few studies have focused on the extraction
abilities of water/RTIL systems for lanthanides and acti-


Abstract: For the first time, the study
of a three-step extraction system of
water/ionic liquid/supercritical CO2 has
been performed. Extraction of trivalent
lanthanum and europium from an
aqueous nitric acid solution to a super-
critical CO2 phase via an imidazolium-
based ionic liquid phase is demonstrat-


ed, and extraction efficiencies higher
than 87% were achieved. The quantita-
tive extraction is obtained by using dif-


ferent fluorinated b-diketones with and
without the addition of tri(n-butyl)-
phosphate. The complexation phenom-
enon occurring in the room-tempera-
ture ionic-liquid (RTIL) phase was evi-
denced by using luminescence spectros-
copy.
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nides[15,17,20] and very few back-extraction studies have been
performed so far, which limits, at the moment, the potential
interest of water/RTIL systems in this respect. From the
studies that have been reported, the mechanism of the ex-
traction process appears to strongly depend on the nature of
the RTIL and on the extracting ligand used. The extraction
occurs either through a cation exchange, by the loss of
RTIL cations in the water phase,[21] or through an anion ex-
change and subsequent loss of RTIL anions in the water
phase,[20] so that part of the RTIL is lost in water and cannot
be recycled. The influence of the RTIL structure on the ex-
traction mechanism has been highlighted in the case of
SrII[18] and, in other cases, the extraction mechanism and ex-
tracted complex have been found to be identical in RTILs
and classical solvents.[22]


Supercritical carbon dioxide is highly soluble in RTILs.
Since Blanchard et al. carried out the first experiment in-
volving both phases,[23] numerous investigations have been
carried out on the thermodynamics and physicochemical
properties (solubilization, polarity, solvent strength, nature
of interactions) of biphasic systems composed of ionic liq-
uids and supercritical carbon dioxide.[7,23–29] It has been
shown that the RTIL anion dominates the interactions with
CO2 molecules and then influences the Sc-CO2 solubility. By
contrast to what is observed in water/Sc-CO2 systems, due to
the RTILs very low volume expansion and undetectable
vapor pressure, a biphasic Sc-CO2/RTIL system is observed
up to 3100 bar of pressurized carbon dioxide.[30] The RTIL
phase can be described as a strongly organized liquid, with
CO2 molecules circulating and penetrating into free inter-
stices (also called free volume) formed by the cation–anion
spatial arrangement.


A combination of RTILs and Sc-CO2 extraction tech-
niques could lead to new green processes in nuclear waste
management. One can envision a “three-step” system
(water/RTIL/Sc-CO2) as a potential extraction medium for
metals chelated with CO2-philic extracting agents. We have
thus undertaken a study of RTILs and Sc-CO2 in view of
their utilization in conjunction with the field of nuclear fuel
reprocessing and this paper reports our first experiments in
this area. By contrast to the work of Scurto et al. ,[31] in
which CO2 is used to separate RTILs from water, in the
present work, supercritical CO2 is used to strip metal ions,
the extraction from the water phase being performed
through the water/RTIL system.


The ability of a water/RTIL/Sc-CO2 system to significantly
extract lanthanides is demonstrated in this paper. To this
end, we first investigated some RTIL/Sc-CO2 systems, evi-
dencing the lanthanide complexes formed in RTILs and,
secondly, we tested one water/RTIL/Sc-CO2 three-step
system. We have demonstrated that quantitative extraction
of metals from ionic liquids (90–99%) can be achieved by
Sc-CO2. Similar efficiencies were obtained for the water/
RTIL/Sc-CO2 systems investigated.


In our opinion, it is not the aim of this paper to present a
three-step system already optimized in terms of extraction
efficiencies and mechanism. We intend to demonstrate that


such three-step systems do work and are a viable way to ex-
tract metallic species. Further work is needed to improve
the characteristics of the system and to understand, on fun-
damental grounds, the mechanisms at work. To best demon-
strate the potential of such systems, we limited ourselves to
a series of very specific compounds, as explained below, and
to classical-operation characteristics for the Sc-CO2 part.


One imidazolium-based (1-butyl-3-methylimidazolium
(BMIM)) ionic liquid, with bis(trifluoromethylsulfonyl)-
imide (Tf2N


�= (CF3SO2)2N
�) counteranions (Figure 1a), was


chosen for this study because it is among the most common-
ly examined so far and because, owing to its counteranion,
its complexing abilities are very weak.[32,33] The Tf2N


� anion
has characteristics that favor the solubilization of CO2 mole-
cules.[34]


In order to insure high extraction efficiencies, the extract-
ing moieties and the synergist compound to be used should
be very soluble in both Sc-CO2 and in the chosen RTIL. The
large amount of work on Sc-CO2 that has already been per-
formed by Wai and collaborators has guided us towards
fluorinated b-diketones.[3,9,10] In this class of compounds,
4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione (TTA) is also
known to be soluble in BMIMTf2N, in which it displays ex-
tracting properties towards EuIII.[20] Hexafluoroacetylacetone
(HFA) was also examined, because its solubility in Sc-CO2


compares favourably with that of TTA (for molecular struc-
tures, see Figure 1b).


Among the stabilizing organophosphorus Lewis bases
used to enhance the extraction process in water/Sc-CO2 sys-
tems, tri(n-butyl)phosphate (TBP, see Figure 1c) has the
strongest synergistic effect and CO2-philic behavior for
metal chelates.[35]


Interestingly, it is known that TBP dissolves well in RTILs
and allows for UO2


2+ extraction.[36] TBP was thus chosen in
our study. Finally, in view of demonstrating interest in the
nuclear fuel cycle, we focused on EuIII and LaIII, as these


Figure 1. a) Chemical structure of the RTIL used in this study. b) Chem-
ical forms of HFA and TTA in solution. c) Molecular structure of TBP.
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lanthanides are known for their analogy with the actinides
AmIII and CmIII that are major long-lived, highly radioactive
elements of high-level wastes.


Experimental Section


Elemental analysis : In order to accurately determine the elemental con-
centration of metals or chloride in our samples we used a nondestructive
neutron activation analysis (NAA) method. To our knowledge, our group
is the first to report the use of NAA for RTIL studies.[37] All samples
were irradiated at the Nuclear Radiation Center at Washington State
University (Pullman, WA) in a 1 MW General Atomics TRIGA nuclear
reactor at a steady flux of 6N1012 neutronscm�2 s�1. After irradiation, the
samples were cooled before being counted, until the total activity of the
irradiated sample met security levels. Each sample was counted for a
fixed time by using a large-volume Ortec Ge(Li) detector with a resolu-
tion of about 2.3 keV at the 1332.5 keV 60Co peak. The following radio-
isotopes and their specific g energies were used for the identification and
quantification of metals: 152mEu (t1=2 =9.3 h; 121.8 keV), 140La (t1=2 =40.2 h;
487 keV). For Ln and Eu, calibration of the signal was obtained by meas-
uring reference RTIL solutions of known concentrations (107 and
98 ppm for Eu and La, respectively), which were irradiated and counted
with the samples under identical conditions. For quantitative chlorine de-
termination, a standard solution (ultra pure water, SRM 1549, NIST)
containing 22 ppm of Cl was used. The amount of chlorine was calculated
from the counted activity of the radioisotope 38Cl (t1=2 =37.2 min;
1642 keV).


Spectroscopic analysis : Absorption spectra in the range 190–800 nm were
recorded with a PSI spectrophotometer with 1 cm quartz cuvettes allow-
ing 95% transmittance. Emission and excitation spectra were recorded
with a standard spectrofluorimeter (Photon Technology International). In
Table 3 (see below), emission data for europium are also presented as
R= I613/I591, the ratio of the intensity of the 5D0–


7F2 transition (around
613 nm) with that of the 5D0–


7F1 transition (around 591 nm) for an excita-
tion at lexc=394 nm. Background subtraction was performed prior to the
calculation of R.


BMIMTF2N : BMIMTf2N synthesis was based on a method by Moutiers
and Billard,[38] however, an optimization of the washing step was per-
formed. Before the anion-exchange step, the ionic liquid BMIMCl is usu-
ally washed with ethyl acetate. By adding dichloromethane to ethyl ace-
tate (30%vol), the halide content was significantly decreased. Our home-
made batch was almost colorless before starting the purification proce-
dure.


Purification and characterization : The synthesized RTIL was purified ac-
cording to published procedures.[39] The NAA analysis only showed chlo-
ride impurities (see Table 1) and FTIR spectra did not show organic im-
purities. Even after purification, our homemade ionic liquid still con-
tained halides. After synthesis and purification, the RTIL was stored in a
screw-capped flask on the bench at room temperature.


A structural characterization of BMIMTf2N was performed by using 1H
and 19F NMR spectroscopy. The major findings are given in Table 2 and
are in agreement with the expected structure. A singlet located at
2.47 ppm (not displayed in Table 2) is due to water molecules incorporat-
ed in the structure of the liquid by hydrogen bonds to the anion.[40,41]


Water titration : The water content of the samples was determined by
Karl Fischer titration, using standard procedures (Mettler DL32 titrator,


hydranal composite 5, Fluka, and analytical grade methanol) and is dis-
played in Table 1. For the three-step extraction system, the ionic liquid is
equilibrated with an aqueous phase (see below). Therefore, we did not
dry the ionic liquid batches before carrying out the experiments. The
water saturation value obtained for our batch compares reasonably well
with other values published in the literature.[42,43]


Other chemicals : Europium(iii) trifluoromethanesulfonate (98%, Al-
drich, Eu(Tf)3) and lanthanum(iii) trifluoromethanesulfonate (�97%,
Aldrich, Ln(Tf)3) were used without further purification and were direct-
ly dissolved in BMIMTf2N by using an ultrasonic bath to accelerate the
saltHs solubilization. 2-Thenoyltrifluoroacetone (99%, Aldrich, TTA),
hexafluoroacetylacetone (98%, Aldrich, HFA) and tri(n-butyl)phosphate
(�97%, Merck, TBP) were used as received. Ln concentrations were
equal to 10�3


m (NAA) or 5N10�3
m (emission and excitation spectra).


The ratio of metal/complexing moieties/TBP stoichiometries was 1:3:3.


All the solutions were stored under an air atmosphere in screwed glass
vials on the bench at room temperature (25 8C), but the samples contain-
ing TTA were stored in the dark to avoid photodecomposition.


Supercritical CO2 extraction protocol


RTIL/Sc-CO2 (two-step system): All experiments were performed with a
lab-built supercritical-fluid extraction apparatus. The apparatus includes
the following devices: a liquid-CO2 tank, a high-pressure syringe pump,
an extraction cell, and a collection vial. SFC-grade CO2 was supplied
with a syringe pump (ISCO, model 260 D, Lincoln, NB). A schematic dia-
gram of the overall experimental apparatus is shown in Figure 2a. All the
extraction experiments were performed with a stainless-steel high-pres-
sure extraction vessel (13 mL) maintained at 50 8C by placing it on a
heater plate. The temperature inside the high-pressure cell is controlled
by adjusting a thermocouple. The stainless-steel thermocouple probe
(K type) penetrates into the cell wall. All extractions were performed on
1.5 mL aliquot solutions in a 3 mL beaker placed in the high-pressure
vessel under stirring (see Figure 2b). When the extraction cell was set to
50 8C, CO2 was pressurized to 150 atm. The extraction process was al-
lowed to occur under static supercritical fluid extraction for 10 min.
After that time, the exit valve was opened and the CO2 was flushed
under dynamic conditions (flow rate equal to 0.5 mLmin�1 controlled at
the Isco pump) for 50 min. When the extraction was complete, the
system was allowed to slowly depressurize for about 2 h. The RTIL
sample was then removed from the cell and analyzed by using NAA. The
extraction efficiencies were calculated on the basis of the amount of the
lanthanide measured in the solution samples before and after the extrac-
tion.


Water/RTIL/Sc-CO2 (three-step system): HFA and TBP were dissolved in
BMIMTf2N (c=3N10�3


m for both moieties). This RTIL solution (6 mL)
was equilibrated with a HNO3 aqueous phase (HNO3: Aldrich, 0.1m,
6 mL; ultra-pure water, pH 1) by vigorous stirring for 30 min. Then, an
aliquot of this RTIL phase (3 mL) was put in contact with a fresh EuIII/
HNO3/water phase (cEu=10�3


m, HNO3=0.1m, 3 mL) under vigorous me-
chanical shaking for 5 min. The sample was decanted for 20 min and then
centrifuged for 20 min (2500 rpm). This sequence (shaking, decantation,
and centrifugation) was repeated once prior to phase separation. The
aqueous phase was then measured by using NAA for residual Eu deter-
mination, while the RTIL phase was divided in two: one aliquot (0.5 mL)
for NAA measurement, one (1.5 mL) for Sc-CO2 extraction. The Sc-CO2


extraction procedure was identical to that described above.


Table 1. Chloride and water contents as determined by NAA and Karl-
Fischer titration, respectively.


BMIMTf2N ionic liquid Chloride content Water content


basic synthesis 12 ppm 8 100 ppm 0.65m
water-saturated 12 ppm 11 600 ppm 0.91m


Table 2. 1H and 19F NMR chemical shifts using D2O as solvent. The num-
bered protons refer to the chemical scheme of BMIMTf2N.
1H NMR chemical shift [ppm]
H1: 3.75 (s) H3a: 7.30 (s) H4: 4.02 (t) H6: 1.19 (m)
H2: 8.43 (s) H3b: 7.25 (s) H5: 1.70 (m) H7: 0.75 (t)


19F NMR chemical shift [ppm]
F: �80.3 (s)
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Results


Two-step system—BMIMTf2N/Sc-CO2


Formation of EuIII and LaIII chelates in BMIMTf2N : Figure 3
presents the emission spectra of Eu/TTA and Eu/TTA/TBP
in BMIMTf2N. Table 3 displays the position of the 7F2 line
and the value of the ratio of the 5D0!7F2 to the 5D0!7F1


line.


The emission spectrum of the Eu(Tf)3 salt (not shown) re-
veals several peaks ascribable to 4f–4f transitions at l=575,
589, 613, and 700 nm and is in very good agreement with
previously published data for the same system.[39] The small
value (0.5) for the ratio R corresponds to hydrated europi-
um dissolved in the IL, maybe in water clusters as empha-
sized in our previous work. Upon addition of three equiva-
lents of HFA or TTA, the emission spectrum is strongly
modified, providing evidence of a complexation process,
which can also be followed through the changes in R
(Table 3).


The ratio reaches a value between four and ten depending
on the nature of the b-diketone. The consecutive addition of
TBP further modifies the emission spectra (see Figure 4;


4 nm shift for TBP+HFA relative to HFA alone, broaden-
ing of the 605 nm peak for TBP+TTA relative to TTA
alone) and R ratio, from 7.9–4.8 to 9.7–8.2 for TTA and
HFA, respectively.


This is an indication of a second complexation process.
Even if the metal ion/water molecule ratio is about 1:130, it
is therefore reasonable to assume that TTA, HFA, and TBP
are able to expel H2O molecules from the lanthanide solva-
tion sphere. The europium complexation with HFA or TTA,
with or without TBP, is well known in Sc-CO2 and
RTILs.[3,9,20] Without a detailed study of the complex stoichi-
ometry in BMIMTf2N under our conditions and as RTILs


Figure 2. a) Schematic diagram of the experimental system used for the
Sc-CO2 extraction from BMIMTf2N. b) Detailed diagram of the high-
pressure cell.


Figure 3. Emission spectra of EuIII+TTA in BMIMTf2N with (*) and
without (c) TBP.


Table 3. Spectroscopic parameters of metallic solutions in BMIMTf2N.


Chelating
agent


Composition of the solu-
tions in IL


Environment-sensitive
transition wavelength


(5D0!7F2)


I5D0!7F2


I5D0!7F1


[a]


none Eu(Tf)3 613 nm 0.5
HFA Eu(Tf)3+3HFA,


xH2O
[b]


612 nm 4.8


Eu(Tf)3+3HFA+3TBP 608 nm 8.2
TTA Eu(Tf)3+3TTA,


xH2O
[b]


605 nm 7.9


Eu(Tf)3+3TTA+3TBP 605 nm 9.7


[a] Ratio of absolute intensities. [b] 2<x<3.


Figure 4. Emission spectra of EuIII+HFA in BMIMTf2N with (N) and
without (c) TBP.
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have their own solvent properties (coordination, hydropho-
bicity, hygroscopy, viscosity), we cannot assume an exact sto-
ichiometry for the complexes. Such a study is under progress
and will be published separately. It can nevertheless be hy-
pothesized that the CO2-philic surface of the metal complex
characterized by CF3 groups and alkyl chains presents good
properties to allow quantitative CO2 extractions from the
RTIL. For La, according to the well-known chemical similar-
ities among the lanthanide series, we assume that complexa-
tion also takes place.


BMIMTf2N/Sc-CO2 extractions (two-step system): EuIII and
LaIII extraction efficiencies with different b-diketones, with
or without TBP, from BMIMTf2N by supercritical CO2 are
given in Table 4.


Quantitative extraction is achieved in all cases: La and
Eu are extracted with at least 87% efficiency. Even by con-
sidering the differences between the elements in the lantha-
nide group, whatever the system used, the selectivity of Eu
versus La is not significant.


The extraction efficiencies of Eu and La are all in the
range of 90.5–99.9% when TBP is added. Overall, the most
effective ligand appears to be HFA, which is capable of ex-
tracting more than 92% of the two lanthanides, in conjunc-
tion with TBP. The mixed ligands show a preference for ex-
tracting the heavy lanthanide over the light one, but the dif-
ference is small compared with that observed for the indi-
vidual fluorinated b-diketones. It is worth noting that the
fluorine substitution in b-diketone plays a role in the syner-
gistic extraction of lanthanides. For example, TTA with one
CF3 substitution shows a smaller synergistic effect with TBP
for the lanthanides (EuIII/LaIII=95.5:90.5) than HFA, which
contains two CF3 substitution groups (EuIII/LaIII=99.9:92.6).
Because of their electron-withdrawing fluorine substituents
(CF3), TTA and HFA show high miscibility with CO2. As
their extraction potential increases from TTA to HFA, it is
confirmed that the more fluorinated groups the molecule
has (one for TTA and two for HFA), the more acidic the
molecule is, and then the solubility of the complex in CO2 is
enhanced. Moreover, HFA is only present as the enolate
chemical form in Sc-CO2, whereas TTA exists in two forms.


The impact of adding TBP has to be examined carefully.
TBP is currently used as a synergist in liquid/liquid extrac-
tion processes involving an aqueous phase to enhance parti-
tioning coefficients towards traditional nonpolar organic
phases in the reprocessing nuclear field. TBP has an effect
on the stability of the metal b-diketonate complex in Sc-


CO2
[11] by modifying its polarity, therefore enhancing the ex-


traction efficiencies. For example, it was reported that La3+


and Eu3+ (at 3N10�4
m) in 6m HNO3 could be extracted by


TTA in TBP-modified Sc-CO2. In 10% TBP-modified Sc-
CO2 at 60 8C and 350 atm, La3+ and Eu3+ were extracted by
1 and 30%, respectively, whereas in a 30% TBP-modified
system, the extraction efficiencies were increased to 61 and
92%, respectively.[44] In our study, however, large extraction
efficiencies are obtained already without TBP. Therefore,
the relatively low impact of TBP on the extraction efficien-
cies cannot be ascribed to a poor synergetic effect of TBP
but rather to an already well-functioning system. The effect
of TBP is thus minimized in our case.


Extraction from the aqueous phase followed by supercritical
extraction (three-step system): The NAA results show that
for the water/RTIL step, (98�1)% of the europium is ex-
tracted to the RTIL phase. The mechanism of such an ex-
traction is not known at the moment and is outside the
scope of this paper. Nevertheless, it can be hypothesized
that an ionic exchange occurs between water and the RTIL
as has been demonstrated in other water/RTIL sys-
tems.[18,20,45] We suggest that HFA is in an enol form in
BMIMTf2N. Upon addition of EuIII in water, an ionic ex-
change–complexation process occurs at the interface so that
the HFA proton is left in the water and the enolate-com-
plexed europium is transferred to BMIMTf2N. The exact
charge balance cannot be inferred from this work.


An extraction efficiency of (100�1)% for Eu from the
RTIL to Sc-CO2 was then obtained, so that the overall ex-
traction efficiency from water to Sc-CO2 reached 98%. It is
worth noting that the extraction efficiency is even larger
when the RTIL phase is fully equilibrated with water (the
RTIL is not water-saturated in the two-step system experi-
ments). It implies that the complex is further expelled from
the RTIL as the amount of water is increased, owing to its
apolar properties.


Discussion


In this section, we compare the three-step system water/
RTIL/Sc-CO2 with the water/RTIL and water/Sc-CO2 sys-
tems to emphasize the advantages and disadvantages of all
procedures, so as to highlight trends for possible improve-
ments.


First, it is important to note that in our experiments, the
b-diketone ligands were dissolved in the RTIL, not in the
water or Sc-CO2 phases. As compared to usual water/Sc-
CO2 systems, our experiment demonstrates that TBP (as a
synergist) is not needed to get high extraction efficiencies.
At this stage of our work it can be expected that by varying
the b-diketone, extraction as high as 99% could be ob-
tained, even though TBP is not used. Moreover, quantitative
extraction is obtained in our case without modified Sc-CO2,
which is commonly used to enhance the extraction coeffi-
cient in Sc-CO2 systems. TBP-modified Sc-CO2 systems for


Table 4. Degree of extraction [%] of EuIII and LaIII from BMIMTf2N
with different b-diketones (with or without TBP) by supercritical CO2.


EuIII LaIII


HFA without TBP 90.5�1 90.4�1
HFA with TBP 99.9�1 92.6�1
TTA without TBP – 87.1�1
TTA with TBP 95.5�1 90.5�1
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extraction of trivalent lanthanides from nitric acid solutions
and methanol-modified Sc-CO2 for extraction of lanthanides
from solid samples are known examples reported in the lit-
erature.[2] In our case, neat Sc-CO2 is good enough and this
has to be ascribed to the use of the intermediate phase,
namely, BMIMTf2N, in which HFA is dissolved. The solubil-
ity of Sc-CO2 in BMIMTf2N under the temperature and
pressure conditions of our work (50 8C, 150 atm) can be ex-
trapolated from the data obtained by Aki et al.[29] and
should be in the range of 0.74 (mole fraction). This value is
roughly the maximum CO2 solubility observed in dry
BMIMTf2N and these authors have shown that water has
very little influence on this parameter. It is thus possible
that the high solubility of Sc-CO2 in BMIMTf2N and the
very low vapor pressure of the ionic liquid allows for large
extraction efficiencies of the lanthanides with no use of
modifiers.


Furthermore, the total amount of Ln that is extracted in
our case is in the order of 10�3


m compared with the usual
10�4


m range obtained in water/Sc-CO2 experiments. Another
important point is the pressure required for the extraction
process. In our case, extraction is completed within
10(static)+50(dynamic) minutes of Sc-CO2 contact under
150 atm, while 350 atm of pressure are usually required for
the best extraction efficiencies reported so far (350 atm and
60 8C, Eu from acidic solutions with TTA and 30% TBP).[44]


Thus, although our system may appear to be rather complex,
because of the three-step procedure it seems to compete fa-
vourably with water/Sc-CO2 systems already known, as far
as pressure, extracted amount, and efficiencies are con-
cerned.


The comparison with water/RTIL systems must also be
conducted with caution. In the work carried out by Jensen
et al. ,[20] an anion-exchange mechanism is described in which
a large excess of TTA relative to the EuIII concentration is
introduced in BMIMTf2N. The high complexing ability of
this fluorinated b-diketone has been highlighted by the for-
mation of the [Eu(TTA)4]


� complex. In our case, however,
such a complex may not form as the maximum ratio of Eu/
TTA is 1:3, therefore we can reasonably assume that this
limits the stoichiometry of the complex under our experi-
mental conditions. Our experiments do not allow us to ex-
amine the possible Ln extraction mechanisms from water
into the RTIL phase in detail. Therefore, the question of the
possible loss of some of the ionic liquid components (either
the cation or the anion) into the aqueous phase is still pend-
ing in our case. As already stressed in the introduction, the
system presented here is not optimized and this would re-
quire an extension to this feasibility study.


From the above discussion, it cannot be concluded, how-
ever, that the Sc-CO2 phase is not needed and does not
bring any advantages. As a matter of fact, the problem of
back-extraction is not solved in any of the three systems
under comparison. In our opinion, this point needs to be
documented more with regard to water/RTIL and water/Sc-
CO2 systems and was not examined in our work either. This
difficult question has to be addressed in order to increase


the interest in any of these systems. In our case, depressuri-
zation of the Sc-CO2 phase will allow recovery of the lantha-
nide in a solid or liquid form but it is probable that the lan-
thanide will still be complexed to the ligand, which thus
could not be recovered for another extraction cycle. One
possible solution would be to attain the metallic form of the
element. At present, promising experiments demonstrating
the deposition of metallic species onto silicon wafers from a
Sc-CO2 phase in which the metal is complexed with b-dike-
tone are under progress.[46] Such a procedure, if confirmed
for lanthanides, would be a key point for the future industri-
al use of a water/RTIL/Sc-CO2 system.


Conclusion


For the first time, the feasibility of an extraction process, in
which trivalent lanthanum and europium are extracted
quantitatively (more than 90%) using fluorinated b-dike-
tones in a three-step system water/BMIMTf2N/Sc-CO2 is es-
tablished. The lanthanides are extracted from the water
phase towards an intermediate phase with the help of the
extractants directly dissolved in the RTIL. Although the sto-
ichiometries are not determined, this work presents some in-
sights into the structure of the complexes formed in the
RTIL phase. The last extracting step corresponds to the
transfer of the complex to the Sc-CO2 phase following a
classical procedure which has also been successful for
copper.[37]


Despite the absence of selectivity for Eu versus La,
thanks to the RTIL properties, there is no need to add a
synergist moiety (TBP) or a modifier (MeOH) to the Sc-
CO2 to reach high extraction efficiencies. Nevertheless, in
the Sc-CO2 phase the extracted metals are still in chelated
forms. Several methods can be foreseen to strip the metals
from the supercritical phase. Among them, in order to final-
ize the process and complete an extraction cycle with no
waste, the chelating agents should be freed and reused. This
can be envisioned by reduction–deposition of the metal
form of the lanthanides, while the extractants are still
loaded in the supercritical phase. A depressurization of the
Sc-CO2 phase would allow the ligands to be recycled, to be
dissolved again in a fresh ionic-liquid phase for further ex-
traction processes. The last point counter balances the fact
that the b-diketones cannot be considered as perfectly
“green” due to their fluorine content.


For long-term development of such a method, an im-
provement would be to simplify the current three-step
system into a two-step system, thus avoiding water. Sono-
chemical dissolution of the species to be extracted might be
a potential way to this new route of reprocessing.[47,48] In
order to optimize either the three-step system of this study
or the proposed two-step systems suggested above, a funda-
mental understanding of the extraction mechanisms at work
is of paramount importance. Work is under progress to
answer these questions.
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A Theoretical Investigation of the Nonrigid Six-Coordinate Compounds
[Mo(R)F5], [W(R)F5], and Related Compounds


Gustavo Santiso QuiÇones and Konrad Seppelt*[a]


Introduction


The principle structure for the vast majority of six-coordi-
nate compounds is octahedral. However, there are three
classes of six-coordinate compounds that deviate from this
symmetry: a) Jahn–Teller distorted complexes, b) distortion
by nonbonding electron pairs (pseudo-seven-coordinate
compounds), and c) d0, d1, and d2 metal complexes with only
s-bonding ligands, such as [Mo(CH3)6]. The latter have a
completely different structure, namely C3v-distorted trigonal
prismatic.[1] The latter phenomenon was first postulated in
1986 by Eisenstein[2] and subsequent theoretical work con-
firmed this.[3,4] Landis offered a very simple explanation,
namely that, in the case of s-only bonded ligands, sd5 hy-
bridization should generate bond angles of 558 and
180�55=1258, which excludes the octahedron.[5] Values
close to these extreme bond angles were observed recently
in matrix-isolated WH6 (62.4 and 114.78).[6] This entire phe-
nomenon is now theoretically well understood.[7,8]


If the C3v-distorted trigonal prism is the principal structure
for [Mo(CH3)6], [W(CH3)6], etc. (Figure 1), then an explana-
tion is required for the octahedral structure of isoelectronic


[MoF6] and [WF6]: a) The metal�F bonds are much shorter
than metal�C-ligand bonds, resulting in a stronger interli-
gand-repulsion effect. b) Partial ligand-to-central atom
back-donation raises the electron density at the central
metal atom to beyond 12.[8]


Nevertheless, it seems that [MoF6] and [WF6] have a low-
lying transition state with regular trigonal-prismatic struc-
ture, as has been calculated on two occasions by using vari-
ous methods.[8,9] This state is only �25 kJmol�1 ([MoF6]) or
�42 kJmol�1 ([WF6]) higher in energy than the octahedral
ground state. This implies that, at elevated temperatures,
both hexafluorides should undergo intramolecular inter-
change of the fluorine atoms by an octahedral–trigonal-pris-
matic–octahedral twist mechanism, sometimes called a
Bailar twist mechanism. This has not yet been established
experimentally for [MoF6] and [WF6], because the conven-
ient dynamic NMR method fails, due to the equivalence of
all fluorine atoms during the dynamic process.


We were able, however, experimentally (and theoretical-
ly) to establish this dynamic process for derivatives of
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molybdenum · tungsten


Abstract: Density functional calculations for [M(CH3)F5], [M(CF3)F5], [M-
(CH3S)F5], and [M(CF3S)F5] (M=Mo, W) show that they are expected to be non-
rigid molecules, with energy barriers for the octahedral–trigonal-prismatic inter-
change as low as 7.2 kJmol�1. The ground state for the CH3� and CF3� compounds
is trigonal prismatic, for the CH3S� and CF3S� compounds, (distorted) octahedral.
All calculated compounds [M(C6F5)nF6�n] (M=Mo, W) have a trigonal-prismatic
ground state, whereas the situation for [M(C6H5)nF6�n] (M=Mo, W) is more com-
plex.
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Fabeckstraße 34–36, 14195 Berlin (Germany)
Fax: (+49)30-838-53310
E-mail : seppelt@chemie.fu-berlin.de


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. The data contains
cartesian coordinates for all optimized structures.


Figure 1. Structures of six-coordinate molecules: octahedron (Oh), trigo-
nal prism (D3h), and C3v-distorted trigonal prism.


J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1790 – 17961790







[MoF6] and [WF6], in particular for compounds of the type
[Mo(RO)F5] and [W(RO)F5] (R=CF3CH2�, C6F5�, and
(CF3)3C�).[9] The introduction of these oxygen ligands raises
the energy separation between the octahedral ground state
and the trigonal-prismatic state by up to �52 kJmol�1 for
[Mo(RO)F5] and �63 kJmol�1 for [W(RO)F5], so that in-
termolecular ligand-exchange is only observable at fairly
high temperatures.[9] Although there are several geometrical
possibilities for interconverting an octahedron into a trigo-
nal prism and vice versa, it has been shown that the Bailar
twist represents the minimal-distortion pathway, and the ex-
perimental structures of hexakis (thiolato), tris(bidentate),
and encapsulated hexacoordinate complexes conform close-
ly to this pathway.[10,11]


Deviations from ideal octahedral or trigonal-prismatic
structures are in many cases difficult to describe. A crude
picture is obtained if only bond angles are regarded. If three
angles are close to 1808, and twelve in the vicinity of 908,
the structure is clearly close to octahedral. An ideal trigonal
prism, in which all interligand distances are equal, would
have six angles of 135.68 and nine of 81.88. Another simpli-
fied model considers the Bailar twist angle of 608 for the oc-
tahedron and 08 for the trigonal prism, or deviations there-
of. However, this possibility is restricted to molecules that
have some remaining symmetry. In completely irregular
structures, different twist angles can be defined.


A comprehensive description has been offered in referen-
ces [10, 11]. An irregular six-coordinate structure is defined
by six bond lengths and nine bond angles. With these data,
the program SHAPE[11] generates a quantitative description
of the structure in a two-dimensional symmetry map (see
Figure 5 below).


In the present work, we have looked for species that have
very similar energies for the octahedral and trigonal-pris-
matic structures. If the energy for both structures was coinci-
dentally the same, and if there was no significant barrier be-
tween the states, the structure of the molecule could not be
described by a static model.


Experimentally, not much is known about mixed-substi-
tuted compounds: [W(CH3)5Cl], [Mo(CH3)5OCH3], and
[Mo(CH3)4(OCH3)2] are all trigonal prismatic, whereas [W-
(CH3)3Cl(OCH3)2] is octahedral.[12] Another compound of
interest here, [W(CH3)Cl5], has been prepared several times,
but has not yet been characterized structurally.[13,14] Here,
we investigate the molybdenum and tungsten fluorides
[Mo(R)nF6�n] and [W(R)nF6�n]. As auxiliary ligands to re-
place one or several fluorine atoms in [MoF6] and [WF6],
we chose CH3�, CF3�, C6H5�, C6F5�, CH3�S�, and CF3�S�.


In a similar study, Kaupp performed calculations for com-
pounds of the type [W(CH3)nCl6�n]. He observed that for
higher substitutions of chlorine, such as in [W(CH3)2Cl4],
[W(CH3)Cl5], and [WCl6], the octahedral structure prevails,
whereas for the higher-methylated products, the trigonal-
prismatic arrangement is favored.[15]


The energy separation between octahedral and trigonal-
prismatic states is expected to be smaller for fluorine com-
pounds than for the chlorides, as mentioned by Kaupp.[15]


Furthermore, the computations are less time-consuming,
they can be performed at higher accuracy for the lighter-
atom combinations, and fluorides are expected to be more
stable than the heavier halides. Nevertheless, all attempts to
synthesize any of the computed compounds have failed. A
short description of our fruitless attempts is presented
below.


Results


The method chosen for modeling the compounds is DFT in
the widely used variation of Becke,[16] and Lee, Yang, and
Parr.[17] This method delivered very satisfying structural re-
sults for [Mo(CH3)6], [W(CH3)6], and [Re(CH3)6],


[18,19] as
well as fairly good predictions of the trigonal twist barrier in
[Mo(RO)F5] and [W(RO)F5].


[9]


Structures and energies of [Mo(CH3)F5], [W(CH3)F5], [Mo-
(CF3)F5], and [W(CF3)F5]: The introduction of one methyl
or trifluoromethyl group into [MoF6] and [WF6] changes the
ground-state structure from octahedral to trigonal prismatic
(Figure 2 and Table 1). The averaged twist angle is 08 in all
compounds and the symmetry is always Cs. The octahedron
is now a transition state, as evidenced by one imaginary fre-
quency (Tables 1 and 2). This observation alone is surpris-
ing. The difference in energy is small, although the molybde-
num compounds have a slightly larger energy difference,
which is expected, as [MoF6] is already closer in energy than
[WF6] to trigonal prismatic (Table 2). There remains the
subtle question of whether the compounds are trigonal pris-
matic (as [Re(CH3)6]), or C3v-distorted trigonal prismatic (as
[Mo(CH3)6] and [W(CH3)6]) structures. If C3v-distorted trigo-
nal prismatic, then the methyl or trifluoromethyl group
should be positioned within the hemisphere with elongated


Figure 2. Calculated structures of a) [Mo(CH3)F5], trigonal-prismatic
ground state (left) and distorted-octahedral transition state (right); b)
[Mo(CH3S)F5], distorted-octahedral ground state (left) and trigonal-pris-
matic transition state (right). The structures of [W(CH3)F5], [Mo-
(CF3)F5], [W(CF3)F5], [W(CH3S)F5], [Mo(CH3S)F5], [Mo(CF3S)F5], and
[W(CF3S)F5] are very similar (Tables 1 and 3).
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bonds and smaller angles between the three ligands. The
SHAPE analysis indicates a small C3v distortion (see
Figure 5 below).


Remarkably, the angle between the two fluorine atoms
opposite to the CH3 or CF3 groups is always larger than 908,
whereas all other angles between ligands of the same hemi-
sphere are smaller than 908. A satisfying explanation for this
cannot be given. Not unexpectedly, the Mo�C and W�C
bond lengths are longer for CF3 compounds than for CH3


compounds, as is usually observed in compounds of elec-
tron-poor central atoms.


The structures of the octahedral transition states are ac-
tually quite distorted, as has also been observed for cases of
octahedral ground states if the trigonal-prismatic ground
state has a similar energy. The distortion of the octahedral
transition state in [Mo(CH3)F5] and similar molecules is
greater if the energy of the octahedral state is close to that
of the trigonal-prismatic ground state. It can be anticipated
that compounds with higher contents of methyl groups, such
as [Mo(CH3)2F4] or [Mo(CH3)3F3], will have larger energy
differences between the trigonal-prismatic structures and
the octahedral transition states.


Structures and energies of [Mo(CH3S)F5], [W(CH3S)F5],
[Mo(CF3S)F5], and [W(CF3S)F5]: In contrast to the species
discussed above, all four of these molecules are octahedral,
as was also found for [Mo(RO)F5] and [W(RO)F5]


[9]


(Figure 2 and Table 3). However, the difference in energy
between the octahedral structure and the trigonal-prismatic
transition state is smaller in the former two cases (Table 2).
This can be attributed to the lower electronegativity of sul-
phur relative to oxygen. Furthermore, molybdenum com-
pounds are even less rigidly octahedral than tungsten com-
pounds, which follows the known trend.


All octahedral structures are quite distorted. The three
bond angles, which are 1808 in a regular octahedron, are cal-
culated to be 159.8–165.88 for the molybdenum compounds,
and 164.9–176.08 for the tungsten compounds. Again, the
closer in energy the trigonal-prismatic structure, the more
distorted the octahedral structures. The type of distortion in
these octahedral ground states resembles closely the distor-
tion of the octahedral transition states in compounds like
[Mo(CH3)F5], and the trigonal-prismatic transition state of
the [Mo(RS)F5] and [W(RS)F5] compounds is similar in
every detail to the ground state of [Mo(CH3)F5].


Structures of phenyl- and perfluorophenyl-substituted
molybdenum and tungsten fluorides : Due to the larger size
of phenylated compounds, only ground-state structures were
calculated. As described below, the two groups C6H5� and
C6F5� differ markedly in their influence on the structure.
Because the resulting overall picture is simpler for the
C6F5� substituent, we discuss these compounds first. With
the exception of [W(C6H5)F5] and [W(C6F5)F5], only molyb-


Table 1. Results of DFT calculations for the trigonal-prismatic ground state and octahedral transition state [M(CH3)F5] and [M(CF3)F5] (M=Mo, W).
Bond lengths in [pm], bond angles in [8].


[MoXF5] [WXF5]
X=CH3� X=CF3� X=CH3� X=CF3�


trigonal-prismatic
ground state
M�F 187.8–188.7 186.3–187.8 189.0–189.7 187.6–188.4
M�C 215.0 224.4 214.0 224.6
C-M-F 75.4/81.5/128.6 74.2/78.2/130.6 76.0/83.5/128.1 74.5/80.1/130.2
F-M-F 79.7–93.9/133.1,140.7 80.6–92.0/129.9,129.9 79.1–93.9/134.3,140.0 80.1–91.7/131.1,141.1
octahedral
transition state
M�F 186.4–193.0 185.2–192.3 187.3–191.1 186.2–190.8
M�C 214.1 222.4 213.5 222.5
C-M-F 74.8–108.2/150.6 72.6–116.9/149.1 77.3–96.2/155.7 75.7–110.3/153.6
F-M-F 75.8–101.2/157.8,177.0 76.5–105.2/149.7,170.5 78.3–108.1/169.1,173.6 78.0–102.1/155.8,174.0


Table 2. Energies + zero-point energy (Z.P.E) [a.m.u] and lowest vibrational frequency (in parentheses, [cm�1]) for [MXF5] derivatives (M=Mo, W;
X=CH3�, CF3�, CH3S�, CF3S�).


[MoXF5] [WXF5]


X=CH3� X=CF3� X=CH3� X=CF3�
trigonal prismatic, Gs[a] �607.581770 (70.76) �905.396589 (55.18) �606.535676 (40.46) �904.348097 (40.32)
octahedral, Ts[b] �607.573662 (115.68i) �905.390411 (90.65i) �606.532377 (106.74i) �904.344166 (81.95i)
DE [kJmol�1] 21.31 16.24 8.67 10.34


X=CH3S� X=CF3S� X=CH3S� X=CF3S�
octahedral, Gs[a] �1005.826729 (59.82) �1303.635647 (35.64) �1004.783166 (52.69) �1302.595198 (33.60)
trigonal prismatic, Ts[b] �1005.824001 (20.18i) �1303.631493 (40.51i) �1004.776542 (43.42i) �1302.58643 (51.61i)
DE [kJmol�1] 7.16 10.93 17.42 23.03


[a] Gs=Ground state. [b] Ts=Transition state.
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denum species were calculated. [Mo(C6F5)F5] and [W-
(C6F5)F5] are both trigonal prismatic, and the bond angles
are quite similar to the corre-
sponding CH3� and CF3� com-
pounds (Figure 3 and Table 4).


The (averaged) twist angle is
28 for [Mo(C6F5)F5] and 5.38
for [W(C6F5)F5], indicating the
tendency of tungsten com-
pounds to shift, even if slightly,
to the octahedral situation.


For trigonal-prismatic [Mo-
(C6F5)2F4], three isomers are
expected. These are energetic
minima on the hypersurface,
with a variation in energy dif-
ferences of only 36.3 kJmol�1


(Table 5). For sterical reasons,
the isomer with approximate C2


symmetry and two C6F5 groups


in different hemispheres has, as expected, the lowest energy.
This is an indication that sterical congestion now plays an


Table 3. Results of DFT calculations for the octahedral ground state and trigonal-prismatic transition state [M(CH3S)F5] and [M(CF3S)F5] (M=Mo, W).
Bond lengths in [pm], bond angles in [8].


[MoXF5] [WXF5]
X=CH3S� X=CF3S� X=CH3S� X=CF3S�


octahedral
ground state
M�F 187.9–189.8 187.6–188.5 188.0–190.5 187.3–189.7
M�S 234.4 238.1 235.3 239.6
S�C 181.8 185.7 182.9 185.5
S-M-F 80.1–97.9/162.0 78.8–97.6/165.8 83.4–97.7/167.9 82.0–95.7/176.0
F-M-F 81.8–116.3/160.1,161.9 84.2–115.4/159.8,160.4 84.0–106.7/164.9,168.7 84.5–101.9/167.4,167.9
C-S-M 111.4 111.1 111.6 109.2
trigonal-prismatic
transition state
M�F 188.2–189.9 187.5–189.8 189.2–190.6 188.5–190.4
M�S 234.0 237.6 235.3 239.2
S�C 182.1 186.1 183.0 185.9
S-M-F 74.0/85.7/128.3 72.0/87.2/128.6 74.4/86.7/128.5 72.3/87.2/128.9
F-M-F 79.9–91.7/135.4,138.6 80.1–89.8/135.1,137.9 79.5–91.2/136.0,137.7 79.6–89.3/135.4–137.2
C-S-M 104.9 109.2 104.7 108.8


Figure 3. Calculated structures of trigonal-prismatic [Mo(C6F5)F5] (top) and the three isomers of [Mo(C6F5)2F4]
(bottom), isomer 1 being the most stable. The structure of [W(C6F5)F5] is very similar (Table 4). Numerical
values for two isomers of [Mo(C6F5)3F3] and for [Mo(C6F5)4F2], all trigonal prismatic, are also given in Table 4.


Table 4. Results of DFT calculations for the trigonal-prismatic ground states of [W(C6F5)F5] and [Mo(C6F5)nF6�n] (n�1). Bond lengths in [pm], bond
angles in [8].


[Mo(C6F5)F5] [W(C6F5)F5] [Mo(C6F5)2F4]
(isomer 1, �C2)


[Mo(C6F5)2F4]
(isomer 2, �Cs)


M�F 187.1–189.3 188.2–190.0 188.3–190.4 188.2–189.4
M�C 212.8 214.2 212.2, 212.3 215.1, 218.1
C-M-C – – 134.3 81.5
C-M-F 77.1/84.1,84.5/129.3, 131.6 77.3/84.9,85.0/126.8, 133.8 77.9–90.6/125.8 78.6–84.2/118.6–145.9
F-M-F 79.0–90.3/133.7–138.1 78.7–90.5/131.6–140.3 79.9–81.4/127.1–146.2 79.4–89.5/123.2,149.8


[Mo(C6F5)2F4]
(isomer 3, �C2)


[Mo(C6F5)3F3]
(isomer 1)


[Mo(C6F5)3F3]
(isomer 2)


[Mo(C6F5)4F2]


M�F 187.3,189.0 188.0–192.6 186.5–190.8 187.7, 190.1
M�C 215.9 211.5–220.1 215.0–219.0 209.2–227.9
C-M-C 76.2 95.1/126.4/129.4 77.8/79.7/131.2 77.2–92.8/124.2–135.1
C-M-F 80.8–85.4/123.8, 139.3 76.4–91.3/128.2,140.7 80.6–87.2/131.5–136.9 76.4–97.5/116.8, 131.1
F-M-F 80.3/86.5/135.3, 144.8 77.4/136.9, 142.1 79.0/82.9/137.5 149.0
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increasing role. The (averaged) twist angles of 12.1–19.88
can also be interpreted similarly.


The compounds [Mo(C6F5)3F3] could also exist in three
different isomers. Two of these were found as energetic
minima and both are trigonal prismatic. One of the three
possible cases of [Mo(C6F5)4F2] was also calculated, and
again, this is trigonal prismatic. To the best of our knowl-
edge, no such C6F5-substituted compounds are known.


The situation for C6H5-substituted compounds is more
complex (Figure 4 and Table 6). [Mo(C6H5)F5] is trigonal
prismatic, although with a fairly large (averaged) twist angle
of 18.98. The ground state of [W(C6H5)F5], however, is octa-
hedral. This is certainly distorted, but in the same manner as
the transition state of [Mo(CH3)F5]. In particular, the C-W-
F angle is narrowed from the ideal 1808 to 153.78.


The situation for the compounds of the composition [Mo-
(C6H5)2F4] is even more complex. If the starting geometry in
the optimization procedure is set as an assumed ideal trans
octahedral structure, the molecule finally refines to a fairly
distorted, but still octahedral, trans structure. If a cis octahe-
dral structure is assumed as the starting arrangement, then
the end result is an almost perfect trigonal-prismatic struc-
ture, in which the two C6H5 groups occupy positions in the
same hemisphere. The third isomer is also trigonal prismatic.
The trans octahedral isomer is �25 kJmol�1 more stable
than the trigonal-prismatic isomers.


Again, it should be noted
that such phenyl derivatives
have not yet been isolated. The
closest relatives to these com-
pounds may be [Ta(C6H5)6]


�


and [Ta(C6H4-4-CH3)6]
� , which


are both fairly regular trigonal-
prismatic species, according to
their crystal structures.[20]


Attempts to prepare [M-
(C6H5)nF6�n], [M(C6F5)nF6�n],
and [M(CF3S)nF6�n] (M=Mo,
W): [Zn(C6H5)2] reacts with
[MoF6] or [WF6], although


probably under reduction, to
form brown, unidentifiable
solids. Freshly sublimed [Li-
(C6H5)] does not react in
hexane with [WF6], even at
room temperature. [MoF6]
gives only some coloration to
red or orange at �40 8C. [WF6]
and [MoF6] do not react with
[B(C6F5)F2],


[21] [Si(C6H5)F3],
[22]


[Si(C6F5)F3],
[22, 23] or [Sn(C6F5)-


(CH3)3]
[24] at temperatures up


to +40 8C. [MoF6} and [Hg-
(SCF3)2]


[25] form small amounts
of CF3-S-S-CF3 at room temper-
ature.


In addition, [WCl6] and [Li(C6H5)] in (C2H5)2O do not
react at room temperature within 24 h, whereas [Si-
(C6H5)Cl3] results in reduction of [WCl6].


Table 5. Energies + zero-point energy (Z.P.E.) and lowest vibrational frequency, n, for the ground state of
phenyl-substituted Mo and W fluorides.


Molecule Energy + Z.P.E [a.m.u] DE [kJmol�1][a] n [cm�1]


[Mo(C6H5)F5], tp
[b] �799.304256 31.44


[W(C6H5)F5], oct.
[b] �798.261443 12.79


[Mo(C6F5)F5], tp �1295.617031 15.58
[W(C6F5)F5], tp �1294.575079 4.97
[Mo(C6F5)2F4], tp isomer 1, �C2 �1923.652531 0 17.08
[Mo(C6F5)2F4], tp isomer 2, �Cs �1923.638701 36.33 19.61
[Mo(C6F5)2F4], tp isomer 3, �C2 �1923.647415 13.44 26.64
[Mo(C6F5)3F3], tp isomer 1 �2551.671066 0 14.55
[Mo(C6F5)3F3], tp isomer 2 �2551.667638 9.00 18.93
[Mo(C6F5)4F2], tp �3179.684616 8.14
[Mo(C6H5)2F4], oct. isomer 1, Cs �931.018799 0 29.84
[Mo(C6H5)2F4], tp isomer 2, Cs �931.009140 25.37 23.16
[Mo(C6H5)2F4], tp isomer 3, C2 �931.009259 25.08 8.46


[a] Relative to isomer 1. [b] tp= trigonal-prismatic, oct.=octahedral.


Figure 4. Top, calculated structures of trigonal-prismatic [Mo(C6H5)F5]
and distorted-octahedral [W(C6H5)F5]. Bottom, the three isomers [Mo-
(C6H5)2F4]: (1)=octahedral (trans,Cs), (2)= trigonal prismatic (Cs), and
(3)= trigonal prismatic (C2).


Table 6. Results of DFT calculations for [W(C6H5)F5] and [Mo(C6H5)nF6�n] (n=1, 2). Bond lengths in [pm],
bond angles in [8].


[Mo(C6H5)F5]
[a] [W(C6H5)F5]


[b]


M�F 188.5–189.4 188.6–191.3
M�C 211.7 210.9
C-M-F 78.4–88.3/113.3–142.0 80.3–101.0/153.7
F-M-F 79.2–96.1/121.5–154.6 80.4–108.9/164.7, 166.1


[Mo(C6H5)2F4] (Cs)
[b] [Mo(C6H5)2F4] (Cs)


[a] [Mo(C6H5)2F4] (C2)
[a]


M�F 189.1–195.4 189.6–190.6 189.0–190.7
M�C 209.2 214.9 214.9
C-M-C 142.2 82.1 74.4
C-M-F 82.9–112.3 78.0–80.7/129.9,133.7 80.7, 83.3/128.6, 130.7
F-M-F 82.8, 84.4/163.3, 164.9 78.7–91.2/138.7 80.0, 88.7/140.6, 146.2


[a] Trigonal-prismatic ground state. [b] Octahedral ground state.
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Conclusion


The structural parameters of all compounds calculated here
have been drawn as a symmetry map, according to referen-
ces [10, 11] (Figure 5). Clearly, structures close to octahedral


are always more or less distorted in the direction of trigonal
prismatic, because they lie in the vicinity of the minimum
distortion pathway. On the other hand, the majority of trigo-
nal-prismatic structures are distorted often in the direction
of octahedral. Structures close to ideal trigonal prismatic are
always slightly C3v distorted.


All single-substituted [MRF5] (R=CH3�, CF3�, C6H5�,
C6F5�, CH3�S�, CF3�S�) compounds presented have energy
barriers between trigonal-prismatic and octahedral states of
up to 23.0 kJmol�1, most of them much less than this. This
means that, at room temperature, they all should exhibit
nonrigid behavior, some of them even at low temperature.
This can complicate their identification if a successful syn-
thesis is ever achieved. The otherwise very sensitive
19F NMR probe could fail here due to rapid, temperature-
dependent exchange. In the extreme case, if the energy bar-


rier approaches zero, as in [W(CH3)F5] (8.7 kJmol�1) or
[Mo(CH3S)F5] (7.2 kJmol�1), it will be difficult to describe
the molecule by using one static structural model.


Computational Methods


DFT calculations were performed by using the GAUSSIAN 03 program
revision B04,[26] by the method of Becke[16] in the variation of Lee, Yang,
and Parr,[17] as implemented in the program. Basis sets: 6–311G (d,p) for
C, H, O, and F. The relativistically corrected pseudopotentials and basis
sets for Mo and W were obtained from the Institut fFr Theoretische
Chemie, UniversitEt Stuttgart: Mo: 28 core electrons, 14 valence elec-
trons; W: 60 core electrons, 14 valence electrons, 8s, 7p, 6d valency basis.
All structures were fully optimized within the given symmetry. Some
structures are very close to a higher symmetry, but if calculated with
higher symmetry, showed small imaginary-frequency vibrations, for exam-
ple, for C6H5 torsion. They were calculated with C1 symmetry. The nature
of the stationary points was characterized by the harmonic vibrational-
frequency analysis in all cases. The lowest calculated frequency of ground
states and the calculated imaginary frequency of transition states are in-
cluded in the tables.
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Catalytic Cycloisomerization of Enynes by Using a Nickel-Zinc-Acid System
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Introduction


The transition metal catalyzed cycloisomerization of enynes
is an efficient method for the synthesis of various cyclic
compounds.[1,2] Compared with the classical thermal Alder
ene reaction, the catalytic reaction of enynes I with an allyl-
ic methylene group (R1 and/or R2 = H in Scheme 1) can
provide not only 1,4-dienes, but also 1,3-dienes under mild
conditions. Generally, various transition-metal complexes,
such as those of Pd,[3] Ru,[4] Ti,[5] Rh,[6] and Ni-CrCl2,


[7] cata-


lyze the ene-type reaction of I to furnish 1,4-dienes. As an
exception, in the Pd-catalyzed reaction, the presence of
branching or an oxygenated group at the allylic position of
enynes can alter the regioselectivity.[8] The reaction of
enynes tethered to a remote double bond also gives 1,3-
dienes rather than 1,4-dienes.[8a] However, it is difficult to
control the selective formation of 1,3-dienes, which are im-
portant building blocks in the Diels–Alder reaction.[9]


For this reaction, two principal possible mechanisms have
been proposed (Scheme 2): a) a metallacycle process involv-
ing the oxidative cyclization of a transition-metal catalyst
(M) with the enyne, and b) a hydrometalation/carbometala-
tion process involving the addition of a metal–hydride spe-
cies (H�M+) generated by the in situ protonation of M.[1]


Subsequent b-hydrogen elimination from II or III/III’ leads
to the formation of 1,3- and 1,4-dienes, respectively. This b-
hydrogen elimination usually requires a cis relationship be-
tween the carbon–metal (C�M) and carbon–hydrogen (C�
H) bonds, which have to be aligned to optimize the orbital
overlap. At this point, II offers a better geometry for b-elim-
ination of a C�Hb bond leading to the 1,4-diene than for
that of a C�Ha bond leading to the 1,3-diene, since the dihe-
dral angle between the C�M and C�Hb bonds is close to 08.
In the reaction via a hydrometalation/carbometalation pro-
cess, although the geometry of III’ makes it possible to elim-
inate the b-C�Ha bond leading to the 1,3-diene, since the
C�Ha bond has lower energy due to its allylic nature, it is
still insufficient to achieve 1,3-diene selectivity.
We describe here in detail our studies on the nickel-cata-


lyzed cycloisomerization of 1,6-enynes via hydrometalation.
This reaction is carried out in the presence of a new catalyt-
ic system, in which Zn powder is added as a reducing agent


Abstract: Catalytic cycloisomerization
of enynes has been accomplished in the
presence of an Ni0-PPh3-Zn-carboxylic
acid or -ZnCl2 system. A nickel(i)–hy-
dride complex, thought to be generated
by reduction of the protonated nickel-
(ii) complex with Zn, is proposed as
the catalytic species. This cycloisomeri-


zation shows reactivity behavior that is
different from that of a conventional
metal-catalyzed reaction. In particular,


in the reaction with (E)-enynes, the
catalytic system has a selectivity that
favors the formation of the 1,3-diene
over the 1,4-diene. In addition, this cat-
alytic system has been applied to the
domino cyclization of dienynes for the
construction of tricyclic compounds.


Keywords: cycloisomerizations ·
domino reactions · enynes · nickel ·
zinc


[a] Prof. Dr. S. Ikeda, N. Daimon, R. Sanuki, Prof. Dr. K. Odashima
Graduate School of Pharmaceutical Sciences
Nagoya City University, Tanabe-dori, Mizuho-ku
Nagoya 467-8603 (Japan)
Fax: (+81)52-836-3462
E-mail : ikeshin@phar.nagoya-cu.ac.jp


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


Scheme 1. Selective cycloisomerization to 1,3- versus 1,4-dienes.
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to a nickel hydride complex (H�Ni+), and shows reactivity
behavior that is different from that of a conventional metal-
catalyzed reaction. In particular, the catalytic system has a
selectivity that favors the formation of the 1,3-diene over
the 1,4-diene. In addition, we envisage a process that in-
volves the further interception of III or III’ by a remote un-
saturated substrate. This catalytic system can also be applied
to the domino cyclization of dienynes for the construction of
tricyclic compounds.


Results and Discussion


We initially investigated the reaction of 1 in the presence of
[Ni(cod)2] (10 mol%), PPh3 (20 mol%), and trifluoroacetic
acid (CF3CO2H, 20 mol%) in CH3CN. Although the forma-
tion of 2 and 3 was observed after 20 h (48% GC yield, 2/3
9:91), some 46% of unreacted 1 was also recovered (run 1
in Table 1). When Zn powder (200 mol%) was added to the
reaction mixture, the reaction proceeded efficiently for 2 h
to give 2 and 3 in a combined yield of 70% (run 2). No reac-
tion occurred in the absence of CF3CO2H (run 3). While the


reaction using p-nitrophenol instead of CF3CO2H also failed
(run 4), acetic acid (AcOH) proved to be moderately effec-
tive in the presence of Zn powder (run 6 vs run 5). More-
over, a system of [NiCl2(PPh3)2] and Zn was also found to
catalyze the cycloisomerization (run 7). By comparison with
run 3, this result suggests that zinc chloride (ZnCl2), generat-
ed by the reduction of [NiCl2(PPh3)2] with Zn,


[10] is involved
in the reaction. When ZnCl2 (20 mol%) was added to the
reaction mixture from run 3, the yield of 2 and 3 increased
to the level achieved in run 7 (run 8). The addition of Zn
powder to the catalytic system promoted the reaction fur-
ther (run 9). A further experiment revealed that PPh3 could
be omitted from the reaction mixture (run 10). When tolu-
ene or THF was used as a solvent, no reaction occurred.
We believe that the present cycloisomerization involves


hydrometalation by a nickel hydride species (Scheme 2b), as
in the Pd0-AcOH system (M = Pd) reported by Trost
et al.[1b] The addition of Brønsted acids such as CF3CO2H,
H2SO4, HCl, HSnCl3 (HCl + SnCl2), and HCN to Ni


0 com-
plexes leads to the formation of nickel(ii)–hydride com-
plexes.[11] However, Barefield et al. reported that a protonat-
ed nickel(ii) species, HNi(PPh3)nX (X = Cl or SnCl3), rapid-
ly decomposed to generate a nickel(i) species, NiX(PPh3)n,
with evolution of H2 gas at room temperature.[12] On the
other hand, an NiX(PPh3)n complex, as well as a cationic
nickel(ii) hydride, HNi[P(OEt)3]4


+ ,[13] catalyzes the iso-
merization of alkenes.[14] A low concentration of HNi-
(PPh3)nX, generated from the reaction of NiX(PPh3)n
(2 equiv) with the alkene, was shown to be responsible for
the catalytic activity.[12] In the present reaction, the nickel(ii)
hydride species (M = Ni(PPh3)2 in Scheme 2b) would be
generated,[15] although no helpful information was obtained
by NMR. In the reaction using ZnCl2, a proton source
would be generated by the treatment of ZnCl2 with a small
amount of water present in situ. Under these circumstances,
ZnCl2 would assist in the protonation of the Ni


0 species to
more effectively give the nickel(ii) hydride species.[16] Never-


theless, the role of Zn powder
has yet to be accounted for
(recall that the reaction did not
proceed smoothly in the ab-
sence of Zn powder; compare
runs 1, 5, and 8 in Table 1). We
further propose an alternative
pathway, in which half an
equivalent of Zn reduces the
nickel(ii) hydride to the nick-
el(i) species, [HNi(PPh3)2]
(Scheme 3). The nickel(i) hy-
dride would add to the alkyne
part of 1 and subsequent car-
bonickelation would give an al-
kylnickel intermediate. Subse-
quent b-hydrogen (Ha or Hb)
elimination would lead to the
formation of 2 or 3, respective-
ly.


Scheme 2. Metal-catalyzed cycloisomerization of enynes.


Table 1. Screening of catalysts and additives.[a]


Run Ni cat. PPh3 Zn Acid t Yield[b]


[mol%] [mol%] [mol%] [h] [%]


1 [Ni(cod)2] 20 0 CF3CO2H (20) 24 48[c]


2 [Ni(cod)2] 20 200 CF3CO2H (20) 2 70
3 [Ni(cod)2] 20 200 – 24 0
4 [Ni(cod)2] 20 200 ArOH[d] (20) 24 0
5 [Ni(cod)2] 20 0 AcOH (20) 24 <5
6 [Ni(cod)2] 20 200 AcOH (20) 20 73
7 [NiCl2(PPh3)2] – 200 – 2 54
8 [Ni(cod)2] 20 0 ZnCl2 (20) 24 45[e]


9 [Ni(cod)2] 20 200 ZnCl2 (20) 2 73
10 [Ni(cod)2] 0 200 ZnCl2 (20) 24 0


[a] Reaction conditions: Ni cat. (10 mol%) in CH3CN at room temperature. [b] Combined yield of 2 and 3.
[c] The starting 1 was recovered (46%). [d] ArOH = p-nitrophenol. [e] The starting 1 was recovered (14%).
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Enynes 4 bearing unsymmetrical trisubstituted alkene
functions show an interesting switch in regioselectivity be-
tween the Ni0-Zn-acid and Pd0-AcOH systems. Thus, it has
been established that the Pd-catalyzed reaction with the ger-
anyl-based (E)-4 gives mainly the less substituted 1,4-diene
6.[3,17–19] In sharp contrast, when (E)-4 was exposed to the
Ni0-Zn-acid catalytic system, the more substituted 1,4-diene
5 rather than 6 was produced (Scheme 4). The reaction with
the neryl-based enyne (Z)-4 also gives 5 with high regiose-
lectivity.[20]


As mentioned above, the system consisting of a nickel hy-
dride species and Zn shows reactivity behavior that is differ-
ent from that of a conventional metal-catalyzed cycloisome-
rization. We next investigated the reaction with (E)- and
(Z)-7a using our catalytic system. The results are summar-
ized in Table 2. The addition of (E)-7a to a mixture of [Ni-
(cod)2] (10 mol%), PPh3 (20 mol%), Zn powder
(200 mol%), and AcOH (20 mol%) in CH3CN at room
temperature and allowing the reaction to proceed for 8 h
gave a mixture of cyclic compounds 8a, 9a, and 10a in a
combined yield of 72% (run 1). Remarkably, the 1,3-diene
8a was observed as the major isomer by 1H NMR (78% se-
lectivity). The stereochemistry was confirmed to be (E) by
means of a NOESY experiment. Using ZnCl2 in place of
AcOH also promoted cycloisomerization to give (E)-8a,
and indeed the reaction was faster and more selective (3 h,
86% selectivity, run 3). In contrast, when the reaction was
performed with a Pd0-AcOH system, the selectivity in favor
of (E)-8a was lower (run 4). When the reaction was carried
out in CH3CN instead of benzene, the selectivity for 8a de-
creased further (run 5). The addition of Zn powder proved
to be wholly ineffective (run 6). In a reaction using the poly-
mer-supported Ni-CrCl2 system reported by Trost, 9a was
obtained selectively (run 7).[7] The alkene geometry of 7a
determined that of 8a ; that is, the reaction with (Z)-7a pro-
vided (Z)-8a. However, the selective formation of 8a was


not observed in any of the reac-
tions (runs 8–11).
The results of cycloisomeriza-


tions with 7b–g using an Ni0-
Zn-ZnCl2 or -AcOH system are
shown in Schemes 5 and 6, and
are compared with those
achieved using the Pd0-AcOH
system. In the presence of
either catalytic system, the re-
action of 7b bearing a branched
allylic substituent selectively af-
forded the corresponding 1,3-
diene 8b. On the other hand, in
the reaction with the methyl-
ene-extended 7c, a remarkable
difference in regioselectivity
was seen between the two cata-
lytic systems. Thus, whereas the
Pd-catalyzed reaction selective-
ly gave the 1,4-diene 9c, the
1,3-diene 8c was predominantly
obtained in the presence of the
Ni0-Zn-ZnCl2 system
(Scheme 5). The reactions of
other (E)-alkene-substituted
substrates 7d–g in the presence
of the Ni0-Zn-ZnCl2 or -AcOH
system selectively afforded 1,3-
dienes 8d–g, respectively
(Scheme 6). The reaction with


Scheme 3. Plausible catalytic cycle for cycloisomerization promoted by
H�NiI species.


Scheme 4. Reactions of (E)- and (Z)-4.


Table 2. Cycloisomerizations of (E)- and (Z)-7a.


Run 7a Cat.[a] Acid Solvent t Yield[b] Ratio[c]


[mol%] [h] [%]


1 (E) Ni AcOH (20) CH3CN 8 72 78:1:19:2
2 Ni – CH3CN 48 0 –
3 Ni ZnCl2 (20) CH3CN 3 69 86:2:10:2
4 Pd AcOH (10) C6H6 6 75 50:2:48:0
5 Pd AcOH (10) CH3CN 6 58 45:2:53:0
6 Pd + Zn[d] AcOH (10) CH3CN 24 trace –
7[e] Ni-CrCl2 75 1:3:0[f]


8 (Z) Ni AcOH (20) CH3CN 3 67 3:31:33:33
9 Ni ZnCl2 (20) CH3CN 1 67 2:31:33:34
10 Pd AcOH (10) C6H6 2 80 2:30:68:0
11[e] Ni-CrCl2 74 1:13:0[f]


[a] Ni : [Ni(cod)2] (10 mol%), PPh3 (20 mol%), and Zn (200 mol%). Pd : [Pd2(dba)3]·CHCl3 (5 mol%) and
PPh3 (10 mol%). [b] Isolated yield. [c] Product ratio of (E)-8a/(Z)-8a/9a/10a determined by


1H NMR. [d] Zn
(200 mol%) was added. [e] A polymer (phosphinylated 2% cross-linked polystyrene)-supported catalytic
system, see ref. [7]. [f] Product ratio of 8a/9a/10a.
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7d in the presence of ZnCl2 gave 8d more effectively than
when AcOH was used. In all cases, even when the products
provided by one catalytic system were exposed to another,
isomerization between 8 and 9 was not observed.
The reaction of (E)-7 with the H�M species (M = Ni or


Pd+) produces an alkylmetal intermediate 11 or 12, respec-
tively, via 5-exo-carbometalation (Scheme 7). Dissociation of
the coordinated exocyclic alkene part from the metal center
(M) would generate 13 or 14, respectively. While the geome-
try is appropriate for b-hydrogen elimination of a C�Hb


bond leading to (E)-1,4-dienes 9,[21] the conformer 15 or 16
would undergo b-Ha elimination leading to 1,3-dienes 8,
since the C�Ha bond has lower energy due to its allylic


nature. The intermediate 11 (M = Ni) should be readily
converted to 13, due to the weaker coordination of the exo-
cyclic alkene part to the neutral Ni center as compared with
the cationic Pd center. Therefore, the reaction of (E)-7 in
the presence of the Ni0-Zn-ZnCl2 or -AcOH system selec-
tively affords (E)-1,3-dienes 8. In the Pd-catalyzed reaction,
the remote double bond of the starting 7 f controls the re-
gioselectivity of 8 f and 9 f (see Scheme 6). Due to the coor-
dination of the remote double bond (R1 = CH2=CHCH2C-
(CO2Me)2) to the Pd center, the geometry of 16 is not ideal
for the elimination of the C�Hb bond leading to 9 f.[8a] In
contrast, in the reaction using the Ni0-Zn-ZnCl2 or -AcOH
system, the selectivity in favor of 8e and 8 f arising from 15
(M = Ni) is independent of the remote double bond of the
starting 7e and 7 f.


The alkene geometry of the starting 7 affects not only the
stereochemistry of 8, but also
the selective formation of 8
versus 9. In the reaction with
(Z)-7a, 19 would be derived
from 17 (M = Ni) or 18 (M =


Pd+) (Scheme 8). Subsequent
conformational rotation gener-
ates 20, which enables b-elimi-
nation of the C�Ha bond to pro-
vide (Z)-8a. However, the for-
mation of (Z)-8a, compared
with that of (E)-8a arising from
the b-Ha-elimination of 15,
would be a somewhat disfavora-
ble path due to the steric config-
uration with the methyl group
syn to the 1,3-diene part. As a
result, 9a is readily obtained by
b-elimination of the C�Hb


bond. In addition, there is also a
cyclopropanation route to pro-
vide 21, which would undergo


Scheme 5. Cycloisomerizations of 7b and 7c. [a] [Ni(cod)2] (10 mol%),
PPh3 (20 mol%), Zn (200 mol%), and ZnCl2 (20 mol%) in CH3CN at
RT. [b] [Pd2(dba)3]·CHCl3 (5 mol%), PPh3 (10 mol%), and AcOH
(10 mol%) in C6H6 at RT.


Scheme 6. Cycloisomerizations of 7d–g. [a] [Ni(cod)2] (10 mol%), PPh3 (20 mol%), Zn (200 mol%), and
ZnCl2 or AcOH (20 mol%) in CH3CN at RT. [b] [Pd2(dba)3]·CHCl3 (5 mol%), PPh3 (10 mol%), and AcOH
(10 mol%) in C6H6 at RT.


Scheme 7. Reaction with (E)-7 leading to (E)-8 and 9.
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b-carbon elimination followed by b-hydrogen elimination to
give the six-membered 10a.[22]


This catalytic system was applied to the reaction with di-
enynes 22 (Scheme 9). With trans-22, product 23 was ob-
tained by the b-H elimination of 24, which has a cis-b-hy-
drogen atom. In contrast, the reaction with cis-22 gave com-
plicated mixtures. If the expected intermediate 26, which
lacks cis-b-hydrogen atoms, had undergone insertion of the
tethered cis-alkenyl part into the C�Ni bond to generate 27,
subsequent b-H elimination would have given the corre-
sponding product 25. Attempted reaction with the cyclopen-
tene 28 did not give the corresponding 29 either.[23]


Domino cyclization is achieved by the treatment of dien-
ynes 30–32 bearing a prenyl group (Scheme 10). The reac-
tion of 30 in the presence of the Ni0-Zn-ZnCl2 system gave
the tricyclic product 33. The cyclization of 31 proceeded effi-


ciently to afford 34 in 51% yield. In the reaction with 32
having an internal alkyne function, the corresponding tricy-
cle 35 was obtained. The stereochemistry of the ethylidene
moiety of 35 indicates that hydronickelation occurs by cis-
addition to the internal alkyne function. In these domino
cyclizations, 36, generated by hydronickelation/carbonickela-
tion, is believed to undergo insertion of the adjacent alkene
function into the C�Ni bond to produce 37, which is fol-
lowed by b-Hb elimination to give 33–35. In contrast, the
formation of 33’–35’ was not observed. The exocyclic alkyli-
dene moiety is so close to another methylidene moiety that
the b-Ha elimination of 37 does not occur. Similarly, the dia-
stereomers 33’’–35’’ are not obtained due to the steric hin-
drance between the exocyclic methylidene group and the al-
kylnickel unit of 39 arising from insertion of the coordinat-
ing alkene function of 38.


Conclusion


We have demonstrated that the catalytic cycloisomerization
of enynes can be accomplished in the presence of an Ni0-
PPh3-Zn-carboxylic acid or -ZnCl2 system. A nickel(i)–hy-
dride complex, believed to be generated by reduction of the
protonated NiII–PPh3 complex with Zn, is proposed as the
catalytic species. The catalytic species is believed to undergo
hydronickelation to the alkynyl function of the enyne, which
is followed by carbonickelation to produce the alkylnickel
intermediate. Subsequent b-H elimination then leads to the
formation of a cycloisomeric product. The present cycloiso-
merization shows reactivity behavior that is different from
that of a conventional metal-catalyzed reaction. In particu-
lar, in the reaction with an (E)-enyne, the catalytic system


Scheme 8. Reaction with (Z)-7a leading to (Z)-8a, 9a, and 10a.


Scheme 9. Reactions with trans- and cis-22 and 28 (E = CO2Me).


Scheme 10. Reactions with dienynes 30–32 (E = CO2Me).


Chem. Eur. J. 2006, 12, 1797 – 1806 D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1801


FULL PAPERCycloisomerization of Enynes



www.chemeurj.org





shows a selectivity that favors the formation of the (E)-1,3-
diene over the 1,4-diene. The alkylnickel intermediate can
readily adopt a geometry such as III’, which is appropriate
for b-hydrogen elimination of the b-C�Ha bond. This cata-
lytic system has been applied to the domino cyclization of
dienynes for the construction of tricyclic compounds. The se-
lectivity observed is dependent on the geometry of the inter-
mediate at the b-hydrogen elimination stage.


Experimental Section


General : All reactions were carried out under a dry N2 atmosphere.
1H


and 13C NMR spectra were recorded from samples in CDCl3 solution
with Me4Si as an internal standard. CH3CN was distilled from P2O5.
CF3CO2H and AcOH were used without further purification. ZnCl2 was
dried under reduced pressure at 150 8C. Enynes 1,[24] 4,[22] 7a,[25] 7b,[3] 7c,
and 7d were prepared by reaction of the corresponding allyl halides with
diethyl or dimethyl malonate followed by propargylation. In the case of
7c and 7d, the allylating agents were prepared by bromination of the cor-
responding alcohols according to the literature procedure.[26] Dienynes 28
and 31 were prepared according to literature procedures.[22]


Dimethyl 2-((E)-4-cyclohexylbut-2-enyl)-2-(prop-2-ynyl)malonate (7c):
Pale-yellow oil; Rf = 0.49 (hexane/AcOEt 7:1); 1H NMR (500 MHz,
CDCl3): d = 0.81–0.91 (m, 2H; CH2), 1.07–1.71 (m, 9H; CH2, CH), 1.88
(t, J = 7.0 Hz, 2H; CH2), 2.01 (t, J = 2.3 Hz, 1H; CH), 2.75 (d, J =


7.3 Hz, 2H; CH2), 2.79 (d, J = 2.3 Hz, 2H; CH2), 3.74 (s, 6H; OCH3),
5.17 (dt, J = 15.4, 7.3 Hz, 1H; =CH), 5.57 (dt, J = 15.4, 7.3 Hz, 1H; =
CH); 13C NMR (125 MHz, CDCl3): d = 22.65, 26.32, 26.42, 33.03, 35.44
(CH2), 37.93 (CH), 40.59 (CH2), 52.70 (OCH3), 57.14 (C), 71.38 (�CH),
78.99 (�C), 123.56, 134.95 (=CH), 170.34 (C=O); IR (neat): ñ = 3300,
2960, 2875, 1740 (nCO), 1440, 1285, 1205 cm


�1; HRMS (70 eV, EI): m/z :
calcd for C18H26O4: 306.1831; found: 306.1820 [M


+].


Dimethyl 2-((E)-oct-2-enyl)-2-(prop-2-ynyl)malonate (7d): Colorless oil;
Rf = 0.49 (hexane/AcOEt 7:1); 1H NMR (400 MHz, CDCl3): d = 0.88
(t, J = 7.1 Hz, 3H; CH3), 1.23–1.36 (m, 6H; CH2), 1.95 (q, J = 6.9 Hz,
2H; CH2), 2.01 (t, J = 2.7 Hz, 1H; CH), 2.74 (d, J = 7.6 Hz, 2H; CH2),
2.79 (d, J = 2.7 Hz, 2H; CH2), 3.74 (s, 6H; OCH3), 5.20 (dtt, J = 15.1,
7.6, 1.5 Hz, 1H; =CH), 5.56 (dt, J = 15.1, 6.9 Hz, 1H; =CH); 13C NMR
(150 MHz, CDCl3): d = 14.05 (CH3), 22.50, 22.60, 29.02, 31.30, 32.57,
35.37 (CH2), 52.69 (OCH3), 57.16 (C), 71.32 (�CH), 78.98 (�C), 122.57,
136.48 (=CH), 170.33 (C=O); IR (neat): ñ = 3300, 2960, 2945, 1740
(nCO), 1440, 1215 cm


�1; HRMS (70 eV, EI): m/z : calcd for C16H24O4:
280.2674; found: 280.1669 [M +].


(E)-Tetramethyl dodec-6-en-1-yne-4,4,9,9-tetracarboxylate (7e): A solu-
tion of dimethyl 2-propylmalonate (900 mg, 5.17 mmol) in DMF (5 mL)
was added dropwise to a suspension of NaH (60% in mineral oil,
352 mg, 8.8 mmol) in DMF (10 mL) at room temperature and the mix-
ture was stirred for 30 min. A solution of dimethyl 2-((E)-4-chlorobut-2-
enyl)-2-(prop-2-ynyl)malonate[27] (590 mg, 2.28 mmol) in DMF (15 mL)
was then added dropwise and the reaction mixture was stirred at room
temperature for 2 h. After treatment with aqueous HCl (5%, 50 mL), the
aqueous layer was extracted with Et2O (3O10 mL). The combined organ-
ic layers were washed with brine, dried over MgSO4 for 30 min, filtered,
and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel to give 7e (489 mg, 54%). White
powder; m.p. 71–73 8C; Rf = 0.12 (hexane/AcOEt 4:1); 1H NMR
(400 MHz, CDCl3): d = 0.92 (t, J = 7.3 Hz, 3H; CH3), 1.12–1.22 (m,
2H; CH2), 1.79–1.83 (m, 2H; CH2), 2.02 (t, J = 2.7 Hz, 1H; CH), 2.59
(d, J = 7.3 Hz, 2H; CH2), 2.75 (d, J = 7.3 Hz, 2H; CH2), 2.76 (d, J =


2.7 Hz, 2H; CH2), 3.71 (s, 6H; OCH3), 3.74 (s, 6H; OCH3), 5.31 (dt, J =


15.3, 7.1, 1H; =CH), 5.43 (dt, J = 15.3, 7.3 Hz, 1H; =CH); 13C NMR
(125 MHz, CDCl3): d = 14.28 (CH3), 17.40, 22.59, 34.52, 35.27, 35.85
(CH2), 52.35, 52.81 (OCH3), 56.84, 57.69 (C), 71.51 (�CH), 78.79 (�C),
127.47, 129.64 (=CH), 170.10, 171.73 (C=O); IR (neat): ñ = 3300, 2955,
1740, 1730 (nCO), 1435, 1290, 1250, 1220, 1200, 1175, 1125, 1060, 985 cm


�1;


DIMS (70 eV, EI): m/z (%): 396 (1) [M +], 365 (18) [M +�OMe], 145
(100); HRMS (70 eV, EI): m/z : calcd for C19H25O7: 365.1598; found:
365.1600 [M +�OMe].
(E)-Tetramethyl dodeca-1,6-dien-11-yne-4,4,9,9-tetracarboxylate (7 f): A
solution of dimethyl 2-allylmalonate (850 mg, 5.0 mmol) in DMF (5 mL)
was added dropwise to a suspension of NaH (60% in mineral oil,
260 mg, 6.5 mmol) in DMF (10 mL) at room temperature and the mix-
ture was stirred for 30 min. A solution of dimethyl 2-((E)-4-chlorobut-2-
enyl)-2-(prop-2-ynyl)malonate[27] (543 mg, 2.1 mmol) in DMF (15 mL)
was then added dropwise and the reaction mixture was stirred at room
temperature for 2 h. After treatment with aqueous HCl (5%, 50 mL), the
aqueous layer was extracted with Et2O (3O10 mL). The combined organ-
ic layers were washed with brine, dried over MgSO4 for 30 min, filtered,
and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel to give 7 f (709 mg, 86%). White
powder; m.p. 71–72 8C; Rf = 0.12 (hexane/AcOEt 4:1); 1H NMR
(400 MHz, CDCl3): d = 2.01 (t, J = 2.6 Hz, 1H; CH), 2.58 (d, J =


7.3 Hz, 2H; CH2), 2.60 (d, J = 7.3 Hz, 2H; CH2), 2.75 (d, J = 7.1 Hz,
2H; CH2), 2.76 (d, J = 2.6 Hz, 2H; CH2), 3.71 (s, 6H; OCH3), 3.74 (s,
6H; OCH3), 5.09 (d, J = 11.0 Hz, 1H; =CH), 5.11 (d, J = 15.9 Hz, 1H;
=CH), 5.32 (dt, J = 15.2, 7.3 Hz, 1H; =CH), 5.44 (dt, J = 15.2, 7.3 Hz,
1H; =CH), 5.56–5.67 (m, 1H; =CH); 13C NMR (150 MHz, CDCl3): d =


22.62, 35.31, 35.63, 36.83 (CH2), 52.43, 52.83 (OCH3), 56.81, 57.63 (C),
71.53 (�CH), 78.77 (�C), 119.27 (CH2), 127.89, 129.32, 132.28 (=CH),
170.10, 171.11 (C=O); IR (neat): ñ = 3300, 2955, 1740, 1730 (nCO), 1435,
1280, 1200, 1070, 995, 950, 875 cm�1; DIMS (70 eV, EI): m/z (%): 394 (0)
[M +], 363 (26) [M +�OMe], 59 (100); HRMS (70 eV, EI): m/z : calcd for
C19H23O7: 363.1470; found: 365.1444 [M


+�OMe].
2-((E)-5-Phenylpent-2-enyl)-2-(prop-2-ynyl)malononitrile (7g): A solu-
tion of dimethyl 2-allylmalonate (1.7 g, 10.0 mmol) in DMF (7 mL) was
added dropwise to a suspension of NaH (60% in mineral oil, 520 mg,
13 mmol) in DMF (10 mL) at room temperature and the mixture was
stirred for 30 min. A solution of trans-1,4-dichloro-2-butene (2.5 g,
20 mmol) in DMF (25 mL) was then added dropwise and the mixture
was stirred at room temperature for 2 h. After treatment with aqueous
HCl (5%, 50 mL), the aqueous layer was extracted with Et2O (3O
20 mL). The combined organic layers were washed with brine, dried over
MgSO4 for 30 min, filtered, and concentrated under reduced pressure.
The residue was purified by column chromatography on silica gel [Rf =
0.44 (hexane/AcOEt 7:1)] to give dimethyl 2-allyl-2-((E)-4-chlorobut-2-
enyl)malonate (1.09 g, 42%). This compound was immediately used in
the next reaction. Thus, a solution of 2-(prop-2-ynyl)malononitrile
(1.25 g, 12.0 mmol) in DMF (7 mL) was added dropwise to a suspension
of NaH (60% in mineral oil, 280 mg, 7 mmol) in DMF (10 mL) at room
temperature and the mixture was stirred for 1 h. A solution of dimethyl
2-allyl-2-((E)-4-chlorobut-2-enyl)malonate (1.09 g, 4.2 mmol) in DMF
(25 mL) was then added dropwise and the mixture was stirred at room
temperature for 20 h. After treatment with aqueous HCl (5%, 50 mL),
the aqueous layer was extracted with Et2O (3O20 mL). The combined or-
ganic layers were washed with brine, dried over MgSO4 for 30 min, fil-
tered, and concentrated under reduced pressure. The residue was purified
by column chromatography on silica gel to give 7g (716 mg, 52%). Pale-
yellow gum; Rf = 0.44 (hexane/AcOEt 2:1); 1H NMR (500 MHz,
CDCl3): d = 2.40 (t, J = 2.5 Hz, 1H; CH), 2.66 (d, J = 7.3 Hz, 2H;
CH2), 2.69 (d, J = 7.3 Hz, 2H; CH2), 2.78 (d, J = 7.3 Hz, 2H; CH2), 2.90
(d, J = 2.5 Hz, 2H; CH2), 5.13 (d, J = 10.2 Hz, 1H; =CH), 5.14 (d, J =


15.6 Hz, 1H; =CH), 5.54–5.80 (m, 3H; =CH); 13C NMR (125 MHz,
CDCl3): d = 27.31, 35.65 (CH2), 36.38 (C), 37.19, 39.05 (CH2), 52.61
(OCH3), 57.60 (C), 74.48 (�C), 75.45 (�CH), 114.23 (CN), 119.58 (=
CH2), 123.98, 131.94, 134.17 (=CH), 170.90 (C=O); IR (neat): ñ = 3280,
2950, 1730 (nCO), 1435, 1285, 1215, 1145, 1055, 975, 925, 860 cm


�1; DIMS
(70 eV, EI): m/z (%): 328 (0) [M +], 287 (17) [M +�C3H5], 225 (34)
[M +�C6H3N2], 165 (100); HRMS (70 eV, EI): m/z : calcd for
C15H15N2O4: 287.1032; found: 287.1031 [M +�C3H5], 225.1128
[M +�C6H3N2].


Dimethyl 2-[trans-4-(1,1-bis(methoxycarbonyl)but-3-ynyl)cyclohex-2-
enyl]malonate (trans-22): A solution of dimethyl 2-allyl-2-[trans-4-(bis(-
methoxycarbonyl)methyl)cyclohex-2-en-1-yl]malonate[28] (1.18 g,
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2.98 mmol) in DMF (20 mL) was added dropwise to a suspension of NaH
(60% in mineral oil, 380 mg, 9.50 mmol) in DMF (15 mL). A solution of
propargyl bromide (2.30 g, 19.3 mmol) in DMF (5 mL) was then added
dropwise and the mixture was stirred at room temperature for 1 h. After
treatment with aqueous HCl (5%, 30 mL), the aqueous layer was extract-
ed with Et2O (4O20 mL). The combined organic layers were washed with
brine, dried over MgSO4 for 30 min, filtered, and concentrated under re-
duced pressure. The residue was purified by column chromatography on
silica gel to give trans-22 (1.98 g, 85%). Pale-yellow solid; m.p. 83–85 8C;
Rf = 0.23 (hexane/AcOEt 4:1); 1H NMR (400 MHz, CDCl3): d = 1.38–
1.43 (m, 2H; CH2), 1.85–1.92 (m, 2H; CH2), 2.01 (t, J = 2.7 Hz, 1H;
CH), 2.62–2.72 (m, 2H; CH2), 2.78–2.88 (m, 2H; CH2), 2.81–3.09 (m,
2H; CH2), 3.69 (s, 3H; CH3), 3.71 (s, 6H; 2OCH3), 3.75 (s, 3H; CH3),
5.06 (dd, J = 10.1, 1.8 Hz, 1H; =CH), 5.08 (dd, J = 16.8, 1.8 Hz, 1H; =
CH), 5.68–5.77 (m, 1H; =CH), 5.75 (s, 2H; 2O=CH); 13C NMR
(125 MHz, CDCl3): d = 22.4, 24.3, 37.1 (CH2), 38.9, 39.4 (CH), 52.0,
52.2, 52.5, 52.6 (OCH3), 60.1, 61.4 (C), 71.4 (�CH), 79.2 (�C), 118.6 (=
CH2), 128.6, 129.8, 133.0 (=CH), 169.9, 170.1, 170.6, 171.0 (O=C); IR
(KBr disk): ñ = 3280, 2950, 1730 (nCO), 1440, 1230, 1200, 1000, 940 cm


�1;
DIMS (70 eV, EI): m/z (%): 420 (1) [M +], 251 (40) [M +�HCCCH2C-
(CO2Me)2], 249 (53) [M


+�H2C=CHCH2C(CO2Me)2], 129 (100); HRMS
(70 eV, EI): m/z : calcd for C14H19O4: 251.1283; found: 251.1282
[M +�HCCCH2C(CO2Me)2], 249.1125 [M


+�H2C=CHCH2C(CO2Me)2)].


Dimethyl 2-[cis-4-(1,1-bis(methoxycarbonyl)but-3-ynyl)cyclohex-2-enyl]-
malonate (cis-22): A solution of dimethyl allylmalonate (1.64 g,
9.55 mmol) in THF (5 mL) was added to a suspension of NaH (60% in
mineral oil, 382 mg, 9.55 mmol) in THF (5 mL) at room temperature and
the mixture was stirred for 30 min. This mixture was then added dropwise
to a solution of [Pd(PPh3)4] (233 mg, 0.202 mmol) and dimethyl (cis-4-
acetoxycyclohex-2-en-1-yl)malonate[29] (1.24 g, 4.61 mmol) in THF
(10 mL) and the resulting mixture was stirred at 60 8C for 21 h. After
treatment with aqueous HCl (5%, 30 mL), the aqueous layer was extract-
ed with Et2O (3O20 mL). The combined organic layers were washed with
brine, dried over MgSO4 for 30 min, filtered, and concentrated under re-
duced pressure. The residue was purified by column chromatography on
silica gel [Rf = 0.23 (hexane/AcOEt 4:1)] to give dimethyl 2-allyl-2-[cis-
4-(bis(methoxycarbonyl)methyl)cyclohex-2-enyl]malonate (1.18 g, 67%).
This compound was immediately used in the next reaction. Thus, a solu-
tion of dimethyl 2-allyl-2-[cis-4-(bis(methoxycarbonyl)methyl)cyclohex-2-
enyl]malonate (1.18 g, 2.98 mmol) in DMF (20 mL) was added dropwise
to a suspension of NaH (60% in mineral oil, 155 mg, 3.88 mmol) in DMF
(20 mL). A solution of propargyl bromide (1.11 g, 9.34 mmol) in DMF
(5 mL) was then added dropwise and the mixture was stirred at room
temperature for 1 h. After treatment with aqueous HCl (5%, 30 mL), the
aqueous layer was extracted with Et2O (4O20 mL). The combined organ-
ic layers were washed with brine, dried over MgSO4 for 30 min, filtered,
and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel to give cis-22 (882 mg, 82%). Pale-
yellow gum; Rf = 0.23 (hexane/AcOEt 4:1); 1H NMR (400 MHz,
CDCl3): d = 1.42–1.76 (m, 4H; 2OCH2), 2.01 (t, J = 2.7 Hz, 1H; CH),
2.68 (d, J = 7.3 Hz, 2H; CH2), 2.84 (dd, J = 10.4, 2.7 Hz, 2H; CH2),
2.79–3.07 (m, 2H; 2OCH), 3.71 (s, 3H; CH3), 3.73 (s, 3H; CH3), 3.74 (s,
3H; CH3), 5.06–5.10 (m, 2H; =CH2), 5.65–5.73 (m, 1H; =CH), 5.79–5.89
(m, 2H; 2O=CH); 13C NMR (125 MHz, CDCl3): d = 22.0, 22.2, 23.0
(CH2), 36.7, 37.3 (CH), 37.6 (CH2), 52.1, 52.2, 52.6, 52.7 (OCH3), 60.1,
61.4 (C), 71.6 (�CH), 79.1 (�C), 118.7 (=CH2), 128.3, 130.0, 132.8 (=CH),
170.0, 170.1, 170.8, 170.9 (O=C); IR (neat): ñ = 3275, 2950, 1730 (nCO),
1440, 1220, 1060 cm�1; DIMS (70 eV, EI): m/z (%): 420 (1) [M +], 251
(43) [M +�HCCCH2C(CO2Me)2], 249 (54) [M +�H2C=CHCH2C-
(CO2Me)2], 129 (100); HRMS (70 eV, EI): m/z : calcd for C14H19O4:
251.1283; found: 251.1269 [M +�HCCCH2C(CO2Me)2], 249.1123
[M +�H2C=CHCH2C(CO2Me)2)].


Dimethyl 2-prenyl-2-[cis-4-(1,1-bis(methoxycarbonyl)but-3-ynyl)cyclo-
hex-2-enyl]malonate (30): A solution of dimethyl prenylmalonate (5.97 g,
29.9 mmol) in THF (20 mL) was added to a suspension of NaH (60% in
mineral oil, 1.17 g, 29.3 mmol) in THF (20 mL) at room temperature and
the mixture was stirred for 30 min. This mixture was then added dropwise
to a solution of Pd(PPh3)4 (870 mg, 0.753 mmol) and dimethyl (cis-4-ace-
toxycyclohex-2-en-1-yl)malonate[29] (4.01 g, 14.8 mmol) in THF (20 mL)


and the resulting mixture was stirred at 80 8C for 1.5 h. After treatment
with aqueous HCl (5%, 30 mL), the aqueous layer was extracted with
Et2O (5O30 mL). The combined organic layers were washed with brine,
dried over MgSO4 for 30 min, filtered, and concentrated under reduced
pressure. The residue was purified by column chromatography on silica
gel [Rf = 0.26 (hexane/AcOEt 4:1)] to give dimethyl 2-prenyl-2-[cis-4-
(bis(methoxycarbonyl)methyl)cyclohex-2-enyl]malonate (4.10 g, 68%).
This compound was immediately used in the next reaction. Thus, a solu-
tion of dimethyl 2-prenyl-2-[cis-4-(bis(methoxycarbonyl)methyl)cyclohex-
2-enyl]malonate (3.98 g, 14.7 mmol) in DMF (20 mL) was added drop-
wise to a suspension of NaH (60% in mineral oil, 854 mg, 21.4 mmol) in
DMF (15 mL). A solution of propargyl bromide (4.73 g, 39.8 mmol) in
DMF (5 mL) was added dropwise and the resulting mixture was stirred
at room temperature for 5 h. After treatment with aqueous HCl (5%,
30 mL), the aqueous layer was extracted with Et2O (4O20 mL). The com-
bined organic layers were washed with water and brine, dried over
MgSO4 for 30 min, filtered, and concentrated under reduced pressure.
The residue was purified by column chromatography on silica gel to give
30 (2.44 g, 56%). White solid; m.p. 90–91 8C; Rf = 0.34 (hexane/AcOEt
4:1); 1H NMR (400 MHz, CDCl3): d = 1.43–1.56 (m, 4H; 2OCH2), 1.60
(s, 3H; CH3), 1.68 (s, 3H; CH3), 1.66–1.77 (m, 2H; CH2), 2.01 (t, J =


2.7 Hz, 1H; CH), 2.65 (d, J = 7.3 Hz, 2H; CH2), 2.81 (dd, J = 17.3,
2.7 Hz, 1H; one of CH2), 2.81 (ddd, J = 11.7, 5.8, 2.9 Hz, 1H; CH), 2.86
(dd, J = 17.3, 2.7 Hz, 1H; one of CH2), 3.05 (ddd, J = 11.7, 6.1, and
2.8 Hz, 1H; CH), 3.69 (s, 3H; CH3), 3.70 (s, 3H; CH3), 3.74 (s, 3H;
CH3), 3.74 (s, 3H; CH3), 4.98 (t, J = 7.3 Hz, 1H; =CH), 5.80 (dt, J =


10.7, 2.5 Hz, 1H; =CH), 5.87 (dt, J = 10.7, 2.5 Hz, 1H; =CH); 13C NMR
(125 MHz, CDCl3): d = 17.8 (CH3), 22.1, 22.2, 22.9 (CH2), 26.0 (CH3),
31.8 (CH2), 36.8, 36.9 (CH), 52.0, 52.2, 52.6, 52.7 (OCH3), 60.1, 61.2 (C),
71.5 (�CH), 79.1 (�C), 117.8, 128.2, 130.2 (=CH), 135.4 (=C), 170.0,
170.1, 171.2, 171.3 (O=C); IR (KBr disk): ñ = 3300, 2950, 1720 (nCO),
1440, 1230, 1060 cm�1; DIMS (70 eV, EI): m/z (%): 448 (1) [M +], 145
(100); elemental analysis calcd (%) for C24H32O8: C 64.27, H 7.19; found:
C 64.19, H 7.21.


cis-3-[1,1-Bis(methoxycarbonyl)-4-methyl-3-pentenyl]-5-[1,1-bis(meth-
oxycarbonyl)-3-pentynyl]cyclopentene (32): A solution of cis-3-[1’,1’-bis-
(methoxycarbonyl)methyl]-5-[1’,1’-bis(methoxycarbonyl)-3’-(4’-methyl-
pentenyl)]cyclopentene[22] (800 mg, 2.02 mol) in DMF (15 mL) was added
dropwise to a suspension of NaH (60% in mineral oil, 168 mg,
4.20 mmol) in DMF (10 mL). A solution of 1-bromo-2-butyne (1.34 g,
10.1 mmol) in DMF (5 mL) was then added dropwise and the mixture
was stirred at room temperature for 1 h. After treatment with aqueous
HCl (5%, 30 mL), the aqueous layer was extracted with Et2O (4O
20 mL). The combined organic layers were washed with water and brine,
dried over MgSO4 for 30 min, filtered, and concentrated under reduced
pressure. The residue was purified by column chromatography on silica
gel (hexane/AcOEt 9:1, gradually increased to 6:1 to increase polarity)
to give 32 (548 mg, 61%). White solid; m.p. 62–65 8C; Rf = 0.31 (hexane/
AcOEt 2:1); 1H NMR (500 MHz, CDCl3): d = 1.37 (dt, J = 12.8,
10.2 Hz, 1H; one of CH2), 1.61 (s, 3H; CH3), 1.68 (s, 3H; CH3), 1.74 (t, J
= 2.4 Hz, 3H; CH3), 2.15 (dt, J = 12.8, 7.7 Hz, 1H; one of CH2), 2.57
(dd, J = 14.9, 7.3 Hz, 1H; one of CH2), 2.63 (dd, J = 14.9, 7.8 Hz, 1H;
one of CH2), 2.72 (dq, J = 2.4, 17.1 Hz, 1H; one of CH2), 2.76 (dq, J =


2.4, 17.1 Hz, 1H; one of CH2), 3.33–3.39 (m, 1H; CH), 3.54–3.59 (m, 1H;
CH), 3.66 (s, 3H; CH3), 3.68 (s, 3H; CH3), 3.70 (s, 3H; CH3), 3.74 (s, 3H;
CH3), 4.95–5.05 (m, 1H; =CH), 5.75–5.90 (m, 2H; 2O=CH);


13C NMR
(125 MHz, CDCl3): d = 3.5, 17.8 (CH3), 23.4 (CH2), 26.0 (CH3), 27.5,
31.8 (CH2), 47.3, 47.4 (CH), 51.8, 52.1, 52.2, 52.5 (OCH3), 59.9, 60.7 (C),
73.5, 78.8 (�C), 117.8, 132.3, 132.7 (=CH), 135.4 (=CH), 170.0, 170.5,
170.9, 171.4 (O=C); IR (disk): ñ = 2950, 1750 (nCO), 1730 (nCO), 1430,
1290, 1230, 1050, 750 cm�1; DIMS (70 eV, EI): m/z (%): 448 (2) [M +], 69
(100); elemental analysis calcd (%) for C24H32O8: C 62.27, H 7.19; found:
C 62.24, H 6.98.


General procedure for Ni- or Pd-catalyzed reactions with enynes and di-
enynes : In a 20 mL three-necked flask were placed [Ni(cod)2]
(0.05 mmol) or [Pd2(dba)3·CHCl3] (0.025 mmol), PPh3 (0.1 mmol), Zn
dust (0 or 1.0 mmol), a carboxylic acid or ZnCl2 (0.1 mmol), and CH3CN
or benzene (3 mL), and the mixture was stirred at 25 8C for 10 min. The
requisite enyne or dienyne (0.5 mmol) was then added at 25 8C, and the
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resulting mixture was stirred at the same temperature for 1–48 h. After
the addition of aqueous HCl (5%, 30 mL), the aqueous layer was extract-
ed with Et2O (3O10 mL). The combined organic layers were washed with
brine, dried over MgSO4 for 30 min, filtered, and concentrated under re-
duced pressure. The residue was purified by column chromatography on
silica gel. An analytical sample was obtained by bulb-to-bulb distillation.


Diethyl 3-methylene-4-(prop-1-en-2-yl)cyclopentane-1,1-dicarboxylate (2):
Colorless oil; b.p. 120 8C (5 mm Hg); Rf = 0.50 (hexane/AcOEt 5:1); 1H
NMR (500 MHz, CDCl3): d = 1.24–1.27 (m, 6H; CH3), 1.66 (s, 3H;
CH3), 2.12 (dd, J = 13.0, 11.3 Hz, 1H; one of CH2), 2.51 (ddd, J = 13.0,
7.8, 1.5 Hz, 1H; one of CH2), 2.91 (dq, J = 16.8, 2.4 Hz, 1H; one of
CH2), 3.06 (dd, J = 16.8, 1.5 Hz, 1H; one of CH2), 3.27–3.32 (m, 1H;
CH), 4.17–4.23 (m, 4H; OCH2), 4.81 (d, J = 2.4 Hz, 1H; one of =CH2),
4.84 (d, J = 1.0 Hz, 2H; =CH2), 5.01–5.02 (br s, 1H; one of =CH2);
13C NMR (125 MHz, CDCl3): d = 14.03, 18.15 (CH3), 38.48, 40.77 (CH2),
51.09 (CH), 58.75 (C), 61.52 (OCH2), 107.92, 113.36 (=CH2), 144.80,
149.47 (=CH), 171.56, 171.65 (O=C); IR (neat): ñ = 2990, 1730 (nCO),
1270, 1250, 1235, 1190, 1075, 890 cm�1; GCMS (70 eV, EI): m/z (%): 266
(8) [M +], 192 (70), 119 (100); elemental analysis calcd (%) for C15H22O4:
C 67.64, H 8.33; found: C 67.83, H 8.54.


A mixture of (E)- and (Z)-dimethyl 3-methylene-4-(6-methylhepta-2,5-
dien-2-yl)cyclopentane-1,1-dicarboxylate (5) and dimethyl 3-methylene-4-
(6-methylhepta-1,5-dien-2-yl)cyclopentane-1,1-dicarboxylate (6): Color-
less oil; b.p. 145 8C (2 mm Hg); Rf = 0.37 (hexane/AcOEt 4:1); 1H NMR
of (E)-5 (500 MHz, CDCl3): d = 1.53 (s, 3H; CH3), 1.63 (s, 3H; CH3),
1.70 (s, 3H; CH3), 2.12 (dd, J = 12.9, 11.9 Hz, 1H; one of CH2), 2.46
(ddd, J = 12.9, 7.6, 1.7 Hz, 1H; one of CH2), 2.71 (t, J = 7.0 Hz, 2H;
CH2), 2.91 (dq, J = 16.8, 2.6 Hz, 1H; one of CH2), 3.08 (dd, J = 16.8,
1.2 Hz, 1H; one of CH2), 3.16–3.23 (m, 1H; CH), 3.73 (s, 3H; OCH3),
3.74 (s, 3H; OCH3), 4.74 (d, J = 2.1 Hz, 1H; =CH), 4.98 (d, J = 2.1 Hz,
1H; =CH), 5.06–5.14 (m, 1H; =CH), 5.26 (t, J = 7.3 Hz, 1H; =CH);
some protons of (Z)-5 were also detected at d = 1.53 (d, J = 1.2 Hz;
CH3), 1.63 (s; CH3), 1.68 (s; CH3), 2.11 (t, J = 12.9 Hz; one of CH2),
3.76 (s; OCH3), 4.72 (d, J = 2.1 Hz; =CH), 4.96 (d, J = 2.1 Hz; =CH),
5.32 (td, J = 7.3 Hz; =CH); 1H NMR of 6 (500 MHz, CDCl3): d = 1.61
(s, 3H; CH3), 1.67 (s, 3H; CH3), 1.94–2.17 (m, 5H; CH2 and one of CH2),
2.56 (ddd, J = 13.1, 7.5, 2.0 Hz, 1H; one of CH2), 2.91–3.13 (m, 2H;
CH2), 3.22–3.31 (m, 1H; CH), 3.73 (s, 3H; OCH3), 3.75 (s, 3H; OCH3),
4.81 (d, J = 2.0 Hz, 1H; =CH), 4.88 (d, J = 2.0 Hz, 1H; =CH), 4.91 (s,
1H; =CH), 5.02 (d, J = 2.0 Hz, 1H; =CH), 5.06–5.14 (m, 1H; =CH);
13C NMR of 5 (125 MHz, CDCl3): d = 12.19, 17.73, 25.68 (CH3), 27.06,
38.52, 40.88 (CH2), 50.79 (CH), 52.74 (OCH3), 58.57 (C), 107.73 (=CH2),
122.91, 127.22 (=CH), 131.69, 133.67, 149.72 (=C), 172.18 (C=O); 13C
NMR of 6 (125 MHz, CDCl3): d = 12.19, 17.69 (CH3), 26.61, 32.17,
39.14, 40.96 (CH2), 50.79 (CH), 52.80 (OCH3), 58.64 (C), 108.26, 111.58
(=CH2), 124.10 (=CH), 131.73, 148.86, 149.59 (=C), 172.14 (C=O); IR of
mixture (neat): ñ = 2960, 2925, 1735 (nCO), 1435, 1270, 1250, 1200, 1165,
1075, 890 cm�1; GCMS of 5 (70 eV, EI): m/z (%): 306 (43) [M +], 246
(62), 231 (37), 203 (50), 177 (57), 109 (100); GCMS of 6 (70 eV, EI): m/z
(%): 306 (8) [M +], 263 (34), 246 (62), 231 (24), 203 (74), 69 (100); ele-
mental analysis calcd (%) for C18H26O4: C 70.56, H 8.55; found: C 70.68,
H 8.66.


(E)-Diethyl 3-ethylidene-4-methylenecyclopentane-1,1-dicarboxylate
[(E)-8a]: The product was obtained as a mixture with 9a (see below) by
the reaction with (E)-7a using the Ni0-PPh3-Zn-AcOH system; colorless
oil; b.p. 90 8C (2 mm Hg); Rf = 0.55 (hexane/AcOEt 4:1); 1H NMR
(500 MHz, CDCl3): d = 1.23 (t, J = 7.1 Hz, 6H; CH3), 1.71 (d, J =


7.1 Hz, 3H; CH3), 2.96 (s, 2H; CH2), 3.01 (s, 2H; CH2), 4.20 (q, J =


7.1 Hz; OCH2), 4.81 (s, 1H;=CH), 5.23 (s, 1H;=CH), 5.90–5.97 (m, 1H;
=CH); NOESY cross-peaks were detected: d = 1.71 Q 2.96 ppm and
3.01 Q 4.81 ppm; 13C NMR (125 MHz, CDCl3): d = 14.03, 14.87 (CH3),
37.38, 41.44 (CH2), 57.60 (C), 61.54 (OCH2), 102.46 (=CH2), 116.72
(=CH), 137.01, 145.33 (=C), 171.45 (C=O); IR (neat): ñ = 2990, 1730
(nCO), 1445, 1365, 1250, 1195, 1165, 1065, 870 cm


�1; GCMS (70 eV, EI):
m/z (%): 252 (25) [M +], 178 (100); HRMS (70 eV, EI): m/z : calcd for
C14H20O4: 252.1362; found 252.1349 [M


+]; elemental analysis calcd (%)
for C14H20O4: C 66.65, H 7.99; found: C 66.53, H 8.04.


A mixture of (Z)-diethyl 3-ethylidene-4-methylenecyclopentane-1,1-di-
carboxylate [(Z)-8a], diethyl 3-methylene-4-vinylcyclopentane-1,1-dicar-
boxylate (9a), and diethyl 4-methyl-5-methylenecyclohex-3-ene-1,1-dicar-
boxylate (10a): These products were obtained by the reaction with (Z)-
7a by using the Ni0-PPh3-Zn-AcOH system; pale-yellow oil; b.p. 90 8C
(2 mm Hg); Rf = 0.55 (hexane/AcOEt 4:1); 1H NMR of (Z)-8a
(400 MHz, CDCl3): d = 1.24 (t, J = 7.1 Hz, 6H; CH3), 1.83 (dt, J = 7.3,
1.7 Hz, 3H; CH3), 2.98 (s, 2H; CH2), 3.04 (s, 2H; CH2), 4.10–4.24 (m,
4H; OCH2), 5.16 (s, 1H; =CH), 5.22 (s, 1H; =CH), 5.62–5.68 (m, 1H;
=CH); 1H NMR of 9a (400 MHz, CDCl3): d = 1.26 (t, J = 7.1 Hz, 6H;
CH3), 2.01 (dd, J = 12.9, 11.6 Hz, 1H; one of CH2), 2.57 (ddd, J = 12.9,
7.8, 1.2 Hz, 1H; one of CH2), 2.95 (dq, J = 17.1, 2.5 Hz, 1H; one of
CH2), 3.07 (d, J = 17.1 Hz, 1H; one of CH2), 3.11–3.22 (m, 1H; CH),
4.10–4.24 (m, 4H; OCH2), 4.81 (q, J = 2.2 Hz, 1H; =CH), 4.98 (q, J =


2.2 Hz, 1H; =CH), 5.06 (d, J = 11.2 Hz, 1H; =CH), 5.07 (d, J =


15.8 Hz, 1H; =CH), 5.65 (ddd, J = 15.8, 11.2, 7.9 Hz, 1H; =CH);
1H NMR of 10a (400 MHz, CDCl3): d = 1.26 (t, J = 7.1 Hz, 6H; CH3),
1.80 (d, J = 1.5 Hz, 3H; CH3), 2.67 (d, J = 2.0 Hz, 2H; CH2), 2.87 (s,
2H; CH2), 4.10–4.24 (m, 4H; OCH2), 4.79 (s, 1H; =CH), 4.99 (s, 1H;
=CH), 5.61 (s, 1H; =CH); 13C NMR of mixture (125 MHz, CDCl3): d =


14.03, 15.21, 19.11 (CH3), 31.70, 37.12, 40.18, 40.19, 42.52, 42.94 (CH2),
47.72 (CH), 54.17, 57.54, 58.58 (C), 61.37, 61.47, 61.55 (OCH2), 107.97,
110.64, 110.87, 116.02 (=CH2), 121.53, 124.24 (=CH), 132.55, 136.00 (=C),
139.17 (=CH), 140.34, 144.51, 150.62 (=C), 170.01, 171.39, 171.56, 171.75
(C=O); IR (neat): ñ = 2990, 1730 (nCO), 1445, 1365, 1250, 1195,
1065 cm�1; GCMS of 9a (70 eV, EI): m/z (%): 252 (2) [M +], 105 (100);
GCMS of a mixture of (Z)-8a and 10a (70 eV, EI): m/z (%): 252 (8)
[M +], 105 (100); elemental analysis calcd (%) for C14H20O4: C 66.65, H
7.99; found: C 66.51, H 8.06.


A mixture of (E)- and (Z)-dimethyl 3-(cyclohexylmethylene)-4-methyl-
enecyclopentane-1,1-dicarboxylate (8b) and dimethyl 3-(cyclohexylidene-
methyl)-4-methylenecyclopentane-1,1-dicarboxylate (9b): These products
have been reported previously.[4a,8a] Pale-yellow oil; Rf = 0.41 (hexane/
AcOEt 4:1); 1H NMR of (E)-8b (500 MHz, CDCl3): d = 1.00–1.76 (m,
10H; CH2), 2.05–2.18 (m, 1H; CH), 3.00 (d, J = 2.4 Hz, 2H; CH2), 3.01
(s, 2H; CH2), 3.73 (s, 6H; OCH3), 4.82 (s, 1H; =CH), 5.24 (s, 1H; =CH),
5.71 (dt, J = 9.1, 2.6 Hz, 1H; =CH); the vinylic protons of (Z)-8b were
also detected at d = 5.10 (s, 1H), 5.19 (s, 1H); 1H NMR of 9b
(500 MHz, CDCl3): d = 1.61–1.76 (m, 6H; CH2), 1.88 (dd, J = 12.8,
11.5 Hz, 1H; one of CH2), 2.05–2.18 (m, 4H; CH2), 2.57 (dd, J = 12.8,
7.7 Hz, 1H; one of CH2), 3.00–3.13 (m, 1H; one of CH2), 3.35–3.44 (m,
2H; one of CH2 and CH), 3.74 (s, 3H; OCH3), 3.77 (s, 3H; OCH3), 4.74–
4.77 (m, 1H;=CH), 4.88–4.92 (m, 2H;=CH2).


(E)-Dimethyl 3-(2-cyclohexylethylidene)-4-methylenecyclopentane-1,1-
dicarboxylate (8c): Pale-yellow oil; b.p. 150 8C (2 mmHg); Rf = 0.55
(hexane/AcOEt 4:1); 1H NMR (500 MHz, CDCl3): d = 0.87–1.72 (m,
11H; CH2 and CH), 1.97 (t, J = 7.3 Hz, 2H; CH2), 2.97 (s, 2H; CH2),
3.01 (s, 2H; CH2), 3.73 (s, 6H; OCH3), 4.82 (s, 1H; =CH), 5.25 (s, 1H;
=CH), 5.87–5.95 (m, 1H; =CH); 13C NMR (125 MHz, CDCl3): d =


26.31, 26.46, 33.20, 37.44, 37.83, 38.26, 41.38 (CH2 and CH), 52.72, 52.74
(OCH3), 57.58 (C), 102.58 (=CH2), 121.35 (=CH), 136.31, 145.98 (=C),
171.80 (C=O); IR (neat): ñ = 2930, 2855, 1740 (nCO), 1450, 1435, 1250,
1200, 1070 cm�1; GCMS (70 eV, EI): m/z (%): 306 (42) [M +], 246 (100);
elemental analysis calcd (%) for C18H26O4: C 70.56, H 8.55; found:
C 70.53, H 8.63.


Dimethyl 3-((E)-2-cyclohexylvinyl)-4-methylenecyclopentane-1,1-dicar-
boxylate (9c): Colorless oil; b.p. 145 8C (2 mm Hg); Rf = 0.55 (hexane/
AcOEt 4:1); 1H NMR (500 MHz, CDCl3): d = 0.90–3.13 (m, 16H; CH2


and CH), 3.72 (s, 6H; OCH3), 4.78 (d, J = 2.2 Hz, 1H; =CH), 4.94 (d, J
= 2.2 Hz, 1H; =CH), 5.18 (ddd, J = 15.3, 8.2, 1.2 Hz, 1H; =CH), 5.42
(dd, J = 15.3, 6.7 Hz, 1H; =CH); 13C NMR (125 MHz, CDCl3): d =


26.01, 26.16, 33.08, 40.18, 40.55, 40.80, 40.83, 46.67 (CH2 and CH), 52.71,
52.76 (OCH3), 58.34 (C), 107.54 (=CH2), 127.91 (=CH), 138.71, 151.29
(=C), 172.18, 172.27 (C=O); IR (neat): ñ = 2950, 2850, 1735 (nCO), 1450,
1435, 1270, 1250, 1200, 1165, 1075, 940, 780 cm�1; GCMS (70 eV, EI): m/z
(%): 306 (43) [M +], 246 (100); elemental analysis calcd (%) for
C18H26O4: C 70.56, H 8.55; found: C 70.49, H 8.58.
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A mixture of (E)-dimethyl 3-hexylidene-4-methylenecyclopentane-1,1-di-
carboxylate (8d) and (E)-dimethyl 3-(hex-1-enyl)-4-methylenecyclopen-
tane-1,1-dicarboxylate (9d): Colorless oil; b.p. 140 8C (2 mmHg); Rf =


0.51 (hexane/AcOEt 4:1); 1H NMR of 8d (400 MHz, CDCl3): d = 0.89
(t, J = 6.8 Hz, 3H; CH3), 1.26–1.42 (m, 6H; CH2), 2.07 (q, J = 7.3 Hz,
2H; CH2), 2.98 (s, 2H; CH2), 3.01 (s, 2H; CH2), 3.73 (s, 6H; OCH2), 4.82
(s, 1H; =CH), 5.25 (s, 1H; =CH), 5.84–5.92 (m, 1H; =CH); 1H NMR of
9d (400 MHz, CDCl3): d = 0.89 (t, J = 6.8 Hz, 3H; CH3), 1.26–1.42 (m,
4H; CH2), 1.92–2.05 (m, 3H; CH2 and one of CH2), 2.55 (dd, J = 12.9,
7.9 Hz, 1H; one of CH2), 2.94 (dq, J = 17.1, 2.5 Hz, 1H; one of CH2),
3.08 (d, J = 17.1 Hz, 1H; one of CH2), 3.06–3.14 (m, 1H; CH), 3.73 (s,
6H; OCH2), 3.74 (s, 6H; OCH2), 4.80 (d, J = 2.2 Hz, 1H;=CH), 4.95 (d,
J = 2.2 Hz, 1H;=CH), 5.22 (dd, J = 15.2, 8.0 Hz, 1H;=CH), 5.48 (dt, J
= 15.2, 6.8 Hz, 1H; =CH); 13C NMR of the mixture (125 MHz, CDCl3):
d = 13.92, 14.05 (CH3), 22.16, 22.58, 28.90, 29.58, 31.57, 31.65, 32.13,
37.69, 40.24, 40.83, 41.51 (CH2), 46.76 (CH), 52.81 (OCH2), 57.67, 58.42
(C), 102.66, 107.38 (=CH2), 122.76, 130.51, 132.74 (=CH), 135.81, 145.19,
151.26 (=C), 139.17 (=CH), 171.87 (C=O); IR (neat): ñ = 2990, 1730
(nCO), 1445, 1195 cm


�1; GCMS of 8d (70 eV, EI): m/z (%): 280 (13) [M +


], 220 (100); GCMS of 9d (70 eV, EI): m/z (%): 280 (30) [M +], 220
(100); elemental analysis calcd (%) for C16H24O4: C 68.54, H 8.63; found:
C 68.29, H 8.73.


(E)-Dimethyl 3-(3,3-di(methoxycarbonyl)hexylidene)-4-methylenecyclo-
pentane-1,1-dicarboxylate (8e): Colorless gum; Rf = 0.21 (hexane/
AcOEt 2:1); 1H NMR (500 MHz, CDCl3): d = 0.93 (t, J = 7.0 Hz, 3H;
CH3), 1.16–1.25 (m, 2H; CH2), 1.84–1.88 (m, 2H; CH2), 2.70 (d, J =


7.6 Hz, 2H; CH2), 2.98–3.00 (m, 4H; CH2), 3.72 (s, 6H; OCH3), 3.73 (s,
6H; OCH3), 4.86 (s, 1H; =CH), 5.26 (s, 1H; =CH), 5.65–5.70 (m, 1H; =
CH); 13C NMR (125 MHz, CDCl3): d = 14.36 (CH3), 17.64, 33.01, 34.99,
37.78, 41.30 (CH2), 52.44, 52.86 (OCH3), 57.49, 57.65 (C), 104.17
(=CH2), 115.53 (=CH), 139.25, 144.63 (=C), 171.64, 171.87 (C=O); IR
(neat): ñ = 2960, 1735 (nCO), 1435, 1290, 1240, 1200, 1160, 1120,
1075 cm�1; DIMS (70 eV, EI): m/z (%): 396 (51) [M +], 163 (100); FT-
ICRMS: m/z : calcd for C20H28O8 + Na: 419.1676; found: 419.1665
[M ++Na].


Dimethyl 3-((E)-3,3-di(methoxycarbonyl)hex-1-enyl)-4-methylenecyclo-
pentane-1,1-dicarboxylate (9e): Colorless gum; Rf = 0.21 (hexane/
AcOEt 2:1); 1H NMR (600 MHz, CDCl3): d = 0.92 (t, J = 7.3 Hz, 3H;
CH3), 1.20 (sextet, J = 7.3 Hz, 2H; CH2), 1.95–2.03 (m, 3H; CH2 and
one of CH2), 2.57 (dd, J = 17.1, 7.6 Hz, 1H; one of CH2), 2.93 (dq, J =


17.2, 2.3 Hz, 1H; one of CH2), 3.09 (d, J = 17.2 Hz, 1H; one of CH2),
3.21 (q, J = 8.2 Hz, 1H; CH), 3.72 (s, 3H; OCH3), 3.73 (s, 6H; OCH3),
3.75 (s, 3H; OCH3), 4.73 (q, J = 2.2 Hz, 1H; =CH), 4.97 (q, J = 2.2 Hz,
1H; =CH), 5.36 (dd, J = 15.9, 8.4 Hz, 1H; =CH), 6.03 (d, J = 15.9 Hz,
1H; =CH); 13C NMR (150 MHz, CDCl3): d = 14.36 (CH3), 17.67, 37.60,
40.13, 40.35 (CH2), 46.67 (CH), 52.57, 52.61, 52.82, 52.89 (OCH3), 58.47,
59.37 (C), 108.37 (=CH2), 128.67, 132.83 (=CH), 150.29 (=C), 171.16,
171.20, 171.90, 172.09 (C=O); IR (neat): ñ = 2960, 1735 (nCO), 1435,
1235, 1205, 1160, 1120, 1075 cm�1; DIMS (70 eV, EI): m/z (%): 396 (10)
[M +], 217 (100); HRMS (70 eV, EI): m/z : calcd for C20H28O8: 396.1785;
found: 396.1786 [M +].


(E)-Dimethyl 3-(3,3-di(methoxycarbonyl)hex-5-enylidene)-4-methylene-
cyclo-pentane-1,1-dicarboxylate (8 f): Colorless gum; Rf = 0.21 (hexane/
AcOEt 2:1); 1H NMR (500 MHz, CDCl3): d = 2.64 (d, J = 7.7 Hz, 2H;
CH2), 2.69 (d, J = 7.6 Hz, 2H; CH2), 2.99 (d, J = 1.9 Hz, 4H; CH2), 3.72
(s, 6H; OCH3), 3.73 (s, 6H; OCH3), 4.86 (s, 1H; =CH), 5.09 (d, J =


11.6 Hz, 1H; =CH), 5.10 (d, J = 15.0 Hz, 1H; =CH), 5.27 (s, 1H; =CH),
5.63–5.72 (m, 2H; =CH); 13C NMR (125 MHz, CDCl3): d = 32.91, 37.39,
37.83, 41.31 (CH2), 52.50, 52.84 (OCH3), 57.50, 57.76 (C), 104.26 (=CH2),
115.23 (=CH), 119.31 (=CH2), 132.37 (=CH), 139.52, 144.64 (=C), 171.24,
171.63 (C=O); IR (neat): ñ = 2960, 1740 (nCO), 1440, 1290, 1245, 1200,
1160, 1075 cm�1; DIMS (70 eV, EI) m/z (%): 394 (27) [M +], 274 (100);
FT-ICRMS: m/z : calcd for C20H26O8 + Na: 417.1512; found: 417.1520
[M ++Na].


A mixture of (E)-dimethyl 3-(3,3-di(methoxycarbonyl)hex-5-enylidene)-
4-methylenecyclopentane-1,1-dicarboxylate (8 f) and dimethyl 3-((E)-3,3-
di(methoxycarbonyl)hexa-1,5-dienyl)-4-methylenecyclopentane-1,1-dicar-
boxylate (9 f): These products were obtained by the reaction with 7 f by


using the Pd0-PPh3-AcOH system; colorless gum; b.p. 200 8C (2 mm Hg);
Rf = 0.21 (hexane/AcOEt 2:1); 1H NMR of 9 f (500 MHz, CDCl3): d =


1.96–2.02 (m, 1H; one of CH2), 2.54–2.63 (m, 1H; one of CH2), 2.80 (d, J
= 7.0 Hz, 2H; CH2), 2.93 (dd, J = 17.2, 2.2 Hz, 1H; one of CH2), 3.08
(d, J = 17.2 Hz, 1H; one of CH2), 3.21 (q, J = 8.0 Hz, 1H; CH), 4.76 (d,
J = 2.2 Hz, 1H; =CH), 4.97 (d, J = 2.2 Hz, 1H; =CH), 5.03–5.17 (m,
2H; 2O=CH), 5.41 (dd, J = 16.2, 8.2 Hz, 1H; =CH), 5.62–5.71 (m, 1H;
=CH), 5.98 (d, J = 16.2 Hz, 1H; =CH); 13C NMR of 9 f (125 MHz,
CDCl3): d = 39.78, 40.07, 40.26 (CH2), 46.58 (CH), 52.57, 52.60, 52.76,
52.82 (OCH3), 58.42, 59.29 (C), 108.46 (=CH2), 118.93, 128.08, 132.20,
133.41, 150.09 (=CH2 and=CH), 170.49, 170.54, 171.02, 171.99 (C=O); IR
of mixture (neat): ñ = 2960, 1730 (nCO), 1430, 1295, 1245, 1200,
1075 cm�1; DIMS (70 eV, EI): m/z (%): 394 (12) [M +], 215 (100); ele-
mental analysis calcd (%) for C20H26O8: C 60.90, H 6.64; found: C 60.67,
H 6.67.


Dimethyl 2-allyl-2-((E)-2-(4,4-dicyano-2-methylenecyclopentylidene)-
ethyl)malonate (8g): Colorless gum; Rf = 0.48 (hexane/AcOEt 2:1); 1H
NMR (500 MHz, CDCl3): d = 2.68 (t, J = 7.3 Hz, 4H; CH2), 3.14 (s,
2H; CH2), 3.17 (s, 2H; CH2), 3.75 (s, 6H; OCH3), 3.07 (d, J = 2.2 Hz,
2H; CH2), 5.09 (s, 1H;=CH), 5.14 (d, J = 16.7 Hz, 1H;=CH), 5.15 (d, J
= 10.0 Hz, 1H;=CH), 5.57–5.67 (m, 1H; =CH), 5.94 (tt, J = 7.6, 2.1 Hz,
1H; =CH); 13C NMR (125 MHz, CDCl3): d = 31.79, 33.06, 37.62, 41.51,
44.76 (CH2 and C), 52.71 (OCH3), 57.42 (C), 107.98, 115.47, 119.35,
119.76, 131.90, 134.51 (=CH2,=CH, and =C), 139.64 (CN), 170.87 (C=O);
IR (neat): ñ = 2950, 2250 (nCN), 1735 (nCO), 1640, 1435, 1290, 1220, 1145,
1100, 1050, 995, 925, 895, 860 cm�1; DIMS (70 eV, EI): m/z (%): 328 (8)
[M +], 209 (100); HRMS (70 eV, EI): m/z : calcd for C18H20N2O4:
328.1423; found: 328.1419 [M +].


(3aS*,7aR*)-Dimethyl 5-(1,1-di(methoxycarbonyl)but-3-enyl)-3,3a,7,7a-
tetrahydro-3-methylene-2H-indene-1,1(6H)-dicarboxylate (23): Colorless
solid; m.p. 128–129 8C; Rf = 0.60 (hexane/AcOEt 4:1); 1H NMR
(400 MHz, CDCl3): d = 1.09–1.16 (m, 1H; one of CH2), 1.33–1.37 (m,
1H; one of CH2), 2.03–2.12 (m, 2H; CH2), 2.75–2.81 (m, 2H; CH2), 2.83–
2.88 (m, 2H; CH2), 3.26–3.31 (m, 1H; CH), 3.32 (s, 1H; CH), 3.71 (s,
3H; CH3), 3.72 (s, 3H; CH3), 3.73 (s, 3H; CH3), 3.73 (s, 3H; CH3), 4.82
(q, J = 2.2 Hz, 1H; =CH), 4.98 (d, J = 2.2 Hz, 1H; =CH), 5.03 (dd, J =


10.1, 1.6 Hz, 1H; =CH), 5.05 (dd, J = 17.1, 1.6 Hz, 1H; =CH), 5.83 (ddt,
J = 17.1, 10.1, 7.0 Hz, 1H; =CH), 5.86 (dt, J = 2.1, 2.3 Hz, 1H; =CH);
13C NMR (125 MHz, CDCl3): d = 22.3, 26.5, 37.8, 38.6 (CH2), 42.5, 43.4
(CH), 52.4, 52.4, 52.5, 52.8 (OCH3), 62.3, 63.8 (C), 108.1, 118.2 (=CH2),
125.8 (=CH), 133.4 (=C), 133.6 (=CH), 150.2 (=C), 170.2, 170.4, 170.5,
172.1 (O=C); IR (KBr disk): ñ = 2950, 1730 (nCO), 1430, 1230,
1040 cm�1; DIMS (70 eV, EI): m/z (%): 420 (13) [M +], 389 (29) [M +


�OMe], 287 (100); elemental analysis calcd (%) for C22H28O8: C 62.85,
H 6.71; found: C 62.60, H 6.72.


(3aR*,5aS*,8R*,8aS*,8bS*)-Tetramethyl octahydro-1-methylene-8-
(prop-1-en-2-yl)-indacene-3,3,6,6(7H,8bH)-tetracarboxylate (33): Color-
less hard gum; b.p. 210 8C (2 mm Hg); Rf = 0.23 (hexane/AcOEt 3:1);
1H NMR (500 MHz, CDCl3): d = 0.98–1.06 (m, 1H; one of CH2), 1.35–
1.43 (m, 1H; one of CH2), 1.46 (m, 2H; CH2), 1.62 (s, 3H; CH3), 1.78
(dd, J = 14.3, 6.7 Hz, 1H; one of CH2), 2.59–2.65 (m, 2H; CH and one
of CH2), 2.73 (dd, J = 14.3, 10.2 Hz, 1H; one of CH2), 2.81 (dd, J =


16.0, 7.6 Hz, 1H; CH), 2.87 (dt, J = 10.2, 6.7 Hz, 1H; CH), 3.00–3.09 (m,
2H; 2OCH), 3.40 (dd, J = 16.4, 1.8 Hz, 1H; one of CH2), 3.68 (s, 3H;
CH3), 3.69 (s, 3H; CH3), 3.70 (s, 3H; CH3), 3.73 (s, 3H; CH3), 4.65 (s,
1H; =CH), 4.81 (s, 1H; =CH), 4.82 (s, 1H; =CH), 4.84 (s, 1H; =CH); a
NOESY cross-peak was detected: d = 2.87 Q 3.40 ppm; 13C NMR
(125 MHz, CDCl3): d = 19.7 (CH3), 21.5, 23.1, 38.4 (CH2), 41.5 (CH),
41.8 (CH2), 42.1, 42.9, 43.6, 46.3 (CH), 52.3, 52.6, 52.7, 52.9 (OCH3), 63.0,
63.6 (C), 109.9, 110.7 (=CH2), 147.3, 148.7 (=C), 170.7, 171.1, 172.6, 172.7
(O=C); IR (neat): ñ = 2950, 1730 (nCO), 1435, 1245, 1165, 1075 cm


�1;
DIMS (70 eV, EI): m/z (%): 448 (3) [M +], 417 (3) [M +�OMe], 328
(100); elemental analysis calcd (%) for C24H32O8: C 64.27, H 7.19; found:
C 64.25, H 7.31.


Compound 34 : A colorless hard gum; b.p. 190 8C (2 mm Hg); Rf = 0.23
(hexane/AcOEt 3:1); 1H NMR (500 MHz, CDCl3): d = 1.00 (q, J =


12.0 Hz, 1H; one of CH2), 1.49 (dt, J = 12.0, 6.7 Hz, 1H; one of CH2),
1.65 (s, 3H; CH3), 1.75 (dd, J = 14.3, 8.8 Hz, 1H; one of CH2), 2.52 (q, J
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= 8.9 Hz, 1H; CH), 2.65 (d, J = 15.9 Hz, 1H; one of CH2), 2.89–2.99
(m, 2H; CH and one of CH2), 3.12 (dq, J = 15.9, 2.1 Hz, 1H; one of
CH2), 3.24–3.38 (m, 3H; 2OCH), 3.66 (s, 3H; CH3), 3.69 (s, 6H; 2O
CH3), 3.70 (s, 3H; CH3), 4.68 (s, 1H; =CH), 4.72 (s, 1H; =CH), 4.73 (s,
1H; =CH), 4.96 (s, 1H; =CH); NOESY cross-peaks were detected: d =


3.12 Q 1.00 and 2.52 ppm; 13C NMR (125 MHz, CDCl3): d = 21.6 (CH3),
30.7, 40.9, 41.0 (CH2), 46.6, 49.1, 50.1, 51.4, 51.6 (CH), 52.2, 52.4, 52.7,
52.8 (OCH3), 60.9, 61.1 (C), 109.8, 111.9 (=CH2), 146.0, 146.8 (=C), 170.3,
171.0, 171.8, 172.8 (O=C); IR (neat): ñ = 2955, 1730 (nCO), 1430, 1270,
1250, 1215, 1160, 1095, 890 cm�1; DIMS (70 eV, EI): m/z (%): 434 (6)
[M +], 403 (8) [M +�OMe], 374 (100); elemental analysis calcd (%) for
C23H30O8: C 63.58, H 6.96; found: C 63.59, H 6.99.


Compound 35 : A colorless hard gum; 190 8C (2 mm Hg); Rf = 0.21
(hexane/AcOEt 3:1); 1H NMR (500 MHz, CDCl3): d = 0.98 (q, J =


12.2 Hz, 1H; one of CH2), 1.46–1.52 (m, 1H; one of CH2), 1.53 (d, J =


6.7 Hz, 3H; CH3), 1.62 (s, 3H; CH3), 1.73 (dd, J = 14.4, 9.0 Hz, 1H; one
of CH2), 2.50 (q, J = 9.0 Hz, 1H; CH), 2.79–2.85 (m, 2H; CH2), 2.85–
2.97 (m, 2H; one of CH2 and CH), 3.19–3.28 (m, 2H; 2OCH), 3.33 (t, J
= 9.1 Hz, 1H; CH), 3.67 (s, 3H; CH3), 3.68 (s, 3H; CH3), 3.69 (s, 6H; 2O
CH3), 4.66 (s, 1H; =CH), 4.68 (s, 1H; =CH), 5.10–5.16 (m, 1H; =CH);
NOESY cross-peaks were detected: d = 1.53 Q 2.79–2.85 ppm, 2.50 Q
0.98 and 2.75–2.85 ppm; 13C NMR (125 MHz, CDCl3): d = 14.6, 20.8
(CH3), 30.6, 35.7, 40.8 (CH2), 46.9, 49.4, 50.4, 51.0, 51.6 (CH), 52.2, 52.3,
52.6, 52.7 (OCH3), 60.8, 61.3 (C), 110.0 (=CH2), 121.6 (=CH), 137.0, 146.7
(=C), 170.5, 171.0, 172.0, 172.9 (O=C); IR (neat): ñ = 2955, 1735 (nCO),
1435, 1250, 1220, 1160, 1100, 1065 cm�1; DIMS (70 eV, EI): m/z (%): 448
(12) [M +], 417 (7) [M +�OMe], 388 (100); elemental analysis calcd (%)
for C24H32O8: C 64.27, H 7.19; found: C 64.13, H 7.24.
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Introduction


Large-ring, noncollapsible heterocycles (heteraphanes),[1]


particularly those of chiral structure, are of considerable in-
terest for their promising applications as ligands, organo-
catalysts and scaffolds for biomimetic and nanopatterning
purposes.[2] Large-scale applications of macrocycles are fre-
quently limited by their availability and cost. Despite many
advances in synthesis, efficient one-step assembly of a mac-
rocycle[3] still represents a formidable challenge in terms of
the number of synthesis steps, reaction conditions, chemical
yield and atom economy.
We recently introduced a facile method for a one-step


construction of large chiral hexaimine macrocycles I,
through [3+3] cyclocondensations between enantiomerically
pure trans-1,2-diaminocyclohexane and terephthalic or iso-
phthalic aldehydes.[4] This reversible reaction provides the
macrocycles in high yields, under nontemplated conditions
and at relatively high substrate concentrations (typically


0.4mL�1) in a variety of solvents and is evidently favoured
over linear polymer formation both kinetically and thermo-
dynamically. With terephthalaldehyde and racemic trans-1,2-
diaminocyclohexane, a diastereoisomeric [3+3] cyclocon-
densation product could be obtained, differing in molecular
symmetry (C2) from those obtained from the enantiomeri-
cally pure trans-1,2-diaminocyclohexanes (D3 symmetry).


[5]


Subsequently, triangular hexaimines I (named triangli-
mines by Kuhnert[6]) have been obtained from many rigid
aromatic 1,3- and 1,4-dialdehydes incorporating biphenyl,[7,8]


terphenyl,[9] quaterphenyl,[10] 9,10-anthryl,[8] benzene ring
substituted,[6,7,11] heterocyclic[7,10] and stilbene or divinylben-
zene structural motifs.[9] In the case of aromatic 1,3-dialde-
hydes, [2+2] and [4+4] cyclocondensation may compete
with [3+3] cyclocondensation, resulting in mixtures of prod-
ucts.[7,12,13]


Hexaimines such as II, obtained from aromatic 1,3-dialde-
hydes,[14] have vaselike structure[15] and hence bear the name
calixsalens.[16] Their Robson-type metal complexes have
been studied recently.[17]


Examples of related [3+3] triangular 30-membered mac-
rocyclic hexaimines formed from 1,2-diaminobenzene deriv-
atives and 2,3-dihydroxybenzene-1,4-dicarbaldehyde have
recently been reported.[18a,19a,b] However, high yields in this
reaction could only be achieved when lower concentration
of the substrates (0.04mL�1 in acetonitrile) and long reac-
tion times (two weeks at room temperature) were applied.
Even larger triangular macrocycles were recently obtained
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from 1,2-diaminobenzene derivatives and hydroxylated aro-
matic dialdehydes.[18b,19c]


Successful [3+3] cyclocondensation requires that both
substrates are predisposed[20] to perform the desired func-
tion; that is, both have rigid structures, with the diamine
providing the apexes of the triangular product and the dial-
dehyde the sides. Indeed, with the use of the more confor-
mationally flexible open-chain syn-1,2-diphenylethane-1,2-
diamine the formation of oligomeric chain products was
found to compete significantly with the cyclocondensation
reaction.[6]


Trianglamines (III), products of reduction of trianglimines
(I), are chiral hexamines.[4,7,8] The trianglamine derived from
terephthalaldehyde and trans-1,2-diaminocyclohexane (1)
has recently been used as a receptor for the recognition of
aromatic tricarboxylic acids,[21] and the ZnII complex of 1
was found to catalyse asymmetric aldol reactions.[22] Much
better asymmetric induction in aldol and nitroaldol reactions
was achieved with the use of a trinuclear—rather than
mononuclear—ZnII complex of the hexamine derived from
calixsalen II.[23]


The structures and conformations of trianglimines[4,9,11]


and calixsalens[15] have been analysed. Although the struc-
tures of trianglimines are in many cases shape-persistent,
conformational analysis of trianglamine macrocycles repre-
sents a challenging task due to the anticipated ring flexibili-
ty: rotation of any of the ring single bonds can generate new
stereostructures. In view of the significance and anticipated
new applications of trianglamines we present here a one-
step synthesis of trianglamine 1 and its N-derivatisation to
provide 2–12, together with a conformational analysis of


representative hexamines 1, 2
and 12, based on molecular
modelling and circular dichro-
ism (CD) spectra. Unusual in-
clusion complexes of 1 with ar-
omatic compounds and their X-
ray-determined structures, dem-
onstrating conformational flexi-
bility of 1 in the crystal state,
are also reported.


Results and Discussion


Synthesis : A comparative study
of the condensation of (R,R)-
1,2-diaminocyclohexane and
terephthalaldehyde in various
solvents with subsequent
NaBH4 reduction in methanol
was carried out: 1 was obtained
in high yield and without no-
ticeable amounts (ESI-MS) of
the [2+2] cyclocondensation
product in benzene, dichloro-
methane, tetrahydrofuran or


acetonitrile. A small amount (below 3%) of the [2+2] cyclo-
condensation product was detected in the crude reaction
product obtained in methanol. However, because of the con-
venience of carrying out the two-step synthesis in a one-pot
fashion, methanol was chosen as a solvent in the synthesis
of 1.
The original[4] and the one-step[22] procedures for the


preparation of trianglamine 1 were subsequently significant-
ly improved. As a result, trianglamine 1 can now be pre-
pared in 96–97% yield from the readily available (R,R)-tar-
trate salt of (R,R)-1,2-diaminocyclohexane,[24] rather than
the more expensive free base, in a combination of the con-
densation with terephthalaldehyde and the sodium borohy-
dride reduction of the intermediate trianglimine in a one-
pot synthesis. We found that the reduction step can be car-
ried out efficiently with less than half the amount of NaBH4
used in a previous procedure[22] and that product 1 can be
obtained as a free base, rather than as its hexahydrobromide
salt. Eschweiler–Clark methylation of 1 afforded 2 in 71%
yield. Attempted preparation of 2 by methylation at room
temperature with methyl iodide in the presence of potassi-
um carbonate resulted in a lower yield (ca. 50%) of the
product.
Other N-alkylated trianglamines (3–6 and 8–11) were pre-


pared by alkylation of 1 with the corresponding alkyl bro-
mides in acetonitrile in the presence of potassium carbonate.
Trianglamine 7 was obtained by LiAlH4 reduction of 6. It is
of interest to note that, unlike other derivatives, hexakis(2-
hydroxyethyl) derivative 7 shows significantly broadened
1H NMR signals in CDCl3 at room temperature, whereas a
complex pattern of sharp signals is obtained on lowering the
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measurement temperature down to �50 8C. This suggests
that the conformational equilibrium of 7 is strongly influ-
enced by the formation of intramolecular hydrogen bonds
within each of the b-aminoalcohol moieties. Broadened
1H NMR signals are also observed at room temperature in
the case of N-benzylated derivatives 8–11.


Conformation and circular dichroism : Despite their formally
high D3 symmetry, trianglamines 1–12 represent a class of
heteraphanes of considerable conformational diversity, due
to low rotational barriers around the numerous single
bonds. Attempts to compute low-energy conformers of the
simplest representative 1, with the MM3-CONFLEX rou-
tine, resulted in the generation of a large number of con-
formers belonging to families of qualitatively similar struc-
tures. A more rational approach, based on qualitative analy-
sis of available conformers of 1, was undertaken as shown
below. In addition, we were fortunate enough to obtain
quantitative structural data from X-ray analyses of crystal
structures of the inclusion complexes of 1, its hexahydrobro-
mide salt and of 12 (see the following section). In order to
reduce the number of variables (torsion angles) in the con-
formational analysis of 1 we made the following assump-
tions: 1) the cyclohexane rings are in chair conformations,
with all carbon–nitrogen bonds equatorial, 2) the rotation of
the 1,4-disubstituted benzene rings is not considered (in
fact, rotational disorder of these rings is demonstrated even
in the crystal structures; see below) and 3) only the rotation
about the carbon–nitrogen bonds forming the macrocycle
needs to be taken into account to define the macrocycle
structure. This includes three sets of torsion angles—a, a’, b
and b’—for each trianglamine (see Figure 1).


Each of the torsion angles shown in Figure 1 is initially re-
stricted to either a gauche (G�) or a trans (T) arrangement.
Although this still gives rise to a large number of possible
conformers of 1, a further simplification can be obtained
from the following consideration. The number of a, a’, b or
b’ angles in trans (T) arrangements is unrestricted, as these
give rise to expanded ring structures. G� arrangements of a,
a’, b or b’ produce folded-ring structures, such as those ob-
served in the crystal state for a number of nonprotonated
molecules of 1, forming inclusion complexes with solvent
guest molecules. The number of G� bond arrangements in 1
is thus limited, as each G� will produce additional ring fold-


ing (in the X-ray-determined structures there are no more
than three G� bond arrangements in the entire ring). Not
available are macro ring structures in which both b and b’
correspond to a G� conformation, as the N�CH2(Ar) bonds
in such structures would assume orientations vertical to the
average cyclohexane ring plane. No G+ arrangement of a,
a’, b or b’ is allowed in the (R,R)-1,2-diaminocyclohexane
series, as such conformations would produce highly strained,
ring-contracted structures (indeed, no such conformations
are observed in the crystal structures). As a result of these
restrictions, there are only a few sequences of torsion angles
available for the macrocycle 1 (Table 1).
The data in Table 1 relate either to X-ray-determined


structures or to the lowest-energy conformers obtained by
structure optimisation by the MM3-AM1 protocol (see the
Experimental Section). Note that the two calculated struc-
tures (1 and 2) contain anticlinal (A), rather than T, bond
arrangements.
The conformers of 1 in solution give averaged NMR spec-


tra at room temperature, but it was possible to elucidate the


Figure 1. Definition of torsion angles a, a’, b and b’ involving flexible
bonds in trianglimine 1 and its N-alkyl derivatives.


Table 1. Sequences of torsion angles available for calculated and X-ray-
determined structures of free and protonated trianglamines 1, 2 and 12,
signs of the corresponding 1Ba exciton Cotton effects generated by each
pair of substituted benzene chromophores, and the distances between the
chromophores.


Sequences of
torsion angles


baa’b’


Sign of
exciton


Cotton effect


Interchromo-
phoric distances


[M][a]


1[b] TATG� positive 6.42
G�TTT positive 8.00
G�AG�T negative 7.24


1·PhF[c] G�TTT positive 7.59
TTTG� positive 7.26
G�TTT positive 7.51


1·BzOMe[c] TTTG� positive 7.34
G�TTT positive 7.41
TTG�T negative 7.37


1·AcOEt[c,d] TG�TG� positive 6.95
G�TTT positive 7.09
TTTT negative 7.77


1·6H+ [b] TTTT negative 8.39
TTTT negative 8.39
TTTT negative 8.39


1·6HBr[c] TTTT negative 8.42
TTTT negative 8.46
TTTT negative 8.47


2[b] TTTT negative 7.92
TG�TT negative 6.75
TATT negative 7.54


(RN)-2·3H
+ [b] TTTT negative 8.07


TTTT negative 7.68
TTTG� positive 7.73


12[b] TTTT negative 7.26
TTTT negative 7.26
TTTT negative 7.26


12·EtOH[c] TTTT negative 7.17
TTTT negative 7.05
TTTT negative 7.04


[a] Measured as the distance between the centres of the benzene rings.
[b] Calculated lowest-energy conformer. [c] Found in the crystal struc-
ture. [d] Determined for ent-1·AcOEt.
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dominant conformers of 1 in solution by CD spectroscopy.
The diagnostic Cotton effects in the CD spectra of triangli-
mines are due to the 1Ba-type transition in the 1,4-disubsti-
tuted benzene chromophores. This transition is polarised
along the chromophore axis running through the 1,4-ben-
zene carbon atoms. Note that the orientation of the 1Ba elec-
tric dipole transition moments is independent of the rotation
of the benzene rings. Orthogonal 1Bb transitions cannot con-
tribute significantly to the CD spectra, as the orientations of
the transition dipoles are averaged through rotation of the
benzene rings around the 1,4-carbon atom axes. Each of the
baa’b’ torsion angle sequences should generate exciton
Cotton effects of differing sign and magnitude within the 1Ba
transition band in the CD spectrum below 200 nm (Table 1).
Note that the distances between the benzene chromophores
are much larger in conformers with all-T torsion angle se-
quences than in their G�TTT or TG�TT counterparts, so the
(negative) CD contributions due to the all-T conformers are
weaker. A positive CD couplet (absorbance (A) = 117,
Table 2) within the strong 1Ba absorption band at 191 nm


(extinction coefficient (e) = 138000) is recorded for 1 in
acetonitrile. The intensity of the 1Ba Cotton effects is signifi-
cantly reduced on acidification with excess methanesulfonic
acid (Figure 2). CD titration of 1 with aqueous meth-
anesulfonic or hydrochloric acid has shown that the intensity
of the 1Ba Cotton effects is reduced only after addition of
more than three equivalents of the acid.
We had previously observed a significant effect of amine


protonation on the CD spectra, reflecting the amine confor-
mational change.[25] This effect can be regarded as intercon-


version of the two chiral forms in response to pH change
(molecular switch).[26] The results presented here can be in-
terpreted as indicative of the equilibrium between the con-
formers containing baa’b’ torsion angle sequences contribu-
ting to either positive or negative rotational strength. For
nonprotonated trianglimine 1, conformers generating posi-
tive Cotton effects dominate. On protonation with up to
three equivalents of the acid these conformers still domi-
nate, demonstrating the stabilising nature of the intramolec-
ular hydrogen bond N···H�N. In fully protonated 1 the con-
tribution due to the TTTT bond arrangement increases and
a less intense positive exciton Cotton effect is observed.
The conformation of the hexamethyl derivative 2 is of


special interest as its 1Ba Cotton effect is negative (Table 2,
Figure 2). There is no intramolecular hydrogen bond be-
tween the nitrogen atoms in 2, and the CD contribution due
to conformers TTTT or TG�TT appears to dominate. Note
that in the TT conformer of 2 (Scheme 1) the methyl groups
can either assume a vertical position (A) or, due to the
rapid configuration inversion at nitrogen, one of them may
be placed between the vicinal nitrogen atoms (B). On full
protonation, hexamine 2 generates a very strong exciton
Cotton effect of reverse (positive) sign (Figure 2). This indi-
cates a dramatic change of conformation in the macrocycle


Table 2. Experimentally obtained CD/UV data (1Ba transition region) for
trianglamines 1–12.


CD UV Solvent[a]


De (l in nm) A eO10�3 (l in nm)


1 62 (196) 117 138 (191) A
�55 (186)


2 �75 (198) �105 153 (193) C
30 (189)


3 60 (198) 90 142 (194) A
�30 (185)


4 53 (197) 69 145 (192) A
�16 (189)


5 40 (196) 80 120 (191) A
�40 (186)


6 107 (198) 171 136 (193) A
�64 (188)


7 150 (198) 268 120 (192) A
�118 (189)


8 180 (196) 470 337 (191) C
�290 (183)


9 292 (201) 554 327 (196) C
�262 (187)


10 216 (198) 450 284 (195) A
�234 (185)


11 298 (200) 588 326 (195) A
�290 (185)


12 �58 (199) �58 156 (192) A


[a] A = acetonitrile, C = cyclohexane.


Figure 2. CD spectra of trianglamines 1 (upper panel) and 2 (lower
panel): in acetonitrile (c), in acetonitrile with added approximately 60
equivalents of MeSO3H (a), and calculated ZINDO/S CD spectra
(d) of the most stable conformers of 1 (upper panel) and 2 (lower
panel). Rotational strength R is calculated in the dipole-length represen-
tation.
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towards the folded structure, such as that represented by D
in Scheme 1.
Computational modelling for 1 and 1·6H+ yielded low-


energy conformers similar to those determined by X-ray dif-
fraction analysis either for 1·PhF or for 1·PhCOOMe and
1·6HBr, respectively (see Table 1). ZINDO/S-computed CD
spectra for the calculated lowest-energy conformer of 1 are
shown in Figure 2. Although we note a good agreement be-
tween the experimentally measured and the calculated CD
curves for 1, this is not the case for the fully protonated 1
(see the Supporting Information).
The computed lowest-energy structure for 2 (Table 1) is


of the all-T type, with the exception of the two a angles in
either G� or anticlinal (A) arrangements. As in the case of
1, there is satisfactory agreement between the calculated
and experimentally measured 1Ba Cotton effects for 2
(Figure 2), but not for its protonated form. In fact, calcula-
tions for fully protonated 2 suggest that in one of the cyclo-
hexane rings the C�N bonds are axial to produce a low-
energy conformer. No axial C�N bonds are present, on the
other hand, in the computed low-energy conformer of
2·3H+ , in which every second nitrogen atom is protonated
(C3 symmetry). The computed structure of 2·3H


+ (Table 1)
is of all-T type, with the exception of one G� arrangement
of angle b. The methyl groups occupy positions vertical to
the macrocycle plane and all protonated nitrogen atoms
have R configurations. The calculated 1Ba Cotton effect for
this structure (see the Supporting Information) is positive, in
agreement with the experimental data (Figure 2).
Of further interest is the finding that trianglamines 3–11,


with substituents larger than the methyl group on the nitro-
gen atoms, all display positive exciton Cotton effects, with
amplitudes varying according to the substituent. Inspection
of Scheme 1 shows that the two nitrogen substituents of sim-
ilar size, �CH2Ar (in the ring) and �CH2R, can easily be ex-
changed by a nitrogen atom inversion process, resulting in
the generation of conformer C. The very large Cotton ef-
fects of 8–11 are evidently due to contributions to the CD
spectra from the chromophoric benzyl-type substituents at
the nitrogen atoms.
Bridging of the nitrogen atoms by the methylene groups,


as in 12, gives rise to a noncollapsible all-T structure of the
macrocycle, with a well-defined hole. This is in contrast with
the structure of 1, which is flexible and can adopt to the en-
vironment, and similar to the effect of full protonation of


the nitrogen atoms of 1, stabilising all-T conformer. As
would be expected, a negative 1Ba Cotton effect is observed
for 12. This is fully confirmed by the calculated lowest-
energy structure and CD spectrum of 12 (Figure 3).


In conclusion, CD spectra reflect changes of trianglamine
ring conformation due to substitution and protonation of
the nitrogen atoms.


Crystal structures of the inclusion complexes 1·PhF,
1·BzOMe, ent-1·AcOEt, 1·6HBr and 12·EtOH : To the best
of our knowledge, this is the first report concerning the crys-
tal structures of trianglamines, all of which crystallise with
included solvent molecules. Unlike trianglimines, which con-
tain rather rigid skeletons, trianglamines display various
types of conformations in the solid state, in which the
formal D3 molecular symmetry is lost. The only exception is
the fully protonated trianglamine 1·6HBr, which maintains
C3 molecular symmetry in the solid state, whilst the mole-
cule of 12, formally asymmetric in the crystal, adopts a con-
formation that still approximates C3 symmetry. The various
types of conformation that these molecules display in their
crystals are presented in Figure 4. Interestingly, the presence
of three intramolecular hydrogen bonds of the N�H···N type
does not prevent the macrocycle 1 from displaying flexibili-
ty. Partial rigidification of the trianglamine skeleton has also
been achieved by �CH2� bridging (12) or by protonation
(1·6HBr) of the nitrogen atoms and has also resulted in in-
creases in the macrocycle symmetry.
Only T and G arrangements around the C�N bonds are


observed, although in some cases close to the limiting values
of 150 and 308, respectively (Figure 4). Quite interestingly,
for R,R enantiomers, the conformations around two neigh-
bouring C�N bonds are described either by the T,T or T,G�


sequences, indicating clear absence of G+ conformers. The
molecular conformation is stabilised by intramolecular hy-


Scheme 1. Conformational changes of trianglamines involving configura-
tion inversion at the nitrogen atom and protonation.


Figure 3. A comparison of experimentally measured (c) and ZINDO/
S-calculated (a) CD spectra of trianglamine 12. Rotational strength R
is calculated in the dipole-length representation.
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drogen bonds of the N�H···N type, which involve three out
of six amine hydrogen atoms.
The type of inclusion depends to a great extent on the


structures of the hosts and the solvent molecules used for
crystallisation (see Figures 5–7): aromatic guest molecules
are accommodated in channels formed between layers of
host 1 (Figure 5) while linear molecules are incorporated
inside the molecular cavity (Figure 6).


In 1·PhF and 1·PhCOOMe the trianglamine molecules are
arranged in corrugated sheets, the neighbouring layers being
shifted with respect to each other. Within each layer the
molecules are held together by van der Waals forces, while
between the consecutive layers there are hydrogen-bond in-
teractions of the N�H···N type. In 1·PhF, a two-dimensional
host cavity formed between the host bilayers is closed by cy-
clohexane fragments, giving one-dimensional channels that
are aligned nearly perpendicular to the mean plane of the
macrocycle. The PhF molecules are accommodated in these
channels in a host/guest ratio of 1:2. The included molecules
are disordered (orientational disorder) and interact only


Figure 4. Conformers of trianglamines, viewed perpendicular and parallel to the main plane of the macrocycle. T and G designators describe conforma-
tion around the C�N bonds. Broken lines mark intramolecular hydrogen bonds.


Figure 5. Illustration of one-dimensional channels in crystals of 1·PhF
(upper) and 1·PhCOOMe (lower). Host atoms are shown as spheres of
van der Waals radii. The channels formed between bilayers of the host
molecules run nearly perpendicular (upper) or parallel (lower) to the
macrocycle ring planes. The black spheres represent the N atoms.


Figure 6. One-dimensional channels passing through the macrocyclic cavi-
ties in ent-1·AcOEt (upper), and 12·EtOH (lower). Guests are omitted
and the host atoms are shown as spheres of van der Waals radii. The
black spheres represent the N atoms.
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very weakly with the host molecule through N�H···F hydro-
gen bonds. The guest-accessible volume per unit cell
amounts to 784 M3, which means that approximately 31.5%
of the crystal volume is available for inclusion of guests. The
term “porosity” (P) has been used in the literature to refer
to this value.[27] Similarly, the trianglamine molecules in
1·PhCOOMe are arranged in corrugated sheets, the two
neighbouring layers being shifted with respect to each other.
The solvent molecules are accommodated in channels be-
tween consecutive host bilayers. In this case, however, the
solvent channels run nearly parallel to the macrocycle main
plane and the host to guest ratio is 1:1. The guest-accessible
volume per unit cell amounts to 544 M3, and the correspond-
ing P value is 24.0%. Both crystals possess the same space
group symmetry (P21) and similar ratios of unit-cell parame-
ters, but the orientations of the host molecules with respect
to the twofold screw axes are substantially different. The
angles between the normals to the mean planes of the mac-
rocycles and the y axes amount to 23.2 and 70.38 for 1·PhF
and 1·PhCOOMe, respectively. This is in turn reflected in
the values of the a and b cell constants, which are inter-
changed in the two crystals. Each methyl benzoate molecule
is situated in-between two cyclohexane rings of the host,
and is involved in C�H···p interactions with all axial C�H
bonds of the two diaminocyclohexane molecules. The C�
H···p interactions that involve aromatic rings and 1,2-diami-
nocyclohexane derivatives have recently been reported to
be responsible for the formation of clathrates by the two
types of molecules.[28]


Unlike aromatic guest molecules, the other guests are ac-
commodated inside the channels passing through host mole-
cules arranged in stacks (Figure 6). The repetition period in
this direction is approximately 5 M if the plane of the mac-
rocycle is nearly perpendicular to the x direction, or
amounts to approximately 9 M if the macrocycles are in-
clined with respect to the x direction (Figure 6). The peri-
odicities of the host and guest along the channel axis in the
structures formed do not match. In ent-1·AcOEt the guest
ethyl acetate molecules are disordered, as is one of the
phenyl rings in the host molecule. This is a concerted host/
guest disorder in which two equally occupied phenyl orien-
tations either allow or prevent the presence of an ethyl ace-
tate molecule in the macrocycle cavity. This dynamic behav-
iour illustrates extreme conformational flexibility in triangl-
amines and their tendency to avoid formation of large
cavity-containing frameworks. The guest-accessible volume
per unit cell when the phenyl ring closes the entrance to the
macrocyclic cavity is only 232 M3 and the corresponding P
value amounts to 5.8%, while the other orientation of the
phenyl ring results in a solvent-accessible volume of 358 M3


and a P value of 9.1%.
Inclusion inside the macrocycle cavity is also observed in


crystals of bridged trianglamine 12, which crystallises with
ethanol molecules in a host/guest ratio of 3:2. Unlike in the
crystal structure of ent-1·AcOEt described above, however,
in which the trianglamine planes are nearly perpendicular to
the crystallographic x direction (the angle between the


normal to the plane defined by the six nitrogen atoms in the
macrocycle and the x direction amounts to 13.48), the mole-
cules in a stack in 12 are inclined with respect to the x axis,
with the angle between the normal to the plane defined by
the six nitrogen atoms in the macrocycle and the x direction
amounting to 54.58. Such an arrangement of molecules
causes an increase of the unit translation along x from 5 to
9 M and creates more space for the guest molecules aligned
along the x axis. The guest-accessible volume per unit cell is
approximately 625 M3, and the corresponding P value
amounts to 14.4%.
The protonated trianglamine 1·6HBr forms crystals of un-


usual symmetry (space group P321), which display both
types of inclusion described above. The guest-accessible
volume per unit cell is the largest in the studied crystals and
amounts to 1133 M3, while the corresponding P value is
34.6%. The host molecules arrange in stacks along the [001]
direction (Figure 7). The asymmetric unit consists of one


third of a fully protonated trianglamine molecule lying
around the threefold symmetry axis, with two bromide
anions in general positions. This corresponds to a bromide/
trianglamine ratio of 6:1. Within a macrocycle cavity, half of
the statistically disordered Br2 molecules are situated on a
threefold symmetry axis. Water and methanol molecules, as
well as Br� anions, separate neighbouring triangles related
by a unit translation along the z axis in a sandwich-type
mode. The repeat period of these guest molecules, as well as
Br2 molecules situated in the molecular cavities, spans two
unit cells in the [001] direction. In channels formed by six
neighbouring host molecules, running along the direction of


Figure 7. Illustration of one-dimensional channels formed inside and out-
side the macrocycle in 1·6HBr. Four types of ion or molecule (Br� , Br2,
MeOH and H2O) are included within and between the macrocycles,
which are arranged in stacks. The lattice channel is filled by highly unusu-
al cubane-shaped clusters consisting of 16 water molecules. The black
spheres represent the N atoms.
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the threefold crystallographic z axis, one finds unusual cubi-
cal water clusters consisting of 16 water molecules hydrogen
bonded to each other and to the bromide anions (Figure 7).
The hydrogen-bonding pattern in this crystal structure is
supplemented by N�H···Br� and N�H···O types of interac-
tions.


Conclusion


X-ray diffraction and CD studies, in conjunction with molec-
ular modelling and calculations of the CD spectra, demon-
strate that the macrocyclic skeletons of trianglamines 1 and
2 can assume a variety of low-energy conformations, de-
scribable in terms of T or G� torsion angles around the C�N
bonds. On the other hand, structures of the fully protonated
1 and the free base 12 appear to be conformationally re-
stricted to all-T arrangements of the torsion angles around
the C�N bonds. The crystal structures of hexamines differ
significantly as a result of inclusion of various guests, solvent
molecules and counteranions, and this can be ascribed to
the facile formation of interpenetrated structures preventing
formation of large cavities. The range of molecular confor-
mations observed in the solid state is not only a demonstra-
tion of the substantial conformational flexibility of triangla-
mine 1, but also of a tendency, in the absence of guest mole-
cules, to reduce the inner cavity of the macrocycle as much
as possible. The ability to include guest molecules in the
crystal is strongly reduced in the case of N-alkylated deriva-
tives 2–11 and is again demonstrated in the case of the
methylene-bridged macrocycle 12. In addition, our results
indicate that supramolecular interactions involving macrocy-
cle 1 do not follow a simple lock-and-key principle.
Shape complementarity of the components of inclusion


complexes is the subject of current extensive studies. It was
recently reported that benzene-1,3,5-tricarboxylic acid inter-
acts more strongly with 1 in solution than its 1,2,3- and
1,2,4-isomers do.[21] However, we were not able to obtain
any crystalline inclusion complexes by cocrystallisation of 1
with numerous aromatic carboxylic acid guest molecules, in-
cluding benzene-1,3,5-tricarboxylic acid. It appears that,
within the constraints of our conformational analysis of 1
and its inclusion complexes, the inner cavity of trianglamine
1 is not large enough to accommodate any trisubstituted
benzene derivative. In fact, in no case studied by us could
any aromatic guest molecule be found located inside the
cavity of the macrocycle in the trianglamine crystalline in-
clusion complexes. We also note that, in view of the results
of our study, macrocycle 1 cannot be considered rigid, as
claimed previously.[22]


Further work on applications of trianglamines 1–12 in or-
ganic synthesis and supramolecular chemistry is in progress.


Experimental Section


Improved one-step synthesis of trianglamine 1: A mixture of (R,R)-1,2-
diaminocyclohexane (R,R)-tartrate salt (5.28 g, 20 mmol), terephthalalde-
hyde (2.68 g, 20 mmol), methanol (200 mL) and triethylamine (7.0 mL,
50 mmol) was stirred overnight (the reagents dissolved and a precipitate
of the product was formed). The mixture was cooled in an ice bath and
sodium borohydride (2.28 g, 60 mmol) was added over one hour. After
the system had been stirred for a further three hours at room tempera-
ture, the solvents were removed in vacuo and the residue was extracted
with dichloromethane and aqueous sodium carbonate (5%). The organic
solution was dried over magnesium sulfate, evaporated and dried in
vacuo at 70 8C for three hours. Trianglamine 1 was obtained in a yield of
4.1 g (96.5%). M.p. 154–156 8C; [a]20D = �104 (c = 1.3 in CHCl3);
1H NMR (300 MHz, CDCl3, 20 8C, TMS): d = 1.03 (m, 2H; CH2), 1.24
(m, 2H; CH2), 1.74 (m, 2H; CH2), 1.86 (br s, 2H; NH), 2.25 (m, 4H;
CH2), 3.62 (d,


3J(H,H) = 12.9 Hz, 2H; ArCH2), 3.92 (d,
3J(H,H) =


12.9 Hz, 2H; ArCH2), 7.29 ppm (s, 4H; Ar).


The product can be crystallised from ethyl acetate, but for further synthe-
ses it was used as obtained. Crystallisation from aromatic solvents (or
from mixtures of aromatic compounds and ethyl acetate) resulted in the
formation of crystalline molecular complexes of varying stoichiometry.
These complexes have characteristic melting points (Table 3). In many


cases the complexes melt below 100 8C and then solidify and melt again
at approximately 155 8C. These complexes are of lower stability and they
slowly lose solvent molecules at room temperature. Some complexes
(e.g., those with dioxane or pyridine) have high melting points and are of
higher stability.


The hexahydrobromide of 1 was crystallised from water/methanol, m.p.
294–300 8C (ref. [22]: m.p. 296–298 8C).


Rac-1 was obtained by crystallising equal amounts of (R,R)-1 and (S,S)-1
together; m.p. 174–177 8C (from ethyl acetate). From the difference of
the melting points of the racemate and the enantiomer (ca. 20 8C) it ap-
pears that 1 crystallises as a racemic compound.


Hexa(N-methyl) derivative 2 : A solution of trianglamine 1 (648 mg,
1 mmol) in a mixture of aqueous formaldehyde (36%, 2 mL) and formic
acid (10 mL) was heated at reflux for 6 h. The solvents were evaporated
and the residue was extracted with saturated aqueous NaHCO3 and
CH2Cl2. The organic extracts were evaporated to give the crude product
(655 mg), which was crystallised from ethanol/hexane. The yield of 2 was
260 mg (71%). M.p. 182–186 8C (after recrystallisation from acetone m.p.


Table 3. Melting points of inclusion complexes of trianglamine 1 with ar-
omatic guest molecules.


Guest (mole equivalent by 1H NMR) M.p. [8C]


fluorobenzene (2.0) 115–125
benzene (1.0) 96–99
toluene (1.0) 95–100
chlorobenzene (1.0) 96–103
phenol (1.0) 118–126
anisole (0.7) 94–100
nitrobenzene (0.7) 80–90
methyl benzoate (0.7) 132–135, 200–203
m-xylene (0.7) 107–112
1,3-dichlorobenzene (0.7) 104–108
1,3-dinitrobenzene (0.7) 144–159
mesitylene (0.9) 115–130, 185–194
1,3,5-trihydroxybenzene (0.5) 106–120
1,3,5-trimethoxybenzene (0.9) 112–115
trimethyl benzene-1,3,5-tricarboxylate (0.7) 103–110
hexafluorobenzene (–) 94–98
hexachlorobenzene (–) 134–140, 185–210
pyridine (0.5) 193–196
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187–190 8C); 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d = 1.18 (m, 2H;
CH2), 1.31 (m, 2H; CH2), 1.77 (m, 2H; CH2), 1.97 (m, 2H; CH2), 2.19 (s,
6H; CH3), 2.74 (m, 2H; CH2), 3.74 (m, 4H; ArCH2), 7.38 ppm (s, 4H,
Ar); 13C NMR (75 MHz, CDCl3, 20 8C, TMS): d = 26.0, 26.4, 35.9, 58.7,
65.0, 128.5, 139.2 ppm; EI MS: m/z (%): 732.7 (100) [M]+ .


General procedure for the synthesis of hexakis(N-alkylated) derivatives
3–6 and 8–11: A solution of trianglamine 1 (162 mg, 0.25 mol) and the
corresponding bromide RBr (2 mmol; in the case of 4 a commercial 80%
solution of propargyl bromide in toluene was used) in acetonitrile (5 mL)
was heated at reflux with powdered K2CO3 (415 mg, 3 mmol) for 4 h.
The solvent was evaporated and the residue was dissolved in CH2Cl2 and
extracted with aqueous Na2CO3 (5%). The organic phase was dried over
MgSO4 and evaporated, and the crude product was purified by column
chromatography on silica gel (solvent CH2Cl2 or CH2Cl2/AcOEt (19:1)).


Compound 3 : Yield: 155 mg (70%); glass; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d = 1.08 (m, 4H; CH2), 1.70 (m, 2H; CH2), 1.97 (m, 2H;
CH2), 2.71 (m, 2H; CHN), 2.94 (dd,


3J(H,H) = 8.0, 14.0 Hz, 2H; CH),
3.29 (m, 4H; CH2Ar), 3.73 (d,


3J(H,H) = 13.4 Hz, 2H; CH2Ar), 4.98 (d,
3J(H,H) = 9.8 Hz, 2H; CH), 5.08 (d, 3J(H,H) = 17.0 Hz, 2H; CH), 5.84
(m, 2H; CH), 7.26 ppm (s, 4H; Ar); 13C NMR (75 MHz, CDCl3, 20 8C,
TMS): d = 25.8, 26.1, 53.0, 53.2, 59.4, 115.8, 128.7, 138.4, 139.0 ppm; ESI
MS: m/z (%): 890 (100) [M+H]+ .


Compound 4 : Yield: 98 mg (45%); glass; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d = 1.15 (m, 2H; CH2), 1.40 (m, 2H; CH2), 1.75 (m, 2H;
CH2), 2.16 (m, 2H; CH2), 2.17 (s, 2H; CH), 2.92 (m, 2H; CHN), 3.39 (m,
4H; CH2), 3.54 (d,


3J(H,H) = 13.2 Hz, 2H; CH2Ar), 3.88 (d,
3J(H,H) =


13.2 Hz, 2H; CH2Ar), 7.28 ppm (s, 4H; Ar);
13C NMR (75 MHz, CDCl3,


20 8C, TMS): d = 26.1, 27.0, 38.1, 53.2, 61.7, 71.8, 82.7, 128.7, 138.2 ppm;
IR (KBr): ñ = 3299 (=C�H), 2110 cm�1 (C=C); ESI MS: m/z (%): 878
(100) [M+H]+ .


Compound 5 : Yield: 165 mg (75%); glass; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d = 1.24 (m, 2H; CH2), 1.45 (m, 2H; CH2), 1.86 (m, 2H;
CH2), 2.22 (m, 2H; CH2), 2.85 (m, 2H; CHN), 3.41 (d,


3J(H,H) =


17.6 Hz, 2H; CH2CN), 3.54 (d,
3J(H,H) = 17.6 Hz, 2H; CH2CN), 3.77


(d, 3J(H,H) = 13.2 Hz, 2H; CH2Ar), 3.90 (d,
3J(H,H) = 13.2 Hz, 2H;


CH2Ar), 7.27 ppm (s, 4H; Ar);
13C NMR (75 MHz, CDCl3, 20 8C, TMS):


d = 25.6, 26.5, 37.1, 54.1, 63.2, 117.7, 129.1, 136.9 ppm; IR (KBr): ñ =


2228 cm�1 (C=N); FAB MS: m/z (%): 883 (8) [M+H]+ .


Compound 6 : Yield: 215 mg (74%); m.p. 57–61 8C; 1H NMR (300 MHz,
CDCl3, 20 8C, TMS): d = 1.11 (m, 4H; CH2), 1.20 (t,


3J(H,H) = 7.0 Hz,
6H; CH3), 1.72 (m, 2H; CH2), 2.05 (m, 2H; CH2), 2.71 (m, 2H; CHN),
3.35 (d, 3J(H,H) = 17.4 Hz, 2H; CH2COOEt), 3.47 (d,


3J(H,H) =


17.4 Hz, 2H; CH2COOEt), 3.52 (d,
3J(H,H) = 13.4 Hz, 2H; CH2Ar),


3.87 (d, 3J(H,H) = 13.4 Hz, 2H; CH2Ar), 4.07 (q,
3J(H,H) = 7.0 Hz,


4H; COOCH2), 7.29 ppm (s, 4H; Ar);
13C NMR (75 MHz, CDCl3, 20 8C,


TMS): d = 14.3, 26.0, 27.2, 51.4, 53.8, 60.1, 61.3, 128.9, 138.1, 172.6 ppm;
IR (KBr): ñ = 1748 cm�1 (C=O); FAB MS: m/z (%): 1166 (24) [M+H]+ .


Compound 8 : Yield: 210 mg (71%); m.p. 258–264 8C; 1H NMR
(300 MHz, CDCl3, 20 8C, TMS): d = 1.02 (m, 4H; CH2), 1.69 (m, 2H;
CH2), 2.05 (m, 2H; CH2), 2.69 (m, 2H; CHN), 3.33 (d,


3J(H,H) =


13.6 Hz, 4H; CH2Ar), 3.76 (m, 4H; CH2Ar), 7.0–7.6 ppm (m, 14H; Ar);
13C NMR (75 MHz, CDCl3, 20 8C, TMS): d = 25.0, 26.1, 53.0, 53.4, 58.4,
126.3, 127.5, 128.5, 129.0, 138.7, 140.5 ppm; FAB MS: m/z (%): 1189 (38)
[M+H]+ .


Compound 9 : Yield: 330 mg (79%); glass; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d = 1.03 (m, 4H; CH2), 1.70 (m, 2H; CH2), 2.05 (m, 2H;
CH2), 2.63 (m, 2H; CHN), 3.31 (m, 4H; CH2Ar), 3.69 (m, 4H; CH2Ar),
7.0–7.6 ppm (m, 12H; Ar); 13C NMR (75 MHz, CDCl3, 20 8C, TMS): d =


24.4, 25.9, 52.8, 58.4, 120.3, 128.6, 130.7, 131.0, 138.6, 139.5 ppm; FAB
MS: m/z (%): 1666 (20) [M+H]+ .


Compound 10 : Yield: 235 mg (70%); m.p. 175–185 8C; 1H NMR
(300 MHz, CDCl3, 20 8C, TMS): d = 1.07 (m, 4H; CH2), 1.78 (m, 2H;
CH2), 2.10 (m, 2H; CH2), 2.61 (m, 2H; CHN), 3.41 (m, 4H; CH2Ar),
3.73 (m, 4H; CH2Ar), 7.40 ppm (m, 12H; Ar); 13C NMR (75 MHz,
CDCl3, 20 8C, TMS): d = 24.5, 25.6, 53.2, 59.1, 110.5, 118.8, 128.6, 129.4,
131.7, 138.4, 146.1 ppm; IR (KBr): ñ = 2226 cm�1 (C=N); FAB MS: m/z
(%): 1340 (7) [M+H]+ .


Compound 11: Yield: 250 mg (73%); glass; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d = 1.02 (m, 4H; CH2), 1.67 (m, 2H; CH2), 2.04 (m, 2H;
CH2), 2.66 (m, 2H; CHN), 3.29 (m, 4H; CH2Ar), 3.72 (m, 10H; CH2Ar,
OCH3), 6.70 (m, 4H; Ar), 7.22 (m, 4H; Ar), 7.39 ppm (m, 4H; Ar);
13C NMR (75 MHz, CDCl3, 20 8C, TMS): d = 24.9, 26.1, 52.7, 55.2, 58.1,
113.2, 128.5, 130.0, 132.6, 138.8, 158.1 ppm; FAB MS: m/z (%): 1370 (10)
[M+H]+ .


Hexakis(N-hydroxyethyl) derivative 7: A solution of LiAlH4 (60 mg) in
THF (3 mL) was added to a solution of compound 5 (190 mg) in THF
(3 mL) and the mixture was stirred for 3 h at room temperature. The re-
action was quenched with ethyl acetate, followed by methanol. The sol-
vents were evaporated and the mixture was extracted with CH2Cl2 and
an aqueous solution of NaOH (1n). The organic solution was dried
(MgSO4) and evaporated to give the glassy product 6 (150 mg, quantita-
tive). 1H NMR (300 MHz, CDCl3, 20 8C, TMS): all signals are broad mul-
tiplets at room temperature; 13C NMR (75 MHz, CDCl3, 20 8C, TMS): d
= 23.6, 25.6, 49.9, 51.9, 54.7, 59.2, 129.8, 137.4 ppm (broad signals); IR
(KBr): ñ = 3385 cm�1 (O�H, broad); FAB MS: m/z (%): 914 (19)
[M+H]+ .


Tris(N,N’-methylene) derivative 12 : A solution of trianglamine 1
(324 mg, 0.5 mmol) and paraformaldehyde (180 mg, 6 mmol) in ethanol
(10 mL) was heated at reflux for 5 h. After cooling, the crystalline prod-
uct was filtered off and washed with ethanol. Yield: 265 mg (77%); m.p.
266–273 8C; 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d = 1.26 (m, 4H;
CH2), 1.82 (m, 2H; CH2), 2.03 (m, 2H; CH2), 2.28 (m, 2H; CHN), 3.16
(d, 3J(H,H) = 14.0 Hz, 2H; CH2Ar), 3.27 (s, 2H; CH2), 4.07 (d,


3J(H,H)
= 14.0 Hz, 2H; CH2Ar), 7.15 ppm (s, 4H; Ar); 13C NMR (75 MHz,
CDCl3, 20 8C, TMS): d = 24.6, 29.4, 57.5, 69.0, 77.1, 127.3, 137.8 ppm; EI
MS: m/z (%): 683.7 (100) [M]+ .


The 1H NMR spectrum of the crystal dissolved in CDCl3 showed the
presence of 0.66–0.80 mole equivalent of ethanol per mole of 12. Product
12, m.p. 290–293 8C (not crystallised) was also obtained in 60% yield by
a general procedure for the synthesis of hexakis(N-alkylated) derivatives
through the use of N-(chloromethyl)phthalimide (in this case the side
product was phthalimide, m.p. 225–227 8C).


X-ray structure determinations


Compound 1·PhCOOMe : Compound 1·PhCOOMe crystallised from
methyl benzoate as an inclusion compound with the formula
C42H60N6·C8H8O2, Mr = 785.10, T = 170 K. Crystal system: monoclinic.
Space group: P21. Unit-cell dimensions: a = 8.628(2), b = 15.043(3), c
= 17.755(4) M, b = 100.27(3)8 ; V = 2267.5(9) M3; Z = 2; 1calcd =


1.150 Mgm�3 ; MoKa (l = 0.71073, w-scan); m = 0.071 mm�1. Final R
value 0.0533 for 3283 observed reflections [I>2s(I)]. Crystal size: 0.4O
0.4O0.08 mm3. Data were collected with a KM4CCD kappa-geometry
diffractometer[29] equipped with graphite monochromator. Theta range
for data collection was 5.13 to 25.038 and the hkl ranges were �7/10,
�17/17 and �21/21, respectively. Of the 11724 reflections collected, 4127
were unique (Rint = 0.0545) and 3283 were considered as observed with
I>2s(I). The intensity data were corrected for Lorentz-polarisation (Lp)
effects. No absorption correction was applied.


Compound 1·PhF : Compound 1·PhF crystallised from fluorobenzene as
an inclusion compound with the formula C42H60N6·2 (C6H5F), Mr =


841.16, T = 294 K. Crystal system: monoclinic. Space group: P21. Unit-
cell dimensions: a = 15.420(3), b = 8.592(2), c = 18.804(4) M, b =


90.20(3)8 ; V = 2491.3(9) M3; Z = 2; 1calcd = 1.121 Mgm�3 ; MoKa (l =


0.71073, w-scan); m = 0.071 mm�1. Final R value 0.076 for 4671 observed
reflections [I>2s(I)]. Crystal size: 0.55O0.55O0.1 mm3. Data were col-
lected with a KM4CCD kappa-geometry diffractometer[29] equipped with
graphite monochromator. Theta range for data collection was 5.10 to
25.038 and the hkl ranges were �11/18, �10/10 and �22/22, respectively.
Of the 18701 reflections collected, 8557 were unique (Rint = 0.082) and
4671 were considered as observed with I>2s(I). The intensity data were
corrected for Lp effects. No absorption correction was applied. In order
to account for the contribution of solvent molecules to the diffraction in-
tensities, we have assumed the presence of orientational disorder by in-
cluding two overlapping instances of the fluorobenzene molecules in the
least-squares refinement. The disorder was modelled in the form of a
major and minor component. Anisotropic displacement parameters were
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applied only for the fluorine atoms constituting part of the major compo-
nent. The other atoms constituting the solvent molecules were refined
isotropically with constraints involving 1,2 and 1,3 distances.


Compound ent-1·AcOEt : Compound ent-1·AcOEt crystallised from
ethyl acetate as an inclusion compound with the formula C42H60N6·
0.5 (C4H8O2), Mr = 693.01, T = 170 K. Crystal system: orthorhombic.
Space group: P212121. Unit-cell dimensions: a = 5.189(1), b = 3.926(5),
c = 31.607(6) M; V = 3924.1(1) M3; Z = 4; 1calcd = 1.173 Mgm�3; MoKa
(l = 0.71073, w-scan); m = 0.071 mm�1. Final R value 0.063 for 3530 ob-
served reflections [I>2s(I)]. Crystal size: 0.4O0.3O0.1 mm3. Data were
collected with a KM4CCD kappa-geometry diffractometer[29] equipped
with graphite monochromator. Theta range for data collection was 5.23
to 25.028 and the hkl ranges were �6/6, �28/27 and �37/27, respectively.
Of the 20592 reflections collected, 6845 were unique (Rint = 0.077) and
3530 were considered as observed with I>2s(I). The intensity data were
corrected for Lp effects. No absorption correction was applied. Included
chain molecules of ethyl acetate are disordered. The disorder was model-
led under the assumption that the repeat period of these guest molecules
spans two unit cells in the [100] direction.


Compound 12·EtOH : Compound 12·EtOH crystallised from ethanol/
chloroform as an inclusion compound with the formula
C45H60N6·0.67C2H5OH, Mr = 714.83, T = 295 K. Crystal system: ortho-
rhombic. Space group: P212121. Unit-cell dimensions: a = 9.288(2), b =


18.162(4), c = 25.796(5) M; V = 4351.5(16) M3; Z = 4; 1calcd =


1.091 Mgm�3 ; MoKa (l = 0.71073, w-scan); m = 0.065 mm�1. Final R
value 0.077 for 4079 observed reflections [I>2s(I)]. Crystal size: 0.55O
0.40O0.10 mm3. Data were collected with a KM4CCD kappa-geometry
diffractometer[29] fitted with graphite monochromator. Theta range for
data collection was 5.11 to 25.038 and the hkl ranges were �7/10, �21/21
and �30/30, respectively. Of the 22623 reflections collected, 7596 were
unique (Rint = 0.067) and 4079 were considered as observed with I>
2s(I). The intensity data were corrected for Lp effects. No absorption
correction was applied. Included ethanol molecules were refined isotropi-
cally with constraints imposed on 1,2 and 1,3 distances.


Compound 1·6HBr : Compound 1·6HBr crystallised from methanol/
water as an inclusion compound with the formula
C42H66N6Br6·11.5H2O·6CH3OH·0.5Br2, Mr = 1613.81, T = 150 K. Crys-
tal system: trigonal. Space group: P321. Unit-cell dimensions: a =


22.478(3), c = 7.476(1) M; V = 3271.3(8) M3; Z = 2; 1calcd =


1.638 Mgm�3 ; MoKa (l = 0.71073, w-scan); m = 4.360 mm�1. Final R
value 0.061 for 2482 observed reflections [I>2s(I)]. Crystal size: 0.4O
0.4O0.08 mm3. Data were collected with a KM4CCD kappa-geometry
diffractometer[29] fitted with graphite monochromator. Theta range for
data collection was 4.16 to 25.028 and the hkl ranges were �26/26, �18/
26 and �8/8, respectively. Of the 22321 reflections collected, 3851 were
unique (Rint = 0.116) and 2586 were considered as observed with I>
2s(I). The intensity data were corrected for Lp effects as well as absorp-
tion;[30] Tmin = 0.265, Tmax = 0.706.


Data reduction and analysis for all structures were carried out with Cry-
sAlisRED.[31] The structures were solved by direct methods by use of
SHELXS97,[32, 33] and refined by the full-matrix least-squares techniques
with SHELXL97.[34] Non-hydrogen atoms were refined anisotropically,
except for the majority of solvent atoms, which were refined isotropically.
The positions of all H atoms attached to carbon atoms were calculated
geometrically (C�H = 0.96 M). Because of disorder of the included sol-
vent molecules not all H atoms contained in these molecules have been
located. All H atoms were refined with a riding model and their isotropic
displacement parameters were given a value 20% (or 30% in case of
methyl hydrogen atoms) higher than the isotropic equivalent for the
atom to which the H atoms were attached. The absolute structures of the
crystals were assumed from the known absolute configurations of the
(R,R)- or (S,S)-trans-1,2-diaminocyclohexane used in the syntheses. Mer-
cury[35] and WebLab VieverPro[36] programs were used to prepare the
drawings. The percentage of the volume accessible to guest molecules
was estimated by use of the PLATON program.[37]


CCDC-272739 (1·PhCOOMe), -272740 (1·PhF), -272737 (ent-1·AcOEt),
-272738 (1·6HBr) and -272741 (12·EtOH) contain the supplementary
crystallographic data for this paper. These data can be obtained free of


charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Calculations : The conformational analyses were carried out for a repre-
sentative set of six molecules: 1, 1·6H+ , 2, 2·3H+ , 2·6H+ and 12. In all
cases starting structures were those of the highest symmetry available for
a given macrocycle. We first obtained the sets of conformers of the mac-
rocycles accessible at ambient temperature from the results of conforma-
tional searches with use both of MM3 molecular mechanics force field
and of CONFLEX software.[38] From these conformers we selected those
with relative energies in the 0.0 to 10 kcalmol�1 range, and their struc-
tures were fully optimised with the aid of the AM1 Hamiltonian imple-
mented in the Gaussian package.[39] In the cases of 2·3H+ and 2·6H+ all
structures differing in absolute configuration at protonated nitrogen
atoms were considered. We next selected optimized structures with rela-
tive energies ranging from 0.0 to 2.0 kcalmol�1, and the percentage popu-
lations for all compounds were calculated on the basis of the DE values,
with use of Boltzmann statistics and T = 298 K. For the sake of simplici-
ty, only the lowest-energy conformers were used for further consider-
ation. These constitute at least 80% of each of the entire conformer pop-
ulations for each analysed structure: that is, 1 (91%), 1·6H+ (100%), 2
(82%), 2·3H+ (80%) and 12 (100%). It should be added that entropy
difference between the conformers due to their symmetry may come into
play for 2·3H+ (C3 symmetry of the second-lowest energy conformer).
Here the entropy of symmetry contribution is �R ln3, so the C3 symme-
try conformer is additionally stabilised by 0.65 kcalmol�1 at 298 K. This
translates to a reduction of the population of the lowest-energy conform-
er of C1 symmetry to 56%. In the cases of 1·6H


+ and 12 (D3 symmetry
of the lowest-energy conformers) the entropy of symmetry contribution
(�R ln6) further stabilises the lowest-energy conformers, already contri-
buting over 99% to the equilibrium.


Finally, for all the lowest-energy conformers of 1, 1·6H+ , 2, 2·3H+ , and
12, the rotational and oscillator strengths were calculated by use of the
ZINDO/S method. The computed oscillator strengths and rotational
strengths were converted into the UV and CD spectra with the assump-
tion of Gaussian shape absorption curves, by the methodology described
by Grimme et al.[40] No correction for the dielectric constant of the
medium was implemented. In all calculated spectra the transition ener-
gies were underestimated (by ca. 20 nm) and were scaled by the factor of
0.92 to match the experimentally obtained UV maxima.
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rahedron: Asymmetry 2001, 12, 127–133.
[6] N. Kuhnert, A. M. Lopez-Periago, Tetrahedron Lett. 2002, 43, 3329–


3332.
[7] N. Kuhnert, G. M. Rossignolo, A. M. Lopez-Periago, Org. Biomol.


Chem. 2003, 1, 1157–1170.
[8] N. Kuhnert, C. Straßnig, A. M. Lopez-Periago, Tetrahedron: Asym-


metry 2002, 13, 123–128.
[9] M. Kwit, P. Skowronek, H. Kołbon, J. Gawronski, Chirality 2005, 17,


S92–S100


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1807 – 18171816


J. Gawronski, U. Rychlewska et al.



www.chemeurj.org





[10] N. Kuhnert, N. Burzlaff, C. Patel, A. Lopez-Periago, Org. Biomol.
Chem. 2005, 3, 1911—1921.


[11] N. Kuhnert, A. M. Lopez-Periago, G. M. Rossignolo, Org. Biomol.
Chem. 2005, 3, 524–537.


[12] J. Gao, A. E. Martell, Org. Biomol. Chem. 2003, 1, 2801–2806.
[13] a) S. R. Korupoju, P. S. Zacharias, Chem. Commun. 1998, 1267–


1268; b) S. R. Korupoju, N. Mangayarkarasi, S. Ameerunisha, E. J.
Valente, P. S. Zacharias, J. Chem. Soc. Dalton Trans. 2000, 2845–
2852.


[14] J. Gregolinski, J. Lisowski, T. Lis, Org. Biomol. Chem. 2005, 3,
3161–3166.


[15] M. Kwit, J. Gawronski, Tetrahedron: Asymmetry 2003, 14, 1303–
1308.


[16] Z. Li, C. Jablonski, Chem. Commun. 1999, 1531–1532.
[17] J. Gao, J. H. Reibenspies, R. A. Zingaro, F. R. Woolley, A. E. Mar-


tell, A. Clearfield, Inorg. Chem. 2005, 44, 232–241.
[18] a) S. Akine, T. Taniguchi, T. Nabeshima, Tetrahedron Lett. 2001, 42,


8861–8864; b) S. Akine, D. Hashimoto, T. Saiki, T. Nabeshima, Tet-
rahedron Lett. 2004, 45, 4225–4227.


[19] a) A. J. Gallant, M. J. MacLachlan, Angew. Chem. 2003, 115, 5465–
5468; Angew. Chem. Int. Ed. 2003, 42, 5306–5310; b) A. J. Gallant,
B. O. Patrick, M. J. MacLachlan, J. Org. Chem. 2004, 69, 8739–8744;
c) C. Ma, A. Lo, A. Abdolmaleki, M. J. MacLachlan, Org. Lett.
2004, 6, 3841–3844.


[20] S. J. Rowan, D. G. Hamilton, P. A. Brady, J. K. M. Sanders, J. Am.
Chem. Soc. 1997, 119, 2578–2579.
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Introduction


Bimetallic complexes have attracted much attention because
it is believed that with two metal centers in proximity, the
reactivity of the individual metal atoms might complement
each other and give rise to so-called cooperative reactivity.[1]


Moreover, the chemistry of these systems is potentially
unique and so they are promising candidates for new chemi-


cal and catalytic reactions.[2] Heterobimetallic complexes are
of particular interest since it is relatively easy to introduce
metal�metal bond polarity into these systems, which can
lead to bifunctional activity and direct selectivity in sub-
strate–system interactions. Furthermore, heterolytic cleavage
of the polar metal�metal bond in the course of a reaction
might generate a metal nucleophile and electrophile pair;
the former could act as a Lewis base to activate a substrate
and the latter as a Lewis acid to activate a second one. The
pair might also activate a polar substrate in a concerted
manner.[3]


The utilization of carbon dioxide as a feedstock in the
production of chemical products has attracted much atten-
tion for economic and environmental reasons.[4] One of the
promising methodologies in chemical CO2 fixation is the
coupling of carbon dioxide with epoxides to synthesize
cyclic carbonates which are valuable as aprotic polar sol-
vents, fine chemical intermediates, and starting material for
the synthesis of polymers and engineering plastics.[5] Various
catalysts have been explored for use in such coupling reac-
tions.[6] Some previous reports have suggested that parallel
Lewis base activation of CO2 and Lewis acid activation of


Abstract: The heterobimetallic com-
plexes [(h5-C5H5)Ru(CO)(m-
dppm)Mn(CO)4] and [(h5-C5Me5)Ru(m-
dppm)(m-CO)2Mn(CO)3] (dppm= bis-
diphenylphosphinomethane) have been
prepared by reacting the hydridic com-
plexes [(h5-C5H5)Ru(dppm)H] and
[(h5-C5Me5)Ru(dppm)H], respectively,
with the protonic [HMn(CO)5] com-
plex. The bimetallic complexes can also
be synthesized through metathetical re-
actions between [(h5-C5R5)Ru-
(dppm)Cl] (R=H or Me) and Li+


[Mn(CO)5]
� . Although the complexes


fail to catalyze the hydrogenation of
CO2 to formic acid, they catalyze the


coupling reactions of epoxides with
carbon dioxide to yield cyclic carbo-
nates. Two possible reaction pathways
for the coupling reactions have been
proposed. Both routes begin with het-
erolytic cleavage of the Ru�Mn bond
and coordination of an epoxide mole-
cule to the Lewis acidic ruthenium
center. In Route I, the Lewis basic
manganese center activates the CO2 by


forming the metallocarboxylate anion
which then ring-opens the epoxide;
subsequent ring-closure gives the cyclic
carbonate. In Route II, the nucleophilic
manganese center ring-opens the ruthe-
nium-attached epoxide to afford an
alkoxide intermediate; CO2 insertion
into the Ru�O bond followed by ring-
closure yields the product. Density
functional calculations at the B3LYP
level of theory were carried out to un-
derstand the structural and energetic
aspects of the two possible reaction
pathways. The results of the calcula-
tions indicate that Route II is favored
over Route I.


Keywords: coupling reactions · cy-
clic carbonates · density functional
calculations · heterobimetallic
complexes · reaction mechanisms


[a] Dr. M. L. Man, W. N. Sit, S. M. Ng, Prof. Z. Zhou, Prof. C. P. Lau
Department of Applied Biology and Chemical Technology
The Hong Kong Polytechnic University
Hung Hom, Kowloon, Hong Kong (China)
Fax: (+852)2364-9932
E-mail : bccplau@polyu.edu.hk


[b] K. C. Lam, Prof. Z. Lin
Department of Chemistry
The Hong Kong University of Science and Technology
Clear Water Bay, Kowloon, Hong Kong (China)
Fax: (+852)2358-1594
E-mail : chzlin@ust.hk


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Optimized geo-
metries of all species calculated.


E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1004 – 10151004







epoxides is important for the success of the reaction.[6a–d] For
example, it has been proposed that in the [CrIIIsalen]/(4-di-
methylamino)pyridine (DMAP)-catalyzed CO2/epoxide cou-
pling reactions, the starting [CrIIIsalen] complex acts as a
Lewis acid to activate the epoxide and the [CrIIIsalen]·D-
MAP complex, in which the CrIII center is rendered more
electron-rich by the coordination of the DMAP molecule,
activates the CO2 by forming a metallocarboxylate interme-
diate.[6a] It is also likely that the catalytic activity of Mg�Al
mixed oxides in the coupling of carbon dioxide with epox-
ides originates from the cooperative action of neighboring
basic and acidic sites on the surface of the catalyst.[6b] We
herein report the synthesis, characterization, and a reactivity
study of a pair of Ru�Mn heterobimetallic complexes; the
catalysis of the carbon dioxide/epoxide coupling reactions
with these complexes has also been investigated.


Results and Discussion


Synthesis and characterization of [(h5-C5H5)Ru(CO)(m-
dppm)Mn(CO)4] (1a) and [(h5-C5Me5)Ru(m-CO)2(m-
dppm)Mn(CO)3] (1b): We envision that the reaction of the
relatively acidic manganese carbonyl hydride [HMn(CO)5]
(pKa (aq scale)=7.2)[7] with the hydride complex [Cp’Ru-
(dppm)H] (Cp’=Cp, Cp*; dppm= bis-diphenylphosphino-
methane; the pKa values (aq scale) of the conjugate acids
[CpRu(dppm)(H2)]


+ and [Cp*Ru(dppm)(H2)]
+ are 7.3 and


8.8, respectively)[8] would generate, by elimination of a dihy-
drogen molecule, the heterobi-
metallic complex. However,
stirring a THF solution of equi-
molar amounts of [HMn(CO)5]
and [Cp’Ru(dppm)H] at room
temperature did not seem to
lead to the formation of any bi-
metallic complex. The reaction
of the two hydrides in [D8]THF
was therefore monitored by
NMR spectroscopy. 1H and
31P{1H} NMR spectroscopy,
however, showed that the two
hydrides remained unchanged
over a period of several hours.
The hydride signals of the two
hydride complexes remained
sharp over a temperature range
of 213–293 K, indicative of the
absence of stable dihydrogen-
bonded bimetallic species Ru�
H···H�Mn.[9] The absence of
these stable dihydrogen-bonded
species in the solution mixture
was corroborated by the varia-
ble-temperature T1 relaxation
time measurements for the hy-
dride ligand of the ruthenium


complex. The T1(min) values of the hydride ligands of
[CpRu(dppm)H] and [Cp*Ru(dppm)H] in [D5]chloro-
benzene were measured to be 1139 ms at 240 K and 924 ms
at 244 K, respectively; these values were lowered only
slightly to 1099 ms at 247 K and 900 ms at 246 K, respective-
ly, upon addition of one equivalent of [HMn(CO)5] to the
solutions.


Despite the seeming absence of stable dihydrogen-bonded
species in the solution containing [Cp’Ru(dppm)H] (Cp’=
Cp, Cp*) and [HMn(CO)5], it was, however, learned that H/
D exchange occurred upon addition of one equivalent of
[HMn(CO)5] to a solution of [Cp’Ru(dppm)D]; an equilibri-
um in which the deuterium was distributed equally between
the two hydride species was established within 30 minutes.
With H/D exchange occurring between [Cp’Ru(dppm)D]
and [HMn(CO)5], we anticipated that spin-saturation trans-
fer between the two hydride complexes should be observa-
ble. It was, however, found that in a solution containing
equimolar amounts of [Cp’Ru(dppm)H] and [HMn(CO)5],
irradiation of the ruthenium hydride signal did not lead to
any enhancement of the hydride signal of the manganese
complex. Conversely, the intensity of the ruthenium hydride
signal was unaltered when the hydride signal of the manga-
nese complex was irradiated. The hydride exchange between
the two complexes is probably much too slow to render the
spin-saturation transfer observable.


A mechanism for the H/D exchange between [Cp’Ru-
(dppm)D] and [HMn(CO)5] is proposed and shown in
Scheme 1. The protonic hydrogen of [HMn(CO)5] attacks


Scheme 1. Proposed mechanism for the H/D exchange between [Cp’Ru(dppm)D] and [HMn(CO)5]. R=H,
CH3.
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the deuteride ligand of [Cp’Ru(dppm)D] and H/D exchange
proceeds rapidly via the transient intermediates of the Ru�
D···H�Mn species and the h2-HD complex. It has been
shown that the kinetic products of the protonation reactions
of [Cp’Ru(L2)H] are the h2-dihydrogen complexes; depend-
ing on the ligands L2, in some cases, intramolecular tautome-
rization of the dihydrogen complexes occurs to give the
transoid dihydride form or a mixture of dihydrogen and di-
hydride complexes, while in other cases the h2-dihydrogen
form persists and does not tautomerize to give the dihydride
form.[10] Although [Cp’Ru(dppm)H] (Cp’=Cp or Cp*) and
[HMn(CO)5] did not seem to react at room temperature
over a period of several hours, it was, however, found that
after a [D8]THF solution of [CpRu(dppm)H]/[HMn(CO)5]
(1:1) had been allowed to stand at room temperature in a
sealed NMR tube for eight days, the two hydrides had react-
ed completely to yield the metal�metal-bonded bimetallic
complex [CpRu(CO)(m-dppm)Mn(CO)4] (1a) and H2


[Eq. (1)]. On a preparative scale, 1a can be prepared by re-
fluxing equimolar amounts of the two hydrides in THF for
15 h. In this reaction the chelating dppm ligand of [CpRu-
(dppm)H] unwinds upon reaction with [HMn(CO)5] to yield
the dppm-bridged complex 1a.


Not unexpectedly, 1a can also be conveniently prepared
by the reaction of the ruthenium chloro complex [CpRu-
(dppm)Cl] with lithium manganese pentacarbonyls [Eq. (2)].
Similar metathetical reactions have been employed to pre-
pare bimetallic complexes containing metal�metal bonds,[11]


including the Ru�Mo and Ru�W bimetallic complexes that
we recently reported.[12] It has been suggested that in the
heterobimetallic complexes [RhCo(CO)3(m-dppm)2],
[RhMH(CO)3(m-dppm)2] (M=Fe, Ru, Os), [RhM(CO)4(m-
dppm)2] (M=Mn, Re), and [RhMH(CO)4(m-dppm)2] (M=


Cr, W), the metal�metal bonds are M!RhI dative bonds.[13]


It has also been reported that the heterobimetallic complex
formed by the metathetical reaction of Li+[h5-C5H4P(C6H4-
p-CH3)2Mo(CO)4]


� with [{(C6H4-p-CH3)PCH2}RhCl]2 con-
tains a highly polarized Rhd+�Mod� bond; changing the do-
nating phosphine ligands on rhodium to carbonyls led to a
reduction of the metal�metal-bond polarity.[14] The bimetal-
lic complex [(PEt3)2(CO)Rh�Co(CO)4] has been shown to
possess a polar metal�metal bond which structurally and
chemically is best described as a RhI�Co�I complex in which
the [Co(CO)4]


� group behaves as a pseudo-halide.[3f] It
seems reasonable to regard the manganese moiety in 1a as


a pseudo-halide that forms a dative Mn!Ru bond with a
formulation of RuII/Mn�I.


The 31P{1H} NMR spectrum of 1a exhibits a pair of dou-
blets at d=54.9 and 56.6 ppm [2J(P,P)=91.2 Hz]. The meth-
ylene hydrogen atoms of the dppm ligand appear as a triplet
at d=2.90 ppm [J(H,P)=9.91 Hz] in the 1H NMR spectrum.
These hydrogen atoms should, in principle, be diastereotop-
ic, they are magnetically equivalent and have basically iden-
tical coupling constants to the two phosphorus atoms, proba-
bly by coincidence. Complex 1a exhibits three carbonyl
peaks at 247.0, 225.6, and 222.5 ppm (relative intensities,
2:2:1) in the 13C NMR spectrum. The IR spectrum (KBr) of
the complex shows, in addition to the bands at 1896, 1938,
and 2000 cm�1 due to terminal carbonyl groups, a relatively
low-energy CO stretching frequency at 1710 cm�1. The pres-
ence of this low CO stretching frequency indicates that a
bridging or semibridging carbonyl group is present in the bi-
metallic complex. Our recently reported Ru�Mo and Ru�W
heterobimetallic complexes, which contain semibridging car-
bonyl ligands, exhibit low-energy CO stretching frequencies
at 1777–1792 cm�1.[12]


Similar to 1a, the pentamethylcyclopentadienyl analog,
[{h5-C5(CH3)5}Ru(m-CO)2(m-dppm)Mn(CO)3] (1b) (vide
infra) was prepared by the reaction of the two hydride pre-
cursors or by the metathetical reaction. The 31P{1H} NMR
spectrum of 1b shows two doublets at d=48.1 [2J(P,P)=
105.0 Hz] and 51.2 ppm [2J(P,P)=105.0 Hz]. Similar to those
of 1a, the methylene hydrogen atoms of the bridging dppm
ligand of 1b also appear as a triplet [d=2.35 ppm; J(H,P)=
9.1 Hz] in the 1H NMR spectrum. The complex shows only
two carbonyl peaks at d=269.8 and 225.6 ppm (relative in-
tensities, 3:2) in the 13C NMR spectrum. The IR spectrum
(KBr) of 1b, in addition to the bands due to terminal car-
bonyl groups, exhibits a low-energy CO stretch at
1710 cm�1, which might be due to semibridging or bridging
carbonyl groups.


Molecular structures of 1a and 1b : The metal�metal-
bonded bimetallic structure of 1a was confirmed by X-ray
crystallography. The molecular structure of 1a is shown in
Figure 1 (the solvent molecule CH2Cl2, which is disordered,
is not shown). The crystal data and refinement details are
given in Table 1. Selected bond distances and angles are
given in Table 2. The Ru�Mn bond distance of 2.8524(7) O
in 1a is comparable to the metal�metal bond lengths mea-
sured in other Ru�Mn bimetallic complexes that contain
bridging ligands, for example, [RuMn(m-H)(m-PPh2)(h


5-
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C5H5)(CO)5], in which the Ru�Mn bond length is
2.894(1) O;[15] it is, however, shorter than those of the Ru�
Mn bimetallic complexes that have no bridging ligands, such
as the a-diimine Ru�Mn bimetallic complex [(CO)5Mn�
Ru(Me)(CO)2(a-diimine)] [a-diimine=pyridine-2-carbalde-
hyde-N-isopropylimine (iPr-PyCa)], in which the Ru�Mn
bond distance was found to be 2.9875(8) O.[16] Note that for
one of the carbonyl ligands attached to the manganese
center, the Mn-C-O angle [Mn1-C10-O5, 167.3(4)8] deviates
more from linearity than those of the other CO ligands on
the manganese atom. Moreover, the distance of the carbon
atom of this less linear carbonyl ligand on manganese from
the ruthenium center measures 2.656(4) O; this relatively
short distance is indicative of the presence of a weak inter-
action between this CO group and the ruthenium center. In
a Zr�Ru bimetallic complex, the zirconium-bound CO,
which is slightly bent (Zr-C-O, 1678), semibridges the ruthe-
nium center and the carbon atom of the bent CO is 2.70 O
from the ruthenium center.[17] Moreover, in each of the Ru�
M (M=Mo, W) bimetallic complexes, one of the metal-
bound CO ligands is a semibridging carbonyl, the M-C-O
angle deviates significantly from linearity, and the distance
of the carbon atom of this carbonyl ligand from the rutheni-
um center falls in the range of 2.744–2.906 O.[12]


Figure 2 shows the X-ray structure of 1b. The crystal data
and refinement details are included in Table 1. Selected
bond lengths and angles are given in Table 3. An obvious
difference between the structure of 1b and that of 1a is that
the former contains two bridging carbonyl groups, whilst the
latter contains only one semibridging CO. Both bridging car-
bonyl ligands in 1b lean slightly towards the ruthenium
center. The Ru�Mn bond length in 1b is, as expected, short-
er than that of 1a (2.7777(5) O versus 2.8524(7) O) as a
result of the presence of two bridging carbonyl groups. The
C�O bond lengths of the bridging carbonyls are significantly
longer than those of the terminal CO ligands in the com-
plex.


Reactions of 1a and 1b with H2/CO2 : We have studied dihy-
drogen-bonding interactions in aminocyclopentadienylruthe-
nium complexes and have learned that complexes containing
intramolecular Ru�H···H�N dihydrogen bonds catalyze CO2


Figure 1. X-ray structure of [(C5H5)Ru(CO)(m-dppm)Mn(CO)4] (1a).


Table 1. Crystal data and structure refinement for complexes
1a·0.5CH2Cl2 and 1b.


1a·0.5CH2Cl2 1b


empirical formula C35.5H28ClMnO5P2Ru C40H37mnO5P2Ru
formula weight 787.98 815.65
temperature [K] 294(2) 294(2)
wavelength [O] 0.71073 0.71073
crystal system monoclinic orthorhombic
space group P21/c P212121
unit cell dimensions
a [O] 18.813(3) 11.7144(15)
b [O] 10.5259(14) 13.1309(18)
c [O] 19.633(3) 24.014(3)
a [8] 90 90
b [8] 90 90
g [8] 90 90
volume [O3] 3617.5(11) 3693.8(8)
Z 4 4
1calcd [Mgm�3] 1.429 1.467
m [mm�1] 0.955 0.880
F(000) 1588 1664
crystal size [mm3] 0.22P0.20P0.14 0.30P0.16P0.14
q range [8] for
data collection


2.11–27.54 2.48–27.52


index ranges
�23%h%24 �12%h%15
�13%k%13 �17%k%13
�25% l%10 �31% l%30


reflections collected 24254 25195
independent reflections 8410 [R(int)=0.0363] 8468 [R(int)=0.0365]
completeness to
q=27.648 [%]


99.6 99.7


absorption correction empirical empirical
max. and min. transmis-
sion


0.8779 and 0.8174 0.8867 and 0.7782


refinement method full-matrix least-
squares on F2


full-matrix least-
squares on F2


data/restraints/parame-
ters


8410/6/417 8468/0/447


goodness-of-fit on F2 1.032 1.019
final R indices [I>2s(I)] R1=0.0468,


wR2=0.129
R1=0.0320,
wR2=0.0548


R indices (all data) R1=0.0742,
wR2=0.1439


R1=0.0434,
wR2=0.0575


largest diff. peak and
hole [eO�3]


0.858 and �0.436 0.596 and �0.416


Table 2. Selected bond lengths and angles for [(C5H5)Ru(CO)-
(dppm)Mn(CO)4] (1a).


interatomic distances [O]
Ru1�Mn1 2.8524(7) Ru1�P1 2.2842(10)
Mn1�P2 2.2894(11) Ru1�C6 1.832(5)
Mn1�C7 1.801(5) Mn1�C8 1.839(5)
Mn1�C9 1.793(5) Mn1�C10 1.832(4)
O1�C6 1.158(6) O2�C7 1.145(5)
O3�C8 1.130(5) O4�C9 1.152(5)
O5�C10 1.157(5)
intramolecular angles [8]
C35-P1-Ru1 112.32(12) C35-P2-Mn1 113.75(12)
O1-C6-Ru1 171.7(4) O2-C7-Mn1 176.0(6)
O3-C8-Mn1 176.3(5) O4-C9-Mn1 176.1(4)
O5-C10-Mn1 167.3(4)
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hydrogenation to yield formic acid, albeit in low yields.
During the catalytic reaction, the dihydrogen-bonded
moiety plays an important role in transferring the hydrogen
atoms of H2 to the CO2 molecule.[18] More recently we stud-
ied the promoting effects of water and alcohols on CO2 hy-
drogenation reactions catalyzed by the hydrotris(pyrazolyl)-
borato (Tp) ruthenium hydride complex [TpRu(PPh3)-
(CH3CN)H]; supported by theoretical calculations, we pro-
posed that the active species is the aquo or alcohol hydride
complex [TpRu(PPh3)(ROH)H] (R=H or alkyl), which is a
bifunctional catalyst that transfers the metal hydride and the
proton of the coordinated ROH molecule to the carbon and
oxygen atoms of the CO2 molecule, respectively, in a con-
certed manner; that is, the CO2 molecule does not have to
coordinate to the metal center.[19] One of our interests in
this work was to study the reactivity of the bimetallic com-
plexes towards H2 in the hope of generating dihydrogen-
bonded bimetallic species that might act as bifunctional cat-
alysts capable of delivering a H+ and a H� in a concerted
process (Scheme 2). The bimetallic species are reminiscent
of metal–ligand bifunctional catalysts such as the Shvo cata-


lyst[20] and the chiral “metal/NH” catalysts reported by
Noyori[21] and Morris[22] and their co-workers. We therefore
monitored the reactions of 1a and 1b with H2 by 31P{1H}
NMR spectroscopy. It was, however, found that after heat-
ing a C6D6 solution of 1a or 1b at 100 8C in a high-pressure
NMR tube under about 35 atm of H2 for 45 h, the complex
remained unchanged. Attempted CO2 hydrogenation (CO2/
H2=35 atm/35 atm; 100 8C for 45 h) with 1a or 1b in the
presence of Et3N in an autoclave was also unsuccessful, that
is, no HCOOH·Et3N adduct was detected.


Carbon dioxide/epoxide coupling reactions with 1a and 1b :
Although 1a and 1b are not catalytically active in the hy-
drogenation of carbon dioxide, it was, however, found that
they are active in catalyzing the coupling reactions of
carbon dioxide with epoxides to give cyclic carbonates. The
results of these reactions are shown in Table 4. The catalytic
reactions were carried out in neat epoxides and no CO2/ep-
oxide copolymer was formed in any of the reactions. After
the removal of the product and the unreacted substrate
from the catalytic reaction mixture, 1H and 31P{1H} NMR
spectroscopy showed that the bimetallic complex was recov-
ered unchanged.


Note that the presence of electron-withdrawing groups on
the epoxides leads to higher conversions (Table 4, entries 1–
4). The failure of styrene oxide and cyclohexene oxide to
couple with CO2 is probably due to steric congestion. In
general, complex 1b has a lower catalytic activity than 1a ;
the lower activity of 1b might be attributable to greater
steric hindrance and the presence of two bridging carbonyl
groups which render the cleavage of the metal�metal bond
a more demanding step (vide infra).


We have also studied the catalytic activity of the individu-
al metallic moieties of the complexes in CO2/epoxide cou-
pling reactions. It was found that the ruthenium complexes
[(h5-C5H5)Ru(CO)(PPh3)(CH3CN)]OTf and [(h5-
C5H5)Ru(CO)(PPh3)(Cl)]/Ag+OTf� were inactive in the re-
action, however, the manganese complex Li[Mn(CO)4-
(PPh3)] (1c) was found to be active, its activity in general
being lower than that of 1a but comparable to that of 1b.
The results of the 1c-catalyzed CO2/epoxide coupling reac-
tions are also included in Table 4. In general, the activities


Figure 2. X-ray structure of [{C5(CH3)5}Ru(m-CO)2(m-dppm)Mn(CO)3]
(1b).


Table 3. Selected bond lengths and angles for [{C5(CH3)5}Ru(m-CO)2(m-
dppm)Mn(CO)3] (1b).


interatomic distances [O]
Ru1-Mn1 2.7777(5) Ru1-P1 2.2969(8)
Mn1-P2 2.3296(9) Ru1-C11 1.994(3)
Ru1-C12 1.950(3) Mn1-C11 2.096(3)
Mn1-C12 2.151(3) Mn1-C13 1.804(4)
Mn1-C14 1.820(3) Mn1-C15 1.792(3)
O1-C11 1.178(3) O2-C12 1.190(3)
O3-C13 1.153(4) O4-C14 1.136(3)
O5-C15 1.153(3)
intramolecular angles [8]
P1-Ru1-Mn1 93.55(2) P2-Mn1-Ru1 93.09(2)
Ru1-C12-Mn1 85.13(11) P2-C40-P1 112.78(15)
O1-C11-Ru1 137.0(2) O1-C11-Mn1 136.7(2)
O2-C12-Ru1 141.1(2) O2-C12-Mn1 133.6(2)


Scheme 2.
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of 1a and 1b are similar to those of CrIII,[6a] ZnII,[6m] CuII,[6m]


and CoII[6m] salen-type complexes and [Re(CO)5Br].
[6o] Com-


plexes 1a and 1b, however, exhibit much higher catalytic ac-
tivities in the coupling reactions of epihalohydrins with CO2.
Note that in general the catalytic activity of the less well-de-
fined [Ni(PPh3)2Cl2]/PPh3/Zn/n-Bu4NBr system[6k] is more
than an order of magnitude higher than those of 1a and 1b.


Proposed mechanism for the catalytic CO2/expoxide cou-
pling reaction : It has been proposed that the coupling of ep-
oxides with carbon dioxide to yield cyclic carbonates proba-
bly requires the activation of both substrates; the former by
a Lewis acid and the latter by a Lewis base.[6a–d] Route I of
Scheme 3 shows a possible mechanism for the 1a-catalyzed
CO2/epoxide coupling reactions. Heterolytic cleavage of the
metal�metal bond generates an electrophilic ruthenium
fragment and a nucleophilic manganese moiety. An epoxide
molecule then coordinates to the Lewis acidic ruthenium
center, whilst the Lewis basic manganese center activates
the carbon dioxide by forming a metallocarboxylate anion.
Although not isolated, the man-
ganese carboxylate [Mn(CO)4-
(PPh3)(CO2)]


� was believed to
be the intermediate in the reac-
tion of K[CpFe(CO)(PPh3)-
(CO2)] with [Mn(CO)5-
(PPh3)]BF4 followed by the ad-
dition of CH3I to afford
[CpFe(CO)2(PPh3)]BF4 and
[Mn(CO)4(PPh3)(CH3)].


[23] Nu-
cleophilic ring-opening of the
ruthenium-attached epoxide by
the manganese carboxylate in
Scheme 3 generates A which
then extrudes the cyclic carbon-
ate by ring-closure. It is widely
accepted that coordination of
an epoxide molecule to a Lewis
acid facilitates nucleophilic


ring-opening of the former.[24] The proposed epoxide com-
plex and the ring-opened species in Route I of Scheme 3 are
probably transient intermediates because we have not been
able to detect either of these species in NMR-monitored
catalytic CO2/propylene oxide coupling reactions carried out
in 10 mm sapphire high-pressure NMR tubes. We have also
failed to isolate or detect any epoxide complex in independ-
ent studies involving the reactions of [(h5-C5H5)Ru-
(PPh3)(CO)(CH3CN)]+ and [(h5-C5H5)Ru(PPh3)(CO)(Cl)]/
Ag+OTf� with propylene oxide. The fact that the addition
of a small amount of CH3CN, which is a much better coordi-
nating ligand to ruthenium than propylene oxide, completely
quenches the catalytic reaction (Table 4, entry 5) lends sup-
port to the notion that activation of the epoxide by the elec-
trophilic ruthenium center is crucial to the success of the
coupling reaction. The 1b-catalyzed coupling reaction could
probably proceed by the same mechanism, although the
cleavage of the Ru�Mn metal�metal bond, which is flanked
by two bridging carbonyl groups, might be a more demand-
ing step. Moreover, 1b is more hindered than 1a.


Table 4. Catalytic coupling reactions of CO2 and epoxides.[a]


Entry Substrate Catalyst TON[b] TOF[c] Entry Substrate Catalyst TON[b] TOF[c]


1 epifluorohydrin 1a 8640 216 14 butadiene monoxide 1b 1940 48
2 epichlorohydrin 1a 8000 200 15 1,2-epoxyhexane 1b 120 3
3 epibromohydrin 1a 6450 161 16 cyclohexene oxide 1b trace trace
4 propylene oxide 1a 1490 37 17 epifluorohydrin 1c 7020 176
5[d] propylene oxide 1a trace trace 18 epichlorohydrin 1c 5400 135
6 butadiene monoxide 1a 2800 70 19 epibromohydrin 1c 4100 103
7 1,2-epoxyhexane 1a 480 12 20 propylene oxide 1c 440 11
8 cyclohexene oxide 1a trace trace 21[d] propylene oxide 1c trace trace
9 epifluorohydrin 1b 7050 176 22[e] propylene oxide 1c trace trace
10 epichlorohydrin 1b 5300 132 23 butadiene monoxide 1c 1795 45
11 epibromohydrin 1b 4200 105 24 1,2-epoxyhexane 1c 110 3
12 propylene oxide 1b 450 11 25 cyclohexene oxide 1c trace trace
13[d] propylene oxide 1b trace trace


[a] Typical reaction conditions: 3.5 mmol catalyst, 31.5 mmol substrate (S/C=9000), 40 bar CO2 pressure, 100 8C, 40 h. [b] Turnover number (TON)=no.
of moles of product/no. of moles of catalyst. [c] Turnover number frequency (TOF)=TON/time(h). [d] 7.0 mmol of CH3CN added. [e] 7.0 mmol of
[12]crown-4 added.


Scheme 3.
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An alternative mechanism for the CO2/epoxide coupling
reaction is also proposed (Scheme 3, Route II). In this pro-
posed mechanism, the manganese fragment, instead of form-
ing a metallocarboxylate with CO2, ring-opens the epoxide,
which is activated by O-coordination to the ruthenium frag-
ment, to form the cyclic alkoxide B. CO2 then inserts into
the Ru�O bond to form the cyclic metal carbonate C, which
then extrudes the cyclic carbonate. The insertion of CO2


into a metal�alkoxide bond to form a metal carbonate spe-
cies is well-documented.[25]


The lithium salt of the manganese tetracarbonylate anion
Li[Mn(CO)4(PPh3)] (1c) was shown to be an active catalyst
in the coupling reactions, although, in general, its activity is
lower than that of 1a (Table 4). The lithium cation of 1c is
probably capable of activating the epoxide by attaching to
the oxygen atom of the latter. The fact that the addition of
acetonitrile (Table 4, entry 21) or 12-crown-4 (Table 4,
entry 22), which is able to solvate or encapsulate Li+ , re-
spectively, practically quenches the activity of 1c gives cre-
dence to this premise. It has been reported that benzo[15]-
crown-5 acts as a deactivator in sodium halide catalyzed
CO2/epoxide coupling reactions; the crown ether is a good
host for the sodium cation.[6j] The proximity of the metal
centers in 1a is an advantage over 1c.


Computational study : To understand the structural and en-
ergetic aspects of the possible reaction pathways proposed
above for the carbon dioxide/epoxide coupling reactions cat-
alyzed by Ru�Mn heterobimetallic complexes, theoretical
calculations at the B3LYP level of density functional theory
were carried out. In our calculations, the model catalyst
[(h5-C5H5)Ru(CO)(m-dppm)Mn(CO)4] was used in which
the phenyl groups in the dppm ligand were replaced by hy-
drogen atoms. The two proposed reaction pathways (Rou-
tes I and II in Scheme 3) were studied. For the convenience
of our discussion, all the calculated structures of the inter-
mediates, reactants, and transition states are numbered and
the transition states are labelled with TS.


Coupling reaction of carbon dioxide and ethylene oxide :
Figure 3 shows the two possible reaction pathways (Routes I
and II) for the carbon dioxide/epoxide coupling reaction;
the relative free energies and electronic energies (in paren-
theses) are also shown. To take into account the effect of
entropy, we use the free energies rather than the electronic
energies in our discussion because two or more molecules
are involved in the reactions studied herein. For the readerTs
information, the relative electronic energies are also shown
in parentheses in Figure 3.


Figure 3. Schematic illustration of the two reaction pathways studied in the coupling reaction of carbon dioxide with ethylene oxide. The calculated rela-
tive free energies (kcalmol�1) and the relative electronic energies (in parentheses) of the species involved in the reaction are given. The relative energies
of all species are given relative to [(h5-C5H5)Ru(CO)(m-dppm)Mn(CO)4], CO2, and C2H4O.
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Both Routes I and II begin with a bimetallic complex 1.
After heterolytic cleavage of the Ru�Mn bond, an epoxide
molecule coordinates to the electrophilic ruthenium center
through the O(epoxide) atom to afford complex 2 via the transi-
tion state TS1–2. In Route I, carbon dioxide then coordinates
to the nucleophilic manganese center through the electro-
philic carbon atom to form complex 3. Ring-opening of the
epoxide in 3 to form 4 takes place via the transition state
TS3–4. In this step, one of the two nucleophilic oxygen atoms
of the carboxylate moiety attacks one of the carbon atoms
of the coordinated epoxide ring, which behaves as an elec-
trophile, to afford a relatively stable intermediate 4. Inter-
mediates 4 and 5 are rotational isomers which differ in their
O-C-C-O dihedral angles, being �72.5 and 59.38, respective-
ly. We were unable to locate the rotational transition state
because of the flatness of the potential energy surface near
the transition state, however, we expect that the rotational
barrier is small. From the rotational isomer 5, ring-closure
occurs via TS5–6 to give 6 in which the product molecule
(cyclic carbonate) is coordinated to the ruthenium metal
center. The last step involves the dissociation of the cyclic
carbonate from the ruthenium center and regeneration of
the catalyst via transition state TS6–7.


In Route II, after coordination of the epoxide to the
ruthenium center to give complex 2, the nucleophilic manga-
nese center attacks one of the carbon atoms of the rutheni-
um-coordinated epoxide and opens the epoxide ring to
afford a stable alkoxide intermediate 8 via transition state
TS2–8. Carbon dioxide interacts with the oxygen atom
bonded to the ruthenium center to form 9. Insertion of the
carbon dioxide molecule into the Ru�O bond generates the
cyclic metal carbonate 10 via the transition state TS9–10. In-
termediates 10 and 11 are rotational isomers with different
Ru-O-C=O and O=C-O-C dihedral angles. The Ru-O-C=O
dihedral angles of 10 and 11 are 139.9 and 13.48, respective-
ly, and the O=C-O-C dihedral angles are �7.2 and �173.48,
respectively. Ring-closure of 11 occurs via TS11–6 to give 6
with the cyclic carbonate (the product molecule) coordinat-
ed to the ruthenium center through the oxygen atom. Final-
ly, dissociation of the cyclic carbonate from 6 and formation
of the Ru�Mn bond regenerates the bimetallic catalyst.


Energetic aspects of Routes I and II : On the basis of the
energy profiles shown in Figure 3, we can see that Route I
involves two major steps. 1) Coordination of the epoxide to
the Lewis acidic ruthenium center with heterolytic cleavage
of the Ru�Mn bond and metallocarboxylate-nucleophilic
ring-opening of the epoxide. 2) Ring-closure of intermediate
5 to yield the product molecule (cyclic carbonate) and re-
generation of the catalyst. Coordination of the epoxide to
the ruthenium center and formation of the metallocarboxy-
late 3 occur sequentially in the first major step leading to a
significant decrease in entropy. The Ru�Mn heterolytic
cleavage causes charge separation, giving ruthenium a
formal charge of +1 and manganese a charge of �1. The
charge separation, entropy loss, and opening of the epoxide
ring, all together, contribute to a very large barrier


(53.91 kcalmol�1, 1!TS3–4) to the first major step. In the
second major step, ring-closure in 5 to yield the product
molecule (cyclic carbonate) again leads to charge separa-
tion. This step (5!TS5–6) has a barrier of 35.93 kcalmol�1.


Route II involves three major steps. 1) Coordination of
the epoxide to the Lewis acidic ruthenium center with heter-
olytic cleavage of the Ru�Mn bond and manganese-nucleo-
philic ring-opening of the epoxide to give 8. 2) Insertion of
CO2 into the Ru�O bond in 8 to give 10. 3) Ring-closure in
10 to yield the cyclic carbonate and regeneration of the cata-
lyst. The first major step has an overall energy barrier of
44.04 kcalmol�1, which is less than the overall barrier calcu-
lated for the first major step of Route I. The energy re-
quired for coordination of the epoxide and heterolytic cleav-
age of the Ru�Mn bond is the same as that in Route I. The
smaller overall barrier here is a result of a smaller barrier to
manganese-nucleophilic ring-opening than that for the met-
allocarboxylate-nucleophilic ring-opening of Route I. By ex-
amining the energy changes for the steps 2!TS2–8 and 2!
TS3–4, we can conclude that the unfavorable metallocarboxy-
late-nucleophilic ring-opening in Route I is mainly related
to an entropy effect. In Route II, ring-opening occurs imme-
diately after the heterolytic Ru�Mn bond cleavage. Howev-
er, the ring-opening in Route I occurs after 2 has taken up
one more molecule, CO2. The insertion of CO2 into 8 in the
second major step does not cost much energy with an
energy barrier of 24.68 kcalmol�1. In the third major step,
ring-closure in 10 to yield the product molecule (cyclic car-
bonate), similar to the second major step in Route I, has a
large barrier of 44.59 kcalmol�1 (from 10 to TS11–6). Again,
formation of 6 causes charge separation between the two
metal centers, contributing to the large barrier. As the dif-
ference in the overall energy barriers between the first and
third major steps is small, we expect that these two steps are
important in determining the reaction rate.


By comparing the energetics of Routes I and II described
above, one finds that Route II is favored over Route I. The
experiments described in the preceding section show that
the presence of electron-withdrawing groups on the epox-
ides leads to higher conversions (Table 4). It is expected that
electron-withdrawing groups, which increase the electrophi-
licity of the epoxide carbon atoms, should reduce the barrier
to the manganese-nucleophilic ring-opening step in Rou-
te II. Electron-withdrawing groups should also facilitate the
ring-closure in 11 because this step is also related to the
electrophilic attack of one of the epoxide carbon atoms on
the ruthenium-bonded oxygen in 11.


Note that the reaction barriers calculated for both Routes
I and II are very high. As mentioned above and as will be
discussed in more detail below, the reaction paths involve
heterolytic Ru�Mn bond cleavage which causes charge sepa-
ration. It is well recognized that gas-phase calculations,
which are now commonly carried out in computational
chemistry, for such charge separation processes always pro-
duce very high reaction barriers.[26] Since we are interested
in the comparison of Routes I and II, the relative barrier
heights are more important than the absolute barriers. Note
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also that intermediates 8–10 were predicted by the calcula-
tions to be stable. However, we did not observe these spe-
cies experimentally. We suspect that the calculations might
have overestimated the electrostatic interactions between
ruthenium and oxygen and between manganese and carbon
atoms in the Ru�O and Mn�C bonds of the intermediates,
again because gas-phase models were used.


Structures of the species in Route II : Structural details of
the optimized intermediates and transition states of the fa-


vored route (Route II) are shown in Figure 4. Complex 1
can be described as being composed of a square pyramidal
18-electron Mn�I d8ML5 anion coordinated to a 16-electron
RuII d6-CpML2 cation fragment through a dative Ru !Mn
bond. The calculated bond length of Ru�Mn in 1 is 2.933 O,
which is slightly longer than the corresponding bond length
(2.852 O) in the X-ray crystal structure reported in Table 2.
The metal�phosphine and metal�carbonyl distances are
well-reproduced. The calculated bond lengths and bond
angles of 1 are in reasonably good agreement with the ex-


Figure 4. B3LYP-optimized structures for the species shown in Figure 3 (Route II). The free energies (kcalmol�1) relative to the reactants are given in
parentheses. Bond lengths are given in angstroms.
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perimental values. In 2, the Ru�Mn distance is considerably
lengthened to 4.803 O, indicating that the Ru�Mn bond is
completely broken. The calculated NBO natural charges[27]


of the ruthenium and manganese centers are 0.12 and �0.86,
respectively, suggesting that 2 more closely resembles a
ruthenium cation/manganese anion pair. Heterolytic bond
cleavage in the gas-phase requires a huge amount of energy,
therefore, the high activation barrier for the process 1!2 is
reasonable. In the transition state TS2–8, the O(epoxide)�C(epoxide)


bond is lengthened to 1.927 O and the C(epoxide)···Mn distance
is reduced to 3.700 O. These features indicate that TS2–8 is
an early transition state. The ruthenium and manganese cen-
ters in 8 are bridged by an alkoxide group. In the transition
state TS9–10, the C(CO2)


�O(epoxide) and Ru�O(CO2) distances are
shortened to 1.486 and 2.524 O, respectively, and the C(CO2)


�
O(CO2) and Ru�O(epoxide) bonds are lengthened to 1.290 and
2.636 O, respectively. These geometrical features indicate
that TS9–10 is a concerted four-center transition state. In the
intermediate 10, the ruthenium and manganese centers are
bridged by the carbonate group. From 10 to 11, the Ru�O�
C=O dihedral angle changes from 139.9 to 13.48, so that the
lone pairs of the oxygen atom, which is bonded to the ruthe-
nium atom, are ready to interact with one of the carbon
atoms of the epoxide in the transition state TS11–6 in the
ring-closure process. In the transition state TS11–6, the Mn�
C(epoxide) distance is lengthened to 3.112 O and the C(epoxide)�
O(CO2) distance shortened to 1.769 O, typical of a late transi-
tion state. In 6, the Mn�C(epoxide) and Ru�Mn distances are
4.446 and 4.804 O, respectively, indicating that there is no
bonding interaction between the ruthenium and manganese
fragments. The calculated NBO natural charges[27] of the
ruthenium and manganese centers are 0.10 and �0.88, re-
spectively. Similar to the process of 1!2, heterolytic bond
cleavage occurs in the 11!6 process, requiring a high activa-
tion barrier. In the transition state TS6–7, the Ru�Mn dis-
tance is shortened to 4.493 O and the Ru�O distance is
lengthened to 2.545 O. This transition state is related to dis-
sociation of the product molecule (cyclic carbonate) and re-
generation of the catalyst.


Conclusions


This work reports catalytic CO2/epoxide coupling reactions
with well-defined heterobimetallic complexes. Our study in-
dicates that cooperative participation of the metal centers of
the complexes occurs during the catalytic process. Theoreti-
cal calculations seem to support a reaction pathway involv-
ing heterolytic cleavage of the Ru�Mn bond and epoxide
coordination to the Lewis acidic ruthenium center, ring-
opening of the epoxide by the Lewis basic manganese
center followed by CO2 insertion into the Ru�O bond to
afford the carbonato intermediate, which then undergoes
ring-closure to yield the cyclic carbonate product. The heter-
olytic metal�metal bond cleavage and the ring-closure steps,
both of which cause charge separations, have high energy
barriers.


Experimental Section


All experiments were carried out under dry nitrogen using standard
Schlenk techniques. All solvents were distilled and degassed prior to use.
Dichloromethane was distilled from calcium hydride. Tetrahydrofuran,
diethyl ether, toluene, and hexane were distilled from sodium-benzophe-
none ketyl. Methanol and ethanol were distilled from magnesium and
iodine. [Mn2(CO)10] was purchased from Strem. Li(C2H5)3BH was pur-
chased from Aldrich. [Mn2(CO)8(PPh3)2],


[28] Li[Mn(CO)5],
[29] [(h5-


C5H5)Ru(dppm)Cl],[30] [(h5-C5H5)Ru(dppm)H],[31] [h5-C5(CH3)5]Ru-
(dppm)Cl],[8] [h5-C5(CH3)5]Ru(dppm)H],[8] [(h5-C5H5)Ru(CO)-
(dppm)]I,[32] and [(h5-C5H5)Ru(CO)(PPh3)(CH3CN)]BF4


[33] were prepared
according to published procedures. [HMn(CO)5] was synthesized accord-
ing to a literature procedure except that Li(C2H5)3BH was used instead
of Na/Hg.[34] Propylene oxide and butadiene monoxide were purchased
from Aldrich. Epifluorohydrin, epichlorohydrin, styrene oxide, cyclohex-
ene oxide, isobutylene oxide, and 1,2-epoxyhexane were purchased from
Acros. All substrates were dried with molecular sieves before use.


Infrared spectra were recorded with a Bruker Vector 22 FT-IR spectro-
photometer. 1H NMR spectra were recorded with a Bruker DPX 400
spectrometer at 400.13 MHz. Chemical shifts (d, ppm) were measured
relative to the proton residue of the deuteriated solvent ([D8]THF: d=
1.85 ppm, C6D6: d=7.40 ppm). 31P{1H} NMR spectra were recorded with
a Bruker DPX-400 spectrometer at 161.98 MHz. The chemical shifts are
referenced to external 85% H3PO4 in D2O (d=0.0 ppm). 13C{1H} NMR
spectra were recorded with a Bruker DPX-400 spectrometer at
100.63 MHz. High-pressure NMR studies were carried out in a sapphire
NMR tube; the 10 mm sapphire NMR tube was purchased from Saphi-
kon, Milford, NH, USA, and the titanium high-pressure valve was con-
structed at the ISSECC-CNR, Firenze, Italy. Mass Spectrometry was car-
ried out with a Finnigan MAT 95S mass spectrometer. Elemental analy-
ses were performed by M-H-W Laboratories, Phoenix, AZ, USA.


[(h5-C5H5)Ru(CO)(m-dppm)Mn(CO)4] (1a) by H2 elimination : A THF
(15 mL) solution of [HMn(CO)5] (0.032 g, 0.163 mmol) was transferred
into a Schlenk flask equipped with a water condenser and loaded with a
sample of [(h5-C5H5)Ru(dppm)H] (0.090 g, 0.163 mmol). The resulting
mixture was refluxed for 24 h. After cooling to room temperature, the
solvent was removed under vacuum to afford an orange paste. Hexane
(5 mL) was added, with stirring, to obtain an orange solid which was
washed with diethyl ether (1 mL) and hexane (2 mL) and then dried in
vacuo for 6 h. Yield: 0.099 g (82%). Elemental analysis calcd (%) for
C35H27O5P2RuMn: C 56.39, H 3.65; found: C 56.29, H 3.61; IR (KBr):
ñ(C�O)=1710 (m), 1896 (s), 1938 (s), and 2000 cm�1 (s); 1H NMR
(400.13 MHz, C6D6, 25 8C): d=2.90 (t, J(H,P)=9.91 Hz, 2H; PCH2P),
5.02 (s, 5H; Cp), 7.72–7.13 ppm (m, 20H of dppm); 31P{1H} NMR
(161.98 MHz, C6D6, 25 8C): d=54.9 (d, J(P,P)=91.2 Hz), 56.5 ppm (d,
J(P,P)=91.2 Hz); ESI-MS (CH2Cl2/MeOH as solvent): m/z : 746 [M]+ .


[(h5-C5H5)Ru(CO)(m-dppm)Mn(CO)4] (1a) by metathetical reaction : A
THF solution (10 mL) solution of Li+[Mn(CO)5]


� (0.060 g, 0.295 mmol)
was transferred with a cannula into a Schlenk flask equipped with a
water condenser and loaded with a sample of [(h5-C5H5)Ru(dppm)Cl]
(0.173 g, 0.295 mmol). The mixture was refluxed for 24 h. After cooling
the solution to room temperature, the solvent was removed under
vacuum to yield a crude orange solid. Toluene (8 mL) was added to the
solid and the resulting mixture was filtered through Celite to remove the
salt. The solvent of the filtrate was removed by vacuum to give an
orange paste which was washed with diethyl ether (1 mL) and hexanes
(2 mL) and dried in vacuum for 6 h to afford the pure product. Yield:
0.176 g (80%). The IR, NMR, and mass spectrometric data of the prod-
uct were identical to those of the product obtained by the synthetic
method described above.


[{h5-C5(CH3)5}Ru(m-CO)2(m-dppm)Mn(CO)3] (1b) by H2 elimination :
This complex was prepared by using the same procedure as described
above for the preparation of 1a except [{h5-C5(CH3)5}Ru(dppm)H] was
used in place of [(h5-C5H5)Ru(dppm)H]. Yield: 0.059 g (83%). Elemental
analysis calcd (%) for C40H37O5P2RuMn: C 58.90, H 4.57; found: C 58.77,
H 4.61; IR (KBr): ñ(C�O)=1710 (m), 1892 (s), 1912 (s), 1989 cm�1 (s);
1H NMR (C6D6, 400.13 MHz, 25 8C): d=1.76 (s, 15H; methyls of Cp*),
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2.35 (t, J(H,P)=9.1 Hz, 2H; PCH2P), 7.66–7.04 ppm (m, 20H of dppm);
31P{1H} NMR (C6D6, 161.98 MHz, 25 8C): d=48.1 (d, J(P,P)=105.0 Hz),
51.2 ppm (d, J(P,P)=105.0 Hz); ESI-MS (CH2Cl2/MeOH): m/z: 816 [M]+ .


[{h5-C5(CH3)5}Ru(m-CO)2(m-dppm)Mn(CO)3] (1b) by metathetical reac-
tion : Complex 1b was synthesized by using the same procedure as de-
scribed above for the preparation of 1a by the same method except that
[{h5-C5(CH3)5}Ru(dppm)Cl] was used instead of [(h5-C5H5)Ru(dppm)Cl].
Yield: 0.109 g (83%).


H/D exchange between [(h5-C5R5)Ru(dppm)D] (R=H, CH3) and
[HMn(CO)5]: In a typical experiment, the ruthenium deuteride complex
(0.006 mmol) was loaded into a 5-mm NMR tube which was then sealed
with a rubber septum. The tube was purged and filled with nitrogen. De-
gassed [D8]THF (0.4 mL) was added through a syringe to dissolve the
complex. A [D8]THF solution (0.4 mL) of [HMn(CO)5] (0.006 mmol)
was added to the tube using a syringe and a needle. The 1H NMR spec-
trum of the mixture was recorded immediately at room temperature.


Li[Mn(CO)4(PPh3)] (1c): A sample of [Mn2(CO)8(PPh3)2] (0.15 g,
0.17 mmol) was dissolved in THF (10 mL) in a 50 mL Schlenk flask.
Excess Li(C2H5)3BH (1.0m solution in THF, 0.44 mL, 0.44 mmol,
2.5 equiv) was added slowly to this solution, which was cooled to 0 8C,
using a syringe and a needle over a period of 20 min. The solution was
stirred for 2.5 h, during which time the temperature of the reaction mix-
ture gradually increased to room temperature. The solvent was then re-
moved under vacuum to afford a crude yellow solid which was washed
with diethyl ether (3 mL). The residue was then extracted with toluene
(5 mL) and the solvent of the extract was removed under vacuum to
yield a yellow solid which was washed with hexane (5 mL) and dried in
vacuo. Yield: 0.10 g (74%). IR (KBr): ñ(C�O)=1890 (sh), 1904 (s),
1996 cm�1 (m); 1H NMR (400.13 MHz, [D8]THF, 25 8C): d=7.44–
7.84 ppm (m, H atoms of PPh3);


31P{1H} NMR (161.98 MHz, [D8]THF,
25 8C): d=74.67 ppm (s); ESI-MS (CH2Cl2/MeOH): m/z : 429 [M�Li]+ .


Catalytic coupling reactions of CO2 with epoxides : The reactions were
carried out in a 40-mL stainless steel autoclave. In a typical run, the com-
plex (3.5 mmol) was dissolved in the epoxide (31.5 mmol) and the solu-
tion was heated under 40 bar of CO2 at 100 8C for 45 h. The reactor was
cooled rapidly in an ice-bath and carefully vented. The cyclic carbonates
formed were isolated by vacuum distillation and analyzed by 1H NMR
spectroscopy.


Crystallographic analysis of [(h5-C5H5)Ru(CO)(m-dppm)Mn(CO)4] (1a)
and [{h5-C5(CH3)5}Ru(m-CO)2(m-dppm)Mn(CO)3] (1b): Crystals of 1a
and 1b suitable for X-ray diffraction studies were obtained by layering
hexane on CH2Cl2 solutions of the complexes. A suitable crystal of 1a or
1b was mounted on a Bruker CCD area detector diffractometer and sub-
jected to MoKa radiation (l=0.71073 O) from a generator operating at
50 kV and 30 mA. The intensity data of 1a and 1b were collected in the
range of 2q=3–558 with oscillation frames of f and w in the range of 0–
1808 ; 1321 frames were recorded in four shells. An empirical absorption
correction based on Fourier coefficient fitting was applied using the
SADABS program (Sheldrick, 1996). The crystal structures were deter-
mined by direct methods, which yielded the positions of some of the non-
hydrogen atoms, and subsequent difference Fourier syntheses were em-
ployed to locate all of the remaining non-hydrogen atoms that did not
show up in the initial structure. Hydrogen atoms were located based on
difference Fourier syntheses connecting geometrical analysis. All non-hy-
drogen atoms were refined anisotropically with a weight function of w=


1/[s2(Fo
2)+0.1000p]2+0.0000p, where p= (Fo


2+2Fc
2)/3. Hydrogen atoms


were refined with fixed individual displacement parameters. All experi-
ments and computations were performed with a Bruker CCD area detec-
tor diffractometer and a PC computer using the Bruker Smart and
Bruker SHELXTL packages.


Computational details : Density functional theory calculations at the
Becke3LYP (B3LYP) level of theory[35] were used to optimize the geome-
tries of all the reactants, intermediates and transition states. Frequency
calculations at the same level of theory were also performed to identify
all stationary points as minima (zero imaginary frequency) or transition
states (one imaginary frequency). Intrinsic reaction coordinates (IRC)[36]


were also calculated for the transition states to confirm that such struc-
tures indeed connect two minima. The effective core potentials (ECPs)


of Hay and Wadt with a double-z valence basis set (LanL2DZ)[37] were
used to describe ruthenium, manganese, and phosphorus atoms. For all
the other atoms, the standard 6-31G basis set[38] was used. Polarization
functions were added for the ruthenium [zf(Ru)=1.235], manganese
[zf(Mn)=2.195],[39] and phosphorus [zd(P)=0.340] atoms.[40] All calcula-
tions were performed by using the Gaussian 03 software package[41] on
PC Pentium IV computers.


CCDC-276203 (1a) and CCDC-276204 (1b) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Acknowledgements


We thank the Hong Kong Research Grant Council (Project Nos. PolyU
5282/02P, PolyU 5006/03P, and HKUST6023/04P) for financial support.


[1] See, for example: a) F. Torres, E. Sola, A. Elduque, A. R. Martinez,
F. J. Lohoz, L. A. Oro, Chem. Eur. J. 2000, 6, 2120–2128; b) Y.
Yuan, M. V. JimWnez, E. Sola, F. J. Lahoz, L. A. Oro, J. Am. Chem.
Soc. 2002, 124, 752–753; c) R. C. Mathews, D. K. Howell, W.-J.
Peng, S. G. Train, W. D. Treleaven, G. G. Stanley, Angew. Chem.
1996, 108, 2402–2405; Angew. Chem. Int. Ed. Engl. 1996, 35, 2253–
2256; d) M. E. Broussard, B. Juma, S. G. Train, W. Peng, S. A. Lane-
man, G. G. Stanley, Science 1993, 260, 1784–1788; e) J. R. Torkelson,
F. H. Antwi-Nsiah, R. McDonald, M. Cowie, J. G. Pruis, K.-J. Jalka-
nen, R. L. DeKock, J. Am. Chem. Soc. 1999, 121, 3666–3683; f) J. R.
Torkelson, R. McDonald, M. Cowie, J. Am. Chem. Soc. 1998, 120,
4047–4048; g) M. M. Dell’Anna, S. J. Trepanier, R. McDonald, M.
Cowie, Organometallics 2001, 20, 88–99; h) Y. Ohki, H. Suzuki,
Angew. Chem. 2000, 112, 3605–3607; Angew. Chem. Int. Ed. 2000,
39, 3463–3465; i) T. Shima, H. Suzuki, Organometallics 2000, 19,
2420–2422; j) K. Tada, M. Oishi, H. Suzuki, Organometallics 1996,
15, 2422–2424; k) M. D. Fryzuk, S. A. Johnson, B. O. Patrick, A. Al-
binati, S. A. Mason, T. F. Koetzle, J. Am. Chem. Soc. 2001, 123,
3960–3973.


[2] a) R. D. Adams, F. A. Cotton, Catalysis by Di- and Polynuclear
Metal Complexes, Wiley-VCH, New York, 1998 ; b) P. Braunstein, J.
Rose in Comprehensive Organometallic Chemistry, Vol. 10, 2nd ed.
(Eds.: E. W. Abel, F. G. A. Stone, G. Wilkinson), Pergamon Press,
Oxford, 1995, Chapter 7.


[3] a) L. H. Gade, Angew. Chem. 2000, 112, 2768–2789; Angew. Chem.
Int. Ed. 2000, 39, 2659–2678; b) L. H. Gade, H. Memmler, U.
Kauper, A. Schneider, S. Fabre, I. Bezongli, M. Lutz, C. Galka, I. J.
Scowen, M. McPartlin, Chem. Eur. J. 2000, 6, 692–708; c) S. Tsutsu-
minai, N. Komine, M. Hirano, S. Komiya, Organometallics 2003, 22,
4238–4247; d) K. Uehara, S. Hikichi, M. Akita, Organometallics
2001, 20, 5002–5004; e) W. C. Mercer, R. R. Whittle, E. W. Bur-
khardt, G. L. Geoffroy, Organometallics 1985, 4, 68–74; f) D. A.
Roberts, W. C. Mercer, S. M. Zahurak, G. L. Geoffroy, C. W. De-
Brosse, M. E. Cass, C. G. Pierpont, J. Am. Chem. Soc. 1982, 104,
910–913.


[4] a) W. Leitner, Coord. Chem. Rev. 1996, 155, 257–284; b) T. J. Marks,
Chem. Rev. 2001, 101, 953–996.


[5] a) A. Behr, Angew. Chem. 1988, 100, 681–698; Angew. Chem. Int.
Ed. Engl. 1988, 27, 661–678; b) A.-A. Shaikh, S. Sivaram, Chem.
Rev. 1996, 96, 951–976.


[6] See, for example: a) R. L. Paddock, S. T. Nguyen, J. Am. Chem. Soc.
2001, 123, 11498–11499; b) K. Yamaguchi, K. Ebitani, T. Yoshida,
H. Yoshida, K. Kaneda, J. Am. Chem. Soc. 1999, 121, 4526–4527;
c) T. Yano, H. Matsui, T. Koiki, H. Ishiguro, H. Fujihara, M. Yoshi-
hara, T. Maeshima, Chem. Commun. 1997, 1129–1130; d) D. J.
Darensbourg, M. W. Holtcamp, Coord. Chem. Rev. 1996, 153, 155–
174; e) T. Fujinami, T. Suzuki, M. Kamiya, S. Fukuzawa, S. Sakai,
Chem. Lett. 1985, 199–200; f) H. S. Kim, J. J. Kim, B. G. Lee, O. S.


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1004 – 10151014


C. P. Lau, Z. Lin et al.



www.chemeurj.org





Jung, H. G. Jang, S. O. Kang, Angew. Chem. 2000, 112, 4262–4264;
Angew. Chem. Int. Ed. 2000, 39, 4096–4098; g) W. J. Kruper, D. V.
Deller, J. Org. Chem. 1995, 60, 725–727; h) V. CalX, A. Nacci, A.
Monopoli, A. Fanizzi, Org. Lett. 2002, 4, 2561–2563; i) H. Kawana-
mi, Y. Ikushima, Chem. Commun. 2000, 2089–2090; j) N. Kihara, N.
Hara, T. Endo, J. Org. Chem. 1993, 58, 6198–6202; k) F. Li, C. Xia,
L. Xu, W. Sun, G. Chen, Chem. Commun. 2003, 2042–2043; l) X.-B.
Lu, B. Liang, Y.-J. Zhang, Y.-Z. Tian, Y.-M. Wang, C.-X. Bai, H.
Wang, R. Zhang, J. Am. Chem. Soc. 2004, 126, 3732–3733; m) Y.-M.
Shen, W.-L. Duan, M. Shi, J. Org. Chem. 2003, 68, 1559–1562; n) F.
Li, L. Xiao, C. Xia, B. Hu, Tetrahedron Lett. 2004, 45, 8307–8310;
o) J.-L. Jiang, F. Gao, R. Hua, X. Qiu, J. Org. Chem. 2005, 70, 381–
383.


[7] S. S. KristjZndXttir, J. R. Norton, Transition Metal Hydrides (Ed.: A.
Dedieu), VCH, Weinheim, 1992.


[8] G. Jia, R. H. Morris, J. Am. Chem. Soc. 1991, 113, 875–883.
[9] For dihydrogen bonding, see: a) R. H. Crabtree, P. E. M. Siebbahn,


O. Eisenstein, A. L. Rheingold, T. F. Koetzle, Acc. Chem. Res. 1996,
29, 348–354; b) R. H. Crabtree, Science 1998, 282, 2000–2001; c) R.
Custelcean, J. E. Jackson, Chem. Rev. 2001, 101, 1963–1980.


[10] M. S. Chinn, D. M. Heinekey, J. Am. Chem. Soc. 1990, 112, 5166–
5175.


[11] a) H. Matsuzaka, K. Ichikawa, T. Ishii, M. Kondo, S. Kitagana,
Chem. Lett. 1998, 1125–1126; b) L. Carlton, W. E. Lindsell, K. J.
McCullough, P. N. Preston, J. Chem. Soc. Chem. Commun. 1982,
1001–1003; c) C. P. Casey, Y. Wang, R. S. Tanke, P. N. Hazin, E. W.
Rutter, Jr., New. J. Chem. 1994, 18, 43–50.


[12] M. L. Man, Z. Zhou, S. M. Ng, C. P. Lau, Dalton Trans. 2003, 3727–
3735.


[13] D. M. Antonelli, M. Cowie, Organometallics 1990, 9, 1818–1826.
[14] C. P. Casey, R. M. Bullock, F. Nief, J. Am. Chem. Soc. 1983, 105,


7574–7580.
[15] A. J. M. Caffyn, M. J. Mays, P. R. Raithby, J. Chem. Soc. Dalton


Trans. 1991, 2349–2356.
[16] H. A. Nieuwenhuis, A. V. Loon, M. A. Moraal, D. J. Stufkens, A.


Oskam, K. Goubitz, Inorg. Chim. Acta 1995, 232, 19–25.
[17] C. P. Casey, R. E. Palermo, R. F. Jordan, J. Am. Chem. Soc. 1985,


107, 4597–4599.
[18] H. S. Chu, C. P. Lau, K. Y. Wong, W. T. Wong, Organometallics 1998,


17, 2768–2777.
[19] a) C. Yin, Z. Xu, S.-Y. Yang, S. M. Ng, K. Y. Wong, Z. Lin, C. P.


Lau, Organometallics 2001, 20, 1216–1222; b) S. M. Ng, C. Yin,
C. H. Yeung, T. C. Chan, C. P. Lau, Eur. J. Inorg. Chem. 2004, 1788–
1793.


[20] a) Y. Blum, D. Czarkie, Y. Rahamin, Y. Shvo, Organometallics 1985.
4, 1459–1461; b) Y. Shvo, D. Czarkie, Y. Rahamin, J. Am. Chem.
Soc. 1986, 108, 7400–7403; c) N. Menashe, Y. Shvo, Organometallics
1991, 10, 3885–3891; d) N. Menashe, E. Salant, Y. Shvo, J. Organo-
met. Chem. 1996, 514, 97–102; e) C. P. Casey, S. W. Singer, D. R.
Powell, R. K. Hayashi, M. Kavana, J. Am. Chem. Soc. 2001, 123,
1090–1100; f) B. A. Persson, A. L. E. Larsson, M. LeRay, J. E.
B[ckvall, J. Am. Chem. Soc. 1999, 121, 1645–1650; g) G. Csjernyik,
A. H. \ll, L. Fadini, B. Pugin, J. E. B[ckvall, J. Org. Chem. 2002, 67,
1657–1662.


[21] a) K.-J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori,
Angew. Chem. 1997, 109, 297–300; Angew. Chem. Int. Ed. Engl.
1997, 36, 285–288; b) M. Yamakawa, I. Yamada, R. Noyori, Angew.
Chem. 2001, 113, 2900–2903; Angew. Chem. Int. Ed. 2001, 40, 2818–
2821.


[22] K. Abdar-Rashid, M. Faatz, A. J. Lough, R. H. Morris, J. Am. Chem.
Soc. 2001, 123, 7473–7474.


[23] D. H. Gibson, T.-S. Ong, J. Am. Chem. Soc. 1987, 109, 7191–7193.
[24] a) L. E. Mart]nez, J. L. Leighton, D. H. Carsten, E. N. Jacobsen, J.


Am. Chem. Soc. 1995, 117, 5897–5898; b) K. B. Hansen, J. L. Leight-
on, E. N. Jacobsen, J. Am. Chem. Soc. 1996, 118, 10924–10925; c) P.
Tascedda, M. Weidmann, E. Dinjus, E. DuÇach, Appl. Organomet.


Chem. 2001, 15, 141–144; d) V. Mahaderan, Y. D. Y. L. Getzler,
G. W. Coates, Angew. Chem. 2001, 113, 2211–2214; Angew. Chem.
Int. Ed. 2001, 40, 2781–2784; e) see reference [6f]; f) H. S. Kim, J. J.
Kim, S. D. Lee, M. S. Lah, D. Moon, H. G. Jang, Chem. Eur. J. 2003,
9, 678–686.


[25] a) T. Tsuda, S. I. Sanada, K. Ueda, T. Saegusa, Inorg. Chem. 1976,
15, 2329–2332; b) D. J. Darensbourg, M. W. Holtcamp, G. E. Struck,
M. S. Zimmer, S. A. Niezgoda, P. Rainey, J. B. Robertson, J. D.
Draper, J. H. Reibenspies, J. Am. Chem. Soc. 1999, 121, 107–116.


[26] J. G. Cordaro, R. G. Bergman, J. Am. Chem. Soc. 2004, 126, 16912–
16929.


[27] E. D. Glendening, A. E. Reed, J. E. Carpenter, F. Weihold, NBO,
Version 3.1.


[28] D. Drew, D. J. Darensbourg, M. Y. Darensbourg, Inorg. Chem. 1975,
14, 1579–1584.


[29] J. A. Gladysz, G. M. Williams, W. Tam, D. L. Johnson, D. W. Parker,
J. C. Selover, Inorg. Chem. 1979, 18, 553–558.


[30] a) M. I. Bruce, C. Hameisten, A. G. Swincer, R. C. Wallis, Inorg.
Synth. 1982, 21, 78–84; b) R. B. King, F. G. A. Stone, Inorg. Synth.
1963, 7, 99–115.


[31] L. Ballester, A. Gutierrez, M. F. Perpinan, J. Chem. Educ. 1989, 66,
777–778.


[32] N. J. Coville, E. A. Darling, J. Organomet. Chem. 1984, 260-278,
105–111.


[33] P. M. Treichel, D. A. Komer, Synth. React. Inorg. Met.-Org. Chem.
1980, 10, 205–218.


[34] E. A. McNeill, F. R. Scholer, J. Am. Chem. Soc. 1977, 99, 6243–
6249.


[35] a) A. D. Becke, Phys. Rev. A 1988, 38, 3098–3100; b) A. D. Becke, J.
Chem. Phys. 1993, 98, 5648–5652; c) B. Miehlich, A. Savin, H. Stoll,
H. Preuss, Chem. Phys. Lett. 1989, 157, 200–206; d) C. T. Lee, W. T.
Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785–789.


[36] a) K. Fukui, J. Phys. Chem. 1970, 74, 4161–4163; b) K. Fukui, Acc.
Chem. Res. 1981, 14, 363–368.


[37] a) P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270–283; b) W. R.
Wadt, P. J. Hay, J. Chem. Phys. 1985, 82, 284–298; c) P. J. Hay, W. R.
Wadt, J. Chem. Phys. 1985, 82, 299–310.


[38] a) M. S. Gordon, Chem. Phys. Lett. 1980, 76, 163–168; b) P. C. Hari-
haran, J. A. Pople, Theor. Chim. Acta 1973, 28, 213–222; c) R. C.
Binning, Jr., L. A. Curtiss, J. Comput. Chem. 1990, 11, 1206–1216.


[39] A. W. Ehlers, M. Bohme, S. Dapprich, A. Gobbi, A. Hollwarth, V.
Jonas, K. F. Kohler, R. Stegmann, A. Veldkamp, G. Frenking, Chem.
Phys. Lett. 1993, 208, 111–114.


[40] S. Huzinaga, Gaussian Basis Sets for Molecular Calculations, Elsevi-
er Science, Amsterdam, 1984.


[41] Gaussian 03 (Revision B05), M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgom-
ery, T. Vreven, Jr., K. N. Kudin, J. C. Burant, J. M. Millam, S. S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Na-
nayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Pittsburgh,
PA, 2003.


Received: July 6, 2005
Published online: October 24, 2005


Chem. Eur. J. 2006, 12, 1004 – 1015 E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1015


FULL PAPERHeterobimetallic Ru�Mn Complexes



www.chemeurj.org






DOI: 10.1002/chem.200500920


NMR Investigation of the Dihydrogen-Bonding and Proton-Transfer
Equilibria between the Hydrido Carbonyl Anion [HRe2(CO)9]


� and
Fluorinated Alcohols


Daniela Donghi, Tiziana Beringhelli, Giuseppe D5Alfonso,* and Marta Mondini[a]


Introduction


Since the discovery of the unconventional M�H···H�X hy-
drogen bond (H-bond), in which a metal hydride acts as the
electron donor (or H-bond acceptor) with respect to a posi-
tively polarized hydrogen atom,[1] a number of studies have
been devoted to understanding the nature of this interac-
tion, its spectroscopic features, and its chemical signifi-
cance.[2] Well-defined spectroscopic (mainly IR and NMR)
methodologies have been developed for identifying the pres-
ence of this interaction,[3] for which the term “dihydrogen
bond” has been coined.[4] This proton–hydride interaction


can be fairly strong (up to 7.0 kcalmol�1) and affect stereo-
chemistry, dynamics, and reactivity of the involved species.
Although the first examples concerned proton donors be-
longing to ligands bound to the metal center carrying the
hydrido ligand,[1] a number of intermolecular H···H interac-
tions were soon evidenced in solution,[5–7] and it has been
suggested (and experimentally verified) that they are the
first step in the protonation pathway to a dihydrogen com-
plex (Scheme 1),[8,9] as well as intermediates along the path-
way to heterolytic splitting of dihydrogen.[10]


In several cases, the simultaneous presence of the three
species I–III depicted in Scheme 1 has been detected,[6] and
information on the two equilibria—dihydrogen bond forma-


Abstract: The interaction of fluorinat-
ed alcohols with the anionic hydrido
complex [HRe2(CO)9]


� (1) has been in-
vestigated by NMR spectroscopy. Ac-
cording to the acidic strength of the al-
cohols, the interaction may result not
only in the formation of dihydrogen-
bonded ROH···[HRe2(CO)9]


� adducts
2, but also in proton transfer to give
the neutral species [H2Re2(CO)9] (3).
With the weaker acid trifluoroethanol
(TFE) evidence for the occurrence of
the dihydrogen-bonding equilibrium
was obtained by 2D 1H NOESY. The
dependence of the hydride chemical
shift on TFE concentration at different
temperatures provided values for the
constants of this equilibrium, from


which the thermodynamic parameters
were evaluated as DH8=�2.6(2) kcal
mol�1, DS8=�9.3(2) calmol�1K�1. This
corresponds to a rather low basicity
factor (Ej=0.64). Variable-temperature
T1 measurements allowed the proton–
hydride distance in adduct 2a to be es-
timated (1.80 A). In the presence of
hexafluoroisopropyl alcohol (HFIP) si-
multaneous occurrence of both dihy-
drogen-bonding and proton-transfer
equilibria was observed, and the equi-
libria shifted versus the protonated


product 3 with increasing HFIP con-
centration and decreasing temperature.
Reversible proton transfer between the
alcohol and the hydrido complex
occurs on the NMR timescale, as re-
vealed by a 2D 1H EXSY experiment
at 240 K. For the more acidic per-
fluoro-tert-butyl alcohol (PFTB) the
protonation equilibrium was further
shifted to the right. Thermal instability
of 3 prevented the acquisition of accu-
rate thermodynamic data for these
equilibria. The occurrence of the
proton-transfer processes (in spite of
the unfavorable pKa values) can be ex-
plained by the formation of homocon-
jugated RO···HOR� pairs which stabi-
lize the alcoholate anions.


Keywords: hydride ligands · hydro-
gen bonding · NMR spectroscopy ·
protonation · rhenium
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tion and subsequent proton transfer to the hydride—has
been obtained by a suitable combination of IR and NMR
approaches.


All cases so far investigated involved neutral mononuclear
complexes bearing a substantial number of donor ligands
(phosphanes or cyclopentadienyl groups) that increased the
negative polarization of the hydrido ligand. We wondered
whether the hydricity of a transition metal hydride bearing
only carbonyl ligands was high enough to allow the onset of
dihydrogen bonding. A few preliminary experiments showed
that the Re�H bond of the neutral complex [HRe(CO)5]
does show some H-bond-acceptor capability, but too low to
be accurately characterized by the usual spectroscopic meth-
ods.[11] We considered therefore the dinuclear anionic com-
plex [HRe2(CO)9]


� (1, Scheme 2). Some of us recently


showed[12] that low-temperature protonation of this anion by
strong acids (e.g., CF3SO3H, HBF4) gives the neutral species
[H2Re2(CO)9] (3, Scheme 2), which contains one terminal
and one bridging hydride ligand, in fast exchange via h2-H2


tautomer 3’ as a relatively high energy (3 kcalmol�1) inter-
mediate. This tautomer is probably involved both in the irre-
versible H2 elimination that occurs at T>240 K, and in the
formation of the neutral species by protonation of the anion
1 (protonation at the hydridic site is kinetically preferred
with respect to the metal).[13]


We have now investigated the interaction of 1 with
weaker proton donors, such as fluorinated alcohols, and we
have obtained clear evidence for the formation of dihydro-
gen-bonded adducts ROH···[HRe2(CO)9]


� (2). Moreover,
we have shown that, depending on the acidic strength of the
proton donor, these adducts 2 may be in equilibrium with
the protonation product [H2Re2(CO)9].


As proton donors the alcohols CF3CH2OH (2,2,2-trifluoro-
ethanol, TFE), (CF3)2CHOH (1,1,1,3,3,3-hexafluoropropan-
2-ol, HFIP), and (CF3)3COH (perfluoro-tert-butyl alcohol,
PFTB) were used, because they span a range of Brønsted
and hydrogen-bond acidities[14–16] which usually fits well with
the corresponding basicities of hydrido complexes and thus
provides the opportunity of observing dihydrogen bonding
and/or proton-transfer reactions. Moreover, these alcohols
have been extensively used by other groups that have inves-
tigated dihydrogen-bonding equilibria, and this gives the
possibility of comparing the behavior of 1 with that of other
transition-metal hydrides.


Results and Discussion


Previous thorough studies have shown that intermolecular
proton–hydride interactions can be best characterized by a
combination of variable-temperature IR and NMR meth-
ods.[3,5,6]


It is well known that formation of H-bonds causes a shift
to lower frequency and a broadening of the nHX absorption
of the proton donor.[17] These effects have been widely ex-
ploited to estimate the strength (DH8) of intermolecular di-
hydrogen bonds by use of empirical correlations, such as Jo-
gansenFs equations.[3] Moreover, IR spectroscopy, due to its
short timescale, allows the detection of separate absorptions
for the hydride I and H-bonded adduct II of Scheme 1 (e.g,
in the nCO region). Therefore (at least in favorable cases cor-
responding to the presence of a single CO or NO reso-
nance) the direct quantification of the two species I and II
may be possible, and then the determination of the con-
stants ruling the association equilibria. From this point of
view, the NMR data are less informative, because on the
NMR timescale I and II are always in fast exchange that re-
sults in averaged NMR parameters (chemical shift, relaxa-
tion times, and so on), and extraction of the necessary infor-
mation from the observed data is more laborious.


In the case of the anion [HRe2(CO)9]
� (1) the nCO region


of the IR spectrum is rather complex (five absorptions) and
did not allow the observation of separate bands for 1 and
the H-bonded adduct. Therefore, most of the investigation
had to be performed by NMR spectroscopy. Indeed, valu-
able information about this kind of unconventional interac-
tion can also be obtained from the averaged NMR data. In
particular, comparison of the chemical shift and of the relax-
ation time of the hydrido ligand in the presence or absence
of the alcohol allow estimates of K for the association equi-
librium and of the H···H distance in the dihydrogen-bonded
adduct.[5a,b]


The choice of the solvent was problematic. Indeed no sol-
vent able to accept H-bond (ethers, ketones, or any com-
pound containing O or N atoms) could be used, because it
would compete (successfully) with the hydrido complex for
hydrogen bonding. On the other hand, salts of anion 1 are
insoluble in apolar solvents such as hydrocarbons. Finally,
the use of halogenated solvents should be avoided, because
hydride/halogen exchange has been observed for 1,[18] as is
often the case with transition metal hydrides. This would
have practically excluded any solvent. However, since H/Cl
exchange in CH2Cl2 is catalyzed by light and becomes very
slow at low temperature, we chose CH2Cl2 as solvent, taking
care to keep the samples in the dark and at low tempera-
ture.


Interaction of [NEt4][HRe2(CO)9] with TFE : The addition
of [NEt4]-1


[19] (up to 0.1m) to CH2Cl2 solutions of TFE
(0.02m) at room temperature did not cause any appreciable
change in the nOH region of the IR spectrum, at variance
with what was previously observed for many neutral hydrido
complexes.[5a, 6f,6k] An analogous room-temperature experi-


Scheme 2.
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ment with an excess of TFE ([NEt4]-1 6P10�3
m, TFE 0.1m)


did not show any change in the nCO region. This indicated
that the proton–hydride interaction was either absent or
weaker than in these previous cases. Instead, clear evidence
of the presence of the dihydrogen bond in solution was pro-
vided by NMR analysis at low temperatures.


Indeed, progressive additions of TFE to a CD2Cl2 solution
of [NEt4]-1 at 202–235 K caused a significant upfield shift of
the hydride resonance (Figure 1). The same effect was ob-


served on lowering the temperature at constant alcohol con-
centration (Figure 2). This behavior is attributable to the oc-
currence of an equilibrium [Eq. (1)] which is fast on the
NMR timescale and therefore leads to an averaged hydride
signal.


½HRe2ðCOÞ9�� þROH Ð ROH � � � ½HRe2ðCOÞ9�� ð1Þ


The position of the averaged signal depends on the chemi-
cal shift and on the molar fraction x2 of hydrogen-bonded
ROH···[HRe2(CO)9]


� adduct 2a (ROH=TFE, see
Scheme 3), according to Equation (2). It has already been


established that the resonance of a hydride undergoing a di-
hydrogen-bonding interaction is shifted upfield,[5a] making
d2<d1.


dobs ¼ x1d1 þ x2d2 ð2Þ


The molar fraction x2 is expected to increase on lowering
the temperature (due to the increase in the equilibrium con-
stants typical of associative processes), and on increasing the
concentration of the proton donor ROH. A relationship be-
tween the molar fractions and the equilibrium constant K
can be easily determined (see Experimental Section).[5a,b]


Fitting of the experimental dobs at each temperature in the
presence of different ROH concentrations provided esti-
mates of the values of the two unknown parameters K and
d2 (see Table 1). From the values of K at different tempera-
tures, the thermodynamic parameters of equilibrium (1)
were estimated through the vanFt Hoff relationship: DH8=
�2.6(2) kcalmol�1, DS8=�9.3(2) calmol�1K�1.


The intermolecular proton–hydride interaction was con-
firmed by a 2D NOESY experiment at 221 K, which showed
a cross-peak between the hydride signal (at �7.90 ppm) and


Figure 1. Hydride region of 1H NMR spectra of [NEt4][HRe2(CO)9] (7P
10�3


m, CD2Cl2, 212 K) in the presence of different amounts of TFE.


Figure 2. Variation of the chemical shift of the hydride resonance of 1+
2a with the temperature in the presence of different TFE concentrations
(7P10�3


m, CD2Cl2): + 1 alone, * 2 equiv of TFE, ~ 3 equiv of TFE, &


9 equiv of TFE, ^ 14 equiv of TFE.


Scheme 3.


Table 1. Values of the equilibrium constants K and of the chemical shifts
d2 of adduct 2a obtained by two different types of nonlinear fitting of the
experimental variable-temperature data for the interaction of 1 with
TFE.


T K[a] d2
[a] S2[c] K[b] d2


[b] S2[c]


[K] [m�1] [ppm] [m�1] [ppm]


201.9 7.37 �8.77 5.6P10�5 7.56 �8.75 1.0P10�4


211.7 5.86 �8.75 8.1P10�5 5.80 �8.76 1.0P10�4


220.1 4.39 �8.80 9.0P10�5 4.26 �8.83 1.1P10�4


227.9 3.49 �8.80 7.8P10�5 3.17 �8.83 9.1P10�5


234.8 2.91 �8.76 8.0P10�5 2.79 �8.80 9.1P10�5


[a] Obtained by fitting of the data to Equation (8). [b] Obtained by fitting
of the data to Equation (11). [c] Goodness of fit, corresponding to the
sum of the squares of the difference between experimental and calculat-
ed d (case a) or between the two members of Equation (11) (case b).
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the OH resonance (at 2.95 ppm; Figure S1, Supporting In-
formation).


The proton–hydride distance was estimated through mea-
surement of the longitudinal relaxation times T1 of hydride
1, alone and in the presence of 1 equiv of TFE. As shown in
Figure 3, the T1 values obtained in the latter case were sig-


nificantly shorter, as the observed relaxation rate (R1=1/T1)
is the weighted average of those of 1 and 2a [Eq. (3)].
Indeed in 2a the presence of a hydrogen atom in close prox-
imity to the hydride contributes to its relaxation by dipolar
interaction, strongly shortening its T1.


[8c,20, 21] From the
knowledge of this contribution it is possible to extract the
value of the H···H distance rH�H through Equation (4),
where n is the Larmor frequency of the proton at the experi-
mental magnetic field, and (DR1)min the difference between
the relaxation rate of the hydride in 2a at the minimum and
that of 1 at the corresponding temperature.[22]


ðR1Þmeasured ¼ x1ðR1Þ1 þ x2 aðR1Þ2 a ð3Þ


rH�H ¼ 5:817½nðDR1Þmin��1=6 ð4Þ


The molar fractions at the temperatures of the inversion
recovery experiments were calculated from the equilibrium
constants, and from these the actual values of (R1)2a report-
ed in Figure 3 as diamonds.[23] Thus, a proton–hydride dis-
tance of 1.80 A was calculated, a value in the range of those
previously estimated for other hydride complexes.[3]


The NMR data unambiguously demonstrated that a frac-
tion of the alcohol molecules interacts with the hydridic site.
However, these data cannot rule out that other TFE mole-
cules interact with the oxygen atoms of the carbonyl ligands.


In this hypothesis, some nCO band should exhibit a red shift
due to weakening of the C�O bond.[24] On the contrary, an
IR spectrum of 1 acquired at 223 K in CH2Cl2 in the pres-
ence of a high TFE concentration (30 equiv) showed nCO
bands somewhat broadened and slightly blue shifted with re-
spect to those of 1 alone (Figure S2, Supporting Informa-
tion). This fits with the hypothesis that the observed nCO IR
spectrum arises from the overlap of the bands of 1 and 2a,
the latter shifted to higher frequencies due to the decreased
p backdonation caused by the interaction of 1 with an elec-
trophile. The absence of bands at lower frequency indicates
that the interaction of the alcohol with the carbonyl ligands
of 1 is negligible.


An empirical rule [Eq. (5)] correlates the enthalpy varia-
tion DH8 on H-bond formation with the acidic and basic
properties of the species involved in the interaction.[25] This
rule allows the “basicity factor” Ej of each H-bond acceptor
to be determined from the knowledge of the “acidity factor”
Pi of the proton donor and the enthalpy variation DH


o


S mea-
sured in the same solvent for a standard H-bond adduct,
namely, phenol–diethyl ether.


Ej ¼ DH
o


ij=ðDH
o


SPiÞ ð5Þ


In the present case we evaluated[26] an Ej value of 0.64(6).
This indicates that the H-bond-accepting capability of hy-
dride 1 is lower than that reported for most neutral com-
plexes containing stronger donor ligands than CO[2a,3] (rang-
ing from 1.67 for [{P(CH2CH2PPh2)3}OsH2]


[5g] to 0.91 for
[WH(CO)2(NO)(PR3)2]


[5a]) and is comparable with the
values (0.68–0.79) found for the neutral rhenium dihydrides
[ReH2(NO)(CO)(PR3)2].


[6e]


Interaction of [NEt4][HRe2(CO)9] with HFIP : Addition of
HFIP to CD2Cl2 solutions of [NEt4]-1 caused not only the
expected upfield shift of the hydride resonance of 1, due to
the formation of 2b,[27] but also the formation of variable
amounts of the neutral complex [H2Re2(CO)9] (3, d=


�10.7 ppm). Proton transfer, with formation of the RO�


anion, most likely affords initially the h2-H2 tautomer, which
is in fast exchange with the more stable isomer containing a
terminal and a bridging hydride ligand (Scheme 2).[12]


In the protonation of neutral metal hydrides leading to
h2-H2 cationic complexes, it is usually assumed that, in non-
polar solvents, the conjugate base of the protonating agent
remains hydrogen-bonded to the acidic atoms of the dihy-
drogen ligand in a tight ion pair, which can subsequently
transform into a solvent-separated ion pair and then free
ions.[6f,j, 9] The anionic charge on our hydridic complex makes
the situation very different here. The protonated product 3
is neutral, and we can confidently rule out the involvement
of its hydrido ligands in H-bonding with the alcoholate, be-
cause the position of the hydride resonance (d=�10.7 ppm,
averaged signal for bridging and terminal hydrides)[12] did
not change on varying the nature of the alcohol. We think
that in the present case (excess of free alcohol and aprotic,
slightly polar solvent) the RO� anion is mainly stabilized by


Figure 3. 1H relaxation times T1 measured for [HRe2(CO)9]
� (1) alone


(~) and in the presence of 1 equiv of TFE (averaged signal for 1 and 2a,
&) (CD2Cl2, 11.7 T). The symbol ^ marks the values computed for the
adduct 2a. Lines are drawn as a visual aid only.
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interaction with a second alcohol molecule [Eq. (6)]. In fact,
a proton donor which is able to interact with the unconven-
tional H-bond acceptor 1 is expected to establish a much
stronger conventional H-bond with an OR� anion. The for-
mation of homoconjugate A···H···A�/+ pairs (A=OTf,[28,29]


CF3COO,[6f] p-NO2-PhOH,[6l] PhNH2
[30]) in the protonation/


deprotonation of organometallic complexes has been previ-
ously observed, and their role in stabilizing the charged spe-
cies and then assisting/promoting proton transfer has been
theoretically investigated.[5h,6j,6l,9]


ROH � � �HRe2ðCOÞ9� þROH Ð ½H2Re2ðCOÞ9�
þRO � � �HOR� ð6Þ


The proton in the RO···HOR� anions is expected to have
a very positive chemical shift, due to the strength of the H-
bond involved.[31] Therefore, the strong downfield shift
(>2.5 ppm at 220 K) undergone by the (averaged) proton
resonance of HFIP in the presence of 1 equiv of 1 supports
the formation of the homoconjugated pair. Indeed, this shift
cannot be attributed solely to formation of the
Re2H···HOR� dihydrogen bond, because for TFE, which
under analogous conditions is not able to protonate 1, the
observed downfield shift was much smaller (ca. 0.4 ppm).


The invariant relative intensities of the resonances of re-
actants and products of Equation (6) with time indicated at-
tainment of equilibrium. The reversibility of the protonation
reaction is in line with the previous observation that 3 can
be deprotonated in [D8]THF, even by relatively weak bases
such as PMe2Ph (pKa=6.50).[12]


The equilibrium was further confirmed by the observation
that the amount of 3 increased with increasing alcohol con-
centration, in accordance with the mass action rule
(Figure 4) and that the ratio between the (averaged) signal
of 1+2b and the signal of 3 slightly and reversibly (at T<


230 K, see below) increased with increasing the temperature
(Figure 5).


Proton transfer in both directions is fast enough to allow
the onset, in a 2D EXSY map recorded at 240 K (Figure 6),
of exchange cross-peaks between the signal of 3 (d=


�10.71 ppm) and those at d=�7.83 ppm (averaged 1+2b)
and at d=4.79 ppm (the broad OH signal).


The (slight) shift towards the left side of the protonation
equilibrium (6) with increasing temperature indicates that
the overall reaction (7) is exothermic, but cannot provide
certain information about the sign of DH8 for proton-trans-
fer step (6), since the formation of H-bonded adduct 2 in
the preceding step (1) is certainly exothermic. The proton
transfer step has been shown to be predominantly exother-
mic,[2a] but an endothermic process has also been report-
ed.[6a]


½HRe2ðCOÞ9�� þ 2ROH Ð ½H2Re2ðCOÞ9� þRO � � �HOR�


ð7Þ


By using very high alcohol concentrations, we succeeded
in driving equilibrium (7) to the right even for the weaker
acid TFE: in the presence of 0.44 molL�1 of TFE (corre-
sponding to 65 equiv) we observed formation of a small
amount (ca. 9%) of the protonated species 3 at 223 K. This


Figure 4. Dependence of the molar fractions of [HRe2(CO)9]
� (free and


H-bonded, 1+2b, ~) and of [H2Re2(CO)9] (3, ^) on the relative HFIP
concentration (CD2Cl2, 211 K).


Figure 5. Ratio between the molar fractions of [HRe2(CO)9]
� (1+2b)


and [H2Re2(CO)9] (3), as observed on increasing the temperature in
CD2Cl2 solution, with [1]=0.04m and [HFIP]=0.08m.


Figure 6. 1H,1H EXSY on a mixture of 1 and HFIP ([1]=0.012m,
[HFIP]=0.030m, CD2Cl2, 240 K, tm=0.25 s). In the bottom panel, the in-
tensity of the 2D map has been magnified by 4, and the F1 trace by 16. #
marks the solvent, * the CH resonance of HFIP, and § the CH2 resonance
of NEt4


+ .
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corresponds to K=9P10�4 for the overall equilibrium (7)
and 2P10�4 for equilibrium (6), on using the previously esti-
mated K=4 for equilibrium (1). At higher TFE concentra-
tions, phase separation between TFE and CD2Cl2 prevented
any more accurate evaluation of the equilibrium constants.


In the case of HFIP, the estimation of the constants ruling
the formation of the dihydrogen-bonded adduct [Eq. (1)]
and the subsequent proton-transfer step was problematical.
First, the presence of the simultaneous proton-transfer equi-
librium introduced various uncertainties in the optimization
procedure used to evaluate K of equilibrium (1), as dis-
cussed in the Experimental Section. Moreover, the neutral
species 3 is thermally unstable and irreversibly loses H2 at
temperatures higher than about 240 K to give several de-
composition products, only partly identified.[32] Although we
investigated the interaction of 1 with HFIP below 240 K,
variable amounts of decomposition products usually formed
in the mixtures, due to the slight unavoidable warming
during the transfer of the NMR tubes in and out the spec-
trometer. In our 1/HFIP mixtures, besides all the previously
observed species,[32] we recognized the presence also of the
tetranuclear anion [(CO)9Re2(m-H)Re2(CO)9]


� (4),[33] which
was the main decomposition product. Its formation is due to
the fact that here, at variance with the previous study,[12] the
decomposition of 3 occurred in the presence of unconverted
[HRe2(CO)9]


� , which can act as s-donor ligand toward the
coordinatively unsaturated fragment [Re2(CO)9] to afford 4.


The presence of this variety of byproducts, particularly
when their nature or the stoichiometry of their formation is
not well defined, made the optimization procedures used to
obtain the K values infeasible. Attempts to analyze data
from variable-temperature experiments with small amounts
of byproducts provided DH8 values which, even if not un-
reasonable (taking into account that the acidity factor Pi of
HFIP is about 1.2 times that of TFE[6k] and that the ratio be-
tween the corresponding a2 parameters is 1.35),[14] were too
variable in different experiments (�2.9 to �3.8 kcalmol�1)
to accurately characterize the strength of the dihydrogen
bond. The lack of reliable data for the first step hampered
any quantitative characterization of the second equilibrium,
that is, proton transfer.


Interaction of [NEt4][HRe2(CO)9] with PFTB : With this al-
cohol the protonation equilibrium (7) was much more shift-
ed to the right than with HFIP, in agreement with the higher
Brønsted acidity of PFTB. Indeed, low-temperature titration
experiments showed that upon addition of more than three
equivalents of PFTB, 1 was completely transformed into 3
(and its decomposition products). Interestingly, at intermedi-
ate stages of the titration, the hydride resonance of uncon-
sumed 1 was only slightly shifted with respect to that of 1
alone (Dd=0.03 ppm on addition of 1.5 equivalents of
PFTB at 220 K, whereas shifts on the order of tenths of a
ppm were observed for TFE and HFIP under analogous
conditions), that is, a very small fraction of H-bonded
adduct 2c was present in solution. Since PFTB is known to
be a better H-bond donor than TFE or HFIP,[14] this implies


that the remaining concentration of free alcohol was very
low and therefore provides a further indirect evidence that
the RO� anions act as scavengers of ROH molecules by
forming RO···HOR� anions or even higher aggregates.[34]


Thermodynamic and kinetic considerations : Reliable ther-
modynamic data were only obtained for the dihydrogen
bonding equilibrium involving TFE. These data (favorable
DH8, unfavorable DS8, see above) correspond to a DG8 of
�0.54 kcalmol�1 at 225 K. For this alcohol, the subsequent
proton transfer is unfavorable, and indeed from the K evalu-
ated in the presence of a large excess of alcohol, a DG8 of
about +4 kcalmol�1 can be estimated for this step
(Figure 7). In this figure the dihydrogen complex 3’ of
Scheme 2 is also shown, as the kinetic product, about 3 kcal
mol�1 less stable than its classical tautomer 3.[12]


From the kinetic point of view, the dihydrogen-bond equi-
librium is fast on the NMR timescale (a sharp averaged
signal is always observed for the hydride and its adduct with
the alcohol), in agreement with the fact that the formation
of the H-bonded adduct is usually viewed as a diffusion-con-
trolled step[6g] (accordingly, no barrier is depicted in Figure 7
for this step). On the contrary, the proton transfer equilibri-
um is slow on the NMR timescale: separate sharp signals
for the hydride 1 and its protonated derivative 3 are ob-
served, and this sets the upper limit for the rate constants at
about 5 s�1, because higher values would affect the band-
width of the signals. On the other hand, the proton-transfer
equilibrium was always attained in the few minutes between
the addition of the proton donor and the acquisition of the
spectra. These considerations set the proton-transfer rate
within rather narrow limits, corresponding to DG� in the
range 13–15 kcalmol�1.[35] This agrees not only with litera-


Figure 7. Semiquantitative free-energy profile of the interaction between
[HRe2(CO)9]


� (1) and TFE (at 225 K).
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ture data,[2a,6d,6f,6g] but also with the value estimated from the
2D EXSY experiment at 240 K for the interaction of 1 with
HFIP (Figure 6). The free-energy profile of Figure 7 can
therefore be drawn on the basis of the above considerations.


The protonation equilibrium involving PFTB is well shift-
ed to the right, and hence K is greater than 102. Thus, for
PFTB DG8 between the reactants and the products of equi-
librium (7) is negative, with an absolute value greater than
2 kcalmol�1. In the case of HFIP, the observation of compa-
rable amounts of reactants 1+2b and product 3 in the pres-
ence of a slight excess of alcohol indicates that for this
proton donor the DG8 value of equilibrium (7), either posi-
tive or negative, should be close to 0.


Therefore, the free-energy profile of the proton-transfer
reaction for the three alcohols can be qualitatively sketched
as in Figure 8, where the starting energies have been arbi-


trarily placed at the same level to evidence the different
free-energy variations. Indeed, the scheme has the sole pur-
pose of showing that, in the reasonable hypothesis of forma-
tion of homoconjugated pairs, the different positions of the
protonation equilibria for the three alcohols are attributable,
all other species being identical, to the different relative sta-
bilities of the RO···HOR� anions with respect to two moles
of free alcohol.


Conclusion


The interaction of electrophiles with transition metal car-
bonyl hydride anions often occurs with the oxygen atoms of
the carbonyl ligands.[36] The data reported here demonstrate
that in this case the protons of the alcohols interact with the
hydridic site rather than with the surface of negatively polar-
ized oxygen atoms surrounding the [HRe2(CO)9]


� ion. This
witnesses the strength of the dihydrogen bonding interac-
tion.


Such strength is demonstrated also by the observation
that even a neutral hydrido complex containing only p-
acidic ligands, such as [HRe(CO)5], has some (very weak)


propensity for acting as a hydrogen-bond acceptor.[37] The
replacement of a carbonyl ligand of [HRe(CO)5] by penta-
carbonylrhenate [Re(CO)5]


� affords the [HRe2(CO)9]
�


ion,[38] in which the negative charge obviously increases the
H-bond-accepting capability of the hydride.


Dihydrogen bonds involving anionic transition metal hy-
drides have been so far observed only in ion pairs in which
the countercation is the H-bond donor (typically the NH
moiety of potassium(aza-crown) cations).[7] The paucity of
reports concerning anionic hydrides is likely due to the
strongly hydridic character usually associated with the nega-
tive charge, which results in easy protonation, followed by
H2 elimination.[36] The large number of carbonyl ligands in 1
drastically lowers the hydricity of the H ligand, as evidenced
by the basicity factor, which is at the lower limit of the
range of factors determined for the other (neutral) hydrides.
This suggests that, for increasing the hydricity of an H
ligand, ligands with higher donor capability than carbonyl
may be more effective than the negative charge (which in
this case is, in fact, delocalized over two metal centers).


Although the complexity of the system hampered the ac-
quisition of quantitative data for all the alcohols, the quali-
tative picture is very clear and nicely illustrates the effects
of the different acidities on the reaction pathway.[39,40]


With TFE (moderate H-bond donor, a2=0.57, poor
Brønsted acid, pKa=12.4)[14] the interaction usually stops at
the level of dihydrogen bonding: in solution comparable
amounts of the adduct 2a and of the free hydride 1 are pres-
ent, in fast equilibrium, and the relative amount of hydro-
gen-bonded adduct increases with decreasing temperature
and increasing TFE concentration. With the strongest acid
PFTB (a2=0.86, pKa=5.4),[14] in contrast, the interaction re-
sults essentially in proton transfer.


The acidity of HFIP, intermediate between those of TFE
and PFTB (a2=0.77, pKa=9.3),[14] provides the opportunity
of observing both the dihydrogen-bonding and the proton-
transfer equilibria. Although the thermal instability of the
protonation product [Re2H2(CO)9] hampered complete char-
acterization of the thermodynamics of the system, the rever-
sible proton transfer between the alcohol and the hydrido
complex, occurring on the NMR timescale, was clearly pho-
tographed by 2D exchange spectroscopy.


The occurrence of such proton transfer is rather surpris-
ing, both on the basis of the low basicity factor of 1 (to our
knowledge, this is the first case in which proton transfer by
weak acids is observed for a transition metal hydride with
Ej<0.8)[3] and of the poor Brønsted acidity of HFIP (pKa=


9.3,[14] whereas 3 is an stronger acid than PMe2Ph, which has
pKa=6.5[12]).[41] We think that a key factor for explaining
this, as well as a protonation equilibrium with PFTB sub-
stantially driven to the right, is stabilization of the alcohol-
ate anion by H-bonding with the excess of alcohol. There-
fore, the position of the protonation equilibrium under these
conditions (slightly polar aprotic solvent, excess of protonat-
ing agent) depends on the stability of the homoconjugate
RO···HOR� pairs with respect to two moles of ROH
(Figure 8), rather than on the thermodynamic acidity of the


Figure 8. Qualitative free-energy profile of the interaction between
[HRe2(CO)9]


� (1) and the three fluorinated alcohols TFE, HFIP, and
PFTB. The arrows indicate the uncertainty.
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involved proton donors. From another point of view, even if
the dihydrogen-bonded Re2H···HOR� adduct is really the
intermediate in protonation of the hydride, the assistance of
a stronger, “conventional” RO···HOR� hydrogen bond is
necessary to drive the protonation equilibrium to the
right.[5h,6j,6l,9]


Experimental Section


All manipulations were performed under N2 using oven-dried Schlenk-
type glassware. CD2Cl2 (C.I.L.) was dried over activated molecular
sieves. [HRe(CO)5]


[42] and [NEt4][HRe2(CO)9]
[43] were prepared by litera-


ture procedures. TFE, HFIP, and PFTB were used as received (Aldrich).
Exposure of samples containing anion 1 to direct sunlight or to standard
fluorescent lighting was strictly avoided.


All spectra were acquired on a Bruker AVANCE DRX-300 equipped
with a 5 mm QNP probe and a DRX-400 equipped with a 5 mm BBI
probe; T1 measurements were performed on a Bruker AVANCE DRX-
500 equipped with a 5 mm QNP probe. The temperature was calibrated
with standard CH3OH/CD3OD solution.[44]


Interaction between [HRe(CO)5] and fluoroalcohols : A solution of
[HRe(CO)5] in CD2Cl2 (0.025m) was treated with 4.5 equivalents of
HFIP. The NMR spectrum at 223 K showed an upfield shift of the hy-
dride resonance of 0.012 ppm. The experiment was repeated with PFTB
(5.5 equiv), which gave an upfield shift of 0.028 ppm. The addition of fur-
ther PFTB (up to 10 equiv) caused phase separation. An analogous ex-
periment in which the solution of [HRe(CO)5] was treated with a base
(NEt3, 5 equiv) under the same conditions did not show any shift of the
hydride signal.


Interaction between [NEt4][HRe2(CO)9] and fluoroalcohols : A typical
experiment for measuring the chemical shifts at different temperatures
and alcohol concentrations was as follows: A solution of [NEt4]-
[HRe2(CO)9] (3 mL, ca. 0.007m) in CD2Cl2 was prepared in the dark and
then transferred under nitrogen atmosphere into five NMR tubes, and
the amount of solution in each tube was weighed. Different amounts of
alcohol were then added at 193 K to four of these tubes by a 10mL micro-
syringe. The concentration of alcohol was usually maintained below 0.1m
to avoid self-association. To assure strictly constant temperature, the
spectra of the five samples were acquired in sequence at each tempera-
ture. In the intervals between the measurements at different tempera-
tures the samples were maintained in a bath at 193 K. The lower temper-
ature limit for the experiments was set by the necessity of avoiding sepa-
ration of the alcohol phase from CD2Cl2, which was observed at progres-
sively higher temperatures with increasing [ROH]. The upper limit was
set both by the decreased concentration of adduct 2 on increasing the
temperature and, in the case of HFIP, by the thermal instability of 3.


Equilibrium analysis : The results of the above experiments were used to
estimate K of equilibrium (1) as follows: By expressing the molar frac-
tions x in Equation (2) as a function of the equilibrium constant K, Equa-
tion (8) is easily obtained,[5a,b] where CReH and CROH are the starting con-
centrations of the hydride and the alcohol, respectively, and d1 and d2 are
the chemical shifts of the free hydride (known) and of the H-bonded
adduct (unknown), respectively. The values of the two unknown parame-
ters K and d2 were provided by nonlinear fitting of the experimental d
values using the Levenberg–Marquardt algorithm (the computations
were performed by Matlab).


dcalcd ¼ d1 þ ðd2�d1Þ
1


2CReH
ðCReH þ CROH þ 1=KÞ


�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCReH þ CROH þ 1=KÞ2�4CReHCROH


p ð8Þ


In the case of HFIP, CReH and CROH did not correspond to the amounts
introduced into solution (due to the simultaneous occurrence of the pro-


tonation reaction) and had to be substituted by the residual concentra-
tions C’ReH and C’ROH, obtained from the mass balances [Eqs. (9) and
(10)]


CReH ¼ C0
ReH þ ½3� þ 2 ½4� þ


X
½1�consumed ð9Þ


CROH ¼ C0
ROH þ 2 ½3� þ 2 ½4� þ


X
½ROH�consumed ð10Þ


where �[1]consumed and �[ROH]consumed represent the overall amounts of 1
and ROH, respectively, consumed by the formation of decomposition
products different from 4. These terms cannot be evaluated when the
nature of the products or the stoichiometry of the reaction responsible
for their formation is not well defined. The factor of 2 that multiplies [3]
in Equation (10) accounts for the formation of the RO···HOR� pairs [see
Eqs. (6) and (7)]. The actual concentrations of the known hydride species
were easily evaluated from the ratio between the integrated intensity of
the hydride signals and those of the NEt4


+ cation.


A different manipulation of the same relationships led to Equa-
tion (11).[45]


K ¼ dobs�d1


ðd2�dobsÞðCROH� dobs�d1
d2�d1


CReHÞ
ð11Þ


Minimization of the difference between the two members of the equation
by the same Levenberg–Marquardt algorithm provided values of K and
d2 almost identical to those obtained by the previous approach (see
Table 1).


Measurements of T1 of [NEt4][HRe2(CO)9] in the presence of TFE : A
0.05m solution of [NEt4][HRe2(CO)9] in CD2Cl2 was prepared and trans-
ferred into two NMR tubes. To one of these one equivalent of TFE was
added. Both tubes were degassed and then used for inversion recovery T1


NMR measurements. The T1 values were calculated with the nonlinear
three-parameter fitting routine of the Bruker WIN1D program.
1H EXSY experiment on a mixture of 1, 2b, and 3 : A 2D 1H EXSY ex-
periment on a sample of 1 (0.012m) in the presence of 2.5 equiv of HFIP
at 240 K showed that the signal of 3 (d=�10.71 ppm) had exchange
cross-peaks with the averaged signal of 1 and 2b (d=�7.83 ppm) and the
very broad OH resonance at d=4.79 ppm. An estimate of the exchange
rate constant between 3 and 2b from the volume analysis of the 2D
EXSY requires the knowledge of the relative population of the two sites.
In the absence of a reliable value for the equilibrium constant of reac-
tion (1), the amount of 2b in the mixture was calculated from the experi-
mental averaged chemical shift by assuming two limit values for the
chemical shift of adduct 2b (d=�8.75 and �8.35 ppm, respectively, de-
termined on the base of the fitting analysis previously described). The
k2b-3 rate constants calculated accordingly ranged from 3.6 to 2.2 s�1, and
these set DG� in the range 13.2–13.4 kcalmol�1.
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Introduction


The ability of crown ethers to selectively coordinate metal
salts has made them attractive building blocks in supra-
molecular chemistry and material science.[1] Particularly in
the field of liquid crystal chemistry, crown ethers and their
metal complexes have been used as terminal or lateral
groups to modify mesomorphic properties.[2] In addition,
molecular-recognition-directed self-assembly of supramolec-


ular liquid crystalline polymers and dendrimers containing
crown ethers has been reported.[3,4] Recently, we showed
that compounds with a central crown ether and two terminal
ortho-terphenyl units form thermotropic hexagonal colum-
nar mesophases, the mesophase stability of which could be
increased by complexation with KI.[5] Based on these results,
the question arose as to whether benzo[15]crown-5 deriva-
tives with only one lateral ortho-terphenyl unit might form
columnar mesophases even in the absence of metal salts. In
this context, it should be mentioned that Mçller and
Beginn[4] and Percec[3a,6] have described the self-organization
of taper-shaped methacrylates and perfluoroalkyl-substitut-
ed monodendrons with crown ether head groups to form
columnar mesophases.


X-ray diffraction methods such as wide angle X-ray scat-
tering (WAXS) and small angle X-ray scattering (SAXS)
provide information pertaining to the lattice constants and
symmetries of liquid crystals.[7] However, to obtain a de-
tailed molecular picture of the mesophase, molecular model-
ing studies are most useful. In contrast, data from single-
crystal X-ray structure analyses have only been used very
rarely to elucidate the packing behavior of liquid crystalline
compounds.[8–15] Among the few examples reported to date


Abstract: Unsymmetrical benzo[15]-
crown-5 ethers 5 with one lateral
ortho-terphenyl unit bearing alkoxy
side chains of varying chain lengths
(C5–C14) were prepared from 3,4-dialk-
oxyphenylbromides 2. Complexation
with metal salts MX (M = Na, Cs) af-
forded the corresponding derivatives
MX·5. The uncomplexed crown ethers
5h and 5 i, with dodecyloxy and tetra-
decyloxy side chains, respectively, ex-
hibit liquid crystalline properties. In
the series of complexed crown ethers,
liquid crystal properties appeared as
early as NaI·5 f with C9H19 side chains.


Whereas the uncomplexed 5h,i form
smectic mesophases, the complexed
NaI·5g and NaI·5h exhibit textures
typical of columnar mesophases. These
results were supported by X-ray dif-
fraction measurements (WAXS,
SAXS), which revealed smectic (5h,i),
rectangular columnar (NaI·5g), and
hexagonal columnar (NaI·5h) meso-


phases. As the liquid crystalline phase
might retain packing features of the
solid-state structure, single-crystal X-
ray analyses were also performed for
some of the uncomplexed and com-
plexed crown ether derivatives. The
complex NaI3·5a displays a sandwich-
type structure, with the crown ether
cores mutually antiperiplanar and
maintaining an almost perfect crown
conformation. In contrast, non-meso-
genic uncomplexed crown ether 5b dis-
plays a layer-type ordering in the solid
phase.
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have been dimesogens,[8] metallomesogens,[10] donor–accep-
tor complexes,[11,12] and hydrogen-bonded systems.[14,15] It has
recently been shown that the solid-state structure of tet-
raethyl perylene 3,4,9,10-tetracarboxylate displays similar
packing behavior to the hexagonal columnar mesophase of
this compound.[16] Thus, we decided to prepare functional-
ized benzo[15]crown-5 derivatives with potential mesomor-
phic properties. We further investigated the possibility of
finding some useful similarities between the lattice parame-
ters of the mesophases and the corresponding crystal struc-
tures. Results relevant to this goal are reported herein.


Results and Discussion


Synthesis of crown ether derivatives 5 and their complexes
with metal salts : As shown in Scheme 1, the known 3,4-di-
alkoxyphenyl bromides 2 were accessible in 68–93% yield
by bromination of the respective dialkoxybenzenes 1 with
Br2


[17] or N-bromosuccinimide (NBS)[18] (Table 1).


Bromides 2 were converted to the corresponding boron-
ates 3 in 29–71% yield following a modification of a proce-
dure by M>ller et al.[19] Dibromination of benzo[15]crown-5
(4a) gave 4b,[20] twofold Suzuki coupling of which with bo-
ronates 3[19] afforded the ortho-terphenyl crown ethers 5 in
52–88% yield (Scheme 1, Table 1). MalthÞte and co-workers
have demonstrated that even non-mesogenic analogues can
serve as useful models for establishing structural correla-
tions between the crystalline and liquid crystalline state.[14]


In analogy to previous observations with symmetrical diben-
zo[18]crown-6-derived columnar liquid crystals,[5] we had
difficulty in growing single crystals of suitable quality from
derivatives 5 with long alkoxy chains. Thus, the non-meso-
genic analogues 5a, bearing dioxolane moieties, and 5b,
with C5 side chains, were chosen.


Complexation of compounds 5 with two metal salts
M+X� (M = Na, Cs) was achieved according to the method
developed by Pedersen.[21] Metal salts were chosen accord-
ing to the cation sizes that form the most stable 1:1 or 2:1
complexes with benzo[15]crown-5.[18]


Initial screening experiments resulted in the formation of
suitable single crystals. Complexes [CsI·(5a)2], [CsI·(5h)2],
and [CsI·(5 i)2] were selectively obtained by reacting 5a,h,i
with CsI in a molar ratio 5 :CsI of 2:1.


Mesomorphic properties and X-ray crystal structure analy-
ses of uncomplexed crown ethers 5 : All derivatives 5 were
investigated by differential scanning calorimetry (DSC) and
polarizing optical microscopy (POM). The DSC results pre-
sented in Table 2 reveal only isotropic melting for deriva-
tives 5b–g with short alkyl chain lengths (C5 to C10). How-
ever, crown ether derivatives 5h and 5 i, with dodecyloxy
and tetradecyloxy side chains, respectively, were found to
exhibit liquid crystalline properties. Compound 5h showed a
melting transition at 40 8C and a clearing transition at 71 8C
during the second heating cycle. The first heating cycle devi-
ates from subsequent cycles due to different crystal packings
resulting from recrystallization. The phase transitions were


Scheme 1. Preparation of crown ether derivatives 5 : a) BuLi (1.25 equiv),
�78 8C, B(OMe)3 (1.25 equiv), �78 8C!RT, pinacol (1.25 equiv), AcOH
(1.25 equiv), 18 h; b) DME/H2O, + 3 (2.2 equiv), K2CO3, KF (10 equiv
each), [Pd(PPh3)4], 95 8C, two days; c) + MX, 1–2 h, RT.


Table 1. Yields of compounds 2, 3, and 5.


Yield [%]
R 2 3 5


a -CH2- 93[a] 54 61
b C5H11 68[b] 33 52
c C6H13 72[b] 71 88
d C7H15 75[b] 38 77
e C8H17 – – 65
f C9H19 88[a] 29 67
g C10H21 90[a] 45 80
h C12H25 90[a] 37 82
i C14H29 91[a] 40 86


[a] Prepared according to reference [18]. [b] Prepared according to refer-
ence [17].


Table 2. Phase transition temperatures [8C] and enthalpies [kJmol�1] (in
parentheses) of crown ether derivatives 5.


Compd. Cr Sm I Heating cycle[a]


5b * 64 (82) – * 1st heating
5c * 60 (92) – * 1st heating
5d * 59 (76) – * 1st heating
5e * 55 (63) – * 1st heating
5 f * 62 (79) – * 1st heating
5g * 65 (87) – * 1st heating
5h * 40 (48) * 71 (24) * 2nd heating[b]


5 i * 55 (69) * 77 (1) * 2nd heating[b]


[a] The heating rate in the case of 5b to 5g was 5 Kmin�1, in the case of
5h and 5 i 1 Kmin�1. [b] Scans after the first heating gave reproducible
results.
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enantiotropic. For derivative 5 i, transitions from the crystal-
line to the liquid crystalline phase at 55 8C and from the
liquid crystalline to the isotropic phase at 77 8C were ob-
served. In both cases, the formation of the mesophase was
strongly dependent on the heating rate: an increase from
1 Kmin�1 to 5 Kmin�1 led to the disappearance of the meso-
phase. This behavior can be attributed to kinetically hin-
dered reorientation of the large molecules of 5h and 5 i. A
similar phenomenon has been reported previously for
saddle-shaped octaalkoxytetraphenylenes,[22] for which a
slow heating/cooling rate was necessary in order to observe
the phase transition. As can be seen from Table 2, extension
of the side chains from C12H25 (5h) to C14H29 (5 i) leads to a
significant decrease in the clearing transition enthalpies,
while the enthalpies for the melting transition are compara-
ble.


Under the microscope, a fan-shaped texture with rather
small domains was observed for derivative 5 i at room tem-
perature upon slow cooling (0.1 Kmin�1) from the isotropic
phase. In analogy to known examples, the texture was as-
signed to a smectic phase (Figure 1).


X-ray diffraction results (WAXS, SAXS) for the tetra-
decyloxy-substituted derivative 5 i confirm this observation.
The presence of commensurate (001) layer reflections to-
gether with the absence of any (11) reflection in the small-
angle regime (Figure 2) clearly indicates a purely one-di-
mensional smectic-like ordering. At 65 8C, first- and third-
to sixth-order layer reflection peaks were observed, which
result in a smectic layer spacing of d = 50.5 P (Table 3). In
the wide-angle regime, two broad maxima (d � 3.8 P and d
� 4.2 P) were found, which can be assigned to the chain–
chain and core–core distance correlations, respectively.


The dodecyloxy-substituted derivative 5h also exhibits a
smectic mesophase. At 55 8C, four distinct maxima were ob-
served in the small-angle regime. The corresponding d spac-
ings show the characteristic ratio of 1:1/2:1/3:1/4. The relat-


ed scattering angles q = 1.038, 2.058, 3.068, and 4.098 consis-
tently result in a smectic layer spacing of d = 43.1 P
(Table 3).


We anticipated that the liquid crystalline phase might
retain some structural features of the solid-state structure,
such as type of stacking, and hence we performed single-
crystal X-ray analyses of the non-mesogenic homologue
5b.[23] As can be seen from Figure 3, the most important fea-
ture is the formation of a periodic ladder structure in which
the crown ethers are stacked on top of one another along
the c axis, with two neighboring crown ethers being mutually
oriented in an antiparallel manner with partial overlap of
the crowns. The pentyloxy side chains form the rungs of the
ladder along the ab plane, thus favoring hydrophobic inter-
actions (28.3 P, Z = 2, space group P1̄).


In both single-crystal X-ray analysis of the crystalline
short-chain derivative (5b) and X-ray diffraction analysis of


Figure 1. Fan-shaped texture of derivative 5 i as seen between crossed po-
larizers at room temperature upon cooling (cooling rate 0.1 Kmin�1)
from the isotropic phase (magnification R200).


Figure 2. Small-angle X-ray scattering profile of derivative 5 i at 65 8C,
which confirms a smectic mesophase.


Table 3. X-ray diffraction data for the uncomplexed derivatives 5h and
5 i and the complexes NaI·5g and NaI·5h.


Compound Mesophase Lattice d spacing [P] Miller
spacing [P] obsd (calcd) indices


5h Sm at 55 8C d = 43.1 42.7 (43.1) (001)
21.5 (21.5) (002)
14.4 (14.4) (003)
10.8 (10.8) (004)
4.5 diffuse
4.2 diffuse


5 i Sm at 65 8C d = 50.5 50.0 (50.5) (001)
16.9 (16.8) (003)
12.7 (12.6) (004)
10.1 (10.1) (005)
8.4 (8.4) (006)
4.2 diffuse
3.8 diffuse


NaI·5g Colr at 110 8C a = 61.2 30.5 (30.6) (20)
b = 20.5 19.4 (19.4) (11)


15.4 (15.3) (40)
NaI·5h Colh at 160 8C a = 40.0 34.2 (34.6) (10)


20.4 (20.0) (11)
17.2 (17.3) (20)
14.2 (13.1) (21)
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the liquid-crystalline long-chain derivative (5 i), a similar ori-
entation of the molecules was observed. In molecular mod-
eling studies, the interlayer distance of crystalline 5b with
five C atoms in the side chains was extended to 14 C atoms
as in 5 i, resulting in a value of 51.6 P, which is remarkably
close to the value of 50.5 P observed for 5 i by X-ray diffrac-
tion. Thus, we may draw conclusions from the single crystal
about the mesophase behavior.


Mesomorphic properties and X-ray crystal structure analy-
ses of the complexed crown ethers : As expected, complexa-
tion of the crown ether derivatives with NaI to give
NaI·(5b–i) changed the mesomorphic behavior (Table 4).


Whereas complexes NaI·(5b–e) with short alkyl chains
(C5 to C8) displayed only isotropic melting in the range
179–192 8C, derivatives with nine or more C atoms in the
side chains showed a melting transition between 29 and
55 8C and a clearing transition at about 160 8C. As can be
deduced from the DSC data and polarizing microscopy stud-
ies, liquid-crystalline behavior first appeared for the com-
plex NaI·5 f with nonyloxy side chains, and its mesophase
width of up to 120 8C is significantly extended in comparison
with that of the uncomplexed analogues (22–30 8C).


Under the microscope, fan-shaped textures typical of
smectic or columnar mesophases were observed. Typical ex-
amples are shown for NaI·5g (Figure 4) and NaI·5h
(Figure 5). As a result of incomplete complexation, the
latter also showed residues of crystalline NaI.


X-ray diffraction measurements on complexes NaI·5g and
NaI·5h confirmed the formation of columnar phases, these
being rectangular in the case of the complexed decyloxy
crown ether NaI·5g and hexagonal for the dodecyloxy
crown ether NaI·5h. The diffuse scattering pattern observed
for the isotropic melt of NaI·5g at 220 8C changes below
180 8C into a profile with pronounced reflections in the
small-angle regime (Figure 6) originating from long-range
intercolumnar ordering.


Figure 3. a) X-ray crystal structure of 5b. b) The cell plot shows an anti-
parallel orientation of the molecules with a preferred stacking vector of
the crowns along the a axis. In addition, a bilayer-type hydrophobic inter-
action in the ab plane was found. c) Schematic illustration of the layer.


Table 4. Phase transition temperatures [8C] and enthalpies [kJmol�1] (in
parentheses) of sodium complexes NaI·(5b–i) in the second heating cycle.


Compd Cr1 Cr2 Col I


NaI·5b * – – – – 192 (27) *


NaI·5 c[a] * 45 (1) * – – 187 (19) *


NaI·5d * – – – – 184 (16) *


NaI·5e * – – – – 179 (18) *


NaI·5 f * �15 (3) * 29 (3) * 166 (9) *


NaI·5g – – * 43 (3) * 163 (6) *


NaI·5h * 15 (7) * 55 (19) * 162 (4) *


NaI·5 i – – * 43 (42) * 171 (8)[b] *


[a] Only a crystal to crystal transition and an isotropic melting was ob-
served. [b] Observed only in the first heating cycle.


Figure 4. Fan-shaped texture of the complex NaI·5g as seen between
crossed polarizers at 148.5 8C upon slow cooling from the isotropic phase
(magnification R200).
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Three distinct maxima associated with d values of 30.5 P,
19.4 P, and 15.4 P were detected (Table 3), which clearly do
not appear in the ratio 1:1/


p
3:1/


p
4 necessary for a hexago-


nal unit cell. Instead, as for other compounds reported in
the literature,[24–26] the peaks can be indexed as (20), (11),
and (40) reflections, assuming a 2D rectangular (Colr) lat-
tice with parameters a = 61.2 P and b = 20.5 P. In con-
trast, NaI·5h shows a hexagonal (Colh) mesophase. Four
sharp peaks were observed in the small-angle regime
(Figure 7), the d spacings of which are in the ratio 1:1/


p
3:1/p


4:1/
p
7 (Table 3).


Indexing the first peak as (10), the ratios are consistent
with the expected values for a 2D hexagonal lattice with a


= 40.1 P. X-ray patterns obtained with a Guinier film
camera show additional fine peaks in the wide-angle region.
These are believed to originate from residual NaI present as
a result of incomplete complexation.


Similar crossovers from columnar rectangular to columnar
hexagonal mesophases with increasing side chain lengths
have been observed in several columnar systems.[25,26] This
behavior has generally been attributed to the enhanced
core–core interaction necessary for the formation of Colr
phases.[27]


To gain further insight into the conformations of the com-
plexed crown ether moieties, we attempted single-crystal
formation from mesomorphic complexes NaI·5 f–i. Unfortu-
nately, no suitable single crystals could be grown from these
waxy materials. Attempted crystallizations of the more rigid
compounds 5a and 5b with NaI also failed. However, in the
case of 5a, replacing NaI by NaI3 solved this problem and
led to suitable crystals, the molecular structure of which was
determined by single-crystal X-ray analysis (Figure 8).[23]


The structure of NaI3·5a was found to be of a sandwich


Figure 5. Fan-shaped texture of the complex NaI·5h as seen between
crossed polarizers at 139 8C upon slow cooling from the isotropic phase
(magnification R200).


Figure 6. Small-angle X-ray scattering profiles of the isotropic (220 8C,
lower curve) and the liquid crystalline (110 8C, upper curve) phases of
compound NaI·5g. The latter confirms a rectangular-columnar meso-
phase Colr.


Figure 7. SAXS profile from the mesophase of derivative NaI·5h at
160 8C confirming a hexagonal columnar mesophase Colh.


Figure 8. X-ray crystal structure of the complex NaI3·5a. This figure
shows the sandwich form of the system. One sodium cation is disordered
above and below the sandwich with 50% probability. The crystal struc-
ture contains one solvent water within the sandwich and one dichloro-
methane as a free solvent molecule.
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type, with the two crown ether cores being oriented in a mu-
tually antiperiplanar manner, allowing optimal space filling
and avoiding steric interactions. The twist angle of the ter-
phenyl unit was measured as 61.18. An almost perfect crown
conformation of the central macrocycle is maintained. The
sodium cation is positioned slightly above the crown unit,
thus allowing optimal coordination of the five crown ether
oxygen atoms. An additional water molecule from the sol-
vent could also be located.


Although any correlation between the solid-state struc-
ture of compound NaI3·5a and the liquid crystalline packing
of NaI·5g or NaI·5h should be viewed with caution, due to
the different influences of the dioxolane and dialkoxyben-
zene moieties on the packing behavior, some similarities are
evident. The symmetry of both the solid NaI3·5a and the
rectangular columnar mesophase of NaI·5g is monoclinic C-
centered.


As crown ethers are known to form sandwich complexes
with large alkali metal cations,[28] we intended to prepare
sandwich-type complexes of crown ether derivatives, be-
cause extended core units should influence the mesomorphic
properties. Complexation of dodecyloxy-substituted crown
ether 5h with 0.5 equivalents of CsI led to the correspond-
ing 1:2 complex [CsI·(5h)2]. While DSC revealed two endo-
thermic peaks at 41 8C and 53 8C upon heating, by polarizing
microscopy a colorless precipitate was seen to segregate
from areas having the texture of the metal-free compound
5h.


Conclusion


Based on the single-crystal X-ray structures of [15]crown-5
derivatives and their metal complexes, we anticipated that
some structural guidelines might emerge concerning the pos-
sible mesophase type of the corresponding [15]crown-5
ethers and metal complexes thereof with long alkoxy chains.
Indeed, for both metal-free crown ethers and metal com-
plexes, similarities between the crystal structure in the solid
state of non-mesogenic derivatives and the mesophase struc-
ture of derivatives with long alkoxy chains were found. For
example, pentyloxy-substituted [15]crown-5 5b has a layer-
type packing in the solid state and the corresponding deriva-
tives 5h and 5 i with 12 and 14 carbon atoms, respectively, in
the side chains give rise to smectic mesophases. In contrast,
alkali metal ions form either 1:1 or 1:2 complexes with
crown ethers, resulting in stacked arrangements in the solid
state. Derivatives with nine or more carbon atoms in the
side chains display columnar mesophases. X-ray diffraction
patterns of metal complexes NaI·5g and NaI·5h are sup-
portive of columnar mesophases, for which two orientations
are conceivable. From a thermodynamic point of view, nem-
atic and smectic mesophases are usually more closely relat-
ed to the isotropic liquid as opposed to the crystalline solid.
Thus, melting enthalpies are typically much larger than the
clearing enthalpies. In contrast, for columnar systems melt-
ing and clearing enthalpies are of similar magnitude, indicat-


ing that columnar mesophases are energetically closer to the
crystalline structure in the solid state.


One might have expected similar mesomorphic properties
of the CsI sandwich-type complexes such as [CsI·(5h)2] com-
pared to the corresponding NaI complexes; however, the
CsI complexes decompose on heating.


Although we have found some similarities between the
mesophases and solid-state structures of related crown
ethers, it should be emphasized that this is not a strong cor-
relation. However, these relationships may be used as an ad-
ditional tool in the design of novel thermotropic liquid crys-
tals.


Experimental Section


General methods : The following compounds were prepared following lit-
erature procedures: 2a–d,f–i.[5] Column chromatography was carried out
using Merck silica gel 60, with hexanes (PE, b.p. 40–60 8C) and ethyl ace-
tate (EA) as eluents. 13C NMR multiplicities were determined by means
of DEPT experiments.


X-ray experiments were performed with Ni-filtered CuKa radiation (l =


1.5418 P). Small-angle scattering data from unaligned samples (placed in
Mark capillary tubes of diameter 0.7 mm) were obtained using a Kratky
compact camera (A. Paar) equipped with a temperature controller (A.
Paar) and a one-dimensional electronic detector (M. Braun).


General procedure for the preparation of borolanes 3 : Under an inert
gas atmosphere, nBuLi (1.25 equivalents of a 1.6m solution in hexane)
was added dropwise to a solution of the respective 4-bromo-1,2-dialkoxy-
benzene 2 (6 mmol) in absolute THF (100 mL) at �78 8C, and the reac-
tion mixture was stirred for 10 min. B(OMe)3 (1.25 equiv) was then
added, and the reaction mixture was stirred for a further 30 min at
�78 8C and was then allowed to warm to room temperature. After stir-
ring for 2 h, a solution of pinacol in THF (1.25 equiv) was added and the
reaction mixture was stirred for a further 2 h at room temperature. Gla-
cial acetic acid (1.25 equiv) was added and after stirring for a further
18 h, the solvent was removed under vacuum. The residue was taken up
in CH2Cl2, and this solution was washed with water, dried (MgSO4), and
concentrated. The crude product was purified by chromatography on
SiO2 with petroleum ether/ethyl acetate (PE/EA).


5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1,3-benzodioxole (3a):
Yield 54%; m.p. 42 8C; 1H NMR (CDCl3, 500 MHz): d = 1.33 (s, 12H;
OC(CH3)2C(CH3)2O), 5.95 (s, 2H; ArOCH2OAr), 6.83 (d, J5,6 = 7.7 Hz,
1H; 5-H), 7.23 (d, J2,6 = 0.9 Hz, 1H; 2-H), 7.36 ppm (dd, J6,5 = 7.7 Hz,
J6,2 = 0.9 Hz, 1H; 6-H); 13C NMR (CDCl3, 125 MHz): d = 24.9 (OC-
(CH3)2C(CH3)2O), 83.7 (OC(CH3)2C(CH3)2O), 100.7 (ArOCH2OAr),
108.3, 113.9 (5-C, 6-C), 129.7 (2-C), 147.2, 150.2 ppm (3-C, 4-C); FTIR
(film): ñ = 2982 (w), 1618 (w), 1433, 1352 (s), 1294, 1232, 1137, 1103,
1034 cm�1 (ms); MS (EI): m/z (%): 250 (2), 249 (13), 248 (100) [M+], 247
(24); elemental analysis calcd (%) for C13H17BrO4 (248.1): C 62.94, H
6.91; found: C 63.15, H 6.97.


2-[3,4-Bis(pentyloxy)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(3b): Yield 33%; 1H NMR (CDCl3, 500 MHz): d = 0.91–0.94 (m, 6H;
CH3), 1.33–1.48 (m, 20H; OCH2CH2(CH2)2CH3, OC(CH3)2C(CH3)2O),
1.81–1.84 (m, 4H; OCH2CH2CH2), 4.00–4.04 (m, 4H; OCH2CH2CH2),
6.87 (d, J5,6 = 8.1 Hz, 1H; 5-H), 7.29 (d, J2,6 = 1.1 Hz, 1H; 2-H),
7.34 ppm (dd, J6,5 = 8.1 Hz, J6,2 = 1.1 Hz, 1H; 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.0 (CH3), 22.4, 22.5, 24.9, 28.2, 28.3, 28.9, 29.1 (OCH2-
(CH2)3CH3, OC(CH3)2C(CH3)2O), 68.9, 69.3 (OCH2(CH2)3CH3), 83.6
(OC(CH3)2C(CH3)2O), 112.8, 119.5 (5-C, 6-C), 128.6 (2-C), 148.6,
151.9 ppm (3-C, 4-C); FTIR (film): ñ = 2955, 2931, 2869 (s), 1599 (s),
1416, 1349 (s), 1255, 1216, 1135 cm�1 (ms); MS (EI): m/z (%): 378 (3),
377 (22), 376 (100) [M+], 375 (23), 306 (9) [M+�C5H11], 236 (48) [M+


�2C5H11]; elemental analysis calcd (%) for C22H37BO4 (376.3): C 70.21,
H 9.91; found: C 70.26, H 9.95.
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2-[3,4-Bis(hexyloxy)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3c):
Yield 71%; 1H NMR (CDCl3, 500 MHz): d = 0.85–0.93 (m, 6H; CH3),
1.33–1.48 (m, 24H; OCH2CH2(CH2)3CH3, OC(CH3)2C(CH3)2O), 1.76–
1.84 (m, 4H; OCH2CH2CH2), 3.99–4.04 (m, 4H; OCH2CH2CH2), 6.87 (d,
J5,6 = 8.0 Hz, 1H; 5-H), 7.29 (d, J2,6 = 1.4 Hz, 1H; 2-H), 7.38 ppm (dd,
J6,5 = 8.0 Hz, J6,2 = 1.4 Hz, 1H; 6-H); 13C NMR (CDCl3, 125 MHz): d =


13.8, 13.9 (CH3), 22.4, 22.5, 24.8, 25.5, 25.6, 26.8, 29.0, 29.3, 31.4, 31.5
(OCH2(CH2)4CH3, OC(CH3)2C(CH3)2O), 68.8, 69.2 (OCH2(CH2)4CH3),
83.4 (OC(CH3)2C(CH3)2O), 112.7, 119.4 (5-C, 6-C), 128.5 (2-C), 148.5,
151.9 ppm (3-C, 4-C); FTIR (film): ñ = 2928, 2859 (s), 1599 (s), 1418,
1353 (s), 1256, 1217, 1137 cm�1 (ms); MS (EI): m/z (%): 407 (1), 406 (5),
405 (25), 404 (100) [M+], 403 (23), 320 (10) [M+�C6H13], 236 (52) [M+


�2C6H13]; elemental analysis calcd (%) for C24H41BO4 (404.3): C 71.28,
H 10.22; found: C 71.39, H 10.33.


2-[3,4-Bis(heptyloxy)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(3d): Yield 38%; 1H NMR (CDCl3, 500 MHz): d = 0.87–0.91 (m, 6H;
CH3), 1.30–1.49 (m, 28H; OCH2CH2(CH2)4CH3, OC(CH3)2C(CH3)2O),
1.78–1.85 (m, 4H; OCH2CH2CH2), 3.99–4.04 (m, 4H; OCH2CH2CH2),
6.87 (d, J5,6 = 8.0 Hz, 1H; 5-H), 7.29 (d, J2,6 = 1.1 Hz, 1H; 2-H),
7.38 ppm (dd, J6,5 = 8.0 Hz, J6,2 = 1.1 Hz, 1H; 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.0, 14.1 (CH3), 22.5, 22.6, 24.8, 25.9, 26.0, 26.9, 29.0,
29.1, 29.4, 31.7, 31.8 (OCH2(CH2)5CH3, OC(CH3)2C(CH3)2O), 68.8, 69.2
(OCH2(CH2)5CH3), 83.5 (OC(CH3)2C(CH3)2O), 112.7, 119.5 (5-C, 6-C),
128.6 (2-C), 148.5, 151.9 ppm (3-C, 4-C); FTIR (film): ñ = 2925, 2856 (s),
1599 (s), 1417, 1350 (s), 1256, 1216, 1136 cm�1 (ms); MS (EI): m/z (%):
435 (1), 434 (5), 433 (26), 432 (100) [M+], 431 (22), 334 (8) [M+�C7H15],
236 (45) [M+�2C7H15]; elemental analysis calcd (%) for C26H45BO4


(432.4): C 72.21, H 10.49; found: C 72.18, H 10.41.


2-[3,4-Bis(nonyloxy)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3 f):
Yield 29%; 1H NMR (CDCl3, 500 MHz): d = 0.88–0.89 (m, 6H; CH3),
1.24–1.47 (m, 36H; OCH2CH2(CH2)6CH3, OC(CH3)2C(CH3)2O), 1.78–
1.84 (m, 4H; OCH2CH2CH2), 3.99–4.04 (m, 4H; OCH2CH2CH2), 6.87 (d,
J5,6 = 8.0 Hz, 1H; 5-H), 7.27 (d, J2,6 = 1.3 Hz, 1H; 2-H), 7.37 ppm (dd,
J6,5 = 8.0 Hz, J6,2 = 1.3 Hz, 1H; 6-H); 13C NMR (CDCl3, 125 MHz): d =


13.9, 14.1 (CH3), 22.7, 24.8, 24.9, 25.4, 26.0, 26.1, 26.2, 26.9, 29.2, 29.3,
29.4, 29.5, 29.6, 31.9 (OCH2(CH2)7CH3, OC(CH3)2C(CH3)2O), 68.9, 69.3
(OCH2(CH2)7CH3), 83.6 (OC(CH3)2C(CH3)2O), 112.8, 119.6 (5-C, 6-C),
128.7 (2-C), 148.6, 152.0 ppm (3-C, 4-C); FTIR (film): ñ = 2922, 2854 (s),
1599 (s), 1417, 1352 (s), 1257, 1217, 1137 cm�1 (ms); MS (EI): m/z (%):
490 (6), 489 (9), 488 (26) [M+], 487 (1), 362 (3) [M+�C7H15], 236 (9)
[M+�2C7H15]; elemental analysis calcd (%) for C30H53BO4 (488.6): C
73.75, H 10.93; found: C 73.71, H 11.05.


2-[3,4-Bis(decyloxy)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3g):
Yield 45%; m.p. 37 8C; 1H NMR (CDCl3, 500 MHz): d = 0.87–0.89 (m,
6H; CH3), 1.27–1.47 (m, 40H; OCH2CH2(CH2)7CH3, OC(CH3)2C-
(CH3)2O), 1.78–1.84 (m, 4H; OCH2CH2CH2), 3.99–4.04 (m, 4H;
OCH2CH2CH2), 6.87 (d, J5,6 = 8.1 Hz, 1H; 5-H), 7.27 (d, J2,6 = 1.1 Hz,
1H; 2-H), 7.37 ppm (dd, J6,5 = 8.1 Hz, J6,2 = 1.1 Hz, 1H; 6-H); 13C
NMR (CDCl3, 125 MHz): d = 14.1 (CH3), 22.7, 24.9, 26.0, 26.1, 29.2,
29.3, 29.4, 29.5, 29.6, 29.7, 31.9 (OCH2(CH2)8CH3, OC(CH3)2C(CH3)2O),
68.9, 69.3 (OCH2(CH2)8CH3), 83.5 (OC(CH3)2C(CH3)2O), 112.8, 119.6 (5-
C, 6-C), 128.7 (2-C), 148.6, 152.0 ppm (3-C, 4-C); FTIR (film): ñ = 2922,
2853 (s), 1599 (s), 1417, 1351 (s), 1255, 1216, 1136 cm�1 (ms); MS (EI):
m/z (%): 519 (1), 518 (7), 517 (33), 516 (100) [M+], 515 (22); elemental
analysis calcd (%) for C32H57BO4 (516.6): C 74.40, H 11.12; found: C
74.53, H 11.12.


2-[3,4-Bis(dodecyloxy)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(3h): Yield 37%; m.p. 42 8C; 1H NMR (CDCl3, 500 MHz): d = 0.87–0.89
(m, 6H; CH3), 1.26–1.47 (m, 48H; OCH2CH2(CH2)9CH3, OC(CH3)2C-
(CH3)2O), 1.78–1.84 (m, 4H; OCH2CH2CH2), 3.99–4.04 (m, 4H;
OCH2CH2CH2), 6.87 (d, J5,6 = 7.8 Hz, 1H; 5-H), 7.27 (d, J2,6 = 1.1 Hz,
1H; 2-H), 7.37 ppm (dd, J6,5 = 7.8 Hz, J6,2 = 1.1 Hz, 1H; 6-H); 13C
NMR (CDCl3, 125 MHz): d = 13.9, 14.1 (CH3), 22.7, 24.8, 24.9, 25.4,
26.0, 26.1, 26.2, 29.2, 29.3, 29.4, 29.5, 29.6, 29.7, 31.9 (OCH2(CH2)10CH3,
OC(CH3)2C(CH3)2O), 68.9, 69.3 (OCH2(CH2)10CH3), 83.6 (OC(CH3)2C-
(CH3)2O), 112.8, 119.6 (5-C, 6-C), 128.7 (2-C), 148.6, 152.0 ppm (3-C, 4-
C); FTIR (film): ñ = 2915, 2849 (s), 1602 (s), 1420, 1352 (s), 1259, 1210,
1136 cm�1 (ms); MS (EI): m/z (%): 575 (1), 574 (7), 573 (35), 572 (100)


[M+], 571 (22); elemental analysis calcd (%) for C36H65BO4 (572.7): C
75.50, H 11.44; found: C 75.49, H 11.39.


2-[3,4-Bis(tetradecyloxy)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(3 i): Yield 40%; m.p. 49 8C; 1H NMR (CDCl3, 500 MHz): d = 0.87–0.89
(m, 6H; CH3), 1.26–1.47 (m, 64H; OCH2CH2(CH2)11CH3, OC(CH3)2C-
(CH3)2O), 1.78–1.84 (m, 4H; OCH2CH2CH2), 3.99–4.04 (m, 4H;
OCH2CH2CH2), 6.87 (d, J5,6 = 8.1 Hz, 1H; 5-H), 7.28 (d, J2,6 = 0.8 Hz,
1H; 2-H), 7.34 ppm (dd, J6,5 = 8.1 Hz, J6,2 = 0.8 Hz, 1H; 6-H); 13C
NMR (CDCl3, 125 MHz): d = 14.1 (CH3), 22.7, 24.9, 26.0, 26.1, 29.2,
29.3, 29.4, 29.5, 29.6, 29.7, 31.9 (OCH2(CH2)12CH3, OC(CH3)2C(CH3)2O),
68.9, 69.2 (OCH2(CH2)12CH3), 83.6 (OC(CH3)2C(CH3)2O), 112.6, 119.4
(5-C, 6-C), 128.6 (2-C), 148.5, 151.9 ppm (3-C, 4-C); FTIR (film): ñ =


2923, 2853 (s), 1599 (s), 1417, 1353 (s), 1257, 1210, 1137 cm�1 (ms); MS
(EI): m/z (%): 630 (6), 629 (40), 628 (100) [M+]; elemental analysis calcd
(%) for C40H73BO4 (628.8): C 76.40, H 11.70; found: C 76.34, H 11.82.


General procedure for the preparation of [15]crown-5 derivatives 5 : The
appropriate boronate 3 (2.2 equiv), K2CO3 (10 equiv), KF (10 equiv), and
[Pd(PPh3)4] were successively added to a solution of 4b[29] (2 mmol) in a
degassed mixture of dimethoxyethane/H2O and the reaction mixture was
stirred at 95 8C for two days. After concentration, the residue was taken
up in CH2Cl2, and this solution was washed with H2O, dried (MgSO4),
and concentrated. The crude products were purified by chromatography
and recrystallized from EtOH to give compounds 5 as colorless solids.


4,5-Bis(3’,4’-methylenedioxyphenyl)benzo[15]crown-5 (5a): Yield 61%;
m.p. 95 8C; 1H NMR (CDCl3, 500 MHz): d = 3.35, 3.50 (2 s, 6H;
OCH2OCH3), 3.78 (s, 8H; CH2OCH2CH2OCH2CH2OCH2), 3.93 (s, 4H;
ArOCH2CH2O), 4.19–4.20 (m, 4H; ArOCH2CH2O), 4.95, 5.20 (2 s, 4H;
OCH2OCH3), 6.83–6.86 (m, 4H; 2’-H, 5’-H), 6.91 (s, 2H; 3-H, 6-H), 7.05–
7.06 ppm (m, 2H; 6’-H); 13C NMR (CDCl3, 125 MHz): d = 55.9, 56.2
(OCH2OCH3), 69.5, 69.7 (CH2O(CH2CH2O)2CH2), 70.7, 71.2 (ArOCH2-
CH2O), 95.4, 95.5 (OCH2OCH3), 116.3, 116.4 (5’-C, 2’-C), 123.5 (6’-C),
133.1, 136.0 (5-C, 4-C, 1’-C), 145.8, 146.8, 148.3 ppm (1-C, 2-C, 3’-C, 4’-
C); FTIR (film): ñ = 2869 (ms), 1604 (w), 1495, 1453, 1354 (s), 1244,
1196, 1153, 1132, 1070 cm�1 (ms); MS (EI): m/z (%): 663 (1), 662 (6), 661
(23), 660 (65) [M+], 45 (100) [CH2OCH3]; HR-MS: m/z : calcd for
C34H44O13: 660.2782; found: 660.2782.


4,5-Bis(3’,4’-dipentyloxyphenyl)benzo[15]crown-5 (5b): Yield 52%; m.p.
64 8C; 1H NMR (CDCl3, 500 MHz): d = 0.89–0.93 (m, 12H; CH3), 1.32–
1.47 (m, 16H; OCH2CH2CH2CH2CH3), 1.64–1.66 (m, 4H;
OCH2CH2CH2), 1.78–1.82 (m, 4H; OCH2CH2CH2), 3.66–3.69 (m, 4H;
OCH2CH2CH2), 3.78 (s, 8H; CH2OCH2CH2OCH2CH2OCH2), 3.92–3.95
(m, 8H; ArOCH2CH2O, OCH2CH2CH2), 4.19–4.21 (m, 4H; ArOCH2-
CH2O), 6.56 (d, J2’,6’ = 1.9 Hz, 2H; 2’-H), 6.69 (dd, J6’,5’ = 8.2 Hz, J6’,2’ =
1.9 Hz, 2H; 6’-H), 6.74 (d, J5’,6’ = 8.2 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-
H, 6-H); 13C NMR (CDCl3, 125 MHz): d = 14.0, 14.1 (CH3), 22.4, 22.5,
28.2, 28.3, 28.8, 29.0 (OCH2(CH2)3CH3), 69.1, 69.3, 69.5, 69.8 (OCH2-
(CH2)3CH3, CH2OCH2CH2OCH2), 70.7, 71.2 (ArOCH2CH2O), 113.4 (5’-
C), 116.2, 116.5 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.5, 134.4 (5-C, 4-C, 1’-C),
147.8, 148.2, 148.4 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ = 2931,
2857 (s), 1614 (w), 1501, 1450, 1383 (s), 1247, 1207, 1135, 1111, 1049 cm�1


(ms); MS (EI): m/z (%): 765 (4), 764 (15), 763 (30) [M+]; elemental anal-
ysis calcd (%) for C46H68O9 (765.0): C 72.22, H 8.96; found: C 72.41, H
8.87.


4,5-Bis(3’,4’-dihexyloxyphenyl)benzo[15]crown-5 (5c): Yield 88%; m.p.
62 8C; 1H NMR (CDCl3, 500 MHz): d = 0.88–0.92 (m, 12H; CH3), 1.23–
1.46 (m, 24H; OCH2CH2(CH2)3CH3), 1.63–1.66 (m, 4H; OCH2CH2CH2),
1.77–1.80 (m, 4H; OCH2CH2CH2), 3.67–3.69 (m, 4H; OCH2CH2CH2),
3.78 (s, 8H; CH2OCH2CH2OCH2CH2OCH2), 3.92–3.95 (m, 8H; Ar-
OCH2CH2O, OCH2CH2CH2), 4.19–4.21 (m, 4H; ArOCH2CH2O), 6.56 (d,
J2’,6’ = 1.9 Hz, 2H; 2’-H), 6.69 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.9 Hz, 2H; 6’-
H), 6.74 (d, J5’,6’ = 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C
NMR (CDCl3, 125 MHz): d = 14.0 (CH3), 22.63, 22.65, 25.7, 25.8, 29.1,
29.4, 31.6, 31.7 (OCH2(CH2)4CH3), 69.2, 69.4, 69.5, 69.8 (OCH2-
(CH2)4CH3, CH2OCH2CH2OCH2), 70.7, 71.2 (ArOCH2CH2O), 113.5 (5’-
C), 116.2, 116.5 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.5, 134.4 (5-C, 4-C, 1’-C),
147.8, 148.2, 148.5 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ = 2930,
2857 (s), 1615 (w), 1501, 1451, 1383 (s), 1246, 1207, 1135, 1112, 1056 cm�1


(ms); MS (EI): m/z (%): 824 (0.3), 823 (2), 822 (10), 821 (22), 820 (50)
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[M+], 736 (3) [M+�C6H13], 650 (1) [M+�2C6H13]; elemental analysis
calcd (%) for C50H76O9 (821.1): C 73.13, H 9.33; found: C 73.13, H 9.24.


4,5-Bis(3’,4’-diheptyloxyphenyl)benzo[15]crown-5 (5d): Yield 77%; m.p.
62 8C; 1H NMR (CDCl3, 500 MHz): d = 0.87–0.90 (m, 12H; CH3), 1.28–
1.48 (m, 32H; OCH2CH2(CH2)4CH3), 1.62–1.68 (m, 4H; OCH2CH2CH2),
1.76–1.85 (m, 4H; OCH2CH2CH2), 3.66–3.69 (m, 4H; OCH2CH2CH2),
3.79 (s, 8H; CH2OCH2CH2OCH2CH2OCH2), 3.92–3.95 (m, 8H; Ar-
OCH2CH2O, OCH2CH2CH2), 4.19–4.21 (m, 4H; ArOCH2CH2O), 6.56 (d,
J2’,6’ = 1.9 Hz, 2H; 2’-H), 6.69 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.9 Hz, 2H; 6’-
H), 6.74 (d, J5’,6’ = 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C
NMR (CDCl3, 125 MHz): d = 14.0, 14.1 (CH3), 22.6, 25.9, 26.0, 29.0,
29.1, 29.2, 29.4, 31.8, 31.9 (OCH2(CH2)5CH3), 69.1, 69.3, 69.4, 69.7
(OCH2(CH2)5CH3, CH2OCH2CH2OCH2), 70.7, 71.2 (ArOCH2CH2O),
113.4 (5’-C), 116.2, 116.4 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.4, 134.4 (5-C,
4-C, 1’-C), 147.7, 148.1, 148.4 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ
= 2917, 2856 (s), 1601 (w), 1501, 1451, 1383 (s), 1247, 1207, 1135, 1112,
1056 cm�1 (ms); MS (EI): m/z (%): 878 (5), 877 (18), 876 (63), 875 (100)
[M+], 778 (2) [M+�C6H13]; elemental analysis calcd (%) for C54H84O9


(877.2): C 73.93, H 9.65; found: C 73.93, H 9.70.


4,5-Bis(3’,4’-dioctyloxyphenyl)benzo[15]crown-5 (5e): Yield 65%; m.p.
46 8C; 1H NMR (CDCl3, 500 MHz): d = 0.87–0.90 (m, 12H; CH3), 1.28–
1.49 (m, 40H; OCH2CH2(CH2)5CH3), 1.62–1.67 (m, 4H; OCH2CH2CH2),
1.76–1.85 (m, 4H; OCH2CH2CH2), 3.66–3.69 (m, 4H; OCH2CH2CH2),
3.78 (s, 8H; CH2OCH2CH2OCH2CH2OCH2), 3.92–3.95 (m, 8H; Ar-
OCH2CH2O, OCH2CH2CH2), 4.19–4.21 (m, 4H; ArOCH2CH2O), 6.56 (d,
J2’,6’ = 1.9 Hz, 2H; 2’-H), 6.69 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.9 Hz, 2H; 6’-
H), 6.74 (d, J5’,6’ = 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C
NMR (CDCl3, 125 MHz): d = 14.1 (CH3), 22.6, 22.7, 26.0, 26.1, 29.2,
29.3, 29.4, 29.5, 31.9 (OCH2(CH2)6CH3), 69.2, 69.4, 69.5, 69.8 (OCH2-
(CH2)6CH3, CH2OCH2CH2OCH2), 70.7, 71.2 (ArOCH2CH2O), 113.5 (5’-
C), 116.2, 116.5 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.5, 134.4 (5-C, 4-C, 1’-C),
147.8, 148.2, 148.4 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ = 2920,
2852 (s), 1601 (w), 1495, 1467, 1451, 1386 (s), 1249, 1194, 1134, 1112,
1068 cm�1 (ms); MS (EI): m/z (%): 934 (5), 933 (47), 932 (62), 931 (100)
[M+], 820 (3) [M+�C6H13]; elemental analysis calcd (%) for C58H92O9


(933.3): C 74.64, H 9.94; found: C 74.41, H 9.89.


4,5-Bis(3’,4’-dinonyloxyphenyl)benzo[15]crown-5 (5 f): Yield 67%; m.p.
62 8C; 1H NMR (CDCl3, 500 MHz): d = 0.87–0.90 (m, 12H; CH3), 1.28–
1.46 (m, 48H; OCH2CH2(CH2)6CH3), 1.63–1.66 (m, 4H; OCH2CH2CH2),
1.77–1.80 (m, 4H; OCH2CH2CH2), 3.66–3.69 (m, 4H; OCH2CH2CH2),
3.78 (s, 8H; CH2OCH2CH2OCH2CH2OCH2), 3.92–3.95 (m, 8H; Ar-
OCH2CH2O, OCH2CH2CH2), 4.19–4.21 (m, 4H; ArOCH2CH2O), 6.56 (d,
J2’,6’ = 1.8 Hz, 2H; 2’-H), 6.69 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.8 Hz, 2H; 6’-
H), 6.74 (d, J5’,6’ = 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C
NMR (CDCl3, 125 MHz): d = 14.1 (CH3), 22.7, 26.0, 26.1, 29.2, 29.3,
29.4, 29.5, 29.6, 29.7, 31.9, 32.0 (OCH2(CH2)7CH3), 69.2, 69.4, 69.5, 69.8
(OCH2(CH2)7CH3, CH2OCH2CH2OCH2), 70.7, 71.2 (ArOCH2CH2O),
113.5 (5’-C), 116.2, 116.5 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.5, 134.4 (5-C,
4-C, 1’-C), 147.8, 148.2, 148.5 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ
= 2918, 2850 (s), 1616 (w), 1504, 1466, 1451, 1386 (s), 1249, 1207, 1137,
1112, 1067 cm�1 (ms); MS (EI): m/z (%): 992 (2), 991 (7), 990 (17), 989
(25) [M+], 862 (2) [M+�C6H13]; elemental analysis calcd (%) for
C62H100O9 (989.5): C 75.26, H 10.19; found: C 75.11, H 10.18.


4,5-Bis(3’,4’-didecyloxyphenyl)benzo[15]crown-5 (5g): Yield 80%; m.p.
64 8C; 1H NMR (CDCl3, 500 MHz): d = 0.87–0.89 (m, 12H; CH3), 1.27–
1.46 (m, 56H; OCH2CH2(CH2)7CH3), 1.63–1.67 (m, 4H; OCH2CH2CH2),
1.77–1.80 (m, 4H; OCH2CH2CH2), 3.66–3.69 (m, 4H; OCH2CH2CH2),
3.78 (s, 8H; CH2OCH2CH2OCH2CH2OCH2), 3.92–3.95 (m, 8H; Ar-
OCH2CH2O, OCH2CH2CH2), 4.19–4.21 (m, 4H; ArOCH2CH2O), 6.56 (d,
J2’,6’ = 1.8 Hz, 2H; 2’-H), 6.69 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.8 Hz, 2H; 6’-
H), 6.74 (d, J5’,6’ = 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C
NMR (CDCl3, 125 MHz): d = 14.1 (CH3), 22.7, 26.0, 26.1, 29.2, 29.4,
29.5, 29.6, 29.7, 31.93, 31.96, 32.0 (OCH2(CH2)8CH3), 69.1, 69.3, 69.4, 69.7
(OCH2(CH2)8CH3, CH2OCH2CH2OCH2), 70.7, 71.2 (ArOCH2CH2O),
113.4 (5’-C), 116.2, 116.4 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.4, 134.4 (5-C,
4-C, 1’-C), 147.7, 148.1, 148.4 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ
= 2918, 2849 (s), 1601 (w), 1503, 1467, 1451, 1385 (s), 1249, 1208, 1136,
1112, 1068 cm�1 (ms); MS (EI): m/z (%): 1048 (8), 1047 (30), 1046 (76),


1045 (100) [M+]; elemental analysis calcd (%) for C66H108O9 (1045.6): C
75.82, H 10.41; found: C 76.07, H 10.49.


4,5-Bis(3’,4’-didodecyloxyphenyl)benzo[15]crown-5 (5h): Yield 82%;
m.p. 74 8C; 1H NMR (CDCl3, 500 MHz): d = 0.87–0.89 (m, 12H; CH3),
1.26–1.46 (m, 72H; OCH2CH2(CH2)9CH3), 1.63–1.65 (m, 4H;
OCH2CH2CH2), 1.77–1.80 (m, 4H; OCH2CH2CH2), 3.66–3.68 (m, 4H;
OCH2CH2CH2), 3.78 (s, 8H; CH2OCH2CH2OCH2CH2OCH2), 3.92–3.95
(m, 8H; ArOCH2CH2O, OCH2CH2CH2), 4.19–4.21 (m, 4H; ArOCH2-
CH2O), 6.56 (d, J2’,6’ = 1.8 Hz, 2H; 2’-H), 6.69 (dd, J6’,5’ = 8.2 Hz, J6’,2’ =
1.8 Hz, 2H; 6’-H), 6.74 (d, J5’,6’ = 8.2 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-
H, 6-H); 13C NMR (CDCl3, 125 MHz): d = 14.1 (CH3), 22.7, 26.09,
26.12, 29.2, 29.41, 29.43, 29.44, 29.49, 29.53, 29.70, 29.73, 29.75, 29.77,
29.80, 31.96, 31.98, 32.0 (OCH2(CH2)10CH3), 69.2, 69.4, 69.5, 69.8 (OCH2-
(CH2)10CH3, CH2OCH2CH2OCH2), 70.7, 71.2 (ArOCH2CH2O), 113.5 (5’-
C), 116.3, 116.5 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.5, 134.5 (5-C, 4-C, 1’-C),
147.8, 148.2, 148.5 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ = 2916,
2848 (s), 1615 (w), 1504, 1467, 1452 (s), 1252, 1209, 1139, 1113 cm�1 (ms);
MS (FAB): m/z (%): 1184 (2), 1183 (8), 1182 (31), 1181 (75), 1180 (100)
[M+Na+], 1161 (2), 1160 (5), 1159 (17), 1158 (41), 1157 (60) [M]; ele-
mental analysis calcd (%) for C74H124O9 (1156.9): C 76.77, H 10.80;
found: C 76.55, H 10.51.


4,5-Bis(3’,4’-ditetradecyloxyphenyl)benzo[15]crown-5 (5 i): Yield 86%;
m.p. 77 8C; 1H NMR (CDCl3, 500 MHz): d = 0.87–0.89 (m, 12H; CH3),
1.26–1.47 (m, 88H; OCH2CH2(CH2)11CH3), 1.63–1.65 (m, 4H;
OCH2CH2CH2), 1.76–1.82 (m, 4H; OCH2CH2CH2), 3.66–3.68 (m, 4H;
OCH2CH2CH2), 3.78 (s, 8H; CH2OCH2CH2OCH2CH2OCH2), 3.92–3.95
(m, 8H; ArOCH2CH2O, OCH2CH2CH2), 4.19–4.21 (m, 4H; ArOCH2-
CH2O), 6.56 (d, J2’,6’ = 1.6 Hz, 2H; 2’-H), 6.69 (dd, J6’,5’ = 8.3 Hz, J6’,2’ =
1.6 Hz, 2H; 6’-H), 6.74 (d, J5’,6’ = 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-
H, 6-H); 13C NMR (CDCl3, 125 MHz): d = 14.1 (CH3), 22.7, 26.0, 26.1,
29.1, 29.3, 29.4, 29.5, 29.6, 29.7, 29.8, 31.9 (OCH2(CH2)12CH3), 69.1, 69.2,
69.4, 69.7 (OCH2(CH2)12CH3, CH2OCH2CH2OCH2), 70.6, 71.2 (ArOCH2-
CH2O), 113.3 (5’-C), 116.1, 116.4 (6-C, 3-C, 2’-C), 121.8 (6’-C), 133.4,
134.4 (5-C, 4-C, 1’-C), 147.7, 148.1, 148.4 ppm (3’-C, 4’-C, 1-C, 2-C);
FTIR (film): ñ = 2915, 2848 (s), 1602 (w), 1499, 1467 (s), 1251, 1196,
1135 cm�1 (ms); MS (DEI): m/z (%): 1273 (4), 1272 (16), 1271 (42), 1270
(88), 1269 (100) [M]; elemental analysis calcd (%) for C82H138O9 (1267.9):
C 77.55, H 11.11; found: C 77.80, H 11.11.


General procedure for complexation : A solution of the alkali metal salt
(1.0 equiv, or 0.5 equiv in the case of CsI) in acetone or MeOH was
added to a solution of the respective crown ether 5 in acetone or CH2Cl2.
After 1–2 h, the solvent was removed under a gentle stream of N2 and
the remaining product was dried under high vacuum.


NaI·5b : 1H NMR (CDCl3, 500 MHz): d = 0.87–0.94 (m, 12H; CH3),
1.26–1.47 (m, 16H; OCH2CH2(CH2)2CH3), 1.63–1.69 (m, 4H;
OCH2CH2CH2), 1.77–1.83 (m, 4H; OCH2CH2CH2), 3.67–3.69 (m, 4H;
OCH2CH2CH2), 3.79–3.80, 3.91–3.92 (2m, 8H; CH2OCH2CH2OCH2-
CH2OCH2), 3.93–3.96 (m, 4H; OCH2CH2CH2), 4.09–4.10 (m, 4H; Ar-
OCH2CH2O), 4.29–4.32 (m, 4H; ArOCH2CH2O), 6.53 (d, J2’,6’ = 1.9 Hz,
2H; 2’-H), 6.68 (dd, J6’,5’ = 8.4 Hz, J6’,2’ = 1.9 Hz, 2H; 6’-H), 6.75 (d, J5’,6’
= 8.4 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.04, 14.06 (CH3), 22.4, 22.5, 28.2, 28.3, 28.8, 29.0
(OCH2(CH2)3CH3), 67.1, 67.9, 69.1, 69.2, 69.3 (OCH2(CH2)3CH3, CH2O-
(CH2CH2O)2CH2, ArOCH2CH2O), 113.5 (5’-C), 114.4, 116.1 (6-C, 3-C, 2’-
C), 121.9 (6’-C), 133.7, 134.3 (5-C, 1’-C), 145.4, 148.1, 148.6 ppm (3’-C, 4’-
C, 1-C, 2-C); FTIR (film): ñ = 2926, 2868 (ms), 1602, 1559 (w), 1494,
1468 (s), 1244, 1192, 1137, 1100, 1041 cm�1 (ms); MS (ESI): m/z : 787.4
[M+�I].


NaI·5c : 1H NMR (CDCl3, 500 MHz): d = 0.88–0.93 (m, 12H; CH3),
1.26–1.48 (m, 24H; OCH2CH2(CH2)3CH3), 1.62–1.68 (m, 4H;
OCH2CH2CH2), 1.76–1.82 (m, 4H; OCH2CH2CH2), 3.67–3.69 (m, 4H;
OCH2CH2CH2), 3.79–3.80, 3.90–3.92 (2m, 8H; CH2OCH2CH2OCH2-
CH2OCH2), 3.93–3.95 (m, 4H; OCH2CH2CH2), 4.08–4.09 (m, 4H; Ar-
OCH2CH2O), 4.29–4.31 (m, 4H; ArOCH2CH2O), 6.53 (d, J2’,6’ = 1.9 Hz,
2H; 2’-H), 6.67 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.9 Hz, 2H; 6’-H), 6.75 (d, J5’,6’
= 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.0 (CH3), 22.62, 22.63, 25.69, 25.7, 29.1, 29.3, 31.5, 31.6
(OCH2(CH2)4CH3), 67.2, 67.9, 69.1, 69.2, 69.3 (OCH2(CH2)4CH3, CH2O-
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(CH2CH2O)2CH2, ArOCH2CH2O), 113.5 (5’-C), 114.6, 116.1 (6-C, 3-C, 2’-
C), 121.9 (6’-C), 133.8, 134.3 (5-C, 1’-C), 145.5, 148.1, 148.5 ppm (3’-C, 4’-
C, 1-C, 2-C); FTIR (film): ñ = 2926, 2868 (s), 1603 (w), 1495, 1467 (s),
1245, 1192, 1137, 1101, 1042 cm�1 (ms); MS (ESI): m/z : 843.5 [M+�I].


NaI·5d : 1H NMR (CDCl3, 500 MHz): d = 0.85–0.93 (m, 12H; CH3),
1.24–1.48 (m, 32H; OCH2CH2(CH2)4CH3), 1.62–1.67 (m, 4H;
OCH2CH2CH2), 1.76–1.82 (m, 4H; OCH2CH2CH2), 3.67–3.69 (m, 4H;
OCH2CH2CH2), 3.79–3.80, 3.90–3.92 (2m, 8H; CH2OCH2CH2OCH2-
CH2OCH2), 3.93–3.95 (m, 4H; OCH2CH2CH2), 4.08–4.10 (m, 4H; Ar-
OCH2CH2O), 4.29–4.31 (m, 4H; ArOCH2CH2O), 6.53 (d, J2’,6’ = 1.9 Hz,
2H; 2’-H), 6.67 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.9 Hz, 2H; 6’-H), 6.75 (d, J5’,6’
= 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.08, 14.09 (CH3), 22.6, 25.9, 26.0, 29.1, 29.13, 29.2, 29.4,
31.8, 31.9 (OCH2(CH2)5CH3), 67.1, 67.9, 69.1, 69.2, 69.3, 69.4 (OCH2-
(CH2)5CH3, CH2O(CH2CH2O)2CH2, ArOCH2CH2O), 113.5 (5’-C), 114.5,
116.2 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.8, 134.3 (5-C, 1’-C), 145.4, 148.1,
148.6 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ = 2923, 2856 (s), 1601
(w), 1495, 1465 (s), 1243, 1191, 1125, 1101 cm�1 (ms); MS (ESI): m/z :
899.6 [M+�I].


NaI·5e : 1H NMR (CDCl3, 500 MHz): d = 0.87–0.93 (m, 12H; CH3),
1.28–1.48 (m, 40H; OCH2CH2(CH2)5CH3), 1.62–1.68 (m, 4H;
OCH2CH2CH2), 1.76–1.82 (m, 4H; OCH2CH2CH2), 3.66–3.69 (m, 4H;
OCH2CH2CH2), 3.79–3.80, 3.90–3.91 (2m, 8H; CH2OCH2CH2OCH2-
CH2OCH2), 3.92–3.95 (m, 4H; OCH2CH2CH2), 4.08–4.09 (m, 4H; Ar-
OCH2CH2O), 4.29–4.31 (m, 4H; ArOCH2CH2O), 6.53 (d, J2’,6’ = 1.9 Hz,
2H; 2’-H), 6.67 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.9 Hz, 2H; 6’-H), 6.75 (d,
J5’,6’ = 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.1 (CH3), 22.6, 22.7, 26.05, 26.08, 29.2, 29.3, 29.4, 29.44,
31.9 (OCH2(CH2)6CH3), 67.2, 67.9, 69.2, 69.3, 69.4 (OCH2(CH2)6CH3,
CH2O(CH2CH2O)2CH2, ArOCH2CH2O), 113.5 (5’-C), 114.5, 116.2 (6-C,
3-C, 2’-C), 121.9 (6’-C), 133.8, 134.3 (5-C, 1’-C), 145.4, 148.1, 148.6 ppm
(3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ = 2924, 2857 (s), 1603, 1562 (w),
1497, 1464 (s), 1244, 1192, 1130, 1102 cm�1 (ms); MS (ESI): m/z : 955.5
[M+�I].


NaI·5 f : 1H NMR (CDCl3, 500 MHz): d = 0.87–0.90 (m, 12H; CH3),
1.28–1.47 (m, 48H; OCH2CH2(CH2)6CH3), 1.62–1.67 (m, 4H;
OCH2CH2CH2), 1.76–1.82 (m, 4H; OCH2CH2CH2), 3.66–3.69 (m, 4H;
OCH2CH2CH2), 3.78–3.80, 3.90–3.91 (2m, 8H; CH2OCH2CH2OCH2-
CH2OCH2), 3.92–3.95 (m, 4H; OCH2CH2CH2), 4.07–4.08 (m, 4H; Ar-
OCH2CH2O), 4.28–4.30 (m, 4H; ArOCH2CH2O), 6.53 (d, J2’,6’ = 1.9 Hz,
2H; 2’-H), 6.67 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.9 Hz, 2H; 6’-H), 6.75 (d, J5’,6’
= 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.1 (CH3), 22.7, 26.06, 26.09, 29.2, 29.3, 29.34, 29.4,
29.46, 29.5, 29.6, 29.7, 31.9, 32.0 (OCH2(CH2)7CH3), 67.4, 68.1, 69.3, 69.4
(OCH2(CH2)7CH3, CH2O(CH2CH2O)2CH2, ArOCH2CH2O), 113.5 (5’-C),
114.7, 116.2 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.8, 134.2 (5-C, 1’-C), 145.7,
148.1, 148.5 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ = 2920, 2851 (s),
1602 (w), 1495, 1465 (s), 1244, 1191, 1126, 1100 cm�1 (ms); MS (ESI):
m/z : 1011.6 [M+�I].


NaI·5g : 1H NMR (CDCl3, 500 MHz): d = 0.87–0.89 (m, 12H; CH3),
1.21–1.46 (m, 56H; OCH2CH2(CH2)7CH3), 1.62–1.67 (m, 4H;
OCH2CH2CH2), 1.76–1.82 (m, 4H; OCH2CH2CH2), 3.66–3.69 (m, 4H;
OCH2CH2CH2), 3.79–3.80, 3.83–3.84 (2m, 8H; CH2OCH2CH2OCH2-
CH2OCH2), 3.93–3.94 (m, 4H; OCH2CH2CH2), 4.09–4.10 (m, 4H; Ar-
OCH2CH2O), 4.30–4.31 (m, 4H; ArOCH2CH2O), 6.52 (d, J2’,6’ = 1.9 Hz,
2H; 2’-H), 6.67 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.9 Hz, 2H; 6’-H), 6.75 (d, J5’,6’
= 8.3 Hz, 2H; 5’-H), 6.93 ppm (s, 2H; 3-H, 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.1 (CH3), 22.7, 26.06, 26.09, 29.2, 29.39, 29.41, 29.48,
29.5, 29.68, 29.71, 29.73, 29.75, 29.79, 31.9 (OCH2(CH2)10CH3), 67.1, 67.9,
69.1, 69.3, 69.4 (OCH2(CH2)10CH3, CH2O(CH2CH2O)2CH2, ArOCH2-
CH2O), 113.5 (5’-C), 114.5, 116.1 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.8,
134.3 (5-C, 1’-C), 145.4, 148.1, 148.5 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR
(film): ñ = 2920, 2852 (s), 1603, 1560 (w), 1496, 1466 (s), 1244, 1193,
1121, 1102 cm�1 (ms); MS (ESI): m/z : 1067.7 [M+�I].


NaI·5h : 1H NMR (CDCl3, 500 MHz): d = 0.87–0.89 (m, 12H; CH3),
1.26–1.47 (m, 72H; OCH2CH2(CH2)9CH3), 1.62–1.67 (m, 4H;
OCH2CH2CH2), 1.76–1.82 (m, 4H; OCH2CH2CH2), 3.66–3.69 (m, 4H;
OCH2CH2CH2), 3.79–3.80, 3.90–3.91 (2m, 8H; CH2OCH2CH2OCH2-


CH2OCH2), 3.93–3.94 (m, 4H; OCH2CH2CH2), 3.99–4.02 (m, 4H; Ar-
OCH2CH2O), 4.22–4.28 (m, 4H; ArOCH2CH2O), 6.55 (d, J2’,6’ = 1.7 Hz,
2H; 2’-H), 6.68 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 1.7 Hz, 2H; 6’-H), 6.74 (d, J5’,6’
= 8.3 Hz, 2H; 5’-H), 6.93 ppm (s, 2H; 3-H, 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.1 (CH3), 22.7, 26.04, 26.07, 29.2, 29.3, 29.4, 29.44, 29.5,
29.59, 29.63, 29.64, 29.7, 31.91, 31.93 (OCH2(CH2)8CH3), 67.2, 68.0, 69.2,
69.3, 69.4 (OCH2(CH2)8CH3, CH2O(CH2CH2O)2CH2, ArOCH2CH2O),
113.6 (5’-C), 114.6, 116.2 (6-C, 3-C, 2’-C), 121.9 (6’-C), 133.8, 134.3 (5-C,
1’-C), 145.5, 148.1, 148.6 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ =


2918, 2850 (s), 1605 (w), 1496, 1466 (s), 1245, 1193, 1121, 1100 cm�1 (ms);
MS (ESI): m/z : 1179.8 [M+�I].


NaI·5 i : 1H NMR (CDCl3, 500 MHz): d = 0.87–0.89 (m, 12H; CH3),
1.26–1.47 (m, 88H; OCH2CH2(CH2)11CH3), 1.60–1.67 (m, 4H;
OCH2CH2CH2), 1.76–1.82 (m, 4H; OCH2CH2CH2), 3.66–3.68 (m, 4H;
OCH2CH2CH2), 3.79–3.80, 3.90–3.91 (2m, 8H; CH2OCH2CH2OCH2-
CH2OCH2), 3.93–3.95 (m, 4H; OCH2CH2CH2), 4.04–4.06 (m, 4H; Ar-
OCH2CH2O), 4.28–4.30 (m, 4H; ArOCH2CH2O), 6.54 (d, J2’,6’ = 1.9 Hz,
2H; 2’-H), 6.67 (dd, J6’,5’ = 8.2 Hz, J6’,2’ = 1.9 Hz, 2H; 6’-H), 6.75 (d,
J5’,6’ = 8.2 Hz, 2H; 5’-H), 6.93 ppm (s, 2H; 3-H, 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.1 (CH3), 22.7, 26.0, 26.1, 29.1, 29.3, 29.4, 29.5, 29.6,
29.7, 29.8, 31.9 (OCH2(CH2)12CH3), 67.7, 68.4, 69.1, 69.2, 69.5, 69.6
(OCH2(CH2)12CH3, CH2O(CH2CH2O)2CH2, ArOCH2CH2O), 113.3 (5’-
C), 114.9, 116.0 (6-C, 3-C, 2’-C), 121.8 (6’-C), 133.8, 134.1 (5-C, 1’-C),
147.9, 148.4 ppm (3’-C, 4’-C, 1-C, 2-C); FTIR (film): ñ = 2918, 2850 (s),
1604 (w), 1496, 1467 (s), 1245, 1194, 1121, 1100 cm�1 (ms); MS (ESI):
m/z : 1292.9 [M+�I].


NaI3·5a : M.p. 120 8C; 1H NMR (CDCl3, 500 MHz): d = 3.82–3.87, 3.89–
3.91 (2m, 8H; CH2OCH2CH2OCH2CH2OCH2), 4.05–4.06 (m, 4H; Ar-
OCH2CH2O), 4.31–4.33 (m, 4H; ArOCH2CH2O), 5.93 (s, 4H; OCH2O),
6.58–6.61 (m, 4H; 2’-H, 5’-H), 6.69–6.70 (m, 2H; 6’-H), 6.91 ppm (s, 2H;
3-H, 6-H); 13C NMR (CDCl3, 125 MHz): d = 67.4, 68.4, 69.2, 69.4
(CH2O(CH2CH2O)2CH2, ArOCH2CH2O), 101.0 (OCH2O), 108.1 (5’-C),
110.3 (2’-C), 115.3 (6-C, 3-C), 123.3 (6’-C), 134.5, 134.6 (5-C, 4-C, 1’-C),
145.5, 146.5, 147.3 ppm (1-C, 2-C, 3’-C, 4’-C); FTIR (CDCl3): ñ = 2877
(ms), 1604 (w), 1499, 1482 (s), 1238, 1172, 1123, 1039 cm�1 (ms); MS
(ESI): m/z : 531.1 [M+�I3].


[CsI·(5a)2]: M.p. 144 8C; 1H NMR (CDCl3, 500 MHz): d = 3.76–3.79 (m,
8H; CH2OCH2CH2OCH2CH2OCH2), 3.91–3.93 (m, 4H; ArOCH2CH2O),
4.17–4.19 (m, 4H; ArOCH2CH2O), 5.93 (s, 4H; OCH2O), 6.58–6.60 (m,
4H; 2’-H, 5’-H), 6.68–6.69 (m, 2H; 6’-H), 6.85 ppm (s, 2H; 3-H, 6-H); 13C
NMR (CDCl3, 125 MHz): d = 69.3, 69.7, 70.6, 71.2 (CH2O-
(CH2CH2O)2CH2, ArOCH2CH2O), 100.9 (OCH2O), 108.0 (5’-C), 110.4
(2’-C), 116.5 (6-C, 3-C), 123.3 (6’-C), 133.3, 135.4 (5-C, 4-C, 1’-C), 146.1,
147.2, 148.2 ppm (1-C, 2-C, 3’-C, 4’-C); FTIR (CDCl3): ñ = 2873 (w),
1601 (w), 1501, 1482, 1455 (s), 1239, 1129, 1039 cm�1 (ms); MS (ESI):
m/z : 1149.2 [M+�I].


[CsI·(5h)2]:
1H NMR (CDCl3, 500 MHz): d = 0.87–0.89 (m, 12H; CH3),


1.26–1.47 (m, 72H; OCH2CH2(CH2)9CH3), 1.62–1.67 (m, 4H;
OCH2CH2CH2), 1.76–1.82 (m, 4H; OCH2CH2CH2), 3.65–3.68 (m, 4H;
OCH2CH2CH2), 3.75–3.78 (m, 8H; CH2OCH2CH2OCH2CH2OCH2),
3.90–3.94 (m, 8H; ArOCH2CH2O, OCH2CH2CH2), 4.19–4.20 (m, 4H; Ar-
OCH2CH2O), 4.22–4.28 (m, 4H; ArOCH2CH2O), 6.54 (d, J2’,6’ = 2.0 Hz,
2H; 2’-H), 6.68 (dd, J6’,5’ = 8.3 Hz, J6’,2’ = 2.0 Hz, 2H; 6’-H), 6.74 (d,
J5’,6’ = 8.3 Hz, 2H; 5’-H), 6.92 ppm (s, 2H; 3-H, 6-H); 13C NMR (CDCl3,
125 MHz): d = 14.1 (CH3), 22.7, 26.0, 26.1, 29.2, 29.3, 29.4, 29.47, 29.5,
29.68, 29.72, 29.73, 29.75, 29.8, 30.9, 31.9 (OCH2(CH2)10CH3), 69.1, 69.2,
69.3, 69.5, 70.3, 70.8 (OCH2(CH2)10CH3, CH2O(CH2CH2O)2CH2, Ar-
OCH2CH2O), 113.3 (5’-C), 116.1, 116.3 (6-C, 3-C, 2’-C), 121.8 (6’-C),
133.6, 134.2 (5-C, 1’-C), 147.7, 147.8, 148.4 ppm (3’-C, 4’-C, 1-C, 2-C);
FTIR (neat): ñ = 2955, 2918, 2872, 2850 (s), 1603 (w), 1496, 1467 (s),
1250, 1192, 1135 cm�1 (ms); TOF-MS (ES): m/z : 1289.2 [M+�I].


[CsI·(5 i)2]:
1H NMR (CDCl3, 500 MHz): d = 0.87–0.89 (m, 12H; CH3),


1.26–1.47 (m, 88H; OCH2CH2(CH2)11CH3), 1.57–1.66 (m, 4H;
OCH2CH2CH2), 1.76–1.82 (m, 4H; OCH2CH2CH2), 3.64–3.67 (m, 4H;
OCH2CH2CH2), 3.76–3.78 (m, 8H; CH2OCH2CH2OCH2CH2OCH2),
3.90–3.94 (m, 8H; ArOCH2CH2O, OCH2CH2CH2), 4.19–4.20 (m, 4H; Ar-
OCH2CH2O), 6.54 (d, J2’,6’ = 2.1 Hz, 2H; 2’-H), 6.68 (dd, J6’,5’ = 8.3 Hz,
J6’,2’ = 2.1 Hz, 2H; 6’-H), 6.74 (d, J5’,6’ = 8.3 Hz, 2H; 5’-H), 6.92 ppm (s,
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2H; 3-H, 6-H); 13C NMR (CDCl3, 125 MHz): d = 14.1 (CH3), 22.7, 26.0,
26.1, 29.1, 29.2, 29.3, 29.4, 29.48, 29.5, 29.6, 29.7, 29.8, 31.9 (OCH2-
(CH2)12CH3), 69.1, 69.3, 69.4 (OCH2(CH2)12CH3, CH2OCH2CH2OCH2),
70.1, 70.7 (ArOCH2CH2O), 113.3 (5’-C), 116.1, 116.3 (6-C, 3-C, 2’-C),
121.8 (6’-C), 133.6, 134.2 (5-C, 4-C, 1’-C), 147.8, 148.4 ppm (3’-C, 4’-C, 1-
C, 2-C); FTIR (neat): ñ = 2955, 2918, 2850 (s), 1498, 1467 (s), 1249,
1191, 1135 cm�1 (ms); TOF-MS (ES): m/z : 1401.9 [M+�I].


Acknowledgements


Generous financial support from the Deutsche Forschungsgemeinschaft,
the Fonds der Chemischen Industrie, and the Ministerium f>r Wissen-
schaft, Forschung und Kunst des Landes Baden-W>rttemberg is grateful-
ly acknowledged. We would like to thank Siegmar Diele for Guinier
films and helpful discussions, and Roland Frçhlich for valuable sugges-
tions.


[1] Reviews: a) C. J. Pedersen, J.-M. Lehn, D. J. Cram, Resonance 2001,
6, 71–79; b) J.-M. Lehn, Angew. Chem. 1988, 100, 91–116; Angew.
Chem. Int. Ed. Engl. 1988, 27, 89–112; c) D. J. Cram, Angew. Chem.
1988, 100, 1041–1052; Angew. Chem. Int. Ed. Engl. 1988, 27, 1009–
1020; d) C. J. Pedersen, Angew. Chem. 1988, 100, 1053–1059;
Angew. Chem. Int. Ed. Engl. 1988, 27, 1021–1027.


[2] a) J. A. Schrçter, C. Tschierske, M. Wittenberg, J. H. Wendorff,
Angew. Chem. 1997, 109, 1160–1163; Angew. Chem. Int. Ed. Engl.
1997, 36, 1119–1121; b) R. Plehnert, J. A. Schrçter, C. Tschierske, J.
Mater. Chem. 1998, 8, 2611–2626; c) G.-X. He, F. Wada, K. Kikuka-
wa, S. Shinkai, T. Matsuda, J. Org. Chem. 1990, 55, 541–548;
d) J. W. Goodby, G. H. Mehl, I. M. Saez, R. P. Tuffin, G. Mackenzie,
R. AuzSly-Velty, T. Benvegnu, D. Plusquellec, Chem. Commun.
1998, 2057–2070; e) N. Sinha, K. V. Ramanathan, K. Leblanc, P. Ju-
deinstein, J.-P. Bayle, Liq. Cryst. 2002, 29, 449–457; f) P. Judeinstein,
P. BerdaguS, J.-P. Bayle, N. Sinha, K. V. Ramanathan, Liq. Cryst.
2001, 28, 1691–1698; g) T. Hirose, S.-Y. Tanaka, Y. Aoki, H. Nohira,
Chem. Lett. 2000, 1290–1291; h) K. Leblanc, P. BerdaguS, J. Rault,
J.-P. Bayle, P. Judeinstein, Chem. Commun. 2000, 1291–1292; i) Q.
Jiang, L.-Z. Li, M.-G. Xie, J.-W. Ran, Mol. Cryst. Liq. Cryst. 1997,
302, 1311–1319; j) B. Neumann, D. Joachimi, C. Tschierske, Adv.
Mater. 1997, 9, 241–244; k) R. P. Tuffin, K. J. Toyne, J. W. Goodby, J.
Mater. Chem. 1995, 5, 2093–2104; l) M.-G. Xie, S.-K. Liu, G. Liu, L.-
Z. Li, Q. Jiang, Liq. Cryst. 1996, 21, 313–316; m) D. S. Nagvekar, Y.
Delaviz, A. Prasad, J. S. Merola, H. Marand, H. W. Gibson, J. Org.
Chem. 1996, 61, 1211–1218; n) J.-M. Lehn, J. MalthÞte, A.-M. Leve-
lut, J. Chem. Soc. Chem. Commun. 1985, 1794–1796; o) A. Lieb-
mann, C. Mertesdorf, T. Plesnivy, H. Ringsdorf, J. H. Wendorff,
Angew. Chem. 1991, 103, 1358–1361; Angew. Chem. Int. Ed. Engl.
1991, 30, 1375–1377; p) R. P. Tuffin, K. J. Toyne, J. W. Goodby, J.
Mater. Chem. 1996, 6, 1271–1282; q) A. J. Blake, D. W. Bruce, J. P.
Danks, I. A. Fallis, D. Guillon, S. A. Ross, H. Richtzenhain, M.
Schrçder, J. Mater. Chem. 2001, 11, 1011–1018; r) H. Richtzenhain,
A. J. Blake, D. W. Bruce, I. A. Fallis, W. Li, M. Schrçder, Chem.
Commun. 2001, 2580–2581; s) C. F. van Nostrum, S. J. Picken, A.-J.
Schouten, R. J. M. Nolte, J. Am. Chem. Soc. 1995, 117, 9957–9965.


[3] a) V. Percec, W.-D. Cho, G. Ungar, D. J. P. Yeardley, Chem. Eur. J.
2002, 8, 2011–2025; b) G. Ungar, V. Percec, R. Rodenhouse, Macro-
molecules 1991, 24, 1996–2002; c) G. Johansson, V. Percec, G.
Ungar, D. Abramic, J. Chem. Soc. Perkin Trans. 1 1994, 447–459;
d) V. Percec, G. Johansson, G. Ungar, J. Zhou, J. Am. Chem. Soc.
1996, 118, 9855–9866.


[4] a) U. Beginn, G. Zipp, M. Mçller, Chem. Eur. J. 2000, 6, 2016–2023;
b) V. Percec, G. Zipp, G. Johansson, U. Beginn, M. Mçller, Macro-
mol. Chem. Phys. 1997, 198, 265–277.


[5] A. Schultz, S. Laschat, A. Saipa, F. Gießelmann, M. Nimtz, J. L.
Schulte, A. Baro, B. Miehlich, Adv. Funct. Mater. 2004, 14, 163–168.


[6] H.-T. Jung, S. O. Kim, S. D. Hudson, V. Percec, Appl. Phys. Lett.
2002, 80, 395–397.


[7] a) P. S. Pershan, Structure of Liquid Crystal Phases (World Scientific
Lecture Notes in Physics), Vol. 23, World Scientific, Singapore, 1988 ;
b) S. K. Prasad, D. S. S. Rao, S. Chandrasekhar, S. Kumar, Mol.
Cryst. Liq. Cryst. 2003, 396, 121–139.


[8] a) P. Zugenmaier, Liq. Cryst. 2005, 32, 31–38; b) P. Zugenmaier,
Liq. Cryst. 2002, 29, 443–448.


[9] M. Sawamura, K. Kawai, Y. Matsuo, K. Kanie, T. Kato, E. Naka-
mura, Nature 2002, 419, 702–705.


[10] a) F. Morale, R. W. Date, D. Guillon, D. W. Bruce, R. L. Finn, C.
Wilson, A. J. Blake, M. Schrçder, B. Donnio, Chem. Eur. J. 2003, 9,
2484–2501; b) D. Pucci, G. Barberio, A. Crispini, O. Francescangeli,
M. Ghedini, M. La Deda, Eur. J. Inorg. Chem. 2003, 3649–3661.


[11] L. Y. Park, D. G. Hamilton, E. A. McGehee, K. A. McMenimen, J.
Am. Chem. Soc. 2003, 125, 10586–10590.


[12] C. Dai, P. Nguyen, T. B. Marder, A. J. Scott, W. Clegg, C. Viney,
Chem. Commun. 1999, 2493–2494.


[13] For a related approach, see: V. de Halleux, J.-P. Calbert, P. Broco-
rens, J. Cornil, J.-P. Declercq, J.-L. Bredas, Y. Geerts, Adv. Funct.
Mater. 2004, 14, 649–659.


[14] H. Allouchi, M. Cotrait, J. MalthÞte, Mol. Cryst. Liq. Cryst. 2001,
362, 101–110.


[15] S. M. Martin, J. Yonezawa, M. J. Horner, C. W. Macosko, M. D.
Ward, Chem. Mater. 2004, 16, 3045–3055.


[16] I. Seguy, P. Jolinat, P. Destruel, R. Mamy, H. Allouchi, C. Courseille,
M. Cotrait, H. Bock, ChemPhysChem 2001, 2, 448–452.


[17] J. L. Schulte, S. Laschat, Synthesis 1999, 475–478.
[18] M. C. Carreno, J. L. Garcia Ruano, G. Sanz, M. A. Toledo, A.


Urbano, J. Org. Chem. 1995, 60, 5328–5331.
[19] a) C. S. Kr@mer, T. J. Zimmermann, M. Sailer, T. J. J. M>ller, Synthe-


sis 2002, 1163–1170; b) C. Coudret, Synth. Commun. 1996, 26,
3543–3547.


[20] Organikum, 20th ed., Barth Verlag, Heidelberg, Leipzig, 1996,
p. 351.


[21] C. J. Pedersen, J. Am. Chem. Soc. 1967, 89, 7017–7036.
[22] E. Wuckert, M. Dix, S. Laschat, A. Baro, J. L. Schulte, C. H@gele, F.


Giesselmann, Liq. Cryst. 2004, 31, 1305–1309.
[23] CCDC-257459 (5b) and CCDC-257460 (NaI3·5a) contain the sup-


plementary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.


[24] J. Billard, J. C. Dubois, C. Vaucher, A. M. Levelut, Mol. Cryst. Liq.
Cryst. 1981, 66, 115–122.


[25] C. K. Lai, C.-H. Tsai, Y.-S. Pang, J. Mater. Chem. 1998, 8, 1355–
1360.


[26] H. Zheng, C. K. Lai, T. M. Swager, Chem. Mater. 1995, 7, 2067–
2077.


[27] Concerning the relationship between the symmetry of columnar
mesophases and the chain lengths, see: C. Destrade, P. Foucher, H.
Gasparoux, N. H. Tinh, A. M. Levelut, J. MalthÞte, Mol. Cryst. Liq.
Cryst. 1984, 106, 121–146.


[28] a) J. L. Dye, M. G. DeBacker, Annu. Rev. Phys. Chem. 1987, 38,
271–301; b) R. H. Huang, J. L. Eglin, S. Z. Huang, L. E. H. McMills,
J. L. Dye, J. Am. Chem. Soc. 1993, 115, 9542–9546.


[29] N. Kobayashi, A. B. P. Lever, J. Am. Chem. Soc. 1987, 109, 7433–
7441.


Received: July 27, 2005
Published online: October 27, 2005


Chem. Eur. J. 2006, 12, 1026 – 1035 H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1035


FULL PAPERLiquid Crystals Based on Crown Ethers



www.chemeurj.org






DOI: 10.1002/chem.200500761


Ruthenium Complexes with the Stanna-closo-dodecaborate Ligand:
Coexistence of h1(Sn) and h3(B�H) Coordination


Torben G-dt,[a] Beatrice Grau,[b] Klaus Eichele,[a] Ingo Pantenburg,[b] and
Lars Wesemann*[a]


Introduction


A rich structural variety is exhibited by the complexes re-
sulting from the interaction of borane and heteroborane
cages with transition-metal fragments; the most common
structural motif is the incorporation of the transition metal
as a vertex in the borane cage.[1] Stone and co-workers
showed that metallaboranes and metallacarboranes are ca-
pable of bonding to exo-polyhedral transition-metal frag-
ments through direct metal–metal bonds.[2] However, there
are relatively few examples of main-group closo-heterobor-
anes bonded to transition-metal moieties through the main-
group atom. The longest known representatives of this class
are ortho-dicarborane–metal complexes with the [2-Ph-1,2-
C2B10H10]


� monoanion.[3] More recently, Strauss and co-
workers described the first closo-monocarborane complex
{[NBu4]2[CuCl(CB11F11)]} with an exo-polyhedral carbon–
metal bond.[4] Another general coordination mode of closo-


boranes and closo-heteroboranes is the formation of up to
three agostic B�H�M bonds as established by Lipscomb
et al.[5] for [B10H10]


2� and by Greenwood et al. for [B12H12]
2�


in the ruthenium complex [Ru(PMe2Ph)3(B12H12)].
[6] Recent


examples of metallacarboranes as tridentate ligands often
involve the ruthenium fragment [RuCl(PPh3)2]


+ and include
[Re(CO)3(h


5-2,3,10-(m-H)3-exo-{RuCl(PPh3)2}-7,8-C2B9H8)],
[7a]


[closo-2-(h6-C6H6)-10,11,12-{exo-RuCl(PPh3)2}-10,11,12-(m-H)3-
2,1-RuCB10H7R],[7b] [4-(cod)-3,7,8-{RuCl(PPh3)2}-3,7,8-(m-
H)3-closo-4,1,6-RhC2B10H9],


[7c] and [4-(h3-C3H5)-3,7,8-
{RuCl(PPh3)2}-3,7,8-(m-H)3-closo-4,1,6-NiC2B10H9].


[7d] Fur-
thermore, Teixidor and co-workers described a series of exo-
nido-ruthenacarboranes featuring conventional S�Ru and
P�Ru bonds as well as B�H�Ru agostic bonds.[8a–d]


Several years ago we set out to investigate the coordina-
tion abilities of the Group 14 heteroborate [SnB11H11]


2� (1)
towards transition-metal electrophiles.[9] The prevailing coor-
dination mode is the formation of a metal–tin single bond
and compounds such as the hexaanionic, square-planar com-
plex [Pt(SnB11H11)4]


6� and pentaanionic [Au(SnB11H11)4]
5�


were obtained as air-stable salts in high yields.[10] In a sys-
tematic study of the coordination properties of square-
planar platinum complexes we found evidence for the
strong trans-influence of h1(Sn)-coordinated stannaborate.[11]


More recently, our group showed that [SnB11H11]
2� is a


ligand of remarkable flexibility when coordinated to gold(i)
fragments. In fact, in [Au2(PPh3)2(SnB11H11)2]


2� and [Au2-


Abstract: Four stanna-closo-dodecabo-
rate complexes of ruthenium have
been prepared and characterized by
multinuclear NMR studies in solution
and in the solid state. The solid-state
structures of the dimeric zwitterions
[{Ru(dppb)(SnB11H11)}2] (2) (dppb=
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(PPh3)2(SnB11H11)}2] (3), and the di-
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[Bu3MeN]2[Ru(dppb){2,7,8-(m-H)3-exo-


SnB11H11}(SnB11H11)] (4) were deter-
mined by X-ray crystal structure analy-
sis; they establish an unprecedented
structural motif in the chemistry of het-
eroboranes and transition-metal frag-
ments with the stanna-closo-dodecabo-


rate moiety as a two-faced ligand that
exhibits h1(Sn) as well as h3(B�H) co-
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(PPh3)2(SnB11H11)3]
4� the stannaborate bridges the Au�Au


bond through the tin atom, leading to very short Au�Au dis-
tances,[12] whereas it caps an Au3 triangle in m3-mode in
[{(Et3P)Au(SnB11H11)}3]


3� and an Au4 rectangle in m4-mode
in [{(dppm)Au2(SnB11H11)2}2]


4� (dppm=bis(diphenylphos-
phino)methane).[13]


We report here the preparation and characterization of
stannaborate ruthenium complexes with the [SnB11H11]


2�


moiety coordinated both by three B�H�Ru agostic bonds
and a Ru�Sn bond, which establishes an unprecedented
structural motif in heteroborane chemistry. Moreover, we
give a detailed dynamic NMR analysis of the fluxional be-
havior of h3(B�H)-coordinated stannaborate, including the
determination of the activation parameters.


Results and Discussion


Synthesis : We chose to react two different, yet closely relat-
ed ruthenium fragments, [RuCl2(dppb)PPh3] and [RuCl2-
(PPh3)3], with [SnB11H11]


2� (1) to examine the influence of
the chelating phosphane on the formation of structurally dif-
ferent reaction products. We showed in previous work that
the reaction of cis-[PtCl2(PPh3)2] with two equivalents of 1
yields trans-[Pt(PPh3)2(SnB11H11)2]


2�, whereas [PtCl2(dppe)]
leads to cis-[Pt(dppe)(SnB11H11)2]


2� (dppe=bis(diphenyl-
phosphino)ethane).[14]


Refluxing one equivalent of the sodium salt of stanna-
closo-dodecaborate with the ruthenium electrophile [RuCl2-
(dppb)PPh3] in THF for 60 h produces the dimeric com-
pound [{Ru(dppb)(SnB11H11)}2] (2) as an orange precipitate,
which can be isolated in rather low yield by filtration and
subsequent treatment with water (Scheme 1). Analogously,


refluxing [RuCl2(PPh3)3] and Na2[SnB11H11] in THF for 60 h
yields [{Ru(PPh3)2(SnB11H11)}2] (3) as a red precipitate,
which can be isolated and purified as described above for 2
(Scheme 2). Both dimeric ruthenium complexes 2 and 3 are
stable towards air and moisture. The solubility of 2 is very
low, whereas 3 is insoluble in common solvents.


To probe whether it would be possible to coordinate two
or more stannaborate clusters to a ruthenium fragment, we
reacted two equivalents of [Bu3MeN]2[SnB11H11] with
[RuCl2(dppb)(PPh3)] in CH2Cl2 at room temperature. The
color of the reaction mixture changed from dark green to
orange-red. After two hours, the mixture was extracted with
water to remove [Bu3MeN]Cl and CH2Cl2 was subsequently
evaporated under reduced pressure, yielding [Bu3MeN]2-
[Ru(dppb){2,7,8-(m-H)3-exo-SnB11H11}(SnB11H11)] (4) as an
orange powder, which was washed several times with Et2O
to remove PPh3 (Scheme 3). The remaining solid is stable
towards air and moisture.


Following a modified protocol described for the synthesis
of 4, we succeeded in isolating [Bu3MeN]2[Ru(PPh3)2{2,7,8-
(m-H)3-exo-SnB11H11}(SnB11H11)] (5) as a red, air-stable
powder starting from [RuCl2(PPh3)3] (Scheme 4).


Solid-state structures : To elucidate the solid-state structures
of 2 and 3 we undertook X-ray single-crystal structure anal-


yses. Orange crystals of 2 were
obtained by crystallization from
CH2Cl2. The molecular struc-
ture of 2 together with selected
interatomic distances and
angles is shown in Figure 1 and
the crystal data as well as pa-
rameters of the structure refine-
ment are given in Table 4.


The heteroborate plays the
role of a bridging ligand that
uses two different coordination
modes, formation of a Ru�Sn
bond to one ruthenium atom
and formation of three agostic
B�H�Ru bonds to the symme-
try-equivalent ruthenium atom
Ru’. The agostic interactions


are inequivalent; the Ru�B(6’) distance (2.353(5) M) is
shorter than the Ru�B(1’) (2.416(4) M) and Ru�B(2’) dis-
tances (2.419(4) M). Comparable distances have been re-
ported in the literature for similar systems and the inequiva-
lent agostic B�H�Ru interactions have been ascribed to dif-
ferent trans influences of the particular trans-located li-


Scheme 1. Synthesis of the dimeric ruthenium complex 2.


Scheme 2. Synthesis of the dimeric ruthenium complex 3.


Chem. Eur. J. 2006, 12, 1036 – 1045 J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1037


FULL PAPER



www.chemeurj.org





gand.[8c,15] The Ru�Sn separation (2.576(1) M) falls in the
range of known Ru�Sn lengths (2.55–2.69 M).[16]


An unusual aspect of the agostic B�H�Ru interaction in
the dimeric compound 2 is the fact that the stannaborate 1
uses two B�H vertices from the first B5-belt and one B�H
vertex from the second B5-belt (Figure 2). As already men-


tioned in the introduction, the interaction of metallacarbor-
anes with transition-metal fragments through three agostic
B�H�M bonds is well established, mainly from the work of
Stone and co-workers, but the predominating geometry
found is based on the usage of two B�H vertices from the
second belt and one B�H vertex from the first belt.[7a,b] The
exceptions we could find in the literature are [4-(h3-C3H5)-
3,7,8-{RuCl(PPh3)2}-3,7,8-(m-H)3-4,1,6-closo-NiC2B10H9], in
which the 13-vertex nickeladicarborane is bonded to the
ruthenium fragment through two B�H vertices of the first
six-membered CBCBBB ring and one B�H vertex of the
second B5-ring,


[7d] and the structurally similar rhodadicarbor-
ane ruthenium complex [4-(cod)-3,7,8-{RuCl(PPh3)2}-3,7,8-
(m-H)3-closo-4,1,6-RhC2B10H9].


[7c]


A single-crystal X-ray diffraction study of the ruthenium
complex 3 revealed that it is in fact a close congener to 2.
An ORTEP plot of the molecular structure is depicted in
Figure 3. The distances are very similar to those of the anal-
ogous compound 2, whereas the P2-Ru-P1 angle of
100.01(5)8 is slightly larger owing to the steric demand of
the triphenylphosphane ligands.


Orange single crystals of dianion 4 were obtained by
layering a CH2Cl2 solution with hexane. In the molecular
structure two stannaborate moieties are coordinated at the
ruthenium fragment in different coordination modes. One
cluster forms a Ru�Sn bond and the other [SnB11H11]


2�


moiety has three exopolyhedral agostic B�H�Ru bonds.
The tin atom of the h3-coordinated stannaborate remains
uncoordinated by a transition-metal fragment (Figure 4).
However, it was soon realized during the structure refine-
ment that some disorder was present in the h3-coordinated
cluster. Repeated crystallizations consistently gave crystals
that were disordered in an analogous manner. Indeed, the
h3-coordinated cluster is disordered over two positions with
a ratio of 83.3:16.7. The principal orientation 4a (Figure 4)
has 1 coordinated to the ruthenium fragment with one B�H
vertex from the first B5-belt and two B�H vertices from the
second B5-belt. Again the three agostic B�H�Ru bonds are
unequal with Ru�B(6) (2.284(4) M), which lies trans to the
tin-coordinated stannaborate, being shorter than Ru�B(1)
(2.324(2) M) and Ru�B(7) (2.317(4) M), in which a phos-
phane ligand is coordinated in the trans position. The ruthe-


Scheme 3. Synthesis of the dianionic ruthenium complex 4.


Scheme 4. Synthesis of the dianionic complex 5 with the PPh3 ligand.


Figure 1. Molecular structure of 2. The phenyl rings and hydrogen atoms
except the ipso-carbon and the B�H�Ru hydrogen atoms have been
omitted for the sake of clarity. Selected interatomic distances [M] and
angles [8]: Ru�P1 2.293(1), Ru�P2 2.287(1), Ru�Sn 2.576(6), Ru�B1’
2.416(4), Ru�B2’ 2.419(4), Ru�B6’ 2.353(5), Ru�H1’ 1.93(3), Ru�H2’
1.90(4), Ru�H6’ 1.70(5); P2-Ru-P1 92.63(4), P1-Ru-Sn 93.94(3), H1’-Ru-
P2 86.5(10), H1’-Ru-Sn 82.6(11), H6’-Ru-P2 96.8(16), H6’-Ru-Sn
166.5(17), H6’-Ru-H1’ 89.7(19). Symmetry transformation used to gener-
ate equivalent atoms: 1�x, �y+1, �z.


Figure 2. Graphical representation of the B5-belts of 1.
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nium–tin separation Ru�Sn(1) (2.600(1) M) is slightly larger
than for 2 and 3 and the P1-Ru-P2 angle, 97.17(7)8, lies be-
tween those already described for 2 and 3.


The other orientation present, 4b, has the h3-coordinated
stannaborate cluster employing two B�H vertices from the
first B5-ring and one B�H vertex from the second B5-ring.
This also implies a different orientation of the uncoordinat-
ed Sn relative to the other ligands at the ruthenium centre.
Both orientations together with other stereoisomers are de-
picted in Figure 6 (see discussion below). Because 4b is the
minor structural isomer in the solid state, the geometric pa-
rameters of 4b will not be discussed.


NMR spectroscopy in solution : To examine the solution be-
havior of 2, a multinuclear NMR study was undertaken. Un-
fortunately, the solubility of 2 is very limited, which severely
hampered the examinations and made the observation of a
119Sn{1H} NMR spectrum in solution impossible. The 31P{1H}
NMR spectrum reveals a sharp singlet at d = 52.2 ppm with
a coupling constant of 2J(117,119Sn,P) = 288 Hz (117Sn/119Sn
coupling could not be resolved), which unambiguously
shows that the solid-state structure remains intact in solu-
tion. It is known from the literature that cis-2J(117,119Sn,P)
coupling constants range from 270 to 400 Hz for ruthenium
complexes.[16] The 11B{1H} NMR spectrum shows one rela-
tively sharp signal at d = �31.7 ppm, whereas the other sig-
nals are very broad. Unlike h1(Sn)-coordinated stannabo-
rate, which typically displays one signal for B2�B6 and B7�
B11 because of accidental isochrony, and another for the an-
tipodal B12,[9] the loss of symmetry at the h3(BH)-coordinat-
ed heteroborate moiety causes the occurrence of a higher
number of signals in the 11B{1H} NMR spectrum. A proton-
coupled 11B NMR experiment allowed us to assign the un-
usually high-field shifted signal at d = �31.7 ppm to the
agostic B�H�Ru boron atoms, since the 1J(B,H) coupling
constant of 92 Hz is characteristically smaller than the cou-
pling constant of free terminal B�H units, which lies be-
tween 120 and 190 Hz.[17] The 1H{11B} NMR spectrum of 2
exhibited two signals in the high-field region with an inte-
gration ratio of 2:1. A doublet at d = �4.85 ppm with
2J(P,H) = 30.1 Hz can be assigned to H1 and H2, and a sin-
glet at d = �8.27 ppm with 117,119Sn satellites and
2J(117,119Sn,H) = 212 Hz is assigned to H6. A similar
2J(117,119Sn,H) coupling constant has been described for the
trinuclear ruthenium cluster [(m-H)2(m3-S)(m-Cl)Ru3(CO)8-
(SnCl3)].


[18]


Unfortunately compound 3 is almost completely insoluble
in all common solvents, which made solution NMR investi-
gations impossible.


In solution, the 31P{1H} NMR spectrum of complex 4
(Figure 5) consists of an A2 pattern at d = 51.5 ppm
[2J(117,119Sn,P) = 267 Hz] as well as an AB pattern at d =


51.6 and 51.0 ppm [2J(P,P) = 35.4 Hz, 2J(117,119Sn,P) =


273 Hz]. This strongly indicates that in solution 4 comprises
of isomers with different symmetry, that is, Cs and C1 sym-
metry (vide infra).


Further evidence comes from a 119Sn{1H} NMR measure-
ment of 4, which shows broad peaks at d = �366, �374,
�630, and �638 ppm with approximately equal intensities.
The two peaks around d = �370 ppm can be assigned to


Figure 3. Molecular structure of 3. The phenyl rings and hydrogen atoms
except the ipso-carbon and the B�H�Ru hydrogen atoms have been
omitted for the sake of clarity. Selected interatomic distances [M] and
angles [8]: P1�Ru 2.326(1), P2�Ru 2.325(1), Ru�H(6’) 1.73(4), Ru�H1’
1.80(3), Ru�H2’ 1.84(4), Ru�B6’ 2.326(5), Ru�B1’ 2.392(5), Ru�B2’
2.407(6), Ru�Sn 2.574(1); P2-Ru-P1 100.01(5), P1-Ru-Sn 93.87(4), P2-
Ru-Sn 95.84(3), H1’-Ru-P2 80.4(11), H1’-Ru-Sn 83.5(11), H6’-Ru-P2
91.3(13), H6’-Ru-Sn 166.4(13), H6’-Ru-H1’ 86.4(16). Symmetry transfor-
mation used to generate equivalent atoms: �x+1, �y+2, �z+2.


Figure 4. Molecular structure of 4a. The phenyl rings and hydrogen
atoms except the ipso-carbon and the B�H�Ru hydrogen atoms have
been omitted for the sake of clarity. Selected interatomic distances [M]
and angles [8]: Ru�P1 2.282(2), Ru�P2 2.295(2), Ru�Sn1 2.600(1), Ru�
B1 2.324(2), Ru�B6 2.284(4), Ru�B7 2.317(4), Ru�H1 1.83(6), Ru�H6
1.82(6), Ru�H7 1.85(6); P1-Ru-P2 97.17(7), P1-Ru-Sn1 89.99(6), P2-Ru-
Sn1 92.80(6), P1-Ru-H7 87.2(19), P1-Ru-H1 174.26(6), P2-Ru-H1
83.87(5), Sn1-Ru-H1 84.31(2), Sn1-Ru-H7 81.3(19).
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h1(Sn)-coordinated stannaborate[9] and the two high-field
shifted signals must therefore be assigned to the h3-coordi-
nated stannaborate. Remarkably, the resonances for the h3-
coordinated heteroborate are high-field shifted relative to
free cluster 1, which shows a broad resonance at d =


�546 ppm.[19] The observation of four signals must be ascri-
bed to the existence of isomeric compounds in solution. The
11B{1H} NMR spectrum contains an intense peak at d =


�15.2 ppm, as expected for a h1(Sn)-coordinated
[SnB11H11]


2� moiety, which can be assigned to isochronous
B2�B6 and B7�B11 in both B5-rings.


[11] Additional broader
signals with lower intensity at d = �1.6, �8.0, and
�19.9 ppm, and a relatively sharp signal at d = �22.4 ppm
are ascribed to the h3-coordinated stannaborate, which has
lower local symmetry and thus more resonances than the
h1(Sn)-coordinated cluster. Signals due to B�H�Ru groups
could be identified by means of a heteronuclear correlation
11B/1H 2D NMR experiment, which revealed a correlation
between the sharp signal at d = �22.4 ppm in the 11B{1H}
NMR spectrum and two broad peaks at d = �6.3 and
�7.5 ppm in the 1H NMR spectrum, which clearly belong to
B�H�Ru protons. To overcome the problem of the large
linewidth of the hydridic signals, we conducted a 1H{11B}
NMR experiment that revealed a doublet at d = �7.5 ppm
with a 2J(H,P) coupling constant of 44.8 Hz and 117,119Sn sat-
ellites [2J(117,119Sn,H) = 205 Hz], and a broad multiplet at d
= �6.3 ppm, which lacked a clear coupling pattern. It is
known from the literature that coupling constants of the
magnitude of the resolved 2J(P,H) coupling constant are
common for trans-2J(P,H) couplings in comparable rutheni-
um borate complexes.[8c] We therefore conclude that the
doublet must be assigned to B�H units in trans positions to
the phosphane ligand, which implies that 2J(Sn,H) = 205 Hz
is a cis coupling (cis-2J(P,H) coupling is not resolved owing
to large line widths). Remarkably, the 117,119Sn,H cis coupling
in 4 is of a magnitude comparable with the trans coupling in
2. A possible explanation could be the anionic character of
the complex. In fact, Carlton demonstrated for rhodium-hy-


drogen-tin systems that J(117,119Sn,H) correlates with the
electron density at the rhodium centre and shows a larger
response than other coupling constants.[20]


The NMR spectroscopic data for compound 5 are similar
to those for 4 (Tables 1 and 2). We thus conclude that 5 is


isostructural to 4. The main differences in the NMR data
can be found in the 119Sn{1H} NMR and in the 1H{11B} NMR
spectra. The 119Sn{1H} NMR spectrum contains three instead
of four signals, but the very broad signal at d = �398 ppm
probably consists of two unresolved peaks. Examination of
the 1H NMR spectrum reveals only a very broad signal at d
= �7.3 ppm, which gains somewhat more structure in the
11B decoupled 1H{11B} NMR experiment while retaining an
unresolved form; it thus cannot be interpreted unequivocal-
ly. 1H{11B} NMR experiments at low temperatures lead to
no improvement for any of the complexes 2, 4, or 5.


Solid-state NMR spectroscopy : Unfortunately, the solubility
of compound 2 was not sufficient to allow the detection of
119Sn{1H} NMR resonances in solution. We thus conducted a
solid-state 119Sn HPDEC/MAS experiment, which displayed
a resonance at d = �381 ppm. This is a chemical shift simi-
lar to the solution shifts observed for h1(Sn)-coordinated 1
in the dianionic ruthenium compounds 4 and 5. However,
the value is somewhat shifted to higher field than hitherto
known values, d = �332 ppm[12] for [Au2(PPh3)2-
(SnB11H11)3]


4� or d = �317 ppm[10] for [Pt(SnB11H11)4]
6�, for


h1(Sn) stannaborate on late transition metals. It is shifted
down field relative to free [SnB11H11]


2� and exclusively h3-
(B�H)-coordinated stannaborate, which appears around d


= �630 ppm (Table 2).


Figure 5. 31P{1H} NMR spectra of 4 and 5, each consisting of an A2 pat-
tern and an AB pattern.


Table 1. Selected 1H{11B} NMR and 11B NMR data, d in ppm, J in Hz.
1H{11B} Hydride region 11B


2 �4.85 (d, 2J(P,H) = 30.1), �10.8, �15.0, �20.7,
�8.27 (s,2J(117,119Sn,H) = 212) �31.7 (1J(B,H) = 92)


4 �6.2 to �6.5 (brm), �1.6, �8.0, �15.2, �19.9,
�22.4


�7.5 (d, 2J(P,H) = 44.8, 2J(117,119Sn,H)
= 205)


5 �7.6 to �7.0 (br) �2.1, �8.9, �15.3, �20.9


Table 2. 31P{1H} NMR and 119Sn{1H} NMR data, d in ppm, J in Hz.
31P{1H} 119Sn{1H}


2 52.2 (s, 2J(117,119Sn,P) = 288) �381[a]


3 53.1, 48.6[a] �345[a]


4 51.0 (d, 2J(P,P) = 35.4, J(117,119Sn,P) = 273), �366, �374, �630,
�638


51.5 (s, 2J(117,119Sn,P) = 267),
51.6 (d,2J(P,P) = 35.4, 2J(117,119Sn,P) = 273)


5 54.2 (d, 2J(P,P) = 27.7, 2J(117,119Sn,H) =


260),
�398, �628, �640


54.6 (s, 2J(117,119Sn,H) = 263),
55.4 (d, J(P,P) = 27.7, 2J(117,119Sn,H) = 260)


[a] Solid-state NMR spectroscopy.
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Because compound 3 is insoluble in common solvents we
undertook solid-state 31P and 119Sn NMR studies. The 31P
VACP/MAS spectrum of 3 showed peaks at d = 53.1 and
48.7 ppm; these can be assigned to the PPh3 ligands, which
are chemically inequivalent in the solid state. The values are
similar to the observed 31P{1H} NMR resonances in solution
for compounds 2, 4, and 5 (Table 2). Owing to the large line-
width in the solid state, no couplings could be resolved. A
119Sn HPDEC/MAS experiment showed a broad signal at d
= �345 ppm, which is shifted somewhat downfield relative
to 2.


Dynamic NMR spectroscopy : Basically, six stereoisomers of
4 and the analogous triphenylphosphane complex 5 can be
assumed to exist in solution (Figure 6). Isomer 4a corre-


sponds to the major isomer present in the solid state and
should give rise to an AB pattern in the 31P{1H} NMR spec-
trum; this is also expected for its enantiomer 4a’. Another
isomer 4c with Cs symmetry can be formulated, which
should give an A2 pattern in the 31P{1H} NMR spectrum.
Furthermore, corresponding isomers 4b, 4b’, and 4d, which
exhibit a h3(B�H) stannaborate coordinated by two B�H
vertices from the first B5-belt and one B�H vertex from the
second B5-belt, have to be considered. An analogous set of
isomers 5a–5d can be devised for the structurally related tri-
phenylphosphane complex 5. At least two different mecha-
nisms of isomerization can be postulated to cause dynamic
interconversion of these isomers. Namely, a rotational twist-
ing A of the exo-[Ru(PPh3)2(SnB11H11)] fragment about the


cluster face and a translational scrambling B of the exo-
polyhedral ruthenium fragment to the next triangular face
of the stannaborate moiety. Stone and co-workers described
a similar process for [2,2,2-(CO)3-2-PPh3-7,8,12-(m-H)3-
7,8,12-{RuCl(PPh3)2}-closo-2,1-MoCB10H8].


[15] Because only
one A2 pattern and one AB pattern are present in the
31P{1H} NMR spectra of both 4 and 5, the simultaneous exis-
tence of all six isomers in solution can be ruled out; one
would expect two A2 and two AB systems in the 31P{1H}
NMR spectra of 4 and 5 if all six isomers were present.


To elucidate the dynamic processes that are responsible
for the existence of isomers of both 4 and 5 in solution, we
conducted 31P{1H} EXSY NMR and selective inversion
transfer NMR experiments. Our first objective was to prove
unequivocally that both spin systems present interconvert


dynamically at room tempera-
ture, eliminating the possibility
of two independent sets of iso-
mers. We decided to begin with
a variable-temperature 31P{1H}
NMR experiment. At elevated
temperatures in a mixture of
MeNO2 and [D8]toluene signifi-
cant line broadening is visible
for both 4 and 5, indicating a
dynamic interconversion on the
NMR time scale. The spectra
for compound 5 (Figure 7) in
CD2Cl2 display another inter-
esting feature, the temperature
dependence of the 31P{1H}
NMR chemical shifts, which
renders the AB system acciden-
tally isochronous at �80 8C and
gives rise to two broad singlets
with tin satellites. To examine
the influence of the solvent we
repeated the variable-tempera-
ture measurements in [D6]ace-
tone. The temperature depend-
ence of the chemical shift is
very similar in acetone. For the
AB system the effect is


0.8 HzK�1 for both CD2Cl2 and acetone in the �80 8C to
20 8C range, while the effect for the A2 system amounts to
0.6 HzK�1 in CD2Cl2 and 1.3 HzK�1 in acetone. Similar be-
havior with chemical shift dependencies of up to 3 HzK�1


has been reported for the dimeric PdI species [Pd2-
(dppm)2XY] (X, Y = Cl, Br, I).[21]


Additionally, a 31P{1H} EXSY NMR experiment at room
temperature for compound 5 reveals cross-peaks between
the A2 and the AB system, which clearly demonstrates the
dynamic character of the interconversion of the spin systems
(Figure 8).


To further investigate this dynamic character, we decided
to quantitatively determine the activation parameters using
selective inversion transfer experiments at different temper-


Figure 6. Possible isomeric structures of 4 (and 5) in solution.
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atures. Unfortunately, the A2 and AB spin systems in com-
pound 4 overlap at room temperature (Figure 5), which ren-
dered a quantitative investigation impossible since conven-
tional peak-coalescence methods at higher temperatures are
not straightforwardly feasible because of the complexity of
the spin systems and the slow exchange process itself. In the
analogous complex 5, on the other hand, the separation is
sufficiently large to carry out a quantitative analysis around
room temperature.


The regression analysis is shown in Figure 9 and the re-
sults are summarized in Table 3. It remains to address the
question of which of the two possible processes—rotational
twisting of the ruthenium fragment at a triangular face of
the stannaborate moiety or translational scrambling of the
ruthenium fragment to another triangular face—governs the
dynamic interconversion. In a theoretical study, Schleyer
and co-workers showed that the translational scrambling
process of a dication around the cage faces of closo-dodeca-
borate [B12H12]


2� proceeds via a bidentate transition state
with the dication coordinating at a cluster edge.[22] The mi-
grational barrier of this face-edge-face process has been re-
ported to be in the range of 8–21 kJmol�1 for monocations


and 42–55 kJmol�1 for dications. The value for the dianionic
system 5 is 62.7 kJmol�1, which is a somewhat larger value.
If the activation entropy DS�= �27.1 Jmol�1K�1 for the in-
terconversion of 5 is taken into account, it seems unlikely
that the face-edge-face process, which includes the fission of
a B�H�Ru bond, is the rate-determining step. The assump-
tion that rotational twisting of the ruthenium fragment
about the triangular face of the stannaborate cluster is re-
sponsible for the interconversion of both spin systems seems
more plausible given the value of DS. We thus conclude that
process A (Figure 6) dynamically interconverts the isomers
4a, 4a’, and 4c (5a, 5a’, and 5c) in solution given the fact
that 4a is the major isomer in the solid state.


The rotational twisting is reported to be more rapid for
similar systems like [2,2,2-(CO)3-2-PPh3-7,8,12-(m-H)3-7,8,12-
{RuCl(PPh3)2}-closo-2,1-MoCB10H8]


[15] or [4-(h3-C3H5)-3,7,8-
{RuCl(PPh3)2}-3,7,8-(m-H)3-4,1,6-closo-NiC2B10H9],


[7d] a fact
that can be rationalized if one takes into account the steric
demand and electronic differences of the exopolyhedral
ruthenium fragments. In the present case it consists of the
formally zwitterionic [Ru(PPh3)2(SnB11H11)] moiety while
the literature deals with the cationic [RuCl(PPh3)2]


+ frag-
ment.


Conclusion


Stanna-closo-dodecaborate behaves as a two-faced, ambi-
dentate ligand towards the ruthenium fragments [Ru-
(PPh3)2]


2+ and [Ru(dppb)]2+ . It is remarkable that the het-
eroborate can employ either h1(Sn) coordination or h3(B�
H) coordination to bind to a ruthenium fragment and also
has the ability to bridge two ruthenium fragments using
both coordination modes at the same time. While the latter
geometry imposes a rigid configuration, the tridentate B�H
coordination alone displays fluxional behavior.


Experimental Section


General : All manipulations were carried out under dry argon in Schlenk
glassware; solvents were dried and purified by standard methods and
stored under argon. Elemental analyses were performed by the Institut
fEr Anorganische Chemie UniversitBt TEbingen using a Vario EL analy-
ser. Chemicals were purchased commercially except Na2[SnB11H11],


[23]


[Bu3MeN]2[SnB11H11],
[19] [RuCl2(PPh3)3],


[24] and [RuCl2(dppb)(PPh3)],
[25]


which were prepared according to literature methods or modifications
thereof.


X-ray data collection and refinement parameters :[26] X-ray data for com-
pounds 2, 3, and 4 were collected on the diffractometers specified in
Table 4 and were corrected for Lorentz and polarization effects and ab-
sorption by air. Numerical absorption correction based on crystal-shape
optimization was applied for all data.[27] The programs used in this work
are StoeRs X-Area,[28] including X-Red and X-Shape for data reduction
and absorption correction,[29] and the WinGX suite of programs,[30] in-
cluding SHELXS[31] and SHELXL,[32] for structure solution and refine-
ment.


In the structure solution of 2 all hydrogen atoms were visible in the dif-
ference maps and were allowed to refine isotropically except those of the
CH2Cl2 molecule, which were treated as riding atoms.


Figure 7. Variable-temperature 31P{1H} NMR spectra of 5 in a MeNO2/
[D8]toluene mixture for 60 8C and 80 8C and CD2Cl2 for all other temper-
atures. Note the presence of unresolved 117,119Sn satellites for both the
AB and A2 patterns.
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During the refinement of the structure
of 3 all hydrogen atoms were located
on difference maps except the phenyl
hydrogen atom H233, which was cal-
culated as riding. Because of disorder
in the acetone solvent molecule pres-
ent in the asymmetric unit, the ace-
tone molecule was refined anisotropi-
cally without hydrogen atoms.


The disorder present in the structure
of 4, in which the B�H-coordinated
[SnB11H11]


2� is bonded to ruthenium in
two different orientations, was refined
by constraining the heteroborate ico-
sahedron to a variable-metric rigid
group using the AFIX 9 constraint.
The two stannaborate moieties exhibit
occupancies of 0.833(2) and 0.167(2)
and the boron atoms of the minor
stannaborate cage were refined iso-
tropically. Another disorder over two
sites was evident in one of the counter-
cationsR butyl chains and the carbon
atoms involved were refined isotropi-
cally to occupancies of 0.59(2) and
0.41(2). DFIX, SAME, and DELU
constraints were applied during the re-
finement of two other butyl groups.
The B�H�Ru hydrogen atoms of the
major [SnB11H11]


2� cage were located
on difference maps and H6 and H7
were freely refined, while H1 was
positioned at the coordinates obtained
and not refined. The other hydrogen
atoms of the major species were in-
cluded in the refinement cycles as
riding atoms except the hydrogen
bonded to B5, which was omitted. The
hydrogen atoms of the minor stanna-
borate cluster were omitted also. All


other hydrogen atoms of the ruthenium complex and the two counter-
cations were kept at calculated positions.


NMR spectroscopy : NMR spectra were obtained from CD2Cl2 solutions
using a Bruker DRX-250 NMR spectrometer equipped with a 5-mm
ATM probe head and operating at 200.13 (1H), 80.25 (11B), 101.25 (31P),
and 93.25 MHz (119Sn). Chemical shifts are reported in d values relative
to external TMS (1H), BF3·Et2O (11B), 85% aq. H3PO4 (31P), or SnMe4
(119Sn) using the chemical shift of the solvent 2H resonance frequency,
5.32 ppm.


Selective 31P{1H} inversion transfer experiments were acquired on a
Bruker DRX-400 NMR spectrometer equipped with a 5-mm QNP probe
head and using a (DANTE–t–qnon-selective–acquire) pulse sequence. The
DANTE sequence[33] consisted of 140 pulses of 0.175 ms duration spaced
by 0.1 ms, corresponding to 24.5 ms for a flip angle of 1808, and was irra-
diated at the frequency of the A2 system. Nonselective 31P{1H} inversion-
recovery experiments were carried out on the same instrument in order
to determine the spin-lattice relaxation times. For both experiments, 16
variable delays in the 0.1 ms–5 s range were applied and 32 scans ac-
quired for each delay. The sample temperature was stabilized with a
Bruker BDCT temperature controller and equilibrated for 15 min prior
to acquisition. The actual temperature was determined by using the
method of van Geet.[34] Exchange and spin-lattice relaxation rate con-
stants were obtained from nonlinear least-squares fitting of the intensity
data to expressions for two-site systems with equal populations in the
slow-exchange regime,[35] using the ORIGIN program from OriginLab
Corp. In a first step, spin-lattice relaxation rate constants were obtained
from the inversion-recovery data and kept fixed in the second step, the
analysis of the selective inversion-transfer experiments. Analysis of rate


Figure 8. 31P{1H} EXSY NMR at room temperature of compound 5 in CD2Cl2.


Table 3. Activation parameters for 5 from selective inversion experi-
ments.


DG�
298 [kJmol�1] DH� [kJmol�1] DS� [Jmol�1 K�1]


compound 5 70.8 (�0.2) 62.7 (�1.8) �27.1 (�6.2)


Figure 9. Eyring plot for compound 5.
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constant data was performed with ACTPAR,[36] a nonlinear least-squares
program that considers errors in both dimensions.


2D 31P{1H} EXSY NMR spectra were recorded at room temperature
using the Bruker pulse sequence noesyph, modified to provide 1H broad-
band decoupling during detection in the phase-sensitive States-TPPI
mode. A total of 16 scans per FID of 256 data points were collected for
each of the 512 time increments. The recycle time was 5 s, over five times
the measured T1 values, the mixing time was 0.8 s.


NMR spectra of solid samples were obtained on a Bruker DSX-200
NMR spectrometer operating at 200.13 (1H), 81.01 (31P), and 74.60 MHz
(119Sn). The powdered samples were spinning about the magic angle at
10 kHz in 4-mm o.d. zirconia rotors. 31P NMR spectra were obtained
after variable-amplitude cross-polarization from protons and under high-
power 1H decoupling. 119Sn NMR spectra were obtained after single-
pulse excitation and under high-power 1H decoupling. Chemical shifts
are referenced with respect to external 85% aq. H3PO4 (31P) or SnMe4
(119Sn) using the chemical shift of ammonium dihydrogen phosphate d =


0.81 ppm, or SnCy4 d = �97.35 ppm, as secondary chemical shift refer-
ence.


[Ru(dppb)(SnB11H11)]2 (2): [RuCl2(dppb)(PPh3)] (430.4 mg, 0.5 mmol)
and Na2[SnB11H11] (147.3 mg, 0.5 mmol) were dissolved in THF (40 mL)
and the resulting green solution was refluxed. After 1 h the solution
turned orange-red and an orange precipitate had formed. Refluxing was
continued for 60 h. The precipitate was filtered off, washed with water
(3V20 mL), and dried under reduced pressure. Single crystals were ob-
tained by slow evaporation from a CH2Cl2 solution (yield: 58.2 mg,
0.038 mmol, 15%). 1H NMR (250 MHz, CD2Cl2): d = 6.90–7.70 (m,
20H; P(C6H5)3), 2.92 (brm; CH2), 2.55 (brm; CH2), 2.21 (brm; CH2),
1.95 (brm; CH2), �4.9 (br; Ru�H�B), �8.3 ppm (br; Ru�H�B); 11B{1H}
NMR (128 MHz, CD2Cl2): d = �10.8 (br), �15.0 (br), �20.7 (br),
�31.7 ppm (Ru�H�B); 31P{1H} NMR (101 MHz, CD2Cl2): d = 52.2 ppm


(s, 2J(117,119Sn,P) = 275 Hz); elemental analysis calcd (%) for
C56H78B22P4Ru2Sn2: C 43.32, H 5.06; found: C 42.56, H 4.95.


[Ru(PPh3)2(SnB11H11)]2 (3): [RuCl2(PPh3)3] (479.4 mg, 0.5 mmol) and
Na2[SnB11H11] (147.3 mg, 0.5 mmol) were dissolved in THF (40 mL) and
the resulting dark brown solution was refluxed. After 1 h the solution
had turned deep red and an orange precipitate had formed. Refluxing
was continued for 60 h to maximize the amount of precipitate. The pre-
cipitate was filtered off, washed with water (3V20 mL), and dried under
reduced pressure. Single crystals were obtained by slow evaporation from
an acetone solution (yield: 93.2 mg, 0.053 mmol, 21.2%). Elemental anal-
ysis calcd (%) for C72H82B22P4Ru2Sn2: C 49.45, H 4.73; found: C 48.81, H
4.97.


[Bu3MeN]2[Ru(dppb)(2,7,8-(m-H)3-exo-SnB11H11)(SnB11H11)] (4): A solu-
tion of [Bu3MeN]2[SnB11H11] (649.5 mg, 1 mmol) in CH2Cl2 (10 mL) was
added by syringe to a dark green solution of [RuCl2(dppb)(PPh3)]
(430.4 mg, 0.5 mmol) in CH2Cl2 (10 mL) to give a red-brown solution,
which was stirred for an additional 2 h at room temperature. The CH2Cl2
solution was then extracted with water (3V20 mL) to remove [Bu3-


MeN]Cl. Removal of the CH2Cl2 under reduced pressure yielded a red-
brown solid which was washed with Et2O (5V20 mL). The residue was
recrystallized from CH2Cl2/Et2O to give dark orange prisms (yield:
0.57 g, 0.4 mmol, 80%). 1H NMR (without [Bu3MeN]+) (250 MHz,
CD2Cl2): d = 7.15–7.95 (m, 20H; P(C6H5)2), 3.2–3.6 (brm; CH2), 2.7–3.1
(brm; CH2), 1.8–2.2 (brm; CH2), �6.4 (br; Ru�H�B), �7.5 ppm (br;
Ru�H�B); 11B{1H} (128 MHz, CD2Cl2): d = �1.6 (br), �8.0 (br), �15.2
(br), �19.9 (br), �22.4 ppm (Ru�H�B); 31P{1H} NMR (101 MHz,
CD2Cl2): d = 51.6 (d, 2J(P,P) = 35.4 Hz, 2J(117,119Sn,P) = 273 Hz), 51.5
(s, 2J(117,119Sn,P) = 267 Hz), 51.0 ppm (d, 2J(P,P) = 35.4 Hz, 2J(117,119Sn,P)
= 273 Hz); 119Sn NMR (149 MHz, CD2Cl2): d = �366, �374, �630,
�638 ppm; elemental analysis calcd (%) for C54H110B22N2P2RuSn2: C
45.49, H 7.78, N 1.96; found: C 45.37, H 7.93. N 1.96.


Table 4. Crystal data and structure refinement parameters for 2, 3, and 4.


2 3 4


empirical formula C58H82B22Cl4P4Ru2Sn2 C39H47B11OP2RuSn C54H110B22N2P2RuSn2


formula weight [gmol�1] 1722.26 932.38 1425.65
diffractometer STOE IPDS I STOE IPDS II STOE IPDS 2T
temperature [K] 220(2) 170(2) 173(2)
wavelength [M] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group P21/c P21/n P21/n
a [M] 12.778(2) 13.390(1) 11.942(1)
b [M] 18.547(3) 16.830(2) 42.891(2)
c [M] 18.889(3) 18.463(2) 14.468(1)
b [8] 125.696(16) 96.746(7) 103.971(4)
volume [M3] 3635.6(10) 4131.9(7) 7191.3(6)
Z 2 4 4
1calcd [Mgm�3] 1.573 1.499 1.317
m [mm�1] 1.360 1.080 0.976
F(000) 1712 1872 2928
crystal size [mm3] 0.22V0.20V0.16 0.2V0.1V0.1 0.22V0.17V0.16
q range for data collection [8] 2.25–26.02 1.64–27.32 2.91–23.59
index ranges �15�h�15, �17�h�16, �12�h�13,


�22�k�22, �21�k�21, �48�k�48,
�23� l�23 �23� l�22 �16� l�16


reflections collected 43407 39668 27117
independent reflections 7111 [R(int) = 0.0568] 9147 [R(int) = 0.1092] 10361 [R(int) = 0.0424]
completeness to theta [%] 99.3 98.0 96.2
absorption correction numerical numerical numerical
max. and min. transmission 0.8364 and 0.7696 0.8956 and 0.8182 0.9031 and 0.8489
refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 full-matrix least-squares on F2


data/restraints/parameters 7111/0/571 9147/0/657 10361/16/734
goodness-of-fit on F2 0.922 0.762 1.037
final R indices [I>2s(I)] R1 = 0.0292, wR2 = 0.0642 R1 = 0.0399, wR2 = 0.0554 R1 = 0.0644, wR2 = 0.1657
R indices (all data) R1 = 0.0464, wR2 = 0.0686 R1 = 0.1065, wR2 = 0.0653 R1 = 0.0860, wR2 = 0.1794
largest diff. peak and hole [eM�3] 0.918 and �0.495 1.154 and �1.078 2.261 and �1.041
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[Bu3MeN]2[Ru(PPh3)2(2,7,8-(m-H)3-exo-SnB11H11)(SnB11H11)] (5): A so-
lution of [Bu3MeN]2[SnB11H11] (259.8 mg, 0.4 mmol) in CH2Cl2 (10 mL)
was added by syringe to a solution of RuCl2(PPh3)3 (191.8 mg, 0.2 mmol)
in CH2Cl2 (10 mL). The mixture was stirred for 24 h to give an orange-
red solution, which was then extracted with water (3V20 mL) to remove
[Bu3MeN]Cl. Removal of CH2Cl2 under reduced pressure yielded an
orange-red solid, which was washed with Et2O (5V20 mL) and dried
under reduced pressure overnight (yield: 234.7 mg, 0.15 mmol, 77%). 1H
NMR (without [Bu3MeN]+) (250 MHz, CD2Cl2): d = 6.95–7.60 (m, 20H;
P(C6H5)3), �7.0 to �7.6 ppm (br; Ru�H�B); 11B{1H} (128 MHz, CD2Cl2):
d = �2.1 (br), �8.9 (br), �15.3 (br), �20.9 ppm (br); 31P{1H} NMR
(101 MHz, CD2Cl2): d = 55.4 (d, 2J(P,P) = 27.7 Hz, 2J(117,119Sn,P) =


260 Hz), 54.6 (s, 2J(117,119Sn,P) = 263 Hz), 54.2 ppm (d, 2J(P,P) = 27.7 Hz,
2J(117,119Sn,P) = 260 Hz); 119Sn NMR (149 MHz, CD2Cl2): d = �398,
�628, �640 ppm; elemental analysis calcd (%) for C72H82B22P4Ru2Sn2: C
49.45, H 4.73; found: C 48.81, H 4.97.
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Spectroscopic Studies of Water-Soluble Porphyrins with Protein
Encapsulated in Bis(2-ethylhexyl)sulfosuccinate (AOT) Reverse Micelles:
Aggregation versus Complexation


Suzana M. Andrade* and S2lvia M. B. Costa[a]


Introduction


There has been a growing interest in the use of porphyrins
and related compounds as therapeutic drugs in important
areas such as cancer detection, as photosensitizers in photo-
dynamic therapy,[1] or as catalysts in oxidation processes.[2]


Biological effects of porphyrins largely depend on their
physicochemical properties and may involve mechanisms of
membrane penetration or plasma–protein binding.[3] Howev-
er, porphyrins are usually introduced into the blood as rela-
tively concentrated solutions the activity of which may di-
minish, or that may cause adverse effects due to spontane-
ous aggregation processes.[4] In this context, water-soluble


porphyrins are interesting because their self-aggregation can
lead to defined ordered structures if the selective noncova-
lent interactions are carefully controlled.[5] A variety of such
self-assembled organizates gives a structure that can be clas-
sified as J- and H-type aggregates corresponding to the lim-
iting cases of parallel monomeric units stacked edge-to-edge
or face-to-face, respectively. In particular, the anionic por-
phyrin meso-tetrakis(p-sulfonatophenyl)porphyrin sodium
salt (TSPP) was reported to self-aggregate under certain
conditions of concentration, low pH, and/or high ionic
strength.[6] The structure consists of in-line homoassociated
arrays and it is stabilized through a hydrogen bond network
acting between the anionic sulfonate groups and the charged
protonated nitrogen atoms.[7]


The size and shape of the J-aggregate structures have
been estimated from light scattering experiments (small-
angle X-ray scattering (SAXS);[8] dynamic light scattering
(DLS);[9] resonance light scattering (RLS)[10]). Evidence for
rod-like aggregates with ~104 molecules along the principal
axis and 20 molecules across the diameter was given along
with a structure described in terms of fractal geometry.[11]
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AFM images of TSPP J-aggregates coated on silicon sub-
strates also showed that stripe-like clusters located on the
surface have lengths similar to those estimated by DLS.[12]


The aggregation numbers (N) compare relatively well with
those reported using spectroscopic techniques N=11–
26.[6a,13] The kinetics of the aggregation process can also be
deduced by using absorption spectroscopy that can differen-
tiate clearly between monomeric and aggregated species.[14]


Recently, it was reported that these aggregates could be
promoted in the presence of template agents such as surfac-
tants,[13, 15] proteins,[16] and dendrimers.[17] In the present
study, we aimed to extend our earlier work on protein–por-
phyrin complexation and induced self-aggregation of por-
phyrins in aqueous solution (see Results) to reverse mi-
celles, that represent a useful alternative microheterogene-
ous medium.


Reverse micelles (RM) are stable dispersions of water in
nonpolar solvents and have been used extensively as biologi-
cal membrane models to aid in the understanding of mem-
brane chemistry.[18] By far, the most common system used in
RM studies is the ternary mixture consisting of the anionic
surfactant sodium bis(2-ethylhexyl)sulfosuccinate (AOT)/
nonpolar-solvent/water, formed at concentrations above
1 mm.[19] These RM have the ability to solubilize large
amounts of water and form spherical monodisperse droplets
that do not vary with dispersed-phase volume fraction and
temperature.[20] The entrapped water influences RM radius,
shape, and polar headgroup packing.[21] Therefore, the pa-
rameter w0, w0= [water]/[AOT], has been used to describe
these systems and was shown to be directly proportional to
the micellar radius.[19a] FTIR and NMR spectroscopy indi-
cate that water molecules solubilized inside small micelles
(w0�7) are in contact with and bound to the polar head-
groups of AOT, thus inhibiting their ability to form hydro-
gen bonds as found in bulk water.[22] Solvation dynamics
also showed that water inside the smallest micelles is immo-
bilized, but a bulk-like component appears as water is
added and a water core forms.[23]


The role of water-in-oil (w/o), RM, or microemulsions as
nanoreactors and the interactions with several water-soluble
porphyrins and cyanines was explored[15b,24] and could be a
means to control the size of nanoparticles. In this context,
we studied the role of spatial confinement and size of the
AOT RM on the aggregation pattern of TSPP and on
TSPP–protein interaction at two different pH conditions, at
porphyrin concentrations where aggregation in water does
not occur. We discuss the complex spectroscopic variation
found upon changing the water amount in terms of J- and
H-type aggregates and correlate this with time-resolved
fluorescence data. Data are further compared with that ob-
tained with the positively charged meso-tetrakis(N-methyl-
pyridinium-4-yl)porphyrin (TMpyP). In contrast to TSPP,
we do not detect aggregation of the TMpyP porphyrin
either by the protein or encapsulation in AOT RM.


Results


TSPP–protein interaction in aqueous solution


We have shown in previous studies that drug-carrier pro-
teins such as HSA (submicromolar amounts) and bLG (mi-
cromolar amounts) could act as templates for the formation
of TSPP J-aggregates in acidic solutions (pH 2, where TSPP
has a zwitterionic nature (I), see Scheme 1), but not under


neutral pH conditions (tetraanionic free-base porphyrin (II),
see Scheme 1).[16b] These were characterized spectroscopical-
ly by the appearance of two new absorption bands (see
Table 1) at 490 nm (B-band) and at 705 nm (Q-band), as
well as by the induction of a circular dichroism (CD) signal
at those wavelengths, and a dependence on the excitation
and emission wavelengths. Increasing amounts of both pro-
teins leads to a new spectroscopic pattern attributed to the
formation of a complex porphyrin–protein with relatively
high binding constants, KB~3–5O106m�1 and where electro-
static interactions prevail. The interaction with HSA result-
ed in a Soret band at 420 nm independent of solution pH,
that is, blue-shifted compared with the diprotonated mono-
mer (from 434 to 420 nm) and red-shifted compared with
the free-base TSPP (from 413 to 420 nm), whereas in the
presence of bLG the peak shifts (~3 nm) to lower energy
relative to the free-base TSPP. Fluorescence quenching of
Trp residues of these proteins indicated different locations
for TSPP and suggested a mechanism of efficient energy
transfer from Trp amino acids to the porphyrin. The type of
energy transfer may be derived from the value of R0, that is,
the critical distance at which energy transfer to the acceptor
and spontaneous decay of the excited donor are equally
probable.[25] The value obtained, R0~56 P, suggests a long-
distance Forster-type resonance energy transfer (FRET) and
stresses the importance of FRET as a tool to determine the
spatial distribution of interacting molecules.


TSPP in AOT reverse micelles at variable water content, w0


“pHext”=2 : Solubilization of TSPP in AOT reverse micelles
in the absence of water was not possible. At very low w0,
w0=3, a substantial blue-shift was detected for the Soret


Scheme 1. Acid–base equilibrium of TSPP in aqueous solution.
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band to 402 nm compared with free aqueous solution, Fig-
ure 1A.


The deconvolution of the Soret band using a sum of
Gaussian functions shows the contribution of two bands
with maxima at 405 and 419 nm. The latter resembles that


obtained for TSPP in DMSO indicating the existence of por-
phyrin monomers in a hydrophobic environment, most
likely the AOT RM interfacial region. As the amount of
water increases, a new band at around 490 nm appears that
increases monotonically. This is followed by a concomitant
red-shift of the Soret band that at the highest water content
studied (w0=50) approaches that found for the absorption
in water, which suggests that the probe is located near the
water pools. Nevertheless, the Soret band shows a much
broader band with two maxima at ~420 and 434 nm, that to-
gether with an ill-defined isosbestic point, indicates the exis-
tence of multiple species.


We see significant changes in the fluorescence emission
spectra at the different w0 values studied, Figure 1B. At low
water content (w0<10), TSPP fluorescence spectra (lexc=
420 nm) show two well-defined vibronic bands, similar to
those found in organic solvents.


Since TSPP is insoluble in AOT/isooctane at the concen-
tration used, the spectra should reveal information about
the aqueous interior of the RM but the bands were red-
shifted comparatively to free aqueous solution. As the water
was increased up to w0=10 an important fluorescence
quenching occurred (~80%), see Figure 2A, with a small
plateau between w0=6–7 that corresponds to the appear-
ance of free water molecules. At higher water contents,
global fluorescence quantum yields increased again (~65%),
but to values (�f~0.05) below that obtained in acidic aque-
ous solution (�H2O


f ~0.14). This was followed by changes in
the emission spectra which became less-structured with the
main band appearing at ~672 nm at w0=50 (approaching
the value obtained in water).


Emission spectra were not dependent on excitation wave-
length (420 or 495 nm) up to w0=10. As we increased the
w0 value a prominent wavelength-dependent band centered
at 718 nm developed that we might attribute to TSPP J-ag-
gregates. Excitation spectra data (not shown) indicated that


Table 1. Absorption and fluorescence emission maxima [nm] of TSPP (1 mm) in some of the studied systems together with data from the literature.


w0 Absorption maxima Emission maxima
Soret J-agg Qy Qx J-agg


3–6 402 493[b] 518 555 594 653 703[b] 660 723
7–9 405 (415)[a] 491.5 – – – – 705 658 716.5


pHext=2 10 420 491 – – – – 705 657 713
20–50 423.5 490 – – – – 706 672 (718)[c] 716
water 433.5 – – – 593 644 – 674 –


3–10 405 – 520 557.5 591.5 651.5 – 658 721
15 408 – 520 558 590 649.5 – 658 718.5


pHext=7 15+HSA 420 (405)[a] – 519 553.5 591.5 649 – 653.5 719.5
40 412.5 – 519 556 582.5 646 – 655 710


water 412.5 – 515.5 552.5 579 633 – 648 708


DMSO[d] 419 – 514.5 550 591 645.5 – 652 718
HSA, R=0.1[e] 420 489 515 550 591 648 704 655 718
TTAB[f] 416.5 490 512 546 587 642 705 652 719
Triton X-100[g] 417.5 – 513 548 588 644 – 651 717
PAMAM[h] 408 – 521.5 558 595.5 651.5 – 667 728


[a] Shoulder. [b] For w0=5. [c] lexc=495 nm. [d] [TSPP]=4 mm. [e] R= [HSA]/[TSPP]. [f] TTAB/heptane–chloroform w0=15, “pHext”=2. [g] Triton X-
100/cyclohexane–hexanol/water, w0=16, “pHext”=2. [h] PAMAM dendrimers generation 4, [dendrimer]/[porphyrin]=0.075, “pHext”=7.[17a]


Figure 1. A) Absorption and B) fluorescence emission spectra of TSPP (~
1 mm) encapsulated in AOT RM at different w0 : a) 3; b) 5; c) 9; d) 20;
e) 30; f) 40; and g) in free aqueous solution (multiplied by 0.6); pH 2;
[AOT]=0.1m ; lexc=420 nm; optical density values are multiplied by 10.
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fluorescence emission at both 640 and 720 nm at w0=10
comes almost exclusively from the monomeric species in the
less-hydrophilic region.


Fluorescence lifetimes were obtained upon excitation at
420 nm and read at 650 nm. Under these conditions the
decays could only be analyzed by using a sum of two expo-
nentials. We attempted global fitting and determined two
quite distinct lifetimes: t1=3.58 ns and t2=12.54 ns, Fig-
ure 2B.


Under similar experimental conditions, a single exponen-
tial of t=3.83 ns[16b] was obtained for TSPP in aqueous
acidic solution. The lifetime associated with J-aggregates
was reported to be in the picosecond range (50 ps)[13] and
lies outside our equipment detection range. The shorter
component can be assigned to the monomer in acidic
medium; the contribution increases with w0 in agreement
with the spectroscopic data presented. The long lifetime has
already been obtained for TSPP in solvents such as
DMSO[16b] when interacting with human serum albumin, in
Triton X-100 surfactant aqueous micelles,[13] and in the pres-
ence of PAMAM higher-generation dendrimers.[17b] A
common interpretation of this lifetime was given suggesting
a more hydrophobic environment for TSPP.


“pHext”=7: The global charge on the TSPP changes from a
dianion at pH 2 to a tetraanion at pH 7 (pKwater


a �4.8). At
this pH, the TSPP absorption spectrum showed the common


characteristics of other free-base porphyrins, exhibiting fea-
tures of D2h symmetry, with the Soret band centered at
413 nm and four quasiallowed Q-bands. By contrast with the
single-band emission spectrum obtained in acidic medium,
we found two well-defined emission bands with maxima 648
and 708 nm, see Table 1.


The incorporation of TSPP in AOT reverse micelles was
only achieved at w0=3 (the hydrodynamic radius of the
AOT RM is approximately twice that of the porphyrin) and
at the lower w0 (w0<7) the absorption and emission spectra
resemble those obtained at pHext=2, that is, no longer de-
pendent on pH, Figure 3A.


The increase in water content led to an increase in ab-
sorbance in the Soret band region followed by a concomi-
tant red-shift and band narrowing. At the highest studied
w0, w0=40, the spectrum showed a similar Soret maximum
around 412 nm although with a broader band (fwhm ~
1250 cm�1) than in aqueous solution (fwhm ~850 cm�1).


Furthermore, the absence of an isosbestic point indicated
the presence of more than two species in the micellar
system, and possibly a distribution. The fluorescence ob-
tained upon excitation at 425 nm, Figure 3B, shows two
well-defined bands whose intensity gradually increases as


Figure 2. A) Global fluorescence quantum yield of TSPP encapsulated in
AOT RM (*) and fluorescence intensity ratio of the two band maxima
(~) at different w0 ; B) Preexponentials associated to the shorter compo-
nent of TSPP fluorescence lifetimes A1 (*) and fluorescence mean life-
time, hti (D) obtained by global analysis fitting. lexc=420 nm and lem=


650 nm; (pH 2; [AOT]=0.1m).


Figure 3. A) Absorption and B) fluorescence spectra of TSPP encapsulat-
ed in AOT RM at different water content, w0=3 (bold black); w0 = 40
(bold grey), and water (dotted line); pH 7, [TSPP]=1 mm ; lexc=425 nm).
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they shift to the blue with peaks changing from ~658 and
722 nm to 655 and 710 nm, respectively, still red-shifted rela-
tively to those obtained in free water.


The fluorescence decay of the monomer in aqueous solu-
tion at pH 7 is monoexponential with tf=9.80 ns (lexc=
420 nm and lem=650 nm).[16b] Higher values were reported
in nonbuffered solutions (10.3 ns),[17b] as well as lower values
(9.3 ns)[13] but at higher concentrations of the porphyrin (10–
50 mm). The decay curves obtained for TSPP in this study
upon encapsulation at all studied w0 were fitted globally: a
major component with a decay time of 12.8 ns (t1) similar to
that already obtained at pH 2, and another with 7.93 ns (t2)
were found. The pre-exponential factor ai, that gives the
population of fluorophores with the correspondent lifetime
ti, indicates that major changes occur at w0�10, where a1
drops from ~97 to ~50% with the reciprocal increase in a2.
Further increase in water amount leads to an a2 increase up
to ~70%. Based on the spectroscopic data one would be
tempted to assign the longer and major component at lower
w0 to the H-aggregate responsible for absorption ~400 nm.
A biexponential decay with lifetimes of 9.20 ns (90%) and
of 1.5 ns was reported for TSPP H-aggregate in CTAB/
water systems and a lifetime value of 9.26 ns for the mono-
mer in solution given.


Protein–TSPP in AOT reverse micelles


pHext=7: Protein (HSA or bLG) addition to a solution con-
taining TSPP in AOT RM at a fixed value of w0 (w0=15)
causes a bathochromic effect in the absorption Soret band
with a maximum at 408 nm and the appearance of a should-
er around 420 nm that becomes the new band maximum at
high protein concentrations, Figure 4A, similar to the spec-
tra obtained for TSPP–HSA complex in water.[16b] No iso-
sbestic points were found upon protein addition. By con-
trast, in fluorescence spectra two isoemissive points were de-
tected, Figure 4B, which enable the assignment of two spe-
cies in equilibrium. A blue-shift in the first vibronic band
occurs accompanied by an increase in intensity and spectral
narrowing that suggest a deaggregation process induced by
the presence of the protein, although somewhat weaker (Kb


�0.5�0.2O106m�1) than in free aqueous solution.


pHext=2 : We tested for the presence of protein in solutions
of TSPP/RM at two extreme water contents, w0=5 and 30
(see Figure 5). Since in AOT RM both aggregation types
are promoted a priori by the encapsulation, the protein
effect is less notorious than in aqueous solution. At the
lower water concentration, the absorbance of the Soret
band (together with a 3 nm red-shift) and of that concerning
J-aggregates increased (Figure 5A). Upon excitation at
400 nm, TSPP fluorescence increases greatly with no appar-
ent shift (max ~657 and 721 nm) but with a slight spectral
narrowing, Figure 5B. The presence of protein promotes J-
aggregation at the expense of H-aggregates.


At w0=30, J-aggregation already prevailed in the absence
of the protein and increased with the protein addition up to


0.05 mm, Figure 5C. Further addition of protein leads to
deaggregation as implied by the decrease in the fluorescence
intensity ratio collected for the monomer diacid TSPP peak
and at the J-aggregate fluorescence peak (Figure 5D). A
weaker binding (Kb�0.1�0.1O106m�1 at w0=5 and Kb�1�
1O106m�1 at w0=30) is obtained in AOT RM than in aque-
ous solution that may arise from changes in the protein con-
formation;[26] this affects the binding site for TSPP (more
important at low w0) and/or to competition with aggregation
promoted by the AOT RM. The high concentration of elec-
tric charges within these RM may also contribute to a
weaker binding.


CD data : Similarly to water, in the absence of the protein
no CD signal was obtained in the visible region (350–
550 nm) for TSPP at pHext=7 in AOT RM. At pHext=2 the
CD signal intensity depended on w0 : for w0�5 there was no
apparent signal in this spectral region, and we only detected
signals for w0>8 that increased in intensity upon water addi-
tion (an exciton couplet centered at 491 nm and another
centered at 420.5 nm). Bisignate CD signals obtained both
at ~490 and ~420 nm show that both transitions are degen-
erate. While in the presence of bLG in water (inset Fig-
ure 6A) both signals (491 and 420.5 nm) are of comparable
intensity, in the case of AOT RM at w0=30, the signal in
the red region is approximately five times greater as com-


Figure 4. Protein effect on the A) absorption and B) fluorescence of
TSPP in AOT RM at w0=15 and pH 7 ([TSPP]=1 mm ; [HSA]=0 (black
bold), [HSA]=4.5 mm (grey); lexc=425 nm).
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pared to that in the blue spectral region. This could mean
that different chiral environments are provided by AOT
RM and proteins or that the J-aggregate arrangement in-
duced by both systems is geometrically distinct. The order
of the bands, namely positive at long wavelength and nega-
tive at short wavelength, is indicative of a right-handed ori-
entation of the adjacent units.


Similar experiments were performed at w0=30 in the
presence of increasing amounts of protein (HSA or bLG),
Figure 6B. The signal was more intense for bLG compared
with HSA and it increased until [bLG]=0.2 mm (or until
[HSA]=0.1 mm) above which a steep decrease occurs in the
presence of bLG whereas for HSA a smooth one was de-
tected. We also saw differences between each protein in the
blue region (positive band at 428 nm and negative band at
417 nm): the signal followed a similar pattern to that in the
red region in the case of bLG while a concomitant increase
was always observed for HSA. Moreover, in an aqueous so-
lution of free-base TSPP (pH 7) containing HSA, no signal
was detected in the 490 nm region, as expected, but a weak
signal (=�1 mdeg) was induced at ~420 nm that we as-
signed to TSPP in a chiral binding site of the protein.


TMpyP–protein interaction


The electrostatic nature of these interactions was also inves-
tigated by using a free-base porphyrin positively charged in
water and in AOT RM.


In water : Absorption and fluorescence spectra of TMpyP in
the presence of different concentrations of bLG in water,
Figure 7, resulted in considerable changes; this indicates
that the environment of TMpyP alters upon protein binding.
A systematic red-shift of the Soret absorption band clearly
implied binding of the dye. In general, excited states arising
from p–p* transitions such as the Soret transition are ex-
pected to decrease in energy as the solvent becomes increas-
ingly hydrophobic, as a consequence of the large dipole
moment associated with the p–p* excited state. It has been
proposed that even in the presence of concentrated inorgan-
ic salts, TMpyP exists as a monomer due to delocalization of
the positive charges at the periphery onto the porphyrin
ring resulting in electrostatic repulsive forces.[27]


Figure 7B shows that the fluorescence spectrum of
TMpyP in water changed from a nonstructured emission
band (lmax~720 nm) to two vibrational resolved emission
bands (lmax~660 and ~720 nm) on increasing the bLG con-
centration in a similar manner to those obtained in nonprot-


Figure 5. A, C) Absorption and B, D) fluorescence spectra of TSPP in AOT RM in the presence of increasing amounts of protein (A, B) bLG at pH 2
and w0=5; (C, D) [HSA]=0.01–0.24 mm at pH 2 and w0=30 (lexc=420 nm, [TSPP]~2 mm). Inset: Figure 5D: Dependence of the fluorescence intensity
ratio in the monomer/aggregate maxima of TSPP on protein concentration.
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ic or apolar solvents.[27, 28] These bands are consistent with p–
p complex formation between bLG local residues and the
porphyrin since complexation is expected to exclude water
molecules from the solvation shell of the porphyrin, thus re-
sulting in effective dielectric changes, similar to those re-
ported for interaction with CT-DNA and DNA nucleoti-
des.[29]


Fluorescence decay of TMpyP in water could only be
fitted to biexponential functions. We detected a third com-
ponent upon addition of bLG that increases in weight at the
expense of the other two components and seems to confirm
the presence of a TMpyP–bLG complex. The origin of the
other two components is controversial according to the liter-
ature concerning the possibility of TMpyP aggregation.[30]


Recent data related these two components with the high af-
finity of this porphyrin for surfaces.[27] In the presence of
methanol, surfactants, or upon increase of temperature, or
dilution of aqueous solutions below 10�7


m, the single almost
structureless fluorescence band resolves into the usual two
well-resolved vibrational bands. These changes were attrib-
uted to an intramolecular mechanism involving mixing be-
tween the S1 excited state and a nearby higher CT state,[27]


the amount of mixing being greatly influenced by solvent


polarity thus disproving the TMpyP self-aggregation hypoth-
esis.


From both absorption and fluorescence data, a binding
constant K~ (2.30�0.05)O104 can be deduced from Equa-
tion (1):


½porphyrin�b ¼ ½porphyrin�max
ðK½porphyrin�fÞn


1þðK½porphyrin�fÞn
ð1Þ


where b and f refer to the bound and free porphyrin, K is
the equilibrium binding constant, and if there is cooperativi-
ty in the binding process n expresses the system heterogene-
ity, (n varied between 0.89�20; for n=1 we apply the usual
ScatchardSs equation). The binding constant for the cationic
porphyrin is weaker than for the anionic one (K~3O106)
and is independent of pH. While the total charge of TMpyP
is 4+ at all pH values tested, the TSPP macrocycle ring de-
protonates at pH~4.8 (changing the TSPP global charge
from 2� at pH 2.0 to 4� at pH 7.0, see Scheme 1). The bind-
ing depends on the conformational structure of the sites and
their accessibility that in turn may be affected by the pro-
tonation of local residues (like aspartate and glutamate).
TMpyP binding seems to be unaffected by these conforma-
tional changes that on the one hand suggests that TMpyP is
located on an external binding site such as TSPP but on the
other points to a more important role of hydrophobic inter-


Figure 6. A) Induced CD spectra of TSPP 1) in the absence of protein
and in the presence of 2) HSA 0.1 mm ; and 3) bLG 0.1 mm, in AOT RM
(“pHext”=2 and w0=30) in the absorption region of the complex and J-
aggregate. Inset: CD spectra of TSPP in aqueous solution (pH 2) contain-
ing 0.1 mm bLG (black line) and 0.05 mm HSA (grey line). B) Dependence
of the TSPP CD signal at 486 nm on protein concentration (&) HSA/
water; (*) HSA/AOT; (^) bLG/water; (~) bLG/AOT RM. [TSPP]=
2 mm.


Figure 7. A) Absorption and B) fluorescence emission spectra of TMpyP
(2 mm) in aqueous solution (pH 6) in the presence of increasing concen-
trations of bLG = 0 (black bold); bLG = 20 mm (grey bold); exc=
518 nm; optical density values are multiplied by 10.
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actions in the case of TMpyP while electrostatic interactions
dominate for TSPP.


Binding of substrates to proteins can often cause quench-
ing of the intrinsic Trp fluorescence.[16b,31] Addition of
TMpyP (2–10 mm) to bLG in water resulted in saturable,
concentration-dependent quenching of the Trp fluorescence
and an increase in the TMpyP fluorescence at 715 nm. We
were able to estimate the intrinsic dissociation constant for
binding, Kd and the maximum quenching reached at satura-
tion, DFmax, by fitting the quenching data to Equation (2)
representing different binding sites with some degree of in-
teraction, where n is the Hill coefficient (the measure of co-
operativity of the interaction).[32]


DF
F0


¼ ðDFmax=F0Þ½porphyrin�n
Kdþ½porphyrin�n ð2Þ


The errors and statistical significance were determined as
described elsewhere.[16b] The value of Kd~40 mm (K~2.5O
104) for a DFmax~103%, inset Figure 8, is similar to that ob-


tained using the absorption or fluorescence of TMpyP in the
presence of bLG. Thus, Trp residues within bLG are sensi-
tive to TMpyP binding and, in contrast to TSPP binding at
pH 2, quenching data quantitatively suggests such binding
affinity is probably due to the fact that some TSPP is aggre-
gated while aggregation does not seem to occur with
TMpyP. Fluorescence lifetime measurements were also per-
formed confirming the existence of both static and dynamic
quenching.


In AOT microemulsions : TMpyP exhibits vibrational well-
resolved fluorescence spectra in AOT microemulsions at dif-
ferent w0. Comparing TMpyP fluorescence in pure sol-
vents[27] one may infer that TMpyP partitions between the
interface and the water-pool showing evidence of only a
small increase in intensity upon w0 increase. Addition of
bLG induces a decrease in the intensity ratio Iblue/Ired of the


other two bands that can be related to the porphyrin being
located in a less-polar environment.


Fluorescence quenching of Trp was also detected at both
w0=5 and w0=30 after addition of TMpyP. By using Equa-
tion (2) once again it was possible to obtain the dissociation
constant and DFmax under those conditions. The quenching
process is, thus, more efficient at w0=30 although less than
for that in pure water, but the binding seems to be stronger
at this w0. The cooperativity of the process differs at w0=30
(n=1.9) in comparison to w0=5 or water (n~0.83) that
could be linked to changes in the nature of prevailing elec-
trostatic/hydrophobic interactions.


Quenching could arise by a direct interaction (static) or by
FRET, due to the extensive overlap between the porphyrin
absorption and Trp emission spectra. However, FRET leads
to shorter Trp lifetime residues. Fluorescence lifetime mea-
surements of bLG in the presence of TMpyP showed only a
minor decrease in both tF at the two studied w0. At first, these
results suggest that quenching by TMpyP may take place by a
direct static binding mechanism. However, given the signifi-
cant quenching obtained, it seems more reasonable to propose
that direct binding is only possible for one of the Trp residues
and that the other Trp is close enough to TMpyP that effec-
tive energy transfer may occur. Thus, this residue would be
completely quenched by FRETwhile the other would contrib-
ute to the fluorescence with an almost unchanged lifetime.
The R0 value calculated[25] for the Trp–TMpyP complex was
40 P and a �20 P center-to-center distance and does not
allow us to select a certain preferential binding site for
TMpyP on bLG. Nevertheless, the R0 value is comparable to
that in free water and seems to confirm an heterogeneity in
binding with possible interchange among binding sites.


Discussion


TSPP H- and J-type aggregation in RM : These results sug-
gest the existence of different aggregates of TSPP in AOT
reverse micelles which depend on the amount of solubilized
water and local pH. As mentioned before[18c,22c,33] the water
in these RM has peculiar solvent properties which are quite
different from those of free water (higher viscosity, lower di-
electric constant) and therefore the water activity must be
such that the usual concept of pH is no longer valid. More-
over, the size of the water-pools (or even the shape for
some RM)[18c,34] depends on w0. The charge of the surfactant
headgroup and the lipophylic balance between the head-
group and the alkyl chain also condition the local environ-
ment and contribute to geometrical constraints.


At very low water concentration (w0=3–4) there are two
TSPP species that are independent of pHext: a monomer in a
more hydrophobic environment and an aggregated porphy-
rin. Spectral deconvolution using Gaussian curves indicates
the presence of monomers absorbing at ~419 nm, in a simi-
lar way to TSPP in solvents such as DMSO. The aggregated
species clearly prevail, probably as dimers due to micellar
size constraints, and are responsible for the large blue-shift-


Figure 8. Effect of TMpyP binding on Trp intrinsic fluorescence of bLG
(lexc=295 nm, lem=338 nm) in different systems, pH 6: 1) water; 2) AOT
(w0=5); 3) AOT (w0=30). Parameters (see inset) were obtained by
using Equation (2) from the text, where analytical concentrations were
used in water whilst local concentrations were used in RM.
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ed Soret band (~402 nm). According to molecular exciton
theory, in the H-type configuration the dipolar coupling be-
tween monomers leads to the transition where the higher
energy becomes allowed and hence absorption is hypso-
chromically shifted. If electronic states interact with vibronic
states, radiative decay from the lower forbidden state will be
possible leading to weak emission with a broad red-shifted
band. This agrees well with fluorescence data at low w0, that
essentially show the contribution from the monomer in a
less-hydrophilic environment, due to the low fluorescence
quantum yield and spectral similarity shown by the H-aggre-
gates (emitting more to the red ~680 nm). This picture is
supported by fluorescence decay rates dominated by the
long component tf�12.5 ns (=75% at w0=8) that may be
assigned to the micellized monomer that is also dominant in
aprotic solvents such as DMSO or acetonitrile.[16b]


On the basis of spectral evidence it was stated that the di-
anionic TSPP could form both J- and H-aggregates by just
increasing the porphyrin concentration (above 5O10�5 and
10�4


m, respectively).[7a] On the other hand, an H-aggregate
structure is clearly not favored in ionized-TSPP forms due
to Coulombic repulsion between the positive macrocycle or
the negative sulfonate groups. However, H-type association
would be more facilitated in the case of the tetranionic
TSPP due to the absence of charges in the macrocycle and if
there were free positive charges capable of spacing and
shielding the repulsion between sulfonate adjacent groups.
Therefore, the presence of Na+ counterions in AOT RM, in
great excess relative to the porphyrin, could contribute to
H-aggregate formation, similar to what is observed for the
interaction of TSPP with polylysine,[35] dendrimers, potassi-
um ions, and crown ethers. In the micellar systems, as well
as in dendrimers, it is reasonable to assume a relatively even
distribution of charge in a spherical geometry. So, aggrega-
tion could occur near the charged headgroups (or terminal-
charged groups in PAMAM dendrimers) with the porphyrin
plane in the H-aggregate in a nearly orthogonal position to
the micelle surface probably assuming a “picket-fence” ge-
ometry. In the AOT RM at low w0, TSPP cannot solubilize
in the continuous organic phase nor is there a well defined
water-pool. The existing water, mainly hydrating the head-
groups at least up to w0=6, and the Na+ counterions do not
have high mobility. An ordered aggregation is then facilitat-
ed by the presence of such less-mobile positive charges and
the hydrophobic clustering of the medium. Increasing the
amount of water gives another solubilization site for TSPP
and the concentration in H+ also shifts the pKa to higher
values (close to that in free aqueous solution). This is re-
flected by the dissociation of H-aggregates to form different
arrangements, J-aggregates (“deck-of-cards” spread and/or
zig-zag, corresponding to a head-to-tail alignment of transi-
tion dipole moments),[36] and monomers, at pH 2, or essen-
tially monomers at pH 7, that are also facilitated by the in-
crease in the hydrodynamic radius of the RM and the de-
crease in the number of micelles. In fact, on increasing the
number of micelles we detect a clear pattern of aggregate
dissociation and monomers are obtained.


The exciton theory allows for a calculation of the spectro-
scopic aggregation number N, from the spectral width of the
absorption band of the J-aggregate, this being proportional
to N�1/2. We observe a spectral narrowing of the J-aggregate
absorption band with increasing w0. A spectral deconvolu-
tion of the Soret band by using a sum of Gaussian curves
enables the identification of the absorption band of the
monomeric species (lmax=434 nm) that is detected only for
w020. The value of the fwhm obtained (866 cm�1) is very
similar to the monomer in acidic aqueous solution
(875 cm�1). Calculations indicate an increase of the aggrega-
tion number (N=6.4–10.7 molecules at 20�w0�50) with
the water-pool radius increase (Figure 9).


Recent reports showed that the spectra obtained from the
spectrophotometer “extinction spectra” are subject to ap-
preciative scattering and are therefore, different from the
“true spectra”. These can be corrected by removing the scat-
tering contribution given by the RLS spectra.[15b,37,38] Hence,
the “corrected” values of N lie in the range of 7.1–17.4.
These are lower than those reported for TSPP in AOT/
decane/water RM[15b] where N values are of the order of 23–
33. Due to the longer alkyl chain of the organic solvent
(decane) one would expect that larger RM could be formed
and the percolation phenomena would be important for the
higher w0 at room temperature allowing a further growth of
the aggregates. But, hydrodynamic radii reported are equiv-
alent to those obtained when the organic phase is isooctane.
On the other hand, that investigation used a citrate buffer
with a similar concentration to the one we used but our


Figure 9. A) Extinction spectrum of 1) TSPP ([TSPP]=2 mm) in the J-
band region, in AOT RM (w0=40, “pHext”=2) and the contributions
from the 2) absorption and 3) scattering components. B) Spectroscopic
aggregation number (N) dependence on the amount of water in the
system: without scattering correction (*); and with scattering correction
(~); (&). The latter were taken from ref. [15b].
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buffer also contained phosphate. Also, the porphyrin con-
centrations used in that study are approximately 20 times
higher which could justify the differences obtained in the N
values. A comparable value is reported for TSPP (10 mm,
pH 3.0) J-aggregates in the presence of high salt concentra-
tions (NH4Cl ~0.1m), N=12.9 that showed also that the co-
herence length was about 25% of the aggregate hydrody-
namic radius.[37a] Although exciton theory is generally ac-
cepted to explain spectral shifts and narrowing of bands due
to J-aggregates, N values are calculated assuming only the
motional/exchange narrowing mechanism. If we consider
other effects (temperature and static/dynamic disorder) we
could obtain a closer coherence value and physical size of
the aggregate. In AOT/decane/water RM values of 100 and
35% for w0=32 and w0=65, respectively, were obtained
pointing to a high exciton delocalization very close to an
ideal J-aggregate structure.


There is some controversy in the literature concerning the
origin of the 420 nm band and TSPP aggregation. The band
has been assigned to an H-aggregate of TSPP based on
Raman data.[6c] The synchronous variation of the CD signal
and the intensity of both the 490 and 420 nm band led
others to attribute both bands to the J-aggregate.[6a] The cal-
culated value for the blue-shift of the B-band (taking into
account the face-to-face packing in the H-aggregate) is
much larger than the experimental one at 420 nm. Thus, it
seemed more plausible to attribute bands 490 and 420 nm to
the splitting of the TSPP B-band as a consequence of the
lowering of the symmetry of the porphyrin macrocycle in
the aggregates.[39] On the other hand, based on the fact that
these colloidal structures are CD-active due to the spontane-
ous symmetry break-down as shown in Figure 6, it was pos-
sible to infer the presence of two exciton orthogonal chirali-
ty axes corresponding to the J- and H-aggregation in the
supramolecular structure due to the folding of the one-di-
mensional aggregates.[40] A comparison of our data (absorp-
tion and CD spectra) of TSPP in acidic conditions in AOT
(w0=50) and in an aqueous solution of HSA, clearly shows
that with TSPP/AOT only two Q-bands are detected (be-
sides those corresponding to J-aggregates) while for TSPP/
HSA four Q-bands are observed with maxima similar to
those detected in DMSO. The Soret band maximum is at ~
420 nm in both cases. In conclusion, the spectroscopic spe-
cies of TSPP responsible for the ~420 nm maximum ob-
tained in the presence of HSA cannot be the same as that
obtained in AOT w010. The spectroscopic aggregation
number (N) calculated from the spectral width of the ab-
sorption band of the J-aggregate is very different for TSPP
in the presence of protein (N~6–7 units) to that calculated
for AOT reverse micelle systems (7–17 units). Moreover, we
did not detect J-aggregates at pH 7 but the B-band due to
monomer shifted to 420 nm and gave a low-intensity CD
signal in that region (=�1 mdeg), as mentioned before. In
addition, the full-width-at-half-height of the 420 nm absorp-
tion band is ~850 cm�1 in the case of TSPP/HSA at both
pH 2 or 7, while a much broader band is obtained from
spectral deconvolution for TSPP/AOT (w0=30).


Comparison with other micellar systems : To test the impor-
tance of the surfactant headgroup charge we performed ex-
periments involving other RM formed with the cationic
TTAB and the neutral Triton X-100 surfactant. We observed
no significant spectral changes (see data in Table 1) in the
neutral system apart from a small blue-shift as the water
amount was increased reflecting the environment polarity/
polarizability. In the cationic system, TSPP is mainly at the
interface as a monomer that may diffuse to the hydrophilic
interfacial region at high water concentrations where a small
contribution of the diacid species is noted together with
some J-type aggregation. Therefore, TSPP shows a major
tendency to aggregate in anionic RM systems. A schematic
view of the aggregation pattern in these AOT RM is given
in Scheme 2. By contrast, in the aqueous micellar system we


only observed aggregation with the cationic species. Never-
theless, electrostatic interactions may not be the exclusive
driving-force for the process since shorter-chain surfactants
are only able to induce aggregation at higher concentra-
tions.[13]


Comparison with a positively charged porphyrin, TMpyP :
TMpyP does not seem to aggregate either in the presence of
the protein in water or in AOT RM. By contrast, for a
metal-derivative PdIITMpyP in AOT RM, when there are
only a few water molecules available for adsorption at the
interface (w0=0.13) porphyrin molecules may strongly inter-
act with the surfactant headgroups leading to ion-pair for-
mation, and this has also been confirmed in the case of
ZnIITMpyP.[24c] Similar steady-state absorption spectra were
obtained for TMpyP, but only in aqueous AOT at pre-micel-
lar surfactant concentrations. The aggregation is facilitated
by either Coulombic attraction between the ionic surfactant
and the oppositely charged aromatic molecule, and by the
hydrophobic clustering of the surfactant alkyl chains. Curi-
ously, this aggregate is spectroscopically different from that
reported[13] in SDS pre-micellar concentrations. The effect of
protonation of the pyrrole nitrogen atoms on the aggrega-
tion condition of TMpyP cannot be followed in the RM
system since that would require the use of HCl (1m, pKa~
0.9) and produce an unstable system.


Another important difference between the two porphyrins
in the presence of proteins is the observed fluorescence
quenching of TMpyP by bLG, that occurred both in water


Scheme 2. Schematic diagram representing the influence of water uptake
on the TSPP aggregation pattern and location inside AOT RM in the ab-
sence of protein.
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and in AOT RM. A Stern–Volmer plot of the fluorescence
intensity ratio of TMpyP in the absence and presence of
quencher as a function of the quencher concentration
([bLG]), does not show a linear dependence but a down-
ward curvature. Moreover, the quenching rate constant is
higher in water than in AOT RM (w0=30) while no appar-
ent quenching could be detected at w0=5. The process may
involve electron transfer from certain residues in the protein
(probably lysine and/or arginine residues which have a terti-
ary amine side chain).


Conclusion


The results described in the present study point to both sim-
ilarities and differences in the interaction of TSPP and
TMpyP porphyrins with drug-carrier proteins in water and
in AOT RM.


We detected complex TSPP aggregation that is dependent
on change of water-content and pH when the TSPP is en-
capsulated in AOT RM. We may infer that higher water-
contents are more suitable to J-aggregation whereas a de-
crease in w0 leads to aggregate distortion and formation of a
wide distribution of aggregates with various structures,
namely an H-aggregate for very low w0. The presence of
protein contributes to H-deaggregation but promotes J-ag-
gregation at least up until a ratio of the relative concentra-
tion is reached, above which, complexation competes.


From point dipole exciton theory, the spectral features of
Soret bands indicate a growth in the aggregation number of
J-aggregates upon increase in the size of the water-pools.


The confinement effect created by the AOT water-pool
enables the tuning of photophysical properties of the nano-
aggregates formed, and opens up new ways for exploiting
them for nonlinear optics.


Coulombic interactions between TMpyP and AOT pre-
vented porphyrin aggregation and led to weaker affinity to
the transport protein. A different binding site is possible for
TMpyP complexation to the proteins studied which leads to
a weak but effective fluorescence quenching of the porphy-
rin by some amino acid residues in the protein.


Experimental Section


Sample preparation : HSA fraction V, 96–99% purity (catalogue no. A-
1653), bovine bLG chromatographically purified and lyophilized 90%
purity (catalogue no. L-3908), TMpyP (catalog no. T-0644), AOT (cata-
logue no. D-4422) 99% purity, and TTAB (catalogue no. T-4762) 99%
purity, were purchased from Sigma (St. Louis, MO) and were used with-
out further purification. TSPP was obtained from Fluka 98% purity
(catalogue no. 88074). Triton X-100 was purchased from Riedel-de-HUen
and purified as mentioned elsewhere.[41] Buffer solutions were made up
with bidistilled water, following the recommended procedures. In the
pH 2–7 range, a citrate/phosphate buffer (25 mm) was employed. All sol-
vents were spectroscopic grade. In all experiments we used fresh stock
solutions of proteins.


A stock solution of AOT/isooctane (0.1m) was prepared and checked for
fluorescence emission that was negligible under the experimental condi-


tions used. Reverse micelle solutions were then prepared by direct addi-
tion of bidistilled water into the surfactant/hydrocarbon mixture (volume
fraction of dispersed phase fv=0.1). The protein was also added by the
injection method. All the volume injected was considered to be water
and was used to calculate w0 (w0= [H2O]/[AOT]). A transparent solution
was always obtained after shaking for a few seconds. We used the the
Karl–Fischer method to determine the amount of water in the dry mi-
celle solution (w0=0.15).[42] The probe concentrations were determined
spectrophotometrically considering the molar extinction coefficient
eHSA
280 nm=42864m�1 cm�1;[43] e bLG


280nm=17600m�1 cm�1 for the protein mono-
mer;[44] eTSPP


413 nm=5.1O105m�1 cm�1 at pH 6,[45] and eTMpyP
422 nm =2.26O


105m�1 cm�1.[46]


Apparatus : A Jasco V-560 spectrophotometer was employed in UV-visi-
ble absorption measurements. Fluorescence measurements were recorded
with a Perkin–Elmer LS 50B spectrofluorimeter. Band-pass slits of
7.5 nm were used for both fluorescence excitation and emission monitor-
ing of TSPP. The instrumental response at each wavelength was corrected
by means of a curve obtained using appropriate fluorescence standards
together with the one provided with the instrument. RLS spectra were
obtained by using synchronous excitation and emission scanning in a
right-angle geometry and were corrected by subtracting the correspond-
ing blank sample. The “true” absorption spectra, Aabs(l), were derived
from those obtained directly from the spectrophotometer, Aem(l), for
samples where RLS spectra showed a relevant signal, IRLS(l), by using
Aem(l)=Aabs(l)+aIRLS(l)+b.[37b] The empirical parameters a and b, ac-
count for the monochromator features, detector and system geometry,
and were determined by linear fitting of Aem(l) versus IRLS(l) in the
(520–560 nm) region where Aabs(l)=0.


Fluorescence quantum yields of aerated solutions of TSPP and TMpyP
were determined relative to that of TPP in toluene (f�0.11)[47] with ap-
propriate corrections for the refractive index of the solvent. Fluorescence
decay profiles were obtained by using the time-correlated single-photon
counting method[48] with a Photon Technology International (PTI) instru-
ment. Excitation was induced with the use of a lamp filled with H2


(lPorphyrinexc =420 nm) and sample emission measurements (lPorphyrinem =


650 nm) were performed upto a maximum of 104 counts. Data analysis
was performed by a deconvolution method using a nonlinear least-
squares fitting program based on the Marquardt algorithm. The good-
ness-of-fit was evaluated by statistical parameters (reduced c2 and
Durbin–Watson (DW)) and graphical methods (autocorrelation function
and weighted residuals).


CD spectra were obtained by using a Jasco J-720 spectropolarimeter (Ha-
chioji City, Tokyo). An average of 4–8 scans was recorded and corrected
by subtracting the baseline spectrum of unfilled RM with the same com-
position as the sample. The studies were performed at a constant porphy-
rin concentration (2 mm) in the visible range and water or protein concen-
tration was varied. We used 1 cm path-length quartz cells and the temper-
ature was maintained at 24.0�0.5 8C.
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Utilization of Self-Sorting Processes To Generate Dynamic Combinatorial
Libraries with New Network Topologies
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Introduction


Starting with seminal publications by the groups of Sand-
ers,[1] Lehn,[2] and others[3] in the mid 1990s, dynamic combi-
natorial chemistry has emerged as a powerful tool for the
discovery of new receptors, drugs, catalysts, and materials.[4]


The adaptive behavior of dynamic combinatorial libraries
(DCLs) has received particular attention in this context.
DCLs are formed by combinatorial assembly[5] of molecular
building blocks under thermodynamic control. They repre-
sent chemical networks that are able to respond to changes
in their environment.[6] Upon addition of a target molecule
that selectively interacts with some members of the library,
a re-equilibration occurs. This adaptation can be used to
identify library members with a high affinity for the respec-
tive target.[4]


A key characteristic of a particular DCL is its network
topology, which is controlled by the chemical reactivity of
the constituent building blocks and other factors such as
steric and geometric restraints. So far, experiments have


mainly focused on two types of libraries. In the first type of
DCL, a symmetrical coupling chemistry is employed. Conse-
quently, each building block can assemble with each other
building block and with itself (Scheme 1a). Systems of this


kind have been realized with thiols, which were connected
by oxidation to give exchange-labile disulfides,[7] or with the
help of cross-metathesis reactions.[8] A second type of DCL
is based on building blocks that display a directional chemi-
cal reactivity. This includes libraries that are formed by reac-
tions between aldehydes and amines,[2c,9] or aldehydes and
hydrazides,[10] among various others.[4] For such libraries,


Abstract: The synthesis of water-solu-
ble, organometallic macrocycles is de-
scribed. They were obtained by self-as-
sembly in reactions of the half-sand-
wich complexes [{Ru(C6H5Me)Cl2}2],
[{Ru(p-cymene)Cl2}2], [{Rh(Cp)Cl2}2],
and [{Ir(Cp*)Cl2}2] with the ligand 5-di-
methylaminomethyl-3-hydroxy-2-
methyl-4-(1H)-pyridone in buffered
aqueous solution at pH 8. The structure
of the Ru–(p-cymene) complex was de-
termined by single-crystal X-ray crys-


tallography. Upon mixing, these com-
plexes undergo scrambling reactions to
give dynamic combinatorial libraries.
In combination with structurally relat-
ed complexes based on amino-meth-
ylated 3-hydroxy-2-(1H)-pyridone li-
gands, an exchange of metal fragments


but no mixing of ligands was observed.
This self-sorting behavior was used to
construct dynamic combinatorial libra-
ries of macrocycles, in which two four-
component sub-libraries are connected
by two common building blocks. This
type of network topology influences
the adaptive behavior of the library as
demonstrated in selection experiments
with lithium ions as the target.
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Scheme 1. Schematic representation of chemical networks based on four
different monofunctional molecules. a) In a fully connected network,
each molecule can be connected to each other molecule and to itself.
b) Directional chemical reactivity may lead to subgroups, for which intra-
group connections are not possible.
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connections between one subgroup (e.g., aldehydes) and an-
other subgroup (e.g., hydrazides) are possible, but connec-
tions within the subgroup (e.g., coupling of two aldehydes)
do not occur (Scheme 1b). When multifunctional building
blocks with two (or more) different connecting groups are
employed (e.g., a molecule with an aldehyde and a hydra-
zide group), homoaggregations become possible, but still the
complexity of the DCL is likely to be lower that which
would be found for a symmetrical coupling chemistry.


In recent years, DCLs with more complex network archi-
tectures have been explored. One approach is to simultane-
ously utilize several types of coupling chemistry for the con-
struction of the library. For example, noncovalent interac-
tions (hydrogen bonds) have been used in combination with
dynamic covalent bonds (acyl hydrazones),[11] metal–ligand
interactions have been employed in parallel to imine ex-
change reactions,[12] and thioester exchange reactions were
combined with disulfide exchange reactions.[13] In the follow-
ing we describe an alternative approach, which is based on
the utilization of a self-sorting process[14] in combination
with a metal–ligand assembly reaction. The resulting DCL
displays a network architecture, in which two sub-libraries
are connected by two common building blocks. As a conse-
quence, a unique behavior is observed in selection experi-
ments with lithium ions as the target.


Results and Discussion


In previous publications we have shown that trinuclear met-
allamacrocycles can be obtained in water at neutral pH by
reaction of organometallic half-sandwich complexes of the
general formula [{M(L)nCl2}2] (M(L)n=Ru(h6-arene),
Rh(h5-C5HxMe5�x), Ir(h


5-C5HxMe5�x)) with aminomethylated
3-hydroxy-2(1H)-pyridone ligands.[15, 16] These complexes act
as potent and selective receptors for lithium ions, and we
used them to build a colorimetric sensor that allowed us to
detect Li+ in water in the pharmacologically relevant con-
centration range of 1mm with the “naked eye”.[16] Another
interesting feature of these complexes is that they easily un-
dergo exchange reactions. Upon mixing of aqueous solutions
of a Ru macrocycle with an Ir macrocycle, for example,
mixed-metal complexes are rapidly formed. This allowed us
to build simple model DCLs in order to study some very
basic phenomena, such as the influence of the target concen-
tration on the adaptive behavior of the DCL.[17]


In continuation of this work, we were interested in obtain-
ing organometallic macrocycles that are soluble in water,
but which display a structure different from what was found
for the 3-hydroxy-2(1H)-pyridone-based complexes. For
these investigations, we synthesized the new heterocyclic
ligand 1 by aminomethylation of 3-benzyloxy-2-methyl-
4(1H)-pyridone[18] and subsequent cleavage of the benzyl
group by hydrogenolysis (Scheme 2). The dimethylamino-
methyl group of 1 was expected to enhance the solubility of
the resulting complexes in aqueous solution (partial proton-
ation at neutral pH) without interfering with the assembly


reaction. The 3-hydroxy-2-methyl-4(1H)-pyridone core of
ligand 1, on the other hand, was known to support the for-
mation of macrocyclic halfsandwich complexes.[19]


Upon reaction of ligand 1 with half an equivalent of
[{M(L)nCl2}2] (M(L)n=Ru(C6H5Me), Ru(p-cymene)Ru,
Rh(Cp), Ir(Cp*)) in either D2O or D2O/CD3OD (7:3)[20]


containing phosphate buffer (pD=8.0), a single new com-
plex was formed in over 95% yield as evidenced by
1H NMR spectroscopy (Scheme 3). The spectra displayed


only one set of signals for ligand 1 and for the metal frag-
ments M(L)n, indicating highly symmetrical structures. For
the NCH2 protons, two doublets at 3.6–4.0 ppm were ob-
served for all complexes. This observation showed that the
pseudotetrahedral metals represent stereogenic centers that
are configurationally stable on the NMR timescale.


To establish the structure of the complexes, we tried to
obtain single crystals suited for a crystallographic analysis.
For the Ru(p-cymene) complex, this was possible by adding
an excess of K2HPO4. The addition of the basic phosphate
salt lead to a deprotonation of the dimethylamino groups
and consequently to a reduced solubility in water. Alterna-
tively, the complex can be precipitated by using CsOH as
the base. The molecular structure of one enantiomer of the
neutral macrocycle 2 is shown in Figure 1.


Complex 2 shows the expected[19] trigonal structure with a
(crystallographic) C3 symmetry. The metal centers are bridg-
ed by the two adjacent oxygen atoms and the nitrogen atom
of the pyridonate ligand. The planes of the heterocyclic li-
gands are nearly perpendicular (V=85.97 8) to the plane de-


Scheme 2. Synthesis of ligand 1.


Scheme 3. Self-assembly of organometallic macrocycles. The dimethyl-
amino groups are partially protonated under those conditions (not
shown).
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fined by the three ruthenium atoms. The Ru atoms are
7.277(1) O apart from each other.


Having established that ligand 1 can be used for the as-
sembly of trinuclear metallamacrocycles in water, scram-
bling reactions were investigated. It turned out that mixed-
metal complexes are rapidly formed upon combination of
two symmetrical macrocycles. For the discussion of these re-
sults, we will use the notation depicted below, in which the
metal fragments are denoted by A–D and the bridging li-
gands by X and Y.


When aqueous solutions (5.0mm, D2O, phosphate buffer,
pD 8.0) of the complexes (AX)3 and (CX)3 were mixed, the
asymmetric complexes AX(CX)2 and CX(AX)2 could be ob-
served by 1H NMR spectroscopy within a few minutes. The
final equilibrium was reached after 2 h (Scheme 4a). A mix-
ture with an identical composition (1H NMR spectroscopy)
was obtained when the complexes were prepared in situ, by
adding buffered D2O to a mixture of ligand 1 and the two
complexes [{Ru(C6H5Me)Cl2}2] and [{Rh(Cp)Cl2}2] (Sche-
me 4b). Similarly, addition of a buffered D2O/CD3OD (7:3)
solution to a mixture of ligand 1 and the two complexes


[{Ru(p-cymene)Cl2}2] and [{Ir(Cp*)Cl2}2] lead to the forma-
tion of the four complexes (BX)3, BX(DX)2, DX(BX)2 and
(DX)3 (Scheme 4c). For the last reaction, a mixture of D2O
and CD3OD (7:3) was employed due to the low solubility of
Ir(Cp*)-containing complexes in plain D2O.


The 1H NMR spectrum of the equilibrated mixture gener-
ated from (AX)3 and (CX)3 showed eight signals for the aro-
matic CH group of the ligand X in the region from d=7.1
to 7.4 ppm (Figure 2). One signal is expected for each of the


symmetrical macrocycles (AX)3 and (CX)3 and three signals
for each of the mixed complexes AX(CX)2 and CX(AX)2.
In the aliphatic region of the spectrum, four signals corre-
sponding to the methyl group of the C6H5Me p-ligand were
observed. Again, this was in agreement with a scrambling
reaction since one signal was expected for the symmetric
macrocycle (AX)3, one signal for the mixed complex
AX(CX)2, and two signals for the macrocycle CX(AX)2.
The relative intensities of the respective signals were ap-
proximately equal, which suggested a nearly statistical ratio
of (AX)3:AX(CX)2:CX(AX)2:(CX)3 ~1:3:3:1.


Figure 1. ORTEP[34] representation of the molecular structure of complex
2 in the crystal. The co-crystallized water solvent molecules and the hy-
drogen atoms are not shown for clarity. Selected bond lengths (O) and
angles (8): Ru1�O1=2.067(3), Ru1�O2=2.080(3), Ru1�N1’=2.174(3);
O1-Ru1-O2=79.34(12), O1-Ru1-N1’=84.81(12), O2-Ru1-N1’=
82.13(13).


Scheme 4. a) When solutions of the macrocycles (AX)3 and (CX)3 are
combined, an equilibrium with the mixed macrocycles AX(CX)2 and
CX(AX)2 is established b) A mixture of identical composition is obtained
by self-assembly of the building blocks A, C, and X. c) A dynamic library
of the macrocycles (BX)3, (DX)3, BX(DX)2 and DX(BX)2 is obtained by
the self-assembly of the building blocks B, D, and X.


Figure 2. Part of the 1H NMR spectrum of a mixture of (AX)3 and (CX)3
after equilibration (D2O, phosphate buffer, pD 8.0). The signals corre-
spond to the aromatic CH proton of the ligand X (7.1–7.4 ppm) and to
the methyl group of the p ligand of A (1.9–2.0 ppm).
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Very similar results were obtained for a mixture generat-
ed from (BX)3 and (DX)3: eight 1H NMR signals were
found for the aromatic CH group of the ligand X and the
peak intensity was in agreement with a nearly statistical
1:3:3.1 ratio of the four different complexes.


The formation of four-component DCLs by scrambling
was furthermore confirmed by ESI mass spectrometry. Iso-
tope-resolved peaks were observed for the four different
macrocycles, with the peaks of the mixed complexes being
the dominant ones. Part of the spectrum obtained for a mix-
ture of (AX)3 and (CX)3 is shown in Figure 3.


When macrocycles with the bridging ligand Y were em-
ployed, dynamic mixtures of homo- and heterometallic com-
plexes were also formed in aqueous buffered solution at


pD 8.0 as evidenced by NMR spectroscopy and ESI mass
spectrometry. Thus, a combination of (AY)3 and (CY)3 gave
rapidly the mixed complexes AY(CY)2 and CY(AY)2 (Sche-
me 5a). As it was observed for the corresponding mixtures
with ligand X, four equally intense 1H NMR signals for the
methyl group of the p ligand of A were observed at d=1.8–
2.0 ppm in agreement with a nearly statistical distribution.
For the self-assembly of the building blocks B, D, and Y, the
1H NMR data supported a statistical distribution as well
(Scheme 5b).


Next, we investigated a more complex mixture containing
the metal building blocks A and C as well as both bridging
ligands X and Y. Analysis of the resulting dynamic combina-
torial library of macrocycles by 1H NMR spectroscopy re-
vealed a surprisingly low complexity. In fact, the spectrum
showed the species identified in mixtures of (AX)3 and
(CX)3 and of (AY)3 and (CY)3, but no other complexes. This
was confirmed by adding the equilibrated mixture depicted
in Scheme 4a to the mixture shown in Scheme 5a. No fur-
ther re-equilibration was observed by 1H NMR spectroscopy
(Figure 4). These data suggested that the assembly process
of the building blocks A, C, X, and Y was strongly self-sort-


ing: out of the 24 possible trinuclear macrocycles, only eight
were formed (Scheme 6). These eight complexes contained
either ligand X or ligand Y, but no combination of both.


The self-sorting of X- and Y-containing macrocycles is
likely the result of geometric restraints. Whereas complexes
based on ligand X have a trigonal prismatic structure, com-
plexes based on ligand Y have a concave, domelike struc-
ture (Figure 5). Apparently, there is no low-energy geometry
for hypothetical complexes containing a mixture of the li-
gands X and Y.


To investigate the mechanism of the scrambling reactions,
we have examined the reaction of the two symmetrical mac-


Figure 3. Part of the ESI mass spectrum of an equilibrated mixture of the
complexes (AX)3, (CX)3, AX(CX)2, and CX(AX)2.


Scheme 5. a) When solutions of the macrocycles (AY)3 and (CY)3 are
combined, an equilibrium with the mixed macrocycles AY(CY)2 and
CY(AY)2 is established. b) Similar results are obtained for the self-assem-
bly of the building blocks B, D, and Y.


Figure 4. Part of the 1H NMR spectra (D2O, phosphate buffer, pD 8.0) of
a mixture of (AX)3 and (CX)3 after equilibration (bottom), a mixture of
(AY)3 and (CY)3 after equilibration (middle), and a mixture of (AX)3,
(CX)3, (AY)3, and (CY)3 after equilibration (top). The signals correspond
to the aromatic CH proton of the ligand X (d=7.1–7.4 ppm), to one of
the aromatic CH protons of the ligand Y (d=6.8–7.0 ppm) and to the
methyl group of the p-ligand of A (d=1.8–2.0 ppm).
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rocycles (DY)3 and (BX)3. The weakest connection in these
macrocycles is assumed to be the metal–nitrogen bond. For
exchange reactions proceeding exclusively through a break-
age of these bonds, no scrambling would be expected for the
reaction of (DY)3 with (BX)3, given that mixed macrocycles
containing both ligand X and Y are excluded due to self-
sorting. However, if the metal–oxygen bonds are likewise
labile, eight different macrocycles should form (Scheme 7).


This corresponds to what was observed by 1H NMR spec-
troscopy (Figure 6). Before equilibration, a single peak was
observed in the region around d=7 ppm, which can be at-


tributed to the aromatic proton of the X ligand in (BX)3.
After equilibration, eight signals were found that correspond
to (BX)3 (one signal), (DX)3 (one signal), DX(BX)2 (three
signals), and BX(DX)2 (three signals). The remaining four
complexes containing the Y ligand showed less separated
signals in the 1H NMR spectrum, but could still be identi-
fied. The formation of (DX)3 from (BX)3 was clear evidence
that both the metal–nitrogen and the metal–oxygen bonds
are readily exchanged.


From the experiments described above, it can be conclud-
ed that upon mixing of two different metal fragments with
the ligands X and Y, a DCL of eight macrocycles is formed.
Each of these complexes contains exclusively one type of
ligand; the 16 hypothetical macrocycles with mixed ligands
are not formed, since the self-assembly process is strictly
self-sorting. The eight members of the library can exchange
metal fragments, but an exchange of ligands is only possible
within the sub-library of complexes containing the same


Scheme 6. Self-assembly of the building blocks A, C, X, and Y leads to
the formation of eight different macrocycles. Complexes containing both
the ligand X and the ligand Y are not observed.


Figure 5. Ball and stick representation of the molecular structure of com-
plex 2 containing the bridging ligand X (left) and of a macrocycle com-
prised of Ru(p-cymene) fragments and a bridging ligand of type Y
(right).[35] To highlight the differences in geometry, the alkyl groups of
the aromatic p ligand, the aminomethyl groups and the hydrogen atoms
have been omitted.


Scheme 7. Scrambling of the complexes (DY)3 and (BX)3 leads to the for-
mation eight different macrocycles.


Figure 6. Part of the 1H NMR spectra (D2O/CD3OD, 7:3, phosphate
buffer, pD 8.0) of a mixture of (DY)3 and (BX)3 before (top) and after
equilibration (bottom). The signals correspond to the aromatic CH pro-
tons of the ligand X.


Scheme 8. The assembly of two different metal fragments with the li-
gands X and Y leads to the formation of a dynamic library of eight mac-
rocycles. The library can be dived into two sub-libraries, which are con-
nected by exchange of metal fragments but not of ligands.
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ligand (Scheme 8). This type of network topology leads to a
distinct behavior in selection experiments as outlined below.


Recent theoretical[21] and experimental[17,22] studies have
shown that the adaptation process of a DCL upon addition
of a target is strongly dependent on the boundary condi-
tions. Importantly, it is not necessarily the library member
with the highest affinity to the target that is amplified the
most. One of the parameters that was found to have a
strong effect on the outcome of a selection experiment is
the target concentration. This was demonstrated with a
model DCL composed of the macrocyclic receptors (DY)3,
(BY)3, BY(DY)2, and DY(BY)2 and lithium ions as the
target.[17] All four complexes were able to act as a receptor
for Li+ and the binding affinity increases in the order
(DY)3<BY(DY)2<DY(BY)2< (BY)3.


[23] Upon addition of
small amounts of Li+ to the four-component DCL, the dom-
inant Li+-containing complex was the best receptor (BY)3.
Upon increasing the Li+ concentration, however, the lithi-
um adduct of the second best receptor DY(BY)2 outcompet-
ed the best one.


It appeared interesting to compare the behavior of the
more complex eight-component DCL obtained from the
building blocks B, D, X, and Y (Scheme 9b) with the four-
component DCL described above (Scheme 9a). For the


former case, only the complexes containing the Y ligands
were expected to bind to lithium ions, because the geometry
of the X complexes does not permit a strong interaction
with the alkali metal ion. Nevertheless, the four complexes
with X ligands can affect the adaptation process, because


they are coupled to the sub-library of Y complexes through
metal-exchange reactions (Scheme 8).


Increasing amounts of Li2SO4 were added to solutions of
the respective DCL (100mm phosphate buffer, pD 8.0) in
D2O/CD3OD (7:3) . The mixtures were tempered at 40 8C
for 40 h and the concentration of the Li+ adducts of the
high-affinity receptors (BY)3 and DY(BY)2 was approximat-
ed by integration of the corresponding 7Li NMR signals.[24]


The results are summarized in Table 1. For low Li+ concen-


trations with respect to the total macrocycle concentration,
the dominant host–guest complex was found to be in both
cases [(BY)3·Li


+] with a [(BY)3·Li
+]:[(DY)(BY)2·Li


+] ratio
of 4:1 or 5:1, respectively (entry 1). Interesting differences,
however, were observed at higher lithium concentrations. At
[Li+]=25mm, the dominant lithium complex in the four-
component DCL was the adduct [DY(BY)2·Li


+], whereas in
the eight-component DCL it was still the complex of the re-
ceptor with the highest affinity for Li+ , (BY)3 (Table 1,


entry 3 and Figure 7). The pref-
erential formation of
[(BY)3·Li


+] was also observed
for other lithium concentra-
tions.


The different result obtained
for the eight-component DCL
can be explained by the fact
that the sub-library of X com-
plexes can act as a reservoir for
the metal fragment B, which is
required for the formation of
the high affinity receptors
(BY)3 and DY(BY)2. The com-
petition between (BY)3 and
DY(BY)2 is therefore “buf-
fered” by the four additional
DCL members. A related situa-
tion is found for virtual combi-
natorial libraries, that is, DCLs
in which the monomeric build-
ing blocks are the dominating
species. Here, the competition
between the aggregates is buf-


Scheme 9. Formation of host-guest complexes upon addition of lithium
ions to a four (a) or eight-component DCL (b) comprised of the building
blocks B, D, Y or B, D, X, Y, respectively.


Table 1. Ratio of the Li+ complexes [DY(BY)2·Li
+] and [(BY)3·Li


+]
upon addition of increasing amounts of Li2SO4 to DCLs comprised of the
building blocks B, D, Y or B, D, X, Y, respectively, as determined by 7 Li
NMR spectroscopy.[a]


[Li+] [mm] 4-component DCL 8-component DCL
[DY(BY)2·Li


+]:[(BY)3·Li
+] [DY(BY)2·Li


+]:[(BY)3·Li
+]


1 1 0.23 0.19
2 5 0.41 0.28
3 25 1.30 0.60
4 50 3.91 1.50


[a] The solutions (D2O/CD3OD, 7:3, 100mm phosphate buffer, pD 8.0)
were equilibrated for 40 h at 40 8C. The total concentration of the four
complexes containing Y ligands was in both cases 5mm.


Figure 7. Part of the 7 Li NMR
spectrum (D2O/CD3OD, 7:3,
100 mm phosphate buffer,
pD 8.0) of DCLs comprised of
the building blocks B, D, Y
(top) or B, D, X, Y (bottom)
highlighting the signals of the
complexes [DY(BY)2·Li


+] and
[(BY)3·Li


+]. Concentrations:
[Y]total=15mm, [Li+]=25mm.
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fered by the excess of monomeric building blocks. As a
result, an improved correlation between binding affinity and
amplification factor is found in selection experiments.[21a]


Conclusion


Over the last years, selection experiments with DCLs have
been used to discover new receptors for a given target as
well as new guest molecules for a given host. The power of
the approach is highlighted by a recent report of Sanders
et al. , in which an acetylcholine target was shown to amplify
a high-affinity catenane receptor from a DCL of macrocy-
cles with hydrazone linkages.[25] It would have been very dif-
ficult to discover this receptor with a more traditional
“design approach”.[26] So far, research in the field of dynam-
ic combinatorial chemistry has focused on relatively simple
DCLs, but libraries with more complex network topologies
are increasingly being investigated.[11–13] In the present work,
we have demonstrated that self-assembled metallamacrocy-
cles with two types of pyridone ligands form dynamic libra-
ries with a unique network topology. Since the assembly
process is strictly self-sorting with respect to the bridging
ligand, only eight out of 24 possible macrocycles are formed.
The eight different complexes can be divided into two par-
tially orthogonal sub-libraries. Within these sub-libraries, an
exchange of metal fragments and ligands is possible, but
communication between the sub-libraries is restricted to an
exchange of metal fragments. This partial orthogonality is
reflected in selection experiments as demonstrated in reac-
tions with Li+ ions as targets.


Experimental Section


General : The complexes [{Ru(C6H5Me)Cl2}2],
[27] [{Ru(p-cymene)Cl2}2],


[28]


[{Rh(Cp)Cl2}2],
[29] and [{Ir(Cp*)Cl2}2]


[30] and the ligand 4-dimethylamino-
methyl-3-hydroxy-2-(1H)-pyridone[31] were prepared according to litera-
ture procedures. The synthesis of all complexes was performed under an
atmosphere of dry dinitrogen, using standard Schlenk techniques. The 1H
and 13C spectra were recorded on a Bruker Avance DPX400 spectrome-
ter by using the residual protonated solvents (1H, 13C) as internal stan-
dards or LiCl in water as an external standard. All spectra were recorded
at room temperature. The ESI MS studies were performed with solutions
of the respective macrocycles (total concentration of macrocycles:
2.5mm) in water/acetonitrile (3:1) containing a 50mm phosphate buffer
(pH~8).
5-Dimethylaminomethyl-3-hydroxy-2-methyl-4-(1H)-pyridone (1): Palla-
dium on charcoal (43 mg) was added to a solution of 3-benzyloxy-5-dime-
thylaminomethyl-2-methyl-4-(1H)-pyridone (504 mg, 1.85 mmol) in etha-
nol (45 mL). The mixture was stirred for 20 h under an atmosphere of di-
hydrogen. The catalyst was then eliminated by filtration. Evaporation of
the ethanol under vacuum gave ligand 1 as a white solid (yield: 223 mg,
63%). 1H NMR (400 MHz, D2O): d=2.34 (s, 3H; CH3), 2.62 (s, 6H; N-
(CH3)2), 3.90 (s, 2H; NCH2), 7.54 ppm (s, 1H; CH); 13C NMR (400 MHz,
D2O): d=16.71 (CH3), 45.52 (N(CH3)2), 58.37 (NCH2), 118.7, 134.7,
136.3, 152.1, 174.1 (pyridone); elemental analysis calcd (%) for
C9H14N2O2·0.5H2O: C 56.53, H 7.91, N 14.65; found: C 56.28, H 7.84, N
15.18.


General procedure for the synthesis of the complexes (AX)3, (BX)3,
(CX)3, (DX)3, (AY)3, (BY)3, (CY)3, and (DY)3 : D2O or D2O/CD3OD (7/


3) (2.0 mL, 100mm phosphate buffer, pD 8.0) was added to the respective
pyridone ligand (30 mmol) and the [M(L)nCl2]2 complex (15 mmol). The
mixture was stirred for 2 h until a clear solution was obtained.


Complex (AX)3 :
1H NMR (400 MHz, D2O): d=1.94 (s, 9H; C6H5Me),


2.41 (s, 9H; CH3), 2.79 (s, 18H; N(CH3)2), 3.60 (d, 2J=13 Hz, 3H;
NCH2), 4.08 (d, 2J=13 Hz, 3H; NCH2), 5.29 (d, 3J=6 Hz, 3H; C6H5Me),
5.34 (d, 3J=6 Hz, 3H; C6H5Me), 5.47 (t, 3J=5 Hz, 3H; C6H5Me), 5.78 (t,
3J=6 Hz, 3H; C6H5Me), 5.86 (t, 3J=6 Hz, 3H; C6H5Me), 7.14 ppm (s,
3H; CH, pyridone).


Complex (BX)3 :
1H NMR (400 MHz, D2O): d=1.09 (d, 3J=7 Hz, 9H;


CH(CH3)2), 1.14 (d, 3J=7 Hz, 9H; CH(CH3)2), 1.79 (s, 9H; CH3), 2.41 (s,
9H; CH3), 2.65 (sept, 3J=7 Hz, 3H; CH(CH3)2), 2.73 (s, 18H; N(CH3)2),
3.58 (d, 2J=13 Hz, 3H; NCH2), 4.01 (d, 2J=13 Hz, 3H; NCH2), 5.15 (d,
3J=5 Hz, 3H; MeC6H4iPr), 5.38 (d, 3J=5 Hz, 3H; MeC6H4iPr), 5.73 (d,
3J=5 Hz, 3H; MeC6H4iPr), 5.76 (d, 3J=5 Hz, 3H; MeC6H4iPr), 7.06 ppm
(s, 3H; CH, pyridone).


Complex (CX)3 :
1H NMR (400 MHz, D2O): d=2.43 (s, 9H; CH3), 2.76


(s, 18H; N(CH3)2), 3.68 (d, 2J=13 Hz, 3H; NCH2), 4.08 (d, 2J=13 Hz,
3H; NCH2), 5.72 (s, 15H; CH, Cp), 7.33 ppm (s, 3H; CH, pyridone).


Complex (DX)3 :
1H NMR (400 MHz, D2O/CD3OD: 7/3): d=1.49 (s,


45H; CH3, Cp*), 2.38 (s, 9H; CH3), 2.66 (s, 18H; N(CH3)2), 3.55 (d, 2J=
13 Hz, 3H; NCH2), 4.13 (d, 2J=13 Hz, 3H; NCH2), 6.98 ppm (s, 3H; CH,
pyridone).


Complex (AY)3 :
1H NMR (400 MHz, D2O): d=2.00 (s, 9H; C6H5Me),


2.66 (s, 18H; N(CH3)2), 3.97 (d, 2J=13 Hz, 3H; NCH2), 4.03 (d, 2J=
13 Hz, 3H; NCH2), 5.24 (d, 3J=6 Hz, 3H; C6H5Me), 5.52 (t, 3J=6 Hz,
3H; C6H5Me), 5.56 (d, 3J=5 Hz, 3H; C6H5Me), 5.84 (d, 3J=7 Hz, 3H;
CH, pyridone), 5.88 (t, 3J=6 Hz, 3H; C6H5Me), 6.10 (t, 3J=6 Hz, 3H;
C6H5Me), 6.80 ppm (d, 3J=7 Hz, 3H; CH, pyridone).


Complex (BY)3 :
1H NMR (400 MHz, D2O): d=1.25 (d, 3J=7 Hz, 9H;


CH(CH3)2), 1.28 (d, 3J=7 Hz, 9H; CH(CH3)2), 1.82 (s, 9H; CH3), 2.66 (s,
18H; N(CH3)2), 2.82 (sept, 3J=7 Hz, 3H; CH(CH3)2), 3.86 (d, 2J=13 Hz,
3H; NCH2), 4.07 (d, 2J=13 Hz, 3H; NCH2), 5.25 (d, 3J=5 Hz, 3H; Me-
C6H4iPr), 5.50 (d, 3J=5 Hz, 3H; MeC6H4iPr), 5.81 (d, 3J=6 Hz, 3H; CH,
pyridone), 5.81 (d, 3J=6 Hz, 3H; MeC6H4iPr), 6.04 (d, 3J=5 Hz, 3H;
MeC6H4iPr), 6.71 ppm (d, 3J=7 Hz, 3H; CH, pyridone).


Complex (CY)3 :
1H NMR (400 MHz, D2O): d=2.69 (s, 18H; N(CH3)2),


4.02 (d, 2J=13 Hz, 3H; NCH2), 4.08 (d, 2J=13 Hz, 3H; NCH2), 5.78 (s,
15H; CH, Cp), 5.99 (d, 3J=7 Hz, 3H; CH, pyridone), 6.98 ppm (d, 3J=
7 Hz, 3H; CH, pyridone).


Complex (DY)3 :
1H NMR (400 MHz, D2O): d=1.65 (s, 45H; CH3, Cp*),


2.71 (s, 18H; N(CH3)2), 4.02 (d, 2J=13 Hz, 3H; NCH2), 4.11 (d, 2J=
13 Hz, 3H; NCH2), 5.80 (d, 3J=7 Hz, 3H; CH, pyridone), 6.79 ppm (d,
3J=7 Hz, 3H; CH, pyridone).


Synthesis of complex 2 : A suspension of the [{Ru(p-cymene)Cl2}2]
(17.8 mg, 29.1 mmol) and ligand 1 (10.6 mg, 58.2 mmol) in water (3.5 mL)
was stirred for 2 h until a red solution was obtained. CsOH (116 mmol)
was added and complex 2 precipitated as an orange powder which was
isolated by centrifugation and dried under vacuum (yield: 21.3 mg, 87%).
Single crystals of complex 2 were obtained from a concentrated aqueous
solution of (BX)3 after addition of an excess of K2HPO4.


1H NMR
(400 MHz, CDCl3): d=1.26 (d, 3J=7 Hz, 9H; CH(CH3)2), 1.32 (d, 3J=
7 Hz, 9H; CH(CH3)2), 2.09 (s, 9H; CH3), 2.13 (s, 18H; N(CH3)2), 2.38 (s,
9H; CH3), 2.64 (d, 2J=13 Hz, 3H; NCH2), 2.73 (sept, 3J=7 Hz, 3H; CH-
(CH3)2), 3.41 (d, 2J=13 Hz, 3H; NCH2), 4.96 (d, 3J=5 Hz, 3H; Me-
C6H4iPr), 4.97 (d, 3J=5 Hz, 3H; MeC6H4iPr), 5.09 (d, 3J=5 Hz, 3H; Me-
C6H4iPr), 5.30 (d, 3J=5 Hz, 3H; MeC6H4iPr), 6.79 ppm (s, 3H; CH, pyri-
done); 13C NMR (101 MHz, CDCl3): d=17.60, 18.02, 22.60, 23.15 (CH3),
31.42 (CH(CH3)2), 44.98 (N(CH3)2), 55.08 (NCH2), 79.42, 79.57, 80.14,
80.63 (CH, MeC6H4iPr), 94.10, 99.17 (C, MeC6H4iPr), 115.77, 140.81,
141.81, 157.13, 167.62 ppm (pyridone); elemental analysis calcd (%) for
C57H78Ru3N6O6·H2O: C 54.14, H 6.38, N 6.65; found: C 53.86, H 6.38, N
6.78.


Preparation of a four-component DCL


Method A : A D2O solution (2.0 mL, 100mm phosphate buffer, pD 8.0)
was added to a mixture of ligand L (L=X, Y, 30 mmol), [{Ru-
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(C6H5Me)Cl2}2] (3.9 mg, 7.5 mmol), and [{Rh(Cp)Cl2}2] (3.6 mg, 7.5 mmol).
The mixture was equilibrated for 2 h at RT.


Method B : A solution of the macrocycle (AL)3 (5.0mm, 100mm phos-
phate buffer, pD 8.0) in D2O (1.0 mL) was mixed with a solution of the
macrocycle (CL)3 (5.0mm, 100mm phosphate buffer, pD 8.0) in D2O
(1.0 mL) and equilibrated for 2 h at RT (L=X, Y).


DCLs containing the metal fragment B and D were prepared following
the method A with D2O/CD3OD (7:3) instead of D2O as the solvent. The
composition of the library was analyzed using 1H NMR spectroscopy. In
order to verify that the final equilibrium was reached, NMR spectra were
recorded at later times.


Preparation of an eight-component DCL containing A and C : Method
A : A D2O solution (2.0 mL, 100 mm phosphate buffer, pD 8.0) was added
to a mixture of ligand X (5.5 mg, 30 mmol), ligand Y (5.1 mg, 30 mmol),
[{Ru(C6H5Me)Cl2}2] (7.9 mg, 15 mmol) and [{Rh(Cp)Cl2}2] (7.2 mg,
15 mmol). The mixture was equilibrated for 2 h at RT.


Method B: A solution of an equilibrated mixture of the macrocycles
(AX)3, AX(CX)2, CX(AX)2, and (CX)3 ([X]total=30mm, 100mm phos-
phate buffer, pD 8.0) in D2O (1.0 mL) was mixed with a solution of an
equilibrated mixture of the macrocycles (AY)3, AY(CY)2, CY(AY)2, and
(CY)3 ([Y]total=30mm, 100mm phosphate buffer, pD 8.0) in D2O
(1.0 mL) and stirred for 2 h at RT.


Preparation of an eight-component DCL containing B and D : A solution
of the macrocycle (BX)3 (10mm, 100mm phosphate buffer, pD 8.0) in
D2O/CD3OD (7:3; 1.0 mL) was mixed with a solution of the macrocycle
(DY)3 (10mm, 100mm phosphate buffer, pD 8.0) in D2O/CD3OD (7:3;
1.0 mL) and equilibrated for 2 h at RT. The composition of the library
was analyzed using 1H NMR spectroscopy. In order to verify that the
final equilibrium was reached, NMR spectra were recorded at later
times.


Reaction of a four-component DCL with Li+ : After addition of various
amounts of a Li2SO4 stock solution (D2O, 50mm, 0.5m or 2.0m) to the
equilibrated mixture of the macrocycles (BY)3, DY(BY)2, BY(DY)2, and


(DY)3 ([Y]total=15mm, D2O/CD3OD (7:3), 100 mm phosphate buffer,
pD 8.0), the reaction mixture was tempered at 40 8C for 40 h.


Reaction of an eight-component DCL with Li+ : After addition of various
amounts of a Li2SO4 stock solution (D2O, 50mm, 0.5m or 2.0m) to the
equilibrated mixture of the macrocycles (BY)3, DY(BY)2, BY(DY)2,
(DY)3, (BX)3, DX(BX)2, BX(DX)2, and (DX)3 ([X]total=15 mm, [Y]total=
15mm, D2O/CD3OD (7:3), 100mm phosphate buffer, pD 8.0), the reac-
tion mixture was tempered at 40 8C for 40 h.


X-ray crystallography : Details about the crystal and the structure refine-
ment of 2 are listed in Table 2, whereas some relevant geometrical pa-
rameters are included into the picture captions. Data collection was per-
formed at 140(2) K on a marresearch mar345 IPDS diffractometer. Data
reduction was carried out with CrysAlis RED, release 1.7.0.[32] Absorp-
tion correction was applied. Structure solution and refinement were per-
formed with the SHELXTL software package, release 5.1.[33] The struc-
ture was refined by using the full-matrix least-squares on F2 with all non-
H atoms anisotropically defined. H atoms were placed in calculated posi-
tions using the “riding model” (except those belonging to the water mol-
ecules that were not included into the final model). The asymmetric unit
contains 19/3 water molecules of which four (O3, O4, O7, O8) do not
show any sign of disorder, two look disordered (O5 and O6) and have
been treated with the split model and then their occupancy factor fixed,
the remaining 1/3H2O (O9) lies on a threefold symmetry axis. CCDC
271907 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
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Assembly of a Tetrathiafulvalene–Anthracene Dyad on the Surfaces of Gold
Nanoparticles: Tuning the Excited-State Properties of the Anthracene Unit in
the Dyad
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Introduction


Tetrathiafulvalene (TTF) and its derivatives, which have
been widely studied in the area of organic conductors and
superconductors,[1] are good electron donors. In recent years,
electron donor–acceptor (D-A) molecules and supramole-
cules (e.g., catenanes and rotaxanes) featuring TTF units
have received a lot of attention.[2] These D-A molecules,
containing TTF units, have been studied as models for fun-
damental investigations of charge-transfer interactions and
molecular rectifiers.[3] One of the unique properties of TTF


and its derivatives is that they can be reversibly oxidized to
the corresponding radical cations and dications. By using
this advantage, D-A molecules and supramolecules, in which
the TTF unit is employed as the electron-donor unit, have
been investigated for studies of molecular-level devices, such
as molecular switches, molecular shuttles, and even molecu-
lar logic circuits.[4]


Recently, we have described D-A molecules featuring one
TTF unit and one or two anthracene units (e.g., dyad 1,
Scheme 1). Due to photoinduced electron transfer between
the TTF unit and the excited anthracene unit, the fluores-
cence of 1 is rather weak, but the fluorescence is strongly
enhanced after oxidation of the TTF unit, either chemically
or electrochemically.[5] As a result, a new redox fluorescence
switch has been realized. Moreover, upon reaction with sin-
glet oxygen, strong chemiluminescence has been detected.[6]


Meanwhile, monolayer-protected metal clusters have been
intensively studied in recent years. For instance, the assem-
bly of organic functional molecules with thiols and amino
groups on the surface of gold nanoparticles has led to vari-
ous functionalized gold nanoparticles.[7] Extensive chemical
and physical studies of these gold nanoparticles have been
carried out. These results clearly indicate that gold nanopar-
ticles can function as electron acceptors in the following ex-
amples. Alkanethiols with pyrene unit-capped gold nanopar-


Abstract: Due to the unique features
of the tetrathiafulvalene (TTF) unit,
such as the electron-donating ability
and presence of methylthio groups,
dyad 1 can be assembled on the surfa-
ces of gold nanoparticles, as indicated
by absorption, electrochemical, and
fluorescent-spectral studies. Dyad 1 can
also be disassembled by the addition of
thiols. Assembly of dyad 1 on the sur-
faces of gold nanoparticles leads to the


formation of a triad (A1-D-A2), which
in turn modulates the photoinduced
electron-transfer process within dyad 1.
Accordingly, the fluorescence intensity
of dyad 1, after assembly with gold
nanoparticles, increases, and the fluo-


rescence lifetime is prolonged. Further-
more, the assembly of dyad 1 on gold
nanoparticles facilitates photodimeriza-
tion of the anthracene units of dyad 1.
Both fluorescence and photodimeriza-
tion are associated with the excited-
state behavior of the anthracene unit,
thus it may be concluded that the excit-
ed-state properties of the anthracene
unit can be tuned upon complexation
with gold nanoparticles.
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ticles show rather weak fluorescence,[8] which is attributed
to electron transfer from the excited pyrene units to the
gold nanoparticles, and fluorescence enhancement is ob-
served when a negative chemical bias is applied.[9] In con-
trast, the assembly of aminomethylpyrene (Py-CH2NH2) on
the surface of gold nanoparticles leads to weaker interaction
between the amino group and the pyrene unit, which in turn
causes significant fluorescence enhancement.[10]


It has been reported that alkyl sulfides can be adsorbed
on the surface of gold nanoparticles.[11] Thus, it is anticipated
that the TTF unit of 1 with two methylthio groups can be as-
sembled on the surface of gold nanoparticles. This assembly
will lead to the formation of a triad A1-D-A2 (Scheme 1),
which can then modulate the photoinduced electron transfer
between the excited anthracene unit and TTF. In this paper,
we describe: 1) the fluorescence enhancement and 2) the ac-
celeration of the photodimerization of anthracene units,
upon the assembly of 1 on the surface of gold nanoparticles.
Furthermore, dyad 1 adsorbed on the surfaces of gold nano-
particles can be disassembled by addition of thiols, leading
to a decrease of the fluorescence of the solution.


Results and Discussion


Assembly of dyad 1 on the surface of gold nanoparticles :
Figure 1b–f shows the absorption spectra of dyad 1 (5 mL,
80 mm in CH2Cl2) in the presence of gold nanoparticles


(0.2 mL, 11 mm)[12] , together with that of the as-prepared
gold nanoparticles (Figure 1a) for comparison. Upon the ad-
dition of gold nanoparticles, a typical surface plasmon (SP)
absorption band around 520 nm was observed, and variation
of the absorption bands below 400 nm was rather small.
After leaving the solution of dyad 1 with gold nanoparticles
to stand at room temperature for 60 min, a dampening of
the SP band was clearly observed. The intensity of the SP
band decreased further by prolonging the reaction time, and
variation of the absorption spectrum stopped when the solu-
tion was left at room temperature for more than 360 min.
This result implies adsorption of dyad 1 on the surface of
gold nanoparticles, since the SP band of gold nanoparticles
is affected by surface-adsorbed species.[13] Variation of the
absorption spectra also indicates that it requires about
360 min to complete the surface-assembling process (see
Scheme 1). It should be mentioned that no precipitate was
observed during the adsorption process of dyad 1 on the sur-
face of the gold nanoparticles. Similar absorption spectral
changes were observed for dyad 1 in the presence of differ-
ent amounts of gold nanoparticles.
To confirm the assembly of dyad 1 on the surface of the


gold nanoparticles, the redox potentials of 1 in the presence
of gold nanoparticles were measured. Before each measure-
ment, a solution of 1 in CH2Cl2, containing gold nanoparti-
cles, was allowed to stand at room temperature for 360 min.
As described previously, three oxidation waves were detect-
ed for dyad 1; the first two reversible waves (E1/2=0.55 and
0.93 V) correspond to oxidation of the TTF unit into the
radical cation and dications, respectively, and the third wave
(Eox=1.17 V) was ascribed to irreversible oxidation of the
anthracene unit. Upon addition of gold nanoparticles, the
first oxidation peak shifted to a more positive potential, as


Scheme 1. Assembly of dyad 1 on the surface of gold nanoparticles and
disassembly upon addition of thiols.


Figure 1. Absorption spectrum of dyad 1 (5 mL, 80 mm in CH2Cl2), in the
presence of gold nanoparticles (0.2 mL, 11 mm in toluene), after assem-
bling for b) 0, c) 60, d) 240, e) 300, and f) 360 min; Curves a) and g) rep-
resent the absorption spectrum of gold nanoparticles (5 mL, 0.44 mm in
CH2Cl2) and dyad 1 (5 mL, 80 mm in CH2Cl2), respectively.


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1067 – 10731068



www.chemeurj.org





shown in Figure 2A. Cyclic voltammograms of dyad 1 were
recorded in the presence of different amounts of gold nano-
particles. Variation of the first oxidation potential versus the
amount of gold nanoparticles added to the solution is shown
in Figure 2B. For example, when 120 mL of as-prepared gold
nanoparticles (11 mm in toluene) was added to a 2 mL solu-
tion of dyad 1 (0.1 mm in CH2Cl2), the first oxidation poten-
tial (E1ox) changed from 0.59 to 0.76 V. The shift of the oxi-
dation potentials of dyad 1 upon addition of gold nanoparti-
cles can be explained as follows: since gold nanoparticles
show an electron-accepting property, the assembly of dyad 1
on the surface of the gold nanoparticles would decrease the
HOMO energy of the TTF unit of dyad 1. To express this in
another way, the shift of the oxidation potential of dyad 1
upon addition of gold nanoparticles indicates the assembly
of dyad 1 on the surface of the gold nanoparticles.


Fluorescence enhancement of dyad 1 in the presence of gold
nanoparticles : Both absorption and electrochemical studies
indicate that compound 1 can be assembled on the surface
of gold nanoparticles, leading to the formation of a triad A1-
D-A2 (Scheme 1). Since gold nanoparticles have electron-ac-
cepting properties, the photoinduced electron transfer be-
tween the excited anthracene unit and the TTF unit in triad
A1-D-A2 would be prohibited to some extent, compared to
that within dyad 1. Accordingly, it can be anticipated that
the fluorescence of dyad 1 would be enhanced upon the ad-
dition of gold nanoparticles. Also, the corresponding fluores-


cence time of dyad 1 would be prolonged in the presence of
gold nanoparticles. The following fluorescence spectral stud-
ies support these assumptions.
Dyad 1 exhibits weak fluorescence with rather low quan-


tum yield (0.0041 in CH2Cl2, containing 2.4 mm of tetra-n-
octylammoniumbromide (TOAB)), due to photoinduced
electron transfer between the excited anthracene unit and
the TTF unit.[14] Upon addition of gold nanoparticles, the so-
lution of dyad 1 becomes more fluorescent,[15] by prolonging
the period of the assembly process (Figure 3). For instance,


for the solution of dyad 1 (5 mL, 20 mm) containing gold
nanoparticles (130 mL, 11 mm), the fluorescence intensity in-
creased with the reaction time, and reached a maximum
when the solution was allowed to stand for 360 min (Fig-
ure 3A). This is indeed in agreement with the variation of


Figure 2. A) Cyclic voltammograms of dyad 1 (0.1 mm, 2 mL) in the
presence of different amounts of gold nanoparticles (11 mm) in CH2Cl2
and 0.03m TBAPF6. (Scan rate: 50 mVs


�1): a) 0, b) 30, and c) 60 mL;
B) The value of E1ox versus the amount of gold nanoparticles added to
the solution.


Figure 3. A) Fluorescence spectra (lex=370 nm) of dyad 1 (5 ml, 20 mm,
in CH2Cl2) in the presence of 130 mL of a gold nanoparticle solution
(11 mm in toluene), after assembly for different times. B) Fluorescence
spectra (lex=370 nm) of dyad 1 (5 mL, 20 mm in CH2Cl2) in the presence
of different amounts of gold nanoparticles; the mixed solution was left
for 360 min before measurement. Inset of Figure 3B: fluorescence inten-
sity at 418 nm (lex=370 nm) versus the amount of gold nanoparticles
added.
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the absorption spectrum of dyad 1 in the presence of gold
nanoparticles, as discussed above. Moreover, the fluores-
cence intensity increases by increasing the amount of gold
nanoparticles added to the solution, as shown in Figure 3B.
Under the present conditions, the fluorescence intensity (at
418 nm) of a solution of dyad 1 was nearly proportional to
the amount of gold naroparticles added to the solution, as
shown in the inset of Figure 3B, in which a plot of the fluo-
rescence intensity (at 418 nm) of the solution versus the
amount of gold nanoparticles added is displayed. The quan-
tum yield of the solution of dyad 1 (5 mL, 20 mm) increased
to 0.035 after complexation with gold nanoparticles (130 mL,
11 mm), nearly ten times higher than that of dyad 1 in the
absence of gold nanoparticles. However, if more gold nano-
particles (>130 mL, 11 mm) were added to the solution of
dyad 1, the fluorescence intensity of the solution started to
decrease. This is most likely due to the competition of
energy transfer from the excited anthracene unit to the gold
nanoparticles, since there is spectral overlap between the
fluorescence spectrum of anthracene and the absorption
spectrum of gold nanoparticles.
Moreover, the fluorescence lifetimes of dyad 1 (5 mL,


20 mm in CH2Cl2) in the absence and presence of gold nano-
particles (130 mL, 11 mm in toluene)[16] were measured, and
are listed in Table 1. For the solution of dyad 1, both in the


absence and presence of gold nanoparticles, the observed
fluorescence decays show a double exponential characteris-
tic, leading to two fluorescence lifetimes (see Table 1). As
indicated in Table 1, the fluorescence lifetime of dyad 1 was
prolonged, after assembly onto the surface of the gold nano-
particles. The prolongation of the fluorescence lifetime is in
accordance with the fluorescence intensity enhancement,
discussed above.


Photodimerization of the anthracene unit of dyad 1: It is
well known that anthracene and its derivatives form photo-
dimers upon light illumination.[17] Such photodimerization
involves the singlet excited states (S1) of anthracence mole-
cules. As discussed above, the excited state of the anthra-
cene unit of dyad 1 is quenched to some extent due to the
photoinduced electron transfer, which can be modulated by
assembly of dyad 1 on the surface of gold nanoparticles.


Therefore, it would be interesting to study the influence of
the TTF unit, in particular the effect of gold nanaoparticles
on the photodimerization of the anthracene unit of dyad 1.
It is also known that the photodimerization of anthracene


molecules is accompanied by a decrease in absorbance of
the bands below 400 nm. Figure 4A shows the absorption


spectra of dyad 1 after light illumination (500 W Hg lamp)
for different periods of time, and the inset shows a plot of
the variation of the absorbance change (A/A0) at 370 nm
versus the time of light illumination. It can be seen that the
absorption spectrum of dyad 1 changes only slightly (Fig-
ure 4A). Variation of the absorbance at 370 nm, represented
by A/A0, in which A and A0 are the absorbances of the solu-
tion after and before UV-light irradiation respectively, was
also very small, even after illumination for 2 h (A/A0=0.78,


Table 1. Fluorescence lifetimes of dyad 1 (5 mL, 20 mm in CH2Cl2) in the
absence and presence of gold nanoparticles (130 mL, 11 mm in toluene)
with excitation and observation wavelengths of 370 and 418 nm, respec-
tively.


Fluorescence lifetime
of dyad 1 t1 [ns]


[a]
t2 [ns]


[a]


absence of gold nano-
particles


2.26�0.41 (16%) 8.76�0.10 (84%)


presence of gold nano-
particles


4.10�1.16 (13%) 9.95�0.212 (86%)


[a] The number in parenthesis is the component ratio.
Figure 4. A) Absorption spectra of dyad 1 after irradiation of a solution
of dyad 1 in THF (5 mL, 2.6 mm) with a 500 W Hg lamp for 0, 60, and
120 min. Inset of Figure 4A: variation of the absorbance (A/A0) at
370 nm versus the irradiation time. B) Absorption spectra of dyad 1 in
the presence of gold nanoparticles after irradiation of a mixed solution,
containing dyad 1 (5 mL, 1.1 mm in THF) and gold nanoparticles (50 mL,
11 mm in toluene) with a 500 W Hg lamp for 0, 40, 80, and 160 min. Inset
of Figure 4B: variation of the absorbance (A/A0) at 370 nm versus the ir-
radiation time. To record each absorption spectrum, 0.2 mL was taken
out of the reaction solution and diluted with THF, to make the concen-
tration one tenth of the original concentration.
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inset of Figure 4A). This small variation in absorbance indi-
cates that the photodimerization of the anthracene unit of
dyad 1 proceeds very slowly.
Similarly, the absorption spectra of dyad 1 (2 mL,


0.11 mm) in the presence of gold nanoparticles were record-
ed after illumination for different periods of time (Fig-
ure 4B). It is clear that the decrease in absorbance of the
bands below 400 nm is larger, compared with that measured
in the absence of gold nanoparticles under identical condi-
tions. For instance, the absorbance at 370 nm was reduced to
28% of the initial value (A/A0=0.28, inset of Figure 4B),
after illumination for 2 h. These results show that the photo-
dimerization of the anthracene unit of dyad 1 was accelerat-
ed when assembled on the surface of gold nanoparticles.[18]


For dyad 1, in the absence of gold nanoparticles, the excit-
ed anthracene unit will be quenched to some extent due to
photoinduced electron transfer. This may not only cause
quenching of the fluorescence, it may also cause a slowing
down of the photodimerization reaction of the anthracene
unit. However, assembly of dyad 1 on the surface of gold
nanoparticles weakens the quenching effect of the TTF unit
on the excited anthracene unit. Thus, it is understandable
that dyad 1 behaves differently in the absence and presence
of gold nanoparticles, with regard to the photodimerization
of the anthracene unit. To summarize, assembly of dyad 1
on the surface of gold nanoparticles modulates photoin-
duced electron transfer between the TTF and anthracene
units, which in turn causes fluorescence enhancement and
acceleration of the photodimerization of the anthracene
unit. In another words, the excited state property of the an-
thracene unit in dyad 1 can be tuned, after complexation
with gold nanoparticles.


The disassemblly of dyad 1 and gold nanoparticles : The in-
teraction of thioether with gold nanoparticles is weaker than
that of thiol with gold nanoparticles. Thus, it is possible to


release dyad 1 from the surface of gold nanoparticles by the
addition of thiols, which in turn leads to fluorescence reduc-
tion. For instance, addition of n-hexanethiol to a solution of
dyad 1 (5 mL, 50 mm) and gold nanoparticles (130 mL,
11 mm) in CH2Cl2, left at room temperature for 6 h, leads to
fluorescence reduction, as shown in Figure 5. Moreover, the
fluorescence intensity of the solution is related to the
amount of thiol added to the solution, as shown in the inset
of Figure 5. This result provides further evidence for the as-
sembly of dyad 1 on the surface of gold nanoparticles. From
this result it also seems possible to detect thiols by using an
ensemble of dyad 1 and gold nanoparticles. It should be
noted that the development of new approaches to sense
thiols is still needed, because a number of thiols are impor-
tant markers for diagnosing inherited and acquired metabol-
ic disturbances and diseases. Chang and co-workers[19] have
reported the use of nile-red-adsorbed gold nanoparticles for
selective determination of thiols.


Conclusion


Due to the unique features of the TTF unit of dyad 1, such
as electron-donating ability and presence of methylthio
groups, dyad 1 can be assembled on the surface of gold
nanoparticles. These features have been confirmed in this
study through absorption, electrochemical, and fluorescent-
spectral measurements, as well as by the observation that
the structure disassembles upon addition of thiols. Assembly
of dyad 1 on the surface of gold nanoparticles leads to fluo-
rescence enhancement (and prolonging of the fluorescence
lifetime) and facilitation of photodimerization of the anthra-
cene units. A variation of the properties of dyad 1, which
are associated with the excited-state behavior of the anthra-
cene unit, can be attributed to the fact that the interaction
between the excited anthracene and TTF units of dyad 1 be-
comes weak, to some extent, when dyad 1 is assembled on
the surface of gold nanoparticles (formation of a triad A1-
D-A2, shown in Scheme 1). Thus, it may be concluded that
the excited-state properties of the anthracene unit of dyad 1
can be tuned upon complexation with gold nanoparticles.
Further studies of the assembly of new dyads containing
TTF and other photoresponsive groups on the surfaces of
gold nanoparticles are in progress.


Experimental Section


Chemicals : The following chemical reagents were purchased from the
suppliers indicated, and used without purification: n-hexanethiol
(Acros); NaBH4 (Aldrich, 98%); HAuCl4.4H2O (Aldrich, 99.999%);
TOAB (Tokyo Kasei Kogyo); and tetra-n-butylammonium hexafluoro-
phosphate (Acros). Tetrahydrofuran (THF) and toluene were distilled
from sodium/benzophenone. CH2Cl2 was distilled from P2O5. All other
chemicals were analytical grade. Deionized and distilled water was used.
The synthesis and characterization of dyad 1 have been reported previ-
ously.[6] The purity of the dyad 1 sample, used for the studies described in


Figure 5. Fluorescence spectra of the ensemble of dyad 1 (5 mL, 50 mm, in
CH2Cl2) and gold nanoparticles (130 mL, 11 mm in toluene), after addi-
tion of different amounts of n-hexanethiol; Inset: Fluorescence intensity
at 418 nm (lex=370 nm) versus the amount of n-hexanethiol added.
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this paper, was checked by comparison with an authentic sample of dyad
1.


Preparation of gold nanoparticles : Concentrated (11 mm) gold nanoparti-
cles, soluble in toluene, were prepared according to a previously reported
procedure.[20] Briefly, AuCl4


� was transferred from an aqueous HAuCl4
solution (30 mmolL�1, 3 mL) to toluene, by a phase-transfer reagent
TOAB (50 mmolL�1, 8 mL), after stirring for at least 30 min at room
temperature. A solution of NaBH4 (38 mg, 1 mmol) in 1 mL of deionized
water was added to the resulting solution quickly, by using a drop funnel,
and the mixture was stirred vigorously under a N2 atmosphere for anoth-
er 30 min. The organic layer was then separated and was ready for use.
The average size of the gold nanoparticles was determined to 5 nm by
transmission electron microscopy (TEM).


Formation of the photodimer of the anthracene units of dyad 1: A solu-
tion of dyad 1 (2.6 or 1.1 mm) in THF (5 mL), in the presence of gold
nanoparticles (50 mL, 11 mm in toluene), was placed in a quartz vessel
(20 mL, with a Pyrex filter) for photochemical reactions. Assembly took
place when the solution was left to stand for 7 h. Both solutions were ir-
radiated with a high-pressure Hg lamp (500 W), under a nitrogen atmos-
phere, at room temperature. The absorption spectrum of the solution was
measured at regular intervals. In order not to disturb the reaction, only
0.2 mL of the solution was taken out of the reaction mixture, before re-
cording the adsorption spectrum, and diluted with THF to make the con-
centration one tenth of the original concentration.


Characterization techniques : Absorption spectra were recorded with a
Hitachi (model U-3010) UV-visible spectrophotometer. Fluorescence
measurements were carried out with a Hitachi (model F-4500) spectro-
photometer in a 1 cm quartz cell. Fluorescence quantum efficiencies
were determined by comparing the integrated fluorescence spectra of the
sample with that of a standard (9,10-diphenylanthracene in cyclohexane,
ff=1.00). Fluorescence lifetimes were obtained using a time-correlated
single-photon-counting spectrometer (model Horiba NAES-1100).


Cyclic voltammetry measurements were performed on an EG&G PAR
model 370 instrument. A platinum working electrode was polished with
0.5 mm alumina slurry, followed by rinsing with deionized water and etha-
nol before each experiment. A Pt thread counter electrode and a Ag/
AgCl reference electrode were placed in the same cell compartment with
the working electrode. Before each measurement, the solution was de-
gassed with N2.
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Binding of Acetylcholinesterase to Multiwall Carbon Nanotube-Cross-
Linked Chitosan Composite for Flow-Injection Amperometric Detection of
an Organophosphorous Insecticide


Vivek Babu Kandimalla and Huangxian Ju*[a]


Introduction


Organophosphorous (OP) compounds are highly toxic—
often causing respiratory paralysis and death—and can irre-
versibly inhibit acetylcholinesterase (AChE) which is essen-
tial for the central nervous system. Therefore, the rapid, sen-
sitive, selective and reliable quantification of these com-
pounds is highly essential at a lower cost. Chromatographi-
cal techniques have been extensively used for the sensitive
detection of OP insecticides, but they require trained staff,
complicated sample pretreatments and are often not suitable
for field conditions. In recent years biosensors show remark-
able advances for the detection of toxic compounds based
on enzymatic reactions.


A variety of enzymes such as organophosphorous hydro-
lase, alkaline phsosphatase, ascorbate oxidase, tyrosinase
and acid phosphatase have been employed in the prepara-
tion of pesticide biosensors.[1] Based on the inhibition action
of pesticides and insecticides on cholinesterases, AChE and
butyrylcholinesterase have been widely used due to the sta-
bility and sensitivity of the enzymes.[2,3] This method gener-
ally uses either single enzyme[4] or bienzyme (AChE and
choline oxidase)[3,5,6] systems by monitoring the electro-
chemical oxidation of thiocholine or p-aminophenol and hy-
drogen peroxide, respectively. Some of the reports on immo-
bilized AChE-based single enzyme system apply voltages of
+400 to +700 mV for the oxidation of thiocholine.[7–10]


AChE can be immobilized on electrode surface by using a
variety of matrices such as cross-linked polymers,[11] cross-
linked bovine serum albumin,[12,13] chitosan[2] and cellu-
lose,[14] different support matrices such as nylon,[5,12,15] con-
trolled pore glass,[16] magnetic particles,[10,17] or the strong af-
finity linking with concanavalin A[18] and metal ions.[19] To
reduce the working potential mediators such as 7,7,8,8-tetra-
cyanoquinodimethane (TCNQ)[19–22] have been deposited on
surface to shuttle electrons between the thiocholine formed
and the electrode. The implementation of TCNQ can


Abstract: A novel method for immobi-
lization of acetylcholinesterase (AChE)
by binding covalently to a cross-linked
chitosan–multiwall carbon nanotube
(MWNT) composite is described. In
addition a sensitive, fast, cheap and au-
tomatizable flow injection detection of
an organophosphorous insecticide was
developed. The MWNTs were homoge-
neously distributed in the chitosan
membrane which showed a homogene-
ous porous structure. The immobilized
AChE could catalyze the hydrolysis of
acetylthiocholine with a Kapp


M value of
177 mm to form thiocholine, which was


then oxidized to produce detectable
signal in a linear range of 1.0–500 mm


and fast response. MWNTs could cata-
lyze the electrooxidation of thiocho-
line, thus increasing detection sensitivi-
ty. Based on the inhibition of an orga-
nophosphorous insecticide on the enzy-
matic activity of AChE, using Sulfotep
as a model compound, the conditions
for the flow-injection detection of the


insecticide were optimized. Both bio-
compatibility of chitosan and inherent
conductive properties of MWNTs fa-
vored the detection of the insecticide
from 1.5 to 80 mm along with good sta-
bility and reproducibility. 95 % reacti-
vation from inhibited AChE could be
regenerated by using 2-pyridinealdox-
ime methiodide within 15 min for 15
times. The detection of Sulfotep sam-
ples exhibited satisfactory results. The
proposed flow-injection analysis device
can be applied to automated determi-
nation and characterization of enzyme
inhibitors.
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reduce the applied potential to +100 mV versus Ag/
AgCl.[22] This work reports a novel method for the immobili-
zation of AChE by using glutaraldehyde as a cross-linker to
bind covalently AChE to a cross-linked chitosan–multiwall
carbon nanotube (MWNT) composite (CMC), leading to a
stable thiocholine biosensor. The cross-linked chitosan
matrix with free -CHO groups is formed by mixing a chito-
san solution with excessive glutaraldehyde. The presence of
MWNTs reduces the working potential by catalyzing the
electrochemical oxidation of enzymatically formed thiocho-
line.


Since their discovery, carbon nanotubes (CNTs)[23] have
attracted considerable interest, because of their interesting
properties,[24] as they have for example emerged as highly
conductive (fast electron transfer) nanomaterials. The ability
of CNTs to promote the electron transfer of NADH and hy-
drogen peroxide suggests great protential for the dehydro-
genase- and oxidase-based amperometric biosensors.[24, 25]


These materials have been employed for electrocatalytic ox-
idation of glucose, cytochrome c, thymine, ascorbic acid and
nitric oxide.[26–30] In view of their advantages AChE and
choline oxidases have been covalently co-immobilized on
MWNTs for the preparation of OP-pesticides biosensors.[6]


Other OP biosensors have also been constructed, for exam-
ple, by adsorption of AChE on MWNTs modified thick
film.[4] In order to stabilize the bioactivity of the immobi-
lized enzymes some biocompatible materials such as chito-
san, an aminopolysaccharide, have been have been used as
support matrices.[2,31] The combination of highly conductive
and electrocatalytic behaviors of CNTs with the good bio-
compatibility of chitosan led to a stable and sensitive glu-
cose biosensor.[31] In this work the proposed biosensor based
on the immobilization of AChE on CMC showed good sta-
bility and high sensitivity for both thiocholine and Sulfotep,
a model compound of OP insecticides, which could be em-
ployed for flow-injection analysis of Sulfotep.


The combination of biosensors with flow-injection analysis
makes it possible to control all the stages of the reagent ad-
ditions, measure the enzyme activity, improve the sample
throughput and achieve the completely automated determi-
nation along with sensitive detection limits, quick response
and repeated use of the immobilized enzyme.[9] This tech-
nique has used for OP insecticides monitoring by immobiliz-
ing AChE on a gold-coated nylon mesh by a self-assembled
monolayer of cystamine preadsorbed on the gold surface[15]


and a platinum electrode by entrapment in a photocrosslink-
er polymer[32] with the detection limits of 50 nm (defined as
the concentration of inhibitor required to obtained a 5 % of
inhibition) and in micromolar range, respectively. The inhib-
ited AChE on the gold-coated nylon mesh could be reacti-
vated by immersion in a solution of 2-pyridinealdoxime me-
thiodide (2-PAM) for at least 6 h.[15] Here, a more sensitive,
faster and cheap method for flow-injection detection of or-
ganophosphorous insecticides as shown in Figure 1 was de-
veloped with a detection limit of 1.0 nm at a 10 % inhibition
for Sulfotep; the inhibited AChE could be regenerated for
15 cycles by using 2-PAM within 15 min.


Results and Discussion


Electrochemical behavior of AChE/CMC/GCE : The cyclic
voltammograms of 1.0 mm ATCl at different electrodes are
shown in Figure 2. AChE/glutaraldehyde-chitosan/GCE
showed an irreversible oxidation peak at +710 mV, while
no detectable signal was observed at CMC/GCE. Both


AChE/glutaraldehyde-chitosan/GCE and AChE/CMC/GCE
did not show any detectable response in absence of ATCl
(not shown). Obviously, the peak came from the oxidation
of hydrolysis product, thiocholine, of acetylthiocholine
(ATCl), catalyzed by the immobilized AChE. At AChE/
CMC/GCE the oxidation peak increased greatly and shifted
negatively to +590 mV due to the presence of MWNTs in
the composite, which possessed inherent conductive proper-
ties[33] and catalytic behavior towards the oxidation of thio-
choline. The electrocatalytic action of MWNTs was also ob-
served for the oxidation of some compounds containing a
thiol moiety, such as cysteine and glutathione.[4,34] A high
background current was observed when the MWNTs were
directly coated on the electrode surface and then covered
with cross-linked chitosan membrane, instead of entrapment
in cross-linked chitosan membrane. Following experiments
were carried out by using AChE/CMC/GCE configuration.


Microscopic characterization of CMC membrane : Figure 3
shows the SEM and TEM images of the different mem-
branes. The cross-linked chitosan membrane showed a ho-


Figure 1. Schematic diagram of the flow-injection detection system.
1) Peristalytic pump, 2) auxiliary electrode, 3) working electrode, 4) refer-
ence electrode, 5, 6) upper and bottom portions of flow cell, 7) flow
chamber, 8) electrochemical detection instrument, 9) computer.


Figure 2. Cyclic voltammograms at 100 mV s�1 of 100 mm pH 7.4 PBS
containing 0.1m KCl and 1.0 mm ATCl at a) CMC/GCE, b) AChE/gluta-
raldehyde-chitosan/GCE and c) AChE/CMC/GCE; GCE: glass carbon
electrode.
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mogenous porous structure (Figure 3a), and MWNTs were
almost homogeneously distributed in the membrane to form
a fluey structure (Figure 3b), which indicates that both the
membrane and the composite on GCE were crack-free. The
homogenous porous structure of the cross-linked chitosan
membrane favored the entrapment of MWNTs in the mem-
brane. The fluey structure of the composite was beneficial
to the loading or covalently linking of AChE to the free
-CHO groups in CMC and the approach of substrate and in-
hibitor to the immobilized enzyme, which increased the sen-
sitivity of the biosensor for detection of both ATCl and OP
insecticides.


The TEM images indicated that the entrapment of
MWNTs in the membrane did not change the structure and
morphology of MWNTs. Thus this matrix displayed excel-
lent conductive properties.


Applied potential and buffer
pH for amperometric detection :
The dependence of the steady-
state current on the applied po-
tential is shown in Figure 4. The
steady-state current quickly in-
creases with increasing positive-
ly applied potential from +300
to +550 mV and reaches a
maximum current at +600 mV;
this indicates that the more pos-
itive applied potential facilitates
the oxidation of the thiocholine
produced from the enzymatic
reaction. The applied potential
of +600 mV was close to the


anodic peak potential of cyclic voltammogram of thiocho-
line in the same system at 100 mV s�1. Subsequently, we
used +600 mV as the applied potential for following am-
perometric measurements.


The bioactivity of the immobilized AChE depends on the
solution pH.[3] The optimal pH is usually in the range of 7.0
to 7.5.[4,5,8,20] Thus the effect of pH was examined in the
range of pH 6 to 8. The results are listed in Table 1, which
show that the optimal pH value is 7.4. Thus, pH 7.4 was se-
lected for amperometric detection.


Optimization of enzyme electrode preparation : As shown in
Table 1, the amperometric response of obtained biosensor
increased, with an increasing content of chitosan in the mix-
ture for preparation of CMC; the response then decreased
with a maximum value occurring at the content of 0.45 %
(w/v). A lower content of chitosan made the membrane
more fragile, although a higher content of chitosan de-
creased the concentration of free -CHO in the membrane.
The fragility of the film made the sensor response unstable
due to easy detachment of the film during the experiments
and washing. Both factors also decreased the loading of
enzyme. Furthermore, the membrane formed at high con-
tent of chitosan also possibly led to a barrier to enzyme for
linkage, substrate for enzymatic hydrolysis and produced


Figure 3. SEM images of a) cross-linked chitosan and b) CMC mem-
branes and TEM images of c) CMC and d) single CNT.


Figure 4. Effect of applied potential on amperometric response of biosen-
sor prepared at the contents of 0.45 (w/v), 0.26 (w/v) and 2.4% (v/v) for
chitosan, MWNTs and glutaraldehyde in 100 mm pH 7.4 PBS containing
0.1m KCl and 0.6 mm ATCl.


Table 1. Effects of pH of detection solution, and the contents of chitosan, MWNTs, and glutaraldehyde for
biosensor preparation on amperometric response of the obtained biosensor to 600 mm ATCl at +600 mV
(bold values refer to optimal conditions).


Parameter Content, response and SD [nA]


pH of detection solution 6 6.5 7 7.4 7.8 8
response (n=5) 139�5 212�6.3 236�6.9 241�6 226�7.1 189�8.7
chitosan (w/v) 0.31 0.45 0.67 0.9 1.12
response (n=3)[a] 113�3 173�3.2 160�3.5 125�4.5 95�4.1
MWNTs (w/v) 0.032 0.065 0.13 0.2 0.26
response (n=3)[b] 132�5.3 165�4.5 201�4.6 184�3.6 172�6.8
glutaraldehyde (v/v)[c] 0.32 0.65 0.9 1.26 1.56 1.85 2.4
response (n=5)[d] 166�8.0 196�8.4 227�7.6 241�6.3 228�6.4 198�6.9 179�5.1


[a] Obtained at the MWNTs content of 0.26 (w/v) and glutaraldehyde content of 2.4 (v/v). [b] Obtained at the
chitosan content of 0.45 (w/v) and glutaraldehyde content of 2.4 (v/v). [c] Volume ratio of 25% glutaraldehyde
to 0.5% chitosan solution. [d] Obtained at the chitosan content of 0.45 (w/v) and MWNTs content of 0.13
(w/v).
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thiocholine for oxidation, thus decreased the sensor re-
sponse.


Similarly with an increasing content of MWNTs in the
membrane, the current increased and then decreased at the
content of 0.13 % (w/v). This was possibly due to the de-
crease of biocompatibility of the formed membrane, which
decreased the enzymatic activity of the immobilized
enzyme, thus decreasing the response of the enzymatic prod-
uct. The response also changed with the glutaraldehyde con-
tent due to the fact that the amount of enzyme covalently
bound to electrode surface was mainly regulated by the
amount of aldehyde groups in cross-linked chitosan mem-
brane. The maximum response occurred at the glutaralde-
hyde content of 1.26 % (v/v). Thus, the CMC was prepared
with the optimal chitosan, MWNTs and glutaraldehyde con-
tents at 0.45 % (w/v), 0.13 % (w/v) and 1.26 % (v/v), respec-
tively, in following experiments.


Calibration curve for ATCl : Under the optimal conditions
the calibration curve of the biosensor was obtained by suc-
cessive additions of the substrate into a stirred cell. With the
increasing concentration of ATCl the amperometric re-
sponse increased linearly in the range of 1.0–500 mm (R=


0.997) and then reached a plateau value (Figure 5), which


reflects a typical Michaelis–Menten process. The linear
slope (sensitivity) was 0.497 nAmM�1. The biosensor ach-
ieved 95 % of the steady-state current in 15 s after addition
of substrate (inset a in Figure 5), indicating a fast response
due to the fluey structure of formed CMC. The ATCl con-
centration of 500 mm was selected for flow-injection detec-
tion of the OP insecticide Sulfotep for obtaining the maxi-
mum response.


The apparent Michaelis–Menten constant (K app
m ) value


was calculated to be 177 mm according to the Lineweaver–
Burk equation (inset b in Figure 5).[35] The K app


m value was
comparable with that of 100 mm for the free enzyme.[18] It
was lower than that of 660 mm for AChE adsorbed on


CNTs,[4] 220 mm for immobilized AChE by affinity binding
with concanavalin A,[18] and 450 mm for AChE immobilized
by affinity linkage of metal-chelate Ni–nitrilotriacetic
acid,[19] indicating a better affinity of the AChE bound cova-
lently to CMC.


Flow-injection analysis of biosensors for ATCl : The main
factor that affects the analytical performance of the biosen-
sor for flow-injection detection of the substrate is its flow
rate. This work examined the effect of flow rate on ampero-
metric response in the range of 0.15 to 1.0 mL min�1. As
shown in Figure 6 with an increasing flow rate of the ATCl


solution the amperometric response increased and then de-
creased. A maximum value occurred at the flow rate of
0.5 mL min�1, which was chosen as the optimal rate for de-
tection of ATCl. At 0.5 mL min�1 the amperometric re-
sponse was proportional to the concentration of ATCl from
5.0 to 500 mm (inset in Figure 6). The analysis time for one
ATCl sample was 2 min.


The reproducibility of the current response for biosensor
was examined at different ATCl concentrations. The relative
standard deviation was 3.0, 2.8, 3.6 and 2.6 % at 5.0, 100, 400
and 500 mm, respectively, for three successive assays. The
fabrication reproducibility of three sensors, made at the
same electrode independently, showed an acceptable repro-
ducibility with a relative standard deviation of 3.9 % for the
current determined at 500 mm ATCl.


The stability of the biosensor with an AChE activity of
10 mIU was checked by amperometric detection in a flow
cell at regular intervals of time over a period of two months.
After the biosensor was stored at 4 8C under dry conditions
its response was stable in a 10 day-storage period, and then
decreased to 50 % after one month. When the biosensor was
preserved at �20 8C it retained 95 % of its initial current re-
sponse after a storage period of 42 days. The response de-
creased to 72 % after two month. Whereas the biosensor
based on the direct adsorption of AChE on MWNTs could
stabilize for only seven days at 4 8C even at high AChE con-
centration (132 mIU).[4] The enhanced stability of the pro-
posed biosensors was mainly due to the biocompatible
nature of chitosan.


Figure 5. Calibration plot of the biosensor for ATCl. Inset: a) typical
steady-state response of the biosensor in 100 mm pH 7.4 PBS containing
0.1m KCl upon additions of ATCl and b) Lineweaver–Burk plot.


Figure 6. Effect of flow rate of 0.5 mm ATCl solution on current response.
Inset: plot of current response versus ATCl concentration at a flow rate
of 0.5 mL min�1.
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Flow-injection detection of Sulfotep : One of the most influ-
encing parameters in pesticide analysis is the incubation
time for the inhibition. With increasing incubation period
the percentage of the inhibition also increases.[5] This work
used a flow-stop method[10] for the inhibition of the enzyme.
The Sulfotep sample was injected at 0.5 mL min�1 and then
stopped in the cell to bind the pesticide with enzyme active
site, which led to the inhibition. The incubation time re-
quired for the inhibition was checked at different time inter-
vals from 5 to 20 min. With an increasing incubation time
the inhibition increased and reached a maximum value after
the incubation time of 14 min. Thus, including the analysis
time, 14 min was used for flow-stop assay of Sulfotep.


Following the incubation and washing steps the ampero-
metric response of 500 mm ATCl was detected. The response
decreased with an increasing Sulfotep concentration (inset
Figure 7). At concentrations higher than 90 nm 100 % inhibi-
tion occurred. The logarithmic plot of I versus Sulfotep con-
centration ranging from 1.5 to 80 nm showed a good lineari-
ty (Figure 7). The detection limit was calculated to be 1.0 nm
at 10 % inhibition.


The presence of MWNTs greatly enhanced the oxidation


current of the enzymatically formed product. As shown in
Table 2, the amperometric response of the biosensor in the
flow-injection analysis of 0.5 mm ATCl concentration was
2.1 times that of the modified electrode without MWNTs.
Upon injection of the same concentration of Sulfotep the
decrease of amperometric response at the biosensor was
also about twice that without MWNTs. The decreasing rate
of the amperometric response was faster than that without
MWNTs. Thus the MWNTs improved the sensitivity of the
biosensor obtained.


The reproducibility for the Sulfotep detection was evalu-
ated first. The relative standard deviations for inhibition de-
tection at the Sulfotep concentrations of 5.0 and 66 nm were
3.3 and 0.9 %, respectively, for six independently made sen-
sors; these results show a good reproducibility. To validate
the practicability of the proposed method, real samples were
tested. Water from Yangzhi river and tap was filtered with a
0.2 mm filter and the pH adjusted to 7.0–9.0. These water
samples were then probed with a known concentration of
Sulfotep and measured with the proposed method. The re-
sults are shown in Table 3, which were in good agreement
with the given concentration with an average recovery of
99.5 % (n=18). This indicates that this method could be
used for assay of real samples.


Reactivation of AChE : AChE, which has been irreversibly
inhibited by organophosphorous pesticides, can be com-
pletely reactivated by using nucleophilic compounds such as
2-PAM.[16,21, 31,32] 5.0 mm 2-PAM prepared in PBS was used
for the reactivation. After 2-PAM flowed through the cell at
0.5 mL min�1 for different periods of time, the reactivation
efficiency R was estimated. With increasing reactivation
time R increased and reached a constant value after 15 min
(Figure 8). After exposing the enzyme to 5, 50 and 80 nm of
Sulfotep 97, 95 and 94 % of the enzymatic activity could be
regained within 15 min, respectively. The time was slightly
longer than that reported by Andreescu et al.,[36] who ob-
tained 90 % recovery within 5 min using 1 mm 2-PAM. This
was possibly due to the less toxicity of parathion methyl and
dichlorovos than Sulfotep;[37] though it was still much faster
than that of 6 h for the reactivation of AChE inhibited by
carbaryl.[15] With the reactivation procedure this biosensor
could be repeatedly used for 15 cycles with an acceptable re-
producibility.


Conclusion


This work proposes a simple
and efficient method for immo-
bilization of acetylcholinester-
ase on an electrode surface and


Figure 7. Logarithmic plot of I [%] versus Sulfotep concentration for
flow-injection detection. Inset: amperometric responses at a) 0, b) 20 and
c) 50 nm Sulfotep.


Table 2. Ampermetric responses [nA] and relative standard deviations
(RSD %, n=3) in flow-injection analysis of 500 mm ATCl at +600 mV at
different concentrations of Sulfotep.


Concentration of Sulfotep [nm] Without CNT/
chitosan


Chitosan–MWNTs
composite


0 110.1 (� 2.9) 231.0 (� 1.2)
1.5 98.5 (� 3.7) 205.6 (� 1.1)
5 92.9 (� 4.1) 187.0 (� 1.1)
10 83.3 (� 3.4) 150.0 (� 1.3)
20 66.2 (� 3.3) 125.4 (� 1.0)
35 54.9 (� 2.2) 95.0 (� 1.0)
50 39.0 (� 2.5) 67.5 (� 1.6)
66 28.7 (� 2.5) 38.8 (� 2.1)
80 16.4 (� 3.5) 15.4 (� 1.6)


Table 3. Measurement of Sulfotep in tap and river water using proposed biosensor (n=3).


concentration of Sulfotep spiked [nm] 1.5 27 50


detected concentration in tap water [nm] 1.42(�0.04) 27.4(�0.1) 49.2(�0.15)
recovery [%] 95 101 98
detected concentration in river water [nm] 1.53(�0.05) 26.8(�0.18) 50.8(�0.1)
recovery [%] 102 99 102
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develops a sensitive, fast, cheap and automatizable method
for the detection of both acetylthiocholine and organophos-
phorous insecticides. MWNTs can catalyze the oxidation of
thiocholine formed from the interface enzymatic hydrolysis
reaction. The cross-linked chitosan–multiwall carbon nano-
tube composite constructed for immobilization of AChE
shows a fluey structure with a homogeneous distribution of
MWNTs, which favors loading and covalently linking of
AChE to the composite and the attachment of the substrate
and inhibitor to the immobilized enzyme. This in turn im-
proves the affinity of the immobilized enzyme, increases the
sensitivity and facilitates the amperometric response of the
biosensor for ATCl and OP insecticides. The proposed bio-
sensors possess a good electrode-to-electrode reproducibility
and stability. The developed flow-injection detection
method shows low detection limit, good precision and accu-
racy. The inhibited AChE can be completely reactivated in a
relatively short time and repeatedly used for 15 cycles. Fur-
thermore the proposed flow-injection analysis device can be
easily automatized and miniaturized and be extended for
the detection of other toxic compounds against to AChE
and characterization of enzyme inhibitors.


Experimental Section


Materials : Acetylcholinesterase (EC 3.1.1.7, 1540 IU mg�1 from electric
eel), acetylthiocholine chloride (ATCl), 2-pyridinealdoxime methiodide,
chitosan (85 % deacetylation), 5,5-dithiobis(2-nitrobenzoic acid) (DTNB)
and glutaraldehyde (25 %) were purchased from Sigma-Aldrich (St.
Louis, USA) and used as received. Multiwall carbon nanotubes
(MWNTs, length 1–2 mm, external diameter 10–20 nm, and surface area
40–300 m2 g�1) were procured from Shenzhen Nanotech Port Co. (China).
Sulfotep (C8H20O5P2S2, O,O,O’O’-tetra-ethyldithiopyrophosphate, 99.0 %
pure, MW 322.31) was obtained from Sigma-Aldrich (Laborchemikalien
GmbH, Seelze). All other reagents used were of analytical reagent grade.


Preparation of biosensors : Prior to immobilization of the enzyme a
glassy carbon electrode (GCE, 3.0 mm diameter) was polished with 0.3
and 0.05 mm alumina slurry (Behler), respectively, and rinsed thoroughly
with double distilled water. It was then successively ultrasonicated in eth-
anol and double distilled water. 5.0 IU mL�1 AChE solution was prepared
in 0.1m phosphate buffer solution (pH 7.4, PBS). MWNTs were sonicated
in water bath for 20 min and ethanol bath for another 30 m in, and dried
at 80 8C for 30 min. Chitosan (0.5 % w/v) solution was prepared by dis-
solving 50 mg chitosan in 2m acetic acid and then diluting to 10 mL with


water. Its pH was adjusted to 4.0–6.0 by using a concentrated NaOH so-
lution.


An aliquot of 25% glutaraldehyde was mixed thoroughly with clear solu-
tion of 0.5% chitosan with stirring for 10 min to form cross-linked chito-
san with free -CHO groups. Then 1.3 mg MWNTs were added to 1.0 mL
of the mixture and sonicated thoroughly until a homogeneous suspension
was obtained. 3.0 mL of the homogeneous suspension was coated on a
pretreated GCE and allowed for reaction at 25 8C for 4 h to form a mem-
brane of cross-linked chitosan–MWNT composite (CMC). The modified
electrode (CMC/GCE) was washed thoroughly with double distilled
water to remove the excess glutaraldehyde and coated with 2.0 mL AChE
solution (10 mIU), which was incubated at 25 8C for 30 min for covalent
linkage of AChE to CMC via the free -CHO groups of glutaraldehyde
coupled to chitosan molecules. After evaporation of water it was washed
with PBS for the removal of unbound AChE to obtain a biosensor
(AChE/CMC/GCE). This biosensor was stored at �20 8C when not in
use.


Apparatus and electrochemical measurements : Electrochemical measure-
ments were carried out on BAS 100B (BAS Inc., USA) with a three-elec-
trode system comprising a platinum wire as auxiliary, a Ag/AgCl as refer-
ence and an enzyme modified GCE as working electrodes. 0.1m pH 7.4
PBS containing 0.1 mm KCl was used as supporting electrolyte. Ampero-
metric experiments were performed by applying a potential of +600 mV
vs Ag/AgCl to a stirring or flow cell at room temperature. After a stable
base line was obtained ATCl substrate was added to the detection
system. The flow system was equipped with three electrodes and connect-
ed to BAS 100B. The total volume of the flow cell including tubing was
500 mL. Sample injection was controlled manually at a flow rate of
0.5 mL min�1. PBS was used as carrier buffer. The flow rate was control-
led with a BT00–100m peristaltic pump (Baoding, China).


Scanning electron microscopic (SEM) and transmission electron micro-
scopic (TEM) images were recorded on a Hitachi X-650 SEM and Jeol-
Jem 200CX TEM (Japan), respectively.


Inhibition measurements : The degree of irreversible inhibition (% I) of
the OP insecticide on the enzymatic activity of immobilized AChE was
measured as a relative decrease of the amperometric response after a
contact of the biosensor with Sulfotep. The amperometric response I0 of
500 mm ATCl (250 mL, flow rate 0.5 mL min�1) was first measured. After
the electrode was washed with carrier buffer at 1.0 mL min�1 for 2 min,
0.5 mL Sulfotep solution was injected and stopped in the cell for 14 min
followed by washing with the carrier buffer at 1.0 mL min�1 for 2 min.
Again the response of 500 mm ATCl was measured as It. The inhibition
(I%) was calculated with Equation (1) and reported as average of three
measurements.


I=% ¼ ðI0�I tÞ=I0 � 100 ð1Þ


Enzyme reactivation : After the enzyme electrode was exposed to the OP
insecticide, it was washed with carrier buffer at 1.0 mL min�1 for 2 min
and reactivated with 5.0 mm 2-PAM (prepared in PBS) at a flow rate of
0.5 mL min�1 for 15 min. After the cell was washed with carrier buffer at
1.0 mL min�1 for 2 min, enzyme activity was monitored with the response
Ir of 500 mm ATCl. The reactivation efficiency (% R) was estimated with
Equation (2).


R=% ¼ ðIr�ItÞ=ðI0�I tÞ � 100 ð2Þ
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Introduction


Dynamic combinatorial chemistry (DCC) is a new approach
successfully used in the discovery of high affinity ligands for
biological and non biological receptors.[1] This method uses
reversible covalent chemistry to generate a mixture of com-
pounds under thermodynamic control. The addition of a
molecular target induces a change in the composition of the
equilibrating mixture resulting in amplification of compo-
nents with the highest binding affinity for the target.[2] Using
both dynamic and conventional combinatorial approaches,
potent inhibitors of proteins have been obtained by linking
two low affinity ligands together in a single bifunctional


ligand.[3] This strategy has been applied to the design of li-
gands that bind to one large pocket or to two pockets of a
monomeric or multimeric protein.[2a,b,d,4–6] A common fea-
ture of this binding mode is that the binding sites are in a
fixed positional orientation and thus formation of the com-
plex does not involve large rearrangements of the protein
receptor. Proteins used to screen dynamic or static combina-
torial libraries are considered as locks to which one of the li-
brary components (the key) would fit.[1,2a,b] However, for
some proteins, binding to the natural substrate involves a
hinge or shear motion of an entire domain with subsequent
loss of flexibility in both the protein and the substrate.[7] An
example of such a protein is the calcium transducer calmo-
dulin (CaM), which regulates a wide range of physiological
processes by binding to numerous enzymes. The structures
of the calcium loaded calmodulin (Ca2+-CaM) and its com-
plexes with small antagonists and peptides have been eluci-
dated.[8] The peptide sequences are derived from the natural
protein targets of calmodulin, and thus the structures of the
CaM–peptide complexes provide a good model of the bind-
ing mode under physiological conditions.[9] In the Ca2+-CaM
form, the two protein domains are connected by a flexible
linker and are independently mobile.[10] In Ca2+-CaM com-
plexes with peptides, the peptides adopt an a-helical struc-
ture and the central linker bends resulting in a rearrange-
ment of the two domains around the peptide. A similar
structure is observed for complexes of CAM and small an-
tagonists, although in this case binding involves more than
one molecule of antagonist per molecule of Ca2+-CaM.[8d,11]
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to the corresponding monofunctional ligands. Thiol to disulfide linkage generated
a small dynamic library of bifunctional ligands in the presence of calmodulin, a
protein with two independently mobile domains. The binding constant of the bi-
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It has been suggested that it is the simultaneous involve-
ment of both domains and the additional interactions with
the central linker that determine the higher binding constant
of peptides in comparison with small ligands (Kd=10�9 and
10�6


m, respectively).[11b] Thus an improvement in the affinity
of ligands for CaM may be achieved by preparing ligands
that mimic the bidentate binding mode of the peptides.
Indeed in previous work, we have used non-combinatorial
methods to prepare bifunctional ligands that show higher af-
finity for CaM than the corresponding monofunctional li-
gands.[7d] Our data show that the bifunctional ligands bind si-
multaneously to both protein domains as observed for pep-
tides. This finding illustrates the validity of a multivalency
strategy in the design of high affinity ligands for a receptor
with motionally independent binding sites.[7d,10]


Here, we implement the DCC approach as a tool for the
selection and amplification of high affinity dimeric ligands
for Ca2+-CaM, a model for systems in which binding is asso-
ciated with considerable entropic loss due to a decrease in
the flexibility of both the ligand and the protein upon com-
plexation.


Results and Discussion


Design of the library : The library components were de-
signed based on the structures of CaM–peptide or CaM–an-
tagonist complexes, incorporating functionality for the rever-
sible covalent chemistry required to generate a dynamic
mixture.[1] A general structure for a bifunctional ligand for
CaM is two hydrophobic groups connected by a linker, in
this case a disulfide bond (Figure 1). Four of the library
components contain hydrophobic groups that mimic the
amino acid side chains residues found in the binding pockets
of the Ca2+-CaM–peptide complexes: leucine (compound
LL), phenylalanine (compound PP), tyrosine (compound
TT) and benzoyl (compound BB).[9] All these library com-
ponents were commercially available. Many CaM antago-
nists are naphthalene sulphonamides that bind with a 2:1
stoichiometry.[11b] Thus a naphthalene sulphonamide compo-
nent was included in the library: (NN) was synthesised by
standard literature procedures.[3d] The recent discovery that
a naphthalene sulphonamide CaM antagonist inhibits the


proliferation of prostate cancer cells, suggests that such li-
gands could be of interest as therapeutic agents.[12]


A cystine residue was used as a linker between the two
hydrophobic groups of the library components. Our previous
work indicates that the length of this linker is sufficient for
the two hydrophobic groups to bind simultaneously to the
two protein domains.[7d] The disulfide bond of the cystine
linker provides the reversible chemistry necessary in the
generation of the library. The versatility and adaptability of
thiol/disulfide exchange for the generation of dynamic li-
brary with biological receptors is well documented.[2b,3d,13]


Generation and analysis of the dynamic libraries : A require-
ment for the generation of the dynamic library is that the
experimental conditions are compatible with thiol/disulfide
exchange chemistry and with the mode of binding of the tar-
geted receptor. Thiol/disulfide exchange was initiated by the
addition of an excess of 1,4-dithio-d,l-threitol (DTT) (Figur-
e 2).[2b,3d] The library was buffered at pH 7.5 to allow rapid
thiol/disulfide exchange, ligand binding and complete disso-
lution of all the symmetric disulfide precursors. The stability
of the DTT cyclic disulfide bond means that DTT should
not be incorporated into oligomeric disulfides in the equili-
brated mixture, and the number of disulfides present at
equilibrium is determined only by scrambling of the original
symmetrical disulfides. Air oxidation of the thiols formed
after addition of DTT, eventually stops the equilibration
and freezes the library. Starting with five disulfides gives a
library of fifteen components after scrambling.[2b]


A control library (without CaM) was prepared and ana-
lysed every 24 h by UV-HPLC and MS-HPLC. After 48 h,
15 disulfides were found in the mixture, and their expected
identities were confirmed by mass spectrometry (Figure 3).
No thiols were detected. The composition of the library was
unchanged for a further 76 h indicating that the thiol/disul-
fide exchange was complete. The library composition was in-
dependent of the concentration of DTT demonstrating that
the library contains an equilibrium distribution of disulfides.


To analyse the library composition in the presence of pro-
tein, microcentrifuge filtration was used to separate the free
and bound library components. The protein and any com-
pounds bound to it are selectively concentrated in one com-
partment of the ultrafiltration device, while unbound com-


Figure 1. Structure of the disulfides used as precursors in the DCL.
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pounds are in the filtrate of the other compartment
(Figure 2).


The filtrate solution (containing the free components) was
analysed by UV-HPLC (Figure 4a). For all the chromato-
grams, the signal of oxidised DTT was used as an internal


standard and thus it is the rela-
tive intensities of the peaks that
are indicative of any effect in-
duced by the protein. In princi-
ple, the chromatogram in Fig-
ure 4a could be compared with
a reference library without
CaM (Figure 3b). However,
since it is not possible to rule
out small variations in the fil-
trate composition due to the ex-
perimental procedure (e.g., the
absorption of small quantities
of library components on the
membranes of the filtration
unit due to non specific interac-
tions), a control experiment
was carried out for a library
equilibrated without CaM and
then subjected to microcentri-


fuge filtration. The HPLC trace of the filtrate solution of
the control library is shown in Figure 4b. A comparison of
the trace for the control experiment after filtration (Fig-
ure 4b) with the one before filtration (Figure 3b) shows
subtle differences in the intensity distribution of the three


Figure 2. Schematic illustration of the conditions used for the synthesis and analysis of the library in the presence of CaM. In the first step five symmetric
disulfides are equilibrated in the presence of DTT at basic pH to give a mixture of 15 disulfides and oxidised DTT (DTTox). This solution is then subject-
ed to centrifuge filtration against a membrane non permeable to protein. The two solutions generated on the two compartments of the centrifugal
device, one containing disulfides (filtrate) and the other containing protein and disulfides (surnatant) are depicted. In the final step the solution of con-
centrated protein and disulfides is treated with EDTA to give apoCaM and release bound disulfides and Ca2+ ions (depicted as black spheres). A second
centrifuge filtration allows to separate the protein from the disulfides. The filtrate obtained in each step is subjected to HPLC analysis.


Figure 3. HPLC traces of the disulfide mixtures in 50 Mm TRIS, 10mm CaCl2, 50mm KCl, 0.5mm NaN3, pH
7.5. Chromatogram of a) the symmetric disulfides precursors; b) the final reaction mixture containing the ex-
pected 15 disulfides and oxidised DTT (DTTox). Asterisks indicate unidentified impurities. Differences in
signal intensities arise from differences in the extinction coefficients of the symmetric disulfides.
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signals with retention times (tr) between 10 and 11 minutes,
and the disappearance of the signal at tr=13.8 minutes in
the control library after filtration. This suggests that the
membrane of the filtration unit does change the composition
of the library to some extent.


This makes it difficult to
draw conclusions from the dif-
ferences in the HPLC traces of
the filtrates with and without
Cam (Figure 4a vs b): the com-
pounds that show a lower peak
intensity in the CaM equilibrat-
ed library (tr=10–11 minutes)
compared with the control li-
brary may be adsorbed to the
protein or to the membrane,
which could lead to false posi-
tives in this experiment.


However, a clearer picture
emerged from analysis of the
supernatant fractions (contain-
ing the bound library compo-
nents), where an increase in the
concentration of a library com-
ponent in the presence of protein relative to the control can
unambiguously be ascribed to protein binding. The superna-
tant solutions were treated with EDTA to remove calcium
from CaM. In the apo form, the protein hydrophobic surfa-
ces that are crucial for ligand binding, are hidden, and thus
any bound ligands should be released from the protein.[9] A
second ultrafiltration step was then used to separate
apoCaM from the “bound” library components. There are
clear differences in intensities of some of the peaks in the
trace of the CaM containing solution compared with the
control (Figure 5a vs b). The largest changes are in the NN


(tr=13.8 min) and NB (tr=12.2 min) peaks that are signifi-
cantly more intense in the presence of protein.


The NN peak is present in the filtrate of both CaM and
the control library whereas in the first filtration step all the
NN appears to be bound to the membrane of the filtration


unit (Figure 4b vs 5b).
We attribute this to the use of


excess EDTA in the second fil-
tration step that will inhibit to
some extent the absorption of
NN to the membrane. Normalis-
ing the peak intensities relative
to DTT gives increases of 80 and
10% in the concentrations of NN
and NB, respectively, in the pres-
ence of CaM, but these figures
are probably underestimates due
to losses on the membrane. Thus
disulfides NN and NB are ampli-
fied by CaM, and there is a cor-
responding decrease in the inten-
sity of the BB peak (tr=
10.1 min).


To eliminate the possibility
that the amplification of NN and


NB resulted from a non-specific interaction with CaM, a
control experiment was carried out starting with the apo
form of the protein under otherwise identical conditions.
The results using apoCaM were identical to those obtained
in the protein-free control experiment (see Supporting In-
formation), suggesting that the amplification observed in the
presence of CaM is the result of a specific recognition pro-
cess.


Binding studies : In order to determine the binding affinity
of NN and NB for CaM, the mixed disulfide was synthesised


Figure 4. HPLC traces of the filtrate solutions obtained after centrifuge filtration of the disulfides mixtures.
Trace corresponding to the library equilibrated in the a) presence of CaM and b) without CaM. A black
circle indicate the peaks that show the largest difference in relative intensities (see text for details).


Figure 5. HPLC traces of the filtrate solutions obtained after centrifuge filtration of the disulfides mixtures
treated with EDTA. Trace corresponding to the library equilibrated in the a) presence of CaM and b) without
CaM. Dots indicate the peaks corresponding to compounds amplified by CaM.
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on a preparative scale from the corresponding symmetric di-
sulfide using a procedure similar to that used for the library
preparation. A 1H NMR titration was used to determine the
dissociation constants and the values are reported in
Table 1.


The symmetric disulfide NN showed the greatest affinity
for CaM. This result is in agreement with the higher amplifi-
cation observed for this disulfide in the selection experiment
and reflects the homology of the two protein domains.
There is a possibility that one of the other library members
could be a better inhibitor than NN, but we have only inves-
tigated those systems that showed significant amplification.
To test whether the disulfides act as bifunctional ligands
with improved affinity relative to the corresponding mono-
functional ligands, the binding constants for the correspond-
ing thiols were determined. The binding constant of NSH,
the thiol obtained by reduction of NN with DTT, was nearly
two orders of magnitude lower than the binding constant of
NN (Table 1). The mixed disulfide NB also shows an in-
crease in affinity relative to the monofunctional thiol, NSH.


The increased affinity for calmodulin observed for the bi-
functional disulfides confirm that these compounds bind si-
multaneously to both protein domains as previously ob-
served with structurally related compounds.[7d]


Conclusions


A dynamic combinatorial library of disulfides capable of
binding to calmodulin has been designed. A high affinity in-
hibitor has been found. For this inhibitor, the affinity for
CaM is two orders of magnitude greater than that of the
corresponding monofunctional ligand. Although the bifunc-
tional approach has been used with disulfides based DCLs
before, we chose CaM as a clearly defined model for the
simplest form of multivalency (a divalent interaction with
nearly identical binding sites).


Experimental Section


Abbreviations : EDTA, ethylenediaminetetraacetic acid; TFA, trifluoro-
acetic acid; TRIS, tris(hydroxymethyl)aminomethane; TSP, 3-(trimethyl-
silyl)propionic-[D4]-2,2,3,3-acid, sodium salt.


Materials and instruments : All reagents were purchased and used with-
out further purification. Solvents and N,N’-dibenzoyl-l-cystine (BB) were
purchased from Fluka. Naphthalene sulphonylchloride was purchased
from Sigma-Aldrich. l-Cystinyl-bis-l-phenylalanine (PP), l-cystinyl-bis-l-
tyrosine (TT), l-cystinyl-bis-l-leucine (LL), were purchased from


Bachem. Reversed-phase chromatography was performed with a HP
1100 equipped with a quaternary gradient pump, a UV/Vis detector and
an auto sampler. For all HPLC analyses, a UV/Vis detector set at l=


220 nm was used. For analysis of the library composition by RP-18 chro-
matography, a Vydac (300 L, 5 mm) prepacked column size A (150M
4.6 mm, flow rate: 1 mLmin�1) was used. For RP-18 preparative-chroma-
tography, a Phenomenex-Luna (5 mm, 100 L) prepacked column size A
(flow rate: 1 mLmin�1) and a Phenomenex-Luna (100 L, 5 mm) pre-
packed column size B (150M21 mm, flow rate 16 mLmin�1) were used.
For ESI-MS analysis of the library composition, a Micromass LC spec-
trometer equipped with a Phenomenex-Jupiter C18 (300 L, 5 mm) pre-
packed column of size C (250M4.6 mm) was used. Ultra filtration was
carried out with Vivaspin concentrators (20 mL and 0.5 mL, MW 10000)
through a PES (polyethylensulphone) membrane.


NMR spectra were recorded on Bruker AMX-250, AMX-400 or DRX-
500 equipped with a cryoprobe. The following abbreviations are used for
the multiplicities: s= singlet, d=doublet, t= triplet, q=quartet, m=mul-
tiplet, br=broad.


General methods


Buffers composition : Buffer A (50mm TRIS, 10mm CaCl2·2H2O, 50mm


KCl, 0.5mm NaN3, pH 7.5), buffer B (50mm TRIS, 10mm CaCl2·2H2O,
50mm KCl, 0.5mm NaN3, pH 7.5), buffer C (1mm TRIS, 10mm


CaCl2·2H2O, 50mm KCl, 0.5mm NaN3 in D2O, pH 7.5), buffer D (1mm


TRIS, 10mm CaCl2·2H2O, 50mm KCl, 0.5mm NaN3, 50mm DTT in D2O,
pH 7.5). All buffers were filtered through a 0.2 mm cellulose membrane
(Amicon) and the pH values given are not corrected for the deuterated
solutions.


CaM preparation : Recombinant bovine CaM was prepared as described
previously.[14] Protein samples were prepared from lyophilised,
apoCaM.[14] Protein concentration was estimated by dry weight on a bal-
ance accurate to 1 mg and by using a molar extinction coefficient e280 of
3300m�1 cm�1.[15]


Synthesis of NN : A solution of naphthalene sulphonyl chloride (0.14 g,
6.4 mmol) in CH3CN (30 mL) was added dropwise to a solution of l-cys-
tine (0.5 g, 2.1 mmol) in 0.3m Na2CO3 (40 mL) heated to 50 8C. The reac-
tion mixture was then stirred for 5 h, and the solvent was removed under
reduced pressure. The solid was re-dissolved in water (pH 10.0) and
acidified to pH 2.0. The precipitate formed was filtered and washed with
water, followed by cold CH2Cl2. The solid was dissolved in CH2Cl2, dried
over Na2SO4 and concentrated under reduced pressure to give NN (0.8 g,
61%). 1H NMR (250 MHz, CDCl3): d=8.58 (d, J=8.2, 2H), 8.21 (dd, J=
7.3, 0.9 Hz, 2H), 8.05 (d, J=8.0 Hz, 2H), 7.92 (dd, J=7.6, 1.8 Hz, 2H),
7.68–7.56 (m, 4H), 7.51 (t, J=8 Hz, 2H), 5.98 (d, J=7.5 Hz, 2H) 4.18–
4.14 (m, 2H), 3.18 (dd, J=14, 4 Hz, 2H), 2.80 (dd, J=15, 4.5 Hz, 2H);
13C NMR (75 MHz, CD3OD): d=173.0, 136.8, 135.7, 135.4, 130.3, 130.0;
129.5, 128.9, 127.9, 126.22, 125.22, 56.23, 41.27; HRMS (ESI): m/z : calcd
for C26H25N2O8S4: 621.0494, found: 621.0483 [M+H]+ .


Synthesis of NB : DTT (0.05 g, 0.64 mmol) was added to a solution of NN
(0.2 g, 0.32 mmol) and BB (0.14 g, 0.32 mmol) dissolved in MeOH
(10 mL) and 200mm TRIS (2 mL, pH 8). The solution was stirred ex-
posed to air overnight. To follow the reaction, 4 mL of the reaction mix-
ture were diluted in water (100 mL) and transferred to a 100 mL vial for
HPLC analysis (Column: Vydac). 10 mL were injected via an autosampler
eluting with 0.1% TFA/MeCN and 0.1% TFA/H2O with the following
gradient: 0–12 min, 5!55% MeCN, 12–22 min, 55!100% MeCN, 22–
30 min 100!5% MeCN. No thiols were detected in the chromatogram,
and the reaction mixture was concentrated under vacuum at room tem-
perature. The mixture was dissolved in methanol (3 mL), and aliquots of
500 mL were purified by HPLC eluting with 0.1% TFA/MeCN, 0.1%
TFA/H2O with the following gradient: 0–13 min, 33% MeCN, 13–20 min,
33!100% MeCN, 20–30 min 100!33% MeCN. Fractions corresponding
to NB were collected and concentrated under reduced pressure at room
temperature. Residual water was removed with a freeze drier to give
pure NB (0.07 g, 20%). 1H NMR (400 MHz, buffer C): d=8.54 (dd, J=
8.8, 0.7 Hz, 1H), 8.18 (dd, J=7.3, 1.2 Hz, 1H), 8.07 (d, J=8.2 Hz, 1H),
7.85 (d, J=8.0 Hz, 1H), 7.77–7.75 (m, 2H), 7.72–7.59 (m, 4H), 7.53–7.45
(m, 2H), 4.43 (dd, J=10.1, 4.0 Hz, 1H), 3.80 (dd, J=9.9, 3.8 Hz, 1H),
2.99 (dd, J=13.8, 3.8 Hz 1H), 2.92 (dd, J=14.1, 3.8 Hz, 1H), 2.66 (dd,


Table 1. Dissociation constants and stoichiometries for CaM complexed
with disulfides NN, NB (bifunctional) and thiol NSH (monofunctional).


Ligand Kd [mm] Stoichiometry (ligand: CaM)


NN 10�1.4 1
NB 210�10 1
NSH 814�89 2
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J=13.8, 10.3 Hz, 1H), 2.56 (dd, J=14.1, 10.0 Hz, 1H); 13C NMR
(75 MHz, CD3OD): d=135.3, 134.3, 133.8, 131.4, 128.8, 128.7, 128.5,
128.4, 128.1, 128.0, 127.5, 127.4, 127.0, 126.4, 126.3, 124.8, 124.6, 123.6,
66.5, 40.6, 38.8, 26.5; HRMS (ESI): m/z : calcd for C23H23N2O7S3:
535.0667, found: 535.0667 [M+H]+ .


Synthesis and analysis of combinatorial libraries : Stock solutions of the
symmetric disulfides in buffer A or B were prepared at the following
concentrations: 490mm NN, 650mm PP, 900mm LL, 1.8mm TT, 780mm BB.
Aliquots of the stock solutions were diluted in buffer (14 mL) to give a
final concentration of 140 mm for each disulfide. Some of this solution
(5 mL) was used to dissolve apoCaM (7.3 mg, 70 mm). To each solution
(6 mL), 0.1m DTT (330 mL, 6.6mmol) was added, and the solutions were
left at RT for 4 d under gentle stirring in a plastic vial. The vials were
closed with a rubber septum and exposed to air via a needle.


For analysis of the library without CaM (2 h after addition of DTT and
every subsequent 24 h), 100 mL of the library was transferred to an
HPLC vial and 10 mL were injected onto the column via an autosampler.
Chromatographic conditions were the same as described for the analysis
of NP (Column: Vydac). Control samples of buffer A, buffer B, each di-
sulfide, DTT, oxidised DTT, and mixtures of disulfides before addition of
DTT were analysed in parallel. LC/MS (ES+ ) was carried out for the li-
brary in buffer A, as described for the HPLC analysis using column size
D and formic acid instead of TFA in the eluent mixture.


For analysis of the equilibrated libraries (after 4 d at room temperature),
3.5 mL of each library solution (with and without CaM) were transferred
to six Vivaspin concentrators previously washed with H2O (2M20 mL)
and buffer A or B (1M20 mL). The solutions were centrifuged at 3000 g
for 25 min to give 400 mL of CaM-libraries and 350 mL of buffers and li-
braries in one compartment of the centrifugal device. The filtrate was
kept aside for RP-HPLC, and the solutions concentrated to 350 mL were
diluted to 400 mL with buffer A or B. To the concentrated solutions
100mm EDTA (7 mg) and 0.1m TRIS (30 mL, pH 8) were added. The sol-
utions were stirred for 1 h at room temperature and then transferred to
four Vivaspin concentrators previously washed with water (2M400 mL)
and buffers A or B (1M400 mL in each case). The solutions were centri-
fuged at 12000 rpm for 12 min. 100 mL of the filtrate obtained from the
Vivaspin concentrators were analysed by RP-HPLC (Vydac) using the
same conditions described for the analysis of the equilibrating disulfide
library.


Binding studies


NMR spectroscopy: All titrations were carried out at 310 K at least
twice. For 1D and 1H experiments, spectral widths were 13500 Hz and re-
laxation delays were 0.7 s. Solvent suppression was achieved using presa-
turation. To test the stability of the ligand a 1H NMR spectrum of the
ligand solution was recorded before and after leaving the solution at
310 K for 16 h.


CaM and NN, NB : 1H NMR titrations were carried out as follows: stock
solutions of the ligand at known concentration (400–600 mm) were pre-
pared in buffer C (final pH 7.4). An aliquot of this solution was diluted
with buffer C and TSP 10mm TSP in D20 was added to give a solution of
40 mm ligand and 40 mm TSP. 500 mL of this ligand solution was used to
dissolve 6 mg of apoCaM accurately weighted (equivalent to 550 mm


CaM, pH 5). 10–15 mL of 0.1m NaOD were added to the CaM/ligand so-
lution to give a final pH of 7.4. The solutions of ligand and CaM contain-
ing ligand were incubated at RT under gentle stirring for 20 h to allow
complete H/D exchange for the amide proteins of CaM. 1H NMR spectra
were recorded of the ligand solution (0.6 mL) and for each successive ad-
dition (10–50 mL aliquots) of the protein solution containing ligand up to
a molar ratio of 3:1 protein/ligand.


CaM and NSH : 1H NMR titrations were carried as described for NN and
BN with the following differences: buffer D was used, and addition of
protein solution containing ligand continued to a molar ratio of 6:1 pro-
tein/ligand. Prior to titration, a control experiment was carried out to
verify that formation of NSH from a 48 mm solution of NN in buffer D
was complete in 16 h at 310 K.


Variations in ligand chemical shift greater than 0.06 ppm were fitted to a
1:1 or a 2:1 binding isotherm for the bifunctional (NN, NB) and mono-


functional ligands (NSH) respectively. The data were analysed using non-
linear curve fitting (NMRTit HG for 1:1 binding isotherm and
NMRTit HHG for 2:1 binding isotherm with independent binding
sites).[16]


This procedure optimises the binding constant and the limiting and
bound chemical shifts. Representative data sets are illustrated in Fig-
ure S4 of the Supporting Information.
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Unidirectional Threading Synthesis of Isomer-Free [2]Rotaxanes


Qiao-Chun Wang, Xiang Ma, Da-Hui Qu, and He Tian*[a]


Introduction


Cyclodextrins (CyDs) continue to be attractive wheel com-
ponents in constructing supramolecular assemblies, such as
pseudorotaxanes,[1] rotaxanes[2] and catenanes.[3] A rotaxane
is described as a molecular system in which a macrocycle
(wheel) threads a linear subunit (dumbbell) with two bulky
stoppers. Rotaxanes have attracted more and more attention
because of their challenging constructions and potential ap-
plications in areas such as nanostructured functional materi-
als,[4] molecular switches,[5] molecular logic gates,[6] molecular
wires,[7] and memory devices.[8]


The foundation for the construction of a CyD-based ro-
taxane is the interactions between the hydrophobic cavity of
the CyD and the special hydrophobic unit in the linear com-
ponent. Since the early 1980s, CyD-based [2]rotaxanes have
been prepared by encapsulation of a symmetrical linear
molecule with CyD and subsequent “locking” by coordina-
tion.[2a,9] Symmetry and the lack of stability are the two


major issues in these [2]rotaxanes. To improve the stability,
many CyD-based [2]rotaxanes, in which the bulky stoppers
were linked covalently to the linear part instead of coordi-
nation, were developed.[10] At the same time, many unsym-
metrical [2]rotaxanes, in which a CyD ring encircles an un-
symmetrical dumbbell, were also set up.[11] However, when
an asymmetric CyD was threaded by a nonsymmetrical
dumbbell, it would give two isomers which differ in orienta-
tion of CyD with respect to the different ends of the dumb-
bell. As a result, isomeric [2]rotaxanes were always obtained
in these systems.


It was expected that unidirectional threading of a CyD
ring by a linear subunit during the formation of a [2]ro-
taxane could be achieved in order to construct more compli-
cated rotaxanes. So far, there are few reports concerning
unidirectional threading,[12] and the reports concerning CyD-
based unidirectional [2]rotaxanes are rare.[13] Recently, we
have set up two [2]rotaxane systems for molecular shut-
tles.[14,15] The two [2]rotaxanes, R1 and R2 shown in
Figure 1, were obtained as unidirectional [2]rotaxanes. From
this point of view, we would like to widen the scope of these
work to develop new methods for controlling the orientation
of an a-CyD when synthesizing [2]rotaxanes for molecular
shuttles. Here we report the unidirectional threading an a-
CyD by the Suzuki coupling reaction between a boronic
acid and a halide in an aqueous a-CyD solution.


Abstract: The threading of an a-cyclo-
dextrin (a-CyD) by an unsymmetrical
dumbbell generally results in two iso-
meric [2]rotaxanes differing in the ori-
entation of the a-CyD. In this work,
two methods have been developed for
the unidirectionally threading an a-
CyD to obtain isomer-free [2]ro-
taxanes. These methods use the Suzuki
coupling of a boronic acid derivative
and a halide in aqueous alkaline solu-
tion. The conformations of the two uni-
directional [2]rotaxanes-R3 and R4


were determined by 2D 1H ROESY
NMR spectra. The optical spectral
studies revealed that each of the two
[2]rotaxanes can proceed with E/Z
photoisomerization and shuttling mo-
tions of the a-CyD ring on the thread
under alternating irradiation at 330 and


275 nm, accompanied by fluorescence
intensity changes at 530 nm. The in-
duced circular dichroism (ICD) spectra
of another two analogous [2]rotaxanes
R1 and R2 were also studied. Distinc-
tive ICD signal changes resulting from
the photoisomerization with respect to
the movements of a-CyD were detect-
ed. This demonstrates that, besides the
fluorescence, ICD signal is another
way to identify the shuttling motions of
a-CyD in these [2]rotaxanes.


Keywords: cyclodextrins ·
molecular shuttles ·
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Results and Discussion


Synthesis and co-conformational identification of R3 : The
synthesis of the shuttle R3 is similar to that of R2 (shown in
Figure 1), which was obtained from the combination of com-
pound 5 with a-CyD and the subsequent coupling with com-
pound 6.[15] Thus, after 5 was stirred with a-CyD in H2O for
50 h, it was coupled with 6 under the catalysis of Pd(OAc)2,
and the molar ratios of 5/a-CyD/6/Pd(OAc)2 were
1:1.2:1:0.15. R3 was obtained with a yield of 6.4 % by chro-
matography.


It has been confirmed that only one isomer was present in
R2, where the 2,3-rim of the a-CyD faces the ANS stopper,
as shown in Figure 1.[15] The same fact was also found in R3,
whose co-conformation was confirmed by 2D 1H ROESY
NMR (500 MHz) spectrum in D2O at 298 K, as shown in


Figure 2. The observed NOEs from the aromatic protons
Hm, Hn, Ho, Hp of the dumbbell to the internal proton H3
of the a-CyD, and from Hn, Ho, Hp, Hq to H5, as well as
from the Hq, Hr to H6, indicate that the 6-OH rim of the a-
CyD faces the isophthalic acid stopper, and that the a-CyD
ring encircles the stilbene unit.


We now consider the unidirectionality of the two [2]ro-
taxane. For the synthesis of R3, a-CyD was first stirred with
5 to form inclusion complexes, which might contain two iso-
mers, that is, [2]pseudorotaxanes 5-CD-a and 5-CD-b as
shown in Figure 3. This is confirmed by the 1H NMR spec-
trum. After mixing 5 with a-CyD in D2O for 50 min (Fig-
ure 3b), the presence of two isomeric [2]pseudorotaxanes
can be clearly observed. However, as time elapses, the
isomer 5-CD-b disappears almost completely after 36 h (Fig-
ure 3c). These facts indicate that the threading rates of stil-


Figure 2. Selected 2D 1H ROESY NMR (500 MHz) spectrum of R3 in D2O recorded at 298 K.


Figure 3. 1H NMR spectra of a) 5 and the mixture of 5 and a-CyD at b) 50 min, and c) 36 h after the addition of a-CyD to 5.
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bene unit through the narrow 6-rim and through the wide
2,3-rim are not much different, but the dethreading rate of
the former [2]pseudorotaxane is much faster than that of
the latter, giving mostly the thermodynamically stable
isomer, where the 2,3-rim of the a-CyD faces the ANS stop-
per. Finally, the resulting [2]pseudorotaxane 5-CD-a under-
went Suzuki coupling with the boronic acid 6 which was
added to the solution subsequently, and as a result, the
[2]rotaxane R3 formed, where the 2,3-rim of the a-CyD
faces the ANS stopper, as shown in Figure 1.


From this point of view, it is not surprising that the [2]ro-
taxane R2 was obtained as the sole isomer. Analogous to
R3, it was synthesized from the reaction of a short-chain
phenylboronic acid derivative with a long-chain phenylha-
lide one, which can also form an inclusion compound with
a-CyD. The pure [2]pseudorotaxane was also obtained after
mixing 3 with a-CyD for 48 h in H2O. 2D 1H ROESY NMR
spectrum of the pseudo-rotaxane revealed that the direction
of the CyD coincides with its analogue 3-CD-a, in which the
2,3-rim of the CyD faces the ANS unit.[16] The subsequent
coupling with 4 would no doubt result in the formation of
the co-conformational-pure [2]rotaxane R2, as shown in
Figure 1.


Synthesis and co-conformational identification of R4 : The
[2]rotaxane R1 was synthesized from the Pd-catalyzed
Suzuki coupling of 1 with 2 in an alkaline aqueous a-CyD
solution, and it was confirmed that only one isomer, where
the 2,3-rim of the a-CyD faces the isophthalic acid stopper,
was obtained in the synthesis of R1, as shown in Figure 1.[14]


The other possible isomer where the 2,3-rim of the a-CyD
faces the ANS stopper was not present.


One might reasonably think that, as for 3 and 5, the inter-
action of 1 with a-CyD would result in the formation of a
thermodynamically more stable [2]pseudorotaxane isomer,


which account for the co-conformation of R1. However, the
2D 1H ROESY NMR revealed that no [2]peudorotaxane
formed at the beginning of the mixing of 1 with a-CyD.
Unlike the thermodynamic threading of R2 and R3, it
seems that the boronic acid 1 formed a diol complex with a-
CyD on the 2,3-rim, and the unidirectional [2]rotaxane R1 is
more like a result of a kinetic threading.[16] The synthesis of
R4 is quite similar to that of R1, the difference between
them is only that the isophthalic acid stopper in 1 is changed
to NS unit in 7 (Figure 1). It has been confirmed that R4
also have unique co-conformation, where the 2,3-rim of the
CyD faces the NS stopper. This co-conformation was con-
firmed by the 2D 1H ROESY NMR (500 MHz) spectrum of
R4 in D2O, as shown in Figure 4. The two methylene pro-
tons Ha and Hj were separated into two singlets at d 5.25
and 5.37, compared with one overlapping singlet at d 5.26 in
the dumbbell PR4.[16] The downfield shift of proton Ha in
R4 was believed to be due to threading through the a-CyD
ring. Furthermore, the NOEs shown in Figure 4 observed
from the aromatic protons Hc, Hd, He of the dumbbell to
the internal proton H5 of the a-CyD, and from Hb, Hc, Ha
(no Hj) to H3, as well as from the He, Hf to H6, indicate
that the 2,3-OH rim of the a-CyD is close to the NS stopper,
and that the a-CyD ring sits over the stilbene unit.


It should be noted that the CyD-free dumbbells PR3 and
PR4, resulting from the direct coupling of the boronic acids
and the halides, were also isolated from the reaction mix-
tures of R3 and R4, respectively (see Supporting Informa-
tion).[16]


Detection of the shuttling motion


ICD spectra : The circular dichroism spectra have been
widely used to interpret the absolute conformation of chiral
compounds.[17] When an achiral guest chromophore is locat-


Figure 4. Selected 2D 1H ROESY NMR (500 MHz) spectrum of R4 in D2O recorded at 298 K.
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ed in a chiral host, the guest becomes optically active and
induced circular dichroism (ICD) signals originates. Harata,
KajtLr, and Shimizu et al. have developed a rule for the in-
clusion complexes of cone-shaped chiral hosts such as cyclo-
dextrins. According to the rule, a positive ICD signal arises
when the electric transition dipole moment is aligned paral-
lel to the axis of the chiral host, but the signal is negative
and half as strong when it is oriented in a perpendicular
manner (Figure 5).[18–21] Recently, a similar rule has also
been developed by Kodaka for ICD effects outside the
chiral host cavity, where the sign of the ICD signal is oppo-
site to that arising inside the host cavity (Figure 5).[22]


The prolonged irradiation of aqueous R1-alk solution
(10 mol solid Na2CO3 were added to the R1 and the iso-
phthalic acid unit was changed to the anionic form) at
335 nm would result in the photoisomerization of the E to Z
form and the shuttling of the a-CyD ring from the stilbene
unit to the biphenyl unit, which was previously confirmed
by 2D ROESY NMR spectrum.[14] In this work, the ICD
spectra with respect to the photoisomerization of aqueous
R1-alk (2.0 M10�5


m) solution are shown in Figure 6.
Before the irradiation, the ICD spectrum shows a weak


negative Cotton effect (De=�0.21 L mol�1 cm�1) at 431 nm
(Figure 6A, curve a). This is because the ANS unit is far
from the a-CyD and the a-CyD affects little the naphthali-
mide group. Aqueous R1-alk solution is then irradiated at
335 nm for 100 min to reach the photostationary state. The
E!Z photoisomerization leads to the decrease in the ICD
signal at around 434 nm (De=�1.64 L mol�1 cm�1) and the
presence of an isobestic points at 288 nm as shown in Fig-
ure 6A (curve d). The result coincides with the KodakaOs
rule as the ANS unit in the Z form is closed to the a-CyD
ring due to the shuttling of the a-CyD ring. This co-confor-
mation results in a more negative ICD signal (Figures 5 and
6) at around 430 nm, which is the lmax


abs of the ANS unit. Par-


allel to the HarataOs rule, the strong positive ICD signal at
around 300 nm (De=1.06 Lmol�1 cm�1) before irradiation
should be attributed to the stilbene p system in the cavity of


Figure 5. HarataOs rule and the KodakaOs rule, and the ICD signals of E/Z R1 and E/Z R2 according to the rules. The arrows on the left represent the
electric transition dipole moments of the guests.


Figure 6. A) ICD spectra of R1 (2.0 M 10�5
m) aqueous solution (a) and


after the irradiation at 335 nm for 75 min (c), 100 min (d). The spectral
change can be shifted back by the irradiation at 280 nm (40 min, curve
b). B) ICD spectra of R2 (2.0 M 10�5


m) aqueous solution (a) and after the
irradiation at 360 nm for 15 min (c), 25 min (d). The spectral change can
be shifted back by the irradiation at 430 nm (10 min, curve b).
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the a-CyD ring. However, the signal blue shifts to 284 nm
after the photoisomerization for the sake that the p system
becomes weaken in the Z form. Nevertheless, the intensity
of the ICD signal change little because the p system still lo-
cates in the cavity of the a-CyD ring, as shown in Figure 6.


The ICD spectra for R2 are more complex because all of
the NS unit, ANS unit and the azo group generate ICD sig-
nals. According to the KodakaOs rule, in the E form of R2,
because the ANS unit is closed to the a-CyD ring, a nega-
tive Cotton effect should appear at around 430 nm, which is
the lmax


abs of the ANS unit; and the NS unit is far away from
the a-CyD ring, thus a weak negative ICD signal would be
induced at around 340 nm. Simultaneously, the azo group is
included in the cavity of the a-CyD, and according to the
HarataOs rule, a characteristic strong positive Cotton effect
would have to appear at around 360 nm. As a consequence,
the aqueous solution of R2 (2.0 M 10�5


m) shows a positive
Cotton effect (De=1.31 Lmol�1 cm�1) at 355 nm, as well as a
negative Cotton effect (De=�0.78 L mol�1 cm�1) at 442 nm
(Figure 6B, curve a).


It has also been confirmed that the irradiation of aqueous
R2 solution at 360 nm would induce the E!Z photoisome-
rization, and the a-CyD ring would move from the azo unit
to the biphenyl unit.[15] As a consequence, the azo group
would be located outside the a-CyD ring and the ANS unit
would become far away from the CyD ring. (Figure S3 in
the Supporting Information shows the absorption changes of
R2 upon the E!Z isomerization.[16]) Besides the absorption
decrease at 360 nm, an additional absorption at around
430 nm would appear during the course of E!Z photoiso-
merization (DA = 0.02). As a result, an ICD signal would
originate at 430 nm. According to KodakaOs rule, the ICD
signals are negative for both the ANS unit and the Z form
of the azo unit (Figure 5). Although the increase of the ab-
sorption at 430 nm is relatively small compared with the ab-
sorption of the ANS unit (A=0.13), it is likely that the azo
unit is very closed to the a-CyD rim, which results in a
more strong negative ICD, and that the ANS unit is far
away from the a-CyD ring, which results in a small less neg-
ative ICD. As a result, after 25 min irradiation at 360 nm,
the aqueous R2 solution (2.0M 10�5


m) gives a more negative
ICD signal (De=�1.11 Lmol�1 cm�1) at 451 nm (Figure 6B,
curve d) compared with the original one. Meanwhile, a de-
crease in De (D(De)=�0.37 L mol�1 cm�1) at 355 nm is also
observed after the irradiation. This spectral change should
be due to the more negative ICD signal at around 340 nm of
NS unit when its position is close to the a-CyD ring
(Figure 5).


It should be noted that the photoisomerized solutions of
both R1-alk and R2 can be induced reversible Z!E photo-
isomerization by irradiation at 280 and 430 nm, respective-
ly.[14,15] These processes can also be addressed by the ICD
spectra, as shown in Figure 6. The ICD spectra of the two
isomerized solutions of R1-alk and R2 after the irradiation
(at 280 nm for R1-alk and 430 nm for R2) can be shifted
back to their photostationary states (curve b in Figure 6A
and B), which are almost the same as the original E ones.


It can be seen that the process of the a-CyD shuttling
from the stilbene unit to the biphenyl unit (E!Z photoiso-
merization) in R1-alk is accompanied by an obvious in-
crease (6.8 times) in the ICD value at around 440 nm. The
shifted ICD spectra can be shifted reversibly back when the
a-CyD shuttles back (Z!E photoisomerization). These
facts reveal that ICD spectrum can identify distinctively the
shuttling motions of CyD ring in a molecular shuttle. The
different ICD signals before and after the shuttling can also
represent the “0” and “1” states of these CyD-based [2]ro-
taxanes. Furthermore, the ICD spectrum provides possibili-
ties to identify the movements of these CyD-based [2]ro-
taxanes in solid state, in which the ICD signals would
become more intensive.[23]


Absorption spectra : The UV/Vis absorption spectra of [2]ro-
taxanes R3 and R4, as well as the corresponding spectra of
dumbbells PR3 and PR4 in H2O are shown in Supporting
Information.[16] The absorption maxima at around 427 nm
for R3 (curve a in Figure S4A)[16] and PR3 attributes to
ANS unit, and the maxima at around 330 nm ascribes the
stilbene unit. For R4 (curve a in Figure S4B)[16] and the cor-
responding dumbbell PR4, there is an obvious increase in
absorption at the band around 330 nm with the NS unit. It
can be observed that the two absorption spectra of R3 and
PR3, as well as the two of R4 and PR4, are very similar,
which means that the encircling of a-CyD on the dumbbells
does not influence the absorption spectra.


It has been found that the irradiation on a stilbene based
[2]rotaxane would induce E!Z photoisomerization, which
results in absorption spectral changes.[2f, 14] For [2]rotaxanes
R3 and R4, the same characteristic spectral changes in aque-
ous solution (9.1 M10�6


m) were also found, as also shown in
Figure S4A.[16] The irradiation on the R3 solution at 330 nm
for 40 min results in photoisomerization to give a E/Z mix-
ture, characterized by a rise of the absorption at around
275 nm (DA = 0.016) and a decrease in absorption at
330 nm (DA = 0.013), as well as the presence of two isobes-
tic points at 294 and 379 nm. The maximum absorption of
ANS unit at around 427 nm changes little, as this stopper is
separated from the residues by the methylene group. Similar
results were obtained for R4 solution after irradiation at
330 nm for 50 min, inducing an increase in absorption at
around 275 nm (DA=0.020) and decrease in absorption at
330 nm (DA=0.017), as well as the appearance of two iso-
bestic points at 296 and 361 nm (as illustrated in Figure
S4B).[16]


Compared with R3 and R4 solutions, the corresponding
aqueous solution of dumbbell PR3 and PR4 also undergo
E!Z photoisomerization after the irradiation at 330 nm
(Figures S5 and S6 in Supporting Information),[16] but reach-
es to the photostationary state within shorter time (21 and
29 min for PR3 and PR4, respectively). There is a relative
larger increase in the absorption at around 275 nm (DA=


0.027 and DA=0.045 for PR3 and PR4, respectively) and a
relative large decrease at 330 nm (DA=0.025 and DA=


0.042 for PR3 and PR4, respectively). These results were
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also found in R1[14] indicating that the dumbbells undergo
easier E!Z photoisomerization than the corresponding
[2]rotaxanes do. This again demonstrates the fact that E!Z
isomerization becomes more difficult in the presence of the
a-CyD ring.[2f]


Fluorescence spectra : Figure 7 shows the emission spectra of
R4 (curve a) and model compound NS (1,8-naphthalimide-
3-sulfonic acid sodium salt, curve b) in aqueous solution


(both 9.1 M 10�6
m) with excitation at 330 nm, the maximum


absorption wavelength of the NS unit. Compared with the
strong emission maximum at 395 nm of compound NS, the
fluorescent intensity of NS unit in R4 at around 395 nm is
reduced to 1=50 of that of compound NS. At the same time, a
distinct emission maximum at 530 nm, which is the charac-
teristic emission maximum of the ANS unit, is obtained.
The quenching of the NS unit should be attributed to the
singlet–singlet energy transfer from the NS unit to the ANS
unit;[4a] the first excited singlet state of which lies at a lower
energy state. Energy transfer in R4 was confirmed by the
fluorescence excitation spectra of R4 for ANS emission
measured at 530 nm (Figure S7).[16] The spectrum at around
330 nm region is parallel to the absorption of R4 in the
region.


As energy transfer from the NS unit to the ANS unit
quenches the fluorescence of the NS unit, only the emission
of the ANS unit was taken into account in R4 and PR4.
Compound R4 has an emission maximum at 530 nm in
aqueous solution (9.1M 10�6


m) with the excitation at 427 nm,
which is the maximum absorption wavelength of the ANS
unit, as shown in Figure 8A. However, the fluorescent inten-
sity of R4 (216 a.u.) is higher than that of PR4 (175 a.u.)[16]


by about 23 %. This is consistent with an 86 % increase in
the intensity of R3 (151 a.u., curve a in Figure 8B) over that
of PR3 (81 a.u.)[16] at the same fluorescence band, and also a
decrease in fluorescent intensity of dumbbell PR1-alk over
that of R1-alk as observed in our previous work.[14] These


facts should be ascribed to the rigidity of the a-CyD ring to
the encircled stilbene unit, in which the vibration and the
rotation of the bonds are hindered. It might also be consid-
ered that the stoppers increase fluorescence when the CD
approaches due to displacement of solvent and due to
shielding from molecular oxygen quenching. As a result,
non-radiative excited energy loss from the excited singlet
state of these [2]rotaxane is reduced.


It is known that the photoisomerization of encircled stil-
bene or azobenzene unit would result in the shuttling
motion of the a-CyD ring.[2f, 14,15] Moreover, shifting the a-
CyD macrocycle away from a luminescent stopper would
cause a decrease of the fluorescence intensity of the stopper.
Shuttling of the a-CyD ring to another stopper would cause
an increase in the intensity of the emission.[14,15] The same
were found in R3 and R4, as shown in Figure 8. On the one
hand, once the shuttling of a-CyD ring to the biphenyl unit
performed, the macrocycle becomes closer to the ANS unit
in R4. Such movement of a-CyD results in an increasing by
about 36 % in the intensity of the fluorescence band at
lmax=530 nm. On the other hand, as a-CyD ring moves
away from the ANS unit in R3, a decreasing by about 29 %
in the intensity at the same fluorescence band is observed.


Figure 8. A) The fluorescence emission spectra of R3 (9.1 M 10�6
m) aque-


ous solution (a), and after UV light (330 nm) irradiation for 40 min (b),
the spectra change can be shifted back by the irradiation at 275 nm for
23 min (c); B) The fluorescence emission spectra of R4 (9.1 M 10�6


m)
aqueous solution (a), and after UV light (330 nm) irradiation for 50 min
(b), the spectra change can be shitted back by the irradiation at 275 nm
for 28 min (c); all of the spectra were recorded with the excitation at
427 nm.


Figure 7. The fluorescence emission spectra of R4 (curve a) and the
model compound NS (1,8-naphthalimide-3-sulfonic acid sodium salt,
curve b, half reduced) in aqueous solution (both 9.1M 10�6


m) excited at
330 nm. The shoulder around 395 nm in the spectrum of R4 is due to a
very small contribution from the emission of NS unit.


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1088 – 10961094


H. Tian et al.



www.chemeurj.org





The fact that there is little change in the fluorescent intensi-
ty of the corresponding dumbbell PR3 and PR4 after the
photoisomerization,[16] again confirms that only the move-
ment of the a-CyD ring is responsible for the obvious spec-
tral changes.


Reversibility : After the photoisomerization of R3 and R4
from the E to Z form, the equilibrium can be reversed by ir-
radiation at 275 nm. This process is accompanied by de-
crease in the absorption at around 275 nm and increase in
absorption at 330 nm (curve c in Figure S4A and S4B in the
Supporting Information[16]), as along with an increase in the
fluorescence intensity at lmax=530 nm for R3 (curve c in
Figure 8A) and a decrease for R4 (curve c in Figure 8B).
Owing to the reversibility of the photoisomerization process,
the photoinduced shuttling motion of the a-CyD ring can be
carried out repeatedly with reversible fluorescent signal
changes.


Conclusion


In summary, an unidirectional [2]pseudorotaxane can be
thermodynamically prepared from interaction of a naphtha-
limide–stilbene compound with a-CyD, and an unidirection-
al [2]rotaxane can be obtained from the consequent Suzuki
coupling of the [2]pseudorotaxane with a boronic acid. The
[2]rotaxane R3 was synthesized by this thermodynamic
means. On the other hand, the Suzuki coupling of a “long
chain” boronic acid and a halide stopper in aqueous a-CyD
solution also results in the formation of an unidirectional
[2]rotaxane R4. Unlike the thermodynamic threading, the
threading of a-CyD in R4 is likely a kinetic one, in which
the “long” boronic acid might act as an orientation auxiliary
group. The alternating irradiation with two different fre-
quencies of UV light on the two [2]rotaxanes in aqueous
solutions results in reversible E/Z photoisomerization and
the shuttling motions of a-CyD, accompanied by obvious
changes in the fluorescent intensity at 530 nm. The ICD
spectra study of two previous prepared [2]rotaxanes, R1 and
R2, reveals that the reversible shuttling motions of the a-
CyD ring can also induce distinctive ICD signal changes,
which can in term identify the movements of the a-CyD re-
sulting from the photoisomerization.


Experimental Section


Instruments : 1H NMR spectra were measured on a Bruker AM 500 spec-
trometer. UV/Vis spectra were done on a Varian Cary 100 spectropho-
tometer (1 cm quartz cell used). Fluorescent spectra were recorded on a
Varian Cary Eclipse Fluorescence Spectrophotometer (1 cm quartz cell
used). The photoirradiation was carried on a CHF-XM 500-W high-pres-
sure mercury lamp with suitable filters in a sealed Ar-saturated 1 cm
quartz cell. ICD spectra were recorded on a Jasco J-720 spectropolarime-
ter in a 1 cm quartz cell.


UV-visible absorption and fluorescence emission spectral measurements :
The absorption and emission spectra of the samples (all 9.1 M 10�6


m) were


measured at 298 K in aqueous solution. The UV light irradiation at
330 nm on these solutions was carried out to induce E/Z photoisomeriza-
tion. After prolonged irradiation for 40 min on R3 (50 min for R4,
21 min for PR3 and 29 min for PR4) solution, no additional change in
the absorption was observed, which meant that the solution reached the
photostationary state. The fluorescence emission spectra were recorded
without delay. The wavelength of the irradiating UV light was then
changed to 275 nm in order to induce Z/E photoisomerization. After the
prolonged irradiation of the solution for 23 min (28 min for R4, 12 min
for PR3 and 16 min for PR4), the spectral change in absorption and
emission was recorded.


Synthetic routes to R3 and R4 : The synthetic schemes for the two [2]ro-
taxanes are shown in Scheme S1 and S2.[16] Boronic acid 7, which was ob-
tained from the reaction of 1,8-naphthalimide-3-sulfonic acid sodium salt
with a benzyl bromide A3, was coupled with the halide 2 in the a-CyD
aqueous solution catalyzed by Pd(OAc)2 resulted in the formation of R4.
Similarly, R3 was prepared from the coupling of the halide 5 with the
boronic acid 6.


Compound R3 : A mixture of 5 (0.35 g, 0.47 mmol), a-CyD (0.55 g,
0.56 mmol) in distilled water (15 mL) was stirred at 60 8C for 48 h, then
Na2CO3 (0.7 g, 6.6 mmol), boronic acid 6 (0.15 g, 0.71 mmol) and Pd-
(OAc)2 (15 mg) were added to the suspension, the resulting mixture was
stirred under Ar at 80 8C for 24 h, acidified with acetic acid, evaporated
to dryness, the resulting dark solid was purified by column chromatogra-
phy to give pure R3 (52 mg, 6.4%) as yellow powder. No obvious m.p.
was found, which might due to the decomposing of the a-cyclodextrin.
1H NMR (500 MHz, D2O, 25 8C, TMS): d=8.98 (s, 1H), 8.82 (s, 1H), 8.76
(s, 1H), 8.42 (s, 1H), 8.28 (s, 2 H), 7.83 (d, 3J(H,H)=8.7 Hz, 2 H), 7.78 (d,
3J(H,H)=8.7 Hz, 2 H), 7.60 (d, 3J(H,H)=8.6 Hz, 2H), 7.46 (d, 3J(H,H)=
8.6 Hz, 2 H), 7.14 (d, 3J(H,H)=16.5 Hz, 1H), 6.95 (d, 3J(H,H)=16.5 Hz,
1H), 5.38 (s, 2 H), 4.95 (s, 6H), 3.94 (dd, 3J(H,H)=9.0, 9.2 Hz, 6H), 3.83
(d, 3J(H,H)=8.7 Hz, 6 H), 3.73 (dd, 3J(H,H)=10.2, 10.6 Hz, 6 H), 3.68 (d,
3J(H,H)=9.0 Hz, 6H), 3.54 (dd, 3J(H,H)=9.2, 10.6 Hz, 6H), 3.48 ppm (d,
3J(H,H)=10.2 Hz, 6H); elemental analysis calcd (%) for
C71H82N2Na2O42S2·11.5 H2O (1952.7): C 43.66, H 5.42, N 1.43; found: C
43.47, H 5.31, N 1.57.


Compound R4 : A mixture of boronic acid 7 (0.5 g, 0.93 mmol), a-CyD
(1.2 g, 1.2 mmol) and Na2CO3 (0.2 g, 1.9 mmol) in distilled water (25 mL)
was stirred at 60 8C for 50 h, then Na2CO3 (0.35 g, 3.3 mmol), 2 (0.6 g,
0.95 mmol) and Pd(OAc)2 (15 mg) were added to the suspension, the re-
sulting mixture was stirred under Ar at 80 8C for 20 h, acidified with
acetic acid, evaporated to dryness, the resulting dark solid was purified
by column chromatography to give pure R4 (88 mg, 4.9%) as yellow
powder. No obvious m.p. was found, which might due to the decompos-
ing of the a-cyclodextrin. 1H NMR (500 MHz, D2O, 25 8C, TMS): d=8.93
(s, 1H), ~8.70 (m, 4H), 8.39 (s, 1 H), 8.30 (s, 1H), 7.78 (dd, 3J(H,H)=8.2,
7.8 Hz, 1 H), ~7.66 (m, 6H), 7.45 (m, 6H), 7.10 (d, 3J(H,H)=16.2 Hz,
1H), 6.93 (d, 3J(H,H)=16.2 Hz, 1H), 5.37 (s, 2 H), 5.25 (s, 2H), 4.94 (d,
3J(H,H)=2.4 Hz, 6 H), 4.13 (t, 3J(H,H)=9.4 Hz, 6 H), 3.69 (m, 12 H), 3.63
(m, 12H), 3.57 (d, 3J(H,H)=10.7 Hz, 6 H), 3.53 (dd, 6 H), 3.47 (dd,
3J(H,H)=2.4, 9.6 Hz, 6 H); elemental analysis calcd (%) for
C82H88N3Na3O43S3·13 H2O (2203.0): C 44.71, H 5.18, N 1.91; found: C
44.47, H 5.34, N 1.77.
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Photophysics of a Series of Efficient Fluorescent pH Probes for Dual-
Emission-Wavelength Measurements in Aqueous Solutions


Sandrine Charier,[a] Odile Ruel,[a] Jean-Bernard Baudin,[a] Damien Alcor,[a]


Jean-FranÅois Allemand,[b] Adrien Meglio,[a] Ludovic Jullien,*[a] and Bernard Valeur[c]


Introduction


The various synthetic and natural fluorescent molecules
available have found use in many applications: fluorophores
are increasingly used as reporter molecules for labeling, for
sensing, and for evaluating intramolecular distances or mo-
lecular motions, for example.[1,2] This is especially true for
the field of biology in which fluorescence microscopy has
become an essential tool for investigating structures and
functions both at the molecular and cellular level. Relatively
small molecules exhibiting large fluorescence quantum
yields with additional specific features are always sought
after for such applications. Despite extensive work, only a
few families of molecules satisfy the preceding criteria, as
revealed by the catalogue contents of the main retailers of
fluorescent molecular probes. In fact, the need for appropri-
ate fluorescent labels or probes covering the whole UV-visi-
ble wavelength range is even regarded as critical for the de-
velopment of experiments that rely on the observation of
single fluorescent molecules.[3] Finally, the development of
new, powerful microscopy approaches[4–7] requires the identi-
fication of fluorophores meeting specific criteria such as ex-
hibiting large cross sections for multiple photon absorp-
tions.[8,9]


Water-soluble fluorescent probes have been developed to
measure the concentration of important biological metabo-


Abstract: This paper evaluates the 5-
aryl-2-pyridyloxazole backbone to en-
gineer donor–acceptor fluorescent pH
probes after one- or two-photon ab-
sorption. Parent fluorophores, as well
as derivatives that can be used to label
biomolecules, can be easily obtained in
good yields. These molecules exhibit a
large one-photon absorption in the
near-UV range, and a strong fluores-
cence emission that covers the whole
visible domain. The 5-aryl-2-pyridylox-
azole derivatives also possess signifi-


cant cross sections for two-photon ab-
sorption. Upon pyridine protonation,
large shifts were observed in the ab-
sorption spectra after one- and two-
photon excitation, as well as in the
emission spectra. This feature was used
to measure the pKa of the investigated


compounds that range between 2 and
8. In most of the investigated deriva-
tives, the pKa increased upon light exci-
tation and protonation exchanges took
place during the lifetime of the excited
state, as shown by phase-modulation
fluorometry analysis. Several 5-aryl-2-
pyridyloxazole derivatives are suggest-
ed as efficient probes to reliably mea-
sure the pH of aqueous solutions by
means of ratiometric methods that are
dependent on fluorescence emission.


Keywords: fluorescent probes ·
nitrogen heterocycles · pOH-jump
molecules · sensors · structure–
activity relationships
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lites such as ions. For example, these probes were used to
image essential processes involving Ca2+ ions in vivo. De-
spite its significance, fewer studies deal with imaging proton
concentrations by using fluorescence microscopy.[10] A possi-
ble explanation for this is the absence of entirely satisfactory
fluorescent indicators for measuring pH in the relevant 4.5–
7.4 range.[11] In fact, the backbone structure of most existing
fluorescent pH indicators (fluorescein and pyranin, for in-
stance) does not facilitate the synthesis of fluorescent deriv-
atives with different acid–base properties. In addition, pH
does not usually modify their emission spectra significantly,
it only affects the intensity of their fluorescence emission;
thus, measuring a pH can be difficult when the concentra-
tion of the probe is unknown or when its fluorescence quan-
tum yield is affected, as is frequently encountered in biology.
To circumvent the latter drawbacks, dual-excitation-wave-
length ratiometric measurements can be used when the ab-
sorption spectra of the fluorescent pH probe in basic and
acidic states differ enough. In practice, such measurements
are demanding because they require excitation at two differ-
ent wavelengths. More favorable series that exhibit shifted
emission from the acidic and basic states have been report-
ed;[12] dual-emission-wavelength measurements can be per-
formed, but the nature and the concentration of buffering
species seem to alter pH determination from the emission
spectra.[12] To measure pH by using fluorescence remains a
delicate process and requires preliminary calibrations.
We recently introduced an efficient fluorescent indicator


to measure pH in aqueous solution around neutrality by
means of a ratiometric method relying on fluorescence emis-
sion after one- and two-photon excitation.[13] The present
paper reports on the procedure that was followed to engi-


neer the corresponding probe from the attractive 5-aryl-2-
pyridyloxazole platform. The manuscript is organized as fol-
lows: We first discuss the design of fluorescent pH indicators
based on the 2-aryl-5-aryloxazole backbone and describe
their syntheses. We then present their photophysical fea-
tures: most compounds exhibit satisfactory features with re-
spect to one- and two-photon absorption, as well as to emis-
sion. The acid–base behavior of their ground state is investi-
gated by UV-visible absorption spectra: the distribution of
pKa values makes this series attractive to optically measure
pH over a wide range. We subsequently examine the evolu-
tion of their emission spectra as a function of pH and per-
form complementary time-resolved fluorescence measure-
ments. Despite favorable photophysical and acidobasic prop-
erties, we show that only a few 5-aryl-2-aryloxazole deriva-
tives meet all of the constraining criteria for measuring pH
by means of a ratiometric analysis of their emission spectra.


Design and synthesis of the probes


Design : To measure pH by means of a ratiometric method
based on fluorescence emission it is desirable (but not suffi-
cient; see below) that the acidic and basic states of the indi-
cator are both fluorescent and exhibit shifted absorption
and emission spectra. In principle, this goal can be achieved
when either the donor or the acceptor moiety of a donor–
acceptor fluorophore exhibits acidic or basic properties.
However, this general strategy is difficult to implement. In
practice, numerous pathways compete with fluorescence
emission for the relaxation of the excited state in donor–ac-
ceptor chromophores: for example, the basic donor amino
groups can act as fluorescence quenchers.[1,2] An important
constraint is thus to have similar fluorescence quantum
yields for the acidic and the basic states of the pH indicator.
In addition, the pKa values of the ground and excited states
are prone to be significantly different in many donor–ac-
ceptor molecules owing to the redistribution of the electron
cloud around the molecule upon light absorption.[14,15,16] This
feature has been fruitfully used to generate transient out-of-
equilibrium states to investigate the buffering properties of
media surrounding pH- or pOH-jump probes.[17] In the pres-
ent context, it considerably complicates the analysis of the
pH from the ratio of emissions from the acidic and basic
states of the fluorescent pH indicator (see below).
These considerations encouraged us to choose the 5-aryl-


2-pyridyloxazole backbone to engineer donor–acceptor fluo-
rescent pH probes (see Figure 1). This series, originally in-
vestigated to develop laser dyes,[18] is easy to synthesize and
is prone to structural variations. It exhibits favorable photo-
physical features after one-photon excitation: e�3M
104m�1cm�1 at l�350 nm and strong fluorescence emission
(quantum yield of fluorescence, f, up to 1) at l�500 nm
from both pyridinium and pyridine states.[18] In fact, this
backbone has already been used to design 5-(4’-methoxy-
phenyl)-2-(4-pyridyl)oxazole (4-PYMPO; Figure 1) as a fluo-
rescent pH probe.[10,19,20] With respect to biological applica-
tions, the strong fluorescence as well as the shifted absorp-


Abstract in French: Cet article �value le squelette 5-aryl-2-py-
ridyloxazole pour la conception de sondes fluorescentes de
pH de type donneur–accepteur apr$s excitation % un ou deux
photons. Il est facile d'obtenir avec de bons rendements et en
grande quantit� les tÞtes de s�rie tout autant que des d�riv�s
conÅus pour effectuer la fonctionnalisation de biomol�cules.
Ces sondes absorbent intens�ment la lumi$re dans le proche
UV et pr�sentent une forte �mission de fluorescence qui
couvre toute l'�tendue du domaine visible. Elles poss$dent
aussi d'appr�ciables sections efficaces d'absorption % deux
photons. La protonation du cycle pyridine s'accompagne de
d�placements importants % la fois dans les spectres d'absorp-
tion apr$s excitation % un et deux photons, et dans les spectres
d'�mission. Ces alt�rations sont utilis�es pour mesurer le pKa


des sondes synth�tis�es qui s'�tage entre 2 et 8. Une �tude par
fluorim�trie de phase d�montre que le pKa de la plupart de
ces sondes augmente apr$s absorption lumineuse et que des
r�actions acido–basiques se produisent au cours de la dur�e
de vie de l'�tat excit�. Ce manuscrit d�montre que plusieurs
5-aryl-2-pyridyloxazoles constituent des sondes de pH effica-
ces et fiables pour mesurer le pH en solution aqueuse par
analyse ratiom�trique en �mission.
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tion and emission spectra of the acidic and basic states of 4-
PYMPO are especially attractive. However, the biological
relevance of 4-PYMPO is restricted to measurements in the
most acidic cellular compartments as it has a low pKa value
(pKa�4). From the latter point of view, a related boronic
acid probe with pKa�8[21] could increase the relevance of
the 5-aryl-2-aryloxazole backbone for designing fluorescent
pH probes.
We designed a series of 5-aryl-2-pyridyloxazoles aiming at


the following: 1) keeping the attractive photophysical and
water-solubility properties of 4-PYMPO. As far as absorp-
tion properties were concerned, we sought molecules exhib-
iting absorption maxima after one-photon excitation in the
l=350–400 nm range. For such donor–acceptor compounds,
one can expect the corresponding absorption maxima after
two-photon excitation to lie between l=700 and 900 nm
(this range is easily accessible with the commonly used sour-
ces for two-photon excitation)[22] ; 2) covering the largest pKa


range. We introduced different substituents on the pyridine
ring by using reported pKa values as a guideline.


[23] Finally,
we considered the commercial availability of the synthetic
precursors to accelerate the screening process devoted to ex-
tract the general trends in the present series. The latter
should be helpful in refining the design of 5-aryl-2-pyridyl-
oxazole-based fluorescent pH indicators that meet all of the
constraining criteria.
Two different backbones were chosen according to the ni-


trogen position (2- or 4-) in the pyridine ring in the 5-aryl-2-
pyridyloxazole (Figure 1). Within each series, the fluoro-
phores differ by the length of the conjugation path and/or
by the presence of donor or acceptor groups on the oxazole.
In the parent 4-pyridyl fluorophores, we chose 5-phenyl-2-
(4-pyridyl)oxazole (4-PYPO),[24] 4-PYMPO,[18] 5-(4’-meth-
oxyphenyl)-2-(2,6-dimethyl-4-pyridyl)oxazole (4-PYMPOM),
and 4-[5-(4’-methoxyphenyl)-2-oxazolyl]-2-pyridylamine (4-
PYMPO-NH2; named PYMPON in our previous communi-


cation).[13] 5-(4’-Methoxyphenyl)-2-(2-pyridyl)oxazole (2-
PYMPO), 5-(4’-methoxyphenyl)-2-(2-quinolyl)oxazole (2-
QUIMPO), and the methyl ester of 6-[5-(4’-methoxyphen-
yl)-2-oxazolyl]picolinic acid (2-PYMPO-CO2Me) form the
parent 2-pyridyl fluorophores.
We also considered several related derivatives: 4-


PYMPO-NHNH2, 4-PYHPO, 2-PYMPO-CH2OH, and 2-
PYMPO-CO2H (Figure 1). These compounds bear function-
al groups that are expected to alter the pKa of the pyridine
ring either by ion–ion interaction in the pyridinium state (4-
PYMPO-NHNH2, 4-PYHPO, and 2-PYMPO-CO2H) or
through a hydrogen bond (2-PYMPO-CH2OH) in the pyri-
dine form.[25,26] In view of their functionality, such deriva-
tives could be used to label biomolecules. In the latter case,
they could also act as electrochromic fluorescent probes. In
fact, the protonation extent of any acid depends on the pH,
its pKa, and the local electric field.


[27–29] In addition, proton-
exchange reactions are generally diffusion-limited.[25,26] Thus,
fluorescent pH probes could provide a reasonable alterna-
tive to fast fluorescent electrochromic probes that rely on
the alteration of their transition dipole moments.[30,31]


We wanted to overcome the pKa limitations intrinsic to
the approach relying on substituting the pyridine ring. De-
spite the possible interference with solutes other than pro-
tons,[32] we were interested in the recently reported 5-(4’-di-
methylaminophenyl)-2-[4-(dihydroxyboranyl)]oxazole with
pKa�8.[21] This pH probe is strongly fluorescent in the basic
state but only poorly in the corresponding acidic one. There-
fore, we completed the present pyridine series with 5-(4’-me-
thoxyphenyl)-2-[4-(dihydroxyboranyl)]oxazole (4-BOMPO;
Figure 1), aiming to improve the fluorescence quantum yield
of the acidic state by reducing the donating power of the
donor substituent.


Synthesis : The condensation reaction between 4-methoxy-
phenacylamine and the appropriate carboxylic acid in phos-


Figure 1. Generic structures of the derivatives prepared during the present study.
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phoryl chloride at reflux is the key step for building most of
the 5-aryl-2-pyridyloxazole backbones in the present series
of derivatives (Scheme 1).[18]


4-PYMPO, 4-PYMPOM, 4-PYMPO-Cl, 2-PYMPO, 2-
QUIMPO, and 2-PYMPO-CO2H were obtained in 87%,
60%, 88%, 63%, 39%, and 25% yields, respectively. In the
case of 4-PYPO, building of the oxazole ring proceeded in
two steps:[24] the condensation between phenacylamine and
isonicotinic acyl chloride gave N-phenacylisonicotinamide
(47% yield) which was reacted under reflux in a mixture of
acetic anhydride and concentrated phosphoric acid to pro-
vide 4-PYPO in 33% yield. For the synthesis of 4-
PYMPOM, the 2,6-dimethylisonicotinic acid precursor 4
was produced in three steps from 2,6-lutidine-1-oxyde (1;


Scheme 2): 1) methylation with dimethyl sulfate to yield 1-
methoxy-2,6-dimethylpyridinium methyl sulfate (2 ; 86%),[33]


2) nucleophilic substitution with potassium cyanide on 2
giving 4-cyano-2,6-dimethylpyridine (3 ; 43%),[33] and 3) hy-
drolysis of 3 to give 4 (40%).
The 5-aryl-2-pyridyloxazole backbone was subsequently


altered to provide different derivatives (Scheme 3). 4-
PYMPO-Cl was converted into the substituted hydrazine 4-
PYMPO-NHNH2 in a 41% yield by reacting it under reflux
conditions with hydrazine.[34] 4-PYMPO-NHNH2 was acylat-
ed with acetic anhydride to give 4-PYMPO-NHNHAc in
82% yield.[35] Conversely, 4-PYMPO-NHNH2 was trans-
formed into the aniline 4-PYMPO-NH2 in 51% yield by re-
duction with Raney nickel in ethanol.[34] 4-PYMPO was de-
methylated with hydrogen bromide to give 4-PYHPO in a
56% yield.[36] 2-PYMPO-CO2H was esterified in acidic
methanol leading first to 2-PYMPO-CO2Me (86% yield),
which was then reduced to 2-PYMPO-CHO2H (80%
yield).[37] Finally, we methylated the nitrogen atom of the
pyridine ring in 4-PYMPO by reaction with methyl tosylate
in toluene to get 4-PYMPOMe+ TsO� (1-methyl-4-[5-(4’-
methoxyphenyl)-2-oxazolyl]pyridinium p-toluenesulfonate;
Figure 1) in a 65% yield[38] as a reference compound for the
photophysical investigations.
The two-step synthesis of 4-BOMPO first involves the


condensation of 4-methoxyphenacylamine with 4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-
2-yl)benzoyl chloride (31%
yield).[21] This is followed by the
dehydration of the resulting
amide in phosphoryl chloride
under reflux conditions, as al-
ready reported for the dimeth-
ylamino derivative, to give the
product in a 66% yield
(Scheme 4).[21]


It is worth noting that these
syntheses can be performed on
a large scale because they essen-
tially involve recrystallization in
the purification steps.


Results


One-photon absorption : The ox-
azoles presented here exhibit
large one-photon absorptions
(e�2–3M104m�1 cm�1) in a
range that depends on the pro-
tonation state of the pyridine
ring: ranges of l=320–360 and
350–430 nm were observed for
the basic and acidic states, re-
spectively (Figures 2a and 3a,
Table 1, and the Supporting In-
formation).


Scheme 1. General scheme of the condensation reaction leading to the
formation of the 5-aryl-2-pyridyloxazole backbone.


Scheme 2. Synthesis of the 2,6-dimethylisonicotinic acid precursor (4) used to make 4-PYMPOM.


Scheme 3. Functional alterations of the 5-aryl-2-pyridyloxazole backbone.


Scheme 4. Synthesis of 4-BOMPO.
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As anticipated, the maximum of one-photon absorption
(lð1Þmax) is redshifted when the length of the conjugation path
is increased (e.g., 2-QUIMPO versus 2-PYMPO). The bath-
ochromic shift observed by decreasing the pH is in line with
the increase of the withdrawing power of the pyridine ring
upon protonation of the nitrogen atom.[39] In addition, the
protonated state of 4-PYMPO, that is, 4-PYMPOH+ , exhib-
its similar photophysical features to the methylammonium
derivative 4-PYMPOMe+ TsO� . The relative position of the
nitrogen atom in the pyridine ring does not significantly
alter the absorption properties (e.g., 4-PYMPO versus 2-
PYMPO). Substituent effects are more pronounced in the
acidic state than in the basic state. For instance, 2-PYMPO,
2-PYMPO-CO2H, 2-PYMPO-CO2Me, and 2-PYMPO-
CH2OH exhibit similar absorption features in the basic
state. In contrast, the presence of an electron-donating
group on a conjugated position of the aryl substituent of the
oxazole ring (4-PYMPO and 4-PYHPO versus 4-PYPO) in-
duces a pronounced redshift in the absorption of the acidic
form. The absorption of the protonated state of the mem-
bers of the 4-PYMPO series bearing an electron-donating
nitrogen atom on the 2-position of the pyridine ring (4-
PYMPO-NHNH2, 4-PYMPO-NHNHAc, and 4-PYMPO-


NH2) is blueshifted compared with that of the parent com-
pound 4-PYMPO. This observation is in agreement with the
reduction of the withdrawing power of the pyridinium ring
in the presence of a conjugated donor atom such as nitro-
gen. In addition, a small electrochromic effect was observed
in the basic state of 4-PYMPO-NHNH3


+ : it absorbs at a
higher wavelength than the corresponding state of 4-
PYMPO-NH2 owing to the close proximity of the terminal
ammonium moiety.
The absorption of 4-BOMPO is less intense and signifi-


cantly blueshifted relative to that of the 5-(4’-methoxyphen-
yl)-2-pyridyloxazoles (Table 1). The state absorbing at the
largest wavelength is still the acidic state, which involves the
conjugated electron-withdrawing boronic group -B(OH)2. Its
absorption maximum is located at a much lower wavelength
than that of protonated 4-PYMPO (compare l=323 with
390 nm). This observation underlines the lower acceptor
character of the phenylboronic group relative to the pyridi-
nium group. In contrast, the basic state containing the boro-
nate -B(OH)3


� group absorbs at a wavelength similar to that
of the basic state of 4-PYMPO (l=314 instead of 332 nm).
We also recorded the UV-visible absorption spectra of 4-


PYMPO, 4-PYMPO-NH2, 2-PYMPO, and 4-PYMPOMe
+


Figure 2. Photophysical properties of 4-PYMPO at 293 K. a) One-photon
absorption (molar absorption coefficient, e, versus l ; pH 2=a,
pH 14=c) and two-photon absorptivity (TPA versus l/2; pH 2=*,
pH 14=*) spectra. b) Normalized steady-state fluorescence emission (IF)
after one-photon excitation at lexc=356 nm (pH 2=a, pH 6=b,
pH 14=c). Solvent: Britton–Robinson buffer[53] (0.1m).


Figure 3. Photophysical properties of 4-PYMPO-NH2 at 293 K. a) One-
photon absorption (molar absorption coefficient, e, versus l ; pH 3=a,
pH 8=c) and two-photon absorptivity (TPA versus l/2; pH 3=*,
pH 8=*) spectra. b) Normalized steady-state fluorescence emission (IF)
after one-photon excitation at lexc=339 nm (pH 3=a, pH 8=c).
Solvent: Britton–Robinson buffer[53] (0.1m). Adapted from ref. [13].
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TsO� in several solvents (Table 2). The latter shares photo-
physical features closely related to those of 4-PYMPOH+ .
In addition, it is more soluble in organic solvents. The one-
photon absorption maximum is not sensitive to solvent po-
larity for the basic states (4-PYMPO, 4-PYMPO-NH2, and
2-PYMPO), whereas it slightly drops when the solvent po-
larity is increased for 4-PYMPOMe+ TsO� . Such behavior
is reminiscent of that observed in related push–pull mole-
cules.[40, 41] An interpretation based on a recent theoretical
account[40] is given in the Supporting Information.


Steady-state fluorescence emission : Most of the 5-aryl-2-pyr-
idyloxazoles presented exhibit a strong fluorescence emis-
sion (fluorescence quantum yield, fF, up to 0.9) in the l=


500–600 nm range (Figures 2b and 3b, Table 1, and the Sup-
porting Information). This is particularly true of the 4-pyrid-
yl series compared with the 2-pyridyl series: both states,
acidic and basic, are strongly fluorescent in the former
series, whereas only the basic state is noticeably fluorescent
in the latter. In the emission analyses one finds, and for the


same reasons, the same trends
as those observed in absorption
analyses: 1) a redshift upon in-
creasing the conjugation length
or by protonation of the nitro-
gen atom of the pyridine ring,
2) the absence of a significant
influence of the substituents in
the basic states, and 3) a red-
shift when an electron-donating
group is conjugated to the pyri-
dinium moiety (conversely, a
blueshift occurs when an elec-
tron-withdrawing group is
used). One notices that the oxa-
zole substituents remote from
the chromophore do not alter
the photophysical features of
the parent fluorophores: 4-
PYMPO-NHNH2, 4-PYMPO-
NHNHAc, and 4-PYMPO-NH2


share similar properties, as do
2-PYMPO-CH2OH and 2-
PYMPO. At rather low wave-
lengths 4-BOMPO exhibits ex-
cellent emissive properties:
both acidic and basic states are
strongly fluorescent (fF=0.65)
with maxima located at l=442
and 398 nm, respectively. These
results can be compared with
the behavior of the reported 5-
(4’-dimethylaminophenyl)-2-[4-
(dihydroxyboranyl)]oxazole.[21]


In accordance with the weaker
donor character of the methoxy
group relative to that of the di-


methylamino group, the emissions from both states of the
methoxy derivative are strongly blueshifted with respect to
those of the dimethylamino derivative (compare l=442
with 557 nm in the acidic state and l=398 with 488 nm in
the basic state). In addition, whereas the fluorescence quan-
tum yields are similar for the acidic and basic states of the
methoxy compound, those of the dimethylamino compound
are rather different (fF=0.03 for the acidic state and 0.95
for the basic state).[21] The large difference in behavior of
the methoxy and the dimethylamino derivatives could
reveal a difference in the nature of the emissive state. In
contrast to the methoxy group, the dimethylamino substitu-
ent in the 4-position of the stilbene-4-boronic acid promotes
the formation of an excited induced-charge-transfer state in
polar solvents.[42]


The fluorescence emission spectra of 4-PYMPO, 4-
PYMPO-NH2, 2-PYMPO, and 4-PYMPOMe


+ TsO� were
also recorded in several solvents (Table 2). They are dis-
cussed in the Supporting Information. The emission maxi-
mum (lð1Þem) after one-photon absorption increases with in-


Table 1. Photophysical properties of the present oxazole derivatives (BH+ ,B). Maxima of one-photon absorp-
tion lð1Þmax [nm] and of steady-state fluorescence emission lð1Þem [nm], molar absorption coefficients for one-
photon absorption at lð1Þmax, that is, e


ð1Þ
max�5% [mM�1 cm�1], fluorescence quantum yields fF(pH)�5%, maxima


of two-photon excitation spectra lð2Þmax [nm] in the investigated wavelength range (l
(2)=700–900 nm), and two-


photon excitation cross sections at lð2Þmax, that is, d
ð2Þ
max�20% [GM], in Britton–Robinson buffer[53] (0.1m) at a


given pH at 293 K.


B lð1Þ,BH
þ


max (eð1Þmax) lð1Þ,Bmax (e
ð1Þ
max) lð1Þ,BH


þ


em [fF(pH)] lð1Þ,Bem [fF(pH)] lð2Þ,BH
þ


max (dð2Þ
max) lð2Þ,Bmax (d


ð2Þ
max)


4-PYPO 366(24) 318(19) 476[0.9(2)] 406[0.9(12)] 710(70) 710(6)
4-PYMPO 390(21) 332(21) 569[0.3(3)] 472[0.5(14)] 800(65) 710(5)
4-PYMPOM 380(19) 330(17) 550[0.5(3)] 465[0.8(>14)][a] 800(60) 710(10)
2-PYMPO 381(24) 328(33) 562[0.1(1)] 450[0.7(10)] 780(40) 710(20)
2-QUIMPO 427(26) 360(21) 616[0.05(1)] 506[0.6(10)] 830(40) 740(50)
4-PYMPO-NHNH2


[b] 354(21) 337(17) 522[0.1(2)] 501[0.6(9)] 720(80) 710(6)
4-PYMPO-NHNHAc[c] 368(21) 329(13) 544[0.4(2)] 464[0.2(7)] – –
4-PYMPO-NH2 355(23) 326(19) 530[0.7(3)] 465[0.8(8)] 710(60) 710(15)
4-PYHPO[d] 392(21) 333(21) 575[<0.01(2)] 485[0.03(6)] – –
2-PYMPOCO2H


[e] – 332(21) – 450[<0.01(2)] – –
2-PYMPOCO2Me – 333(�)[f] 523[<0.01(1)] 455[0.01(8)] – –
2-PYMPOCH2OH 382(19) 330(22) 572[0.05(1)] 450[0.7(9)] 780(35) 710(20)
4-PYMPOMe+ TsO�[g] 396(22) – 572[0.4(7)] – 810(65) –
4-BOMPO 323(15) 314(18) 442[0.65(5)] 398[0.65(10)] – –


[a] The fluorescence emission is dominated by the emission from its protonated state even in very basic media.
We added concentrated NaOH to observe the emission from the basic excited state only. [b] This is a dibase.
The values given refer to the couple 4-PYMPOH+-NHNH3


+/4-PYMPO-NHNH3
+ involving the nitrogen


atom of the pyridine ring. At pH>12, further deprotonation of the terminal ammonium -NH3
+ promotes a


hypsochromic shift in the absorption and emission spectra: lBmax(emax)=327(17) and lBem[fF(pH)]=494[0.5(12)].
The values of the maxima of two-photon excitation are given at pH 2 and 12. [c] This is not very soluble in
basic aqueous solutions. emax should be taken with care. [d] 4-PYHPOH


+ is a diacid. The values given refer to
the couple 4-PYHPOH+/4-PYHPO involving the nitrogen atom of the pyridine ring. At pH>6, further depro-
tonation of the hydroxyl group promotes bathochromic shifts in absorption (lBmax(emax)=367(20)) and in fluo-
rescence emission (lBem[fF(pH)]=640[<0.01(12)]). [e] 2-PYMPOH


+-CO2H is a diacid. The values given refer
to the couple 2-PYMPOH+-CO2


�/2-PYMPOCO2
� involving the nitrogen atom of the pyridine ring. In the ab-


sorption spectrum, any evolution associated with the deprotonation of the pyridinium moiety in the covered
range of pH is not observed: the pKa of the corresponding ground state is too low. We only observed
deprotonation of the carboxylic group by increasing the pH. At pH 1 where 2-PYMPO-CO2H is present:
lBH


þ


max (emax)=332(21), whereas l
B
max(emax)=329(23) at pH 12 where 2-PYMPO-CO2


� is observed. In fluorescence
emission, one first observes a poorly fluorescent state below the pKa of the carboxylic group. Emission at pH 6
(lem[fF]=450[0.04]) is tentatively attributed to the excited state 2-PYMPO-CO2H*, whereas emission above
pH 10 (lem[fF(pH)]=450[0.05]) is tentatively attributed to the excited state 2-PYMPO-CO2


�*; see text.
[f] This is not very soluble in basic aqueous solution. We chose not to give any value of emax. [g] The experi-
ments were performed in buffer at pH 7.
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creasing solvent polarity for the basic states (4-PYMPO, 4-
PYMPO-NH2, and 2-PYMPO); in contrast, l


ð1Þ
em of 4-PYM-


POMe+ TsO� is not significantly sensitive to the solvent po-
larity. Similar observations were made in related push–pull
molecules.[40, 41]


Two-photon absorption : A series of experiments was under-
taken to evaluate the typical magnitude of the cross sections
for two-photon absorption of the present 5-aryl-2-pyridylox-
azoles. We retained the molecules that showed significant
one-photon absorption above l=350 nm and that were
strongly fluorescent. Figures 2a and 3a display typical exam-
ples of the two-photon excitation spectra observed for the
basic and acidic states of the corresponding oxazoles at
298 K (also see the Supporting Information). They were re-
corded with a homebuilt setup[43] using the reported excita-
tion spectrum of fluorescein for calibration.[22] For all the in-
vestigated compounds, the power-squared dependence of
two-photon excitation fluorescence was checked at several
wavelengths in the investigated range and revealed satisfac-
tory behavior over the 0–60 mW range. The two-photon ab-
sorption spectra compare well with the one-photon absorp-
tion spectra after dividing the wavelength by a factor 2
(Table 1). This suggests that the same excited states are
reached regardless of the excitation mode. Such an observa-
tion is in agreement with other reports making use of a com-
parable technique on unsymmetrical donor–acceptor com-
pounds.[22,43] A typical order of magnitude of the peak two-
photon absorptivities in the present series is 40–80�10 GM
(1 GM=10�50 cm4s (photon-molecule)�1). Taking into ac-
count the large fluorescence quantum yields, such values of
the two-photon absorptivities compare well with the corre-
sponding values for commonly employed pH probes (fluo-
rescein at pH 11: dð2Þ


max(780 nm)=35 GM, fF=0.9; pyranin
backbone: dð2Þ


max(750 nm)=4 GM, fF=0.54
[44]). In fact, they


can be observed for the protonated states because the corre-
sponding maxima lie within the accessible range of the in-
vestigated wavelengths (l(2)=700–900 nm). In contrast, the
two-photon excitation spectra of the basic states were blue-
shifted and lower values of the two-photon absorptivities
were observed at the lowest excitation wavelength (l(2)=


700 nm). Similar alterations to the two-photon excitation
spectra have already been observed either upon protona-
tion[45] or upon interaction with metal cations.[46,47]


Acidobasic properties


Absorption measurements : Figure 4a displays a typical evo-
lution of the absorption spectra after one-photon excitation


Table 2. Solvatochromism of 4-PYMPO, 4-PYMPOMe+ TsO� , 2-PYMPO, and 4-PYMPO-NH2. UV-visible one-photon absorption and emission features
under different conditions: maxima of absorption lð1Þmax [nm], molar absorption coefficients e(l


ð1Þ
max)�5% [mm


�1 cm�1], maxima of steady-state fluorescence
emission lð1Þem [nm], and fluorescence quantum yields fF�5% [%].


Solvent (Df[a]) 4-PYMPO 4-PYMPOMe+ TsO� 2-PYMPO 4-PYMPO-NH2


lð1Þmax[e(l
ð1Þ
max)] lð1Þem(fF) lmax[e(l


ð1Þ
max)] lem(fF) lð1Þmax[e(l


ð1Þ
max)] lð1Þem(fF) lð1Þmax[e(l


ð1Þ
max)] lð1Þem(fF)


cyclohexane (�0.001) –[b] –[b] –[b] –[b] 333[–][b] 375(0.60) –[b] 373(–)[b]


toluene (0.013) 335[21] 394(0.55) –[b] 576(–)[b] 330[–][b] 389(0.55) 330[21] 387(0.35)
dioxane (0.021) 330[–][b] 396(0.70) –[b] –[b] 330[24] 393(0.65) 326[26] 403(0.20)
dichloromethane (0.219) 333[22] 415(0.60) 427[19] 565(0.70) 331[23] 404(0.55) 330[25] 404(0.50)
dimethyl sulfoxide (0.265) 337[22] 431(0.65) 402[20] 572(0.60) 332[24] 416(0.60) 331[–][a] 426(0.15)
acetone (0.284) 333[20] 417(0.55) 403[19] 566(0.70) <330[–] 404(0.40) <330[–] 409(0.10)
ethanol (0.290) 337[19] 433(0.80) 411[17] 562(0.75) 331[–][b] 419(0.65) 330[26] 422(0.15)
acetonitrile (0.306) 331[22] 423(0.70) 403[20] 561(0.65) 326[20] 411(0.60) 327[25] 410(0.25)
water (0.320) 332[21] 472(0.50) 396[21] 573(0.40) 328[33] 450(0.70) 326[19] 465(0.80)


[a]Df= er�1
2erþ1�


n2�1
2n2þ1, in which Df is the orientation polarizability and er is the dielectric constant.


[2] [b] The solubility was too low to derive reliable data.


Figure 4. Dependence on pH of a) the absorption (from acidic to basic
conditions: pH 2.8, 3.7, 4.0, 4.3, 4.6, 4.8, 5.3, 5.9, 6.4) and b) the emission
(from acidic to basic conditions: pH 2.8, 3.7, 4.0, 4.3, 4.6, 4.8, 5.3, 5.9, 6.4,
6.8, 7.5, 8.5, 9.2, 10.7, 12.5, 13.2, 14.0) spectra of 4-PYMPO after one-
photon excitation (lð1Þexc=339 nm, [4-PYMPO]=5 mm). Solvent: Britton–
Robinson buffer[53] (0.1m) at 293 K.
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in the present oxazole series. Except for the two acidic 5-
aryl-2-pyridiniumoxazoles (2-PYMPOH+-CO2H and 2-
PYMPOH+-CO2Me) and the polyacids (4-PYMPOH+-
NHNH3


+ , 4-PYHPOH+ , and 2-PYMPOH+-CO2H), these
evolutions are satisfactorily accounted for by a one-proton
exchange reaction [Eq. (1)] in the investigated pH range:


BþH2O ¼ BHþ þOH� ð1Þ


in which BH+ and B stand for the acidic and the basic
states of the pH probe, respectively. These evolutions can be
analyzed to derive the pKa(BH


+/B) of the protonated
ground states (see the Supporting Information). In all the
investigated cases, the extracted pKa values confirm the ob-
servations from the photophysical studies, that is, proton-
ation occurs at the nitrogen atom of the pyridine ring. The
pKa shifts observed by adding substituents on the pyridine
ring are similar in the present oxazole series and in the pyri-
dine series.[23] Furthermore, one anticipates much lower pKa


values for acids that result from the protonation of the ni-
trogen atom of the oxazole ring (pK’0).[23]
The relationship between the structure of the pyridinium


moiety of the present oxazoles and the pKa(BH
+/B) value is


displayed in Table 3. As a general rule, the pKa values of the
2-pyridyl series are lower than those of the 4-pyridyl series.
This observation may result from the larger steric hindrance
of the 2-pyridyl series in the acidic state. Remote substitu-
ents do not alter acid–base properties: 4-PYPO, 4-PYMPO,


and 4-PYHPO share the same pKa value. Substituent effects
are generally more important at the level of the pyridine
ring. In accordance with the absence of a significant elec-
tronic difference, 2-PYMPO and 2-QUIMPO exhibit similar
pKa values. The pKa of 2-PYMPO-CH2OH is lower than
those of the preceding compounds; this observation could
originate from the steric hindrance altering the nitrogen en-
vironment and/or from the possible formation of a hydrogen
bond between the nitrogen lone pair and the nearby hydrox-
yl group. The electron-donating groups generally increase
the pKa when they are conjugated to the nitrogen atom of
the pyridine ring: 4-PYMPOM, 4-PYMPO-NHNH2, and 4-
PYMPO-NH2 possess significantly larger pKa values than
that of 4-PYMPO. In contrast, the electron-withdrawing
groups lower the pKa. In the case of 2-PYMPO-CO2H and
2-PYMPO-CO2Me, the pKa is less than 1; this is the lowest
limit that we investigated during the present series of ex-
periments.
UV-visible absorption spectroscopy was also used to mea-


sure the pKa values of the polyacids: pKa(4-PYMPO-
NHNH3


+/4-PYMPO-NHNH2)=10.5, pKa(4-PYHPO/4-
PYPO�)=8.1, and pKa(2-PYMPO-CO2H/2-PYMPO-
CO2


�)=3.5, which agree well with typical values for the cor-
responding acidic groups.[23]


In the case of 4-BOMPO, we found pKa(4-BOMPO/4-
BOMPO(OH)�)=8.1, which is in good agreement with the
value that was reported for the dimethylamino derivative
(pKa=7.8).


[21]


Steady-state fluorescence mea-
surements : The dependence of
the emission spectrum as a
function of pH is more difficult
to analyze in the present series.
As an example, Figure 4b dis-
plays the evolution of the emis-
sion spectrum of 4-PYMPO
when the pH is increased. Fig-
ure 5a additionally displays the
ratio (1e,ð1Þ472=569) of the 4-PYMPO
fluorescence intensities at l=


472 and 569 nm when the one-
photon excitation is performed
at the isosbestic point (see the
Supporting Information).
Below pKa(4-PYMPOH


+/4-
PYMPO)=4.3, determined
from UV-visible absorption
spectroscopy, one observes the
emission from the protonated
excited state 4-PYMPOH+*.
Around pH=pKa the band as-
sociated with the emission from
4-PYMPOH+* drops, while a
new band that corresponds to
emission from the basic excited
state 4-PYMPO* appears. Nev-


Table 3. pKa of the pyridine moiety of the oxazole derivatives: pK
abs
a (BH


+/B) as measured by UV-visible ab-
sorption, pKem


a (BH
+/B), and pKem


a (BH
+*/B*) as measured from fluorescence emission, and pKspec


a (BH+*/B*),
as evaluated from Equation (3) in Britton–Robinson buffer[53] (0.1m) at 293 K.


B pKabs
a (BH


+/B)�0.1 pKem
a (BH


+/B)�0.1 pKem
a (BH


+*/B*) pKspec
a (BH+*/B*)


4-PYPO 4.3 4.3 –[a] 12.4
4-PYMPO 4.3 4.4 14.1�0.4 12.7
4-PYMPOM 5.7 –[a] –[a] 13.3
2-PYMPO 2.6 2.8 9�1 11.6
2-QUIMPO 2.2 2.9 8�1 10.4
4-PYMPO-NHNH2


[b] 5.4 6.1 – 7.7
4-PYMPO-NHNHAc[c] – 4.0 – 10.6
4-PYMPO-NH2 5.7 5.7 – 11.0
4-PYHPO[d] 4.3 – – 12.4
2-PYMPO-CO2H –[a] –[a] –[e] –
2-PYMPO-CO2Me –[a] –[a] 3.8�0.3 –
2-PYMPO-CH2OH 1.8 2.4 9�1 11.0
4-BOMPO 8.1 8.0 – 11.6


[a] Not determined. [b] This is a dibase. The values given refer to the couple 4-PYMPOH+-NHNH3
+/4-


PYMPO-NHNH3
+ involving the nitrogen atom of the pyridine ring. The second pKa corresponding to the


couple 4-PYMPO-NHNH3
+/4-PYMPO-NHNH2 was found equal to 10.5 by UV absorption and to 11.4 by


fluorescence emission. [c] This is not very soluble in basic aqueous solutions. We extracted pKa=3.6 from the
UV-visible titration but we are less confident in this value than in that extracted from fluorometry. [d] 4-
PYHPOH+ is a diacid. The values given refer to the couple 4-PYHPOH+/4-PYHPO involving the nitrogen
atom of the pyridine ring. The second pKa corresponding to the couple 4-PYHPO/4-PYPO


� was found equal
to 8.1 by UV absorption. [e] 2-PYMPOH+-CO2H is a diacid. From the consideration of the wavelengths of ab-
sorption and emission, we tentatively assume that no measured values refer to the deprotonation of the nitro-
gen atom of the pyridine ring. In contrast, the first observed pKa corresponds to the couple 2-PYMPO-CO2H/
2-PYMPO-CO2


� and is equal to 3.5 by UV absorption, and 3.2 by fluorescence emission. In addition, we ob-
served by fluorescence emission a second pKa=6.9 that we tentatively attribute to the deprotonation of the ex-
cited state 2-PYMPO-CO2H*.
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ertheless, the emission band of 4-PYMPOH+* persists even
beyond the pKa value. In fact, the emission spectrum from
the solution of 4-PYMPO essentially remains unchanged in
the pH 6–9 range. It is only beyond pH 13 that one observes
the gradual disappearance of the emission originating from
4-PYMPOH+* and the evolution towards the emission spec-
trum of 4-PYMPO* alone.
In addition to 4-PYMPO, five members of the present


series exhibit this “abnormal” behavior under our experi-
mental conditions: 4-PYMPOM, 2-PYMPO, 2-QUIMPO, 2-
PYMPO-CO2Me, and 2-PYMPO-CH2OH. For example, Fig-
ure 5b displays the unexpected dependence on pH of the
ratio 1e,ð1Þ450=562 of the fluorescence emissions at l=450 and at
562 nm for 2-PYMPO when the one-photon excitation is
performed at the isosbestic point. Instead of a classical
threshold over 2–3 pH units (see Figure 9 later for an exam-
ple), one observes a continuous evolution over 10 pH units!
In contrast, Figure 6 displays the evolution of pH of the
fluorescence excitation and fluorescence emission spectra of
4-PYMPO-NH2. They exhibit the “normal” trend expected
for a compound with only one pKa.


Time-resolved fluorescence measurements : We envisaged
that the preceding “abnormal” behavior could result from a
large increase of 4-PYMPO basicity upon excitation.[14–16,48]


Figure 7a and b display the different reactions that occur
when a solution containing two bases, B (here the fluoro-
phore, in its ground or excited state) and Y (for instance,
the basic state of the buffer), is illuminated. Under appro-
priate kinetic conditions, protonation of the basic excited
state (4-PYMPO*) can take place during its lifetime. Then
one would observe the fluorescence emission from the
acidic excited state (4-PYMPOH+*) even above the pKa(4-
PYMPOH+/4-PYMPO) associated with the ground state. To
evaluate the latter assumption, we performed time-resolved
fluorescence measurements with solutions of 4-PYMPO at
different pH. The results are displayed in Figure 8 and
Table 4. Three different pH domains emerge from consider-
ation of Table 4: pH	3, 3<pH<14, and pH>14.
At pH	3, most of the ground-state molecules present in


solution are protonated. Upon excitation, these 4-
PYMPOH+ molecules become excited 4-PYMPOH+* mol-
ecules, as shown in the set of reactions displayed in Fig-
ure 7a and b. In relation to fluorescence emission, the ques-
tion arises as to whether some basic excited state 4-
PYMPO* can form during the lifetime t(4-PYMPOH+*) of the
acidic excited state 4-PYMPOH+*. Three reactive channels
have to be considered (Figure 7a and b): 1*3* (reaction of
4-PYMPOH+* with H2O), 2*3* (reaction of 4-PYMPOH


+*
with OH�), and 3’*3* (reaction of 4-PYMPOH+* with the


Figure 5. Evolution of the ratio (1e,ð1Þl1l2
) of the fluorescence emissions at l1


and at l2 after one-photon excitation. a) 4-PYMPO: l1=472, l2=569,
lexc=339 nm; b) 2-PYMPO: l1=450, l2=562, lexc=338 nm. Solvent:
Britton–Robinson buffer[53] (0.1m) at 293 K.


Figure 6. Dependence on pH of the excitation (a) and of the emission
spectra (b); adapted from ref. [13]) of 4-PYMPO-NH2 (from acidic to
basic: pH 3.4, 4.5, 4.8, 5.1, 5.5, 6.0, 6.2, 6.5, 6.7, 7.0, 7.3, 9.1). [4-PYMPO-
NH2]=100 nm. Solvent: Britton–Robinson buffer


[53] (0.1m) at 293 K.
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basic state, Y, of the buffer). Under the present experimen-
tal conditions, channel 2*3* is the fastest, but k2*3*OH<


10�1 s�1 remains much lower than 1
tð4-PYMPOHþ*Þ


�109 s�1 (see
below); therefore, 4-PYMPOH+* deprotonation cannot
occur during its lifetime. In principle, one should observe
only the emission from 4-PYMPOH+* at any pH below 3.
Indeed, upon excitation at l=360 nm, one observes that the
decay of fluorescence emission from the solution is monoex-
ponential. Nevertheless, one also notices that the extracted
lifetime drops as the pH is lowered. In addition to the de-


crease of intensity of steady-
state fluorescence emission
from 4-PYMPOH+* at low pH
(data not shown in Figure 4b),
this observation suggests that a
poorly fluorescent complex, 4-
PYMPOH2


2+*, forms between
the 4-PYMPOH+*
excited state and the proton
(dynamic quenching). In fact,
the formation of a complex be-
tween the 4-PYMPOH+


ground state and the proton
(static inhibition) can be ex-
cluded on the basis of the de-
pendence of the fluorescence
lifetime on pH and of the ab-
sence of any evolution of the
absorption spectrum below
pH 3. The intrinsic lifetime of
the excited acidic state 4-
PYMPOH+* and the rate con-
stant for dynamic quenching by
the proton (kQ) were derived
from a Stern–Volmer analysis


of the lifetimes given in Table 4 below pH 3 (see the Sup-
porting Information). We found that t(4-PYMPOH+*)=1.5�
0.1 ns and kQ=0.9�0.1M1010 m�1 s�1. The latter value sug-
gests that quenching by the proton is controlled by diffu-
sion.[25] This quenching might be associated with the pro-
tonation of the nitrogen atom of the oxazole ring in the ex-
cited state.
At pH>14, there are ground-state 4-PYMPO molecules


in solution. Upon excitation, they give excited 4-PYMPO*


Figure 7. a) Reactions involved in the mechanism of dissociation/recombination of an acid–base couple BH+/B
in aqueous solution in the presence of another acid–base couple YH+/Y. b) Interconversion processes between
the acidic and basic forms of the BH+/B couple in the ground and excited states. The subscript of the rate con-
stant refers to the exchange processes that are displayed in a) (a star means that an excited state is
considered), and the notation k corresponds to the sum of all the pseudo first-order rate constants that are in-
volved in any exchange process that is shown in a): k(BH!B)=k13+k23OH+k3’3Y; k(B!BH)=k31H+k32+k33’YH;
k(BH!BH*)=


2:3eBHðlexc ÞlI0 ðlexcÞ
V with one-photon excitation; whereas, k(BH!BH*)=


dBH ðlexcÞI20ðlexcÞ
2S2 with two-photon excita-


tion; k(BH*!BH)=
1


tBH*
; k(BH*!B*)=k*13+k*23OH+k*303Y; k(B*!BH*)=k*31H+k*32+k*330YH; k(B!B*)=


2:3eBðlexc ÞlI0ðlexcÞ
V with


one-photon excitation, whereas k(B!B*)=
dAðlexc ÞI20ðlexcÞ


2S2 with two-photon excitation; k(B*!B)=
1


tB*
, in which kij= rate


constant associated with the reaction i!j ; e(lð1Þexc)and d(lð2Þexc)=molar absorption coefficient and cross section
for two-photon absorption at the excitation wavelength, respectively; l= length of the light pathway in the
sample; S= surface of the light beam; V=volume of irradiated sample; I0= intensity of the incident light at
the excitation wavelength; t= lifetime of the excited state. For clarity, brackets and charges have been omitted
from the concentration notation.


Figure 8. Phase shifts (filled markers) and modulation ratios (empty
markers) versus frequency for 4-PYMPO at different pH values. pH 3:
triangles; pH 4: circles; pH 5: squares; Solvent: Britton–Robinson
buffer[53] (0.1m) at 293 K.


Table 4. Dependence on pH of the rate constants for relaxation of the 4-
PYMPO excited state in aqueous solution as extracted from the data col-
lected by phase-modulation fluorometry at 298 K [see Eq. (6)].[a]


pH f1,pH
1


b1,pH
�0.1
[ns]


f2,pH
1


b2,pH
�0.05
[ns]


c2�0.1 a1,pH a2,pH


1.0 1.00 0.6 – – 1.9 1.00 0.00
1.6 1.00 1.1 – – 1.5 1.00 0.00
2.0 1.00 1.3 – – 0.9 1.00 0.00
2.6 1.00 1.4 – – 0.5 1.00 0.00
3.0 1.00 1.5 – – 2.3 1.00 0.00
4.0 0.83 1.6 0.17 0.30 1.2 0.71 0.29
5.0 0.84 1.4 0.16 0.45 1.2 0.63 0.37
6.0 0.81 1.4 0.19 0.45 1.0 0.59 0.41
8.0 0.81 1.4 0.19 0.45 1.0 0.59 0.41
8.0[b] 1.36 1.5 �0.36 0.45 0.95 0.54 �0.46
9.0 0.83 1.4 0.17 0.45 1.1 0.60 0.40
10.0 0.80 1.5 0.20 0.50 1.1 0.59 0.41
12.0 0.82 1.5 0.18 0.45 1.9 0.58 0.42
13.0 0.91 1.7 0.09 0.30 1.4 0.65 0.35
14.0 0.96 2.0 0.04 0.25 1.3 0.74 0.26
>14 1.00 2.7 – – 0.7 1.00 0.00


[a] 1
b1,pH
, 1
b2,pH


=monoexponential decay of fluorescence emission of compo-


nents 1 and 2, respectively; c=mean square deviation. [b] Selective ob-
servation of the acidic state of 4-PYMPO.
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molecules that react as displayed in Figure 7a and b. As de-
scribed in the preceding paragraph, the question arises as to
whether some acidic excited state 4-PYMPOH+* can form
during the lifetime of the basic excited state 4-PYMPO*.
Three reactive channels have again to be considered: 3*1*
(reaction of 4-PYMPO* with H+), 3*2* (reaction of 4-
PYMPO* with H2O), and 3*3’* (reaction of 4-PYMPO*
with the acidic state YH+ of the buffer). The fastest channel
is 3*2* with a k3*2* value that is larger than


1
tð4-PYMPO*Þ


�109 s�1


(see below): at the t(4-PYMPO*) timescale, chemical relaxation
can now occur leading to the formation of the most stable
species in the excited state. The latter is 4-PYMPO* if
pKa(4-PYMPOH


+*/4-PYMPO*)	14. Under such condi-
tions, one expects to observe the fluorescence emission from
4-PYMPO* only. Indeed, upon excitation at l=360 nm, a
monoexponential decay of fluorescence emission attributed
to 4-PYMPO* was observed: t(4-PYMPO*)=2.7�0.1 ns
(Table 4).
The analysis is more intricate for 4<pH<14. Above


pKa(4-PYMPOH
+/4-PYMPO)=4.3, the solution essentially


contains the basic ground state 4-PYMPO. Nevertheless,
one observes that the fluorescence emission from the solu-
tion now contains two contributions. The first arises from
the basic excited state 4-PYMPO*, whereas the second orig-
inates from the acidic, protonated excited state 4-
PYMPOH+* that is formed during the lifetime of 4-
PYMPO*. This interpretation is strengthened by the results
of the experiment performed at pH 8 when one observes
emission from the acidic excited state 4-PYMPOH+* only.
The decay behavior is in agreement with the prediction
given in the Supporting Information [Eq. (31)]: a1��a2, in
which a is the pH-dependent amplitude associated with the
lifetime of the component (1 or 2) being measured.
For 4<pH<14, the relative populations in the excited


state are under kinetic control and depend on many parame-
ters (see above). By taking into account the measured in-
trinsic lifetime of 4-PYMPO* and 4-PYMPOH+*, one ex-
perimentally obtains the values of the rate constants
k(4-PYMPO*!4-PYMPOH*) and k(4-PYMPOH*!4-PYMPO*) associated with
the 4-PYMPO* protonation and the 4-PYMPOH+* depro-
tonation, respectively (see above). Both k(4-PYMPO*!4-PYMPOH*)
and k(4-PYMPOH*!4-PYMPO*) contain three contributions: 3*1*,
3*2*, and 3*3’* on the one hand, and 1*3*, 2*3*, and 3’*3*
on the other. Now the problem is to evaluate the significant
individual rate constants from investigating the dependence
of k(4-PYMPO*!4-PYMPOH*) and k(4-PYMPOH*!4-PYMPO*) on pH. To fa-
cilitate the analysis, we successively considered reduced pH
domains in which one (or two) individual rate constant(s)
dominate(s) the whole behavior.
At 4<pH<12, 4-PYMPO* protonation is governed by


the reactions with water and with the protonated state of
the buffer. Linear fitting of k(4-PYMPO*!4-PYMPOH*) as a function
of the concentration in YH+ [49] provides k3*2*=1.4�0.5M
109 s�1 and k3*3’*=1.8�0.6M1010 m�1 s�1. For 13<pH<14, 4-
PYMPO* protonation is only controlled by reaction with
water; k2*3* and k3*2* are directly derived from the experi-
ments. We found that k2*3*=1.7�0.3M109 m�1 s�1 and k3*2*=


1.8�0.7M109 s�1. From the whole series of experiments, we
obtain k2*3*=1.5�0.5M109 m�1 s�1 and k3*2*=1.8�0.7M
109 s�1. From this one can derive pKa(4-PYMPOH


+*/4-
PYMPO*)=�log(Ke


k2*3*
k3*2*
)=14.1�0.4 in which Ke designates


the ionization constant of water at room temperature: the
pKa of 4-PYMPOH


+ is shifted by 10 pH units upon light ex-
citation! In addition, the k2*3* value is in line with the corre-
sponding value for imidazole in its ground state (the pyri-
dine value was not measured in ref. [25]) at k23=2.5M
1010 m�1 s�1.[25] The lowest value observed for k2*3* is in agree-
ment with the much smaller difference between the involved
pKa in our case: pKa(H2O/OH


�)�pKa(4-PYMPOH
+*/4-


PYMPO*)�0 whereas pKa(H2O/OH
�)�pKa(BH


+/B)�7 in
the case of imidazole.[25]


Dual-emission-wavelength measurements : In a ratiometric
measurement based on a pH probe exchanging between an
acidic (A) and a basic (B) state, the absorbance or the emis-
sion intensity, here denoted Iabs/em, is recorded at two differ-
ent wavelengths, l1 and l2. Then the pH is extracted from


the ratio R(pH)=
Iabs=em
l1


Iabs=em
l2


by using Equation (2):[2]


pH ¼ pKa þ log
R�RA


RB�R
þ log


Iabs=eml2
ðAÞ


Iabs=eml2
ðBÞ


ð2Þ


in which the pKa values designate the protonation constant
of the couple (A,B), RA and RB are the values of the ratio
measured at l1 and l2 on the spectra recorded from solu-


tions containing A or B only, and
Iabs=em
l2


ðAÞ
Iabs=em
l2


ðBÞ
is the value of the


ratio of the signals at l2 from solutions containing either A
or B at the same concentration.
When the ratiometric pH measurement relies on absorp-


tion, the pKa in Equation (2) is the protonation constant of
the ground state, pKa(BH


+/B), and RBH+, RB, I
abs
l2
(BH+), and


Iabsl2
(B) are simply extracted from the absorption spectra re-


corded below pKa(BH
+/B)�2 and above pKa(BH


+/B)+2.
In contrast, in the case of a ratiometric pH measurement
based on fluorescence emission, proton-exchange reactions
may occur in the excited state. Under such conditions, the
concentrations in excited states that do emit fluorescence do
not simply reflect the corresponding concentrations in the
ground state [Eqs. (10) and (11) in the Supporting Informa-
tion]. Following this, the values of R and Iabs=eml2


below
pKa(BH


+/B)�2 and above pKa(BH
+/B)+2 may not be


easily related to the values intrinsic to BH+ and B anymore:
RBH+, RB, I


em
l2
(BH+), and Ieml2 (B). As shown in the general ex-


pression of the ratio measured at l1 and l2 [Eq. (25) in the
Supporting Information], ratiometric pH measurements now
require either careful calibration under controlled condi-
tions, or complementary measurements such as lifetimes and
rate constants for proton exchange. In particular, in the ab-
sence of any relevant information about the concentration
and the nature of the buffer (in biological systems for in-
stance), one cannot predict the evolution of the emission
spectrum as a function of pH.
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As a significant example, the “abnormal” behavior ob-
served in Figure 5b results from controlling the protonation
of the excited basic 2-PYMPO* state by using pH-depen-
dent amounts of protonated species derived from the three-
component buffer: the larger the amount, the larger the
extent of formation of the protonated excited state 2-
PYMPOH+*. In fact, here one observes the titration curve
of the buffer between pKa(BH


+/B) and pKa(BH
+*/B*)!


In contrast, 4-PYMPO-NH2 and its closely related deriva-
tives seem to be appropriate for multiple ratiometric pH
measurements because they exhibit the “normal” trend ex-
pected for a compound with only one pKa in absorption and
in emission (see Figure 6). In particular, Figure 9 suggests


that 4-PYMPO-NH2 could be used as a fluorescent probe to
measure pH by any ratiometric method based on fluores-
cence emission in the pH 3–8 range by tuning both the exci-
tation and the emission wavelengths. When the one-photon
excitation favors the acidic state (lð1Þexc=395 nm), the ratio
1e,ð1Þ600=400 of the fluorescence emissions at l=600 and at
400 nm varies by two orders of magnitude in the pH 5.5–7.5
range. A similar amplitude is observed for 1e,ð1Þ400=600 in the
pH 3.5–5.5 range in which the excitation now favors the
basic state (lð1Þexc=300 nm).


Discussion


The present study emphasizes that the design of a fluores-
cent pH probe relying on a ratiometric analysis of the fluo-
rescence emission is a delicate task. The introduction on a
donor–acceptor backbone of an electron-donating or -ac-
cepting group that exhibits acid–base properties is a natural
choice to strongly shift the absorption/emission from the


acidic and the basic states of the indicator. At the same
time, some difficulty may originate from the possible change
of the pKa of the pH probe upon light absorption. Thus, pH
can be ratiometrically measured by applying Equation (2) to
the absorption or fluorescence excitation spectra of any of
the oxazoles. Attractive photophysical features and a broad
pKa range enable the easy measurement of pH over a large
domain. In contrast, the protonation occurring during the
lifetimes of the excited basic state of most present fluores-
cent pH probes hinders ratiometric pH measurements based
on fluorescence emission. The following discussion attempts
to analyze the singular behavior of 4-PYMPO-NH2 and its
derivatives in the oxazole series.
We first focus on the lifetime of the B* states in the


whole series of oxazoles (BH+/B) investigated in the pres-
ent study. Indeed, the latter factor controls the width of the
kinetic window during which any protonation can take place
in the excited state. Time-resolved experiments on solutions
of 4-PYMPO gave lifetimes in the nanosecond range for 4-
PYMPOH+* and 4-PYMPO*. We did not perform exten-
sive determinations of the lifetimes of the basic excited
states of the other oxazoles. In fact, the similarity of their
molar absorption coefficients and of their maxima of ab-
sorption suggest that the rate constants for radiative deacti-
vation S1!S0 with fluorescence emission (kr) should remain
in the same range within the series.[50] Following this, the
lifetimes of the basic excited states should lie in the same
nanosecond range for all of the investigated compounds in
view of the uniformity of their large fluorescence quantum
yields in the whole series as kr=


�


t.
[2] Hence 4-PYMPO-NH2


singularity should not originate from its lifetime.
One is then left to examine whether the 4-PYMPO-NH2


singularity could be linked to the absence of a pKa shift
upon light absorption (thermodynamic control) or to the
protonation during the lifetime of the basic excited state
being too slow (kinetic control). To address the correspond-
ing issue, we evaluated the protonation constant of the ex-
cited state by using Equation (3):


2:3kBT½pKaðBHþ*=B*Þ�pKaðBHþ=BÞ ¼


hc
�


1
labsðBÞ


� 1
labsðBHþÞ


�
þ 1
2
½SðBHþÞ�SðBÞ


ð3Þ


in which kB is the Boltzmann constant, T is the absolute
temperature, h is the Planck constant, c is the light velocity,
and S(BH+) and S(B) are the experimental Stokes shifts for
BH+ and B, respectively. Equation (3) results from the Fçr-
ster cycle,[2] or from a more elaborate theory that explicitly
takes into account the reorganization energies of the sol-
vent[40] under assumptions given in the Supporting Informa-
tion. Table 2 displays the estimates of pKspec


a (BH+*/B*) ob-
tained from Equation (3) by using the pKa(BH


+/B) values
obtained from UV-visible absorption measurements. In the
case of 4-PYMPO*, the comparison between the pKspec


a esti-
mate and the pKem


a value extracted from time-resolved
measurements gives an order of magnitude of the uncertain-


Figure 9. Evolution of the ratio 1e,(1) of the fluorescence emissions at two
different wavelengths from a solution of 4-PYMPO-NH2 after one-
photon excitation. Solid line: 1e,ð1Þ600=400, l


ð1Þ
exc=395 nm; Dotted line: 1


e,ð1Þ
400=600,


lð1Þexc=300 nm. The curves were calculated with Equation (2) by using the
parameter values measured during the present study. [4-PYMPO-NH2]=
100 nm. Solvent: Britton–Robinson buffer[53] (0.1m) at 293 K.
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ty associated with using Equation (3) to evaluate the pro-
tonation constants in the excited state: pKem


a is larger than
pKspec


a by 1.4 pH units. Despite this limitation, the main
result from the derivation of the pKspec


a (BH+*/B*) value is
that pKa(BH


+*/B*)�pKa(BH
+/B) is probably positive in


the case of 4-PYMPO-NH2, although lower than that for 4-
PYMPO (this point is discussed in the Supporting Informa-
tion). Thus, the most-stable excited state of 4-PYMPO-NH2


in the pH range between both of the latter pKa values
should be the acidic excited state 4-PYMPOH-NH2


+*. Con-
sequently, 4-PYMPO-NH2 singularity is most probably not
associated with an absence of pKa shift upon light absorp-
tion.
Finally, one has to examine if 4-PYMPO-NH2 singularity


could result from a protonation being too slow during the
lifetime of its basic excited state. In fact, the main reactive
channels for 4-PYMPO-NH2* protonation should be: 3*1*
(reaction with H+), 3*2* (reaction with H2O), and 3*3’* (re-
action with the acidic state YH+ of the buffer; Figure 7).
Considering that the lifetime of 4-PYMPO-NH2* is in the
nanosecond range, when protonation is too slow it means
that k(B*!BH*)=k*31H+k*32+k*330YH<


1
tð4-PYMPO* Þ �10


9 s�1. In the


case of 4-PYMPO, we showed that protonation in the excit-
ed state was dominated by reaction with water in the rele-
vant pH range (k3*2*=1.8�0.7M109 s�1). More generally,
k3*2*=k2*3*Ke10


pKa(BH
+*/B*). Provided that pKa(BH


+*/B*)<
pKa(H2O,OH


�), k2*3* should be limited by diffusion
[25] so


k2*3*�1010m�1 s�1 in water at room temperature and then
k3*2*�10pKa(BH


+*/B*)�4. From the lifetimes of the basic excited
states that share a common nanosecond range, the present
oxazoles can be divided into two categories according to the
value of pKa(BH


+*/B*). When pKa(BH
+*/B*)�13, pro-


tonation by water can take place during the lifetime of their
basic excited state; the opposite is true when pKa(BH


+*/
B*)	13.
Molecules such as 4-PYMPO or 4-PYMPOM clearly ex-


hibit pKa(BH
+*/B*)�13. As the value of k3*2* can depend


on the local structure of water, these molecules should be
used with care when measuring the pH by using a ratiomet-
ric approach relying on fluorescence emission. In contrast,
they could be used as pOH-jump molecules. In the case of
4-PYMPO-NH2, k3*2*�10pKa(BH


+*/B*)�4�107 s�1. Even if
pKa(BH


+/B) is underestimated by 1.4 pH units (see above),
one anticipates that k3*2*!


1
tð4-PYMPO* Þ. Thus, water has not


enough time to protonate 4-PYMPO-NH2* during its life-
time and this absence of protonation is probably responsible
of the 4-PYMPO-NH2 singularity. In fact, a rather small dif-
ference in pKa(BH


+*/B*) is ultimately revealed as being
crucial to determine whether B can be used to perform ra-
tiometric pH measurements relying on fluorescence emis-
sion.
Beyond the significance of k*32, it is worth highlighting the


other terms contained in k(B*!BH*) that may also contribute
to the protonation of the basic excited state for all of the
considered oxazoles, as illustrated in Figure 5b. An upper
limit for k*31 and k*330 is the diffusion limit (typically
1010 m�1 s�1 in water at room temperature). In relation to


biological applications dealing with media that have pH>4,
protonation does not occur at the nanosecond timescale:
k*31H!


1
tB*
. In contrast, it is important to underline that


k*330YH may overcome 1
tB*
at concentrations in protonated


buffer typically exceeding 100 mm.


Conclusion


This paper accounts for the stepwise design of a reliable
fluorescent pH indicator based on a donor–acceptor fluoro-
phore that works close to neutral pH. We showed that the
synthetically versatile 5-aryl-2-pyridyloxazoles form an at-
tractive photophysical backbone with tunable acid–base
properties. They can be used for optical pH measurements
relying on one- and two-photon absorption or on a ratiomet-
ric approach based on excitation spectra.
In contrast, the prediction of their emission spectra at a


given pH is generally difficult owing to the major change in
pKa experienced upon light absorption. In particular, very
different spectra can be obtained in the range between pKa


and pK*
a depending on the local structure of water, or on


the concentration and the pKa(YH
+/Y) of buffering species.


This feature considerably hinders the use of these molecules
in ratiometric pH measurements relying on fluorescence
emission, in particular, in uncontrolled media such as those
encountered in biology. Nevertheless, we identified a 5-aryl-
2-pyridyloxazole platform than can also be used to perform
ratiometric pH measurements in the pH 3–8 range based on
fluorescence emission as a result of a weaker shift of the
pKa upon light absorption. This is especially attractive when
two-photon excitation is used because it would allow local
addressing on the femtoliter scale. Its similarity to the 4-
PYMPO backbone, which was used to design an efficient
probe,[10] suggests that 4-PYMPO-NH2 derivatives could be
used in applications for measuring intracellular pH.


Experimental Section


General procedures : The commercially available chemicals were used
without further purification. Anhydrous solvents were freshly distilled
before use. Column chromatography: silica gel 60 (0.040–0.063 mm),
Merck. Analytical and thin layer chromatography: silica gel plates,
Merck; detection by UV light (l=254 nm). Melting point: BTchi 510.
1H NMR spectra: AM-250 or 400 AVANCE Bruker; chemical shifts (d)
in ppm related to protonated solvent as internal reference (1H: CHCl3 in
CDCl3, 7.26 ppm; CHD2SOCD3 in CD3SOCD3, 2.49 ppm ; HOD in D2O,
4.98 ppm. 13C: 13CDCl3 in CDCl3, 77.0 ppm;


13CD3SOCD3 in CD3SOCD3,
39.6 ppm); coupling constants J in Hz. Infrared absorption spectra were
recorded on a Bruker Tensor 27 spectrometer. Mass spectrometry (chem-
ical ionization with NH3) was performed at the Service de Spectrom<trie
de masse de lUENS. Microanalyses were obtained from the Service de Mi-
croanalyses de lUUniversit< Pierre et Marie Curie, Paris.


Syntheses of the precursors for 4-PYMPOM


1-Methoxy-2,6-dimethylpyridinium methyl sulfate (2):[33] Dimethyl sulfate
(21.7 mL, 228 mmol, 1 equiv) was poured into 2,6-lutidine-1-oxyde (1)
(27.6 mL, 228 mmol) slowly enough to prevent the temperature from
rising above 80 8C. Then the mixture was stirred at 80 8C for 2 h. After
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cooling, the precipitate was recrystallized in anhydrous acetone yielding
2 as colorless needles (48.83 g, 86%). 1H NMR (250 MHz, CDCl3, 25 8C,
TMS): d=8.08 (t, 3J=7.9 Hz, 1H), 7.67 (d, 3J=7.9 Hz, 2H), 4.23 (s, 3H),
3.39 (s, 3H), 2.74 ppm (s, 6H).


4-Cyano-2,6-dimethylpyridine (3):[33] A solution of potassium cyanide
(38.26 g, 588 mmol, 3 equiv) in water (80 mL) was added into a solution
of 2 (48.83 g, 196 mmol) in water (50 mL) under nitrogen. The resulting
mixture was stirred for 24 h at room temperature. After this period, the
precipitated pinky powder was collected by filtration and was extracted
with dichloromethane for 5 h in a Soxhlet extractor. Compound 3 was
eventually obtained as a colorless powder (6.589 g, 25%). The filtrate
was extracted three times with diethyl ether (3M50 mL). The organic
phases were dried and evaporated yielding a mixture of 3 (4.678 g, 18%)
and 2,6-dimethylpyridine (1.708 g) that was not subsequently processed.
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=7.20 (s, 2H), 2.59 ppm (s,
6H); 1H NMR (250 MHz, D2O, 25 8C, TMS): d=7.28 (s, 2H), 2.39 ppm
(s, 6H); 13C NMR (62.9 MHz, CDCl3, 25 8C, TMS): d=159.4, 121.7,
120.7, 116.9, 24.5 ppm; IR (ATR): ñ=2236, 1592, 1565, 1399, 1387, 909,
865 cm�1; MS (CI, NH3): m/z (%): 133 (100) [M+H]+ , 124 (21).


2,6-Dimethylisonicotinic acid (4): A solution of 3 (3.544 g, 26.8 mmol)
and sodium hydroxide (2.145 g, 53.6 mmol, 2 equiv) in ethanol (27 mL)
was reacted at reflux for 3 h. After evaporation, the crude residue was
dissolved in a minimum of water and 2m hydrochloric acid was added
until pH�3. The solution was evaporated to dryness. The residue was
suspended in hot ethanol (10 mL) and the suspension was filtered.
During cooling, 4 recrystallized as colorless crystals (1.553 g, 38%). A
second recrystallization was performed on the residue resulting from the
evaporation of the ethanol filtrate giving another crop of 4 (1.620 g,
40%). M.p. 283 8C (decomp); 1H NMR (250 MHz, D2O, 25 8C, TMS): d=
7.70 (s, 2H), 2.62 ppm (s, 6H); 13C NMR (62.9 MHz, D2O, 25 8C, TMS):
d=170.2, 153.8, 153.1, 123.3, 18.8 ppm; IR (ATR): ñ=3500–2800, 1630,
1606, 1561, 1410, 790, 758 cm�1; MS (CI, NH3): m/z (%): 169 (12)
[M+NH]+ , 152 (100) [M+H]+ , 151 (45); elemental analysis calcd (%)
for C8H9NO2 (151.16) : C 63.56, H 6.00, N 9.26; found: C 63.13, H 6.10,
N 9.27.


Condensations leading to the formation of the 5-aryl-2-aryloxazole ring


5-Phenyl-2-(4-pyridyl)oxazole (4-PYPO):[24] Isonicotinic acid (1.065 g,
8.6 mmol) was reacted at reflux for 2 h with thionyl chloride (3.1 mL,
43.2 mmol, 5 equiv). After evaporation of the excess thionyl chloride
under vacuum, isonicotinoyl chloride chlorhydrate was obtained as a
white powder (1.131 g, 73%) that was used in the next step without any
further purification.


2-Amino-1-phenylethanone chlorhydrate (1.090 g, 6.3 mmol) was added
portionwise to a solution of isonicotinoyl chloride chlorhydrate (1.131 g,
6.3 mmol, 1 equiv) in dry pyridine (18 mL). After warming at 100 8C for
2 h, the mixture was cooled to room temperature and poured into water
(10 mL). The white precipitate was discarded by means of filtration.
After neutralization of the filtrate with solid sodium hydrogencarbonate
and filtration, N-(phenacyl)isonicotinamide was obtained as orange nee-
dles (0.717 g, 47%) that were used without further purification for the
next step. 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=8.78 (AA’XX’,
3J=6.0 Hz, 2H), 8.05–8.01 (m, 2H), 7.71 (AA’XX’, 3J=6.0 Hz, 2H), 7.66
(tt, 3J=7.5 Hz, 4J=1.3 Hz, 1H), 7.57–7.51 (m, 2H), 7.43 (s, 1H),
4.96 ppm (d, 3J=4.3 Hz, 2H); 13C NMR (100.6 MHz, CDCl3, 25 8C,
TMS): d=193.7, 165.4, 150.7, 140.9, 134.5, 134.0, 129.0, 128.0, 120.9,
46.8 ppm.


A mixture of N-(phenacyl)isonicotinamide (717 mg, 3.0 mmol, 1 equiv),
acetic anhydride (9 mL), and 85% phosphoric acid (1 mL) was left at
reflux for 90 min. After cooling to room temperature, the supernatant
was removed. The oily residue was mixed with 6m sodium hydroxide
until pH 8 and a light brownish precipitate was formed after addition of
water (5 mL). After filtration and drying, the resulting brown powder
was recrystallized in cyclohexane to yield yellow crystals of 4-PYPO
(225 mg, 33%). 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=8.76
(AA’XX’, 3J=6.1 Hz, 2H), 7.94 (AA’XX’, 3J=6.2 Hz, 2H), 7.76–7.72 (m,
2H), 7.52 (s, 1H), 7.50–7.44 (m, 2H), 7.39 ppm (tt, 3J=7.4 Hz, 4J=
1.5 Hz, 1H); 13C NMR (100.6 MHz, CDCl3, 25 8C, TMS): d=158.7, 152.6,
150.5, 134.2, 129.1, 129.0, 127.3, 124.5, 124.0, 119.8 ppm; MS (CI, NH3):


m/z (%): 224 (22), 223 (100) [M+H]+ ; elemental analysis calcd (%) for
C14H10N2O (222.24): C 75.66, H 4.53, N 12.60; found: C 75.66, H 4.63, N
12.67.


5-(4’-Methoxyphenyl)-2-aryloxazole rings : The appropriate acid, 2-
amino-1-(4’-methoxyphenyl)ethanone chlorhydrate (1 equiv), and phos-
phoryl oxychloride POCl3 (8 equiv) were reacted under reflux for 6 h. A
precipitate generally started to form at this step. After cooling to room
temperature, the excess POCl3 was removed under vacuum. The solution
resulting from the addition of ethanol/water (2:1, v/v; just enough to
solubilize the residue) to the residue was made basic (pH 8) by adding
28% ammonia. A precipitate formed and was then filtered, washed with
water, and dried. It was then recrystallized in cyclohexane.


5-(4’-Methoxyphenyl)-2-(4-pyridyl)oxazole (4-PYMPO):[18] 4-PYMPO
was obtained as a fine brown powder (87%). 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=8.74 (AA’XX’, 3J=6.1 Hz, 2H), 7.91 (AA’XX’,
3J=6.2 Hz, 2H), 7.66 (AA’XX’, 3J=8.9 Hz, 2H), 7.39 (s, 1H), 6.98
(AA’XX’, 3J=8.8 Hz, 2H), 3.86 ppm (s, 3H); 13C NMR (100.6 MHz,
CDCl3, 25 8C, TMS): d=160.3, 158.1, 152.6, 150.5, 134.3, 126.1, 122.5,
120.1, 119.7, 114.5, 55.4 ppm; elemental analysis calcd (%) for
C15H12N2O2 (252.27): C 71.42, H 4.79, N 11.10; found: C 71.24, H 4.90, N
11.08.


5-(4’-Methoxyphenyl)-2-(2,6-dimethyl-4-pyridyl)oxazole (4-PYMPOM): 4-
PYMPOM was obtained as a fine brown powder (60%) that gave a
yellow powder after recrystallization in cyclohexane (51%). M.p. 105 8C;
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=7.66 (AA’XX’, 3J=8.9 Hz,
2H), 7.60 (s, 2H), 7.36 (s, 1H), 6.98 (AA’XX’, 3J=8.9 Hz, 2H), 3.86 (s,
3H), 2.60 ppm (s, 6H); 13C NMR (100.6 MHz, CDCl3, 25 8C, TMS): d=
160.2, 158.7 (2), 152.3, 134.8, 126.0, 122.3, 120.3, 116.3, 114.5, 55.4,
24.5 ppm; MS (CI, NH3): m/z (%): 309 (15), 281 (100) [M+H]+ , 280
(13); HRMS (CI, NH3): m/z calcd for C17H17N2O2: 281.1290; found:
281.1286 [M+H]+ ; elemental analysis calcd (%) for C17H16N2O2 (280.32):
C 72.84, H 5.75, N 9.99; found: C 72.63, H 5.69, N 10.07.


5-(4’-Methoxyphenyl)-2-(2-chloro-4-pyridyl)oxazole (4-PYMPO-Cl): 4-
PYMPO-Cl was obtained as a fine yellow powder (88%). 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d=8.51 (d,


3J=5.2 Hz, 1H), 7.96 (s, 1H),
7.85 (d, 3J=5.3 Hz, 1H), 7.68 (AA’XX’, 3J=8.8 Hz, 2H), 7.41 (s, 1H),
7.00 (AA’XX’, 3J=8.8 Hz, 2H), 3.88 ppm (s, 3H); 13C NMR (62.9 MHz,
CDCl3, 25 8C, TMS): d=160.5, 156.9, 153.2, 152.5, 150.4, 137.1, 126.2,
122.8, 120.3, 119.9, 118.5, 114.6, 55.4 ppm; MS (CI, NH3): m/z (%): 289
(35) [M+H]+ , 288 (18), 287 (100) [M+H]+ , 253 (26); elemental analysis
calcd (%) for C15H11ClN2O2 (286.72): C 62.84, H 3.87, N 9.77; found: C
62.99, H 3.89, N 9.66.


5-(4’-Methoxyphenyl)-2-(2-pyridyl)oxazole (2-PYMPO): 2-PYMPO[51]


was obtained as a white powder (63%). 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=8.77–8.73 (m, 3J=4.9 Hz, 1H), 8.17–8.13 (m, 3J=7.0 Hz,
1H), 7.82 (ddd, 3J= 3J=7.8 Hz, 4J=1.8 Hz, 1H), 7.72 (AA’XX’, 3J=
8.8 Hz, 2H), 7.39 (s, 1H), 7.35 (ddd, 3J=7.6, 4.8 Hz, 4J=1.1 Hz, 1H),
6.96 (AA’XX’, 3J=8.8 Hz, 2H), 3.86 ppm (s, 3H); 13C NMR (100.6 MHz,
CDCl3, 25 8C, TMS): d=160.1, 159.4, 152.6, 150.0, 146.2, 136.8, 126.2,
124.3, 122.3, 121.9, 120.4, 114.3, 55.3 ppm; MS (CI, NH3): m/z (%): 254
(29), 253 (100) [M+H]+ ; elemental analysis calcd (%) for C15H12N2O2


(252.27) : C 71.42, H 4.79, N 11.10; found: C 71.30, H 4.75, N 11.00.


5-(4’-Methoxyphenyl)-2-(2-quinolyl)oxazole (2-QUIMPO): 2-QUIMPO
was obtained as a brown-yellow powder (39%). 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=8.28–8.25 (m, 3H), 7.87–7.83 (m, 1H), 7.78
(AA’XX’, 3J=8.8 Hz, 2H), 7.78–7.74 (m, 1H), 7.61–7.56 (m, 1H), 7.46 (s,
1H), 6.99 (AA’XX’, 3J=8.9 Hz, 2H), 3.86 ppm (s, 3H); 13C NMR
(100.6 MHz, CDCl3, 25 8C, TMS): d=160.2, 159.6, 153.1, 148.0, 145.8,
137.0, 130.1, 130.0, 128.1, 127.6, 127.4, 126.4, 122.6, 120.4, 119.3, 114.3,
55.4 ppm; MS (CI, NH3): m/z (%): 304 (34), 303 (100) [M+H]+ , 141 (17),
110 (18); elemental analysis calcd (%) for C19H14N2O2 (302.33): C 75.48,
H 4.67, N 9.26; found: C 75.46, H 4.84, N 9.10.


6-[5-(4’-Methoxyphenyl)-2-oxazolyl]picolinic acid (2-PYMPO-CO2H):
2,6-Pyridinedicarboxylic acid (1.128 g, 6.75 mmol), 2-amino-1-(4’-meth-
oxyphenyl)ethanone chlorhydrate (1.361 g, 6.75 mmol, 1 equiv), and
POCl3 (5.0 mL, 54 mmol, 8 equiv) were reacted under reflux for 3 h. At
the end of this step, a solid started to form. After cooling, the mixture
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was evaporated and an ethanol/water (2:1, v/v; 15 mL) mixture was
added to the residue.


The precipitate was filtered, washed with water, and dried; 2,6-bis-[5-(4’-
methoxyphenyl)-2-oxazolyl]pyridine was thus obtained as a brown
powder (1.034 g, 36%) that was recrystallized in pyridine. 1H NMR
(400 MHz, (CD3)2SO, 25 8C, TMS): d=8.50–8.46 (m, 2H), 8.41–8.35 (m,
1H), 8.06 (s, 2H), 8.05 (AA’XX’, 3J=8.8 Hz, 4H), 7.34 (AA’XX’, 3J=
8.8 Hz, 4H), 4.05 ppm (s, 6H); 13C NMR (100.6 MHz, (CD3)2SO, 25 8C,
TMS): d=159.9, 158.4, 152.2, 145.7, 138.8, 126.1, 123.1, 122.8, 119.8,
114.8, 55.4 ppm; elemental analysis calcd (%) for C25H19N3O4 (425.44): C
70.58, H 4.50, N 9.88; found: C 70.58, H 4.53, N 9.92.


The filtrate was made alkaline (pH 8) by addition of ammonia (28%).
The new precipitate was filtered, washed with water, and dried. It was
dissolved in a mixture 2m sodium hydroxide (5 mL)/pyridine (1 mL) and
the resulting solution was placed at reflux for 1 h to hydrolyze the ester
formed during the preceding workup. After cooling, the solution was
acidified (to pH 2) with 2m hydrochloric acid yielding a brown powder.
2-PYMPO-CO2H was filtered (500 mg, 25%) and was subsequently re-
crystallized in an ethanol/water (1.5:1, v/v) mixture. 1H NMR (400 MHz,
(CD3)2SO, 25 8C, TMS): d=8.55 (dd,


3J=7.1, 1.8 Hz, 1H), 8.40–8.33 (m,
2H), 8.01 (s, 1H), 8.01 (AA’XX’, 3J=8.8 Hz, 2H), 7.31 (AA’XX’, 3J=
8.8 Hz, 2H), 4.04 ppm (s, 3H); 13C NMR (100.6 MHz, (CD3)2SO, 25 8C,
TMS): d=165.9, 160.0, 158.5, 152.4, 148.9, 145.5, 139.1, 126.3, 125.7,
125.0, 123.1, 119.9, 114.9, 55.5; MS (CI, NH3): m/z (%): 315 (27), 314
(100) [M+NH4]


+ , 298 (19), 297 (84) [M+H]+ , 253 (53); elemental analy-
sis calcd (%) for C16H12N2O4 (296.28): C 64.86, H 4.08, N 9.45; found: C
64.78, H 4.09, N 9.33.


Functional alterations of the 5-(4’-methoxyphenyl)-2-aryloxazole deriva-
tives


{4-[5-(4’-Methoxyphenyl)-2-oxazolyl]-2-pyridyl}hydrazine (4-PYMPO-
NHNH2): A mixture of 4-PYMPO-Cl (160 mg, 0.6 mmol, 1 equiv) and
hydrazine monohydrate (5 mL, 103.1 mmol) was reacted under reflux for
16 h. After evaporation, the viscous residue was triturated in diethyl
ether. The resulting powder was filtered and recrystallized in benzene to
yield 4-PYMPO-NHNH2 as a light brown powder (65 mg, 41%). M.p.
160 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=8.18 (d,


3J=5.4 Hz,
1H), 7.66 (AA’XX’, 3J=8.7 Hz, 2H), 7.46 (s, 1H), 7.32 (dd, 3J=5.4 Hz,
4J=1.0 Hz, 1H), 7.24 (d, 4J=1.2 Hz, 1H), 6.98 (AA’XX’, 3J=8.7 Hz,
2H), 3.86 ppm (s, 3H); 13C NMR (62.9 MHz, (CD3)2CO, 25 8C, TMS): d=
161.3, 159.8, 153.2, 149.6, 136.7, 127.1, 123.5, 121.3, 115.4, 111.8, 103.4,
55.8 ppm; MS (CI, NH3): m/z (%): 311 (20), 284 (38), 283 (100) [M+H]+ ,
282 (23); HRMS (CI, CH4): m/z calcd for C15H15N4O2: 283.1195; found:
283.1192 [M+H]+ .


N’-{4-[5-(4’-Methoxyphenyl)-2-oxazolyl]-2-pyridyl}acetohydrazide (4-
PYMPO-NHNHAc): Acetic anhydride (76.5 mg, 0.75 mmol, 1 equiv) was
added to a solution of 4-PYMPO-NHNH2 (211.5 mg, 0.75 mmol, 1 equiv)
in pyridine (4 mL). The resulting solution was stirred at room tempera-
ture for 33 h. After evaporation, the residue was purified by means of
column chromatography on silica gel (dichloromethane/methanol 95:5)
to yield 4-PYMPO-NHNHAc as a light yellow powder (200 mg, 82%)
that was recrystallized twice: first in benzene and then in chloroform.
1H NMR (250 MHz, CD3OD, 25 8C, TMS): d=8.23 (d,


3J=5.4 Hz, 1H),
7.78 (AA’XX’, 3J=8.8 Hz, 2H), 7.58 (s, 1H), 7.43 (dd, 3J=5.5 Hz, 4J=
1.2 Hz, 1H), 7.34 (m, 1H), 7.08 (AA’XX’, 3J=8.8 Hz, 2H), 3.88 ppm (s,
3H); MS (CI, NH3): m/z (%): 326 (35), 325 (100) [M+H]+ , 307 (11), 268
(54), 117 (20); HRMS (CI, CH4): m/z calcd for C17H17N4O3: 325.1301;
found: 325.1298 [M+H]+ .


4-[5-(4’-Methoxyphenyl)-2-oxazolyl]-2-pyridylamine (4-PYMPO-NH2): A
suspension of 4-PYMPO-NHNH2 (423 mg, 1.5 mmol) and Raney nickel
as a 50% slurry in water (1.5 mL) was stirred under hydrogen (P=1 bar)
at room temperature for 17 h. After filtration over Celite, the filtrate was
evaporated. The crude residue was purified by using column chromatog-
raphy on silica gel (dichloromethane/methanol 95:5) to yield 4-PYMPO-
NH2 as a light yellow powder (205 mg, 51%) that was recrystallized in
benzene (153 mg, 38%). M.p. 184 8C; 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=8.19 (d, 3J=5.4 Hz, 1H), 7.65 (AA’XX’, 3J=8.8 Hz, 2H), 7.36
(s, 1H), 7.29 (dd, 3J=5.4, 4J=1.4 Hz, 1H), 7.16 (m, 1H), 6.98 (AA’XX’,
3J=8.8 Hz, 2H), 3.87 ppm (s, 3H); 13C NMR (100.6 MHz, CDCl3, 25 8C,


TMS): d=160.2, 158.9, 158.6, 152.3, 148.9, 136.1, 126.0, 122.3, 120.3,
114.5, 110.5, 104.6, 55.4; MS (CI, NH3): m/z (%): 269 (18), 268 (100)
[M+H]+ ; HRMS (CI, CH4): m/z : calcd for C15H14N3O2: 268.1086; found:
268.1084 [M+H]+ .


5-(4’-Hydroxyphenyl)-2-(4-pyridyl)oxazole (4-PYHPO): A mixture of hy-
drobromic acid 48% (7 mL), 4-PYMPO (115 mg, 0.45 mmol, 1 equiv),
and acetic acid (2 mL) was stirred for 24 h at room temperature. The so-
lution was diluted with water (15 mL) and neutralized with 2m sodium
hydroxide until precipitation occurred (pH�6–7). The fine brown
powder was collected (56%, 61 mg) and recrystallized twice in ethanol to
yield 4-PYHPO as a cream powder (14%, 15 mg). 1H NMR (400 MHz,
CD3OH, 25 8C, TMS): d=8.89 (AA’XX’, 3J=6.2 Hz, 2H), 8.23 (AA’XX’,
3J=6.2 Hz, 2H), 7.88 (AA’XX’, 3J=8.7 Hz, 2H), 7.74 (s, 1H), 7.10 ppm
(AA’XX’, 3J=8.7 Hz, 2H); 13C NMR (62.9 MHz, (CD3)2SO, 25 8C, TMS):
d=158.3, 157.2, 152.6, 150.6, 133.5, 126.2, 122.5, 119.3, 118.1, 115.9 ppm;
MS (CI, NH3): m/z (%): 240 (26), 239 (100) [M+H]+ ; HRMS (CI, NH3):
m/z calcd (%) for C14H11N2O2: 239.0821; found: 239.0820 [M+H]+ .


Methyl ester of 6-[5-(4’-methoxyphenyl)-2-oxazolyl]picolinic acid (2-
PYMPO-CO2Me): A solution of 2-PYMPO-CO2H (61 mg, 0.2 mmol) and
a few drops of concentrated sulfuric acid in methanol (30 mL) was placed
under reflux for 1 h. After evaporation of the solvent, the mixture was
extracted with water and dichloromethane. The organic phase was dried
over anhydrous sodium sulfate to yield 2-PYMPO-CO2Me as a creamy
solid after solvent evaporation (55 mg, 86%). M.p. 140 8C; 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d=8.34 (dd,


3J=8.0 Hz, 4J=1.0 Hz, 1H),
8.19 (dd, 3J=8.0 Hz, 4J=1.0 Hz, 1H), 7.99 (dd, 3J= 3J=7.8 Hz, 1H), 7.76
(AA’XX’, 3J=8.8 Hz, 2H), 7.42 (s, 1H), 6.98 (AA’XX’, 3J=8.8 Hz, 2H),
4.06 (s, 3H), 3.87 ppm (s, 3H); 13C NMR (62.9 MHz, CDCl3, 25 8C,
TMS): d=165.4, 160.3, 158.6, 153.2, 148.4, 146.4, 138.0, 126.4, 125.4,
125.0, 122.5, 120.3, 114.4, 55.4, 53.0 ppm; MS (CI, NH3): m/z (%): 312
(21), 311 (100) [M+H]+ .


6-[5-(4’-Methoxyphenyl)-2-oxazolyl]-2-pyridylmethanol (2-PYMPO-
CH2OH): Lithium aluminum hydride (1m, 0.46 mL, 0.46 mmol, 1.1 equiv)
in THF was added dropwise to a solution of 2-PYMPO-CO2Me (130 mg,
0.42 mmol) in freshly distilled THF (2 mL) under nitrogen. The suspen-
sion was stirred at room temperature for 1 h. It was then cautiously neu-
tralized with ammonium chloride. After stirring for 30 min, the organic
supernatant was removed and the residue was extracted with diethyl
ether. The mixed organic phases were dried over anhydrous sodium sul-
fate and evaporated. 2-PYMPO-CH2OH was obtained as a yellow
powder (95 mg, 80%) that was recrystallized in toluene. 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d=8.02 (d,


3J=7.8 Hz, 1H), 7.81 (dd,
3J= 3J=7.8 Hz, 1H), 7.69 (AA’XX’, 3J=8.8 Hz, 2H), 7.40 (s, 1H), 7.36
(d, 3J=7.7 Hz, 1H), 6.97 (AA’XX’, 3J=8.8 Hz, 2H), 4.88 (s, 2H),
3.86 ppm (s, 3H); 13C NMR (62.9 MHz, CDCl3, 25 8C, TMS): d=160.2,
160.0, 159.2, 152.6, 145.0, 137.6, 132.2, 126.2, 122.3, 121.3, 120.4, 114.5,
64.4, 55.4; MS (CI, NH3): m/z (%): 284 (18), 283 (100) [M+H]+ ; elemen-
tal analysis calcd (%) for C16H14N2O3 (282.30): C 68.07, H 5.00, N 9.92;
found: C 68.11, H 4.96, N 9.86.


5-(4’-Methoxyphenyl)-2-[4-(dihydroxyboranyl)]oxazole (4-BOMPO): 4-
(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzoic acid (243 mg,
1.0 mmol) was placed under reflux for 2 h in an excess of thionyl chloride
(2 mL, 27 mmol, 28 equiv). After elimination of SOCl2 under vacuum,
the crude acyl chloride was dissolved in methylene chloride (50 mL). 2-
Amino-1-(4’-methoxyphenyl)ethanone chlorhydrate (195 mg, 1.0 mmol)
and pyridine (0.2 mL, 2.95 mmol, 3 equiv) were added to the resulting so-
lution cooled at 0 8C and the mixture was stirred for 16 h at room temper-
ature. The organic solution was quenched by addition of water at 0 8C
and then dried over anhydrous sodium sulfate. After evaporation of the
solvent, the crude residue was purified by column chromatography on
silica gel (dichloromethane/ethyl acetate 80:20). 2-[4-(4,4,5,5-Tetrameth-
yl-1,3,2-dioxaborolan-2-yl)benzoylamino]-4’-methoxyacetophenone was
obtained as a white powder (121 mg, 31%). 1H NMR (250 MHz, CDCl3,
25 8C, TMS): d=7.92 (AA’XX’, 3J=8.8 Hz, 2H), 7.85–7.75 (m, AA’XX’,
4H), 7.38–7.28 (m, 1H), 6.91 (AA’XX’, 3J=8.8 Hz, 2H), 4.83 (d, 3J=
4.1 Hz, 2H), 3.81 (s, 3H), 1.29 ppm (s, 12H); 13C NMR (62.9 MHz,
CDCl3, 25 8C, TMS): d=191.6, 166.3, 163.4, 135.1, 134.0, 129.3, 126.3,
125.2, 113.2, 83.1, 54.5, 45.5, 23.9, 23.8 ppm.


Chem. Eur. J. 2006, 12, 1097 – 1113 J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1111


FULL PAPERFluorescent pH Probes



www.chemeurj.org





2-[4-(Dihydroxyboranyl)benzoylamino]-4’-methoxyacetophenone
(115 mg, 0.29 mmol, 1 equiv) and phosphorous oxychloride (5 mL,
55 mmol) were refluxed for 90 min. After pouring the mixture onto ice
under stirring, a light brown solid started to precipitate. 4-BOMPO was
collected by filtration, washed with cold water, and dried by aspiration
(65 mg, 76%). 1H NMR (250 MHz, (CD3)2SO, 25 8C, TMS): d=8.05
(AA’XX’, 3J=8.1 Hz, 2H), 7.96 (AA’XX’, 3J=8.1 Hz, 2H), 7.81
(AA’XX’, 3J=8.7 Hz, 2H), 7.72 (s, 1H), 7.09 (AA’XX’, 3J=8.8 Hz, 2H),
3.84 ppm (s, 3H); 13C NMR (62.9 MHz, (CD3)2SO, 25 8C, TMS): d=


159.7, 159.6, 150.9, 134.7, 128.1, 125.7, 124.6, 122.6, 120.1, 114.6, 55.3 ppm.


1-Methyl-4-[5-(4’-methoxyphenyl)-2-oxazolyl]pyridinium p-toluenesulfo-
nate (4-PYMPOMe+ TsO�):[38] A solution of 4-PYMPO (209 mg,
0.8 mmol) and methyl tosylate (0.2 mL, 1.2 mmol, 1.5 equiv) in toluene
(4.2 mL) was placed under reflux for 1 h. The precipitate that was
formed after cooling the mixture to room temperature was collected and
dried yielding 1-methyl-4-[5-(4’-methoxyphenyl)-2-oxazolyl]pyridinium p-
toluenesulfonate as a yellow powder (228 mg, 65%). 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=9.18 (d,


3J=6.7 Hz, 2H), 8.29 (d, 3J=6.3 Hz,
2H), 7.73 (d, 3J=8.0 Hz, 2H), 7.64 (AA’XX’, 3J=8.8 Hz, 2H), 7.50 (s,
1H), 7.08 (d, 3J=8.0 Hz, 2H), 6.96 (AA’XX’, 3J=8.8 Hz, 2H), 4.57 (s,
3H), 3.85 (s, 3H), 2.25 ppm (s, 3H); 13C NMR (100.6 MHz, CDCl3, 25 8C,
TMS): d=161.2, 156.0, 155.0, 146.6, 143.5, 139.9, 139.4, 128.7, 126.8,
125.8, 124.6, 122.7, 118.7, 114.8, 55.5, 48.5, 21.2 ppm; elemental analysis
calcd (%) for C23H22N2O5 (438.50): C 62.99, H 5.06, N 6.39; found: C
62.58, H 5.34, N 6.19.


pH measurements : pH measurements were performed on a standard
PHM210 pH meter (Radiometer Analytical) that was calibrated with
buffers at pH 4 and 7. For the measurements in the most alkaline solu-
tions (pH>12), we relied on indicator sticks (precision: �0.25 pH units).
The evolution of the absorbance or the fluorescence as a function of pH
were analyzed with the SPECFIT/32 global analysis system (version 3.0
for 32-bit Windows systems) to extract the pKa of the ground state.


[52] In
the case of the excited state, the pKa was derived either from lifetime
measurements (4-PYMPO) or from consideration of the upper pH limit
beyond which no further evolution of the fluorescence emission was de-
tected. This was carried out by taking into account that the width over
which an observable is affected around the pKa is 2 pH units (for 2-
PYMPO, 2-QUIMPO, and 2-PYMPO-CH2OH) or directly by analyzing
the inflection in the titration curve with the SPECFIT/32 software (2-
PYMPO-CO2Me).


Spectroscopic measurements : Unless stated otherwise, all the experi-
ments were performed at 293 K in Britton–Robinson buffer (boric acid,
acetic acid, phosphoric acid), 0.1m�1, prepared according to ref. [53].


UV/Vis absorption : UV/Vis absorption spectra were recorded on a Kon-
tron Uvikon-940 spectrophotometer. Molar absorption coefficients were
extracted while checking the validity of the Beer–Lambert law.


Steady-state fluorescence emission : Corrected fluorescence spectra were
obtained from a Photon Technology International LPS 220 spectro-
fluorimeter. Solutions for fluorescence measurements were adjusted to
concentrations such that the absorption was below 0.15 at the excitation
wavelength (typical range: a few micromolar). The overall fluorescence
quantum yields fF were calculated from the relation given in Equa-
tion (4):


�F ¼ �ref
1�10�Aref ðlexcÞ


1�10�AðlexcÞ
D
Dref


�
n
nref


�2


ð4Þ


in which the subscript “ref” stands for standard samples. A(lexc) is the ab-
sorbance at the excitation wavelength, D is the integrated emission spec-
trum, and n is the refractive index for the solvent. The uncertainty in the
experimental value of fF was estimated to be �10%. The standard fluo-
rophore for the quantum yield measurements was quinine sulfate in 0.1m
H2SO4 with fref=0.55.


[54]


Two-photon excitation : The two-photon excitation spectra were recorded
with a homebuilt setup[43] using the reported excitation spectrum of fluo-
rescein for calibration.[22] We investigated the dependence of the fluores-
cence emission as a function of the excitation power for all the com-


pounds studied and we chose the power such as to remain in the range of
power-squared dependence (as a rule, the power before the entrance of
the beam expander was set to less than 60 mW).


Phase-modulation fluorometry : The time-resolved fluorescence measure-
ments were carried out by using the frequency-domain technique[2] with a
phase/modulation instrument Fluorolog3-tau3 (SPEX-JOBIN-YVON).
This apparatus works with a xenon lamp as a light source that is modulat-
ed by a Pockels cell (accessible range of frequencies: 0.1–300 MHz).
POPOP in methanol was used as a reference in the investigated range of
emitted wavelengths (t=1.32 ns). The excitation wavelength was 360 nm.
High-pass filters were used to collect the whole emission from the acidic
and basic states of 4-PYMPO (l>400 nm), the selective emission from
the acidic state of 4-PYMPO (l>550 nm), and the emission from
POPOP (l>450 nm). Absorbances at the excitation wavelength were
lower than 0.1 au during this series of experiments.


The fluorescence intensity decays were extracted from the multifrequen-
cy data and fitted with a single (N=1) or double (N=2) exponential
decay model by using the Globals software (Globals Unlimited, Universi-
ty of Illinois at Urbana Champaign, Laboratory for Fluorescence Dynam-
ics). The fluorescence intensity decay, IpH(t), at a given pH obeys the fol-
lowing [Eq. (5)]:


IpHðtÞ ¼ S
N


i¼1
ai,pH exp


�
� t
ti,pH


�
ð5Þ


in which ai,pH is the pH-dependent amplitude associated with the individ-


ual lifetime ti,pH ( S
N


i¼1
ai,pH=1). The intensity fraction of the component i


in a steady state is given in Equation (6):


f i,pH ¼


R1
0


Ii,pHðtÞdt


R1
0


IpHðtÞdt
¼


ai,pHti,pH


S
N


i¼1
ai,pHti,pH


ð6Þ


with S
N


i¼1
fi,pH=1.
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A Photocontrolled b-Hairpin Peptide
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Introduction


Of the two major structural elements of proteins, a-helices
have been thoroughly investigated for many decades, where-
as defined models of b-sheets have been developed only in
recent years.[1] In contrast to helices, where local (i,i+3) or
(i,i+4) hydrogen bonds confer stability, b-strands require a
structural context for stabilization. Tertiary structure is,
therefore, the crucial prerequisite for the b-extended secon-
dary structure. The smallest structural motif consisting of
short b-strands is the b-hairpin motif, where two antiparallel
strands are linked by a turn or small loop. In proteins b-hair-
pins often constitute binding epitopes and are involved in
protein–protein or protein–DNA interaction.[2] While model
a-helices have been studied extensively for decades, models
for b-structure are less accessible. Besides the requirement
for at least two b-strands, peptides with preference for an
extended conformation are usually prone to aggregation.
Additionally, small b-structures such as the b-hairpin are
only marginally stable and more difficult to characterize
spectroscopically than a-helices.[1] The development of
highly stable, yet monomeric b-hairpins based on, for exam-
ple, a designed tryptophan zipper motif[3] has been a major
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Abstract: b-Hairpins constitute the
smallest b-type structures in peptides
and proteins. The development of
highly stable, yet monomeric b-hairpins
based on the tryptophan zipper motif
was therefore a remarkable success
[A. G. Cochran, N. J. Skelton, M. A.
Starovasnik, Proc. Natl. Acad. Sci USA
2001, 98, 5578–5583]. We have been
able to design, synthesize and charac-
terize a hairpin based on this motif
which incorporates an azobenzene-
based photoswitch, that allows for
time-resolved folding studies of b-
structures with unprecedented time res-
olution. At room temperature the


trans-azo isomer exhibits a mostly dis-
ordered structure; however, light-in-
duced isomerization to the cis-azo form
leads to a predominantly extended and
parallel conformation of the two pep-
tide parts, which are linked by the
novel photoswitch, [3-(3-aminomethyl)-
phenylazo]phenylacetic acid (AMPP).
While in the original sequence the di-
peptide Asn-Gly forms a type I’ b-turn
which connects the two strands of the


hairpin, this role is adopted by the
AMPP chromophore in our photores-
ponsive b-hairpin that can apparently
act as a b I’-turn mimetic. The b-hair-
pin structure was determined and con-
firmed by NMR spectroscopy, but the
folding process can be monitored by
pronounced changes in the CD, IR and
fluorescence spectra. Finally, incorpo-
ration of the structurally and function-
ally important b-hairpin motif into pro-
teins by chemical ligation might allow
for the photocontrol of protein struc-
tures and/or functions.


Keywords: azobenzene · NMR
spectroscopy · peptides · photo-
chemistry · protein folding
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step forward and allowed successful experimental and theo-
retical folding studies.[4] Molecular dynamics simulations
using the folding@home approach[5] found overall folding
rates in good agreement with experimental time-resolved
temperature jump experiments.[4]


Following our previous strategy of combining small pro-
tein motifs with an azobenzene photoswitch,[6] the aim of
the present study was the design of a tryptophan zipper-like
b-hairpin with a turn containing azobenzene (Figure 1). The
azobenzene chromophore offers the possibility to control
the hairpin structure and initiate a folding or unfolding tran-
sition. High isomerization yield, remarkable photostability
and ultra-fast kinetics (few ps) make azobenzene an ideal
trigger for the use in time-resolved ultra-fast pump-probe
spectroscopy of peptides. Small, well-defined model systems
with an ultrafast trigger allow detailed folding studies to be
carried out both experimentally and theoretically on the
same molecules. Only the comparison of simulation and ex-
periment permits assessment and improvement of the theo-
retical description on one side and a detailed interpretation
of the observed rate constants on the other hand. Recently,
we had been able to introduce the first model where ultra-
fast conformational dynamics of a peptide could be investi-
gated by both femtosecond absorption spectroscopy and all-
atom molecular mechanics simulations.[7]


Herein we present the synthesis and characterization of a
b-hairpin based on the tryptophan zipper motif which incor-
porates an azobenzene-based photoswitch and thus allows
for time-resolved folding studies of b-structures with unpre-
cedented temporal resolution. During the preparation of
this manuscript a b-hairpin similar to ours has been publish-
ed.[8] While both hairpin models share the same chromo-
phore proposed by KrDutler et al.[9] the tryptophan zipper
motif applied in our model compound resulted in good solu-
bility of both the cis-azo and trans-azo isomers; this behav-
ior allowed a structural characterization, whereas the amino
acid sequence chosen by Hilvert and colleagues led to insol-
ubility of the trans-azo isomer[8] possibly compromising its
use in folding studies.


Experimental Section


Synthesis of the AMPP chromophore


Materials : All commercially available reagents and solvents were used as
received. Reactions were monitored by thin-layer chromatography on


precoated silica gel 60 F254 plates (Merck, Germany) and visualized
using UV irradiation (254 nm). Flash chromatography was performed on
silica gel 60 (Merck, Germany). Analytical RP-HPLC was carried out
with Waters equipments on a XTerra C8 150N3.9 mm column (Waters,
Germany) using a linear gradient of acetonitrile/2% H3PO4 from 5:95 to
90:10 in 15 min at a flow rate of 1.5 mLmin�1. ESI-MS was recorded on a
Perkin–Elmer SCIEX API 165 spectrometer.


(3-Aminobenzyl)carbamic 9H-fluoren-9-yl methyl ester (1): A solution of
Fmoc-OSu (14.9 g, 44 mmol) in acetonitrile (100 mL) was added drop-
wise over a period of 30 min at room temperature to a stirred solution of
(3-amino)benzylamine (44 mmol, 5 mL) and Et3N (6.1 mL, 44 mmol) in
acetonitrile/DMF 10:1 (55 mL). After the reaction mixture was stirred
for 1 h, the product was precipitated with water, filtered off and washed
with methyl tert-butyl ether/trifluoroethanol 1:1 to give compound 1 as a
white solid (8.73 g, 58%); analytical data were identical to those reported
in ref. [8].


3-Nitrosophenylacetic acid (2): NH4Cl (0.48 g, 9.0 mmol) and Zn powder
(0.88 g, 13.5 mmol) were added portionwise at room temperature to a so-
lution of 3-nitrophenylacetic acid (0.91 g, 5.0 mmol) in 2-methoxyethanol
(25 mL). After 45 min stirring, the mixture was cooled to 0 8C on an ice
bath, and a solution of FeCl3·6H2O (2.12 g, 75 mmol) in ethanol/water
5:1 (30 mL) was added dropwise. After the reaction mixture was stirred
for 1 h, the mixture was extracted, diluted with diethyl ether and the or-
ganic phase was washed three times with water and dried over Na2SO4.
Flash column chromatography with ethyl acetate/hexane/acetic acid
100:5:1 furnished 2 (0.39 g, 47%) as a brownish solid which was used
without further purification.


3-[(3-N-Fmoc-aminomethyl)phenylazo]phenylacetic acid (3, Fmoc-
AMPP-OH): Compound 1 (0.78 g, 2.25 mmol) was added portionwise to
a solution of 2 (0.76 g, 4.55 mmol) in acetic acid (5 mL), and the resulting
mixture stirred for 12 h at room temperature. The precipitate was filtered
off and washed with diethyl ether to give the compound 3 (0.57 g, 51%)
as a bright orange solid; HPLC: tr=7.65 min (cis isomer) and tr=
8.65 min (trans isomer); analytical data were identical to those reported
in ref. [8].


H-Ser-Trp-Thr-Trp-Glu-AMPP-Lys-Trp-Thr-Trp-Lys-NH2 : The peptide
containing the AMPP building block was synthesized on a 0.25 mmol
scale by standard protocols of Fmoc chemistry on an automated peptide
synthesizer (PerSeptive Biosystems, Pioneer) with TentaGelS RAM resin
(Rapp Polymere GmbH, T6bingen, Germany, 0.28 mmolg�1) as solid
support. The Fmoc-protected amino acids (Iris Biotech GmbH, Mark-
tredwitz, Germany) were coupled in four-fold excess by HOBt/HBTU/
DIEA 1:1:2 in NMP, while coupling of Fmoc-AMPP-OH proceeded man-
ually under identical conditions. Fmoc cleavage was performed with 20%
piperidine in NMP (3N1min and 1N15 min). Cleavage from the resin
and deprotection were carried out with TFA/water (95:5) in 2 h. The
crude peptide was purified by RP-HPLC on a preparative column (VP
250/21 Nucleosil 100–5 C8, Macherey and Nagel, D6ren, Germany) by
eluting with a linear gradient from 20 to 65% acetonitrile in 0.1% aque-
ous TFA at a flow rate of 10 mLmin�1. Fractions containing homogene-
ous material were pooled and lyophilized (59 mg, 16%); HPLC: tr=
4.9 min (cis isomer) and 5.3 min (trans isomer); ESI-MS: m/z : 845.0
[M+2H]2+; Mr : calcd for C87H106N20O16: 1688.0; the


1H NMR (500 MHz
in CD3OH) spectra for the cis- and trans isomer were consistent with the
assigned structure (see Tables S1 and S2 of the Supporting Information).


Circular dichroism : CD spectra in the 190–250 nm range were recorded
on a JASCO J-715 spectropolarimeter equipped with a thermostated cell
holder. Spectra were obtained at peptide concentrations between 25 and
90 mm employing quartz cells of 1 or 2 mm optical path length and are re-
ported in terms of molar ellipticity per residue ([V]R). The concentrations
were determined by UV absorption of the Trp residues and the AMPP
chromophore. The CD spectra of the cis-azo isomer were recorded after
irradiation at 360 nm until the photostationary state was reached (~80%
cis-azo isomer as determined by 1H NMR experiments upon irradiation
of a trans-azo isomer under identical conditions). The CD spectrum of
the trans-azo isomer was recorded after thermal relaxation of the sample
in the dark.


Figure 1. Structure of the b-hairpin peptide with the AMPP chromo-
phore.
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Photoisomerization : A xenon lamp 450 XBO (Osram, M6nchen) was
used for irradiation at 360 or 430 nm (filter from Itos, Mainz) with a light
intensity of ~20 mW in all experiments except for IR spectroscopy (see
below). The photostationary states are reached after irradiation for ca
10 min at the required 360 and 430 nm wavelengths, respectively. A maxi-
mum of cis- to trans-azo ratios of 80:20 and 20:80 are obtained at the
photostationary states as determined from integrals of well-separated res-
onances of both isomers in 1D 1H NMR spectra.


Fluorescence spectroscopy : Emission spectra in the 300–400 nm range
were recorded upon excitation at 280 nm on a Perkin–Elmer LS50B fluo-
rimeter (Perkin–Elmer Corp., Norwalk, CT, USA) at room temperature
in aqueous solution (pH 3.6). Peptide concentration was 2 mm as deter-
mined by UV absorption of the Trp residues and the AMPP chromo-
phore.


IR spectroscopy : IR spectra were obtained at 25 8C on 1 mm peptide sam-
ples dissolved in CD3OD (Merck, Darmstadt) with an IFS66 FTIR spec-
trophotometer from Bruker (Rheinstetten, Germany) using a cuvette
with CaF2 windows (path length 220 mm). Photoisomerization from trans-
azo to cis-azo was achieved with light of 355 nm from a 1000 W HgXe
high-pressure lamp (LOT, Darmstadt) combined with UG1 and WG 320
glass filters (Schott, Mainz). For the irradiation to the trans-azo form a
Schott KL2500 LCD cold-light source together with the glass filters KG2
and GG 400 (Schott, Mainz) were used.


NMR analysis : NMR spectra of the hairpin peptide were recorded in
water, CD3OH and CD3OD at �10, 0, 20, and 30 8C on a Bruker DRX
500 and an AV900 spectrometer equipped with pulsed-field-gradient
(PFG) accessories and a cryoprobe in the case of the 900 MHz spectrom-
eter. Resonance assignments of the cis- and trans isomer were performed
according to the method of W6thrich[10] and are reported in Table S1 and
S2 of the Supporting Information. The 2D TOCSY was recorded with a
spin-lock period of 70 ms using the MLEV-17 sequence for isotropic
mixing.[11] For the cis-azo isomer 34 experimental distance constraints
were extracted from 2D NOESY[12] and ROESY[13] experiments at 20
and 30 8C with mixing times of 150 to 200 ms (see Supporting Informa-
tion, Table S3). For the trans-azo isomer 47 experimental distance con-
straints were derived from 2D ROESY experiments at 0 and 208 with
mixing times of 100 and 150 ms (see Supporting Information, Table S4).


For 1H diffusion measurements at 20 8C in CD3OH stimulated echo ex-
periments with bipolar gradients and a diffusion time of 100 ms were per-
formed in a pseudo 2D fashion by incrementing the gradient strength
from 1 Gcm�1 to 60 Gcm�1 in 10 steps. The gradient strength was cali-
brated to a diffusion constant of 18N10�10 m2 s�1 for H2O in D2O at
300 K. Only well-resolved signals were used for extracting diffusion con-
stants from the mono-exponential signal decay.


Structure calculation : Structure calculations and evaluations were per-
formed with the INSIGHTII 2000 software package (Accelrys, San
Diego, CA) on Silicon Graphics O2 R5000 computers (SGI, Mountain
View, CA). Hundred structures were generated from the distance-bound
matrices. Triangle-bound smoothing was used. The NOE intensities were
converted into interproton distance constraints using the following classi-
fication: very strong (vs) 1.7–2.3 Q, strong (s) 2.2–2.8 Q, medium (m)
2.6–3.4 Q, weak (w) 3.0–4.0 Q, very weak (vw) 3.2–4.8 Q and the distan-
ces of pseudo atoms were corrected as described by W6thrich.[10] The
structures were generated in four dimensions, then reduced to three di-
mensions with the EMBED algorithm and optimized with a simulated
annealing step according to the standard protocol of the DG II package
of INSIGHT II. All hundred structures were refined with a short MD-
SA protocol: After an initial minimization, 5 ps at 300 K were simulated
followed by exponential cooling to ~0 K during 10 ps. A time step of 1 fs
was used with the CVFF force field while simulating the solvent H2O
with a dielectric constant of 80.0. The experimental distance constraints
were applied at every stage of the calculation with 50 kcalmol�1Q�2.
After simulated annealing with DISCOVER the structures were sorted
according to final energies and the energy lowest were analyzed. No sig-
nificant violations of experimental constraints occurred for any of the cal-
culated cis-azo structures. However, for the trans-azo isomer distance
constraints between the methylene group of the AMPP at the amino end
and the adjacent phenyl ring had to be removed from the structure calcu-


lations, because they were mutually exclusive indicating fast conforma-
tional averaging (with rotation about the connecting bond) on the NMR
time scale of milliseconds. The final trans-azo structural ensemble exhib-
ited no significant or systematic violations of NMR constraints, but dis-
played two distinct conformational families differing in the relative orien-
tation of the two peptide strands and the AMPP chromophore.


Molecular modeling : All calculations were performed with the DISCOV-
ER program (Accelrys, San Diego, CA) on Silicon Graphics O2 R5000
computers. The force field CVFF with a time step of 1 fs and a cutoff of
12 Q for the non-bonded interactions was employed for all calculations.
Periodic boundary conditions for a water box of size 40N40N30 Q3 con-
taining ~1500 molecules served as explicit solvent model. Experimental
NMR derived distance constraints were applied either all of the time
with full strength (50 kcalmol�1Q�2) or not at all. After minimization of
the whole system molecular dynamics were started at 10 K for 10 ps.
Heating to 100 K proceeded with a time constant of 1 ps for the coupling
to the temperature bath during 10 ps (with NMR constraints) or 100 ps
(unrestrained). The increase in temperature to 300 K was performed
more slowly (5 ps time constant). In some cases even further heating to
500 K was applied. Individual conformations were saved each 5 ps.


Results and Discussion


In the search for a suitable derivative of azobenzene our
molecular modeling suggested that a recently proposed met-
a,meta substitution of the cis azobenzene[9] might be more
suitable than our previously used AMPB,[6] to mimic the
type I’ b-turn that is required for a b-hairpin. A spacing of
the amino and carboxy function from the aromatic rings by
single methylene groups not only simplifies chemistry by de-
coupling of the respective electronic systems, but also allows
for the desired geometry. The N-Fmoc-protected photo-
switch [3-(3-aminomethyl)phenylazo]phenylacetic acid
(AMPP) was synthesized as outlined in Scheme 1 by a sim-


plified procedure compared with that reported previously.[8]


Its incorporation into the peptide sequence proceeded in a
straightforward manner applying the methods reported for
other azobenzene derivatives.[14] Despite the hydrophobicity


Scheme 1. Synthesis of the N-Fmoc-protected photoswitch [3-(3-amino-
methyl)-phenylazo]phenylacetic acid (AMPP). a) Fmoc-OSu, Et3N, RT;
b) NH4Cl, Zn powder, RT; then FeCl3, 0 8C; c) AcOH.
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of the chromophore the peptide is soluble at millimolar con-
centrations in water and methanol. A tendency towards ag-
gregation was observed at high concentrations in aqueous
solution, but NMR diffusion and dilution studies clearly
showed that in methanol the peptide exists in a monomeric
form. In fact, the diffusion constants at 20 8C in CD3OH of
1.9�0.1N10�10 m2s�1 and 2.0�0.1N10�10 m2s�1 for the cis-
azo and trans-azo isomer, respectively, are independent of
concentrations between 50 mm and 2 mm and are in agree-
ment with a somewhat higher compactness for the cis-azo
than for the trans-azo molecules in line with the conforma-
tional analysis.


Circular dichroism : The CD spectra of the AMPP-peptide
in the predominantly cis-azo isomeric state compare well
with those reported for tryptophan zippers[3] and are, there-
fore, indicative of differentially populated b-hairpin struc-
tures (Figure 2). The characteristic maximum at 228 nm


originates from a stacking of the tryptophan residues and
allows quantifying the folded fraction:[3] As some of the pre-
viously studied tryptophan zippers exhibit clear plateaus
above and/or below the melting points in thermal unfolding,
the CD intensity at 228 nm for a theoretically 100% folded
sample can be deduced and used as basis for further calcula-
tions of fractions folded. While the original sequence (called
“Trpzip2” in ref. [3]) is fully folded at room temperature


and shows an unfolding midpoint at 72 8C,[3c] substitution of
the turn residues Asn-Gly by AMPP destabilizes the hairpin
considerably. The sensitivity of b-hairpins to the conforma-
tional propensities of the turn residues is well known[1] and
was exploited in our photoresponsive peptide in order to op-
timize the influence of the chromophore on the conforma-
tion of the peptide. Comparison with the CD spectra of the
original sequence (Figure 1 in ref. [3c]) allows for an esti-
mate of the b-hairpin content of 50% at 5 8C in water for
the cis-azo photostationary state generated by illumination
at 360 nm. Irradiation at 430 nm reduces the folded fraction
to 18%. At 30 8C the CD spectrum of the trans-azo isomer
displays the typical characteristics of a b-extended confor-
mation with a pronounced positive signal below 200 nm and
a minimum close to 215 nm albeit of moderate intensity.
However, the hairpin fold is almost completely lost as indi-
cated by the very weak CD intensity at 228 nm (Figure 2,
top). Contrarily, the cis-azo isomer is still significantly
folded with a 25% hairpin content. The temperature depen-
dent CD signal of the cis-azo isomer can be fit by a sigmoid
curve, which suggests a two-state transition with a melting
temperature of 25 8C. Importantly, the thermal unfolding as
well as the isomerization transitions between cis- and trans-
azo configuration are both fully reversible and CD spectra
in the photostationary states before and after thermal excur-
sions or after several isomerization events are identical
within the limits of error (data not shown). Addition of
methanol led to a linear increase in CD signal intensity in
the range from 0 to 30% methanol (v/v) reaching plateau
values at about 1:1 water/methanol mixtures with a CD
spectrum (data not shown) that closely matches the CD
curve of a fully folded tryptophan zipper in shape and inten-
sity.[3] The stabilizing effect of methanol for b-hairpins has
been observed before and has been attributed to a destabili-
zation of the unfolded form.[15]


Structural analysis of the cis-azo isomer : NMR spectroscopy
was employed for confirming the b-hairpin structure of the
AMPP-peptide in the cis-azo configuration. As b-hairpin
peptides are usually in a fast equilibrium between the folded
and unfolded form, only an average resonance position is
observed in NMR spectroscopy, which depends on the frac-
tion of folded molecules.[1,3,15] Nevertheless, characteristic
NOE values can be observed because of the strong bias of
the average NOE towards short distances and, thus, folded
forms.[16] Methanol was used as the solvent, as it is known to
prevent aggregation and to stabilize the b-hairpin structure
(see above). Extensive line broadening precluded NMR
conformational analysis at low temperatures, but at 30 8C
resonances of all amino acids could be observed and as-
signed for both the cis-azo and trans-azo isomer. CD meas-
urements at this temperature in 100% methanol showed a
hairpin content of 45% for the cis-azo photostationary state
while the trans-azo isomer displayed only a very weak signal
at 228 nm (data not shown). Characteristic NMR NOE
values confirmed the hairpin structure for the cis-azo isomer
and allowed calculation of an NMR structural ensemble


Figure 2. Top: CD spectra of AMPP-peptide in water (45 mm), pH 3.7, at
30 8C in the cis-azo (red) and trans-azo (blue) photostationary state.
Bottom: Thermal unfolding monitored by the dichroic signal at 228 nm.
The vertical line indicates the temperature that corresponds to the spec-
tra shown in the upper panel.
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with a backbone rmsd of 1.3 Q for the ten energy lowest
structures (Figure 3). While individual side chain conforma-
tions vary substantially, Figure 3 clearly shows the clustering


of tryptophan side chains on one side of the b-hairpin and
of the other side chains on the other side. Figure 4 depicts a
comparison of the NMR structure of the AMPP-peptide in
the cis-azo configuration with the NMR structure of the
original tryptophan zipper peptide (PDB code: 1LE1). A re-
markable agreement is observed for the antiparallel b-
strands as well as for the tryptophan side chains. In the turn
region only moderate differences between the Asn-Gly di-
peptide of the original sequence and the AMPP chromo-
phore are visible. While certainly not perfect, the novel
AMPP w-amino acid is apparently able to act as a bI’-turn
mimetic in the cis-azo isomeric form.


Molecular dynamics (MD) simulations were performed
starting from individual conformations of the NMR structur-
al ensemble to refine the structures (using the NMR derived
distance constraints) or test their stability (unrestrained
MD). In constrained simulations of 200 ps at 300 K no
changes of overall conformation were observed, as anticipat-
ed, but the local geometry of the hydrogen bonds that
would be expected for a typical b-hairpin was markedly im-


proved. No transitions between the slightly different con-
formers of the NMR ensemble were observed and each
structure remained in its original backbone conformation
with changes only in the side chain orientations. Remarka-
bly, the energy lowest NMR structure was also extremely
stable in MD simulations without the experimental con-
straints. During 900 ps of unconstrained MD at 300 K fol-
lowed by 500 ps at 500 K only minor alterations were ob-
served. As before, a more regular b-hairpin geometry was
adopted by the peptide and the corresponding hydrogen
network was observed. No indication of unfolding could be
seen during the 500 ps at 500 K.


Structural analysis of the trans-azo isomer : The trans-azo
AMPP is clearly not compatible with the bI’-turn geometry
and, thus, prevents formation of a fully folded hairpin.
Again distance constraints could be derived from NMR
spectra, although the folded fraction is low at temperatures
where resonance assignment is possible. Almost all con-
straints for structure calculations where obtained from
ROESY spectra recorded at 20 8C. The resulting NMR
structural ensemble displayed two clearly distinct conforma-
tional families with frequencies of 75% for the first and
25% for the second (Figure 5). Both minor and major con-
formation satisfied all 47 NMR-derived distance constraints
that were used in the structure calculation. While the choice
to superimpose structures on the second peptide strand (and


Figure 3. Superimposition on backbone atoms of the ten energy lowest
NMR structures of the cis-azo isomer. The AMPP chromophore is col-
ored in orange; green ribbons highlight the backbone conformation; side
chains are depicted in blue for tryptophan residues and gray for all
others; the two views are rotated by 908 around a horizontal axis.


Figure 4. Backbone superimposition of the energy lowest NMR structure
of the AMPP-peptide as cis-azo isomer (green ribbons) on the original
tryptophan zipper (violet ribbons, PDB code: 1LE1). The AMPP chro-
mophore is colored in orange and side chains of only the tryptophan resi-
dues are depicted for both peptides. The two views are rotated by 908
around a horizontal axis.
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the AMPP) is somewhat arbitrary, the difference between
the two conformations can clearly be seen: Depending on
the orientation of the chromophore the first half of the pep-
tide sequence may be positioned on either side of the
second half. One has to keep in mind that the compact
structures of Figure 5 are in fast exchange with disordered
and, likely, more open structures that are not detected by
NMR.


Figure 6 depicts a comparison of the energy lowest struc-
ture of the trans-azo and the cis-azo isomer. While the two
five-residue strands are always in an extended conformation,
the twisted antiparallel alignment observed for the cis-azo
isomer transforms upon isomerization to the trans-azo state
to an irregular arrangement, that for one trans-azo confor-
mational family (depicted in Figure 6) is even close to a par-
allel orientation. All hydrogen bonds present in the b-hair-
pin are lost in the transition to the trans-azo configuration
underlining the marked differences between the conforma-
tional properties of the two isomers. It is important to re-
member that for both isomeric forms substantial structural
fluctuations do occur and that Figure 6 only displays one
representative conformation, for sake of clarity, not the full
NMR structural ensembles.


Tryptophan fluorescence : The stability of tryptophan zippers
is mainly derived from the stacking interactions of the tryp-
tophan side chains.[3] The enhancement of fluorescence
emission that results from these interactions can be used to
monitor the degree of folding. In fact, a strong difference
between the two isomers was observed (Figure 7). The


trans-azo isomer of the AMPP-peptide exhibits a reduction
of the fluorescence intensity by almost 50% compared with
the cis-azo isomer due to the lower degree of hairpin struc-
ture and, possibly, energy transfer to the AMPP chromo-
phore. Since it is known that the tryptophan fluorescence
strongly depends on its surroundings, the pronounced
change in fluorescence intensity is a sensitive probe for cor-
rect packing of the tryptophan side chains in the b-hairpin.
Complementary to fluorescence as a means of observing
side chain interactions, IR spectroscopy can detect backbone
conformations and hydrogen bonding.


Fourier-transform IR spectroscopy: The results from FTIR
absorption experiments are presented in Figure 8. The
upper panel shows the absorption spectrum of the AMPP-
peptide dissolved in deuterated methanol at 25 8C (solvent
contributions subtracted), which in the amide I band is char-
acterized by a pronounced peak at 1675 cm�1 and a broad
shoulder extending to 1620 cm�1. Upon irradiation at
355 nm and thus increase of the cis-azo isomer, an absorp-
tion increase at 1640 cm1 and a decrease at 1660 cm�1 is ob-
served, which was fully reversed at irradiation at l >400 nm


Figure 5. Superimposition on backbone atoms of the second peptide
strand (Lys6 to Lys10) of the ten energy lowest NMR structures of the
trans-azo isomer. For the major conformation the AMPP chromophore is
colored in orange; green ribbons highlight the backbone conformation;
the minor conformation is depicted in blue.


Figure 6. Comparison of trans-azo (green/orange) and cis-azo isomer
(gray).


Figure 7. Tryptophan fluorescence before (trans-azo, blue curve) and
after irradiation at 360 nm (cis-azo, red curve); excitation wavelength:
280 nm.
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(Figure 8, bottom). These absorption changes reflect the
structural changes of the peptide. The increased absorption
around 1640 cm�1 in the cis-azo state is in the spectral range
that is characteristic for b-sheet[17] and b-hairpin[18] absorp-
tion and confirms the interpretation of increased b-hairpin
formation when the chromophore is in the cis-azo configura-
tion. Weaker absorption changes at smaller wave numbers
are due to changes of the amide II absorption and of the
chromophore. The strong absorption changes in the amide I
range show, that ultrafast time-resolved IR spectroscopy can
be used for the direct observation of the fastest parts of the
light-induced folding and unfolding processes of the newly
developed chromopeptides.


Conclusion


In summary, we have designed, synthesized and character-
ized a b-hairpin peptide where the degree of folding is con-
trolled by the novel AMPP chromophore that can mimic a
type I’ b-turn in the cis-azo isomeric state. The b-hairpin
structure of the cis-azo isomer was confirmed and deter-
mined by NMR spectroscopy, while the trans-azo isomer ex-
hibits more disordered and irregular conformations. Light-
induced folding can be monitored by pronounced changes in
the CD, IR and fluorescence spectra allowing for time-re-
solved folding studies of b-structures with unprecedented
time resolution. Furthermore, ligation methods, which are
now routinely applied in biochemistry, might allow incorpo-
ration of such photosensitive b-hairpins in natural protein
structures resulting in proteins with built-in light switches.
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Figure 8. Top: FTIR-absorption spectrum of the AMPP-peptide at 25 8C;
bottom: Absorption difference spectra induced by irradiation at 355 nm
(trans ! cis, red curve) and at l >400 nm (cis ! trans, blue curve). The
strong absorption changes around 1650 cm�1 are due to the different b-
hairpin content of the cis-azo and trans-azo isomer.
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Introduction


Poly- and oligophenylenes and other p-conjugated polymers
and oligomers are attractive molecules for their potential
application in material science.[1] The rotational barrier
around the aryl�aryl bonds may cause the dissymmetry of
the molecule and, if the axial configuration can be control-
led, generate a helical structure. Helical molecular architec-
tures are very ordered structures, can pack molecular infor-


mation in a restricted space and consequently have attracted
considerable attention.[2]


It has been known for a long time that doping nematic
phases with chiral non-racemic compounds transforms them
into chiral nematic (cholesteric) phases;[3] however, this dis-
covery was forgotten for almost 50 years and only since the
1960s has it been reconsidered. In this process, the molecu-
lar chirality is mapped onto a nematic phase by inducing a
helical arrangement of the nematic director. In other words,
chirality is transferred from the molecular level to the bulk
of the solvent. The study of the cholesteric phases obtained
by doping nematics has lead to relevant information about
the stereochemistry of the dopant.[4,5] The main goal of this
research has been to understand the relation between the
cholesteric handedness and a stereochemical descriptor of
the molecular chirality; this is not trivial because homochiral
molecules with similar structures do not always induce cho-
lesteric phases of the same handedness.[6,7]


A satisfactory understanding of the relation between mol-
ecules and phase handedness would require the knowledge
of how the chiral information is transferred from the dopant
to the solvent. Recently, a theoretical method capable of ac-
counting for the phenomenon of cholesteric induction by
using a realistic picture of the chemical constituents in terms
of molecular geometry has been proposed.[8] This approach,
denoted as the surface chirality method, accounts for the
short-range solute–solvent interactions modulated by the


Abstract: The helical structure of the
chiral nematic phases (cholesterics) ob-
tained by doping nematic solvents with
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ty. Oligonaphthalene (tetra-, hexa-,
octa-) derivatives linked at the 1,4-po-
sitions have been used as chiral dop-
ants: When the chirality axes are con-
figurationally homogeneous (that is,
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spond to right-handed helices. Yet, we
have found series of derivatives with
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edness of the induced cholesteric phase
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solute molecular shape. The model rests on the assumption
that the anisotropy and chirality of such interactions, which
determine the twisting ability of the dopant, can be parame-
terized on the basis of the anisometry and helicity of the
molecular surface. The handedness and the pitch of the in-
duced cholesterics are determined by the coupling between
the molecular helicity (which is different along different mo-
lecular directions) and the orientational behavior of the
dopant (which tends to align along the local director with a
preferential molecular axis). Changes in the molecular ge-
ometry, such as those deriving from substituents or confor-
mational transitions, can have dramatic effect on the twist-
ing ability of a dopant.[4,7] Moreover, in the case of dopants
with low twisting power, cholesterics of opposite handedness
may be induced in different
liquid crystal solvents.[9] Howev-
er, in the case of solutes with
clearly defined helicity and
alignment axes, we expect a
weak sensitivity to relatively
small changes in structure and
environment. Indeed, such uni-
formity of behavior has been
observed for helicenes; in
penta- and hexa-, carbo- and
heterohelicenes, the relation-
ship between the molecular ste-
reochemical descriptor and the
cholesteric handedness has
been verified and interpret-
ed:[10] (P)-helicenes induce (P)-
cholesterics in all cases investi-
gated.
Here we are focusing our at-


tention on oligonaphthalene de-
rivatives linked at the 1,4-posi-
tions. When the chirality axes are configurationally homoge-
neous, the molecular shape resembles that of the bridged
terphenylophanes described by Vçgtle as “GelLnder” helical
molecules.[11] Homochiral oligonaphthalenes share with heli-
cenes the feature of a clearly defined helicity and analogous
orientational behavior, in this case the helix axis is parallel
to the inter-naphthyl bonds and the principal alignment axis
is not far from it. For these reasons these might appear as
good prototype systems, with an easily understandable twist-
ing ability. We have measured the helical twisting power in
liquid crystal solvents for series of enantiopure homochiral
oligonaphthalenes and we have found derivatives which ex-
hibit an unexpected sign alternation with length. For the
sake of comparison, also a few stereoisomers differing in the
configuration of a single stereoaxis have been considered.
The experimental findings have been interpreted with the
aid of the surface chirality method.


Results and Discussion


In this paper, we consider enantiopure oligonaphthalenes
1a–c, 2a–c and 3a–c. In derivatives 1 and 2, all chirality
axes in each molecule have the same S configuration; this
allows the formation of homochiral P helices from the dif-
ferent oligomers. It is known that steric interactions between
adjacent naphthalenes lead to a conformation in which the
neighboring naphthalene units adopt an approximately or-
thogonal geometry.[12–15] Therefore, increasing the number of
naphthalene units from 4 (1a, 2a) to 6 (1b, 2b) and finally
to 8 (1c, 2c), the right-handed helices (of an approximately
constant pitch) describe approximately 3, 5, and 7 quarter-
turns, respectively.


Derivatives 3a–c are the diastereomers of compounds 2a–
c where the central stereoaxis presents an inverted configu-
ration (R instead of S). This feature creates a sort of stereo-
chemical kink in the middle of the molecules, which pre-
vents the formation of a continuous regular helix. For exam-
ple, while the configuration of the stereoaxes in 2c is all-S,
and the global shape has a helical symmetry, in compound
3c, which has an axial chirality (from one molecular end to
the other) of S,S,S,R,S,S,S, the helical symmetry is broken
with respect to the central aryl�aryl bond.


Helical twisting power (b): The helical twisting power of a
chiral compound expresses its ability to torque a nematic
phase.[16] This quantity is numerically expressed by Equa-
tion (1) where p is the pitch, c the dopant molar fraction
and r its enantiomeric excess.


b ¼ ðp� c� rÞ�1 ð1Þ


The sign of b is taken as positive if the induced cholesteric
is right-handed.
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Our and other research groups have already analyzed the
twisting power of several 1,1’-binaphthalene derivatives with
the aim of obtaining information on the structural features
controlling the handedness of the induced cholesterics.[17–19]


The conclusion was that nematic phases may act as probes
of the binaphthyl helicity (i.e. , of the dihedral angle between
the two naphthalene rings)[4] and when the two rings are
almost orthogonal, a negligible value of b is expected.[8]


The twisting powers of the oligonaphthalenes under inves-
tigation measured in the nematic solvent E7 are reported in
Table 1. It appears that the absolute values of b are higher
than those reported in the literature for quasi-orthogonal bi-
naphthyls;[17–19] furthermore, binaphthyl 4, that presents the
same substituents of 1a–d, shows the smallest b value
(+11 mm�1).


As already noted, compounds 1a–c possess, as a common
feature, a homochiral P-helicity and the cholesteric phases
induced in nematic solvents is indeed homogeneously right-
handed (P). However, the relation “molecular P-helicity” !
“cholesteric P-handedness” is not of general application. In
fact, also compounds 2a–c are homochiral and have the
same P-helicity as 1a–c, but despite this and surprisingly,
their twisting powers alternate from positive to negative and
to positive again on passing from 2a to 2b to 2c. This find-
ing clearly indicates that the molecular helical descriptor
alone is not useful in the prediction of the cholesteric hand-
edness (and, vice versa, the cholesteric handedness cannot
allow a direct assignment of the helical configuration).
Changing the configuration of the central stereoaxis (see


3a–c), the handedness of the induced cholesteric reverts
with respect the corresponding diastereomers 2a–c and, in-
creasing the length of the oligomers, an alternating effect
similar to that described for compounds 2 is observed (the
twisting powers go from negative to positive and to negative
values passing from 3a to 3b to 3c, respectively.
This positive/negative alternation of b resembles the odd–


even effect observed in homologous series of chiral nemato-
genic compounds containing a single stereocentre.[20]


The b values were also determined at variable tempera-
ture to check for any evidence of pitch inversion as a func-


tion of temperature.[21] In all cases the pitches increase with
temperature without any inversion in the range experimen-
tally accessible (from 10 8C to Tc). The helix handednesses
have been also verified in the different nematic host ZLI
2359. In fact, for flexible molecules, a strong solvent depend-
ence (including change of handedness) may be observed.[9]


Again, in all cases the induced cholesterics have the same
handedness in both solvents. This indicates that the positive/
negative alternation of b with increasing the number of
naphthyl units is not accidentally due to the temperature at
which b is determined or to the molecular structure of the
solvent.
To test the possibility of inducing oppositely-handed cho-


lesteric phases by homochiral helices of different length we
have performed some model calculations with the surface
chirality method.[8] Within this approach, the twisting power
of a given dopant in a nematic solvent can be calculated as
Equation (2):


b ¼ ðNA x=2 p K22 nmÞ Q ð2Þ


where NA is the Avogadro number, K22 and nm are the twist
elastic constant and the molar volume of the liquid crystal
solution, respectively, the parameter x is the orienting
strength of the medium (and is related to the degree of
order of the liquid crystalline dolvent). Q, denoted as chiral-
ity parameter, depends on the coupling of the chirality and
orientational behavior of the dopant. In fact, the chirality
parameter Q can be expressed in terms of the ordering
tensor S and the helicity tensor Q :


Q ¼ �
ffiffiffiffiffiffiffiffiffiffiffi
ð2=3Þ


p
ðQxxSxx þ QyySyy þ QzzSzzÞ ð3Þ


The ordering tensor—its Cartesian component Sii specifies
the degree of alignment to the local director of the ith-mo-
lecular axis—is in turn obtained from a molecular tensor T
which is calculated on the basis of the molecular surface of
the dopant. The components Tii and Qii quantify, respective-
ly, the anisometry and the helicity of the molecular surface,
as viewed along the i axis. In the case of flexible molecules,
the chirality parameter Q is obtained as the average of the
values calculated for each possible conformation, weighted
over the Boltzmann distribution.[19]


The oligonaphthyls of the present work have several inter-
nal degrees of freedom, comprising the aryl�aryl bonds and
all the torsional angles of the lateral substituents; this would
make the conformational analysis really cumbersome. How-
ever, the detailed information associated with the huge
number of accessible conformations, although necessary to
get reliable twisting power predictions, goes beyond our
present purpose of grasping the reasons behind the observed
alternation of handedness: this will be simply accomplished
by focusing on a single conformer. Adoption of a “represen-
tative” conformer, selected with the criterion of simplicity,
should be intended as a metaphor, aimed at singling out a
few relevant features, useful for the comprehension of the
counter-intuitive phenomenon under investigation.


Table 1. Helical twisting powers of compounds 1a–d, 2a–c and 3a–c
measured in the nematic solvent E7 at the same reduced temperature
(T=Tc�10 8C).[a] The standard error is about 10%.


b [mm�1]


1a + 78
1b +36
1c +9
2a +14
2b �54
2c +49
3a �23
3b +14
3c �77


[a] Tc : clearing temperature.
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For the series 2a–c and 3a–c the following choices have
been taken: the naphthyl�naphthyl angle is assumed equal
to 908, with OH and OAc groups in the plane of the adja-
cent aromatic ring, and methoxy groups perpendicular to
this plane. In particular, the OCH3 groups attached to the
middle naphthyl groups are rotated opposite to each other,
just as opposite to each other as the OCH3 groups linked to
the same aromatic ring; on the contrary, adjacent methoxy
substituents on different rings are oriented in the same di-
rection. The structure obtained in this way for molecule 2c
is shown in a ball-and-stick representation in Figure 1. The
geometries of 2b and 2a are obtained by removing from
this structure one and two naphthyl groups at each end, re-
spectively. The structures of 3a–c differ from those of 2a–c
in a change of the sign of the dihedral angle between the
central naphthyl groups. The Q values thus calculated are
reported in Figure 1, together with model representations
displaying the molecular surface of the conformers of 2a–c
and 3a–c. Colored patches correspond to contributions to
the chirality parameter Q from different groups in the mole-
cule.[22]


We can see that, despite the common P helicity, the 2a–c
structures are characterized by chirality parameters which
alternate in sign with length; namely, the same sign alterna-
tion exhibited by the experimental b values is obtained. It
appears from Figure 1 that the molecular surfaces of 2a and
2b or 2b and 2c look quasi-enantiomorphic and the various
groups in a molecule can give contributions of different
magnitude and sign to the twisting power. The contribution
of a given group depends on its average orientation in the
liquid-crystal environment, therefore it is not a constant, but
can change from molecule to molecule. Moreover, it can be
modified by a conformational change. This clearly appears
from Figure 1, where one can see that, for example, the ter-
minal groups give contributions of opposite sign in 2b and
2a (or 2c). These considerations point to the importance of
local effects and the lack of significance of a global parame-
ter as the stereochemical descriptor, for the phenomenon of
cholesteric induction. Analogous considerations could be
made for 3b in comparison with 3a and 3c. This loose
mirror image relationship also exists between the pairs 2a–
3a, 2b–3b and 2c–3c. Noteworthy these simple relations be-
tween molecular shapes according to the number of naph-
thyl groups in an oligomer, and the corresponding changes
of cholesteric handedness, derive from the roughly perpen-
dicular geometry of the naphthyl�naphthyl bond; a different
sign dependence on oligomer length could be obtained for
other values of this angle.
It is interesting to see how the chirality parameter Q


changes when the chemical structure differences between
the series 2 and 1 are introduced in the “representative”
conformer. To model derivatives 1, a wider twist angle
(1208) was assumed between the central naphthalene rings,
taking into account the steric hindrance between the two
facing OCH3 groups (replacing the two hydroxy groups). In
the terminal OCH2Ph groups, the OCH2 bond was taken in
the same plane of the adjacent naphthyl and perpendicular
to the phenyl plane, as predicted by semiempirical PM3 cal-
culations. By averaging over the four structures differing
only in the orientation of terminal phenyls (on either side of
the nearby naphthyl), positive values of similar magnitude,
Q ~+30 R�3, were obtained for all derivatives 1b–c. Thus,
calculations confirm that changes in the substitution pattern,
can modify the dependence of b sign on length of homochi-
ral oligonaphthalenes.


Circular dichroism (CD): Circular dichroism is widely em-
ployed for studying the conformation and configuration of
chiral molecules because it is highly sensitive to small varia-
tions of the molecular structure.[23] In the case of binaphthyl
compounds, CD spectroscopy exploits the analysis of the ex-
citon couplet originating from the 1B electronic transition of
the naphthalene chromophore at about 230 nm. When the
axial absolute configuration is S, a positive couplet is ob-
served with a positive branch at low energy and a negative
one at high energy (provided that the dihedral angle be-
tween the two naphthyl rings is smaller than a critical value
estimated around 100–1108, as usually observed).[24] (all-S)-


Figure 1. Molecular surface and chirality parameter Q (R�3) for the se-
lected conformers of 2a–c and 3a–c. The smoothed molecular surface
was obtained by using a rolling sphere radius of 3 R, and colors are used
to show the contribution of different groups to the whole Q value. The
color code is such that red and blue correspond to right- and left-handed
contributions to Q, respectively. The box shows the orientation of the
principal axes of the Saupe matrix S (describing the molecular alignment
to the local director).
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Oligonaphthalenes present, as expected, a positive cou-
plet[14,25] corresponding to the 1B transition: this couplet is
non-conservative, with the low-energy branch more intense
than the low-energy one. The inversion of the central stereo-
axis does not affect, to an appreciable extent, the CD spec-
tra and derivatives 3a–c present spectra very similar to
those of the corresponding compounds 2a–c (see, for exam-
ple, CD spectra of compounds 1b, 2b and 3b reported in
Figure 2). Therefore, in the case of these oligonaphthalenes,
CD spectroscopy is not able to detect any relevant differ-
ence in compounds differing only in the number of mono-
meric units, while cholesteric induction is sensitive to this
structural variation, as shown above.[26]


Conclusion


Chirality is a peculiar molecular feature and its manifesta-
tions elude any trivial interpretation. Indeed, chirality is not
an experimental property and different, often completely
uncorrelated responses are obtained depending on the ex-
periment used to probe it. The homochiral oligonaphtha-
lenes considered in this work are a striking example. Their
structure has a clear helicity and their CD spectra, sensitive
to the arrangement of the aromatic rings, simply reflect the
helical right-handed distribution of the latter. On the contra-
ry, a more complex behavior is displayed by the helical
twisting power, which can even alternate in sign with


oligomer length within a given series. Model calculations
have been performed to shed some light on the mechanism
underlying such unexpected behavior; they show the impor-
tance of substituents in the aromatic rings in mediating the
twisting ability of oligonaphthalenes. As a consequence, the
twisting power cannot simply be correlated with a global
stereochemical descriptor of the molecule. The same is true
also for a homochiral series of propeller-like heptalenes for
which the handedness of the induced cholesteric depends
critically on the substituents attached to the chiral core.[6]


The results presented in this work, contrary to any simple
intuition, are a confirmation of the subtle effects underlying
transfer of chirality from molecular to mesoscopic level.


This is not a peculiarity of cho-
lesteric induction: recently,
Monte Carlo simulations have
shown that molecules of a given
chirality can self-assemble into
helical or twisted aggregates of
opposite handedness;[27] also
the packing of macroscopic
right-handed helical screws de-
pends critically on the ratio be-
tween helical pitch and diame-
ter.[4a, 28] Namely, there is in-
creasing awareness of the
scarce meaning of simple de-
scriptors in phenomena gov-
erned by chirality of intermo-
lecular interactions, which
rather require a physically
grounded modeling.


Experimental Section


The preparation of compounds 2a–c
and 3a–c has been described else-
where[14] as well as the preparation of
1a, 1c and 4.[25] Derivative 1b was pre-
pared according to the same proce-
dure of 1a and 1c.[25]


(all-S)-1b : m.p.168–169 8C; [a]22D =


�184 (c=0.474 in CHCl3);
1H NMR


(200 MHz, CDCl3): d=3.75 (s, 6H),
3.82 (s, 6H), 3.84 (s, 6H), 3.88 (s, 6H),


3.90 (s, 6H), 5.39 (s, 4H), 7.10–7.50 (m, 30H), 7.60–7.65 (m, 4H), 7.80–
7.90 (m, 2H); IR (KBr): ñ = 3060, 2936 1596, 1452, 1113, 1018 cm�1;
HRMS: m/z : calcd for C84H70O12: 1270.4868; found: 1270.4882 [M


+]; ele-
mental analysis calcd (%) for C84H70O12·H2O: C 78.24; H 5.63; found: C
78.14, H 5.51.


Cholesteric pitch and handedness were obtained at variable temperature
using the lens version of the Grandjean–Cano method.[29] The commer-
cially available (Merck) nematic solvents E7 and ZLI 2359 are composed
by eutectic mixtures of cyanobiphenyl (and terphenyl) compounds and
cyanobicyclohexyl compounds, respectively. CD spectra were recorded
with a JASCO J-710 Spectropolarimeter.


Calculations : The chirality parameter Q was calculated with a homemade
code, based on the following procedure.[8] 1) Given the nuclear positions,
the molecular surface was generated. This was defined as the surface


Figure 2. CD (upper frame) and absorption (lower frame) spectra of compounds 1b (dashed line), 2b (dotted
line) and 3b (full line) recorded in THF at room temperature.
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drawn by the center of a bead rolling on the assembly of interlocking van
der Waals spheres centered on the nuclei[30] and was approximated by a
set of triangles, obtained with the algorithm developed by Sanner et al.[31]


A united atom representation was used for the calculation of the surface,
with the following radii : rCH = rCH3


= 2 R and rO = 1.5 R, along with a
rolling sphere radius rO = 3 R. 2) The T and Q tensors were calculated
by exploring the molecular surface by unit normal vectors and summing
the contributions from all the triangles. 3) The elements of the Saupe or-
dering matrix S and the chirality parameter Q were calculated. The data
reported in Figure 2 were obtained by giving the orienting strength the
value x=0.025 R�2. Given the molecular geometry, calculations could be
performed on a desktop computer in a few seconds. Group contributions
to the chirality parameter were evaluated with a homemade code and vi-
sualized with the software Geomview.[32]
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Nucleophilicity—Periodic Trends and Connection to Basicity


Einar Uggerud*[a]


Introduction


It is elementary knowledge that the SN2 reaction in organic
chemistry proceeds via a mechanism in which the nucleo-
phile (Y) displaces the nucleofuge (X, leaving group) by
gradually binding to the central carbon, diametrically op-
posed to the C�X bond, upon which the latter is weakened.
The key step is passage through the Walden transition struc-
ture, in which the carbon atom is sp2 hybridized, with partial
bonds to both Y and X. The overall reaction for anionic nu-
cleophiles can be expressed by Equation (1) and for neutral
nucleophiles by Equation (2).


Y� þ R�X ! Y�R þ X� ð1Þ


Y þ R�Xþ ! Y�Rþ þ X ð2Þ


Figure 1 shows the enthalpy profile of a typical gas-phase
SN2 reaction (anionic case).


[1,2] The situation in solution is of
course more complicated, and the advantage of the simpli-
fied gas-phase situation is that it allows us to isolate the re-
action partners from the surrounding solvent molecules,
thereby addressing their inherent properties.[3,4]


Abstract: The potential energy profiles
of 18 identity SN2 reactions have been
estimated by using G2-type quantum-
chemical calculations. The reactions
are: X� + CH3�X ! X�CH3 + X�


and XH + CH3�XH+ ! +HX�CH3


+ XH (X = NH2, OH, F, PH2, SH, Cl,
AsH2, SeH, Br). Despite the charge
difference, the barrier heights and the
geometrical requirements upon going
from the reactant to the transition
structure are surprisingly similar for X�


and XH. The barrier heights decrease
on going from left to right in the peri-


odic table, and increasing ionization
energy (of X� and XH) is correlated
with decreasing barrier. The observed
trends are explained in terms of sub-
strates with stronger electrostatic char-
acter giving rise to lower energetic bar-
riers due to decreased electron repul-
sion in the transition structure. On the


basis of this study, the relationship be-
tween the kinetic concept of nucleophi-
licity and the thermodynamic concept
of basicity has been analyzed and clari-
fied. Since the trends in intrinsic nucle-
ophilicity (only defined for identity re-
actions) and basicity are opposite, over-
all nucleophilicity (defined for any re-
action) will be determined by the rela-
tive contribution of the two factors.
Only for strongly exothermic reactions
will basicity and nucleophilicity be
matching.
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Figure 1. General enthalpy diagram for a nucleophilic substitution reac-
tion. In addition to the reactant and product states, there are minima cor-
responding to weakly bound reactant-like and product-like complexes. In
between these, there is a local maximum corresponding to the transition
structure. The abbreviation cb stands for central barrier.
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Continuous efforts to unravel the molecular factors that
govern reactivity have established some facts, while some
questions remain unanswered.[5,6] Herein, we report how the
properties of the nucleophile and nucleofuge influence the
rate at which the reaction occurs, which is still not a fully
understood topic. In this context, the height of the central
barrier in terms of energy/enthalpy is a key issue. In addi-
tion to energy/enthalpy, the kinetics and dynamics of a gas-
phase SN2 reaction are susceptible to changes in entropy,
and even to non-statistical behavior.[7,8] This is beyond the
scope of this article.
According to the IUPAC definition, nucleophilicity is the


ability of an attacking group, Y, to furnish nucleophilic dis-
placement in an SN2 reaction, while nucleofugacity is the
corresponding ability of a leaving group, X. It is clear from
their definitions that the chemical quantities of nucleophilic-
ity and basicity are different. On the other hand, they are
clearly related; the difficulty is stating exactly how they are
related. This question has been raised by many authors,[9–18]


but it still awaits a firm answer.[19] The effects of the nucleo-
phile and nucleofuge can be conveniently separated into
two parts, one associated with the reaction exothermicity,
and the other with the so-called intrinsic reactivity of X and
Y. The intrinsic reactivity of a given nucleophile/nucleofuge
can be probed in an identity reaction, which is a reaction in
which the attacking and leaving groups are identical, in
anionic form [Eq. (3)].


X� þ R�X ! X�R þ X� ð3Þ


For a given non-identity reaction, the intrinsic barrier can
be expressed as the arithmetic mean of the intrinsic barriers
of X and Y. The actual barrier can then be estimated rela-
tively accurately, taking the reaction exothermicity (deter-
mined by the relative heterolytic bond dissociation energies
of R�Y and R�X) explicitly into account, using Marcus
theory or similar approaches.[14] This will be reflected upon
at the end of this paper.


Barrier heights for SN2 reactions, expressed as DH
�, may


range from about 100 up to several hundreds of kJmol�1.
Present day experimental methodology only allows for accu-
rate determination of barriers close to zero. Fortunately,
however, quantum chemical methodology has reached a
level of accuracy close to that of experiment for small mo-
lecular systems. This has opened the way for a large number
of theoretical studies treating various aspects of SN2 reactivi-
ty, including reactions not accessible to experiment. Ten
years ago, Radom and co-workers reported a study on reac-
tions of halide anions with methyl halides, for which they
used the G2 method.[20] On the basis of a recent review,[6] in
which these results were compared with benchmark quality
calculations, it is clear that the G2 method provides very ac-
curate estimates of the barriers. A wide range of anionic nu-
cleophiles of the type CH3X


� reacting with CH3XCH3, with
X covering Groups 14–18 of the periodic table, were treated
by Hoz and co-workers in 1999.[21] Using the MP2/6–311+
G* method, the reactivity of a wide range of anionic and


neutral nucleophiles towards methyl was studied by Rug-
giero and Williams.[22] Ten years ago, Lee and co-workers
published an article reporting MP2 barriers for identity re-
actions on allyl for the anionic nucleophiles X� (X = NH2,
OH, F, PH2, SH, Cl).


[23] Interestingly, there exist in the liter-
ature G2 barrier heights for identity SN2 reactions on ele-
ments other than carbon, including reactions of anionic nu-
cleophiles with substrates in which the central carbon (CH3)
has been changed to nitrogen (NH2 or NR2),


[24,25] oxygen
(OH),[26] and phosphorus (PH2),


[27] as well as reactions of
neutral nucleophiles at phosphorus,[28] sulfur,[29] and chlor-
ine,[30] some of them including periodically systematic varia-
tion of the nucleophile.
To analyze the periodical trends for identity SN2 reactions


on carbon, providing a consistent, accurate, and sufficiently
broad data set, barrier heights obtained using G2 theory are
reported herein for the reactions given in Equation (4) with
X = NH2, OH, F, PH2, SH, Cl, AsH2, SeH, and Br, as well
as the corresponding neutral nucleophiles (formally proton-
ated X�) [Eq. (5)] with HX = NH3, H2O, HF, PH3, H2S,
HCl, AsH3, H2Se, and HBr.


X� þ CH3X ! XCH3 þ X� ð4Þ


HX þ CH3XHþ ! HXCH3
þ þ XH ð5Þ


The goal of this study is to find the systematic periodic
trends in reactivity, and to link these to the physicochemical
properties of the molecules involved. The relationship be-
tween basicity and nucleophilicity will be a key issue. The
correspondence between anionic (X�) and neutral nucleo-
philicity (HX) will also be of interest.


Results and Discussion


Accuracy : The key results are summarized in Table 1.
Before analyzing the SN2 reaction data, it is important to es-
tablish the accuracy of the quantum-chemical method. It has
been shown that on average thermochemical properties
(proton affinities, ionization energies) are calculated to
within 10 kJmol�1, provided that there is no particular diffi-
culty in obtaining reasonable molecular and electronic struc-
tures. In the present case, it is possible to compare calculat-
ed and experimental proton affinities and methyl cation af-
finities. It is clear that the 10 kJmol�1 criterion is met
(Table 1). This is reassuring, but the SN2 reactions involve
the traversing of transition structures and weakly bonded in-
termediate structures, both of which have more distorted
electron configurations than typical covalently bonded spe-
cies. Despite these challenges, a thorough analysis of the lit-
erature has demonstrated that G2 calculations of barriers
for SN2 reactions also meet the 10 kJmol


�1 criterion in these
cases. For example, for identity and non-identity SN2 reac-
tions of halides with methyl halides, G2 barrier heights are
identical to experimentally derived numbers and benchmark
ab initio data to within about 10 kJmol�1.[6] In the G2
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method, geometries are obtained with MP2(full)/6–31G(d).
This rather small basis set could give rise to less accurate
bond lengths and angles than might be desirable. This prob-
lem is expected to be most pertinent in the case of the hal-
ides, especially fluorine. For this reason, Glukhovtsev et al.
and others have used a modified G2 scheme, whereby geo-
metries are optimized using a larger basis set including dif-
fuse functions. The choice of basis set obviously has some
influence on the shape of the potential energy surface and
the geometries of the stationary states, but when we com-
pare our barriers with those of Glukhovtsev, we find that
the G2 barrier heights and geometries are hardly affected.
On this basis, one can be confident in applying the original
G2 method throughout. It provides a unified approach, it is
simple, and it is sufficiently accurate for the purpose of ana-
lyzing periodic properties.


Variations in the shape of the potential energy surface; tran-
sition structure : For all identity reactions investigated, a
symmetrical Walden transition structure with two identical
C···X bond distances and a planar central methyl moiety
was located. Both the width and the height of the central
barrier show significant dependence on the nucleophile. The
imaginary frequency of vibration corresponding to the reac-
tion coordinate at the TS and the corresponding force con-
stant are indicators of the curvature in the TS region. A flat
potential energy surface gives rise to low absolute values of
these quantities. Among the nucleophiles considered, hydro-
gen fluoride represents a borderline case in that it has the
lowest (absolute number) force constant for vibration corre-
sponding to the reaction coordinate, f�, Table 1. Although
this single quantity should not be taken as an absolute mea-
sure of the overall shape of the potential energy surface, it
provides an indication of the binding within the transition
structure. Dopfer and co-workers have studied the closely


Table 1. Reaction data


Nucleophile X Method PA[a] MCA[b] DHcmpl
[c] DHcb[c] DH�[d] DHTS[d] n� (f�) ro[f] r�[f]


[kJmol�1] [kJmol�1] [kJmol�1] [kJmol�1] [kJmol�1] [kJmol�1] i·cm�1 (mdyn M�1)[e] [M] [M]


NH3 G2 854 436 34 90 56 374 614 1.510 2.002
exp. 854 441 (1.585)


H2O G2 689 276 41 40 �1 270 499 1.518 1.953
exp. 691 279 (0.861)


HF G2 486 124 43 9 �34 152 265 1.606 1.968
exp. 484 125 (0.217)


NH2
� G2 1691 1225 – – 118 1101 613 1.465 1.993


exp. 1691 1234 (2.035)
OH� G2 1633 1153 26 85 59 1088 582 1.424 1.883


exp. 1634 1159 (1.910)
F� G2 1554 1078 55 (57)[g] 49 (49)[g] �6 (�8[g] 1077 551 1.392 1.781


exp. 1554 1080 (1.947)
PH3 G2 785 440 17 135 119 315 607 1.800 2.423


exp. 785 440 (1.104)
H2S G2 708 336 18 70 52 278 493 1.818 2.392


exp. 705 340 (1.266)
HCl G2 563 200 30 43 13 181 368 1.844 2.369


exp. 557 204 (0.630)
PH2


� G2 1540 1124 – – 103 1014 574 1.857 2.510
exp. 1536[i] 1116 (1.944)


SH� G2 1475 1034 – – 57 970 560 1.814 2.393
exp. 1466 1033 (2.137)


Cl� G2 1404 950 44 (44)[g] 56 (56)[g] 12(12)[g] 932 511 1.777 2.307
exp. 1395 952 51 � 8[h] 4 � 4[h] (2.014)


AsH3 G2 763 406 13 119 96 304 555 1.898 2.462
exp. 748 (1.109)


H2Se G2 715 344 14 59 45 293 453 1.953 2.473
exp. 708 (1.466)


HBr G2 586 217 15 30 15 203 360 2.003 2.478
exp. 584 227 (0.752)


AsH2
� G2 1502 1085 – – 84 995 511 1.963 2.553


exp. 1496 (1.632)
SeH� G2 1432 999 – – 45 948 500 1.954 2.491


exp. 1429 (1.767)
Br� G2 1358 916 40 46 6 904 452 1.947 2.444


exp. 1354 916 (1.539)


[a] Proton affinity. [b] Methyl cation affinity. [c] See Figure 1 for a definition of this quantity. [d] See Equation (10) for definition. [e] MP2/6–31G(d)
imaginary frequency of vibration (and corresponding negative force constant) of reaction coordinate. [f] Distance between carbon atom and main atom
of nucleophile in the substrate molecule (ro) and TS(r�), respectively. [g] Number in parentheses is G2(+) value from Glukhovstev et al. (ref. [20]).
[h] Experimental value due to Larson and McMahon (ref. [31]). [i] Experimental value due to Ervin and Lineberger (ref. [32]); all other experimental
values are from the NIST webbook (ref. [33]).
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related adduct [Ar···CH3Ar]
+ , for which a low barrier for


SN2 reaction gives rise to an inversion motion, as in ammo-
nia. This can be inferred from the infrared photodissociation
spectrum.[34] For the periodic neighbor to the right of fluo-
rine and above argon, namely neon, the symmetrical
[Ne···CH3···Ne]


+ species does not even correspond to a flat
saddle point of the potential energy surface, but is a mini-
mum.[35,36] The same has been reported for helium.[36,37] The
reactant complex, the product complex, and the transition
structures have all merged into one single structure located
at the bottom of a symmetrical potential energy well. This is
also the case for most di-adducts, [X···EHn···X]


+ , formed be-
tween nucleophiles X and the larger third-row cations, EHn


= PH2, SH, and Cl,
[27–30] reflecting the ability of third-row


atoms to form stable pentacoordinate molecules. Even neu-
tral aluminum has this ability, in contrast to boron,[38] which
is most probably the result of its enhanced tendency for
electrostatic binding at the expense of covalency.[39] We also
notice the parallel at the other extreme, namely binding in
proton transfer. While the minimum-energy structure for
[(H2O)2H]


+ corresponds to a situation with the proton locat-
ed exactly in between the two oxygen atoms, the symmetri-
cal [(NH3)2H]


+ is a TS and the minimum has the proton
closer to one of the ammonia molecules.[40–42]


Variations in the shape of the potential energy surface; ion/
molecule complex structure : All of the substrate molecules,
CH3X, considered here (except for the halides) form strong
hydrogen bonds to X, giving front-side complexes of the
type CH3X···X (the charges have been omitted from the
complexes for clarity). For all X, this complex is lower in
potential energy than the back-side X···CH3X complex lo-
cated en route to the SN2 transition structure. This consti-
tutes an interesting situation with regard to the detailed dy-
namics of gas-phase SN2 reactions, since the reactant com-
plex may be trapped in the front-side form for an extended
period of time before crossing the barrier or dissociating
back to the reactants. For our purpose, the front-side com-
plex is of less relevance, except that in a number of the
cases it is the only complex that exists, and as a result of this
all attempts to locate a back-side complex for X� = NH2


� ,
PH2


� , SH� , AsH2
� , and SeH� met with failure. Despite dif-


ferent starting conditions, geometry optimizations inevitably
ended at the CH3X···X minimum. This represents another
type of collapse of the double-minimum potential, in addi-
tion to the aforementioned situation in which the Walden
structure is a minimum rather than a first-order saddle
point.


Central barrier or overall barrier? For several good reasons,
most workers have analyzed their potential energy data in
terms of height of the central barrier DHcb. First, it resem-
bles the key step in both the gas-phase and solution-phase
SN2 reactions, and it provides a reasonable comparison be-
tween the two media. Second, a one-step process is consis-
tent with simple qualitative or semi-quantitative models for
reaction energy profiles like HammondNs postulate and


Marcus theory. Furthermore, for halides that do not form
front-side complexes, it is even possible to prepare the back-
side complexes in the laboratory and to study their unimo-
lecular dissociation.[31] The discussion herein will also in-
clude this feature, but the collapse of the double-minimum
potential, a requirement for defining the process given in
Equation (6) limits the usefulness of comparing central bar-
rier heights.


X � � � CH3�X ! X�CH3 þ X ð6Þ


It appears more logical to look at the energy difference
between the symmetrical Walden structure and that of the
reactants, DH�, since this quantity is always defined, both
when the back-side complex is absent and when the double
minimum has degenerated into a single minimum. In con-
trast to DHcb, this is the overall barrier, which is of relevance
to the direct gas-phase reaction. Another advantage lies in
the opportunity to compare the binding situation in two
well-defined molecular species, [X···CH3···X] and CH3�X.
Reactivity in this interpretation is then simply derived from
a comparison between how one nucleophile molecule X (a
base) binds to a methyl cation, compared to how two identi-
cal nucleophile molecules bind, subject to the constraint of
an X···CH3···X symmetrical arrangement. In this respect, it
is irrelevant whether [X···CH3···X] is a minimum or a saddle
point. As has been pointed out in an earlier paper, a refer-
ence point for such comparisons will be the fully separated
species X + X + CH3


+ , the former two being either both
neutral or both negative.[19] At this point, we reintroduce ex-
plicit charges into the notation for clarity and strictness.


Correlation of binding in the TS and reactant with proton
affinity : We define the appropriate thermochemical quanti-
ties according to Equations (7) and (8).


Xð0=�Þ þ CH3
þ þ Xð0=�Þ !


½X � � � CH3 � � �X	ðþ=�Þ, HTS ¼ �DH
ð7Þ


Xð0=�Þ þ CH3
þ þ Xð0=�Þ !


CH3�Xðþ=0Þ þ Xð0=�Þ, HRE ¼ �DH
ð8Þ


It can be seen that HRE = MCA, the methyl cation affini-
ty. With these definitions, we have for the overall barrier
height, DH� = MCA � HTS.


Plots of both MCA and HTS against the proton affinity
(PA) are shown in Figure 2. In the region PA >


500 kJmol�1, which is of interest here, both MCA and HTS


display good linear correlations with PA.[43–47] Interestingly,
the anionic (X�) and neutral (XH) nucleophiles display sim-
ilar functional behavior, despite the additional coulombic in-
teraction in the anionic case. The anionic nucleophiles fit
somewhat better to the ideal curve for MCA than that for
HTS. The opposite is true for the neutrals, which show a
better fit to HTS than to MCA. Good correlations are even
found at a smaller scale. Separating anions and neutrals, and
comparing MCA and HTS values both within each group of
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the periodic table and within each period, reveals interesting
and slightly different functional behavior from the overall
picture. This is particularly evident for the anions. The
MCA/PA relationship of Figure 2 can be understood when
we accept that bonds from a given nucleophile to either a
proton or a methyl cation are formed by electron donation,
and that charge is dispersed in the same general way from
X� (HX) to the cation upon formation of both the CH3�X
(CH3�XH+) and the H�X (H�XH+) bonds. The small
proton is more effective than the carbon in its electron-ac-
ceptor capacity and the charge is better delocalized in the
methyl cation. The origin of the exact slope of the linear
part has been discussed in some detail by Brauman[45,46] and
Uggerud.[47] The reader should note that the electron-donat-
ing ability of the principal atom of X is not only determined
by the position in the periodic table. While HF is the weak-
est neutral base, F� is the third strongest anionic base. The
good HTS/PA correlation is perhaps more surprising,[19] since
the [X···CH3···X] structure corresponds to two half-bonds
rather than one full bond. From Figure 2, we see that on
average the two half-bonds of [X···CH3···X] taken together
are slightly weaker than the full bond of CH3�X. This
means that the average reaction in our data set has a posi-
tive barrier (DH� > 0), that is, the TS is above the reactants
in terms of potential energy.


Correlation of barrier height with proton affinity : The per-
spective of Figure 2 gives an overview of the main effect of
electron donation. However, the barrier height is obtained
by subtracting one large number from another, DH� =


MCA � HTS, and from a more detailed study of Figure 2 it
can be inferred that there is no general and straightforward
relationship between this quantity and PA. Instead, there
are linear (anionic nucleophiles) or nonlinear (neutral nucle-
ophiles) correlations within each row of the periodic table
(see Supporting Information, Figure S1).


Correlation of barrier height with electronegativity : Electro-
negativity is a concept which dates back to the Pauling tradi-
tion of chemical bond theory. While bond order (vide infra)
is related to bond length, electronegativity is related to
bond strength. Luo and Benson have extended the original
definition of electronegativity, and suggested a revised scale,
VX. Their electronegativity was shown to give linear correla-
tion with the differences in heats of formation between hy-
drogen and methyl derivatives.[48] The interesting point is
not that such a scale exists, but its definition. For a given el-
ement X (= NH2, OH, F, PH2, SH, Cl, AsH2, SeH, Br) elec-
tronegativity is defined using the unshielded core potential
of Yuan,[49] according to Equation(9), where nX is the
number of valence electrons and rX is the covalent radius.


VX ¼ nX=rX ð9Þ


By this definition, electronegativity is no longer defined
by bond strength but by bond length and valence. Inspired
by this promising relationship between methyl cation and
proton affinity on the one hand and size and valence on the
other, we plotted the barrier DH� versus VX. It turned out
(see Supporting Information, Figure S2) that this electrone-
gativity is no better than the proton affinity as a global de-
scriptor of nucleophilicity.


Correlation of barrier height with ionization energy : In con-
trast to PA and VX, the ionization energy, IE, turned out to
be the best general descriptor, and the plot is displayed in
Figure 3. It is evident that the points for all anions now end
up on an approximately straight line (although not perfectly
linear), while the neutrals give rise to a curve that levels off
at high ionization energy. No attempt has been made to fit
these data to any particular function. It is clear from
Figure 3 that the nucleophiles with the highest ionization en-
ergies give rise to the lowest barriers.


Basicity and related properties : Only by using IE instead of
PA or VX do the otherwise parallel three lines (one corre-
sponding to each period) within each charge class (anion or
neutral) join together into one. This discussion also shows
how difficult it is to separate the effect of basicity from that
of size using molecular properties. The different measures
for electron-donating power (ionization energy, proton affin-
ity, electronegativity, polarizability volume) are interrelated
and related to size. In effect, they all express chemical hard-
ness/softness in some way. Chemical hardness and electrone-


Figure 2. The plot shows the relationship between methyl cation affinity
(MCA) and proton affinity (PA) for various groups for the indicated
bases (circles). The thin blue line is the function MCA = 0.885PA(1.000
� exp(�PA/969)) obtained by least-squares fit to the MCA data. The
crosses represent the corresponding functional relationship between the
TS energy, HTS, and PA. The thick green line is the function HTS =


0.925PA(1.000 � exp(�PA/1213)) obtained by least-squares fit to the
HTS data. When the cross is below the circle the SN2 identity reaction X
+ CH3X ! XCH3 + X has a positive DH� value. The reader will see
that both data sets also fit well to straight lines. However, an exponential
function passing through the origin was chosen to include the hypotheti-
cal situation of a completely inert group which has zero binding to both
H+ and CH3


+ , and perhaps give a better description of the fall-off
region.
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gativity have both been given rigorous definitions within
density functional theory[50,51]—which may be different from
classical empirical definitions—and so in order not to get
entangled in linguistic and fine theoretical discussions, we
will not discuss this in any detail. We do, however, note
from reading current literature that softness (in the strict
definition) scales linearly with the cube root of polarizabili-
ty,[52] and that the electron density at long distance decays
exponentially with the square root of the IE.[53] A relation-
ship with the unshielded core potential (the VX electronega-
tivity scale; [Eq. (9)]) exists according to Ray et al., who
showed that for diatomic molecules there is a linear interde-
pendence between softness (in the strict definition) and
spherical capacitance (in the normal electromagnetic mean-
ing).[54,55] In this simple model of electronic interaction, the
capacitor consists of the two atomic spheres. While the core
electrons and the asymptotic electron density both behave
in a way that is well described by density functional theory,
the behavior is more complicated at the intermediate distan-
ces typical for molecules and chemical reactions.


Neutral/anion correlation in bond length elongation : It is
clear from Table 1 that the C�X bond lengths of the sub-
strates CH3X decrease on going from left to right in the pe-
riodic table, while the opposite tendency is seen for the pro-
tonated congeners CH3XH


+ . However, the transition struc-
tures have decreasing CH3···X bond lengths on going from
left to right for both anionic and neutral nucleophiles. Not
unexpectedly, the C�X bond lengths of all species (reactants
and transition structures) increase when going down a
group. Plotting the C�X bond elongation factor Dr� = r� �
ro (see Table 1 for definitions) for the anions versus the neu-


trals is illustrative and remarkable (Figure 4, left panel). The
plot reveals two facts, that a straight line is obtained, and
that Dr� is high for those nucleophiles giving high barriers


and low for those giving low barriers. It was found that DH�


values give a rather poor overall correlation with Dr�, but
the barrier heights are equally well correlated to the period
(see Supporting Information, Figure S3). Figure 4 (right
panel) shows the correlation between the barrier for the
anions (X�) and the neutrals (XH). There is very good cor-
relation within each period, and it can be seen that there is
noticeable curvature.


Barrier height and electron density : From these considera-
tions, the following summary can be made: a) the ionization
energy is a more useful global descriptor for the barrier
height in identity SN2 reactions than the proton affinity or
electronegativity, b) the neutral (XH) and the corresponding
anionic nucleophile (X�) show remarkably parallel behavior
despite the charge difference. A qualitative picture emerges
from these observations, namely that a nucleophile with a
high IE (e.g., F�) will give rise to a strong, albeit polar C�X
bond in the substrate, whereby relatively little electron den-
sity is donated from the nucleophile to the methyl cation.
The bond has a high electrostatic character. The route to
the TS will be less demanding, since the introduction of the
second F� will not be hampered so much by electron repul-
sion due to the donated electron cloud. This aspect is illus-
trated in Figure 5. The situation is characterized by both a
low Dr� and a low DH�. A better electron donor in this re-
spect will lead to a higher barrier.


Considerations of the VB model : Shaik, Pross, and co-work-
ers have suggested that insight into SN2 reactivity can be
gained by the use of valence bond (VB) correlation dia-
grams.[56–59] The barrier for the central SN2 reaction step is
the result of the avoided crossing of two curves comprising
the reactant- and product-like Heitler–London valence bond
states, and the barrier height is given by the model in Equa-
tion (10), where B is the avoided crossing interaction, which,
in accordance with some of the earlier studies, is neglected;
Gr is the promotion gap, and a a curvature factor.


Figure 3. Relationship between barrier height (DH�) and ionization
energy (IE). The IE for an anion is not a strictly defined quantity, and
we simply substitute it with the negative electron affinity of the corre-
sponding neutral molecule. The lines display the trends, but have not
been mathematically fitted to the data. Please note the compressed hori-
zontal axis, which is a result of including both neutrals and anions in the
same plot.


Figure 4. Plot showing the relationships between (a) the bond elongation
factor (Dr�) for anions (X�) and neutrals (XH), and (b) relationships be-
tween barrier heights (DH�) for anions (X�) and neutrals (XH).
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DHcb ¼ aGr � B ð10Þ


The promotion gap is usually approximated by Equa-
tion (11), where IEX is the vertical ionization energy of the
nucleophile and EARX is the vertical electron affinity of the
substrate molecule.


Gr ¼ IEX � EARX ð11Þ


The data presented in Figure 3 show that it would be diffi-
cult to apply this valence bond correlation approach to the
present systems under consideration. For example, the pro-
motion energy is higher for H2O + CH3OH2


+ than for NH3


+ CH3NH3
+ , while the order of the reaction barriers is the


opposite. Both DHcb and DH� show this general tendency,
as already discussed in connection with Figure 3.


Considerations of other models : The early work by Wolfe
and co-workers established a frame of reference frequently
adapted to model characteristic features of SN2 reac-
tions.[14, 60] Their application of Marcus theory to connect
non-identity and identity reactions was certainly an impor-
tant contribution. However, a weak point in their theory is
the use of the non-observable quantities “looseness” and
“bond order”. For example, the theory requires that the
conceptually vague quantity of bond order is conserved.
Ruggiero and Williams gave a critical account of this and
similar structure/energy relationships that have been sug-
gested to explain identity SN2 reactivity.


[36] Neither of the
traditional approaches turned out to be generally valid. In-
stead, Williams introduced a one-dimensional harmonic po-
tential to correlate barrier heights.[36, 61] In this model, the
barrier height (starting from the back-side complex) can be


expressed as DHcb ~ fd2, where f is the force constant associ-
ated with C�X(str.) in the complex and the displacement co-
ordinate d has been set to the distance traveled by the
methyl group on going from the reactant complex to the
product complex. Using this simple approach, Williams
found relatively good correlation for a variety of nucleo-
philes, both anionic and neutral. When applied to the pres-
ent data set, reasonable agreement was found for the set of
the four anionic nucleophiles which form a back-side com-
plex, but the correlation for the neutral data set was poor.
Neither substituting d by the bond elongation factor Dr� =


r� � ro (see Table 1) to be in better accordance with our
analysis given above, nor substituting f by the negative force
constant f� associated with the reaction coordinate (the neg-
ative eigenvalue of the TS Hessian) improves the situation.


Periodic trends : Hoz and co-workers calculated (G2) and
compared anion nucleophilicity in identity SN2 reactions of
CH3X


�-type anions at carbon in terms of DHcb values.[21]


The barrier height increases on going from right to left in
the periodic table depending essentially on the valence of X.
Within each group, Hoz et al. observed relatively little varia-
tion among the main group elements, and they suggested
the extremely simple equation DHcb = p·42 kJmol�1, where
p is the valence of X. As already explained, this quantitative
relationship cannot be estimated for our complete data set
of anions since five of the nine anionic nucleophiles do not
give stable back-side complexes, meaning that a DHcb value
is not defined. For the neutral nucleophiles, back-side com-
plexes exist, but there is quite substantial variation within
each group, and a simple relationship of the type Hoz et al.
suggest is not observed. The situation becomes even worse
by looking at DH� instead of DHcb. By applying their own
intersecting-state model, Arnaut et al. were able to roughly
reproduce the valence-dependent equation of Hoz et al.[62]


However, the model, like the similar structure/energy rela-
tionships discussed above, depends heavily on the doubtful
assumption that bond order is conserved.


Effect of the central atom on the barrier : Having shown
that the IE is a good measure of nucleophilicity in identity
SN2 reactions on carbon, we will now for a moment turn our
attention to other elements. SN2 on carbon has high barriers
compared to that at the neighboring elements. For the
second row, barriers decrease in the sequence CH3 > NH2


> OH,[24–26,63] reflecting increasing electron-accepting ability.
This seems to be the general trend for anionic nucleophiles
and neutral nucleophiles. For neutral nucleophiles, it can be
inferred from literature data that going down in the periodic
table to EHn = PH2, SH, and Cl the barrier decreases.


[27–30]


Among the third-row groups, the barrier dependency on the
nature of EHn is PH2 < SH < Cl for second-row nucleo-
philes, but PH2 < SH > Cl for third-row nucleophiles.
These results show that both size and electron-accepting
properties determine the barrier height. In this connection,
one should keep in mind that electrostatic binding becomes
more important than covalent binding in the third and


Figure 5. Electron density plots (isodensity contour set to 1 =


0.0004 electron/bohr3) for CH3NH2 (upper left), CH3FH
+ (upper right),


and the corresponding transition structures to [H2N···CH3···NH2]
� (lower


left) and [HF···CH3···FH]
+ (lower right). A stronger electrostatic charac-


ter of a bond is revealed by less electron density in between the nuclei,
and more closer to the nuclei.
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fourth rows.[39] The well-known phenomenon of decreasing
SN2 reactivity upon increased alkyl substitution at the cen-
tral carbon is probably more related to the same central
atom size/electron-accepting properties, and probably less to
the so-called steric effect (direct repulsion from the alkyl
substituents) than is generally believed.[64]


Relationship between nucleophilicity and basicity : In the
final few paragraphs, the ongoing discussion of the relation-
ship between basicity and nucleophilicity is taken up once
more. One of the founders of physical organic chemistry
and inventor of the “SN2” concept, Sir Christopher Ingold,
stated in his textbook that: “Reagents which act by donating
their electrons to, or sharing them with, a foreign atomic nu-
cleus will be called nucleophilic reagents, or sometimes nu-
cleophiles.”[65] Swain and Scott were the first to define nucle-
ophilicity in a more concise way.[9] Through linear rate-
energy relationships they introduced the nucleophilicity, n
[Eq. (12)].


log ðk=koÞ ¼ ns ð12Þ


In Equation (12), ko refers to the rate of a standard reac-
tion, and k is the rate of the reaction of the nucleophile
under consideration. The parameter s is the sensitivity of
the given substrate. By this appropriate definition, nucleo-
philicity is a kinetic property. These authors studied the dis-
placement of bromide and other nucleofuges using different
nucleophiles and substrates. Their standard reaction is given
in Equation (13).


X� þ CH3Br ! XCH3 þ Br� ð13Þ


Swain and Scott noticed that their approach failed in cor-
relating the concept of nucleophilicity with that of basicity.
From our considerations, we are now in a position to dem-
onstrate how the two concepts are related. For non-identity
reactions, reactivity is partly steered by the combined intrin-
sic barriers corresponding to the incoming (Y) and outgoing
groups (X), and partly by the overall exothermicity. In this
context, it will be helpful to refer to the simple mathematics
of Marcus theory and similar approaches.[14,60] By these ap-
proaches, the barrier height DH* is given by Equation (14),
DHo is the enthalpy difference between the product and re-
actant.


DH* ¼ DH0*ð1þ
DHo


4DH0*
Þ2 ð14Þ


In its original form, Equation (15) is valid only for an ele-
mentary step, that is, DH* = DHcb, but Wolfe et al.[14]


showed that to a good approximation the equation is also
valid for the overall SN2 reaction, that is, DH


* = DH�. The
intrinsic barrier, DH0


*, is given by Equation (15), where
H0,XX


* and H0,YY
* are the barriers for the identity reactions


with X and Y, respectively.


DH0* ¼ 1
2
ðDH0,XX


* þ DH0,YY*Þ ð15Þ


Examination of Equation (14) shows that the barrier in-
creases when the intrinsic barrier increases, and decreases
when the reaction becomes more exothermic.


The overall exothermicity is determined by the difference
in heterolytic bond dissociation energy between C�Y and
C�X. Since this figure can be described in terms of the
methyl cation affinities of X and Y, it can be seen that
strong bases will be good nucleophiles in this respect. At the
same time, we have shown above that nucleophiles with low
ionization energies give high barriers in identity reactions.
In other words, there are two opposing forces at work. A
strong base will be a poor nucleophile in terms of having a
high intrinsic barrier, while it will be a good nucleophile by
shifting the barrier to a lower level by stabilizing products
relative to reactants. It can therefore be seen how nucleo-
philicity relates to basicity. Only for sufficiently exothermic
reactions, when DHo becomes the dominating term, is nucle-
ophilicity steered by basicity. In other terms, combining the
well-proven Marcus equation with the indicated relationship
between the intrinsic barrier and IE of Figure 3, the rela-
tionship between nucleophilicity and basicity has been clari-
fied, at least for gas-phase reactions.


Conclusion


The results of the present work demonstrate that for identi-
ty SN2 reactions, in spite of the charge difference between
X� and HX, the energetic and geometric requirements for
going from the reactant to the transition structure are sur-
prisingly similar. It is found that the barrier heights decrease
on going from left to right in the periodic table, and that
within each class (X� or XH) this correlates with decreasing
ionization energy of the nucleophile. It is suggested that nu-
cleophiles having bonds to carbon with stronger electrostatic
character give rise to lower energetic barriers due to de-
creased electron repulsion in the transition structure. This
means that poor electron donors, like the fluoride anion, are
good nucleophiles in identity reactions, while good electron
donors like ammonia give high barriers. Finally, the relation-
ship between nucleophilicity and basicity has been analyzed
and understood from comparing intrinsic reactivity in identi-
ty reactions by consideration of the factors that govern reac-
tion exothermicities. Since the trends in intrinsic nucleophi-
licity and basicity are opposing, overall nucleophilicity will
be determined by the relative contribution of the two fac-
tors. In the asymptotic limit of strongly exothermic reac-
tions, basicity and nucleophilicity will become equivalent.
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Experimental Section


Computational methods : Quantum-chemical calculations were carried
out using the program system GAUSSIAN 03.[66] All relevant critical
points (reactants, transition structures, intermediates, and products) on
the potential energy surface were characterized by complete optimization
of the molecular geometries (MP2(full)/6–31G(d)). Harmonic frequen-
cies were obtained using HF/6–31G(d) by diagonalizing the mass-weight-
ed Cartesian force constant matrix, calculated from the analytical second
derivatives of the total energy (the Hessian). Harmonic frequencies ob-
tained in this manner were used to calculate the zero-point vibrational
energies (ZPVE) using a built-in scale factor of 0.9434.[67] Electronic en-
ergies were obtained by the G2 methodology.[68] Using the MP2(full)/6–
31G(d) geometry, a series of single-point MP2, MP4, and QCISD(T) cal-
culations are performed in order to obtain an energy estimate, which is
effectively at the QCISD(T)/6–311+G(3df,2p) level. The G2 energies
presented are 0 K energies including the ZPVEs. Proton affinities at
room temperature (PAs) were estimated by adding 5/2 RT (with T =


298 K) to the 0 K enthalpy differences between the base and the corre-
sponding acid, ignoring heat capacity differences. The methyl cation af-
finities (MCAs) were calculated analogously according to Equations (16)
and (17).


A þ Hþ ! AHþ, PA ¼ �DHo ð16Þ


A þ CH3
þ ! CH3A


þ, MCA ¼ �DHo ð17Þ
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Introduction


Nanoscience is displaying more and more significance for
science and technology development. Its development is re-
sulting in great breakthroughs in physics, chemistry, and
biology, and has driven many researchers to investigate the
possibilities of applying nano-/nanoporous materials to
design structural, electromagnetic, optical, and catalytic ma-
terials.[1–4] Enzyme-based biosensors is an important research
field, as a result of their potential application to a wide
range of analytical tasks, such as clinical diagnosis, the food
industry, environmental monitoring, and bioassays.[5–6] Many
kinds of materials, including biomimetic and inorganic
silica,[7–8] clay,[9] zeolites,[10] porous alumina,[11] montmorillon-
ite,[12] hydrogel polymers,[13–14] and self-assembled monolay-
ers[15–17] have been studied as enzyme carriers, by using es-
tablished strategies for enzyme immobilization.[18–21] Com-
pared with these materials, nanomaterials should have a
clear advantage due to the remarkably large surface area


available for enzyme immobilization. Therefore, investiga-
tions concerned with the attachment of enzymes or other
functional proteins onto nanoscale materials are arousing
more and more attention, and studies of biosensors involv-
ing inorganic nanoparticles,[22–23] pillars,[24] and carbon nano-
tubes[25] as enzyme-immobilized carriers have been reported.
However, due to several challenges concerning the enhance-
ment of the enzyme immobilization, the preservation of
enzyme activity, the simplification of the enzyme immobili-
zation process and prolonging the lifetime of the biosensors,
investigation of new strategies and materials for enzyme im-
mobilization is still a prevailing subject in the design of bio-
sensors.


It is known that the performance of nanomaterials in any
application is strongly dependent upon their physicochemi-
cal characteristics and their interactions with the guest spe-
cies. Besides their large surface area, suitable interaction of
the nanoparticles with the guest species is another crucial
factor. A weak interaction could lead to a weak immobiliza-
tion of guests, while an excessive interaction could cause the
loss of enzyme activity. Compared with other immobiliza-
tion methods, physical adsorption plays an important role
when immobilizing enzymes, because of the more gentle im-
mobilization conditions, with respect to the techniques of
matrix embedding, cast film entrapment, and covalent at-
tachment.[26] However, the resulting low level of enzyme im-
mobilization limits its application. Zeolite nanoparticles
(nanozeolite), which displayed good interaction with bio-
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molecules in our previous work[27] possess excellent charac-
teristics, such as a large clean surface (i.e. , without any pro-
tection or surface-modifying agent, as in the case of metal
nanoparticles[28]), plentiful and tunable surface properties
(e.g., adjustable surface charge and hydrophilicity/hydropho-
bicity), and high dispersibility in both aqueous and organic
solutions[29] (which is different from previously reported ma-
terials with poor solubility, e.g., carbon nanotubes[30]). These
characteristics gives them a very high adsorption capability
and a facile self-assembly character,[31] making them promis-
ing candidates for the immobilization of enzymes and the
construction of enzyme electrodes.


In this paper, we report on the successful construction of
a series of enzyme electrodes, named as Cyto-c/nano-LTL-
zeolite/ITO, with controllable levels of enzyme immobiliza-
tion, by assembling nanometer-sized Linder type-L zeolite
(nano-LTL-zeolite) on indium tin oxide (ITO) glass elec-
trode surfaces, by means of a layer-by-layer (LbL) tech-
nique. Cytochrome c (Cyto-c), which is a model protein, is
then adsorbed; it is a very important electron carrier for
electron transfer in vivo and in vitro[32,33] . It was found that
the Cyto-c/nano-LTL-zeolite/ITO electrode possessed a
large capacity for enzyme immobilization and provided a
suitable interaction with Cyto-c, thus leading to direct and
good electron-transfer behavior. Fast-response times, a
broad linear range, long-lived stability and a low detection
limit were found when it was applied as a biosensor to
detect hydrogen peroxide. Moreover, the electron-transfer
behavior and biocatalytic property of the enzyme electrode


could be facilely controlled by adjusting the thickness of the
nanozeolite films, thus regulating the amount of the immobi-
lized enzyme, with good electrochemical and biocatalytic ac-
tivity. This behavior could open up a possibility for the ra-
tional design of enzyme electrodes with different require-
ments.


Results


Construction of the nanozeolite enzyme electrodes : The
Cyto-c/nano-LTL-zeolite/ITO electrode was constructed by
assembling the nano-LTL-zeolite on the ITO electrode with
layer-by-layer (LbL) technology,[34] and then immersing the
nanozeolite-assembled electrode in Cyto-c (0.3 mgmL�1)
phosphate buffer solution (20 mmolL�1, pH7) at 277 K over-
night. The nano-LTL-zeolite used was a kind of alumino-sili-
cate crystal with 1D 12-membered ring micropores (ca.
0.71 nm in diameter);[35] its morphology and crystalline type
are shown in Figure 1. The transmission electron microscopy
(TEM) images at high resolution clearly identify the micro-
pore opening array (Figure 1A, inset) and the nanometer-
sized (40J80 nm) spindly morphology (Figure 1A). The X-
ray diffraction (XRD) pattern confirms the LTL crystal
structure (Figure 1B). Figure 2 displays the surface morphol-
ogies of the electrodes with different LTL-nanozeolite as-
sembled layers. Evidently, the density and uniformity of the
assembled layers on the electrodes increase with the
number of nanozeolite-assembling cycles. The LbL assembly
process of producing nanozeolites avoided the use of a
matrix (e.g., carbon paste), as is the case when fabricating
conventional zeolite-modified electrodes,[10b] and may in-
crease the effective contact area of the nanozeolite to both
enzyme molecules and the ITO electrode. More importantly,
according to our experimental data,[36] the amount of Cyto-c
immobilized on the Cyto-c/nano-LTL-zeolite/ITO electrode
reached 37, 57, and 66 mgcm�2 with 3, 5, and 7 nanozeolite
assembled layers, respectively. This method provides a possi-
bility to control the amount of immobilized Cyto-c by
changing the amount of nanozeolites being deposited.


Electrochemical behavior of the Cyto-c/nano-LTL-zeolite/
ITO electrode : Cyclic voltammograms (CV) of a nano-LTL-


Figure 1. A) A TEM image of nano-LTL-zeolites and their 1D micropo-
rous structure (inset); B) XRD pattern of the nano-LTL-zeolites.


Figure 2. Surface morphologies of nano-LTL-zeolite-assembled electrodes with a different number of nanozeolite-assembled layers: A) 3 layers,
B) 5 layers, and C) 7 layers. The scale-bar in each image is 1 mm.
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zeolite/ITO electrode with or without immobilized Cyto-c
were measured in phosphate buffer solution (20 mmolL�1,
pH7) (Figure 3). Two stable redox peaks at +15 and


�44 mV, at a scan rate of 100 mVs�1, were observed when
Cyto-c was immobilized on the nanozeolite-assembled elec-
trode, while no electrochemical response was displayed
before the Cyto-c immobilization process. These results
show that a direct electron-transfer process takes place be-
tween the immobilized Cyto-c and the nanozeolite-assem-
bled electrode,[37] and that the immobilized Cyto-c has good
electrochemical activity. The half-wave potential E1/2 value
was estimated to be �18.5 mV, and this negative shift, rela-
tive to that of Cyto-c in solution (+17 mV vs SCE),[38] could
be attributed to the interaction between nano-LTL-zeolite
and Cyto-c. The electron-transfer rate constant (ks) was esti-
mated from the Laviron model equation [Eq. (1)][39] as
2.2 s�1 (a=0.5), by measuring the peak-to-peak separation


values DEp (Figure 4) of CV curves at different scan rates,
ranging from 40 to 500 mVs�1.


DEp ¼
RT


nFað1�aÞ lnnþ
RT


nFð1�aÞ lnð1�aÞ


þ RT
nFa


lna� 1
að1�aÞ ln


�
RT
nF


�RT
nF


� RT
nFað1�aÞ lnkS


ð1Þ


Interestingly, when the pH value of the system was
changed to relatively more acidic or basic conditions, the
peak position and DEp value hardly shifted, while a slight
decrease of the peak current was observed (Figure 5). These


results indicate that the electron-transfer process could not
be affected by pH-value changes from 5 to 10, and the elec-
trochemical activity of immobilized Cyto-c could be main-
tained over a broad pH-value range. Additionally, the Cyto-
c/nano-LTL-zeolite/ITO electrode still exhibited an evident
electrochemical response after five months storage at 277 K.


Amperometric response of the Cyto-c/nano-LTL-zeolite/
ITO electrode as a biosensor : The biosensor function of the
Cyto-c/nano-LTL-zeolite/ITO electrode was evaluated by
detecting hydrogen peroxide, since the detection of hydro-
gen peroxide plays an important role in many fields, includ-
ing industry, environmental protection, and clinical con-
trol.[40–43] Figure 6A shows amperometric catalytic responses
of the Cyto-c/nano-LTL-zeolite/ITO electrodes after the ad-
dition of an aqueous solution of H2O2 (60 mmolL�1, 2.5 mL)
into phosphate buffer solution (10 mL, 20 mmolL�1, pH7).
The best linear relationship between the response and the
H2O2 concentration was exhibited in the range 15–
540 mmolL�1 (Figure 6B), and its apparent Michaelis–
Menten constant (K M


app
[44]), which was calculated by using the


Lineweaver–Burk equation [Eq. (2)],[45–46] was within the
range 200–300 mmolL�1 (Figure 6C).


1
Icat


¼ 1
nFAGkcat


þ KM
app


nFAGkcatcS
ð2Þ


The detection limit was estimated to be as low as
3.2 nmolL�1. Besides, the amperometric response of H2O2


on the Cyto-c/nano-LTL-zeolite/ITO electrode also showed
remarkable long-lived stability (the response just decreased
by 30% after 5 months) and its biocatalytic activity was well
maintained in the pH range 5–10.


Figure 3. Cyclic voltammograms of Cyto-c/nano-LTL-zeolite (5 layers)/
ITO electrode, with (a), and without (b) immobilized Cyto-c, in phos-
phate buffer solution (20 mmolL�1, pH7.0). The scan rate is 60 mVs�1.


Figure 4. Relationship between the peak-to-peak separation and the scan
rate, n (40–500 mVs�1) of a Cyto-c/nano-LTL-zeolite (5 layers)/ITO elec-
trode.


Figure 5. Cyclic voltammograms of a Cyto-c/nano-LTL-zeolite (5 layers)/
ITO electrode at different pH values: a) 6.04, b) 10.01, and c) 5.04. The
scan rate is 60 mVs�1.
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Discussion


As pointed out previously, the Cyto-c/nano-LTL-zeolite/ITO
electrode displays a clear-cut advantage as a biosensor, due
to its electron-transfer behavior and sensor properties.
Table 1 displays the function parameters of the Cyto-c/nano-
LTL-zeolite/ITO electrode prepared in this paper with those
of previously reported micrometer-sized zeolites, and some
other inorganic nanomaterial-modified enzyme electrodes. It
has been found that our electrode presents larger ks values,
a wider linear range, and lower detection limits. These ad-
vantages could be attributed to the unique surface property
of nanozeolites. Firstly, the nanosized zeolite possesses
much larger external surface area (about 58% of its total
surface area[47]) than that of micrometer-sized zeolites (gen-
erally less than 5% of their total surface area), which would
be very beneficial for enzyme molecule adsorption. More-


over, due to their high dispersibility and stability in both
aqueous and organic solutions, the surfaces of nanozeolite
particles do not need any protective agents to maintain their
dimensional stability in the storage and assembly processes,
which avoids the probable negative effect during the follow-
ing enzyme-adsorption step. Figure 7A exhibits the amount


of LTL-nanozeolite particles adsorbed per Cyto-c moiety at
different pH values. The LTL nanozeolites possess not only
a very high level of adsorbed enzyme (450–600 mgg�1), but
also a wide and stable adsorption range for Cyto-c (pH 4–
11), which could be an essential prerequisite for constructing


Figure 6. A) Amperometric responses of the Cyto-c/nano-LTL-zeolite/
ITO electrode at �250 mV upon successive addition of H2O2


(60 mmolL�1, 2.5 mL) into a phosphate buffer solution (20 mmolL�1,
10 mL, pH7); B) calibration curves of the H2O2 sensor; C) double-recip-
rocal plots of the step current to the concentration of H2O2. a), b), and c)
in the three parts of the figure represent data for electrodes with 3, 5,
and 7 nano-LTL-zeolite layers, respectively.


Table 1. Comparison of the parameters of electrochemical and H2O2


sensor properties of Cyto-c-immobilized electrodes using different
enzyme-immobilized inorganic materials. All the Cyto-c-immobilized
electrodes reported in the table possess a driect electron-transfer process-
es.


Electrode ks


[s�1]
K M


app


[mmolL�1]
Linear
range
[mmolL�1]


Detection
limit
[mmolL�1]


Cyto-c/nano-LTL-zeolite/
ITO[a]


2.2 200 15–540 0.0032


Cyto-c/NaY/ITO[48] 0.78 – 8–128 0.32
Cyto-c/Multi-walled carbon-
nanotube/GC[49]


4.0 857 2–420 –


Cyto-c/Gold-colloid/Carbon
Paste[50]


1.2 2280[b] 10–1000 –


[a] The Cyto-c/nano-LTL-zeolite/ITO electrode contains seven nano-
LTL-zeolite assembled layers. [b] The exact data in the reference is
2.28�0.17 mm.


Figure 7. A) The adsorbed amount of LTL-nanozeolite for Cyto-c moiety
at different pH values; B) UV/visible absorption spectra of Cyto-c
(0.3 mgmL�1) in a phosphate-buffer solution (20 mmolL�1, pH7) (a), and
a phosphate-buffer solution (20 mmolL�1, pH7), containing Cyto-c
(0.3 mgmL�1) and nano-LTL-zeolite particles (0.3 mgmL�1) (b).
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good biosensors. It is the high enzyme-adsorption amount
that makes the Cyto-c/nano-LTL-zeolite/ITO electrode dis-
play a lower detection limit and wider linear range, relative
to previously investigated enzyme electrodes (Table 1).


The nanozeolite particles could adsorb biomolecules by
means of compositive interactions, such as electrostatic and
hydrophilic/hydrophobic interactions, because of their tun-
able surface properties (e.g., adjustable surface charge and
hydrophilicity/hydrophobicity).[27] Such compositive interac-
tions may induce the biomolecules (enzyme/protein) to
retain their original conformation and orientation for elec-
tron-transfer[51–53] and biocatalytic reactions. The nano-LTL-
zeolite, with a negatively charged surface, would be suitable
for the immobilization of Cyto-c. The positively charged six
or seven lysine residues surrounding its heme crevice, which
play an important role in binding interactions and electron
transfer with most of its redox partners,[54–57] could help the
immobilization of Cyto-c on the surface of the zeolite, by
means of electrostatic interaction.[58–62] Meanwhile, the sur-
face hydrophilic/hydrophobic character of the nanozeolite
could adjust the microenvironment of immobilized Cyto-c.
A small shift of the absorbance peak of the Soret band in
the UV/visible spectra of the Cyto-c and nano-LTL-zeolite
solution mixture, corresponding to that of Cyto-c solution
(Figure 7B), shows that the interactions between Cyto-c and
nanozeolite do not influence fundamental active conforma-
tion of immobilized Cyto-c.[63] Therefore, the immobilized
enzyme displays good biocatalytic function and sensor prop-
erties (Table 1). On the other hand, the interactions between
nanozeolite and Cyto-c, and the broad pH-adsorption range
make the immobilized Cyto-c stable and firm enough, and
consequently induce the Cyto-c/nano-LTL-zeolite/ITO elec-
trode to display a very long lifetime, and a wide pH active
range.


More importantly, because of the easy-assembly property
of the nanozeolite, the thickness of the nanozeolite film on
the electrode could be easily controlled by a LbL assembly
technique[64–65] , to modulate the electron-transfer behavior
and biocatalysis properties (Table 2). As shown in Figure 8,


the peak current of the CV curves was enhanced with in-
creasing nanozeolite-film layers, while the electron-transfer
rate, that is, ks always stayed around 2. This indicates that
the amount of Cyto-c, with good electrochemical activity,
could be increased correspondingly with the increase in the


number of layers; however the electron-transfer behavior of
immobilized Cyto-c was not affected by the assembly meth-
ods. The step current of the amperometric-response curve
(Figure 6A) was also enhanced with an increase in the
number of the nanozeolite film layers. The diversity of the
linear range, detection limit, and the K M


app value of different
assembled layers (Table 2) implies that the biocatalytic func-
tion of the Cyto-c/nano-LTL-zeolite/ITO electrode could be
facilely regulated through the LbL strategy, according to the
demand for different sensor practices.


Conclusion


Nano-LTL-zeolite particles were used as enzyme immobili-
zation carriers to construct Cyto-c/nano-LTL-zeolite/ITO
electrodes by a LbL assembly technique, and their electro-
chemical and biocatalytic properties were evaluated from
CV and amperometric experiments. The results show that
the Cyto-c/nano-LTL-zeolite/ITO electrodes possess direct
electron-transfer behavior, excellent biosensor properties,
long lifetimes, and wide pH stability. All the advantages of
the Cyto-c/nano-LTL-zeolite/ITO electrodes could be con-
tributed to the remarkable enzyme-adsorption ability of
nanozeolites, and proper and stable interactions between
nanozeolite and Cyto-c. In addition, assembling nanozeolites
on the electrode by means of LbL technology could control
the amount of enzyme immobilized on the Cyto-c/nano-
LTL-zeolite/ITO electrode, and thus control its biosensor
properties by regulating the thickness of the nanozeolite-as-
sembled layers; this makes the rational design of enzyme
electrodes possible.


Experimental Section


Apparatus : XRD data was obtained on a Rigaku D/max-IIA diffractom-
eter with CuKa radiation at 40 kV and 45 mA. Scanning electron micros-
copy (SEM) was carried out using a Philips XL 30, and TEM studies
were performed on a JEOL 200 microscope, with an accelerating voltage
of 20 and 200 kV, respectively. Electrochemical experiments were per-
formed at room temperature by using a three-electrode setup, consisting
of a saturated calomel reference electrode (SCE), a platinum wire coun-


Table 2. Electrochemical behavior and biosensor function comparison of
Cyto-c/nano-LTL-zeolite/ITO electrodes with different nanozeolite-as-
sembled layers.


Number of
layers


Peak
current[a]


[mA]


ks


[s�1]
K M


app


[mmolL�1]
Linear range
[mmolL�1]


Detection limit
[mmolL�1]


3 0.245 2.0 300 15–360 0.015
5 0.612 2.2 234 15–480 0.0128
7 0.842 2.2 200 15–540 0.0032


[a] The scan rate is 100 mVs�1.


Figure 8. Cyclic voltammograms of Cyto-c/nano-LTL-zeolite/ITO elec-
trodes with a) 3, b) 5, and c) 7 nanozeolite-assembled layers in phosphate
buffer solution (20 mmolL�1, pH7). The scan rate is 100 mVs�1.
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ter electrode, and an enzyme-immobilized nanozeolite-assembled ITO
working electrode. All electrochemical measurements were recorded by
using a CHI660A electrochemical working station from CH Instruments,
Texas.


Reagents : Fumed silica was obtained from Shanghai Chlorine Alkali In-
dustry. Aluminum foil and potassium hydroxide were obtained from
Shanghai Reagent Factory (China). Poly(diallyldimethylammonium chlo-
ride) (PDDA, Mw<200,000) was obtained from Aldrich. Horse heart
Cyto-c was purchased from Sigma and used without further purification.
A phosphate buffer solution (20 mmolL�1, pH7) served as the supporting
electrolyte. All solutions were prepared with deionized water, purified
with a Milli Q plus system.


Synthesis of nano-LTL-zeolite colloids : Nano-LTL-zeolite colloids were
synthesized in a clear homogeneous solution with a molar composition of
10K2O:1Al2O3:20SiO2:400H2O, according to literature.[66] After stirring
overnight, the precursor solution was crystallized in an autoclave at
180 8C for 2 days. The nano-LTL-zeolite colloids obtained were purified
by centrifugation and redispersion in highly pure water five times; the
last sols were dispersed in highly pure water with a solid content of
1.0 wt%.


Construction of the Cyto-c/nano-LTL-zeolite/ITO electrode : The nano-
LTL-zeolite assembled ITO electrode was prepared by a LbL technique:
Firstly, the ITO electrode was cleaned with acetone and treated in a
basic solution (NH4OH/H2O2/H2O=1:1:5 volume ratio) to remove im-
purities on the surface. The electrode was then coated with one-layer
polyelectrolyte films of cationic PDDA, which provided a positively
charged surface. The negatively charged nanozeolites and PDDA were
deposited alternatively on this positively charged surface, to form homo-
geneous nanozeolite/PDDA multilayers. All of the adsorption steps were
performed at ambient temperature for 20 min, and after each adsorption
step the electrode was washed with distilled water. Cyto-c immobilization
was achieved by immersing a 1 cm2 assembled electrode in a Cyto-c
(0.3 mgmL�1) phosphate buffer solution (20 mmolL�1, pH7) at 277 K
overnight.


Measurement of the Cyto-c adsorption amount on nano-LTL-zeolite sur-
faces : Adsorption of Cyto-c on the nano-LTL-zeolite surface was per-
formed for 1.5 h, by incubation of mixtures of Cyto-c (0.1 mgmL�1) and
nanozeolite (0.1 mgmL�1) solutions with phosphate buffer solutions
(20 mmolL�1, 0.5 mL) of varying pH (2–12). After centrifugal separation,
the UV/visible absorption value (280 nm) of supernatant solution was
measured to calculate the amounts of Cyto-c adsorbed on nanozeolites at
different pH values. To calculate the adsorbed amount accurately, a stan-
dard curve at l=280 nm was recorded, by using a series of Cyto-c solu-
tions of different concentration, with a phosphate buffer solution
(20 mmolL�1, pH7).


CV measurements : CV behavior of the Cyto-c/nano-LTL-zeolite/ITO
electrodes were studied at different scan rates, from 40 to 500 mVs�1.
Prior to the electrochemical measurements buffer solutions were deoxy-
genated by purging with nitrogen for at least 20 min. To compare results,
cyclic voltammetry of a nano-LTL-zeolite/ITO electrode without immobi-
lized Cyto-c was also recorded in phosphate buffer solution
(20 mmolL�1, pH7). The CV behavior at different pH values (5–10) and
film thicknesses was tested under the same conditions.


Amperometric measurements : The amperometric response of the Cyto-c/
nano-LTL-zeolite/ITO electrode was measured in a stirred electrochemi-
cal glass cell, containing phosphate buffer solution (10 mL, 20 mmolL�1,
pH7). When the electrode had reached a steady state, an aqueous solu-
tion of H2O2 (60 mmolL�1 2.5 mL) was added to the system and the cur-
rent response was measured, until there was no current change. The
same tests were carried out at different pH values (5–10), and with differ-
ent numbers of nano-LTL-zeolite assembled layers; the lifetime was also
analyzed.
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Electron-Rich Tetrathiafulvalene–Triarylamine Conjugates:
Synthesis and Redox Properties


Hongchao Li and Christoph Lambert*[a]


Introduction


Since the first report on the synthesis and properties of or-
ganic metals based on tetracyano-p-quinodimethane
(TCNQ) electron acceptors,[1] tetrathiafulvalene (TTF) and
its derivatives have attracted extensive research interest as
strong electron donors for the development of electrical
conductors and superconductors.[2] To increase the electrical
conductivity and dimensionality of charge-transfer materials,
several chemical modifications have been carried out on the
TTF skeleton: a) replacement of sulfur by other chalcogen
atoms and introduction of more chalcogen atoms in the pe-
ripheral positions;[3] b) development of TTF analogues
(known as extended TTFs) with extended p-conjugation
bridges;[4] c) functionalization of TTF molecules with hydro-
gen- and halogen-bonding groups.[5] The aim of all of these
strategies is to enhance the intermolecular orbital overlap
by the formation of highly ordered stacks or even highly di-
mensional sheets induced by chalcogen–chalcogen interac-
tions, p–p stacking or hydrogen- and halogen-bonding inter-


actions. Besides the significant research efforts on develop-
ing molecular organic metals, TTF and its derivatives are
used as building blocks in macromolecular and supramolec-
ular systems for various applications,[6] such as chemical sen-
sors,[7] molecular switches,[8] molecular shuttles,[9] organic fer-
romagnets,[10] molecular rectifiers,[11] molecular transistors,[12]


nonlinear optical materials,[13] and photovoltaic materials.[14]


Due to the electron-donating nature of the nitrogen atom,
triarylamines are widely used as hole-transporting materials
for various applications, such as xerography, light-emitting
diodes, solar cells, organic field-effect transistors, photore-
fractive systems, and so on.[15] On the other hand, amor-
phous materials, especially amorphous organic molecular
materials, have recently attracted a great deal of attention
as a new class of materials because of their good process-
ability, transparency, and homogeneous properties. Low mo-
lecular weight species in particular are promising because of
the ease with which amorphous films can be formed, either
by vacuum deposition or by spin coating from solution.[16]


Triarylamines not only possess a particularly strong elec-
tron-donating nature, but also a three-dimensional propeller
blade structure that inherently favors an amorphous solid
state due to the existence of rotational isomers.[17] Thus,
based upon triarylamines, a variety of nonplanar “starburst”
amorphous organic molecular materials have been devel-
oped and thoroughly investigated.[18] Such molecular glasses


Abstract: By combining tetrathiafulva-
lenes (TTFs) and triarylamines, four
TTF–triarylamine conjugates bridged
by an annulated pyrrole ring were de-
signed and synthesized by an N-aryla-
tion reaction. Electrochemical and pho-
tophysical investigations suggest that
these novel conjugates possess very
strong electron-donating ability with
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are characterized by low ionization potentials of 5.0 to
5.1 eV,[16a] by reversible anodic oxidation to form stable radi-
cal cations, and by the excellent quality of their amorphous
thin films prepared by vacuum deposition or spin coating
from solution. As a result of these properties, these materi-
als are ideal for use as hole-transporting layers in electro-
optical applications.


Based on the facts that: a) TTF and its derivatives possess
an even stronger electron-donating ability than triarylamines
and that TTFs can be sequentially and reversibly oxidized to
radical cations and dications at quite low potentials;[19] and
b) triarylamines possess a unique propeller-shaped architec-
ture that allows them to be used as high-dimensional scaf-
folds, and a high reactivity at the para positions,[20] the com-
bination of TTF chemistry with arylamine chemistry could
be expected to provide an opportunity to develop high-di-
mensional molecular conductors and/or amorphous hole-in-
jection and transport molecular materials with advanced ma-
terial properties. Herein, we report a first study to introduce
TTFs in combination with triarylamines into a non-classical
but promising field of amorphous molecular materials, with
a view to potential applications of these systems as charge-
transporting materials in optoelectronic devices.


Results and Discussion


Synthesis of TTF–triarylamine conjugates : The combination
of pyrrole-annulated TTFs (1 and 8)[21] with triarylamine
units (2, 4, and 6) was realized by an N-arylation reaction of
the pyrrole moiety of 1 or 8, respectively, as outlined in
Scheme 1. Applying the copper catalyst system reported by
Buchwald,[22] we obtained compound 3 with one TTF
branch, 5 with two TTF branches, and 7 with three TTF
branches by N-arylation of 1 with compounds 2, 4, and 6, re-
spectively. Similarly, the dumbbell compound 9 with two ter-
minal arylamine units linked by the TTF skeleton was also
prepared in reasonable yield by N-arylation of 8 with two
equivalents of compound 2. 1H NMR, 13C NMR, and
MALDI MS were used to characterize the new TTF–triaryl-
amine conjugates.


Electrochemistry : The electrochemical properties of the
TTF–triarylamine conjugates 3, 5, 7, and 9 were investigated
by cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) experiments (Figure 1 and Figure 2). For com-
parison, cyclic voltammograms of intermediates 1, 8, and
bis(4-methoxyphenyl)-N-phenylamine (TAA) were also ob-
tained under the same conditions; all data are listed in
Table 1. As shown in Figure 1, conjugate 3 displays three re-
versible one-electron anodic redox couples, which corre-
spond to the sequential removal of electrons from the TTF
and triarylamine moieties to form the radical cation, dicat-
ion, and trication. Compared with the CVs of intermediates
1 and TAA, the first low-potential redox couple at �0.01 V
fits well with that of 1 (E1


1/2 = �0.02 V), suggesting that the
first electron is removed from the TTF unit and that the at-


tached arylamino group has little effect on the first oxida-
tion potential of TTF. The other two redox couples occur at
0.30 V and at 0.49 V. Here, we assign the second couple to
the oxidation of the arylamino moiety and the third one to
the formation of the dication TTF2+ . This assignment was
confirmed by chemical redox titration and spectroelectro-
chemistry as described below. Compared with the oxidation
of TAA (E1/2 = 0.35 V), the second redox couple (related to
the triarylamine unit) is at a somewhat lower potential,
which might be due to the attached electron-donating TTF+ C
moiety (which is still an electron donor ready to lose the
second electron to form aromatic TTF2+). However, com-
pared with the second oxidation of TTF 1+ C (E2


1/2 =


0.41 V), the third redox couple of 3 (E3
1/2 = 0.53 V) has a


potential slightly more positive than that of TAA+ C. Corre-
spondingly, DPV of 3 displays three one-electron oxidations
at �0.01 V, 0.29 V, and 0.47 V (Figure 2), which are compa-
rable to the corresponding E1/2 values obtained by CV. The
HOMO energy level of 3, which can be deduced from the
CV potential for the onset of oxidation, was estimated to be
�4.75 eV by taking the HOMO level of ferrocene as
�4.8 eV.[15a,23] This value is very close to that of TTF 1
(EHOMO = �4.74 eV) and much higher than that of TAA
(EHOMO = �5.03 eV),[24] indicating that the HOMO of con-
jugate 3 is mainly located on the more strongly electron-do-
nating TTF part.


With two TTF branches, conjugate 5 shows three fully re-
versible redox couples at �0.02 V, 0.42 V, and 0.61 V in its
CV. The first and second couples cover two unresolved oxi-
dation processes each, indicating that two electrons are
almost simultaneously removed from the two TTF groups to
form two TTF+ C in 52+ , and that two further electrons are
again almost simultaneously removed from the two TTF+ C
at a higher potential to form two TTF2+ in 54+ . More inter-
estingly, the first and second redox couples are at almost the
same potentials as those of intermediate TTF 1, except that
the redox couples of 5 show two-electron behavior. Based
on the above CV, there is no significant electronic communi-
cation between the two TTF branches, which is due to the
nonplanar propeller-shape of the triarylamine bridge. In
comparison with the triarylamine oxidation of 3 (E2


1/2 =


0.30 V) and of TAA (E1/2 = 0.35 V), the arylamine unit in 5
is oxidized at a much more positive potential (E3


1/2 =


0.61 V). This is not surprising given the direct p-conjugation
path between the TTF branch and the arylamine group via
the aromatic pyrrole ring. Thus, the electron-withdrawing
TTF2+ dications render the removal of an electron from the
arylamine more difficult. Similarly, the DPV investigation
also suggests that the oxidation of the triarylamine shifts to
a higher potential (0.61 V versus Fc/Fc+) due to the elec-
tron-withdrawing TTF2+ moiety. The calculated HOMO
(EHOMO = �4.76 eV) is comparable with that of intermedi-
ate TTF 1.


The CV and DPV characterize the electrochemistry of
conjugate 7 with three TTF moieties by three reversible
redox couples (E1


1/2 = 0.00 V, E2
1/2 = 0.46 V, and E3


1/2 =


0.94 V); the first two couples comprise three unresolved
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redox processes, and the last one shows single-electron be-
havior. Similarly to 5, the first two three-electron couples
can be assigned to the almost simultaneous oxidation of
TTF branches as explained above for compound 5. There is
no evidence of significant electronic communication be-
tween the three TTF branches. The attachment of the
formed TTF2+ to all three blades of the triarylamine shifts
the oxidation of the arylamine center to an even more posi-


tive potential (E3
1/2 = 0.94 V) than in 5. From the potential


for the onset of oxidation, the HOMO of 7 can be estimated
to be around �4.79 eV, which is comparable to those of
TTF 1 and the conjugates 3 and 5.


The dumbbell compound 9 shows significantly different
electrochemistry. As displayed in Figure 1, the CV of 9 is
characterized by three reversible redox couples at �0.06 V,
0.30 V, and 0.58 V. The first and the third couple were found


Scheme 1. Synthesis of TTF–triarylamine conjugates 3, 5, 7, and 9. Reagents and conditions: a) CuI, K3PO4, trans-cyclohexanediamine, dioxane, 110 8C,
24 h.
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to correspond to one-electron redox processes, while the
second oxidation covers two unresolved redox processes. By
comparison with the CVs of intermediate TTF 1, 8, and con-
jugate 3, the first one-electron couple can be assigned to
TTF/TTF+ C, which is shifted towards a more negative poten-
tial due to the terminal electron-donating triarylamine units.
This trend is also reflected by the calculated higher HOMO
level (�4.70 eV). The subsequent two-electron oxidation is
ascribed to the simultaneous removal of two electrons from
the two arylamine endgroups, again indicating that there is
no significant electronic coupling between the terminal aryl-
amine units through the TTF+ bridge. The sequentially
formed TTF+ C and TAA+ C make the second oxidation of the
central TTF unit much more difficult (0.58 V) in comparison


with the corresponding redox couples of 1 (E2
1/2 = 0.41 V),


8 (E2
1/2 = 0.33 V), and 3 (E3


1/2 = 0.49 V).
As discussed above, the first low oxidation potential of all


TTF–triarylamine conjugates (3, 5, 7, and 9) is attributed to
the strongly electron-donating TTF moiety, and all of the
calculated HOMO energy levels (between �4.70 eV and
�4.80 eV) are much higher than those of arylamines (�5.0
to �5.10 eV), which have been widely reported as hole-in-
jection and transport materials.[16a] In view of the fact that
the normally used anodic indium tin oxide (ITO) possesses
a work function of around �4.70 eV, the TTF–triarylamine
conjugates 3, 5, 7, and 9 presented in this work match the
ITO work function very well and might be promising as
active molecular materials for electro-optical devices.


UV/Vis-NIR spectra of TTF-triarylamine radical cations :
The spectral properties of the neutral and oxidized com-
pounds 3, 5, 7, and 9 were analyzed by UV/Vis-NIR absorp-
tion spectroscopy using SbCl5 as the oxidant in dichloro-
methane. The spectra were compared with those of inter-
mediates 1 (shown in Figure 3), 8, and TAA. The most rele-
vant photophysical data are collected in Table 2.


Figure 3 shows UV/Vis-NIR spectra of TTF 1 treated
with increasing amounts of the oxidant SbCl5 in CH2Cl2.
The neutral 1 displays its maximum absorption at around
30600 cm�1, with a long tail extending into the visible
region. The following chemical titration experiment suggests
that TTF was first reversibly oxidized to its radical cation
(TTF+ C) and then to the dication, which was confirmed by
changes in the absorption spectra and the clear isobestic
points in Figure 3a,b. As shown in Figure 3a, with the addi-
tion of the oxidant SbCl5, the newly emerging absorption
peaks at 23100 cm�1 and 12400 cm�1, which we assign to
TTF+ C, continue to increase. The former transition is charac-
teristic of this type of TTF+ C, while the latter band is inter-


Figure 1. Cyclic voltammograms of TTFs (1 and 8), triarylamine TAA,
and conjugates 3, 5, 7, and 9 in TBAPF6/CH2Cl2 at room temperature at
a scan rate of 100 mVs�1.


Figure 2. Differential pulse voltammograms of compounds 3, 5, 7, and 9
in TBAPF6/CH2Cl2 at room temperature at a scan rate of 20 mVs�1.
Redox couples associated with oxidation of the triarylamine unit are
marked with dots.


Table 1. Oxidation potentials and HOMO energy level of TTFs (1 and
8), triarylamine (TAA), and conjugates (3, 5, 7, and 9) as determined by
CV and DPV (in parentheses).[a]


Compd E1
1/2 [V][b] E2


1/2 [V][b] E3
1/2 [V][b] Eonset [V] HOMO [eV][c]


TAA 0.35 – – 0.28 �5.08
1 �0.02 0.41 – �0.06 �4.74
8 0.00 0.33 – �0.05 �4.75
3 �0.01 0.30 0.49 �0.05 �4.75


(�0.01) (0.29) (0.47)
5 �0.02[d] 0.42[d] 0.61 �0.04 �4.76


(0.01) (0.43) (0.61)
7 0.00[e] 0.46[e] 0.94 �0.01 �4.79


(�0.02) (0.46) (0.94)
9 �0.06 0.30[d] 0.58 �0.10 �4.70


(�0.04) (0.30) (0.57)


[a] Conditions: potential versus Fc/Fc+, Bu4NPF6 (0.1m in acetonitrile),
scan rate 100 mVs�1 (for CV) and 20 mVs�1 (for DPV). [b] E1/2 deter-
mined from (Epa + Epc)/2, where Epa and Epc refer to the peak potential
in the anodic and cathodic scans, respectively. [c] The HOMO energy
level was calculated from the onset potential of oxidation according to
the empirical equation EHOMO = �e(Eonset + 4.8) V by assuming the
energy level of ferrocene to be �4.8 eV below vacuum level. [d] Two-
electron oxidation. [e] Three-electron oxidation.
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preted to be of charge-resonance type (HOMO !
SOMO).[25] Upon further addition of oxidant, the absorp-
tions due to TTF+ C start to decrease and a new absorption
peak appears at 14200 cm�1, which can be ascribed to
TTF2+ .


Compound 3, which comprises one TTF group and one
triarylamine group, exhibits maximum absorption at
29700 cm�1, with a shoulder at 32300 cm�1 in the UV region
(see Figure 4). The absorption is estimated to start at
26100 cm�1, and the corresponding HOMO–LUMO gap Eg


= 3.26 eV can be deduced from the onset absorption of
neutral 3. With increasing addition of oxidant SbCl5, the ab-
sorption of the solution of 3 decreases in the UV region. Si-
multaneously, three new absorption peaks appear at 22700,
13200, and 9100 cm�1. By comparison with the spectrum of
oxidized TTF intermediate 1 (TTF+ C, 23100 and
12400 cm�1), the absorptions at 22700 and 9100 cm�1 can
again be assigned to TTF+ . The less intense shoulder ab-
sorption at 13200 cm�1 may be due to optically induced hole


transfer from TTF+ C to the triarylamine moiety. Further ad-
dition of oxidant yields 32+ with new absorption peaks at
26300 and 13000 cm�1, which are similar to the absorptions
of the triarylamine radical cation (TAA+ C, 28000 and
14000 cm�1).[26] Finally, the second oxidation of the TTF
group was accomplished, as indicated by a decrease of the
characteristic TTF+ C absorption and an increase of the
TTF2+ absorption at 12600 cm�1. The absorption titration
investigations outlined above confirm our rational assign-
ment of the redox couples in the CV of 3.


Compound 5, with two TTF branches, displays a similar
absorption spectrum to that of 3, with the onset of absorp-
tion at 25700 cm�1 (Figure 5). Treatment with oxidant gives
two intense absorptions at 22800 cm�1 and 9800 cm�1, which
originate from the TTF+ C group. Simultaneously, a hole-
transfer band (from TTF+ C to the triarylamine) is found at
13500 cm�1. It should be noted that there is no visible inter-
valence charge-transfer band (IV-CT) that might originate
from hole transfer from TTF+ C of one branch to the neutral
TTF of the other branch, which confirms that there is no sig-
nificant electronic communication between the two TTF
branches. However, upon further oxidation, the absorption
of TTF+ C decreases while two new absorption peaks at
14100 and 8700 cm�1 intensify. These bands are typical of
TTF2+ . The same conclusion was drawn from the CV of 5
above. The simultaneous increase in the absorption at
8700 cm�1 might indicate hole transfer from TTF2+ to the
triarylamine. This hole-transfer band has a lower energy
compared with that of TTF+ C to triarylamine (13200 cm�1 in


Figure 3. Chemical oxidant titration curves of TTF 1 in CH2Cl2. From a)
to b), the absorption spectra of 1 treated with increasing amounts of oxi-
dant show three phases. The arrows indicate increasing addition of the
oxidant.


Table 2. Photophysical data from chemical oxidant titrations of TTF 1,
triarylamine TAA, and conjugates 3, 5, 7, and 9.[a]


Compd ñneu [cm�1][b] ñox1 ñox2 ñox3 Eg LUMO
(e,
104


m
�1 cm�1)


[cm�1][c] [cm�1][d] [cm�1][e] [eV] [eV][f]


TAA 33500 (2.3) 28900,
14100


– – – –


1 30600 (1.4) 23100,
12400


14200 – – –


3 32300 (3.0),
29700 (3.7)


22700,
13200,
8900


26300,
22700,
13000,
10000


27500,
12600


3.25 �1.41


5 32300 (5.4),
29700 (7.2)


22800,
13600,
9800


14100,
8700


26500,
12800


3.20 �1.47


7 32300 (5.8),
29300 (9.8)


23600,
14600,
10400


14100,
10300


–[g] 3.17 �1.58


9 32300 (4.5),
29300 (5.5)


22100,
15700,
10500,
8100


26600,
22200,
13000,
9000


26600,
13000


3.25 �1.39


[a] A solution of the compound in CH2Cl2 (2N10�5
m) was titrated with a


solution of SbCl5 in CH2Cl2. [b] The maximum absorption of the neutral
compound. [c] The maximum absorption of the oxidized compound in
the first phase of the titration. [d] The maximum absorption of the oxi-
dized compound in the second phase of the titration. [e] The maximum
absorption of the oxidized compound in the third phase of the titration.
[f] LUMO level calculated from the equation ELUMO = Eg + EHOMO.
[g] No significant change in absorption with further addition of oxidant.


www.chemeurj.org I 2006 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1144 – 11551148


C. Lambert and H. Li



www.chemeurj.org





3+). Upon addition of a further amount of oxidant, the tri-
arylamine group was oxidized to the corresponding radical
cation, which is consistent with the increasing absorptions at
26500 and 12800 cm�1 (assigned to the triarylamine radical
cation) and the decreasing peak at 8700 cm�1 (hole-transfer
band from TTF2+ to triarylamine).


The neutral star-shaped compound 7 with three TTF
groups shows a comparable absorption spectrum to those of
3 and 5. As shown in Figure 6, the corresponding Eg =


3.17 eV was estimated from the onset absorption of
25600 cm�1. Upon oxidation, 7 shows two intense absorption
bands in the visible region (ñmax = 23600 cm�1) and near-IR
region (ñmax = 10400 cm�1), and one hole-transfer band at
14600 cm�1. Upon further addition of oxidant, the absorp-


Figure 4. Chemical oxidant titration curves of compound 3 in CH2Cl2.
From a) to c), the absorption spectra of 3 treated with increasing
amounts of oxidant show four phases. The arrows indicate increasing ad-
dition of the oxidant.


Figure 5. Chemical oxidant titration curves of compound 5 in CH2Cl2.
From a) to c), the absorption spectra of 5 treated with increasing
amounts of oxidant show four phases. The arrows indicate the increasing
addition of the oxidant.
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tion associated with TTF+ C decreases while a new absorption
peak emerges at 14100 cm�1, which is related to TTF2+ .
Along with the increase in the TTF2+ absorption and de-
crease in the TTF+ C absorption, the peak at around
10400 cm�1 decreases somewhat and then appears to be un-
changed, which might be due to the overlapping TTF+ C ab-
sorption and hole-transfer (from TTF2+ to triarylamine) ab-
sorption band. In contrast to what was seen for 5, further
addition of oxidant did not result in any significant changes
in the absorptions of 7, although a further oxidation of tri-
arylamine would be expected to decrease the hole-transfer
band and to generate a triarylamine radical cation absorp-
tion band in the visible region (see spectroelectrochemistry
studies below). Taking into account the very high oxidation
potential of the arylamine group in 7 (E3


pa = 0.98 V versus


Fc/Fc+), the oxidation potential of SbCl5 might be insuffi-
cient to remove an electron from the arylamine core or the
oxidation process might be too slow to detect changes in the
spectra on our experimental time scale.


As shown in Figure 7, the spectrum of the dumbbell com-
pound 9 is characterized by a strong absorption at
29300 cm�1 with a shoulder at 32300 cm�1. An Eg of 3.25 eV,
which is comparable to that of 3, was determined from the
lower energy absorption. Upon the addition of oxidant, the
spectrum is characterized by increasing absorptions in the
visible and NIR regions. As before, the fine-structured ab-
sorption at 22100 cm�1 can be ascribed to TTF+ C. After de-
convolution into Gaussian functions, the absorptions in the
visible and NIR regions were found to comprise three peaks
at 7900, 11000, and 15800 cm�1 (Figure 8). The two lower
energy absorptions could be assigned to TTF+ C, and the
higher energy band at 15800 cm�1 might originate from a
degenerate hole transfer from the central TTF+ C to the two
triarylamine endgroups. In this way, 9+ represents a sym-
metrical mixed-valence species in which the bridge is oxi-
dized.[27] Upon further oxidation, the absorptions of TTF+ C
are found to be saturated and new absorptions of the triaryl-
amine radical cations at 13000 and 26600 cm�1 increase. It is
interesting to note that the lower energy absorption peak of
TTF+ C shifts slightly towards higher energy and its intensity
is enhanced. These changes are caused by the oxidation of
the terminal triarylamine units. Further oxidation of TTF+ C
to its dication (13000 cm�1) is responsible for the decrease
in the TTF+ C absorption. Unfortunately, the intensity of the
absorption of the fully oxidized 9 decreased because of its
low solubility in the less polar solvent (a precipitate formed
upon further addition of oxidant). During the titration, no
IV-CT band between the two terminal triarylamine redox
centers was detected, confirming that there is no significant
electronic communication between them. Again, the results
are in agreement with the assignment of the redox couples
of 9 in the CV section.


Spectroelectrochemistry studies : To complement the results
of the chemical oxidation of 7, we carried out spectroelec-
trochemistry investigations at controlled applied potentials
in TBAPF6/CH2Cl2 solution.


The spectroelectrochemical investigation of star-shaped
compound 7 provided more details than the corresponding
chemical oxidant titration study because of the limited oxi-
dation potential of the oxidant SbCl5 or the rather slow oxi-
dation rate achieved. As depicted in Figure 9, the absorp-
tions of TTF+ C appear in the lower energy region (24000,
15000, and 11100 cm�1) by applying a potential of 0.2 V
(E1


pa<E<E2
pa). When the potential is increased to 0.7 V


(E2
pa<E<E3


pa), the absorptions of TTF+ C diminish and the
spectrum is characterized by a new peak at around
14400 cm�1 with a lower energy shoulder (11700 cm�1). This
is in agreement with the results of CV and the chemical oxi-
dant titration, indicating that TTF+ C is oxidized to the corre-
sponding dication TTF2+ . Along with the increase in oxida-
tion potential to 1.1 V (> E3


pa), the corresponding hole-


Figure 6. Chemical oxidant titration curves of compound 7 in CH2Cl2.
From a) to b), the absorption spectra of 7 treated with increasing
amounts of oxidant show three phases. The arrows indicate increasing ad-
dition of the oxidant.
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transfer band at 11700 cm�1 between TTF2+ and the triaryl-
amine core disappears and a strong absorption located at
12800 cm�1 suggests that the central arylamine unit is oxi-
dized.


Taking into account the effect of the electrolyte
(TBAPF6), the results of the spectroelectrochemistry investi-
gations are consistent with those of the chemical oxidant ti-
tration experiments and prove that the missing triarylamine
radical cation signal in the chemical oxidation experiment is
due to either slow oxidation kinetics or the low oxidation
potential of SbCl5.


It should be noted that no fluorescence is observed from
these TTF–triarylamine conjugates, indicating that the TTF
moiety acts as an efficient quencher of fluorescence from
the arylamine system. In fact, this fluorescence quenching


Figure 7. Chemical oxidant titration curves of compound 9 in CH2Cl2.
From a) to c), the absorption spectra of 9 treated with increasing
amounts of oxidant show four phases. The arrows indicate increasing ad-
dition of the oxidant. Note that precipitation of 94+ in c) results in a de-
crease in absorption over the whole UV/Vis-NIR region.


Figure 8. UV/Vis-NIR spectrum of 9+ C measured in CH2Cl2 (solid line).
The spectrum was deconvoluted into Gaussian functions (line +


symbol). The sum of the symbol lines (dotted lines) matches the mea-
sured spectrum.


Figure 9. Spectroelectrochemical measurements on 5 in CH2Cl2.
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effect of TTF has been attributed to its strong electron-do-
nating properties.[28]


Differential scanning calorimetry studies : The thermal be-
havior of the TTF–triarylamine conjugates was studied by
differential scanning calorimetry (DSC). To eliminate the
thermal history of the samples, the second heating scans
were recorded; the results are presented in Figure 10. Be-


cause conjugate 3 was obtained as a thick yellow oil, only
compounds 5, 7, and 9 were investigated by DSC. As shown
in the figure, compound 5 with two rigid TTF arms shows
only a sharp, clear endothermic peak at around 115.7 8C,
which is comparable to the melt-
ing point measured using a
BBchi melting point apparatus
(m.p. 114–115 8C). The DSC
curve of conjugate 7 suggests no
glass transition, and the corre-
sponding melting point increases
to 162.6 8C (the measured melt-
ing point is 159–160 8C). Al-
though the triarylamine core
endows compounds 5 and 7 with
a three-dimensional propeller-
like structure, the large, rigid,
and planar propeller blades,
which consist of a TTF unit and
one phenyl ring of the triaryl-
amine moiety, allow the mole-
cules to crystallize. However,
this is not the case for the dumb-
bell-shaped conjugate 9. The
DSC curve shows that 9 forms a
molecular organic glass with a
clear glass transition Tg =


74.5 8C. In fact, only a strong glass transition at 66.6 8C was
seen in the first heating scan, and no crystallization transi-
tion was observed during the cooling scan. This is not too
surprising because the two bulky propeller-shaped triaryl-
amine groups prevent favorable intermolecular interactions
between the rigid TTF moieties (packing of molecules) and
hence prevent the molecule (conjugate 9) from crystallizing.


Optimized geometries and calculated HOMO energy level :
To gain insight into the conformation of the TTF-triaryl-
amine conjugates 3, 5, 7, and 9, and to elucidate their elec-
tronic structure, quantum chemical calculations were per-
formed by the semi-empirical PM3 method using Chem3D
MOPAC. The highest occupied molecular orbital was also
estimated using the PM3-optimized geometries.


As expected, the optimized geometries in Figure 11 show
that the triarylamine groups adopt a three-dimensional pro-
peller conformation in all cases. On the other hand, the
rigid TTF moiety is in each case almost coplanar with the
adjacent phenyl ring of the triarylamine forming a planar
propeller blade.


The corresponding HOMO of the TTF-arylamine conju-
gates is mainly located on the TTF part (Figure 11a,d),
which is consistent with the TTF group being most easily
oxidized.


Conclusion


Four pyrrole-bridged TTF-triarylamine conjugates (3, 5, 7,
and 9) were synthesized in reasonable yield by N-arylation
of pyrrole-annulated TTFs 1 or 8. The electrochemistry of
the conjugates has been studied by means of cyclic voltam-
metry and differential pulse voltammetry. The respective


Figure 10. Differential scanning calorimetry of 5, 7, and 9. Second heating
scans at a scan rate of 10 8Cmin�1.


Figure 11. PM3-optimized geometries of 3, 5, 7, and 9 (a) to d), respectively), and the corresponding HOMOs
of 3 (a) and 9 (d). The long octylthio side chains have been replaced by methylthio groups for clarity.
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redox processes of the TTF and triarylamine moieties are re-
versible and occur in the region 0–1.0 V versus Fc/Fc+ .
Based on the onset of oxidation, the HOMO energy levels
are estimated to be about �4.7 eV, which is identical to that
of TTF, and matches very well the work function of ITO
(�4.7 eV). Although there is no significant electronic com-
munication between the TTF moieties bridged by the tri-
arylamine group (5 and 7), the redox behavior of the triaryl-
amine group in 3, 5, and 7 is affected by the attachment of
the TTF moieties: the redox potential of the triarylamine
unit shifts to more positive values with increasing number of
TTF propeller blades (3 < 5 < 7). Similarly, the interaction
between terminal triarylamine groups is found to be very
weak; however, the electronic interaction between the
triarylamine and TTF groups is strong. The absorption spec-
tra of the corresponding radical cations were studied in
detail by chemical oxidant titration and spectroelectrochem-
ical methods. All the results from the electrochemical inves-
tigations and the absorption spectra are mutually consistent.
DSC demonstrates that compounds 5 and 7 are crystalline,
while conjugate 9 forms a molecular glass with a clear glass
transition. The PM3-optimized geometries suggest that the
TTF moiety is almost coplanar with one phenyl ring of the
triarylamine, and the large, rigid, planar blades of the pro-
peller-shaped triarylamines facilitate intermolecular interac-
tions that may result in crystalline materials. However, when
the rigid TTF is capped with two three-dimensional triaryl-
amine moieties, the interactions between the planar TTF are
hindered and an amorphous solid results. Thus, conjugate 9
has a somewhat higher glass transition temperature than
TPD (4,4’-bis(m-tolylphenylamino)biphenyl), Tg = 65 8C,[17e]


at a significantly lower IP of 4.7 eV (TPD, IP =


5.38 eV).[24b]


In conclusion, our results suggest that the morphology of
these TTF–triarylamine conjugates and the related electro-
optical properties may be tuned by variation of the chemical
structure. Further improvement of the glass transition tem-
perature might be possible by rational design of molecular
structures, for example, the introduction of more nonplanar
groups, the incorporation of bulky and structurally rigid
moieties, or increasing molecular size and weight.


Experimental Section


General : Reagents and solvents were purchased from Acros, Aldrich,
and Fluka and were used as received. Dioxane was distilled from Na/ben-
zophenone. MeCN was distilled from CaH2. All reactions were carried
out under a dry N2 atmosphere.
1H and 13C NMR spectra were measured on a Bruker 400 MHz spectrom-
eter. Chemical shifts are reported in ppm downfield from SiMe4, using
the solventOs residual signal as an internal reference. Coupling constants
(J) are given in Hz. Resonance multiplicities are described as s (singlet),
d (doublet), t (triplet), or m (multiplet). MALDI mass spectra were ob-
tained on a Bruker Daltonics Autoflex II instrument using DCTB or di-
thranol as the matrix. All electrochemical investigations were carried out
with a computer-controlled BAS CV50W potentiostat in dried and
oxygen-free MeCN using 0.1m tetrabutylammonium hexafluorophos-
phate (TBAPF6) as supporting electrolyte, a platinum disk (F = 5 mm)


as working electrode, a platinum wire as counter electrode, and an Ag/
AgCl reference electrode. Redox potentials were referenced against fer-
rocene/ferrocenium (Fc/Fc+). UV/Vis-NIR absorption spectra (in the
chemical oxidant titration and spectroelectrochemistry investigations)
were recorded with a Jasco V-750 spectrometer. In the chemical oxidant
titrations, the concentration of the compounds was 2N10�5


m in CH2Cl2;
spectra were measured from the solutions in a quartz cuvette of path-
length 1 cm after each stepwise addition of the oxidant SbCl5 in CH2Cl2.
Spectroelectrochemistry measurements were made in reflection mode
with a Jasco V-750 spectrometer using a polished platinum disk working
electrode in an electrochemical three-electrode cell controlled by a
EG&G Model 363 potentiostat. Differential scanning calorimetry (DSC)
studies of 1–2 mg samples of compounds 5, 7, and 9 in sealed Al pans
were performed on a Q1000 DSC system at a heating/cooling rate of
10 8Cmin�1 in a heat/cool/heat/cool mode. Bulk samples of compounds
for DSC were prepared by slowly precipitating the compounds (purified
by silica gel chromatography) from a mixture of petroleum ether/di-
chloromethane.


Preparation of 3 : A flame-dried Schlenk reaction tube charged with a
mixture of 2 (86 mg, 0.2 mmol), 1 (53 mg, 0.1 mmol), K3PO4 (63 mg), and
CuI (6 mg) was degassed with N2 for 10 min. After the addition of race-
mic trans-cyclohexanediamine (10 mL) and freshly distilled dioxane
(2 mL) under N2, the Schlenk tube was sealed and the reaction mixture
was stirred while heating at 110 8C for 24 h. The mixture was then al-
lowed to cool to room temperature and diluted with CH2Cl2. After suc-
cessive washings with dilute aqueous ammonium hydroxide solution and
water and drying over anhydrous MgSO4, the crude product was purified
by chromatography on silica gel using petroleum ether/dichloromethane
(3:2) as eluent. Conjugate 3 was obtained as a yellow oil (38 mg; 46%
yield). 1H NMR (400 MHz, CD2Cl2): d = 7.02 (d, J = 9.0 Hz, 2H; ArH),
6.94 (d, J = 9.0 Hz, 4H; ArH), 6.84 (d, J = 9.0 Hz, 2H; ArH), 6.76 (d, J
= 9.0 Hz, 4H; ArH), 6.73 (s, 2H; Py-H), 3.69 (s, 6H; OCH3), 2.74 (t, J
= 7.3 Hz, 4H; -SCH2), 1.55 (m, J = 7.4 Hz, 4H; -SCCH2), 1.40–1.10 (m,
20H; -SCH2), 0.79 ppm (t, J = 7.0 Hz, 6H; -CH3);


13C NMR (400 MHz,
CD2Cl2): d = 159.47, 150.58, 143.90, 132.12, 130.88, 129.81, 129.70,
124.32, 123.96, 118.00, 117.86, 58.70, 39.54, 35.09, 33.08, 32.46, 32.35,
31.78, 25.92, 17.12 ppm; MALDI-MS: m/z calcd for C44H54N2O2S6:
834.251; found: 834.209.


Preparation of 5 : A flame-dried Schlenk reaction tube charged with a
mixture of 4 (105.4 mg, 0.2 mmol), 1 (265.5 mg, 0.5 mmol), K3PO4


(233 mg), and CuI (10 mg) was degassed with N2 for 10 min. After the
addition of racemic trans-cyclohexanediamine (20 mL) and freshly dis-
tilled dioxane (2 mL) under N2, the Schlenk tube was sealed and the re-
action mixture was stirred while heating at 110 8C for 24 h. The mixture
was then allowed to cool to room temperature and diluted with CH2Cl2.
After successive washings with dilute aqueous ammonium hydroxide so-
lution and water and drying over anhydrous MgSO4, the crude product
was purified by chromatography on silica gel using petroleum ether/di-
chloromethane (3:2) as eluent. Conjugate 5 was obtained as a yellow
solid (88 mg; 33% yield). 1H NMR (400 MHz, CD2Cl2): d = 7.10 (d, J =


8.8 Hz, 4H; ArH), 7.00 (m, 6H; ArH), 6.82 (d, J = 9.0 Hz, 2H; ArH),
6.78 (s, 4H; Py-H), 6.73 (s, 2H; Py-H), 3.72 (s, 3H; OCH3), 2.75 (t, J =


7.3 Hz, 8H; -SCH2), 1.55 (m, J = 7.4 Hz, 8H; -SCCH2), 1.40–1.10 (m,
40H; -SCC(CH2)5), 0.79 ppm (t, J = 7.0 Hz, 12H; -CH3);


13C NMR
(400 MHz, CD2Cl2): d = 160.40, 149.31, 143.10, 138.08, 130.60, 126.71,
124.65, 118.17, 117.86, 58.65, 39.47, 35.00, 33.00, 32.38, 31.69, 25.83,
17.03 ppm; MALDI-MS: m/z calcd for C67H87N3OS12: 1333.350; found:
1333.357.


Preparation of 7: A flame-dried Schlenk reaction tube charged with a
mixture of 6 (62 mg, 0.1 mmol), 1 (200 mg, 0.36 mmol), K3PO4 (200 mg),
and CuI (7 mg) was degassed with N2 for 10 min. After the addition of
racemic trans-cyclohexanediamine (10 mL) and freshly distilled dioxane
(2 mL) under N2, the Schlenk tube was sealed and the reaction mixture
was stirred while heating at 110 8C for 24 h. The mixture was then al-
lowed to cool to room temperature and diluted with CH2Cl2. After suc-
cessive washings with dilute aqueous ammonium hydroxide solution and
water and drying over anhydrous MgSO4, the crude product was purified
by chromatography on silica gel using petroleum ether/dichloromethane
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(3:2) as eluent. Conjugate 7 was obtained as a yellow solid (73 mg; 40%
yield). 1H NMR (400 MHz, CD2Cl2): d = 7.16 (d, J = 9.0 Hz, 6H; ArH),
7.07 (d, J = 9.0 Hz, 6H; ArH), 6.81 (s, 6H; ArH), 2.75 (t, J = 7.3 Hz,
12H; -SCH2), 1.56 (m, J = 7.4 Hz, 12H; -SCCH2), 1.40–1.10 (m, 60H;
-SCH2), 0.80 ppm (t, J = 7.0 Hz, 18H; -CH3);


13C NMR (400 MHz,
CD2Cl2): d = 147.62, 137.95, 129.88, 127.30, 124.09, 123.51, 113.33, 38.56,
34.11, 32.09, 31.48, 31.37, 30.80, 24.94, 16.14 ppm; MALDI-MS: m/z calcd
for C90H120N4S18: 1832.449; found: 1832.432.


Preparation of 9 : A flame-dried Schlenk reaction tube charged with a
mixture of 2 (129.3 mg, 0.3 mmol), 8 (28.2 mg, 0.1 mmol), K3PO4


(106 mg), and CuI (5 mg) was degassed with N2 for 10 min. After the ad-
dition of racemic trans-cyclohexanediamine (10 mL) and freshly distilled
dioxane (2 mL) under N2, the Schlenk tube was sealed and the reaction
mixture was stirred while heating at 110 8C for 24 h. The mixture was
then allowed to cool to room temperature and diluted with CH2Cl2.
After successive washings with dilute aqueous ammonium hydroxide so-
lution and water and drying over anhydrous MgSO4, the crude product
was purified by chromatography on silica gel using petroleum ether/di-
chloromethane (3:2) as eluent. Conjugate 9 was obtained as a yellow
solid (46.2 mg; 52% yield). 1H NMR (400 MHz, CD2Cl2): d = 7.04 (d, J
= 9.0 Hz, 4H; ArH), 6.94 (d, J = 9.0 Hz, 8H; ArH), 6.85 (d, J =


9.0 Hz, 4H; ArH), 6.75 (m, 12H; ArH and Py-H), 3.69 ppm (s, 12H;
OCH3);


13C NMR (400 MHz, CD2Cl2): d = 159.35, 150.43, 143.84,
135.18, 129.70, 124.27, 124.17, 117.85, 58.61 ppm; MALDI-MS: m/z calcd
for C50H40N4O4S4: 888.193; found: 888.193.
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DFT-HSAB Prediction of Regioselectivity in 1,3-Dipolar Cycloadditions:
Behavior of (4-Substituted)benzonitrile Oxides towards Methyl Propiolate**


Alessandro Ponti*[a] and Giorgio Molteni[b]


Introduction


Since the first isoxazole synthesis in 1936,[1] nitrile oxide cy-
cloaddition chemistry has been continuously developed.[2]


The astonishing array of latent functionalities presented by
isoxazole cycloadducts make them versatile starting materi-
als in the synthesis of acyclic structures,[3] aldols,[4] enones,[5]


g-aminoalcohols,[6] and so on.[7] Later, stereoselective nitrile
oxide cycloaddition methodologies[8] provided further valua-
ble targets in the field of isoxazole synthesis. Most of the
successful applications of nitrile oxide cycloaddition chemis-
try in synthesis are intimately linked with theory. Early find-
ings by Houk-s group were based on a frontier molecular or-
bital (FMO) theory[9] that worked well for monosubstituted
ethylenic dipolarophiles.[10]


In general, FMO theory has been successfully applied to
many organic reactions and is still one of the most preferred
theoretical tools utilized by the organic chemist. However,
despite its broad success, it is an approximate theory deeply
rooted in the Hartree–Fock approach. For instance, the use


of coefficients in the frontier LCAO-MO (LCAO= linear
combination of atomic orbitals) to describe regioselectivity,
suffers from the fact that MOs are defined to within a rota-
tion in the orbital basis set, so that the MO coefficients are
not uniquely defined, even in a minimal basis calculation.
Furthermore, when modern multiple-zeta polarized basis
sets are used, it is far from clear how MO coefficients
should be handled. As a consequence, even in a recent com-
parative study of theoretical tools to predict regioselectivi-
ty,[11] FMO coefficients were taken from HF/STO-3G calcu-
lations, although large-basis, high-level calculations were
used throughout the study.


In the last decade, many important concepts and indices
that are useful for the understanding of chemical reactivity
have been rationalized within the framework of density
functional theory.[12] Well-known examples[13] are the elec-
tron chemical potential m= (@E/@N)n(r), which is defined as
the “marginal” electronic energy and represents the escap-
ing tendency of molecular electrons (E=molecular energy
and N= the number of molecular electrons), and the global
softness S= (@N/@m)n(r), which describes the ability of the
molecule to take or loose electrons in response to a change
in m. Within DFT, any reaction can be considered to be split
in two steps as follows:[14,15] 1) As soon as reactant mole-
cules approach each other they form a weakly-interacting,
promoted complex[16–18] in which charge is transferred be-
tween the reactants to equalize the electron chemical poten-
tial at constant external (nuclear) potential. 2) A charge re-
shuffling at constant electron chemical potential occurs in
which the promoted complex either evolves toward the
product(s) or back to the reactants. If the second step can
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be neglected, the most favorable situation occurs when the
reactants have equal softness. This is the DFT formula-
tion[14,19] of Pearson-s hard–soft acid–base (HSAB) princi-
ple.[20]


Clearly, a local (atomic) reactivity index is needed to
study regioselectivity. The best suited for this purpose is
local softness s(r)= (@1(r)/@m)n(r), which represents the sensi-
tivity of the molecular electron density 1 at point r to a
change in m. The physical significance of s(r) can be made
clearer by writing s(r)= [(@1(r)/@N)(@N/@m)]n(r)= f(r)S.[13] The
derivative with respect to N is the Fukui function f(r) de-
fined by Parr and Yang[21] and represents how the electron
density 1(r) rearranges as a consequence of a change in the
number of molecular electrons, irrespective of what causes
such change. The other derivative is the global softness rep-
resenting the charge transfer due to a change in m, which in
our case is brought about by the collision between the reac-
tants. Therefore, s(r) describes both the charge transfer be-
tween the reactants and how charge is redistributed within
the reactants themselves. A local HSAB principle[22] can
then be devised as follows: a regioisomer is favored when
the new bonds form between atoms with equal softness. The
local HSAB principle has provided many reliable qualitative
predictions of regioselectivity for 1,3-dipolar cycloadditions
(1,3-DC),[23–29] as recently discussed in detail.[11]


The modern theory of regioselectivity just outlined under
the name of “local HSAB principle” does not stand against
FMO theory, rather it improves the latter in several respects
by abandoning the wavefunction approach and the related
concept of orbital. FMO theory can be regarded as a special
case of the more general theory of chemical reactivity pro-
vided by DFT. For instance, the electron chemical potential
m is usually computed in the finite-difference approximation
as mffi�(I+A)/2, for which I and A are the vertical ionization
potential and electron affinity, respectively. Similarly, Sffi
(I�A)�1. If one neglects the relaxation of the electron densi-
ty upon ionization, then one can write mffi(eHOMO+eLUMO)/2
and Sffi(eHOMO�eLUMO)


�1, so that a clear parallel between the
two theories appears. The accuracy loss due to the neglect
of electron relaxation is, however, significant when chemical
accuracy is the target. Furthermore, the HOMO and
LUMO can be regarded as an approximation to the finite-
difference expression of the Fukui function, for example, for
the case of electrophilic attack f�(r)ffiHOMO. However, the
FMOs are a poor approximation of the Fukui function.[13,30]


Finally, the DFT-based theory should not be considered as a
mere refining of the FMO theory as it relies on a quite dif-
ferent theoretical basis and, as we will soon discuss, it is
amenable to a quantitative formulation of regioselectivity.


It is assumed that when two reactants approach each
other the interaction occurs between pairs of atoms located
in different molecules. Charge is transferred within such
pairs in the very first step of the bond-forming interaction
between the specific atoms. Such transfer equalizes the elec-
tron chemical potential and induces a variation DW of the
grand potential (i.e., the natural thermodynamic quantity
used to describe the behavior of the reactants’ atoms, which


are open subsystems freely exchanging energy and elec-
trons) of the system. The contribution to DW due to the in-
teraction between atom i in molecule P and atom k in mole-
cule Q is


DWPi
Qk ¼ � 1


2
ðmP�mQÞ2


sPisQk


sPi þ sQk
ð1Þ


For the case of concerted 1,3-DCs, we can obtain DW for
each regioisomer as the sum of two bond-forming interac-
tions and their difference dDW describes the relative stabili-
zation of the two regioisomeric promoted complexes. Given
that in 1,3-DCs the relative energy of transition states is par-
alleled by the relative energy of the weakly interacting com-
plexes forming in the early stage of the reaction,[10] the ne-
glect of the charge reshuffling term is reasonable.[31, 32] More-
over, the many successful qualitative predictions of regiose-
lectivity found in the literature suggest that the interaction
energy between the reactants forming the activated complex
should be closely related to the transition-state energy. For
the above reasons, DW is expected to be proportional to the
transition-state energy and to provide a quantitative predic-
tion of regioselectivity without the need to locate the transi-
tion state. On these grounds, a generalization of the local
HSAB principle has been introduced,[33] which enables one
to compute the relative stabilization of the two regioisomer-
ic transition states from m and s of the reactants only. This
method has been successfully applied by us to the 1,3-DC
between nitrilimines and alkynyl or alkenyl dipolaro-
philes,[34–36] and between arylazides and methyl propiolate.[37]


Some qualitative predictions of the regiochemistry of the
1,3-DCs of nitrile oxides to electron-deficient acetylenes,
based on DFT calculations, have been reported.[38] In order
to have a clearer and more systematic picture of the sub-
stituent effect on the regioselectivity of the 1,3-DC of nitrile
oxides to methyl propiolate, we present here a quantitative
study of the regioselectivity observed in the cycloadditions
between (4-substituted)benzonitrile oxides and methyl pro-
piolate (see Scheme 1). The present study is based upon the
DFT theory and the HSAB principle, and does not involve
the location of the transition structure and the calculation of
the activation energy. The latter point is important as the
calculation of the activation barrier for the 1,3-DC of nitrile
oxides is very sensitive to the treatment of electron correla-
tion, both for alkynyl[39] and alkenyl[40] dipolarophiles.


Results and Discussion


It has been known for a long time that the 1,3-DCs between
(4-substituted)benzonitrile oxides 2 and methyl propiolate 3
give mixtures of regioisomeric 4-methoxycarbonyl-3-(4-sub-
stituted)phenylisoxazoles 4 and 5-methoxycarbonyl-3-(4-sub-
stituted)phenylisoxazoles 5.[41]


The regioselectivity and total yield presently observed for
the 1,3-DCs of 2a–e and 3 (Scheme 1) in refluxing CCl4 are
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reported in Table 1. The yield ratio was obtained from
NMR spectroscopic analysis of crude reaction mixtures.


This regioselective outcome cannot be fully rationalized
on the basis of the electronic demand of the reactants.
When the substituents are ordered by the yield ratio of 4 :5,
one obtains MeO<Cl<Me<NO2<H. Even if the most
electron-donating group, MeO is at one end, and at the
other end one finds the “null” substituent H. Linear regres-
sion of the yield ratio versus Hammett sp values


[42] results in
a scattered plot with a very low correlation coefficient, 1=
0.47. As for FMO theory, the FMO energies at the B3LYP/
6-311+G(d,p) level are reported in Table 2. For 2a–d the
HOMO-dipole–LUMO-dipolarophile difference (ranging
from 4.5 to 5.1 eV) is 1–2 eV smaller than the LUMO-
dipole–HOMO-dipolarophile difference (ranging from 6.1
to 6.7 eV), whereas the latter difference (4.6 eV) is 1.1 eV
smaller than the former (5.7 eV) for nitro-substituted 2e.


Both FMO interactions can thus be effective, and one can
only predict that a regioisomeric mixture will result. Pushing
FMO theory a little further, major HOMO-dipole control
can be associated with the 1,3-DCs between 2a–d and 3,


and therefore a predominance
of 4a–d is expected. Converse-
ly, the 1,3-DC between 2e and
3 is subject to major LUMO-
dipole control and 5e is expect-
ed to be the major product.
Comparison with the experi-
mental data in Table 1 shows
that FMO prediction is correct
only for 2e+3, as regioisomer
5 predominates in any case.
Hence, to better understand the
regioselectivity of the cycload-
dition between 2 and 3, we


turned our attention to the local HSAB principle, as formu-
lated within DFT. The main results of our DFT calculations
at the B3LYP/6-311+G(d,p) level are reported in Table 3.


The electron chemical potential difference between 2 and
3 determines the direction of the overall charge flow upon
the interaction of the reactants, as electrons flow towards re-


gions at low electron chemical potential m. Charge flows
from the substituted benzonitrile oxide to methyl propiolate
in the reaction of 3 with 2a–d and vice versa in the reaction
of 3 with 2e, that is, 2a–d act as nucleophiles, whereas 2e
acts as electrophile. Note also that 2a–b and 2e show very
similar regioselectivity, although the very different electron-
demand properties of the substituents make the m(2)�m(3)
difference largely unequal and opposite in sign. As it de-
pends only on global indices, the direction of the overall
charge flow is the same irrespective of regiochemistry.


The local charge transfer, that is, the transfer of electrons
between interacting atoms can be computed as[22]


DNðC1 ! C20 Þ ¼ ½mð3Þ�mð2Þ
 sðC1Þ sðC20 Þ ½sðC1Þ þ sðC20 Þ
�1


ð2Þ


DNðO3 ! C10 Þ ¼ ½mð3Þ�mð2Þ
 sðO3Þ sðC10 Þ ½sðO3Þ þ sðC10 Þ
�1


in which DN is the degree of electron population transferred
from the dipole atom to the dipolarophile atom and the
atoms are numbered as illustrated in Scheme 1 (these equa-
tions are easily generalized so that they can be transferred


Scheme 1.


Table 1. Experimental yield ratios for 4 :5 and total yields for the cyclo-
addition reactions between benzonitrile oxides 2 and methyl propiolate 3
in CCl4 at 77 8C.


R Yield ratio[a] Yield [%]
4 :5 4+5


a H 29:71 >95
b Me 32:68 90
c MeO 40:60 88
d Cl 28:72 95
e NO2 30:70 83


[a] Determined by NMR spectroscopic analysis of the crude reaction
mixture.


Table 2. Frontier MO energies of dipole benzonitrile oxides 2 and dipo-
larophile methyl propiolate 3 at the B3LYP/6-311+G(d,p) level.


Entry R HOMO energy [eV] LUMO energy [eV]


2a H �6.7 �1.8
2b Me �6.5 �1.6
2c MeO �6.3 �1.4
2d Cl �6.8 �2.0
2e NO2 �7.4 �3.5
3 �8.1 �1.7


Table 3. Results of B3LYP/6-311+G(d,p) calculations: electron chemical
potential difference between benzonitrile oxides 2 and methyl propiolate
3, along with the dDW difference[a] and predicted yield ratios of 4 :5 for
their mutual cycloaddition.


R m(2)�m(3) [eV] dDW [kJmol�1] Predicted ratio of 4 :5[b]


H 0.70 �1.63 30:70
Me 0.87 �1.89 31:69
MeO 1.15 �5.01 40:60
Cl 0.57 �0.73 28:72
NO2 �0.49 �1.71 30:70


[a] Difference in grand potential variation for the pathways leading to
isoxazoles 4 and 5. [b] From computed dDW and Equation (4); uncertain-
ty �1%.
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to other interacting atom pairs). The actual direction of
local electron flow to alkynes in the 1,3-DC of HCNO has
recently been debated.[18,43–46] Our calculations show that at
the beginning of the reaction, the oxygen atom behaves as a
donor and the nitrile oxidic carbon atom as an acceptor, the
only exception being 2e+3!4e, for which the reverse be-
havior is observed. Our results are thus in agreement with
spin-coupled valence-bond calculations,[45,47] but they also
imply that the amount and direction of both global and
local electron transfer depends on the substituent present in
the reactants.[44]


We now turn to regioselectivity and, as selectivity criteri-
on, use the grand potential change due to two bond-forming
interactions between 2 and 3,[33] because of the general
agreement about the concertedness of 1,3-DC reactions. The
grand potential change for the pathway leading to 4-methoxy-
carbonyl-3-(4-substituted)phenylisoxazole 4 is


DWð4Þ ¼ ð1=2Þ ½mð3Þ�mð2Þ
 ½DNðC1 ! C20 Þ þ DNðO3 ! C10 Þ

ð3Þ


DN for this equation is defined in Equation (2). DW(5) can
be obtained by exchanging C1’ and C2’. Each new bond con-
tributes to the stabilization of the promoted complex by a
term consisting of the amount of electrons transferred be-
tween the relevant atoms multiplied by the electron chemi-
cal potential difference. The stabilization difference dDW=


DW(5)�DW(4) is reported in Table 3. The negative sign of
dDW shows that cycloadduct 5 is the major one, in line with
experimental results.


The regioselective similarity of the 2e+3 cycloaddition to
that of the 1,3-DCs involving 2a and 2b is now clearly ex-
plained by our DFT-HSAB approach, as the relevant pro-
moted-complexes have similar computed stabilization. This
is the result of two opposite effects: the large difference in
the amount of charge transferred upon the formation of the
two possible regioisomeric complexes for 2e+3 (compara-
ble to that observed in 2c+3) is counterbalanced by the
smaller (in absolute value) difference m(2e)�m(3), which
makes the charge transfer less effective in producing ener-
getic stabilization.


We now proceed one step further by demonstrating that
dDW is a quantitative regioselectivity index for the present
1,3-DC reactions. The difference in activation energy, dDE�


of the two reaction paths can be obtained as dDE�=�RT
log(Y) in which T is the reaction temperature (350 K) and Y
is the experimental ratio of 4 :5. Estimating the error in Y at
�1%, weighted least-squares linear regression results in


dDW ¼ ð2:7� 0:3Þ dDE��ð8:1� 0:9ÞkJmol�1, 1 ¼ 0:99 ð4Þ


in which 1 is the linear correlation coefficient (Figure 1).
The predicted ratio of 4 :5 (Table 3), obtained from the com-
puted dDW by using Equation (4), is in very good agreement
with the experimental values (Table 1).


The negative intercept in the equation above implies that
there is a preference towards the 5-methoxycarbonylisoxa-
zoles 5, as dDE�=<0 when dDW=0. Such a preference is
independent of the specific electronic interaction between
the reactants and the individual reacting sites. It might be
tentatively attributed to steric hindrance between the aryl
and the carbomethoxy moieties that become close to each
other when approaching to form regioisomer 4. The slope in
Equation (4) is significantly larger than 1. This means that
the difference in transition-state energy is about one third of
the computed energy difference between the promoted com-
plexes. Given that in our previous studies of arylnitrili-
mines[34] and arylazides[37] the regression slope was always
�1, we checked whether the neglected constant electron
potential term DWm (charge reshuffling) could counter-bal-
ance the constant external potential term DW of Equa-
tion (3) and reduce the slope. To this end, we computed the
grand-potential contribution of the step at constant electron
chemical potential as


DWmð4Þ ¼ �ð1=2Þ lf½sðC1Þ þ sðC20 Þ
�1 þ ½sðO3Þ þ sðC10 Þ
�1g
ð5Þ


in which DWm(5) can be obtained by exchanging s(C1’) and
s(C2’) and l is a positive parameter related to an effective
number of valence electrons.[25] As the value of l is not pre-
cisely set by theory, we carried out a bilinear regression of
dDE� with dDW and dDWm for which l was considered a pa-
rameter to be optimized. Such regression does not repro-
duce the experimental data better than the linear one in
Equation (4); the slope related to dDW and the intercept are
very close to that previously obtained, and the optimized
factor, l=�1.4P10�4 is clearly not significant. This confirms
that in 1,3-DCs the relative transition-state energy depends
on the relative energy of the promoted complex formed by
charge transfer in the chemical-potential equalization step


Figure 1. Linear relationship between the computed difference dDW in
grand potential variation for the pathways leading to cycloadducts 4 and
5, and the correspondent difference in activation energy dDE�, computed
from the experimental yield ratio of 4 :5. The error bars illustrate the un-
certainty in dDE� due to the error in the yield ratio, estimated at 1%.
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and is not affected by the subsequent charge-reshuffling
step. As for possible structural peculiarities in the benzoni-
trile oxide case, we note that the B3LYP/6-31G* optimized
structures of the promoted complexes and transition states
for the 1,3-DC between ethene and several 1,3-dipoles[17]


(including HCNO, HCNNH, and HNNN) do not indicate
any anomaly in the HCNO case. We have to conclude that,
at present, we have no explanation for the peculiar slope ob-
served, but it seems that the details of the 1,3-DC reaction
path of (4-substituted)benzonitrile oxides to methyl propio-
late differ from those of N-(4-substituted)phenylnitrile
imines and (4-substituted)arylazides in that the substituent
effect on the transition-state energy is only 37% of that af-
fecting the promoted complex.


We have thus shown that the combined use of the DFT
reactivity indices of the reactants with the local HSAB prin-
ciple provides a quantitative rationalization of regioselectivi-
ty for a series of 1,3-DCs not amenable to FMO and elec-
tron-demand theory. No transition state has to be located
and characterized. Indeed, the electron demand of the sub-
stituent is an important feature, but it only affects the elec-
tron chemical potential m, which cannot fully account for re-
gioselectivity. The latter can only be adequately rationalized
when the substituent effect on the local variations of charge
density upon the reactive encounter is taken into account.


Experimental Section


Cycloadditions between nitrile oxides 2 and methyl propiolate 3 : Com-
pounds 4a–e and 5a–e are known in the literature.[36]


General procedure : A solution of 2 (5.0 mmol) and 3 (0.43 g, 5.0 mmol)
in dry carbon tetrachloride (25 mL) was refluxed for 20 h. Evaporation
of the solvent in vacuo gave a residue, which was separated by chroma-
tography on a silica-gel column with EtOAc/hexane 3:7. The major prod-
uct, 4-methoxycarbonylisoxazole 4 was eluted first, followed by the
minor product, 5-methoxycarbonylisoxazole 5. Crystallization from diiso-
propyl ether gave analytically pure 4 and 5.


Computational methods : DFT calculations were performed with the
Gaussian98[48] program suite by means of a Beowulf PC cluster. The
hybrid B3LYP functional was employed with the standard 6–311+G(d,p)
basis set. The in-vacuo geometry of 2a–e and 3 was fully optimized and
characterized with vibrational analysis at the same level of theory. The
anion and cation of 2a–e and 3 were treated at the UB3LYP level by
using the geometry of the neutral systems. Atomic electron populations
were evaluated by the CHelp electrostatic scheme[49] (including fitting of
atom-centered dipoles), which has already proved to be a reliable
method.[50] Reactivity indices were computed within the finite difference
approximation:[12] m=�(I+A)/2 and S= (I�A)�1 in which I and A are the
(vertical) ionization potential and electron affinity, respectively. The local
softness s (condensed to each individual atom[51]) was computed as s+ =
S[p(N0+1)�p(N0)] for electrophiles, and as s�=S[p(N0)�p(N0�1)] for
nucleophiles in which p(N), N=N0�1, N0, and N0+1 represent the
atomic electron population of the cationic, neutral, and anionic system,
respectively.
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The Transfer of Tin and Germanium Atoms from N-Heterocyclic Stannylenes
and Germylenes to Diazadienes
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Introduction


The discovery of isolable singlet carbenes has initiated sig-
nificant and ongoing research activities aimed at the com-
prehensive characterization of the physical and chemical
properties of these compounds[1] and the development of
new applications of carbenes and their complexes in synthe-
sis and catalysis.[1,2] Among several molecular frameworks
that are suitable for the electronic stabilization of a divalent
carbon atom, N-heterocyclic imidazoylidenes of type IC[3]


received particular interest and stimulated the advancement
of carbene chemistry as well as investigations on carbene
homologues with heavier Group 14 elements. These studies
showed silylenes ISi to be the first stable compounds with a
dicoordinate silicon atom,[4] and stimulated the further de-


Abstract: New N-heterocyclic stanny-
lenes and germylenes were synthesized
by transamination of E{N(SiMe3)2}
(E=Ge, Sn) with a-amino-aldimines
or ethylidene-1,2-diamines and were
characterized by spectroscopic methods
and in the case of the germylene 10g
by X-ray diffraction. The reactions of
several germylenes and stannylenes
with diazadienes were studied by using
dynamic NMR and computational
methods. Experimental and theoretical
studies confirmed that metathesis with
exchange of the Group 14 atom is fea-
sible for both stannylenes and germy-
lenes, with exchange rates being gener-
ally higher for stannylenes. The meta-
thesis of the diazadiene 3b and the
stannylene 1b follows second-order ki-
netics and exhibits a sizeable negative
entropy of activation. The transfer re-
action is inhibited by bulky substituents
in both reactants and surprisingly coin-
cides with a suppression of the frag-


mentation of the stannylene into tin
and diazadiene. A connection between
oxidative addition and ring fragmenta-
tion was also observed in the reaction
of 1 f with sulfur. Density functional
theory (DFT) calculations suggest that
all metathesis reactions proceed via
transient spirocyclic [1+4] cycloaddi-
tion products, the formation of which is
generally endothermic and endergonic.
The spirostannanes display a distorted
Y-tbp geometry at the tin atom and
their cycloreversion requires low or
nearly negligible activation energies;
spirogermanes exhibit distorted tetra-
hedral central atoms and sizeable
energy barriers with respect to the
same reaction. Complementary studies
of cycloadditions of diazadienes to trip-


let germylenes or stannylenes indicate
that these reactions are exothermic.
The lowest triplet state in the carbene
homologues results from promotion of
an electron from an n(N) orbital with
p character rather than the n(C)-s or-
bital as in carbenes, and singlet–triplet
excitation energies decrease from
carbon to tin. Spirostannanes exhibit a
triplet ground-state multiplicity that
implies that the energy hypersurfaces
for the reactions of singlet and triplet
stannylenes with diazadienes intersect;
for germylenes, the singlet hypersur-
face is always lower in energy. A reac-
tion mechanism explaining the differ-
ent thermal stabilities of N-heterocyclic
germylenes and stannylenes, and the
coincidence between ring metathesis
and thermal decomposition of the
latter, is proposed based on the differ-
ent separation of the singlet and triplet
energy hypersurfaces.
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velopment of the chemistry of
germylenes IGe.[5] Unsaturated
cyclic stannylenes ISn were un-
known apart from a few anne-
lated 1,3,2l2-diazastannole de-
rivatives,[6] although stable
tin(ii) amides and related stan-
nylenes are an abundant class
of compounds.[7]


We have previously described the monocyclic, CC-unsatu-
rated stannylenes 1a (ISn, R= tBu) and 1b (ISn, R=Mes),
which represent the first genuine tin analogues of the car-
benes IC. The synthesis of these compounds proved chal-
lenging, not only because of the need to suppress redox re-
actions competing with the ring formation but also because
the products proved to be thermolabile and decomposed at
slightly elevated temperatures to yield tin and the corre-
sponding diazadiene (Scheme 1a).[8] Both the ease and the


pathway of this formal [1+4] cycloreversion is unprecedent-
ed for lighter carbene analogues IE (E=C, Si, Ge) that are
renowned for their high thermal stability.[1–5] Initial reactivi-
ty studies showed that 1a,b undergo a unique metathesis
with diazadienes that permitted interconversion between
different cyclic stannylenes
through formal transfer of a
single tin atom (Scheme 1b).[8]


Although this reaction was con-
sidered to proceed via an initial
[1+4] cycloaddition, its out-
come differs markedly from
that of the reaction of the sily-
lene 2a that forms a stable spi-
rocyclic cycloadduct under the
same conditions (Scheme 1c).[9]


In contrast to derivatives of the type IC and ISi,[1,2,4] and
considering further that 1a,b do not tend to coordinate to
transition-metal atoms, these preliminary results clearly
demonstrate a quite remarkable chemical diversity in the
series of isoelectronic carbene analogues IE that certainly
warrants further investigation.
To pursue this goal we performed a more extensive


survey of the reactivity of cyclic stannylenes of the type ISn.
Considering that reactions involving the formal transfer of a
“naked” tin atom might exhibit a significant potential in
synthesis for the assembly of novel heterocycles or cage
compounds, we focused on the elucidation of the mechanism
of the reaction of Scheme 1b by using both computational
and experimental approaches. We extended these studies to
include germylenes IGe because, to our knowledge, similar
reactions involving the transfer of germanium atoms have
not been reported. Our results suggest that a reaction ac-
cording to Scheme 1b is indeed not restricted to stannylenes
but may also occur with germylenes, and allows us to further
propose some interesting suggestions regarding the mecha-
nism of the cycloreversion shown in Scheme 1a. In addition,
we report on a generalized synthesis of carbene analogues
IE from a-amino-aldimine precursors and on the reaction of
a stannylene ISn with sulfur.


Results


Computational studies : Assuming that the Sn-transfer reac-
tion in Scheme 1b follows an associative mechanism, we per-
formed an initial computational study of the degenerate re-
action of the NH-substituted model stannylene 1c with the
diazadiene 3c and identified the oxidative addition product
4c (Scheme 2) as a possible intermediate. In contrast to the
strongly exothermic formation of the stable spirosilane 5c
from 3c and the silylene 2c, the reaction leading to 4c was
slightly endothermic and the product featured an unusual Y-
trigonal-bipyramidal coordination at the tin atom.[8] To
obtain better estimates for reactions of species such as 1a,b
and 2a,b, the bulky substituents of which should have an
effect on geometries and relative energies of the cycload-
ducts, we extended these studies to substrates with more re-
alistic substitution patterns. Furthermore, we studied the
corresponding reactions of the germylenes IGe. Computa-
tions were performed at the B3LYP/SDD(pol) level (see
Experimental Section). We assigned a structure as local min-


Scheme 1. R= tBu (1a), Mes (1b); R’= tBu, Mes.


Scheme 2. R= tBu (1a–7a), Mes (1b–7b), H (1c–7c), Me (1d–7d), 2,6-Me2-C6H3 (1e–7e).
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imum or transition state on the potential energy hypersur-
face by analyzing the second derivatives (minima have no
negative eigenvalues and transition states have one negative
eigenvalue of the Hessian matrix). Harmonic vibrational fre-
quencies and zero-point vibrational energies (zpe) were cal-
culated at the same level.
Modeling the interaction of the parent diazadiene 3c with


the germylene 6c, allowed us to locate a reaction product
7c, which, like the spirosilane 5c, is best described as a spi-
rocyclic [1+4] cycloaddition product. The distortion from
regular (D2d) symmetry is less pronounced than in 4c and
the coordination geometry at the germanium atom may still
be classified as tetrahedral (see Figure 1; a close inspection


suggests that the lowering from D2d to C2 symmetry is pri-
marily due to the pyramidalization at the nitrogen atoms).
The cycloaddition leading to 7c is still exothermic (DE=


�5.7 kcalmol�1), although much less so than in the case of
the spirosilane 5c (DE=�57.8 kcalmol�1[8]). In line with this
result, cleavage of 7c by [1+4] cycloreversion requires a


sizeable activation energy (DE�
2 =14.8 kcalmol


�1) but pro-
ceeds more smoothly than with 5c (DE2


�


2 =64.9 kcalmol
�1).


In view of the fact that the computed Gibbs enthalpy for
the formation of 7c from 3c and 6c is positive (DG298=


+7.0 kcalmol�1 versus �44.0 kcalmol�1 for 5c at the same
level), the spirogermane 7c must be considered a possible
intermediate in a Ge-transfer reaction between 2c and 6c
rather than a stable adduct.
As expected, formal replacement of NH-hydrogen atoms


by larger Me and tBu groups has some effect on both molec-
ular geometries and relative energies of the adducts 4, 5,
and 7. The structural changes in the spirocyclic cages of the
silanes 5c, 5d (R=Me), and 5a (R= tBu), and germanes
7c,d,a are not very significant; the central atoms maintain
their distorted tetrahedral coordination sphere (see
Figure 2; local D2d symmetry except for 7c, vide supra) and
the E�N bonds lengthen slightly when the size of the sub-
stituents increases (Table 1).
In contrast, the tin-containing spirocycles 4 display both a


marked lengthening of Sn�N bonds and substantial defor-
mations of N-Sn-N bond angles with increasing substituent
size. As a consequence, the coordination polyhedron of the
tin atom changes from a distorted Y-trigonal-bipyramid
whose axial bonds are bent towards the equatorial ones (4c)
to one whose axial bonds are bent away from the equatorial
ones (4a ; Figure 2). Whereas the angular distortions are
most likely attributable to growing steric hindrance between
the peripheral substituents, the observation of parallel (al-
though less-pronounced) changes in Sn�N lengths in the
stannylenes 1 (Sn�N 2.098 (1c), 2.107 (1d), 2.123 Q (1a))
suggest that the increase of bond length may be partly at-


Figure 1. Computed C2-symmetric molecular structure of the spiro-
germane 7c


Figure 2. Computed molecular structures of the spirocyclic cycloadducts: a) 5d, b) 6d, c) 4c, d) 4d, and e) 4a (H atoms omitted for clarity in 4a). The
molecular symmetry is D2d for 5d, 6d, and C2 for 4a,c,d.
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tributable to electronic influences such as a varying degree
of hyperconjugation with exocyclic N�R bonds.
A more significant substituent influence was established


for the energies of the intermediate cycloadducts and transi-
tion states in the oxidative additions of the diazadienes 3 to
the carbene analogues 1, 2, and 6 shown in Scheme 2. Both
the energies DE and free enthalpies DG298 of the cycload-
ducts increase relative to the values of the parent spirocycles
(4c, 5c, 7c) by 6–8 kcalmol�1 upon introduction of methyl
and by 12–17 kcalmol�1 upon introduction of tBu groups at
the nitrogen atoms (see Table 2); 2,6-dimethylphenyl (Mes’)
groups which were chosen to simulate mesityl substituents
appear to be less destabilizing than tBu moieties in stanny-
lenes. As a consequence, the formation of all N-substituted
spirogermanes and spirostannanes with R¼6 H is both endo-
thermic and endergonic. The changes in energies (DDE and
DDG298) are considered to reflect growing steric strain be-
tween increasingly larger substituents in the spirocycles, and
the higher degree of destabilization for the Si- than for Ge-
centered adducts suggesting that the importance of this
effect increases when the size of the tetrahedrally coordinat-
ed central atom decreases.
To provide further mechanistic insight, we also located


transition states for the individual reactions. The energies
and free enthalpies of activation (DE�


1 , DG�


1,298) increase


with increasing substituent size
for each class of compounds
parallel to the energies of the
spirocycles (Table 2). Quite re-
markably, the activation ener-
gies (DE�


1 ) and free enthalpies
(DG�


1,298) for the cycloadduct
formation are higher for germy-
lenes 6 than for corresponding
stannylenes 1, even though the
energies and Gibbs enthalpies
of the adducts themselves (DE,
DE298) display a reverse order
(Table 2). This means that
transfer of a tin atom between


two diazadiene fragments requires a lower activation barrier
than transfer of a germanium atom although the formation
of the transient adducts is more endothermic and endergon-
ic. As a consequence of this trend, the energy barrier DE�


2


required for cleavage of a spirocycle decreases from the
germanium compounds 7 to the spirostannanes 4, and in
particular the latter are located in extremely shallow local
minima of the energy hypersurface (<1 kcalmol�1) and
must therefore be considered very short-lived species. Al-
though the implications of these results are currently not
fully understood, the energy profile of the stannylene cyclo-
addition bears a formal resemblance to reactions that pass
through a structureless transition region rather than a well-
defined transition state, and display energy profiles with a
broad “plateau” rather than a well-defined maximum
(Figure 3).[10]


Computational studies on oxidative additions between the
N-substituted stannylenes 1 with diazadienes revealed that
the unique distortion of the tin coordination sphere in the
parent spirocycle 4c[8] survives even in the presence of bulky
substituents with significant steric repulsion. Although the
origin of this deformation was acceptably explained as re-
sulting from the geometric constraints imposed by the incor-
poration of two long geminal Sn�N bonds in a rigid five-
membered ring,[8] we have further analyzed the impact of


Table 1. Computed bond lengths in the spirocyclic frameworks ([Q] at the B3LYP/SDD(pol) level) of the
stannanes 4a,c,d, silanes 5a,c,d, and germanes 7a,c,d.


E R Sym. E�N N�C C�C
5c Si H D2d 1.742 1.416 1.352
5d Si Me D2d 1.745 1.411 1.357
5a Si tBu D2d 1.762 1.413 1.353
7c Ge H C2 1.850 1.866 1.415 1.419 1.356
7d Ge Me D2d 1.852 1.408 1.359
7a Ge tBu D2d 1.868 1.409 1.355
4c Sn H C2 2.157[a] 2.269[b] 1.359 1.359 1.398
4d Sn Me C2 2.203[a] 2.305[b] 1.348 1.350 1.402
4a Sn tBu C2 2.200[a] 2.327[b] 1.358 1.366 1.388
4e Sn Mes’ C2 2.215[a] 2.337[b] 1.352 1.364 1.393


[a] “Equatorial” bond. [b] “Axial” bond.


Table 2. Computed relative energies and Gibbs enthalpies (in kcalmol�1 at the B3LYP/SDD(pol) level) of transition states and spirocycles formed in the
cycloadditions of the carbene analogues 1, 2, and 6 with the diazadienes 3 shown in Scheme 2. The given figures of DE (DG298) denote the difference in
energies (Gibbs enthalpies) between cycloadducts and reactants (free carbene analogue and trans-diazadiene). DE�


1 (DG
�


298,1)and DE�


2 are the energies
(Gibbs enthalpies) required to reach the transition state from the side of the reactants or the spirocycle, respectively.


Reactants E R Cycloadduct Transition state
DE[a] DG298


[a] DE�
1
[a] DG�


298,1
[a] DE�


2


2c + 3c Si H 5c �57.8 �44.0 7.1 17.1 64.9
2d + 3d Si Me 5d �49.0 (8.8) �34.8 (9.2) 10.4 (3.3) 21.9 (4.8) 59.4
2a + 3a Si tBu 5a �40.9 (16.9) �22.6 (21.4) 23.2 (16.1) 37.4 (20.4) 64.1
6c + 3c Ge H 7c �5.7 7.0 9.2 20.6 14.9
6d + 3d Ge Me 7d 2.8 (8.5) 14.5 (7.5) 14.3 (5.1) 26.0 (5.4) 11.5
6a + 3a Ge tBu 7a 6.9 (12.6) 23.0 (16.0) 27.7 (18.5) 42.2 (21.6) 20.8
1c + 3c Sn H 4c 1.1 13.4 5.6 15.3 4.5
1d + 3d Sn Me 4d 6.8 (5.7) 18.4 (5.0) 7.4 (1.8) 18.6 (3.1) 0.6
1a + 3a Sn tBu 4a 21.7 (20.6) 34.3 (20.9) 21.8 (16.2) 35.4 (20.1) 0.1
1e + 3e Sn Mes’ 4e 15.4 (14.3) - - -


[a] Values in parentheses denote substituent-induced excess energies (Gibbs enthalpies) DDE (DDG298) relative to the parent compounds with R=H.
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this distortion on the electronic structure. Taking into ac-
count that the resemblance with the molecular structure of
SnII–amidinates[11] and a natural bond orbital (NBO) analy-
sis suggested a description of the C2-symmetric 4c as a
donor-stabilized tin(ii) amide with a lone pair of electrons at
the tin atom;[8] the molecule can be formally decomposed
into a Sn2+ ion and two chelating diazadiene radical anions
(the existence of stable diaza-
dienyl radical anions and their
ability to act as chelate ligands
have been independently estab-
lished by ESR studies[12]). It is
evident that attaching two radi-
cal ligands to a central tin(ii)
ion may occur with or without
spin-pairing to yield a complex
in a singlet or triplet state. The
energetic order of both states is
not a priori clear and either one
may represent the molecular
ground state. To elucidate the
relation between singlet and
triplet states of the cycload-
ducts 4 in more detail, we have
also explored the properties of
the triplet complexes, and their
formation by cycloaddition of a
singlet diazadiene to a triplet
stannylene.[13]


Triplet complex 4c features a
Y-tbp C2-symmetric molecular
structure (Figure 4) that is dis-
tinguished from that of the sin-


glet by longer Sn�N and C=C
bonds and slightly shorter C�N
bonds in the rings (Table 3). As
a consequence of these changes,
the deviation of the N-Sn-N
“axis” from linearity is even
larger than in the singlet state.
A negative singlet–triplet exci-
tation energy suggests that the
triplet state has a lower energy
than the singlet state. Compari-
son of molecular structures and
energies of singlet and triplet
states of the N-substituted spi-
rocycles 4a,d reveals similar
geometric changes, and the trip-
let remains always lower in
energy. The analysis of the
computed spin densities reveals
that each of the two unpaired
electrons resides in a delocal-
ized p orbital extending over
the NCCN-moiety of one diaza-
diene fragment and thus agrees


with the aforementioned description of the spirocycles 4 as
complexes of a Sn2+ cation with two diazadiene radical
anion ligands.
Although the DFT calculations on singlet and triplet spi-


rostannanes appear to favor the assignment of triplet
ground states for all adducts 4, this result must be consid-
ered preliminary with regard to the low magnitudes of DE-


Figure 3. Comparison of computed Gibbs enthalpies DG298 of intermediates and transition states in reactions
of the stannylene 1a (squares) and germylene 6a (circles) with the diazadiene 3a (R= tBu).


Figure 4. Computed molecular structures for the triplet states of a) the stannylene 1c, and the spirocyclic
cycloadducts b) 4c, c) 4d, and d) 4a (H atoms omitted for clarity for 4a).
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(S!T): as the singlet spirocycles can be viewed as singlet
biradicals or biradicaloids,[16] it may not necessarily be viable
to describe their electronic structure in terms of a state orig-
inating from a single-electron configuration, and we may en-
visage that by using an adequate approach (for example by
using MCSCF) we may see a stabilization of the singlet up
to the point where the relative order of singlet and triplet
states is again reversed. We have undertaken the first steps
into a more elaborate investigation of this question but a
full discussion is beyond the scope of the present work and
will be presented elsewhere.
The triplet stannylenes 1a,c,d feature planar five-mem-


bered rings and an even more pronounced lengthening of
Sn�N and C=C, and shortening of C�N bonds than the spi-
rocyclic adducts. The positive singlet–triplet excitation ener-
gies confirm singlet ground states but their magnitude of
30–34 kcalmol�1 is much smaller than the values of more
than 80 kcalmol�1 for imidazoyl carbenes.[1,14] These results
seem to contradict the trend that DE(S!T) increases in a
series of isoelectronic carbene analogues ER2 with the
atomic number of E (as a result of the improved stabiliza-
tion of a lone-pair in a molecular orbital with high s charac-
ter), but the apparent contradiction is easily resolved if we
consider that the triplet states of a stannylene 1c and a car-
bene IC represent different electronic states. The triplet car-
bene is, in simple terms, formed by promoting one electron
from a molecular orbital of a1 symmetry (representing the
carbon “lone-pair”) to the lowest p* MO of b1 symmetry
and corresponds thus to a 3B1 state; in contrast, the lowest
triplet state of the stannylene 1c results from promotion of
an electron from an a2 orbital (representing the antisymmet-
ric combination of the nitrogen lone pairs) into the same
b1(p*) MO and represents a


3A1 state.
The finding of a triplet ground state for the spirostan-


nanes 4 can be considered a highly interesting result as it
implies an intersection of the potential energy hypersurfaces
that represent the interaction of a diazadiene 3 with singlet
or triplet stannylenes, respectively (Figure 5). If we imagine
that the reaction of 3 with singlet 1 passes through a region
of the hypersurface near the crossing point, there is a certain
probability that a spin crossover occurs and a triplet adduct
is formed.[17] Considering further that a) reconversion of this
species into a diazadiene and a singlet stannylene requires
another spin inversion and is therefore also considered a
rather unlikely process, and b) fragmentation into a diaza-


diene and a triplet stannylene is
highly endothermic, we can en-
visage that the actual decay of
the transient triplet adduct fol-
lows a different path and yields
completely different products.
A mechanism of this type could
provide an explanation for the
thermal decomposition of the
N-heterocyclic stannylenes 1a,b


under deposition of elemental tin and will be discussed later
in the context of further experimental evidence that sup-
ports this hypothesis.
To assess if a reversed order of singlet and triplet states is


also viable for the spirogermanes and spirosilanes 5 and 7,
we also studied the triplet states of these species. The parent
compounds 5c and 7c feature C2-symmetric structures with
a relative elongation of two E�N bonds (see Figure 6) but
may still be described as having distorted tetrahedral coordi-
nation of the central atoms. The triplet states of the silylene
2c and the germylene 6c contain nonplanar five-membered
rings with flat-envelope conformations the bond lengths of
which show similar deviations from those in the correspond-


Table 3. Computed endocyclic bond lengths in the triplet state [Q] and singlet–triplet excitation energies
DE(S!T) and Gibbs enthalpies DG298(S!T) (in kcalmol�1) for the stannylenes 1a,c,d, and the spirostannanes
4a,c,d at the B3LYP/SDD(pol) level.


R Sym. DE(S!T) DG298(S!T) E�N N�C C�C
1c H C2v 33.8 31.2 2.296 1.341 1.416
1d Me C2v 29.8 26.9 2.292 1.338 1.414
1a tBu C2v 30.2 26.8 2.313 1.339 1.413
4c H C2 �9.0 �10.6 2.222[a] 2.415[b] 1.345 1.339 1.414
4d Me C2 �9.5 �11.3 2.256[a] 2.417[b] 1.343 1.334 1.411
4a tBu C2 �6.5 �7.6 2.296[a] 2.532[b] 1.353 1.334 1.408


[a] “Equatorial” bond. [b] “Axial” bond.


Figure 5. Schematic representation of the relative energies of stationary
points on the energy hypersurfaces for the reactions of the diazadiene 3a
with the singlet (squares) and triplet (circles) states of the stannylene 1a
to give the singlet and triplet states of the spirocycles 4a.


Figure 6. Computed molecular structures for the triplet states of a) sily-
lene 2c and b) germylene 6c, and the spirocyclic cycloadducts c) 5c, and
d) 7c.
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ing singlet species as were
noted for 1c. The 3A’ electronic
state of both species may be ra-
tionalized, as in 1c, as arising
from formal promotion of an
electron from an a2 (nitrogen
lone pair) into a b1 MO (p*);
additional studies suggest that
the deviation from planarity
arises from mixing of the 3A1


and 3B1 states of a C2v symmet-
ric molecule that are much closer in energy than in 1c. The
singlet–triplet splittings (Table 4) in both two- and four-coor-
dinate germanium compounds 6c, 7c are larger (by some
13–18 kcalmol�1) than in the corresponding tin compounds,
and a further increase is observed for the appropriate sili-
con-containing molecules 2c, 5c. All species have thus a sin-
glet ground state, and the participation of triplets in the re-
actions of diazadienes with the cyclic germylenes or silylenes
4c, 6c seems unlikely.
Summarizing the computational results we can state that


products arising from oxidative addition of diazadienes to
N-heterocyclic germylenes and stannylenes are, unlike the
corresponding silylenes, predicted to be transient intermedi-
ates in a formal atom-transfer reaction rather than stable
species. The transfer of a Ge-atom requires a higher activa-
tion energy, and thus proceeds at a lower rate, than the
transfer of a Sn atom in a compound with identical substitu-
ents. Last, but not least, triplet states might interfere in reac-
tions of diazadienes with stannylenes, but not in those with
germylenes.


Syntheses of N-heterocyclic germylenes and stannylenes :
Having found that the 1,3-disubstituted stannylenes 1a,b
can be accessed through transamination of tin(ii) amides
with a-amino-aldimines[8] we set out to extend this approach
to the synthesis of N-heterocyclic stannylenes with other
substitution patterns. To prepare appropriate aldimine pre-
cursors, we reduced the N-arylated diazadienes 3 f–h[18] with
excess Li and the resulting dianions were then quenched
with ethanol. We isolated tautomeric ene-diamines (9g,h)
by workup of the reaction mixtures and we obtained the ex-
pected a-amino-aldimine only
in one case (8 f). All products
were characterized by using an-
alytical and spectroscopic data,
and the ene-diamine 9h was
confirmed by a single-crystal X-
ray diffraction study. The mole-
cule (Figure 7) contains a Z-
configured double bond with
two pyramidal amino substitu-
ents (�N1=3468, �N2=3408);
the C=C (1.339(2) Q) bonds are
similar and the C�N bonds
(1.428(2), 1.433(2) Q) slightly
longer than known lengths in


acyclic secondary ene-diamines (C=C 1.34�0.01, C�N
1.39�0.02 Q[19]).
Transamination of 8 f with Sn{N(SiMe3)2}2 at 60 8C in


hexane afforded the expected stannylene 1 f as an orange,
air- and moisture-sensitive, crystalline solid (Scheme 3). In
contrast to solid 1b, which decomposes around 100 8C, pure
1 f was stable up to 130 8C before decomposing slowly with
deposition of elemental tin. Although we could not obtain
suitable crystals for an X-ray diffraction study, we establish-
ed the identity of 1 f by using spectroscopic and analytical
data. Of particular significance was the presence of the mo-
lecular ion in the mass spectrum, the similarity of solution


Table 4. Computed endocyclic bond lengths [Q] and singlet–triplet excitation energies DE(S!T) and Gibbs
enthalpies DG298(S!T) (in kcalmol�1) for the triplet states of the silylene 2c, germylene 6c, and the spiro-
cycles 5c, 7c, at the B3LYP/SDD(pol) level.


E Sym. DE (S!T) E�N N�C C�C
2c Si Cs 60.8 1.958 1.346 1.413
6c Ge Cs 45.8 2.122 1.340 1.416
5c Si C2 54.2 1.829[a] 1.961[b] 1.361 1.367 1.390
7c Ge C2 9.5 2.025[a] 2.292[b] 1.347 1.339 1.411


[a] “Equatorial” bond. [b] “Axial” bond.


Figure 7. Molecular structure of 9h in the crystal, ORTEP view thermal
ellipsoids are at the 50% probability level, hydrogen atoms of CHn


moieties omitted for clarity; selected bond lengths [Q]: N1�C5 1.425(2),
N1�C1 1.433(2), N2�C2 1.428(2), N2�C17 1.446(2), C1�C2 1.339(2).


Scheme 3.
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13C, 15N, and 119Sn NMR data with those of 1b, and the ob-
servation of a signal with a large chemical shift anisotropy
(jd11�d33 j=1324 ppm) in a solid-state slow-spinning
119Sn CP/MAS NMR spectrum. Large anisotropies of the
shielding tensors caused by strong deshielding of a single
principal component as observed here are typical for N-het-
erocyclic carbene analogues.[20]


The analogous condensation of Sn{N(SiMe3)2}2 with the
ene-diamines 9g,h required temperatures of 100–120 8C and
gave mixtures of several products. NMR studies showed the
formation of a product that we assigned as the stannylene
1h beside tin and the diazadiene 3h from the precursor 8h
although none of the products could be isolated in pure
form. Only tin and the diazadiene 3g were identified in the
corresponding reaction of 8g.
The suitability of the transamination method for the prep-


aration of germylenes was demonstrated by the synthesis of
the novel C-methylated derivative 10g from 9g and Ge-
{N(SiMe3)2}2 (Scheme 3). The product was isolated as an
orange crystalline solid and was characterized by analytical
and spectroscopic data, and a single-crystal X-ray diffraction
study. The molecular structure (Figure 8) features a planar
five-membered ring with endocyclic bond distances (average
values: Ge�N 1.864, C�N 1.384, C=C 1.364 Q) that are in
close agreement with the known data of 10a (Ge�N 1.856,
C�N 1.391, C=C 1.368 Q[21]). Solutions of 10g showed no
evidence of thermal decomposition up to 120 8C.


Reactions of carbene analogues with diazadienes : Reactions
of N-heterocyclic carbene analogues with diazadienes were
studied to establish both if the transformation under formal
single-atom-transfer is a general scheme for stannylenes and
germylenes, and to obtain experimental data giving insight
into the energetics and mechanism of the reaction. Having
previously detected the “degenerate” interconversion be-
tween stannylenes 1a,b and diazadienes 3a,b bearing like-
substituents using dynamic NMR spectroscopy,[8] we used
the same approach to explore the reactions of the new
stable carbene analogues 1 f and 10g with the corresponding
diazadienes 3 f,g, respectively. In contrast to the previously
studied cases where interchange on a subsecond timescale
was easily detectable in two-dimensional (2D) EXSY NMR


spectra at around room temperature, we saw no evidence in
spectra of mixtures of 1 f/3 f in [D8]toluene for intermolecu-
lar exchange on a second timescale up to 110 8C. Quite sur-
prisingly, under these conditions no cycloreversion of 1 f
under formation of tin and diazadiene was detected whereas
a noticeable decay of 1a,b occurred at much lower tempera-
tures (around 60 8C). We noticed the immediate onset of a
“nondegenerate” exchange reaction, however, upon addition
of a small amount of diazadienes 3a or 3b, respectively, to a
solution of 1 f ; under these conditions, both formation of the
cross-products 1a (1b)/3 f, and (above 60 8C) the deposition
of tin were observed.
Analogous 2D EXSY NMR studies of mixtures contain-


ing either the germylene 10g and the diazadiene 3g, or a
mixture of the sterically less-hindered species 10a[21]/3a,
gave no evidence for reaction under formal transfer of ger-
manium atoms below 110 8C. Similar negative results were
obtained for the nondegenerate cross-reactions between 10a
and 3g. In the 1H NMR spectra of a solution of the germy-
lene 10g and the diazadiene 3a in [D8]toluene, we observed
small signals attributable to the expected transformation
products 10a/3g after the solution had been heated to 70 8C
for a short time. Near quantitative conversion (>98%) into
the cross-products was observed when this temperature was
maintained for 12 h. Careful monitoring of the spectra
throughout the reaction showed that, apart from the decay
of the signals of the starting materials and the growth of
those of the products, no further changes indicating the for-
mation of intermediates or decomposition products occur-
red.
We interpret the conversion of 10g/3a into the cross-prod-


ucts 10a/3g as proof that N-heterocyclic germylenes under-
go similar exchange reactions with diazadienes as their
heavier homologues; we did not detect the reverse reaction
presumably because of the higher thermodynamic stability
of 10a/3g as compared to 10g/3a. Furthermore, the failure
to observe “degenerate” exchange between germylenes and
diazadienes with identical substituents does not necessarily
disprove that such processes take place at all, but suggests
simply that their rate is too low to be detected by dynamic
NMR spectroscopy. Thermal decomposition of the stanny-
lenes 1a,b has been previously found to be facilitated by
catalytic amounts of nucleophilic impurities,[8] and the coin-
cidence between the simultaneous onset of intermolecular
metathesis of 1 f with the diazadienes 3a,b and thermal de-
composition of the stannylene is further interpreted as evi-
dence that the deposition of tin from N-heterocyclic stanny-
lenes at low temperatures implies no simple monomolecular
[1+4] cycloreversion. Instead, we suggest that this reaction
is associated with the bimolecular tin atom transfer process.
On the basis of the previously discussed computational re-
sults, we propose a mechanism in which the transient singlet
spirocyclic adduct is a key intermediate for both the atom-
transfer and the decomposition processes. The first reaction
proceeds straightforwardly by a simple retro-[1+4] addition,
whereas the second one is initiated by spin-conversion to
yield the triplet spirocycle that cannot undergo cyclorever-


Figure 8. Molecular structure of 10g in the crystal, ORTEP view thermal
ellipsoids are at the 50% probability level; selected bond lengths [Q] and
angles [8]: Ge1�N2 1.864(2), Ge1�N16 1.864(2), C12�N2 1.390(3), C14�
N16 1.391(3), C12�C14 1.368(3); N16-Ge1-N2 82.8(1).
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sion because of energetic reasons but decays via a different
route. It should be noted that this mechanistic proposal ac-
counts as well for the markedly different thermal stabilities
of N-heterocyclic stannylenes and germylenes as the conver-
sion of a singlet into a triplet germaspirocycle is inhibited
because of the higher singlet–triplet separation in this case
so that the decomposition pathway is blocked.
Assuming that the exchange between diazadienes and N-


heterocyclic germylenes and stannylenes follows a common
mechanism, further mechanistic studies focused on the stan-
nylene system as here the higher reaction rates allowed the
use of dynamic NMR spectroscopy as a tool for kinetic stud-
ies. A comprehensive investigation of the “degenerate” in-
terconversions between 1a/3a and 1b/3b, respectively,
showed that the exchange between stannylenes and diaza-
dienes is not restricted to the previously reported[8] tempera-
ture range of 30–60 8C (where the onset of decomposition
precluded further studies), but can be detected in 2D EXSY
1H NMR spectra obtained with mixing times between 500
and 1000 ms at temperatures as low as �20 8C. Careful ex-
amination of the spectra of mixtures of 1b/3b revealed,
beside cross-peaks connecting the two reactants, further ex-
change correlations to a third species present in low concen-
tration (approximately 1–2% relative to 3b).[22] The signals
of this species were also detected in 1H NMR spectra of
pure 3b and are assigned to a stereoisomer with E/Z-config-
ured C=N double-bonds that is in dynamic equilibrium with
the E/E-configured major isomer. Acquisition of 2D EXSY
spectra of solutions to which small amounts of amines such
as HN(SiMe3)2 or the a-amino aldimine 9b had been delib-
erately added gave no evidence for the participation of
these species in the exchange and allowed us to conclude
that the stannylene/diazadiene interconversion proceeds at a
much faster rate than a conceivable substituent metathesis
via transamination reactions.
Beside the evaluation of exchange pathways, the measure-


ment of rate constants may provide further mechanistic in-
formation. By the nature of dynamic NMR spectroscopy,
measurable site-to-site rate constants are pseudo first-order
and have to be divided by the equilibrium concentrations of
all other reactants to obtain figures that give a correct de-
scription of the chemical process.[23] In the case of dynamic
exchange between a stannylene and a diazadiene, the occur-
rence of a spirocyclic adduct as transition state or transient
intermediate as outlined in Scheme 2 requires that the rate
determining step obeys a second-order rate law. Assuming
the validity of this hypothesis, the ratio of the observable
rate constant kobs(s!d) for the stannylene!diazadiene con-
version and the equilibrium concentration of the diazadiene
(and, vice versa, the ratio of the reverse rate constant kobs
(d!s) and the concentration of the stannylene) must be
constant, and a measurable deviation from this relation
would allow us to disprove the proposed mechanism. To
clarify this issue we have carried out one-dimensional (1D)
magnetization transfer experiments[24] to determine the
pseudo first-order rate constants for the conversion of the
stannylenes 1a,b into the diazadienes 3a,b over a range of


concentrations. We found that solutions containing 1b/3b
were sufficiently stable to give the desired kinetic informa-
tion, whereas mixtures of 1a/3a decomposed erratically in
the course of the experiments and no meaningful results
were obtained. Evaluation of the calculated ratio k12=kobs
(1b!3b)/m(3b) (see Experimental Section) illustrates that,
within the available experimental accuracy, k12 does not
change and the data are thus compatible with the postulated
reaction mechanism.
Magnetization transfer experiments at different tempera-


tures allowed us to further evaluate the temperature de-
pendence of the rate constant for the exchange between 1b
and 3b (see Supporting Information) and to compute values
for the activation enthalpy (DH�=8(1) kcalmol�1) and en-
tropy (DS�=�26(3) cal K�1mol�1). Even though the results
must be regarded with some skepticism owing to a noticea-
ble correlation between both parameters that results from
the rather small range of temperatures covered, it appears
that the energetic contribution to the free enthalpy of acti-
vation DG� is rather small but is accompanied by a sizeable
negative activation entropy. The latter suggests a highly or-
dered transition state and agrees well with the proposed as-
sociative reaction mechanism which implies considerable
steric crowding at the stage of the intermediate adduct. The
magnitudes of the experimental values of DH� and DS� are
substantially smaller than those obtained from the computa-
tional studies on the reaction of 1a/3a (DH�


298=21.5 kcal
mol�1, DS�


298=46.7 calK
�1mol�1). In assessing this difference


it must be considered, however, that the deviation is partly
attributable to the effect of formally replacing the tBu
groups in 1a/3a by Mes substituents (like the decrease of
the computed relative energy of the adduct 4e (R=Mes’)
versus 4a (R= tBu) by 6.4 kcalmol�1; see Table 2), and that
the computational model is far from being very sophisticat-
ed and neglects, among other factors, the influence of sol-
vent effects.


Reaction of a N-heterocyclic stannylene with sulfur : It has
recently been reported that reactions of sterically crowded
stannylenes with sulfur or selenium yield tetrachalcogenos-
tannolanes, which can be disassembled to give isolable prod-
ucts containing tin=sulfur and tin=selenium double bonds.[25]


To explore if similar reactions are viable for N-heterocyclic
stannylenes, we studied the reaction of 1 f, which was chosen
as the thermally most stable and sterically best-protected
derivative available, with one equivalent of sulfur. The reac-
tion required slight warming to 40 8C and afforded a clear
yellow solution and a brown precipitate. The diazadiene 3 f
was the only species detectable by 1H NMR spectroscopy in
the supernatant solution, and energy dispersive X-ray
(EDX) analysis gave an elemental composition of SnS1.05 for
the solid; attempts to characterize this material by powder
diffraction studies produced featureless diffractograms that
suggest a low-degree of crystallinity. The analytical data sug-
gest that the reaction of 1 f with sulfur proceeds with quanti-
tative formation of the diazadiene 3 f and tin(ii) sulfide. Al-
though both species represent the products of a formal
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[1+4] cycloreversion of a hypothetical stannylene sulfide
formed by oxidative sulfurization of 1 f, the spectroscopic
detection of such a species was not possible and the mecha-
nistic proposal remains speculative. Quantitative conversion
of 1 f into the diazadiene 3 f was also observed in reactions
of the former with air or selenium; in these cases, however,
no satisfactory analytical data of the solid by-products were
obtained and their exact composition remains unknown.


Conclusion


We have shown that synthesis of N-heterocyclic carbene an-
alogues by transamination of E(NR2)2 with a-amino-ald-
imines and ring metathesis of the cyclic products with diaza-
dienes under formal exchange of the divalent central atom
is feasible for both stannylenes and germylenes. Qualitative
kinetic studies indicated that exchange rates are generally
higher for stannylenes, and measurement of rate constants
indicated that metathesis of the diazadiene 3b and the stan-
nylene 1b is characterized by second-order kinetics and a
sizeable negative entropy of activation. Studies of the reac-
tivity of the stannylene 1 f towards diazadienes disclosed
that the tin transfer reaction is inhibited by the presence of
bulky substituents at the ring nitrogen atoms and that this
inhibition coincides, quite surprisingly, with a suppression of
the fragmentation of the N-heterocyclic stannylene into tin
and diazadiene. Another example hinting to a connection
between oxidative addition and fragmentation reactions is
given by the reaction of 1 f with sulfur to yield SnS and a di-
azadiene.
Computational studies at the DFT level suggest that all


metathesis reactions between singlet N-heterocyclic carbene
analogues and diazadienes proceed via transient spirocyclic
[1+4]-cycloaddition products whose formation is (with the
exception of the NH-substituted spirogermane 6c) endother-
mic and endergonic and agrees with the experimentally ob-
served negative entropy of activation for these reactions.
The properties of spirostannane and spirogermane inter-
mediates differ notably: the former display a distorted Y-
tbp geometry at the tin atom and their cleavage into stanny-
lene and diazadiene requires low or nearly negligible activa-
tion energies, whereas the latter resemble known spirosi-
lanes in exhibiting distorted tetrahedral central atoms and
the need to overcome sizeable energy barriers to undergo
appropriate fragmentation. Complementary studies of hypo-
thetical cycloadditions of diazadienes to triplet germylenes
or stannylenes indicate that these reactions are exothermic
and yield interesting results concerning relative energies for
singlet and triplet states of both carbene analogues and spi-
rocycles: the germylenes and stannylenes exhibit the expect-
ed singlet ground states but the nature of the lowest triplet
state differs from that of N-heterocyclic carbenes (resulting
from promotion of an electron from an n(N) orbital with p


character rather than the n(C)-s orbital, to a p* orbital),
and singlet–triplet excitation energies are lower than in car-
benes and decrease from 60 kcalmol�1 for the silylene to


45 kcalmol�1 for the germylene and 30–33 kcalmol�1 for
stannylenes. For spirostannanes, the geometric distortion to-
wards Y-tbp coordination at the tin atom coincides with a
change from singlet to triplet ground state multiplicity that
implies that the energy hypersurfaces for the reactions of
singlet and triplet stannylenes with a diazadiene intersect.
Although further validation of this finding by more sophisti-
cated theoretical models (for example, by using an MCSCF
approach) is certainly required, its consideration suggests a
way to rationalize the different thermal stabilities of N-het-
erocyclic germylenes and stannylenes, and the coincidence
between ring metathesis and thermal decomposition of the
latter. The key to this explanation is the hypothesis that the
proximity of singlet and triplet energy hypersurfaces in the
stannylene–diazadiene system facilitates spin crossover to
give a triplet species that may then disproportionate to give
tin and diazadiene rather than decay via [1+4] cyclorever-
sion; in contrast, in the germanium case, triplet species are
much higher in energy than the corresponding singlet spe-
cies and their participation need not be considered.


Experimental Section


General remarks : All manipulations were carried out under dry argon.
Solvents were dried by standard procedures. NMR spectra: Bruker
Avance 300 (1H: 300.1 MHz, 13C: 75.4 MHz, 119Sn: 111.9 MHz) and
Avance 400 (1H: 400.1 MHz, 119Sn: 148.7 MHz) at 303 K; chemical shifts
were referenced to external TMS (1H, 13C), Me4Sn (X=37.290632 MHz,
119Sn); coupling constants are given as absolute values; prefixes i, o, m, p
denote atoms of N-aryl substituents. MS: VG-Instruments VG 12–250.
Elemental analyses: Perkin–Elmer 2400CHSN/O Analyser. Melting
points were determined in sealed capillaries.


Computational studies : DFT calculations were carried out with the Gaus-
sian 98 program suite[26] using BeckeUs three-parameter exchange func-
tional with a Lee–Yang–Parr correlation energy functional (B3LYP) and
SDD basis sets that were augmented by one set of polarization functions
on all heavy atoms. The basis set employs a D95V split-valence basis for
the lighter atoms, and Stuttgart/Dresden ECP at Ge and Sn. Harmonic
vibrational frequencies and zero-point vibrational energies (ZPE) were
calculated at the same level. All structures reported are minima (only
positive eigenvalues of the Hessian matrix) or transition states (one nega-
tive eigenvalue) on the potential energy surface. Analyses of electron
populations and spin densities were carried out with the NBO 5.0
module.[27] Listings of atomic coordinates and relative molecular energies
are given as Supporting Information.


The diazadienes 3 f–h were prepared by condensation of the appropriate
aniline derivative with 2,3-butanedione or glyoxal using established pro-
cedures.[18]


General procedure for the preparation of a-aldimino-aldimines (8 f) and
ene-diamines (9g,h): Lithium turnings (500 mmol) were added to a solu-
tion of the appropriate diazadiene 3 f–h (200 mmol) in THF (150 mL)
and the mixture was stirred for 2 days under strict exclusion of oxygen.
Unreacted lithium was then filtered off and the filtrate evaporated in
vacuum. The solid residue was suspended in hexane, the solvent filtered
off, and the remaining solid was dried in vacuum. Between 50 and
100 mmol of the crude salt were then dissolved in THF (150–200 mL)
and transferred into a dropping funnel that was placed on top of a flask
containing THF (ca. 50 mL). A small volume of the lithium diazadienide
solution was added to the flask and the mixture stirred until a dark
brown-red solution formed. Then, dry ethanol was added dropwise by
means of a syringe until the color turned yellow. This procedure was re-
peated until the required amount of ethanol (120–200 mmol) had been
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consumed. After completion of the reaction, solvents were evaporated in
vacuum. The yellow residue was dissolved in hexane (100 mL) and pre-
cipitated LiOEt was filtered off. The filtrate was concentrated to a
volume of 50 mL and stored overnight at a temperature of �2 8C. The
crystalline precipitate formed was collected by filtration and dried in
vacuum. A second batch of product was obtained in the same way after
further concentration of the mother liquor.


[2-(2,6-Diisopropylphenyl)iminoethyl]-(2,6-diisopropylphenyl)amine
(8 f): Yield 57%; m.p. 91 8C; 1H NMR (300 MHz, CDCl3): d=7.85 (t,


3J-
(H,H)=2.1 Hz, 1H; N=CH), 7.17 (m, 3H; C6H3), 7.15 (m, 3H; C6H3),
4.71 (t, 3J(H,H)=5.2 Hz, 1H; NH), 4.10 (dd, 3J(H,H)=5.2, 2.1 Hz, 2H;
NCH2), 3.48 (septet,


3J(H,H)=6.9 Hz, 2H; CH), 2.99 (septet, 3J(H,H)=
6.9 Hz, 2H; CH), 1.32 (d, 3J(H,H)=6.9 Hz, 12H; CH3), 1.22 ppm (d,


3J-
(H,H)=6.9 Hz, 12H; CH3);


13C{1H} NMR (75 MHz, CDCl3): d=163.4
(N=C), 148.6 (i-C), 144.3 (i-C), 142.0 (o-C), 134.0 (o-C), 128.3 (p-C),
124.7 (p-C), 124.0 (m-C), 123.4 (m-C), 56.0 (NCH2), 28.4 (CH(CH3)2),
28.2 (CH(CH3)2), 24.5 (CH(CH3)2), 23.9 ppm (CH(CH3)2); MS (16 eV,
EI): m/z (%): 378 (56) [M+], 334 (4) [M+�C3H7], 333 (16) [M+�C3H8].
N,N’-Di-(2,4,6-trimethylphenyl)-but-2-ene-2,3-diamine (9g): Yield 31%;
m.p. 80 8C; 1H NMR (300 MHz, CDCl3): d=6.80 (s, 4H; m-H), 4.53 (s,
2H; NH), 2.18 (s, 6H; p-CH3), 2.18 (s, 12H; o-CH3), 1.50 ppm (s, 6H;
CCH3);


13C{1H} NMR (75 MHz, CDCl3): d=139.9 (p-C), 132.9 (o-C),
132.5 (i-C), 129.7 (m-C), 126.9 (=C�N), 21.1 (p-CH3), 18.8 (o-CH3),
14.6 ppm (o-CH3); MS (16 eV, EI): m/z (%): 322 (25) [M


+], 305 (41)
[M+�2H, �CH3], 162 (100) [M+�H, �MesCN].
N,N’-Di-(2,6-diisopropylphenyl)-but-2-ene-2,3-diamine (9h): Yield 41%;
m.p. 85 8C; 1H NMR (300 MHz, CDCl3): d=7.17 (s, 6H; C6H3), 4.84 (s,
2H; NH), 3.41 (septet, 3J(H,H)=6.5 Hz, 4H; CH), 1.58 (s, 6H; =CCH3),
1.29 ppm (d, 3J(H,H)=6.5 Hz, 12H; CH); IR (CH2Cl2, NaCl): ñ=


1666(s), 1650(w), 1638(m), 1621(w) cm�1; MS (16 eV, EI): m/z (%): 406
(4) [M+], 362 (5) [M+�C3H7], 362 (19) [M+�C3H8].
1,3-Di(2,6-diisopropylphenyl)-2,3-dihydro-1-H-[1,3,2]-diazastannol-2-yli-
dene (1 f): a-Amino-aldimine 8 f (3.40 g, 9.0 mmol) and Sn{N(SiMe3)2}2
(3.96 g, 9.0 mmol) were dissolved in hexane (50 mL) and a few drops of
HN(SiMe3)2 were added. The solution was stirred for 4 h at 60 8C. The
warm reaction mixture was then filtered and its volume slightly reduced
in vacuum. The resulting solution was stored overnight at �30 8C. An
orange crystalline precipitate formed that was collected by filtration and
dried in vacuum to yield 3.10 g of 1 f (68%); m.p. 130 8C (decomp); ele-
mental analysis calcd (%) for C26H38N2Sn (497.3): C 63.07, H 7.28, N
5.66; found: C 62.22, H 7.70, N 5.43; 1H NMR (300 MHz, C6D6): d=7.04
(s, 3J(119Sn,H)=9.2 Hz, 2H; =CH), 7.19 (s, 6H; C6H3), 3.31 (septet,


3J-
(H,H)=7 Hz, 4H; CH), 1.21 (d, 3J(H,H)=7 Hz, 12H; CH3), 1.19 ppm
(d, 3J(H,H)=7 Hz, 12H; CH3);


13C{1H} NMR (75 MHz, C6D6): d=144.9
(o-C), 144.7 (i-C), 130.3 (p-C), 126.9 (=CH), 123.7 (m-C), 28.4 (CH), 26.2
(CH3), 25.1 ppm (CH3);


119Sn{1H} NMR (111.9 MHz, C6D6): d=


260.1 ppm; 119Sn{1H} NMR CP/MAS (148.7 MHz, solid): diso=259.5 ppm,
dii=�222, �91, 1092 ppm; MS (16 eV, EI): m/z (%): 492 (6) [M+], 378
(12) [M+�Sn].
1,3-Di(2,6-diisopropylphenyl)-4,5-dimethyl-2,3-dihydro-1-H-[1,3,2]-diaza-
stannol-2-ylidene (1h): Compound 9h (900 mg, 2.2 mmol) to a solution
of Sn{N(SiMe3)2}2 (966 mg, 2.2 mmol) in toluene (15 mL). The mixture
was stirred for 90 min at 120 8C until a precipitate of elemental tin began
to separate. The precipitate was filtered off and volatiles were removed
under vacuum. NMR spectroscopic analysis revealed that the residue
contained 1h (36% by integration of suitable 1H NMR signals) that was
identified by its 1H and 119Sn NMR data beside diazadiene 2h (13%) and
unreacted starting material. Attempts to purify the crude product failed.
1H NMR (400 MHz, C6D6): d=7.18 (s, 6H; C6H3), 3.12 (septet,


3J-
(H,H)=6.9 Hz, 4H; CH(CH3)2), 1.95 (s,


4J(119Sn,H)=6.3 Hz, 6H; =


CCH3), 1.22 (d,
3J(H,H)=6.9 Hz, 12H; CH(CH3)2), 1.13 ppm (d, 3J-


(H,H)=7 Hz, 12H; CH(CH3)2);
119Sn{1H} NMR (C6D6): d=256 ppm.


1,3-Dimesityl-4,5-dimethyl-2,3-dihydro-1-H-[1,3,2]-diazagermol-2-ylidene
(10g): A solution of Ge{N(SiMe3)2}2 (2.35 g, 6.0 mmol) and 9g (1.93 g,
6.0 mmol) in hexane (20 mL) was stirred for 3 h at 70 8C. The mixture
was then allowed to cool to ambient temperature and was concentrated
to a volume of approximately 10 mL. Storage at �30 8C produced a
yellow crystalline precipitate that was collected by filtration and dried in


vacuum to yield 1.00 g (41%) of 10g ; m.p. 60 8C (decomp); elemental
analysis calcd (%) for C22H28N2Ge (393.1): C 67.23, H 7.18, N 7.13;
found: C 66.07, H 7.01, N 7.39; 1H NMR (C6D6): d=6.87 (s, 4H; m-H),
2.18 (s, 6H; p-CH3), 2.13 (s, 12H; o-CH3), 1.72 ppm (s, 6H; =CCH3);
13C{1H} NMR (C6D6): d=139.7 (p-C), 133.8 (i-C), 133.5 (o-C), 127.7 (m-
C), 125.5 (=CCH3), 19.6 (p-CH3), 17.4 ppm (o-CH3); MS (12 eV, EI): m/z
(%): 394 (56) [M+], 305 (45) [M+�Ge�CH3].
Reactions of N-heterocyclic carbene analogues with diazadienes : For
qualitative monitoring of exchange reactions, between 0.1 to 0.2 mmol of
a carbene analogue (10a,g or 1h) and roughly one equivalent of diaza-
diene (3a,b,g,h) were dissolved in C6D6 or [D8]toluene (0.5 mL). Approx-
imately 0.5 mL of the solution was transferred into a sure-seal NMR tube
and analyzed by 1H and 2D 1H EXSY NMR spectroscopy. The results of
these studies are described in detail in the text. The identity of the prod-
ucts 10a/3g formed via Ge-transfer from 10g/3a was established by com-
parison with the spectra of authentic samples.


Measurements of pseudo first-order rate constants for the exchange be-
tween the stannylene 1b and the diazadiene 3b were made on a solution
prepared by dissolving 1b (70.0 mg) and 3b (30.0 mg) in [D8]THF
(500 mL). Inversion-recovery experiments were conducted with a pulse
sequence (1808)sel–t�908–acquire, where (1808)sel denotes a selective
20 ms Gaussian inversion pulse applied to the resonance of the olefinic
hydrogen of 3b and t is a delay for magnetization transfer. For each
measurement, a series of experiments with different values of t was per-
formed. The intensities of the signals of the olefinic hydrogens of both
exchanging species in each spectrum were determined from fits of the ob-
served resonances to Lorentzian lines, and the pseudo first-order rate
constant was evaluated by simultaneously fitting the time-dependent in-
tensities of both signals with an expression derived from the solution of
the McConnell equations.[28] The true rate constant was finally obtained
by computing the ratio k(1b!3b)/m(1b) (where m(1b) denotes the mo-
lality, that is, number of moles per kg of solvent, of 1b), and the enthalpy
and entropy of activation were computed from a fit of ln(k/T) versus 1/T.
For monitoring the concentration dependence of the exchange rate, a
stock solution prepared by dissolving 1b (89.0 mg) and 3b (3.0 mg) in
[D8]THF (500 mL) was diluted three times in the ratio of 1:2, and pseudo
first-order rate constants were measured as described. Calculation of k-
(1b!3b)/m(1b) gave values of 18.8(2), 20.0(2), 19.0(2),
16(3) kgs�1mol�1 for the four solutions thus confirming within experi-
mental error the invariance of k with concentration.


Reaction of 1 f with sulfur : Sulfur (19 mg, 0.6 mmol) was added to a solu-
tion of 1 f (300 mg, 0.6 mmol) in toluene (5 mL) and the mixture warmed
to 40 8C for 90 min. A brown precipitate formed that was filtered off,
washed with toluene, and dried in vacuum. EDX analysis of the solid
gave a composition of 48.7 atom% Sn and 51.3 atom% S, in accord with
an empirical formula of SnS1.05.


1H NMR spectroscopic analysis of the su-
pernatant solution revealed the presence of 3 f as the only detectable re-
action product.


Crystal structure determinations of 9h and 10g : Data were collected on a
Nonius KappaCCD diffractometer at �150 8C using MoKa radiation (l=
0.71073 Q). The structures were solved by direct methods (SHELXS-
97[29]). Non-hydrogen atoms were refined anisotropically and hydrogen
atoms with a riding model on F2 (full-matrix least-squares, SHELXL-
97[30]).


9h : yellow crystals, C28H42N2, Mr=406.6, crystal size 0.30W0.25W
0.20 mm, monoclinic, space group P21/n, no. 14: a=16.1735(3) Q, b=
9.0446(1) Q, c=18.4566(3) Q, b=106.403(1)8, V=2590.00(7) Q3, Z=4, 1-
(calcd)=1.04 Mgm�3, F(000)=896, m=0.06 mm�1, 45384 reflections mea-
sured, 4547 unique reflections (Rint=0.058) used for structure solution
and refinement with 279 parameters, no absorption correction, R1 (I>
2s(I))=0.042, wR2=0.115, largest diff. peak and hole 0.215 and
�0.182 eQ�3.


10g : orange crystals, C22H28GeN2, Mr=393.1, crystal size 0.30W0.25W
0.20 mm, monoclinic, space group P21/c, no. 14: a=11.8927(3) Q, b=
13.4278(5) Q, c=13.1531(4) Q, b=104.439(2)8, V=2034.1(1) Q3, Z=4, 1-
(calcd)=1.28 Mgm�3, F(000)=824, m=1.51 mm�1, 12838 reflections mea-
sured, 4595 unique reflections (Rint=0.053) used for structure solution
and refinement with 234 parameters, empirical absorption correction
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with multiple reflections (max/min transmission 0.7775 and 0.7259), R1
(I>2s(I))=0.044, wR2=0.111, largest diff. peak and hole 1.509 and
�0.465 eQ�3.


CCDC-271502 (9h) and CCDC-271503 (10g) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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5-Aminooxazole as an Internal Traceless Activator of C-Terminal Carboxylic
Acid: Rapid Access to Diversely Functionalized Cyclodepsipeptides
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Introduction


Cyclodepsipeptides are analogues of cyclopeptides having at
least one ester linkage as part of their peptidic backbone.
They have been found in many natural environments and
show a wide spectrum of biological activities including anti-
cancer, antibacterial, antiviral, antifungal, and anti-inflam-
matory properties.[1] Cyclodepsipeptides and cyclopeptides
are attractive targets for synthesis as they combine several
favorable properties: 1) They adopt fewer conformations
than their acyclic counterparts, and this results in higher and
more specific receptor-binding affinities.[2] Indeed, bioactive
linear peptides can exist in a myriad of different conforma-
tions, very few of which are able to bind to their receptor.
Cyclization is a common approach to force peptides into
adopting bioactive conformations and to assess the impor-


tant structural and dynamic properties of peptides.[3] 2) They
are more resistant to in vivo enzymatic degradation. The hy-
drophobic side chains of cyclodepsipeptides provide a hy-
drophobic exocyclic surface that can shelter their cleavable
amide bonds from degradative peptidases. 3) The absence of
ionized N and C termini in cyclodepsipeptide facilitates
their crossing lipid membranes and leads to improved bioa-
vailablity.[4] 4) They are useful tools in searching for biologi-
cal processes involved in cellular regulation.[5] Whereas the
synthesis of linear peptides generally proceeds well thanks
to the development of new and efficient coupling reagents,[6]


access to cyclodepsipeptides is much more difficult since
macrocyclization often has low yields.[7] Furthermore, the
cyclization outcome is highly dependent on sequence,[8] and
this makes the synthesis of cyclodepsipeptide libraries par-
ticularly challenging.[9] This last point is particularly unfortu-
nate, since cyclodepsipeptides and cyclopeptides are regard-
ed as privileged structures[10] in medicinal chemistry.[11]


Indeed, among the three newly approved antibiotic drugs
over the past seven years that are efficacious against vanco-
mycin-resistant enterococci (VRE), two of them are cyclo-
depsipeptides. Synercid, approved in 1998 is a mixture of
two macrocycles, one of which is a 17-membered cyclodepsi-
peptide (quinupristin), while daptomycin, approved in 2003,
is a 31-membered cyclodepsipeptide.[12] The ability to sys-
tematically modify the side chains and the size of the macro-
cycle, as well as the connectivity of amino acid residues, is
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therefore of significant importance and constitutes a bottle-
neck in the search for peptide-based drugs.[13]


Macrolactamization or macrolactonization of a seco acid
is among the most commonly used reactions for the synthe-
sis of cyclodepsipeptides. To perform such transformations,
appropriate activation of the carboxylic acid is a prerequi-
site, usually accomplished by an external coupling reagent
(Scheme 1a). Our long-term interest in the development of
novel macrocyclization reactions[14] led us to investigate a
new strategy for the synthesis of cyclodepsipeptides that
avoids the use of external activating agents.[15] The underly-
ing principle that we sought to pursue is shown in Sche-
me 1b. If a functional group (FG) were incorporated into


the peptide backbone near the C-terminal carboxylic acid
and could react with the nearby C-terminal carboxylic acid
to produce a more electrophilic carbonyl group, then cycli-
zation would be expected if a tethered nucleophile were
available. To make this approach synthetically useful, an
ideal FG must fulfill the following criteria: 1) Its introduc-
tion into the peptide backbone should be facile, and the re-
sulting linear peptide should have sufficient shelf stability;
2) Its ability to activate the carboxylic acid should be trig-
gered under very mild conditions without using sophisticat-
ed reagents; 3) Activation and cyclization should be per-
formed under the same conditions without requiring isola-
tion of any intermediate; 4) After serving as an activating
group, it should become an integral part of the peptide
backbone (traceless activating group). We report now that
5-aminooxazole satisfied all these stringent criteria and led
to a conceptually new activation/cyclization strategy. In
combination with the three-component synthesis of 5-ami-
nooxazole developed by us,[16,17] we report herein a three-
step synthesis of complex cyclodepsipeptides (1 and 2) from
readily accessible starting materials by combination of a
multicomponent reaction and a novel cyclization concept
(Scheme 2).[18]


Background and design of concept : 5-Aminooxazole is a
surrogate of an a-acylamino amide (or a dipeptide) and is
readily hydrolyzed back to the diamide under acidic condi-


tions. Fleury et al. meticulously examined the hydrolysis
mechanism in the 1970s and concluded that hydrolysis is ini-
tiated by protonation at C-4 leading to imidate salt 9, which
is trapped by a molecule of water to give 10, fragmentation
of which provides diamide 8 (Scheme 3).[19] The fact that 5-


aminooxazole is a masked dipeptide equivalent was elegant-
ly exploited by Lipshutz et al.[20] for the synthesis of a cyclo-
peptide alkaloid[21] by a sequence of intramolecular N-alky-
lation of 5-aminooxazole followed by hydrolysis.


Based on this mechanistic proposal, a conceptually novel
cyclization methodology involving activation of the terminal
carboxylic acid by an internal oxazole function was ad-
vanced (Scheme 4). Treatment of a suitably functionalized
oxazole 11 under acidic conditions should produce iminium
cation 12 according to Fleury et al. This electrophilic species
could then be trapped either by an external nucleophile
leading to simple hydrolysis or, under favorable circum-


Scheme 1. Macrocyclization of a seco acid: general considerations and a
new activation mode.


Scheme 2. A projected synthesis of cyclodepsipeptide by combined use of
a three-component reaction and a new cyclization methodology.


Scheme 3. Mechanism of hydrolysis of 5-aminooxazole under acidic con-
ditions.
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stance, by the neighboring carbonyl oxygen atom to give spi-
rolactone 13. Being highly electrophilic, the carbonyl carbon
atom of intermediate 13 could be attacked by the tethered
nucleophile to give, after fragmentation, the desired macro-
cycle. Besides being conceptually novel, the overall transfor-
mation is mechanistically intriguing. In fact, it consists of a
new domino process[22] involving 1) protonation of oxazole,
2) trapping of the iminium species by the neighboring car-
bonyl oxygen atom, and 3) trapping of the putative spirolac-
tone by a second internal nucleophile to produce a macrocy-
cle. While an oxazole has been used as a masked form of ac-
tivated carboxylic acid under photolysis conditions and has
been elegantly exploited by Wasserman et al. for macrolac-
tone synthesis,[23] to the best of our knowledge the reaction
sequence depicted in Scheme 4 is unknown. The most rele-
vant example, though conceptually different, is the so-called
direct amide cyclization, elegantly developed by Heimgart-
ner et al. for the synthesis of cyclodepsipeptides containing
a,a-disubstituted amino acid residues.[24] They demonstrated
that cyclization of suitably functionalized oligo(a,a-dimethyl
glycine) 16 can be realized under acidic conditions (toluene,
gaseous HCl, 100 8C, Scheme 5) via 1,3-oxazol-5(4H)-one in-
termediate 17. The cyclization in this case is favored by the
particular conformational preference of this type of linear
peptides, which have pronounced tendency to adopt helical
conformations (310 helices).[25]


Results and Discussion


Activation of carboxylic acid by an internal oxazole func-
tion; proof of concept : At the outset of this work, neither of


the two steps, namely, activation and cyclization, envisaged
in Scheme 4 for the conversion of 11 to 15 was known. To
simplify the interpretation of experimental results, we decid-
ed to first separate these two steps and to examine whether
the concept of activating the terminal carboxylic acid by an
oxazole could be realized. For this purpose, oxazole 19 was
synthesized and submitted to hydrolysis conditions
(Scheme 6). Treatment of an ethanol solution of 19 with tri-
fluoroacetic acid (TFA, 50 equiv) led to tripeptide 20 in
over 95% yield. The formation of 20 can be explained on
the basis of the simple hydrolysis of the oxazole without par-
ticipation (activation) of the terminal methyl ester. If the
methyl ester were activated during the hydrolysis of oxazole,


Scheme 4. 5-Aminooxazole as an internal traceless activator of the neigh-
boring carboxylic acid.


Scheme 5. HeimgartnerMs macrolactonization protocol.


Scheme 6. Activation of a carboxylic acid by a vicinal oxazole: model
studies and proof of concept.
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tripeptide 22 with an ethyl ester
at the C terminus would be pro-
duced via, for example, inter-
mediate 21.


The failure of the oxazole to
activate the methyl ester in 19
might be explained by the in-
sufficient nucleophilicity of the
ester carbonyl oxygen atom.
Indeed, in our mechanistic hy-
pothesis, the putative iminium
intermediate needed to be trap-
ped by the carbonyl oxygen
atom of the carboxylic ester. In
other words, to increase the
electrophilicity of the carbonyl
carbon atom, the carbonyl oxygen atom should first act as a
nucleophile. The simplest way to increase the nucleophilicity
of the carbonyl oxygen atom in 19 is its hydrolysis to a car-
boxylic acid. Based on this assumption, oxazole 19 was con-
verted to the lithium salt of the corresponding carboxylic
acid 23 under standard conditions (THF/H2O, 1 equiv
LiOH, evaporation to dryness). Gratifyingly, when a solu-
tion of 23 in EtOH was treated with 50 equiv of TFA, a
clean transformation occurred to afford the ethyl ester of
tripeptide 22 (90%). To demonstrate the key role of oxazole
in the esterification of 23, a lithium salt of tripeptide 24 was
synthesized (Scheme 7). Treatment of 24 under the identical


conditions as for 23 (50 equiv TFA in EtOH) did not lead to
even trace amounts of ester, and only the corresponding
acid 25 was isolated. This control experiment clearly indicat-
ed that the oxazole is responsible for esterification of 23,
and hence activation of the carboxylic acid. We speculated
that the more pronounced nucleophilicity of the carboxylic
acid facilitated formation of spirolactone 21. Ring opening
of this putative intermediate by ethanol led then to the ob-
served product 22.


Although exact structural information on the activated
form of the carboxylic acid is still lacking, we set out to ex-
amine the reactivity of this intermediate by reaction of 23
with representative nucleophiles under acidic conditions
(Table 1). Acylation took place even with sterically hindered
tert-butanol to provide the corresponding tripeptide 26b in
reasonable yield (Table 1, entry 2). This result is indicative
of the high electrophilicity of the activated form of the car-


boxylic acid. Aniline failed to react under these conditions,
due most probably to protonation of the amine function.
However, less basic p-nitroaniline was acylated to afford the
corresponding tripeptide 26e in good yield (Table 1,
entry 5).


Synthesis of oxazole by a three-component reaction : Having
validated the concept of activating a C-terminal carboxylic
acid by an internal oxazole, we turned our attention to the
synthesis of oxazole-containing linear peptides. Synthesis of
oxazole has attracted renewed interest due to its presence in
a number of bioactive marine natural products[26] and its po-
tential application in the design of conformationally restrict-
ed peptidomimetics.[27] Recently, polyfunctionalized oxa-
zoles[28] and oxazole-containing macrocycles[29] have also
been designed and used for multidirectional elaboration of
combinatorial libraries and for selective molecular recogni-
tion of small molecular targets. Thus, new synthetic method-
ologies are being developed constantly.[30,31] We recently un-
covered an expeditious three-component synthesis of 5-ami-
nooxazole from an aldehyde, an amine, and an a-substituted
a-isocyano acetamide. Pleasingly, isocyano dipeptide 5[32]


participated well in this multicomponent reaction leading to
an efficient synthesis of highly functionalized oxazole 6 (cf.
Scheme 2). Thus, simply heating a methanol solution of al-
dehyde 3, amine 4, and dipeptide isocyanide 5 led to the for-
mation of 5-aminooxazole 6 in good to excellent isolated
yield. From five aldehydes, nine amines, and six isocyanides
(Figure 1), some representative oxazoles were synthesized
(Figure 2). This three-component reaction is highly efficient
and is applicable to a wide range of substrates.


Macrolactonization under mild acidic conditions; develop-
ment and generality : The projected domino activation/mac-
rocyclization sequence was examined with 6a as test sub-
strate. Saponification of the methyl ester (LiOH, THF/H2O)
gave the corresponding lithium salt, which was subjected to
varying solvents and acids.[33] Some representative results
are summarized in Table 2. The reaction proceeded as plan-
ned. Trifluoroacetic acid proved to be the acid of choice
among those investigated (Table 2, entry 1 vs entries 5 and


Scheme 7. Hydrolysis of lithium salt of a tripeptide carboxylic acid.


Table 1. Intermolecular esterification; amidation of oxazole 20 under acidic conditions.[a]


Entry NuH (equiv) Solvent[a] Compound Yield[b] [%]


1 iPrOH iPrOH 26a 60
2 tert-butanol (8) MeCN 26b 41
3 EtSH (8) MeCN 26c 44
4 aniline (10) MeCN 26d 0
5 p-nitroaniline (3) MeCN 26e 78


[a] Reaction conditions: room temperature, 4 h. [b] Yield of isolated product after chromatography on silica
gel.
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6). Curiously, the cyclization worked in both nonpolar and
polar aprotic solvents; toluene and acetonitrile were the
best reaction media. The tolerance to large spectrum of sol-
vents may have significant future implications when one
considers transferring this methodology to solid-phase syn-
thesis. In MeCN, a moderate asymmetric induction in the
protonation of the oxazole was observed, which led to two
diastereomers in 2:1 ratio. The structure of 1a was deter-
mined by detailed NMR studies. The molecular weight of
the cyclodepsipeptides was determined by ESI-MS at high
dilution, which enabled us to differentiate between cyclic
monomer and cyclic dimer.


Since the new chiral center was generated before the mac-
rocyclization, the observed low 1,4-asymmetric induction
across the planar aromatic ring of the flexible linear mole-
cule was not unexpected. Site-selective epimerization of cy-
clopeptides via a 5-aminooxazole intermediate has been ex-


ploited by Oberhauser et al.[34] and Takeya et al.[35] The se-
lectivity of the protonation step was higher in the case of cy-
clopeptides and especially in the case of oxazolophanes.[20]


By use of the following optimized reaction conditions
(LiOH, THF/H2O, then MeCN/TFA, 0.001m), oxazoles 6a–
6w were converted to their respective macrocyclodepsispeti-
des 1 and 2 (Figures 3 and 4). Keeping in mind its potential
application in combinatorial synthesis, the conversion has
not been individually optimized. Evidently, the novel macro-
lactonization protocol is applicable to a wide range of sub-
strates. It is neither sensitive to the amino acid residues nor
to ring size. Indeed, good to excellent yields were obtained
with 12-, 13-, 14-, 15-, 16-, and 18-membered macrocycles
with different peripheral substituents. The configuration of
the linear precursor has only a minor effect, if any, on cycli-
zation efficiency, since both diastereomers 6 j and 6k cy-
clized to provide their respective cyclodepsipeptides 1 j and
1k with comparable yields. The acetate functionality of oxa-
zoles 6q to 6x was hydrolyzed simultaneously with the sapo-
nification of the methyl ester, and thus an additional depro-
tection step was avoided. Furthermore, the ring type can
also be modulated by means of the location of the hydroxyl
group. When the hydroxyl group was tethered to the amine,
this two-step sequence afforded cyclodepsipetides 1a–1p re-
lated to head-to-tail cyclization. However, when the hydrox-
yl group was tethered to the aldehyde, the same sequence
provided a cyclodepsipeptide that is structurally related to a
side chain to C-terminal cyclization. Since the linear peptide
is synthesized from three readily accessible starting materi-
als, the ring substituents at the periphery of the macrocycle
(R1 to R7, see general structure of 1 and 2 in Scheme 1) and
the ring size of the cyclodepsipeptide can thus be varied
easily by changing systematically one of the three starting
materials.


Overall, the present synthesis of cyclodepsipeptide is
highly efficient in terms of the ability to generate molecular
complexity and molecular diversity. Scheme 8 details the
synthesis of 18-membered cyclodepsipeptide 1p from hepta-
nal (3a) dipeptidic alcohol 4h, and an a-isocyano dipeptide
5d. In this transformation, the only external reagents re-
quired are LiOH and TFA, while water and low molecular
weight alcohol (MeOH) are the only side products pro-
duced. The present approach is thus both atom-economic[36]


and ecologically benign.[37]


Evidence for the formation of spirolactone intermediate :
While the concept of activating the terminal carboxylic acid
by an internal oxazole function seems to be operative, all at-
tempts to detect the presence of the proposed spirolactone
intermediate by spectroscopic methods failed. Careful ex-
amination of our mechanistic hypothesis led us to propose
the following control experiment in order to identify the re-
active intermediate. If the reaction did occur as depicted in
the Scheme 4, then the formation of two spiro intermediates,
that is, 27 and 28, would be expected with thiocarboxylic
acid 26 as a starting material. Since the sulfur atom should
in principle be more nucleophilic than the oxygen atom, 27


Figure 1. Building blocks for three-component synthesis of oxazole.
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should be produced predominantly over 28. Ring opening of
27 by methanol would then afford thioamide 29 in which
the sulfur atom has moved from the terminal to the internal


position (Scheme 9). Without
optimization, compound 26 was
prepared from lithium salt 23
via a mixed anhydride inter-
mediate (EtOCOCl, Et3N, then
NaSH, DMF).[38] The yield of
26 was only moderate at best
due to concurrent formation of
a carboxylic acid and other by-
products under these condi-
tions. The crude mixture, after
filtration and evaporation, was
directly subjected to acidic con-
ditions (MeOH, TFA, room
temperature). Thioamide 29
and methyl ester 20 (cf.
Scheme 6) were produced in
yields of 21 and 31%, respec-
tively. The structure of 29 was


determined by detailed spectroscopic analysis. In the
13C NMR spectrum, the appearance of a lower field signal at
d=205 ppm is characteristic for the thioamide function. The


Figure 2. Structure of oxazoles synthesized by three-component reactions.


Table 2. Domino activation/cyclization sequence; survey of cyclization conditions.[a]


Entry Solvent[a] Acid Yield [%][b] dr (A:B)[c]


1 toluene TFA 85 1:1
2 MeCN TFA 81 1:2
3 DMF TFA 63 1:1.9
4 THF TFA 59 1:2.1
5 toluene TsOH 9 1:1.7
6 toluene HClO4 7 1:2.3


[a] Reaction conditions: room temperature, concentration of substrate: 0.001m. [b] Yield of isolated product
after column chromatography. [c] dr=diastereomeric ratio; the stereochemistry of diastereomers A and B was
not determined. Abbreviations: MeCN=acetonitrile, DMF=N,N-dimethylformamide, THF= tetrahydrofuran,
TFA= trifluoroacetic acid, TsOH=4-methylbenzenesulfonic acid.
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formation of thioamide 29 is highly informative, clear-cut
evidence for the existence of a spirolactone-type intermedi-
ate. From preparative point of view, the present mechanistic
study (Scheme 9) constitutes a powerful method for the spe-
cific introduction of a thioamide unit into a given peptide, a
difficult task that is much sought after in searching for bio-
active peptidomimetics.[39]


Efficient activation of the carboxylic acid and favorable
conformation of the linear precursor are two key factors
that dictate the outcome of a given cyclization. In terms of
entropic factor, any structural element that is favorable to
the turn conformation would favor the cyclization.[40,41] The
forces responsible for favoring one conformation over an-
other are covalent bonds, hydrogen bonding, and steric and
electronic interactions of different nature, such as electro-
static interactions, repulsive forces, polarization, and charge
transfer. The interplay of these factors of different strengths
and to different degrees contributes to the conformation of


molecules and hence also to pre-organization of reactive
centers. While the carboxylic acid in the form of spirolac-
tone 31 (Figure 5) was certainly activated enough for nucle-
ophilic attack, we think that the cyclization is also driven by
the reduced entropic loss. Indeed, comparing the structure
of 31 and that of the classic cyclization precursor 32 reveals
that the former has at least six fewer free bond rotations,
and this decreases the conformational mobility and conse-
quently facilitates end-to-end macrocyclization.


Conclusion


We have developed a conceptually novel macrolactonization
protocol that involves a sequence of: 1) protonation of 5-
aminooxazole leading to the electrophilic iminium salt;
2) trapping of the iminium species by the neighboring C-ter-
minal carboxylic acid leading to a putative spirolactone in-


Figure 3. Structure of cyclodepsipeptides from head-to-tail cyclization. All cyclodepsipeptides were produced as a mixture of two separable diastereom-
ers.
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termediate; 3) intramolecular nucleophilic addition of the
tethering alcohol to the spirolactone followed by fragmenta-
tion. No coupling reagent is required and the entire se-
quence is triggered by just a few equivalents of trifluoroace-


tic acid under very mild condi-
tions (MeCN as solvent at room
temperature). The key 5-amino-
oxazole, after serving as an in-
ternal activator, becomes an in-
tegral part of the peptide back-
bone. It is thus a traceless inter-
nal activator. Combination of
this domino process with our
previously developed three-com-
ponent synthesis of 5-aminooxa-
zole allowed us to develop a
two-step synthesis of structurally
complex cyclodepsipeptides
from readily accessible starting
materials. The synthesis report-
ed herein is different from any
other reported approaches for
cyclodepsipeptide synthesis and
is particularly appealing in di-
versity-oriented synthesis pro-
grams.[42]


Experimental Section


Experimental details and ananlytical data for compounds 1b–p, 2q–s,
2u–x, 3d–e, 5b–f, 6b–x, and 29 are given in the Supporting Information.


General procedure for the synthesis of isocyano dipeptide : A solution of
N-formyl Phe-sarcosine methyl ester (1.5 g, 5.4 mmol) and triethylamine
(4.4 mL, 27.0 mmol) in CH2Cl2 (75 mL) was cooled to �30 8C. Phospho-
rus oxychloride (0.8 mL, 8.1 mmol) was added dropwise to the above so-
lution. After being stirred at �20 8C for 2 h, the reaction mixture was
quenched by adding a saturated aqueous solution of NaHCO3 and the


Figure 4. Structure of cyclodepsipeptide from side chain to C-terminal
cyclization. All cyclodepsipeptides were produced as a mixture of two
separable diastereomers.


Scheme 8. Novel synthesis of cyclodepsipeptide by combined use of a
multicomponent reaction and a domino process.


Scheme 9. Spirolactone intermediate as an activated form of C-terminal
carboxylic acid: clear-cut evidence.


Figure 5. Conformational con-
sideration of macroclactoniza-
tion.
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aqueous phase was extracted with CH2Cl2. The combined organic extracts
were washed with brine, dried over anhydrous Na2SO4, and evaporated
to dryness under reduced pressure. The crude residue was subjected to
flash chromatography (silica gel, heptane/EtOAc 4/1!heptane/EtOAc
1:1) to give compound 5a (1.3 g, 96%) as a white solid. M.p. 104–106 8C;
Rf (EtOAc/heptane 1:5) = 0.17; [a]D=�8 (c=0.12, CHCl3);


1H NMR
(300 MHz, CDCl3, ppm), two rotamers (4:1): d=3.08 (3.02) (s, 3H), 3.15
(dd, 1H, J=8.7, 14.0 Hz), 3.28 (dd, 1H, J=5.3, 14.0 Hz), 3.76 (s, 3H),
4.02 (3.90) (d, 1H, J=17.3 (17.2) Hz), 4.26 (4.09) (d, 1H, J=17.3
(17.2) Hz), 4.62 (4.39) (dd, 1H, J=5.3 (5.5), 8.7 (8.8) Hz), 7.20–7.36 (5H,
m); 13C NMR (62.5 MHz, CDCl3, ppm), two rotamers (4:1): d=36.7
(35.9), 38.6 (39.0), 50.1 (51.2), 52.4 (52.8), 55.8, 127.7, 128.8 (2C), 129.5
(2C), 135.2, 160.0, 165.8, 168.9; IR (CHCl3): ñ=3009, 2142, 1751, 1677,
1497, 1456, 1439, 1407, 1366, 1238, 1183, 1121, 1080, 1032 cm�1; MS (EI):
m/z : 260 [M]+ , 233; elemental analysis (%) calcd for C14H16N2O3: C
64.62, H 6.15, N 10.77; found: C 64.77, H 6.07, N 10.74.


General procedure for three-component synthesis of oxazole 6 : A solu-
tion of heptanal (3a, 23 mg, 0.2 mmol) and aminohexanol (4a ; 23 mg,
0.2 mmol) in dry methanol (2 mL) was stirred at room temperature for
15 min, and isocyanide 5a (52 mg, 0.2 mmol) was then added to the solu-
tion. The reaction mixture was heated to 70 8C for 3 h. The solvent was
then removed under reduced pressure. The crude product was purified
by flash column chromatography (silica gel, CH2Cl2/MeOH 95:5) to give
aminooxazole 6a (56.0 mg, 59%) as a yellow oil. Rf (MeOH/CH2Cl2
1:20) = 0.28; 1H NMR (250 MHz, CDCl3, ppm): d=0.86 (t, 3H, J=
6.6 Hz), 1.13–1.60 (m, 16H), 1.68–1.84 (m, 2H), 2.48 (t, 2H, J=7.9 Hz),
2.87 (s, 3H), 3.59 (t, 2H, J=6.5 Hz), 3.65 (t, 1H, J=6.1 Hz), 3.68 (s, 3H),
3.71 (s, 2H), 3.85 (s, 2H), 7.15–7.27 (m, 5H); 13C NMR (CDCl3,
62.5 MHz, ppm): d=14.0, 22.5, 25.6, 25.9, 27.0, 29.0, 29.9, 31.6, 32.6, 34.5,
40.8, 47.5, 51.8, 55.9, 57.0, 62.5, 62.5, 122.1, 126.0, 128.3 (4C), 139.8, 151.4,
159.9, 170.6; IR (CHCl3): ñ=3690, 3013, 2933, 1749, 1675, 1602, 1456,
1406, 1265, 1223, 1183, 1012 cm�1; MS (EI): m/z : 473 [M]+ , 388
[M�C6H13]


+ .


General procedure for macrocyclization : A solution of 5-aminooxazole
6a (43 mg, 0.09 mmol) and LiOH·H2O (42 mg, 0.10 mmol) in THF/H2O
(4 mL, 3:1) was stirred at room temperature for 3 h and evaporated to
dryness in vacuo. The residue obtained was dissolved in MeCN (200 mL,
c=10�3


m), and TFA (405 mg, 9.20 mmol) was added under a stream of
argon. The reaction mixture was stirred at room temperature for 2 h.
When the reaction was completed, the volatile substances were evaporat-
ed under reduced pressure. The residue obtained was dissolved in ethyl
acetate and washed with a saturated aqueous solution of potassium bicar-
bonate. The organic phase was dried over anhydrous Na2SO4, filtered,
and evaporated to dryness under reduced pressure. The light yellow resi-
due was subjected to purification by preparative TLC (heptane/EtOAc
1:1) to give 1a (isomer A, 18 mg) and compound 1a’ (isomer B, 17 mg)
(85%, total 35%). Isomer A: white solid; yield 43%; Rf (EtOAc/heptane
1.5:1) = 0.39; 1H NMR (300 MHz, CDCl3, ppm): d=0.89 (t, 3H, J=
6.6 Hz), 1.15–1.70 (m, 19H), 2.46–2.56 (m, 2H), 2.75 (s, 3H), 2.97–3.10
(m, 3H), 3.17 (d, 1H, J=16.5 Hz), 3.88 (m, 1H), 4.47 (m, 1H), 4.51 (d,
1H, J=16.5 Hz), 5.15 (dt, 1H, J=4.7, 8.0 Hz), 7.23–7.27 (m, 5H), 7.86
(d, 1H, J=8.0 Hz, NH); 13C NMR (CDCl3, 75 MHz, ppm): d=14.2, 22.7,
25.1, 25.2, 26.1, 28.9, 29.2, 29.3, 31.7, 34.5, 36.9, 40.0, 47.8, 50.0, 51.7, 64.8,
65.2, 127.0, 128.4 (2C), 129.6 (2C), 136.6, 169.0, 171.7, 174.7; IR (CHCl3):
ñ=3355, 3005, 2932, 2858, 1734, 1645, 1496, 1456, 1418, 1267, 1189,
1131 cm�1; MS (EI): m/z : 459 [M]+ ; MS (APCI, diluted): m/z : 460
[M+H]+ ; HRMS: m/z : calcd for C26H41N3O4+H: 460.3176; found:
460.3189.


Isomer B: White solid; yield 41%; Rf (EtOAc/heptane 1.5:1) = 0.12;
1H NMR (300 MHz, CDCl3, ppm): d=0.88 (t, 3H, J=6.8 Hz), 1.16–1.54
(m, 19H), 2.36–2.54 (m, 2H), 2.90 (s, 3H), 2.91–3.10 (m, 3H), 3.20 (d,
1H, J=16.7 Hz), 4.00 (dt, 1H, J=4.0 Hz, 10.9 Hz), 4.32 (dt, 1H, J=
5.6 Hz, 10.9 Hz), 4.77 (d, 1H, J=16.7 Hz), 5.27 (m, 1H), 6.78 (d, 1H, J=
8.6 Hz, NH), 7.19–7.31 (m, 5H); 13C NMR (CDCl3, 75 MHz, ppm): d=
14.2, 22.7, 24.5, 25.3, 26.1, 28.0, 28.2, 29.3, 31.7, 32.9, 36.6, 39.4, 45.8, 49.9,
50.8, 62.8, 65.4, 127.2, 128.6, 128.7, 129.4 (2C), 136.2, 168.9, 171.2, 175.0;
IR (CHCl3): ñ=3419, 3008, 2932, 2859, 1734, 1648, 1497, 1456, 1417,
1379, 1276, 1191, 1126, 1092 cm�1; MS (EI): m/z : 459 [M]+ ; MS (APCI,


diluted): m/z : 460 [M+H]+ ; HRMS: m/z : calcd for C26H41N3O4+H:
460.3176; found: 460.3192.


Compound 2 t : Cyclization of 6t was performed under identical condi-
tions as described for 1a. The light yellow residue was subjected to purifi-
cation by preparative TLC (CH2Cl2/MeOH 1:1) to give 2 t (isomer A,
69 mg) and 2t’ (isomer B, 68 mg) (78% total). Isomer A: White solid;
yield 39%; 1H NMR (300 MHz, CDCl3, ppm), two rotamers: d=1.20–
1.80 (m, 6H), 2.14–2.48 (m, 4H), 2.76 (dd, 1H, J=4.0 Hz, 11.1 Hz), 3.00
(2.86) (s, 3H), 2.87–3.10 (m, 2H), 3.23 (d, 1H, J=16,9 Hz), 3.55–3.67 (m,
4H), 3.71–3.80 (m, 1H), 4.16–4.20 (4.05–4.10) (m, 1H), 4.64 (4.42) (d,
1H, J=16.9 (18.7 Hz)), 5.16 (5.41) (m, 1H), 6.71 (6.80) (d, 1H, J=9.8
(6.8 Hz)), 7.16–7.30 (m, 5H); 13C NMR (CDCl3, 75 MHz, ppm): d=26.5,
27.8, 28.1, 37.9, 38.5, 49.0, 51.0, 51.2, 63.8, 67.3, 69.9, 127.2, 128.9 (2C),
129.6 (2C), 136.6, 168.5, 171.3, 173.4; IR (CHCl3): ñ=1505, 1648, 1673,
1739, 3016, 3372 cm�1; MS (IE): m/z : 417 [M]+.


Isomer B: White solid; yield 39%; 1H NMR (300 MHz, CDCl3, ppm),
two rotamers: d=1.12–1.80 (m, 6H), 2.06–2.14 (m, 2H), 2.24–2.38 (m,
2H), 2.57–2.62 (m, 1H), 2.9–3.01 (m, 2H), 3.11 (s, 3H), 3.24 (d, 1H, J=
15,6 Hz), 3.47–3.60 (m, 4H), 4.01–4.06 (m, 2H), 4.58 (d, 1H, J=15.6 Hz),
5.38 (5.06) (m,1H), 7.09–7.19 (m, 5H); 13C NMR (CDCl3, 75 MHz, ppm):
d = 27.8, 28.4, 29.6, 38.1, 38.3, 48.1, 51.9, 52.4, 54.1, 67.2, 67.6, 69.8,
127.2, 128.9, 129.6, 136.7, 168.7, 173.0, 173.0%; IR (CHCl3): ñ=3372,
3016, 1739, 1673, 1648, 1505 cm�1; MS (IE): m/z : 417 [M]+ ; MS (ESI,
positive mode): m/z : 440.2 [M+H]+ ; HRMS: m/z : calcd for
C22H31N3O5+Na: 440.21.61; found: 440.2161.
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Total Synthesis of Phorboxazole B


De-Run Li, Dong-Hui Zhang, Cai-Yun Sun, Ji-Wen Zhang, Li Yang, Jian Chen, Bo Liu,
Ce Su, Wei-Shan Zhou,* and Guo-Qiang Lin*[a]


Introduction


Marine sponges have been extensively investigated as im-
portant sources of architecturally complex, biologically
active natural products. Phorboxazole A (1) and its epimer
phorboxazole B (2) were isolated from the Indian ocean
sponge Phorbas sp. by Molinski and co-workers.[1] The rela-
tive and absolute stereochemistries of the phorboxazoles
have been determined by extensive NMR spectroscopic
analysis, degradation studies, and synthetic correlation.
Phorboxazoles represent a new class of 21-membered mac-
rolides, accommodating four heavily functionalized oxanes
and two 2,4-disubstituted oxazoles.[2] In addition to their
potent antifungal activity against Candida albicans and Sac-
charomyces carlsbergensis, phorboxazoles have also demon-
strated exceptional inhibition of cell growth.[1] These metab-
olites are ranked among the most cytostatic natural products
ever known, exhibiting extraordinary potency (mean GI50=
<1.6/10�9m; GI50: 50% inhibition of cell growth) when bi-


oassayed for 60 human tumor cell strains at the National
Cancer Institute (NCI).[1] Although the exact mechanism of
action of the phorboxazoles remains unknown, studies have
shown that they do not inhibit or promote tubulin polymeri-
zation; a process that is known to play an important role in
the mechanism of action of several antitumor natural prod-
ucts, such as taxol and the epothilones.[3] The unprecedented
structural features and the remarkable antitumor activities
of the phorboxazoles have attracted great attention in the
synthetic community,[4] with excellent total syntheses report-
ed by Forsyth,[5] Evans,[6] Smith,[7] Pattenden,[8] and Wil-
liams.[9] In connection with our previous work on phorboxa-
zole B,[4o–p,q,s] we herein wish to report our total synthesis.


Retrosynthetic analysis : Our retrosynthetic analysis of phor-
boxazole B (Scheme 1) began with the disconnection of the
C2=C3 and C19=C20 double bonds, which led us to the key
building blocks 3 and 4. In the synthetic sense, segments 3
and 4 could be combined by an E-selective Wittig reaction,
as reported by the Evans group.[6] It was desirable to con-
struct the C2=C3 Z-double bond by employing the Still–
Gennari olefination that was reported by Forsyth,[5] Smith,[7]


Pattenden,[8] and Williams,[9] in their synthesis of phorboxa-
zole A. By further continuing with this analysis, disconnec-
tion of the C32�C33 bond and the C41=C42 double bond
would separate 4 into tetrahydropyranyl oxazole 5, lactone
6, and the known sulfone 7.[6] It was envisaged that the cou-
pling of lactone 5 with 6, by using a metalation reaction (nu-
cleophilic addition),[6] followed by Julia olefination with
sulfone 7, would lead to the formation of the C20–C46 seg-
ment 4.


Abstract: An efficient and highly con-
vergent total synthesis of the potent
antitumor agent phorboxazole B has
been achieved. The synthetic strategy
of this synthesis features: 1) a highly
efficient substrate-controlled hydroge-
nation to construct the functionalized
cis-tetrahydropyrane unit; 2) iterative


crotyl addition to synthesize the seg-
ment that contains alternating hydroxyl
and methyl substituents; 3) Hg(OAc)2/


I2-induced cyclization to establish the
cis-tetrahydropyrane moiety; 4) 1,3-
asymmetric induction in the Mukaiya-
ma aldol reaction to afford the stereo-
genic centers at C9 and C3; and 5) the
exploration of the Still–Gennari olefi-
nation reaction to complete the macro-
lide ring of phorboxazoloe B.
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Results and Discussion


Synthesis of the C3–C19 bistetrahydropyrane segment 3 :
Brown asymmetric allylation[10] of aldehyde 8 produced the
chiral alcohol 9[7d] with 87% ee (ee=enantiomeric excess,
determined by HPLC analysis, Scheme 2), which was fol-


lowed by TBS (tert-butyldime-
thylsilyl) ether protection[11] to
furnish compound 10. Exposure
of the chiral building block 10
to Wacker oxidation[12] pro-
duced the methyl ketone 11 in
89% yield. Treatment of the
lithium enolate of 11 with alde-
hyde 12[13] in THF at �78 8C led
to a mixture of two C15 epimer-
ic isomers of b-hydroxy ketone,
which were transformed to the
b-diketone 13 by the oxidation
with Dess–Martin periodinane
(DMP).[14] 1H NMR spectrosco-
py showed that the b-diketone
13 existed entirely as the enol-
ketone. As was expected, expo-
sure of 13 to a 5% solution of
hydrofluoric acid[15] in acetoni-
trile at room temperature led to
the production of the cyclode-
hydrated product 14 in excel-
lent yield (90%). The primary
hydroxyl of 14 was then repro-


tected with a TBS group to afford 2H-pyranone 15 in 97%
yield.
With a quantity of 15 in hand, we focused our attention


on the construction of the C13 and C15 stereogenic centers
by substrate-controlled hydrogenation chemistry.[16] Thus,
stereoselective Luche reduction[17] of 2H-pyranone 15 in


Scheme 1. Retrosynthetic analysis of phorboxazole B.


Scheme 2. Synthesis of the C9–C19 segment 18. a) (�)-Ipc2BAllyl, Et2O, �78 8C, 87% ee, 71%; b) TBSCl, imidazole, DMF, 96%; c) PdCl2 (cat), CuCl,
O2, DMF/H2O, RT, 6 h, 89%; d) 1) LDA, 12, THF, �78 8C; 2) Dess–Martin periodinane, CH2Cl2, RT, 90% for the two steps; e) 5% HF in CH3CN, RT,
12 h, 90%; f) TBSCl, imidazole, DMF, RT, 97%; g) NaBH4, CeCl3, MeOH, �78 8C, 95%; h) H2, 10% Pd/C, EtOAc, 8 h, 95%; i) H2, 10% Pd/C, EtOAc
(saturated with 0.1n HCl), 8 h, 65%; j) 1) TBSCl, imidazole, DMF, RT; 2) DDQ, CH2Cl2, RT; 3) Dess–Martin periodinane, CH2Cl2, RT, 82% for the
three steps.
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methanol at �78 8C provided 16 in 95% yield as a single
isomer.
The next step involved the creation of the cis-tetrahydro-


pyrane (C11/C15) ring by means of a stereoselective sub-
strate-controlled hydrogenation of the C14=C15 double
bond. In the presence of a catalytic amount of palladium on
charcoal, compound 16 was readily hydrogenated to give the
cis-tetrahydropyrane 17 in 95% yield as a single isomer. The
NOE effect between H-11, H-13, and H-15 confirmed the
cis-tetrahydropyrane structure of 17. We then decided to ex-
plore the possibility of constructing the C13 and C15 stereo-
centers in one pot. To our delight, direct hydrogenation of
15 in ethyl acetate also delivered the desired cis-tetrahydro-
pyrane 17, although the yield was initially very low. By con-
ducting the reaction in ethyl acetate, saturated with HCl
(0.1n), the yield was optimized to 65% yield. Thus, the C9–
C19 cis-tetrahydropyrane unit was stereoselectively synthe-
sized from 2H-pyranone 15 by a one-pot substrate-directed
hydrogenation. Protection (TBSCl) of the C13 hydroxy
group of compound 17 and subsequent removal of the
PMB-protecting group (PMB=p-methoxybenzyl),[18] fol-
lowed by oxidation of the resulting primary hydroxy, afford-
ed the corresponding aldehyde 18 in 82% yield (overall
yield for the three steps).
The next step involved the synthesis of the C3–C19 seg-


ment 3 from the TBDPS-protected propionaldehyde 19
(TBDPS= tert-butyldiphenylsilyl, Scheme 3). Brown asym-
metric allylation[10] of 19 (87% ee, as determined by analysis
of the corresponding MosherMs ester), followed by protec-


tion[19] (PMB) of the resulting chiral alcohol 20[20] and
Wacker oxidation of the PMB ether 21, furnished the C3–
C8 segment 22 of phorboxazole B. An aldol reaction of alde-
hyde 18 with the silyl enol ether of 22, under MukaiyamaMs
conditions,[21] produced the b-hydroxyl ketone 23 as an in-
separable mixture of C9 epimeric isomers (7.8:1).[22] The
next step in the synthesis was to convert the ketone at C7 to
a methylene moiety. Unfortunately, methylenation of the
ketone in 23 did not result in the desired product, despite
the employment of various reaction conditions, such as
those reported by Petasis,[23] Lombardo,[24] and Takai.[25] This
was probably due to the susceptibility of the b-hydroxyl
ketone moiety to the reaction conditions. Thus, to suppress
undesirable side reactions, 23 was first shielded with a ben-
zoyl group[26] and then methylenated with Nysted reagent
(cyclo-dibromodi-m-methylene [m-(tetrahydrofuran)]tri-
zinc)[27] to give 24 in 66% yield and the C9 epimer 25 in 8%
yield.
These two isomers were conveniently separated by flash-


column chromatography on silica gel. Removal of the ben-
zoyl-protecting group by reduction with DIBAL (diisobutyl-
aluminumhydride) and subsequent mesylation[28] of the re-
sulting hydroxyl, followed by cleavage of the PMB-protect-
ing group, provided 26 in 68% yield (overall yield for the
three steps). Finally, a solution of compound 26 in acetoni-
trile was refluxed for 12 h with excess triethylamine (con-
ducted according to ForsythMs method)[5] to produce com-
pound 27 (83% yield) and thus complete the construction of
the desired bistetrahydropyrane moiety. The cis configura-


Scheme 3. Completion of the C3–C19 segment 3. a) (+)-Ipc2BAllyl, Et2O, �78 8C, 87% ee, 74%; b) PMBOC(=NH)CCl3, cyclohexane/CH2Cl2, BF3·OEt2,
0 8C, 87%; c) PdCl2 (cat), CuCl, O2, DMF/H2O, RT, 6 h, 86%; d) 1) LHDMS, TMSCl, THF, �78 8C; 2) 18, TiCl4, �78 8C, 68%; e) 1) BzCl, py (pyridine),
RT; 2) Nysted reagent, TiCl4, RT, 30 min, 66% for the two steps; f) 1) DIBAL, CH2Cl2, �78 8C; 2) MsCl (Ms=mesyl), Et3N, CH2Cl2, 0 8C; 3) DDQ,
CH2Cl2/H2O, 67% for the three steps; g) Et3N, CH3CN, reflux, 83%; h) NH4F, MeOH, 50 8C, 81%; i) DIPEA, MsCl, 90%.
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tion of the newly formed tetrahydropyrane was confirmed
by 2D NOESY spectroscopic analysis. Selective deprotec-
tion (NH4F/MeOH, 50 8C)


[29] of the TBS ether at C19, fol-
lowed by subsequent mesylation completed the synthesis of
segment 3.


Synthesis of the C20–C32 tetrahydropyrane-oxazole segment
5 : As segment 5 contained contiguous stereogenic centers
bearing alternating hydroxyl and methyl substituents, it was
planned to utilize asymmetric crotyl addition reactions for
their construction (Scheme 4). Thus, the asymmetric crotyl


addition of chiral boronate (�)-30 to 29 (generated from d-
mannitol),[30] under RoushMs conditions,[31] afforded homoal-
lylic alcohol 31.[32] This compound was subsequently trans-
formed to its acetate 32, according to the standard proce-
dure.[33] Asymmetric crotylation of aldehyde 33, obtained
from the ozonolysis of 32, was performed with (+)-30, fol-
lowed by treatment with sodium hydroxide.
To our surprise, 1H NMR spectroscopy of the product in-


dicated that the B�O bond was not cleaved by the usual
workup procedure.[31] This problem was solved by treating
the product mixture with 10% NaOH in diethyl ether, in-
stead of toluene. This method resulted in the simultaneous
hydrolysis of the acetate to provide diol 34. For the con-
struction of the cis-tetrahydropyrane unit of 5, we first ex-
plored the iodocyclization[34] reaction of 34. However, iodo-
cyclization of diol 34 with iodine in acetonitrile yielded a
complex mixture (Table 1, entry 1), probably due to the la-
bility of the acetonide to the HI generated during the cycli-
zation process. Therefore, NaHCO3 was added to the reac-
tion mixture (entry 2) and, to our delight, the desired cis-tet-
rahydropyrane 35 and minor trans isomer 36 were obtained
in an overall yield of 46% (35 :36 2.6:1). To optimize the ste-
reochemical outcome, NIS (N-iodosuccinimide) was em-
ployed (entry 3); however, despite an increase in the ratio
of 35/36 to 7.7:1, the overall yield of the reaction was still
unsatisfactory (52% based on a 40% recovery of the start-
ing material). With this in mind, our attention turned to the
Hg(OAc)2-induced cyclization, which is also known to be a
general method for preparing tetrahydropyrane systems.[35]


After screening various solvents and reaction conditions, we
found that the treatment of diol 34 with Hg(OAc)2 in dry
toluene at 0 8C, followed by the treatment of the resulting
organomercurate with iodine, produced the cis-tetrahydro-
pyrane 35 in 86% yield with a 5:1 dr (dr=diastereomeric
ratio). Isolation of compound 35 was achieved by flash chro-
matography over silica gel, producing 35 in a 71% yield as
the major diastereomer. The configuration of 35 was later
confirmed by 2D NOESY spectroscopic analysis of oxazole
5.
Protection of the hydroxyl group in 35 with p-methoxy-


benzyl trichloroacetimidiate[19] in the presence of BF3·OEt2
produced the PMB ether 37 (Scheme 5). This compound 37
was then converted to the nitrile 38, which was successively
reduced with DIBAL and NaBH4 to give alcohol 39.


[36] Pro-
tection of the hydroxyl group in 39 with TBDPSCl[37] provid-
ed the ether 40, which was converted to aldehyde 41 by the
use of periodic acid.[38] Addition of MeLi to aldehyde 41,
followed by Dess–Martin oxidation, afforded methyl ketone
42. To complete the synthesis of oxazole 5, an E-selective
olefination reaction was required to construct the C27=C28
trisubstituted double bond. Although the Wittig[39] and Julia
olefination[40] reactions have been successfully employed in
the construction of E-double bonds, we found that our
methyl ketone reacted sluggishly under these reaction condi-
tions. Ultimately, we resorted to the procedure described by
Pattenden, in which the oxazole phosphonate ester 43 was
employed.[8e] To our delight, when the phosphonate ester 43
was deprotonated with LDA (lithium diisopropylamide) at
�78 8C, followed by treatment with methyl ketone 42, the
desired THP-oxazole (THP= tetrahydropyran) segment 5
was obtained in 78% yield (based on 20% recovery of the
starting material). The cis configuration of the tetrahydro-
pyrane in compound 5 was confirmed by the NOE effect ob-
served between H22, H24, and H26. The NOE effect be-
tween the C27 methyl group and H30 confirmed the E con-
figuration of the C27=C28 double bond.


Synthesis of the C33–C41 lactone segment 6 : Monosilylation
of 1,3-propanediol 44 and subsequent oxidation with PCC
(pyridinium chlorochromate), followed by olefination of the


Scheme 4. Iterative crotyl addition reactions. a) (�)-30, 4 P MS, toluene,
�78 8C, 7 h, 65%; b) Ac2O, Et3N, DMAP (cat), CH2Cl2, RT, overnight,
95%; c) O3, MeOH, �78 8C; then PPh3, RT, 85%; d) (+)-30, 4 P MS, tol-
uene, �78 8C, 6 h, 70%.


Table 1. Construction of the cis-tetrahydropyrane moiety of 5.


Entry Conditions 35 :36[a] Yield [%][b]


1 I2, CH3CN, �35 to 0 8C – –[c]


2 I2, NaHCO3, CH3CN, 0 8C 2.6:1 46
3 NIS, CH2Cl2, 30 8C 7.7:1 52[d]


4 Hg(OAc)2, toluene, 0 8C; I2, 30 8C 5:1 86


[a] The product ratio was determined by 1H NMR spectral analysis
(300 MHz). [b] Isolated yield. [c] Complex mixture. [d] Based on a 40%
recovery of the starting material.
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resultant aldehyde, produced the unsaturated ester 45[41]


(E/Z >95:5, Scheme 6).[42] Sharpless asymmetric dihydroxy-
lation of 45 set the stereogenic centers at C37 and C38 in
place, affording the diol 46 in 87% yield (86% ee, as deter-
mined by chiral GC analysis).[43] Protection of the hydroxyl
groups of 46 with p-methoxybenzyl trichloroacetimidiate in
the presence of BF3·OEt2,


[19] followed by reduction with
LAH (lithium aluminum hydride) afforded the alcohol 47.
As the PMB ether group appeared from the literature to
produce the best 1,3-stereoinduction in the Mukaiyama
aldol reaction, we selected this group for the protection of
the hydroxyl groups at C37 and C38.[21a,b] Swern oxidation[44]


of the hydroxyl group at C39 in 47, followed by Wittig olefi-
nation of the resulting aldehyde with CH3C(PPh3)CO2Et, in-
corporated the E-unsaturated ester in 48.[8a] Ester 48 was
conveniently transformed to the acetate 49 by reduction
with DIBAL and acylation of the resultant C41 hydroxyl
group.[33]


Hydrolysis of the TBS ether of 49, followed by oxidation
of the alcohol under Dess–Martin conditions yielded 50, a
b-OPMB-protected aldehyde suitable for the 1,3-anti Mu-
kaiyama aldol reaction. The aldol condensation of 1-ethoxy-
1-[(trimethylsilyl)oxy]ethane 51[45] with aldehyde 50
(Scheme 7) afforded 52 with modest stereoselectivity under


standard conditions (BF3·OEt2, MgBr2·OEt2). The use of
strong Lewis acids, such as TiCl4, did not promote a clean
reaction; however, the use of the mixed titanium species
TiCl2(OiPr)2 (toluene, �78 8C) delivered a high-yielding,
stereoselective reaction (87%, 4:1 dr)[42] that was consistent
with the results reported by Evans et al.[46] Compound 52
was isolated in 61% yield as the major diastereomer. The
orientation of the C35 hydroxyl group was assigned as b,
based on 2D NOESY spectroscopy of the succeeding lac-
tone 54. Several methylation methods to protect the free hy-
droxyl group in 52 proved unsuccessful; these methods in-
cluded the use of NaH/CH3I


[47] and a catalyzed diazome-
thane procedure.[48] However, treatment of 52 with Meer-
weinMs salt (Me3OBF4)


[6b] and 1,8-bis(dimethylamino)naph-
thalene (proton sponge) produced the desired methyl ether
53 in 85% yield.
Oxidative deprotection of the two vicinal PMB ethers in


53[49] proved difficult with reagents, such as DDQ (2,3-di-
chloro-5,6-dicyano-1,4-benzoquinone)[18] and CAN (ceric
ammonium nitrate).[50] Fortunately, when compound 53 was
treated with 10% CF3CO2H in CH2Cl2,


[51] the PMB ethers
were removed and the resultant diol was spontaneously cy-
clized to afford lactone 54 in excellent yield (95%). The
NOE effect between H35 and H37 in lactone 54 convinced
us of the configuration of C35. Protection of the C38 free
hydroxyl as its TIPS (triisopropylsilyl) ether furnished lac-
tone 55.[52] The next step in the synthesis of lactone 6 was to
replace the C41 acetoxyl moiety in 55 with a TBS ether. Un-
fortunately, deprotection of the C41 acetoxy group in 55


Scheme 5. Synthesis of oxazole 5. a) PMBOC(=NH)CCl3, BF3·OEt2, 0 8C,
79%; b) NaCN, DMSO, 70 8C, 81%; c) 1) DIBAL, CH2Cl2, 0 8C; then 1n
HCl; 2) NaBH4, MeOH, 72% for the two steps; d) TBDPSCl, Et3N,
CH2Cl2, 92%; e) HIO4, EtOAc; f) 1) MeLi, THF, �78 8C; 2) Dess–Martin
periodinane, CH2Cl2, RT, 58% for the three steps; g) LDA, THF, �78 8C,
78% based on the recovery of 42.


Scheme 6. Synthesis of the C35–C41 segment. a) 1) NaH, TBSCl, THF,
0 8C; 2) PCC, CH2Cl2, RT; 3) Ph3P=CHCO2Et, benzene, reflux, 51% for
the three steps; b) AD-mix b, tBuOH/H2O, RT, 86% ee, 87%;
c) 1) PMBOC(=NH)CCl3, cyclohexane/CH2Cl2, BF3·OEt2, 0 8C;
2) LiAlH4, Et2O, RT, 72% for the two steps; d) 1) (COCl)2, DMSO,
CH2Cl2, �78 8C; then Et3N; 2) CH3C(PPh3)CO2Et, CH2Cl2, reflux, 84%
for the two steps; e) 1) DIBAL, CH2Cl2, �78 8C; 2) Ac2O, Et3N, CH2Cl2,
RT, 90% for two steps; f) 1) Bu4NF, THF, RT; 2) Dess–Martin periodi-
nane, CH2Cl2, 86% for the two steps.
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under basic conditions, such as K2CO3/EtOH
[53] or K2CO3/


MeOH, did not afford the desired product 56, possibly as a
result of the susceptibility of the lactone moiety in 55 to
these reaction conditions. Alternatively, deprotection of the
acetoxy group in 53 with K2CO3/EtOH


[53] afforded alcohol
57 in 97% yield. When compound 57 was treated with 10%
CF3CO2H in CH2Cl2,


[51] the PMB-protecting groups were re-
moved, and the resultant triol concomitantly cyclized to
afford the lactone 58. As lactone 58 was highly soluble in
water, the reaction mixture was directly neutralized with
Et3N, concentrated, and then purified by flash-column chro-
matography without extraction. Selective protection of the
primary hydroxyl group in 58 with TBSCl/Et3N


[54] delivered
the mono-TBS ether 59. Whilst protection of 59 with a TIPS
group under routine conditions (TIPSCl, imidazole, DMAP
(4-dimethylaminopyridine, cat), DMF)[52] was unsuccessful,
the use of TIPSCl/AgNO3


[55] afforded the desired lactone 6.


Synthesis of sulfone 7:[6,8,9] Following the procedure reported
by Wang,[56] Sharpless asymmetric dihydroxylation of 60 was
carried out to produce alcohol 61 (87% ee, as determined
by HPLC analysis); this was followed by epoxide formation
to give the optically active bis-3C building block 62
(Scheme 8). Ring opening of 62 by the use of lithium TMS


acetylide in the presence of BF3·OEt2, followed by methyla-
tion of the resulting diol with MeerweinMs salt (Me3OBF4),
produced the corresponding methyl ether 63.[6b] Treatment
of 63 with CAN[56] removed the hydroquinone and produced
two equivalents of the known alcohol 64.[7d,8e] Displacement
of the primary alcohol of 64 with 2-mercaptobenzothiazole
and desilylation of the TMS group furnished the alkyne 66.
Finally, introduction of the vinyl bromide by hydrozircona-
tion of the alkyne and treatment with NBS (N-bromosucci-
nimide),[57] followed by oxidation of the sulfide with ammo-
nium molybdate,[6d] afforded the desired sulfone 7.


Completion of the total synthesis of phorboxazole B : With
segments 5, 6, and 7 in hand, the stage was set for the com-
pletion of the synthesis of phorboxazole B (Scheme 9).
Thus, oxazole 5 was deprotonated with lithium diethylamide
at �78 8C,[6a] and then treated with lactone 6 to produce the
desired cyclic hemiketal 67 in 61% yield as the sole isomer.
Selective deprotection of the TBS ether at C41 in 67 and
spontaneous methyl protection of the hemiketal was accom-
plished with PPTS (pyridinium p-toluene sulfonate)/MeOH
to afford the allylic primary alcohol 68. Careful oxidation of
68 with Dess–Martin periodinane,[14] followed by Julia olefi-
nation of the resulting aldehyde 69 with sulfone 7, furnished
the desired E-diene moiety (E/Z >95:5),[42] thus completing
the synthesis of the C20–C46 segment 70 of phorboxazole B.
Selective deprotection[29] of the TBDPS ether at C20 in 70,


Scheme 7. Synthesis of lactone 6. a) TiCl2(OiPr)2, toluene, �78 8C; then
compound 51, 87%, 4:1 dr ; b) Me3OBF4, proton sponge, CH2Cl2, RT,
85%; c) 10% CF3CO2H, CH2Cl2, RT, 95%; d) TIPSCl, imidazole,
DMAP (cat), DMF, RT, 78%; e) K2CO3, EtOH, 97%; f) 10% CF3CO2H,
CH2Cl2; then Et3N, 85%; g) TBSCl, Et3N, CH2Cl2, 75%; h) TIPSCl,
AgNO3, py, 78%.


Scheme 8. Synthesis of sulfone 7. a) AD-mix-a, tBuOH/H2O, RT,
87% ee, 66%; b) 1) HBr, AcOH; 2) K2CO3, MeOH, 88%; c) 1) TMSC�
CH, BuLi, BF3·OEt2, THF, �78 8C; 2) Me3OBF4, proton sponge, CH2Cl2,
RT, 70% for the two steps; d) CAN, CH3CN/H2O, RT, 91%; e) 2-mer-
captobenzothiazole, PPh3, DEAD (diethyl azodicarboxylate), THF, 0 8C,
81%; f) TBAF, THF, RT, 99%; g) 1) Cp2ZrHCl, THF; then NBS;
2) (NH4)6Mo7O24·4H2O, 30% H2O2, EtOH, 56% for the two steps.
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followed by subsequent oxidation gave the key aldehyde 4
in an overall 71% yield for the two steps.
By using a strategy similar to that employed by Evans,[6]


Smith,[7] Pattenden,[8] and Williams,[9] we utilized an E-selec-
tive Wittig reaction to construct the C19=C20 double bond
(Scheme 10). Thus, treatment of the mesylate 3 with tributyl
phosphine led to the resulting phosphonium salt, which was
subsequently treated with aldehyde 4 and DBU (1,8-
diazabicyclo[5.4.0]undec-7-ene to afford the E-alkene 71
(E/Z >95:5).[42]


Following an extensive study, selective deprotection of the
TBDPS ether at C3 was achieved by using NH4F in MeOH
(50 8C) to afford 72. Oxidation of the alcohol and deprotec-
tion of the PMB ether at C24 with DDQ[18] produced com-
pound 73 in 73% yield. We envisaged using Still–Gennari
olefination[58] to construct the macrolide ring of phorboxazo-
loe B; the same strategy that had been used in the synthesis
of phorboxazole A.[5,7–9] Thus, esterification[59] of the C24 al-
cohol with dimethyl phosphonoacetic acid provided phos-
phonate 74. Intramolecular olefination of 74 in toluene
(K2CO3, [18]crown-6) effected a Z-selective macrolization to
afford a mixture of macrocycles (Z/E 5:1, a similar ratio to
that obtained in the synthesis of phorboxazole A[5,7–9]),
which were easily separated on silica gel to give Z-macrolide
75 in 56% yield.
Finally, cleavage of the silyl ethers and the mixed methyl


acetal by sequential treatment of 75 with TBAF (tetrabuty-
lammonium fluoride)/THF and 6% aqueous HCl/THF[5]


produced phorboxazole B. The spectral data (1H NMR,


COSY (500 MHz), HRMS, and IR spectra; [a]D) of our syn-
thetic material were identical to the corresponding spectral
data reported for phorboxazole B.[1,6d]


Conclusion


We have accomplished the total synthesis of the potent anti-
tumor marine natural product phorboxazole B, based on an
efficient and convergent synthetic strategy. This synthesis
features: 1) a highly efficient substrate-controlled hydroge-
nation to construct the functionalized cis-tetrahydropyrane
unit; 2) iterative crotyl addition to synthesize the segment
containing the alternating hydroxyl and methyl substituents;
3) Hg(OAc)2/I2-induced cyclization to establish the cis-tetra-
hydropyrane moiety; 4) 1,3-asymmetric induction in the Mu-
kaiyama aldol reaction to generate the stereogenic centers
at C9 and C35; and 5) Still–Gennari olefination to complete
the macrolide ring of phorboxazoloe B.


Experimental Section


Optical rotations were measured by using a Perkin–Elmer 241MC polar-
imeter in the solvent indicated. IR spectra were recorded on an
AVATAR-360 spectrophotometer. 1H and 13C NMR spectra were record-
ed on MERCURY300, Bruker DRX-400, and Bruker AV-500 spectrome-
ters with TMS as the internal standard. HRMS were recorded by using
either FTMS-7 or IonSpec 4.7 spectrometers. Flash-column chromatogra-
phy was carried out on silica gel (300–400 mesh). Yields refer to chroma-


Scheme 9. Synthesis of the C20–C46 segment. a) LiNEt2, THF, �78 8C; then 6, 61%; b) PPTS, MeOH, 30 8C, 81%; c) Dess–Martin periodinane, py,
CH2Cl2, RT, 93%; d) NaHMDS, THF, �78 8C, 78%; e) 1) NH4F, MeOH, 50 8C; 2) Dess–Martin periodinane, py, CH2Cl2, RT, 71% for the two steps.


Chem. Eur. J. 2006, 12, 1185 – 1204 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1191


FULL PAPERPhorboxazole B



www.chemeurj.org





tographically and spectroscopically pure compounds, unless otherwise in-
dicated.


Alcohol 9 : A solution of allylmagnesium bromide (46.2 mmol) in Et2O
(80 mL) was added dropwise to a well-stirred solution of (�)-Ipc2BOMe
(15.4 g, 48.5 mmol) in anhydrous Et2O (300 mL). Following completion
of the addition, the reaction mixture was stirred for 1 h at RT, and was
then cooled to �78 8C. A solution of the aldehyde 8 (8.0 g, 41.0 mmol) in
anhydrous Et2O (80 mL) was added dropwise to this mixture, which was
subsequently stirred for a further 4 h at �78 8C. After this time, NaOH
(3n, 100 mL) was slowly added, followed by the addition of H2O2 (30%,
5 mL). The completion of the oxidation was ensured by refluxing the re-
action mixture for 2 h. Once the reaction was complete, water (100 mL)
was added and extracted with Et2O (2/200 mL). The combined organic
layers were washed with brine, dried over Na2SO4, and concentrated in
vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 10:1) provided alcohol 9 (6.91 g, 71%) as a colorless oil. The en-
antiomeric excess was determined as 87% (AS, 230 nm, hexane/2-propa-
nol 60:40, 0.7 mLmin�1). Rf=0.46 (petroleum ether/EtOAc 4:1); [a]20D=


�5.8 (c=1.37 in CHCl3); 1H NMR (300 MHz, CDCl3): d=7.23 (d, J=
8.4 Hz, 2H), 6.85 (d, J=8.4 Hz, 2H), 5.86–5.77 (m, 1H), 5.11–5.09 (m,
1H), 5.05 (d, J=1.2 Hz, 1H), 4.43 (s, 2H), 3.86–3.82 (m, 1H), 3.77 (s,
3H), 3.70–3.55 (m, 2H), 3.02 (br s, 1H), 2.24–2.20 (m, 2H), 1.75–
1.69 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=159.1, 134.7, 129.9,
129.1 (2C), 117.3, 113.6 (2C), 72.7, 70.1, 68.4, 55.0, 41.7, 35.6 ppm; IR
(film): ñ=3435, 3075, 2973, 2862, 1614, 1515, 1249 cm�1; HRMS (ESI):
calcd for C14H20O3Na: 259.1305 [M+Na]+ ; found: 259.1306.


Compound 10 : tert-Butyldimethylsilyl chloride (4.13 g, 27.4 mmol) was
added to a stirred solution of alcohol 9 (5.38 g, 22.8 mmol) and imidazole


(3.88 g, 57.0 mmol) in DMF (12 mL). After stirring at RT for 3 h, the re-
action mixture was poured into water (100 mL) and extracted with Et2O
(3/200 mL). The combined organic extracts were then washed with
brine, dried over Na2SO4, and concentrated in vacuo. Chromatography of
the residue on silica gel (petroleum ether/EtOAc 20:1) provided 10
(7.66 g, 96%) as a colorless oil. Rf=0.60 (petroleum ether/EtOAc 6:1);
[a]20D=++15.7 (c=1.65 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.40–
7.36 (m, 2H), 7.02–6.98 (m, 2H), 6.01–5.80 (m, 1H), 5.19–5.17 (m, 1H),
5.15–5.13 (m, 1H), 4.57 (d, J=11.4 Hz, 1H; B of AB), 4.51 (d, J=
11.4 Hz, 1H, A of AB), 4.08–3.95 (m, 1H), 3.91 (s, 3H), 3.66–3.62 (m,
2H), 2.38–2.33 (m, 2H), 1.91–1.81 (m, 2H), 1.03 (s, 9H), 0.18 ppm (d, J=
2.7 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=159.0, 134.9, 130.6, 129.2
(2C), 116.9, 113.7 (2C), 72.6, 68.9, 66.7, 55.2, 42.3, 36.7, 25.8 (3C), 18.0,
�4.4, �4.8 ppm; IR (film): ñ=3076, 2956, 2930, 2858, 1614, 1515,
1250 cm�1; HRMS (ESI): calcd for C20H34O3SiNa: 373.2169 [M+Na]+ ;
found: 373.2169.


Ketone 11: Oxygen was bubbled into a mixture of PdCl2 (18 mg,
0.1 mmol), CuCl (99 mg, 1.0 mmol), DMF (7 mL), and water (1 mL) at
RT. The reaction mixture was stirred at RT for 30 min to give a deep-
green mixture, and then compound 10 (350 mg, 1.0 mmol) was added.
After the mixture had been vigorously stirred for a further 6 h under an
atmosphere of oxygen, water (5 mL) was added to quench the reaction,
and the resulting mixture was extracted with Et2O (4/15 mL). The com-
bined organic phases were washed with water (10 mL) and brine, dried
over Na2SO4, and concentrated in vacuo. Chromatography of the residue
on silica gel (petroleum ether/EtOAc 20:1) provided 11 (326 mg, 89%)
as a colorless oil. Rf=0.60 (petroleum ether/EtOAc 4:1); [a]20D=�6.9 (c=
0.85 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.23–7.21 (m, 2H),


Scheme 10. Completion of the synthesis of phorboxazole B. a) Bu3P, DMF; then 4, DBU, RT, 70%; b) NH4F, MeOH, 50 8C, 71%; c) 1) Dess–Martin peri-
odinane, py, CH2Cl2, RT; 2) DDQ, CH2Cl2, buffer (pH 7), 73% for the two steps; d) dimethyl phosphonoacetic acid, DCC, CH2Cl2, 85%; e) K2CO3,
[18]crown-6, toluene, �20 8C, Z/E 5:1, 67%; f) 1) TBAF, THF, RT; 2) 6% HCl, THF, 51% for the two steps.
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6.86–6.83 (m, 2H), 4.38–4.26 (m, 3H), 3.77 (s, 3H), 3.46 (m, 2H), 2.55
(m, 2H), 2.08 (s, 3H), 1.73 (m, 2H), 0.82 (s, 9H), 0.02 (s, 3H), 0.00 ppm
(s, 3H); 13C NMR (75 MHz, CDCl3): d=207.7, 159.0, 139.3, 129.1 (2C),
113.6 (2C), 72.4, 66.5, 66.1, 55.1, 51.1, 37.2, 31.5, 25.7 (3C), 17.8, �4.7,
�4.8 ppm; IR (film): ñ=3001, 1718, 1614, 1587, 1515, 1250 cm�1; HRMS
(ESI): calcd for C20H34O4SiNa: 389.2118 [M+Na]+ ; found: 389.2117.


Aldehyde 12 : DIBAL (10.5 mmol, 1n solution in toluene) was added
dropwise to a solution of ethyl 2-[(tert-butyldimethylsilyloxy)methyl]oxa-
zole-4-carboxylate (2 g, 7.0 mmol) in anhydrous CH2Cl2 (20 mL) at
�78 8C. After the reaction mixture had been stirred for 30 min, MeOH
(3 mL) was added at �78 8C. The mixture was then diluted with CH2Cl2
(100 mL), and the organic layer was washed with HCl (1n), saturated
NaHCO3 solution, and brine. Finally, the organic layer was dried over
Na2SO4, filtered, and concentrated in vacuo. Purification of the residue
by flash chromatography on silica gel (petroleum ether/EtOAc 10:1) pro-
vided 12 (1.43 g, 85%) as a colorless oil. Rf=0.52 (petroleum ether/
EtOAc 6:1); 1H NMR (300 MHz, CDCl3): d=9.83 (s, 1H), 8.14 (s, 1H),
4.66 (s, 2H), 0.79 (s, 9H), 0.00 ppm (s, 6H); 13C NMR (75 MHz, CDCl3):
d=184.1, 163.9, 144.4, 140.7, 58.1, 25.7, 18.3 (3C), �5.4 ppm (2C); IR
(film): ñ=3001, 1718, 1614, 1587, 1515, 1250 cm�1; HRMS (ESI): calcd
for C11H19O3NSiNa: 264.1026 [M+Na]+ ; found: 264.1030.


Diketone 13 : A solution of ketone 11 (2.48 g, 6.8 mmol) in THF (6 mL)
was added dropwise to a freshly prepared LDA solution [nBuLi
(5.13 mL, 8.2 mmol, 1.6m solution in hexanes) was added to a solution of
diisopropylamine (1.26 mL, 9 mmol) in THF (8 mL) at �78 8C under
argon]. The resulting mixture was warmed to 0 8C for 15 min and then
cooled to �78 8C. After stirring for 30 min at �78 8C, a solution of alde-
hyde 12 (1.49 g, 6.2 mmol) in THF (6 mL) was added dropwise. This mix-
ture was stirred for 3 h at �78 8C, and was then quenched with a phos-
phate buffer solution (10 mL, pH 7). The aqueous phase was extracted
with Et2O (3/100 mL), and the combined organic layers were dried
(MgSO4) and then concentrated in vacuo to give a residue. For the next
step in the synthesis, Dess–Martin periodinane (2.89 g, 6.82 mmol) was
added at RT to a solution of the residue in CH2Cl2 (100 mL), and the re-
sulting reaction mixture was stirred at RT for 30 min. After this time, the
reaction was quenched by the addition of saturated aqueous NaHCO3/
Na2S2O3 (5:1, 30 mL) and stirred for a further 15 min. Finally, the mixture
was extracted with CH2Cl2 (2/20 mL), and the combined organic layers
were washed with brine, dried over Na2SO4, filtered, and concentrated in
vacuo. Purification of the residue by flash chromatography on silica gel
(petroleum ether/EtOAc 20:1) provided ketone 13 (3.36 g, 90% overall
yield for the two steps) as a colorless oil. Rf=0.67 (petroleum ether/
EtOAc 4:1); [a]20D=�16.9 (c=1.51 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=8.14 (s, 1H), 7.26 (d, J=10.5 Hz, 2H), 6.87 (d, J=10.5 Hz,
2H), 6.28 (d, J=1.8 Hz, 1H), 4.77 (s, 2H), 4.44 (AB, J=11.4 Hz, 1H; B
of AB), 4.35 (AB, J=11.4 Hz, 1H; A of AB), 4.34–4.29 (m, 1H), 3.80 (s,
3H), 3.53 (t, J=6.6 Hz, 2H), 2.56–2.54 (m, 2H), 1.85–1.80 (m, 2H), 1.60
(br s, 1H), 0.91 (s, 9H), 0.83 (s, 9H), 0.12 (s, 6H), 0.03 ppm (d, J=9.6 Hz,
6H); 13C NMR (75 MHz, CDCl3): d=194.6, 176.3, 163.0, 159.1, 141.5,
137.9, 130.4 (2C), 129.2 (2C), 113.7, 99.0, 72.6, 67.3, 66.1, 58.1, 55.1, 47.4,
37.6, 25.7 (6C), 18.3, 18.0, �4.8 (2C), �5.4 ppm (2C); IR (film): ñ=3157,
1614, 1514, 1472, 1464, 1251, 1095 cm�1; HRMS (ESI): calcd for
C31H51O7NSi2Na: 628.3081 [M+Na]+ ; found: 628.3096.


Alcohol 14 : HF (1 mL, 40%) was added to a solution of ketone 13
(1.20 g, 1.98 mmol) in acetonitrile (20 mL) at RT. The resulting mixture
was stirred at RT for 24 h, and was then diluted with EtOAc (60 mL) and
neutralized with saturated aqueous NaHCO3 solution. The aqueous
phase was extracted with Et2O (3/5 mL), and the combined organic
layers were dried (MgSO4) and concentrated in vacuo. Chromatography
of the residue on silica gel (petroleum ether/EtOAc 2:1) provided 14
(640 mg, 90%) as a colorless oil. Rf=0.47 (petroleum ether/EtOAc 1:4);
[a]20D=++112.6 (c=1.45 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.77
(s, 1H), 7.45 (d, J=8.7 Hz, 2H), 6.85 (d, J=8.7 Hz, 2H), 6.11 (s, 1H),
4.75 (d, J=6.3 Hz, 2H), 4.72–4.71 (m, 1H), 4.49 (AB, J=11.4 Hz, 1H; B
of AB), 4.41 (AB, J=11.4 Hz, 1H; A of AB), 3.80 (s, 3H), 3.70–3.55 (m,
2H), 2.80 (t, J=6.0 Hz, 1H), 2.56 (d, J=4.2 Hz, 1H), 2.54 (s, 1H), 2.19–
2.10 (m, 1H), 2.05–1.96 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): d=
192.7, 163.9, 162.8, 158.7, 139.1, 134.8, 129.5 (2C), 128.9 (2C), 113.3,


102.1, 76.4, 72.1, 64.4, 59.9, 56.4, 41.0, 34.0 ppm; IR (film): ñ=3379, 1661,
1629, 1587, 1539, 1514 cm�1; HRMS (ESI): calcd for C19H21O6NNa:
382.1244 [M+Na]+ ; found: 382.1261.


Pyranone 15 : Imidazole (802 mg, 11.8 mmol) was added to a solution of
alcohol 14 (2.1 g, 5.9 mmol) in DMF (15 mL) under argon. After the mix-
ture had been stirred for 5 min, TBSCl (1.14 g, 7.6 mmol) was added and
the reaction mixture was stirred for a further 5 h at RT. After this time,
the mixture was quenched with water (10 mL) and extracted with Et2O
(4 /30 mL). The combined organic extracts were washed with water (2/
10 mL) and brine, dried over Na2SO4, and then concentrated in vacuo.
Chromatography of the residue on silica gel (petroleum ether and
EtOAc 4:1) provided 15 (2.71 g, 97%) as a colorless oil. Rf=0.39 (petro-
leum ether/EtOAc 2:1); [a]20D=++98.1 (c=1.47 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.78 (s, 1H), 7.26–7.22 (m, 2H), 6.89–6.85 (m,
2H), 6.11 (s, 1H), 4.76 (s, 2H), 4.74–4.70 (m, 1H), 4.49 (AB, J=11.7 Hz,
1H; B of AB), 4.42 (AB, J=11.7 Hz, 1H; A of AB), 3.80 (s, 3H), 3.69–
3.57 (m, 2H), 2.56 (d, J=3.6 Hz, 1H), 2.54 (s, 1H), 2.16–2.12 (m, 1H),
2.04–1.99 (m, 1H), 0.90 (s, 9H), 0.11 ppm (s, 6H); 13C NMR (75 MHz,
CDCl3): d=192.5, 163.3, 162.9, 159.2, 139.1, 135.4, 129.3 (4C), 113.7,
102.8, 76.6, 72.7, 64.8, 58.1, 55.2, 41.6, 34.6, 25.6 (3C), 18.2, �5.5 ppm
(2C); IR (film): ñ=3136, 3000, 1667, 1633, 1587 1514 cm�1; HRMS
(ESI): calcd for C25H35O6NSiNa: 496.2118 [M+Na]+ ; found: 496.2126.


Compound 16 : CeCl3·7H2O (440 mg, 1.2 mmol) was added to a solution
of 15 (1.42 g, 3.0 mmol) in MeOH (20 mL) at RT. The resulting mixture
was then cooled to �78 8C and sodium borohydride (114 mg, 3.0 mmol)
was added. This mixture was stirred at �78 8C for 20 min, and was then
quenched with saturated aqueous NH4Cl solution (10 mL). Finally, the
mixture was extracted with EtOAc (2/ 20 mL), and the combined organ-
ic layers were dried (MgSO4), filtered, and concentrated in vacuo. Chro-
matography of the residue on silica gel (petroleum ether/EtOAc 4:1) pro-
vided 16 (1.35 g, 95%) as a colorless oil. Rf=0.42 (petroleum ether/
EtOAc 1:1); [a]20D=++28.2 (c=1.30 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=7.51 (m, 1H), 7.26–7.23 (m, 2H), 6.88–6.84 (m, 2H), 5.56 (s,
1H), 4.63 (s, 2H), 4.58–4.52 (m, 1H), 4.44 (AB, J=12.0 Hz, 1H; B of
AB), 4.41 (AB, J=12.0 Hz, 1H; A of AB), 4.30–4.21 (m, 1H), 3.78 (s,
3H), 3.67–3.53 (m, 2H), 2.25–2.18 (m, 1H), 2.17–1.95 (br s, 1H), 1.95–
1.84 (m, 2H), 1.71–1.59 (m, 1H), 0.90 (s, 9H), 0.11 ppm (s, 6H);
13C NMR (75 MHz, CDCl3): d=162.5, 159.1, 146.0, 135.5, 135.3, 130.2
(2C), 129.2 (2C), 113.7, 102.6, 72.6, 72.4, 65.6, 63.2, 58.2, 55.2, 37.6, 35.0,
25.7 (3C), 18.3, �5.4 ppm (2C); IR (film): ñ=3412, 1687, 1613, 1585,
839, 780 cm�1; HRMS (ESI): calcd for C25H37O6NSiNa: 498.2293
[M+Na]+ ; found: 498.2282.


Pyrane 17


Method A : Palladium on carbon (150 mg, 50% wet weight) was added to
a solution of 16 (521 mg, 1.1 mmol) in EtOAc (30 mL). Hydrogen was
then bubbled into the suspension, which was stirred for 8 h at RT. After
this time, the mixture was filtered through Celite and the resulting filtrate
was concentrated in vacuo. Chromatography of the residue on silica gel
(petroleum ether/EtOAc 4:1) provided 17 (Rf=0.29, petroleum ether/
EtOAc 1:1; 498 mg, 95%) as a colorless oil.


Method B : Palladium on carbon (150 mg, 50% wet weight) was added to
a solution of 15 (300 mg, 0.6 mmol) in EtOAc (30 mL, saturated with
0.1n HCl). Hydrogen was then bubbled into the reaction mixture, which
was stirred for 8 h at RT. After this time, the mixture was filtered
through Celite and the resulting filtrate was extracted with EtOAc (2/
20 mL). The combined organic extracts were washed with brine, dried
over Na2SO4, and concentrated in vacuo. Chromatography of the residue
on silica gel (petroleum ether/EtOAc 4:1) provided 17 (200 mg, 65%) as
a colorless oil. Rf=0.29 (petroleum ether/EtOAc 1:1); [a]20D=++29.6 (c=
0.75 in CHCl3);


1H NMR (CDCl3, 600 MHz): d=7.51 (s, 1H), 7.14 (d, J=
8.7 Hz, 2H), 6.75 (d, J=8.7 Hz, 2H), 4.73 (s, 2H), 4.42 (s, 2H), 4.36 (d,
J=10.5 Hz, 1H), 3.90–3.85 (m, 1H), 3.80 (s, 3H), 3.67–3.64 (m, 1H),
3.62–3.60 (m, 1H), 3.56–3.53 (m, 1H), 2.28 (dt, J=12.6, 2.4 Hz, 1H), 2.01
(dt, J=12.3, 2.4 Hz, 1H), 1.93–1.88 (m, 1H), 1.83–1.78 (m, 1H), 1.34
(appq, J=11.7 Hz, 1H), 1.28 (appq, J = 10.5 Hz, 1H), 0.92 (s, 9H),
0.10 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=162.5, 159.1, 141.2,
135.2, 130.5 (2C), 129.2 (2C), 113.7, 73.1, 72.5, 71.0, 67.8, 66.1, 58.3, 55.2,
40.9, 40.0, 36.0, 25.7 (3C), 18.3, �5.4 ppm (2C); IR (film): ñ=3400, 1613,
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1586, 1514, 1250, 1095, 839, 780 cm�1; HRMS (ESI): calcd for
C25H39O6NSiNa: 500.2430 [M+Na]+ ; found: 500.2439.


Aldehyde 18 : Imidazole (355 mg, 5.2 mmol) and DMAP (24 mg,
0.2 mmol) were added sequentially to a solution of 17 (415 mg,
0.85 mmol) in DMF (5 mL) under argon. After the reaction mixture had
been stirred for 5 min, tert-butyldimethylsilyl chloride (523 mg, 3.5 mmol)
was added, and the resulting mixture was stirred at RT overnight. After
this time, water (5 mL) was added to the mixture, which was subsequent-
ly extracted with Et2O (4/30 mL). The combined organic extracts were
washed with water (10 mL) and brine, dried over Na2SO4, and then con-
centrated in vacuo to give a residue. DDQ (194 mg, 0.85 mmol) was
added to a solution of the dissolved residue in CH2Cl2 (10 mL) and
buffer (0.5 mL, pH 7) at RT. After the reaction mixture had been stirred
for 2 h at RT, the reaction was quenched with saturated aqueous
NaHCO3 (10 mL) and then extracted with CH2Cl2 (2/20 mL). The com-
bined organic extracts were dried over Na2SO4 and concentrated in
vacuo to give a second residue. Dess–Martin periodinane (300 mg,
0.7 mmol) was added to a solution of the dissolved residue in CH2Cl2
(10 mL) at RT. After the mixture had been stirred at RT for 30 min, a
mixture of saturated aqueous NaHCO3/Na2SO3 5:1 was added, and the
resulting mixture was stirred for a further 20 min until the two phases
were clear. Once this had occurred, the mixture was extracted with
CH2Cl2 (2/20 mL), and the combined organic extracts were washed with
brine, dried over Na2SO4, and concentrated in vacuo. Chromatography of
the residue on silica gel (petroleum ether/EtOAc 20:1) provided com-
pound 18 (326 mg, 82% overall yield for the three steps) as a colorless
oil. Rf=0.56 (petroleum ether/EtOAc 4:1); [a]20D=++3.7 (c=0.59 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=9.80 (t, J=2.4 Hz, 1H), 7.51 (s,
1H), 4.71 (s, 2H), 4.42 (dd, J=11.4, 1.2 Hz, 1H), 4.05–4.01 (m, 1H),
3.93–3.89 (m, 1H), 2.73 (ddd, J=18.0, 7.5, 2.4 Hz, 1H), 2.54 (ddd, J=
16.8, 5.1, 1.5 Hz, 1H), 2.17 (dt, J=12.9, 2.1 Hz, 1H), 1.92 (dt, J=10.8,
2.4 Hz, 1H), 1.82 (br s, 1H), 1.58 (appq, J=12.0 Hz, 1H), 1.38 (appq, J=
12.0 Hz, 1H), 0.89 (s, 9H), 0.87 (s, 9H), 0.08 (s, 6H), 0.06 ppm (s, 6H);
13C NMR (75 MHz, CDCl3): d=200.7, 162.5, 141.0, 135.2, 71.5, 71.2, 67.9,
58.3, 49.4, 41.1, 40.1, 25.9 (6C), 18.3, 17.9, �4.5 (2C), �4.6 ppm (2C); IR
(film): ñ=2728, 1729, 1576, 1473, 1464, 1257, 1096, 838, 778 cm�1; HRMS
(ESI): calcd for C23H43O5NSi2Na: 492.2565 [M+Na]+ ; found: 492.2572.


Alcohol 20 : A solution of allylmagnesium bromide (46.2 mmol) in Et2O
(80 mL) was added dropwise to a well-stirred solution of (+)-Ipc2BOMe
(15.4 g, 48.5 mmol) in anhydrous Et2O (300 mL) at 0 8C under argon.
After completion of the addition, the reaction mixture was stirred for 1 h
at RT, and then cooled to �78 8C and a solution of aldehyde 19 (13.0 g,
41.7 mmol) in anhydrous Et2O (80 mL) was added dropwise to the mix-
ture. The resulting reaction mixture was stirred for 4 h at �78 8C, and
then NaOH (3n, 100 mL) was slowly added, followed by 30% H2O2


(5 mL). The completion of the oxidation was ensured by refluxing the re-
action mixture for 2 h. After this time, water (100 mL) was added to the
reaction mixture, which was subsequently extracted with Et2O (2/
200 mL), washed with brine, dried over Na2SO4, and then concentrated
in vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 20:1) provided alcohol 20 (10.9 g, 74%) with 87% ee (determined
by analysis of the corresponding MosherMs ester) as a colorless oil. Rf=
0.51 (petroleum ether/EtOAc 10:1); [a]20D=++3.6 (c=2.11 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.71–7.66 (m, 4H), 7.46–7.36 (m, 6H),
5.89–5.80 (m, 1H), 5.14–5.10 (m, 1H), 5.07 (s, 1H), 3.98–3.94 (m, 1H),
3.90–3.83 (m, 2H), 3.31 (d, J=1.5 Hz, 1H), 2.29–2.24 (m, 2H), 1.75–1.67
(m, 2H), 1.05 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=135.5 (4C),
134.9, 133.1, 133.0, 129.8 (2C), 127.7 (4C), 117.4, 70.7, 63.2, 41.9, 37.9,
26.8 (3C), 19.0 ppm; IR (film): ñ=3352, 3074, 3053, 2935, 2860,
1429 cm�1; HRMS (ESI): calcd for C22H30O2SiNa: 377.1907 [M+Na]+ ;
found: 377.1906.


Compound 21: BF3·Et2O (3 mL, 0.1m in CH2Cl2) was added dropwise to
a mixture of the alcohol 20 (3.54 g, 10.0 mmol) and Cl3CC(NH)OPMB
(30 mL, 0.4m in hexane) in dry CH2Cl2 (15 mL) at 0 8C under a nitrogen
atmosphere. A significant quantity of a white solid immediately precipi-
tated, and the mixture was stirred at 0 8C for 30 min. After this time, the
suspension was filtered and the solid was washed with a mixture of
CH2Cl2/hexane (1:2, 2/5 mL). The filtrate was washed with saturated


aqueous NaHCO3 solution. The organic extracts were then combined,
washed with brine, dried over Na2SO4, and concentrated in vacuo. Chro-
matography of the residue on silica gel (petroleum ether/EtOAc 40:1)
provided 21 (4.07 g, 87%) as a colorless oil. Rf=0.44 (petroleum ether/
EtOAc 20:1); [a]20D=�10.8 (c=0.40 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=7.68–7.64 (m, 4H), 7.43–7.35 (m, 6H), 7.23–7.19 (m, 2H),
6.85–6.82 (m, 2H), 5.88–5.77 (m, 1H), 5.09 (d, J=6.3 Hz, 1H), 5.05 (t,
J=1.2 Hz, 1H), 4.49 (AB, J=11.1 Hz, 1H; B of AB), 4.38 (AB, J=
11.1 Hz, 1H; A of AB), 3.78 (s, 3H), 3.80–3.72 (m, 3H), 2.34–2.29 (m,
2H), 1.76 (appq, J=6.0 Hz, 2H), 1.05 ppm (s, 9H); 13C NMR (75 MHz,
CDCl3): d=159.0, 135.5 (4C), 134.9, 134.0, 133.9, 131.0, 129.7 (2C), 129.5
(2C), 127.6 (4C), 116.9, 113.7 (2C), 75.1, 70.8, 60.5, 55.2, 38.5, 37.0, 26.9
(3C), 19.2 ppm; IR (film): ñ=3072, 3000, 1614, 1588, 1514, 1248,
1112 cm�1; HRMS (MALDI): calcd for C30H38O4SiNa: 497.2482
[M+Na]+ ; found: 497.2500.


Ketone 22 : Oxygen was bubbled into a mixture of PdCl2 (56 mg,
0.31 mmol), CuCl (312 mg, 3.15 mmol), DMF (56 mL), and distilled
water (8 mL) to activate the reaction mixture. This mixture was then stir-
red for 30 min and was observed to turn black. Compound 21 (1.49 g,
3.14 mmol) was added to this mixture, which was vigorously stirred for
12 h. After this time, water (30 mL) was added to quench the reaction,
and the resulting mixture was extracted with Et2O (4/80 mL). The com-
bined organic phases were washed with water (10 mL) and brine, dried
over Na2SO4, and then concentrated in vacuo. Chromatography of the
residue on silica gel (petroleum ether/EtOAc 20:1) provided 22 (1.33 g,
86%) as a colorless oil. Rf=0.47 (petroleum ether/EtOAc 4:1); [a]20D=


+4.8 (c=1.49 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.68–7.65 (m,


4H), 7.43–7.38 (m, 6H), 7.15 (d, J=9.0 Hz, 2H), 6.82 (d, J=8.1 Hz, 2H),
4.42 (s, 2H), 4.16 (appq, J=6.0 Hz, 1H), 3.79 (s, 3H), 3.69–3.86 (m, 2H),
2.74 (dd, J=8.1, 16.2 Hz, 1H; B of AB-d), 2.54 (dd, J=4.8, 16.2 Hz, 1H;
A of AB-d), 2.13 (s, 3H), 1.82–1.71 (m, 2H), 1.05 ppm (s, 9H); 13C NMR
(75 MHz, CDCl3): d=207.3, 159.2, 135.6 (4C), 133.8, 133.7, 130.6, 129.6
(2C), 129.3 (2C), 127.6 (4C), 113.7 (2C), 72.6, 71.4, 60.3, 55.2, 48.9, 37.2,
31.0, 26.8 (3C), 19.1 ppm; IR (film): ñ=3072, 3000, 1718, 1614, 1588,
1515 cm�1; HRMS (ESI): calcd for C30H38O4SiNa: 513.2427 [M+Na]+ ;
found: 513.2432.


Compound 23 : LiHMDS (lithium hexamethyldisilazide, 0.6 mmol, 1.0m
in THF) and TMSCl (0.075 mL, 0.6 mmol) were added sequentially to a
precooled solution of compound 22 (303 mg, 0.6 mmol) in anhydrous
THF (5 mL) at �78 8C. The reaction was then quenched with buffer solu-
tion (5 mL, pH 7) and extracted with Et2O (4/80 mL). The combined or-
ganic phases were washed with water (10 mL) and brine, dried over
Na2SO4, and then concentrated in vacuo. For the next step in the synthe-
sis, TiCl4 (0.066 mL, 0.6 mmol) was added to a precooled solution of alde-
hyde 18 (243 mg, 0.5 mmol) in THF (5 mL) at �78 8C. The resulting mix-
ture was stirred for 30 min at �78 8C, and then a solution of the TMS
ether (produced above) in THF (3 mL) was added. After the reaction
had been stirred at �78 8C for 2 h, the reaction was quenched with buffer
solution (5 mL, pH 7), and the aqueous phase was extracted with Et2O
(3/20 mL). The combined organic layers were dried (Na2SO4) and then
concentrated in vacuo. Purification by flash-column chromatography on
silica gel (petroleum ether/EtOAc 10:1) provided 23 (334 mg, 68%) as a
colorless oil. Rf=0.39 (petroleum ether/EtOAc 4:1); 1H NMR (300 MHz,
CDCl3): d=7.67–7.63 (m, 4H), 7.52 (s, 1H), 7.43–7.37 (m, 6H), 7.13 (d,
J=8.7 Hz, 2H), 6.81 (d, J=8.4 Hz, 2H), 4.71 (d, J=1.2 Hz, 2H), 4.39
(br s, 2H), 4.40–4.22 (m, 2H), 4.15 (m, 1H), 3.89 (m, 1H), 3.78 (s, 3H),
3.80–3.62 (m, 3H), 3.37 (br s, 1H), 2.71 (dd, J=15.3, 7.5 Hz, 1H), 2.54–
2.49 (m, 3H), 2.17 (m, 1H), 1.81–1.59 (m, 6H), 1.38 (m, 1H), 1.04 (s,
9H), 0.90 (s, 9H), 0.88 (s, 9H), 0.09 (s, 6H), 0.07 ppm (s, 6H); 13C NMR
(125 MHz, CDCl3): d=210.3, 162.4, 159.2, 141.6, 135.5 (4C), 135.0, 133.7,
133.6, 130.4, 129.6 (2C), 129.4 (2C), 127.6 (4C), 113.8 (2C), 72.9, 72.5,
71.5, 71.4, 68.4, 64.5, 60.2, 58.3, 55.2, 50.7, 48.7, 42.3, 41.7, 40.5, 37.1, 26.9
(3C), 25.8 (3C), 25.7(3C), 19.1, 18.3, 18.0, �4.5 (2C), �5.3 ppm (2C); IR
(film): ñ=3500, 3072, 1710, 1614, 1588, 1515, 1251, 1112, 838, 778 cm�1;
HRMS (ESI): calcd for C53H81O9NSi2Na: 982.5132 [M+Na]+ ; found:
982.5111.


Compound 24 : DMAP (12 mg) and benzoyl chloride (0.14 mL,
1.2 mmol) were added sequentially to a solution of 23 (575 mg, 0.6 mmol)
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in dry pyridine (2 mL). After the reaction mixture had been stirred at RT
for 3 h, it was diluted with EtOAc (100 mL), washed with saturated
CuSO4 solution and brine, dried over Na2SO4, and concentrated in vacuo
to give a residue. For the next step in the synthesis, powdered molecular
sieves (400 mg, 4 P) and a preprepared quantity of the methylenation re-
agent [a solution of TiCl4 (3.8 mL, 1.2 mmol) in anhydrous THF (8 mL)
was stirred at 0 8C under argon for 10 min and then at RT for 20 min;
Nysted reagent (5.2 mL, 4.2 mmol) was then added at 0 8C, and the re-
sulting mixture was stirred for a further 30 min at RT to afford the meth-
ylenation reagent as a brown/red mixture] were added sequentially at
0 8C to a solution of the residue in anhydrous THF (10 mL). The reaction
mixture produced was stirred at 0 8C for 15 min and then at RT for 3 h;
after which time, the mixture was poured into saturated aqueous
NaHCO3 (30 mL, ice-cold). Finally, the mixture was extracted with
EtOAc (30 mL), and the organic layer was dried (Na2SO4) and concen-
trated in vacuo. Chromatography of the residue on silica gel (petroleum
ether/EtOAc 60:1) provided 24 (411 mg, 66% overall yield for the two
steps) as a colorless oil. Rf=0.60 (petroleum ether/EtOAc 7:1); [a]20D=


+13.3 (c=1.10 in CHCl3);
1H NMR (300 MHz, CDCl3): d=8.01 (d, J=


6.6 Hz, 2H), 7.66–7.62 (m, 4H), 7.52–7.50 (m, 2H), 7.43–7.35 (m, 8H),
7.10 (d, J=8.4 Hz, 2H), 6.78 (d, J=8.4 Hz, 2H), 5.62–5.51 (m, 1H), 4.89
(s, 1H), 4.86 (s, 1H), 4.69 (s, 2H), 4.40 (d, J=10.8 Hz, 1H; B of AB),
4.29 (d, J=10.8 Hz, 1H; A of AB), 4.28 (d, J=11.7 Hz, 1H), 3.86–3.68
(m, 4H), 3.76 (s, 3H), 3.57–3.51 (br t, 1H), 2.49–2.35 (m, 3H), 2.23–2.16
(m, 2H), 2.00–1.62 (m, 5H), 1.51 (appq, J=12.0 Hz, 1H), 1.35 (appq, J=
11.4 Hz, 1H), 1.03 (s, 9H), 0.90 (s, 9H), 0.84 (s, 9H), 0.09 (s, 6H),
0.08 ppm (d, J=3.6 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=166.1,
162.4, 159.2, 142.6, 142.6, 141.7, 135.8 (4C), 135.4, 134.1, 133.0, 131.1,
130.8, 129.8 (2C), 129.7 (2C), 129.6 (2C), 129.5 (2C), 128.5, 127.8 (2C),
115.6, 113.9 (4C), 74.6, 73.2, 71.7, 71.0, 70.5, 68.5, 60.7, 58.6, 55.4, 42.2,
42.1, 41.0, 40.8, 37.4, 27.1 (3C), 26.0 (6C), 19.4, 18.6, 18.2, �4.4 (2C),
�5.2 ppm (2C); IR (film): ñ=3072, 1717, 1647, 1613, 1587 cm�1; HRMS
(ESI): calcd for C61H87O9NSi3Na: 1062.5760 [M+Na]+; found: 1062.5761.


Compound 26 : DIBAL (0.25 mL, 0.25 mmol, 1m in toluene) was added
dropwise at �78 8C to a solution of 24 (56 mg, 0.054 mmol) in dry CH2Cl2
(3 mL). After the reaction mixture had been stirred at �78 8C for 1 h, the
reaction was quenched with MeOH (0.25 mL), and then MgSO4 (3 g) and
Et2O (100 mL) were added. The resulting suspension was stirred at RT
for 3 h, and then filtered through Celite. This filtrate was concentrated in
vacuo to give a residue. For the next step in the synthesis, triethylamine
(0.3 mL) was added to a solution of the residue in anhydrous CH2Cl2
(3 mL). Methanesulfonyl chloride (0.1 mL, 1.4 mmol) was added to the
mixture above, which had been precooled to 0 8C, and the mixture was
stirred at 0 8C for a further 30 min. After this time, the mixture was dilut-
ed with EtOAc (50 mL), washed with water (10 mL) and brine, dried
over Na2SO4, and then concentrated in vacuo to give a second residue.
Buffer (0.5 mL, pH 7) and DDQ (18 mg, 0.08 mmol) were added to a so-
lution of this residue in CH2Cl2 (2 mL) at RT. The mixture was stirred
vigorously for 2 h, and then quenched with saturated aqueous sodium bi-
carbonate (2 mL). The separated aqueous phase was extracted with
CH2Cl2 (20 mL), and the combined organic extracts were dried and then
evaporated to dryness in vacuo. Purification by chromatography (EtOAc/
petroleum ether 10:1) gave 26 (32 mg, 67% yield for three steps) as a
colorless oil. Rf=0.58 (petroleum ether/EtOAc 4:1); [a]20D=++13.0 (c=0.3
in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.68–7.65 (m, 4H), 7.56 (s,
1H), 7.44–7.37 (m, 6H), 5.12–5.02 (m, 1H), 4.97 (s, 1H), 4.95 (s, 1H),
4.71 (s, 2H), 4.34 (d, J=12.6 Hz, 1H), 4.11–4.02 (m, 1H), 3.93–3.83 (m,
3H), 3.66 (br t, J=10.2 Hz, 1H), 3.41 (d, J=1.8 Hz, 1H), 3.00 (s, 3H),
2.63 (dd, J=14.1, 5.7 Hz, 1H), 2.48 (dd, J=14.1, 7.2 Hz, 1H), 2.31–2.16
(m, 3H), 1.94–1.64 (m, 5H), 1.58 (appq, J=12.0 Hz, 1H), 1.34 (appq, J=
11.4 Hz, 1H), 1.04 (s, 9H), 0.90 (s, 9H), 0.88 (s, 9H), 0.09 (s, 6H),
0.07 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=162.5, 141.8, 141.4,
135.5 (4C), 135.3, 133.0, 129.8 (2C), 127.7 (4C), 116.3, 78.8, 71.6, 71.2,
71.1, 69.6, 68.2, 63.2, 58.3, 44.1, 42.6, 41.5, 40.5, 40.2, 38.3, 38.1, 26.8 (3C),
25.8 (3C), 25.7 (3C), 19.0, 18.3, 18.0, �4.6 (2C), �5.4 ppm (2C); IR
(film): ñ=3359, 3073, 1653, 1590 cm�1; HRMS (ESI): calcd for
C47H77O8NSSi3Na: 922.4570 [M+Na]+ ; found: 922.4575.


Compound 27: A solution of 26 (22.0 mg, 0.024 mmol), acetonitrile
(5 mL), and triethylamine (1 mL) was refluxed for 24 h. After this time,


water (5 mL) was added to the reaction mixture, which was then extract-
ed with EtOAc (2/15 mL), washed with brine, dried over Na2SO4, and
finally concentrated in vacuo. Purification of the residue by flash chroma-
tography (petroleum ether 20:1) provided 27 (16 mg, 83%) as a colorless
oil. Rf=0.49 (petroleum ether/EtOAc 10:1); [a]25D=�14.2 (c=0.35 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=7.68–7.65 (m, 4H), 7.47 (s,
1H), 7.40–7.37 (m, 6H), 4.72 (d, J=5.4 Hz, 2H), 4.72 (s, 2H), 4.27 (d, J=
10.8 Hz, 1H), 4.02 (appq, J=6.0 Hz, 1H), 3.93 (appq, J=6.0 Hz, 1H),
3.83–3.67 (m, 3H), 3.55–3.49 (m, 1H), 2.36 (br s, 1H), 2.35 (br s, 1H),
2.16–2.12 (m, 1H), 2.07–1.95 (m, 3H), 1.92–1.88 (m, 1H), 1.85–1.79 (m,
1H), 1.70–1.62 (m, 1H), 1.54–1.48 (m, 2H), 1.33–1.20 (m, 1H), 1.04 (s,
9H), 0.89 (s, 9H), 0.86 (s, 9H), 0.09 (s, 6H), 0.034 (s, 3H), 0.028 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=162.4, 142.2, 141.8, 135.7 (4C),
135.2, 135.0, 134.0, 129.7 (2C), 127.8 (2C), 127.7 (2C), 110.4, 73.0, 71.4,
69.0, 68.7, 68.6, 60.7, 58.5, 41.2, 40.8, 40.0, 39.6, 39.4, 36.5, 27.0 (3C), 25.8
(6C), 19.3, 18.5, 18.1, �4.4 (2C), �5.3 ppm (2C); IR (film): ñ=3073,
1655, 1429, 1255, 1093, 1112 cm�1; HRMS (ESI): calcd for C46H73O6NSi3-
Na: 842.4633 [M+Na]+ ; found: 842.4638.


Alcohol 28 : NH4F (77 mg, 2.1 mmol) was added to a solution of 27
(107 mg, 0.13 mmol) in MeOH (2.0 mL). The resulting mixture was im-
mediately heated to 50 8C and then stirred for another 25 min. After this
time, the mixture was quenched with saturated NH4Cl solution and then
diluted with EtOAc (200 mL). The organic layer produced was washed
with brine, dried (Na2SO4), and concentrated in vacuo. Chromatography
of the residue on silica gel (petroleum ether/EtOAc 4:1) provided 28
(74 mg, 81%) as a colorless oil. Rf=0.40 (petroleum ether/EtOAc 2:1);
[a]25D=�19.0 (c=0.55 in CHCl3); 1H NMR (300 MHz, CDCl3): d=7.70–
7.65 (m, 4H), 7.47 (s, 1H), 7.45–7.27 (m, 6H), 4.74 (s, 2H), 4.70 (s, 2H),
4.28 (d, J=11.7 Hz, 1H), 4.04 (m, 1H), 3.93 (s, 1H), 3.72–3.38 (m, 3H),
3.54–3.50 (m, 1H), 3.15 (br s, 1H), 2.77–2.33 (m, 2H), 2.10–0.80 (m, 6H),
1.80–1.60 (m, 3H), 1.30–1.10 (m, 1H), 1.04 (s, 9H), 0.87 (s, 9H),
0.04 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=163.0, 142.0, 141.7,
135.5 (4C), 135.1, 133.8 (2C), 129.6 (2C), 127.6 (4C), 110.3, 72.9, 71.1,
68.9, 68.6, 68.4, 60.5, 57.5, 41.1, 40.6, 39.7, 39.5, 39.3, 36.4, 26.9 (3C), 25.8
(3C), 19.2, 18.0, �4.5 ppm (2C); IR (film): ñ=3300, 2952, 2931,
1473 cm�1; HRMS (ESI): calcd for C40H59O6NSi2Na: 728.3773 [M+Na]+ ;
found: 728.3774.


Segment 3 : Diisopropylethylamine (DIPEA, 130 mL, 0.78 mmol) and
methanesulfonyl chloride (36 mL, 0.47 mmol) were added to a solution of
28 (280 mg, 0.39 mmol) in dry CH2Cl2 (8 mL), which had been precooled
in an ice-salt bath. The resulting mixture was stirred for another 1.5 h,
and then run through a short pad of silica gel, eluting with petroleum
ether/EtOAc 10:1, to provide 3 (331 mg, 90%) as a colorless oil. Rf=0.39
(petroleum ether/EtOAc 4:1); [a]25D=�20.1 (c=0.45 in CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.69–7.65 (m, 4H), 7.56 (s, 1H), 7.45–7.36 (m,
6H), 5.26 (s, 2H), 4.47 (s, 2H), 4.28 (d, J=10.8 Hz, 1H), 4.06–4.03 (m,
1H), 3.96–3.88 (m, 1H), 3.88–3.71 (m, 3H), 3.61–3.50 (m, 1H), 3.08 (s,
3H), 2.35 (dd, J=13.2, 3.6 Hz, 2H), 2.20–1.80 (m, 6H), 1.78–1.40 (m,
3H), 1.39–1.20 (m, 1H), 1.04 (s, 9H), 0.87 (s, 9H), 0.05 (s, 3H), 0.05 ppm
(s, 3H); 13C NMR (75 MHz, CDCl3): d=156.5, 142.9, 142.0, 136.6, 135.5
(4C), 133.9 (2C), 129.6 (2C), 127.6 (4C), 110.3, 73.0, 71.0, 68.9, 68.6,
68.3, 61.9, 60.5, 41.1, 40.6, 39.7, 39.5, 39.3, 38.4, 36.4, 26.9(3C), 25.8 (3C),
19.2 (2C), �4.4 ppm (2C); IR (film): ñ=2953, 2931, 2858, 1363 cm�1;
HRMS (ESI): calcd for C41H62O8NSSi2: 784.3729 [M+H]+ ; found:
784.3728.


Alcohol 31: Compound (�)-30 (158 mL, 158 mmol, 1.0m solution in tolu-
ene) was added dropwise to a slurry of powdered molecular sieves (14 g,
4 P) in anhydrous toluene (50 mL) under argon at RT. After the result-
ing reaction mixture had been stirred for 30 min at RT, it was cooled to
�78 8C and a solution of 29 (10.19 g, 78.3 mmol) in toluene (75 mL) was
added dropwise over 1 h. The reaction mixture was stirred at �78 8C for
10 h, and was then quenched with NaOH (2n, 145 mL). This mixture was
stirred for a further 15 min at RT, before being filtered. The aqueous
layer was extracted with Et2O (3/200 mL), and the resulting organic ex-
tracts were combined and concentrated in vacuo. Chromatography of the
residue on silica gel (petroleum ether/EtOAc 20:1) provided 31 as color-
less oil (9.46 g, 65%). Rf=0.46 (petroleum ether/EtOAc 10:1); [a]25D=


+20.3 (c=0.80 in CHCl3);
1H NMR (300 MHz, CDCl3): d=5.94–5.82 (m,
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1H), 5.10–5.02 (m, 2H), 4.11 (q, J=6.3 Hz, 1H), 4.01 (dd, J=8.1, 6.3 Hz,
1H), 3.74 (dd, J=7.8, 7.2 Hz, 1H), 3.40 (q, J=5.1 Hz, 1H), 2.30–2.22 (m,
1H), 1.43 (s, 3H), 1.37 (s, 3H), 1.11 ppm (d, J=6.9 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=139.5, 115.3, 109.1, 77.1, 75.2, 66.0, 41.2, 26.5, 25.4,
16.7 ppm; IR (film): ñ=3490, 2986, 1640, 1457, 1372 cm�1; HRMS (ESI):
calcd for C10H18O3Na: 209.1148 [M+Na]+ ; found: 209.1148.


Ester 32 : DMAP (0.060 g, 0.049 mmol) and triethylamine (3.0 mL,
21.24 mmol) were added sequentially to a solution of 31 (0.658 g,
3.54 mmol) in CH2Cl2 (20 mL). The reaction mixture was then cooled to
0 8C, and acetyl anhydride (1.0 mL, 10.62 mmol) was added dropwise;
this mixture was stirred at RT overnight. After this time, the mixture was
diluted with CH2Cl2 (100 mL) and washed with H2O (3/10 mL), saturat-
ed aqueous NaHCO3 solution (10 mL), and brine (10 mL). Finally, the
mixture was dried over Na2SO4 and then concentrated in vacuo. Chroma-
tography of the residue on silica gel (petroleum ether/EtOAc 20:1) pro-
vided 32 (0.766 g, 95%) as a colorless oil. Rf=0.53 (petroleum ether/
EtOAc 10:1); [a]20D=++9.8 (c=1.0 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=5.79–5.67 (m, 1H), 5.08–5.01 (m, 2H), 4.88 (t, J=6.0 Hz,
1H), 4.23 (q, J=6.3 Hz, 1H), 4.01 (dd, J=8.4, 6.6 Hz, 1H), 3.66 (dd, J=
8.1, 6.3 Hz, 1H), 2.50–2.40 (m, 1H), 2.10 (s, 3H), 1.42 (s, 3H), 1.35 (s,
3H), 1.06 ppm (d, J=4.5 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=170.6,
139.1, 115.7, 109.5, 75.8, 75.2, 65.7, 39.8, 26.1, 25.5, 20.9, 16.8 ppm; IR
(film): ñ=1742, 1643, 1238, 1065, 1025 cm�1; HRMS (ESI): calcd for
C12H20O4Na: 251.1254 [M+Na]+ ; found: 251.1257.


Aldehyde 33 : A solution of 32 (3.0 g, 13.2 mmol) in MeOH (120 mL) was
cooled to �78 8C, and then a stream of ozone/oxygen was bubbled into
the reaction mixture until it turned light blue. Oxygen was bubbled into
the reaction mixture for 1 h, and then Ph3P (4.2 g, 15.8 mmol) was added
at �78 8C. This mixture was then warmed to RT and stirred for a further
2 h, before being concentrated in vacuo. Chromatography of the residue
on silica gel (petroleum ether/EtOAc 20:1) provided 33 (2.55 g, 85%) as
a colorless oil. Rf=0.59 (petroleum ether/EtOAc 4:1); [a]20D=++41.4 (c=
1.0 in CHCl3);


1H NMR (300 MHz, CDCl3): d=9.71 (d, J=2.4 Hz, 1H),
5.16 (dd, J=6.6, 3.0 Hz, 1H), 4.33 (m, 1H), 4.03 (dd, J=8.7, 6.9 Hz, 1H),
3.74 (dd, J=8.4, 5.4 Hz, 1H), 2.81 (m, 1H), 2.10 (s, 3H), 1.43 (s, 3H),
1.34 (s, 3H), 1.16 ppm (d, J=7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3):
d=201.9, 170.6, 109.8, 75.3, 72.8, 65.5, 48.0, 25.9, 25.3, 20.7, 11.1 ppm; IR
(film): ñ=2989, 1747, 1695, 1374 cm�1; HRMS (ESI): calcd for
C11H18O5K: 269.0785 [M+K]+ ; found: 269.0787.


Diol 34 : Compound (+)-30 (30 mL, 30 mmol, 1.0m solution in toluene)
was added dropwise to a slurry of powdered molecular sieves (3 g, 4 P)
in anhydrous toluene (10 mL) under argon at RT. After the reaction mix-
ture had been stirred for 30 min at RT, the mixture was cooled to �78 8C,
and then a solution of aldehyde 33 (3.37 g, 14.6 mmol) in toluene
(20 mL) was added dropwise over 30 min at �78 8C. The reaction mixture
was stirred at �78 8C for 8 h, and was then warmed to RT overnight.
After this time, the mixture was quenched with NaOH solution (2n,
20 mL) and filtered. The aqueous layer was extracted with Et2O (3/
50 mL), and the combined organic layers were concentrated in vacuo to
give a residue. NaOH solution (2n, 20 mL) was then added to a solution
of the residue in diethyl ether (200 mL), and the resulting mixture was
heated to reflux for 24 h. After this time, the mixture was extracted with
diethyl ether (3/100 mL), washed with brine, dried over Na2SO4, and
then concentrated in vacuo. Chromatography of the residue on silica gel
(petroleum ether/EtOAc 4:1) provided 34 (2.49 g, 70%) as a colorless
oil. Rf=0.40 (petroleum ether/EtOAc 1:1); [a]20D=++9.9 (c=0.45 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=5.68–5.80 (m, 1H), 5.11–5.18
(m, 2H), 4.24–4.30 (m, 1H), 4.03 (dd, J=8.1, 6.9 Hz, 1H), 3.80 (dd, J=
8.1, 7.2 Hz, 1H), 3.69 (dt, J=9.6, 1.8 Hz, 1H), 3.52–3.58 (m, 1H), 2.25–
2.28 (m, 1H), 1.73–1.78 (m, 1H), 1.46 (s, 3H), 1.40 (s, 3H), 1.01 (d, J=
7.2 Hz, 3H), 0.95 ppm (d, J=6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3):
d=141.70, 115.77, 109.10, 76.74, 74.54, 73.45, 66.12, 41.83, 36.62, 26.29,
25.17, 16.16, 9.44 ppm; IR (film): ñ=3457, 1641 cm�1; HRMS (ESI):
calcd for C13H24O4Na: 267.1567 [M+Na]+ ; found: 267.1565.


Alcohol 35 : A solution of diol 34 (0.982 g, 4.0 mmol) in dry toluene
(30 mL) was added dropwise to a mixture of Hg(OAc)2 (1.91 g,
6.0 mmol) in dry toluene (70 mL) at 0 8C under a nitrogen atmosphere.
After the mixture had been stirred at 0 8C for 8 h, I2 (2.13 g, 8.4 mmol)


was added. The resulting mixture was then warmed to RT and stirred for
12 h. After this time, the mixture was quenched with a mixture of saturat-
ed aqueous NaHCO3/Na2S2O3 5:1, and the organic and aqueous layers
were separated. The aqueous phase was extracted with EtOAc (100 mL),
and then the organic extracts were combined and washed with brine,
dried over Na2SO4, and concentrated in vacuo. Chromatography of the
residue on silica gel (petroleum ether/EtOAc 4:1) provided 35 (1.06 g,
71%) and 36 (0.212 g, 14%) as colorless oils.


Compound 35 : Rf=0.36 (petroleum ether/EtOAc 2:1); [a]20D=++70.3 (c=
0.65 in CHCl3);


1H NMR (300 MHz, CDCl3): d=4.32–4.21 (m, 2H), 4.00
(dd, J=6.9, 6.9 Hz, 1H), 3.59–3.54 (m, 1H), 3.45–3.38 (m, 1H), 3.28 and
3.10 (AB of ABX, JAB=9.9, JAX=9.9, JBX=5.4 Hz), 2.92 (dd, J=10.2,
1.8 Hz, 1H), 2.22–2.14 (m, 1H), 1.94–1.84 (m, 1H), 1.68 (d, J=5.7 Hz,
1H), 1.39 (d, J=5.4 Hz, 6H), 1.01 (d, J=6.3 Hz, 3H), 0.87 ppm (d, J=
6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=109.1, 79.9, 78.8, 76.3, 74.7,
65.3, 38.2, 33.5, 26.1, 25.7, 12.4, 5.8, 5.5 ppm; IR (film): ñ=3455, 2983,
1458, 1379 cm�1; HRMS (ESI): calcd for C13H23O4NaI: 393.0533
[M+Na]+ ; found: 393.0535.


Compound 36 : Rf=0.34 (petroleum ether/EtOAc 2:1); [a]20D=++4.1 (c=
0.97 in CHCl3);


1H NMR (300 MHz, CDCl3): d=4.34–4.31 (m, 1H),
4.13–4.02 (m, 2H), 3.63–3.59 (m, 1H), 3.52–3.44 (m, 2H), 3.30–3.22 (m,
2H), 1.99–1.88 (m, 2H), 1.49 (s, 3H), 1.41 (s, 1H; OH), 1.39 (s, 3H), 1.17
(d, J=7.2 Hz, 3H), 0.96 ppm (d, J=6.9 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=109.8, 77.7, 75.0, 72.8, 72.6, 66.0, 37.0, 35.5, 26.4, 25.5, 17.6,
13.3, 10.7 ppm; IR (film): ñ=3468, 2982, 2880, 1458, 1380 cm�1; HRMS
(ESI): calcd for C13H23O4NaI: 393.0533 [M+Na]+ ; found: 393.0529.


PMB ether 37: A solution of BF3·Et2O (0.42 mL, 1m in CH2Cl2) was
slowly added to a mixture of alcohol 35 (716 mg, 1.93 mmol) and
Cl3CC(NH)OPMB reagent (6 mL, approximately 2.7 mmol) in dry
CH2Cl2 (3 mL) at 0 8C under a nitrogen atmosphere. A significant
amount of a white solid was observed to immediately precipitate. After
the mixture had been stirred at 0 8C for 30 min, the suspension was fil-
tered, the solid was washed with a mixture of CH2Cl2/hexane (1:2, 2/
5 mL), and the filtrate was washed with saturated aqueous NaHCO3 solu-
tion (20 mL). The organic extracts were then combined, washed with
brine, dried over Na2SO4, and concentrated in vacuo. Chromatography of
the residue on silica gel (petroleum ether/EtOAc 20:1) provided 37
(750 mg, 79.3%) as colorless oil. Rf=0.60 (petroleum ether/EtOAc 4:1);
[a]20D=++58.4 (c=1.55 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.27
(d, J=7.5 Hz, 2H), 6.88 (d, J=7.5 Hz, 2H), 4.59 and 4.30 (AB, JAB=
10.8 Hz), 4.29–4.19 (m, 2H), 3.98 (dd, J=6.9 Hz, 6.0 Hz, 1H), 3.80 (s,
3H), 3.50 (dd, J=7.2, 1.8 Hz, 1H), 3.29 (dd, J=9.9, 1.5 Hz, 1H), 3.13–
3.08 (m, 2H), 2.90 (d, J=10.2 Hz, 1H), 2.35 (m, 1H), 2.05–1.98 (m, 1H),
1.39 (s, 3H), 1.36 (s, 3H), 0.97 (d, J=6.3 Hz, 3H), 0.86 ppm (d, J=
6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=159.2, 130.6, 129.1 (2C),
113.8 (2C), 109.1, 82.7, 80.4, 78.7, 74.9, 69.7, 65.3, 55.3, 34.0, 32.2, 26.1,
25.9, 12.8, 6.3, 4.8 ppm; IR (film): ñ=2982, 1614, 1587, 1514, 1459 cm�1;
HRMS (ESI) calcd for C21H31O5NaI: 513.1108 [M+Na]+ ; found:
513.1110.


Nitrile 38 : NaCN (157 mg, 4.05 mmol) was added to a solution of 37
(750 mg, 1.53 mmol) in DMSO (3 mL). The mixture was then heated to
75 8C and stirred for 12 h at this temperature. After this time, the mixture
was cooled to RT, diluted with Et2O (200 mL), washed with H2O and
brine, dried over Na2SO4, and then concentrated in vacuo. Chromatogra-
phy of the residue on silica gel (petroleum ether/EtOAc 8:1) provided 38
(482 mg, 81%) as a colorless oil. Rf=0.29 (petroleum ether/EtOAc 4:1);
[a]20D=++52.8 (c=0.57 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.27
(d, J=8.6 Hz, 2H), 6.87 (d, J=8.6 Hz, 2H), 4.58 and 4.29 (AB, JAB=
11.1 Hz), 4.27 (m, 1H), 4.08 and 3.97 (AB of ABX, JAB=8.1, JAX=6.6,
JBX=8.1 Hz), 3.81 (s, 3H), 3.70–3.65 (m, 1H), 3.15 (dd, J=10.8, 4.8 Hz,
1H), 2.97 (dd, J=10.5, 2.1 Hz, 1H), 2.67 and 2.46 (AB of ABX, JAB=
16.2, JAX=7.2, JBX=6.6 Hz), 2.23 (m, 1H), 2.10–1.95 (m, 1H), 1.36 (d, J=
6.6 Hz, 6H), 0.98 (d, J=6.6 Hz, 3H), 0.93 ppm (d, J=6.9 Hz, 3H);
13C NMR (75 MHz, CDCl3): d=159.2, 130.3, 129.2 (2C), 117.5, 113.8
(2C), 109.2, 82.2, 80.6, 74.7, 74.0, 69.7 (2C), 65.2, 55.3, 33.6, 32.1, 25.9,
21.7, 12.8, 5.3 ppm; IR (film): ñ=2983, 2251, 1614, 1587, 1514 cm�1;
HRMS (ESI): calcd for C22H31O5NaN: 412.2094 [M+Na]+ ; found:
412.2098.
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Alcohol 39 : DIBAL (1.65 mL, 1.65 mmol, 1m in toluene) was added
dropwise to a solution of 38 (248 mg, 0.64 mmol) in dry CH2Cl2 (10 mL)
under argon at �78 8C. After the mixture had been stirred at �78 8C for
1 h, it was quenched with HCl (1n, 15 mL) and extracted with Et2O (3/
50 mL). The combined organic extracts were then washed with saturated
aqueous NaHCO3 and brine, dried over Na2SO4, and concentrated in
vacuo to give a residue. NaBH4 (24 mg, 0.64 mmol) was added to a solu-
tion of the residue in MeOH (2 mL) at 0 8C, and the mixture was stirred
for 30 min. After this time, the mixture was quenched with saturated
aqueous NH4Cl and extracted with Et2O (3/50 mL). The combined or-
ganic extracts were washed with brine, dried over Na2SO4, and concen-
trated in vacuo. Chromatography of the residue on silica gel (petroleum
ether/EtOAc 4:1) provided 39 (181 mg, 72% overall yield for the two
steps) as colorless oil. Rf=0.41 (petroleum ether/EtOAc 1:1); [a]20D=


+43.7 (c=1.0 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.27 (d, J=


8.6 Hz, 2H), 6.87 (d, J=8.6 Hz, 2H), 4.57 and 4.27 (AB, JAB=11.3 Hz),
4.26 (m, 1H), 4.07 and 3.97 (AB of ABX, JAB=8.1, JAX=6.6, JBX=
3.9 Hz), 3.81 (s, 3H), 3.80–3.76 (m, 2H), 3.55 (ddd, J=10.8, 2.7, 2.7 Hz,
1H), 3.32–3.29 (m, 1H), 3.12 (dd, J=10.5, 5.1 Hz, 1H), 2. (dd, J=10.2,
2.4 Hz, 1H), 2.10–1.90 (m, 3H), 1.53 (m, 1H), 1.46 (s, 3H), 1.31 (s, 3H),
0.97 (d, J=2.1 Hz, 3H), 0.94 ppm (d, J=1.2 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=159.2, 130.7, 129.3 (2C), 113.9 (2C), 110.0, 83.3,
82.8, 80.1, 74.8, 69.6, 66.5, 62.5, 55.4, 35.2, 34.8, 32.1, 26.0, 25.5, 12.9,
6.4 ppm; IR (film): ñ=3485, 2979, 1614, 1587, 1514 cm�1; HRMS (ESI):
calcd for C22H34O6Na 417.2247 [M+Na]+ ; found: 417.2249.


TBDPS ether 40 : Triethylamine (0.107 mL, 0.76 mmol), TBDPSCl
(0.182 mL, 0.663 mmol), and DMAP (6.2 mg, 0.051 mmol) were added to
a solution of 39 (200 mg, 0.51 mmol) in CH2Cl2 (4 mL) under argon. The
reaction mixture was stirred at RT for 3 h and then diluted with Et2O
(150 mL), washed with brine (/2), dried over Na2SO4, and concentrated
in vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 30:1) provided 40 (296 mg, 92%) as a colorless oil. Rf=0.57 (pe-
troleum ether/EtOAc 10:1); [a]20D=++43.6 (c=0.375 in CHCl3); H NMR
(300 MHz, CDCl3): d=7.66 (m, 4H), 7.45–7.36 (m, 6H), 7.27 (d, J=
8.7 Hz, 2H), 6.87 (d, J=8.7 Hz, 2H), 4.57 and 4.27 (AB, JAB=11.4 Hz),
4.22 (ddd, J=6.0, 6.0, 1.5 Hz, 1H), 3.92–3.75 (m, 4H), 3.81 (s, 3H), 3.51
(m, 1H), 3.11 (dd, J=10.5, 4.5 Hz, 1H), 2.77 (dd, J=9.9, 1.5 Hz, 1H),
2.02–1.97 (m, 2H), 1.90–1.75 (m, 1H), 1.60–1.55 (m, 1H), 1.33 (s, 6H),
1.05 (s, 9H), 0.95 (d, J=6.6 Hz, 3H), 0.87 ppm (d, J=6.9 Hz, 3H);
13C NMR (75 MHz, CDCl3): d=159.0, 135.4 (4C), 133.9, 133.8, 130.8,
129.5 (2C), 129.0 (2C), 127.6 (4C), 113.6 (2C), 108.9, 83.4, 79.9, 75.1,
74.4, 69.3, 65.1, 60.8, 55.2, 36.1, 34.4, 32.3, 26.8 (3C), 26.0, 25.7, 19.2, 13.0,
5.8 ppm; IR (film): ñ=3702, 2959, 1614, 1588, 1514 cm�1; HRMS (ESI):
calcd for C38H52O6NaSi: 655.3425 [M+Na]+ ; found: 655.3427.


Ketone 42 : HIO4 (71 mg, 0.315 mmol) was added to a solution of 40
(94 mg, 0.15 mmol) in EtOAc (4 mL) at 0 8C. The resulting solution was
stirred at 0 8C for 6 h, and was then quenched by the addition of a mix-
ture of saturated aqueous NaHCO3/Na2S2O3 (5:1, 10 mL). The resulting
mixture was then diluted with Et2O (150 mL), and the organic layer was
washed with brine, dried (Na2SO4), filtered, and concentrated in vacuo to
give a residue. MeLi (0.2 mL, 0.32 mmol, 1.6m solution in Et2O) was
added to a precooled solution of this residue in THF (4 mL) at �78 8C
under argon. The resulting mixture was stirred at �78 8C for 1 h, and was
then quenched with aqueous NH4Cl solution at �78 8C and extracted
with Et2O (150 mL). The organic layer was washed with brine, dried
(Na2SO4), filtered, and concentrated in vacuo to give a second residue.
Dess–Martin periodinane (83 mg, 0.2 mmol) was added to a solution of
this residue in CH2Cl2 (3 mL) at RT. This reaction mixture was stirred at
RT for 2 h. After this time, the reaction was quenched with saturated
aqueous NaHCO3/Na2S2O3 (10 mL, 5:1) and extracted with Et2O
(150 mL). As above, the organic layer was washed with brine, dried
(Na2SO4), filtered, and concentrated in vacuo. Chromatography of the
residue on silica gel (petroleum ether/EtOAc 20:1) provided 42 (49 mg,
58% overall yield for the three steps) as colorless oil. Rf=0.69 (petro-
leum ether/EtOAc 6:1); [a]20D=++53.6 (c=0.55 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.66–7.62 (m, 4H), 7.41–7.36 (m, 6H), 7.27 (d, J=
8.7 Hz, 2H), 6.87 (d, J=8.7 Hz, 2H), 4.56 and 4.29 (AB, JAB=11.1 Hz),
3.80 (s, 3H), 3.78–3.73 (m, 2H), 3.64 (m, 1H), 3.31 (d, J=10.5 Hz, 1H),
3.17 (dd, J=9.9, 4.2 Hz, 1H), 2.12 (s, 3H), 2.11 (m, 1H), 1.86–1.68 (m,


3H), 1.05 (s, 9H), 0.94 (d, J=6.9 Hz, 3H), 0.89 ppm (d, J=6.6 Hz, 3H);
13C NMR (75 MHz, CDCl3): d=206.9, 158.6, 134.9 (4C), 134.2 (2C),
129.8, 129.1 (2C), 128.8 (2C), 127.1 (4C), 113.2 (2C), 87.2, 82.4, 74.2,
69.1, 59.9, 54.7, 35.3, 33.7, 31.8, 26.3 (3C), 24.8, 18.7, 12.3, 5.5 ppm; IR
(film): ñ=3072, 2932, 1720, 1614, 1588, 1515 cm�1; HRMS (ESI): calcd
for C35H46O5NaSi: 597.3006 [M+Na]+ ; found: 597.2994.


Oxazole 5 : LDA (0.23 mL, 0.138 mmol, 0.6m solution in THF) was added
to a solution of 43 (29 mg, 0.14 mmol) in THF (0.5 mL) at �78 8C under
argon. The resulting mixture was stirred for 30 min at �78 8C, and then a
solution of ketone 42 (13 mg, 0.023 mmol) in anhydrous THF (0.3 mL)
was added. After the addition, the reaction mixture was warmed to RT,
quenched with saturated aqueous NH4Cl solution, and extracted with
Et2O (2/50 mL). The combined organic layers were washed with brine,
dried (Na2SO4), filtered, and concentrated in vacuo. Chromatography of
the residue on silica gel (petroleum ether/EtOAc 10:1) provided 5
(8.6 mg, 78% yield, 3.4 mg of 42 was recovered) as a colorless oil. Rf=
0.56 (petroleum ether/EtOAc 4:1); [a]20D=++38 (c=0.13 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.68–7.64 (m, 4H), 7.49 (s, 1H), 7.40–
7.35 (m, 6H), 7.28 (d, J=8.5 Hz, 2H), 6.88 (d, J=8.5 Hz, 2H), 6.17 (s,
1H), 4.56 and 4.28 (AB, JAB=11.1 Hz), 3.81 (s, 3H), 3.79–3.66 (m, 3H),
3.41 (d, J=10.5 Hz, 1H), 3.20 (dd, J=10.8, 4.8 Hz, 1H), 2.45 (s, 3H),
2.15–2.09 (m, 1H), 1.88 (d, J=1.5 Hz, 3H), 1.86–1.70 (m, 3H), 1.05 (m,
9H), 0.94 (d, J=6.9 Hz, 3H), 0.82 ppm (d, J=6.6 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=160.5, 159.1, 138.2, 137.9, 135.5 (4C), 134.0, 133.9,
130.7, 129.5 (2C), 129.3 (3C), 127.6 (5C), 118.4, 113.8 (2C), 88.9, 83.5,
74.8, 69.6, 60.8, 55.3, 35.8, 34.2, 33.3, 26.9 (3C), 19.2, 14.2, 13.8, 13.7,
6.0 ppm; IR (film): ñ=3072, 2931, 1614, 1587, 1514, 1462 cm�1; HRMS
(ESI): calcd for C40H51O5NSiNa: 676.3428 [M+Na]+ ; found: 676.3411.


Ester 45 : 1,3-Propanediol (7.6 g, 100 mmol) in THF (50 mL) was added
to a suspension of NaH (4.0 g, 100 mmol, 60% in oil) in THF (100 mL)
at RT. After the mixture had been stirred for 45 min, a solution of
TBSCl (15 g, 100 mmol) in THF (50 mmol) was added dropwise at 0 8C.
The mixture was stirred for a further 1 h, before being quenched with sa-
turated aqueous NaHCO3 (200 mL). This mixture was extracted with
Et2O (3/300 mL) and the combined organic phases were washed with
brine (/2), dried (Na2SO4), filtered, and concentrated in vacuo to give a
residue. For the next step in the synthesis, PCC (43.2 g, 200 mmol) was
added to a solution of the residue in CH2Cl2 (150 mL) at 0 8C, and the re-
sulting mixture was stirred at RT overnight. After this time, the CH2Cl2
was removed in vacuo and the residue produced was dissolved in Et2O
(400 mL). The mixture was stirred for 1 h, before being filtered through
netural Al2O3 and concentrated in vacuo to give a residue.
Ph3PCHCO2Et (38 g, 100 mmol) was added to a solution of this residue
in freshly distilled benzene (400 mL), and the resulting mixture was re-
fluxed for 24 h. After this time, the solvent was removed under reduced
pressure, and the residue produced was dissolved in CH2Cl2 (20 mL),
before being further diluted with petroleum ether (400 mL). At this point
a substantial quantity of Ph3PO precipitated out of the reaction mixture.
After filtration, the filtrate was concentrated in vacuo, and the resultant
residue was treated as above one more time. Chromatography of the resi-
due on silica gel (petroleum ether/EtOAc 60:1) provided 45 (13.2 g, 51%
overall yield for the three steps) as a colorless oil. Rf=0.63 (petroleum
ether/EtOAc 20:1); 1H NMR (300 MHz, CDCl3): d=6.97 (dt, J=15.3,
7.2 Hz, 1H), 5.87 (dt, J=15.9, 1.5 Hz, 1H), 4.19 (q, J=6.9z, 2H), 3.74 (t,
J=6.9 Hz, 2H), 2.42 (qd, J=6.6, 1.2 Hz, 2H), 1.29 (t, J=6.9 Hz, 3H),
0.89 (s, 9H), 0.06 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=166.4,
145.7, 122.9, 61.5, 60.0, 35.6, 25.8 (3C), 18.2, 14.2, �5.4 ppm (2C); IR
(film): ñ=2952, 2117, 1650, 1471, 1018 cm�1; HRMS (ESI): calcd for
C13H26O3SiNa: 281.1543 [M+Na]+ ; found: 281.1548.


Diol 46 : (Dihydroquinidine)2-phthalazine [(DHQD)2-PHAL, 290 mg,
0.4 mmol, 1 mol%] and potassium osmate (29 mg, 0.08 mmol, 0.2 mol%)
were added to a solution of potassium ferricyanide (32 g, 120 mmol) and
potassium carbonate (16.6 g, 120 mmol) in a mixture of tBuOH and
water (1:1, 400 mL) at RT. Compound 45 (10.3 g, 40 mmol) was then
added to the mixture, and it was vigorously stirred at RT until the reac-
tion had finished (approximately 12 h). After this time, the reaction was
quenched with sodium sulfite (60 g). The aqueous phase was extracted
with EtOAc (4/300 mL), and the combined organic layers were washed
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with brine, dried (Na2SO4), filtered, and concentrated in vacuo. Chroma-
tography of the residue on silica gel (petroleum ether/EtOAc 4:1) provid-
ed 46 as a colorless oil (10.2 g, 87% yield, 86% ee as determined by
chiral GC analysis). Rf=0.64 (petroleum ether/EtOAc 2:1); [a]20D=�3.5
(c=0.66 in CHCl3);


1H NMR (300 MHz, CDCl3): d=4.28 (q, J=7.5 Hz,
2H), 4.20 (m, 1H), 4.07 (d, J=1.8 Hz, 1H), 3.87 (m, 2H), 3.32 (br s, 2H;
OH), 1.94 (m, 1H), 1.75 (m, 1H), 1.32 (t, J=6.9 Hz, 3H), 0.89 (s, 9H),
0.07 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=173.1, 73.6, 71.9, 61.7,
61.4, 35.2, 25.7 (3C), 18.1, 14.0, �5.6 ppm (2C); IR (film): ñ=3442, 2937,
2859, 1740, 1256, 1101, 837 cm�1; HRMS (ESI): calcd for C13H28O5SiNa:
315.1598 [M+Na]+ ; found: 315.1614.


Alcohol 47: BF3·Et2O (1.1 mL, 0.1m in CH2Cl2) was added to a mixture
of diol 46 (1.1 g, 3.76 mmol) and Cl3CC(NH)OPMB reagent (39 mL, ap-
proximately 17.7 mmol) in dry CH2Cl2 (15 mL) at 0 8C under a nitrogen
atmosphere. A substantial quantity of a white solid was observed to im-
mediately precipitate out of the reaction mixture. After the reaction mix-
ture had been stirred at 0 8C for 30 min, the suspension was filtered. The
solid was washed with a mixture of CH2Cl2/hexane (1:2, 2/5 mL), and
the filtrate was washed with saturated aqueous NaHCO3 solution
(20 mL). The combined organic extracts were washed with brine, dried
over Na2SO4, and then concentrated in vacuo to give a residue. Finally,
LiAlH4 (571 mg, 15 mmol) was added to a solution of the residue in dry
Et2O (100 mL) at 0 8C. After the addition, the mixture was stirred at RT
for 1 h, and then the mixture was quenched with H2O (3 mL), filtered,
and the resulting filtrate was concentrated in vacuo. Chromatography of
the residue on silica gel (petroleum ether/EtOAc 6:1) provided 47
(1.33 g, 72% overall yield for the two steps) as a colorless oil. Rf=0.33
(petroleum ether/EtOAc 3:1); [a]20D=++5.4 (c=1.45 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.20 (d, J=8.4 Hz, 2H), 7.19 (d, J=9 Hz, 2H),
6.81 (d, J=8.4 Hz, 4H), 4.57–4.43 (m, 4H), 3.75 (s, 6H), 3.74 (m, 2H),
3.60 (m, 4H), 1.79 (m, 1H), 1.60 (m, 1H), 0.89 (s, 9H), 0.06 ppm (s, 6H);
13C NMR (75 MHz, CDCl3): d=159.1 (2C), 130.3, 130.2, 129.5 (2C),
129.4 (2C), 113.7 (4C), 78.9, 75.2, 72.4, 72.0, 61.6, 59.2, 55.1 (2C), 32.9,
25.8 (3C), 18.1, �5.3, �5.4 ppm; IR (film): ñ=3456, 2955, 1614, 1587,
1515, 1250, 835, 777 cm�1; HRMS (ESI): calcd for C27H42O6SiNa:
513.2643 [M+Na]+ ; found: 513.2636.


Ester 48 : A solution of dimethyl sulfoxide (DMSO, 0.24 mL, 3.42 mmol)
in CH2Cl2 (5 mL) was added dropwise to a stirred solution of oxalyl chlo-
ride (0.95 mL, 2.3 mmol) in CH2Cl2 (4 mL) at �78 8C under a nitrogen at-
mosphere. The mixture was stirred at �78 8C for 10 min, and then a solu-
tion of the alcohol 47 (560 mg, 1.13 mmol) in CH2Cl2 (3 mL) was added
dropwise. The mixture was stirred at �78 8C for a further 1 h, and then
triethylamine (0.96 mL) was added dropwise. Once the two additions had
been completed, the mixture was warmed to RT and then quenched with
a solution of saturated aqueous potassium hydrogenphosphate (60 mL).
The aqueous layer was extracted with dichloromethane (2/50 mL), and
the combined organic extracts were dried (Na2SO4) and concentrated in
vacuo to give a residue. For the next step in the synthesis, Ph3PCHCO2Et
(517 mg, 1.42 mmol) was added to a solution of the residue in dry CH2Cl2
(20 mL), and the mixture was refluxed for 4 h. After this time, silica gel
(4 g) was added and the solvent removed in vacuo. Chromatography on
silica gel (the residue produced was directly loaded onto the column and
eluted with petroleum ether/EtOAc 10:1) provided 48 (546 mg, 84%
yield for two steps) as a colorless oil. Rf=0.67 (petroleum ether/EtOAc
4:1); [a]20D=�6.6 (c=0.57 in CHCl3); 1H NMR (300 MHz, CDCl3): d=
7.24 (d, J=9 Hz, 2H), 7.23 (d, J=9 Hz, 2H), 6.87 (d, J=9 Hz, 2H), 6.84
(d, J=9 Hz, 2H), 6.72 (dd, J=9.3, 1.5 Hz, 1H), 4.65 and 4.50 (AB, JAB=
11.1 Hz), 4.55 and 4.31 (AB, JAB=11.7 Hz), 4.26 (m, 1H), 4.22 (q, J=
6.9 Hz, 2H), 3.81 (s, 3H), 3.80 (s, 3H), 3.72 (m, 1H), 3.62 (m, 2H), 1.82
(d, J=1.5 Hz, 3H), 1.78–1.63 (m, 2H), 1.32 (t, J=6.9 Hz, 3H), 0.89 (s,
9H), 0.04 (s, 3H), 0.02 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=
167.4, 159.0 (2C), 139.0 (2C), 131.2, 130.6, 130.1, 129.6 (2C), 129.4 (2C),
113.6 (2C), 113.5 (2C), 77.2, 76.9, 73.3, 70.4, 60.7, 59.2, 55.1, 33.9, 25.8
(3C), 18.1, 14.1, 13.2, �5.4 ppm (2C); IR (film): ñ=2956, 1714, 1614,
1587, 1465, 1249 cm�1; HRMS (ESI): calcd for C32H48O7NaSi: 595.3062
[M+Na]+ ; found: 595.3066.


Ester 49 : DIBAL (4.77 mL, 4.77 mmol, 1m in toluene) was added drop-
wise to a solution of 48 (1.3 g, 2.3 mmol) in dry Et2O (30 mL) at �78 8C.


After the reaction mixture had been stirred at �78 8C for 2 h, the mixture
was quenched with H2O (2 mL) and MgSO4 (10 g) was added. The mix-
ture was then vigorously stirred at RT for 10 h. After this time, the mix-
ture was filtered and the resulting filtrate concentrated in vacuo to give a
residue. Triethylamine (5.61 mL, 40 mmol), acetyl anhydride (1.8 mL,
20 mmol), and DMAP (cat) were then added to a solution of the residue
in dry CH2Cl2 (30 mL) at 0 8C under argon. Once the reaction mixture
had been warmed to RT and stirred for 3 h, it was quenched with saturat-
ed aqueous NaHCO3 solution. This mixture was then extracted with
EtOAc (3/80 mL), and the combined organic phases were washed with
brine, dried over Na2SO4, and concentrated in vacuo. Chromatography of
the residue on silica gel (petroleum ether/EtOAc 8:1) provided 49
(1.18 g, 90% overall yield for the two steps) as a colorless oil. Rf=0.53
(petroleum ether/EtOAc 4:1); [a]20D=�4.0 (c=0.66 in CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.25 (d, J=9.0 Hz, 2H), 7.24 (d, J=9.0 Hz, 2H),
6.85 (d, J=9.0 Hz, 2H), 6.84 (d, J=9.0 Hz, 2H), 5.45 (dd, J=9.3, 1.2 Hz,
1H), 4.68 and 4.30 (AB, JAB=10.5 Hz), 4.52 and 4.48 (AB, JAB=9.9 Hz),
4.49 (br s, 2H), 4.15 (dd, J=9.6, 6.3 Hz, 1H), 3.79 (s, 6H), 3.66–3.60 (m,
3H), 2.09 (s, 3H), 1.70 (m, 1H), 1.63 (d, J=1.2 Hz, 3H), 1.60 (m, 1H),
0.87 (s, 9H), 0.03 (s, 3H), 0.02 ppm (s, 3H); 13C NMR (75 MHz, CDCl3):
d=170.9, 159.2 (2C), 135.1, 131.2, 130.8, 129.8 (2C), 129.5 (2C), 126.1,
113.8 (4C), 77.9, 77.3, 73.6, 70.1, 69.0, 59.7, 55.4 (2C), 34.4, 26.1 (3C),
21.1, 18.4, 14.8, �5.1 ppm (2C); IR (film): ñ=2955, 1743, 1614, 1515,
1249 cm�1; HRMS (ESI): calcd for C32H48O7SiNa: 595.3062 [M+Na]+ ;
found: 595.3069.


Aldehyde 50 : TBAF (15 mL, 1m in THF) was added to a solution of 49
(5.43 g, 9.49 mmol) in dry THF (10 mL) at RT. The resulting mixture was
then stirred at RT for 24 h, before being quenched with saturated aque-
ous NH4Cl solution and extracted with EtOAc (3/80 mL). The com-
bined organic phases were washed with brine, dried over Na2SO4, and
then concentrated in vacuo to give a residue. Dess–Martin periodinane
(4.2 g, 10.0 mmol) was added to a solution of this residue in CH2Cl2
(50 mL) at RT. The mixture was stirred at RT for 3 h and then quenched
with a mixture of saturated aqueous NaHCO3/Na2S2O3 (5:1, 150 mL),
before being extracted with CH2Cl2 (2/200 mL). The combined organic
phases were washed with brine, dried over Na2SO4, and concentrated in
vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 10:1) provided 50 (3.76 g, 86.4% overall yield for two steps) as a
colorless oil. Rf=0.50 (petroleum ether/EtOAc 4:1); [a]20D=�11.8 (c=
0.59 in CHCl3);


1H NMR (300 MHz, CDCl3): d=9.65 (d, J=1.5 Hz, 1H),
7.22 (d, J=8.4 Hz, 2H), 7.20 (d, J=8.4 Hz, 2H), 6.86 (d, J=8.4 Hz, 2H),
6.84 (d, J=8.4 Hz, 2H), 5.43 (dd, J=9.6, 1.5 Hz, 1H), 4.63 and 4.53 (AB,
JAB=11.1 Hz), 4.52 and 4.27 (AB, JAB=11.4 Hz), 4.49 (s, 2H), 4.21 (dd,
J=9.6, 5.7 Hz, 1H), 4.05–3.99 (m, 1H), 3.79 (s, 3H), 3.78 (s, 3H), 2.58
(m, 2H), 2.10 (s, 3H), 1.63 ppm (d, J=0.9 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=201.1, 170.8, 159.5, 159.4, 136.4, 130.3 (2C), 129.8 (2C), 129.6
(2C), 124.9, 113.9 (4C), 76.2, 76.0, 73.2, 70.2, 68.8, 55.4 (2C), 45.5, 21.1,
14.9 ppm; IR (film): ñ=3000, 2937, 2839, 2731, 1737, 1613 cm�1; HRMS
(ESI): calcd for C26H32O7Na: 479.2040 [M+Na]+ ; found: 479.2051.


Alcohol 52 : TiCl4 (0.16 mL, 1.46 mmol) was added to a solution of Ti-
(OiPr)4 (0.475 mL) in dry toluene (15 mL) at RT. After the completion
of addition, the mixture was stirred at RT for 10 min and then cooled to
�78 8C. A solution of aldehyde 50 (1.2 g, 2.65 mmol) in toluene (7 mL)
was then added to the mixture. After the mixture had been stirred for
10 min, a solution of 1-ethoxy-1-[(trimethylsilyl)oxy]ethane 51 (763 mg,
4.77 mmol) in toluene (3 mL) was added. This mixture was stirred at
�78 8C for 2 h and then quenched with saturated aqueous NaHCO3 solu-
tion, before being extracted with EtOAc (3/50 mL). The combined or-
ganic phases were washed with brine, dried over Na2SO4, and concentrat-
ed in vacuo. Chromatography of the residue on silica gel (petroleum
ether/EtOAc 6:1) provided 52 (879 mg, 61%) as colorless oil. Rf=0.37
(petroleum ether/EtOAc 3:1); [a]20D=�3.6 (c=0.49 in CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.25 (d, J=9.0 Hz, 2H), 7.24 (d, J=9.0 Hz, 2H),
6.86 (d, J=9.0 Hz, 2H), 6.85 (d, J=9.0 Hz, 2H), 5.42 (dd, J=9.9, 1.2 Hz,
1H), 4.73 and 4.53 (AB, JAB=11.1 Hz), 4.53 and 4.30 (AB, JAB=11.7 Hz),
4.49 (s, 2H), 4.20 (dd, J=9.3, 6.0 Hz, 1H), 4.14 (q, J=7.2 Hz, 2H), 3.81–
3.78 (m, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 3.13 (d, J=3.9 Hz, 1H), 2.41 (s;
OH), 2.39 (d, J=2.7 Hz, 1H), 2.09 (s, 3H), 1.65 (d, J=1.2 Hz, 3H), 1.61–
1.51 (m, 2H), 1.25 ppm (t, J=7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3):
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d=175.2, 173.3, 161.9, 161.8, 138.3, 133.4, 133.2, 132.5 (2C), 132.0 (2C),
128.1, 116.5 (2C), 116.4 (2C), 80.7, 76.3, 72.6, 71.5, 67.7 (2C), 63.2, 57.9
(2C), 44.6, 40.4, 23.6, 17.4, 16.8 ppm; IR (film): ñ=3506, 2937, 2839,
1737, 1613, 1587 cm�1; HRMS (ESI): calcd for C30H40O9Na: 567.2564
[M+Na]+ ; found: 567.2572.


C35 epimer of 52 : Rf=0.36 (petroleum ether/EtOAc 3:1); [a]20D=�2.8
(c=0.39 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.28–7.19 (m, 4H),
6.88–6.82 (m, 4H), 5.43 (dd, J=10.2, 1.8 Hz, 1H), 4.71 (d, J=10.8 Hz,
1H), 4.55–4.48 (m, 3H), 4.27 (d, J=10.8 Hz, 1H), 4.26–4.01 (m, 4H),
3.80 (s, 3H), 3.79 (s, 3H), 3.70–3.65 (m, 2H), 3.56 (d, J=2.4 Hz, 1H),
2.45–2.35 (m, 2H), 2.10 (s, 3H), 1.75–1.55 (m, 2H), 1.65 (d, J=0.9 Hz,
3H), 1.25 ppm (t, J=7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=171.1,
170.7, 159.3 (2C), 135.9, 130.3, 130.1, 129.8 (2C), 129.5 (2C), 125.2, 113.8
(2C), 113.7 (2C), 79.8, 76.2, 72.9, 69.9, 68.8, 66.9, 60.5, 55.2 (2C), 41.7,
37.0, 20.9, 14.7, 14.2 ppm; IR (film): ñ=3497, 2936, 1735, 1613, 1587,
1514 cm�1; HRMS (ESI): calcd for C30H40O9Na: 567.2564 [M+Na]+ ;
found: 567.2565.


Ether 53 : 1,8-Bis(dimethylamino)naphthalene (599 mg, 2.8 mmol) and
Me3OBF4 (414 mg, 2.8 mmol) were added to a solution of 52 (190 mg,
0.35 mmol) in dry CH2Cl2 (6 mL) at 0 8C. The mixture was stirred at 0 8C
for 6 h, and then the reaction was quenched with iPrOH (0.5 mL) at 0 8C.
The resultant mixture was diluted with Et2O (200 mL), and the organic
phase was washed with HCl (1n), saturated aqueous NaHCO3, and
brine. The organic layer was then dried over Na2SO4 and concentrated in
vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 6:1) provided 53 (165 mg, 85%) as colorless oil. Rf=0.60 (petro-
leum ether/EtOAc 2:1); [a]20D=++4.5 (c=0.48 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.24 (d, J=8.4 Hz, 2H), 7.23 (d, J=8.4 Hz, 2H),
6.85 (d, J=8.4 Hz, 4H), 5.42 (dd, J=9.9, 1.2 Hz, 1H), 4.73 and 4.47 (AB,
JAB=10.5 Hz), 4.52 and 4.29 (AB, JAB=11.4 Hz), 4.49 (br s, 2H), 4.17 (dd,
J=9.6, 6.3 Hz, 1H), 4.12 (q, J=7.5 Hz, 2H), 3.81–3.68 (m, 2H), 3.80 (s,
3H), 3.79 (s, 3H), 3.25 (s, 3H), 2.51 and 2.40 (AB of ABX, JAB=15.0,
JAX=6.3, JBX=5.7 Hz), 2.09 (s, 3H), 1.73–1.49 (m, 2H), 1.63 (d, J=
1.2 Hz, 3H), 1.24 ppm (t, J=7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3):
d=171.4, 170.7, 159.2, 159.1, 135.4, 130.9, 130.6, 129.6 (2C), 129.3 (2C),
125.8, 113.8 (2C), 113.7 (2C), 77.8, 76.6, 74.6, 73.4, 69.9, 68.9, 60.4, 56.7,
55.3, 55.2, 39.8, 36.7, 20.9, 14.7, 14.2 ppm; IR (film): ñ=2936, 2838, 1737,
1613, 1587, 1515 cm�1; HRMS (ESI): calcd for C31H42O9Na: 581.2721
[M+Na]+ ; found: 581.2724.


Lactone 54 : CF3COOH (10% in CH2Cl2, 8.1 mL) was added dropwise to
a solution of 53 (360 mg, 0.65 mmol) in CH2Cl2 (2 mL) at 0 8C. The mix-
ture was stirred at 0 8C for 1 h, and then poured into a mixture of saturat-
ed aqueous NaHCO3 and CH2Cl2 (1:1, 100 mL). The aqueous phase was
extracted with CH2Cl2 (2/50 mL), and then the combined organic
phases were washed with brine, dried over Na2SO4, and concentrated in
vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 1:1) provided 54 (168 mg, 95%) as colorless oil. Rf=0.40 (petro-
leum ether/EtOAc 1:2); [a]20D=�5.2 (c=0.60 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=5.52 (d, J=8.3 Hz, 1H), 4.50 (s, 2H), 4.47 (m,
1H), 4.15 (ddd, J=11.5, 6.2, 3.4 Hz, 1H), 3.77 (m, 1H), 3.37 (s, 3H), 2.86
(dd, J=17.2, 5.6 Hz, 1H), 2. 71 (d, J=3.7 Hz, 1H), 2.56 (dd, J=17.2,
7.2 Hz, 1H), 2.24 (ddd, J=13.7, 4.3, 4.3 Hz, 1H), 2.09 (s, 3H), 1.77 (s,
3H), 1.67–1.55 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): d=170.7,
169.5, 136.9, 124.1, 79.9, 72.2, 70.1, 68.5, 56.1, 36.3, 30.7, 20.9, 14.8 ppm;
IR (film): ñ=3446, 2933, 1739, 1668, 1442, 1378 cm�1; HRMS (ESI):
calcd for C13H20O6Na: 295.1152 [M+Na]+ ; found: 295.1157.


Compound 55 : Imidazole (171 mg, 2.4 mmol), TIPSCl (0.25 mL,
1.2 mmol), and DMAP (cat) were added to a solution of 54 (108 mg,
0.39 mmol) in anhydrous DMF (1 mL) at RT. Whilst stirring, the reaction
mixture was heated to 40 8C and then stirred for 20 h. After this time, the
mixture was cooled to RT and diluted with Et2O (150 mL). This mixture
was then washed with water and brine, dried over Na2SO4, and concen-
trated in vacuo. Chromatography of the residue on silica gel (petroleum
ether/EtOAc 10:1) provided 55 (132 mg, 78%) as a colorless oil. Rf=0.43
(petroleum ether/EtOAc 4:1); [a]20D=�6.3 (c=0.49 in CHCl3); 1H NMR
(300 MHz, CDCl3): d=5.46 (d, J=8.7 Hz, 1H), 4.73 (dd, J=8.7, 4.8 Hz,
1H), 4.47 (s, 2H), 4.24 (ddd, J=12.0, 3.3, 3.3 Hz, 1H), 3.71–3.67 (m, 1H),
3.37 (s, 3H), 2.91 (ddd, J=17.4, 5.7, 1.2, 1H), 2.46–2.37 (m, 2H), 2.08 (s,


3H), 1.72 (s, 3H), 1.63–1.48 (m, 1H), 1.10–0.98 ppm (m, 21H); 13C NMR
(75 MHz, CDCl3): d=170.1, 169.6, 134.3, 126.4, 80.0, 72.4, 69.6, 68.7, 55.9,
36.9, 29.2, 20.8, 17.9 (3C), 17.8 (3C), 15.0, 12.2 ppm (3C); IR (film): ñ=
2945, 2868, 1745, 1231 cm�1; HRMS (ESI): calcd for C22H40O6SiNa:
451.2486 [M+Na]+ ; found: 451.2480.


Alcohol 57: K2CO3 (17 mg, 0.12 mmol) was added to a stirred solution of
53 (53 mg, 0.93 mmol) in EtOH (1 mL) at RT. After the reaction mixture
had been stirred for 2 h at RT, the mixture was quenched with saturated
aqueous NH4Cl solution. The mixture was then diluted with EtOAc
(100 mL), washed with brine (/2), dried over Na2SO4, and concentrated
in vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 4:1) provided 57 (47 mg, 97%) as a colorless oil. Rf=0.43 (petro-
leum ether/EtOAc 2:1); [a]20D=++5.5 (c=0.47 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.23(d, J=8.4 Hz, 2H), 7.22 (d, J=8.4 Hz, 2H),
6.86 (d, J=8.4 Hz, 4H), 5.41 (d, J=9.3 Hz, 1H), 4.74 and 4.32 (AB, JAB=
10.5 Hz), 4.52 and 4.48 (AB, JAB=11.4 Hz), 4.20 (dd, J=9.3, 6.0 Hz, 1H),
4.12 (q, J=7.2 Hz, 2H), 4.02 (s, 2H), 3.80 (s, 6H), 3.76–3.68 (m, 2H),
3.26 (s, 3H), 2.51 and 2.41 (AB of ABX, JAB=14.4, JAX=5.4, JBX=
5.7 Hz), 2.02 (s, 1H; OH), 1.78–1.50 (m, 2H), 1.65 (s, 3H), 1.27 ppm (t,
J=7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=171.1, 158.8, 158.6,
140.3, 130.5, 130.4, 129.3 (2C), 128.9 (2C), 122.3, 113.3 (2C), 113.2 (2C),
76.7, 76.2, 74.2, 72.9, 69.5, 67.6, 60.1, 56.4, 54.9 (2C), 39.2, 36.2, 14.1,
13.8 ppm; IR (film): ñ=3449, 2935, 1734, 1613, 1587, 1515 cm�1; HRMS
(ESI): calcd for C29H40O8Na: 539.2615 [M+Na]+ ; found: 539.2621.


Diol 58 : A solution of CF3COOH in CH2Cl2 (4.7 mL, 10%) was added
dropwise to a solution of 57 (191 mg, 0.37 mmol) in CH2Cl2 (0.7 mL) at
0 8C. The mixture was stirred at 0 8C for 1 h, before being quenched with
Et3N (0.86 mL) and directly concentrated in vacuo. Chromatography of
the residue on silica gel (petroleum ether/EtOAc 1:1) provided 58
(72 mg, 85%) as colorless oil. Rf=0.28 (petroleum ether/EtOAc 1:2);
[a]20D=�27.6 (c=0.61 in CHCl3); 1H NMR (300 MHz, CDCl3): d=5.34
(dd, J=9.0, 1.2 Hz, 1H), 4.47 (dd, J=8.1, 8.1 Hz, 1H), 4.16 (ddd, J=
11.4, 6.3, 3.3 Hz, 1H), 4.09 (d, J=2.2 Hz, 2H), 3.77 (m, 1H), 3.36 (s, 3H),
3.19 (d, J=1.8 Hz, 1H; OH), 2.87 (dd, J=17.1, 5.7 Hz, 1H), 2.57 (dd, J=
17.1, 4.5 Hz, 1H), 2.27 (ddd, J=14.1, 4.5, 4.5 Hz, 1H), 1.98 (s, 1H; OH),
1.74 (s, 3H), 1.68–1.56 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): d=
170.1, 141.7, 120.7, 80.1, 72.2, 69.9, 67.2, 56.1, 36.3, 30.7, 14.4 ppm; IR
(film): ñ=3400, 2926, 1728, 1253 cm�1; HRMS (ESI): calcd for C11H18O5


Na: 253.1046 [M+Na]+ ; found: 253.1047.


TBS ether 59 : Triethylamine (194 mL, 1.38 mmol), TBSCl (190 mg,
1.26 mmol), and DMAP (11 mg, 0.088 mmol) were added sequentially to
a solution of 58 (290 mg, 1.26 mmol) in dry CH2Cl2 at RT. The reaction
mixture was stirred at RT for 3 h, and then diluted with ether (150 mL),
washed brine (/2), dried over Na2SO4, and concentrated in vacuo. Chro-
matography of the residue on silica gel (petroleum ether/EtOAc 4:1) pro-
vided 59 (325 mg, 75%) as a colorless oil. Rf=0.50 (petroleum ether/
EtOAc 1:1); [a]20D=�9.2 (c=0.48 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=5.50 (d, J=8.7 Hz, 1H), 4.48 (dd, J=7.2, 7.2 Hz, 1H), 4.14
(ddd, J=10.8, 6.9, 3.3 Hz, 1H), 4.04 (br s, 2H), 3.74 (m, 1H), 3.35 (s,
3H), 2.86 and 2.54 (AB of ABX, JAB=17.4, JAX=6.0, JBX=7.2 Hz), 2.26
(ddd, J=13.8, 4.5, 4.5 Hz, 1H), 1.70 (s, 3H), 1.59–1.50 (m, 1H), 0.92 (m,
9H), 0.07 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=169.6, 141.9,
119.8, 80.2, 72.3, 70.3, 67.3, 56.1, 36.4, 30.7, 25.9 (3C), 18.4, 14.3, �5.2,
�5.3 ppm; IR (film): ñ=3425, 2956, 1737, 1253 cm�1; HRMS (ESI): calcd
for C17H32O5SiNa: 367.1911 [M+Na]+ ; found: 367.1924.


Lactone 6 : TIPSCl (0.256 mL, 1.2 mmol) and AgNO3 (210 mg, 1.2 mmol)
were added to a solution of 59 (142 mg, 0.41 mmol) in dry pyridine
(2 mL). The reaction mixture was kept in darkness and stirred for 24 h at
RT. After this time, the reaction mixture was diluted with Et2O
(200 mL), washed with saturated CuSO4 solution and brine, dried over
Na2SO4, and then concentrated in vacuo. Chromatography of the residue
on silica gel (petroleum ether/EtOAc 15:1) provided 6 as a colorless oil
(159 mg, 78%). Rf=0.67 (petroleum ether/EtOAc 6:1); [a]20D=�10.5 (c=
0.25 in CHCl3);


1H NMR (300 MHz, CDCl3): d=5.45 (dd, J=8.7, 1.5 Hz,
1H), 4.74 (dd, J=9.0, 5.1 Hz, 1H), 4.24 (ddd, J=14.7, 7.5, 2.7 Hz, 1H),
3.99 (s, 2H), 3.69 (m, 1H), 3.36 (s, 3H), 2.91 (m, 1H), 2.39 (m, 1H), 1.64
(s, 3H), 1.53 (m, 1H), 1.04 (m, 22H), 0.90 (s, 9H), 0.05 ppm (m, 6H);
13C NMR (75 MHz, CDCl3): d=169.9, 138.9, 121.7, 80.4, 72.6, 69.9, 67.3,
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56.0, 37.0, 25.9 (3C), 18.4, 18.1 (3C), 18.0 (4C), 14.5, 12.3 (3C),
�5.2 ppm (2C); IR (film): ñ=2931, 2866, 1749, 1464, 1386 cm�1; HRMS
(ESI): calcd for C26H52O5NaSi2: 523.3245 [M+Na]+ ; found: 523.3234.


Diol 61: Allylether 60 (3.8 g, 20 mmol) was added to a well-stirred solu-
tion of (dihydroquinine)2-phthalazine [(DHQ)2-PHAL, 311 mg, 2 mol%],
potassium osmate (19 mg, 0.25 mol%), potassium ferricyanide (39.6 g),
and potassium carbonate (33.2 g) in a mixture of tBuOH and water (1:1,
400 mL) at 0 8C. The mixture was stirred at 0 8C until the reaction was
completed (approximately 15 h), and was then quenched with sodium sul-
fite (60 g). This mixture was stirred at RT for 4 h and then filtered. The
solid was dried in vacuo, before being boiled in EtOH (250 mL) for
30 min. After this time, the insoluble material was quickly filtered off,
and the filtrate was concentrated in vacuo. Recrystallization from EtOH/
iPrOH gave 61 as colorless solid (3.4 g, 66%) with 87% de (de=diaster-
eomeric excess, measured after acetylation of the alcohol, AD, Vu214,
hexane/2-propanol 80:20). M.p. 123–124 8C; [a]20D=�11.6 (c=2.35 in
EtOH); 1H NMR (500 MHz, DMSO): d=6.84 (br s, 4H), 4.88 (br s, 1H),
4.63 (br s, 1H), 3.93–3.90 (m, 2H), 3.80–3.73 (m, 4H), 3.45–3.40 (m, 4H),
3.34 ppm (d, J=11.5 Hz, 2H); 13C NMR (125 MHz, DMSO): d=152.7
(2C), 115.3 (4C), 70.0 (2C), 69.9 (2C), 62.7 ppm (2C); IR (KBr): ñ=
3492, 3255, 1512, 1462 ppm; HRMS (ESI): calcd for C12H18O6Na:
281.0996 [M+Na]+ ; found: 281.0995.


Compound 62 : A solution of HBr in acetic acid (2.2 mL, 30%) was
added dropwise to tetrol 61 (500 mg, 1.94 mmol) at RT, and the reaction
mixture was stirred at 50 8C for 1 h. After this time, saturated aqueous
NaHCO3 and EtOAc were added, and the resulting mixture was extract-
ed with EtOAc (200 mL). The organic layer was washed with brine, dried
over Na2SO4, and then concentrated in vacuo to give a residue. K2CO3


(580 mg, 4.2 mmol) was added to a solution of this residue in MeOH
(4.5 mL) at RT. The mixture was stirred at RT for 4 h and then filtered.
The filtrate was concentrated in vacuo, and the resulting residue was di-
luted with EtOAc (100 mL). This solution was washed with brine, dried
over Na2SO4, and concentrated in vacuo. Chromatography of the residue
on silica gel (petroleum ether/EtOAc 6:1) provided 62 (390 mg, 88%) as
a colorless solid. Rf=0.30 (petroleum ether/EtOAc 4:1); m.p. 72–73 8C;
[a]20D=�8.1 (c=0.71 in CHCl3);


1H NMR (300 MHz, CDCl3): d=6.85
(br s, 4H), 4.17 (dd, J=10.8, 3.0 Hz, 2H), 3.90 (dd, J=10.8, 5.4 Hz, 2H),
3.36–3.31 (m, 2H), 2.90 (dd, J=5.1, 4.2 Hz, 2H), 2.74 ppm (dd, J=4.5,
2.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=153.1 (2C), 115.7 (4C),
69.4 (2C), 50.2 (2C), 44.6 ppm (2C); IR (KBr): ñ=3010, 2931, 1510,
1453 cm�1; HRMS (ESI): calcd for C12H14O4Na [M+Na]+: 245.0784;
found: 245.0784.


Compound 63 : nBuLi (13.1 mL, 21.0 mmol, 1.6m solution in hexane) was
added to a solution of trimethylsilylethyne (2.96 mL, 21 mmol) in dry
THF (40 mL) at �78 8C under argon. The mixture was stirred for 30 min
at �78 8C, and then BF3·Et2O (2.66 mL, 21 mmol) was added. After the
resulting mixture had been stirred for 20 min at �78 8C, a solution of 62
(1.59 g, 7.0 mmol) in THF (10 mL) was added dropwise. The reaction
mixture was warmed to RT, quenched with saturated NH4Cl solution,
and extracted with EtOAc (300 mL). The organic phase was washed with
brine, dried over Na2SO4, and concentrated in vacuo to give a residue.
1,8-Bis(dimethylamino)naphthalene (6.06 g, 28.4 mmol) and Me3OBF4
(4.18 g, 28.4 mmol) were then added sequentially to a solution of this res-
idue in dry CH2Cl2 (130 mL) at 0 8C. After the mixture had been stirred
at 0 8C for 3 h, it was quenched with iPrOH (13 mL) at 0 8C and diluted
with EtOAc (800 mL). The organic layer was washed with HCl (1n), sa-
turated aqueous NaHCO3, and brine, and then dried over Na2SO4 and
concentrated in vacuo. Chromatography of the residue on silica gel (pe-
troleum ether/EtOAc 15:1) provided 63 (2.21 g, 70% yield for two steps)
as a colorless oil. Rf=0.60 (petroleum ether/EtOAc 6:1); [a]20D=�21.8
(c=0.65 in CHCl3);


1H NMR (300 MHz, CDCl3): d=6.86 (m, 4H), 4.09
(m, 2H), 4.01 (m, 2H), 3.68 (m, 2H), 3.48 (s, 3H), 3.47 (s, 3H), 2.56 (m,
4H), 0.12 ppm (s, 18H); 13C NMR (75 MHz, CDCl3): d=153.0 (2C),
115.5 (4C), 102.8 (2C), 86.8 (2C), 78.0 (2C), 69.5 (2C), 57.9 (2C), 22.2
(2C), 0.0 ppm (6C); IR (film): ñ=3402, 2949, 2837, 1653, 1451,
1027 cm�1; HRMS (ESI): calcd for C24H38Si2O4Na: 469.2201 [M+Na]+ ;
found: 469.2182.


Alcohol 64 : CAN (1.2 g, 2.22 mmol) was added to a solution of 63
(328 mg, 0.74 mmol) in a mixture of CH3CN and H2O (2:1, 4.5 mL) at
0 8C. After the mixture had been stirred at 0 8C for 20 min, it was
quenched with a mixture of saturated aqueous NaHCO3/Na2SO3 solution
5:1 and diluted with EtOAc (200 mL). The organic extracts were washed
with brine (/2), dried over Na2SO4, and then concentrated in vacuo.
Chromatography of the residue on silica gel (petroleum ether/EtOAc
4:1) provided 64 (248 mg, 91%) as a colorless oil. Rf=0.32 (petroleum
ether/EtOAc 3:1); [a]20D=�36.6 (c=0.91 in CHCl3); 1H NMR (300 MHz,
CDCl3): d=3.75 (m, 1H), 3.59 (m, 1H), 3.41 (s, 3H), 3.40 (m, 1H), 2.50
(dd, J=16.5, 5.1 Hz, 1H), 2.34 (dd, J=16.5, 7.5 Hz, 1H), 2.32 (br s, 1H;
OH), 0.10 ppm (s, 9H); 13C NMR (100 MHz, CDCl3): d=102.6, 86.9,
79.9, 63.7, 57.5, 21.4, 0.0 ppm (3C); IR (film): ñ=3431, 2960, 2831, 2171,
1251, 844 cm�1; HRMS (ESI): calcd for C9H18Si1O2Na: [M+Na]+ :
209.0968; found: 209.0969.


Compound 65 : Triphenylphosphine (283 mg, 1.08 mmol), 2-mercaptoben-
zothiazole (180 mg, 1.08 mmol), and diisopropyl azodicarboxylate
(0.569 mL, 1.08 mmol, 40% in toluene) were added sequentially to a so-
lution of the alcohol 64 (192 mg, 1.03 mmol) in THF (6 mL). The result-
ing reaction mixture was stirred at RT for 1h, and then loaded onto silica
gel (4 g). Chromatography of the residue on silica gel (petroleum ether/
EtOAc 30:1) provided 65 (280 mg, 81%) as a colorless oil. Rf=0.69 (pe-
troleum ether/EtOAc 10:1); [a]20D=�9.0 (c=0.58 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.86 (m, 1H), 7.75 (m, 1H), 7.42 (m, 1H), 7.28
(m, 1H), 3.76–3.68 (m, 2H), 3.60–3.48 (m, 1H), 3.47 (s, 3H), 2.71–2.54
(m, 2H), 0.16 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=166.6, 153.1,
135.2, 125.9, 124.1, 121.4, 120.9, 102.2, 87.4, 78.1, 57.9, 36.6, 24.5, 0.0 ppm
(3C); IR (film): ñ=3064, 2959, 2178, 1462, 1429, 1249 cm�1; HRMS
(ESI): calcd for C16H21NOS2SiNa: 358.0726 [M+Na]+ ; found: 358.0743.


Compound 66 : TBAF (2.4 mL, 1.0m in THF) was added to a stirred solu-
tion of the silylethyne 65 (663 mg, 1.98 mmol) in THF (2 mL) at RT. The
mixture was stirred at RT for 1 h, and was then diluted with diethyl ether
(200 mL), washed with brine (/2), dried over Na2SO4, and concentrated
in vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 15:1) provided 66 (517 mg, 99%) as a colorless oil. Rf=0.60 (pe-
troleum ether/EtOAc 10:1); [a]20D=�8.6 (c=2.87 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.85 (m, 1H), 7.75 (m, 1H), 7.41 (m, 1H), 7.29
(m, 1H), 3.77 (m, 1H), 3.64 (d, J=5.7 Hz, 2H), 3.50 (s, 3H), 2.62 (q, J=
2.7 Hz, 2H), 2.07 ppm (t, J=2.4 Hz, 1H); 13C NMR (75 MHz, CDCl3):
d=166.4, 153.1, 135.3, 126.0, 124.2, 121.4, 121.0, 79.8, 77.7, 70.8, 57.8,
36.1, 22.9 ppm; IR (film): ñ=3298, 3063, 2932, 2121, 1460, 1428 cm�1;
HRMS (ESI): calcd for C13H13NOS2Na: 286.0331 [M+Na]+ ; found:
286.0342.


Sulfone 7: Cp2ZrHCl (Schwartz reagent, 370 mg, 1.36 mmol) was added
to a solution of the alkyne 66 (327 mg, 1.24 mmol) in dry benzene
(15 mL) at RT. The mixture was stirred for 30 min at RT, and then NBS
(243 mg, 1.36 mmol) was added. Once the reaction was complete, the
mixture was diluted with Et2O (100 mL), washed with brine (/2), dried
over Na2SO4, and concentrated in vacuo to give a residue. Ammonium
molybdate (1.07 g, 0.87 mmol) and 30% hydrogen peroxide (3 mL) were
then added sequentially to a solution of the residue in MeOH (20 mL) at
RT. The reaction mixture was stirred for 24 h at RT, and then extracted
with EtOAc (300 mL). The organic phase was washed with brine, dried
over Na2SO4, and concentrated in vacuo. Chromatography of the residue
on silica gel (CH2Cl2/MeOH 1:1) provided 7 (260 mg, 56% yield for the
two steps). Rf=0.50 (petroleum ether/EtOAc 4:1); [a]20D=++26.4 (c=0.6
in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.85 (m, 1H), 7.75 (m, 1H),
7.41 (m, 1H), 7.29 (m, 1H), 3.77 (m, 1H), 3.64 (d, J=5.7 Hz, 2H), 3.50
(s, 3H), 2.62 (q, J=2.7 Hz, 2H), 2.07 ppm (t, J=2.4 Hz, 1H); 13C NMR
(75 MHz, CDCl3): d=166.3, 153.0, 135.3, 133.1, 126.0, 124.3, 121.5, 121.0,
107.2, 78.6, 57.6, 36.4, 30.1 ppm; IR (film): ñ=3298, 3063, 2932, 2121,
1460, 1428 cm�1; HRMS (ESI): calcd for C13H15BrNOS2: 375.9671
[M+H]+ ; found: 375.9671.


Compound 67: LiNEt2 [0.050 mL, prepared at �78 8C from diethylamine
(0.056 mL, 0.59 mmol), BuLi (0.315 mL, 0.504 mmol, 1.60m in hexane),
and THF (0.6 mL)] was added dropwise to a precooled solution of oxa-
zole 5 (12 mg, 0.018 mmol) in THF (0.4 mL) at �78 8C. After the result-
ing solution had been stirred for 10 min at �78 8C, a solution of lactone 6
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(12 mg, 0.024 mmol) in THF (0.15 mL) was added dropwise. The reaction
mixture was stirred at �78 8C for 40 min, and then quenched with satu-
rated aqueous NH4Cl and extracted with EtOAc (3/30 mL). The com-
bined organic extracts were washed with brine, dried over Na2SO4, and
then concentrated in vacuo. Chromatography of the residue on silica gel
(petroleum ether/EtOAc 8:1) provided 67 (12 mg, 61%) as a colorless
oil. Rf=0.52 (petroleum ether/EtOAc 6:1); [a]20D=++42 (c=0.09 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=7.68–7.64 (m, 4H), 7.48 (s,
1H), 7.42–7.33 (m, 6H), 7.27 (d, J=9.0 Hz, 2H), 6.89 (d, J=9.0 Hz, 2H),
6.16 (s, 1H), 5.33 (dd, J=7.5, 1.2 Hz, 1H), 5.29 (d, J=1.8 Hz, 1H), 4.57
and 4.28 (AB, JAB=10.8 Hz), 4.38 (dd, J=9.0, 5.7 Hz, 1H), 3.96 (s, 2H),
3.94–3.87 (m, 1H), 3.80 (s, 3H), 3.79–3.66 (m, 4H), 3.40 (d, J=10.2 Hz,
1H), 3.36 (s, 3H), 3.19 (dd, J=10.2, 4.5 Hz, 1H), 3.04 and 2.96 (AB,
JAB=15.0 Hz), 2.27 (dd, J=12.0, 3.6 Hz, 1H), 2.14–2.08 (m, 2H), 1.90 (s,
3H), 1.86–1.62 (m, 3H), 1.44 (s, 3H), 1.32–1.23 (m, 1H), 1.05 (s, 10H),
0.94 (s, 22H), 0.90 (s, 11H), 0.82 (d, J=6.6 Hz, 3H), 0.053 ppm (s, 6H);
13C NMR (100 MHz, CDCl3): d=160.3, 159.2, 138.7, 137.8, 136.7, 135.6
(3C), 135.3, 134.0, 133.9, 130.8, 129.6 (2C), 129.3 (4C), 127.6 (4C), 124.3,
117.9, 113.8 (2C), 96.5, 89.0, 83.5, 75.0, 73.7, 73.6, 70.9, 69.6, 68.0, 60.8,
55.5, 55.3, 40.9, 39.9, 35.9, 34.2, 33.3, 31.6, 26.9 (3C), 25.9 (3C), 19.3, 18.0
(3C), 17.9 (3C), 14.2 (2C), 13.8, 12.7 (3C), 6.0, �5.1, �5.2 ppm; IR
(film): ñ=2930, 2860, 1614, 1514, 1463 cm�1; HRMS (ESI): calcd for
C66H103O10Si3NaN: 1176.6786 [M+Na]+ ; found: 1176.6744.


Alcohol 68 : PPTS (5 mg) was added to a solution of 67 (7 mg,
0.006 mmol) in anhydrous MeOH (1 mL). The mixture was stirred at
30 8C for 12 h, and then quenched with saturated aqueous NaHCO3 solu-
tion and extracted with EtOAc (2/50 mL). The combined organic ex-
tracts were washed with brine, dried over Na2SO4, and then concentrated
in vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 4:1) provided 68 (5 mg, 81%) as a colorless oil. Rf=0.31 (petro-
leum ether/EtOAc 3:1); [a]20D=++5 (c=0.26 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.64–7.63 (m, 4H), 7.52 (s, 1H), 7.45–7.33 (m,
6H), 7.28 (d, J=8.7 Hz, 2H), 6.88 (d, J=8.7 Hz, 2H), 6.20 (s, 1H), 5.38
(d, J=8.7 Hz, 1H), 4.57 and 4.28 (AB, JAB=11.1 Hz), 4.57–4.51 (m, 1H),
3.98 (d, J=3.9 Hz, 2H), 3.80 (s, 3H), 3.76–3.54 (m, 5H), 3.41 (d, J=
10.2 Hz, 1H), 3.35 (s, 3H), 3.29 (s, 3H), 3.27 and 2.97 (AB, JAB=
14.7 Hz), 3.20 (dd, J=10.5, 4.5 Hz, 1H), 2.25–2.19 (m, 1H), 2.12–2.09 (m,
1H), 2.02–1.98 (m, 1H), 1.89 (s, 3H), 1.85–1.72 (m, 3H), 1.68 (s, 3H),
1.43–1.36 (m, 1H), 1.05 (s, 31H), 0.93 (d, J=6.6 Hz, 3H), 0.82 ppm (d,
J=6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=159.2 (2C), 138.4, 138.1,
135.9, 135.6 (4C), 134.0, 133.9, 130.8, 129.5 (2C), 129.3 (2C), 128.7, 127.6
(4C), 125.7, 118.5, 114.6 (2C), 100.1, 89.0, 83.5, 74.9, 73.8, 73.5, 71.3, 69.6,
68.7, 60.8, 55.5, 55.3, 47.9, 39.3, 35.8, 35.6, 34.2, 33.3, 31.9, 26.9 (3C), 19.3,
18.1 (3C), 18.0 (3C), 17.9, 14.7, 13.8, 12.4 (3C), 6.1 ppm; IR (film): ñ=
2985, 2857, 1514, 1464, 1287 cm�1; HRMS (ESI): calcd for C61H91O10Si2-
NaN: calcd for: 1076.6073 [M+Na]+ ; found: 1076.6067.


Aldehyde 69 : Pyridine (50 mL, 0.64 mmol) and Dess–Martin periodinane
(70 mg, 0.166 mmol) were added sequentially to a solution of alcohol 68
(135 mg, 0.128 mmol) in CH2Cl2 (6 mL). The resulting solution was stir-
red at RT for 2 h, by which point, none of the starting material was de-
tectable by TLC. After this time, the reaction was quenched by the addi-
tion of saturated aqueous NaHCO3/Na2S2O3 5:1. This mixture was stirred
for 15 min, and was then extracted with CH2Cl2 (2/300 mL). The com-
bined organic layers were washed with brine, dried (Na2SO4), filtered,
and then concentrated in vacuo. Chromatography of the residue on silica
gel (petroleum ether/EtOAc 8:1) provided 69 (126 mg, 93%) as a color-
less oil. Rf=0.61 (petroleum ether/EtOAc 4:1); [a]20D=++8.5 (c=1.30 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=9.44 (s, 1H), 7.68–7.64 (m,
4H), 7.48 (s, 1H), 7.42–7.35 (m, 6H), 7.28 (d, J=8.4 Hz, 2H), 6.88 (d, J=
8.4 Hz, 2H), 6.38 (d, J=8.7 Hz, 1H), 6.18 (s, 1H), 4.83 (dd, J=8.4 Hz,
5.4 Hz, 1H), 4.57 (d, J=11.1 Hz, 1H), 4.29 (d, J=11.1 Hz, 1H), 3.80 (s,
3H), 3.80–3.64 (m, 5H), 3.41 (d, J=10.5 Hz, 1H), 3.33 (s, 3H), 3.30 (s,
3H), 3.24 (d, J=15.0 Hz, 1H), 3.20 (dd, J=9.9, 4.8 Hz, 1H), 2.97 (d, J=
15.02 Hz, 1H), 2.23 (dd, J=12.9, 4.2 Hz, 1H), 2.11–2.04 (m, 2H), 1.89 (s,
3H), 1.85–1.64 (m, 5H), 1.67 (m, 1H), 1.38 (app t, J=11.7 Hz, 1H), 1.05
(br s, 31H), 0.94 (d, J=6.6 Hz, 3H), 0.83 ppm (d, J=6.0 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=194.8, 159.1, 158.8, 152.2, 139.7, 138.5,
138.1, 136.0, 135.9 (2C), 135.6 (2C), 134.0, 133.9, 130.8, 129.5 (2C), 129.3
(2C), 127.6 (4C), 118.3, 113.8 (2C), 100.1, 88.9, 83.5, 74.8, 73.4, 73.1, 71.0,


69.1, 60.8, 55.5, 55.2, 47.9, 39.2, 35.8, 35.5, 34.2, 33.3, 31.4, 26.9 (3C), 19.2,
17.9 (3C), 17.8 (3C), 14.2, 13.7, 12.2 (3C), 10.2, 6.0 ppm; IR (film): ñ=
2867, 1716, 1695, 1514, 1248, 1111 cm�1; HRMS (ESI): calcd for
C61H89NO10Si2Na: 1074.5917 [M+Na]+; found: 1074.5906.


Diene 70 : NaHMDS (82 mL, 0.165 mmol, 2m in THF) was added drop-
wise to a precooled mixture of 7 (63 mg, 0.167 mmol) and aldehyde 69
(170 mg, 0.162 mmol) in THF (2.6 mL) at �78 8C. The reaction mixture
was stirred at �78 8C for 40 min, and then quenched with buffer solution
(pH 7) and extracted with EtOAc (2/150 mL). The combined organic
extracts were washed with brine, dried over Na2SO4, and concentrated in
vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 10:1) provided 70 (168 mg, 78%) as a colorless oil. Rf=0.58 (pe-
troleum ether/EtOAc 4:1); [a]20D=�4 (c=0.18 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.68–7.63 (m, 4H), 7.51 (s, 1H), 7.40–7.35 (m,
6H), 7.26 (d, J=9.0 Hz, 2H), 6.88 (d, J=9.0 Hz, 2H), 6.20–6.06 (m, 4H),
5.43 (dd, J=15.6, 7.8 Hz, 1H), 5.42 (d, J=7.8 Hz, 1H), 4.61 (dd, J=8.7,
6.6 Hz, 1H), 4.56 and 4.28 (AB, JAB=10.8 Hz), 3.80 (s, 3H), 3.77–3.54
(m, 6H), 3.41 (d, J=9.9 Hz, 1H), 3.35 (s, 3H), 3.32 and 2.94 (AB, JAB=
14.7 Hz), 3.28 (s, 3H), 3.26 (s, 3H), 3.20 (dd, J=10.2, 3.9 Hz, 1H), 2.38–
2.20 (m, 3H), 2.13–2.09 (m, 1H), 2.02–1.94 (m, 1H), 1.88 (s, 3H), 1.85–
1.68 (m, 2H), 1.77 (s, 3H), 1.47–1.33 (m, 2H), 1.05 (s, 31H), 0.94 (d, J=
6.6 Hz, 3H), 0.82 ppm (d, J=6.3 Hz, 3H); 13C NMR (100 MHz, CDCl3):
d=159.2, 159.1, 138.4, 138.0, 137.4, 136.0, 135.6 (2C), 135.5 (2C), 134.1,
134.0, 133.9, 133.8, 133.2, 130.8, 129.5 (2C), 129.3 (2C), 127.9, 127.6 (4C),
118.5, 113.8 (2C), 106.2, 99.9, 89.0, 83.5, 81.2, 74.8, 73.9, 73.5, 71.8, 69.6,
60.8, 56.3, 55.5, 55.3, 47.9, 39.2, 39.1, 35.8, 35.6, 34.2, 33.3, 32.2, 26.9 (3C),
19.2, 18.0 (3C), 17.9 (3C), 14.2, 13.8, 13.6, 12.4 (3C), 6.0 ppm; IR (film):
ñ=2957, 2930, 1724, 1614, 1514, 1463 cm�1; HRMALDI: calcd for
C67H98NO10Si2BrNa: 1234.5804 [M+Na]+ ; found: 1234.5802.


Aldehyde 4 : NH4F (134 mg, 3.63 mmol) was added to a solution of 70
(127 mg, 0.1 mmol) in MeOH (5 mL) at RT. The resulting mixture was
stirred at 50 8C for 3 h, and then quenched with saturated NH4Cl solution
and extracted with EtOAc (150 mL). The organic extracts were washed
with brine, dried over Na2SO4, and then concentrated in vacuo to give a
residue. Pyridine (39.5 mL) and Dess–Martin periodinane (51 mg,
0.12 mmol) were then added to a solution of this residue in CH2Cl2
(4 mL) at RT. The mixture was stirred at RT for 1 h, and quenched with
saturated aqueous NaHCO3/Na2S2O3 5:1. This mixture was stirred for
15 min, and then extracted with CH2Cl2 (2/60 mL). The combined or-
ganic layers were washed with brine, dried (Na2SO4), filtered, and con-
centrated in vacuo. Chromatography of the residue on silica gel (petro-
leum ether/EtOAc 4:1) provided 4 (71 mg, 71% overall yield for the two
steps) as a colorless oil. Rf=0.66 (petroleum ether/EtOAc 2:1); [a]20D=


+11.85 (c=0.40 in CHCl3);
1H NMR (300 MHz, CDCl3): d=9.76 (m,


1H), 7.51 (s, 1H), 7.27 (d, J=11.1 Hz, 2H), 6.88 (d, J=8.4 Hz, 2H), 6.20
(s, 1H), 6.17–6.06 (m, 3H), 5.43 (dd, J=15.6, 7.8 Hz, 1H), 5.42 (d, J=
7.8 Hz, 1H), 4.63–4.56 (m, 2H), 4.31 (d, J=11.1 Hz, 1H), 4.02 (m, 1H),
3.81 (s, 3H), 3.60–3.49 (m, 4H), 3.34 (s, 3H), 3.33–3.24 (m, 2H), 3.29 (s,
3H), 3.24 (s, 3H), 2.97 (d, J=15 Hz, 1H), 2.80 (ddd, J=15.6, 8.4, 1.8 Hz,
1H), 2.47–2.14 (m, 5H), 1.93 (m, 1H), 1.89 (s, 3H), 1.82 (m, 1H), 1.69 (s,
3H), 1.36 (app t, J=11.1 Hz, 1H), 1.04 (br s, 22H), 0.98 (d, J=6.6 Hz,
3H), 0.83 ppm (d, J=6.3 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=


201.1, 159.3, 159.2, 137.8, 137.6, 137.3, 136.1, 134.0, 133.9, 133.8, 133.1,
129.3 (2C), 127.8, 118.9, 113.8 (2C), 106.2, 99.9, 89.1, 82.7, 81.2, 73.9,
73.4, 73.2, 71.7, 69.8, 56.2, 55.5, 55.2, 47.8, 46.9, 39.2, 39.1, 35.5, 34.3, 33.0,
32.1, 18.0 (3C), 17.9 (3C), 14.0, 13.7, 13.6, 12.3 (3C), 6.1 ppm; IR (film):
ñ=2941, 2867, 1728, 1614, 1514 cm�1; HRMALDI: calcd for C51H78NO10-
SiBrNa: 994.4471 [M+Na]+ ; found: 994.4484.


Compound 71: Bu3P (92 mL, 0.371 mmol) was added to a solution of the
mesylate 3 (83 mg, 0.106 mmol) in dry DMF (2.5 mL) at RT. The result-
ing mixture was stirred for 15 h at this temperature, and then the mixture
was added a solution of aldehyde 4 (89 mg, 0.092 mmol) in dry DMF
(1.5 mL), followed by DBU (28 mL, 0.184 mmol). This mixture was stir-
red at RT for 2 h. Removal of the solvent in vacuo, followed by chroma-
tography of the resulting residue on silica gel (petroleum ether/EtOAc
6:1) provided 71 (137 mg, 91%) as a colorless oil. Rf=0.45 (petroleum
ether/EtOAc 4:1); [a]20D=++2.03 (c=0.40 in CHCl3);


1H NMR (500 MHz,
CDCl3): d=7.68–7.65 (m, 4H), 7.51 (s, 1H), 7.42–7.35 (m 7H), 7.31 (d,
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J=9.7 Hz, 2H), 6.84 (d, J=8.6 Hz, 2H), 6.63 (ddd, J=15.5, 8.2, 6.4 Hz,
1H), 6.33 (d, J=16.0 Hz, 1H), 6.21–6.07 (m, 4H), 5.43 (dd, J=15.9,
8.2 Hz, 1H), 5.42 (d, J=10.2 Hz, 1H), 4.72 (br s, 2H), 4.60 (dd, J=8.7,
6.2 Hz, 1H), 4.57 (d, J=11.0 Hz, 1H), 4.27 (d, J=10.9 Hz, 2H), 4.03 (m,
1H), 3.92 (m, 1H), 3.79 (s, 3H), 3.78–3.68 (m, 3H), 3.63 (appq, J=
7.4 Hz, 1H), 3.59–3.51 (m, 3H), 3.45 (d, J=10.2 Hz, 1H), 3.34 (s, 3H),
3.31–3.28 (m, 2H), 3.29 (s, 3H), 3.26 (s, 3H), 3.18 (dd, J=10.3, 4.4 Hz,
1H), 2.94 (d, J=14.9 Hz, 1H), 2.47 (m, 1H), 2.40–2.20 (m, 6H), 2.14 (m,
2H), 2.05–1.91 (m, 5H), 1.91 (s, 3H), 1.84–1.79 (m, 2H), 1.77 (s, 3H),
1.68 (m, 1H), 1.56–1.48 (m, 2H), 1.37 (app t, J=11.4 Hz, 1H), 1.20 (m,
1H), 1.05 (br s, 31H), 0.99 (d, J=6.9 Hz, 3H), 0.86 (s, 9H), 0.83 (d, J=
6.4 Hz, 3H), 0.03 (s, 3H), 0.02 ppm (s, 3H); 13C NMR (125 MHz,
CDCl3): d=160.8, 159.1 (2C), 142.6, 142.0, 138.0, 137.9, 137.3, 136.0,
135.6, 135.5 (4C), 134.0 (2C), 133.9 (2C), 133.8, 133.1, 130.6, 129.5 (2C),
129.3 (2C), 127.8, 127.6 (4C), 118.7, 118.6, 113.8 (2C), 110.2, 106.2, 99.9,
89.1, 83.2, 81.2, 77.2, 73.9, 73.4, 72.8, 71.7, 71.3, 69.7, 68.9, 68.5, 68.4, 60.5,
56.2, 55.5, 55.2, 47.8, 41.0, 40.7, 39.6, 39.5, 39.3, 39.2, 39.1 (2C), 36.4, 36.3,
35.5, 33.6, 33.3, 32.1, 26.8 (3C), 25.7 (3C), 19.2, 18.0 (3C), 17.9 (3C),
14.1, 13.7, 13.6, 12.3 (3C), 5.7, �4.5 ppm (2C); IR (film): ñ=2932, 2859,
1718, 1514, 1463 cm�1: HRMALDI: calcd for C91H135N2O14Si3BrNa:
1665.8297 [M+Na]+ ; found: 1665.8304.


Alcohol 72 : NH4F (134 mg, 3.62 mmol) was added to a solution of 71
(18 mg, 0.011 mmol) in MeOH (1 mL) at RT. The resulting mixture was
stirred at 50 8C for another 3.5 h, and then quenched with saturated
NH4Cl solution and extracted with EtOAc (100 mL). The organic ex-
tracts were washed with brine, dried over Na2SO4, and then concentrated
in vacuo. Chromatography of the residue on silica gel (petroleum ether/
EtOAc 2:1) provided 72 (11 mg, 71%) as a colorless oil. Rf=0.49 (petro-
leum ether/EtOAc 1:1); [a]20D=++2.89 (c=0.25 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=7.51 (s, 1H), 7.46 (s, 1H), 7.28 (d, J=8.7 Hz, 2H),
6.87 (d, J=8.7 Hz, 2H), 6.65 (ddd, J=15.4, 8.4, 6.3 Hz, 1H), 6.34 (d, J=
16.0 Hz, 1H), 6.22–6.08 (m, 4H), 5.43 (dd, J=15.8, 8.1 Hz, 1H), 5.42 (d,
J=11.0 Hz, 1H), 4.75 (d, J=16.9 Hz, 2H), 4.61 (dd, J=8.8, 6.3 Hz, 1H),
4.57 (d, J=11.0 Hz, 1H), 4.36 (d, J=11.7 Hz, 1H), 4.28 (d, J=11.0 Hz,
1H), 4.09–4.06 (m, 2H), 4.01–3.99 (m, 1H), 3.88 (m, 1H), 3.80 (s, 3H),
3.80–3.70 (m, 2H), 3.64 (dd, J=15.0, 7.5 Hz, 1H), 3.59–3.51 (m, 4H),
3.46 (d, J=10.2 Hz, 1H), 3.34 (s, 3H), 3.31–3.28 (m, 2H), 3.29 (s, 3H),
3.26 (s, 3H), 3.18 (dd, J=10.4, 4.5 Hz, 1H), 2.94 (d, J=15.0 Hz, 1H),
2.58 (ddd, J=13.0, 5.4, 5.4 Hz, 1H), 2.41–2.21 (m, 6H), 2.15–2.10 (m,
3H), 2.08–1.95 (m, 3H), 1.91 (s, 3H), 1.85–1.76 (m, 2H), 1.76 (s, 3H),
1.63–1.58 (m, 2H), 1.52 (m, 1H), 1.37 (m, 2H), 1.09–1.04 (m, 22H), 0.98
(d, J=6.8 Hz, 3H), 0.88 (s, 9H), 0.82 (d, J=6.4 Hz, 3H), 0.08 (s, 3H),
0.07 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=161.0, 159.7, 159.1,
142.3, 141.5, 138.0, 137.9, 137.3, 136.1, 136.0, 134.1, 133.9, 133.8, 133.1,
130.6, 129.3 (2C), 127.8, 118.7, 118.4, 113.8 (2C), 110.5, 106.2, 99.9, 89.1,
83.2, 81.2, 77.2, 73.9, 73.7, 73.4, 71.7, 71.2, 70.9, 69.8, 69.7, 68.4, 60.5, 56.2,
55.5, 55.2, 47.9, 41.4, 40.2, 40.1, 39.2, 39.1 (2C), 38.5, 36.3, 36.2, 35.5, 33.7,
33.3, 32.1, 25.8 (3C), 18.0 (4C), 17.9 (3C), 14.1, 13.7, 13.6, 12.3 (3C), 5.7,
�4.5 ppm (2C); IR (film): ñ=2944, 2866, 1614, 1514, 1464, 1250,
1091 cm�1; HRMALDI: calcd for C75H117N2O14Si2BrNa: 1427.7119
[M+Na]+ ; found: 1427.7124.


Aldehyde 73 : Pyridine (6.7 mL) and Dess–Martin periodinane (10.8 mg,
0.026 mmol) were added to a solution of 72 (24 mg, 0.017 mmol) in
CH2Cl2 (2.5 mL) at RT. The mixture was stirred at RT for 1 h, and then
quenched with saturated aqueous NaHCO3/Na2S2O3 (5:1, 1 mL). This
mixture was stirred for 5 min, and then extracted with CH2Cl2 (2/
60 mL). The combined organic layers were washed with brine, dried
(Na2SO4), and then filtered through a short pad of silica gel. Finally, the
filtrate was concentrated in vacuo to give a residue. DDQ (16 mg,
0.08 mmol) was then added to a solution of the residue in CH2Cl2
(2.5 mL) and buffer (0.25 mL, pH 7) at RT. The resulting mixture was
stirred vigorously for 2 h, before being quenched with saturated aqueous
NaHCO3 (2 mL). The separated aqueous phase was extracted with
CH2Cl2 (2/30 mL), and the combined organic extracts were washed with
brine, dried over Na2SO4, and then concentrated in vacuo. Chromatogra-
phy of the residue on silica gel (petroleum ether/EtOAc 2:1) provided 73
(15 mg, 73% overall yield for the two steps) as a colorless oil. Rf=0.50
(petroleum ether/EtOAc 1:1); [a]20D=�0.67 (c=0.75 in CHCl3); 1H NMR
(500 MHz, CDCl3): d=9.75 (m, 1H), 7.52 (s, 1H), 7.44 (s, 1H), 6.62


(ddd, J=13.6, 8.4, 6.3 Hz, 1H), 6.32 (d, J=16.1 Hz, 1H), 6.21–6.14 (m,
3H), 6.09 (d, J=13.6 Hz, 1H), 5.44 (dd, J=15.7, 8.1 Hz, 1H), 5.43 (d, J=
9.0 Hz, 1H), 4.79 (s, 2H), 4.62 (dd, J=8.9, 6.3 Hz, 1H), 4.40–4.34 (m,
2H), 3.98 (m, 1H), 3.87 (m, 1H), 3.63 (dd, J=14.0, 6.4 Hz, 1H), 3.59–
3.52 (m, 4H), 3.49–3.45 (m, 2H), 3.34 (s, 3H), 3.31–3.28 (m, 2H), 3.29 (s,
3H), 3.26 (s, 3H), 2.96 (d, J=15.0 Hz, 1H), 2.68 (ddd, J=16.2, 8.4,
3.0 Hz, 1H), 2.56 (m, 1H), 2.47 (ddd, J=16.1, 5.1, 1.6 Hz, 1H), 2.40–2.32
(m, 4H), 2.27–2.21 (m, 2H), 2.13–1.97 (m, 3H), 1.96–1.89 (m, 3H), 1.93
(s, 3H), 1.77 (s, 3H), 1.75–1.69 (m, 1H), 1.64–1.50 (m, 4H), 1.37 (dd, J=
12.5, 11.2 Hz, 1H), 1.29 (dd, J=23.4, 11.3 Hz, 1H), 1.12–1.04 (m, 21H),
0.99 (d, J=6.9 Hz, 3H), 0.88 (s, 9H), 0.85 (d, J=6.5 Hz, 3H), 0.08 (s,
3H), 0.07 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=200.6, 160.9,
159.2, 142.6, 140.8, 137.9, 137.8, 137.4, 136.1, 135.7, 134.0, 133.9, 133.8,
133.1, 127.9, 118.8, 118.6, 111.3, 106.2, 99.9, 88.8, 81.2, 77.5, 77.2, 76.5,
73.9, 73.5, 72.9, 71.8, 71.4, 69.4, 68.4, 67.3, 56.3, 55.6, 47.9, 47.6, 41.1, 40.6,
39.5, 39.3, 39.2, 39.1, 39.0, 37.9, 36.1, 35.5, 34.7, 32.1, 25.8 (3C), 18.0 (3C),
17.9 (3C), 14.3, 13.6, 13.4, 12.4 (3C), 5.5, �4.5 ppm (2C); IR (film): ñ=
2945, 2866, 1716, 1463, 1361, 1253 cm�1; HRMALDI: calcd for
C67H107N2O13Si2BrNa: 1305.6387 [M+Na]+ ; found: 1305.6390.


Compound 74 : (EtO)2PCH2COOH (0.18 mL, 0.1m in CH2Cl2) and DCC
(N,N-dicyclohexylcarbodiimide, 0.18 mL, 0.1m in CH2Cl2) were added se-
quentially to a solution of 73 (16 mg, 0.012 mmol) in dry CH2Cl2 (2 mL)
at RT. This mixture was stirred for 1 h, and then quenched with saturated
NaHCO3 solution and extracted with CH2Cl2 (3/30 mL). The combined
organic layers were washed with brine, dried over Na2SO4, and then con-
centrated in vacuo. Chromatography of the residue on silica gel (petro-
leum ether/EtOAc 1:1) provided 74 (15 mg, 85%) as a colorless oil. Rf=
0.30 (petroleum ether/EtOAc 1:2); [a]20D=�4.5 (c=0.15 in CHCl3);
1H NMR (500 MHz, CDCl3): d=9.76 (s, 1H), 7.52 (s, 1H), 7.43 (s, 1H),
6.59 (ddd, J=8.9, 8.3, 1.5 Hz, 1H), 6.31 (d, J=16.0 Hz, 1H), 6.22–6.08
(m, 3H), 5.44 (dd, J=15.7, 8.1 Hz, 1H), 5.42 (d, J=1.5 Hz, 1H), 4.81 (s,
2H), 4.78 (dd, J=18.5, 13.2 Hz, 1H), 4.62 (dd, J=8.6, 6.2 Hz, 1H), 4.38–
4.33 (m, 2H), 4.19–4.14 (m, 4H), 3.99 (m, 1H), 3.86 (m, 1H), 3.64 (m,
2H), 3.58–3.53 (m, 3H), 3.34 (s, 3H), 3.34–3.31 (m, 2H), 3.29 (s, 3H),
3.26 (s, 3H), 2.98 (d, J=21.6 Hz, 2H), 2.95 (d, J=13.4 Hz, 1H), 2.70–2.66
(m, 1H), 2.60–2.54 (m, 1H), 2.50–2.48 (m, 1H), 2.47–2.22 (m, 6H), 2.15–
1.97 (m, 6H), 1.95 (s, 3H), 1.90–1.84 (m, 1H), 1.77 (s, 3H), 1.68–1.50 (m,
9H), 1.37 (m, 7H), 1.10–0.96 (m, 21H), 0.88 (s, 9H), 0.79 (d, J=6.4 Hz,
3H), 0.08 (s, 3H), 0.07 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=
200.6, 160.8, 159.2, 142.6, 140.8, 137.8, 137.4, 137.1, 136.2, 135.3, 134.0,
133.9, 133.8, 133.2, 132.5, 127.9, 119.0, 118.8, 111.3, 106.3, 99.9, 88.8, 81.3,
80.0, 73.9, 73.5, 72.9, 71.8, 71.4, 69.4, 68.4, 67.3, 62.7, 62.6, 56.3, 55.6, 47.9,
47.6, 41.1, 40.7, 39.5, 39.3, 39.2, 39.1, 39.0, 36.0, 35.6, 35.4, 33.9, 32.2, 32.1,
29.3, 29.2, 25.8 (3C), 18.0 (3C), 17.9(3C), 16.3, 16.2, 14.2, 13.6, 13.2, 12.4
(3C), 6.2, �4.5 ppm (2C); IR (film): ñ=2929, 2857, 1732, 1464,
1259 cm�1; HRMALDI: calcd for C73H118N2O17Si2BrPNa: 1483.6782
[M+Na]+ ; found: 1483.6745.


Macrolide 75 : A mixture of K2CO3 (11.4 mg, 82.6 mmol) and [18]crown-6
(90 mg, 0.34 mmol) in toluene (5 mL) was vigorously stirred at RT for
5 h, before being added a solution of 74 (10 mg, 6.8 mmol) in dry toluene
(3.5 mL) at �20 8C. The resulting mixture was stirred for 2 h at �20 8C,
and was then warmed to 0 8C over 10 h. After this time, the mixture was
extracted with EtOAc (150 mL) and the organic layer was washed with
brine (/2), dried over Na2SO4, and then concentrated in vacuo. Chroma-
tography of the residue on silica gel (petroleum ether/EtOAc 4:1) provid-
ed 75 (5 mg, 56%) as a colorless oil. Rf=0.60 (petroleum ether/EtOAc
2:1); [a]20D=++3.7 (c=0.2 in CHCl3);


1H NMR (500 MHz, CDCl3): d=
7.53 (s, 1H), 7.48 (s, 1H), 6.67 (ddd, J=16.0, 9.7, 6.5 Hz, 1H), 6.29 (d,
J=15.9 Hz, 1H), 6.26 (s, 1H), 6.20–6.14 (m, 2H), 6.09 (d, J=13.6 Hz,
1H), 5.91 (s, 2H), 5.46–5.41 (m, 2H), 4.97 (s, 1H), 4.62 (m, 2H), 4.51
(dd, J=11.2, 4.5 Hz, 1H), 4.20 (d, J=12.1 Hz, 1H), 4.18–4.11 (m, 1H),
3.98–3.96 (m, 1H), 3.94–3.88 (m, 1H), 3.64 (dd, J=13.6, 6.2 Hz, 1H),
3.59–3.52 (m, 5H), 3.52–3.43 (m, 1H), 3.34 (s 3H), 3.30 (d, J=14.9 Hz,
1H), 3.29 (s, 3H), 3.26 (s, 3H), 2.96 (d, J=14.9 Hz, 1H), 2.63 (d, J=
12.0 Hz, 1H), 2.60–2.50 (m, 1H), 2.43–2.38 (m, 2H), 2.36–2.31 (m, 2H),
2.26 (m, 1H), 2.24–2.20 (m, 1H), 2.14 (dd, J=7.7, 4.5 Hz, 1H), 2.08–1.93
(m, 6H), 1.98 (s, 3H), 1.84 (m, 2H), 1.77 (s, 3H), 1.68 (m, 1H), 1.45–1.32
(m, 3H), 1.06–1.04 (m, 21H), 0.96 (d, J=6.9 Hz, 3H), 0.9 (s, 9H), 0.77
(d, J=6.4 Hz, 3H), 0.09 ppm (s, 6H); 13C NMR (125 MHz, CDCl3): d=
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165.6, 161.2, 159.2, 144.3, 141.7, 137.9, 137.4, 137.2, 136.3, 134.2, 134.0,
133.9, 133.8, 133.2, 127.6, 121.0, 119.3, 119.2, 110.1, 106.3, 99.9, 89.3, 81.2,
79.5, 78.0, 73.9, 73.5, 72.3, 71.8, 70.8, 69.0, 68.6, 56.3, 55.6, 47.9, 42.0, 41.2,
39.2, 39.1, 39.0, 37.7, 36.9, 35.6, 34.3, 33.9, 32.6, 32.2, 31.8, 30.4, 25.8 (3C),
25.6, 24.9, 18.0 (3C), 17.9 (3C), 14.2, 13.6, 13.3, 12.4 (3C), 5.9, �4.5 ppm
(2C); IR (film): ñ=2945, 2865, 1722, 1464, 1188, 1158, 1112, 1091 cm�1;
HRMALDI: calcd for C69H107N2O13Si2BrNa: 1329.6387 [M+Na]+ ; found:
1329.6392.


Compound 2 : TBAF (15 mL, 1.0m solution in THF) was added to a solu-
tion of 75 (5 mg, 0.0038 mmol) in THF (2 mL) at RT. The resulting mix-
ture was stirred at RT for 10 h, and was then filtered through a pad of
silica gel (eluted with EtOAc). The filtrate produced was concentrated in
vacuo to give a residue. Aqueous HCl solution (0.3 mL, 6%) was added
to a solution of the residue in THF (0.8 mL) at RT. The resulting mixture
was stirred at RT for 70 h, and was then quenched with saturated
NaHCO3 solution and extracted with CH2Cl2 (3/30 mL). The combined
organic layers were washed with brine, dried over Na2SO4, and concen-
trated in vacuo. Chromatography of the residue on silica gel (EtOAc/
MeOH 150:1) provided 2 (2 mg, 51%) as an amorphous solid. Rf=0.60
(EtOAc/MeOH 15:1); [a]20D=++35 (c=0.1 in CH2Cl2; lit.


[6d]=++32.0, c=
0.2 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d=7.57 (s, 1H; C30H), 7.47
(s, 1H; C17H), 6.67 (ddd, J=16.3, 9.8, 6.7 Hz, 1H; C20H), 6.29 (d, J=
16.0 Hz, 1H; C19H), 6.24 (s, 1H; C28H), 6.19 (d, J=15.8 Hz, 1H; C41H),
6.19–6.15 (m, 1H; C45H), 6.09 (d, J=13.6 Hz, 1H; C46H), 5.92 (m, 2H;
C2H and C3H), 5.50 (dd, J=15.8, 7.9 Hz, 1H; C42H), 5.36 (d, J=9.2 Hz,
1H; C39H), 5.27 (d, J=2.0 Hz, 1H; C33OH), 4.96 (s, 1H; C51H), 4.62 (s,
1H; C51H), 4.51 (dd, J=11.1, 4.5 Hz, 1H; C24H), 4.31 (dd, J=8.8, 8.8 Hz,
1H; C38H), 4.23 (d, J=11.8 Hz, 1H; C15H), 4.17 (m, 1H; C5H), 4.00–3.94
(m, 2H; C9H and C13H), 3.82–3.74 (m, 2H; C35H and C37H), 3.64 (ddd,
J=6.9, 6.2, 6.2 Hz, 1H; C43H), 3.60–3.43 (m, 3H), 3.58 (d, J=10.1 Hz,
1H; C26H), 3.36 (s, 3H; C35OMe), 3.26 (s, 3H; C43OMe), 3.15 (d, J=
15.5 Hz, 1H; C32H), 3.07 (d, J=15.7 Hz, 1H; C32H), 2.63 (d, J=11.8 Hz,
1H; C8H), 2.54 (m, 1H; C21H), 2.43 (m, 2H), 2.36–2.22 (m, 6H), 2.06
(brd, J=13.6 Hz, 1H; C6H), 2.06–1.95 (m, 4H), 1.98 (s, 3H; C48H3), 1.85
(dd, J=15.7, 11.2 Hz, 1H; C8H), 1.81 (s, 3H, C47H3), 1.64 (appq, J=
11.3 Hz, 1H; C14H), 1.50 (m, 1H), 1.38–1.29 (m, 2H), 1.11 (appq, J=
11.6 Hz, 1H; C36H), 0.96 (d, J=6.9 Hz, 3H; C50H3), 0.77 ppm (d, J=
6.4 Hz, 3H; C49H3); IR (film): ñ=3409, 2932, 2854, 1718, 1439, 1360,
1194 cm�1; HRMALDI: calcd for C53H71N2O13BrNa: 1045.4032 [M+Na]+;
found: 1045.4072.
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Catalytic Asymmetric Mannich-Type Reactions Activated by ZnF2 Chiral
Diamine in Aqueous Media


Tomoaki Hamada, Kei Manabe, and Shū Kobayashi*[a]


Introduction


Asymmetric Mannich reactions provide useful routes for the
synthesis of optically active b-amino ketones and esters,
which are versatile chiral building blocks for the preparation
of many nitrogen-containing biologically important com-
pounds.[1] In the past few years, various enantioselective
Mannich reactions have been developed. Among them, cata-
lytic enantioselective additions of silicon enolates to imines
have been elaborated into one of the most powerful and ef-
ficient asymmetric Mannich-type reactions, not least because
silicon enolates can be prepared regio- and stereoselectively
from various carbonyl compounds.[2]


In recent years, organic reactions in aqueous media have
attracted a great deal of attention.[3] Water is no doubt
cheap, safe, and environmentally friendly when compared


with organic solvents, and unique reactivity and selectivity,
which cannot be obtained in organic solvents, are often ob-
served in aqueous reactions. Moreover, from a synthetic
viewpoint, these reactions have several advantages com-
pared with reactions under anhydrous conditions, which are
required in many conventional synthetic procedures. For ex-
ample, while it is necessary to dry solvents and substrates
vigorously before use for many reactions in dry organic sol-
vents, such drying is unnecessary for reactions in aqueous
media. We and others have recently reported several exam-
ples of catalytic asymmetric carbon–carbon bond-forming
reactions catalyzed by water-compatible Lewis acids[4] in
aqueous media.[5] However, it has been difficult to achieve
catalytic asymmetric Mannich-type reactions in aqueous
media, and no examples had been reported before our first
report.[6] In 2002, we reported the first catalytic asymmetric
Mannich-type reactions of an a-hydrazono ester with silicon
enolates in H2O/THF by using a combination of a stoichio-
metric amount of zinc fluoride and a catalytic amount of a
chiral diamine and trifluoromethanesulfonic acid (TfOH).[7]


Furthermore, we also found that by using ZnF2, a cationic
surfactant, and a chiral diamine, containing MeO groups on
its aromatic rings, in water without any organic cosolvents,
the above Mannich-type reactions proceeded to give high
yields and stereoselectivities.[8] Herein we describe the full
details of our studies on these Mannich-type reactions.


Abstract: Catalytic asymmetric Man-
nich-type reactions of an a-hydrazono
ester with silicon enolates in aqueous
media have been developed by using
ZnF2 and chiral diamines as catalysts.
In these reactions, both Zn2+ and a
fluoride anion were necessary to ach-
ieve high yields and enantioselectivi-
ties, suggesting a double activation
mechanism, in which Zn2+ activates
the a-hydrazono ester and the fluoride
anion simultaneously activates the sili-
con enolate. When chiral diamine li-


gands bearing methoxy-substituted aro-
matic rings were employed, the reac-
tions in aqueous THF were markedly
accelerated. Furthermore, the use of
these diamines facilitated the asymmet-
ric Mannich-type reactions in water
without any organic cosolvents. It is
noteworthy that either syn or anti ad-


ducts were stereospecifically obtained
from (E)- or (Z)-silicon enolates, re-
spectively. Interestingly, these reactions
proceeded smoothly only in the pres-
ence of water. On the basis of several
experimental results, it can be conclud-
ed that the reaction mechanism is
likely to be a fluoride-catalyzed one, in
which the ZnF2 chiral diamine complex
is regenerated from the Me3SiF formed
during the reaction.
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Results and Discussion


Imines are usually used as electrophiles in Mannich reac-
tions.[9] Although some imines are easily prepared from the
corresponding carbonyl compounds and amines, most of
them necessitate dehydrative preparation by azeotropic dis-
tillation or with dehydrating agents. In addition, imines are
generally difficult to purify by distillation or column chro-
matography and are unstable when stored for long periods.
In contrast, N-acylhydrazones[10] are readily prepared from
aldehydes and N-acylhydrazines, and are often isolated as
much more stable crystals than the corresponding imines.
Recently, we found that such electrophiles reacted smoothly
with several nucleophiles in the presence of a catalytic
amount of a Lewis acid.[11,12] It should be noted that hydra-
zines, such as the products of the Mannich reaction or allyla-
tion, are interesting compounds, not only because hydra-
zines themselves can be used as unique building blocks,[13]


but also because N�N bond cleavage would lead to amine
products. Furthermore, N-acylhydrazones have been suc-
cessfully used for Sc(OTf)3-catalyzed allylation reactions in
aqueous THF,[14] indicating that they can be regarded as
imine surrogates, stable even in aqueous media. Therefore,
we decided to examine the catalytic asymmetric Mannich-
type reactions of N-acylhydrazone with silicon enolates in
aqueous media.


An important feature in the design of a chiral ligand for
Lewis acid mediated asymmetric reactions in aqueous media
is its binding affinity to metal cations. We noted the strong
binding ability of ethylenediamine to Zn2+ ion,[15] and decid-
ed to test various chiral analogues of ethylenediamine for
use in catalytic asymmetric Mannich-type reactions in aque-
ous media. After many trials, we found that the combination
of chiral diamine 1a[16] and Zn(OTf)2 gave a low but signifi-
cant enantiomeric excess (ee, 24%) in the reaction of a-hy-
drazono ester 2 with silyl enol ether 3 in H2O/THF 1:9
(Table 1, entry 1). The effect of the counteranions of Zn2+


was then examined, and it was found that the same level of
enantioselectivity was obtained when Zn(ClO4)2 was used
(entry 2). While the reaction hardly proceeded when ZnBr2


or ZnCl2 were employed (entries 3 and 4), it was remarkable
to find that high enantioselectivity was obtained when ZnF2


was used (entry 5).[17] Although the yield was low, this high
ee prompted us to investigate the ZnF2-mediated reaction
further.


Several reaction conditions were examined in order to im-
prove the yield (Table 2). Interestingly, a stoichiometric
amount of ZnF2 led to a low yield, due to rapid hydrolysis


of 3, and high enantioselectivity was maintained in spite of
the use of a large excess of ZnF2, relative to the chiral dia-
mine (entry 1). Next, we examined the effect of additives. It
was exciting to find that 1 mol% of TfOH (Tf= triflate) sig-
nificantly suppressed the hydrolysis of 3, increasing the yield
dramatically (entry 2 versus 1). The same level of enantiose-
lectivity was obtained when the amount of ZnF2 was low-
ered to 50 mol% (entry 3), although the yield was decreased
when the amount of ZnF2 was reduced further (entries 4
and 5). It should be noted that the presence of 1a signifi-
cantly improved the yield (entry 2 versus 6), and that this
ligand effect is key to the success of the present catalytic
system.[18]


For the catalytic asymmetric Mannich-type reaction of 2
in aqueous THF with ZnF2, 1a, and TfOH, other silyl enol
ethers were tested (Table 3). Silyl enol ethers derived from
aromatic ketones gave the desired products, mostly, in high
yields and with high enantioselectivities (entries 1–4). When
using an aliphatic ketone (entry 5), high selectivity was also
obtained, but the yield of the reaction was low. Further-
more, in entries 4 and 5, the syn adducts were obtained with
high diastereo- and enantioselectivities.


While the first catalytic, diastereo- and enantioselective
Mannich-type reactions in aqueous media had been devel-
oped, there were several problems that remained to be
solved. These were as follows: 1) TfOH is essential to
obtain high yields, 2) the reaction time is long, and 3) more
than 50 mol% of ZnF2 is necessary to complete the reac-
tion. Accordingly, it was clear that this Mannich-type reac-
tion left much room for improvement; therefore, we decided
to investigate this reaction further.


Effect of additives : As mentioned above, addition of TfOH
was essential for obtaining high yields in the reaction. We


Table 1. Effect of counterions.


Entry ZnX2 Yield [%] ee [%]


1 Zn(OTf)2 21 24
2 Zn(ClO4)2·6H2O 25 26
3 ZnBr2 trace –
4 ZnCl2 0 –
5 ZnF2 7 86


Table 2. Several reaction conditions.


Entry ZnF2 [mol%] Yield [%] ee [%]


1[a] 100 19 90
2 100 93 92
3 50 89 92
4 30 34 89
5[b] 10 17 85
6[c] 100 34 –


[a] Without TfOH. [b] 143 h. [c] Without 1a.
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searched for effective additives other than TfOH in the re-
action of 2 with 3 in aqueous THF. First, we tested several
acids; however, no marked effect was observed. Interesting-
ly, the reactions utilizing metal triflates as additives pro-
duced better yields than the reaction conducted without any
additives (Table 4, entries 3–6 versus 1). In particular, alkali


metal triflates produced higher yields than TfOH, and the
best yield was obtained when NaOTf was employed
(entry 4). These results indicate that TfOH acts not as a
protic acid, but as a triflate anion source. It is likely that one
fluoride anion of ZnF2 is replaced with a triflate anion, thus
generating ZnF(OTf) in the reaction system. It is noted that
ZnF(OTf) must be more Lewis acidic than ZnF2.


Effect of chiral diamines : Next, we examined the effect of
chiral diamines on the rate of the Mannich-type reaction.
Indeed, various chiral diamines derived from (1R,2R)-1,2-di-
phenylethylenediamine were tested in the reaction of 2 with
3 (1.5 equiv) under the conditions shown in Table 5. It was
exciting to find that diamine 1c, which contains ortho-MeO
groups on its aromatic rings, afforded a much higher yield
than 1a (entry 3), although the corresponding ortho-tolyl
ligand 1b gave a comparable yield to 1a (entry 2). To our
further delight, 1c produced greater enantioselectivity than
1a. Moreover, it was found that the use of 1e resulted in
both a high yield and ee (entry 5), whereas 1 f gave a compa-
rable yield and ee to 1a (entry 6). The above results demon-
strate that the MeO groups located at the ortho position on


the aromatic rings of chiral diamine ligands plays an essen-
tial role in producing the high yields and selectivities ob-
served in these reactions.[19] When 1 i was employed, Man-
nich adduct (R)-4a was obtained in a satisfactory yield, and
with the greatest enantioselectivity observed for the dia-
mines examined in Table 5 (entry 9). Furthermore, it is
worth noting that the reaction with 1 i proceeded to produce
a high yield, even in the absence of NaOTf (entry 10).


One of the interesting features of the present Mannich-
type reactions is that high enantioselectivity can be obtained
in spite of the use of a large excess of ZnF2 with respect to
the chiral diamine. Thus, we investigated the use of reduced
amounts of diamine 1 i in the reaction of 2 with 3 (3.0 equiv)
and ZnF2 (100 mol%). It was found that 1 i could be re-
duced to only 2 mol% without significant loss of enantiose-
lectivity (87% yield, 94% ee, 20 h).


We also examined the effect of the diamines in the reac-
tion with propiophenone-derived silyl enol ether 5 (Table 6).
As with the reaction using 3, both diamines 1c and 1 i were
found to be effective in accelerating the reaction. In contrast
to when 3 was employed, however, 1c produced greater
enantioselectivity than 1 i (entry 1 versus 2). It is further


Table 4. Effect of metal triflates.


Entry Additive (mol%) Yield [%] ee [%]


1 – 21 90
2 TfOH (1) 57 90
3 LiOTf (1) 69 90
4 NaOTf (1) 73 92
5 KOTf (1) 68 91
6 Zn(OTf)2 (0.5) 48 89


Table 5. Effect of chiral diamines 1.


Entry Ar (diamine) Yield [%] ee [%]


1 Ph (1a) 25 86
2 2-Me-C6H4 (1b) 23 57
3 2-MeO-C6H4 (1c) 83 93
4 2-EtO-C6H4 (1d) 35 94
5 2,5-(MeO)2-C6H3 (1e) 84 93
6 3,5-(MeO)2-C6H3 (1 f) 19 86
7 3-MeO-2-naphthyl (1g) 43 91
8 2-MeO-4-tBu-C6H3 (1h) 53 92
9 2-MeO-5-tBu-C6H3 (1 i) 72 96
10[a] 2-MeO-5-tBu-C6H3 (1 i) 81 96


[a] Without NaOTf.


Table 3. Catalytic asymmetric Mannich-type reactions.


Entry R1 R2 t [h] Product Yield [%] syn/anti ee [%]


1 H 4-Me-C6H4 120 4b 82 – 91
2 H 4-MeO-C6H4 72 4c 63 – 91
3[a] H 4-Cl-C6H4 96 4d 88 – 89
4[a,b] Me Ph 72 6a 91 96:4 88
5[a,c] Me iPr 420 6b 30 90:10 91


[a] 100 mol% of ZnF2 and 20 mol% of 1a were used. [b] E/Z <2:>98. [c] E/Z 4:96.
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noted that the reaction using 1c proceeded to afford 6a in a
high yield with high diastereo- and enantioselectivities in
the absence of NaOTf (entry 3).


Stereospecificities : Diastereoselection in this Mannich-type
reaction is of great interest not only from a synthetic point
of view, but also from a mecha-
nistic aspect. In fact, the Z silyl
enol ethers derived from pro-
piophenone and 2-methyl-3-
pentanone afforded high syn se-
lectivities, as shown in Tables 3
and 6. Thus, we took an interest
in the relationship between the
configurations of the silicon
enolates and the relative config-
urations of the major products.
The reaction of 2 with the (Z)-
ketene silyl acetal (Z)-7, de-
rived from (S)-tert-butyl thio-
propionate, and 1c afforded the
corresponding adduct with high
syn selectivity and good ee
(Table 7, entry 1). In this reac-
tion, the addition of NaOTf was
essential for obtaining a high
yield (entry 2). To our surprise,
the anti adduct was obtained
with good diastereoselectivity
from the reaction with the (E)-7 under the same conditions
as those of entry 1 (entry 3). We then examined the reac-
tions with the (E)- and (Z)-silyl enol ethers derived from 3-
pentanone, (E)-8 and (Z)-8. When (E)-8 was employed, the
anti adduct was obtained selectively with high diastereo-
and enantioselectivity (entry 4). In contrast, (Z)-8 afforded
good syn selectivity (entry 5). Good stereospecificity was ob-
served in the reactions of both 7 and 8. It is noted that such
stereospecificities are rare in catalytic asymmetric Mannich-
type reactions,[20] and that both syn and anti adducts can be
easily prepared by simply changing the geometry of the sili-
con enolates. Furthermore, 7 and 8 afforded the opposite re-
sults with regards to the relationships between the geometry
of the enolates and the relative configurations of the prod-


ucts. We suppose that this interesting phenomenon is due to
the different steric influences of the Et and StBu groups.[21]


Reduction of the ZnF2 loading : As mentioned earlier, one
of problems in the present reactions is that more than
50 mol% of ZnF2 is required to obtain high yields. Catalytic
use of the fluoride anion presents a significant challenge due
to the great strength of the silicon–fluorine bond
(592 kJmol�1) of Me3SiF, which was generated by the activa-
tion of the silicon enolate with the fluoride anion of ZnF2.
However, the marked acceleration of the reaction observed
when using diamine 1c or 1 i prompted us to re-examine the
reduction of the ZnF2 loading by using these diamines.


It was exciting to find that when 20 mol% of ZnF2 was
used in the reaction of 2 with 3 and diamine 1 i, a compara-
ble yield and enantioselectivity, compared to that found
with 100 mol% of ZnF2 were obtained (Table 8, entry 2
versus 1). The use of 1a instead of 1 i resulted in a very low
yield, due to the rapid hydrolysis of 3 (entry 3). Further-
more, when NaOTf (1 mol%) was added to this reaction,


Table 6. Effect of chiral diamines 2.


Entry Diamine t [h] Yield [%] syn/anti ee[a] [%]


1 1 i 6 62 96:4 86
2 1c 16 87 95:5 92
3[b] 1c 20 89 91:9 94


[a] ee of syn adduct. [b] Without NaOTf.


Table 7. Stereospecific, asymmetric Mannich-type reactions.


Entry Enolate t [h] Product Yield [%] syn/anti ee [%] (syn/anti)


1 8 6c 80 97:3 87:27[b]


2[c] (Z)-7[a] 8 6c 32 97:3 86:24[b]


3 20 6c 22 27:73 65:85[b]


4 72 6d 98 13:87 88:91


5 72 6d 65 77:23 86:81


[a] E/Z 3:97. [b] (2R,3R):(2R,3S). [c] Without NaOTf. [d] E/Z 98:2. [e] E/Z 76:24. [f] E/Z 1:99.


Table 8. Reduction of ZnF2 loading.


Entry Enolate ZnF2 [mol%] Diamine Yield [%] syn/anti ee [%]


1 3 100 1 i 94 – 96
2 3 20 1 i 94 – 96
3 3 20 1a 13 – 87
4[a] 3 20 1a 25 – 79
5[b,c] 3 20 1 i 82 – 96
6 5 20 1c 95 94:6 94[d]


[a] NaOTf (1 mol%) was added. t=72 h. [b] Enolate (1.5 equiv).
[c] NaOTf (4 mol%) was added. [d] ee of syn adduct.
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the yield produced was still low, despite the fact that large
amounts of silicon enolate 3 remained after the reaction had
been completed (entry 4). These results clearly indicate that
1 i permits catalytic turnover of the fluoride anion. In addi-
tion, 20 mol% of ZnF2 was sufficient to obtain both a high
yield and stereoselectivity in the reaction of 5 with diamine
1c (entry 6). Therefore, diamines containing ortho-methoxy
groups were effective not only for the acceleration of the re-
action, but also for the reduction of the ZnF2 loading. It is
worth noting that the use of these diamines overcame the
problems (1–3, see above) of the reaction when using 1a.


On the other hand, it was found that NaOTf suppressed
the hydrolysis of the silicon enolates for the reactions in-
volving diamines 1 i and 1a, and that the reaction proceeded
smoothly with a reduced amount of the silicon enolate, with-
out a significant decrease in the yield. In fact, when
1.5 equivalents of 3 were employed, satisfactory results were
obtained (entry 5).


Effect of water : It was also revealed that the present Man-
nich-type reactions proceeded only in aqueous media.
Indeed, the reaction of 2 with 3 in anhydrous THF produced
only a trace amount of the product (Table 9, entry 2), and


no product was obtained in anhydrous DMF (entry 6).
When one or five equivalents of water were added to the re-
action in THF, the yield was still very low (entries 3 and 4).
These results evidently indicate that a large excess of water
is required to obtain a satisfactory yield. In addition, the re-
action in MeOH/THF 1:9 did not proceed at all (entry 5).
Accordingly, it is not likely that water merely acts as a
proton source. At this stage, we speculate that water facili-
tates the dissociation of the fluoride anion from Zn2+ , there-
by enhancing the catalytic activity of the chiral ZnF2 com-
plex.


Reaction mechanism : A proposed catalytic cycle for this
Mannich-type reaction is depicted in Scheme 1. This reac-
tion is likely to proceed with double activation, in which
Zn2+ acts as a Lewis acid to activate 2, whilst at the same
time, the fluoride anion acts as a Lewis base to attack the
silicon atom of the silicon enolate B.[22–24] In other words,
zinc amide C and Me3SiF are formed first, and subsequent


hydrolysis of C affords the Mannich adduct and ZnF(OH)–
diamine complex D. It is considered that a catalytic amount
of the fluoride anion provides a high yield of the product
for this reaction, probably because catalytic turnover of the
fluoride anion occurs. This apparently means that D reacts
with Me3SiF, regenerating ZnF2 diamine complex A for the
next catalytic cycle (fluoride-catalyzed mechanism[25,26]).


The double activation mechanism was partly supported by
the following experiments. The reaction of 2 with 3 by using
Zn(OTf)2 (10 mol%) and 1 i (12 mol%) gave a much lower
ee than the reaction with ZnF2 and 1 i (Table 10, entry 3


versus 2). When tetrabutylammonium fluoride (TBAF) was
employed as a catalyst, no product was obtained due to the
rapid hydrolysis of 3 (entry 4). These results indicate that
both Zn2+ and the fluoride anion are required to gain high
yields and enantioselectivity.


To confirm the catalytic turnover step (from D to A in
Scheme 1), we investigated the ability of Me3SiF to regener-
ate ZnF2 from ZnF(OH). First, it was confirmed that the re-
action of 2 with 3 proceeded very sluggishly in the presence
of ZnF(OH)[27] (100 mol%) and 1 i (10 mol%, entry 5).
When Me3SiF (100 mol%) was added, however, the reaction
proceeded well, and (R)-4a was obtained with a similar


Table 9. Effect of water.


Entry Solvent H2O [equiv] Yield [%] ee [%][a]


1 H2O/THF 1:9 – 94 96
2 THF – trace nd
3 THF 1 trace nd
4 THF 5 10 95
5 MeOH/THF 1:9 – 0 –
6 DMF – 0 –


[a] nd=not detected.


Scheme 1. Proposed catalytic cycle (fluoride-catalyzed mechanism).


Table 10. Investigations into the proposed double activation mechanism
and catalyst turnover step.


Entry ZnX2 (mol%) Additive (mol%) Yield [%] ee [%]


1 ZnF2(100) – 94 96
2 ZnF2 (20) – 94 96
3[a] Zn(OTf)2 (10) – 16 20
4[b] – TBAF (20) 0 –
5 ZnF(OH) (100) – 7 94
6 ZnF(OH) (100) Me3SiF (100) 90 96


[a] 1 i (12 mol%). [b] Without 1 i.
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yield and selectivity to that obtained for the reaction with
ZnF2 (entry 6 versus 1). These results indicate that the ex-
change of the fluoride anion between ZnF(OH) and Me3SiF
regenerates ZnF2, which is a requirement for effective catal-
ysis of this reaction.


Next, we investigated the stability of the Si�F bond of
Me3SiF in aqueous THF. The hydrolysis of Me3SiF in D2O/
[D8]THF 1:9 was followed by 1H NMR spectroscopy. The
hydrolysis of Me3SiF proceeded[28] to afford Me3SiOD, after
25 h, in a quite low but significant yield (2.5%) that did not
change even after 69 h (Table 11). Moreover, when


Me3SiOH was treated with ZnF2 (100 mol%) and chiral dia-
mine 1 i (10 mol%), Me3SiF was obtained in 60% yield
[Eq. (1)], indicating the existence of the reverse reaction
(from A to D in Scheme 1).


These results show that the thermodynamically stable Si�
F bond is kinetically labile in aqueous THF on the timescale
of the Mannich-type reaction, and that the catalytic turnover
of the fluoride anion can occur. The results shown in
Table 11 and Equation (1) suggest that the equilibrium of
the catalytic turnover step (D to A) lies in favor of D. How-
ever, the strong Si–F interaction, resulting in the formation
of B (Scheme 1), could be the driving force that facilitates
the catalytic turnover, and indeed, the presence of a catalyt-
ic amount of the fluoride anion afforded the Mannich
adduct in high yield.


We next turned our attention to the structure of the chiral
catalyst to clarify the origin of the unique stereoselectivities.
Although crystals of the [ZnF2-1c] complex, suitable for
XRD analysis, could not be prepared due to its low solubili-
ty, a complex suitable for X-ray analysis was obtained from
ZnCl2 and 1c (Figure 1). In this X-ray structure, as expected,
the complex exhibits a tetrahedral geometry, and the asym-
metric information carried by the two asymmetric carbon
atoms on the ligand backbone is transferred to the two
benzyl moieties on the nitrogen atoms upon coordination to
the metal; this would play a key role in the production of
high stereoselectivity in catalysis. In addition, interactions


between the MeO groups of 1c and Zn2+ were not ob-
served, a finding contrary to our initial expectation. Instead,
the MeO groups proved to be located near the amino
groups, suggesting hydrogen bonding between the MeO
oxygen atom and the amino proton (N1···O1=3.028 N;
N2···O2=3.141 N). On the basis of this X-ray crystal struc-
ture, and that 1a and 1c produced similar enantioselectivi-
ties (Table 5), it is proposed that the MeO groups of the dia-
mine do not coordinate to Zn2+ , even in the transition
states for the asymmetric reactions.[29]


To gain an insight into the structure of the catalyst in a re-
action solution, we examined the influence of the optical
purity of the chiral diamine on the enantioselectivity of the
product in the reaction of 2 with 3. When the enantiomeric
excesses of Mannich adduct (R)-4a were monitored as a
function of the ee of (R,R)-1 i, a linear correlation was ob-
served (Figure 2). This result implies that the active catalyst


Table 11. Hydrolysis of Me3SiF.
[a]


Entry t [h] Me3SiOD[b] [%] Me3SiF
[b] [%]


1 0.5 0.6 93
2 25 2.5 91
3 69 2.5 89


[a] A small amount of (Me3Si)2O was observed in all cases (approxi-
mately 0.2% yield). [b] Determined by 1H NMR spectroscopy (internal
standard=benzotrifluoride or 4-fluorotoluene).


Figure 1. ORTEP drawing of the [ZnCl2-1c] moiety in the X-ray crystal
structure of [ZnCl2-1c]·CH2Cl2 (all hydrogen atoms, except the NH
proton and those in solvent of crystallization have been omitted for clari-
ty).


Figure 2. Plot of % ee for product (R)-4 versus % ee for diamine (R,R)-
1 i.
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is the monomeric [ZnF2-1 i] complex, which has a similar
structure to the ZnCl2 complex shown in Figure 1.


As mentioned above, marked acceleration of the reaction
was observed when using diamine 1c or 1 i. The origin of
this acceleration was assumed to be explained by the follow-
ing: The intramolecular hydrogen-bonding effect (see
above) or the electron-donating effect of the MeO groups
seems to increase the basicity of the amino nitrogen
atoms[30] that coordinate to Zn2+ . Therefore, the use of
these diamines could facilitate the dissociation of the fluo-
ride anion from ZnF2, leading to the improved catalytic ac-
tivity of chiral ZnF2 complexes.


Catalytic asymmetric Mannich-type reactions in water :
While it was revealed that the Mannich-type reactions in
aqueous THF produce high yields and stereoselectivities in
the presence of catalytic amounts of ZnF2 and a chiral dia-
mine, it is more desirable to use only water as a solvent.
However, catalytic asymmetric carbon–carbon bond-forming
reactions in water without any organic cosolvents, are diffi-
cult to achieve due to the low solubility of most catalysts
and substrates in water, although some examples have been
reported recently.[5] Therefore, we decided to apply the pres-
ent Mannich-type reaction in aqueous THF to the reaction
in water.


It was surprising to find that the reaction of 2 with 3 in
water (direct application of the catalytic system that was
most effective in H2O/THF 1:9) produced satisfactory re-
sults. Indeed, when ZnF2 (100 mol%) and 1 i (10 mol%)
were employed, Mannich adduct 4a was obtained in 91%
yield with 95% ee (Table 12, entry 1). In contrast, diamine


1a produced a moderate yield, even after 72 h and despite
the addition of NaOTf (entry 2). Significantly, from these re-
sults, it is apparent that the reaction of 2 with 3 in water has
reached a practical level by using diamine 1 i. We then
tested other silyl enol ethers under the same reaction condi-
tions. For 4’-substituted acetophenone-derived silyl enol
ethers, the corresponding adducts were obtained in high
yields with excellent enantioselectivities (entries 4–6). To


our disappointment, however, reduction of the ZnF2 loading
resulted in a low yield, because the hydrolysis of 3 became
predominant over the desired Mannich-type reaction
(entry 3).


We next turned our attention to the enantio- and diaster-
eoselective reactions of the silyl enol ethers derived from a-
monosubstituted carbonyl compounds. Unexpectedly, the re-
actions of 5 proceeded sluggishly, in spite of the fact that a
large amount of 5 remained after the reaction had been
completed (Table 13, entries 1 and 2). In an attempt to ac-
celerate the reaction, the addition of surfactants was then in-


vestigated.[31] While sodium dodecyl sulfate (SDS) or Triton
X-405 was not effective (entries 3 and 4), it was remarkable
that cetyltrimethylammonium bromide (CTAB) produced
an excellent yield, and that it also improved the enantiomer-
ic excess slightly (entry 5). It is worth noting that a cationic
surfactant is effective in this reaction,[32,33] while an anionic
surfactant has been reported to work well in Lewis acid cat-
alyzed aldol reactions.[34] Moreover, 2 mol% of CTAB was
sufficient for producing high yields and enantioselectivities
(entry 6). The reaction under neat conditions gave a lower
yield than that in water, suggesting the importance of water
(entry 7 versus 8).[35] It was also noted that tetrabutylammo-
nium bromide (TBAB) was ineffective not only in water,
but also under biphasic conditions, which are often used for
phase-transfer catalysis[36] (entries 9 and 10).


Finally, we reduced the amount of ZnF2 to 10 mol% for
several reactions of silyl enol ethers derived from a-mono-
substituted carbonyl compounds, although unsatisfactory re-
sults were obtained in the case of 3. To our delight, the reac-
tion with 5 proceeded to give the desired adduct 6 in high
yield with high stereoselectivity, even when the amount of
1c was reduced to 5 mol% (Table 14, entry 1). However, a
further decrease in the ZnF2 loading resulted in a moderate
yield (entry 2). When the silyl enol ethers derived from 4’-
methoxypropiophenone and butyrophenone were employed,
high yields and high diastereo- and enantioselectivities were


Table 12. Catalytic asymmetric Mannich-type reactions of the silyl enol
ethers, derived from acetophenone analogues, in water.


Entry Ar Diamine t [h] Product Yield [%] ee [%]


1 Ph, 3 1 i 20 4a 91 95
2[a] Ph, 3 1a 72 4a 44 95
3[b] Ph, 3 1 i 20 4a 35 96
4 4-Me-C6H4 1 i 20 4b 91 95
5 4-MeO-C6H4 1 i 20 4c 93 91
6 4-Cl-C6H4 1 i 36 4d 94 95


[a] NaOTf (1 mol%) was added. [b] ZnF2 (10 mol%).


Table 13. Catalytic asymmetric Mannich-type reactions of 5 in water.


Entry Additive (mol%) t [h] Yield [%] syn/anti ee [%, syn]


1 – 20 6 91:9 94
2 NaOTf (1) 20 8 87:13 92
3 SDS (5) 20 9 91:9 78
4 Triton X-405 (5) 20 10 91:9 93
5 CTAB(5) 20 94 94:6 97
6 CTAB(2) 20 93 94:6 96
7 CTAB(5) 5 60 94:6 96
8[a] CTAB(5) 5 32 95:5 95
9 TBAB(5) 5 <2 89:11 92
10[b] TBAB(5) 20 24 89:11 92


[a] Neat conditions. [b] The solvent system H2O/CH2Cl2 (1:1) was used.
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obtained (entries 3 and 4). Furthermore, stereospecific,
enantio- and diastereoselective reactions were achieved in
water by using only 10 mol% of ZnF2 and 1c. In fact, the
reactions with (E)-8 and (Z)-8 proceeded to afford anti and
syn adducts in good yields with high diastereo- and enantio-
selectivities, respectively, although a longer reaction time
was required (entries 5 and 6). It is noted that the products
obtained in the present Mannich-type reactions were often
highly crystalline, and one recrystallization afforded almost
diastereomerically and enantiomerically pure materials (en-
tries 1, 3, 4 and 6).


Summary


Diastereo- and enantioselective Mannich-type reactions of
a-hydrazono ester 2 with silicon enolates in aqueous media
have been achieved with a ZnF2 chiral diamine complex.
This reaction seems to proceed with double activation, in
which Zn2+ acts as a Lewis acid to activate 2, and a fluoride
anion acts as a Lewis base to activate the silicon enolates.
Indeed, both Zn2+ and a fluoride anion were needed to
obtain high yields and enantioselectivities. The effect of the
diamines, which contain MeO groups on their aromatic
rings, is worth noting, and the advantages of using these dia-
mines are as follows:
1) The reactions in aqueous THF were remarkably acceler-


ated.
2) The reactions with the silicon enolates 3 or 5 proceeded


in high yield, even in the absence of TfOH or NaOTf,
which was needed in the reactions involving 1a.


3) The ZnF2 loading could be reduced to 10–20 mol%,
without loss of yield and enantioselectivity, whereas
more than 50 mol% of ZnF2 was required in the reac-
tions involving 1a.


4) The reactions in water, without any organic cosolvents,
proceeded smoothly to give high yields and stereoselec-
tivities.


It is also noted that, in contrast
to most asymmetric Mannich-
type reactions, either syn- or
anti-adducts were stereospecifi-
cally obtained from (E)- or (Z)-
silicon enolates. As for the re-
action mechanism, some experi-
mental evidence suggests that
the ZnF2 chiral diamine com-
plex is the real catalytically
active species, and that it is re-
generated from the Me3SiF
formed during the reaction
(fluoride-catalyzed mechanism).
Finally, it should be noted that
the present reaction proceeds
smoothly only in the presence
of water, although the exact
role of water in this reaction is


as yet unclear. The studies in this article will provide a
useful guide for the development of catalytic asymmetric
carbon–carbon bond-forming reactions in water.


Experimental Section


General : Melting points are uncorrected. CDCl3 was used as a solvent
for 1H and 13C NMR spectra unless otherwise noted. TMS served as an
internal standard (d=0 ppm) for 1H NMR spectra and CDCl3 as an inter-
nal standard (d=77.0 ppm) for 13C NMR spectra. For spectroscopic anal-
ysis conducted in [D6]DMSO, the methyl peak of the DMSO served as
the internal standard (2.49 ppm for 1H NMR spectra and 39.5 ppm for
13C NMR spectra). Preparative TLC was carried out by using Wakogel
B-5F. ZnF2 was purchased from Soekawa Rikagaku or Aldrich. (1R,2R)-
(+)-1,2-Diphenyl-1,2-ethanediamine was purchased from Kanto Kagaku.


Silicon enolate : All the silicon enolates (3, 5,[37a] (E)-7,[37b,c] (Z)-7,[37b,c]


(E)-8,[37b,d] (Z)-8,[37d] (Z)-(1-isopropyl-propenyloxy)-trimethylsilane, (Z)-
[1-(4-methoxy-phenyl)-propenyloxy]-trimethylsilane,[37a] and (Z)-trimeth-
yl-(1-phenyl-but-1-enyloxy)-silane[37a]) were prepared from the corre-
sponding carbonyl compounds by using known methods.[2]


Preparation of ethyl benzoylhydrazono-acetate (2):[38] Benzoylhydrazine
(42.3 mmol) was added to a solution of ethyl glyoxylate (45–50% in tolu-
ene, 10.04 g) in EtOH (50 mL). After stirring at 80 8C for 15 min, the re-
action mixture was gradually allowed to cool to RT. The precipitated hy-
drazone 2 was then filtered with suction and washed successively with
EtOH (30 mL), toluene (300 mL), and hexane (500 mL). Yield: 62%;
m.p. 140–141 8C; 1H NMR ([D6]DMSO, 80 8C): d=1.28 (t, J=7.1 Hz,
3H), 4.26 (q, J=7.1 Hz, 2H), 7.48–7.55 (m, 2H), 7.57–7.64 (m, 1H), 7.83
(s, 1H), 7.86–7.92 (m, 2H), 12.07 ppm (s, 1H); 13C NMR ([D6]DMSO,
80 8C): d=13.6, 60.3, 127.6, 128.0, 131.7, 132.4, 137.1, 162.6, 164.3 ppm;
IR (KBr): ñ=3195, 3043, 1739, 1665, 1558, 1347, 1216, 1137, 1088 cm�1;
HRMS (ESI-TOF): calcd for C11H13N2O3: 221.0926 [M+H]+ ; found:
221.0914; elemental analysis calcd for C11H12N2O3: C 59.99, H 5.49, N
12.72; found: C 59.95, H 5.49, N 12.73.


A typical experimental procedure for the Mannich-type reactions in
aqueous THF (Table 2, entry 2): A solution of 1a (0.0419 mmol) in H2O/
THF (1:9, 0.83 mL), a solution of trifluoromethanesulfonic acid in H2O/
THF (1:9, 0.079m, 53 mL, 4.2 mmol), and 2 (0.419 mmol) were added to a
solution of ZnF2 (0.419 mmol) in H2O/THF (1:9, 0.27 mL). A solution of
3 (1.26 mmol) in H2O/THF (1:9, 1.19 mL) was then added, and the mix-
ture was stirred at 0 8C. After 72 h at this temperature, the reaction was
quenched with saturated aqueous NaHCO3. The resultant mixture was
then extracted with dichloromethane (O3), and the combined organic


Table 14. Catalytic asymmetric Mannich-type reactions in water.


Entry Enolate[b] 1c [mol%] t [h] Product Yield [%] syn/anti ee [%][a]


1 5 5 40 6a 87 93:7 96
2[c] 5 5 40 6a 60 93:7 96


3[d] 10 40 6e 76 96:4 96


4[d] 10 40 6 f 74 96:4 96


5 (E)-8 10 155 6d 75 13:87 92
6 (Z)-8 10 144 6d 63 90:10 98


[a] ee of the major diastereomer. [b] PMP=p-Methoxyphenyl. [c] E/Z <2:>98. [d] ZnF2 (5 mol%).
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layers were dried over anhydrous Na2SO4. Finally, the solvents were
evaporated, and the residue was purified by preparative TLC (silica gel,
CHCl3/MeOH 39:1) to give (R)-4 (93% yield). The enantiomeric excess
of the product was determined by HPLC analysis (92% ee).


Ethyl 2-(N’-benzoylhydrazino)-4-oxo-4-phenylbutyrate (4a):[7] [a]22D =


+4.42 (c=5.07 in CHCl3, 96% ee); 1H NMR (CDCl3): d=1.23 (t, J=
7.1 Hz, 3H), 3.51 (dd, J=17.9, 6.5 Hz, 1H), 3.60 (dd, J=17.9, 4.9 Hz,
1H), 4.06–4.35 (m, 3H), 5.51 (br s, 1H), 7.31–7.64 (m, 6H), 7.74 (d, J=
7.6 Hz, 2H), 7.93 (d, J=7.6 Hz, 2H), 8.50 ppm (brd, J=4.4 Hz, 1H);
13C NMR (CDCl3): d=14.0, 39.4, 59.0, 61.4, 126.9, 128.0, 128.5, 128.5,
131.7, 132.6, 133.4, 136.1, 166.9, 172.5, 197.1 ppm; IR (neat): ñ=3289,
1735, 1681, 1536, 1216, 689 cm�1; MS: m/z : 340 [M]+ ; HRMS: calcd for
C19H20N2O4: 340.1423; found: 340.1379; HPLC (Daicel Chiralcel OD,
hexane/iPrOH 4:1, flow rate=1.0 mLmin�1): tR=11.9 min (R), tR=
17.7 min (S).


Ethyl 2-(N’-benzoylhydrazino)-4-oxo-4-p-tolylbutyrate (4b):[7] 1H NMR
(CDCl3): d=1.25 (t, J=7.1 Hz, 3H), 2.40 (s, 3H), 3.51 (dd, J=17.8,
6.3 Hz, 1H), 3.59 (dd, J=17.8, 4.6 Hz, 1H), 4.06–4.37 (m, 3H), 5.40–5.52
(br s, 1H), 7.16–7.56 (m, 5H), 7.73 (d, J=7.3 Hz, 2H), 7.84 (d, J=8.3 Hz,
2H), 8.27 ppm (brd, J=5.1 Hz, 1H); 13C NMR (CDCl3): d=14.1, 21.6,
39.4, 59.2, 61.5, 126.9, 128.2, 128.6, 129.3, 131.8, 132.7, 133.7, 144.4, 166.8,
172.7, 196.8 ppm; IR (neat): ñ=3295, 2924, 1735, 1680, 1606, 1181 cm�1;
HRMS: calcd for C20H22N2O4: 354.1580; found: 354.1548; HPLC (Daicel
Chiralcel OD, hexane/iPrOH 4:1, flow rate=1.0 mLmin�1): tR=12.0 min
(R), tR=17.0 min (S).


Ethyl 2-(N’-benzoylhydrazino)-4-(4-methoxyphenyl)-4-oxobutyrate
(4c):[7] 1H NMR (CDCl3): d=1.25 (t, J=7.2 Hz, 3H), 3.49 (dd, J=17.6,
6.3 Hz, 1H), 3.57 (dd, J=17.6, 4.4 Hz, 1H), 3.87 (s, 3H), 4.10–4.33 (m,
3H), 5.29–5.60 (m, 1H), 6.92 (d, J=8.8 Hz, 2H), 7.36–7.46 (m, 2H), 7.50
(t, J=7.3 Hz, 1H), 7.73 (d, J=7.3 Hz, 2H), 7.93 (d, J=8.8 Hz, 2H),
8.26 ppm (br s, 1H); 13C NMR (CDCl3): d=14.1, 39.2, 55.5, 59.2, 61.5,
113.8, 126.9, 128.6, 129.3, 130.5, 131.8, 132.7, 163.8, 166.8, 172.8,
195.7 ppm; IR (neat): ñ=3257, 1740, 1686, 1627, 1600, 1453, 1262, 1222,
1192, 1169 cm�1; MS: m/z : 370 [M]+ ; HPLC (Daicel Chiralcel OD,
hexane/iPrOH 4:1, flow rate=1.0 mLmin�1): tR=19.6 min (R), tR=
28.2 min (S).


Ethyl 2-(N’-benzoylhydrazino)-4-(4-chlorophenyl)-4-oxobutyrate (4d):[7]
1H NMR (CDCl3): d=1.22 (t, J=7.1 Hz, 3H), 3.46 (dd, J=17.9, 6.2 Hz,
1H), 3.56 (dd, J=17.9, 5.0 Hz, 1H), 4.10–4.34 (m, 3H), 5.52 (br s, 1H),
7.32–7.55 (m, 5H), 7.69–7.79 (m, 2H), 7.85 (d, J=8.6 Hz, 2H), 8.55 ppm
(brd, J=5.0 Hz, 1H); 13C NMR (CDCl3): d=14.1, 39.4, 59.1, 61.6, 127.0,
128.6, 129.0, 129.5, 131.9, 132.5, 134.5, 140.0, 167.0, 172.3, 196.0 ppm; IR
(neat): ñ=3293, 1733, 1683, 1590, 1535, 1215, 693 cm�1; MS: m/z : 374
[M]+ ; HPLC (Daicel Chiralcel OD, hexane/iPrOH 4:1, flow rate=
1.0 mLmin�1): tR=14.0 min (R), tR=19.7 min (S).


Ethyl 2-(N’-benzoylhydrazino)-3-methyl-4-oxo-4-phenylbutyrate (6a):[7]


M.p. 120–122 8C; [a]23D =++24.5 (c=0.40 in CHCl3, syn/anti 99.7:0.3,
>99.5% ee (syn)); 1H NMR (CDCl3); syn : d=1.23 (t, J=7.1 Hz, 3H),
1.28 (d, J=7.1 Hz, 3H), 3.88–4.37 (m, 4H), 4.83 (br s), 7.30–7.61 (m, 6H),
7.71 (d, J=7.3 Hz, 2H), 7.94 (d, J=7.1 Hz, 2H), 8.29 ppm (br s, 1H); de-
tectable peak of anti isomer: 8.14 ppm (br s, 1H); 13C NMR (CDCl3);
syn : d=13.9, 14.2, 42.5, 61.2, 65.9, 126.9, 128.3, 128.4, 128.6, 131.6, 132.5,
133.1, 136.0, 166.8, 172.1, 201.5 ppm; IR (KBr): ñ=3269, 1732, 1682,
1628, 1551, 1194, 706 cm�1; MS: m/z : 354 [M]+ ; elemental analysis calcd
for C20H22N2O4: C 67.78, H 6.26, N 7.90; found: C 67.84, H 6.47, N 7.93;
HPLC (Daicel Chiralcel OD, hexane/iPrOH 19:1, flow rate=
1.0 mLmin�1); syn : tR=23.5 min (major), tR=28.2 min (minor); anti : tR=
31.4 min (major), tR=32.9 min (minor).


Ethyl 2-(N’-benzoylhydrazino)-3,5-dimethyl-4-oxohexanoate (6b):[7]
1H NMR (CDCl3); syn : d=1.11 (d, J=6.8 Hz, 3H), 1.12 (d, J=6.8 Hz,
3H), 1.23 (d, J=7.2 Hz, 3H), 1.26 (t, J=7.1 Hz, 3H), 2.73–2.91 (m, 1H),
3.24 (quin, J=7.2 Hz, 1H), 3.81 (d, J=7.2 Hz, 1H), 4.21 (dq, J=7.1,
3.2 Hz, 1H), 7.38–7.56 (m, 3H), 7.69–7.78 (m, 2H), 8.08 ppm (br s, 1H);
detectable peak of the anti isomer: 3.93 ppm (d, J=4.8 Hz, 1H);
13C NMR (CDCl3); syn : d=13.7, 14.1, 18.1, 18.3, 39.6, 45.7, 61.4, 65.8,
126.9, 128.6, 131.8, 132.6, 166.7, 172.4, 215.7 ppm; IR (KBr): ñ=3253,
3228, 1731, 1707, 1625, 1204, 696 cm�1; MS: m/z : 320 [M]+ ; elemental
analysis calcd for C17H24N2O4: C 63.73, H 7.55, N 8.74; found: C 63.70, H


7.78; N 8.44; HPLC (Daicel Chiralcel OD, hexane/iPrOH 19:1, flow
rate=1.0 mLmin�1); syn : tR=14.2 min (major), tR=17.2 min (minor);
anti : tR=22.2 min (major), tR=27.0 min (minor).


A typical experimental procedure for the Mannich-type reactions with
acetophenone-derived silyl enol ether 3 in water (Table 12, entry 1):
Compound 2 (0.421 mmol) and 3 (1.26 mmol) were added to a mixture
of 1 i (0.0421 mmol) and ZnF2 (0.421 mmol) in H2O (2.35 mL), and the
mixture was stirred vigorously (~1400 rpm) at 0 8C. After 20 h, the reac-
tion was quenched with saturated aqueous NaHCO3. The resultant mix-
ture was then extracted with dichloromethane (O3), and the combined
organic layers were dried over anhydrous Na2SO4. Finally, the solvent
was evaporated, and the residue was purified by preparative TLC (silica
gel, chloroform/MeOH 39:1 and then hexane/ethyl acetate 3:2) to give
Mannich adduct (R)-4 (91% yield, 95% ee).


A typical experimental procedure for the Mannich-type reactions of pro-
piophenone-derived silyl enol ether 5 in water (Table 13, entry 5): A solu-
tion of CTAB (0.0716m, 0.0200 mmol) in H2O, 2 (0.400 mmol), and 5
(1.20 mmol) were added to a mixture of ZnF2 (0.400 mmol) and 1c
(0.0400 mmol) in H2O (1.95 mL), and the mixture was stirred vigorously
(~1400 rpm) at 0 8C. After 20 h, the reaction was quenched with saturat-
ed aqueous NaHCO3. The resultant mixture was then extracted with di-
chloromethane (O3), and the combined organic layers were dried over
anhydrous Na2SO4. Finally, the solvent was evaporated, and the residue
was purified by preparative TLC (silica gel, hexane/ethyl acetate 2:1, O2)
to give Mannich adduct 6 (94% yield, syn/anti 94:6, 97% ee (syn)).


Ethyl 2-(N’-benzoylhydrazino)-4-tert-butylthio-3-methyl-4-oxobutanoate
(6c):[8] 1H NMR (CDCl3); syn : d=1.28 (t, J=7.2 Hz, 3H), 1.31 (d, J=
7.1 Hz, 3H), 1.44 (s, 9H), 3.12 (dq, J=4.3, 7.1 Hz, 1H), 4.00 (dd, J=3.7,
4.3 Hz, 1H), 4.15–4.29 (m, 2H), 5.50 (dd, J=3.7, 6.3 Hz, 1H), 7.38–7.44
(m, 2H), 7.46–7.52 (m, 1H), 7.71–7.77 (m, 2H), 8.08 ppm (brd, J=
6.3 Hz, 1H); 13C NMR (CDCl3); syn : d=13.2, 14.0, 29.6, 48.3, 49.5, 61.4,
64.5, 126.9, 128.5, 131.7, 132.5, 166.7, 171.1, 201.8 ppm; 1H NMR
(CDCl3); anti : d=1.27 (t, J=7.1 Hz, 3H), 1.29 (d, J=7.1 Hz, 3H), 1.47
(s, 9H), 3.10 (dq, J=6.8, 7.1 Hz, 1H), 3.85 (dd, J=6.2, 6.8 Hz, 1H), 4.09–
4.35 (m, 2H), 5.32 (dd, J=5.4, 6.2 Hz, 1H), 7.39–7.56 (m, 3H), 7.70–7.79
(m, 2H), 7.94 ppm (brd, J=5.4 Hz, 1H); 13C NMR (CDCl3); anti : d=
14.1, 14.5, 29.7, 48.4, 49.4, 61.4, 65.9, 126.9, 128.6, 131.8, 132.6, 166.9,
171.4, 201.4 ppm; IR (neat, syn/anti 8:92): ñ=3292, 2966, 1738, 1680,
1456, 1211, 964, 696 cm�1; HRMS (FAB): calcd for C18H27N2O4S:
367.1692 [M+H]+ ; found: 367.1671; HPLC (Daicel Chiralpak AD-H
(double), hexane/iPrOH 4:1, flow rate=0.50 mLmin�1); syn : tR=
34.8 min (2S,3S), tR=41.4 min (2R,3R). anti : tR=28.8 min (2S,3R), tR=
33.1 min (2R,3S).


Ethyl 2-(N’-benzoylhydrazino)-3-methyl-4-oxohexanoate (6d):[8] syn (syn/
anti 98.5:1.5, >99.5% ee (syn)): m.p. 117–119 8C; [a]25D =++8.3 (c=0.25 in
CHCl3);


1H NMR (CDCl3): d=1.06 (t, J=7.2 Hz, 3H), 1.23 (d, J=
7.2 Hz, 3H), 1.26 (t, J=7.2 Hz, 3H), 2.43–2.66 (m, 2H), 3.08 (dq, J=7.2,
7.2 Hz, 1H), 3.87 (d, J=7.2 Hz, 1H), 4.12–4.30 (m, 2H), 4.84 (br s, 1H),
7.37–7.56 (m, 3H), 7.70–7.79 (m, 2H), 8.08 ppm (s, 1H); 13C NMR
(CDCl3): d=7.6, 13.5, 14.1, 34.7, 47.1, 61.3, 65.5, 126.9, 128.6, 131.8,
132.6, 166.7, 172.0, 212.2 ppm; IR (KBr): ñ=3251, 1730, 1711, 1626, 1556,
1452, 1205, 694 cm�1; HRMS (ESI-TOF): calcd for C16H22N2O4Na:
329.1477 [M+Na]+ ; found: 329.1460; anti : 1H NMR (CDCl3): d=1.04 (t,
J=7.2 Hz, 3H), 1.25 (d, J=7.2 Hz, 3H), 1.26 (t, J=7.2 Hz, 3H), 2.48–
2.70 (m, 2H), 3.11 (dq, J=4.9, 7.2 Hz, 1H), 3.98 (dd, J=4.5, 4.9 Hz, 1H),
4.10–4.29 (m, 2H), 5.35 (dd, J=4.5, 5.5 Hz, 1H), 7.36–7.54 (m, 3H),
7.70–7.78 (m, 2H), 8.18 ppm (brd, J=5.5 Hz, 1H); 13C NMR (CDCl3):
d=7.5, 12.4, 14.0, 34.3, 46.9, 61.3, 64.0, 126.8, 128.5, 131.7, 132.4, 166.9,
171.7, 212.3 ppm; HPLC (Daicel Chiralpak AD-H, hexane/iPrOH 9:1,
flow rate=0.80 mLmin�1); syn : tR=23.9 min (minor), tR=33.7 min
(major); anti : tR=26.7 min (minor), tR=44.3 min (major).


Ethyl 2-(N’-benzoylhydrazino)-3-methyl-4-(4-methoxyphenyl)-4-oxobuty-
rate (6e): syn : m.p. 117–118 8C; [a]25D =++12.5 (c=0.51 in CHCl3);
1H NMR (C6D6): d=0.97 (t, J=7.1 Hz, 3H), 1.27 (d, J=6.9 Hz, 3H),
3.20 (s, 3H), 3.92–4.12 (m, 3H), 4.42 (dd, J=7.6, 7.6 Hz, 1H), 5.90 (dd,
J=7.6, 6.0 Hz, 1H), 6.65 (d, J=8.7 Hz, 2H), 6.95–7.10 (m, 3H), 7.69 (d,
J=8.2 Hz, 2H), 7.97 (d, J=8.7 Hz, 2H), 8.36 ppm (d, J=6.0 Hz, 1H);
13C NMR (CDCl3): d=14.1, 14.8, 42.1, 55.5, 61.3, 66.2, 113.9, 126.9, 128.5,
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128.9, 130.8, 131.7, 132.6, 163.7, 166.7, 172.4, 200.0 ppm; IR (KBr): ñ=
3267, 1728, 1665, 1620, 1601, 1176 cm�1; HRMS (ESI-TOF): calcd for
C21H25N2O5: 385.1763 [M+H]+ ; found: 385.1751; anti : 1H NMR (C6D6);
detectable peaks of the anti isomer: d=0.92 (t, J=7.1 Hz, 3H), 1.46 (d,
J=6.9 Hz, 3H), 3.19 (s, 3H), 4.32 (d, J=6.0 Hz, 1H), 6.61 (d, J=9.2 Hz,
2H), 7.75–7.82 (m, 2H); 13C NMR (CDCl3): d=13.8, 14.0, 41.8, 55.3,
61.4, 64.8, 113.8, 126.8, 128.3, 128.4, 130.7, 131.7, 132.4, 163.6, 166.7,
171.7, 200.3 ppm; HPLC (Daicel Chiralcel OJ-H (double), hexane/iPrOH
4:1, flow rate=1.0 mLmin�1); syn : tR=33.9 min (minor), tR=38.0 min
(major); anti : tR=46.2 min (minor), tR=54.1 min (major).


Ethyl 2-(N’-benzoylhydrazino)-3-ethyl-4-oxo-4-phenylbutyrate (6 f):[8] syn
(syn/anti 99:1, >99.5% ee (syn)): m.p. 88–91 8C; [a]27D =++13.2 (c=2.72 in
CHCl3);


1H NMR (CDCl3): d=0.97 (t, J=7.3 Hz, 3H), 1.20 (t, J=7.1 Hz,
3H), 1.75–1.90 (m, 2H), 3.93 (ddd, J=6.9, 6.9, 7.6 Hz, 1H), 4.04 (d, J=
7.6 Hz, 1H), 4.08–4.23 (m, 2H), 5.09 (br s, 1H), 7.35–7.51 (m, 5H), 7.53–
7.59 (m, 1H), 7.71 (d, J=7.3 Hz, 2H), 7.96 (d, J=7.6 Hz, 2H), 8.20 ppm
(s, 1H); 13C NMR (CDCl3): d=11.6, 14.0, 22.7, 48.9, 61.4, 64.8, 126.9,
128.3, 128.5, 128.7, 131.7, 132.6, 133.3, 137.2, 166.6, 172.5, 202.1 ppm; IR
(KBr): ñ=3269, 1732, 1682, 1628, 1551, 1194, 706 cm�1; HRMS (FAB):
calcd for C21H25N2O4: 369.1814 [M+H]+ ; found: 369.1834; anti : 1H NMR
(CDCl3): d=0.93 (t, J=7.3 Hz, 3H), 1.25 (t, J=7.1 Hz, 3H), 1.78–1.92
(m, 1H), 2.01–2.16 (m, 1H), 3.99 (ddd, J=5.0, 5.1, 7.8 Hz, 1H), 4.07 (d,
J=5.0 Hz, 1H), 4.17–4.28 (m, 2H), 4.96 (br s, 1H), 7.35–7.57 (m, 6H),
7.62–7.68 (m, 2H), 7.93–8.01 ppm (m, 3H); 13C NMR (CDCl3): d=11.9,
14.0, 21.7, 48.7, 61.5, 63.5, 126.8, 128.4, 128.5, 128.7, 131.8, 132.4, 133.3,
136.5, 166.8, 171.8, 201.7 ppm; HPLC (Daicel Chiralpak AD-H, hexane/
iPrOH 4:1, flow rate=0.70 mLmin�1); syn : tR=18.3 min (major), tR=
29.4 min (minor); anti : tR=20.2 min (minor), tR=25.2 min (major).


The absolute configurations of Mannich adduct 4a and the adduct ob-
tained in the reaction with 7 were determined to be 2R.[7,8] By analogy
the absolute configurations of all the other adducts were assumed to be
2R.


The relative configurations of the Mannich adducts obtained in the reac-
tions of both (Z)-7 and (Z)-8 were determined to be syn.[8] The relative
configurations of the adducts obtained in the reactions of 5, (Z)-(1-iso-
propylpropenyloxy)trimethylsilane, (Z)-[1-(4-methoxyphenyl)propenyloxy]-
trimethylsilane, and (Z)-trimethyl(1-phenylbut-1-enyloxy)silane were as-
sumed to be syn by analogy with (Z)-8.


Reaction mechanism :


ZnF(OH): This material was prepared by a known method.[27] IR (KBr):
ñ=3558, 3367, 1024, 908, 787, 465 cm�1.


Me3SiF : This material was purchased from Aldrich and purified by distil-
lation (through K2CO3) just before use. All the experiments using
Me3SiF were conducted in a low temperature room (4 8C).


Mannich-type reactions with ZnF(OH) and Me3SiF (Table 10, entry 6): A
solution of 1 i (0.0466 mmol) in H2O/THF (1:9, 0.95 mL) and 2
(0.466 mmol) were added to a solution of ZnF(OH) (0.466 mmol) in
H2O/THF (1:9, 0.28 mL). Compound 3 (1.40 mmol) in H2O/THF (1:9,
1.35 mL) and Me3SiF (54 mL, 0.466 mmol) were then added to this mix-
ture, and the mixture was stirred at 0 8C. After 20 h, the reaction was
quenched with saturated aqueous NaHCO3, and the resultant mixture
was extracted with dichloromethane (O4). The combined organic layers
were then dried over anhydrous Na2SO4, and the solvents were evaporat-
ed. The resulting residue was purified by preparative TLC (silica gel,
CHCl3/MeOH (39:1) and then hexane/ethyl acetate 3:2) to give (R)-4a
(90% yield, 96% ee).


Me3SiOH : This compound was prepared by a known method.[39]
1H NMR (CDCl3): d=0.14 ppm (s, 9H); 13C NMR (CDCl3): d=1.3 ppm.


Hydrolysis of Me3SiF (Table 11): Me3SiF (41 mL, 0.35 mmol) and D2O/
[D8]THF (1:9, 0.70 mL) were added at 0 8C to a solution of benzotrifluor-
ide (internal standard, 0.183 mmol) in a NMR tube. The resulting solu-
tion was then stored at 0 8C. After 0.5 h, 25 h, and 69 h, 1H NMR spectra
were recorded (600.17 MHz, D2O/[D8]THF 1:9, 0 8C) to measure the
amounts of Me3SiOD, (Me3Si)2O, and Me3SiF present in the reaction
mixture.


Me3SiOD : 1H NMR (D2O/[D8]THF 1:9, 0 8C): d=0.03 ppm (s, 9H).


(Me3Si)2O : 1H NMR (D2O/[D8]THF 1:9, 0 8C): d=0.04 (s, 18H).


Me3SiF :
1H NMR (D2O/[D8]THF 1:9, 0 8C): d=0.18 (d, J=6.9 Hz, 9H).


Reaction of Me3SiOH with ZnF2 [Eq. (1)]: Me3SiOH (0.499 mmol) was
added to a solution of ZnF2 (0.492 mmol), 1 i (0.0492 mmol), and 4-fluo-
rotoluene (internal standard, 0.232 mmol) in D2O/[D8]THF (1:9,
0.97 mL) at 0 8C. The reaction vessel was then capped and stirred at 0 8C.
After 20 h, the stirring was stopped, and the mixture was allowed to
stand for 15 min. The supernatant liquid (~0.70 mL) was transferred to a
NMR tube with a gas-tight syringe. A 1H NMR spectrum was then re-
corded (600.17 MHz, D2O/[D8]THF 1:9, 0 8C) to measure the amounts of
Me3SiOD, (Me3Si)2O, and Me3SiF present in the reaction mixture.


Crystallization of [ZnCl2-1c]·CH2Cl2 complexes
[8] (Figure 1): Crystalliza-


tion of [ZnCl2–1c]·CH2Cl2 was carried out as follows: A solution of 1c
(0.032 mmol) in CH2Cl2 (0.81 mL) was added to a suspension of ZnCl2
(0.039 mmol) in CH2Cl2 (0.81 mL), and the mixture was stirred for 16 h
at RT. The resulting clear solution was filtered, and slow vapor diffusion
of hexane into this solution at 5 8C produced the product as colorless
crystals. CCDC-244175 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Enantioselective Epoxidation of Terminal Alkenes to (R)- and (S)-Epoxides
by Engineered Cytochromes P450 BM-3
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Introduction


Enantioselective epoxidation of terminal alkenes remains a
synthetic challenge. Catalytic systems such as titanium–tar-
trate,[1] manganese–salen,[2] and iron–porphyrin[3] complexes
have been developed for asymmetric alkene epoxidation;
however, a chemical catalyst effective on simple linear ter-
minal alkenes has not yet been reported.[4] Several enzymes,
including cytochromes P450,[5] methane monooxygenases,[6]


toluene monooxygenases,[7] styrene monooxygenases,[8] and
chloroperoxidases,[9] as well as microbial whole-cell catalysts
such as Rhodococcus rhodochrous,[10] catalyze the enantiose-
lective epoxidation of terminal alkenes. High optical purity
is achieved in some cases, but these biocatalytic systems
generally only produce a single enantiomer and only accept
a limited range of alkene substrates.[11] While chiral terminal
epoxides can be prepared by kinetic resolution of racemic
epoxides with cobalt–salen catalysts[12] or epoxide hydrolas-
es,[11] direct enantioselective epoxidation remains an attrac-
tive goal for its simplicity and higher potential yield.


The fatty acid hydroxylase cytochrome P450 BM-3 from
Bacillus megaterium has proven to be a versatile platform
for engineering oxidation catalysts for a variety of nonnatur-


al substrates.[13] We previously demonstrated that a combina-
tion of directed evolution by random mutagenesis over the
whole gene and modification of active-site residues in-
creased alkane hydroxylation activity of BM-3 and altered
its regio- and enantioselectivity.[14] Various BM-3 mutants
also exhibited respectable activity on several alkenes, but
generated mainly the allyl-hydroxylated product 3 rather
than epoxide 2 from 1-hexene (1, Scheme 1).[15] Here we
report further engineering of BM-3 variants that produce
enantio-enriched epoxides from simple terminal alkenes.
Two engineered cytochromes P450 show good catalytic turn-
overs and high epoxidation selectivities. One variant produ-
ces (R)-epoxides, while the other gives (S)-epoxides with up
to 83% ee.


Results and Discussion


Creation and screening of enzyme libraries : Starting from
previously isolated BM-3 variant 9-10A,[14] which exhibits
high (hydroxylation) activity on small alkanes and some ep-
oxidation activity towards terminal alkenes, we targeted key
residues in the active site for further modification. Using the


Abstract: Cytochrome P450 BM-3
from Bacillus megaterium was engi-
neered for enantioselective epoxidation
of simple terminal alkenes. Screening
saturation mutagenesis libraries, in
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Scheme 1. Oxidation of 1-hexene by P450 BM-3.
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crystal structure of the heme domain of wild-type BM-3
with a bound substrate,[16] we selected 11 residues within
5 D of the ten carbon atoms of the (fatty acid) substrate
closest to the heme: A74, L75, V78, F81, A82, F87, T88,
T260, I263, A264, A328. Saturation mutagenesis was used to
generate 11 libraries, each containing all possible amino acid
substitutions at one of these positions. These enzyme libra-
ries were screened for epoxidation activity towards 1-hexene
by using 4-(p-nitrobenzyl)pyridine, which reacts with termi-
nal epoxides to form a blue adduct that can be quantified
spectroscopically.[17,18] The assay conditions reported previ-
ously by us[18] were modified to greatly improve the sensitiv-
ity (10 mm for detection of 1,2-epoxyhexane). Five of the li-
braries—at positions L75, A82, F87, I263, A328—yielded
enzymes with improved activity relative to 9-10A. From
these, eight variants of 9-10A containing amino acid substi-
tutions L75S, A82F, A82L, F87I, F87L, F87V, I263A, A328V
were selected and subsequently shown to have not only in-
creased total catalytic turnover number (TTN) for epoxide
production from 1-hexene, but also increased (R)- or (S)-
enantioselectivity (Table 1).


A library containing different combinations of these eight
active-site mutations in 9-10A was created and screened for
epoxidation activity on 1-hexene. Two variants isolated from
this second-generation library, SH-44 and RH-47, are partic-
ularly efficient 1-hexene epoxidation catalysts; they also ex-
hibit opposite enantioselectivities (Table 2). SH-44 contains


two active-site substitutions, F87V and I263A, in addition to
the 14 that distinguish 9-10A from wild-type BM-3. RH-47
also contains the I263A substitution, but in combination
with A82F and A328V (as well as the 9-10A mutations).
Residues A82, F87, and A328 are known determinants of
regio- and enantioselective oxidation in BM-3.[14,19]


Catalytic properties of cytochrome P450 BM-3 variants SH-
44 and RH-47: The catalytic properties of wild-type BM-3,
parent 9-10A, and the SH-44 and RH-47 variants reported
here are detailed in Table 2. The total turnover numbers
(TTNs) of SH-44 and RH-47 for 1-hexene epoxidation are
eight- and fivefold higher than parent 9-10A, respectively,
and more than 30-fold higher than wild-type BM-3. Epoxi-
dation selectivities are also greatly improved: SH-44 and
RH-47 produce ~90% epoxide, while wild-type and 9-10A
mainly produce the allylic hydroxylation product. Of partic-
ular note, SH-44 and RH-47 catalyze epoxidation with op-
posite enantioselectivities: SH-44 selectively produces the
(S)-epoxide, while RH-47 makes the (R)-epoxide with mod-
erate enantiomeric excesses (71 and 60% ee, respectively).


Activities towards linear terminal alkenes of length C5 to
C8 were also determined (Table 3). Variant SH-44 supports
more turnovers on shorter alkenes (1370 on 1-pentene vs
200 on 1-octene), and the epoxide accounted for at least
80% of the product for all the alkenes tested. Variant RH-
47 shows similar, moderate TTNs and high regioselectivities
on all the alkenes. The highest enantioselectivity is 83% ee
(for (R)-1,2-epoxyoctane) by RH-47. The favored 1,2-epox-
ide remained the S enantiomer with SH-44 and the R enan-
tiomer with RH-47 for all the substrates. No chemical cata-
lysts are known to epoxidize the terminal linear alkenes
used here with more than 50% ee.[20] Furthermore, no bio-
catalyst has been engineered to epoxidize these alkenes to
produce both enantiomers prior to this report. The TTNs of
SH-44 and RH-47 towards linear terminal alkenes are com-
parable to those reported for nonasymmetric chemical cata-
lysts. To our knowledge, the best reported TTN is 2200 on
1-octene, by a polyoxometalate with molecular oxygen as
the oxidant.[21] This catalyst, however, requires a much
longer reaction time and higher temperature (over 300 h at
80 8C) than P450 BM-3, which catalyzes the same reaction
with hundreds of turnovers at room temperature in less than
3 h.


We also determined the activities of SH-44 and RH-47
for hexane hydroxylation (Table 4). The selectivities were


consistent with the relative
product distributions on 1-
hexene: both SH-44 and RH-47
convert hexane primarily to 1-
and 2-hexanol (cf. 9-10A, which
mostly produces 3-hexanol
from hexane and 1-hexen-3-ol
from 1-hexene), indicating a
shift in the carbon atoms acti-
vated by the iron–oxygen spe-
cies towards terminal positions.


Table 1. Effects of beneficial mutations observed in cytochrome P450
variant 9-10A.


Mutation
in 9-10A


TTN[a] Epoxidation
selectivity [%][b]


Epoxide optical
purity [% ee][c]


none 140 25 4 (R)
L75S 220 45 19 (S)
A82F 210 64 2 (R)
A82L 220 49 16 (R)
F87I 450 67 45 (S)
F87L 350 76 79 (S)
F87V 670 73 73 (S)
I263A 300 68 11 (R)
A328V 280 81 63 (R)


[a] Total catalytic turnover number for epoxidation of 1-hexene. Epoxide
was quantified by the NBP method. Reaction conditions: 0.1 mm P450 (E.
coli cell lysate), 4 mm substrate (1-hexene), 0.5 mm NADPH, 1 hour at
room temperature. [b] Selectivity for 1,2-epoxyhexane formation. Re-
mainder is mostly 1-hexen-3-ol. These data were obtained by GC analy-
sis. [c] Favored enantiomer is listed in parentheses. Data obtained by GC
analysis.


Table 2. Epoxidation of 1-hexene by wild-type cytochrome P450 BM-3 and its variants.[a]


Enzyme TTN[b] Product distribution [%][c] Epoxide optical
epoxide 2 all products epoxide 2 3-ol 3 other products purity [% ee][c]


Wt 20 200 10 85 5 17 (R)
9-10A 130 530 25 65 10 4 (R)
SH-44 1090 1240 88 6 6 71 (S)
RH-47 610 660 93 2 5 60 (R)


[a] Reaction conditions: 0.1 mm P450 , 4 mm substrate (1-hexene), 0.5 mm NADPH, 3 h at 20 8C. Data were ob-
tained by GC on a chiral column. [b] Total catalytic turnover number. Errors are at most 6%. [c] Errors are
less than 1%.
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TTNs on hexane were significantly higher than on 1-hexene,
which suggests that epoxidation of linear terminal alkenes
leads to more rapid enzyme inactivation.[22] Possible inacti-
vation mechanisms include heme alkylation and peptide
modification, as reported for other P450 s.[23, 24] Styrene is a
terminal alkene that is known not to cause P450 inactiva-
tion.[23] Variants SH-44, RH-47, and even 9-10A exhibit very
high TTNs for styrene epoxidation (14000 for SH-44, 10000
for RH-47, 4000 for 9-10A).


Epoxidation with NADPH regeneration : Cytochrome P450
BM-3-catalyzed epoxidation requires an equivalent of
NADPH to convert an equivalent of alkene substrate. Thus
efficient use of the enzyme requires cofactor recycling,
which can be accomplished in vitro[25] or in vivo, in whole
cells. The whole-cell reaction is simple, but sometimes diffi-
cult when the substrate is hydrophobic, as are the alkenes
investigated here. Therefore, we tested in vitro NADPH re-
generation to perform enantioselective epoxidation with the
two BM-3 variants. Dehydrogenases such as alcohol dehy-
drogenase, glucose dehydrogenase, isocitric dehydrogenase
and formate dehydrogenase can be used as the cofactor-re-
generating enzyme.[26] We chose alcohol dehydrogenase
(ADH), because the alcohol can serve not only as the regen-
eration driving force, but also as the cosolvent for hydropho-
bic substrates. We employed the NADPH-dependent alco-
hol dehydrogenase from Thermoanaerobium brockii, which
is highly thermo- and solvent-stable, and specific to shorter
and secondary alcohols.[27] NADPH was recycled by the
ADH-catalyzed oxidation of 2-propanol to acetone coupled
to the reduction of NADP+ (Scheme 2).


An E. coli cell lysate containing the variant P450 s was
used for epoxidation so that the initial cofactor is supplied


from the lysate. As shown in Table 5, this system converted
1-hexene to the 1,2-epoxyhexanes with good yields in 7 h,
by using NADPH regenerated by ADH. The enantioselec-
tivities and epoxidation selectivities of SH-44 and RH-47
observed earlier were preserved in this system. That no ad-
ditional cofactor was necessary makes the synthesis more
economical. We believe that this is the first example of a
monooxygenase-catalyzed epoxidation with in vitro
NADPH regeneration, although epoxidation with regenera-
tion of NADH by NADH-dependent formate dehydrogen-
ase has been reported.[28]


Conclusion


We have engineered P450 BM-3 for enantioselective epoxi-
dation of terminal alkenes by using saturation mutagenesis
and recombination coupled with a colorimetric high-
throughput screen for epoxide formation to identify efficient
epoxidation catalysts. P450 variants isolated in this way con-
vert a range of terminal alkenes to the (R)- or (S)-epoxides
with high catalytic turnovers and high epoxidation selectivi-
ties. We also showed that P450-catalyzed epoxidation could
be performed by using cell lysate containing the P450 and
alcohol dehydrogenase for regeneration of the expensive
NADPH cofactor, without additional NADPH. We antici-
pate that improvements in catalytic properties including


Table 3. Epoxidation of terminal alkenes by cytochrome P450 BM-3 var-
iants SH-44 and RH-47.[a]


Variant Substrate TTN[b] Epoxidation
selectivity [%][c]


Epoxide optical
purity [% ee][c]


SH-44 1-pentene 1370 93 73 (S)
SH-44 1-hexene 1090 88 71 (S)
SH-44 1-heptene 500 85 65 (S)
SH-44 1-octene 200 84 55 (S)
RH-47 1-pentene 570 94 60 (R)
RH-47 1-hexene 610 93 60 (R)
RH-47 1-heptene 550 95 76 (R)
RH-47 1-octene 560 92 83 (R)


[a] Experimental conditions are those for Table 2. [b] Total catalytic turn-
over number for epoxidation. Errors are at most 12%. [c] Errors are less
than 1%.


Table 4. Hydroxylation of hexane by engineered cytochrome P450 BM-3
variants.[a]


Variant TTN[b] Product distribution [%][c]


1-hexanol 2-hexanol 3-hexanol other


9-10A 3960 0.6 22 77 0.4
SH-44 2300 6 56 34 4
RH-47 4070 22 73 3 2


[a] Experimental conditions are those for Table 2. [b] Errors are at most
11%. [c] Errors are less than 1%.


Scheme 2. NADPH is regenerated by coupling to the oxidation of 2-
propanol catalyzed by ADH.


Table 5. Epoxidation of 1-hexene by cytochrome P450 BM-3 variants
SH-44 and RH-47, using the NADPH regeneration system.[a]


Variant SH-44 RH-47


added substrate [mm] 10 10
remaining substrate [mm] 0.1 1.2
1,2-epoxyhexane [mm] 7.6 7.2
total products [mm] 8.0 7.4
mass balance [%][b] 81 86
epoxidation selectivity [%][c] 95 98
epoxide optical purity [% ee] 71 (S) 57 (R)


[a] Reactions were performed under the following conditions: 10 mm


P450 (E. coli cell lysate), 1 UnitmL�1 ADH, 1 vol% 2-propanol, and 7 h
reaction at room temperature. Oxygen was initially pressurized to
0.15 MPa (gauge) and added at 2 h and 4 h (1–2 mL at ambient pressure).
10 mm substrate (1-hexene) was added over 3 h. [b] Mass balance= {c(re-
maining substrate + c (total products)}/c(added substrate)L100. 19%
and 14% of substrate could not be recovered; this seems to be caused by
the high volatility of the substrate and the product epoxide. No signifi-
cant by-products were detected. [c] Epoxidation selectivity=c(1,2-epoxy-
hexane)/c(total products)L100.
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enantioselectivity on desired target substrates can be ach-
ieved using the methods of mutagenesis and screening out-
lined here. This and our recent report describing enantiose-
lective hydroxylation of protected carboxylic acids by other
BM-3 variants[29] demonstrate that the BM-3 active site can
be readily molded for enantio- and regioselective oxidation
of a range of substrates.


Experimental Section


Materials : 1-Pentene (99%), 1-hexene (99%), 1-octene (98%), styrene
(99%), product standards such as racemic epoxides (except 1,2-epoxy-
heptane), (R)-1,2-epoxyhexane, (R)-1,2-epoxyoctane, 1-hexen-3-ol, hexa-
nols and solvents were purchased from Sigma-Aldrich. 1-Heptene (98%)
and 1,2-epoxyheptane were purchased from TCI America. n-Hexane
(99%) was purchased from Fluka. NADPH was obtained from Biocata-
lytics, Inc.


Plasmids and expression of P450 BM-3 : P450 BM-3 was expressed as de-
scribed.[30] The P450 BM-3 gene or mutants thereof, which include a
silent mutation to introduce a SacI site 130bp upstream of the end of the
heme domain, were cloned behind the double tac promoter of the expres-
sion vector pCWori[31] (pBM3 WT18–6). E. coli DH5a, transformed with
these plasmids, was used for expression of P450 BM-3 on a 500 mL scale
as well as for expression in 96-well plates.


Purification of P450 BM-3 : For protein production, supplemented terrific
broth (TB) medium (500 mL, 100 mgmL�1 ampicillin) in a 2.8 L flask was
inoculated with an overnight culture (3 mL) and incubated at 30 8C and
180–200 rpm shaking. After 24 h of incubation, d-aminolevulinic acid hy-
drochloride (ALA; 0.5 mm) was added, and expression was induced by
addition of isopropyl-b-d-thiogalactoside (IPTG; 1 mm). Cells were har-
vested by centrifugation 24 h after induction. The enzymes were purified
following published procedures.[31] Enzyme concentration was measured
in triplicate from the CO difference spectra.[32]


Preparation of cell lysates for high-throughput screening : Single colonies
were picked and inoculated into 1 mL deep-well plates containing Luria–
Bertani (LB) medium (350 mL, supplemented with 100 mgmL�1 ampicil-
lin). The plates were incubated at 30 8C, 250 rpm, and 80% relative hu-
midity. After 24 h, clones from this preculture were inoculated using a
96-pin replicator into 2 mL deep-well plates containing TB medium
(500 mL, supplemented with 100 mgmL�1 ampicillin, 10 mm IPTG and
0.5 mm ALA). The cultures were grown at 30 8C, 250 rpm, and 80% rela-
tive humidity for another 24 h. Cells were then pelleted and stored
frozen at �20 8C until they were resuspended in 500 mL 100 mm phos-
phate buffer (pH 8, containing 0.5 mgmL�1 lysozyme, 2 UnitsmL�1


DNase I, and 10 mm MgCl2). After 30 min at 37 8C, the lysates were cen-
trifuged and the supernatant was used for activity measurements in 96-
well microtiter plates.


High-throughput epoxide formation assay : For high-throughput screening
of mutants based on epoxide formation, the published method[18] using 4-
(p-nitrobenzyl)pyridine (NBP) was modified as follows: to E. coli super-
natant (30–40 mL), phosphate buffer (100 mm, pH 8) was added to 100 mL
of total volume on the 96-well plate. After addition of a solution 0.4m 1-
hexene in ethanol (1.5 mL) as substrate, oxidation was started by addition
of 50 mL of 1.5 mm NADPH solution (in buffer). The plate was sealed
with a plastic film (GeneMate) immediately so that epoxide does not
evaporate. After 30 minutes incubation at room temperature, a solution
of NBP (100 mL; 6 wt/vol% NBP, 19.5 vol% 1-butanol, 80 vol% propyl-
ene glycol, 0.5 vol% acetic acid) was added, and the plate was sealed
again with a film. The plate was placed in an oven at 80 8C for 2.5 h and
chilled on ice for 10 minutes. Subsequently, solution of triethylamine in
acetone (100 mL, 50 vol%) was added to develop color, followed by
measurement of absorbance at 580 nm on a plate-reader.


Construction and screening of saturation mutagenesis libraries : Muta-
tions were introduced into mutant 9-10A by PCR overlap extension mu-
tagenesis[33] using Pfu turbo DNA polymerase (Stratagene). The primers


for each saturation library contained all possible combinations of bases,
NNN (N=A, T, G, or C), at the codon for a particular residue. The pri-
mers in the forward direction for each library were: 74NNNfor (5’-
GTCAANNNCTTAAATTTGCACG-3’), 75NNNfor (5’-
GTCAAGCGNNNAAATTTGCACG-3’), 78NNNfor (5’-
GCTTAAATTTNNNCGTGATTTTGCAGG-3’), 81NNNfor (5’-
CGTGATNNNGCAGGAGAC-3’), 82NNNfor (5’-CGTGATTTTNNNG-
GAGAC-3’), 87NNNfor (5’-GAGACGGGTTANNNACAAGCTGGAC-
3’), 88NNNfor (5’-GGAGACGGGTTATTTNNNAGCTGGACG-3’),
260NNNfor (5’-CAAATTATTNNNTTCTTAATTGCGGGAC-3’),
263NNNfor (5’-ACATTCTTANNNGCGGGACACGAAAC-3’),
264NNNfor (5’-ACATTCTTAATTNNNGGACACGAAAC-3’), and
328NNNfor (5’-CCAACTNNNCCTGCGTTTTCC-3’). The reverse pri-
mers for each of these libraries complement their corresponding forward
primers. For each mutation, two separate PCRs were performed, each
using a perfectly complementary primer, BamHIfor (5’-GGAAACAG-
GATCCATCGATGC-3’) and SacIrev (5’-GTGAAGGAATACCGC-
CAAGC-3’), at the end of the sequence and a mutagenic primer. The re-
sulting two overlapping fragments that contain the mutations were then
annealed in a second PCR to amplify the complete mutated gene. The
full gene was then cut with BamHI and SacI restriction enzymes and li-
gated with T4 ligase (Invitrogen) into pBM3_WT18-6, previously cut
with BamHI and SacI to remove the wild-type gene. The ligation mix-
tures were then transformed into E. coli DH5a electrocompetent cells
and plated onto LB agar plates to form single colonies for picking. 176
clones were screened for each library in the first screening. Positive
clones that showed higher epoxide formation than parent 9-10A were re-
assayed in the second screening, in which each clone was inoculated in
one column (8 wells). P450 concentration was also measured in the
second screening by CO difference spectroscopy to correct for the
enzyme expression level. Positive clones were grown on TB medium
(25 mL) to prepare cell lysates under the same conditions that are de-
scribed in the “Purification of P450 BM-3” section. Cell lysates were
used for characterization of mutants.


Recombination of P450 BM-3 mutants : Recombination of BM-3 muta-
tions identified in the saturation mutagenesis libraries was performed by
repeating PCR overlap extension mutagenesis with mutagenic primers
and mixed DNA templates as described below. Step 1 (recombination of
L and S at residue 75 and of A, F, and L at residue 82): a PCR was per-
formed by using a mutagenic primer 75LSfor (5’-CTTAAGTCAAGCG-
TYRAAATTTGCACG-3’), SacIrev, and a DNA plasmid mixture of
mutant A82F, mutant A82L, and 9-10A as PCR template. These plas-
mids were mixed at a same concentration (estimated from ABS260). An-
other PCR was also performed using the complementary reverse primer
of 75LSfor, BamHIfor, and the plasmid of 9-10A as a template. The re-
sulting two overlapping fragments were then assembled in a second PCR
to give the whole gene recombined at residue 75 and 82. Step 2 (recombi-
nation of F, V, I, and L at residue 87): a PCR with a mutagenic primer
87FVILfor (5’-GAGACGGGTTANTYACAAGCTGGAC-3’), SacIrev,
and the plasmid DNA of 9-10A as a template was performed. Another
PCR using the complementary reverse primer of 87FVILfor, BamHIfor,
and the assembled DNA fragment from step 1 as a template was also per-
formed. The resulting two fragments were then assembled in a second
PCR to give the whole gene recombined at 75, 82, and 87. Step 3 (recom-
bination of I and A at residue 263 and of A and V at residue 328): a
PCR with a mutagenic primer 263IAfor (5’-CAAATTATTACATTCT-
TARYHGCGGGACACG-3’), SacIrev, and a DNA plasmid mixture of
mutant A328 V and 9-10A as a template was performed. Another PCR
with the complementary reverse primer of 263IAfor and BamHIfor with
the assembled DNA fragment from step 2 as a template was also per-
formed. The resulting two fragments were then assembled in a second
PCR to give the whole gene recombined at residues 75, 82, 87, 263, and
328. The recombined gene was then cut with BamHI and SacI restriction
enzymes, ligated into vector DNA, and transformed into E. coli DH5a.
The library size was 192, and about 500 clones were screened for epoxide
formation in the first screening. 22 clones, which showed same or higher
epoxide formation than the mutant F87V, were re-assayed in the second
screening. Positives from this were then grown on TB medium (25 mL)
for preparation of cell lysates and characterization. Two mutants (SH-44
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and RH-47) that showed the highest turnovers with different enantiose-
lectivity were grown on a 500 mL scale and purified as described above.


Quantification of epoxides by the NBP method : Epoxides were quanti-
fied using NBP under conditions described in the “High-throughput ep-
oxide formation assay” section. Enzymatic reactions were performed on
a 0.6 mL scale in 1.7 mL tubes. Calibration of the epoxide was conducted
using a standard reagent of 1,2-epoxyhexane.


Chiral gas chromatography : A CycloSil-B chiral capillary column (Agi-
lent Technologies, 30 m length, 0.32 mm ID, 0.25 mm film thickness) and
a Flame Ionization Detector (FID) were used. The reaction products
were determined and quantified by using standard racemic epoxides and
alcohols. The absolute configurations of epoxides were determined by
comparing the reaction product with a standard (R)-enantiomer-enriched
epoxide in the case of 1,2-epoxyhexane and 1,2-epoxyoctane. For 1,2-ep-
oxypentane and 1,2-epoxyheptane, the standard (S)-enantiomer-enriched
epoxides were prepared using the yeast strain Rhodosporidium toruloides
(ATCC 10657) expressing an epoxide hydrolase that is known to hydro-
lyze (R)-epoxides preferentially.[34] Conditions for GC analysis for 1,2-ep-
oxyhexane were: isothermal at 70 8C for 2.5 min, linear gradient to 200 8C
in 13 min and isothermal at 200 8C for 5 min. The conditions were slightly
modified for different epoxides. The separation of the R and S enantio-
mers of the epoxides gave the following retention times: 5.04 and
5.14 min (1,2-epoxypentane), 5.21 and 5.29 min (1,2-epoxyhexane), 14.17
and 14.35 min (1,2-epoxyheptane) and 19.39 and 19.46 min (1,2-epoxyoc-
tane).


Analysis of alkene epoxidation and alkane hydroxylation : Oxidations of
1-pentene, 1-hexene, 1-heptene, 1-octene, styrene, and n-hexane were
performed on 1 mL scale in phosphate buffer (pH 8, 100 mm) containing
P450, substrate, and 1% ethanol in 1.7 mL tubes. Reactions were started
by adding NADPH (dissolved in buffer). After reaction, a solution of 1-
octanol in ethanol (10 mL; 10 mm) was added as the internal standard
and chloroform (300 mL) was also added to extract products. The tubes
were vortexed vigorously for 1 min, and subsequently centrifuged for
1 min at 14000 rpm. The lower organic layer was collected and analyzed
by gas chromatography to determine total catalytic turnover numbers,
product distributions, and enantiomeric excess. Reactions were per-
formed in triplicate.


Epoxidation with NADPH regeneration : E coli cells were grown in a TB
culture (500 mL), and P450 expression was induced as described above.
Cells were collected, suspended in phosphate buffer (20 mL, 100 mm,
pH 8), and disrupted by sonication. The cell lysate was recovered by cen-
trifugation, and P450 concentration was measured by CO binding (SH-
44, 63 mm, RH-47, 30 mm). Epoxidation reactions were performed in a vial
(12 mL), with phosphate buffer (100 mm, pH 8), E. coli cell lysate con-
taining P450 and the alcohol dehydrogenase from Thermoanaerobium
brockii (purchased from Sigma). The contents were mixed and the vial
sealed with a crimp cap (Agilent Technologies). Oxygen was initially
pressurized from the top and added every few hours using a syringe. 1-
Hexene was dissolved in 2-propanol (1m), and the solution was slowly
added to the vial with a syringe over a few hours with stirring. A portion
of the reaction mixture was sampled from the vial and extracted with
chloroform, and the extract was analyzed by gas chromatography. Total
reaction volume was 9 mL.
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Domino Reactions of 1,3-Bis-Silyl Enol Ethers with Benzopyrylium Triflates:
Efficient Synthesis of Fluorescent 6H-Benzo[c]chromen-6-ones,
Dibenzo[c,d]chromen-6-ones, and 2,3-Dihydro-1H-4,6-dioxachrysen-5-ones


Bettina Appel,[a] Nehad N. R. Saleh,[b] and Peter Langer*[c, d]


Introduction


Functionalized 6H-benzo[c]chromen-6-ones (dibenzo-
[b,d]pyran-6-ones, biaryl lactones) are present in a variety of
pharmacologically relevant natural products. Autumnariol
has been isolated from onions of Eucomis autumnalis
Greab. (Liliaceae),[1] and a number of related natural prod-
ucts, such as autumnariniol,[2] alternariol,[3] and altenuisol[4]


are known.[5] 6H-Benzo[c]chromen-6-ones represent specific
inhibitors of endothelic cell[6] and oestrogene receptor[7]


growth. Related structures, such as ellagic and coruleoellagic


acid, contain an additional lactone bridge.[8] These com-
pounds occur both as glycosides and aglycons and have
been mainly isolated from plant sources. Dibenzo-
[c,d]chromen-6-ones (benzo[d]naphthopyran-6-ones) can be
regarded as benzo-annulated 6H-benzo[c]chromen-6-ones
and occur in a number of antibiotics and antitumor agents
isolated from Streptomyces, for example, the gilvocarcins,
chrysomycins, and ravidomycins.[9]


The classic approach to the synthesis of 6H-benzo[c]chro-
men-6-ones relies on the cyclization of o-bromobenzoic
acids with phenols; however, this method is limited to acti-


Abstract: The condensation of 1,3-bis-
silyl enol ethers with benzopyrylium
triflates, generated in situ by the reac-
tion of chromones with Me3SiOTf, af-
forded functionalized 2,3-dihydroben-
zopyrans; treatment of the latter with
NEt3 or BBr3 resulted in a domino
retro-Michael–aldol–lactonization reac-
tion and the formation of a variety of
7-hydroxy-6H-benzo[c]chromen-6-ones.


The hydroxy group was functionalized
by using Suzuki cross-coupling reac-
tions. The methodology reported was
applied to the synthesis of the natural
product autumnariol and a new fluo-


rescence dye, which exhibits promising
optical properties. 2,3-Dihydro-1H-4,6-
dioxachrysen-5-ones were prepared by
condensation of chromones with 1,3-
bis-silyl enol ethers containing a
remote chloride group, domino retro-
Michael–aldol–lactonization, and an in-
tramolecular Williamson reaction.
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vated substrates and the yields are often low.[10] More re-
cently, a number of syntheses utilizing transition-metal-cata-
lyzed reactions have been reported. For example, 6H-ben-
zo[c]chromen-6-ones can been obtained by the intramolecu-
lar PdII-catalyzed coupling reactions of aryl benzoates.[11] An
efficient and versatile synthesis of 6H-benzo[c]chromen-6-
ones—developed by Snieckus et al.—relies on sequential di-
rected ortho-metalation (DoM)/Suzuki reactions.[12] A relat-
ed approach, based on sequential [3+3] Suzuki cyclization
reactions, has recently been reported by us.[13] Zhou et al. re-
ported the palladium-catalyzed insertion of carbon oxide
into boroxarenes, which are readily synthesized from ortho-
hydroxybiaryls.[14]


In the course of their elegant work related to the synthesis
of polyketides,[15] Harris et al. reported the synthesis of 9-O-
methylalternariol by the condensation of the dianion of ace-
tylacetone with a protected salicylate.[16] This work inspired
us to develop an alternative approach to 6H-benzo[c]chro-
men-6-ones: some years ago, we reported[17] the condensa-
tion of 1,3-bis-silyl enol ethers[18] with 4-silyloxybenzopyryli-
um triflates, generated in situ from chromones,[19] to give
2,3-benzopyrans; the latter were transformed into 7-hy-
droxy-6H-benzo[c]chromen-6-ones by domino retro-Mi-
chael–aldol–lactonization reactions. Herein, we report full
details of these studies. With regard to our preliminary com-
munication,[17] the preparative scope has been considerably
extended and a great variety of 7-hydroxy-6H-benzo[c]chro-
men-6-ones and dibenzo[c,d]chromen-6-ones are now avail-
able; the hydroxy group can be functionalized by Suzuki
cross-coupling reactions. In addition, the natural product au-
tumnariol was prepared by our methodology. Notably, 7-hy-
droxy-6H-benzo[c]chromen-6-ones exhibit strong fluores-
cence and, based on optimization studies, a potentially
useful blue fluorescence dye has been developed. 2,3-dihy-
dro-1H-4,6-dioxachrysen-5-ones have also been prepared by
using domino retro-Michael–aldol–lactonization reactions of
novel chloro-substituted 1,3-bis-silyl enol ethers.


Results and Discussion


Optimization : The reaction of parent chromone (1a) with
1,3-bis-silyl enol ether 3a[20] in the presence of Me3SiOTf af-
forded the 2,3-dihydrobenzopyran 4a with very good regio-
selectivity (Scheme 1). Treatment of 4a with NEt3 afforded


the 7-hydroxy-6H-benzo[c]chromen-6-one 5a. Optimal
yields (up to 62% over two steps) were obtained after a
careful optimization process: the presence of Me3SiOTf was
mandatory for the activation of 1a, and thus the in situ gen-
eration of benzopyrylium triflate 2a.[19] In contrast to our
original protocol,[17] the use of base (2,6-lutidine) is not re-
quired (0!20 8C, 12 h). Hydrochloric acid (10%) was used
for the aqueous workup to completely hydrolyze the silyl
enol ether groups of intermediate A. With regards to the
second step in the synthesis, the base (NEt3), solvent
(EtOH), temperature (20 8C), and reaction time (12 h)
played an important role. Stirring of the solution under
reflux resulted in a shorter reaction time (1 h), but also a de-
creased yield (64% versus 83%). A dramatic decrease in
the yield was observed when the base or solvent was
changed (LDA/THF, NEt3/THF, KOtBu/EtOH, or K2CO3/
EtOH). The treatment of a stirred solution of 4a in CH2Cl2
with BBr3 (8.0 equiv) for 12 h at 20 8C, followed by the addi-


Abstract in German: Die Umsetzung von 1,3-Bis-Silylenol-
ethern mit Benzopyryliumtriflaten, in situ generiert durch Be-
handlung von Chromonen mit Me3SiOTf, liefert funktionali-
sierte 2,3-Dihydrobenzopyrane; deren Umsetzung mit NEt3
oder BBr3 ermçglicht die Herstellung einer großen Band-
breite von 7-Hydroxy-6H-benzo[c]chromen-6-onen durch
neuartige Domino Retro-Michael–Aldol–Lactonisierungs Re-
aktionen. Die Hydroxylgruppe der Produkte kann durch
Suzuki Kreuzkupplungsreaktionen funktionalisiert werden.
Die entwickelte Methodik wurde erfolgreich zur Darstellung
des Naturstoffs Autumnariol und zur Synthese eines neuen
Fluoreszenzfarbstoffes eingesetzt. Weiterhin wurden 2,3-Di-
hydro-1H-4,6-dioxachrysen-5-one basierend auf der Umset-
zung von Chromonen mit Chloralkyl-substituierten 1,3-Bis-
Silylenolethern hergestellt.


Scheme 1. Mechanism for the formation of 7-hydroxy-6H-benzo[c]chro-
men-6-one 5a : a) 1) Me3SiOTf (1.3 equiv), 20 8C, 1 h; 2) 3a (1.3 equiv),
CH2Cl2, 0!20 8C, 12 h; 3) HCl (10%); b) NEt3 (2.0 equiv), EtOH, 20 8C,
12 h.


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1221 – 12361222



www.chemeurj.org





tion of water afforded 5a, however, again in reduced yield
(55% versus 83%).
A domino retro-Michael–aldol–lactonization reaction


(Scheme 1) is responsible for the formation of 5a from 4a.
The base-induced retro-Michael reaction initially results in
formation of intermediate A, which subsequently undergoes
an aldol reaction, followed by the elimination of water to
produce intermediate B. Finally, 7-hydroxy-6H-benzo[c]-
chromen-6-one 5a is formed by lactonization.


Preparative scope : The preparative scope of our methodolo-
gy was studied (Table 1). The reaction of 1a with 1,3-bis-
silyl enol ethers 3a–i, prepared from the corresponding b-
ketoesters, afforded the 2,3-dihydrobenzopyrans 4a–i, which
were transformed into the alkyl-substituted 7-hydroxy-6H-
benzo[c]chromen-6-ones 5a–i (R4=Alkyl, Allyl, or Bn). By
starting with 3 j, readily synthesized from methyl 4-methoxy-


acetoacetate, the methoxy-substituted 6H-benzo[c]chromen-
6-one 5 j was prepared; treatment of the latter with BBr3 af-
forded the 7,8-di(hydroxy)-6H-benzo[c]chromen-6-one 5k.
The benzyloxy-substituted 6H-benzo[c]chromen-6-one 5 l
was prepared from 1a and 1,3-bis-silyl enol ether 3k. Next,
we studied variation of the chromone. Thus, 7-hydroxy-6H-
benzo[c]chromen-6-ones 5m–x, containing various substitu-
ents at carbon atoms C-2 or C-3, were prepared from chro-
mones 1b–h (R2, R3=Me, MeO, OH, BnO, Cl, or Br). The
reaction of 3a with 3-methylchromone (1 i) afforded 4y,
which was transformed into 5y ; this compound contains a
methyl group at carbon C-10 (R1=Me). The cyano-substi-
tuted 7-hydroxy-6H-benzo[c]chromen-6-ones 5z–ac (R1=
CN) were prepared from 1,3-bis-silyl enol ethers 3b,c,f,l and
3-cyanochromone (1 j). 7,8-Di(hydroxy)-6H-benzo[c]chro-
men-6-ones 5o and 5w were prepared in high yields by the
reaction of BBr3 with 5n and 5v, respectively.
The structure of 5q was independently confirmed by crys-


tal structure analysis (Figure 1). The 6H-benzo[c]chromen-6-
one core structure is flat and an intramolecular hydrogen
bond O(3)�H···O(2) is observed. The latter was observed
for all products, as determined by 1H NMR spectroscopic
analysis.


The reaction of 1a with 1,3,5-tris-silyl enol ether 3m[21] af-
forded the masked pentaketide 4ad ; the reaction of the
latter with NEt3 at 20 8C afforded the biaryl 5ad (Scheme 2).
Unexpectedly, when the reaction was carried out under
reflux the biaryl 5ad was isolated in a yield of only 20%
and the 6H-benzo[c]chromen-6-one 5a was formed, presum-
ably by the formation of a hemiketal, followed by a retro-
aldol reaction with extrusion of methyl acetate.
The reaction of cyclic 1,3-bis-silyl enol ether 3n[22] with 1a


afforded the condensation product 4ae as a mixture of dia-
stereomers and keto/enol tautomers (Scheme 3); to simplify
the NMR spectra, 4ae was transformed into the silyl enol
ether 4af. Only starting material was recovered in the reac-
tion of 4ae with NEt3/EtOH.


Table 1. Synthesis of 7-hydroxy-6H-benzo[c]chromen-6-ones 5a–ac.[a]


1 3 5 R1 R2 R3 R4 R5 Yield 5 [%][b]


a a a H H H H Et 62
a b b H H H Me Me 54
a c c H H H Et Et 58
a d d H H H Allyl Et 43
a e e H H H Bn Et 20
a f f H H H nBu Et 48
a g g H H H nHex Et 45
a h h H H H nHep Et 48
a i i H H H nOct Et 51
a j j H H H OMe Me 65


k H H H OH – 84[c]


a k l H H H OBn Et 20
b a m H Me H H Et 54
c a n H OMe H H Et 61


o H OH H H – 87[d]


d a p H Cl H H Et 56
d b q H Cl H Me Me 57
d f r H Cl H nBu Et 59
d g s H Cl H nHex Et 56
e a t H Br H H Et 47
f a u H Cl Me H Et 62
g a v H H OMe H Et 51


w H H OH H – 91[e]


h a x H H OBn H Et 48
i a y Me H H H Et 48
j b z CN H H Me Me 34
j c aa CN H H Et Et 34
j l ab CN H H nPr Et 37
j f ac CN H H nBu Et 42


[a] Reaction conditions: a) 1) Me3SiOTf (1.3 equiv), 20 8C, 1 h; 2) 3a–l
(1.3 equiv), CH2Cl2, 0!20 8C, 12 h; 3) HCl (10%); b) NEt3 (2.0 equiv),
EtOH, 20 8C, 12 h. [b] Isolated yields based on chromones 1a–j. [c] from
5j. [d] from 5n. [e] from 5v.


Figure 1. ORTEP-plot of 5q. Selected bond lengths [P] and angles [8]:
O(1)-C(13) 135.5(3), O(1)-C(1) 137.7(3), C(1)-C(6) 139.4(3), O(2)-C(13)
121.6(3), O(3)-C(11) 135.2(3), C(6)-C(7) 146.0(3), C(7)-C(12) 140.7(3),
C(10)-C(11) 139.7(4), O(2)-C(13)-O(1) 115.9(2), O(2)-C(13)-C(12)
125.2(2), O(1)-C(13)-C(12) 118.9(2).
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The reaction of 1a with silyl enol ether 3o, a carba-ana-
logue of 3a,[20] afforded the condensation product 4ag ; how-
ever, this product could not be transformed into the 6H-
benzo[c]chromen-6-one 5ae (Scheme 4). This result suggests


that the presence of a 1,3-dicarbonyl unit is mandatory for a
domino retro-Michael–aldol–lactonization reaction to pro-
ceed.


Synthesis of 7-hydroxydibenzo[c,d]chromen-6-ones : The
condensation reaction of benzo[h]chromone (6) with 1,3-bis-
silyl enol ether 3a, followed by NEt3-mediated
domino retro-Michael–aldol–lactonization, afforded
7-hydroxydibenzo[c,d]chromen-6-one (7) (Scheme 5).


Synthesis of autumnariol : Farkas et al. reported[23] the first
synthesis of autumnariol. This synthesis was based on meth-
odology reported by Hurtley;[10] however, the condensation
of orcine (orcinol, 8) with 2-bromo-6-methoxybenzoic acid,
the key step in the synthesis, produced a yield of only 19%
for the expected product. Snieckus et al. reported an effi-
cient synthesis of autumnariol, which ultilized the Suzuki re-
action of [3,4-dimethoxy-2-(diisopropylcarbamoyl)phenyl]-
boronic acid with 2,4-dimethoxy-6-methylbromobenzene.[12]


We have developed the following alternative synthesis,
based on our own methodology. The acetylation of orsinol
(8) afforded the acetophenone 9, which was transformed
into the chromone 10 by treatment with triethylorthofor-
mate in the presence of perchloric acid (Scheme 6). Benzy-
lation of 10 produced 11, which was transformed into the
2,3-dihydrobenzopyran 12 by reaction with 3a. Treatment of
12 with NEt3/EtOH afforded the 7-hydroxy-6H-benzo[c]-
chromen-6-one 13. Debenzylation with BBr3 finally afforded
autumnariol (14) in 4% yield (over six steps).


Functionalization of 7-hydroxy-6H-benzo[c]chromen-6-
ones : Next we studied the functionalization of the hydroxy
group of 7-hydroxy-6H-benzo[c]chromen-6-ones 5 by Suzuki
cross-coupling reactions. Thus, 7-hydroxy-6H-benzo[c]chro-
men-6-one 5a was transformed into the triflate 15 in 91%
yield. The Suzuki reaction of 5a with a number of boronic
acids afforded, under standard conditions, 7-aryl-6H-ben-


Scheme 2. Reaction of 1,3,5-tris-silyl enol ether 3m with 1a :
a) 1) Me3SiOTf (1.3 equiv), 20 8C, 1 h; 2) 3m (1.3 equiv), CH2Cl2, 0!
20 8C, 12 h; 3) HCl (10%); b) NEt3 (2.0 equiv), EtOH (12 h, 20 8C or 3 h,
78 8C).


Scheme 3. Reaction of cyclic 1,3-bis-silyl enol ether 3n with 1a :
a) 1) Me3SiOTf (1.3 equiv), 20 8C, 1 h; 2) 3a (1.3 equiv), CH2Cl2, 0!
20 8C, 12 h; 3) HCl (10%); b) Me3SiCl, benzene, 20 8C.


Scheme 4. Reaction of silyl enol ether 3o with 1a : a) 1) Me3SiOTf
(1.3 equiv), 20 8C, 1 h; 2) 3a (1.3 equiv), CH2Cl2, 0!20 8C, 12 h; 3) HCl
(10%).


Scheme 5. Synthesis of 7-hydroxydibenzo[c,d]chromen-6-one 7:
a) 1) Me3SiOTf (1.3 equiv), 20 8C, 1 h; 2) 3a (1.3 equiv), CH2Cl2, 0!
20 8C, 12 h; 3) HCl (10%); b) NEt3 (2.0 equiv), EtOH, 20 8C, 12 h.
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zo[c]chromen-6-ones 16a–f in good to very good yields
(Table 2).


Fluorescence of 6H-benzo[c]chromen-6-ones : A number of
fluorescent materials are known in organic chemistry; how-


ever, blue fluorescence is more rare than fluorescence at
other wavelengths. For technical applications of blue fluo-
rescent materials a fluorescence maximum in the range of
450–480 nm is desirable; in addition, the Stokes shift should
be less than 50 nm. Most of the 6H-benzo[c]chromen-6-ones
reported herein exhibit a blue–green fluorescence in the
range of approximately 480–500 nm (Table 3) and the
Stokes shift is rather large (ca. 150 nm). The thienyl-substi-
tuted 6H-benzo[c]chromen-6-one 16 f produces a promising
fluorescence maximum (452 nm); however, the Stokes shift
is again rather large. Much to our satisfaction, 6H-benzo[c]-
chromen-6-ones 5 j and 5 l, which contain a methoxy- and a
benzyloxy group at carbon C-8, exhibit a fluorescence maxi-
mum at approximately 456 nm and a Stokes shift at 65 nm.
To further optimize these properties, the methoxy-substitut-
ed 6H-benzo[c]chromen-6-ones 17a and 17b were prepared
by the methylation of 5a and 5 j (Scheme 7). However, the
methylation resulted in a hypsochromic effect and a shift of
the fluorescence to (17a : 374 nm; 17b : 406 nm) the UV
rather than the visible region. In conclusion, the best results
were obtained for 6H-benzo[c]chromen-6-ones 5 j and 5 l.


Synthesis of 2,3-dihydro-1H-4,6-dioxachrysen-5-ones : The
Me3SiOTf-mediated condensation of chromone (1a) with
1,3-bis-silyl enol ether 3p, prepared from ethyl 7-chloro-3-
oxoheptanoate, afforded the corresponding 2,3-dihydroben-
zopyran 18a, which was transformed into the 6H-benzo[c]-
chromen-6-one 19a by a NEt3-mediated domino retro-Mi-
chael–aldol–lactonization reaction (Scheme 8, Table 4).
Treatment of 19a with sodium hydride in the presence of
tetrabutylammonium iodide (TBAI) afforded the 2,3-dihy-
dro-1H-4,6-dioxachrysen-5-one 20a. Similarly, 20b and 20c
were prepared from 3p and from chromones 1d and 1 f. The
condensation of 1a with 1,3-bis-silyl enol ether 3q, prepared
from ethyl 7-chloro-6-methyl-3-oxoheptanoate, and subse-
quent domino reaction produced 19d, which was trans-
formed into 2,3-dihydro-1H-4,6-dioxachrysen-5-one 20d.
The Me3SiOTf-mediated condensation of benzo[h]chro-


mone (6) with 1,3-bis-silyl enol ether 3p afforded the 2,3-di-
hydronaphthopyran 21; this was transformed into 7-
hydroxydibenzo[c,d]chromen-6-one (22) by treatment with
NEt3. The reaction of 22 with NaH/TBAI afforded the 3,4-
dihydro-2H-1,13-dioxapicen-14-one 23 (Scheme 9).


Scheme 6. Synthesis of autumnariol: a) MeCN (2.0 equiv), ZnCl2
(0.3 equiv), Et2O, 3 h, 20 8C, 41%; b) HC(OEt)3 (10 equiv), HClO4
(1.3 equiv), 12 h, 0!20 8C, 56%; c) BnCl (1.0 equiv), K2CO3 (0.5 equiv),
EtOH, 7 h, reflux, 76%; d) 1) Me3SiOTf (0.3 equiv), 30 min; 2) 3a
(1.3 equiv), CH2Cl2, 6 h, 0!20 8C; 3) HCl (10%), 67%; e) 1) NEt3
(2.0 equiv), EtOH, 12 h, 20 8C; 2) 12 h, reflux, 34%, 81% b.o.r.s.m
(b.o.r.s.m=based on recovered starting material); f) BBr3 (4 equiv),
CH2Cl2, 1 h, 0 8C, 92%.


Table 2. Synthesis of 7-aryl-6H-benzo[c]chromen-6-ones 16a–f by Suzuki
reactions of triflate 15.[a]


16 Ar Yield [%][b]


a Ph 92
b 4-MeC6H4 86
c 4-(MeO)C6H4 79
d 3,4,5-(MeO)3C6H2 89
e 4-ClC6H4 74
f 2-Thienyl 66


[a] Reaction conditions a) Tf2O (1.6 equiv), pyridine (2.0 equiv), CH2Cl2,
�78!20 8C, 10 h, 91%; b) K3PO4 (1.6 equiv), ArB(OH)2 (1.3 equiv), Pd-
(PPh3)4 (3 mol%), 4–12 h, 100 8C. [b] Isolated yields.


Scheme 7. Synthesis of 17a,b : a) 1) K2CO3 (1.5 equiv), 20 8C, acetone;
2) Me2SO2 (1.1 equiv), 0 8C; 3) 6 h, reflux; 4) 12 h, 20 8C.
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Conclusion


The condensation of 1,3-bis-silyl enol ethers with benzopyry-
lium triflates, generated in situ by the reaction of chromones
with Me3SiOTf, afforded functionalized 2,3-dihydrobenzo-


pyrans; treatment of the latter with NEt3 or BBr3 resulted in
a domino retro-Michael–aldol–lactonization reaction. This
methodology allows for the convenient synthesis of a great
variety of 6H-benzo[c]chromen-6-ones, including the natural
product, autumnariol and a novel blue fluorescence dye. 2,3-
Dihydro-1H-4,6-dioxachrysen-5-ones were also prepared by
the reaction of chromones with 1,3-bis-silyl enol ethers con-
taining a remote chloride group.


Experimental Section


General comments : All solvents were dried by standard methods and all
reactions were carried out under an inert atmosphere. For 1H and
13C NMR spectra the deuterated solvents indicated were used. Mass spec-
tra (MS) were obtained by electron ionization (EI, 70 eV), chemical ioni-


Table 3. UV/Vis absorption and fluorescence of 6H-benzo[c]chromen-6-ones.


Compound lmax [nm]
[a] Flmax [nm]


[a] Compound lmax [nm]
[a] Flmax [nm]


[a]


5a 357 489 5 s 345 495
5b 342 499 5 t 340 483
5c 345 498 5u 340 485
5d 372 499 5v 345 407
5e 350 499 5w 345 481
5 f 345 496 5x 350 486
5g 345 497 5y 348 493
5h 345 495 5z 345 489
5 i 345 498 5aa 340 485
5j 392 457 5ac 345 479
5 l 392 456 7 350 403
5m 340 484 15 345 380
5n 345 468 16a 350 420
5o 345 415 16 f 335 452
5p 340 486 17a 342 374
5q 345 500 17b 340 406
5r 345 490


[a] Solvent: CH3CN.


Scheme 8. Synthesis of 2,3-dihydro-1H-4,6-dioxachrysen-5-ones 20a-d :
a) 1) Me3SiOTf (1.3 equiv), 0 8C, 1 h; 2) 3p,q (1.3 equiv), CH2Cl2, 12 h;
3) HCl (10%); b) NEt3, EtOH, 12 h, 20 8C; c) NaH (1.5 equiv), TBAI
(2.0 equiv), THF, 20 8C, 20 h.


Table 4. Products and yields.


19/20 R1 R2 R3 19 [%][a] 20 [%][a]


a H H H 58 64
b Cl H H 55 61
c Cl Me H 57 69
d H H Me 52 52


[a] Isolated yields.


Scheme 9. Synthesis of 3,4-dihydro-2H-1,13-dioxapicen-14-one 23 :
a) 1) Me3SiOTf (1.3 equiv), 0 8C, 1 h; 2) 3p (1.3 equiv), CH2Cl2, 12 h;
3) HCl (10%); b) NEt3, EtOH, 12 h, 20 8C; c) NaH (1.5 equiv), TBAI
(2.0 equiv), THF, 20 8C, 20 h.
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zation (CI, H2O) or electrospray ionization (ESI). For preparative scale
chromatography, silica gel (60–200 mesh) was used. Melting points are
uncorrected.


General procedure for the synthesis of 7-hydroxy-6H-benzo[c]chromen-
6-ones (5a–ac): Me3SiOTf (1.3 equiv) was added to chromone 1
(1.0 equiv) at 20 8C. After stirring for 1 h, CH2Cl2 (8 mL) and the 1,3-bis-
silyl enol ether 3 (1.3 equiv) were added at 0 8C. For products 4a–4e, 4 j,
and 4 l, 2,6-lutidine (1.3 equiv) was added after the addition of CH2Cl2.
The mixture was stirred for 12 h at 20 8C and was then poured into an
aqueous solution of hydrochloric acid (10%). The organic layer was sep-
arated and the aqueous layer was extracted with CH2Cl2 (3Q80 mL). The
combined organic layers were washed with water, dried (Na2SO4), fil-
tered, and the filtrate was concentrated in vacuo. Polar side-products
were removed by flash-column chromatography (silica gel, n-hexane/
EtOAc 1:1) to give the 2,3-dihydrobenzopyran 4. Products 4a–4e, 4 j,
and 4 l were subsequently isolated and characterized, and samples of
each of these products were transformed into the 6H-benzo[c]chromen-6-
ones 5. All other derivatives of 4 were not characterized; directly after
their isolation, they were completely transformed into 5.


NEt3 (2.0 equiv) was added to a solution of 4 in EtOH (10 mL) and the
mixture was stirred for 12 h at 20 8C. After this time, aqueous hydrochlo-
ric acid (1m) and Et2O (50 mL) were added. The organic layer was sepa-
rated and the aqueous layer was extracted with Et2O (3Q100 mL). The
combined organic layers were washed with water, dried (Na2SO4), fil-
tered, and the filtrate was concentrated in vacuo. The residue was puri-
fied by column chromatography (silica gel, n-hexane/EtOAc 20:1!3:1)
to give 5.


Ethyl 3-oxo-4-(4-oxochroman-2-yl)butanoate (4a): The starting materials
1a (500 mg, 3.42 mmol), Me3SiOTf (0.80 mL, 4.4 mmol), 2,6-lutidine
(0.52 mL, 4.4 mmol), and 3a (1.22 g, 4.4 mmol) produced 4a as a color-
less solid (708 mg, 75%). 1H NMR (keto/enol 9:1, CDCl3, 250 MHz): d=
1.07 (t, J=6.5 Hz, 3H; CH3), 2.59 (m, 2H; chain CH�CH2), 2.78 (dd, J=
17.2, 5.3 Hz, 1H; ring CH2), 3.02 (dd, J=17.2, 7.1 Hz, 1H; ring CH2),
3.38 (s, 2H; chain CH2), 4.00 (q, J=6.5 Hz, 2H; OCH2), 4.74 (m, 1H;
CH�CH2, keto tautomer), 4.65 (m; 1H; CH�CH2, enol tautomer), 4.95
(s, 1H; =CH�, enol tautomer), 6.70–6.85 (m, 2H; Ar), 7.25 (t, J=7.8 Hz,
1H; Ar), 7.62 ppm (dd, J=7.8, 1.5 Hz, 1H; Ar); 13C NMR (CDCl3,
62.5 MHz); keto tautomer: d=13.53 (CH3), 41.70, 46.77, 49.13 (CH2),
60.86 (OCH2), 72.92 (CH), 117.34 (CH), 120.29 (C), 121.02, 126.29,
135.50 (CH), 160.46, 166.30, 190.76, 198.97 ppm (C); IR (KBr): ñ=3427
(w), 3005 (m), 2991 (m), 2965 (m), 2948 (m), 2920 (m), 2906 (m), 1737
(s), 1707 (s), 1607 (s), 1578 (m), 1474 (s), 1459 (s), 1403 (s), 1316 (s), 1302
(s), 1278 (s), 1153 cm�1 (s); MS (70 eV): m/z (%): 276 (20) [M]+ , 231 (3),
203 (7), 147 (100); HRMS (EI, 70 eV): m/z : calcd for C15H16O5: 276.0997
[M]+ ; found: 276.0997�2 ppm; elemental analysis (%) calcd for
C15H16O5: C 65.21, H 5.84; found: C 65.11, H 5.68.


7-Hydroxy-6H-benzo[c]chromen-6-one (5a): The starting materials 4a
(150 mg, 0.54 mmol) and NEt3 (55 mg, 0.54 mmol) produced 5a as a col-
orless solid (95 mg, 83%). 1H NMR (CDCl3, 250 MHz): d=7.06 (d, J=
8.2 Hz, 1H; Ar), 7.30–7.40 (m, 2H; Ar), 7.47 (dt, J=5.5, 1.5 Hz, 1H;
Ar), 7.56 (d, J=8.0 Hz, 1H; Ar), 7.70 (t, J=8.0 Hz, 1H; Ar), 8.03 (dd,
J=5.5, 1.5 Hz, 1H; Ar), 11.36 ppm (s, 1H; OH); 13C NMR (APT, CDCl3,
50.3 MHz): d=106.10 (C), 112.14, 116.46, 117.68 (CH), 118.25 (C),
123.32, 125.15, 130.59 (CH), 135.19 (C), 137.26 (CH), 150.50, 162.43,
165.39 ppm (C); IR (KBr): ñ=3433 (m), 1686 (s), 1612 (s), 1573 (m),
1450 (s), 1269 (s), 1242 (s), 1209 (s), 1182 (s), 1108 (m), 1077 (m), 815
(m), 754 (s), 725 (m), 689 (m), 670 cm�1 (m); UV/Vis (CH3CN): lmax=
357, 313, 286 nm; UV/Vis (CHCl3): lmax (lg e)=351 (3.89), 338 (3.94), 300
(3.48), 290 (3.54), 276 (3.88), 263 nm (4.01); fluorescence (CH3CN): Flmax
(lex): 489 nm (358 nm); MS (EI, 70 eV): m/z (%): 212 (100) [M]+ , 184
(10); HRMS (EI, 70 eV): m/z : calcd for C13H8O3: 212.0473 [M]


+ ; found:
212.0473�2 ppm.
Methyl 3-oxo-4-(4-oxochroman-2-yl)pentanoate (4b): The starting mate-
rials 1a (500 mg, 3.42 mmol), Me3SiOTf (0.80 mL, 4.4 mmol), 2,6-lutidine
(0.52 mL, 4.4 mmol), and 3b (1.22 g, 4.4 mmol) produced 4b as a color-
less solid (572 mg, 61%, d.r.=3:2, keto/enol 15:1). A diastereomer of un-
known configuration was separated and isolated in a diastereomerically
enriched form (d.r.=10:1). 1H NMR (CDCl3, 250 MHz); major diaster-


eomer (keto/enol 20:1): d=1.20 (d, J=6.5 Hz, 3H; CH3), 2.75 (m, 2H;
ring CH2), 3.22 (quint, J=7.0 Hz, 1H; CHCH3), 3.63 (s, 2H; chain CH2),
3.75 (s, 3H; OCH3), 4.65 (m, 1H; CH�CH2, keto tautomer), 6.92 (d, J=
8.0 Hz, 1H; Ar), 7.02 (t, J=7.0 Hz, 1H; Ar), 7.49 (t, J=7.0 Hz, 1H; Ar),
7.85 ppm (dd, J=8.0, 1.5 Hz, 1H; Ar); 13C NMR (CDCl3, 62.5 MHz);
keto tautomer: d=11.98 (CH3), 40.04, 49.27 (CH2), 49.90 (CH), 52.21
(CH3), 60.86 (OCH2), 79.05 (CH), 117.61 (CH), 120.73 (C), 121.61,
126.74, 135.99 (CH), 160.65, 167.11, 190.90, 203.79 ppm (C); IR (KBr):
ñ=2925 (w), 2888 (m), 2852 (m), 1749 (s), 1737 (s), 1694 (s), 1606 (s),
1576 (m), 1536 (s), 1465 (s), 1437 (m), 1404 (m), 1350 (m), 1320 (s), 1304
(s) 1263 (s), 1230 (s), 1153 (s), 1029 (m), 1012 (s), 876 (m), 767 (s),
552 cm�1 (m); MS (70 eV): m/z (%): 276 (20) [M]+ , 231 (3), 203 (7), 147
(100); HRMS (EI, 70 eV): m/z : calcd for C15H16O5: 276.0997 [M]


+ ;
found: 276.0997�2 ppm.
7-Hydroxy-8-methyl-6H-benzo[c]chromen-6-one (5b): The starting mate-
rials 4b (54 mg, 0.20 mmol) and NEt3 (20 mg, 0.20 mmol) produced 5b as
a colorless solid (39 mg, 88%). 1H NMR (CDCl3, 250 MHz): d=2.38 (s,
3H; CH3), 7.30 (m, 2H; Ar), 7.42 (m, 2H; Ar), 7.55 (d, J=8.0 Hz, 1H;
Ar), 7.95 (dd, J=8.0, 1.5 Hz, 1H; Ar), 11.55 ppm (s, 1H; OH); 13C NMR
(APT, CDCl3, 50.3 MHz): d=15.65 (CH3), 105.30 (C), 111.42, 117.49
(CH), 118.49 (C), 122.90, 124.98 (CH), 125.97 (C), 129.92 (CH), 132.61
(C), 138.20 (CH), 150.19, 160.36, 165.72 ppm (C); IR (KBr): ñ=2956
(m), 2923 (m), 2852 (m), 1681 (s), 1610 (m), 1462 (m), 1449 (m), 1416
(m), 1270 (s), 1255 (s), 1197 (m), 1128 (s), 822 (m), 751 (s), 722 (m),
671 cm�1 (m); UV/Vis (CH3CN): lmax (lg e)=342 (3.87), 299 (3.57), 290
(3.60), 277 (3.87), 262 (3.93), 232 nm (4.39); fluorescence (CH3CN): Flmax
(lex): 499 nm (345 nm); MS (EI, 70 eV): m/z (%): 226 (100) [M]+ , 197
(9); HRMS (EI, 70 eV): m/z : calcd for C14H10O3: 226.0630 [M]


+ ; found:
226.0630�2 ppm; elemental analysis calcd (%) for C14H10O3: C 74.33, H
4.45; found: C 74.52, H 4.80.


Ethyl 3-oxo-4-(4-oxochroman-2-yl)hexanoate (4c): The starting materials
1a (500 mg, 3.42 mmol), Me3SiOTf (0.80 mL 4.4 mmol), 2,6-lutidine
(0.52 mL, 4.4 mmol), and 3c (1.22 g, 4.4 mmol) produced 4c as a colorless
solid (716 mg, 69%, d.r.=2:1, keto/enol 2.5:1). 1H NMR (CDCl3,
250 MHz); keto tautomer: d=0.92, 1.22 (2Qt, J=6.5 Hz, 3H; CH3), 1.22,
1.65, 1.90 (3Qm, 2H; CH2CH3), 2.65 (m, 2H; ring CH2), 3.21 (m, 1H;
CHCH2CH3), 3.60 (s, 2H; chain CH2), 4.18 (m, 2H; OCH2), 4.50, 4.62
(m, 1H; CH�CH2, keto tautomer), 6.90–7.05 (m, 2H; Ar), 7.41 (t, J=
7.0 Hz, 1H; Ar), 7.80 ppm (dd, J=8.0, 1.5 Hz, 1H; Ar); 13C NMR
(CDCl3, 50.3 MHz): d=11.19, 11.58, 14.06, 14.16 (CH3), 20.57, 21.51,
39.83, 41.08, 50.90 (CH2), 51.90, 56.06 (CHCH2CH3), 60.29, 61.43
(OCH2), 77.17, 78.15 (CH), 92.53, 117.74, 117.85 (CH), 120.94, 120.99
(C), 121.46, 121.73, 126.85, 126.98, 136.01 (CH), 160.86, 161.11, 166.63,
172.21, 175.07, 191.50, 191.95, 203.56 ppm (C); IR (neat): ñ=3427 (w),
3005 (m), 2971 (m), 2936 (m), 2879 (m), 1745 (s), 1694 (s), 1650 (s), 1607
(s), 1464 (s), 1307 (s), 1227 (s), 1150 (m), 1031 (m), 706 cm�1(m); MS
(70 eV) m/z (%): 304 (11) [M]+ , 275 (9), 147 (100); HRMS (EI, 70 eV):
m/z : calcd for C17H20O5: 304.1310 [M]


+ ; found: 304.1310�2 ppm; ele-
mental analysis calcd (%) for C17H20O5: C 67.09, H 6.62; found: C 66.36,
H 6.22.


8-Ethyl-7-hydroxy-6H-benzo[c]chromen-6-one (5c): The starting materi-
als 4c (95 mg, 0.31 mmol) and NEt3 (32 mg, 0.31 mmol) produced 5c as a
colorless solid (63 mg, 84%). 1H NMR (CDCl3, 250 MHz): d=1.23 (t, J=
7.0 Hz, 3H; CH3), 2.75 (t, J=7.0 Hz, 2H; CH2), 7.30 (m, 2H; Ar), 7.42
(m, 1H; Ar), 7.47 (d, J=8.0 Hz, 1H; Ar), 7.57 (d, J=8.0 Hz, 1H; Ar),
7.98 (dd, J=8.0, 1.5 Hz, 1H; Ar), 11.60 ppm (s, 1H; OH); 13C NMR
(APT, CDCl3, 50.3 MHz): d=13.55 (CH3), 22.75 (CH2), 105.40 (C),
111.61, 117.49 (CH), 118.51 (C), 122.92, 124.99, 129.93 (CH), 131.85,
132.58 (C), 136.63 (CH), 150.21, 160.13, 165.82 ppm (C); IR (KBr): ñ=
3432 (m), 2963 (m), 2930 (m), 2872 (m), 1663 (s), 1610 (s), 1444 (s), 1436
(s), 1266 (s), 1253 (s), 1199 (m), 1139 (s), 1090 (m), 829 (m), 758 (s), 725
(m), 670 cm�1 (m); UV/Vis (CH3CN): lmax (lg e)=342 (4.02), 299 (3.69),
290 (3.77), 277 (3.97), 263 (4.04), 232 (4.50), 204 nm (4.50); fluorescence
(CH3CN): Flmax (lex): 498 nm (345 nm); MS (EI, 70 eV): m/z (%): 240
(60) [M]+ , 225 (100); HRMS (EI, 70 eV): m/z : calcd for C15H12O3:
240.0786 [M]+ ; found: 240.0786�2 ppm; elemental analysis calcd (%)
for C15H12O3: C 74.98, H 5.03; found: C 74.67, H 5.30.
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Ethyl 3-oxo-4-(4-oxochroman-2-yl)hept-6-enoate (4d): The starting mate-
rials 1a (500 mg, 3.42 mmol), Me3SiOTf (0.80 mL, 4.4 mmol), 2,6-lutidine
(0.52 mL, 4.4 mmol), and 3d (1.22 g, 4.4 mmol) produced 4d as a color-
less solid (698 mg, 64%) and as a mixture of diastereomers and keto/enol
tautomers. 1H NMR (CDCl3, 250 MHz); keto tautomer: d=1.10–1.30 (m,
3H; CH3), 2.40–2.70 (m, 2H; ring CH2), 2.75 (m, 1H; chain CH�CH),
3.30–3.50 (m, 2H; CH2�CH=CH2), 3.56 (s, 2H; chain CH2), 4.20 (m, 2H;
OCH2), 4.65 (m, 1H; ring CH�CH2, keto tautomer), 5.00–5.15 (m, 2H;
CH=CH2), 5.65–5.85 (m, 1H; CH=CH2), 6.90–7.05 (m, 2H; Ar), 7.45 (t,
J=7.0 Hz, 1H; Ar), 7.85 ppm (dd, J=8.0, 1.5 Hz, 1H; Ar); 13C NMR
(CDCl3, 62.5 MHz): d=14.04, 14.13 (CH3), 29.61, 31.62, 39.71, 40.90,
50.81 (CH2), 50.01, 54.28 (CH), 60.30, 61.39 (OCH2), 76.65, 77.64 (CH),
117.42, 118.40 (CH=CH2), 117.71, 117.84 (CH), 120.93, 121.54 (C),
120.96, 121.77, 126.85, 126.98, 134.54, 135.99 (CH), 160.80, 160.99, 166.54,
172.17, 174.42, 191.22, 191.64, 202.88 ppm (C); IR (KBr): ñ=3400 (w),
2980 (s), 2917 (s), 1744 (s), 1712 (s), 1694 (s), 1608 (s), 1579 (m), 1465 (s),
1445 (m), 1300 (s), 1228 (s), 1150 (m), 1030 (m), 921 (m), 766 cm�1 (m);
MS (70 eV): m/z (%): 316 (6) [M]+ , 298 (3), 275 (36), 147 (100); HRMS
(EI, 70 eV): m/z : calcd for C18H20O5: 316.1311 [M]


+ ; found: 316.1311�
2 ppm; elemental analysis calcd (%) for C18H20O5: C 68.34, H 6.37;
found: C 68.17, H 6.29.


8-Allyl-7-hydroxy-6H-benzo[c]chromen-6-one (5d): The starting materi-
als 4d (345 mg, 0.24 mmol) and NEt3 (24 mg, 0.24 mmol) produced 5d as
a colorless solid (184 mg, 67%). 1H NMR (CDCl3, 250 MHz): d=3.42 (d,
J=5.0 Hz, 2H; CH2), 5.14 (dd, J=8.0, 1.0 Hz, 2H; CH=CH2), 6.02 (m,
1H; CH=CH2), 7.15–7.55 (m, 6H; Ar), 7.83 (d, J=6.0 Hz, 1H; Ar),
11.58 ppm (s, 1H; OH); 13C NMR (APT, CDCl3, 50.3 MHz): d=33.93
(CH2), 105.28 (C), 111.50 (CH), 116.39 (CH2), 117.30 (CH), 118.14 (C),
122.80, 124.90 (CH), 127.62 (C), 129.96 (CH), 132.84 (C), 135.43, 137.20
(CH), 150.03, 159.75, 165.48 ppm (C); IR (KBr): ñ=3433 (m), 3076 (m),
1670 (s), 1611 (s), 1450 (s), 1433 (s), 1412 (s), 1316 (m), 1269 (s), 1246 (s),
1214 (s), 1124 (s), 1089 (m), 920 (m), 830 (m), 756 (s), 669 cm�1 (m); UV/
Vis (CH3CN): lmax=372, 306, 295 nm; UV/Vis (CHCl3): lmax (lg e)=
344 nm (4.02); fluorescence (CH3CN): Flmax (lex): 499 nm (372 nm); MS
(EI, 70 eV): m/z (%): 252 (100) [M]+ , 237 (68); HRMS (EI, 70 eV): m/z :
calcd for C16H12O3: 252.0786 [M]


+ ; found: 252.0786�2 ppm.
Ethyl 3-oxo-4-(4-oxochroman-2-yl)-5-phenylpentanoate (4e): The starting
materials 1a (500 mg, 3.42 mmol), Me3SiOTf (0.80 mL, 4.4 mmol), 2,6-lu-
tidine (0.52 mL, 4.4 mmol), and 3e (1.22 g, 4.4 mmol) produced 4e as a
colorless solid (702 mg, 56%, keto/enol 5:1, mixture of diastereomers).
1H NMR (CDCl3, 250 MHz); keto tautomer: d=1.25 (t, J=7.0 Hz, 3H;
CH3), 2.75 (m, 2H; chain CH�CH, ring CH2), 3.05 (m, 1H; ring CH2),
3.35 (s, 2H; chain CH2), 4.15 (q, J=7.0 Hz, 2H; OCH2), 4.65 (m, 1H;
ring CH�CH2, keto tautomer), 6.90–7.30 (m, 7H; Ar), 7.45 (m, 1H; Ar),
7.88 (d, J=8.0 Hz, 1H; Ar); IR (cap): ñ=2979 (s), 2935 (s), 2904 (s),
1745 (s), 1712 (s), 1655 (s), 1607 (s), 1580 (m), 1472 (s), 1464 (s), 1426
(m), 1406 (m), 1368 (m), 1305 (s) 1228 (s), 1181 (s), 1150 (s), 1030 (s),
843 (s), 765 (s), 702 cm�1 (s); MS (EI, 70 eV): m/z (%): 366 (16) [M]+ ,
291 (37), 275 (22), 219 (60), 147 (100).


8-Benzyl-7-hydroxy-6H-benzo[c]chromen-6-one (5e): The starting mate-
rials 4e (165 mg, 0.45 mmol) and NEt3 (46 mg, 0.45 mmol) produced 5e
as a colorless solid (49 mg, 36%). 1H NMR (CDCl3, 250 MHz): d=4.05
(s, 2H; CH2), 7.20–7.55 (m, 10H; Ar), 7.95 (t, J=7.0 Hz, 1H; Ar),
11.73 ppm (s, 1H; OH); 13C NMR (APT, CDCl3, 50.3 MHz): d=35.23
(CH2), 105.65 (C), 111.72, 117.51 (CH), 118.33 (C), 122.97, 125.05, 126.25,
127.32, 128.49, 129.00, 130.15 (CH), 133.18, 137.85, 139.72, 150.26, 160.01,
165.71 ppm (C); IR (KBr): ñ=3434 (m), 1676 (s), 1611 (s), 1453 (m),
1415 (m), 1315 (m), 1266 (s), 1251 (m), 1122 (s), 1087 (w), 816 (m), 755
(s), 728 (m), 698 (m), 671 cm�1 (m); UV/Vis (CH3CN): lmax=342, 279,
258, 250, 219 nm; UV/Vis (CHCl3): lmax (lg e)=345 (4.02), 301 (3.77), 292
(3.87), 279 (4.05), 266 nm (4.13); fluorescence (CH3CN): Flmax (lex):
499 nm (350 nm); MS (EI, 70 eV): m/z (%): 302 (100) [M]+ , 225 (12);
HRMS (EI, 70 eV): m/z : calcd for C20H14O3: 302.0943 [M]


+ ; found:
302.0943�2 ppm.
8-Butyl-7-hydroxy-6H-benzo[c]chromen-6-one (5 f): The starting materi-
als 1a (205 mg, 1.4 mmol), Me3SiOTf (404 mg, 1.8 mmol), 3 f (482 mg,
1.8 mmol), and NEt3 (283 mg, 0.39 mL, 2.8 mmol) in EtOH (12 mL) pro-
duced 5 f as a colorless solid (180 mg, 48%). M.p. 64 8C; 1H NMR


(CDCl3, 300 MHz): d=0.96 (t, J=7.3 Hz, 3H; CH3), 1.41 (m, 2H; CH2),
1.61 (m, 2H; CH2), 2.70 (m, 2H; CH2), 7.29 (m, 2H; Ar), 7.41 (m, 2H;
Ar), 7.53 (d, J=7.9 Hz, 1H; Ar), 7.93 (m, 1H; Ar), 11.58 ppm (s, 1H;
OH); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=13.93 (CH3), 22.52, 29.29,
31.41 (CH2), 105.44 (C), 111.48, 117.45 (CH), 118 51 (C), 122.89, 124.96,
129.01 (CH), 130.59, 132.59 (C), 137.41 (CH), 160.20 (C), 165.79 ppm
(C=O); IR (KBr): ñ=3421 (w), 3066 (w), 2956 (m), 2929 (m), 2867 (w),
1667 (s), 1614 (m), 1455 (m), 1417 (m), 1311 (m), 1265 (s), 1235 (s), 1214
(s), 1131 (s), 757 cm�1 (s); UV/Vis (CH3CN): lmax (lg e): 342 (3.93), 299
(3.53), 290 (3.62), 277 (3.87), 263 (3.96), 233 (4.44), 206 nm (4.36 nm);
fluorescence (CH3CN): Flmax (lex): 345 nm (496 nm); MS (EI, 70 eV):
m/z (%): 268 (41) [M]+ , 225 (100), 186 (3), 143 (19), 130 (27), 114 (9), 70
(17), 57 (46), 39 (14); HRMS (EI, 70 eV): m/z : calcd for C17H16O3:
268.1099 [M]+ ; found: 268.1099�2 ppm.
8-Hexyl-7-hydroxy-6H-benzo[c]chromen-6-one (5g): The starting materi-
als 1a (205 mg, 1.4 mmol), Me3SiOTf (404 mg, 1.8 mmol), 3g (645 mg,
1.8 mmol), and NEt3 (283 mg, 0.39 mL, 2.8 mmol) in EtOH (12 mL) pro-
duced 5g as a colorless solid (186 mg, 45%). M.p. 63 8C; 1H NMR
(CDCl3, 300 MHz): d=0.89 (t, J=7.0 Hz, 3H; CH3), 1.25–1.57 (m, 6H;
3QCH2), 1.60–1.68 (m, 2H; CH2), 2.73 (t, J=7.50 Hz 2H; CH2), 7.34 (m,
2H; Ar), 7.48 (m, 2H; Ar), 7.51 (d, J=8.0 Hz, 1H; Ar), 8.01 (d, J=
7.4 Hz, 1H; Ar), 11.58 ppm (s, 1H; OH); 13C NMR (DEPT, CDCl3,
75.5 MHz): d=14.09 (CH3), 22.62, 29.14, 29.27, 29.67, 31.71 (CH2), 105.59
(C), 111.57, 117.45 (CH), 118 65 (C), 122.99, 125.04, 129.99 (CH), 130.76,
132.72 (C), 137.55 (CH), 150.33, 160.32 (C), 165.93 ppm (C=O); IR
(KBr): ñ=3061 (w), 2953 (m), 2926 (m), 2857 (m), 1666 (s), 1614 (m),
1457 (m), 1417 (m), 1312 (w), 1268 (s), 1249 (s), 1213 (s), 1130 (s),
757 cm�1 (s); UV/Vis (CH3CN): lmax (lg e): 343 (3.95), 300 (3.64), 290
(3.72), 277 (3.94), 263 (4.00), 233 (4.46), 204 nm (4.47); fluorescence
(CH3CN): Flmax (lex)=497 nm (345 nm); MS (EI, 70 eV): m/z (%): 296
[M]+ (25), 25), 249 (13), 225 (100), 197 (13), 151 (15), 114 (14), 102 (11),
41 (15); HRMS (EI, 70 eV): m/z : calcd for C19H20O3: 296.1412 [M]


+ ;
found: 296.1412�2 ppm.
8-Heptyl-7-hydroxy-6H-benzo[c]chromen-6-one (5h): The starting mate-
rials 1a (205 mg, 1.4 mmol), Me3SiOTf (404 mg, 1.8 mmol), 3h (671 mg,
1.8 mmol), and NEt3 (283 mg, 0.39 mL, 2.8 mmol) in EtOH (15 mL) pro-
duced 5h as a colorless solid (209 mg, 48%). M.p. 75 8C; 1H NMR
(CDCl3, 300 MHz): d=0.88 (t, J=6.25 Hz, 3H; CH3), 1.34 (m, 8H; CH2),
1.64 (m, 2H; CH2), 2.68 (m, 2H; CH2), 7.30 (m, 2H; Ar), 7.42 (m, 2H;
Ar), 7.54 (d, J=8.0 Hz, 1H; Ar), 7.95 (d, J=8.6 Hz, 2.0 Hz, 1H; Ar),
11.59 ppm (s, 1H; OH); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=14.08
(CH3), 22.65, 29.27, 29.45, 29.48, 29.62, 31.87 (CH2), 105.46 (C), 111.49,
117.48 (CH), 118 55 (C), 122.91, 124.97, 129.91 (CH), 130.66, 132.59 (C),
137.43 (CH), 150.23, 160.22 (C), 165.81 ppm (C=O); IR (KBr): ñ=3434
(m), 3085 (w), 2956 (m), 2922 (s), 2850 (m), 1680 (s), 1643 (w), 1614 (m),
1495 (m), 1409 (m), 1353 (w), 1328 (w), 1317 (w), 1265 (s), 1214 (m),
1133 (s), 832 (m), 807 (w), 756 (s), 671 cm�1 (w); UV/Vis (CH3CN): lmax
(lg e): 343 (3.94), 300 (3.54), 290 (3.63), 278 (3.88), 263 (3.96), 233 (3.06),
206 (4.34), 203 nm (4.36); fluorescence (CH3CN): lex (Flmax): 495 nm
(345 nm); MS (EI, 70 eV): m/z (%): 310 (42) [M]+ , 249 (4), 224 (100),
197 (3), 165 (2), 151 (8), 114 (6), 91 (3); HRMS (FT-ICR): calcd. for
C20H23O3: 311.16471 [M+1]+ ; found: 311.16397.


7-Hydroxy-8-octyl-6H-benzo[c]chromen-6-one (5 i): The starting materi-
als 1a (234 mg, 1.6 mmol), Me3SiOTf (467 mg, 2.1 mmol), 3 i (813 mg,
2.1 mmol), and NEt3 (324 mg, 0.45 mL, 3.2 mmol) in EtOH (15 mL) pro-
duced 5 i as a colorless solid (265 mg, 51%). M.p. 61 8C; 1H NMR
(CDCl3, 300 MHz): d=0.89 (t, J=6.9 Hz, 3H; CH3), 1.35 (m, 10H; CH2),
1.64 (m, 2H; CH2), 2.72 (t, J=7.6 Hz, 2H; CH2), 7.31 (m, 2H; Ar), 7.40–
7.59 (brm, 3H; Ar), 7.99 (d, J=8.0 Hz; 1H; Ar), 11.62 ppm (s, 1H;
OH); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=14.09 (CH3), 22.66, 29.17,
29.32, 29.44, 29.66, 31.83 (CH2), 105.75 (C), 111.55, 117.56 (CH), 118.63
(C), 122.97, 125.03, 129.98 (CH), 130.74, 132.70 (C), 137.53 (CH), 150.31,
160.30 (C), 165.91 ppm (C=O); IR (KBr): ñ=3434 (m), 3434 (m), 3050
(w), 2956 (m), 2923 (s), 2854 (m), 1683 (s), 1613 (m), 1451 (m), 1414 (m),
1355 (w), 1316 (m), 1268 (s), 1213 (m), 1135 (s), 1102 (w), 1082 (w), 814
(w), 765 (s), 757 cm�1 (w); UV/Vis (CH3CN): lmax (lg e): 343 (3.96), 300
(3.56), 290 (3.65), 277 (3.89), 263 (3.98), 233 nm (4.46); fluorescence
(CH3CN): lex (Flmax): 498 nm (345 nm); MS (EI, 70 eV): m/z (%): 324
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(37) [M]+ , 306 (3), 249 (6), 225 (100), 197 (5), 151 (7), 114 (6), 41 ppm
(4); HRMS (FT-ICR): calcd for C21H25O3: 325.18036 [M+1]+ ; found:
325.17950.


Methyl 4-methoxy-3-oxo-4-(4-oxochroman-2-yl)butanoate (4 j): The start-
ing materials 1a (300 mg, 2.05 mmol), Me3SiOTf (0.48 mL, 2.70 mmol),
2,6-lutidine (0.31 mL, 2.70 mmol), and 3j (0.898 g, 2.70 mmol) produced
4j as a colorless solid (455 mg, 76%) and as a mixture of diastereomers
and keto/enol tautomers. 1H NMR (CDCl3, 250 MHz); major isomer: d=
2.50 (dd, J=17.0, 2.5 Hz, 1H; ring CH2), 2.90 (dd, J=17.0, 12.5 Hz, 1H;
ring CH2), 3.50 (s, 2H; chain CH2), 3.60 (s, 3H; OCH3), 4.03 (d, J=
2.5 Hz, 1H; chain CH�CH), 4.75 (td, J=12.5, 2.5 Hz, 1H; ring CH), 6.90
(m, 2H; Ar), 7.35 (t, J=7.0 Hz, 1H; Ar), 7.75 ppm (dd, J=8.0, 1.5 Hz,
1H; Ar); 13C NMR (CDCl3, 62.5 MHz): d=36.53, 37.21, 45.22, 45.86
(CH2), 51.50, 52.24, 58.26, 59.42 (OCH3), 77.72, 81.80, 88.50, 90.12 (CH),
117.34, 117.50 (CH), 120.29, 120.48 (C), 121.10, 121.18, 126.50, 126.54,
135.60, 135.64 (CH), 160.40, 160.56, 166.22, 171.80, 172.22, 190.30, 191.22,
202.50 ppm (C); IR (cap): ñ=3427 (w), 2954 (m), 2918 (m), 1748 (s),
1723 (s), 1694 (s), 1607 (s), 1474 (s), 1446 (s), 1403 (m), 1322 (s), 1301 (s),
1265 (s), 1227 (s), 1149 (s), 1085 (m), 1034 (m), 767 cm�1 (m); MS
(70 eV): m/z (%): 292 (12) [M]+ , 261 (3), 2042 (7), 147 (100); HRMS
(EI, 70 eV): m/z : calcd for C15H16O6: 292.0947 [M]


+ ; found: 292.0947�
2 ppm; elemental analysis calcd (%) for C15H16O6: C 61.64, H 5.51;
found: C 61.40, H 4.98.


7-Hydroxy-8-methoxy-6H-benzo[c]chromen-6-one (5 j): The starting ma-
terials 4 j (110 mg, 0.38 mmol) and NEt3 (38 mg, 0.38 mmol) produced 5j
as a colorless solid (78 mg, 85%). 1H NMR (CDCl3, 250 MHz): d=4.00
(s, 3H; OMe), 7.25–7.50 (m, 4H; Ar), 7.52 (d, J=7.0, 1H; Ar), 7.97 (d,
J=7.0 Hz, 1H; Ar), 11.55 ppm (s, 1H; OH); 13C NMR (APT, CDCl3,
50.3 MHz): d=56.37 (CH3), 106.30 (C), 111.94, 117.52 (CH), 118.38 (C),
118.97, 122.49, 125.15 (CH), 126.57 (C), 129.39 (CH), 147.62, 149.68,
151.86, 165.40 ppm (C); IR (KBr): ñ=3433 (m), 2924 (m), 1660 (s), 1608
(m), 1691 (m), 1468 (s), 1442 (s), 1332 (m), 1278 (s), 1208 (m), 1144 (s),
1054 (s), 774 (s), 751 (m), 689 cm�1 (m); UV/Vis (CH3CN): lmax (lg e)=
399, 318, 272 nm; UV/Vis (CHCl3): lmax (lg e)=357 (3.91), 306 (3.97), 294
(3.92), 285 (3.95), 266 nm (3.96); fluorescence (CH3CN): Flmax (lex):
457 nm (400 nm); MS (EI, 70 eV): m/z (%): 242 (100) [M]+ , 227 (22),
213 (18), 199 (63); HRMS (EI, 70 eV): m/z : calcd for C14H10O: 242.0579
[M]+ ; found: 242.0579�2 ppm; elemental analysis calcd (%) for
C14H10O4: C 69.42, H 4.16; found: C 69.72, H 4.31.


Methyl 4-(benzyloxy)-3-oxo-4-(4-oxochroman-2-yl)butanoate (4 l): The
starting materials 1a (500 mg, 3.42 mmol), Me3SiOTf (0.80 mL,
4.4 mmol), 2,6-lutidine (0.52 mL, 4.4 mmol), and 3k (1.22 g, 4.4 mmol)
produced 4 l as a colorless solid (778 mg, 62%) and as a mixture of dia-
stereomers and keto/enol tautomers. Major isomer: 1H NMR (CDCl3,
250 MHz): d=1.10–1.30 (2Qt, J=7.0 Hz, 3H; CH3), 2.50–2.75 (m, 1H;
ring CH2), 2.85–3.05 (m, 1H; ring CH2), 2.75 (m, 1H; chain CH�CH),
3.58, 3.75 (2Qd, J=14.0 Hz, 2Q1H; chain CH2), 4.05–4.25 (m, 2H;
OCH2), 4.35 (dd, J=8.0, 2.0 Hz; chain CH), 4.75, 4.80 (2Qd, J=10.0 Hz,
2H; chain CH2), 4.90 (m, 1H; ring CH), 6.95 (m, 2H; Ar), 7.20–7.35 (m,
5H; Ph), 7.40 (m, 1H; Ar), 7.82 ppm (d, J=8.0 Hz, 1H; Ar); 13C NMR
(CDCl3, 62.5 MHz): d=14.11, 14.21 (CH3), 29.67, 31.24, 39.03, 39.23,
46.52, 60.61, 61.48, 72.62, 74.29, 77.16, 78.31, 84.47, 91.29, 112.95, 117.84,
118.10, 120.72, 12.86, 121.51, 121.87, 125.25, 125.78, 126.72, 126.85, 128.26,
128.34, 128.58, 128.72, 136.02, 136.53, 155.36, 160.60, 167.11, 171.94,
172.44, 191.19, 191.63, 203.88 ppm; IR (cap): ñ=3400 (w), 2980 (m), 2930
(m), 1741 (s), 1721 (s), 1696 (s), 1607 (s), 1473 (s), 1464 (s), 1402 (m),
1321 (s), 1301 (s), 1262 (m), 1226 (s), 1150 (s), 1084 (m), 1030 (m), 766
(m), 699 cm�1 (m); MS (EI, 70 eV): m/z (%): 382 [M]+ [3), 258 (22), 236
(22), 147 (56), 91 (100); HRMS (EI, 70 eV): m/z : calcd for C22H22O6:
382.1416 [M]+ ; found: 382.1416�2 ppm; elemental analysis calcd (%)
for C22H22O6: C 69.10, H 5.80; found: C 68.93, H 5.55.


8-(Benzyloxy)-7-Hydroxy-6H-benzo[c]chromen-6-one (5 l): The starting
materials 4 l (329 mg, 0.86 mmol) and NEt3 (87 mg, 0.86 mmol) produced
5 l as a colorless solid (93 mg, 34%). 1H NMR (CDCl3, 250 MHz): d=
5.21 (s, 2H; CH2Ph), 7.20–7.55 (m, 10H; Ar), 7.90 (d, J=6.5 Hz, 1H;
Ar), 11.58 ppm (s, 1H; OH); 13C NMR (APT, CDCl3, 50.3 MHz): d=
71.37 (CH2), 106.51 (C), 111.80, 117.45 (CH), 118.27 (C), 122.08, 122.49,
125.09 (CH), 127.23 (C), 127.32, 128.09, 128.62, 129.43 (CH), 136.31,


146.39, 149.67, 152.55, 165.62 ppm (C); IR (KBr): ñ=3062 (m), 1666 (s),
1609 (m), 1479 (m), 1455 (s), 1422 (m), 1329 (m), 1264 (s), 1205 (m),
1141 (s), 1024 (s), 758 (s), 734 (m), 698 cm�1 (m); UV/Vis (CH3CN): lmax
(lg e)=392 nm; UV/Vis (CHCl3): lmax (lg e)=357 nm (3.98); fluorescence
(CH3CN): Flmax (lex): 456 nm (392 nm); MS (EI, 70 eV): m/z (%): 318
[M]+ (52), 227 (20), 199 (16), 91 (100); HRMS (EI, 70 eV): m/z : calcd
for C20H14O4: 318.0892 [M]


+ ; found: 318.0892�2 ppm.
7-Hydroxy-2-methyl-6H-benzo[c]chromen-6-one (5m): The starting ma-
terials 1b (176 mg, 1.1 mmol), Me3SiOTf (311 mg, 1.4 mmol), 3a (393 mg,
1.4 mmol), and NEt3 (223 mg, 0.31 mL, 2.2 mmol) in EtOH (8 mL) pro-
duced 5m as a colorless solid (134 mg, 54%). M.p. 168 8C; 1H NMR
(CDCl3, 300 MHz): d=2.23 (s, 3H; CH3), 7.03 (dd, J=8.3, 0.9 Hz, 1H;
Ar), 7.19–7.28 (m, 2H; Ar), 7.51 (dd, J=8.0, 1.2 Hz, 1H; Ar), 7.67 (t, J=
8.0 Hz, 1H; Ar), 7.75 (br s, 1H; Ar), 11.40 ppm (s, 1H; OH); 13C NMR
(DEPT, CDCl3, 75.5 MHz): d=21.08 (CH3), 106.08 (C), 111.99 (CH),
115.98 (C), 116.23, 117.34 (CH), 117.53, 117.77 (C), 123.22 (CH), 131.49
(CH), 134.76, 135.23, 135.44 (C), 137.08 (CH), 148.57 (C), 162.41,
165.51 ppm (C); IR (KBr): ñ=3064 (m), 2875 (w), 1666 (s), 1611 (s),
1575 (s), 1508 (m), 1497 (m), 1455 (s), 1357 (m), 1328 (m), 1274 (s), 1246
(s), 1215 (s), 1172 (m), 1106 (m), 1081 (m), 818 (s), 811 (s), 737 (s),
680 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 350 (3.89), 337 (3.94), 306
(3.44), 294 (3.36), 277 (3.83), 267 (3.95), 233 (4.42), 208 nm (4.32); fluo-
rescence (CH3CN): Flmax (lex): 484 nm (340 nm); MS (EI, 70 eV): m/z
(%): 226 [M]+ (100), 197 (18), 169 (12), 141 (6), 115 (9), 57 (6); HRMS
(EI, 70 eV): m/z : calcd for C14H10O3: 226.0630 [M]


+ ; found: 226.0630�
2 ppm.


7-Hydroxy-2-methoxy-6H-benzo[c]chromen-6-one (5n): The starting ma-
terials 1c (246 mg, 1.4 mmol), Me3SiOTf (311 mg, 1.4 mmol), 3a (499 mg,
1.8 mmol), and NEt3 (283 mg, 0.39 mL, 2.8 mmol) in EtOH (12 mL) pro-
duced 5n as a colorless solid (207 mg, 61%). M.p. 169 8C; 1H NMR
(CDCl3, 300 MHz): d=3.90 (s, 3H; OCH3), 7.04–7.08 (m, 2H; Ar), 7.28
(d, J=10.7 Hz, 1H; Ar), 7.41 (d, J=2.9 Hz, 1H; Ar), 7.50 (dd, J=8.0,
0.7 Hz, 1H; Ar), 7.70 (t, J=10.7 Hz, 1H; Ar), 11.46 ppm (s, 1H; OH);
13C NMR (DEPT, CDCl3, 75.5 MHz): d=55.84 (OCH3), 106.14 (C),
106.65, 112.15, 116.61, 117.47, 118.66 (CH), 118.82, 135.12 (C), 137.14
(CH), 144.87, 156.73, 162.56, 165.52 ppm (C); IR (KBr): ñ=3082 (w),
2993 (w), 2929 (w), 1664 (s), 1622 (s), 1576 (s), 1502 (m), 1459 (s), 1405
(m), 1338 (m), 1264 (s), 1250 (s), 1206 (s), 1172 (m), 1108 (m), 1088 (m),
817 (s), 724 (m), 691 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 342 (4.01),
272 (3.92), 237 (4.52), 218 nm (4.38); fluorescence (CH3CN): Flmax (lex):
468 nm (345 nm); MS (EI, 70 eV): m/z (%): 242 [M]+ (100), 227 (35),
199 (15), 171 (10), 145 (6), 115 (4), 89 (3); elemental analysis calcd (%)
for C14H10O4: C 69.42, H 4.16; found: C 69.76, H 4.51.


2-Chloro-7-hydroxy-6H-benzo[c]chromen-6-one (5p): The starting mate-
rials 1d (181 mg, 1.0 mmol), Me3SiOTf (289 mg, 1.3 mmol), 3a (357 mg,
1.3 mmol), and NEt3 (202 mg, 0.23 mL, 2.0 mmol) in EtOH (8 mL) pro-
duced 5p as a colorless solid (138 mg, 56%). M.p. 190 8C; 1H NMR
(CDCl3, 300 MHz): d=7.10 (dd, J=8.1, 0.6 Hz, 1H; Ar), 7.30 (d, J=
8.8 Hz, 1H; Ar), 7.42 (dd, J=8.8, 2.3 Hz, 1H; Ar), 7.49 (d, J=8.1,
0.7 Hz, 1H; Ar), 7.72 (t, 8.1 Hz, 1H; Ar), 7.94 (d, J=2.3 Hz, 1H; Ar),
11.27 ppm (s, 1H; OH); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=105.95
(C), 112.31, 117.33, 119.11 (CH), 119.62 (C), 123.13, 130.53 (CH), 130.73,
133.91 (C), 137.45 (CH), 148.87, 162.53, 164.87 ppm (C); IR (KBr): ñ=
3120 (w), 2980 (w), 1679 (s), 1618 (m), 1449 (s), 1455 (w), 1267 (m), 1237
(m), 1211 (s), 1172 (m), 1085 (m), 813 (s), 691 cm�1 (s); UV/Vis
(CH3CN): lmax (lg e): 349 (3.96), 335 (4.00), 295 (3.37), 276 (3.83), 267
(3.95), 259 (3.94), 234 (4.50), 215 nm (3.44); fluorescence (CH3CN): Flmax
(lex): 486 nm (340 nm); MS (EI, 70 eV): m/z (%): 246 [M]+ (100), 218
(12), 183 (6), 155 (8), 126 (6), 105 (4); elemental analysis calcd (%) for
C13H7ClO3: C 63.31, H 2.86; found: C 63.21, H 3.25.


2-Chloro-7-hydroxy-8-methyl-6H-benzo[c]chromen-6-one (5q):[24] The
starting materials 1d (181 mg, 1.0 mmol), Me3SiOTf (289 mg, 1.3 mmol),
3b (357 mg, 1.3 mmol), and NEt3 (202 mg, 0.23 mL, 2.0 mmol) in EtOH
(8 mL) produced 5q as a colorless solid (149 mg, 57%). M.p. 201 8C;
1H NMR ([D6]DMSO, 300 MHz): d=2.29 (s, 3H; CH3), 7.48 (d, J=
8.8 Hz, 1H; Ar), 7.61 (dd, J=8.8, 2.4 Hz, 1H; Ar), 7.76 (d, J=8.0 Hz,
1H; Ar), 7.90 (d, J=8.0 Hz, 1H; Ar), 8.42 (d, J=2.4 Hz, 1H; Ar),
11.43 ppm (s, 1H; OH); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=15.36
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(CH3), 105.22 (C), 113.10, 119.22 (CH), 120.02 (C), 123.45 (CH), 126.09,
129.61 (C), 130.08 (CH), 131.40 (C), 138.57 (CH), 148.51, 159.21 (C�
OH), 164.80 ppm (C=O); IR (KBr): ñ=3437 (m), 3084 (w), 1675 (s),
1623 (m), 1435 (s), 1386 (m), 1345 (w), 1317 (m), 1265 (s), 1219 (w), 1198
(w), 1135 (s), 1097 (s), 823 (m), 808 (m), 725 (s), 642 cm�1 (w); UV/Vis
(CH3CN): lmax (lg e): 341 (4.03), 308 (3.59), 297 (3.56), 281 (3.91), 267
(3.97), 234 (4.52), 215 nm (4.43); fluorescence (CH3CN): Flmax (lex):
500 nm (345 nm); MS (EI, 70 eV): m/z (%): 260 (100) [M]+ , 231 (10),
197 (7), 169 (5), 139 (7), 114 (3); HRMS (EI, 70 eV): m/z : calcd for
C14H9O3Cl: 260.0240 [M]


+ ; found: 260.0240�2 ppm.
2-Chloro-7-hydroxy-8-butyl-6H-benzo[c]chromen-6-one (5r): The start-
ing materials 1d (289 mg, 1.6 mmol), Me3SiOTf (467 mg, 2.1 mmol), 3 f
(494 mg, 2.1 mmol), and NEt3 (324 mg, 0.45 mL, 3.2 mmol) in EtOH
(15 mL) produced 5r as a colorless solid (285 mg, 59%). M.p. 129 8C;
1H NMR (CDCl3, 300 MHz): d=0.96 (t, J=7.3 Hz, 3H; CH3), 1.40 (sext,
J=7.5 Hz, 2H; CH2), 1.63 (m, 2H; CH2), 2.72 (t, J=7.7 Hz, 2H; CH2),
7.23 (d, J=8.8 Hz, 1H; Ar), 7.36 (m, 2H; Ar), 7.56 ppm (d, J=8.0 Hz,
1H; Ar); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=13.95 (CH3), 22.57,
29.40, 31.38 (CH2), 105.30 (C), 111.71, 118.93, 122.74, 129.89 (CH),
130.58, 131.34, 131.69 (C), 137.58 (CH), 148.62, 160.38 ( C), 165.33 ppm
(C=O); IR (KBr): ñ=3432 (w), 3132 (m), 3105 (m), 3073 (m), 2965 (s),
2931 (s), 2890 (m), 2867 (s), 1430 (s), 1385 (m), 1345 (m), 1316 (s), 1269
(s), 1234 (s), 1217 (s), 1128 (s), 1093 (s), 837 (m), 777 (w), 742 (s), 728
(s), 643 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 343 (4.06), 308 (3.72),
296 (3.71), 281 (3.99), 267 (4.02), 234 (4.56), 213 nm (4.53); fluorescence
(CH3CN): Flmax (lex): 490 nm (345 nm); MS (EI, 70 eV): m/z (%): 302
(44) [M]+, 273 (5), 258 (100), 168 (3), 151 (7), 107 (3), 74 (9); elemental
analysis calcd (%) for C17H15ClO3: C 67.44, H 4.99; found: C 67.22, H
5.28.


2-Chloro-7-hydroxy-8-hexyl-6H-benzo[c]chromen-6-one (5s): The start-
ing materials 1d (289 mg, 1.6 mmol), Me3SiOTf (467 mg, 2.1 mmol), 3g
(753 mg, 2.1 mmol) and NEt3 (324 mg, 0.45 mL, 3.2 mmol) in EtOH
(15 mL) produced 5s as a colorless solid (297 mg, 56%). M.p. 75 8C;
1H NMR (CDCl3, 300 MHz): d=0.90 (t, J=6.9 Hz, 3H; CH3), 1.38 (m,
6H; CH2), 1.60 (m, 2H; CH2), 2.71 (m, 2H; CH2), 7.23 (d, J=8.8 Hz,
1H; Ar), 7.36 (dd, J=8.0, 2.2 Hz, 2H; Ar), 7.56 (d, J=8.0 Hz, 1H; Ar),
7.87 (d, J=2.3 Hz, 1H; Ar), 11.49 ppm (s, 1H; OH); 13C NMR (DEPT,
CDCl3, 75.5 MHz): d=14.07 (CH3), 22.59, 29.14, 29.15, 29.66, 31.66
(CH2), 105.25 (C), 111.67, 118.88 (CH), 119.91 (C), 122.69, 129.84 (CH),
130.54, 131.28, 131.69 (C), 137.53 (CH), 148.58, 160.33 (C), 165.29 ppm
(C=O); IR (KBr): ñ=3437 (w), 3134 (w), 3104 (w), 3074 (w), 2949 (m),
2928 (s), 2865 (m), 2852 (m), 1669 (s), 1613 (m), 1569 (w), 1479 (m), 1431
(s), 1387 (m), 1342 (w), 1317 (m), 1268 (s), 1244 (m), 1216 (s), 1130 (m),
1095 (s), 834 (m), 809 (m), 779 (w), 748 (w), 729 (s), 643 cm�1 (w); UV/
Vis (CH3CN): lmax (lg e): 343 (4.09), 308 (3.58), 297 (3.56), 281 (3.94), 267
(4.01), 235 (4.58), 124 nm (4.53); fluorescence (CH3CN): Flmax (lex):
495 nm (345 nm); MS (EI, 70 eV): m/z (%): 330 (40) [M]+ , 273 (7), 256
(100), 168 (2), 151 (2), 70 (2); elemental analysis calcd (%) for
C19H19ClO3: C 68.98, H 5.78; found: C 68.85, H 5.89.


2-Bromo-7-hydroxy-6H-benzo[c]chromen-6-one (5 t): The starting mate-
rials 1e (225 mg, 1.0 mmol), Me3SiOTf (289 mg, 1.3 mmol), 3a (357 mg,
1.3 mmol), and NEt3 (202 mg, 0.23 mL, 2.0 mmol) in EtOH (8 mL) pro-
duced 5 t as a colorless solid (137 mg, 47%). M.p. 186 8C; 1H NMR
(CDCl3, 300 MHz): d=7.13 (dd, J=8.2, 1.0 Hz, 1H; Ar), 7.27 (d, J=
8.7 Hz, 1H; Ar), 7.56–7.62 (m, 2H; H-3, Ar), 7.75 (t, J=8.2 Hz, 1H; Ar),
8.16 (d, J=2.2 Hz, 1H; Ar), 11.27 ppm (s, 1H; OH); 13C NMR (APT,
CDCl3, 75.5 MHz): d=105.96 (C), 112.34, 117.34 (CH), 118.17 (C),
119.41 (CH), 120.07 (C), 126.18, 133.39 (CH), 133.82 (C), 137.48 (CH),
149.37, 162.52, 164.84 ppm (C); IR (KBr): ñ=3162 (w), 3150 (w), 2980
(w), 1691 (s), 1618 (m), 1606 (m), 1566 (m), 1450 (s), 1274 (s), 1266 (s),
1249 (m), 1238 (s), 1213 (s), 1178 (s), 1135 (m), 1108 (m), 1077 (s), 812
(s), 799 (w), 723 (w), 688 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 349
(3.89), 336 (3.92), 296 (3.36), 277 (3.79), 267 (3.90), 258 (3.90), 221 nm
(4.66); fluorescence (CH3CN): Flmax (lex): 483 nm (340 nm); MS (EI,
70 eV): m/z (%): 290 (100) [M]+ , 264 (12), 211 (13), 183 (16), 155 (20),
127 (9), 77(6), 63 (8); HRMS (EI, 70 eV): m/z : calcd for C13H7O3Br:
289.9579 [M]+ ; found: 289.9579�2 ppm.


2-Chloro-7-hydroxy-3-methyl-6H-benzo[c]chromen-6-one (5u): The
starting materials 1 f (195 mg, 1.0 mmol), Me3SiOTf (289 mg, 1.3 mmol),
3a (357 mg, 1.3 mmol) and NEt3 (202 mg, 0.23 mL, 2.0 mmol) in EtOH
(8 mL) produced 5u as a colorless solid (162 mg, 62%). M.p. 206 8C;
1H NMR (CDCl3, 300 MHz): d=2.32 (s, 3H; CH3), 7.12 (dd, J=8.1,
0.8 Hz, 1H; Ar), 7.51 (s, 1H; Ar), 7.82 (t, J=8.1 Hz, 1H; Ar), 7.91 (dd,
J=8.1, 0.8 Hz, 1H; Ar), 8.40 (s, 1H; Ar), 11.25 ppm (s, 1H; OH);
13C NMR (DEPT, [D6]DMSO, 75.5 MHz): d=19.15 (CH3), 104.85 (C),
111.55, 115.81 (CH), 116.54 (C), 118.63, 122.68 (CH), 130.22, 133.67 (C),
136.80 (CH), 138.36, 147.85, 161.45, 164.22 ppm (C); IR (KBr): ñ=3430
(m), 3052 (w), 1691 (s), 1615 (s), 1586 (m), 1562 (m), 1456 (s), 1376 (m),
1277 (m), 1250 (s), 1220 (s), 1175 (m), 1163 (s), 1089 (s), 1011 (m), 811
(s), 718 (m), 690 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 352 (3.98), 338
(4.02), 307 (3.61), 295 (3.56), 278 (3.98), 268 (4.02), 222 nm (4.82); fluo-
rescence (CH3CN): Flmax (lex): 485 nm (340 nm); MS (EI, 70 eV): m/z
(%): 260 (100) [M]+ , 231 (5), 168 (4), 139 (7), 70 (3); HRMS (EI, 70 eV):
m/z : calcd for C14H9O3Cl: 260.0240 [M]


+ ; found: 260.0240�2 ppm.
7-Hydroxy-3-methoxy-6H-benzo[c]chromen-6-one (5v): The starting ma-
terials 1g (234 mg, 1.6 mmol), Me3SiOTf (467 mg, 2.1 mmol), 3a (576 mg,
2.1 mmol), and NEt3 (324 mg, 0.45 mL, 3.2 mmol) in EtOH (14 mL) pro-
duced 5v as a colorless solid (265 mg, 51%). M.p. 167 8C; 1H NMR
(CDCl3, 300 MHz): d=3.89 (s, 3H; OCH3), 6.86 (d, J=2.5 Hz, 1H; Ar),
6.94 (dd, J=8.8, 2.6 Hz, 1H; Ar), 6.99 (dd, J=8.3, 0.8 Hz, 1H; Ar), 7.46
(dd, J=8.0, 0.4 Hz, 1H; Ar), 7.68 (t, J=8.1 Hz, 1H; Ar), 7.92 (d, J=
8.9 Hz, 1H; Ar), 11.32 ppm (s, 1H; OH); 13C NMR (DEPT, CDCl3,
75.5 MHz): d=55.73 (OCH3), 101.49 (CH), 105.20, 111.34 (C), 111.44,
113.12, 115.19 (CH), 124.37, 135.70 (C), 137.35 (CH), 151.85, 161.62,
162.45, 165.66 ppm (C); IR (KBr): ñ=3094 (m), 3066 (m), 3024 (w), 1682
(s), 1623 (s), 1570 (m), 1524 (w), 1488 (m), 1465 (s), 1438 (s), 1352 (m),
1314 (s), 1298 (s), 1253 (s), 1223 (m), 1169 (s), 1084 (s), 1027 (w), 856
(w), 803 (s), 724 (s), 691 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 346
(4.03), 302 (3.88), 268 (4.09), 241 (4.39), 211 nm (4.54); fluorescence
(CH3CN): Flmax (lex): 407 nm (345 nm); MS (EI, 70 eV): m/z (%): 242
(100) [M]+, 198 (24), 171 (7), 114 (10), 89 (2), 64 (3); HRMS (FT-ICR):
calcd for C14H11O4: 243.06519 [M+1]+ ; found: 243.06537.


3-(Benzyloxy)-7-hydroxy-6H-benzo[c]chromen-6-one (5x): The starting
materials 1h (303 mg, 1.20 mmol), Me3SiOTf (347 mg, 1.56 mmol), 3a
(428 mg, 1.56 mmol), and NEt3 (246 mg, 0.43 mL, 2.43 mmol) in EtOH
(12 mL) produced 5x as a colorless solid (128 mg, 48%). M.p. 144 8C;
1H NMR (CDCl3, 300 MHz): d=2.17 (s, 3H; CH3), 5.15 (s, 2H; OCH2),
6.93 (d, J=2.5 Hz, 1H; Ar), 7.01 (m, 2H; Ar), 7.34–7.47 (brm, 5H; Ph),
7.68 (t, J=8.2 Hz, 1H; Ar), 7.92 (d, J=8.8 Hz, 1H; Ar), 11.31 ppm (s,
1H; OH); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=70.50 (OCH2),
102.61 (CH), 105.25 (C), 111.50 (CH), 111.61, 113.82, 115.29, 124.44,
127.54, 128.37, 128.77 (CH), 135.68, 135.91 (C), 137.40 (CH), 151.78,
160.68, 162.47, 165.67, 173.42 ppm (C); IR (KBr): ñ=3091 (w), 2958 (w),
2926 (m), 1688 (s), 1611 (s), 1573 (w), 1465 (m), 1438 (w), 1394 (w), 1371
(w), 1309 (w), 1290 (m), 1249 (s), 1217 (m), 1188 (m), 1170 (s), 1146 (s),
1082 (s), 1024 (m), 1010 (m), 796 (m), 749 cm�1 (w); UV/Vis (CH3CN):
lmax: 346, 302, 291, 269, 237, 209 nm; fluorescence (CH3CN): Flmax (lex):
486 nm (350 nm); MS (EI, 70 eV): m/z (%): 318 (43) [M]+ , 91 (100).


7-Hydroxy-10-methyl-6H-benzo[c]chromen-6-one (5y): The starting ma-
terials 1 i (160 mg, 1.0 mmol), Me3SiOTf (289 mg, 1.3 mmol), 3a (357 mg,
1.3 mmol), and NEt3 (202 mg, 0.23 mL, 2.0 mmol) in EtOH (8 mL) pro-
duced 5y as a colorless solid (109 mg, 48%). M.p. 144 8C; 1H NMR
(CDCl3, 300 MHz): d=2.75 (s, 3H; CH3), 7.05 (d, J=8.6 Hz, 1H; Ar),
7.41–7.48 (m, 2H; Ar), 7.56–7.62 (m, 1H; Ar), 7.69 (d, J=8.6 Hz, 1H;
Ar), 8.38 (dd, J=8.0, 1.3 Hz, 1H; Ar), 11.63 ppm (s, 1H; OH); 13C NMR
(DEPT, CDCl3, 75.5 MHz): d=24.08 (CH3), 106.47 (C), 116.24, 117.37
(CH), 119.34 (C), 124.89 (CH), 125.19 (C), 127.45, 130.13 (CH), 132.56
(C), 142.10 (CH), 149.93 (C), 160.27 (C�OH), 165.35 ppm (C=O); IR
(KBr): ñ=3250 (w), 3002 (w), 2900 (m), 2870 (m), 1679 (s), 1599 (s),
1575 (m), 1481 (m), 1467 (s), 1446 (s), 1434 (m), 1309 (m) 1267 (s), 1236
(s) 1213 (s), 1198 (s), 1129 (m) 1082 (m), 801 (m), 760 (s), 734 (m), 674
(m), 625 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 345 (3.92), 298 (3.18),
263 (4.01), 239 (4.45), 232 (4.47), 204 nm (4.42); fluorescence (CH3CN):
Flmax (lex): 493 nm (348 nm); MS (EI, 70 eV): m/z (%): 226 (100) [M]+ ,
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197 (18), 181 (10), 141 (8); HRMS (EI, 70 eV): m/z : calcd for C14H10O3:
226.0630 [M]+ ; found: 226.0630�2 ppm.
7-Hydroxy-8-methyl-6-oxo-6H-benzo[c]chromene-10-carbonitrile (5z):
The starting materials 1j (171 mg, 1.0 mmol), Me3SiOTf (289 mg,
1.3 mmol), 3b (357 mg, 1.3 mmol), and NEt3 (202 mg, 0.23 mL, 2.0 mmol)
in EtOH (10 mL) produced 5z as a colorless solid (85 mg, 34%). M.p.
238 8C; 1H NMR (CDCl3, 300 MHz): d=2.38 (s, 3H; CH3), 7.41–7.49 (m,
2H; Ar), 7.59–7.64 (m, 1H; Ar), 7.87 (s, 1H; Ar), 9.18 (dd, J=2.3,
1.4 Hz; Ar), 12.66 ppm (s, 1H; OH); 13C NMR (DEPT, CDCl3,
75.5 MHz): d=15.47 (CH3), 96.11 (C�CN), 106.15 (CN), 116.71 (C),
117.89 (CH), 119.55 (C), 125.04, 125.72 (CH), 127.55 (C), 132.15 (CH),
135.30 (C), 143.76 (CH), 150.28, 164.70, 165.05 ppm (C); IR (KBr): ñ=
3420 (w), 2970 (w), 2830 (w), 2212 (s), 1684 (s), 1600 (s), 1459 (s), 1412
(m), 1388 (m), 1326 (m), 1262 (s) 1219 (m), 1170 (s), 1147 (s), 1112 (s),
811 (m), 764 (s), 666 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 350 (3.81),
338 (3.34), 311 (4.02), 299 (3.95), 288 (3.96), 254 (4.48), 206 nm (4.52);
fluorescence (CH3CN): Flmax (lex): 489 nm (345 nm); MS (EI, 70 eV):
m/z (%): 251 (100) [M]+ , 222 (18), 194 (14), 177 (8), 140 (10), 71 (6); ele-
mental analysis calcd (%) for C15H9NO3: C 71.98, H 3.61, N 5.60; found:
C 71.71, H 4.20, N 5.70.


7-Hydroxy-8-ethyl-6-oxo-6H-benzo[c]chromene-10-carbonitrile (5aa):
The starting materials 1j (171 mg, 1.0 mmol), Me3SiOTf (289 mg,
1.3 mmol), 3c (393 mg, 1.3 mmol), and NEt3 (202 mg, 0.23 mL, 2.0 mmol)
in EtOH (10 mL) produced 5aa as a colorless solid (98 mg, 37%). M.p.
183 8C; 1H NMR (CDCl3, 300 MHz): d=1.30 (t, J=7.2 Hz, 3H;
CH2CH3), 2.78 (q, J=7.2 Hz, 2H; CH2CH3), 7.41–7.49 (m, 2H; Ar),
7.59–7.62 (m, 1H; Ar), 7.88 (s, 1H; Ar), 9.19 (dd, J=2.3, 1.4 Hz, 1H;
Ar), 12.71 ppm (s, 1H; OH); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=
12.98 (CH3), 22.51 (CH2), 96.32, 106.29, 116.80 (C), 117.92 (CH), 119.78
(C), 125.11, 125.76, 132.18 (CH), 133.23, 135.31 (C), 142.34 (CH), 150.34,
164.21, 165.20 ppm (C); IR (KBr): ñ=3150 (w), 2971 (w), 2939 (w), 2877
(w), 2219 (m), 1675 (s), 1600 (s), 1459 (s), 1440 (m), 1422 (s), 1361 (w),
1338 (m), 1316 (m), 1273 (s), 1250 (m), 1221 (m), 1169 (s), 1155 (m),
1115 (m), 817 (s), 796 (m), 764 cm�1 (s); UV/Vis (CH3CN): lmax (lg e):
383 (3.11), 351 (3.78), 338 (3.79), 311 (3.97), 300 (3.92), 289 (3.93), 255
(4.45), 208 nm (4.44); fluorescence (CH3CN): Flmax (lex): 485 nm
(340 nm); MS (EI, 70 eV): m/z (%): 265 (64) [M]+ , 251 (94), 211 (3), 58
(7), 32 (23); HRMS (EI, 70 eV): m/z : calcd for C16H11O3N: 265.0739
[M]+ ; found: 265.0739�2 ppm.
7-Hydroxy-8-propyl-6-oxo-6H-benzo[c]chromene-10-carbonitrile (5ab):
The starting materials 1j (205 mg, 1.2 mmol), Me3SiOTf (347 mg,
1.6 mmol), 3 l (428 mg, 1.6 mmol), and NEt3 (242 mg, 0.28 mL, 2.4 mmol)
in EtOH (12 mL) produced 5ab as a colorless solid (124 mg, 37%). M.p.
172 8C; 1H NMR (CDCl3, 300 MHz): d=1.01 (t, J=7.4 Hz, 3H; CH3),
1.69 (m, 2H; CH2CH3), 2.74 (t, J=7.3 Hz, 2H; ArCH2), 7.45 (m, 2H;
Ar), 7.61 (m, 1H; Ar), 7.86 (s, 1H; Ar), 9.20 (dd, J=8.1, 1.3 Hz, 1H;
Ar), 12.69 ppm (s, 1H; Ar); 13C NMR (DEPT, CDCl3, 75.5 MHz,): d=
13.81 (CH3), 21.89 (CH2CH3), 31.21 (ArCH2), 96.09, 106.20, 116.63 (C),
117.82 (CH), 119.60 (C), 124.94, 125.66 (CH), 131.74 (C), 132.11 (CH),
135.16 (C), 143.06 (CH), 150.20, 164.48, 165.03 ppm (C); IR (KBr): ñ=
3434 (m), 2961 (m), 2875 (m), 2219 (m), 1678 (s), 1602 (s), 1459 (s), 1416
(s), 1357(m), 1325 (s), 1270 (s), 1224 (m), 1168 (s), 1115 (m), 814 (m),
791 (w), 761 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 351 (3.83), 339
(3.86), 311 (4.03), 299 (3.96), 289 (3.96), 255 (4.48), 208 nm (4.47); MS
(EI, 70 eV): m/z (%): 279 (43) [M]+ , 264 (12), 250 (100), 222 (4), 206 (2),
164 (4), 139 (5), 77 (50), 43 (4); HRMS (EI, 70 eV): m/z : calcd for
C17H13NO3: 279.0895 [M]


+ ; found: 279.0895�2 ppm.
8-Butyl-7-hydroxy-6-oxo-6H-benzo[c]chromene-10-carbonitrile (5ac):
The starting materials 1j (257 mg, 1.5 mmol), Me3SiOTf (433 mg,
1.95 mmol), 3 f (645 mg, 1.95 mmol), and NEt3 (304 mg, 0.42 mL,
3.0 mmol) in EtOH (10 mL) produced 5ac as a colorless solid (237 mg,
54%). M.p. 132 8C; 1H NMR (CDCl3, 300 MHz): d=0.98 (t, J=7.3 Hz,
3H; CH3), 1.42 (m, 2H; CH2), 1.65 (m, 2H; CH2), 2.74 (t, J=7.6 Hz, 2H;
ArCH2), 7.39–7.47 (m, 2H; Ar), 7.60 (m, 1H; Ar), 7.84 (s, 1H; Ar), 9.15
(dd, J=8.3, 1.4 Hz, 1H; Ar), 12.67 (s, 1H; OH); 13C NMR (DEPT,
CDCl3, 75.5 MHz): d=13.88 (CH3), 22.47, 28.99, 30.86 (CH2), 96.18,
106.28, 116.72 (C), 117.88 (CH), 119.68 (C), 125.03, 125.73 (CH), 132.05
(C), 132.16 (CH), 135.21 (C), 143.06 (CH), 150.28, 164.51, 165.12 ppm


(C); IR (KBr): ñ=3126 (w), 2958 (w), 2929 (w), 2866 (w), 2219 (m), 1679
(s), 1602 (s), 1458 (s), 1414 (s), 1352 (m), 1326 (s), 1268 (s), 1213 (m),
1169 (s), 1114 (m), 805 (m) 791 (m), 765 (s), 739 (m), 668 cm�1 (m); UV/
Vis (CH3CN): lmax (lg e): 351 (3.86), 339 (3.88), 311 (4.04), 299 (3.95), 289
(3.96), 255 (4.50), 207 nm (4.53); fluorescence (CH3CN): Flmax (lex):
479 nm (345); MS (EI, 70 eV): m/z (%): 293 (100) [M]+ , 250 (26), 222
(3), 210 (3), 164 (79), 161 (18), 70 (3); HRMS (EI, 70 eV): m/z : calcd for
C18H15O3N: 293.1052 [M]


+ ; found: 293.1052�2 ppm.
Methyl 6-(2’,3’-dihydrochromon-2’-yl)-3,5-dioxohexanoate (4ad):
TMSOTf (0.93 g, 4.20 mmol) was added to a solution of 1a (0.47 g,
3.22 mmol) in CH2Cl2 (1 mL) at 20 8C and the solution was stirred for
1 h. After this time, CH2Cl2 (5 mL), 2,6-lutidine (0.45 g, 4.20 mmol) and
3m (1.56 g, 4.20 mmol, dissolved in CH2Cl2 (5 mL)) were added to the re-
action mixture. This mixture was stirred for 15 min and then warmed to
20 8C and stirred for a further 3 h. An aqueous solution of HCl (10%)
was added to the mixture and the organic and the aqueous layers were
separated; the latter was extracted with CH2Cl2 (3Q30 mL). The com-
bined organic layers were dried (MgSO4), filtered, and the resulting fil-
trate was concentrated in vacuo. The residue was purified by chromatog-
raphy (silica gel, petroleum ether/ether 5:1!1:2) to give 4ad (0.39 g,
41%) as a yellow solid. 1H NMR (CDCl3, 250 MHz): d=2.75 (dd,


2J=17,
3J=5 Hz, 1H; 0.5QCH2CH, A of AB), 2.79 (m, 2H; CH2COH), 2.92 (dd,
2J=15, 3J=7 Hz, 1H; 0.5QCH2CH, B of AB), 3.37 (s, 2H; CH2CO2Me),
3.75 (s, 3H; CH3), 4.88 (m, 1H; CH�O), 5.73 (s, 1H;=CH), 7.00 (m, 2H;
2QCH, Ar), 7.48 (m, 1H; CH, Ar), 7.86 ppm (m, 1H; CH, Ar);
13C NMR (CDCl3, 75 MHz): d=42.49, 43.00, 44.60 (CH2), 52.47 (CH3),
74.07 (CHCH2), 101.27 (=CH), 117.85 (CH, Ar), 120.79 (C), 121.60,
126.89, 136.05 (CH, Ar), 160.87, 167.61, 186.72, 188.13, 191.17 ppm (C);
MS (EI, 70 eV): d=304 (16) [M]+ , 273 (4), 203 (4), 160 (7), 147 (100),
121 (15), 101 (6), 92 (4), 69 (5), 43 (2); elemental analysis calcd (%) for
C16H16O6: C 63.15, H 5.30; found: C 63.21, H 5.35.


Methyl 3-(2’,3-dihydroxy-1’,1-biphenyl-2-yl)-3-oxopropionate (5ad): NEt3
(0.33 g, 3.27 mmol) was added to a solution of 4ad (0.20 g, 0.67 mmol) in
EtOH (7 mL) and the solution was stirred at 20 8C for 12 h. After this
time, an aqueous solution of HCl (1m, 30 mL) was added to the mixture.
The organic and aqueous layers were then separated and the latter was
extracted with ether (2Q50 mL). The combined organic layers were dried
(MgSO4), filtered, and the filtrate was concentrated in vacuo. The residue
was purified by chromatography (silica gel, petroleum ether/ether 40:1!
4:1) to give 5ad (60%) as a yellow solid. 1H NMR (CDCl3, 250 MHz):
d=3.64 (s, 3H; CH3), 3.89 (s, 2H; CH2), 6.75 (m, 1H; CH, Ar), 6.83 (m,
2H; 2QCH, Ar), 7.05 (m, 1H; CH, Ar), 7.28 (m, 1H; CH, Ar), 7.50 ppm
(m, 2H; 2QCH, Ar); 13C NMR (CDCl3, 50.3 MHz): d=38.78 (CH2),
52.32 (CH3), 113.50, 118.18, 118.68, 119.19 (CH, Ar), 119.97, 129.54 (C,
Ar), 132.18, 133.70 (CH, Ar), 135.37 (C, Ar), 136.30 (CH, Ar), 158.42,
163.06 (C, Ar), 172.66 (C=O), 202.24 ppm (CO2CH3); MS (EI, 70 eV):
286 (79) [M]+ , 268 (24), 255 (31), 226 (100), 213 (46), 197 (51), 181 (14),
165 (8), 121 (44), 77 (6), 65 ppm (8); HRMS (EI, 70 eV): m/z : calcd for
C16H14O5: 286.0841 [M]


+ ; found: 286.0841�2 ppm.
2,3-Dihydrobenzopyran (4ae): The starting materials 1a (300 mg,
2.05 mmol), Me3SiOTf (0.48 mL, 2.70 mmol), 2,6-lutidine (0.31 mL,
2.70 mmol), and 3n (0.898 g, 2.70 mmol) produced 4ae as a colorless
solid (493 mg, 76%). 1H NMR (CDCl3, 250 MHz); mixture of diaster-
eomers and keto/enol tautomers: d=1.22 (m, 3H; CH3), 1.40–3.00 (m,
10H; CH, CH2), 4.15 (q, 2H; OCH2), 5.00 (m, 1H; CH�O), 6.90 (m, 2H;
Ar), 7.40 (m, 1H; Ar), 7.79 (m, 1H; Ar), 12.47, 12.53 ppm (2Qs, 1H;
OH, enol tautomer); IR (KBr): ñ=3400 (w), 2940 (m), 1742 (s), 1694 (s),
1650 (m), 1607 (s), 1579 (m), 1464 (s), 1401 (m), 1377 (m), 1306 (s), 1252
(m), 1226 (s), 1150 (m), 1083 (m), 1026 (m), 766 cm�1 (m); MS (70 eV)
m/z (%): 316 (10) [M]+ , 170 (18), 147 (100); HRMS (EI, 70 eV): m/z :
calcd for C18H20O5: 316.1310 [M]


+ ; found: 316.1310�2 ppm.
2,3-Dihydrobenzopyran (4af): NEt3 and Me3SiCl were added to a solu-
tion of 4ae in THF and the mixture was stirred for 12 h. After this time,
the solvent was removed in vacuo, hexane was added, and the suspension
was filtered. The resulting filtrate was concentrated in vacuo to give 4af
as a yellow oil (279 mg, 95%). The product was obtained as a 3:2 mixture
of diastereomers. 1H NMR (CDCl3, 250 MHz): d=0.12 (2Qs, 9H;
SiMe3), 1.25 (2Qt, J=7.0 Hz, 3H; CH3), 1.40–2.95 (m, 9H; CH2, CH),
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4.15 (q, J=7.0 Hz, 2H; OCH2), 4.75–4.85 (2Qm, 1H; ring CH�O), 6.90
(m, 2H; Ar), 7.40 (m, 1H; Ar), 7.82 ppm (d, 3J=8.0 Hz, 1H; Ar);
13C NMR (CDCl3, 62.5 MHz); major diastereomer: d=1.28, 1.49 (SiMe3),
14.23 (CH3), 20.17, 20.73, 23.09, 23.26, 25.28, 26.68, 37.95, 40.72 (CH2),
44.48, 45.01 (CH), 59.56, 59.63 (OCH2), 76.49, 78.19 (H), 112.82, 113.29
(C), 117.64, 117.96, 120.54, 120.63, 126.69, 126.81, 135.64, 135.69 (CH),
155.80, 156.85, 161.33, 161.75, 166.86, 167.09, 192.38 ppm (C); MS (EI,
70 eV): m/z (%): 388 [M]+ , 12), 373 (50), 242 (18), 196 (30), 147 (100).


2,3-Dihydrobenzopyran (4ag): The starting materials 1a (200 mg,
1.36 mmol), Me3SiOTf (0.32 mL, 1.78 mmol), 2,6-lutidine (0.21 mL,
1.78 mmol), and 3o (0.513 g, 1.78 mmol) produced 4ag as a colorless
solid (138 mg, 40%, mixture of E/Z isomers). A small sample of a pure
isomer was isolated. 1H NMR (CDCl3, 250 MHz); isomeric mixture: d=
2.21 (s, 3H; CH3), 2.50 (dd,


2J=17.0, 3J=5.0 Hz, 1H; ring CH2), 2.65 (d,
J=7.0 Hz, 2H; chain CH�CH2), 2.75 (dd,


2J=17.0, 3J=7.2, 1H; ring
CH2), 3.67 (s, 3H; OCH3), 4.62 (m, 1H; CH�CH2), 5.75 (s, 1H; =CH�
CO2Me), 6.95 (m, 2H; Ar), 7.45 (t, J=7.6 Hz, 1H; Ar), 7.85 ppm (dd,
3J=7.6, 4J=1.5 Hz, 1H; Ar); 13C NMR (CDCl3, 62.5 MHz): d=26.85
(CH3), 42.75, 42.92, 44.38, 44.44 (CH2), 51.22 (OCH3), 75.43, 75.81 (CH),
117.73, 117.77 (CH), 120.82, 120.87 (C), 120.97, 121.45, 121.48, 121.62,
126.95, 135.90, 135.95, 136.14 (CH), 153.76, 153.97, 160.96, 161.01, 166.11,
191.47, 191.87 ppm (C); IR (KBr): ñ=2951 (m), 1717 (s), 1693 (s), 1650
(m), 1606 (s), 1465 (s), 1304 (m), 1227 (m), 1152 (m), 1119 (m), 1079 (w),
1032 (w), 858 (m), 766 cm�1 (m); MS (70 eV) m/z (%): 260 (8) [M]+ , 147
(100); HRMS (EI, 70 eV): m/z : calcd for C15H16O4: 260.1049 [M]


+ ;
found: 260.1049�2 mD; elemental analysis calcd (%) for C15H16O4: C
69.21, H 6.19; found: C 69.09, H 6.25.


General procedure for the synthesis of 7,8-di(hydroxy)-6H-benzo[c]chro-
men-6-ones (5k, 5o, and 5w): BBr3 (4.0 equiv) was added to a solution
of 5 j,n,v (1.0 equiv) in CH2Cl2 (10 mL per 1.0 mmol) at 0 8C. The reac-
tion mixture was warmed to 20 8C over 3 h, and was then poured into an
aqueous solution of hydrochloric acid (10%) and stirred for 30 min at
20 8C. After this time, the organic and the aqueous layers were separated
and the latter was extracted with Et2O (4Q30 mL). The combined organ-
ic layers were dried (Na2SO4), filtered, and the resulting filtrate was con-
centrated in vacuo. The residue produced was purified by column chro-
matography (silica gel, n-hexane/EtOAc 10:1!3:1) to give 5k,o,w.


7,8-Dihydroxy-6H-benzo[c]chromen-6-one (5k): The starting materials
5j (65 mg, 0.25 mmol) in CH2Cl2 (3 mL) and BBr3 (501 mg, 0.19 mL,
1.0 mmol) produced 5k as a colorless solid (48 mg, 84%). M.p. 196 8C;
1H NMR (CDCl3, 300 MHz): d=5.79 (s, 1H; OH), 7.32–7.45 (m, 4H;
Ar), 7.55 (d, J=8.6 Hz, 1H; Ar), 7.98 (dd, J=8.0, 1.5 Hz, 1H; Ar),
11.37 ppm (s, 1H; OH); 13C NMR (CDCl3, 75.5 MHz): d=106.34 (C),
112.82, 117.73 (CH), 118.68 (C), 122.60, 122.67, 125.31 (CH), 126.73
(C),129.42 (CH) 144.50, 148.37, 149.94 (C), 165.64 ppm (C=O); IR
(KBr): ñ=3397 (m), 3169 (m), 3075 (m), 1675 (s), 1604 (m), 1465 (m),
1434 (m), 1391 (w), 1283 (s), 1276 (s), 1245 (m), 1198 (m), 1139 (s), 826
(w), 753 (m), 677 cm�1 (w); UV/Vis (CH3CN): lmax (lg e): 355 (3.85), 303
(3.83), 294 (3.82), 263 (3.87), 234 (4.39), 203 nm (4.25); MS (EI, 70 eV):
m/z (%): 228 (100) [M]+ , 200 (7), 192 (12), 166 (31), 135 (5), 114 (10), 81
(2), 70 (8), 57 (11); elemental analysis calcd (%) for C13H8O4 (228.2): C
68.42, H 3.53; found: C 68.05, H 3.79.


2,7-Dihydroxy-6H-benzo[c]chromen-6-one (5o): The starting materials
5n (168 mg, 0.69 mmol) in CH2Cl2 (8 mL) and BBr3 (695 mg, 0.26 mL,
2.78 mmol) produced 5o as a colorless solid (137 mg, 87%). M.p. 242 8C;
1H NMR ([D6]DMSO, 300 MHz): d=7.02 (dd, J=8.9, 2.7 Hz, 1H; Ar),
7.15 (dd, J=8.2, 0.9 Hz, 1H; Ar), 7.32 (d, J=2.7 Hz, 1H; Ar), 7.56 (d,
J=2.7 Hz, 1H; Ar), 7.73 (dd, J=7.1, 0.9 Hz, 1H; Ar), 7.82 (t, J=8.1 Hz,
1H; Ar), 9.82 (s, 1H; OH), 11.34 ppm (s, 1H; OH); 13C NMR (DEPT,
[D6]DMSO, 75.5 MHz): d=105.78 (C), 108.49, 112.93, 116.11, 118.29
(CH), 118.50 (C), 118.74 (CH), 134.99 (C), 137.65 (CH), 143.34, 154.68,
161.39 (C), 164.81 ppm (C=O); IR (KBr): ñ=3530 (s), 3424 (s), 1672 (s),
1616 (s), 1598 (m), 1573 (s), 1498 (m), 1453 (s), 1337 (m), 1265 (s), 1232
(s), 1202 (s), 1174 (s), 1107 (m), 851 (w), 816 (m), 716 (w), 692 cm�1 (m);
UV/Vis (CH3CN): lmax (lg e): 342 (3.98), 272 (3.91), 237 (4.49), 217 nm
(4.39); fluorescence (CH3CN): Flmax (lex): 415 nm (345 nm); MS (EI,
70 eV): m/z (%): 228 (100) [M]+ , 200 (7), 173 (9), 146 (4), 136 (3), 114


(10), 88 (2), 55 (8), 28 (9); HRMS (FT-ICR): calcd for C13H9O4:
229.04954 [M+1]+ ; found: 229.04938.


3,7-Dihydroxy-6H-benzo[c]chromen-6-one (5w): The starting materials
5v (197 mg, 0.81 mmol) in CH2Cl2 (8 mL) and BBr3 (815 mg, 0.31 mL,
3.25 mmol) produced 5w as a colorless solid (168 mg, 91%). M.p. 238 8C;
1H NMR ([D6]DMSO, 300 MHz): d=6.78 (d, J=2.4 Hz, 1H; Ar), 6.86
(dd, J=8.7, 2.4 Hz, 1H; Ar), 6.96 (dd, J=8.1, 1.0 Hz, 1H; Ar), 7.67 (dd,
J=8.1, 1.0 Hz, 1H; Ar), 7.75 (t, J=8.1 Hz, 1H; Ar), 8.11 (d, J=8.7 Hz,
1H; Ar), 10.50 (br s, 1H; OH), 11.18 ppm (s, 1H; OH); 13C NMR
(DEPT, [D6]DMSO, 75.5 MHz): d=102.95 (CH), 104.66, 109.60 (C),
112.01, 113.86, 114.39, 125.41 (CH), 135.90 (C), 137.75 (CH), 151.51,
160.08, 161.32, 164.91 ppm (C=O); IR (KBr): ñ=3181 (m), 2150 (w),
2350 (w), 1741 (s), 1414 (s), 1679 (s), 1656 (s), 1603 (s), 1575 (s), 1466 (s),
1391 (m), 1371 (m), 1314 (m), 1291 (s), 1256 (s), 1231 (s), 1185 (m), 1161
(m), 1131 (m), 1027 (m), 850 (m), 805 (w), 757 (m), 650 cm�1 (m); UV/
Vis (CH3CN): lmax (lg e): 307 (3.67), 269 (3.99), 234 (3.99), 212 nm (4.16);
fluorescence (CH3CN): Flmax (lex): 481 nm (345 nm); MS (EI, 70 eV):
m/z (%): 228 (4) [M]+ , 177 (14), 163 (92), 137 (100), 107 (36), 81 (10), 70
(27), 43 (38), 29 (48).


7-Hydroxydibenzo[c,d]chromen-6-one (7): The synthesis of 7 was carried
out according to the procedure as given for the synthesis of 5a. The start-
ing materials 6 (294 mg, 1.5 mmol), Me3SiOTf (433 mg, 1.95 mmol), 3a
(535 mg, 1.95 mmol) and NEt3 (304 mg, 0.42 mL, 3.0 mmol) in EtOH
(10 mL) produced 7 as a colorless solid (239 mg, 61%). M.p. 205 8C;
1H NMR (CDCl3, 300 MHz): d=7.12 (dd, J=8.2, 1.0 Hz, 1H; Ar), 7.63–
7.69 (m, 3H; Ar), 7.76–7.83 (m, 2H; Ar), 7.91 (dd, J=7.2, 2.2 Hz, 1H;
Ar), 8.04 (d, J=8.9, 1H; Ar), 8.57 (dd, J=7.2, 1.8 Hz, 1H; Ar),
11.43 ppm (s, 1H; OH); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=106.22
(C), 112.54 (CH), 113.52 (C), 116.14, 119.53, 122.06 (CH), 123.65 (C),
125.09, 127.30, 127.67, 128.04 (CH), 134.27, 135.87 (C), 137.43 (CH),
146.49 (C), 162.54, 165.37 ppm (C=O); IR (KBr): ñ=2362 (m), 1685 (s),
1622 (s), 1590 (m), 1567 (m), 1496 (m), 1452 (m), 1372 (m), 1363 (m),
1284 (m), 1236 (s), 1185 (s), 1109 (s), 801 (s), 733 (m), 696 (w), 672 cm�1


(w); UV/Vis (CH3CN): lmax (lg e): 364 (4.03), 349 (4.09), 306 (3.83), 294
(3.88), 267 (4.51), 258 (4.40), 238 nm (4.71); fluorescence (CH3CN): Flmax
(lex): 403 nm (350 nm); MS (EI, 70 eV): m/z (%): 262 (100) [M]+ , 97 (1),
70 (2), 57 (1).


Synthesis of autumnariol


1-(2,4-Dihydroxy-6-methylphenyl)ethanone (9): Acetonitrile (1.86 g,
2.37 mL, 28.6 mmol) and dry ZnCl2 (0.56 g, 4.29 mmol) was added to a
solution of 3,5-dihydroxytoluene (1.76 g, 14.3 mmol) in Et2O (10 mL).
Hydrogen chloride gas was then bubbled through the mixture, and the re-
sulting precipitate was filtered off and dissolved in water. This solution
was neutralized by using aqueous ammonia solution and was subsequent-
ly stirred for 30 min at 100 8C. The crude product was recrystallized from
water to give 9 as a colorless solid (975 mg, 41%). M.p. 158 8C (lit.[1] 132–
133 8C); 1H NMR (CDCl3, 300 MHz): d=2.56 (s, 3H; CH3), 2.63 (s, 3H;
CH3), 5.27 (s, 1H; OH), 6.23–6.26 (m, 2H; Ar), 13.41 (s, 1H; OH).


7-Hydroxy-5-methyl-4H-chromen-4-one (10): Perchloric acid (60%,
933 mg, 0.56 mL, 5.81 mmol) was added to a solution of 9 (725 mg,
4.36 mmol) in HC(OEt)3 (6.46 g, 7.18 mL, 43.6 mmol) at 0 8C. The reac-
tion mixture was warmed to 20 8C over 12 h. The precipitated crude prod-
uct was filtered and washed with water. Finally, the residue was purified
by column chromatography (silica gel, n-hexane/EtOAc 3:1) to give 10 as
a red solid (430 mg, 56%). M.p. 229 8C; 1H NMR ([D6]DMSO,
300 MHz): d=2.65 (s, 3H; CH3), 6.10 (d, J=5.9 Hz, 1H; C=CH), 6.66
(m, 2H; Ar), 8.02 (d, J=5.9 Hz, 1H; C=CH), 10.64 ppm (br s, 1H; OH);
13C NMR (DEPT, [D6]DMSO, 75.5 MHz): d=22.57 (CH3), 100.75 (CH;
Ar), 113.23 (CH), 115.66 (C), 116.83 (CH; Ar), 141.78 (C), 154.39 (CH),
159.19, 161.11 (C), 177.73 ppm (C=O); IR (KBr): ñ=3421 (m), 3199 (m),
3109 (m), 3004 (m), 1640 (s), 1620 (s), 1696 (s), 1553 (s), 1485 (s), 1447
(s), 1412 (s), 1353 (s), 1326 (m), 1300 (s), 1286 (s), 1208 (m), 1160 (m),
1121(s), 1099 (s), 1067 (m), 1039 (m), 1009 (w), 959 (w), 882 (m), 844 (s),
826 (m), 619 cm�1 (w); UV/Vis (CH3CN): lmax (lg e): 299 (3.74), 289
(3.79), 258 (3.81), 248 (4.08), 240 nm (4.11); MS (EI, 70 eV): m/z (%):
176 (100) [M]+ , 147 (20), 122 (14), 105 (2), 91 (8), 70 (6), 66 (7), 51 (8);
HRMS (EI, 70 eV): m/z : calcd for C10H8O3: 176.0473 [M]


+ ; found:
176.0473�2 ppm.
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7-(Benzyloxy)-5-methyl-4H-chromen-4-one (11): A mixture of 10
(357 mg, 2.03 mmol), benzylic chloride (257 mg, 0.23 mL, 2.03 mmol),
and K2CO3 (140 mg, 1.02 mmol) in EtOH (50 mL) was stirred under
reflux for 7 h. After this time, the solvent was removed in vacuo and the
residue was filtered off and washed with water (3 mL) to give 11 as a
dark red solid (410 mg, 76%). M.p. 114 8C; 1H NMR ([D6]DMSO,
300 MHz): d=2.51 (s, 3H; CH3), 5.22 (s, 2H; OCH2), 6.16 (d, J=5.9 Hz,
1H; C=CH), 6.88 (d, J=2.5 Hz, 1H; Ar), 7.01 (d, J=2.5 Hz, 1H; Ar),
7.36–7.50 (m, 5H; Ph), 8.07 ppm (d, J=5.9 Hz, 1H; C=CH); 13C NMR
(DEPT, [D6]DMSO, 75.5 MHz): d=22.38 (CH3), 69.66 (OCH2), 99.87
(CH; Ar), 113.23 (CH), 116.62 (CH), 116.66 (CH; Ar), 127.78, 128.02,
128.47 (CH, Ph), 136.10 (C), 154.58 (CH), 158.98, 161.10 (C), 177.63 ppm
(C=O); IR (KBr): ñ=3064 (w), 3035 (w), 2966 (m), 2925 (m), 1651 (s),
1600 (s), 1568 (s), 1494 (w), 1454 (s), 1407 (m), 1380 (s), 1281 (s), 1243
(s), 1154 (s), 1090 (m), 1070 (m), 1023 (m), 964 (w), 914 (w), 846 (m), 829
8 m), 756 (m), 745 (m), 696 cm�1 (w); UV/Vis (CH3CN): lmax (lg e): 299
(3.90), 289 (3.92), 274 (3.97), 248 (4.26), 240 (4.34), 212 nm (3.48); MS
(EI, 70 eV): m/z (%): 266 (50) [M]+ , 175 (1), 147 (7), 91 (100), 77 (4), 66
(19), 39 (5); HRMS (EI, 70 eV): m/z : calcd for C17H14O3: 266.0943 [M]


+ ;
found: 266.0943�2 ppm.
Ethyl 4-(7-(benzyloxy)-3,4-dihydro-5-methyl-4-oxo-2H-chromen-2-yl)-3-
oxobutanoate (12): A mixture of 11 (231 mg, 0.87 mmol) and Me3SiOTf
(58 mg, 0.26 mmol) was stirred for 30 min at 20 8C. After this time,
CH2Cl2 (15 mL) was added, and the mixture was cooled to 0 8C and 3a
(310 mg, 1.13 mmol) was added. The reaction mixture was warmed to
20 8C over 12 h, and was subsequently poured into an aqueous solution of
hydrochloric acid (10%, 10 mL). The organic and the aqueous layers
were separated, and the aqueous layer was extracted with CH2Cl2 (5Q
40 mL). The combined organic layers were washed with water, dried
(Na2SO4), filtered, and the filtrate was concentrated in vacuo. The resi-
due was purified by column chromatography (silica gel, n-hexane/EtOAc
5:1!1:1) to give 12 as an orange solid (230 mg, 67%). M.p. 114 8C;
1H NMR (CDCl3, 300 MHz; keto/enol 9:1): d=1.35 (t, J=7.2 Hz, 3H;
OCH2CH3), 2.61 (s, 3H; CH3), 2.73 (m, 2H; chain CH�CH2), 2.87 (dd,
J=16.9, 5.1 Hz, 1H; ring CH), 3.15 (dd, J=16.9, 5.1 Hz, 1H; ring CH2),
3.54 (s, 2H; C(O)CH2), 4.21 (q, J=7.2 Hz, 2H; OCH2CH3), 4.91 (m, 1H;
CH�CH2, keto tautomer), 5.06 (s, 2H; OCH2Ph), 5.11 (m, 1H, CH�CH2,
enol tautomer), 5.30 (s; =CH�, enol tautomer), 6.36 (d, J=2.5 Hz, 1H;
Ar), 6.46 (d, J=2.5 Hz, 1H; Ar), 7.33–7.38 (m, 5H; Ph), 12.15 ppm (s,
1H; enol OH); 13C NMR (CDCl3, 75.5 MHz); keto tautomer: d=14.12
(OCH2CH3), 23.1 (CH3), 43.60, 47.42, 49.96 (CH2), 61.62 (OCH2CH3),
70.06 (OCH2Ph), 72.96, 100.02 (CH; Ar), 127.48, 128.28, 128.70 (CH;
Ph), 135.98, 144.33, 163.39, 164.06, 166.75 (C), 191.08 (C=O, ester),
199.22 ppm (C=O, ketone); IR (KBr): ñ=3433 (w), 2980 (w), 2934 (w),
2907 (w), 1740 (s), 1718 (s), 1671 (s), 1606 (s), 1569 (s), 1454 (s), 1405
(w), 1381 (m), 1339 (m), 1307 (w), 1271 (s), 1204 (m), 1160 (s), 1092 (w),
1028 (m), 844 (w), 754 (w), 698 (m), 664 cm�1 (w); UV/Vis (CH3CN):
lmax (lg e): 307 (3.74), 273 (4.26), 220 nm (4.35); MS (EI, 70 eV): m/z
(%): 396 (22) [M]+ , 351 (5), 266 (18), 240 (84), 147 (3), 91 (100), 65 (12);
HRMS (FT-ICR): calcd for C23H25O6: 397.16456 [M+1]+ ; found:
397.16577.


3-(Benzyloxy)-7-hydroxy-1-methyl-6H-benzo[c]chromen-6-one (13):
NEt3 (81 mg, 0.11 mL, 0.80 mmol) was added to a solution of 2,3-dihydro-
benzopyrane 12 (158 mg, 0.40 mmol) in EtOH (8 mL) was added at 0 8C.
After stirring for 12 h at 20 8C and for 12 h under reflux, an aqueous solu-
tion of hydrochloric acid (10%, 8 mL) was added. The organic and the
aqueous layers were then separated and the latter was extracted with
CH2Cl2 (6Q15 mL). The combined organic layers were washed with
water, dried (Na2SO4), filtered, and the resulting filtrate was concentrat-
ed in vacuo. The residue was purified by column chromatography (silica
gel, n-hexane/EtOAc 20:1!1:1) to give the recovered starting material
12 (92 mg, 58%) and product 13 as a colorless solid (45 mg, 34%, 81%
based on the recovered starting material). M.p. 195 8C; 1H NMR (CDCl3,
300 MHz): d=2.81 (s, 3H; CH3), 5.12 (s, 2H; OCH2Ph), 6.84 (dd, J=9.9,
2.9 Hz, 1H; Ar), 7.02 (dd, J=7.9, 1.1 Hz, 1H; Ar), 7.32–7.47 (m, 6H;
Ar), 7.64–7.74 ppm (m, 2H; Ar); IR (KBr): ñ=3065 (w), 3032 (w), 2962
(m), 2926 (m), 2855 (w), 1671 (s), 1606 (s), 1470 (m), 1465 (m), 1351 (m),
1326 (w), 1300 (m), 1233 (s), 1186 (s), 1161 (s), 1112 (m), 1093 (s), 1052
(w), 1014 (m), 812 (m), 745 (m), 692 cm�1 (w); UV/Vis (CH3CN): lmax:


347, 283, 244, 208 nm; fluorescence (CH3CN): Flmax (lex): 409 nm
(350 nm); MS (EI, 70 eV): m/z (%): 332 (65) [M]+ , 242 (5), 213 (6), 157
(5), 128 (7), 115 (4), 91 (100), 66 (15); HRMS (EI, 70 eV): m/z : calcd for
C21H16O4: 332.1049 [M]


+ ; found: 332.1049�2 ppm.
3,7-Dihydroxy-1-methyl-6H-benzo[c]chromen-6-one (autumnariol) (14):
BBr3 (120 mg, 0.5 mL, 0.48 mmol) was added to a solution of 13 (39 mg,
0.12 mmol) in CH2Cl2 (5 mL) at 0 8C. The reaction mixture was then
warmed to 20 8C over 2 h and poured into an aqueous solution of hydro-
chloric acid (10%). The organic and the aqueous layers were separated
and the latter was extracted with Et2O (5Q10 mL). The combined organ-
ic layers were then dried (Na2SO4), filtered, and the filtrate was concen-
trated in vacuo. The residue was purified by column chromatography
(silica gel, n-hexane/EtOAc 3:1) to give 14 as a colorless solid (27 mg,
92%). M.p. 195 8C; 1H NMR ([D6]DMSO/[D4]MeOH 10:1, 300 MHz):
d=2.75 (s, 3H; CH3), 6.68 (d, J=2.6 Hz, 1H; Ar), 7.75 (d, J=2.7 Hz,
1H; Ar), 7.02 (m, 1H; Ar), 7.78 (m, 2H; Ar), 10.36 ppm (s, 1H; OH),
11.62 ppm (s, 1H; OH); 13C NMR (DEPT, [D6]DMSO/[D4]MeOH 10:1,
75.5 MHz): d=25.23 (CH3), 101.57 (C), 104.92, 109.06 (CH), 114.35,
116.11, 117.66, 136.70 (C), 137.45 (CH), 138.33, 152.94, 158.41, 161.74,
165.05 ppm (C); IR (KBr): ñ=2969 (s), 2928 (s), 2869 (s), 1739 (m), 1722
(m), 1674 (m), 1648 (m), 1605 (s), 1569 (m), 1454 (s), 1407 (m), 1382 (m),
1363 (m), 1275 (s), 1202 (m), 1158 (s), 1091 (m), 1027 (m), 841 (w), 743
(m), 700 cm�1 (m); UV/Vis (CH3CN): lmax : 353 (2.97), 308 (2.78), 296
(2.85), 269 (3.37), 246 (3.93), 217 nm (4.41); MS (EI, 70 eV): m/z (%):
242 (100) [M]+ , 213 (8), 185 (4), 171 (4), 157 (3), 128 (4), 114 (4), 70 (2),
64 (2), 28 ppm (2); HRMS (EI, 70 eV): m/z : calcd for C14H10O4: 242.0579
[M]+ ; found: 242.0579�2 ppm.
6-Oxo-6H-benzo[c]chromen-7-yl triflourmethanesulfonate (15): Pyridine
(185 mg, 2.34 mmol) and Tf2O (429 mg, 1.52 mmol) were added to a solu-
tion of 5a (250 mg, 1.17 mmol) in CH2Cl2 (8 mL) at �78 8C. The reaction
mixture was then warmed to 20 8C over 10 h. After this time, the solvent
was removed in vacuo and the residue was purified by column chroma-
tography (silica gel, n-hexane/EtOAc 5:1) to give 15 as a colorless solid
(366 mg, 91%). M.p. 181 8C; 1H NMR (CDCl3, 300 MHz): d=7.32–7.45
(m, 3H; Ar), 7.56 (dt, J=7.8, 1.5 Hz, 1H; Ar), 7.89 (t, J=8.2 Hz, 1H;
Ar), 8.04 (dd, J=8.0, 1.6 Hz, 1H; Ar), 8.19 ppm (dd, J=8.4, 0.6 Hz, 1H;
Ar); 13C NMR (DEPT, CDCl3, 75.5 MHz) d=114.65, 116.57 (C), 117.78
(CH), 118.82 (quart, J=321 Hz; CF3), 122.28, 122.79, 123.36, 125.01,
131.81, 135.66 (CH), 138.05, 149.99, 151.36 (C), 156.74 ppm (C=O); IR
(KBr): ñ=1732 (s), 1615 (s), 1561 (w), 1459 (m), 1427 (s), 1301 (m), 1252
(s), 1225 (s), 1208 (s), 1168 (m), 1144 (s), 1057 (s), 1031 (w), 931 (s), 889
(m), 824 (s), 758 (s), 601 cm�1 (s); UV/Vis (CH3CN): lmax (lg e): 320
(3.96), 301 (3.91), 290 (3.85), 271 (4.12), 260 (4.15), 228 (4.52), 220 (4.52),
214 (4.52), 208 (4.51), 206 nm (4.51); fluorescence (CH3CN): Flmax (lex):
380 nm (345 nm); MS (EI, 70 eV): m/z (%): 344 (100) [M]+ , 281 (7), 280
(50), 252 (20), 214 (3), 211 (5), 182 (34), 155 (46), 127 (28), 126 (12), 77
(10), 70 (16); elemental analysis calcd (%): for C14H7O5SF3: C 48.84, H
2.05; found C 48.70, H 1.99.


General procedure for the synthesis of 7-aryl-6H-benzo[c]chromen-6-
ones (16): Tetrakis(triphenylphosphine)palladium (3 mol%) was added
to a solution of 15 (1.0 equiv), K3PO4 (1.6 equiv), and the boronic acid
(l.3 equiv) in 1,4-dioxane (3 mL) at 20 8C under inert atmosphere. After
stirring under reflux for 4–12 h, the solution was cooled to 20 8C, filtered,
and the resulting filter cake was thoroughly washed with Et2O. The fil-
trate was concentrated in vacuo and the residue was purified by column
chromatography (silica gel, n-hexane/EtOAc 10:1) to give 16.


7-Phenyl-6H-benzo[c]chromen-6-one (16a): The starting materials 15
(92 mg, 0.27 mmol), phenylboronic acid (42 mg, 0.35 mmol), K3PO4
(93 mg, 0.43 mmol), and Pd(Ph3)4 (9 mg, 8 mmol) produced 16a as a col-
orless solid (reaction time: 6 h, 66 mg, 92%). M.p. 114 8C; 1H NMR
(CDCl3, 300 MHz): d=7.35 (m, 4H; Ar), 7.39–7.51 (brm, 5H; Ar), 7.80
(t, J=7.6 Hz, 1H; Ar), 8.10 (dd, J=7.9, 1.2 Hz, 1H; Ar), 8.18 ppm (dd,
J=8.9, 1.2 Hz, 1H; Ar); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=117.50
(CH), 118.71 (C), 121.19, 123.11, 124.25, 127.29, 127.80, 128.24, 130.49,
132.36, 133.58 (CH), 136.17, 141.92, 146.94, 151.50, 159.23 ppm (C); IR
(KBr): ñ=3400 (w), 3075 (w), 1737 (s), 1594 (m), 1460 (m), 1271 (m),
1247 (m), 1212 (s), 1100 (m), 1045 (s), 757 (s), 699 cm�1 (m); UV/Vis
(CH3CN): lmax (lg e): 324 (3.89), 301 (3.78), 291 (3.71), 271 (4.11), 246
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(4.29), 229 (4.49), 222 (4.48), 210 nm (452); fluorescence (CH3CN): Flmax
(lex): 420 nm (350 nm); MS (EI, 70 eV): m/z (%): 272 (100) [M]+ , 255
(6), 225 (70), 215 (15), 187 (3), 151 (6), 114 (5), 95 (3), 64 (2), 43 (3); ele-
mental analysis calcd (%) for C19H12O2: C 83.81, H 4.44; found: C 83.39,
H 4.92.


7-p-Tolyl-6H-benzo[c]chromen-6-one (16b): The starting materials 15
(100 mg, 0.29 mmol), 4-toloylboronic acid (57 mg, 0.38 mmol), K3PO4
(100 mg, 0.46 mmol), and Pd(Ph3)4 (10 mg, 9 mmol) produced 16b as a
colorless solid (reaction time: 8 h, 72 mg, 87%). M.p. 120 8C; 1H NMR
(CDCl3, 300 MHz): d=1.54 (s, 3H; CH3), 7.25 (d, J=5.6 Hz, 4H; Ar),
7.31–7.36 (m, 2H; Ar), 7.41–7.52 (m, 2H; Ar), 7.79 (t, J=7.9 Hz 1H;
Ar), 8.10–8.18 ppm (m, 2H; Ar); 13C NMR (DEPT, CDCl3, 75.5 MHz):
d=21.35 (CH3), 117.49 (CH), 118.15, 118.73 (C), 121.02, 123.09, 124.22,
128.29, 128.59, 130.44, 132.48, 133.56 (CH), 136.77, 136.96, 138.98, 147.02,
151.50, 159.25 ppm (C); IR (KBr): ñ=3425 (w), 2921 (w), 1724 (s), 1595
(s), 1571 (m), 1515 (m), 1458 (s), 1401 (w), 1311 (w), 1271 (s), 1248 (s),
1212 (s), 1103 (m), 1046 (s), 1008 (w), 828 (m), 812 (m), 788 (w), 758 (s),
695 cm�1 (w); UV/Vis (CH3CN): lmax (lg e): 326 (3.89), 301 (3.74), 290
(3.71), 255 (4.28), 229 (4.49), 215 nm (4.52); MS (EI, 70 eV): m/z (%):
285 (100) [M]+ , 269 (5), 242 (3), 226 (3), 202 (3), 176 (2), 142 (10), 136
(3), 101 (3), 89 (2), 64 (2); elemental analysis calcd (%) for C20H14O2: C
83.90, H 4.93; found: C 82.25, H 5.07.


7-(4-Methoxyphenyl)-6H-benzo[c]chromen-6-one (16c): The starting ma-
terials 15 (100 mg, 0.29 mmol), 4-methoxyphenylboronic acid (57 mg,
0.38 mmol), K3PO4 (100 mg, 0.46 mmol), and Pd(Ph3)4 (10 mg, 9 mmol)
produced 16c as a colorless solid (reaction time: 12 h, 69 mg, 79%). M.p.
127 8C; 1H NMR (CDCl3, 300 MHz): d=3.87 (s, 1H; OCH3), 6.97 (m,
2H; Ar), 7.27–7.36 (m, 4H; Ar), 7.42 (dd, J=7.5, 1.1 Hz, 1H; Ar), 7.48
(m, 1H; Ar), 7.79 (t, J=8.0 Hz, 1H; Ar), 8.13 ppm (m, 2H; Ar);
13C NMR (DEPT, CDCl3, 75.5 MHz): d=55.19 (OCH3), 113.26, 117.37
(CH), 118.09, 118.58 (C), 120.87, 123.06, 124.17, 129.52, 130.38, 132.53,
133.52 (CH), 134.12, 136.16, 146.62, 151.39, 158.93, 159.28 ppm (C); IR
(KBr): ñ=3442 (w), 3110 (w), 3005 (w), 2960 (w), 2920 (w), 2805 (w),
1732 (s), 1609 (s), 1514 (s), 1460 (s), 1407 (m), 1311 (w), 1288 (m), 1276
(m), 1244 (s), 1211 (s), 1179 (m), 1096 (m), 1046 (s), 1006 (m), 828 (m),
790 (w), 761 (m), 697 cm�1 (w); UV/Vis (CH3CN): lmax (lg e): 334 (3.93),
288 (3.91), 259 (4.29), 229 (4.56), 223 (4.54), 215 nm (4.55); MS (EI,
70 eV): m/z (%): 302 (100) [M]+ , 287 (5), 259 (11), 231 (2), 202 (8), 175
(3), 150 (7), 101 (4), 70 (5), 28 (21); elemental analysis calcd (%) for
C20H14O3: C 79.46, H 4.67; found: C 79.43, H 4.64.


7-(3,4,5-Trimethoxyphenyl)-6H-benzo[c]chromen-6-one (16d): The start-
ing materials 15 (103 mg, 0.30 mmol), 3,4,5-trimethoxyphenylboronic acid
(83 mg, 0.39 mmol), K3PO4 (104 mg, 0.48 mmol), and Pd(Ph3)4 (10 mg, 9
mmol) produced 16d as a colorless solid (reaction time: 8 h, 97 mg,
89%). M.p. 165 8C; 1H NMR (CDCl3, 300 MHz): d=3.86 (s, 6H; OCH3),
3.93 (s, 3H; OCH3), 6.54 (s, 2H; Ar), 7.33–7.37 (m, 2H; Ar), 7.44–7.50
(m, 2H; Ar), 7.80 (t, J=7.7 Hz, 1H; Ar), 8.12 (dd, J=8.0, 1.2 Hz, 1H;
Ar), 8.18 ppm (dd, J=8.2, 1.1 Hz, 1H; Ar); 13C NMR (DEPT, CDCl3,
75.5 MHz): d=56.13, 56.31, 60.98 (OCH3), 104.66, 105.79, 117.47 (CH),
118.06, 118.64 (C), 121.25, 123.14, 124.32, 130.57, 132.36, 133.57 (CH),
136.21, 137.33, 137.49, 146.82, 151.47, 152.69, 153.42 (C), 159.01 ppm (C=
O); IR (KBr): ñ=3461 (br), 3452 (w), 3450 (w), 2936 (w), 1743 (s), 1584
(s), 1510 (m), 1463 (s), 1415 (m), 1286 (m), 1248 (s), 1229 (s), 1209 (m),
1127 (s), 1099 (m), 1045 (m), 1006 (m), 818 (w), 756 (m), 701 cm�1 (w);
UV/Vis (CH3CN): lmax (lg e): 329 (3.87), 299 (3.81), 289 (3.84), 270
(4.18), 260 (4.23), 229 (4.56), 208 nm (4.72); MS (EI, 70 eV): m/z (%):
362 (100) [M]+ , 347 (37), 333 (6), 289 (9), 261 (17), 233 (12), 205 (4), 165
86), 88 (2); elemental analysis calcd (%) for C22H18O5: C 72.29, H 5.01;
found: C 71.77, H 5.06.


7-(4-Chlorophenyl)-6H-benzo[c]chromen-6-one (16e): The starting ma-
terials 15 (99 mg, 0.29 mmol), 4-chlorophenylboronic acid (58 mg,
0.37 mmol), K3PO4 (100 mg, 0.46 mmol), and Pd(Ph3)4 (10 mg, 9 mmol)
produced 16e as a colorless solid (reaction time: 12 h, 65 mg, 74%). M.p.
129 8C; 1H NMR (CDCl3, 300 MHz): d=7.27 (m, 3H; Ar), 7.32–7.42 (m,
4H; Ar), 7.50 (m, 1H; Ar), 7.81 (t, J=7.8 Hz, 1H; Ar), 8.11 (dd, J=8.6,
1.8 Hz, 1H; Ar), 8.20 ppm (dd, J=8.2, 1.1 Hz, 1H; Ar); 13C NMR
(DEPT, CDCl3, 75.5 MHz): d=117.49 (CH), 117.93, 18.62 (C), 121.56,
123.12, 124.36, 2Q128.01, 129.60, 129.64, 130.64, 132.22 (CH), 133.34 (C),


133.72 (CH), 136.29, 140.32, 145.59, 151.42 (C), 159.23 ppm (C=O); IR
(KBr): ñ=3432 (m), 3089 (w), 1732 (s), 1594 (s), 1496 (m), 1458 (m),
1413 (m), 1392 (m), 1309 (m), 1271 (m), 1251 (s), 1215 (s), 1109 (m),
1091 (m), 1051 (s), 1008 (m), 836 (m), 810 (m), 754 (s), 689 cm�1 (w);
UV/Vis (CH3CN): lmax (lg e): 325 (3.87), 302 (3.74), 290 (3.68), 271
(4.10), 249 (4.29), 229 (4.47), 214 (4.49), 210 nm (4.49); MS (EI, 70 eV):
m/z (%): 306 (100) [M]+ , 231 (49), 175 (25), 150 (9), 95 (12), 55 (23), 28
(21); elemental analysis calcd (%) for C19H11ClO2: C 74.39, H 3.61;
found: C 74.73, H 4.02.


7-(4-Thiophen-2-yl)-)-6H-benzo[c]chromen-6-one (16 f): The starting
materials 15 (103 mg, 0.30 mmol), 2-thiophenylboronic acid (50 mg,
0.39 mmol), K3PO4 (104 mg, 0.48 mmol), and Pd(Ph3)4 (10 mg, 9 mmol)
produced 16 f as a colorless solid (reaction time: 12 h, 55 mg, 66%). M.p.
161 8C; 1H NMR (CDCl3, 300 MHz): d=7.07–7.13 (m, 2H; thiophenyl),
7.32–7.36 (m, 2H; thiophenyl), 7.42 (dd, J=5.1, 1.4 Hz, 1H; Ar), 7.49 (m,
1H; Ar), 7.59 (dd, J=7.5, 1.1 Hz, 1H; Ar), 7.79 (t, J=7.8 Hz, 1H; Ar),
8.09 (dd, J=8.0, 1.8 Hz, 1H; thiophenyl), 8.19 ppm (dd, J=8.2, 1.0 Hz,
1H; Ar); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=117.50 (CH), 117.89,
119.57 (C), 122.01, 123.11, 124.30, 125.90, 126.79, 130.66, 133.45, 133.56
(CH), 136.44, 139.10, 142.77 (C), 151.47 (C�O), 158.78 ppm (C=O); IR
(KBr): ñ=3102 (w), 3070 (w), 2361 (w), 1731 (s), 1693 (m), 1611 (m),
1592 (m), 1462 (m), 1434 (w), 1406 (w), 1314 (w), 1294 (m), 1254 (s),
1205 (s), 1189 (m), 1133 (w), 1104 (m), 1046 (s), 1027 (s), 855 (w), 821
(m), 788 (w), 752 (s), 708 (s), 689 (m), 664 cm�1 (w); UV/Vis (CH3CN):
lmax (lg e): 333 (3.86), 299 (3.86), 291 (3.88), 270 (4.21), 260 (4.27),
229 nm (4.49); fluorescence (CH3CN): Flmax (lex): 452 nm (335 nm); MS
(EI, 70 eV): m/z (%): 278 (9) [M]+ , 277 (7), 208 (12), 189 (4), 167 (6),
148 (18), 72 (5), 58 (11), 46 (46), 45 (100); HRMS (FT-ICR): calcd for
C17H11O2S: 279.04743 [M+1]+ ; found: 279.04760.


General procedure for the synthesis of (17a,b): K2CO3 (1.5 equiv) was
added to a solution of 5 (1.0 equiv) in acetone (10 mL per 1.0 mmol).
After cooling to 0 8C, Me2SO4 (1.1 equiv) was added dropwise. After stir-
ring for 6 h under reflux and for 12 h at 20 8C, the solvent was removed
in vacuo and the resulting residue was poured onto ice water. The organ-
ic and the aqueous layers were separated and the latter was extracted
with CH2Cl2 (5Q30 mL). The combined organic layers were washed with
water, dried (Na2SO4), filtered, and the filtrate was concentrated in
vacuo. The residue was purified by column chromatography (silica gel, n-
hexane/EtOAc 5:1) to give 17.


7-Methoxy-6H-benzo[c]chromen-6-one (17a): The starting materials 5a
(143 mg, 0.59 mmol) in acetone (9 mL), K2CO3 (192 mg, 0.88 mmol), and
Me2SO4 (82 mg, 0.07 mL, 0.65 mmol) produced 17a as a colorless solid
(114 mg, 92%). M.p. 132 8C; 1H NMR (CDCl3, 300 MHz): d=4.04 (s,
3H; OCH3), 7.05 (dd, J=7.8, 1.4 Hz, 1H; Ar), 7.26–7.33 (m, 2H; Ar),
7.45 (m, 1H; Ar), 7.67–7.73 (m, 2H; Ar), 8.00 ppm (dd, J=7.9, 1.4 Hz,
1H; Ar); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=56.40 (OCH3), 109.95
(C), 111.05, 113.54, 117.29 (CH), 117.71 (C), 123.23, 124.09, 130.55,
135.69 (CH), 137.46, 151.51, 157.82 (C), 162.22 ppm (C=O); IR (KBr):
ñ=3439 (m), 3068 (m), 2969 (w), 2938 (w), 2842 (w), 1732 (s), 1602 (s),
1569 (s), 1501 (w), 1467 (s), 1442 (w), 1418 (m), 1339 (w), 1267 (s), 1245
(s), 1209 (s), 1138 (w), 1089 (m), 1024 (s), 904 (w), 810 (m), 761 (s),
681 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 340 (3.96), 329 (3.99), 302
(3.61), 291 (3.54), 272 (3.93), 259 (4.01), 238 (4.46), 230 (4.47), 207 nm
(4.47); fluorescence (CH3CN): Flmax (lex): 374 nm (342 nm); MS (EI,
70 eV): m/z (%): 253 (6), 226 (42) [M]+ , 197 (35), 183(13), 168 (11), 165
(11), 155 (10), 141 (14), 137 (8), 112 (10), 85 (3), 55 (5); elemental analy-
sis calcd (%) for C14H10O3: C 74.33, H 4.46; found: C 73.96, H 4.71.


7,8-Dimethoxy-6H-benzo[c]chromen-6-one (17b): The starting materials
5j (117 mg, 0.55 mmol) in acetone (7 mL), K2CO3 (178 mg, 0.83 mmol),
and Me2SO4 (82 mg, 0.07 mL, 0.65 mmol) produced 17b as a colorless
solid (117 mg, 94%). M.p. 120 8C; 1H NMR (CDCl3, 300 MHz): d=3.97,
4.00 (s, 3H; OCH3), 7.24–7.30 (m, 2H; Ar), 7.36–7.42 (m, 2H; Ar), 7.84
(d, J=8.9 Hz, 1H; Ar), 7.93 ppm (dd, J=7.6, 1.1 Hz, 1H; Ar); 13C NMR
(DEPT, CDCl3, 75.5 MHz): d=56.47, 61.51 (OCH3), 115.76 (C), 117.25,
117.73 (CH), 117.90 (C), 119.33, 122.32, 124.26 (CH), 128.70 (C), 129.44
(CH), 150.62, 151.64, 153.62, 157.60 ppm (C); IR (KBr): ñ=3442 (w),
3082 (w), 2928 (s), 2850 (s), 1733 (s), 1604 (m), 1507 (m), 1477 (s), 1460
(s), 1396 (w), 1306 (m), 1279 (s), 1210 (m), 1132 (m), 1089 (m), 1039 (s),
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1005 (s), 920 (w), 832 (m), 775 (m), 751 (m), 734 cm�1 (w); UV/Vis
(CH3CN): lmax (lg e): 340 (3.75), 305 (3.94), 294 (3.88), 279 (4.02), 271
(3.91), 232 (4.39), 215 nm (4.36); fluorescence (CH3CN): Flmax (lex):
406 nm (340 nm); MS (EI, 70 eV): m/z (%): 256 (41) [M]+ , 227 (22), 213
(4), 155 (11), 125 (7), 97 (23), 83 (20), 72 (22), 58 (39), 43 (26). HRMS
(FT-ICR): calcd for C15H13O4: 257.08084 [M+1]+ ; found: 257.08104.


Synthesis of 6H-benzo[c]chromen-6-ones (19a–d): Products 19a–d were
prepared by following the procedure as given for the synthesis of 7-hy-
droxy-6H-benzo[c]chromen-6-ones 5.


8-(3’-Chloropropyl)-7-hydroxy-6H-benzo[c]chromen-6-one (19a): The
starting materials 1a (438 mg, 3.0 mmol), Me3SiOTf (866 mg, 3.9 mmol),
3p (1.26 g, 3.6 mmol), and NEt3 (607 mg, 0.83 mL, 6.0 mmol) in EtOH
(40 mL) produced 19a as a yellow solid (502 mg, 58%). M.p. 96 8C;
1H NMR (CDCl3, 300 MHz): d=2.17 (m, 2H; CH2CH2CH2Cl), 2.92 (t,
J=7.1 Hz, 2H; ArCH2), 3.58 (t, J=6.5 Hz, 2H; CH2Cl), 7.33–7.39 (m,
2H; Ar), 7.50 (m, 2H; Ar), 7.54 (d, J=8.0 Hz, 1H; Ar), 7.63 (d, J=
8.0 Hz, 1H; Ar), 8.03 (dd, J=7.7, 1.6 Hz, 1H; Ar), 11.65 ppm (s, 1H;
OH); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=27.18, 31.17 (CH2), 44.47
(CH2Cl), 105.74 (C), 111.72, 117.60 (CH), 118.42 (C), 123.05, 125.13
(CH), 128.36 (C), 130.24 (CH), 133.35 (C), 137.95 (CH), 150.33 (C),
160.38 (C�OH), 165.77 ppm (C=O); IR (KBr): ñ=3060 (m), 2958 (m),
2938 (m), 1686 (s), 1615 (m), 1448 (m), 1418 (m), 1352 (w), 1306 (m),
1270 (s), 158 (s), 1216 (s), 1127 (s), 1088 (m), 1027 (w), 815 (m), 756 (s),
714 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 341 (3.87), 299 (3.44), 290
(3.54), 277 (3.82), 263 (3.89), 233 (4.36), 207 nm (4.17); fluorescence
(CH3CN): Flmax (lex): 493 nm (345 nm); MS (EI, 70 eV): m/z (%): 288
(5) [M]+ , 253 (4), 225 (16), 206 (9), 171 (6), 143 (8), 119 (19), 114 (32), 70
(17), 55 (43); HRMS (FT-ICR): calcd for C16H14ClO3: 289.06260 [M+1]+ ;
found: 289.06283.


2-Chloro-8-(3’-chloropropyl)-7-hydroxy-6H-benzo[c]chromen-6-one
(19b): The starting materials 1d (578 mg, 3.2 mmol), Me3SiOTf (947 mg,
0.77 mL, 4.26 mmol), 3p (1.46 g, 4.26 mmol), and NEt3 (648 mg, 0.89 mL,
6.4 mmol) in EtOH (40 mL) produced 19b as a yellow solid (569 mg,
55%). M.p. 118 8C; 1H NMR (CDCl3, 300 MHz): d=2.16 (m, 2H;
CH2CH2CH2Cl), 2.93 (t, J=7.1 Hz, 2H; ArCH2), 3.58 (t, J=6.5 Hz, 2H;
CH2Cl), 7.31 (d, J=8.8 Hz, 1H; Ar), 7.48 (d, J=8.1 Hz, 1H; Ar), 7.65 (d,
J=8.1 Hz, 1H; Ar), 7.97 (d, J=2.4 Hz, 1H; Ar), 11.59 ppm (s, 1H; OH);
13C NMR (DEPT, CDCl3, 75.5 MHz): d=27.28 (CH2Ar), 31.65 (CH2),
44.44 (CH2Cl), 105.65 (C), 111.98, 119.07 (CH), 119.87 (C), 122.92 (CH),
129.43 (C), 130.22 (CH), 130.76, 132.14 (C), 138.14 (CH), 148.76 (C),
160.55 (C�OH), 165.35 ppm (C=O); IR (KBr): ñ=3435 (s), 1682 (s),
1622 (m), 1433 (w), 1394 (w), 1261 (m), 11219 (w), 1141 (w), 1096 (m),
823 cm�1 (w); UV/Vis (CH3CN): lmax (lg e): 341 (4.06), 308 (3.64), 296
(3.61), 281 (3.95), 267 (3.99), 235 (4.53), 215 nm (4.43); fluorescence
(CH3CN): Flmax (lex): 491 nm (342 nm); MS (EI, 70 eV): m/z (%): 324/
322 (4/6) [M]+ , 287 (20), 259 (46) [M�C2H4Cl]+ , 221 (3), 184 (2).
2-Chloro-8-(3’-chloropropyl)-7-hydroxy-3-methyl-6H-benzo[c]chromen-
6-one (19c): The starting materials 1 f (641 mg, 3.29 mmol), Me3SiOTf
(952 mg, 0.78 mL, 4.28 mmol), 3p (1.50 g, 4.28 mmol), and NEt3 (666 mg,
0.91 mL, 6.58 mmol) in EtOH (40 mL) produced 19c as a yellow solid
(632 mg, 57%). M.p. 156 8C; 1H NMR (CDCl3, 300 MHz): d=2.16 (m,
2H; CH2CH2CH2Cl), 2.46 (s, 3H; OCH3), 2.91 (t, J=7.1 Hz, 2H;
ArCH2), 3.59 (t, J=6.5 Hz, 2H; CH2Cl), 7.23 (s, 1H; Ar), 7.43 (d, J=
8.0 Hz, 1H; Ar), 7.62 (d, J=8.0 Hz, 1H; Ar), 7.95 (s, 1H; Ar), 11.59 ppm
(s, 1H; OH); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=20.32 (CH3),
27.25 (ArCH2), 31.71 (CH2), 44.47 (CH2Cl), 105.49 (C), 111.66 (CH),
117.59 (C), 119.48, 123.14 (CH), 128.76, 131.16, 132.42 (C), 138.12 (CH),
138.86, 148.64 (C), 160.50 (C�OH), 165.57 ppm (C=O); IR (KBr): ñ=
3133 (w), 2961 (w), 2933 (w), 1689 (s), 1615 (s), 1477 (m), 1444 (m), 1427
(m), 1376 (m), 1335 (w), 1313 (m), 1276 (m), 1242 (s), 1181 (m), 1165
(m), 1144 (s), 1105 (s), 1008 (m), 877 (w), 816 cm�1 (w); UV/Vis
(CH3CN): lmax (lg e): 344 (4.06), 308 (3.66), 296 (3.63), 281 (4.05), 271
(4.08), 238 (4.58), 214 nm (4.53); fluorescence (CH3CN): Flmax (lex):
496 nm (345 nm); MS (EI, 70 eV): m/z (%): 338 (100) [M]+ , 301 (16),
273 (61), 245 (3), 165 (5), 151 (6), 76 (18); HRMS (FT-ICR): calcd for
C17H15Cl2O3: 337.03928 [M+1]+ ; found: 337.03964.


8-(3’-Chloro-2-methylpropyl)-7-hydroxy-6H-benzo[c]chromen-6-one
(19d): The starting materials 1a (438 mg, 3.0 mmol), Me3SiOTf (867 mg,


0.71 mL, 3.90 mmol) 3q (1.42 g, 3.90 mmol), and NEt3 (607 mg, 0.83 mL,
6.0 mmol) in EtOH (40 mL) produced 19d as a yellow solid (472 mg,
52%). M.p. 72 8C; 1H NMR (CDCl3, 300 MHz): d=1.07 (d, J=6.7 Hz,
3H; CH3), 2.34 (m, 1H; CH), 2.72 (dd, J=13.4, 7.1 Hz, 1H; ArCH2, A of
AB), 2.87 (dd, J=13.4, 7.1 Hz, 1H, ArCH2, B of AB) 3.46 (dd, J=10.8,
4.7 Hz, 1H; CH2Cl, A of AB), 3.54 (dd, J=10.8, 4.7 Hz, 1H; CH2Cl, B
of AB), 7.37 (dd, J=7.7, 0.9 Hz, 1H; Ar), 7.46–7.56 (m, 3H; Ar), 7.54 (d,
J=8.0 Hz, 1H; Ar), 7.62 (d, J=8.0 Hz, 1H; Ar), 8.03 (dd, J=8.2, 1.2 Hz,
1H; Ar), 11.68 ppm (s, 1H; OH); 13C NMR (DEPT, CDCl3, 75.5 MHz,):
d=17.79 (CH3), 34.28 (ArCH2), 35.23 (CH), 50.78 (CH2Cl), 105.78 (C),
111.65, 117.61 (ArCH), 118.45 (C), 123.08, 125.17 (ArCH), 127.71 (C),
130.28 (ArCH), 133.44 (C), 138.65 (ArCH), 150.38, 160.55 (C),
165.80 ppm (C=O); IR (KBr): ñ=3133 (w), 2961 (w), 2933 (w), 1689 (s),
1615 (s), 1477 (m), 1444 (m), 1427 (m), 1376 (m), 1335 (w), 1313 (m),
1276 (m), 1242 (s), 1181 (m), 1165 (m), 1144 (s), 1105 (s), 1008 (m), 877
(w), 816 (w), 753 cm�1 (w); UV/Vis (CH3CN): lmax (lg e): 342 (4.00), 299
(3.65), 290 (3.74), 277 (3.98), 263 (4.05), 233 (4.50), 206 nm (4.47); fluo-
rescence (CH3CN): Flmax (lex): 494 nm (343 nm); MS (EI, 70 eV): m/z
(%): 302 (7) [M]+ , 267 (8), 225 (55), 197 (2), 151 (3), 114 (2), 104 (2); el-
emental analysis calcd (%) for C17H15ClO3: C 67.44, H 4.99; found: C
67.28, H 5.11.


General procedure for the synthesis of dioxachrysenones (20a–d): NaH
(1.5 equiv) and TBAI (2.0 equiv) were added to a solution of 19
(1.0 equiv) in THF at 20 8C. After stirring for 20 h, the solvent was re-
moved in vacuo, and the resulting residue was purified by column chro-
matography (silica gel, n-hexane/EtOAc 3:1!1:1) to give 20.


2,3-Dihydro-1H-4,6-dioxachrysen-5-one (20a): The starting materials 19a
(101 mg, 0.35 mmol), NaH (11 mg, 0.46 mmol), and TBAI (259 mg,
0.70 mmol) in THF (1 mL) produced 20a as a colorless solid (56 mg,
64%). M.p. 192 8C; 1H NMR (CDCl3, 300 MHz): d=2.12 (m, 2H;
CH2CH2CH2), 2.91 (t, J=6.4 Hz, 2H; ArCH2), 4.47 (t, J=5.1 Hz, 2H;
OCH2), 7.29 (m, 2H; Ar), 7.44 (m, 2H; Ar), 7.59 (d, J=8.1 Hz, 1H; Ar),
7.99 ppm (dd, J=8.0, 1.3 Hz, 1H; Ar); 13C NMR (DEPT, CDCl3,
75.5 MHz): d=21.25 (CH2CH2CH2), 25.45 (ArCH2), 67.59 (OCH2),
109.97 (C), 112.68, 117.96 (CH), 118.03 (C), 122.89 (CH), 123.14 (C),
125.03, 130.11 (CH), 135.42 (C), 136.51 (CH), 151.41, 158.12, 15840 ppm
(C); IR (KBr): ñ=2964 (m), 2930 (m), 2901 (m), 1731 (s), 1599 (s), 1565
(m), 1505 (s), 1477 (s), 1445 (m), 1406 (m), 1322 (m), 1301 (s), 1282 (w),
1265 (s), 1243 (m), 1190 (w), 1160 (w), 1108 (m), 1095 (s), 1083 (s), 1051
(s), 956 (m), 815 (m), 769 cm�1 (s); UV/Vis (CH3CN): lmax (lg e): 349
(3.75), 337 (3.77), 304 (3.41), 293 (3.41), 276 (3.71), 267 (3.76), 259 (3.75),
239 (4.24), 233 (4.27), 208 nm (4.28); MS (EI, 70 eV): m/z (%): 252 (100)
[M]+ , 224 (9), 196 (7), 168 (12), 139 (10), 126 (5), 114 (3), 75 (4).


9-Chloro-2,3-dihydro-1H-4,6-dioxachrysen-5-one (20b): The starting ma-
terials 19b (112 mg, 0.35 mmol), NaH (11 mg, 0.46 mmol), and TBAI
(259 mg, 0.70 mmol) in THF (1 mL) produced 20b as a colorless solid
(61 mg, 61%); M.p. 209 8C; 1H NMR (CDCl3, 300 MHz): d=2.11 (m,
2H; CH2CH2CH2), 2.92 (t, J=6.5 Hz, 2H; ArCH2), 4.46 (t, J=5.1 Hz,
2H; OCH2), 7.24 (d, J=8.7 Hz, 1H; Ar), 7.37 (dd, J=8.8, 2.3 Hz, 1H;
Ar), 7.50 (m, 2H; Ar), 7.94 ppm (d, J=2.4 Hz, 1H; Ar); 13C NMR
(DEPT, CDCl3, 75.5 MHz,): d=21.15 (CH2CH2CH2), 25.46 (ArCH2),
67.65 (OCH2), 109.45 (C), 112.72, 118.68 (CH), 119.47 (C), 122.72 (CH),
124.04, 129.47 (C), 130.00 (CH), 134.13 (C), 136.66 (CH), 149.79, 157.52,
158.11 ppm (C); IR (KBr): ñ=3438 (m), 2948 (w), 2928 (w), 1737 (s),
1599 (s), 1563 (s), 1495 (m), 1476 (s), 1423 (m), 1387 (m), 1302 (s), 1262
(s), 1184 (m), 1096 (s), 1081 (m), 1049 (m), 882 (w), 816 cm�1 (w); UV/
Vis (CH3CN): lmax (lg e): 352 (4.02), 338 (4.04), 312 (3.63), 300 (3.49), 279
(3.85), 270 (3.94), 260 (3.92), 264 (4.52), 213 8nm (4.49); MS (EI, 70 eV):
m/z (%): 286 (21) [M]+ , 170 (16), 88 (39), 72 (51), 57 (100; C3H5O


+).


9-Chloro-2,3-dihydro-8-methyl-1H-4,6-dioxachrysen-5-one (20c): The
starting materials 19c (126 mg, 0.36 mmol), NaH (13 mg, 0.47 mmol), and
TBAI (266 mg, 0.72 mmol) in THF (1 mL) produced 20c as a colorless
solid (75 mg, 69%). M.p. 216 8C; 1H NMR (CDCl3, 300 MHz): d=2.11
(m, 2H; CH2CH2CH2), 2.35 (s, 3H; CH3), 2.90 (t, J=6.5 Hz, 2H;
ArCH2), 4.45 (t, J=5.1 Hz, 2H; OCH2), 7.17 (s, 1H; Ar), 7.46 (m, 2H;
Ar), 7.92 ppm (s, 1H; Ar); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=
20.27 (CH3), 21.21 (CH2CH2CH2), 25.44 (ArCH2), 67.63 (OCH2), 109.24
(C), 112.51 (CH), 117.25 (C), 119.10, 122.98 (CH), 123.42, 129.93, 134.41
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(C), 136.63 (CH), 138.52, 149.69, 157.81, 158.06 ppm (C); IR (KBr): ñ=
3444 (w), 2929 (w), 2878 (w), 1743 (s), 1597 (s), 1556 (m), 1473 (s), 1418
(m), 1373 (m), 1303 (m), 1259 (s), 1178 (m), 1100 (s), 1052 (m), 944 (w),
875 (w), 817 cm�1 (m); UV/Vis (CH3CN): lmax (lg e): 353 (4.04), 340
(4.06), 312 (3.67), 299 (3.53), 279 (3.95), 270 nm (3.94); MS (EI, 70 eV):
m/z (%): 300 (100) [M]+ , 272 (10), 244 (8), 237 (5), 184 (24), 151 (9), 125
(6), 102 (5).


2,3-Dihydro-2-methyl-1H-4,6-dioxachrysen-5-one (20d): The starting ma-
terials 19d (309 mg, 1.02 mmol), NaH (36.7 mg, 1.53 mmol), and TBAI
(753 mg, 2.04 mmol) in THF (1 mL) produced 20d as a colorless solid
(142 mg, 52%). M.p. 223 8C; 1H NMR (CDCl3, 300 MHz): d=1.11 (d, J=
6.6 Hz, 3H; CH3), 2.26 (m, 1H; CH), 2.55 (d, J=9.9 Hz, 1H; ArCH2),
2.94 (ddd, J=16.5, 5.1, 2.1 Hz, 1H; ArCH2), 3.89 (t, J=10.8 Hz, 1H;
OCH2), 4.52 (ddd, J=10.8, 3.6, 2.4 Hz, 1H; OCH2), 7.33–7.36 (m, 2H;
Ar), 7.43 (m, 2H; Ar), 7.59 (d, J=8.2 Hz, 1H; Ar), 7.98 ppm (dd, J=7.9,
1.5 Hz, 1H; Ar); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=16.83 (CH3),
26.09 (CH), 33.73 (ArCH2), 72.74 (OCH2), 109.33 (C), 112.77, 117.24
(ArCH), 118.06 (C), 122.87 (ArCH), 122.89 (C), 123.99, 130.05 (ArCH),
135.35 (C), 136.43 (ArCH), 151.38, 157.49, 158.20 ppm (C); IR (KBr):
ñ=3432 (m), 2959 (m), 2924 (m), 1871 (m), 1729 (s), 1599 (s), 1567 (m),
1476 (s), 1404 (s), 1346 (m), 1289 (s), 1262 (s), 1231 (s), 1196 (m), 1112
(s), 1068 (s), 1017 (s), 928 (m), 769 (s), 676 cm�1 (m); UV/Vis (CH3CN):
lmax (lg e): 349 (4.03), 337 (4.04), 304 (3.68), 293 (3.65), 276 (3.96), 267
(4.02), 259 (4.00), 239 (4.49), 233 (4.52), 208 nm (4.51); MS (EI, 70 eV):
m/z (%): 266 (38) [M]+, 251 (5), 224 (15), 196 (7), 168 (12), 139 (14), 76
(5); HRMS (EI, 70 eV): m/z : calcd for C17H14O3: 266.0943 [M]


+ ; found:
266.0943�2 ppm.
8-(3-Chloropropyl)-7-hydroxydibenzo[c,h]chromen-6-one (22): The reac-
tion was carried following the general procedure as given for the synthe-
sis of 5a. The starting materials 6 (612 mg, 3.12 mmol), Me3SiOTf
(901 mg, 0.73 mL, 4.06 mmol), 3p (1.43 g, 4.06 mmol), and NEt3 (631 mg,
0.86 mL, 6.24 mmol) in EtOH (40 mL) produced 22 as a yellow solid
(602 mg, 57%). M.p. 179 8C; 1H NMR (CDCl3, 300 MHz): d=2.19 (m,
2H; CH2CH2CH2), 2.95 (t, J=7.1 Hz, 2H; ArCH2), 3.60 (t, J=6.5 Hz,
2H; CH2Cl), 7.60–7.69 (m, 4H; Ar), 7.79 (d, J=8.9 Hz, 1H; Ar), 7.90
(dd, J=7.4, 1.9 Hz, 1H; Ar), 8.02 (d, J=8.9 Hz, 1H; Ar), 8.55 (dd, J=
7.4, 1.2 Hz, 1H; Ar), 11.71 ppm (s, 1H; OH); 13C NMR (DEPT, CDCl3,
75.5 MHz): d=27.23 (ArCH2), 31.77 (CH2), 44.53 (CH2Cl), 105.91 (C),
112.17 (CH), 113.73 (C), 119.45, 122.02 (CH), 123.70 (C), 125.12, 127.32,
127.72, 127.92 (CH), 128.08, 134.08, 134.15 (C), 138.19 (CH), 146.22 (C),
160.50 (C�OH), 165.80 ppm (C=O); IR (KBr): ñ=3432 (m), 3131 (w),
3064 (w), 2953 (w), 2929 (w), 1682 (s), 1623 (s), 1498 (s), 1446 (s), 1402
(m), 1343 (m), 1251 (s), 1226 (s) 1153 (m), 1127 (s), 800 (m), 778 (w), 745
(m), 615 cm�1 (w); UV/Vis (CH3CN): lmax (lg e): 368 (4.08), 354 (4.16),
308 (3.98), 296 (3.99), 269 (4.53), 259 (4.43), 240 (4.73), 219 nm (4.57);
MS (EI, 70 eV): m/z (%): 338 (41) [M]+ , 302 (28), 275 (100), 247 (5), 218
(12), 184 (19), 125 (6); elemental analysis calcd (%) for C20H15ClO3: C
70.90, H 4.46; found: C 70.72, H 4.75.


3,4-Dihydro-2H-1,13-dioxapicen-14-one (23): The reaction was carried
out following the general procedure as given for the synthesis of dioxach-
rysenones 20. The starting materials 22 (107 mg, 0.31 mmol), NaH
(9.8 mg, 0.41 mmol), and TBAI (233 mg, 0.63 mmol) in THF (1 mL) pro-
duced 23 as a colorless solid (602 mg, 57%). M.p. 205 8C; 1H NMR
(CDCl3, 300 MHz): d=2.12 (m, 2H; CH2CH2CH2), 2.96 (t, J=6.7 Hz,
2H; ArCH2), 4.49 (t, J=5.0 Hz, 2H; OCH2), 7.49 (d, J=8.2 Hz, 1H;
Ar), 7.57–7.66 (m, 3H; Ar), 7.71 (d, J=8.2 Hz, 1H; Ar), 7.85 (dd, J=7.2,
2.0 Hz, 1H; Ar), 7.99 (d, J=8.9 Hz, 1H; Ar), 8.60 ppm (dd, J=8.9,
1.0 Hz, 1H; Ar); 13C NMR (DEPT, CDCl3, 75.5 MHz): d=21.28
(CH2CH2CH2), 25.44 (ArCH2), 67.60 (OCH2), 109.57 (C), 112.99, 119.57,
122.58 (CH), 122.78, 123.66 (C), 123.88 (CH), 126.82 (C), 126.84, 127.47,
127.86 (CH), 134.09, 136.08 (C), 136.59 (CH), 147.37, 158.04, 158.05 ppm
(C); IR (KBr): ñ=3440 (w), 2980 (w), 2150 (w), 1657 (m), 1546 (m) 1444


(s), 1257 (m), 1245 (m), 1201 (s), 1176 (s), 1145 (s), 1131 (s), 1096 (s),
1027 (m), 879 cm�1 (m); MS (EI, 70 eV): m/z (%): 302 (100) [M]+ , 274
(7), 246 (5), 218 (13), 148 (11).
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Aminolysis of 2,4-Dinitrophenyl X-Substituted Benzoates and Y-Substituted
Phenyl Benzoates in MeCN: Effect of the Reaction Medium on Rate and
Mechanism


Ik-Hwan Um,* Sang-Eun Jeon, and Jin-Ah Seok[a]


Introduction


The mechanism of ester aminolysis has been intensively in-
vestigated as a result of its importance in biological process-
es and synthetic methodology.[1–12] Linear free-energy rela-
tionships, such as Brønsted-type and Hammett equations,
have been most commonly used to determine reaction
mechanisms. Curved Brønsted-type plots, often found for
the aminolysis of esters with a good leaving group, have
been interpreted in terms of a change in the rate-determin-


ing step (RDS) for stepwise reactions.[1–6] The center of the
curve in curved Brønsted-type plots has been defined as
pK0


a, for which the rate of breakdown of the zwitterionic tet-
rahedral intermediate (T�) is the same as the rate of its for-
mation.[1–2] The rate-determining step has been suggested to
change at pK0


a from breakdown of T� to its formation as the
attacking amine becomes more basic than the leaving group
by 4 to 5 pKa units, indicating that the pK


0
a value is governed


by the basicity of the attacking amine and the leaving
group.[1–6] However, aminolysis of esters with a poor leaving
group or of thiono esters has been suggested to proceed
through one or two intermediates (T� and its deprotonated
counterpart T�), depending on the basicity and nature of
the amines.[7–9]


In contrast to the effects of amine basicity and leaving-
group substituents, the effect of nonleaving-group substitu-
ents on the reaction mechanism is not yet completely under-
stood. For the pyridinolysis of 2,4-dinitophenyl X-substitut-
ed benzoates (X=H, 4-Cl, and 4-NO2) in 44% aqueous eth-
anol, Castro et al. demonstrated that the Brønsted-type plot
is downwardly curved for the reactions of unsubstituted ben-
zoate, but linear for the corresponding reactions of 4-chloro
and 4-nitro derivatives.[10] More recently, the pK0


a value has
been reported to increase from 9.7 to 9.9 and >10 as the


Abstract: Second-order rate constants
(kN) have been determined spectropho-
tometrically for the reactions of 2,4-di-
nitrophenyl X-substituted benzoates
(1a–f) and Y-substituted phenyl ben-
zoates (2a–h) with a series of alicyclic
secondary amines in MeCN at 25.0�
0.1 8C. The kN values are only slightly
larger in MeCN than in H2O, although
the amines studied are approximately
8 pKa units more basic in the aprotic
solvent than in H2O. The Yukawa–
Tsuno plot for the aminolysis of 1a–f is
linear, indicating that the electronic


nature of the substituent X in the non-
leaving group does not affect the rate-
determining step (RDS) or reaction
mechanism. The Hammett correlation
with s� constants also exhibits good
linearity with a large slope (1Y=3.54)
for the reactions of 2a–h with piperi-
dine, implying that the leaving-group
departure occurs at the rate-determin-
ing step. Aminolysis of 2,4-dinitrophen-


yl benzoate (1c) results in a linear
Brønsted-type plot with a bnuc value of
0.40, suggesting that bond formation
between the attacking amine and the
carbonyl carbon atom of 1c is little ad-
vanced in the transition state (TS). A
concerted mechanism is proposed for
the aminolysis of 1a–f in MeCN. The
medium change from H2O to MeCN
appears to force the reaction to pro-
ceed concertedly by decreasing the sta-
bility of the zwitterionic tetrahedral in-
termediate (T�) in aprotic solvent.
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in H2O) for the aminolysis of 2,4-dinitrophenyl benzoate (1c) in
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bles S1–S23 for the kinetic data for the aminolysis of 1a–f and 2a–h
in MeCN.
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substituent X changes from H to 4-Cl and 4-NO2, respec-
tively, for the pyridinolysis of (S)-4-nitrophenyl X-substitut-
ed thiobenzoates in 44% aqueous ethanol.[11] Thus, Castro
et al. concluded that the pK0


a value increases as the substitu-
ent X in the nonleaving group is substituted for a stronger
electron-withdrawing group.[11] This argument is consistent
with the conclusion drawn by Gresser and Jencks from reac-
tions of diaryl carbonates with quinuclidines.[12] Gresser and
Jencks concluded that the electron-withdrawing substituent
in the nonleaving group increased the pK0


a value by decreas-
ing the k2/k-1 ratio, that is, an electron-withdrawing substitu-
ent in the nonleaving group favors amine expulsion, but re-
tards the departure of the leaving group from T� (e.g., k�1
and k2, respectively, in Eq. (1)).[12]


In contrast, we have shown that the k2/k-1 ratio is inde-
pendent of the electronic nature of the substituent X in the
nonleaving group for aminolyses and alkaline hydrolyses of
various esters.[5,6,13, 14] Recently we have found that the Ham-
mett plots are nonlinear for the aminolyses of 2,4-dinitro-
phenyl X-substituted benzoates (1a–e)[5c] and benzenesulfo-
nates,[6] and for alkaline hydrolyses of 1a–e[13] and their
thiono analogues[14] in H2O (contains 20 mol% DMSO). For
all cases, p-electron-donating substituents (e.g., 4-MeO and
4-Me) exhibit negative deviations from the Hammett plot,
and the degree of the negative deviation becomes more sig-
nificant with increasing electron-donating ability. Tradition-
ally, such a curved Hammett plot has been interpreted as a
change in the rate-determining step.[15] However, we have
attributed the negative deviation exhibited by the electron-
donating substituents to the stabilization of the ground-state
of the substrate through resonance interactions between the
electron-donating substituent X and the electrophilic center
(I$II) in view of the fact that the corresponding Yukawa–
Tsuno plots are linear.[5c,6,13,14]


We have extended our study to the reactions of 1a–f and
Y-substituted phenyl benzoates 2a–h with a series of alicy-


clic secondary amines in MeCN [Eq. (1)]. Although scat-
tered information on the aminolyses of esters in aprotic sol-
vent is available,[4a–c] the reaction mechanisms are not yet
clearly understood due to a lack of systematic studies. Until
recently, mechanistic studies in MeCN have been limited to
the reactions of esters with substituents at the acyl position
and/or on the leaving group. Structurally similar amines
with a wide pKa range have not been used due to an ab-


sence of pKa data for these
compounds in aprotic solvent.
In the present study, we have
employed not only the substitu-
ents X and Y on the nonleaving
benzoyl moiety and the leaving
phenoxide group, but also alter-
native substituents at the Z-po-
sition in the attacking alicyclic
amines, for which pKa values in
MeCN have recently been re-
ported.[18] Such a systematic
variation of X, Y, and Z has al-
lowed us to investigate the re-
action mechanism systematical-
ly. Herein, we report a detailed
mechanism for the reaction in
aprotic solvent as well as a
study into the effect of the reac-
tion medium on the reaction
rate and mechanism by compar-


ing the data obtained in this study with those reported for
the corresponding reactions performed in aqueous media.


Results and Discussion


All the reactions in this study obeyed pseudo-first-order ki-
netics with excess amine up to over 90% of the total reac-
tion. Pseudo-first-order rate constants (kobsd) were deter-
mined from the equation ln(A1�At)=�kobsdt+C. Correla-
tion coefficients were usually higher than 0.9995. It is esti-
mated from replicate runs that the uncertainty in rate con-
stants is less than �3%. All the plots of kobsd versus amine
concentration were linear, passing through the origin, indi-
cating that general base catalysis by a second amine mole-
cule is absent in this study. Thus, the apparent second-order
rate constants (kN) were determined from the slope of the
linear plots of kobsd versus amine concentration. Generally
five different amine concentrations were used to determine
the kN values. The kN values determined in this way are sum-
marized in Tables 1–3. The kinetic conditions and results are
summarized in Tables S1–S23 in the Supporting Information.
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Effect of nonleaving-group substituents X on the reaction
rate and mechanism : The second-order rate constant (kN)
increases as the substituent X in the nonleaving group of
1a–f changes from a strong electron-donating group to a
strong electron-withdrawing group (Table 1), that is, the kN


value for the reactions with piperidine increases from 8.98
to 287 and 3120m�1 s�1 as the substituent X changes from
4-Me2N to H and then 4-NO2, respectively. A similar result
is obtained for the corresponding reactions with morpholine.
The effect of the electronic nature of the substituent X on
the reaction rate is illustrated in Figure 1. The Hammett
plots are not linear, that is, the electron-donating substitu-
ents, such as 4-Me2N and 4-MeO, exhibit negative deviations
from the linearity, and the degree of deviation is more sig-
nificant for the stronger electron-donating substituent. How-
ever, the corresponding Yukawa–Tsuno plots shown in the
inset of Figure 1 exhibit good linearity with 1X values of 1.30
and 0.98, and r values of 0.59 and 0.82 for the reactions with
piperidine and morpholine, respectively [Eq. (2)].


logðkX=kHÞ ¼ 1½s0 þ rðsþ�s0Þ
 ð2Þ


The r value in the Yukawa–Tsuno equation represents the
resonance demand of the reaction center or the extent of
resonance contribution, while the term (s+�s0) is the reso-
nance substituent constant, which is a measure of the capaci-
ty for p-delocalization in the p-electron-donating substitu-
ent.[16,17] Equation (2) becomes the Hammett equation when
r=0 or the Brown–Okamoto equation when r=1. As the r
value in the present system is neither 0 nor 1, the Yukawa–
Tsuno plots exhibit better linearity than the Hammett or
Brown–Okamoto plots. Thus, the nonlinear Hammett plots
shown in Figure 1 are not due to a change in the rate-deter-
mining step upon changing the substituent X in the nonleav-
ing group, but due to the ground-state stabilization induced
by the resonance interaction between the electron-donating
substituent X and the carbonyl group of the substrate (as il-
lustrated by the resonance structures I and II). This argu-
ment is consistent with our recent proposal that the elec-
tronic nature of the substituent X in the nonleaving group


does not affect the reaction mechanism in the aminolysis
and hydrolysis of 1a–e and their related esters.[5,6,13,14]


An electron-withdrawing substituent X on the nonleaving
group of 1a–f would accelerate the rate of nucleophilic
attack, but would retard the rate of leaving-group departure.
In contrast, an electron-donating substituent X would inhibit
nucleophilic attack, but would increase the rate at which the
leaving group departs. Thus, one might expect a large 1X


value for reactions in which the nucleophilic attack is the
rate-determining step, but a small one for reactions in which
leaving-group departure is involved in the rate-determining
step; this is due to the opposite substituent effect. In fact, a
remarkable decrease in the 1X value has been reported for
the reactions of semicarbazide with X-substituted benzalde-
hydes in weakly acidic medium (e.g., pH 3.9). The 1X has
been shown to decrease from 0.91 to nearly zero as the sub-
stituent X changes from electron-donating to electron-with-
drawing groups.[15a] Jencks has suggested that the reactions
proceed through an addition–elimination pathway and at-
tributed the remarkable decrease in the 1X value to a
change in the rate-determining step.[15a]


The 1X values obtained in this study are 1.30 and 0.98 for
the reactions of 1a–f with piperidine and morpholine, re-
spectively. The magnitude of the 1X values is slightly smaller
for the reactions with weakly basic morpholine than for
those with strongly basic piperidine. However, one cannot
attribute such a small decrease in the 1X value to a change
in the rate-determining step. To obtain more information on


Table 1. Summary of second-order rate constants (kN) for the reactions
of 2,4-dinitrophenyl X-substituted benzoates (1a–f) with piperidine and
morpholine at 25�0.1 8C in MeCN and H2O.


[a]


kNm
�1 s�1


X Piperidine Morpholine


1a, 4-NO2 3120�70 (2880�20) 133�1 (138�3)
1b, 4-Cl 518�2 (371�4) 35.7�0.1 (32.7�0.2)
1c, H 287�1 (174�2) 21.7�0.2 (19.6�0.3)
1d, 4-Me 157�2 (100�2) 12.7�0.1 (11.2�0.1)
1e, 4-MeO 68.8�0.7 (56.2�0.9) 5.66�0.16 (5.77�0.06)
1 f, 4-Me2N 8.98�0.06 0.832�0.011


[a] Data in the parenthesis are rate constants for the corresponding reac-
tions performed in H2O containing 20 mol% DMSO. Data taken from
reference [5a].


Figure 1. Hammett and Yukawa–Tsuno plots (inset) for the reactions of
1a–f with piperidine (*) and morpholine (*) in MeCN at 25.0�0.1 8C.
The identities of the points are given in Table 1.
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the reaction mechanism, the effect of the substituent Y in
the leaving group on reactions rates has been investigated.


Effect of the leaving-group substituent Y on the reaction
rate and mechanism : The reactivity of 2a–h increases as the
substituent Y on the leaving group becomes a stronger elec-
tron-withdrawing group (Table 2), that is, the kN value for


the reactions of 2a–h with piperidine in MeCN increases
from 7.91N10�5 to 3.66N10�2 and 69.2m�1 s�1 as the substitu-
ent Y changes from 3-COMe to 4-CN and then to 3,4-
(NO2)2, respectively. The effect of substituent Y on the reac-
tivity is illustrated in Figure 2. The Hammett plot is linear


with a 1Y value of 3.54. This is much larger than the 1X
value of 1.30 obtained for the reactions of 1a–f with piperi-
dine, indicating that the rate of the reaction is significantly
more dependent on the electronic nature of the substituent
in the leaving group than in the nonleaving group.
More importantly, Figure 2 shows that s� constants result


in better Hammett correlation than s or s0 constants (for
comparison see Figure S1 in the Supporting Information,
which illustrates the corresponding Hammett plots with s or
s0 constants). If the leaving-group departure were not in-
volved in the rate-determining step, the oxygen atom of the
leaving aryloxide should not bear any negative charge in the
transition state. In this case, the use of so constants should
give the best correlation. In fact, we have recently shown


that so constants result in much better Hammett correlation
than s or s� constants for the alkaline hydrolyses of 2a–h
and their thiono analogues,[13,14] in which the leaving-group
departure has been suggested to be little advanced (if at all)
in the transition state of the rate-determining step. Howev-
er, in the present system, s0 (or s) constants exhibit much
poorer correlation than s� constants. The fact that s� con-
stants give a much better correlation than s0 (or s) constants
implies that the oxygen atom in the leaving aryloxide bears
a partial negative charge, which can be delocalized on sub-
stituent Y through resonance interactions in the transition
state. Thus, one can suggest that the leaving-group departure
occurs at the rate-determining step for the reactions of 2a–h
with piperidine in MeCN.


Three transition states can be proposed to account for the
present result : 1) TS1 represents the transition-state struc-
ture for the reaction in which the nucleophilic attack and
the departure of the leaving group occur simultaneously (a
concerted mechanism). 2) TS2 represents the transition-state
structure for the stepwise mechanism in which leaving-group
departure occurs at the rate-determining step. 3) TS3 applies
to the transition-state structure for the stepwise mechanism
in which the leaving-group departure occurs after the rate-
determining step. Accordingly, one can exclude TS3 in the
present system on the basis of the fact that s� constants
result in a much better Hammett correlation than s0 or s


constants.
Menger et al. obtained 1X and 1Y values of 1.02 and 6.24


for the reactions of pyrrolidine with 4-nitrophenyl X-substi-
tuted benzoates and Y-substituted phenyl acetates in MeCN,
respectively.[4a] Although this result implies that in the RDS
the leaving group departs in either a concerted or a stepwise
mechanism, Menger et al. chose to favor a stepwise mecha-
nism, as addition intermediates are common in acyl-group
transfer reactions in H2O.


[4a]


However, our results could not differentiate a stepwise
mechanism (TS2) from a concerted mechanism (TS1) as ad-
ditional data was required. Thus, the kinetic study was ex-
tended to the reactions of 1c with a series of alicyclic secon-
dary amines whose pKa values in MeCN have recently been
reported.[18]


Effect of amine basicity on reaction rate and mechanism :
The reactivity of amines toward 1c increases with the in-
creasing the basicity of amines (Table 3). The effect of
amine basicity on reactivity is illustrated in Figure 3. The


Table 2. Summary of second-order rate constants (kN) for the reactions
of Y-substituted phenyl benzoates (2a–h) with piperidine in MeCN at
25�0.1 8C.


Y 102 kNm
�1 s�1 Y 102 kNm


�1 s�1


2a, 3-COMe 0.00791�0.00014 2e, 4-CN 3.66�0.11
2b, 3-CHO 0.0220�0.0015 2 f, 4-CHO 2.46�0.03
2c, 4-COOEt 0.224�0.004 2g, 4-NO2 53.9�1.1
2d, 4-COMe 0.334�0.003 2h, 3,4-(NO2)2 6920�70


Figure 2. Hammett plot for the reactions of 2a–h with piperidine in
MeCN at 25.0�0.1 8C. The identities of the points are given in Table 2.
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Brønsted-type plot is linear with a bnuc value of 0.40�0.06.
The linear Brønsted-type plot suggests that the reactions of
1c with these amines proceeds through a common mecha-
nism without changing the rate-determining step or the reac-
tion mechanism upon changing the basicity of the amines.
The magnitude of the bnuc values represents the position


of the transition state along the reaction coordinate or the
relative degree of bond formation between nucleophile and
electrophile at the rate-determining transition state.[19] A
large bnuc value (0.9�0.2) has often been observed for reac-
tions in which the breakdown of the intermediate to the
products is the rate-determining step (TS2).


[1–6] In contrast, a
small bnuc value (0.3�0.1) has been reported for reactions
which proceed in a stepwise manner through a transition-
state structure similar to TS3.


[1–6] In fact, we have recently
reported biphasic Brønsted-type plots for the reactions of
1c with a series of primary and secondary amines in H2O,
that is, bnuc decreases from 0.76�0.02 to 0.35�0.01 as the
attacking amine becomes more basic than the leaving group
by approximately 5 pKa units.


[5a,b] The biphasic Brønsted-
type plots have been attributed to a change in the rate-de-
termining step from the breakdown of a zwitterionic inter-
mediate (e.g., T� in Equation (1)) to its formation.
If the aminolysis of 1c in the present system proceeded


through TS2, a bnuc value of approximately 0.9�0.2 should
have been obtained. Thus, the bnuc value of 0.40 obtained in


the present study is considered
to be too small for reactions
which proceed through TS2.
Such a small bnuc value is typical
for reactions in which bond for-
mation is not much advanced,
indicating that the reaction pro-
ceeds through TS1 or TS3, in
which the degree of bond for-
mation is not significant. How-
ever, TS3 has already been ex-
cluded, as mentioned in the


preceding section, on the basis of the fact that s� constants
exhibit much better Hammett correlation than s or s0 con-
stants. Thus, one can propose that the aminolysis of 1a–f in
MeCN proceeds through a concerted mechanism with a
transition state similar to TS1, and the change in the
medium from H2O to MeCN is responsible for the mecha-
nism change from a stepwise to a concerted process. Lee
et al. suggested a similar proposal, that is, the solvent
change from H2O to MeCN causes a mechanistic change
from stepwise to concerted for the reactions of aryl chloro-
thionoformates with anilines.[20]


Effect of medium on reaction rate and mechanism : Amines
are more reactive in MeCN than in H2O (Tables 1 and 3).
However, the rate enhancement observed upon the medium
change from H2O to MeCN is considered to be insignificant,
as these amines are approximately 8 pKa units more basic in
the aprotic solvent than in H2O.


[18] This argument can be fur-
ther supported by analyzing the effect of the reaction
medium on reactivity (DlogkN= logkN in MeCN�logkN in
H2O) and on the amine basicity (DpKa=pKa in MeCN�pKa


in H2O). The plot of DlogkN versus DpKa is linear with a
slope of 0.46 (see Figure S2 in the Supporting Information).
Such a linear plot implies that the increased basicity of
amines is responsible for their enhanced reactivity in
MeCN.[21]


The effect of the reaction medium on reactivity has been
suggested to be highly dependent on the nature of reac-
tants.[22] Nucleophilic substitution reactions involving anionic
nucleophiles exhibit significant rate acceleration, whereas
reactions between neutral molecules passing through a parti-
ally charged transition state or a zwitterionic intermediate
result in rate retardation upon the medium change from
H2O to dipolar aprotic solvents.[22] This is consistent with the
fact that the reactivity of the amines in this study increases
only slightly, although their basicity increases about 8 pKa


units upon the medium change from H2O to MeCN.
As MeCN cannot solvate ionic species as strongly as H2O,


partially charged transition states and zwitterionic inter-
mediate T� would be destabilized upon the medium change
from H2O to MeCN. One can expect that the zwitterionic
intermediate T� would be more destabilized than partially
charged transition states in MeCN. Thus, one can suggest
that the medium change from H2O to MeCN forces the ami-
nolysis of 1a–f to proceed concertedly without the involve-


Table 3. Summary of second-order rate constants (kN) for the reactions of 2,4-dinitrophenyl benzoate (1c)
with alicyclic secondary amines at 25�0.1 8C in MeCN and H2O.


[a]


MeCN H2O
Entry Amines pKa kNm


�1 s�1 pKa kNm
�1 s�1


1 piperidine 18.8[b] 287�1 11.02[c] 174�2[c]


2 piperazine 18.2[b] 287�2 9.85[c] 82.1�0.8[c]


3 1-(2-hydroxyethyl)piperazine 17.6[b] 64.7�0.7 9.38[d] 27.4�0.2
4 morpholine 16.0[b] 21.7�0.2 8.65[c] 19.6�0.3[c]


[a] Contains 20 mol% DMSO. [b] The pKa data in MeCN taken from reference [18]. [c] Data taken from ref-
erence [5a]. [d] Data taken from reference [9b].


Figure 3. Brønsted-type plot for the reactions of 1c with alicyclic secon-
dary amines in MeCN at 25.0�0.1 8C. The identities of the points are
given in Table 3.
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ment of the intermediate T� due to its instability in the
aprotic solvent.


Conclusion


Kinetic studies on the aminolyses of 2,4-dinitrophenyl
X-substituted benzoates (1a–f) and Y-substituted phenyl
benzoates (2a–h) have allowed us to conclude the follow-
ing:


1) The Yukawa–Tsuno plots for the reactions of 1a–f exhib-
it good linearity, indicating that the electronic nature of
the substituent X does not affect the reaction mecha-
nism.


2) The fact that s� constants result in good Hammett corre-
lation with a 1Y value of 3.54 for the reactions of 2a–h,
suggests that the leaving-group departure occurs at the
rate-determining step.


3) A bnuc value of 0.40 for the aminolysis of 1c suggests
that bond formation between the carbonyl carbon of 1c
and the attacking amine is little advanced in the transi-
tion state.


4) Amines are slightly more reactive in MeCN than in H2O,
although they are approximately 8 pKa units more basic
in the aprotic solvent than in H2O.


5) The aminolysis of 1a–f proceeds concertedly through TS1
in MeCN. The medium change from H2O to MeCN ap-
pears to force the reaction to proceed concertedly by de-
creasing the stability of the zwitterionic tetrahedral inter-
mediate (T�) in aprotic solvent.


Experimental Section


Materials : Compounds 1a–f and 2a–h were readily prepared from the re-
action of X-substituted benzoyl chloride with Y-substituted phenol in the
presence of triethylamine in anhydrous ether as previously reported.[4a,5]


The purity of these compounds was checked by means of melting point
and spectral data, such as 1H NMR and IR spectra. MeCN was distilled
over phosphorus pentaoxide under nitrogen. Amines and other chemicals
were of the highest quality available.


Kinetics : The kinetic study was performed by using a Scinco S-3150 PDA
UV-vis spectrophotometer for slow reactions (t1/2 �10 s) or an Applied
Photophysics SX-17 MV stopped-flow spectrophotometer for fast reac-
tions (t1/2 <10 s); both spectrophotometers were equipped with a Neslab
RTE-110 constant temperature circulating bath to keep the reaction tem-
perature at 25.0�0.1 8C. All the reactions were carried out under
pseudo-first-order conditions in which the amine concentration was at
least 20 times greater than the substrate concentration. Solutions were
transferred by using Hamilton gas-tight syringes under nitrogen. The re-
actions were followed by monitoring the aryloxide produced in the reac-
tion at a fixed wavelength, corresponding to the maximum absorption of
Y-C6H4O


� (lmax). Other detailed kinetic methods have been previously
reported.[5a–c]


Product Analysis : Y-substituted phenoxide (Y-C6H4O
�) was liberated


quantitatively and identified as one of the reaction products by compari-
son of the UV-vis spectra after completion of the reactions with those of
authentic samples under the same kinetic conditions.
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Introduction


The control of the electronic properties of thiophene-based
p-conjugated systems is currently subject to high interest
motivated by the applications of these systems in organic
devices such as field-effect transistors (OFETs), light-emit-
ting diodes (OLEDs), and solar cells.[1–3] In this context, the
structural control of quantities such as absorption and emis-
sion spectra, oxidation and reduction potentials, or lumines-
cence efficiency represents a key issue. Since most of these
parameters depend on the levels of the frontier orbitals and
their energy gap, synthetic approaches aimed at the control


of the HOMO–LUMO gap of conjugated polymers and
oligomers and hence of the band gap of the resulting materi-
als have received considerable research efforts during the
past two decades.[4–8]


The HOMO–LUMO gap of linear p-conjugated systems
containing (hetero)aromatic units is governed by various
structural factors such as bond length alternation, planarity,
aromatic resonance energy, and electronic effects of eventu-
al substituents.[4] On these grounds, band-gap engineering
has been developed along different approaches, such as the
increase of the quinonoid character of the ground state as in
poly(benzo[c]thiophene),[5] the introduction of electron-
withdrawing groups on the p-conjugated backbone,[6] or the
synthesis of conjugated systems containing alternant donor
and acceptor groups.[7] Although this latter approach has led
to conjugated polymers with the smallest optical band gaps
known to date,[7] bulk heterojunction solar cells in which
such low-band-gap polymers serve as donor material are
still less efficient than those based on more “classical” poly-
mers of the poly(p-phenylenevinylene) or poly(thiophene)
series.[8] This limited success clearly underlines the need to
pursue research aimed at the parallel development of strat-
egies for band-gap engineering based on different synthetic
principles.


Abstract: A series of oligothienylenevi-
nylenes, p-conjugated oligomers rigidi-
fied by ethylene bridges attached at
different sites of the conjugated back-
bone, have been constructed by multi-
step synthetic methodologies. Electron-
ic absorption spectra show that the ri-
gidification of the conjugated system
produces a bathochromic shift of the
absorption maximum and a narrowing
of the HOMO–LUMO energy gap, as
compared to the spectra of an open-
chain reference compound. The cyclic
voltammograms of all oligomers show
that these compounds can be reversibly


oxidized into their cation radicals and
dications and that rigidification produ-
ces a large negative shift of the first ox-
idation potential, which is indicative of
a considerable increase of the HOMO
level. Electrochemical data confirm
that covalent bridging strongly affects
the HOMO and LUMO levels and
these data demonstrate that the sites of


fixation of the bridges on the p-conju-
gated backbone exert a determining
effect on the relative stability of the
cation radical and dication. Examina-
tion of these various results in the light
of theoretical calculations shows that in
addition to a local control of bond
length alternation, and hence of the
HOMO–LUMO gap, the fixation of
covalent bridges at selected positions
of the p-conjugated system limits the
deformation of the p-conjugated struc-
ture upon oxidation to the charged
states.
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Extensive studies on oligothienylenevinylenes (nTVs)
have shown that the limitation of rotational freedom and
the reduction of overall aromaticity associated with the in-
sertion of double bonds between thiophene rings confer on
these systems the smallest HOMO–LUMO gap (DE) among
extended p-conjugated oligomers.[9] On such as basis, nTVs
represent a particularly interesting basic structure for the
development of synthetic approaches aimed at fine control
of the electronic properties of p-conjugated systems and of
the corresponding molecular materials.


We have shown already that covalent bridging of the cen-
tral double bond of dithienylethylene (DTE) leads to a sig-
nificant reduction of the HOMO–LUMO gap of the mole-
cule and of the band gap of the resulting polymers.[10] A par-
ticularly demonstrative illustration of the interest of this ap-
proach is provided by the threefold increase of the second-
harmonic-generation efficiency of push–pull NLO-phores
based on bridged-DTE conjugating spacers as compared to
their open-chain analogues.[11]


As a further step, we describe here the synthesis of ex-
tended nTVs in which covalent fasteners have been intro-
duced at various sites of the conjugated structure (2–5). De-
spite its conceptual simplicity, such a task requires the devel-
opment of rather complex and tedious chemistry due to the
need to 1) increase the solubility of the intermediate and
final compounds and 2) define synthetic approaches allow-
ing the fixation of the covalent bridges at various defined
sites of the conjugated system.


The optical and electrochemical properties of these
oligomers have been analyzed by UV/Vis spectroscopy and
cyclic voltammetry and the relationships between the geom-
etry of the p-conjugated structures and their electronic
properties are discussed with the aid of theoretical calcula-
tions. It is shown that, through a proper choice of localiza-
tion of the molecular fasteners and solubilizing side chains,
it is possible to achieve fine tuning of the HOMO and
LUMO levels and of their energy gap.


Results and Discussion


Synthesis : The reference open-chain compound 1 was syn-
thesized as already reported.[9,12] Depending on their solubil-
ity, the various bridged oligothienylenevinylenes (2–5) were
synthesized by either McMurry dimerization or Horner–
Wadsworth–Emmons olefination with cyclic ketones 14a–c
as starting materials. The synthesis of 14a and 14b has al-
ready been described,[10c] while that of 14c is depicted in
Scheme 1. Bromination of 3-n-octylthiophene with bromine
in the presence of a catalytic amount of iron powder gave
2,4,5-tribromo-3-octylthiophene (6) in 94 % yield. 3-Bromo-
4-n-octylthiophene (7) was obtained in 94 % yield by treat-
ment of 6 with two equivalents of nBuLi followed by addi-
tion of water. Reaction of 7 with CuCN in refluxing DMF[13]


gave the nitrile derivative 8 in 97 % yield. Aldehyde 9 was
obtained in 93 % yield by reduction of the nitrile group with
DIBAl-H followed by hydrolysis. The carboxylic acid 13 was


synthesized by two routes. Knoevenagel condensation of al-
dehyde 9 with malonic acid gave the acrylic acid derivative
10, which was subsequently reduced to 13 in the presence of
sodium amalgam. However, due to the hazards inherent in
the large-scale use of this reagent, an alternative route was
developed. Horner–Wadsworth–Emmons olefination of 9
with triethylphosphonoacetate in the presence of n-butyl-
lithium gave ester 11, which was then hydrogenated to give
compound 12. Saponification of the ester group followed by
acidification gave acid 13 in an overall yield of 91 %, based
on 9. The cyclic ketone 14c was prepared from 13 either by
direct intramolecular Friedel–Crafts acylation or by inter-
mediate conversion of 13 into the corresponding acid chlo-
ride, with the latter two-step method giving better yields.


McMurry dimerization[14] of cyclopenta[b]thiophen-6-ones
14a–c gave the various bridged DTEs 16a–c (Scheme 2).
Whereas compounds 16a and 16b were obtained as pure E
isomers,[10c] compound 16c was obtained as a mixture of E
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and Z isomers which were separated by recrystallization and
column chromatography. The target compounds 2–5 were
synthesized according to two different routes depending on
the solubility of the final compound. The most soluble com-
pound 3 was prepared by McMurry coupling of aldehyde
18b and purified by column chromatography. Due to the
creation of a stereogenic center consecutive to the grafting
of the butyl chains at the ethylene bridge, compound 3 was
obtained as a mixture of stereoisomers.


Owing to their poor solubility, compounds 2 and 4 were
prepared by an alternative route based on the Horner–
Wadsworth–Emmons olefination. Aldehydes 18a–c were ob-
tained by Vilsmeier formylation of the corresponding deriv-
atives 16a–c. Dialdehyde 17c was prepared from 16c by the
same method by using an excess of DMF and POCl3. Reduc-
tion of 18a and 18c with NaBH4 gave the intermediate alco-
hols. Reaction of the latter compounds with PBr3 produced
the corresponding highly unstable bromo derivatives which
were immediately treated with the anion of diethyl phos-
phate to give phosphonates 19a and 19c. Compounds 2 and
4 were then prepared in 69 % and 93 % yields, respectively,
by Horner–Wadsworth–Emmons olefination of 18a and 18c
with phosphonates 19a and 19c, respectively. Compound 5


was synthesized by Wittig olefination of dialdehyde 17c
with phosphonium salt 15a. The cyclic Wittig reagent 15a
was obtained by reduction of ketone 14a into the related al-
cohol with NaBH4,


[15] followed by reaction with triphenyl-
phosphonium hydrobromide[16] in acetonitrile.
UV/Vis spectroscopy : Table 1 lists the UV/Vis spectro-


scopic data for compounds 1–5. As generally observed for
nTVs,[9] all the spectra exhibit a well-resolved vibronic fine


structure with three maxima in the 430–530 nm region
(Figure 1). The quasi constant energy spacing of these
maxima (�0.16 eV) is consistent with a coupling of the vi-
bronic C=C stretching mode to the electronic structure.[17]


Comparison of the electronic absorption data of the
bridged compound 2 to those of the open-chain reference


Scheme 1. Synthesis of cyclic ketone 14c. Oct=octyl, DMF=N,N-di-
methylformamide, DIBAl-H=diisobutylaluminum hydride, PPA=poly-
phosphoric acid, DME=dimethoxyethane.


Scheme 2. Synthesis of compounds 2–5. 1,2-DCE=1,2-dichloroethane.


Table 1. Optical data of compounds 1–5 in dichloromethane.


Compound l0–2 [nm] l0–1 [nm] l0–0 [nm] DE [eV]


1 429 458 487 2.55
2 456 485 520 2.38
3 460 489 523 2.37
4 466 495 531 2.34
5 450 478 513 2.42
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compound 1 reveals a 27 nm bathochromic shift of the ab-
sorption maximum (l0–1) and a 33 nm shift of the maximum
of the 0–0 transition (l0–0), which corresponds to a 0.17 eV
decrease of the HOMO–LUMO gap (DE ; Table 1). It is
worth noting that this decrease of DE is two times larger
than that observed between dithienylethylene and its bridg-
ed analogue 16a,[10] but smaller than the 0.40 eV band-gap
reduction observed between the corresponding polymers.[10]


This result confirms that, as expected, the effects of rigidifi-
cation are cumulative and effective on extended oligomers.


Introduction of butyl chains at the ethylene bridge (in 3)
produces a further 3–4 nm red shift of the band maxima. A
slightly larger red shift (�10 nm) is observed for compound
4 due to the stronger inductive electron-releasing effect of
the alkyl chain when attached at the 3 position of thiophene.
The combined effects of rigidification and inductive effects
result in an overall decrease of the HOMO–LUMO gap of
0.21 eV between oligomers 1 and 4.


Although the structures of all the bridged compounds 2–5
contain four ethylene bridges, the data in Table 1 show that
the red shift of the absorption maxima and the decrease of
DE are noticeably smaller for 5 than for compounds 2–4.
This result clearly evidences the major influence of the posi-
tion of the covalent bridges along the p-conjugated structure
on the delocalization of the p electrons.
Cyclic voltammetry : The electrochemical properties of


the oligomers were analyzed by cyclic voltammetry in meth-
ylene chloride with tetrabutylammonium hexafluorophos-
phate as the supporting electrolyte. A low substrate concen-
tration (approximately 5 O10�5


m) was used for all com-
pounds because of the low solubility of compounds 2 and 4.


The cyclic voltammetry results of all oligomers exhibit
two reversible one-electron oxidation processes correspond-
ing to the successive generation of the cation radical and di-
cation at redox potentials E0


1 and E0
2 (Figure 2). Compari-


son of the electrochemical data for compounds 1 and 2
(Table 2) shows that covalent bridging of the open-chain
compound 1 induces negative shifts in the E0


1 and E0
2 values


of 330 and 340 mV, respectively. The similarity of the E0
1


and E0
2 values for compounds 2 and 3 shows that alkyl sub-


stituents at the ethylene bridge have little effect on the
HOMO level of the p-conjugated system. By contrast, intro-
duction of octyl chains at the b positions of thiophene as
achieved in compound 4 produces a further 120 mV nega-
tive shift of the E0


1 value compared to the unsubstituted
bridged compound 2. However, the E0


2 value shifts only by
90 mV, which results in an increase of the potential differ-
ence E0


2�E0
1 from 150 to 180 mV.


Comparison of the data for compound 4 and 5 shows that,
despite the removal of two octyl chains, movement of the
ethylene bridges from the outer to the inner sides of the two
median thiophene rings induces a further negative shift of


Figure 1. Electronic absorption spectra of the oligomers in CH2Cl2.
Dotted line: 1; dotted and dashed line: 2 ; solid line: 4.


Figure 2. Cyclic voltammograms of compounds 1 (top), 4 (middle), and 5
(bottom). Concentration: approximately 0.05 mm in 0.10m Bu4NPF6/
CH2Cl2, Pt electrodes, scan rate 100 mV s�1.


Table 2. Cyclic voltammetry data for compounds 1–5.[a]


Compound E0
1 [V] E0


2 [V] E0
2�E0


1 [mV] log K


1 0.78 0.94 160 2.71
2 0.45 0.60 150 2.54
3 0.44 0.59 150 2.54
4 0.33 0.51 180 3.05
5 0.29 0.60 310 5.25


[a] Conditions: Concentration=0.05 mm in 0.10m Bu4NPF6/CH2Cl2, Pt
electrodes, scan rate 100 mV s�1, reference electrode Ag/AgCl.
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the E0
1 value from 0.33 V for 4 to 0.29 V for 5, thereby indi-


cating a further increase of the HOMO level. To the best of
our knowledge, the oxidation potential of compound 5 is the
lowest reached for a p-conjugated chain of comparable
length in the absence of electronic effects due to electron-
donating substituents. For example, this potential is approxi-
mately 0.60 V lower than that of 3’,3’’’’’-dialkylsexithio-
phene[18] although this latter compound contains 12 double
bonds versus the 11 in compounds 1–5. On the other hand,
further comparison of the data for compounds 4 and 5
shows that moving two ethylene bridges from the outer to
the inner sides of the two median thiophene rings leads to a
90 mV positive shift of the E0


2 value. The two opposite
shifts of the E0


1 and E0
2 values result in an increase of the


difference E0
2�E0


1 from 180 to 310 mV. This result shows
that the position of the bridging groups exerts a considera-
ble influence on the relative stability of the cation radical
versus the dication. In fact, the increase in the E0


2�E0
1


value corresponds to an increase of more than two orders of
magnitude in equilibrium constant K corresponding to the
disproportionation of the cation radical into the neutral and
dication states (expressed as log K=0.059/E0


2�E0
1;


Table 1).[19,20]


Examination of the values of the HOMO–LUMO gap de-
termined from optical data in the light of the cyclic voltam-
metry data clearly shows that the reduction of the DE value
induced by covalent bridging is associated with a considera-
ble increase (�0.40–0.50 V) of the HOMO level. However,
the fact that this increase is larger than the corresponding
reduction of the DE value (�0.20 eV) implies that the cova-
lent bridging of the conjugated system simultaneously in-
creases the HOMO and LUMO levels, with the net reduc-
tion of the DE value resulting from a faster increase of the
HOMO level.
Theoretical calculations : To gain more detailed informa-


tion on the electronic properties of the bridged compounds,
the geometry of oligomers 1–5 was optimized at the DFT//
B3LYP/6-31G** level[21] by using the Gaussian 98 pro-
gram.[22] When not imposed by
covalent bridging, an s-trans
conformation was initially
chosen for all single bonds con-
necting a thiophene ring to a
double bond. In all cases, an E
configuration was also imposed
for all ethylenic linkages. In
fact, these geometrical features
precisely correspond to those
found in the crystal structure of
several related com-
pounds.[9d, 10b, 10c,23] In order to
reduce the computing time
while taking into account the
inductive effect of the alkyl
groups in compounds 4 and 5,
calculations were performed on
their methyl-substituted ana-


logues (4’ and 5’’, respectively), while an unsubstituted ana-
logue of 5 (5’) was also computed for comparison with com-
pound 2 (Scheme 3). After optimization, all computed mole-
cules retain a fully planar geometry with an E configuration
and s-trans conformation.


Figure 3 summarizes the computed energies of the fron-
tier molecular orbitals. These results show that covalent
bridging of the open-chain compound 1 produces an in-
crease of both the HOMO and LUMO levels. However, the
larger increase of the HOMO level results in a narrowing of
the HOMO–LUMO gap.


The calculated values agree well with those derived from
optical and electrochemical data and they confirm that the
lowest DE value is reached for compound 4’, whereas the al-
ternative localization of the ethylene bridges in compound 5
induces a larger upshift of the LUMO level.


Whatever the position of the ethylene bridges, the intro-
duction of alkyl substituents at the b position of thiophene
produces a further upshift of all frontier orbitals. As expect-
ed, the largest effects are observed for 4’ in which four alkyl
groups are added instead of the two in compound 5’’. On


Scheme 3. Structures of the methyl-substituted analogues 4’ and 5’ and
the unsubstituted analogue 5’’.


Figure 3. B3LYP/6-31G** one-electron energy diagram around the frontier molecular orbitals of 1, 2, 4’, 5’,
and 5’’.
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the other hand, compound 5’’ shows the highest HOMO
level, a result in agreement with the lowest E0


1 value found
for compound 5.


Previous crystallographic data have shown that the cova-
lent bridging of DTE into 16b produces a decrease of bond
length alternation (BLA; defined as the difference between
the average length of single and double bonds) from 0.095
to 0.078 R.[10b,c] As confirmed by experimental and theoreti-
cal results, this reduced BLA is associated with a decrease
of the HOMO–LUMO gap, with an important increase of
the HOMO level.


Optimization of the geometry of DTE and 16b with the
procedure already used for compounds 1–5 leads to calculat-
ed BLA values of 0.063 and 0.061 R for DTE and 16b, re-
spectively. These results show that the B3LYP/6-31G** level
leads to a substantial underestimation of the BLA. With this
reservation in mind, BLA values of 0.055, 0.053, and
0.054 R have been calculated for compounds 1, 2, and 5’, re-
spectively. The values are lower than those found for DTE
and 16b, a finding in agreement with previous results show-
ing that chain-length extension tends to reduce the BLA
value.[23] On the other hand, these BLA values are, as ex-
pected, intermediate between those based on crystallograph-
ic data for polyenes (�0.100 R)[24] and oligothiophenes
(0.051 R for sexithiophene).[25] Although modest, the calcu-
lated BLA differences between the open-chain and bridged
oligomers are in qualitative agreement with previous results
and confirm that the reduction of the DE value produced by
covalent bridging of the open-chain system 1 results from a
decrease of bond length alternation.


Oxidation of linear p-conjugated systems with a nonde-
generated ground state, such as poly(p-phenylene) or poly-
(thiophene), into their cation-radical and dication states is
accompanied by a transition from an aromatic to a quino-
noid structure of the aromatic benzene or thiophene ring.[26]


Of course, such a transition implying the inversion of BLA
is accompanied by a major reorganization of the geometry
of the conjugated structure. From this viewpoint, the cova-
lent fastening of several single and double bonds of the con-
jugated backbone can be expected to significantly affect the
geometrical relaxation of the structure. In order to analyze
this question, the geometry of
the cation-radical and dication
states of compounds 1, 2, and 5’
has been optimized by using
the same base as for the neutral
state.


The energy of the singly oc-
cupied molecular orbital
(SOMO) of the cation radical
increases from �7.62 eV for
compound 1 to �7.07 eV for
compounds 2 and 5’. This
result, which is consistent with
a decrease of the E0


2 value
from 0.94 V for 1 to 0.60 V for
2 and 5 (Table 2), confirms that,


as for the cation radical, the formation of the dication is
easier for the bridged compounds.


Examination of the bond lengths of the neutral and charg-
ed states (Table 3) shows that oxidation to the cation radical
and dication leads to a shortening of the single bonds and a
stretching of the double bonds, which results in a progres-
sive inversion of BLA in the dication. However, the struc-
ture of the cation radical remains essentially aromatic and
full transition to a quinonoid structure occurs only for the
dication, as recently demonstrated in the case of oligothio-
phenes.[27] Interestingly, further examination of the changes
of bond lengths upon oxidation shows that covalent bridging
contributes to limit the overall deformation of the conjugat-
ed system. Thus, the average absolute value of bond-length
changes upon oxidation to the cation radical decreases from
0.0185 R for compound 1 to 0.0179 and 0.0175 R for com-
pounds 2 and 5’, respectively.


Figure 4 shows the variation of the absolute value of the
bond-length difference jdl j between the neutral and dica-
tion states versus bond number for the three compounds
(Scheme 4). In every case the largest deformation occurs in
the median part of the molecule while the bond lengths of
the external thiophene rings remain practically unchanged.
For the open-chain compound 1, the magnitude of deforma-
tion progressively increases toward the middle of the mole-
cule and the largest bond-length contraction involves the
exocyclic median bonds 10 and 12, which decrease in length
by 0.07 R when converted into double bonds.


For the bridged compound 2, the largest changes also in-
volve bonds 10 and 12 but the bond-length contraction de-
creases from 0.07 to 0.05 R. Another noticeable difference
is that upon conversion into single bonds, the two lateral
ethylenic double bonds 5 and 17 in 2 undergo a larger
stretching than those in compound 1. For compound 5’,
bonds 9, 10, 12, and 13 undergo large deformations; howev-
er, the largest stretching is now observed for the median
double bond 11.


Comparison of the average absolute value of bond-length
changes between the neutral and dication states shows that
this quantity decreases from 0.041 R for compound 1 to
0.037 R for the bridged compounds 2 and 5’. This result,


Table 3. Bond lengths and BLA values for the neutral, cation-radical, and dication states of the open-chain
compound 1 and the bridged compounds 2 and 5’.


Compound Bond number[a] BLA
1/21 2/20 3/19 4/18 5/17 6/16 7/15 8/14 9/13 10/12 11


1 1.369 1.422 1.383 1.442 1.356 1.436 1.386 1.411 1.386 1.435 1.360 0.055
1+ C 1.377 1.410 1.393 1.422 1.372 1.417 1.407 1.387 1.409 1.406 1.384 0.017
1++ 1.390 1.396 1.411 1.401 1.395 1.397 1.431 1.368 1.432 1.364 1.410 �0.026


2 1.373 1.420 1.381 1.443 1.359 1.439 1.384 1.409 1.390 1.435 1.361 0.053
2+ C 1.377 1.413 1.392 1.425 1.379 1.416 1.408 1.386 1.411 1.407 1.383 0.017
2++ 1.384 1.403 1.409 1.406 1.403 1.396 1.432 1.368 1.432 1.383 1.410 �0.021


5’ 1.372 1.422 1.377 1.444 1.360 1.437 1.392 1.408 1.384 1.438 1.362 0.054
5’+ C 1.375 1.415 1.388 1.428 1.376 1.416 1.411 1.386 1.409 1.407 1.392 0.019
5’++ 1.384 1.405 1.404 1.408 1.399 1.395 1.433 1.368 1.434 1.384 1.422 �0.020


[a] Bond numbering as shown in Scheme 4.
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which confirms the smaller deformation of the bridged p-
conjugated backbone, suggests that the inner-sphere reor-
ganization energy associated with oxidation of bridged con-
jugated systems should be smaller than for the open-chain
analogue. Since this parameter is known to play a major
role in the charge-carrier mobility of the resulting organic
semiconductors,[28] the above results provide a strong incite-
ment to pursue the development of synthetic strategies
aimed at the rigidification of p-conjugated systems.


Conclusion


Oligothienylenevinylenes with covalent fasteners attached at
different positions of the p-conjugated backbone have been
synthesized. The relationships between the structure and the
electronic properties of these oligomers have been analyzed
by UV/Vis spectroscopy, cyclic voltammetry and theoretical
calculations with reference to an open-chain compound.
These various investigations show that covalent bridging in-
duces an increase of the energy levels of the frontier orbitals
with a faster upshift of the HOMO, which results in a reduc-
tion of the HOMO–LUMO gap. Experimental and theoreti-
cal results have revealed the importance of the sites of fixa-
tion of the covalent bridges along the p-conjugated structure
for the fine tuning of the energy levels of the neutral and
charged states. An analysis of the geometrical changes asso-
ciated with the oxidation processes has shown that covalent
bridging limits the structural relaxation of the conjugated
structure. This latter result suggests that, besides control of
the energy gap, rigidification of p-conjugated systems by co-
valent bridging represents an interesting tool to reduce the
reorganization energy associated with the charge-transport
process in organic semiconductors.


Experimental Section


1H NMR and 13C NMR spectra were recorded with a Bruker Avance
DRX 500 spectrometer at 500.13 and 125.7 MHz, respectively; Chemical
shift (d) values are given in ppm (relative to TMS) and coupling con-
stants (J) are given in Hz. IR spectra were recorded with a Perkin–
Elmer 841 spectrophotometer by using samples embedded in KBr discs
or thin films between NaCl plates. UV/Vis spectra were recorded with a
Perkin–Elmer Lambda 2 spectrometer by using dichloromethane as the
solvent (HPLC grade from SDS). Melting points are uncorrected. Ele-
mental analyses were performed by the Service Central dDAnalyses of the
CNRS (Vernaison, France). Column chromatography purifications were
carried out on Merck Si 60 silica gel (40–63 mm).


Mass spectrometry analyses were performed on a JMS-700 (JEOL LTD,
Akishima, Tokyo, Japan) double-focusing mass spectrometer with re-
versed geometry, equipped with a pneumatically assisted electrospray-
ionization (ESI) source. Nitrogen was used as the nebulizer gas. The
sample, diluted in a chloroform solution or in a CHCl3/CH3CN (70:30)
mixture, was introduced into the ESI interface through a syringe pump
(PHD 2000 infusion; Harvard Apparatus, Holliston, MA, USA) at a
40 mLmin�1 flow rate. A 5 kV acceleration voltage was applied and the
elemental composition of ions was checked by high-resolution measure-
ments by using an electric-field scan with a mixture of poly(ethylene gly-
cols) as the internal standard with nominal molecular weights centered
around 1000. Matrix-assisted laser desorption/ionization MS was per-
formed on a MALDI-TOF MS BIFLEX III Bruker Daltonics spectrome-
ter with dithranol as the matrix.


Figure 4. Variation of the absolute value of the bond-length difference
between the neutral and the dication states versus bond number for com-
pounds 1 (top), 2 (middle), and 5’ (bottom).


Scheme 4. Bond numbering system for the oligomers.
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Cyclic voltammetry was performed in dichloromethane solutions pur-
chased from SDS (HPLC grade). Tetrabutylammonium hexafluorophos-
phate (0.1 or 0.2m as the supporting electrolyte) was purchased from
Acros and used without purification. Solutions were deaerated by nitro-
gen bubbling prior to each experiment that was run under a nitrogen at-
mosphere. Experiments were done in a one-compartment cell equipped
with a platinum working microelectrode (1=1 mm) and a platinum wire
counterelectrode. An Ag/AgCl electrode checked against the ferrocene/
ferricinium couple (Fc/Fc+) before and after each experiment was used
as a reference. Electrochemical experiments were carried out with a
PAR 273 potentiostat with positive feedback compensation.


DFT calculations were carried out by means of the Gaussian 98 pro-
gram.[22] We used the BeckeDs three-parameter exchange functional com-
bined with the LYP correlation functional (B3LYP).[21] The 6-31G* basis
for carbon and sulfur atoms and 6-31G basis for hydrogen atoms were
used to optimize the geometry and to compute the electronic structure at
the minima found. The geometry of computed molecules was obtained
by using the Molekel-4.0 program.


2,4,5-Tribromo-3-n-octylthiophene (6): In the absence of light, bromine
(20.3 mL, 0.3962 mol) was added dropwise over a period of 1.5 h to a so-
lution of 3-n-octylthiophene (25 g, 0.1275 mol) in anhydrous CHCl3


(300 mL) in the presence of a catalytic amount of iron powder (0.72 g,
0.0129 mol). The reaction mixture was stirred for 2 h. After careful addi-
tion of water (50 mL), the mixture was slowly neutralized by an aqueous
solution of 2m NaOH (150 mL). The organic phase was separated by de-
cantation and the aqueous phase was extracted with CH2Cl2 (2 O 100 mL).
The organic phases were collected and washed with a saturated aqueous
solution of Na2S2O3, dried over Na2SO4, and concentrated to dryness to
afford an orange oil (51.8 g, 94 % yield): 1H NMR (CDCl3): d=0.91 (t,
3H, 3J=7.05 Hz), 1.28–1.32 (m, 12 H), 2.73 ppm (t, 2 H, 3J=7.5 Hz);
13C NMR (CDCl3): d=14.09, 22.65, 28.44, 29.18, 29.25, 29.68, 30.80,
31.84, 108.03, 109.71, 115.76, 141.56 ppm.


3-Bromo-4-n-octylthiophene (7): Under an N2 atmosphere, 2.5m nBuLi
in hexane (84 mL, 0.21 mol) was slowly added over a period of 2 h to a
solution of compound 6 (43.30 g, 0.10 mol) in anhydrous Et2O (220 mL)
cooled to �5 8C. After 20 min of additional stirring at �5 8C, the reaction
mixture was carefully hydrolyzed at �5 8C with vigorous stirring by addi-
tion of an aqueous solution of 4m HCl (50 mL). The mixture was diluted
with Et2O (50 mL) and slowly warmed to 20 8C. The aqueous phase was
separated and extracted with Et2O (2 O 100 mL). The organic phases were
collected and washed with water (2 O 150 mL), dried over Na2SO4, and
evaporated to dryness. The oily residue was purified by chromatography
on silica gel (eluent: petroleum ether) to afford a slightly yellow oil
(25.8 g, 94 % yield): 1H NMR (CDCl3): d=0.91 (t, 3 H, 3J=7.05 Hz),
1.10–1.43 (m, 10 H), 1.50–1.70 (m, 2H), 2.60 (t, 2H, 3J=7.5 Hz), 6.95 (d,
1H, 3J=3.3 Hz), 7.22 ppm (d, 1H, 3J=3.3 Hz); 13C NMR (CDCl3): d=


14.09, 22.65, 29.27, 29.30, 29.36, 29.68, 29.86, 31.85, 112.80, 120.54, 122.59,
128.29 ppm.


3-Cyano-4-n-octylthiophene (8): A mixture of compound 7 (25.7 g,
93.4 mmol) and CuCN (9.25 g, 103.3 mmol) in anhydrous DMF (190 mL)
was refluxed for 38 h. The reaction mixture was cooled to 60 8C before a
solution of FeCl3 (31.9 g, 196.5 mmol) in an aqueous solution of 8n HCl
(130 mL) was added. The mixture was then cooled to 20 8C and extracted
with CH2Cl2. The organic phases were washed with water, dried over
Na2SO4, and evaporated in vacuo. The resulting red oil was purified by
column chromatography on silica gel (eluent: CH2Cl2/petroleum ether
(2:8)) to afford 8 as an orange oil (20 g, 97% yield): 1H NMR (CDCl3):
d=0.88 (t, 3 H, 3J=6.8 Hz), 1.16–1.41 (m, 10H), 1.61 (m, 2H), 2.73 (t,
2H, 3J=7.7 Hz), 7.01 (d, 1 H, 3J=3.1 Hz), 7.86 ppm (d, 1H, 3J=3.1 Hz);
13C NMR (CDCl3): d=14.06, 22.60, 29.04, 29.11, 29.16, 29.24, 29.71,
31.79, 111.99, 115.04, 121.74, 135.40, 144.51 pm; EI MS: m/z (%): 221
[M+ C] (11), 150 (7), 136 (8), 123 (100), 57 (11); IR (NaCl): ñ=2227 cm�1


(C=N); elemental analysis calcd (%) for C13H19NS: C 70.54, H 8.65, N
6.33, S 14.48; found: C 70.44, H 8.67, N 6.25, S 14.47.


3-Formyl-4-n-octylthiophene (9): A solution of 1m diisobutylaluminum
hydride in CH2Cl2 (130 mL, 0.13 mol) was slowly added to a solution of
compound 8 (22.1 g, 0.1 mol) in anhydrous CH2Cl2 (500 mL) cooled be-
tween �5 and �10 8C under an N2 atmosphere. After being stirred for


2 h at �5 8C, the reaction mixture was carefully hydrolyzed at �5 8C by
addition of a 2:1 mixture of an aqueous solution of 2m HCl and MeOH
(100 mL). The mixture was then warmed to 20 8C and stirred overnight.
After filtration of the mixture and separation of the organic phase, the
aqueous phase was extracted with CH2Cl2. The organic phases were col-
lected, washed with an aqueous solution of 2m HCl, dried over Na2SO4,
and evaporated in vacuo. After purification by filtration on silica gel
(eluent: CH2Cl2), compound 9 was obtained as a yellow oil (20.8 g, 93%
yield): 1H NMR (CDCl3): d=0.88 (t, 3 H, 3J=6.9 Hz), 1.30 (m, 10H),
1.59 (m, 2H), 2.89 (t, 2 H, 3J=7.7 Hz), 6.98 (d, 1 H, 3J=3.3 Hz), 8.07 (d,
1H, 3J=3.3 Hz), 9.98 ppm (s, 1 H); 13C NMR (CDCl3): d=14.07, 22.62,
29.14, 29.22, 29.36, 29.96, 31.84, 122.76, 139.39, 140.28, 143.70,
185.70 ppm; EI MS: m/z (%): 224 [M+ C] (50), 139 (38), 126 (100), 97
(44); IR (NaCl): ñ=1687 cm�1 (C�O); elemental analysis calcd (%) for
C13H20OS: C 69.59, H 8.98, O 7.13, S 14.29; found: C 69.89, H 9.11, O
7.85, S 13.51.


(E)-3-(4-n-Octyl-3-thienyl)propenoic acid (10): A mixture of compound 9
(6 g, 26.5 mmol) and malonic acid (5.52 g, 53 mmol) in anhydrous pyri-
dine (30 mL) in the presence of piperidine (1.2 mL) was heated to 110 8C
for 2.5 h and then refluxed for 0.5 h. When cooled to 20 8C, the reaction
mixture was poured into water (100 mL) and an aqueous solution of
25% HCl was dropwise added until the pH value became lower than 7.
The resulting white precipitate was recovered by filtration and dried to
give 10 as a white powder (6.68 g, 94% yield). M.p. 142–143 8C; 1H NMR
(CDCl3): d=0.89 (t, 3H, 3J=7.05 Hz), 1.31 (m, 10 H), 1.61 (m, 2H), 2.68
(t, 2H, 3J=7.5 Hz), 6.32 (d, 1H, 3J=16.0 Hz), 6.98 (d, 1 H, 3J=2.8 Hz),
7.63 (d, 1H, 3J=2.8 Hz), 7.76 ppm (d, 1 H, 3J=16.0 Hz); 13C NMR
(CDCl3): d=14.09, 22.65, 29.01, 29.22, 29.36, 29.97, 31.84, 117.03, 121.78,
126.48, 135.65, 139.44, 142.55, 172.57 ppm; EI MS: m/z (%): 266 [M+ C]
(32), 168 (100), 123 (33); IR (KBr): ñ=3000–2400 (O�H), 1676 cm�1 (C=
O); elemental analysis calcd (%) for C15H22O2S: C 67.33, H 8.32, O
12.01, S 12.03; found: C 66.88, H 8.41, O 11.70, S 11.73.


(E)-Ethyl-3-(4-n-Octyl-3-thienyl)propenoate (11): A solution of 2.5m
nBuLi in hexane (78 mL, 0.195 mol) was added dropwise over a period
of 1 h to a solution of triethylphosphonoacetate (40 mL, 0.202 mol) in an-
hydrous THF (100 mL) cooled to �50 8C under an N2 atmosphere. After
additional stirring for 0.5 h at �50 8C, a solution of aldehyde 9 (22.4 g,
0.1 mol) in anhydrous THF (100 mL) was added dropwise over 1 h and
then the reaction mixture was allowed to warm up to 20 8C overnight.
After addition of a saturated aqueous solution of NH4Cl (140 mL) and
an aqueous solution of 1m HCl (100 mL) and dilution with Et2O
(200 mL), the organic phase was separated, washed with water, dried
(Na2SO4), and concentrated to dryness. The resulting oil was purified by
chromatography on silica gel (eluent: CH2Cl2) to give a yellow oil
(28.36 g, 96 % yield): 1H NMR (CDCl3): d=0.88 (t, 3 H, 3J=6.9 Hz),
1.25–1.37 (m, 10H), 1.33 (t, 3H, 3J=7.1 Hz), 1.61 (m, 2H), 2.66 (t, 2H,
3J=7.7 Hz), 4.26 (q, 2 H, 3J=7.1 Hz), 6.29 (d, 1 H, 3J=15.9 Hz), 6.95 (d,
1H, 4J=3.2 Hz), 7.55 (d, 1H, 4J=3.2 Hz), 7.65 ppm (d, 1 H, 3J=15.9 Hz);
13C NMR (CDCl3): d=14.07, 14.30, 22.63, 29.01, 29.21, 29.33, 29.36,
29.916, 31.81, 60.37, 118.10, 121.52, 125.37, 135.97, 137.07, 142.39,
167.18 ppm; EI MS: m/z (%): 294 [M+ C] (58), 196 (100); IR (NaCl): ñ=
1712 cm�1 (C=O); elemental analysis calcd (%) for C17H26O2S: C 69.35,
H 8.91, S 10.87, O 10.87; found: C 69.17, H 8.81, S 11.87, O 10.95.


Ethyl-3-(4-n-Octyl-3-thienyl)propanoate (12): A mixture of compound 11
(50 g, 0.170 mol) and 10% palladium on activated carbon (5 g) in abso-
lute EtOH (300 mL) was allowed to react with H2 (70 bar, 15 8C) for
24 h. The mixture was filtered over celite and the solution was concen-
trated to dryness to afford an almost pure product. Further purification
by filtration over silica gel (eluent: CH2Cl2) led to a pure yellow oil
(49.32 g, 98 %): 1H NMR (CDCl3): d=0.89 (t, 3H, 3J=6.9 Hz), 1.24–1.39
(m, 10H), 1.28 (t, 3H, 3J=7.2 Hz), 1.59–1.65 (m, 2H), 2.52 (t, 2H, 3J=
7.8 Hz), 2.64 (t, 2 H, 3J=7.8 Hz), 2.86 (t, 2H, 3J=7.8 Hz), 4.12 (q, 2H,
3J=7.2 Hz), 6.91 (d, 1H, 4J=3.8 Hz), 6.92 ppm (d, 1H, 4J=3.8 Hz);
13C NMR (CDCl3): d=14.08, 14.18, 22.64, 23.95, 28.72, 29.25, 29.45,
29.55, 29.56, 31.85, 34.16, 60.45, 120.32, 139.73, 141.86, 172.97 ppm; EI
MS: m/z (%): 296 [M+ C] (27), 198 (100), 124 (77); IR (NaCl): ñ=


1734 cm�1 (C=O); elemental analysis calcd (%) for C17H28O2S: C 68.87,
H 9.52, S 10.81, O 10.79; found: C 68.48, H 9.63, S 12.11, O 10.51.
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3-(4-n-Octyl-3-thienyl)propanoic acid (13): Method A: 3 % sodium amal-
gam, prepared from sodium (1.56 g, 67.8 mmol) and mercury (50.3 g),
was added portionwise to a solution of compound 10 (6.6 g, 24.8 mmol)
dissolved in an aqueous solution of 2% NaOH (50 mL). After 20 h of
stirring, the resulting mercury was separated by decantation, then the
mixture was cooled to 0 8C and acidified with an aqueous solution of 1m
HCl. The resulting white precipitate was filtered off and dissolved in
CH2Cl2 and the solution was dried over Na2SO4. After the solution was
evaporated to dryness, compound 13 was obtained as white powder
(6.60 g, 99 % yield). Method B: An aqueous solution of 3.5m NaOH
(350 mL, 1.225 mol) was added to a solution of compound 12 (49.13 g,
0.166 mol) in EtOH (250 mL). The reaction mixture was stirred at 90 8C
for 4 h and then cooled to 0 8C before concentrated HCl (100 mL) was
carefully added. The resulting white precipitate was recovered by filtra-
tion, washed thoroughly with an aqueous solution of 4m HCl, and dried.
The product was dissolved in CH2Cl2, then the resulting solution was
dried over Na2SO4 and concentrated to dryness to afford compound 13 as
a white powder (43.03 g, 97%). M.p. 92–95 8C; 1H NMR (CDCl3): d=


0.88 (t, 3H, 3J=7.04 Hz), 1.28 (m, 10H), 1.62 (m, 2 H), 2.51 (m, 2 H), 2.69
(m, 2H), 2.86 (m, 2 H), 6.95 (d, 1 H, 3J=2.6 Hz), 7.28 ppm (d, 1 H, 3J=
2.6 Hz); 13C NMR (CDCl3): d=14.09, 22.65, 23.64, 28.72, 29.25, 29.45,
29.54, 31.85, 33.82, 65.03, 120.47, 120.54, 139.33, 141.82, 178.96 ppm; EI
MS: m/z (%): 268 [M+ C] (22), 170 (100), 123 (30), 111 (20); IR (KBr):
ñ=3600–2500 (O�H), 1696 cm�1 (C=O); elemental analysis calcd (%)
for C15H24O2S: C 67.12, H 9.01, O 11.92, S 11.94; found: C 66.68, H 9.15,
O 12.21, S 11.78.


4,5-Dihydro-6H-3-octylcyclopenta[b]thiophen-6-one (14c): Method A: A
mixture of compound 13 (6.6 g, 24.06 mmol) and polyphosphoric acid
(6 g) in anhydrous dimethoxyethane (100 mL) was refluxed for 24 h. The
reaction mixture was cooled to 20 8C and poured into water (200 mL).
After extraction with Et2O (3 O 200 mL), the organic phases were collect-
ed, washed with water (200 mL), dried over Na2SO4, and concentrated in
vacuo. The residue was purified by column chromatography on silica gel
(eluent: CH2Cl2) to afford an orange oil (2.8 g, 45 % yield). Method B: A
mixture of compound 13 (22 g, 82.09 mmol) and thionyl chloride (26 mL,
0.356 mol) in dry Et2O (200 mL) was refluxed for 4 h under an N2 atmos-
phere. After evaporation of the solvent and the excess thionyl chloride,
the resulting oil (25.10 g), the acyl chloride, was directly engaged in the
next step. Thus, a solution of the acyl chloride in CS2 (150 mL) was
added dropwise to a suspension of AlCl3 (13.85 g, 0.1039 mol) in CS2


(200 mL) under an N2 atmosphere. The reaction mixture was refluxed for
16 h, cooled to 20 8C, and then poured into a mixture of ice (400 mL) and
concentrated HCl (200 mL). After extraction of the aqueous solution
with CH2Cl2, the organic phases were collected, dried over Na2SO4, and
evaporated in vacuo. The residue was purified by chromatography on
silica gel, with CH2Cl2 as the eluent for the first column and a mixture of
CH2Cl2/petroleum ether (3:7) as the eluent for a second column, to
afford a yellow oil (13.75 g, 67% yield): 1H NMR (CDCl3): d=0.87 (t,
3H, 3J=7.0 Hz), 1.18–1.40 (m, 10H), 1.61 (m, 2H), 2.56 (t, 2 H, 3J=
7.7 Hz), 2.90–3.00 (m, 4H), 7.48 ppm (s, 1 H); 13C NMR (CDCl3): d=


14.10, 22.65, 23.33, 28.31, 29.22, 29.28, 29.35, 31.85, 40.91, 135.27, 139.22,
140.87, 168.72, 197.58 ppm; EI MS: m/z (%): 250 [M+ C] (22), 165 (6), 152
(100), 123 (10); IR (NaCl): ñ=1698 cm�1 (C=O); UV/Vis (CH2Cl2): lmax


(log e)=263 nm (4.58); elemental analysis calcd (%) for C15H22OS: C
71.95, H 8.86, S 12.80; found: C 72.17, H 8.93, S 11.74.


5,6-Dihydro-4H-cyclopenta[b]thiophen-6-yl triphenylphosphonium bro-
mide (15a): NaBH4 (0.35 g, 9.2 mmol) was added in small amounts over
a period of 10 min to a solution of ketone 14a (0.55 g, 4 mmol) in anhy-
drous EtOH (20 mL) cooled to 0 8C and the reaction mixture was stirred
at 20 8C for 7 h. After addition of Et2O (100 mL) and water (30 mL), the
aqueous phase was separated by decantation and extracted with Et2O
(2 O 30 mL). The organic phases were collected, washed with a saturated
aqueous solution of NaCl, dried (Na2SO4), and concentrated to dryness.
Chromatography on silica gel (eluent: CH2Cl2) gave the intermediate al-
cohol as a yellow oil (0.45 g, 80 % yield): 1H NMR (CDCl3): d=2.09 (br s,
1H), 2.31–2.34 (m, 1 H), 2.65–2.69 (m, 1 H), 2.84–2.93 (m, 2 H), 5.29 (br s,
1H), 6.81 (d, 1H, 3J=4.9 Hz), 7.33 ppm (d, 1H, 3J=4.9 Hz).[15] The rela-
tively unstable alcohol compound was directly dissolved in hot MeCN
(30 mL), then HPPh3Br (1.15 g, 3.35 mmol; prepared from a solution of


48% HBr and PPh3
[16]) was added portionwise to this solution over a


period of 10 min. The reaction mixture was then cooled to room temper-
ature. After addition of water (30 mL) and extraction with CH2Cl2, the
organic phases were washed with water, dried (MgSO4), and concentrat-
ed to dryness. Purification by chromatography on silica gel (eluent:
CH2Cl2 and then MeOH) led to an orange foam (0.99 g, 66 % yield):
M.p.=122–127 8C; 1H NMR (CDCl3): d=1.54–1.61 (m, 1 H), 2.55–2.2.66
(m, 2 H), 3.62–3.71 (m, 1H), 6.61 (d, 1 H, 3J=4.9 Hz), 6.99 (dd, 1H,
3JH,H=7.2, 2JH,P=8.7 Hz), 7.17 (dd, 1H, 3JH,H=4.9, 5JH,P=3.2 Hz), 7.61–
7.65 (m, 6H), 7.76–7.81 ppm (m, 9 H).


6,6’-Bi(4,5-dihydro-6H-3-n-octyl-cyclopenta[b]thienylidene) (16c): After
the dropwise addition of TiCl4 (4.20 mL, 38.2 mmol) to anhydrous THF
(150 mL) cooled to 0 8C under an N2 atmosphere, zinc powder (4.99 g,
76.3 mmol) was added portionwise. The mixture was successively warmed
to room temperature, refluxed for 30 min, and cooled again to 0 8C,
before a solution of compound 14c (4.83 g, 19.3 mmol) in anhydrous
THF (120 mL) was added. The reaction mixture was then refluxed for
5 h. At 20 8C, the reaction mixture was filtered over celite. After washing
of the cake of celite with THF, water (100 mL) was added to the solution.
The organic phase was separated by decantation and the aqueous phase
was extracted with CH2Cl2. At this step, the beige precipitate observed at
the interface between the aqueous and the CH2Cl2 organic phase was re-
covered by filtration and washed with Et2O to give a white powder
(0.78 g). The previous cake of celite was also thoroughly washed with hot
CH2Cl2 and all organic phases were collected, washed with water, dried
over Na2SO4, and evaporated to afford a yellow solid (3.77 g). Independ-
ent recrystallizations of the two fractions from CH2Cl2 afforded beige
needles of pure (E)-16c isomer (2.07 g). The filtered solutions were col-
lected and concentrated to dryness and the residue was purified by chro-
matography on silica gel (eluent: CH2Cl2/cyclohexane (5:95)). The result-
ing fraction corresponding to an E/Z mixture was triturated with petrole-
um ether to afford a beige solid (0.88 g) that was a mixture of (E)- and
(Z)-16c isomers. The overall yield of the reaction was 65%, with the E/Z
ratio being approximately 5:1. It was possible to isolate the pure (Z)-16c
isomer from the mixture by successive recrystallizations from CH2Cl2 to
separate as much as possible of the (E)-16c isomer followed by chroma-
tography on silica gel (adsorption of the mixture on silica gel and elution
with cyclohexane). (E)-16c isomer: Rf=0.62 (cyclohexane); m.p. 118–
120 8C; 1H NMR (CDCl3): d=0.88 (t, 6H, 3J=6.9 Hz), 1.25–1.35 (m,
20H), 1.56–1.61 (m, 4H), 2.52 (t, 4 H, 3J=7.7 Hz), 2.89–2.91 (m, 4H),
3.21–3.23 (m, 4H), 6.90 ppm (s, 2H); 13C NMR (CDCl3): d=14.03, 22.65,
26.76, 29.25, 29.42, 29.47, 31.88, 32.94, 34.95, 124.04, 126.29, 138.38,
143.58, 149.94 ppm; EI MS: m/z (%): 468 [M+ C] (3), 235 (100), 137 (47);
UV/Vis (CH2Cl2): lmax (log e)=367 (3.64), 347 (3.72), 331 nm (3.59); ele-
mental analysis calcd (%) for C30H44S2: C 76.86, H 9.46, S 13.68; found:
C 76.78, H 9.58, S 13.23; (Z)-16c isomer: Rf=0.51 (cyclohexane); m.p.=
65–67 8C; 1H NMR (CDCl3): d=0.88 (t, 6 H, 3J=6.9 Hz), 1.25–1.35 (m,
20H), 1.56–1.61 (m, 4H), 2.51 (t, 4 H, 3J=7.7 Hz), 2.81–2.84 (m, 4H),
3.09–3.12 (m, 4 H), 6.89 ppm (s, 2 H).


Isomerization of (Z)-16c to (E)-16c : A solution of (Z)-16c isomer
(1.08 g, 2.31 mmol) in CH2Cl2 (30 mL) in the presence of p-toluenesulfon-
ic acid monohydrate (40 mg, 0.21 mmol) was stirred at 20 8C. The (E)-16c
isomer slowly started to precipitate and complete conversion to the (E)-
16c isomer was achieved after 2 days, as checked by TLC (SiO2/cyclohex-
ane). Water (50 mL) was added and the mixture was extracted with
CH2Cl2 (4 O 50 mL). The organic phases were dried (Na2SO4) and evapo-
rated in vacuo to give a residue, which was adsorbed on silica gel by
evaporation of a CH2Cl2 solution and then purified by chromatography
on silica gel (eluent: cyclohexane) to afford pure (E)-16c isomer (0.76 g,
70% yield).


(E)-2,2’-Diformyl-6,6’-bi(4,5-dihydro-6H-3-n-octyl-cyclopenta[b]thienyli-
dene) (17c): POCl3 (0.37 mL, 4 mmol) was added dropwise to a solution
of compound 16c (0.47 g, 1 mmol) and anhydrous DMF (0.46 mL,
6 mmol) in anhydrous 1,2-dichloroethane (20 mL) under an N2 atmos-
phere. The reaction mixture was refluxed for 16 h and then cooled to
20 8C before an aqueous solution of 2m sodium acetate (30 mL) was
added and the mixture was stirred for a further 3 h. After extraction with
CH2Cl2, the organic fractions were washed with water, dried over
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Na2SO4, and evaporated in vacuo. The residue was purified by chroma-
tography on silica gel (by adsorption of the residue on silica gel and elu-
tion with CH2Cl2/petroleum ether (1:1)). Dialdehyde 17c was obtained as
a yellow-orange solid (0.35 g, 67% yield). M.p. 191–194 8C; 1H NMR
(CDCl3): d=0.88 (t, 6H, 3J=6.9 Hz), 1.26–1.36 (m, 20 H), 1.58–1.65 (m,
4H), 2.88 (t, 4H, 3J=7.7 Hz), 3.00 (br s, 4H), 3.28 (br s, 4H), 9.95 ppm (s,
2H); 13C NMR (CDCl3): d=14.12, 22.66, 26.62, 27.70, 29.21, 29.37, 29.42,
30.62, 31.85, 34.72, 131.82, 142.77, 147.84, 151.60, 153.65, 182.01 ppm; EI
MS: m/z (%): 524 [M+ C] (100), 439 (8); HRMS: calcd for C32H44O2S2:
524.278275; found: 524.277643; IR (KBr): ñ=1646 cm�1 (C=O).


(E)-2-Formyl-6,6’-bi(4,5-dihydro-6H-cyclopenta[b]thienylidene) (18a):
POCl3 (0.23 mL, 2.46 mmol) was added dropwise to a solution of bridged
DTE 16a (0.54 g, 2.21 mmol) and anhydrous DMF (0.20 mL, 2.46 mmol)
in anhydrous 1,2-dichloroethane (70 mL) at 0 8C under an N2 atmosphere.
The reaction mixture was refluxed for 18 h and then cooled to 20 8C
before an aqueous solution of 2m sodium acetate (50 mL) was added and
the mixture was stirred for a further 3 h. After extraction with CH2Cl2,
the organic fractions were dried over Na2SO4 and evaporated in vacuo to
give a solid, which was purified by chromatography on silica gel (eluent:
CH2Cl2) to give a yellow-orange powder (540 mg, 83 % yield): M.p.=
184–186 8C; 1H NMR (CDCl3): d=3.03 (m, 4H, CH2), 3.25 (m, 4H,
CH2), 6.95 (d, 1H, 3J=4.8 Hz), 7.43 (d, 1H, 3J=4.8 Hz), 7.51 (s, 1H),
9.77 ppm (s, 1 H, CHO); 13C NMR (CDCl3): d=26.8, 27.4, 34.5, 35.8,
123.2, 125.1, 131.8, 131.9, 133.3, 143.3, 146.6, 150.1, 153.3, 154.1,
182.4 ppm; EI MS: m/z (%): 272 [M+ C] (100); IR (KBr): ñ=1642 cm�1


(C=O); UV (CH2Cl2): lmax=434 nm.


(E)-2-Formyl-6,6’-bi(4-n-butyl-4,5-dihydro-6H-cyclopenta[b]thienylidene)
(18b): POCl3 (0.16 mL, 1.68 mmol) was added dropwise to a solution of
compound 16b (0.50 g, 1.40 mmol) and anhydrous DMF (0.13 mL,
1.68 mmol) in anhydrous 1,2-dichloroethane (17 mL) under an N2 atmos-
phere. The reaction mixture was refluxed for 18 h and then cooled to
20 8C before an aqueous solution of 2m sodium acetate (30 mL) was
added and the mixture was stirred for a further 3 h. After extraction with
CH2Cl2, the organic fractions were dried over Na2SO4 and evaporated in
vacuo to give a residue, which was purified by chromatography on silica
gel (eluent: CH2Cl2/petroleum ether (1:1)) to give a yellow-orange oil
(0.46 g, 85% yield): 1H NMR (CDCl3): d=0.89–1.10 (m, 6 H), 1.30–1.82
(m, 12 H), 2.79–2.93 (m, 2 H), 3.25–3.51 (m, 4H), 6.97 (d, 1H, 3J=
4.9 Hz), 7.43 (d, 1H, 3J=4.9 Hz), 7.55 (s, 1H), 9.79 ppm (s, 1H);
13C NMR (CDCl3): d=14.04, 22.77, 29.54, 29.71, 36.19, 36.27, 40.07,
40.65, 41.53, 42.87, 124.44, 131.69, 131.72, 132.73, 142.49, 146.47, 153.51,
154.19, 157.43, 182.54 ppm; EI MS: m/z (%): 384 [M+ C] (100), 327 (100);
IR (KBr): ñ=1658 cm�1 (C=O); UV (CH2Cl2): lmax (log e)=434 nm
(4.58); elemental analysis calcd (%) for C23H28S2O: C 71.83, H 7.34, S
16.67, O 4.16; found: C 72.01, H 7.48, S 16.61, O 4.72.


(E)-2-Formyl-6,6’-bi(4,5-dihydro-6H-3-n-octyl-cyclopenta[b]thienylidene)
(18c): POCl3 (0.50 mL, 5.36 mmol) was added dropwise to a solution of
compound 16c (2.20 g, 4.70 mmol) and anhydrous DMF (0.50 mL,
6.47 mmol) in anhydrous 1,2-dichloroethane (85 mL) under an N2 atmos-
phere. The reaction mixture was refluxed for 4 h and then cooled to
20 8C before an aqueous solution of 2m sodium acetate (50 mL) was
added and the mixture was stirred for a further 3 h. After extraction with
CH2Cl2, the organic fractions were dried over Na2SO4 and evaporated in
vacuo to give a solid, which was purified by chromatography on silica gel
(by adsorption of the solid on silica gel and elution with CH2Cl2/petrole-
um ether (1:1)). Aldehyde 18c was obtained as yellow crystals after re-
crystallization from iPr2O (1.99 g, 85 % yield): M.p.=128–132 8C;
1H NMR (CDCl3): d=0.86–0.89 (m, 6 H), 1.26–1.35 (m, 20H), 1.60–1.63
(m, 4H), 2.53 (t, 2H, 3J=7.7 Hz), 2.85 (t, 2H, 3J=7.7 Hz), 2.92–2.95 (m,
4H), 3.22–3.27 (m, 4H), 7.04 (s, 1 H), 9.90 ppm (s, 1H); 13C NMR
(CDCl3): d=14.13, 14.15, 22.67, 22.70, 26.3, 26.97, 27.72, 29.19, 29.22,
29.29, 29.39, 29.44, 30.63, 31.87, 31.91, 34.14, 35.64, 125.16, 126.76, 133.75,
138.69, 140.92, 142.93, 148.02, 151.04, 153.21, 153.29, 181.55 ppm; UV/Vis
(CH2Cl2): lmax (log e): 437 nm (4.55); elemental analysis calcd (%) for
C31H44OS2: C 74.95, H 8.93, S 12.91, O 3.22; found: C 74.87, H 8.87, S
12.79, O 3.35; IR (KBr): ñ=1649 cm�1 (C=O).


Diethylphosphonate 19a : NaBH4 (0.24 g, 6.32 mmol) was added in small
amounts to a solution of aldehyde 18a (0.91 g, 3.34 mmol) in a mixture


of THF and MeOH (1:1; 80 mL) and the reaction mixture was stirred
overnight at 20 8C. After partial concentration of the solvents, an aqueous
solution of 2m HCl (40 mL) was added and the mixture was extracted
with CH2Cl2. The organic phases were thoroughly washed with water,
dried (Na2SO4), and concentrated to dryness to give the intermediate al-
cohol compound as a beige solid (0.84 g, 92% yield). M.p.>140 8C
(decomp.); 1H NMR (CDCl3): d=2.90–3.05 (m, 4H), 3.10–3.20 (m, 4H),
4.81 (s, 2 H), 6.86 (s, 1H), 6.92 (d, 1 H, 3J=4.7 Hz), 7.32 ppm (d, 1H, 3J=
4.7 Hz); IR (KBr): ñ=3100–3600 cm�1 (O�H); elemental analysis calcd
(%) for C15H14OS2: C 65.66, H 5.14, S 23.37, O 5.83; found: C 65.73, H
5.32, S 21.81, O 6.11. A solution of 1m PBr3 in CH2Cl2 (0.75 mL,
0.75 mmol) was added to a solution of alcohol (0.40 g, 1.46 mmol) in an-
hydrous THF (35 mL) cooled between �5 8C and �10 8C under an N2 at-
mosphere. After 5 min of additional stirring at between �5 8C and
�10 8C (the complete conversion of the alcohol was confirmed by TLC),
this solution was rapidly poured onto a solution of NaPO(OEt)2 in anhy-
drous THF at �10 8C (freshly prepared by dropwise addition of a solution
of HPO(OEt)2 (0.75 mL, 5.81 mmol) in anhydrous THF (5 mL) to a sus-
pension of 60% NaH dispersion in oil (0.23 g, 5.81 mmol) in anhydrous
THF (10 mL) cooled to �10 8C, with the reaction being stirred for 1 h be-
tween �5 8C and �10 8C under an N2 atmosphere). The reaction mixture
was stirred at 0 8C for 2 h and was slowly warmed to 20 8C overnight.
After addition of water (40 mL) and extraction with CH2Cl2, the organic
phases were washed with water, dried (Na2SO4), and evaporated in
vacuo. The oily residue was purified by chromatography on silica gel
(eluent: CH2Cl2/EtOAc (9:1)) to afford a beige solid (0.26 g, 45 % yield).
M.p. 123–126 8C; 1H NMR (CDCl3): d=1.32 (t, 6 H, 3J=7.2 Hz), 2.90–
3.06 (m, 4 H), 3.13–3.28 (m, 4 H), 3.37 (d, 2 H, 2JH,P=21.1 Hz), 4.11 (m,
4H), 6.83 (d, 1H, 4JH,P=3.8 Hz), 6.91 (d, 1 H, 3J=4.9 Hz), 7.31 ppm (d,
1H, 3J=4.9 Hz); EI MS: m/z (%): 394 [M+ C] (38), 257 (100).


Diethylphosphonate 19c : NaBH4 (0.19 g, 5 mmol) was added in small
amounts to a solution of aldehyde 18c (2 g, 4.03 mmol) in a mixture of
THF (120 mL) and MeOH (30 mL) cooled to 0 8C and the reaction mix-
ture was stirred overnight at 20 8C. After partial concentration of the sol-
vents, an aqueous solution of 1m HCl (40 mL) was added and the mix-
ture was extracted with CH2Cl2. The organic phases were thoroughly
washed with water, dried (Na2SO4), and concentrated to dryness. Recrys-
tallization from iPr2O gave a beige solid (1.60 g, 80% yield). M.p. 122–
124 8C; 1H NMR (CDCl3): d=2.90–3.05 (m, 4H), 3.10–3.20 (m, 4H), 4.81
(s, 2H), 6.86 (s, 1 H), 6.92 (d, 1 H, 3J=4.7 Hz), 7.32 ppm (d, 1 H, 3J=
4.7 Hz); EI MS: m/z (%): 498 [M+ C] (32), 482 (75), 480 (85), 382 (100);
IR (KBr): ñ=3393 cm�1 (O�H); elemental analysis calcd (%) for
C31H46OS2: C 74.64, H 9.29, S 12.85, O 3.21; found: C 74.38, H 9.46, S
12.56, O 3.27.


A solution of 1m PBr3 in CH2Cl2 (0.33 mL, 0.33 mmol) was added to a
solution of alcohol (0.50 g, 1 mmol) in anhydrous THF (20 mL) cooled to
0 8C under an N2 atmosphere. After 5 min of additional stirring at 0 8C
(complete conversion of the alcohol was confirmed by TLC), this solu-
tion was rapidly poured onto a solution of NaPO(OEt)2 in anhydrous
THF at �20 8C (freshly prepared by dropwise addition of a solution of
HPO(OEt)2 (0.86 mL, 6.67 mmol) in anhydrous THF (10 mL) to a sus-
pension of 60% NaH dispersion in oil (0.27 g, 6.75 mmol) in anhydrous
THF(10 mL) cooled to �20 8C, with the reaction being stirred successive-
ly for 1 h at �20 8C and 2 h at 20 8C, then cooled to �20 8C under an N2


atmosphere). The reaction mixture was stirred at �10 8C for 1 h and was
slowly warmed to 20 8C overnight. The mixture was poured onto ice
(100 mL) and Et2O (50 mL) was added. The organic phase was separated
by decantation and the aqueous phase was extracted with CH2Cl2. The
organic phases were dried (Na2SO4) and evaporated in vacuo. The resi-
due was purified by flash chromatography on silica gel (eluents: CH2Cl2,
CH2Cl2/EtOAc (9:1), and CH2Cl2/EtOAc (7:3)) to afford a brown solid
(0.22 g, 35 % yield): M.p.=116–119 8C; 1H NMR (CDCl3): d=1.32 (t,
6H, 3J=6.9 Hz), 1.27–1.32 (m, 28 H), 1.48–1.53 (m, 2 H), 2.49–2.53 (m,
4H), 2.88–2.90 (m, 4 H), 3.14–3.21 (m, 4H), 3.31 (d, 2 H, 2JH,P=21.0 Hz),
4.06–4.12 (m, 4 H), 6.89 ppm (s, 1H); EI MS: m/z (%): 618 [M+ C] (100),
481 (33); HRMS: calcd for C35H55O3S2P: 618.333028; found: 618.328264.


Compound 2 : tBuOK (45 mg, 0.40 mmol) was added in small amounts to
a solution of aldehyde 18a (50 mg, 0.21 mmol) and freshly purified phos-
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phonate derivative 19a (80 mg, 0.20 mmol) in anhydrous THF (15 mL)
cooled to 0 8C under an N2 atmosphere. The solution rapidly became
dark red and the mixture was stirred at 20 8C for 5 h. The solvent of the
reaction was partially evaporated under reduced pressure before MeOH
(25 mL) was added. The resulting precipitate was recovered by filtration
and successively washed with water, MeOH, and Et2O to give a dark
red-brown powder (72 mg, 69% yield). M.p. 269–272 8C; UV/Vis
(CH2Cl2): lmax (log e)=456 (4.26), 485 (4.32), 520 nm (4.25); EI MS: m/z
(%): 512 [M+ C] (100), 482 (33), 384 (24), 257 (31); HRMS: calcd for
C30H24S4: 512.076088; found: 512.075522.


Compound 3 : After the dropwise addition of TiCl4 (0.16 mL, 1.43 mmol)
to anhydrous THF (20 mL) cooled to 0 8C under an N2 atmosphere, zinc
powder (0.19 g, 2.86 mmol) was added in one portion. The mixture was
successively warmed up to room temperature, refluxed for 30 min, and
cooled again to 0 8C before a solution of compound 18b (0.50 g,
1.30 mmol) in anhydrous THF (50 mL) was added. The reaction mixture
was then refluxed for 1.5 h (completion of the reaction was checked by
TLC with CH2Cl2/petroleum ether (1:9) as the eluent). At 20 8C, water
(40 mL) was added and the mixture was extracted with CH2Cl2. The or-
ganic phases were washed with water, dried (Na2SO4), and concentrated
to dryness. The residue was purified by chromatography on silica gel
(deposition of the residue dissolved in pure CH2Cl2 or THF and elution
with CH2Cl2/cyclohexane (4:6)). The product was then dissolved in the
minimum amount of THF and precipitated with an excess of MeOH
after 1 h at 4 8C to give a dark red powder (0.33 g, 69% yield) which was
a mixture of diastereomers. M.p. 229–232 8C; 1H NMR (CDCl3): d=0.90–
1.00 (m, 12H), 1.25–1.85 (m, 24 H), 2.70–2.94 (m, 4 H), 3.15–3.52 (m,
8H), 6.85 (s, 2 H), 6.94 (d, 2 H, 3J=4.9 Hz), 7.00 (s, 2H), 7.31 ppm (d,
2H, 3J=4.9 Hz); 13C NMR (CDCl3): d=14.11, 22.86, 29.66, 29.71, 29.76,
36.36, 36.44, 40.52, 41.60, 42.38, 120.73, 121.80, 122.73, 125.63, 126.25,
129.39, 142.20, 143.30, 147.22, 154.63, 154.71; EI MS: m/z (%): 736 [M+ C]
(42), 370 (100), 313 (86); HRMS: calcd for C46H56S4: 736.326489; found:
736.326242; UV/Vis (CH2Cl2): lmax (log e): 460 (4.55), 489 (4.72), 523 nm
(4.67); elemental analysis calcd (%) for C46H56S4: C 74.95, H 7.66; found:
C 75.02, H 7.52.


Compound 4 : tBuOK (90 mg, 0.80 mmol) was added in small amounts to
a solution of aldehyde 18c (170 mg, 0.34 mmol) and freshly purified
phosphonate derivative 19c (210 mg, 0.34 mmol) in anhydrous THF
(15 mL) cooled to 0 8C under an N2 atmosphere. The solution rapidly
became dark red and the mixture was stirred at 20 8C for 5 h. After addi-
tion of MeOH, the resulting precipitate was recovered by filtration and
successively washed with water, MeOH, Et2O, and MeOH to give a dark
red-brown powder (305 mg, 93% yield). M.p. 202–204 8C; 1H NMR (CS2/
C6D6): d=0.81 (br s, 12H), 1.20 (br s, 40H), 1.48 (br s, 8 H), 2.38–2.46 (m,
8H), 2.76 (br s, 8 H), 2.99–3.12 (m, 8H), 6.69 ppm (s, 4 H); HRMS (ESI):
calcd for C62H88S4: 960.576890; found: 960.5821; UV/Vis (CH2Cl2): lmax


(log e): 466 (4.46), 495 (4.61), 531 nm (4.54).


Compound 5 : tBuOK (130 mg, 1.14 mmol) was added in small amounts
to a solution of dialdehyde 17c (100 mg, 0.19 mmol) and phosphonium
salt 15a (270 mg, 0.57 mmol) in a mixture of anhydrous THF (30 mL)
and anhydrous CH3CN (20 mL) cooled to 0 8C under an N2 atmosphere.
After concentration to dryness, the residue was purified by two succes-
sive filtrations on silica gel (eluent: CH2Cl2) to afford an orange-brown
powder (20 mg, 14 % yield): M.p.=130–132 8C; 1H NMR (CS2/C6D6): d=
0.78–0.81 (m, 6H), 1.15–1.24 (m, 20H), 1.32–1.50 (m, 4H), 2.47 (t, 4 H,
3J=7.6 Hz), 2.78–2.80 (m, 4H), 2.86–2.88 (m, 4H), 3.08 (br s, 4 H), 3.22–
3.24 (m, 4 H), 6.49 (br s, 2H), 6.66 (d, 2 H, 3J=4.7 Hz), 7.01 ppm (d, 2 H,
3J=4.7 Hz); MALDI-TOF MS: calcd for C46H56S4: 736.3264; found:
736.32 [M+ C]; UV/Vis (CH2Cl2): lmax (log e): 450 (4.44), 478 (4.57),
513 nm (4.48).


Acknowledgement


We would like to thank the SCAS of the University of Angers for analyt-
ical characterizations.


[1] a) C. D. Dimitrakopoulos, P. R. L. Malenfant, Adv. Mater. 2002, 14,
99; b) J. A. Rogers, Z. Bao, A. Dodabalapur, B. Crone, V. R. Raju,
H. E. Katz, V. Kuck, K. J. Ammundson, P. Drzaic, Proc. Natl. Acad.
Eng. 2001, 98, 4817; c) H. E. Katz, Z. Bao, S. Gilat, Acc. Chem. Res.
2001, 34, 359; d) F. Garnier, Acc. Chem. Res. 1999, 32, 209; e) G.
Horowitz, Adv. Mater. 1998, 10, 365; f) H. E. Katz, J. Mater. Chem.
1997, 7, 369.


[2] a) A. Kraft, A. C. Grimsdale, A. B. Holmes, Angew. Chem. 1998,
110, 416; Angew. Chem. Int. Ed. 1998, 37, 402; b) U. Mitschke, P.
BUuerle, J. Mater. Chem. 2000, 10, 1471.


[3] a) C. J. Brabec, N. S. Sariciftci, J. C. Hummelen, Adv. Funct. Mater.
2001, 11, 15; b) C. Videlot, A. El Kassmi, D. Fichou, Solar Energy
Materials & Solar Cells 2000, 63, 69; c) N. Noma, T. Tsuzuki, Y. Shir-
ota, Adv. Mater. 1995, 7, 647; d) R. de Bettignies, Y. Nicolas, P. Blan-
chard, E. Levillain, J.-M. Nunzi, J. Roncali, Adv. Mater. 2003, 15,
1939.


[4] J. Roncali, Chem. Rev. 1997, 97, 173.
[5] F. Wudl, M. Kobayashi, A. J. Heeger, J. Org. Chem. 1984, 49, 3382.
[6] a) J. P. Ferraris, T. M. Lambert, J. Chem. Soc. Chem. Commun. 1991,


1268; b) A. H. Ho, H. Brisset, P. Fr;re, J. Roncali, J. Chem. Soc.
Chem. Commun. 1995, 2309.


[7] a) E. E. Havinga, W. Ten Hoeve, H. Wynberg, Synth. Met. 1993, 55–
57, 299; b) M. Kozaki, S. Tanaka, Y. Yamashita, J. Org. Chem. 1994,
59, 442; c) C. Kitamura, S. Tanaka, Y. Yamashita, Chem. Mater.
1996, 8, 570; d) M. Karikomi, C. Kitamura, S. Tanaka, Y. Yamashita,
J. Am. Chem. Soc. 1995, 117, 6791; e) S. Akoudad, J. Roncali, Chem.
Commun. 1998, 208; f) G. Sonmez, F. Wudl, Chem. Mater. 2003, 15,
4923; g) I. F. Perepichka, E. Levillain, J. Roncali, J. Mater. Chem.
2004, 14, 1679.


[8] a) C. Winder, N. S. Sariciftci, J. Mater. Chem. 2004, 14, 1077; b) C. J.
Brabec, C. Winder, N. S. Sariciftci, J. C. Hummelen, A. Dhanabalan,
P. van Hal, R. A. J. Janssen, Adv. Funct. Mater. 2002, 12, 709; c) F.
Zhang, E. Perzon, X. Wang, W. Mammo, M. R. Andersson, O. Inga-
nUs, Adv. Funct. Mater. 2005, 15, 745.


[9] a) J. Roncali, Acc. Chem. Res. 2000, 33, 147; b) E. H. Elandaloussi,
P. Fr;re, P. Richomme, J. Orduna, J. GarVn, J. Roncali, J. Am. Chem.
Soc. 1997, 119, 10774; c) I. Jestin, P. Fr;re, P. Blanchard, J. Roncali,
Angew. Chem. 1998, 110, 990; Angew. Chem. Int. Ed. 1998, 37, 942;
d) I. Jestin, P. Fr;re, N. Mercier, E. Levillain, D. Stievenard, J. Ron-
cali, J. Am. Chem. Soc. 1998, 120, 8150.


[10] a) J. Roncali, C. Thobie-Gautier, E. H. Elandaloussi, P. Fr;re, J.
Chem. Soc. Chem. Commun. 1994, 2249; b) H. Brisset, P. Blanchard,
B. Illien, A. Riou, J. Roncali, Chem. Commun. 1997, 569; c) P. Blan-
chard, H. Brisset, B. Illien, A. Riou, J. Roncali, J. Org. Chem. 1997,
62, 2401.


[11] a) J.-M. Raimundo, P. Blanchard, I. Ledoux-Rak, R. Hierle, L. Mi-
chaux, J. Roncali, Chem. Commun. 2000, 1597; b) J.-M. Raimundo,
P. Blanchard, N. Gallego-Planas, N. Mercier, I. Ledoux-Rak, R.
Hierle, J. Roncali, J. Org. Chem. 2002, 67, 205.


[12] J. Nakayama, T. Fujimori, Heterocyles 1991, 32, 991.
[13] D. W. H. McDowell, J. C. Wisowaty, J. Org. Chem. 1972, 37, 1712.
[14] J. E. McMurry, Chem. Rev. 1989, 89, 1513.
[15] D. W. H. McDowell, T. B. Patrick, B. K. Frame, D. L. Ellison, J. Org.


Chem. 1967, 32, 1226.
[16] A. Hercouet, M. Le Corre, Synthesis 1988, 157.
[17] a) S. D. D. V. Rughooputh, S. Hotta, A. J. Heeger, F. Wudl, J. Polym.


Sci. B 1987, 25, 1071; b) O. InganUs, W. Salaneck, J. E. Osterholm, J.
Laakso, Synth. Met. 1988, 22, 395.


[18] J. Roncali, M. Giffard, M. Jubault, A. Gorgues, J. Electroanal.
Chem. 1993, 361, 185.


[19] K. Deuchert, S. HWnig, Angew. Chem. 1978, 90, 927; Angew. Chem.
Int. Ed. Engl. 1978, 17, 875.


[20] M. R. Bryce, E. Flenckenstein, S. HWnig, J. Chem. Soc. Perkin Trans.
2 1990, 1777


[21] A. D. Becke, J. Chem. Phys. 1993, 98, 1372.
[22] Gaussian 98 (Revision A.7), M. J. Frisch, G. W. Trucks, H. B. Schle-


gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, R. E. Stratman, S. Burant, J. M. Dapprich, J. M.


www.chemeurj.org J 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1244 – 12551254


P. Blanchard, J. Roncali et al.



www.chemeurj.org





Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, G. Ochterski, A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, I. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Manayakkara, C.
Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W. Chen,
M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle, J. A.
Pople, Gaussian, Inc., Pittsburgh, PA, 1998.


[23] a) G. Ruban, D. Zobel, Acta Cryst. Sect. B. 1975, 31, 2632; b) D.
Zobel, G. Ruban, Acta Cryst. Sect. B. 1978, 34, 1652.


[24] a) C. S. Yannoni, T. C. Clarke, Phys. Rev. Lett. 1983, 51, 1191; b) S.
Suhai, Phys. Rev. B 1983, 27, 3503.


[25] G. Horowitz, B. Bachet, A. Yassar, P. Lang, F. Demanze, J.-L. Fave,
F. Garnier, Chem. Mater. 1995, 7, 1337.


[26] J.-L. Br@das, B. Th@mans, J. G. Fripiat, J. M. Andr@, R. R. Chance,
Phys. Rev. B 1984, 29, 6761.


[27] T. Nishinaga, A. Wakamiya, D. Yamazaki, K. Komatsu, J. Am.
Chem. Soc. 2004, 126, 3163.


[28] a) M. Malagoli, J.-L. Br@das, Chem. Phys. Lett. 2000, 327, 13;
b) N. E. Gruhn, D. A. da Silva Filho, T. G. Bill, M. Malagoli, V. Co-
ropceanu, A. Kahn, J.-L. Br@das, J. Am. Chem. Soc. 2002, 124, 7918;
c) K. Sakanoue, M. Motoda, M. Sugimoto, S. Sakaki, J. Phys. Chem.
A 1999, 103, 5551.


Received: July 20, 2005
Published online: November 10, 2005


Chem. Eur. J. 2006, 12, 1244 – 1255 J 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 1255


FULL PAPERBridged p-Conjugated Oligomers



www.chemeurj.org






DOI: 10.1002/chem.200500834


A Mechanistic and Kinetic Study of the Formation of Metal Nanoparticles by
Using Synthetic Tyrosine-Based Oligopeptides


Satyabrata Si,[a] Rama Ranjan Bhattacharjee,[a] Arindam Banerjee,[b] and
Tarun K. Mandal*[a]


Introduction


Nowadays, metal nanoparticles are attracting much atten-
tion from chemists, biologists, and materials scientists be-
cause of their unusual optoelectronic and chemical proper-
ties,[1] which have potential applications in nanoelectronics,[2]


bio-analytical processes,[3] and catalysis.[4] Among these, gold
nanoparticles (GNPs) are interesting due to their unique
size-dependent optical, electronic, and chemical properties.


In particular, special emphasis has been given to the synthe-
sis of GNPs immobilized in biomolecules because of their
wide range of applications in modern biotechnology as well
as in biorecognition-based self-assembly of functionalized
nanoparticles.[5–8] These GNPs are generally prepared by
NaBH4- or citrate-reduction of HAuCl4 in the presence of a
stabilizer (e.g., small organic molecules, polymers, and bio-
macromolecules) containing at least one �NH2 or �SH
group.[4,7] But the presence of the by-product of these reduc-
ing agents may create complications when used in some bio-
analytical applications. Therefore, it is preferable to use an
in situ reduction technique so that the by-product of the
system remains compatible with biosystems. Recently, Zhou
and co-workers prepared gold–silk fibroin core-shell nano-
particles by using silk fibroin containing tyrosine residues as
both reducing and stabilizing agents, but they did not report
the detailed nanoparticle formation mechanism.[9] Sastry
et al. reported silver ion reduction with tyrosine at high pH,
which in turn converted to a semiquinone structure.[10] In
our previous work we have reported the formation of GNPs
and their self-assembly using a tyrosine-containing short
peptide.[11] To the best of our knowledge, nobody has report-
ed the role of tyrosine in the formation of metal nanoparti-
cles in detail. It has been reported that tyrosine has an im-
portant function in electron transfer in the photosystem II
(PSII), a vital process in nature leading to a neutral tyrosyl
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radical.[12–17] Tyrosine also acts as an electron-transfer agent
in many enzymes, such as prostaglandin H synthase,[18] galac-
tose oxidase,[19] and ribonucleotide reductase.[20] Here, we
report for the first time the mechanism and kinetics of GNP
formation through the electron transfer from tyrosine resi-
dues present in the oligopeptides to the respective metal ion
and also on the fate of the peptide after the reduction pro-
cess.


Results and Discussion


The detailed synthesis of GNPs using peptide-1 (NH2-Leu-
Aib-Tyr-OMe) at pH~11 was reported in our previous
work.[11] The formation of the GNPs at pH~9 and ~11 were
monitored by using a UV/Vis spectrophotometer to follow
the appearance of the surface plasmon (SP) band at 535 and
527 nm, respectively (see Figure 1a and b), characteristic of
GNPs within the size range of 20 nm.[21] Two other peptides,
containing two (peptide-2, NH2-Tyr-Aib-Tyr-OMe) and
three (peptide-3, NH2-Tyr-Tyr-Tyr-OMe) tyrosine residues
were also employed to study the kinetics of formation of
colloidal GNPs. UV/Vis spectra of GNPs prepared with pep-
tide-2 and peptide-3 at pH~11 (see Figure 1c and d respec-
tively) also exhibit the SP band nearly at the same position
as for peptide-1, along with a new peak at about 325 nm.
The appearance of the peak at 325 nm will be explained
later in this section. TEM images of GNPs prepared at dif-
ferent pH values by using various peptides reveal spherical
particles (Figure 2a–d). The particle-size analysis shows that
the average diameter of the GNPs at pH~9 and ~11 are
11.6�2 and 8.7�2.3 nm, respectively (see Figures S1a and
b in the Supporting Information for histogram analysis).
These data reveal that the distribution of particle size is
almost the same for the GNPs
prepared at both pH values, but
the average particle-size in-
creases at lower pH compared
to that prepared at higher pH.
The average particle-size of the
GNPs was found to be 9.7�1.7
and 15.2�1.4 nm as estimated
from the statistical analyses of
the GNPs prepared by peptide-
2 and peptide-3 respectively
(see Figures S1c and d in the
Supporting Information for his-
togram analysis). This clearly
indicates that the average parti-
cle-size increases with increas-
ing number of tyrosine residues
in the peptide. However, the
standard deviation value de-
creases indicating that the mon-
odispersity of the particles in-
creases. This may be the result
of better stability of the GNPs


by a higher number of tyrosine residues within the peptide
molecule.


Figure 1. UV/Vis absorbance spectra of suspensions of: a) gold-peptide-1
nanoconjugates at low pH; b) gold-peptide-1 nanoconjugates at high pH;
c) gold-peptide-2 nanoconjugates; d) gold-peptide-3 nanoconjugates; and
e) silver-peptide-1 nanoconjugates.


Figure 2. TEM images of gold nanoparticles prepared at: a) pH 11 with peptide-1; b) pH 9 with peptide-1;
c) pH 11 with peptide-2; d) pH 11 with peptide-3; and e) silver nanoparticles reduced with peptide-1 at pH 11.
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GNPs are most likely stabilized through the interaction of
amino groups of peptides with the gold surface as men-
tioned in our previous work.[11] The gold nanoparticles
formed are quite stable for more than six months. The cen-
trifuged and redispersed GNPs also form a stable suspension
in water. The hydrolysis of the methoxy group of peptides
under our experimental conditions increases the solubility of
peptides that might add extra stability to the gold-peptide
nanoconjugates when redispersed in water. This has been
proved indirectly by performing the same reaction in the ab-
sence of gold but maintaining the same pH. The absence of
a methoxy proton peak in the NMR spectra of the final ex-
tracted peptide from solution reveals the hydrolysis of the
methoxy group (see Figure S2b in the Supporting Informa-
tion). The resultant gold-peptide nanoconjugates were ag-
gregated at pH<4, further confirming the presence of sur-
face �COOH groups that interact through hydrogen bond-
ing as reported earlier.[22] The 1H NMR spectra of the gold-
peptide nanoconjugate in D2O (see Figure S2c in the Sup-
porting Information) shows the peak for the tyrosine moiety
as well as other residues present in the peptide, but the
spectra is not so clear (due to the surface-bound peptide)
and hence the exact configuration of the peptide could not
be predicted.
The UV/Vis spectra of the alkaline peptide-1 solution ex-


hibits an absorbance peak at 292 nm due to the tyrosinate
ion, which was shifted to lower wavelengths during the re-
duction of the gold salt to metallic gold as mentioned in our
earlier report.[11] This observation indicates that the tyrosine


residue plays some role in this reduction process. We believe
that the electron transfer from the tyrosine residues to the
gold salt leads to the formation of metallic gold nanoparti-
cles.
To explore this in more detail, the absorbance peak at


292 nm due to the tyrosinate ion was monitored with time
during the GNP-formation (see Figure 3). Figure 3 indicates
that, as the reaction proceeds, the peak at 292 nm decreases
gradually and is shifted towards lower wavelength. This
result agrees well with the literature report.[9] But in the
case of peptide-3, we cannot distinguish a change of peak
position of the tyrosinate ion due to the presence of a
higher concentration of tyrosine residues in peptide-3 (Fig-
ure 3c). In addition a new peak appeared at about 325 nm
(marked by an arrow in Figures 1, 3b, and 3c), which
became more prominent in the reduction of the metal ion
with peptide-2 and peptide-3 containing a higher number of
tyrosine residues compared to peptide-1. The development
of this peak at about 325 nm may imply some modification
of the tyrosine residues present in the peptide backbone.
To verify that a similar type of reaction is occurring for


other metal ions, the same peptide was allowed to react with
the Ag+ ion in alkaline medium at pH~11. This process re-
sulted in the formation of silver nanoparticles, which is evi-
dent from their characteristic SP band that appeared at
416 nm as shown in Figure 1e. Figure 2e shows the TEM
image of the silver nanoparticles with an average diameter
of 13.1�2.9 nm as estimated from TEM analysis (see Figur-
e S1e in the Supporting Information for histogram analysis).


Figure 3. Time-dependent UV/Vis spectral study of tyrosine/tyrosinate in peptides during GNP formation at pH 11 by using: a) peptide-1; b) peptide-2;
and c) peptide-3. A new peak developed at 325 nm (marked by an arrow).
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This result indicates that the same electron-transfer process
occurs and reduces AgI to metallic Ag0. Formation of metal
(gold and silver) nanoparticles was not observed when the
reaction was performed with the same peptide in organic
medium (such as methanol and tetrahydrofuran), due to the
absence of tyrosinate ions in the medium. Thus, we can pre-
dict that the reaction proceeds according to the path shown,
and is confirmed through UV/Vis, fluorescence, and EPR
spectroscopy and is discussed later in this section.


tyrosine pH>10
���!tyrosinate Mnþ


��!oxidized form of tyrosinate þ M


Sjodin et al. and Carra et al. reported that the oxidation
of tyrosine proceeds through a pH-dependent electron
transfer from tyrosine to a model compound, mimicking the
photosystem II, containing ruthenium.[14,17] They have shown
for pH values below the tyrosine pKa (pH<10), the tyrosine
is initially protonated but at pH values above the tyrosine
pKa (pH>10), the tyrosine is initially deprotonated. In both
cases a single electron is transferred to the attached rutheni-
um complex. Thus, they have concluded that the mechanism
is proton-coupled electron transfer at pH<10, but is single-
electron transfer at pH>10 with a faster rate. On the basis
of the above report and the characterization at each step of
the GNP synthesis (our case) we have identified the chemis-
try in this reduction process. The fluorescence spectra of an
aqueous solution of peptide-1 shows an emission peak at
348 nm (Eex=275 and 300 nm), corresponding to the tyrosi-
nate form of the peptide at pH>10 (Figure 4a and b) and
shows an emission peak for both tyrosinate (Eem=348 nm,
Eex=300 nm) and tyrosine (Eem=321 nm, Eex=275 nm) at
pH<10 as shown in Figure 4c and d respectively. Thus, the


tyrosinate ion formed at both the above pH values (�11
and 9) is responsible for the electron transfer to the nearby
metal ion forming the metal nanoparticle and will be dis-
cussed in detail later in this section.
Fluorescence spectroscopic studies of tyrosine residues in


peptide-1 also provided us with an indication of the modifi-
cation of the tyrosine moiety during its reduction of AuIII to
Au0. In the presence of the gold salt, we observed the emis-
sion peak at about 410 nm upon excitation at 325 nm


(Figure 5). The appearance of this peak may correspond to
some modification in the tyrosine moiety of the peptide
during the reduction process. There is very close structural
similarity between tyrosine and p-cresol exhibiting similar
UV/Vis and emission spectra. Odo et al. reported the oxida-
tion of some p-hydroxyphenyl derivatives resulting in the
formation of the dimeric fluorescent compounds, which emit
in the same wavelength range as those in our case.[23] Thus
the appearance of an emission peak at about 410 nm indi-
cates the formation of the dityrosine form of peptide-1.[24–28]


For further confirmation, we studied the kinetics of GNP-
formation by fluorescence spectroscopy (Eex=325 nm and
Eem=~410 nm). Figure 5 shows that the intensity of the di-
tyrosine emission peak centered at about 410 nm decreased
gradually as the reaction proceeded towards the end and fi-
nally there was no detectable peak. The decrease in emis-
sion intensity is due to quenching of the dityrosine fluores-
cence by the GNPs formed as mentioned in the litera-
ture.[29–31] The following experiments were carried out to
provide more detailed evidence. The gold-peptide nanocon-
jugate formed was centrifuged, washed twice with triple-dis-
tilled water, redispersed in water, and the resulting suspen-
sion did not show any emission peak at 410 nm (Figure 6a).


Figure 4. Emission spectra of neat peptide-1 at: a) pH>10, excitation
275 nm; b) pH>10, excitation 300 nm; c) pH<10, excitation 300 nm;
d) pH<10, excitation 275 nm.


Figure 5. Emission spectra of gold-peptide-1 nanoconjugates during the
progress of the reaction: a) 15 min; b) 30 min; c) 1.5 h; d) 5 h; e) 6.5 h;
f) 3 days. The excitation wavelength is 325 nm at room temperature.
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However, an emission peak was observed at about 410 nm
(Eex=325 nm) on treatment with ethanolamine as shown in
Figure 6b. We also observed a similar type of peak enhance-
ment when tyrosine-reduced gold nanoparticles were treated
with ethanolamine. (see Figure S3 in the Supporting Infor-
mation). These observations indicate that the dityrosine part
interacts with the GNP surface probably through its �OH
group along with a free amino group of the peptides and
hence their emission is quenched. When ethanolamine is
added, it replaces the attached �OH group of the dityrosine
form because of the stronger ligand, hence the �OH groups
become free and there is an enhancement of peak intensity.
To provide further support for the emission peak position


at around 410 nm, preformed citrate-stabilized GNPs were
ligand-exchanged with the peptide-1 for 24 h at room tem-
perature. The UV/Vis spectra of the resultant centrifuged/
redispersed GNPs bound to peptide-1 did not show the ab-
sorbance peak corresponding to tyrosine/tyrosinate because
of the very low concentration of surface-adsorbed peptide-1
molecules. However, the fluorescence spectra of these pep-
tide-bound GNPs showed an emission peak at about 321 nm
(see Figure S4 in the Supporting Information) characteristic
of a tyrosine residue in peptide-1 as indicated in Figure 4d.
This result indicates that there is no modification of tyrosine
residues of peptide-1 during the ligand-exchange process.
Thus, we can conclude that the tyrosine moiety converted to
the dityrosine form in the presence of metal ions (in our
case Au3+ and Ag+ ions) at basic pH and exhibited an emis-
sion peak at ~410 nm. A dityrosine bridge can only be
formed when two tyrosyl radicals are linked together as de-
picted in Scheme 1, which proves that the reaction path goes
through the radical mechanism.
The existence of intermediate tyrosyl radicals in the re-


duction of metal ion to metal by the transfer of an electron
from the tyrosinate residue was also studied by EPR spec-


troscopy. We applied a microwave power of 10 mW and an
amplitude modulation of 2J10 G. EPR spectra were record-
ed during the formation of GNPs by using peptide-1, but no
sharp EPR signal for the tyrosyl radical was observed (Fig-
ure 7a). It has been reported in the literature that metal
nanoparticles, more specifically the GNPs, quench the EPR
signal of free radicals.[32–34] This might be the reason for the
broadening of the EPR signal observed in the presence of
GNPs. To investigate this, we recorded the EPR spectrum of
a model system containing a CuII salt and peptide-1 in basic
medium. The spectrum (Figure 7b), which was recorded im-
mediately after the addition of the CuII salt to an alkaline
peptide-1 solution, shows the EPR signal of the tyrosyl radi-
cal. The g value of the signal was found to be 1.9 close to
the fingerprint g value for the tyrosyl radical.[35] The EPR
signal attributed to the tyrosyl radical can be observed in


Figure 6. Emission spectra of centrifuged/washed and redispersed gold-
peptide-1 nanoconjugates: a) before treatment with ethanolamine;
b) after treatment with ethanolamine.


Scheme 1.


Figure 7. EPR spectra of peptide-1 after the addition of: a) HAuCl4; and
b) Cu(NO3)2 in basic medium. (The microwave power was 10 mW and
amplitude modulation was 2J10 G).
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the presence of peptide-1 because of the transfer of an elec-
tron from the tyrosinate ion to the CuII ion, which results in
a conversion of CuII to CuI ions but not to metallic copper,
due to a larger difference in the standard reduction poten-
tial. Since there is no metallic copper, there is no quenching
of the EPR signal due to the interaction of the tyrosyl radi-
cal with the metal surface. Thus, we observed the EPR
signal due to peptide-1 in the presence of a CuII salt in basic
medium. (Figure 7b). However, the signal was not observed
when the EPR measurement was taken some time after the
addition of the peptides because of the formation of the di-
tyrosine form of the peptide by the combination of two rela-
tively long-lived tyrosyl radicals. The formation of dityrosine
was further confirmed by taking the mass spectra of the ex-
tracted peptide-1 from the reaction medium that shows the
presence of both the [M++Na] and [2M++Na] peak for the
hydrolyzed peptide and its corresponding dimer respectively
(see Figure S5 in the Supporting Information). We were
unable to obtain mass spectra for the GNP-bound peptide-1
molecule because of problems in extracting the very small
amount of adsorbed peptide molecules on the nanoparticle
surface.
Thus during the process of the combination of two tyrosyl


radicals to a stable and highly fluorescent dityrosine form, a
proton is eliminated from each tyrosine of the dityrosine
form of the peptide to retain its aromaticity (see Scheme 1).
As a result, the pH of the reaction medium decreased from
about 11 to 8–9 after completion of the reaction, because
the released proton counterbalanced the hydroxide ion pres-
ent in the medium. These results further substantiate that
the formation of GNPs and the dityrosine by-product pro-
ceeds through the reaction mechanism as presented in
Scheme 1.
To explore the fate of the tyrosine residue in the peptide


after the reduction, the following experiments were per-
formed. For this, as-prepared gold-peptide-1 nanoconjugate
suspension was centrifuged (2.8J104 g) for 1 h. The centri-
fuged nanoconjugates and the supernatant were then sepa-
rately reacted with a freshly prepared HAuCl4 solution at
basic pH. In the first case, some new gold nanoparticles
were formed as evident from the increase of the SP peak in-
tensity after 24 h and 48 h of reaction, but after 72 h the in-
tensity decreases due to aggregation (see Figure S6 in the
Supporting Information). These particles were precipitated
upon standing indicating that the GNPs were not stabilized
due to less availability of peptide molecules in the reaction
medium. Thus, we presumed that the dityrosine that was ad-
sorbed on the nanoparticle surface might further reduce the
metal ion present in solution. In the case of the supernatant,
again a stable GNP suspension formed. Thus, we concluded
that the reducing power of the tyrosine remains intact even
after its conversion to the dityrosine form.
The rate of GNP formation by peptide-1 was studied


from the increase in the SP band intensity of GNPs with
time both at pH~9 and ~11. This kinetic study showed that
the rate of GNP formation is much faster at pH~11 than at
pH~9 (compare Figure 8a and b). Thus, we can say that the


electron transfer by the tyrosine residue is faster at pH~11
than at pH~9, which agrees well with data reported by
Sjodin et al. and Carra et al.[14,17] When the reaction was per-
formed at pH>10, most of the tyrosine remained in the “ty-
rosinate” form as evident from the emission study discussed
earlier (Figure 4). This form is more likely to undergo the
electron transfer that causes the increase of the rate of GNP
formation at pH~11 compared to pH~9. The rate of GNP
formation, that is, the rate of electron donation, also de-
pends on the availability of the number of tyrosinate species
present in the reaction medium, which has been further con-
firmed by performing the reaction with peptide-2 and pep-
tide-3 having two and three tyrosine residues, respectively.
As the number of tyrosine residues was increased in the
peptides, the effective donation of electrons increased to
two- and three-fold respectively and thus we expected that
the rate of GNP formation to also increase in the same fash-
ion. To explore this in more detail, the formation of GNPs
was monitored by the evaluation of the SP band during the
nanoparticle formation (see Figure 8) by using peptides-1,
-2, and -3. The spectral evolution is further analyzed in
terms of the time dependence in the absorbance of the SP
band. Figure 9 shows a plot of absorbance of the respective
SP band due to these three peptides with respect to time. It
clearly indicates that the rate of GNP formation increases
almost linearly with time with a slight deviation in the case
of peptide-3. The induction periods for GNP formation with
peptides-1 and -2 are almost equal, but in the case of pep-
tide-3 the induction time is slightly longer and may be due
to the poor solubility of peptide-3 in the reaction medium.
Once the GNP formation starts, the rate becomes faster
compared to that of peptide-1 and peptide-2. From the
slope, we observed that the rate of GNP formation using
peptide-2 is exactly double that of peptide-1, as we expect-
ed. However, in the case of peptide-3, the rate of formation
is three times that of peptide-1 only up to 70 min of reac-
tion, as we expected, but after 70 min, the rate is little faster.
We are unable to explain this observation at the moment.


Conclusion


Tyrosine-containing peptides were designed to synthesize
colloidal gold and silver nanoparticles. A TEM study shows
that the average particle size of gold nanoparticles increases
with increasing number of peptide tyrosine residues, but the
monodispersity of the particles increases. The reducing
property of the tyrosine in the peptide depends on the pH
of the medium. The formation of metal nanoparticles was
followed by a radical mechanism producing the dityrosine
form of the peptide through the tyrosyl radical intermediate,
and was confirmed through UV/Vis, fluorescence, and EPR
spectroscopy. Also the rate of reaction depends on the
number of tyrosine moieties present in the peptide mole-
cules. Finally, the dityrosine form of the peptide produced
during the reaction is capable of reducing the gold salt to
gold nanoparticles.
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Experimental Section


Materials : Dicyclohexylcarbodiimide (DCC), 1-hydroxybenzotriazole
(HOBt), l-tyrosine (Tyr), a-aminoisobutyric acid (Aib), l-leucine (Leu),
hydrogen tetrachloroaurate(iii)trihydrate (HAuCl4·3H2O), silver nitrate
(AgNO3), copper nitrate (Cu(NO3)2·3H2O), and ethanolamine were pur-
chased from Sigma–Aldrich and were used as received. All the aqueous
solutions were made with triple-distilled water. All other solvents were
of analytical grade and used after distillation.


Synthesis of peptides : The tripeptides were synthesized by conventional
solution-phase methods by using a racemization-free fragment-condensa-
tion strategy. The Boc group was used to protect the N-terminus and the
C-terminus was protected as a methyl ester. Couplings were mediated by
dicyclohexylcarbodiimide/1-hydroxybenzotriazole (DCC/HOBt). All in-
termediates have been characterized by 1H NMR (300 MHz) and thin-
layer chromatography (TLC) on silica gel and were used without further
purification. The final products were purified by column chromatography
using silica gel (100–200-mesh size) as the stationary phase and ethyl ace-


tate/toluene as eluent. Purified final compounds have been fully charac-
terized by 300 MHz 1H NMR spectroscopy.


Synthesis of Boc-Tyr(1)-OH : A solution of Tyr (1.81 g, 10 mmol) in a
mixture of dioxane (20 mL), water (10 mL), and 1m NaOH (10 mL) was
stirred and cooled in an ice/water bath. Di-tert-butylpyrocarbonate (2.4 g,
10 mmol) was then added to the above mixture and stirred for 6 h at
25 8C. The solution was concentrated in vacuum (10–20 mL), cooled in an
ice/water bath, covered with a layer of ethyl acetate (about 15 mL), and
acidified with a dilute solution of KHSO4 to obtain a solution of pH 2–3.
The aqueous phase containing the peptides was extracted with ethyl ace-
tate (3J30 mL), was dried over anhydrous Na2SO4, and was evaporated
in vacuum. The pure material was obtained as a waxy solid. Yield=
2.67 g (9.5 mmol, 95%).


Synthesis of Boc-Tyr(1)-Aib(2)-OMe : A sample of Boc-Tyr-OH (2.53 g,
9 mmol) was dissolved in dichloromethane (DCM) (20 mL) in an ice/
water bath. H-Aib-OMe was isolated from the corresponding methyl
ester hydrochloride (4.17 g, 18 mmol) by neutralization and subsequent
extraction with ethyl acetate and the extract was concentrated to 5 mL.
This was added to the reaction mixture, followed immediately by dicyclo-


Figure 8. UV/Vis kinetic study of GNP formation with: a) peptide-1 at pH 9; b) peptide-1 at pH 11; c) peptide-2 at pH 11; and d) peptide-3 at pH 11.
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hexylcarbodiimide (DCC) (1.854 g, 9 mmol). The reaction mixture was
allowed to come to room temperature and was stirred for 24 h. DCM
was evaporated, and the residue was taken up in ethyl acetate (30 mL),
and dicyclohexylurea (DCU) was filtered off. The organic layer was
washed with HCl (2m, 3J30 mL), brine (30 mL), sodium carbonate (1m,
3J30 mL), and brine (2J30 mL), and was dried over anhydrous sodium
sulfate, followed by evaporation in vacuum to yield a white solid. Yield=
3 g (7.91 mmol, 87.8%); 1H NMR (300 MHz, CDCl3, TMS): d=7.1–7.08
(d, J=8.4 Hz, 2H; Tyr(1) ring hydrogen), 6.78–6.75 (d, J=8.5 Hz, 2H;
Tyr(1) ring hydrogen), 6.29 (s, 1H; Aib(2) N�H), 5.37 (d, J=6.5 Hz, 1H;
Tyr(1) N�H), 4.15–4.68 (m, 1H; Tyr(1) CaH), 3.79 (s, 3H; OCH3), 3.1–
2.8 (m, 2H; Tyr(1) CbH), 1.55 (s, 6H; Aib(2) CbH), 1.42 ppm (s, 9H;
Boc-CH3).


Synthesis of Boc-Tyr(1)-Aib(2)-OH : MeOH (30 mL) and NaOH (2m,
10 mL) were added to a sample of Boc-Tyr(1)-Aib(2)-OMe (3 g,
7.9 mmol), and the progress of saponification was monitored by thin-
layer chromatography (TLC). The reaction mixture was stirred for 10 h.
Then methanol was removed under vacuum, the residue was taken up in
30 mL of water and was washed with diethyl ether (2J20 mL). Then the
pH of the aqueous layer was adjusted to 2 using HCl (1m) and was ex-
tracted with ethyl acetate (3J20 mL), dried over anhydrous sodium sul-
fate, and evaporated in vacuum to yield a white solid. Yield=2.74 g
(7.5 mmol, 95%).


Synthesis of Boc-Tyr(1)-Aib(2)-Tyr(3)-OMe : A sample of Boc-Tyr(1)-
Aib(2)-OH (2.7 g, 7.5 mmol) in DMF (8 mL) was cooled in an ice/water
bath and H-Tyr-OMe was isolated from the corresponding methyl ester
hydrochloride (4.2 g, 15 mmol) by neutralization, subsequent extraction
with ethyl acetate and concentration (5 mL), and was added to the reac-
tion mixture followed immediately by DCC (1.5 g, 7.5 mmol) and HOBt
(1 g, 7.5 mmol). The reaction mixture was stirred for 3 days. The residue
was taken up in ethyl acetate (20 mL) and the DCU was filtered off. The
organic layer was washed with HCl (2m, 3J20 mL), brine (30 mL),
sodium carbonate (1m, 3J20 mL), brine (2J20 mL), dried over anhy-
drous sodium sulfate and evaporated in vacuum to yield a white solid.
Purification was performed by silica gel column (100–200 mesh) using
ethyl acetate/toluene (2:1) as eluent. Yield=3.26 g (6 mmol, 80%);
1H NMR (300 MHz, CDCl3 + 5% DMSO, TMS): d=7.01–6.98 (d, J=
8.4 Hz, 2H; Tyr(1)/Tyr(3) ring hydrogen), 6.93–6.90 (d, J=8.4 Hz, 2H;
Tyr(1)/Tyr(3) ring hydrogen), 6.83 (d, J=6.33 Hz, 1H; Tyr(3) N�H),
6.77–6.74 (d, J=8.4 Hz, 2H; Tyr(1)/Tyr(3) ring hydrogen), 6.75–6.72 (d,
J=8.4 Hz, 2H; Tyr(1)/Tyr(3) ring hydrogen), 6.31 (s, 1H; Aib(2) N�H),
5.32 (d, J=6.5, 1H; Tyr(1) N�H), 4.77–4.70 (m, 1H; Tyr(1) CaH), 4.1–
4.15 (m, 1H; Tyr(3) CaH), 3.7 (s, 3H; OCH3), 3.1–2.81 (m, 4H; Tyr(1) &


Tyr(3) CbH), 1.41 (s, 9H; Boc-CH3), 1.35 ppm (d, J=12.9, 6H; Aib(2)
CbH); elemental analysis calcd (%) for C28H37N3O8 (543): C 61.88, H
6.81, N 7.73; found: C 61.51, H 6.47, N 7.43; MS (ESI) (35 eV): m/z (%):
566 (100) [M++Na].


Synthesis of peptide-2, (NH2-Tyr(1)-Aib(1)-Tyr(3)-OMe): We added
formic acid (10 mL, 98%) to Boc-Tyr(1)-Aib(2)-Tyr(3)-OMe (5 mm) and
the removal of the Boc-group was monitored by TLC. After 8 h, the
formic acid was removed under vacuum. The residue was taken up in
water (20 mL) and was washed with diethyl ether (2J20 mL). The pH of
the aqueous solution was then adjusted to 8 with sodium bicarbonate and
the solution was extracted with ethyl acetate (3J30 mL). The organic ex-
tract was washed with saturated brine, dried over sodium sulfate, and was
concentrated to a viscous liquid that gave a positive ninhydrin test.
1H NMR (300 MHz, CDCl3 + 5% DMSO, TMS): d=8.45 (br, 2H;
Tyr(1) NH2), 7.63 (s, 1H; Aib(2) N�H), 7.27–7.25 (d, J=7.5 Hz, 1H;
Tyr(3) N�H), 7.04–7.01 (d, J=8.4 Hz, 2H; Tyr(1)/Tyr(3) ring hydrogen),
6.96–93 (d, J=8.4 Hz, 2H; Tyr(1)/Tyr(3) ring hydrogen), 6.8–6.77 (d, J=
8.4 Hz, 2H; Tyr(1)/Tyr(3) ring hydrogen), 6.76–6.73 (d, J=8.4 Hz, 2H,
Tyr(1)/Tyr(3) ring hydrogen), 4.76–4.69 (m, 1H; Tyr(3) CaH), 4.13–4.1
(m, 1H; Tyr(1) CaH), 3.7 (s, 3H; OCH3), 3.11–2.94 (m, 4H; Tyr(1) &
Tyr(3) CbH), 1.48 ppm (d, J=8.55 Hz, 6H; Aib(2) CbH); elemental anal-
ysis calcd (%) for C23H29N3O6 (443): C 62.30, H 6.54, N 9.48; found: C
62.36, H 6.58, N 9.38; MS (ESI) (35 eV): m/z (%): 466 (100) [M++Na].


Synthesis of Boc-Tyr(1)-Tyr(2)-OMe : A sample of Boc-Tyr-OH (2.53 g,
9 mmol) was dissolved in dichloromethane (DCM) (20 mL) in an ice/
water bath. H-Tyr-OMe was isolated from the corresponding methyl
ester hydrochloride (4.17 g, 18 mmol) by neutralization and subsequent
extraction with ethyl acetate, and was concentrated to 5 mL. This was
added to the reaction mixture, followed immediately by dicyclohexylcar-
bodiimide (DCC) (1.854 g, 9 mmol). The reaction mixture was allowed to
come to room temperature and was stirred for 24 h. The DCM was
evaporated, and the residue was taken up in ethyl acetate (30 mL), and
dicyclohexylurea (DCU) was filtered off. The organic layer was washed
with HCl (2m, 3J30 mL), brine (30 mL), sodium carbonate (1m, 3J
30 mL), and brine (2J30 mL), and was dried over anhydrous sodium sul-
fate, followed by evaporation in vacuum to yield a white solid. Yield=
3.66 g (8 mmol, 88.8%); 1H NMR (300 MHz, CDCl3, TMS): d=7.03–7.00
(d, J=8.4 Hz, 2H; Tyr(1)/Tyr(2) ring hydrogen), 6.83–6.80 (d, J=8.4 Hz,
2H; Tyr(1)/Tyr(2) ring hydrogen), 6.71–6.68 (d, J=8.34 Hz, 2H; Tyr(1)/
Tyr(2) ring hydrogen), 6.70–6.67 (d, J=8.4 Hz, 2H; Tyr(1)/Tyr(2) ring hy-
drogen), 6.1 (d, J=6.2 Hz, 1H; Tyr(2) N�H), 5.03 (d, J=6.0 Hz, 1H;
Tyr(1) N�H), 4.74–4.71 (m, 1H; Tyr(2) CaH), 4.15–4.08 (m, 1H; Tyr(1)
CaH), 3.69 (s, 3H; OCH3), 3.02–2.85 (m, 4H; Tyr(1) & Tyr(2) CbH),
1.42 ppm (s, 9H; Boc-CH3).


Synthesis of Boc-Tyr(1)-Tyr(2)-OH : We added MeOH (30 mL) and
NaOH (10 mL, 2m) to a sample of Boc-Tyr(1)-Tyr(2)-OMe (3.66 g,
8 mmol), and the progress of saponification was monitored by TLC. The
reaction mixture was stirred. After 10 h, methanol was removed under
vacuum, the residue was taken up in 30 mL of water, and was washed
with diethyl ether (2J20 mL). The pH of the aqueous layer was adjusted
to 2 using HCl (1m) and was then extracted with ethyl acetate (3J
20 mL), was dried over anhydrous sodium sulfate, and was evaporated in
vacuum to yield a white solid. Yield=3.3 g (7.5 mmol, 93.7%).


Synthesis of Boc-Tyr(1)-Tyr(2)-Tyr(3)-OMe : A sample of Boc-Tyr(1)-
Tyr(2)-OH (3.3 g, 7.5 mmol) in DMF (8 mL) was cooled in an ice/water
bath and H-Tyr-OMe was isolated from the corresponding methyl ester
hydrochloride (3.46 g, 15 mmol) by neutralization, subsequent extraction
with ethyl acetate and concentration (5 mL), and was added to the reac-
tion mixture followed immediately by DCC (1.54 g, 7.5 mmol) and HOBt
(1.01 g, 7.5 mmol). The reaction mixture was stirred for three days. The
residue was taken up in ethyl acetate (20 mL) and the DCU was filtered
off. The organic layer was washed with HCl (2m, 3J20 mL), brine
(30 mL), sodium carbonate (1m, 3J20 mL), brine (2J20 mL), and was
dried over anhydrous sodium sulfate, followed by evaporation in vacuum
to yield a white solid. Purification was performed with a silica gel column
(100–200 mesh) using ethyl acetate/toluene (2:1) as eluent. Yield=5.3 g
(8.5 mmol, 85.3%); 1H NMR (300 MHz, CDCl3 + 5% DMSO, TMS):
d=6.94–6.92 (d, J=8.4 Hz, 2H; Tyr(1)/Tyr(2)/Tyr(3) ring hydrogen),


Figure 9. Plots of absorbance against time for the respective surface plas-
mon bands of GNPs prepared using peptides-1, -2, and -3 at pH 11.
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6.88–6.85 (d, J=8.3 Hz, 2H; Tyr(1)/Tyr(2)/Tyr(3) ring hydrogen), 6.84–
6.81 (d, J=8.4 Hz, 2H; Tyr(1)/Tyr(2)/Tyr(3) ring hydrogen), 6.74–6.71 (d,
J=8.4 Hz, 2H; Tyr(1)/Tyr(2)/Tyr(3) ring hydrogen), 6.71–6.68 (d, J=
8.4 Hz, 2H; Tyr(1)/Tyr(2)/Tyr(3) ring hydrogen), 6.50–6.48 (d, J=6.2 Hz,
1H; Tyr(1)/Tyr(2)/Tyr(3) N�H), 6.41–6.39 (d, J=7.5 Hz, 1H; Tyr(1)/
Tyr(2)/Tyr(3) N�H), 5.09–5.06 (d, J=7.62 Hz, 1H; Tyr(1)/Tyr(2)/Tyr(3)
N�H), 4.68–4.61 (m, 1H; Tyr(1)/Tyr(2)/Tyr(3) CaH), 4.50–4.43 (m, 1H;
Tyr(1)/Tyr(2)/Tyr(3) CaH), 4.24–4.22 (m, 1H; Tyr(1)/Tyr(2)/Tyr(3) CaH),
3.68 (s, 3H; OCH3), 3.02–2.78 (m, 6H; Tyr(1)+Tyr(2)+Tyr(3) C


bH),
1.39 ppm (s, 9H; Boc-CH3); elemental analysis calcd (%) for C33H39N3O9
(621): C 63.77, H 6.28, N 6.76; found: C 63.21, H 6.29, N 6.13; MS (ESI)
(35 eV): m/z (%): 644 (100) [M++Na].


Synthesis of peptide-3, (NH2-Tyr(1)-Tyr(2)-Tyr(3)-OMe): We added
formic acid (10 mL, 98%) to 5 mm of Boc-Tyr(1)-Tyr(2)-Tyr(3)-OMe and
the removal of the Boc-group was monitored by TLC. After, 8 h, the
formic acid was removed under vacuum. The residue was taken up in
water (20 mL), and was washed with diethyl ether (2J20 mL). The pH of
the aqueous solution was then adjusted to 8 with sodium bicarbonate and
the solution was then extracted with ethyl acetate (3J30 mL). The organ-
ic extract was washed with saturated brine, dried over sodium sulfate,
and was concentrated to a viscous liquid that gave a positive ninhydrin
test. 1H NMR (300 MHz, CDCl3 + 5% DMSO, TMS): d=8.41 (br, 2H;
Tyr(1) NH2), 7.7–7.68 (d, J=8.4 Hz, 1H; Tyr(2)/Tyr(3) N�H), 7.00–6.65
(m, 12H; Tyr(1)+Tyr(2)+Tyr(3) ring hydrogen), 4.73–4.66 (m, 1H;
Tyr(1)/Tyr(2)/Tyr(3) CaH), 4.59–4.52 (m, 1H; Tyr(1)/Tyr(2)/Tyr(3) CaH),
4.24–4.21 (m, 1H; Tyr(1)/Tyr(2)/Tyr(3) CaH), 3.68 (s, 3H; OCH3), 3.02–
2.85 ppm (m, 6H; Tyr(1)+Tyr(2)+Tyr(3) CbH); elemental analysis calcd
(%) for C28H31N3O7 (521): C 64.49, H 5.95, N 8.06; found: C 64.13, H
6.43, N 7.89; MS (ESI) (35 eV): m/z (%): 544 (100) [M++Na].


Synthesis of metal–peptide nanoconjugates : The detailed synthesis of
gold-peptide-1 nanoconjugates has been described in our earlier
report.[11] Similarly, 40 mm of a solution of peptide-2 and peptide-3 (in
methanol) was added to an aqueous solution of HAuCl4 (10 mm), such
that the final concentration of respective peptide and HAuCl4 was 5 mm


and 2.5 mm respectively. In both the reactions the desired pH values
were maintained using standard NaOH solution.


Characterization


NMR experiments : All NMR studies were carried out on a Bruker DPX
300 MHz spectrometer. Peptide concentrations were in the range 1–
10 mm in CDCl3 and DMSO.


GNP formation by UV/Vis spectrophotometry : UV/Vis absorption spectra
of all the nanoconjugate suspensions were measured in a Hewlett–Pack-
ard 8453 spectrophotometer. For the kinetic study, the UV/Vis spectra
were recorded from time-to-time during the reaction with samples in a
0.1 cm quartz cuvette. The rate of formation of GNPs was monitored by
the time-dependent evaluation of the SP band of the gold nanoparticles.


Fluorescence spectroscopy : Emission spectra of peptides/nanoconjugates
were recorded on a Perkin–Elmer LS55 fluorimeter. The emission spec-
tra of gold-peptide-1 nanoconjugates were also recorded occasionally
during their formation by conducting the reaction in a 1 cm quartz cell
and by using an excitation wavelength of 325 nm.


EPR study : Formation of intermediate tyrosyl radicals during the reac-
tion of an alkaline solution of the peptide-1 and HAuCl4 or Cu(NO3)2
was monitored by recording the instantaneous EPR spectra of the above-
mixture using a Varian E-112 spectrometer.


Mass spectral study : First, an alkaline solution of the peptide-1 was treat-
ed with Cu(NO3)2. The product of this reaction, that is supposed to be a
mixture of unreacted peptide-1 and the dityrosine form of the peptide,
was then extracted back from the reaction solution and used for ESI
mass analysis in a quadrupole time-of-flight (Qtof) Micro YA263 mass
spectrometer.
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Synthesis of ansa-[n]Silacyclopentadienyl–Cycloheptatrienyl–Chromium
Complexes (n = 1, 2): Novel Precursors for Polymers Bearing Chromium in
the Backbone


Alexandra Bartole-Scott,[b] Holger Braunschweig,*[a] Thomas Kupfer,[a] Matthias Lutz,[a]


Ian Manners,[b] Thi-loan Nguyen,[a] Krzysztof Radacki,[a] and Fabian Seeler[a]


Introduction


Tilted sandwich compounds have attracted recent interest
owing to their unique structure, bonding, and reactivity pat-
terns as well as their potential utility as precursors for
metal-containing macromolecules.[1] Among them [1]silafer-
rocenophanes are the most thoroughly investigated strained
sandwich compounds due to their propensity to give facile
access to polyferrocenylsilanes by ring-opening polymeri-
zation (ROP), which can be triggered thermally or by anion-
ic or transition metal mediated catalysis.[2] However, struc-
tural motifs other than ferrocene are rarely studied and
comprise only a few derivatives of bis(benzene)chromium[3]


and bis(benzene)vanadium[4] as well as cobaltocenophanes[5]


and ruthenocenophanes.[6] Moreover, only recently have


metallopolymers of this type that do not contain a ferrocen-
yl repeat unit been reported in the literature.[3a,6a,8c,9,10]


During our current study of compounds that are isoelec-
tronic with bis(benzene)chromium, we became interested in
cyclopentadienyl–cycloheptatrienyl–chromium[7] ([(h5-C5H5)-
(h7-C7H7)Cr] = trochrocene),[8] whose derivatization to
form a [2]boratrochrocenophane[8] we have reported. Re-
cently, the first two examples of ansa-silametallocenes with
heteroleptic ligand moieties around the metal centre have
been reported. These complexes were obtained by reaction
of [(h5-C5H5)(h


7-C7H7)Ti] (troticene)[8c,9] or [(h5-C5H5)(h
7-


C7H7)V] (trovacene)[9,10] with nBuLi in the presence of
N,N,N’,N’-tetramethylethylenediamine (TMEDA) and sub-
sequent treatment with dialkyl(dichloro)silanes.[9,10] In this
contribution we report on: 1) syntheses of the first examples
of [n]silatrochrocenophanes (n = 1, 2); 2) the reactivity of
[1]silatrochrocenophane (2) towards [Pt(PEt3)4]; and 3) the
formation of a poly(silatrochrocene) by transition metal cat-
alyzed ring-opening polymerization.


Results and Discussion


Synthesis of [n]Silatrochrocenophanes (n = 1 and 2): An
essential prerequisite for the synthesis of ansa-metalloceno-


Abstract: Reaction of [(h5-C5H4Li)(h7-
C7H6Li)Cr]·tmeda with a variety of
dialkyl(dichloro)silanes in aliphatic sol-
vents afforded the corresponding [1]si-
latrochrocenophanes. Structural char-
acterization by X-ray diffraction analy-
sis of the [1]silatrochrocenophanes
bearing Me2Si, (iPr)2Si, and silacyclo-
butane bridges revealed tilt angles a of
15.56(12)8, 15.8(1)8, and 16.33(17)8, re-
spectively. Analogously, a [2]silatro-


chrocenophane (6) was prepared in ex-
cellent yield by reaction of [(h5-
C5H4Li)(h7-C7H6Li)Cr]·tmeda with 1,2-
dichloro-1,1,2,2-tetramethyldisilane.
This complex also was characterized


structurally and exhibited a tilt angle a


of 2.60(15)8. The [1]silatrochroceno-
phane bearing the Me2Si bridge under-
went facile and regioselective carbon–
silicon bond cleavage with [Pt(PEt3)4]
to give a very high yield of an oxidative
addition product. The ring-opening
polymerization of these novel [1]sila-
trochrocenophanes afforded ring-
opened chromium-based polymers.
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phanes is to access a suitable precursor that can be trans-
formed subsequently into the desired product. The two most
commonly applied methods of preparing ansa-metalloceno-
phanes are: 1) build-up of the bridging ligand scaffold, fol-
lowed by double deprotonation, usually with nBuLi, and
subsequent reaction with a suitable transition metal halide
(A, Scheme 1); and 2) the double deprotonation of a metal-
locene followed by reaction with a bridging element dihalide
(B, Scheme 1).[11]


Hitherto, a reliable route to lithiate trochrocene has not
been described in the literature.[7a,12] To this end we accom-
plished double metallation of trochrocene by employing
tBuLi/TMEDA in aliphatic solvents to afford the base-stabi-
lized compound [(h5-C5H4Li)(h7-C7H6Li)Cr]·tmeda (1) in
high yield.[8a] Subsequent reaction of the dilithio complex
(1) with a variety of dialkyl(dichloro)silanes gave, after
work-up, the [1]silatrochrocenophanes (2, 3, 4, 5) in yields
ranging from 42% to 67% (Scheme 2). All complexes were
isolated as dark blue solids, which proved to be very sensi-
tive towards air and moisture but could be stored at ambient
temperature under a protective atmosphere for a long time
without degradation.


Attempts to obtain higher yields were thwarted by the in-
herent solubility of these compounds in all common organic
solvents, although the progress of the reaction as detected
by 1H NMR spectroscopy indicated quantitative conversion
of the starting materials. Pertinent features in the 1H NMR
spectra include the splittings of the Cp resonances into two
pseudo-triplets (2 : d = 3.66 and 3.70 ppm; 3 : d = 3.69 and
3.76 ppm; 4 : d = 3.67 and 3.74 ppm; 5 : d = 3.67 and
3.74 ppm) and of the cycloheptatrienyl (Cht) resonances
into three multiplets (2 : d = 5.14–5.88 ppm; 3 : d = 5.14–
5.93 ppm; 4 : d = 5.12–5.91 ppm; 5 : d = 5.20–5.82 ppm).
The 13C NMR spectra exhibit high-field shifted resonances
for the ipso carbons (2 : d = 51.66 and 60.10 ppm; 3 : d =


51.67 and 60.17 ppm; 4 : d = 51.39 and 60.10 ppm; 5 : d =


49.9 and 60.2 ppm), which are significantly deshielded com-
pared with those found for [1]silaferrocenophanes[13] and


[1]silachromoarenophanes,[3c,d,4b] but are drastically high-
field shifted with respect to the 13C NMR resonances for the
ipso carbons found in the corresponding Ti congener.[8c,9]


Similarly to the preparation of [1]silatrochrocenophanes,
the dilithio compound (1) reacted with 1,2-dichloro-1,1,2,2-
tetramethyldisilane to afford the disila-bridged trochroceno-
phane (6) in 69% yield as dark blue crystals. As expected,
the incorporation of the disila bridge in 6 imposed less mo-
lecular strain, which is manifested in solution in the de-
shielding of the Cp resonances in the 1H NMR spectrum (d
= 3.88 and 4.04 ppm) as well as the low-field shift of the
ipso carbons in the 13C NMR spectrum (d = 81.4 and
91.4 ppm). Furthermore, in its 29Si NMR spectrum 6 exhibits
two distinct resonances (d = �14.8 and 6.9 ppm) for the
disila bridge due to chemical inequivalence of the silicon
atoms. To assess unequivocally the structural patterns of
such silatrochrocenophanes, single-crystal structure determi-
nations of 2, 3 (Figure 1) and 5 (Figure 2) were carried out.
Whereas 2 crystallizes in the monoclinic space group P21/n,
3 and 5 crystallize in the orthorhombic space groups Pca21


and Pbca, respectively (Table 1). However, 5 exhibits a dis-
order in the silacylobutane ring moiety, and therefore the
structure was refined isotropically. Comparison with struc-
turally related ansa complexes, namely [1]silachromoareno-
phanes [(h6-C6H5)-Me2Si-(h


6-C6H5)Cr][3c] and [(h6-C6H5)-
Ph2Si-(h


6-C6H5)Cr],[3d] reveals that the tilt angles a, as previ-
ously defined, are very similar to the values measured for
the [1]silatrochrocenophanes reported here (2 : a =


15.6(1)8 ; 3 : a = 15.8(1)8 ; 5 : a = 16.33(17)8 ; versus [(h6-
C6H5)-Me2Si-(h


6-C6H5)Cr]: a = 16.6(3)8 ;[3c] [(h6-C6H5)-
Ph2Si-(h


6-C6H5)Cr]: a = 14.48[3d]). Yet a values reported for
the [1]silatroticenophane [(h5-C5H4)-SiMe2-(h


7-C7H6)Ti],[8c]


the [1]silatrovacenophane [(h5-C5H4)-SiMe2-(h
7-C7H6)V],[10]


the [1]silavanadoarenophane [(h6-C6H5)-Si(CH2)3-(h
6-


C6H5)V],[4b] and the [1]silaferrocenophane [(h5-C5H4)-Me2Si-
(h5-C5H4)Fe][13] are all significantly higher, undoubtedly be-
cause of the longer interannular distance in the Ti, V, and
Fe systems. As expected, the interatomic C–Cr distances are
significantly shorter than those found in the titanium conge-
ner[8c] but significantly longer than the carbon–metal separa-
tion reported for related [1]silaferrocenophanes.[13] The C-
(arene)-Si-C(arene) angles q in 2 (93.91(9)8), 3 (94.14(7)8),
and 5 (94.67(14)8) deviate significantly from the tetrahedral
angle for an sp3-hybridized silicon atom. The smaller angle q


results in a slight scissoring effect at silicon, with a widening
of the C(R)-Si-C(R) (2, C(R) = Me; 3, C(R) = iPr) angle
to 110.74(13)8 in 2 and 115.28(8)8 in 3. This difference in
angles between 2 and 3 is presumably due to the increased
steric demand of the Si(iPr)2 bridging element in 3. This
scissoring effect in 5 is not detectable [average q = 80.38]
owing to the ring strain in the silacyclobutane unit. The Cr�
Si distances in 2 (2.909 N), 3 (2.915 N) and 5 (2.889 N) are
significantly greater than the sum of the covalent radii
(2.42 N).[14] These distances indicate that any interaction be-
tween the Cr centre and silicon atom is weak at best. This
finding is in agreement with previously found Fe�B distan-
ces in [1]boraferrocenophanes.[15]


Scheme 1. The two principal methods of preparation of ansa-metallo-
cenes exemplified by the formation of an ansa-bis(h5-cyclopentadienyl)
transition metal complex.
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The formation of the disila bridge in 6 was confirmed by
a single-crystal diffraction study. The [2]silatrochroceno-
phane 6 crystallizes in the monoclinic space group P21


(Figure 3) and is therefore isomorphous with previously re-
ported [2]silatrovacenophane.[10] As expected, 6 exhibits
only weak molecular strain with a tilt angle a [2.60(15)8] in
accord with tilt angles found in structurally related [2]silafer-
rocenophanes[17] and [2]silatrovacenophane.[10] The tilt angle
of the latter, for example, is 3.8(3)8.[10] The scissoring effect
in [1]silatrochrocenophanes is less pronounced in 6 because
it has less ring strain; thus, the angles around the silicon cen-
tres adopt more regular tetrahedral angles (C11-Si1-Si2
104.30(7)8, C21-Si2-Si1 101.76(6)8, C31-Si1-C32 109.10(12)8,
C41-Si2-C42 108.15(10)8). The methyl substituents around
the silicon centres adopt a mutually eclipsed conformation


with a dihedral angle of 2.98.
These findings are in contrast to
the tilt angle a of 8.98 and the
dihedral angle of 40.68 found
for previously reported [2]bora-
trochrocenophane;[8a] arguably,
the shorter B�B bond enforces
a more strained geometry.


Oxidative addition of the Si�C
bond to [Pt(PEt3)4]: Strained
[1]silametallocenophanes are
known to react with plati-
num(0) complexes with oxida-
tive addition of the Si�C
bond.[9,18] This aspect of
carbon–silicon bond cleavage
has been demonstrated success-
fully for [1]silaferrocenopha-


nes[18a,b] and [1]silatroticenophanes;[9] stoichiometric addition
of [Pt(PEt3)3]


[19] resulted in the formation of isolable
[2]platinasilaferrocenophanes[18a,b] and [2]platinasilatrotice-
nophane,[9] respectively. Interestingly, in the case of the [1]si-
latroticenophane the carbon�silicon bond cleavage occurred
regioselectively, exclusively at the silicon�Cht linkage, thus
affording [2]platinasilatroticenophane[9] as a green solid in
low yields. Similarly [1]silatrochrocenophane (2) reacted
with stoichiometric amounts of [Pt(PEt3)3] to afford [2]plati-
nasilatrochrocenophane (7) in moderate yields as turquoise
crystals. The 31P{1H} NMR spectrum of 7 exhibits two dis-
tinct 31P NMR resonances in very close proximity (d = 8.9
and 9.1, 2JP,P = 17 Hz) (Figure 4) flanked by P–Pt satellites
with coupling constants of 2007 Hz and 1028 Hz, respective-
ly. The latter is considerably lower due to the strong trans


Figure 1. Molecular structure of 2 (a) and 3 (b) (ref. [16]). Selected bond lengths [N] and angles [8] of 2 (values for 3 are given in square brackets): Cr1�
C11 2.148(2) [2.1576(16)], Cr1�C12 2.160(2) [2.1683(16)], Cr1�C13 2.206(2) [2.2139(17)], Cr1�C14 2.210(2) [2.2224(17)], Cr1�C15 2.165(2) [2.1809(18)],
Cr1�C21 2.108(2) [2.1139(16)], Cr1�C22 2.141(2) [2.1476(17)], Cr1�C23 2.174(2) [2.174(2)], Cr1�C24 2.163(2) [2.1825(17)], Cr1�C25 2.170(2)
[2.1843(16)], Cr1�C26 2.171(2) [2.1784(15)], Cr1�C27 2.144(2) [2.1452(15)], Si1�C11 1.886(2) [1.891(2)], Si1�C21 1.902(2) [1.907(2)] Si1�C31 1.856(3)
[1.889(2)], Si�C32 1.863(2) [1.887(2)], Cr1�XCp 1.813 [1.840], Cr1�XCht 1.436 [1.442]; C11-Si1-C21 93.91(9) [94.14(7)], C31-Si1-C32 110.74(13)
[115.28(8)] XCp-Cr1-XCht 167.50 [167.36] (X = centroid).


Scheme 2. Preparation of [1]silatrochrocenophanes and regioselective Pt0-mediated C�Si bond cleavage.
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influence exerted by the silyl substituent. In addition, the
observation of a doublet of doublets resonance in the
29Si NMR at d = 11.5 with Si–P coupling constants of
182 Hz and 17 Hz and strong Pt–Si couplings of 1392 Hz
supports a regioselective carbon–silicon bond cleavage
(Figure 5).


Regioselective C�Si bond activation in 7 was unequivo-
cally confirmed by a single-crystal diffraction analysis
(Figure 6). Complex 7 crystallizes in the orthorhombic space
group P212121 and is therefore isomorphous with the previ-
ously reported [2]platinasilatroticenophane and the [2]plati-
nasilatrovacenophane (Table 1).[9] Incorporation of an addi-
tional bridging atom in 6 relaxes the molecular strain that
exists in the parent molecule; this is manifested in the tilt
angle a of 7.51(7)8. As expected, the chromium congener is
less strained than the corresponding titanium (a = 13.58)
and vanadium compounds (a = 10.68); furthermore, the in-
teratomic C�Cr distances are shorter than the Ti�C and V�
C separations.[9] Owing to the strong trans influence confer-
red by the silyl group, the Pt�P distances deviate considera-
bly, with Pt1�P1 = 2.3745(10) N and Pt1�P2 =


2.3057(12) N. These values lie in the expected range known


Figure 2. The molecular structure of 5.[16] Selected bond lengths [N] and
angles [8]: Cr1�C11 2.148(3), Cr1�C12 2.162(3), Cr1�C13 2.210(3), Cr1�
C14 2.212(3), Cr1�C15 2.162(3), Cr1�C21 2.102(3), Cr1�C22 2.138(3),
Cr1�C23 2.163(3), Cr1�C24 2.173(3), Cr1�C25 2.170(3), Cr1�C26
2.179(3), Cr1�C27 2.139(3), Si1�C11 1.877(4), Si1�C21 1.885(4), Cr1�XCp


1.816, Cr1�XCht 1.432; C11-Si1-C21 94.67(14), C31a-Si1-C33a 79.5(2),
C31b-Si1-C33b 81.1(3), XCp-Cr1-XCht 168.00 (X = centroid).


Table 1. Crystal data and structure refinement for 2, 3, 5, 6, and 7.


2 3 5 6 7


molecular formula C14H16CrSi C18H24CrSi C15H16CrSi C16H22CrSi2 C26H46CrP2PtSi
Mr 264.36 320.46 276.37 322.52 695.75
temperature [K] 173(2) 193(2) 193(2) 173(2) 193(2)
wavelength [N] 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic orthorhombic orthorhombic monoclinic orthorhombic
space group P21/n Pca21 Pbca P21 P212121


Z 4 4 8 2 4
a [N] 11.0223(14) 14.7816(11) 7.7123(5) 6.6512(5) 7.9214(7)
b [N] 7.8437(10) 9.5663(7) 17.3600(12) 13.0734(11) 17.6925(15)
c [N] 14.4376(18) 10.9911(8) 18.7104(13) 9.4128(8) 20.1885(17)
a [8] 90 90 90 90 90
b [8] 97.649(3) 90 90 105.1320(10) 90
g [8] 90 90 90 90 90
volume [N3] 1237.1(3) 1554.2(2) 2505.1(3) 790.10(11) 2829.4(4)
1calcd [gcm�1] 1.419 1.370 1.466 1.356 1.633
absorption coefficient
[mm�1]


0.990 0.801 0.981 0.860 5.491


F(000) 552 680 1152 340 1392
crystal size [mm3] 0.24Q0.16Q0.03 0.13Q0.11Q0.06 0.03Q0.03Q0.32 0.09Q0.24Q0.26 0.39Q0.19Q0.12
q range for data collec-
tion [8]


2.19–25.21 2.50–26.43 2.35–26.05 2.24–26.03 2.30–26.14


limiting indices �13�h�13 �18�h�18 �9�h�9 �8�h�8 �9�h�9
�9�k�9 �11�k�11 �21�k�21 �16�k�16 �21�k�21
�17� l�17 �13� l�13 �22� l�23 �11� l�11 �24� l�24


reflections collected 13607 25537 21765 8938 30861
independent reflections
(Rint.)


2450 (2073) 3185 (3105) 2466 (2046) 3143 (3035) 5626 (5484)


refinement method full-matrix least-
squares on F2


full-matrix least-
squares on F2


full-matrix least-
squares on F2


full-matrix least-
squares on F2


full-matrix least-
squares on F2


data/restraints/parameters 2450/0/145 3185/1/181 2466/13/153 3143/1/172 5626/0/280
goodness-of-fit on F2 1.038 1.060 1.083 1.064 1.068
final R indices R1 = 0.0345 R1 = 0.0227 R1 = 0.0240 R1 = 0.0482 R1 = 0.0216
[I > 2s(I)] wR2 = 0.0915 wR2 = 0.0616 wR2 = 0.0599 wR2 = 0.1082 wR2 = 0.0528
R indices (all data) R1 = 0.0429 R1 = 0.0234 R1 = 0.0253 R1 = 0.0605 R1 = 0.0225


wR2 = 0.0961 wR2 = 0.0620 wR2 = 0.0605 wR2 = 0.1138 wR2 = 0.0530
largest diff. peak and hole
[eN�3]


0.408 and �0.283 0.228 and �0.255 0.278 and �0.168 0.724 and �0.411 1.957 and �0.838
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from [2]platinasilaferrocenophanes, as do Pt1�C21
(2.087(4) N) and Pt1�Si1 (2.4229(13) N).[18a,b]


Ring-opening polymerization of [1]silatrochrocenophane
(2): Transition metal catalyzed ring-opening polymerization
(ROP) of [1]silaferrocenophanes has been shown to be an
efficient method for the preparation of high molecular
weight polyferrocenylsilanes.[18e,g] In addition, the ROP of
[1]silachromarenophanes and [1]silatroticenophane in the


presence of a platinum catalyst has been reported recen-
tly.[3a,9] A solution of 2 in C6D6 was treated with KarstedtRs
catalyst (Pt0) both at ambient temperature and at elevated
temperatures. In both cases 1H NMR characterization of the
reaction mixture demonstrated 90% conversion of the sila-
trochrocenophane (Scheme 3). The polymeric product (8)


was precipitated in hexanes to yield a light green powder in
52% yield. The change in the chemical shift of the SiMe2


group in both the 1H and the 29Si NMR spectra to 0.8 and
�2.7, respectively, compared with 0.61 and �6.4 in 2, was
important. The polymer 8 was found to be air-sensitive and
sparingly soluble in THF; characterization of the powder by
gel permeation chromatography (GPC) revealed a moderate
molecular weight [Mw = 6.4Q103, Mn = 4.0Q103 (PDI =


1.6)].
We also attempted copolymerization of 2 with [(h5-C5H4)-


SiR(R’)-(h5-C5H4)Fe] (R = R’ = Me, or R = Me, R’ =


Ph) in the presence of a platinum catalyst in order to in-
crease the solubility of the polymer product in organic sol-
vents. After 48 h at room temperature, however, only the


Figure 3. The molecular structure of 6.[16] Selected bond lengths [N] and
angles [8]: Cr1�C11 2.197(2), Cr1�C12 2.190(2), Cr1�C13 2.191(2), Cr1�
C14 2.181(2), Cr1�C15 2.184(2), Cr1�C21 2.1750(17), Cr1�C22 2.146(2),
Cr1�C23 2.161(2), Cr1�C24 2.157(2), Cr1�C25 2.166(2), Cr1�C26
2.168(2), Cr1�C27 2.155(2), C11�Si1 1.879(2), C21�Si2 1.902(2), Si1�Si2
2.3507(8), Cr1�XCp 1.829, Cr1�XCht 1.429; XCp-Cr1-XCht 177.24 (X =


centroid).


Figure 4. 31P NMR spectrum of 7.


Figure 5. 29Si NMR spectrum of 7.


Figure 6. Molecular structure of 7 (ref. [16]. Selected bond lengths [N]
and angles [8]: Cr1�C11 2.173(4), Cr1�C12 2.150(4), Cr1�C13 2.145(4),
Cr1�C14 2.147(4), Cr1�C15 2.149(4), Cr1�C16 2.141(5), Cr1�C17
2.141(4), Cr1�C21 2.150(4), Cr1�C22 2.173(4), Cr1�C23 2.201(4), Cr1�
C24 2.185(4), Cr1�C25 2.163(4), Pt1�C21 2.087(4), Pt1�P1 2.3745(10),
Pt1�P2 2.3057(12), Pt1�Si1 2.4229(13), C11�Si1 1.895(5), Cr�XCp 1.808,
Cr�XCht 1.411; C21-Pt1-P2 174.58(11), C21-Pt1-P1 85.63(11), P1-Pt1-P2
99.34(4), C21-Pt1-Si1 82.82(11), P2-Pt1-Si1 92.51(4), P1-Pt1-Si1 166.42(4),
XCp-Cr-XCht 174.9 (X = centroid).


Scheme 3. Ring-opening polymerization of 2 and formation of the poly-
mer 8.
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corresponding polyferrocenylsilane homopolymer could be
detected by 1H NMR spectroscopy in the crude mixture and
in the isolated product. This result suggests that [1]silaferro-
cenophanes undergo metal-catalyzed ROP much more rap-
idly than species 2.


Photolytic ring-opening polymerization has been shown
recently to be successful in the ROP of [1]silaferroceno-
phanes to give polyferrocenylsilanes with efficient molecular
weight control.[20] We attempted to induce photolytic ring
opening of compound 2 in an analogous manner. Solutions
of 2 in THF were treated with Na[C5H5] or alternatively
with 1,2-bis(diphenylphosphino)ethane at 5 8C under a UV
light source for several hours. In each case, however, photo-
lytic treatment did not result in ring opening as determined
by 1H NMR spectroscopy.


Conclusion


Novel [1]silatrochrocenophanes 2--5 have been synthesized
and characterized. Single-crystal X-ray diffraction studies of
2 and 3 revealed the presence of strained, ring-tilted struc-
tures. The incorporation of a disila bridge in the trochrocene
moiety afforded the [2]silatrochrocenophane 6. X-ray dif-
fraction studies revealed a less strained structure than those
of 2 and 3. Upon treatment of 2 with [Pt(PEt3)4] a regiose-
lective Si�C bond activation occurred, which afforded the
oxidative addition product 7, which was also characterized
structurally and showed only moderate molecular strain
(a = 7.58). Testing of the propensity of 2 to form metallo-
polymers 8 via transition metal mediated ring-opening poly-
merization yielded a metallopolymer with a moderate mo-
lecular weight (Mw = 6.4Q103, Mn = 4.0Q103 (PDI = 1.6))
as determined by GPC. Utilization of these strained precur-
sors in ring-opening polymerization is being studied in our
laboratories.


Experimental Section


All manipulations were conducted under a protective atmosphere of dry
argon, by standard Schlenk techniques or in a glove-box. All solvents
were purified by standard methods. The NMR spectra were recorded on
a Bruker Avance 400 (1H: 400.13 MHz; 13C: 100.61 MHz; 29Si:
79.49 MHz) and a Bruker AV 500 (1H: 500.13 MHz; 13C: 125.76 MHz;
29Si: 99.36 MHz) FT-NMR spectrometer, respectively, and were refer-
enced relative to TMS. The mass spectra were recorded on a Finnigan
MAT 8200 spectrometer (EI-positive: 70 eV). Exact masses were record-
ed on a Finnigan MAT 90 spectrometer (EI-positive: 70 eV). NMR char-
acterization of the polymerization experiments was obtained on Varian
Unity 400 or Varian Mercury 300 spectrometers (1H: 400 or 300 MHz;
13C: 100.5 MHz; 29Si: 79.5 MHz). Solid-state CP-MAS 13C spectra were
obtained on a Bruker DSX 200 instrument with a spin rate of 8 kHz. Mo-
lecular weights were estimated by GPC using a Viscotek GPC MAX
liquid chromatograph equipped with a Viscotek Triple Detector Array
consisting of a differential refractometer and Ultrastyragel columns with
pore sizes of 103–105 N. Polystyrene standards were purchased from Al-
drich and were used for calibration purposes. The flow rate was
1.0 mLmin�1, and the eluent was THF. Photoirradiation was performed
by placing the reaction flask next to a 125 W high–pressure Hg arc lamp


(Philips). The emission was filtered through Pyrex glass (l�300 nm).
[(h5-C5H5)(h


7-C7H7)Cr],[7a] [(h5-C5H4Li)(h7-C7H6Li)Cr]·tmeda[8a] (1), [Pt-
(PEt3)4],


[19] [(h5-C5H5)-SiMe2-(h
5-C5H4)Fe],[2] and [(h5-C5H5)-SiMe(Ph)-


(h5-C5H4)Fe][2] were synthesized according to published procedures. Kar-
stedtRs catalyst was purchased from Gelest; Na[h5-C5H5] (2.0m in THF)
and 1,2-bis(diphenylphosphino)ethane were purchased from Aldrich and
were used as received. The dichlorodialkylsilanes and tetramethyldichlor-
odisilane employed in the syntheses were purchased commercially, distil-
led before use at ambient pressure, and stored under argon.


[(h5-C5H4)SiMe2-(h
7-C7H6)Cr] (2): A solution of Me2SiCl2 (768 mg,


722 ml, 5.95 mmol) in pentane (20 mL) was added dropwise to a suspen-
sion of [(h5-C5H4Li)(h7-C7H6Li)Cr]·tmeda (1) (2.00 g, 5.95 mmol) in pen-
tane (50 mL) over a 30 min period at �78 8C. After the addition was
complete, the reaction mixture was stirred for 2 h at �78 8C and subse-
quently warmed to ambient temperature over a 6 h period while the sus-
pension changed from pale yellow to turquoise. It was filtered through
Celite, and 2 was isolated by crystallization at �30 8C as a dark blue solid
(850 mg, 3.21 mmol, 54%). 1H NMR (500.13 MHz, C6D6, 297 K): d =


0.61 (s, 6H; Si(CH3)2), 3.66 (m, 2H; C5H4), 3.70 (m, 2H; C5H4), 5.14 (m,
2H; a-C7H6), 5.44 (m, 2H; b-C7H6), 5.88 ppm (m, 2H; g-C7H6);
13C{1H} NMR (125.77 MHz, C6D6, 297 K): d = �2.79 (Si(CH3)2), 51.66
(ipso-carbon), 60.10 (ipso-carbon), 78.28 (C5H4), 80.61 (C5H4), 86.83
(C7H6), 91.59 (C7H6), 99.97 ppm (C7H6);


29Si{1H} (99.36 MHz, C6D6,
297 K): d = 6.44 ppm; MS (EI): m/z (%): 264 (42) [M+], 249 (2) [M+


�Me], 234 (1) [M+�2 Me], 208 (28) [Tr+], 144 (4) [Cr(C5H4Si)
+], 117


(11) [Cr(C5H5)
+], 91 (9) [C7H7


+], 52 (100) [Cr+]; HR MS: m/z 264.04206
[M+] (requires 264.04209); elemental analysis (%) calcd for C14H16CrSi
(264.36): C 63.61, H 6.10; found: C 63.36, H 6.23.


[(h5-C5H4)-Si(iPr)2-(h
7-C7H6)Cr] (3): A procedure analogous to the prep-


aration of 2, employing 1 (0.30 g, 0.89 mmol) in hexanes (25 mL) and
(iPr)2SiCl2 (0.16 g, 0.89 mmol) in hexanes (5 mL), afforded 3 (0.15 g,
0.48 mmol, 54%) as dark blue crystals after crystallization and drying in
vacuo. 1H NMR (200 MHz, C6D6): d = 1.35 (d, 3J(H,H) = 7.33 Hz, 6H;
Me), 1.53 (d, 3J(H,H) = 7.32 Hz, 6H; Me), 1.74 (m, 2H; CiPrH), 3.69 (m,
2H; C5H4), 3.76 (m, 2H; C5H4), 5.14 (m, 2H; a-C7H6), 5.45 (m, 2H; b-
C7H6), 5.93 ppm (m, 2H; g-C7H6);


13C{1H} NMR (50 MHz, C6D6): d =


11.62 (Me), 17.49, 18.17 (CiPrH), 51.67 (ipso-carbon), 60.17 (ipso-carbon),
78.45 (C5H4), 81.31 (C5H4), 86.73 (C7H6), 92.32 (C7H6), 99.85 ppm (C7H6);
29Si{1H} NMR (40 MHz, C6D6): d = 12.5 ppm; MS (EI): m/z (%): 320
(100) [M+], 278 (5) [M+�C3H6], 235 (24) [M+�C3H6�iPr], 208 (6) [Tr+


], 52 (51) [Cr+]; HR MS: m/z 320.10495 [M+] (requires 320.10469); ele-
mental analysis (%) calcd for C18H24CrSi (320.46): C 67.46, H 7.55;
found: C 67.71, H 7.33.


[(h5-C5H4)-SiMe(iPr)-(h7-C7H6)Cr] (4): In a procedure analogous to the
preparation of 2, employing 1 (1.00 g, 2.97 mmol) in pentane (50 mL)
and Me(iPr)SiCl2 (467.3 mg, 2.97 mmol) in pentane (20 mL) afforded 4
(567 g, 2.00 mmol, 67%) as dark blue crystals after crystallization and
drying in vacuo. 1H NMR (400 MHz, C6D6): d = 0.55 (s, 3H; Me), 1.18
(d, 3J(H,H) = 7.45 Hz, 3H; Me), 1.41 (d, 3J(H,H) = 7.32 Hz, 3H; Me),
1.63 (m, 1H; CiPrH), 3.67 (m, 2H; C5H4), 3.74 (m, 2H; C5H4), 5.12 (m,
1H; a-C7H6), 5.15 (m, 1H; a-C7H6), 5.46 (m, 2H; b-C7H6), 5.91 ppm (m,
2H; g-C7H6);


13C{1H} NMR (101 MHz, C6D6): d = �8.29 (Me), 10.53
(Me), 16.33, 16.50 (CiPrH), 51.39 (ipso-carbon), 60.10 (ipso-carbon), 78.33
(C5H4), 78.42 (C5H4), 80.64 (C5H4), 81.12 (C5H4), 86.79 (C7H6), 86.88
(C7H6), 91.73 (C7H6), 92.20 (C7H6), 99.84 (C7H6), 99.94 ppm (C7H6);
29Si{1H} NMR (79 MHz, C6D6): d = 12.0 ppm; MS (EI): m/z (%): 292
(77) [M+]; 277 (2) [M+�Me]; 262 (2) [M+�Me�Me]; 249 (20) [M+


�iPr]; 234 (3) [M+�iPr�Me]; 208 (27) [Tr+]; 144 (8) [Cr(C5H4Si)
+]; 91


(10) [C7H7
+]; 52 (100) [Cr+]; HR MS: m/z 292.07367 [M+] (requires


292.7339); elemental analysis (%) calcd for C16H20CrSi (292.41): C 65.72,
H 6.89; found: C 65.44, H 6.81.


[(h5-C5H4)-Si(CH2)3-(h
7-C7H6)Cr] (5): A procedure analogous to the


preparation of 2, employing 1 (600 mg, 1.78 mmol) in pentane (50 mL)
and (CH2)3SiCl2 (251.7 mg, 1.78 mmol, 210 mL) afforded dark blue crys-
tals of 5 (207 mg, 0.75 mmol, 42%) after crystallization and drying in
vacuo. 1H NMR (500.13 MHz, C6D6): d = 1.56–1.63 (m, 2H; CH2), 1.72–
1.79 (m, 2H; CH2), 2.35–2.41 (m, 1H; CH2), 2.44–2.54 (m, 1H; CH2),
3.67 (m, 2H; C5H4), 3.74 (m, 2H; C5H4), 5.20 (s, 1H; C7H6), 5.21 (s, 1H;
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C7H6), 5.53 (m, 2H; C7H6), 5.82 ppm (m, 2H; C7H6);
13C{1H} NMR


(125.77 MHz, C6D6): d = 17.1 (CH2), 17.2 (SiCH2), 49.9 (ipso-carbon),
60.2 (ipso-carbon), 78.1 (C5H4), 80.2 (C5H4), 87.2 (C7H6), 90.4 (C7H6),
100.1 ppm (C7H6);


29Si{1H} NMR (99.36 MHz, C6D6): d = 15.3; MS (EI):
m/z (%): 276 (80) [M+], 248 (68) [M+�C2H4], 234 (2) [M+�C3H6], 208
(2) [Tr+], 144 (32) [Cr(C5H4Si)


+], 117 (6) [Cr(C5H5)
+], 106 (4)


[(C6H6Si)
+], 93 (10) [(C5H5Si)


+], 52 (100) [Cr+]; HR MS: m/z 276.04135
[M+] (requires 276.04209); elemental analysis (%) calcd for C15H16CrSi
(276.37): C 65.19, H 5.84; found: C 65.31, H 5.76.


[(h5-C5H4)-(SiMe2)2-(h
7-C7H6)Cr] (6): A procedure analogous to the


preparation of 2, employing 1 (376 mg, 1.12 mmol) in heptane (50 mL)
and (CH3)4Si2Cl2 (208 mg, 1.12 mmol), afforded 6 (250 mg, 0.78 mmol,
69%) as dark blue crystals after crystallization and drying in vacuo.
1H NMR (500.13 MHz, C6D6): d = 0.29 (s, 6H; Si(CH3)2), 0.62 (s, 6H; Si-
(CH3)2)), 3.88 (m, 2H; C5H4), 4.04 (m, 2H; C5H4), 5.55 (m, 2H; C7H6),
5.67 (m, 2H; C7H6), 5.89 ppm (m, 2H; C7H6);


13C{1H} NMR
(125.77 MHz, C6D6): d = �2.3 (SiCH3), �1.4 (SiCH3), 78.3 (C5H4), 81.4
(ipso-carbon), 81.8 (C5H4), 86.7 (C7H6), 90.4 (C7H6), 91.4 (ipso-carbon),
92.4 ppm (ipso-carbon); 29Si{1H} (99.36 MHz, C6D6): d = �14.8, 6.9 ppm;
MS (EI): m/z (%): 322 (100) [M+], 307 (4) [M+�Me], 264 (21) [M+


�SiMe2], 208 (19) [Tr+], 117 (11) [Cr(C5H5)
+], 52 (55) [Cr+]; HR MS:


m/z 322.06611 [M+] (requires 322.06597); elemental analysis (%) calcd
for C16H22CrSi2 (322.51): C 59.59, H 6.88; found: C 59.95, H 6.51.


[(h5-C5H4)-SiMe2-Pt(PEt3)2-(h
7-C7H6)Cr] (7): A resealable bulb was


charged with [Pt(PEt3)4] (253 mg, 0.379 mmol) and heated for 20 min at
60 8C under vacuum. [(h5-C5H4)-SiMe2-(h


7-C7H6)Cr] (2) (100 mg,
0.378 mmol) and benzene (2 mL) were added to the resulting red oil. The
mixture was heated at 60 8C for two days and subsequently dried in
vacuo. The residue was taken up in heptane (20 mL) and filtered through
a short pad of Celite. The solution was concentrated to about 3 mL and
then cooled to �78 8C. The greenish crystals that separated were deca-
nted from the mother liquid, washed with two portions of pentane
(3 mL), and dried in vacuo to yield 6 (200 mg, 0.287 mmol, 76%).
1H NMR (500.13 MHz, C6D6, 297 K): d = 0.78 (m, 15H; PCH2CH3 and
Si(CH3)2), 0.98 (m, 9H; PCH2CH3), 1.22 (m, 6H; PCH2CH3), 1.68 (m,
6H; PCH2CH3), 3.87 (mbr, 2H; C5H4), 4.44 (mbr, 2H; C5H4), 5.75 ppm
(mbr, 6H; C7H6);


13C{1H} NMR (125.77 MHz, C6D6): d = 8.0 (JC,Pt =


11.0 Hz, P(CH2CH3)3), 8.5 (d, 3JC,P = 11.9 Hz, Si(CH3)2), 8.8 (JC,Pt =


22.0 Hz, P(CH2CH3)3), 15.5 (d, 1JC,P = 18.3 Hz, JC,Pt = 11.0 Hz, P-
(CH2CH3)3), 18.4 (d, 1JC,P = 31.2 Hz, JC,Pt = 22.9 Hz, P(CH2CH3)3), 75.7
(C5H4), 81.7 (C5H4), 85.5 (C7H6), 87.1 (ipso-C5H4), 93.2 (d, JC,P = 6.4 Hz,
JC,Pt = 72.4 Hz, C7H6), 93.9 (JC,Pt = 44.0 Hz, C7H6), 94.7 (t, JC,P = 6.4 Hz,
JC,Pt = 59.6 Hz, ipso-C7H6);


29Si{1H} NMR (99.36 MHz, C6D6): d =


11.5 ppm (dd, 2JSi,P = 182.14 trans to PEt3,
2JSi,P = 16.95 cis to PEt3,


1JSi,Pt


= 1391.7 Hz); 31P{1H} NMR (202.45 MHz, C6D6): d = 8.9 (d, 2JP,P =


17.23 Hz, 1JP,Pt = 1027.51 Hz, PEt3 cis to SiMe2), 9.1 ppm (d, 2JP,P =


17.23 Hz, 1JP,Pt = 2007.03 Hz, PEt3 trans to SiMe2); elemental analysis
(%) calcd for C26H46CrP2PtSi (695.75): C 44.88 H 6.66; found: C 44.81, H
6.73.


Ring-opening polymerization of 2 with platinum(0)


At room temperature : KarstedtRs catalyst (0.5% wt, 5.2 mL) was added to
a deep blue solution of 2 (20 mg, 75.7 mmol) in C6D6 (1 mL). The solution
was kept under an inert atmosphere and was allowed to react at 25 8C for
approximately 72 h. The product was precipitated into hexanes and yield-
ed a light green powder. This powder was air-sensitive and sparingly solu-
ble in organic solvents. Yield: 12 mg (60%). 1H NMR (C6D6, 300 MHz):
d = 5.5 (vbr, 6H; C7H6), 3.9 (br, 2H; C5H4), 3.8 (br, 2H; C5H4), 0.8 ppm
(br, 6H; SiMe2).


At 50 8C : In a similar manner, KarstedtRs catalyst (0.5% wt., 5.2 mL) was
added to a solution of 2 (20 mg, 75.7 mmol) in C6D6 (1 mL). Upon addi-
tion of the platinum(0) catalyst, the solution immediately turned green
and its 1H NMR showed only the presence of 2. The solution was kept
under an inert atmosphere and allowed to react for 96 h at 50 8C.
1H NMR of the crude reaction mixture showed 90% conversion from 2.
The light green product was precipitated into hexanes and yielded a pow-
dery material which was air-sensitive and sparingly soluble in polar or-
ganic solvents. Yield: 10.5 mg (52%). For polymer 8 : 1H NMR (C6D6,
300 MHz) d = 5.85 (br, 2H; C7H6), 5.57 (br, 2H; C7H6), 5.52(br, 2H;


C7H6), 3.93 (br, 2H; C5H4), 3.80 (br, 2H; C5H4), 0.80 ppm (br, 6H;
SiMe2); Cp-MAS 13C{1H} NMR (100.6 MHz, knrot = 5 KHz, 25 8C): d =


1.3 (br, Si(CH3)2, 75 (br, C5H4), 81 (br, C5H4), 88 (br, C7H6), 90.5 (br,
C7H6), 93 ppm (br, C7H6);


29Si{1H} NMR (C6D6, 400 MHz): d =


�2.7 ppm (s, SiMe2); GPC (THF): Mn = 4.0Q103, Mw = 6.4Q103, PDI =


1.6.


Attempted copolymerization of 2 with [1]silaferrocenophanes : Under an
inert atmosphere, toluene (2 mL) was added to a vial containing: a) [(h5-
C5H4)-SiMe2-(h


7-C7H6)Cr] (11 mg, 41.7 mmol) and [(h5-C5H4)-SiMe2-(h
5-


C5H4)Fe] (5 equiv, 50 mg, 0.21 mmol); or b) [(h5-C5H4)-SiMe2-(h
7-


C7H6)Cr] (9 mg, 34.1 mmol) and [(h5-C5H4)-SiMe(Ph)-(h5-C5H4)Fe] (5
equiv, 50 mg, 0.16 mmol). KarstedtRs catalyst (0.5% wt, 15.5 mL) was
added by using a syringe to each vial. Each mixture was allowed to react
under an inert atmosphere for 48 h at 25 8C. In each case, 1H NMR re-
vealed only polyferrocenylsilane homopolymer both in the crude mixture
and in the product precipitated from hexanes.


Attempted stoichiometric, photolytic ring-opening of 2 : To deep blue sol-
utions of [(h5-C5H4)-SiMe2-(h


7-C7H6)Cr] (100 mg, 0.38 mmol) in THF
(2 mL) was added: a) (Na[h5-C5H5] (1 equiv, 0.19 mL, 2.0m in THF); or
b) bis(diphenylphosphino)ethane (1 equiv, 0.15 g). The solutions were ir-
radiated for up to 6 h and kept at a temperature of 5 8C in a water bath.
In each case, only unreacted 2 could be detected by 1H NMR spectrosco-
py.
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Solid-Phase Oligosaccharide Synthesis of a Small Library of N-Glycans


Simon Jonke, Ke-gang Liu, and Richard R. Schmidt*[a]


Introduction


Oligosaccharides play an important role in various biologi-
cal processes; therefore the general interest in these com-
pounds, particularly as constituents of glycoconjugates has
greatly increased in recent years.[1–4] As a consequence, oli-
gosaccharide synthesis has become an important issue.[5–10]


Recently, successful solid-phase oligosaccharide syntheses
(SPOS) have been developed by several research
groups,[11–22] which exhibit the inherent advantages over so-
lution phase synthesis, such as i) higher reaction yields due
to the use of excess building blocks and/or reagents, ii)
shorter reaction times for the completion of the syntheses,
and iii) convenient purification procedures. In addition,
methods to avoid undesired byproducts in the synthesis of
the target molecule have been introduced.[23–26] However, no
generally accepted strategy has yet appeared for the effi-
cient construction of various complex oligosaccharides on


polymer supports, thus limiting the commercialisation of au-
tomated synthesizers. To this end, still some improvement of
the SPOS methodology is required.
With our ester based SPOS design (see below) very good


results have already been obtained.[27] However, to cope
with complex oligosaccharide synthesis, besides the linker–
spacer system, three types of building blocks for controlled
chain extension, branching, and termination are required: i)
glycosyl donors for linear chain extension (suffix e) having
one temporary protecting group at the subsequent ligation
site which is orthogonal to the permanent protecting
groups; ii) glycosyl donors for branching (suffix b) having at
least two temporary protecting groups which are ideally or-
thogonal to each other and to the permanent protecting
groups, and iii) glycosyl donors for chain termination (suffix
t) having only permanent protecting groups, thus supporting
controlled branching. An efficient solution to these require-
ments is presented herein.
Another problem, which has not been solved until today,


is the selection of a versatile N-protecting group for glucosa-
mine because overall yields and product purity were thus far
dramatically dependent on glycosylation results of glucosa-
mine acceptors.[25,28] In this paper, a simple and unexpected
solution also to this problem is offered, thus permitting the
synthesis of a small library of N-glycans in excellent overall
yields. This approach emphasizes the overall versatility of
our ester based SPOS design.


Abstract: Solid-phase oligosaccharide
synthesis is based on a hydroxymethyl-
benzyl benzoate spacer linker which is
connected to the Merrifield resin (1P).
Glycosylation was performed with O-
glycosyl trichloroacetimidates of glu-
cosamine, mannose, and galactose per-
mitting chain extension (2e, 5e), branch-
ing (4b, 7b, 8b), and chain termination
(3t, 6t, 9t) with the use of O-benzyl, O-
benzoyl, and N-dimethylmaleoyl as
permanent and O-fluorenylmethoxy-
carbonyl (Fmoc) and O-phenoxyacetyl


(PA) as temporary protecting groups.
The steps required on solid phase are i)
glycosylation under TMSOTf catalysis,
ii) selective cleavage of the temporary
protecting groups, Fmoc with NEt3 and
PA with 0.5 equivalents of NaOMe in
CH2Cl2/MeOH, and iii) product cleav-
age from the resin with 4.0 equivalents


of NaOMe in CH2Cl2/MeOH and fol-
lowing O-acetylation for convenient
product isolation. Thus a highly suc-
cessful synthesis of a small library of
seventeen N-glycan structures was
made possible comprising the N-glycan
pentasaccharide core structure 53 and
two further chain extended hexa- and
heptasaccharide N-glycans with a glu-
cosamine or a lactosamine residue, re-
spectively, which is attached to one of
the mannose residues of the core struc-
ture (56 and 59).
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Results and Discussion


Retrosynthesis of branched N-glycans : The ester based
SPOS methodology (Scheme 1) comprises i) different types
of esters, that is, the benzoate group as a linker and for
chain termination and the Fmoc and PA (phenoxyacetyl)
group as temporary protecting groups for chain extension
and branching which can be chemoselectively cleaved (in
the sequence Fmoc and then PA); ii) the benzyl group for
permanent O-protection and for the spacer between the
anomeric centre at the reducing end sugar, thus providing
after final product cleavage from the resin a structurally de-
fined target molecule; iii) O-glycosyl trichloroacetimidates
of type e, b, or t (for chain extension, branching or termina-
tion) as powerful glycosyl donors, which can be readily acti-
vated by catalytic amounts of (Lewis) acid; and iv) benzoic
acid residues on the Merrifield resin for the linkage of the
hydroxymethylbenzyl spacer. Hence, retrosynthesis of a typ-
ical N-glycan molecule A containing the core pentasacchar-
ide and some antennae leads to spacer-linker connected
Merrifield resin 1P and to glycosyl donors 2–9 which can be
selectively converted into acceptors on resin (e and b-type
donor building blocks). Thus, as indicated in Scheme 1, only
four simple procedures are required for successful SPOS: a)
glycosidation under TMSOTf catalysis; b) product cleavage
under transesterification conditions; c) selective Fmoc cleav-
age under basic conditions; and d) selective PA cleavage
under milder transesterification conditions.


The dimethylmaleoyl (DMM) N-protecting group : One of
the problems encountered in SPOS containing glucosamine
residues is the low reactivity of the previously employed N-


phthaloyl protected 4-O-unprotected glucosamine residues
as acceptors, particularly when they are positioned at the re-
ducing end next to the resin. Therefore, in our most recent
approaches for the synthesis of N-glycan, lactosamine, and
oligolactosamine oligosaccharides we have introduced a
novel capping procedure to overcome this problem.[25] Alter-
natively, a reactivity increase of the acceptor moiety by in-
troducing an azido group as latent amino functionality was
investigated.[28] Both procedures worked well. However,
capping does not increase the overall yield; in addition in
the case of the azido group the nitrile effect[29] was found to
be less efficient in anomeric stereocontrol on solid phase
than in solution.[28]


Reinvestigation of the relative reactivity of N-phthaloyl
(Phth) and N-dimethylmaleoyl (DMM) protected glucosa-
mine acceptors 10a, b[14] with N-DMM protected glucosa-
mine donor 2e[13] (Scheme 2) revealed a difference in reactiv-
ity in different solvents: for instance, in CH2Cl2 the reactivi-
ty of 10a, b was practically identical; however, upon addi-
tion of toluene to the reaction mixture, thus mimicking
phenyl groups of the polystyrene, N-Phth protected acceptor
10b exhibited lower reactivity than DMM protected accept-
or 10a (CH2Cl2: reaction rate 10a/10b �1:1; CH2Cl2/tolu-
ene 6:1: reaction rate 10a/10b �2:1). This difference in re-
activity between these two acceptors was also found on Mer-
rifield resin as shown below (see SPOS of compound 56 and
ref. [27]). Hence, the N-DMM protected acceptors do not
seem to have this loss in reactivity compared with the N-
Phth protected acceptors. This is presumably due to interac-
tion of polystyrene phenyl groups with the electron deficient
planar phthaloyl residue eventually leading to limited access
to the 4-hydroxy group. The two methyl groups of the


Scheme 1. Solid-phase synthesis of high-mannose, complex, and hybrid-type N-glycans: retrosynthesis scheme. Reactions on the solid phase: a) glycosida-
tion: O-glycosyl trichloroacetimidates, TMSOTf (cat.), CH2Cl2, RT !�40 8C; b) product cleavage: NaOMe (4 equiv), CH2Cl2/MeOH 8:1; Ac2O, Pyr; c)
Fmoc cleavage: NEt3/CH2Cl2 1:6; d) PA cleavage: NaOMe (0.5 equiv), CH2Cl2/MeOH 8:1; for c) and d) UV monitoring possible.
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DMM residue seem to preclude this interaction and hence
the 4-hydroxy group is more readily accessible. Excellent re-
sults with N-DMM protected building blocks in some pre-
liminary studies were reason enough to demonstrate the ef-
ficiency of this SPOS design in the elaboration of a small li-
brary containing typical high-mannose, complex, and
hybrid-type N-glycan constituents (see Scheme 1).


Building block synthesis of e-, b-, and t-type : The synthesis
of glucosamine building blocks 2e and 3t followed known
procedures. Mannosyl donors 5e and 6t[30] were readily ob-
tained from known mannose derivative 11[31] (Scheme 3). O-
Deacetylation with NaOMe in methanol (! 12), regioselec-
tive 1-O-silylation with tert-butyl-dimethylsilyl (TBDMS)
chloride in the presence of imidazole (! 13, only b), treat-
ment with Fmoc-Cl in the presence of pyridine (! 14), and
then selective 1-O-desilylation with the HF·pyridine com-
plex in THF (! 15), and treatment with trichloroacetoni-
trile in the presence of sodium hydride as base afforded 5e[30]


in very high overall yield. From 11, following a known pro-
cedure also 6t was obtained.[32]


Mannosyl donor 7b required for branching via 3-O and 6-
O was readily prepared from known mannose derivative
16[33] (Scheme 4). 2-O-Acetylation (! 17) and 3-O-deallyla-
tion with trans-[PdCl2(NH3)2] complex in tert-butanol[34] (!
18) and then treatment with PA-Cl in pyridine afforded fully
protected intermediate 19 in very high yield. Benzylidene
ring opening with BH3·THF as reducing agent in the pres-
ence of trimethylsilyl trifluoromethanesulfonate (TMSOTf)
as catalyst[35] afforded 6-O-unprotected intermediate 20.
Treatment with Fmoc-Cl in pyridine (! 21), cleavage of the
methoxyphenyl (MP) group with ceric(iv) ammonium ni-
trate (CAN) in acetonitrile/water[36] afforded 1-O-unprotect-
ed intermediate 22 which on treatment with trichloroaceto-


nitrile in the presence of sodium hydride afforded the de-
sired trichloroacetimidate 7b in very good overall yield.
The lack of highly b-selective mannosyl donors[27] necessi-


tated the synthesis of the Manb(1!4)GlcN-linked disac-
charide donor 4b. To this end, a variation of the Crich proce-
dure was employed with O-mannosyl trichloroacetimidate
23 as donor, which is readily available as previously report-
ed.[33] Mannosylation of known 4-O-unprotected N-DMM
protected glucosamine acceptor 24[37] with donor 23 afforded
disaccharide 25 in 71% yield in a 4:1 b/a ratio.[33] Separation


Scheme 2. Relative reactivity of N-DMM versus N-Phth protected glucosamine acceptors.


Scheme 3. Synthesis of building blocks 5e and 6t. a) CCl3-CN, DBU,
CH2Cl2, 0 8C (93%); b) NaOMe, MeOH (quant); c) TBDMS-Cl, Im
(77%); d) Fmoc-Cl, Pyr (83%); e) HF·Pyr, THF (90%); f) CCl3-CN,
NaH, DMF (91%).
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of the b-anomer and O-deallylation as described above fur-
nished 3b-O-unprotected intermediate 26 which gave fully
protected 27 with PA-Cl in pyridine. The transformation of
27 into donor 4b via reductive benzylidene ring opening (!
28), introduction of the Fmoc group (! 29), 1a-O-desilyla-
tion (! 30), and reaction with trichloroacetonitrile followed
standard procedures.
The galactosyl donors 8b and 9t were obtained from readi-


ly accessible 4,6-O-benzylidenegalactopyranoside 31
(Scheme 5).[38] Regioselective phenoxyacetylation with PA-
Cl in pyridine at �15 8C afforded 3-O-PA protected 32 in
high yield; ensuing 2-O-benzoylation with benzoyl cyanide
in the presence of triethylamine led to intermediate 33 ;
under these conditions no PA migration was observed. Ob-
viously, transformation of 33 into donor 8b via 34, 35 and 36
followed the same procedures as described for the transfor-
mation of 27 into 4b.
For the synthesis of galactosyl donor 9t compound 31 was


fully O-acetylated affording known 37.[38] Reductive ring
opening as described gave 6-O-unprotected intermediate 38
which on O-acetylation (! 39) and then desilylation (! 40)
and reaction with trichloroacetonitrile (with DBU as base)
furnished trichloroacetimidate 9t in high overall yield.


SPOS with glycosyl donors 2–9 : In order to probe the effi-
ciency and versatility of the designed glycosyl donors firstly
the synthesis of some a-connected high mannose constitu-
ents of N-glycans was investigated, because glycosylation
with donors of type 5 and 6 gives generally good results.[30]


Thus, reaction of spacer-linker loaded resin 1P, obtained as


previously described,[13] (loading 0.133 mmolg�1) with donor
5e in the presence of TMSOTf as catalyst under standard
conditions gave polymer 41P (Scheme 6). Product cleavage
under standard conditions and O-acetylation gave a-linked
mannopyranoside 41 in 91% yield. Selective cleavage of the
Fmoc group from 41P under standard conditions (! 41P–
F) and reaction with donor 5e gave 42P ; this was confirmed
by cleavage of the product from the resin yielding a-linked
disaccharide 42 and by structural assignment by NMR and
MS data. Repetition of this sequence of reactions with 42P
led to 42P-F and after glycosylation with donor 5e to 43P
which on product cleavage from the resin afforded a-linked
trimannoside 43 after seven steps in 65% overall yield
(94% per step).
This excellent result encouraged us to synthesize the cor-


responding branched trisaccharide 46 via the same proce-
dure. Reaction of 1P with mannosyl donor 7b led to 44P, as
shown after cleavage and O-acetylation affording glycoside
44 in 90% yield. For the branching first the Fmoc group was
removed by treatment with triethylamine (! 44P-F) and
then mannosylation with the terminating mannosyl donor 6t


was performed (! 45P) which gave on cleavage from the
resin and acetylation disaccharide 45. Phenoxyacetyl cleav-
age from 45P under treatment with NaOMe (0.5 equiv) in
CH2Cl2/MeOH 8:1 (standard conditions) led to 45P-PA. On
mannosylation with 6t (! 46P) and cleavage from the resin
and O-acetylation the desired branched trisaccharide 46 was
obtained, again in high overall yield (64%, seven steps,
94% per step).
Another important part of complex type N-glycans is the


LacNAcb(1!2)Man trisaccharide moiety (Schemes 1 and
7). In order to investigate its synthesis from 41P (Schemes 6
and 7) transformation into 41P-F is again required. Subse-


Scheme 4. Synthesis of mannosyl donor 7b and disaccharide donor 4b. a)
Ac2O, Pyr (quant); b) trans-[PdCl2(NH3)2], tBuOH (18 : 81%; 26 : 79%);
c) PA-Cl, Pyr (19 : 91%; 27: quant); d) BH3·THF, TMSOTf (20 : 73%; 28 :
77%); e) Fmoc-Cl, Pyr (21: 81%; 29 : 86%); f) CAN, MeCN, H2O (22 :
77%); g) CCl3-CN, NaH, CH2Cl2 (7


b : 95%; 4b : 90%); h) BnBr, NaH,
DMF (97%); CAN, MeOH, H2O (69%); CCl3-CN, DBU, CH2Cl2
(95%); i) TMSOTf, CH2Cl2, �50 8C, inverse procedure (71%, b/a 4:1); j)
HF·Pyr, THF (86%).


Scheme 5. Synthesis of galactosyl donors 8b and 9t. a) PA-Cl, Pyr, �15 8C
(92%); b) BzCN, NEt3, MeCN (93%); c) BH3·THF, TMSOTf (34 : 76%;
38 : 73%); d) Fmoc-Cl, Pyr (84%); e) HF·Pyr, THF (36 : 88%; 40 : 94%);
f) CCl3-CN, NaH, CH2Cl2 (88%); g) Ac2O, Pyr (91%); h) Ac2O, Pyr
(quant); i) CCl3-CN, DBU, CH2Cl2 (88%).
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quent glycosylation with N-DMM protected glucosamine
donor 2e[13] afforded 47P as shown by product cleavage from
the resin and O-acetylation, which furnished b-linked disac-
charide 47. Fmoc cleavage from 47P (! 47P-F) and glyco-
sylation with galactosyl donor 8b (reaction with 9t worked as
well) led to 48P. Product cleavage from the resin as de-
scribed led cleanly to the target trisaccharide 48 in 61%
overall yield (seven steps, 93% per step), hence in almost
the same yield as obtained for the mannosylations yielding
trisaccharide 43.
With these excellent results, the synthesis of the N-glycan


core structure and of branched N-glycans was undertaken
(Scheme 8). To this end, 1P was first glycosylated with N-
DMM protected glucosamine donor 2e to afford polymer
49P which after resin cleavage and O-acetylation afforded
b-linked glycoside 49 in high yield. Fmoc cleavage from 49P
(! 49P-F), glycosylation with 2e (! 50P), and finally prod-
uct cleavage from the resin gave chitobioside 50 in 65%
overall yield. Reaction of 49P-F with disaccharide donor 4b


furnished resin bound trisaccharide 51P again in very good
yield, as demonstrated by product cleavage from the resin
and per-O-acetylation affording trisaccharide 51. Fmoc
cleavage from 51P gave 51P-F, which was used for two pur-


poses. Mannosylation with chain terminating mannosyl
donor 6t led to 52P as proven by product 52. PA cleavage
from 52P (! 52P-PA) and mannosylation with 6t (! 53P)
led in the usual manner to the N-glycan pentasaccharide
core structure 53 after nine steps in 39% yield (90% per
step).
For further chain extension and branching 51P-F was gly-


cosylated with mannosyl donor 5e affording 54P which also
gave 52 after cleavage of the product from the resin and
per-O-acetylation in practically the same yield as obtained
via 52P. Fmoc cleavage from 54P (! 54P-F) and subse-
quent glycosylation with chain terminating glucosamine
donor 3t[36] led to 55P which gave pentasaccharide 55 in the
usual manner. Selective cleavage of the PA group from 55P
(! 55P-PA) and then glycosylation with mannosyl donor 5e


furnished 56P ; from the latter the N-DMM protected
branched hexasaccharide 56 was obtained after 11 steps in
30% overall yield (90% per step). The previously reported
SPOS of an N-Phth protected analogue of 56 was obtained
in only 19% overall yield,[27] thus exhibiting the reactivity
difference between the two N-protecting groups. Reaction
of 54P-F with glucosamine donor 2e permitting chain exten-
sion yielded 57P which after cleavage of the product from


Scheme 6. Synthesis of N-glycan constituents 41–46. For reagents and conditions see Scheme 1.
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the resin and per-O-acetylation also gave 55 with simlar
yields as obtained via 55P. Fmoc cleavage from 57P (!
57P-F) and then galactosylation with the chain terminating
galactosyl donor 9t provided 58P ; after standard cleavage
conditions the linear hexasaccharide 58 was obtained. Phe-
noxyacetyl group removal from resin 58P (! 58P-PA) and
subsequent mannosylation with donor 5e led to resin bound
heptasaccharide 59P and finally, after 13 steps on the resin,
to branched target molecule 59 in 22% overall isolated
yield (89% per step). All seventeen acyloxymethylbenzyl
glycosides obtained after cleavage of the product from the
resin and per-O-acetylation (i.e. , 41–53, 55, 56, 58, 59) re-
quired essentially only one chromatographic step by flash
chromatography or medium pressure chromatography for
purification; this demonstrates the efficiency and versatility
of this straightforward approach to solid-phase oligosacchar-
ide synthesis. The structural assignments are based on NMR
and MS data. N-DMM and O-benzyl deprotection in similar
types of compounds has already been performed successful-
ly.[39]


Conclusion


The solid-phase oligosaccharide synthesis based on differ-
ently cleavable esters—for the linker benzoate, for tempora-
ry protection of the glycosyl donors Fmoc and PA with addi-
tional orthogonal permanent protection (O-benzyl, O-ben-
zoyl, and N-DMM), and a Merrifield resin as solid support–
exhibited excellent results during all stages of the assembly:


i) The required O-glycosyl trichloroacetimidate glycosyl
donors were generally readily available by standard proce-
dures; ii) all glycosylations, including those with N-DMM
protected glycosyl donors, gave high yields; iii) the method-
ology presented herein shows the desired versatility in terms
of efficient chain extension and branching requiring only
two standard (in one direction) orthogonal protecting
groups; iv) cleavage of the product from the resin was feasi-
ble leading to stable 1-O-benzyl type products with only
benzyl, DMM and, after acetylation, acetyl protection;
v) the crude products were already of high purity; therefore,
standard silica gel chromatography and MPLC were suffi-
cient for purification; vi) yields of isolated products were
high, ranging from 97% per step (after three steps) to 89%
per step (after 13 steps) on solid phase; vii) the methodology
is technically simple, thus lending itself available to automa-
tion. Thus further process and hence yield optimisation will
be possible, adding to the overall power of this highly effi-
cient methodology for solid phase supported oligosaccharide
synthesis. The very positive characteristics as outlined here
should make this method attractive for general acceptance.


Experimental Section


General remarks : Each solvent was purified and dried in the usual
manner. All reactions were performed by using dry solvents and under
argon unless otherwise stated. TLC was performed on plastic plates of
silica gel 60 F254. Detection was achieved by treatment with a solution of
ammonium molybdate (20 g) and cerium(iv) sulfate (0.4 g) in 10%
H2SO4 (400 mL), or with 15% H2SO4, and then heating at 150 8C. Flash
chromatography was carried out on silica gel (Baker 30–60 mm). Adsorp-
tion of crude reaction products was performed using silica gel (Baker 60–
200 mm). Petroleum ether was used in the boiling range 35–70 8C; tolu-
ene, CH2Cl2, MeOH, and EtOAc were distilled. Optical rotations were
determined at 21 8C by using a Perkin-Elmer 241/MC polarimeter (1 dm
cell). NMR spectra were recorded by using Bruker 600 DRX instru-
ments; tetramethylsilane was internal standard. MS spectra were record-
ed using a MALDI-kompakt (Kratos) instrument operating in the posi-
tive mode; 2,5-dihydroxybenzoic acid (DHB) in THF was the matrix. Mi-
croanalyses were performed in the microanalysis unit at the Fachbereich
Chemie, UniversitCt Konstanz.


General procedure for the glycosylation on solid phase (GP 1): The dry
resin with the acceptor was treated with a solution of the donor (3 equiv)
in dry CH2Cl2 (15 mLg


�1 resin) under argon atmosphere. After shaking
under argon atmosphere for 10 min at the temperature given for each re-
action (see below) a freshly prepared solution of TMSOTf (0.5 molL�1)
in CH2Cl2 was added and this mixture was shaken for another 30 min.
After filtration the resin was washed alternating with THF and CH2Cl2
(15 mLg�1 resin each). Shaking was performed with the IKA-VIBRAX-
VXR instrument of Janke and Kunkel GmbH, Germany. The tempera-
ture was controlled by a thermostat.


General procedure for the cleavage of the Fmoc group of a resin-bound
compound (GP 2): CH2Cl2 (12 mLg


�1 resin) was added to the dry resin
with the resin-bound compound and the reaction vessel was shaken for
10 min at room temperature under argon atmosphere. Then NEt3
(2 mLg�1 resin) was added and the mixture was shaken for 2 h. After fil-
tration the resin was washed alternately with THF and CH2Cl2. This step
was carried out until no UV-active methylidenefluorene was detectable
in the washings. Finally the resin was washed alternating with THF and
CH2Cl2 and dried in high vacuum.


General procedure for the cleavage of the phenoxyacetyl group of a
resin-bound compound (GP 3): The dry resin with the resin-bound com-


Scheme 7. Synthesis of N-glycan constituents 41, 47, and 48. For reagents
and conditions see Scheme 1.


Chem. Eur. J. 2006, 12, 1274 – 1290 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1279


FULL PAPEROligosaccharide Synthesis



www.chemeurj.org





Scheme 8. Synthesis of N-glycan constituents 49–53, 55, 56, 58, and 59. For reagents and conditions see Scheme 1.
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pound was treated with CH2Cl2/methanol 4:1 (12 mLg
�1 resin). After the


reaction vessel was shaking for 10 min at room temperature under argon
atmosphere a NaOMe solution in methanol (0.5 equiv, dissolved in 10%
of the total volume) was added and shaken for 20 min. Then the resin
was filtered. This step was carried out until no UV-active phenoxyacetyl-
methylester was detectable in the washings. Finally the resin was washed
alternately with THF and CH2Cl2 and dried in high vacuum.


General procedure for the analytical cleavage of the compound (GP 4):
The resin (5 mg) with the resin-bound compound was treated with
CH2Cl2/methanol 4:1 (12 mLg


�1 resin). After the reaction vessel was
shaken for 10 min at room temperature a NaOMe solution in methanol
(5 equiv, dissolved in 10% of the total volume) was added and shaken
for 30 min.


General procedure for cleavage of the compound from the resin (GP 5):
The dry resin with the resin-bound compound was treated with CH2Cl2/
methanol 4:1 (12 mLg�1 resin) and the reaction vessel was shaken for
10 min at RT under argon atmosphere. Then a NaOMe solution in meth-
anol (5 equiv, dissolved in 10% of the total volume) was added, the mix-
ture was shaken for 1 h and then was filtered. This procedure was carried
out for three times. Finally the resin was washed alternately with THF
and CH2Cl2, the combined solutions were neutralized with acidic ion-ex-
change resin (Amberlite IR120, H+ form); the resin was filtered off and
the solvents were evaporated under reduced pressure.


3,4,6-Tri-O-benzyl-a/b-d-mannopyranose (12): A NaOMe solution
(410 mL, c=0.1 molL�1) was added to a solution of compound 11[31]


(2.0 g, 4.06 mmol) in dry methanol. After 5 h the solution was neutralized
with ion-exchange resin (Amberlite IR120, H+ form), the ion-exchange
resin filtered off and the solvent evaporated in vacuo. Flash chromatogra-
phy (petroleum ether/ethyl acetate 1:1) gave compound 12 (1.83 g,
quant) as colourless oil. Rf=0.22 (petroleum ether/ethyl acetate 1:1);
[a]D=++21.38 (c=1.0, CHCl3);


1H NMR (250 MHz, CDCl3): d=2.58
(br s, 1H, 2-OH), 3.36–3.42 (m, 1=2 H, 5b-H), 3.51–3.85 (m, 4N


1=2 H, 3b-H,
4a-H, 4b-H, 6a-H, 6a’-H, 6b-H, 6b’-H, 1-OH), 3.92 (dd, 3J3a,2a=3.2,
3J3a,4a=9.1 Hz,


1=2 H, 3a-H), 4.00–4.08 (m, 1N
1=2 H, 2a-H, 2b-H, 5a-H),


4.45–4.67 (m, 5N1=2 H, 1b-H, 5 OCHHPh), 4.82 (d, Jgem=10.9 Hz,
1=2 H,


OCHHPh), 4.84 (d, Jgem=10.8 Hz,
1=2 H, OCHHPh), 5.26 (br s,


1=2 H, 1a-
H), 7.12–7.35 (m, 15H, Ph); 13C NMR (63 MHz, CDCl3): d=68.5, 68.9,
69.3, 70.8, 71.7, 72.0, 73.4, 73.5, 74.5, 74.7, 75.0, 79.7, 81.6, 93.9, 94.2,
127.7, 127.85, 127.90, 127.95, 127.99, 128.04, 128.3, 128.5, 137.7, 137.89,
137.92, 138.2; MALDI MS (positive mode): m/z : 473.2 [M+Na]+ , 489.2
[M+K]+ ; elemental analysis calcd (%) for C27H30O6 (450.5): C 71.98, H
6.71; found: C 71.74, H 6.44.


tert-Butyldimethylsilyl 3,4,6-tri-O-benzyl-b-d-mannopyranoside (13): Imi-
dazole (304 mg, 3.73 mmol) was added to a solution of compound 12
(1.6 g, 3.55 mmol) in dry CH2Cl2 (20 mL). After 5 min tert-butyldimethyl-
chlorosilane (536 mg, 3.55 mmol) was added and stirred for 4 h. The pre-
cipitation was filtered off and the solvent evaporated in vacuo. Flash
chromatography (toluene/ethyl acetate 6:1) gave compound 13 (1.54 g,
2.74 mmol, 77%) as colourless oil. Rf=0.53 (toluene/ethyl acetate 3:1);
[a]D=�1.48 (c=1.0, CHCl3); 1H NMR (250 MHz, CDCl3): d=0.13 (s,
3H, CH3), 0.17 (s, 3H, CH3), 0.91 (s, 9H, C(CH3)3), 2.44 (br s, 1H, 2-
OH), 3.40 (ddd, 3J5,4=9.6,


3J5,6=2.9,
3J5,6’=4.3 Hz, 1H, 5-H), 3.56 (dd,


3J3,2=3.1,
3J3,4=9.1 Hz, 1H, 3-H), 3.65–3.71 (m, 2H, 6-H, 6’-H), 3.85–3.93


(t, 1H, 4-H), 3.99–4.00 (m, 1H, 2-H), 4.53 (d, Jgem=12.2 Hz, 1H,
OCHHPh), 4.56 (d, Jgem=10.9 Hz, 1H, OCHHPh), 4.62 (d, Jgem=
12.2 Hz, 1H, OCHHPh), 4.68 (d, Jgem=12.0 Hz, 1H, OCHHPh), 4.71–
4.72 (m, 1H, 1-H), 4.81 (d, Jgem=11.9 Hz, 1H, OCHHPh), 4.92 (d, Jgem=
10.9 Hz, 1H, OCHHPh), 7.21–7.41 (m, 15H, Ph); 13C NMR (63 MHz,
CDCl3): d=�5.3, �4.1, 18.0, 25.7, 69.4, 69.6, 71.2, 73.4, 74.1, 75.1, 75.2,
81.6, 95.0, 127.4, 127.6, 127.7, 127.8, 128.0, 128.2, 128.3, 128.4, 138.1,
138.4, 1J1-C,1-H=156.3 Hz; MALDI MS (positive mode): m/z : 586.9
[M+Na]+ , 602.9 [M+K]+ ; elemental analysis calcd (%) for C33H44O6Si
(564.8): C 70.18, H 7.85; found: C 70.07, H 7.91.


tert-Butyldimethylsilyl 3,4,6-tri-O-benzyl-2-O-(9-fluorenylmethoxycar-
bonyl)-b-d-mannopyranoside (14): Fmoc-Cl (1.90 g, 7.43 mmol) was
added to a solution of compound 13 (1.4 g, 2.48 mmol) in dry pyridine
(15 mL) and the reaction mixture was stirred overnight (12 h) at RT. The
solvent was evaporated in vacuo and coevaporated with toluene (3N


15 mL). Flash chromatography (toluene/ethyl acetate 10:1 ! 4:1) gave
compound 14 (1.62 g, 2.06 mmol, 83%) as a white foam. Rf=0.78 (tolu-
ene/ethyl acetate 3:1); [a]D=++2.68 (c=1.0, CHCl3);


1H NMR (250 MHz,
CDCl3): d=0.12 (s, 3H, COCH3), 0.17 (s, 3H, COCH3), 0.86 (s, 9H,
3CH3), 3.50 (m,


3J5,4=9.6,
3J5,6=3.7,


3J5,6’=7.3 Hz, 1H, 5-H), 3.72 (dd,
3J3,2=3.2,


3J3,4=9.3 Hz, 1H, 3-H), 3.78–3.89 (m, 3H, 4-H, 6-H, 6’-H),
4.26–4.41 (m, 3H, 9-H (Fmoc), 2CHH (Fmoc)), 4.55–4.63 (m, 3H,
3OCHHPh), 4.70 (d, Jgem=12.0 Hz, 1H, OCHHPh), 4.81 (d, Jgem=
11.5 Hz, 1H, OCHHPh), 4.86 (s, 1H, 1-H), 4.92 (d, Jgem=10.9 Hz, 1H,
OCHHPh), 5.34–5.36 (m, 1H, 2-H), 7.22–7.78 (m, 23H, Ph); 13C NMR
(63 MHz, CDCl3): d=17.9, 25.6, 46.7, 69.5, 70.2, 71.4, 73.5, 73.8, 74.3,
75.2, 75.6, 80.1, 94.0, 119.9, 125.4, 127.1, 127.5, 127.7, 127.9, 128.0, 128.31,
128.34, 137.7, 138.3, 141.2, 143.6, 155.4; FAB-MS (positive mode): m/z :
808.7 [M+Na]+ ; elemental analysis calcd (%) for C48H54O8Si (787.0): C
73.25, H 6.92; found: C 73.15, H 7.01.


3,4,6-Tri-O-benzyl-2-O-(9-fluorenylmethoxycarbonyl)-a/b-d-mannopyra-
nose (15): HF·pyridine (2.79 mL, 19.1 mmol) was added at RT to a solu-
tion of compound 14 (1.50 g, 1.91 mmol) in dry THF (10 mL) and the re-
action mixture was stirred overnight (12 h). The solution was diluted with
ethyl acetate (15 mL) and neutralized with a saturated NaHCO3 solution.
The organic layer was separated, the aqueous layer was extracted three
times with ethyl acetate (50 mL) and the combined organic layers were
concentrated in vacuo. Flash chromatography (toluene/ethyl acetate 3:1)
gave compound 15 (1.16 g, 1.71 mmol, 90%) as a white foam. Compound
15 was immediately used in the next reaction step. Rf(b)=0.31, Rf(a)=
0.17 (toluene/ethyl acetate 3:1); [a]D=++12.88 (c=1.0, CHCl3);


1H NMR
(250 MHz, CDCl3): d (a compound)=3.51 (d,


3J1-OH,1=3.2 Hz, 1H, 1-
OH), 3.70–3.84 (m, 3H, 4-H, 6-H, 6’-H), 4.07 (dd, 3J3,2=3.1,


3J3,4=9.5 Hz,
1H, 3-H), 4.11–4.15 (m, 1H, 5-H), 4.21–4.65 (m, 7H, 2OCHH (Fmoc), 9-
H (Fmoc), 4 OCHHPh), 4.76 (d, Jgem=11.4 Hz, 1H, OCHHPh), 4.90 (d,
Jgem=10.9 Hz, 1H, OCHHPh), 5.23 (dd,


3J2,1=1.8,
3J2,3=3.1 Hz, 1H, 2-


H), 5.35 (m, 1H, 1-H), 7.14–7.78 (m, 23H, Ph); 13C NMR (63 MHz,
CDCl3): d=46.6, 69.4, 70.2, 71.1, 71.8, 72.9, 73.4, 74.6, 75.2, 77.7, 92.2,
119.9, 120.0, 125.2, 125.4, 127.1, 127.6, 127.65, 127.71, 127.77, 127.81,
127.87, 127.95, 128.0, 128.2, 128.3, 128.4, 128.6, 129.0, 137.8, 137.9, 138.2,
141.17, 141.24, 143.3, 143.5, 154.8, 176.9, 178.4; MALDI MS (positive
mode): m/z : calcd for C42H40O8: 672.8; found: 694.7 [M+Na]+ , 710.7
[M+K]+ .


O-[3,4,6-Tri-O-benzyl-2-O-(9-fluorenylmethoxycarbonyl)-a-d-mannopy-
ranosyl]-trichloroacetimidate (5e): Trichloroacetonitrile (0.79 mL,
7.45 mmol) and NaH (5 mg) were added to a solution of compound 15
(1.0 g, 1.49 mmol) in dry CH2Cl2 (3 mL). After stirring at RT for 30 min,
the reaction mixture was neutralized with silica gel. Flash chromatogra-
phy (petroleum ether/ethyl acetate 3:1) gave compound 5e (1.12 g,
1.37 mmol, 92%) as colourless oil. Compound 5e was immediately used
for the next reaction step. Rf=0.47 (toluene/ethyl acetate 3:1); [a]D=++


17.18 (c=1.0, CHCl3);
1H NMR (250 MHz, CDCl3): d=3.75 (dd,


3J5,6=
1.6, 3J6,6’=11.2 Hz, 1H, 6-H), 3.87 (dd,


3J5,6’=3.9,
3J6’,6=11.2 Hz, 1H, 6’-


H), 4.05–4.51 (m, 6H, CH2 (Fmoc), 9-H (Fmoc), 3-H, 4-H, 5-H), 4.52–
4.67 (m, 3H, 3OCHHPh), 4.72 (d, Jgem=12.0 Hz, 1H, OCHHPh), 4.78
(d, Jgem=11.4 Hz, 1H, OCHHPh), 4.92 (d, Jgem=10.6 Hz, 1H,
OCHHPh), 5.33–5.35 (m, 1H, 2-H), 6.45 (d, 3J1,2=1.9 Hz, 1H, 1-H),
7.18–7.79 (m, 23H, Ph), 8.71 (s, 1H, NH); 13C NMR (63 MHz, CDCl3):
d=46.6, 68.5, 70.5, 71.3, 72.1, 73.5, 73.7, 74.6, 75.5, 77.3, 90.7, 95.2, 120.0,
125.2, 125.4, 127.2, 127.6, 127.8, 127.9, 128.1, 128.3, 128.4, 137.5, 138.1,
138.2, 141.2, 141.3, 143.2, 143.4, 154.6, 160.0.


4-Methoxyphenyl 2-O-acetyl-3-O-allyl-4,6-O-benzylidene-a-d-mannopy-
ranoside (17): Ac2O (1.70 mL, 18.2 mmol) was added to a solution of
compound 16 (1.5 g, 3.62 mmol) in dry pyridine (20 mL). After 12 h the
solvent was evaporated in vacuo and three times coevaporated with tolu-
ene (20 mL). Flash chromatography (petroleum ether/ethyl acetate 4:1)
gave compound 17 (1.65 g, 3.62 mmol, quant.) as colourless oil. Rf=0.60
(petroleum ether/ethyl acetate 3:1); [a]D=++73.18 (c=1.0, CHCl3);
1H NMR (250 MHz, CDCl3): d=2.19 (s, 3H, CH3), 3.77–3.86 (m, 4H, 5-
H, OCH3), 3.99–4.28 (m, 6H, 3-H, 4-H, 6-H, 6’-H, OCH2-CH=CH2), 5.17
(m, 2H, OCH2-CH=CH2), 5.39 (d,


3J1,2=1.7 Hz, 1H, 1-H), 5.51 (dd,
3J2,1=1.7,


3J2,3=2.8 Hz, 1H, 2-H), 5.63 (s, 1H, CHPh), 5.83–5.99 (m, 1H,
OCH2-CH=CH2), 6.80–7.51 (m, 9H, Ph);


13C NMR (63 MHz, CDCl3):
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d=20.9, 55.6, 64.4, 68.5, 69.9, 71.4, 73.3, 78.3, 97.7, 101.6, 114.6, 117.2,
117.9, 126.0, 128.1, 128.9, 134.3, 137.3, 149.6, 155.3, 170.0; MALDI MS
(positive mode): m/z : 478.9 [M+Na]+ , 494.8 [M+K]+; elemental analysis
calcd (%) for C25H28O8 (456.5): C 65.78, H 6.18; found: C 65.89, H 6.08.


4-Methoxyphenyl 2-O-acetyl-4,6-O-benzylidene-a-d-mannopyranoside
(18): A solution of compound 17 (1.2 g, 2.63 mmol) in tert-butanol
(15 mL) and trans-[Pd(NH3)2Cl2] (108 mg, 0.526 mmol) as a catalyst was
heated under reflux overnight (12 h). After cooling to RT the solution
was filtered and the solvent was evaporated in vacuo. Flash chromatogra-
phy (toluene/ethyl acetate 5:1) gave compound 18 (887 mg, 2.12 mmol,
81%) as a white foam. Compound 18 was immediately used for the next
reaction step. Rf=0.25 (toluene/ethyl acetate 3:1); [a]D=++62.78 (c=1.0,
CHCl3);


1H NMR (250 MHz, CDCl3): d=2.22 (s, 3H, CH3), 2.43 (d,
3J3-


OH,3=4.1 Hz, 1H, 3-OH), 3.78–3.86 (m, 4H, 5-H, OCH3), 3.99–4.05 (m,
2H, 4-H, 6-H), 4.23 (dd, 3J6’,5=4.2, Jgem=10.1 Hz, 1H, 6’-H), 4.43–4.46
(m, 1H, 3-H), 5.40–5.42 (m, 2H, 1-H, 2-H), 5.62 (s, 1H, CHPh), 6.82–
7.52 (m, 9H, Ph); 13C NMR (63 MHz, CDCl3): d=21.0, 55.7, 64.0, 67.2,
68.6, 72.0, 78.9, 97.5, 102.3, 114.7, 117.9, 126.3, 128.4, 129.0, 129.3, 137.1,
155.4, 170.4; MALDI MS (positive mode): m/z : calcd for C22H24O8:
416.4; found: 438.7 [M+Na]+ ; FAB-MS (positive mode): m/z : 439.2
[M+Na]+ .


4-Methoxyphenyl 2-O-acetyl-4,6-O-benzylidene-3-O-phenoxyacetyl-a-d-
mannopyranoside (19): Phenoxyacetyl chloride (322 mL, 2.30 mmol) was
added dropwise at 0 8C to a solution of compound 18 (0.8 g, 1.92 mmol)
in dry pyridine (12 mL). After 30 min the reaction was quenched with
methanol (1 mL). The reaction mixture was evaporated in vacuo and co-
evaporated three times with toluene (10 mL). Flash chromatography (pe-
troleum ether/ethyl acetate 8:1 ! 2:1) gave compound 19 (960 mg,
1.74 mmol, 91%) as a white foam. Rf=0.17 (petroleum ether/ethyl ace-
tate 3:1); [a]D=++35.28 (c=1.0, CHCl3);


1H NMR (250 MHz, CDCl3):
d=2.14 (s, 3H, CH3), 3.78–3.88 (m, 4H, OCH3, 5-H), 4.11–4.16 (m, 2H,
4-H, 6-H), 4.22–4.27 (m, 1H, 6’-H), 4.60 (d, Jgem=16.4 Hz, 1H, COCH-
HOPh), 4.68 (d, Jgem=16.4 Hz, 1H, COCHHOPh), 5.39 (d,


3J1,2=1.7 Hz,
1H, 1-H), 5.54 (dd, 3J2,1=1.7,


3J2,3=3.6 Hz, 1H, 2-H), 5.57 (s, 1H, CHPh),
5.78 (dd, 3J3,2=3.6,


3J3,4=10.1 Hz, 1H, 3-H), 6.80–7.46 (m, 14H, Ph);
13C NMR (63 MHz, CDCl3): d=20.8, 55.7, 64.4, 65.2, 68.5, 68.9, 70.0,
75.9, 97.5, 102.0, 114.6, 114.7, 117.8, 121.7, 126.2, 128.3, 129.2, 129.5,
136.9, 149.6, 155.4, 157.8, 169.8; MALDI MS (positive mode): m/z : 573.2
[M+Na]+ ; elemental analysis calcd (%) for C30H30O10 (550.6): C 65.45, H
5.49; found: C 65.74, H 5.67.


4-Methoxyphenyl 2-O-acetyl-4-O-benzyl-3-O-phenoxyacetyl-a-d-manno-
pyranoside (20): Compound 19 (0.9 g, 1.64 mmol) was dissolved in a
BH3·THF solution (c=1 molL


�1). At 0 8C TMSOTf (0.31 mL, 1.72 mmol)
was added dropwise. After 30 min the reaction mixture was stirred at RT
for another 1.5 h. The solution was neutralized with NEt3 (2 mL), metha-
nol was added and after 15 min the solution was evaporated in vacuo and
coevaporated three times with methanol (20 mL). Flash chromatography
(toluene/ethyl acetate 8:1) gave compound 20 (657 mg, 1.20 mmol, 73%)
as colourless oil. Rf=0.27 (toluene/ethyl acetate 2:1); [a]D=++40.88 (c=
1.0, CHCl3);


1H NMR (250 MHz, CDCl3): d=1.78 (t, 1H, 6-OH), 3.76–
3.82 (m, 5H, 6-H, 6’-H, OCH3), 3.88–3.94 (m, 1H, 5-H), 4.05 (t, 1H, 4-
H), 4.50 (d, Jgem=16.3 Hz, 1H, COCHHOPh), 4.58 (d, Jgem=16.3 Hz,
1H, COCHHOPh), 4.64 (s, 2H, 2OCHHPh), 5.37 (d, 3J1,2=1.9 Hz, 1H,
1-H), 5.48 (dd, 3J2,1=1.9,


3J2,3=3.4 Hz, 1H, 2-H), 5.66 (dd,
3J3,2=3.4,


3J3,4=9.7 Hz, 1H, 3-H), 6.79–7.38 (m, 14H, Ph);
13C NMR (63 MHz,


CDCl3): d=20.8, 55.6, 61.4, 65.2, 69.8, 72.1, 72.4, 72.7, 74.9, 96.8, 114.5,
114.7, 117.8, 121.7, 127.8, 128.0, 128.5, 129.6, 137.8, 149.7, 155.3, 157.8,
168.3, 170.0; MALDI MS (positive mode): m/z : 574.9 [M+Na]+ ; elemen-
tal analysis calcd (%) for C30H32O10 (552.5): C 65.21, H 5.84; found: C
65.17, H 6.22.


4-Methoxyphenyl 2-O-acetyl-4-O-benzyl-6-O-(9-fluorenylmethoxycarbon-
yl)-3-O-phenoxyacetyl-a-d-mannopyranoside (21): Fmoc-Cl (696 mg,
2.71 mmol) was added to a solution of compound 20 (600 mg, 1.09 mmol)
in dry pyridine (15 mL) and the reaction mixture was stirred overnight
(12 h) at RT. The solvent was evaporated in vacuo and coevaporated (3N
25 mL) with toluene. Flash chromatography (toluene/ethyl acetate 10:1
! 6:1) gave compound 21 (684 mg, 0.882 mmol, 81%) as a white foam.
Rf=0.90 (toluene/ethyl acetate 3:1); [a]D=++23.58 (c=1.0, CHCl3);


1H NMR (250 MHz, CDCl3): d=2.10 (s, 3H, CH3), 3.72 (s, 3H, OCH3),
4.00 (t, 1H, 4-H), 4.23 (ddd, 3J5,4=9.9,


3J5,6=2.9,
3J5,6’=6.4 Hz, 1H, 5-H),


4.25 (t, 3J=7.4 Hz, 1H, 9-H (Fmoc)), 4.38–4.48 (m, 4H, 2 OCHH
(Fmoc), 6-H, 6’-H), 4.55–4.66 (m, 4H, 2 OCHHPh, 2 COCHHOPh), 5.39
(d, 3J1,2=1.9 Hz, 1H, 1-H), 5.49 (dd,


3J2,1=1.9,
3J2,3=3.4 Hz, 1H, 2-H),


5.68 (dd, 3J3,2=3.4,
3J3,4=9.4 Hz, 1H, 3-H), 6.78–7.79 (m, 22H, Ph);


MALDI MS (positive mode): m/z : 797.6 [M+Na]+ , 813.7 [M+K]+ ; ele-
mental analysis calcd (%) for C45H42O12 (774.8): C 69.76, H 5.46; found:
C 69.76, H 5.72.


2-O-Acetyl-4-O-benzyl-6-O-(9-fluorenylmethoxycarbonyl)-3-O-phenoxy-
acetyl-a-d-mannopyranose (22): Compound 21 (620 mg, 0.80 mmol) was
dissolved in acetonitrile/water 4:1. At 0 8C CAN (1.10 g, 2.00 mmol) was
added, diluted with ethyl acetate after 15 min and then neutralized with
saturated NaHCO3 solution. The aqueous layer was extracted with ethyl
acetate (3N35 mL). The combined organic layers were dried with MgSO4
and the solvent was evaporated in vacuo. Flash chromatography (tolu-
ene/ethyl acetate 5:1 ! 2:1) gave compound 22 (409 mg, 0.616 mmol,
77%) as colourless oil. Compound 22 was immediately used in the next
reaction step. Rf=0.17 (petroleum ether/ethyl acetate 2:1); [a]D=++6.88
(c=1.0, CHCl3);


1H NMR (250 MHz, CDCl3): d=2.05 (s, 3H, CH3), 3.26
(d, 3J1-OH,1-H=4.0 Hz, 1H, 1-OH), 3.89 (t, 1H, 4-H), 4.19–4.58 (m, 9-H, 5-
H, 6-H, 6’-H, 9-H (Fmoc), 2 CHH (Fmoc), OCHHPh, 2 COCHHOPh),
4.63 (d, Jgem=11.3 Hz, 1H, OCHHPh), 5.20 (dd,


3J1-H,1-OH=4.0,
3J1,2=


1.9 Hz, 1H, 1-H), 5.33 (dd, 3J2,1=1.9,
3J2,3=3.3 Hz, 1H, 2-H), 5.55 (dd,


3J3,2=3.3,
3J2-H,4-OH=9.7 Hz, 1H, 3-H), 6.85–7.78 (m, 18H, Ph);


13C NMR
(63 MHz, CDCl3): d=20.8, 46.7, 65.2, 66.5, 69.7, 70.0, 70.1, 72.6, 74.8,
92.2, 114.5, 120.1, 121.7, 125.07, 125.1, 127.1, 127.8, 127.9, 128.0, 128.5,
129.6, 137.5, 141.3, 143.2, 143.3, 155.0, 157.7, 168.2, 170.1; MALDI MS
(positive mode): m/z : calcd for C38H36O11: 668.7; found: 691.3 [M+Na]+ ,
707.1 [M+K]+ ; FAB-MS (positive mode): m/z : 690.5 [M+Na]+ .


O-[2-O-Acetyl-4-O-benzyl-6-O-(9-fluorenylmethoxycarbonyl)-3-O-phe-
noxyacetyl-a-d-mannopyranosyl]-trichloroacetimidate (7b): Trichloroace-
tonitrile (0.28 mL, 2.63 mmol) and NaH (5 mg) were added to a solution
of compound 22 (350 mg, 0.525 mmol) in dry CH2Cl2 (3 mL). After stir-
ring for 30 min at RT, the reaction mixture was neutralized with silica
gel. Flash chromatography (petroleum ether/ethyl acetate 2:1) gave com-
pound 7b (403 mg, 0.497 mmol, 95%) as colourless oil. Compound 7b was
immediately used in the next reaction step. Rf=0.61 (toluene/ethyl ace-
tate 3:1); [a]D=++24.68 (c=1.0, CHCl3);


1H NMR (250 MHz, CDCl3):
d=2.11 (s, 3H, CH3), 4.03 (t, 1H, 4-H), 4.15–4.29 (m, 2H, 9-H (Fmoc),
5-H), 4.37–4.61 (m, 7H, 6-H, 6’-H, 2 CHH (Fmoc), OCHHPh, 2 COCH-
HOPh), 4.65 (d, Jgem=11.1 Hz, 1H, OCHHPh), 5.51–5.56 (m, 2H, 2-H, 3-
H), 6.28 (d, 3J1,2=1.6 Hz, 1H, 1-H), 6.87–7.79 (m, 18H, Ph), 8.73 (s, 1H,
NH); 13C NMR (63 MHz, CDCl3): d=20.7, 46.0, 65.8, 70.1, 71.9, 72.3,
72.8, 75.1, 90.5, 94.6, 114.4, 120.1, 121.8, 125.1, 127.1, 127.9, 128.0, 128.2,
128.6, 129.7, 137.2, 141.3, 143.3, 154.8, 168.1, 169.7.


Thexyldimethylsilyl O-(2-O-benzyl-4,6-O-benzylidene-b-d-mannopyrano-
syl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyra-
noside (26): A solution of compound 25 (1.35 g, 1.36 mmol) in tert-buta-
nol (20 mL) and trans-[Pd(NH3)2Cl2] (56 mg, 0.27 mmol) as a catalyst was
heated under reflux overnight (12 h). After cooling to RT the solution
was filtered and the solvent evaporated in vacuo. Flash chromatography
(toluene/ethyl acetate 8:1) gave compound 26 (1.02 g, 1.07 mmol, 79%)
as a white foam. Rf=0.37 (toluene/ethyl acetate 5:1); [a]D=�3.58 (c=
1.0, CHCl3);


1H NMR (600 MHz, CDCl3): d=0.13 (s, 3H, CH3), 0.26 (s,
3H, CH3), 0.83–0.89 (m, 12H, 4 CH3), 1.60–1.63 (m, 1H, (CH3)2CH),
1.93 (m, 6H, 2 CH3), 2.50 (br s, 1H, 3b-OH), 3.31–3.32 (m, 1H, 5b-H),
3.62–3.69 (m, 2H, 5a-H, 6b-H), 3.74–3.75 (m, 1H, 3b-H), 3.79–3.87 (m,
4H, 2b-H, 4b-H, 6a-H, 6a’-H), 4.04 (dd, 3J2a,1a=8.2,


3J2a,3a=10.6 Hz, 1H,
2a-H), 4.15 (t, 1H, 4a-H), 4.26 (dd, 3J3a,2a=10.6,


3J3a,4a=8.9 Hz, 1H, 3a-
H), 4.32 (dd, 3J6’b,5b=4.8, Jgem=10.4 Hz, 1H, 6b’-H), 4.57 (d, Jgem=
12.4 Hz, 1H, OCHHPh), 4.66 (d, Jgem=12.1 Hz, 1H, OCHHPh), 4.80–
4.82 (m, 2H, 1b-H, OCHHPh), 4.86 (d, Jgem=12.1 Hz, 1H, OCHHPh),
5.03 (d, Jgem=12.4 Hz, 1H, OCHHPh), 5.16 (d, Jgem=11.6 Hz, 1H,
OCHHPh), 5.32 (d, 3J1a,2a=8.2 Hz, 1H, 1a-H), 5.58 (s, 1H, CHPh), 7.21–
7.60 (m, 20H, Ph); 13C NMR (151 MHz, CDCl3): d=�3.8, �1.8, 18.3,
18.4, 19.8, 19.9, 24.5, 34.0, 57.5 (C-2a), 66.9 (C-5b), 68.5 (C-6b), 68.6 (C-
6a), 70.9 (C-3b), 73.7, 74.3, 74.7 (C-5a), 75.6, 77.2 (C-3a), 78.8 (C-2b),
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79.2 (C-4b), 79.6 (C-4a), 93.5 (C-1a), 101.9 (CHPh), 102.1 (C-1b), 126.3,
127.0, 127.88, 127.93, 127.97, 128.2, 128.48, 128.55, 129.1, 137.2, 137.8,
138.1, 139.2; 1J1a-C,1a-H=163.3,


1J1b-C,1b-H=158.4 Hz; MALDI MS (positive
mode): m/z : 972.6 [M+Na]+ , 988.6 [M+K]+ : elemental analysis calcd
(%) for C54H67NO12Si (950.2): C 68.26, H 7.11, N 1.47; found: C 68.28, H
7.13, N 1.67.


Thexyldimethylsilyl O-(2-O-benzyl-4,6-O-benzylidene-3-O-phenoxyace-
tyl-b-d-mannopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylma-
leimido-b-d-glucopyranoside (27): Phenoxyacetyl chloride (169 mL,
1.20 mmol) was added dropwise at 0 8C to a solution of compound 26
(0.95 g, 1.00 mmol) in dry pyridine (10 mL). After 1 h the reaction was
quenched with methanol (1 mL). The reaction mixture was evaporated in
vacuo and coevaporated with toluene (3N10 mL). Flash chromatography
(petroleum ether/ethyl acetate 6:1 ! 2:1) gave compound 27 (1.07 g,
0.988 mmol, 99%) as a white foam. Rf=0.69 (toluene/ethyl acetate 3:1);
[a]D=�14.08 (c=1.0, CHCl3); 1H NMR (600 MHz, CDCl3): d=�0.01 (s,
3H, CH3), 0.12 (s, 3H, CH3), 0.69–0.77 (m, 12H, 4 CH3), 1.46–1.49 (m,
1H, (CH3)2CH), 1.76–1.83 (m, 6H, 2 CH3), 3.22–3.26 (m, 1H, 5b-H),
3.46–3.48 (d, 1H, 5a-H), 3.56 (t, 1H, 6b-H), 3.67 (br s, 2H, 6a-H, 6a’-H),
3.89 (dd, 3J2a,1a=8.2,


3J2a,3a=10.6 Hz, 1H, 2a-H), 3.97 (d, 1H, 2b-H), 4.00–
4.05 (m, 2H, 4a-H, 4b-H), 4.12 (t, 1H, 3a-H), 4.17–4.19 (m, 1H, 6b’H),
4.41 (d, Jgem=16.2 Hz, 1H, COCHHOPh), 4.43 (d, Jgem=12.4 Hz, 1H,
OCHHPh), 4.53–4.58 (m, 2H, OCHHPh, COCHHOPh), 4.61 (d, Jgem=
12.0 Hz, 1H, OCHHPh), 4.71 (d, Jgem=12.1 Hz, 1H, OCHHPh), 4.73 (s,
1H, 1b-H), 4.87 (d, Jgem=12.0 Hz, 1H, OCHHPh), 4.88 (d, Jgem=12.4 Hz,
1H, OCHHPh), 4.99 (dd, 3J3b,2b=3.1,


3J3b,4b=10.3 Hz, 1H, 3b-H), 5.17 (d,
3J1a,2a=8.2 Hz, 1H, 1a-H), 5.43 (s, 1H, CHPh), 6.80–7.32 (m, 25H, Ph);
13C NMR (151 MHz, CDCl3): d=�3.8, �1.8, 18.3, 18.4, 19.8, 19.9, 24.5,
34.0, 57.5 (C-2a), 64.9, 67.0 (C-5b), 68.5 (C-6b), 68.6 (C-6a), 73.0 (C-3b),
73.6, 74.3, 74.7 (C-5a), 75.4 (C-4b), 75.7, 76.6 (C-2b), 77.0 (C-3a), 77.2,
79.2 (C-4a), 93.5 (C-1a), 101.3 (C-1b), 101.6 (CHPh), 114.6, 121.7, 122.1,
126.2, 126.9, 127.8, 127.9, 127.97, 128.04, 128.3, 128.4, 128.6, 129.1, 129.5,
137.8, 138.1, 139.2, 157.6, 168.4; 1J1a-C,1a-H=163.3,


1J1b-C,1b-H=158.9 Hz;
MALDI MS (positive mode): m/z : 1105.6 [M+Na]+ , 1121.6 [M+K]+ ; el-
emental analysis calcd (%) for C62H73NO14Si (1084.3): C 68.68, H 6.79, N
1.29; found: C 68.62, H 6.91, N 1.29.


Thexyldimethylsilyl O-(2,4-di-O-benzyl-3-O-phenoxyacetyl-b-d-manno-
pyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glu-
copyranoside (28): Compound 27 (0.9 g, 0.830 mmol) was dissolved in a
BH3·THF solution (c=1 molL


�1). At 0 8C TMSOTf (0.18 mL, 1.0 mmol)
was added dropwise. After 30 min the reaction mixture was stirred at RT
for an additional 1.5 h. The solution was neutralized with NEt3 (1 mL),
methanol was added and after 15 min the solution was evaporated in
vacuo and coevaporated three times with methanol (30 mL). Flash chro-
matography (toluene/ethyl acetate 7:1) gave compound 28 (693 mg,
0.639 mmol, 77%) as colourless oil. Rf=0.45 (toluene/ethyl acetate 3:1);
[a]D=�16.18 (c=1.0, CHCl3); 1H NMR (600 MHz, CDCl3): d=0.00 (s,
3H, CH3), 0.12 (s, 3H, CH3), 0.69–0.77 (m, 12H, 4 CH3), 1.47–1.50 (m,
1H, (CH3)2CH), 1.78–1.85 (m, 6H, 2 CH3), 3.19–3.22 (m, 1H, 5b-H),
3.46–3.52 (m, 2H, 5a-H, 6b-H), 3.65–3.71 (m, 3H, 6a-H, 6a’-H, 6b’-H),
3.88–3.95 (m, 3H, 2a-H, 2b-H, 4b-H), 4.01 (t, 1H, 4a-H), 4.14 (dd,
3J3a,2a=10.7,


3J3a,4a=8.8 Hz, 1H, 3a-H), 4.31 (br s, 2H, COCHHOPh), 4.42
(d, Jgem=12.3 Hz, 1H, OCHHPh), 4.53–4.59 (m, 4H, 4 OCHHPh), 4.67–
4.69 (m, 2H, 1b-H, OCHHPh), 4.85–4.87 (m, 2H, 3b-H, OCHHPh), 4.95
(d, Jgem=12.3 Hz, 1H, OCHHPh), 5.18 (d,


3J1a,2a=8.1 Hz, 1H, 1a-H),
6.79–7.36 (m, 25H, Ph); 13C NMR (151 MHz, CDCl3): d=�3.8, �1.8,
18.3, 18.4, 19.8, 19.9, 24.5, 34.0, 57.5 (C-2a), 61.8 (C-6b), 64.9, 68.4 (C-6a),
72.8 (C-4b), 73.5, 74.0, 74.8 (C-5a), 74.9, 75.4 (C-5b), 76.1 (C-2b), 76.7
(C-3b), 77.0 (C-3a), 78.5 (C-4a), 93.5 (C-1a), 100.2 (C-1b), 114.5, 121.8,
122.1, 127.1, 127.3, 127.69, 127.73, 127.83, 128.17, 128.33, 128.43, 128.52,
129.6, 137.8, 138.0, 138.3, 139.0, 157.0, 168.3, 1J1a-C,1a-H=163.3,


1J1b-C,1b-H=
158.3 Hz; MALDI MS (positive mode): m/z : calcd for: 1086.3; found:
1107.8 [M+Na]+ , 1123.8 [M+K]+ ; elemental analysis calcd (%) for
C62H75NO14: C 68.55, H 6.96, N 1.29; found: C 68.61, H 7.02, N 1.30.


Thexyldimethylsilyl O-[2,4-di-O-benzyl-6-O-(9-fluorenylmethoxycarbon-
yl)-3-O-phenoxyacetyl-b-d-mannopyranosyl]-(1!4)-3,6-di-O-benzyl-2-
deoxy-2-dimethylmaleimido-b-d-glucopyranoside (29): Fmoc-Cl (0.38 g,
1.50 mmol) was added to a solution of compound 28 (650 mg,


0.599 mmol) in dry pyridine (10 mL) and the reaction mixture stirred
overnight (12 h) at RT. The solvent was evaporated in vacuo and coeva-
porated three times (15 mL) with toluene. Flash chromatography (tolu-
ene/ethyl acetate 12:1 ! 6:1) gave compound 29 (0.676 g, 0.515 mmol,
86%) as a white foam. Rf=0.61 (toluene/ethyl acetate 4:1); [a]D=�3.18
(c=1.0, CHCl3);


1H NMR (600 MHz, CDCl3): d=0.02 (s, 3H, CH3), 0.11
(s, 3H, CH3), 0.68–0.74 (m, 12H, 4 CH3), 1.46–1.48 (m, 1H, (CH3)2CH),
1.69–1.82 (m, 6H, 2 CH3), 3.45–3.50 (m, 2H, 5a-H, 5b-H), 3.69 (br s, 2H,
6a-H, 6a’-H), 3.90 (dd, 3J2a,1a=8.3,


3J2a,3a=10.5 Hz, 1H, 2a-H), 3.99–4.02
(m, 2H, 2b-H, 4b-H), 4.06 (t, 1H, 4a-H), 4.11–4.16 (m, 2H, 3a-H, 9-H
(Fmoc)), 4.26–4.41 (m, 6H, 6b-H, 6b’-H, 2 COCHHOPh, 2 OCHH
(Fmoc)), 4.52 (d, Jgem=12.9 Hz, 1H, OCHHPh), 4.56–4.59 (m, 3H, 3
OCHHPh), 4.62 (d, Jgem=12.1 Hz, 1H, OCHHPh), 4.69 (d, Jgem=
12.2 Hz, 1H, OCHHPh), 4.76 (s, 1H, 1b-H), 4.89 (dd, 3J3b,2b=2.9,


3J3b,4b=
9.7 Hz, 1H, 3b-H), 4.92 (d, Jgem=12.3 Hz, 1H, OCHHPh), 4.95 (d, Jgem=
12.9 Hz, 1H, OCHHPh), 5.16 (d, 3J1a,2a=8.3 Hz, 1H, 1a-H), 6.81–7.73 (m,
33H, Ph); 13C NMR (151 MHz, CDCl3): d=�3.9, �1.9, 18.3, 18.4, 19.7,
19.9, 33.9, 46.5, 57.4 (C-2a), 64.9, 66.4 (C-6b), 68.6 (C-6a), 69.9, 72.9 (C-
4b), 73.2 (C-5b), 73.5, 74.0, 74.6, 74.7 (C-5a), 74.8, 75.9 (C-2b), 76.8 (C-
3b), 77.2 (C-3a), 79.2 (C-4a), 93.4 (C-1a), 100.9 (C-1b), 114.5, 119.9,
121.8, 125.25, 125.28, 126.8, 127.09, 127.12, 127.70, 127.74, 127.9, 128.26,
128.32, 128.47, 128.50, 129.6, 137.7, 137.9, 138.4, 139.4, 141.1, 141.2,
143.36, 143.49, 154.9, 168.3, 1J1a-C,1a-H=163.4,


1J1b-C,1b-H=158.6 Hz; MALDI
MS (positive mode): m/z : calcd for: 1308.6; found: 1331.4 [M+Na]+ ,
1346.3 [M+K]+ ; elemental analysis calcd (%) for C77H85NO16Si: C 70.67,
H 6.55, N 1.07; found: C 70.32, H 6.68, N 0.87.


[2,4-Di-O-benzyl-6-O-(9-fluorenylmethoxycarbonyl)-3-O-phenoxyacetyl-
b-d-mannopyranosyl]-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimi-
do-a/b-d-glucopyranose (30): HF·pyridine (0.76 mL, 4.81 mmol) was
added at RT to a solution of compound 29 (0.63 g, 0.481 mmol) in dry
THF (8 mL) and the reaction mixture was stirred overnight (12 h). The
solution was diluted with ethyl acetate (15 mL) and neutralized with satu-
rated NaHCO3 solution. The organic layer was separated and the aque-
ous layer extracted three times with ethyl acetate (30 mL) and the com-
bined organic layers were concentrated in vacuo. Flash chromatography
(toluene/ethyl acetate 4:1) gave compound 30 (485 mg, 0.414 mmol,
86%) as a white foam. Rf (a)=0.41, Rf (a)=0.24 (toluene/ethyl acetate
2:1); [a]D=++1.88 (c=1.0, CHCl3);


1H NMR (600 MHz, CDCl3): d=1.73
(br s, 6H, 2 CH3), 2.81 (s, 1H, 1a-OH), 3.36–3.41 (m, 1H, 5b-H), 3.51–
3.53 (m, 1=2 H, 5a-H), 3.64–3.73 (m, 2H, 6a-H, 6a’-H), 3.81 (dd,


3J2a,1a=
8.7, 3J2a,3a=10.5 Hz,


1=2H, 2a-H), 3.92–3.97 (m, 2H, 2b-H, 4b-H), 4.04–
4.73 (m, 18N1=2 H, 2a-H, 3a-H, 4a-H, 5a-H, 1b-H, 6b-H, 6b’-H, 9-H
(Fmoc), 2 CHH (Fmoc), 7N 1=2 OCHHPh, 2 COCHHOPh), 4.77–4.81 (m,
1H, 3b-H), 4.97 (d, Jgem=12.9 Hz,


1=2 H, OCHHPh), 5.11–5.13 (m,
1=2 H,


1a-H), 5.21 (t, 1=2 H, 1a-H), 6.80–7.38 (m, 33H, Ph);
13C NMR (151 MHz,


CDCl3): d=46.6, 55.5 (C-2a,a), 57.4 (C-2a,b), 64.9 (C-6b,a), 66.4 (C-
6b,b), 68.3 (C-6a,a ; C-6a,b), 70.0 (C-5a,a), 72.8, 73.1 (C-4b,a ; C-4b,b),
73.2 (C-5b,a ; C-5b,b), 73.7, 74.4, 74.7 (C-5a,b), 74.8, 75.0, 75.9 (C-2b,a ;
C-2b,b), 76.8 (C-3b,a ; C-3b,b), 77.0 (C-3a,a ; C-3a,b), 78.8 (C-4a,b), 79.1
(C-4a,a), 92.8 (C-1a,a), 93.1 (C-1a,b), 100.6 (C-1b,a ; C-1b,b), 114.5,
119.9, 121.8, 125.23, 125.28, 126.8, 127.1, 127.68, 127.76, 127.81, 127.95,
127.98, 128.05, 128.09, 128.33, 128.48, 128.67, 129.6, 136.8, 137.50, 137.75,
141.2, 143.3, 143.5, 157.5, 168.2, 171.6, 1J1a(a)-C,1a(a)-H=176.0,


1J1a(b)-C,1a(b)-H=
166.3, 1J1b-C,1b-H=158.2 Hz; MALDI MS (positive mode): m/z : calcd for
1202.3; found: 1188.1 [M+Na]+ , 1204.3 [M+K]+ ; elemental analysis
calcd (%) for C69H67NO16·2H2O: C 68.93, H 5.61, N 1.16; found: C 68.94,
H 5.58, N 1.07.


O-{[2,4-Di-O-benzyl-6-O-(9-fluorenylmethoxycarbonyl)-3-O-phenoxyace-
tyl-b-d-mannopyranosyl]-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylma-
leimido-b-d-glucopyranosyl}-trichloroacetimidate (4b): Trichloroacetoni-
trile (0.22 mL, 1.93 mmol) and NaH (5 mg) were added to a solution of
compound 30 (0.45 g, 0.386 mmol) in dry CH2Cl2 (3 mL). After stirring
for 30 min at RT, the reaction mixture was neutralized with silica gel.
Flash chromatography (petroleum ether/ethyl acetate 3:1) gave com-
pound 4b (454 mg, 0.347 mmol, 90%) as colourless oil. Compound 4b was
immediately used in the next reaction step. Rf=0.56 (toluene/ethyl ace-
tate 3:1); [a]D=++8.38 (c=1.0, CHCl3);


1H NMR (600 MHz, CDCl3): d=
1.71 (s, 6H, 2 CH3), 3.37–3.40 (m, 1H, 5b-H), 3.67–3.70 (m, 2H, 5a-H,
6a-H), 3.78–3.79 (m, 1H, 6a’-H), 3.95–3.99 (m, 2H, 2b-H, 4b-H), 4.13–
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4.37 (m, 10H, 2a-H, 3a-H, 4a-H, 6b-H, 6b’-H, 9-H (Fmoc), 2 CHH
(Fmoc), 2 OCHHPh), 4.48 (d, Jgem=13.0 Hz, 1H, OCHHPh), 4.51 (d,
Jgem=12.1 Hz, 1H, OCHHPh), 4.57–4.71 (m, 5H, 1b-H, 2 COCHHOPh,
2 OCHHPh), 4.81 (dd, 3J3b,2b=3.0,


3J3b,4b=9.7 Hz, 1H, 3b-H), 4.89 (d,
Jgem=12.3 Hz, 1H, OCHHPh), 4.98 (d, Jgem=13.0 Hz, 1H, OCHHPh),
6.22 (d, 3J1a,2a=8.4 Hz, 1H, 1a-H), 6.80–7.72 (m, 33H, Ph), 8.54 (s, 1H,
NH); 13C NMR (151 MHz, CDCl3): d=29.7, 46.6, 54.3 (C-2a), 64.9, 66.4
(C-6b), 68.0 (C-6a), 70.0, 72.9, 73.2 (C-4b), 73.5 (C-5b), 74.5, 74.8, 75.6,
75.9 (C-5a), 76.8 (C-2b), 77.0 (C-3b), 77.2 (C-3a), 78.5, 78.8 (C-4a), 90.1,
94.1 (C-1a), 100.6 (C-1b), 112.3, 114.5, 119.9, 121.8, 125.3, 127.1, 127.72,
127.78, 127.97, 128.02, 128.22, 128.36, 128.36, 128.50, 128.6, 129.6, 136.8,
141.2, 1J1a-C,1a-H=172.8,


1J1b-C,1b-H=158.2 Hz; Mw: calcd for C71H67Cl3N2O16:
1310.7.


Thexyldimethylsilyl 2-O-benzoyl-4-O-benzyl-3-O-phenoxyacetyl-b-d-gal-
actopyranoside (34): Compound 33 (1.0 g, 1.54 mmol) was dissolved in a
BH3·THF solution (c=1 molL


�1). At 0 8C TMSOTf (0.29 mL, 1.62 mmol)
was added dropwise. After 30 min the reaction mixture was stirred at RT
for another 2 h. The solution was neutralized with NEt3 (2 mL), methanol
was added and after 15 min the solution was evaporated in vacuo and co-
evaporated three times with methanol (25 mL). Flash chromatography
(toluene/ethyl acetate 6:1) gave compound 34 (760 mg, 1.33 mmol, 76%)
as colourless oil. Rf=0.35 (petroleum ether/ethyl acetate 2:1); [a]D=
�0.48 (c=1.0, CHCl3); 1H NMR (250 MHz, CDCl3): d=0.02 (s, 3H,
CH3), 0.11 (s, 3H, CH3), 0.66–0.69 (m, 12H, 4 CH3), 1.41–1.52 (m, 1H, C-
(CH3)2H), 3.50–3.64 (m, 2H, 5-H, 6-H), 3.76–3.84 (m, 1H, 6’-H), 3.93 (d,
3J4,3=3.1 Hz, 1H, 4-H), 4.34 (d, Jgem=16.4 Hz, 1H, COCHHOPh), 4.43
(d, Jgem=16.4 Hz, 1H, COCHHOPh), 4.54 (d, Jgem=12.0 Hz, 1H,
OCHHPh), 4.72 (d, Jgem=12.0 Hz, 1H, OCHHPh), 4.82 (d,


3J1,2=7.5 Hz,
1H, 1-H), 5.27 (dd, 3J3,2=10.5,


3J3,4=3.1 Hz, 1H, 3-H), 5.61 (dd,
3J2,1=7.5,


3J2,3=10.5 Hz, 1H, 2-H), 6.64–8.00 (m, 15H, 15 Ph);
13C NMR (63 MHz,


CDCl3): d=�3.3, �1.7, 18.3, 19.7, 24.7, 33.7, 61.5, 64.8, 72.0, 73.8, 74.6,
75.0, 96.4, 114.4, 121.7, 128.2, 128.4, 128.5, 128.6, 129.5, 129.7, 133.1,
137.5, 157.4, 165.1, 168.5; MALDI MS (positive mode): m/z : calcd for:
650.83; found: 673.0 [M+Na]+ , 688.9 [M+K]+ ; elemental analysis calcd
(%) for C36H46O9Si: C 66.44, H 7.12; found: C 66.45, H 7.15.


Thexyldimethylsilyl 2-O-benzoyl-4-O-benzyl-6-O-(9-fluorenylmethoxy-
carbonyl)-3-O-phenoxyacetyl-b-d-galactopyranoside (35): Fmoc-Cl
(694 g, 2.69 mmol) was added to a solution of compound 34 (700 mg,
1.08 mmol) in dry pyridine (10 mL) and the reaction mixture was stirred
overnight (12 h) at RT. The solvent was evaporated in vacuo and coeva-
porated three times (20 mL) with toluene. Flash chromatography (tolu-
ene/ethyl acetate 10:1 ! 6:1) gave compound 35 (791 mg, 0.903 mmol,
84%) as colourless oil. Rf=0.39 (petroleum ether/ethyl acetate 4:1);
[a]D=++2.48 (c=1.0, CHCl3);


1H NMR (250 MHz, CDCl3): d=0.05 (s,
3H, CH3), 0.14 (s, 3H, CH3), 0.67–0.71 (m, 12H, 4 CH3), 1.42–1.53 (m,
1H, C(CH3)2H), 3.80–3.85 (t, 1H, 5-H), 3.96 (d, 1H,


3J4,3=3.1 Hz, 1H, 4-
H), 4.13 (dd, 3J6,5=6.0, Jgem=11.0 Hz, 1H, 6-H), 4.25 (t,


3J=7.2 Hz, 1H,
9-H (Fmoc)), 4.30–4.48 (m, 5H, 2 COCHHOPh, 2 OCHH (Fmoc), 6’-H),
4.59 (d, Jgem=11.8 Hz, 1H, OCHHPh), 4.72 (d, Jgem=11.8 Hz, 1H,
OCHHPh), 4.82 (d, 3J1,2=7.5 Hz, 1H, 1-H), 5.30 (dd,


3J3,2=10.5,
3J3,4=


3.1 Hz, 1H, 3-H), 5.62 (dd, 3J2,1=7.5,
3J2,3=10.5 Hz, 1H, 2-H), 6.66–8.02


(m, 23H, Ph); 13C NMR (63 MHz, CDCl3): d=�3.5, �1.8, 18.3, 19.78,
19.81, 24.7, 33.8, 46.7, 64.8, 65.8, 70.0, 71.8, 72.2, 74.1, 74.3, 75.1, 96.4,
114.4, 120.1, 121.7, 125.1, 125.13, 127.2, 127.9, 128.1, 128.4, 128.5, 129.5,
129.67, 129.72, 133.1, 137.4, 141.3, 143.2, 154.7, 165.1, 168.5; MALDI MS
(positive mode): m/z : calcd for 873.1; found: 895.3 [M+Na]+ , 911.3
[M+K]+ ; elemental analysis calcd (%) for C51H56O11Si: C 70.16, H 6.47;
found: C 69.87, H 6.88.


2-O-Benzoyl-4-O-benzyl-6-O-(9-fluorenylmethoxycarbonyl)-3-O-phenoxy-
acetyl-a/b-d-galactopyranose (36): HF·pyridine (1.18 mL, 8.1 mmol) was
added at RT to a solution of compound 35 (700 mg, 0.805 mmol) in dry
THF (8 mL) and the reaction mixture was stirred overnight (12 h). The
solution was diluted with ethyl acetate (15 mL) and neutralized with a sa-
turated NaHCO3 solution. The organic layer was separated and the aque-
ous layer was extracted three times with ethyl acetate (35 mL) and the
combined organic layers were concentrated in vacuo. Flash chromatogra-
phy (toluene/ethyl acetate 4:1) gave compound 36 (518 mg, 0.707 mmol,
88%) as a white foam. Rf(a)=0.74, Rf(b)=0.69 (petroleum ether/ethyl


acetate 1:1); [a]D=++52.78 (c=1.0, CHCl3);
1H NMR (250 MHz, CDCl3):


d (a-compound)=2.96–2.98 (m, 1H, 1-OH), 4.04 (d, 3J4,3=2.6 Hz, 1H, 4-
H), 4.12 (m, 8H, 5-H, 6-H, 6’-H, 9-H (Fmoc), 2 CHH (Fmoc), 2 COCH-
HOPh), 4.54 (d, Jgem=11.6 Hz, 1H, OCHHPh), 4.73 (d, Jgem=11.5 Hz,
1H, OCHHPh), 5.51 (dd, 3J2,1=2.9,


3J2,3=10.7 Hz, 1H, 2-H), 5.68 (t, 1H,
1-H), 5.79 (dd, 3J3,2=10.7,


3J3,4=2.9 Hz, 1H, 3-H), 6.68–8.04 (m, 23H,
Ph); 13C NMR (63 MHz, CDCl3): d=46.7, 65.0, 66.1, 68.0, 69.7, 70.0, 70.7,
75.1, 75.2, 90.8, 114.4, 120.1, 121.8, 125.05, 125.11, 127.2, 127.9, 128.1,
128.3, 128.4, 128.5, 128.6, 129.2, 129.5, 129.85, 129.93, 133.5, 137.4, 141.3,
143.2, 154.8, 157.5, 165.7, 168.5, 178.5; MALDI MS (positive mode): m/z :
calcd for: 748.8; found: 752.9 [M+Na]+ , 768.9 [M+K]+ ; elemental analy-
sis calcd (%) for C43H48O11·H2O: C 68.97, H 5.38; found: C 68.92, H 5.34.


O-[2-O-Benzoyl-4-O-benzyl-6-O-(9-fluorenylmethoxycarbonyl)-3-O-phen-
oxyacetyl-a-d-galactopyranosyl] trichloroacetimidate (8b): Trichloroace-
tonitrile (0.32 mL, 3.00 mmol) and NaH (5 mg) were added to a solution
of compound 36 (450 mg, 0.601 mmol) in dry CH2Cl2 (3 mL). After stir-
ring for 30 min at RT, the reaction mixture was neutralized with silica
gel. Flash chromatography (toluene/ethyl acetate 5:1) gave compound 8b


(463 mg, 0.529 mmol, 88%) as a white foam. Compound 8b was immedi-
ately used in the next reaction step. Rf=0.54 (toluene/ethyl acetate 3:1);
1H NMR (250 MHz, CDCl3): d=4.15–4.56 (m, 8H, CH2 (Fmoc), 9-H
(Fmoc), OCHHPh, 4-H, 5-H, 6-H, 6’-H), 4.60 (d, Jgem=11.6 Hz, 1H,
OCHHPh), 4.74 (d, Jgem=11.5 Hz, 1H, OCHHPh), 5.77 (dd,


3J3,2=3.3,
3J3,4=10.7 Hz, 1H, 3-H), 5.85 (dd,


3J2,1=2.7,
3J2,3=10.7 Hz, 1H, 2-H),


6.71–8.00 (m, 24H, 23 Ph, 1-H), 8.51 (s, 1H, NH); Mw: calcd for
C45H38Cl3NO11: 875.1.


Thexyldimethylsilyl 2,3-di-O-acetyl-4-O-benzyl-b-d-galactopyranoside
(38): Compound 37 (2.0 g, 4.04 mmol) was dissolved in a BH3·THF solu-
tion (c=1 molL�1). At 0 8C TMSOTf (0.18 mL, 1.0 mmol) was added
dropwise. After 1 h the reaction mixture was stirred at RT for another
2.5 h. The solution was neutralized with NEt3 (3 mL), methanol was
added and after 15 min the solution was evaporated in vacuo and coeva-
porated three times with methanol (40 mL). Flash chromatography (tolu-
ene/ethyl acetate 8:1) gave compound 38 (1.46 g, 2.94 mmol, 73%) as col-
ourless oil. Rf=0.29 (toluene/ethyl acetate 3:1); [a]D=�4.38 (c=1.0,
CHCl3);


1H NMR (250 MHz, CDCl3): d=0.13 (s, 3H, CH3), 0.15 (s, 3H,
CH3), 0.82–0.89 (m, 12H, 4 CH3), 1.57–1.63 (m, 1H, (CH3)2CH), 2.03 (s,
6H, 2 CH3), 3.47–3.57 (m, 2H, 6-H, 6’-H), 3.74–3.80 (m, 1H, 5-H), 3.89
(d, 3J4,3=3.2 Hz, 1H, 4-H), 4.51 (d, Jgem=11.8 Hz, 1H, OCHHPh), 4.68
(d, 3J1,2=7.6 Hz, 1H, 1-H), 4.78 (d, Jgem=11.8 Hz, 1H, OCHHPh), 4.93
(dd, 3J3,2=10.5,


3J3,4=3.2 Hz, 1H, 3-H), 5.33 (dd,
3J2,1=7.6,


3J2,3=10.5 Hz,
1H, 2-H), 7.26–7.38 (m, 5H, Ph); 13C NMR (63 MHz, CDCl3): d=18.5,
19.9, 20.8, 24.8, 33.9, 61.6, 71.6, 73.5, 74.1, 74.8, 74.9, 77.2, 96.3, 128.2,
128.5, 128.54, 137.5, 170.5; MALDI MS (positive mode): m/z : calcd for
C25H40O8Si: 496.7; found: 519.2 [M+Na]+ , 535.2 [M+K]+ .


Thexyldimethylsilyl 2,3,6-tri-O-acetyl-4-O-benzyl-b-d-galactopyranoside
(39): Compound 38 (1.30 g, 2.61 mmol) was dissolved in a mixture of pyr-
idine (15 mL) and Ac2O (7 mL). After 12 h the solvent was evaporated
in vacuo and coevaporated with toluene. Flash chromatography (toluene/
ethyl acetate 8:1) gave compound 39 (1.39 g, 2.60 mmol, quant) as colour-
less oil. Rf=0.57 (toluene/ethyl acetate 3:1); [a]D=�1.28 (c=1.0,
CHCl3);


1H NMR (250 MHz, CDCl3): d=�0.02 (s, 3H, SiCH3), 0.00 (s,
3H, SiCH3), 0.67–0.71 (m, 12H, 4 CH3), 1.39–1.50 (m, 1H, CH(CH3)2),
1.84 (s, 3H, COCH3), 1.87 (s, 3H, COCH3), 1.88 (s, 3H, COCH3), 3.51–
3.56 (m, 1H, 5-H), 3.74–3.75 (m, 1H, 4-H), 3.87 (dd, 3J6,5=6.0, Jgem=
11.1 Hz, 1H, 6-H), 4.09 (dd, 3J6’,5=7.0, Jgem=11.1 Hz, 1H, 6’-H), 4.39 (d,
Jgem=11.8 Hz, 1H, OCHHPh), 4.50 (d,


3J1,2=7.6 Hz, 1H, 1-H), 4.60 (d,
Jgem=11.8 Hz, 1H, OCHHPh), 4.78 (dd,


3J3,2=10.5,
3J3,4=3.1 Hz, 1H, 3-


H), 5.17 (dd, 3J2,1=7.6,
3J2,3=10.5, 1H, 2-H), 7.13–7.21 (m, 5H, Ph);


13C NMR (63 MHz, CDCl3): d=�3.6, �2.0, 18.4, 19.8, 19.9, 20.6, 20.7,
24.7, 33.8, 62.5, 71.4, 72.1, 73.6, 73.8, 74.8, 96.1, 127.9, 128.2, 128.3, 137.4,
169.1, 170.3, 170.4; MALDI MS (positive mode): m/z : calcd for: 538.7;
found: 561.4 [M+Na]+ , 577.3 [M+K]+ ; elemental analysis calcd (%) for
C27H42O9Si: C 60.20, H 7.86; found: C 60.20, H 7.87.


2,3,6-Tri-O-acetyl-4-O-benzyl-b-d-galactopyranose (40): HF·pyridine
(3.28 mL, 22.3 mmol) was added at RT to a solution of compound 39
(1.20 g, 2.23 mmol) in dry THF (10 mL) and the reaction mixture was
stirred overnight (12 h). The solution was diluted with ethyl acetate
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(20 mL) and neutralized with a saturated NaHCO3 solution. The organic
layer was separated and the aqueous layer extracted three times with
ethyl acetate (30 mL) and the combined organic layers were concentrated
in vacuo. Flash chromatography (toluene/ethyl acetate 4:1) gave com-
pound 40 (828 mg, 2.09 mmol, 94%) as a white foam. Compound 40 was
immediately used in the next reaction step. Rf=0.22 (toluene/ethyl ace-
tate 3:2); [a]D=++65.98 (c=1.0, CHCl3);


1H NMR (250 MHz, CDCl3):
d=2.01 (s, 3H, COCH3), 2.05 (s, 3H, COCH3), 2.09 (s, 3H, COCH3),
3.57 (d, 3J4,3=3.1 Hz,


1=2 H, 4-H), 3.73–3.78 (m,
1=2 H, 5-H), 3.94 (d,


3J4,3=
3.1 Hz, 1=2 H, 4-H), 4.03–4.31 (m, 2N


1=2 H,
1=2 5-H, 6-H, 6’-H), 4.51–4.63


(m, 1N1=2 H,
1=2 3-H, OCHHPh), 4.73 (d, Jgem=11.4 Hz, 1H, OCHHPh),


4.99 (dd, 3J3,2=3.1,
3J3,4=10.5 Hz,


1=2 H, 3-H), 5.20–5.51 (m, 2H, 1-H, 2-
H), 7.27–7.39 (m, 5H, Ph); 13C NMR (63 MHz, CDCl3): d=20.7, 20.78,
20.82, 62.4, 62.7, 67.9, 68.9, 70.2, 71.7, 72.5, 73.2, 73.7, 74.8, 75.1, 90.6,
96.0, 128.0, 128.2, 128.3, 128.4, 128.5, 137.2, 137.4, 170.3, 170.4, 170.5,
171.1; MALDI MS (positive mode): m/z : calcd for C19H24O9: 396.4; 418.9
[M+Na]+ , 434.9 [M+K]+ .


O-(2,3,6-Tri-O-acetyl-4-O-benzyl-b-d-galactopyranosyl) trichloroacetimi-
date (9t): Trichloroacetonitrile (1.11 mL, 9.45 mmol) and a catalytic
amount of DBU were added to a solution of compound 40 (750 mg,
1.89 mmol) in dry CH2Cl2 (3 mL). After stirring for 30 min at RT, the re-
action mixture was neutralized with silica. Flash chromatography (tolu-
ene/ethyl acetate 6:1) gave compound 9ta (720 mg, 1.34 mmol, 70%) and
9tb (180 mg, 0.333 mmol, 18%) as colourless oil. Compound 9t was imme-
diately used in the next reaction step. 9ta : Rf=0.53 (toluene/ethyl acetate
3:1); [a]D=++64.48 (c=1.0, CHCl3);


1H NMR (250 MHz, CDCl3): d=
1.99 (s, 3H, COCH3), 2.03 (s, 3H, COCH3), 2.07 (s, 3H, COCH3), 4.07–
4.30 (m, 4H, 4-H, 5-H, 6-H, 6’-H), 4.56 (d, Jgem=11.5 Hz, 1H,
OCHHPh), 4.74 (d, Jgem=11.4 Hz, 1H, OCHHPh), 5.35 (dd,


3J3,2=10.8,
3J3,4=2.9 Hz, 1H, 3-H), 5.55 (dd,


3J2,1=3.6,
3J2,3=10.8 Hz, 1H, 2-H), 6.59


(d, 3J1,2=3.6 Hz, 1H, 1-H), 7.27–7.37 (m, 5H, Ph), 8.62 (s, 1H, NH);
13C NMR (63 MHz, CDCl3): d=20.5, 20.7, 20.9, 62.3, 67.5, 70.5, 70.7,
74.2, 75.3, 93.9, 128.2, 128.6, 137.2, 161.0, 170.0, 170.3; Mw: calcd for
C21H24Cl3NO9: 540.8; 9


tb : Rf=0.27 (toluene/ethyl acetate 3:1);
1H NMR


(250 MHz, CDCl3): d=2.01 (s, 3H, COCH3), 2.02 (s, 3H, COCH3), 2.05
(s, 3H, COCH3), 3.90–3.96 (m, 1H, 5-H), 4.01 (dd,


3J4,3=3.0,
3J4,5=


1.4 Hz, 1H, 4-H), 4.15 (dd, 3J6,5=6.7, Jgem=11.2 Hz, 1H, 6-H), 4.30 (dd,
3J6’,5=6.3, Jgem=11.2 Hz, 1H, 6’-H), 4.58 (d, Jgem=11.6 Hz, 1H,
OCHHPh), 4.77 (d, Jgem=11.5 Hz, 1H, OCHHPh), 5.07 (dd,


3J3,2=10.0,
3J3,4=3.1 Hz, 1H, 3-H), 5.63 (dd,


3J2,1=7.9,
3J2,3=10.0 Hz, 1H, 2-H), 5.81


(d, 3J1,2=7.9 Hz, 1H, 1-H), 7.26–7.38 (m, 5H, Ph), 8.66 (s, 1H, NH);
13C NMR (63 MHz, CDCl3): d=20.7, 20.8, 63.0, 68.4, 73.15, 73.18, 73.21,
75.0, 96.1, 128.2, 128.4, 128.5, 161.2, 169.0, 170.29, 170.32; Mw: calcd for
C21H24Cl3NO9: 540.8.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl 3,4,6-tri-O-
benzyl-2-O-(9-fluorenylmethoxycarbonyl)-a-d-mannopyranoside (41P):
Polymer bound acceptor 1P was treated with donor 5e according to GP 1
at RT (0.25 equiv TMSOTf). Compound 41P was obtained.


4-(Acetoxymethyl)benzyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyra-
noside (41): According to GP 5 product of compound 41P was cleavedn
from the resin and treated with pyridine (1 mL) and Ac2O (1 mL). After
12 h the solvent was evaporated in vacuo and coevaporated three times
with toluene. Flash chromatography (toluene/ethyl acetate 6:1) gave
compound 41 (16 mg) as colourless oil (91% yield over three reaction
steps, corresponding to an average yield of 97% per step). Rf=0.83 (pe-
troleum ether/ethyl acetate 1:1); [a]D=++30.08 (c=0.5 CHCl3);


1H NMR
(250 MHz, CDCl3): d=2.10 (s, 3H, COCH3), 2.14 (s, 3H, COCH3), 3.67–
3.94 (m, 4H, 4-H, 5-H, 6-H, 6’-H), 4.02 (dd, 3J3,2=3.2,


3J3,4=8.6 Hz, 1H,
3-H), 4.44–4.55 (m, 4H, 4 OCHHPh), 4.67–4.72 (m, 3H, 3 OCHHPh),
4.85 (d, Jgem=10.7 Hz, 1H, OCHHPh), 4.93 (d,


3J1,2=1.7 Hz, 1H, 1-H),
5.10 (s, 2H, CH2OAc), 5.41 (dd,


3J2,1=1.7,
3J2,3=3.2 Hz, 1H, 2-H), 7.12–


7.38 (m, 19H, Ph); MALDI MS (positive mode): m/z : calcd for
C39H42O9: 654.8; found: 677.5 [M+Na]+ , 693.4 [M+K]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl 3,4,6-tri-O-
benzyl-a-d-mannopyranoside (41P-F): The Fmoc group of compound
41P was removed according to GP 2. The polymer bound trisaccharide
41P-F was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-[3,4,6-tri-O-
benzyl-2-O-(9-fluorenylmethoxycarbonyl)-a-d-mannopyranosyl]-(1!2)-
3,4,6-tri-O-benzyl-a-d-mannopyranoside (42P): According to GP 1 the
polymer bound acceptor 41P-F was treated with donor 5e at 0 8C
(0.25 equiv TMSOTf). Compound 42P was obtained.


4-(Acetoxymethyl)benzyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-d-manno-
pyranosyl)-(1!2)-3,4,6-tri-O-benyl-a-d-mannopyranoside (42): Accord-
ing to GP 5 the product of compound 42P was cleaved from the resin
and treated with pyridine (1 mL) and Ac2O (1 mL). After 12 h the sol-
vent was evaporated in vacuo and coevaporated three times with toluene.
MPLC (toluene/ethyl acetate 5:1) gave compound 42 (15 mg) as colour-
less oil (82% yield over five reaction steps, corresponding to an average
yield of 96% per step). Rf=0.57 (toluene/ethyl acetate 4:1); [a]D=++


36.58 (c=1.0, CHCl3);
1H NMR (600 MHz, CDCl3): d=2.08 (s, 3H,


COCH3), 2.12 (s, 3H, COCH3), 3.60–3.61 (m, 1H, 6-H), 3.68–3.90 (m,
7H, 4a-H, 4b-H, 5a-H, 5b-H, 3 6-H), 3.94 (dd, J3,2=2.6, J3,4=9.2 Hz, 1H,
3a-H), 4.03 (s, 1H, 2a-H), 4.34 (d, Jgem=11.9 Hz, 1H, OCHHPh), 4.41 (d,
Jgem=10.9 Hz, 1H, OCHHPh), 4.44–4.46 (m, 2H, 2 OCHHPh), 4.53–4.55
(m, 2H, 2 OCHHPh), 4.61–4.68 (m, 6H, 6 OCHHPh), 4.83–4.85 (m, 2H,
2 OCHHPh), 4.97 (s, 1H, 1a-H), 5.07 (s, 3H, 1b-H, CH2OAc), 5.54 (s,
1H, 2b-H), 7.14–7.34 (m, 34H, Ph); 13C NMR (151 MHz, CDCl3): d=
21.0, 21.1, 66.0, 68.6 (C-2b), 68.9 (C-6b), 69.2 (C-6a), 71.7 (C-5b), 71.9,
72.0 (C-5a), 72.1, 73.3, 73.4, 74.3 (C-4b), 74.6 (C-4a), 74.9 (C-2a), 75.1,
75.2, 78.1 (C-3b), 79.6 (C-3a), 98.1 (C-1a), 99.6 (C-1b), 127.41, 127.46,
127.49, 127.52, 127.58, 127.64, 127.75, 127.77, 127.98, 128.05, 128.14,
128.29, 128.36, 135.4, 137.4, 138.0, 138.3, 138.39, 138.43, 170.1, 170.8,
1J1a-C,1a-H=171.2,


1J1b-C,1b-H=173.6 Hz; MALDI MS (positive mode): m/z :
1109.7 [M+Na]+ , 1125.8 [M+K]+ ; FAB-MS (positive mode): m/z : calcd
for C66H17O14: 1087.3; found: 1109.0 [M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!2)-3,4,6-tri-O-benzyl-a-d-mannopyra-
noside (42P-F): The Fmoc group of compound 42P was removed accord-
ing to GP 2. The polymer bound disaccharide 42P-F was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-[3,4,6-tri-O-
benzyl-2-O-(9-fluorenylmethoxycarbonyl)-a-d-mannopyranosyl]-(1!2)-
(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!2)-3,4,6-tri-O-benzyl-a-d-
mannopyranoside (43P): According to GP 1 the polymer bound acceptor
42P-F was treated with donor 5e at RT (0.25 equiv TMSOTf). Compound
43P was obtained.


4-(Acetoxymethyl)benzyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-d-manno-
pyranosyl-(1!2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!2)-3,4,6-
tri-O-benzyl-a-d-mannopyranoside (43): According to GP 5 the product
of compound 43P was cleaved from the resin and treated with pyridine
(1 mL) and Ac2O (1 mL). After 12 h the solvent was evaporated in vacuo
and coevaporated three times with toluene. Flash chromatography (tolu-
ene/ethyl acetate 12:1) gave compound 43 (16 mg) as colourless oil (65%
yield over seven reaction steps, corresponding to an average yield of
94% per step). Rf=0.40 (toluene/ethyl acetate 8:1); [a]D=++28.58 (c=
1.0, CHCl3);


1H NMR (600 MHz, CDCl3): d=2.07 (s, 3H, COCH3), 2.12
(s, 3H, COCH3), 3.51–3.53 (m, 1H, 6-H), 3.63–3.72 (m, 4H, 4 6-H), 3.76–
3.81 (m, 4H, 4a-H, 4b-H, 5-H, 6-H), 3.88–3.91 (m, 5H, 3a-H, 3b-H, 4c-H,
2 5-H), 3.98–4.01 (m, 2H, 2a-H, 3c-H), 4.10 (br s, 1H, 2b-H), 4.29 (d,
Jgem=12.0 Hz, 1H, OCHHPh), 4.30 (d, Jgem=12.2 Hz, 1H, OCHHPh),
4.40–4.68 (m, 15H, 15 OCHHPh), 4.80–4.84 (m, 3H, 3 OCHHPh), 5.02
(br s, 1H, 1a-H), 5.05 (br s, 3H, 1c-H, CH2OAc), 5.18 (br s, 1H, 1b-H),
5.53 (br s, 1H, 2c-H); 13C NMR (151 MHz, CDCl3): d=21.0, 21.2, 66.0,
68.66, 68.7 (C-2c), 68.7–69.4 (3 C-6), 71.9–72.0 (3 C-5), 72.1, 73.2, 73.3,
74.2, 74.7 (C-4a, C-4b), 74.8 (C-2b), 74.9 (C-2a), 75.1, 75.2, 78.1 (C-3c),
79.2 (C-3a, C-3b, C-4c), 98.3 (C-1a), 99.4 (C-1c), 100.7 (C-1b), 127.45,
127.50, 127.57, 127.63, 127.71, 127.74, 127.80, 127.97, 128.15, 128.21,
128.27, 128.30, 128.38, 137.5, 138.14, 138.29, 138.34, 138.40, 138.52, 170.1,
170.8, 1J1a-C,1a-H=172.7,


1J1b-C,1b-H=173.6,
1J1c-C,1c-H=172.7 Hz; MALDI MS


(positive mode): m/z : calcd for C93H98O19: 1519.8; found: 1541.7
[M+Na]+ , 1557.7 [M+K]+ ; FAB-MS (positive mode): m/z : 1541.8
[M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl 2-O-acetyl-4-
O-benzyl-6-O-(9-fluorenylmethoxycarbonyl)-3-O-phenoxyacetyl-a-d-
mannopyranoside (44P): According to GP 1 the polymer bound spacer
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1P was treated with donor 7b at 0 8C (0.25 equiv TMSOTf). Compound
44P was obtained.


4-(Acetoxymethyl)benzyl 2,3,6-tri-O-acetyl-4-O-benzyl-a-d-mannopyra-
noside (44): According to GP 5 the product of compound 44P was
cleaved from the resin and treated with pyridine (1 mL) and Ac2O
(1 mL). After 12 h the solvent was evaporated in vacuo and coevaporated
three times with toluene. Flash chromatography (toluene/ethyl acetate
8:1) gave compound 44 (13 mg) as colourless oil (90% over three steps,
corresponding to an average yield of 96% per step). Rf=0.44 (toluene/
ethyl acetate 3:2); [a]D=++62.18 (c=1.0, CHCl3);


1H NMR (250 MHz,
CDCl3): d=1.98 (s, 3H, COCH3), 2.11 (s, 6H, 2 COCH3), 2.13 (s, 3H,
COCH3), 3.82 (t, 1H, 4-H), 3.96 (m,


3J5,4=9.9,
3J5,6=2.7,


3J5,6’=4.4 Hz,
1H, 5-H), 4.30–4.33 (m, 2H, 6-H, 6’-H), 4.53 (d, Jgem=12.0 Hz, 1H,
OCHHPh), 4.57 (d, Jgem=11.1 Hz, 1H, OCHHPh), 4.68 (d, Jgem=
11.1 Hz, 1H, OCHHPh), 4.70 (d, Jgem=12.0 Hz, 1H, OCHHPh), 4.83 (d,
3J1,2=1.8 Hz, 1H, 1-H), 5.10 (s, 2H, CH2OAc), 5.29 (dd,


3J2,1=1.8,
3J2,3=


3.5 Hz, 1H, 2-H), 5.39 (dd, 3J3,2=3.5,
3J3,4=9.4 Hz, 1H, 3-H), 7.24–7.38


(m, 9H, Ph); 13C NMR (63 MHz, CDCl3): d=20.9, 63.1, 65.9, 69.1, 69.8,
70.0, 71.9, 73.1, 74.9, 77.2, 96.6, 127.8, 128.0, 128.3, 128.4, 128.5, 135.9,
136.5, 137.6, 169.7, 169.9, 170.6; MALDI MS (positive mode): m/z : calcd
for C29H34O11: 558.6; found: 582.0 [M+Na]+ , 598.0 [M+K]+ ; FAB-MS
(positive mode): m/z : 580.5 [M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl 2,3-di-O-acetyl-
4-O-benzyl-a-d-mannopyranoside (44P-F): The Fmoc group of com-
pound 44P was removed according to GP 2. The polymer bound mono-
saccharide 44P-F was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(2-O-acetyl-
3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-2-O-acetyl-4-O-benzyl-3-
O-phenoxyacetyl-a-d-mannopyranoside (45P): According to GP 1 the
polymer bound acceptor 44P-F was treated with donor 6t at 0 8C
(0.25 equiv TMSOTf). Compound 45P was obtained.


4-(Acetoxymethyl)benzyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-d-manno-
pyranosyl)-(1!6)-2,3-di-O-acetyl-4-O-benzyl-a-d-mannopyranoside (45):
According to GP 5 the product of compound 45P was cleaved from the
resin and treated with pyridine (1 mL) and Ac2O (1 mL). After 12 h the
solvent was evaporated in vacuo and coevaporated three times with tolu-
ene. Flash chromatography (petroleum ether/ethyl acetate 2:1) gave com-
pound 45 (14 mg) as colourless oil (84% yield over five reaction steps,
corresponding to an average yield of 92% per step). Rf=0.33 (toluene/
ethyl acetate 3:1); [a]D=++49.68 (c=0.5, CHCl3);


1H NMR (600 MHz,
CDCl3): d=1.98 (s, 3H, COCH3), 2.09 (s, 3H, COCH3), 2.11 (s, 3H,
COCH3), 2.17 (s, 3H, COCH3), 3.64 (dd,


3J6b,5b=1.3, Jgem=10.6 Hz, 1H,
6b-H), 3.71–3.75 (m, 2H, 6a-H, 6b’-H), 3.83–3.89 (m, 4H, 4a-H, 5a-H, 5b-
H, 6a’-H), 3.92 (t, 1H, 4b-H), 3.99 (dd, 3J3b,2b=3.0,


3J3b,4b=9.3 Hz, 1H,
3b-H), 4.44–4.53 (m, 5H, 5 OCHHPh), 4.62–4.64 (m, 2H, 2 OCHHPh),
4.68 (d, Jgem=12.1 Hz, 1H, OCHHPh), 4.72 (d, Jgem=11.4 Hz, 1H,
OCHHPh), 4.74 (d, 1H, 1a-H), 4.88 (d, Jgem=10.6 Hz, 1H, OCHHPh),
5.02 (d, 1H, 1b-H), 5.05 (s, 2H, CH2OAc), 5.26 (dd,


3J2a,1a=1.6,
3J2a,3a=


3.3 Hz, 1H, 2a-H), 5.39 (dd, 3J3a,2a=3.3,
3J3a,4a=9.3Hz, 1H, 3a-H), 5.49


(dd, 3J2b,1b=1.9,
3J2b,3b=3.0 Hz, 1H, 2b-H), 7.23–7.31 (m, 24H, Ph);


13C NMR (151 MHz, CDCl3): d=20.79, 20.85, 20.95, 21.08, 65.4 (C-6a),
65.9, 68.2 (C-2b), 68.4, 68.6 (C-6b), 70.0 (C-2a), 71.1 (C-5a), 71.4 (C-5b),
71.9 (C-3a), 73.0 (C-4a), 73.3, 74.2 (C-4b), 74.7, 75.2, 77.6 (C-3b), 95.9 (C-
1a), 97.8 (C-1b), 127.33, 127.55, 127.59, 127.72, 127.76, 127.90, 128.06,
128.24, 128.35, 135.57, 136.4, 137.66, 137.74, 138.1, 138.3, 169.7, 170.0,
170.3, 170.8, 1J1a-C,1a-H=172.2,


1J1b-C,1b-H=172.2 Hz; MALDI MS (positive
mode): m/z : calcd for C56H62O16: 991.1; found: 1013.0 [M+Na]+ , 1029.0
[M+K]+ ; FAB-MS (positive mode): m/z : 1013.0 [M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(2-O-acetyl-
3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-2-O-acetyl-4-O-benzyl-a-
d-mannopyranoside (45P-PA): The PA group of compound 45P was re-
moved according to GP 3. The polymer bound disaccharide 45P-PA was
obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(2-O-acetyl-
3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-[(2-O-acetyl-3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!6)]-2-O-acetyl-4-O-benzyl-a-d-manno-
pyranoside (46P): According to GP 1 the polymer bound acceptor 45P-


PA was treated with donor 6t at 0 8C (0.25 equiv TMSOTf). Compound
46P was obtained.


4-(Acetoxymethyl)benzyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-d-manno-
pyranosyl)-(1!3)-[(2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-
(1!6)]-2-O-acetyl-4-O-benzyl-a-d-mannopyranoside (46): According to
GP 5 the product of compound 46P was cleaved from the resin and treat-
ed with pyridine (1 mL) and Ac2O (1 mL). After 12 h the solvent was
evaporated in vacuo and coevaporated three times with toluene. MPLC
(petroleum ether/ethyl acetate 2:1) gave compound 46 (15 mg) as colour-
less oil (64% yield over seven reaction steps, corresponding to an aver-
age yield of 94% per step). Rf=0.49 (toluene/ethyl acetate 3:1); [a]D=
+40.68 (c=0.5, CHCl3);


1H NMR (600 MHz, CDCl3): d=2.05 (s, 3H,
COCH3), 2.09 (s, 6H, 2 COCH3), 2.15 (s, 3H, COCH3), 3.62–3.82 (m,
10H, 4a-H, 5a-H, 5b-H, 5c-H, 6a-H, 6a’-H, 6b-H, 6b’-H, 6c-H, 6c’-H),
3.90–3.98 (m, 4H, 3b-H, 3c-H, 4b-H, 4c-H), 4.24 (dd, 3J3a,2a=3.2,


3J3a,4a=
9.8 Hz, 1H, 3a-H), 4.40–4.49 (m, 7H, 7 OCHHPh), 4.53 (d, Jgem=
11.3 Hz, 1H, OCHHPh), 4.57–4.61 (m, 2H, 2 OCHHPh), 4.67 (d, Jgem=
12.1 Hz, 1H, OCHHPh), 4.70 (d, Jgem=12.1 Hz, 1H, OCHHPh), 4.71 (d,
Jgem=11.2 Hz, 1H, OCHHPh), 4.75 (d, Jgem=10.9 Hz, 1H, OCHHPh),
4.80 (s, 1H, 1a-H), 4.83 (d, Jgem=10.9 Hz, 1H, OCHHPh), 4.86 (d, Jgem=
10.6 Hz, 1H, OCHHPh), 4.99 (s, 1H, 1b-H), 5.05 (s, 2H, OCH2OAc),
5.15 (s, 1H, 1c-H), 5.17–5.18 (m, 1H, 2a-H), 5.43–5.45 (m, 1H, 2c-H),
5.46–5.47 (m, 1H, 2b-H), 7.10–7.33 (m, 39H, Ph); 13C NMR (151 MHz,
CDCl3): d=21.0, 21.1, 65.4 (C-6), 66.0 (CH2OAc), 68.1 (C-2b), 68.3 (C-
6), 68.4, 68.6 (C-6), 68.8 (C-2c), 71.2, 71.4, 71.6, 71.7 (C-2a), 72.4, 73.3,
73.4, 74.2, 75.0, 75.3, 77.75, 77.84, 77.9, 95.9 (C-1a), 97.9 (C-1b), 100.0 (C-
1c), 127.48, 127.52, 127.64, 127.73, 127.80, 127.91, 127.93, 128.06, 128.12,
128.24, 128.29, 128.32, 128.37, 128.40, 128.48, 136.72, 137.63, 137.7, 138.4,
170.2, 170.3, 1J1a-C,1a-H=174.1,


1J1b-C,1b-H=173.5,
1J1b-C,1b-H=172.4 Hz;


MALDI MS (positive mode): m/z : calcd for C83H90O21: 1423.6; found:
1446.1 [M+Na]+ , 1462.5 [M+K]+; FAB-MS (positive mode): m/z : 1446.0
[M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-[3,6-di-O-
benzyl-2-deoxy-2-dimethylmaleimido-4-O-(9-fluorenylmethoxycarbonyl)-
b-d-glucopyranosyl]-(!2)-3,4,6-tri-O-benzyl-a-d-mannopyranoside
(47P): According to GP 1 the polymer bound acceptor 41P-F was treat-
ed with donor 2e [13] at �15 8C (0.30 equiv TMSOTf). Compound 47P was
obtained.


4-(Acetoxymethyl)benzyl O-(4-O-acetyl-3,6-di-O-benzyl-2-deoxy-2-dime-
thylmaleimido-b-d-glucopyranosyl)-(1!2)-3,4,6-tri-O-benzyl-a-d-manno-
pyranoside (47): According to GP 5 the product of compound 47P was
cleaved from the resin and treated with pyridine (1 mL) and Ac2O
(1 mL). After 12 h the solvent was evaporated in vacuo and coevaporated
three times with toluene. MPLC (toluene/ethyl acetate 7:2) gave com-
pound 47 (20 mg) as colourless oil (75% yield over five reaction steps,
corresponding to an average yield of 94% per step). Rf=0.5 (toluene/
ethyl acetate 3:1); [a]D=++19.58 (c=1.0, CHCl3);


1H NMR (600 MHz,
CDCl3): d=1.73 (s, 6H, 2 CH3), 1.94 (s, 3H, COCH3), 2.10 (s, 3H,
COCH3), 3.31 (dd,


3J6,5=7.0, Jgem=10.7 Hz, 1H, 6a-H), 3.49–3.63 (m, 4H,
4a-H, 6’a-H, 6b-H, 6’b-H), 3.68–3.73 (m, 2H, 5a-H, 5b-H), 3.84 (dd,
3J3,2=2.9,


3J3,4=8.9 Hz, 1H, 3a-H), 4.11 (br s, 1H, 2a-H), 4.18 (dd,
3J2,1=


8.6, 3J2,3=10.6 Hz, 1H, 2b-H), 4.28–4.44 (m, 8H, 3b-H, 7 OCHHPh), 4.47
(d, 1H, Jgem=11.5 Hz, OCHHPh), 4.57 (br s, 1H, 1a-H), 4.60 (d, Jgem=
11.7 Hz, 1H, OCHHPh), 4.62 (d, Jgem=12.0 Hz, 1H, COHHPh), 4.77 (d,
Jgem=11.5 Hz, 1H, COHHPh), 4.81 (d, Jgem=10.8 Hz, 1H, COHHPh),
5.06–5.09 (m, 4H, 1b-H, 4b-H, CH2OAc), 7.11–7.30 (m, 29H, 29 Ph);
13C NMR (151 MHz, CDCl3): d=20.9, 21.0, 55.0, 55.5 (C-2b), 66.0, 68.7,
69.1, 70.0 (C-6a), 70.2 (C-6b), 70.8, 71.6 (C-5a), 72.3, 72.8, 73.4, 73.5 (C-
4b), 73.6 (C-5b), 73.7 (C-2a), 74.5 (C-4a), 75.0, 77.2 (C-3b), 77.7 (C-3a),
96.8 (C-1a), 97.1 (C-1b), 127.45, 127.51, 127.70, 127.84, 127.95, 128.11,
128.21, 128.24, 128.27, 128.31, 128.34, 128.90, 135.4, 136.9, 137.2, 137.7,
138.1, 138.2, 138.3; MALDI MS (positive mode): m/z : calcd for
C65H69NO15: 1104.2; found: 1125.9 [M+Na]+ , 1141.9 [M+K]+ ; FAB-MS
(positive mode): m/z : 1126.1 [M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(3,6-di-O-
benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!2)-3,4,6-
tri-O-benzyl-a-d-mannopyranoside (47P-F): The Fmoc group of com-
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pound 47P was removed according to GP 2. The polymer bound disac-
charide 47P-F was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-[2-O-benzo-
yl-4-O-benzyl-6-O-(9-fluorenylmethoxycarbonyl)-3-O-phenoxyacetyl-b-d-
galactopyranosyl]-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-
b-d-glucopyranosyl)-(1!2)-3,4,6-tri-O-benzyl-a-d-mannopyranoside
(48P): According to GP 1 the polymer bound acceptor 47P-F was treat-
ed with donor 8b at �20 8C (0.35 equiv TMSOTf). Compound 48P was
obtained.


4-(Acetoxymethyl)benzyl O-(2,3,6-tri-O-acetyl-4-O-benzyl-b-d-galacto-
pyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-
glucopyranosyl)-(1!2)-3,4,6-tri-O-benzyl-a-d-mannopyranoside (48): Ac-
cording to GP 5 the product of compound 48P was cleaved from the
resin and treated with pyridine (1 mL) and Ac2O (1 mL). After 12 h the
solvent was evaporated in vacuo and coevaporated three times with tolu-
ene. Flash chromatography (toluene/ethyl acetate 10:1 ! 4:1) gave com-
pound 48 (15 mg) as colourless oil (61% yield over seven reaction steps,
corresponding to an average yield of 93% per step). Rf=0.43 (toluene/
acetone 6:1); [a]D=++15.98 (c=0.5, CHCl3);


1H NMR (600 MHz,
CDCl3): d=1.69 (s, 6H, 2 CH3), 1.97–1.98 (m, 6H, 2 COCH3), 2.02 (s,
3H, COCH3), 2.10 (s, 3H, COCH3), 3.29–3.32 (dd,


3J6a,5a=7.3, Jgem=
11.1 Hz, 1H, 6a-H), 3.49–3.53 (m, 3H, 4a-H, 5b-H, 5c-H), 3.57 (d, 1H,
6a’-H), 3.69–3.73 (m, 3H, 5a-H, 6b-H, 6b’-H), 3.82–3.85 (m, 2H, 3a-H,
4c-H), 3.91 (dd, 3J6c,5c=6.8, Jgem=12.8 Hz, 1H, 6c-H), 3.97 (t, 1H, 4b-H),
4.05–4.12 (m, 4H, 2a-H, 2b-H, 3b-H, 6c’-H), 4.32 (d, Jgem=11.7 Hz, 1H,
OCHHPh), 4.37 (d, Jgem=10.8 Hz, 1H, OCHHPh), 4.38 (d, Jgem=
12.0 Hz, 1H, OCHHPh), 4.42–4.44 (m, 3H, 3 OCHHPh), 4.45 (d, Jgem=
11.7 Hz, 1H, OCHHPh), 4.48 (d, Jgem=11.8 Hz, 1H, OCHHPh), 4.59–
4.61 (m, 3H, 1a-H, 1c-H, OCHHPh), 4.64 (d, Jgem=11.9 Hz, 1H,
OCHHPh), 4.70 (d, Jgem=11.7 Hz, 1H, OCHHPh), 4.77–4.83 (m, 4H, 3c-
H, 3 OCHHPh), 5.05 (d, 3J1b,2b=8.4 Hz, 1H, 1b-H), 5.08 (br s, 2H,
CH2OAc), 5.33 (dd,


3J2c,1c=8.1,
3J2c,3c=10.2 Hz, 1H, 2c-H), 7.11–7.31 (m,


34H, Ph); 13C NMR (151 MHz, CDCl3): d=20.8, 21.0, 55.3 (C-2b), 62.0
(C-6c), 66.0, 68.7 (C-6b), 70.0 (C-6a), 70.3 (C-2c), 70.6, 71.6 (C-5a), 72.0
(C-5c), 72.9 (C-4c), 73.6 (C-2a), 74.0, 74.3 (C-3c), 74.83 (C-4a), 74.88 (C-
5b), 77.4 (C-3b), 78.0 (C-3a, C-4b), 96.9 (C-1a), 97.1 (C-1b), 100.5 (C-1c),
126.9, 127.41, 127.47, 127.74, 127.85, 127.98, 128.07, 128.13, 128.19, 128.26,
128.30, 128.33, 128.38, 128.46, 136.7, 137.3, 138.3, 138.4, 139.0, 169.2,
170.4, 1J1a-C,1a-H=169.9,


1J1b-C,1b-H=161.6,
1J1c-C,1c-H=160.7 Hz; MALDI MS


(positive mode): m/z : calcd for C82H89NO22: 1440.6; found: 1462.8
[M+Na]+ , 1478.5 [M+K]+ ; FAB-MS (positive mode): m/z : 1463.2
[M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl 3,6-di-O-
benzyl-4-O-(9-fluorenylmethoxycarbonyl)-2-deoxy-2-dimethylmaleimido-
b-d-glucopyranoside (49P): According to GP 1 the polymer bound
spacer 1P was treated with donor 2e at �35 8C (0.25 equiv TMSOTf).
Compound 49P was obtained.


4-(Acetoxymethyl)benzyl 4-O-acetyl-3,6-di-O-benzyl-2-deoxy-2-dimethyl-
maleimido-b-d-glucopyranoside (49): According to GP 5 the product of
compound 49P was cleaved from the resin and treated with pyridine
(1 mL) and Ac2O (1 mL). After 12 h the solvent was evaporated in vacuo
and coevaporated three times with toluene. Flash chromatography (pe-
troleum ether/ethyl acetate 2:1) gave compound 49 (12 mg) as colourless
oil (86% over three reaction steps, corresponding to an average yield of
95% per step). Rf=0.28 (petroleum ether/ethyl acetate 2:1); [a]D=++5.28
(c=0.5, CHCl3);


1H NMR (250 MHz, CDCl3): d=1.77 (br s, 6H, 2 CH3),
1.94 (s, 3H, COCH3), 2.09 (s, 3H, COCH3), 3.59–3.61 (m, 2H, 6-H, 6’-H),
3.65–3.73 (m, 1H, 5-H), 4.07 (dd, 3J2,1=8.5,


3J2,3=8.4 Hz, 1H, 2-H), 4.27
(t, 1H, 3-H), 4.29 (d, Jgem=12.1 Hz, 1H, OCHHPh), 4.48 (d, Jgem=
12.4 Hz, 1H, OCHHPh), 4.55 (s, 2H, 2 OCHHPh), 4.60 (d, Jgem=
12.1 Hz, 1H, OCHHPh), 4.82 (d, Jgem=12.4 Hz, 1H, OCHHPh), 5.0 (d,
3J1,2=8.5 Hz, 1H, 1-H), 5.05–5.12 (m, 3H, 4-H, CH2OAc), 7.06–7.36 (m,
14H, Ph); 13C NMR (63 MHz, CDCl3): d=8.5, 20.82, 20.85, 55.2, 65.9,
69.7, 70.3, 72.3, 73.5, 73.6, 73.7, 77.3, 97.5, 127.4, 127.7, 127.8, 128.1, 128.2,
128.4, 135.3, 136.9, 137.4, 137.9, 138.1, 169.6, 171.0; MALDI MS (positive
mode): m/z : calcd for C38H41NO10: 671.7; found: 694.7 [M+Na]+ , 710.7
[M+K]+ ; FAB-MS (positive mode): m/z : 694 [M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl 3,6-di-O-
benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranoside (49P-F): The
Fmoc group of compound 49P was removed according GP 2. Compound
49P-F was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-[2,4-di-O-
benzyl-4-O-(9-fluorenylmethoxycarbonyl)-2-deoxy-2-dimethylmaleimido-
b-d-glucopyranosyl]-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimi-
do-b-d-glucopyranoside (50P): The polymer bound acceptor 49P-F was
treated with donor 2e according GP 1 at �30 8C (0.35 equiv TMSOTf).
Compound 50P was obtained.


4-(Acetoxymethyl)benzyl O-(4-O-acetyl-3,6-di-O-benzyl-2-deoxy-2-dime-
thylmaleimido-b-d-glucopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-di-
methylmaleimido-b-d-glucopyranoside (50): According to GP 5 the prod-
uct of compound 50P was cleaved from the resin and treated with pyri-
dine (1 mL) and Ac2O (1 mL). After 12 h the solvent was evaporated in
vacuo and coevaporated three times with toluene. Flash chromatography
(toluene/ethyl acetate 8:1) gave compound 50 (12 mg) as colourless oil
(65% yield over five reaction steps, corresponding to an average yield of
92% per step). Rf=0.46 (toluene/ethyl acetate 3:1); [a]D=++9.38 (c=0.5,
CHCl3);


1H NMR (600 MHz, CDCl3): d=1.62–1.90 (m, 12H, 4 CH3),
1.91 (s, 3H, COCH3), 2.07 (s, 3H, COCH3), 3.33–3.35 (m, 1H, 5a-H),
3.38–3.43 (m, 2H, 6a-H, 6b-H), 3.48–3.57 (m, 3H, 5b-H, 6a’-H, 6b’-H),
3.94–3.96 (m, 1H, 2a-H), 4.00–4.04 (m, 2H, 2b-H, 3a-H), 4.07 (t, 1H, 4a-
H), 4.27–4.31 (m, 2H, 3b-H, OCHHPh), 4.39–4.62 (m, 7H, 7 OCHHPh),
4.71 (d, Jgem=12.5 Hz, 1H, OCHHPh), 4.82 (d, Jgem=12.6 Hz, 1H,
OCHHPh), 4.86 (d, J1,2=8.5 Hz, 1H, 1a-H), 5.02 (s, 2H, CH2OAc), 5.08
(d, 1H, J4,3=J4,5=9.3 Hz, 4b-H), 5.14 (d, J1,2=8.4 Hz, 1H, 1b-H), 7.08–
7.35 (m, 24H, Ph); 13C NMR (151 MHz, CDCl3): d=20.9, 21.0, 55.4 (C-
2a), 54.7, 55.9 (C-2b), 66.0, 68.0 (C-6a), 69.3 (C-6b), 69.5, 70.0, 71.9 (C-
4b), 72.4, 72.8, 73.3 (C-5b), 73.5, 73.66, 73.78, 74.3, 74.6 (C-5a), 76.0 (C-
4a), 76.8, 77.0 (C-3a), 77.2 (C-3b), 77.3, 97.1 (C-1b), 97.3 (C-1a), 126.9,
127.32, 127.40, 127.44, 127.71, 127.74, 127.86, 128.0, 128.13, 128.22, 128.27,
128.29, 128.32, 135.13, 136.6, 137.6, 138.2, 138.3, 139.0, 169.6, 170.8, 171.3;
FAB-MS (positive mode): m/z : calcd for C64H68N2O16: 1121.2; found:
1143.0 [M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-[2,4-di-O-
benzyl-6-O-(9-fluorenylmethoxycarbonyl)-3-O-phenoxyacetyl-b-d-man-
nopyranosyl]-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-
glucopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-
d-glucopyranoside (51P): The polymer bound acceptor 49P-F was treat-
ed with donor 4b according to GP 1 at �25 8C (0.3 equiv TMSOTf). Com-
pound 51P was obtained.


4-(Acetoxymethyl)benzyl O-(3,6-di-O-acetyl-2,4-di-O-benzyl-b-d-manno-
pyranosyl)-(1!4)-(3,6-di-b-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glu-
copyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-
glucopyranoside (51): According to GP 5 the product of compound 51P
was cleaved from the resin and treated with pyridine (1 mL) and Ac2O
(1 mL). After 12 h the solvent was evaporated in vacuo and coevaporated
three times with toluene. MPLC (toluene/ethyl acetate 3:1) gave com-
pound 51 (15 mg) as colourless oil (63% yield over five reaction steps,
corresponding to an average yield of 92% per step). Rf=0.35 (toluene/
ethyl acetate 3:1); [a]D=++2.28 (c=0.5, CHCl3);


1H NMR (600 MHz,
CDCl3): d=1.69–1.84 (m, 15H, 4 CH3, COCH3), 1.93 (s, 3H, COCH3),
2.07 (s, 3H, COCH3), 3.16 (d, 1H, 5b-H), 3.32–3.35 (m, 2H, 5a-H, 5c-H),
3.40 (dd, Jgem=10.9,


3J6a,5a=3.7 Hz, 1H, 6a-H), 3.46 (dd, Jgem=11.2,
3J6b,5b=2.5 Hz, 1H, 6b-H), 3.57 (d, 1H, 6a’-H), 3.63 (d, 1H, 6b’-H), 3.84
(t, 1H, 4c-H), 3.90 (br s, 1H, 2c-H), 3.91–4.10 (m, 6H, 2b-H, 3a-H, 4b-H,
3b-H, 4a-H, 2a-H), 4.20–4.21 (m, 2H, 6c-H, 6c’-H), 4.35 (d, Jgem=
12.8 Hz, OCHHPh), 4.39–4.55 (m, 7H, 7 OCHHPh), 4.62 (d, Jgem=
10.8 Hz, OCHHPh), 4.63 (d, Jgem=12.0 Hz, OCHHPh), 4.67 (s, 1H, 1c-
H), 4.72 (d, Jgem=12.5 Hz, OCHHPh), 4.75 (dd,


3J3c,2c=3.0,
3J3c,4c=9.9 Hz,


1H, 3c-H), 4.84–4.87 (m, 3H, 1a-H, 2 OCHHPh), 4.95 (d, Jgem=12.8 Hz,
OCHHPh), 5.02 (br s, 2H, CH2OAc), 5.07 (d,


3J1,2=8.4 Hz, 1H, 1b-H),
7.00–7.34 (m, 34H, Ph); 13C NMR (151 MHz, CDCl3): d=20.6, 21.0, 38.0,
55.4 (C-2a), 56.3 (C-2b), 63.1 (C-6c), 66.0, 67.9 (C-6b), 68.2 (C-6a), 70.0,
72.8, 73.1 (C-4c, C-5c), 73.2, 74.4, 74.6 (C-5a, C-5b), 74.8, 75.7 (C-4a),
75.9 (C-2c), 76.0 (C-3c), 77.2 (C-3a), 77.8 (C-3b), 79.0 (C-4b), 97.1 (C-
1b), 97.3 (C-1a), 100.9 (C-1c), 126.8, 127.27, 127.36, 127.61, 127.69,
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127.75, 127.84, 127.97, 128.12, 128.20, 128.43, 128.50, 135.1, 136.6,
137.6, 137.8, 138.44, 138.51, 139.6, 170.1, 170.8, 171.3, 1J1a-C,1a-H=165.4,
1J1b-C,1b-H=168.3,


1J1c-C,1c-H=158.6 Hz; MALDI MS (positive mode): m/z :
calcd for C86H92N2O22: 1505.7; found: 1528.0 [M+Na]+ , 1543.8 [M+K]+ ;
FAB-MS (positive mode): m/z : 1528 [M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(2,4-di-O-
benzyl-3-O-phenoxyacetyl-b-d-mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-
2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!4)-3,6-di-O-
benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranoside (51P-F): The
Fmoc group of compound 51P was removed according to GP 2. The
polymer bound trisaccharide 51P-F was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(2-O-acetyl-
3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2,4-di-O-benzyl-3-O-
phenoxyacetyl-b-d-mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-
dimethylmaleimido-b-d-glucopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-
2-dimethylmaleimido-b-d-glucopyranoside (52P): According to GP 1 the
polymer bound acceptor 51P-F was treated with donor 6t at 0 8C
(0.25 equiv TMSOTf). Compound 52P was obtained.


4-(Acetoxymethyl)benzyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-d-manno-
pyranosyl)-(1!6)-(3-O-acetyl-2,4-di-O-benzyl-b-d-mannopyranosyl)-(1!
4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-
(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyrano-
side (52): According to GP 5 the product of compound 52-P was cleaved
from the resin and treated with pyridine (1 mL) and Ac2O (1 mL). After
12 h the solvent was evaporated in vacuo and coevaporated three times
with toluene. MPLC (toluene/ethyl acetate 3:1) gave compound 52
(15 mg) as colourless oil (50% over five steps, corresponding to an aver-
age yield of 92% per step). Rf=0.42 (toluene/ethyl acetate 3:1); [a]D=
+218 (c=0.5, CHCl3);


1H NMR (600 MHz, CDCl3): d=1.66–1.88 (m,
12H, 4 CH3), 1.93 (s, 3H, COCH3), 1.99 (s, 3H, COCH3), 2.14 (s, 3H,
COCH3), 3.20 (d, 1H, 5b-H), 3.31 (d, 1H, 5c-H), 3.36–3.38 (m, 1H, 5a-
H), 3.41–3.44 (m, 1H, 6a-H), 3.53–3.60 (m, 3H, 6a’-H, 6b-H, 6d-H), 3.68–
3.77 (m, 4H, 5d-H, 6b’-H, 6c-H, 6d’-H), 3.86–4.09 (m, 11H, 2a-H, 2b-H,
2c-H, 3a-H, 3b-H, 3d-H, 4a-H, 4b-H, 4c-H, 4d-H, 6c’-H), 4.32 (d, Jgem=
11.2 Hz, 1H, OCHHPh), 4.42–4.64 (m, 13H, 13 OCHHPh), 3.72–5.01 (m,
10H, 1a-H, 1c-H, 1d-H, 3c-H, 6 OCHHPh), 5.09 (s, 2H, CH2OAc), 5.11
(d, 3J1b,2b=8.4 Hz, 1H, 1b-H), 5.43 (br s, 1H, 2d-H);


13C NMR (151 MHz,
CDCl3): d=20.8, 21.0, 55.4 (C-2a), 56.3 (C-2b), 66.0, 66.5 (C-6c), 67.9 (C-
6b), 68.1 (C-2d), 68.2 (C-6a), 68.6 (C-6d), 70.0, 71.2, 71.7 (C-5d), 72.8 (C-
3a), 73.2, 73.3, 74.0 (C-4d), 74.4 (C-5c), 74.6 (C-5a, C-5b), 75.0, 75.6 (C-
4a), 75.9 (C-2c), 76.2 (C-3c), 77.0 (C-4c), 77.2 (C-3b), 77.7 (C-3d), 79.6
(C-4b), 97.0 (C-1b), 97.3 (C-1a), 98.3 (C-1d), 101.4 (C-1c), 127.1, 127.28,
127.47, 127.59, 127.70, 127.75, 127.87, 127.94, 128.03, 128.14, 128.20,
128.22, 128.30, 128.38, 128.48, 136.55, 137.9, 139.1, 169.8, 170.2, 171.3,
1J1a-C,1a-H=167.3,


1J1b-c,1b-H=164.9,
1J1c-C,1c-H=173.1,


1J1d-C,1d-H=156.7 Hz;
MALDI MS (positive mode): m/z : calcd for C113H120N2O27: 1938.2;
found: 1959.6 [M+Na]+ , 1975.6 [M+K]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(2-O-acetyl-
3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2,4-di-O-benzyl-b-d-
mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-
b-d-glucopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimi-
do-b-d-glucopyranoside (52P-PA): According to GP 3 the PA group of
compound 52P was removed. Compound 52P-PA was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(2-O-acetyl-
3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-[(2-O-acetyl-3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!6)]-(2,4-di-O-benzyl-b-d-mannopyrano-
syl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyr-
anosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-gluco-
pyranoside (53P): According to GP 1 the polymer bound acceptor 52P-
PA was treated with donor 6t at 0 8C (0.25 equiv TMSOTf). Compound
53P was obtained.


4-(Acetoxymethyl)benzyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-d-manno-
pyranosyl)-(1!3)-[(2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-
(1!6)]-(2,4-di-O-benzyl-b-d-mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-
deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!4)-3,6-di-O-benzyl-
2-deoxy-2-dimethylmaleimido-b-d-glucopyranoside (53): According to
GP 5 the product of compound 53P was cleaved from the resin and treat-
ed with pyridine (1 mL) and Ac2O (1 mL). After 12 h the solvent was


evaporated in vacuo, coevaporated three times with toluene and pre-
cleaned by flash chromatography (petroleum ether/ethyl acetate 2:1).
MPLC (toluene/ethyl acetate 3:1) gave compound 53 (13 mg) as colour-
less oil (39% yield over nine reaction steps, corresponding to an average
yield of 90% per step). Rf=0.55 (toluene/acetone 5:1); [a]D=++28.38
(c=0.5, CHCl3);


1H NMR (600 MHz, CDCl3): d=1.63–1.80 (m, 12H, 4
CH3), 1.84 (s, 3H, COCH3), 2.06 (s, 3H, COCH3), 2.09 (s, 3H, COCH3),
3.07–3.15 (m, 2H, 5b-H, 5c-H), 3.27–3.38 (m, 3H, 5a-H, 6a-H, 6b-H),
3.48–3.68 (m, 9H, 3c-H, 5e-H, 6a’-H, 6b’-H, 6c-H, 6d-H, 6d’-H, 6e-H, 6e’-
H), 3.77–4.06 (m, 14H, 2a-H, 2b-H, 2c-H, 3a-H, 3b-H, 3d-H, 3e-H, 4a-H,
4b-H, 4c-H, 4d-H, 4e-H, 5d-H, 6c’-H), 4.33–4.47 (m, 12H, 12 OCHHPh),
4.52–4.61 (m, 6H, 1c-H, 5 OCHHPh), 4.65–5.01 (m, 14H, 1a-H, 1b-H,
1e-H, 11 OCHHPh), 5.13 (br s, 1H, 1d-H), 5.32 (br s, 1H, 2e-H), 5.48
(br s, 1H, 2d-H), 6.99–7.32 (m, 64H, Ph); 13C NMR (151 MHz, CDCl3):
d=56.5 (C-2a), 57.5 (C-2b), 67.7 (C-6c), 68.8 (C-6b), 69.2 (C-2e), 69.3
(C-6a), 69.8 (C-2d, C-6e), 70.1 (C-6d), 72.9 (C-5e), 73.5 (C-3a), 73.6 (C-
5d), 75.3 (C-3e, C-4e), 75.7 (C-4c, C-5c), 75.8 (C-5a, C-5b), 76.9 (C-4a),
78.6 (C-3d), 79.0 (C-4d), 79.1 (C-2c), 79.3 (C-3b), 79.4 (C-4b), 82.4 (C-
3c), 98.2 (C-1b), 98.5 (C-1a), 99.6 (C-1e), 100.8 (C-1d), 103.2 (C-1c),
1J1a-C,1a-H=164.6,


1J1b-C,1b-H=168.1,
1J1c-C,1c-H=158.2,


1J1d-C,1d-H=174.4,
1J1e-C,1e-H=173.4 Hz; MALDI MS (positive mode): m/z : calcd for
C140H148N2O32: 2370.7; found: 2392.0 [M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-[3,4,6-tri-O-
benzyl-2-O-(9-fluorenylmethoxycarbonyl)-a-d-mannopyranosyl]-(1!2)-
(2,4-di-O-benzyl-3-O-phenoxy-acetyl-b-d-mannopyranosyl)-(1!4)-(3,6-
di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!4)-
3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranoside
(54P): According to GP 1 the polymer bound acceptor 51P-F was treat-
ed with donor 5e at 0 8C (0.25 equiv TMSOTf). Compound 54P was ob-
tained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!6)-(2,4-di-O-benzyl-3-O-phenoxyacetyl-
b-d-mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmalei-
mido-b-d-glucopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylma-
leimido-b-d-glucopyranoside (54P-F): The Fmoc group of compound
54P was removed according to GP 2. The polymer bound tetrasaccharide
54P-F was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(4-O-acetyl-
3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!
2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2,4-di-O-benzyl-3-O-
phenoxyacetyl-b-d-mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-
dimethylmaleimido-b-d-glucopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-
2-dimethylmaleimido-b-d-glucopyranoside (55P): According to GP 1 the
polymer bound acceptor 54P-F was treated with donor 3t[36] at �20 8C
(0.30 equiv TMSOTf). Compound 55P was obtained.


4-(Acetoxymethyl)benzyl O-(4-O-acetyl-3,6-di-O-benzyl-2-deoxy-2-dime-
thylmaleimido-b-d-glucopyranosyl)-(1!2)-(3,4,6-tri-O-benzyl-a-d-man-
nopyranosyl)-(1!6)-(3-O-acetyl-2,4-di-O-benzyl-b-d-mannopyranosyl)-
(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyrano-
syl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyra-
noside (55): According to GP 5 the product of compound 55P was
cleaved from the resin and treated with pyridine (1 mL) and Ac2O
(1 mL). After 12 h the solvent was evaporated in vacuo, coevaporated
three times with toluene and precleaned by flash chromatography (petro-
leum ether/ethyl acetate 2:1). MPLC (toluene/ethyl acetate 3:1) gave
compound 55 (15 mg) as colourless oil (40% yield over nine reaction
steps, corresponding to an average yield of 90% per step). Rf=0.52 (pe-
troleum ether/ethyl acetate 1:1); [a]D=++8.38 (c=0.5, CHCl3);


1H NMR
(600 MHz, CDCl3): d=1.61–1.85 (m, 24H, 6 CH3, 2 COCH3), 2.06 (s,
3H, COCH3), 3.10–5.22 (m, 61H, 1a-H, 1b-H, 1c-H, 1d-H, 1e-H, 2a-H,
2b-H, 2c-H, 2d-H, 2e-H, 3a-H, 3b-H, 3c-H, 3d-H, 3e-H, 4a-H, 4b-H, 4c-
H, 4d-H, 4e-H, 5a-H, 5b-H, 5c-H, 5d-H, 5e-H, 6a-H, 6a’-H, 6b-H, 6b’-H,
6c-H, 6c’-H, 6d-H, 6d’-H, 6e-H, 6e’-H, 24 OCHHPh, CH2OAc), 6.75–7.40
(m, 59H, Ph); 13C NMR (151 MHz, CDCl3): d=20.8, 20.9, 21.0, 55.2,
55.4, 56.2, 65.9, 68.0, 69.9, 71.9, 72.3, 72.5, 72.6, 72.9, 73.3, 74.3, 74.5, 74.6,
74.9, 76.1, 76.8, 77.2, 77.8, 78.1, 81.0, 97.2, 97.8, 99.1, 100.1, 127.27, 127.31,
127.35, 127.5, 127.6, 127.7, 127.8, 128.0, 128.08, 128.12, 128.16, 128.2,
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128.3, 128.4, 128.7, 137.7, 138.4, 138.6, 139.3, 171.3; MALDI MS (positive
mode): m/z : calcd for C139H147N3O33: 2387.7; found: 2410.7 [M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(4-O-acetyl-
3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!
2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2,4-di-O-benzyl-b-d-
mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-
b-d-glucopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimi-
do-b-d-glucopyranoside (55P-PA): According to GP 3 the PA group of
compound 55P was removed. Compound 55P-PA was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(4-O-acetyl-
3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!
2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-[(2-O-acetyl-3,4,6-tri-
O-benzyl-a-d-mannopyranosyl)-(1!3)]-(2,4-di-O-benzyl-b-d-mannopyra-
nosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-gluco-
pyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glu-
copyranoside (56P): According to GP 1 the polymer-bound acceptor
55P-PA was treated with donor 5e at 0 8C (0.25 equiv TMSOTf). Com-
pound 56P was obtained.


4-(Acetoxymethyl)benzyl O-(4-O-acetyl-3,6-di-O-benzyl-2-deoxy-2-dime-
thylmaleimido-b-d-glucopyranosyl)-(1!2)-(3,4,6-tri-O-benzyl-a-d-man-
nopyranosyl)-(1!6)-[(2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyrano-
syl)-(1!3)]-(2,4-di-O-benzyl-b-d-mannopyranosyl)-(1!4)-(3,6-di-O-
benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!4)-3,6-di-
O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranoside (56): Ac-
cording to GP 5 the product of compound 56P was cleaved from the
resin and treated with pyridine (1 mL) and Ac2O (1 mL). After 12 h the
solvent was evaporated in vacuo, coevaporated three times with toluene
and precleaned by flash chromatography (petroleum ether/ethyl acetate
2:1). MPLC (toluene/ethyl acetate 3:1) gave compound 56 (12 mg) as col-
ourless oil (30% yield over eleven reaction steps, corresponding to an
average yield of 90% per step). Rf=0.61 (toluene/ethyl acetate 2:1);
[a]D=++5.48 (c=0.5, CHCl3);


1H NMR (600 MHz, CDCl3): d=1.63–1.76
(m, 21H, 6 CH3, COCH3), 2.06 (s, 3H, COCH3), 2.09 (s, 3H, COCH3),
3.18–3.25 (m, 3H, 5a-H, 5b-H, 5e-H), 3.32–4.93 (m, 64H, 1b-H, 1c-H, 1e-
H, 2a-H, 2b-H, 2c-H, 2e-H, 2f-H, 3a-H, 3b-H, 3c-H, 3d-H, 3e-H, 3f-H,
4a-H, 4b-H, 4c-H, 4d-H, 4e-H, 4f-H, 5c-H, 5d-H, 5f-H, 6a-H, 6a’-H, 6b-
H, 6b’-H, 6c-H, 6c’-H, 6d-H, 6d’-H, 6e-H, 6e’-H, 6f-H, 6f’-H, 30
OCHHPh), 5.01 (br s, 2H, CH2OAc), 5.09–5.12 (m, 2H, 1a-H, 1d-H),
5.21–5.23 (m, 2H, 1f-H, 4f-H), 5.43 (m, 1H, 2d-H), 6.80–7.47 (m, 74H,
Ph); 13C NMR (151 MHz, CDCl3): d=56.5, 57.4, 67.2, 68.6, 68.7, 69.3,
69.5, 69.9, 71.0, 71.6, 73.0, 73.5, 73.6, 75.3, 75.7, 76.1, 78.0, 79.2, 79.3, 79.5,
82.3, 98.4, 99.1, 100.3, 100.7, 101.3, 101.8; MALDI MS (positive mode):
m/z : calcd for C166H175N3O38:2820.2; found: 2841.4 [M+Na]+ .


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-[3,6-di-O-
benzyl-2-deoxy-2-dimethylmaleimido-4-O-(9-fluorenylmethoxycarbonyl)-
b-d-glucopyranosyl]-(1!2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-
(1!6)-(2,4-di-O-benzyl-3-O-phenoxyacetyl-b-d-mannopyranosyl)-(1!4)-
(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!
4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranoside
(57P): According to GP 1 the polymer bound acceptor 54P-F was treat-
ed with donor 2e at 0 8C (0.3 equiv TMSOTf). Compound 57P was ob-
tained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(3,6-Di-O-
benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!2)-(3,4,6-
tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2,4-di-O-benzyl-3-O-phenox-
yacetyl-b-d-mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dime-
thylmaleimido-b-d-glucopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-di-
methylmaleimido-b-d-glucopyranoside (57P-F): The Fmoc group of com-
pound 57P was removed according to GP 2. The polymer bound hepta-
saccharide 57P-F was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(2,3,6-tri-O-
acetyl-4-O-benzyl-b-d-galactopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-
deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!2)-(3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!6)-(2,4-di-O-benzyl-3-O-phenoxyacetyl-
b-d-mannopyranosyl)-(1!2)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmalei-
mido-b-d-glucopyranosyl)-(1!2)-3,6-di-O-benzyl-2-deoxy-2-dimethylma-
leimido-b-d-glucopyranoside (58P): According to GP 3 the polymer


bound acceptor 57P-F was treated with donor 9t at �20 8C (0.35 equiv
TMSOTf). Compound 58P was obtained.


4-(Acetoxymethyl)benzyl O-(2,3,6-tri-O-acetyl-4-O-benzyl-b-d-galacto-
pyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-
glucopyranosyl)-(1!2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-
(2,4-di-O-benzyl-3-O-phenoxyacetyl-b-d-mannopyranosyl)-(1!2)-(3,6-di-
O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!2)-3,6-
di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyranoside (58): Ac-
cording to GP 5 the product of compound 58P was cleaved from the
resin and treated with pyridine (1 mL) and Ac2O (1 mL). After 12 h the
solvent was evaporated in vacuo, coevaporated three times with toluene
and precleaned by flash chromatography (petroleum ether/ethyl acetate
3:1). MPLC (toluene/ethyl acetate 3:1) gave compound 58 (13 mg) as col-
ourless oil (31% yield over eleven reaction steps, corresponding to an
average yield of 90% per step). Rf=0.58 (toluene/ethyl acetate 3:1);
[a]D=++8.18 (c=0.5, CHCl3).


1H NMR (600 MHz, CDCl3): d=1.84–2.07
(m, 33H, 5 COCH3, 6 CH3), 2.72 (m, 1H, 5-H), 3.11–3.17 (m, 3H, 5-H, 2
6-H), 3.19–3.21 (m, 1H, 5-H), 3.35–3.37 (m, 3H, 3 6-H), 3.44–3.48 (m,
6H, 2 5-H, 4 6-H), 3.52–3–54 (m, 1H, 6-H), 3.60–3.62 (m, 2H, 2 6-H),
3.73–5.04 (m, 51H, 1a-H, 1b-H, 1c-H, 1d-H, 1e-H, 1f-H, 2a-H, 2b-H, 2c-
H, 2d-H, 2e-H, 3a-H, 3b-H, 3c-H, 3d-H, 3e-H, 3f-H, 4a-H, 4b-H, 4c-H,
4d-H, 4e-H, 4f-H, 26 OCHHPh, CH2OAc), 5.34–5.37 (m, 1H, 2f-H),
7.04–7.32 (m, 64H, Ph); 13C NMR (151 MHz, CDCl3): d=55.2, 55.4, 56.3,
62.0, 66.0, 66.6, 68.4, 69.7, 70.3, 71.9, 73.8, 74.0, 74.2, 74.5, 74.6, 75.4, 76.2,
76.3, 76.8. 77.0, 77.2, 77.7, 78.0, 80.3, 96.8, 97.1, 97.3, 97.7, 100.5, 101.9,
1J1a-C,1a-H=166.6,


1J1b-C,1b-H=162.4,
1J1c-C,1c-H=157.4,


1J1d-C,1d-H=168.3,
1J1e-C,1e-H=164.1,


1J1f-C,1f-H=164.1 Hz; MALDI MS (positive mode): m/z :
2747.2 [M+Na]+ ; Mw: calcd for C156H167N3O40: 2724.0.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(2,3,6-tri-O-
acetyl-4-O-benzyl-b-d-galactopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-
deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!2)-(3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!6)-(2,4-di-O-benzyl-b-d-mannopyrano-
syl)-(1!2)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-glucopyr-
anosyl)-(1!2)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-gluco-
pyranoside (58P-PA): According to GP 3 the PA group of compound
58P was removed. Compound 58P-PA was obtained.


4-(Polystyrene-divinylbenzene-carbonyloxymethyl)benzyl O-(2,3,6-tri-O-
acetyl-4-O-benzyl-b-d-galactopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-
deoxy-2-dimethylmaleimido-b-d-glucopyranosyl)-(1!2)-(3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!6)-{[3,4,6-tri-O-benzyl-2-O-(9-fluore-
nylmethoxycarbonyl)-a-d-mannopyranosyl]-(1!3)}-(2,4-di-O-benzyl-b-d-
mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-
b-d-glucopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimi-
do-b-d-glucopyrano-side (59P): According to GP 1 the polymer bound
acceptor 58P-PA was treated with donor 5e at 0 8C (0.25 equiv TMSOTf).
Compound 59P was obtained.


4-(Acetoxymethyl)benzyl O-(2,3,6-tri-O-acetyl-4-O-benzyl-b-d-galacto-
pyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dimethylmaleimido-b-d-
glucopyranosyl)-(1!2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-
[(2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)]-(2,4-di-O-
benzyl-b-d-mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-dime-
thylmaleimido-b-d-glucopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-di-
methylmaleimido-b-d-glucopyranoside (59): According to GP 5 the prod-
uct of compound 59P was cleaved from the resin and treated with pyri-
dine (1 mL) and Ac2O (1 mL). After 12 h the solvent was evaporated in
vacuo, coevaporated three times with toluene and precleaned by flash
chromatography (petroleum ether/ethyl acetate 1:1). MPLC (toluene/
ethyl acetate 5:2) gave compound 59 (10 mg) as colourless oil (22% yield
over eleven steps, corresponding to an average yield of 89% per step).
Rf=0.51 (toluene/ethyl acetate 2:1); [a]D=++14.78 (c=0.5, CHCl3);
1H NMR (600 MHz, CDCl3): d=1.64–2–07 (m, 33H, 5 COCH3, 6 CH3),
2.65 (m, 1H, 5-H), 3.10–3.11 (m, 2H, 2 5-H), 3.25–3.35 (m, 3H, 5-H, 2 6-
H), 3.40–3.46 (m, 5H, 3 5-H, 2 6-H), 3.52–3.75 (m, 7H, 7 6-H), 3.81–5.00
(m, 61H, 6 1-H, 2a-H, 2b-H, 2c-H, 2d-H, 2e-H, 2f-H, 3a-H, 3b-H, 3c-H,
3d-H, 3e-H, 3f-H, 3 g-H, 4a-H, 4b-H, 4c-H, 4d-H, 4e-H, 4f-H, 4 g-H, 3 6-
H, 32 OCHHPh), 5.02 (s, 2H, CH2OAc), 5.13 (s, 1H, 1-H), 5.34 (dd,
3J2f,1f=8.1,


3J2f,3f=10.1 Hz, 1H, 2f-H), 5.49 (br s, 1H, 2 g-H), 7.01–7.30
(m, 79H, Ph); 13C NMR (151 MHz, CDCl3): d=56.6, 57.6, 63.3, 68.1,
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68.8, 69.2, 69.3, 70.2, 70.8, 70.9, 71.0, 73.1, 73.6, 75.1, 75.7, 75.8, 78.1, 79.1,
79.2, 81.5, 82.4, 98.1, 98.3, 98.5, 99.1, 100.8, 101.7, 103.6, 1J1a-C,1a-H=168.7,
1J1b-C,1b-H=169.5,


1J1c-C,1c-H=156.6,
1J1d-C,1d-H=174.4,


1J1e-C,1e-H=171.1,
1J1f-C,1f-H=167.9,


1J1g-C,1g-H=167.1 Hz; MALDI MS (positive mode): m/z :
3179.1 [M+Na]+ ; Mw: calcd for C183H195N3O45: 3156.5.
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… of peptide sequence, reaction
time, and solution pH enabled the
construction of novel three-dimen-
sional nanoarchitectures by con-
trolled self-assembly of peptide
building blocks (shown in the
cover picture). Several self-assem-
bled structures, such as b-sheet
plates, b-sheet fibers, a-helix parti-
cles, and a-helix plates, were fabri-
cated on the nanometer scale, and
their conformation and self-assem-
bling mechanisms studied. As sug-
gested by N. Higashi et al. on
page 1360 ff., this controlled self-
assembly should elucidate the
mechanism of peptide aggregation,
and be useful in the design of
novel biorelated nanomaterials.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Porphyrin Rings
In their Full Paper on page 1319 ff. , T. Matsumoto, T.
Kawai, D. Kim, A. Osuka et al. describe the synthesis of a
giant wheel-like porphyrin array comprising six meso–meso-
linked tetraporphyrins. The wheel has a diameter of approx-
imately 7 nm and could well be the largest covalently linked
porphyrin ring of purely synthetic origin. Excited-state
dynamics are also reported.


Ruthenium Clusters
In their Full Paper on page 1529 ff. , J. A. Cabeza et al.
describe the ruthenium-cluster-mediated activation transfor-
mation of organic methyl groups into carbide ligands. Such
reactions involve the unprecedented activation of all bonds
(three C�H and one C�C) associated with the carbon atom
of the methyl group.


Solvent Effects
The influence of aqueous solutions on the rates of organic
reactions, especially those for which water8s polarity is not
the only role, is discussed in the Concept article by M. C.
Pirrung on page 1312 ff. For example, quadricyclane
(depicted here) cycloaddition with an azodicarboxylate
occurs at high concentration in an aqueous medium. The
background picture is reproduced with permission from
Cooper Baker.
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Acceleration of Organic Reactions through Aqueous Solvent Effects


Michael C. Pirrung*[a]


Introduction


Solvent effects are among the earliest principles first learnt
by students of chemistry. Typically, these effects fall along
the polar/nonpolar and protic/nonprotic axes, and their utili-
ty is large in both understanding mechanistic detail and effi-
ciently conducting preparative reactions. The solvent effects
to be discussed in this Concepts article fall outside of these.
For some chemists, solvent effects may have been discussed
so long ago during their education and are so unrelated to
everyday practice that they are forgotten. A few chemists
may use such principles daily. Many aspects of the under-
standing of solvent properties were topics of active research
decades ago, and modern curricula have not allowed time
for these principles to be learned by today/s chemistry stu-
dents. Thankfully, much of this information has been cap-
tured in monograph form, the foremost being the book of
Reichardt, which has recently been updated.[1] This excellent
resource can be profitably consulted for useful reminders of
relevant considerations of solvent in almost any aspect of or-
ganic reactions.
This article is limited to the influence of aqueous solutions


on the rates of organic reactions, especially those for which


water/s polarity is not the only role. Water has been heavily
investigated recently as a replacement for more convention-
al organic solvents, because of its low cost and its avoidance
of organic vapors; it has thus been identified as a “green”
solvent.[2] As a consequence, conditions under which a wide
range of reactions can be conducted in water have been de-
veloped,[3] including those ordinarily thought to be intoler-
ant of protic solvents, such as Lewis acid catalyzed[4] and or-
ganometallic reactions.[5] Advances in this field have re-
quired development of novel, mostly transition-metal re-
agents that exhibit at least kinetic stability toward water. In
these cases, too, water may play a small role in the reaction
itself. Because the main aim of such studies was simply to
use water as the solvent, there may have been small incen-
tive to directly compare the aqueous reaction with reactions
in organic solvents.


Results and Discussion


Water occupies a special place in chemistry, because of its
role as the solvent for all of the chemical reactions of life.
As such, it is important to consider some of the properties
of aqueous solutions. A solution of a polar molecule, such as
a soluble salt or a carbohydrate, in water benefits from the
formation of hydrogen bonds and dative bonds (enthalpi-
cally favorable), but suffers from loss of entropy because of
restriction of translational and rotational degrees of freedom
of solvent molecules (Scheme 1). Such enthalpy–entropy
compensation is a broadly observed phenomenon for a wide
variety of the properties of water. Aqueous solutions also
experience a change in colligative properties, such as freez-
ing and boiling points. A nonpolar molecule, such as an or-
ganic hydrocarbon, is solvated in water differently than ions.
A cage or clathrate of water molecules forms around the
nonpolar solute, effectively creating a “hole” in the solvent,
while benefiting from water–solute van der Waals interac-
tions. To quote Reichardt, “The introduction of apolar mole-
cules (such as hydrocarbons or noble gases), or apolar resi-
dues in otherwise polar molecules (such as alkyl side chains
in biopolymers) into water leads to a reduction of the de-


Abstract: The parallels between organic reactions con-
ducted with water as the solvent and reactions conduct-
ed under high pressure can be understood in light of
theories of aqueous solvation and hydrophobic effects.
Such parallels provide powerful tools for promoting re-
actions of nonpolar compounds.


Keywords: green chemistry · high-pressure reactions ·
solvent effects · water chemistry
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grees of freedom (spatial, orientational, dynamic) of the
neighboring water molecules.” While this is in fact his defi-
nition[6] of the hydrophobic effect, it is worth emphasizing
that, despite decades of research, the origins of this effect
and many other aspects of the behavior of water are still not
clearly understood.
Solubility has been a key consideration in the develop-


ment of theories of solvents. It also has practical consequen-
ces in the choice of reaction solvents, in which miscibility is
important, or solvent partition/extraction solvents, for which
immiscibility is key. Quantitation of the “like dissolves like”
dictum has been examined by many workers, with one
prominent measure being the Hildebrand solubility parame-
ter d. This parameter is tabulated for several pure liquids
commonly used as reaction and/or extraction solvents in
Table 1. A guideline is that liquids will be miscible in all
proportions when their Hildebrand parameters differ by no
more than three. Even beginners at organic chemistry gain
experience with questions of miscibility and solubility as


they are faced with the task of extracting a water-soluble or-
ganic reaction product, say 2-methylcyclohexanone pro-
duced by chromic acid oxidation, from an aqueous–organic
solvent mixture. The classic means to deal with this problem
is the addition of NaCl to the aqueous phase, a so-called
“salting-out.” The presence of the ionic species reduces the
solubility of the organic molecule in the aqueous phase,
driving it to the organic extraction solvent. In the context of
the theory of aqueous solutions, one can see that this salting
tactic has occupied solvent molecules in organizing around
and solvating ions, increasing the free energy of hydropho-
bic molecules when in the aqueous phase and favoring their
partition to the organic phase. While not used in solvent ex-
tractions, it should be kept in mind that “salting-in” or cha-
otropic salts are also known, that is, those that enhance the
solubility of hydrophobic molecules in aqueous solutions.
Guanidinium thiocyanate is one example.
Static permittivity is another solvent parameter tabulated


here. It reflects the ability of a solvent to support ion disso-
ciation, and thus is widely used to understand reactions in-
volving charged intermediates. It is often erroneously refer-
red to as the dielectric constant. A third solvent parameter
provided in Table 1, one that is far more obscure than it
should be, is the cohesive energy density (or c.e.d.). It is also
known as cohesive pressure, as the units cal cm�3 correspond
to a pressure. To convert into more familiar pressure units,
23.8 cal cm�3=1 kbar=100 MPa. Thus, the cohesive energy
density of water corresponds to a pressure of approximately
23 kbar. The c.e.d. also can be expressed in more familiar
energy units; for water, this intermolecular binding energy is
9.9 kcalmol�1. The square root of the cohesive pressure is
also the Hildebrand parameter. In formula form [Eq. (1), in
which Mr= relative molecular mass and 1=density], the
c.e.d. corresponds to the heat of vaporization of the liquid
less an RT term that interconverts enthalpy and energy, di-
vided by the molar volume. In qualitative terms, cohesive
pressure is the intermolecular force that gives liquids their
cohesion, and is related to the energy needed to separate a
molecule from its neighbors, factored by the volume of the
molecule removed. In other words, it is related to the
energy required to create a cavity in the liquid.[7] One can
thus perceive a relationship between the c.e.d. and the hy-
drophobic effect. The cohesive pressure of water is the high-
est among many other liquids due to a unique trait, that is,
its very high heat of vaporization for its quite low molecular
mass. As these terms enter cohesive pressure in the numera-
tor and denominator, respectively, they work in concert to
give a very high c.e.d.


c:e:d: ¼
DHvap�RT


Mr=1
ð1Þ


With these simple properties and theories of solutions
secure, we consider some unusual aqueous solvent effects on
organic reactions. A classic experiment is Breslow/s demon-
stration that the Diels–Alder cycloaddition of cyclopenta-
diene and methyl vinyl ketone is accelerated nearly 300-fold


Scheme 1. Different modes of aqueous solvation.


Table 1. Hildebrand parameters, relative permittivities, and cohesive
pressures of some pure liquids at 25 8C.


Liquid Hildebrand
solubility
parameter
(d [MPa1/2])


Permittivity
(relative to
vacuum, er)


Cohesive
pressure
[cal cm�3]


water 47.9 78.4 550.2
formamide 39.3 109.5 376.4
methanol 29.6 32.7 208.8
dimethylsulfoxide 26.5 46.4 168.6
ethanol 26.0 24.6 161.3
dimethylformamide 24.7 36.7 139.2
acetone 20.2 20.6 94.3
tetrahydrofuran 18.6 7.6 86.9
diethyl ether 15.4 4.2 59.9
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in water compared to acetonitrile.[8] This result was provoca-
tive because of the presumed absence of charged intermedi-
ates in Diels–Alder reactions, meaning this result could not
be explained through the polarity of water. A reasonable ex-
planation for this result was enhanced interactions between
the reactants through hydrophobic interaction, which Reich-
ardt explains as follows: “it is energetically advantageous
for apolar molecules, or apolar groups in otherwise polar
molecules, when dissolved in water, to aggregate with expul-
sion of water molecules from their hydration shells.” Anoth-
er way to view this situation is that the high surface tension
of water (72 dynecm�1) favors minimal contact between hy-
drophobic and water molecules. Not considering rate effects,
Diels and Alder actually conducted the very first Diels–
Alder cycloaddition (furan with maleic acid) in water in
1931. Foreshadowing matters to be discussed later, they re-
ported vigorously shaking the reaction mixture.


Certainly, another well-known method for promoting the
Diels–Alder reaction is the application of pressure. This
tactic is effective for any reaction that has a significant, neg-
ative volume of activation. The volume of activation is de-
fined as the molar volume of the transition state less the
molar volumes of the reactants. While chemists are accus-
tomed to understanding the impact of energy on reactions
in units of kcalmol�1, an intuitive sense about activation vol-
umes is uncommon. The Diels–Alder reaction between cy-
clohexadiene and maleic anhydride has DV� of
�37 cm3mol�1, which would be considered fairly large and
which makes the reaction significantly pressure sensitive.
Activation volumes as large as �70 cm3mol�1 are known.[9]


Following on the heels of these studies, Grieco attempted
to connect reaction promotion by high external static pres-
sures to the high internal pressure in solvents like water.[10]


He reported significant rate accelerations for Diels–Alder
reactions in 5m LiClO4/diethyl ether, initially implying that
such solutions compress reactants in a manner analogous to
external pressure. Subsequent studies have instead attribut-
ed the rate acceleration to Lewis acid catalysis.[1,11]


In 1986, in studies of the Mukaiyama aldol reaction in
aqueous solution, Lubineau hypothesized that “a reaction
under kinetic control between two nonpolar molecules for
which DV� is negative must be accelerated in water as it is
under pressure.”[12] Support for this idea came from his stud-
ies of the reaction of the silyl enolate of cyclohexanone with
aldehydes (Scheme 3). As shown by Yamamoto,[13] when
conducted under high pressure this reaction shows a reversal


in stereoselectivity (75:25 syn :anti) with respect to the Lewis
acid promoted version at standard temperature and pressure
(25:75 syn :anti). Yamamoto explained his observation by as-
serting that the transition state leading to the syn isomer is
more compact; in other words, competition between the dia-
stereomeric pathways is controlled by the magnitude of
DV�; the pathway with the smaller DV� value is favored.
When Lubineau conducted the same reaction in water, the
stereochemistry he observed was 85:15 syn :anti, drawing a
direct correlation between the Mukaiyama aldol reaction in
water and that under high pressure. Similar correlations
with other reactions, such as the Michael reaction and oxy-
allyl cation cycloaddition (Scheme 4), have been observed


many times since and are discussed Lubineau/s reviews on
the subject.[14] As in Breslow/s work on the aqueous Diels–
Alder reaction, Lubineau has shown that in the presence of
structure-making solutes like carbohydrates or salts, rates of
reactions are accelerated, and with structure-breaking sol-
utes, like methanol, rates are slowed. These observations
point to the hydrophobic interaction as a key element of the
rate acceleration in aqueous solution, as well as make these
reactions even more practical.
The observation of slower reactions in the presence of or-


ganic co-solvents raises a common concern with reactions of
organic molecules in water, that their solubility limits reac-
tion efficiency. A conceivable consequence would be that
rate acceleration applies only to water-soluble reactants.
This may be a fallacy, however, and just the opposite is
more likely. Fully water-miscible molecules should not expe-
rience the hydrophobic solvation that is essential for the
rate acceleration. Heterogeneous reactions need not be in-
trinsically inefficient, though the highest possible rate of
phase transfer is crucial for maximum efficiency. Indeed, ef-
ficient methods of mixing have been an important element
of the reactions of organic substances in water, from Diels
and Alder to Lubineau, who used violent shaking and ultra-
sound-promoted reactions in even his earliest report.


Scheme 2. Acceleration of a Diels–Alder reaction in an aqueous medium
compared to organic solvent.


Scheme 3. The outcome of a Mukaiyama aldol reaction in an aqueous
medium is similar to a corresponding high pressure reaction.


Scheme 4. An oxyallyl cation cycloaddition is conducted very effectively
in an aqueous medium.
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While it is readily understandable that reactions such as
cycloadditions and condensations may have negative reac-
tion volumes and negative DV�, other concerted reactions,
such as the Claisen rearrangement, also have negative acti-
vation volumes[15] and are accelerated both by pressure and
by aqueous media. Careful analysis by Gajewski has demon-
strated that a Claisen rearrangement in water (Scheme 5) is
accelerated about equally by hydrophobic interactions (the
c.e.d. effect) and the hydrogen-bond donating ability of
water.[16]


While it seems that the physical organic world had a
strong grip on understanding of the main factors involved in
reaction acceleration in water, as evidenced in recent re-
views,[17] this information has not been widely enough
known in the synthetic community. In our study of multi-
component reactions in aqueous solutions,[18] we have shown
that reactions that are accelerated by high pressure can also
be accelerated in water (Scheme 6). The increase in rate


over organic solvent approaches 300-fold in some cases. Fur-
thermore, direct comparison to reactions in methanol and
formamide provides support for the idea that the cohesive
pressure of water, rather than its protic nature or polarity,
plays a dominant role in the rate enhancement. We also
showed an inverse dependence of reaction rate on tempera-
ture, which clearly identifies the entropy term (which in-
cludes DV�) as an important contributor to the reduced free
energy of activation. Inverse temperature dependence of the
rate is seen in other multi-component and water-accelerated
reactions.[19,20] These observations are also consistent with
the dominant role of e.d, as water/s cohesive pressure de-
creases with increasing temperature. This is in contrast with
water/s internal solvent pressure,[1,7] which increases with
temperature until its maximum at 150 8C. One factor that
has not been given enough attention in earlier studies of re-
actions in water is the effect of mixing. With organic mole-
cules that are clearly not water-miscible, reactions in water


may have significant heterogeneous character. This is not an
intrinsic difficulty, as chemists have dealt with heterogene-
ous reactions for decades, but requires attention to experi-
mental detail, particularly regarding mixing.[21]


Workers at the Scripps Research Institute have recently
reported a number of reactions that are accelerated “on
water”,[22] which they define as insoluble reactants stirred in
aqueous suspension. The main distinction between this work
and previous studies was the very high (up to 4.5m!) con-
centrations of reactants used. One of their most extensively
studied examples was the cycloaddition of quadricyclane
with dimethylazodicarboxylate (Scheme 7). This is an inter-


esting choice, as many cycloaddition reactions of quadricy-
clane have been shown by Jenner to be accelerated by high
pressure.[23] Thus, this reaction has features in common with
many earlier reactions accelerated in aqueous solution: a
heterogeneous component, which can be overcome by
mixing, and a high pressure analogue. An interesting aspect
of this reaction is a reduced rate in D2O. While D2O has a
3% higher cohesive pressure than H2O, it also has a 23%
higher viscosity, which may make mixing more difficult, and
is a better solvent for nonpolar solutes; this must reduce the
hydrophobic effect.[24]


Conclusion


The main concept to be drawn from this article is that reac-
tions with negative activation volumes, as indicated by their
pressure dependence, should be accelerated in aqueous solu-
tion over organic solvent when conducted with nonpolar re-
actants, provided that efficient mixing is assured. Immiscibil-
ity of hydrophobic reactants with water is not only not a de-
ficit when conducting reactions in water, it may contribute
to the rate acceleration observed in water with respect to or-
ganic solvents. Water should be considered a “green” sol-
vent for organic reactions not only because of its environ-
mental benefits, but because it signals to a reaction what a
driver sees at a traffic signal: green means GO!
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Introduction


A variety of covalently linked porphyrin arrays have been
explored as biomimetic models of photosynthetic systems,
photonic materials, and functional molecular devices.[1,2]


Among these, the design and synthesis of light-harvesting
antenna systems that rival those in photosynthesis has been
a long-standing issue, which requires the organization of
many pigments in a designed regular arrangement. Inspired
by the wheel-like giant architecture of photosynthetic pig-
ments (LH2 and LH1),[3] particular attention has been fo-
cused on the construction of cyclic porphyrin arrays, which
may aid the understanding of the fundamental mechanisms
of excitation energy transfer in the natural photosynthetic
antenna and/or find use as optoelectronic material.[4–10] The
synthetic porphyrin wheels prepared so far contain at most
twelve porphyrin units,[8,10] whereas LH2 consists of two
wheel-like pigment arrays; B800 with nine bacteriochloro-
phyll a (Bchl a) and B850 with nine dimeric subunits (total
18 pigments) of Bchl a, hence posing a further synthetic


Abstract: Starting from a 1,3-phenyl-
ene-linked diporphyrin zinc(ii) complex
2ZA, repeated stepwise AgI-promoted
coupling reactions provided linear
oligomers 4ZA, 6ZA, 8ZA, and 12ZA.
The intramolecular cyclization reaction
of 12ZA under dilute conditions (1<
10�6m) gave porphyrin ring C12ZA
with a diameter of approximately 35 =
in 60% yield. This synthetic strategy
has been applied to a 1,3-phenylene-
linked tetraporphyrin 4ZB to provide
8ZB, 12ZB, 16ZB, 24ZB, and 32ZB.
The intramolecular coupling reaction
of 24ZB gave a larger 24-mer porphy-
rin ring C24ZB with a diameter of ap-
proximately 70 = in 34% yield. These


two large porphyrin rings were charac-
terized by means of 1H NMR spectros-
copy, matrix-assisted laser desorption
ionization time-of-flight (MALDI-
TOF) mass spectroscopy, UV-visible
spectroscopy, gel permeation chroma-
tography (GPC) analysis, and scanning
tunneling microscopy (STM) tech-
niques. The STM images of C12ZA
reveal largely circular structures,
whereas those of C24ZB exhibit mostly
ellipsoidal shapes, indicating more con-


formational flexibility of C24ZB. Simi-
lar to the case of C12ZA, the efficient
excitation energy transfer along the
ring has been confirmed for C24ZB by
using the time-correlated single-photon
counting (TCSPC) and picosecond
transient absorption anisotropy (TAA)
measurements, and occurs with a rate
of (35 ps)�1 for energy hops between
neighboring tetraporphyrin subunits.
Collectively, the present work provides
an important step for the construction
of large cyclic-arranged porphyrin
arrays with ample electronic interac-
tions as a model of light-harvesting an-
tenna.
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challenge. Furthermore, the absorption of a photon by the
B850 ring is often described in terms of an excitation that is
delocalized over the ring with a coherence length of four,[11]


which requires ample electronic coupling in the molecular
design to achieve high-performing artificial antenna.
In the last decade, we have explored the AgI-promoted


meso–meso coupling reaction of ZnII–5,15-diarylporphy-
rins,[12a] which is quite a powerful reaction and enables the
syntheses of a variety of porphyrin arrays including three-di-
mensional windmill porphyrin arrays[12b,c] and a series of ex-
tremely long yet discrete meso–meso-linked porphyrin ar-
rays.[12d] On the basis of this coupling reaction, a dodecamer-
ic porphyrin wheel C12ZA has been explored, in which six
meso–meso-linked zinc(ii)–diporphyrin subunits are bridged
by 1,3-phenylene spacers.[13] Efficient excitation energy
transfer along C12ZA, which has been confirmed by the
measurements of femtosecond transient absorption anisotro-
py decay and the exciton–exciton annihilation lifetime, is
aided by large electronic coupling between the neighboring
meso–meso-linked diporphyrin subunits. As an extension,
we report here the improved synthesis of C12ZA, the syn-
thesis of 24-mer 1,3-phenylene-linked porphyrin ring
C24ZB, and the excited-state dynamics of C24ZB relative to
those of its linear counterpart 24ZB. It is interesting to note
that the radiative coherence length in meso–meso-linked
porphyrin arrays has been experimentally estimated to be
about four,[14] being similar to that in LH2.[11]


Results and Discussion


The synthetic scheme of C12ZA is shown in Scheme 1. Di-
porphyrin 2ZA was prepared by Suzuki–Miyaura coupling


of boronate 1 with 1,3-diiodobenzene.[15,16] To a solution of
2ZA (0.2 mm) in freshly distilled CHCl3, AgPF6 (1.0 equiv)
was added and the resulting mixture was stirred for five mi-
nutes at room temperature. Progress of the reaction was
monitored by matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectroscopy. After the
usual workup,[12a,d] the products were separated by using
size-exclusion chromatography to give porphyrin tetramer
4ZA (28%), hexamer 6ZA (11%), and octamer 8ZA (3–
5%). Similarly, coupling of 4ZA gave 8ZA (29%), 12ZA
(14%), and 16ZA (4–6%), and that of 8ZA gave 16ZA
(25%), 24ZA (8%), and 32ZA (3%). It is noteworthy that
the coupling regio-selectivity is always very high, only occur-
ring at meso–meso positions. As is the case for the meso–
meso-linked porphyrin arrays,[12, 17] these porphyrin products
have sufficient solubility in CHCl3 and THF and the separa-
tion of long arrays was aided by a large difference in molec-
ular size by using preparative gel permeation chromatogra-
phy/high-pressure liquid chromatography (GPC–HPLC).
The molecular length of 32ZA, a 32-mer porphyrin, is esti-
mated to be approximately 26 nm in its linear form. All
these products have been fully characterized by means of
1H NMR, mass, UV-visible, and fluorescence spectroscopy
measurements. The linear porphyrin array 12ZA was cou-
pled to give C12ZA under highly dilute conditions, initially
in 12% yield along with the recovery of 12ZA (51%)[13] and
now in an improved yield of 60% along with the recovery
of 12ZA (25%).
The synthetic route to 24ZB is shown in Scheme 2. The


meso–meso-linked diporphyrin boronate 3 was prepared
from meso–meso-linked diporphyrin 2 via a partially bromi-
nated diporphyrin, in 46% yield. 1,3-Phenylene-bridged tet-
raporphyrin 4ZB was prepared in 46% yield by Suzuki–


Scheme 1. Synthesis of C12ZA from 12ZA. a) [PdCl2(PPh3)2], AsPh3, Cs2CO3, DMF. b) AgPF6 (0.7 equiv), CHCl3. c) AgPF6 (3.0 equiv), CHCl3. Ar=p-
dodecyloxyphenyl.
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Miyaura coupling of 3 with 1,3-diiodobenzene.[15] To a solu-
tion of 4ZB in CHCl3 (1.0 mm), AgPF6 (0.7 equiv) was
added and the resulting mixture was stirred for two minutes
at room temperature. After the usual workup,[12a,d] the prod-
ucts were separated by using size-exclusion chromatography
to give porphyrin octamer 8ZB (29%), dodecamer 12ZB
(10%), along with recovered 4ZB (56%). In the next step, a
solution of 8ZB (1.0 mm) was treated with AgPF6


(0.7 equiv) for two minutes at room temperature. The sepa-
ration by using preparative GPC–HPLC gave hexadecamer
16ZB (27%), and tetracosamer 24ZB (10%). Similar cou-
pling of 12ZB gave 24ZB in 11% yield. All these products
have also been characterized by means of 1H NMR,
MALDI-TOF mass, UV-visible, and fluorescence spectros-
copy as well as by GPC analysis. In particular, the MALDI-
TOF MS technique is a powerful analytical tool for confir-
mation of molecular structures of this size.
Following this we examined the intramolecular cyclization


of 24ZB to C24ZB (Scheme 3). Under highly dilute condi-
tions (1<10�6m), 24ZB was treated with three equivalents
of AgPF6 for 60 h at room temperature. Progress of the re-
action was monitored by analytical GPC–HPLC, which re-
vealed the formation of a discrete product that eluted as a


new peak at 17.8 min, slower
than 24ZB at 17.1 min, hence
indicating its smaller hydrody-
namic volume (Figure 1). This
product was isolated by repeat-
ed preparative GPC–HPLC
analyses in 34% yield and has
been assigned to a wheel-like
tetracosameric porphyrin array
(C24ZB) on the basis of the fol-
lowing facts: 1) The product ex-
hibits the parent ion peak at
21880 (m/z calcd for
C1380H1608N96O48Zn24: 21878)
along with a small dicationic
peak in the MALDI-TOF mass
spectrum (Figure 2), thus indi-
cating its porphyrin 24-mer con-
stitution. 2) Despite a small dif-


ference in the molecular weight (only 2 over 21878), a dis-
tinct difference in the retention time on the GPC–HPLC
chromatography from 24ZB indicates a substantial differ-
ence in the hydrodynamic volume, which will be related to
an overall drastic change in molecular shape. 3) Although


Scheme 2. A modular approach to the construction of 1,3-phenylene-bridged meso–meso-linked tetraporphyrin
oligomers. a) 1) NBS, 2) pinacolborane, [PdCl2(PPh3)2], NEt3, dichloroethane. b) 1,3-diiodobenzene, [PdCl2-
(PPh3)2], AsPh3, Cs2CO3, DMF. c) AgPF6, CHCl3. Ar=p-dodecyloxyphenyl.


Scheme 3. Synthesis of C24ZB from 24ZB. a) 3.0 equiv of AgPF6, CHCl3. Ar=p-dodecyloxyphenyl.


Figure 1. GPC–HPLC chromatographic charts: a) 24ZB, b) reaction mix-
ture of 24ZB with AgPF6 for 24 h, and c) purified C24ZB.
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the 1H NMR spectrum is rather broadened, no meso-proton
signal is observed (Figure 3). 4) The absorption spectrum of
C24ZB is unique in the sense that the Soret band at around
l=460 nm disappears as a consequence of its symmetric
wheel structure without edge diporphyrins (Figure 4a). The
1H NMR spectra of 12ZB, 24ZB, and C24ZB are shown in
Figure 3. The proton signals of 12ZB and 24ZB that have
been assigned by extensive two-dimensional COSY and
NOESY techniques indicate the presence of the edge meso
protons at d=10.34 and 10.36 ppm and thus their linear
structures. In contrast, the 1H NMR spectrum of C24ZB
does not show signals due to the edge meso protons, in line
with its cyclic structure, but is considerably broad, presuma-
bly reflecting a slower rotational movement and/or the exis-
tence of several pseudostable conformations in solution. The
1H NMR spectrum is independent of temperature in the
range of �50 to 100 8C.
The UV-visible absorption spectra of 4ZB, 24ZB, and


C24ZB are shown in Figure 4a. The absorption spectra of
24ZB and C24ZB reveal increased absorbance with the in-
crease of the number of porphyrin units relative to that of
4ZB. In addition, the splitting energy of the Soret bands due
to exciton coupling in 4ZB (ñ�2393 cm�1) becomes larger
(ñ�3713 cm�1) for 24ZB and
C24ZB (Table 1). Although the
absorption spectra of 24ZB and
C24ZB have different shapes in
the low-energy Soret bands,
their absorbance in the Q-band
region is almost the same.
The fluorescence spectra for


C24ZB and 24ZB are quite
similar (Figure 4b), as are the
fluorescence quantum yields
(FF=0.03). The fluorescence
lifetimes measured by means of
the time-correlated single-
photon counting (TCSPS) tech-
nique are tF=1.58�0.02 ns for
8ZC and tF=1.63�0.02 ns for
4ZC (Table 1, Scheme 4). It is


noteworthy that C24ZB showed an additional short decay
component (tF=0.11�0.03 ns, 76%) as well as a normal
decay component (tF=1.53�0.03 ns, 24%), which is not ob-
served in 8ZC or 4ZC and may be assigned to the fluores-
cence quenching due to conformational heterogeneity that
is imposed upon forming a large cyclic porphyrin array (Fig-
ure 5a).[20]


Figure 6 shows the scanning tunneling microscopy (STM)
images of C24ZB taken with a sample bias (Vs) of 1.5 V and
a tunneling current (It) of 12.8 pA that reveal discrete ellip-
tic rings with hollows. These deformed images ascertain con-
formational flexibility compared with rather uniform


Figure 2. MALDI-TOF mass spectra of C24ZB.


Figure 3. 1H NMR spectra of a) 12ZB, b) 24ZB, and c) C24ZB in CDCl3.


Figure 4. a) UV/Vis absorption spectra of 4ZB, 24ZB, and C24ZB, and b) fluorescence spectra of 24ZB and
C24ZB in CHCl3.
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C12ZA (ca. 35 = diameter).
The averaged diameter of the
STM images of C24ZB is 45–
70 =, which matches roughly
with its calculated diameter (ca.
70 =, Scheme 3).
The femtosecond time-re-


solved transient absorption ani-
sotropy (TAA) measurements
probed at 510 nm after the
photoexcitation at 550 nm
(Q band) revealed the decay
components, 11.7�0.1 ps for
C24ZB and 16.3�0.1 ps for
8ZC (Table 1), which have been
assigned to the excitation
energy transfer (EET) process-
es between meso–meso-linked
tetraporphyrin subunits bridged
by a 1,3-phenylene spacer (Fig-
ure 5b). Because the EET in
8ZC is reversible between tet-
raporphyrin units (4Z), the
EET rate constants can be ex-
pressed as t=1/(k1+k�1), in
which t is the measured aniso-
tropy decay time of 8ZC and k1


and k�1 are the forward and re-
verse reaction rate constants,
respectively. According to this
relation, the EET rate constant
via the 1,3-phenylene spacer of
8ZC was determined to be
(32.6 ps)�1. On the other hand,
tetraporphyrin subunits (4Z) in
C24ZB are arranged in a cyclic
form with six tetraporphyrin
units (4Z). When the Fçrster-
type incoherent energy-hopping
model is employed for this


EET mechanism, the depolarization times are related to the
EET time by tdepolarization=tEET/3.


[21, 22] Overall, the EET time
constant in C24ZB has been calculated to be 3<11.7=
35.1 ps (Scheme 5). Interestingly, the slower EET rate in
C24ZB relative to that in C12ZA (3.6 ps)�1 is consistent
with their molecular architectures in that the center-to-
center distance between the adjacent tetraporphyrin subu-
nits (4Z) in C24ZB is roughly 1.5 times longer than that in
C12ZA. As the EET rate can be related to the center-to-
center distance (R) by kEET/R�6 in the Fçrster-type inco-
herent energy-hopping model, it is reasonable to observe a
roughly ten times (1.56=11.4) slower EET rate for C24ZB
than that for C12ZA.


Table 1. Photophysical properties of 4ZC, 8ZC, and C24ZB.


labs [nm][a] lem [nm][b] tF [ns]
[c] tr [ps]


[d] r0
[e] rinf


[f]


4ZC 416 488 570 612 639 – 1.63�0.02 – 0.27 0.26
8ZC 416 491 571 613 640 – 1.58�0.02 16.3�0.1 0.22 0.1
C24ZB 417 493 572 615 643 0.11�0.03 1.53�0.03 11.7�0.1 0.21 0.07


[a] Absorption wavelength. [b] Fluorescence wavelength. [c] Fluorescence lifetime. [d] Anisotropy delay time
constant. [e] Anisotropy value at t=0. [f] Anisotropy value at t=130 ps.


Scheme 4. Synthesis of 8ZC. a) 1) NBS, 2) pinacolborane, [PdCl2(PPh3)2], NEt3, dichloroethane. b) 1,3-diido-
benzene, [PdCl2(PPh3)2], AsPh3, Cs2CO3, DMF. Ar=p-dodecyloxyphenyl.


Figure 5. Fluorescence decay (left) and transient absorption anisotropy decay (right) of 4ZC, 8ZC, and
C24ZB.


Figure 6. a) STM images of C24ZB on Cu(100) surface. b) Enlarged
image of C24ZB. c) A cross section along the line shown in b).
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Conclusion


The intramolecular AgI-promoted coupling of 24ZB under
high dilution conditions afforded the giant wheel-like por-
phyrin array C24ZB comprising of six meso–meso-linked
tetraporphyrins. C24ZB exhibits an efficient excitation
energy hopping rate of (35.1 ps)�1 along the array, as re-
vealed by the time-resolved fluorescence decay and transi-
ent absorption anisotropy decay measurements. The C24ZB
wheel has a diameter of approximately 7 nm and is, to the
best of our knowledge, the largest covalently linked porphy-
rin ring. Exploration of even larger porphyrin wheels such
as 36 (6<6) porphyrin units as an LH1 model, and fabrica-
tion of these arrays with an appropriate electron acceptor
are subjects of further investigation.


Experimental Section


General procedures : All reagents and solvents were of commercial re-
agent grade and were used without further purification except when
noted otherwise. Dry toluene and CH2Cl2 were obtained by distillation
over CaH2.


1H NMR spectra were recorded on a JEOL ECA-delta-600
spectrometer, and chemical shifts were reported as the delta scale in ppm
relative to CHCl3 (N.B. Ar=p-dodecyloxyphenyl). The spectroscopic
grade CHCl3 was used as solvent for all spectroscopic studies. UV/Vis ab-
sorption spectra were recorded on a Shimadzu UV-3100 spectrometer.
Steady-state fluorescence emission spectra were recorded on a Shimadzu
RF-5300PC spectrometer. Mass spectra were recorded on a Shimadzu/
KRATOS KOMPACT MALDI 4 spectrometer, using a positive-MALDI
ionization method with/without a dithranol matrix. Preparative separa-


tions were performed by means of silica gel flash column chromatogra-
phy (Merck Kieselgel 60H Art. 7736) and silica gel gravity column chro-
matography (Wako gel C-300). Recycling preparative GPC–HPLC was
carried out on a JAI LC-908 apparatus using preparative JAIGEL-2.5H,
3H, and 4H columns (chloroform as eluant; flow rate 3.8 mLmin�1).


Synthesis : Although synthetic procedures of compounds 1, 2ZA–12ZA,
and C12ZA were reported previously,[13] now much improved yields have
been achieved by slightly modifying the procedures. In the cyclization re-
action from 12ZA to C12ZA, the reaction solvent (1.0 L CHCl3) was dis-
tilled from CaH2, passed through an active alumina column, and degassed
by argon bubbling before use. The oxidative coupling reaction of 12ZA
(24 mg, 2.1 mmol) in an inert atmosphere with an amplified addition of
AgPF6 (6.4 mmol, 3.0 equiv) caused an increase in the isolated yield
(14 mg, 60%).


Boronate porphyrin 3 : Compound 2 (1.05 g, 0.56 mmol) was dissolved in
a mixture of CHCl3 (500 mL) and pyridine (0.5 mL). NBS (140 mg,
0.79 mmol) was added to this solution and the resulting solution was stir-
red for 15 min at 0 8C. The mixture was poured into water and extracted
with CHCl3. The combined organic extract was dried over Na2SO4. The
solvent was removed by using a rotary evaporator and the residue was re-
crystallized from CHCl3/CH3CN. A flask was charged with a mixture of
bromoporphyrins, pinacolborane (0.65 mL, 4.47 mmol), triethylamine
(0.70 mL, 9.68 mmol), [PdCl2(PPh3)2] (13.4 mg, 0.019 mmol), and 1,2-di-
chloroethane (60 mL) under N2. The mixture was stirred at 90 8C for 6 h.
The reaction mixture was washed with water, and dried over Na2SO4.
The solvent was evaporated, and the residue was taken up in CH2Cl2.
Compound 3 was purified by silica gel flash column chromatography
using CH2Cl2/hexane as the eluant. The first band isolated corresponded
to 2, while the second band was the porphyrin boronate 3 (493 mg,
46%). 1H NMR (CDCl3, 600 MHz): d=10.34 (s, 1H; meso-H), 9.97 (d,
J=4.6 Hz, 2H; b-H), 9.46 (d, J=4.6 Hz, 2H; b-H), 9.17 (m, 4H; b-H),
8.71 (d, J=4.6 Hz, 2H; b-H), 8.67 (d, J=4.6 Hz, 2H; b-H), 8.08–8.12 (m,
12H; 8<Ar, 4<b-H), 7.18 (t, J=8.7 Hz; Ar), 4.15 (t, J=6.4 Hz, 8H; do-
decyloxy), 1.89 (m, 20H; dodecyloxy+Me), 1.53–1.25 (m, 72H; dodecy-
loxy), 0.90 ppm (t, J=6.8 Hz, 12H; dodecyloxy); MALDI-TOF MS: m/z
calcd for C118H145B1N8O6Zn2: 1913; found: 1912.


Compound 4ZB : Boronate porphyrin 3 (535 mg, 0.279 mmol) was mixed
with 1,3-diiodobenzene (46 mg, 0.140 mmol), Cs2CO3 (236 mg), [PdCl2-
(PPh3)2] (33 mg), and AsPh3 (32 mg) in DMF. The mixture was degassed
three times by freeze–pump–thaw cycles and stirred at 80 8C for 6 h.
Then the mixture was washed with water, extracted with CHCl3, dried
over Na2SO4, and the solvent was evaporated to leave the residue that
was passed through a short silica gel column. Separation over preparative
GPC gave the coupling product 4ZB (285 mg, 46%). 1H NMR (CDCl3,
600 MHz): d=10.35 (s, 2H; meso-H), 9.54 (d, J=4.6 Hz, 4H; b-H), 9.47
(t, 4H; b-H), 9.23 (s, 1H; 1,3-phenylene), 9.19–9.18 (m, 6H; b-H), 9.16
(d, 2H; b-H), 8.75–8.73 (m, 4H; b-H), 8.70–8.67 (m, 6H; 4<b-H, 2<1,3-
phenylene), 8.23–8.05 (m, 25H; 16<Ar, 8<b-H, 1<1,3-phenylene), 7.28–
7.16 (m, 16H; Ar), 4.18–4.12 (m, 16H; dodecyloxy), 1.94–1.85 (m, 16H;
dodecyloxy), 1.53–1.24 (brm, 44H; dodecyloxy), 0.86–0.80 ppm (m, 24H;
dodecyloxy); UV/Vis (CHCl3): lmax (e)=419 (490000), 465 (437000), 563
(111000), 606 nm (22000 mol�1 dm3cm�1); MALDI-TOF MS: m/z calcd
for C230H270N16O8Zn4: 3648; found: 3646.


Compound 8ZB : 1H NMR (CDCl3, 600 MHz): d=10.38 (s, 2H; meso-H),
9.59–9.57 (m, 8H; b-H), 9.51–9.48 (m, 4H; b-H), 9.33 (s, 2H; 1,3-phenyl-
ene), 9.14–9.21 (m, 10H; 8<b-H, 2H<1,3-phenylene), 9.07 (d, 4H; b-H),
9.25–9.17 (m, 12H; b-H), 8.82–8.70 (m, 24H; 20<b-H, 4<1,3-phenylene),
8.32–8.07 (m, 54H; 32<Ar, 20<b-H, 2<1,3-phenylene), 7.28–7.08 (m,
32H; Ar), 4.22–4.06 (m, 32H; dodecyloxy), 1.98–1.78 (m, 32H; dodecy-
loxy), 1.58–1.14 (brm, 288H; dodecyloxy), 0.90–0.82 (m, 48H; dodecy-
loxy); UV/Vis (CHCl3): lmax (e)=418 (845000), 460 (555000), 490
(522000), 571 nm (231000 mol�1dm3cm�1); MALDI-TOF MS: m/z calcd
for C460H538N32O16Zn8: 7294; found: 7292.


Compound 12ZB : 1H NMR (CDCl3, 600 MHz): d=10.31 (s, 2H; meso-
H), 9.57–9.54 (m, 12H; b-H), 9.56–9.54 (m, 4H; b-H), 9.32 (br s, 2H; 1,3-
phenylene), 9.30 (br s, 1H; 1,3-phenylene), 9.21–9.12 (m, 16H; b-H),
8.73–8.62 (m, 42H; 36<b-H, 6<1,3-phenylene), 8.23–7.92 (m, 79H; 48<
Ar, 28<b-H, 3<1,3-phenylene), 7.27–7.08 (m, 48H; Ar), 4.22–4.05 (m,


Scheme 5. Excitation energy transfer in 8ZC and C24ZB.
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48H; dodecyloxy), 1.95–1.76 (m, 48H; dodecyloxy), 1.59–1.18 (brm,
432H; dodecyloxy), 0.87–0.76 ppm (m, 72H; dodecyloxy); UV/Vis
(CHCl3): lmax (e)=418 (1270000), 461 (755000), 491 (853000), 575 nm
(386000 mol�1dm3cm�1); MALDI-TOF MS: m/z calcd for
C690H806N48O24Zn12: 10941; found: 10939.


Compound 16ZB : 1H NMR (CDCl3, 600 MHz): d=10.31 (s, 2H; meso-
H), 9.60–9.57 (m, 16H; b-H), 9.48–9.46 (m, 4H; b-H), 9.35 (br s, 2H; 1,3-
phenylene), 9.32 (br s, 2H; 1,3-phenylene), 9.25–9.15 (m, 20H; b-H),
8.75–8.67 (m, 64H; 56<b-H, 8<1,3-phenylene), 8.27–8.07 (m, 100H; 64<
Ar, 32<b-H, 4<1,3-phenylene), 7.30–7.10 (m, 64H; Ar), 4.26–4.04 (m,
64H; dodecyloxy), 1.92–1.78 (m, 64H; dodecyloxy), 1.60–1.12 (brm,
576H; dodecyloxy), 0.91–0.78 ppm (m, 96H; dodecyloxy); UV/Vis
(CHCl3): lmax (e)=418 (1620000), 461 (915000), 492 (124000), 577 nm
(535000 mol�1dm3cm�1); MALDI-TOF MS: m/z calcd for
C920H1074N64O32Zn16: 14587; found: 14590.


Compound 24ZB : 1H NMR (CDCl3, 600 MHz): d=10.32 (s, 2H; meso-
H), 9.59–9.57 (m, 24H; b-H), 9.48–9.44 (m, 4H; b-H), 9.34 (br s, 4H; 1,3-
phenylene), 9.32 (br s, 2H; 1,3-phenylene), 9.15–9.24 (m, 28H; b-H),
8.78–8.68 (m, 98H; 86<b-H, 12<1,3-phenylene), 8.27–8.05 (m, 152H;
96<Ar, 50<b-H, 6<1,3-phenylene), 7.36–7.10 (m, 96H; Ar), 4.25–4.08
(m, 96H; dodecyloxy), 1.98–1.80 (m, 96H; dodecyloxy), 1.75–1.12 (brm,
864H; dodecyloxy), 0.88–0.78 ppm (m, 144H; dodecyloxy); UV/Vis
(CHCl3): lmax (e)=417 (2320000), 461 (1240000), 492 (1870000), 576 nm
(809000 mol�1dm3cm�1); MALDI-TOF MS: m/z calcd for
C1380H1610N96O48Zn24: 21880; found: 21877.


Compound C24ZB : The reaction vessel containing a solution of 24ZB
(21 mg, 0.97 mmol) in freshly distilled CHCl3 (500 mL) was covered with
foil. A stock solution of AgPF6 (2.9 mmol) in dry CH3CN was added to
the 24ZB solution, which was stirred at room temperature under N2,
while the progress of the reaction was monitored by analytical GPC–
HPLC. The reaction was stopped by adding water and the organic layer
was separated and dried over anhydrous Na2SO4. A solution of Zn(OAc)2
in methanol was added, and the resulting solution was stirred under
reflux for 1–2 h. Then it was washed successively with water, saturated
NaHCO3 solution (aq), and saturated NaCl solution (aq), and dried over
anhydrous Na2SO4. The solvent was removed by using a rotary evapora-
tor to leave the residue, which was separated over a recycling preparative
GPC–HPLC to give 24ZB (4.0 mg, 23%) as the first fraction and C24ZB
(7.0 mg, 34%) as the second fraction. 1H NMR (CDCl3, 600 MHz): d=
9.75–9.40 (m, 12H; b-H), 9.40–8.90 (m, 22H; b-H+1,3-phenylene), 8.90–
8.60 (m, 58H; b-H+1,3-phenylene), 8.60–7.80 (m, 220H; Ar+b-H+1,3-
phenylene), 7.40–6.90 (m, 96H; Ar), 4.30–4.00 (m, 96H; dodecyloxy),
2.10–0.80 ppm (m, 1104H; dodecyloxy); UV/Vis (CHCl3): lmax (e)=417
(2200000), 492 (2100000), 577 nm (868000 mol�1dm3cm�1); MALDI-
TOF MS: m/z calcd for C1380H1608N96O48Zn24: 21878; found: 21880.


Compound 4ZC was prepared by an AgI oxidative coupling reaction of
the 5,15-bis(4-dodecyloxyphenyl)porphyrin–ZnII complex.


Boronate tetraporphyrin 4 : Compound 4ZC (157 mg, 0.044 mmol) was
dissolved in a mixture of CHCl3 (100 mL) and pyridine (0.3 mL). NBS
(11.7 mg, 0.066 mmol) was added to this solution and the resulting solu-
tion was stirred for 15 min at 0 8C. The mixture was poured into water
and extracted with CHCl3. After the combined organic extract was dried
over Na2SO4, the solvent was removed by using a rotary evaporator to
leave the residue, which was recrystallized from a mixture of CHCl3 and
acetonitrile. A flask was charged with the mixture of bromoporphyrins,
pinacolborane (0.7 mL, 4.8 mmol), triethylamine (0.8 mL, 11.1 mmol),
[PdCl2(PPh3)2] (5 mg, 0.008 mmol), and 1,2-dichloroethane (30 mL)
under N2. The mixture was stirred at 90 8C for 6 h. The reaction mixture
was washed with water, and dried over Na2SO4. The solvent was evapo-
rated, and the residue was taken up in CH2Cl2. The product 4 was puri-
fied by silica gel flash column chromatography using CH2Cl2/hexane as
the eluant. The first band was 4ZC and the second band was boronate 4
(21 mg, 13%). 1H NMR (CDCl3, 600 MHz): d=10.26 (s, 1H; meso-H),
9.93 (d, J=4.6 Hz, 2H; b-H), 9.41 (d, J=4.6 Hz, 2H; b-H), 9.11 (m, 4H;
b-H), 8.72–8.60 (m, 12H; b-H), 8.20–7.98 (m, 28H; 12<b-H, 16<Ar),
7.30–7.18 (m, 16H; Ar), 4.12–3.98 (m, 16H; dodecyloxy), 1.93–1.82 (m,
28H; 16<dodecyloxy, 12<Me), 1.82–1.70 (m, 16H; dodecyloxy), 1.17–


1.70 (brm, 128H; dodecyloxy), 0.92–0.78 ppm (m, 24H; dodecyloxy);
MALDI-TOF MS: m/z calcd for C230H273N16O10Zn4: 3687; found: 3685.


Compound 8ZC : The porphyrin tetramer 4 (20 mg, 0.0056 mmol) was
mixed with 1,3-diiodobenzene (1 mg, 0.0027 mmol), Cs2CO3 (5 mg),
[PdCl2(PPh3)2] (1 mg), and AsPh3 (0.7 mg) in DMF. The mixture was de-
gassed three times by freeze–pump–thaw cycles and stirred at 80 8C for
6 h. Then the reaction mixture was washed with water, extracted with
CHCl3, dried over Na2SO4, and evaporated to leave the residue, which
was separated by using preparative GPC. The first fraction was 8ZC
(3 mg, 12%). 1H NMR (CDCl3, 600 MHz): d=10.33 (s, 2H; meso-H),
9.58 (d, J=4.6 Hz, 4H; b-H), 9.47 (d, J=4.6 Hz, 4H; por-b-H), 9.33 (s,
1H; 1,3-phenylene), 9.22 (d, J=4.6 Hz, 4H; b-H), 9.18 (d, J=4.6 Hz,
4H; b-H), 8.77–8.65 (m, 26H; 24<b-H, 2<1,3-phenylene), 8.25–8.08 (m,
57H; 24<b-H, 1<1,3-phenylene, 32<Ar), 7.30–7.08 (m, 32H; Ar), 4.20–
4.12 (m, 32H; dodecyloxy), 2.02–1.88 (m, 32H; dodecyloxy), 1.88–1.75
(m, 32H; dodecyloxy), 1.77–1.18 (brm, 256H; dodecyloxy), 0.97–
0.88 ppm (m, 48H; dodecyloxy); UV/Vis (CHCl3): lmax (e)=417
(671000), 490 (605000), 577 nm (240000 mol�1dm3cm�1); MALDI-TOF
MS: m/z calcd for C454H534N32O16Zn8: 7219; found: 7218.


STM measurements : Clean, flat Cu(100) surfaces were obtained by Ar+


sputtering and annealing (580 8C) cycles for a substrate. The porphyrin-
ring molecules dissolved into CHCl3 were deposited by spraying approxi-
mately 0.5 mL of the solution onto the substrate under vacuum
(10�6 mbar) using a pulse injection method, which is suited for deposition
of large fragile molecules with escaping decomposition often encountered
in sample deposition from the gas phase. In situ STM measurements
were performed at room temperature under ultra-high vacuum
(<10�10 mbar) with a home-built STM by using an electrochemical
etched Pt/Ir tip. The STM image was obtained in a constant current
mode.


Transient absorption spectroscopy: The dual-beam femtosecond time-re-
solved transient absorption spectrometer consisted of a self-mode-locked
femtosecond Ti:sapphire oscillator (Coherent, MIRA), a Ti:sapphire re-
generative amplifier (Clark MXR model TRA-1000) that was pumped by
a Q-switched Nd:YAG laser (Clark MXR model ORC-1000), a pulse
stretcher/compressor, an optical parametric amplifier (Clark MXR
OPA), and an optical detection system. A femtosecond Ti:sapphire oscil-
lator pumped by a cw Nd:YVO4 laser (Coherent, Verdi) produced a train
of �80 fs mode-locked pulses with an averaged power of 650 mW at
800 nm. The amplified output beam regenerated by chirped pulse am-
plification (CPA) had a pulse width of approximately 150 fs and a power
of approximately 1 W at a repetition rate of 1 kHz, which was divided
into two parts by a 1:1 beam splitter. One part was color-tuned for the
pump beam by an optical parametric generation and amplification
(OPG-OPA). The resulting laser pulse had a temporal width of �150 fs
in the Vis/IR range. The pump beam was focused to a spot diameter of
�1 mm, and the laser fluence was adjusted, using a variable neutral-den-
sity filter. The other part was focused onto a flowing water cell to gener-
ate a white-light continuum, which was again split into two parts. One
part of the white-light continuum was overlapped with the pump beam at
the sample to probe the transient, while the other part of the white-light
continuum was passed through the sample without overlapping the pump
beam. The time delay between pump and probe beams was controlled by
making the pump beam travel along a variable optical delay line. The
white-light continuum beams after the sample were sent through an ap-
propriate interference filter and were then detected by two photodiodes.
The outputs from the two photodiodes at the selected wavelength were
processed by a combination of a boxcar averager and a lock-in amplifier,
to calculate the absorption difference at the desired time delay between
pump and probe pulses.
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Introduction


Biological electron-transfer reactions often involve highly
specific complexation between protein redox partners. Cyto-
chrome c and cytochrome b5 typically form a stable 1:1
supramolecular complex, in which two porphyrin centers are
arranged in a suitable geometry for efficient electron trans-
fer.[1] As cytochrome c has a positively charged “patch”
composed of four protonated lysines and cytochrome b5 has
several carboxylate anions on its surface, the two asymmetri-
cally distributed patches effectively dock to undergo com-
plementary electrostatic interactions for protein–protein
complexation. Several synthetic receptors have recently
been developed for cytochrome c complexation.[2–4] Hamil-
ton et al. demonstrated that tetraphenylporphyrins with four
-CO2


� groups matched up well with the polycationic patch


of cytochrome c.[2] Hirota et al. and Ogawa et al. reported
that polyanionic oligo(glutamic acids) and oligo(aspartic
acids) strongly bound cytochrome c.[3] Dendrimers have re-
ceived recent attention as more sophisticated receptors.[5]


Kluger and Zhang attached hemoglobin clusters onto the
dendrimer surface,[6] and Zimmerman et al. introduced the
molecularly imprinted cavity into the interior domains.[7]


Hirsch et al. first prepared polyanionic fullerene dendrimers
for cytochrome c complexation.[8] Although a few dendri-
mers have been constructed from combinations of different
dendritic blocks,[9] many biological examples suggest that
the dendrimers with asymmetrically distributed patch struc-
tures on their surface can offer nanoscale protein recogni-
tion.


We present a new series of “proteo-dendrimer”-type re-
ceptors for recognition of biological proteins (Scheme 1).
These dendrimers were designed to undergo complementary
electrostatic interactions with cytochrome c by including
several key features: 1) asymmetrically distributed polyan-
ionic hepta(glutamic acids) responsible for the interaction
with the polycationic patch on the cytochrome c surface,
2) a zinc porphyrinate core working as a fluorescence signal-
ing device, 3) a hydrophilic polyether surface for high water
solubility, and 4) nonpeptide dendritic components provid-


Abstract: “Proteo-dendrimers” in
which polyanionic hepta(glutamic
acids), fluorescent zinc porphyrinate
cores, hydrophilic polyether surfaces,
and nonpeptide hydrophobic dendrons
are combined, were developed as a
new series of synthetic receptors for
protein recognition. They have polyan-
ionic “patch” structures on their sur-
faces and undergo complementary
electrostatic interactions with a posi-
tively charged cytochrome c patch, as


observed in biological protein–protein
recognition systems. Stability constants
of the resulting supramolecular com-
plexes were determined in phosphate
buffer (pH 7) by monitoring the fluo-
rescence quenching of the zinc por-
phyrinates. These proteo-dendrimer re-
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ing a peripheral, hydrophobic structure. As illustrated in
Figure 1, we linked an oligopeptide composed of seven glu-
tamic acid moieties to a zinc porphyrinate core. The result-
ing dendrimer has four pairs of -CO2


� anions on its surface,
and provides a polyanionic patch to dock with the polycat-
ionic patch of cytochrome c. We also attached benzyl ether


type dendritic components of
different generations. Although
the same polyanionic peptide
was introduced, the generation
of the nonpeptide dendritic
component effectively regulat-
ed the supramolecular complex-
ation with cytochrome c. Due
to the size compatibility with
proteins, the present type of
proteo-dendrimers can work as
novel supramolecular receptors
of cytochrome c.


Results and Discussion


Synthesis and characteristics of proteo-dendrimers : The
ester derivatives of proteo-dendrimers 1b–4b were obtained
by the coupling of peptide dendron 5 with zinc hepta-substi-
tuted tetraphenylporphyrinates 1c–4c (Scheme 2). Scheme 3


Scheme 1. Schematic illustration of proteo-dendrimers.


Figure 1. Proteo-dendrimers employed in this work.
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Scheme 2. Synthesis of proteo-dendrimers 1a–4a. a) HOBt, HBTU, DIPEA, CH2Cl2; b) LiOH, H2O, THF-MeOH. Italic letters have been attached to
the structures for simplified descriptions of NMR assignments (see Experimental Section). * indicates the yields for (1st, 2nd, 3rd, and 4th generation).


Scheme 3. Synthesis of zinc porphyrinates 1c–4c. a) BF3·OEt2, CHCl3; then DDQ; b) BBr3, CH2Cl2, 0 8C to RT; c) Zn(OAc)2, CHCl3/MeOH, reflux;
d) K2CO3, [18]crown-6 ether, acetone, 50 8C; e) NaOH, H2O, THF/MeOH; f) Zn(OAc)2, CHCl3/MeOH, reflux; NaOH, H2O, THF/MeOH. Italic letters
have been attached to the structures for simplified descriptions of NMR assignments (see Experimental Section). * indicates the yields for (2nd, 3rd, and
4th generation).
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illustrates the synthesis of the zinc hepta-substituted tetra-
phenylporphyrinates. AB3-type porphyrin 6 was synthesized
by acid-catalyzed cross-condensation according to the Lind-
sey procedure.[10] After demethylation with BBr3,


[11] zinc por-
phyrinate 8 was obtained by treatment with Zn(OAc)2 in
CHCl3/MeOH. Benzyl ether type dendritic branches with
three different generations were prepared as mesylates 9–11
starting from methyl 3,5-dihydroxybenzoate according to
the reported methods with some modifications.[11, 12] Den-
drimers 2d–4d were obtained by reaction of zinc porphyrin
8 with 7–8 equivalents of the corresponding mesylate 9–11,
followed by hydrolysis to yield dendrimers 2c–4c, whereas
complex 1c was derived from 6. Peptide dendron 5 was
synthesized according to the literature[13] (see Scheme 4).
The ester dendrimer derivatives 1b–4b were synthesized


by reactions of 1c–4c with an excess of peptide dendron 5
using 1-hydroxybenzotriazole (HOBt), O-(benzotriazol-
1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
(HBTU) and diisopropylethylamine (DIPEA). Esters 1b–
4b were fully characterized by elemental analysis, 1H and
13C NMR spectroscopy, IR spectroscopy, and TOF-MS
methods (see Experimental Section). Hydrolysis of 1b–4b
with LiOH gave proteo-dendrimers 1a–4a that exhibited
broad 1H NMR signals, and their purities were confirmed by
capillary electrophoresis (see Figure S1 in the Supporting In-
formation). As the two -CO2H groups of parent glutamic
acid have pKa values of 2.19 and 4.25, all of the -CO2H
groups present in each proteo-dendrimer are expected to be
deprotonated at neutral pH.


The proteo-dendrimers have comparable molecular
weights (Mw) and diameters (d.) to those of the targeted cy-


tochrome c (12173–12588 dalton and 4.0 nm, respectively):
for 2a, Mw=3680 dalton, d.=3.6 nm; for 3a, Mw=


6371 dalton, d.=5.0 nm; for 4a, Mw=11753 dalton, d.=
6.0 nm.[14] Table 1 summarizes absorption and fluorescence


spectral profiles of proteo-dendrimers 2a–4a. The com-
pounds exhibited almost the same spectra in aqueous DMF
(at pH 7.0), which indicated that the zinc porphyrinate core
of each dendrimer was located in a similar environment.
The conformation search of dendrimer 1a was carried out
by using CONFLEX 5 and subsequent Mulliken population
analysis was carried out by using Q-Chem (version 2.02,
RHF/STO-3G, Q-Chem. Inc., USA).[15] As illustrated in
Figure 2, the optimized structure reveals that three pairs of


-CO2
� anions point toward the outside and the remaining


pair is located above the porphyrin plane. As one -CO2
�


anion of each pair can occupy the position matching the
protonated lysine residue of the cytochrome c, the intro-
duced oligopeptide is expected to provide a polyanionic
“patch” suitable for complementary electrostatic interac-
tions with cytochrome c.


Complexation with cytochrome c : Supramolecular complex-
ation between cytochrome c and proteo-dendrimers 2a–4a


Scheme 4. Synthesis of peptide dendron 5. a) CBZ-glutamic acid, HBTU,
DIPEA, CH2Cl2, 0 8C; b) ammonium formate, Pd/C, H2, MeOH.


Table 1. Spectroscopic profiles of proteo-dendrimers 2a–4a in aqueous
solution.[a] All values are lmax in nm.


UV Fluorescence
Soret band Q band


2a 429 559, 602 610, 658
3a 436 (br) 559, 599 610, 650
4a 434 (br) 559, 600 609, 648


[a] Conditions: dendrimer, 2.5O10�7 moldm�3; in 5O10�3 moldm�3


sodium phosphate buffer, pH 7.0 (containing 10% DMF v/v); lex=


558 nm.


Figure 2. Optimized structure of zinc porphyrinate 1a.
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was spectroscopically monitored in 5.0O10�3 moldm�3 phos-
phate buffer solution containing 10% DMF (pH 7.0). As de-
scribed above, their zinc porphyrin cores gave intense fluo-
rescence bands around 610 and 652 nm upon photoexcita-
tion at their Q bands (558 nm). Addition of horse heart cy-
tochrome c, which contains a nonfluorescent heme, progres-
sively decreased the fluorescence intensity of each zinc
porphyrinate dendrimer (Figure 3). The relative fluores-


cence intensity of these dendrimers (Fx/Ft, for which Fx=


fluorescence at molar ratio x and Ft= fluorescence of den-
drimer alone) significantly decreased upon addition of
7 equivalents of cytochrome c, and their changes clearly de-
pended on the dendrimer structures: 0.33 for 2a, 0.53 for
3a, and 0.72 for 4a. As the generation of the nonpeptide
component increased (2a!4a), the zinc porphyrinate of the
dendrimer was confirmed to be positioned away from the
bound cytochrome c heme. Lysine-acetylated horse heart cy-
tochrome c and microperoxidase-8[16] have fewer protonated
lysines than wild cytochrome c. When seven equivalents of
one of these compounds were added to a solution of den-
drimer 3a, the fluorescence quenching efficiencies were
modestly suppressed: Fx/Ft=0.91 with the acetylated one
and 0.80 with microperoxidase-8 (the quenching curve was
not included in Figure 3) relative to 0.53 with horse heart cy-
tochrome c. Thus, the positively charged patch on cyto-
chrome c was essentially involved in the complexation with
the proteo-dendrimer.


Job plots for fluorescence quenching of dendrimers 2a–4a
with cytochrome c are illustrated in Figure 4.[17] Dendrimer
2a appeared to form both 1:1 and 1:2 complexes (cyto-
chrome c/dendrimer), whereas 3rd and 4th generation den-
drimers 3a and 4a, respectively, exhibited roundly bent
curves of around 1:1 stoichiometry. Thus, these plots gave


no clear indication of a single component mainly existing in
each system. The supramolecular complexation behaviors of
proteo-dendrimers with cytochrome c were analyzed by the
fluorescence titration experiments (see Figure 3). The con-
centration of cytochrome c varied from 0 to 1.75O
10�6 moldm�3, although that of the proteo-dendrimer was
kept at 2.5O10�7 moldm�3. The titration curves with den-
drimers 2a and 3a gave better fits for mixtures of 1:1 and
1:2 complexes than for solely 1:1 complexes, while dendri-
mer 4a exhibited satisfactory results based on both assump-
tions. The stability constants were estimated by the nonlin-
ear-curve-fit method and are listed in Table 2. Although the
same hepta(glutamic acids) provided major binding sites for
cytochrome c, dendrimers 2a and 3a exhibited higher stabil-
ity (2a : logK1=7.6, logK2=7.2; 3a : logK1=7.7, logK2=


7.2) than dendrimer 4a (logK1=6.5, logK2=7.1). The bulky
nonpeptide dendritic component of dendrimer 4a seems to
sterically suppress the electrostatic interactions between the
polyanionic dendrimer and the polycationic cytochrome c
protein. Table 2 also lists fluorescence intensity ratios of cy-


Figure 3. Fluorescence quenching of zinc porphyrinates with horse heart
cytochrome c and its acetylated derivatives. Typical titration data for
each dendrimer are shown. *: 2a + cytochrome c ; &: 3a + cytochrome
c ; ~: 4a + cytochrome c ; ^: 3a + acetylated cytochrome c. Conditions:
cytochrome c, 0–1.75O10�6 moldm�3 ; dendrimer, 2.5O10�7 moldm�3; in
5.0O10�3 moldm�3 sodium phosphate buffer, pH 7.0 (containing 10%
DMF v/v); lex=558 nm; lem=610 nm. Each solid line was drawn based
on nonlinear curve fitting.


Figure 4. Job plots of proteo-dendrimers 2a–4a versus cytochrome c in
5.0O10�3 moldm�3 phosphate buffer, pH 7.0 (containing 10% DMF v/v);
x= [cytochrome c]/([cytochrome c] + [dendrimer]); total concentration
of two species was held at a) 2a, 5.0O10�7 moldm�3, b) 3a, 5.0O
10�7 moldm�3, and c) 4a, 2.5O10�6 moldm�3. The fluorescence intensity
was monitored at 658 nm.
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tochrome c bound dendrimer to free dendrimer. Each 1:2
complex contained two zinc porphyrinates, but its fluores-
cence was modestly quenched. The two zinc porphyrinates
of the bound dendrimers were located under different envi-
ronments. Because simple zinc porphyrinate 1a gave a parti-
ally insoluble complex with cytochrome c in the employed
neutral aqueous solution, nonpeptide dendritic substituents
must play a significant role in the solubilization and com-
plexation processes.


Proteo-dendrimers contained chiral oligopeptide moieties,
but gave very small circular dichroism (CD) signals in the
Soret region. They exhibited CD signals of the same sign at
432 and 442 nm upon cytochrome c complexation, which
correspond to the zinc porphyrinate absorption bands. As
cytochrome c itself displayed CD signals around 406 nm, the
above-mentioned observed CD signals indicated asymmetric
orientation of the zinc porphyrinate upon complexation with
cytochrome c.[18] Proteo-dendrimer 2a gave four times larger
signals than dendrimer 3a ; this suggests that the generation
of the nonpeptide component influenced the orientations
and distances between the two porphyrinates.[19] The dense
peripheral moieties of the higher generation dendrimer
were thought to cause steric hindrance around the polyan-
ionic patch and to prevent the docking with cytochrome c.
Pigeon breast and yeast cytochromes c also have polycation-
ic patches for complementary interactions with proteo-den-
drimers, though the latter has lower solubility in the aque-
ous medium. Dendrimer 3a typically formed a stable com-
plex with the former (logK1=7.5, logK2=6.5), but insoluble
material with the latter.


Competitive binding with cytochrome b5 : Proteo-dendrimers
2a–4a formed stable complexes with horse heart cyto-
chrome c at neutral pH. Their stability constants are larger
than those reported with cytochrome b5 (logK=4.8)[20] and
fullerene dendrimer (logK=5.2),[8] though direct compari-
sons are difficult under different ionic strength and buffer
conditions. The competitive binding of cytochrome c be-
tween proteo-dendrimer and cytochrome b5 was carried out
by monitoring the fluorescence of zinc porphyrinate den-
drimer at 610 nm. It has already been established that com-
plementary electrostatic interactions between cytochrome c


and cytochrome b5 play important roles in protein recogni-
tion.[16] The proteo-dendrimers competed well with cyto-
chrome b5 and blocked biologically important complexation
with cytochrome c. Figure 5 illustrates the effects of cyto-


chrome c and cytochrome b5 on fluorescence of proteo-den-
drimer 3a. An equimolar addition of cytochrome c largely
decreased the fluorescence intensity of dendrimer 3a (see
Figure 5a!b). When 14 equivalents of cytochrome b5 were
added to this mixture, the fluorescence signals partially re-
covered (see Figure 5c). This indicates that approximately
20% of the dendrimer-bound cytochrome c was released
and then complexed with cytochrome b5. Such competitive
binding behavior supports the idea that proteo-dendrimer
3a formed a more stable complex with cytochrome c than
biological cytochrome b5, and also that both dendrimer and
cytochrome b5 occupied the polycationic patch of cyto-
chrome c in the same fashion. Supramolecular complexation
with crown ethers, calixarenes, and other synthetic receptors
have often been reported for modifying the structure and re-
activity of cytochrome c.[4] Although resonance Raman and
CD spectroscopic methods (in the a-helix region) were not
available for the present systems, the cytochrome c com-
plexes with proteo-dendrimers exhibited almost the same
UV signal intensity at 690 nm as that of free cytochrome c.
Thus, the methionine-coordinated heme center was accom-
modated in the protein matrix as observed in biological sys-
tems.[16]


Conclusion


A new series of proteo-dendrimers were successfully devel-
oped, in which polyanionic peptide binding sites, neutral
dendritic structures, and zinc porphyrinate cores were com-
bined in a nanosize three-dimensional skeleton. These struc-


Table 2. Stability constants between proteo-dendrimers 2a–4a and cyto-
chrome c[a] and calculated fluorescence intensity ratios of supramolecular
complexes to free dendrimer.


logK1 logK2 I1:1/Io
[b] I1:2/Io


[c]


2a 7.6�0.3 7.2�0.3 0.29�0.02 1.10�0.20
3a 7.7�0.3 7.2�0.3 0.48�0.05 1.76�0.10
4a 6.5�0.1 7.1�0.2 0.45�0.14 1.96�0.03
4a[d] 6.3�0.1 0.59�0.06


[a] Conditions: horse heart cytochrome c, 0–1.75O10�6 moldm�3; den-
drimer, 2.5O10�7 moldm�3; in 5O10�3 moldm�3 sodium phosphate buffer,
pH 7.0 (containing 10% DMF v/v); lex=558 nm; lem=610 nm. The aver-
aged values of four or five independent experiments are shown. [b] Cal-
culated fluorescence intensity ratio of a 1:1 complex to free dendrimer.
[c] Calculated fluorescence intensity ratio of a 1:2 complex to free den-
drimer. [d] The data was fitted considering only 1:1 complexation.


Figure 5. Competitive binding of cytochrome c between proteo-dendri-
mer 3a and cytochrome b5. a) b, 3a ; b) c, 3a + cytochrome c ;
c) g, 3a + cytochrome c + cytochrome b5). Conditions: dendrimer 3a,
2.5O10�7 moldm�3 ; horse heart cytochrome c, 2.5O10�7 moldm�3 ; cyto-
chrome b5, 3.5O10�6 moldm�3 ; in 5.0O10�3 moldm�3 phosphate buffer,
pH 7.0 (containing 10% DMF v/v); lex=558 nm.
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tures undergo effective complementary electrostatic interac-
tions with the polycationic surface of cytochrome c. The re-
sulting supramolecular complexes were confirmed to be
more stable than a biological protein pair of cytochrome c
and cytochrome b5 in aqueous solution. The asymmetrically
distributed patch structures on the dendrimer surfaces effi-
ciently offered sites for nanoscale protein recognition.


Experimental Section


Materials : Cytochromes c from horse heart (Wako, Mw=12384), pigeon
breast muscle (Sigma-Aldrich, Mw=12173), and Saccaromyces cerevisiae
yeast (Sigma-Aldrich, Mw=12588) are commercially available. As their
absorbance at the Soret band region was only slightly enhanced by oxida-
tion with K3[Fe(CN)6], we used them as received. Acetylated horse heart
cytochrome c was obtained from Sigma-Aldrich, in which 60% of the
lysine residues were derivatized. Microperoxidase-8 was also obtained
from Sigma-Aldrich. This is partially hydrolyzed material of the horse
heart cytochrome c and has the heme portion with amino acids 14–21 at-
tached.[16] Cytochrome b5 was purchased from Wako Pure Chemical In-
dustries and used after dialysis.


All the reaction mixtures containing porphyrin derivatives and dendri-
mers were protected from light by covering reaction flasks with alumi-
num foil. K2CO3 was dried in an oven at 150 8C for 5 h and cooled under
a dry N2 atmosphere. Dry acetonitrile and THF were freshly distilled
over P2O5 and sodium benzophenone, respectively. Stabilizer-free THF
was used in the hydrolysis of ester dendrimers. Chloroform was used as
an eluting solvent for gel permeation chromatography (GPC) purification
of dendrimers using JAIGEL 1H-2H or 2H-3H column combinations
(Japan Analytical Industry Co., Ltd.). Phosphate buffer was prepared to
adjust the pH to 7.0 by mixing 5.0O10�3 moldm�3 solutions of mono- and
dibasic sodium phosphate in deionized water containing 10% DMF.
1H and 13C NMR spectra were recorded on JEOL LA-300 and LA-400
spectrometers. The details of their assignments refer to the structures de-
scribed in Schemes 2–4. IR and CD spectra were obtained on Perkin–
Elmer SpectrumOne FTIR and Jasco J-720 spectrometers, respectively.
FAB mass spectra were measured on a JEOL JMS-700T spectrometer
using 3-nitrobenzyl alcohol as a matrix. MALDI-TOF mass experiments
were carried out by the Shimadzu Corporation, Tsukuba, Japan, using
Shimadzu AXIMA CFRplus apparatus: a trans-3-indoleacrylic acid
matrix in THF for 2b–3b ; a sinapic acid matrix in acetonitrile/water for
1a–4a. The calculated molecular masses are the average molecular
masses. Capillary electrophoresis was carried out with Otsuka CAPI-3200
apparatus using a bare fused-silica capillary (75 mm (i.d.)O45 cm).


Synthesis of zinc porphyrinate 1c


Compound 6 : This AB3-type porphyrin was synthesized by acid-catalyzed
cross-condensation according to the Lindsey procedure[10] in a 12% yield.
1H NMR (300 MHz, CDCl3): d=�2.83 (s, 2H; NH), 3.96 (s, 18H; OMe),
4.11 (s, 3H; COOMe), 6.90 (br t, 3H; Hp), 7.39 (brd, 6H; Hq), 8.30 (d,
J=8.2 Hz, 2H; Hy), 8.44 (d, J=8.2 Hz, 2H; Hx), 8.77 (d, J=4.7 Hz, 2H;
pyrrole-b), 8.95 (s, 4H; pyrrole-b) 8.96 ppm (d, J=4.7 Hz, 2H; pyrrole-
b); 13C NMR (75 MHz, CDCl3): d=52.42, 55.62, 100.15, 113.85, 118.61,
120.03, 120.09, 127.91, 129.56, 131.8, 134.52, 143.89, 147.00, 158.85,
167.33 ppm; MS (FAB): m/z : 853.4 [M+H]+ .


Compound 7: Demethylation of 6 was carried out by using BBr3 by fol-
lowing the procedure similar to that reported in ref. [11] to give 7 (35%).
1H NMR (400 MHz, CD3OD): d=4.07 (s, 3H; COOMe), 6.72–6.73 (m,
3H; Hp and Hp’), 7.15 (d, J=2.2 Hz, 4H; Hq), 7.16 (d, J=2.2 Hz, 2H;
Hq’), 8.29 (d, J=8.3 Hz, 2H; Hy), 8.41 (d, J=8.3 Hz, 2H; Hx), 9.00 ppm
(brm, 8H; pyrrole-b); 13C NMR (75 MHz, CD3OD): d=52.90, 103.23,
115.77, 119.51, 121.74, 121.88, 128.92, 130.82, 135.67, 144.96, 148.32,
157.93, 168.62 ppm; MS (FAB): m/z : 769.2 [M+H]+ .


Compound 8 : Porphyrin metalation was carried out with Zn(OAc)2 in a
mixture of chloroform and MeOH by using a procedure similar to that


reported in ref. [10]. Yield: 90%. 1H NMR (400 MHz, CD3OD): d=4.08
(s, 3H; COOMe), 6.70 (m, 3H; Hp), 7.16 (m, 6H; Hq), 8.32 (d, J=8.0 Hz,
2H; Hy), 8.42 (d, J=8.0 Hz, 2H; Hx), 8.76 (d, J=4.4 Hz, 2H; pyrrole-b),
8.98 (s, 4H; pyrrole-b) 8.99 ppm (d, J=4.4 Hz, 2H; pyrrole-b); 13C NMR
(75 MHz, CD3OD): d=52.85, 102.62, 115.87, 119.79, 121.99, 122.13,
128.55, 130.17, 131.72, 132.52, 132.57, 132.83, 135.77, 146.66, 150.27,
150.62, 151.09, 151.30, 151.37, 157.43, 168.92 ppm; MS (FAB): m/z : 830.2
[M]+ .


Compound 1c : Porphyrin 6 was metallated with Zn(OAc)2 by using a
procedure similar to that reported[10] in the literature, and the isolated
product was dissolved in THF (5 mL) and MeOH (5 mL), and NaOH
(50 mg in 0.5 mL water) was added to the reaction mixture. The progress
of hydrolysis was monitored by TLC (silica plate, 2% EtOAc in dichloro-
methane). After completion of the reaction (5 h), the solvents were re-
moved under vacuum and the residue was dissolved in dichloromethane
and washed with water, 2% citric acid, water, and brine (with gentle
shaking). The organic layer was separated, dried over Na2SO4, and
evaporated. The residue was purified by silica gel chromatography using
10% EtOAc in dichloromethane (to remove unhydrolyzed ester deriva-
tive) and then 10% MeOH in acetone, giving 1c (92%). 1H NMR
(300 MHz, CD3OD): d=3.94 (s, 12H; OMe), 3.95 (s, 6H; OMe), 6.90–
6.92 (m, 3H; Hp), 7.36–7.37 (m, 6H; Hq), 8.26 (d, J=8.0 Hz, 2H; Hy),
8.40 (d, J=8.2 Hz, 2H; Hx), 8.80 (d, J=4.7 Hz, 2H; pyrrole-b), 8.91 ppm
(m, 6H; pyrrole-b); MS (FAB): m/z : 900.3 [M]+ .


Synthesis of dendritic methanesulfonates 9–11[11, 12]


Compound 9 : 1H NMR (400 MHz, CDCl3): d=2.91 (s, 3H; SO2Me), 3.40
(s, 6H; OMe), 3.58 (AA’BB’ multiplet, 4H; CH2), 3.72 (AA’BB’ multip-
let, 4H; CH2), 3.85 (br t, J=4.8 Hz, 4H; CH2), 4.12 (br t, J=4.8 Hz, 4H;
CH2), 5.15 (s, 2H; benzylic-CH2), 6.51 (t, J=2.4 Hz, 1H; ArH), 6.56 ppm
(d, J=2.4 Hz, 2H; ArH); 13C NMR (100 MHz, CDCl3): d=38.23, 58.90,
67.42, 69.44, 70.57, 71.30, 71.74, 102.13, 107.19, 135.22, 160.05 ppm; MS
(FAB): m/z : 422.2 [M+H]+ .


Compound 10 : 1H NMR (400 MHz, CDCl3): d=2.86 (s, 3H; SO2Me),
3.39 (s, 12H; OMe), 3.58 (AA’BB’ multiplet, 8H; CH2), 3.72 (AA’BB’
multiplet, 8H; CH2), 3.85 (br t, J=4.8 Hz, 8H; CH2), 4.12 (br t, J=
4.8 Hz, 8H; CH2), 4.96 (s, 4H; benzylic-CH2), 5.15 (s, 2H; benzylic-CH2),
6.45 (t, J=2.4 Hz, 2H; ArH), 6.57–6.60 ppm (m, 7H; ArH); 13C NMR
(100 MHz, CDCl3): d=38.19, 58.88, 67.29, 69.48, 69.79, 70.53, 71.24,
71.74, 100.92, 102.80, 105.82, 107.40, 135.36, 138.62, 159.89, 159.93 ppm;
MS (FAB): m/z : 871.4 [M+H]+ .


Compound 11: 1H NMR (400 MHz, CDCl3): d=2.86 (s, 3H; OSO2Me),
3.38 (s, 24H; OMe), 3.57 (AA’BB’ multiplet, 16H; CH2), 3.71 (AA’BB’
multiplet, 16H; CH2), 3.84 (br t, J=4.8 Hz, 16H; CH2), 4.12 (br t, J=
4.8 Hz, 16H; CH2), 4.95 (br s, 8H; benzylic-CH2), 4.98 (br s, 4H; benzyl-
ic-CH2), 5.16 (s, 2H; benzylic-CH2), 6.45 (br t, J=1.6 Hz, 4H; ArH), 6.54
(br t, J=1.6 Hz, 2H; ArH), 6.59 (s, 10H; ArH), 6.63–6.65 ppm (m, 5H;
ArH); 13C NMR (100 MHz, CDCl3): d=37.75, 58.56, 67.03, 69.20, 69.46,
69.51, 70.22, 71.00, 71.46, 100.64, 101.15, 102.39, 105.60, 105.91, 107.13,
135.24, 138.56, 138.65, 159.62, 159.64 ppm; MS (FAB): m/z : 1766.8 [M]+ .


Synthesis of ester dendrimers 2d–4d


Compound 2d : Zinc 5-(4-methoxycarbonylphenyl)-10,15,20-tris(3,5-dihy-
droxyphenyl)porphinate 8 (100 mg, 0.12 mmol), mesylate 9 (355 mg,
0.84 mmol), anhydrous K2CO3 (200 mg, 1.24 mmol) and [18]crown-6
(20 mg, 0.08 mmol) were added to dry acetone (20 mL). The reaction
mixture was stirred at 50 8C under an N2 atmosphere. The progress of the
reaction was monitored by TLC by using acetone/dichloromethane (3:7).
After completion of the reaction (20 h), the solvents were removed
under vacuum and the residue was dissolved in dichloromethane (30 mL)
and filtered. The separated solid was washed with dichloromethane. The
filtrate and washings were collected and evaporated. The residue was dis-
solved in a minimum amount of dichloromethane (ca. 5 mL), and MeOH
(ca. 30 mL) was added with stirring. The product precipitated as a thick
gum and the solvents were separated by decantation. The residue was pu-
rified by silica gel column chromatography using EtOAc (to remove me-
sylate), dichloromethane, and then 30% acetone in dichloromethane as
eluent, giving 2d (76%). 1H NMR (CDCl3, 400 MHz): d=3.12 (s, 12H;
OMe’), 3.13 (s, 24H; OMe), 3.28–3.31 (m, 24H; Ha and Ha’), 3.47–3.50
(m, 24H; Hb and Hb’), 3.73 (br t, J=4.4 Hz, 24H; Hc and Hc’), 4.06 (br t,
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J=4.8 Hz, 24H; Hd and Hd’), 4.11 (s, 3H; COOMe), 5.14 (s, 12H; Hg and
Hg’), 6.42–6.44 (m, 6H; He and He’), 6.64–6.66 (m, 12H; Hf and Hf’), 7.02–
7.04 (m, 3H; Hp and Hp’), 7.46 (d, J=2.4 Hz, 4H; Hq), 7.48 (d, J=2.4 Hz,
2H; Hq’), 8.30 (d, J=8.4 Hz, 2H; Hy), 8.43 (d, J=8.4 Hz, 2H; Hx), 8.81
(d, J=4.4 Hz, 2H; pyrrole-b), 8.94–8.97 ppm (m, 6H; pyrrole-b);
13C NMR (CDCl3, 100 MHz): d=52.17, 58.65, 67.24, 69.36, 70.14, 70.30,
70.33, 71.47, 71.49, 101.10, 101.64, 106.08, 114.99, 119.17, 120.50, 120.54,
127.52, 128.96, 131.20, 131.89, 132.02, 134.38, 139.00, 144.65, 144.70,
147.93, 149.26, 149.63, 149.78, 149.81, 157.59, 157.61, 159.89, 167.19 ppm;
IR (film between KBr discs): ñ=1718 cm�1 (ester C=O); UV/Vis
(CHCl3) : lmax (loge)=427 (5.78), 555 (4.39), 595 nm (3.79); MS
(MALDI-TOF): m/z : 2786.3 [M]+ ; elemental analysis calcd (%) for
C148H186N4O44Zn: C 63.70, H 6.72, N 2.01; found: C 63.53, H 6.72, N 1.94.


Compound 3d : Dendrimer 3d was obtained by coupling of zinc por-
phyrinate 8 with mesylate 10, by using the same procedure as that used
for 2d (66%). 1H NMR (CDCl3, 400 MHz): d=3.18 (s, 24H; OMe’), 3.21
(s, 48H; OMe), 3.32–3.35 (m, 16H; Ha’), 3.36–3.39 (m, 32H; Ha), 3.46–
3.49 (m, 16H; Hb’), 3.51–3.53 (m, 32H; Hb), 3.64 (br t, J=4.8 Hz, 16H;
Hc’), 3.68 (br t, J=4.8 Hz, 32H; Hc), 3.96 (br t, J=4.8 Hz, 16H; Hd’), 4.00
(br t, J=4.8 Hz, 32H; Hd), 4.11 (s, 3H; COOMe), 4.92 (br s, 8H; Hg’),
4.93 (br s, 16H; Hg), 5.14 (s, 12H; Hj and Hj’), 6.34 (br t, J=2.4 Hz, 4H;
He’), 6.36 (br t, J=2.4 Hz, 8H; He), 6.49 (d, J=2.0 Hz, 8H; Hf’), 6.51 (d,
J=2.0 Hz, 16H; Hf), 6.53 (br s, 6H; Hh and Hh’), 6.73 (brd, J=2.0 Hz,
12H; Hi and Hi’), 7.06 (br t, J=2.0 Hz, 3H; Hp and Hp’), 7.49 (brd, J=
2.0 Hz, 6H; Hq and Hq’), 8.24 (d, J=8.2 Hz, 2H; Hy), 8.39 (d, J=8.2 Hz,
2H; Hx), 8.80 (d, J=4.6 Hz, 2H; pyrrole-b), 8.98–9.03 ppm (m, 6H; pyr-
role-b); 13C NMR (CDCl3, 100 MHz): d=52.18, 58.69, 58.71, 67.14, 67.18,
69.32, 69.35, 69.79, 70.04, 70.29, 70.33, 71.53, 71.56, 100.88, 101.16, 101.62,
105.81, 106.35, 106.41, 115.13, 119.12, 120.41, 120.52, 127.50, 128.93,
131.18, 131.95, 134.38, 138.90, 139.02, 139.06, 144.78, 147.94, 149.23,
149.60, 149.74, 149.81, 157.59, 159.80, 159.81, 159.89, 167.22 ppm; IR
(film between KBr discs): ñ=1719 cm�1 (ester C=O). UV/Vis (CHCl3):
lmax (loge)=427 (5.78), 555 (4.38), 595 nm (3.77); MS (MALDI-TOF):
m/z : 5476.5 [M]+ ; elemental analysis calcd (%) for C292H378N4O92Zn: C
63.98, H 6.95, N 1.02; found: C 63.92, H 7.06, N 1.03.


Compound 4d : Dendrimer 4d was obtained by coupling of zinc por-
phyrinate 8 with mesylate 11 (8.0 molar equiv) by using the same proce-
dure as that for 2d and was finally purified with 2H-3H JAIGEL GPC.
Yield: 64%; 1H NMR (CDCl3, 400 MHz): d=3.22 (s, 48H; OMe’), 3.26
(s, 96H; OMe), 3.36–3.39 (m, 32H; Ha’), 3.41–3.44 (m, 64H; Ha), 3.50–
3.53 (m, 32H; Hb’), 3.56–3.58 (m, 64H; Hb), 3.67 (br t, J=4.8 Hz, 32H;
Hc’), 3.72 (br t, J=4.8 Hz, 64H; Hc), 3.96 (br t, J=4.4 Hz, 32H; Hd’), 4.01
(br t, J=4.8 Hz, 64H; Hd), 4.06 (s, 3H; COOMe), 4.82 (s, 16H; Hg’), 4.87
(s, 32H; Hg), 4.91 (br s, 8H; Hj’), 4.92 (br s, 16H; Hj), 5.13 (br s, 12H; Hm


and Hm’), 6.33 (br t, J=2.4 Hz, 8H; He’), 6.37 (br t, J=2.4 Hz, 16H; He),
6.44 (br t, J=2.4 Hz, 4H; Hh’), 6.46 (brd, J=2.4 Hz, 24H; Hf’ and Hh),
6.50 (d, J=2.4 Hz, 32H; Hf), 6.56 (br t, J=2.4 Hz, 6H; Hk and Hk’), 6.59
(brd, J=2.4 Hz, 8H; Hi’), 6.62 (brd, J=2.4 Hz, 16H; Hi), 6.77 (brm,
12H; Hl and Hl’), 7.08 (br s, 3H; Hp and Hp’), 7.54 (br s, 6H; Hq and Hq’),
8.23 (d, J=8.2 Hz, 2H; Hy), 8.36 (d, J=8.2 Hz, 2H; Hx), 8.81 (d, J=
4.8 Hz, 2H; pyrrole-b), 9.02 (d, J=4.8 Hz, 2H; pyrrole-b), 9.07–9.10 ppm
(m, 4H; pyrrole-b); 13C NMR (CDCl3, 100 MHz): d=52.05, 58.63, 58.67,
67.07, 67.12, 69.26, 69.31, 69.54, 69.60, 69.71, 70.25, 70.30, 71.50, 71.54,
100.78, 101.25, 105.70, 105.75, 106.11, 106.25, 106.46, 114.92, 119.07,
120.37, 120.48, 127.42, 128.81, 131.12, 131.86, 134.30, 138.79, 138.91,
139.03, 144.75, 147.80, 149.14, 149.54, 149.67, 149.74, 157.59, 159.68,
159.72, 159.85, 167.05 ppm; IR (film between KBr discs): ñ=1718 cm�1


(ester C=O); UV/Vis (CHCl3): lmax (loge)=427 (5.78), 555 (4.38),
595 nm (3.78); MS (MALDI-TOF): m/z : 10863.8 [M]+ ; elemental analy-
sis calcd (%) for C580H762N4O188Zn: C 64.12, H 7.07, N 0.52; found: C
63.81, H 7.12, N 0.62.


Synthesis of proteo-dendrimers 2c–4c


Compound 2c : Dendrimer 2d (200 mg, 0.072 mmol) was dissolved in sta-
bilizer-free THF (5 mL) and MeOH (2 mL). Aqueous NaOH solution
(40 mg, 1.0 mmol, in 1.0 mL water) was added, and the reaction mixture
was stirred at room temperature. After 7 h, the solvents were removed
under vacuum and the residue dissolved in dichloromethane was washed
with water (2O10 mL), 2% citric acid (10 mL), and then with water (2O


10 mL). The organic layer was separated, dried over MgSO4, filtered, and
evaporated. The residue was purified by silica gel chromatography using
acetone and then 10% MeOH in acetone to give 2c (92%). 1H NMR
(CDCl3, 400 MHz): d=3.12 (s, 24H; OMe), 3.14 (s, 12H; OMe’), 3.27–
3.33 (m, 24H; Ha and Ha’), 3.45–3.51 (m, 24H; Hb and Hb’), 3.69–3.74 (m,
24H; Hc and Hc’), 4.03–4.08 (m, 24H; Hd and Hd’), 5.14 (br s, 8H; Hg),
5.16 (br s, 4H; Hg’), 6.42 (br t, J=2.0 Hz, 4H; He), 6.44 (br t, J=2.0 Hz,
2H; He’), 6.64 (brd, J=2.0 Hz, 8H; Hf), 6.66 (brd, J=2.0 Hz, 4H; Hf’),
7.03–7.05 (brm, 3H; Hp and Hp’), 7.48 (brd, J=1.6 Hz, 4H; Hq), 7.49
(brd, J=1.6 Hz, 2H; Hq’), 8.34 (d, J=8.2 Hz, 2H; Hy), 8.49 (d, J=
8.2 Hz, 2H; Hx), 8.84 (d, J=4.8 Hz, 2H; pyrrole-b), 8.95 ppm (m, 6H;
pyrrole-b); 13C NMR (CDCl3, 100 MHz): d=58.70, 58.72, 67.37, 67.39,
69.46, 69.47, 70.27, 70.39, 70.42, 71.57, 71.60, 101.26, 101.83, 106.22,
115.14, 119.19, 120.60, 120.65, 128.16, 128.61, 131.28, 131.92, 132.12,
134.57, 139.12, 144.73, 144.78, 148.60, 149.34, 149.74, 149.89, 149.91,
157.70, 157.72, 160.00, 160.01, 170.32 ppm; IR (film between KBr discs):
ñ=1718 cm�1 (acid C=O); UV/Vis (CHCl3): lmax (log e)=427 (5.76), 555
(4.38), 595 nm (3.78); elemental analysis calcd (%) for C147H184N4O44Zn:
C 63.59, H 6.68, N 2.02; found: C 63.76, H 6.82, N 2.00.


Compound 3c : Dendrimer 3d was hydrolyzed to dendrimer 3c by using
the same procedure as that used for 2c. Yield: 85%; 1H NMR (CDCl3,
400 MHz): d=3.19 (s, 24H; OMe’), 3.20 (s, 48H; OMe), 3.34–3.38 (m,
48H; Ha and Ha’), 3.48–3.52 (m, 48H; Hb and Hb’), 3.64–3.69 (m, 48H; Hc


and Hc’), 3.96–4.01 (m, 48H; Hd and Hd’), 4.93 (s, 24H; Hg and Hg’), 5.13–
5.21 (m, 12H; Hj and Hj’), 6.35 (br t, J=2.4 Hz, 4H; He’), 6.37 (br t, J=
2.4 Hz, 8H; He), 6.49 (brd, J=2.0 Hz, 8H; Hf’), 6.50 (brd, J=2.0 Hz,
16H; Hf), 6.54 (br t, J=2.0 Hz, 6H; Hh and Hh’), 6.74 (brd, J=1.6 Hz,
12H; Hi and Hi’), 7.04–7.06 (m, 3H; Hp and Hp’), 7.46 (brd, J=2.4 Hz,
4H; Hq), 7.48 (brd, J=2.0 Hz, 2H; Hq’), 8.14 (d, J=7.8 Hz, 2H; Hy), 8.29
(d, J=7.8 Hz, 2H; Hx), 8.70 (d, J=4.8 Hz, 2H; pyrrole-b), 8.80 (d, J=
4.4 Hz, 2H; pyrrole-b), 9.00 (d, J=4.8 Hz, 2H; pyrrole-b), 9.05 ppm (d,
J=4.4 Hz, 2H; pyrrole-b); 13C NMR (CDCl3, 100 MHz): d=58.74, 67.21,
69.37, 69.40, 69.83, 70.06, 70.33, 70.50, 71.60, 100.92, 101.57, 101.66,
105.78, 105.85, 106.43, 115.20, 115.41, 119.24, 120.45, 120.51, 127.85,
128.86, 131.27, 131.97, 134.44, 138.97, 139.12, 139.19, 144.73, 144.86,
147.98, 149.24, 149.65, 149.73, 149.81, 157.56, 157.63, 159.85, 159.86,
159.94, 159.98, 168.62 ppm; IR (film between KBr discs): ñ=1716 cm�1


(acid C=O); UV/Vis (CHCl3): lmax (log e)=427 (5.75), 555 (4.35), 595 nm
(3.77); elemental analysis calcd (%) for C291H376N4O92Zn: C 63.93, H
6.93, N 1.02; found: C 63.75, H 7.08, N 0.99.


Compound 4c : Ester dendrimer 4d was hydrolyzed to dendrimer 4c
(83%) by using the same procedure as that used for dendrimer 2c.
1H NMR (CDCl3, 300 MHz): d=3.23 (s, 48H; OMe’), 3.27 (s, 96H;
OMe), 3.38–3.40 (m, 32H; Ha’), 3.43–3.45 (m, 64H; Ha), 3.51–3.54 (m,
32H; Hb’), 3.57–3.59 (m, 64H; Hb), 3.68 (br t, J=4.2 Hz, 32H; Hc’), 3.73
(br t, J=5.1 Hz, 64H; Hc), 3.97 (br t, J=5.1 Hz, 32H; Hd’), 4.02 (br t, J=
5.1 Hz, 64H; Hd), 4.83 (br s, 16H; Hg’), 4.87 (s, 32H; Hg), 4.91 (br s, 8H;
Hj’), 4.93 (br s, 16H; Hj), 5.13 (br s, 12H; Hm and Hm’), 6.34 (br t, J=
2.1 Hz, 8H; He’), 6.38 (br t, J=2.1 Hz, 16H; He), 6.45–6.48 (brm, 28H;
Hh’, Hf’ and Hh), 6.52 (brd, J=2.1 Hz, 32H; Hf), 6.57 (br s, 6H; Hk and
Hk’), 6.60 (brd, J=1.8 Hz, 8H; Hi’), 6.62 (brd, J=1.8 Hz, 16H; Hi), 6.77
(brd, J=1.8 Hz, 12H; Hl and Hl’), 7.06–7.08 (brm, 3H; Hp and Hp’), 7.54
(br s, 6H; Hq and Hq’), 8.20 (d, J=8.0 Hz, 2H; Hy), 8.35 (d, J=8.0 Hz,
2H; Hx), 8.81 (brd, J=4.8, 2H; pyrrole-b), 8.99 (d, J=4.8 Hz, 2H; pyr-
role-b), 9.06 (brd, J=4.8 Hz, 2H; pyrrole-b), 9.10 ppm (brd, J=4.8 Hz,
2H; pyrrole-b); 13C NMR (CDCl3, 100 MHz): d=58.76, 58.79, 67.24,
67.27, 69.40, 69.45, 69.71, 69.76, 69.87, 70.39, 70.43, 71.63, 71.68, 100.91,
100.96, 101.40, 105.87, 105.93, 106.27, 106.50, 106.61, 115.15, 119.42,
120.48, 120.54, 127.83, 129.18, 131.39, 132.01, 134.42, 138.94, 139.03,
139.10, 139.14, 144.89, 147.73, 149.32, 149.73, 149.86, 157.74, 159.83,
159.86, 159.88, 160.00, 167.72 ppm; IR (film between KBr discs): ñ=


1718 cm�1 (ester C=O); UV/Vis (CHCl3): lmax (loge)=427 (5.78), 555
(4.38), 595 nm (3.76); MS (MALDI-TOF): m/z : 10849.9 [M]+ ; elemental
analysis calcd (%) for C579H760N4O188Zn: C 64.10, H 7.06, N 0.52; found:
C 63.68, H 7.04, N 0.56.


Synthesis of oligopeptide ester 5 :[13] Oligopeptide ester 5 was synthesized
by repeated condensation of N-CBZ-glutamic acid (CBZ=carbobenzyl-
oxy) and glutamic acid diethyl ester followed by deprotection as shown
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in Scheme 4. [a]25
D =�1.2 (c=2.5 in CHCl3), �19.9 (c=0.26 in MeOH);


1H NMR (CDCl3, 400 MHz): d=1.21–1.32 (m, 24H; ester CH3), 1.77–
2.68 (m, 28H; CH2), 2.96 (dd, 1H; CH), 4.05–4.28 (m, 18H; ester CH2


and CH), 4.63–4.71 (m, 2H; CH), 4.81–4.88 (m, 2H; CH), 7.78 (d, J=
8.8 Hz, 1H; amide NH), 7.81 (d, J=8.8 Hz, 1H; amide NH), 8.21 (d, J=
6.4 Hz, 1H; amide NH), 8.24 (d, J=9.2 Hz, 1H; amide NH), 8.29 (d, J=
9.2 Hz, 1H; amide NH), 8.41 ppm (d, J=6.4 Hz, 1H; amide NH);
13C NMR (CDCl3, 100 MHz): d=14.01, 14.13, 14.20, 26.45, 26.51, 27.00,
27.21, 27.23, 27.34, 30.03, 30.18, 30.70, 31.89, 31.97, 32.02, 33.15, 51.41,
51.46, 51.63, 51.67, 53.01, 53.30, 53.40, 60.46, 60.52, 60.60, 62.13, 62.17,
62.32, 172.37, 172.45, 172.52, 172.59, 172.67, 173.03, 173.92, 173.99, 174.11,
174.20, 175.59 ppm; MS (FAB): m/z : 1146.5 [M+H]+ ; elemental analysis
calcd (%) for C51H83N7O22: C 53.44, H 7.30, N 8.55; found: C 53.33, H
7.29, N 8.44.


Synthesis of ester dendrimers 1b–4b


Compound 1b : Acid dendrimer 1c (25.0 mg, 0.028 mmol), HOBt
(6.0 mg, 0.039 mmol), HBTU (15 mg, 0.039 mmol), and DIPEA (10 mg,
0.078 mmol) were added to dry dichloromethane (10 mL) and stirred at
0 8C for 20 min. Peptide dendron 5 (45 mg, 0.039 mmol) was added and
the reaction mixture was stirred at 0 8C for 45 min and the temperature
was allowed to rise to room temperature slowly. The progress was moni-
tored by TLC (20% EtOAc in dichloromethane). The reaction was
found to be complete after stirring for 36 h. The solvent was removed
under vacuum and the residue was dissolved in dichloromethane and
washed with 2% citric acid (10 mL), water (2O10 mL), aqueous
NaHCO3 (10 mL), water (10 mL), and brine (10 mL). The organic layer
was separated, dried over MgSO4, filtered, and evaporated. The residue
was purified by alumina column chromatography, followed by 1H-2H
JAIGEL GPC, giving 1b (70%). M.p. 117–118 8C; 1H NMR (CDCl3,
400 MHz): d=1.20–1.34 (m, 24H; Glu-ester CH3), 1.85–2.85 (m, 28H;
Glu-CH2), 3.94 (s, 18H; OMe), 4.10–4.30 (m, 17H; Glu-ester OCH2 and
Glu-CH), 4.32–4.38 (m, 1H; Glu-CH), 4.44–4.50 (m, 1H; Glu-CH), 4.65–
4.73 (m, 2H; Glu-CH), 4.83–4.89 (m, 1H; Glu-CH), 5.01–5.07 (m, 1H;
Glu-CH), 6.82 (d, J=8.4 Hz, 1H; CONH), 6.88 (br t, 3H; Hp), 7.39 (brd,
6H; Hq), 7.77 (d, J=9.0 Hz, 1H; CONH), 7.90 (d, J=8.8 Hz, 1H;
CONH), 8.15 (d, J=8.4 Hz, 2H; Hx), 8.21–8.34 (m, 5H; 3OCONH and
Hy), 8.85 (d, J=4.6 Hz, 2H; pyrrole-b), 8.87 (brd, 1H; CONH), 9.04 ppm
(br s, 6H; pyrrole-b); 13C NMR (CDCl3, 75 MHz): d=14.02, 14.06, 14.13,
14.14, 14.20, 14.21, 26.44, 26.61, 27.00, 27.20, 27.44, 29.62, 30.15, 30.39,
30.59, 30.65, 31.39, 31.91, 32.01, 51.51, 51.62, 51.71, 51.79, 52.95, 53.29,
55.50, 60.27, 60.55, 60.57, 62.07, 62.26, 99.90, 113.76, 119.65, 120.80,
125.35, 131.45, 131.95, 132.10, 133.10, 134.34, 144.58, 146.31, 149.66,
149.83, 149.97, 158.50, 158.55, 166.51, 171.71, 172.34, 172.42, 172.51,
172.53, 172.61, 173.26, 173.36, 173.49, 173.74, 173.78, 173.92, 174.05 ppm;
IR (film between KBr discs): ñ=1657 (amide C=O), 1736 cm�1 (ester C=
O); UV/Vis (CHCl3): lmax(loge)=425 (5.77), 553 (4.37), 593 nm (3.68);
HRMS (FAB): m/z calcd for C102H121N11O29Zn: 2027.7623 [M]+ ; found:
2027.7596; elemental analysis calcd (%) for C102H121N11O29Zn + H2O: C
59.80, H 6.05, N 7.52; found: C 59.80, H 6.05, N 7.44.


Compound 2b : Dendrimer 2b was prepared by coupling 2c with peptide
dendron 5 using the same procedure as that for 1b (reaction time=24 h).
Yield: 77%; 1H NMR (CDCl3, 400 MHz): d=1.21–1.35 (m, 24H; Glu-
ester CH3), 1.80–2.85 (m, 28H; Glu-CH2), 3.13 (s, 12H; OMe’), 3.15 (s,
24H; OMe), 3.29–3.33 (m, 24H; Ha and Ha’), 3.48–3.52 (m, 24H; Hb and
Hb’), 3.72–3.76 (m, 24H; Hc and Hc’), 4.06–4.08 (m, 24H; Hd and Hd’),
4.09–4.49 (m, 19H; Glu-ester OCH2 and Glu-CH), 4.67–4.74 (m, 2H;
Glu-CH), 4.80–4.86 (m, 1H; Glu-CH), 5.00–5.06 (m, 1H; Glu-CH), 5.15
(br s, 12H; Hg and Hg’), 6.44 (br t, J=2.4 Hz, 6H; He and He’), 6.65 (brd,
J=2.4 Hz, 12H; Hf and Hf’), 6.94 (d, J=7.6 Hz, 1H; CONH), 7.04 (br s,
3H; Hp and Hp’), 7.46–7.48 (m, 6H; Hq and Hq’), 7.78 (d, J=10.4 Hz, 1H;
CONH), 7.89 (d, J=8.4 Hz, 1H; CONH), 8.17 (d, J=8.4 Hz, 2H; Hy),
8.24–8.27 (m, 3H; CONH and Hx), 8.34 (d, J=9.6 Hz, 1H; CONH), 8.42
(d, J=6.4 Hz, 1H; CONH), 8.80 (d, J=4.6 Hz, 2H; pyrrole-b), 8.89 (d,
J=6.8 Hz, 1H; CONH), 8.94 (br s, 4H; pyrrole-b), 8.97 ppm (d, J=
4.6 Hz, 2H; pyrrole-b); 13C NMR (CDCl3, 100 MHz): d=14.02, 14.05,
14.15, 14.19, 14.24, 26.50, 26.66, 27.00, 27.24, 27.30, 27.56, 29.77, 30.17,
30.47. 30.67, 30.72, 31.45, 32.06, 32.16, 51.60, 51.64, 51.74, 51.79, 51.85,
52.97, 53.44, 58.73, 58.75, 60.30, 60.55, 60.60, 62.06, 62.09, 62.32, 67.39,


69.49, 70.29, 70.44, 70.45, 71.60, 71.61, 101.27, 101.84, 101.92, 106.23,
114.99, 115.07, 119.45, 120.55, 125.30, 131.36, 131.91, 132.02, 133.05,
134.40, 139.12, 139.14, 144.73, 146.49, 149.53, 149.72, 149.86, 149.88,
157.71, 160.01, 166.57, 171.75, 172.38, 172.47, 172.53, 172.62, 172.67,
173.27, 173.36, 173.66, 173.81, 173.97, 174.06, 174.15 ppm; IR (film be-
tween KBr discs): ñ=1651 (amide C=O), 1733 cm�1 (ester C=O); UV/
Vis (CHCl3): lmax (loge)=427 (5.79), 555 (4.38), 595 nm (3.76); MS
(MALDI-TOF): m/z : 3903.2 [M]+ ; elemental analysis calcd (%) for
C198H265N11O65Zn + 4H2O: C 59.80, H 6.92, N 3.87; found: C 59.81, H
6.94, N 3.85.


Compound 3b : Dendrimer 3b was prepared by coupling acid dendrimer
3c with peptide dendron 5 using the same procedure as that for 1b (reac-
tion time=60 h). Yield: 80%; 1H NMR (CDCl3, 400 MHz): d=1.19–1.34
(m, 24H; Glu-ester CH3), 1.90–2.79 (m, 28H; Glu-CH2), 3.17 (s, 24H;
OMe’), 3.20 (s, 48H; OMe), 3.32–3.34 (m, 16H; Ha’), 3.36–3.38 (m, 32H;
Ha), 3.46–3.48 (m, 16H; Hb’), 3.50–3.53 (m, 32H; Hb), 3.63 (br t, J=
4.8 Hz, 16H; Hc’), 3.68 (br t, J=4.8 Hz, 32H; Hc), 3.96 (br t, J=5.2 Hz,
16H; Hd’), 4.00 (br t, J=5.2 Hz, 32H; Hd), 4.07–4.48 (m, 19H; Glu-ester
OCH2 and Glu-CH), 4.66–4.73 (m, 2H; Glu-CH), 4.79–4.85 (m, 1H; Glu-
CH), 4.92 (s, 8H; Hg’), 4.94 (s, 16H; Hg), 5.00–5.05 (m, 1H; Glu-CH),
5.14 (br s, 12H; Hj and Hj’), 6.34 (br t, J=2.4 Hz, 4H; He’), 6.36 (br t, J=
2.4 Hz, 8H; He), 6.49 (brd, J=2.4 Hz, 8H; Hf’), 6.52 (brd, J=2.4 Hz,
16H; Hf), 6.53 (br t, J=2.0 Hz, 6H; Hh and Hh’), 6.73–6.75 (m, 12H; Hi


and Hi’), 6.94 (d, J=7.2 Hz, 1H; CONH), 7.05–7.07 (m, 3H; Hp and Hp’),
7.50 (brm, 6H; Hq and Hq’), 7.75 (d, J=9.6 Hz, 1H; CONH), 7.88 (d, J=
9.6 Hz, 1H; CONH), 8.15 (d, J=8.0 Hz, 2H; Hy), 8.21–8.24 (m, 3H; Hx


and CONH), 8.31 (d, J=10.0 Hz, 1H; CONH), 8.42 (d, J=7.2 Hz, 1H;
CONH), 8.81 (d, J=4.4 Hz, 2H; pyrrole-b), 8.86 (d, J=6.6 Hz, 1H;
CONH), 9.01 (s, 4H; pyrrole-b), 9.02 ppm (d, J=4.4 Hz, 2H; pyrrole-b);
13C NMR (CDCl3, 100 MHz): d=14.02, 14.12, 14.16, 14.19, 26.48, 26.63,
26.93, 27.23, 27.61, 29.59, 30.15, 30.42, 30.60, 30.69, 31.39, 32.00, 32.14,
51.57, 51.68, 51.72, 51.76, 52.00, 52.83, 53.41, 58.77, 58.79, 60.29, 60.53,
60.55, 60.59, 61.98, 62.07, 62.29, 67.26, 67.30, 69.41, 69.45, 69.91, 70.14,
70.38, 70.42, 71.63, 71.66, 101.02, 101.73, 105.92, 105.95, 106.51, 115.04,
115.20, 119.38, 120.44, 120.55, 125.28, 131.32, 131.99, 132.83, 134.43,
139.02, 139.07, 139.15, 144.93, 144.98, 146.61, 149.50, 149.70, 149.85,
149.90, 157.69, 157.73, 159.90, 159.91, 159.98, 166.66, 172.72, 172.36,
172.47, 172.50, 172.55, 172.62, 172.66, 173.17, 173.60, 173.64, 173.95,
170.01, 174.06 ppm; IR (film between KBr discs): ñ=1651 (amide C=O),
1732 cm�1 (ester C=O) ; UV/Vis (CHCl3): lmax (log e)=427 (5.79), 555
(4.39), 595 nm (3.79); MS (MALDI-TOF): m/z : 6594.8 [M]+ ; elemental
analysis calcd (%) for C342H457N11O113Zn + 6H2O: C 61.27, H 7.05, N
2.30; found: C 61.27, H 7.14, N 2.20.


Compound 4b : Dendrimer 4b was prepared by coupling acid dendrimer
4c with peptide dendron 5 using the same procedure as that for 1b (reac-
tion time=85 h; purified by 2H-3H JAIGEL GPC followed by silica gel
flash chromatography). Yield: 52%; 1H NMR (CDCl3, 400 MHz): d=


1.17–1.33 (m, 24H; Glu-ester CH3), 1.80–2.80 (m, 28H; Glu-CH2), 3.22
(s, 48H; OMe’), 3.25 (s, 96H; OMe), 3.36–3.39 (m, 32H; Ha’), 3.41–3.43
(m, 64H; Ha), 3.50–3.53 (m, 32H; Hb’), 3.55–3.58 (m, 64H; Hb), 3.66 (br t,
J=4.8 Hz, 32H; Hc’), 3.71 (br t, J=4.8 Hz, 64H; Hc), 3.96 (br t, J=
4.8 Hz, 32H; Hd’), 4.01 (br t, J=4.8 Hz, 64H; Hd), 4.05–4.27 (m, 17H;
Glu-ester OCH2 and Glu-CH), 4.38–4.45 (m, 2H; Glu-CH), 4.62–4.71 (m,
2H; Glu-CH), 4.75 (m, 1H; Glu-CH), 4.82 (s, 16H; Hg’), 4.87 (s, 32H;
Hg), 4.90 (br s, 8H; Hj’), 4.93 (br s, 16H; Hj), 5.00 (m, 1H; Glu-CH), 5.13
(br s, 12H; Hm and Hm’), 6.33 (br t, J=2.0 Hz, 8H; He’), 6.37 (br t, J=
2.0 Hz, 16H; He), 6.44 (br t, J=1.6 Hz, 4H; Hh’), 6.46 (brd, J=2.0 Hz,
24H; Hf’ and Hh), 6.50 (d, J=2.0 Hz, 32H; Hf), 6.55 (brm, 6H; Hk and
Hk’), 6.59 (brd, J=2.0 Hz, 8H; Hi’), 6.61 (brd, J=2.0 Hz, 16H; Hi), 6.76
(brd, J=2.0 Hz, 4H; Hl’), 6.78 (brd, J=2.0 Hz, 8H; Hl), 7.03 (brd, J=
7.2 Hz, 1H; CONH), 7.07 (br s, 1H; Hp’), 7.10 (br s, 2H; Hp), 7.55 (br s,
6H; Hq and Hq’), 7.72 (d, J=6.8 Hz, 1H; CONH), 7.84 (d, J=6.8 Hz,
1H; CONH), 8.15–8.28 (m, 6H; Hy, Hx, and CONH), 8.46 (brd, J=
6.8 Hz, 1H; CONH), 8.82 (brm, 3H; CONH and pyrrole-b), 9.05–
9.08 ppm (m, 6H; pyrrole-b); IR (film between KBr discs): ñ=1652
(amide C=O), 1734 cm�1 (ester C=O); UV/Vis (CHCl3): lmax (loge)=427
(5.78), 555 (4.39), 595 nm (3.75); MS (MALDI-TOF): m/z : 10967.86
[M]+ ; elemental analysis calcd (%) for C630H841N11O209Zn + 8H2O: C
62.42, H 7.13, N 1.27; found: C 62.38, H 7.19, N 1.22.
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Synthesis of proteo-dendrimers 1a–4a


Compound 2a : Dendrimer 2b (25 mg, 0.0064 mmol) was dissolved in
THF (1 mL) and MeOH (1 mL). LiOH (8.8 molar equiv, 0.056 mmol)
dissolved in water (0.5 mL) was added to reaction mixture and stirred at
room temperature. The progress of hydrolysis was followed by capillary
electrophoresis by withdrawing small aliquots (see Figure S1 in the Sup-
porting Information). After 36 h the solvents were removed under
vacuum and the residue was dissolved in water (1 mL) and LiOH
(1.6 molar equiv) was added. The reaction mixture was stirred at room
temperature for a further 24 h. The solvents were removed under
vacuum and the residue was dried under high vacuum, offering 2a as a
hygroscopic semisolid. 1H NMR (CD3OD, 400 MHz): d=1.90–2.55 (brm,
28H; Glu CH2), 3.04 (s, 12H; OMe’), 3.12 (s, 24H; OMe), 3.13–3.16 (m,
8H; CH2O), 3.21–3.27 (brm, 24H; CH2O), 3.30–3.40 (brm, 24H; CH2O),
3.51 (br t, 16H; CH2O), 3.62 (br s, 8H; CH2O), 3.84 (br s, 16H; CH2O),
4.25–4.74 (4brm + 1br s, total 11H; benzylic CH2 and Glu-CH), 5.05
(br s, 8H; benzylic CH2), 6.20 (s, 2H; ArH), 6.29 (s, 4H; ArH), 6.35 (s,
4H; ArH), 6.53 (br s, 8H; ArH), 6.68 (br s, 1H; ArH), 6.96 (br s, 2H;
ArH), 7.37 (s, 2H; ArH), 7.42 (s, 4H; ArH), 8.31 (br s, 4H; ArH), 8.75
(br s, 6H; pyrrole-b), 8.86 ppm (brd, 2H; pyrrole-b); IR (between KBr
discs): ñ=1596 cm�1 (broad with shoulder at 1656 cm�1); UV/Vis (5.0O
10�3 moldm�3 sodium phosphate buffer containing 10% DMF, pH 7.0):
lmax (loge)=429 (5.52), 558 (4.34), 599 nm (3.81); MS (MALDI-TOF,
linear): m/z calcd for C182H233N11O65Zn: 3680.3 [M]+ ; found: broad peak
centered at 3682.4.


Compound 1a : Dendrimer 1b was hydrolyzed to proteo-dendrimer 1a
by using a procedure similar to that used for 2a using 9.6 molar equiva-
lent of LiOH. M.p.: >300 8C; 1H NMR (CD3OD, 400 MHz): d=1.9–2.5
(brm, 28H; Glu CH2), 3.94 (s, 18H; OMe), 4.24–4.63 (4brm, 7H; Glu-
CH), 6.89 (br t, 3H; ArH), 7.36 (br t, 6H; ArH), 8.26 (brq, 4H; ArH),
8.75 (d, J=5.4 Hz, 2H; pyrrole-b), 8.91 ppm (m, 6H; pyrrole-b); IR
(KBr): ñ=1590 cm�1 (broad with shoulder at 1654 cm�1); UV/Vis (5.0O
10�3 moldm�3 sodium phosphate buffer containing 10% DMF, pH 7.0):
lmax (log e)=425 (5.78), 557 (4.33), 597 nm (3.90); MS (MALDI-TOF, re-
flectron): m/z calcd for C86H89N11O29Zn: 1806.1 [M]+; found: 1807.7.


Compound 3a : Dendrimer 3b (25 mg) was dissolved in THF (1 mL) and
MeOH (1 mL). LiOH (9.6 molar equiv, dissolved in 0.5 mL of water) was
added to the reaction mixture and stirred at room temperature. The
progress of the hydrolysis was followed by capillary electrophoresis by
withdrawing small aliquots (see Figure S1 in the Supporting Information).
After 48 h the solvents were removed under vacuum and the residue was
dissolved in water (1 mL) and LiOH (3.2 molar equiv) was added. The
reaction mixture was stirred at room temperature for another 48 h and
the reaction was completed. The excess of LiOH was removed by ultrafil-
tration using a 3000 molecular weight cut-off membrane using distilled
water three times. Finally, the residue was dried under high vacuum, of-
fering 3a as a hygroscopic semisolid. 1H NMR (CD3OD, 400 MHz): d=
1.90–2.55 (brm, 28H; Glu CH2), 3.09 (s, 24H; OMe’), 3.13 (s, 48H;
OMe), 3.22 (brm, 16H; CH2O), 3.25–3.31 (brm, 48H; CH2O), 3.36
(brm, 48H; CH2O), 3.47 (brm, 32H; CH2O), 3.60 (brm, 16H; CH2O),
3.75 (brm, 32H; CH2O), 4.27–4.70 (3brm + brs, 35H; benzylic CH2 and
Glu-CH), 5.01 (br s, 8H; benzylic CH2), 6.13–6.60 (6br s, 54H; ArH), 6.80
(br s, 1H; ArH), 6.96 (br s, 2H; ArH), 7.37 (br s, 2H; ArH), 7.42 (br s,
4H; ArH), 8.26 (br s, 4H; ArH), 8.76–8.80 (2 br s, 6H; pyrrole-b),
8.93 ppm (brd, 2H; pyrrole-b); IR (film between KBr discs): ñ=


1598 cm�1 (broad with shoulder at 1655 cm�1); UV/Vis (5.0O
10�3 moldm�3 sodium phosphate buffer containing 10% DMF pH 7.0):
lmax (loge)=436 (5.53), 558 (4.34), 599 nm (3.82); MS (MALDI-TOF,
linear): m/z calcd for C326H425N11O113Zn: 6371.4 [M]+ ; found: broad peak
centered at 6388.7.


Compound 4a : Dendrimer 4b (25 mg) was dissolved in THF (1 mL) and
MeOH (1 mL). LiOH (14.4 molar equiv, dissolved in 0.5 mL of water)
was added to the reaction mixture and stirred at room temperature. The
progress of the hydrolysis was followed by capillary electrophoresis by
withdrawing small aliquots (see Figure S1 in the Supporting Information).
After 48 h the solvents were removed under vacuum and the residue was
dissolved in water (1 mL) and LiOH (3.2 molar equiv) was added. The
reaction mixture was stirred at room temperature for another 48 h. More


LiOH (3.2 molar equiv) was added and stirred, and the reaction was
found to be completed after 24 h. The excess of LiOH was removed by
ultrafiltration using a 3000 molecular weight cut-off membrane using dis-
tilled water three times. Finally, the residue was dried under vacuum,
giving 4a as a hygroscopic semisolid. 1H NMR (CD3OD, 400 MHz): d=
1.90–2.55 (brm, 28H; Glu CH2), 3.16 (br s, 144H; OMe’ and OMe), 3.29–
3.31 (br s, 96H; CH2O), 3.41 (br s, 96H; CH2O), 3.51 (brm, 96H; CH2O),
3.78 (br s, 96H; CH2O), 4.28–4.70 (brm + 2br s, 189H; benzylic CH2 and
Glu-CH), 6.13–6.60 (brm, 126H; ArH), 6.91 (br s, 3H; ArH), 7.43 (br s,
6H; ArH), 8.26 (br s, 4H; ArH), 8.77, 8.99 ppm (2brs, 8H; pyrrole-b);
IR (film between KBr discs): ñ=1595 cm�1 (broad with shoulder at
1656 cm�1); UV/Vis (5.0O10�3 moldm�3 sodium phosphate buffer con-
taining 10% DMF, pH 7.0): lmax (loge)=434 (5.53), 558 (4.34), 599 nm
(3.81); MS (MALDI-TOF, linear): m/z calcd for C614H809N11O209Zn:
11753.6 [M]+ ; found: broad peak centered at 11774.7.


LogK determination : The complexation experiments were carried out at
pH 7.0 (5.0O10�3 moldm�3 sodium phosphate buffer containing 10%
DMF v/v). A dendrimer solution (2.5O10�7 moldm�3, 2.5 mL) was added
to a 1 cm cuvette and its fluorescence spectra was recorded by excitation
at 558 nm. Cytochrome c solution (1.25O10�5 moldm�3 and 6.25O
10�5 moldm�3) prepared in the same buffer was added in small aliquots
of 5–30 ml. After each addition, the sample was stirred for 5 min before
the fluorescence spectrum was measured. The emission intensity at 610
or 650 nm was plotted against the molar ratio x [cytochrome c]/[den-
drimer]. The stability constants were calculated by using nonlinear curve
fitting as described below. We use the following abbreviations: R=


proteo-dendrimer; S=cytochrome c ; [R]t and [S]t= total concentrations
of the proteo-dendrimer and cytochrome c, respectively. Total concentra-
tion of proteo-dendrimer [R]t was kept constant (2.5O10�7 moldm�3)
during titration and the concentration of cytochrome was varied from 0
to 17.5O10�7 moldm�3. The molar ratio x of two species is defined as


x ¼ ½S�t=½R�t ð1Þ


Stepwise formation constants for 1:1 and 1:2 (cytochrome c/proteo-den-
drimer) complexes are defined in Equations (2) and (3):


Rþ S ¼ RS K1 ¼
½RS�
½R�½S� ð2Þ


RSþR ¼ R2S K2 ¼
½R2S�
½RS�½R� ð3Þ


Total concentrations of proteo-dendrimer and cytochrome c are ex-
pressed as Equations (4) and (5):


½R�t ¼ ½R� þ ½RS� þ 2 ½R2S� ð4Þ


½S�t ¼ ½S� þ ½RS� þ ½R2S� ð5Þ


From Equations (1)–(5), the concentration of free dendrimer [R] can be
obtained by solving the following equation [Eq. (6)]:


K1K2½R�3 þ ðK1�K1K2½R�t þ 2K1K2½R�txÞ½R�2


þð1�K1½R�t þK1RtxÞ½R��½R�t ¼ 0
ð6Þ


The concentration of other species can then be expressed as shown in
Equations (7)–(9):


½S� ¼ ½R�tx
1þK1½R� þK1K2½R�2 ð7Þ


½RS� ¼ K1½R�½S� ð8Þ


½R2S� ¼ K1K2½R�2½S� ð9Þ


The observed fluorescence can be expressed as shown in Equation (10):


Fx ¼ I0½R� þ I1:1½RS� þ I1:2½R2S� ð10Þ
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In the absence of cytochrome c, the fluorescence can be written as shown
in Equation (11):


F t ¼ I0½R�t ð11Þ


From Equations (10) and (11), Equation (12) can be formed:


Fx


F t
¼ ½R�


½R�t
þ I1:1


I0


½RS�
½R�t


þ I1:2
I0


½R2S�
½R�t


ð12Þ


in which I1:1/I0 and I1:2/I0 are the fluorescence intensity ratios of com-
plexes RS and R2S to free dendrimer, respectively.


For fitting the titration curve, Fx/Ft was plotted against molar ratio x, and
K1, K2, I1:1/I0, and I1:2/I0 were treated as variables to be determined. These
parameters were determined by applying the least-square method using
the curve-fit function of IGOR Pro software (version 4.08). The equa-
tions used for 1:1 complexation between 4a and cytochrome c were ob-
tained similarly.
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Internal versus Terminal Metalation of Double-Helical
Oligodeoxyribonucleotides


Jo Vinje*[a] and Einar Sletten[b]


Introduction


Metal ions can bind nucleic acids in two main ways, diffuse
and site-binding,[1,2] both of which are important for the
structure and function of nucleic acids. In the diffuse binding
mode the metal and the nucleic acid retain their hydration
layer and the interaction is through water molecules. This is
a long-range Coulombic interaction, in which positive metal
ions accumulate around the nucleic acid in a delocalized
manner; for example, the counter ion atmosphere that all
nucleic acids possess is made up of diffuse bound positive
ions. In the site-binding mode the metal is coordinated to


specific ligands on the nucleic acid; the coordination can
either be direct (termed inner-sphere) or through a water
molecule (termed outer-sphere). In the outer-sphere binding
mode only the innermost hydration layer of the metal is
kept intact, and the metal and the nucleic acid ligand(s) to
which the metal is coordinated share solvation shells. In
inner-shell binding there is direct contact between the metal
and the nucleic acid. A dehydration of the metal ion and
the nucleic acid binding site therefore has to occur before
an inner-shell bond is formed.


The mechanism of inner-sphere binding is likely to be ini-
tiated by a diffuse binding mode, in which the metal and the
nucleic acid are separated by no more than two layers of
solvent molecules.[3] This step is diffusion-controlled. The
next step is that the metal ion and the nucleic acid form an
outer-sphere complex, separated only by one layer of sol-
vent molecules. This step primarily depends on electrostatic
attractions and hydrogen bonding between the metal and
the nucleic acid.[4] In the final step the metal and the nucleic
acid come into direct contact (inner-sphere binding). Here
the nucleophilicity of the coordination site plays a crucial
role. In the two last steps steric effects are also important.
Several attempts have been made to quantify the impor-
tance of accessibility and molecular electrostatic potential


Abstract: The formation of adducts be-
tween cis-[Pt(NH3)2Cl2], Zn


II, and MnII


and double-stranded oligodeoxynucleo-
tides was studied by 1D and 2D 1H, 31P,
and 15N NMR spectroscopy. For labile
adducts involving ZnII and MnII, both
1H chemical shifts (ZnII) and 1H line-
broadening effects (MnII) showed that
in the hexamer [d(GGCGCC)]2 I, the
terminal G1-N7 is the exclusive binding
site, while for the dodecamer
[d(GGTACCGGTACC)]2 II, which
contains both a terminal and internal
GG pair, the preference for metal
binding is the internal guanine G7. Zn


II


binding to II was confirmed by natural-
abundance 2D [1H,15N] HMBC NMR
spectroscopy, which unambiguously
showed that G7-N7 is the preferred
binding site. The long duplex
[d(GGTATATATACCGGTATA-
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more pronounced accumulation of
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tral part of the sequence (vs the termi-


nal part) than does II. However, the
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(MEP) at the site where the inner-sphere complex/covalent
bond is formed.[5–7] In these studies a reasonable correlation
between these two important factors has been used to pre-
dict the DNA site that is most reactive to metalation or
methylation. In the present study we further investigate
these effects by looking at double-stranded oligonucleotide
sequences containing both a site with high accessibility (ter-
minal GG step) and a site with a more negative electrostatic
potential (internal GG step).


A long-term goal is to design metal complexes that can
bind selectively to chosen sequences of DNA. Such com-
plexes may be used as drugs that block specific gene expres-
sions associated with a certain disease. Previously, a general
selectivity pattern for 3d transition-metal binding to the gua-
nine residues in double-helical oligonucleotides has been
proposed, based on proton NMR line-broadening studies
and chemical shift measurements.[8–10] The affinity of transi-
tion-metal ions for nitrogen N7 of the G-residue on the 5’-
side in a double-helical DNA sequence has been shown to
follow the order: 5’-GG>GA>GT@GC. Surprisingly, the
adjacent residue (X) on the 5’-side (5’-XGG) was found to
exert a negligible influence on the selectivity. This sequence-
selectivity is not observed for single-stranded oligonucleo-
tides (unpublished results). Photoinduced DNA cleavage ex-
periments by Saito et al.[11–13] have shown that the sites in B-
form DNA most susceptible toward single-electron oxida-
tion are 5’-residues in 5’-GG-3’ steps. This finding supports
our proposed selectivity rule based on NMR experiments.


Previous studies have shown that the electrostatic poten-
tial accumulates in the internal part of the oligonucleotides
because of Coulombic interaction among nucleic acid phos-
phates along the backbone.[14–19] This may lead to preferen-
tial electrostatic binding of metal ions to the internal part of
the oligomer.[20,21] However, since the accessibility of the in-
ternal region is not as large as in the terminal part of the
double-helical oligonucleotide, metal ions may have a pref-
erence for binding to sites in the terminal region of the
duplex. A recent X-ray study of CoII, NiII, and ZnII coordi-
nation to the double-helical DNA oligomer [d(GGCGCC)]2
showed only binding to the terminal guanine.[22] The authors
concluded that in regular B-DNA conformation the internal
binding sites are not accessible to CoII, NiII, and ZnII, and
that consequently these metal ions bind exclusively to the
terminal region of double-helical B-DNA, irrespective of
base sequence. This is in contrast to our studies, which show
a clear sequence-selective binding pattern for 3d metal ions
with no special preference for terminal base residues.


In this study we look in more detail at the relative affinity
of metalation of internal versus terminal GG pairs in
double-helical DNA oligonucleotides. We have used aqua
ions of ZnII and MnII, and compared the binding preference
of these ions with that of the antitumour drug cis-[PtCl2-
(NH3)2] (cisplatin). In the latter case the difference in reac-
tion rates between internal and terminal sites were com-
pared using 15N-labeled cisplatin.


Results


Proton assignments of I and II : Both duplexes are self-com-
plementary, and the numbering scheme is as follows, for ex-
ample, for the hexamer 5’-d(G1G2C3G4C5C6)-3’: The proton
resonances of these sequences were assigned by using the
well-known method of sequential connectivity of NOESY
cross-peaks for right-handed double-helical DNA, assisted
by 2D [1H,1H] TOCSY. The magnitude of the cross-peaks in
the NOESY maps of both duplexes indicates normal B-form
geometry. The spectra of the imino region exhibit the ex-
pected Watson–Crick thymine and guanine imino signals
(Figure S1, Supporting Information). This shows that the ter-
minal base pairs do not have any unusual conformation such
as extra-helical or extensive base-pair fraying, which are
sometimes observed in the terminal base pairs.


Proton assignment of III : Owing to severe overlap of the
thymine and cytosine resonances and also the adenine reso-
nances, the spectrum of III could not be fully assigned.
However, the four guanines were well separated and were
assigned from a NOESY map. In addition, the imino-region
has 12 imino guanine/thymine signals, which shows that the
base pairing is intact throughout the duplex.


MnII titration : The effects of adding paramagnetic MnII ions
to aqueous solutions of DNA fragments were monitored by
observing the decrease in spin–spin (T2) relaxation times for
protons close to the metal centres. Paramagnetic metal ions
may be classified according to their electronic correlation
times, that is, as relaxation probes producing broad lines or
as paramagnetic shift probes with less line broadening. MnII


is a typical relaxation probe with an estimated electronic re-
laxation time (ts = T1e�T2e) of 10


�8–10�9 s. The line broad-
ening is expressed as line width at half height measured as a
function of metal concentration. In kinetically labile metal
complexes at low metal-to-nucleotide ratios, paramagnetic
shift effects are difficult to detect. In these cases geometric
information about metal binding sites are most effectively
obtained by measuring proton spin–spin (T2) relaxation
times. Of special interest is the effect on the G-H8 protons
adjacent to the expected N7 binding site of guanine resi-
dues.


Titration of I showed a clear preference for MnII binding
to the G1 residue, as demonstrated by the plot of line broad-
ening versus r = [Mn2+]/[duplex] (Figure 1a). A distinct se-
lectivity pattern emerges in which the G1-H8 signal is appre-
ciably broadened while the G2-H8 and G4-H8 signals are
only marginally affected.


The MnII titration procedure was repeated for II (Fig-
ure 2a). In this duplex there are two GG steps, one terminal
(G1G2) and one internal (G7G8). Figure 2a shows that both
of the internal guanines bind MnII; however, there is a clear
preference for the 5’-guanine (G7) over the 3’-guanine (G8).
The two terminal guanine residues are almost unaffected by
the MnII titration.
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ZnII titration : For this diamagnetic system, the variation in
chemical shifts for G-H8 protons was monitored as a func-
tion of added zinc salt. In contrast to the paramagnetic MnII


system, excess ZnII salt was added to the duplex solutions
until an upper limit of metal-ion-induced chemical-shift
changes was reached, or until a white precipitate appeared
(probably zinc hydroxide or zinc phosphate). The [d-
(GGCGCC)]2 duplex shows similar metal-binding selectivity
for ZnII as for MnII (Figure 1b), a clear preference for the
G1-residue. The guanine G4-H8 signal stays at the same
chemical shift value throughout the ZnII titration, while the
guanine G2-H8 signal is shifted 0.03 ppm upfield. The cyto-
sine C6-H6 and C3-H6 signals are shifted 0.13 ppm and
0.05 ppm downfield, respectively.


Duplex II shows slightly different binding selectivity for
ZnII than with MnII (Figure 2). The most affected signal is
G7-H8, as for the MnII titration. However, the G1-H8 signal
is relatively more affected than what was apparent in the
MnII-induced line broadening. The G1-H8 and G7-H8 signals
are shifted downfield 0.1 and 0.3 ppm, respectively; thus
there still is a clear preference for the internal GG pair over
the terminal one. The two 3’-guanine residues are only
slightly influenced; G2-H8 is shifted 0.03 ppm upfield and
G8-H8 0.04 ppm downfield. The aromatic signals from the
other residues are shifted in the range 0.01–0.08 ppm; of
these the most affected are C12-H6 (0.08 ppm upfield) and


C6-H6 (0.07 ppm upfield). These cytosines are the comple-
mentary bases to G1 and G7 and the shifts are therefore
most probably a direct result of the ZnII coordination to G1


and G7.
A second ZnII titration of II was performed at a lower


ionic strength; no NaClO4 was added, compared with
100 mm in the previous experiment (Figure S2, Supporting
Information). The results of this titration were exactly the
same as the one at higher salt concentration, except that a


Figure 2. 1H line-broadening and chemical shift measurements for the
metal titration of d[(GGTACCGGTACC)]2 (10 mm phosphate buffer,
100 mm NaClO4, in a) pH 6.0 and in b) pH 5.6): ^ = G1-H8, & = G2-H8,
~ = G7-H8, L = G8-H8.


Figure 3. ZnII titration of d[(GGTATATATACCGGTATATATACC)]2
(10 mm phosphate buffer, 100 mm NaClO4 and pH 6.5): ^ = G1-H8, & =


G2-H8, ~ = G13-H8, L = G14-H8.


Figure 1. 1H line-broadening and chemical shift measurements for the
metal titration of d[(GGCGCC)]2 (10 mm phosphate buffer, 100 mm


NaClO4, pH 5.9): & = G1-H8, L = G2-H8, ^ = G4-H8.
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lower [ZnII]/[duplex DNA] ratio was needed to induce the
same chemical shifts as in the high salt experiment.


ZnII titration of III was carried out in order to investigate
if the expected pronounced accumulation of negative elec-
trostatic potential in the internal region of a long oligonucle-
otide (compared to shorter ones),[14–19] would lead to a
higher selectivity of ZnII binding to the internal GG step,
compared with what was observed for II. Figure 3 shows the
results of the titration, and it is clear that there is no en-
hanced selectivity for internal ZnII binding. In fact the oppo-
site is observed, as G1-H8 was now shifted 0.18 ppm and the
internal 5’-G-H8 was shifted 0.30 ppm. The two 3’-G-H8 sig-
nals were still only slightly shifted.


Natural abundance 15N NMR spectroscopy of II and ZnII/II :
In the 2D [1H,15N] HMBC spectra only nitrogen atoms of
the purine bases are observed. However, the nitrogen atoms
detected in this experiment are known to be the most reac-
tive sites towards relatively soft metal ions like ZnII and
MnII. Therefore the 2D [1H,15N] HMBC spectra shown in
Figure 4 unambiguously reveal at which site ZnII ions are co-
ordinated. Figure 5 shows the 15N chemical shift differences
of samples with and without added ZnII salt. The G7-N7 res-
onance is the most affected signal, being shifted 14.8 ppm
upfield. The N7 signals of G1, G2, and G8 are shifted upfield
4.0 ppm, 1.2 ppm, and 1.3 ppm, respectively. The remaining
N signals are shifted less than 1 ppm. This correlates well
with the 1H chemical shift data (Figure 2b and S2).


Conformational studies of ZnII/II adducts : In order to check
conformational changes induced by ZnII coordination to II,
2D [1H,1H] NOESY, TOCSY, and E-COSY spectra were re-
corded for two samples of II with and without added ZnII ;
pH 5.0, 10 mm phosphate buffer, 99.9% D2O, [ZnII]/[II]
ratio 0 and 16.8, respectively. In the H8/H6-sugar proton
region the sequential walk could be followed; assisted by
2D [1H,1H] TOCSY spectra, this provides an unambiguous
assignment of all protons except H5’/H5’’. The largest shifts
are observed for the sugar protons on residue C6 (H2’;
0.48 ppm upfield) and (H2’’; 0.19 ppm upfield), (Table S1
and Figure S3, Supporting Information). The sugar protons
of G7 are the second most shifted, but these are all shifted
downfield (0.14–0.03 ppm). Only minor shifts are observed
for the remaining sugar resonances. 2D [1H,1H] E-COSY
spectra were used to determine the J(H1’,H2’) and J-
(H1’,H2’’) for all residues. (Table S2, Supporting Information).


31P NMR spectra of II and ZnII/II : In 2D [1H,31P] HSQC
spectra of DNA oligonucleotides the cross-peaks that are
detected involve the phosphate group and sugar protons H3’
(5’-side) and H4’ (3’-side), respectively (Figure 6). The as-
signment of the phosphate resonances depends on the as-
signment of the H3’ and H4’ sugar protons, which were as-
signed from 2D [1H,1H] NOESY and TOCSY. Figure 7
shows the 31P chemical shift difference of the samples with
and without added ZnII. The most affected signals are as-
signed to the phosphate groups connecting residues C6 and


G7 (0.60 ppm upfield) and residues G7 and G8 (0.51 ppm up-
field), respectively. The other 31P resonances are shifted less
than 0.1 ppm.


cis-[PtCl2(
15NH3)2] and II : The reaction could not be fully


analyzed by 2D [1H,15N] HSQC NMR owing to overlap of


Figure 4. 2D [1H,15N] HMBC NMR spectra. a) 0.29 mm II in 10 mm phos-
phate buffer, pH 5.0, 99.9% D2O. b) sample as in a) with a ZnII/duplex
ratio of 16.8.


Figure 5. 15N chemical shift differences for the samples: i) 0.29 mm II in
10 mm phosphate buffer, pH 5.0, 99.9% D2O, and, ii) sample as in i) with
a ZnII/duplex ratio of 16.8 (measured as d(ii)-d(i)).
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the resonances representing the monofunctional adducts
(cis-[PtCl(15NH3)2{N7G}]+) and the water signal. Different
pH levels and temperatures (pH 5–7 and 285–298 K) were
tried to avoid overlap, but this was not successful. However,
on the basis of a 2D [1H,1H] NOESY experiment recorded
before the reaction was completed (~1 d reaction time,
298 K) it was possible to make an unambiguous assignment
of cis-[PtCl(15NH3)2{N7G1}]


+ based on the fact that G1-H8
has only cross-peaks to its own sugar protons H2’/H2’’ while
the other G-H8 have two additional cross-peaks in the aro-
matic H2’/H2’’ region. Table 1 gives d(1H)/d(15N) for all PtII


species observed in this work, and also shows the labelling
used for the different species.


In the reaction, signals repre-
senting the monoaquated spe-
cies cis-[PtCl(15NH3)2(H2O)]+


(2) were not observed (pH 6.0
and 298 K), which indicates
that the rate of formation of
cis-[PtCl(15NH3)2{N7G}]+ is
fast. This is expected since II
has four “hot spots” for the cis-
platin reaction (the GG steps).
The signals clearly observed
were assigned to cis-[PtCl2-
(15NH3)2] (1) at d(1H)/d(15N) =


4.07/�69.03 ppm and to two in-
trastrand crosslinked (CL) ad-
ducts (end-products of the reac-
tion) at d(1H)/d(15N) = 4.17/
�69.18, 4.49/�69.92 ppm (9)
and 4.46/�67.99, 4.38/68.60 ppm
(10). These CL adducts were
assigned by 2D [1H,1H]
NOESY experiments (Figur-
es S4 and S5, Supporting Infor-
mation), and found to corre-
spond to cis-[Pt-
(15NH3)2{N7G7,N7G8}]


2+ (9)
and cis-[Pt-
(15NH3)2{N7G1,N7G2}]


2+ (10).
In the NOESY maps the two
adducts could easily be assigned
from their strong G*-H8···G*-
H8 (G* indicates platinated
guanine) cross-peaks, showing
that both had a head-to-head
conformation,[23] which has also
been found in all published
duplex cis-[Pt(15NH3)2-
{N7G,N7G}]2+ intrastrand com-
plexes.[24–30]


In all duplex intrastrand cis-
platin GG adducts one observes
the 5’-G*-H8 signal shifted
downfield (~8.7 ppm) of the 3’-
G*-H8 signal (d = 8.0–


8.4 ppm).[24–30] Based on this fact, the most downfield shifted
G*-H8 in each adduct was considered to be either G1*-H8
or G7*-H8. On the basis of this assumption, the two 5’-G*-
H8 resonances could be distinguished in the aromatic-H2’/
H2’’ region of the NOESY maps; since G1 is the terminal 5’-
residue in II, G1*-H8 will only have cross-peaks to its own
sugar protons, thus only two cross-peaks in the aromatic
H2’/H2’’ region. On the other hand G7*-H8 will also have
cross-peaks to the sugar protons on its 5’ neighbouring resi-
due (C6) and will therefore have four cross-peaks in the aro-
matic H2’/H2’’ region. The same holds for the aromatic H1’
and aromatic H3’ regions, in which G1*-H8 only has a single
cross-peak, while G7*-H8 shows two cross-signals in each


Figure 6. 2D [1H,3P] HSQC NMR spectra. a) 0.29 mm II in 10 mm phosphate buffer, pH 5.0, 99.9% D2O;
b) sample as in a) with a ZnII/duplex ratio of 16.8.
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region. The assignment of the 3’-G*-H8 signals in 9 and 10
were confirmed by the cross-peak between 3’-G*-H8 and
the methyl group on thymine (G2*-H8···T3-Me and G8*-
H8···T9-Me), which excludes the possibility that these reso-
nances correspond to 5’-G*-H8.


Other features in the NOESY maps that support the as-
signments are a strong G7*-H8···H3’ cross-peak and the fact
that the G7*H3’ resonance is the most downfield shifted H3’
resonance. In contrast, the G8*-H8···H3’ cross-peak is not es-
pecially strong, nor is it shifted downfield. In all duplex
structures of intrastrand cisplatin adducts a strong 5’-
G*H8···H3’ cross-peak and downfield shift of 5’-G*H3’ were
observed, indicating that the sugar on the 5’-G* has N-type
conformation while the sugar on the 3’-G*-side retains the
usual S-type conformation.[23] In 10 such an intense G*-H8-
H3’ cross-peak is not observed, and none of the G*-H3’ sig-
nals are shifted significantly downfield. This suggests that


the conformation of the terminal adduct is slightly different
from that of the internal adduct.


The ratio between 9 and 10 was 1.6:1 when II was treated
with cisplatin in equimolar amounts, and 1:1 when the reac-
tion was performed at II/cisplatin ratio of 1:2. The two ad-
ducts were seen to be stable for weeks and the ratio be-
tween them remained constant.


cis-[Pt(15NH3)2(H2O)2]
2+ and II : The reaction was carried


out at pH 6.4 and 285 K. The low temperature and relatively
high pH were used in order to slow the reaction down to a
rate that could be followed by 2D [1H,15N] HSQC NMR
spectroscopy. During the reaction the pH increased to a
final value of 8.2. At this pH cis-[Pt(15NH3)2(H2O)2]


2+ (3)
exists mainly in its deprotonated forms, cis-[Pt(15NH3)2-
(H2O)(OH)]+ (4) and cis-[Pt(15NH3)2(OH)2] (5) (pKa1 =


5.37, pKa2 = 7.21).[31] The chemical shifts of the protons of
the ammine group on PtII depend on the trans ligand (H2O
or OH�), and thus the shift of the ammine groups may be
used to determine the pH of the sample. 1H and 15N calibra-
tion curves were determined by titrating a sample of 3
(0.5 mm, pH 5.5, 0.1m NaClO4, 285 K) with NaOH in a
series of 2D [1H,15N] HSQC NMR experiments (data not
shown). From the regression curves of the pH titration of 3,
the pH evolution during the reaction between 3 and II can
be estimated (Figure S6, Supporting Information). From the
plot we can see that after about 40 minutes the pH has in-
creased from 6.4 to 7.4, which shows that a large fraction of
3/4 has been transformed into 5. Since the dihydroxo form 5
is assumed to be much less reactive than 4, the latter is
probably the reactive species. Species 4 may also be the spe-
cies reactive towards DNA in vivo, depending on the time
that cisplatin has to equilibrate with the internal environ-
ment of the cell (assuming an intracellular environment of
pH 7.4 and [Cl] ~10 mm).


In the 2D [1H,15N] HSQC spectra the 15NH3 groups of cis-
platin with H2O or OH� in the trans position will appear up-
field in the 15N dimension compared to the ones having G-
N7 or chloride in the trans position.[32] It is not possible to
distinguish between 3, 4, and 5 based on 15NH3 shifts owing
to the fast exchange of H+ on the NMR time scale. Figure 8
shows a 2D [1H,15N] HSQC NMR spectrum of the reaction
mixture after 4.5 h reaction time.


One may distinguish between mono- and bifunctional G-
N7 adducts from the fact that the intensity of the peaks due
to the former decreases towards the end of the reaction.
Moreover, only the chemical shifts of the monofunctional
adducts are influenced by the change in pH that occurs
during the reaction. The (G7-N7,G8-N7) CL 9 was assigned
from 2D [1H,1H] NOESY spectra. This assignment was con-
firmed by the fact that the 1H/15N shift of 9 at 297 K (4.16/
�69.06, 4.46/�69.78) is the same as that found for 9 in the
reaction between 1 and II at 298 K (Table 1). The CL
adduct of the terminal guanines (G1-N7,G2-N7) 10 could not
be assigned from 2D [1H,1H] NOESY spectra owing to the
low concentration of this species. However, the adduct has
the same chemical shift in the 2D [1H,15N] HSQC spectra at


Figure 7. 31P chemical shift differences for the samples: i) 0.29 mm II in
10 mm phosphate buffer, pH 5.0, 99.9% D2O; ii) sample as in i) with a
ZnII/duplex ratio of 16.8 (measured as d(ii)�d(i)).


Table 1. 1H and 15N NMR chemical shift values and numbering for cis-
platin species involved in the reactions with II.[a]


Species d(1H)/d(15N) trans ligand


cis-[PtCl2(NH3)2] 1 4.07/�69.03 Cl
cis-[PtCl(H2O)(NH3)2]


+ 2 not observed
cis-[Pt(15NH3)2(H2O)2]


2+ 3 3.84/�81.55[b] O
cis-[Pt(15NH3)2(H2O)(OH)]+ 4 3.84/�81.55[b] O
cis-[Pt(15NH3)2(OH)2] 5 3.84/�81.55[b] O
cis-[Pt(15NH3)2(OH){N7G7/N7G8}]


+ no 1 6 4.26/�68.55[c] N
6 3.78/�82.05[c] O


cis-[Pt(15NH3)2(OH){N7G7/N7G8}]
+ no 2 7 4.07/�67.26[c] N


7 4.01/�77.07[c] O
cis-[Pt(15NH3)2(OH){N7G1/N7G2}]


+ 8 4.26/�68.43[c] N
8 3.94/�78.27[c] O


cis-[Pt(15NH3)2{N7G7,N7G8}]
2+ 9 3.80/�71.03 N


9 3.86/�71.39 N
cis-[Pt(15NH3)2{N7G1,N7G2}]


2+ 10 3.89/�72.81 N
10 3.92/�73.65 N


[a] Chemical shift values are given for the species at 298 K and pH 6.0
unless otherwise stated. All samples contain 100 mm NaClO4. [b] These
species are indistinguishable in the NMR spectra owing to fast exchange.
T = 285 K and pH 7.2–7.3. [c] T = 285 K and pH 7.4–7.5.
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297 K (d(1H)/d(15N) = 4.43/�68.05, 4.38/�68.38 ppm) as the
shifts found for 10 in the reaction between 1 and II at 298 K
(Table 1).


The monofunctional internal guanine adducts were distin-
guished from the terminal guanine adducts by comparing
their relative intensities. Since the intensities of the former
reach a maximum higher than the final concentration of the
(G1-N7, G2-N7) CL adduct 10, an unambiguous distinction
could be made. However, it was not possible to determine
whether monofunctional platination takes place at one or
both of the internal Gs. The monofunctional adduct of the
terminal Gs was assigned on the basis of its low concentra-
tion, and how its concentration evolves. Whether the site of
platination is G1 or G2 could not be determined.


After about 22 h one of the monofunctional adducts of
the internal guanines and the terminal monofucntional
adduct disappeared. After 23 h a pair of peaks at d(1H)/d-
(15N) = 4.41/�68.30 and 4.46/�67.78 ppm appears (assigned
10), and after 61 h the signal from 4/5 is no longer visible.
After the reaction had continued for 66 h, the temperature
was raised to 297 K. Five hours after the temperature was
increased the second monofunctional adduct of the internal
guanines disappeared, and at this time only the signals from
9 and 10 were visible. The ratio of the two adducts measured
four days after the reaction was initiated was 6.5:1 (9 :10).


Figure 9 shows the concentration curves for the reaction
of fully aquated cisplatin and II. Table 2 gives the corre-
sponding optimized rate constants. In the kinetic model a


second-order reaction between 3/4/5 and II is assumed to
form the monofunctional adducts, and the CL step is consid-
ered as a first-order reaction from the monofunctional
adduct. The two rate constants for the formation of the
monofunctional adducts of the central guanines are 5–7
times faster than for the terminal guanines. Another inter-
esting feature is that one of the two monofunctional adducts
of the central guanines was stable for a long time (~3 d).
The rate of CL formation in this adduct was about 50 times
lower than in the second monofunctional adduct of the cen-
tral guanines and 10 times lower than in the terminal mono-
functional adduct.


Discussion


Binding sites for ZnII and MnII in I and II : Sigel and co-
workers have published an extensive series of potentiomet-
ric measurements on metal-ion binding to nucleotides.[33,34]


They conclude that the predominant binding pattern for 3d
metal ions such as ZnII and MnII can be described as a mac-


Figure 9. Experimental concentrations (from NMR spectra) and theoreti-
cally fitted curves for the reaction starting with cis-[Pt(15NH3)2(H2O)2]


2+


(3) and II (100 mm NaClO4, pH 6.4–8.2, 285 K): & = 3/4/5, * = 6, L = 7,
+ = 8, ~ = 9, * = 10.


Table 2. Platination rate constants (standard deviation in parentheses)
for the reaction starting with cis-[Pt(15NH3)2(H2O)2]


2+ and II (285 K,
pH 6.4–8.2 and 100 mm NaClO4).


Rate constants


k1
[a] 0.074 (5)m�1 s�1


k2
[b] 0.053 (5)m�1 s�1


k3
[c] 0.011 (1)m�1 s�1


kc1
[d] 7.0 (3) s�1L10�5


kc2
[e] 0.14 (8) s�1L10�5


kc3
[f] 1.4 (6) s�1L10�5


[a] Rate of formation of 6. [b] Rate of formation of 7. [c] Rate of forma-
tion of 8. [d] Rate of formation of 9 from 6. [e] Rate of formation of 9
from 7. [f] Rate of formation of 10 from 8.


Figure 8. 2D [1H,15N] HSQC NMR spectrum of the reaction starting with
0.59 mm of cis-[Pt(15NH3)2(H2O)2]


2+ (3) and 0.59 mm of II (100 mm


NaClO4, pH 7.8–7.9, 285 K). This spectrum was recorded after 4.5 h reac-
tion time. The labelling is as used in Table 1.
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rocyclic chelate in which the metal ion forms inner-sphere
bonds both to phosphate and to a heterocyclic nitrogen. The
high affinity found for metal ion binding to the phosphate
group of nucleoside monophosphates may be explained by
the twofold negative charge on the phosphate group. In oli-
gonucleotides the phosphate group is replaced by a phos-
phodiester, which has only one negative charge and is also
less basic than monophosphate monoester residues. SigelVs
group recently reported that MII binding to GG dinucleoside
monophosphates occurs predominantly by coordination to
N7 on the 5’-G, and that no inner-sphere coordination to the
phosphodiester group is present in the complex (in contrast
to earlier results for nucleoside monophosphates).[35]


The 1H, 15N, and 31P NMR spectroscopic results for the re-
action of II with ZnII may be interpreted as follows: the
downfield 1H shifts of G1-H8 (0.1 ppm) and G7-H8
(0.3 ppm) (Figure 2b) indicate preference for binding at the
internal G7 rather than the terminal G1-site. This interpreta-
tion is fully supported by ZnII-induced 15N7 chemical shifts
for G7-N7 (14.8 ppm upfield) and G1-N7 (4.0 ppm upfield)
(Figures 4 and 5). An upfield 15N shift of 12.2 ppm has been
calculated for inner-sphere ZnII coordination to G-N7,[36]


and an experimentally determined G-N7 upfield shift of
~20 ppm has previously been reported.[37,38] The consistently
lower proton and nitrogen chemical shift changes of G1


versus G7 show that the interior site has higher affinity for
metal coordination than the terminal site. From the discus-
sion above it is clear that the 1D 1H shift data from the titra-
tion of II with ZnII are in agreement with the 2D [1H,15N]
HMBC NMR data (Figures 2b and 4). Thus, 1H shift data
give a true picture of where ZnII is coordinated, so the 1H
shift data obtained by titration of I with ZnII may also be as-
sumed to show where ZnII is coordinated. Figure 1b shows
clearly that ZnII coordinates exclusively to G1-N7 in I.


These observations disagree completely with the hypothe-
sis, based on X-ray structures of DNA oligonucleotide tran-
sition-metal complexes, that in standard B-form DNA, ZnII


binds exclusively to the terminal region of the duplex, re-
gardless of base sequence.[22,39] On the basis of the X-ray
structure of the NiII complex of [d(CGTATAACG)]2, the au-
thors also concluded that NiII cannot bind to guanines in
standard B-form DNA.[40] The three papers refer to work
done by Gao et al. ,[41] in which different models of CoII co-
ordinated to G-N7 in 5’-XGY-3’ (X, Y = A, G, C, or T),
with the triplet sequences in B-DNA conformation, were
studied. The models show that there is always a short con-
tact between one of the CoII aqua ligands and the base on
the 5’-side, while the 3’-side is unrestrained. The authors
conclude that when CoII is bound to a guanine base of B-
DNA, either CoII has to lose some of its octahedral hydra-
tion shell or a conformational change must occur in the ad-
jacent position. The authors also suggest that such a confor-
mational change (e.g. change in helical twist angle) may
occur in solution, however in a crystal lattice this conforma-
tional change may not be feasible. Thus, from our solution
studies and the X-ray structures,[22,39, 40] there appears to be a
difference between the binding preference of transition-


metal ions in crystal lattices and solutions. This difference
may be explained by the model studies done by Gao et al.[41]


The question concerning inner versus outer sphere phos-
phate coordination has usually been discussed in relation to
mono- or dinucleotide binding. Marzilli et al. have shown
that direct Pt�PO4 binding to IMP produces a 31P downfield
shift of about 3.5 ppm.[42] The same group has reported a
~1 ppm (31P) downfield shift of the phosphodiester group
on binding of different PtII amines to G-N7 in DNA oligo-
nucleotides.[43] The shift was shown to depend on base se-
quence (especially if there was a phosphate group next to
the 5’-G) and type of PtII complex. This chemical shift
change is due to conformational changes of the phospho-
diester backbone and shows how sensitive the 31P NMR sig-
nals are to conformational changes. The authors indicate
that exchanging one of the aqua ligands hydrogen bound to
the phosphodiester group by hydrogen bonding to an amine
group shifts the 31P signal by no more than 0.1 ppm.


In the reaction of cis-[Pt(NO3)(NH3)3]
+ and cis-[Pt(NO3)2-


(NH3)2] with d(TpT)� in N,N-dimethylformamide (DMF),
the phosphate group is shifted 8 ppm downfield.[44] In this
case PtII coordinates directly to phosphate oxygen and not
to the thymine bases. When d(TpT)� was replaced by d-
(TpG)� , a 31P upfield shift of 1 ppm in addition to a 1.1 ppm
downfield shift of G-H8 were observed in accordance with
the expected direct coordination of PtII to G-N7 and no
binding to the phosphate group. In conclusion, direct coordi-
nation of PtII to phosphate oxygen induces a 31P shift of sev-
eral ppm units, while coordination to G-N7 and no direct
binding to phosphate oxygen induces a shift of around
1 ppm. This has also been reported in other studies.[45–47]


An example of chemical shift changes induced by direct
coordination of MII aqua ions to phosphate oxygen is report-
ed in a titration of fully ionized ATP with MgII; here 31P
downfield shifts in the 2.1–3.3 ppm range are reported.[48]


In the present case of II, the largest 31P chemical shift dif-
ferences are associated with the central residues C6pG7


(0.60 ppm upfield) and G7pG8 (0.51 ppm upfield). These
shifts must be caused either by hydrogen bonding between
the water ligands coordinated to ZnII and the phosphodiest-
er group, or conformational changes in the duplex induced
by metalation. According to Gao et al. (see above), coordi-
nation of an octahedral MII aqua complex to G-N7 should
induce conformational changes on the adjacent base pairs.
On the other hand, changing the environment of phosphate
oxygen from Na+�OH2�OPO3 to ZnII�OH2�OPO3 should
not induce a significant shift of the 31P resonance (according
to ref. [43], see above). Thus, it is most likely that the ob-
served 31P shift changes of C6pG7 and G7pG8 are due to con-
formational changes to accommodate the aqua ligands of
ZnII at the G7-N7 site.


In the MnII titration of I and II, the concentration of MnII


is about one thousand times less than the duplex concentra-
tion. MnII is paramagnetic, and functions as a typical relaxa-
tion probe. The metal ion produces significant line broaden-
ing of the NMR signals at the site of interaction, even at a
very low ratio of MnII to DNA. In this case it is unlikely
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that the duplex conformation is perturbed and the line
broadening of the G-H8 signals (Figures 1a and 2a) there-
fore directly show where the metal is coordinated.


Conformation of the ZnII/II adduct : 1H chemical shift
changes induced by ZnII coordination to II (Table S1, Sup-
porting Information) show that the conformation of II is
perturbed. The largest shifts are observed for the sugar pro-
tons on residue C6 (H2’; 0.48 ppm upfield) and (H2’’;
0.19 ppm upfield). In the NMR structures of intrastrand 1,2-
GG cisplatin duplex DNA adducts, a significant upfield shift
of H2’ (~0.5 ppm) on the residue X adjacent to the 5’-G (5’-
XGG-3’, X = T or C) has been observed.[24–30] This chemical
shift has been explained by a movement of 5’-G towards the
outside of the duplex (a positive slide), which brings XH2’
into the shielding cone of 5’-G.[49]


Another characteristic feature observed in intrastrand 1,2-
GG cisplatin duplex DNA adducts is the conformational
change of the sugars of the platinated site. Generally, a shift
of predominant S conformation to a predominant N confor-
mation is observed for the two residues 5’-XG*.[24–30] In
order to check whether such a conformational change
occurs in the ZnII adduct of II, the H1’–H2’and H1’–H2’’
coupling constants were determined. In the pure duplex all
J(H1’,H2’)>J(H1’,H2’’), which shows that all have a higher
percentage S conformation (Table S2, Supporting Informa-
tion). When ZnII is coordinated to II all J(H1’,H2’)>J-
(H1’,H2’’), except for residue C6; here J(H1’,H2’’) are 0.8 Hz
larger than J(H1’,H2’). This indicates that the percentage of
N conformation is slightly higher than S for the sugar on
residue C6. Thus, the E-COSY data shows that a conforma-
tional change of the sugar unit occurs on the 5’-side of the
metalated guanine.


The 31P shift data show that the phosphate groups, one on
each side of the site of ZnII coordination, are most shifted;
C6pG7 (0.60 ppm upfield) and G7pG8 (0.51 ppm upfield), see
Figure 7. This indicates that a change in the phosphodiester
backbone conformation has occurred. However, the shifts
are not as dramatic as those observed in intrastrand 1,2-GG
cisplatin duplex DNA adducts,[24–30] and the perturbation of
the backbone is therefore considered to be minor.


ZnII does not form a 1,2-GG crosslinked adduct like cis-
platin; earlier studies by our group have shown it to bind
monofunctionally (inner-sphere) to G-N7.[8–10] The 2D
[1H,15N] HMBC NMR spectra of the ZnII/II adduct (Fig-
ures 4 and 5) also show that only one G-N7 in each GG pair
is shifted, clearly indicating that no crosslink is formed.
However, it is likely that the aqua ligands of the ZnII ion co-
ordinated to G-N7 makes hydrogen bonds to neighbouring
bases or to phosphate on the phosphodiester backbone. The
ZnII/II adduct may be similar to that observed for mono-
functional Pt adducts, for example, duplex adducts of trans-
EE, [PtCl(NH3)3]


+ or [PtCl(dien)]+ .[10,50–53] However, ZnII is
a labile metal ion and comparison with the inert PtII com-
plexes is therefore not straightforward.


Factors determining the binding preference of ZnII and
MnII to I–III : The ZnII and MnII titration results for I show
exclusive binding to the terminal 5’G residue (Figure 1).
This is in accordance with our previously proposed rule for
sequence selectivity, where the affinity follows the order: 5’-
GG>GA>GT@GC.[8–10] Figure 2 shows the 1H NMR spec-
troscopic results for the titration of II by MnII and ZnII. The
binding of ZnII and MnII is seen to qualitatively follow the
proposed selectivity rule, 5’GGT>5’GGT. The apparent dif-
ference between ZnII and MnII binding to the terminal GG
pair (less MnII coordinates to the terminal GG step than
what is found for ZnII) may be related to differences in titra-
tion conditions: the concentration of MnII is a thousand
times lower than the concentration of II, while in the ZnII ti-
tration there is a tenfold excess of ZnII, which may produce
a different screening effect on negative electrostatic poten-
tials. Another explanation may simply be that as more ZnII


coordinates to G7-N7 throughout the titration, fewer G7-N7
sites are available for ZnII binding, and therefore ZnII starts
to coordinate at G1-N7. The chemical shift data of the reac-
tion at a ratio of 3:1 ([ZnII]/[II]) give a G7-H8/G1-H8 ratio
of 6:1. The final ratio of the chemical shift G7-H8/G1-H8 for
the titration is 3:1, indicating that the preference for the in-
ternal guanines is higher at low [ZnII]/[II]. It may therefore
be that ZnII has a binding preference similar to that of MnII


under the conditions in which the MnII titration was per-
formed. The most convincing evidence for sequence-selec-
tive ZnII binding is presented in Figure 4, in which natural-
abundance 15N NMR spectra of II clearly show direct ZnII-
N7 interaction at G7 and to a lesser degree G1, which quan-
titatively also agrees well with the 1H spectroscopic results
(Figures 2b and S2).


To what extent do electrostatic interactions originating
from the phosphate backbone influence sequence-selective
metalation of double-helical oligonucleotides? Several
groups have dealt with this question, but mainly by using
single-strand model systems. In our approach we look at two
different factors: 1) the effect of using a lower counterion
concentration, and 2) the influence of the length of the
oligomer. Theoretical calculations by Lavery et al. indicate
that the electrostatic potential of double-stranded DNA
oligonucleotide accumulates in the central part of the DNA
oligonucleotide; in the calculation the effects of both the
phosphate groups and the nucleobases were taken in to ac-
count.[54] For single-strand systems it has been shown that
metal binding tends to accumulate in the interior of the se-
quences.[14–19] This effect is referred to as the Coulombic end
effect (CEE), and it has been shown to be greater at low
ionic strengths and for longer oligonucleotides. In reference
[16] CEE was shown to increase for single-stranded oligonu-
cleotides of up to at least 69 residues in length.


In order to test whether CEE is the factor that can ac-
count for the preference of ZnII coordination to the internal
GG step, the ZnII titration of II was repeated for a sample
in which the salt concentration was decreased from 0.1m
NaClO4 to none, in order to observe the expected reduction
in preference for the terminal GG step. However, it was
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shown that the preference for the two GG steps in the ZnII


titration at zero NaClO4 is equal to the one performed at
0.1m NaClO4 (Figures 2b and S2, Supporting Information).
Since the CEE is also dependent on the length of the oligo-
nucleotides, a ZnII titration of a 24 base pair long duplex
(III) was performed. The titration shows that the ratio of in-
ternal to terminal G coordination is less for III than for II
(Figures 3 and 2b); this is contrary to what was expected.


Recent studies of PtII coordination to single-stranded oli-
gonucleotides of variable length and different salt conditions
have indicated that CEE is a major factor in determining
the rate of an electrostatic pre-association step between PtII


and single-stranded oligonucleotides.[20, 21] CEE was there-
fore considered to be a major factor for the rate of platina-
tion of single-stranded DNA oligonucleotides. The ZnII titra-
tion results for II and III in this paper show that CEE is not
as dominant for the metal-binding preference in double-heli-
cal DNA oligonucleotides as it is in single-stranded DNA
oligonucleotides. At least, the same predictions that come
from CEE to explain the reactivity of single-stranded DNA
oligonucleotides cannot be used for double-stranded DNA
oligonucleotides. A major difference between single-strand-
ed and double-stranded DNA is the stacking interactions
found in double-stranded DNA, which are absent, or at
least less significant, in single-stranded DNA. One impor-
tant effect from stacking interactions is the ability of orbitals
to delocalize between the stacked bases. Calculations made
by Saito et al. have shown that the HOMO of two stacked
GG pairs has especially high energy and is mainly localized
on the 5’-G.[11–13] The calculations also show that the locali-
zation of the HOMO is dependent on the neighbouring
bases of the GG step and the conformation of the duplex.
Certain base sequences therefore become especially reactive
towards oxidation or electrophilic attack. The metalation se-
lectivity found in I, II, and III fits qualitatively with predic-
tions based on these HOMO calculations. However, in
order to explain the distinct binding preference of ZnII and
MnII for the internal GG step in II and III, electrostatic ef-
fects such as CEE and the calculations done by Lavery et al.
have to be invoked.[14–19,54]


Cisplatin metalation of II : The binding preference for inter-
nal versus terminal GG pairs in the reaction starting with 3
and II is 6.5:1, while in the reaction starting with 1 and II
the ratio is 1.6:1. The fact that both PtII species prefer the
internal GG step is very interesting, and shows that steric ef-
fects in the binding mechanism of cisplatin to double-strand-
ed DNA are not a major factor. In a recent paper the rate
of platination of double-stranded DNA was predicted to be
proportional to the accessibility of the G-N7 van der Waals
surface.[7] This accessibility was shown to be hindered by
neighbouring residues on both the 5’-side and the 3’-side.
The terminal guanine in II should therefore have exception-
ally favourable accessibility, considerably favouring platina-
tion of this site over the internal GG step. Since platination
predominantly occurs on the internal GG step, steric effects
cannot be such a major factor as suggested in ref. [7] and


also proposed in other studies.[5,55] This is an important ob-
servation in relation to the design of new platinum drugs,
for which side-effects may be reduced and cisplatin resist-
ance overcome through more sterically fine-tuned, hindered
platinum complexes. This may be achieved by introducing
bulky groups on the platinum centre, thereby reducing reac-
tivity towards unwanted biomolecules.[56, 57] The results of
this study show that cisplatin does not contain ligands that
induce a significant steric hindrance for reactivity with
DNA. On the contrary, we have recently shown that a
promising antitumour trans-PtII complex, containing bulky
iminoether groups, only reacts with terminal guanines in
double-stranded DNA.[58]


In the reaction starting with 1 and II (pH 6.0), species 2
will be the reactive species,[59–61] while in the reaction start-
ing with 3 and II (pH 6.4–8.2) the reacting species is 4. This
can be rationalized from the fact that the reaction mainly
evolves at a pH above pKa2 7.21 of 3[31] and at this pH the
most abundant species is 5. However, hydroxide is such a
poor leaving group that 5 is basically nonreactive compared
with 4, which is the second most abundant species. The spe-
cies 4 has the same charge as 2 and the difference in internal
versus terminal preference between the two species can
therefore not arise from electrostatic interactions alone. The
difference in hydrogen-bonding capability between 2 and 4
may be invoked to explain why a larger quantity of internal
GG adducts are produced with 4 than with 2. It is known
that OH� has a high hydrogen-bonding donation capacity
whereas Cl� has none;[4] therefore 4 has better hydrogen-do-
nating properties than 2. Theoretical calculations on differ-
ent possible transition states of the monofunctional adducts
cis-[PtCl(15NH3)2{N7G}]+ (2-N7G) and cis-[Pt(15NH3)2-
(H2O){N7G}]+ (3-N7G) show that the transition state struc-
tures are largely determined by hydrogen bonding from Pt-
ammine-hydrogen to O=C6 in the case of 2-N7G, and by hy-
drogen bonding from Pt-aqua-hydrogen to O=C6 in 3-
N7G.[62] In 3-N7G the transition-state energy is significantly
lower than in 2-N7G. In a kinetic study of the reaction be-
tween 2/3/4/cis-[Pt(15NH3)3(H2O)]2+ and double-stranded
DNA the rate of platination for the four Pt complexes was
found to decrease in the order 3>4>cis-[Pt(15NH3)3-
(H2O)]2+ @2.[63] This decrease in reactivity parallels the abil-
ity of the ligands of the Pt complexes to donate hydrogen
bonds; H2O>OH>NH3, absent for Cl


� .[4]


Previous studies have shown that the 5’-G in GG steps is
more readily platinated than the 3’-G.[7,10] It is therefore
likely that it is the 5’-G of the terminal GG step that forms
the monofunctional adduct with PtII. Other factors support
this: 1) the cis-[PtCl(15NH3)2{N7G1}]


+ adduct is detected in
the reaction starting with 1 and II, while the cis-[PtCl-
(15NH3)2{N7G2}]


+ adduct is not seen (from 2D [1H,1H]
NOESY NMR experiments), 2) the ZnII and MnII titrations
of II show that G1 is preferred over G2 (Figures 2b and 5),
and 3) in II the 5’-G is much more accessible than the 3’-G,
which has been shown to be of significant importance for
the rate of platination.[7] Assuming that G1 forms the mono-
functional adduct with PtII in the terminal GG step, one
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may rationalize that the internal GG step has a larger
number of possible hydrogen-bonding sites than the termi-
nal GG step, owing to the fact that it has neighbouring resi-
dues on both sides. Furthermore, other studies (see above)
predict a stronger electrostatic potential in the central part
of II.[14–19,54] This also induces a stronger hydrogen bonding
capability of the internal GG step than the terminal gua-
nine. From this it may be deduced that hydrogen-bonding
capacity and electrostatic potential are relatively more im-
portant than steric effects in the binding mechanism of cis-
platin to duplex DNA. It has also been indicated that the
hydrogen-bonding donor ability of PtII am(m)ine complexes
is crucial for their antitumour activity.[64]


Another explanation may be simply that it is the lack of a
phosphate group on the 5’ side of the terminal guanine that
makes this GG step less reactive than the internal GG step.
This can be rationalized from the fact that several studies
have shown that the rate of platination is increased when a
phosphate group is introduced on the 5’ side of the gua-
nine.[7,65–68] The enhanced rate of reaction has been ex-
plained by hydrogen bonding between the phosphate group
and the PtII complex. Since 4 has a higher hydrogen-donat-
ing capacity than 2, the lacking 5’-phosphate group on the
terminal guanine will influence 4 more than 2. Therefore, 4
has a higher preference for the internal GG step than 2.


Conclusion


For the first time we present here the reactivity of a double-
helical DNA oligonucleotide (II) containing both a terminal
GG step and an internal GG step. By using natural-abun-
dance 2D [1H,15N] HMBC we have unambiguously deter-
mined that ZnII coordinates to G-N7 in II, with a high pref-
erence for the internal 5’-G, and to a less extent to the ter-
minal 5’-G. The two 3’-Gs are significantly less metalated.
The reactivity of MnII (paramagnetic) towards II was deter-
mined by 1H line-broadening measurements, and MnII also
preferentially binds to the internal 5’-G-N7. The preference
of these two metal ions for the internal GG step indicates a
higher negative electrostatic potential in the internal region
of the duplex. This has previously been shown for single-
stranded DNA oligonucleotides, and theoretical calculations
have also suggested an increased electrostatic potential in
the central part of duplex oligonucleotides.[14–19,54] We have
also studied a duplex DNA oligonucleotide (I) containing a
terminal GG step and an internal single G, this sequence
shows exclusively ZnII and MnII binding to the terminal 5’-
G. A recent X-ray study of CoII, NiII, and ZnII binding to I
found that all three of these metal ions coordinated exclu-
sively to the terminal guanine,[22] and the authors concluded
that these transition-metal ions generally do not bind to in-
ternal parts of B-DNA. We have previously shown that tran-
sition-metal ions usually react with the 5’-G in GG steps
(never in a 5’-GC step), and we therefore believe that the
reactivity of I may simply be explained from the fact that
the terminal guanine is the only 5’-G in a GG step in I.


For comparison, we have also determined the binding
preference of the PtII complexes cis-[PtCl(15NH3)2(H2O)]+


and cis-[Pt(15NH3)2(H2O)(OH)]+ towards II by using 1D/2D
1H and 2D [1H,15N] HSQC NMR spectroscopy. These com-
plexes react mainly with the internal GG step, forming the
well known 1,2-GG crosslink. This shows that the selectivity
of cisplatin is not as affected by steric effects as other au-
thors have suggested;[5,7,55] instead, cisplatin reacts preferen-
tially at the site where electrostatic effects or hydrogen-
bonding abilities are optimized.


The conformation of the ZnII/II adduct was investigated
by 2D 1H and 31P NMR spectroscopy. Interestingly, the char-
acteristic upfield shift of the H2’ signal (~0.5 ppm) on the 5’
neighbouring residues of intrastrand 1,2-GG cisplatin ad-
ducts was also observed for the ZnII/II adduct. Furthermore,
31P NMR spectroscopy of ZnII/II showed a conformational
change in the phosphodiester backbone of the duplex. Sur-
prisingly, ZnII monofunctional coordination to G-N7 may
induce structural changes in the duplex similar to that ob-
served for nonlabile Pt adducts, for example, the monofunc-
tional trans-EE/duplex adduct.[50]


Experimental Section


Materials : 15N-labeled cisplatin was prepared according to the published
method.[69] The three oligonucleotides [d(GGCGCC)]2 I,
[d(GGTACCGGTACC)]2 II, and [d(GGTATATATACCGGTATA-
TATACC)]2 III were purchased from DNA Technology A/S (Aarhus,
DK) and obtained as crude products from ethanol precipitation. Acetoni-
trile, triethylammonium acetate buffer (made from equimolar amounts of
triethylamine and acetic acid), and NaOH were purchased from Baker;
sodium perchlorate, perchloric acid, and MnCl2 from Merck, and ZnCl2
from Aldrich (99.999% purity, to minimize the level of paramagnetic
metal ion impurities).


Sample preparation : All weights were determined using an Ohaus Ex-
plorer Pro Analytical balance, repeatability 0.1 mg (Ohaus Corporation,
US). The pH was measured by a Sentron Argus pH meter connected to a
Sentron Red-line Standard pH probe, calibrated with pH 4.00 and 7.00
Sentron buffers.


The three oligonucleotides were purified by HPLC (Waters 626 LC in-
strument with Millennium 32 software) with an Xterra, MS C18, 2.5 mm
(Waters Corporation, US) column. Eluents used for HPLC were A: 5%
acetonitrile in 0.1m TEAA, B: 25% acetonitrile in 0.1m TEAA, C: 30%
acetonitrile in 0.1m TEAA. The following 15 min linear gradients was
used: 1) for I : 90% A and 10% B to 50% A and 50% B, 2) for II : 80%
A and 20% C to 55% A and 45% C, and 3) for III : 50% A and 50% C
to 20% A and 80% C. The flow rate in each case was 2.0 mLmin�1 at
ambient temperature. TEAA and acetonitrile were removed by freeze-
drying the sample three times, first at neutral pH, then pH 3.3, and finally
at pH 12.5.


MnII and ZnII titrations : MnII and ZnII titrations of the two oligonucleoti-
des were carried out in NMR tubes by adding aliquots of the metal salt
solutions (dissolved in D2O) with a micropipette. The samples of the
oligomers were dissolved in D2O (pH 5.0–6.5, 10 mm phosphate buffer
and 0–100 mm sodium perchlorate). The concentration of metal ions was
increased in increments to maximum r values (r = [metal]/[duplex
DNA]) in the range 5L10�4–7L10�3 for the paramagnetic MnII system,
and 1–60 for the diamagnetic ZnII system.
31P and 15N natural-abundance NMR : 2D [1H,15N] HMBC and [1H,31P]
HSQC were recorded for II with and without added ZnII salt: 1) 0.29 mm


II in 10 mm phosphate buffer, pH 5.0, 99.9% D2O, and, 2) sample (1)
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with a ZnII/duplex ratio of 16.8. Sample (2) is the same as was used for
the ZnII titration at low salt concentration.


Reaction of cisplatin with II : All reactions were performed in 10% D2O
in H2O. Duplex II was reacted both with 15N-labelled cis-[PtCl2(


15NH3)2]
(1) and with cis-[Pt(15NH3)2(H2O)2] (3). The reactions between 1 and II
were performed at ratios of 1:1 and 1:2, respectively, while in the reaction
with 3 a 1:1 ratio was used. Reaction conditions for samples containing 1;
0.1m NaClO4, pH 6.0, 298 K, and, samples containing 3 ; 0.1m NaClO4,
pH 6.4 (pH increased to a final value of 8.2 during the reaction), and
285 K. The reactions were followed by 2D [1H,15N] HSQC and 1D 1H
NMR spectroscopy.


The peak volumes in the 2D [1H,15N] HSQC NMR spectra were mea-
sured using the integration routines in the NMR software. The rate con-
stants for the reactions were determined by a nonlinear optimization pro-
cedure using the program SCIENTIST (version 2.01, Micromath Scientif-
ic Software, Salt Lake City, USA).


NMR Spectroscopy : NMR experiments were performed on the following
instruments: Bruker UltraShield 500 MHz with a triple resonance TXI
probe head and a Bruker AVANCE 600 MHz with triple resonance Cry-
oProbe (TCI for 15N detection and HPC for 31P). The 500 MHz instru-
ment was used for the acquisition of 2D [1H,15N] HSQC and 1H 1D/2D
NMR spectra, while 2D [1H,15N] HMBC, 2D [1H,31P] HSQC and 1H 1D/
2D were recorded on the 600 MHz instrument. The 2D HSQC[70–72] spec-
tra were phase-sensitive using the Echo/Antiecho-TPPI quadrature de-
tection scheme, while 2D HMBC[73] was recorded in magnitude mode.
Pulsed-field gradients were applied to select the proper coherence.
Delays were optimized according to the following: 2D [1H,15N] HSQC
(1JNH = 72 Hz), 2D [1H,15N] HMBC (2JNH = 12 Hz) and 2D [1H,31P]
HSQC (JPH = 10 Hz). The following parameters were used: 2D [1H,15N]
HMQC; spectral width in F1 1418 Hz and in F2 8013 Hz, 2048 complex
points in each FID in t2 and 64 increments in t1, 4–32 transients averaged
for each increment and relaxation delay of 2 s, 2D [1H,15N] HMBC; spec-
tral width in F1 6083 Hz and in F2 7183 Hz, 2048 complex points in each
FID in t2 and 70–86 increments in t1, 764–1024 transients averaged for
each increment and relaxation delay of 2 s, 2D [1H,31P] HSQC; spectral
width in F1 1214 Hz and in F2 7211 Hz, 1024 complex points in each FID
in t2 and 96–128 increments in t1, 200–280 transients averaged for each in-
crement and relaxation delay of 1.5 s. 1H NMR spectra were referenced
to 3-trimethylsilyl-2,2’,3,3’-tetradeuteropropionate (TSP) set to 0 ppm,
15N NMR spectra to 1.0m 15N-enriched NH4Cl in 1.0m HCl solution
(0 ppm), and 31P NMR spectra to trimethyl phosphate (TMP) set to
0 ppm. The NMR data were processed using the program XWIN-NMR
Version 2.6 or TopSpin Version 1.3. The t1 FIDs in the 2D NMR data
sets were linearly predicted to four times their original value. Analysis of
2D spectra was performed by using the program Sparky, Version 3.111
(UCSF).
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Introduction


The development of functional molecules capable of per-
forming chemically or physically controlled actions and re-
porting on or transducing these through luminescence sig-
nals has attracted considerable attention in recent years.
Employment of luminescence as the technique with which


to access such information harbours the advantages of being
nondestructive, noninvasive and sensitive, and offers remote
access to a generated optical event. Examples of functional
supramolecular systems communicating through lumines-
cence include molecular-scale sensors,[1] switches,[2] “logic
gates”,[3] motors and machines,[4] wires,[5] or arrays, cascades
and cassettes that operate through energy- or electron-trans-
fer processes.[6] Besides the constant motivation to improve
the features that govern the performance of such systems in
terms of efficiency, functional supramolecules that can be
addressed or controlled through two or more different
inputs while delivering an optical output signal have recent-
ly focussed research efforts. Such advanced architectures
allow independent control of the various states of the
system and can be achieved by combinations of, for instance,
redox and photochromic units,[7] chemically sensitive and
redox units,[8] photochromic and chemically sensitive units[9]


or a combination of all the three types of stimuli-responsive
actions.[10]


A particularly attractive, intrinsically dual-mode switching
unit is the thiol group. This simple chemical group can be


Abstract: A luminescent molecular
switch in which the active thiol/disul-
fide switching element is attached to a
meso-phenyl-substituted boron–dipyr-
romethene (BDP) chromophore as the
signalling unit is presented. The combi-
nation of these two functional units
offers great versatility for multimodal
switching of luminescence: 1) deproto-
nation/protonation of the thiol/thiolate
moiety allows the highly fluorescent
meso-p-thiophenol-BDP and its non-
fluorescent thiolate analogue to be
chemically and reversibly interconvert-
ed, 2) electrochemical oxidation of the
monomeric dyes yields the fluorescent
disulfide-bridged bichromophoric


dimer, also in a fully reversible process,
and 3) besides conventional photoexci-
tation, the well separated redox poten-
tials of the BDP also allow the excited
BDP state to be generated electro-
chemically (i.e. , processes 1) and 2) can
be employed to control both photo-
and electrochemiluminescence (ECL)
of the BDP). The paper introduces and
characterizes the various states of the
switch and discusses the underlying


mechanisms. Investigation of the ortho
analogue of the dimer provided insight
into potential chromophore–chromo-
phore interactions in such bichromo-
phoric architectures in both the ground
and the excited state. Comparison of
the optical and redox properties of the
two disulfide dimers further revealed
structural requirements both for redox
switches and for ECL-active molecular
ensembles. By employing thiol/disulfide
switching chemistry and BDP lumines-
cence features, it was possible to create
a prototype molecular ensemble that
shows both fully reversible proton- and
redox-gated electrochemiluminescence.
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deprotonated (i.e., chemically controlled) and can also be
oxidized to form disulfide bridges. Both reactions are rever-
sible (i.e., the thiolate can be reprotonated and the disulfide
bond can be broken by reduction). Although it is straight-
forward and versatile in nature, examples of switchable lu-
minescent molecules based on this control unit have, to the
best of our knowledge, yet to be reported.[11] This is surpris-
ing, as the thiol/disulfide redox pair plays an outstanding
role in protein biochemistry, most importantly as redox-
active switches through the two oxidation states of gluta-
thione or other cysteine-containing proteins.[12] Moreover,


the unravelling of the detailed mechanisms of natureLs thiol
redox chemistry has experienced significant progress in the
last years, basically because redox-active fluorescent tags
have become available.[13, 14] These have been engineered by
attaching cysteine moieties to green fluorescent protein[13] or
yellow fluorescent protein.[14] Despite the results of first at-
tempts toward the design of artificial photochromic and flu-
orescent redox labels for cysteine-containing proteins,[15]


thiol/disulfide-active redox switches are assumed to be
promising candidates for biomolecular nanoelectronics.[16]


Here we present a simple luminescent molecular switch in
which the active thiol/disulfide element is attached to a
meso-phenyl-substituted boron–dipyrromethene (BDP)
chromophore as the signalling unit. BDP dyes possess valua-
ble spectroscopic features, such as intense absorption (e>
80000m�1 cm�1) and emission (Ff>0.70) bands in the visible
spectral range above 500 nm.[17] These dyes are readily solu-
ble in a large variety of solvents of different polarity, and
tuning of their spectroscopic properties towards the near in-
frared region is facile.[8a,18] If they contain an appropriate
unit—especially in the meso-position—that is either redox-
active or sensitive toward chemical inputs, such dyes can
show exceptionally powerful switching features, commonly
manifested in dramatic changes in fluorescence intensity or
lifetime.[19,20] The combination of thiol/disulfide chemistry
and BDP photophysics thus promised distinct ON/OFF be-
haviour through simple and rapid adjustment and intercon-
version of the chemical or physical states of the active con-
trol unit. Moreover, since the BDPsL green emission of high
brightness can be generated not only photochemically but
also electrochemically,[8c,21] another stimulus for the research
reported here was the construction of a prototype molecular
system capable of displaying chemically and redox-modulat-
ed electrochemiluminescence (ECL).


The thiophenyl-substituted BDP derivatives we studied in
this work are illustrated here. Compounds pSH-1 and (pS-


Abstract in German: In dieser Arbeit wird ein lumineszieren-
der molekularer Schalter vorgestellt, bei dem das aktive
Thiol/Disulfid-Schaltelement an einen meso-phenylsubsti-
tuierten Bordipyrromethen (BDP) Farbstoff als Signal ge-
bende Komponente gekoppelt ist. Die Kombination dieser
beiden funktionellen Einheiten offeriert eine hohe Vielseitig-
keit f-r das multimodale Schalten der Lumineszenz: 1) die
Deprotonierung/Protonierung der Thiol/Thiolat-Gruppe er-
laubt es, das stark fluoreszierende meso-p-Thiophenol-BDP
und das analoge, nicht fluoreszierende Thiolat chemisch re-
versibel ineinander zu -berf-hren, 2) die elektrochemische
Oxidation der monomeren Farbstoffe ergibt das fluoreszier-
ende, disulfidverbr-ckte, bichromophore Dimer—dieser
Prozess ist ebenfalls vollst4ndig reversibel, und 3) neben der
konventionellen Anregung mit Licht erlauben die deutlich ge-
trennten Redoxpotenziale des BDPs ebenfalls eine elektro-
chemische Generierung des angeregten BDP-Zustandes, d.h.,
Prozesse 1) und 2) kçnnen dazu eingesetzt werden, sowohl
die Photo- als auch die Elektrochemilumineszenz (ECL) des
BDP zu steuern. Diese Arbeit stellt die Charakteristika der
verschiedenen Zust4nde des Schalters vor und diskutiert die
zu Grunde liegenden Mechanismen. Die Untersuchung des
ortho-Analogen des Dimers vermittelte zudem Einsicht in
mçgliche Chromophor–Chro-
mophor-Wechselwirkungen im
Grund- wie im angeregten Zu-
stand von solchen bichromo-
phoren Architekturen. Der Ver-
gleich der optischen und Redox-
eigenschaften der beiden Disul-
fid-Dimere gab des Weiteren
Aufschluss -ber strukturelle
Voraussetzungen von Redox-
schaltern sowie ECL-aktiven
molekularen Ensembles. Unter
Einsatz schaltbarer Thiol/Disul-
fid-Chemie und mit den Lumi-
neszenzeigenschaften der BDPs
war es mçglich, ein erstes mole-
kulares Ensemble zu entwickeln,
das vollst4ndig reversible proto-
nen- als auch redoxgesteuerte
Elektrochemilumineszenz zeigt.
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1)2 were designed as the principle redox pair for multimode
switching of fluorescence and ECL, and the main intention
of this paper is to characterize and demonstrate the versatil-
ity of the system. To achieve better understanding of the
structural features of such compounds, the structurally more
demanding twin (oS-1)2 was also synthesized and investigat-
ed. With recent advances in protein labelling through thiol
functions[22] and the according future potential of pSH-1 to
act as a redox-active fluorescent tag in biosensory chemistry,
a comparative study of (pS-1)2 and (oS-1)2 also promised in-
sight into possible interchromophore interaction. These
might play an important role if, for instance, two BDP
labels were to come into close contact in a hydrophobic
pocket or on the surface of a protein, as recently shown by
Bergstrçm et al.[23]


Results and Discussion


Synthesis : The BDP-appended disulfide (pS-1)2 was ob-
tained from 4,4’-dithiobisbenzoic acid by conventional BDP
synthesis procedures (Scheme 1A),[10a] via in situ formation
of the acid chloride, while (oS-1)2 was prepared in a similar
way from 2,2’-dithiobisbenzoic acid. Reduction of (pS-1)2 af-
forded pSH-1 in 50% yield (Scheme 1A).[24] The synthesis
of reference compound pSAc-1 is depicted in Scheme 1B.


Absorption and fluorescence spectroscopy: The para- and
ortho-thiophenyl-substituted BDPs were investigated both
by absorption and by steady-state and time-resolved fluo-
rimetry in their oxidized disulfide and reduced thiol forms
in a variety of solvents covering a large polarity range (from
hexane to DMSO). Compounds pSAc-1 and 1 were included
in the studies as models.


Independent of solvent polarity, the absorption maxima of
pSH-1, (pS-1)2, pSAc-1 and 1 show typical BDP features
and are centred at 525�2 nm (Figure 1). The absorption
spectra of (oS-1)2 possess similar shapes and are slightly red-
shifted by 5 nm. These negligible differences indicate strong


internal decoupling of the chromophoric subunits (BDP and
phenyl moieties) and thus the weak influence of the pres-
ence or absence of para- or ortho-substituents. The full


widths at half-maximum
(fwhms) of the typical BDP
bands are virtually identical for
all the dyes, slightly increasing
from—for instance—ca.
740 cm�1 in hexane to ca.
790 cm�1 in DMSO for (pS-1)2
and pSAc-1 and from 740 to
820 cm�1 in the two solvents for
(oS-1)2. Besides these charac-
teristics, the cyanine-type
nature of the BDP chromo-
phore is further manifested in
the molecular C-C frame vibra-
tion typical of cyanine dyes[25]


at ca. 1300 cm�1 and denoted by
arrows in Figure 1. These char-
acteristic features of BDP dyes


have recently also been found by us for more extended
BDP-type p systems.[18b] The molar absorptivities support
the presence of two independent BDP moieties in the
dimers (i.e., emax�60000m�1 cm�1 for pSH-1 in all the sol-
vents studied and emax�119000m�1 cm�1 and 102000m�1 cm�1


Scheme 1. A) Synthetic route to (pS-1)2 and pSH-1. B) Synthetic route to pSAc-1.


Figure 1. Normalized absorption and relative fluorescence spectra of
pSAc-1 (top), (pS-1)2 (middle) and (oS-1)2 (bottom) in MeCN (solid
line) and hexane (dotted line). The characteristic shoulders in the spectra
are due to the C�C frame vibration indicated by the arrows in the top
panel. Inset: Lowest-energy absorption band of (oS-1)2 in hexane con-
verted to the energy scale and results of the spectral deconvolution pro-
cedure.
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for (pS-1)2 and (oS-1)2, respectively). The steady-state emis-
sion features are consistent with these observations. The typ-
ical BDP emission of mirror-image shape is observed in all
cases, with maxima occurring at 538�2 nm for pSH-1, (pS-
1)2, pSAc-1 and 1 and at 546�2 nm for (oS-1)2. Moreover,
the emission bands show fwhms identical to those of the ab-
sorption data within �10 cm�1. No dual fluorescence was
observed during these studies, indicating the absence of the
formation of emissive charge-transfer states.[17b,18b,26]


With respect to pSH-1, these findings are consistent with
our previous report on a meso-(4-hydroxyphenyl)-substitut-
ed BDP in reference [27]. This analogue, with an OH group
instead of the SH group in pSH-1, also shows bright fluores-
cence with the typical BDP characteristics in its undissociat-
ed state in various solvents. While these straightforward
spectral characteristics are favourable for the facile opera-
tion of an optical switching system, what is essential for the
performance of a proton- and redox-active fluorescent
switch is controlled ON/OFF behaviour of the distinct
switching states. Ideally, in a two-state system, these states
should show dramatic differences in their fluorescence in-
tensities. In accordance with the work reported in refer-
ence [27], we found similar behaviour for pSH-1 and its de-
protonated form pS-1� .[28] Whereas the former, for instance,
emits green fluorescence with a high quantum yield compa-
rable to that of the model compound pSAc-1 (Table 1), the


latter is virtually nonfluorescent. The distinctly higher donor
strength of the thiolate group obviously opens up an effi-
cient quenching pathway, most probably through rapid
back-electron transfer with charge-shift nature. Such nonra-
diative transitions to the ground state are well known for
ionic dye systems.[29] In the present case, preliminary quan-
tum chemical calculations at semiempirical level[30] suggest
that deprotonation might result in a certain degree of plana-


rization of the entire chromophore, exemplified by a reduc-
tion in the interannular twist angle qcalcd from 898 in pSH-1
to 558 in pS-1� . This conformational effect might then give
rise to an oscillator-weak charge-transfer (CT) transition, lo-
cated at the low-energy side of the intense BDP band.[31]


The spectroelectrochemical measurements reported below
indeed support such an assumption, as a weak shoulder ap-
pears in the region around 570 nm during the first reduction
step of (pS-1)2 where pS-1� is formed (see left panel of
Figure 4 and Scheme 4; changes similar to those in the left
panel of Figure 4 were also observed during the titration of
pSH-1 with base). Deactivation of an ionic CT state then
most probably proceeds in radiationless fashion by the de-
scribed charge-shift mechanism. Furthermore, in the current
system, the fluorescence could be reversibly switched OFF
and ON by successive addition of base (e.g., 1,8-
diazabicyclo[5.4.0]undec-7-ene, DBU) and acid (e.g. tri-
fluoroacetic acid, TFA), respectively. The proton-induced
action is further confirmed by the fact that (pS-1)2 and
pSAc-1 do not show any spectroscopic changes upon base
addition.


For the goal of redox control over the switching features
of pSH-1, the fluorescence output of the oxidized disulfide
dimer (pS-1)2 is also important, as it presents the third cor-
nerstone in the cycle (Scheme 2). The data for the dimer are


included in Table 1. It is apparent that (pS-1)2 shows consid-
erable fluorescence with the typical BDP features in sol-
vents of any polarity, suggesting that the phenyl–disulfide–
phenyl bridge is large enough to prevent inter-BDP chromo-
phore communication. Results obtained recently by Wang
et al. on symmetric disulfide triads with the same spacer and
two naphthalimidyl fragments as chromophores support our
observations.[32] Nonetheless, the fluorescence quantum yield
of (pS-1)2 is reduced in relation to pSH-1, which is conceiva-
ble in view of the higher donor potential of the sulfur atom
in the latter compound.


For a three-state switch as shown in Scheme 2, with pSH-
1 and pS-1� as the proton-addressable and (pS-1)2 as the ad-
ditional redox partners, the moderately diminished fluores-
cence of the oxidized compound in relation to the reduced
form is important. In particular, the different fluorescence


Table 1. Spectroscopic data for the compounds studied in selected sol-
vents at 298 K; for additional data see Table S1 in the Supporting Infor-
mation.


Compound Solvent labs(max) lem(max) Ff tf
[nm] [nm] [ns]


pSH-1[a] MeCN 522 536 0.64 4.72
pS-1�[a] MeCN 518 n.d[b] <10�4 [c]


(pS-1)2 MeCN 524 537 0.52[d] 3.44[d]


THF 526 539 0.72 4.17
hexane 527 539 0.67 3.78


(oS-1)2 MeCN 530 544 0.067 [e]


THF 533 547 0.73 [e]


hexane 532 545 0.78 [e]


pSAc-1 MeCN 523 537 0.72 4.68
THF 526 539 0.72 4.11
hexane 526 538 0.73 4.02


1 MeCN 521 535 0.87 5.25
hexane 524 537 0.82 4.77


[a] Measured only in degassed MeCN, because of rapid autooxidation in
the presence of air. [b] Not determined. [c] <3 ps. [d] Virtually identical
in degassed MeCN. [e] See description in the text and data in Table 2.


Scheme 2. Illustration of the switching states and processes of the title
compounds.
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decay times—4.72 ns for pSH-1 and 3.44 ns for (pS-1)2—
make it possible to distinguish between the two forms with
any commercial fluorescence lifetime instrumentation that
can be operated in the picosecond time domain. All the
states of the switch can thus be accessed by simple spectro-
scopic experiments.


Before we discuss the electrochemical side of the chemi-
cally and redox-active switching system, we will remain with
the dynamic fluorescence properties of the dimers and com-
pare the behaviour of (pS-1)2 and (oS-1)2 in more detail. As
mentioned in the Introduction, an important aspect in the
use of dyes as fluorescent tags in labelling or imaging appli-
cations is the behaviour of the dye under high-loading con-
ditions or under circumstances in which binding sites are sit-
uated in close proximity to one another. In both cases, inter-
chromophore communication can arise and can produce
either aggregation effects or fluorescence quenching. The
latter can be particularly important when such closely locat-
ed binding sites are contained within a hydrophobic pocket
of, for example, a protein, which might then facilitate ac-
commodation and cross-talk of (two) fluorophores. Firstly, it
is important to note that we did not observe any other fea-
tures for concentrated solutions of (pS-1)2 beyond those re-
ported in Table 1. Secondly, as mentioned above, the spec-
tral characteristics of (oS-1)2 are virtually identical to those
of the other BDPs investigated here.[33] However, the data
for (oS-1)2 in Tables 1 and S1 further reveal that the fluores-
cence quantum yield decreases as a function of solvent po-
larity for solvents more polar than THF and that the fluores-
cence of (oS-1)2 is considerably lower than that of (pS-1)2 in
solvents of high polarity. Moreover, whereas (pS-1)2 exhibits
single-exponential fluorescence lifetimes throughout the
spectrum of solvents studied and (oS-1)2 largely shows mon-
oexponential fluorescence decay kinetics in apolar solvents,
strongly nonexponential decays are found for (oS-1)2 in all
the polar solvents. This concomitant reduction of Ff and
tf—when the latter is expressed as the average lifetime—
points to activation of a nonradiative channel as the quench-
ing process rather than a change of the emitting state to one
with a lower emissivity. Apparently, whereas weakly polar
solvents produce sufficient isolation of both BDP units to
prevent any kind of pronounced interaction, in polar sol-
vents fluorescence quenching occurs, most probably through
chromophore–chromophore interaction within the dimer.
Because the spectral absorption and emission features of
(oS-1)2 are independent of the solvent and remain BDP-
like, H- or J-aggregate formation is less likely to be the
cause of the quenching. In this case, new bands at the high-
or low-energy side of the S1


!S0 band of the BDP spectrum
should occur.[23, 34]


A closer look at the fluorescence decays of (oS-1)2 in
polar solvents reveals that analysis of the decay traces only
yields acceptable fits when three discrete exponentials are
employed. Furthermore, these three components are only
found as decay times, and their relative amplitudes remain
virtually constant when monitored at three different emis-
sion wavelengths between 540 and 600 nm, over the entire


emission band. To acquire access to the underlying photo-
physical mechanisms it is important to keep in mind that
only the typical BDP emission band is observed (Figure 1)
and that these nonexponential decays can thus only be at-
tributed to emitting (monomeric) BDP moieties. However,
the occurrence of three distinct excited state species for a bi-
chromophoric molecule seems rather unusual. If we consider
further that the formation of intramolecular sandwich-type
conformations—presumably preexisting in the ground
state—-is possible for (oS-1)2, it might be helpful to invoke
another formalism for the analysis of the fluorescence
decays: lifetime distribution analysis (LDA; Figure 2). LDA
is based on the assumption that an ensemble of molecular
emitters showing a quasicontinuous distribution of lifetimes
or reaction rates is present in the solution.[35] In contrast to
distinct fluorophores in liquid solution, such an ensemble
might constitute of molecules in confined media such as
polymers, zeolites, or inclusion complexes in which the mi-
croenvironment of the discrete emitters is heterogeneous.[36]


Other examples in which this strategy has successfully been
applied to recover the decay kinetics include surface-bound
fluorophores[37] or flexible bichromophoric systems in which
the relative orientation of the two chromophores can vary
around one or more certain preferred conformation(s).[38]


The molecular structure of (oS-1)2, which is designed in
such a fashion that the two chromophore units can adopt a
sandwich-type conformation, indicates that this dye might
fall into the latter category (Scheme 3). In LDA of the
decays of such systems, the envelope of a lifetime distribu-
tion function usually shows several peaks, corresponding to
the average lifetimes <t> (or centres of gravity) of certain
preferred conformations or environmental situations, and
each of the peaks is characterized by a specific width s. The
width of the function, then, is a measure of the intramolecu-
lar spatial distribution of, or microheterogeneity around, the
emitting species.


The data in Table 2 show two trends. A bimodal distribu-
tion with a centre at ca. 0.5 ns and a second centre in the 5–
6 ns range, the latter being largely independent of the sol-
vent, is found in the region of high solvent polarity. In the


Figure 2. Representative lifetime distribution functions of (oS-1)2 in
DMSO (solid, minor mode indicated by the arrow) and THF (dashed),
as well as (pS-1)2 in MeCN (dotted), obtained for 494/564 nm excitation
and emission wavelengths. For data, see Table 2.
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weak and medium polar solvents, monomodal distributions
are obtained. For the first group of highly polar solvents, the
relative contributions of the two modes vary as a function of
solvent polarity, reflecting the overall decrease in fluores-
cence quantum yield: fast decay times predominate in
DMSO and MeCN, while slow ones present the major mode
in acetone. In the less polar solvents, only the slow decay
times are found. For a better illustration, Figure 2 shows
representative LDA results for (oS-1)2 in THF and DMSO.
In the less polar solvents, the width of the monomodal dis-
tribution of lifetimes of (oS-1)2 is still considerably broader
than that of the corresponding single exponential decays of
the para analogue (pS-1)2, as well as model pSAc-1
(Table 2). In accordance with the previously outlined hy-


pothesis of sandwich formation, and due to the lack of rise
times, the behaviour of (oS-1)2 cannot be described in terms
of classical exciplex/excimer or charge-transfer formation
models, which are often found for bichromophoric com-
pounds, and the involvement of molecular aggregates is also
unlikely (vide ante). In contrast, we tentatively attribute
these results to certain prearrangements of the molecules al-
ready present in the ground state. If we assume that the
molecules can adopt folded conformations, such as the U-
form, that bring the two BDP moieties into closer proximity,
fast intramolecular fluorescence energy transfer can occur
upon excitation.[39] Actually, ground-state geometry optimi-
zation performed for (oS-1)2 at the AM1 level converged to
two different conformations: the U-shaped, quasi-“sand-
wich”-type structure and a more Z-shaped conformation
that resembles a zigzag analogue of (pS-1)2 (Scheme 3). The
dipole moments of both conformations were calculated to
be 6.6 D for the U- and 3.0 D for the Z-form, suggesting
that polar solvents might stabilize the U-form better. The ef-
ficiency of the quenching process then strongly depends on
the mutual preorientation and distance between the two
identical fluorophores, with the spatial distribution of the
apparent torsion angle around the disulfide bond (see cap-
tion of Scheme 3 for definition) in the U-form in particular
being able to entail broader lifetime distributions. Further-
more, the bimodality of the distributions in the highly polar
solvents suggests that both sets of conformations actually
seem to be present and play a role for the reduced fluores-
cence. Molecules in the Z-form, with a conformation that
more closely resembles (pS-1)2, may thus be responsible for
the slow decays of about 5–6 ns, whilst molecules in the U-
form—apparently decoupled in the ground state but suffi-
ciently preoriented for interaction in the excited state—
would accordingly be responsible for the fast decay times.


Another interesting feature of substituted BDP dyes, the
distinctly longer decay times of ortho-donor-phenyl substi-
tuted compounds in relation to their unsubstituted or para-
substituted analogues, is also evident from Table 2. Whereas
the fluorescence of pSAc-1 decays in 4.68 ns in MeCN, 1
shows a lifetime of 5.25 ns and (oS-1)2 a lifetime of 6.47 ns.
Similar observations have previously been made by us for a
1,1’-binaphthyl-appended bichromophoric BDP[20a] and for
2-methoxy-3-BDP-naphthalene, which show decay times of
6.17 and 6.55 ns in acetonitrile. These features are not yet
completely understood, and current theoretical and experi-
mental work is directed at more fundamental understanding.
A possible explanation might involve hindered rotation in
ortho-substituted derivatives, which might suppress a dark
deexcitation channel of the BDP chromophore through a
“butterfly”-type structure. Lindsey et al. recently postulated
that population of such a “dark state” involves coplanariza-
tion of the meso-substituent with a part of the dipyrrome-
thene ring system.[40,41]


Low-temperature measurements in the time domain at
liquid nitrogen temperature yielded single-exponential
decays for all the derivatives investigated. Compounds (pS-
1)2 and pSAc-1, which decay with 4.2 and 4.8 ns lifetimes in


Scheme 3. A) Two possible conformers of (oS-1)2 with maximum (U-
form) and minimum (Z-form) chromophore–chromophore interaction.
The apparent torsion angles between atoms B1-C4-C4’-B1’ (see B) ob-
tained for the two stable U- and Z-conformations of (oS-1)2 by ground-
state geometry optimization by the AM1 method are �618 for the U-
form and �1348 for the Z-form.


Table 2. Fluorescence lifetime data for (oS-1)2 in various solvents at
298 K; for additional data see Table S2 in the Supporting Information.[a]


Compound Solvent <t1> [ns] <t2> [ns] frel
2


[b]


(oS-1)2 DMSO 5.23�1.00 0.41�0.16 0.64
MeCN 6.47�0.74 0.49�0.09 0.68
acetone 3.29�2.35 0.33�0.09 0.06
THF 5.44�1.52 – –
hexane 5.99�1.37 – –


(pS-1)2 MeCN 3.41�0.66 – –
pSAc-1 MeCN 4.63�0.84 – –


[a] The data are averages from three independent fits of three decays re-
corded between 540 and 600 nm for two samples. [b] Relative amplitude
of the short decay mode <t2> .
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ethanol at 298 K, showed lifetimes of 6.1 and 6.2 ns at 77 K.
Furthermore, the bimodal distribution of (oS-1)2 in metha-
nol at 298 K is not maintained in the glass, in which the dye
shows a monoexponential decay with tf = 7.1 ns. These re-
sults indicate that any dark relaxation pathway that relies on
larger molecular motions is closed at 77 K.


Electrochemistry and spectroelectrochemistry : Returning to
the redox-active switching process at room temperature,
cyclic voltammetry clearly reveals that the thiol/disulfide
transition of the BDPs can be performed and controlled
electrochemically. Whereas pSAc-1 shows only the typical
reversible reduction and quasi-reversible oxidation of the
BDP moiety (�1600 mV and +620 mV vs. Fc+/Fc in
MeCN),[42] an additional redox process arises in the cyclic
voltammogram of (pS-1)2, with a reduction at �1545 mV
and a significantly displaced back oxidation at �265 mV
(Figure 3).[43] As can be shown by calibration against ferro-


cene, each process represents a two-electron transfer for
(pS-1)2, due to its dimeric structure. The high similarity of
the UV/Vis spectra of reduced (pS-1)2 obtained in spectro-
electrochemical measurements (Figure 4) and of pS-1� , ob-
tained by deprotonation of pSH-1, strongly supports the at-
tribution of the first reduction step at �1545 mV to a disso-
ciative conversion of (pS-1)2 into two molecules of pS-1�


[electron transfer–chemical step–electron transfer (or ECE)
mechanism; vide infra],[44,45] which is electrochemically re-
versed at �265 mV. As pS-1� is nonfluorescent, the ON and
OFF positions of the fluorescent switch can also be adjusted
electrochemically. The large peak displacement of disulfide
cleavage and formation, of ca. 1300 mV (DE
�30 kcalmol�1), indicates the bistability of the (pS-1)2/pS-1


�


couple over this potential range. Both forms can exist in this
potential range under similar conditions, the nature of the
species depending on the previous process [i.e., whether it
was formed by oxidation or reduction (higher or lower elec-
trochemical potential)]. This behaviour is closely related to
the memory effect of bistable photochromic molecules, an
important aspect in molecular data storage and molecular
energy storage.


The cyclic voltammogram of (oS-1)2 is very similar to that
of the para dimer, with the disulfide cleavage being facilitat-
ed by 45 mV (Table 3) because of steric crowding in the


ortho derivative. Moreover, because of the close vicinity of
the thiolate group formed in the first reduction, the second
reduction on the BDP core is aggravated, occurring only at
�1885 mV (Table 3). With regard to a possible chromo-
phore–chromophore interaction in the ground state, the
cyclic voltammogram of (oS-1)2 [and also that of (pS-1)2]
does not show any splitting of the redox waves, thus stress-
ing the conclusion implied by the similarity of the absorp-
tion spectra (i.e., both BDP moieties are independent and
do not interact in the ground state).


To obtain a better understanding of the ECE mechanism
involved in the reduction of (pS-1)2 to pS-1� as described
above, as well as the reoxidation process, the cyclic voltam-
mogram of the para dimer was simulated[46] under the as-
sumptions detailed in Scheme 4. Electron transfer to the
diaryl disulfide subunit results in the dissociation of the di-
sulfide bridge in the intermediately formed (pS-1)2


�·, yield-
ing pS-1� and the thio radical pS-1·. Under the prevailing
potential conditions, the latter species is instantly reduced to
a second pS-1� , so that the net reaction of the first reduction
is a transfer of two electrons. The corresponding formation
of the disulfide bond (i.e., the formation of (pS-1)2) pro-
ceeds in a first step from pS-1� by oxidation to pS-1·. Two of
these radicals can then directly combine to yield (pS-1)2, or
pS-1· and pS-1� can react to (pS-1)2


�·, which is then oxidized
to the para dimer. The resulting calculated CV is compared
to the experimentally measured cyclic voltammogram in
Figure 5.


Figure 3. Cyclic voltammetry of (pS-1)2 and pSAc-1 in MeCN/0.2m
TBAH.


Figure 4. Spectroelectrochemistry of (pS-1)2. First reduction (left) and
second reduction to the typical BDP radical dianion (right) in MeCN/
0.2m TBAH.


Table 3. Electrochemical data of the compounds in MeCN/0.2m TBAH.


Ered
1=2


BDP Eox
1=2
BDP Ered


p Eox
p


[mV] [mV] [mV] [mV]


p-SAc-1 �1600 +620 – –
(pS-1)2 �1735 +645 �1545 �265
(oS-1)2 �1885 +690 �1500 �235
1 �1630 +620 – –
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Electrochemiluminescence : Keeping in mind that electroac-
tive fluorophores are interesting candidates for several opto-
electronic applications, mainly with respect to organic light-
emitting devices (OLEDs), we investigated the electroche-
miluminescence behaviour of pSAc-1 and (pS-1)2.


[8c,21,47, 48]


By applying alternating potentials in the range of Ered=ox
p -


(BDP), we obtained BDP-luminescence in both cases (illus-
trated for (pS-1)2 in Figure 6).[49] Since the redox processes
of the thiol/disulfide couple, for instance, are between the
applied potential range for (pS-1)2, one can assume that the
excited state is generated by recombination of pS-12� and
(pS-1)2


2+ , the mechanism being depicted in Scheme 5. The
impact of the dyeLs structure is evident from the fact that we
did not find ECL activity for (oS-1)2, presumably because of


the instability of the species in-
volved in the processes necessa-
ry to generate ECL.


Toward fluorescent tags : The
validity of p-thiophenyl-substi-
tuted BDPs as both chemically
and electrochemically addressa-
ble switches that can be con-
veniently operated in the visible
spectral range having been es-
tablished, recent progress in the
redox labelling of proteins, as
described in the Introduction,
suggests that the thiol title com-
pound pSH-1 might be a versa-
tile and promising candidate. In
the manner reported above, the
labelling reaction should be ac-
complishable by a redox step,
with the optical spectroscopic
features of the dye remaining
largely unperturbed [i.e. , the
fluorescence properties should
change in accordance with the


step from pSH-1 to (pS-1)2]. Furthermore, the results pre-
sented above for (oS-1)2 indicate that a typical BDP fluores-
cence of moderate intensity (Ff�0.1) could still be moni-
tored even under high loading conditions, or if two labels
were in close proximity. This is a valuable criterion for imag-
ing applications. Additionally, in the case of pSH-1, two dif-
ferent steps could be invoked to remove background signals
from unreacted stains: either conventional washing out of
pSH-1 or, through simple pH adjustment, easy and quantita-
tive conversion of pSH-1 into the fluorimetrically silent
form pS-1� .


To test the suitability of this system for a broader range of
labelling reactions, pS-1� was coupled to cyanuric chloride
to obtain a reactive BDP dye. Cyanuric chloride is widely


Scheme 4. ECE mechanism of the first reduction of (pS-1)2 (top) and oxidation of pS-1� with subsequent di-
merization (bottom).


Figure 5. Simulated (dotted line) and measured (solid line) CVs of (pS-
1)2.


Figure 6. ECL spectra of (pS-1)2 in CH2Cl2/0.2m TBAH, with switch
times of 1 s�1 (discrete lines) and 50 ms�1 (curve). Inset: corresponding
CV, with the applied potentials indicated by the arrows.
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used as a cross-linking agent for coloration—in the textile
industry or for optical brighteners, for example—and has
long been used as a linker for reactive fluorescent stains.[50]


The reaction with pSH-1 is straightforward and proceeds
after base addition via the fluorimetrically silent pS-1� to
yield pSCC-1 as shown in Scheme 6. The exclusively formed
monoproduct is highly fluorescent (i.e., the fluorescence of


pSH-1 is virtually revived
during the reaction), and its
typical BDP absorption band is
bathochromically shifted by ca.
10 nm in relation to that of pS-
1� . Both dyes, pSH-1 and
pSCC-1, thus seem to show
promise as fluorescent labels,
and future work in our labora-
tories is currently being direct-
ed at detailed investigation of
their staining properties.


Conclusion


This work offers a new concept
of using the well investigated
BDP core as a proton- and
redox-addressable molecular
switch, preserving all the fa-
vourable features of the family
of BDP dyes while exhibiting
full reversibility. With pSH-1,
its deprotonated, fluorescently
silent form pS-1� and the oxi-
dized dimer (pS-1)2, the chemi-
cally and electrochemically
switchable states of the system
are introduced and character-
ized. By employing thiol/disul-
fide switching chemistry, it was
possible to create a first molec-
ular ensemble that shows both
proton- and redox-controlled
electrochemiluminescence. The
potential fields of application of
the versatile molecular system
range from multimode molecu-
lar switching via chemically
and/or redox-gated OLEDs to
pH monitoring, protein label-
ling or other applications as a
reactive dye. The ortho dimer
(oS-1)2 allowed us to acquire
deeper insight into structural
requirements in redox switches,
in the sense that excessive prox-
imity of the redox centres pre-
cludes a potentially ECL-active


chromophore from showing luminescence. On the other
hand, the comparative investigation of the ortho- and the
para-dimers revealed that a simple meso-o-thiophenyl group
is a large enough spacer to prevent interchromophore com-
munication of bichromophoric BDP dyes in the ground
state, yet it retains the possibility for interaction in the excit-
ed state by energy transfer.


Scheme 5. Mechanism of ECL generation by annihilation in (pS-1)2. The involvement of (pS-1)2
� as a minority


electron donor cannot be ruled out.


Scheme 6. Nucleophilic substitution of cyanuric chloride with pS-1� .
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Experimental Section


General : Melting points were recorded on a Reichert-Thermovar micro
melting apparatus and are not corrected. 1H NMR and 13C NMR spectra
were measured on an Avance 300 instrument. Mass spectra were record-
ed on a Varian CH-5 and a Finnigan MAT 95 machine. IR spectra were
obtained with a Biorad FTS 155 instrument in KBr disks.


Materials and synthesis : All solvents and chemicals were of reagent
grade quality, were obtained commercially and were used without further
purification except as noted below. The tetrabutylammonium hexafluoro-
phosphate (TBAH) used as a supporting electrolyte and acetonitrile and
dichloromethane for the electrochemical measurements were refined by
previously described procedures.[51]


Compound pSAc-1: A mixture of 4-acetylsulfanylbenzoic acid[52] (200 mg,
1.0 mmol) in SOCl2 (10.0 mL) was heated at reflux until a homogenous
solution was obtained (1 h). Excess SOCl2 was removed under vacuum.
The remaining solid was dissolved in CH2Cl2 (100 mL) and 3-ethyl-2,4-di-
methylpyrrole (0.3 mL, 285 mg, 2.34 mmol) was added. After the mixture
had been heated at reflux for 4 h, BF3·OEt2 and ethyl-diisopropyl-amine
(3 mL of each) were added. After stirring for 30 min, the reaction mix-
ture was quenched with water and extracted with CH2Cl2. The organic
layer was dried over anhydrous Na2SO4 and evaporated. Column chro-
matography on silica gel with CH2Cl2/ethyl acetate (1:1) as an eluent
gave pSAc-1 as a red solid with a green lustre (9% yield, 40 mg,
0.09 mmol). M.p.>222–223 8C; 1H NMR (300 MHz, CDCl3): d = 7.55–
7.52 (m, 2H), 7.37–7.33 (m, 2H), 2.53 (s, 6H; CH3), 2.46 (s, 3H; CH3),
2.30 (q, J = 7.6 Hz, 4H; CH2), 1.33 (s, 6H; CH3), 0.98 (t, J = 7.6 Hz,
6H; CH3) ppm; 13C NMR (75.5 MHz, CDCl3): d = 193.3 (q), 154.1 (q),
138.8 (q), 138.3 (q), 137.1 (q), 135.2 (+), 133.0 (q), 130.5 (q), 129.2 (+),
128.9 (q), 30.3 (+), 17.1 (�), 14.6 (+), 12.5 (+), 11.8 (+) ppm; FTIR
(KBr): ñ = 2968, 2926, 2856, 1717, 1536, 1474, 1320, 1193, 1119, 1065,
976, 760 cm�1; MS (EI, 70 eV): m/z : 454 (100) [M]+ ; HRMS (EI, 70 eV):
calcd: 454.2066; found 454.2057.


Compound (pS-1)2 : A mixture of commercially available 4,4’-dithiobis-
benzoic acid (500 mg, 1.6 mmol) in SOCl2 (15.0 mL) was heated at reflux
until a homogenous solution was obtained (30 h). Excess SOCl2 was re-
moved under vacuum. The remaining solid was dissolved in CH2Cl2
(200 mL), and 3-ethyl-2,4-dimethylpyrrole (0.8 mL, 760 mg, 6.24 mmol)
was added. After the mixture had been heated at reflux for 4 h, BF3·OEt2
and ethyl-diisopropyl-amine (3 mL each) were added. After stirring for
30 min, the reaction mixture was quenched with water and extracted with
CH2Cl2. The organic layer was dried over anhydrous Na2SO4 and evapo-
rated. Column chromatography on silica gel with CH2Cl2 as an eluent
gave (pS-1)2 as a red solid with a green lustre (11% yield, 150 mg,
0.18 mmol). M.p.>265–267 8C; 1H NMR (300 MHz, CDCl3): d = 7.63–
7.60 (m, 4H), 7.27–7.24 (m, 4H), 2.52 (s, 12H; CH3), 2.28 (q, J = 7.5 Hz,
8H; CH2), 1.27 (s, 12H; CH3), 0.96 (t, J = 7.5 Hz, 12H; CH3) ppm;
13C NMR (75.5 MHz, CDCl3): d = 154.1 (q), 138.8 (q), 138.0 (q), 137.5
(q), 135.2 (q), 133.0 (q), 130.6 (q), 129.2 (+), 128.6 (+), 17.0 (�), 14.6
(+), 12.5 (+), 11.8 (+) ppm; FTIR (KBr): ñ = 2964, 2929, 1544, 1474,
1320, 1193, 1073, 980 cm�1; MS (FD, 70 eV): m/z : 822 (100) [M]+ ; HRMS
(EI, 70 eV): calcd: 822.3771; found 822.3767.


Compound pSH-1: A mixture of (pS-1)2 (60 mg, 0.07 mmol) and Zn
(2.0 g) was stirred in AcOH (20.0 mL). After ca. 2.5 h, excessive Zn was
removed by filtration, and water was added to the remaining solution.
After extraction with CH2Cl2, the organic layer was dried over anhydrous
Na2SO4 and evaporated. Column chromatography on silica gel with
CH2Cl2 as an eluent gave pSH-1 as a red solid with a green lustre (50%
yield, 30 mg, 0.07 mmol). M.p.>210–212 8C; 1H NMR (300 MHz, CDCl3):
d = 7.39–7.37 (m, 2H), 7.16–7.13 (m, 2H), 3.59 (s, 1H), 2.52 (s, 6H;
CH3), 2.30 (q, J = 7.5 Hz, 4H; CH2), 1.33 (s, 6H; CH3), 0.98 (t, J =


7.5 Hz, 6H; CH3) ppm; 13C NMR (75.5 MHz, CDCl3): d = 153.9 (q),
139.3 (q), 138.3 (q), 133.1 (q), 132.9 (q), 132.1 (q) 130.8 (q), 129.7 (+),
129.1 (+), 17.1 (�), 14.6 (+), 12.5 (+), 11.9 (+) ppm; FTIR (KBr): ñ =


2968, 2929, 1532, 1474, 1316, 1185, 1069, 976, 803 cm�1; MS (DCI, NH3):
m/z : 412 (100) [M]+ ; HRMS (EI, 70 eV): calcd: 412.1949; found
412.1960.


Compound (oS-1)2 : A mixture of commercially available 2,2’-dithiobis-
benzoic acid (500 mg, 1.6 mmol) in SOCl2 (15.0 mL) was heated at reflux
until a homogenous solution was obtained (18 h). Excess SOCl2 was re-
moved under vacuum. The remaining solid was dissolved in CH2Cl2
(200 mL), and 3-ethyl-2,4-dimethylpyrrole (0.8 mL, 760 mg, 6.24 mmol)
was added. After the mixture had been heated at reflux for 4 h, BF3·OEt2
and ethyl-diisopropyl-amine (3 mL each) were added. After stirring for
30 min, the reaction mixture was quenched with water and extracted with
CH2Cl2. The organic layer was dried over anhydrous Na2SO4 and evapo-
rated. Column chromatography on silica gel with CH2Cl2 as an eluent
gave (oS-1)2 as a red solid with a green lustre (11% yield, 150 mg,
0.18 mmol). M.p.>360 8C; 1H NMR (300 MHz, CDCl3): d = 7.67–7.62
(m, 2H), 7.20–7.16 (m, 4H), 2.52 (s, 12H; CH3), 2.31 (q, J = 7.6 Hz, 8H;
CH2), 1.25 (s, 12H; CH3), 1.00 (t, J = 7.6 Hz, 12H; CH3) ppm; 13C NMR
(75.5 MHz, CDCl3): d = 154.6 (q), 137.9 (q), 136.1 (q), 136.0 (q), 133.6
(q), 133.0 (q), 130.4 (q), 129.7 (+), 129.1 (+), 17.1 (�), 14.6 (+), 12.6 (+),
11.2 (+) ppm; FTIR (KBr): ñ = 2964, 2926, 1544, 1478, 1320, 1192, 1073,
980 cm�1; MS (FD, 70 eV): m/z : 822 (100) [M]+ ; HRMS (EI, 70 eV):
calcd: 822.3771; found 822.3770.


Compound 1: This was synthesized as reported by us previously.[17a]


Steady-state absorption and fluorescence spectroscopy : Steady-state ab-
sorption measurements were carried out on a Bruins Instruments
Omega 10 and a Cary 5000 UV/Vis/NIR spectrophotometer. The steady-
state fluorescence spectra were recorded with a Spectronics Instru-
ment 8100 spectrofluorimeter. For all measurements, the temperature
was kept constant at 298�2 K. Unless otherwise noted, only dilute solu-
tions of an optical density of less then 0.1 at the absorption maximum
were used. Fluorescence experiments were performed with a 908 stan-
dard geometry, with polarizers set at 54.78 for emission and 08 for excita-
tion. The fluorescence quantum yields (Ff) were determined relative to
fluorescein 27 in 0.1n NaOH (Ff = 0.90�0.03).[53] All the fluorescence
spectra presented here were corrected for the spectral response of the de-
tection system (calibrated quartz halogen lamp placed inside an integrat-
ing sphere; Gigahertz-Optik) and for the spectral irradiance of the exci-
tation channel (calibrated silicon diode mounted at a sphere port; Giga-
hertz-Optik). The uncertainties of the fluorescence quantum yields were
determined to �5% (for Ff>0.2) and �10% (for 0.2>Ff>0.02).


Spectral fitting procedure : The full widths at half-maximum (fwhms) of
the reported absorption and emission bands were calculated from the de-
convoluted absorption and emission spectra, respectively, which had been
converted to the energy scale and subsequently fitted by a Gaussian fit.
Independent of the compound, five components were necessary in both
absorption and fluorescence spectra to yield acceptable fitting results
with regard to the lowest energy transition. The fwhms of the compo-
nents were linked and no other constrains were set.


Time-resolved fluorescence spectroscopy : Fluorescence lifetimes (tf)
were determined by a unique customized laser impulse fluorimeter with
picosecond time resolution, which we have described in earlier publica-
tions.[18b,54] The fluorescence was collected at right angles (polarizer set at
54.78 ; monochromator with spectral bandwidths of 4, 8 and 16 nm) and
the fluorescence decays were recorded with a modular single-photon
timing unit as described in reference [18b]. While producing typical in-
strumental response functions of fwhm of ca. 25–30 ps, the time division
was 4.8 ps per channel and the experimental accuracy amounted to
�3 ps. The laser beam was attenuated with a double prism attenuator
(LTB) and typical excitation energies were in the nanowatt to microwatt
range (average laser power). The fluorescence lifetime profiles were ana-
lysed on a PC with the Global Unlimited V2.2 software package (Labora-
tory for Fluorescence Dynamics, University of Illinois). The goodness of
fit of the single decays as judged by reduced chi-squared (cR


2) and the au-
tocorrelation function C(j) of the residuals was always below cR


2<1.2.
For all the dyes, decays were recorded at three different emission wave-
lengths over the BDP-type emission spectrum and were analysed global-
ly. Such a global analysis of decays recorded at different emission wave-
lengths implies that the decay times of the species are linked while the
program varies the preexponential factors and lifetimes until the changes
in the error surface (c2 surface) are minimal; that is, convergence is
reached. The fitting results are judged for every single decay (local cR


2)
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and for all the decays (global cR
2). The errors for all the global analytical


results presented here were below a global cR
2 = 1.2.


Lifetime distribution analysis (LDA): LDA of the fluorescence decay
traces that could not be sufficiently described by one or two exponentials
in the global analysis was performed with the FLA900 software package
(Edinburgh Analytical Instruments, level 2, version 1.6). The lifetime
range was set to a reasonable value, the starting channel shift was set to
0.5 (not fixed), all available channels were used, and the maximum possi-
ble number of 100 individual exponential lifetimes was employed. No
other constraints were made. The quality of the fit was again reviewed by
the c2 analysis. For all results c2 was below 1.3.


Cyclic voltammetry, spectroelectrochemistry, electrochemiluminescence :
CV measurements were performed with solutions of the appropriate
compound (ca. 1 mm) in highly pure solvents buffered with TBAH (0.2m,
vide ante) on a potentiostat/galvanostat (EG&G 283A). The measure-
ment cell had a three-electrode set-up (Pt working electrode, gold coun-
ter-electrode and Ag/AgCl pseudo-reference electrode) and the measure-
ments were referenced against ferrocenium/ferrocene (Fc+/Fc) as the in-
ternal standard. A Perkin–Elmer Lambda 9 UV/Vis/NIR spectrophotom-
eter in combination with an Amel 2053 potentiostat/galvanostat and a
custom-build quartz cuvette with a minigrid gold net as transparent
working electrode was employed for the spectroelectrochemical experi-
ments (for a detailed description see reference [55]). ECL measurements
were carried out on a Hitachi F-4500 fluorimeter fitted with a customized
ECL cell and a set-up as described in reference [56]. For the ECL experi-
ments, solvents of similar grade to those used in the other electrochemi-
cal studies were employed, and the concentrations of the compounds
were adjusted to about 1 mm. TBAH (0.2m) served as supporting electro-
lyte, and the measurements were performed without stirring of the solu-
tions. The potential was switched with alternation between the oxidation
and reduction potentials (see inset of Figure 6, electrochemical switching
frequency 1 s�1, scan rate of the spectrometer 240 nmmin�1). The spiked
spectrum is the result of the “slow” switching frequency of 1 s�1, whilst
the other spectra were obtained with n = 50 and 20 ms�1 in the case of
pSAc-1 and (pS-1)2.
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Synthesis of Unsymmetrical Tweezer Receptor Libraries and Identification of
Receptors for Lys-d-Ala-d-Ala in Aqueous Solution


Jon Shepherd, Tom Gale, Kim B. Jensen, and Jeremy D. Kilburn*[a]


Introduction


The selective binding of peptides with synthetic receptors
remains a major challenge, particularly, if binding is to be
successful in competitive aqueous media,[1] which is essential
if such systems are to be of use in the physiological milieu.
In recent years, a variety of receptors, featuring one or more
peptidic arms attached to a rigid template, have proved to
be effective and sequence selec-
tive for peptides, despite the in-
herent flexibility of many of
these receptor systems.[2-4] In
addition, the use of a combina-
torial, split-and-mix approach
to randomize the amino acid
content in the peptidic arms has
provided a powerful method for
the construction of libraries of
potential peptide receptors,[5]


and this approach has been
used successfully for the identi-
fication of sequence selective
receptors for a variety of pep-
tides, in both nonpolar organ-
ic[3] and aqueous solvents.[2,4] The incorporation of a specific


recognition site for the carboxylate functionality into the
general receptor structure has facilitated the identification
of receptors for peptides with a free carboxylate terminus.
In this context, we have used bis(aminoalkyl)guanindiniums
as a scaffold to prepare libraries of two-armed “tweezer” re-
ceptor structures 1 (Scheme 1) and hence identified recep-
tors for a side-chain-protected tripeptide in aqueous
media.[2e]


Recently, Schmuck has used linear peptides, capped with
a guanidinopyrrole as a carboxylate binding site, to identify
receptors that bind the amyloid peptide (Val-Val-Ile-Ala) in
aqueous solution.[2c,d,6] Although not incorporating a specific
carboxylate binding site, libraries of three-armed receptors,
based on a cyclotriveratrylene scaffold, have also been
screened by Liskamp who utilized the dye-labeled dipep-
tides d-Ala-d-Ala and d-Ala-d-Lac, with a free carboxylate


Abstract: Libraries of “unsymmetrical”
tweezer receptors, featuring a guanidi-
nium head group as a carboxylate bind-
ing site and two independently synthe-
sized peptidic arms, have been pre-
pared and screened to identify recep-
tors for the N-Ac-Lys-d-Ala-d-Ala tri-


peptide sequence. The binding
properties of one such receptor struc-
ture, with dye-labeled N-Ac-Lys-d-Ala-


d-Ala, were investigated. These studies
demonstrated that when attached to
the solid-phase, the receptor binds dye-
labeled N-Ac-Lys-d-Ala-d-Ala, in buf-
fered aqueous media, with mm binding
affinity.
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Scheme 1. Two-armed tweezer receptor structures 1.
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terminus, as substrates in phosphate buffer.[2a,b] These devel-
opments demonstrate the potential of such receptor systems
to provide potent and sequence selective peptide receptors
for use as novel therapeutics or biosensors.


In our own work with two-armed “tweezer” receptors,
based around a bis(aminoalkyl)guanindinium scaffold, the li-
braries prepared to date have limited diversity; this is be-
cause both arms of the receptor are synthesized simultane-
ously on the solid support, which leads to “symmetrical”
tweezer receptors containing two arms with an identical
amino acid sequence.[2e] To increase the diversity of struc-
tures that can be prepared by using this combinatorial ap-
proach, we have now developed routes to libraries of analo-
gous “unsymmetrical” tweezer receptors in which the two
arms are synthesized independently. These libraries have
been screened to identify receptor structures that are able
to bind to the bacterial cell wall precursor peptide N-Ac-
Lys-d-Ala-d-Ala.[7] One such receptor structure was resyn-
thesized and used to determine the association constant
with N-Ac-Lys-d-Ala-d-Ala. In free solution, although a
UV binding study provides evidence for an association be-
tween the receptor and the tripeptide, the data does not
allow for the determination of a simple 1:1 (receptor:sub-
strate) binding constant. When attached to the solid support,
however, the receptor binds to the tripeptide in an aqueous
buffered solution with a mm association constant. Herein we
describe these studies in detail.


Results and Discussion


Our approach to tweezer receptor libraries has relied on
Edman degradation to identify the amino acid components
in selected “hit” beads from screening experiments. While
this proved to be relatively straightforward for the “symmet-
rical” receptor structures reported previously,[2e] the con-
struction of “unsymmetrical” structures requires a more
complicated procedure and careful use of orthogonal pro-
tecting groups. We have used two strategies for the construc-
tion of such libraries, with both cases utilizing the orthogo-
nally protected guanidinium derivative 6, prepared in five
steps from the previously described[8] thiourea 2, as the
starting point.


In the first strategy, the guanidinium 6 was attached to
tentagel resin and the Fmoc-protecting group was removed
(Scheme 2). Two rounds of split-and-mix synthesis using
Fmoc-protected amino acids (Fmoc=9-fluorenyloxycarbon-
yl), with acid-sensitive side chain protection where appropri-
ate, were then employed, followed by a third round of split-
and-mix synthesis using Boc-protected amino acids to give 8
(Boc= tert-butyloxycarbonyl), thus, completing the synthesis
of the first peptidic arm of the receptor structures. Subse-
quent removal of the Dppe-protecting group (Dppe=1-(4,4-
dimethyl-2,6-dicyclohexylidene)phenylethyl)[9] was followed
by three more rounds of split-and-mix synthesis using Fmoc-
protected amino acids. Finally, treatment with piperidine re-
moved the Fmoc-protecting group on the last amino acid


and treatment with HF, simultaneously, removed all acid-
sensitive protecting groups, including the tosyl group on the
guanidinium unit, producing library 9.


Identifying the structure of a receptor on a single bead
from this library involved Edman sequencing[10] of both
tweezer arms simultaneously, so that each round of Edman
sequencing identified two amino acids. Therefore, to avoid
any ambiguity as to which arm the respective amino acids
are derived from, the choice of amino acids used in the
split-and-mix steps is restricted, that is, the set of amino


Scheme 2. a) i) CH3I, acetone; ii) NH4PF6, CH2Cl2, CH3OH; b) TsNH2,
DBU, toluene, CHCl3, reflux; c) 30% CF3CO2H, CH2Cl2; d) Fmoc-l-Glu-
(OtBu)-OH, EDC, HOBt, DIPEA, DMF; e) 60% CF3CO2H, CH2Cl2;
f) Tentagel resin, PyBOP, HOBt, DIPEA, DMF; g) 20% piperidine in
DMF; h) two-fold split-and-mix Fmoc peptide synthesis using Gly, l-Leu,
l-Phe, l-Glu(OtBu), and l-Met; i) split-and-mix Boc peptide synthesis
using Gly, l-Leu, l-Phe, l-Glu(OtBu), and l-Met; j) 35% aqueous
NH2NH2; k) three-fold split-and-mix Fmoc peptide synthesis using l-Ala,
l-Val, l-Gln, l-Hist, and l-Lys(Boc); l) liquid HF.
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acids used at the first position of the first arm (AA1) must
be different from those incorporated at the first position of
the second arm (AA4). The same restriction applies to AA2


versus AA5 and AA3 versus AA6.
Following this approach, a library containing 15625 mem-


bers was prepared by using the amino acids Gly, l-Leu, l-
Phe, l-Glu(OtBu), and l-Pro for positions AA1–AA3 and
the amino acids l-Ala, l-Val, l-Gln, l-Ser(OtBu), and l-Lys-
(Boc) for positions AA4–AA6. Edman sequencing on ran-
domly selected beads from the library confirmed that the
structure of the receptor on each bead could be unambigu-
ously determined for each case.


An alternative strategy also started from the guanidinium
6, but required the introduction of an independent coding
strand for the structural identification of individual library
members. Thus, tentagel resin was first coupled with N-Boc
phenylalanine (10 mol%), followed by the coupling of the
remaining free amine sites (90 mol%) with the guanidinium
6 (Scheme 3). After the removal of the Fmoc-protecting
group, the resin was split into the desired number of por-
tions and coupled with different Fmoc-protected amino
acids. Each separate portion was then treated with TFA
(TFA= trifluoroacetic acid) to remove the Boc-protecting
group on the coding strand, and the resulting free amine
was coupled with the same amino acid as that used previ-


ously, but with a Boc-protecting group rather than an Fmoc-
protecting group. Thus, on each individual bead the coding
strand contains the same amino acid sequence as on the
peptide arm. On the third cycle of couplings, the Fmoc-pro-
tected amino acids were treated with piperidine and capped
with acetic anhydride, prior to the Boc deprotection and
coupling of the Boc-protected amino acid onto the coding
strand. Synthesis of the second peptidic arm of the receptors
required the removal of the dppe group and Boc deprotec-
tion of the coding strand. Subsequent split-and-mix synthesis
with Fmoc-protected amino acids produced the second pep-
tidic arm with simultaneous extension of the coding strand.
The use of this procedure avoids restricting the diversity of
library 9, but does, on the other hand, mean that amino
acids with acid-sensitive side-chain protection cannot used
in the construction of the first peptidic arm.


Identifying the structure of a receptor on a single bead
now involved Edman sequencing of the heptapeptide coding
strand. For every bead, the seventh residue from the se-
quencing procedure should be phenylalanine, as this was in-
troduced on all of the beads, providing a useful check that
the library synthesis and sequencing chemistry has worked
efficiently.


Following this approach, a library containing 15625 mem-
bers was constructed by using the amino acids Gly, l-Ala, l-


Val, l-Phe, and l-Gln for posi-
tions AA1–AA3 and amino
acids Gly, l-Ala, l-Ser, l-Met,
and l-Hist for positions AA4–
AA6. Edman sequencing on
randomly selected beads from
the library confirmed that the
structure of the receptor on
each bead could be unambigu-
ously determined for each case.


To demonstrate the potential
of these libraries for the identi-
fication of new receptors, they
were screened in aqueous
buffer (pH 8.5, borate) with the
dye-labeled tripeptide N-Ac-
Lys-d-Ala-d-Ala (13). At this
pH the guanidinium moiety is
still protonated and the carbox-
ylate of the peptidic guest is de-
protonated.


The screening experiments
are simple to perform. First, a
library sample is equilibrated in
the buffer system, and then a
solution of the peptide guest,
dissolved in water and 10%
DMSO, is added. After a
second equilibration, the selec-
tivity of the peptide binding can
be judged by the observation of
stained beads, visualized under


Scheme 3. a) 10 mol% Boc-L-Phe-OH, PyBOP, HOBt, DIPEA, DMF; b) 6, PyBOP, HOBt, DIPEA, DMF;
c) 20% piperidine in DMF; d) split-and-mix Fmoc peptide synthesis using Gly, l-Ala, l-Val, l-Phe, and l-Gln;
e) 30% CF3CO2H, CH2Cl2; f) split-and-mix Boc peptide synthesis using Gly, l-Ala, l-Val, l-Phe, and l-Gln;
g) repeat c–f twice; h) Ac2O, DMAP; i) 35% aqueous NH2NH2; j) three-fold split-and-mix Fmoc peptide syn-
thesis using Gly, l-Ala, l-Ser, l-Met, and l-Hist; k) liquid HF.
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a microscope. Additional aliquots of the peptide guest can
be added to increase the peptide concentration, and thus,
provide optimal selectivity, as adjudged by the number of
highly stained beads against a background of lightly or un-
stained beads.


By using this strategy, both tweezer receptor libraries 9
and 12 were screened with dye-labeled 13. For library 9, the
selectivity was disappointing and there were a large number
of beads stained, with little discrimination between the
degree of staining. By using library 12, however, the selec-
tivity after equilibration (48 h, at a peptide concentration of
30 mm) was high, showing <2% of the highly red-colored
beads. As a control experiment, the library was also incubat-
ed with the disperse red dye 14 (30 mm), but selective bind-
ing of the dye was not observed. Ten of the most intensively
stained beads from the screening experiment of 13 with li-
brary 12 were selected and sequenced by Edman degrada-
tion[10] (Table 1).


The sequencing results were successful for each bead,
with the exception of one, for which AA5 and AA6 could
not be unambiguously determined. As expected, for each
bead, the seventh residue identified by Edman sequencing
was phenylalanine. Inspection of the sequencing data reveals
that AA6 has a very high proportion (70%) of serine resi-


dues, AA5 has a strong preference for histidine (30%) or
methionine (40%), and AA4 has a strong preference for me-
thionine (50%). AA3 and AA2, however, have a strong pref-
erence for hydrophobic residues valine (40%) or alanine
(40%). AA1 is the least well-defined with glycine (30%)
and alanine (30%). Therefore, receptor structure 16 was
chosen for resynthesis and binding studies, since it incorpo-
rated the observed preferences, and was also the exact struc-
ture identified for bead 1 (Scheme 4).


Receptor 16 was prepared on acid-labile Rink amide
resin.[11] Orthogonally protected guanidine 6[8] was then at-
tached, and the peptide arms constructed by using standard
Fmoc-protected amino acid coupling chemistry. Cleavage
from the resin (TFA) and treatment with HF, to remove the
tosyl group from the guanidine, produced the desired recep-
tor, which was purified by HPLC.


A UV titration experiment was used to study the binding
of tweezer 16 with dye-labeled 13. As aliquots of the tweez-
er 16 were added, the intensity of the UV absorption maxi-
mum (at 500 nm) of the red dye moiety of the peptide guest
was monitored. This resulted in a decrease in the absorption
at 500 nm, with a clean isobestic point at 400 nm. However,
the data from this experiment did not fit with the presumed
1:1 binding, and the titration curve (Figure 1) suggests that


Table 1. Sequencing results for ten “hit” beads identified from the
screening experiments of library 9 and dye-labeled peptide 12, in aqueous
buffer (pH 8.5, borate).


Bead AA0 AA1 AA2 AA3 AA4 AA5 AA6


1 Phe Gly Val Val Met His Ser
2 Phe Gly Phe Ala His His Ser
3 Phe Ala Val Gln Gly His Ser
4 Phe Gln Ala Val Gly Met Ser
5 Phe Val Ala Val Ser Met Ser
6 Phe Gln Phe Ala Met Gly Ser
7 Phe Ala Ala Ala Met Ser Ser
8 Phe Phe Val Val Gly Met His
9 Phe Gly Ala Ala Met Met His
10 Phe Ala Val Phe Met – –


Scheme 4. a) 6, PyBOP, HOBt, DIPEA, DMF; b) 20% piperidine in
DMF; c) Fmoc-Gly, DIC, HOBt, DMF; d) Fmoc-l-Val, DIC, HOBt,
DMF; e) Ac2O, DMAP, DMF; f) 35% aqueous NH2NH2; g) Fmoc-l-
Met, DIC, HOBt, DMF; h) Fmoc-l-His, DIC, HOBt, DMF; i) Fmoc-l-
Ser(OtBu), DIC, HOBt, DMF; j) 95% CF3CO2H, CH2Cl2; k) liquid HF.
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both 1:1 and 1:2 (host:guest) binding stoichiometries are
present. Notably, however, when titration experiments were
also carried out with the tosylated tweezer 15 and peptide
13, no detectable change in the UV absorption was ob-
served, confirming that an interaction between the free gua-
nidinium of the receptor and the carboxylate terminus of
the guest is essential for strong binding. Complexation was
also investigated by 1H NMR spectroscopy, and the addition
of one equivalent of dye-labeled 13 to a solution of the
tweezer receptor 16 did lead to changes in the spectrum of
the latter; however, the limited solubility and poor resolu-
tion precluded further analysis.


Therefore, the receptor structure 16 was resynthesized for
binding studies on the solid-phase. The synthesis essentially
followed the route described above, but used the trifluoro-
acetyl-protected guanidinium as the scaffold for initial at-
tachment to the tentagel resin, since the trifluoroacetyl pro-
tection of guanidines, recently introduced by us,[8] is much
easier to remove than tosyl protection. Thus, guanidine 19
was attached to tentagel resin (0.2 mmolg�1), and the pep-
tide arms constructed by using the standard Fmoc-protected
amino acid coupling chemistry as before (Scheme 5). Final
treatment with K2CO3 (0.15m) cleaved the trifluoroacetyl
group to give the resin-bound tweezer receptor 23.


The binding affinity of the resin-bound receptor 23 for
dye-labeled N-Ac-Lys-d-Ala-d-Ala (13) was measured by
determining the ability of the resin-bound receptor to
absorb the peptide guest from solution, following a previ-
ously described methodology.[3c,12] Thus, a known mass of
resin 23 was incubated with a solution of guest 13 in an
aqueous buffer and the change in the concentration of the
guest in free solution was monitored by UV spectroscopy.[12]


To account for nonspecific absorption of 13 to the polysty-
rene resin matrix, an equivalent mass of underivatized tenta-
gel resin was also incubated with 13. This allowed the
amount of 13 specifically bound by the tweezer receptor to
be determined, and hence the association constant, based on
a 1:1 receptor–substrate stoichiometry, was estimated as
Kass~1350m�1. An identical binding experiment was carried
out again by using the resin-bound receptor 23, but with the


diastereomeric dye-labeled N-Ac-Lys-l-Ala-l-Ala, produc-
ing a value for Kass of ~250m�1.


Conclusion


We have described novel solid-phase synthesis methodology
for the construction of “unsymmetrical” gaunidinyl tweezer
receptor structures. A relatively small library of these recep-
tors was prepared and screened to identify a receptor for
dye-labeled N-Ac-Lys-d-Ala-d-Ala. Binding studies on the
solid-phase confirm that the resin-bound receptor has signif-
icant (mm) affinity for the dye-labeled peptide, and reduced
affinity for the diastereoisomeric peptide, dye-labeled N-Ac-
Lys-l-Ala-l-Ala. Binding in free solution, however, proved
hard to establish, and although both UV and NMR spectro-
scopic studies indicated that complexation had occurred,


Figure 1. UV titration for tweezer 16 with peptide 13.


Scheme 5. a) i) CH3I, acetone; ii) NH4PF6, CH2Cl2, CH3OH;
b) CF3CONH2, DBU, toluene, CHCl3, reflux; c) H2, Pd/C, DMF;
d) Fmoc-l-Glu(OBn)-OH, EDC, HOBt, DIPEA, DMAP, DMF; e) H2,
Pd/C, DMF; f) Tentagel resin, DIC, HOBt, DIPEA, DMF; g) 20% piper-
idine in DMF; h) Fmoc-Gly, DIC, HOBt, DIPEA, DMF; i) Fmoc-l-Val,
DIC, HOBt, DIPEA, DMF; j) Ac2O, Et3N, DMF; k) 20% CF3CO2H,
CH2Cl2; l) Fmoc-l-Met, DIC, HOBt, DIPEA, DMF; m) Fmoc-l-His(Trt),
DIC, HOBt, DIPEA, DMF; n) Fmoc-l-Ser(OtBu), DIC, HOBt, DIPEA,
DMF; o) 95% TFA, CH2Cl2, p) K2CO3 (0.15m) in MeOH/DMF/H2O
(2:2:1).
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binding affinities could not be determined. The failure of
binding on the solid-phase to translate to equivalent binding
in free solution suggests that the environment created by
the resin may have a significant role in influencing binding
affinity—possibly by excluding or organizing solvent mole-
cules within the resin matrix—or may suppress aggregation
of the tweezer receptor molecules, which occurs readily in
free solution. These difficulties might be addressed by at-
taching a polyethylene glycol chain to the receptor in free
solution to mimic more precisely the environment of the
resin-bound receptors[2d] or by linking a number of such
tweezer structures to a dendrimer. This latter strategy
might, ultimately, have an added benefit in creating multiva-
lent Lys-d-Ala-d-Ala receptors. Such studies are underway
in our laboratory. Furthermore, the library described herein
was relatively small given the diversity available just by
using the natural l-amino acids, let alone the structures that
may be produced by introducing other building blocks.
These limitations notwithstanding the results described
herein further emphasize the potential of these tweezer
structures to act as strong and selective peptide receptors,
even in competitive aqueous solvents.


Experimental Section


General : Solvents for synthesis were purchased from Fisher or Rathburn
Chemicals. TentagelSNH2 or Rink Amide resin was used as the solid
support in peptide synthesis, and was purchased from Rapp Polymere
(Germany) or Novabiochem. Fmoc- and Boc-protected amino acids were
purchased from NovaBiochem or BAChem. All other chemicals were
purchased from Aldrich, Fluka, Lancaster, or NovaBiochem. Peptide syn-
thesis on the solid-phase was performed in polypropylene filtration tubes
with polyethylene frits on a Visiprep SPE vacuum manifold from Supel-
co. The reaction containers were agitated on a blood tube rotator (Stuart
Scientific Blood Tune Rotator SB1). Coupling was monitored by using
the Kaiser ninhydrin test. TLC was performed on aluminum-backed
plates (Merck silica gel 60 F254). Sorbisil C60, 40–60-mesh silica was
used for column chromatography. Melting points were determined in
open capillary tubes by using a Gallenkamp electrothermal melting point
apparatus. IR spectra were recorded on a Bio-Rad FT-IR spectrometer
as neat compounds. 1H NMR spectra were obtained at 300 MHz on a
Bruker AC 300 and at 400 MHz on a Bruker DPX 400. 13C NMR spectra
were recorded at 75 MHz on a Bruker AC300 and at 100 MHz on a
Bruker DPX 400. Coupling constants are given in Hz. The multiplicities
of the signals were determined by using the distortionless enhancement
phase transfer (DEPT) spectral editing technique. ES-MS were obtained
on a Micromass Platform II with a quadrupole mass analyzer or a Waters
ZMD with a quadrupole mass analyzer. UV titration experiments were
recorded on a Shimadzu UV-1601 UV/visible spectrophotometer.


Abbreviations : Ac, acetyl; Boc, tert-butyloxycarbonyl; DIC, N,N-diiso-
propylcarbodiimide; DIPEA, diisopropylethylamine; DMAP, 4-(dimethyl-
amino)pyridine; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; dppe, 1-(4,4-
dimethyl-2,6-dicyclohexylidene)phenylethyl; EDC, 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide; Fmoc, 9-fluorenyloxycarbonyl; HOBt, 1-hy-
droxybenzotriazole; PyBOP, benzotriazole-1-yl-oxy-tris-pyrrolino-phos-
phonium hexafluorophosphate; TFA, trifluoroacetic acid; Trt, trityl ; Ts,
tosyl.


tert-Butyl ester of 4-{2-{{{2-[1-(4,4-dimethyl-2,6-dioxo-cyclohexylidene)-2-
phenylethylamino]ethylamino}(toluene-4-sulfonylimino)methyl}amino}-
ethylcarbamoyl}-4-(9H-fluoren-9-ylmethoxycarbonylamino)butyric acid
(5): Carbamate 4[8] (500 mg, 0.75 mmol) was stirred in a 20% solution of
trifluoroacetic acid in CH2Cl2 (25 mL) at room temperature for 3 h. After


the addition of toluene, the solvents were removed under reduced pres-
sure to give a yellow oil that was redissolved in CH2Cl2 (5 mL) and
added to a solution of N-a-Fmoc-l-glutamic acid-w-tert-butyl ester
(320 mg, 0.75 mmol), EDC (144 mg, 0.75 mmol), and HOBt (203 mg,
0.75 mmol) in CH2Cl2 (15 mL) at room temperature. After the addition
of DIPEA (260 mL, 1.5 mmol), the resulting reaction mixture was stirred
for 36 h. CH2Cl2 (50 mL) was then added and the mixture washed with
water (60 mL). The organic layer was dried over magnesium sulfate and
the solvent was removed under reduced pressure to give a yellow solid.
Purification by column chromatography on silica gel (EtOAc/PE, 8:1!
EtOAc) produced 5 as a white hygroscopic foam (510 mg, 70% yield).
1H NMR (400 MHz, CDCl3): d=13.48 (br s, 1H; NH), 7.67 (d, J=7.5 Hz,
2H; ArH), 7.63 (d, J=8.0 Hz, 2H; ArH), 7.49 (d, J=7.5 Hz, 2H; ArH),
7.35–7.05 (m, 9H; ArH), 6.99 (d, J=7.5 Hz, 2H; ArH), 6.35 (br s, 1H;
NH), 4.39 (m, 2H; PhCH2), 4.28 (m, 2H; CH2), 4.13–4.00 (m, 2H), 3.45
(m, 2H), 3.30–3.10 (m, 6H), 2.40–1.80 (m, 11H), 1.36 (s, 9H; (CH3)3C),
0.91 ppm (s, 6H; (CH3)2C);


13C NMR (100 MHz, (CD3)2SO): d=198.1
(C), 174.2 (C), 174.0 (C), 173.0 (C), 156.6 (C), 155.6 (C), 143.8 (C), 142.1
(C), 141.4 (C), 141.1 (C), 135.8 (C), 129.3 (CH), 128.9 (CH), 128.1 (CH),
127.9 (CH), 127.2 (CH), 126.8 (CH), 126.0 (CH), 125.2 (CH), 120.2
(CH), 108.4 (C), 81.3 (C), 67.2 (CH2), 60.5 (CH2), 54.6 (CH2), 53.0 (CH),
47.3 (CH), 42.4 (CH2), 40.9 (CH2), 39.7 (CH2), 35.0 (CH2), 31.7 (CH2),
30.1 (C), 28.4 (CH3), 28.2 (CH3), 27.5 (CH2), 21.6 ppm (CH3); IR (neat):
ñ=3322 (br), 2949 (w), 2926 (w), 1720 (m), 1561 (s), 1496 (w), 1450 (m),
1419 (w), 1365 (w), 1342 (m), 1245 (s), 1182 (w), 1131 (s), 1081 cm�1 (s);
LRMS (ES): m/z : 947 [M+H]+ , 969 [M+Na]+ .


4-{2-{{{2-[1-(4,4-Dimethyl-2,6-dioxocyclohexylidene)-2-phenylethylami-
no]ethylamino}(toluene-4-sulfonylimino)methyl}amino}ethylcarbamoyl}-
4-(9H-fluoren-9-ylmethoxycarbonylamino)butyric acid (6): TFA (60% in
CH2Cl2, 11 mL) was added to a solution of ester 5 (470 mg, 0.48 mmol) in
CH2Cl2 (10 mL), and the mixture was stirred vigorously for 18 h at room
temperature. Toluene (150 mL) was then added and the solvents were re-
moved under reduced pressure to give a yellow oil. Column chromatog-
raphy on silica gel (10% MeOH in CH2Cl2) afforded acid 6 as a foam
(380 mg, 86%). 1H NMR (400 MHz, CDCl3): d=7.77 (d, J=8.0 Hz, 2H;
ArH), 6.50 (br s, 1H; NH), 7.73 (d, J=8.0 Hz, 2H; ArH), 7.60–7.05 (m,
11H; ArH), 6.98 (d, J=7.0 Hz, 2H; ArH), 4.74 (s, 2H; PhCH2), 3.55–
3.30 (m, 8H), 2.45–2.20 (m, 9H), 2.15 (m, 1H), 2.03 (m, 1H), 1.02 ppm
(s, 6H; (CH3)2C);


13C NMR (100 MHz, CDCl3): d=198.3 (C), 176.1 (C),
174.7 (C), 173.5 (C), 156.6 (C), 155.6 (C), 143.8 (C), 142.4 (C), 141.4 (C),
140.8 (C), 135.6 (C), 129.4 (CH), 129.0 (CH), 128.1 (CH), 127.9 (CH),
127.2 (CH), 126.8 (CH), 126.0 (CH), 125.2 (CH), 120.2 (CH), 108.3 (C),
67.4 (CH2), 54.2 (CH), 53.6 (CH2), 52.8 (CH2), 47.2 (CH), 42.7 (CH2),
38.7 (CH2), 40.8 (CH2), 36.2 (CH2), 35.0 (CH2), 30.1 (C), 28.3 (CH3) 27.8
(CH2), 21.6 ppm (CH3); IR (neat): ñ=3319 (br), 2951 (w), 1705 (m),
1561 (s), 1496 (w), 1449 (m), 1341 (m), 1241 (m), 1181 (m), 1128 (s),
1079 cm�1 (s); LRMS (ES): m/z : 914 [M+Na]+ .


General procedure for Fmoc deprotection on the solid-phase : The Fmoc-
protected resin was suspended in a solution of 20% piperidine in DMF
(20 mL per g resin) and agitated for 30 to 45 min. The resin was then
drained and washed with CH2Cl2 (3O10 mL), DMF (3O10 mL), and ad-
ditional CH2Cl2 (3O10 mL). The procedure was repeated once and the
progress of the deprotection monitored by a ninhydrin test.


General procedure for Boc deprotection on the solid-phase : The Boc-
protected resin was suspended in a mixture of 45% CH2Cl2, 45% TFA,
4% EDT, 3% DMS, and 3% anisole (20 mL per g resin) and agitated
for 60 to 120 min. The resin was then drained and washed with CH2Cl2
(3O10 mL), DMF (3O10 mL), a 20% solution of DIPEA in CH2Cl2 (3O
10 mL), MeOH (3O10 mL), DMF (3O10 mL), and additional CH2Cl2
(3O10 mL). The DIPEA solution wash was omitted for samples requiring
prolonged storage. The progress of the deprotection was monitored by a
ninhydrin test.


General procedure for tosyl deprotection on the solid-phase using the
HF procedure : The tosyl-protected resin was dried overnight under high
vacuum and placed in a Teflon apparatus. After the addition of p-thiocre-
sol and cresol, the reaction vessel was cooled with liquid nitrogen, and
liquid HF was condensed into the vessel (about 30 mL per g resin). The
cleavage mixture was stirred for 120 min at 0 8C, after which time the HF
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was evaporated under a stream of nitrogen. The resin was then washed
with diethyl ether (4O20 mL), 20% DIPEA in CH2Cl2 (3O20 mL),
MeOH (3O20 mL), and CH2Cl2 (3O20 mL).


Receptor library 9 : TentaGelSNH2 resin (900 mg, 0.26 mmolg�1,
0.23 mmol) was preswollen in CH2Cl2 and then drained. A solution of
acid 6 (314 mg, 0.35 mmol), PyBOP (182 mg, 0.35 mmol), HOBt (47 mg,
0.35 mmol), and DIPEA (60 ml, 0.35 mmol) in DMF was added to the
resin and the mixture agitated on a tube rotator for 18 h, before being
drained and washed with CH2Cl2 (3O5 mL), DMF (3O5 mL), and addi-
tional CH2Cl2 (3O5 mL). A ninhydrin test gave a negative result. Follow-
ing Fmoc deprotection (see general procedure) the resin was divided into
five equal portions, and each portion was preswollen in DMF (2 mL). A
solution of Fmoc-protected amino acid (Gly, Leu, Phe, Glu(OtBu), or
Pro; 0.14 mmol), PyBOP (73 mg, 0.14 mmol), and HOBt (17 mg,
0.14 mmol) in DMF (3 mL) was preactivated for a few minutes, and then
added to each portion of the resin, followed by the addition of DIPEA
(18 mg, 0.14 mmol). Each portion was agitated on a tube rotator for at
least 24 h at room temperature. After this time, the portions were
washed with CH2Cl2 (3O5 mL), DMF (3O5 mL), additional CH2Cl2 (3O
5 mL), and then dried. The success of the coupling step was monitored
by a qualitative ninhydrin test. Each coupling cycle was repeated until
the ninhydrin test showed that no free amino functions were present.
After the successful coupling step, the resin was recombined and Fmoc-
deprotected, as described in the general procedure, with monitoring by a
qualitative ninhydrin test. This split-and-mix procedure was then repeat-
ed with the same five amino acids (first, Fmoc-protected and then Boc-
protected) to build up the first tripeptide side arm. For the next step in
the synthesis, the recombined resin was swollen in DMF (10 mL), treated
with hydrazine hydrate (15 mL of a 35% aq solution), and agitated on a
tube rotator for 4 h, to remove the dppe-protecting group.[9] The resin
was then divided into five portions and each portion was preswollen in
DMF (2 mL). A solution of Fmoc-protected amino acid (Ala, Val, Gln,
Ser(OtBu), or Lys(Boc); 0.14 mmol), PyBOP (73 mg, 0.14 mmol), and
HOBt (17 mg, 0.14 mmol) in DMF (3 mL) was preactivated for a few mi-
nutes and then added to each portion of resin, followed by the addition
of DIPEA (18 mg, 0.14 mmol). Each portion was agitated on a tube rota-
tor for at least 24 h at room temperature. The portions were washed with
CH2Cl2 (3O5 mL), DMF (3O5 mL), additional CH2Cl2 (3O5 mL), and
then dried. The success of the coupling step was monitored by a qualita-
tive ninhydrin test. Each coupling cycle was repeated until the ninhydrin
test showed that no free amino functions were present. After the success-
ful coupling step, the resin was recombined and Fmoc-deprotected, as de-
scribed in the general procedure, with monitoring by the qualitative nin-
hydrin test. This split-and-mix procedure was then repeated twice more
with the same five Fmoc-protected amino acids to build up the second
tripeptide side arm. After the recombination of all of the portions of the
resin, the protecting groups were removed by liquid HF treatment (see
general procedure) to give library 9.


Receptor library incorporating coding strand 12 : TentaGelSNH2 resin
(900 mg, 0.26 mmolg�1, 0.23 mmol), was preswollen in CH2Cl2 and then
drained. A solution of Boc-Phe (6 mg, 23 mmol), PyBOP (12 mg,
23 mmol), HOBt (31 mg, 23 mmol), and DIPEA (40 ml, 23 mmol) in DMF
(3 mL) was added to the resin and the mixture agitated on a tube rotator
for 18 h, before being drained and washed with CH2Cl2 (3O5 mL), DMF
(3O5 mL), and additional CH2Cl2 (3O5 mL). A solution of acid 6
(314 mg, 0.35 mmol), PyBOP (182 mg, 0.35 mmol), HOBt (47 mg,
0.35 mmol), and DIPEA (60 mL, 0.35 mmol) in DMF was then added to
the resin and the mixture agitated on a tube rotator for a further 18 h,
before being drained and washed with CH2Cl2 (3O5 mL), DMF (3O
5 mL), and additional CH2Cl2 (3O5 mL). A ninhydrin test gave a nega-
tive result. Following Fmoc deprotection (see general procedure), the
resin was divided into five equal portions, and each portion was preswol-
len in DMF (2 mL). A solution of Fmoc-protected amino acid (Gly, Ala,
Phe, Val, or Leu; 0.14 mmol), PyBOP (73 mg, 0.14 mmol), and HOBt
(17 mg, 0.14 mmol) in DMF (3 mL) was preactivated for a few minutes
and then added to each portion of the resin, followed by the addition of
DIPEA (18 mg, 0.14 mmol). Each portion was agitated on a tube rotator
for 24 h at room temperature. After this time, the portions were washed
with CH2Cl2 (3O5 mL), DMF (3O5 mL), additional CH2Cl2 (3O5 mL),


and then dried. The success of the coupling step was monitored by a
qualitative ninhydrin test. Each coupling cycle was repeated until the nin-
hydrin test showed that no free amino functions were present. Each por-
tion was then Boc-deprotected to release the free amine of the coding
strand (see general procedure) and then coupled with a Boc-protected
amino acid (Gly, Ala, Phe, Val, and then Leu, corresponding with the
Fmoc-protected amino acids used in the previous coupling; 14 mmol) by
using PyBOP (7 mg, 14 mmol), HOBt (2 mg, 14 mmol), and DIPEA
(2 mg, 14 mmol). Once complete, the portions were washed with CH2Cl2
(3O5 mL), DMF (3O5 mL), additional CH2Cl2 (3O5 mL), and then
dried. After the successful coupling step, the resin was recombined and
Fmoc-deprotected, as described in the general procedure, with monitor-
ing by the qualitative ninhydrin test. This split-and-mix procedure was
then repeated twice, with the same five amino acids, to build up the first
tripeptide side arm and the coding strand. For the next step in the syn-
thesis, the recombined resin was swollen in DMF, Fmoc-deprotected (see
general procedure), treated with excess acetic anhydride and DMAP, and
then agitated on a tube rotator for 4 h to cap the first tripeptide arm. The
resin was then treated with hydrazine hydrate (15 mL of a 35% aq solu-
tion) and agitated on a tube rotator for 4 h, to remove the dppe-protect-
ing group.[9] Once complete, the resin was divided into five portions, pre-
swollen in DMF (2 mL), and subjected to three rounds of split-and-mix
synthesis to build up the second tripeptide arm (Fmoc-protected amino
acids, Gly, Ala, Ser(OtBu), Hist(Trt), and then Met were used) and the
coding strand (with the corresponding Boc-protected amino acids), fol-
lowing the exact same procedures described above for the synthesis of
the first tripeptide arm and coding strand. Next, a solution of Fmoc-pro-
tected amino acid (Ala, Val, Gln, Ser(OtBu), and then Lys(Boc);
0.14 mmol), PyBOP (73 mg, 0.14 mmol), and HOBt (17 mg, 0.14 mmol)
in DMF (3 mL) was preactivated for a few minutes and then added to
each portion of resin, followed by the addition of DIPEA (18 mg,
0.14 mmol). Each portion was then agitated on a tube rotator for 24 h at
room temperature. After this time, the portions were washed with
CH2Cl2 (3O5 mL), DMF (3O5 mL), additional CH2Cl2 (3O5 mL), and
then dried. The success of the coupling step was monitored by a qualita-
tive ninhydrin test. As before, each coupling cycle was repeated until the
ninhydrin test showed that no free amino functions were present. After
the successful coupling step, the resin was recombined and Fmoc-depro-
tected, as described in the general procedure, with monitoring by a quali-
tative ninhydrin test. This split-and-mix procedure was then repeated
twice more, with the same five Fmoc-protected amino acids, to build up
the second tripeptide side arm. After the recombination of all of the por-
tions of the resin, the protecting groups were removed by liquid HF
treatment (see general procedure) to give library 12.


Screening experiments :


Screening of the tweezer receptor library 18 : A sample of library 12
(15 mg) was equilibrated in borax buffer solution (300 mL) for 24 h. A so-
lution of the tripeptide guest 13 (20 mM, 500 mL) in a 15% solution of
DMSO/borax buffer was then added to the library sample to give a guest
concentration of 12.5 mM. Equilibration was continued for 24 h. Analysis
of the beads was carried out in flat-bottomed glass pots, under a Leica in-
verted DML microscope (magnificationO40), and 10 highly red stained
beads were selected and submitted for Edman sequencing.[10]


Benzyl ester of 4-{2-[N’-(2-tert-butoxycarbonylaminoethyl)-N’’-(2,2,2-tri-
fluoroacetyl)guanidino]ethylcarbamoyl}-4-(9H-fluoren-9-ylmethoxycar-
bonylamino)butyric acid (20): Carbamate 19[8] (224 mg, 0.47 mmol) was
dissolved in DMF (10 mL). Palladium on charcoal (10% by wt,
10 mol%, 50 mg) was then added, and the mixture was stirred under a
hydrogen atmosphere for 16 h. After this time, the mixture was filtered
through Celite and the resulting filtrates were evaporated to give a pale
yellow oil. N-a-Fmoc-l-glutamic acid-w-benzyl ester (238 mg,
0.52 mmol), HOBt (127 mg, 0.94 mmol), DIPEA (410 ml, 2.36 mmol),
DMAP (6 mg, 47 mmol), and EDC (99 mg, 0.52 mmol) were added to a
solution of this oil in DMF (10 mL), and the resulting mixture was stirred
for 18 h. After this time, evaporation of all of the solvent and purification
of the residue by column chromatography (EtOAc/PE 1:1) produced 20
as a white hygroscopic foam (73 mg, 20%). 1H NMR (300 MHz, CDCl3):
d=9.65 (br s, 1H; NH), 7.76 (d, 2H, J=7.5 Hz; ArH), 7.57 (d, 2H, J=
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7.0 Hz; ArH), 7.42–7.16 (m, 9H; ArH), 7.16 (br s, 1H; NH), 7.01 (br s,
1H; NH), 5.76 (br s, 1H; NH), 5.12 (s, 2H; CH2Ph), 4.45–4.30 (m, 2H),
4.19 (m, 2H; CH2), 3.60–3.15 (m, 8H; CH2CH2), 2.49 (m, 2H;
CH2COO), 2.13 (m, 1H), 2.01 (m, 1H), 1.40 ppm (s, 9H; (CH3)3C);
13C NMR (75 MHz, CDCl3): d=173.3 (C), 173.2 (C), 162.7 (C), 157.6
(C), 157.0 (C), 156.6 (C), 143.8 (C), 141.4 (C), 135.7 (C), 128.7 (CH),
128.4 (CH), 128.3 (CH), 127.9 (CH), 127.2 (CH), 125.3 (CH), 120.1
(CH), 116.7 (C), 80.6 (C), 67.3 (CH2), 66.8 (CH2), 54.8 (CH), 47.1 (CH2),
41.9 (CH2), 41.0 (CH2), 39.6 (CH2), 38.9 (CH2), 30.4 (CH2), 28.4 ppm
(CH3); IR (neat): ñ=1629 (m), 1522 (m), 1449 (m), 1242 (m), 1166 (m),
1140 (m), 848 (w), 739 (m), 514 cm�1 (s); LRMS (ES): m/z : 783 [M+H]+ ,
805 [M+Na]+ .


4-{2-[N’-(2-tert-Butoxycarbonylaminoethyl)-N’’-(2,2,2-trifluoroacetyl)gua-
nidino]ethylcarbamoyl}-4-(9H-fluoren-9-ylmethoxycarbonylamino)buty-
ric acid (21): Palladium on charcoal (10% by wt, 10 mol%, 8 mg) was
added to a solution of ester 20 (55 mg, 70 mmol) in EtOH (5 mL). The
mixture was stirred under a hydrogen atmosphere for 2 h and then fil-
tered through Celite. Finally, the solvent was removed by evaporation
under reduced pressure to give 21 as an off-white hygroscopic foam
(43 mg, 88%). 1H NMR (300 MHz, CDCl3): d=9.47 (br s, 1H; NH), 7.74
(d, 2H, J=7.5 Hz; ArH), 7.55 (d, 2H, J=6.5 Hz; ArH), 7.44 (br s, 1H;
NH), 7.42–7.22 (m, 4H; ArH), 6.18 (br s, 1H; NH), 5.88 (br s, 1H; NH),
4.45–4.38 (m, 3H), 4.17 (m, 1H; CH), 3.70–2.95 (m, 8H; CH2CH2), 2.44
(m, 2H; CH2COO), 2.18–1.82 (m, 2H), 1.40 ppm (s, 9H; (CH3)3C);
13C NMR (75 MHz, CDCl3): d=180.1 (C), 176.2 (C), 173.7 (C), 171.7
(C), 159.9 (C), 157.8 (C), 156.7 (C), 143.7 (C), 141.4 (C), 127.9 (CH),
127.3 (CH), 125.3 (CH), 120.1 (CH), 80.7 (C), 67.5 (CH2), 55.7 (CH),
54.6 (CH), 47.1 (CH2), 41.9 (CH2), 41.1 (CH2), 39.6 (CH2), 38.7 (CH2),
30.0 (CH2), 28.4 ppm (CH3); IR (neat): ñ=2977 (br, w), 1628 (s), 1524
(m), 1449 (m), 1243 (m), 1139 (s), 909 (m), 844 (m), 734 cm�1 (s); LRMS
(ES): m/z : 693 [M+H]+ , 715 [M+Na]+ .


Resin-bound receptor 23 : TentaGelSNH2 resin (0.2 mmolg�1, 162.2 mg,
32.4 mmol) was swollen in CH2Cl2 and drained. A solution of acid 21
(34 mg, 48.7 mmol), DIC (15 ml, 97.3 mmol), HOBt (13 mg, 97.3 mmol),
and DIPEA (17 ml, 97.3 mmol) in DMF (2 mL) was then added to the
resin, and the mixture agitated on a tube rotator for 18 h. Any remaining
amine residues were capped by treating the resin with an excess of acetic
anhydride. The resin was then filtered and washed with CH2Cl2 (3O
5 mL), DMF (3O5 mL), and additional CH2Cl2 (3O5 mL). A ninhydrin
test was negative. There then followed three sequential cycles of cou-
pling/Fmoc deprotection to add Fmoc-Gly, Fmoc-Val, and Fmoc-Val to
the resin, and to synthesize the first arm of the receptor. This was a-
chieved by using Fmoc-protected amino acid (97 mmol), DIC (12 mg,
97 mmol), HOBt (13 mg, 97 mmol), and DIPEA (17 ml, 97 mmol) in DMF
(2 mL). Ninhydrin tests were used to monitor progress of each coupling
reaction and the coupling reactions were repeated until complete. After
deprotection of the second Val residue, the chain was capped by the
treatment of the resin with acetic anhydride (9 ml, 97.3 mmol) and
DIPEA (17 ml, 97.3 mmol) in DMF (2 mL). Boc deprotection (see general
procedure) was followed by three sequential coupling/deprotection cycles
to add Fmoc-Met, Fmoc-His(Trt), and Fmoc-Ser(OtBu) to the resin also
by using the Fmoc-protected amino acid (97 mmol), DIC (12 mg,
97 mmol), HOBt (13 mg, 97 mmol), and DIPEA (17 ml, 97 mmol) in DMF
(2 mL); this time to synthesize the second arm of the receptor. Ninhydrin
tests were used to monitor the progress of each coupling reaction. Trt de-
protection was achieved by the treatment of the resin with 95% TFA/
CH2Cl2 (2O1 h), followed by washing with CH2Cl2 (3O5 mL), 50%
DIPEA/DMF (3O5 mL), DMF (3O5 mL), and additional CH2Cl2 (3O
5 mL). Trifluoroacetyl deprotection was carried out by the treatment of


the resin with K2CO3 (0.15m) in MeOH/DMF/water (2:2:1, 2O3 h). Final-
ly, the resin was washed as above, rinsed with diethyl ether, and dried in
vacuo.


Acknowledgements


We wish to thank EPSRC for supporting this work (GRL�98916/01) and
the BBSRC for a studentship (JS).


[1] For a recent review on peptide receptors see: a) M. W. Peczuh,
A. D. Hamilton, Chem. Rev. 2000, 100, 2479–2493.


[2] a) C. Chamorro, R. M. J. Liskamp, Tetrahedron 2004, 60, 11145–
11157; b) C. Chamorro, J.-W. Hofman, R. M. J. Liskamp, Tetrahe-
dron 2004, 60, 8691–8699; c) C. Schmuck, M. Heil, Org. Biomol.
Chem. 2003, 1, 633–636; d) C. Schmuck, M. Heil, ChemBioChem
2003, 4, 1232–1238; e) K. B. Jensen, T. M. Braxmeier, M. Demarcus,
J. D. Kilburn, Chem. Eur. J. 2002, 8, 1300–1309.


[3] a) H. Wennemers, M. C. Nold, M. Conza, K. J. Kulicke, M. Neubur-
ger, Chem. Eur. J. 2003, 9, 442–448; b) H. Wennemers, M. Conza, J.
Org. Chem. 2002, 67, 2696–2698; c) R. Arienzo, J. D. Kilburn, Tetra-
hedron 2002, 58, 711–719; d) T. Braxmeier, M. Demarcus, T. Fes-
smann, S. McAteer, J. D. Kilburn, Chem. Eur. J. 2001, 7, 1889–1898;
e) J. D. Kilburn, T. Fessmann, Angew. Chem. 1999, 111, 2170–2174;
Angew. Chem. Int. Ed. 1999, 38, 1993–1996.


[4] Other recent examples of sequence selective peptide receptors:
a) C. Schmuck, L. Geiger, J. Am. Chem. Soc. 2004, 126, 8898–8899;
b) S. Rensing, T. Schrader, Org. Lett. 2002, 4, 2161–2164; c) R. Xu,
G. Greiveldinger, L. E. Marenus, A. Cooper, J. A. Ellman, J. Am.
Chem. Soc. 1999, 121, 4898–4899; d) M. Sirish, H.-J. Schneider, J.
Chem. Soc. Chem. Commun. 1999, 907–908; e) Md. A. Hossain, H.-
J. Schneider, J. Am. Chem. Soc. 1998, 120, 11208–11209; f) R. Bre-
slow, Z. Yang, R. Ching, G. Trojandt, F. Odobel, J. Am. Chem. Soc.
1998, 120, 3536–3537.


[5] a) N. Srinivasan, J. D. Kilburn, Curr. Opin. Chem. Biol. 2004, 8, 305–
310; b) B. Linton, A. D. Hamilton, Curr. Opin. Chem. Biol. 1999, 3,
307–312.


[6] C. Schmuck, P. Frey, M. Heil, ChemBioChem 2005, 6, 628–631.
[7] a) D. H. Williams, Nat. Prod. Rep. 1996, 13, 469–477; b) M. L.


Cohen, Science 1992, 257, 1050–1055; c) H. C. Neu, Science 1992,
257, 1064–1073.


[8] S. Bartoli, K. B. Jensen, J. D. Kilburn, J. Org. Chem. 2003, 68, 9416–
9422.


[9] S. R. Chhabra, B. Hothi, D. J. Evans, P. D. Wite, B. W. Bycroft, W. C.
Chan, Tetrahedron Lett. 1998, 39, 1603–1606.


[10] P. Edman, G. Begg, Eur. J. Biochem. 1967, 1, 80–91; sequencing was
performed by using an applied biosystems 477 A pulsed liquid-phase
sequencer, coupled online to an applied biosystems 120 A phenyl-
thiohydantoin (PTH) derivative analyzer.


[11] H. Rink, Tetrahedron Lett. 1987, 28, 3787–3790.
[12] a) M. Conza, H. Wennemers, Chem. Commun. 2003, 866–867;


b) M. C. F. Monnee, A. J. Brouwer, L. M. Verbeek, A. M. A. van -
Wageningen, R. M. J. Liskamp, Bioorg. Med. Chem. Lett. 2001, 11,
1521–1525; c) Y. Cheng, T. Suenaga, W. C. Still, J. Am. Chem. Soc.
1996, 118, 1813–1814.


Received: July 25, 2005
Published online: October 14, 2005


www.chemeurj.org C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 713 – 720720


J. D. Kilburn et al.



www.chemeurj.org






DOI: 10.1002/chem.200500789


AVersatile Bis-Porphyrin Tweezer Host for the Assembly of Noncovalent
Photoactive Architectures: A Photophysical Characterization of the Tweezers
and Their Association with Porphyrins and Other Guests


Lucia Flamigni,*[a] Anna Maria Talarico,[a] Barbara Ventura,[a] Regis Rein,[b] and
Nathalie Solladi7*[b]


Introduction


The elaboration of noncovalent multiporphyrin assemblies
represents an important challenge in the mimicry of bacteri-
al photosynthesis[1] and the design of functional molecular
materials.[2] Axial coordination to the central metal ions of
porphyrins by suitable ligands is an effective and widespread
strategy for the assembly of noncovalently bound, multicom-
ponent systems. ZnII derivatives[3–6] have been extensively
used for this purpose, but examples based on RuII,[7] CoII,[8]


RhIII,[9] SnIV,[10] PV,[11] and AlIII[12] porphyrins can also be
found in the literature.


Pyridines with ZnII porphyrins have rather weak associa-
tion constants, of the order of 103–104m�1 depending on
their pKa values and the steric hindrance at the nitrogen
atom, and multiple recognition sites are required in order to
obtain the high association constants that would allow these
assemblies to be observed as the major molecular entity in
solutions at spectroscopic concentrations.[6] Several bis(zinc–
porphyrin) structures with a tweezer-like structure have
been designed so far in order to effectively complex biden-
tate guests. Tweezers with chiral structures form a special
class of these compounds and find applications in enantio-
meric discrimination and in the determination of the abso-
lute configuration of optically active guests.[13] Our interest
lies in the design and study of photoactive multicomponent
systems and we have been intrigued, as have other groups,
by the possibility of using bis-porphyrin tweezers in solu-
tions as hosts for convenient photo- or electroactive guests
in order to assemble molecular structures with some degree
of complexity that are able to undergo photoinduced energy
or electron transfer.[14]


We herein report the photophysical properties of bis-
(zinc–porphyrin) tweezers with a skeleton consisting of an-
thracene chromophores connected by ethynyl bonds, 1 in
Scheme 1, and examine its complexation properties with


Abstract: A bis(ZnII–porphyrin) tweez-
er host with anthracene components as
apex and side-arms has been synthe-
sized. Mono- (pyridine) and bidentate
(4,4’-bipyridine) guests were used as
models for single and double axial co-
ordination inside the cavity, respective-
ly. A series of dipyridylporphyrin
guests with different substitution pat-
terns and excited-state energy levels
have association constants with the
tweezers that are of the order of


106m�1, which is indicative of complex-
ation with the inside of the cavity. This
complexation can only occur upon an
important distortion of the cavity that
opens the bite by about 30%. This
characteristic, in conjunction with their


ability to reduce the bite distance by
rotation around single bonds, makes
these porphyrin tweezers amongst the
most versatile so far reported, with
tuning of the bite distance in the range
of approximately 5–20 :. Energy trans-
fer to the free-base guest within the tri-
porphyrin complex is nearly quantita-
tive (95–98%) and the rates of transfer
are consistent with a Fçrster mecha-
nism that is characterized by a reduced
orientation factor.
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photochemically innocent guests like pyridine (Pyr) and bi-
pyridine (Bipy). Bis(zinc–porphyrin) 1 has a cavity defined
by two nearly parallel zinc–porphyrins with a bite (Zn–Zn
distance) at the maximum extension of approximately 15 :,
and it has been shown that through rotation around a single
bond, the cavity can adjust to a smaller size with the two
porphyrin planes close and cofacial (distance ca. 5 :) and
thereby efficiently complex small bidentate guests such as
DABCO.[5] We have selected as potential guests a series of
dipyridylporphyrins with different inter-pyridyl nitrogen (N–
N) distances (Scheme 1). Porphyrins 5 and 6 have N–N dis-


tances of approximately 16 :,
whereas 7 has an N–N distance
of about 11 :. Taking into con-
sideration the fact that the Zn�
N bond length is about 2 :,
one can anticipate for 7 nearly
perfect size-matching, whereas
the fitting of 5 and 6 within the
cavity would require some dis-
tortion of the tweezersA struc-
ture. We herein show that com-
plexation of all porphyrins
takes place with association
constants typical of in-cavity
complexation, indicating that
these tweezers have a remarka-
bly good degree of flexibility.
Finally we characterize and


discuss the photoinduced pro-
cesses that occur within the
complexes formed by the bis-
porphyrin tweezers and the
free-base porphyrin guests 5, 6,
and 7, which are characterized
by different excited-state
energy levels.


Results and Discussion


Synthesis : The synthesis of
dimer 1, described in Scheme 2,
relies upon the cross-coupling
of two porphyrin–anthracene
conjugates 11 to a central 1,8-
bis(bromoethynyl)anthracene
(12).[5] Compound 12 was ob-
tained by bromination of 1,8-di-
ethynylanthracene (3)[4] with N-
bromosuccinimide and silver ni-
trate in acetone. The dissym-
metrical 1-ethynyl-5-triethylsilyl-
ethynylanthracene (8) was pre-
pared from the commercially
available 1,5-dichloroanthraqui-
none. Statistical deprotection of


one of the triethylsilyl protecting groups of 1,5-bis(triethylsi-
lylethynyl)anthracene (4)[15] in a 85:15 mixture of THF/
MeOH in the presence of potassium carbonate gave 8 in
43% yield, together with 16% of the fully deprotected com-
pound and 33% of unreacted starting material. A Sonoga-
shira coupling reaction was, at that stage, carried out be-
tween the free acetylene of 8 and the iodoporphyrin 9[16] in
degassed NEt3 in the presence of [Pd(PPh3)2Cl2] and CuI.
Compound 11 was obtained by subsequent deprotection of
the triethylsilyl group in a 50:50 mixture of THF/MeOH in
the presence of potassium carbonate. The desired tweezers 1


Scheme 1. Bis-porphyrin tweezers (1), component models (2–4), free-base porphyrin guests (5–7) and other
guests described in this work.
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were finally obtained by coupling two porphyrinic arms (11)
to the central 1,8-bis(bromoethynyl)anthracene linker (12).
Great difficulties were encountered in this step due to the
formation of a homocoupling product. The heterocoupling
conditions developed by Cai and Vasella gave the best re-
sults for the present purpose.[17] Two equivalents of 11 were
allowed to react with one equivalent of 12 in degassed
DMSO in the presence of [Pd2(dba)3] (dba=dibenzylidena-
cetone), LiI, CuI, and 1,2,2,6,6-pentamethylpiperidine. After
tedious preparative chromatography on Al2O3, the desired
bis-porphyrin tweezers 1 were finally isolated in 33% yield.


The bis-porphyrin tweezers 1: Scheme 1 shows the various
components, 2–4, of the bis-porphyrin tweezers 1. In a first
approximation the tweezers can roughly be considered to
consist of the following constituents: two units of 2 connect-
ed to two units 4 which in turn are linked to a common unit
3. The absorption and emission spectra of units 3 and 4 in
toluene at room temperature are shown in Figure 1. Both
spectra display a good mirror image, indicative of a very
modest distortion in the excited state; there are slight differ-
ences in their epsilon values—higher for 4—and in the ener-
gies of their transition sequences—lower for 4—compared
with those of 3. The absorption spectrum of the bis-porphy-
rin tweezers 1 is shown in Figure 2, in which it is compared
with the absorption spectrum of the model zinc–porphyrin 2
and the cumulative absorption spectrum of two units of 4


and one unit of 3, which should
represent the contribution of
the anthracene components to
the absorbance of 1. From the
absorption spectrum of 1 the
following conclusions can be
derived: 1) the porphyrin chro-
mophores absorb nearly all the
light over the whole spectral
range except at around 380–
390 nm, where the anthracene
units absorb about 60% of the
light, and 2) the spectrum of
array 1 is not a simple superpo-
sition of the component units,
the main difference involving a
broadening of the Soret band
of the zinc–porphyrin compo-
nents, a modest decrease in the
absorption coefficients over the
Soret and Q bands (note that
only the absorption of a single
unit of 2 is reported in
Figure 2), and the appearance
of a new band at around
450 nm. The latter, which has
previously been observed in an
anthracene-linked zinc–porphy-


rin,[18] has to be ascribed to a sizeable electronic coupling of
the transitions of anthracene and zinc–porphyrin (Soret
band), which are of similar energies (see Figures 1 and 2).
The emission spectrum of 1 is very similar to that of the


reference porphyrin 2, with an emission quantum yield that
is identical. The fluorescence quantum yield of 1, excited
either at 383 nm, where 60% of the light is absorbed by the
anthracene units, or at 551 nm, whereby the light is absor-
bed only by the zinc–porphyrin component, is the same
within experimental error (Table 1). Excitation at 383 nm of
a solution of 1 (1Q10�6m) is compared in Figure 3 with the
excitation of a solution containing the components 3 (1Q


Scheme 2. Reagents and conditions: a) TESCCMgBr, PPh3, Ni(acac)2, THF, reflux, 25%; b) K2CO3, THF/
CH3OH 85:15, RT, 6 h 30 min, 43%; c) [Pd(PPh3)2Cl2], CuI, NEt3, RT, 24 h, 58%; d) K2CO3, THF/CH3OH
50:50, RT, 6 h, 87%; e) NBS (2.4 equiv), AgNO3 (0.12 equiv), acetone, RT, 4 h, 87%; f) [Pd2(dba)3]
(0.02 equiv), CuI (0.025 equiv), LiI (0.2 equiv), PMP (2.8 equiv), DMSO, RT, 3 days, 33%.


Figure 1. Absorption (continuous lines) and arbitrarily scaled emission
spectra (dashed lines) of 3 (thin lines) and 4 (thick lines) in toluene.
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10�6m) and 4 (2Q10�6m) and a solution of 2 (2Q10�6m) and
it shows that in 1 the emission due to the anthracene com-
ponents is totally quenched whereas the emission from the
porphyrin component is sensitized relative to the pertinent
models. This points to an extremely efficient intramolecular
energy transfer from the anthracene units to the zinc–por-
phyrin chromophores in 1, as expected on the basis of the


good overlap between the emission of 3 and 4 and the ab-
sorption band of 2 (Soret region) and on their not exceed-
ingly large mutual distance, about 12 : for 4 and about
22 : for unit 3. The luminescence lifetime for the tweezers
1, 2.04 ns at 298 K and 3 ns at 77 K, is very similar to that of
the zinc–porphyrin model 2, 2.3 ns at 298 K and 2.6 ns at
77 K, indicating that in spite of some perturbation, the chro-
mophore in the array retains typical porphyrin properties.
The components 3 and 4 emit quite strongly, about three
times that of unsubstituted anthracene, but their lumines-
cence lifetimes, 5.3 ns for 3 and 4.5 ns for 4 at 298 K, are
very similar to that of anthracene in apolar solvents,
5.3 ns.[19a] In 1 the anthracene-based luminescence could not
be detected with an apparatus characterized by a 20 ps reso-
lution, indicating an energy-transfer rate constant from the
anthracenes to porphyrin higher than 5Q1010 s�1. This
energy transfer could occur in a stepwise fashion from 3 to 4
and finally to the zinc–porphyrin component, but we are
unable to resolve such rapid processes. The luminescence
data are summarized in Table 1.


Complexation


Zinc–porphyrins are known to bind pyridine or pyridyl resi-
dues through an axial bond of the ZnII ion with association
constants of the order of 104m�1. These constants have been
found to increase by several orders of magnitude when mul-
tiple bonds contribute to the formation of the complex and
in the presence of a size-matching between host and
guest.[4–6,14a–f]


The maximum aperture of the cavity of 1 in the absence
of any strain is 15 :. Of the porphyrins chosen as potential
guests, 5 and 6 have interpyridyl nitrogen distances of about
16 :, whereas 7 has a distance of about 11 : (Scheme 1).
By taking into account two pyridyl N�Zn bonds, 7 fits per-
fectly within the cavity, whereas 5 and 6, with an overall size
of 20 :, will not fit inside the cavity unless some distortion
in the host occurs.
The free-base dipyridylporphyrins 5–7 can clearly ap-


proach and axially bind to both zinc–porphyrins of 1 from
the outside. Since this is expected to occur with association
parameters similar to those displayed by simple pyridine
(Pyr), we used this compound as a reference model for ex-
ternal complexation. In contrast, bidentate 4,4’-bipyridine
(Bipy), which is known to bind rather strongly in the cavity
of 1 in dichloromethane,[5] was identified as a suitable model
for internal complexation, that is, the binding of both zinc
ions in the same array 1. Association phenomena between 1
and Pyr or Bipy were therefore examined by spectroscopic
techniques.


Complexation with Pyr and Bipy : The absorption and emis-
sion changes following the addition of increasing amounts of
Pyr to 1 are shown in Figure 4. The association of a pyridyl
residue to one zinc–porphyrin moiety (1:1 complex) induces
a shift of approximately 6 nm (from 425 to 431 nm) in the
Soret band (Figure 4 top) and an even larger change in the


Figure 2. Absorption spectra in toluene of 1 (thick continuous line), 2
(dotted line) and the anthracene components (thin continuous line) ob-
tained by adding the molar absorption coefficients of two units of 4 plus
one unit of 3.


Table 1. Luminescence properties of 1, the model component units 2–4
and the porphyrin guests 5–7 in toluene.


298 K 77 K
lmax [nm] ffl


[a] t [ns] lmax [nm] t [ns] E [eV][b]


1 598 0.08[c] 2.04 596 3.0 2.07
0.075[d]


2 596 0.08 2.3 596 2.6 2.08
3 406 0.87 5.3 408 6.5 3.05
4 416 0.82 4.5 416 5.1 2.98
5[e] 628 0.11 9.7 620 – 2.00
6[e] 648 0.13 9.0 644 – 1.93
7[f] 648 0.11 9.3 640 14.8 1.94


[a] Fluorescence quantum yields, the standards used are anthracene and
2,[19] see the Experimental Section for details. [b] Derived from the emis-
sion maxima at 77 K. [c] Excitation at 551 nm. [d] Excitation at 385 nm.
[e] From reference [14e]. [f] From reference [14f].


Figure 3. Emission spectra in toluene of solutions of 1 (thin continuous
line), 2 (dotted line) and a mixture of 3 and 4 (thick continuous line) ex-
cited at 383 nm. The concentrations of the components are 1Q10�6m for
1 and 3 and 2Q10�6m for 2 and 4.
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emission spectrum of the zinc–porphyrin moiety (Figure 4
bottom) involving a 12 nm bathochromic shift (from 598 to
611 nm and from 648 to 660 nm) of the emission bands and
a different intensity distribution in the vibronic progression.
Association of one bidentate ligand to two zinc–porphyrins
(1:2 complex) induces a smaller bathochromic shift in the
absorbance spectrum (from 425 to 429 nm) and an emission
spectrum that is essentially identical to that of the 1:1 com-
plex.[20] For a bidentate guest, the formation of a complex
with one ligand and one zinc–porphyrin (1:1) is possible and
is favored by an excess of guest. Figure 5 shows the absorp-
tion and emission spectra of 1 upon addition of increasing
amounts of Bipy in a concentration range that favors the
formation of a 1:2 complex; further evolution of the spectra
with further increases in Bipy concentration corresponds to
the formation of the 1:1 com-
plex (lmax=431 nm) and only
the final spectrum at [Bipy]=
5Q10�3m is reported. The asso-
ciation constants, Ka=2Q
104m�1 for Pyr and Ka=3.8Q
107m�1 for Bipy (Table 2), were
derived by a nonlinear treat-
ment of the absorption and
emission data at the reported


wavelength (insets of Figures 4 and 5, Table 2). The data
have been analyzed according to a procedure previously de-
veloped (see the Experimental Section for details) and the
association constants are summarized in Table 2.
Since the nitrogen–nitrogen distance in Bipy is much


smaller than the bite of the extended host, approximately
7 : compared with 15 :, complexation of Bipy requires a
reduction of the bite distance in 1; this reduction can, in
principle, occur by rotation around a single bond to yield a
nearly cofacial orientation of the two intermediate anthra-
cene units or by a multiple collapse of the bond angles of
the cavity to achieve the required distance. We cannot ex-
clude the possibility that both rearrangements play a role in


Figure 4. Changes in the absorption and emission of 1 (8.8Q10�7m) in tol-
uene solution upon titration with increasing amounts of Pyr (1Q10�6–5Q
10�3m). Top: The change in absorbance of the Soret band region. The
fitted data points at 431 nm are shown in the inset. Bottom: The change
in emission intensity upon excitation at 428 nm. The fitted data points at
612 nm are shown in the inset.


Figure 5. Absorption and emission spectra of compound 1 (1.1Q10�6m) in
toluene solution upon titration with increasing amounts of Bipy (5Q10�8–
5Q10�6m) are shown as full lines. For further spectral evolution at higher
concentrations of Bipy, representing the formation of the 1:1 complex
(see text), only the final spectrum for [Bipy]=5Q10�3m is shown as a
dotted line. Top: The change in absorbance of the Soret band region.
The fitted data points at 425 nm are shown in the inset. Bottom: The
change in emission intensity upon excitation at 427.5 nm. The fitted data
points at 612 nm are shown in the inset.


Table 2. Association constants Ka [m
�1] of 1 and the model 2 in toluene at 298 K as determined by spectropho-


tometric (Abs) or spectrofluorimetric titration (Em).


Pyr Bipy 5[a] 6[a] 7[a]


Abs Em Abs Em Abs Em Abs Em Abs Em


1 2.0Q104 2.0Q104 3.8Q107 3.9Q107 2.0Q106 1.4Q106 1.0Q106 8.0Q105 4.2Q106 5.2Q106


2.0Q104[b] 3.8Q107[b] 1.7Q106[b] 9Q105[b] 4.7Q106[b]


2 9Q103[b] 1.2Q104[b]


[a] The uncertainty in these determinations is higher than the usual 20% because of the method used for the
determination, see text. [b] Average of fluorimetric and photometric determinations.
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adapting the cavity size and orientation to the Bipy guest
which is tightly bound (Scheme 3).


Complexation with porphyrins : In order to determine
whether the free-base porphyrins 5–7 associate with 1, spec-
trophotometric and spectrofluorimetric experiments involv-
ing the titration of 1 against increasing concentrations of the
potential guest were undertaken. This type of experiment is
complicated by the fact that the guest strongly absorbs and
emits in the same wavelength region as the host (Figure 6


and Table 1). This problem has been addressed in detail pre-
viously[21] and, in brief, to analyze the absorption and emis-
sion spectra, derived spectral profiles can be used, which
can be fitted by the usual equation [see the Experimental
Section, Eq. (4)]. The derived spectral profiles, DA or DI,
are obtained by subtraction of the absorption or emission
signal of the free-base guest from the experimental signal
detected for the mixture of 1 and the guest. Assuming that
no spectral changes occur in the free-base porphyrin guest
upon complexation, the DA profile will represent the
changes in the zinc–porphyrin host brought about by com-
plexation and will be comparable, but not necessary identi-
cal since in this case the tweezers can have some degree of


distortion, to those of Figures 4a and 5a derived for Pyr and
Bipy complexation. In contrast, the luminescence of the
complex is not only determined by changes brought about
by association, as for Pyr and Bipy, but also by the nature of
the photoinduced process that can take place in the photo-
active components of the complex. In fact, as a consequence
of the complexation that brings the partners into close con-
tact, a flux of energy from the singlet excited state of the
zinc–porphyrins in 1 (2.07 eV) to the lower-lying singlet ex-
cited state (Table 1) of the free-base component 5 (2.0 eV),
6 (1.93 eV), or 7 (1.94 eV) can take place. This will show up
as a change in the emission spectrum of the complex 1·n (in
which n represents any free-base porphyrin guest), which
will show a decreased contribution from the zinc–porphyrin
and an increased contribution from the free-base porphyrin.
Owing to the short lifetime of the donor, the photoinduced
processes can only take place between partners that are
close to each other, that is, in the complex, so the quenching
and sensitization phenomena are also strictly correlated to
the amount of complex present. Therefore the spectral pro-
file DI will contain information both on complexation and
on the nature and efficiency of the photoinduced process oc-
curring within the complex.
Figure 7 shows DA following the addition of increasing


amounts of free-base porphyrin 5, 6, and 7 respectively, to a
constant concentration of 1. The concentration range ex-
plored is limited by the high absorbance of the solutions; in
order to avoid the nonlinear instrumental region, measure-
ments were performed with a constant concentration of 1
(7–8Q10�7m) and up to an excess of guest of about 2–2.5
times. The spectral changes of 1 upon interaction with the
three free-base porphyrins are similar, and are characterized
by a decrease in the Soret band absorbance and a shift of its
maximum to lower energies. It is, however, evident that dif-
ferent extents of complexation are achieved in the three
cases: 7>5>6. Because of the limited concentration range
of guest which could be used (see above), the uncertainty of
this determination is larger than the usual 20%. The associ-
ation constants Ka reported in Table 2 were derived by fit-
ting the experimental data (insets of Figure 7).


Scheme 3. Different binding modes of tweezers 1.


Figure 6. Absorption and emission spectra (inset) in toluene of 5 (dotted
line), 6 (continuous line), and 7 (dashed line).
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The results of fluorimetric titrations upon excitation at
the isosbestic points of 1 and the complexes 1·n for the same
sets of solutions are shown in Figure 8 as DI, after correction
for the direct emission of the guests. The nonlinear fittings
to experimental data are reported in the insets and the de-
rived association constants are reported in Table 2. The
agreement with the values of Ka derived from the absorp-
tion titrations is reasonably good in view of the uncertainty
associated with these determinations and from the average
of the photometric and fluorimetric determinations mean
values of 1.7Q106m�1 for 5, 9Q105m�1 for 6, and 4.7Q106m�1


for 7 have been calculated.


The association constants of the dipyridyl–porphyrin
guests are higher by two orders of magnitude than those of
the monodentate Pyr and point to an interaction of the
guest with the inside of the cavity rather than with the out-
side. Guest 7, which best fits the dimensions of the tweezers,
displays the highest association constant, Ka=4.7Q10


6
m


�1,
which is lower by nearly one order of magnitude than the
Bipy case. The fact that 7 can approach the cavity in a non-
axial geometry with respect to the zinc ions of 1 could bias
the bidentate coordination in spite of the favorable size pa-
rameter compared with Bipy (see Scheme 2). It should, in
fact, be noted that the association constant of 7 with 1 is


Figure 7. Top: DA for compound 1 (6.9Q10�7m) in toluene solution upon
titration with increasing amounts of 5 (2.2Q10�7–1.5Q10�6m). The inset
displays the fitted experimental points at 431 nm. Middle: DA for com-
pound 1 (7Q10�7m) in toluene solution upon titration with increasing
amounts of 6 (2.2Q10�7–1.7Q10�6m). The inset shows the fitted experi-
mental points at 433 nm. Bottom: DA for compound 1 (8Q10�7m) in tolu-
ene solution upon titration with increasing amounts of 7 (2Q10�7–1.8Q
10�6m). The inset shows the fitted experimental points at 431 nm.


Figure 8. Top: DI for excitation at 429 nm of 1 (6.9Q10�7m) in toluene so-
lution upon titration with increasing amounts of 5 (2.2Q10�7–1.5Q10�6m).
The inset shows the fitted experimental points at 598 nm. Middle: DI for
excitation at 430 nm of 1 (7Q10�7m) in toluene solution upon titration
with increasing amounts of 6 (2.2Q10�7– 1.7Q10�6m). The inset shows the
fitted experimental points at 598 nm. Bottom: DI for excitation at 429 nm
of 1 (8Q10�7m) in toluene solution upon titration with increasing
amounts of 7 (2Q10�7–1.8Q10�6m). The inset displays the fitted experi-
mental points at 598 nm.
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lower by two orders of magnitude than that determined for
7 with an oblique bis-porphyrin host able to give perfect
axial geometry coordination in addition to good size-match-
ing.[14f]


For 5 and 6, as discussed above, a cavity distortion of
nearly 5 : is needed to allow bidentate complexation.
Though 1 is rather rigid, a larger aperture of the bite could
be achieved by multiple small-angle distortions in the struc-
ture of the bis-porphyrin tweezers, which could be afforda-
ble with low-energy costs. Recently, force-field calculations
have shown that compression and expansion of the side-
walls in a molecular clip with anthracene side-walls are low-
energy processes.[22] The energy necessary for the expansion
can be compensated by the formation of new bonds in the
host–guest complex. Very likely, concerted rotation and dis-
tortion occur to accommodate large as well as small guests
(Scheme 3). However, the distortion needed to accommo-
date the two trans-dipyridylporphyrins can explain the lower
association constants of 5 and 6, of the order of 106m�1, rela-
tive to 7. Also, note that the presence of bulky tert-butyl-
phenyl groups in 6 causes the binding to 1 to be weaker
than in 1·5 in spite of the same N–N distance. On the other
hand the association constants of 5 and 6 are 100 and 50
times higher, respectively, than that of Pyr and so the associ-
ation cannot be ascribed only to external binding.
To fully exploit other possible association modes responsi-


ble for the spectral changes observed, we considered the
possibility of p–p stacking of the free-base porphyrin guests
with the anthracene or the porphyrin units of 1. As already
pointed out, after rotation around single bonds the two an-
thracene and porphyrin units can come parallel and rather
close (ca. 5 :) and this could be an ideal site for such an in-
teraction. We reasoned that a simple tetraphenylporphyrin
(TPP, Scheme 1) would serve as a model for this type of in-
teraction and determined the spectral changes following the
addition of TPP to a solution of 1 in toluene (7.4Q10�7m).
No effect on the spectral properties of 1 were detected up
to a concentration of TPP of 5Q10�6m, largely exceeding the
concentrations of 5, 6, and 7 used. This result rules out the
possibility that our guests are involved in this type of inter-
action in the concentration range explored.
We have therefore confirmed our model of inclusion by


the tweezers cavity of all the porphyrin guests, including the
larger 5 and 6, and this implies that the cavity in 1 can open
up to approximately 20 :. This conclusion, together with
the previous observation of the ability of the cavity to
shrink the bite through rotation around single bonds and so
complex small bidentate ligands efficiently, makes 1 an ex-
tremely versatile building block for the assembly of porphy-
rin-based noncovalent architectures. It should be pointed
out that whereas several bis(zinc–porphyrin) tweezers have
been reported that are able to reduce the bite and bind
smaller guests,[3h,14c] this is the first report of this type of
tweezers in which the cavity can open very wide, by about
30%, to accommodate larger guests.


Photoinduced processes in the complexes : As discussed
above, when 1 is complexed with a photoactive component,
luminescence spectra also indicate the occurrence of photo-
induced processes. From an inspection of Figure 8 (middle
and bottom), it is evident that upon association of 1 with 6
and 7 there is quenching of 1, as testified by the decrease in
the 598 nm band without any spectral shift, and a concomi-
tant sensitization of the free-base porphyrin bands, as shown
by the increase in the 700–720 nm emission, which is unique
to the free-base guest (see Figure 6). In these cases no lumi-
nescence from the complexes, characterized by bands at 612
and 660 nm (see Figures 4b and 5b) could be detected indi-
cating an extremely fast energy transfer. Less straight for-
ward is the interpretation of the results of the 1·5 complex
system shown in Figure 8 (top). Upon complexation, a de-
crease in the emission band at 598 nm and a concomitant
shift in the emission to 610 nm can be detected, which is ac-
companied by an increase in the emission at 696 nm, corre-
sponding to the emission maximum of the guest 5. Therefore
sensitization of the guest is discernible, but at variance with
the other cases, the quenching of the emission of 1 at
598 nm is accompanied by a shift to 610 nm. This is inter-
preted as an increased contribution to the detected emission
from the complex form 1·5, which is expected to display a
maximum at 612 nm, similarly to what occurs in the Bipy or
Pyr complexes. This implies a reduced efficiency in the
quenching of 1 by 5 within the complex compared with the
cases of 6 and 7.
Time-resolved determinations in the pico- and nanosec-


ond range have been performed in order to derive kinetic
parameters for the energy-transfer processes. Picosecond ex-
citation at 532 nm was performed on solutions of 1 (1Q
10�5m) with 5, 6, and 7 with a fast-streak camera-detection
system. The concentration of guest was approximately 8Q
10�6m leading to incomplete complexation of 1, but the use
of higher guest concentrations was prevented by solubility
problems. The time-resolved decay of the 1 component was
determined at 600 nm and the growth in the luminescence
of the free-base guests was determined at 715 nm for com-
plexes 1·6 and 1·7 and at 700 nm for complex 1·5. The results
are collected in Figure 9; the decay is fitted by a bi-exponen-
tial law for all systems and for both wavelengths. At short
reaction times a fast decay followed by an approximate 2 ns
lifetime occurs at 600 nm, whereas a fast growth followed by
a lifetime of about 9 ns is detected in the 700–720 nm
region. The lifetimes of the fast decay at 600 nm and of the
growth at around 700–720 nm are in good agreement for
each system: 42 ps for 6 and 7 and 120 ps for 5. This reac-
tion, which is interpreted as an energy-transfer process from
1 to the free-base porphyrin guest, has the following rate
constants (calculated as ken=1/t�1/t0): 7.8Q109 s�1 for 5 and
2.3Q1010 s�1 for 6 and 7. The efficiency is nearly quantita-
tive: 98% for 6 and 7 and 95% for 5. By comparison with
the data in Table 1, the decays of approximately 2 ns at
600 nm and of ca. 9 ns at around 700–720 nm are identified
as the luminescence lifetimes of uncomplexed 1 and of the
free-base guest units in the complex, respectively.
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An energy-level diagram (Scheme 4) can be drawn from
the spectroscopic data of Table 1, and the calculated values
of DG8 for the energy-transfer process are DG8=�0.07 eV
for the system 1·5, DG8=�0.14 eV for the system 1·6, and
DG0=�0.13 eV for the system 1·7. The lower driving force
for energy transfer in complex 1·5 is in agreement with the
lower rate constant detected in this system, 7.8Q109 s�1 rela-
tive to 2.3Q1010 s�1 for 1·6 and 1·7.
Energy transfer between singlet states can occur by two


different mechanisms, the Fçrster (or dipole–dipole interac-
tion) and the Dexter (or electron exchange) mecha-
nisms.[23,24] When strongly emitting donors and strongly ab-
sorbing acceptors such as porphyrins are involved, the
mechanism is generally of the former type. In this case it is
possible to calculate, on the basis of geometric, spectroscop-
ic, and photophysical data, the rate constant of the process,


kFen, by means of Equation (1),
[23] in which F and t are the


emission quantum yield (0.08) and lifetime (2 ns) of the
donor 1, respectively, dDA is the donor–acceptor center-to-
center distance (ca. 10 : in all cases), n is the refractive
index of toluene, and JF is the overlap integral calculated
from the luminescence spectrum of the donor, F(n̄), and the
absorption spectrum of the acceptor, e(n̄) [Eq. (2)].


kF
en ¼


8:8� 10�25k2F


n4tdDA
6 JF ð1Þ


JF ¼
R
Fð�nÞeð�nÞ=�n4d�n
R
Fð�nÞd�n ð2Þ


The calculated value of JF is 2.34Q10�14 cm3
m


�1 when 5 is
the acceptor, 3.54Q10�14 cm3


m
�1 when 6 is used, and 3.37Q


10�14 cm3
m


�1 when 7 is the acceptor. The parameter k2 in
Equation (1) is the orientation factor and takes into account
the relative orientation of the transition dipole moments of
the donor and the acceptor. Whereas the value is statistical
(2=3), in a couple of reacting partners that freely diffuse in
solution, since they are randomly approaching, the value for
k2 can be quite different when the two partners are locked
in rigid positions with respect to each other. In this case k2


can be calculated from Equation (3),[25] in which qD and qA
are the angles formed between the line connecting the
donor and acceptor centers and the transition moments of
the donor and acceptor, respectively, and f is the angle be-
tween the projections of the transition moments on a plane
perpendicular to the line connecting the centers of the
donor and acceptor.


k2 ¼ ðsin qDsinqAcos��2cos qDcosqAÞ2 ð3Þ


The transition dipole of the zinc–porphyrin donor is de-
generate in the plane of the tetrapyrrolic rings and the tran-
sition dipole of the free-base porphyrin guests is oriented
along the direction of the pyrrolic nitrogen atom.[26] If we
assume that in the formation of the complex a nearly axial
coordination is maintained, qD=908 and qA=458 for 5, 6,


Figure 9. Time-resolved luminescence of 1 (1Q10�5m) in toluene solutions
upon excitation at 532 nm (35 ps, 1.5 mJ) in the presence of 5 (8Q10�6m)
(top); 6 (8Q10�6m) (middle); and 7 (8Q10�6m) (bottom). Decay of the
luminescence donor at 600 nm (*) and growth of the free-base acceptor
at 715 nm for 6 and 7 and at 700 nm for 5 (*).


Scheme 4. Energy-level diagram of the complexes 1·n, where n=5, 6, and
7.
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and 7, whereas f varies between 0 and 3608. Under these
conditions the average value of k2 is of the order of 0.2 for
all systems. By introducing this value together with the
other parameters into Equation (2), rate constants of ken~
3Q1010 for 1·5 and ken~4Q1010 for 1·6 and 1·7 are derived.
In view of the many simplifications introduced into these
calculations and of the several limits of this theory in de-
scribing closely spaced large chromophores as in the present
case,[27] the results can be considered to be in acceptable
agreement with the experimental results, 7.8Q109 s�1 for 1·5
and 2.3Q1010 s�1 for 1·6 and 1·7, since they reproduce both
the order of magnitude and the relative reactivity scale. This
suggests that a Fçrster-type energy-transfer mechanism is
operative within the complexes formed by 1 and the free-
base dipyridylporphyrin guests.


Conclusions


We have synthesized and photophysically characterized the
bis(ZnII–porphyrin) tweezers 1 with anthracene components
as apex and side-arms. These tweezers can bind pyridyl resi-
dues through axial coordination to the zinc ions of porphy-
rins and we have shown that 1 has excellent binding proper-
ties with bidentate pyridyl guests of very different dimen-
sions. In fact it binds to 4,4’-bipyridine (ca. 7 :), cis-dipyri-
dylporphyrin free-base (ca. 11 :), and trans-dipyridylpor-
phyrin free-base (ca. 16 :) with association constants >9Q
105m�1. This is made possible by the ability of the cavity to
adjust its bite: rotation through single bonds can reduce the
size of the cavity whereas multiple slight distortions of the
angles in the scaffold can open or close the bite in order to
accommodate guests of different sizes. Very likely, concerted
rotation and distortion occur to bind guests of very different
sizes with remarkably high association constants. Photoin-
duced energy transfer in the triporphyrin complexes from
the host to the guest is nearly quantitative and the results
are compatible with a dipole–dipole mechanism with a re-
duced orientation factor.


Experimental Section


Spectroscopic and photophysical determination : NMR spectra were re-
corded on a Bruker AC 300 (300 MHz) or a Bruker ARX500 (500 MHz)
with solvent peaks as reference. FAB mass spectra in positivemode were
acquired on an Autospec (VG). Spectroscopic grade toluene was used
(C. Erba). Pyridine (Aldrich) and 4,4’-bipyridine (Merck) were used as
received. Absorption spectra were recorded with a Perkin-Elmer
Lambda 9 spectrophotometer and emission spectra, uncorrected if not
otherwise specified, with a Spex Fluorolog II spectrofluorimeter equip-
ped with a Hamamatsu R928 photomultiplier. Relative luminescence in-
tensities were evaluated from the area (on an energy scale) of the lumi-
nescence spectra corrected for the photomultiplier response. Lumines-
cence quantum yields for anthracene derivatives were obtained by refer-
ence to anthracene in toluene (ffl=0.3).


[19a] For the porphyrin compo-
nents, the emission quantum yields were obtained by reference to
(5,10,15,20-tetra-tert-butylphenyl)porphyrinatozinc(ii) in toluene (ffl=
0.08).[19b] Experiments at 77 K were performed by using quartz capillary


tubes immersed in liquid nitrogen contained in a home-made quartz
Dewar flask.


Titration experiments for the determination of the association constants
were performed by using a constant concentration of 1, in the range of
7Q10�7–1.1Q10�6m, and variable concentrations of Pyr, Bipy, 5, 6, and 7.
In the titration experiments excitation was performed at the isosbestic
point of the complexed and uncomplexed zinc–porphyrin spectra. Equa-
tion (4) was used to determine the association constant Ka, whereby Ka=


1/Kd. Obs is any observable (i.e., absorbance or emission intensity or DA
and DI, as detailed in the text), S0 is the constant concentration of 1, X is
the variable concentration of the complexing agent, DObs is the maxi-
mum variation of the observable under examination, and Obs0 is its
value at zero concentration of titrating agent.[21,28]


Obs ¼ Obs0 þ
DObs
2S0


fKd þX þ S0�½ðKd þX þ S0Þ2�4XS0	
1=2g ð4Þ


Fluorescence lifetimes in the nanosecond range were detected by using
an IBH time-correlated single-photon-counting apparatus with excitation
at 337 nm. Luminescence lifetimes in the picosecond range were deter-
mined with an apparatus based on a Nd:YAG laser (Continuum PY62-
10) with a 35 ps pulse duration (1.5 mJpulse�1) at 532 nm, and a fast-
streak camera-detection system (Hamamtsu C1587 equipped with
M1952). The luminescence signals from 1000 laser shots were averaged
and the time profile was measured from the streak image in a wavelength
range of about 20 nm around the selected wavelength. The luminescence
decays were fitted by using standard iterative nonlinear programs, taking
into consideration the instrumental response.[29]


Computation of the integral overlap and of the rate of energy transfer ac-
cording to the Fçrster mechanism were performed with the use of
Matlab 5.2.[30]


Molecular dimensions and distances were estimated by using CS Chem
3D Ultra 6.0 software.[31]


Estimated errors are 10% on lifetimes, 20% on quantum yields, and
20% on association constants, except for the equilibria involving two por-
phyrins for which uncertainties are of the order of 30–40%. Working
temperatures, if not otherwise specified, are 295�2 K.
1,5-Bis(triethylsilylethynyl)anthracene (4): Triethylsilylacetylene (3.1 mL,
17.5 mmol) and a 1m solution of ethylmagnesium bromide in THF
(17.5 mmol, 17.5 mL) were added to distilled THF (6.5 mL). The solution
was stirred for 45 min at 0 8C under argon. The mixture was then added
to a solution of 1,5-dichloroanthracene (864 mg, 3.5 mmol, 1 equiv), Ni-
(acac)2 (1.8 mg, 6.57 mmol, 2 equiv), and PPh3 (3.8 mg, 10.9 mmol,
3 equiv) in distilled THF (39 mL). Whilst stirring, the solution was re-
fluxed for 3 days under argon. After column chromatography, the desired
product 4 was isolated in 25% yield (398 mg, 0.87 mmol) as a yellow
solid. 1H NMR (300 MHz, CDCl3): d=8.94 (s, 2H; 9,10-H), 8.02 (dd,


3J=
8.4, 4J=0.9 Hz, 2H; 4,8-H), 7.75 (dd, 3J=6.9, 4J=1.1 Hz, 2H; 2,6-H),
7.43 (dd, 3J=8.6, 3J=7.0 Hz, 2H; 3,7-H), 1.18 (t, 3J=8.2 Hz, 18H; -CH3


(TES)), 0.81 ppm (q, 3J=7.9 Hz, 12H; -CH2 (TES)).


1-Ethynyl-5-triethylsilylethynylanthracene (8): Compound 4 (250 mg,
0.55 mmol, 1 equiv) was dissolved in a 85:15 mixture of THF/MeOH
(8 mL). K2CO3 was added (562 mg, 4.39 mmol, 8 equiv). The reaction
mixture was stirred for 6 h 30 min. The resulting suspension was filtered
through a glass frit and the solvent was evaporated. The crude product
was dissolved in dichloromethane and the resulting organic phase washed
with a saturated NH4Cl solution and distilled water. After column chro-
matography, the desired product 8 was obtained in 43% yield (80 mg,
0.23 mmol) as a yellow solid. 1H NMR (300 MHz, CDCl3): d=8.96 (s,
1H; 9- or 10-H), 8.91 (s, 1H; 9- or 10-H), 8.06 (dd, 3J=8.1, 4J=0.6 Hz,
2H; 4,8-H), 7.77 (dd, 3J=6.6, 4J=1.1 Hz, 2H; 2,6-H), 7.45 (dd, 3J=8.6,
3J=6.9 Hz, 1H; 3- or 7-H), 7.44 (dd, 3J=8.6, 3J=7.0 Hz, 1H; 3- or 7-H),
3.59 (s, 1H; Hacetylene), 1.17 (t,


3J=7.9 Hz, 9H; -CH3 (TES)), 0.81 ppm (q,
3J=7.5 Hz, 6H; -CH2 (TES)).


Porphyrin/anthracene conjugate 10 : Compound 8 (100 mg, 0.29 mmol,
1 equiv) and 5-(p-iodophenyl)-10,15,20-tris(3,5-tert-butylphenyl)porphy-
rinatozinc(ii) (334 mg, 0.29 mmol, 1 equiv) were dissolved in degassed
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NEt3 (24 mL). [Pd2(PPh3)2Cl2] (5.5 mg, 7.3 mmol, 0.025 equiv) and CuI
(3 mg, 14.6 mmol, 0.05 equiv) were added. The reaction mixture was stir-
red overnight under argon at room temperature. The solvent was evapo-
rated and the crude product dissolved in dichloromethane. The resulting
organic phase was washed with a 0.35m solution of Na2S2O3, a 2% solu-
tion of disodium EDTA, a saturated solution of NH4Cl and distilled
water. After column chromatography, the desired compound 10 was iso-
lated in 58% yield (228 mg, 0.17 mmol) as a violet, glassy product. 1H
NMR (300 MHz, CDCl3): d=9.19 (s, 1H; 9- or 10-H), 9.05 (d,


3J=
4.6 Hz, 2H; b-H), 9.03 (d,


3J=4.6 Hz, 2H; b-H), 9.02 (s, 4H; b-H), 9.02
(s, 1H; 9- or 10-H), 8.33 (d, 3J=8.4 Hz, 2H; o-H), 8.21 (d, 3J=6.9 Hz,
1H; 4-H), 8.13 (d, 3J=4.6 Hz, 1H; 8-H), 8.13 (d, 3J=8.4 Hz, 2H; m-H),
8.11 (d, 4J=1.8 Hz, 4H; o’-H), 8.10 (d, 4J=1.4 Hz, 2H; o’’-H), 7.97 (dd,
3J=6.9, 4J=0.9 Hz, 1H; 2-H), 7.80 (t, 4J=1.5 Hz, 3H; p’-, p’’-H), 7.80 (d,
3J=3.7 Hz, 1H; 6-H), 7.58 (dd, 3J=8.6, 3J=7.0 Hz, 1H; 3- or 7-H), 7.49
(dd, 3J=8.6, 3J=7.0 Hz, 1H; 3- or 7-H), 1.54 (s, 36H; tBu), 1.53 (s, 18H;
tBu), 1.17 (t, 3J=7.7 Hz, 9H , CH3 (TES)), 0.81 ppm (q, 3J=7.6 Hz, 6H;
CH2 (TES)); UV/Vis (CH2Cl2): lmax (e)=425 (497000), 552 (19700),
593 nm (7900m�1 cm�1).


Porphyrin/anthracene conjugate 11: Porphyrin/anthracene conjugate 10
(220 mg, 0.16 mmol, 1 equiv) was dissolved in a 50:50 mixture of THF/
MeOH (6 mL). Potassium carbonate (166 mg, 1.30 mmol, 8 equiv) was
added and the reaction mixture was stirred for 6 h under argon. The sus-
pension was filtered through a glass frit and the solvent was evaporated.
The crude product was dissolved in dichloromethane and the resulting or-
ganic phase was washed with a saturated solution of NH4Cl and distilled
water. After column chromatography, the desired product was isolated in
87% yield (175 mg, 0.14 mmol). as a violet, glassy product. 1H NMR
(300 MHz, CDCl3): d=9.20 (s,1H; 9- or 10-H), 9.05 (d,


3J=4.6 Hz, 2H;
b-H), 9.03 (d,


3J=4.6 Hz, 2H; b-H), 9.02 (s, 4H; b-H), 9.02 (s, 1H; 9- or
10-H), 8.33 (d, 3J=6.5 Hz, 2H; o-H), 8.24 (d, 3J=8.8 Hz, 1H; 4-H), 8.17
(d, 3J=8.8 Hz, 1H; 8-H), 8.17 (d, 3J=6.4 Hz, 2H; m-H), 8.14 (d, 4J=
1.8 Hz, 4H; o’-H), 8.11 (d, 3J=1.7 Hz, 2H; o’’-H), 7.97 (dd, 3J=6.9, 4J=
0.9 Hz, 1H; 2-H), 7.80 (t, 4J=1.5 Hz, 3H; p’-, p’’-H), 7.80 (d, 3J=3.7 Hz,
1H; 6-H), 7.58 (dd, 3J=8.5, 3J=6.8 Hz, 1H; 3- or 7-H), 7.51 (dd, 3J=8.6,
3J=7.0 Hz, 1H; 3- or 7-H), 3.60 (s, 1H; Hacetylene), 1.54 (s, 36H; tBu),
1.53 ppm (s, 18H; tBu); UV/Vis (CH2Cl2): lmax (e)=425 (429000), 552
(22300), 593 nm (8500m�1 cm�1).


1,8-Bis(bromoethynyl)anthracene (12): Compound 3 (150 mg, 0.66 mmol,
1 equiv) was dissolved in acetone (7 mL). N-Bromosuccinimide (282 mg,
1.58 mmol, 2.4 equiv) and silver nitrate (13.5 mg, 79.4 mmol, 0.12 equiv)
were added and the solution was stirred for 4 h. After evaporation of the
solvent, the yellow solid obtained was dissolved in dichloromethane and
the organic phase was washed with a 0.35m solution of Na2S2O3 and dis-
tilled water. After purification by column chromatography (eluent:
hexane/CH2Cl2 90:10), the desired compound 12 was isolated in 87%
yield (222 mg, 0.58 mmol) as a yellow solid. 1H NMR (300 MHz, CDCl3):
d=9.30 (s, 1H; 10-H), 8.44 (s, 1H; 9-H), 8.02 (dd, 3J=8.6, 4J=0.6 Hz,
2H; 4,5-H), 7.72 (dd, 3J=7.0, 4J=1.0 Hz, 2H; 2,7-H), 7.43 ppm (dd, 3J=
8.6, 3J=7.0 Hz, 2H; 3,6-H).


Tweezers 1: Porphyrin/anthracene conjugate 11 (70 mg, 56.5 mmol,
2 equiv) and compound 12 (11 mg, 28.3 mmol, 1 equiv) were dissolved in
degassed DMSO (1 mL). [Pd2(dba)3] (1.55 mg, 1.69 mmol, 0.03 equiv), LiI
(1.5 mg, 11.3 mmol, 0.2 equiv), CuI (0.27 mg, 1.41 mmol, 0.025 equiv), and
1,2,2,6,6-pentamethylpiperidine (PMP) (30 mL, 0.16 mmol, 2.8 equiv)
were added. The reaction mixture was stirred under argon at room tem-
perature for 3 days. Dichloromethane and distilled water were added.
The resulting organic phase was washed with a 0.35m solution of
Na2S2O3, a 2% solution of disodium EDTA, and distilled water. After
preparative chromatography on Al2O3, the desired tweezers 1 were iso-
lated in 33% yield (25 mg, 9.25 mmol) as a violet, glassy product. 1H
NMR (300 MHz, CDCl3): d=9.78 (s, 1H; 10-H), 8.93 (d,


3J=4.7 Hz, 4H;
b-H), 8.91 (d, 3J=4.8 Hz, 4H; b-H), 8.89 (d, 3J=4.4 Hz, 4H; b-H), 8.88
(d, 3J=4.6 Hz, 4H; b-H), 8.81 (s, 2H; 9’-H), 8.80 (s, 2H; 10’-H), 8.57 (s,
1H; 9-H), 8.25 (d, 3J=8.2 Hz, 4H; o-H), 8.13 (d, 3J=8.4 Hz, 4H; m-H),
8.13 (d, 2H; 4’-H, hidden), 8.13 (d, 2H; 8’-H, hidden), 7.99 (d, 4J=
1.7 Hz, 4H; o’’-H), 7.98 (d, 3J=7.2 Hz, 2H; 6’-H), 7.92 (d, 4J=1.4 Hz,
8H; o’-H), 7.91 (d, 2H; 2’-H, hidden), 7.88 (d, 3J=4.2 Hz, 2H; 4-H), 7.75


(t, 4J=1.7 Hz, 2H; p’’-H), 7.63 (t, 4J=1.8 Hz, 4H; p’-H), 7.57 (dd, 3J=
8.5, 3J=7.0 Hz, 2H; 7’-H), 7.49 (dd, 3J=8.6, 3J=7.0 Hz, 2H; 3’-H), 7.26
(d, 2H; 2-H, hidden), 6.95 (dd, 3J=8.5, 3J=7.0 Hz, 2H; 3-H), 1.53 (s,
72H; tBu), 1.48 ppm (s, 36H; tBu); UV/Vis (toluene): lmax (e)=425
(661000), 551 (31700), 592 nm (9100m�1 cm�1). MS (FAB+): m/z calcd
for [M]+ : 2700.3; found: 2700.3.
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Bis(iodozincio)methane and -ethane with Two Different Organic Halides
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Introduction


The cross-coupling reaction of an organometallic reagent
with an organic electrophile in the presence of a transition-
metal catalyst is one of the most important methods used to
construct molecular skeletons.[1] The reaction has been stud-
ied with a variety of organometallic reagents and electro-
philes, and has provided a general and efficient C�C bond-
forming reaction. One can imagine that a sequential cross-
coupling reaction at one carbon atom would make this
transformation more useful, and thus provide a method for
the connection of two electrophiles with one carbon atom.
For this purpose, a gem-dimetallic reagent that contained
two carbon–metal bonds was prepared by our group
(Scheme 1).[2,3]


These gem-dimetallic reagents have previously been used
for Wittig-type methylenation reactions of carbonyl com-
pounds.[4] In these reactions, the nucleophilic addition of a
gem-dimetallic reagent to a carbonyl group, followed by
elimination of a metal oxide, produced a Wittig-type olefina-
tion product. In addition to the Wittig-type reaction, other
synthetic applications of gem-dimetallic compounds were
discovered by Knochel and Normant in the 19801s.[5] For
their investigation, Knochel and Normant studied the reac-
tivity of gem-dimetal species that were prepared by Gaude-
mar/Normant coupling (Scheme 2). These gem-dimetal spe-
cies were treated with various electrophiles; however, cross-
coupling reactions were not studied well.


Since we reported a preparation method for bis(iodozin-
cio)methane (1) in 1998, we have investigated some specific
molecular transformations.[2a–c,6] A solution of the gem-
dizinc 1 in THF was obtained from the reaction of diiodo-
methane, zinc dust, and a catalytic amount of lead(ii) chlo-
ride. Detailed structural studies of 1 concluded that it is
monomeric in THF, although it is possible to form poly-
methylene zinc compounds, such as 2, by the Schlenk equi-
librium (Scheme 3).[7]


Keywords: C�C bond formation ·
cross-coupling · gem-dizinc · nickel ·
palladium


Abstract: Bis(iodozincio)methane, prepared from diiodomethane and zinc, reacts
with an organic halide in the presence of a transition-metal catalyst to give an io-
dozinciomethylenated compound; this then reacts with another organic halide to
form a C�C bond. The overall process connects two electrophiles with one carbon
atom. Bis(iodozincio)ethane can also undergo this transformation, yielding a new
stereogenic center. The asymmetric induction of this stereogenic center was inves-
tigated by using a chiral palladium catalyst.
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Department of Material Chemistry
Graduate School of Engineering
Kyoto University, Kyoudai-katsura
Nishikyo, Kyoto 615–8510 (Japan)
Fax: (+81)75-383-2438
E-mail : matsubar@orgrxn.mbox.media.kyoto-u.ac.jp


Scheme 1. General scheme for the sequential coupling reaction of a gem-
dimetallic reagent.


Scheme 2. Preparation of a gem-dimetal species by Gaudemar/Normant
coupling and its copper salt-mediated allylation.[5]
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The treatment of a solution of 1 in [D8]THF with one
molar equivalent of deuterium oxide in an NMR tube ef-
fected sequential deuteration (Scheme 4). From this result,


we deduced that the reactivity of the C�Zn bond in 1 is sig-
nificantly greater than that in methylzinc iodide when these
species are reacting with water or iodine. Thus, we conclud-
ed that it was possible for two gem-C�Zn bonds to be used
individually and sequentially for cross-coupling reactions.
Our results for the cross-coupling reactions of the organo-
metallic reagent 1 with organic halides are described herein.


Results and Discussion


Treatment of diiodomethane
with zinc powder in the pres-
ence of lead(ii) chloride[10] in
anhydrous THF produced bis-
(iodozincio)methane (1) in
50% yield (0.5m solution in
THF, as determined by
1H NMR spectroscopic analysis,
with 2,2,4,4-tetramethylbutane
as an internal standard) by
means of a slightly exothermic
reaction.[11] Takai and Utimoto
have shown that only a small
amount of lead(ii) chloride is
required for it to work effective-
ly as a catalyst.[10] Indeed, as
little as 0.05 mol% lead(ii) chlo-
ride/zinc is required for the re-
action to be effective enough.
Lead metal, lead(ii) bromide,
and lead(ii) acetate are also ef-
fective catalysts for this reac-
tion. When pyrometallurgy zinc,
which contains approximately
0.04–0.07% lead, was used it
was not necessary to add lead(ii)


chloride. In a previous investigation by our group, the struc-
ture of 1 was studied intensively by X-ray and neutron scat-
tering,[12] and it was shown that the contribution of the
Schlenk equilibrium was not significant, provided the con-
centration of 1 in THF was less than 0.5m and the tempera-
ture less than that of room temperature. This means that
when 1 is prepared as a solution in THF, it can keep its ho-
mogeneity as a monomeric form; this is crucial if the se-
quential coupling reaction is to work effectively.
Organomonozinc reagents have often been utilized for


transition-metal-catalyzed cross-coupling reactions;[13] there-
fore, we decided to examine a palladium(0)-catalyzed cross-
coupling reaction (Table 1). Four molar equivalents of vari-
ous phosphines 3 and Pd2dba3·CHCl3 were mixed in THF
under an atmosphere of argon to prepare the palladium cat-
alyst (Pd0/PR3 1:2).[14] The reactions were carried out by
using 2.5 mol% of the palladium catalyst, and were
quenched with 1m DCl/D2O (DCl=deuterium chloride) to
give compounds 5. By alternating the selection of the phos-
phine ligand, the yield of the coupling product was in-
creased, with tris(2-furyl)phosphine (3c) and tris[3,5-bis(tri-
fluoromethyl)]phosphine (3d) producing excellent results.[15]


For the next step in our study, an organic halide was used
as the second electrophile (versus DCl/D2O) in these reac-
tions (Scheme 5). Thus, organomonozinc species 4a, ob-
tained from the reaction of 1 with cinnamyl chloride in situ,
was treated with allyl bromide and benzoyl chloride. The ex-
isting palladium catalyst was effective for the second cross-
coupling reaction, and the sequential coupling products 6


Scheme 3. Preparation of bis(iodozincio)methane (1) and its Schlenk
equilibrium.[7]


Scheme 4. Sequential deuteration of bis(iodozincio)methane (1).


Scheme 5. Sequential cross-coupling of 1 with an allylic halide and another electrophile.


Table 1. Palladium-catalyzed cross-coupling of 1 with allylic chloride.[a]


Ph3P 3b (C2H5O)3P 3e


5a (R=Ph) <1% 16% 88% 97% 14%
5b (R=nC11H23) <1% <1% 82% 91% <1%


[a] 2a=cinnamyl chloride and 2b=1-chloro-2-tetradodecene.
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and 7 were obtained. However, when propargyl bromide
was used as the second organic halide, the addition of a
copper salt became necessary.
The coupling reactions of bis(iodozincio)methane (1) with


different aryl iodides proceeded effectively in the presence
of the palladium catalyst, prepared from Pd(dba)3·CHCl3
and tris[bis(trifluoromethyl)phenyl]phosphine (3d),
(Scheme 6) to produce benzylzinc intermediates, which were
subsequently treated with allyl bromide. For these reactions,
the second cross-coupling reaction would not proceed with-
out the addition of additional copper salt.
For the sequential coupling reaction of 1 with a bromoal-


kene, such as b-bromostyrene (12), the first coupling reac-
tion affords an allylic zinc intermediate. Following the pro-
cedure illustrated in Schemes 5 and 6, b-bromostyrene (12)
was treated with bis(iodozincio)methane (1) in the presence
of various palladium catalysts. Although all of the ligands


listed in Table 1 were examined,
none of the desired cross-cou-
pling product was obtained.
NiCl2dppp (dppp=1,3-diphe-
nylphosphinopropane), howev-
er, was an effective catalyst for
this reaction, and the resulting
allyl zinc 13 formed in situ was
treated with allyl bromide to
give the diene 14. Alternatively,
treatment of 13 with isopropyl-
aldehyde produced the homo-
allylic alcohol 15, a product of
C�C bond formation at the
g-position (Scheme 7).
Treatment of 1,1-diiodo-


ethane with zinc dust in the
presence of a catalytic amount
of lead(II) chloride produced
the gem-dizinc species 16. Se-
quential coupling of 16 with
cinnamyl chloride and allyl bro-
mide produced 18 (Scheme 8).
The sequential coupling reac-


tions described above, should
have proceeded by the normal
cross-coupling mechanism; that
is, oxidative insertion of a tran-
sition-metal catalyst into the
first organic halide to give
R�M�X, followed by a trans-
metallation reaction with the
gem-dizinc reagent, and then
reductive elimination to afford
the iodozincioalkylated cou-
pling product. The product
from this sequence will become
a reactant for other cross-cou-
pling reactions (Scheme 9).


For compound 16, sequential coupling with two different
electrophiles resulted in the formation of an asymmetric
carbon. If the enantiotopic iodozincio groups in gem-di-
zincioethane (16) are selectively transmetallated with a pal-
ladium species that contains chiral ligands, then the follow-


Scheme 6. Sequential cross-coupling of 1 with an aryl halide and allyl bromide.


Scheme 7. Sequential cross-coupling of 1 with b-bromostyrene and allyl bromide or aldehyde.


Scheme 8. Sequential cross-coupling of 1,1-bis(iodozincio)ethane (16) with cinnamyl chloride and allyl
bromide.


Scheme 9. Proposed mechanism for the sequential coupling.
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ing reductive elimination should afford secondary organo-
zinc species 21 with enantiomeric excess (Table 2).[16] The
copper-mediated reaction with organozinc reagent proceeds
stereospecifically, thus the enantiomeric excess in 21 should
be reflected in that of 22.[17, 18] Unfortunately, only very low
values of asymmetric induction were realized, despite the in-
vestigation of many different types of phosphine ligand.
However, a chiral monophosphine ligand carrying a biphen-
yl group (developed by Hayashi) and a chiral binol based
phosphite ligand (developed by Feringa), did produce some
enantiomeric excess.[19] The absolute configuration of 22 was
determined by comparison with an authentic sample, pre-
pared from (�)-b-citronellene (Scheme 10).


Conclusion


The cross-coupling reaction of
bis(iodozincio)methane can be
performed stepwise and se-
quentially. This method has
provided a route for the combi-
nation two electrophiles with
one carbon atom. Bis(iodozin-
cio)methane is monomeric in
THF with a high homogeneity,
a crucial feature for these se-
quential coupling reactions.
However, instead of bis(iodo-
zincio)methane, one might also
try Nysted reagent, prepared
from dibromomethane and zinc
in the presence of a lead cata-
lyst, for these reactions (com-
mercially available from Al-
drich). Unfortunately, the use
of Nysted reagent (polymethy-
lene zinc) was not successful for
our sequential coupling reac-
tions.


Experimental Section


Dehydrated, stabilizer free THF was purchased from Kanto Chemical.
[D8]THF was distilled over benzophenone-ketyl. 1,3-dimethylimidazolid-
din-2-one (DMI) was distilled over calcium hydride. The zinc powder
(Wako) was washed with 10% HCl before use, according to the reported
procedure. 1,1-diiodoethane was prepared according to the literature pro-
cedure.[20] Chromatographic purification of products was accomplished by
using forced-flow chromatography on silica gel (supplied by Kanto
Chemical, 60 N, spherical, neutral). 1H and 13C NMR spectra were re-
corded on a Varian Gemini-2000 (300 and 75 MHz, respectively), and
were internally referenced to residual proton solvent signals. For the
1H NMR spectra, s= singlet, d=doublet, t= triplet, q=quartet, and m=


multiplet). HRMS were generated by a JEOL Mstation 700 spectrome-
ter.


Preparation of bis(iodozincio)methane (1): A mixture of zinc powder
(150 mmol) and diiodomethane (1.0 mmol) in THF (2 mL) was sonicated
for 1 h. After this time, additional diiodomethane (49 mmol) in THF
(48 mL) was slowly added at 0 8C, and the mixture was then stirred for a
further 1 h at 25 8C. The integral of the a-proton peak relative to the in-
ternal standard in the 1H NMR spectrum was used to measure the con-
centration factor. 1H NMR (300 MHz, [D8]THF): d=�1.10 ppm (br s,
2H); 13C NMR (75 MHz, [D8]THF): d=�14.3 ppm.


General procedure for the palladium-catalyzed cross-coupling of 1 with
allylic chloride : Allylic chloride (1.0 mmol in THF, 1.0 mL) and 1 (0.5m
solution in THF, 2.0 mL, 1.0 mmol) were added to a solution of
[Pd2(dba)3]·CHCl3 (26 mg, 0.025 mmol) and phosphine (0.1 mmol) in
THF (1.0 mL), and the mixture was stirred at room temperature for
30 min. After this time, DCl (2.0 mL, 1m solution in D2O) was added at
0 8C, and the resulting mixture was stirred for a further 5 min. Once the
reaction was complete, the mixture was extracted with ether. The organic
layers were then combined, washed with brine, and dried over Na2SO4.
The product was isolated by silica-gel column chromatography.


4-Deuterio-1-phenyl-1-butene (5a): 1H NMR (300 MHz, CDCl3): d=


7.41–7.23 (m, 5H), 6.38 (d, J=16.2 Hz, 1H), 6.27 (dt, J=6.0, 16.2 Hz,


Table 2. Enantioselective preparation of configurationally stable organozinc compound 21.[a]


Entry X in 19 Ligand Yield of 22 [%] ee [%][b] R/S


1 Cl 20a[9a] 81 10 R
2 OAc 20a 78 22 R
3 OBz 20a 68 31 R
4 OCO2Me 20a 69 32 R
5 OCO2iBu 20a 70 33 R
6 OCO2iBu 20b[9b] 73 32 R
7 OCO2iBu 20c[9c] <1 – –
8 OCO2iBu 20d[9c] <1 – –
9 OCO2iBu 20e[9d] 40 13 S


[a] Compound 16 (1.0 mmol), Pd2dba3·CHCl3 (0.25 mmol), 20 (0.1 mmol), and 19 (1.0 mmol) were used for the
preparation of 21. This compound was treated with CuCN·2LiCl (1.2 mmol) at �30 8C and then reacted with
propargyl bromide to give 22. [b] Enantiomeric purity (ee=enantiomeric excess) was determined by GPLC
(Chrompack CP-Chiralsil-Dex CB, 25 mO0.25 mm, 40 8C, 60 min; 2 8Cmin�1 to 130 8C; 130 8C, 130 min for (S)-
22 and 140 min for (R)-22).


Scheme 10. Preparation of optically active (R)-22.
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2H), 2.27–2.02 (m, 2H), 1.09 ppm (tt, J=2.1, 7.2 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d=138.21, 132.91, 129.06, 128.74, 127.03, 126.19, 26.51,
13.92 ppm (t, J=19.2 Hz); HRMS: calcd for C10H11D: 133.1001 [M]+ ;
found: 133.0999.


1-Deuterio-3-pentadecene (5b): 1H NMR (300 MHz, CDCl3): d=5.47–
5.36 (m, 2H), 2.00–1.94 (m, 4H), 1.38–1.26 (m, 18H), 0.94 (tt, J=2.0,
7.5 Hz, 2H), 0.88 ppm (t, J=6.5 Hz, 3H); 13C NMR (75 MHz, CDCl3):
d=132.08, 129.65, 34.08, 32.84, 32.18, 29.94, 29.92, 29.90, 29.80, 29.61,
29.45, 25.78, 22.95, 14.38, 13.97 ppm (t, J=19.5 Hz); HRMS: calcd for
C15H29D: 214.2410 [M]+ ; found: 211.2401.


1-Phenyl-1,6-heptadiene (6):[21] Cinnamyl chloride (1.0 mmol in THF,
1.0 mL) and 1 (0.5m solution in THF, 2 mL, 1.0 mmol) were added to a
solution of [Pd2(dba)3]·CHCl3 (26 mg, 0.025 mmol) and 3c (0.1 mmol) in
THF (1.0 mL), and the mixture was stirred at room temperature for
30 min. After this time, allyl bromide (1.5 mmol in THF 1.0 mL) was
added to the mixture at room temperature. The resulting mixture was
stirred for 2 h, and was then poured into saturated aqueous NH4Cl solu-
tion and extracted with ether. The combined organic layers were washed
with brine and dried over Na2SO4. The product produced was isolated by
silica-gel column chromatography. 1H NMR (300 MHz, CDCl3): d=7.38–
7.21 (m, 5H), 6.37 (d, J=16.2 Hz, 1H), 6.20 (dt, J=7.5, 16.2 Hz, 1H),
5.84 (ddt, J=6.6, 10.2, 17.1 Hz, 1H), 5.02 (d, J=17.1 Hz, 1H), 4.96 (d,
J=10.2 Hz, 1H), 2.24 (dt, J=7.2, 7.5 Hz, 2H), 2.10 (dt, J=6.6, 7.2 Hz,
2H), 1.56 ppm (tt, J=7.2, 7.2 Hz, 2H).


1,5-Diphenyl-4-penten-1-one (7): Cinnamyl chloride (1.0 mmol in THF,
1.0 mL) and 1 (0.5m solution in THF, 2 mL, 1.0 mmol) were added to a
solution of [Pd2(dba)3]·CHCl3 (26 mg, 0.025 mmol) and 3c (23 mg,
0.1 mmol) in THF (2.0 mL), and the resulting mixture was stirred at
room temperature for 30 min. After this time, DMI (2.0 mL) and benzoyl
chloride (140 mg, 1.0 mmol) were added at 0 8C, and the mixture was stir-
red for a further 2 h, before being poured into a solution of saturated
aqueous NH4Cl and extracted with ether. The combined organic layers
were washed with brine and dried over Na2SO4. The product was isolated
by silica-gel column chromatography. 1H NMR (300 MHz, CDCl3): d=
8.02 (d, J=7.2 Hz, 2H), 7.20–7.52 (m, 8H), 6.48 (d, J=15.6 Hz, 1H), 6.27
(dt, J=6.8, 15.6 Hz, 1H), 3.15 (t, J=7.5 Hz, 2H), 2.64–2.70 ppm (m, 2H).


7-Phenyl-1,2,6-heptatriene (8): Cinnamyl chloride (1.0 mmol in THF,
1.0 mL) and 1 (0.5m solution in THF, 2 mL, 1.0 mmol) were added to a
solution of [Pd2(dba)3]·CHCl3 (26 mg, 0.025 mmol) and 3c (23 mg,
0.1 mmol) in THF (1.0 mL), and the resulting mixture was stirred at
room temperature for 30 min. After this time, CuCN·2LiCl (1m solution
in THF, 1.2 mL) was added at �30 8C, and the mixture stirred for a fur-
ther 5 min. Propargyl bromide (1.5 mmol) was then added at �78 8C.
This mixture was warmed to room temperature and stirred for 1 h,
before being poured into a solution of saturated aqueous NH4Cl and ex-
tracted with ether. The combined organic layers were washed with brine
and dried over Na2SO4. The product was isolated by silica-gel column
chromatography. 1H NMR (300 MHz, CDCl3): d=7.36–7.18 (m, 5H),
6.43 (d, J=15.9 Hz, 1H), 6.24 (dt, J=6.6, 15.9 Hz, 1H), 5.17 (dt, J=6.6,
12.9 Hz, 1H), 4.70 (dt, J=3.3, 6.6 Hz, 2H), 2.35 (dt, J=6.6, 8.1 Hz, 2H),
2.24–2.14 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=208.70, 138.00,
130.75, 130.19, 128.76, 127.19, 126.25, 98.73, 75.48, 33.01, 28.56 ppm;
HRMS: calcd for C13H14: 170.1096 [M]+ ; found: 170.1089.


General procedure for the sequential cross-coupling of 1 with aryl halide
and allyl bromide : Aryl iodide (1.0 mmol in THF, 1.0 mL) and 1 (0.5m
solution in THF, 2 mL, 1.0 mmol) were added to a solution of
[Pd2(dba)3]·CHCl3 (26 mg, 0.025 mmol) and 3d (67 mg, 0.1 mmol) in
THF (1.0 mL), and the mixture was stirred at room temperature for
30 min. After this time, CuCN·2LiCl (1m solution in THF, 1.2 mL) was
added to the mixture at �30 8C, and it was stirred for a further 5 min.
Propargyl bromide (1.5 mmol) was then added at �78 8C. This mixture
was warmed to room temperature and stirred for 1 h, before being
poured into a solution of saturated aqueous NH4Cl and extracted with
ether. The combined organic layers were washed with brine and dried
over Na2SO4. The product was isolated by silica-gel column chromatogra-
phy.


4-Phenyl-1-butene (10a):[22] 1H NMR (300 MHz, CDCl3): d=7.31–7.16
(m, 5H), 5.87 (ddt, J=6.6, 10.2, 17.3 Hz, 1H), 5.05 (d, J=17.3 Hz, 1H),


4.98 (d, J=10.2 Hz, 1H), 2.72 (t, J=7.8 Hz, 2H), 2.38 ppm (td, J=7.8,
6.6 Hz, 2H).


4-(o-Tolyl)-1-butene (10b):[23] 1H NMR (300 MHz, CDCl3): d=7.17–7.08
(m, 4H), 5.88 (tdd, J=6.6, 10.2, 17.3 Hz, 1H), 5.05 (d, J=17.3 Hz, 1H),
4.98 (d, J=10.2 Hz, 1H), 2.72 (t, J=7.8 Hz, 2H), 2.37 (td, J=7.8, 6.6 Hz,
2H), 2.31 ppm (s, 3H).


4-(4-Bromophenyl)-1-butene (10c): 1H NMR (300 MHz, CDCl3): d=7.37
(d, J=8.2 Hz, 2H), 7.06 (d, J=8.2 Hz, 2H), 5.80 (tdd, J=6.6, 10.2,
17.3 Hz, 1H), 5.05 (d, J=17.3 Hz, 1H), 4.98 (d, J=10.2 Hz, 1H), 2.67 (t,
J=8.2 Hz, 2H), 2.35 ppm (m, 2H).


General procedure for the nickel-catalyzed cross-coupling of 1 with vinyl
halides : b-Bromostylene (1.0 mmol in THF, 1.0 mL) and 1 (0.5m solution
in THF, 2 mL, 1.0 mmol) were added to a suspension of NiCl2dppp
(27 mg, 0.05 mmol) in THF (2.0 mL), and the mixture was stirred for
30 min at room temperature. After this time, a solution of the electro-
phile (1.5 mmol) in THF (1.0 mL) was added, and the reaction mixture
was then stirred for a further 2 h, before being poured into a solution of
saturated aqueous NH4Cl and extracted with ether. The combined organ-
ic layers were washed with brine and dried over Na2SO4. The product
was isolated by silica-gel column chromatography.


1-Phenyl-1,5-hexadiene (14):[24] 1H NMR (300 MHz, CDCl3): d=7.37–
7.16 (m, 5H), 6.40 (d, J=16.2 Hz, 1H), 6.24 (dt, J=6.3, 16.2 Hz, 1H),
5.84 (ddt, J=6.6, 10.2, 17.1 Hz, 1H), 5.00 (d, J=17.1 Hz, 1H), 4.98 (d,
J=10.2 Hz, 1H), 2.38–2.20 ppm (m, 4H).


2-Methyl-4-phenyl-5-hexen-3-ol (15):[25] The product was obtained as a
diastereomeric mixture in a ratio of anti/syn 93:7. 1H NMR (300 MHz,
CDCl3): d=7.33–7.30 (m, 2H), 7.23–7.20 (m, 3H), 6.12 (ddd, J=8.0, 8.5,
16.5 Hz, 0.93H), 6.01 (ddd, J=8.0, 8.5, 16.5 Hz, 0.07H), 5.22–5.18 (m,
1.86H), 5.12–5.02 (m, 0.14H), 3.8–3.7 (m, 0.07H), 3.60 (ddd, J=3.0, 8.0,
8.5 Hz, 0.93H), 3.42 (dd, J=8.0, 8.0 Hz, 0.07H), 3.38 (dd, J=8.0, 8.0 Hz,
0.93H), 1.71 (d, J=3.0 Hz, 1H), 1.57–1.51 (m, 1H), 0.89 ppm (d, J=
6.5 Hz, 6H).


Preparation of 1,1-bis(iodozinscio)ethane (16): A mixture of zinc powder
(60 mmol) and 1,1-diiodoethane (1.0 mmol) in THF (2 mL) was sonicated
for 1 h. After this time, additional 1,1-diiodoethane (19 mmol) in THF
(18 mL) was added slowly at 0 8C, and the resulting mixture was stirred
for 1 h at 25 8C. The integral of the a-proton peak relative to the internal
standard in the 1H NMR spectrum was used to measure the concentra-
tion factor. 1H NMR (300 MHz, [D8]THF): d=1.45 (d, J=7.8 Hz, 3H),
�0.08 (q, J=7.8 Hz, 1H); 13C NMR (75 MHz, [D8]THF): d=12.0,
4.2 ppm.


General procedure for the sequential cross-coupling of 16 with cinnnamyl
chloride and allyl bromide : Cinnamyl chloride (1.0 mmol in THF 1.0 mL)
and 16 (0.5m solution in THF, 2 mL, 1.0 mmol) were added to a solution
of [Pd2(dba)3]·CHCl3 (26 mg, 0.025 mmol) and 3c (23 mg, 0.1 mmol) in
THF 1.0 mL, and the mixture was stirred at room temperature for
30 min. After this time, allyl bromide (1.5 mmol in THF, 1.0 mL) was
added at room temperature and the resulting mixture was stirred for 2 h.
The mixture was then poured into a solution of saturated aqueous NH4Cl
and extracted with ether. The combined organic layers were washed with
brine and dried over Na2SO4. Finally, the product was isolated by silica-
gel column chromatography.


4-Methyl-1-phenyl-1,6-heptadiene (18): 1H NMR (300 MHz, CDCl3): d=
7.37–7.19 (m, 5H), 6.39 (d, J=16.0 Hz, 1H), 6.22 (dt, J=7.5, 16.0 Hz,
1H), 5.82 (ddt, J=7.0, 8.0, 16.5 Hz, 1H), 5.04 (d, J=16.5 Hz, 1H), 5.02
(d, J=8.0 Hz, 1H), 2.30–2.22 (m, 1H), 2.18–2.12 (m, 1H), 2.10–2.04 (m,
1H), 1.98–1.93 (m, 1H), 1.74–1.65 (m, 1H), 0.95 ppm (d, J=6.8 Hz, 3H);
13C NMR (75 MHz, CDCl3): d=138.08, 137.65, 131.39, 129.66, 128.74,
127.09, 126.19, 116.12, 41.22, 40.27, 33.53, 19.65 ppm. HRMS: calcd for
C14H18: 186.1400 [M]+ ; found: 186.1409.


4-Methyl-7-phenyl-1,2,6-heptatriene (22): 1H NMR (300 MHz, CDCl3):
d=7.37–7.19 (m, 5H), 6.39 (d, J=16.0 Hz, 1H), 6.22 (dt, J=7.5, 16.0 Hz,
1H), 5.17 (dt, J=6.6, 8.1 Hz, 1H), 4.74 (d, J=6.6 Hz, 1H), 4.73 (d, J=
6.6 Hz, 1H), 2.37–2.29 (m, 2H), 2.25–2.19 (m, 1H), 1.07 ppm (d, J=
6.5 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=207.74, 138.00, 131.67,
129.11, 128.74, 127.18, 126.25, 95.81, 76.18, 40.76, 33.16, 20.09 ppm.
HRMS: calcd for C14H16: 184.1248 [M]+ ; found: 184.1252. Enantiomeric
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purity was determined by GPLC (Chrompack CP-Chiralsil-Dex CB,
25 mO0.25 mm, 40 8C, 60 min; 2 8Cmin�1 to 130 8C; 130 8C, 130 min for
(S)-7 and 140 min for (R)-7).
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Dispersion
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Introduction


The understanding of all possible processes involved in the
natural evolution of nitrogen-containing compounds is ex-
tremely important, not only because nitrogen constitutes a
key element of nutrient cycles, but also because a large
number of anthropogenic compounds encloses one or more
nitrogen atoms. Although the patterns of transformation on
macromolecules containing nitrogen have been widely inves-
tigated, at present limited attention has been paid to small
molecules, especially those containing amino groups. Their
transformation products have not yet been identified,
mainly due to the analytical complexity involved with their
determination (i.e., small molecules often being very hydro-
philic). These structures represent the missing link in the
transformation of organic into inorganic species. We have
investigated the classes of urea, guanidine, thiourea, and


their derivatives. These structures are building blocks of pro-
teins, DNA, pesticides, drugs, and other biomolecules, and
the understanding of their transformation pathways is rele-
vant to several areas of research. Herein, we will focus on
urea and alkylurea derivatives only, while the above-men-
tioned compounds will be discussed in forthcoming works.
A complete characterization of the intermediates has been
obtained by HPLC/MS analysis, followed by NMR and IR
investigations and supported by ab initio calculations, thus
allowing the definition of a transformation mechanism appli-
cable to methyl- and ethylurea derivatives.
Urea and alkylureas are building blocks for several an-


thropogenic compounds, such as pesticides and fertilizers,[1,2]


natural compounds like caffeine,[3] constituents of drugs, an-
tiepileptic and HIV drugs,[4,5] and transformation products
of DNA.[6] In addition, they have been identified as final
products of natural degradation.[7] The synthesis of urea rep-
resents the first synthetic pathway identified in organic
chemistry.[8] Similarly, the same synthetic reaction has been
obtained by adopting the photocatalytic process with TiO2
as the photocatalyst.[9] For this reason, we have employed a
light-induced process with TiO2 to produce the transforma-
tion products of urea derivatives. It is worth noting that het-
erogeneous photocatalysis with irradiated semiconductors
involving oxido-reductive reactions has been established as
an effective analytical method, not only for degradation and


Abstract: The light-induced degrada-
tion of alkylurea derivatives under si-
mulated solar irradiation has been in-
vestigated in aqueous solutions con-
taining TiO2 as a photocatalyst. Herein,
we will focus on how the presence of
one or more methyl (or ethyl) groups
on urea modifies the kinetics of disap-
pearance and influences both the ratio
and the extent of the inorganic nitro-
gen formation caused by different deg-
radation pathways. In the present


work, we have elucidated a mechanism
for the formation of transformation
products of the alkyl derivatives by
combining several analytical and spec-
troscopic procedures and the theoreti-
cal simulation of ab initio calculations.
In all cases, N-demethylation repre-
sents only a secondary pathway, while


the main transformation proceeds
through an unexpected cyclization, in-
volving (m)ethyl- and di(m)ethylureas
with the formation of (methyl)amino-
2,3-dihydro-1,2,4-oxadiazol-3-one as
the principal intermediate of the reac-
tion (with a yield of 60%). This behav-
iour is rather unexpected and in con-
trast with the typical photocatalyzed
transformation pathways, which pro-
ceed through the formation of more
simple structures.
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final mineralization of several organic compounds,[10–13] but
also for acquiring information on naturally occurring trans-
formations. Specific examples of the applicability of this
method are represented by reactions occurring in the envi-
ronment[14,15] and in living organisms.[16,17] In both cases,
some of the intermediates identified through a photocatalyt-
ic process have been found in soil samples[14,15] and in the
animal liver.[16,17] Nevertheless, despite its extensive applica-
tions, several mechanistic aspects are still unexplained. One
of the open issues is represented by the fate of bound nitro-
gen, for which the transformation into inorganic ions (i.e. ,
ammonium and nitrate) has been observed but the detailed
mechanism of their formation has not been elucidated to
date. This is caused by the complexities associated with the
identification of the final organic products in the photocata-
lytic degradation of materials containing nitrogen.
To investigate the fate of the intermediates, bound nitro-


gen and organic carbon mineralization, we have evaluated
the role of electron donor groups on the amino subtituents
in the present work. The existence of atypical differences in
the formation of intermediates has prompted us to verify if
these peculiarities are also maintained in a homogeneous
system. We have therefore performed experiments employ-
ing H2O2 as a reactant.


Experimental Section


Materials and photochemical apparatus : Urea (U), methylurea (MU),
1,1’-dimethylurea (1,1’-DMU), 1,3-dimethylurea (1,3-DMU), tetramethyl-
urea (TMU), ethylurea (EU), 1,1’-diethylurea (1,1’-DEU), and 1,3’-dieth-
ylurea (1,3’-DEU) were all purchased from Aldrich and were used as re-
ceived. Ammonium chloride (Carlo Erba), potassium nitrate (Merck)
and sodium nitrite (Carlo Erba) were used after drying. HPLC grade
water was obtained from MilliQ System Academic (Waters, Millipore).
HPLC grade methanol (BDH) was filtered through a 0.45 mm filter
before use. Ammonium acetate (reagent grade) was purchased from
Fluka.


Prior to analysis the TiO2 powder (Degussa P25 photocatalyst) was pre-
treated to avoid possible interference from ions adsorbed on the photoca-
talyst. The powder was irradiated and washed with distilled water until
no signal caused by chloride, sulphate or sodium ions could be detected
by ion chromatography.


The irradiations were performed in air-saturated cells using a 1500 W
xenon lamp (Solarbox, CO.FO.MEGRA, Milan, Italy) with a 340 nm cut-
off filter, simulating AM1 solar light. The total photon flux (340–400 nm)
in the cell and the temperature during irradiation were kept constant for
all experiments, that is, at 1.35J10�5 einsteinmin�1 and 50 8C, respective-
ly. The irradiation was carried out in a suspension of alkylurea
(15 mgL�1) and TiO2 (200 mgL


�1) in water (5 mL). The entire content of
the cells was filtered through a 0.45 mm filter and then analyzed by an ap-
propriate technique.


When using H2O2 (1J10
�2
m) as a reactant, all of the settings were main-


tained, except for using a Philips UV lamp as a irradiation system.


Analysis of photochemical products : The chromatographic separations
were run on a C18 column Phenomenex Luna, 150J2.0 mm (Phenom-
enex, Torrance, CA, USA). Injection volume was 20 mL with a flow rate
of 0.2 mLmin�1. A gradient mobile phase was adopted: 5:95 to 40:60 in
25 min with 5 mm pH 6.8 of a methanol/aqueous ammonium acetate mix-
ture. A LCQ Deca XP PLUS ion trap mass spectrometer (Thermo)
equipped with an atmospheric pressure interface and an ESI ion source
was used. The LC column effluent was delivered into the ion source by


using nitrogen as sheath and auxiliary gas (Claind Nitrogen Generator
apparatus). The needle voltage was set at 4.5 kV. The heated capillary
value was maintained at 250 8C. The acquisition method used was previ-
ously optimized in the tuning sections for the parent compound in order
to achieve maximum sensitivity (capillary, magnetic lenses, and collimat-
ing octapoles voltages).


A Dionex instrument with a conductimeter detector was employed. The
determination of ammonium ions was performed by adopting a CS12A
column and 25 mm methanesulfonic acid as the eluant with a flow rate of
1 mLmin�1. Under such conditions, the retention time was 3.9 min. The
anions were analysed by using a AS9HC anionic column and a mixture
of NaHCO3 (12 mm) and K2CO3 (5 mm) at a flow rate of 1 mLmin�1.
Under such experimental conditions the retention times were 4.20, 6.63,
and 9.58 min for formic acid, nitrite, and nitrate, respectively.


Total organic carbon (TOC) was measured on filtered suspensions using
a Shimadzu TOC-5000 analyzer (catalytic oxidation on Pt at 680 8C). Cal-
ibration was achieved by injecting standards of potassium phthalate.


The main intermediate formed from MU was characterized as follows.
MU (400 mL, at the concentration of 300 mgL�1) was irradiated and the
cell content eluted on a C18 column with a flow rate of 8 mLmin�1. The
fractions corresponding to the peaks observed by the HPLC/UV analysis
were collected and lyophilized (in a Bruker lyophilizer). NMR and IR
measurements as well as TOC analysis were performed on the obtained
powder in order to verify the correspondence with the structure hypothe-
sized. 1H NMR (200 MHz, D2O, 25 8C, TMS): d=8.7 (s), 8.2 ppm (s);
13C NMR: d=166.20, 164.37 ppm; IR: n=1107, 1209 (C�N), 1675 (C=
O), 1398 cm�1 (cycle); ESI-MS: m/z (%): 102 (100) [M+H]+ .


Computer simulations : Molecular orbital simulation of frontier electron
densities and point charges of all atoms for urea and formamide was
done by using the MOPAC/AM1 wavefunction. The computer simula-
tions were carried out using the Gaussian 98 system (IBM-RS6000-
G98Rev; B3LYP/6–31G). A geometrical configuration was determined
by preoptimized calculation of the mechanics by using augmented MM3,
followed by geometrically optimized calculations in MOPAC using AM1
parameters. Solvation effects in water were simulated by using COSMO
(also available in the CAChe package).


Results and Discussion


In a previous investigation on the photocatalytic degrada-
tion of formamide and urea in the presence of titanium di-
oxide,[18] specific differences were identified. While forma-
mide was easily degraded (t1/2 0.2 h), urea was slowly decom-
posed (t1/2 5 h). Moreover, the fate of the bound nitrogen
displayed a different behaviour; both the rate and the ratio
of the NH4


+ and NO3
� ion evolution varied (the ratio


[NH4
+]/[NO3


�] changed from 2:1 to 1:2 for formamide and
urea, respectively). Given that the nitrogen oxidation state
is �3 in both cases, the remarkable differences in the degra-
dation rate and in the final nature of the nitrogen atoms
(both originating from an amido group) can be rationalized
by considering the carbon oxidation state or, alternatively,
the presence/absence of extractable hydrogen. This prompt-
ed us to investigate how the presence of alkyl groups on the
amino moiety may influence the kinetics and the mechanism
of transformation of the urea derivatives.
The basic principles of photocatalysis have been exten-


sively discussed elsewhere[10–13] and will only be briefly pre-
sented here. The primary photochemical event, following
the near-UV light absorption by TiO2 (l< 380 nm), is the
generation of electron/hole pairs in the bulk of the semicon-
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ductor. The charge carriers can either recombine or migrate
to the surface where they are ultimately trapped. Electrons
are trapped as TiIII and the holes as radical hydroxyl groups.
If electron-acceptor or electron-donor groups are present at
the surface, interfacial electron transfer may also occur. The
organic substrate reacts with formed active species (oxidants
or reductants) depending on its initial oxidation state, the
nature of substituents forming radicals and other species
that are further oxidized or reduced.
Table 1 summarizes the rate of disappearance of alkylurea


derivatives in the presence of TiO2 or H2O2. Both the
methyl- and ethylurea derivatives have shown to follow a
first-order kinetic rate of decay. The disappearance of the
initial compounds is easily achieved by all structures. What
is rather surprising is the variable formation of intermediate
products, as we will discuss hereafter.


Methylurea derivatives


N-methylurea: The key intermediate product formed by the
photoinduced transformation of MU with TiO2 has been ob-
served with HPLC-DAD at tR=2.40 min; this transforma-
tion occurs within a few minutes and reveals a strong ab-
sorption in the UV, but no signal is found with MS analysis
(neither positive nor negative ions). The latter entailed fur-
ther work in the compounds isolation, characterization and
quantification as described in the Experimental Section.
The structure of the unknown compound was confirmed


to be 5-amino-2,3-dihydro-1,2,4-oxadiazol-3-one (AO) on
the basis of 13C and 1H NMR signals and IR spectrum. The
existence of the tautomeric structures, as shown in
Scheme 1,[19] accounts for the signal observed in the 1H
NMR spectrum. It can exist as either a lactim or lactam
form, so justifying that only two peaks appear in the ratio
2:1. This assumption is confirmed by the IR spectral analy-
sis. Further evidence derives from a direct injection into the
mass spectrometer of the isolated (and concentrated) com-
pound, showing a weak signal at [M+H]+ 102, and from the
C/N ratio evaluated through the TOC and CI measure-
ments. Finally, the compound was synthesized by following
the procedure as found in references [19, 20]. It has the
same retention time and spectra of the species found during


MU degradation. Taken together, such data allow the quan-
tification of the unknown compound formed from MU.
The intermediate compounds deriving from MU degrada-


tion as a function of the irradiation time are depicted in
Figure 1. This suggests that the pathway leading to AO is
the most important one, accounting for almost 60% of the
initial compound transformation. The N-demethylation reac-
tion also occurs, although to a considerably lesser extent.
The detachment of a methyl group from the parent mole-
cule leads to methanol and, through a sequence of oxidative
attacks, to the formation of formic acid.[21] The possible
transformation pathways followed by alkylurea derivatives
are postulated in Scheme 2, while acronyms and molecular
weights of studied compounds are reported in Table 2. A
closer inspection on MU transformation pathways reveals
that while the first one leads to AO (labelled 1 in
Scheme 2), other routes can lead to urea (2, formed at
1.33J10�5m) and N-methylformamide (MF, 3). These last
structures can be successively transformed into formamide
(4).
Although identical intermediates have been detected both


with TiO2 and H2O2, some differences were identified in
their distribution. In the experiments performed with H2O2
the formation of AO is reduced by a diverse radical forma-
tion, while the yield of urea is enhanced (6.67J10�5m).


Table 1. Rate of disappearance of the methyl- and ethylurea derivatives in the presence of TiO2 (200 mgL
�1) or H2O2 (5J10


�3
m).


Methylurea 1,1’-Dimethylurea 1,3’-Dimethylurea Tetramethylurea Ethylurea 1,1’-Diethylurea 1,3’-Diethylurea


TiO2, rate [h
�1] 10.33 11.71 12.52 8.87 9.77 8.92 10.32


H2O2, rate [h
�1] 25.63 – 21.38 26.15 – – –


Scheme 1. Tautomeric forms of the key intermediates during MU degradation. IH NMR (200 MHz, D2O): d=8.2 and 8.7 ppm,
13C NMR: d=164.20 and


166.20 ppm.


Figure 1. Degradation of MU (2J10�4m) on TiO2 and the formation of
the intermediate compounds.
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Dimethylureas : The degradative process involving 1,3-DMU
or 1,1’-DMU gives rise to the formation of the species
shown in Figure 2A and B, respectively. Several analogies
with MU were identified by HPLC analysis showing peaks
at tR 3.67 min for 1,1’-DMU and at tR 4.01 min for 1,3-DMU.
Both peaks are characterized by a strong UV adsorption,
but no signal was observed in the MS data (neither positive
nor negative ions). Based on the described MU and their re-
tention times, it is reasonable to assume that a structure sim-
ilar to the one identified from MU degradation is formed.
This structure is characterized by a methyl group, located in
different positions on the heteroring, in lieu of a hydrogen
atom. Therefore, the formation of 4-methyl-5-amino-2,3-di-


hydro-1,2,4-oxadiazol-3-one (4-MAO, labelled 5 in
Scheme 2) and 2-methyl-5-amino-2,3-dihydro-1,2,4-oxadi-
azol-3-one (2-MAO, 6) from 1,3-DMU and 1,1’-DMU, re-
spectively, is proposed (see Scheme 2). These structures are
easily degraded yielding AO, as proposed in Scheme 2.
Hence, the formation of a cyclic compound represents the
key degradation pathway.
The formation of AO from methyl derivatives is accom-


plished by the detachment of the methyl group and the
formic acid formation. Minor competitive degradation path-
ways occur, leading to a demethylation process. The forma-
tion of methylurea, hydroxylmethylurea (7), and methylfor-
mamide (8) is observed from 1,3-DMU. Urea is finally


Scheme 2. Photocatalytic transformation pathways followed by methyl- and ethylurea derivatives. For schematic purposes, in all the reactions the oxidant
species is indicated as a COH radical. However, the oxidant species formed during TiO2 illumination includes COHads, COHaq, and H+ .[11]
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formed from 1,1’- and 1,3-DMU, at a yield of approximately
3.33J10�5m, both with TiO2 and H2O2. The same category
of intermediates is formed when employing H2O2.


Tetramethylurea : The intermediates profiles of TMU as a
function of the irradiation time are depicted in Figure 3. A
demethylation process occurs with the subsequent formation
of trimethylurea (tri-MU, 8), 1,1’-DMU and urea. Initially, a
small quantity of MU is also observed that is quickly trans-
formed into urea (with a yield of 3.33 J10�5m). Therefore,
the role of the demethylation process is similar with both
DMU and TMU derivatives. At the same time traces of 2-


MAO are detected, which em-
phasizes the occurrence of the
same degradation pathways as
already described above.
Nevertheless, in contrast with


MU and DMU derivatives, the
cyclization reaction represents
only a minor pathway. Concur-
rent to the progression of the
demethylation, degradation
through oxidation of the methyl
groups occurs. Several species
have been identified through
HPLC/MSn, the characteristic
MS and MS2 losses of which are
summarized in Table 2. It leads
to the formation of a species at
[M+H]+ 131, recognized as N-
formyltrimethylurea (ATri-MU,
9 in Scheme 2), suddenly trans-
formed into N-formyldimethyl-
urea (ADMU, 10 [M+H]+ 117)


and afterwards into N-carboxydimethylurea acid (AADMU,
11 [M�H]� 130).


Fate of the nitrogen : The fate of nitrogen in different MU
derivatives is shown in Figure 4. Nitrogen-containing moie-
ties in organic compounds can be transformed photocatalyti-
cally into either N2, NH3/NH4


+, and/or nitrite and nitrate
ions, the ratio depending on the different features of the N-
containing structure.[22,23] Moreover, the relative amount of
ammonium and nitrate formation is related to the initial
transformation mechanism. The final fate of organic nitro-
gen in photocatalytic processes has been reported to be es-
sentially related to the initial oxidation state of nitrogen in
the organic compounds,[24,25] the presence/absence of oxygen
and, in few cases, the structure of the organic compound


Table 2. Summary of the acronyms used for the identified structures.


Name No. Acronym Mr


methylurea – MU 74
1,1’-(1,3’)-dimethylurea – 1,1’-(1,3’)-DMU 88
tetramethylurea – TMU 116
ethylurea – EU 88
1,1’-(1,3’)-diethylurea – 1,1’-(1,3’)-DEU 116
5-amino-2,3-dihydro-1,2,4-oxadiazol-3-one 1 AO 101
urea 2 U 60
methylformamide 3 MF 59
formamide 4 – 45
4-methyl-5-amino-2,3-dihydro-1,2,4-oxadiazol-3-one 5 4-MAO 115
2-methyl-5-amino-2,3-dihydro-1,2,4-oxadiazol-3-one 6 2-MAO 115
hydroxylmethylurea 7 – 90
trimethylurea 8 tri-MU 102
N-formyltrimethylurea 9 ATri-MU 130
N-formyldimethylurea 10 ADMU 116
N-carboxydimethylurea acid 11 AADMU 132
N-ethyl-N’-formylmethylenurea 12 – 130
N-ethyl-N’-formyl-N’-methylurea 13 – 130
N-ethyl-N-acetylurea 14 – 130
N-ethyl-N-formylmethylenurea 15 – 130


Figure 2. Degradation of DMU (1.68J10�4m) on TiO2 and the formation
of the intermediate compounds from A) 1,3-DMU and B) 1,1’-DMU;
open symbols and continuous lines refer to the left y axis, while solid
symbols and dotted lines refer to the right y axis.


Figure 3. Degradation of TMU (1.29J10�4m) on TiO2 and the formation
of intermediate compounds. Open symbols and continuous lines refer to
the left y axis, while solid symbols and dotted lines refer to the right y
axis.
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(e.g., 4-nitrosophenol vs nitrosobenzene).[26,27] Nevertheless,
the fate of nitrogen initially linked as an amido group is re-
ported to show different ratios of [NH4


+]/[NO3
�] for forma-


mide with respect to urea under photocatalytic conditions.
Hence, an interesting correlation between the carbon oxida-
tion state and the final fate of bound nitrogen is observed. It
seems that the fate of the nitrogen atoms (�3 oxidation
state in both compounds) is governed by the initial oxida-
tion state of carbon (+4 in urea and +2 in formamide).[18]


Given that the transformation of ammonium into nitrate
is negligible,[28] ammonium ions are formed directly from
the release of nitrogen as ammonia, with an oxidation state
of �3 of the bound nitrogen. In contrast, nitrate formation
can be achieved either through the release of a nitro group,
with formation of nitrite ions (which are further oxidized to
nitrates) or through a sequence of oxidative steps from hy-
droxylamine.
In light of the above, it is relevant to compare the fate of


nitrogen observed with the MU with respect to unsubstitut-
ed urea. In the case of urea (further to the formation of ni-
trate) 30% of the nitrogen is converted into ammonium
ions. This accounts for the ratio [NH4


+]/[NO3
�] observed


with urea (30:65 �1:2).[18] The given ratio suggests an COH
attack on the carbon atom, after the (slow) attack on the N
atom, probably leading to the formation of carbamic acid.
Carbamic acid could then support both an oxidative and re-
ductive sequence on the carbon atom. After the detachment
of the first amino group and by assuming that carbamic acid
is a key intermediate, the second amino group should follow
the same fate of formamide. This would imply that a second
N atom would form approximately 30% of ammonium and
15% of nitrate of the stoichiometric amount (2:1 ratio on
50%). The first amino group gives a nitrate formation in
stoichiometric amounts, that is, 50% of the organic nitrogen
conversion, leading to 65% overall nitrate ion formation.
Although in all of the MUs considered the nitrogen is


preferentially released as nitrate ions, it occurs at different
ratios and rates of mineralization. After 16 h of irradiation
the mineralization is completed in all cases. The rate of the
mineralization increases with the number of methyl groups.


Mineralization of TMU is already completed after 4 h of ir-
radiation. When comparing urea and N-methylurea, after
16 h of irradiation (complete mineralization is achieved),
the ratio [NO3


�]/[NH4
+] changes from 1:2 to 1:4 for U and


MU, respectively. The higher percentage in nitrate forma-
tion becomes already apparent in the initial part of the pro-
cess. In fact, after 4 h of irradiation the formation of 10% of
ammonium is achieved for both structures, while nitrate for-
mation is enhanced for MU; 40% of ammonium instead of
10% is formed. This indicates that the process leading to
demethylation contributes to the mineralization and forma-
tion of ammonium ions to a lesser extent, while the part of
the process that proceed through the AO formation allows
mineralization and favours the oxidation of nitrogen con-
tained in the structure.
For the DMUs, the ratio [NO3


�]/[NH4
+] is significantly in-


fluenced by the location of the methyl groups. For 1,1’-
DMU both methyl groups are located on the same nitrogen
atom, whereby the oxidation of the nitrogen is strongly fa-
vored (ratio 6:1). For 1,3-DMU, two methyl groups are lo-
cated on two different amino groups (ratio 2:1) and the
same considerations as for MU can be taken. This difference
agrees with the reduced demethylation process observed in
the case of 1,1’-DMU, while the existence of a similar rate
of mineralization matches the considerations described
above, as well as the occurrence of the same transformation
mechanism of the two structures.
In the case of TMU, nitrate formation is favored and


easily achieved. In fact, after 4 h of irradiation organic nitro-
gen is completely transformed into inorganic ions, mainly as
nitrate (80%). The high concentration of nitrate ions could
be caused by the release of N-hydroxycarbamic acid, with
the corresponding formation of a cyanate derivative. In fact,
the cyanate group releases the nitrogen as nitrate ions, as
previously reported.[29]


Carbon mineralization : The final transformation of organic
carbon into carbon dioxide occurs in all of the investigated
molecules at the same rate observed as for the nitrogen re-
lease. Moreover, complete mineralization is achieved for all
alkyl derivatives within 24 h of irradiation, while in the case
of urea up to 50 h of irradiation are needed.[18]


Ethylurea derivatives : The unusual differences observed
with the fate of nitrogen and the evolution of the intermedi-
ates deriving from the substitution of hydrogen atoms by
methyl groups have prompted us to check if this behaviour
is still maintained when the substituents are ethyl instead of
methyl groups. We have investigated ethylurea (EU), 1,1’-di-
ethylurea (1,1’-DEU), and 1,3’-diethylurea (1,3’-DEU).


Ethylurea : Figure 5A illustrates the TOC disappearance and
the fate of nitrogen for EU, while the intermediates profiles
are reported in Figure 5B. Looking closer at the evolution of
the intermediates, the formation of the key species evi-
denced during 1,1’-DMU degradation, that is, 2-MAO, is ob-
served. Its formation passes through the generation of the


Figure 4. Comparison of the nitrogen evolution in urea (U) and MU de-
rivatives.
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radicals R2 and R5 (Scheme 2). The transposition of a hydro-
gen atom on the latter radical leads to the formation of R4,
the key radical for the 2-MAO formation. It is the only spe-
cies evidenced at short irradiation times, rapidly being con-
verted into AO by the mechanism described above. The suc-
cessive formation of urea is also observed at a yield of 5J
10�5m.
Complete mineralization is achieved after 16 h of irradia-


tion. At the same time, nitrogen is released in stoichiometric
amount, with a ratio [NO3


�]/[NH4
+] of 3:1. This strongly re-


sembles the fate followed by 1,3-DMU, underlying the close
relationship existing between the mechanism of transforma-
tion of these two structures.


Diethylureas : Interestingly, despite similar rates in nitrogen
and carbon mineralization, different distributions of nitrate
and ammonium ions were observed in comparison with pre-
viously described compounds. In both cases ammonium is
initially formed in a noticeable amount. Only with longer ir-
radiation times (50 h) is a strong predominance of nitrate
formation observed. This is shown in Figure 6a, in which the
TOC and nitrogen release profiles for 1,1’- and 1,3-DEU are
reported.
Figure 6B and C show the intermediates distribution for


1,3’- and 1,1’-DEU. Two structures with the same m/z ratio
(m/z 131) are initially formed for both derivatives, which
can be ascribed to the oxidation of a methyl group into a
keto group. The existence of more than one derivative along
with the same m/z ratio is caused by the nonselectivity of
COH radical attacks. In agreement with the retention times
observed and their MS2 peculiar losses (see Table 3), we
have concluded that the structures N-ethyl-N’-formylmethyl-
enurea (12 in Scheme 2) and N-ethyl-N’-formyl-N’-methyl-
urea (13) for 1,3’-DEU and N-ethyl-N-acetylurea (14) and


N-ethyl-N-formylmethylenurea (15) for 1,1’-DEU are
formed.
Additional analysis of 1,3’-DEU reveals further transfor-


mations via EU formation, transforming in turn into AO, as
highlighted by the kinetic profiles of the two intermediates
(Figure 6B). Similarly, the 1,1’-DEU structure 15 is trans-
formed into AO, although at a slower rate and to a lesser
extent. In addition, urea is formed after 1 h of irradiation.


Theoretical studies : To verify the reliability of the proposed
degradation products, some theoretical calculation were per-
formed. The aim was to achieve confirmation of the attack
points of COH radicals and the position of the unpaired elec-


Figure 5. Degradation of EU (1.68J10�4m) on TiO2; A) disappearance of
TOC and the formation of nitrate and ammonium, B) evolution of the in-
termediate compounds. Open symbols and continuous lines refer to the
left y axis, while solid symbols and dotted lines refer to the right y axis.


Figure 6. Degradation of DEUs (1.29J10�4m) on TiO2. A) Disappear-
ance of TOC and the formation of nitrate and ammonium, 1,1’-DEU and
1,3’-DEU. B and C) Formation of intermediate compounds from 1,3’-
DEU and 1,1’-DEU, respectively. Open symbols and continuous lines
refer to the left y axis, while solid symbols and dotted lines refer to the
right y axis.


Table 3. Main fragments coming from MS2 spectra of some species
shown in Scheme 2. The relative frequencies are reported in brackets.


[M+H]+ No. MS2 fragments Associated losses


131 9 72(100) CHO�NHCH3
117 10 72(100) CHO�NH2
131 12 60(100) C2H5�N=C=O
131 13 60(100) C2H5�N=C=O
131 14 60(65) C2H5�N=C=O


88(100) HN=C=O
131 15 113(100) H2O


60(57) C2H5�N=C=O
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trons in the intermediate products of reaction by analysis of
electron densities and net atomic charges. Additionally, an
energetic profile for the formation of the five-membered
ring was elaborated (see Scheme 3 for MU). It shows that
the pathways leading to the formation of the key intermedi-
ate are characterized by favourable energetic profiles and
that the initial formation of a carbon-centered radical, re-
sulting from a C�H bond cleavage, is in agreement with lit-
erature data.[30]


The computation methods used were MOPAC, for calcu-
lating frontier electrons densities, and PM13, for calculating
net atomic charges, both in gas phase and in water. The
same calculations were performed by the B3LYP/6–31G ab
initio method. The experimental results were unambiguously
confirmed. The frontier electron densities and the point
charges of all atoms for formamide, urea, and further com-
pounds, calculated in water, are listed in Table 4. Looking
closer at formamide and urea, the results of point charges
reveals that the nitrogen atom(s) (having negative values)
adsorbed more on the positive TiO2 surface than the oxygen
atom in the C=O moiety. With respect to formamide, the
COH radical initially withdraws the proton of �CHO to gen-
erate CO2 and NH3. Considering alkyl derivatives, net
atomic charges indicate that methyl groups are the preferen-
tial initial points of attack of COH radicals, while the nitro-
gen atoms are the main radical sites of subsequent degrada-
tion steps.


Conclusions


Both the methyl- and ethylurea derivatives have been
shown to be easily degraded in the presence of titanium di-
oxide with similar kinetics, independent of the entity and
the nature of the substitution. In contrast, the types of the
formed intermediates and the rate and extension of the final
mineralization are strongly dependent on the number of
methyl or ethyl groups.
These observations have been rationalized within the


framework of a transformation mechanism in which all the
investigated molecules (and the recognized intermediate
compounds) are involved. In all cases, N-demethylation rep-
resents only a secondary pathway, while the main transfor-
mation proceeds by means of the unexpected cyclization of
MU, 1,1’- and 1,3-DMU, EU and 1,3’-DEU with the forma-
tion of (methyl)-amino-2,3-dihydro-1,2,4-oxadiazol-3-one as
the major intermediate. Furthermore, the presence of an
electron-donor group, such as a methyl or an ethyl group, fa-
vours the release of the nitrogen atom (oxidation state �3)
in the form of nitrate (oxidation state +4) and the minerali-
zation of carbon, with respect to the unsubstituted urea.
The understanding of the oxido/reductive reactions occur-


ring for the alkylurea derivative may be useful in gaining in-
formation on naturally occurring transformations in which
these moieties are involved.


Scheme 3. Energetic profiles for the formation of AO from MU. The cal-
culations have been done by using the B3LYP/6–31G theory.
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Introduction


The ability of m-bridging cyanide ions to lead to efficient
pathways for metal···metal interactions has made cyanome-
talates useful and versatile building blocks for the design of
new molecular magnetic materials.[1–6] After the first report
of room-temperature magnets, obtained by the reaction of
classical transition–metal hexacyanometalates [Ma(CN)6]


m�


with aqua ions [Mb(H2O)x]
n+ (Ma,Mb=++ ii or + iii transi-


tion–metal ion),[7] studies in this field were extended to
other cyanometalates,[8–11] (for example, the photomagneti-
cally active [Mo(CN)8]


3�/4� and [W(CN)8]
3�/4� com-


plexes,[12,13] and [Mo(CN)7]
4� with an especially large mag-


netic anisotropy[14,15]) and to a variety of complexes of the
type [Mb(L)y(solvent)z]


k+ , which are able to encapsulate the
cyanometalates to lead to discrete oligonuclear com-
plexes.[15]


If L in a [Mb(L)y(solvent)z]
k+ complex blocks all but one


of the positions in the coordination sphere of the metal ion


Abstract: The reaction of [M(CN)6]
3�


(M=Cr3+ , Mn3+ , Fe3+ , Co3+) and
[M(CN)8]


4�/3� (M=Mo4+ /5+ , W4+ /5+)
with the trinuclear copper(ii) complex
of 1,3,5-triazine-2,4,6-triyltris[3-
(1,3,5,8,12-pentaazacyclotetradecane)]
([Cu3(L)]


6+) leads to partially encapsu-
lated cyanometalates. With hexacyano-
metalate(iii) complexes, [Cu3(L)]


6+


forms the isostructural host–guest
complexes [{[Cu3(L)(OH2)2]-
[M(CN)6]2}{M(CN)6}]·[M(CN)6]·30H2O
with one bridging, two partially encap-
sulated, and one isolated [M(CN)6]


3�


unit. The octacyanometalates of
Mo4+ /5+ and W4+ /5+ are encapsulated
by two tris-macrocyclic host units. Due


to the stability of the + iv oxidation
state of Mo and W, only assemblies
with [M(CN)8]


4� were obtained. The
Mo4+ and W4+ complexes were crystal-
lized in two different structural
forms: [{Cu3(L)(OH2)}2{Mo(CN)8}]-
(NO3)8·15H2O with a structural motif
that involves isolated spherical
[{Cu3(L)(OH2)}2{M(CN)8}]


8+ ions and a
“string-of-pearls” type of structure
[{[Cu3(L)]2[M(CN)8]}{M(CN)8}](NO3)4·
20H2O, with [M(CN)8]


4� ions that


bridge the encapsulated octacyanome-
talates in a two-dimensional network.
The magnetic exchange coupling be-
tween the various paramagnetic centers
is characterized by temperature-depen-
dent magnetic susceptibility and field-
dependent magnetization data. Ex-
change between the Cu···Cu pairs in
the [Cu3(L)]


6+ “ligand” is weakly anti-
ferromagnetic. Ferromagnetic interac-
tions are observed in the cyanometa-
late assemblies with Cr3+ , exchange
coupling of Mn3+ and Fe3+ is very
small, and the octacoordinate Mo4+


and W4+ systems have a closed-shell
ground state.


Keywords: copper · host–guest sys-
tems · macrocyclic ligands · magnet-
ic properties · self-assembly
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Mb, the formation of isolated heterodinuclear complexes is
possible. With pentaazamacrocyclic ligands L, very stable di-
nuclear complexes [(L)CoIIICNFeII(CN)5]


� with interesting
photochemical behavior were obtained.[16] With a variety of
complexes of Cu2+ , Ni2+ , and Mn2+ the nuclearity of cyano-
metalate host–guest assemblies depends on the nature of
the ligand L as well as on the anions present in the reaction
mixture.[17,18] Tuning of the geometry, enforced by the ligand
L, and variation of the anions added to the solution may
lead to a range of polynuclear complexes with widely varied
structural, electronic, and magnetic properties and the possi-
bility of tuning the magnetic anisotropy.[18,19]


Another type of well characterized cyanometalate assem-
bly is based on complexes with two free coordination sites
[Mb(L)y(solvent)2]


k+ . Examples have been published with
Mb=Ni2+ and hexacyanometalate(iii) complexes with vari-
ous anions A� and cations C+ , which yield structures with
interesting magnetic properties: [{Ni(L)y}3-
{Ma(CN)6}2]·xH2O,


[20] [{Ni(L)y}2{M
a(CN)6}][A]·xH2O,


[21] and
[C][{Ni(L)y}{M


a(CN)6}]·xH2O.
[22] Depending on the ligand L,


these assemblies have 2D “honeycomb” or “brick wall” or
1D “chain” structures. Aesthetically appealing 3D assem-
blies were built with ligands L blocking three out of the six
sites in the coordination sphere of the metal ion Mb.[23–25]


Magnetically interesting 3D clusters with bidentate ligands
L have also been observed.[26]


The ligand L which blocks part of the coordination sites
of the metal ion Mb, used to encapsulate the cyanometalates,
may take part in intermolecular interactions, thus opening
up further possibilities to influence the structure and proper-
ties of the polymetal assemblies. A promising approach is to
use macrocyclic ligands with appended functional groups.[27]


For example, complexes of Ni2+ with 3,10-dihydroxyethyl-
1,3,6,8,10,12-hexaazacyclotetradecane have been used suc-
cessfully for self-assembled structures which involve cyano-
metalates.[28–30] These structural motifs are basically identical
to the corresponding nonfunctionalized assemblies,[31–33] but
the magnetic behavior may be strongly influenced by secon-
dary interactions. Modification of the macrocyclic ligands L
also offers the possibility of producing structurally unusual
assemblies.[34]


Reaction of the tris-macrocyclic ligand tricopper(ii) com-
plex [Cu3(L)]


6+ (Figure 1) and [Fe(CN)6]
4� leads to the for-


mation of the unusual octanuclear, water-soluble host–guest
complex [{Cu3(L)}2{Fe2(CN)11}]


5+ , which is formed by dimer-
ization of the kinetically inert hexacyanoferrate(ii) in the
cavity of the tris-macrocyclic ligand tricopper(ii) host com-
plex.[35] Here, we report our investigation of the interaction
of [Cu3(L)]


6+ with [M(CN)6]
3� (M=Cr3+, Mn3+ , Fe3+, Co3+)


and [M(CN)8]
4�/3� (M=Mo4+ /5+ , W4+ /5+) under similar reac-


tion conditions. The structural properties of the resulting as-
semblies are reported in detail and an overview of the mag-
netic properties, based on temperature- and field-dependent
data, as well as a first-order ligand field model, are also pre-
sented.


Results and Discussion


Syntheses and spectroscopic properties : The mixed-anion
salt [Cu3(L)](NO3)3(ClO4)3·2H2O (Cu3)


[35] was found to be
the most readily purified source for the tris-macrocyclic cop-
per(ii) host and was used in all experiments. The complexa-
tion of [Cu3(L)]


6+ with K3[M(CN)6] (M=Cr3+ , Fe3+ , Co3+)
was carried out in a hot aqueous solution of NaNO3
(1 molL�1), that is, under the conditions which lead to
[{Cu3(L)}2{Fe2(CN)11}]


5+ (Cu6Fe2) in the reaction of
[Cu3(L)]


6+ with K4[Fe(CN)6]. After slow cooling of the reac-
tion mixtures, crystalline precipitates of general composition
[{Cu3(L)}{M(CN)6}2]·17H2O were obtained. These products
are insoluble in water, ethanol, acetone, acetonitrile, nitro-
methane, DMF, DMSO, and mixtures of these solvents; they
are also insoluble in aqueous solutions of the corresponding
hexacyanometalate anions (in up to tenfold excess). Crystals
obtained in these experiments were generally of poor quali-
ty, but an X-ray structure determination was successful for
the corresponding Cr3+ complex. According to the structural
data, the Cr3+ host–guest assembly has the stoichiometry
[{[Cu3(L)(OH2)2][Cr(CN)6]}2{Cr(CN)6}]·[Cr(CN)6]·30H2O
(Cu6Cr4). Crystals of the corresponding Fe


3+ (Cu6Fe4) and
Co3+ (Cu6Co4) complexes were not of good enough quality
for a full structural analysis, but they have the same stoichi-
ometry and give X-ray powder diffraction patterns which
are similar to that of the Cr3+ assembly (Figure 2a). There-
fore, all three compounds (Cu6Cr4, Cu6Fe4, Cu6Co4) are con-
sidered to be isostructural. Isostructural complexes based on
[M(CN)6]


3� (M=Cr3+ , Mn3+ , Fe3+ , Co3+) have also been
found with various other ligand systems.[20,22,36]


[Mn(CN)6]
3� is hydrolytically unstable in hot aqueous so-


lution. Therefore, for a host–guest assembly with Mn3+ we
were forced to use another synthetic procedure, namely vig-
orous stirring of the solid K3[Mn(CN)6] in an ice-cold solu-
tion of [Cu3(L)]


6+ ; the same procedure was subsequently
used in experiments with K3[Cr(CN)6] and K3[Fe(CN)6].
The resulting solid products consisted of very small crystals
that could not be readily separated by filtration, so they
were isolated by centrifugation. These samples, Cu6Cr4


a,
Cu6Fe4


a, Cu6Mn4, and Cu6Co4
a for Cr3+ , Fe3+ , Mn3+ , and


Co3+ , respectively, have the same stoichiometry as the
Cu6Cr4 and Cu6Fe4 samples obtained from hot aqueous solu-Figure 1. Structures of Cu3 and Cu6Fe2.
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tion. Also, the magnetic behavior (see below) of related
samples, Cu6Cr4/Cu6Cr4


a and Cu6Fe4/Cu6Fe4
a, is identical;


this result suggests that there is only one magnetic phase per
metal ion. Evidence that the Mn3+ host–guest assembly
Cu6Mn4 is isostructural with the complexes with Cr


3+ , Fe3+ ,
and Co3+ (Cu6Cr4, Cu6Fe4, Cu6Co4) emerges from the corre-
sponding powder X-ray diffraction spectra (see Figure 2a).
Although, due to the poor crystallinity of the samples, the
intensity of the reflections is low in the spectra of the Fe3+


and Mn3+ assemblies, the reasonably well-resolved maxima
are at the same angles as the peaks in the spectra of the cor-
responding Cr3+ and Co3+ samples. With Fe3+ , the samples
of the host–guest assembly obtained from hot solution
(Cu6Fe4) were contaminated with Fe


2+ . This emerges from


their IR spectra (nCN: Cu6Fe4 2109, 2114, 2040 cm�1;
[Fe(CN)6]


4� 2042 cm�1;[37] Cu3Fe2 2035 cm
�1;[35] see Table 1).


The samples obtained at low temperature (Cu6Fe4
a) were


free from traces of Fe2+ . The reduction of Fe3+ must be due
to the interaction with the [Cu3(L)]


6+ host and leads to a
water-soluble complex, probably the known Cu3Fe2.


[35]


The stoichiometry of the cyanometalate host–guest assem-
blies which result from the reaction of [M(CN)8]


4�/3� (M=


Mo4+ /5+ , W4+ /5+) with the [Cu3(L)]
6+ host depends on the


relative concentrations of the cyanometalate and of NO3
� in


the aqueous solution of the [Cu3(L)]
6+ host. Without addi-


tion of NaNO3, [Cu3(L)]
6+ and K4[M(CN)8]·2H2O form


stable solutions in water up to a ratio of 10:1 ({[Cu3(L)]
6+}=


4Q10�3 molL�1). In these solutions coordination of the cya-
nometalates to the tricopper(ii) host was observed spectro-
photometrically by the bathochromic shift of the Cu2+ d–d
transition (19100 cm�1 versus ~18000 cm�1 for the free host
and the host–guest complex, respectively; Table 1). With an
increasing ratio of [M(CN)8]


4� (up to 10:3) considerable
opalescence, attributable to the formation of insoluble prod-
ucts, was observed. Due to gel formation, however, it was
not possible to collect this solid when no NaNO3 was added.
Well shaped, small, needle-like crystals of stoichiometry
[{Cu3(L)}{M(CN)8}](NO3)2·10H2O were obtained when
[Cu3(L)]


6+ and [M(CN)8]
4� were allowed to react in hot


aqueous NaNO3 solution (1 molL
�1). According to X-ray


powder diffractograms, these assemblies with Mo4+ and W4+


are isostructural (Figure 2b). It was not possible to recrystal-
lize them from water, water/DMF, or water/DMSO mixtures
in order to get X-ray quality single crystals, because, upon
stirring in these solvents, part of the [Cu3(L)]


6+ host was dis-
solved (an electronic transition at 19100 cm�1 showed that
the host–guest complexes were not stable) and a new, un-
characterized, insoluble phase (presumably with a host/guest
ratio [Cu3(L)]


6+ :[M(CN)8]
4� of 2:3) was formed. This dem-


onstrates the importance of NO3
� for the stabilization of the


crystal lattice and formation of specific assemblies.
For X-ray quality crystals of host–guest assemblies with


[M(CN)8]
3�/4� (M=Mo, W), the starting materials were al-


lowed to diffuse in a test tube (15Q1.5 cm) that contained
an aqueous solution with a gradient of NaNO3. At the
bottom of the test tube was a solution of the host complex
[Cu3(L)]


6+ in saturated aqueous NaNO3; the second layer
was an aqueous solution of NaNO3 (1 molL


�1), and the


Figure 2. X-ray powder diffraction spectra: a) host–guest complexes of
hexacyanometalate(iii) guests; b) octacyanometalate(iv) host–guest com-
plexes.


Table 1. Spectroscopic and magnetic data of the cyanometalate complexes of [Cu3(L)]
6+ .


IR ñ [cm�1] UV/Vis ñ[a] [10�3 cm�1] cmT
[b] [emuKmol�1] M [NAb]


n(NCN)melamine n(CN)cyanometalate d–d (Cu2+) other bands exptl calcd (ge=2.00) exptl calcd (ge=2.00)


(Cu3)2 1566 – 19.1 33.3 2.40 2.25 5.81 6.00
Cu6Cr4 1567 2122, ~2128[c] 18.9 25.9; 33.3 10.15 9.75 16.69 18.00
Cu6Fe4 1569 2109, ~2114[c] 18.4 6.4; 23.1; 30.9 5.03 3.75 9.63 10.00
Cu6Co4 1570 2120, ~2128[c] 19.0 33.3 2.78 2.25 6.07 6.00
Cu6Mn4 1566 2106 19.0 12.4; 24.3; 30.1; 33.3 8.73 6.25 7.28 14.00
Cu6Mo2 1567 2104 17.9 26.6; 33.1 2.46 2.25 5.93 6.00
Cu6W2 1566 2098, 2156[d] 18.1 26.6; 32.6 2.39 2.25 5.72 6.00
Cu6Fe2 1564 2035 15.5 29.8 2.59 2.25 6.28 6.00


[a] T=298 K. [b] T=1.8 K. [c] Shoulder. [d] Low-intensity peak.
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third was a solution of [M(CN)8]
4� in pure water. Two types


of crystals were obtained after approximately 20 days. The
first were needle-shaped crystals, with the same stoichiome-
try as observed without diffusion (see above), [{Cu3(L)}-
{M(CN)8}](NO3)2·10H2O. These, according to the crystallo-
graphic data (see below), have two structurally independent
octacyanometalate sites and may be described as
[{[Cu3(L)]2[M(CN)8]}{M(CN)8}](NO3)4·20H2O, that is,
Cu6Mo2 for Mo


4+ and Cu6W2 for W
4+ . The second type of


crystals are block-shaped with the stoichiometry [{Cu3(L)-
(OH2)}2{Mo(CN)8}](NO3)8·15H2O, that is, Cu6Mo for Mo4+


and Cu6W for W4+ . Identical products were obtained, inde-
pendently of the oxidation state of the starting material
([M(CN)8]


3�/4�, M=Mo, W). Even in the dark, only com-
plexes of Mo4+ and W4+ were obtained when [M(CN)8]


3�


was treated with [Cu3(L)]
6+ in aqueous NaNO3 solution.


Other examples of this type of redox behavior are known
from the literature.[38]


The infrared spectra of the heteronuclear assemblies are
dominated by a strong signal at 1567 cm�1. This signal re-
sults from the triazine ring, is assigned to a n(NCN) vibra-
tion, and is characteristic of the tricopper(ii) host. Vibrations
assigned to the CN groups in Cu6Cr4, Cu6Fe4, Cu6Co4,
Cu6Mn4, and Cu6Fe2


[35] appear at lower frequencies than the
corresponding potassium salts of the cyanometalates (2122,
2109, 2120, 2106, 2035 cm�1 for the host–guest complexes
and 2128, 2118, 2129, 2120, 2040 cm�1 for the hexacyanome-
talates with Cr3+ , Fe3+ , Co3+ , Mn3+ , and Fe2+ , respective-
ly[37]). The host–guest complexes of the octacyanometalates,
in contrast to the corresponding starting materials, K4-
[M(CN)8]·2H2O (M=Mo, W), also have an infrared transi-
tion due to the CN vibrations. These appear at 2104 and
2098 cm1�, respectively, and are probably superimpositions
of several transitions due to bridging CN groups in the octa-
cyanometalate anions[38] in different sites of the crystal lat-
tice.
The d–d transitions of the copper(ii) centers of the “free”


tris-macrocyclic host (Cu3) appear at 19100 cm
�1 (see


Table 1 and Figure 3).[39,40] This transition is shifted to lower
energy in the heteronuclear complexes (strong axial donors
reduce the transition energy). The largest shift is found for
Cu6Fe2 (ñmax=15500 cm


�1), in which all the Cu2+ ions have
relatively short axial bonds to nitrogen atoms of the
[Fe2(CN)11]


7� host; also, considerable distortion of the CuN4
plane in this example further reduces the ligand field. Much
smaller shifts are observed for the host–guest assemblies
with Mo4+ and W4+ (Cu6Mo2 and Cu6W2), for which the ob-
served transition energies are at 17900 and 18100 cm�1, re-
spectively. This is expected from the crystal structure of the
W4+ complex (Cu6W2) (vide infra), which shows that distor-
tions of the Cu2+ chromophores are relatively small, in spite
of rather short bonds to the axial donors. Even smaller
shifts of the Cu2+ d–d transitions are observed for the
hexacyanometalate(iii) assemblies, which have transitions at
18900, 18450, and 19000 cm�1 for the Cr3+ , Fe3+ , and Co3+


assemblies, respectively. The Cu2+ d–d transitions of the
Mn3+complex Cu6Mn4 overlap with charge transfer transi-


tions and bands originating from the hexacyanomanganate
core.
The EPR spectra of solid samples of the host–guest com-


plexes show a broad unresolved signal with g�2.09, as-
signed to the Cu2+ ions (see Supporting Information). This
signal is very weak and difficult to detect in paramagnetic
cyanometalate host–guest complexes (M=Cr3+ , Fe3+), but
it supports the oxidation state assigned to the metal ions in-
volved.


Molecular and crystal structures of the bimetallic assem-
blies : The Cu2+ ions in all the structures are coordinated to
the four nitrogen donors of the cyclam-derived macrocycles,
resulting in nearly planar CuN4 chromophores (rms=0.01–
0.04 R; Table 2), with the Cu2+ centers only slightly dis-
placed from from these planes (by 0.01–0.07 R). The coordi-
nated pentaazamacrocycles have the expected trans-III


Figure 3. UV-visible diffused reflectance spectra.
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(RRSS) configuration[41] the tricopper(ii) complexes adopt a
syn,syn conformation, and the structural parameters of the
CuN4 chromophores are as expected.


[42]


[{[Cu3(L)(OH2)2][Cr(CN)6]}2{Cr(CN)6}][Cr(CN)6]·30H2O
(Cu6Cr4): One [Cr(CN)6]


3� ion is located inside the cavity of
the tricopper(ii) host (Figure 4). The distances between the


copper(ii) center and the nitrogen donors of CN� are long
(3.45–3.86 R), and the corresponding angles (Namine-Cu-NCN,
50.8–60.78) deviate from those expected for axial coordina-
tion. The closest contacts are between the nitrogen atoms of
the CN� groups and the secondary amines of the neighbor-
ing macrocycles (2.98–3.03 R), and this is probably due to
hydrogen bonds and electrostatic interactions, which may be
the main driving force for the formation of these assemblies.


The axial sites of the copper(ii)
ions on the outside of the cavity
of the tris-macrocyclic tricop-
per(ii) unit remain accessible
for coordination. For two of the
Cu2+ centers these are occupied
by water molecules at approxi-
mately 2.35 R (typical for five-
coordinate, square-pyramidal
axial OH2 sites), and the third
copper(ii) ion coordinates to
[Cr(CN)6]


3� (r(Cu�NC)=
2.248 R), which leads to a
bridge between two structurally
identical host cavities
(Figure 4). The third, structural-
ly independent, hexacyano-
chromate(iii) anion is not coor-
dinated to any Cu2+ center, but
takes part in the formation of
an extended hydrogen-bond
network, which includes secon-
dary amines of the macrocycles
and clathrated molecules of
water (see Supporting Informa-
tion). All three cyanochromate
anions are octahedral, with dis-


tances and angles as expected for [Cr(CN)6]
3� (see


Table 2).[43]


[{Cu3(L)(OH2)}2{Mo(CN)8}](NO3)8·15H2O (Cu6Mo): This
compound crystallizes in the C2/c space group, and contains
an Mo center in a special position (twofold axis). This leads
to a structure of the assembly with isolated spheres
(Figure 5). The [Mo(CN)8]


4� ion, with typical distances and
angles (Table 2),[43] is coordinated to four of the six available
Cu2+ ions (r(Cu�NC)=2.296 R and 2.309 R). The CN�


groups not coordinated to Cu2+ centers are connected by
hydrogen bonds to the N�H donors of the macrocyclic li-
gands or to water molecules (O2), which are axially coordi-
nated to the other Cu2+ centers (Cu3 and Cu3a). This coor-
dination mode is probably due to the relatively small size of
the octacyanomolybdate(iv) anion. The arrangement of ni-
trate anions and water molecules outside the spherical host–
guest structure is severely disordered. The exo-axial posi-
tions of the Cu2+ centers are occupied by water molecules
(Cu2�O4) or by a nitrate donor (N23�O), which connects
the adjacent spheres; these contacts are weak (r(Cu�O)=
2.570 and 2.605 R). The structure of the analogous tungsten
complex (Cu6W) is qualitatively similar but, because of low
crystal quality, the data are scarce and the structural param-
eters cannot be published.


[{[Cu3(L)]2[W(CN)8]}{W(CN)8}](NO3)4·20H2O (Cu6W2): A
similar structural motif to that of Cu6Mo described above is
present in the host–guest complex Cu6W2. It consists of two
structurally independent [W(CN)8]


4� units. One is coordinat-


Table 2. Selected bond lengths [R] and angles [deg] for the cyanometalate complexes of [Cu3(L)]
6+ .


Cu6Cr4 Cu6Mo Cu6W2 Cu6Fe2
[a]


Cu···Cu 7.61 (Cu1�Cu2][b] 8.15 (Cu2�Cu3)[b] 7.59 (Cu1�Cu2)[b] 7.51 (Cu4�Cu6)[b]
8.15 (Cu2�Cu3)[b] 8.48 (Cu1�Cu2)[b] 8.25 (Cu6�Cu4)[b] 8.22 (Cu1�Cu3)[b]


7.67 (Cu1�Cu2a)[c] 7.49 (Cu6�Cu2)[c] 8.04 (Cu1�Cu6)[c]
10.02 (Cu3�Cu3a)[c] 8.26 (Cu3�Cu4)[c] 10.13 (Cu1�Cu5)[c]
7.19 (Cu1�Cu3a*)[d] 7.45 (Cu1�Cu2a)[d]


Cu ··· M 5.30 (Cu2�Cr1) 5.26 (Cu2�Mo1) 5.42 (Cu6�W2) 5.13 (Cu4�Fe1)
5.35 (Cu3�Cr2) 5.29 (Cu1�Mo1) 5.84 (Cu4�W2) 5.20 (Cu2�Fe1)
5.41 (Cu2�Cr2) 7.28 (Cu3�Mo1) 5.37 (Cu5�W1) 5.13 (Cu4�Fe2)


5.28 (Cu6�Fe2)
M ··· M’ 8.86 (Cr1�Cr3) 13.17 10.79–11.14 4.96


10.50 (Cr1�Cr2)
Cu�NH 1.974–2.030 2.016–2.047 1.970–2.053 1.968–2.033
Cu�NC 2.247 2.296; 2.309 2.171–2.568 2.201–2.263
Cu�OH2 2.346, 2.349 2.404–2.637 �2.99 –
N�C 1.114–1.173 1.148–1.165 1.140–1.209 –
NC�M 2.024–2.092 2.154–2.174 2.068–2.195 1.893–1.927
Cu�N�C 153.4 141.3; 141.9 141.6–165.6 149.2–163.5
N�Cu�OH2 91.6–94.4 82.1–95.7 – –
N�Cu�NC 93.5–95.4 91.7–95.2 87.4–99.0 86.4–106.2
N�Cu�N[e] 84.7–86.8 85.0–85.9 84.0–86.8 84.2–86.4


93.5–94.7 92.5–94.8 90.8–98.3 90.1–96.2
N�C�M 173.2–179.0 175.5–177.0 174.3–178.7 173.3–179.7
C�M�C 86.7–96.2 71.1–78.0 69.9–87.3 85.9–93.4
Cu�N�C-M 15.0 �26.1; 44.5 9.2–162.0 1.8–117.5


[a] Reference [35]. [b] Shortest and longest distance within an individual [Cu3(L)]
6+ structure. [c] Shortest and


longest distance within the [Cu3(L)]2
6+ cage. [d] Shortest distance in the crystal lattice between atoms from dif-


ferent molecular units. [e] For five- and six-membered rings.


Figure 4. ORTEP plot (20% probability ellipsoids) of the Cu6Cr4 molecu-
lar subunit; hydrogen atoms, noncoordinating hexacyanochromate(iii)
anion, and lattice solvent molecules are omitted for clarity.
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ed inside a {[Cu3(L)]2}
12+ cage, the other has a special posi-


tion on the outside of the [{Cu3(L)}2{W(CN)8}]
8+ complex


(Figure 6). The encapsulated W4+ center is connected by


CN� bridges to four Cu2+ ions (r(Cu�NC)=2.175, 2.212,
2.306, and 2.568 R). In contrast to Cu6Mo, there are no
water molecules coordinated to the Cu2+ centers inside the
cage. Also, the distances to the axial donors outside the
cage (water molecules and nitrate anions) are long
(�2.99 R). The encapsulated [W(CN)8]4� units are closer to
the center of the spherical host–guest structure than in the
structure of Cu6Mo above. The outside environment of
Cu6W2 consists of three structurally equivalent [W(CN)8]


4�


units (Figure 6), coordinated in different structural modes to
the copper(ii) centers (r(Cu�NC)=2.171, 2.271, and
2.441 R). This results in a cyano-bridged system which con-
sists of eight metal ions: (Cu-NC)3-W-CN-Cu-NC-W-(CN-
Cu)2 (Figure 7a). Six copper(ii) ions of the unit belong to
three different molecules of the tris-macrocyclic host; this
results in a 2D structure, which may be described as an “ac-
cordion”-like layer (Figure 7b).
A comparison of the structures of Cu6Cr4, Cu6W2, Cu6Mo,


and Cu6Fe2
[35] may help to design new architectures of simi-


lar assemblies. Due to the triazine spacer, the tris-macrocy-
clic ligand copper(ii) host [Cu3(L)]


6+ may adopt one of two


Figure 5. ORTEP plot (20% probability ellipsoids) of the Cu6Mo molec-
ular subunit; hydrogen atoms, noncoordinating nitrate anions, and lattice
solvent molecules are omitted for clarity.


Figure 6. ORTEP plot (20% probability ellipsoids) of the Cu6W2 molecu-
lar subunit; hydrogen atoms, nitrate anions, and lattice solvent molecules
are omitted for clarity.


Figure 7. Structural plots of the part of the crystal lattice of Cu6W2 dem-
onstrating: a) cyano-bridged octanuclear unit; b) connectivity of the octa-
cyanometalate and copper(ii) complex in the layer (viewed from the
top); hydrogen atoms, nitrate anions, and lattice solvent molecules are
omitted for clarity.
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energetically stable conformations: either syn,anti, in which
the macrocyclic ligand copper(ii) subunits are oriented on
different sides of the plane of the aromatic spacer
groups,[35,44, 45] or syn,syn, in which all three macrocyclic
ligand tricopper(ii) subunits are on the same side.[35] The
energy barrier between these two conformers seems to be
small enough to be overcome in the free [Cu3(L)]


6+ host in
solution at ambient temperature.[35,44,45] Therefore, the struc-
ture of the host in the solid depends on the balance of vari-
ous forces due to the crystal lattice. Our observations so far
indicate that, upon interaction of the tricopper(ii) host com-
plex with cyanometalates, [Cu3(L)]


6+ generally adopts the
syn,syn conformation. The main factors responsible for this
preference are probably the large negative charge and the
relatively small size of the cyanometalates, which fit reason-
ably well into the spherical cavity of the host complex, and
efficient charge neutralization is probably an important
factor also. From the fact that the {[Cu3(L)]


6+}2 (Cu6) host is
able to induce the formation of [Fe2(CN)11]


7� and to accom-
modate the dinuclear product, it follows that the size and
shape of [Fe2(CN)11]


7� complements those of the host cavity.
This indicates that the host structure is quite flexible and
that selectivity of size and shape is not the only factor and
probably not the major one. The fact that the formation of
the neutral assemblies [{Cu3(L)}{M(CN)6}2] (M=Cr3+ , Mn3+,
Fe3+ , Co3+) is more favorable than the formation of
[{Cu3(L)}2{M2(CN)11}]


7+ indicates how important electrostat-
ic interactions are in these host–guest assemblies. The obser-
vation that two structural types are obtained with the octa-
cyanometalates of Mo and W indicates that there is a subtle
balance between a number of factors, including shape, size,
electrostatic interactions, hydrogen bonding, and electronic
effects, which as yet do not generally allow prediction of the
relative stabilities of various minima with similar energy.


Magnetic properties : Temperature-dependent magnetic sus-
ceptibilities (c) and field dependencies of the magnetiza-
tions (M, at 1.8 K) of the free host Cu3 and the host–guest
complexes Cu6Cr4, Cu6Fe4, Cu6Co4, Cu6Mn4, Cu6Mo2,
Cu6W2, and Cu6Fe2 were measured in the temperature range
2–300 K. Figures 8 and 9 show the corresponding cmT versus
T and M versus bH/kT plots. Note that the magnetic behav-
ior of Cu6Cr4


a and Cu6Fe4
a is identical to that of Cu6Cr4 and


Cu6Fe4, respectively. This indicates that, the two compounds
are very probably isostructural, independent of their syn-
thetic routes, and it suggests that the corresponding Mn3+


complex Cu6Mn4 is also isostructural with the Cr
3+ complex


(Cu6Cr4), the structure of which has been determined exper-
imentally. This also emerges from the X-ray powder patterns
(see above).
Room-temperature values for cmT, and for the magnetiza-


tion M at H=5 T, together with the calculated values, based
on spin-only formulas for noninteracting spins (room-tem-
perature data), are listed in Table 1. There is good agree-
ment between the total number of spins and the experiment,
both for the free host complex Cu3 and the host–guest as-
semblies Cu6Co4, Cu6Mo2, Cu6W2, and Cu6Fe2 with the non-


Figure 8. Plots of cmT versus T for the complexes Cu6Cr4, Cu6Fe4,
Cu6Co4, Cu6Mn4 and Cu3 (top); Cu6Mo2 and Cu6W2 (bottom). Values are
calculated considering 2 mol of [Cu3(L)]


6+ per assembly.


Figure 9. Dependence on the field [bH/kT units], T=1.8 K, of the mag-
netization M (NAb): top: Cu3, Cu6Cr4, Cu6Fe4, Cu6Co4, and Cu6Mn4 ;
bottom: Cu6Mo2 and Cu6W2. Values are calculated considering 2 mol of
[Cu3(L)]


6+ per assembly.
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magnetic (closed-shell) ions Co3+ , Mo4+ , W4+ , and low-spin
Fe2+ . Good agreement with the spin count, corresponding
to Cu2+ and Cr3+ , is also achieved for the complex Cu6Cr4,
where the Cr3+ guest ion is in an orbitally nondegenerate
4A2 ground state. However, for the assemblies with the low-
spin Fe3+(d5) Cu6Fe4 and Mn


3+(d4) Cu6Mn4 complexes the
experimental cmT and M data are higher and lower, respec-
tively, than their spin-only values. Orbital contributions to
the magnetic properties, due to the orbitally degenerate oc-
tahedral 2T2(d


5) and 3T1(d
4) ground states, are essential here


and need a more detailed analysis.
We first focus on the Cu2+-only magnetic centers in Cu3,


Cu6Co4, Cu6Mo2, Cu6W2, and Cu6Fe2. There is a drop in the
cmT versus T curves when temperatures close to 1 K are ap-
proached. This may be interpreted in terms of weak Cu···Cu
antiferromagnetic coupling. Alternatively, it can be due to
intermolecular interactions, which are neglected in our
model calculations. Based on antiferromagnetic coupling
with an equilateral triangular Cu3 exchange cluster, a rea-
sonable fit of the field-dependent magnetization curves is
possible and yields Cu···Cu magnetic coupling constants J’ of
�0.45, �0.10, and �0.40 cm�1 (exchange Hamiltonian Hexc=
�J12·S1·S2) for Cu3, Cu6Co4, and Cu6Mo2, respectively. An al-
ternative interpretation, assuming a ferromagnetic Cu···Cu
coupling and exchange anisotropy terms, is less plausible be-
cause of the weakness of the Cu···Cu interactions.
Antiferromagnetic Cu···Cu interactions are superimposed


by the much stronger Cu···Cr coupling in Cu6Cr4. The rise in
the cmT versus T plot (Figure 8 top) at T below 50 K indi-
cates a significant ferromagnetic Cu (s= 1=2)···Cr (s=


3=2)
spin–spin interaction. With a two-parameter model and the
exchange topology shown in Figure 10 (top), a good fit to
both the susceptibility (Figure 10, middle) and magnetiza-
tion curve (Figure 10, bottom) was possible. This allows
values of the Cu···Cr (6.8 cm�1) and Cu···Cu (�1.9 cm�1) ex-
change integrals to be deduced. The latter is significantly
stronger than the coupling which emerges from Cu3, Cu6Co4,
Cu6Mo2 and Cu6W2 (see above).
The ferromagnetic interaction between Cu2+ and Cr3+


can be rationalized by a charge transfer mechanism as
shown in Figure 11. The transfer of a beta spin from fully
occupied orbitals of p symmetry at Cu to the singly occu-
pied t2g p orbitals of Cr


3+ leads to a triplet excited state con-
figuration on Cu2+ . This becomes stabilized against a local
singlet charge-transfer state due to intraatomic exchange
(Hund) at Cu3+(d8). In the complex considered here, the
Cu-NC-Cr bridging geometry is not linear. Antiferromagnet-
ic exchange pathways due to this nonlinearity possibly con-
tribute as well. However, they cannot outweigh the domi-
nant ferromagnetic Cu2+ ···Cr3+ coupling.
To interpret the magnetic data of complexes Cu6Fe4 and


Cu6Mn4, additional experiments and proper analyses of the
magnetic behavior of the [Fe(CN)6]


3� and [Mn(CN)6]
3�


building blocks in their 2T2 and
3T1 states were needed.


Therefore, we recorded magnetic susceptibility and magneti-
zation data of the [M(CN)6]


3� species in [(Ph3P)2N]3-
[M(CN)6]·xH2O (M=Fe3+ , Mn3+).[46] Due to the large cat-


ions and the emerging separation of the hexacyanometalates
in the lattice, there is only weak coupling between the para-
magnetic [M(CN)6]


3� units. The cmT versus T and magneti-
zation M versus bH/kT data (Figures 12 top and bottom, re-
spectively) could be fitted nicely in terms of a two-parame-
ter model, which involves the spin–orbit coupling constant
and the orbital reduction factor, and assumes cubic geome-
tries for [Mn(CN)6]


3� and [Fe(CN)6]
3�. There is no indica-


tion of any pronounced Jahn–Teller activity on the basis of
our powder data. However, small ground-state splitting due
to Jahn–Teller and/or lattice strain distortions may show up
in anisotropic magnetic behavior, and may be amenable to


Figure 10. Top: Topology of the exchange interaction adopted to fit the
magnetic data for Cu6Cr4. Middle: Experimental and simulated cmT
versus T for the Cu6Cr fragment in Cu6Cr4. Experimental points refer to
cm. T values were obtained from the magnetic susceptibility of Cu6Cr4
after subtracting contributions due to three weakly coupled [Cr(CN)6]


3�


centers [3Q0.12505ge
2S(S+1), S= 3=2]. Bottom: Experimental and simu-


lated field dependence of the magnetization for Cu6Cr4. Best-fit values of
the Cu–Cu and Cu–Cr exchange integrals adopted for the simulated
curves are 6.8 and �1.9 cm�1, respectively.


Figure 11. Exchange mechanism rationalizing the ferromagnetic Cu–Cr
coupling for Cu6Cr4.
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measurements on single crystals. These will be discussed
elsewhere. In octahedral coordination the 2T2 and


3T1
ground states of octahedral Fe3+ and Mn3+ are split by
spin–orbit coupling. The resulting mutiplet components and
their effective g values (geff) are represented schematically
in Figure 13. At very low temperatures only G8 and A1 are
occupied. The latter state is diamagnetic, while at higher
temperatures a Kramers doublet is thermally populated.
However, some reduction of the effective g-tensor value
(geff=2.0023), due to covalency (k<1) takes place. The g
tensors in Figure 13 quantify the expected changes in the
magnetic moments when higher multiplet states become
thermally occupied. These moments increase for Mn3+ with
increasing temperature, starting from zero for T=0 K, and
are modified, but to a lesser extent, by temperature in the
case of the Fe complex Cu6Fe4 also.


In Table 3 we summarize room-temperature values (H=


0.1 T) of cmT and low-temperature (T=1.8 K) high-field
values (H=5 T) of M for these two complexes. Spin-only
values are also included for comparison. It is remarkable
that the experimental data for cmT are lower, while the mag-
netization data M are higher, than the corresponding spin-
only values (S= 1=2 for Fe


3+ , S=1 for Mn3+). Thus, the
trends in the cmT and M curves for the Cu3(L)···Mn(CN)6
and Cu3(L)···Fe(CN)6 complexes closely resemble those of
the constituent [Mn(CN)6]


3� and [Fe(CN)6]
3� fragments.


Indeed, comparison shows (see Supporting Information)
that magnetization plots of Cu3(L)···M(CN)6 almost coincide
with the sum of the contributions due to Cu3(L) (using the
compound Cu6Co4 as a reference) and [M(CN)6]


3� (taking
experimental data for the [(Ph3P)2N]3[M(CN)6]·xH2O (M=


Fe3+ , Mn3+) salts as references). This clearly shows that
M···Cu exchange coupling in the complexes Cu6Fe4 and
Cu6Mn4 (structures not determined by single-crystal diffrac-
tion studies) is very small and presumably weakly ferromag-
netic in the case of M=Mn, and vanishingly small for M=


Fe.
More detailed theoretical analyses of the magnetic ex-


change across the cyanide bridge, covering the systems con-
sidered here and including other interesting examples from
the literature, will be reported separately.


Figure 12. Top: Plots of cmT versus T (H=0.1 T) for the complexes
[Fe(CN)6]


3� and [Mn(CN)6]
3� in [(Ph3P)2N]3[M(CN)6]·xH2O (M=Fe3+ ,


Mn3+). Calculated data, using best-fit values of the spin–orbit coupling
constant z and the orbital reduction factor k are included; z(k)=
�123 cm�1 (0.913) and �274 cm�1(0.93) for M=Mn3+(g=1.95) and Fe3+


(g=2.00). respectively; Bottom: dependence of the field [bH/kT units] ,
T=1.8 K), of the magnetization M [NAb] for [Fe(CN)6]


3� and
[Mn(CN)6]


3� in [(Ph3P)2N]3[M(CN)6]·xH2O (M=Fe3+ , Mn3+).


Figure 13. Multiplet fine structure due to the spin–orbit splitting of the
2T2(d


5) and 3T1(d
4) ground states of octahedral [Fe(CN)6]


3� and
[Mn(CN)6]


3�, respectively.


Table 3. Room-temperature (T=300 K) magnetic susceptibilities (cmT
[emuKmol�1], H=0.1 T) and high-field (H=5 T) magnetization M
[NAb], T=1.8 K), of low-spin [(Ph3P)2N]3[M(CN)6]·xH2O (M=Fe3+ ,
Mn3+) including spin-only values of cT and M for s= 1=2 (s=1) for low-
spin octahedral Fe3+ (Mn3+).


Complex cmT
[a] M[b]


exptl calcd exptl calcd


[Fe(CN)6]
3� 0.79 0.375 0.88 1


[Mn(CN)6]
3� 1.46 1.00 0.26 2


[a] H=0.1 T, T=300 K. [b]H=5 T, T=1.8 K.
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Conclusions and Outlook


The tris-macrocyclic ligand tricopper(ii) complex [Cu3(L)]
6+


is an efficient host for a variety of cyanometalate assemblies.
Due to the conformational flexibility the tris-macrocyclic
host may adopt the syn,anti conformation, which may lead
to a linear-chain type of structure or a bowl-shaped syn,syn
conformation, suitable for the encapsulation of relatively
small cyanometalate anions. The latter conformation leads
to the stabilization of magnetically coupled octametal units
in the case of hexacyanometalates bearing a charge of 3�,
and to spherical assemblies
with the octacyanometalates of
Mo4+ and W4+ .
Magnetic susceptibility and


magnetization data indicate
that the magnetic exchange
coupling between the paramag-
netic centers is generally weak.
It is weakly antiferromagnetic
for the Cu···Cu pairs in the free
host [Cu3(L)]


6+ (Cu3) and
shows some dependence on the
intervening transition–metal ion
in the host–guest assemblies
Cu6Co4, Cu6Mo2, and Cu6W2


with closed-shell host complex
centers. For the Cu···Cr pair
(Cu6Cr4) a ferromagnetic
Cu···Cr coupling takes place.
The exchange is found to be
small and nearly negligible for
the Cu···Mn and Cu···Fe pairs in
Cu6Mn4 and Cu6Fe4, respective-
ly. The Cu···Mo and Cu···W sys-
tems behave magnetically simi-
larly to the free host complex
[Cu3(L)]


6+ , since the eight-coor-
dinate Mo4+ and W4+ are in a closed-shell ground state
electronic configuration. Partial oxidation to Mo5+ and W5+


has been observed and is expected to proceed photochemi-
cally also, possibly to lead to photomagnetism, as has been
demonstrated in other systems recently.[47,48]


Experimental Section


Measurements : Infrared spectra (KBr pellets) were recorded with a
Perkin–Elmer 16 PC FT-IR spectrometer. UV-visible spectra were mea-
sured on a Jasco V-570 UV/VIS/NIR instrument (diffuse reflectance,
PTFE pellets). EPR spectra were obtained with a Bruker ELEXSYS
E500 spectrometer (X-band). X-ray powder diffraction experiments were
performed using a Philips XPert diffractometer with CuKa radiation and
a secondary beam monochromator. The scan rate was 0.008 degs�1. Sam-
ples were crushed in a mortar under ethanol and spread on glass slides.
Magnetic measurements were performed in “zero-field-cold” mode (DC)
using a Quantum Design MPMS XL magnetometer equipped with a
50 kG magnet and operating in the 300–1.8 K range. Powdered samples
were kept in gelatin containers, and the data were corrected for diamag-


netism of the container; PascalBs constants were used for diamagnetic
correction of the samples.


Crystallography : Reflections of representative crystals were measured
with Bruker AXS SMART 1000 (for Cu6Mo) and STOE IPDS (for
Cu6Cr4 and Cu6W2) diffractometers with MoKa radiation (l=0.71073 R),
and operating in the w-scan mode. The absorption correction was applied
in all cases. The structures were solved by direct methods (SHELXS86)
and refined by full-matrix, least-squares methods based on F2


(SHELXL97), with use of anisotropic thermal parameters for all non-hy-
drogen atoms (see Table 4). CCDC 267422–267424 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from the CambridgeCrystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Interpretation of the magnetic data : Magnetic data have been interpreted
by a numerical solution of the Heisenberg–Dirac–van Vleck exchange
Hamiltonian, written in the basis of the N=2n wavefunctions for n inter-
acting s= 1=2 spin momenta. The matrix of the Hamiltonian has been con-
structed using DiracBs permutation operator (see Supporting Informa-
tion) and represented as a sum of matrices times exchange constants for
each independent exchange pathway. Intraatomic exchange has been in-
troduced in terms of an arbitrarily large but fixed value of the intraatom-
ic exchange integral (J=5000 cm�1). This makes it possible to project a
high-spin ground state for Cr3+ . A nonlinear optimization procedure has
been adopted, which yields exchange coupling constants from the experi-
mental magnetic susceptibility data. The algorithm has been implement-
ed to make it possible also to obtain magnetization values and to fit
them to experimental data for the field dependence of the magnetization.
A series of programs in Matlab 6.1 have been written; they can be ob-
tained from the authors on request.


Materials : K3[Cr(CN)6], K3[Fe(CN)6], and K3[Co(CN)6] were purchased
from Aldrich and used without further purification; [Cu3(L)](NO3)3-
(ClO4)3·2H2O and [{Cu3(L)}2[{Fe2(CN)11}](CN)(NO3)4·34H2O were ob-
tained as described previously,[35] and K3[Mn(CN)6],


[49] K4-
[Mo(CN)8]·2H2O,


[50] K4[W(CN)8]·2H2O,
[51] K3[Mo(CN)8]·H2O,


[52,53] K3-
[W(CN)8]·H2O,


[53] [(Ph3P)2N]3[Fe(CN)6]·2H2O,
[47] and [(Ph3P)2N]3-


[Mn(CN)6]·0.5H2O
[54] were prepared as described in the literature.


Table 4. Experimental results of the X-ray diffraction studies.


Cu6Cr4 Cu6W2 Cu6Mo


formula C42H100Cr2Cu3N30O17 C76H172Cu6N56O32W2 C68H166Cu6N52O41Mo
Mr 1592.14 3131.49 2845.71
T [K] 210(2) 210(2) 103(2)
crystal system triclinic monoclinic monoclinic
space group P1̄ P21/n C2/c
a [R] 16.129(3) 19.127(4) 29.0042(19)
b [R] 16.346(3) 26.519(5) 26.0604(17)
c [R] 17.725(4) 27.398(6) 16.5273(11)
a [8] 88.38(3) 90.00 90.00
b [8] 64.02(3) 103.57(3) 105.947(10)
g [8] 62.13(3) 90.00 90.00
V [R3] 3621.1(12) 13509(5) 12011.6(14)
Z 2 4 4
1calcd [gcm


�3] 1.460 1.520 1.574
m [mm�1] 1.236 2.706 1.243
F(000) 1666 6232 5928
crystal size [mm3] 0.22Q0.10Q0.08 0.48Q0.13Q0.07 0.35Q0.24Q0.13
qmax 24.35 22.28 28.28
reflns collected 25748 71906 86663
independent reflns 10776 (0.175) 16962 (0.173) 14899 (0.062)
parameters 850 1706 750
GOF on F2 0.676 0.813 1.055
R1 [I>2s(I)] 0.0594 0.0695 0.0650
wR2 (all data) 0.1264 0.1277 0.2117
larg. diff. peak/hole [eR�3] 0.418/�0.461 1.059/�0.786 2.223/�1.476
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Syntheses : Caution! Perchlorate salts of metal complexes are potentially
explosive. Although we did not experience any problem, such complexes
should be handled very carefully.


[{Cu3(L)}{M(CN)6}2]·17H2O (Cu6Cr4, Cu6Fe4, and Cu6Co4): K3[Cr(CN)6]
(0.038 g, 0.116 mmol), K3[Fe(CN)6] (0.040 g, 0.116 mmol), or K3-
[Co(CN)6] (0.039 g, 0.116 mmol) was dissolved in aqueous NaNO3
(1 molL�1, 25 mL) and was added slowly to a hot solution (~90 8C) of
[Cu3(L)](NO3)3(ClO4)3·2H2O (0.090 g, 0.065 mmol) in aqueous NaNO3
(1 molL�1, 50 mL). The cylindrical vessel (30 cmQ4 cm) containing the
clear reaction mixture was placed in an open-ended Dewar flask filled
with boiling water for slow cooling. After a day, the precipitated product
was filtrated off, washed with water, and dried in air. For every com-
pound the yield was about the same: 0.078 g, 0.049 mmol, 83%. Cu6Cr4 :
C42H100N30O17Cu3Cr2 (1592.07): calcd C 31.69, H 6.33, N 26.39; found C
31.98, H 5.89, N 26.12; Cu6Fe4 : C42H100N30O17Cu3Fe2 (1599.76): calcd C
31.53, H 6.30, N 26.27; found C 31.82, H 6.28, N 26.49. Cu6Co4 :
C42H100N30O17Cu3Co2 (1605.94): calcd C 31.41, H 6.28, N 26.17; found C
31.79, H 5.99, N 26.61.


[{Cu3(L)}{M(CN)6}2]·17H2O (Cu6Cr4
a, Cu6Fe4


a, and Cu6Mn4
a): The solid


K3[Cr(CN)6] (0.017 g, 0.052 mmol), K3[Fe(CN)6] (0.018 g, 0.052 mmol), or
K3[Mn(CN)6] (0.017 g, 0.052 mmol) was added in one portion to the ice-
cold solution of [Cu3(L)](NO3)3(ClO4)3·2H2O (0.040 g, 0.029 mmol) in
water (20 mL). The reaction mixture was stirred for 2 h at 0 8C. The pre-
cipitated product was centrifuged, washed four times with water by cen-
trifugation, and dried in vacuum. Cu6Cr4


a : yield: 0.033 g, 0.021 mmol,
80%; C42H100N30O17Cu3Cr2 (1592.07): calcd C 31.69, H 6.33, N 26.39;
found C 31.84, H 6.33, N 26.12. Cu6Fe4


a : yield: 0.037 g, 0.023 mmol, 89%;
C42H100N30O17Cu3Fe2 (1599.76): calcd C 31.53, H 6.30, N 26.27; found C
31.98, H 6.27, N 26.71. Cu6Mn4


a : yield: 0.030 g, 0.019 mmol, 72%;
C42H100N30O17Cu3Mn2 (1597.95): calcd C 31.57, H 6.31, N 26.30; found C
31.28, H 6.03, N 26.12.


[{Cu3(L)}{M(CN)8}](NO3)2·10H2O (Cu6Mo2 and Cu6W2): K4-
[Mo(CN)8]·2H2O (0.021 g, 0.043 mmol) or K4[W(CN)8]·2H2O (0.025 g,
0.043 mmol) was dissolved in aqueous NaNO3 (1 molL


�1, 80 mL) and
was added slowly to a boiling solution of [Cu3(L)](NO3)3(ClO4)3·2H2O
(0.030 g, 0.216 mmol) in aqueous NaNO3 (1 molL


�1, 170 mL). The vessel
containing the clear reaction mixture was placed in an open-ended
Dewar filled with boiling water for slow cooling. After one day the pre-
cipitated product was removed by filtration (only needlelike crystals
could be seen under the microscope, so the product was free from
Cu6Mo or Cu6W respectively), washed carefully with a small amount of
cold water, and dried in air. Cu6Mo2 : yield: 0.045 g, 0.031 mmol, 71%;
C38H86N28O16Cu3Mo (1477.85): calcd C 30.88, H 5.87, N 26.54; found C
30.81, H 5.85, N 25.97. Cu6W2 : yield: 0.048 g, 0.031 mmol, 71%;
C38H86N28O16Cu3W (1565.75): calcd C 29.15, H 5.54, N 25.05; found C
29.54, H 5.24, N 24.39. The excess of [Cu3(L)]


6+ was recovered from di-
luted filtrate by sorption on an SP Sephadex-C25 column.
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Introduction


Although myoglobin (Mb) has been one of the most widely
studied proteins, continuing interest in its study arises from
the new activities and applications that have been reported
through the years. Besides the classical functions of storage
and intracellular transfer of molecular oxygen,[1] several
other activities of this protein have been found.[2–5] Of par-


ticular interest in the present context is the fact that human
myoglobin (HMb) differs from the other known mammalian
Mbs in the presence of a cysteine residue at position 110.
The abilities of HMb to preserve NO bioactivity through
the formation of an S-nitrosothiol group at this C110 residue
and to regulate NO in vivo either by the formation of an
iron–nitrosyl HMb complex or by oxidation of NO to NO3


�


are the most important recent findings in the biochemistry
of this protein.[6–8] Other reported activities of Mbs involve
catalytic reactions on exogenous substrates; examples of
these reactions are the peroxide-dependent oxidation[9,10]


and nitration[11] of phenolic substrates, the sulfoxidation of
organic sulfides,[12–16] and the epoxidation of alkenes,[13–16] al-
though the catalytic efficiency of the protein in these pro-
cesses is generally modest.


Chemical modification of proteins is systematically ob-
served under pathophysiological conditions; the identifica-
tion of specific residues involved and of the nature of the
modification produced is therefore essential for the under-
standing of the mechanisms of development of the patholo-
gies.[17] Reactive oxygen and nitrogen species are typically
responsible for these modifications,[18–20] through the forma-


Abstract: The modification of human
myoglobin (HMb) by reaction with ni-
trite and hydrogen peroxide has been
investigated. This reaction is important
because NO2


� and H2O2 are formed in
vivo under conditions of oxidative and
nitrative stress, where protein derivati-
zation has been often observed. The
abundance of HMb in tissues and in
the heart makes it a potential source
and target of reactive species generated
in the body. The oxidant and nitrating
species produced by HMb/H2O2/NO2


�


are nitrogen dioxide and peroxynitrite,
which can react with exogenous sub-
strates and endogenous protein resi-


dues. Tandem mass analysis of HMb
modified by stoichiometric amounts of
H2O2 and NO2


� indicated the presence
of two endogenous derivatizations: oxi-
dation of C110 to sulfinic acid (76%)
and nitration of Y103 to 3-nitrotyrosine
(44%). When higher concentrations of
NO2


� and H2O2 were used, nitration of
Y146 and of the heme were also ob-
served. The two-dimensional gel-elec-
trophoretic analysis of the modified


HMbs showed spots more acidic than
that of wild-type HMb, a result in
agreement with the formation of sulfin-
ic acid and nitrotyrosine residues. By
contrast, the reaction showed no evi-
dence for the formation of protein ho-
modimers, as observed in the reaction
of HMb with H2O2 alone. Both HMb
and the modified HMb are active in
the H2O2/NO2


�-dependent nitration of
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tivity is quite similar and the endoge-
nous modifications of HMb therefore
have little effect on the reactivity of
the protein intermediates.
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tion of protein-centered radicals similar to those involved as
intermediates in the mechanism of many redox en-
zymes.[21–26] For instance, the reaction of ferric human myo-
globin (metHMb) with H2O2 yields protein radicals localized
on tyrosine and/or tryptophan residues.[27,28] Of relevance for
the present investigation is the finding by the group of
Mauk that the reaction of HMb with hydrogen peroxide,
peroxynitrite, or nitric oxide leads to modification of two
specific residues, Y103 and C110, through radical mecha-
nisms.[6,29–31] In particular, addition of H2O2 to HMb produ-
ces a C110 thiyl radical, through an intermolecular electron-
transfer reaction from C110 to a Y103 phenoxy radical,
which results in the formation of an intermolecular disulfide
bond and a protein homodimer.[29,30] The same dimer is also
obtained from the reaction of HMb with peroxynitrite, but
the addition of physiological concentrations of carbonate re-
sults in the nitration of the protein at Y103.[31] The cysteine
residue can also be derivatized to form an S-nitrosothiol
group by the reaction of metHMb and NO.[6] Both protein
and nonprotein thiol groups are potential targets of H2O2


and ONOO� . Besides disulfide bridges, the oxidation of
thiol groups can lead to sulfenic (RSOH), sulfinic (RSO2H),
or sulfonic (RSO3H) acids, depending on the species in-
volved.[32]


Herein we report on the modifications undergone by
HMb in the reaction with nitrite and hydrogen peroxide in
conditions of low and high reagent concentrations, which
produce modified protein derivatives labeled as m-HMb
and m’-HMb, respectively. In both cases, the major protein
modification occurs at the cysteine residue, which is trans-
formed into sulfinic acid, in addition to the expected tyro-
sine nitration. This extremely facile reaction is of some in-
terest in view of the emerging role of Mb in the heart,
where the protein is particularly abundant.[17,33] Cardiovascu-
lar pathologies like heart failure and ischemia-reperfusion
injury are typically characterized by sudden formation of
oxygen radicals and NO overexpression, which lead to ex-
tensive nitration of protein tyrosine residues through mecha-
nisms that are still not completely understood.[17] While tyro-
sine nitration is the commonly accepted marker of these
events, we show here that modification of the cysteine resi-
due of Mb occurs to a much larger extent. Comparative
studies show that the modified Mb derivative maintains the
same ability to catalyze nitrative reactions on exogenous
substrates as wild-type Mb.


Results


Cloning and expression of HMb : The fully successful ex-
pression of HMb in bacteria is reported here for the first
time. All previous attempts gave the protein in inclusion
bodies,[34,35] while we obtained the holoprotein in soluble
form. In our hands, complete maturation of the apoprotein
into its holo form, with the heme bound to the polypeptide,
was observed only when bacterial growth was carried out
under slow mechanical stirring.


Modification of HMb : Modification of HMb under mild
conditions was obtained by reaction of the protein (50 mm),
nitrite, and H2O2 in a molar ratio of 1:2:2. This reaction
yields a protein derivative, m-HMb, with UV-visible spectral
features basically indistinguishable from those of HMb. On
the other hand, when HMb was treated with larger concen-
trations of NO2


� (0.8m) and H2O2 (1 mm), the solution
turned from brown to greenish-brown and the reaction
yielded the m’-HMb derivative. The change of color does
not correspond to a shift of the Soret band, with the maxi-
mum remaining always at 408 nm. In a comparison of the
UV-visible spectra of HMb and m’-HMb (Figure 1), only a
slight broadening of the Soret band is observed. The color
change is due to nitration of one of the heme vinyl groups
and tyrosine residues (see below).


Tandem mass analysis of m’-HMb : The characterization of
the modifications introduced into HMb by reaction with
NO2


� and H2O2 was initially carried out on m’-HMb, where
the extent of the modifications was larger. To this end, the
polypeptide fragments resulting from tryptic digestion of
apoHMb and apo-m’-HMb were analyzed by HPLC–ESI-
MS/MS. Comparison of the data showed the presence of
two modified peptide fragments as bicharged ions with
m/z=973 (mass of 1944 amu) and m/z=995.5 (mass of
1989 amu). These both correspond to modification of the
103–118 peptide (containing Y103 and C110, with a mass of
1912 amu). The peptide with a mass of 1944 amu contains
two oxygen atoms more than the parent peptide, while the
one with a mass of 1989 amu shows the further replacement
of a proton with NO2. Both modified peptides were ana-
lyzed by collision-induced dissociation (CID). The MS/MS
spectrum of the latter is shown in Figure 2, where the y and
b ion series are reported. A mass difference of 135 amu was
detected between b8 and b7, a difference indicative of the
presence of a cysteinyl residue modified by two oxygen
atoms. In the y ion series, the mass difference of 117 amu
between y0


9 and y8 corresponds to the same cysteine modifi-


Figure 1. UV/Vis spectrum of m’-HMb (thin upper trace) compared with
the spectrum of HMb (bold lower trace), both in 0.2m phosphate buffer
(pH 7.5) at 25 8C. The concentration of the proteins was 7.5 mm.
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cation (with consideration of the loss of a water molecule in
the y0 series). These results allowed unequivocal assignment
of the oxidation of C110 to the corresponding sulfinic acid.
The mass of the peptide, together with the b ion series, is in-
dicative of the presence of another modification, corre-
sponding to a mass increment of 45 amu; the known reactiv-
ity of tyrosine residues under these conditions[11] allowed the
assignment of the modification as the nitration of Y103 to 3-
nitrotyrosine.


A quantitative analysis of the modified 103–118 peptide
was obtained by comparing, in the extracted ion current
(EIC) chromatograms, the areas of the peaks corresponding
to the derivatized peptides (m/z=973 and 995.5 for the bi-
charged ions, with masses of 1944 and 1989 amu, respective-
ly) with that of the starting peptide (m/z=957 for the bi-
charged ion, with a mass of 1912 amu). The relative amounts
of the three peptides were as follows: unmodified peptide
5%, peptide containing only the C110-SO2H modification
41%, and the peptide containing both the Y103-NO2 and
C110-SO2H modifications 54%. The peptide nitrated only at
Y103 was not found in the HPLC–MS/MS analysis, although
it might be present in a very small amount. This result indi-
cates that the cysteine residue is more reactive than tyro-
sine.


The occurrence of nitration at the other tyrosine residue
of HMb, Y146, was also investigated. In the LC–MS spec-


trum of m’-HMb, three peptides containing the Y146 residue
were found that are absent in the LC–MS spectrum of HMb
and that had a mass difference of 45 amu with respect to the
corresponding unmodified peptides. These peptides were
140–153 (mass difference from 1587 to 1632 amu), 141–153
(mass difference from 1459 to 1504 amu), and 141–147
(mass difference from 827 to 872 amu). These data indicate
the presence of another endogenous nitration at Y146; this
modification occurs to a lower extent with respect to the ni-
tration at Y103 and the modified protein represents �10–
20% of the initial HMb, as judged by relative peak areas in
the EIC chromatograms.


The nitration of one heme vinyl group was reported to
occur upon treatment of Mb at pH 5.5 with a large excess of
nitrite; in this case, the reaction was also accompanied by a
change of color of the protein solution to greenish-brown.[36]


At pH 7.5 this reaction is much slower. We previously found
the same heme modification in horse heart Mb after treat-
ment with NO2


� and H2O2 at pH 7.5.[11] To assess the occur-
rence of the modification of the heme prosthetic group in
m’-HMb, an HPLC–ESI-MS/MS analysis was performed on
the protein solution. The injected m’-HMb sample was dena-
tured in the HPLC column and the released hemin was sep-
arated from the apoprotein; ions at m/z=616 and 661, cor-
responding to hemin and to a modified hemin where a
proton of the prosthetic group was replaced by a NO2 group
in the porphyrin, respectively, were detected in MS/MS
mode. Integration of the peaks in the MS/MS chromato-
grams indicated that the nitration occurred with 8% conver-
sion.


Tandem mass analysis of m-HMb : To assess whether the
modifications taking place in HMb in the presence of high
concentrations of NO2


� and H2O2 could also be obtained
under milder conditions, the polypeptide fragments resulting
from tryptic digestion of apo-m-HMb were analyzed by
HPLC–ESI-MS/MS. The modified 103–118 peptides corre-
sponding to the oxidation of C110 to sulfinic acid (mass of
1944 amu) and to both the oxidation of C110 and the nitra-
tion of Y103 (mass of 1989 amu) were found. The latter
peak was analyzed by CID obtaining an MS/MS spectrum
analogous to that previously reported for m’-HMb
(Figure 2). The relative amounts of the starting and modi-
fied 103–118 peptides resulting from quantitative analysis
were as follows: unmodified peptide 24%, peptide contain-
ing only the C110-SO2H modification 32%, and peptide
containing both the Y103-NO2 and the C110-SO2H modifi-
cations 44%.


As in the case of m’-HMb, the peptide nitrated only at
Y103 was also absent in the tryptic fragments resulting from
the analysis of m-HMb. Furthermore, unlike m’-HMb, pep-
tide fragments containing neither nitration at residue Y146
nor nitration at the heme prosthetic group (analyzed by
HPLC–ESI-MS/MS on the protein solution) could be de-
tected, a result indicating that both types of modification
were at best present in very small, undetectable amounts. It
should be noted that in the conditions employed here, that


Figure 2. MS/MS spectrum of the m/z=995.5 peak (mass of 1989 amu)
assigned to the 103–118 peptide in a double-charged state and with two
modifications: the oxidation of C110 to the corresponding sulfinic acid,
C110-SO2H, and the nitration of Y103 to 3-nitrotyrosine, Y103-NO2. The
assignment of the y and b ion series is shown. Above the spectrum, the
sequence of the 103–118 peptide, with the two modified amino acids in
bold and with the summary of the y and b ions found in the spectrum, is
reported.
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is, with only a slight excess H2O2 with respect to HMb,
almost all of the peroxide was consumed for the modifica-
tion of Y103 and C110, so only a small fraction was actually
available for nitration of Y146 and the heme.


Gel electrophoresis analysis of modified HMb : The two-di-
mensional polyacrylamide gel of m’-HMb showed that the
modified protein is not homogeneous: two bands with differ-
ent isoelectric points and similar intensity could be observed
in the gel. The comparison of the two-dimensional poly-
acrylamide gel of m’-HMb with that of HMb indicated that
both the spots of m’-HMb where more acidic than the
native protein. By considering the linear pH gradient from
6.5–8.5 that was used, it was possible to estimate pI shifts of
0.1 and 0.2 units for the two spots of m’-HMb from the
7.2 value for HMb (as reported by Varadarajan et al.).[34] We
can assign the spot with pI 7.1 to the C110-SO2H protein de-
rivative (41% from MS/MS analysis) and the spot with
pI 7.0 to the Y103-NO2/C110-SO2H protein derivative
(54%). The increased acidity of the modified protein can be
related both to tyrosine nitration and to sulfinic acid forma-
tion. In fact, the oxidation of one cysteine residue to sulfinic
acid in peroxiredoxin I (an enzyme catalyzing the destruc-
tion of peroxides under oxidative stress conditions) was re-
ported to cause a decrease in the isoelectric points of 0.5 pH
units.[37]


Homodimers of wild-type HMb were formed through di-
sulfide linkage involving C110 residues following the reac-
tion with H2O2


[30] or peroxynitrite.[31] However, no dimer
was detected in the sodium dodecylsulfate (SDS) polyacryl-
amide gel of m’-HMb performed in nonreducing conditions:
this gel was, in fact, equivalent to the gel of wild-type HMb.
Thus, the HMb/NO2


�/H2O2 system performs the endogenous
modifications identified by the MS analysis without forma-
tion of protein homodimers (either by dicysteine or dityro-
sine linkages).


Binding of nitrite to HMb : The iron(iii) center of HMb
binds nitrite to form the low-spin HMbFeIII–NO2


� complex;
the reaction can be followed through the shift of the Soret
band of the protein from 408 to 410 nm. From spectrophoto-
metric monitoring of the changes of the Soret band as a
function of nitrite concentration at pH 7.5, the binding con-
stant KB= (76�2)m�1 was obtained. This value is compara-
ble to that obtained with horse heart Mb (KB=51m�1)
under the same conditions.[11]


Phenol nitration catalyzed by HMb and m’-HMb : Like the
met form of horse heart Mb,[11,38–40] HMb and m’-HMb also
catalyze the nitration of phenols to ortho-nitrophenols in
the presence of hydrogen peroxide and nitrite. The reactions
studied here are the nitration of representative phenolic
substrates 1–3 (Scheme 1). By considering that in the case of
m’-HMb the extent of the modifications at residues Y103
and C110 was in excess of 50% and very close to 100%, re-
spectively, the reactivity of the modified HMb deduced from
the kinetic studies can be considered as an indication of the


reactivity of the Y103-NO2/C110-SO2H HMb derivative,
while the contribution of the protein fraction containing par-
tial nitration at Y146 and at the heme can be neglected.
Therefore, m’-HMb could be a good probe for the analysis
of the effect of Y103 and C110 modification on the reactivi-
ty of the protein in the presence of nitrite and hydrogen per-
oxide.


In the phenol nitration, each reactant affects the reaction
rate in a way dependent on the concentration of the others.
In this study, the concentration of the Mb derivatives was
kept constant at 1 mm, because under these conditions the
noncatalytic reaction could always be neglected.[11] The con-
centration of the phenols and nitrite were instead varied; in
order to simplify the analysis, it was found convenient to
vary the concentration of one reagent while maintaining
that of the others constant at the value that maximizes the
rate. The plots of rate versus [phenol] showed saturation be-
havior, a result suggesting the need for an interaction with
the protein. The rate versus [NO2


�] exhibited a slightly
more complicated dependence; in this case, an initial sig-
moidal phase, at low [NO2


�], is followed by nitrite satura-
tion. This behavior can be explained by considering for
HMb and m’-HMb a mechanism similar to that observed
with the protein from horse heart: two competing pathways
are in fact operative in the nitration of the phenols, depend-
ing on nitrite concentration.[11] In the first one, which domi-
nates at low [NO2


�], the protein reacts through a perox-
idase-like cycle involving two active intermediates, which
can give one-electron oxidation of the substrates, thereby
producing a phenoxy radical from the phenol and NO2C from
nitrite. The other mechanism predominates at high [NO2


�]
and does not involve peroxidase-like intermediates; hydro-
gen peroxide reacts with the iron-bound nitrite to produce a
nitrating active species that we assumed to be a protein-
bound peroxynitrite, MbFeIII–N(O)OO.[11] With changes in
[NO2


�], the fraction of protein–nitrite complex changes and
this necessarily affects the relative importance of the two
paths (via NO2C or via ONOO�) operating in the Mb/NO2


�/
H2O2-dependent nitration.[11] A simplified kinetic study of
the nitration process can be carried out by assuming that the
peroxynitrite path dominates at relatively high nitrite con-
centration.[11] The rate dependence on the phenol concentra-
tion at constant (high) nitrite level is then given by Equa-
tion (1). The rate dependence on nitrite concentration
should instead consider that the NO2C path can be observed
only at low nitrite concentration [Eq. (2)].[11]


Scheme 1. Structures of the phenols employed in the kinetic studies.
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rate ¼ kcat½Mb�½PhOH�
ðKPhOH


M þ½PhOH�Þ ð1Þ


rate ¼ kcat½Mb�ð½NO2
���bÞ


ðKnitrite
M þ½NO2


���2bÞ ð2Þ


In these equations, [Mb] is the total HMb or m’-HMb con-
centration, kcat represents the maximum turnover number of
the proteins, and Knitrite


M and KPhOH
M give an indication of the


dissociation constant of NO2
� and PhOH, respectively, from


the complexes with the proteins in the presence of the other
reagent. The parameter b had to be introduced into Equa-
tion (2) to account for the change in the mechanism at in-
creasing nitrite concentration; furthermore, the data at very
low [NO2


�] were not considered in the interpolation of the
experimental data. The values of kcat, K


PhOH
M , and kcat/K


PhOH
M


obtained from the rate dependence on [PhOH] and those of
kcat, K


nitrite
M , and kcat/K


nitrite
M obtained from the rate dependence


on [NO2
�] for the nitration of substrates 1–3 are reported in


Table 1.


The data show that the catalytic activity of HMb and m’-
HMb in the phenol nitration is comparable to that of horse
heart Mb, with HMb being slightly more efficient in the pro-
duction of 3-nitrotyramine and 3-nitrotyrosine.[11] The rela-
tively small differences observed in the kcat parameters for
the different substrates with different charges at pH 7.5 are
probably connected to the high efficiency of the nitrating
agent generated by the Mb/H2O2/NO2


� systems. As ob-
served with horse heart Mb,[11] the KPhOH


M values are below
the millimolar range; this is compatible with a disposition of
the substrate at the protein surface. It is interesting to note
that the values of Knitrite


M are quite similar for the different
substrates. The reciprocal of Knitrite


M value should give an in-
dication, extrapolated from kinetic studies, of the nitrite
binding constant to the protein (KB=1/Knitrite


M �4m�1). This
value differs significantly from the binding constant ob-
tained independently for the HMbFeIII–NO2


� complex
(KB=76m�1). The smaller value of 1/Knitrite


M can be ascribed


to the fact that the binding of the phenolic substrate near
the heme site during catalysis hinders the interaction of
NO2


� at the iron center. Furthermore, it should be taken
into consideration that the change in the mechanism of the
reaction with changing [NO2


�] prevents the precise determi-
nation of Knitrite


M . In general, however, the reactivity of the
modified HMb in the nitration of phenolic substrates is
quite similar to that of wild-type HMb. By comparing the
parameters kcat and kcat/K


PhOH
M (obtained at saturating nitrite


concentration) and kcat and kcat/K
nitrite
M (obtained at saturating


phenol concentration) for HMb and m’-HMb, a general
slight decrease in the rate constants can be noted for the
modified protein.


Discussion


In analogy with horse heart Mb,[11] HMb is able to use ni-
trite and hydrogen peroxide to generate the oxidant and ni-
trating species nitrogen dioxide and peroxynitrite. Both


these species perform nitration
of exogenously supplied phe-
nols and the protein is thus an
efficient catalyst in the nitration
of substrates 1–3. However,
NO2C and ONOO� can also oxi-
dize and nitrate protein resi-
dues. The tandem mass analysis
of HMb modified with stoichio-
metric amounts of the reagents
indicates the presence of two
endogenous derivatizations: ni-
tration of Y103 to 3-nitrotyro-
sine (at 44%) and/or oxidation
of C110 to the corresponding
sulfinic acid C110-SO2H (at
76%). Upon reaction of HMb
with high concentrations of
NO2


� and H2O2, the extent of
oxidation of C110 (at 95%) and nitration of Y103 (at 54%)
increased and nitration of Y146 (at �10–20%) and the
heme (at �8%) was also observed. Although the ferric
form studied here is not the physiological form of the pro-
tein, the presence of hydrogen peroxide and nitrite would
rapidly convert ferrous or oxy Mb into the oxidized form.


Both NO2C and ONOO� may be responsible for the oxida-
tion of the cysteine residue. A free-radical pathway can be
proposed for the formation of sulfinic acid by nitrogen diox-
ide, according to the Equations (3)–(5), in analogy with the
mechanism proposed for the oxidation of human serum al-
bumin by peroxynitrite in the presence of carbon dioxide.[41]


HMb-SHþNO2
C ! HMb-SCþHNO2 ð3Þ


HMb-SCþO2 ! HMb-SOOC ð4Þ


HMb-SOOC e�


Hþ�!HMb�SO2H ð5Þ


Table 1. Steady-state kinetic parameters for the HMb- and m’-HMb-dependent phenol nitration by NO2
�/


H2O2 in 0.2m phosphate buffer (pH 7.5) at 25 8C. For comparison purposes, corresponding kinetic data for the
lactoperoxidase (LPO) catalyzed reactions under the same conditions are included (from ref. [54]).


Phenol KPhOH
M


[mm]
kcat


[s�1]
kcat/K


PhOH
M


[m�1 s�1]
Knitrite


M


[m]
kcat


[s�1]
kcat/K


nitrite
M


[m�1 s�1]


HMb
1 0.35�0.07 2.1�0.1 6000�1000 0.30�0.04 2.1�0.1 6.9�0.6
2 0.12�0.02 0.67�0.03 5600�900 0.24�0.04 1.03�0.08 4.3�0.5
3 0.47�0.04 2.4�0.1 5200�200 0.25�0.04 1.7�0.1 6.9�0.8
m’-HMb
1 0.40�0.07 1.26�0.06 3100�400 0.24�0.04 1.31�0.09 5.5�0.6
2 0.16�0.02 0.62�0.03 3800�400 0.23�0.04 0.68�0.05 3.0�0.4
3 0.5�0.1 1.3�0.2 2400�200 0.20�0.04 1.0�0.1 5.1�0.7
LPO
1 0.12�0.01 380�10 3.2K106 48�5 380�15 7.9K103


2 0.14�0.02 130�5 9.4K105 30�3 135�5 4.5K103


3 0.11�0.01 75�2 6.8K105 16�1 80�2 5.0K103
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The thiol group of HMb is oxidized by nitrogen dioxide to
the thiyl radical [Eq. (3)]; this radical can react with dioxy-
gen to form a peroxy radical [Eq. (4)], which in turn produ-
ces the sulfinic acid after hydrogen-atom abstraction from a
reductant, according to Equation (5). Peroxynitrite can also
promote the oxidation of cysteinyl residues beyond sulfenic
acid; this has been observed in the oxidation of bovine
serum albumin, which has only one sterically isolated thiol
group.[32] Both the oxidation of C110 and the nitration of
Y103 were apparent in the two-dimensional polyacrylamide
gel of m’-HMb, where the two spots that were more acidic
than HMb and have similar intensity correspond to the
modified proteins with both sulfinic acid at C110 and 3-ni-
trotyrosine at Y103 and with sulfinic acid at C110, respec-
tively. Sulfinylation is not a rare event, given that 1–2% of
the cysteine residues of soluble proteins from rat liver were
detected as cysteine sulfinic acid.[42] Formation of sulfinic
acid is a reversible reaction, as is the case for the oxidation
of the active-site cysteine of peroxiredoxins.[43] Nitration of
tyrosine residues (Y103 and Y146) can also be promoted by
both nitrogen dioxide and peroxynitrite, according to the
mechanisms previously described.[11]


Witting et al. reported that the reactions between HMb
and H2O2 or ONOO� result in the formation of a protein
homodimer through an intermolecular disulfide bond.[30,31]


The first step of this process is the oxidation of the Y103
residue to the Y103 phenoxy radical (as a component of the
compound I like species). In our case, where NO2C is also
produced, the protein radical is intercepted in a fast process
that leads to the formation of nitrotyrosine, according to
Equation (6).


HMb-Y103CþNO2
C ! HMb-Y103-NO2 ð6Þ


In this way, the electron transfer from C110 to Y103C to pro-
duce a thiyl radical and hence the dicysteine linkage is pre-
vented. In fact, in the SDS polyacrylamide gel of m’-HMb,
the band corresponding to the HMb homodimer is absent or
below the detection limit.


The MS analysis of m’-HMb (but not that of m-HMb)
also revealed the presence of a modification on the heme
prosthetic group that corresponds to the replacement of a
proton with an NO2 group; the modification probably
occurs at one of the heme vinyl groups, in analogy to the
heme nitration process by a large excess of nitrite reported
for Mb at pH 5.5.[36] We previously found similar heme nitra-
tion in horse heart Mb upon treatment with NO2


� and
H2O2.


[11] However, nitration of HMb occurs only to the
extent of 8%, while for horse heart Mb conversion into the
nitrated heme accounted for 50% of the starting protein
under the same conditions. This difference clearly depends
on the presence in HMb of the reactive cysteine residue
that can capture the oxidant species and thereby protect the
prosthetic group from nitration.


The three-dimensional structure of wild-type HMb is not
available. A reference structure for localizing the residues
subjected to modifications is the crystal structure of the


K45R/C110A mutant of HMb (Figure 3).[44] In this structure,
Y103 is the tyrosine residue nearest to the heme group and
is exposed to solvent, while Y146 is an internal residue, as is


also the case for horse heart Mb. Our previous studies
showed that in the presence of nitrite and hydrogen perox-
ide the latter protein undergoes endogenous nitration only
at the Y146 residue, not at Y103.[11] This result was of some
importance because a controversy exists concerning the po-
sition of the tyrosine residue (Y103 versus Y146) in horse
heart Mb that is nitrated by peroxynitrite.[31,45,46] The reac-
tion of the latter species and HMb in the presence of car-
bonate results in nitration at Y103; in the presence of hy-
drogen peroxide, or peroxynitrite without carbonate, both
residues Y103 and C110 of HMb undergo radical reactions
which eventually lead to the formation of protein homodim-
ers.[30,31] A different modification at the cysteinyl residue
was only observed in the reaction of HMb with nitric oxide,
which yielded an S-nitrosated protein derivative.[6]


In our system, once the oxidizing and nitrating species
(that is, NO2C or ONOO�) is produced near the heme, it per-
forms derivatization at the nearest protein residues, Y103
and C110. According to the mechanism previously reported
for the nitration catalyzed by horse heart Mb, at low [NO2


�]
(such as that employed for the production of m-HMb) the
oxidant and nitrating species is NO2C, while at high [NO2


�]
(employed for the production of m’-HMb) the reactive spe-
cies is mainly a protein-bound peroxynitrite species. As dis-
cussed before, both NO2C and ONOO� may be responsible
for oxidation of C110 and nitration of Y103 and the two
modifications are actually observed in both the m-HMb and
m’-HMb derivatives. The cysteine residue is always more re-


Figure 3. Structure of the K45R/C110A mutant of HMb.[44] The disposi-
tion of the side chains of Y103, A110, and Y146 is shown; HMb contains
a cysteine residue at position 110.
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active than tyrosine: it is oxidized to a larger extent both in
m-HMb (by NO2C) and in m’-HMb (by ONOO�).


In the presence of high nitrite concentration, the peroxy-
nitrite species can also react, albeit with lower efficiency,
with the prosthetic group and diffuse to the Xe1 cavity of
HMb, where it performs the nitration of the Y146 residue,
which is located in the proximity of this cavity.[3,35, 47] As sug-
gested by a comparison of the data on the catalytic activity
of wild-type HMb and the m’-HMb derivative (Table 1), it is
apparent that the endogenous modifications have little
effect on the reactivity of the protein intermediates.


Conclusion


Myoglobin is abundant in tissues and particularly in the
heart, where it can be present at concentrations up to
0.2 mm.[7] Experiments with transgenic mice deficient in
HMb have recently shown that the protein exhibits a cardio-
protective role against nitrosative[33,48] and oxidative
stress.[49] However, HMb is itself a potential source and, at
the same time, a potential target of the oxidant and nitrating
species generated in the body in the presence of hydrogen
peroxide and nitrite. This situation can occur during inflam-
matory processes in tissues and in cardiovascular patholo-
gies, where H2O2 and nitrite are continuously produced.[17,50]


The oxidant and nitrating species produced by the HMb/
H2O2/NO2


� system can react both with exogenous substrates
and endogenous protein residues. In particular, we have
found here that modification of the Y103 and C110 residues
is a remarkably efficient process which occurs extensively
on HMb in the presence of stoichiometric amounts of nitrite
and hydrogen peroxide. Nitrite actually appears to potenti-
ate the harmful effect of the peroxide on the protein and
can completely depress the formation of myoglobin dimers,
which are the most typical modification product of the pro-
tein with H2O2.


[29,30] The present results show that the pat-
tern of covalent modifications that HMb can undergo in
pathological conditions is more complex than was previously
thought.


Experimental Section


Materials : Hydrogen peroxide (30% solution), tyramine (1), 3-(4-hy-
droxyphenyl)propionic acid (2), and l-tyrosine (3) were obtained from
Aldrich. Ampicillin was from Shelton Scientific, trypsin from Sigma, and
BamHI and NdeI from Amersham Biosciences. The other reagents were
obtained at the best grade available. All the buffer solutions were pre-
pared by using deionized, double-distilled water. The concentration of
hydrogen peroxide solutions was controlled by monitoring the formation
of the 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radi-
cal cation according to a standard method that we followed previously.[51]


The concentration of HMb solutions was determined from the extinction
coefficient of metHMb e=1.60K105


m
�1 cm�1 at 408 nm;[34] the same


value was assumed for the extinction coefficient of the modified proteins
m-HMb and m’-HMb. UV/Vis spectra were recorded on a Hewlett Pack-
ard HP 8452 A diode array spectrophotometer.


Cloning, expression, and protein purification : The open reading frame of
the human myoglobin gene was amplified from the fagmide pDNR-LIB,
clone IRALp962G1819Q2 (genome bank RZPD, Deutsches Ressourcen-
zentrum fOr Genomforschung GmbH, Heubnerweg 6, 14059 Berlin), by
using the polymerase chain reaction (PCR) with the nucleotides 5’-
CGCGGATCCTAGCCCTGGAAGCCCAG-3’ and 5’-GGGAATTCCA-
TATGGGGCTCAGCGAC-3’ which contain the BamHI and NdeI re-
striction sites (italicized). The BamHI–NdeI fragment containing hmb
was cloned in the BamHI–NdeI sites of the expression vector pET-11a,
thereby yielding pEThmb. The presence of the wild-type hmb gene was
confirmed by DNA sequence analysis prior to protein expression in bac-
teria. Escherichia coli BL21(DE3) (E. coli) cells transformed with
pEThmb were grown in flasks under shaking at 37 8C in Luria–Bertani
medium supplemented with ampicillin (100 mgmL�1) for the purpose of
plasmid selection and maintenance. Cells were grown to the midexponen-
tial growth phase before induction with 1 mm isopropyl-b-d-thiogalacto-
side. Bacterial growth was carried out under slow stirring conditions.
Cells were harvested after 24–28 h and analyzed for the presence of solu-
ble HMb by SDS polyacrylamide gel electrophoresis (SDS PAGE) analy-
sis.


All purification steps were performed at 4 8C except for HPLC runs. The
E. coli cell paste was resuspended in 20 mm tris(hydroxymethyl)amino-
methane–HCl (Tris-HCl)/1 mm ethylenediaminetetraacetate (EDTA)
buffer (pH 8.0, 2 mLg�1) containing 1 mm b-mercaptoethanol and 1 mm


phenylmethylsulfonyl fluoride (PMSF) and disrupted by sonication.
After removal of cell debris by centrifugation at 20000 g for 1 h, the
dark-brown solution was brought to 60% ammonium sulfate saturation,
the precipitate was discarded, and the soluble fraction was precipitated
with 95% ammonium sulfate saturation. The solution was stirred over-
night at 4 8C and then centrifuged (at 4 8C, 43000 g, for 1 h); the pellet
was resuspended in 20 mm Tris-HCl/1 mm EDTA buffer (pH 8.0) contain-
ing 1 mm b-mercaptoethanol. The solution was dialyzed overnight (with
several buffer changes) against buffer and then it was loaded onto a di-
ethylaminoethyl (DEAE) CL-6B anion-exchange column, which was
eluted with 20 mm Tris-HCl/1 mm EDTA buffer (pH 6.5) at a flow rate of
12 mLmin�1. The fractions containing the protein were collected and the
purity was checked by monitoring the absorbance ratio ASoret/A280 (which
was above 2.5). The protein solution was loaded onto a Superdex G75
gel-filtration column (Amersham Biosciences) connected to a Jasco
HPLC instrument with a MD-1510 diode array detector and it was eluted
with 20 mm Tris-HCl/150 mm NaCl buffer (pH 8.0) at a flow rate of
0.5 mLmin�1. The fractions containing the protein were collected and the
purity was checked as described above, with an ASoret/A280 value >4.0
being achieved.


The expression of HMb yields the protein in the FeII–O2 form; the met
(Fe3+) species was obtained by treating the protein with diluted H3PO4


until pH 3.5 was reached and then adding diluted NaOH until pH 7 was
reached. In all the experiments described below, the proteins (wild-type
HMb and modified proteins) are utilized in their met form.


Modification of HMb in the presence of NO2
� and H2O2 : The solution of


metHMb (�50 mm) was dialyzed against 20 mm phosphate buffer
(pH 7.5). The samples of modified HMbs, m-HMb and m’-HMb, were
prepared by adding sodium nitrite (final concentrations of 0.1 and
800 mm, respectively) and hydrogen peroxide (final concentrations of 0.1
and 1 mm, respectively) to the metHMb solution. The proteins were al-
lowed to react at 20 8C for 10 min. While the color of the solution of m-
HMb remained unchanged, the solution turned from brown to greenish-
brown in the case of m’-HMb. Excess nitrite and oxidant were removed
by overnight dialysis against 20 mm phosphate buffer (pH 7.5).


Analysis of protein fragments and heme modification: For the analysis of
protein fragments, a portion of each sample (HMb, m-HMb, and m’-
HMb, about 0.5 mg) was transformed into the apoprotein by the standard
hydrochloric acid/2-butanone method[1] and subsequently hydrolyzed by
trypsin. Digestion was performed with 1:50 (w/w) trypsin at 37 8C for 3 h
in 20 mm phosphate buffer (pH 7.5). The samples were then analyzed by
HPLC–MS/MS. The heme modification was studied by direct HPLC–MS/
MS analysis on solutions of m-HMb and m’-HMb in 20 mm phosphate
buffer (pH 7.5).
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LC–MS and LC–MS/MS data were obtained by using an LCQ DECA
ion-trap mass spectrometer equipped with ESI ion source and controlled
by Xcalibur 1.3 software (Thermo-Finnigan, San Jose, CA). ESI experi-
ments were carried out in positive-ion mode under the following constant
instrumental conditions: source voltage 4.5 kV, capillary voltage 15 V, ca-
pillary temperature 250 8C, and tube lens voltage 15 V. The system was
run in automated LC–MS/MS mode and by using a Surveyor HPLC
system (Thermo Finnigan, San Jose, CA, USA) equipped with a Simme-
try300 C18 column (3.5 mm, 2.1K100 mm, Waters, Milford, MA). The elu-
tion was performed with a 0–55% linear gradient over 65 min with 0.1%
trifluoroacetic acid (TFA) in water as solvent A and 0.1% TFA in aceto-
nitrile as solvent B. MS/MS spectra obtained by CID were performed
with an isolation width of 3 Th (m/z). The activation amplitude was
around 35% of the ejection RF amplitude that corresponds to 1.58 V.


For the analysis of protein fragments derived from m’-HMb, the mass
spectrometer was set such that one full MS scan was followed by a zoom-
scan and MS/MS scan on the most intense ion from the MS spectrum.
The acquired MS/MS spectra were automatically searched against a pro-
tein database for human proteins (human.fasta) by using the SEQUEST
algorithm to identify the modified residues. This algorithm has been in-
corporated into the Bioworks 3.0 software (ThermoFinnigan, San Jose,
CA). For the analysis of protein fragments of m-HMb, the mass spec-
trometer was set in MS/MS mode for the parent bicharged ions at m/z=
957 (mass of 1912 amu), 995.5 (mass of 1989 amu), and 973 (mass of
1944 amu). To compare the amount of modified heme, the mass spec-
trometer was set in MS/MS mode for the parent ions at 616 and 661 amu


Two-dimensional and SDS PAGE analysis : Two-dimensional polyacryl-
amide gel electrophoresis was performed by using the immobilized pH
gradient system.[52] The first dimension, isoelectric focusing, was per-
formed on laboratory-made gels, cast on Gel-Bond (Amersham Biosci-
ences) with a 6.5–8.5 linear immobilized pH gradient obtained with
Acrylamido buffer solutions (Fluka), and the separation was run in the
Multiphor II horizontal system (Amersham Biosciences). The protein so-
lutions (HMb and m’-HMb) were diluted 1:2 with a solution containing
8m urea, 4% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate (CHAPS), and 40 mm Tris. After centrifugation, 125 mL of each
sample containing 30 mg protein were loaded. The gel strips were then
equilibrated with SDS and placed on top of vertical 17% gels, before the
second dimension was performed by using a Mini PROTEAN II cell
(BioRad). SDS PAGE (17% gel) was performed by the method of
Laemmli[53] and the gel was stained with Coomassie Blue.


Binding of nitrite : Increasing quantities of a concentrated nitrite solution
in 200 mm phosphate buffer (pH 7.5, final concentration of 0.0019–0.53m)
were added to a solution of HMb (3.8 mm, 1600 mL) in the same buffer in
a quartz cuvette with a pathlength of 1 cm thermostated at 25.0�0.1 8C;
UV/Vis spectra were recorded after each addition. Blank spectra were
recorded in the same way but in the absence of protein. After subtracting
the corresponding blank from each spectrum, the resulting spectra were
corrected for dilution and then transformed into difference spectra by
subtracting the native protein spectrum. A plot was constructed with the
difference between the absorbance changes at 424 and at 406 nm, the
wavelengths at which the difference spectra exhibit the maximum varia-
tions, versus the ligand concentration. The binding constant, KB, was ob-
tained by interpolation of the absorbance data with the binding isotherm
for low-affinity binding of a single ligand: DA=DA1KB[NO2


�]total/
(1+KB[NO2


�]total), where [NO2
�]total represents the total nitrite concentra-


tion.[11]


Kinetic studies of phenol nitration catalyzed by HMb and m’-HMb : The
kinetic experiments were carried out in 200 mm phosphate buffer
(pH 7.5) by using a quartz cuvette with a pathlength of 1 cm thermostat-
ed at 25.0�0.1 8C and equipped with a magnetic stirrer. The initial solu-
tion containing protein (HMb or m’-HMb, 1 mm) and variable substrate
and nitrite concentrations (final volume 1600 mL) was obtained by mixing
solutions of appropriate concentration of the reagents in the buffer. The
reaction was started by addition of the H2O2 solution and was followed
by monitoring the absorbance change at 450 nm during the initial 10–
15 s. The transformation of the rate data from absorbance per second
into [nitrophenol]produced per second was done by using the extinction co-


efficient of the nitrophenols at 450 nm obtained from their absorbance
spectra (in phosphate buffer at pH 7.5):[54] for 3-nitrotyramine e450=2300,
for 3-(4-hydroxy-3-nitrophenyl)propionic acid e450=3350, and for 3-nitro-
l-tyrosine e450=3100m�1 cm�1. The kinetic parameters were obtained
from fitting the plots of experimental rates at different substrate/nitrite
concentrations to the appropriate equations.


For each substrate, the rate dependence on the various reactant concen-
trations was studied through three series of steps: 1) finding a suitable
[H2O2] maximizing the rate but avoiding unwanted excess of the oxidant,
and then using this [H2O2] 2) to study the dependence of the rate versus
[substrate], and 3) to study the dependence of the rate versus [NO2


�], by
following the iterative procedure described previously in detail.[11] The
protein concentration (HMb or m’-HMb) was kept at 1 mm in all the reac-
tions, while the concentrations of the other reactants used in the kinetic
studies were as follows:


For the phenol nitration catalyzed by HMb : 1) optimization of the perox-
ide concentration: for substrate 1 (2.0 mm): [NO2


�]=1.3m, [H2O2]=
0.071–0.71m ; for substrate 2 (0.40 mm): [NO2


�]=0.30m, [H2O2]=0.053–
0.36m ; for substrate 3 (0.3 mm): [NO2


�]=0.8m, [H2O2]=0.071–0.71m ;
2) dependence of the rate on phenol concentration: for substrate 1:
[H2O2]=0.36m, [NO2


�]=1.3m, [phenol]=0.31–3.7 mm ; for substrate 2 :
[H2O2]=0.36m, [NO2


�]=0.3m, [phenol]=0.062–1.6 mm ; for substrate 3 :
[H2O2]=0.53m, [NO2


�]=0.8m, [phenol]=0.013–0.71 mm ; 3) dependence
of the rate on nitrite concentration: for substrate 1 (3.1 mm): [H2O2]=
0.36m, [NO2


�]=0.075–2.0m ; for substrate 2 (0.62 mm): [H2O2]=0.36m,
[NO2


�]=0.062–0.92m ; for substrate 3 (0.71 mm): [H2O2]=0.53m,
[NO2


�]=0.050–1.1m.


For the phenol nitration catalyzed by m’-HMb : 1) optimization of the per-
oxide concentration: for substrate 1 (2.0 mm): [NO2


�]=1.0m, [H2O2]=
0.071–0.71m ; for substrate 2 (0.40 mm): [NO2


�]=0.80m, [H2O2]=0.071–
0.71m ; for substrate 3 (0.30 mm): [NO2


�]=0.80m, [H2O2]=0.071–0.71m ;
2) dependence of the rate on phenol concentration: for substrate 1:
[H2O2]=0.36m, [NO2


�]=1.0m, [phenol]=0.062–3.1 mm ; for substrate 2 :
[H2O2]=0.36m, [NO2


�]=0.80m, [phenol]=0.026–1.3 mm ; for substrate 3 :
[H2O2]=0.36m, [NO2


�]=0.8m, [phenol]=0.031–0.68 mm ; 3) dependence
of the rate on nitrite concentration: for substrate 1 (3.1 mm): [H2O2]=
0.36m, [NO2


�]=0.075–1.7m ; for substrate 2 (0.5 mm): [H2O2]=0.36m,
[NO2


�]=0.050–1.1m ; for substrate 3 (0.68 mm): [H2O2]=0.36m, [NO2
�]=


0.050–0.80m.
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Introduction


DNA photocleaving agents based on metal complexes have
been developed during the last decade.[1,2] The photocleav-
age takes place according to a type I (by electron transfer)
or type II (by singlet oxygen) oxidation mechanism. There
are only a few examples of pure type I photocleavage, initi-
ated by a photoelectron transfer from a nucleobase to a


metallic photosentitizer.[3] These metallic complexes have
also been examined as potential phototherapeutic drugs,[4]


probes for nucleic acids, or sequence-specific photore-
agents.[5] The possibility of using atomic force microscopy
(AFM) to observe directly conformational transitions of
plasmid DNA due to, for example, a single-strand cleavage,
is very attractive because the topology of plasmid DNA
plays an important role in genetic processes and in the inter-
action of DNA with enzymes. However, the understanding
of conformational transitions of plasmid DNA as a result of
a photocleavage is still rather limited. Therefore, studies at
the single-biomolecule level are very useful.


AFM has been widely employed to study DNA[6] because
it allows the determination of not only the averaged struc-
tural properties, but also structural heterogeneities induced
by drug binding and/or photoreactions.[7,8a] The main advan-
tages of this technique, in addition to its high spatial resolu-
tion, are the sample preparation and measuring conditions:
sample preparation avoids artifacts that arise from deposi-
tion of a metal coating as used in electron microscopy, and
the samples can be investigated even under buffer condi-


Abstract: Topological modifications of
plasmid DNA adsorbed on a variety of
surfaces were investigated by using
atomic force microscopy (AFM). On
mica modified with 3-aminopropyltrie-
thoxysilane (APS) or poly-l-lysine, the
interaction between the plasmid DNA
and the surface “freezes” the plasmid
DNA conformation deposited from so-
lution, and the AFM images resemble
the projection of the three-dimensional
conformation of the plasmid DNA in
solution. Modified mica with low con-
centrations of Mg2+ leads to a decrease
in the interaction strength between
plasmid DNA and the substrate, and


the AFM images reflect the relaxed or
equilibrium conformation of the adsor-
bed plasmid DNA. Under these opti-
mized deposition conditions, topologi-
cal modifications of plasmid DNA were
produced under irradiation in the pres-
ence of [Ru(TAP)3]


2+ (TAP=1,4,5,8-
tetraazaphenanthrene), which is a non-
intercalating complex, and were fol-
lowed as a function of illumination
time. The observed structural changes


correlate well with the conversion of
the supercoiled covalently closed circu-
lar form (ccc form) into the open circu-
lar form (oc form), induced by a single-
strand photocleavage. The AFM results
obtained after fine-tuning of the plas-
mid DNA–substrate interaction com-
pare well with those observed from gel
electrophoresis, indicating that under
the appropriate deposition conditions,
AFM is a reliable technique to investi-
gate irradiation-induced topological
changes in plasmid DNA.Keywords: atomic force microsco-
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tions.[8] Hence, AFM measurements reflect more accurately
the natural environment of the biomolecule.


The sample preparation for AFM, that is, deposition of
the material onto a flat surface, involves the transition from
three to two dimensions,[9–11] which modifies the conforma-
tion of DNA. Rivetti et al. reported that the method of im-
mobilization is crucial for the observation of linear DNA
molecules. Indeed, appropriate adhesion methods allow the
adsorbed DNA molecules to obtain their equilibrium con-
formation even after the loss of one degree of freedom, so
that they adopt the lowest energy conformation upon ad-
sorption onto a surface.[10] However, such relaxation proc-
esses on a surface are not straightforward for plasmid DNA,
because conformational transitions of plasmid DNA involve
many aspects: not only inertial force and excluded volume,
but also the torsional strain in the winding of plasmid DNA
play a role.


Therefore, it is mandatory to investigate the effect of the
transition from three to two dimensions on the appearance
of plasmid DNA in the AFM images, before studying in
detail the structural changes resulting from the interaction
and DNA photocleavage induced by RuII complexes.[12] Pho-
tocleavage induces a conformational transition of the plas-
mid DNA from a supercoiled, covalently closed circular
form to an open circular one.


The RuII complex containing
1,4,5,8-tetraazaphenanthrene li-
gands ([Ru(TAP)3]


2+) is a good
candidate as a photosensitizer
for DNA cleavage (Figure 1).[13]


The p-deficient character of the
TAP ligand causes the corre-
sponding excited complexes to
be more oxidizing than the ex-
cited species of most other
complexes containing poly-
pyridyl ligands, such as 2,2’-bi-
pyridyl or 1,10-phenanthro-
line.[13c] It has been shown that
the RuII complex with three


TAP ligands is more efficient in photocleaving the DNA
phosphate backbone than the other RuII polypyridyl com-
plexes, and can form photoadducts with guanine bases.
These photoreactions have been shown to be promoted by
electron transfer from the guanine base of DNA to the cor-
responding excited complex.[13d,e] Photoinduced electron
transfer can thus lead to either a photocleavage or a photo-
addition. Excited [Ru(TAP)3]


2+ produces single-strand
breaks in plasmid DNA.[13] In the single-strand-breaking
model, one single-strand break converts the supercoiled, co-
valently closed circular (ccc) form to a nicked, open circular
(oc) form (Figure 2). If a cleavage occurs in the opposite
strand close to the site of the initial strand cleavage, the oc
form could, in principle, be converted to the linear form.
These structural conversions are schematically depicted in
Figure 2a. Figure 2b shows a series of AFM images of the
corresponding forms.


In this study, we present the effect of immobilization
strategies on the configuration of plasmid DNA adsorbed
on a surface. After optimization of the deposition approach,
we investigated the irradiation-induced topological changes
of plasmid DNA in the presence of [Ru(TAP)3]


2+ as a func-
tion of irradiation time. We did this by using AFM, and
compared the results with those of gel electrophoresis.


Results and Discussion


To study conformational transitions of plasmid DNA as a
result of photocleavage, it is important that the conforma-
tion of the plasmid DNA as imaged on a surface reflects its
intrinsic conformation. However, during deposition of plas-
mid DNA onto a surface, the conformation is inevitably
modified by the transition from three to two dimensions. It
has been reported that the conformational flexibility of long
polymers on a surface strongly depends on interactions with
this surface.[9–11] Therefore, we initially examined different
immobilization strategies, that is, treatment of the mica sur-
face with Mg2+ , 3-aminopropylethoxy silane (APS), and
poly-l-lysine. These methods provide different adhesion
forces; Mg2+-mica[14] at a relatively low concentration of
Mg2+ and APS-mica,[15] which was prepared from diluted
APS solution, provide weak immobilization conditions.
Poly-l-lysine-coated mica is considered to provide stronger
immobilization, due to the high density of adhesion sites,
which is promoted by amino groups.


Figure 3a–c show typical AFM images of non-irradiated
pUC18 plasmid DNA in the presence of [Ru(TAP)3]


2+ on
mica modified with Mg2+ (5 mm in water), APS (0.01 wt%
in water), and poly-l-lysine (0.01 wt% in water), respective-
ly. The DNA solution before deposition contains ~80% of
the ccc form and ~20% of the oc form, as determined by
performing gel electrophoresis. Figure 3a shows that on
Mg2+-mica, both the ccc and oc forms can be clearly identi-
fied. Under these conditions, the ratio of ccc form:oc form
was the same as that observed in solution, as determined
from more than ten locations on two samples prepared from
the same solution. This is not the case for surfaces that have


Figure 1. Chemical structure of
[Ru(TAP)3]


2+ .


Figure 2. Photoinduced conversions of the tertiary structure of pUC18
plasmid DNA from AFM images: a) schematic drawing, b) typical AFM
images of the corresponding structures.
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been treated differently. Thus, on both APS- (Figure 3b)
and poly-l-lysine-coated mica (Figure 3c), plasmid DNA
adopts a more tightly coiled structure. On these substrates,
the ccc form was the dominant conformation (>90%). In
addition, aggregates are sometimes observed on APS- and
poly-l-lysine-coated mica, which prevents the identification
of individual plasmid DNA strands. Note that the linear
chains observed on APS- and poly-l-lysine-coated mica are
features of the surface itself and do not originate from the
linear DNA form. AFM images of plasmid DNA obtained
in the absence of [Ru(TAP)3]


2+ show the same results (data
not shown), confirming that, because of its non-intercalating
binding mode, [Ru(TAP)3]


2+ does not induce significant
morphological changes in plasmid DNA.


Figure 3d–f show AFM images of irradiated plasmid DNA
in the presence of [Ru(TAP)3]


2+ on mica treated with Mg2+ ,
APS, and poly-l-lysine, respectively. Note that the solution
was irradiated before deposition on the substrate. By using
agarose gel electrophoresis, it was estimated that the same
irradiated solution contained 38% of the ccc and 62% of
the oc form. On Mg2+-mica (Figure 3d), the conformation
of the plasmid DNA clearly changed from a supercoiled
structure to a relaxed form, compared to non-irradiated
DNA, as shown in Figure 3a. From the AFM images, the
relative amounts of the ccc and the oc form were estimated
to be ~60 and 40%, respectively, which is in good agree-
ment with the gel electrophoresis measurements. The plas-
mid DNA on APS-mica shown in Figure 3e displays more
coiled structures (>80%) than is seen on Mg2+-mica, al-
though the former exhibit more relaxed forms than the non-
irradiated plasmid DNA on APS-mica (Figure 3b). On poly-


l-lysine-modified mica, less dif-
ference is observed between ir-
radiated and non-irradiated
samples.


The different results obtained
from the various surfaces can
be related to the different im-
mobilization strategies, in com-
bination with the salt effect
(MgCl2) on the DNA confor-
mation. During deposition of
plasmid DNA from solution
onto the surface, the apparent
conformation could change. For
example, the oc form of plas-
mid DNA appears as a coiled-
like conformation on poly-l-
lysine, which makes it difficult
to distinguish between the ccc
and oc forms in two-dimension-
al images.[9,10] The strong adhe-
sion on poly-l-lysine does not
allow the plasmid DNA to
relax into its intrinsic equilibri-
um conformation after adsorp-
tion, with the effect that most


of the plasmid DNA might appear to have a coiled configu-
ration. Thus, the immobilization energy is too great to allow
the observation of any change due to irradiation. In con-
trast, with low concentrations of Mg2+- and APS-mica, the
equilibration due to the relatively weak adhesion might
allow the plasmid DNA to remain relaxed in its intrinsic
conformation after adsorption. Although on APS-mica,
which was prepared from a dilute solution of APS, the re-
laxed form could be observed, the number of plasmid DNA
strands per AFM image was very low, and the reproducibili-
ty of the statistical analysis was inferior to the results ob-
tained with Mg2+-mica. Therefore, we chose Mg2+-modified
mica to study the DNA photocleavage in more detail.


In addition to the deposition process, we must also take
into account the effect of ionic strength on DNA conforma-
tion[11,14] and the interaction of Ru complexes with DNA.[13]


To investigate the ionic strength effect and to select the
ideal concentration of Mg2+ , we determined the relative oc-
currence of the different plasmid DNA forms on mica as a
function of the concentration of Mg2+ (Figure 4). The solu-
tion was prepared as before and the same irradiation condi-
tions as those described for the investigation of the effect of
the immobilization methods were used. In the presence of a
high concentration of Mg2+ (37 mm), approximately 70% of
the plasmid DNA appears to have a ccc-like configuration
on the mica surface after illumination, which is much higher
than the proportion in solution determined by electrophore-
sis. As the concentration of Mg2+ was reduced, the relative
amount of the ccc-like configurations decreased. At less
than 5 mm Mg2+ , the percentage of ccc and oc configura-
tions was similar to that obtained with gel electrophoresis.


Figure 3. AFM images of pUC18 plasmid DNA in the presence of [Ru(TAP)3]
2+ deposited on mica:


a)–c) from non-irradiated solution, d)–f) from irradiated solution. The mica surface was pretreated with Mg2+


(a,d), APS (b,e), or poly-l-lysine (c,f).
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Therefore, we used a Mg2+ concentration of 3–5 mm for the
experiments described below. At such relatively low concen-
trations of Mg2+ , Mg2+-mica provides the highest reproduci-
bility for statistical analyses of AFM images and the best
agreement with the results of gel electrophoresis, although
the presence of MgCl2 can have an unwinding/winding
effect on plasmid DNA in solution before deposition. How-
ever, this excellent agreement between the results of the
two experimental techniques strongly suggests that at the
low MgCl2 concentration used, salt-induced winding/unwind-
ing effects do not play a crucial role, and that adsorption
occurs under equilibrium conditions, as predicted by some
earlier reports.[8–11]


After the selection of the substrate and optimization of
the deposition conditions, a kinetic study of the photocleav-
age was conducted by performing gel electrophoresis and
AFM. The results of a typical DNA photocleavage experi-
ment at [bp]/[Ru]=20 are presented in Figure 5 (bp=base
pairs). The filled and open symbols in Figure 5 show the rel-
ative amounts of the ccc and oc plasmid DNA forms as a
function of irradiation time, identified by AFM and agarose
gel electrophoresis, respectively. Before irradiation, the solu-
tion contained approximately 82% of the ccc and 18% of
the oc form. The non-irradiated stock DNA solution without
metal complexes exhibited the same ratio. The amount of
the oc form increases at the expense of the ccc form as irra-
diation time increases. After 15 s of irradiation, only 33% of


the ccc form was observed and 67% of the oc form was al-
ready present. As shown in Figure 5, the product profiles for
AFM and gel electrophoresis are similar: in both cases, the
photoconversion reaches a plateau after 15 s of irradiation.
The differences between both analyses are less than 10% at
the low concentration of Mg2+ employed in this study. The
fact that a plateau is reached after a certain illumination
time has already been observed,[16] and would be due to
photodechelation of the starting complex and/or formation
of photoadducts of the metallic species to DNA, two proc-
esses that consume the photosensitizer.


Conclusion


We have investigated the effect of different DNA immobili-
zation strategies on mica for the study of conformational
transitions of plasmid DNA as a result of photoinduced
cleavage by [Ru(TAP)3]


2+ . We compared the effect of the
substrate on the immobilization of plasmid DNA. Mg2+-
mica at low Mg2+ concentrations provides the weakest adhe-
sion force and supports equilibration conditions, which
allows plasmid DNA to relax, so that its intrinsic conforma-
tion in solution is reflected upon adsorption onto the sur-
face. As well as the nature of the substrate, the Mg2+ ratio
plays a role in the case of Mg2+-mica. Only at low concen-
trations is there good agreement between the results of
AFM and gel electrophoresis experiments regarding the rel-
ative amounts of the ccc and oc forms. These results are
promising in view of future investigations by means of AFM
of the structural conversion from the ccc to the oc form.
The deposition conditions and analysis described here will
facilitate the study of DNA conformational changes as a
result of photocleavage at the single-molecule level, as well
as in situ investigations in water.


Experimental Section


Sample preparation : Ru(TAP)3Cl2 was synthesized and purified accord-
ing to a previous procedure.[13a] The pUC18 plasmid DNA from Escheri-
chia coli pRI, with 2686 base pairs (bp), was purchased from Sigma-Al-
drich. The stock solution of the plasmid DNA was prepared in 10 mm


Tris buffer and stored at �20 8C. 3-Aminopropylethoxy silane (APS) and
poly-l-lysine were purchased from Sigma-Aldrich and were used without
further purification. Water was obtained from a Millipore Milli-Q purifi-
cation system (18 MW). The concentration of Ru(TAP)3


2+ in the aqueous
solutions was determined by using absorption spectroscopy with a molar
extinction coefficient of e437=13000m�1 cm�1.[13d]


The photolysis solutions at molar ratio [bp]/[Ru]=20 were prepared by
mixing the DNA stock solution and Ru(TAP)3


2+ solution and leaving
them to equilibrate for 15 min. The plasmid DNA solutions were photo-
lysed by irradiation at 458 nm (Ar-ion laser, Stabilite 2017, Spectra-Phys-
ics). The excitation light was expanded and collimated by two lenses to ir-
radiate the complete sample volume. Samples contained 25 mL of ruthe-
nium complex (1.1 mm) and pUC18 ([bp]=22 mm) so that only a small
fraction of light was absorbed during photolysis. 20 mL of the irradiated
solution was analyzed by performing gel electrophoresis and another
5 mL was diluted with tris buffer and used for AFM measurements. All


Figure 4. Dependence upon [Mg2+] of the deposition of plasmid DNA on
a mica surface, shown as the proportion of the ccc-like (*) and oc-like
(&) forms as a function of Mg2+ concentration. The solution was irradiat-
ed with 0.4 Wcm�2 for 70 s at 458 nm.


Figure 5. The relative amounts of the ccc (* and *) and oc (& and &)
forms as a function of irradiation time. The filled and open symbols indi-
cate the results of AFM and gel electrophoresis, respectively. 5 mm of
Mg2+ was used in the preparation of the AFM samples.
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operations with DNA–Ru complexes were conducted under dimmed-
light conditions.


DNA adhesion onto Mg2+-mica : The non-irradiated and irradiated solu-
tions were diluted to 1 mgmL�1 of plasmid DNA in tris-HCl (10 mm) and
MgCl2 (3–5 mm). The Mg2+ ions were added to promote DNA adhesion
to a mica surface.[17] Note that MgCl2 was added after illumination. This
prevents, due to electrostatic interaction of Mg2+ with DNA, the replace-
ment of metal complexes by Mg ions from plasmid DNA.[13b] The solu-
tion (8–10 ml) was deposited on freshly cleaved mica (~8M8 mm2). After
2 min of incubation at room temperature, the samples were gently rinsed
with 5M2 mL of Milli-Q water and blown dry with clean compressed Ar
gas before AFM measurements were taken.


DNA adhesion onto mica modified with APS and poly-l-lysine : The
pure APS solution was diluted with Milli-Q water to a concentration of
0.01–0.001% by volume. 10–15 mL of the solution was deposited onto
freshly cleaved mica. After 20 min of incubation, the sample was rinsed
with 5 mL Milli-Q water to remove excess APS solution and then dried
with Ar gas.[15]


10 mL of 0.01 wt% poly-l-lysine aqueous solution was deposited onto
freshly cleaved mica and incubated for 1 min. Then the substrate was
rinsed with 5 mL Milli-Q water and dried with Ar gas.[18]


For both modified mica substrates, 10 mL of the plasmid DNA solution
(1 mgmL�1) was deposited on the substrate and incubated for 2 min.
Then the sample was rinsed with Milli-Q water and dried with Ar gas.


Gel electrophoresis analysis : Irradiated samples were loaded on a 1%
agarose horizontal gel (SubCell GT, BioRad) and migration was per-
formed for 2–3 h by using a TAE buffer with the voltage set at 70 V. The
gel was then stained with an ethidium bromide (EtBr) solution and DNA
bands were visualized by using a UV transilluminator equipped with a
CCD camera. Quantification of the various plasmid DNA forms was re-
alized by using the Quantity One 4.2 software from BioRad. A corrective
factor of 1.66 was used for the ccc form, due to the lower accessibility to
the EtBr of the supercoiled form. In some gel electrophoresis data of ir-
radiated pUC18 plasmid DNA in the presence of [Ru(TAP)3]


2+ , a band
that increased in intensity as a function of irradiation time was observed.
This suggested the presence of a linear DNA form, even before irradia-
tion. It was subsequently found that this spot was due to the presence of
a DNA impurity in the sample.[19]


AFM imaging and analysis : AFM measurements were performed by
using either a Multimode AFM with a Nanoscope IV controller (Veeco/
Digital Instruments, Santa Barbara, USA) or a PicoSPM (Molecular
Imaging, Arizona, USA) with the Acoustic AC-module (Molecular Imag-
ing, Arizona, USA) and SPM-1000 control unit (RHK Technology, Mich-
igan, USA). Samples were imaged in air in tapping mode with a drive
frequency of 200–300 kHz. Silicon nitride oxide-sharpened tips (NCHR,
Nanosensors, Germany) were used. All images were background leveled
(up to second order).


According to the model (Figure 2), the relative amount of different plas-
mid DNA forms was statistically evaluated for approximately 500 plas-
mid DNAs in more than ten AFM images, collected on two samples that
were prepared from the same solution. Reliable analysis requires the col-
lection of more than five images at different positions for each sample,
typically one at the center and four around the center. This is because
the population of each form was heterogeneously distributed on the mica
substrate. Only those plasmid DNAs that were completely visible within
the frame of an AFM image were used for the analysis. In the AFM
images presented here, the height of the DNA was measured to be
~0.5 nm, as expected from previous reports. Note that all DNA samples
on mica were kept in moisture-free conditions before AFM measure-
ments were made.


Acknowledgements


The authors thank the DWTC, through IUAP-V-03, and the Institute for
the Promotion of Innovation by Sciences and Technology in Flanders


(IWT). H.U. thanks the KU Leuven for a grant in the framework of a In-
terdisciplinary Research Programme (IDO). S.D.F. is a postdoctoral
fellow of the Fund for Scientific Research-Flanders. The “Action de Re-
cherche ConcertEe” (ARC-programme 02/07–286) is gratefully acknowl-
edged for the financial support and a postdoc fellowship for E.G.


[1] B. Norden, P. Lincoln, B. Akerman, E. Tuite in Metal Ions in Biolog-
ical Systems, Vol. 33 (Eds.: A. Sigel, H. Sigel), Marcel Dekker, 1996,
pp. 177–252.


[2] E. D. Stemp, J. K. Barton in Metal Ions in Biological Systems,
Vol. 33 (Eds.: A. Sigel, H. Sigel), Marcel Dekker, 1996, pp. 325–365.


[3] C. Moucheron, A. Kirsch-De Mesmaeker, J. Kelly in Structure and
Bonding, Vol. 92 (Ed.: M. J. Clarke), Springer, 1998, pp. 163–216.


[4] R. Blasius, C. Moucheron, A. Kirsch-De Mesmaeker, Eur. J. Inorg.
Chem. 2004, 3971–3979.


[5] O. Lentzen, E. Defrancq, J.-F. Constant, S. Schumm, D. Garcia-Fres-
nadillo, C. Moucheron, P. Dumy, A. Kirsch-De Mesmaeker, J. Biol.
Inorg. Chem. 2004, 9, 100–108.


[6] a) H. G. Hansma, J. Vac. Sci. Technol. B 1996, 14, 1390–1394;
b) H. G. Hansma, I. Revenko, K. Kim, D. E. Laney, Nucleic Acids
Res. 1996, 24, 713–720.


[7] a) S. D. Jett, D. I. Cherny, V. Subramaniam, T. M. Jovin, J. Mol. Biol.
2000, 299, 585–592; b) M. Lysetska, A. Knoll, D. Boehringer, T.
Hey, G. Krauss, G. Krasch, Nucleic Acids Res. 2002, 30, 2686–2691;
c) J. E. Coury, L. McFail-Isom, L. D. Williams, L. A. Bottomley,
Proc. Natl. Acad. Sci. USA 1996, 93, 12283–12286; d) J. E. Coury,
J. R. Anderson, L. McFail-Isom, L. D. Williams, L. A. Bottomley, J.
Am. Chem. Soc. 1997, 119, 3792–3796; e) T. Berge, N. S. Jenkins,
R. B. Hopkirk, M. J. Waring, J. M. Edwardson, R. M. Henderson,
Nucleic Acids Res. 2002, 30, 2980–2986.


[8] a) L. H. Pope, M. C. Davies, C. A. Laughton, C. J. Roberts, S. J. B.
Tendler, P. M. Williams, Anal. Chim. Acta 1999, 400, 27–32;
b) H. G. Hansma, J. Vesenka, C. Siegerist, G. Kelderman, H. Mor-
rett, R. L. Sinsheimer, V. Elings, C. Bustamante, P. K. Hansma, Sci-
ence 1992, 256, 1180–1184; c) F. Nagami, G. Zuccheri, B. SamorP, R.
Kuroda, Anal. Biochem. 2002, 300, 170–176.


[9] D. Lang, P. Coates, J. Mol. Biol. 1968, 36, 137–151.
[10] a) C. Rivetti, M. Guthold, C. Bustamante, J. Mol. Biol. 1996, 264,


919–932; b) C. Rivetti, C. Walker, C. Bustamante, J. Mol. Biol.
1998, 280, 41–59.


[11] M. Bussiek, N. MQcke, J. Langowski, Nucleic Acids Res. 2003, 31, e137.
[12] E. Yavin, E. D. A. Stemp, L. Weiner, I. Sagi, R. Arad-Yellin, A.


Shanzer, J. Inorg. Biochem. 2004, 98, 1750–1756.
[13] a) A. Kirsch-De Mesmaeker, R. Nasielski-Hinkens, D. Maetens, P.


Pauwels, J. Nasielski, Inorg. Chem. 1984, 23, 377–379; b) J. M. Kelly,
D. J. McConnell, C. OhUigin, A. B. Tossi, A. Kirsch-De Mesmaeker,
A. Masschelein, J. Nasielski, J. Chem. Soc. Chem. Commum. 1987,
1821–1823; c) A. B. Tossi, J. M. Kelly, Photochem. Photobiol. 1989,
49, 545–556; d) J. P. Lecomte, A. Kirsch-De Mesmaeker, Inorg.
Chem. 1995, 34, 6481–6491; e) J. P. Lecomte, A. Kirsch-De Mes-
maeker, J. M. Kelly, A. B. Tossi, H. Gçrner, Photochem. Photobiol.
1992, 55, 681–689; f) A. Del Guerzo, A. Kirsch-De Mesmaeker,
Inorg. Chem. 2002, 41, 938–945.


[14] a) D. Lang, H. Bujard, B. Wolff, D. Russell, J. Mol. Biol. 1967, 23,
163–181; b) D. I. Cherny, T. M. Jovin, J. Mol. Biol. 2001, 313, 295–
307.


[15] K. Umemura, M. Ishikawa, R. Kuroda, Anal. Biochem. 2001, 290,
232–237.


[16] P. Vicendo, S. Mouysset, N. Paillous, Photochem. Photobiol. 1997,
65, 647–655.


[17] H. G. Hansma, D. E. Laney, Biophys. J. 1996, 70, 1933–1939.
[18] J. Hu, M. Wang, H.-U. Weier, P. Frantz, W. Kolbe, D. F. Ogletree, M.


Salmeron, Langmuir 1996, 12, 1697–1700.
[19] A control plasmid DNA (pUC19 DNA, New England BioLabs) did


not exhibit any linear form.
Received: April 15, 2005


Revised: July 15, 2005
Published online: October 14, 2005


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 758 – 762762


S. De Feyter, A. Kirsch-De Mesmaeker et al.



www.chemeurj.org






DOI: 10.1002/chem.200500720


An Enantiomeric Nanoscale Architecture Obtained from a
Pseudoenantiomeric Aggregate: Covalent Fixation of Helical Chirality
Formed in Self-Assembled Discotic Triazine Triamides by Chiral
Amplification
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Introduction


Chiral amplification is one of the most challenging targets
of chemists in view of elucidating the origin of homochirali-
ty in l-amino acids and d-saccharides in natural systems.[1]


In artificial architectures, chiral amplification was first found
in covalent macromolecular systems incorporating tiny
amounts of chiral components. In helical macromolecules
without chiral centers such as polyisocyanates,[2,3] polyiso-
cyanides,[4] polysilanes,[5] polythiophenes,[6] and a peptide nu-
cleic acid,[7] even small amounts of the covalently incorpo-
rated chiral components govern the entire chiral structure of
these macromolecule according to the so-called sergeants/
soldiers principle.[2] The resulting helical species have much
higher optical activity than expected from the chiral-to-achi-
ral ratio. Similarly, macromolecular helicity in achiral poly-


Abstract: Covalent fixation of a chiral
helical structure which is created in a
self-assembling system by a chiral-am-
plification method based on the ser-
geants/soldiers principle is reported.
Disk-shaped triazine triamides self-as-
sembled to form columnar-type helical
aggregates through p-stacking interac-
tions among the central triphenyltri-
azine moieties, hydrogen-bonding inter-
actions among the amide groups, and
van der Waals interactions among the
alkyl groups in nonpolar solvents such
as hexane, octane, toluene, and p-
xylene. When the achiral triazine tri-
amide soldier component is mixed with
a tiny amount of the chiral triazine tri-
amide sergeant component, control of
the intrinsic supramolecular helicity of


the self-assembled soldier component
by the sergeant component leads to
chiral amplification and formation of a
pseudoenantiomeric aggregate with
only one handedness of the helix. The
helicity can be preserved by ring-clos-
ing olefin metathesis polymerization
mediated by Grubbs catalyst when an
achiral component with terminal ole-
finic groups forms the pseudoenantio-
meric aggregate in the presence of a
tiny amount of the chiral component
without olefinic groups. After polymer-


ization and removal of the chiral com-
ponent, the polymeric architecture ob-
tained from the achiral soldier compo-
nent is optically active and thus can be
regarded as an enantiomeric object in
which the chiral information transfer-
red from the chiral sergeant compo-
nent is preserved. The nanoscale chiral
structure is fixed perfectly, as indicated
by CD spectroscopic evidence obtained
in a polar THF medium at high tem-
perature and low concentration. AFM
and TEM observations show a nano-
scale fibrous structure with a diameter
of 2–4 nm, which corresponds to the
molecular size of the triazine triamide
monomer.
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phenylacetylenes is governed by noncovalent synthesis, in
which a chiral additive with low optical purity interacts with
the macromolecule to achieve chiral amplification.[8] In a
limited number of asymmetric reactions, chiral amplification
was observed to produce chiral products with high enantio-
meric excess by using a chiral auxiliary or catalyst with low
optical purity.[9] Recently, chiral amplification has been ex-
tended to supramolecular assembled systems in finite aggre-
gates with a capsule structure[10] and infinite aggregates with
an extended columnar structure.[11–13] In these systems, tiny
amounts of the chiral self-assembling components used as
sergeants govern the manner of self-assembly of the excess
of achiral components used as soldiers to create chirally or-
dered supramolecular systems. Generally, a supramolecular
aggregate structure is constructed by weak noncovalent in-
teractions such as van der Waals interactions, hydrogen-
bonding interactions, p-stacking interactions, metal–ligand
interactions, and so on.[14] The weak interactions are intensi-
fied in the self-assembly process to stabilize the supramolec-
ular structure. Thus, a supramolecular self-assembled system
is regarded as one of the most suitable media for chiral am-
plification, in which chiral information of the chiral sergeant
component is transferred to the soldier-based aggregate via
the noncovalent interactions and amplified to control the
entire supramolecular chirality. The chiral aggregates pro-
duced by chiral amplification would provide an attractive
medium for asymmetric reactions[15] and chiral recogni-
tion,[16] as well as applications as nanoscale functional mate-
rials with piezoelectric, pyroelectric, and ferroelectric prop-
erties,[17] although the low stability of the noncovalent archi-
tecture should be overcome by using chemical modification
such as covalent fixation. Recently, Meijer et al. reported
fixation of a chiral structure created in a columnar-type heli-
cal aggregate by a chiral-amplification method.[18] Chiral fix-
ation was attributed to the creation of new chiral centers
during the photopolymerization of the terminal sorbyl moi-
eties introduced in the achiral components. The chiral archi-
tecture thus obtained has a kinetically stable helical struc-
ture which is retained in nonpolar media but collapses in
polar media.


Previously, we reported that 1,3,5-tris[4-(1-naphthyl)phen-
yl]triazine shows an extremely high electron-drift mobility
of 8D10�3 cm2V�1 s�1, which is one of the highest values in
amorphous electron-transporting materials.[19] The electron
is conventionally transported along a suitable p-stacking
path between the molecules even in the amorphous state.
This p stacking is ascribed to the flat conformation of the
central triphenyltriazine core,[20] which tends to form a col-
umnar-type stacking path.[21] This result led us to design new
p-stacked columnar-type architectures based on self-assem-
bling triazine-based discotic molecules. In addition to the p-
stacking interactions among the triazine moieties, we have
used hydrogen-bonding interactions to stabilize the new col-
umnar-type architecture.[22] Here, we report chiral amplifica-
tion in self-assembly of triazine derivatives with three amide
groups and preservation of the chiral structure by ring-clos-
ing olefin metathesis. The helicity in the one-dimensional


columnar-type aggregate composed of achiral triazine tri-
amide soldiers is governed by a tiny amount of the chiral tri-
azine triamide sergeant. After polymerization of the termi-
nal olefinic moieties introduced in the achiral component,
the polymeric architecture obtained from only the achiral
component without any chiral centers completely preserves
the chiral information, which can not be destroyed even in
polar media.


Results and Discussion


3,4,5-Trialkoxybenzoic acid methyl esters 2a–e with 1-
propyl, 1-octyl, 1-dodecyl, 3-(S)-3,7-dimethyl-1-octyl, and
oct-7-enyl groups, respectively, were prepared by alkoxyla-
tion of methyl 3,4,5-trihydroxybenzoate 1 with three equiva-
lents of the corresponding bromide.[23] In contrast, 2 f with
two different alkoxyl groups (one dodecyloxy group at the
4-position and two oct-7-enyloxy groups at the 3- and 5-posi-
tions) was obtained by selective alkoxylation of one hydrox-
yl group at the 4-position of 1 with one equivalent of 1-bro-
mododecane to give 3 and subsequent alkoxylation of the
remaining hydroxyl groups with two equivalents of 8-
bromo-1-octene. Compounds 2a–f were converted to the
corresponding aroyl chlorides 5a–f by treatment with aque-
ous potassium hydroxide to give the corresponding carbox-
ylic acids 4a–f and subsequent treatment with thionyl chlo-
ride.[23] Triazine triamides 8a–f were prepared by condensa-
tion reactions of the aroyl chlorides 5a–f with 2,4,6-tris(4-
aminophenyl)-1,3,5-triazine (7) in the presence of triethyl-
amine (Scheme 1). The key synthetic intermediate 7 was de-
rived from the corresponding tribromide 6[19] by coupling
with lithium bis(trimethylsilyl)amide in the presence of a
palladium(0) catalyst.[24] Triazine triamides 8a–f were char-
acterized on the basis of spectroscopic methods and elemen-
tal analysis.


To elucidate the effect of the central triazine core in 8a–f,
the corresponding benzene-core derivative 11 with chiral
substituents was prepared by a similar condensation reaction
of 5d with 10 (Scheme 2). The key synthetic intermediate 10
was obtained from 1,3,5-tribromobenzene by coupling with
N-Boc-4-aminophenylboronic acid in the presence of a pal-
ladium(0) catalyst and subsequent deprotection of the ob-
tained 9 by treatment with trifluoroacetic acid.


In aliphatic hydrocarbon solvents such as hexane, cyclo-
hexane, and octane at 10 mm, 8b, 8c, and 8d can form vis-
coelastic fluid organogels (Table 1), in which one-dimension-
al aggregates composed of 8b, 8c, and 8d molecules are en-
tangled into three-dimensional network structures that pre-
vent the solvents from flowing.[25,26] Triazine 8a with short n-
propyl chains is insoluble in these solvents, but it can form
viscous solutions in aromatic hydrocarbons such as benzene,
toluene, and p-xylene (Table 1). Interestingly, benzene-core
derivative 11 shows similar gelation ability to 8b, 8c, and 8d
(Table 1). The organogel aggregate structure of 8b and 8d
can be visualized by SEM observations. The SEM images of
the xerogels obtained from 8b and 8d in cyclohexane at
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�15 8C/0.1 Torr showed a fibrous structure with 500–
2000 nm diameters (Figure 1).[27] The aggregate structures of
8b, 8c, and 8d can be maintained even at a low concentra-
tion of about 0.01 mm in aliphatic hydrocarbons and about
0.1 mm in aromatic hydrocarbons (see below).


In octane and p-xylene solutions of 8b (1.0 mm), NH
stretching vibrations at 3299 and 3302 cm�1, respectively,
were observed at almost the same wavenumber (3317 cm�1)
in the solid state (KBr), whereas they shifted to lower wave-
number compared to that in a dichloromethane solution
(3424 cm�1, Table 2). A similar trend was observed in C=O
stretching vibrations: 1649 cm�1 in KBr, 1645 cm�1 in octane,
1645 cm�1 in p-xylene, and 1681 cm�1 in dichloromethane.


The results indicate that hydro-
gen-bonding interactions
among amide moieties contrib-
ute to formation of the aggre-
gates. In octane solutions of 8b,
the NH and C=O stretching vi-
brations do not change between
gel (10 mm) and sol (1.0 mm)
phases, that is, the aggregates in
both gel and sol phases have
the same hydrogen-bonding
network structure. Evidence for
hydrogen bonding was observed
in the other triazine derivatives
8a, 8c, and 8d as well as in
benzene-core derivative 11
(Table 2).


In 8b, 8c, and 8d, p-stacking
interaction to form one-dimen-
sional aggregates was con-
firmed by UV/Vis spectroscopy.
In polar solvents at 1.0 mm and
20 8C, 8b shows an absorption
band at 329 nm in dichlorome-
thane and around 333–344 nm
in THF. In contrast, the absorp-
tion band shifted hypsochromi-
cally to 308 nm in octane and to
310 nm in p-xylene (Figure 2).
The hypsochromic shift in the
nonpolar solvents could be at-
tributed to self-assembled 8b
molecules in an H-type aggre-
gation mode, which is rational-
ized by the exciton-coupling
theory.[28] The stability of the
8b-based aggregate can be
monitored by temperature- and
concentration-dependent UV/


Scheme 1. Preparation of triazine triamides 8a–f. TMS= trimethylsilyl,
dba=dibenzylideneacetone, TEA= triethylamine.


Table 1. Organic solvents tested for gelation by 8a–d and 11.[a]


Solvent 8a 8b 8c 8d 11


hexane I G vS (G)[b] G G
cyclohexane I G S (vS)[b] G vS
octane I G vS (G)[b] G G
benzene vS (R)[b] R S R S
toluene vS (R)[b] R S R S
p-xylene tG (R)[b] S S (pG)[b] S S
dichloromethane R S S S S
chloroform S S S S S
diethyl ether I S S S S
THF S S S S S
1,4-dioxane S R R R S
ethanol R R R R I
ethyl acetate R R R R S
acetone R R R R S


[a] [gelator]=10 mm, at room temperature. G=gel, pG=partial gel,
tG= turbid gel, R= recrystallization, S= solution, vS=viscous solution,
I= insoluble. [b] The data in parentheses are for 5 8C.
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Vis spectroscopy at 20–75 8C and 1.0–0.01 mm. Under these
conditions, the UV/Vis spectra scarcely changed in octane,
that is, the aggregate formed in octane solution is quite
stable and does not dissociate. In contrast, in p-xylene the
aggregate dissociates at a low concentration of about


Scheme 2. Preparation of benzene triamide 11. DME=dimethoxyethane, TFA= trifluoroacetic acid.


Figure 1. SEM images of cyclohexane xerogels of 8b (a) and 8d (b), pre-
pared at �15 8C/0.1 Torr.


Figure 2. UV/Vis spectra of 8b in octane, p-xylene, dichloromethane, and
THF at 1.0 mm (0.01 cm width cell) at 20 8C.


Table 2. NH and C=O stretching vibrations of 8b and 11.


Compound Conditions nNH nC=O


8b KBr 3317 1649
octane (10 mm, gel) 3295 1645
octane (1.0 mm, sol) 3299 1645
p-xylene (1.0 mm) 3302 1645
dichloromethane (1.0 mm) 3424 1681


11 KBr 3303 1645
octane (1.0 mm) 3303 1647
dichloromethane (1.0 mm) 3429 1674
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0.01 mm (Figure 3) and at a high temperature of about 75 8C
(Figure 4a), since the UV/Vis spectra changed with chang-
ing conditions, and the resulting spectra were very similar to
those observed in dichloromethane and THF solutions.
Comparison of the spectral shapes of 8b, 8c, and 8d indi-


cates the order of aggregate stability to be 8b>8c>8d
(Figure 4 and S-Figure 1–3 in Supporting Information). The
inferior stability of aggregated 8d could be ascribed to un-
favorable packing of the chiral alkyl groups arising from the
branched structure.[29]


The CD spectra of 8d with chiral alkyl groups in octane
and p-xylene at 1.0 mm at 20 8C exhibited a negative exci-
ton-coupling pattern with negative first Cotton effect and
positive second effect (321 (De=�181.4 cm2mmol�1) and
302 nm (De=81.0 cm2mmol�1) in octane, and 324 (De=
�150.5 cm2mmol�1) and 304 nm (De=122.5 cm2mmol�1) in
p-xylene), and the intersections at lq=0 of 309 nm in octane
and 313 nm in p-xylene were in accord with the absorption
maxima (Figure 5). In contrast, 8d is CD-inactive in di-


chloromethane and THF. The exciton-splitting pattern
found in the octane sol samples (0.01–1.0 mm) is observable
also in the gel sample (10 mm) without any shifts and
changes in the CD spectrum, that is, the aggregates in gel
and sol phases have the same helical stacking mode
(Figure 5). In octane solution, the CD spectra scarcely
changed even at low concentration (ca. 0.01 mm) and high
temperature (ca. 75 8C; Figures 6a and 7a). In contrast, in p-
xylene the magnitude of the Cotton effects decreased with
decreasing concentration and increasing temperature (Fig-
ures 6b and 7b, and S-Figure 4 in Supporting Information);
this indicates a reversible aggregation and dissociation equi-
librium of 8d. The trend is in accordance with that of the
UV/Vis spectra.


Here we propose a possible aggregate structure stabilized
by cooperative p stacking, hydrogen bonding, and van der
Waals interactions. When p stacking of the central triphenyl-
triazine moieties forms a one-dimensional aggregate, a triple
helical network of hydrogen bonds among the amide groups
propagates along the aggregate axis and enforces a helical
mode of the aggregate (Figure 8).[22a] A subtle balance be-
tween packing and solvation of the alkyl groups is important
to control the solubility and to prevent crystallization of the
aggregate. In the absence of any sources of chirality, the ag-
gregate exists as equal amounts of left- and right-handed en-
antiomeric helices in a racemic mixture. By introducing the
chiral center in 8d, a pair of two helical aggregates is


Figure 3. Concentration-dependent change of UV/Vis spectra of 8b in p-
xylene (20 8C): 1.0 mm (0.01 cm width cell), 0.1 mm (0.1 cm width cell),
and 0.01 mm (1 cm width cell).


Figure 4. Temperature-dependent change of UV/Vis spectra of 8b (a), 8c
(b), and 8d (c) in p-xylene at 1.0 mm (0.01 cm width cell) at 20, 30, 40,
50, 60, 70, and 75 8C.


Figure 5. CD spectra of 8d in octane, p-xylene, and dichloromethane at
1.0 mm (0.01 cm width cell) at 20 8C. The octane gel sample (10 mm) was
measured between two quartz glass plates.
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changed from an enantiomeric relationship to a diastereo-
meric one, and the left-handed helical aggregate exists as a
favored diastereoisomer under dynamic exchange condi-
tions. Selective formation of left-handedness is explained by
the negative exciton-coupling pattern found in the CD spec-
tra.[30]


In contrast to triazine derivative 8d, benzene-core deriva-
tive 11 was CD-inactive even in nonpolar solvents. In addi-
tion, the UV/Vis spectra of 11 scarcely changed between
polar dichloromethane and nonpolar octane solutions
(Figure 9). These results show that the central 1,3,5-triphen-
ylbenzene moiety in 11 is not suitable for intermolecular p-
stacking because of its nonplanar structure. Thus, molecules
of 11 can self-assemble only through hydrogen-bonding in-
teractions among the amide groups but not by p stacking in-
teractions, and hence a less-ordered aggregate is formed in a
nonchiral manner. A comparison of 8d with 11 provides the
valuable information that the planar structure of the central
2,4,6-triphenyl-1,3,5-triazine moiety in 8d is very suitable for
p stacking. The planar structure in 8d was elucidated not
only on the basis of the single-crystal structure of 2,4,6-tri-
phenyl-1,3,5-triazine[20] but also by molecular modeling
(Spartan, Hartree–Fock 6-31G*, Figure 10). Probably, the
electron-deficient nature of the central triazine core contrib-
utes to the p-stacking interactions that stabilize the one-di-
mensional aggregate.[31]


Chiral amplification of the present aggregate system was
monitored by CD spectroscopy. When a total concentration
of achiral 8b and chiral 8d was kept constant at 1.0 mm, the
magnitude of the Cotton effects increased nonlinearly with
increasing amount of 8d. The Cotton effects are observable
even in the presence of a tiny amount of 8d. In octane solu-


Figure 6. Concentration-dependent change of CD spectra of 8d in octane
(a) and p-xylene (b) at 20 8C: 1.0 mm (0.01 cm width cell), 0.1 mm (0.1 cm
width cell), and 0.01 mm (1 cm width cell).


Figure 7. Temperature-dependent change of CD spectra of 8d in octane
(a) and p-xylene (b) at 1.0 mm (0.01 cm width cell) at 20, 30, 40, 50, 60,
70, and 75 8C.


Figure 8. Stacking model for 8b.
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tion, the 8b-based aggregate is CD-active in the presence of
0.01 mol% of 8d. With only 1 mol% of 8d the magnitude
of CD intensity is as strong as that of the diastereomeric ag-
gregate composed only of 8d, that is, chiral amplification
really does occur to preferentially form one of the two heli-
cal aggregates (Figure 11a). Even at a low concentration of
0.01 mm, chiral amplification can be achieved without any
decrease in optical activity (S-Figure 5 in Supporting Infor-


mation). A similar trend was observed in p-xylene, although
the efficiency is reduced by one order of magnitude com-
pared to that in octane (Figure 11b). In octane, one mole-
cule of the chiral sergeant 8d controls the helical stacking
mode of 100 molecules of achiral soldier 8b, whereas in p-
xylene ten molecules of 8b are governed by one molecule of
8d (Figure 12). In the chiral-amplification process, the race-


mic mixture of left- and right-handed helical aggregates
composed of achiral component 8b is converted to a pseu-
doenantiomeric aggregate with left-handed helicity including
a tiny amount of chiral component 8d under dynamic ex-
change conditions (Figure 13).


To preserve the helical aggregate structure, we polymer-
ized the pseudoenantiomeric aggregate by ring-closing meta-
thesis (RCM) mediated by the Grubbs catalyst


Figure 9. UV/Vis (a) and CD spectra (b) of 11 in octane and dichloro-
methane at 1.0 mm (0.01 cm width cell) at 20 8C.


Figure 10. Computer-simulated structure of the methyl ether derivative of
8 by a MO calculation (Spartan, Hartree–Fock 6-31G*): top view (a) and
side view (b).


Figure 11. CD spectra of the mixture of 8b and 8d in octane (a) and p-
xylene (b) at [8b+8d]=1.0 mm (0.01 cm width cell): [8d]/{[8b]+ [8d]}D
100=0, 0.01, 0.1, 0.25, 1, 10, and 100 mol%.


Figure 12. Plots of relative CD intensity at 325 nm (CDobs/CD100 mol% of
3dD100) vs mole percentage of 8b ([8d]/([8b]+ [8d])D100) for the mix-
ture of 8b and 8d in octane and p-xylene. The total concentration of 8b
and 8d was kept at 1.0 mm.
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(Figure 13).[32,33] For this, new triazine triamides 8e and 8 f
with terminal olefinic groups were designed and prepared
(Scheme 1).


Like 8b, 8e with nine terminal olefinic groups is CD-
active in the presence of chiral 8d (10 mol%). Due to the
low solubility of 8e, chiral amplification was only achieved
in toluene solution at a concentration of about 0.1 mm


(Figure 14). Thus, the RCM reaction was performed at a


moderate concentration of 0.1 mm. To facilitate the chiral
amplification, the reaction was carried out at a low tempera-
ture of 5 8C. After addition of the Grubbs catalyst to a tolu-
ene solution of 8e/8d (90/10 mol/mol), the reaction solution
was quenched by oxygen and diluted with THF to a concen-
tration of 0.01 mm. The diluted THF solution, which was
subjected directly to CD measurement without purification,
showed retention of the exciton-coupling pattern in the CD
spectrum even in the polar medium (Figure 15), in which
monomer 8e and sergeant 8d dissolved molecularly to be


CD-inactive, as outlined above. Time-dependent CD moni-
toring indicated that the RCM polymerization proceeds rap-
idly in around 5 min (Figure 15). However, after evaporation
of the solvents, the resulting polymeric material (poly-1)
shows significantly poor solubility in common organic sol-
vents. Thus, further characterization of poly-1 could not be
performed. The poor solubility of poly-1 could be ascribed
to the moderate reaction concentration of 0.1 mm, where in-
tercolumnar polymerization could compete with the desired
intracolumnar polymerization to produce a three-dimension-
al network structure. In addition, the presence of nine multi-
ple bonds groups in 8e is disadvantageous for preventing in-
tercolumnar polymerization.


To overcome the undesired intercolumnar polymerization,
three of the nine olefinic groups in 8e were replaced with
three long dodecyl groups, which also act as soluble chains.
Thus, triazine triamide 8 f with six terminal olefinic groups
was designed and prepared (Scheme 1). As expected, 8 f dis-
solves in aliphatic hydrocarbons such as hexane and octane.
Similar to 8b without olefinic groups, 8 f shows chiral ampli-
fication on self-assembling in the presence of 1 mol% of 8d
(Figure 16). The degree of chiral amplification is strong


enough even at a low concentration of 0.01 mm. The dilute
conditions are very suitable for facilitating intracolumnar
RCM polymerization and avoiding intercolumnar polymeri-


Figure 13. Schematic explanation of chiral amplification for the one-
dimensional stacking of achiral 8b,e,f in the presence of tiny amounts of
chiral 8d, and subsequent preservation of the chiral structure by ring-
closing metathesis.


Figure 14. CD spectra of the mixture of 8e and 8d (90/10 mol/mol) in tol-
uene at 20 8C: [8e+8d]=0.01, 0.1, and 1.0 mm, in 1.0, 0.1, and 0.01 cm
width cells, respectively.


Figure 15. CD spectra of the mixture of 8e and 8d (90/10 mol/mol) in
THF at 0.01 mm, before and after polymerization (5 and 30 min). After
the polymerization of the mixture of 8e and 8d in toluene (0.1 mm) at
5 8C in the presence of Grubbs catalyst, the reaction mixture was diluted
with THF to 0.01 mm and subjected to the CD measurement.


Figure 16. CD spectra of the mixture of 8 f and 8d (99/1 mol/mol) in
hexane at 20 8C: [8f+8d]=0.01, 0.1, and 1.0 mm in 1.0, 0.1, and 0.01 cm
width cells, respectively.


www.chemeurj.org A 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 763 – 776770


T. Ishi-i et al.



www.chemeurj.org





zation. The RCM reaction of the 8 f/8d (99/1 mol/mol)
system was performed in hexane at 0.01 mm. After evapora-
tion, the soluble and insoluble polymeric components in
chloroform were separated by filtration. Finally, the soluble
polymeric product poly-2 was purified by size-exclusion
chromatography (SEC) with chloroform as eluant, by which
chiral component 8d was recovered quantitatively. Thus, the
obtained poly-2 is composed of only achiral units without
any chiral centers.


The preservation of the chirally-ordered helical structure
in poly-2 is indicated by retention of the exciton-coupling
pattern in the CD spectra even in polar media such as THF,
in which monomer 8 f and sergeant 8d did not form CD-
active aggregates. The magnitude of the Cotton effects in
THF did not change under conditions of extreme dilution of
0.001 mm and a high temperature of 60 8C (Figure 17), and


hence the observed Cotton effects are ascribed to an intra-
molecular organization within molecularly dissolved poly-2.
Compared to the chiral aggregate of 8 f/8d before polymeri-
zation, poly-2 shows comparable magnitude of the Cotton
effects. This indicates that the RCM reaction is performed
without dissociation of the aggregate and the helical infor-
mation is retained completely in the poly-2 structure. In
poly-2, hydrogen-bonding interactions among the amide
groups are effective in the polar THF and dichloromethane
solutions, as indicated by the stretching vibrations for hydro-
gen-bonded NH and C=O groups (Table 3). The RCM reac-


tion fixes the triazine triamide units at specific positions to
facilitate the p-stacking and hydrogen-bonding interactions.


A nanoscale fibrous structure of poly-2 was monitored by
TEM and AFM. A TEM image shows an amoeba-like struc-
ture with 10–100 nm size, which would be ascribed to reag-


Figure 17. CD spectra of poly-2 in THF at 1.0 mm (at 20 8C, in 0.01 cm
width cell) and 0.001 mm (at 20 and 60 8C, in 10 cm width cell): the con-
centration was calculated on the basis of monomer unit 8 f. The poly-2
was obtained by polymerization of a mixture of 8 f and 8d (99/1 mol/
mol) in hexane (0.01 mm) at 20 8C in the presence of Grubbs catalyst and
purified by SEC.


Table 3. NH and C=O stretching vibrations of 8 f and poly-2.


Compound Conditions nNH nC=O


8 f KBr 3302 1645
octane (1.0 mm) 3299 1645
dichloromethane (1.0 mm) 3424 1681


poly-2[a] film 3299 1648
dichloromethane (1.0 mm) 3292 1647
THF (1.0 mm) 3292 1647


[a] Poly-2 was obtained by RCM of 8 f in hexane (0.01 mm) in the pres-
ence of 8d (1 mol%).


Figure 18. a) Molecular size of monomer 8 f. b) TEM image on carbon-
coated copper grid. c) AFM images of poly-2 on HOPG.
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gregation of poly-2 during drop casting on a carbon-coated
copper grid and the subsequent solvent-evaporation process.
However, by careful observation, one can find several
narrow fibrous parts with a diameter of 2–3 nm, which are
comparable to the molecular size of monomer 8 f (extended
molecular size of ca. 4 nm and aromatic core size of ca.
2 nm; Figure 18a and b). An AFM image of poly-2 on
highly oriented pyrolytic graphite (HOPG) also reveals a
nanoscale fibrous structure with a height of 3–4 nm (Fig-
ure 18c). The nanoscale fibrous structure was not observed
at all before RCM polymerization.


Conclusion


We have demonstrated that a chirally ordered helical struc-
ture created in a columnar-type supramolecular aggregate
by chiral amplification is preserved by covalent fixation of
the aggregate. In the chiral amplification, the chiral triazine
triamide sergeant governs the manner of self-assembly of
the achiral triazine triamide soldiers to form a pseudoenan-
tiomeric aggregate with only one handedness of the helix.
The helical structure is fixed perfectly by ring-closing meta-
thesis of the terminal olefinic groups introduced in the achi-
ral component. The resulting polymeric architecture ob-
tained from only the achiral component is optically active
and is regarded as an enantiomeric helical object without
any chiral centers. We believe that the present study will
provide new valuable information for creating a nanoscale
chiral architectures without chiral centers and could be de-
veloped to design a specific nanoscale environment for
asymmetric reaction and chiral recognition as well as nano-
scale functional materials.


Experimental Section


General : All melting points are uncorrected. IR spectra were recorded
on a JASCO FT/IR-470 plus FTIR spectrometer as KBr pellets. 1H NMR
spectra were determined in CDCl3 or (CD3)2SO with a JEOL EX-270 or
LA 400 spectrometer. Residual solvent protons were used as internal
standard, and chemical shifts d are given relative to tetramethylsilane
(TMS). The coupling constants J are reported in hertz. Elemental analy-
sis was performed at the Elemental Analytical Center, Kyushu Universi-
ty. EI-MS spectra were recorded with a JEOL JMS-70 mass spectrometer
at 70 eV using a direct inlet system. FAB-MS were recorded with a
JEOL JMS-70 mass spectrometer with m-nitrobenzyl alcohol (NBA) as
matrix. Matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) was performed on a PerSeptive Biosys-
tems Voyager-DE spectrometer in delayed extraction mode with an ac-
celeration voltage of 20 keV. Samples were prepared from a solution of
THF with a-cyano-4-hydroxycinnamic acid (CHCA) as matrix. UV/Vis
spectra were measured on a JASCO V-560 spectrophotometer between
two quartz plates (10.0 mm), and in a 0.01 cm width quartz cell (1.0 mm),
a 0.1 cm width quartz cell (0.1 mm), a 1.0 cm width quartz cell (0.01 mm),
and a 10 cm width quartz cell (0.001 mm). CD spectra were measured on
a JASCO J-720W spectropolarimeter between two quartz plates
(10.0 mm), and in a 0.01 cm width quartz cell (1.0 mm), a 0.1 cm width
quartz cell (0.1 mm), a 1.0 cm width quartz cell (0.01 mm), and a 10 cm
width quartz cell (0.001 mm).


Size-exclusion chromatography (SEC) was performed with a Japan Ana-
lytical Industry LC-908 using JAIGEL-1H (20D600 mm) and JAIGEL-
2H columns (20D600 mm) with chloroform (3.0 mLmin�1) as eluant. An-
alytical TLC was carried out on silica gel coated on aluminum foil
(Merck 60 F254). Column chromatography was carried out on silica gel
(Wako C-300 or KANTO 60N). THF, hexane, and toluene were distilled
from sodium and benzophenone under an argon atmosphere just before
use. Dichloromethane was distilled from calcium hydride under an argon
atmosphere just before use. Compounds 2a–d, 4a–d, and 5a–d were pre-
pared according to methods reported previously.[23] Preparation of tri-
azine derivative 6 was reported previously.[19]


Gelation test : The gelators 8a–d and 11 and the solvent (10 mm) were
put in a screw-capped test tube and heated until the solid dissolved. The
solution was cooled at 5 8C or 20 8C. If a stable and transparent gel was
observed at this stage, the system classified as a gel.


SEM measurements : A JSM 6340-F scanning electron microscope was
used for recording SEM images. A thin gel, prepared in a sample tube at
10 mm and �15 8C, was evaporated by a vacuum pump (0.1 torr) for 1 h.
The dry sample thus obtained was shielded by Pt. The accelerating volt-
age of SEM was 5 kV and the emission current was 12 mA.


Methyl 3,4,5-tris(oct-7-enyloxy)benzoate (2e): Gallic acid methyl ester
(1, 146 mg, 0.79 mmol) and 8-bromo-1-octene (500 mg, 2.62 mmol) were
added to a suspension of potassium carbonate (1.1 g, 7.9 mmol) in DMF
(6 mL) at room temperature under an argon atmosphere. After the reac-
tion mixture was stirred for 12 h at 70 8C, it was poured into water
(50 mL) and neutralized with aqueous 1.2n hydrochloric acid solution.
The reaction mixture was extracted with dichloromethane (10 mLD2),
dried over anhydrous magnesium sulfate, and evaporated in vacuo to dry-
ness. The oily residue was purified by column chromatography on silica
gel (WAKO C-300) with hexane/chloroform (1/1) as eluant to give 2e in
86% yield (352 mg, 6.83 mmol) as colorless oil; 1H NMR (270 MHz,
CDCl3): d=1.29–1.59 (m, 18H; CH2), 1.63–1.90 (m, 6H; Ar-
OCH2CH2CH2), 1.93–2.16 (m, 6H; ArOCH2CH2), 3.89 (s, 3H;
COOCH3), 4.01 (t, J=6.5 Hz, 6H; ArOCH2), 4.94 (d, J=11.3 Hz, 3H;
olefinic H), 4.99 (d, J=18.6 Hz, 3H; olefinic H), 5.74–5.89 (m, 3H; ole-
finic H), 7.26 ppm (s, 2H; ArH); IR (NaCl): ñ=3076, 2928, 2856, 1722
(C=O), 1640, 1587, 1499, 1386, 1336, 1218, 1118, 996, 909, 863, 766 cm�1;
FAB-MS (NBA): m/z : 514 [M+]; HR-FAB-MS (NBA): m/z calcd for
C32H50O5 [M


+]: 514.3658; found: 514.3652.


Methyl 4-dodecyloxy-3,5-dihydroxybenzoate (3): Compound 1 (1.50 g,
8.15 mmol) and 1-bromododecane (2.03 g, 1.97 mL, 8.15 mmol) were
added to a suspension of potassium carbonate (3.38 g, 24.45 mmol) in
DMF (50 mL) at room temperature under an argon atmosphere. After
the reaction mixture was stirred at room temperature for 10 h, it was
poured into water (200 mL), neutralized with aqueous 1.2n hydrochloric
acid solution, and extracted with chloroform (50 mLD2). The organic
layer was dried over anhydrous magnesium sulfate and evaporated in
vacuo to dryness. The residue was purified by column chromatography
on silica gel (WAKO C-300) with chloroform/ethyl acetate (3/1) as eluant
and recrystallized from chloroform/hexane (1/5) to give 3 in 61% yield
(812 mg, 1.42 mmol) as a white powder; m.p. 81–85 8C; 1H NMR
(270 MHz, CDCl3): d=0.88 (t, J=6.6 Hz, 3H; CH3), 1.26–1.30 (m, 16H;
ArOCH2CH2CH2(CH2)8), 1.39–1.45 (m, 2H; ArOCH2CH2CH2), 1.74–
1.81 (m, 2H; ArOCH2CH2), 3.88 (s, 3H; COOCH3), 4.11 (t, J=6.8 Hz;
2H, ArOCH2), 5.62 (s, 2H; OH), 7.24 ppm (s, 2H; ArH); IR (KBr): ñ=
3533 (OH), 3304 (OH), 2954, 2915, 2851, 1686 (C=O), 1604, 1529, 1462,
1367, 1325, 1272, 1188, 1094, 1058, 1017, 1006, 990, 972, 873, 768, 759,
715, 666, 451 cm�1; EI-MS (70 eV): m/z : 352 [M+]; elemental analysis
calcd (%) for C20H32O5 (352.5): C 68.15; H 9.15; found: C 68.12; H 9.17.


Methyl 4-dodecyloxy-3,5-bis(oct-7-enyloxy)benzoate (2 f): Compound 3
(829 mg, 2.35 mmol) and 8-bromo-1-octene (1.00 g, 875 mL, 5.18 mmol)
were added to a suspension of potassium carbonate (2.15 g, 15.5 mmol)
in DMF (12 mL) at room temperature under an argon atmosphere. After
the reaction mixture was stirred at 70 8C for 12 h, it was poured into
water (150 mL), neutralized with aqueous 1.2n hydrochloric acid solu-
tion, and extracted with dichloromethane (50 mLD2). The organic layer
was dried over anhydrous magnesium sulfate and evaporated in vacuo to
dryness. The oily residue was purified by column chromatography on
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silica gel (WAKO C-300) with chloroform/hexane (1/1) as eluant to give
2 f in 60% yield (812 mg, 1.42 mmol) as colorless oil; 1H NMR
(270 MHz, CDCl3): d=0.88 (t, J=6.6 Hz, 3H; CH3), 1.21–1.36 (m, 24H;
CH2), 1.37–1.54 (m, 6H; ArOCH2CH2CH2), 1.69–1.87 (m, 6H; Ar-
OCH2CH2), 2.06 (q, J=6.5 Hz, 4H; CH2=CHCH2), 3.89 (s, 3H;
COOCH3), 4.01 (t, J=6.3 Hz, 6H; ArOCH2), 4.94 (d, J=11.3 Hz, 2H;
olefinic H), 5.00 (d, J=18.6 Hz, 2H; olefinic H), 5.74–5.89 (m, 2H; ole-
finic H), 7.25 ppm (s, 2H; ArH); IR (NaCl): ñ=3076, 2925, 2854, 1722
(C=O), 1640, 1587, 1500, 1465, 1432, 1387, 1336, 1219, 1118, 1014, 909,
863, 766, 724 cm�1; FAB-MS (NBA): m/z : 572 [M+]; HR-FAB-MS
(NBA): m/z : calcd for C36H60O5 [M


+]: 572.4441; found: 572.4446.


3,4,5-Tris(oct-7-enyloxy)benzoic acid (4e): Compound 2e (340 mg,
0.66 mmol) was added to a solution of potassium hydroxide (110 mg,
1.98 mmol) in ethanol (1 mL) and water (1 mL). After the mixture was
heated to reflux for 1 h, it was poured into water (5 mL), acidified to
pH 4 by addition of 1n hydrochloric acid, and extracted with dichlorome-
thane (2 mLD2). The organic layer was washed with water (4 mL), dried
over anhydrous magnesium sulfate, and evaporated in vacuo to give 4e
in 97% yield (320 mg, 0.64 mmol) as a colorless oil. Without further puri-
fication, 4e was used for the next reaction. 1H NMR (270 MHz, CDCl3):
d=1.29–1.59 (m, 18H; CH2), 1.63–1.90 (m, 6H; ArOCH2CH2CH2), 1.93–
2.16 (m, 6H; ArOCH2CH2), 4.02 (t, J=6.5 Hz, 6H; ArOCH2), 4.94 (d,
J=11.3 Hz, 3H; olefinic H), 4.99 (d, J=18.6 Hz; 3H, olefinic H), 5.74–
5.89 (m, 3H; olefinic H), 7.32 ppm (s, 2H; ArH); IR (NaCl): ñ=3076,
2928, 2856, 2638, 1686 (C=O), 1640, 1586, 1502, 1433, 1386, 1330, 1270,
1228, 1119, 994, 909, 865, 768, 728 cm�1.


3,5-Bis(oct-7-enyloxy)-4-dodecyloxybenzoic acid (4 f): Compound 2 f
(712 mg, 1.24 mmol) was added to a solution of potassium hydroxide
(350 mg, 6.2 mmol) in ethanol (10 mL) and water (10 mL). After the re-
action mixture was heated to reflux for 30 min, it was poured into water
(50 mL), acidified to pH 4 by addition of 1n hydrochloric acid, and ex-
tracted with dichloromethane (20 mLD2). The organic layer was washed
with water (20 mLD2), dried over anhydrous magnesium sulfate, and
evaporated to give 4 f in 97% yield (637.1 mg, 1.20 mmol) as colorless
oil. Without further purification, 4 f was used for the next reaction.
1H NMR (270 MHz, CDCl3): d=0.88 (t, J=6.6 Hz; 3H; CH3), 1.21–1.36
(m, 24H; CH2), 1.37–1.54 (m, 6H; ArOCH2CH2CH2), 1.69–1.87 (m, 6H;
ArOCH2CH2), 2.06 (q, J=6.5 Hz, 4H; CH2=CHCH2), 4.03 (t, J=6.3 Hz,
6H; ArOCH2), 4.94 (d, J=11.3 Hz, 2H; olefinic H), 5.00 (d, J=18.6 Hz,
2H; olefinic H), 5.74–5.89 (m, 2H; olefinic H), 7.32 ppm (s, 2H; ArH);
IR (NaCl): ñ=3077, 2924, 2852, 1685 (C=O), 1642, 1587, 1504, 1467,
1432, 1384, 1333, 1227, 1125, 990, 907, 863, 768, 723 cm�1.


3,4,5-Tris(oct-7-enyloxy)benzoyl chloride (5e): Thionyl chloride (300 mg,
0.17 mL, 2.48 mmol) was added to a solution of 4e (310 mg, 0.62 mmol)
in dichloromethane (2 mL) at room temperature under an argon atmos-
phere. After the reaction mixture was stirred for 30 min at room temper-
ature, the solvent and excess thionyl chloride were removed by distilla-
tion to give 5e in 99% yield (320 mg, 0.62 mmol) as a colorless oil. With-
out further purification, 5e was treated with 7. 1H NMR (270 MHz,
CDCl3): d=1.29–1.59 (m, 18H; CH2), 1.63–1.90 (m, 6H; Ar-
OCH2CH2CH2), 1.93–2.16 (m, 6H; ArOCH2CH2), 4.02 (t, J=6.5 Hz; 6H,
ArOCH2), 4.94 (d, J=11.3 Hz, 3H; olefinic H), 4.99 (d, J=18.6 Hz, 3H;
olefinic H), 5.74–5.89 (m, 3H; olefinic H), 7.31 ppm (s, 2H; ArH); IR
(NaCl): ñ=3076, 2929, 2856, 1751 (C=O), 1640, 1585, 1496, 1466, 1428,
1388, 1329, 1235, 1144, 1119, 994, 909, 851, 771, 692 cm�1.


3,5-Bis(oct-7-enyloxy)-4-dodecyloxybenzoyl chloride (5 f): Thionyl chlo-
ride (500 mg, 0.28 mL, 4.16 mmol) was added to a solution of 4 f (600 mg,
1.07 mmol) in dichloromethane (4 mL) at room temperature under an
argon atmosphere. After the reaction mixture was stirred for 30 min at
room temperature under an argon atmosphere, the solvent and excess
thionyl chloride were removed by distillation to give 5 f in 100% yield
(617 mg, 1.07 mmol) as colorless oil. Without further purification, 5 f was
treated with 7. 1H NMR (270 MHz, CDCl3): d=0.88 (t, J=6.6 Hz, 3H;
CH3), 1.21–1.36 (m, 24H; CH2), 1.37–1.54 (m, 6H; ArOCH2CH2CH2),
1.69–1.87 (m, 6H; ArOCH2CH2), 2.06 (q, J=6.5 Hz, 4H; CH2=CHCH2),
4.03 (t, J=6.3 Hz, 6H; ArOCH2), 4.94 (d, J=11.3 Hz, 2H; olefinic H),
5.00 (d, J=18.6 Hz, 2H; olefinic H), 5.74–5.89 (m, 2H; olefinic H),
7.33 ppm (s, 2H; ArH); IR (NaCl): ñ=3075, 2925, 2854, 1752 (C=O),


1641, 1585, 1496, 1467, 1428, 1385, 1328, 1235, 1144, 1119, 994, 909, 851,
770 cm�1.


2,4,6-Tris(4-aminophenyl)-1,3,5-triazine (7): A solution of P(tBu)3 in
hexane (0.05m, 700 mL, 0.35 mmol) was added to a solution of [Pd(dba)2]
(201 mg, 0.35 mmol; dba= trans,trans-dibenzylideneacetone) in dry tolu-
ene (17.5 mL) at room temperature under an argon atmosphere and al-
lowed to stand for 10 min. 2,4,6-Tri(4-bromophenyl)-1,3,5-triazine (6,
1.91 g, 3.5 mmol) and a solution of lithium bis(trimethylsilyl)amide in
hexane (1.06m 10.9 mL, 11.55 mmol) were added to the mixture, which
was heated at 80 8C for 39 h (dark violet solution to dark greenish brown
suspension). After the reaction mixture (brown suspension) was cooled
to room temperature, it was quenched by addition of aqueous 1.2n hy-
drochloric acid solution (7 mL) and diluted with water (10 mL) and di-
ethyl ether (10 mL). The suspension was filtered and washed with aque-
ous 1.2n hydrochloric acid solution (40 mL), water (110 mL), and diethyl
ether (100 mL). The combined filtrate was transferred to a separating
funnel. The separated water phase was washed with diethyl ether
(50 mLD2) and treated with cold aqueous 1n sodium hydroxide solution
(15 mL). The obtained white precipitate was collected by filtration and
washed with water (150 mL), methanol (30 mL), and dichloromethane
(20 mL) to give 7 in 34% yield (417 mg, 1.18 mmol) as a pale yellow
solid: m.p. 415–420 8C (decomp); 1H NMR (395 MHz, (CD3)2SO): d=


5.90 (s, D2O exchange, 6H; NH2), 6.68, 8.34 ppm (d, J=8.6 Hz, each 6H;
ArH); IR (KBr): ñ=3461 (NH), 3378 (NH), 3323 (NH), 3211 (NH),
3030, 1633, 1606, 1578, 1497, 1433, 1366, 1294, 1179, 1147, 1129, 813 cm�1;
EI-MS (70 eV): m/z : 354 [M+]; elemental analysis calcd (%) for
C21H18N6·0.5H2O (354.4): C 69.40; H 5.30; N 23.23; found: C 69.12; H
5.06; N 22.62.


2,4,6-Tris{4-[3,4,5-tris(propyloxyphenyl)carbonylamino]phenyl}-1,3,5-tri-
azine (8a): Compound 5a (315 mg, 1.0 mmol) in dry THF (2 mL) was
added dropwise to a solution of 7 (106 mg, 0.3 mmol) and triethylamine
(0.17 mL, 1.2 mmol) in dry THF (8 mL) at 0 8C under an argon atmos-
phere. The mixture was stirred at room temperature for 3 h. The reaction
mixture was filtered to remove triethylamine hydrochloride and the fil-
trate was evaporated in vacuo to dryness. The residue was suspended in
diethyl ether (10 mL), collected by filtration, and washed with diethyl
ether (20 mL). The solid was purified by column chromatography on
silica gel (KANTO 60N) with chloroform/methanol (200/1) as eluant to
give 8a in 53% yield (190 mg, 0.16 mmol) as a white powder: m.p. 306–
307 8C; 1H NMR (395 MHz, CDCl3): d=0.97 (t, J=7.3 Hz, 9H; CH3),
1.07 (t, J=7.3 Hz, 18H; CH3), 1.69–1.84 (m, 18H; OCH2CH2), 3.90 (t,
J=5.9 Hz, 12H; OCH2), 4.00 (t, J=6.4 Hz, 6H; OCH2), 7.23 (s, 6H;
ArH), 7.38 (br s, 6H; ArH), 8.01 (br s, 6H; ArH), 8.83 ppm (br s, 3H;
NH); IR (KBr): ñ=3317 (NH), 2964, 2876, 1653 (C=O), 1591, 1489,
1427, 1405, 1370, 1332, 1237, 1205, 1178, 1119 cm�1; FAB-MS (NBA): m/
z : 1190 [(M+1)+]; elemental analysis calcd (%) for C69H84N6O12·H2O
(1189.4): C 68.64; H 7.18; N 6.96; found: C 68.81; H 7.09; N 6.99.


2,4,6-Tris{4-[3,4,5-tris(octyloxyphenyl)carbonylamino]phenyl}-1,3,5-tri-
azine (8b): Compound 5b (525 mg, 1.0 mmol) in dry THF (2 mL) was
added dropwise to a solution of 7 (106 mg, 0.3 mmol) and triethylamine
(0.14 mL, 1.0 mmol) in dry THF (8 mL) at 0 8C under an argon atmos-
phere. The mixture was stirred at room temperature for 1 h. The reaction
mixture was filtered to remove triethylamine hydrochloride and the fil-
trate was evaporated in vacuo to dryness. The residue was purified by
column chromatography on silica gel (KANTO 60N) with chloroform/
methanol (300/1 v/v) as eluant to give 8b in 59% yield (321 mg,
1.76 mmol) as a white solid: m.p. 269–273 8C; 1H NMR (395 MHz,
CDCl3): d=0.88 (t, J=6.3 Hz, 27H; CH3), 1.23–1.38 (m, 72H;
OCH2CH2CH2(CH2)4), 1.43–1.53 (m, 18H; OCH2CH2CH2), 1.72–1.86 (m,
18H; OCH2CH2), 3.99 (t, J=6.6 Hz 12H; CH2), 4.02 (t, J=6.6 Hz, 6H;
OCH2), 7.21 (s, 6H; ArH), 7.77 (d, J=8.6 Hz, 6H; ArH), 8.18 (s, 3H;
NH), 8.63 ppm (d, J=8.6 Hz, 6H; ArH); IR (KBr) ñ=3317 (NH), 2925,
2855, 1649 (C=O), 1584, 1490, 1427, 1406, 1372, 1335, 1239, 1177, 1114,
805, 760 cm�1; FAB-MS (NBA): m/z : 1821 [(M+1)+]; elemental analysis
calcd (%) for C114H174N6O12 (1820.6): C 75.21; H 9.63; N 4.62; found: C
75.58 ; H 9.59; N 4.66.


2,4,6-Tris{4-[3,4,5-(trisdodecyloxyphenyl)carbonylamino]phenyl}-1,3,5-tri-
azine (8c): Compound 5c (694 mg, 1.0 mmol) in dry THF (2 mL) was
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added dropwise to a solution of 7 (106 mg, 0.3 mmol) and triethylamine
(0.14 mL, 1.0 mmol) in dry THF (8 mL) at 0 8C under an argon atmos-
phere. The mixture was stirred at room temperature for 1 h. The reaction
mixture was filtered to remove triethylamine hydrochloride and the fil-
trate was evaporated in vacuo to dryness. The residue was purified by
column chromatography on silica gel (KANTO 60N) with chloroform/
methanol (400/1) as eluant and recrystallized from chloroform/acetone
(2/1, 20 mL) to give 8c in 57% yield (391 mg, 0.17 mmol) as a white
solid: m.p. 256–260 8C; 1H NMR (395 MHz, CDCl3): d=0.88 (t, J=
6.4 Hz, 27H; CH3), 1.23–1.38 (m, 48H; OCH2CH2CH2(CH2)8), 1.45–1.53
(m, 18H; OCH2CH2CH2), 1.74–1.87 (m, 18H; OCH2CH2), 4.01–4.07 (m,
18H; OCH2), 7.14 (s, 6H; ArH), 7.78 (d, J=8.9 Hz, 6H; ArH), 8.13 (br s,
3H; NH), 8.65 ppm (d, J=8.9 Hz, 6H; ArH); IR (KBr): ñ=3317 (NH),
2924, 2853, 1646 (C=O), 1582, 1490, 1426, 1406, 1374, 1336, 1239, 1205,
1177, 1115, 803, 764 cm�1; MALDI-TOF-MS (CHCA): m/z : calcd for
C150H246N6O12 [M+]: 2324.89; found: 2324.81; elemental analysis calcd
(%) for C150H246N6O12 (2325.6): C 77.47; H 10.66; N 3.61; found: C 77.50;
H 10.65; N 3.64.


2,4,6-Tris{4-[(3,4,5-tris((S)-3,7-dimethyloctyloxyphenyl)carbonylamino]-
phenyl}-1,3,5-triazine (8d): Compound 5d (402 mg, 0.66 mmol) in dry
THF (1.5 mL) was added dropwise to a solution of 7 (71 mg, 0.2 mmol)
and triethylamine (0.10 mL, 0.72 mmol) in dry THF (6 mL) at 0 8C under
an argon atmosphere. The mixture was stirred at room temperature for
2 h. The reaction mixture was filtered to remove triethylamine hydro-
chloride and the filtrate was evaporated in vacuo to dryness. The residue
was purified by column chromatography on silica gel (KANTO 60N)
with chloroform/methanol (400/1) as eluant and recrystallized from ace-
tone (30 mL) to give 8d in 60% yield (247 mg, 0.12 mmol) as a white
solid: m.p. 289–294 8C; 1H NMR (395 MHz, CDCl3): d=0.87 (d, J=
6.6 Hz, 54H; CH3), 0.94 (d, J=6.6 Hz, 27H; CH3), 1.12–1.90 (m, 90H;
CH2), 4.01–4.08 (m, 18H; OCH2), 7.14 (s, 6H; ArH), 7.84 (d, J=8.7 Hz,
6H; ArH), 8.02 (s, 3H; NH), 8.75 ppm (d, J=8.7 Hz, 6H; ArH); IR
(KBr): ñ=3317 (NH), 2954, 2926, 2853, 1649 (C=O), 1583, 1492, 1427,
1406, 1374, 1334, 1240, 1177, 1114, 803, 761 cm�1; MALDI-TOF-MS
(CHCA): m/z : calcd for C132H210N6O12 [M


+]: 2072.60; found: 2072.44; el-
emental analysis calcd (%) for C132H210N6O12 (2073.1): C 76.47; H 10.21;
N 4.05; found: C 76.16; H 10.13; N 3.99.


2,4,6-Tris{4-{[3,4,5-tris(oct-7-enyloxy)phenyl]carbonylamino}phenyl}-
1,3,5-triazine (8e): Compound 5e (310 mg, 0.60 mmol) in dry THF
(2 mL) was added dropwise to a solution of 7 (64 mg, 0.18 mmol) and
triethylamine (70 mg, 0.10 mL, 0.69 mmol) in dry THF (3 mL) at 0 8C
under an argon atmosphere. After the reaction mixture was stirred at
room temperature for 3 h, it was filtered to remove triethylamine hydro-
chloride and evaporated in vacuo to dryness. The residue was purified by
column chromatography on silica gel (KANTO 60N) with chloroform/
hexane (1/1) as eluant and recrystallized from acetone/methanol (1/1) to
give 8e in 52% yield (168 mg, 0.094 mmol) as a white powder; m.p. 250–
253 8C; 1H NMR (395 MHz, CDCl3): d=1.29–1.59 (m, 54H; CH2), 1.63–
1.90 (m, 18H; ArOCH2CH2), 1.93–2.16 (m, 18H; CH2=CHCH2), 4.04 (t,
J=6.5 Hz, 18H; ArOCH2), 4.95 (d, J=11.1 Hz, 9H; olefinic H), 5.00 (d,
J=18.9 Hz, 9H; olefinic H), 5.74–5.89 (m, 9H; olefinic H), 7.16 (s, 6H;
ArH), 7.76 (d, J=8.6 Hz, 6H; ArH), 8.19 (s, 3H; NH), 8.60 ppm (d, J=
8.6 Hz, 6H; ArH); IR (KBr): ñ=3302 (NH), 3076, 2929, 2855, 1648 (C=
O), 1584 (C=O), 1489, 1427, 1405, 1372, 1335, 1239, 1178, 1117, 993, 909,
818, 770 cm�1; FAB-MS (NBA): m/z : 1802 [M+]; elemental analysis calcd
(%) for C114H156N6O12 (1802.5): C 75.96; H 8.72; N 4.66; found: C 75.92;
H 8.69; N 4.66.


2,4,6-Tris{4-{[4-dodecyloxy-3,5-bis(oct-7-enyloxyl)phenyl]carbonylamino}-
phenyl}-1,3,5-triazine (8 f): Compound 5 f (610 mg, 1.06 mmol) in dry
THF (2 mL) was added dropwise to a solution of 7 (114 mg, 0.32 mmol)
and triethylamine (0.2 mL, 116 mg, 1.15 mmol) in dry THF (10 mL) at
0 8C under an argon atmosphere. After the reaction mixture was stirred
at room temperature for 1 h, it was filtered to remove triethylamine hy-
drochloride and evaporated in vacuo to dryness. The residue was purified
by column chromatography on silica gel (KANTO 60N) with chloroform/
hexane (1/1) as eluant to give 8 f in 67% yield (422 mg, 0.21 mmol) as a
white solid; m.p. 253–255 8C; 1H NMR (395 MHz, CDCl3): d=0.88 (t, J=
6.6 Hz, 9H; CH3), 1.21–1.36 (m, 72H; CH2), 1.37–1.54 (m, 18H; Ar-


OCH2CH2CH2), 1.69–1.87 (m, 18H; ArOCH2CH2), 2.06 (q, J=6.5 Hz,
12H; CH2=CHCH2), 4.06 (t, J=6.3 Hz, 18H; ArOCH2), 4.94 (d, J=
11.3 Hz, 6H; olefinic H), 5.00 (d, J=18.6 Hz, 6H; olefinic H), 5.74–5.89
(m, 6H; olefinic H), 7.13 (s, 6H; ArH), 7.81 (d, J=8.9 Hz, 6H; ArH),
8.05 (s, 3H; NH), 8.73 ppm (d, J=8.91 Hz, 6H; ArH); IR (KBr): ñ=
3302 (NH), 2925, 2854, 1645 (C=O), 1583 (C=O), 1490, 1427, 1406, 1373,
1335, 1239, 1177, 1117, 909, 804 cm�1; FAB-MS (NBA): m/z : 1977 [M+];
elemental analysis calcd (%) for C126H186N6O12 (1976.9): C 76.55; H 9.48;
N 4.25; found: C 76.43; H 9.39; N 4.29.


1,3,5-tris{4-[N-(tert-butoxycarbonylamino)]phenyl}benzene (9): 4-[N-
(tert-Butoxycarbonyl)amino]phenylboronic acid (226 mg, 0.95 mmol) and
aqueous 2m sodium carbonate solution (5 mL) were added to a mixture
of 1,3,5-tribromobenzene (50 mg, 0.16 mmol) and [Pd(PPh3)4] (37 mg,
0.032 mmol) in DME (10 mL) under an argon atmosphere. After the
mixture was heated to reflux for 18 h, it was poured into water (50 mL)
and extracted with dichloromethane (10 mLD3). The organic layer was
dried over anhydrous magnesium sulfate and evaporated in vacuo to dry-
ness. The residue was passed though a short pad of silica gel (KANTO
60N) with chloroform as eluant to give a mixture of 9 and the corre-
sponding mono- and disubstituted products. 4-[N-(tert-Butoxycarbonyl)a-
mino]phenylboronic acid (226.0 mg, 0.95 mmol) and aqueous 2m sodium
carbonate solution (5 mL) were added to a mixture of crude 9 and [Pd-
(PPh3)4] (37.0 mg, 0.032 mmol) in DME (10 mL) under an argon atmos-
phere. After the mixture was heated to reflux for 18 h, it was poured into
water and extracted with dichloromethane. The organic layer was dried
over anhydrous magnesium sulfate and evaporated in vacuo to dryness.
The residue was purified by column chromatography on silica gel
(KANTO 60N) with chloroform as eluant to give 9 in 10% yield
(10.8 mg, 0.017 mmol) as a white powder; m.p. 149–150 8C; 1H NMR
(270 MHz, CDCl3): d=1.54 (s, 27H; CH3), 6.55 (s, 3H; NH), 7.46 (d, J=
8.4 Hz, 6H; ArH), 7.55 (d, J=8.4 Hz, 6H; ArH), 7.67 ppm (s, 3H; ArH);
IR (KBr): ñ=3354 (NH), 2978, 1698 (C=O), 1614, 1586 (C=O), 1521,
1437, 1392, 1368, 1314, 1235, 1162, 1055, 828 cm�1; FAB-MS (NBA): m/z :
652 [(M+1)+]; elemental analysis calcd (%) for C39H45N3O6 (651.8): C
71.87; H 6.96, N 6.45; found: C 71.96; H 7.14; N 6.30.


1,3,5-Tris(4-aminophenyl)benzene (10): trifluoroacetic acid (504.0 mg,
341 mL, 4.42 mmol) was added to a solution of 9 (40.0 mg, 0.06 mmol) in
dichloromethane (2 mL) at 0 8C under an argon atmosphere. After the
mixture was stirred at room temperature for 2 h, it was extracted with di-
ethyl ether (30 mL) and washed with saturated aqueous sodium hydro-
gencarbonate solution (30 mLD2). The organic layer was acidified with
aqueous 1.2n hydrochloric acid solution (5 mL) and extracted with water
(10 mLD2). The water layer was neutralized with aqueous 5n sodium hy-
droxide solution (2 mL). The resulting precipitate was collected by filtra-
tion and washed with water (5 mL), cold methanol (1 mL), and dichloro-
methane (1 mL) to give 10 in 76% yield (16.3 mg, 0.0464 mmol) as a
brown powder. Without further purification, 10 was used for the next re-
action. M.p. 161–165 8C; 1H NMR (270 MHz, CDCl3): d=5.53 (s, 6H;
NH2), 6.70 (d, J=8.1 Hz, 6H; ArH), 7.79 (d, J=8.1 Hz, 6H; ArH),
7.80 ppm (s, 3H; ArH); IR (KBr): ñ=3377 (NH), 1612, 1517, 1283, 1183,
1061, 823 cm�1.


1,3,5-Tris{4-[3,4,5-tris((S)-3,7-dimethyloctyloxy)phenylcarbonylamino]-
phenyl}benzene (11): Compound 5d (43 mg, 0.070 mmol) in dry THF
(2 mL) was added dropwise to a solution of 10 (7.5 mg, 0.021 mmol) and
triethylamine (16.9 mg, 12.4 mL, 0.084 mmol) in dry THF (2 mL) at 0 8C
under an argon atmosphere. After the mixture was stirred at room tem-
perature for 3 h, it was filtered to remove triethylamine hydrochloride
and evaporated in vacuo to dryness. The residue was purified by column
chromatography on silica gel (KANTO 60N) with chloroform/methanol
(100/1) as eluant to give 11 in 32% yield (14 mg, 0.007 mmol) as a white
powder; m.p. 136–137 8C; 1H NMR (395 MHz, CDCl3): d=0.83–0.98 (m,
81H; CH3), 1.12–1.90 (m, 90H; CH2), 4.01–4.08 (m, 18H; ArOCH2), 7.10
(s, 6H; ArH), 7.73 (d, J=8.6 Hz, 6H; ArH), 7.77 (s, 3H; ArH), 7.78 (d,
J=8.6 Hz, 6H; ArH), 7.88 ppm (s, 3H; NH); IR (KBr): ñ=3435 (NH),
2954, 2926, 2869, 1645 (C=O), 1584 (C=O), 1512, 1496, 1468, 1427, 1385,
1335, 1236, 1208, 1116 cm�1; MALDI-TOF-MS (CHCA): m/z : calcd for
C135H213N3O12 [M+]: 2069.62; found: 2069.64; elemental analysis calcd
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(%) for C135H213N3O12 (2070.1): C 78.33; H 10.37, N 2.03; found: C 78.14;
H 10.35; N 2.19.


General procedure for ring-closing olefin metathesis : A stock solution of
8d (0.83 mg, 0.0004 mmol) in octane (20 mL) was added to 8 f (78.3 mg,
0.0396 mmol) in dry hexane (4000 mL) under an argon atmosphere and
stirred at room temperature. After the mixture had changed to a homo-
geneous solution, Grubbs catalyst (0.98 mg, 0.0012 mmol) in dry hexane
(10 mL) was added at room temperature. After 5 min, the reaction mix-
ture was quenched by bubbling oxygen and the solvent was removed by
evaporation. The residue (71.3 mg) was suspended in chloroform (50 mL)
and filtered to remove the insoluble material (21.3 mg). The filtrate was
evaporated in vacuo to dryness. The residue (49.2 mg) was divided into
five portions, which were subjected to SEC with chloroform as eluant to
give poly-2 in 43% yield (32.1 mg, 0.017 mmol as monomer unit) and to
recover 8d quantitatively. The characterization of the poly-2 is described
in the text.


Theoretical calculations : All calculations were performed at the Hartree–
Fock 6-31G* level with the Spartan04 package.


AFM : Atomic force microscopy (AFM) images were obtained on a SII
SPA400 DFM (tapping mode). SI-DF20 type tips were used. Samples
were prepared by drop casting from a 0.01 mm (as monomer unit) THF
solution on cleaved highly oriented pyrolytic graphite (HOPG).


TEM : A JEM-2020 (JEOL) transmittance electron microscope was used
for recording the TEM images. The accelerating voltage was 200 kV.
TEM samples were prepared by placing a THF solution of poly-2
(0.01 mm as monomer unit) onto a carbon-coated copper grid (200 mesh)
and then allowing the samples to dry overnight at room temperature
under reduced pressure.
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Introduction


Organized clusters of inorganic or organic molecules exhibit
interesting properties that cannot be attained in their mono-
meric state.[1,2] Because their properties depend on the ori-
entation and size of the assemblies, various methodologies
for controlling the structure assembled from a desired
number of molecules have been proposed (so called
bottom-up nanotechnology).[3,4] Recently, poly- or oligode-
oxyribonucleotide (DNA) has been applied for this purpose:
intercalators or groove-binders that strongly interact with
nucleotides can be aligned along the natural DNA duplex.[5]


The covalent incorporation of these molecules into DNA
can achieve the clustering of functional molecules, which is
possible due to advances in phosphoramidite chemistry that
have enabled the introduction of various molecules into
DNA.[6] By programming the DNA sequence, a one-dimen-
sional wire of metal complexes or dye assembly has been
successfully prepared.[7] Thus, DNA is a convenient scaffold
for creating a variety of new supramolecules.


Covalent incorporation of clustered functional molecules
into double-stranded DNA is also advantageous in extend-
ing the potential applications of DNA. Recently, DNA has
been highlighted not only in the fields of molecular biology
and biotechnology, but also in the field of nanomaterial


Abstract: An ordered dye cluster of
Methyl Reds was formed in double-
stranded DNA by hybridizing two com-
plementary DNA–dye conjugates, each
involving a Methyl Red moiety on a
threoninol linker and a 1,3-propanediol
spacer arranged alternately in the
middle of the DNA sequence. In the
duplex, Methyl Reds from each strand
were axially stacked antiparallel to
each other, as determined from NMR
analysis. This clustering of Methyl
Reds induced distinct changes in both
UV/Vis and CD spectra. Single-strand-
ed DNA–Methyl Red conjugates on d-


threoninol linkers and (1,3-propane-
diol) spacers exhibited broad absorp-
tion spectra with lmax at around
480 nm, and almost no CD was ob-
served at around the absorption maxi-
mum of Methyl Red. However, as
Methyl Reds were clustered by hybridi-
zation, lmax shifted towards shorter
wavelengths with respect to its mono-
meric transition. This hypsochromic


shift increased as the number of
Methyl Red molecules increased. Fur-
thermore, a positive couplet was also
strongly induced here. These dye clus-
ters are H-aggregates, in which molecu-
lar excitons are coupled. The positive
couplet demonstrates that the clusters
on d-threoninol form a right-handed
helix. In contrast, the induced CD
became much weaker with Methyl Red
on l-threoninol, which intrinsically pre-
fers counterclockwise winding. Thus,
mutual orientation of the stacked dye
molecules was controlled by the chirali-
ty of the linker.
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chemistry.[8] Highly organized
base-pairs that are aligned
along the axis of the helix ex-
hibit unexpectedly interesting
properties, such as conductivity.
Precise strand recognition
makes it possible to construct
various nanomachines,[9] DNA
computers,[10] and nanowires.[11]


However, because the four nat-
ural nucleic acid bases are not
optimized for such applications,
the introduction of other func-
tional clusters into the double-
stranded DNA may offer prom-
ising improvements in the prop-
erties exhibited.


Previously, we synthesized a
one-dimensional Methyl Red
cluster of desired size by incor-
porating Methyl Reds sequen-
tially into the single-stranded
DNA.[12] UV/Vis spectra of this
cluster in the single strand ex-
hibited a large hypsochromic
shift and distinct narrowing of
the band with respect to that of the monomeric Methyl
Red.[13] In this cluster, the Methyl Reds are stacked parallel
to each other, and thus, both the narrowing and hypsochro-
mic shift of the band were observed, due to the strong exci-
ton coupling among the dye molecules. However, this stable
cluster forms only in the single-stranded state, not in the
duplex. As this strand including the Methyl Red cluster was
hybridized with a complementary DNA, hypsochromicity
due to the strong exciton coupling disappeared, because the
highly ordered cluster was destroyed. Therefore, this cluster
design cannot be applied to the modification of double-
stranded DNA.


Here, we report the design of another stable one-dimen-
sional cluster of functional molecules that is formed in
double-stranded DNA. This cluster is prepared from two
complementary DNA conjugates, each of which involve a
dye moiety and spacer residue arranged alternately in the
middle of the DNA sequence, as shown in Scheme 1. At
each end of each strand, natural nucleotides are attached as
a tag. With the aid of these natural nucleotides, the two
strands can be hybridized and, thus, the dye molecules are
forced to assemble at the center of the double-stranded
DNA, as illustrated in Scheme 1a. Here again, we use
Methyl Red as a model dye because 1) the size of the dye
fits the base-pair and 2) its asymmetric structure is suitable
for demonstrating the effect of the relative orientation (par-
allel or antiparallel) of the dye on the optical properties.[14]


By using Methyl Red, the interstrand clustering of the dye
molecules based on this design is demonstrated, and both
the stacked structure and the spectroscopic behavior are in-
vestigated in detail. We show that the dye moieties are


stacked antiparallel to each other, as evidenced by NMR
analysis. This cluster also exhibits distinct hypsochromicity,
due to the exciton coupling (H-band), which is different
from our previous parallel cluster of Methyl Reds in the
single-stranded DNA.


Results


Direct evidence for the stacking of Methyl Reds and struc-
ture determination by NMR analysis


NOESY analysis of the NMR-D species : Our design for the
clustering of Methyl Reds is schematically illustrated in
Scheme 1a. Methyl Red on d- or l-threoninol (D or L resi-
dues in Scheme 1b) and 1,3-propanediol (S in Scheme 1b)
were alternately introduced at the center of the DNA se-
quence. Here, the S residue was located as the counterpart
of the D or L residue, and Methyl Red moieties from both
strands were stacked against each other by the tentative
“base-pairing” between D (or L) and S. Leumann has re-
ported interstrand clustering of bipyridyl C-nucleotide resi-
dues in the absence of S residues.[15] In our design, S resi-
dues were introduced to avoid the strong clustering of
Methyl Reds in the single-stranded state.[12a,16] To verify the
validity of this design for dye clustering, NMR analysis was
conducted initially with a Methyl Red dimer formed from
the self-complementary conjugate NMR-D, shown in
Scheme 1b. Because the melting temperature of the NMR-
D duplex was 26.0 8C,[17] NMR measurements were per-
formed at 7 8C (280 K). The symmetry of NMR-D with eight


Scheme 1. a) Illustration of our design for the clustering of functional molecules. b) the DNA–Methyl Red con-
jugates synthesized in this study.
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distinct units gives three unique natural base-pairs (C1–G16,
A2–T15, and G3–C14, shown within the box in Figure 1) and
one tentative D–S pair (D4–S13). One- and two-dimensional
NMR spectra, measured in both H2O (H2O/D2O 9:1) and


D2O, provide structural information. These spectra com-
bined with the NOESY, DQF-COSY, and TOCSY spectra
obtained in D2O allowed most of the signals of the duplex
to be assigned. In Figure 1, the one-dimensional NMR spec-
trum measured in H2O at the region of the imino-protons
(12–14.5 ppm) is depicted. As expected, there were three in-
dividual signals that could be assigned on the basis of the
NOESY and chemical shift of each signal, indicating that
the non-natural D and S do not interfere with the base-pair-
ing. The imino-proton signal of the terminal G16 was rather
broad, due to the rapid exchange with water, whereas that
of G3 adjacent to the D4 residue remained sharp.[18] Figure 2
depicts the NOEs between the imino-proton signal (12–
14 ppm) and the aromatic-proton signal (5.5–7.5 ppm) re-
gions. A distinct NOE signal was observed between the
imino proton of G3 and both H8 (H12) and H9 (H11) of the
Methyl Red protons, indicating that the Methyl Red moiety
is not flipped out, but is intercalated. Intercalation of
Methyl Red is further confirmed from NOE between the
protons on the dimethylamino group of Methyl Red and tri-
methylene protons on the S residue (data not shown).


Stacking of Methyl Reds was also evidenced from the
NOESY data, as shown in Figure 3. NOE signals were ob-
served between H11 (H9) and H3 (H5), and H11 (H9) and
H2 (H6) (Figure 3a), indicating that two Methyl Reds were
stacked in an antiparallel manner. Antiparallel stacking was
further confirmed from the NOE between N-CH3 and H2
(H6), and N-CH3 and H3 (H5) (Figure 3b), because these
NOEs were too large to originate from an intramolecular
Methyl Red moiety. Consistently, these NOE signals disap-


peared as the temperature was elevated to 50 8C, which
causes dissociation of the duplex.[19] All these NOEs demon-
strate that Methyl Red molecules are stacked antiparallel to
each other, as shown in Figure 3c, which validates our
design for the clustering of the Methyl Reds.


Structure determination : The distances between all the
atoms in the duplex were calculated according to the
strength of NOE. A total of 256 NOE distance restraints
were used for the calculation. The duplex structures were
calculated by using restrained molecular dynamics of a si-
mulated annealing protocol (see Experimental Section for
details). A total of ten final structures converged to low
total energy. The minimized averaged structure is shown in
Figure 4.[20] Methyl Red molecules from both strands were
stacked axially in an antiparallel manner between the base-
pairs of adjacent G3–C14 and C6–G11, as we designed.


Spectroscopic properties of the Methyl Red cluster : To in-
vestigate the effect of the clustering of Methyl Reds on
spectroscopic behavior, UV/Vis and CD spectra were mea-
sured initially with the NMR-D duplex, in which stacking of
the Methyl Reds was evidenced from the NMR analyses. At
60 8C, at which no duplex was formed, the UV/Vis spectra
of self-complementary NMR-D was rather broad, with an
absorption maximum at 477 nm, and CD was almost nil (see
dotted lines in Figure 5). However, as the temperature was
lowered to below the melting temperature (Tm), the absorp-
tion maximum shifted to shorter wavelengths (lmax at
470 nm), and the spectrum became slightly narrower (see
solid lines in Figure 5). Concurrently, a positive couplet was
strongly induced at around 450 nm. This spectroscopic be-
havior is characteristic of the H-aggregation of dye mole-


Figure 1. One-dimensional NMR spectrum of the NMR-D self-comple-
mentary duplex at the imino region in H2O/D2O 9:1 at 280 K (mixing
time=150 ms), pH 7.0 (10 mm phosphate buffer), in the presence of
200 mm NaCl. Concentration of NMR-D was 1.0 mm. Imino-proton as-
signments are denoted on the spectrum with the residue number shown
at the top.


Figure 2. Two-dimensional NOESY spectrum (mixing time=150 ms) be-
tween the aromatic-proton signal (5.5–7.5 ppm) and imino-proton signal
regions (12–14 ppm) for the NMR-D duplex in H2O/D2O 9:1 at 280 K,
pH 7.0 (10 mm phosphate buffer), in the presence of 200 mm NaCl. As-
signments of azobenzene protons are denoted on the one-dimensional
spectra (F2 axis) by the numbers designated in Scheme 1b. The NOE sig-
nals surrounded by broken circles demonstrate intercalation of Methyl
Red.
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cules.[13] Thus, the dimerization of Methyl Reds from two
complementary strands composed of D and S residues re-
sulted in H-aggregation (H-band), as demonstrated by the
results of NMR and UV/Vis spectroscopy.[13]


The effect of the number of clustered Methyl Reds on
UV/Vis and CD spectra was systematically investigated by
using a series of DSnA/DSnB duplexes at 0 8C, at which
temperature the duplex was stably formed. As shown in Fig-
ure 6a, an increase in the number of Methyl Reds caused a
larger hypsochromic shift: UV/Vis spectra of DS1A/DS1B,


DS2A/DS2B, and DS3A/DS3B duplexes involving two,
four, and six Methyl Reds, respectively, showed lmax at 473,
451, and 445 nm, respectively. The intensity of induced CD
(ICD) with a positive couplet also increased as the cluster
size grew (Figure 6b), especially as the number of clusters
increased from two (DS1A/DS1B) to four (DS2A/DS2B).
Natural oligonucleotides in the DSnA/DSnB duplex formed
a right-handed B-type helix, suggested by the symmetrical
positive couplet observed at around 260 nm (see Figure S4
of the Supporting Information). This tendency is consistent
with the molecular exciton theory for H-aggregation, as pro-
posed by Kasha, which predicts that a larger hypsochromic
shift is induced as the aggregation number increases.[21]


Thus, the interstrand clustering of Methyl Reds demonstrat-
ed by the present design produces H-aggregates. Notably,
Methyl Reds in the single-stranded DSnA or DSnB (n�2)
were essentially isolated, due to their separation by S resi-
dues, and were not strongly coupled.[12] Therefore, the H-ag-
gregated cluster could be reversibly converted to the mono-
meric state by elevating the temperature to above Tm: bath-
ochromic shift was induced by the dissociation of the
duplex, and concurrently, the ICD disappeared (see Fig-
ure S5).


Previously, we have synthesized Methyl Red clusters by
introducing multiple Methyl Reds sequentially into single-
stranded DNA, such as D6 in Scheme 1b.[12a] The D6 species,
involving six Methyl Reds, showed large hypsochromicity:
the absorption maximum appeared at 415 nm.[12,13] The pres-
ent interstrand clustering of Methyl Reds in an antiparallel
manner (DS3A/DS3B) also induced both hypsochromic
shift and narrowing of the band. However, interestingly, the
UV spectra of D6 and DS3A/DS3B were entirely different
from each other (see Figure S6).


Effect of chirality of the linker on the spectroscopic behav-
ior and stability of the duplex : Clustering (H-aggregation)
was also achieved by using Methyl Red moieties tethered on
l-threoninol, as evidenced by distinct hypsochromicity upon
hybridization. Absorption maxima of LS2A/LS2B and
LS3A/LS3B duplexes appeared at 446 and 438 nm, respec-
tively, which was 5–7 nm shorter than the corresponding H-
aggregates from d-threoninol, as shown in Figure 7a and
Table 1. Although chirality of the linker had little effect on
the UV/Vis spectra, a significant difference was observed in
the CD spectra, as shown in Figure 7b. Induced CDs of
LS2A/LS2B and LS3A/LS3B were a fraction (about 1=6) of
those of the DS2A/DS2B and DS3A/DS3B duplexes (com-
pare Figures 7b and 6b).


Chirality of the linker also affected the stability of the
duplex, as summarized in Table 1. The melting temperature
(Tm) of the DS1A/DS1B duplex was 47.1 8C, which was
almost the same as that of NA/NB (47.7 8C), the corre-
sponding native duplex. An increase in the number of clus-
ters on d-threoninol did not destabilize the duplex, but
raised the Tm: Tms of DS2A/DS2B and DS3A/DS3B were
51.5 and 50.9 8C, respectively (see Figure S7 for the actual
melting curves). However, the Tm values of the correspond-


Figure 3. Two-dimensional NOESY spectra (mixing time=100 ms) be-
tween the regions of 5.5–7.5 ppm (a) and between 5.5–7.5 ppm and 2.0–
2.5 ppm (b) for the NMR-D duplex in D2O at 280 K, pH 7.0 (10 mm


phosphate buffer), in the presence of 200 mm NaCl. The NOE signals sur-
rounded by circles demonstrate antiparallel stacking of Methyl Reds,
which is illustrated in (c).
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ing duplexes on l-threoninol
were lower than those on the d-
form. Especially for the LS2A/
LS2B duplex, Tm was much
lower than the native NA/NB
duplex.


Discussion


Interstrand clustering of Methyl
Red by hybridization : For the
clustering of functional mole-
cules, we use a tentative “base-
pair” composed of a residue of
a functional molecule on a


threoninol linker (in this paper, D or L residue) and a 1,3-
propanediol residue (S residue). As evidenced from the
NMR analyses of the self-complementary NMR-D duplex,
two Methyl Reds were axially stacked antiparallel to each
other between the natural base-pairs, as depicted in
Figure 4. The spectroscopic properties of a series of DSnA/


Figure 4. Minimized averaged total structure (stereoview) of NMR-D viewed from the side of the Methyl Red
molecules. X, S, A, T, G, and C are colored red, purple, pink, green, blue, and yellow, respectively.


Figure 5. Change in spectroscopic behavior caused by the clustering of
Methyl Reds in the NMR-D self-complementary duplex in the presence
of 200 mm NaCl at pH 7.0 (10 mm phosphate buffer). a) UV/Vis spectra,
b) CD spectra. Concentration of NMR-D was 10 mm. Melting tempera-
ture was determined as 26.0 8C from the change in absorbance at 260 nm
as a function of temperature under the conditions employed: c 0, d
20, b 40, g 60 8C.


Figure 6. Effect of the number of clusters (cluster size) on spectroscopic
behavior, obtained by using a series of DSnA/DSnB duplexes. a) UV/Vis
spectra, b) CD spectra. Concentration of each conjugate was 5 mm. These
spectra were measured at 0 8C in the presence of 100 mm NaCl at pH 7.0
(10 mm phosphate buffer). Both the melting temperature and lmax of
each duplex are summarized in Table 1. b DS1A/DS1B, g DS2A/
DS2B, c DS3A/DS3B.


Figure 7. Effect of the number of clusters (cluster size) on spectroscopic
behavior, obtained by using a series of LSnA/LSnB duplexes. a) UV/Vis
spectra, b) CD spectra. Concentration of each conjugate was 5 mm. These
spectra were measured at 0 8C in the presence of 100 mm NaCl at pH 7.0
(10 mm phosphate buffer). Note that the axes are on the same scale as
those of Figure 6. g LS2A/LS2B, c LS3A/LS3B.


Table 1. Effect of the aggregation number and chirality of the linker on
melting temperature (Tm) and absorption maximum.


Duplex Tm [8C][a] lmax at 0 8C [nm][b]


DS1A/DS1B 47.1 473
DS2A/DS2B 51.5 451
DS3A/DS3B 50.9 445
LS2A/LS2B 43.5 446
LS3A/LS3B 48.5 438


[a] Tm was determined from the change in absorbance at 260 nm as a
function of temperature (see Experimental Section for details). The Tm


of the natural NA/NB duplex without D or S residues was 47.7 8C.
[b] Both spectroscopic and Tm measurements were conducted at pH 7.0
(10 mm phosphate buffer) in the presence of 100 mm NaCl. The concen-
tration of each strand was 5 mm.
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DSnB or LSnA/LSnB duplexes also demonstrate the stack-
ing of incorporated Methyl Reds, substantiating the validity
of our design for the clustering of functional molecules. Al-
though the pair of D and S residues does not involve any
complementary hydrogen bonding, the DNA conjugates
form a sufficiently stable duplex. The introduction of non-
natural residues often significantly destabilizes the duplex,
relative to the corresponding natural duplex. However, as
shown in Table 1, these non-natural residues did not destabi-
lize the duplex, but rather slightly stabilized it by increasing
the number of Methyl Reds. Because Methyl Reds from
each strand were alternately stacked beside each other,
stacking interactions among the dye molecules compensated
for any destabilization of the duplex that should be caused
by the presence of non-natural residues. Nevertheless, the
self-assembling force inherent to Methyl Red molecules is
not appreciably strong, as seen by the absence of clustering
for LSLSLS, which had no natural DNA tags at either ter-
mini (data not shown). Thus, clustering of Methyl Reds was
associated with the hybridization force of natural DNA.


Spectroscopic behavior of clustering of Methyl Reds : Be-
cause hybridization induced distinct hypsochromicity of
Methyl Red, it can be concluded that the present cluster is
an H-aggregate.[13] Larger hypsochromicity by the multipli-
cation of dye molecules is also characteristic of H-aggrega-
tion. However, the UV spectrum of this cluster was entirely
different from that of the cluster in which Methyl Reds
were incorporated into the single strand, as previously re-
ported (such as D6, see Figure S6). The absorption maxi-
mum of DS3A/DS3B involving six Methyl Reds appeared
at 445 nm, and D6 with the same six dye molecules showed
lmax at 415 nm. Furthermore, a significant decrease in the
absorbance at lmax (hypochromicity) occurred for the cluster
in D6. These differences are based on the mutual orienta-
tion of the static molecular dipole moments. Because the
dye molecules in D6 are stacked parallel to each other, each
dipole moment of the dye is identical and thus, strong inter-
action is possible. This strong interaction also induces strong
hypochromicity. In the case of DS3A/DS3B, because the
dye molecules are stacked in an antiparallel manner, DS3A/
DS3B shows small hypsochromicity and hypochromicity,
due to the weak interaction. Thus, spectroscopic behavior is
controllable by cluster design.


Effect of the chirality of the linker on the structure of the
cluster : The strong ICD with a positive couplet resulting
from the hybridization of DSnA/DSnB indicates that
Methyl Reds were stacked by forming a right-handed helix
if d-threoninol was used as a linker. This ICD was enhanced
especially as the number of stacked dye molecules increased
from two (DS1A/DS1B) to four (DS2A/DS2B). This would
be attributed to the difference of the winding angle of these
clusters. The orientation of the dye molecules in DS1A/
DS1B is expected to give almost the same stacking structure
as the NMR-D duplex, because both the UV and CD spec-
tra were very similar (compare solid lines in Figure 5 with


broken lines in Figure 6). From the NOESY analysis of the
NMR-D duplex, winding of the dye molecules in NMR-D
was small (see Figure 4), and thus, the ICD was not so large.
However, four dye molecules in the DS2A/DS2B duplex
would have a much larger winding angle, due to the intrinsic
clockwise winding property of d-threoninol, resulting in a
larger ICD.


In contrast, LSnA/LSnB duplexes showed much lower
ICD, demonstrating that the clockwise winding of Methyl
Reds on l-threoninol is weak. This helical property is based
on the nature of threoninol. Molecules on d-threoninol tend
to wind clockwise, whereas those on l-threoninol wind
counterclockwise.[12a,22] Because winding of Methyl Reds on
d-threoninol corresponds to the natural DNA duplex, clus-
ters in the DSnA/DSnB duplex easily formed a right-
handed helix. In contrast, Methyl Reds on l-threoninol
prefer counterclockwise winding that conflicts with the
clockwise winding of natural base-pairs on the dye clusters.
Consequently, the right-handed helix of the natural DNA
portion interfered with the intrinsic counterclockwise helici-
ty of l-threoninol, and thus, winding of Methyl Reds
became much weaker. The difference in lmax between
DSnA/DSnB and LSnA/LSnB, although small, probably re-
flects this helical structure. These results suggest that the
orientation of each dye molecule in the cluster is controlla-
ble by the linker.


The helical properties also affected the thermal stability
of the duplexes. For the DSnA/DSnB duplex, because the
clockwise winding of the dye molecules on d-threoninol did
not interfere with the right-handed helix of natural DNA,
Tm was only slightly increased by the accumulation of the
dye. In contrast, the counterclockwise winding property of
the dye molecules on l-threoninol interfered with the wind-
ing of the natural duplex and, accordingly, Tm was lowered
in the case of a series of LSnA/LSnB duplexes.


Conclusion


1) Clustering of Methyl Reds was attained by hybridization
of two complementary DNA–dye conjugates, each in-
volving a Methyl Red moiety on a threoninol linker and
a 1,3-propanediol spacer arranged alternately in the
middle of the DNA sequence. A stacked structure was
evidenced from the NMR analyses.


2) Antiparallel clustering of Methyl Reds induced a distinct
hypsochromic shift, and the degree of hypsochromicity
increased as the number of dye molecules increased.
This spectroscopic behavior is characteristic of the H-ag-
gregates of the dyes.


3) Chirality of threoninol affected both the ICD and the
stability of the duplex, due to its winding properties.


By using this method, a hetero cluster of two different
and alternating dyes is also easily prepared.[23] Because
some optical properties, such as nonlinear optical activity,
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are exhibited only by clustered dyes,[24] the present dye clus-
ter may also be applicable as a new DNA probe of high sen-
sitivity.


Experimental Section


Materials : All the conventional phosphoramidite monomers, CPG col-
umns, the reagents for DNA synthesis, and Poly-Pak cartridges were pur-
chased from GLEN RESEARCH. Other reagents for the synthesis of
the phosphoramidite monomers were purchased from Tokyo Kasei, and
Aldrich.


Synthesis of the modified DNA involving Methyl Red : All the modified
DNAs were synthesized by using an automated DNA synthesizer, with
phosphoramidite monomers corresponding to D and L residues, which
were synthesized according to a previous report,[12a] as well as other con-
ventional monomers. The coupling efficiency of the monomer corre-
sponding to the D or L residue was as high as that of a conventional
monomer, as judged from the coloration of released trityl cation. After
the recommended work-up, the DNAs were purified by using reversed-
phase HPLC.


MALDI-TOF MS: m/z calcd for DS1A [M�H+]: 4199; found: 4200; m/z
calcd for DS1B [M�H+]: 4199; found: 4201; m/z calcd for DS2A
[M�H+]: 4755; found: 4756; m/z calcd for DS2B [M�H+]: 4755; found:
4757; m/z calcd for DS3A [M�H+]: 5311; found: 5311; m/z calcd for
DS3B [M�H+]: 5311; found: 5311; m/z calcd for NMR-D [M�H+]:
2347; found: 2348; m/z calcd for LS2A [M�H+]: 4755; found: 4757; m/z
calcd for LS2B [M�H+]: 4755; found: 4757; m/z calcd for LS3A [M�H+]:
5311; found: 5312; m/z calcd for LS3B [M�H+]: 5311; found: 5313.


Spectroscopic measurements : The UV/Vis and CD spectra were mea-
sured by using a JASCO model V-530 and a JASCO model J-730, respec-
tively, with a 10 mm quartz cell. Both instruments were equipped with
programmed temperature-controllers. Conditions of the sample solutions
were as follows (unless otherwise noted): [NaCl]=100 mm, pH 7.0
(10 mm phosphate buffer), [DNA]=5 mm.


Measurement of melting temperature : The melting curves of the duplex-
es were obtained by using the above apparatus to measure the change in
absorbance at 260 nm versus temperature. The melting temperature (Tm)
was determined from the maximum in the first derivative of the melting
curve. Both the heating and cooling curves were obtained, and the Tm
values measured from them coincided with each other to within 2.0 8C.
The Tm values presented here are an average of 2–4 independent experi-
ments. The error of the Tm values is �1.0 8C.


NMR measurements : NMR samples were prepared by dissolving three-
times-lyophilized DNAs (modified and complementary DNA) in a H2O/
D2O 9:1 solution containing 10 mm sodium phosphate (pH 7.0) to give a
duplex concentration of 1.0 mm. NaCl was added to a total sodium con-
centration of 200 mm. After NMR measurement in H2O/D2O, the sam-
ples were lyophilized again and dissolved in a D2O solution.


NMR spectra were measured by using an Avance-600 spectrometer
(Bruker) at a probe temperature of 280 K. Two-dimensional NOESY
(mixing time of 150 ms) spectra[25] in H2O/D2O 9:1 were recorded by
using the States-TPPI method[26] and 3–9–19 WATERGATE pulse se-
quence for water suppression. FIDs (128 scans of each) of 2 K data
points in the t2 domain were collected for 512 data points in the t1
domain. Prior to Fourier transformation, the spectra were zero-filled to
give final 2 KM1 K data points after apodization with a p/2-shifted
squared sinebell function. Two-dimensional NOESY (mixing times of 100
and 200 ms), TOCSY (mixing time of 60 ms),[27] and DQF-COSY spec-
tra[28] in D2O were recorded by using the States-TPPI method without
suppression of the H2O signal. Free induction decay signals (FIDs) of the
2 K data points in the t2 domain were collected for the 512 data points in
the t1 domain. The number of scans for NOESY, TOCSY, and DQF-
COSY in D2O was 96. Prior to Fourier transformation, Gaussian window
functions were applied to both dimensions.


Structure restraints and calculation : NOE intensities obtained from two-
dimensional NOESY spectra in D2O with a mixing time of 100 ms were
interpreted as interactions of very strong (0–3), strong (0–4), medium (0–
5), or weak (0–6 N). A few other interproton distances were obtained
from the NOESY spectra in H2O with a mixing time of 150 ms. By using
cross-peaks corresponding to the fixed 2.4 N deoxycytidine H5–H6 dis-
tance as internal references, interproton distances corresponding to each
of the cross-peaks were calculated by using the program Felix (Molecular
Simulation). For the distance restraints, upper and lower limits were de-
fined as +1.5 and �1 N calculated distances, respectively. Hydrogen-
bonding restraints from Watson-Crick base-pairs were introduced as dis-
tance restraints between the proton and heavy atom (1.8–2.5 N). Struc-
tural restraints are summarized in Table S1 of the Supporting Informa-
tion. Existence of hydrogen bonding for base-pairs was judged from a sig-
nificant downfield shift of the imino-proton resonance and a slow rate of
exchange with the solvent. For the residues at the ends of each strand
(C1, C8, G9, and G16), restraints on the typical B-form DNA structure
were introduced on the assumption that the D and S residue would not
influence the structure of the ends of the DNA strands.


A set of 100 structures was calculated by using a simulated annealing
protocol with the InsightII/Discover package (Molecular Simulation).
The AMBER was used as the force field. A total of 256 NOE distance
restraints and 64 dihedral restraints were used for the calculation. The
force constants were 50 kcalmol�1N�2 for distance restraints and 50 kcal
mol�1 rad�2 for dihedral restraints. The atomic coordinates were random-
ized prior to the calculation. Distance and dihedral restraints were gradu-
ally scaled to full value during 15 ps of molecular dynamics at 1000 K,
while maintaining low value for interatomic repulsion, which was subse-
quently increased to full value during another 21 ps of dynamics. An ad-
ditional 5 ps of dynamics was performed at 1000 K and the temperature
was gradually scaled to 300 K during 10 ps. A final minimization step was
performed, which included a Lennard–Jones potential and no electrostat-
ic terms. The ten final structures with the lowest total and restraint viola-
tion energies were chosen.
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Introduction


Ruthenium(ii) polypyridine-type complexes are archetypal
complexes in the study of photoinduced electron or energy
transfer.[2] The prominent electronic feature in the behav-
iour of such complexes stems from a unique combination of
their ground state redox reactivity and excited state proper-


ties. Since the discovery that, upon irradiation with visible
light, the long-lived excited state of [Ru(bpy)3]


2+ can be
either oxidised[3] or reduced in subsequent bimolecular reac-
tions, a cornucopia of papers reporting the potential applica-
tions of this unique property has appeared in the litera-
ture.[4] More recently, the parent [Ru(bpy)3]


2+ compound
has found use as the photoactive component in the design of
supramolecular systems with the aim of elaborating novel
photocatalysts.[5–8] One such model compound can be seen
as a [Ru(bpy)3]


2+ core connected to a coordination metal
complex capable of driving an interesting chemical reaction,
be it an oxidation or a reductive process. The objectives
behind the construction of such systems are numerous. In
one, the diffusional limits between the donor and acceptor
are eliminated. Another important parameter, the intramo-
lecular separation between the integrative parts, can easily
be modulated by synthetic procedures. The chemical nature
of the bridging ligand may play a significant role in the pho-
tophysical properties and electron trade of the whole
system. Hence, in the assemblage of these modular molecu-
lar units, successful progress towards a functioning model
may rely on the photophysical behaviour of the lumophore.


Abstract: Excited states of ruthenium
polypyridine-type complexes have
always attracted the interest of chem-
ists. We have recently found evidence
of a remarkable long-lived excited
state (30 ms) for a RuII complex con-
taining a heteroditopic ligand that can
be viewed as a fused phenanthroline
and salophen ligand.[1] To unravel this
intriguing electronic property, we have
used density functional theory (DFT)
calculations to understand the ground-
state properties of [(bpy)2Ru(LH2)]


2+ ,
where LH2 represents N,N’-bis(salicyl-
idene)-(1,10-phenanthroline)diamine.
Excited singlet and triplet states have


been examined by the time-dependent
DFT (TDDFT) formalism and the the-
oretical findings have been compared
with those for the parent complex [Ru-
(bpy)3]


2+ . The outstanding result is the
presence of excited states lower in
energy than the metal-to-ligand
charge-transfer states, originating from
intraligand charge transfer (ILCT)
from the phenolic rings to the phenan-


throline part of the coordinated LH2.
The spin density distribution for the
lowest triplet state provides evidence
that it is in fact the lowest triplet state
of the free ligand. Correlation between
the energy level diagram of orbitals for
the ground state and that for the
3ILCT state clearly establishes that the
ruthenium retains its formal RuII oxi-
dation state. The quenching of the lu-
minescence and the evidence of the
long-lived excited state observed for
[(bpy)2Ru(LH2)]


2+ are discussed in the
light of the computational results.
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It is therefore of paramount importance to understand the
intimate nature of the ground and excited states of the dif-
ferent photoactive building blocks.
While the properties of the ground and excited states of


d6 polypyridine complexes—[Ru(bpy)3]
2+ , for instance—


have been investigated by a large variety of experimental
techniques, computational studies remain scarce. The under-
standing of the photochemistry of transition metal com-
plexes is still a great challenge to the interplay between cal-
culation and experiment, because it requires good descrip-
tions both of the ground state and of the appropriate excited
states. However, theoretical analysis of the electronic states
of these complexes faces major difficulties, in the shape of
the large size of the molecules and the presence of strong
electronic correlations. Quantum-mechanical methods based
on the Hartree–Fock theory need post-Hartree–Fock treat-
ments to provide reliable descriptions of the excited states,[9]


but such approaches rapidly become intractable as the size
of the system increases. This explains why calculations have
until recently been performed with semiempirical meth-
ods[10,11] or on small models of the studied complex. In con-
trast, density functional theory (DFT) has been successful in
the study of the ground-state properties of large transition-
metal complexes. This is particularly true when a hybrid
functional—such as B3LYP[12]—including a mixture of Har-
tree–Fock exchange with DFT exchange-correlation is used.
In the case of ruthenium compounds, the influence of diim-
ine-type ligands has been investigated to interpret photon-
ic[13] or electrochemical properties,[14] as well as the ability to
interact with DNA.[15,16] More recently, time-dependent den-
sity functional theory (TDDFT)[17] has proven its aptitude
for calculation of the vertical electronic excitation energies
responsible for the absorption spectra of RuII com-
plexes.[18–20] The solvatochromism phenomenon has even
been evaluated for some systems.[20] For small complexes
such as [Ru(NH3)4(bpy)]


2+ , Lever et al.[10,21] have compared
different methods—semiempirical INDO/S methods and
TDDFT performed with different functionals and basis
sets—used for the calculation of electronic spectra. They
concluded that the B3LYP functional usually gives the best
results both for geometry optimisations and for electronic
spectra.
The interpretation of photophysical properties introduces


a further step of difficulty into the computation because,
starting from a singlet ground state, triplets states are now
involved. A DFT approach was first proposed by Daul
et al.[22] Recently published TDDFT results have concerned
complexes of ReI,[23] RuII[11] and IrIII.[24]


We have recently reported[1] the synthesis and characteri-
sation of the heteroditopic ligand N,N’-bis(3,5-di-tert-butyl-
salicylidene)-5,6-(1,10-phenanthroline)diamine, which can
be viewed as a fused phenanthroline and a tetradentate
Schiff base cavity. The properties—including electrochemis-
try, UV/Vis spectroscopy and photophysical studies—of the
related complex derived from [Ru(bpy)3]


2+ by substitution
of one bpy by the ligand have been described. A rapid
quenching of the emission was observed and a remarkable


long-lived (30 ms) excited state was detected. Comments by
the referees of this work encouraged us to analyse this state
more profoundly, and so the ultimate goal of this work is to
interpret this notable behaviour in the light of a theoretical
approach, and in this paper we therefore investigate the
structures and electronic properties of the ground state and
lowest singlet and triplet excited states of a complex
[(bpy)2Ru(LH2)]


2+ (abbreviated as Ru-L), in which LH2


represents the unsubstituted derivative of the above ligand.
We have also analysed the properties of the parent [Ru-
(bpy)3]


2+ molecule (abbreviated as Ru-bp) by the same pro-
cedure, both to test the computational method and to derive
comparisons between the two complexes.


Results


After a description of the computational methods that we
have used, the Theoretical Results section is then composed
of five parts:


1) The calculated optimised molecular structures are de-
scribed for the free ligand and for the Ru-L complex.
Reference is also made to our calculated values for Ru-
bp.


2) The energy level diagrams for the ground states of the
ligand and the Ru-L complex are presented and the fron-
tier molecular orbitals are depicted. Correlations are es-
tablished between the MOs of the free and the coordi-
nated ligand.


3) The first excited states for both Ru-L and Ru-bp are cal-
culated in this part by use of the optimised geometry of
the ground state. We report their energies and their char-
acter emanating from electron promotion from occupied
ground state MOs to vacant ones. Excited singlet and
triplet states are considered separately.


4) The lowest triplets states of Ru-bp and Ru-L are consid-
ered in their own optimised geometries. The energy level
diagram of the triplet spin-orbitals are described and cor-
relation is made with the ground state molecular orbitals.
The natures of these states are discussed.


5) Finally, the oxidised complexes are examined. This last
section is devoted to the interpretation of some photo-
physical properties of Ru-L and Ru-bp in the light of our
calculations, and is followed by a discussion of the rele-
vance of the results.


Computation methods


Density functional theory calculations were carried out by
use of BeckeLs three-parameter hybrid functional B3LYP[12]


including BeckeLs gradient correction[25] for the exchange
functional, along with nonlocal terms derived by Lee, Yang
and Parr[26] for the correlation functional. The LanL2DZ
basis set was employed. This consists of Dunning and Huzi-
nagaLs valence double-z basis D95V[27] for first row atoms
and the Los Alamos effective core potential (ECP)[28] in-
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cluding relativistic effects plus double-z atomic orbitals for
heavier atoms. As no X-ray data are available either for the
ligand or for the Ru-L complex, all geometries were fully
optimised in the ground state (closed-shell singlet S0). How-
ever, to decrease the computation time, the tert-butyl (tBu)
groups on the phenol rings were suppressed and a C2 sym-
metry was retained. Test calculations on the free ligand with
four tBu groups or with C1 symmetry have shown that the
nature and energy ordering of the frontier orbitals are only
slightly affected.
Starting from the closed-shell S0 state, time-dependent


density functional (TDDFT)[17] calculations were performed
with a spin-restricted formalism to determine the energies
and character of the lowest excited singlet and triplet states
at the ground-state geometry.
In a different approach, spin-unrestricted calculations


were employed to investigate the first spin–triplet state T1


for the ligand LH2, and also for the Ru-L and Ru-bp com-
plexes, more completely. The corresponding geometries
were fully optimised at the UB3LYP/LanL2DZ level of
theory and the nature of these states were ascertained by
analysis of the triplet spin-orbitals and of the spin density
distribution. Furthermore, we have also performed similar
calculations on [Ru(bpy)3]


2+ in D3 symmetry to underpin
our theoretical data relating to [(bpy)2Ru(LH2)]


2+ .
All calculations were carried out with the Gaussian 98


software package.[29]


Theoretical results


As mentioned earlier, we have studied the N,N’-bis(3,5-di-
tert-butylsalicylidene)-5,6-(1,10-phenanthroline)diamine li-
gand experimentally (Figure 1, left), but our computation
studies concern the simplified ligand, in which the two tert-
butyl groups on each phenol ring have been suppressed. The
structure of the complex [(bpy)2Ru(LH2)]


2+ is also reported
in the same figure, as it is the result of geometry optimisa-
tion calculations.


Molecular structures : Selected optimised geometric parame-
ters calculated for the ground state S0 and the lowest triplet
state T1 of the ligand and the ruthenium complexes are re-
ported in Table 1.


Free ligand : The computed structure of the ligand in the S0
ground state was described in the previous paper. Steric hin-
drance between the protons on C3 and C7 (and C3’/C7’) in-
duces a distortion. In the singlet state, the two nitrogen
atoms N2 and N2’ stay in the plane defined by the phenan-
throline skeleton, while torsion of the pending phenol
groups occurs mainly around the C6�N2 and C6’�N2’ bonds
(see dihedral angle C6’-C6-N2-C7). It may be noted that the
salophen N2O2 cavity is not planar in the absence of a coor-
dinating metal ion. In the lowest triplet state a more drastic
molecular distortion arises: the phenanthroline skeleton no
longer remains planar overall and the two nitrogen atoms
N2 and N2’ depart from its mean plane, as indicated by the
value (40.98) of the dihedral angle N2’-C6’-C6-N2. The
major torsion occurs around the C6�C6’ bond of phenan-
throline and, to a lesser extent, around C6�N2 and C6’�N2’.
Another remarkable change on going from the singlet to the
triplet state is the variation in the bond lengths in the C6’-
C6-N2-C7 fragment (and in the symmetric one). Actually,
we noticed that a lengthening of the central C6�N2 bond
occurs, while the two outer C6’�C6 and N2�C7 bonds are
shortened. These geometric modifications denote an impor-
tant change in conjugation between the two states (S0 and
T1, respectively), in this part of the molecule. Hence, the
conclusive point to recall from our calculations for the S0!
T1 pathway of the ligand is the substantial geometric
change.


Complex : In the computed structure of the Ru-L complex,
the ruthenium(ii) adopts, as usual, a distorted octahedral co-
ordination geometry. The geometry of the ligand LH2 re-
mains essentially unchanged on going from the free ligand
to the complex in the ground state. The main change is the


small shrinkage of the C1�C1’
bond in both S0 and T1 states,
as a consequence of the coordi-
nation to ruthenium. The rela-
tively poor quality of the basis
set (valence double-z) and the
large size of the system, which
makes the geometry optimisa-
tions complicated, prevent us
from taking minor changes in
the metric parameters into con-
sideration. All Ru�N bond
lengths are in almost the same
range (2.10 O, as also calculat-
ed for [Ru(bpy)3]


2+) and so we
do not take account of these
small and meaningless differen-
ces in this paper.Figure 1. Free ligand LH2 (left) and the calculated structure of the complex [(bpy)2Ru(LH2)]


2+ (right), with
numbering of the atoms.


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 796 – 812798


M.-F. Charlot et al.



www.chemeurj.org





Energy levels and molecular orbitals in the ground state


Orbitals of the ligand : In a previous study of the ligand only,
we depicted its molecular orbitals and discussed its bichro-
mophoric character. The frontier orbitals can be classified as
being more predominantly developed either on the phenan-
throline moiety or on the salophen skeleton. The LUMO
and LUMO+1 consist predominantly of the a- and b-sym-
metry combinations of the antibonding p* orbitals of the C=
N imino groups, with no contribution on the phenanthroline
extremity. However, the LUMO+2 and LUMO+3 are es-
sentially the p* (locally b1 y) and (locally a2 c) orbitals of
phenanthroline (see, for instance, reference [30] for refer-
ence to y and c). In contrast, the HOMO of b symmetry is
developed on the whole ligand, with an important electronic
distribution in the C1�C1’ bond. As we will see further, two
other occupied orbitals will play an important part in the
complex; these are the HOMO�1 and HOMO�3, which
are the a and b combinations, respectively, of the orbitals lo-
cated on the two symmetric phenol groups. The HOMO�2
and HOMO�4 are the two s orbitals spread on the nitrogen
atoms of the phenanthroline end, with b and a symmetry, re-
spectively, and are responsible for the coordination to ruthe-
nium in the complex. We must stress the fact that they are
not the highest occupied orbitals, as is usually the case for
polypyridine ligands without oxygenated substituents. Fur-
thermore, it is interesting to notice that the calculated
HOMO–LUMO gap is 3.58 eV, which is notably smaller
than the value of 4.61 eV that we have determined for phen-
anthroline by the same method.


Orbitals of the [(bpy)2Ru-
(LH2)]


2+ complex : In a logical
way, we now examine the high-
est occupied and lowest virtual
orbitals for the Ru-L complex
in its S0 singlet ground state
(state 1A in C2 symmetry). As
will be seen later, these MOs
provide the framework for the
excited state description by
TDDFT. Their energies and
characters govern the absorp-
tion and emission spectra to a
large extent, as well as the
nature of the transitions. The
symmetries, energies and pre-
ponderant compositions of
these orbitals are listed in
Table 2.
The assignment of the type of


each MO is the result of visual
inspection of its three-dimen-
sional representation (see
Figure 2). The energy diagram
(in atomic units) of the frontier


Table 1. Selected calculated geometric parameters for ligand LH2, complex [(bpy)2Ru(LH2)]
2+ and [Ru-


(bpy)3]
2+ in their ground singlet states S0 and in their first excited triplet states T1. Values for the oxidised


complex [(bpy)2Ru(LH2)]
3+ are also reported.


LH2 [(bpy)2Ru(LH2)]
2+ [Ru bpy)3]


2+


S0 T1 S0 T1 ox[a] S0 T1


distances [O]
Ru�N1 2.109 2.104 2.107
Ru�Na 2.097 2.096 2.104 2.100 2.093
Ru�Ne 2.095 2.098 2.101 2.100 2.093
C1�C1’ 1.463 1.489 1.432 1.455
C6�C6’ 1.391 1.491 1.406 1.492
C6�N2 1.424 1.351 1.408 1.366
N2�C7 1.314 1.360 1.323 1.357
C9�O1 1.371 1.371 1.373 1.367


angles [8]
N1-Ru-N1’ 79.3 78.9
N1-Ru-Na 88.3 88.4
N1-Ru-Ne 95.8 96.2
N1-Ru-Na’ 96.4 96.4
Na-Ru-Ne 78.5 78.5 78.4 78.9
Na-Ru-Ne’ 97.2 97.0 96.7 97.2
Ne-Ru-Ne’ 89.5 89.1 88.4 87.1
C6’-C6-N2 123.2 124.3 124.2 124.3
C6-N2-C7 122.8 125.6 124.4 126.0
N2-C7-C8 121.3 120.6 121.7 121.0


dihedral angles [8]
N2’-C6’-C6-N2 �1.3 40.9 �4.9 31.2 1.6
C6’-C6-N2-C7 57.6 10.9 55.3 17.1 49.1
C6-N2-C7-C8 �179.4 �176.7 �178.1 �175.0 �177.7


[a] Oxidised complex.


Table 2. Calculated frontier orbitals of [(bpy)2Ru(LH2)]
2+ in the ground


singlet state (S0): symmetry in the C2 group, energy in atomic units [a.u.]
and dominant character.


Orbital Symmetry Energy [a.u.] Dominant
character[a]


occupied
188 a �0.448 p(phen) + p(bpy)
189 b �0.447 p(bpy)
190 a �0.427 salophen
191 b �0.406 salophen
192 a �0.401 dp(Ru)
193 b �0.399 dp(Ru)
194 a �0.395 dp(Ru)
195 a �0.394 salophen
196 b �0.377 C1=C1’(phen) + PhOH
197 a �0.362 PhOH
198 b �0.358 PhOH
virtual
199 b �0.272 p1*(bpy)
200 a �0.269 p1*(bpy)
201 b �0.261 y(phen)
202 a �0.256 c(phen)
203 b �0.242 p2*, p3*(bpy)
204 a �0.234 p2*, p3*(bpy)
205 a �0.231 p2*, p3*(bpy)
206 b �0.231 p2*, p3*(bpy)
207 b �0.220 C7=N2 + p*(phen)
208 a �0.216 C7=N2 + p*(phen)


[a] p(phen) and p(bpy): highest p occupied orbitals of the free ligands.
p1*(bpy), p2*(bpy), p3*(bpy): unoccupied orbitals of bipyridine in in-
creasing order. c(phen) and y(phen): the two p* LUMOs of phenanthro-
line of a and b symmetry, respectively. PhOH: orbitals on the phenol
rings of LH2. salophen: orbitals developed on the salophen cavity. C1=
C1’(phen): see Figure 1. C7=N2 (and C7’=N2’): imine groups of the salo-
phen.
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orbitals of Ru-L is plotted in Figure 3, and a correlation is
established between these MOs and the orbitals of the
building bpy and LH2 ligands. The analogous correspond-
ence between the orbitals of [Ru(bpy)3]


2+ (state 1A1 in D3


symmetry) and of bpy is also shown in Figure 3 for discus-
sion.
However, direct energy comparison between molecules


bearing different total charges is not relevant, because the
gain in stability produced by the electron–nucleus attractive
potential stabilises the total energy of a molecule more and
more while its positive charge increases. As we noticed that
the first vacant orbital (p1*) of the bipyridine ligand remains
almost unchanged in the first set of unoccupied orbitals
(LUMO and LUMO+1 for Ru-L and LUMO to LUMO+2
for Ru-bp), we used a mathematical artifice to allow easier
reading of the correspondences between the energy level di-
agrams: we shifted all the energies for both complexes in
such a way as to level the energies for all MOs correspond-
ing to p1* orbitals. This is achieved by adding 0.210 a.u. to
all energies for Ru-L and 0.215 a.u. for Ru-bp (see
Figure 3).
As can be seen in Figure 3 and Table 2, the highest occu-


pied orbitals of Ru-L are not ruthenium dp orbitals as in


Ru-bp but ligand-centred orbitals. From our preliminary cal-
culations, this occurs because the ligand possesses occupied
orbitals higher in energy than the s orbitals susceptible to
coordination to the ruthenium ion. In Ru-L, HOMO (198)
and HOMO�1 are, in the order given, the b and a combina-
tions of orbitals developed over the whole phenol rings;
they are strongly reminiscent of HOMO�3 and HOMO�1,
respectively, of LH2. This point is consistent with the first
anodic electron transfer observed by cyclic voltammetry,
which can be attributed to the removal of one electron from
the phenol group. The next occupied orbital in decreasing
order (i.e., 196) is derived from the HOMO of the ligand
developed on C6=C6’ and on the whole Schiff base; a small
contribution on the phen end of the ligand is responsible for
a stabilisation, greater than that for the phenolic orbitals,
upon coordination to the ruthenium. Orbital 195 develops
on the salophen (but not on the phenolic oxygen atoms).
The next three orbitals (194–192) are nearly pure dp orbitals
of ruthenium(ii), and the two following ones are located on
the LH2 ligand. Finally, MOs 189 and 188 are occupied p or-
bitals on bpy and phen + bpy, respectively.
We now consider the vacant orbitals in increasing order.


The first ones (199, 200) are the b and a combinations, re-
spectively, of the p1* orbitals of the two bipyridines. The
next two are the well known vacant p* orbitals of the phe-
nanthroline part: y (b) and c (a). Orbitals 203 to 206 are
combinations of the p2* and p3* orbitals resulting from
small ligand–ligand interactions. Finally, MOs 207 (b) and
208 (a) are essentially located on the imine parts (C7=N2
and C7’=N2’) of the main ligand. They issue from the two
LUMOs of the free ligand LH2 but are strongly destabilised
and now mix with high-lying p* orbitals of phenanthroline.
A telling fact from the diagram in Figure 3 is that the


HOMO–LUMO energy gap is quite a lot smaller in Ru-L
(2.34 eV) than in Ru-bp (3.36 eV). In contrast, the mean dif-
ference in energy between the set of dp orbitals and the set
of p1*(bpy) orbitals is nearly the same: 3.49 eV for Ru-L
and 3.56 eV for Ru-bp. It is not surprising that the excitation
energies, discussed later, reflect the comparison of these
gaps, with Ru to bpy charge transfers at nearly the same
energy in both complexes and a spectrum expanding more
in the near infrared region for Ru-L than for Ru-bp.


Excited states : TDDFT calculations were employed to ex-
amine the low-lying singlet and triplet excited states of the
Ru-L complex, as well as those of Ru-bp, in their ground-
state geometries. This means that vertical excitation energies
from the ground state are calculated. Excited statesL elec-
tronic structures are described in terms of multiconfigura-
tions: that is, a linear combination of several occupied to vir-
tual MO (or spin–orbital) excitations comprises a given elec-
tronic transition. Consequently, the dominant character of
each transition can be clearly specified. TDDFT also pro-
vides the electric dipole oscillator strength (f) of the transi-
tion from the ground to the excited state, which is related to
the transition moment, thereby allowing the description of
the electronic spectrum of the molecule (in the gas phase).


Figure 2. Selected orbitals of [(bpy)2Ru(LH2)]
2+ in its ground state.
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As spin–orbit effects are neglected in current TDDFT calcu-
lations, transitions from the ground state to the triplet states
are spin-forbidden and the f values for transitions from S0 to
these states are all zero.
For the singlet states, selected transitions with noticeable


f-values (except the first one) are reported in Table 3, whilst
the results for all lowest triplets are displayed in Table 4.


Excited singlet states : A full description of the UV/Vis spec-
trum of the complex by DFT calculations lies beyond the
scope of this study. Accordingly, high-energy excited singlet
states responsible for the ultraviolet part of the absorption
spectrum have not been investigated. Indeed, their study is
highly time-consuming, especially in large systems with low
symmetry. Furthermore, they are responsible for p!p*
transitions, which do not participate in the photophysics of
ruthenium complexes. In fact, 45 states describing transitions
above 360 nm have been calculated, but nonetheless no
transition originating from p orbitals, either from bipyridine
or from phenanthroline, was found.
Looking at Table 3, we notice that the lowest states (E<


2.5 eV) are obtained from the ground state by intraligand
charge transfer (ILCT) located on the LH2 ligand. More
precisely, electronic density is shifted from the high-lying
phenol orbitals toward the vacant p orbitals of the phenan-
throline moiety. The corresponding transitions would range
approximately from 490 to 600 nm with low intensity owing
to the order of magnitude of their oscillator strengths. Here
they are referred to as intraligand charge-transfer transitions
(ILCTs) and are not assigned in the experimentally mea-
sured electronic absorption spectrum in solution. They most


probably contribute to the feet
of the more intense transitions
occurring at higher energy. Fur-
thermore, it is important to
recall that the present calcula-
tions concern the isolated mole-
cule and an exact correlation
with the experimentally mea-
sured spectrum would be a far-
fetched expectation.
The states obtained by


charge transfer from the metal
to the ligands lie at energies
greater than 2.7 eV. Although
some mixture occurs, metal-to-
bipyridine charge transfers (ab-
breviated as MBCTs) and
metal-to-phenanthroline charge
transfers (MPCT excitations)
result, to a first approximation,
in distinct excited states. The
population of the p1* orbitals of
bipyridine is generally less ener-
getic than that of y and c of
phenanthroline. One should
also note that both intraligand


transfers and ligand LH2-to-bipyridine charge transfers
(LBCT excitations) also occur in the same energy region. As
is the case for state 18, their oscillator strength may be of
the same magnitude as that for metal-to-ligand charge trans-
fers, and they consequently contribute to the observed spec-
trum in the 400–480 nm region. This finding has also been
mentioned by other authors in cases involving ruthenium
complexes with mixed ligands.[18] Thus, assignment of a
broad band to a single type of transition (here “MLCT”) is
a false oversimplification.
Higher-energy transitions are also reported in Table 3, but


are not discussed here.


Excited triplet states : We must emphasise that these states
are calculated in the optimised geometry of the ground
state; that is to say, they correspond to vertical transitions
from the ground state.
All Tn states with energy smaller than the excitation ener-


gies used in photophysical experiments (lexc = 532 nm, Eexc


= 2.33 eV and lexc = 355 nm, Eexc = 3.49 eV) are suscepti-
ble to involvement in the deactivation processes. The first
ten calculated triplet states are reported in Table 4. Triplet
T1 lies 0.14 eV lower than singlet S1, so the first excited state
of the complex is a triplet state. We notice that, starting
from the ground electronic configuration, the first seven
triplets are the results of intraligand or ligand–ligand charge
transfers. The triplets with metal-to-ligand charge-transfer
character are encountered at energies higher than 2.29 eV.
This corresponds to the lower limit of 540 nm for an emis-
sive deactivation process to the ground state in a vertical
transition.


Figure 3. Energy level diagram (in atomic units: a.u.) of frontier MOs for [(bpy)2Ru(LH2)]
2+ in its ground


state and correlation with the orbitals of the constituent ligands (LH2) and (bpy). A similar correlation for
[Ru(bpy)3]


2+ is presented on the right-hand side. The energy levels for Ru-L and Ru-bp are shifted by 0.210
and 0.215 a.u., respectively, to allow for the +2 charge of the complexes as compared to the 0 charge of the li-
gands (see text).
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As spin–orbit interactions are not considered in the
TDDFT calculations, the results do not provide information
on the triplet–singlet transition intensities. Such interactions
will have two effects. Firstly, the “forbidden transitions” will
gain in intensity and so emission will be observed. Secondly,
the energy of the lowest triplet state will be lowered by cou-
pling with higher singlets and triplets states. Nevertheless,
the description in terms of singlet and triplet states remains
reasonable in the case of ruthenium complexes, as is de-
tailed later.


Lowest triplet state of [(bpy)2Ru(LH2)]
2+ and [Ru(bpy)3]


2+ :
In our previous paper we described a photophysical study of
[(bpy)2Ru(LH2)]


2+ . In the absence of an electron acceptor,
fast quenching of the triplet state (t<100 ps) occurs after
laser excitation at 532 nm. On comparison with the emission
characteristics of [Ru(bpy)3]


2+ , the experimental data sug-
gested that this quenching is due to the ligand. In such a
process the lowest excited state, which is a triplet, is suscep-
tible to play a significant role and we now focus more atten-
tion on this state.
Spin-unrestricted calculations with full geometry optimisa-


tion at the UB3LYP/LanL2DZ level were employed to in-


Table 3. Selected calculated singlet excited states Sn for [(bpy)2Ru(LH2)]
2+. Symmetry, excitation energy (E), corresponding wavelength (l), oscillator


strength (f), constituent monoexcitations from the ground state with their contribution in parentheses, dominant character.


Singlet state Symmetry E [eV] l [nm] f Constituent monoexcitations Dominant character
number n contributions[a] nature of the excitation[b]


1 A 2.050 605 0.006 198!199 (0.96) PhOH!p*(bpy) LBCT
4 A 2.206 562 0.017 198!201 (0.94) PhOH!y(phen) ILCT
6 B 2.323 534 0.034 197!201 (0.49) PhOH!y(phen) ILCT


198!202 (0.49) PhOH!c(phen)
7 B 2.368 524 0.035 197!201 (0.51) PhOH!y(phen) ILCT


198!202 (0.49) PhOH!c(phen)
8 A 2.427 511 0.024 197!202 (1.00) PhOH!c(phen) ILCT
11 A 2.520 492 0.014 196!199 (0.88) salophen!p*(bpy) LBCT
13 A 2.672 464 0.019 196!201 (0.71) salophen!y(phen) ILCT


193!199 (0.16) dp(Ru)!p*(bpy)
15 A 2.711 457 0.013 193!199 (0.50) dp(Ru)!p*(bpy) MBCT


196!201 (0.21) salophen!y(phen)
196!199 (0.13) salophen!p*(bpy)


17 B 2.822 439 0.064 192!199 (0.58) dp(Ru)!p*(bpy) MBCT
193!200 (0.30) dp(Ru)!p*(bpy)


18 B 2.860 434 0.138 196!202 (0.92) salophen!y(phen) ILCT
19 A 2.861 433 0.022 198!203 (1.00) PhOH!p*(bpy) LBCT
20 A 2.925 424 0.149 192!200 (0.69) dp(Ru)!p*(bpy) MBCT


193!201 (0.17) dp(Ru)!y(phen)
193!199 (0.14) dp(Ru)!p*(bpy)


21 B 2.951 420 0.015 192!201 (0.96) dp(Ru)!y(phen) MPCT
31 A 3.232 384 0.015 195!202 (0.45) salophen!c(phen) ILCT


192!202 (0.20) dp(Ru)!c(phen)
193!201 (0.13) dp(Ru)!y(phen)
198!207 (0.12) PhOH!imine


32 A 3.239 383 0.052 198!207 (0.37) PhOH!imine ILCT
194!202 (0.29) dp(Ru)!c(phen)
192!202 (0.13) dp(Ru)!c(phen)
193!201 (0.13) dp(Ru)!y(phen)


33 B 3.292 377 0.025 193!202 (0.83) dp(Ru)!c(phen) MPCT
34 A 3.299 376 0.045 191!199 (0.65) salophen!p*(bpy) LBCT


192!202 (0.14) dp(Ru)!c(phen)
35 B 3.299 376 0.012 197!206 (0.95) PhOH!p*(bpy) LBCT
37 A 3.319 374 0.097 192!202 (0.45) dp(Ru)!c(phen) MPCT


191!199 (0.19) salophen!p*(bpy)
195!202 (0.12) salophen!c(phen)
196!203 (0.10) salophen!p*(bpy)


38 B 3.325 373 0.030 198!208 (0.87) PhOH!imine ILCT
39 A 3.344 371 0.093 198!207 (0.30) PhOH!imine ILCT


196!203 (0.25) salophen!p*(bpy)
195!202 (0.19) salophen!c(phen)
194!202 (0.17) dp(Ru)!c(phen)


40 A 3.346 371 0.025 196!203 (0.65) salophen!p*(bpy) LBCT
192!202 (0.11) dp(Ru)!c(phen)


[a] Only contributions larger than 0.10 are specified. [b] ILCT: intraligand charge transfer in the LH2 ligand. LBCT: ligand–ligand charge transfer from
ligand LH2 to the bipyridines. MBCT: metal-to-ligand charge transfer from Ru to the bipyridines. MPCT: metal-to-ligand charge transfer from Ru to the
phenanthroline part of the ligand LH2.
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vestigate this T1 state for Ru-L, as well as for Ru-bp for
comparison. We have described the calculated geometries
above. The electronic structures discussed below are based
on the energy level diagrams, nature of the tripletsL spin-or-
bitals and spin density distributions. We first consider [Ru-
(bpy)3]


2+ as a test for the methodology and also as a refer-
ence point.


3A2 state of [Ru(bpy)3]
2+ : Starting from the D3 symmetry of


the molecule in its ground state, a 3A2 state is found as the
lowest triplet state in this group. This high symmetry was in-
itially retained because it prevents intensive orbital mixings
and therefore allows clearer comparison between ground
and excited states. Furthermore, computation time decreases
substantially when symmetry is explicitly used in the pro-
grams. A consequent geometry optimisation of the 3A2 state
in C2 symmetry was performed and led to a slightly stabi-
lised 3B state (�0.2 eV). Nevertheless, the groups of orbitals
in the energy level diagram retained large similarities. It is
not to be excluded, however, that an excited triplet in D3


could experience such a large drop in energy in the C1 sym-
metry as to fall as the lowest triplet. Here, too, an extensive
description of the low-lying states of ruthenium tris-bipyri-
dine is not essential for our study, so we focus on the 3A2


state. Its calculated energy is 2.32 eV above the 1A1 state in
the ground-state geometry and 2.23 eV after relaxation in
D3 symmetry. This energy gives a maximum value of 557 nm
for a radiative decay to the ground state, as compared to the
experimental value of 610 nm. No substantial change, either
for the energies or for the character of the orbitals, is com-
puted in this limited geometry optimisation.


For [Ru(bpy)3]
2+ , Figure 4 presents the energy correla-


tions between the 3A2 spin-orbitals and the 1A1 MOs. On
going from S0 to T1, the a vacant p1*(bpy) spin-orbital of a2
symmetry is stabilised and therefore accepts one electron,
whilst the b occupied dp(Ru) spin-orbital of a1 symmetry
rises in energy and is depopulated. Effectively, a dp(a1)!
p1*(a2) electron transfer is achieved to generate this lowest
3A2 excited state. The nature of this transition and of this
lowest triplet state is in agreement with the DFT results of
Daul.[22]


As can be seen in Figure 5, the involved spin-orbitals
p1*(a2)a and dp(a1)b retain the same character and electron
distribution as in the 1A1 state, so the lowest triplet state in
[Ru(bpy)3]


2+ is well known as a metal-to-ligand charge
transfer state. The resulting spin density is represented in
Figure 6, which shows that approximately one spin is located
on the ruthenium while the other is equally distributed over
the three coordinated bipyridines. The energy level diagram
also indicates that all types of occupied orbitals, except for
dp, retain nearly the same energy as in the ground state. The
metallic orbitals are strongly stabilised (mean value 1.6 eV),
which indicates that ruthenium is now in a higher oxidation
state—formally RuIII—as a consequence of the electron
transfer. In D3 symmetry, the 3A2 state is thus the “charge-
separated state”, which can be formulated as [RuIII-
(bpy[C�]


1=3])3]
2+ in a totally delocalised description. This point


is further discussed in a subsequent section.
Another consequence of the lowering of the d orbitals is


that their energies become of the same order as those of the
occupied p(bpy) orbitals, thus allowing a certain mixing, as
is the case for the b spin-orbitals of e symmetry (Figure 5).


Table 4. First triplet excited states Tn for [(bpy)2Ru(LH2)]
2+ calculated at the ground-state geometry. Symmetry, excitation energy (E), corresponding


wavelength (l), constituent monoexcitations from the ground state with their contribution in parentheses, dominant character of the excitation.


Triplet-state Symmetry E [eV] l [nm] Constituent monoexcitations Dominant character
number n contributions[a] nature of the excitation[b]


1 B 1.912 649 198!202 (0.67) PhOH!c(phen) ILCT
196!202 (0.28) salophen!c(phen)


2 A 2.016 615 198!199 (0.67) PhOH!p*(bpy) LBCT
198!201 (0.28) PhOH!y(phen)


3 A 2.119 585 198!201 (0.54) PhOH!y(phen) ILCT
198!199 (0.35) PhOH!p*(bpy)


4 B 2.139 580 198!200 (0.97) PhOH!p*(bpy) LBCT
5 B 2.171 571 197!199 (0.93) PhOH!p*(bpy) LBCT
6 A 2.218 559 197!202 (0.64) PhOH!c(phen) ILCT


197!200 (0.16) PhOH!p*(bpy)
7 A 2.265 547 197!200 (0.71) PhOH!p*(bpy) LBCT


197!202 (0.12) PhOH!c(phen)
194!200 (0.12) dp(Ru)!p*(bpy)


8 A 2.290 542 194!200 (0.63) dp(Ru)!p*(bpy) MBCT
195!200 (0.20) salophen!p*(bpy)
197!200 (0.17) PhOH!p*(bpy)


9 B 2.316 535 197!201 (0.67) PhOH!y(phen) ILCT
196!202 (0.18) salophen!c(phen)


10 B 2.320 535 194!199 (0.66) dp(Ru)!p*(bpy) MBCT
195!199 (0.21) dp(Ru)!p*(bpy)


[a] Only contributions larger than 0.10 are specified. [b] ILCT: intraligand charge transfer in the LH2 ligand. LBCT: ligand–ligand charge transfer from
ligand LH2 to the bipyridines. MBCT: metal-to-ligand charge transfer from Ru to the bipyridines. MPCT: metal-to-ligand charge transfer from Ru to the
phenanthroline part of the ligand LH2.
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3B state of [(bpy)2Ru(LH2)]
2+ : We will now analyse the


lowest triplet state of Ru-L by the same approach. However,
because of the larger size and the lower symmetry of the
system, the orbital energy levels are closer to each other
and so are susceptible to mixing. We may therefore expect
that the orbitals will no longer retain a relative pure charac-
ter such as seen in the ground state.
The energy level diagram for the frontier spin-orbitals of


the T1 state—found to be a 3B state—in connection with the
MOs for the 1A state are presented in Figure 7. They are de-
rived through consideration of the optimised geometries for
both states.
As we have discussed in the molecular structures section,


the geometries are notably different in the two states. If
some spin-orbitals are easily related to molecular orbitals in
the singlet state, others (shown in grey) are the result of or-
bital mixing. This is clearly the case for the HOMO a of a
symmetry and the LUMO b of b symmetry shown in
Figure 8. The former is a combination of phenanthroline
(MO 202 c(phen)) and imine (MO 208) orbitals, whilst the


latter originates from the salophen orbital 196, with a minor
contribution from MO 198. It must be pointed out that no
metallic contribution is present. The virtual electron transfer
involved in generating the lowest triplet state from the
ground state is therefore an intraligand charge transfer


Figure 4. Energy level diagram (in atomic units: a.u.) of frontier orbitals
for [Ru(bpy)3]


2+ in the 1A1 (left) and
3A2 (middle) states and for [Ru-


(bpy)3]
3+ 2A1 (right). The energy levels for [Ru(bpy)3]


3+ are shifted by
0.115 a.u. to allow for the +3 charge of this molecule in relation to the
+2 for the two other states (see text). Orbitals resulting from important
mixing are dark grey. The blue arrows indicate the approximately uncom-
pensated a spins.


Figure 5. Selected orbitals of [Ru(bpy)3]
2+ . Top: HOMO a and LUMO b


in the 3A2 state of [Ru(bpy)3]
2+ . Bottom: Mixing of the e-symmetry dp


and p(bpy) MO of the 1A1 state into corresponding e-symmetry b spin-or-
bitals in the 3A2 state.


Figure 6. Spin density distribution for [Ru(bpy)3]
2+ in the 3A2 state.
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(ILCT) in the bichromophoric phenanthroline-salophen
ligand.
The 3B state in its optimised geometry is calculated to be


1.56 eV above the ground sate in the 1A geometry. The spin
density distribution (Figure 9) is spread out over the whole


LH2 ligand. With regard to atomic spins (difference on each
atom of the a and b electronic populations), it can be seen
that about one unpaired a spin is located on the phenan-
throline moiety and the other is borne by the two -N=C-
C6H4-OH arms of the salophen moiety. This situation re-
flects the intraligand electronic transfer leading to this 3B
state and is totally different from a conventional charge-sep-
arated state picture in excited ruthenium complexes. The
spin density of the lowest triplet state of the free ligand
LH2, also indicated in Figure 9, supports the notion that the
lowest triplet state of Ru-L is in fact that of the ligand. It is
hence not surprising that both the free ligand and the com-
plex adopt the same distorted structure of the phenanthro-
line moiety in their lowest triplet state, as depicted in the
structure section. Figure 8 shows that depopulation of
LUMO b decreases the p bonding character in the C6�C6’
and N2�C7 bonds and suppresses the antibonding overlap
in C6�N2. The first two bonds are thus lengthened and the
last one shortened in the triplet state, as reported in Table 1.


Oxidised ruthenium complexes : To shed light on the photo-
induced charge shift (PICS) processes of the ruthenium
complexes, we have to consider different available ways of
deactivation of the photoexcited triplet states. It is well es-
tablished that in presence of an electron acceptor such as
methyl viologen, oxidative quenching gives rise to the oxi-
dised complex. [Ru(bpy)3]


3+ and [(bpy)2Ru(LH2]
3+ were


therefore studied. Calculations were performed on the
ground doublet states and the geometries were optimised at
the UB3LYP/LanL2DZ level in D3 and C2 symmetry, re-
spectively. The most important feature concerning the struc-
tures is that the phenanthroline is no longer distorted in the
oxidised Ru-L complex, as indicated by the value of the di-
hedral N2’-C6’-C6-N2 of 1.68, as compared to 31.28 in the
triplet state.


[Ru(bpy)3]
3+ : The ground state of the oxidised complex is a


2A1 state. The energy levels diagram for [Ru(bpy)3]
3+


(Figure 4) is stabilised overall by about 0.115 a.u.
(�3.13 eV) relative to that for [Ru(bpy)3]


2+ in the 3A2 state,
due to the increase in molecular positive charge. This value
was chosen in order to assign the same energy to the vacant


Figure 7. Energy level diagram (in atomic units: a.u.) of frontier orbitals
for [(bpy)2Ru(LH2)]


2+ in the 1A (left) and 3B (middle) states and for
[(bpy)2Ru(LH2)]


3+ 2B (right). Orbitals resulting from important mixing
are shown in dark grey. The energy levels for [(bpy)2Ru(LH2)]


3+ are
shifted by 0.065 a.u. to allow for the +3 charge of this molecule in rela-
tion to the +2 for the two other states (see text).


Figure 8. HOMO a (left) and LUMO b (right) of [(bpy)2Ru(LH2)]
2+ in the lowest 3B state.
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p1*(bpy) orbitals in [Ru(bpy)3]
3+ and in [Ru(bpy)3]


2+ (both
in the 1A1 and


3A2 states), by the strategy explained above.
Apart from this overall translation, the energy diagrams of
spin-orbitals for 2A1 and


3A2 are very similar. The main dif-
ference concerns the a p1*(bpy) spin-orbital of a2 symmetry,
which rises in energy and is now vacant (LUMO a). The
compositions of the other orbitals are only slightly affected.
Consequently, the spin density in this 2A1 state is totally lo-
calised on the ruthenium, which is formally RuIII, whilst the
bipyridine ligands remain (also formally) uncharged.
These findings are also supported on consideration of the


calculated Mulliken charges on each fragment. These are
collected in Table 5 for the S0 and T1 states of the complexes


as well as for the oxidised forms. In the dicationic species,
the Mulliken charges are approximately 0.89 for a formal
RuII and 0.98 for a formal RuIII, a small variation, due to
changes in p back-bonding and covalency effects. Hence, on
going from 1A1 to the charge-separated state 3A2, transfer of
electronic density on each bipyridine decreases the positive
charge of each ligand by only 0.03 (and not by 0.33 as sug-
gested by the [RuIII(bpy[C�]


1=3)3]
2+ formulation). In the oxi-


dised 2A1 state, the Mulliken charge of RuIII remains almost
the same (0.96), but each ligand experiences a charge in-
crease of nearly one third of that of the molecule.


[(bpy)2Ru(LH2]
3+ : For Ru-L, the overall stabilisation deter-


mined by the same criterion as above is about 0.065 a.u.
(�1.67 eV). The energy diagram of the oxidised 2B state


(Figure 7) differs strongly from that of the 3B state. Surpris-
ingly, as a general rule the spin-orbitals of the ruthenium
and the bpy ligands retain almost the same character and
the same energy (after energy shift) while those of the LH2


ligand are stabilised. This computational evidence indicates
that the LH2 ligand has gained a positive charge by removal
of one electron. Formally, ruthenium remains RuII. The spin
density distribution is mainly the a counterpart of the b


(vacant) LUMO, as shown in Figure 10.
The computed Mulliken charges reported in Table 5 clear-


ly illustrate that the formal oxidation state of the ruthenium
remains the same in all states. Furthermore, on going from
S0 to T1, the bpy moieties retain nearly the same charge, and


(negative) electron density is
transferred from the -N=C-
C6H4-OH arms to the phenan-
throline moiety. In the oxidised
complex, from the total charge
increase of one, only 0.06 is al-
located to each bipyridine, 0.16
to the phenanthroline and 0.36
to each pending phenol group.
This finding is in total agree-
ment with the experimental re-
sults of differential pulsed
cyclic voltammetry, which
assign the first anodic wave to
the oxidation of the phenol.


Interpretation of photophysical properties of [Ru(bpy)3]
2+


and [(bpy)2Ru(LH2)]
2+


[Ru(bpy)3]
2+ has been extensively studied as a model for


Ru-polypyridine complexes. The large number of works de-
voted to the study of the ground state and the lowest excited
states of this system has allowed an understanding of the
photophysical properties to be gained. Laser excitation re-
sults in 1MLCT metal-to-ligand excited singlet state(s). Ul-
trafast singlet!triplet excited state conversion (intersystem
crossing) occurs with a time constant of a few tenths of a
fs,[31] but about a hundred femtoseconds seems to be the
overall timescale for formation of the 3MLCT set.[32, 33] The


Figure 9. Spin density distribution for [(bpy)2Ru(LH2)]
2+ in the lowest 3B state (left) and for LH2 in the 3B state (right).


Table 5. Mulliken charges for different fragments of ligand LH2, [Ru(bpy)3]
2+ and [(bpy)2Ru(LH2)]


2+ in the
singlet and triplet states, as well as for the oxidised form.


Molecule Fragment [ ] [ ]2+ [ ]3+


S = 0 S = 1 S = 0 S = 1 S = 1=2


Ru-bp Ru 0.891 0.976 0.964
bpy 0.370 0.341 0.679


Ru-L Ru 0.898 0.894 0.903
bpy 0.350 0.345 0.411


phen 0.296 0.174 0.464
-N=C-C6H4-OH 0.054 0.121 0.405


LH2 phen 0.134 0.111
-N=C-C6H4-OH �0.067 �0.056


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 796 – 812806


M.-F. Charlot et al.



www.chemeurj.org





quantum yield of formation of these states is close to
unity,[34] so relaxation processes are dominated by decay of
the triplets rather than by spin-allowed fluorescence or in-
ternal conversion from 1MLCT. From time-resolved lumi-
nescence measurements at 610 nm, the emission lifetime at
room temperature—about 800 ns depending on sample con-
ditions—has been obtained. Temperature dependence stud-
ies of the mean lifetime have also been performed to ascer-
tain the energy level splittings of the decaying states in ther-
mal equilibrium.[35]


Another experimental technique providing information
on the excited state is the study of flash-induced absorption
change spectra. It gives some precious insight into the elec-
tronic spectra of the state generated from the singlet state
by laser excitation followed by ultrafast intersystem cross-
ing. Experimental data concerning [Ru(bpy)3]


2+ , essentially
in the middle-visible and IR regions, have been reported in
the past.[36,37] More recently, Shimizu et al.[38] have obtained
the near-IR absorption, which shows a broad band (700 to
1300 nm) peaking at 900 nm. We have also commented on
such data in the 400–1000 nm range for Ru-bp and Ru-L in
our previous paper. We will now attempt to compare these
experimental results with theoretical ones in the case of
ruthenium tris-bipyridine.


Absorption spectrum of the triplet state of [Ru(bpy)3]
2+ :


From the optimised 3A2 state of [Ru(bpy)3]
2+ , TDDFT for-


malism allowed us to calculate the absorption transitions for
the triplet in the near-infrared and the visible region.
Our results are presented in Table 6. As the charge-sepa-


rated states involve a RuIII ion along with bipyridine(s) in a
partially or totally reduced form, assignments of absorptions
of these excited species have generally been achieved by
comparison with the spectra of the oxidised and reduced
complexes (or reduced ligand) as discussed, for instance, by
McCusker.[39] We also report our calculated absorption spec-
tra of the oxidised complex [Ru(bpy)3]


3+ and the (bpy)� ion,
obtained by the same procedure, in Table 6.
Two types of transitions can be considered, depending on


whether a or b spin-orbitals are involved. The first class
concerns excitations from p1*(a2) to higher vacant orbitals
of the bipyridine ligands and so are ligand-centred (LC).


They are reminiscent of the transitions for the (bpy)� ion.
As can be read from Table 6, each p1*!pi* transition for
the free bipyridine anion gives rise within Ru-bp in D3 sym-
metry to two excitations—p1*!pi*(a1) and p1*!pi*(e)—
which are fairly well separated (the p1*!p2* transition at
1154 nm in (bpy)� , for instance, yields the a1 and e transi-
tions at 1251 and 999 nm, respectively, in the 3A2 state of the
complex). These findings are thus more likely to support the
origin of the broad absorptions in the NIR region. Indeed,
the p1*!p2,3* transition (p7!p8,9 in a more conventional no-
tation) was predicted to occur around 910 nm by Braterman
and was assigned around 900 nm for a coordinated (bpy)� in
the localised [RuIII(bpy)2(bpy)


�]2+ structure by Shimizu.
Our [RuIII(bpy[C�]


1=3)3]
2+ delocalised description yields these


transitions in the same region, but with a larger span.
The second type of transitions concerns excitations to


dp(a1). They originate from p or p’ orbitals of the bipyridine
and are thus essentially assigned as ligand-to-metal charge
transfers (LMCTs). However, it is important to note that,
owing to the reduction in the energy of the dp orbitals of
RuIII, they mix strongly with the p orbitals, as shown in
Figure 5. Consequently, these transitions acquire a substan-
tial metal-centred (MC) character (dp to dp and not dd, as is
often understood from this abbreviation). Moreover, Table 6
shows that these transitions are strikingly similar to those of
[Ru(bpy)3]


3+ . The presence of RuIII in the 3A2 state is out-
standingly apparent. Our theoretical data therefore allow us
to highlight the nature of the LMCT transitions. Further-
more, no charge transfer from metal to ligand was calculat-
ed above 400 nm, in contrast with BratermanLs proposition
of a transition near 450 nm. This is readily explained by the
fact that the occupied dp orbitals of RuIII are highly stabi-
lised and MLCT transitions are hence more energetic.
The calculated spectrum (only above 350 nm) of the opti-


mised 1A1 state is reported in Table 7. From the results in
Table 6 and Table 7, theoretical stick spectra have been re-
produced from the excitation energies and oscillator
strengths. The simulated spectra were then obtained by con-
volution of each transition with a Gaussian function of
bandwidth at half-height of 3200 cm�1 along with area under
the curve proportional to f and by summation of all these
features. The value of 3200 cm�1 was chosen because it usu-


Figure 10. LUMO b (left) and spin density distribution (right) for [(bpy)2Ru(LH2)]
3+ in the 2B state.
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ally gives molar extinction coefficients consistent with exper-
imentally measured ones for such large complexes. The “si-
mulated” triplet state is shown in Figure 11.
The difference absorption spectrum for an isolated mole-


cule was then calculated by subtraction between the spectra
of the triplet and singlet states (Figure 11). The spectral
morphology agrees nicely with experiment, although some
shifts are observed. Even in view of the approximations of
the theoretical method and the huge size of the computa-
tions, it is stimulating to acknowledge the excellent agree-
ment between experimental and theoretical data. However,
this remarkable computed finding must be regarded with
caution, as contributions of other 3MLCT states have not
been considered. Nevertheless, it seems more likely that
these states should have closely similar spectra. In this
regard our results strongly support the totally delocalised
description of the triplet state to reproduce the flash-in-
duced absorption change spectrum of Ru-bp. We have dem-
onstrated that, to reproduce the absorption features in the
700–1000 nm region, it is not necessary to imply a totally re-
duced (bpy)� ion along with a localised [RuIII(bpy)2-
(bpy)�]2+ formulation, as invoked in the past.[36,37,40] None-


theless, we cannot exclude the
description of a localised state
with such a spectrum. Indeed, it
is probable that both states
would absorb around the same
energies.[41] We comment later
on delocalised/localised de-
scriptions.


Photophysical properties of
[(bpy)2Ru(LH2)]


2+ : In the first
place, it is perhaps necessary to summarise the experimental
results. The luminescence of Ru-L at 610 nm was character-
ised by a biexponential decay. The dominant fast phase (t<
100 ps), not well resolved at our experimental timescale, is
absent for Ru-bp under the same experimental conditions
and the slow component is characterised by a lifetime of
about 800 ns as in Ru-bp. Comparison of the emission char-
acteristics of the two complexes suggests that the observed
quenching is related to the presence of the extended ligand
LH2.
Spectra of flash-induced absorption changes on excitation


at 450 nm have been recorded for Ru-bp and Ru-L. Both
complexes exhibit bleaching of the ground state absorption
centred around 450 nm and broad absorption bands in the
near-IR region. Nevertheless, if absorption increases are of
the same order in the 700–1000 nm region, the bleaching at
450 nm for [(bpy)2Ru(LH2)]


2+ is only one fifth of that for
[Ru(bpy)3]


2+ . Furthermore, the absorption changes for Ru-
bp disappear with the same kinetics as the luminescence
(800 ns), while the decay for Ru-L is much slower (about
30 ms). These contrasting observations suggest that the ab-
sorption changes for the latter complex are not related to


Table 6. Selected calculated absorptions of the 3A2 state of [Ru(bpy)3]
2+ , the 2A1 state of [Ru(bpy)3]


3+ and the doublet state of the (bpy)� anion in the
NIR/Vis region.


Excited
state


number


E [eV] l [nm] Symmetry of
the


transition[a]


f Dominant
monoexcitation[b]


Character[c]


[Ru(bpy)3]
2+ 5 0.991 1251 A1 0 p1*(a2)a!p2*(a1)a LC


6 1.238 1001 A2 0.011 p1*(a2)a!p3*(a1)a LC
7, 8 1.241 999 E 0.001 p1*(a2)a!p2*(e)a LC
9, 10 1.312 945 E 0.002 p1*(a2)a!ds*(e)a LMCT
11, 12 1.372 904 E 0.009 p1*(a2)a!p3*(e)a LC
13, 14 1.819 682 E 0.007 dp+p(e)b!dp(a1)b MC+LMCT
15 1.875 661 A1 0 p(a1)b!dp(a1)b LMCT
16 2.569 483 A2 0.064 p1*(a2)a!p4*(a1)a LC


17, 18 2.734 454 E 0.017 p1*(a2)a!p4*(e)a LC
19 2.968 418 A2 0.009 p’(a2)b!dp(a1)b LMCT


20, 21 3.001 413 E 0.014 p’(e)b!dp(a1)b LMCT
[Ru(bpy)3]


3+ 3, 4 1.746 710 E 0.003 dp+p(e)b!dp(a1)b MC+LMCT
5 1.781 696 A1 0 p(a1)b!dp(a1)b LMCT
6, 7 2.908 426 E 0.016 p’(e)b!dp(a1)b LMCT
8 2.910 426 A2 0.006 p’(a2)b!dp(a1)b LMCT


(bpy)� 1 1.074 1154 A1
[d] 0.000 p1*a!p2*a LC


2 1.490 832 B2 0.007 p1*a!p3*a LC
3 2.968 489 B2 0.158 p1*a!p4*a LC


[a] A2 transitions are z-polarised and E transitions are x,y-polarised; A1 transitions are forbidden. [b] pi*(g): g-symmetry MO of [Ru(bpy)3]
2+ /3+ , which is


approximately constructed from the pi* vacant orbitals of the 3 bpy (neglecting ligand–ligand interaction). [c] LC: ligand-centred transition. MC: metal-
centred transition. LMCT: ligand-to-metal charge transfer. [d] In point group C2v.


Table 7. Selected calculated absorptions of the 1A1 state of [Ru(bpy)3]
2+ in the NIR/Vis region.


Excited
singlet-state
number


E [eV] l [nm] Symmetry of
the transition


f Dominant
monoexcitation


Character[a]


1 2.522 492 A2 0.002 dp(a1)!p1*(a2) MLCT
5, 6 2.738 453 E 0.009 dp(e)!p1*(a2) MLCT
7, 8 2.887 430 E 0.109 dp(e)!p1*(e) MLCT
10 3.372 368 A2 0.008 dp(a1)!p2*(a2) MLCT


[a] MLCT: metal-to-ligand charge transfer.
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the MLCT state as is the case with ruthenium tris-bipyri-
dine.
In the light of our theoretical calculations, we now pro-


pose some explanations of the photophysical results for
[(bpy)2Ru(LH2)]


2+ . Experimentally, the singlet states are
reached upon laser excitation at l = 450 nm. From Table 3
it can be seen that absorptions in this spectral window con-
cern metal-to-ligand charge transfers (both on bpy and LH2)
and also an intense intraligand transfer in the core of LH2.
The 1MLCT states are generated by exactly the same dis-
placement of electronic density as in [Ru(bpy)3]


2+ and will
also give rise to 3MLCT states by intersystem crossing. Start-
ing from this set of triplet levels, the deactivation process
can follow two pathways. Firstly, in these 3MLCT states, the
ruthenium is formally RuIII with a local unpaired spin.
Hence, spin–orbit coupling is able to couple these triplets
with the singlet ground state, and radiative luminescent
decay may occur with roughly the same kinetics as in Ru-bp
(slow component). In Ru-L, however, another route for de-
activation exists, due to the presence of triplet states lower
in energy than the 3MLCT states. As transitions from the
3MLCT states to other triplet states are spin-allowed, ultra-
fast decay can occur and quench the emission (fast compo-
nent), resulting in the lowest triplet state 3B. As we have
shown that no spin density is present on the heavy atom in
this 3ILCT state, spin–orbit interactions are hence inefficient
to produce mixing with the singlet ground state. Conse-
quently, the depopulation of 3B will follow a nonradiative
process. This finding accounts for the remarkable long life-
time of this excited state (30 ms).


As shown, a path of decay different from the lumines-
cence of the 3MLCT set is present in [(bpy)2Ru(LH2)]


2+ , so
the photophysics of this compound are consequently more
intricate than those of ruthenium tris-bipyridine. Triplet
states characterised by very different photophysical proper-
ties but also associated with extended ligands have been
found in, for instance, [(bpy)2Ru(dppz)]


2+ (dppz = dipyri-
dophenazine).[42] The role of a low-lying ligand-centred trip-
let state has also been theoretically established by Pourtois
et al.[11] in [(phen)2RuL]


2+ complexes in which L is an ex-
tended polyaromatic ligand such as dipyridophenazine or
tetrapyridophenazine. The lowest triplet is similarly found
to be that of the free ligand and lies about 0.2 eV lower
than the lowest 3MLCT state. Its involvement in the photo-
physical observations has been discussed. The main differ-
ence with Ru-L is that our 3B state lies ca 0.4 eV under the
lowest 3MLCT and that both states are separated by several
other non metal-centred triplets. Furthermore, the geometry
of the ligand on the metal ion is totally modified in this
lowest triplet state, which seems not to be the case in the
complexes mentioned above.


Discussion


Conceptual description of ruthenium-polypyridine com-
plexes in their fundamental and excited states has always
been the matter of debate. Indeed, a considerable number
of papers have been devoted to this area. Some reviews—al-
though not recent—are well documented.[41,43,44] In this dis-
cussion we will confront our theoretical calculations with
previous studies in order to clarify and comfort our ap-
proach. Three different points will be considered.


Spin–orbit interactions : It is well known that ruthenium pos-
sesses a rather large spin–orbit coupling constant (z4d
�1000 cm-1[45]) and spin–orbit interactions are invoked to
explain the singlet–triplet conversions which occur in photo-
physical processes. Despite this, all our calculations have
been performed without consideration of these effects.
Some justifications for the framework of our approach can
be cited. Crosby and co-workers have derived a model often
termed the “electron-ion parent coupling model”,[46] in
which spin–orbit interactions are considered. They used it to
fit the temperature dependence of the lifetime of [Ru-
(bpy)3]


2+ .[35] Their conclusion was that the emission arises
from three states close in energy in thermal equilibrium: an
A1 lowest state, an E state nearly degenerated and an A2


state about 0.01 eV higher. Spin labelling of these states was
found to be wholly inappropriate.[47] This conclusion has
been criticised by Kober and Meyer.[45,48] In their “electronic
structural model”, which also includes spin–orbit coupling,
the main outcome was that transitions in [Ru(bpy)3]


2+ may
be classified as being mainly to singlet or to triplet states,
though appreciable mixing occurs. More recently, in a densi-
ty functional study of the MLCT states of [Ru(bpy)3]


2+ ,
Daul and co-workers[22] have calculated that the lowest ex-


Figure 11. Theoretical spectra for [Ru(bpy)3]
2+ in the Vis/NIR region.


Top: Triplet state stick-spectrum calculated from the excitation energies
and oscillator strengths f and simulated spectrum obtained by convolu-
tion with Gaussian line shapes of total bandwidth at half-height
3200 cm�1. Bottom: Absorption change spectrum.
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cited state is 3A2 (dp(a1)!p1*(a2) excitation), which splits
through second-order spin–orbit interaction into A1 (lower)
and E components separated by only 19 cm�1 (�0.002 eV)
and presenting at least 85% triplet character. Above 3A2,
state 1A2 (which also results from dp(a1)!p1*(a2) excita-
tion) lies 336 cm�1 (�0.042 eV) above A1 and possesses
77% singlet character. All other states are found at least
1500 cm�1 higher than A1. Hence, neglect of spin–orbit inter-
action remains a valid approach to calculate the energies
and main character of the excited states of ruthenium com-
plexes, as done elsewhere.[11,19]


Delocalisation/localisation : One of the most intriguing prop-
erties of [Ru(bpy)3]


2+ , which has constantly fuelled scientific
debate, is the intimate description of the charge-separated
states. Two points of view on this subject are commonly pro-
posed: the delocalised one and the localised one. Whether
these states are best described in terms of a RuIII ion togeth-
er with an electron delocalised on three bipyridines or to-
gether with an electron localised on one bpy has been the
subject of controversy. Until now, no clear-cut conclusion
has emerged. On one hand, delocalisation is invoked. In a
study of mixed ligand chelates, for instance, Crosby and co-
workers[49] inferred that the excited charge-transfer states
are best described as the molecular states in which the opti-
cal electron resides equally on the three ligands. In their in-
terpretation of high-resolution emission spectra of rutheni-
um tris-bipyridine-derived complexes with bpy-h8 and bpy-
d8, Braun et al.[50] have concluded that the lowest MLCT ex-
cited state is delocalised over the metal and the different li-
gands. On the other hand, different techniques have con-
cluded that the charge-separated states are localised. This is
the case for resonance Raman experiments,[51,52] at least at
the nanosecond timescale.
In our opinion, localised and delocalised descriptions do


not necessarily exclude each other, depending on the time-
scale of the technique used. Indeed, if starting from the vi-
brational trapped [RuIII(bpy)2(bpy)


�]2+ situation, subsequent
electron hopping from one bpy to another would dynamical-
ly restore a delocalised situation. Interligand electron trans-
fer dynamics has been studied by picosecond Raman spectra
on mixed-ligand complexes.[53] It was found that the major
proportion of the electrons was localised on the lower
energy ligand on a 30 ps or faster timescale. In the symmet-
ric case of [Ru(bpy)3]


2+ , hopping of the electron, resulting
in a dynamically delocalised situation, as in mixed-valence
compounds, has been considered by several authors.[41, 52]


Electronic absorption experiments have attempted to detect
an excited state intervalence transition, though without suc-
cess until now. It must, however, be considered that, after
the excitation, a lowering of the symmetry of the system
may be generated under the influence of a perturbation
such as—for instance—vibrations or solvent effects pro-
ducing a localised situation. Finally, recent data derived
from femtosecond absorption anisotropy studies on [Ru-
(bpy)3]


2+ [32] have been interestingly interpreted as evidence
of a delocalised-to-localised transition: the initially excited


state of D3 symmetry evolves in about 60 fs to a state of C2


symmetry. In this regard, the polarity of the solvent was
shown to play an important role in such processes.[33]


Because the three bipyridine ligands are equivalent in the
ground state, computed molecular orbitals in the D3 symme-
try of the complex are delocalised. In the subsequent calcu-
lations of higher energy states described in terms of excita-
tions from occupied to virtual MOs, all bpy moieties will
play exactly the same role. In our approach, no perturbation
involving one of the ligands is present to alter the transition
moments, so the totally symmetric [RuIII(bpy[C�]


1=3)3]
2+ de-


scription is obtained (see, for instance, reference [45]). Such
a calculated picture may, however, be viewed as the statisti-
cal mean of three equivalent and equiprobable situations in
which the electron is localised on one of the ligands. The
same arguments also hold for Ru-L in the computed C2 sym-
metry. Hence, within this symmetry, both bipyridines (and
both phenolic arms) bear the same spin density in each of
the triplet states. The 3MBCT states are therefore delocal-
ised on both bpy moieties and similarly, in the lowest 3B
state, equal spin density is spread over both N=C-C6H4-OH
fragments. However, vibrations or solvent interactions will
probably lower the C2 symmetry and trap the unpaired spin
distribution. This is even clearer if we consider the photoin-
duced charge shift experiment after laser excitation on Ru-L
in the presence of an external electron acceptor: oxidation
occurs on only one of the two phenol rings and the symmet-
ric situation described in the oxidised compounds section is
no longer pertinent.


Surroundings effects : One crucial point concerning our the-
oretical work is that the calculations have been performed
on an isolated molecule in the gas phase. However, numer-
ous experimental studies indicate that the photophysical
properties of [Ru(bpy)3]


2+ and related complexes strongly
depend on the nature of the solvent. The surroundings of
the molecule will perturb the energy level diagram for both
the ground and the excited states. This is especially true be-
cause charge-transfer states are considered. Indeed, in a
charge-separated state, electronic density is redistributed on
the periphery of the chromophore. Polar solvent molecules
will hence strongly solvate the complex and modify the elec-
tronic repartition. The nature of the molecular orbitals and
their energies will be affected and consequently the statesL
energy diagram, along with absorption and emission proper-
ties. The effects of the surroundings could be especially
strong for the oxidised [(bpy)2Ru(LH2)]


3+ molecule. Indeed,
we have produced evidence that oxidation is localised on
the phenol and, as is well established, deprotonation fre-
quently follows, depending on pH and solvent. None of
these repercussions is taken into account in the framework
of a monomolecular approach.
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Conclusion


We have used DFT calculations to describe the ground state
of a [(bpy)2Ru(LH2)]


2+ complex derived from [Ru(bpy)3]
2+


in which LH2 is a ligand that can be viewed as a fused phe-
nanthroline and a tetradentate Schiff base cavity. It emerges
that, in each molecular orbital, the electronic density is lo-
cated with little mixture on only one fragment of the mole-
cule: the ruthenium ion, the two bipyridines, or the phen-
like part or the imine-phenol moiety of the ditopic ligand.
Subsequent TDDFT calculations have provided the energies
and main characters of the first singlet and triplet states rel-
evant to the interpretation of the absorption and emission
properties of the system. The outstanding result is that both
the lowest singlets and lowest triplets mainly originate from
intraligand charge transfers (ILCTs) in the LH2 ligand.
The lowest triplet state has been studied in depth by DFT,


which has established that the phenanthroline adopts a dis-
torted nonplanar geometry as in the triplet state of the free
ligand and is about 0.7 eV more stable than the lowest more
usually encountered metal-to-ligand charge transfer triplet
state. This 3B state results from an electron transfer from
the -N=C-C6H4-OH fragments to the phenanthroline part in
LH2. It is hence not a charge-separated state, because the
spin density is totally distributed on the ligand, with no con-
tribution on the ruthenium ion, which remains RuII. Such an
excited state arises because the two parts of the heteroditop-
ic ligand are different in nature, with the usual p*-accepting
orbitals of phenanthroline and high-lying occupied orbitals
of the phenol groups.
We have pointed out the major role of this low-lying trip-


let not involving the ruthenium centre. Deactivation of the
3MLCT states toward this 3ILCT state is responsible for the
two remarkable photophysical properties of this complex:
the quenching of the emission and the occurrence of a long-
lived (30 ms) excited state. Although bimolecular systems
have not been considered in our theoretical study, we have
substantiated the experimental finding that, in the presence
of an external electron acceptor, photoinduced charge shifts
result in a [(bpy)2Ru(LH2)]


3+ complex oxidised on the
phenol. Our DFT results have produced evidence that in the
tricationic species the ruthenium ion remains formally RuII


and the spin density is localised on the -N=C-C6H4-OH frag-
ments.
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Introduction


Fluorescent probes are useful in investigations of many as-
pects of biomolecules, such as their conformations and inter-
actions, in nonradioactive detection and visualization
modes.[1] This usefulness is largely due to the ready avail-
ability of fluorophores with a variety of fluorescence proper-
ties, their specificity and versatility in labeling, and the avail-
ability of highly sophisticated fluorescence detection instru-
ments. Among the available fluorophores, pyrene and its de-


rivatives have long been attractive by virtue of their inher-
ent chemical and photochemical characteristics.[2] Indeed,
the simple polyaromatic hydrocarbon skeleton does not re-
quire any protection when being incorporated into peptides
or oligonucleotides. Also inspiring are excimer formation in
these systems and their rather long fluorescence lifetimes,[2,3]


which have prompted researchers to explore various appli-
cations, such as the development of novel strategies for de-
tecting DNA and RNA,[4] observing protein–substrate and
protein–protein interactions,[5] demonstrating conformation-
al changes of proteins,[6] and monitoring the real-time dy-
namics of biological membranes.[7] Furthermore, unlike ben-
zopyrene, pyrene itself is nonmutagenic and has a high LD50


(50% lethal dose; 250 mgkg�1, mice), which makes it a
more favorable candidate for possible use in applications in
vivo.[8] At the same time, however, these fascinating photo-
chemical properties of pyrene also result in serious draw-
backs, such as the substantial quenching of its fluorescence
by the presence of oxygen[9] and by electron-donating and
-accepting molecules that may exist in vivo,[10] and the low
fluorescence quantum yield in protic solvents.[4c,11] More-
over, the relatively short absorption wavelengths of pyrene
and its simple derivatives are unsatisfactory because several
biomolecules and biomolecular segments will also be excited
upon irradiation at the same wavelength. To overcome such
disadvantages of pyrene-based fluorophores, Berlin et al.
have very recently reported the utilization of (phenylethyn-


Abstract: The photochemical proper-
ties of various alkynylpyrene deriva-
tives have been investigated in detail
with a view to developing a new class
of pyrene-based biomolecular probes.
The absorption maxima of the alkynyl-
pyrenes were seen to be shifted to
longer wavelengths compared with
those of the unsubstituted parent


pyrene. Fluorescence quantum yields
of the alkynylpyrenes dramatically in-
creased up to 0.99 in ethanol, and only
slight quenching of the fluorescence oc-


curred even under aerated conditions.
The alkynylpyrenes have been success-
fully introduced into representative
biomolecules such as peptides, proteins,
and DNAs. The detectabilities of the
labeled biomolecules were significantly
improved, with the unique photochemi-
cal characteristics of the pyrene nu-
cleus being maintained.
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yl)pyrenes as fluorescent dyes for DNA labeling.[12] Al-
though they pointed out that the (phenylethynyl)pyrenes ex-
hibit high fluorescence quantum yields, systematic and quan-
titative studies of their photochemical characteristics[13] as
well as comparisons with those of the parent pyrene remain
elusive, as is also the case for many other similar systems.
During the course of our studies on pyrene-based biomolec-
ular probes,[4a,14] we have also noted the influence of alkynyl
substituents on the photochemical properties of pyrene
nuclei. Thus, we report herein in detail the synthesis, photo-
chemical data, and biological applications of various alkyn-
ylpyrenes; the results presented here can be expected to
lead to fruitful applications in biological investigations.


Results and Discussion


Synthesis of the alkynylpyrenes : Most alkynylpyrenes
(pyrene�C�C�R), where R is pyridyl,[15] bipyridyl,[15] terpyr-
idyl,[15] quinolyl,[16] thienyl,[17] ferrocenyl,[18] or some other
group,[19–21] have been synthesized by Sonogashira coupling
reactions.[22] We have prepared a series of alkynylpyrenes 2–
13 according to this method, as shown in Schemes 1 and 2.


Bromination of pyrene (1) with one to four equivalents of
bromine gave the mono-, di-, tri-, and tetrabromopyrenes,
respectively (1-bromopyrene (14), 1,6-dibromopyrene (15),
1,3,6-tribromopyrene (16), and 1,3,6,8-tetrabromopyrene
(17)).[23] Cross-coupling of these bromopyrenes with (tri-
methylsilyl)acetylene under the conditions of the Sonoga-
shira reaction afforded mono-, bis-, tris-, and tetrakis(trime-
thylsilylethynyl)pyrenes 2–5, respectively. Tetrakis(tert-
butylethynyl)pyrene 6 and (arylethynyl)pyrenes 7–9 were
synthesized in a similar manner by using the corresponding


acetylene derivatives. Unsymmetrical dialkynylpyrene 10,
designed as a water-soluble alkynylpyrene, was prepared in
a stepwise manner via monosubstituted 20 starting from 1,6-
diiodopyrene (18) and the hydrophilic acetylene 19.


Scheme 1. Synthesis of alkynylpyrenes 2–10.


Scheme 2. Synthesis of alkynylpyrenes 11–13.


Chem. Eur. J. 2006, 12, 824 – 831 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 825


FULL PAPER



www.chemeurj.org





Alkynylpyrenes 11–13 for biomolecular probes were each
prepared from 1-bromopyrene (14). Sonogashira reactions
of 14 with 4-ethynylaniline and 3-(4-ethynylphenyl)propion-
ic acid (23) gave intermediates 21 and 24, respectively. Con-
densation of 21 with maleic anhydride afforded the male-
imide derivative 11, which is capable of reacting with the
Cys residues of peptides and proteins. The succinimidyl
ester 12 was synthesized by treating 24 with N,N’-disuccin-
imidyl carbonate. Intermediate 24 was also transformed to
the phosphoramidite 13 via the alcohol derivative 25. Both
12 and 13 were used for labeling DNAs.


UV-visible absorption spectra of the alkynylpyrenes : Table 1
lists the absorption maxima (labs) of the alkynylpyrenes 2–10
in ethanol, along with their absorption coefficients (e). The
absorption maxima of the (trimethylsilylethynyl)pyrenes 2–5
consecutively shift to longer wavelengths, and their absorp-
tion coefficients increase with increasing number of (tri-
methylsilyl)ethynyl groups (Figure 1A). As 5 has an absorp-
tion maximum at l=434 nm and its absorption coefficient is
1.32J105 mol�1dm3cm�1, it exists as an intensely colored
orange-red solid. The absorption spectrum of 1,3,6,8-tetra-
kis(tert-butylethynyl)pyrene (6), the corresponding carbon
counterpart of 5, also appears in the visible region, but is
less bathochromically shifted compared with that of 5. The
effect of the silicon atoms in inducing this extra bathochro-
mic shift might be due to s–p interaction between the C�Si
s and the acetylenic p bonds.[24] Although the absorptions of
(arylethynyl)pyrenes 7 and 8 also reveal bathochromic
shifts, their absorption coefficients are near to that of 1 (Fig-
ure 1B). On the other hand, the bandwidths of the spectra
at longer wavelengths are considerably broadened because
of increments due to different vibrational levels of the p-ex-
panded skeletons. The absorption maxima of 9 and 10 bear-
ing two alkynyl groups are further shifted, and their absorp-


tion coefficients are larger than those for the monoalkynyl
derivatives 7 and 8.


Fluorescence spectra of the
alkynylpyrenes : Fluorescence
spectra of the alkynylpyrenes
were measured in degassed eth-
anol (Figure 2, and Figure S1 in
the Supporting Information).
The fluorescence maxima (lem)
appearing at the shortest wave-
lengths are listed in Table 1.
Monomer emissions of the al-
kynylpyrenes 2–10 are shifted
to longer wavelengths com-
pared with those of 1. As ex-
pected from the rigid structures
of the alkynylpyrenes, their
Stokes shifts are essentially
small. It is noteworthy that the
fluorescence quantum yields
(Ff) of 2–5 are substantial and
increase with increasing
number of alkynyl groups


Table 1. Photochemical data of compounds 1–10.


Pyrene Absorption[a] Fluorescence (monomer) Fluorescence
and
alkynylpyrene labs


[nm]
e (J104)


[mol�1dm3cm�1]
lem


[b]


[nm]
Ff


[c] ts
[d]


[ns]
kf


[e] (J106)
[s�1]


kisc+knr
[e]


(J106) [s�1]


(excimer)
lem


[f] [nm]


1 334 4.63 373 0.32[g] 377 0.849 1.80 475
2 365 5.77 386 0.55 72.1 7.63 6.24 505
3 390 9.22 399 0.67 4.68 143 70.5 523
4 413 10.0 421 0.80 3.20 250 62.5 545
5 434 13.2 438 >0.99 3.04 326 n.d.[h] 568
6 424 11.7 428 0.86 3.36 256 41.7 560
7 382 4.47 391 0.78 7.72 101 28.9 509
8 391 4.03 397 0.55 1.96 281 229 509
9 407 6.14 423 0.90 1.65 545 61.1 530
10 403 6.83 407 0.93 1.97 472 35.6 527


[a] 1.0J10�5
m in EtOH, labs is the absorption band appearing at the longest wavelength. [b] 1.6–2.5J10�7


m in
EtOH, degassed by bubbling of Ar, lem is the fluorescence band appearing at the shortest wavelength.
[c] Fluorescence quantum yield in EtOH, degassed by bubbling of Ar, measured at room temperature. Stand-
ards used were 9,10-diphenylanthracene (for 1–4 and 7–10) and coumarin 102 (for 5 and 6), OD<0.02. Ff


(9,10-diphenylanthracene)=0.95 in EtOH.[25] Ff (coumarin 102)=0.74 in EtOH.[26] [d] Fluorescence lifetime,
solution degassed by freeze-pump-thaw cycles, 1.0J10�5


m in EtOH. [e] Calculated using the equations Ff=


kfts and ts=1/(kf+kisc+knr). [f] Saturated concentration in CH2Cl2. [g] Data from ref. [27]. [h] The correspond-
ing Ff value is too large to be used for the estimation.


Figure 1. UV-visible absorption spectra of A) 1–5 (1.0J10�5
m) and B) 1


and 7–10 (1.0J10�5
m) in aerated EtOH.
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(Table 1). Especially in the case of 5, the Ff value is >0.99,
meaning that the absorbed photons on 5 are exclusively
emitted as fluorescence. Conversely, the fluorescence life-
times of 2–5 decrease with increasing number of attached al-
kynyl groups. This shortening of the lifetimes is responsible
for the high Ff values (see below). Excimer emission is the
most characteristic photochemical feature of pyrene nuclei,
and is also seen for the alkynylpyrenes. Thus, at high con-
centrations in CH2Cl2, 2–10 show excimer emissions in the
wavelength region 500–570 nm (Figure 3, and Figure S2 in
the Supporting Information). The emission maximum for
the excimer of 5 is close to 600 nm, and its spectral band
even tails to 700 nm. Therefore, 5 fluoresces with a bright-
yellow color under these conditions.


The influence of oxygen on the fluorescence emissions
was investigated. Integrations of the fluorescence spectra of
8–10 in aerated ethanol showed that 90%, 92%, and 89%
of the levels observed from the corresponding carefully de-


gassed solutions were maintained. On the other hand, the
fluorescence of the parent pyrene was scarcely observed
under the same conditions (integral only about 6% of that
in the degassed solution; Figure S3 in the Supporting Infor-
mation). Fluorescence quantum yield can be described by
the equation Ff=kfts, or Ff=kf /(kf+kisc+knr+kq[O2]), in
which kf, kisc, knr, and kq represent the rate constants for
fluorescence radiation, intersystem crossing, nonradiative
decay, and fluorescence quenching by oxygen, respectively,
and ts is the lifetime (s= singlet). Table 1 summarizes the
values of kf and kisc+knr for 1–10, calculated on the basis of
the experimental Ff and ts values under the degassed condi-
tions, that is, assuming kq[O2]=0. As knr is known to be neg-
ligible in aromatic hydrocarbons,[28] kisc should be the major
component in kisc+knr.


[29] Under aerated conditions, the rate
constant for quenching of the fluorescence by oxygen (kq) is
estimated to be nearly diffusion-controlled (up to 3.89J
1010m�1 s�1 in hexane),[30] and [O2] is below 2.0J10�3


m in
usual solvents. These data imply a kq[O2] value of at most
8.0J107 s�1. As can be seen in Table 1, the kf values of the
alkynylpyrenes, especially 4–6 and 8–10, are much larger
than the kq[O2] value. This situation is most likely responsi-
ble for the observed high Ff values of the alkynylpyrenes
even in the presence of oxygen. The fact that the alkynyl-
pyrenes continue to emit their fluorescence in the presence
of oxygen represents an additional useful feature in the
context of their possible deployment in biological applica-
tions.


Application of the alkynylpyrenes as fluorescent probes : As
mentioned above, the investigated alkynylpyrenes exhibit
bathochromic shifts of their absorption spectra and high
fluorescence quantum yields even in the presence of oxygen.
These findings encouraged us to apply the alkynylpyrenes as
novel hydrophobic fluorescent probes for biomolecules. Be-
cause fluorescent probes are usually used in aqueous media,
the well-characterized photochemical properties of the alkyn-
ylpyrenes in organic solvents must be retained in aqueous
buffer solutions. To ascertain this in advance, the water-solu-
ble 10 was chosen, in which the long oxyethylene side chain
is expected to render the hydrophobic alkynylpyrene core
soluble in such media. Indeed, the solubility of 10 proved to
be high enough to permit exact evaluation of its photochem-
ical characteristics at up to 1.0J10�3


m in pure water. Both
the monomer (lmax=407 and 432 nm) and the excimer
(lmax=527 nm) emissions of 10 were clearly observed, and
the excimer emission could be detected at concentrations as
low as about 1.0J10�6


m, conditions far more dilute than
could be used for 2, 7, 8, and 9 in CH2Cl2. Thus, the strong
tendency of 10 to self-associate in aqueous media offers an
advantage in that the alkynylpyrenes may be applied to the
detection of biomolecule–biomolecule interactions.


As probes for peptides and proteins : We developed a fluo-
rescent probe 11 composed of (phenylethynyl)pyrene and
maleimide units as fluorescent and labeling functionalities,
respectively. This structure was inspired by that of commer-


Figure 2. Fluorescence spectra of 1–5 in EtOH degassed by bubbling of
Ar (RI= the relative intensity); lex=337, 346, 368, 388, and 408 nm for
1–5, respectively. Each concentration of 1–5 was adjusted to the condition
of OD=0.01 at the corresponding excitation wavelength.


Figure 3. Fluorescence spectra of 1–5 at their saturated concentrations in
aerated CH2Cl2; lex=337 nm.
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cially available N-(1-pyrenyl)maleimide (26), in which the
maleimide group is attached directly to a pyrene core.[31]


The fluorescent probe 26 is used for labeling thiol side
chains on Cys residues of peptides and proteins. The inher-
ent fluorescence of the pyrene nucleus in 26 is quenched
before the labeling reaction, but fluorescence is then re-
stored by the formation of thiol adducts at the carbon–
carbon double bond of the maleimide. This type of off/on
switching property is extremely useful for monitoring the la-
beling reaction, and we expected that the fluorescent probe
11 would behave similarly. Indeed, the fluorescence of 11
itself was found to be so weak that it could hardly be recog-
nized visibly.


Keillor et al. have proposed that the off/on switching
property in maleimide-attached fluorophores may be due to
a reversal of the energy levels between the p orbitals on the
fluorophore moiety and the n orbital on the maleimide car-
bonyl group before and after the labeling reaction.[32] Intra-
molecular PET (photoinduced electron transfer), however,
is considered to be another possible mechanism for this
switching, whereby the excited electron on the fluorophore
falls to the LUMO of the maleimide group but not to that
of the corresponding thiol-added succinimide skeleton. To
clarify this aspect, the following experiments were carried
out. If the mechanism were to be based on PET, addition of
a maleimide molecule (2,5-pyrroledione) to a solution of 7
should cause fluorescence quenching through intermolecular
PET. In fact, the fluorescence intensity of 7 (2 mm) de-
creased to about 10% of the original level in the presence
of 0.1m maleimide in ethanol. On the other hand, no
quenching was observed under the same conditions in the
case of succinimide. From the Stern–Volmer plot of 7
against the maleimide concentration (see Figure S4 in the
Supporting Information), the kq value was estimated to be
about 1.5J1010m�1 s�1, supporting the view that the quench-
ing event is induced by intermolecular PET because the
value is larger than the diffusion-controlled rate constant
(6.0J109m�1 s�1) in ethanol. Thus, this finding suggests that
in our alkynylpyrene-based maleimide probe, the off/on
switching is most likely controlled by an intramolecular PET
mechanism.


l-Cysteine, the simplest biomolecule possessing a thiol
group, was chosen as a test target molecule and was allowed
to react with 11 in a water/dimethyl sulfoxide mixed solvent.
To show that the probe fulfilled the criteria for practical use,
fluorescence spectra of the adducts were measured under
aerated conditions in water without exclusion of oxygen.
Strong fluorescence was observed for the cysteine adduct of
11 at a longer wavelength compared with that of 26
(Figure 4). Thus, the fascinating property of the off/on
switching was confirmed to also be operative in our alkynyl-
pyrene-based maleimides. As a next target molecule, gluta-
thione was selected. Glutathione is a biologically active pep-
tide consisting of Cys, Glu, and Gly and is found in most or-
ganisms. Glutathione was labeled with 11 and 26, and the
adducts were analyzed under the same conditions as de-
scribed for l-cysteine. Figure S5 in the Supporting Informa-


tion shows fluorescence spectra of the glutathione adducts,
and a similar off/on switching could again be seen.


Comparing the spectra of the adducts of 11 and 26, we
note the following points: the spectra of the adducts of 11
reveal bathochromic shifts (~17 nm) with broadening, and
the fluorescence intensities of the adducts of 11 are much
more enhanced. To obtain quantitative information, fluores-
cence quantum yields (Ff) were measured in a phosphate
buffer solution (pH 7.0) before and after the labeling reac-
tions of l-cysteine and glutathione (Table 2). Both 11 and 26


alone displayed negligible Ff values owing to the fluores-
cence quenching described above. Among the adducts, the
Ff values for those with 11 were much higher than for those
with 26. Fluorescence lifetimes of the adducts of 11 were de-
termined in order to investigate the reason for these high Ff


values. The lifetimes were found to be extremely short (ts=
2.05 ns for the cysteine adduct and 2.76 ns for the gluta-
thione adduct), and hence the adducts were able to radiate
their fluorescence before collision with oxygen as in the
cases of 3–10 (see above).[33]


Protein adducts of 11 and 26 were assessed by sodium do-
decyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE). The target protein was bovine serum albumin
(BSA), which has a molecular weight of around 67 kDa and
incorporates 35 Cys residues. After treating BSA (300 mg)
with 11 or 26, the mixture was analyzed by SDS-PAGE.
Figure 5 shows gel photographs visualized by Coomassie
blue staining (A) and by irradiation with a UV transillumi-
nator (B). In photograph A, bands corresponding to BSA


Figure 4. Fluorescence spectra of 11 and 26 before and after the labeling
reaction with l-cysteine in 0.07m phosphate buffer solutions; [11]=1.2J
10�6


m, [26]=3.8J10�7
m, [11+l-cysteine]=9.3J10�7


m, [26+l-cysteine]=
5.7J10�7


m. lex=369 and 341 nm for 11 and 26, respectively. Each con-
centration was adjusted to the condition of OD=0.01 at the correspond-
ing excitation wavelength.


Table 2. Ff values for 11 and 26 before and after the labeling reactions.[a]


Adduct Ff for 11 Ff for 26


before �0 �0
l-cysteine 0.57 0.03
glutathione 0.48 0.02


[a] Quinine sulfate (Ff=0.55) in 0.5m H2SO4 used as a standard.
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and the adducts could be confirmed in each of the lanes 2–
4. On the other hand, only the fluorescent band due to the
adduct of 11 (lane 4) is clearly visible in photograph B,
while the band due to the adduct of 26 (lane 3) is faint in
the same photograph. This SDS-PAGE experiment demon-
strates the favorable photochemical characteristics of the
alkynylpyrene skeletons, making 11 a promising practical
probe for labeling Cys residues.


As probes for DNAs : We recently reported an excimer-
monomer switching DNA probe 27 with two pyrene moiet-
ies as fluorophores at both the 3’- and 5’- ends of a single-
stranded oligonucleotide (Figure 6).[4a] This DNA probe can


be regarded as a so-called molecular beacon, consisting of a
stem-and-loop structure. In conventional molecular beacons,
the detection of target DNAs is based on the FRET (fluo-
rescence resonance energy transfer) mechanism. Compared
with conventional beacons, our DNA probe 27 has the ad-
vantages of synthetic simplicity, high signal-to-noise, and un-
ambiguous detectability. Furthermore, the characteristic
emission switching of 27 with an isoemissive point allows for
ratiometric measurements. Ratiometric measurements on


the basis of two emission bands can largely eliminate the un-
certainty in the detection that results from individual sample
factors such as pH, temperature, the probe concentration,
and localization of the probes, as well as from instrumental
factors such as the kind of spectrometer or the dependence
of excitation intensity on the light source. The fascinating
excimer-monomer switching probe 27, however, suffers from
the inherent drawbacks of pyrene fluorophores mentioned
in the introduction to this paper. Thus, we decided to intro-
duce alkynylpyrene skeletons instead of the parent pyrenes
into our excimer-monomer switching probes in order to im-
prove their efficiency in the context of in vivo applications.


A new DNA probe 28 possessing two (phenylethynyl)pyr-
ene moieties as fluorophores was prepared in a similar
manner as described for 27 (Figure 6).[4a] A single-stranded
oligonucleotide with a C3-alkylamino linker (3’- end), which
consists of the same sequence as that of 27, was modified at
the 3’- and 5’- ends with 12 and 13, respectively, to give 28.
The melting temperature (Tm) of 28 was found to be about
60 8C on the basis of its electronic absorption spectra,
almost the same as that for 27.


To examine the ability of 28 to act as a switching probe,
fluorescence titration experiments were performed with the
fully complementary DNA 29 (Figure 7). We ensured that


the probe 28 retained the characteristic excimer–monomer
switching property as in the case of 27. Thus, upon addition
of 29, the excimer emission (l=511 nm) decreased, while
the monomer emission (l=405 and 427 nm) increased, with
an isoemissive point at l=490 nm. A significant difference
between the spectral changes observed for 27 and 28 is the
extent of the increase in the monomer emission, which is
probably because of the high fluorescence quantum yield of
the alkynylpyrene skeleton on 28 in protic media. Therefore,
the probe 28 also exhibits a somewhat “signal-on”-like
change in the wavelength region in which the monomer
emits, resembling conventional FRET-type molecular bea-
cons. On the other hand, 27 can be regarded as a “signal-
off”-type probe: the extent of the decrease in the excimer
emission is larger than the increase in the monomer emis-


Figure 6. Sequences of a new DNA probe 28 modified with alkynylpyr-
enes, the previous DNA probe 27 modified with pyrenes, and the fully
complementary target DNA 29 for the loop region of 27 and 28.


Figure 7. Fluorescence titration spectra of 28 ([28], 200 nm ; [MgCl2],
5 mm ; [KCl], 50 mm ; [Tris-HCl], 20 mm, at pH 8.0) in the presence of the
fully complementary target DNA 29 (0.1–1.0 equiv); lex=370 nm.


Figure 5. SDS-PAGE photographs of BSA and the adducts. Photographs
(A) and (B) were visualized by Coomassie blue staining and by irradia-
tion with light of wavelength 312 nm, respectively; lane 1: molecular
weight markers, lane 2: BSA (3.0J10�6 g), lane 3: BSA labeled with 26
(1.3J10�8 g), lane 4: BSA labeled with 11 (1.8J10�8 g).
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sion.[4a] Thus, the probe 28 has the advantages of an inherent
switching ability that allows for ratiometric measurements
as well as of a simple “signal-on”-type property. Sensitivity
is one of the most important criteria for probes directed
toward biomolecular detection. The spectral changes of 28
could be followed at a concentration of 1.0J10�10


m, which
is about 100 times more dilute than with 27 in aqueous
buffer solutions.[34] The high sensitivity of 28 further illus-
trates the usefulness of the alkynylpyrene skeleton as a bio-
molecular probe.


Conclusion


Direct attachment of alkynyl groups to a pyrene core has
been shown to impart photochemical properties that render
these systems favorable as fluorescent probes for biomole-
cules. As the number of alkynyl substituents is increased,
the fluorescence intensities of the alkynylpyrene derivatives
are enhanced, and this is accompanied by bathochromic
shifts in their absorption spectra. Taking advantage of these
promising features, we have developed alkynylpyrene-based
probes for biological applications. A maleimide-modified
probe was designed for labeling Cys residues, and succin-
imidyl and phosphoramidite derivatives were devised for
constructing new DNA probes. These alkynylpyrene-based
biomolecular probes have been found to be more practical
than conventional pyrene-based ones as a result of excita-
tion at longer wavelengths and the high Ff values that are
maintained without rigorous exclusion of oxygen.


Experimental Section


Materials and general procedures : Reagents were purchased from com-
mercial sources and were used without further purification. The com-
pounds 1,3,6-tribromopyrene[35] (16), 1,3,6,8-tetrabromopyrene[23b] (17), 2-
ethynylthiophene,[36] octa(ethylene glycol) monomethyl ether,[37] 1,6-diio-
dopyrene[14a] (18), 4-ethynylaniline,[38] 3-(4-iodophenyl)propionic acid[39]


(22), 2,[15b] 3,[20b] 7,[13a] and 9[40] have been previously reported and were
synthesized according to the published procedures. 1H and 13C NMR
spectra were recorded at 300 and 75 MHz, respectively. Melting points
are uncorrected. For further experimental procedures, see the Supporting
Information.


Spectroscopic measurements : Steady-state absorption and emission spec-
tra were recorded at 298 K using a 1 cm pathlength cell.


Fluorescence quantum yields (Ff) of the alkynylpyrenes were determined
using 9,10-diphenylanthracence as a standard with a known Ff of 0.95 in
ethanol.[25] For 5 and 6, coumarin 102 was used as a standard, assuming
its quantum yield to be 0.74 in ethanol.[26] The fluorescence quantum
yields were calculated according to the following equation.


FfðsplÞ ¼ FfðstdÞ � ½Astd=Aspl	 � ½Ispl=Istd	 � ½nspl=nstd	2


In this equation, Ff(spl) and Ff(std) are the quantum yields of a sample and
a standard, respectively. Aspl, Ispl, and nspl are the optical density, the inte-
grated emission intensity at the excitation wavelength, and the value of
the refractive index of the sample, respectively. Astd, Istd, and nstd are
those for the standard.


Fluorescence lifetimes were measured by time correlation, a single-
photon counting methodology, using a nanosecond fluorimeter. Sample


solutions (1.0J10�5
m in EtOH) were carefully degassed by freeze-pump-


thaw cycles before the measurements. The excitation wavelength was 337
or 370 nm, and cut-off filters UV-32 for 1 at 337 nm, UV-35 for 2, 3, and
7–10 at 337 nm, and L38 for 4–6 at 370 nm were used. All decay curves
were calculated by assuming a single exponential on the basis of the
equation If(t)=Aexp(�t/t), in which If(t)= fluorescence intensity at time t
and A= fluorescence intensity at t=0.


Determination of the melting temperature (Tm) of 28 : Electronic absorp-
tion spectra were recorded in the temperature range from 10 to 90 8C.
The solution used for the measurements contained 1 mm 28, 5 mm MgCl2,
50 mm KCl, and 20 mm Tris-HCl (pH 8.0).


Fluorescence titration : A Milli-Q solution of the complementary DNA
29 (10J0.1 equiv) was added to a 200 nm solution of 28 containing 5 mm


MgCl2, 50 mm KCl, and 20 mm Tris-HCl (pH 8.0) at 25 8C. Each mixture
was stirred at 25 8C until no further change in the fluorescence spectra
was observed (ca. 15 min). The excitation wavelength was 370 nm, and
fluorescence spectra were recorded from 350 to 700 nm following each
addition of 29.
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Novel Luminescent Mixed-Metal Pt�Tl-Alkynyl-Based Complexes: The
Role of the Alkynyl Substituent in Metallophilic and h2(p···Tl)-Bonding
Interactions


Jesffls R. Berenguer,[a] Juan Forni7s,*[b] Bel7n Gil,[a] and Elena Lalinde*[a]


Introduction


The search for supramolecular arrays is a productive area of
research in materials chemistry.[1–5] Among these, one-di-
mensional extended systems are particularly interesting
owing to their potentially useful chemical and photophysical
properties.[6–8] In this field, increasing attention is currently
being devoted to the construction of extended chains that
are based on weak noncovalent closed-shell metal–metal
bonding interactions.[9–24]


In particular, platinum-d8 complexes have proven to be
versatile building blocks for the formation of stacked linear-
chain materials with short Pt···Pt contacts,[25–30] which are no-
tably enhanced by strong-field and p-acidic ligands such as
CN� or CNR. Remarkable examples include the well-
known simple, partially oxidized [Pt(CN)4]n


2n� salts[31,32] and
the double salts [Pt(CNAr)4][Pt(CN)4] reported recently by
Mann and co-workers,[33–35] which display vapochromic be-
havior. Considerable experimental work and theoretical cal-
culations[11,36,37] seem to indicate that this type of metal–


Abstract: A novel series of [PtTl2(C�
CR)4]n (n=2, R=4-CH3C6H4 (Tol) 1,
1-naphthyl (Np) 2 ; n=1, R=4-
CF3C6H4 (TolF) 3) complexes has been
synthesized by neutralization reactions
between the previously reported [Pt-
(C�CR)4]


2� (R=Tol, TolF) or novel
(NBu4)2[Pt(C�CNp)4] platinum precur-
sors and TlI (TlNO3 or TlPF6). The
crystal structures of [Pt2Tl4(C�C-
Tol)8]·4acetone, 1·4acetone, [Pt2Tl4(C�
CNp)8]·3acetone·


1=3 H2O, 2·3acetone
·1=3 H2O and [{PtTl2(C�CTolF)4}(ace-
tone)S]1 (S=acetone 3a ; dioxane 3b)
have been solved by X-ray diffraction
studies. Interestingly, whereas in the
tolyl (1) and naphthyl (2) derivatives,


the thallium centers exhibit a bonding
preference for the electron-rich alkyne
entities to yield crystal lattices based
on sandwich hexanuclear [Pt2Tl4(C�
CR)8] clusters (with additional Tl···ace-
tone (1) or Tl···naphthyl (2) secondary
interactions), in the C6H4CF3 (TolF) de-
rivatives 3a and 3b the basic PtII


center forms two unsupported Pt�Tl
bonds. As a consequence 3a and 3b
form an extended columnar structure
based on trimetallic slipped PtTl2(C�
CTolF)4 units that are connected


through secondary Tl···(h2-acetylenic)
interactions. The luminescent proper-
ties of these complexes, which in solu-
tion (blue; CH2Cl2 1,2 ; acetone 3) are
very different to those in solid state
(orange), have been studied. Curiously,
solid-state emission from 1 is depen-
dent on the presence of acetone
(green) and its crystallinity. On the
other hand, while a powder sample of
3 is pale yellow and displays blue
(457 nm) and orange (611 nm) emis-
sions, the corresponding pellets (KBr,
solid) of 3, or the fine powder obtained
by grinding, are orange and only exhib-
it a very intense orange emission
(590 nm).


Keywords: acetylide · cluster
compounds · columnar structure ·
luminescence · platinum · thallium


[a] Dr. J. R. Berenguer, B. Gil, Dr. E. Lalinde
Departamento de QuEmica
Grupo de SEntesis QuEmica de La Rioja, UA-C.S.I.C.
Universidad de La Rioja, 26006 LogroÇo (Spain)
Fax: (+34)941-299-621
E-mail : elena.lalinde@dq.unirioja.es


[b] Prof. Dr. J. ForniKs
Departamento de QuEmica InorgLnica
Instituto de Ciencia de Materiales de AragMn
Universidad de Zaragoza-C.S.I.C., 50009 Zaragoza (Spain)
Fax: (+34)976-761-187
E-mail : juan.fornies@posta.unizar.es


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Expansions of
the crystalline structures of 2·3acetone·1=3 H20 and 3b, and coordina-
tion environments for the thallium atoms in the structure of 3b. Ab-
sorption spectra of complexes 1–3, together with those of the corre-
sponding precursors, including the absorption spectra of complex 3 at
different concentrations in a selected region (around 440 nm). Emis-
sion spectra of a crystalline sample of 1·4acetone in the solid state at
different temperatures, as well as the emission spectra in the solid
state of the dull yellow-orange solid obtained by elimination of ace-
tone from 1. Emission spectra of 3 at room temperature in pressed
solid pellets.


Chem. Eur. J. 2006, 12, 785 – 795 Q 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 785


FULL PAPER







metal contact is frequently reinforced by electrostatic com-
ponents, as well as by charge-transfer-type dispersive contri-
butions. In fact, such electrostatic attractions have been
shown to be particularly strong with platinate(ii) anions, as
illustrated by the numerous examples of PtII!M dative-
bond complexes (M=acid cation) presently known.[38–40] Fol-
lowing the report of the first luminescent and, unexpectedly,
discrete six-coordinate platinum�thallium complex
Tl2Pt(CN)4,


[41] there has been a growing interest in the
chemical and photophysical properties of heteropolynuclear
TlI complexes.[5,42–50] Of particular note are a peculiar para-
magnetic [Tl{PtR4}2]


2� derivative containing a formal TlII


center[51] and the series of complexes reported by Glaser
and co-workers generated from the reaction between PtII


substrates and TlIII salts in which the sum of the oxidation
states of the two metals is five.[52–54] Many of these com-
plexes, particularly those containing TlI, have been shown to
display luminescent properties, which have invariably been
attributed to intermetallic interactions; however, a number
of PtII,0�TlI complexes with strong Pt–Tl interactions do not
exhibit any detectable emission.[55,56]


In the past two decades, much has been discovered about
the photoluminescence behavior of alkynylplatinum(ii) com-
plexes,[57–62] but, in comparison, relatively little is understood
about the emissive properties of heteropolynuclear platinum
systems containing alkynyl bridging ligands.[63–66] Recent
studies by us[67–70] and others[63,66] have shown that their lu-
minescence behavior can be modulated through metal···me-
tal and h2-alkynyl�metal bonding interactions. Within this
framework, we have recently reported that the homoleptic
derivatives [Pt(C�CR)4]


2� (R= tBu, Ph, SiMe3) produce un-
expected hexanuclear luminescent complexes of the type
[Pt2Tl4(C�CR)8] by sandwiching naked TlI centers through
TlI–alkyne interactions,[71] thus indicating that in these sys-
tems the TlI centers have a stronger preference for the elec-
tron-rich alkynyl entities than for the basic PtII center. Sur-
prisingly, in similar reactions with heteroleptic cis- or trans-
platinate systems [Pt(C6F5)2(C�CR)2]


2� (R= tBu, Ph), the
platinum center has a higher affinity for thallium than for
the alkynyl ligands, yielding six-coordinate platinum entities
with two direct Pt�Tl bonds that dimerize ([{trans,cis,cis-
PtTl2(C6F5)2(C�CPh)2}2])[72] or polymerize ([{trans,trans,
trans-PtTl2(C6F5)2(C�CtBu)2}n]),[73] in these cases through
secondary TlI�alkynyl(C-a) contacts. These results suggest
that the presence of two electron-withdrawing C6F5 groups
in the mixed systems probably stabilizes the platinum frag-
ment, favoring the interaction between the platinum and
thallium orbitals (Pt 5dz2


2, Tl 6s2 filled; Pt, Tl 6pz empty).
With all this knowledge, we thought it would be of interest
to compare the ability of [Pt(C�C-aryl)4]2� (aryl=Tol, TolF),
which contain electron-donating (CH3) and electron-with-
drawing (CF3) substituents on the arylethynyl group, and
(NBu4)2[Pt(C�C-Np)4] to bind the TlI center.


Herein we report on the properties and structures of two
novel hexanuclear PtII�TlI-alkynyl-based clusters [PtTl2(C�
CR)4] (R=Tol 1, Np 2) and those of two unexpected supra-
molecular columnar species [PtTl2(C�CTolF)4(acetone)S]1
(S=acetone 3a, dioxane 3b), the latter being formed by oc-
tahedral trimetallic entities connected through Tl···h2-alkyn-
yl bonding interactions.


Results and Discussion


Spectroscopic characterization : As shown in Scheme 1, com-
plexes 1–3 were prepared as orange-yellow (1, 2) or pale
yellow (3) solids by treatment of aqueous solutions of the
corresponding anionic platinate species Li2[Pt(C�CR)4] with
TlNO3 (1:2 molar ratio). The naphthyl derivative is only
slightly soluble in CH2Cl2 and CHCl3, and crystals suitable
for X-ray diffraction (2·3acetone·1=3 H2O) were obtained by
slow diffusion of an acetone solution of TlPF6 into a solution
of (NBu4)2[Pt(C�CNp)4] in acetone. Crystals of 1·4acetone
were prepared by slow diffusion of acetone into a solution
of compound 1 in tetrahydrofuran. Complex 3 is only solu-
ble in acetone and from this solution pale yellow crystals of
stoichiometry [PtTl2(C�CTolF)4(acetone)2]1 (3a) were ob-
tained by slow evaporation of the acetone solution at 0 8C.


Abstract in Spanish: Se ha sintetizado una nueva serie de
complejos [PtTl2(C�CR)4]n (n=2, R=4-CH3C6H4 (Tol) 1, 1-
naftil (Np) 2 ; n=1, R=4-CF3C6H4 (TolF) 3) por neutraliza-
ci+n entre TlI (TlNO3 o TlPF6) y los sustratos de platino [Pt-
(C�CR)4]2� (R=Tol, TolF) ya descritos o el nuevo (NBu4)2-
[Pt(C�CNp)4]. Asimismo, se han resuelto, mediante estudios
de difracci+n de rayos-X, las estructuras cristalinas de
[Pt2Tl4(C�CTol)8]·4acetona, 1·4acetona, [Pt2Tl4(C�
CNp)8]·3acetona·


1=3H2O, 2·3acetona·1=3H2O, y [{PtTl2(C�
CTolF)4}(acetona)S]1 (S=acetona 3a ; dioxano 3b). Curiosa-
mente, mientras que en los derivados de tolilo (1) y naftilo
(2), los centros met7licos de talio exhiben una clara preferen-
cia de enlace hacia los fragmentos b7sicos acetil:nicos, dando
lugar a redes cristalinas basadas en olig+meros hexanucleares
de tipo s7ndwich [Pt2Tl4(C�CR)8] (con interacciones secun-
darias adicionales Tl···acetona, 1, o Tl···naftilo, 2), en los de-
rivados con C6H4CF3 (TolF), 3a y 3b, el centro b7sico de PtII


forma dos enlaces Pt-Tl no soportados. Como consecuencia,
3a y 3b forman una estructura columnar extendida, basada
en la conexi+n, a trav:s de interacciones secundarias
Tl···h2(acetileno), de unidades trimet7licas “PtTl2(C�CTolF)4”
desplazadas entre s?. Adem7s, se han estudiado las propieda-
des luminiscentes, que difieren mucho en disoluci+n (azul;
CH2Cl2 1,2 ; acetona 3) a estado s+lido (naranja). De manera
interesante, la emisi+n de 1 en estado s+lido depende de la
presencia de acetona (verde), as? como de su cristalinidad.
Por otro lado, mientras que una muestra pulverulenta de 3 es
de color amarillo p7lido y muestra emisiones en el azul
(457 nm) y naranja (611 nm), las pastillas obtenidas por pre-
si+n (KBr o s+lido puro), o, incluso, el polvo fino obtenido
por molturaci+n, son de color naranja y exhiben solamente
una emisi+n intensa en el naranja (590 nm).
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Evaporation of a solution of 3 in a mixture of acetone/diox-
ane (5:1) at room temperature yielded crystals of [PtTl2(C�
CTolF)4(acetone)(dioxane)]1 (3b). The ions [Pt2Tl4(C�
CTol)8+Tl]+ ([M+Tl]+) and [PtTl(C�CTolF)4]+ ([M�Tl]+)
dominate the respective FAB(+) and ES(+) mass spectra of
1 and 3, respectively. The IR spectra display very strong
n(C�C) stretching vibrations (2086 cm�1, R=Tol (1);
2079 cm�1, R=Np (2); 2089 cm�1, R=TolF (3)) that are
slightly shifted to a higher wavenumber with respect to
those observed for the homoleptic platinates [NBu4]2[Pt(C�
CR)4] (2082 cm�1, R=Tol; 2065 cm�1, R=Np; 2084 cm�1,
R=TolF). This spectroscopic feature has been previously ob-
served in the hexanuclear clusters of [Pt2Tl4(C�CR)8] (R=


Ph, tBu, SiMe3),
[71] and can tentatively be related to the


small h2-covalent contribution to the TlI�acetylenic bonding
interactions, the electrostatic interaction between the plati-
nate entities and the TlI centers probably being the driving
force and the main contribution to the stability of these spe-
cies. Interaction of naked metal (Ni0[74,75] and Pt0[76]), cations
(CuI, AgI)[77] or M’Ln fragments[77,78] with metal-acetylenic
entities LnMC�CR usually causes a shift of the n(C�C) ab-
sorption to lower wavenumbers. The size of the Dñ shift rel-
ative to the precursor is related to the extent of the interac-
tion with the M�C(a)�C(b)�R entity. Larger shifts are ob-
served with symmetrical and asymmetrical (with M’ being
closer to the b-carbon atom) side-on h2-bonding interactions,
while small or negligible shifts are found when the interac-
tions occur with the a-carbon atom (or M�C(a) fragment),
leading to the final mn :h


1-C�CR bridging ligands. In these
platinum�thallium(i) complexes, the small shifts to higher
frequencies suggest that the interaction between the plati-
nate entities and the thallium centers decreases somewhat
the p-back-donor component (Pt!p*C�CR) in the [Pt(C�
CR)4]


2� fragments. In the 13C{1H} NMR spectrum of hexa-
nuclear complex 1, both the C-a and C-b alkyne resonances
are downfield-shifted (dCa=117.5 ppm, dCb=109.6 ppm)
with regard to those found in [NBu4]2[Pt(C�CTol)4] (dCa=


114.5 ppm, dCb=103.2 ppm), but despite prolonged accumu-
lation, platinum satellites were not found. In contrast, the
13C{1H} NMR spectrum of complex 3 in [D6]acetone shows
the expected acetylenic resonances with 195Pt satellites at
115.8 (Ca,


1J(Pt,C-a)=981 Hz) and 115.6 ppm (C-b, 2J(Pt,C-
b)=273 Hz), respectively. In this case, the two resonances
are notably shifted upfield (C-a) and downfield (C-b), re-
spectively, with respect to those of the precursor
[NBu4]2[Pt(C�CTolF)4] (dC-a=125 ppm, 1J(Pt,C-a)=997 Hz;
dC-b=103 ppm, 2J(Pt,Cb)=286 Hz). However, the platinum


coupling constants are only
slightly smaller than those of
the precursor.


Crystal structures : The X-ray
crystal structures of 1·4acetone,
2·3acetone·1=3 H2O, 3a and 3b
have been determined. Based
on these structures, they can be
classified into two types: hexa-


nuclear clusters (1 and 2) and infinite PtTl2 chains (3a and
3b). Selected bond lengths and angles are presented in
Table 1 and Table 2. The perspective views of the hexanu-


clear clusters 1 and 2 are depicted in Figure 1 and Figure 2,
respectively. Complex 1·4acetone crystallizes in the P1̄
space group, with one half of 1 and two molecules of ace-
tone in the asymmetric unit, while complex 2·3ace-
tone·1=3 H2O crystallizes in the cubic Ia3̄d space group. Both
complexes are formed from two eclipsed tetraalkynylplati-
nate fragments connected to four thallium centers in a sand-
wich fashion. Although the sandwich-type coordination of a
single TlI center by clusters or polynuclear units has several
precedents,[48, 79] and even [Tl{Pt(C6F5)4}2]


2� has been de-
scribed, a very peculiar trinuclear derivative containing a
[Pt2Tl]


6+ skeleton,[51] the intercalation of several TlI centers
by metal entities is very rare.[46,71] In both cases, each thalli-
um center bisects the alkynyl entities, being bonded to four


Scheme 1.


Table 1. Selected bond lengths [V] and angles [8] for [Pt2Tl4(C�C-
Tol)8]·4acetone (1·4acetone) and [Pt2Tl4(C�CNp)8]·3acetone·


1=3 H2O
(2·3acetone·1=3 H2O).


1·4acetone 2·3acetone·1=3 H2O


Pt�C(a) 2.000(8)–2.014(8) 2.01(2), 2.03(3)
C(a)�C(b) 1.205(11)–1.221(10) 1.20(3)–1.24(3)
Pt�Tl 3.5675(5)–3.7204(4) 3.628(1)–3.714(1)
Pt···Pt 3.8463(5) 3.572(2)
Tl···Tl 4.3065(5), 4.4731(4) 4.538(1)
Tl�C(a) 2.900(7)–3.015(7) 2.91(2), 2.97(2)
Tl�C(b) 3.086(7)–3.296(10) 3.21(2)–3.29(2)
cis-C(a)�Pt�C’(a) 88.3(3)–91.7(3) 89.0(9)–90.6(9)
Pt�C(a)�C(b) 173.0(7)–178.2(6) 172(2), 172.3(18)
C(a)�C(b)�Cipso 175.8(8)–179.5(8) 177(3), 179(3)


Table 2. Selected bond lengths [V] and angles [8] for [{PtTl2(C�CTolF)4}-
(acetone)(dioxane)]1 (3b).


3b


Pt�C(a) 2.009(9)–2.020(9)
C(a)�C(b) 1.192(11)–1.206(11)
Pt�Tl1 2.9355(5)
Pt�Tl2 3.0272(5)
Tl1�O1 2.823(11)
Tl2�O3 2.924(11)
Tl�C(a) 3.034(10)–3.121(8)
Tl�C(b) 2.980(10)–3.131(10)
cis-C(a)�Pt�C’(a) 87.8(4)–92.2(3)
Pt�C(a)�C(b) 175.2(8)–179.9(9)
C(a)�C(b)�Cipso 174.8(9)–179.4(11)
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alkynyl fragments (two associated with each platinum unit),
which display a m3-h


2(s-Pt, p-Tl, p-Tl) bonding mode. As
can be observed in Figure 2, the alkynyl fragments in the
naphthyl derivative are tilted away from the thallium cen-
ters (Pt�C(a)�Cb 172(2), 172.3(18)8 ; C(a)�C(b)�C(g)
177(3), 179(3)8), with the aromatic naphthyl groups forming
dihedral angles of 47.2(6) and 75.1(6)8 with their respective
platinum coordination plane and producing two clear cavi-
ties (one associated with each platinum atom). In the ex-
tended crystal lattice, molecules of 2 are arranged as shown
in Figure 3. No apparent intermolecular p···p contacts are
observed between the naphthyl groups. A perspective view
of the lattice (see the Supporting Information, Figure S1) in-
dicates that the shortest intermolecular contact is made by
the thallium centers, each one being engaged in a very weak


p···Tl interaction with a naphthyl group of a neighboring
cluster. In particular, the distances of the thallium atom to
three consecutive carbon atoms (Tl1�C17 3.711, Tl1�C18
3.411, Tl1�C19 3.842 V) fit well with the reported range for
arene···thallium contacts (2.87–3.74 V).[80–84] The acetone
molecules are trapped in the circular void channels of the
crystal lattice (Figure 3), but they do not show any signifi-
cant interactions with the hexanuclear PtTl4 clusters.


In the hexanuclear tolyl derivative 1·4acetone, three of
the tolyl groups remain practically coplanar with the plati-
num coordination plane and the resulting clusters stack in
columns along the a axis (intermolecular Pt···Pt separation
7.368 V), yielding channels in which the acetone molecules
are located. In this cluster one of the two solvent acetone
molecules found in the asymmetric unit is weakly coordinat-
ed to a thallium center with a Tl�O separation of
3.042(9) V, clearly longer than similar Tl�O(acetone) dis-
tances observed in other heteropolynuclear thallium com-
plexes[45,72,73] (see Figure 1). Note that the incorporation of
acetone in solid 1 causes a visual color change from orange
to yellow, but the acetone molecules are rapidly lost when
the solid is air-dried. Nevertheless, it is noteworthy that the
resulting dull yellow-orange solid is very insoluble in all
common organic solvents. In this insoluble phase the Tl···
acetone contacts are probably substituted by efficient
Tl···arene(Tol) interactions similar to those observed in the
naphthyl derivative, which is also very insoluble in organic
solvents. In its IR spectrum the n(C�C) band is only slightly
shifted (Dñ(n(C�C))=4 cm�1) to higher wavenumbers, and
no absorption due to the presence of acetone is observed.


The h2-acetylenic�Tl interactions are asymmetric in both
complexes 1 and 2, the Tl�C(a) distances (range 2.900–
3.015 V for 1, 2.91–2.97 V for 2) being notably shorter than
the corresponding Tl�C(b) contacts (3.086–3.296 V for 1,
3.21–3.29 V for 2). These distances are very close to the sum
of the van der Waals radius of carbon (1.7 V) and the ionic
radius of Tl+ (1.4–1.5 V), suggesting a notable ionic contri-
bution to the bonding interaction in this type of assembly.
As expected, the shortest Tl�C(a) contacts (2.900–2.936 V)
in complex 1 are formed by Tl2, probably as a result of the
additional weak contact of Tl3 with the acetone molecule.


Figure 1. Molecular structure of the hexanuclear cluster [Pt2Tl4(C�
CTol)8] (1) showing the contacts of two thallium atoms with two acetone
molecules. Ellipsoids are drawn at the 50% probability level. Hydrogen
atoms are omitted for clarity.


Figure 2. ORTEP view of the hexanuclear cluster [Pt2Tl4(C�CNp)8] (2).
Ellipsoids are drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity.


Figure 3. Expansion of the crystalline structure of [Pt2Tl4(C�CNp)8]·3ace-
tone·1=3 H2O (2·3acetone·1=3 H2O).
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The intramolecular Pt···Pt separation found between the
two platinum fragments is notably shorter in the naphthyl
derivative (Pt···Pt=3.572(2) V in 2 vs. 3.8463(5) V in 1).
The value of 3.572(2) V is similar to that previously report-
ed for [Pt2Tl4(C�CtBu)8] (3.573 V molecule A; 3.622 V mol-
ecule B),[71] and comparable to those seen in linear-chain
PtII complexes (3.01–3.75 V).[25–32,69,71] In both complexes 1
and 2, the Pt···Tl distances (3.5675–3.7204 V in 1; 3.628(1)
and 3.714(1) V in 2) lie out of the usual range of PtII�TlI
bond lengths,[41,50, 72,73] which suggests that only weak met-
al···metal bonding interactions occur (sum of the van der
Waals radii=3.68 V). The very long Tl···Tl separations (see
Table 1) rule out any intramolecular Tl···Tl bonding interac-
tions.


Crystals of the adduct [PtTl2(C�CTolF)4(acetone)2]1 (3a)
systematically diffracted poorly and lost solvent of crystalli-
zation very easily, even when covered with mineral oil at a
low temperature. Nevertheless, in spite of the lack of accura-
cy of the crystallographic analyses performed on 3a, the for-
mation of a supramolecular structure based on PtTl2 units,
nearly identical to that observed for the adduct [PtTl2(C�
CTolF)4(acetone)(dioxane)]1 (3b) (one acetone occupies the
site of the dioxane molecule), was unequivocally confirmed.
In the p-trifluoromethylphenyl derivative 3b, the acceptor
CF3 substituent reduces the electron density at the acetylen-
ic units, making the basic platinum center the preferred
binding site. In addition, as commented in the introduction,
the presence of four electron-withdrawing acetylide C�C(4-
CF3C6H4) ligands could also increase the metallophilic at-
traction between PtII and TlI. Thus, the molecular structure
reveals a pseudo-octahedral platinum center (Figure 4a)
with two donor–acceptor Pt�Tl bonds (Pt�Tl 2.9355(5),
3.0272(5) V). Individual trimetallic [PtTl2(C�CR)4] frag-
ments self-associate through Tl···p-alkynyl interactions to
yield an unusual columnar superstructure along the a axis.
The association is based on interactions between each thalli-
um atom and two mutually cis-alkynyl fragments of a neigh-
boring trimetallic PtTl2 entity (see the Supporting Informa-
tion, Figure S2). As can be seen, the extended structure can
alternatively be described as a continuous stack of [Pt(C�
CTolF)4]


2� ions with the platinum centers offset to form a
zigzag chain (Pt···Pt···Pt 128.748, Figure 4b) in order to ac-
commodate the two Pt�Tl bonds and to maximize the alky-
nyl···thallium bonding interactions. In the final structure two
noncontacting thallium centers [Tl1···Tl1’ 4.3906(7),
Tl2···Tl2’ 5.2161(6) V) are sandwiched between the platinate
anions. The columnar structure exhibits alternating long
(5.16 V) and short (4.29 V) separations between the plati-
nate anions owing to the presence of two different thallium
centers (Tl1 and Tl2). As shown in Figure 4a, while the
Tl(1) atom located above the platinum center (Pt�Tl1
2.9355(5) V) is essentially perpendicular to the platinum co-
ordination plane (angle with the normal=2.0(2)8 in 3b), the
other thallium center Tl2, located below it, exhibits a Pt�
Tl2 distance that is slightly longer (3.0272(5) V) and the Pt�
Tl2 vector is perceptibly displaced from the normal by
21.9(2)8. The resulting Tl1-Pt-Tl2 angle is 160.044(17)8. As a


consequence, while the Tl1 atom only interacts with the two
alkynyl fragments of the adjacent platinate stack (Tl1�C(a)/
C(b) 3.073(11), 3.099(9)/2.980(10), 3.020(9) V; see the Sup-
porting Information, Figure S2a), the Tl2 atom seems to in-
teract additionally with two alkynyl groups of its own entity,
as suggested by the relatively short distances observed be-
tween the Tl(2) and the C(a) atoms (Tl2�C1/C10 3.072(8)/
3.267(9) V; see the Supporting Information, Figure S2b).
The displacement of Tl2 towards the alkynyl groups favors
the proximity of the platinate anions (a distance of 4.29 V
vs a value of 5.16 V, corresponding to platinate fragments
separated by Tl1 centers). As is shown in Figure S2 in the
Supporting Information, both thallium centers complete
their coordination environment by forming weak contacts
with solvent molecules (Tl1···O1(dioxane) 2.823(11),
Tl2···O3(acetone) 2.924(11) V). Note that the solvent mole-
cules are located in channels that are parallel to the result-
ing [PtTl2(C�CTolF)4] columns (see the Supporting Informa-
tion, Figure S3) and are easily lost when the crystals are
dried.


Absorption and emission spectroscopy : As was mentioned
above, complex 2 (R=Np) is only slightly soluble in chlori-


Figure 4. a) ORTEP view of the pseudo-octahedral environment of the
platinum atom in complex [PtTl2(C�CTolF)4(acetone)(dioxane)]1 (3b).
Ellipsoids are drawn at the 50% probability level. Hydrogen atoms, as
well as the coordination molecules of acetone and dioxane, are omitted
for clarity. b) Perspective view along the a axis of the crystalline structure
showing the stacking of the [PtTl2(C�CTolF)4] units.


Chem. Eur. J. 2006, 12, 785 – 795 Q 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 789


FULL PAPERNovel Luminescent Mixed-Metal Pt�Tl-Alkynyl-Based Complexes



www.chemeurj.org





nated solvents (CH2Cl2, CHCl3), and complex 3 (R=TolF)
only in acetone. Freshly prepared complex 1 is soluble in a
range of solvents (chloroform, THF and CH2Cl2), but is
scarcely soluble in acetone and, once it has been treated
with acetone, the resulting dried solid is insoluble in all
common organic solvents. Note also that the conductivities
of [Pt2Tl4(C�CTol)8] (1) (acetone solution, 1.5 cm2W�1mol�1;
CH2Cl2 solution, 1 cm2W�1mol�1), and that of [Pt2Tl4(C�
CTolF)8] (3) (acetone solution, 15 cm2W�1mol�1) indicate
that the thallium ion does not dissociate in solution to any
appreciable extent. This suggests that the PtTl2 units of com-
plex 3 are largely retained when dissolved and that the hex-
anuclear cluster Pt2Tl4 of complex 1 is also present in solu-
tion. The electronic absorption data for 1–3 are summarized
in Table 3 and the electronic spectra of these complexes to-


gether with those of the corresponding precursors are shown
in the Supporting Information (Figure S4). The electronic
spectrum of 1 is similar to that of (NBu4)2[Pt(C�CTol)4] for
l<360 nm, but differs dramatically by exhibiting a novel
prominent low-energy absorption at 380 nm. The high-
energy bands (270–326 nm) and the absorption at 360 nm
are ascribed to intraligand (IL) p!p* and mixed p!p*(C�
CR)IL/d(Pt)!p*(C�CR) MLCT transitions, respectively.
The novel, prominent low-energy absorption at 380 nm,
which is absent in the precursor and is slightly solvent-de-
pendent, is tentatively assigned to a metal�alkynyl-to-metal
cluster core [Pt(C�CR)4!Pt2Tl4] MLM’CT transition in
accord with previous assignments in related systems.[63,71] In
acetone, the PtTl2 complex 3 shows two absorption bands at
328 and 360 nm, which are similar in energy to those ob-
served for the homoleptic derivative (NBu4)2[Pt(C�CTolF)4]
(329, 354 nm), and a novel moderately intense lower-energy
band at 376 nm, related to the presence of Pt�Tl bonds. At
concentrations higher than 5X10�4 molL�1, a weak shoulder
at lmax=445 nm (e�0.7X103 Lmol�1 cm�1), which obeys
BeerYs law (in the 5X10�4 to 2.7X10�3 molL�1 range[85]) and
can be regarded as the spin-forbidden counterpart of the in-
tense band, is clearly observed (see the Supporting Informa-
tion, Figure S5). The inferred singlet–triplet excited-state
splitting (4124 cm�1) is comparable to the values observed in
other polynuclear complexes that contain metal···Tl bonds,
in which the low-energy absorption is assigned to a metal-
centred transition s*[M(d)Tl(s)]!s[M,Tl(pz)].


[42,86] Previous
theoretical studies on model [PtTl2Ph2(C�CPh)2] and


[PtTlPh2(C�CPh)2]� complexes[72] with Pt�Tl bonds indicate
that the [PtPh2(C�CPh)2] fragments play a significant role in
the highest-occupied orbitals, while the PtTl2 or PtTl units
make a notable contribution to the lowest-unoccupied orbi-
tals. Similarly, we suggest that in complex 3 this band can be
tentatively attributed to metal�alkynyl-to-metal charge
transfer [Pt/C�CR!s[Pt,Tl(pz)], although some mixing of
the target orbital with p*C�CR cannot be excluded.


The emission data for complexes 1–3 are summarized in
Table 4. For the tolylacetylide derivative 1, the luminescence
differs in the solid state and in solution. To illustrate this,
the solid (298 K) and solution (CH2Cl2) emission and excita-
tion spectra of 1 are presented in Figure 5. In solution, com-
plex 1 emits at l=478 nm (asymmetric band) and its excita-
tion spectrum is comparable to its absorption spectrum.


Upon cooling to 77 K, lmax
em


shifts to a slightly shorter wave-
length (472 nm) and is clearly
structured with vibronic pro-
gression (1960–1990 cm�1) typi-
cal of the n(C�C) stretching
modes and indicative of the in-
volvement of alkynyl ligands in
the excited state. This emission
is similar to that observed for
the homoleptic precursor
[(NBu4)2[Pt(C�CTol)4] [lmax


em


(77 K)=447 nm],[57] but with a
lower energy (D=1185 cm�1). Similar behavior was ob-
served in acetone (see Table 4). Conductivity measurements
and the FAB(+) mass spectrum of 1, which shows a peak at
2333 a.m.u. corresponding to the ion [M+Tl]+ , suggest that
the integrity of the clusters is probably retained in solution.
Therefore, although a definitive assignment is not possible,
the emissive state in solution is likely to be derived from a
mixed IL (p!p*C�CR) and a metal�ligand-to-metal clus-
ter core transition 3MLM’CT [Pt(C�CR)4!Pt2Tl4]. In the
solid state, the cluster of complex 1 displays strong orange
luminescence whose maximum slightly red shifts from about
590 to 602 nm by increasing lexc from 370 to 490 nm. Similar
site-selectivity excitation was also observed at 77 K, with the
peak maxima ranging from 587 to 621 nm (for lexc=370–
490 nm). Luminescence lifetime measurements fit reasona-
bly well to one component with a lifetime of approximately
12.0 ms [298 K; 12.3(�0.2) ms (R2=0.99142) at lmax=590 nm,
and 11.5(�0.3) ms (R2=0.98647) at lmax=602 nm],[87] which
is consistent with a predominantly spin-forbidden process.
The onset of the excitation spectrum, which is also slightly
different when monitored at 590 nm (lmax=490 nm,
Figure 5) compared with that monitored at 650 nm (lmax=


494 nm), appears well before the onset of the absorption
spectrum, suggesting that the luminescence properties in the
solid state are probably related to the existence of aggre-
gates of clusters. Different degrees of aggregation could ex-
plain the slight shifts observed in both the emission and ex-
citation spectra. In agreement with this suggestion we have
noticed that, to the naked eye, a crystalline sample of


Table 3. Absorption data for complexes 1–3 and (NBu4)2[Pt(C�CNp)4] (A) (�5X10�5
m).


Compound Absorption [nm] (e [103 Lmol�1 cm�1])


1[a] 327 (17.5), 360 (14.3), 380 (23.3) (acetone)
270 (44.9), 295 (37.4)(sh), 326 (16.5), 360 (10.9), 383 (19.6) (CH2Cl2)


2 242 (66.0), 320 (46.2), 338 (50.8), 399 (25.8) (CH2Cl2)
3 328 (15.8), 360 (14.9), 376 (15.1), 445 (0.7)[b] (acetone)
A 240 (55.0), 260 (38.9), 340 (26.32)(sh), 360 (35.7)(sh),


378 (43.3)(sh), 396 (51.5)


[a] With a long tail extending to about 450 nm. [b] For [3]=5X10�4 molL�1 or higher.
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1·4acetone emits an intense green-yellow luminescence
under UV illumination (298 K, lmax=479, 521 nm (lexc=
370 nm); 77 K, lmax=502, 529, 563 nm (lexc=460 nm); see
the Supporting Information, Figure S6), which is lost when
the crystals are air-dried. The change in emission seems to
arise from the interaction of TlI centers with acetone mole-
cules, as shown in the crystal structure. A visual change
from deep orange to yellow-green luminescence is also ob-
served on exposure of a solid powder of 1 (yellow-orange)
to acetone vapour. However, when the acetone is eliminated
in a vacuum, a dull yellow-orange solid is generated, which


does not show the initial orange luminescence. This fact pre-
cludes its use as a sensor. As previously commented, this
latter solid has very low solubility in organic solvents and
exhibits two emission bands at 485 and 590 nm (lexc=
440 nm, see the Supporting Information, Figure S7).


Complex 2 only emits in rigid media at a low temperature.
Thus, a weak orange emission [lmax=580, 627(sh) nm] was
observed in the solid state upon excitation between 370–
540 nm at 77 K. In a frozen CH2Cl2 solution (77 K), the
emission of 2 is shifted to a higher energy (lmax=554 nm,
t=172.4 ms) and is clearly structured. The striking similarity
of the emission spectrum of 2 to that of its precursor
(NBu4)2[Pt(C�CNp)4], which also exhibits a vibronic emis-
sion (lmax=565 nm, t=165.8 ms) in frozen CH2Cl2 solution,
is suggestive of a similar emissive state. The vibrational pro-
gression spacings of about 1440 and 1950 cm�1 for 2 and
1385 and 2025 cm�1 for (NBu4)2[Pt(C�CNp)4] are in agree-
ment with a ligand-dominated emissive state, and the lowest
emissive state in both derivatives is, therefore, assigned to a
metal (or cluster)-perturbed intraligand p–p* transition. The
absence of detectable emission for both complexes in the
solid state at room temperature can be attributed to quench-
ing by intermolecular p(naphthyl)···Tl+ or p···p(naphthyl)
interactions in the crystal lattice, which are seemingly re-
tarded at low temperatures.


Compound 3 is an interesting example of a molecule
whose color and emissive properties change with pressure.
Thus, complex 3 is only soluble in acetone, and crystallises
with acetone molecules (3a), which weakly interact with
thallium centers, as a very pale yellow solid. The crystalline


Figure 5. Excitation and emission spectra of 1 in the solid state and in
CH2Cl2 solution ([1]=5X10�4 molL�1) at room temperature.


Table 4. Emission and excitation data for complexes 1–3 and (NBu4)2[Pt(C�CNp)4] (A).


lmax
exc [nm] lmax


em [nm] t [ms]


1 solid (298 K)[a] 370, 442, 434, 490 (lem=590 nm) 590 (lexc=370 nm) 12.0
367, 494 (lem=650 nm) 602 (lexc=490 nm)


solid (77 K)[a] 370(min), 472, 487(sh) (lem=620 nm) 587 (lexc=370 nm) 16.4
605 (lexc=470 nm)
621 (lexc=490 nm)


CH2Cl2, 5X10
�4
m (298 K)[b,c] 342, 365, 403 (lem=480 nm) 478


CH2Cl2, 5X10
�4
m (77 K) 310–390, 447(sh) 472, 520, 580 20.9, 172.0


2 solid (298 K) no emission no emission
solid (77 K) 370, 501, 543 580, 627(sh) 115.0
CH2Cl2, 10


�3
m (77 K)[d] 350, 406, 428 554, 602, 621, 655 172.4


3 KBr (298 K) 354(min), 400, 449, 458, 465(sh) 587 10.4
KBr (77 K) 353(min), 379, 445, 455, 472(sh) 591 16.8
solid (298 K) 331(min), 420, 433, 445(sh) (lem=460, 590 nm) 457*, 497(sh), 611C (lexc=390 nm) *10.0, C9.8
solid (77 K) 379, 428, 463(sh) (lem=617 nm) 462*, 615C (lexc=390 nm) *12.8, C15.7


355, 376, 390, 425(sh)(lem=465 nm)
acetone, 5X10�3


m (298 K)[e] 435, 454(sh) (lem=585 nm) 470, 512(sh), 584(max) (lexc=425 nm)
acetone, 5X10�3


m (77 K) 366, 440, 462(max) (lem=590 nm) 613 (lexc=466 nm)
320, 356, 374(max), 430, 445, 455 (lem=466 nm) 466*, 515, 580C(min) (lexc=375 nm) *28.9, C232.1


A CH2Cl2, 10
�3
m (77 K)[f,g] 370–549 565, 579(sh), 613, 638 165.8


[a] The same results were obtained in KBr pellets. [b] The same results were obtained in acetone in very concentrated and for 5X10�4
m solutions [lmax=


475 nm (278 K); 470, 513, 570(sh) (77 K)]. [c] f=8.1X10�3. Measured using DCM [4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran]
as standard. [d] f=8.2X10�5. Measured using DCM as standard. [e] f=7.2X10�3. Measured using [Ru(bipy)3]Cl2 as standard. [f] As a solid, at 77 K, a
weak emission with maxima at 565, 645 and 800 nm; the band at 800 nm is probably due to an excimeric emission (t=58.2 ms). [g] f=8.7X10�4. Mea-
sured using DCM as standard.


Chem. Eur. J. 2006, 12, 785 – 795 Q 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 791


FULL PAPERNovel Luminescent Mixed-Metal Pt�Tl-Alkynyl-Based Complexes



www.chemeurj.org





solid loses the acetone molecules rapidly when isolated from
solution (as observed by IR spectroscopy), but retains its
pale yellow color. Similar behavior is observed for crystals
of [PtTl2(C�CTolF)4(acetone)(dioxane)]1 (3b). These solids
display, regardless of the lexc used (350–400 nm), two lumi-
nescence bands at 457 and 611 nm. Upon cooling, the inten-
sity of the emissions increases significantly and the emission
shift slightly to lower energies (462 and 615 nm). As can be
seen in Figure 6a, both bands have similar excitation profiles
at l<430 nm but, by monitoring at 617 nm, an additional
shoulder feature also appears at the position of the high-
energy emission (463 nm). Lifetime measurements indicate
that both bands are phosphorescent (see Table 4), but their
wavelength dependence suggests that each emission derives
from a different excited state. The close resemblance of the
excitation profiles and the fact that the shoulder at 463 nm
(77 K) of the low-energy excitation band (monitoring at
617 nm) coincides with the high-energy emission at 77 K
(462 nm), indicates that the orange emission at approximate-
ly 615 nm has a contribution from the blue one at 462 nm.
Interestingly, we have noted that by simply grinding the
crystalline pale yellow samples of 3, or by using 10 ton pres-


sure to make KBr pellets, the initial pale yellow color
changes to orange, and a very intense orange emission is
produced under UV irradiation. Under these conditions, the
blue emission is not observed and only a structureless low-
energy band (KBr pellets: lmax=587 nm at 298 K, t=


10.4 ms; lmax=591 nm at 77 K, t=16.8 ms, see Table 4; solid
pellets: lmax=608 nm at 298 K, Figure S8 in the Supporting
Information) appears, suggesting that the intersystem cross-
ing (or mixing) from both emissive states is very efficient
(see Figure 6b).


The emissive behavior of 3 in acetone solution is sensitive
to complex concentration. This fact is illustrated, at room
temperature, in Figure 7. The complex exhibits a vibronic


high-energy emission (lmax=470, 512 nm), which is better re-
solved in a frozen acetone solution (lmax=466, 515 nm,
77 K), and a broad low-energy feature (lmax=584 nm),
which dominates the spectrum at concentrations of 5X
10�3 molL�1 or more and is nearly absent at a concentration
of 5X10�4 molL�1. Similar behavior is observed in frozen
solutions, with minor shifts of both emissions. To illustrate
this, Figure 8 shows the emission spectra, with excitation at
375 and 466 nm, of a frozen solution of 3 at 77 K (5X10�3


m)
and, also, the very different excitation profiles of both emis-
sions. In this complex, the structured high-energy emission
in fluid or glass acetone solution is comparable in energy to
that recorded in the solid state for the pale yellow form, im-
plying a common emissive state. The close resemblance of
this high-energy emission to that seen in the homoleptic pre-
cursor (NBu4)2[Pt(C�CTolF)4] (acetone, lmax=468 nm) is
suggestive of an emission with a predominantly intraligand
p!p* (C�CTolF, 3IL) character. Notwithstanding, a certain
degree of metal-to-ligand (3MLCT) character cannot be
ruled out. The strong orange emission seen in KBr, or solid
sheen pellets (see the Supporting Information, Figure S8),
and the low-energy band observed in powder solid and fluid
or glass is thought to occur by lumophore aggregation of
[PtTl2(C�CR)4] units through Tl···p(alkynyl) interactions.


Figure 6. Excitation and emission spectra of 3 at 77 K in a) the solid state
(powder) and b) KBr pellets.


Figure 7. Variable concentration emission spectra of 3 in acetone at room
temperature.
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Experimental Section


Absorption and emission spectroscopy: The reactions were performed
under argon and solvents were purified by standard methods. 1H and 13C
NMR spectra were recorded with 300ARX and 400ARX Bruker spec-
trometers. Chemical shifts are reported in ppm relative to an external
standard (SiMe4) and all coupling constants are given in Hz. UV/Vis
spectra were recorded with a Hitachi U-3400 spectrometer. Emission and
excitation spectra were obtained with a Perkin-Elmer Luminescence
Spectrometer LS 50B and on a Jobin-Ybon Horiba Fluorolog 3-22 Tau-3
spectrofluorimeter, with the lifetimes measured in phosphorimeter mode.
The solution emission quantum yields were measured by the Demas and
Crosby method[88] using [Ru(bipy)3]Cl2 in degassed water or DCM [4-di-
cyanomethylene-2-methyl-6-(4-dimethylaminostyryl)-4H-pyrane] in de-
gassed methanol as standards. IR spectra were recorded with a Perkin-
Elmer FT-IR Spectrum 1000 spectrometer and mass spectra with a HP-
5989B spectrometer equipped with interphase API-ES HP-59987A (ES+ )
and a VG Autospec double-focussing (FAB+ ) mass spectrometer. Ele-
mental analyses were performed with a Perkin-Elmer 2400 CHNS/O mi-
croanalyser. Conductivities were measured in acetone solutions (ca. 5X
10�4 molL�1) using a Crison GLP31 conductimeter. The acetylenes were
purchased and used without further purification. [PtCl2(tht)2]


[89] and
(NBu4)2[Pt(C�CR)4]


[57] (R=4-CH3C6H4, 4-CF3C6H4) were prepared as
described previously.


Synthesis of the precursor (NBu4)2[Pt{C�C(1-naphthyl)}4]: This new pre-
cursor was synthesized by a similar procedure to that recently reported
for the synthesis of related homoleptic derivatives.[57] [PtCl2(tht)2] (0.30 g,
0.68 mmol) was added to a fresh solution of LiC�CNp (4.08 mmol) in di-
ethyl ether at a low temperature (�30 8C). After stirring at a low temper-
ature for 10 min, the mixture was allowed to reach room temperature
(ca. 30 min) and the solvent was removed under reduced pressure. The
crude residue was treated with deoxygenated iPrOH, filtered under
argon and the filtrate collected over a solution of NBu4Br in iPrOH
(0.55 g, 1.70 mmol) to yield (NBu4)2[Pt(C�CNp)4] as a yellow-orange
solid, which was filtered, washed with H2O and air-dried (0.43 g, 50%
yield.). 1H NMR (400 MHz, CDCl3, 20 8C): d=9.26 (d, J(H,H)=8.2 Hz,
1H), 7.76 (d, J(H,H)=8.0 Hz, 1H), 7.70 (d, J(H,H)=7.1 Hz, 1H), 7.58
(d, J(H,H)=8.1 Hz, 1H), 7.36 (m, 3H) (Np), 3.55 (m, 16H, N-CH2-),
1.51 (m, 16H, -CH2-), 1.32 (m, 16H, -CH2-), 0.55 ppm (t, 24H, -CH3)
(NBu4); IR (Nujol): ñ=2065 cm�1 (C�C); MS (ES+ ): m/z (%): no mo-
lecular peak was observed; LM(acetonitrile)=232.1 cm2W�1mol�1; ele-
mental analysis calcd (%) for C80H100N2Pt (1284.77): C 74.79, H 7.84, N
2.18; found: C 74.55, H 7.90, N 2.30.


Synthesis of [Pt2Tl4{C�C(4-CH3C6H4)}8] (1): [PtCl2(tht)2] (0.40 g,
0.90 mmol) was added to a fresh (�10 8C) solution of LiC�C(4-CH3C6H4)
(5.42 mmol) in Et2O (40 cm3). The mixture was stirred at this tempera-
ture for 5 min and then allowed to reach room temperature (ca. 20 min).


The resulting white suspension was evaporated to dryness, and the final
oily residue, which contains Li2[Pt{C�C(4-CH3C6H4)}4], was treated with
deoxygenated water (�20 cm3). The yellow aqueous solution was rapidly
filtered under nitrogen through Celite, and the filtrate treated with a so-
lution of TlNO3 (0.60 g, 2.26 mmol) in H2O (5 cm3) to yield [Pt2Tl4{C�
C(4-CH3C6H4)}8] as a yellow-orange solid, which was filtered and washed
with H2O and air-dried (0.89 g, 92.5% yield). 1H NMR (300 MHz,
[D6]acetone, 20 8C): d=7.02, 6.94 (AB system, J(H,H)=7.6 Hz, 4-
CH3C6H4), 2.30 ppm (s, 4-CH3C6H4);


13C{1H} NMR (75.5 MHz, CDCl3,
20 8C): d=137.0 (s, C-4), 132.4, 131.0 (s, C-2, C-3), 122.1 (s, C-1) (4-
CH3C6H4), 117.5 (s, C-a), 109.6 (s, C-b) (C�C), 21.5 ppm (s, 4-CH3C6H4);
IR (Nujol): ñ=2086 cm�1 (C�C); MS(FAB+): m/z (%): 2333 (35)
[Pt2Tl4(C�CC6H4CH3)8 + Tl]+ , 1269 (60) [PtTl3(C�CC6H4CH3)4]


+ ; LM=


1.5 cm2W�1mol�1; elemental analysis calcd (%) for C36H28Tl2Pt (1064.45):
C 40.62, H 2.65; found: C 40.57, H 2.37.


Synthesis of [Pt2Tl4{C�C(1-naphthyl)}8] (2):
Method a : Following the procedure described for the synthesis of 1, the
reaction of Li2[Pt{C�C(1-naphthyl)}4], prepared from [PtCl2(tht)2]
(0.30 g, 0.68 mmol) and LiC�C(1-naphthyl) (4.08 mmol), and TlNO3


(0.50 g, 1.88 mmol) in iPrOH gave 2 as a yellow-orange solid (0.49 g,
60% yield).


Method b : A solution of (NBu4)2[Pt{C�C(1-naphthyl)}4] (0.15 g,
0.12 mmol) in acetone (20 mL) was treated with TlPF6 (0.081 g,
0.12 mmol) and the mixture stirred for 1.5 h. The resulting yellow-orange
solid 2 was filtered and washed with acetone (0.09 g, 80% yield).


Data for 2 : 1H NMR (300 MHz, CDCl3, 20 8C): d=8.82 (d, J(H,H)=
8.4 Hz, 1H), 7.78 (d, J(H,H)=8.1 Hz, 1H), 7.66 (d, J(H,H)=8.2 Hz,
1H), 7.39 (pseudotriplet), J(H,H)�7.4 Hz, 1H), 7.14 (m, 2H), 6.99 ppm
(st, J(H,H)=8.3 Hz, 1H) (Np); IR (Nujol): ñ=2079 cm�1 (C�C); ele-
mental analysis calcd (%) for C96H56Pt2Tl4 (1208.58): C 47.70, H 2.34;
found: C 47.52, H 2.28.


Synthesis of [PtTl2{C�C(4-CF3C6H4)}4] (3): Complex 3 was obtained as a
pale yellow solid (1.48 g, 85% yield) in a similar way to complex 1, but
by using Li2[Pt{C�C(4-CF3C6H4)}4] (1.336 mmol), which was prepared
from [PtCl2(tht)2] (0.6 g, 1.336 mmol) and LiC�C(4-CF3C6H4)
(9.495 mmol). 1H NMR (300 MHz, [D6]acetone, 20 8C): d=7.48, 7.42 ppm
(AB system, J(H,H)=8.2 Hz, (4-CF3C6H4);


13C{1H} NMR (75.5 MHz,
[D6]acetone, 20 8C): d=132.6 (s, C-2), 131.0 (s, C-1), 128.3 (q, 2J(C,F)=
32 Hz, C-4), 125.8 (q, 3J(C,F)=3.7 Hz, C-3) (4-CF3C6H4), 125.2 (q,
1J(C,F)=271 Hz, CF3), 115.8 (s, C-a, 1J(Pt,C)=981 Hz), 115.6 ppm (s,
C-b, 2J(Pt,C)=273 Hz) (C�C); 19F NMR (300 MHz, [D6]acetone, 20 8C):
d=�144.76 ppm (s, CF3); IR (Nujol): ñ=2089 cm�1 (C�C); MS (ES+ ):
m/z (%): 1077 (31) [PtTl(C�CC6H4CF3)4+H]+ , 908 (11) [PtTl(C�
CC6H4CF3)3+H]+ ; LM=15 cm2W�1mol�1; elemental analysis calcd (%)
for C36H16F12Tl2Pt (1280.33): C 33.77, H 1.26; found: C 33.73, H 1.15.


X-ray crystallography : Table 5 reports details of the structural analyses
for all the complexes. Orange-yellow crystals of 1·4acetone were pre-
pared by slow diffusion of acetone into a solution of the compound in
tetrahydrofuran, while orange crystals of 2·3acetone·1=3 H2O were ob-
tained by direct diffusion of an acetone solution of TlPF6 into an acetone
solution of (NBu4)2[Pt(C�CNp)4]. Yellow crystals of [PtTl2(C�CTolF)4-
(acetone)(dioxane)]1 (3b) were obtained by slow evaporation of a solu-
tion of 3 into a mixture of acetone/dioxane (5:1) at room temperature.
For all the complexes, X-ray intensity data were collected with a Nonius
KappaCCD area-detector diffractometer using graphite-monochromated
MoKa radiation (l(MoKa)=0.71071 V). Images were processed using the
DENZO and SCALEPACK suite of programs,[90] and the absorption cor-
rection was performed using XABS2[91] (1·4acetone) or SORTAV[92]


(2·3acetone·1=3 H2O, 3b). All the structures were solved by direct meth-
ods using the SHELXL-97 program,[93] and were refined by full-matrix
least-squares on F2 with SHELXL-97. All non-hydrogen atoms were as-
signed anisotropic displacement parameters. The aromatic and methylen-
ic hydrogen atoms were constrained to idealized geometries with isotrop-
ic displacement parameters fixed at 1.2 times the Uiso value of their at-
tached carbon atoms and at 1.5 times the Uiso value for the methyl
groups. For complex 3b, three of the CF3 groups present positional disor-
der and could be refined over two positions, with partial occupancy fac-
tors of 0.7/0.3 (those corresponding to C9 and C18) and 0.5/0.5 (for C36).


Figure 8. Excitation and emission spectra of 3 in acetone solution ([3]=
5X10�3 molL�1) at 77 K.
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For complex 2, both of the acetone molecules in the asymmetric unit also
showed some disorder and were modelled adequately. For complexes 1
and 2 some residual peaks larger than 1 eV�3 were observed in the vicini-
ty of the heavy atoms (1) or in the disorder solvent (2), but these had no
chemical significance. The low quality of the crystals of 2·3ace-
tone·1=3 H2O prevented the observation of reflections at high q values.


CCDC-270168–270170 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif.
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n+ (M=Co, Rh, Ir; n=0, 1)
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Introduction


It is now well appreciated that organometallic reactions may
involve intermediates in a different spin state than the re-
agents and products.[1–5] For instance, species with two un-
paired electrons (triplet states) may be generated from dia-


magnetic reagents, and species with three unpaired electrons
(quartet states) may originate from radical-like 17-electron
reagents. Therefore, these reactions are characterized by
spin-crossover phenomena, with important consequences in
terms of reaction rates and selectivities. Recently, we exam-
ined the oxidative addition of C�H bonds to triplet 16-elec-
tron fragments, notably the reaction of methane with
[Cp2M], [Cp*2M] (Cp*=h5-C5Me5) and ansa-[CH2(C5H4)2M]
(M=Mo, W)[6,7] and the reaction of ethylene with [CpIr-
(PH3)].


[8] From these studies, it is apparent that proper ra-
tionalization of particular experimental observations (nota-
bly the relative rates of H/D scrambling and CH4 elimina-
tion for the Group 6 metallocenes,[9–11] and coordinative
versus oxidative addition selectivity for the iridium
system[12]) could be achieved only through the explicit calcu-
lation of the so-called minimum-energy crossing points
(MECPs),[13–17] namely, the points along the reaction coordi-


Abstract: Reductive elimination of
methane from methyl hydride half-
sandwich phosphane complexes of the
Group 9 metals has been investigated
by DFT calculations on the model
system [CpM(PH3)(CH3)(H)] (M=Co,
Rh, Ir). For each metal, the unsaturat-
ed product has a triplet ground state;
thus, spin crossover occurs during the
reaction. All relevant stationary points
on the two potential energy surfaces
(PES) and the minimum energy cross-
ing point (MECP) were optimized.
Spin crossover occurs very near the s-
CH4 complex local minimum for the
Co system, whereas the heavier Rh
and Ir systems remain in the singlet
state until the CH4 molecule is almost
completely expelled from the metal co-
ordination sphere. No local s-CH4 min-
imum was found for the Ir system. The


energetic profiles agree with the non-
existence of the CoIII methyl hydride
complex and with the greater thermal
stability of the Ir complex relative to
the Rh complex. Reductive elimination
of methane from the related oxidized
complexes [CpM(PH3)(CH3)(H)]+


(M=Rh, Ir) proceeds entirely on the
spin doublet PES, because the 15-elec-
tron [CpM(PH3)]


+ products have a
doublet ground state. This process is
thermodynamically favored by about
25 kcalmol�1 relative to the corre-
sponding neutral system. It is essential-
ly barrierless for the Rh system and
has a relatively small barrier (ca.


7.5 kcalmol�1) for the Ir system. In
both cases, the reaction involves a s-
CH4 intermediate. Reductive elimina-
tion of ethane from [CpM(PH3)-
(CH3)2]


+ (M=Rh, Ir) shows a similar
thermodynamic profile, but is kinetical-
ly quite different from methane elimi-
nation from [CpM(PH3)(CH3)(H)]+ :
the reductive elimination barrier is
much greater and does not involve a s-
complex intermediate. The large differ-
ence in the calculated activation barri-
ers (ca. 12.0 and ca. 30.5 kcalmol�1 for
the Rh and Ir systems, respectively)
agrees with the experimental observa-
tion, for related systems, of oxidatively
induced ethane elimination when M=


Rh, whereas the related Ir systems
prefer to decompose by alternative
pathways.
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nate where the system can be thought of as crossing from
one potential energy surface (PES) to the other.


Amongst the most thoroughly investigated systems for the
oxidative addition of hydrocarbon C�H bonds are the
Group 8 [CpM(PR3)] 16-electron fragments (M=Rh,
Ir).[18,19] These species are typically generated in situ by pho-
tolysis of CpM(PR3)H2 or by thermolysis of [CpM-
(PR3)(R)(H)] precursors with elimination of H2 or RH,
respectively.[20–25] This process has also been extensively in-
vestigated by computations for the Rh and Ir systems,[26–29]


which indicate that the 16-electron intermediates under-
going oxidative addition adopt a triplet ground state. None
of the previously reported investigations, however, have
examined the details of the crossing region and how these
may affect the reaction rate. We previously presented a
computational investigation of [CpCoL] (L=PH3, C2H4),


[30]


but this focussed on the ligand-addition processes and
did not address the possible oxidative addition of C�H
bonds.


A related phenomenon that has attracted our attention is
the oxidatively induced decomposition of 18-electron [LnM-
(CH3)2] (M=Rh, Ir) complexes, namely, [Cp*M(PPh3)-
(CH3)2],


[31–33] [L3Rh(CH3)3] (L3=1,4,7-trimethyl-1,4,7-triaza-
cyclononane),[34] and [Cp*M(Me2SO)(CH3)2],


[35] and espe-
cially the remarkably different outcomes for the two metals.
Whereas oxidation of the Rh complex induces reductive
elimination of ethane for all the above-mentioned com-
pounds, the corresponding process in the Ir analogues leads
to a different decomposition pathway featuring elimination
of methane. Mechanistically, the decomposition process in
the Rh systems seems to be controlled by simultaneous
breaking of the two metal–carbon bonds, whereas the Ir sys-
tems seem to decompose by rate-determining bond-forma-
tion processes.[35] However, the oxidation of [Cp*Ir(PMe3)-
(CH3)H] results in exclusive elimination of methane, and an
oxidatively induced reductive elimination pathway was sug-
gested to rationalize this behavior.[32]


From the energetic point of view, the reduced system
favors the oxidative addition product [MIII(R)(H)] for both
Rh and Ir, whereas the oxidized system favors the reductive
elimination product [MII]+ in combination with the forma-
tion of C�C bonds for Rh and C�H bonds for Ir. To our
knowledge, the C�H or C�C activation process involving
the cationic system has not been previously examined from
the computational standpoint. A reductive elimination pro-
cess on a 17-electron complex leads to a 15-electron inter-
mediate, with the potential involvement of a quartet PES.
We considered it of interest to investigate and understand
the factors determining the different energetic preferences
of the neutral and cationic complexes, which lead to differ-
ent decomposition pathways for the cationic dimethyl Rh
and Ir systems. For these reasons, we carried out calcula-
tions on three model systems: 1) [CpM(PH3)]+CH3�H for
M=Co, Rh, Ir; 2) [CpM(PH3)]


+ +CH3�H for M=Rh, Ir;
3) [CpM(PH3)]


+ +CH3�CH3 for M=Rh, Ir. The inclusion
of the experimentally less relevant Co system is interesting
from the fundamental standpoint for a detailed examination


of trends in bond energetics and metal electronic parameters
(orbital gap, pairing energy).


Results and Discussion


Methane C�H oxidative addition to 16-electron [CpM-
(PH3)]: This is the first comparative study of this reaction
for all three Group 9 metal complexes and the first report-
ing all critical points along the reaction coordinate, including
the MECP. Previous investigations have addressed the ther-
modynamics of methane addition to the Rh and Ir frag-
ments by using LCAO-HFS,[26] RHF,[27] MP2[27,28] and MP4-
(SDTQ),[28] as well as selectivity issues for the oxidative ad-
dition of propane and cyclopropane to the same fragments
using B3LYP.[29] [CpCo(PH3)] has also been previously ex-
amined theoretically by B3LYP, but the reaction with meth-
ane was not addressed.[30] The present study also makes use
of the B3LYP functional within the DFT methodology. All
relevant critical points of the reaction coordinate for both
singlet and triplet PES have been calculated for the three
metal systems and are shown in Figure 1. Selected geometric
parameters for the optimized structures are listed in Table 1.


The 16-electron [CpM(PH3)] fragment is more stable in
the triplet state for all metals. The singlet–triplet gap is very
similar for the Rh and Ir systems, whereas it is much greater
for the Co system. These calculated gaps are close to those
previously calculated at similar computational levels.[36] We
do not intend to stress the accuracy of the various methods
for estimation of this gap, a topic that currently attracts con-
siderable attention. Rather, we focus on the trends shown
by this gap as the metal is changed down the group and on
the physical reasons that allow this trend to be rationalized.
Neither do we dwell on the optimized geometries of the 16-
electron fragments, since these have also been extensively
discussed in the previous reports cited above.


The interaction of methane with the triplet fragment is re-
pulsive in all cases. This is quite expected, since the C�H
bond of methane is a very weak donor and does not effec-
tively compete with the ligands that are already present in
the coordination sphere in terms of providing electronic sat-
uration to the metal center.[4,5] A similar situation was dem-
onstrated for the repulsive addition of N2 to triplet
[CpMoCl(PH3)2] (whereas CO addition is attractive),[37, 38]


for the repulsive addition of methane to the triplet metallo-
cenes of Mo and W,[6] for the repulsive addition of H2 to
spin triplet FeL4 substrates (L=CO, phosphane),[39] and
more recently for the repulsive addition of H2 to
[W{N(CH2CH2NSiMe3)3}H].[40] Methane addition, on the
other hand, is attractive to singlet [CpM(PH3)] for all
metals. Again, this is expected because suitable orbitals in
terms of energy, symmetry and occupancy are available in
the singlet fragment for establishment of the two key bond-
ing interactions with the methane ligand: s donation of the
C�H bonding electrons into the metal empty orbital and p


backbonding from a metal lone pair to the empty C�H anti-
bonding orbital.
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For the cobalt and rhodium systems, methane addition on
the singlet PES leads to a local minimum that corresponds
to the s-CH4 complex. Somewhat unexpectedly, the interac-
tion energy is slightly greater for cobalt (�8.4 kcalmol�1)
than for rhodium (�5.6 kcalmol�1). The latter value is close
to those previously calculated at other computational levels.
Contrary to some of the previously reported investiga-
tions,[26, 27] but in analogy to others,[28] we could not locate a
stable s-complex minimum for the iridium system. Such a
local minimum, if it exists, is likely to have a very low barri-
er to oxidative addition (see below). The optimized geome-
tries of the Co and Rh s-CH4 complexes are similar, with
the interacting C�H bond lying approximately parallel to
the Cp plane. The M�X distance (see Table 1) is slightly
shorter for the Co system, in accordance with the smaller
size of the metal. The M�H distances are correspondingly


shorter for the Co system, but
the difference is much greater
for the M�C distance (almost
0.2 S) than for the M�H dis-
tance (ca. 0.08 S). Thus, it
seems that the greater stabiliza-
tion for the Co system has its
origin in the Co�C interaction.
The C�H bond is slightly more
stretched in the Rh complex.


Continuing on the singlet
PES, the s-CH4 complex rear-
ranges to the final methyl hy-
dride product via a transition
state (for Co and Rh) at about
the same energy difference (ca.
8 kcalmol�1) from the s-CH4


complex. The methane frag-
ment is located comparatively
much closer to the metal center
in the case of Co-TS (the M�X
difference is about 0.18 S). The
C�H bond is further stretched
relative to the s-CH4 complex,
and the stretching is more pro-
nounced for the Co system.


The product of oxidative ad-
dition, the methyl hydride com-
plex, is energetically more
stable than separated methane
and singlet 16-electron frag-
ment for all three systems, but
this stabilization is much great-
er for Ir (almost 40 kcalmol�1)
than for the other two metals
(ca. 10 and 12 kcalmol�1 for Co
and Rh, respectively). The very
small energy difference be-
tween the oxidative additions
to the singlet Co and Rh com-
plexes may seem surprising


when considering that homolytic bond strengths generally
increase down a group of transition metals. However, the
energetics of this process can formally be split into three
components: 1) homolytic rupture of the CH3�H bond;
2) promotion energy from the lowest energy singlet to an
excited singlet (and not triplet, as other authors have often
proposed) in which the two electrons used for M�H and M�
CH3 bonding are located in two different orbitals; and
3) formation of the M�H and M�CH3 bonds. The third com-
ponent is expected to be less exoergic for Co, but the
second should be comparatively less endoergic because the
Coulombic repulsion is greater for the less diffuse 3d orbi-
tals.[36] The same phenomenon is responsible for the greater
triplet–singlet gap for Co relative to Rh. On going down fur-
ther to Ir, the strength of the Ir�H and Ir�CH3 bonds con-
tinues to increase, whereas the energetic cost of electronic


Figure 1. Reaction coordinate for C�H oxidative addition of methane to [CpM(PH3)] (M=Co, Rh, Ir). The
M�X distance on the abscissa is the distance between the metal center and the midpoint of the C�H bond.
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promotion remains approximately the same as for Rh, since
the Rh 4d and Ir 5d orbitals do not differ greatly in size.


Relative to the s-CH4 complex, the methyl hydride
isomer is stabilized to a greater extent for Rh (ca. 6 kcal
mol�1) than for Co (ca. 1.7 kcalmol�1). Relative to the trip-
let ground state of the 16-electron fragment, the oxidative
addition process is highly endoergic for Co, only slightly
exoergic for Rh, and strongly exoergic for Ir. For this
reason, the oxidative addition of hydrocarbons occurs for
the Ir and Rh systems (with a greater bond selectivity for
the Rh system, as previously discussed),[29] whereas it has
not been observed for the Co system.


From the point of view of the reverse reductive elimina-
tion process, the transition state leading to the s-CH4 com-
plex is located at relatively low energy (9.5 kcalmol�1 for
Co, 14.6 kcalmol�1 for Rh). In this respect, the Co and Rh
PESs are rather similar. The MECP leading to the triplet
surface, however, is located at very different positions in the
two cases. For the Co system, it is located very near the s-
CH4 complex, and the two geometries are very similar (see
Figure 1 and Table 1). In fact, crossing at the MECP occurs
earlier (at a Co�X distance of 1.93 S) than the s-methane
minimum (Co�X 2.06 S), and it can consequently occur
quite readily. Reductive elimination of methane would not
in any way be affected by the need to change spin surface.
The reaction is solely dependent on the low barrier for rear-
rangement to the s-CH4 complex along the singlet surface.
According to this picture, a hypothetical [CpCo-
(PR’3)(R)(H)] species is predicted to be unstable relative to
reductive elimination of the alkane. Indeed, no stable com-
pounds with this stoichiometry appear to be known in the
literature. Any such compounds would readily decompose
to the alkane and triplet [CpCo(PR’3)], which would then
undergo further transformation into stable products. Corre-
sponding dialkyl complexes, however, are known and do not
exhibit a strong tendency to reductively eliminate ethane,
presumably for kinetic reasons: the energy barrier to C�C
bond formation is likely to be much higher than that associ-


ated with C�H bond formation, shown in Figure 1 (see com-
parison of C�H and C�C reductive elimination barriers for
the oxidized Rh and Ir systems below). Reaction intermedi-
ates of type [CpCo(PR3)] have been investigated,[41,42] but
no evidence for activity in C�H oxidative addition processes
has ever been presented to the best of our knowledge, in
contrast to similar unsaturated derivatives of type [CpCo-
(olefin)].[43–45]


For the Rh system, the MECP is located at much longer
Rh�X distance and its geometry resembles much more that
of the separated [CpRh(PH3)] and CH4 fragments. The
energy of this MECP is only slightly lower than that of the
sum of the singlet fragments, and lower than that of Rh-TS.
Thus, even though the s-CH4 complex is expected to have a
longer lifetime relative to the Co case, the reductive elimi-
nation process is still energetically controlled by the transi-
tion state along the singlet PES. From the experimental
point of view, alkyl hydride complexes of type
[CpRh(R)(H)(PR’3)] are unstable and decompose rather
readily by reductive elimination, though s-alkane intermedi-
ates have been shown to be involved, in certain cases,
during the isomerization of isotopically labeled prod-
ucts.[22,46]


Finally, reductive elimination of methane from [CpIr-
(PH3)(CH3)(H)] proceeds without intermediate (according
to the calculations), through a relatively high energy MECP
which is located at a long Ir�X distance and close in energy
to the separated methane and singlet [CpIr(PH3)] fragments.
This situation is topologically similar to the crossover region
for the Rh case, but the optimized geometry for Ir-MECP is
different than that of Rh-MECP, with one C�H bond point-
ing at the Ir center in an end-on fashion rather than in a
side-on fashion (see Figure 1). This calculation agrees with
the experimental evidence that alkyl hydride complexes are
thermally much more robust for Ir than for Rh.[25] There is
some experimental evidence for the intermediacy of s-
alkane complexes during the reductive elimination process
(notably, a competitive isotope scrambling process during


Table 1. Selected distances [S] and angles [8] for the optimized structures shown in Figure 1.


Molecule[a] M�X[b] M�CNT[c] M�P M�H M�C C�H CNT-M-P CNT-M-H CNT-M-C


Co(CH3)(H) 1.290 1.798 2.157 1.446 1.977 2.310 133.66 123.75 125.62
Co-TS 1.602 1.793 2.165 1.448 2.040 1.500 131.84 131.87 129.74
Co-MECP 1.928 1.750 2.131 1.659 2.312 1.153 133.43 133.68 128.17
Co(h-CH4) 2.034 1.782 2.154 1.790 2.387 1.120 133.85 129.65 128.47
Co-t 1.915 2.227 142.92
Co-s 1.753 2.158 141.11
Rh(CH3)(H) 1.412 2.023 2.247 1.553 2.104 2.388 136.17 125.59 136.17
Rh-TS 1.786 2.023 2.246 1.587 2.224 1.474 133.97 133.63 130.45
Rh(h-CH4) 2.148 2.011 2.232 1.842 2.561 1.200 133.91 133.10 131.56
Rh-MECP 2.691 2.027 2.274 2.384 3.067 1.101 135.67 126.05 125.89
Rh-t 2.045 2.305 138.75
Rh-s 1.990 2.231 138.42
Ir(CH3)(H) 1.424 1.992 2.232 1.580 2.122 2.425 135.03 126.56 124.48
Ir-MECP 2.838 1.967 2.222 2.346 3.350 1.106 140.80 123.01 132.43
Ir-t 2.002 2.238 140.34
Ir-s 1.954 2.205 144.24


[a] The symbol M (Co, Rh, Ir) is used to represent the CpM(PH3) fragment; s= singlet; t= triplet; TS= transition state; MECP=minimum-energy cross-
ing point. [b] X=midpoint of the H3C�H vector. [c] CNT=cyclopentadienyl ring centroid.
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the thermolysis of [Cp*Ir(PMe3)(D)(C6H11)]).
[25] It is possi-


ble that the shape of the PES around the s-alkane com-
plexes is sensitive to the coordination sphere, so that a local
minimum exists for the real compound but not for the
model system used for the calculations. The shape of the
PES is also likely to depend on the computational level. As
mentioned above, a minimum was indeed found at other
levels.[26,27] At any rate, this minimum is likely to be a rather
shallow one, with very low barriers to oxidative addition
and to scrambling.


Relative stability of spin states for 16-electron CpM(PH3)
and 15-electron [CpM(PH3)]


+ : orbital and pairing-energy
factors : Removal of one electron from the 16-electron
[CpM(PH3)] complexes produces the corresponding cations
in two possible spin states: doublet and quartet. Figure 2


shows the qualitative energy diagram for both spin states in
the neutral and cationic complexes, limited to the five d-
based metal orbitals for the d8 (neutral system) or d7 (cat-
ionic system) electronic configuration of CoI and CoII, re-
spectively. The optimized energies and key geometrical pa-
rameters of all complexes are listed in Table 2.


All oxidized complexes exhibit a similar structure with a
bent PH3 moiety relative to the CNT�M bond. The bending
is more accentuated in the doublet state than in the quartet
state by about 108. The Co system behaves differently to the
heavier congeners in that the quartet state is most stable. In


addition, the doublet cobalt system exhibits a significant
spin contamination (hS(S+1)i=1.18), corresponding to
about 30% contribution of the quartet wave function and
about 17% contribution of the quartet density. The rhodium
and iridium analogues yield essentially uncontaminated
states (hS(S+1)i=0.76). Since the Hartree–Fock calculation
leads to an even higher value, this feature can not be ascri-
bed to an inadequacy of the DFT method.


The reverse energetic order of the spin states obtained for
the cobalt complexes and the marked spin contamination
for the doublet induced us to perform more detailed investi-
gations, especially for the doublet cobalt system. First, to
feel confident that we are dealing with the absolute mini-
mum for each spin state, we carried out other optimizations
starting from different starting geometries and guess densi-
ties. Indeed, we have shown in a recent contribution how
minima of a quite different nature can be obtained by slight
modifications of the guess structure of the Cp2Cr system.[36]


The geometry optimizations for the Co+-d and Co+-q sys-
tems were repeated by starting the SCF procedure with den-
sities obtained by single excitations on the best Slater deter-
minant (i.e., that giving the best density) and with distorted
geometries. However, all our attempts in each spin state led
to the same minima reported in Table 2. Only for the quar-
tet Co system was a different structure with an essentially
linear CNT-Co-P moiety occasionally optimized. However,
this local minimum has a much higher energy than the quar-
tet ground state and even higher than the doublet state re-
ported in Table 2. The similarity of the optimized geome-
tries for the three metal complexes in each spin state gives
us further confidence that no lower energy minima exist for
these ions.


During the optimization procedures in the doublet state,
large spin contaminations were still observed, even for dis-
torted geometries. The calculations, initially performed with
a small basis set, were repeated with polarized functions
(see Computational Details), which again led to very similar
results for all systems in terms of bond lengths, bending
angles and quartet–singlet energy differences. Only the re-
sults obtained with the larger basis set are shown in Table 2.
Second, we inspected the shape and energy of the outer or-
bitals for all systems (both doublet and quartet states for all
metals). All show strong mixing between the metal d orbi-
tals and the Cp p orbitals. In addition, these mixings do not
show any regularity, either along the metal series or on
going from doublet to quartet. On the other hand, this
mixing is not completely unexpected if one considers the
differences in ionization potential (IP) of the ligands (12.4
and 9.9 eV for Cp and PH3, respectively) and the metals
(7.9, 7.5 and 9.1 eV for Co, Rh and Ir, respectively). These
data lead to the expectation that, as verified in our previous
calculations,[36] the outer orbitals will be essentially metal
based in the neutral [CpM(PH3)] systems. For the corre-
sponding cations, on the other hand, one must consider the
metal second IP (17 and 18 eV for Co and Rh, respectively).
Therefore, the one-electron levels of the metal are predicted
to lie at the same energy as (or even below) those of the li-


Figure 2. The qualitative energy diagram for both spin states in the neu-
tral and cationic complexes, [CpM(PH3)] and [CpM(PH3)]


+ , respectively,
limited to the five d-based metal orbitals for the d8 or d7 electronic con-
figuration of CoI and CoII, respectively.


Table 2. Selected distances [S], angles [8] and relative energies [kcal -
mol�1] for the optimized [CpM(PH3)]


+ systems.[a]


Molecule[b] M�CNT[c] M-P CNT-M-P E


Co+-d 1.83 2.33 134.7 0.0
Co+-q 1.89 2.42 146.8 �7.4
Rh+-d 1.91 2.38 132.4 0.0
Rh+-q 2.12 2.44 143.1 22.7
Ir+-d 1.88 2.34 135.9 0.0
Ir+-q 2.08 2.36 144.7 21.3


[a] Values obtained by DFT calculation with an f polarization function
on the metal center (see text). [b] The symbol M (Co, Rh, Ir) is used to
represent the CpM(PH3) fragment; d=doublet; q=quartet. [c] CNT=


cyclopentadienyl ring centroid.
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gands. This may cause strong orbital mixing, even in the
presence of weak bond orders between the metal and the
Cp moiety.


We then turned to an analysis of the global properties on
the basis of the whole density, rather than on the composi-
tion of the outer orbitals, in particular we considered the
excess spin (ES=Na�Nb) on the ligands and on the metals.
As expected, the PH3 moiety shows a very small ES in view
of its closed-shell nature, whereas the metal center carries
most of the ES in all cases. The metal ES is 2.4, 2.0 and 2.2
in the Co, Rh and Ir series for the quartet systems, while
these values are 1.34, 0.67 and 0.68 for the corresponding
doublets. Since Na�Nb=1 for the doublet systems, the Cp
ES is negative (�0.34) in the case of Co+-d, whereas it is
about +0.3 for Rh+-d and Ir+-d. The ES on Co+-d agrees
with the so-called intraatomic HundUs rule,[47] which states
that for an atom with a doubly occupied orbital bonded to
another atom carrying unpaired electrons (positive ES), the
ES is expected to be negative. Figure 3 shows a qualitative


fragment orbital analysis of the most relevant covalent inter-
actions between the Cp radical and the 10-electron [M-
(PH3)]


+ fragment of the d8 Group 9 metal cation. These are
1) p-type interaction between the singly occupied Cp
Huckel-type p3 orbital and the appropriate metal d orbital,
and 2) d-type backbonding involving the empty Cp Huckel-
type p5 orbital. For the lighter cobalt center, there are two
key differences to the heavier congeners. First, both interac-
tions are weaker, and this disfavors full spin annihilation for
the p-type interaction. Second, the higher pairing energy for
the smaller 3d orbitals stabilizes the S=1 state of the Co+


center to a greater extent (HundUs rule). Thus, the Co
system results in ES>1 on the metal and a slightly negative
ES on the Cp ring. For the heavier metal systems, spin anni-
hilation is more effective for the p-type interaction. The
reason why the ES on the Cp ring is positive for Rh+-d and
Ir+-d is related to the greater contribution of the d-type
backbonding interaction.


It is interesting to analyze the reasons for the oxidized
[CpM(PH3)]


+ complexesU preferring the lower spin state for


M=Rh and Ir (and the higher spin state by a small margin
for the Co system), compared to the preference for the
higher spin state by all the [CpM(PH3)] precursors (by a
larger margin for the Co system). The relative stabilization
of the lower spin state on oxidation is very similar for the
three systems, that is, EQ�ED for the cation is greater than
ET�ES for the neutral system by 25.9, 28.9, and 29.7 kcal
mol�1 for Co, Rh, and Ir, respectively. Using the qualitative
concepts of orbital splitting and pairing energy under the
monoelectronic approximation (Hartree–Fock theory), the
singlet–triplet gap for the neutral system can be expressed
as in Equation (1),[48] while the doublet–quartet gap for the
cationic system is given by Equation (2).


DEST ¼ ET�ES ¼ De12�PIST ¼ ðe1�e2Þ�½ðJ22�J12Þ þK12	
ð1Þ


DEDQ ¼ EQ�ED ¼ De13�PIDQ ¼
ðe1�e3Þ�½ðJ23 þ J33�J12�J13Þ þ ðK12 þK13Þ	


ð2Þ


Each expression contains the difference between the one-
electron energies of the two orbitals implicated in the elec-
tronic promotion process (see Figure 2) and a term corre-
sponding to the pairing energy. The latter contains a differ-
ence between an equal number of J integrals [one for
Eq. (1), two for Eq. (2)] and a certain number of K integrals.
Both J and K integrals have positive values, but Jii values
(Coulombic repulsion between electrons in the same orbital)
are always greater than Jij values (Coulombic repulsion be-
tween electrons in different orbitals); therefore, greater
values for J and K integrals lead to a stronger preference for
the higher spin state. Conventional wisdom tells us that the
J and K values should be greater for the cationic complex
than for the neutral one, because the one-electron oxidation
process is predicted to lead to a higher effective nuclear
charge and thereby to contraction of the electron density
around the nucleus. Because of this factor, the preference
for the higher spin state should be more pronounced for the
cationic system. On the other hand, the relevant orbital gap
is greater for the cationic system (e1�e3, see Figure 2), and
this factor has an opposite effect to that of the pairing
energy. The observation of a greater preference for the
lower spin ground state for the cationic systems points to
the dominant role of the orbital gap.


In a recent contribution, we presented results for the neu-
tral system[36] which were in qualitative and even semiquan-
titative agreement with the trend of triplet–singlet gaps
down the group (Co@Rh< Ir). We have now attempted to
extend the same analysis to the cationic systems using Equa-
tion (2). Unfortunately, as discussed above, going from the
neutral to the cationic system results in contraction and low-
ering in energy of the metal-based orbitals, in such a way
that they end up in the same energy region as the M�Cp p


orbitals. Therefore, there is extensive mixing between the
various orbital contributions, which complicates the J/K
analysis. This effect is further accentuated for the related
4+ cations (removal of all unpaired electrons from the


Figure 3. A qualitative fragment orbital analysis of the most relevant co-
valent interactions between the Cp radical and the 10-electron [M-
(PH3)]


+ fragment of a d8 Group 9 metal cation.
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system is necessary to perform an unbiased J/K analysis).[48]


An attempt to apply a localization procedure similar to that
of Pipek and Mezey,[49] in order to retrieve essentially metal-
based orbitals, gave unexpected results. The lowest unoccu-
pied metal-based orbitals were found to be of s and p char-
acter, whereas the d orbitals were pushed to rather high en-
ergies. Thus, the unoccupied d orbitals are rather different
in the 4+ cation from those observed in the +1 system, be-
cause of relaxation effects that upset the orbital ordering
and give rise to excessive contractions. In conclusion, this
system is unsuitable for the application of qualitative one-
electron considerations based on Equation (2). Therefore,
we are satisfied with the above qualitative argument, that is,
the greater stabilization of the lower spin state for the cat-
ionic systems is essentially attributed to the greatly in-
creased energy gap between the relevant orbitals on going
from the neutral to the cationic system (Figure 2), which
overshadows the expected increase in pairing energy.


Methane C�H reductive elimination from 17-electron
[CpM(PH3)(H)(CH3)]


+ : This process has been investigated
only for the experimentally more relevant Rh and Ir sys-
tems. Since the 15-electron [CpM(PH3)]


+ fragments, like the
17-electron products of methane oxidative addition [CpM-
(PH3)(CH3)(H)]+ , adopt a doublet ground state for M=Rh
and Ir (see above), the process occurs entirely along the
low-spin PES in both cases, without crossover phenomena
(Figure 4). It can be safely assumed that no quartet inter-
mediates are involved, because the approach of a weak
donor such as the C�H s-electron density to a high-spin
system with no empty metal orbital is expected to be repul-
sive (see Figure 4), as discussed above in relation to the re-
pulsive approach of methane to triplet [CpM(PH3)]. The
calculations were carried out at various fixed points along
the coordinate defined by the M�X vector, where X is the
midpoint of the C�H axis. Selected geometric parameters
for the critical-point structures are collected in Table 3.


It is interesting to compare the results in Figure 2 with the
reductive elimination of CH4 from the neutral singlet [CpM-
(PH3)(H)(CH3)] complexes shown in Figure 1. The process
is much more favorable for the cationic complexes than for
the corresponding neutral ones. It is endoergic by only
14.6 kcalmol�1 for [CpIr(PH3)]


+ relative to 39.3 kcalmol�1


for [CpIr(PH3)], and exoergic by 13.5 kcalmol�1 for [CpRh-
(PH3)]


+ relative to endoergic by 11.6 kcalmol�1 for [CpRh-
(PH3)]. Thus, for each metal, one-electron oxidation makes


methane reductive elimination more favorable by about
25 kcalmol�1.


The reductive elimination process proceeds via a s-CH4


tautomer. For the cationic Rh system, the methane complex
is more stable than the methyl hydride isomer by more than
20 kcalmol�1 (cf. less stable by 6 kcalmol�1 for the neutral
Rh analogue, see Figure 1). Thus, as may be expected, oxi-
dation favors formation of the isomer in which the metal is
formally more reduced. In line with HammondUs postulate,
the transition state leading from the methyl hydride to the
s-CH4 complex is much closer in energy and geometry to
the starting complex (reactant-like) for the cationic system.
This can be readily appreciated by comparing the optimized
geometric parameters in Table 3. Indeed, the C�H distance


Figure 4. Reaction coordinate for C�H oxidative addition of methane to
[CpM(PH3)]


+ (M=Rh, Ir). The M�X distance on the abscissa is the dis-
tance between the metal center and the midpoint of the C�H bond. The
points marked with energies in parentheses are stationary points. The
other points derive from partial optimizations with a constrained C�H
distance.


Table 3. Selected distances [S] and angles [8] for the optimized structures shown in Figure 4.


Molecule[a] M�X[b] M�CNT[c] M�P M�H M�C C�H CNT-M-P CNT-M-H CNT-M-C


Rh+(CH3)(H) 1.497 2.009 2.333 1.538 2.097 2.136 135.05 115.22 128.68
Rh+-TS 1.503 2.008 2.338 1.537 2.100 2.125 135.51 115.21 128.72
Rh+(h-CH4) 2.283 1.929 2.346 2.150 2.533 1.111 129.62 129.22 135.05
Ir+(CH3)(H) 1.435 1.997 2.310 1.571 2.093 2.337 135.54 114.02 129.50
Ir+-TS 1.774 1.955 2.303 1.612 2.210 1.542 132.19 124.24 132.09
Ir+(h-CH4) 2.138 1.919 2.301 1.925 2.467 1.145 131.28 127.43 134.64


[a] The symbol M (Rh, Ir) is used to represent the CpM(PH3) fragment; TS= transition state. [b] X=midpoint of the H3C�H vector. [c] CNT=cyclopen-
tadienyl ring centroid.


Chem. Eur. J. 2006, 12, 813 – 823 K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 819


FULL PAPEROxidative Addition



www.chemeurj.org





shortens only slightly from 2.136 to 2.125 S on going from
Rh+(H)(CH3) to Rh+-TS, whereas it shortens much more
considerably from 2.388 to 1.479 S on going from Rh(H)-
(CH3) to Rh-TS (see Table 1). For the cationic Ir system,
the methane complex and the methyl hydride isomer are es-
sentially isoenergetic, whereas a s-CH4 species was not lo-
cated for the neutral system. The transition state lies about
7.5 kcalmol�1 higher than the methyl hydride complex, and
its optimized geometry is about midway between those of
the two isoenergetic isomers (C�H 1.542 S). This is again
consistent with HammondUs postulate. Under the hypothesis
that the putative s-CH4 species for the neutral Ir complex
enjoys a similar energetic stabilization on going from the
neutral to the cationic system, like for the Rh analogue,
then the high energy of this putative intermediate along the
reaction coordinate shown in Figure 1 would demand a very
product-like transition state. Since this intermediate is ener-
getically favorable relative to the product of further meth-
ane elimination (positive slope along the reaction coordi-
nate), a local minimum is no longer obtained.


The geometry of the cationic methyl hydride complexes
differs considerably from that of the neutral precursors. It is
quite distorted relative to the ideal three-legged piano stool,
and the distortion consists of widening of the P-M-CH3


angle. It could more appropriately be described as a four-
legged piano stool with a missing leg, such that the hydride
ligand is placed in a transoid position relative to the missing
leg. The CNT-M-H angle is significantly smaller than the
CNT-M-CH3 and CNT-M-PH3 angles.


One-electron oxidation of M(H)(CH3) induces more
facile reductive elimination of methane. For the rhodium
system, the barrier to rearrangement to a methane complex
is very low, and this complex, although energetically more
stable than the separate methane and 15-electron metal
fragment, can easily react with better donor molecules (e.g.,
the solvent) and by additional redox processes to give ther-
modynamically stable species. Therefore, our computational
study agrees with the literature proposition of oxidatively in-
duced methane reductive elimination from a variety of 18-
electron RhIII(CH3)(H) complexes.[31–35] For the iridium
system, the decomposition mechanism of the oxidized
methyl hydride complex is essentially the same, in agree-
ment with the experimentally observed selective formation
of methane from the oxidative decomposition of [Cp*Ir-
(PMe3)(CH3)(H)].[32] However,
the calculations indicate that
the higher relative energy of the
s-CH4 complex imposes a
higher energy barrier.


Ethane reductive elimination
from 17-electron [CpM(PH3)-
(CH3)2]


+ : We now turn to re-
ductive elimination of ethane
from [CpM(PH3)(CH3)2]


+ for
M=Rh and Ir. The endpoint of
the process in question is the


15-electron [CpM(PH3)]
+ species already analyzed in the


previous two sections. The variable parameter M�X is now
defined with X as the midpoint of the C�C axis and, like in
the previous section, the entire reaction takes place on the
spin doublet surface for both metals. The energetic results
and views of the molecular geometries at critical points are
shown in Figure 5, while selected geometric parameters for
the [CpM(PH3)(CH3)2]


+ minimum and for the transition
state are given in Table 4.


The geometry of the oxidative addition product shows the
same distortion as the analogous [CpM(PH3)(CH3)(H)]+


complexes analyzed above (cf. Tables 3 and 4), with one


Table 4. Selected distances [S] and angles [8] for the optimized structures shown in Figure 5.


Molecule[a] M�X[b] M�CNT[c] M�P M�C C�C CNT-M-P CNT-M-C


Rh+(CH3)2 1.603 2.031 2.335 2.142 2.741 134.53 113.66
2.075 127.75


Rh+(CH3)2-TS 1.963 1.968 2.344 2.268 2.111 130.22 121.99
2.189 133.35


Ir+(CH3)2 1.514 2.012 2.302 2.148 2.950 133.18 112.57
2.078 130.04


Ir+(CH3)2-TS 2.058 1.947 2.298 2.324 1.983 130.18 124.49
2.243 134.37


[a] The symbol M (Rh, Ir) is used to represent the CpM(PH3) fragment; TS= transition state. [b] X=midpoint
of the H3C�CH3 vector. [c] CNT=cyclopentadienyl ring centroid.


Figure 5. Reaction coordinate for C�C oxidative addition of ethane to
[CpM(PH3)]


+ (M=Rh, Ir). The M�X distance on the abscissa is the dis-
tance between the metal center and the midpoint of the C�C bond. The
points marked with energies in parentheses are the stationary points. The
other points derive from partial optimizations with a constrained C�C
distance.


www.chemeurj.org K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 813 – 823820


R. Poli et al.



www.chemeurj.org





methyl group transoid to the phosphane ligand and the
second methyl group cisoid to the same phosphane ligand
(transoid to a vacant coordination position) in a pseudo-
four-legged piano-stool geometry. This transoid methyl
ligand exhibits a longer M�CH3 bond and a smaller CNT-
M-CH3 angle. From the energetic point of view, the picture
is very similar to that of the reductive elimination of meth-
ane from [CpM(PH3)(CH3)(H)]+ . The reductive elimination
is exoergic by 17.3 kcalmol�1 for the Rh system (cf.
13.5 kcalmol�1 for the corresponding methane elimination
from the methyl hydride) and endoergic by 10.8 kcalmol�1


for the Ir system (cf. 14.6 kcalmol�1). Thus, elimination of
ethane from the dimethyl complex is more favorable (less
unfavorable) than elimination of methane from the methyl
hydride complex by about 4 kcalmol�1 in both cases. A
major difference between the two processes, however, is the
absence of a distinct s-ethane (C�C) complex. A number of
other computational studies have addressed C�C bond for-
mation by dialkyl reductive elimination, and in no case was
an intermediate s-C�C complex reported as a stable mini-
mum. The process leads in all cases to C�C bond formation
through a high-energy transition state, like in the present
case, without stable intermediates or, at most, through an in-
termediate s complex that involves one or more C�H
bonds, rather than the C�C bond.[50–52]


The energy of the system rises rather quickly from the di-
methyl complex to the transition state and then remains
high until the ethane molecule is relatively far from the
metal center. The transition state is “earlier” for Ir and
“later” for Rh, as indicated both by a shorter M�X distance
and a longer C�C distances in the former case. This is again
in line with HammondUs postulate, given the different reac-
tion energetics. Relative to the transition state for methane
reductive elimination from [CpM(PPh3)(H)(CH3)]


+ , howev-
er, the energetic barrier is much higher (ca. 12 kcalmol�1


higher for the Rh system, ca. 23 kcalmol�1 higher for the Ir
system). This difference is typical and is generally attributed
to the directionality of the sp3 lobe orbitals.[53–55] Also, the
reverse process of C�C oxidative addition is notoriously
more difficult than in the case of C�H bonds.[56–58] It seems
that an important role is also played by the energetic stabili-
zation of the 3c–2e bonding, which is stronger when the H
atom is implicated rather than a methyl group, and leads to
the presence of a distinct s-C�H intermediate in the case of
the methyl–hydride elimination process and its absence in
the case of the methyl–methyl elimination process. It is no-
table, however, that the barrier for ethane elimination from
[CpRh(PH3)(CH3)2]


+ is much lower than that calculated for
the same process in the neutral precursor (>55 kcalmol�1,
depending on the computational level).[50] Although the
latter calculation was carried out by a quite different
method from ours (RHF and RMP2), the large difference is
certainly significant. This indicates that, in agreement with
the experimental observation, one-electron oxidation kineti-
cally promotes dialkyl reductive elimination. In addition,
the process is also promoted thermodynamically, since it is
exoergic by 17.3 kcalmol�1 for the cation and engoergic by


more than 5 kcalmol�1 (at the RHF and RMP2 levels) for
the neutral complex.[50] Even though the energetics for the
neutral system were given relative to the slightly less stable
singlet state of the product,[50] and keeping in mind the dif-
ferent computational levels, the difference between the
above values can be considered significant.


The transition state exhibits a similar but less pronounced
distortion relative to the dimethyl complex. The cisoid C
atom of the ethane molecule is located at essentially the
same position as in the dimethyl complex, whereas the trans-
oid one has moved to approach the first one. The relative
disposition of the two CH3 groups in the TS means they al-
ready feel the steric H�H repulsion leading to the preferred
staggered conformation of the free C2H6 molecule.


Coming now to the reactivity of the [CpM(PPh3)(CH3)2]
+


(and other isoelectronic) complexes of Rh and Ir, our calcu-
lations provide a framework for understanding for the ob-
served difference. For the Rh system, reductive elimination
is a thermodynamically favorable process requiring a rela-
tively low activation energy, through a three-center transi-
tion state in which the two Rh�C bonds break simultaneous-
ly with formation of the C�C bond. Thus, the oxidation of
[CpRh(PPh3)(CH3)2] is followed by unimolecular loss of
ethane. The absence of a strong rate dependence on the
nature of the solvent is consistent with the absence of a dra-
matic charge redistribution on going from reagent to transi-
tion state. Ethane reductive elimination for the dimethyl iri-
dium complex, on the other hand, is thermodynamically un-
favorable and requires a higher activation energy (ca.
30 kcalmol�1). Thus, the complex finds other pathways for
its thermodynamically favorable decomposition, ultimately
leading to different products.


Conclusion


The major outcome of this study is the analysis of how one-
electron oxidation modifies the potential energy surfaces for
the oxidative addition processes of methane C�H and
ethane C�C bonds that link the model [CpM(PH3)] systems
to [CpM(PH3)(CH3)(H)] and [CpM(PH3)(CH3)2], respec-
tively, for M=Rh and Ir. Whereas, expectedly, oxidative ad-
dition becomes less favorable (or reductive elimination be-
comes more favorable) on oxidation, other observed varia-
tions were less predictable a priori. Many of these variations
(e.g., location of the MECP at a much greater M�X dis-
tance for the neutral Rh and Ir systems than for the corre-
sponding Co system; the appearance of a well defined s-
CH4 minimum for the oxidized Ir system but not for the re-
duced one) can be easily understood on the basis of Ham-
mondUs postulate. The comparison of the C�H and C�C ac-
tivation processes for the oxidized Rh and Ir systems shows
that, although the systems are thermodynamically quite sim-
ilar, the activation barriers are profoundly different because
of a much less favorable 3c–2e MC2 interaction in the C�C
activation process relative to the analogous MHC interac-
tion in the C�H activation process. When combined with
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the metal-dependent thermodynamics (reductive elimination
favored for Rh, oxidative addition favored for Ir), a reactivi-
ty profile in complete agreement with the experimental ob-
servations emerges: whereas the [CpRhL(X)(Y)] systems
undergo oxidatively induced reductive elimination of X�Y
when X=H and Y=CH3 and also when X=Y=CH3, the
same process from the corresponding [CpIrL(X)(Y)] system
is limited to methane. The elimination of ethane from the
dimethyl complex is kinetically inaccessible, and other de-
composition pathways are favored. Contrary to our initial
prediction, these reactions occur entirely on the spin doublet
surface without spin crossover, whereas spin-crossover phe-
nomena are involved for the corresponding neutral systems.
The reason for the preference of a low-spin (doublet)
ground state for the 15-electron [CpM(PH3)]


+ systems, at
odds with the preferred high-spin (triplet) ground state for
the 16-electron CpM(PH3) systems, can be rationalized on
the basis of the dominant role of orbital energies, in a mono-
electronic analytical approach.


Computational Details


The calculations were carried out within the DFT methodology using the
hybrid B3LYP functional[59] as implemented in the Jaguar program
suite.[60] The LACVP**[61] basis set, consisting of polarized double-zeta
basis functions with ECPs on the heavy atoms, was used. In addition, for
the calculations involving the oxidative addition/reductive elimination of
methane, all the methane H atoms were described more accurately by
the extended 6-311G** basis.[62–65] The starting geometries for the various
complexes were built from structural parameters available in the Cam-
bridge Crystallographic Database. For the oxidative addition of CH4 to
neutral [CpM(PH3)] (M=Co, Rh, Ir) only stationary points on the singlet
and triplet PESs (local minima and transition states) and the MECP
(which is a stationary point within the seam of crossing of the two PESs)
were optimized. The transition state on the triplet surface was not opti-
mized, however, as it is not relevant to the chemical process. For the oxi-
dative addition of methane C�H and ethane C�C bonds to cationic
[CpM(PH3)]


+ (M=Rh, Ir), the PESs along the reaction coordinates were
explored by keeping a representative parameter at various fixed values
and freely optimizing all other 3N�7 internal coordinates. This fixed pa-
rameter was chosen as the distance of the bond being formed/broken in
the organic molecule (C�H for methane, C�C for ethane). In the Results
and Discussion section, however, the coordinate is represented relative
to another internal coordinate, namely, the distance between the metal
center and the point X located at the center of the fixed C�H or C�C
bond, respectively.


The geometry optimization of [CpMPH3]
+ (M=Co, Rh, Ir) was also per-


formed by unrestricted DFT calculations using the B3LYP functional,
coupled with LANL2DZ basis set on the metal, and 6-31G* on the
carbon, hydrogen and phosphorus atoms. Further polarization functions
were added on the H (one p function with exponent a=1.1) and on the
metal (one f function) centers. The exponents of the latter were chosen
as 2.78, 1.35, and 0.938 for Co, Rh, and Ir, respectively, according to liter-
ature optimized values.[66] These calculations were carried out using the
Gaussian03 suite of programs.[67]


MECPs were optimized by using an ad hoc code[17] together with Jaguar.
The MECP optimization procedure is based on minimizing a generalized
gradient found at any geometry by combining the computed energies and
gradients at that point on the two PESs. The gradient contains one term
pointing towards the hyperspace in which the two surfaces intersect, and
one term pointing towards lower energies within this hypersurface. The
mixed Fortran/sheel script code creates Jaguar input files for both spin


states at a given geometry, calls Jaguar, extracts energies and gradients
from the output files, tests for convergence and cycles.


Acknowledgement


We are grateful to the Conseil RBgional de Bourgogne for funds used to
upgrade the UniversityUs computing facility. R.P. also thanks CINES
(Montpellier) and CICT (Project CALMIP, Toulouse) for granting free
CPU time.


[1] S. Shaik, D. Danovich, A. Fiedler, D. Schrçder, H. Schwarz, Helv.
Chim. Acta 1995, 78, 1393–1407.


[2] D. Schrçder, S. Shaik, H. Schwarz, Acc. Chem. Res. 2000, 33, 139–
145.


[3] J. N. Harvey, R. Poli, K. M. Smith, Coord. Chem. Rev. 2003, 238–
239, 347–361.


[4] R. Poli, J. Organomet. Chem. 2004, 689, 4291–4304.
[5] R. Poli, J. N. Harvey, Chem. Soc. Rev. 2003, 32, 1–8.
[6] J. C. Green, J. N. Harvey, R. Poli, Dalton Trans. 2002, 1861–1866.
[7] J.-L. CarreYn-Macedo, J. N. Harvey, R. Poli, Eur. J. Inorg. Chem.


2005, 2999–3008.
[8] K. M. Smith, R. Poli, J. N. Harvey, Chem. Eur. J. 2001, 7, 1679–1690.
[9] R. M. Bullock, C. E. L. Headford, K. M. Hennessy, S. E. Kegley,


J. R. Norton, J. Am. Chem. Soc. 1989, 111, 3897–3908.
[10] G. Parkin, J. E. Bercaw, J. Chem. Soc. Chem. Commun. 1989, 255–


257.
[11] A. Chernega, J. Cook, M. L. H. Green, L. Labella, S. J. Simpson, J.


Souter, A. H. H. Stephens, J. Chem. Soc. Dalton Trans. 1997, 3225–
3243.


[12] P. O. Stoutland, R. G. Bergman, J. Am. Chem. Soc. 1988, 110, 5732–
5744.


[13] N. Koga, K. Morokuma, Chem. Phys. Lett. 1985, 119, 371–374.
[14] A. Farazdel, M. Dupuis, J. Comput. Chem. 1991, 12, 276–282.
[15] D. R. Yarkony, J. Phys. Chem. 1993, 97, 4407–4412.
[16] M. J. Bearpark, M. A. Robb, H. B. Schlegel, Chem. Phys. Lett. 1994,


223, 269–274.
[17] J. N. Harvey, M. Aschi, H. Schwarz, W. Koch, Theor. Chem. Acc.


1998, 99, 95–99.
[18] W. D. Jones, F. J. Feher, Acc. Chem. Res. 1989, 22, 91–100.
[19] R. G. Bergman, J. Organomet. Chem. 1990, 400, 273–282.
[20] A. H. Janowicz, R. G. Bergman, J. Am. Chem. Soc. 1982, 104, 352–


354.
[21] A. H. Janowicz, R. G. Bergman, J. Am. Chem. Soc. 1983, 105, 3929–


3939.
[22] R. A. Periana, R. G. Bergman, J. Am. Chem. Soc. 1986, 108, 7332–


7346.
[23] W. D. Jones, F. J. Feher, J. Am. Chem. Soc. 1982, 104, 4240–4242.
[24] W. D. Jones, F. J. Feher, J. Am. Chem. Soc. 1986, 108, 4818–4819.
[25] J. M. Buchanan, J. M. Stryker, R. G. Bergman, J. Am. Chem. Soc.


1986, 108, 1537–1550.
[26] T. Ziegler, V. Tschinke, L. Fan, A. D. Becke, J. Am. Chem. Soc.


1989, 111, 9177–9185.
[27] R. JimBnez-CataÇo, M. B. Hall, Organometallics 1996, 15, 1889–


1897.
[28] M.-D. Su, S.-Y. Chu, J. Phys. Chem. A 1997, 101, 6798–6806.
[29] M.-D. Su, S.-Y. Chu, Chem. Eur. J. 1999, 5, 198–207.
[30] R. Poli, K. M. Smith, Eur. J. Inorg. Chem. 1999, 877–880.
[31] A. Pedersen, M. Tilset, Organometallics 1993, 12, 56–64.
[32] A. Pedersen, M. Tilset, Organometallics 1994, 13, 4887–4894.
[33] P. Diversi, S. Iacoponi, G. Ingrosso, F. Laschi, A. Lucherini, C. Pinzi-


no, G. Uccello-Barretta, P. Zanello, Organometallics 1995, 14, 3275–
3287.


[34] E. Fooladi, M. Tilset, Inorg. Chem. 1997, 36, 6021–6027.
[35] E. Fooladi, T. Graham, M. L. Turner, B. Dalhus, P. M. Maitlis, M.


Tilset, J. Chem. Soc. Dalton Trans. 2002, 975–982.
[36] R. Poli, I. Cacelli, Eur. J. Inorg. Chem. 2005, 2324–2331.


www.chemeurj.org K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 813 – 823822


R. Poli et al.



www.chemeurj.org





[37] D. W. Keogh, R. Poli, J. Am. Chem. Soc. 1997, 119, 2516–2523.
[38] V. R. Jensen, R. Poli, J. Phys. Chem. A 2003, 107, 1424–1432.
[39] J. N. Harvey, R. Poli, Dalton Trans. 2003, 4100–4106.
[40] J.-L. CarreYn-Macedo, J. N. Harvey, J. Am. Chem. Soc. 2004, 126,


5789–5797.
[41] E. R. Evitt, R. G. Bergman, J. Am. Chem. Soc. 1980, 102, 7003–


7011.
[42] A. H. Janowicz, H. E. Bryndza, R. G. Bergman, J. Am. Chem. Soc.


1981, 103, 1516–1518.
[43] C. P. Lenges, M. Brookhart, B. E. Grant, J. Organomet. Chem. 1997,


528, 199–203.
[44] C. P. Lenges, M. Brookhart, J. Am. Chem. Soc. 1997, 119, 3165–


3166.
[45] C. P. Lenges, P. S. White, M. Brookhart, J. Am. Chem. Soc. 1998,


120, 6965–6979.
[46] W. D. Jones, F. J. Feher, J. Am. Chem. Soc. 1985, 107, 620–631.
[47] A. Szabo, N. S. Ostlund in Modern Quantum Chemistry, Revised 1st


ed., McGraw-Hill Publishing Company, New York, 1989, p. 217.
[48] C. Q. Simpson, II, M. B. Hall, M. F. Guest, J. Am. Chem. Soc. 1991,


113, 2898–2903.
[49] J. Pipek, P. G. Mezey, J. Chem. Phys. 1989, 90, 4916–4926.
[50] N. Koga, K. Morokuma, Organometallics 1991, 10, 946–954.
[51] A. Dedieu, Chem. Rev. 2000, 100, 543–600.
[52] V. P. Ananikov, D. G. Musaev, K. Morokuma, Organometallics 2005,


24, 715–723.
[53] J. J. Low, W. A. Goddard, III, J. Am. Chem. Soc. 1984, 106, 8321–


8322.
[54] J. J. Low, W. A. Goddard, III, J. Am. Chem. Soc. 1984, 106, 6928–


6937.
[55] N. Koga, K. Morokuma, Chem. Rev. 1991, 91, 823–842.
[56] R. H. Crabtree, Chem. Rev. 1985, 85, 245–269.
[57] R. A. Periana, R. G. Bergman, J. Am. Chem. Soc. 1986, 108, 7346–


7355.
[58] M. Gozin, A. Weisman, Y. Ben-David, D. Milstein, Nature 1993,


364, 699–701.


[59] A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652.
[60] Jaguar 6.0, Schrçdinger Inc., Portland, Oregon, 1996–2005.
[61] P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299–310.
[62] A. D. McLean, G. S. Chandler, J. Chem. Phys. 1980, 72, 5639–5648.
[63] R. Krishnan, J. S. Binkley, R. Seeger, J. A. Pople, J. Chem. Phys.


1980, 72, 650–654.
[64] T. Clark, J. Chandrasekhar, G. W. Spitznagel, P. von R. Schleyer, J.


Comput. Chem. 1983, 4, 294–301.
[65] M. J. Frisch, J. A. Pople, J. S. Binkley, J. Chem. Phys. 1984, 80, 3265–


3269.
[66] A. W. Ehlers, M. Boehme, S. Dapprich, A. Gobbi, A. Hoellwarth, V.


Jonas, K. F. Koehler, R. Stegmann, A. Veldkamp, G. Frenking,
Chem. Phys. Lett. 1993, 208, 111–114.


[67] Gaussian03, RevisionB.04, M. J. Frisch, G. W. Trucks, H. B. Schlegel,
G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. Montgomery, J. A.,
T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J.
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross,
C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K.
Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakr-
zewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K.
Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz,
Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox,
T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challa-
combe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonza-
lez, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 2003.


Received: July 27, 2005
Published online: December 6, 2005


Chem. Eur. J. 2006, 12, 813 – 823 K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 823


FULL PAPEROxidative Addition



www.chemeurj.org






DOI: 10.1002/chem.200500104


Low-Pressure Pyrolysis of tBu2SO: Synthesis and IR Spectroscopic Detection
of HSOH


Helmut Beckers,*[a] Simone Esser,[b] Thorsten Metzroth,[c] Markus Behnke,[b]


Helge Willner,[a] J2rgen Gauss,*[c] and Josef Hahn*[b]


Introduction


HSOH (1), the elusive link between hydrogen peroxide
(HOOH)[1] and disulfane (HSSH),[2] is alternatively named


oxadisulfane or sulfenic acid, and is the first member of the
series of oxygen-containing sulfur acids H2SOn (n = 1–4).[3]


It has previously been obtained by low-pressure flash ther-
molysis of di-tert-butyl sulfoxide, tBu2SO (2) according to
Equation (1), and is characterized in the gas phase by mass
spectrometry and its rotational spectra.[4]


[2H/S/O] species are widely considered to play a crucial
role in the atmospheric[5] and combustion chemistry of
sulfur.[6] Despite numerous experimental[7] and theoretical
investigations[8] that explore the reactions of hydrogen sul-


Abstract: Sulfenic acid (HSOH, 1) has
been synthesized in the gas-phase by
low-pressure high-temperature
(1150 8C) pyrolysis of di-tert-butyl sulf-
oxide (tBu2SO, 2) and characterized by
means of matrix isolation and gas-
phase IR spectroscopy. High-level cou-
pled-cluster (CC) calculations
(CCSD(T)/cc-pVTZ and CCSD(T)/cc-
pVQZ) support the first identification
of the gas-phase IR spectrum of 1 and
enable its spectral characterization.
Five of the six vibrational fundamen-
tals of matrix-isolated 1 have been as-
signed, and its rotational-resolved gas-
phase IR spectrum provides additional
information on the O–H and S–H
stretching fundamentals. Investigations
of the pyrolysis reaction by mass spec-


trometry, matrix isolation, and gas-
phase FT-IR spectroscopy reveal that,
up to 500 8C, 2 decomposes selectively
into tert-butylsulfenic acid, (tBuSOH,
3), and 2-methylpropene. The forma-
tion of the isomeric sulfoxide
(tBu(H)SO, 3a) has been excluded.
Transient 3 has been characterized by a
comprehensive matrix and gas-phase
vibrational IR study guided by the pre-
dicted vibrational spectrum calculated
at the density functional theory (DFT)
level (B3LYP/6-311+G(2d,p)). At


higher temperatures, the intramolecu-
lar decomposition of 3, monitored by
matrix IR spectroscopy, yields short-
lived 1 along with 2-methylpropene,
but also H2O, and most probably sulfur
atoms. In addition, HSSOH (6), H2,
and S2O are found among the final py-
rolysis products observed at 1150 8C in
the gas phase owing to competing
intra- and intermolecular decomposi-
tion routes of 3. The decomposition
routes of the starting compound 2 and
of the primary intermediate 3 are dis-
cussed on the basis of experimental re-
sults and a computational study per-
formed at the B3LYP/6-311G* and
second-order Møller–Plesset (MP2/6-
311G* and RI-MP2/QZVPP) levels of
theory.
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fide (H2S) with oxygen atoms, simple [2H/S/O] species still
remained poorly characterized. First experimental evidence
for the existence of 1 came from an IR spectroscopic investi-
gation of the reaction of oxygen atoms with matrix-isolated
hydrogen sulfide in solid argon.[9] More recently, gaseous 1
and H2OS (4, dihydrogen thiooxonium ylide) have been
generated from H2S/N2O and CS2/H2O mixtures, respective-
ly, in neutralization–reionization mass spectrometric experi-
ments.[10]


Persistent efforts made to synthesize sulfenyl halides
(HSX, X = F,[11] Cl, Br[12]) and their parent acid 1[4] in the
last three decades have shown that flash pyrolysis of 2
[Eq. (1)] is obviously the first suitable route to provide suffi-
cient quantities of one of these highly reactive species in the
gas phase and is essential for a thorough structural and
chemical characterization. Low-pressure flash pyrolysis of
tert-butyl-alkyl sulfoxides [tBu(R)SO] has been investigated
by several groups in the past.[13] It was shown that pyrolysis
of tBu(R)SO yields transient alkylsulfenic acids RSOH (R
= Me, iPr, and, tBu (3))[14] However, in these earlier studies,
1 has not been detected in the pyrolysis products of any of
the investigated sulfoxides.
The reported synthesis of HSOH (1) by flash thermolysis


of 2 has been assumed to proceed in two steps, and there is
no doubt that the intermediate tBuSOH (3) is formed as a
primary pyrolysis product.[4,14] The direct formation of 1 by
thermal elimination of 2-methylpropene from 3 [Eq. (1)] re-
quires a comparatively strained four-membered transition
state, although elimination of 2-methylpropene from 3
through a competing five-membered transition state cannot
be ruled out. This route would not lead directly to HSOH,
but would produce transient H2OS (4) [Eq. (2)] instead.
Compound 4 has been found experimentally to be a viable
molecule in the gas phase[10] and is predicted by quantum
chemical calculations to be higher in energy than the un-
branched isomer HSOH by 166 kJmol�1.[8b] At pyrolytic
temperatures it might decompose rapidly into H2O and
sulfur atoms.


Davies et al.[14b] claimed that transient tert-butylsulfenic
acid could, in principle, exist in two tautomeric forms: the
O-protonated sulfenic acid 3 and its S-protonated isomer,
tert-butyl hydrogen sulfoxide, tBu(H)SO (3a). From the IR
absorption spectra of products obtained by flash pyrolysis of
2, deposited on a NaCl window at �196 8C, they inferred
that some transient S-protonated tautomer 3a was formed,
whereas 3 clearly represented the favored product.
tBu(H)SO (3a) appears to be properly suited to furnish 1


by elimination of 2-methylpropene through a less-strained


five-membered cyclic transition state [Eq. (3)], hence 3a
may appear to be the crucial intermediate furnishing 1 by
flash pyrolysis of 2.


Thus, the principal objectives of the present study are:
i) to explore the decomposition pathways of the starting
compound 2 and those of the potential HSOH precursors
tBuSOH (3) and tBu(H)SO (3a) experimentally by mass
spectrometry as well as gas-phase and matrix FT-IR spec-
troscopy, and computationally at the density-functional
theory (DFT) as well as second-order Møller-Plesset (MP2)
levels of theory, and ii) to identify highly reactive 1 for the
first time in its gas-phase IR spectrum.


Results and Discussion


Quantum chemical calculations


Formation of HSOH (1): The formation of 1 by pyrolysis of
2 is studied quantum chemically by determining the equilib-
rium and transition-state geometries of the species and inter-
mediates involved. The calculations have been carried out
with i) second-order Møller–Plesset perturbation theory
(MP2)[15] and ii) density-functional theory (DFT),[16] employ-
ing the B3LYP hybrid functional.[17] The simultaneous use of
two conceptionally different quantum chemical approaches
turns out to be advantageous because it allows a check of
the reliability of the computational results.
Calculations were initially performed at both DFT and


MP2 level with a 6-311G* basis set[18] with a polarized va-
lence triple-zeta quality. In a second step, improved energies
were obtained at the MP2 level (within the resolution-of-
identity (RI) MP2 approximation[19] with the MP2/6-311G*
optimized geometries) using a larger doubly-polarized va-
lence quadruple-zeta set (QZVPP[20]). As usual, all comput-
ed stationary points were characterized by evaluating the
corresponding harmonic force fields. Furthermore, to ensure
that the computed transition states properly connect educts
and products, intrinsic reaction coordinate (IRC)[21] calcula-
tions were performed for all reaction steps under consider-
ation. The computed harmonic frequencies are used to de-
termine zero-point vibrational energy corrections to the re-
action energies and to convert the energies to enthalpies
and free enthalpies. Temperature corrections were evaluated
with the standard harmonic-oscillator rigid-rotator approxi-
mation.
Figure 1 gives an overview over the computed structures


within the proposed reaction schemes. Computed free en-
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thalpies of reaction and activation barriers for the actual ex-
perimental conditions (723 K for the initial step in the pyrol-
ysis reaction, and 1473 K for the second step, each at 10 Pa)
are given in Figures 2–4, and the free enthalpy surface is
shown in Figure 5.


Comparison of the MP2 and DFT results reveals differen-
ces of �80 kJmol�1 for the initial fragmentation of 2 and
�40 kJmol�1 for the fragmentation of tBuSOH (3). Because
these deviations are comparatively large, the implemented
methods (DFT-B3LYP/6-311G*, MP2/6-311G* and RI-MP2/
QZVPP) have been calibrated for the energy difference be-
tween HSOH and H2SO with reliable coupled-cluster data
obtained at the CCSD(T)/cc-pCVQZ level. As only the RI-
MP2/QZVPP numbers are in satisfactory agreement with
these high-level results (�72 kJmol�1 CCSD(T)/cc-pCVQZ,
�70 kJmol�1 RI-MP2/QZVPP, �116 kJmol�1 MP2/6-311G*,
�106 kJmol�1 DFT B3LYP/6-311G*) we will discuss only
the RI-MP2/QZVPP data in the following (the correspond-
ing DFT/6-311G* and MP2/6-311G* results can be obtained
from the authors). Furthermore, it should be emphasized
that our intent is not so much to yield highly accurate pre-
dictions for the reaction energies and enthalpies, but rather
to shed light on the preferred reaction mechanisms so that
even less accurate results obtained at a lower computational
level are adequate for this purpose.
Figure 2 reveals that elimination of 2-methylpropene is


endergonic for all processes at 0 K. At 773 K (Figure 3),
both initial fragmentation steps are found to be exergonic
with a significant preference (based on DG and DG�) for
the formation of tBuSOH (3, Figure 3). However, the iso-
merization of 3 to tBu(H)SO (3a) is endergonic at this tem-
perature and, in particular, has a high activation barrier of
219 kJmol�1. According to the computational results, it is
thus unlikely that 3a is formed in the fragmentation of 2 at
773 K. Whereas RI-MP2 results at this temperature indicate
that the elimination of a second 2-methylpropene from 3 to


form H2OS (4) is endergonic (DG = 90 kJmol�1), the reac-
tion to 1 is exergonic (DG = �80 kJmol�1). Both fragmen-
tations show high enthalpies of activation (DG�(1) =


205 kJmol�1; DG�(4) = 254 kJmol�1). These comparatively
large barriers impede a second 2-methylpropene abstraction
to form 1 at that temperature. These findings are consistent
with experimental results, as neither 4 nor 1 are found
under these conditions.


The free enthalpy surface shown in Figure 5 reveals that
the fragmentation of the primary pyrolysis product tBuSOH
(3) leading to either 1 or 4 is possible (for numerical values,
see Figure 4) and that it is probable that both processes take
place simultaneously at 1473 K. Compound 4 can then rear-
range to 1 (DG� = 43 kJmol�1) or decompose to H2O and
S(1D) (DG = �176 kJmol�1; sulfur calculated with UMP2
in its 3P state and corrected by experimental S(3P) to S(1D)
value of 110 kJmol�1;[22] DG� values cannot be estimated
easily).
Overall, it can be concluded that our computational re-


sults are in satisfactory agreement with the experimental


Figure 1. Computed equilibrium and transition state (TS) structures
(MP2/6-311G*) for possible reaction steps in the formation of HSOH
(1). Transition states are denoted in brackets.


Figure 2. Possible reaction paths for the formation of HSOH (1); reaction
energies DE0 [kJmol


�1] and activation barriers E 0
a at 0 K [kJmol


�1] at the
RI-MP2/QZVPP level.


Figure 3. Reaction free enthalpies DG and free enthalpies of activation
DG� [kJmol�1] at 773 K and 10 Pa for the first fragmentation of tBu2SO
(2) and the isomerization of tBuSOH (3) at the RI-MP2/QZVPP level.
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findings, namely, that at the lower temperature (773 K) only
one molecule of 2-methylpropene is eliminated from
tBu2SO (2), while fragmentation of a second 2-methylpro-
pene proceeds solely at higher temperatures. Furthermore,
the computational data indicate that 3a probably plays a
negligible role in the thermolysis of 2, in contrast to previ-
ous postulations.[14b]


IR spectroscopic identification of HSOH (1): To assist in the
IR spectroscopic identification of 1, the equilibrium geome-
try as well as the corresponding vibrational frequencies of 1
were computed with a high-level treatment of electron cor-
relation, namely, coupled-cluster (CC) theory. Calculations
were performed at the CC singles and doubles (CCSD)
level augmented by a perturbative treatment of triple excita-
tions (CCSD(T)[29]) by means of analytical second derivative
techniques[24] together with DunningSs correlation-consistent


polarized valence-zeta sets, (cc-pVTZ[25] and cc-pVQZ).[25]


Additional calculations were carried out at the B3LYP level
with the 6-311+G(2d,p)[18,26] basis sets.
Whereas in the CC calculations, anharmonic contributions


to the vibrational frequencies of the fundamentals were ex-
plicitly computed by means of a perturbation-theory ap-
proach[28] based on cubic and semidiagonal quartic force
fields (computed at the CCSD(T)/cc-pVTZ level), the DFT
harmonic frequencies were adjusted for anharmonic effects
by means of a scaling factor of 0.9614, as advocated in
ref. [28]. To verify the DFT results, calculations with the
larger 6-311+G(2d,p) basis sets were performed in addition
to 6-311G* calculations.
The results obtained for the vibrational frequencies of 1


are listed in Table 1. There is good agreement between the
results obtained with the different methods and, in particu-
lar, the differences between the CCSD(T)/cc-pVTZ and


CCSD(T)/cc-pVQZ results are
comparatively small, indicating
that remaining basis-set effects
are more or less negligible. An-
harmonic corrections to the vi-
brational frequencies amount to
as much as 200 cm�1 for the O–
H and S–H stretching frequen-
cies, while for the other (low-
frequency) modes the effects of
less than 10 cm�1 are signifi-
cantly smaller and less essen-
tial. Interestingly, scaling of the
DFT results largely recovers the
anharmonic contributions and
leads to a good agreement with
the more theoretically sound
CC data.


Mass spectrometric analysis of
flash pyrolysis products


Electron impact ionization (EI)
mass spectra of tBu2SO (2) measured at room temperature
and those of the pyrolysis products obtained at a pyrolytic
temperature of 1100 8C have already been discussed in the
preceding paper.[4] Figure 6 displays an extended view of the
thermal evolution of selected pyrolysis products monitored
by mass spectrometry. Obviously, 2 decomposes rapidly
above 200 8C, indicated by a decrease of the intensity of its
[M]+ C signal at m/z 162. As expected for the thermal elimi-
nation of 2-methylpropene (m/z 56) from 2 [Eq. (1)], the
drop in intensity of the signal at m/z 162 is mirrored by a
rise in intensity of the signal at m/z 56. However, the [M]+ C
ions of the two primary pyrolysis products, [C4H8]


+ C at m/z
56 and [C4H10SO]


+ C at m/z 106, cannot be distinguished
from analogous fragment ions of [tBu2SO]


+ C. On the other
hand, above 500 8C, a very low intensity of the [M]+ C peak
at m/z 162 indicates nearly quantitative decomposition of 2
and thus the comparatively high intensity at m/z 106 can


Figure 4. Possible reaction paths for the formation of HSOH (1); reaction
free enthalpies DG and free enthalpies of activation DG� [kJmol�1] at
1473 K and 10 Pa at the RI-MP2/QZVPP level.


Figure 5. Free enthalpy surface at 1473 K and 10 Pa (RI-MP2 results). For notation and structures see
Figure 1, iBu = 2-methylpropene.


Chem. Eur. J. 2006, 12, 832 – 844 M 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 835


FULL PAPERPyrolysis of tBu2SO



www.chemeurj.org





only be explained by direct ionization of the primary pyroly-
sis product tBuSOH (3).
The mass spectrometric instrumentation does not allow


differentiation between 3 and its constitutional isomer
tBu(H)SO (3a). Nevertheless, at 500 8C, the formation of 3a
can be ruled out on the basis of the corresponding thermo-
dynamic data (Figure 3) and the IR spectra of the matrix-
isolated pyrolysis products obtained at that temperature
(see below).
However, since intermediate formation of (3a) by elimi-


nation of 2-methylpropene form 2 cannot be excluded at
higher pyrolytic temperatures, we carried out two-step py-
rolysis experiments at 500 8C (nearly quantitative decompo-
sition of 2 into 2-methylpropene and 3) followed by pyroly-
sis of the primary products at 1150 8C. We observed that the
mass spectra of this two-step pyrolysis and of a single-step
pyrolysis at 1150 8C do not show any significant differences.
Hence, the final pyrolysis products obtained at 1150 8C are
assumed to evolve solely from the primary product 3.
As can be concluded from the mass spectra (Figure 6),


the decomposition of 2 is quite selective up to 500 8C be-
cause 3 and isobutene represent the only pyrolysis products
(the intensity of the peak at m/z 18 corresponds to the back-
ground water signal). In contrast, pyrolysis of the primary
product 3, which starts above 500 8C, is less selective be-


cause, in addition to 2-methylpropene and small amounts of
HSOH (1), several supplementary products emerge. Accord-
ing to Figure 6, these are S2O, SO2 (and/or S2), H2O (indi-
cated by the increased intensity of the signal at m/z 18), and
possibly HSSOH. The formation of the latter molecule is
presumed because the peak at m/z 82 is always slightly
higher than that expected for the isotopomer S34SO. Addi-
tionally, as previously reported[4] , H2 and H2S are also pres-
ent in the pyrolysis products. However, because we do not
detect H2S in the IR spectra of the present study we cannot
exclude that its mass spectroscopic detection originates from
hydrogenation of sulfur in the ion source. We assume that
the formation of HSSOH, S2O, and some of the H2O mole-
cules can be traced back to the well-known condensation re-
action of 3[13,14] [Eq. (4)] and the subsequent decomposition
of the condensation product according to Equation (5).


Previous investigations[14a] have shown that the pyrolysis
of tBuS(O)StBu (5) furnished 2-methylpropene as well as
S2O and short-lived HSSOH (6) [Eq. (5)]. Thus, the conden-
sation reaction [Eq. (4)] most probably competes with the
desired formation of 1 [Eq. (1)], and yields the pyrolysis
products H2O, S2O, HSSOH, and H2. Previous studies


[29]


prove that S2O decomposes to sulfur and SO2. This decom-
position reaction is the source of the SO2 formed in our ex-
periments.
Based on the proposed formation of 1 by thermal elimina-


tion of 2-methylpropene from 3, one expects an increasing
amount of [HSOH]+ C (m/z 50) as the signal associated with
[tBuSOH]+ C (m/z 106) decreases on heating beyond 700 8C
(Figure 6). Instead of this, the signal at m/z 50 slowly grows
as the pyrolytic temperature is raised from 200 to 600 8C
and slightly decreases on further heating up to 800 8C.


Table 1. Calculated and experimental matrix IR and gas-phase IR vibrational wavenumbers of HSOH (1).[a]


B3LYP/6-311+G(2d,p) CCSD(T)/cc-pVQZ[c] CCSD(T)/cc-pVTZ Gas phase Ar matrix
scaled harmonic[b] harmonic anharmonic anharmonic this work this work ref. [9]


n(OH) 3647.1 (84) 3847.7 (92) 3657.2 3646.5 3625.6 3608.3(43) 3606.0[d](26)
n(SH) 2504.1 (14) 2647.9 (22) 2536.9 2533.3 2538 2550.1 (8)
d(SOH) 1151.8 (43) 1221.9 (54) 1188.1 1183.5 1175.7(53) 1177 (56)
d(OSH) 971.8 (2) 1027.8 (3) 1004.6 1006.6
n(SO) 706.3 (64) 776.9 (65) 756.7 764.4 762.5(103) 763 (100)
t(HOSH) 457.9(100) 486.9(100) 451.7 448.1 445.3 (54) 444.8 (44)


[a] Relative intensities in parentheses. [b] Scaling factor of 0.9614 was used, see ref. [28]. [c] Anharmonic corrections taken from CCSD(T)/cc-pVTZ cal-
culation. [d] Band was attributed to HOOH in ref. [9] and has now been reassigned to the O–H stretch of 1.


Figure 6. Thermal evolution of the pyrolysis products of tBu2SO (2) in
the temperature range between 25 and 1150 8C monitored by mass spec-
trometry (quadrupole RGA, EI 20 eV, enclosed ion source, 0.1 Pa).
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Above 800 up to 1150 8C, the intensity rises significantly. In
the low temperature range from 200 to 600 8C, it appears
that secondary fragmentation of the molecular ion
[tBuSOH]+ C (m/z 106) [Eq. (6)] contributes to the signal at
m/z 50, whereas the large increase of the signal intensity
above 800 8C indicates the ionization of molecular 1, which
prevails at higher temperatures.


Even at 1150 8C, when the concentration of 3 is very low,
the [HSOH]+ C signal (m/z 50) remains weaker than the
[M]+ signal of S2O. As has been suggested before,


[4] this can
most probably be explained by condensation and subse-
quent decomposition reactions of 1, which, by analogy with
Equations (4) and (5), produce S2O and thus contribute to
the large increase of the signal at m/z 80 observed at tem-
peratures above 700 8C.


Investigation of matrix-isolated pyrolysis products


The matrix-isolation experiments were carried out to obtain
further information on the mechanism of the pyrolysis reac-
tion. Gaseous 2, diluted by a stream of argon (�1:1000), is
forced through a heated pipe with a corundum (Al2O3)
nozzle prior to deposition on the matrix support at �15 K.
Higher temperatures were needed for the pyrolytic process
owing to the much shorter contact times in the hot zone
than those employed in the mass spectrometric study. The
pyrolysis temperatures were not measured directly, but were
adjusted according to the progress of the decomposition re-
action monitored by IR spectroscopy. The spectrum of the
primary products, obtained after 2 had almost completely
decomposed, is displayed in the upper traces of Figure 7
[a) 400–1800 cm�1, b) 2500–3900 cm�1], and the spectrum of
the final pyrolysis products (complete decomposition of
tBuSOH (3)) is shown in the lower traces.


IR spectrum of primary pyrolysis products : Part of the IR
bands shown in Figure 7 occurs in both the upper and the
lower traces. According to reference spectra recorded on au-
thentic matrix-isolated samples of 2-methylpropene and
water, almost all of them are associated with these two mol-
ecules. Some of the bands belonging to water are indicated
in Figure 7. They show a noticeable increase in intensity at
elevated pyrolysis temperatures and a decrease at lower
temperatures. Thus, in agreement with the mass spectromet-
ric study, the formation of water by the pyrolysis reaction is
confirmed. The complexity of the IR spectra recorded on
matrix-isolated water is attributed to i) rotational fine split-
ting (water monomers),[30a,b] ii) bands associated with the


dimer and multimers of H2O,
[30c] and iii) fundamental bands


of matrix-isolated complexes of water with other species.[30d]


IR absorptions of the bands found in the upper traces
(primary products) but not in the lower traces of Figure 7
are collected in Table 2 and are compared to vibrational
wavenumbers of 3 calculated at the B3LYP/6-311+G(2d,p)
level of theory. The agreement between the experimental
frequencies and those calculated for 3 is conclusive. For
comparison, selected band positions obtained from our gas-
phase experiments (see below) have been included in
Table 2. In addition to the characteristic bands, associated
with the tBu moiety, the gas-phase spectrum of 3[14a] , record-
ed from 400 to 4000 cm�1, reveals four strong bands at 3609
(n(OH)), 758 (n(SO)), 1155 (d(HOS)), and 418 cm�1 (d-
(OSC)/t(HOSC)). Close to these gas-phase values, at least
three bands occurred in the IR matrix spectrum that are at-
tributed to site splitting of matrix-isolated 3 species. Thus,
almost all transitions observed in the upper traces of
Figure 7, except those from water and 2-methylpropene, can
be attributed to transient 3 and are assigned accordingly.
Apparently, 3 is formed selectively by flash pyrolysis of 2 ac-


Figure 7. Argon-matrix IR spectra over the spectral regions a) 400–
1800 cm�1 and b) 2500–3900 cm�1 of the deposit obtained by low-pressure
pyrolysis of tBu2SO (2) at two different pyrolytic temperatures. Upper
trace: after complete decomposition of 2. Lower trace: at higher temper-
atures. Bands arising in both spectra are attributed to the byproducts
water and 2-methylpropene, as indicated. Absorptions of tBuSOH (3,
upper traces) and HSOH (1, lower traces) are labeled.
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cording to Equation (1), and the predicted thermodynamic
data are presented in Figure 3.
Sulfenic acids (RSOH) encumbered with comparatively


bulky substituents, R = tBu[14b] and 1,3,6-trimethylluma-
zine,[31] have been claimed to exist in two tautomeric forms,
O- and S-protonated, similar to 3 and 3a. The existence of
the S-protonated isomers (R(H)SO), in the solid state at
least, have solely been inferred from the presence of weak
IR bands observed at 2600 and 2500 cm�1, respectively,
which have erroneously been assigned to S–H stretching
fundamentals. Contrary to these assignments, the IR spec-
trum of tBu(H)SO (3a), calculated at the B3LYP/6-311+G-
(2d,p) level, reveals prominent spectral features at ñ = 2253
and 1012 cm�1 (scaling factor = 0.9614)[28] that are associat-
ed with strong S–H and S–O stretching vibrations, respec-
tively, apart from much weaker fundamentals of the tBu


moiety. Obviously, the S–H
stretch of 3a is predicted to be
strong and to appear at an ex-
ceptionally low frequency.
However, an anomalously low
frequency for elemental hydro-
gen stretching vibrations with
adjacent oxo substituents has
some precedents in the PH and
NH stretching fundamentals of
HPO[32] and HNO.[33]


A search for spectral features
originating from 3a in the
matrix spectra of the primary
pyrolysis products (upper traces
of Figure 7) remains fruitless.
Close to the predicted S–H
stretching frequency of 3a
(2253 cm�1), two weak lines ap-
peared in the matrix spectra at
ñ = 2290 cm�1, that correspond
to a weak band in the gas-phase
spectrum centered at
2292.5 cm�1. However, these
features are assigned to the first
overtone of the strong HOS de-
formation of 3 located at
1155 cm�1. The strong d(HOS)
fundamentals that are conspicu-
ous in the gas-phase IR spectra
of various sulfenic acids
(RSOH, R = Me, iPr, tBu,[14a]


and vinyl[34]) at �1155 cm�1 are
always found to be accompa-
nied by their first overtone. The
latter band displays an analo-
gous dependence of its wave-
number on the nature of the
substituent R, as observed for
the fundamental band.[34b] The
absence of any detectable S–H


fundamental bands from 3a in the experimental spectra is at
variance with the previous work of Davies et al.,[14b] but
fully consistent with the predicted, much higher transition-
state energy separating 3a from 2 compared to that leading
to the observed primary pyrolysis product 3 (Figure 5).


IR spectrum of the final pyrolysis products : In the matrix
IR spectra of the pyrolysis products obtained at the highest
temperatures (lower traces of Figure 7), at least five new ab-
sorptions at ñ = 444.8, 762.5, 1175.7, 2550.1, and
3608.3 cm�1 appeared that are assigned to 1. This assignment
is based on the following findings:


1) The relative intensities of the five absorptions remain
constant within experimental error at different pyrolysis
temperatures. Owing to their uniform thermal behavior,


Table 2. Matrix- and gas-phase band positions and calculated vibrational wavenumbers in the 400–4000 cm�1


spectral range of tBuSOH (3) obtained by pyrolysis of tBu2SO (2).


Ar matrix[a] Gas phase[a] B3LYP/6-311+G(2d,p) Assignment[d]


scaled by 0.9614[b,c]


3593.3 (m)
3588 (s) 3609 (s) 3645.4 (68) n(OH)


3006.3 (m)
2988.2 (19)


2975 (s, sh) 2978.7 (23)
2972.1 (s) 2972[e] (s) 2972.3 (16)
2968 (s, sh) 2967[e] (s) 2966 (37)


nas (CH3)


2963.1 (3)
2950 (m) 2955[e] (m, sh) 2955.6 (13)
2902.6 (m) 2908.2 (30)
2899.2 (m) 2880[e] (m, br) 2903 (29)


ns (CH3)


2870.8 (m) 2898.6 (22)
2293.6 (w)
2289 (w) 2292.5 (w) 2Td(HOS)


1482.7 (w, sh)
1477.6 (m) 1471[e] (m, br) 1460 (10) das (CH3)
1467.6 (m)


1460.8[e] (m, sh) 1443.9 (9)
1455.1 (m) 1440.6 (9) das (CH3)


1431.9 (1)


1387 (w) 1371.4 (1)
1365.2 (s) 1368[e] (m) 1345.6 (11) ds (CH3)


1362.2 (m, sh) 1361 (m, sh) 1343.4 (10)


1217 (w, br) 1217 (w) 1194 (2)
1202.5 (w, br) 1188.5 (3) 1(CH3)
1180.2 (m) 1181 (m) 1151.6 (34)


1174.2 (m)
1159.6 (s)
1156.3 (s) 1155 (s) 1125.7 (42) d(HOS)
1154 (s)
1064 (w)
769.3 (s)
767.3 (sh)
761.1 (s) 758 (vs) 702.4 (79) n(SO)
755 (s)


420 (3) d(CC3)
410.4 (s) 418 (m) 402.6 (49) t(HOSC)/d(OSC)


409 (m, sh)


[a] Relative intensities: weak (w), medium (m), strong (s), very strong (vs), shoulder (sh), broad (br). [b] Rel-
ative intensities (1–79) in parentheses. [c] Scaling, see ref. [28]. [d] Vibrational modes: deformation (d),
stretching (n), rocking (1), and torsion (t). [e] Bands contributed by 2-methylpropene may interfere with those
contributed by the tBu moiety of 3.
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these bands are attributed to one single molecular spe-
cies.


2) The four strongest absorptions under consideration have
previously been observed by Smardzewski and Lin,[9]


who explored the reaction between ground-state oxygen
atoms O (3P) and matrix-isolated hydrogen sulfide, H2S.
However, the present results as well as the quantum
chemical calculations do not support the original assign-
ment of a band at ñ = 3425 cm�1 to the O–H stretch of
1. More consistent and in better agreement with the the-
oretical results (n(calculated O–H stretch) =


3646.5 cm�1, Table 1) is the assignment of this mode to
the band at 3608.3 cm�1, which was also detected
(3606.0 cm�1) by Smardzewski and Lin.[9] The weak band
at 3425 cm�1 (erroneously assigned to HSOH in refer-
ence [9]) is also present in our spectrum (Figure 7); how-
ever, it does not experience the thermal behavior of the
bands attributed to 1. Thus, the present work verifies the
first detection of 1 by Smardzewski and Lin,[9] but cor-
rects their assignment of the O–H stretching vibration.


3) Both the experimental wavenumbers of 1 and the rela-
tive intensities are in good agreement with those predict-
ed by quantum chemical calculations (Table 1).


4) Finally, the assigned fundamentals of 1 are comparable
to the four strongest transitions observed for the HOSC
moiety of 3 (Table 2). Furthermore, in agreement with
the mass relations of F, OH, and Cl, the S–O stretch of 1
at 763 cm�1 is observed at slightly higher wavelengths
than the O–Cl stretching frequency of Ar-matrix-isolated
HOCl (728 cm�1),[35] but at lower wavelengths than the
S–F stretch of the closely related molecule HSF
(787 cm�1).[11c]


Reliable references confirming the position of the S–H
stretch of 1 at 2550 cm�1 are difficult to find owing to the
low intensity of this vibration and to the lack of synthetic
routes to closely related molecules, such as sulfenyl halides
(HSX, X = F,[11] Cl, Br[12]). Fortunately, in the spectral
region predicted for this fundamental band, only the
2550 cm�1 band exhibits the expected thermal behavior. The
assignment of the remaining unobserved absorption of 1,
the HSO bend, is impeded by its low intensity (for intensity
predictions, see Table 1).
The experiments carried out at different temperatures re-


vealed a comparatively high thermal stability of HSOH.
Thermal decomposition of 1, indicated by a decrease of its
bands compared with selected absorptions of 2-methylpro-
pene, is only observed at the highest temperatures em-
ployed. Nevertheless, no additional features emerge from
the decomposition of 1. Thus, at elevated temperatures, 1
appears to decompose into H2O and sulfur atoms rather
than SO and molecular hydrogen. A weak absorption found
at 1138.5 cm�1 (lower trace in Figure 7a) may be associated
with the absorption band of SO isolated in solid Ar previ-
ously reported to appear at 1136.9 cm�1.[36] However, this
absorption remains almost constant in intensity as the lines
attributed to 1 decreased on heating beyond 1200 8C. This


thermal behavior does not agree with a possible assignment
to an SO band. Thus, the formation of SO in the pyrolysis
reaction of 2 can be excluded.


IR spectra of gaseous pyrolysis products


The matrix-isolation experiments described above suggest a
promising simple thermal decomposition of 3 to produce 1
and H2O simultaneously along with 2-methylpropene by
competing unimolecular routes. In contrast to this, the mass
spectrometric analysis of gaseous pyrolysis products (vide
supra) revealed a much more complex thermal behavior of
3.
In order to verify our mass spectrometric results and to


unambiguously ascertain the existence and the relative
amount of HSOH (1) in the gas phase, we recorded rota-
tionally resolved gas-phase FT-IR spectra of the pyrolysis
products of 2 in a flow system equipped with a White-type
long-path absorption cell. The total path length was adjusted
to 40 m. IR spectra have been measured within several spec-
tral regions from 360 to 4000 cm�1 and at different pyrolytic
temperatures ranging from 500 to 1150 8C.
Gas-phase spectra of the primary pyrolysis products were


recorded with a resolution of 1 cm�1 in the 600 to 4000 cm�1


region at a pyrolytic temperature of 700 8C, when the pre-
cursor 2 has almost completely been decomposed. Owing to
the low pressure (2.5 Pa) and the comparatively low pyrolyt-
ic temperature (700 8C) employed in these experiments, in-
termolecular reactions were suppressed and the gas-phase
IR spectrum of the intermediate 3 together with that of the
byproduct 2-methylpropene[37] was obtained. The bands as-
signed to gaseous 3 are summarized in Table 2.
The analysis of IR spectra of pyrolysis products obtained


at 1150 8C confirmed our mass spectroscopic results. The
main products of the low-pressure pyrolysis of 2 are in fact
H2O, S2O,


[38] SO2,
[39] and 2-methylpropene.[37] In addition to


these, traces of several hydrocarbons, produced by thermal
decomposition of 2-methylpropene (CH4,


[40] 1,2-propadiene
(C3H4),


[41] propyne (C3H4),
[42] and ethyne (C2H2)


[43]) were
also identified in the final gaseous pyrolysis products by
comparison with reference spectra. Apart from H2O and 2-
methylpropene, these molecules were not obtained in the
matrix isolation experiments because they are not formed
by unimolecular decomposition pathways.
Owing to a comparatively large amount of supplementary


pyrolysis products formed at 1150 8C as well as the low
abundance of transient HSOH (1) in the gaseous pyrolysis
products, the assignment of spectral features from (1) in the
600 to 1400 cm�1 region turned out to be difficult. At least
the three fundamental bands of 1, expected in this spectral
region (Table 1), were found to interfere strongly with
bands of several supplementary pyrolysis products (i.e.,
S2O


[38] and accompanying hydrocarbons[37,43]).
The difficulties arising in the 400–1400 cm�1 spectral


range have been obviated by recording IR spectra in the re-
gions of the characteristic O–H and S–H stretching funda-
mentals of 1. Figures 8 and 9 illustrate the spectral regions


Chem. Eur. J. 2006, 12, 832 – 844 M 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 839


FULL PAPERPyrolysis of tBu2SO



www.chemeurj.org





at �3600 and �2550 cm�1, respectively, recorded with an
effective resolution of 0.011 cm�1. Although it is located in a
region where strong transitions of gaseous water occur, the
O–H stretching band of 1, centered at 3626 cm�1, is clearly
visible in Figure 8. A full analysis of the rotational structure
of these IR bands will be reported elsewhere. Nevertheless,
for the unequivocal gas-phase IR detection of 1 it is possible
to obtain a sufficient amount of information from the enve-
lope of the two stretching fundamentals shown in Figures 8
and 9.


Gas-phase IR bands of HSOH (1): The HSOH molecule is
an asymmetric rotor with a much larger rotational constant
A (6.7403 cm�1) than B (0.5097 cm�1) and C (0.4950 cm�1).[4]


From the nearly right-angular structure of the HSOH mole-
cule,[4] it can be ascertained that both the O–H and S–H vi-
brations should exhibit some characteristics of perpendicular
bands because the dipole moment associated with these two


fundamentals changes along directions perpendicular to the
principal axis a that almost coincides with the S�O bond
vector. Indeed, these two stretching vibrations strongly re-
semble a perpendicular band of a slightly asymmetric pro-
late rotor (k = (2B�A�C)/(A�C) = �0.995, Figures 8 and
9). The wings of these bands are dominated by r,pQK branch-
es separated approximately by Dñffi(2A�B�C)ffi12.5 cm�1.
r,pQKa branches in the high and low wavenumber wings of


the O–H stretch are denoted in Figure 8 up to Ka’’ = 5 (DK
= ++1) and 7 (DK = �1), respectively. Fitting the observed
r,pQKa branch wavenumbers for Ka’’ = 3 to 6 to Equa-
tion (7)[44] furnishes an approximate value for the difference
between the ground state rotational constants
(2A’’�B’’�C’’) of 12.47�0.04 cm�1, which is in perfect
agreement with the value reported from a previous micro-
wave spectroscopic investigation (12.4758 cm�1)[4] and is a
simple but conclusive proof of the correct assignment of the
observed vibrational band.


ð2A00�B00�C00Þ ffi
rQK�1�pQKþ1


2Ka
ð7Þ


Because the HSOH molecule does not possess a symme-
try axis or a symmetry plane, the change in the dipole
moment accompanying the O–H stretch has components
along at least two principal axes, resulting in a a/c hybrid
band with both a parallel and a perpendicular component.
Parallel (a type) band transitions are most easily detected
near the band center, where some weak qQ branches are


spread out to lower wavenum-
bers (Figure 8), indicating a
negative sign of the difference
of the respective vibration–ro-
tation constants (aA�aB),
where aA = A’’�A’ and aB =


B’’�B’.
The S–H stretch of 1 is found


slightly above the (n1+n3) com-
bination band of the byproduct
SO2, centered at 2500.0 cm�1


(Figure 9). Although the S–H
stretch is by far the weakest
fundamental detected in the
matrix spectra, some regularly
spaced, strong features spread
out from the band centre at
2538 cm�1 to higher wavenum-
bers, which were tentatively as-
signed to rQKa branches of the
perpendicular component of


the S–H stretch (denoted in Figure 9 up to KDK = 5). Un-
fortunately, the low wavenumber wing of this band is buried
under the (n1+n3) combination band of SO2. The corre-
sponding pQKa branches, denoted in Figure 9 up to KDK =


�7, are, however, discernible at on the expanded scale of
the experimental spectra. Again, the assignment of this vi-
brational band may be proved by fitting the observed r,pQKa


Figure 8. Survey IR spectrum of the O–H stretch of HSOH (1) (centered
at ñ = 3625.6 cm�1) obtained by low-pressure pyrolysis of tBu2SO (2); ef-
fective resolution 0.011 cm�1. pQ7 to


rQ5 branches of the c-type band and
some a-type qQKa branches at the band center are indicated. Major ab-
sorptions are attributed to the byproduct H2O.


Figure 9. Survey IR spectrum of the S–H stretch of HSOH (1) (centered at 2538 cm�1) and the (n1+n3) combi-
nation band of the byproduct SO2 (centered at 2500 cm


�1) obtained by low-pressure pyrolysis of tBu2SO (2);
effective resolution 0.011 cm�1. pQ7 to


rQ5 branches of the b-type band and some a-type
qQKa branches are indi-


cated.
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branch wavenumbers to Equation (7), where Ka’’ = 3–6, to
furnish the approximate value (2A’’�B’’�C’’)ffi12.46�
0.05 cm�1.
The perpendicular band associated with the S–H stretch


of 1 reveals an a/b hybrid band rather than an a/c hybrid.
Thus, the dipole moment accompanying this vibration
changes along both the intermediate and the smallest iner-
tial axes, as one would expect from the nearly right-angular
structure of the HSOH molecule. The effect of asymmetry
on type b bands is to produce a depletion of intensity near
the band centre (a band gap). Hence the comparatively
strong central rQ0 and


pQ1 branches are degraded away from
the central gap. The qQK branches of the parallel component
of this hybrid band are easily discernible in Figure 9 near
the band center. They spread out to lower wavenumbers.


Thermochemistry of tBuSOH (3) and HSOH (1)


The low abundance of thermally stable 1 in the final ther-
molysis products of the pyrolysis reaction compared to large
amounts of H2O is an intriguing result from our spectro-
scopic investigations. Matrix-isolation experiments have pro-
vided compelling evidence that both 1 and H2O are furnish-
ed by the pyrolysis reaction of 3 through competing unimo-
lecular decomposition pathways [Eq. (8)]. Indeed, our com-
putational study of the thermal decomposition routes of 3
renders the formation of 1 and H2OS (4) possible (Figures 4,
5). Compound 4 is assumed to decompose rapidly into
either H2O and S(


1D) or 1 at pyrolytic temperatures. On the
other hand, 1 may rearrange into 4, which subsequently de-
composes to water and elemental sulfur.


In order to generate H2O by unimolecular decomposition
reactions from 3, reactive sulfur atoms should also be re-
leased. It should be mentioned that 4 is predicted[8b] to be
thermodynamically unstable with respect to H2O + S(3P),
but this dissociation is spin forbidden, and may be slow com-
pared to the discussed decomposition into H2O + S(1D)
[Eq. (8)]). Although formation of sulfur atoms has not been
observed spectroscopically, their presence in the pyrolysis
products is indicated by the mass spectra of the final pyroly-
sis products. The strongest signals attributed to sulfur-con-
taining species in these spectra are attributed to the molecu-
lar ions [S]+ C (m/z 32) and [H2S]+ C (m/z 34).


In general, two different unimolecular thermal decompo-
sition routes of 1 may be considered [Eq. (9)]. Both routes
are initiated by hydrogen migration, generating either H2OS
(4) or H2SO (4a). However, only the first route, yielding
H2O and sulfur as final products, has been established by
matrix isolation experiments, while the second route leading
to H2 and SO [Eq. (10)] is excluded, since the latter mole-
cule has not been observed in the matrix-isolated products.


Our experimental results are also in good agreement with
a recent computational study at the QCISD(T)/6-311+G-
(3df,2p) level of theory.[8b] According to these calculations, 1
is predicted to be more stable at 0 K than its isomers 4 and
4a by 166 and 73 kJmol�1, respectively, and separated from
them by activation barriers of 205 and 241 kJmol�1, respec-
tively. Thus, the relatively high thermal stability with respect
to gas-phase unimolecular decomposition observed for 1
may be attributed to a high kinetic barrier to hydrogen mi-
gration, although, at this level of theory, isomerization to 4
is clearly favored.
In addition to unimolecular decomposition routes of both


3 and 1, several competing intermolecular processes releas-
ing S2O have been established by mass spectrometry and
gas-phase IR spectroscopy. Among these are condensation
reactions of 3 [Eq. (4)] and 1. The intermediate 5 formed in
the pyrolysis zone will deliver S2O and HSSOH (6)
[Eq. (5)].
Furthermore, excited singlet sulfur atoms, generated


along with H2O by unimolecular processes, may also react
with 3 to yield transient tert-butylthiosulfoxylic acid, tBuS-
SOH (7) [Eq. (10)], which is thermodynamically more
stable than the branched isomer tBuS(O)SH that bears a
sulfoxide group.[14a] It has recently been shown to be an in-
termediate of the flash pyrolysis of tBuS(O)StBu (5), and
has been characterized by its gas-phase IR spectrum.[14a]


Thus, several intermolecular reactions are competing in
the pyrolysis zone to yield S2O and HSSOH (6) in experi-
ments carried out at higher pressures without a carrier gas.
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Conclusions


Elusive sulfenic acid, HSOH (1), has been synthesized by
low-pressure pyrolysis of tBu2SO (2) according to Equa-
tion (1), and conclusively characterized by both matrix-IR
and gas-phase IR spectroscopy. To the best of our knowl-
edge, the parent sulfenic acid 1 is hitherto the first member
of any sulfenyl derivative containing a reactive S–H moiety
that has unequivocally been characterized by its gas-phase
IR spectrum.
The mechanism of formation of 1 by flash pyrolysis of 2


has been studied by quantum chemical calculations, and dif-
ferent pyrolysis experiments monitored by mass spectrome-
try as well as by matrix and gas-phase IR spectroscopy. In
agreement with theoretical and experimental results, 1 ap-
pears to be formed through several successive unimolecular
steps via the primary decomposition product tBuSOH (3).
Contrary to previous reports,[14b] but in agreement with the
results of our quantum chemical calculations, no evidence
has been found for the formation of the elusive S-protonat-
ed isomer tBu(H)SO (3a). The intermediate 3 may decom-
pose by two competing intramolecular reactions according
to Equation (8) forming 1 or its energetically least stable
isomer H2OS (4). The latter may either reversibly rearrange
into 1 or decompose into H2O and most probably S(1D).
The reversible rearrangement between 1 and 4 also opens a
unimolecular decomposition channel for 1.
Higher pressures and prolonged residence times in the py-


rolysis zone allow competitive bimolecular decomposition
routes of 3 leading to HSSOH (6) and S2O as the major
products.


Experimental Section


Quantum chemical calculations : Quantum chemical calculations have
been performed with the following program packages; ACESII[45] (Cou-
pled-cluster calculations), TURBO-
MOLE[46] (DFT and RI-MP2 calcula-
tions), as well as GAUSSIAN03[47]


and GAUSSIAN98[48] (DFT and MP2
calculations).


Di-tert-butylsulfoxide, tBu2SO (2): The
starting compound 2 was prepared by
selective oxidation of di-tert-butyl sul-
fide with a mixture of H2O2 and sele-
nium dioxide as described by Drabo-
wicz and Mikolajczyk.[49]


Mass spectra : The starting compound,
2, was stored at its own vapor pressure
at ambient temperature in a 50 mL
glass flask. As shown in Figure 10, this
storage flask was connected to the py-
rolysis tube (quartz glass, inner diame-
ter 12 mm, length 200 mm) via an inlet
valve. The pyrolysis tube was heated
by an oven with a thermocouple tem-
perature controller (Heraeus). The
products were fed from the pyrolysis
tube into a vacuum cell composed of
Pyrex tubes (inner diameter 0.1 m,


volume: 0.027 m3), which were evacuated by a turbomolecular pump
equipped with cold traps and a rotary vane pump as a roughing pump.
The measurements were carried out under flow conditions (500–900 mg 2
per h) at a pressure of 0.1 Pa, which was adjusted by means of the inlet
valve and the outlet valve connecting the cell to the vacuum system.
Under these conditions (the mean residence time of a molecule in the
cell was estimated to be �1 s), the large volume of the cell did not have
a negative influence on the fraction of HSOH (1) in the pyrolysis prod-
ucts.


The mass spectra have been recorded with a residual gas analyzer system
(LM70, Leda-Mass Ltd.) consisting of an enclosed electron-ionization
ion source, a quadrupole analyzer 300D and a channel-plate detector.
The mass spectrometer was connected to the cell by a gate valve and an
aperture plate (hole diameter 300 mm) that controlled the gas inlet. At
the operating pressure of 0.1 Pa in the cell, the pressure inside the mass
spectrometer was 0.0005 Pa.


Matrix isolation : tBu2SO (2) was placed into a small U trap that was
mounted in front of the matrix support (a metal mirror) and cooled to
0 8C. A stream of argon gas was passed over the sample in the U trap,
and the resulting mixtures of gaseous 2 and argon (�1:1000), were
forced through a pipe with a corundum (Al2O3) nozzle (1 mm i.d.), that
was heated over a length of �10 mm with a platinum wire (0.25 mm
o.d.), prior to deposition on the matrix support at �15 K. Details of the
matrix apparatus have been described elsewhere.[50]


Matrix IR spectra of the deposits were recorded on a Bruker IFS66vFT
instrument in the reflectance mode with a transfer optic. The interferom-
eter was equipped with a globar source, a KBr beam splitter, and a
DTGS detector; 64 scans with an apodized resolution of 0.5 cm�1 were
collected for each spectrum over the 400–4000 cm�1 region. A total of
16 matrices with different pyrolytic temperatures were prepared and in-
vestigated. IR spectra of the deposits prepared from gaseous mixtures of
2-methylpropene and argon (1:1000) and H2O/Ar mixtures with varying
amounts of water were also recorded and used as reference spectra.


Gas-phase IR spectra : The quartz tube oven used in the gas-phase ex-
periments was attached to a spherical (o.d. 30 cm) multipath cell with a
total path length adjusted to 40 m. This cell was equipped with KBr win-
dows and argon-flushed mirrors (f = 50 cm) in a White-type setup. It
was connected to the internal detector chamber of a Bruker 120HRFT
spectrometer by changing the f number of the internal spectrometer
beam from 6 (as provided by the Bruker optics) to 20 by mean of trans-
fer optics placed in the sample chamber of the spectrometer. The mirrors
of the White cell were flushed with argon introduced at a pressure adjust-
ed to 20 Pa, while the cell was evacuated by a two-stage rotary pump
(65 m3h�1) and a liquid-nitrogen cold trap placed at right angles to the


Figure 10. Low-pressure flash pyrolysis set-up with mass spectrometer.
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gas inlet. The progress of the thermolysis was simultaneously monitored
by IR spectroscopy and mass spectrometry with the above-mentioned
mass spectrometer. The mass spectrometer was attached between the
multipath cell and the pump system, and separated from the line by a
hole-shaped skimmer (0.5 mm i.d.) mounted in front of the ion source to
prevent the pressure exceeding the operating pressure in the quadrupole
analyzer.


Gas-phase IR spectra were recorded on pyrolysed mixtures of gaseous 2
in Ar. Gaseous Ar was passed over 2 placed in a Schlenk tube that was
attached to the quartz tube oven. The sample was slowly heated from 60
to 80 8C. The total pressure in the multipath cell was adjusted to �90 Pa
and the thermolysis was carried out at 1200 8C. Data points were collect-
ed at a rate of 40 kHz over four spectral regions: 380–825 cm�1, 600–
1400 cm�1, 2000–2900 cm�1, and 1800–3850 cm�1.


The Bruker 120HR interferometer was equipped with a 100 W tungsten
halogen source and an InSb detector for the region >1800 cm�1. In the
1800–3900 cm�1 range (O–H stretch and S–H stretch), a KBr beam split-
ter was employed and a total of 46 scans were co-added at a resolution of
0.011 cm�1. The S–H stretch of HSOH was studied with a CaF2 beam
splitter and an optical wide-band pass filter to eliminate radiation outside
the spectral region from 2000–2900 cm�1. A total of 20 scans with an in-
strumental resolution of 0.011 cm�1 were collected.


For the 600–1400 cm�1 range, the interferometer was equipped with a
globar source, a KBr beam splitter, and a MCT600 detector. An optical
filter was used to eliminate radiation >1400 cm�1 and 25 scans were col-
lected at a resolution adjusted to 0.016 cm�1. Measurements in the 380–
825 cm�1 range were carried out with a globar source, a liquid-He-cooled
Cu/Ge detector and a 3.5 mm Mylar beam splitter.
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Introduction


Although many elegant pseudorotaxane-like[1] molecular
switches[2] have been developed in recent years, the number
of recognition motifs that can be exploited in the prepara-
tion of these complexes remains limited as a result of struc-
tural complexity and/or weak intermolecular interactions.
The use of clip-shaped guest molecules and their comple-
mentary macrocyclic hosts in the preparation of macrocycle/
molecular-clip complexes[3] is a valid approach to increasing
the binding affinity between host and guest molecules, be-
cause molecular tweezers[4] and clips[5] can exist in preorgan-
ized molecular structures that allow the efficient complexa-
tion of aromatic guests. We became interested in developing
a glycoluril-based molecular clip in which electron-rich tet-
rathiafulvalene (TTF) units are present as the side-walls; we
expected such a molecular clip to possess interesting molec-
ular-recognition properties towards electron-deficient guests


as well as redox-controllable switching activity. An addition-
al benefit of 3,4-disubstituted TTF moieties is the structural
unity of the molecular clip; as a consequence, some of the
complications that arise in the analysis of the binding event
may be avoided, particularly those caused by the cis–trans
photoisomerism[6] of each TTF unit.s central carbon–carbon
double bond, which occurs in a number of disubstituted
TTF units.[7] To the best of our knowledge, only a few exam-
ples exist of molecular clips that assemble with macrocycles
to form macrocycle/molecular-clip complexes[3] that can be
switched between their threaded and unthreaded states by
the application of external stimuli.[8] The addition and re-
moval of heat,[9] metal ions,[10] protons,[2c,11] and electrons[12]


all allow supramolecular systems to switch efficiently be-
tween different states; thus, supramolecular assemblies that
can be switched in these ways and which exhibit detectable
gains or losses in the optical signals of their different states
may be considered as multiple-input molecular logic
gates.[13] Although some elegant molecular logic gates that
have variable functions have been reported, NOR and
NAND (NOR= not or; NAND=not and) logic gates are
the most valuable because multiple copies can be wired up
to emulate all other types of logic gates.[14] In this paper, we
report a new molecular switch based on a macrocycle/mo-
lecular-clip complex whose switching behavior can be con-
trolled by 1) the addition of K+ ions (and their removal
with [2.2.2]cryptand), 2) the addition of NH4


+ ions (and
their removal with Et3N), 3) heating and cooling cycles, and
4) oxidation [(p-BrPh)3NSbCl6] and reduction (Zn) cycles,
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walls and its binding behavior towards
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formation of macrocycle/molecular-clip
supramolecular complexes in solution.
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and which, additionally, provides color changes that are visi-
ble to the naked eye. Indeed, based on the absorptions in its
UV-visible spectra at 533 nm, this macrocycle/molecular-clip
system operates—when stimulated with K+ and NH4


+ ions
and heat—as a three-input NOR-functioning molecular
logic gate.


Results and Discussion


Molecular clips 1a–c were synthesized from diphenylglycol-
uril derivative 2[15] in four steps (Scheme 1). The acid-cata-
lyzed condensation of 2 and the 2-thioxo-1,3-dithiole[16] gave
molecular clip 3 in 83 % yield. The reaction of molecular
clip 3 and the oligo(ethylene glycol) monomethyl ether tosy-
lates 4a–c under basic conditions afforded the molecular
clips 5a–c with tri-, di-, and mono(ethylene glycol) chains,
respectively. Molecular clips 5a–c were then treated with
mercury(ii) acetate to provide the corresponding molecular
clips 6a–c. The coupling of molecular clips 6a–c with 1,3-di-
thiole-2-thione (7) gave the desired molecular clips 1a–c in
moderate yields.


We anticipated that the glycoluril-based molecular clip
1a, in which two TTF units are positioned at a suitable sepa-
ration to allow p stacking with guest species, would form
complexes with electronically complementary pyridinium
motifs between its two aromatic side-walls.[17] We incorpo-
rated four tri(ethylene glycol) chains into molecular clip 1a
not only to increase its solubility in organic solvents, but
also to partially reduce the free energy of binding during
the complexation process by allowing C�H···O hydrogen
bonds to form between the guest pyridinium ion.s a protons
and the oxygen atoms of these tri(ethylene glycol) side-


chains.[17a,18] To confirm the enhancement in the solubility of
these oligo(ethylene glycol) chains, we synthesized molecu-
lar clip 1d by the same approach (Scheme 1). As anticipat-
ed, the molecular clip 1d has poor solubility in common or-
ganic solvents such as CH2Cl2 and CH3CN.


Although molecular clip 1a is very soluble in CH2Cl2, it is
only moderately soluble in CH3CN; the addition of N,N’-di-
methyl-4,4’-bipyridinium bis(hexafluorophosphate) (8·2 PF6,
see Scheme 2) to a solution of 1a helped to dissolve any re-
maining insoluble molecular clip 1a and led to an immedi-


Scheme 1. Syntheses of the molecular clips 1a–d.


Figure 1. Partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of a) molec-
ular clip 1a, b) an equimolar mixture of 1a and salt 8·2 PF6 (10 mm), and
c) salt 8·2PF6.
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ate change in the color of the solution from light-yellow to
green.[19] The green color, which results from the absorption
of visible light at 653 nm, is characteristic of the charge-
transfer absorption that results from the interactions be-
tween electron-rich TTF derivatives and electron-deficient
N,N’-dialkylated bipyridinium ions. As indicated in Fig-
ure 1b, the 1H NMR spectrum of an equimolar mixture of
molecular clip 1a and the bipyridinium salt 8·2 PF6 in
CD3CN (10 mm) displays significant shifts in the positions of
its signals relative to those of its free components (cf. Fig-
ure 1a and c). The upfield shifts of the a and b protons of
the bipyridinium ion guest and of the CH2OAr protons of
the host suggest that p-stacking aryl–aryl interactions possi-
bly play an important role in stabilizing the (1a�8)·2 PF6


complex.
The downfield shift of the signal arising from the MeN+


protons of the bipyridinium ion suggests the existence of
possible C�H···O hydrogen bonding between these protons
and the tri(ethylene glycol) side-chains. A Job plot obtained
from 1H NMR spectra recorded in CD3CN affords conclu-
sive evidence of 1:1 complexation (see the Supporting Infor-
mation), that is, the formation of a 1:1 supramolecular as-


sembly, (1a�8)·2 PF6


(Scheme 2). We determined the
association constant (Ka) for
the interaction between the mo-
lecular clip 1a and the bipyridi-
nium salt 8·2 PF6 in CD3CN to
be 5600�300m�1 based on the
results of a 1H NMR spectro-
scopic dilution experiment.[20]


To elucidate the importance
of the electron-rich TTF side-
arms in the recognition of
8·2 PF6, we synthesized molecu-
lar clip 10 by alkylating tri-
(ethylene glycol) monomethyl
ether tosylate 4a and molecular
clip 9[21] under basic conditions
(Scheme 3). We used the 1H
NMR spectroscopic dilution
method to obtain the value of


Ka (370�30m�1) for the interaction in CD3CN between mo-
lecular clip 10, whose side-walls contain only alkylated hy-
droquinone units, and the bipyridinium salt 8·2 PF6; this
value is about 15-fold weaker than that for the binding be-
tween the TTF-containing molecular clip 1a and 8·2 PF6.
The side-walls of both of these glycoluril-based molecular
clips (1a and 10) consist of rigid aromatic rings, which we
believe impart on these two molecules similar conformation-
al rigidities and p-stacking distances upon guest reception.
Thus, the 15-fold increase in the binding affinity of 1a to
8·2 PF6 is probably the result of the increased area and
charge density of the p-electron-rich aromatic moieties of
this molecular clip.s side-walls.


To test the formation of a macrocycle/molecular-clip com-
plex, we synthesized macrocycle 11·2 PF6 in three steps
(Scheme 4). The reaction of 4-bromobenzyl bromide with
tri(ethylene glycol) under basic conditions gave the dibro-
mide 12. A subsequent Suzuki coupling reaction[22] with 4-
pyridineboronic acid (13) afforded the dipyridine 14, which
we then treated with a,a’-dibromo-p-xylene (15) to give the
desired macrocycle 11·2 PF6 in 43 % yield.


We grew single crystals of 11·2 PF6 suitable for X-ray crys-
tallographic analysis by liquid diffusion of diisopropyl ether
into a solution of the macrocycle in CH3CN. The solid-state
structure (Figure 2) of 112+ reveals that the separations be-Scheme 2. Formation of the complex (1a�8)·2 PF6.


Scheme 3. Synthesis of molecular clip 10.


Scheme 4. Synthesis of the macrocycle 11·2PF6.
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tween the mean planes of the pairs of pyridinium and
phenyl residues are approximately 6.8 and 7.2 P, respective-
ly. The dimensions of the pseudorectangular 112+ are ap-
proximately 13.2 Q7.0 P and thus, the insertion of a p-elec-
tron-rich TTF guest unit between the two p-electron-defi-
cient pyridinium units seemed promising (cf. the accept-
ed[18b, 23] aromatic p-stacking distance of 3.5 P).


As was the case when we mixed molecular clip 1a with
the bipyridinium salt 8·2 PF6, the addition of macrocycle
11·2 PF6 to a suspension of 1a in CH3CN helped to dissolve
any remaining insoluble 1a ; more interestingly, this process
resulted in an immediate change in the color of the solution
from light-yellow to puce. The 1H NMR spectrum of an
equimolar mixture of 1a and 11·2 PF6 in CD3CN (10 mm)
displays significant shifts in the positions of its signals rela-
tive to those of its free components (Figure 3). The upfield
shifts of protons Hc and Hd in macrocycle 11·2 PF6 and the
protons of the TTF and CH2OAr units of molecular clip 1a
imply the existence of aryl–aryl interactions between the
two electronically complementary components. These results
suggest that the macrocycle/molecular-clip complex
(11�1a)·2 PF6 is generated in solution (Scheme 5). Based on
the results of a 1H NMR dilution experiment, we deter-
mined the binding constant for the formation of this com-
plex to be 1600�100m�1.


We used macrocycle 11·2 PF6


to elucidate the importance of
the chain lengths of the oligo-
(ethylene glycol) motifs in these
molecular clips. Because molec-
ular clips 1b and 1c, which fea-
ture di(ethylene glycol) and eth-
ylene glycol side-chains, respec-
tively, are very soluble in CHCl3


but not in CD3CN, we examined
their complexation with macro-
cycle 11·2 PF6 in a CDCl3/
CD3CN (4:1) mixture. The 1H
NMR spectrum of an equimolar
mixture of molecular clip 1c
and macrocycle 11·2 PF6 in such
a solution displays only negligi-


ble changes in the positions of its signals relative to the
spectra of its free components and no distinct color change
occurred, that is, the affinity of 1c for 11·2 PF6 is negligible
under these conditions. In contrast, when we mixed equimo-
lar amounts of molecular clip 1b and 11·2 PF6 in CDCl3/
CD3CN (4:1), we observed both signal movement in the 1H
NMR spectrum and a color change. Through 1H NMR spec-
troscopic dilution experiments we determined the associa-
tion constant for this system to be 70�10m�1. In compari-
son, the association constant for the complex formed be-
tween molecular clip 1a and 11·2 PF6 under the same condi-
tions is 170�30m�1, that is, about tenfold weaker than the
affinity between these two species in pure CD3CN. This
result suggests that aryl–aryl p-stacking interactions may
play an important role in the stabilization of these com-
plexes, because p-stacking interactions are generally stron-
ger in polar solvents; the addition of a less-polar solvent, for


Figure 2. Ball-and-stick representation of the solid-state structure of mac-
rocycle 112+ .


Scheme 5. Formation of the complex (11�1a)·2 PF6.


Figure 3. Partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of a) molec-
ular clip 1a, b) a mixture of 11·2PF6 and 1a (10 mm each), and c) macro-
cycle 11·2 PF6.


www.chemeurj.org J 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 865 – 876868


S.-H. Chiu et al.



www.chemeurj.org





example, CDCl3, to a solution
of the complex in CD3CN tends
to weaken these interactions
even though it may increase the
strength of any hydrogen-bond-
ing interactions. The stronger
binding affinity of molecular
clip 1a to 11·2 PF6 relative to
those of 1b and 1c towards this
macrocycle confirms the bene-
fits of incorporating sufficiently
long oligo(ethylene glycol)
chains into the constitution of
these molecular clips: not only
do they help to increase the sol-
ubility of the molecular clip but
they also enhance the degree of
guest complexation through
stronger C�H···O hydrogen
bonding.


We grew single crystals of 5c
suitable for X-ray crystallographic analysis by slow evapora-
tion of a solution of the clip in CH3CN. The solid-state struc-
ture (Figure 4) of 5c reveals the existence of a slight struc-


tural twist in the diphenylglycoluril unit; the relative dis-
placement of the centers of the two alkoxybenzene rings is
1.2 P. These dialkoxybenzene moieties define a tapering
cavity and the mean planes through the cavity walls are
aligned at a relative angle of 44.58.[24] The centers of the al-
koxybenzene rings are 6.5 P apart.


Having established the feasibility of forming macrocycle/
molecular-clip complexes, we turned our attention towards
switchable versions of this system. To do so, we designed a
new macrocycle (16·2 PF6, Scheme 6) in which the tri(ethy-
lene glycol) motif of macrocycle 11·2 PF6 is replaced by a
ring-expanded [18]crown-6 unit.


We synthesized macrocycle 16·2 PF6 from (4-bromoben-
zoyl)methanol in five steps. The carbonyl group of (4-bro-
mobenzoyl)methanol was protected by reaction with ethyl-
ene glycol under acidic conditions to give the alcohol 17 in


73 % yield. The alkylation of 17 with tri(ethylene glycol)
bis(p-toluenesulfonate) under basic conditions afforded the
dibromide 18 in 54 % yield. Subsequent Suzuki coupling of
18 with 4-pyridineboronic acid (13) gave the dipyridine 19.
Macrocycle 20·2 PF6 was obtained after [1+1] macrocycliza-
tion of 19 with a,a’-dibromo-p-xylene (15) followed by
anion exchange. Removal of the ketal protecting group of
macrocycle 20·2 PF6 under acidic conditions and exchange of
the anions with NH4PF6/H2O afforded the desired macrocy-
cle 16·2 PF6.


The structure of macrocycle 16·2 PF6 is reminiscent of a
combination of a ring-expanded [18]crown-6 (18C6) unit,
which we expect to bind alkali-metal ions, and the p-elec-
tron-deficient aromatic motif of macrocycle 11·2 PF6. We an-
ticipated that 1) the complementary electronic structures of
the TTF and pyridinium motifs, 2) the separation between
the two aromatic side-walls of the macrocycle suitable for p


stacking of a TTF unit, and 3) the p-stacking interactions
between the nonthreaded “exo” TTF arm of the molecular
clip and a pyridinium ring of the macrocycle would all assist
1a to complex with 16·2 PF6 with reasonable affinity.


The addition of macrocycle 16·2 PF6 to a suspension of 1a
in MeCN dissolved any remaining insoluble molecular clip
and led to an immediate change in the color of the solution
from light-yellow to puce, just as we had observed upon
mixing 1a and 11·2 PF6. The UV-visible spectrum of the
complex formed between 11·2 PF6 and 1a in MeCN (Fig-
ure 5a) displays a charge-transfer band at 533 nm that sug-
gests the formation of the macrocycle/molecular-clip com-
plex (16�1a)·2 PF6. A Job plot based on this absorption in
MeCN affords conclusive evidence for 1:1 complexation
(see the Supporting Information). From the results of 1H
NMR spectroscopic dilution experiments, we determined
the association constant for the binding between macrocycle
16·2 PF6 and molecular clip 1a in CD3CN to be 4900�
200m�1.


Scheme 6. Synthesis of the macrocycle 16·2PF6.


Figure 4. Ball-and-stick representations of the solid-state structure of mo-
lecular clip 5c.
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The addition of 20 equivalents of potassium hexafluoro-
phosphate (KPF6) to the puce solution of a mixture of
16·2 PF6 and 1a in MeCN switched the color of the solution
back to its original yellow hue (see the Supporting Informa-
tion). The significant decrease in the intensity of the charge-
transfer band in the UV-visible spectrum (Figure 5b) and
the appearance of signals characteristic of the free molecu-
lar clip 1a (Figure 6b) in the 1H NMR spectrum both sug-


gest the dissociation of complex (16�1a)·2 PF6. This phe-
nomenon may be the result of negative allosteric behavior[25]


that arises because the 18C6-like motif of macrocycle
16·2 PF6 recognizes the K+ ions and, through a conforma-


tional change in the aromatic units of macrocycle 16·2 PF6,
repels the threaded molecular clip (Scheme 7).[26] However,
we cannot be certain whether this effect arises mostly
through conformational, steric, or repulsive electrostatic ef-
fects.


To remove the K+ ions complexed to macrocycle 16·2 PF6,
we added an excess amount of [2.2.2]cryptand, a very strong
binder of K+ ions, to the solution. As anticipated, the puce
color of the solution returned instantly upon addition of
[2.2.2]cryptand. The 1H NMR spectrum (Figure 6c) of this
mixture appears to be similar to that of the original solution
of macrocycle 16·2 PF6 and molecular clip 1a (Figure 6a);
this observation implies that the original (16�1a)·2 PF6 com-
plex is regenerated in this solution. The threading/unthread-
ing process can be repeated several times by adding excess
amounts of K+ ions and [2.2.2]cryptand sequentially; more-
over, the reversible color changes allow us to monitor the
switching process directly by the naked eye.


Because of the similar sizes and binding affinities of NH4
+


and K+ ions towards 18C6,[27] we hypothesized that this
[2]pseudorotaxane-like macrocycle/molecular-clip system
may be switchable through the sequential addition of NH4


+


ions and base. The addition of ammonium hexafluorophos-
phate (NH4PF6) to the puce solution of macrocycle 16·2 PF6


and molecular clip 1a in MeCN also causes the color of the
solution to turn light yellow. The addition of an excess of
Et3N to the mixture immediately switches the color of the
solution back to puce (see the Supporting Information), that
is, addition of the base leads to the formation of NH3 and
Et3NH+ ions, neither of which binds strongly to the 18C6
motif of 16·2 PF6, and, thus, molecular clip 1a once again
threads through the macrocycle to regenerate the complex
(16�1a)·2 PF6. Again, the switching process can be visual-
ized by observing the color of the solution of the macrocy-
cle/molecular-clip complex; this process can be operated re-
versibly by the sequential addition of NH4PF6 and Et3N.


Because we expected the formation of the macrocycle/
molecular-clip complex (16�1a)·2 PF6 to be an enthalpy-
driven process, we believed that elevating the temperature
of the solution would cause the complex to dissociate and so
the intensity of the charge-transfer absorption at 533 nm
would be reduced. To test this hypothesis, we heated an
equimolar solution of molecular clip 1a and macrocycle
16·2 PF6 in CH3CN (1 mm) from 298 to 353 K. The color of
the solution gradually switched from puce to light-yellow as
the temperature increased (see the Supporting Information).
Figure 7 indicates that the partial variable-temperature 1H
NMR spectrum of the mixture of 1a and 16·2 PF6 at 353 K is
a superimposition of the 1H NMR spectra of the two free
species; that is, the degree of complexation between 1a and
16·2 PF6 is negligible at 353 K. As anticipated, when we
cooled the solution to ambient temperature, the absorptions
in both the UV-visible and 1H NMR spectra returned to
their original positions suggesting that the components of
complex (16�1a)·2 PF6 are stable in solution over this tem-
perature range. Thus, complex (16�1a)·2 PF6 can be consid-
ered to display thermal chromism[28] in solution, because the


Figure 5. The UV-visible spectra (MeCN, 1.5 mm, 298 K) of a) an equimo-
lar mixture of 16·2 PF6 and 1a, b) the mixture obtained after adding
KPF6 (20 equiv) to solution (a), c) the mixture obtained after adding
[2.2.2]cryptand (20 equiv) to solution (b).


Figure 6. Partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of a) a mix-
ture of 16·2PF6 and 1a (10 mm each), b) the mixture obtained after the
addition of KPF6 (20 equiv) to the solution in (a), and c) the mixture ob-
tained after adding [2.2.2]cryptand (20 equiv) to the solution in (b).
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reversible color changes of the macrocycle/molecular-clip
complex can be triggered thermally.


The rich redox chemistry of TTF units provides a very ef-
ficient tool with which to control the switching of supra-
molecular assemblies between their different states.[12f, 29] We
wished to examine the possibility of using such a process to
drive our macrocycle/molecular-clip complex between its
complexed and uncomplexed states. The (p-BrPh)3NSbCl6


species can oxidize TTF units into their corresponding


TTFC+ radical cations.[7c,30] The addition of one equivalent of
(p-BrPh)3NSbCl6 to a mixture of molecular clip 1a and mac-
rocycle 16·2 PF6 switched the color of the solution to black
(see the Supporting Information). The appearance of signals
characteristic of the free macrocycle 16·2 PF6 in the 1H
NMR spectrum (Figure 8b) suggests that dissociation of the
(16�1a)·2 PF6 complex occurred presumably as a result of


Scheme 7. The complexation and switching behavior of the macrocycle/molecular-clip complex (16�1a)·2 PF6.


Figure 7. Partial 1H NMR spectra (400 MHz, CD3CN) displaying the dis-
sociation of complex (16�1a)·2PF6 at elevated temperatures: a) 353 K,
b) 333 K, c) 313 K, and d) 298 K.


Figure 8. Partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of a) a mix-
ture of 16·2PF6 and 1a (2 mm each), b) the mixture obtained after addi-
tion of (p-BrPh)3NSbCl6 (1 equiv) to the solution in (a), and c) the mix-
ture obtained after the addition of excess zinc powder to the solution in
(b).
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electrostatic repulsion between the positively charged pyri-
dinium units of 16·2 PF6 and the radical cationic TTFC+ moi-
eties of the oxidized molecular clip. The addition of zinc
powder to this solution reduces the TTFC+ motifs back to
their neutral form and results in a color and 1H NMR spec-
trum (Figure 8c) that are almost identical to those of the
original mixture of molecular clip 1a and macrocycle
16·2 PF6 (Figure 8a).


These observations indicate that the complex
(16�1a)·2 PF6 is stable to these switching conditions. Inter-
estingly, and in contrast to our observations during the pre-
vious three switching processes, the intensity of the UV-visi-
ble absorption at 533 nm did not decrease upon dissociation
of complex (16�1a)·2 PF6. After the addition of the oxidant,
which the 1H NMR spectrum in Figure 8 proves leads to
almost complete dissociation of the complex, the UV-visible


absorption at 533 nm increased (Figure 9b) as a result of the
intensity of the characteristic TTFC+ absorption at 580 nm.[31]


We have demonstrated that the degree of complexation
of this new macrocycle/molecular-clip complex
(16�1a)·2 PF6 can be controlled reversibly through the use
of K+/[2.2.2]cryptand, NH4


+/Et3N, and (p-BrPh)3NSbCl6/Zn
pairs and heating/cooling cycles. This molecular switch can
also be considered to operate as a three-input NOR-func-
tioning molecular logic gate, because the addition of any
one of three stimuli (i.e., one of K+ , NH4


+ , or heat) to a so-
lution of 16·2 PF6 and 1a results in the dissociation of the
complex (16�1a)·2 PF6 and a decrease in its UV-visible ab-
sorption at 533 nm. Thus, we can consider the intensity of
the absorbance at 533 nm in the UV-visible spectrum of
complex (16�1a)·2 PF6 as the output and KPF6, NH4PF6,
and heat as the inputs in the operation of a three-input
NOR logic gate (Figure 10).[32] We note, however, that the
practical difficulties involved in connecting chemically con-
trolled logic gates and the signal disruption caused by the
accumulation of side-products during the switching process
certainly limit their potential applications in complicated


electronic circuitry when compared with the potential suita-
bility of related electronically or photonically controllable
systems.


Conclusions


We have prepared a new macrocycle/molecular-clip complex
that functions as a molecular switch. Four different external
stimuli—the K+/[2.2.2]cryptand, NH4


+/Et3N and (p-
BrPh)3NSbCl6/Zn pairs, and heating/cooling cycles—control
the movement of this molecular switch between its threaded
and unthreaded states. The design of this supramolecular
macrocycle/molecular-clip complex has allowed us to oper-
ate a molecular switch through three fundamentally differ-
ent processes: 1) the recognition of K+ and NH4


+ ions by
the 18C6-like motif of macrocycle 16·2 PF6 leads to dissocia-
tion as a result of steric hindrance or conformational
changes, 2) oxidation of the TTF side-walls of molecular clip
1a leads to dissociation through electrostatic repulsion, and
3) heating the complex leads to dissociation as a result of
the enthalpic dominance of the binding event. These dissoci-
ation processes lead to color changes that are observable by
the naked eye. The addition of K+ , NH4


+ , or heat not only
causes dissociation of the macrocycle/molecular-clip com-
plex, but also reduces the intensity of its charge-transfer ab-
sorption band at 533 nm; thus, these three inputs and one


Figure 9. Partial UV-visible spectra (MeCN, 298 K) of a) a mixture of
16·2PF6 and 1a (1 mm each), b) the mixture obtained after addition (p-
BrPh)3NSbCl6 (1 equiv) to the solution in (a), and c) the mixture ob-
tained after the addition of excess zinc powder to the solution in (b).


Figure 10. a) The quadruply controllable molecular switch that can be op-
erated as b) a three-input NOR functioning molecular logic gate.
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output characterize this macrocycle/molecular-clip complex
system as a functioning three-input molecular NOR logic
gate.


Experimental Section


General : All glassware, stirrer bars, syringes, and needles were either
oven- or flame-dried prior to use. All reagents, unless otherwise indicat-
ed, were obtained from commercial sources. Anhydrous CH2Cl2 and
MeCN were obtained by distillation from CaH2 under nitrogen. Anhy-
drous THF was obtained by distillation from Na/Ph2CO under nitrogen.
Reactions were conducted under nitrogen or argon. Thin-layer chroma-
tography (TLC) was performed on Merck 0.25 mm silica gel (Merck Art.
5715). Column chromatography was performed on Kieselgel 60 (Merck,
70–230 mesh). The melting points were determined by using a Fargo MP-
2D Mel-Temp apparatus and are uncorrected. In the NMR measure-
ments, deuteriated solvent was used as the lock, while either the solvent.s
residual protons or TMS was employed as the internal standard. Chemi-
cal shifts are reported in parts per million (ppm). Multiplicities are given
as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br
(broad).


X-ray crystallographic analysis : CCDC-274909 (5c) and CCDC-274910
(11·2PF6) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Molecular clip 3 : Molecular clip 2 (12.0 g, 31.7 mmol), TsOH (12.0 g,
70 mmol), and 1,2-dichloroethane (240 mL) were refluxed for 10 min in a
two-neck flask equipped with a Dean–Stark apparatus. 1,3-Benzodi-
thiole-2-thione (26.4 g, 120 mmol) was added and then the mixture was
refluxed for 24 h. The mixture was poured into MeOH (450 mL), the pre-
cipitate was filtered off, suspended in DMSO (450 mL), heated to 90 8C
for 30 min, and then poured into MeOH (450 mL). The resulting precipi-
tate was filtered off, washed with MeOH (150 mL), and dried to give mo-
lecular clip 3 as a light-yellow solid (20.3 g, 83 %). M.p. >305 8C
(decomp); 1H NMR (400 MHz, CD3SOCD3, 298 K): d=3.79 (d, J=
16 Hz, 4H), 5.36 (d, J=16 Hz, 4H), 7.04–7.22 (m, 10H), 9.66 ppm (s,
4H); 13C NMR (100 MHz, CD3SOCD3, 298 K): d=37.0, 84.5, 126.6,
127.6, 128.5, 128.6, 129.9, 133.0, 140.6, 156.6, 212.3 ppm; HRMS (FAB):
m/z calcd for [M+H]+ (C34H23N4O6S6): 774.9942; found: 774.9932.


Molecular clip 5a : K2CO3 (13.8 g, 100 mmol) was added to a solution of
molecular clip 3 (5.0 g, 6.5 mmol) in DMF (180 mL). After stirring at
room temperature for 30 min, a solution of tosylate 4a (9.5 g, 30.0 mmol)
in DMF (20 mL) was added and the mixture was stirred for another 12 h
at 70 8C. The solvent was evaporated under reduced pressure and the res-
idue was partitioned between water (150 mL) and CH2Cl2 (150 mL). The
organic layer was washed with water (2 Q 100 mL), dried (MgSO4), and
concentrated to give a crude product, which was purified by column chro-
matography (SiO2; MeOH/CH2Cl2, 2:98) to provide a yellow solid (4.0 g,
46%). M.p. 129–130 8C; 1H NMR (400 MHz, CDCl3, 298 K): d=3.36 (s,
12H), 3.54–3.56 (m, 8 H), 3.65–3.84 (m, 32 H), 3.89–3.94 (m, 4H), 4.02–
4.07 (m, 4 H), 4.44–4.49 (m, 4 H), 5.44 (d, J=16 Hz, 4 H) 7.05–7.13 ppm
(m, 10 H); 13C NMR (100 MHz, CDCl3, 298 K): d=37.9, 59.0, 70.2, 70.6,
70.8, 71.9, 73.4, 85.1, 127.9, 128.8, 129.0, 130.9, 132.7, 135.2, 145.6, 157.0,
211.5 ppm (one carbon is missing, possibly because of signal overlap);
HRMS (FAB): m/z calcd for [M+H]+ (C62H79N4O18S6): 1359.3713;
found: 1359.3695.


Molecular clip 5b : The procedure described above for the preparation of
5a was followed, but in this case the reaction of K2CO3 (13.8 g,
100 mmol), molecular clip 3 (5.5 g, 7.1 mmol), and tosylate 4b (8.2 g,
30 mmol) afforded a light-yellow solid (3.1 g, 37%). M.p. 173–174 8C; 1H
NMR (400 MHz, CDCl3, 298 K): d=3.38 (s, 12H), 3.56–3.63 (m, 8 H),
3.66–3.85 (m, 16 H), 3.90–3.95 (m, 4H), 4.05–4.10 (m, 4 H), 4.45–4.49 (m,
4H), 5.45 (d, J=16 Hz, 4H), 7.05–7.15 ppm (m, 10H); 13C NMR
(100 MHz, CDCl3, 298 K): d=38.1, 59.3, 70.3, 70.7, 72.0, 73.4, 85.1, 127.7,
128.5, 128.8, 130.6, 132.4, 135.0, 145.3, 156.6, 210.9 ppm; HRMS (FAB):
m/z calcd for [M+H]+ (C54H63N4O14S6): 1183.2665; found: 1183.2681.


Molecular clip 5c : The procedure described above for the preparation of
5a was followed, but in this case the reaction of K2CO3 (13.8 g,
100 mmol), molecular clip 3 (5.5 g, 7.1 mmol), and tosylate 4b (6.44 g,
28 mmol) afforded a light-yellow solid (2.7 g, 38%). M.p. >311 8C
(decomp); 1H NMR (400 MHz, CDCl3, 298 K): d=3.46 (s, 12 H), 3.69–
3.73 (m, 4H), 3.81–3.86 (m, 8H), 4.04–4.09 (m, 4 H), 4.50–4.54 (m, 4H),
5.46 (d, J=16 Hz, 4 H), 7.06–7.14 ppm (m, 10 H); 13C NMR (100 MHz,
CDCl3, 298 K): d=38.1, 59.3, 71.6, 73.1, 85.1, 127.7, 128.6, 128.8, 130.7,
132.5, 135.0, 145.3, 156.7, 210.7 ppm; HRMS (ESI): m/z calcd. for
[M+H]+ C46H47N4O10S6): 1007.1616; found: 1007.1600.


Molecular clip 5d : Acetic anhydride (7.1 mL) was added to a solution of
molecular clip 3 (2.2 g, 2.9 mmol) in DMSO (22 mL) and pyridine
(7.1 mL); the mixture was then stirred for 2 h. The resulting suspension
was poured into water (150 mL), filtered, washed with water (50 mL) and
acetone (20 mL), and then dried under vacuum to afford a light-yellow
solid (2.1 g, 81%). M.p. >325 8C (decomp); 1H NMR (400 MHz, CDCl3,
298 K): d=2.41 (s, 12 H), 3.90 (d, J=16 Hz, 4 H), 5.00 (d, J=16 Hz, 4 H),
6.98–7.13 ppm (m, 10H); 13C NMR (100 MHz, CDCl3, 298 K): d=20.6,
38.0, 85.0, 127.7, 128.9, 129.3, 130.5, 132.0, 135.0, 138.2, 156.7, 167.4,
209.0 ppm; HRMS (FAB): m/z calcd for [M+H]+ (C42H31N4O10S6):
943.0364; found: 943.0386.


Molecular clip 6a : A mixture of molecular clip 5a (200 mg, 150 mmol)
and Hg(OAc)2 (250 mg, 0.8 mmol) in glacial acetic acid (1.1 mL) and
CH2Cl2 (1.5 mL) was stirred at ambient temperature for 15 min. The sus-
pension was filtered through Celite and the organic solution was washed
with saturated aqueous NaHCO3 (2 Q 75 mL) and water (75 mL). The or-
ganic layer was dried (MgSO4) and concentrated to give molecular clip
6a as a white solid (160 mg, 80%). M.p. 102–103 8C; 1H NMR (400 MHz,
CDCl3, 298 K): d=3.36 (s, 12H), 3.53–3.55 (m, 8 H), 3.64–3.85 (m, 32H),
3.89–3.94 (m, 4 H), 4.01–4.06 (m, 4H), 4.43–4.48 (m, 4 H), 5.44 (d, J=
16 Hz, 4 H), 7.05–7.15 ppm (m, 10H); 13C NMR (100 MHz, CDCl3,
298 K): d=37.8, 58.9, 70.1, 70.5, 70.5, 70.7, 71.8, 72.9, 85.0, 127.0, 127.8,
128.6, 128.9, 130.0, 132.7, 147.0, 156.9, 189.1 ppm; HRMS (FAB): m/z
calcd for [M+H]+ (C62H79N4O20S4): 1327.4171; found: 1327.4199.


Molecular clip 6b : The procedure described above for the preparation of
6a was followed; in this case, the reaction of molecular clip 5b (180 mg,
150 mmol) and Hg(OAc)2 (250 mg, 0.8 mmol) afforded a white solid
(136 mg, 79%). M.p. 132–133 8C; 1H NMR (400 MHz, CDCl3, 298 K): d=
3.38 (s, 12H), 3.55–3.62 (m, 8H), 3.66–3.86 (m, 16 H), 3.90–3.95 (m, 4H),
4.03–4.08 (m, 4 H), 4.44–4.49 (m, 4H), 5.45 (d, J=16 Hz, 4 H), 7.05–
7.15 ppm (m, 10 H); 13C NMR (100 MHz, CDCl3, 298 K): d=38.2, 59.2,
70.4, 70.7, 72.0, 73.0, 85.1, 126.9, 127.7, 128.5, 128.7, 129.9, 132.6, 146.7,
156.7, 188.7 ppm; HRMS (FAB): m/z calcd for [M+H]+ (C54H63N4O16S4):
1151.3122; found: 1151.3170.


Molecular clip 6c : The procedure described above for the preparation of
6a was followed; in this case, the reaction of molecular clip 5c (150 mg,
150 mmol) and Hg(OAc)2 (250 mg, 0.8 mmol) afforded a white solid
(118 mg, 81%). M.p. 265–266 8C; 1H NMR (400 MHz, CDCl3, 298 K): d=
3.46 (s, 12H), 3.68–3.72 (m, 4H), 3.82–3.86 (m, 8 H), 4.03–4.08 (m, 4H),
4.49–4.54 (m, 4 H), 5.47 (d, J=16 Hz, 4H), 7.08–7.13 ppm (m, 10H); 13C
NMR (100 MHz, CDCl3, 298 K): d=38.2, 59.3, 71.7, 72.7, 85.1, 126.9,
127.7, 128.5, 128.7, 129.9, 132.6, 146.7, 156.7, 188.5 ppm; HRMS (FAB):
m/z calcd for [M+H]+ (C46H47N4O12S4): 975.2073; found: 975.2086.


Molecular clip 6d : The procedure described above for the preparation of
6a was followed; in this case, the reaction of molecular clip 5d (560 mg,
0.6 mmol) and Hg(OAc)2 (950 mg, 3.1 mmol) afforded a white solid
(0.52 g, 96%). M.p. >325 8C (decomp); 1H NMR (400 MHz, CDCl3,
298 K): d=2.40 (s, 12 H), 3.91 (d, J=16 Hz, 4 H), 4.99 (d, J=16 Hz, 4 H),
6.98–7.13 ppm (m, 10H); 13C NMR (100 MHz, CDCl3, 298 K): d=20.6,
38.1, 84.9, 127.1, 127.7, 128.9, 129.2, 129.8, 132.1, 140.0, 156.8, 167.5,
187.0 ppm; HRMS (FAB): m/z calcd for [M]+ (C42H30N4O12S4): 911.0821;
found: 911.0790.


Molecular clip 1a : Triethyl phosphite (28.6 mL) was added to a mixture
of molecular clip 6a (1.4 g, 1.1 mmol) and 1,3-dithiole-2-thione 7 (2.1 g,
15.7 mmol). The mixture was stirred at 130 8C for 3.5 h, cooled to room
temperature, and filtered. The filtrate was washed with hexane (40 mL)
to afford molecular clip 1a as a light-yellow solid (500 mg, 31%). M.p.
222–223 8C; 1H NMR (400 MHz, CD2Cl2, 298 K): d=3.33 (s, 12 H), 3.53–
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3.55 (m, 8H), 3.63–3.81 (m, 32H), 3.89–3.94 (m, 4 H), 4.03–4.08 (m, 4 H),
4.39–4.43 (m, 4H), 5.38 (d, 4H), 6.35 (s, 4 H), 7.10–7.17 ppm (m, 10H);
13C NMR (100 MHz, CD2Cl2, 298 K): d=38.4, 59.2, 70.9, 71.0, 71.1, 71.2,
72.4, 72.8, 85.5, 106.5, 115.4, 119.0, 128.4, 128.7, 128.8, 130.2, 131.6, 133.6,
146.5, 157.1 ppm; HRMS (FAB): m/z calcd for [M]+ (C68H82N4O18S8):
1498.3390; found: 1498.3381.


Molecular clip 1b : The procedure described above for the preparation of
1a was followed; in this case, the reaction of molecular clip 6b (115 mg,
0.1 mmol), 1,3-dithiole-2-thione 7 (160 mg, 1.2 mmol), and triethyl phos-
phite (3.2 mL) afforded a light-yellow solid (42 mg, 32%). M.p. 274–
275 8C; 1H NMR (400 MHz, CD2Cl2, 298 K): d=3.38 (s, 12H), 3.57–3.61
(m, 8H), 3.66–3.81 (m, 16H), 3.88–3.93 (m, 4H), 4.03–4.08 (m, 4 H),
4.39–4.43 (m, 4H), 5.38 (d, J=16 Hz, 4H), 6.35 (s, 4H), 7.10–7.15 ppm
(m, 10 H); 13C NMR (100 MHz, CD2Cl2, 298 K): d=38.3, 59.3, 70.8, 71.0,
72.4, 72.7, 85.5, 106.4, 115.4, 119.0, 128.3, 128.6, 128.7, 130.2, 131.6, 133.5,
146.4, 157.0 ppm; HRMS (FAB): m/z calcd for [M+H]+ (C60H67N4O14S8):
1323.2419; found: 1323.2400.


Molecular clip 1c : The procedure described above for the preparation of
1a was followed; in this case, the reaction of molecular clip 6c (160 mg,
120 mmol), 1,3-dithiole-2-thione 7 (200 mg, 1.5 mmol), and triethyl phos-
phite (3.1 mL) afforded a light-yellow solid (46 mg, 24%). M.p. >312 8C
(decomp); 1H NMR (400 MHz, CDCl3, 298 K): d=3.50 (s, 12 H), 3.72–
3.76 (m, 8H), 3.86–3.88 (m, 4H), 4.15–4.18 (m, 4 H), 4.41–4.44 (m, 4H),
5.40 (d, J=16 Hz, 4H), 6.28 (s, 4H), 7.05–7.10 ppm (m, 10H); 13C NMR
(100 MHz, CDCl3, 298 K): d=38.0, 59.3, 71.7, 72.0, 85.1, 106.2, 116.0,
118.5, 127.8, 128.4, 128.5, 129.3, 131.5, 133.1, 146.1, 156.7 ppm; HRMS
(FAB): m/z calcd for [M]+ (C52H50N4O10S8): 1146.1293; found: 1146.1344.


Molecular clip 1d : The procedure described above for the preparation of
1a was followed; in this case, the reaction of molecular clip 6d (180 mg,
0.2 mmol), 1,3-dithiole-2-thione 7 (420 mg, 3.1 mmol), and triethyl phos-
phite (8.4 mL) afforded a light-yellow solid (35 mg, 16%). M.p. >312 8C
(decomp); 1H NMR (400 MHz, CDCl3, 298 K): d=2.40 (s, 12H), 3.83 (d,
J=16 Hz, 4H), 4.85 (d, J=16 Hz, 4H), 5.97 (s, 4H), 6.96–7.08 ppm (m,
10H); 13C NMR (100 MHz, CDCl3, 298 K): d=20.7, 38.0, 85.0, 103.3,
118.2, 127.8, 128.7, 128.8, 129.1, 132.6, 132.7, 139.2, 156.9, 168.0 ppm (one
carbon is missing, possibly because of signal overlap); HRMS (FAB):
m/z calcd for [M]+ (C48H34N4O10S8): 1082.0041; found: 1082.0013.


Molecular clip 10 : K2CO3 (1.5 g, 10.9 mmol) was added to a solution of
molecular clip 9 (0.5 g, 0.9 mmol) and tosylate 4a (1.4 g, 4.2 mmol) in
DMF (14 mL) at ambient temperature. The mixture was stirred at 90 8C
for 12 h before the solvent was evaporated under reduced pressure. The
residue was partitioned between water (500 mL) and CH2Cl2 (500 mL)
and the organic layer was washed with water (2 Q 500 mL), dried
(MgSO4), and concentrated to give a crude product, which was then puri-
fied by column chromatography (SiO2; MeOH/CH2Cl2, 4:96) to provide
clip 10 as a yellow solid (580 mg, 57 %). M.p. 149–151 8C; 1H NMR
(400 MHz, CDCl3, 298 K): d=3.36 (s, 12H), 3.50–4.20 (m, 52 H), 5.49 (d,
J=16 Hz, 4H), 6.71 (s, 4 H), 7.00–7.06 ppm (m, 10H); 13C (100 MHz,
CDCl3, 298 K): d=37.4, 59.1, 70.2, 70.3, 70.5, 70.7, 70.8, 71.9, 85.1, 114.4,
127.8, 127.9, 128.0, 133.7, 150.4, 157.2 ppm (the signal of one carbon atom
is missing, possibly because of signal overlap); HRMS (FAB): m/z calcd
for [M]+ (C60H82N4O18): 1147.5702; found: 1147.5704.


1,2-Bis[2-(4-bromophenylmethoxy)ethoxy]ethane (12): NaH (60 %; 1.0 g,
24 mmol) was added in small portions to a solution of tri(ethylene glycol)
(1.2 g, 8.0 mmol) in DMF (80 mL) and then the resulting mixture was
stirred at room temperature for 1 h. 4-Bromobenzyl bromide (6.0 g,
24 mmol) was added and then the mixture was stirred at ambient temper-
ature for 18 h. MeOH (5 mL) was added to quench the reaction and then
the organic solvent was evaporated under reduced pressure. The residue
was partitioned between H2O (50 mL) and CH2Cl2 (50 mL) and the or-
ganic layer was dried (MgSO4) and concentrated to give a crude product,
which was purified by column chromatography (SiO2; EtOAc/hexane,
3:7) to give compound 12 as a yellow oil (3.49 g, 90%). 1H NMR
(400 MHz, CDCl3, 298 K): d=3.59–3.61 (m, 4 H), 3.65–3.67 (m, 8H), 4.83
(s, 4 H), 7.19 (d, J=8 Hz, 4 H), 7.43 ppm (d, J=8 Hz, 4H); 13C NMR
(100 MHz, CDCl3, 298 K): d=69.6, 70.6, 70.6, 72.4, 121.3, 129.1, 131.3,
137.1 ppm; HRMS (ESI): m/z calcd for [M+H]+ (C20H25Br2O4):
487.0120; found: 487.0119.


1,2-Bis{2-[4-(4-pyridyl)phenylmethoxy]ethoxy}ethane (14): 4-Pyridinebor-
onic acid (13) (0.7 g, 5.5 mmol), MeOH (18 mL), and saturated aqueous
Na2CO3 (9 mL) were added in turn to a mixture of 12 (1.1 g, 2.2 mmol),
[Pd(PPh3)4] (130 mg, 0.11 mmol), and tri-tert-butylphosphine (25 mm,
4.5 mL, 110 mmol) in toluene (28 mL). The mixture was then refluxed for
24 h. After being cooled to room temperature, the mixture was parti-
tioned between aqueous NH4OH (0.1m, 80 mL) and CH2Cl2 (80 mL).
The organic phase was collected, dried (MgSO4), and concentrated to
afford a crude product, which was purified by column chromatography
(SiO2; MeOH/CH2Cl2, 2.5:97.5) to give compound 14 as a light-yellow oil
(680 mg, 64%). 1H NMR (400 MHz, CDCl3, 298 K): d=3.64–3.70 (m,
12H), 4.60 (s, 4H), 7.42–7.48 (m, 8 H), 7.58 (d, J=8 Hz, 4H), 8.61 ppm
(d, J=6 Hz, 4H); 13C NMR (100 MHz, CDCl3, 298 K): d=69.7, 70.7,
70.7, 72.9, 121.4, 126.9, 128.2, 137.0, 139.4, 148.1, 149.7 ppm; HRMS
(ESI): m/z calcd for [M+Na]+ (C30H32N2O4Na): 507.2260; found:
507.2259.


Macrocycle 11·2PF6 : A mixture of 14 (700 mg, 1.4 mmol), a,a’-dibromo-
p-xylene (380 mg, 1.4 mmol), and KPF6 (270 mg, 1.4 mmol) was stirred in
DMF (200 mL) at room temperature for 7 days. The organic solvent was
evaporated under reduced pressure, the residue was dissolved in MeCN
(20 mL), and then saturated aqueous NH4PF6 (30 mL) was added. The
organic solvent was evaporated and the resulting precipitate was collect-
ed and washed with H2O (3 mL) to afford a white solid, which was puri-
fied by column chromatography (SiO2; MeOH/CH2Cl2, 3:97) to afford
macrocycle 11·2 PF6 as a yellow solid (550 mg, 43 %). M.p. >272 8C
(decomp); 1H NMR (400 MHz, CD3CN, 298 K): d=3.53 (s, 4 H), 3.55–
3.58 (m, 8H), 4.56 (s, 4H), 5.67 (s, 4H), 7.50 (d, J=8 Hz, 4 H), 7.62 (s,
4H), 7.77 (d, J=8 Hz, 4 H), 8.13 (d, J=7 Hz, 4 H), 8.68 ppm (d, J=7 Hz,
4H); 13C NMR (100 MHz, CDCl3, 298 K): d=64.4, 70.7, 71.1, 71.4, 72.7,
125.9, 128.9, 129.5, 131.1, 133.1, 136.6, 144.5, 144.6, 157.1 ppm; HRMS
(ESI): m/z calcd for [11·PF6]


+ (C38H40F6N2O4P): 733.2624; found:
733.2678.


[2-(4-Bromophenyl)-1,3-dioxolan-2-yl]methanol (17): (4-Bromobenzoyl)-
methanol (6.45 g, 30 mmol), ethylene glycol (9.3 g, 0.15 mol), and TsOH
(200 mg, 11.6 mmol) were dissolved in benzene (300 mL) and then re-
fluxed for 3 h in glassware equipped with a Dean–Stark apparatus. The
reaction mixture was then cooled to room temperature and the organic
solvent was evaporated. The residue was partitioned between H2O
(300 mL) and CH2Cl2 (300 mL) and the organic layer was dried (MgSO4)
and concentrated. The crude product was then purified by column chro-
matography (SiO2; hexane/CH2Cl2, 4:7) to give alcohol 17 as a white
solid (5.65 g, 73 %). M.p. 93–94 8C; 1H NMR (400 MHz, CDCl3, 298 K):
d=3.68 (s, 2 H), 3.83–3.86 (m, 2H), 4.08–4.12 (m, 2H), 7.34 (d, J=6 Hz,
2H), 7.47 ppm (d, J=6 Hz, 2H); 13C NMR (100 MHz, CDCl3, 298 K):
d=65.8, 67.2, 109.2, 122.9, 128.0, 131.5, 138.7 ppm; HRMS (FAB): m/z
calcd for [M+H]+ (C10H12BrO3): 258.9970; found: 259.0000.


2,2’-(2,5,8,11-Tetraoxadodecane-1,12-diyl)bis[2-(4-bromophenyl)-1,3-diox-
olane] (18): Alcohol 17 (2.26 g, 8.8 mmol) and NaH (60 %; 370 mg,
15 mmol) were added to DMF (70 mL). The mixture was stirred at room
temperature for 1 h before tri(ethylene glycol) ditosylate (1.36 g, 3 mmol)
was added slowly. The resulting mixture was stirred for 4 h and then the
reaction was quenched by the addition of MeOH (5 mL). The organic
solvent was evaporated under reduced pressure and the residue was par-
titioned between H2O (100 mL) and CH2Cl2 (100 mL). The organic layer
was collected, dried (MgSO4), and concentrated to afford a crude prod-
uct, which was purified by column chromatography (SiO2; MeCN/
CH2Cl2, 3:97) to give compound 18 as a yellow oil (1.02 g, 54 %). 1H
NMR (400 MHz, CDCl3, 298 K): d=3.49 (s, 4H), 3.53–3.55 (m, 4H),
3.63–3.67 (m, 8 H), 3.79–3.83 (m, 4H), 4.06–4.09 (m, 4 H), 7.35 (d, J=
6 Hz, 4 H), 7.43 ppm (d, J=6 Hz, 4 H); 13C NMR (100 MHz, CDCl3,
298 K): d=65.2, 70.5, 70.5, 71.6, 75.2, 108.4, 122.0, 127.6, 130.7,
138.8 ppm; HRMS (FAB): m/z calcd for [M+H]+ (C26H33Br2O8):
631.0542; found: 631.0500.


4,4’-[2,5,8,11-Tetraoxadodecane-1,12-diylbis(1,3-dioxolane-2,2-diyl-4,1-
phenylene)]dipyridine (19): 4-Pyridineboronic acid 13 (0.22 g, 1.8 mmol),
MeOH (6 mL), and saturated aqueous Na2CO3 (3 mL) were added in
turn to a mixture of 18 (0.4 g, 630 mmol), [Pd(PPh3)4] (42 mg, 40 mmol),
and tri-tert-butylphosphine (25 mm, 1.44 mL, 40 mmol) in toluene (9 mL).
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This mixture was then refluxed for 24 h. After cooling to room tempera-
ture, the mixture was partitioned between aqueous NH4OH (0.1m,
20 mL) and CH2Cl2 (20 mL). The organic phase was collected, dried
(MgSO4), and concentrated to afford a crude product, which was purified
by column chromatography (SiO2; MeOH/CH2Cl2, 4:96) to give com-
pound 19 as a light-yellow oil (290 mg, 73%). 1H NMR (400 MHz,
CDCl3, 298 K): d=3.51 (s, 4H), 3.54–3.66 (m, 4H), 3.67–3.69 (m, 4H),
3.70 (s, 4H), 3.84–3.87 (m, 4H), 4.10–4.13 (m, 4 H), 7.49 (d, J=6 Hz,
4H), 7.60 (s, 8H), 8.63 ppm (br, 4 H); 13C NMR (100 MHz, CDCl3,
298 K): d=65.2, 71.5, 75.2, 108.6, 121.4, 126.5, 126.8, 137.7, 141.1, 147.8,
149.8 ppm (the signals of two carbon atoms are missing, possibly because
of signal overlap); HRMS (FAB): m/z calcd for [M+H]+ (C36H41N2O8):
629.2863; found: 629.2900.


Macrocycle 20·2PF6 : A mixture of 19 (1.0 g, 1.6 mmol), a,a’-dibromo-p-
xylene (0.4 g, 1.6 mmol), and KPF6 (0.33 g, 1.6 mmol) in DMF (230 mL)
was stirred at room temperature for 7 days. The solvent was evaporated
under reduced pressure, the residue was dissolved in MeCN (20 mL), and
then saturated aqueous NH4PF6 (30 mL) was added. The organic solvent
was evaporated and the resulting precipitate was collected and washed
with H2O (3 mL) to afford a white solid, which was purified by column
chromatography (SiO2; MeOH/CH2Cl2, 5:95) to afford macrocycle
20·2PF6 as a yellow solid (1.40 g, 86%). M.p. 179–182 8C; 1H NMR
(400 MHz, CD3CN, 298 K): d=3.33–3.36 (m, 8 H), 3.47–3.49 (m, 4H),
3.66 (s, 4H), 3.83–3.85 (m, 4 H), 4.03–4.05 (m, 4 H), 5.70 (s, 4H), 7.60 (s,
4H), 7.66 (d, J=9 Hz, 4H), 7.82 (d, J=9 Hz, 4 H), 8.19 (d, J=7 Hz, 4H),
8.69 ppm (d, J=7 Hz, 4H); 13C NMR (100 MHz, CD3CN, 298 K): d=


64.2, 65.9, 68.2, 70.6, 70.7, 71.8, 75.6, 108.8, 126.1, 128.5, 131.1, 133.9,
136.1, 145.0, 146.0, 157.0 ppm; HRMS (FAB): m/z calcd for [20·PF6]


+


(C44H48O8N2F6P): 877.3052; found: 877.3062.


Macrocycle 16·2PF6 : Macrocycle 20·2PF6 (0.4 g, 0.4 mmol) and TsOH
(8.5 mg, 40 mmol) were dissolved in a mixture of H2O (1 mL) and acetone
(2 mL) and then refluxed for 3 days. The organic solvent was evaporated
under reduced pressure, the residue was dissolved in MeCN (20 mL), and
then saturated aqueous NH4PF6 (30 mL) was added. The organic solvent
was evaporated and the resulting precipitate was collected and washed
with H2O (3 mL) to give a crude product, which was then purified by
column chromatography (SiO2; MeOH/CH2Cl2, 5:95) to afford the mac-
rocycle 16·2 PF6 as a light-yellow solid (127 mg, 34%). M.p. >245 8C
(decomp); 1H NMR (400 MHz, CD3CN, 298 K): d=3.46 (s, 4 H), 3.51–
3.54 (m, 4H), 3.63–3.65 (m, 4 H), 4.67 (s, 4H), 5.71 (s, 4H), 7.62 (s, 4 H),
7.89 (d, J=8 Hz, 4 H), 8.08 (d, J=8 Hz, 4H), 8.19 (d, J=8 Hz, 4H),
8.74 ppm (d, J=8 Hz, 4H); 13C NMR (100 MHz, CD3CN, 298 K): d=


65.1, 71.3, 71.6, 71.9, 76.2, 127.3, 129.8, 130.9, 131.8, 136.9, 138.9, 139.1,
145.6, 156.9, 198.2 ppm; HRMS (FAB): m/z calcd for [16·PF6]


+


(C40H40O6N2F6P): 789.2528; found: 789.2540.
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Analogues and Their Protein Conjugates for Use as Immunogens
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Introduction


Complex carbohydrates decorate the surfaces of bacteria,
parasites, viruses, tumors and numerous other targets for
which vaccine development is an important and active area
of research.[1–3] Owing to the prominent location of these
molecules at the interface of the cell and its surroundings,
the generation of a carbohydrate specific immune response
is an attractive means of developing therapies to combat the
effects of pathogens such as HIV,[4] and malaria,[5] as well as
diseases such as cancer.[6,7] The conjugation of defined oligo-
saccharide epitopes to immunogenic carrier proteins has
been advanced as a means to overcome the generally poor
immune response to otherwise T-cell independent carbohy-
drate antigens.[8] The feasibility of this approach has recently
been demonstrated in the development of a fully synthetic


glycoconjugate vaccine against Haemophilus influenzae type
b.[9,10] However, in most cases additional, complementary
strategies for the generation of carbohydrate specific
immune responses remain in demand.
Carbohydrate immunogens and other therapeutics are


susceptible to in vivo degradation by glycoside hydrolases.
The incorporation of unnatural, hydrolysis resistant carbohy-
drate analogues into vaccine constructs has been proposed
as a means to enhance the bioavailability of the antigen to
the immune system, but would be of use only if the resultant
immune response were to target the naturally occurring
structure.[11,12] To this end, hydrolysis resistant carbohydrate
analogues must maintain conformations similar to those of
the target oligosaccharides.
Substitution of the glycosidic oxygen atom by sulfur or


carbon is a well known method to enhance the stability of
the glycosidic linkage towards hydrolysis by either chemical
or enzymatic means, and in fact, these molecules have been
demonstrated to inhibit the activity of glycosidases and
other carbohydrate-binding proteins in some cases.[13–18] It
has been demonstrated that while S-glycosides are signifi-
cantly more flexible about the glycosidic linkage and are
consequentially more prone to adopt the high energy anti
conformations, in many cases they sample similar conforma-
tional space to O-glycosides.[19–26] Although S-glycosides, in
the form of a thiooligosaccharide–protein conjugate and thi-
oglycopeptide, have been evaluated for their in vitro immu-
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nostimulatory activity,[12,27] we are unaware of any instance
in which these molecules have been evaluated as immuno-
gens in vivo.
Many ganglioside glycolipids have been identified as


tumor-associated antigens, which as a consequence of their
vast over expression on the surface of tumor cells may serve
as targets for cancer immunotherapy. It is proposed that
tumor-associated ganglioside containing conjugate vaccines
will induce anti-ganglioside antibodies that have the poten-
tial to effect clearance of circulating tumor cells and thus in-
hibit further metastasis.[28,29] Several clinical trials have
shown promising results in this regard.[30] In particular the
tri- to pentasaccharides GM3, GM2, GD3, and GD2
(Figure 1), have received attention for use as immunogens
in active immunotherapy against melanoma and other can-
cers.[30–32]


While the structural similarity of O- and S-linked ganglio-
sides is critical to this concept, paradoxically their necessary
differences may also serve to identify S-glycosides as non-
self antigens and thus further enhance their immunogenicity
relative to O-glycosides. Towards these ends we have devel-
oped syntheses of sulfur containing analogues (1 and 2) of


GM3 and GM2 and synthesized the corresponding carbohy-
drate-protein conjugates for evaluation as immunogens in
mice (Figure 2). Only the terminal sialosyl linkage was tar-
geted for stabilization as the majority of glycoside hydrolas-
es function via cleavage of residues at the non-reducing
glycan terminus (exo-glycosidases). Glycosides of N-acetyl-
neuraminic acid are known to be susceptible to enzymatic
and acidic hydrolysis,[33] and sialidase levels have been sug-
gested to be up-regulated in the sera of cancer patients.[34–36]


The plasma membrane sialidase Neu3 is a ganglioside-spe-
cific hydrolase that has been demonstrated to exert activity
toward the surface of neighbouring cells, synthetic glycopro-
tein conjugates, and GM3.


[37,38] It should be noted that glyco-
sylation adjacent to the point of sialic acid attachment sig-
nificantly reduces the susceptibility of this residue to neura-
minidase.[39,40] In keeping with other extracellular sialidases,


Neu3 does not desialylate gan-
glioside GM2, which is degrad-
ed lysosomally. However, we
have constructed S-GM2 in
order to investigate the conse-
quence of an adjacent branch-
ing residue on the thiosialoside
epitope. Our initial results indi-
cate that S-gangliosides conju-
gated to tetanus toxoid (TT)
induce an IgG response in
mice and that the immune sera
cross react with O-ganglio-
sides.[41]


Results and Discussion


Retrosynthesis : The target neoglycolipids were synthesized
from the derivatives outlined in the retrosynthetic Scheme
1a. Modifications to the naturally occurring glycolipids were
limited to substitution of the terminal sialosyl glycosidic
oxygen by sulfur and use of a truncated ceramide aglycon
(9) to facilitate coupling to protein and enhance the water
solubility of the antigens. We have previously communicated
the synthesis of S-GM3 derivatives by a new route involving
assembly of the thiosialyllactose trisaccharide followed by
coupling with a truncated azidosphingosine and subsequent
elaboration to the glycosyl ceramide (Scheme 1b).[42] How-
ever, in order to secure fragments of the glycolipids suitable
for evaluation of antisera by ELISA, we chose to employ an
entirely new synthetic route centred around S-GM4 disac-
charide donor 4 and the truncated glucosyl sphingosine ac-
ceptor 5.
Briefly, S-GM2 (2) was potentially available from S-GM3


(1) by glycosyltransferase catalyzed addition of N-acetylga-
lactosamine. A protecting group strategy was selected that
would allow for a chemical synthesis of the S-GM2 tetrasac-
charide from S-GM3 in the event that this approach was un-
successful. Although we have recently demonstrated the use
of carbohydrate thiols as acceptors in glycosyltransferase


Figure 1. Structures of the tumor associated gangliosides GM3, GM2, GD3, and GD2.


Figure 2. Target S-gangliosides and glycoprotein conjugates.
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catalyzed glycosylations, 3’-thiolactosides have proven un-
suitable substrates for sialyltransferases that we have stud-
ied, necessitating a chemical synthesis of S-GM3.


[43] The pro-
tected trisaccharide 3a was constructed via the coupling of
the S-GM4 disaccharide 4 with glucoside 5.


Synthesis of the S-GM4 disaccharide 19 (Scheme 2): The a-
(2!3) linked sialyl galactose disaccharide is a fragment cen-
tral to all gangliosides, is present as a repeating unit in
higher gangliosides, and is common to numerous other gly-
coconjugates. 3-Thiogalactosides have previously been syn-
thesized from d-gulopyranosides,[14,42,44–46] and d-gulofurano-
sides.[47] High yielding inversions at C-3 of gulopyranosides
require protection of the 4,6-diol as a cyclic acetal and are
favoured by use of ester, rather than ether protecting groups
at O-2.[42,48] Two synthetic routes to substrates meeting these
requirements were identified and are outlined in Scheme 2.


d-Gulose, available on large scale and in excellent yield
by reduction of d-gulono-g-lactone with sodium borohy-
dride,[49] is readily converted to the 4,6-O-isopropylidene
protected triol 11.[50] Unfortunately, attempts to alkylate the
anomeric position of the triol or the related 2,3-diacetate by
reaction with allyl bromide and base resulted in poor stereo-
selectivities and moderate yields. Instead, the allyl guloside
13 was prepared, with the expectation of future conversion
to a glycosyl donor or elaboration of the terminal olefin for
the preparation of glycoconjugates. Subsequent installation
of a 4,6-benzylidene acetal with benzaldehyde dimethyl


acetal in a mixture of DMF and acetonitrile containing cata-
lytic acid yielded the diol 14. When this reaction was con-
ducted by using either solvent alone, small quantities of the
diastereomeric benzylidene acetal contaminated the reaction
mixture.[51] Regioselective benzoylation at the more reactive
equatorial hydroxyl yielded the axial alcohol 15 and a trace
of dibenzoate 16. The alcohol was smoothly converted to
the thioester 17 by reaction of the corresponding triflate
with potassium thioacetate in DMF. De-S-acetylation with
hydrazine acetate gave the thiol and small amounts of disul-
fide. Condensation of the 18 with 2-chlorosialic acid deriva-
tive 6 under basic conditions afforded the thiodisaccharide
19 in high yield.[52]


Synthesis of protected glucosyl sphingosine analogues 5 and
23 (Scheme 3): Traditional approaches to the preparation of
glycosyl ceramide–protein conjugates have involved isola-
tion or total synthesis of the glycolipid followed by degrada-
tive ozonolysis of the olefin to yield the aldehyde, which is
then coupled to protein via reductive amination. Our group
has described the use of modified ceramide aglycons derived
from an azidosphingosine homologue 9.[42, 53,54] This strategy
allows for an abridged synthesis, facilitates glycoconjugate
formation, enhances water solubility of the neoglycolipids,
and simplifies handling of the chemical intermediates while
maintaining the stereochemical integrity and many of the
important structural features found in naturally occurring
ceramides. Conjugation to protein may be achieved by
either elaboration of the terminal alkene, for example via
the photoaddition of cysteamine and subsequent reaction of
the resulting amine, or by installation of a suitably function-
alized N-acyl group after reduction of the azide function.
We and others have demonstrated that such truncated mole-
cules may be efficiently elaborated to the full-length sphin-
gosines by olefin cross metathesis.[55–58]


Reaction of the glucosyl trichloroacetimidate 8[59] with the
azido alcohol 9 (Scheme 3) afforded the glycoside 20 in high


Scheme 1. Retrosynthetic analysis of a) S-linked gangliosides 1 and 2,
and b) protected S-GM3 trisaccharide 3b.


Scheme 2. Synthesis of protected thiosialosyl galactoside 19. a) NaBH4,
H2O, H


+ resin, 0 8C; b) Ac2O, pyridine; c) 45% HBr/HOAc, CH2Cl2,
0 8C!RT; d) AllOH, Drierite, Hg(CN)2, HgBr2; e) cat. NaOMe, MeOH,
73% over 3 steps; f) PhCH(OMe)2, DMF/MeCN, cat. pTSA·H2O, 73%;
g) pyridine, BzCl, CH2Cl2, 0 8C, 94%; h) Tf2O, pyridine, CH2Cl2, �20!
�5 8C; i) KSAc, DMF, 50 8C, 94% over 2 steps; j) hydrazine acetate,
DMF, 98%; k) NaH, DMF, then 6, Kryptofix 21, 90%.
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yield along with a small amount of the acetylated acceptor
21. Exchange of ester protecting groups for benzyl ethers
was followed by regioselective benzylidene acetal opening
to furnished the acceptor 5 and a small amount of benzyl
2,3,6-tri-O-benzyl-a-d-glucopyranoside (<2%).[60] Reduc-
tion of the azide and N-acylation provided the alternative
acceptor 23.


Coupling of S-GM4 disaccharide and glucosyl sphingosines
(Scheme 4): Removal of the allyl protecting group at the
anomeric centre proved problematic. Reaction of 19 with
tris(triphenylphosphine) rhodium chloride gave only small
amounts of the isomerized product (<10%).[61] A one-pot
deprotection was attempted by using palladium chloride in
methanol. Under these conditions product decomposition
occurred before significant quantities of starting material
were consumed. Exchange of methanol for buffered acetic
acid[62] gave slightly better yields (~40%), but decomposi-
tion predominated. Fortunately, a significant rate enhance-
ment was realized when the reaction mixture was immersed
in an ultrasonic cleaning bath (<30 8C), and the disaccharide
hemiacetal 25 could be isolated as a mixture of isomers in
reasonable yield (81%) after only 5 h. Conversion of the
hemiacetal to the trichloroacetimidate 4 was effected by
using either potassium carbonate or DBU as base.[63] Glyco-
sylation of acceptor 5 with 4 by using boron trifluoride di-
ethyletherate or trimethylsilyl trifluoromethanesulfonate as
promoter in dichloromethane gave moderate yields of the
trisaccharide 3a. One-pot reduction of the azide and acyla-
tion of the resulting amine with 6-amino-N-carboxybenzyl
caproic acid NHS ester[64] yielded protected GM3 analogue
26. Similarly, glycosylation of the N-acylated acceptor 23
gave 26 directly, albeit in slightly reduced overall yield.


Deprotection of S-GM3 and extension to thiotetrasaccharide
S-GM2 (Scheme 5/Figure 3): It was envisaged that a chemi-
cal synthesis of S-GM2 from 26 could be accomplished fol-
lowing either hydrolysis of the acetal protecting group and


selective protection of the resulting primary alcohol 27 or
regioselective cleavage of the acetal to give 28 (see
Figure 3). Prior to investigation of this route, protected S-
GM3 was fully deblocked (26 ! 29 ! 1, Scheme 5) to test
as a substrate for glycosylation by a b(1,4) N-acetylgalacto-
saminyl transferase. It is noteworthy that substantial losses
of the deprotected trisaccharide 1 were incurred when con-
ventional SepPak or C18 silica gel HPLC columns were em-
ployed. This problem was overcome by use of a polymeric
reverse phase column from Hamilton (see Experimental
Section), or by inclusion of ammonium hydroxide in the
mobile phase.


Scheme 3. Construction of protected glucosyl ceramide analogues 5 and
23. a) 4 K MS, CH2Cl2, TMSOTf, �50 8C!RT, 90%; b) cat. NaOMe,
MeOH; c) NaH, BnBr, DMF, 0 8C!RT, 92%; d) 3 K MS, NaCNBH3,
HCl, Et2O, THF, 94%; e) PPh3, pyridine/H2O 9:1; f) 6-(benzyloxycarbo-
nylamino)hexanoic acid succinimidyl ester, 45 8C, 79% for 23, 85% for
24.


Scheme 4. Synthesis of protected S-GM3 trisaccharide 26. a) PdCl2,
NaOAc, HOAc/H2O 19:1, ))), <30 8C, 81%; b) K2CO3 or DBU, Cl3CCN,
CH2Cl2, ~70%; c) 5, 4 K MS, BF3·Et2O, 0 8C!RT, 64%; d) PPh3, pyri-
dine/H2O 9:1, 50 8C; e) 6-(benzyloxy carbonylamino)hexanoic acid succi-
nimidyl ester, 50 8C, 90%; f) 23, 4 K MS, BF3·Et2O, 0 8C!RT, 52%.


Scheme 5. Deprotection of S-GM3 and enzymatic elaboration to S-GM2


(2) and O,S-GD3 (30). a) cat. NaOMe, MeOH, 55 8C; b) NaOH, MeOH,
40 8C, 94%; c) Na, NH3, THF, �78 8C, 83%; d) b(1,4) GalNAc transfer-
ase, UDP-GlcNAc 4-epimerase, UDP-GlcNAc, 74%; e) a(2,3/8) Neu5Ac
transferase, CMP-Neu5Ac, 38%.


Figure 3. Potential intermediates in the chemical synthesis of S-GM2.
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Despite its thioglycosidic linkage we found that 1 served
as an acceptor for glycosyltransferase catalyzed elaboration
to 2 (Scheme 5). Several examples of a Leloir glycosyltrans-
ferase-mediated glycosylation of a thiooligosaccharide ac-
ceptor have been reported.[43,65,66] Bacterial transglucosylas-
es,[67–69] as well as sulfotransferases and acyltransferases from
Sinorhizobium meliloti,[70] have also been shown to utilize
thiooligosaccharides as acceptors. The reaction was carried
out in the presence of two previously cloned enzymes, a bac-
terial b(1,4) N-acetylgalactosaminyl transferase from Cam-
pylobacter jejeuni O:36,[71] and a UDP-GlcNAc 4-epimer-
ase[72] from C. jejuni NCTC 11168 that catalyzes the conver-
sion of UDP-GlcNAc to the more expensive UDP-GalNAc.
Treatment of 1 with a cloned bifunctional a(2,3/8) sialyl-
transferase[73] and the appropriate sugar nucleotide donor
resulted in conversion to the sulfur containing GD3-ana-
logue 30. Successful glycosylation of the thiooligosaccharide
by two different enzymes encourages the conclusion that 1
readily adopts conformations similar to that of O-sialyllac-
tose. With the amino-terminated thioglycosides 1 and 2 in
hand, coupling to protein could be undertaken.


Synthesis of carbohydrate–protein conjugates for immuniza-
tion and screening of immune sera : Recently, our lab has
obtained high IgG titres against TT–carbohydrate conju-
gates in rabbits,[74] and monomeric TT was selected as the
carrier protein for this study. Diethyl squarate has gained
favour as an efficient cross linking agent for the preparation
of glycoconjugates.[75] However, work in our group has iden-
tified linker specific antibody responses and as a conse-
quence we have discontinued its use for synthesis of immu-
nogens.[74] Instead, we prefer a linear adipic acid derived ho-
mobifunctional linker that can be employed for the genera-
tion of oligosaccharide–protein conjugates.[76] Conjugation
via either squarate or adipate linkers requires reaction of
the activated ester with an amine terminated deprotected
oligosaccharide such as 1 or 2, followed by reaction of the
product with protein in aqueous solution. Screening antigens
were coupled to BSA via diethyl squarate, to enable quanti-
tation of the immune response by ELISA while avoiding
measurement of protein or linker specific antibodies.
The conjugation of thiooligosaccharides 1 and 2 to TT and


BSA is outlined in Scheme 6. The amines 1 and 2 were
treated with an excess of linker 33 in anhydrous DMF con-
taining triethylamine. Following precipitation of the excess
coupling agent with 1% acetic acid solution, the activated
esters 34 and 35 were purified by HPLC. Coupling with teta-
nus toxoid and BSA was carried out as previously report-
ed,[76] by using an activated saccharide to protein ration of
30:1 to yield conjugates 36–39. Incorporation levels are indi-
cated in Scheme 6.
Structures of the amine terminated mono-, di- and oligo-


saccharides conjugated to BSA with diethyl squarate are
outlined in Figure 4. The synthesis of O-GM3 (40), O-GM2


(41) and lactosyl ceramide (42) analogues will be reported
elsewhere.[77] The cerebroside analogue 43 was available
after dissolving metal reduction of protected glucoside 24.


Amino terminated GM4 disaccharide 45 was obtained via
enzymatic sialylation[78] of 6-azidohexyl b-d-galactopyrano-
side[79] followed by reduction of the azide 44 with triphenyl-
phosphine. Coupling was achieved by reaction of the amines
1,2,40–43 and 45 with 0.95 equivalents of diethyl squarate in
methanol followed by removal of solvent and reaction with
BSA in borate buffer at pH 9.0. Average hapten incorpora-
tion as determined by MALDI TOF mass spectrometry is
outlined in Table 1.


Scheme 6. Conjugation of 1 and 2 to tetanus toxoid and bovine serum al-
bumin via adipate linker 33. a) 33, DMF, Et3N, 81% for 1, 56% for 2 ; b)
tetanus toxoid or bovine serum albumin, phosphate buffered saline, pH
7.2. Average hapten incorporation levels were determined by MALDI-
TOF.


Table 1. Hapten incorporation for BSA conjugates using diethyl squarate
as coupling reagent.


Amine Incorporation (n)


1 5
2 4
40 10
41 6
42 7
43 20
45 6


Figure 4. Amine functionalized O- and S-glycosides for conjugation to
BSA.
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GM4-type disaccharides 46 and 48 (Scheme 7) were de-
signed to serve as soluble ligands for inhibition of immune
sera binding to immobilized glycoconjugates and potentially
for elaboration to glycoconjugates themselves by functional-
ization of the terminal olefin. The O-linked GM4 disacchar-
ide 46 was prepared enzymatically from allyl b-d-galactopyr-
anose, while the S-linked analogue 48 was prepared from 19
by hydrolysis of the benzylidene acetal followed by Zem-
plMn transesterification and saponification.


Immunization : The synthetic sulfur containing GM3 ana-
logue has been tested for its ability to generate antibodies in
mice and we have examined the ability of these antibodies
to bind to O-glycosides. Five BALB/c mice were immunized
with S-GM3 tetanus toxoid conjugate 36 at days 1, 21, and
28 before collecting sera on day 38. The sera were titrated
against an immobilized O-GM3 BSA conjugate (amine 40,
Table 1) to identify cross reactivity with O-glycosides. A
strong antigen specific IgG response was observed when
immune sera were screened against thiooligosaccharide 1


conjugated via a squarate linker to BSA. In addition, three
of five mice gave good Ig titers in the range of 103–104


against the O-GM3-BSA conjugate as shown in Figure 5.
The preponderance of IgG subtype observed is indicative of
a class switch and recruitment of T cell help.


Conclusion


The chemical and chemoenzymatic synthesis of a number of
ganglioside analogues containing S-linked sialic acid resi-
dues and a truncated ceramide aglycon have been reported.
We have successfully demonstrated that the thiosialoside 1
may serve as an acceptor for bacterial enzymes which cata-
lyze the addition of N-acetylgalactosamine (to give GM2 an-
alogue 2) and N-acetylneuraminic acid (to give GD3 ana-
logue 30), and we have described the conjugation of the O-
and S-gangliosides and related molecules to tetanus toxoid
and bovine serum albumin. We are currently evaluating the
potential of S-linked oligosaccharide–TT conjugates to elicit
a carbohydrate specific immune response, and we are ana-
lyzing the ability of immune sera to recognize the corre-
sponding O-glycosides. Our initial results indicate that S-gly-
coside containing tetanus toxoid conjugates are immunogen-
ic and that these antigens stimulate the production of anti-
bodies that recognize O-glycosides.


Experimental Section


Chemical synthesis : All chemical reagents were of analytical grade, used
as supplied from Sigma-Aldrich unless indicated. Solvents used in non-
hydrolytic reactions were distilled under an inert atmosphere, except
N,N-dimethylformamide (stored over 3 K molecular sieves and subjected
to reduced pressure for about fifteen minutes (<0.5 mm Hg) prior to
use) and pyridine (dried over solid potassium hydroxide and used with-
out further purification). Unless otherwise noted, all reactions were car-
ried out at room temperature and non-hydrolytic reactions were per-
formed under a positive pressure of argon. Solvents were removed be-
tween 20 and 40 8C (bath temperature) unless indicated otherwise. Mo-
lecular sieves were stored in an oven (>170 8C) and cooled in vacuo
prior to use. Ammonia was distilled once from sodium metal prior to use.
Rexyn-101 (H+ form) was used where acidic ion-exchange resin is indi-
cated. Analytical thin layer chromatography (TLC) was conducted on
silica gel 60-F254 (Merck). Plates were visualized under UV light, and/or
by treatment with either acidic cerium ammonium molybdate or 5%
ethanolic sulfuric acid, followed by heating.


Enzymatic synthesis : Clones of the following recombinant enzymes
CMP-Neu5Ac synthetase from N. meningitidis,[80] UDP N-acetylglucosa-
mine 4-epimerase from C. jejuni NCTC 11168,[72] b(1,4) N-acetylgalacto-
saminyl transferase from C. jejuni O:36,[73] a(2,3) sialyltransferase[78] and
a(2,3/8) sialyltransferase[73] from Campylobacter jejuni OH4384 were ex-
pressed in E. coli, isolated by separation of the pellet and supernatant
following cell lysis, diluted or resuspended in the appropriate buffer and
used without further purification. The activity of the a(2,3) sialyltransfer-
ase and b(1,4) N-acetylgalactosaminyl transferases were determined by
radiochemical assay by using 8-methoxylcarbonyloctyl b-d-galactopyra-
nosyl-(1!4)-b-d-glucopyranoside and 8-methoxylcarbonyloctyl (5-acet-
amido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-ulopyranosylonic acid)-
(2!3)-b-d-galactopyranosyl)-(1!4)-b-d-glucopyranoside, respectively, as
acceptor substrates.[81] CMP-Neu5Ac was prepared as described.[80] Fol-
lowing removal of the protein by centrifugation of the CMP-Neu5Ac


Scheme 7. Synthesis and deprotection of allyl-functionalized disacchar-
ides. a) a(2,3) sialyltransferase, CMP-Neu5Ac, 68%; b) 80% HOAc,
55 8C, 85%; c) NaOMe (cat.), MeOH, RT; d) NaOH, MeOH, 40 8C, 81%
from 19.


Figure 5. Immunization with S-GM3 tetanus toxoid conjugate 36. Antisera
from five BALB/c mice immunized with 36 were titrated against immobi-
lized O-GM3-BSA. Data are shown for three mice that showed apprecia-
ble cross reactivity with the O-glycoside (mouse 1: &, mouse 2: *, mouse
3: ~).
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containing solution, the supernatant was lyophilized and the crude solid
obtained was used directly in reactions assuming 90% conversion of
starting material. A unit of enzyme activity is the amount that catalyzes
the formation of 1 mmol of product per minute at 37 8C using the speci-
fied acceptor. Alkaline phosphatase was obtained from Roche Diagnos-
tics.


Chromatography : Medium pressure chromatography was conducted on
silica gel (230–400 mesh, SiliCycle, Montreal) or Iatrobeads 6RS-8060
(Iatron Laboratories Inc., Japan), using a ratio between 50:1 and 125:1
(w/w) of silica gel/crude product at flow rates of 5–10 mLmin�1. Linear
gradients were generated using a Q-Grad gradient mixer from Lab Alli-
ance (State College, PA, USA). Reverse phase C18 silica gel cartridges
(tC18 SepPak) were obtained from Waters Corp. (Milford, USA). HPLC
purification was conducted on a Waters Delta 600 system by using a UV
absorbance detector. Separations were performed on Beckman C18-silica
semi-preparative or Hamilton PRP-1 reverse phase semi-preparative col-
umns as noted, with combinations of water and methanol (flow rate 1.5–
2.5 mLmin�1) as eluents.


Analytical methods : 1H and 13C NMR spectra were recorded on Varian
INOVA 400, 500 and 600 MHz spectrometers. 1H NMR chemical shifts
are reported in d (ppm) units by using signals from residual solvents as a
reference. 13C NMR chemical shifts are referenced to internal solvent or
to external acetone in the case of D2O.


1H and 13C NMR spectra were
tentatively assigned with the assistance of COSY, HMQC, HMBC,
TOCSY and TROESY spectra as necessary. NMR data for allyl glyco-
sides or compounds containing sphingosine (sph) or ceramide and deriva-
tives as the aglycon were labelled as indicated below.


Electrospray ionization mass spectra were recorded on a Micromass Zab-
spec TOF mass spectrometer. For high resolution mass determination,
spectra were obtained by voltage scan over a narrow range at a resolu-
tion of approximately 104. MALDI TOF mass spectra were recorded on
a Voyager Elite spectrometer from Applied Biosystems. Optical rotations
were determined with a Perkin–Elmer model 241 polarimeter at 22�
2 8C, and are reported in units of degrees mLg�1dm�1.


Immunization : Eight week old BALB/c mice were immunized by inter-
peritoneal injection of tetanus toxoid conjugate 36 (50 mg) in a 1:1 mix-
ture of PBS and complete FreundPs adjuvant. Subsequent injections
(50 mg) on days 21 and 28 were made subcutaneously in PBS and incom-
plete FreundPs adjuvant. Mice were bled on day 38 and sera were isolated
by centrifugation and then frozen at �20 8C.
Enzyme linked immunosorbent assay : O-GM3-squarate-BSA
(10 mgmL�1; 100 mL; 4 8C, overnight) was used to coat 96-well ELISA
plates (MaxiSorp, Nunc). The plate was washed (Molecular Devices Skan
Washer 400) five times with PBST (PBS containing Tween 20, 0.05%
v/v). Mouse sera were diluted with PBST containing 0.15 BSA and the
solutions were added to the plate and incubated at room temperature for
2 h. The plate was washed with PBST (5Q) and goat anti-mouse IgG an-
tibody conjugated to horseradish peroxidase (Kirkegaard & Perry Labo-
ratories; 1:2000 dilution in PBST) was added (100 mL) and incubated for
a period of 1 h. The plate was washed five times with PBST before addi-
tion of a 1:1 mixture of 3,3’,5,5’-tetramethylbenzidine (0.4 gL�1) and
0.02% H2O2 solution (Kirkegaard and Perry Laboratories; 100 mL).
After 2 min the reaction was stopped by addition of 1m phosphoric acid
(100 mL). Absorbance was read at 450 nm (Molecular Devices Spectra
Max 190 plate reader).


Compounds :


Allyl 2,3,4,6-tetra-O-acetyl-b-d-gulopyranoside (12): 1,2,3,4,6-Penta-O-
acetyl-b-d-gulopyranose (20.0 g, 51.2 mmol) was evaporated from toluene
(150 mL) and concentrated. The syrup was dissolved in dry dichlorome-
thane (60 mL) and cooled to 0 8C before adding HBr in acetic acid (45%


(w/v); 60 mL). After allowing the mixture to warm to RT over 2 h, the
solution was evaporated to dryness and then concentrated from toluene
(3Q60 mL). The yellow residue was then dissolved in dichloromethane
(250 mL) and washed with equal volumes of saturated sodium bicarbon-
ate solution followed by water. The organic layers were dried over
sodium sulfate, filtered, and concentrated. The syrup obtained was dis-
solved in allyl alcohol (150 mL) and Drierite (20 g) was added. After stir-
ring the mixture for 30 min, mercury(ii) cyanide (7.0 g, 27.7 mmol,
0.54 equiv) and mercury(ii) bromide (0.74 g, 2.1 mmol, 0.04 equiv) were
added. The reaction mixture was stirred at room temperature under
Argon overnight and then concentrated. The residue was suspended in
dichloromethane (250 mL), filtered, and washed with 10% potassium
bromide solution and water, then dried over sodium sulfate, filtered and
concentrated. Column chromatography using a gradient of hexanes and
ethyl acetate 3:1 ! 5:2 afforded 12 (14.76 g, 38.0 mmol, 74%). [a]D =


�29 (c = 1.21, CHCl3);
1H NMR (600 MHz, CDCl3): d = 5.90 (dddd,


1H, J=5.0, 6.0, 10.5, 17.2 Hz, H-b), 5.41 (dd, 1H, J3,2=J3,4=3.7 Hz, H-3),
5.30 (dddd, 1H, J=1.6, 1.6, 1.6, 17.2 Hz, H-c), 5.21 (dddd, 1H, J=1.4,
1.4, 1.4, 10.5 Hz, H-d), 5.05 (dd, 1H, J2,1=8.0 Hz, H-2), 4.98 (dd, 1H,
J4,5=1.7 Hz, H-4), 4.81 (d, 1H, H-1), 4.36 (dddd, 1H, J=1.5, 1.5, 5.0,
13.1 Hz, H-a), 4.19–4.16 (m, 3H, H-5, H-6a, H-6b), 4.13 (ddd, 1H, J=1.4,
1.4, 6.0, 13.1 Hz, H-a’); 13C NMR (100 MHz, CDCl3): d = 171.4, 170.5,
170.3, 169.8, 134.3, 118.1, 98.0, 70.8, 70.2, 68.8, 68.1, 68.0, 62.2, 20.84,
20.81, 20.79, 20.7; ESI HRMS: m/z : calcd for C17H24O10Na: 411.1261;
found: 411.1262 [M+Na+]; elemental analysis calcd (%) for C17H24O10: C
52.57, H 6.23; found: C 52.96, H 6.14.


Allyl b-d-gulopyranoside (13): Tetraacetate 12 (1.488 g, 3.9 mmol) was
suspended in anhydrous methanol (10 mL) under a stream of argon. A
small piece of sodium metal was added, and the reaction mixture was
stirred overnight. The solution was then made neutral by addition of
acidic ion exchange resin, and the solids were removed by filtration. A
colourless solid was obtained after evaporation of the solvents (0.825 g,
3.7 mmol, 98%). A small portion of this material was further purified for
characterization as follows. Silica gel (2 g) was added to a solution of the
tetrol (~100 mg) in methanol and the suspension was evaporated to dry-
ness. The solid was applied to the top of a silica gel column, which was
then eluted with ethyl acetate/methanol 12:1 to afford pure 13 (87 mg).
[a]D = �58 (c = 0.27, MeOH); 1H NMR (600 MHz, CD3OD): d = 5.96
(dddd, 1H, J=5.3, 6.1, 10.6, 17.2 Hz, H-b), 5.31 (dddd, 1H, J=1.8, 1.8,
1.8, 17.2 Hz, H-c), 5.14 (dddd, J=1.4, 1.4, 1.8, 10.5 Hz, H-d), 4.63 (d, 1H,
J1,2=8.2 Hz, H-1), 4.36 (dddd, 1H, J=1.6, 1.6, 5.2, 12.9 Hz, H-a), (dddd,
1H, J=1.4, 1.4, 6.0, 12.9 Hz, H-a’), 3.94 (dd, 1H, J3,2=J3,4=3.6 Hz, H-3),
3.88–3.86 (m, 1H, H-5), 3.74 (dd, 1H, J6a,5=6.8, J6a,6b=11.5 Hz, H-6a),
3.71–3.67 (m, 2H, H-4, H-6b), 3.63 (dd, 1H, H-2); 13C NMR (100 MHz,
CDCl3): d = 136.0, 117.2, 101.5, 75.0, 73.2, 71.3, 70.8, 69.7, 62.7; ESI
HRMS: m/z : calcd for C9H16O6Na: 243.0839; found: 243.0838 [M+Na+].


Allyl 4,6-O-benzylidene-b-d-gulopyranoside (14): Guloside 13 (0.170 g,
0.77 mmol) was dissolved in N,N-dimethylformamide (3.0 mL) and aceto-
nitrile (3.0 mL). Benzaldehyde dimethyl acetal (0.127 mL, 0.85 mmol,
1.1 equiv) was added, followed by p-toluenesulfonic acid monohydrate
(6 mg), and the mixture was heated at 50 8C overnight. The reaction mix-
ture was made basic by addition of triethylamine, then concentrated. The
residue was dissolved in dichloromethane and acetone, mixed with silica
gel (1 g), and concentrated. The residue was applied to a silica gel
column and eluted with a linear gradient of hexanes and ethyl acetate
(2:1!1:1) to afford 14 (0.175 g, 0.56 mmol, 73%). [a]D = �81 (c = 1.06,
CHCl3);


1H NMR (500 MHz, CDCl3): d = 7.53–7.48 (m, 2H, Ar), 7.39–
7.31 (m, 3H, Ar), 5.96 (ddd, 1H, J=5.3, 6.5, 10.4, 17.0 Hz, H-b), 5.32
(dddd, 1H, J=1.6, 1.6, 1.6, 17.1 Hz, H-c), 5.25–5.21 (m, 1H, H-d), 4.75
(d, 1H, J1,2=8.2 Hz, H-1), 4.46 (m, 1H, H-a), 4.35 (dd, 1H, J6a,5=1.1,
J6a,6b=12.4 Hz, H-6a), 4.21 (dd, 1H, J3,2=J3,4=3.2 Hz, H-3), 4.15–4.06 (m,
3H, H-a’, H-4, H-6b), 3.87 (dd, 1H, H-2), 3.79 (br s, 1H, H-5); 13C NMR
(125 MHz, CDCl3): d = 137.7, 134.0, 129.1, 128.2, 126.3, 117.9, 101.3,
99.1, 75.9, 70.0, 69.9, 69.3, 68.9, 66.0; ESI HRMS: m/z : calcd for
C16H20O6Na: 331.1152; found: 331.1155 [M+Na+]; elemental analysis
calcd (%) for C16H20O6: C 62.33, H 6.54; found: C 62.14, H 6.65.


A small amount of the product was acetylated to identify the position of
the free hydroxyl groups, yielding allyl 2,3-di-O-acetyl-4,6-O-benzyl-


Chem. Eur. J. 2006, 12, 845 – 858 D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 851


FULL PAPERGlycoproteins



www.chemeurj.org





idene-b-d-gulopyranoside: 1H NMR (500 MHz, CDCl3): d = 7.54–7.50
(m, 2H, Ar), 7.40–7.34 (m, 3H, Ar), 5.91 (dddd, 1H, J=4.9, 5.8, 10.5,
17.3 Hz, H-b), 5.54 (s, 1H, CHPh), 5.49 (dd, 1H, J3,2=J3,4=3.4 Hz, H-3),
5.30 (dddd, 1H, J=1.7, 1.7, 1.7, 17.3 Hz, H-c), 5.21 (dd, 1H, J2,1=8.6 Hz,
H-2), 5.21–5.16 (m, 1H, H-d), 4.88 (d, 1H, H-1), 4.40 (dddd, 1H, J=1.6,
1.6, 5.0, 13.2 Hz, H-a), 4.35 (dd, 1H, J6a,5=1.5, J6a,6b=12.6 Hz, H6a), 4.13
(dddd, 1H, J=1.4, 1.4, 5.9, 13.2 Hz, H-a’), 4.08 (dd, 1H, J6b,5=1.9 Hz, H-
6b), 4.01 (dd, 1H, J4,5=1.3 Hz, H-4), 3.75 (m, 1H, H-5), 2.15 (s, 3H,
C(O)CH3), 2.03 (s, 3H, C(O)CH3).


When the initial reaction was carried out under identical conditions using
N,N-dimethylformamide or acetonitrile as the lone solvent, slightly lower
yields were realized, and a second isomer (~5%), identified as allyl (R)-
4,6-O-benzylidene-b-d-gulopyranoside could be recrystallized (ethyl ace-
tate/hexanes) after chromatography as described above. [a]D = �81 (c =


0.89, CHCl3);
1H NMR (500 MHz, CDCl3): d = 7.50–7.46 (m, 2H, Ar),


7.44–7.39 (m, 2H, Ar), 7.37–7.34 (m, 1H, Ar), 6.14 (s, 1H, CHPh), 5.97
(dddd, 1H, J=5.6, 6.4, 10.4, 16.9 Hz, H-b), 5.33 (dddd, 1H, J=1.6, 1.6,
1.6, 17.1 Hz, H-c), 5.24 (dddd, 1H, J=10.3, 1.3, 1.3, 1.3 Hz, H-d), 4.71 (d,
1H, J1,2=7.7 Hz, H-1), 4.46 (m, 1H, H-a), 4.26 (dd, 1H, J3,2=J3,4=2.5 Hz,
H-3), 4.12 (m, 1H, H-a’), 4.06–4.01 (m, 3H, H-4, H-6a, H-6b), 3.95 (dd,
1H, H-2), 3.78 (m, 1H, H-5), 2.55 (br s, 1H, OH), 2.49 (br s, 1H, OH);
13C NMR (125 MHz, CDCl3): d = 137.7, 134.0, 129.1, 128.2, 126.3, 117.9,
101.3, 99.1, 75.9, 70.0, 69.9, 69.3, 68.9, 66.0; ESI HRMS: m/z : calcd for
C16H20O6Na: 331.1152; found: 331.1154 [M+Na+]; elemental analysis
calcd (%) for C16H20O6: C 62.33, H 6.54; found: C 62.09, H 6.51.


A small amount of the product was acetylated to identify the position of
the free hydroxyl groups, yielding allyl 2,3-di-O-acetyl-(R)-4,6-O-benzyl-
idene-b-d-gulopyranoside: 1H NMR (600 MHz, CDCl3): d = 7.47–7.44
(m, 2H, Ar), 7.39–7.32 (m, 3H, Ar), 5.99 (s, 1H, CHPh), 5.95–5.87 (m,
2H, H-3, H-b), 5.33 (dddd, 1H, J=1.6, 1.6, 1.6, 17.4 Hz, H-c), 5.30 (dd,
1H, J2,3=3.4, J2,1=4.4 Hz, H-2), 5.24 (dddd, 1H, J=1.4, 1.4, 1.4, 10.5 Hz,
H-d), 4.82 (d, 1H, J1,2=4.5 Hz, H-1), 4.34–4.24 (m, 3H, H-4,
OCH2CHCH2, H-6a), 4.19 (m, 1H, H-5), 4.12–4.04 (m, 2H, H-6b,
OCH2CHCH2), 2.12, 2.08 (2s, 6H, 2QC(O)CH3).


Allyl 2-O-benzoyl-4,6-O-benzylidene-b-d-gulopyranoside (15): Diol 14
(4.00 g, 13.0 mmol) was dissolved in a mixture of dry dichloromethane
and pyridine (4:1; 60 mL), and the flask was immersed in an ice bath.
Benzoyl chloride (1.66 mL, 14.3 mmol, 1.1 equiv) was added, and after
40 min the reaction mixture was quenched by addition of methanol
(5 mL). After stirring for 20 min at room temperature the solution was
concentrated. The residue was dissolved in dichloromethane (100 mL),
washed successively with 1m HCl, saturated sodium bicarbonate, and
water, then dried over sodium sulfate, filtered and concentrated. Column
chromatography in hexanes/ethyl acetate 2:1 yielded 15 (5.01 g,
12.1 mmol, 94%). [a]D = �40 (c = 0.76, CHCl3);


1H NMR (600 MHz,
CDCl3): d = 8.07–8.04 (m, 2H, Ar), 7.62–7.58 (m, 1H, Ar), 7.57–7.54 (m,
2H, Ar), 7.49–7.45 (m, 2H, Ar), 7.41–7.35 (m, 3H, Ar), 5.85 (dddd, 1H,
J=5.0, 6.1, 10.6, 17 Hz, H-b), 5.59 (s, 1H, CHPh), 5.41 (dd, 1H, J2,1=8.5,
J2,3=3.3 Hz, H-2), 5.26 (dddd, 1H, J=1.6, 1.6, 1.6, 17.2 Hz, H-c), 5.13
(dddd, 1H, J=1.4, 1.4, 1.4, 10.6 Hz, H-d), 5.11 (d, 1H, H-1), 4.44–4.36
(m, 2H, H-a, H-6a), 4.19–4.10 (m, 2H, H-a’, H-6b), 3.89 (m, 1H, H-5);
13C NMR (125 MHz, CDCl3): d = 165.1, 137.6, 134.1, 133.3, 129.82,
129.77, 129.1, 128.5, 128.2, 126.4, 117.1, 101.3, 96.9, 76.3, 71.3, 69.5, 69.28,
69.27, 65.7; ESI HRMS: m/z : calcd for C23H24O7Na: 435.1414; found:
435.1414 [M+Na+]; elemental analysis calcd (%) for C23H24O7: C 66.98,
H 5.87; found: C 67.06, H 5.79.


A second, less polar compound allyl 2,3-di-O-benzoyl-4,6-O-benzylidene-
b-d-gulopyranoside (16) was also isolated (0.064 g, 0.12 mmol, 1%). [a]D
= �88 (c = 0.35, CHCl3);


1H NMR (500 MHz, CDCl3): d = 8.08–8.05
(m, 2H, Ar), 7.92–7.87 (m, 2H, Ar), 7.67–7.62 (m, 1H, Ar), 7.60–7.56 (m,
2H, Ar), 7.53–7.47 (m, 3H, Ar), 7.43–7.36 (m, 3H, Ar), 7.35–7.29 (m,
2H, Ar), 5.93–5.83 (m, 2H, H-3, H-b), 5.63 (dd, 1H, J2,1=8.4, J2,3=
3.5 Hz, H-2), 5.62 (s, 1H, CHPh), 5.29 (dddd, 1H, J=1.7, 1.7, 1.7,
17.2 Hz, H-c), 5.23 (d, 1H, H-1), 5.14 (dddd, 1H, J=1.4, 1.4, 1.4, 10.6 Hz,
H-d), 4.49–4.39 (m, 2H, H-a, H-6a), 4.26–4.19 (m, 2H, H-4, H-a’), 4.14
(m, 1H, H-6b), 3.93 (m, 1H, H-5); 13C NMR (125 MHz, CDCl3): d =


164.93, 164.91, 137.3, 134.0, 133.6, 133.0, 129.8, 129.71, 129.69, 129.4,
129.2, 128.7, 128.25, 128.22, 126.4, 117.0, 101.3, 97.7, 74.3, 70.5, 69.4, 69.1,


68.6, 66.3; ESI HRMS: m/z : calcd for C30H28O8Na: 539.1676; found:
539.1679; elemental analysis calcd (%) for C30H28O8: C 69.76, H 5.46;
found: C 69.66, H 5.65.


Allyl 3-thioacetyl-2-O-benzoyl-4,6-O-benzylidene-3S-b-d-galactopyrano-
side (17): Alcohol 15 (2.20 g, 5.3 mmol) was dissolved in dichloromethane
(40 mL) containing pyridine (2.10 mL, 27 mmol, 5 equiv). The solution
was cooled to �20 8C and trifluoromethanesulfonic anhydride (1.20 mL,
7.1 mmol, 1.34 equiv) was added over a period of one minute. The mix-
ture was allowed to warm to �5 8C over 1.5 h, and was then stirred at
room temperature for a further 1.5 h. After diluting with dichlorome-
thane (40 mL), the reaction mixture was washed with an equal volume of
water, dried over sodium sulfate, filtered, and concentrated. The residue
was dissolved in N,N-dimethylformamide (50 mL), potassium thioacetate
(1.30 g, 11.4 mmol, 2 equiv) was added, and mixture was immersed in an
oil bath at 50 8C. After stirring overnight, the black solution was concen-
trated. The syrup was dissolved in dichloromethane (50 mL) and washed
with an equal volume of water, dried over sodium sulfate, filtered and
concentrated. The yellow residue was chromatographed on a silica gel
column (3.5 cmQ30 cm) capped by a 2 cm deep plug of decolourising
carbon by using hexanes/ethyl acetate 2:1 as eluent to yield 17 (2.36 g,
5.0 mmol, 94%). [a]D = 156 (c = 0.48, CHCl3);


1H NMR (600 MHz,
CDCl3): d = 8.01–7.99 (m, 2H, Ar), 7.58–7.52 (m, 3H, Ar), 7.46–7.42 (m,
2H, Ar), 7.41–7.36 (m, 3H, Ar), 5.77 (dddd, 1H, J=4.8, 6.2, 10.8,
17.2 Hz, H-b), 5.56 (s, 1H, CHPh), 5.49 (dd, 1H, J2,1=7.7, J2,3=11.5 Hz,
H-2), 5.20 (dddd, 1H, J=1.7, 1.7, 1.7, 17.2 Hz, H-c), 5.09 (dddd, 1H, J=
1.4, 1.4, 1.4, 10.8 Hz, H-d), 4.78 (d, 1H, H-1), 4.39–4.35 (m, 2H, H-6a, H-
a), 4.25 (dd, 1H, J3,4


=3.3 Hz, H-3), 4.17–4.07 (m, 3H, H-4, H-6b, H-a’),
3.70 (m, 1H, H-5), 2.21 (s, 3H, C(O)CH3);


13C NMR (125 MHz, CDCl3):
d = 194.9, 165.2, 137.4, 133.8, 133.0, 129.8, 129.7, 129.0, 128.3, 128.2,
126.3, 117.2, 101.3, 101.1, 75.9, 69.3, 69.04, 69.01, 68.5, 47.0, 30.5; ESI
HRMS: m/z : calcd for C25H26O7SNa: 493.129695; found: 493.129366
[M+Na+]; elemental analysis calcd (%) for C25H26O7S: C 63.81, H 5.57;
found: C 63.95, H 5.51.


Allyl 2-O-benzoyl-4,6-O-benzylidene-3-thio-b-d-galactopyranoside (18):
Thioester 17 (0.320 g, 0.68 mmol) was dissolved in N,N-dimethylforma-
mide (5.0 mL), and argon was bubbled through the solution for 20 min
before hydrazine acetate (0.113 g, 1.23 mmol, 1.7 equiv) was added. The
mixture was stirred for 2 h, diluted with ethyl acetate (50 mL), washed
with water (2Q40 mL), and the organic layers dried over sodium sulfate,
filtered and concentrated to afford 18 (0.286 g, 0.67 mmol, 98%).
1H NMR (400 MHz, CDCl3): d = 8.09–8.05 (m, 2H, Ar), 7.59–7.55 (m,
3H, Ar), 7.49–7.37 (m, 5H, Ar), 5.79 (dddd, 1H, J=4.8, 6.2, 11.0,
17.3 Hz, H-b), 5.61 (s, 1H, CHPh), 5.37 (dd, 1H, J2,1=7.8, J2,3=11.2 Hz,
H-2), 5.21 (dddd, 1H, J=1.7, 1.7, 1.7, 17.3 Hz, H-c), 5.09 (dddd, 1H, J=
1.4, 1.4, 1.4, 10.5 Hz, H-d), 4.66 (d, 1H, H-1), 4.38 (dd, 1H, J6a,6b=12.4,
J6a,5=1.5 Hz, H-6a), 4.39–4.33 (m, 1H, H-a), 4.17–4.09 (m, 3H, H-4, H-a’,
H-6b), 3.61 (m, 1H, H-5), 3.14 (ddd, 1H, J3,4=3.2, J3,2=11.0, J3,SH=
11.0 Hz, H-3), 2.24 (d, 1H, SH); 13C NMR (125 MHz, CDCl3): d = 165.4,
137.5, 133.9, 133.0, 130.1, 129.8, 129.1, 128.3, 128.2, 128.3, 117.2, 101.5,
101.0, 76.6, 72.5, 69.2, 69.03, 68.96, 43.8; ESI HRMS: m/z : calcd for
C23H24O6SNa: 451.1191; found: 451.1191 [M+Na+].


The title compound was slowly converted to allyl 2-O-benzoyl-4,6-O-ben-
zylidene-3-thio-b-d-galactopyranoside disulfide in solution: 1H NMR
(500 MHz, CDCl3): d = 8.09–8.06 (m, 2H, Ar), 7.60–7.53 (m, 3H, Ar),
7.47–7.43 (m, 2H, Ar), 7.40–7.34 (m, 3H, Ar), 5.78 (dddd, 1H, J=4.8,
6.1, 10.6, 17.2 Hz, H-b), 5.60 (s, 1H, CHPh), 5.59 (dd, 1H, J2,1=7.8, J2,3=
11.2 Hz, H-2), 5.20 (dddd, 1H, J=1.6, 1.6, 1.6, 17.2 Hz, H-c), 5.08 (dddd,
1H, J=1.6, 1.6, 1.6, 10.6 Hz, H-d), 4.71 (d, 1H, H-1), 4.39–4.34 (m, 2H,
H-6a, H-a), 4.33 (dd, 1H, J=0.9, 3.2 Hz, H-4), 4.16–4.09 (m, 2H, H-6b,
H-a’), 3.56 (br s, 1H, H-5), 2.99 (dd, 1H, H-3); 13C NMR (125 MHz,
CDCl3): d = 165.2, 137.6, 133.9, 133.0, 130.1, 129.8, 128.9, 128.4, 128.1,
126.3, 117.1, 101.4, 101.2, 78.4, 69.9, 69.2, 69.1, 68.9, 49.3; ESI HRMS:
m/z : calcd for C46H46O12S2Na: 877.2328; found: 877.2327 [M+Na+]; ele-
mental analysis calcd (%) for C46H46O12S2: C 62.93, H 5.28; found: C
63.18, H 5.40.


Allyl S-(methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-
a-d-galacto-non-2-ulopyranosylonate)-(2!3)-2-O-benzoyl-(S)-4,6-O-
benzylidene-3-thio-b-d-galactopyranoside (19): Thiol 18 (0.613 g,
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1.43 mmol) was dissolved in N,N-dimethylformamide (15 mL) and argon
was bubbled through for one hour prior to cooling the solution to 0 8C.
Sodium hydride (dispersion in mineral oil; 60% by mass; 0.074 g,
1.85 mmol, 1.3 equiv) was added in portions and stirring was continued
until the evolution of gas had ceased. A solution of methyl 5-acetamido-
4,7,8,9-tetra-O-acetyl-2-chloro-3,5-dideoxy-d-glycero-b-d-galacto-2-nonu-
lopyranosonate[82] (1.30 g, 2.55 mmol, 1.8 equiv) and 1,4,10-trioxa-7,13-di-
azacyclopentadecane (0.062 g, 0.29 mmol, 0.2 equiv) in N,N-dimethylfor-
mamide (5 mL) was added via canula and the mixture was stirred for
40 min, after which time the mixture was neutralized with acetic acid.
The solution was diluted with ethyl acetate (150 mL) and washed with an
equal volume of water, then dried over sodium sulfate, filtered and con-
centrated. Column chromatography on silica gel with a linear gradient of
hexanes/ethyl acetate/acetone 4:3:1!4:3:2) afforded 19 (1.220 g,
1.35 mmol, 95%). [a]D = 50 (c = 0.27, CHCl3);


1H NMR (500 MHz,
CDCl3): d = 8.16–8.12 (m, 2H, Ar), 7.58–7.52 (m, 3H, Ar), 7.49–7.45 (m,
2H, Ar), 7.39–7.31 (m, 3H, Ar), 5.79 (dddd, 1H, J=5.1, 5.9, 10.5,
17.2 Hz, H-b), 5.63 (ddd, 1H, J=2.5, 5.6, J8’,7’=10.0 Hz, H-8’), 5.48 (s,
1H, CHPh), 5.30 (dd, 1H, J2,1=7.7, J2,3=11.8 Hz, H-2), 5.23 (dd, 1H,
J7’,6’=2.2 Hz, H-7’), 5.18 (dddd, 1H, J=1.7, 1.7, 1.7, 17.2 Hz, H-c), 5.06–
5.01 (m, 2H, H-1, H-d), 4.83 (ddd, 1H, J4’,3’eq=4.6, J4’,5’=10.4, J4’,3’ax=
11.6 Hz, H-4’), 4.38–4.31 (m, 3H, H-9a’, H-6a, H-a), 4.15 (dddd, 1H, J=
1.4, 1.4, 6.0, 13.1 Hz, H-a’), 4.12–4.05 (m, 2H, H-9b’, H-6b), 3.93–3.85 (m,
2H, H-5’, H-3), 3.80–3.73 (m, 3H, H-5, H-4, H-6’), 3.77 (s, 3H, CO2CH3),
2.58 (dd, 1H, J3eq,3ax=12.9 Hz, H-3’eq), 1.91 (dd, 1H, H-3’ax), 2.21, 2.07,
1.97, 1.84, 1.70 (5s, 5Q3H, 5QC(O)CH3);


13C NMR (125 MHz, CDCl3):
d = 170.9, 170.7, 170.18, 170.14, 170.12, 169.8, 165.9, 137.6, 134.1, 132.8,
130.6, 130.1, 128.9, 128.2, 128.1, 126.3, 116.9, 101.1, 100.9, 81.0, 76.3, 73.6,
69.6, 69.4, 69.2, 69.1, 67.9, 67.5, 66.9, 62.4, 53.0, 49.3, 45.6, 37.4, 23.2, 21.5,
20.8, 20.6; ESI HRMS: m/z : calcd for C43H51NO18SNa: 924.2719; found:
924.2720 [M+Na+]; elemental analysis calcd (%) for C43H51NO18S: C
57.26, H 5.70, N 1.55; found: C 56.87, H 5.56, N 1.40.


2,3-Di-O-acetyl-4,6-O-benzylidene-b-d-glucopyranosyl-(1!1)-(2S,3R)-2-
azido-3-O-benzoyl-pent-4-ene-1,3-diol (20): A suspension of the imidate
8 (0.301 g, 0.61 mmol, 1.28 equiv), (2S,3R)-2-azido-3-O-benzoyl-pent-4-
ene-1,3-diol (9) (0.117 g, 0.47 mmol, 1.00 equiv) and powdered 4 K mo-
lecular sieves (100 mg) were combined in freshly distilled dichlorome-
thane (10.0 mL) and stirred for 30 min under an argon atmosphere at
room temperature. The mixture was then cooled to �50 8C and trimethyl-
silyl trifluoromethanesulfonate (20 mL in 0.5 mL CH2Cl2) was added. The
reaction mixture was allowed to warm to room temperature and stirring
was continued for 6 h before triethylamine was added to neutralize the
mixture. After filtration and concentration, the residue was chromato-
graphed on silica gel by using hexanes/ethyl acetate 4:1 as eluent to
afford 20 (0.248 g, 4.3 mmol, 90%). [a]D = �59 (c = 1.52, CHCl3);
1H NMR (500 MHz, CDCl3): d = 8.09–8.06 (m, 2H, Ar), 7.62–7.57 (m,
1H, Ar), 7.50–7.41 (m, Ar, 4H), 7.37–7.33 (m, 3H, Ar), 5.96 (ddd, 1H,
J=7.1, 10.6, 17.2 Hz, H-4sph), 5.67–5.63 (m, 1H, H-3sph), 5.52–5.46 (m,
2H, CHPh, H-5sph), 5.45–5.40 (m, 1H, H-5sph), 5.31 (dd, 1H, J3,2=J3,4=
9.4 Hz, H-3), 5.04 (dd, 1H, J2,1=7.8 Hz, H-2), 4.29 (dd, 1H, J6a,6b=10.5,
J6a,5=5.0 Hz, H-6a), 4.01–3.90 (m, 2H, C-2sph, C-1sph), 3.75–3.64 (m, 3H,
H-4, H-6b, C-1sph), 3.53 (ddd, 1H, J=5.0, 9.9, 9.9 Hz, H-5), 2.10 (s, 3H,
C(O)CH3) 2.05 (s, 3H, C(O)CH3);


13C NMR (125 MHz, CDCl3): d =


170.1, 169.5, 165.0, 136.7, 133.4, 131.4, 129.8, 129.7, 129.2, 128.5, 128.2,
126.1, 120.8, 101.5, 101.0, 78.2, 74.4, 72.1, 71.8, 68.4, 68.2, 66.5, 63.2, 20.8,
20.7; ESI HRMS: m/z : calcd for C29H31N3O10Na: 604.1902; found:
604.1907 [M+Na+]; elemental analysis calcd (%) for C29H31N3O10: C
59.89, H 5.37, N 7.23; found: C 59.61, H 5.20, N 7.09.


A side product, (2S,3R)-1-O-acetyl-2-azido-3-O-benzoyl-pent-4-ene-1,3-
diol (21) was isolated (0.007 g, 0.001 mmol, 4%). 1H NMR (400 MHz,
CDCl3): d = 8.10–8.06 (m, 2H, Ar), 7.63–7.57 (m, 1H, Ar), 7.51–7.45 (m,
2H, Ar), 6.01–5.91 (m, 1H, H-4), 5.69–5.64 (m, 1H, H-3), 5.54–5.47 (m,
1H, H-5a), 5.45–5.41 (m, 1H, H-5b), 4.28 (dd, 1H, J1a,2=4.6, J1a,1b=
11.6 Hz, H-1a), 4.19 (dd, 1H, J1b,2=7.8 Hz, H-1b), 4.02 (ddd, 1H, J=4.5,
4.5, 7.8 Hz, H-2), 2.12 (s, 3H, C(O)CH3);


13C NMR (100 MHz, CDCl3): d
= 170.4, 165.1, 133.5, 131.2, 129.8, 129.4, 128.5, 120.8, 74.3, 62.9, 62.6,
20.7; ESI HRMS: m/z : calcd for C14H15N3O4Na: 312.09548; found:
312.09526 [M+Na+].


2,3-Di-O-benzyl-4,6-O-benzylidene-b-d-glucopyranosyl-(1!1)-(2S,3R)-2-
azido-3-O-benzyl-pent-4-ene-1,3-diol (22): Diacetate 20 (1.053 g,
1.81 mmol) was dissolved in dry methanol (30 mL) and a small piece of
sodium was added. After 3 h, the mixture was neutralized with acidic
cation exchange resin, filtered, and concentrated. The residue was dis-
solved in anhydrous N,N-dimethylformamide (25 mL) and cooled to 0 8C.
Sodium hydride (0.434 g of a 60% dispersion in oil; 10.9 mmol, 6 equiv)
was added in portions, followed by benzyl bromide (1.3 mL, 10.9 mmol,
6 equiv). After 4 h methanol was added followed by acidic cation ex-
change resin. The neutral solution was filtered and concentrated, then re-
dissolved in dichloromethane (100 mL) and washed with water (2Q
60 mL), dried and concentrated. The residue was chromatographed on
silica gel with hexanes/ethyl acetate 10:1 as eluent to give 22 (1.136 g,
1.71 mmol, 94%). [a]D = �43 (c = 1.21, CHCl3);


1H NMR (500 MHz,
CDCl3): d = 7.51–7.48 (m, 2H, Ar), 7.41–7.25 (m, 18H, Ar), 5.84 (ddd,
1H, J=7.9, 10.4, 18.3 Hz, H-4sph), 5.57 (s, 1H, CHPh), 5.44–5.41 (m, 1H,
H-5asph), 5.38–5.33 (m, 1H, H-5bsph), 4.92 (d, 1H, J=11.4 Hz, CH2Ph),
4.84 (d, 1H, J=11.0 Hz, CH2Ph), 4.80 (d, 1H, J=11.4 Hz, CH2Ph), 4.78
(d, 1H, J=11.0 Hz, CH2Ph), 4.62 (d, 1H, J=11.9 Hz, CH2Ph), 4.51 (d,
1H, J1,2=7.6 Hz, H-1), 4.38 (d, 1H, J=11.4 Hz, CH2Ph), 4.35 (dd, 1H,
J=10.4, 5.0 Hz, H-6a), 4.00 (dd, 1H, J=6.7, 10.0 Hz, H-1asph), 3.95 (dd,
1H, J=5.3, 7.9 Hz, H-3sph), 3.81–3.67 (m, H-6b, H-1bsph, H-3, H-4, H-
2sph), 3.48 (dd, 1H, J2,3=8.3 Hz, H-2), 3.44–3.37 (m, 1H, H-5);


13C NMR
(125 MHz, CDCl3): d = 138.5, 138.3, 137.8, 137.3, 134.3, 128.9, 128.4,
128.34, 128.28, 128.23, 127.99, 127.96, 127.72, 127.68, 127.63, 127.61, 126.0,
120.8, 103.9, 101.2, 82.1, 81.5, 80.9, 79.8, 75.4, 75.1, 70.5, 68.8, 68.7, 66.1,
64.2; ESI HRMS: m/z : calcd for C39H41N3O7Na: 686.2837; found:
686.2838 [M+Na+]; elemental analysis calcd (%) for C39H41N3O7: C
70.57, H 6.23, N 6.33; found: C 70.94, H 6.40, N 6.07.


2,3-Di-O-benzyl-4,6-O-benzylidene-b-d-glucopyranosyl-(1!1)-(2S,3R)-2-
(N-carboxybenzyl-6-aminohexanamido)-3-O-benzyl-pent-4-ene-1,3-diol
(24): Azide 22 (0.098 g, 0.15 mmol) was dissolved in a mixture of pyridine
and water (20:1; 5 mL) and triphenylphosphine (0.078 g, 0.29 mmol,
2.0 equiv) was added. The solution was heated at 50 8C for 4.5 h and then
cooled to room temperature. 6-(Benzyloxycarbonylamino)hexanoic acid
succinimidyl ester (0.107 g, 0.29 mmol, 2.0 equiv) was added to the flask,
and after heating overnight at 50 8C the mixture was concentrated. Chro-
matography on silica gel using a linear gradient of methanol in dichloro-
methane (5.0!6.2%) as eluent afforded 24 (0.112 g, 0.13 mmol, 85%).
[a]D = �25.09 (c = 0.31, CHCl3);


1H NMR (600 MHz, CDCl3): d =


7.51–7.48 (m, 2H, Ar), 7.41–7.25 (m, 23H, Ar), 5.75 (ddd, 1H, J=7.9,
10.3, 17.3 Hz, H-4sph), 5.71 (d, 1H, J=9.4 Hz, NHC(O)CH2), 5.58 (s, 1H,
CHPh), 5.31–5.27 (m, 1H, H-5asph), 5.23–5.18 (m, 1H, H-5bsph), 5.09 (s,
2H, CH2Ph), 4.94 (d, 1H, J=11.5 Hz, CH2Ph), 4.83 (d, 1H, J=11.1 Hz,
CH2Ph), 4.80 (d, 1H, J=11.5 Hz, CH2Ph), 4.76 (br t, 1H, NHCO2Bn),
4.69 (d, 1H, J=11.1 Hz, CH2Ph), 4.62 (d, 1H, J=11.9 Hz, CH2Ph), 4.45
(d, 1H, J1,2=7.8 Hz, H-1), 4.35 (d, 1H, J=11.9 Hz, CH2Ph), 4.34 (dd,
1H, J6a,5=5.0, J6a,6b=10.4 Hz, H-6a), 4.29 (dd, 1Hx, J1a,2=3.9, J1a,1b=
10.5 Hz, H-6a), 4.23 (m, 1H, H-2sph), 3.85 (dd, 1H, J3,2=J3,4=7.6 Hz, H-
3sph), 3.80–3.75 (m, 2H, H-3, H-6b), 3.70 (dd, 1H, J4,3=J4,5=9.4 Hz, H-4),
3.61 (dd, 1H, J1,2=3.7 Hz, H-1bsph), 3.44 (dd, 1H, J2,3=8.7 Hz, H-2), 3.39
(ddd, 1H, J5,6b=9.6 Hz, H-5), 3.16–3.11 (m, 2H, CH2NHCO2Bn), 1.89–
1.75 (m, 2H, C(O)CH2), 1.49–1.38 (m, 4H, 2QCH2), 1.22–1.15 (m, 2H,
CH2);


13C NMR (125 MHz, CDCl3): d = 172.3, 156.4, 138.3, 138.1 (2C),
137.3, 136.6, 135.7, 129.0, 128.51, 128.46, 128.35, 128.33, 128.25, 128.11,
128.06, 128.04, 127.87, 127.84, 127.80, 127.70, 127.66, 126.0, 119.6, 104.4,
101.2, 82.0, 81.7, 81.1, 79.5, 75.4, 75.0, 70.6, 68.8, 68.7, 66.6, 66.1, 51.7,
40.9, 36.2, 29.6, 26.2, 25.0; ESI HRMS: m/z : calcd for C53H60N2O10Na:
907.4146; found: 907.4145 [M+Na+]; elemental analysis calcd (%) for
C53H60N2O10: C 71.92, H 6.83, N 3.17; found: C 71.73, H 6.71, N 2.96.


2,3,6-Tri-O-benzyl-b-d-glucopyranosyl-(1!1)-(2S,3R)-2-azido-3-O-
benzyl-pent-4-ene-1,3-diol (5): Azide 22 (0.720 g, 1.08 mmol) was concen-
trated twice from toluene and the residue was dissolved in tetrahydrofur-
an (20 mL) containing powdered 3 K molecular sieves. After stirring for
20 min, sodium cyanoborohydride (0.681 g, 10.84 mmol, 10 equiv) was
added, followed by a crystal of methyl orange. A saturated solution of
hydrochloric acid in diethyl ether was added to the mixture, dropwise,
until a pink colour persisted. After 90 min, an additional solution of the
acid (3 mL) was added. After a total of 2.5 h, the reaction mixture was
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filtered into a separatory funnel containing a 1:1 mixture of dichlorome-
thane and water (150 mL). The organic layer was removed, dried over
sodium sulfate and concentrated. Chromatography of the residue, by
using hexanes/ethyl acetate 5:1 as eluent afforded 5 (0.685 g, 1.03 mmol,
95%). [a]D = �34.30 (c = 0.52, CHCl3);


1H NMR (500 MHz, CDCl3): d
= 7.36–7.24 (m, 24H, Ar), 5.83 (m, 1H, J=8.0, 10.4, 17.4 Hz,
OCH2CHCH2), 5.42–5.39 (m, 1H, OCH2CHCH2), 5.35–5.31 (m, 1H,
OCH2CHCH2), 4.92 (d, 1H, J=11.6 Hz, OCH2Ph), 4.87 (d, 1H, J=
11.3 Hz, OCH2Ph), 4.74 (d, 1H, J=11.6 Hz, OCH2Ph), 4.71 (d, 1H, J=
11.2 Hz, OCH2Ph), 4.62 (d, 1H, J=11.8 Hz, OCH2Ph), 4.59 (d, 1H, J=
12.0 Hz, OCH2Ph), 4.55 (d, 1H, J=12.0 Hz, OCH2Ph), 4.41 (d, 1H, J1,2=
7.3 Hz, H-1), 4.38 (d, 1H, J=11.8 Hz, OCH2Ph), 4.02 (dd, 1H, J6a,5=6.7,
J6a,6b=10.2 Hz, H-6a), 3.96 (dd, 1H, J=5.3, 7.9 Hz, H-3sph), 3.78–3.60 (m,
5H, H-4, H-5, H-6b, H-2sph, H-1asph), 3.49–3.40 (m, 3H, H-1bsph, H-2, H-
3); 13C NMR (125 MHz, CDCl3): d = 138.6, 138.4, 137.87 (2C), 134.3,
128.5, 128.42, 128.38, 128.37, 128.0, 127.9, 127.8, 127.7, 127.68, 127.67,
127.65, 127.62, 120.7, 103.5, 84.0, 81.7, 79.8, 75.3, 74.8, 74.1, 73.7, 71.6,
70.4, 70.2, 68.4, 64.2; ESI HRMS: m/z : calcd for C34H36O6Na: 688.2993;
found: 688.3001 [M+Na+]; elemental analysis calcd (%) for C34H36O6: C
70.36, H 6.51, N 6.31; found: C 70.46, H 6.68, N 6.06.


2,3,6-Tri-O-benzyl-b-d-glucopyranosyl-(1!1)-(2S,3R)-2-(N-carboxyben-
zyl-6-aminohexanamido)-3-O-benzyl-pent-4-ene-1,3-diol (23): Azido al-
cohol 5 (0.201 g, 0.30 mmol) was taken up in pyridine/water 9:1 (10 mL)
and triphenylphosphine (160 mg, 0.61 mmol, 2 equiv) was added. The
mixture was stirred at 45 8C for 3 h and then cooled to room temperature.
6-(Benzyloxycarbonylamino)-hexanoic acid succinimidyl ester (0.383 g,
3.5 equiv) was added and the reaction mixture was stirred at 45 8C for a
further 2.5 h, then concentrated. The residue was chromatographed on
silica gel by using a linear gradient of dichloromethane (15:1 ! 12:1) as
eluent to yield 23 (0.211 g, 0.24 mmol, 79%). [a]D = �17.30 (c = 0.23,
CHCl3);


1H NMR (600 MHz, CDCl3): d = 7.39–7.31 (m, 25H, Ar), 5.79
(d, 1H, NHC(O)CH2), 5.74 (ddd, 1H, J=7.9, 10.5, 17.5 Hz, H-4sph), 5.28
(brd, 1H, J=10.6 Hz, H-5asph), 5.20 (brd, 1H, J=17.1 Hz, H-5bsph), 5.09
(s, 2H, CH2Ph), 4.82 (d, 1H, J=11.9 Hz, CH2Ph), 4.80 (d, 1H, J=
11.9 Hz, CH2Ph), 4.79 (br s, 1H, CH2NH), 4.76 (s, 2H, CH2Ph), 4.61 (d,
1H, J=12.0 Hz, CH2Ph), 4.58 (d, 1H, J=11.9 Hz, CH2Ph), 4.54 (d, 1H,
J=11.9 Hz, CH2Ph), 4.36 (d, 1H, J1,2=7.4 Hz, H-1), 4.35 (d, 1H, J=
11.9 Hz, CH2Ph), 4.25 (dd, 1H, J=4.5, 10.4 Hz, H-1asph), 4.27–4.18 (m,
1H, H-2sph), 3.88 (dd, 1H, J3,4=7.3 Hz, H-3sph), 3.75 (dd, 1H, J6a,5=4.2,
J6a,6b=10.3 Hz, H-6a), 3.71 (dd, 1H, J6b,5=5.1 Hz, H-6b), 3.67–3.62 (m,
2H, H-1bsph, H-4), 3.48 (dd, 1H, J3,2=J3,4=9.0 Hz, H-3), 3.42 (ddd, 1H,
J5,4=9.4 Hz, H-5), 3.38 (dd, 1H, H-2), 3.16–3.09 (m, 2H, CH2NH2), 1.91–
1.79 (m, 2H), 1.51–1.37 (m, 4H), 1.22–1.17 (m, 2H); 13C NMR
(125 MHz, CDCl3): d = 172.4, 156.4, 138.5, 138.23, 138.17, 137.7, 136.6,
135.7, 128.53, 128.50, 128.46, 128.45 (2C), 128.3, 128.10, 128.07, 127.96,
127.85, 127.81, 127.78, 127.76, 127.70, 127.6, 119.4, 104.0, 84.2, 81.7, 79.5,
75.3, 74.8, 74.0, 73.7, 71.9, 70.6, 70.2, 68.4, 66.6, 52.0, 40.9, 36.2, 29.6, 26.2,
25.0; ESI HRMS: m/z : calcd for C53H62N2O10Na: 909.4297; found:
909.4298 [M+Na+]; elemental analysis calcd (%) for C53H62N2O10: C
71.77, H 7.04, N 3.16; found: C 71.73, H 6.71, N 2.96.


S-(Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-a-d-
galacto-non-2-ulopyranosylonate)-(2!3)-2-O-benzoyl-4,6-O-benzyli-
dene-3-thio-d-galactopyranose (25): Disaccharide 19 (0.950 g,
1.05 mmol), palladium chloride (0.265 g, 1.49 mmol, 1.4 equiv), and
sodium acetate (0.360 g, 4.39 mmol, 4.2 equiv) were combined and added
to acetic acid/water 19:1 (30 mL). The reaction was immersed in an ultra-
sonic cleaning bath (Branson model B-32) and water temperature was
maintained below 30 8C by portionwise addition of ice. After 5 h, the
mixture was filtered through Celite, diluted with ethyl acetate (80 mL),
washed with an equal volume of water, dried over sodium sulfate, filtered
and concentrated. The residue was chromatographed by using hexanes/
ethyl acetate/acetone 3:3:2 as eluent to yield 25 (0.735 g, 0.85 mmol,
81%) as an inseparable mixture of a and b isomers. ESI HRMS: m/z :
calcd for C40H47NO18SNa: 884.2406; found: 884.2405 [M+Na+].


S-(Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-a-d-
galacto-non-2-ulopyranosylonate)-(2!3)-2-O-benzoyl-4,6-O-benzyli-
dene-3-thio-d-galactopyranosyl trichloroacetimidate (4): Hemiacetal 25
(0.560 g, 0.65 mmol) was concentrated from toluene (2x) and dried in


vacuo. The residue was then taken up in dichloromethane (10.0 mL) and
then trichloroacetonitrile (1.0 mL, 10 mmol, 15.4 equiv) and 1,8-diazabi-
cyclo-[5.4.0]-undec-7-ene (0.050 mL, 0.33 mmol, 0.5 equiv) were added.
After 2 h, the reaction mixture was concentrated and the residue chroma-
tographed on silica gel with ethyl acetate/hexanes 7:1 containing triethyl-
amine (2%) as eluent to afford 4 (0.458 g, 0.46 mmol, ~70%) and some
minor contaminants (<10%). ESI HRMS: m/z : calcd for
C42H47N2O18SCl3Na: 1027.1505; found: 1027.1502 [M+Na+].


S-(Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-a-d-
galacto-non-2-ulopyranosylonate)-(2!3)-(2-O-benzoyl-4,6-O-benzyli-
dene-3-thio-b-d-galactopyranosyl)-(1!4)-2,3,6-tri-O-benzyl-b-d-glucopyr-
anosyl-(1!1)-(2S,3R)-2-azido-3-O-benzyl-pent-4-ene-1,3-diol (3a): Ac-
ceptor 5 (0.110 g, 0.17 mmol) and imidate 4 (0.250 g, 0.25 mmol,
1.5 equiv) were combined and concentrated from toluene at room tem-
perature. The residue was dissolved in freshly distilled dichloromethane
(12 mL) containing powdered 4 K molecular sieves, and the mixture was
stirred under argon for 45 min at room temperature before being cooled
to 0 8C. BF3·Et2O (0.030 mL, 0.24 mmol, 1.5 equiv) was added and the re-
action mixture was allowed to warm to room temperature. After 1.5 h, an
additional 0.5 equivalents of BF3·Et2O was added and stirring was contin-
ued for 2 h before the mixture was made basic with triethylamine, fil-
tered, and concentrated. Chromatography of the residue on silica gel
with a gradient of hexanes/ethyl acetate/acetone (8:6:1!8:6:2) afforded
3a (0.158 g, 0.10 mmol, 64%). [a]D = 57 (c = 0.40, CHCl3);


1H NMR
(600 MHz, CDCl3): d = 8.22–8.19 (m, 2H, Ar), 7.57–7.53 (m, 1H, Ar),
7.51–7.45 (m, 4H, Ar), 7.35–7.30 (m, 5H, Ar), 7.28–7.15 (m, 18H, Ar),
5.77 (ddd, 1H, J=8.0, 10.4, 17.4 Hz, H-4sph), 5.69 (ddd, 1H, J8’’,9a’’=2.5,
J8’’,9b’’=6.1, J8’’,7’’=10.0 Hz, H-8’’), 5.39 (s, 1H, CHPh), 5.35–5.32 (m, 1H,
H-5asph), 5.29–5.23 (m, 3H, H-1’, H-2’, H-5bsph), 5.22 (dd, 1H, J7’’,6’’=
2.3 Hz, H-7’’), 5.12 (d, 1H, J=11.7 Hz, CH2Ph), 5.00 (d, 1H, JNH,5’’=
10.1 Hz, NH), 4.89 (d, 1H, J=11.7 Hz, CH2Ph), 4.79 (ddd, 1H, J4’’,5’’=
11.4, J4’’,3’’ax=12.8, J4’’,3’’eq=4.6 Hz, H-4’’), 4.76 (d, 1H, J=11.3 Hz,
CH2Ph), 4.63 (d, 1H, J=11.3 Hz, CH2Ph), 4.55 (d, 1H, J=11.9 Hz,
CH2Ph), 4.35 (dd, 1H, J9a’’,9b’’=12.5 Hz, H-9a’’), 4.31 (d, 1H, J=11.9 Hz,
CH2Ph), 4.28 (d, 1H, J1,2=7.8 Hz, H-1), 4.18 (d, 1H, CH2Ph), 4.15 (d,
1H, CH2Ph), 4.05 (dd, 1H, H-9b’’), 4.01 (dd, 1H, J6a’,6b’=12.5, J6a’,5’
~0.5 Hz, H-6a’), 3.94–3.87 (m, 4H, H-4, H-1asph, H-5’’, H-3sph), 3.84 (dd,
1H, J3’,2’=10.7, J3’,4’=3.2 Hz, H-3’), 3.78–3.69 (m, 3H, H-6b’, H-2sph, H-
6’’), 3.74 (s, 3H, CO2CH3), 3.66 (dd, 1H, J6a,6b=10.7 Hz, H-6a), 3.64 (dd,
1H, J3,2=J3,4=8.8 Hz, H-3), 3.61 (d, 1H, H-4’), 3.57–3.53 (m, 2H, H-5’,
H-1bsph), 3.43 (dd, 1H, J6b,5=6.8 Hz, H-6b), 3.40–3.34 (m, 2H, H-2, H-5),
2.56 (dd, 1H, J3eq,3ax=12.8 Hz, H-3’’eq), 2.18 (s, 3H, C(O)CH3), 2.04 (s,
3H, C(O)CH3), 1.96 (s, 3H, C(O)CH3), 1.87 (dd, 1H, H-3’’ax), 1.84 (s,
3H, C(O)CH3), 1.73 (s, 3H, C(O)CH3);


13C NMR (125 MHz, CDCl3): d
= 170.8, 170.7, 170.3, 170.1, 170.0, 169.7, 165.6, 139.3, 138.7, 138.4, 137.9,
137.8, 134.1, 133.1, 130.27, 130.25, 128.7, 128.5, 128.3, 128.2, 128.1, 128.00,
127.94, 127.87, 127.6 (2C), 127.4, 127.18, 127.17, 127.16, 126.7, 126.2,
120.7, 103.1, 101.9, 101.2, 83.2, 82.0, 81.2, 79.9, 77.7, 75.7, 75.0, 74.68,
74.66, 73.6, 72.8, 70.4, 69.8, 69.6, 69.4, 68.7, 68.3, 68.1, 67.1, 67.0, 64.2,
62.6, 53.0, 49.2, 46.0, 37.5, 23.2, 21.5, 20.84, 20.77, 20.68; ESI HRMS:
m/z : calcd for C79H88N4O24S Na: 1531.5406; found: 1531.5407 [M+Na+];
elemental analysis calcd (%) for C79H88N4O24S: C 62.85, H 5.88, N 3.71;
found: C 62.61, H 6.02, N 3.55.


S-(Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-a-d-
galacto-non-2-ulopyranosylonate)-(2!3)-(2-O-benzoyl-4,6-O-benzyli-
dene-3-thio-b-d-galactopyranosyl)-(1!4)-2,3,6-tri-O-benzyl-b-d-glucopyr-
anosyl-(1!1)-(2S,3R)-2-(N-carboxybenzyl-6-aminohexanamido)-3-O-
benzyl-pent-4-ene-1,3-diol (26): Azide 3a (0.150 g, 0.10 mmol) was dis-
solved in pyridine and water 9:1 (10 mL) then triphenylphosphine
(0.052 g, 0.20 mmol, 2 equiv) was added and the mixture was heated at
50 8C for 4 h before being allowed to cool to room temperature. 6-(Ben-
zyloxycarbonylamino)hexanoic acid succinimidyl ester (0.180 g,
0.50 mmol, 5 equiv) was added and the solution was heated at 50 8C over-
night and then concentrated. Chromatography of the residue on silica gel
using hexanes-ethyl acetate-acetone (4:3:2!3:3:2) as eluent afforded 26
(0.155 g, 0.09 mmol, 90%). [a]D = 53 (c = 0.41, CHCl3);


1H NMR
(600 MHz, CDCl3): d = 8.21–8.18 (m, 2H, Ar), 7.58–7.54 (m, 1H, Ar),
7.51–7.45 (m, 4H, Ar), 7.36–7.12 (m, 28H, Ar), 5.80 (d, 1H, JNH,H2sph=
8.9 Hz, NHsph), 5.70–5.62 (m, 2H, H-8’’, H-4sph), 5.41 (s, 1H, CHPh),
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5.29–5.24 (m, 2H, H-1’, H-2’), 5.23 (dd, 1H, J7’’,8’’=2.3, J7’’,6’’=10.1 Hz, H-
7’’), 5.19 (dd, 1H, J=10.4, 1.5 Hz, H-5asph), 5.16 (d, 1H, J=11.4 Hz,
CH2Ph), 5.12–5.06 (m, 2H, CH2Ph, H-5bsph), 5.01 (d, 1H, JNH,H5’’=
10.0 Hz, NHAc), 4.85 (d, 1H, J=11.4 Hz, CH2Ph), 4.82–4.75 (m, 2H, H-
4’’, NHZ), 4.68 (d, 1H, CH2Ph), 4.63 (d, 1H, CH2Ph), 4.54 (d, 1H, J=
11.9 Hz, CH2Ph), 4.34 (dd, 1H, J9a’’,8’’=2.6, J9a’’,9b’’=12.4 Hz, H-9a’’), 4.30
(d, 1H, J=11.9 Hz, CH2Ph), 4.24 (br s, 2H, CH2Ph), 4.21 (d, 1H, J1,2=
7.9 Hz, H-1), 4.17 (dd, 1H, J1a,2=4.6, J1a,1b=10.9 Hz, H-1asph), 4.11–4.06
(m, 2H, H-2sph, H-6a’), 4.05 (dd, 1H, J9’’b,8’’=6.6 Hz, H-9b’’), 4.00 (dd, 1H,
J4,3=8.8, J4,5=9.6 Hz, H-4), 3.92–3.84 (m, 2H, H-5’’, H-3’), 3.83–3.78 (m,
2H, H-6b’, H-3sph), 3.75–3.72 (m, 1H, H-6’’), 3.74 (s, 3H, CO2CH3), 3.67
(dd, 1H, J6a,5=1.6, J6a,6b=10.9 Hz, H-6a), 3.64 (brd, 1H, H-4’), 3.63 (dd,
1H, J3,2=9.0 Hz, H-3), 3.59 (br s, 1H, H-5’), 3.56 (dd, 1H, J1b,2=6.3 Hz,
H-1bsph), 3.52 (dd, 1H, J6b,5=6.3 Hz, H-6b), 3.34 (dd, 1H, H-2), 3.30 (m,
1H, H-5), 3.10 (m, 2H, CH2NHZ), 2.57 (dd, 1H, J3’’eq,4’’=4.6, J3’’eq,3’’ax=
12.8 Hz, H-3’’eq), 2.16, 2.05, 1.97, (3Qs, 3Q3H, C(O)CH3), 1.88 (dd, 1H,
J’’ax,4’’=12.0 Hz, H-3’’ax), 1.85–1.68 (m, 2H, CH2), 1.84, 1.73, (2Qs, 3Q3H,
C(O)CH3), 1.42–1.34 (m, 4H, 2QCH2), 1.16–1.08 (m, 2H, CH2);
13C NMR (125 MHz, CDCl3): d = 172.3, 170.8, 170.7, 170.2, 170.1, 170.0,
169.7, 165.6, 156.3, 139.1, 138.5, 138.3, 138.2, 137.7, 136.7, 135.7, 133.1,
130.23, 130.21, 128.7, 128.489, 128.486, 128.478, 128.31, 128.29, 128.14,
128.13, 128.02, 128.00, 127.8, 127.7, 127.57, 127.53, 127.50, 127.3, 127.1,
126.9, 126.2, 119.3, 103.8, 101.5, 101.2, 83.4, 81.9, 81.2, 79.4, 75.6, 75.2,
74.8, 74.5, 73.6, 72.7, 70.5, 69.8, 69.5, 69.4, 68.8, 68.5, 68.1, 67.1, 66.9, 66.5,
62.5, 53.0, 52.2, 49.2, 45.9, 40.8, 37.5, 36.0, 29.7, 29.6, 26.2, 24.9, 23.2, 21.5,
20.9, 20.8, 20.7; ESI HRMS: m/z : calcd for C93H107N3O29SNa: m/z :
1752.6714; found: 1752.6710 [M+Na+]; elemental analysis calcd (%) for
C93H107N3O29S: C 64.53, H 6.23, N 2.43; found: C 64.54, H 6.39, N 2.25.


S-(5-Acetamido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-ulopyranosy-
lonic acid)-(2!3)-(4,6-O-benzylidene-3-thio-b-d-galactopyranosyl)-(1!
4)-2,3,6-tri-O-benzyl-b-d-glucopyranosyl-(1!1)-(2S,3R)-2-(N-carboxy-
benzyl-6-aminohexanamido)-3-O-benzylpent-4-ene-1,3-diol (29): Trisac-
charide 26 (0.140 g, 0.08 mmol) was combined with methanol (7.0 mL)
and a small piece of sodium was added. After evolution of gas had
ceased, the mixture was heated at 55 8C for 7 h and then cooled to room
temperature. Water (0.350 mL) was added and the solution was heated at
40 8C overnight. After acidification with acetic acid, the reaction mixture
was concentrated and the residue chromatographed on silica gel using a
gradient of methanol and dichloromethane (0:100!25:75). The residue
was dissolved in 50% methanol and loaded on a SepPak cartridge (5 g),
then eluted with 80–90% methanol to afford 29 (0.108 g, 0.08 mmol,
94%). [a]D = 10 (c = 0.34, CHCl3);


1H NMR (600 MHz, CDCl3): d =


7.43–7.38 (m, 4H, Ar), 7.36–7.34 (m, 2H, Ar), 7.33–7.28 (m, 10H, Ar),
7.28–7.20 (m, 11H, Ar), 7.10–7.04 (m, 3H, Ar), 5.74 (ddd, 1H, H-4sph),
5.50 (s, 1H, CHPh), 5.30–5.24 (m, 2H, H-5asph, H-5bsph), 5.16 (d, 1H, J=
10.7 Hz, CH2Ph), 5.03 (br s, 2H, CH2Ph), 4.78 (d, 1H, J=11.4 Hz,
CH2Ph), 4.63 (brd, 3H, 3QCH2Ph), 4.58–4.54 (m, 3H, CH2Ph, CH2Ph,
H-1’), 4.43 (d, 1H, J1,2=7.8 Hz, H-1), 4.38 (d, 1H, J1,2=11.8 Hz, CH2Ph),
4.17 (ddd, 1H, J1a,2=6.4, J=6.6, 3.8 Hz, H-2sph), 4.12 (dd, 1H, J1a,1b=
10.1 Hz, H-1asph), 4.09 (dd, 1H, J4,3=3.5, J4,5=0.6 Hz, H-4’), 4.06 (dd, 1H,
J6a’,5’=1.4, J6a’,6b’=12.4 Hz, H-6a’), 4.04–3.99 (m, 3H, H-8’’, H-4, H-6a),
3.95 (dd, 1H, J6a,5=1.6, J6a,6b=11.0 Hz, H-6b), 3.93–3.87 (m, 2H, H-3sph,
H-6b’), 3.82 (dd, 1H, J9a’’,8’’=2.8, J9a’’,9b’’=11.4 Hz, H-9a’’), 3.77–3.73 (m,
3H, H-1bsph, H-5’’, H-4’’), 3.69 (dd, 1H, J9b’’,8’’=4.4 Hz, H-9b’’), 3.65 (dd,
1H, J3’,4’=3.4, J3’,2’=11.0 Hz, H-3’), 3.62 (dd, 1H, J3,2=J3,4=9.1 Hz, H-3),
3.59 (dd, 1H, J=1.8, 9.2 Hz, H-7’’), 3.56–3.52 (m, 2H, H-6’’, H-5), 3.47
(dd, 1H, J2’,1’=7.6, J2’,3’=11.0 Hz, H-2’), 3.29 (m, 1H, H-2), 3.17 (br s, 1H,
H-5’), 3.01 (m, 2H, CH2NHZ), 2.94 (m, 1H, H-3’’eq), 2.00 (s, 3H,
NC(O)CH3), 2.00 (m, 2H, CH2), 1.70 (m, 1H, H-3’’ax), 1.47 (m, 2H,
CH2), 1.39 (m, 2H, CH2), 1.21 (m, 2H, CH2);


13C NMR (125 MHz,
CDCl3): d = 178.6, 175.7, 175.4, 175.0, 140.2, 140.1, 140.0, 139.9, 139.8,
139.6, 136.9, 129.8, 129.6, 129.45, 129.39, 129.34, 129.28, 129.09, 129.03,
128.99, 128.98, 128.93, 128.85, 128.81, 128.7, 128.6, 128.5, 128.3, 127.4,
120.1, 105.3, 104.7, 102.2, 85.8, 84.6, 83.0, 80.8, 78.1, 77.6, 76.9, 76.0, 75.9,
74.2, 72.5, 71.8, 70.8, 70.4, 70.0, 69.81, 69.78, 69.6, 69.1, 67.3, 64.4, 54.0,
53.7, 50.9, 49.3, 42.9, 41.7, 37.1, 30.6, 27.3, 26.6, 22.6; ESI HRMS: m/z :
calcd for C77H93N3O22SNa: 1466.5868; found: 1466.5869 [M+Na+].


S-(5-Acetamido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-ulopyranosy-
lonic acid)-(2!3)-(3-thio-b-d-galactopyranosyl)-(1!4)-b-d-glucopyrano-


syl-(1!1)-(2S,3R)-2-(6-aminohexanamido)-pent-4-ene-1,3-diol (1): Tri-
saccharide 29 (0.115 g, 0.08 mmol) was dissolved in anhydrous tetrahy-
drofuran (8.0 mL) and added via cannula to a solution of sodium
(0.090 g) in liquid ammonia at �78 8C. Sodium metal (0.060 g) was
added, and the dark blue solution was stirred for 1 h, then quenched with
methanol (15 mL) and acetic acid (0.50 mL). The mixture was allowed to
warm to room temperature and was stirred overnight to allow ammonia
to evaporate. The methanolic solution was combined with Iatrobeads
(~1 g) and concentrated. The solid material was applied to the top of a
column of Iatrobeads, and eluted by application of a linear gradient of
methanol/isopropanol/water 1:1:0!41:41:18. HPLC purification (Hamil-
ton PRP column; water/methanol gradient) of the material obtained
yielded 1 (0.0571 g, 0.07 mmol, 83%). [a]D = 33 (c = 1.0, H2O);
1H NMR (600 MHz, D2O): d = 5.85 (ddd, 1H, J4,3=7.0, J4,5a=17.1, J4,5b=
10.4 Hz, H-4sph), 5.32 (brd, 1H, H-5asph), 5.26 (brd, 1H, H-5bsph), 4.53 (d,
1H, J1’,2’=7.2 Hz, H-1’), 4.47 (d, 1H, J1,2=8.0 Hz, H-1), 4.24–4.20 (m, 1H,
H-3sph), 4.11 (ddd, 1H, J2,1a=6.7, J2,1b=3.6, J2,3=3.6 Hz, H-2sph), 4.04 (dd,
1H, J1a,1b=10.5 Hz, H-1asph), 4.00 (dd, 1H, J6a,6b=12.3, J6a,5=2.2 Hz, H-
6a), 3.92 (dd, 1H, J=2.5, 6.2, 9.2 Hz, H-8’’), 3.88–3.82 (m, 4H, H-4’, H-
9a’’, H-5’’, H-6b), 3.79 (dd, 1H, H-1b), 3.78–3.75 (m, 1H, H-5’), 3.74–3.70
(m, 2H, H-6a’, H-6b’), 3.70–3.63 (m, 3H, H-4, H-4’’, H-7’’), 3.64 (dd, 1H,
J ~J ~8.7 Hz, H-3), 3.60–3.56 (m, 3H, H-6’’, H-5, H-9b’’), 3.39 (dd, 1H,
J2’,3’=11.4 Hz, H-2’), 3.37 (dd, 1H, J3’,4’=2.5 Hz, H-3’), 3.32 (dd, 1H, H-
2), 3.00–2.96 (m, 2H, CH2NH2), 2.80 (dd, 1H, J3eq,3ax=12.7, J3’’eq,4’’=
4.8 Hz, H-3eq’’), 2.28 (dd, 2H, NC(O)CH2), 2.02 (s, 3H, NHC(O)CH3),
1.81 (dd, 1H, J3ax,4’’=11.3 Hz, H-3’’ax), 1.70–1.58 (m, 4H, 2QCH2), 1.41–
1.34 (m, 2H, CH2);


13C NMR (125 MHz, D2O): d = 177.6, 175.9, 175.4,
137.2, 118.9, 105.0, 103.2, 85.0, 79.1, 78.7, 75.9, 75.7, 75.1, 73.8, 72.82,
72.77, 69.7, 69.5, 69.35 (2C), 69.0, 63.5, 62.1, 60.9, 53.9, 52.5, 51.5, 41.5,
40.2, 36.4, 27.4, 26.0, 25.6, 22.9; ESI HRMS: m/z : calcd for
C34H59N3O20SNa: 884.3316; found: 884.3310 [M+Na+].


S-(5-Acetamido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-ulopyranosy-
lonic acid)-(2!3)-[2-acetamido-2-deoxy-b-d-galactopyranosyl-(1!4)]-(3-
thio-b-d-galactopyranosyl)-(1!4)-b-d-glucopyranosyl-(1!1)-(2S,3R)-2-
(6-aminohexanamido)-pent-4-ene-1,3-diol (2): UDP-N-acetylglucosamine
disodium salt (0.022 g, 0.02 mmol, 1.5 equiv) was added to a falcon tube
containing 1 (15.2 mg, 18 mmol, 1.0 equiv). Freshly prepared b(1,4) N-ace-
tylgalactosaminyl transferase (2.0 mL) in 50 mm HEPES, pH 7.5 contain-
ing 10% glycerol (v/v) and UDP N-acetylglucosamine 4-epimerase
(2.0 mL) in 0.2m NaCl, 1.0 mm EDTA, 20 mm HEPES, 5 mm b-mercap-
toethanol, pH 7.0 were added to the mixture, followed by 4.0 mL of 0.5m
manganese(ii) chloride and 12 mL (12 units) of alkaline phosphatase. The
mixture was tumbled a total of 24 h and then centrifuged for 30 min at
14000 rpm. The supernatant was applied to a SepPak cartridge (5 g)
which had been conditioned with methanol (10 mL) followed by 1% am-
monia solution (20 mL). After application of the sample, the cartridge
was washed with 1% ammonia (25 mL) and eluted with 10% methanol
containing 1% ammonia. HPLC of the residue thus obtained (Hamilton
PRP-1 semi-preparative column; water/methanol gradient elution) af-
forded the desired GM2 analogue 2 (18.3 mg, 0.017 mmol, 94%). [a]D =


22 (c = 0.20, H2O);
1H NMR (600 MHz, D2O): d = 5.85 (ddd, 1H, J4,3=


7.0, J4,5a=17.3, J4,5b=10.5 Hz, H-4sph), 5.35–5.30 (m, 1H, H-5asph), 5.28–
5.25 (m, 1H, H-5bsph), 4.75 (obscured, 1H, H-1’’’), 4.53 (d, 1H, J1’,2’=
7.6 Hz, H-1’), 4.47 (d, 1H, J1,2=7.9 Hz, H-1), 4.24–4.20 (m, 1H, H-3sph),
4.11 (ddd, 1H, J2,1a=6.6, J2,1b=3.6, J2,3=3.6 Hz, H-2sph), 4.06 (dd, 1H,
J1a,1b=10.6 Hz, H-1asph), 4.01–3.98 (m, 2H, H-4’, H-6a), 3.92–3.55 (m,
21H, H-3, H-4, H-5, H-6b, H-5’, H-6a’, H-6b’, H-4’’, H-5’’, H-6’’, H-7’’, H-
8’’, H-9a’’, H-9b’’, H-2’’’, H-3’’’, H-4’’’, H-5’’’, H-6a’’’, H-6b’’’, H-1bsph), 3.42
(dd, 1H, J3’,2’=11.5, J3’,4’=2.4 Hz, H-3’), 3.32 (dd, 1H, J2,3=9.1 Hz, H-2),
3.21 (dd, 1H, H-2’), 3.00–2.97 (m, 2H, CH2NH2), 2.80 (dd, 1H, J3eq,3ax=
12.6, J3’’eq,4’’=4.8 Hz, H-3’’eq), 2.28 (dd, 2H, NC(O)CH2), 2.09 (s, 3H,
NHC(O)CH3), 2.03 (s, 3H, NHC(O)CH3), 1.84 (dd, 1H, J3ax,4’’=11.6 Hz,
H-3’’ax), 1.70–1.59 (m, 4H, 2QCH2), 1.40–1.35 (m, 2H, CH2);


13C NMR
(125 MHz, CDCl3): d = 177.6, 175.8, 175.5, 175.3, 137.2, 118.9, 105.0,
104.1, 103.2, 84.6, 79.2, 77.6, 77.0, 75.72, 75.69, 75.5, 75.0, 73.7, 73.0, 72.7,
71.5, 69.44, 69.37, 69.2, 69.1, 68.6, 63.5, 61.9, 61.6, 60.9, 53.8, 53.4, 52.5,
50.5, 41.5, 40.2, 36.4, 27.4, 25.9, 25.6, 23.5, 22.9; ESI HRMS: m/z : calcd
for C42H72N4O25SNa: 1065.428417; found: 1065.428462 [M+Na+].
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5-Acetamido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-ulopyranosylonic
acid-(2!8)-[S-(5-acetamido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-
ulopyranosylonic acid)]-(2!3)-(3-thio-b-d-galactopyranosyl)-(1!4)-b-d-
glucopyranosyl-(1!1)-(2S,3R)-2-(6-aminohexanamido) -pent-4-ene-1,3-
diol (30): GM3 analogue 1 (2.09 mg, 2.4 mmol) and crude CMP-Neu5Ac
(21 mg, 7.3 mmol, 3.0 equiv) were combined as solids. To this mixture was
added successively freshly prepared a(2–3/8) sialyltransferase in 20 mm


Tris buffer, pH 8.3 (2.0 mL, 1.33 UmL�1), MnCl2 (20 mL of a 0.5m solu-
tion), and alkaline phosphatase (2 mL; 2U). The mixture was tumbled
overnight at room temperature before centrifugation (30 min at
14000 rpm). The supernatant was loaded directly onto a Biogel P4
column (2Q50 cm) and eluted with 5% methanol at a flow rate of 0.4
mLmin�1. Fractions containing the tetrasaccharide were purified further
by HPLC (Hamilton PRP-1 semipreparative column, water-methanol
gradient) to afford 30 (1.1 mg, 1.0 mmol, 39%): 1H NMR (500 MHz,
D2O): d = [note: a(2!3) and a(2!8) linked Neu5Ac residues could
not be unambiguously identified, but individual spin systems are denoted
by H# and H*) 5.86 (ddd, 1H, J=6.9, 10.5, 17.2 Hz, H-4sph), 5.33 (ddd,
1H, J=1.2, 1.2, 17.2 Hz, H-5asph), 5.28 (ddd, 1H, H-5bsph), 4.54 (d, 1H,
J1’,2’=7.0 Hz, H-1’), 4.48 (d, 1H, J1,2=8.0 Hz, H-1), 4.25 (dd, 1H, J9a*8*=
4.1, J9a*,9b*=12.4 Hz, H-9a*), 4.24–4.21 (m, 1H, H-3sph), 4.17–4.10 (m, 2H,
H-8*, H-2sph), 4.07–4.01 (m, 2H, H-1asph, H-6a), 3.95–3.89 (m, 1H, H-8#),
3.89–3.78 (m, 8H, H-9a#, H-4’, H-6b, H-5*, H-7*, H-1bsph, H-5#, H-5’),
3.74–3.53 (m, 12H, H-6a’, H-6b’, H-4, H-4*, H-9b*, H-3, H-9b#, H-5, H-
6#, H-6*, H-7#, H-4#), 3.42 (dd, 1H, J3’,4’=2.3, J3’,2’=11.5 Hz, H-3’), 3.38
(dd, 1H, H-2’), 3.33 (dd, 1H, J2,3=8.9 Hz, H-2), 3.02–2.97 (m, 2H,
CH2NH2), 2.78 (dd, 1H, J3eq*,4*=4.7, J3eq*,3ax*=12.3 Hz, H-3eq*), 2.75 (dd,
1H, J3eq#,4#=4.3, J3eq#,3ax#=12.3 Hz, H-3eq#), 2.32–2.27 (m, 2H, C(O)CH2),
2.07 (s, 3H, NHC(O)CH3), 2.04 (s, 3H, NHC(O)CH3), 1.77 (dd, 1H,
J3ax#,4#=12.0 Hz, H-3ax#), 1.73 77 (dd, 1H, J3ax*,4*=12.1 Hz, H-3ax


*), 1.70–
1.59 (m, 4H), 1.43–1.36 (m, 2H); ESI HRMS: m/z : calcd for
C45H75N4O28SNa3: 1220.3971; found: 610.1989 [M+2Na]2+ .


p-Nitrophenyl ester of 1 (34): Amine 1 (10.5 mg, 0.01 mmol) was dis-
solved in N,N-dimethylformamide (1.5 mL) and triethylamine (3.7 mL;
0.02 mmol, 2.2 equiv). The p-nitrophenyl diester 33 (0.047 g, 0.12 mmol,
10 equiv) was added, and reaction progress was monitored by TLC (di-
chloromethane/methanol/water/acetic acid 4:5:1:0.5). After 90 min, sever-
al drops of acetic acid were added, and the mixture was concentrated at
room temperature from toluene (3Q) on a rotary evaporator. The residue
was suspended in 2% acetic acid solution (3 mL) and filtered through
cotton. The filtrate was applied to a SepPak cartridge (0.4 g), washed
with 2% acetic acid (10.0 mL), and eluted with 2% acetic acid in metha-
nol. Concentration of the eluent yielded a clear solid which was purified
by HPLC (Hamilton PRP-1 semi-preparative column; water-methanol
gradient elution) to yield the activated oligosaccharide 34 (0.011 g,
10 mmol, 81%). 1H NMR spectra were acquired in CD3OD. Although
visible, resonances corresponding to the Neu5Ac residue were broadened
significantly. Selected 1H NMR resonances are reported here (600 MHz,
CD3OD): d = 8.29 (m, 2H, Ar), 8.14 (br s, 1H, NH), 7.94 (br s, 1H, NH),
7.89 (br s, 1H, NH), 7.37 (m, 2H, Ar), 5.86 (ddd, 1H, J=6.7, 10.5,
17.1 Hz, H-4sph), 4.45 (d, 1H, J1’,2’=7.1 Hz, H-1’), 4.29 (dd, 1H, J1,2=
7.8 Hz, H-1), 1.99 (br s, 3H, NHC(O)CH3); ESI HRMS: m/z : calcd for
C46H70N4O25SNa: 1133.3948; found: 1133.3948 [M+Na+]. [Note: addition
of an amine (for example diallylamine) to the NMR tube resulted in res-
olution of the 1H NMR signals corresponding to the Neu5Ac residue].


p-Nitrophenyl ester of 2 (35): Amine 2 (4.5 mg, 4.2 mmol) was dissolved
in N,N-dimethylformamide (1.5 mL) and triethylamine (2.0 mL, 9.2 mmol,
2.2 equiv). The p-nitrophenyl diester 33 (0.017 g, 42 mmol, 10 equiv) was
added, and reaction progress was monitored by TLC (dichloromethane/
methanol/water/acetic acid 4:5:1:0.5). After 2 h, several drops of acetic
acid were added, and the mixture was concentrated at room temperature
from toluene (3Q) on a rotary evaporator. The residue was suspended in
2% acetic acid solution (4 mL) and filtered through cotton. The filtrate
was applied to a SepPak cartridge (0.4 g), washed with 2% acetic acid
(5 mL), and eluted with 2% acetic acid in methanol. Concentration of
the eluent yielded a clear solid that was purified by HPLC (Hamilton
PRP-1 semi-preparative column; water-methanol gradient elution) to
yield the activated thiotetrasaccharide 35 (0.0031 g, 2.3 mmol, 56%):
1H NMR spectra were acquired in CD3OD. Although visible, resonances


corresponding to the Neu5Ac residue were broadened significantly. Se-
lected 1H NMR resonances are reported here (600 MHz, CD3OD): d =


8.29 (m, 2H, Ar), 8.06 (brd, 1H, NH), 7.94 (br t, 1H, NH), 7.89 (d, 1H,
NH), 7.37 (m, 2H, Ar), 5.86 (ddd, 1H, J=6.6, 10.6, 17.3 Hz, H-4sph), 4.63
(br s, 1H, H-1’’), 4.43 (d, 1H, J1’,2’=7.2 Hz, H-1’), 4.29 (d, 1H, J1,2=
7.7 Hz, H-1), 1.98 (br s, 3H, NHC(O)CH3); ESI HRMS: m/z : calcd for
C46H70N4O25SNa: 1336.4741; found: 1336.4742 [M+Na+].


b-d-Glucopyranosyl-(1!1)-(2S,3R)-2-(6-aminohexanamido)-pent-4-ene-
1,3-diol (43): Glucoside 24 (0.068 g, 0.08 mmol) in tetrahydrofuran
(6 mL) was added to a solution of sodium (0.090 g) in ammonia (50 mL)
at �78 8C. After 1 h, methanol (5 mL) and acetic acid (0.5 mL) were
added, and ammonia was removed by evaporation with a stream of
argon. The residue was concentrated and dissolved in water, then applied
to a SepPak cartridge (5 g) that had been preconditioned with methanol
followed by 1% ammonia. After washing with 1% ammonia, the product
was eluted with 20% methanol containing the same and concentrated.
The residue was purified by HPLC (Hamilton PRP-1 column, water-
methanol gradient) to afford 43 (0.026 g, 0.07 mmol, 85%). [a]D = �1 (c
= 0.44, CHCl3);


1H NMR (600 MHz, CD3OD): d = 5.87 (ddd, 1H, J=
6.6, 10.4, 17.1 Hz, H-4sph), 5.27 (ddd, 1H, J=1.5, 1.6, 17.1 Hz, H-5asph),
5.14 (ddd, 1H, J=1.2, 1.6, 10.4 Hz, H-5bsph), 4.26 (d, 1H, J1,2=7.8 Hz, H-
1), 4.16–4.13 (m, 1H, H-3sph), 4.10 (dd, 1H, J1a,1b=10.2, J1a,2=5.7 Hz, H-
1asph), 4.04 (ddd, 1H, J2,1b=3.4, J2,3=7.4 Hz, H-2sph), 3.87 (dd, 1H, J6a,5=
1.7, J6a,6b=11.8 Hz, H-6a), 3.68–3.64 (m, 1H, H-6b), 3.65 (dd, 1H, H-
1bsph), 3.37–3.30 (m, 1H, H-3), 3.28–3.25 (m, 2H, H-4, H-5), 3.18 (dd,
1H, H-2), 2.89 (m, 2H, CH2), 2.23 (m, 2H, CH2), 1.70–1.60 (m, 4H, CH2,
CH2), 1.40 (m, 2H, CH2);


13C NMR (125 MHz, CD3OD): d = 175.8,
139.5, 117.0, 104.6, 78.01, 77.95, 75.2, 73.3, 71.6, 69.6, 62.6, 54.7, 40.5, 36.7,
28.3, 26.9, 26.2; ESI HRMS: m/z : calcd for C17H33N2O8: 393.22314;
found: 393.22307 [M+Na+].


6-Azidohexyl (5-acetamido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-ulo-
pyranosylonic acid)-(2!3)-b-d-galactopyranoside (44): 6-Azidohexyl b-
d-galactopyranoside[79] (0.017 g, 0.06 mmol) was combined with crude
CMP-Neu5Ac (crude mass 180 mg, estimate 0.09 mmol, 1.5 equiv). a(2,3)
Sialyl transferase (CST-04 in 50 mm HEPES, pH 7.5, 10% glycerol (v/v);
0.14 UmL�1; 4.75 mL), MnCl2 and MgCl2 (100 mL of a 0.5m solution;
final conc. 10 mm), dithiothreitol (38 mL, 0.4m ; final conc. 3 mm) and al-
kaline phosphatase (12 mL) were added and the mixture was tumbled
overnight. After centrifugation (30 min at 14000 rpm) the supernatant
was loaded onto a SepPak cartridge (5 g) and eluted with a gradient of
water and methanol to afford 44 (0.0311 g, 0.05 mmol, 94%). [a]D = �3
(c = 0.52, H2O);


1H NMR (600 MHz, D2O): d = 4.46 (d, 1H, J1,2=
8.0 Hz, H-1), 4.08 (dd, 1H, J3,2=9.8, J3,4=3.3 Hz, H-3), 3.95 (d, 1H, J3,4=
3.3 Hz, H-4), 3.94–3.85 (m, 3H, OCH2, H-8’, H-9a’), 3.84 (dd, 1H, J5’,6’=
J5’,6’=10.1 Hz, H-5’), 3.77–3.72 (m, 2H, H-6a, H-6b), 3.72–3.61 (m, 5H,
H-4’, H-5, OCH2, H-6’, H-9b’), 3.59 (dd, 1H, J=1.8, 9.1 Hz, H-7’), 3.53
(dd, 1H, H-2), 3.32 (dd, 2H, CH2N3), 2.76 (dd, 1H, J3eq’,4’=4.7, J3eq’,3ax’=
12.4 Hz, H-3’eq), 2.03 (s, 3H, C(O)CH3), 1.80 (dd, 1H, J3ax’,4’=12.2 Hz, H-
3’ax), 1.67–1.58 (m, 4H, CH2CH2N3, OCH2CH2), 1.43–1.37 (m, 4H,
CH2CH2);


13C NMR (125 MHz, D2O): d = 175.9 (2C), 103.4, 100.7, 76.8,
75.7, 73.7, 72.6, 71.2, 70.0, 69.2, 69.0, 68.4, 63.5, 61.8, 52.6, 52.0, 40.6, 29.5,
28.8, 26.6, 25.5, 22.9; ESI HRMS: m/z : calcd for C23H39N4O14: 641.22527;
found: 641.22510 [M+Na+].


6-Aminohexyl (5-acetamido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-
ulopyranosylonic acid)-(2!3)-b-d-galactopyranoside (45): Azide 44
(0.024 g, 0.04 mmol) was combined with triphenylphosphine (0.053 g,
0.2 mmol, 5.0 equiv) and a mixture of pyridine and water 9:1 (5 mL) was
added. The suspension was stirred at 65 8C for 36 h, then diluted with
water and filtered through a plug of sand and cotton. The filtrate was
concentrated and then passed through a tC18 SepPak cartridge (0.4 g)
preconditioned with ~1% NH4OH before final purification by HPLC
(Hamilton PRP-1 column, methanol/water gradient) to give 45 (0.0186 g,
0.03 mmol, 78%). [a]D = �2.6 (c = 0.40, H2O);


1H NMR (600 MHz,
D2O): d = 4.46 (d, 1H, J1,2=8.0 Hz, H-1), 4.08 (dd, 1H, J3,2=9.7, J3,4=
3.2 Hz, H-3), 3.95 (d, 1H, J3,4=3.2 Hz, H-4), 3.93 (ddd, 1H, J=J=3.1,
9.8 Hz, OCH2), 3.90–3.86 (m, 2H, H-8’, H-9a’), 3.84 (dd, 1H, J5’,6’=J5’,6’=
10.2 Hz, H-5’), 3.77–3.62 (m, 7H, H-6a, H-6b, H-4’, H-5, OCH2, H-6’, H-
9b’), 3.60 (dd, 1H, J=1.7, 9.1 Hz, H-7’), 3.54 (dd, 1H, H-2), 3.00 (dd, 2H,
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CH2NH2), 2.76 (dd, 1H, J3eq’,4’=4.8, J3eq’,3ax’=12.5 Hz, H-3’eq), 2.03 (s, 3H,
C(O)CH3), 1.80 (dd, 1H, J3ax,4’=12.0 Hz, H-3’ax), 1.70–1.61 (m, 4H,
CH2CH2NH2, OCH2CH2), 1.45–1.39 (m, 4H, CH2CH2);


13C NMR
(125 MHz, D2O): d = 175.9, 174.7, 103.4, 100.7, 76.8, 75.8, 73.8, 72.7,
71.1, 70.0, 69.2, 69.0, 68.4, 63.5, 61.9, 52.6, 52.0, 40.6, 40.3, 29.3, 27.6, 26.1,
25.4, 22.9; ESI HRMS: m/z : calcd for C23H42N2O14: 593.2528; found:
593.2537 [M+Na+].


Allyl (5-acetamido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-ulopyrano-
sylonic acid)-(2!3)-b-d-galactopyranoside (46): Allyl b-d-galactopyrano-
side (0.020 g, 0.09 mmol) was combined with crude CMP-Neu5Ac (crude
mass 290 mg, estimate 0.10 mmol, 1.1 equiv). a(2,3) Sialyltransferase
(50 mm HEPES, pH 7.5, 10% glycerol (v/v); 0.4 UmL�1; 1.353 mL),
buffer (50 mm HEPES, pH 7.5, 10% glycerol (v/v); 1.5 mL) MnCl2 and
MgCl2 (60 mL of a 0.5m solution; final conc. 10 mm), dithiothreitol
(38 mL, 0.4m ; final conc. 3 mm) and alkaline phosphatase (3 mL; 3U)
were added and the mixture was tumbled overnight. After centrifugation
(30 min at 14000 rpm) the supernatant was loaded onto a Biogel P2
column (2.5Q30 cm) and eluted with water. Final purification by reverse
phase HPLC (Beckman C18 column, water-methanol gradient) afforded
46 (0.0311 g, 0.06 mmol, 67%). [a]D = 0 (c = 0.40, H2O);


1H NMR
(600 MHz, D2O): d = 5.98 (dddd, 1H, J=J=5.9, 10.6, ~17 Hz, H-b),
5.37 (brd, 1H, J=17 Hz, H-c), 5.26 (brd, 1H, J=10.6 Hz, H-d), 4.50 (d,
1H, J1,2=8.0 Hz, H-1), 4.38 (dd, 1H, J=5.7, 12.6 Hz, H-a), 4.21 (dd, 1H,
J=6.5, 12.6 Hz, H-a’), 4.07 (dd, 1H, J3,2=9.8, J3,4=3.1 Hz, H-3), 3.93 (d,
1H, J3,4=3.1 Hz, H-4), 3.88–3.83 (m, 2H, H-8’, H-9a’), 3.82 (dd, 1H,
J5’,6’=J5’,6’=10.2 Hz, H-5’), 3.77–3.71 (m, 2H, H-6a, H-6b), 3.70–3.57 (m,
5H, H-4’, H-5, H-6’, H-9b’, H-7’), 3.55 (dd, 1H, H-2), 2.74 (dd, 1H,
J3eq’,4’=4.5, J3eq’,3ax’=12.4 Hz, H-3’eq), 2.02 (s, 3H, C(O)CH3), 1.78 (dd,
1H, J3ax’,4’=12.0 Hz, H-3’eq);


13C NMR (125 MHz, D2O): d = 175.9, 174.8,
134.3. 119.7, 102.5, 100.7, 76.8, 75.8, 73.7, 72.7, 71.4, 70.0, 69.2, 69.0, 68.4,
63.5, 61.8, 52.6, 40.5, 22.9; ESI HRMS: m/z : calcd for C20H32NO14:
510.1817; found: 510.1812 [M+Na+].


Allyl S-(methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-
a-d-galacto-non-2-ulopyranosylonate)-(2!3)-2-O-benzoyl-3-thio-b-d-
galactopyranoside (47): Disaccharide 19 (0.285 g, 0.32 mmol) was dis-
solved in 80% acetic acid (10 mL) and the mixture was heated at 55 8C
overnight with stirring. After evaporation of the volatiles, the residue was
concentrated from toluene several times. Chromatography of the residue
on silica gel by using dichloromethane/methanol (96:4) as eluent yielded
47 (0.217 g, 0.27 mmol, 85%). [a]D = 22 (c = 1.15, CHCl3);


1H NMR
(400 MHz, CDCl3): d = 8.15–8.11 (m, 2H, Ar), 7.59–7.54 (m, 1H, Ar),
7.49–7.43 (m, 2H, Ar), 5.84–5.73 (m, 1H, H-b), 5.58 (ddd, 1H, J=2.8,
5.7, J8’,7’=9.8 Hz, H-8’), 5.24–5.16 (m, 3H, H-2, H-7’, H-c), 5.10 (brd, 1H,
NH), 5.05 (ddd, 1H, J=1.4, 1.4, 1.4, 10.5 Hz, H-d), 4.97 (d, 1H, J=
7.7 Hz, H-1), 4.80 (ddd, 1H, J4’,3’eq=4.6, J4’,3’ax=11.7, J4’,5’=10.3 Hz, H-4’),
4.37–4.29 (m, 2H, H-9’a, H-a), 4.15 (dddd, 1H, J=1.4, 1.4, 5.9, 13.2 Hz,
H-a’), 4.06 (dd, 1H, J9’b,8’=5.8, J9’b,9’a=12.5 Hz, H-9’b), 3.95–3.83 (m, 4H,
H-6a, H-6b, H-5, H-5’), 3.79–3.74 (m, 1H, H-6’), 3.77 (s, 3H, CO2CH3),
3.71 (dd, 1H, J3,4=2.7, J3,2=11.7 Hz, H-3), 3.62 (brd, 1H, H-4), 2.60 (dd,
1H, J3eq,3ax=12.8 Hz, H-3’eq), 2.4–2.2 (b, 2H, 2QOH), 2.19, 2.07, 1.98, (3 s,
3Q3H, 3QC(O)CH3), 1.94 (dd, 1H, H-3ax), 1.83, 1.70 (2 s, 2Q3H, 2Q
C(O)CH3);


13C NMR (100 MHz, CDCl3): d = 170.9, 170.8, 170.25,
170.20, 170.12, 169.4, 165.8, 133.9, 132.9, 130.3, 130.1, 128.3, 117.1, 101.4,
81.4, 75.2, 73.6, 70.3, 70.2, 69.3, 69.1, 67.4, 66.8, 63.2, 62.4, 53.2, 49.1, 48.2,
37.9, 23.1, 21.4, 20.8 (2C), 20.5; ESI HRMS: m/z : calcd for
C43H51NO18SNa: m/z : 836.2406; found: 836.2402 [M+Na+]; elemental
analysis calcd (%) for C36H47NO18S: C 53.13, H 5.82, N 1.72; found: C
52.95, H 5.99, N 1.66.


Allyl S-(5-acetamido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-ulopyra-
nosylonic acid)-(2!3)-3-thio-b-d-galactopyranoside (49): Allyl glycoside
19 (0.102 g, 0.11 mmol) was dissolved in 80% acetic acid (10 mL) and
heated overnight at 45 8C. After concentrating, the residue was evaporat-
ed from toluene (3Q15 mL) and suspended in dry methanol (5 mL). A
small piece of sodium was added, and the mixture was stirred at room
temperature for 36 h (higher temperatures resulted in loss of the N-acet-
amido function). After addition of several drops of water, the reaction
temperature was increased to 40 8C and stirring was continued overnight.
Neutralization with acetic acid followed by concentration afforded a


solid which was loaded onto a SepPak cartridge (5 g) in a minimum
volume of water. Elution with water afforded 49 (0.049 g, 0.09 mmol,
81%). [a]D = 50 (c = 0.68, MeOH); 1H NMR (500 MHz, D2O): d =


6.04–5.96 (m, 1H, H-b), 5.42–5.37 (m, 1H, H-c), 5.30–5.27 (m, 1H, H-d),
4.53 (d, 1H, J1,2=7.3 Hz, H-1), 4.43–4.39 (m, 1H, H-a), 4.26–4.22 (m, 1H,
H-a’), 3.93–3.82 (m, 4H, H-8’, H-9a’, H-4, H-5’), 3.75–3.71 (m, 3H, H-5,
H-6a, H-6b), 3.70–3.62 (m, 2H, H-4’, H-9b’), 3.60–3.56 (m, 2H, H-6’, H-
7’), 3.39 (dd, 1H, J2,3=11.4 Hz, H-2), 3.35 (dd, 1H, J3,4=2.7 Hz, H-3),
2.81 (dd, 1H, J3eq,4=4.8, J3eq,3ax=12.7 Hz, H-3’eq), 2.03 (s, 3H,
NHC(O)CH3), 1.82 (dd, 1H, J3ax,4=11.7 Hz, H-3’ax);


13C NMR (125 MHz,
D2O): d = 175.9, 175.4, 134.3, 119.6, 104.0, 85.1, 78.3, 75.8, 72.8, 71.4,
69.7, 69.4, 69.1, 69.0, 63.4, 62.1, 52.5, 51.8, 41.6, 22.9; ESI HRMS: m/z :
calcd for C20H32NO13S: 526.1589; found: 526.1585 [M+Na+].


Preparation of TT and BSA conjugates


Procedure for preparation of TT conjugates 36 and 37 with adipate
linker : Purified tetanus toxoid (~6.6 mgmL�1) in PBS, pH 7.2, was added
to the activated oligosaccharide (34 or 35) (~30 mol equiv). The mixture
was tumbled gently overnight before being dialyzed against PBS (5Q2L)
at 4 8C.


Procedure for preparation of BSA conjugates 38 and 39 with adipate
linker : Bovine serum albumin (Sigma) (~3.5 mgmL�1) in PBS, pH 7.2,
was added to the adipate activated oligosaccharide (34 or 35) (~30 mol
equiv). The mixture was tumbled gently overnight, dialyzed against
milliQ water (5Q2 L) at 4 8C, and then lyophilized. The glycoconjugate
was stored at �20 8C prior to use.
Procedure for preparation of BSA conjugates with diethyl squarate :
Sugar amines (1, 2, 40–43 and 45) were dissolved in methanol and 3,4-di-
ethoxy-3-cyclobutene-1,2-dione (0.9 equiv) was added in methanol. Reac-
tion progress was monitored by TLC, and when necessary, sodium meth-
oxide was added. When all starting material had been consumed as
judged by TLC, the mixture was transferred to an Epindorph tube and
solvent was removed with a stream of argon. The residue was dried in
vacuo for 1 h, after which time a solution of BSA (5 mgmL�1) in borate
buffer, pH 9.0 was added. The solutions were tumbled overnight and the
conjugates processed and stored as described for 38 and 39.
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Silver Nanocluster Redox-Couple-Promoted Nonclassical Electron Transfer:
An Efficient Electrochemical Wolff Rearrangement of a-Diazoketones
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a-Carbonyl carbenes are a versatile class of reaction inter-
mediates with boundless synthetic utility.[1,2] The central
route to the synthesis of these intermediates involves a-
elimination of nitrogen from a-diazocarbonyl compounds
using transition-metal catalysts, like copper powder, cop-
per(ii) chelates, rhodium(ii) complexes, and silver(i) salts.
Our group[3] has recently shown that silver nanoclusters
(Agn) catalyze the Wolff rearrangement[4,5] of a-diazoke-
tones involving a-ketocarbene intermediates; it was previ-


ously thought that silver(i) ions were responsible for this cat-
alysis.[6] Attempts to generate the a-ketocarbene intermedi-
ates by electrolysis[7,8] of a-diazocarbonyl compounds using
conventional electrodes, like platinum, glassy carbon, and
mercury, reveal that the removal of an electron (oxidation)
or the addition of an electron (reduction) triggers the a-
elimination of dinitrogen, leading to the formation of a car-
bene radical cation[9–11] (CRC) or a carbene radical anion[12]


(CRA), respectively. A novel attempt by Jones[13] to gener-
ate a-ketocarbene intermediates by removing an electron
from a-diazoketone using the triarylamine radical cation
also failed to yield the specific products from these inter-
mediates; this is perhaps most likely due to the lack of back
electron transfer. Surprisingly, this could be circumvented
by the use of a redox electrocatalyst that offers the unprece-
dented possibility of simultaneously removing one electron
and providing its back-donation, following the loss of di-
nitrogen or vice-versa. In this way the production of a-keto-
carbene intermediates from a-diazoketone could be real-
ised. Consequently, the formation of these reaction inter-
mediates can be confirmed either spectroscopically,[14–16] or
chemically from their characteristic reactions, like the Z-
conformation specific[17,18] Wolff rearrangement, which in-
volves a stereospecific 1,2-carbon shift leading to the forma-
tion of ketene.[11] Accordingly, we illustrate the first success-
ful electrochemical Wolff rearrangement of a-diazoketone,


Abstract: In this work we report the
unique electrocatalytic role of benzoic
acid protected silver nanoclusters (Agn,
mean core diameter 2.5 nm) in the
Wolff rearrangement (Scheme 1) of a-
diazoketones. More specifically, the
presence of a Agn


0/Agn
+ redox couple


facilitates a nonclassical electron-trans-
fer process, involving chemical reac-
tion(s) interposed between two elec-


tron-transfer steps occurring in oppo-
site directions. Consequently, the net
electron transfer between the electron
mediator (Agn) and a-diazoketone is
zero. In-situ UV-visible studies using


pyridine as a nucleophilic probe indi-
cate the participation of a-ketocar-
bene/ketene as important reaction in-
termediates. Controlled potential cou-
lometry of a-diazoketones using Agn as
the anode results in the formation of
Wolff rearranged carboxylic acids in
excellent yield, without sacrificing the
electrocatalyst.
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facilitating fine tuning of the electrode potential (Agn
0) with


the redox potential of a-diazoketone, ultimately leading to
the formation of the rearranged product in excellent yield.
Pioneering work by Murray[19] and co-workers has clearly


indicated that thiol-protected gold nanoclusters (Aun) can
act as mediators in electron-transfer reactions; this result
motivated us to test the above-mentioned concept. Towards
this goal, we first examined the formation of Agn from sil-
ver(i) ions by recording the change in the open-circuit po-
tential[20] (OCP) of the cell, made up of silver(i) benzoate
coated Pt as the working electrode and Ag/AgCl as the ref-
erence electrode in aqueous acetonitrile, following the addi-
tion of Et3N at room temperature (Figure 1, curve A). The
OCP shift from 0.41 to 0.35 V within 20 minutes clearly indi-
cates a reduction reaction. Further combined evidence from
UV-visible and transmission electron microscopic (TEM)
analysis of the working electrode material revealed the for-
mation of polydispersed Agn (0.8–11.2 nm core diame-
ter).[21,22] These results, along with the direction of change of
the OCP indicates the transfer of an electron from Et3N to
silver(i) ions, ultimately leading to the formation of Agn.
To probe the involvement of


electron transfer between ben-
zoic acid protected[23] Agn, with
a 2.5–15 nm core diameter (see
Supporting Information Part 1),
and a-diazoketone, we per-
formed an analogous experi-
ment using Agn-coated Pt as
the working electrode. Addition
of 1-diazo-2-hexanone-6-phenyl
(1a) at room temperature
(300 K) caused a shift of ap-
proximately 0.035 V in an
anodic direction, as a function
of time (Figure 1, curve B).
This shift confirmed the occur-
rence of an oxidation process,
while cyclic voltammetry (CV)
and controlled potential cou-
lometry (CPC) revealed the
uniqueness of this phenomenon
(see below). UV-visible and
TEM analysis of the working-
electrode material confirmed
the presence of Agn. The invari-
ant nature of the working-elec-
trode material and the direction
of shift in the OCP, most likely
indicates the removal of an
electron (oxidation) from a-di-
azoketone 1a by Agn as being
one of the important steps in
the Wolff rearrangement; this
reaction is represented by
step iv in Scheme 1. Similar
OCP experiments performed


with Pt as the working electrode failed to show any note-
worthy change in the OCP with time.


Figure 1. Plot of the open circuit potential of the cell as a function of
time at constant temperature (300 K): A) Silver(i) benzoate as the work-
ing electrode and Ag/AgCl as the reference electrode in aqueous acetoni-
trile following the addition of triethyl amine; B) Benzoic acid protected
silver nanoclusters as the working electrode and Ag/AgCl as the refer-
ence electrode in aqueous acetonitrile following the addition of a-diazo-
ketone.


Scheme 1. Schematic representation of the electrocatalytic role of benzoic acid protected silver nanoclusters
(Agn, mean core diameter 2.5 nm) during the Wolff rearrangement of a-diazoketones involving two nonclassi-
cal electron-transfer pathways.
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A CV of benzoic acid protected Agn as a function of scan
rate (n), using a Pt microelectrode in aqueous acetonitrile
revealed the presence of a redox couple with quasi-reversi-
ble electron-transfer behavior (Figure 2, curve A top and
bottom and in Supporting Information Parts 2 and 3). The
couple exhibits a predominant
anodic peak at lower n, indicat-
ing the preference of these mor-
sels of silver to exist in the oxi-
dized form. Furthermore, the
couple is distinct in terms of
the decrease in the ratio of the
anodic to cathodic peak current
(Ipa/Ipc) with increasing n. This
behavior is prominently reflect-
ed in an exponential decrease
in the plot (Ipa/Ipc) versus n. Ad-
ditionally, the magnitude of
separation between the anodic
and cathodic peaks (DEp) is
higher relative to that generally
observed for a quasireversible


process. This enhanced magnitude[24,25] plays a crucial role in
promoting coupled chemical reactions (see below). For ex-
ample, the voltammogram A shown in Figure 2 (bottom
panel) depicts the couple centered around 0.05 V with an
anodic peak around 0.24 V and a cathodic peak around
�0.14 V. The DEp is approximately 0.38 V, while the ratio
Ipa/Ipc is about 9.7. The origin of the couple could be as-
cribed to the occurrence of the electron-transfer step pre-
sented in Equation (1).


Agn
þ þ e� Ð Agn


0 ð1Þ


An approximate estimation of the rate constant (ko) for
this process in aqueous acetonitrile based on DEp is in the
range 2I10�3 to 4I10�2 cms�1. It is also relevant to note
that differential pulse voltammetry of stabilized Ag nano-
clusters (3.3 nm core diameter) organized on the electrode
surface exhibits quantized single-electron oxidative as well
as reductive processes.[26] Importantly, the voltammetric fea-
tures of benzoic acid protected Agn are independent of the
concentration as well as the nature of the supporting elec-
trolyte, despite a strong dependence on the nature of the
solvent as well as the a-diazoketone 1a–e (Table 1), indicat-
ing the occurrence of electron-transfer processes very close
to the electrode surface (usually at a distance of about a few
molecules).


In comparison, CV analysis in the presence of a-diazoke-
tone 1a shows drastic changes in both the anodic and ca-
thodic response of the Agn


0/Agn
+ redox couple, suggesting


the occurrence of a coupled chemical reaction (see Support-
ing Information Parts 2–4). For example, curve B in Figure 2
(top) records a significant decrease in peak current with
near retention of the voltammetric pattern, indicating a de-
crease in the surface concentration of the original redox
couple. The couple is centered around 0.14 V (DEp=0.18 V,
Ipa/Ipc=5.5) with a larger anodic peak at 0.23 V (Ipa=
58.8 nA) and a smaller cathodic peak around 0.05 V (Ipc=
10.6 nA). With increasing scan rate the anodic peak shifts in
the anodic direction, while the cathodic peak shifts in the
cathodic direction (the magnitude of the shift is much larger


Figure 2. Superimposed CV of benzoic acid protected Agn in the presence
(B) and absence (A) of a-diazoketone 1a in an aqueous acetonitrile solu-
tion of LiClO4 (60mm) at 0.05 Vs�1 (top) and 1.0 Vs�1 (bottom). The vol-
tammograms were recorded using a Pt microelectrode and an aqueous
Ag/AgCl reference electrode.


Table 1. Cyclic voltammetric features[a–c] of Agn
0/Agn


+ couple in the absence and presence of a-diazoketones
1a–e, at a scan rate, n=1 Vs�1.


No. Substrate 1
R


Epa1 [V] Epa2 [V] Epc1 [V] Epc2 [V] E1/2 Dk [V] E1/2 [V] Yield[d] of 8 [%]


i – 0.24 – – �0.14 – 0.050 –
ii Ph(CH2)4 (1a) 0.26 0.32 0.05 �0.13 0.18 0.065 94
iii CH3(CH2)10 (1b) 0.30 0.38 0.04 �0.14 0.21 0.080 92
iv 2-I-Ph (1c) 0.24 0.27 �0.04 �0.10 0.11 0.070 97
v 4-Me-Ph (1d) 0.16 0.45 �0.13 �0.24 0.16 �0.040 88
vi 4-MeO-Ph (1e) 0.19 0.52 �0.12 �0.26 0.20 �0.030 86


[a] Cyclic voltammetry was performed with a platinum working microelectrode in an electrolyte solution of
60mm LiClO4 in aqueous acetonitrile; peak potentials are measured versus an aqueous Ag/AgCl reference
electrode. [b] Epa1 and Epc2 are anodic and cathodic peak potentials of the regenerated Agn, respectively.
[c] Derivative analysis of the cyclic voltammograms of a-diazoketones 1a–e over Agn clearly shows the pres-
ence of two anodic and two cathodic peaks. [d] Yield of isolated carboxylic acid 8a–e, following controlled po-
tential coulometry of a-diazoketones (2.5mm) 1a–e using Agn as the anode and aqueous acetonitrile as the sol-
vent in a divided-cell assembly at 300 K.
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than that observed for the unperturbed redox couple). A
rise in peak current is also observed, although the reversal
parameter Ipa/Ipc is fairly constant (~4.5). Importantly, the
steep descending nature of the oxidation peak is reminiscent
of processes comprising of an electron-transfer step followed
by a chemical reaction. As we approach a scan rate of
1 Vs�1, many subtle, yet significant, changes in the nature of
the voltammograms are observed and some of them, like
the variation of voltammetric pattern with cycle number,
provide conclusive information about the electron-transfer
process. For example, the forward scan of the first cycle (n=
1.0 Vs�1) depicts a more anodically shifted, steeply descend-
ing oxidation peak at 0.39 V with a very large peak current
(Ipa2=4.2 mA). However, the reverse scan shows a substan-
tially suppressed reduction peak around 0.08 V, exhibiting a
plateau. More significantly, the forward scan of the second
cycle (represented in Figure 2 curve B, top) shows remark-
able splitting[27] of the single oxidation wave into two peaks
at 0.32 V (Ipa2=0.4 mA) and 0.26 V (Ipa1=0.12 mA). The pri-
mary oxidation wave observed in both cycles at higher posi-
tive potential, can be ascribed to the oxidation of a-diazoke-
tone 1a, illustrated by a marked decrease in peak current in-
dicating a decrease in the electrode surface concentration of
1a due to electrochemical reaction. Sequential addition of
1a resulting in an enhancement of the peak current without
altering the voltammetric pattern further substantiates this
assignment. The position of the new peak observed at com-
paratively smaller positive potential is in fair agreement
with the position of the oxidation peak of the unperturbed
redox couple; this result points towards the regeneration of
electrocatalytic species Agn


+ . The rise in peak current with
retention of voltammetric nature as presented in Figure 2
curve B (bottom), following the introduction of additional
Agn, provides further support to this theory. The reverse
scan of the second cycle shows the invariant nature of the
cathodic plateau. It is relevant to note that two cathodic
peaks in addition to two anodic peaks are masked due to
the nature of the cathodic wave and can be clearly identified
as aromatic substrates 1d and e (see Supporting Information
Part 5). Subsequent cycles exhibit a similar voltammetric
pattern with decreasing peak current. With increasing scan
rate (n>2.0 Vs�1) the cathodic peak grows and the two
well-resolved anodic peaks merge to yield a more anodically
shifted redox couple with Ipa/Ipc�4. A qualitative compari-
son between the anodic (predominant peak) and cathodic
(smaller peak or plateau) response indicates a relatively
faster oxidation process relative to the reduction process.
This analysis is in agreement with the observed movement
of the OCP in an anodic direction following the introduction
of 1a to a cell containing Agn as the working electrode (see
above). The zero-current curve-crossing phenomena[25] fre-
quently observed for square schemes with a thermodynami-
cally easier second electron-transfer step, rather than first
electron transfer, is notably absent. All these characteristic
features collectively suggest the occurrence of a nonclassical
electron-transfer process initiated by oxidation of a-diazoke-


tone.[26] In this type of process, the net electron transfer
from the redox couple to the substrate is zero.
Voltammetric analysis (see Table 1 and Supporting Infor-


mation Part 5) of a group of a-diazoketones 1b–e in aque-
ous acetonitrile using a Agn electrode evokes very similar
electrochemical responses indicating the occurrence of non-
classical electron-transfer processes (see above). The varia-
tion in the structure of a-diazoketone induces subtle, yet in-
formative, changes in voltammetric features, leading to a
better understanding of the reactivity and selectivity pattern
of these substrates. For example, in the case of aromatic a-
diazoketone 1c, the iodo group is ortho to the a-diazocar-
bonyl function and consequently the latter cannot stay in
plane with the aromatic p-system owing to steric reasons.
This substrate reacts vigorously at much lower temperature
(~298 K) in the presence of Agn to give Wolff rearranged
products in excellent yield. This behavior can be understood
in terms of perfect matching of the half-wave potential of
the substrate 1c over the Agn electrode (E1/2Dk) and the
half-wave potential of Agn (E1/2). More significantly, a
change of substrate from 1c to 1a, 1b, 1d, and 1e, can in-
crease the anodic peak potential (Epa2), which corresponds
to the oxidation of a-diazoketone, thus indicating the rela-
tive order of thermodynamic difficulty in removing an elec-
tron from a-diazoketone. Additionally, the difference be-
tween E1/2Dk and E1/2 increases in the same way confirming
the experimental observation of Wolff rearrangement.[28] As
mentioned earlier, the first substrate in this order (1c)
reacts rapidly in the presence of Agn (in the absence of any
electrochemical bias) at room temperature (298 K), causing
Wolff rearrangement, while the last substrate in this series
(1e) requires thermal activation at 333 K.
In sharp contrast, the CV of a-diazoketone 1a using a Pt


working microelectrode (see Supporting Information Part 6)
shows a broad wave around 1.3 V (n=5 Vs�1); this response
is characteristic of a reaction, controlled by an irreversible
electron-transfer step. Analysis of the voltammetric behav-
ior at different scan rates confirms the occurrence of an EC
scheme (an electrochemical reaction followed by a chemical
reaction). These striking differences in the nature of the vol-
tammograms of a-diazoketone, in the presence and absence
of Agn, signify the electrocatalytic activity of Agn.
Another simple experiment was peformed by introducing


1,4-dihydroxybenzene (DHB) into a aqueous acetonitrile so-
lution of Agn ; this experiment answered the curious ques-
tion about the fate of an electrocatalyst assuming electron
acceptance (step iii, Scheme 1) as the sole process. The
yellow tinge of the solution instantaneously turned purple
along with the formation of a silver mirror surface following
the addition of DHB at room temperature. Analysis of the
solution revealed the formation of 1,4-benzoquinone, an oxi-
dation product of DHB. CV analysis suggests that the peak
potential of the anodic peak of DHB (�0.12 V vs Ag/AgCl,
n=5 Vs�1) and the cathodic peak of Agn (�0.20 V) are in
reasonably good agreement with the occurrence of a facile
electron-transfer process. However, the cathodic peak po-
tential of DHB (�0.28 V) and the anodic peak of Agn
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(0.29 V) differ considerably, and consequently, Agn accepts
an electron from DHB. This leads to the formation of bulk
silver along with 1,4-benzoquinone, thus indirectly empha-
sizing the necessity of a back electron donation by Agn


0 to
regenerate the electrocatalyst species Agn


+ , along with the
formation of ketene intermediate.
The in situ UV-visible spectrum (see Supporting Informa-


tion Part 7) recorded by applying an anodic bias (0.5 V vs
Ag/AgCl), using a Agn electrode, to a solution of a-diazoke-
tone 1a in an electrolyte solution of 0.1m tetrabutylammo-
niumtetrafluoroborate in dichloromethane containing pyri-
dine as the nucleophilic probe, exhibits the presence of a
strong absorption band around l=418 nm, indicating the in-
volvement of either a-ketocarbene intermediate 6 or ketene
7. However, it is difficult to pinpoint the species due to
close proximity of bands arising from a-ketocarbene–pyri-
dine ylide[14–16] and ketene–pyridine ylide.[29]


With the help of information obtained from various elec-
trochemical experiments and the in-situ UV-visible analysis
(see below), we propose two nonclassical electron-transfer
pathways involving different reaction intermediates (which
requires further confirmation) for the Wolff rearrangement
(Scheme 1). The CPC response of a-diazoketones 1a–e over
Agn further substantiates this procedure of electron swap-
ping (see below). The E(›), C, E(fl)—electron transfer reac-
tions preceding (›) and following (fl) chemical reaction(s)
in opposite directions—pathway represented by steps iii, iv,
and v, respectively, leads to the formation of a-ketocarbene
intermediate 6, which spontaneously rearranges to ketene 7.
The E(›), C, C, E(fl) pathway involves the rearrangement
of CRC 4 culminating in direct realization of ketene 7.
The CPC response of a-diazoketones 1a–e (2.5mm) at an


appropriate potential (see Table 1 and Supporting Informa-
tion Part 8) ultimately gives Wolff rearranged carboxylic
acids 8a–e in excellent and reproducible yield. A divided-
cell assembly made up of a Agn-coated Pt plate as anode
and a graphite plate as cathode were used in aqueous aceto-
nitrile. UV-visible and TEM analysis of the anodic material
revealed the invariant nature of the electrocatalyst. In con-
trast, CPC of a-diazoketone 1a using Pt as the anode gave
uncharacterizable, neutral products.
In conclusion, we have revealed a unique nonclassical


process, which involves electron transfer preceding and fol-
lowing chemical reaction(s) in opposite directions, with spe-
cial emphasis on the mediating role of silver nanoclusters,
during the Wolff rearrangement of a-diazoketones. Apart
from providing an efficient preparative electrochemical
route for the Wolff rearrangement without loosing the elec-
trocatalyst, this method has potential as an elegant homo-
logation of the naturally occurring a-amino acids to b-amino
acids—the key building blocks of proteinogenic b-pep-
tides.[30] We believe that a similar procedure of electron
swapping is involved in the generation of copper and rhodi-
um carbenoids,[1,2] some of the well-known intermediates in
cyclopropanation and C�H insertion reactions, respectively,
from a-diazocarbonyl compounds. In addition, we hope that
the occurrence of this nonclassical electron-transfer process


is generic to several reactions catalyzed by metal nanoclus-
ters;[31,32] further studies are essential to reveal this.


Experimental Section


For experimental details, please see the Supporting Information.
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Introduction


The coordination chemistry of dibenzo[1,2]dithiin and its
structurally related compounds has been largely overlooked.
A number of complexes containing the structurally related
ligand 1,1’-binaphthalene-2,2’-dithiol have been prepared
but in each case these have been formed in straightforward
metathesis reactions. In many of these reactions, the purpose
has been to develop complexes for catalytic polymerisation
reactions such as the regioselective hydroformylation of sty-
rene,[1] for example, by reaction of the dithiol with [Rh(m-
OMe)(cod)]2 (cod=1,5-cyclooctadiene) to give a rhodium
dimer with a bridging disulfide ligand. Complexes contain-
ing the ligand 4,4-biphenanthrene-3,3’-dithiol have also been


shown to react with carbon monoxide[2,3] to give interesting
dinuclear tetracarbonyl complexes and with PR3 (R=Ph,
C6H11, OC6H4(o-tBu)) to give mixed-ligand di- and tetranu-
clear complexes. Monomeric complexes[4,5] that are formed
from the related thio ether ligand are known.


Ruiz et al. also produced an interesting palladium dimer
complex by using the mixed thiol thio ether derivative[6]


which was shown to convert to a monomer on addition of
triphenylphosphine [Eq. (1)].


Although these examples contain structurally similar li-
gands, a limited number of complexes containing the bi-
phenyl dithiolate ligand are known. A derivatised version of
dibenzo[1,2]dithiin has been bound to copper[7] and a mo-
lybdenum complex[8] containing two biphenyl dithiolate li-
gands in a distorted-square-planar-like complex with a mo-
lybdenum oxygen triple bond are also known. Mono- and
dinuclear nickel complexes have also been reported.[9]


Rauchfuss et al.[10] reported the synthesis of titanocene
2,2’-dithiolatobiphenyl by ring opening of dibenzothiophene
with lithium metal followed by addition of sulfur and titano-
cene dichloride giving the final product from a salt-elimina-
tion reaction. Recently, our group has shown[11] that this
complex can also be produced by oxidative addition of
dibenzo[1,2]dithiin with titanocene dicarbonyl (TiII). We
have also shown[12] that the structurally similar compound
naphtho[1,8-cd][1,2]dithiole can be added oxidatively to Pt0


to give the PtII complex [Pt(S2C10H6)(PPh3)2].
While the literature pertaining to complexes of dibenzo-


[1,2]dithiin and related complexes is sparse, there are no ex-
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2,2’-dichalcogenates and the oxides of
dibenzo[1,2]dithiin and related ligand
systems by oxidative addition to [Pt-
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the synthesis of a new compound, di-
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which the ligand behaves as a triden-
tate S,S,O donor.


Keywords: coordination · oxygen ·
platinum · sulfur · X-ray diffraction
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amples of biphenyl-2,2’-thiolato–sulfenato (-S�M�S(=O)-),
thiolato–sulfinato (-S�M�S(=O)2-) or disulfinato (-(O=)2S�
M�S(=O)2-) metal complexes. Compared to the number of
known thiolate complexes in the literature, there are very
few known transition-metal complexes of sulfenato (-S(=O)R)
or sulfinato (-S(=O)2R).[13] Thiolato–sulfenato complexes
have been obtained from oxidative addition reactions of
cyclic thiosulfinates with Pt0 precursors[14–20] and dithiirane
1-oxides[21] or by the mono-oxidation of the correspond-
ing dithiolate complex, for example, the dinuclear iron
complexes [{(OC)3Fe}2SCH2CH2S(=O)] and [{(OC)3-
Fe}2SC6H10S(=O)] which contain the bridging 1,2-ethanesul-
fenatothiolato and 1,2-cyclohexylsulfenatothiolato ligands,
respectively.[22,23] Darensbourg et al. have used this oxidation
method to prepare a series of thiolato–sulfenato, disulfena-
to, thiolato–sulfinato, sulfenato–sulfinato and disulfinato
complexes of NiII and PdII from bis(2-mercaptoethyl-1,5-di-
azacyclooctane–MII (M=Ni, Pd) and N,N’-bis(2-methyl-2-
mercaptopropyl)-1,5-diazacyclooctane–NiII.[24–28] Other ex-
amples of these types of complexes formed by oxidation of
the corresponding thiolate complexes are also known.[29–34]


We have recently shown[12] that oxidative addition of the S–
S bridged mono-, di- and trioxides of naphtho[1,8-cd]-
[1,2]dithiole to [Pt(PPh3)4] takes place with relative ease and
that the phosphine group trans to either the thiolato, sulfe-
nato or sulfinato group gives a very distinctive and diagnos-
tic coupling constant in the 31P NMR spectra.


This paper describes the synthesis of platinum bisphos-
phine complexes of biphenyl-2,2’-dichalcogenates and the
oxides of dibenzo[1,2]dithiin and related ligand systems by
oxidative addition. We also describe the synthesis of a new
compound, dibenzothiophen-4-yldiselenide. All complexes
have been fully characterised, principally by using multinu-
clear NMR spectroscopy and in selected cases by means of
single-crystal X-ray diffraction studies.


Results and Discussion


Platinum complexes of dibenzo[1,2]dithiin and related com-
plexes : Oxidative addition reactions of dibenzo[1,2]dithiin,
dibenzo[1,2]diselenin, dinaphtho[1,2-c :2’,1’-e][1,2]dithiin and
dibenzothiophen-4-yldiselenide with [Pt(PPh3)4] all proceed-
ed smoothly to give, in reasonable to excellent yield (55–
92%), [Pt(2,2’-S2-biphen)(PPh3)2] (1; biphen=biphenyl),
[Pt(2,2’-Se2-biphen)(PPh3)2] (2), [Pt(2,2’-S2-binap)(PPh3)2]
(3 ; binap=binaphthalene) and [Pt(4-Se-dbt)2(PPh3)2] (4 ;
dbt=dibenzothiophene), respectively (Scheme 1).


The purification and isolation
of these compounds was
straightforwardly carried out by
filtration through a shallow pad
of silica gel and elution with di-
chloromethane followed by
evaporation of the filtrate and


precipitation of the product with diethyl ether or hexane.
The 31P{1H} NMR spectra (CD2Cl2) of complexes 1–4 dis-
play the anticipated single resonances with platinum satel-
lites at d(P)=23.1 (1J(31P,195Pt)=2956 Hz), 18.7
(1J(31P,195Pt)=2990 Hz), 23.0 (1J(31P,195Pt)=2971 Hz) and
19.7 ppm (1J(31P,195Pt)=3046 Hz), respectively, with addi-
tional 77Se satellites (2J(31P,77Se)=49 Hz) observed in the
spectrum of 2. The expected selenium satellites in 4 are not
observed, due to the poor solubility of this sample in di-
chloromethane causing a weaker spectrum. The 195Pt NMR
spectra (CD2Cl2) show triplets at d(Pt)=�4553, �4785,
�4530 and �4843 ppm for 1–4, respectively (Table 1). We
were unable to obtain 77Se NMR due to the low solubility of
the selenium-containing complexes.


Satisfactory elemental analyses (Table 2) were obtained
for these complexes and FAB+ or electrospray(+) mass
spectrometry showed m/z corresponding to [M+H]+ and
[M+Na]+ , respectively.


Platinum complexes of dibenzo[1,2]dithiin oxides : Com-
plexes 5, 6 and 7 were also prepared by oxidative addition
of the S–S bridged mono-, di- and trioxides of dibenzo-
[1,2]dithiin, respectively, to [Pt(PPh3)4] in toluene at room
temperature (Scheme 2).


The formation of binuclear 7 is in marked contrast to the
reaction with the analogous naphthalene compound which
gave a simple bidentate S/S complex.[12] In the naphthalene
case, the rigid backbone restrains the oxygen atoms from


Scheme 1. Oxidative addition reactions to prepare complexes 1, 2, 3 and
4.
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twisting to enable coordination whereas the biphenyl back-
bone allows S-O-Pt bridging to occur.


Solids 5–7 were obtained in good yield (78–89%). The
31P{1H} NMR (CD2Cl2) data for 5 and 6 are both of the AX
type with corresponding platinum satellites. The phosphorus
resonances and 1J(31P,195Pt) coupling constants of complex 5,
d(PA)=19.2 (2295 Hz) and d(PX)=23.7 ppm (3542 Hz), are
assigned to the phosphine groups trans to the sulfenato
(-S(O)R) and the thiolato (-SR) groups, respectively, in ac-
cordance with previously published work on platinum phos-
phine complexes containing a mixture of thiolato, sulfenato
or sulfinato ligands trans to the phosphine groups.[12] For
complex 6, the phosphorus resonances and 1J(31P,195Pt) cou-
pling constants, d(PA)=14.2 (2436 Hz) and d(PX)=20.5 ppm
(3130 Hz), are assigned to the phosphine groups trans to the


sulfinato (-S(O)2R) and the thiolato (-SR) groups, respec-
tively. The dimeric compound 7 shows only one resonance
in the phosphorus NMR with phosphorus satellites at
d(PA)=23.3 ppm (1J(31P, 195Pt)=3303 Hz). The 31P{1H} NMR
spectra of 5 and 6 also show the characteristic 2J(31PA,31PX)
couplings of 26 and 22 Hz, respectively, which are consistent
with unsymmetrically substituted platinum cis-diphosphine
complexes. The 195Pt NMR data (CD2Cl2) are all consistent
with the proposed structures of 5, 6 and 7. The spectra of 5
and 6 both exhibit a doublet of doublets with the appropri-
ate coupling constants centred at d=�4234 and �4374 ppm,


respectively, while the spectrum
of 7 shows a doublet centred at
d=5515 ppm (3300 Hz). IR
(KBr disc) data for complexes
5–7 were consistent with the
structural assignments showing
ñ(S=O) bands for complex 5 at
approximately 1100 cm�1 and
ñ(S{=O}2) bands for 6 at approxi-
mately 1200 and 1060 cm�1.
Complex 7 displys a slightly dif-
ferent infrared spectrum. The


ñ(S{=O}2) bands are still present at 1208 and 1071 cm�1 but
there is no evidence of the S=O bond. Instead, this complex
contains an S�O�Pt bond and therefore the band at
843 cm�1 is assigned to this stretching vibration.


Satisfactory elemental analyses (Table 2) were obtained
for these complexes and FAB+ or electrospray(+) mass
spectrometry showed m/z corresponding to [M+H]+ and
[M+Na]+ , respectively.


X-ray crystallography : The crystal structures of complexes
1, 2, 4, 5, 6 and 7 are shown in Figures 1 and 2 and selected
bond lengths and angles are given (Tables 3 and 4). The X-
ray analyses show that the platinum core of complexes 1, 2,
5 and 6, like their naphthalene-backboned equivalents,[12] lie
at the centre of a distorted-square-planar coordination
sphere. The P(1)-Pt(1)-P(2) angles are in the range of 96–
988, in accord with previously published examples such as
[(PPh3)2Pt(ttn)Pt(PPh3)2] (ttn= tetrathionaphthalene).[35]


The corresponding S(1)-Pt(1)-S(8) angles of 1, 5 and 6 are
in the range of 87–918, while the Se(1)-Pt(1)-Se(8) angle of
2 is 91.47(3)8, close to idealised square-planar geometry and
larger than those corresponding angles in [Pt(S2C10H6)-
(PPh3)2], [Pt(Se2C10H6)(PPh3)2], [Pt(S2OC10H6)(PPh3)2] and
[Pt(S2O2C10H6)(PPh3)2].


[12] This can be explained by consid-
ering that this angle is part of a seven-membered PtE2C4


(E=S or Se) ring rather than a six-membered PtE2C3 ring.
The presence of the extra carbon in the ring reduces strain
and allows the sulfur atoms more flexibility to settle in a
square-planar geometry. The C-E-Pt bond angles are found
to be vastly different on each side of these complexes
(102.8(4) and 115.7(4)8 (1), 103.6(2) and 107.6(2)8 (2),
102.3(4) and 116.3(6)8 (5) and 112.9(2) and 106.0(2)8 (6)).
This is explained by the flexibility in the biphenyl backbone,
which is also observed in the free ligand,[36] where the two


Table 1. 31P{1H} and 195Pt NMR data for complexes 1 to 7.


Chemical shifts [ppm] Coupling constants [Hz]
d(31PA) d(31PX) d(195Pt) 1J(PA,Pt) 1J(PX,Pt) 1J(PA,PX)


1 23.1 – �4553 2956 – –
2 18.7 – �4785 2990 – –
3 23.0 – �4530 2971 – –
4 19.7 – �4843 3046 – –
5 19.2 23.7 �4234 2295 3542 26
6 14.2 20.5 �4374 2436 3130 22
7 23.3 – �5515 3303 – –


Table 2. Microanalytical data for complexes 1 to 7 (calculated values in parentheses).


C H S


[Pt(2,2’-S2-biphen)(PPh3)2] (1) 61.45 (61.60) 4.05 (4.09) 6.90 (6.85)
[Pt(2,2’-Se2-biphen)(PPh3)2] (2) 56.12 (55.99) 3.77 (3.72) –
[Pt(2,2’-S2-binap)(PPh3)2] (3) 65.20 (64.91) 4.04 (4.09) 6.33 (6.18)
[Pt(4-Se-dbt)2(PPh3)2] (4) 57.49 (57.93) 3.60 (3.56) 5.03 (5.15)
[Pt{1-S,1-[S(O)]-biphen}(PPh3)2] (5) 60.23 (60.56) 3.85 (4.02) 6.61 (6.74)
[Pt{1-S,1-[S(O)2]-biphen}(PPh3)2] (6) 60.01 (59.56) 4.01 (3.96) 6.43 (6.63)
[Pt{1-[S(O)],1-[S(O)2]-biphen}(PPh3)]2 (7) 50.16 (49.93) 3.28 (3.21) 8.76 (8.88)


Scheme 2. Oxidative addition reactions to prepare complexes 5, 6 and 7.
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C6 rings are not co-planar. In fact, the two C6 rings are
angled more pronouncedly than in the free ligands, with the
C(1)-C(2)-C(7)-C(12) angles of 1, 5 and 6 in the range of
54.6(7)–56.2(9)8 while those of the free ligands are in the
range of 28.2(3)–37.3(3)8.[36] The C(1)-C(2)-C(7)-C(12) angle


of 2 is greater than that of the sulfur-containing derivatives
(62.0(8)8).


The nonbonded S–S distances of 3.353(10) (1), 3.219(6)
(5) and 3.334(6) N (6) are much larger than those in the S�
S bonded precursors,[36] and are significantly larger than the


Figure 1. Crystal structures: a) [Pt(2,2’-S2-biphen)(PPh3)2] (1); b) [Pt(2,2’-
Se2-biphen)(PPh3)2] (2); c) [Pt(4-Se-dbt)2(PPh3)]2 obtained during efforts
to recrystallise 4.


Figure 2. Crystal structure of a) [Pt{2-S,2’-[S(O)]-biphen}(PPh3)2] (5),
b) [Pt{2-S,2’-[S(O)2]-biphen}(PPh3)2] (6) and c) [Pt{2-[S(O)],2’-[S(O)2]-
biphen}(PPh3)]2 (7).


www.chemeurj.org H 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 895 – 902898


J. D. Woollins et al.



www.chemeurj.org





corresponding distances in the
naphthalene-backboned deriva-
tives.[12] The same is noticed in
the nonbonded Se–Se distance
of 2, 3.54(1) N, which is much
greater than the bond length of
the free ligand (2.323(2) N).[37]


This nonbonded distance is
greater than that of the com-
plex [Pt(Se2C10H6)(PPh3)2]


[12]


and is close to the van der
Waals radius of selenium. The
Pt�S(thiolato) bond lengths of 1, 5
and 6 (2.319(2)–2.368(6) N), the
Pt�S(sulfenato) bond length of 5
(2.338(3) N) and the Pt�S(sulfinato)


bond length of 6 (2.3249(16) N)
are all very similar and close
to those seen in previously re-
ported platinum complexes.[12]


Similarly, the Pt�Se bond
lengths of complex 2 are very
close to those of known Pt�Se
containing complexes.[12,38,39]


The trans influence of the
sulfur ligand in relation to Pt�P
bond lengths has been compre-
hensively discussed previous-
ly.[12] Complexes 1, 5 and 6 have
Pt�P(trans to thiolato) bond lengths in
the range of 2.283(6)–
2.3181(15) N. The Pt�P(trans to


sulfenato) bond length of 5
(2.328(3) N) and the Pt�P(trans to


sulfinato) bond length of 6
(2.3254(14) N) are both longer
than the Pt�P(trans to thiolato) bond
lengths.


The S=O bond length of 5 is
1.480(8) N, a value very similar
to those in other complexes
containing a metal centre
bound to a sulfenato group,[12]


and also virtually identical to
the same distance in the free
ligand.[40] However, the two
S=O bond lengths of 6 are
quite different, (1.337(7) and
1.580(8) N). These values are
much smaller and greater, re-
spectively, than the normal
values seen in complexes such
as 5 or the analogous complex
[Pt(S2O2C10H6)(PPh3)2],


[12] an
observation for which we have
no explanation.


Table 3. Selected bond lengths [N] and angles [8] for complexes 1, 2, 5, 6 and 7 (E=S or Se).


1 2 5 6 7


Pt(1)�E(1) 2.368(6) 2.4830(8) 2.338(3) 2.3249(16) 2.212(8)
Pt(1)�E(8) 2.330(10) 2.4555(8) 2.319(3) 2.3548(15) 2.347(8)
Pt(1)�P(1) 2.283(6) 2.2775(17) 2.328(3) 2.3254(14) 2.316(8)
Pt(1)�P(2) 2.295(9) 2.2895(17) 2.306(3) 2.3181(15) –
Pt(1)�O(38) – – – – 2.11(2)
E(1)�C(1) 1.769(10) 1.915(8) 1.834(15) 1.798(8) 1.78(3)
S(1)�O(1) – – 1.480(8) 1.337(7) 1.46(2)
S(1)�O(2) – – – 1.580(8) 1.48(2)
C(8)�E(8) 1.797(10) 1.925(7) 1.784(17) 1.796(6) 1.79(4)
S(8)�O(8) – – – - 1.58(2)
Pt(2)�S(31) – – – – 2.214(9)
Pt(2)�S(38) – – – – 2.334(8)
Pt(2)�O(8) – – – – 2.09(2)
Pt(2)�P(2) – – – – 2.316(8)
S(31)�O(31) – – – – 1.47(2)
S(31)�O(32) – – – – 1.44(2)
S(31)�C(31) – – – – 1.82(3)
C(31)�C(32) – – – – 1.39(5)
C(32)�C(37) – – – – 1.56(4)
C(37)�C(38) – – – – 1.42(5)
C(38)�S(38) – – – – 1.81(3)
S(38)�O(38) – – – – 1.62(2)
P(1)-Pt(1)-P(2) 97.21(12) 97.28(6) 96.90(11) 96.13(5) –
P(1)-Pt(1)-E(8) 88.11(12) 86.37(5) 87.05(12) 86.03(5) 173.0(3)
P(2)-Pt(1)-E(8) 174.51(11) 174.10(5) 175.78(12) 177.24(5) –
P(1)-Pt(1)-E(1) 178.72(14) 177.67(5) 174.04(13) 170.75(6) 94.4(3)
P(2)-Pt(1)-E(1) 83.64(13) 84.79(5) 88.66(11) 87.26(5) –
E(1)-Pt(1)-E(8) 91.07(13) 91.47(3) 87.46(12) 90.86(6) 92.6(3)
P(1)-Pt(1)-O(38) – – – – 82.9(6)
S(1)-Pt(1)-O(38) – – – – 176.8(6)
S(8)-Pt(1)-O(38) – – – – 90.1(6)
C(1)-E(1)-Pt(1) 102.8(4) 103.6(2) 102.3(4) 112.9(2) 113.4(11)
O(1)-S(1)-C(1) – – 102.1(8) 102.1(4) 105.7(14)
O(1)-S(1)-Pt(1) – – 115.2(4) 112.9(2) 107.4(10)
O(2)-S(1)-C(1) – – – 93.4(4) 102.5(14)
O(2)-S(1)-Pt(1) – – – 107.1(3) 115.7(7)
O(1)-S(1)-O(2) – – – 115.8(2) 117.7(12)
C(8)-E(8)-Pt(1) 115.7(4) 107.6(2) 116.3(6) 106.0(2) 95.7(12)
C(8)-S(8)-O(8) – – – – 99.8(14)
O(8)-S(8)-Pt(1) – – – – 106.5(9)
E(1)-C(1)-C(2) 121.0(8) 122.7(6) 117.7(17) 122.1(5) 124.0(2)
C(1)-C(2)-C(7) 122.5(9) 120.1(7) 122.9(17) 124.2(6) 122.0(3)
C(2)-C(7)-C(8) 125.4(9) 123.4(7) 124.4(15) 122.2(5) 120.0(3)
C(7)-C(8)-E(8) 125.3(7) 122.8(6) 125.0(14) 122.8(5) 119.0(3)
Pt(2)-O(8)-S(8) – – – – 119.0(11)
P(2)-Pt(2)-S(31) – – – – 97.6(3)
P(2)-Pt(2)-S(38) – – – – 168.5(3)
P(2)-Pt(2)-O(8) – – – – 81.6(6)
S(31)-Pt(2)-S(38) – – – – 92.1(3)
S(31)-Pt(2)-O(8) – – – – 179.2(6)
O(8)-Pt(2)-S(38) – – – – 88.7(6)
Pt(2)-S(31)-C(31) – – – – 107.6(11)
Pt(2)-S(31)-O(31) – – – – 110.8(10)
Pt(2)-S(31)-O(32) – – – – 109.4(11)
O(31)-S(31)-O(32) – – – – 119.1(15)
O(31)-S(31)-C(31) – – – – 101.7(14)
O(32)-S(31)-C(31) – – – – 107.4(15)
S(31)-C(31)-C(32) – – – – 121.0(2)
C(38)-S(38)-Pt(2) – – – – 109.4(11)
C(38)-S(38)-O(38) – – – – 99.0(13)
O(38)-S(38)-Pt(2) – – – – 106.2(8)
C(31)-C(32)-C(37) – – – – 129.0(3)
C(32)-C(37)-C(38) – – – – 118.0(3)
C(37)-C(38)-S(38) – – – – 118.0(2)
Pt(1)-O(38)-S(38) – – – – 108.3(10)
C(1)-C(2)-C(7)-C(12) 56.2(9) 62.0(8) 56.0(8) 54.6(7) 53.0(4)
C(31)-C(32)-C(37)-C(42) – – – – 49.0(4)
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Complex 7 exists as a platinum dimer complex containing
a six-membered Pt2S2O2 ring with two seven-membered
PtS2C4 rings on either side. This six-membered ring is very
rare, as soft platinum usually bonds preferentially to soft
sulfur. Only one other example of a six-membered Pt2S2O2


ring is known, formed by hydrolysis of [Pt(NSO)2(PMe2Ph)2]
to give [{Pt(SO3)(PMe2Ph)2}2].


[41]


The S-Pt-O angles of 7 (90.1(6) and 88.7(6)8) are very
close to idealised square-planar geometry. The S-Pt-S angles
(92.6(3) and 92.1(3)8) are marginally wider than those of 1,
5 and 6. The other angles around platinum (S-Pt-P 94.4(3)
and 97.6(3), P-Pt-O 82.9(6) and 81.6(6)8) demonstrate that
the geometry is distorted square planar. Like complexes 1, 5
and 6, complex 7 has vastly different Pt-S-C angles
(113.4(11) and 95.7(12)8) at Pt(1) whilst the same angles at
Pt(2) are closer to each other (107.6(11) and 109.4(11)8).
The reason for the vast difference at Pt(1) is the same as for
complexes 1, 5 and 6 : the flexibility in the biphenyl back-
bone (538) causes twisting which removes any similarity be-
tween these two angles. The biphenyl backbone of the
ligand bound at Pt(2) is closer to being planar (C(31)-C(32)-
C(37)-C(42)=49(4)8), giving a less drastic difference be-
tween the two Pt�S�C bond angles.


The nonbonded S–S distances (S(1)–S(8)=3.30(1) and
S(31)–S(38)=3.28 N) are close to those of complexes 1, 5
and 6 and suggests that there is no bonding interaction be-
tween the two sulfur atoms. This is again due to the in-
creased S-Pt-S angle forcing the two sulfur atoms apart.


The Pt(1)�S(sulfenato) and Pt(1)�S(sulfinato) bond lengths of 7
are 2.347(8) and 2.212(8) N, respectively. The Pt�S(sulfenato)


bond length is similar to the corresponding bond length in 5,
but the Pt�S(sulfinato) distance is markedly shorter than the
corresponding distance in 6. Reedijk et al.[42] have discussed
Ni�S distances in a range of Ni�S and Ni�S(O) systems.
The major effect is likely to be associated with the sulfur ox-
idation state, though there may be a trans influence of the
opposite oxygen atom. The oxygen atom is a poor p accep-
tor, resulting in a shortening of the Pt�S bond length as the
sulfur atom accepts the electron density of the metal d orbi-
tals. This shortened Pt�S distance is also observed on the
opposite side of the molecule (Pt(2)�S(38)=2.334(8),
Pt(2)�S(31)=2.214(9) N) for the same reason.


The S=O bond lengths of 7 (1.44(2)–1.48(2) N) are very
similar to those of 5 and also to those of other platinum
complexes containing a mixture of thiolato, sulfenato or sul-
finato groups,[12] and to that of the free ligand.[36] The S�O


bond lengths (1.58(2) and 1.62(2) N) are longer than the
S=O bond lengths and are typical for sulfur–oxygen single
bonds. These values are very similar to those of other
known S-O-M complexes (M=Ti).[11]


By using X-ray crystallography, complex 4 was found to
exist as a bimetallic platinum complex containing a four-
membered Pt2Se2 ring. This is in contrast to the spectral
data of 4 in solution; mass spectrometry and 31P NMR spec-
troscopy suggest that it exists as a monomer with the formu-
la [Pt(SeC12H7S)2(Ph3P)2]. We believe that the monomeric 4
loses triphenylphosphine and dimerises during crystallisa-
tion. We have been unable to isolate crystalline monomeric
4 to date. The platinum atoms lie at the centre of a distort-
ed-square-planar coordination sphere, consisting of three se-
lenium atoms and one phosphorus atom. Two of the three
selenium atoms are bridging between the two platinum
atoms and belong to a molecule of 4-selenadibenzothio-
phene. The other selenium atom also belongs to a molecule
of 4-selenadibenzothiophene but this ligand is terminal
rather than bridging. These ligands are one half of the proli-
gand dibenzothiophen-4-yldiselenide, showing that the plati-
num atom has undergone oxidative addition between the
two selenium atoms. The C(2)-Se(2)-Pt(1) and C(2)-Se(2)-
Pt(1A) angles are very close (105.5(2) and 105.9(2)8, respec-
tively) showing that the C(2) atom does not sit in the plane
of the four-membered ring but rather sits above the plane,
with the Se�C bond almost perpendicular to the two Se�Pt
bonds. The Se(2)-Pt(1)-Se(22) (174.82(3)8) and Se(2A)-
Pt(1)-P(1) angles (175.27(5)8) show that the selenium atom
of the terminal 4-selenadibenzothiophene and the phospho-
rus atom of the PPh3 group both lie in the plane of the
Pt2Se2 group.


The Pt�Se and Pt�P bond lengths of complex 4 are unre-
markable and are found to be close to the other selenium-
bound platinum complex [Pt(Se2C10H6)(Ph3P)2].


[12]


Experimental Section


General : Unless otherwise stated, manipulations were performed under
an oxygen-free nitrogen or argon atmosphere by using standard Schlenk
techniques and glassware. Solvents were dried, purified and stored ac-
cording to common procedures. Dibenzo[1,2]dithiin,[43] dibenzo-
[1,2]diselenin,[44] 13,14-dithiapicene,[45] dibenzo[1,2]dithiin-5-oxide,[46]


dibenzo[1,2]dithiin-5,5-dioxide,[47] dibenzo[1,2]dithiin-5,5,6-trioxide[47] and
[Pt(PPh3)4]


[48] were prepared according to literature procedures, cis-
[PtCl2(PPh3)2] was synthesised by the addition of two equivalents of the
appropriate phosphine ligand to [PtCl2(cod)] in dichloromethane. All
other reagents were obtained commercially.


Infrared spectra were recorded as KBr pellets in the range of 4000–
220 cm�1 on a Perkin–Elmer system 2000 Fourier transform spectrometer.
31P{1H} (109.4 MHz) and 195Pt (58.1 MHz) NMR spectra were recorded
on a Jeol DELTA GSX270 spectrometer with d(P) referenced to external
85% H3PO4 and d(Pt) to external H2PtCl6.


77Se spectra were recorded
either on a Bruker AM300 or a Jeol DELTA GSX270 spectrometer oper-
ating at 57.2 and 51.5 MHz, respectively, with d(Se) referenced to exter-
nal H2SeO3 (d(Se)=1277 ppm). Elemental analyses were performed by
the St. Andrews University School of Chemistry Service and positive-ion
FAB mass spectra were carried out by the EPSRC National Mass Spec-
trometry Service, Swansea.


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


Bond length Angle


Pt(1)�P(1) 2.2644(18) P(1)-Pt(1)-Se(22) 87.43(5)
Pt(1)�Se(2) 2.4667(7) P(1)-Pt(1)-Se(2) 96.15(5)
Pt(1)�Se(2A) 2.4595(7) P(1)-Pt(1)-Se(2A) 175.27(5)
Pt(1)�Se(22) 2.4403(8) Se(2)-Pt(1)-Se(22) 174.82(3)
Se(2)�C(2) 1.917(7) Se(2)-Pt(1)-Se(2A) 82.82(2)
Se(22)�C(22) 1.916(7) Se(2A)-Pt(1)-Se(22) 93.92(2)


Pt(1)-Se(2)-C(2) 105.5(2)
Pt(1)-Se(2)-Pt(1A) 97.18(2)
C(2)-Se(2)-Pt(1A) 105.9(2)
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Precious metal salts were provided on loan by Johnson Matthey.


The final product complexes are reasonably stable to atmospheric
oxygen and moisture in the solid state but were stored for longer periods
under nitrogen.


Dibenzothiophen-4-yldiselenide : A solution of 2,2’-Li(LiS)C12H8 was pre-
pared.[10] Selenium (1 equiv) was added and this was allowed to stir over-
night. Glacial acetic acid (25%) in tetrahydrofuran was added (30 cm3)
and this was allowed to stir in air overnight. This was then dried under
pressure and purified by chromatography on silica gel using hexane/di-
chloromethane (50:50) as elutant. The yellow fraction was collected and
recrystallised from dichloromethane/hexane to give the final product as a
yellow microcrystalline solid (0.232 g, 26%). EI MS: m/z : 526 [M]+ , 263
[1=2M]+ .


[Pt(2,2’-S2-biphen)(PPh3)2] (1): [Pt(PPh3)4] (0.772 g, 0.620 mmol) and
dibenzo[1,2]dithiin (0.134 g, 0.619 mmol) were placed under reflux in tol-
uene (20 cm3) for 4 h at which point a fine yellow precipitate started to
appear. The mixture was put under reflux for a further 16 h and then al-
lowed to cool. The cooled mixture was poured onto a silica gel pad in a
sintered funnel and eluted with toluene (100 cm3) which was discarded.
The desired product was eluted from the silica gel with dichloromethane
(300 cm3) giving a bright yellow solution. This was dried under reduced
pressure and toluene (20 cm3) was added to give a yellow suspension. Di-
ethyl ether (100 cm3) was then added to the stirred suspension and the
resulting solid was collected by suction filtration, washed with diethyl
ether (2P10 cm3) and dried in vacuo overnight. Yield: 0.533 g, 92%;
FAB+ MS: m/z : 936 [M+H]+ , 719/720 [M�(S2C12H8)]


+ .


[Pt(2,2’-Se2-biphen)(PPh3)2] (2): [Pt(PPh3)4] (0.676 g, 0.543 mmol) and
dibenzo[1,2]diselenin (0.168 g, 0.542 mmol) were stirred in toluene
(20 cm3) at room temperature for 30 min resulting in an orange solution.
The solution was poured on to a silica gel pad in a sintered funnel and
the product was eluted with dichloromethane (200 cm3). The combined
toluene reaction solvent and the dichloromethane eluent were removed
under pressure and the orange residue was partially suspended in toluene
(10 cm3). To the stirred toluene suspension, diethyl ether (30 cm3) was
added giving an orange microcrystalline solid. This was collected by suc-
tion filtration, washed with diethyl ether (2P10 cm3) and dried in vacuo
overnight. Yield: 0.480 g, 86%; FAB+ MS: m/z : 1031 [M+H]+ .


[Pt(2,2’-S2-binap)(PPh3)2] (3): [Pt(PPh3)4] (0.295 g, 0.237 mmol) and di-
naphtho[1,2-c :2’,1’-e][1,2]dithiin (0.075 g, 0.237 mmol) were stirred in tol-
uene (20 cm3) at room temperature for 3 h resulting in a yellow solution.
The solution was poured onto a silica gel pad in a sintered funnel and
eluted with dichloromethane (100 cm3). The combined toluene reaction
solvent and the dichloromethane eluent were removed under pressure
and the yellow residue was dissolved in a minimum volume of dichloro-
methane (approximately 3 cm3). Diethyl ether (50 cm3) was added to pre-


cipitate the final product as a yellow solid. This was collected by suction
filtration, washed with diethyl ether (2P10 cm3) and dried in vacuo over-
night. Yield: 0.161 g, 66%; ES+ MS: m/z : 1058 [M+Na]+ .


[Pt(4-Se-dbt)2(PPh3)2] (4): [Pt(PPh3)4] (0.311 g, 0.250 mmol) and dibenzo-
thiophen-4-yldiselenide (0.066 g, 0.125 mmol) were stirred in toluene
(20 cm3) for 2 h resulting in an orange solution. The solution was poured
on to a silica gel pad and eluted with dichloromethane (100 cm3). The
combined toluene reaction solvent and the dichloromethane eluent were
removed under pressure and the residue was re-dissolved in a minimum
volume of dichloromethane (approximately 2 cm3). Diethyl ether
(25 cm3) followed by hexane (50 cm3) was slowly added to precipitate the
final product as an orange solid. This was collected by suction filtration,
washed with diethyl ether (2P10 cm3) and dried in vacuo overnight.
Yield: 0.135 g, 55%; ES+ MS: m/z : 1267 [M+Na]+ , 1006 [(M�PPh3)+
Na]+ .


[Pt{2-S,2’-[S(O)]-biphen}(PPh3)2] (5): [Pt(PPh3)4] (0.563 g, 0.453 mmol)
and dibenzo[1,2]dithiin-5-oxide (0.105 g, 0.452 mmol) were stirred togeth-
er for 18 h resulting in a golden orange solution. The solution was poured
on to a silica gel pad and eluted with dichloromethane (150 cm3) which
was discarded. The desired product was eluted from the silica gel with
acetone (100 cm3). The acetone was removed under pressure and the re-
sulting yellow/orange residue was re-dissolved in a minimum volume of
dichloromethane (approximately 3 cm3). Diethyl ether (150 cm3) was
added to precipitate the final product as a bright yellow solid. This was
collected by suction filtration, washed with diethyl ether (2P10 cm3) and
dried in vacuo overnight. Yield: 0.369 g, 86%; selected IR data (KBr):
ñ=1098 cm�1 (S=O); FAB+ MS: m/z : 953 [M+H]+ , 719/720
[M�(S2OC12H8)]


+ .


[Pt{2-S,2’-[S(O)2]-biphen}(PPh3)2] (6): [Pt(PPh3)4] (0.322 g, 0.259 mmol)
and dibenzo[1,2]dithiin-5,5-dioxide (0.064 g, 0.257 mmol) were stirred to-
gether for 18 h resulting in a golden orange solution. The solution was
poured on to a silica gel pad and eluted with dichloromethane (150 cm3)
which was discarded. The desired product was eluted from the silica gel
with acetone (100 cm3). The acetone was removed under pressure and
the resulting yellow/orange residue was re-dissolved in a minimum
volume of dichloromethane (approximately 3 cm3). Diethyl ether
(150 cm3) was added to precipitate the final product as a bright yellow
solid. This was collected by suction filtration, washed with diethyl ether
(2P10 cm3) and dried in vacuo overnight. Yield: 0.195 g, 78%; selected
IR data (KBr): ñ=1180, 1066 cm�1 (S{=O}2); FAB+ MS: m/z : 969
[M+H]+ , 719/720 [M�(S2O2C12H8)]


+ .


[Pt{2-[S(O)],2’-[S(O)2]-biphen}(PPh3)]2 (7): [Pt(PPh3)4] (0.410 g,
0.329 mmol) and dibenzo[1,2]dithiin-5,5,6-trioxide (0.087 g, 0.330 mmol)
were stirred together for 18 h resulting in a yellow solution. The solution


Table 5. Crystallographic data for complexes 1, 2, 4, 5, 6 and 7.


1 2 4 5 6 7


empirical formula C48H38P2PtS2 C49H40Cl2P2PtSe2 C91H66P2Pt2S4Se4 C48H38OP2PtS2 C49H40Cl2O2P2PtS2 C63H52Cl6O6P2Pt2S4


Mr 935.93 1114.66 2055.64 951.93 1052.86 1698.11
crystal system monoclinic monoclinic triclinic monoclinic monoclinic monoclinic
space group P21/c P21/c P1̄ P21/c P21/c P21/c
a [N] 10.228(3) 12.994(3) 12.8759(7) 10.2583(8) 13.0888(16) 13.354(5)
b [N] 17.319(9) 20.561(4) 13.0591(8) 17.3039(14) 20.565(3) 14.952(5)
c [N] 22.623(5) 17.698(4) 13.2920(7) 23.0113(19) 17.767(2) 31.510(11)
a [8] 90 90 103.912(5) 90 90 90
b [8] 99.110(5) 93.326(4) 97.926(5) 100.566 92.614(4) 100.266(6)
g [8] 90 90 112.460(4) 90 90 90
V [N3] 3956(25) 4720.3(17) 1938.02(19) 4015.4(6) 4777.4(10) 6191(4)
Z 4 4 1 4 4 4
1calcd [gcm�3] 1.571 1.568 1.761 1.575 1.464 1.822
m [mm�1] 3.767 4.727 5.680 3.715 3.240 5.012
reflections measured 24407 28227 10770 17285 28166 28639
independent reflections 7128 7824 6201 5727 8513 8805
final R1 0.0666 0.0484 0.0408 0.0497 0.0467 0.1367
final wR2 [I>2s(I)] 0.1886 0.1080 0.0811 0.0922 0.1165 0.3692
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was poured on to a silica gel pad and eluted with dichloromethane
(100 cm3) which was discarded. The desired product was eluted from the
silica gel with acetone (100 cm3). The acetone was removed under pres-
sure and the resulting yellow residue was re-dissolved in a minimum
volume of dichloromethane (approximately 3 cm3). Diethyl ether
(100 cm3) was added to precipitate the final product as a pale yellow
solid. This was collected by suction filtration, washed with diethyl ether
(2P10 cm3) and dried in vacuo overnight. Yield: 0.212 g, 89%; selected
IR data (KBr): ñ=1208, 1071 (S{=O}2), 843 cm�1 (S-O-Pt); ES+ MS:
m/z : 1465 [M+Na]+ , 744 [1=2M+Na]+ .


Crystal structure analysis : Suitable crystals for X-ray analysis were ob-
tained by solvent diffusion methods (CH2Cl2/hexane/toluene). Details of
the X-ray characterisation experiments are given in Table 5. Data for 1, 4
and 6 were collected at 93 K on a Rigaku Mercury diffractometer while
data was collected for 5 at 293 K on a SMART diffractometer using
MoKa radiation and for 7 at 93 K on a Rigaku MM007/Saturn diffractom-
eter. All refinements were performed by using SHELXTL (Version 6.12,
Bruker AXS, 2001). CCDC-268910 (1), -268911 (2), -268912 (4), -268913
(5), -268914 (6) and -268915 (7) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.
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Pulsed Gradient Spin Echo (PGSE) Diffusion Measurements as a Tool for
the Elucidation of a New Type of Hydrogen-Bonded Bicapsular Aggregate
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Introduction


Multiple hydrogen-bond formation has opened the door to a
useful approach for assembling individual molecular compo-
nents into functional organic nanostructures that are held
together in a reversible manner.[1] Molecules containing the
correct structural information spontaneously assemble into
helices,[2] rosettes,[3] cylinders,[4] capsules,[5] dendrimers,[6]


polymers,[7] or grids.[8] Urea functionalities have a great ten-
dency to form hydrogen bonds, not only in the solid state,
but also in solution.[9] Recently, some of us have proved that
the triureas 1, derived from the tribenzylamine skeleton, as-
semble to form dimeric aggregates (Scheme 1).[10] In these
dimers two molecules associate by forming hydrogen bonds
between the six ureas, forming a head-to-tail directional
array of 12 hydrogen bonds.[10] The result is a capsular ag-


gregate with an internal cavity, that is too small for the en-
capsulation of organic molecules.[10a,c]


Unimolecular capsules could in principle be achieved
from a molecule containing two tripodal subunits of tris(ur-
eidobenzyl)amine, linked through their urea residues by
means of a flexible tether. This spacer should be long
enough to allow the folding of the molecule to form the ring
of hydrogen-bonded ureas, but short enough to minimize
the increase in entropy brought about by the freely rotating
single bonds. A hexamethylene spacer has previously been


Abstract: Compounds formed by link-
ing two tris(ureidobenzyl)amine mod-
ules with a hexamethylene tether are
described. These compounds self-as-
semble to form bicapsular aggregates
featuring two rings of six hydrogen-
bonded ureas. 1H and 1H/1H ROESY
NMR spectroscopy, together with


pulsed gradient spin echo (PGSE)
NMR diffusion measurements, have
been used to characterize the dimers in


solution. The results have been com-
pared with energy-minimized struc-
tures. The new compounds are kineti-
cally stable on the NMR timescale, and
their thermodynamic stabilities are
comparable to other capsular aggre-
gates derived from tris(ureidobenzyl)-
amines.
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Scheme 1. Tris(2-ureidobenzyl)amines 1 dimerize in the solid state and in
solution to form capsular aggregates.
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used to successfully link two tetraureidocalixarenes, leading
to unimolecular capsules.[11] Consequently, we decided to in-
troduce this structural fragment into our tris(ureidobenzyl)-
amine system. In principle, such a modified structure would
allow several types of assembly to occur (Figure 1), such as:
1) intramolecular self-assembly to give a unimolecular cap-
sule, 2) intermolecular assembly to give a bimolecular spe-
cies, and 3) oligomerization to higher order systems.


Whereas, examples of assembly by hydrogen bonding to
afford unimolecular[11,12] or polymeric capsules[7c–e] are well-
known in the literature, bicapsular aggregates assembled ex-
clusively by hydrogen bonding are rare. Rebek[7c,11] has re-
ported an example based on a heterotrimer. Cram,[13] Sher-
man,[14] Nolte,[15] and Liu[16] have reported several bicapsules
based on the highly restricted resorcarene skeleton and on
two metallobridged bis(b-CyDs) complexes, but these capsu-
les were formed by covalent synthesis, and not exclusively
by hydrogen-bond assembly.


The characterization of assembling systems in solution
often relies on a combination of NMR spectroscopy, mass
spectrometry, vapor pressure osmometry (VPO), and gel
permeation chromatography (GPC). However, as the mole-
cules increase in complexity, new analytical tools are re-
quired.[17] Recently, pulsed gradient spin echo (PGSE) NMR
diffusion measurements[18] have proved to be a useful tool
for probing encapsulation and studying the structure of hy-
drogen-bonded capsules in solution.[19] The diffusion coeffi-
cient (D) depends on the molecular shape and size (the
larger the molecule, the lower the D value). Thus, it should
be possible to distinguish between the unimolecular, bimo-
lecular, and oligomeric species in Figure 1 on the basis of
their diffusion coefficients. We present here our PGSE diffu-
sion measurements on the hexaureas 2a,b (Scheme 2) and
related species. These results, together with 1H NMR and
2D NOE spectroscopic data, provide conclusive evidence of
the solution structures of these systems.


Results and Discussion


Synthesis : The synthetic procedure leading to the hexaureas
2a,b is shown in Scheme 2. The key intermediate 3 was pre-
pared in 93% yield by the reaction of 2-azidobenzylamine
with 2-nitrobenzyl iodide in the presence of Na2CO3. The
formation of the corresponding iminophosphorane by the
reaction of 3 with trimethylphosphine, followed by hydroly-
sis in THF/H2O, gave the amine 4 (67–90%). After reaction
with 1,6-diisocyanatohexane, the bis(tribenzylamine) deriva-
tive 5 was isolated in 69% yield. Finally, the hexaureas 2
were obtained from 5 by the following two-step sequence.
First, catalytic hydrogenation of 5 afforded the tetraamino
intermediate 6 in 91% yield. Second, this intermediate was


Figure 1. Schematic representation of the self-assembly of 2 to yield un-
imolecular, bimolecular, or oligomeric aggregates.


Scheme 2. Reagents and reaction conditions for the synthesis of the hex-
aureas 2a,b : a) 2-nitrobenzyl iodide, Na2CO3, MeCN, reflux, 24 h.
b) i) PMe3, THF, 0 8C, 30 min. ii) THF/H2O, 20 8C, 20 h. c) OCN-
(CH2)6NCO, CHCl3, 100 8C, 30 h. d) H2, PtO2, THF, 20 8C, 20 h.
e) ArNCO, CHCl3, reflux, 24 h.


www.chemeurj.org I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 877 – 886878



www.chemeurj.org





reacted with the corresponding aryl isocyanate to give 2a,b
in 58–60% yield.


1H NMR spectroscopy: Figure 2 shows 1H NMR spectra for
solutions of 1a and 2a in [D6]DMSO and CDCl3 . In a
strongly hydrogen-bonding solvent, such as [D6]DMSO, 1a
and 2a exist as monomeric, nonassembled species. For 2a
(Figure 2b), the two types of benzylic methylene groups
appear as two singlets at d=3.56 and 3.59 ppm. The p-tolyl
methyl groups give a singlet at d=2.21 ppm, and the aro-


matic protons of the pendant p-tolyl groups afford the usual
AA’XX’ pseudodoublets in the region of d=7.00–7.30 ppm.
These chemical shifts for 2a are similar to those found for
1a in [D6]DMSO (Figure 2a).[10a,c]


The change to a noncompetitive solvent, such as CDCl3,
produces significant alterations in the solution structures of
1a and 2a, as indicated by the 1H NMR spectra (Figure 2c
and d). As mentioned in the introduction, the triurea 1a has
been previously investigated.[10a,c] A combination of techni-
ques (X-ray analysis, NMR and IR spectroscopy, and ESI-
MS) provided evidence for a dimeric, capsular structure
1a·1a, both in the solid-state and in CDCl3.


[10a,c] Three as-
pects of that research are of relevance for the present dis-
cussion: 1) When 1a is dissolved in CDCl3, the 1H NMR
spectrum (Figure 2c) shows a loss of symmetry with respect
to the spectrum in [D6]DMSO (Figure 2a). 2) The resonan-
ces of the aromatic and methyl protons of the p-tolyl groups
in CDCl3, are shifted to lower frequencies with respect to
those in [D6]DMSO. This effect can be attributed to local
anisotropic effects within the capsule 1a·1a.[10a,c] 3) The
ROESY spectrum in CDCl3 (see Supporting Information,
Figure S.1[10c]) shows NOE contacts between the aromatic
and methylenic protons of the tribenzylamine moiety and
the aromatic protons of the p-tolyl groups.[10c] As shown in
Figure S.1,[10c] these contacts nicely support the formation of
a capsular dimeric aggregate 1a·1a, as they are difficult to
explain in a monomeric 1a.[10c] Indeed, these NOE contacts
are not present in the ROESY spectrum of 1a in
[D6]DMSO, in which the compound exists as a nonassem-
bled monomer.[10c]


Although compound 2a was purified by chromatography
(EtOAc/hexane 1:3), and was thus expected to be a single
species, the 1H NMR spectrum of 2a in CDCl3 is poorly re-
solved and shows a mixture of different species (Figure 2d).
By a comparison of this spectrum with that of 1a·1a in
CDCl3 (see Figure 2c and the previous paragraph), the
broad resonances at approximately d=1.90, 6.20, and
6.50 ppm can be assigned to the methyl and aromatic pro-
tons of the p-tolyl groups in a capsular derivative of 2a. As
shown in Figure 1, this derivative could, in principle, be a
self-assembled monomer, a dimer, or an oligomer. Other
signals in this spectrum might belong to a nonassembled
monomeric species, for example, the peak at d=2.26 ppm is
in agreement with the methyl signal observed for 2a in
[D6]DMSO, in which this compound is a nonassembled
monomer. All the resonances in CDCl3 are broad and com-
plex, pointing to a distribution of isomers, both for the as-
sembled and nonassembled species. Figure 3 shows a com-
parison between the methyl region from the 1H NMR spec-
trum of 2a in CDCl3 at 2P10


�3
m (Figure 3a, 700 MHz) and


at 0.020m (Figure 3b, 600 MHz, expansion from Figure 2d).
At the lower concentration, the nonassembled species (indi-
cated by the higher resonance frequencies) are predominant.
We will return to the 1H NMR spectrum of 2a in a later dis-
cussion of the NOEs.


The 1H NMR spectra of 2b (which contains an n-butyl in-
stead of a methyl substituent) in [D6]DMSO and CDCl3 are


Figure 2. 1H NMR spectra (300 and 600 MHz) of 0.020m solutions of
a) 1a in [D6]DMSO, b) 2a in [D6]DMSO, c) 1a in CDCl3, and d) 2a in
CDCl3. A and N-A mark the resonances exclusively due to assembled
and nonassembled species, respectively. The asterisk labels the signal for
residual water.
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shown in Figure 4. Based on the anisotropy criterion men-
tioned above, the multiplets between d=6.10 and 6.60 ppm
correspond to the aromatic protons of the p-BuC6H4 groups
in an assembled species (monomer, dimer, or oligomer). At
first sight, it is not clear whether nonassembled, monomeric
2b is also present in this solution. However, since the inten-
sity of the weak resonance at d=2.5 ppm increases with
added DMSO, we suggest that this weak signal might corre-
spond to the butyl CH2 group in nonassembled 2b (see
below for further discussion).


Clearly, although the proton spectra for 2a and 2b in
CDCl3 are informative, the nature of the aggregates remains
uncertain.


PGSE measurements : To estimate the molecular volumes
(and thus the aggregation states) of the two different species
present in CDCl3, we have carried out PGSE diffusion
measurements on solutions of 2a and 2b in CDCl3. Solu-
tions of the triurea 1a and the precursor 6 in CDCl3 (shown
in Scheme 2) were also studied (Table 1 and Figure 5).
Table 1 includes the calculated hydrodynamic radii, obtained
from the D values by the Stokes–Einstein equation.[20] The
chemical shifts of the peaks used in the determination of the
D values are indicated in the Table.


The ratio between the D values for the assembled and
nonassembled species in 2a is 4.28/3.31=1.29. For spherical


molecules, this number corresponds to a mass ratio of ap-
proximately 2:1.[17b,21] As the nonassembled molecules must
be monomers, a dimeric structure is proposed for the aggre-
gates. We do not find polymers of 2a in CDCl3, at least not
at measurable concentrations. The PGSE measurements on
the aromatic region (d=7.0–7.3 ppm) of this mixture 2a/
2a·2a afford a D value (4.11P10�10 m2s�1) that is only slight-
ly smaller than the value assigned to the monomer (4.28P
10�10 m2s�1, Table 1). Indeed, in this aromatic region the
most intense signals are expected to stem from the p-tolyl
protons of the monomer, which at 2P10�3


m represents the
predominant species (ratio 2a :2a·2a 1:0.4, Figure 3a).


For the solution of 2b in CDCl3, the D value measured
using the resonances at d=6.5 ppm (3.16P10�10 m2s�1,
Table 1) is similar to that found for 2a·2a (3.31P
10�10 m2s�1), confirming the assignment of these signals to
the dimeric species 2b·2b. The substitution of Me in 2a·2a
with nBu in 2b·2b produces the expected modest decrease


Figure 3. Methyl region of the 1H NMR spectrum of 2a in a) CDCl3 (2P
10�3


m), measured at 700 MHz and b) CDCl3 (0.020m), measured at
600 MHz. The complexity and line width of the signals suggest several
isomers of both species, that is assembled and nonassembled.


Figure 4. 1H NMR spectrum of a) 2b in [D6]DMSO (0.020m, 600 MHz)
and b) 2b in CDCl3 (1P10�3


m, 500 MHz). The asterisk labels the signal
for residual water.


Table 1. Diffusion coefficients (D [m2s�1]) and hydrodynamic radii (rH
[Q]) of 1a, 2a, 2b, and 6 in CDCl3 (2P10


�3
m) at 299 K.[a]


d [ppm] D[b]P10�10 rH
[c]


1a assembled (1a·1a) 1.89, 7.43, 7.96 5.24 7.8
2a assembled (2a·2a) 1.93, 6.22, 6.46 3.31 12.4


nonassembled (monomer) 2.26 4.28 9.6
mixture 7.0–7.3 4.11[d] –


2b assembled (2b·2b) 6.5 3.16 13.0
nonassembled (monomer) 2.5 4.04 10.1


6 precursor 6.61, 6.73 5.76 7.1


[a] h=0.534P10�3 Kg s�1 m�1 (CDCl3, 299 K). [b] Experimental error is
approximately �2%. [c] Standard deviation is approximately �0.1 Q.
[d] Average of values for d=7.06 (4.08P10�10 m2 s�1), 7.19 (4.19P
10�10 m2 s�1), and 7.22 ppm (4.06P10�10 m2 s�1).
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in D. For the weak resonance at d=2.5 ppm, D=4.04P
10�10 m2s�1 and rH=10.1 Q support the tentative assignment
of this resonance to the monomer. Other signals from the
spectrum of 2b in CDCl3 afforded intermediate D values,
presumably, due to an overlap of the peaks produced by the
monomer and dimer.


The triurea 1a exists only as the dimer 1a·1a in CDCl3 at
the concentration studied. The hydrodynamic radius of the
monomer of 2a (9.6 Q) is larger than for 1a·1a (7.8 Q), al-
though the structures of these compounds seem at first sight
to be similar. The difference in size may be explained by the
presence of the tether linking group in 2a, as well as by a
more compact, assembled structure in 1a·1a. The precursor
6 is the smallest molecule shown in Table 1, although it is
almost as large as the compact assembly 1a·1a. As the
“smallest” compound, 6 reveals the larger slope in Figure 5.


In [D6]DMSO, 1a and 2a exist as monomeric, nonassem-
bled species (Table 2). As a result of the higher viscosity of


this solvent, all the D values in [D6]DMSO are considerably
smaller than in CDCl3. However, as the calculated rH values
are viscosity-corrected,[20] they allow for a comparison of the


PGSE results for both solvents. For 6, the aggregation state
of which does not change with the solvent, the rH value in
[D6]DMSO is 1 Q larger than in CDCl3, and we attribute
this difference to solvation and/or hydrogen bonding by the
[D6]DMSO solvent. Since the solvation should be at least as
strong for 1a, 2a, and 2b as for 6, we have made a crude
empirical correction of �1 Q for all of the rH values ob-
tained in [D6]DMSO. The resulting radii (rc in Table 2) are
the suggested upper limits for the molecular radii of the spe-
cies present in [D6]DMSO. These rC values for 2a and 2b
are similar to the rH values obtained for the monomers of
these species in CDCl3 (also shown in Table 2).


We were curious to know if the average D value of the
solvent [D6]DMSO would be affected by the presence of 1a,
2a, 2b, or 6 in the solution, due to hydrogen bonding with
the solute. Table 3 shows the D values of a reference sample


of DMSO, plus the D values of the solvent in the solutions
studied. Not surprisingly, in these relatively dilute solutions
(2P10�3


m), such an effect was not observed.


Molecular models : To compare the expected sizes of our
molecules with the results from the diffusion measurements,
we have used the program MacroModelT 8.1 (AMBER*
force field) to build molecular models of the new com-
pounds.


For 2a·2a, the results from the molecular modeling con-
ducted in CHCl3 led to the energy-minimized structure de-
picted in Figure 6 (the energy-minimized structure for 2b·2b
can be found in the Supporting Information). The calculated
structure for 2a·2a reveals a pair of classical capsular aggre-
gates of “almost S6 symmetry”, linked by two hexamethy-
lene tethers. However, this is only one of, eventually, many
local energy minima. This variety of conformations, together
with the possibility of different diastereomers arising from
the clockwise or counterclockwise orientation of each ring
of the hydrogen-bonded ureas in 2·2[22] might explain the
multiple resonances found in the 1H NMR spectrum of
these species in CDCl3.


It has not been possible to obtain a convergent energy-
minimized structure for the self-assembled monomers from
2a and 2b, which have not been detected in the 1H NMR
spectra taken in CDCl3. It seems that such a folded confor-
mation for these hexaureas, to afford unimolecular capsules,
is strongly disfavored.


Figure 5. Plot of ln(I/Io) versus arbitrary units proportional to the square
of the gradient amplitude for 1H PGSE diffusion measurements on solu-
tions of 2a (circles), 1a (triangles), and 6 (squares) in CDCl3 (2P10


�3
m).


For 2a, the full circles correspond to the measurements on the signals of
the dimer (d=1.93, 6.22, and 6.46 ppm) and the open circles correspond
to the measurements on the signals of the monomer at d=2.26 ppm. For
1a, all of the compound is present as a dimer at this concentration. The
NMR spectroscopic parameters are the same for all of the reproduced
measurements (D=93 ms, d=1.75 ms, 16 scans, for an explanation see
Experimental Section).


Table 2. Diffusion coefficients (D [m2s�1]) and hydrodynamic radii (rH
[Q]) of 1a, 2a, 2b, and 6 in [D6]DMSO (2P10�3


m) at 299 K. The rH
values for the monomers in CDCl3 are given for comparison.[a]


D[b] P10�10 rH
[c] rC


[d] rH
[c] (monomer, CDCl3)


1a 1.51 7.5 6.5 –[e]


2a 1.05 10.7 9.7 9.6
2b 1.03 11.0 10.0 10.1
6 1.40 8.1 7.1 7.1


[a] h=1.940P10�3 Kg s�1 m�1 ([D6]DMSO, 299 K). [b] Experimental error
is approximately �2%. [c] Standard deviation is approximately �0.1 Q.
[d] Corrected for [D6]DMSO solvation. [e] For 1a in CDCl3 there was no
monomer present.


Table 3. Diffusion coefficients (D [m2s�1]) for the residual protonated
solvent in solutions of 1a, 2a, and 6 in [D6]DMSO (2P10�3


m) at 299 K.


D[a] P10�10 D[a] P10�10


DMSO 6.55 2b –[b]


1a 6.58 6 6.57
2a 6.54


[a] Experimental error is approximately �2%. [b] The D value for the
solvent in a solution of 2b in [D6]DMSO could not be determined, be-
cause the signal from the residual protonated solvent was superimposed
with signals from 2b.
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The files generated in MacroModelT were introduced into
the Chem 3DT program, in which the molecular radii can be
estimated by measuring distances between atoms. In addi-
tion to 2a·2a and 2b·2b, an energy-minimized model of


1a·1a was also generated in
Chem 3DT. For these elongated
molecules, the hydrodynamic
radii in CDCl3 were considered
to be approximately 85% of
the rotational radii, according
to a suggestion made by Matti-
son et al.[23] In spite of the
crude approach,[23] the estimat-
ed hydrodynamic radii
(Table 4) are in fairly good
agreement with the results from
the PGSE measurements.


Exchange processes and NOE :
The ROESY spectrum of a so-
lution of 2a in CDCl3 (Fig-
ure 7a) shows NOE cross-peaks
between the methyl and the
ortho-protons of the p-tolyl
groups (marked by arrows in
the figure). These contacts con-
firm that these ortho-protons
resonate at approximately d=


7.00 ppm for the nonassembled
monomer 2a (M in figure 7a),
and at a lower frequency, ap-
proximately d=6.50 ppm, for
the dimer 2a·2a (D in the


figure). The other encircled peaks in the figure mark the
NOE cross-peaks between the ortho- and meta-protons of
the p-tolyl groups in 2a·2a, as well as between the meta-pro-
tons and the adjacent NH groups, at approximately d=


8.00 ppm. This high NH chemical shift is typical for ureido
NH groups engaged in strong hydrogen bonding (in 1a·1a,
these NH protons appear at d=7.94 ppm).


The cross-peaks surrounded by rectangles in Figure 7a are
particularly important, as they support the capsular geome-
try proposed for 2a·2a in CDCl3. These cross-peaks corre-
late the protons associated with the tribenzylamine moiety
(methylene groups at d=3.10–3.60 ppm and aromatic pro-
tons at d=7.00–7.50 ppm) with the aromatic protons of the
pendant p-tolyl groups of 2a·2a (at approximately d=6.20
and 6.50 ppm). By analogy to 1a (see Figure S1 in the Sup-
porting Information),[10c] these interactions point to a dimer-
ic, bicapsular structure, 2a·2a, in which the p-tolyl groups of
one 2a molecule are close to the tribenzylamine moiety of
the other.


Figure 7b shows the ROESY spectrum for a solution of
2b in CDCl3. The black arrow in the figure marks, for
2b·2b, the intramolecular NOEs between the ortho and the
methylene protons of the p-BuC6H4 groups. The weak cross-
peak marked by the white arrow might correspond to the
analogous interaction within the monomer 2b, which is pres-
ent at a very low concentration in this solution. The rectan-
gles in Figure 7b surround the peaks assigned to intermolec-


Figure 6. Energy-minimized structure (MacroModelT 8.1, AMBER*
force field) of 2a·2a. All hydrogen atoms have been omitted for clarity.


Table 4. Estimated hydrodynamic radii for the dimeric assemblies.


rH (model)[a] [Q] rH (PGSE)[b] [Q]


1a·1a 7.6 7.8
2a·2a 12.3 12.4
2b·2b 13.5 13.0


[a] Determined by Chem 3DT from the calculated structures in CDCl3.
[b] Determined from the D values in CDCl3.


Figure 7. a) ROESY spectrum of a solution of 2a in CDCl3 (500 MHz, 2P10�3
m), showing the cross-peaks re-


sulting from the NOE contacts within the monomer 2a (M) and the dimer 2a·2a (D). The cross-peaks be-
tween the ortho-protons and the methyl protons of the p-tolyl groups are marked with arrows. The intramolec-
ular cross-peaks within each unit of 2a in 2a·2a are surrounded with circles and ellipses, while the intermolec-
ular cross-peaks between the two units of 2a in 2a·2a are marked with rectangles. b) ROESY spectrum of a
CDCl3 solution of 2b (500 MHz, 5P10�3


m), showing the cross-peaks resulting from the NOE contacts within
the monomer 2b (M) and the dimer 2b·2b (D). The contacts between the ortho and some of the methylene
protons of the BuC6H4 groups are marked with arrows. The intramolecular cross-peaks within each unit of 2b
in 2b·2b are surrounded with circles and ellipses, while the intermolecular cross-peaks between the two units
of 2b in 2b·2b are marked with rectangles.
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ular NOE interactions between the tribenzylamine moiety
and the p-BuC6H4 groups, which provides further evidence
for the capsular structure of 2b·2b.


All the protons involved in intermolecular NOE contacts
within 2a·2a and 2b·2b are separated by less than 3.50 Q in
the energy-minimized structures. When no intermolecular
NOE cross-peaks are observed (e.g., between the methylen-
ic protons of the tribenzylamine moiety and the protons
ortho to the Me/Bu substituents), the interatomic distances
in the models are larger than 3.50 Q.


ESI mass spectra : The ESI mass spectrum of the hexaurea
2a measured in CHCl3 (1.00mm) produced a base peak cor-
responding to [2a·2a+H]+ at m/z=2730 and the signal for
the protonated monomer at m/z=1366 (Figure 8a).[24] The


MS/MS (magnetic sector mass spectrometry) spectrum for
the signal at m/z=2730 was also measured and produced a
peak at m/z=1365, which was assigned to the monomer.


For 2b, the ESI mass spectrum in CHCl3 (1.00mm) pro-
duced a signal for the protonated dimer [2b·2b+H]+ at
m/z=3065 (Figure 8b).[24] In addition, the signal for the pro-
tonated monomer was also observed as the base peak at


m/z=1533. In this case a MS/MS spectrum of the signal at
m/z=3065 could not be measured due to its low intensity.


Equilibria : 1D NMR spectroscopic saturation experiments
on a solution of 2a in CDCl3 did not reveal saturation trans-
fer between the methyl signals of the monomer and dimer,
pointing to a rate constant for the exchange that is smaller
than 0.01 s�1. Similarly, the ROESY spectra of 2a and 2b in
CDCl3 (Figure 7) did not show cross-peaks due to exchange
processes.


Nevertheless, we have observed that an increase in con-
centration favors the formation of the dimer (compare the
two spectra of 2a in Figure 3). The equilibrium is reached
within minutes, and the ratio of species remains unchanged
for more than one month. For 2b, the equilibrium is dis-
placed towards the dimer.


To provide semiquantitative data on the relative stability
of the dimers, their solutions in CDCl3 were titrated with
[D6]DMSO, and the process followed by 1H NMR spectro-
scopic analysis. For 2a·2a, 2%vol [D6]DMSO was required
for 50% dissociation (i.e. [Dimer]/[Monomer]ffi1), while for
1a·1a and 1b·1b 8–9%vol [D6]DMSO was required to
reach the same level of dissociation. These results reflect the
lower stability of 2a·2a relative to 1a·1a and 1b·1b. For
2b·2b, the point of 50% dissociation cannot be distinguish-
ed by 1H NMR spectroscopy, as a result of the superposition
of the signals from the monomer and dimer. However, titra-
tion with [D6]DMSO until the point of complete dissociation
afforded a result of 19%vol [D6]DMSO[25] needed for
2a·2a, versus 29%vol [D6]DMSO for 2b·2b,[25] indicating
the higher relative stability of the later. For 1a·1a and
1b·1b 33–34%vol [D6]DMSO was required for total de-
struction of the dimer.[10a,c,25] The dimers of calix[4]arenes,
bearing four urea functions at the wider rim, are usually de-
stroyed by 2–10%vol of DMSO added to an apolar sol-
vent.[19b,26]


The dimerization constant (KD)
[27] for 2a, was determined


at three different concentrations (0.040–0.020m) from the in-
tegrals of the 1H NMR spectrum measured at 298 K, and
gave values of 440, 540, and 610m�1. However, these num-
bers can be taken only as a rough estimate, since the KD


values increased with the decreasing concentration of the
hexaurea. These results points to the presence of small
quantities of oligomeric species, which may lead to very
broad and undetectable signals in the 1H NMR spectra (see
above).[26c]


We had previously observed[10c] that the stability of the
dimers 1·1 is strongly dependent on the terminal substitu-
ents of the urea functionality (KD=91200m�1 for 1a and
KD=4000m�1 for 1c) and, to lesser extent, on the substitu-
ents located on the tribenzylamine skeleton (KD=1000m�1


for 1d). The KD value found for the hexaurea 2a is slightly
lower than that of the triurea 1d.


Figure 8. ESI mass spectrum, in the range of 800–4000, of a CHCl3 solu-
tion (1.00 mm) of a) 2a and b) 2b.
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Conclusion


The hexaureas 2a,b, formed by two tris(2-ureidobenzyl)a-
mine moieties linked by an hexamethylene tether, are prone
to assemble in CDCl3 to afford bicapsular dimeric aggre-
gates, 2a·2a and 2b·2b, which both contain two rings of six
hydrogen-bonded ureas. In solution, these dimers are in
equilibrium with the nonassembled monomers 2a and 2b,
but show kinetic stability on the NMR timescale. No poly-
mers or self-assembled monomers were detected in CDCl3,
at least not in measurable concentrations. The thermody-
namic stabilities of 2a·2a and 2b·2b are comparable to
those of other capsular aggregates derived from tribenzyla-
mines. The characterization of these new supramolecules in
solution was carried out by 1H NMR and 1H/1H-ROESY
spectroscopic studies, and PGSE diffusion studies. The
PGSE diffusion methodology has been shown once more to
be an extremely efficient tool for studying supramolecular
interactions in solution. As far as we know, the dimeric spe-
cies 2·2 constitutes as a unique example of a bicapsular ag-
gregate, which is associated strictly by hydrogen bonding.
This new type of assembly demonstrates the efficiency of
the tribenzylamine subunit in the design of new supramolec-
ular systems.


Experimental Section


General : 1H and 13C NMR spectra were measured on Bruker AC 200
(1H: 200 MHz, 13C: 50 MHz), Varian Unity-300 (1H: 300 MHz, 13C:
75 MHz), Bruker AVANCE 600 (1H: 600 MHz, 13C: 151 MHz), and
Bruker AVANCE 700 (1H: 700 MHz) spectrometers with TMS (d=
0.00 ppm) or the solvent residual peak as internal standards. IR spectra
were recorded on a FT–IR Nicolet Impact 400 infrared spectrometer and
melting points were taken on a Reichert apparatus and are not corrected.


The PGSE NMR diffusion measurements were carried out by using the
stimulated echo pulse sequence,[18b] as has been explained elsewhere.[17c,28]


All the experiments were performed on a 500 MHz Bruker AVANCE
spectrometer, equipped with a microprocessor-controlled gradient unit
and a multinuclear inverse probe with an actively shielded Z-gradient
coil. The sample was not spun and the airflow was disconnected. The
shape of the gradient pulse was rectangular, and its strength varied auto-
matically during the course of the experiments. The D values were deter-
mined from the slope of the regression line ln(I/Io) versus G2, according
to Equation (1).


lnðI=IoÞ ¼ �ðgdÞ2G2ðD-d=3ÞD ð1Þ


In Equation (1) I/Io=observed spin echo intensity/intensity without gra-
dients, G=gradient strength, D=delay between the midpoints of the gra-
dients, D=diffusion coefficient, and d=gradient length.


The calibration of the gradients was carried out by a diffusion measure-
ment of HDO in D2O (DHDO=1.9P10�9 m2 s�1).[29] The values reported in
Tables 1–3 are an average of three different measurements, which yielded
D values within a maximum of �1.5% of the reported value. All the
measurements were carried out by using the 1H NMR spectroscopic reso-
nances. For the measurements in CDCl3, the gradient length (d) was set
to 1.75 ms and the diffusion delay was set to approximately 68, 93, and
168 ms. For the experiments in [D6]DMSO the diffusion delays were
longer (approximately 168, 218, and 268 ms), to compensate for the


higher viscosity of this solvent. The relaxation delay was always 5 s and
the number of scans 16 (except for the measurements on the signal at d=
2.5 ppm, in the CDCl3 solution of 2b, for which 80 scans per increment
were required). Typically, 14–20 points were used for the regression anal-
ysis and the experimental time was approximately 40 min. All of the ob-
served data leading to the reported D values afforded lines whose corre-
lation coefficients were above 0.999.


All molecular mechanics calculations were carried out by using the
AMBER* force field as implemented within Maestro/MacroModelT 8.1.
Standard potentials and atomic charges, as provided by the AMBER*
force field, were employed without modifications. AMBER* and
OPLAA force fields produce essentially the same results in related struc-
tures. Calculations were initially performed under vacuum and then in
chloroform (GB/SA solvation model). Most complex structures were vir-
tually identical under both conditions. Energy minimizations were con-
ducted over 500 iterations on a silicon graphics computer. Minimized
structures were then subjected to conformational searches with 5000-step
Monte Carlo multiple minimum simulations. All conformations within
15 kJmol�1 of the computed global minimum were stored, and the repre-
sentative lowest energy structure was analyzed.


The ROESY experiments were measured on solutions of 2a (2P10�3
m)


and 2b (5P10�3
m) in CDCl3, with a 500 MHz Bruker AVANCE spec-


trometer, equipped with a multinuclear inverse probe. A spin-lock pulse
of 400 ms was used. The number of scans was 128 for 2a and 280 for 2b.
Total experimental times were approximately 20 h.


CAUTION: Azido compounds may represent an explosion hazard when
being concentrated under vacuum or stored neat. A safety shield and ap-
propriate handling procedures are recommended.


Bis(2-nitrobenzyl)(2-azidobenzyl)amine (3): 2-Azidobenzylamine[30]


(1.60 g, 10.8 mmol) and 2-nitrobenzyl iodide[10c] (5.68 g, 21.6 mmol) were
added, as solutions in dry acetonitrile (2 and 5 mL respectively), to a sus-
pension of Na2CO3 (6.58 g, 62.1 mmol) in acetonitrile (10 mL), and the
reaction mixture stirred under reflux for 24 h. After cooling, the inorgan-
ic salts were filtered and washed with cold acetonitrile (5P5 mL). The fil-
trate was collected, the solvent was removed, and the residue was puri-
fied by silica-gel chromatography, eluting with EtOAc/hexanes 1:6 (Rf=


0.34), to afford 3 (93% yield) as pale yellow prisms (an analytical sample
was obtained by recrystallization from CH2Cl2/Et2O 1:3). M.p. 84–85 8C;
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=3.55 (s, 2H), 3.91 (s, 4H),
7.04–7.11 (m, 2H), 7.22–7.37 (m, 4H), 7.51 (td, 3J(H,H)=7.5 Hz,
4J(H,H)=1.3 Hz, 2H), 7.65 (dd, 3J(H,H)=7.7 Hz, 4J(H,H)=1.1 Hz, 2H),
7.78 ppm (dd, 3J(H,H)=8.0 Hz, 4J(H,H)=1.3 Hz, 2H); 13C NMR
(50 MHz, CDCl3, 25 8C): d=54.2 (t), 55.6 (2 t), 118.1 (d), 124.3 (2d),
124.6 (d), 127.9 (2d), 128.6 (s), 128.9 (d), 131.0 (2d), 131.4 (d), 132.6
(2d), 134.1 (2s), 138.9 (s), 149.6 ppm (2s); IR (Nujol): ñ=2131 (N3),
1531 (NO2), 1522, 1342 cm


�1 (NO2); MS (70 eV, EI): m/z (%): 419 (43)
[M+1]+ , 418 (11) [M]+ , 286 (66), 105 (100); elemental analysis calcd (%)
for C21H18N6O4 (418.4): C 60.28, H 4.34, N 20.09; found: C 60.01, H 4.50,
N 20.45.


Bis(2-nitrobenzyl)(2-aminobenzyl)amine (4): PMe3 in toluene (1.0m,
11.7 mL, 11.7 mmol) was slowly added at 0 8C to a solution of 3 (4.10 g,
9.8 mmol) in freshly distilled THF (30 mL) under N2. The reaction mix-
ture was then stirred at this temperature for 30 min. After this time, H2O
(15 mL) was added and the reaction mixture was stirred at 20 8C for a
further 20 h. After removal of the organic solvent, H2O (40 mL) was
added and the aqueous phase was extracted with CH2Cl2 (3P20 mL).
The combined extracts were dried over MgSO4, the solvent was evaporat-
ed, and the residue was purified by silica-gel chromatography, eluting
with EtOAc/hexanes 1:4 (Rf=0.16), to afford 4 (67–90% yield) as yellow
prisms (an analytical sample was obtained by recrystallization from
CHCl3/Et2O 1:4). M.p. 96–99 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=3.55 (s, 2H), 3.85 (s, 4H), 4.13 (s, 2H), 6.53–6.65 (m, 2H),
6.98–7.06 (m, 2H), 7.22–7.31 (m, 2H), 7.37–7.48 (m, 4H), 7.66 ppm (dd,
3J(H,H)=8.1 Hz, 4J(H,H)=1.0 Hz, 2H); 13C NMR (50 MHz, CDCl3,
25 8C): d=56.3 (2 t), 59.4 (t), 115.6 (d), 117.8 (d), 121.4 (s), 124.2 (2d),
128.2 (2d), 128.9 (d), 131.2 (d), 132.0 (2d), 132.6 (2d), 133.4 (2 s), 146.5
(s), 149.7 ppm (2s); IR (Nujol): ñ=3486 (NH), 3390 (NH), 1623, 1522
(NO2), 1340 cm�1 (NO2); MS (70 eV, EI): m/z (%): 393 (42) [M+1]+ , 375
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(39), 286 (47), 257 (82), 120 (100); HRMS (EI): m/z : calcd for
C21H20N4O4: 392.148455; found 392.148647; elemental analysis calcd (%)
for C21H20N4O4 (392.4): C 64.28, H 5.14, N 14.28; found: C 64.05, H 5.15,
N 14.33.


1-{2-{[Bis(2-nitrobenzyl)amino]methyl}phenyl}-3-{6-{3-{2-{[bis(2-nitroben-
zyl)amino]methyl}phenyl}ureido}hexyl}urea (5): 1,6-Diisocyanatohexane
(0.42 g, 2.5 mmol) was added, under N2, to a solution of the amine 4
(1.94 g, 4.9 mmol) in dry CHCl3 (60 mL). After stirring at 100 8C for 30 h
in a sealed tube the solvent was removed and the residue was purified by
silica-gel chromatography, eluting with EtOAc/hexanes 1:1!4:1 (Rf=


0.16 in EtOAc/hexanes 1:1), to afford 5 (69% yield) as pale yellow
prisms (an analytical sample was obtained by recrystallization from
CH2Cl2/Et2O 1:1). M.p. 99–104 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=1.52–1.54 (m, 4H), 1.65–1.71 (m, 4H), 3.37 (q, 3J(H,H)=
6.5 Hz, 4H), 3.69 (s, 4H), 3.90 (s, 8H), 5.77 (t, 3J(H,H)=5.3 Hz, 2H),
6.85 (td, 3J(H,H)=7.5 Hz, 4J(H,H)=1.1 Hz, 2H), 7.07 (dd, 3J(H,H)=
7.4 Hz, 4J(H,H)=1.4 Hz, 2H), 7.13–7.25 (m, 10H), 7.38 (td, 3J(H,H)=
7.6 Hz, 4J(H,H)=1.2 Hz, 4H), 7.44 (s, 2H), 7.59 (dd, 3J(H,H)=8.1 Hz,
4J(H,H)=1.2 Hz, 4H), 7.96 ppm (dd, 3J(H,H)=8.1 Hz, 4J(H,H)=0.6 Hz,
2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=26.7 (2 t), 30.0 (2 t), 40.2 (2 t),
57.3 (4 t), 61.2 (2 t), 121.1 (2d), 121.9 (2d), 124.3 (4d), 124.6 (2 s), 128.2
(4d), 129.0 (2d), 130.9 (2d), 132.0 (4d), 133.1 (4d), 133.4 (4s), 139.2 (2s),
148.9 (4 s), 155.4 ppm (2s); IR (Nujol): ñ=3297 (NH), 1622 (C=O), 1522
(NO2), 1342 cm�1 (NO2); MS (FAB): m/z (%): 953 (12) [M+1]+ , 818
(10), 666 (12), 419 (49), 106 (100); elemental analysis calcd (%) for
C50H52N10O10 (953.0): C 63.01, H 5.50, N 14.70; found: C 63.05, H 5.56, N
14.71.


1-{2-{[Bis(2-aminobenzyl)amino]methyl}phenyl}-3-{6-{3-{2-{[bis(2-amino-
benzyl)amino]methyl}phenyl}ureido}hexyl}urea (6): PtO2 (0.67 g,
2.9 mmol) was added to a solution of 5 (1.40 g, 1.5 mmol) in freshly distil-
led THF (100 mL), and the resulting reaction mixture was stirred at 20 8C
for 20 h under H2. After filtration over a pad of celite, the solvent was re-
moved to afford the tetraamine 6 (91% yield) as colorless prisms. This
compound was deemed pure enough for the following step (an analytical
sample was obtained by recrystallization from CH2Cl2/Et2O 1:2). Com-
pound 6 could not be completely dried, even by placing under a high
temperature (100 8C) and vacuum (0.15 Torr). M.p. 126–128 8C; 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=1.36–1.44 (m, 4H), 1.52–1.56 (m,
4H), 3.19 (q, 3J(H,H)=6.5 Hz, 4H), 3.41 (s, 8H), 3.48 (s, 4H), 3.83 (br s,
8H), 6.01 (t, 3J(H,H)=5.6 Hz, 2H), 6.61 (dd, 3J(H,H)=8.4 Hz, 4J(H,H)=
0.9 Hz, 4H), 6.73 (td, 3J(H,H)=7.4 Hz, 4J(H,H)=1.0 Hz, 4H), 6.88 (td,
3J(H,H)=7.5 Hz, 4J(H,H)=1.0 Hz, 2H), 7.06–7.12 (m, 10H), 7.18 (td,
3J(H,H)=7.8 Hz, 4J(H,H)=1.5 Hz, 2H), 7.81 (s, 2H), 8.03 ppm (d,
3J(H,H)=8.1 Hz, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=26.3 (2 t),
30.0 (2 t), 39.6 (2 t), 56.9 (4 t), 58.0 (2 t), 116.3 (4d), 118.8 (4d), 120.9 (2d),
121.80 (2d), 121.84 (4 s), 124.9 (2s), 128.8 (2d), 129.3 (4d), 131.0 (2d),
132.4 (4d), 138.7 (2s), 144.8 (4s), 155.5 ppm (2s); IR (Nujol): ñ=3373
(NH), 3313 (NH), 1677 cm�1 (C=O); MS (FAB): m/z (%): 833 (7)
[M+1]+ , 359 (7), 106 (100); elemental analysis calcd (%) for
C50H60N10O2·H2O (851.1): C 70.56, H 7.34, N 16.46; found: C 70.48, H
7.13, N 16.53.


Hexaurea 2a : 4-Methylphenyl isocyanate (0.22 g, 1.68 mmol) was added,
under N2, to a solution of 6 (0.35 g, 0.42 mmol) in dry CHCl3 (20 mL).
After stirring under reflux for 24 h the solvent was removed and the resi-
due was purified by silica-gel chromatography, eluting with EtOAc/hex-
anes 1:3 (to remove N,N’-bis(4-methylphenyl)urea) !EtOAc, to afford
2a (Rf=0.85 in EtOAc; 60% yield) as colorless prisms (an analytical
sample was obtained by recrystallization from CH2Cl2/n-hexane 1:1).
M.p. 176–178 8C; 1H NMR (600 MHz, [D6]DMSO, 25 8C, TMS): d=1.20–
1.26 (m, 4H), 1.34–1.40 (m, 4H), 2.21 (s, 12H), 3.00 (q, 3J(H,H)=6.0 Hz,
4H), 3.56 (s, 4H), 3.59 (s, 8H), 6.29 (br s, 2H), 6.96 (t, 3J(H,H)=7.4 Hz,
2H), 7.02–7.05 (m, 12H), 7.09 (t, 3J(H,H)=7.6 Hz, 2H), 7.17 (t,
3J(H,H)=7.6 Hz, 4H), 7.29 (d, 3J(H,H)=8.3 Hz, 8H), 7.46 (d, 3J(H,H)=
7.4 Hz, 2H), 7.51 (d, 3J(H,H)=7.5 Hz, 4H), 7.53 (d, 3J(H,H)=8.2 Hz,
2H), 7.56 (d, 3J(H,H)=8.0 Hz, 4H), 7.71 (s, 2H), 7.86 (s, 4H), 8.67 ppm
(s, 4H); 13C NMR (151 MHz, [D6]DMSO, 25 8C): d=20.3 (q), 26.2 (t),
29.7 (t), 39.3 (t), 54.4 (t), 54.7 (t), 118.2 (d), 123.0 (d), 123.5 (d), 123.6 (d),
127.1 (d), 128.8 (d), 129.0 (s), 129.1 (d), 129.6 (s), 130.5 (s), 137.1 (s),


137.2 (s), 137.9 (s), 152.9 (s), 155.9 ppm (s), three signals are overlapped;
IR (Nujol): ñ=3324 (NH), 1655 cm�1 (C=O); MS (FAB): m/z (%): 1364
(4) [M]+ , 625 (11), 239 (89), 132 (100); elemental analysis calcd (%) for
C82H88N14O6 (1365.7): C 72.12, H 6.49, N 14.36; found: C 71.62, H 6.52, N
14.50.


Hexaurea 2b : 4-Butylphenyl isocyanate (0.21 g, 1.20 mmol) was added,
under N2, to a solution of 6 (0.25 g, 0.30 mmol) in dry CHCl3 (25 mL).
After stirring under reflux for 24 h the solvent was removed and the resi-
due purified by recrystallization from EtOH to afford 2b (58% yield) as
colorless prisms. M.p. 164–166 8C; 1H NMR (600 MHz, [D6]DMSO, 25 8C,
TMS): d=0.86 (t, 3J(H,H)=7.4 Hz, 12H), 1.22–1.29 (m, 12H), 1.37 (m,
4H), 1.49 (quint, 3J(H,H)=7.6 Hz, 8H), 2.47 (t, 3J(H,H)=7.6 Hz, 8H),
2.99 (q, 3J(H,H)=6.0 Hz, 4H), 3.56 (s, 4H), 3.58 (s, 8H), 6.28 (br s, 2H),
6.95 (t, 3J(H,H)=7.4 Hz, 2H), 7.03–7.04 (m, 12H), 7.08 (t, 3J(H,H)=
7.6 Hz, 2H), 7.17 (t, 3J(H,H)=7.5 Hz, 4H), 7.29 (d, 3J(H,H)=8.4 Hz,
8H), 7.46 (d, 3J(H,H)=7.4 Hz, 2H), 7.50 (d, 3J(H,H)=7.5 Hz, 4H), 7.53
(d, 3J(H,H)=8.1 Hz, 2H), 7.56 (d, 3J(H,H)=8.0 Hz, 4H), 7.70 (s, 2H),
7.86 (s, 4H), 8.66 ppm (s, 4H); 13C NMR (151 MHz, [D6]DMSO, 25 8C):
d=13.8 (q), 21.7 (t), 26.2 (t), 29.7 (t), 33.3 (t), 34.2 (t), 39.3 (t), 54.5 (t),
54.7 (t), 118.2 (d), 123.0 (d), 123.6 (d), 127.2 (d), 128.4 (d), 128.8 (d),
129.0 (d), 129.1 (s), 129.6 (s), 135.6 (s), 137.1 (s), 137.3 (s), 137.9 (s), 153.0
(s), 155.8 ppm (s), three signals are overlapped; IR (Nujol): ñ=3310
(NH), 1653 cm�1 (C=O); MS (FAB): m/z (%): 1534 (1) [M+1]+ , 709 (6),
281 (100); elemental analysis calcd (%) for C94H112N14O6 (1534.0): C
73.60, H 7.36, N 12.78; found: C 73.24, H 7.42, N 12.81.
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Introduction


There is growing interest in the synthesis, reactivity, and ap-
plications of organometallic complexes with biologically im-
portant ligands, and the term bioorganometallic chemistry
has been proposed to describe this new research field on the
borderline between biochemistry and organometallic
chemistry.[1–3]


a-Amino acids are highly versatile ligands in this field
and can afford two different classes of compounds: com-
plexes in which the amino acid is coordinated to an organo-
metallic fragment through the donor atoms (amino, carboxy-
lato, or other basic groups) and complexes in which the
amino acid is coordinated to the metal through a carbon–
metal bond. The latter is comparatively rare,[1] but some C�
N chelates have been synthesized by metallation of amino
acid derivatives with palladium.[4–11]


We have investigated the action of palladium acetate on
the Schiff bases 2,4,6-Me3C6H2CH=NCH(R1)COOR2 (R1=


CH2Ph, R
2=Et and R1=Ph, R2=Me), obtained by conden-


sation of mesitaldehyde with the corresponding a-amino
acid ester. These reactions lead to new metallacycles, in
which the amino acids are coordinated to the metal through
a carbon–metal bond, and the first organometallic com-
pound of an NH aldimine, normally a highly reactive organ-
ic species.[12]


NH aldimines have been proposed as intermediates in
many reactions, and their highly unstable nature is well
documented.[13–15] The first evidence for the existence of NH
aldimines containing a saturated alkyl group was reported in
1982,[14] and PhCH=NH was identified in 1985 by using
NMR studies in C6D5CD3 at �70 8C and by the reaction
with methylamine to yield N-benzylidenemethylamine
through transimination.[13] Only two NH aldimines have
been isolated, in both cases at low temperatures.[16,17] Re-
cently, Brown and co-workers reported the synthesis of
stable adducts of these imines with boranes, as new inter-
mediates for organic synthesis,[18] and Milstein and co-work-
ers described the synthesis of a coordination compound of
PhCH=NH by nonsymmetrical rhodium-mediated N�N
bond cleavage of aromatic azines.[19]


With few exceptions, amino acid biodegradation involves
the removal of the a-amino group to give the corresponding
a-keto acid, and imines act as intermediates in this process.
This reaction, catalyzed by aminotransferases, begins with
the formation of a Schiff base between the pyridoxal 5’-
phosphate and the corresponding amino acid, in tautomeric
equilibrium between the aldimine and the ketimine forms.
The hydrolysis of the ketimine form liberates an a-ketoacid,
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thereby leaving the amino group as part of the pyridoxane
structure.[20] Here we describe how the action of Lewis
bases, such as triphenylphosphine, pyridine, or trimethyl-
amine, on imine metallacycles leads to the formation of the
NH-aldimine organometallic compound and the correspond-
ing a-ketoester, in a deamination process that mimics the
metabolism of a-amino acids.


Results and Discussion


Metallation of the phenylalanine imine : The Schiff base
2,4,6-Me3C6H2CH=NCH(CH2Ph)COOEt was treated with
palladium acetate in acetic acid for 3 h at 70 8C. Subsequent
treatment of the reaction residues with LiCl in acetone af-
forded a mixture of compounds, and after purification by
silica gel column chromatography, the corresponding chloro-
bridged cyclopalladated dimer 2a was obtained (Scheme 1).
Aromatic imines can undergo metallation on different


carbon atoms to give organometallic complexes of different
structures: endo metallacycles, if the C=N bond is included


in the metallacycle, or exo derivatives. In addition, imines
can exist as E or Z isomers, but in general, N-substituted al-
dimines adopt the more stable E form.[21] Endo or exo me-
tallacycles can be obtained from imines in the E form, but
the Z isomer can only afford exo metallacycles.[22] Proton
NMR data showed that 2a was the six-membered endo met-
allacycle with a CH2�Pd bond. Reaction of dimer 2a with
PPh3 led to the formation of the mononuclear complex 3a.
The other fractions collected from the column were made
up of a complex mixture of compounds; attempts made to
separate this mixture were unsuccessful.
When the imine 1a was treated with palladium acetate in


toluene for one hour at room temperature and the reaction
residues were treated with LiCl in acetone, a mixture of
compounds was also obtained; after purification by using
silica gel column chromatography, the corresponding chloro-
bridged cyclopalladated dimer 4a was isolated (Scheme 1).
NMR data showed that this complex is the exo derivative,
with a Caromatic�Pd bond, containing the imine in the Z form.
Reaction of dimer 4a with PPh3 afforded the mononuclear
[PdCl(C


_
N)(PPh3)] (C


_
N=C6H4CH2CH(COOEt)N=


CH(2,4,6-Me3C6H2)) complex
5a. The aromatic protons of
the palladated ring appear to
be shifted upfield in the proton
NMR spectrum, a result show-
ing the cis disposition between
the phosphine and the metal-
lated carbon atom,[23] and the
HC=N proton is shifted down-
field, which shows that the
imine is in the Z form.[22]


Remarkably, when the crude
material obtained by metalla-
tion of the imine in toluene
was treated first with LiCl in
acetone and then with PPh3, a
new mixture of compounds
was obtained that could, in this
case, be separated by using
silica gel column chromatogra-
phy, to afford the endo deriva-
tive 3a (35% yield), the exo
derivative 6a (30%), and the
unexpected compound 7
(10%) which, to the best of
our knowledge, is the first NH-
aldimine organometallic com-
pound described (Scheme 1).
Proton NMR spectra of these
compounds were in good
agreement with the proposed
structures and showed that the
exo derivative 6a, containing
the imine in the E form, is a
mixture of rotamers. A 2D
NOESY experiment showed


Scheme 1. i) Pd(AcO)2, acetic acid, 70 8C, 3 h; ii) LiCl, acetone, RT, 30 min; iii) PPh3, acetone, 30 min; iv) Pd-
(AcO)2, toluene, RT, 1 h.
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that these rotamers were in equilibrium in solution. X-ray
crystallographic studies of 6a (Figure 1) confirmed the struc-
ture suggested from the NMR data, with the E form adopt-
ed by the imine and the cis arrangement of the PPh3 in rela-


tion to the palladated carbon atom. The crystal structure
consists of discrete molecules separated by van der Waals
distances. The palladium atom is in a square-planar environ-
ment, coordinated to carbon, nitrogen, chlorine, and phos-
phorus atoms. The distances between the palladium center
and the coordinated atoms are similar to those reported for
other cyclopalladated compounds.[22–24] The angles between
adjacent atoms are approximately 83.14(11) (C1-Pd-N) and
94.21(9)8 (C1-Pd-P). The six-membered metallacycle has a
chair conformation.
The structure of the NH-aldimine derivative 7 was also


determined by X-ray diffraction analyses (Figure 2), which
confirmed the structure suggested from the NMR data. Se-


lected bond lengths and angles are given in Table 1. It
should be noted that the molecules in the unit cell in this
compound are linked in pairs by two N�H···Cl�Pd intermo-
lecular bonds. The coordination plane shows some tetrahe-


dral distortion, with the deviation from the mean plane
being 0.079 for P, 0.1063 for N, �0.1019 for Cl and
�0.1286 R for C1. The angles between adjacent atoms are
approximately 82.39(17) (C10-Pd-N) and 95.17(4)8 (P-Pd-
Cl), and the six-membered metallacycle has a screw-boat
conformation.


Metallation of the 2-phenylglycine imine : The imine 1b was
treated with palladium acetate in acetic acid (for 2) or tolu-
ene (for 4) for one hour at room temperature, and the reac-
tion residues were treated with LiCl in acetone. The chloro-
bridged cyclopalladated dimers 2b and 4b were isolated
after purification by using silica gel column chromatography
(Scheme 1). NMR data showed that 2b is the six-membered
endo metallacycle with a CH2�Pd bond and that 4b is the
exo derivative with a Caromatic�Pd bond and containing the
imine in the Z form. Reaction of these dimers with PPh3 af-
forded the corresponding mononuclear [PdCl(C


_
N)(PPh3)]


complexes 3b and 5b, respectively.
The structure of both compounds was determined by X-


ray diffraction analyses (Figure 3), which confirmed the
structures suggested from the NMR data. Selected bond
lengths and angles are given in Table 2. These crystal struc-
tures consist of discrete molecules separated by van der
Waals distances. The palladium atom is in a square-planar
environment, coordinated to carbon, nitrogen, chlorine, and
phosphorus atoms. The distances between the palladium
center and the coordinated atoms are similar to those re-
ported for other cyclopalladated compounds.[22–24] The
angles between adjacent atoms are approximately 83.03(13)
(C1-Pd-N) and 97.50(4)8 (P-Pd-Cl) for 3b and 81.20(14)
(C1-Pd-N) and 94.62(4)8 (P-Pd-Cl) for 5b. The six-mem-
bered metallacycle has a twist-boat conformation in com-
pound 3b, and the five-membered metallacycle has an enve-
lope conformation in 5b.


Figure 1. Molecular structure of compound 6a.


Figure 2. Molecular structure of compound 7.


Table 1. Selected bond lengths [R] and angles [8] for 6a and 7.


Compound 6a
Pd�C1 1.998(3) C1-Pd-N 83.14(11)
Pd�N 2.093(3) C1-Pd-P 94.21(9)
Pd�P 2.2686(10) N-Pd-Cl 89.88(7)
Pd�Cl 2.3770(12) P-Pd-Cl 92.99(4)
O1�C9 1.299(4) C9-O1-C10 115.3(3)
O1�C10 1.479(4) C12-N-C8 117.0(3)
O2�C9 1.173(4) C12-N-Pd 126.5(2)
N�C12 1.258(4) C8-N-Pd 116.5(2)
N�C8 1.483(4)


Compound 7
Pd1�C10 2.041(5) C10-Pd1-N 82.39(17)
Pd1�N 2.067(3) C10-Pd1-P2 94.15(12)
Pd1�P2 2.2597(10) N-Pd1-Cl 88.67(12)
Pd1�Cl 2.4354(12) P2-Pd1-Cl 95.17(4)
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All the new organometallic compounds described here
were characterized by elemental analysis, IR spectroscopy,
and 1H and 31P NMR spectroscopy. The 1H NMR spectra of


the dinuclear cyclometallated compounds were recorded in
CDCl3 in the presence of a few drops of [D5]pyridine (py) in
order to obtain the mononuclear complexes: [PdCl(C


_
N)py].


In some cases, 2D NMR experiments and positive-FAB
mass spectra were carried out to complete the characteriza-
tion. It should be noted that complete racemization of both
Schiff bases takes place during the cyclopalladation reaction,
but by contrast, racemization does not occur during the cy-
clopalladation of the 2-phenylglycine methyl ester.[6] This
fact can be related to the increased acidity of the Ha atom
in these metallacycles (see below).


Synthesis of the NH derivative : All the attempts to obtain
the NH-aldimine derivative 7 by reaction between ammonia,
mesitylaldehide, triphenylphosphine, and palladium acetate
were unsuccessful.[12] Nevertheless, 7 can be obtained in
84% yield by the reaction between 3b and PPh3 in a 1:2
ratio in acetone for 24 h at room temperature in the pres-
ence of oxygen (Scheme 2). The solid obtained was filtered,


washed with ethyl ether, and characterized as 7. The result-
ing solution was concentrated in vacuo, and the solid ob-
tained was purified by using silica gel column chromatogra-
phy with CHCl3 to obtain the a-ketoester PhCO-
COOMe.[25–27] Compound 7 can also be prepared from the
metallacycle 3a, in 54% yield, under the same reaction con-
ditions.
This reaction can also be performed by using other bases


such as pyridine or trimethylamine, instead of triphenyl-
phosphine, under the same reaction conditions. By contrast,


Figure 3. Molecular structures of compound 3b (top) and 5b (bottom).


Table 2. Selected bond lengths [R] and angles [8] for 3b and 5b.


Compound 3b
Pd�C1 2.035(3) C1-Pd-N 83.03(13)
Pd�N 2.135(3) C1-Pd-P 87.78(10)
Pd�P 2.2141(9) N-Pd-Cl 91.69(8)
Pd�Cl 2.4005(9) P-Pd-Cl 97.50(4)
O1�C10 1.186(5) C10-O2-C11 114.5(3)
O2�C10 1.320(5) C8-N-C9 120.0(3)
O2�C11 1.433(5) N-C8-C7 123.5(4)
N�C8 1.257(4) N-C9-C12 114.2(3)
N�C9 1.493(4) N-C9-C10 108.9(3)


Compound 5b
Pd�C1 2.017(4) C1-Pd-P 93.85(11)
Pd�N 2.090(3) N-Pd-Cl 90.42(9)
Pd�P 2.2446(10) P-Pd-Cl 94.62(4)
Pd�Cl 2.3765(12) C1-Pd-N 81.20(14)
O1�C8 1.182(5) N-C7-C6 106.8(3)
O2�C8 1.322(5) O1-C8-O2 124.2(4)
O2�C9 1.452(5)
N�C10 1.279(5)
N�C7 1.464(5)


Scheme 2. i) Acetone, L=py, NMe3, or PPh3, in the presence of oxygen;
ii) acetone, PCy3, in the presence of oxygen. py=pyridine, Cy=cyclohex-
yl.
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when the experiment was performed with the metallacycle
9, which does not contain the COOR fragment, no reaction
was observed (Scheme 2), a result suggesting that the acidity
of the Ha atom is essential to the oxidative cleavage of the
nitrogen–carbon bond of the amino acid fragment.
It has recently been reported that the acidity of the a-


amino carbon atom of the glycine moiety is dramatically in-
creased by the formation of the iminium ion adduct to ace-
tone,[28] and our results suggest that the coordination of the
imine to a palladium atom can also result in an increase of
the acidity of the Ha atom. These reasons prompted us to in-
vestigate the exchange for deuterium of the a-proton of the
amino acid moiety in the metallacycle 3a. A few drops of
D2O were added to a CDCl3 solution of 3a, and the ex-
change for deuterium of the a-protons was followed by
monitoring the disappearance of the triplet due to the a-
proton in the proton NMR spectra. The results are shown in
Figure 4. It should be noted that almost 50% of hydrogen


had been exchanged at t=90 min, and when t=140 min,
93% of hydrogen had been exchanged. These results con-
trast with those obtained when the same experiment was
performed with the corresponding imine or the amino acid.
No exchange for deuterium of the a-protons was detected in
these cases and only some decomposition of the imine was
observed. In conclusion, the formation of the metallacycle
dramatically increases the acidity of the a-proton of the
amino acid moiety.
When compound 3b was treated with tricyclohexylphos-


phine, the metallacycle 8 was obtained by a phosphine ex-
change reaction, but the formation of the NH-aldimine de-


rivative was not observed, even if an excess of phosphine
was used. Different attempts to prepare 7 from the tricyclo-
hexyl derivative 8 by using different bases were also unsuc-
cessful. These last results show that the ligands coordinated
to palladium also play a role in the oxidative cleavage of the
nitrogen–carbon bond of the amino acid fragment in imine
metallacycles.


Conclusion


We have shown that the action of Lewis bases, such as tri-
phenylphosphine, pyridine, or trimethylamine, on some
imine metallacycles leads to the formation of an NH-aldi-
mine organometallic compound and the corresponding a-ke-
toester, in a reaction that mimics the metabolism of a-
amino acids. We have also shown that these NH aldimines,
usually highly reactive intermediates, when coordinated to
palladium are stable enough to be characterized, and their
crystal structure can even be determined by X-ray diffrac-
tion analyses. The acidity of the a-proton of the amino acid
fragment seems to be a key factor in the deamination reac-
tion, and it has been shown that the formation of the metal-
lacycle dramatically increases the acidity of this proton.
The formation of NH aldimines during monoamine ox-


idase catalyzed transformation of amines has been establish-
ed by biosynthetic investigations.[29,30] Furthermore, it has
been shown that the reduction of iron(iii) porphyrins by
amines also produces these NH imines.[31] The results de-
scribed here suggest that the NH aldimines could also be
formed in the biodegradation of a-amino acids. The synthe-
sis of organometallic compounds containing new NH aldi-
mines from the reaction between metal complexes and dif-
ferent biologically important ligands is currently in progress.


Experimental Section


1H NMR spectra at 200 MHz were recorded on a Varian Gemini 200
spectrometer; 1H NMR spectra at 500 MHz and 31P{1H} NMR spectra at
101.26 MHz were recorded, respectively, on Varian VXR 500 or Bruker
DRX 250 spectrometers. Chemical shifts (d in ppm) were measured rela-
tive to SiMe4 for


1H NMR spectra and to 85% H3PO4 for
31P NMR spec-


tra. Microanalyses were performed at the Institut de Qu?mica Bio-Or-
gAnica de Barcelona and the Serveis Cient?fico-TJcnics de la Universitat
de Barcelona. Infrared spectra were recorded as KBr disks on a Nico-
let 520 FT-IR spectrometer. Mass spectra were recorded on a Fisons VG-
Quattro spectrometer. The samples were introduced in a matrix of 2-ni-
trobenzylalcohol for FAB analysis and then bombarded with cesium
atoms.


Materials and synthesis : All solvents were dried and degassed by stan-
dard methods. All chemicals were of commercial grade and were used as
received. The dinuclear cyclopalladated compounds were not character-
ized, as is not unusual for this kind of complex,[23c,32] but were used to
obtain the corresponding phosphine-containing compounds which were
fully characterized. Their proton NMR spectra were performed in CDCl3
in the presence of few drops of [D5]pyridine (py) in order to obtain the
corresponding mononuclear complexes [PdCl(C


_
N)py]. The imines were


obtained by the reaction between mesitylaldehyde and the corresponding
amino acid (phenylalanine ethyl ester or phenylglycine methyl ester) in


Figure 4. a) Proton NMR spectrum of 3a in CDCl3. Proton NMR spectra
of 3a in CDCl3 b) 90 min, c) 125 min, and d) 140 min after the addition
of D2O.
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dichloromethane at room temperature for 20 h. The resulting solution
was filtered and concentrated in vacuo; the oil obtained was character-
ized by 1H NMR and IR spectroscopy and was used without further puri-
fication.


Cyclometallation reactions


Metallation of imine 1a in acetic acid : A mixture of 2,4,6-Me3C6H2CH=
NCH(CH2Ph)COOEt (719 mg, 2.22 mmol) and palladium acetate
(500 mg, 2.22 mmol) in acetic acid (30 mL) was stirred at 70 8C for 3 h,
and the resulting solution was concentrated in vacuo. The solid obtained
was treated with an excess of LiCl (3.5 mmol, 150 mg) in acetone
(30 mL) for 30 min at room temperature. The resulting solution was con-
centrated in vacuo, and the solid obtained was eluted through silica gel
column chromatography with chloroform/acetone (100:2) as the eluent to
obtain 2a (15%, 155 mg). 2a+[D5]pyridine:


1H NMR (200 MHz, CDCl3):
d=1.21 (t, J(H,H)=7.0 Hz, 3H; CH3CH2O), 2.14 (s, 3H; Me), 2.27 (s,
3H; Me), 2.60 (d, J(H,H)=8.3 Hz, 1H; CH2Pd), 2.90 (d, J(H,H)=
8.3 Hz, 1H; CH2Pd), 3.48 (br, 1H; CH2Ph), 3.85 (dd, J(H,H)=14.1,
6.9 Hz, 1H; CH2Ph), 4.19 (q, J(H,H)=6.8 Hz, 2H; CH3CH2O), 6.07 (br,
1H; HCCOOEt), 6.74 (s, 1H; aromatic), 6.86 (s, 1H; aromatic), 7.17–
7.50 (m, 5H; aromatic), 7.98 ppm (s, 1H; HC=N).


Metallation of imine 1a in toluene : A suspension formed of 2,4,6-
Me3C6H2CH=NCH(CH2Ph)COOEt (719 mg, 2.22 mmol) and palladium
acetate (500 mg, 2.22 mmol) in toluene (30 mL) was stirred at room tem-
perature for 1 h, and the resulting solution was concentrated in vacuo.
The solid obtained was treated with an excess of LiCl (3.5 mmol, 150 mg)
in acetone (30 mL) for 30 min at room temperature. The resulting solu-
tion was concentrated in vacuo, and the solid obtained was eluted
through silica gel column chromatography with chloroform/methanol
(100:1) as the eluent to obtain 4a in 15% yield (156 mg) in the first col-
ored band. A mixture of compounds was obtained in the second colored
band. 4a+[D5]pyridine:


1H NMR (200 MHz, CDCl3): d=1.05 (br, 3H;
CH3CH2O), 1.86 (s, 3H; Me), 2.28 (br s, 6H; Me), 3.50–4.20 (brm, 5H;
CH2Ph, HCCOOEt, CH3CH2O), 6.55 (br s, 1H; aromatic), 6.86 (br, 5H;
aromatic), 9.80 ppm (br s, 1H; HC=N).


Metallation of imine 1b : A suspension formed of 2,4,6-Me3C6H2CH=
NCH(Ph)COOMe (710 mg, 2.4 mmol) and palladium acetate (540 mg,
2.4 mmol) in toluene (30 mL) was stirred at room temperature for 1 h,
and the resulting solution was concentrated in vacuo. The solid obtained
was treated with an excess of LiCl (130 mg, 3 mmol) in acetone (30 mL)
for 30 min at room temperature. The resulting solution was concentrated
in vacuo, and the solid obtained was eluted through silica gel column
chromatography with chloroform/methanol (100:1) as the eluent to
obtain 2b (15%, 150 mg) and 4b (10%, 110 mg). 2b+[D5]pyridine:
1H NMR (200 MHz, CDCl3): d=1.94 (s, 3H; Me), 2.25 (s, 3H; Me), 2.42
(d, J(H,H)=8.2 Hz, 1H; CH2Pd), 3.64 (d, J(H,H)=8.2 Hz, 1H; CH2Pd),
3.86 (s, 3H; MeO), 6.70 (s, 1H; aromatic), 6.90 (s, 1H; aromatic), 7.35–
7.50 (m, 6H; aromatic), 7.79 ppm (s, 1H; HC=N). 4b+[D5]pyridine:
1H NMR (200 MHz, CDCl3): d=2.06 (s, 3H; Me), 2.26 (s, 3H; Me), 2.29
(s, 3H; Me), 3.61 (s, 3H; MeO), 5.39 (s, 1H; HCCOOMe), 6.18 (d, J-
(H,H)=7.0 Hz, 1H; aromatic), 6.88 (m, 3H; aromatic), 7.03 (m, 2H; aro-
matic), 9.78 ppm (br s, 1H; HC=N).


Synthesis of monomers with PPh3


[PdCl{1-CH2-3,5-Me2C6H2CH=NCH(CH2Ph)COOEt}(PPh3)] (3a): A
stirred suspension of 2a (0.21 mmol, 200 mg) in acetone (30 mL) was
treated with PPh3 (0.43 mmol, 113 mg) for 30 min at room temperature.
The solution was concentrated in vacuo, and the solid obtained was
washed with diethyl ether to afford 3a as a yellow solid (85%). 31P{1H}
NMR: d=35.42 ppm (s); 1H NMR (200 MHz, CDCl3) d=1.23 (t, J-
(H,H)=7.2 Hz, 3H; CH3CH2O), 2.04 (s, 3H; Me), 2.19 (s, 3H; Me), 2.40
(m, 2H; CH2Pd), 3.52 (m, 2H; CH2Ph), 4.21 (q, J(H,H)=7.2 Hz, 2H;
CH3CH2O), 5.58 (s, 1H; aromatic), 6.09 (br t, 1H; HCCOOEt), 6.63 (s,
1H; aromatic), 7.40–7.80 (m, 20H; aromatic), 8.28 ppm (d, J(H,P)=
13.2 Hz, 1H; HC=N); elemental analysis calcd (%) for C39H39ClNO2PPd:
C 64.47, H 5.41, N 1.93; found: C 64.1, H 5.6, N 1.8; MS (positive FAB):
725 [M]+ , 690 [M�Cl]+ .
[PdCl{C6H4CH2CH(COOEt)N=CH(2,4,6-Me3C6H2)}(PPh3)] (5a): Com-
pound 5a was obtained as a yellow solid in 85% yield by an analogous
procedure to that used for the preparation of 3a with 4a (100 mg,


0.1 mmol) and PPh3 (60 mg, 0.2 mmol). 31P{1H} NMR: d=33.60 ppm (s);
1H NMR (500 MHz, CDCl3): d=1.21 (br t, J(H,H)=6.8 Hz, 3H;
CH3CH2O), 2.22 (s, 6H; Me), 2.24 (s, 3H; Me), 3.28 (br, 1H; CH2Ph),
3.89 (br, 2H; CH2Ph, CHCOOEt), 4.08 (br, 2H; CH3CH2O), 6.32 (t, J-
(H,H)=7.2 Hz, 1H; aromatic), 6.56 (dd, J(H,H)=5.2 Hz, J(H,P)=
7.6 Hz, 1H; aromatic), 6.68 (m, 2H; aromatic), 6.78 (m, 2H; aromatic),
7.26–7.63 (m, 15H; aromatic), 9.35 ppm (br s, 1H; HC=N); elemental
analysis calcd (%) for C39H39ClNO2PPd: C 64.47, H 5.41, N 1.93; found:
C 64.3, H 5.4, N 1.9; MS (positive FAB): 725 [M]+ , 690 [M�Cl]+ .
Synthesis and separation of 3a, 6a, and 7: A stirred suspension of the
mixture of products obtained from the metallation (250 mg) in acetone
(30 mL) was treated with PPh3 (0.53 mmol, 142 mg) for 30 min at room
temperature. The solution was concentrated in vacuo, and the solid ob-
tained was washed with diethyl ether to afford a yellow solid. This solid
was carefully eluted through a silica gel column (30U400 mm) at room
temperature with chloroform/acetone (100:2) as the eluent. The eluted
solutions were collected in fractions of 15 mL, concentrated in vacuo,
and checked by 31P{1H} NMR spectroscopy to obtain 3a (35%), 6a
(30%), and 7 (10%). 6a : 31P{1H} NMR: d=33.60 (s), 33.7 ppm (s);
1H NMR (500 MHz, CDCl3): d=1.19 (br, 3H; CH3CH2O), 1.42 (br, 3H;
CH3CH2O), 2.10 (s, 6H; Me), 2.38 (s, 12H; Me), 3.40 (brd, 1H; CH2Ph),
3.48 (br, 1H; CH2Ph), 4.05 (br, 2H; CH3CH2O), 4.15 (br, 1H;
HCCOOEt), 4.45 (br, 3H; CH2Ph, CH3CH2O), 4.65 (br, 1H; CH2Ph),
4.92 (br, 1H; HCCOOEt), 6.25 (m, 4H; aromatic), 6.70 (m, 2H; aromat-
ic), 6.90 (s, 4H; aromatic), 7.40–7.80 (m, 32H; aromatic), 8.74 ppm (m,
2H; HC=N); elemental analysis calcd (%) for C39H39ClNO2PPd: C 64.47,
H 5.41, N 1.93; found: C 64.2, H 5.5, N 1.9; MS (positive FAB): 725 [M]+ ,
690 [M�Cl]+ . 7: 31P {1H} NMR: d=34.19 ppm; 1H NMR (500 MHz,
CDCl3): d=2.15 (s, 3H; Me), 2.36 (s, 3H; Me), 2.81 (d, J(H,P)=5.6 Hz,
2H; CH2Pd), 6.08 (s, 1H; aromatic), 6.74 (s, 1H; aromatic), 7.20–7.40 (m,
9H; meta- and para-PPh3), 7.40–7.80 (m, 6H; ortho-PPh3), 8.49 (t, J-
(H,P)=13.2 Hz, J(H,H)=13.2 Hz, 1H; HC=N), 9.22 ppm (brd, J(H,H)=
13.2 Hz, 1H; HN); elemental analysis calcd (%) for C28H27ClNPPd: C
61.11, H 4.94, N 2.55; found: C 61.1, H 4.9, N 2.6; MS (positive FAB):
550.9 [M]+ , 513.9 [M�Cl]+ .
[PdCl{1-CH2-3,5-Me2C6H2CH=NCH(Ph)COOMe}(PPh3)] (3b): Com-
pound 3b was obtained as a yellow solid in 80% yield by an analogous
procedure to that used for the preparation of 3a with 2b (100 mg,
0.11 mmol) and PPh3 (60 mg, 0.22 mmol). 31P{1H} NMR: d=35.53 ppm
(s); 1H NMR (500 MHz, CDCl3): d=1.97 (s, 3H; Me), 2.03 (s, 3H; Me),
2.10 (br, 1H; CH2Pd), 3.37 (br, 1H; CH2Pd), 3.87 (s, 3H; MeO), 5.62 (s,
1H; aromatic), 6.58 (s, 1H; aromatic), 7.30–7.80 (m, 21H; aromatic,
HCCOOMe), 8.0 ppm (d, J(H,P)=12.8 Hz, 1H; HC=N); elemental anal-
ysis calcd (%) for C37H35ClNO2PPd: C 63.62, H 5.05, N 2.01; found: C
62.3, H 5.0, N 1.9; MS (positive FAB): 698 [M]+ , 663 [M�Cl]+ .
[PdCl{C6H4CH(COOMe)N=CH(2,4,6-Me3C6H2)}(PPh3)] (5b): Com-
pound 5b was obtained as a yellow solid in 88% yield by an analogous
procedure to that used for the preparation of 3a with 4b (100 mg,
0.11 mmol) and PPh3 (60 mg, 0.22 mmol). 31P{1H} NMR: d=40.26 ppm
(s); 1H NMR (500 MHz, CDCl3): d=2.02 (s, 3H; Me), 2.25 (s, 3H; Me),
2.31 (s, 3H; Me), 3.74 (s, 3H; MeO), 5.40 (br, 1H; CHCOOMe), 6.42
(m, 2H; aromatic), 6.81 (m, 3H; aromatic), 7.08 (d, J(H,H)=7.8 Hz, 1H;
aromatic), 7.40–7.80 (m, 15H; aromatic), 9.64 ppm (d, J(H,P)=5.2 Hz,
1H; HC=N); elemental analysis calcd (%) for C37H35ClNO2PPd: C 63.62,
H 5.05, N 2.01; found: C 63.0, H 5.0, N 2.0; MS (positive FAB): 698 [M]+,
663 [M�Cl]+ .
Synthesis of [PdCl{1-CH2-3,5-Me2C6H2CH=NH}(PPh3)] (7) and PhCO-
COOMe (9): A stirred suspension of 3a or 3b (0.04 mmol) in acetone
(30 mL) was treated with PPh3 (0.08 mmol, 22 mg) for 24 h at room tem-
perature. The solid obtained was filtered, washed with ethyl ether, and
characterized as 7 (see above). The resulting solution was concentrated
in vacuo, and the solid obtained was eluted through silica gel column
chromatography with chloroform as the eluent to obtain compound 9.
The spectroscopic data confirm that 9 is the a-ketoester PhCO-
COOMe.[25–27] The yields for the process were 53% and 84% with the
starting materials 3a or 3b, respectively. 9 : 1H NMR (200 MHz, CDCl3):
d=3.98 (s, 3H; MeO), 7.52 (t, J(H,H)=7.8 Hz, 1H; aromatic), 7.68 (t, J-
(H,H)=7.8 Hz, 1H; aromatic), 8.05 ppm (d, J(H,H)=7.8 Hz, aromatic);
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13C{1H} NMR (75.4 MHz, CDCl3): d=186.0, 164.0, 134.9, 132.4, 130.1,
128.9, 52.7 ppm; IR: ñ=1740, 1690 cm�1; MS (ES+): 165 [M+H]+ , 165
[M]+ .


X-ray crystallography : The crystal data, data collection, and refinement
parameters for the X-ray crystal structures are listed in Table 3. Data
were collected by using a MAR345 diffractometer with an image-plate
detector. Unit-cell parameters were determined from automatic centering
of 25 reflections (3<q<318) and refined by the least-squares method. In-
tensities were collected with graphite monochromatized MoKa radiation.
For 6a, 9852 reflections were measured in the range 2.00�q�29.96.
4124 reflections were assumed as observed by applying the condition I>
2s(I). For 7, 10751 reflections were measured in the range 2.26�q�
31.49, of which 4209 were non-equivalent by symmetry (Rint (on I)=
0.033), and 3524 reflections were assumed as observed by applying the
condition I>2s(I). For 3b, 12326 reflections were measured in the range
1.58�q�31.70, of which 5550 were non-equivalent by symmetry (Rint


(on I)=0.036), and 3777 reflections were assumed as observed by apply-
ing the condition I>2s(I). For 5b, 10284 reflections were measured in
the range 2.86�q�31.52, of which 6506 were non-equivalent by symme-
try (Rint (on I)=0.027), and 5231 reflections were assumed as observed
by applying the condition I>2s(I). Lorentz polarization but not absorp-
tion corrections were made.


The structures were solved by direct methods, by using the SHELXS
computer program,[33] and were refined by the full-matrix least-squares
method. The function minimized was �w[jFoj2�jFc j 2]2, in which w=


[s2(I)]�1 for 6a, w= [s2(I)+ (0.1030P)2+2.2441P]�1 for 7, w= [s2(I)+
(0.0914P)2]�1 for 3b, and w= [s2(I)+ (0.0581P)2+2.8501P]�1 for 5b, with
P= (jFo j 2+2 jFc j 2)/3. f, f’, and f’’ were taken from the International
Tables of X-Ray Crystallography.[34]


CCDC-258562 (6a), CCDC-258563 (3b), CCDC-258564 (5b), and
CCDC-148187 (7) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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Introduction


Dendrimers and metallodendrimers are generating much at-
tention for their potential applications in various areas.[1]


The increasing use of these macromolecules in catalysis is
an emerging field because they may allow the facile recov-
ery of the catalysts after use, an essential feature for reac-
tion efficiency, economy, and environmental concern.[2] In
this context, a variety of dendrimers, cores, branches, and


endgroups have been assembled and used in different do-
mains, such as supramolecular chemistry,[3] nanosciences,[1c]


drug delivery,[4] and catalysis.[2,5] However, dendritic cata-
lysts for oxidation reactions are relatively under represent-
ed.[6] Of those reported thus far, only a few are based on
polyoxometalates (POMs). POMs are distinctive inorganic
transition metal–oxygen clusters that are the source of fasci-
nating architectures[7] and very rich redox chemistry,[8] upon
with their catalytic activity in oxidation reactions is based.[9]


Recently, a few heterogeneous[10] and homogeneous[11] den-
dritic polyoxometalate catalysts were reported and shown to
be effective in oxidation reactions. For example, Bruce3s
group prepared heterogeneous dendrimer-templated meso-
porous titanosilicate and vanadosilicate oxidation catalysts
by means of sol–gel techniques, and have used them in the
epoxidation of cyclohexene with tert-butyl hydroperoxide.[10]


In homogeneous catalysis, only four reports concerning the


Abstract: A series of 3- and 9-armed
dendrons, functionalized at the focal
position to quaternary ammonium
salts, were synthesized and character-
ized. The reaction of these ammonium
dendrons with the heteropolyacid
H3PW12O40 in the presence of hydrogen
peroxide led to a family of 9- and 27-
armed air-stable polyoxometalate
(POM)-cored dendrimers containing a
catalytically active trianionic POM spe-
cies [PO4{WO(O2)2}4]


3� in the core.
These POM-cored dendrimers are air-
stable, efficient, recoverable, and reusa-
ble catalysts for the selective oxidation
of alkenes to epoxides, sulfides to sul-
fones, and alcohols to ketones, in an
aqueous/CDCl3 biphasic system with
hydrogen peroxide as the primary oxi-
dant. A study of the countercation ef-


fects showed that the dendritic struc-
ture increased the stability of the POM
species and facilitated the recovery of
the catalyst up to the eighth cycle,
whereas the increased bulkiness
around the POM center led to a nega-
tive kinetic dendritic effect. Within the
9-armed POM-cored dendrimer series,
the reaction kinetics were susceptible
to the nature of the peripheral
endgroups. Indeed, the 9-armed n-
propyl-terminated POM-cored den-
drimer was identified as the most
active catalyst. In addition, the results
obtained with POM-cored dendrimers


versus tetraalkylammonium POMs
({[n-(C8H17)3NCH3]


+}3[PO4{WO(O2)2}4]
3�


and [{nC18H37(75%) + nC16H33(25%)]2N-
(CH3)2}


+]3[PO4{WO(O2)2}4]
3�) clearly


reveal that the dendritic structures are
more stable than their nondendritic
counterparts. After the reactions were
complete, the dendrimer catalysts were
easily recovered and recycled without a
discernable lost of activity, whereas at-
tempts to recover tetraalkylammonium
POMs gave unsatisfactory results. A
significant advantage of the dendritic
structures is that they enable the recov-
ery and recyclability of the POM cata-
lyst, in contrast to the other tetraalky-
lammonium POMs.Keywords: catalysis · dendrimers ·


oxidation · polyoxometalate ·
tungsten
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use of dendritic polyoxometalate catalysts in oxidation reac-
tions are known. Three of them involve dendrimers with
POM units at the peripheral positions. In the first, the
groups of Newkome and Hill prepared two dendritic tetra-
POM molecules with [HP2V3W15O59]


5� units covalently
bonded to a 4-armed core, and used them as a recoverable
catalyst in the oxidation of tetrahydrothiophene to its sulf-
oxide by tBuOOH and H2O2.


[11a] The second report de-
scribes the synthesis of recoverable dendritic POM catalysts
based on electrostatic bonding[11b] by using the Venturello
trianionic species [PO4{WO(O2)2}4]


3�,[12] and their applica-
tion in the oxidation of cyclooctene and sulfides.[11b] Recent-
ly, Neumann and co-workers synthesized two generations of
dendritic catalysts based on the in situ assembly of dendritic
phosphonates with diperoxotungstates, yielding peroxophos-
phonatotungstate mixtures that are efficient in the epoxida-
tion of alkenes with hydrogen peroxide.[11c] To the best of
our knowledge, only one report involved the synthesis of
POM-cored dendrimers and their application to catalytic ox-
idation reactions. In a preliminary communication, we re-
cently reported a one-pot synthesis of epoxy-terminated 9-
and 27-armed dendrimers that have a tetrakis(diperoxotung-
sto)phosphate species at the core. Their stability, solubility,
catalytic efficiency in the oxidation reaction, and recyclabili-
ty have been studied.[11d] We discovered that the stability of
the anionic polyoxometalate unit in the oxidation reactions
was dependent on the dendritic structure. Indeed, within the
dendrimer series, the bulk increased the stability of the
POM species, but decreased the reaction kinetics. The pur-
pose of the current investigation is to point out the influence
of dendritic countercations on the POM properties. It is well
known from phase-transfer experiments that the organic
structure of the cation not only influences its ability to trans-
fer an anion from the aqueous to the organic phase, but it
also strongly affects the rate of the reaction in the organic
phase. Therefore, various tetraalkylammonium dendrons
with various sizes and endgroups were used as counterca-
tions of the trianionic POM species. We investigated the
dendritic effects on the solubility, stability, and catalytic
properties. Herein, we describe the synthesis[13] (by ionic
bonding between cationic ammonium dendrons and the tria-
nionic POM species [PO4{WO(O2)2}4]


3�) and characteriza-
tion of a family of 9- and 27-armed POM-cored dendrimers,
respectively, terminated with epoxy, n-propyl, and aryl sul-
fide groups. We describe the synthesis, isolation, and charac-
terization of POM-cored dendrimers as well as their use, re-
covery, and re-utilization in the catalytic oxidation of al-
kenes, sulfides, and alcohols with hydrogen peroxide.
Indeed, it is essential to isolate and characterize the POM
salts before their reactivity behavior is investigated. The ef-
fects of dendritic structure on the POM properties will be
emphasized with respect to the tetraalkylammonium POM
derivatives.


Results and Discussion


Synthesis and spectroscopic characterization of tetrakis(di-
peroxotungsto)phosphate-cored dendrimers


Formation of epoxy-terminated 9- and 27-armed POM-
cored dendrimers : The synthetic strategy used to prepare
these compounds is summarized in Scheme 1.


The selective reaction of p-dibromoxylene (in excess)
with the phenol triallyl dendron 1a and the phenol nonaallyl
dendron 1b[14] leads to the corresponding bromobenzyl den-
drons 2a and 2b.[15] The triallyl and nonaallyl dendrons 2a
and 2b were reacted with tri-n-hexylamine to give quaterna-
ry ammonium dendrons 3a and 3b in yields of 70 and 68%,
respectively. The ammonium cations 3a and 3b were then
used as countercations for the trianionic POM complex
[PO4{WO(O2)2}4]


3� that is known for its catalytic efficiency
in alkene epoxidation and alcohol oxidation with hydrogen
peroxide.[11b,d,16, 17] [PO4{WO(O2)2}4]


3� was attached to the
ammonium dendrons 3a and 3b by electrostatic bonding.
We used the synthetic procedure involving peroxide-mediat-
ed decomposition of H3PW12O40 that gives high yields and a
good reproducibility.[11b,d,16,17] According to this procedure,
the heteropolyacid H3PW12O40 was decomposed in the pres-
ence of excess H2O2 to form the dinuclear peroxotungstate
[{WO(O2)2(H2O)}2O]2� and the trianionic peroxophospho-
tungstate [PO4{WO(O2)2}4]


3�. The latter reacts selectively
with the ammonium dendrons 3a and 3b (phase-transfer
agents) in a biphasic mixture of water and methylene chlo-
ride to give the epoxy-terminated 9- and 27-armed dendrim-
ers 4a and 4b, which contain the [PO4{WO(O2)2}4]


3� core, in
yields of 90 and 95%, respectively. The dinuclear peroxo-
tungstate decomposition product [{WO(O2)2(H2O)}2O]2� re-
mained in the aqueous phase of the reaction mixture and
was isolated as a potassium salt in the presence of potassium
chloride. According to previous studies,[11b,d,16,17] it has clear-
ly been established that [PO4{WO(O2)2}4]


3� is selectively
transferred into the organic phase with the phase-transfer
agents, whereas [{WO(O2)2(H2O)}2O]2� remains in the aque-
ous phase. The appropriate choice of countercations allowed
the selective isolation of the two peroxo salts. Interestingly,
the trianionic species [PO4{WO(O2)2}4]


3� catalyzed the epox-
idation of the olefinic termini in a one-pot reaction and
became the anionic core of 4a and 4b. 1H NMR spectra
showed the complete disappearance of the signals at d =


5.54, 5.03 and 2.42 attributed to CH2CH=CH2 and the ap-
pearance of a broad multiplet at d = 2.91–2.43 assigned to
the terminal epoxide groups. These two POM-cored den-
drimers were isolated from the organic layer and fully char-
acterized by NMR spectroscopy (1H, 13C, and 31P), elemental
analysis, and IR spectroscopy. The results summarized in
Table 1 for significant data are consistent with the proposed
structures. Only one signal was obtained in the 31P NMR for
4a (d = 2.96) and 4b (d = 2.74). These values are compa-
rable to those obtained for the Arquad salt of the [PO4-
{WO(O2)2}4]


3� species (d = 3.12); (Arquad = [nC18H37 -
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(75%) + nC16H33 (25%)]2N(CH3)2]), and n-tetrahexylam-
monium salts (d = 0.37).


Polyoxometalate-centered dendrimers 4a and 4b are air-
stable compounds. They can be stored and handled without
any special precautions, in contrast to dendritic compounds
with POMs located at their periphery. The latter are air sen-
sitive over periods of several days.[11b] In spite of the acidic


conditions used to prepare 4a
and 4b, no destruction of the
oxirane ring was observed; this
is attributed to the protective
effect of the biphasic system.


Formation of the n-propyl-ter-
minated 9- and 27-armed
POM-cored dendrimers : Cata-
lytic hydrogenation of triallyl
and nonaallyl dendrons 1a and
1b in the presence of Pd/C cat-
alyst (10% Pd) led to quantita-
tive yields of tri-n-propyl and
nona-n-propyl dendrons 5a and
5b, respectively. The reaction


was easily monitored in the 1H NMR spectrum by the disap-
pearance of the allyl signals at d = 5.54, 5.03, and 2.42, and
the appearance of a multiplet at d = 1.64–1.54 and 1.09,
which is assigned to the terminal n-propyl groups. We were
also able to prepare 5b by a convergent route, starting from
5a and protected p-EtO2CC6H4(CH2CH2I)3 1c.[13] The n-
propyl-terminated 9- and 27-armed POM-cored dendrimers


Scheme 1. Syntheses of the epoxy-terminated 9- and 27-armed POM-cored dendrimers 4a and 4b.


Table 1. Representative analytical data for 9- and 27-armed POM-cored dendrimers 4a,b, 8a,b, and 13a,b.


POM-Cored 31P NMR Elemental analysis [%] IR ñ


dendrimers [d] C H [cm�1]


4a 2.96 calcd 48.86 6.44 1084, 1052, 963, 845
found 47.93 6.30 580, 521


4b 2.74 calcd 59.44 6.98 1080, 1056, 959, 830
found 58.84 6.76 580, 521


8a 3.02 calcd 50.53 7.39 1083, 1052, 969, 840
found 49.59 6.56 580, 522


8b 3.54 calcd 64.06 8.60 1083, 1057, 974, 845
found 64.75 8.47 590, 517


13a 2.87 calcd 54.80 6.44 1076, 1052, 963, 830
found 53.90 5.93 580, 521


13b 2.08 calcd 65.00 6.82 1083, 1052, 963, 830
found 64.46 6.58 580, 521


Chem. Eur. J. 2006, 12, 903 – 914 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 905


FULL PAPERMulti-Armed Dendrimers



www.chemeurj.org





8a and 8b were easily prepared from 5a and 5b (Scheme 2),
following the procedure already described for 4a and 4b.


The reaction of p-dibromoxylene with tri-n-propyl and
nona-n-propyl phenol dendrons 5a and 5b gives the mono-
substituted bromobenzyl derivatives 6a and 6b in very good
yields (91 and 92%). The corresponding quaternary ammo-
nium salts 7a and 7b were obtained by treatment of 6a and
6b with tri-n-hexylamine. The ammonium dendrons 7a and
7b react by electrostatic bonding with trianionic [PO4-
{WO(O2)2}4]


3�, to give 9- and 27-armed n-propyl POM-
cored dendrimers 8a and 8b, as a light yellow solids, in 85
and 91% yields, respectively. Representative characteriza-
tion data of 8a and 8b are summarized in Table 1. These
data are consistent with the proposed structures. One
31P NMR signal was observed for 8a and 8b (d = 3.02 and
3.54, respectively). These values are similar to those ob-
tained for epoxy-terminated POM-cored dendrimers 4a and
4b (see Table 1).


Formation of aryl sulfide-terminated 9- and 27-armed
POM-cored dendrimers : Aryl sulfide-terminated 9- and 27-
armed POM-cored dendrimers 13a and 13b were prepared
from triaryl and nonaaryl sulfide phenol dendrons 10a and
10b, respectively (Scheme 3).


The triaryl sulfide phenol dendron 10a was synthesized in
85% yield by reaction of the known triiodo phenol dendron
9[13] with the sodium thiophenolate salt without protection
of the phenol function. The reaction was easily monitored in
the 1H NMR spectrum by the complete disappearance of
the triplet at d = 3.23, assigned to the CH2I groups, and the
appearance of a new triplet at d = 2.95, attributed to the
CH2S groups. The convergent synthesis of the nonaaryl sul-
fide phenol dendrons 10b was achieved by reacting the pro-
tected triiodo dendron p-EtO2CC6H4(CH2CH2I)3


[13] 1c and
10a in DMF in the presence of K2CO3. Compound 10b was
obtained in 73% yield after chromatography. The coupling
reaction of 10a and 10b with a large excess of p-dibromoxy-
lene led to the monobrominated compounds 11a and 11b in
80 and 70% yields, respectively. The corresponding quater-
nary ammonium salts 12a and 12b were obtained in 89 and
82% yields from 11a and 11b with tri-n-hexylamine. The
commercially available heteropolyacid H3PW12O40 reacts
with 12a and 12b in the presence of H2O2 to give the aryl
sulfide-terminated 9- and 27-armed POM cored dendrimers
13a and 13b as light yellow solids, in 85 and 95% yields, re-
spectively. Surprisingly, aryl sulfide termini are not sensitive
to oxidation under these conditions. No trace of aryl sulfox-
ide or aryl sulfone was observed (see the Experimental Sec-


Scheme 2. Syntheses of the n-propyl-terminated 9- and 27-armed POM-cored dendrimers 8a and 8b.
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tion). An argument in support of this approach is that the
signal attributed to the CH2S group in the 1H NMR spec-
trum was not shifted and remained similar to that obtained
for the ammonium salts 12a and 12b (d = 2.95). In addi-
tion, correct (C,H) elemental analyses were obtained for
13a and 13b. As in the case of 4a,b and 8a,b, the 31P NMR
spectra of 13a and 13b show a signal at d = 2.87 and 2.08,
respectively.


Catalytic oxidation reactions by using 9- and 27-armed
POM-cored dendrimers 4a,b, 8a,b, and 13a,b : Among vari-
ous substrates (alkenes,[16a,b,18] alkynes,[19] alcohols,[16a,b]


diols,[16a,b] sulfides,[18] and amines[20]) already reported as
good candidates in oxidation processes with heteropolyacids
or their salts and hydrogen peroxide, we have selected some
of them, included in Tables 2 and 3, as well as in Scheme 4,
for catalytic oxidation tests. The reaction was accomplished
by vigorous stirring at 35 8C of an aqueous/CDCl3 biphasic
mixture containing 250 equiv of the appropriate substrate,
800 equiv of hydrogen peroxide, and 0.4 mol% of the re-
spective POM-cored dendrimers 4a,b, 8a,b, and 13a,b. The
reaction kinetics were monitored over time by plotting the
ratio between the intensity of the disappearing 1H NMR sig-


nals of the substrate versus TMS and the new peaks of the
product.


The effects of the dendritic countercation on the POM
stability, catalytic efficiency, and selectivity in the oxidation
of various alkenes, sulfides, and alcohols were investigated.
The results listed in Table 2 clearly show that the 9- and 27-
armed POM-cored dendrimers 4a,b, 8a,b, and 13a,b quan-
titatively oxidized alkenes to the corresponding epoxides,
sulfides to sulfones, and secondary alcohol to ketones.


The oxidation of cyclooctene 14a was monitored over
time by plotting the ratio between the intensity of the disap-
pearance of the 1H NMR signal at d = 5.6 attributed to cy-
clooctene and the new peak of the epoxide 15a at d = 2.9.
As shown by entries 1–6, the POM-cored dendrimers 4a,b,
8a,b, and 13a,b oxidized cyclooctene with 100% conversion
within the limits of 1H NMR detection, with reaction times
between 30 min and 5 h. The reaction complete after 30 min
in the case of the 9-armed n-propyl terminated POM-cored
dendrimer 8a, 2 h for 9-armed epoxy dendrimer 4a, and 5 h
for 9-armed aryl sulfide 13a. Five hours were generally re-
quired for the 27-armed catalysts 4b, 8b, and 13b (entries 2,
4, and 6). The results included in Table 2 indicate that the 9-
armed n-propyl-terminated POM-cored dendritic 8a was the


Scheme 3. Syntheses of the aryl sulfide-terminated 9- and 27-armed POM-cored dendrimers 13a and 13b.
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most reactive catalyst. The oxidation of cyclooctene with the
27-armed POM-cored dendrimers did not show any signifi-
cant difference within this series (Figure 1b), in contrast to
the 9-armed POM-cored dendrimer series (Figure 1a).


The oxidation of phenyl methyl sulfide 14b, triallyl
phenyl methyl sulfide 14c, and diallyl sulfide 14d with
POM-cored dendrimers selectively gave the corresponding


phenyl methyl sulfone 15b, tri-
allyl phenyl methyl sulfone 15c,
and diallyl sulfone 15d with re-
action times of up to 2 h
(Table 2, entries 7–18 and 25–
30). Neither the sulfoxide inter-
mediate nor the epoxidation of
allyl groups was observed in the
cases of 14c and 14d. However,
for reaction times of up to
one day, the triallyl phenyl
methyl sulfone 15c provided
the epoxy sulfone compound 16
(with probably the mono-and


the diallyl phenyl methyl sulfone) in 5 to 95% conversion
(Table 2, entries 19–24). Interestingly, the kinetics of sulfide
oxidation decreased with 27-armed POM-cored dendrimers,
and the sulfoxide intermediate could be observed. However,
the reaction selectively led to the corresponding sulfone
after total conversion of the sulfoxide. It was possible to ob-
serve the sulfoxide intermediate in reaction times up to


Table 2. Oxidation of representative alkene, sulfide, and alcohols by H2O2, catalyzed by 4a,b, 8a,b, and 13a,b at T = 35 8C.[a]


Entry Substrate Catalyst t[b] Product Conversion[%][c]


1
2
3
4
5
6


4a
4b
8a
8b
13a
13b


2 h
5 h
30 min
5 h
5 h
5 h


100
100
100
100
100
100


7
8
9
10
11
12


4a
4b
8a
8b
13a
13b


10 min
60 min
5 min
90 min
20 min
120 min


100
100
100
100
100
100


13
14
15
16
17
18


4a
4b
8a
8b
13a
13b


10 min
33 min
5 min
20 min
15 min
20 min


100
100
100
100
100
100


19
20
21
22
23
24


4a
4b
8a
8b
13a
13b


22 h
24 h
23 h
24 h
20 h
24 h


11
5
95
12
11
19


25
26
27
28
29
30


4a
4b
8a
8b
13a
13b


10 min
30 min
5 min
90 min
90 min
180 min


100
100
100
100
100
100


31
32
33
34
35
36


4a
4b
8a
8b
13a
13b


22 h
23 h
20 h
22 h
21 h
25 h


91
78
95
99
85
95


[a] Reaction conditions: catalyst (0.4 mol%), substrate (250 equiv), H2O2 (800 equiv), CDCl3 (3 mL). [b] Reactions were monitored by 1H NMR. [c] Con-
version determined from the relative intensities of the 1H NMR signals of the substrate and the product.


Table 3. Catalytic oxidation of 1-octen-3-ol (14 f) with 4a,b, 8a,b, and 13a,b, by H2O2.
[a]


Catalyst Reaction Conversion Chemoselectivity Diastereoselectivity
t [h][b] [%][c] Epoxide/Ketone (threo/erythro)


(15 f) (17)


4a 24 85 75 10 70 30
4b 30 85 62 23 55 45
8a 3 93 85 8 44 56
8b 24 99 61 38 40 60
13a 55 84 52 32 53 47
13b 24 94 70 23 47 53


[a] Reaction conditions: catalyst (0.4 mol%), substrate (250 equiv), H2O2 (800 equiv), CDCl3 (3 mL). [b] Reac-
tions were monitored by 1H NMR. [c] Conversion determined from the relative intensities of the 1H NMR sig-
nals of the substrate and the product.
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3 min, even if 9-armed POM-cored catalysts were used. A
comparison between the 9-armed dendritic catalysts and the
27-armed dendrimers shows a negative dendritic effect on
the reaction kinetics. This negative dendritic effect is proba-
bly caused by the increased bulk around the catalytic center.
It has been reported that the increased bulkiness of the
cation reduces the electrophilicity of the peroxopolyoxo spe-
cies.[18] When the ions are bulky, the interionic distance in-
creases, thus decreasing the interionic interaction. In the
case of the 27-armed POM-cored dendrimers, the bulkiness
of the dendritic ammonium cation might be responsible for
the large distance between the ammonium site of the den-
dron and the anionic POM.


In addition, within the 9-armed POM-cored dendrimer
series, the lower electrophilicity of the aryl sulfide and
epoxy endgroups in 4a and 13a, respectively, compared with
the n-propyl groups of 8a, might be responsible for the
lower reactivity of 13a and 4a (Figure 1a).


The oxidation of cyclohexanol 14e to cyclohexanone 15e
was also successful, with conversions between 75 and 100%
and a reaction time of nearly one day (Table 2, entries 31–
36). In the case of 1-octen-3-ol 14 f, the catalytic oxidation
reaction gave a diastereoisomeric mixture of threo :erythro-
1,2-epoxy-3-octanol 15 f as the major product, together with
1-octen-3-one 17 (Scheme 4 and Table 3) with excellent con-
version rates. The reaction was easily monitored in the
1H NMR spectrum by the disappearance of the three mul-
tiplets at d = 5.84, 5.15 and 4.10, attributed to the
CHOHCH=CH2 group, and the appearance of two multip-
lets at d = 3.80 and 3.40, respectively assigned to the
CHOH group of (2S,3R)-1,2-epoxy-3-octanol (15 f, threo)
and (2S,3S)-1,2-epoxy-3-octanol (15 f, erythro). The signals


attributed to the epoxy group
appear as a multiplet between
d = 3.01 and 2.75. The a,b-un-
saturated 1-octen-3-one 17 was
identified by a new triplet at d
= 2.57, assigned to the CH2CO
group. The chemoselectivity of
olefin epoxidation predomi-
nates over alcohol ketonization.
More interestingly, 8a was the
most efficient catalyst for the
oxidation of 1-octen-3-ol 14 f, as
obtained previously with cyclo-
octene and sulfide. The reaction
time was only 3 h for 8a,
whereas 24 h were required in
all the other cases. The threo :er-
ythro diastereoselectivity given
in Table 3 is comparable to that
obtained with alkylammonium
POM [{n-(C8H17)3NCH3}


+]3[PO4


{WO(O2)2}4]
3� (18, a ratio of


55:45 has already been report-
ed),[22] and no significant dia-
stereoselectivity difference was


observed within the POM-cored dendrimer series. The in-
creased bulk around the catalytic center does not appear to
affect the stereocontrol of oxygen transfer to the allylic alco-
hols.


Recovery and reutilization of the POM-cored dendritic cata-
lysts : Two reaction cycles were performed in order to test
the stability of the POM-cored dendrimers 4a,b, 8a,b, and
13a,b under catalytic reaction conditions. Cyclooctene 14a,
thioanisole 14b, and cyclohexanol 14e were used as model
substrates (Table 4).


The catalyst was recovered by precipitation after each cat-
alytic cycle and checked by 1H and 31P NMR before a new
catalytic experiment was performed.


1H and 31P NMR characterization of the recovered cata-
lyst showed the absence of any structural change. In addi-
tion, no discernable loss of activity was observed over the
two catalytic cycles. Substrates 14a and 14b were quantita-
tively oxidized to the corresponding epoxide and sulfone, re-
spectively, over the two cycles. An excellent conversion was
also obtained in the oxidation of 14e, despite longer reac-
tion times (20–25 h) than those required for the alkene and
the sulfide. The results obtained in these experiments reveal
that all the POM-cored dendrimers studied are air-stable
and easy to recover and handle. Interestingly, oxidation of
14a and 14b with the alkylammonium POMs [{n-
(C8H17)3NCH3}


+]3[PO4{WO(O2)2}4]
3� 18 and [{Arquad}+]3


[PO4{WO(O2)2}4]
3� 19 quantitatively led to epoxide 15a in


150 and 120 min, respectively, and sulfone 15b in 30 min
under the same reaction conditions. These results are com-
parable with those obtained in the dendrimer series. Howev-
er, an important difference was found in the recovery of the


Scheme 4. Catalytic oxidation reactions with 0.4 mol% of 9- and 27-armed POM-cored dendrimers 4a,b, 8a,b,
and 13a,b, substrate (250 equiv), H2O2 (800 equiv), and CDCl3 (3 mL).
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catalyst. Indeed, the POM-cored dendrimers were easily re-
covered by precipitation without decomposition over two
cycles, whereas precipitation of 19 after the first run was
very difficult, and gave a small amount of a solid identified
by two signals at d = 0.5 and �0.99 in the 31P NMR spec-
trum. These 31P NMR signals differed from those obtained
for 19 at d = 3.12, indicating that the structure of these
POM species had changed. Attempts to precipitate 18 after
the first run were unsuccessful. These results indicate that
the dendritic structures increase the stability of the anionic
POM species, a key feature for the recovery and recycling
of the POM catalysts in oxidation reactions. Interestingly, in
the catalytic oxidation of thioanisole with the 9-epoxy-termi-
nated POM-cored dendrimer 4a, we were able to recover
and reutilize the catalyst up to the eighth cycle without loss
of activity. No decomposition of the catalyst was observed
after the eighth cycle; the 31P NMR signal remained similar
to that obtained for 4a.


Conclusion


A series of 9- and 27-armed polyoxometalate-centered den-
drimers that bear epoxy, n-propyl, and aryl sulfide
endgroups has been synthesized and characterized. These
compounds are efficient catalysts in the epoxidation of cy-
clooctene, the selective oxidation of sulfides to sulfones, and
the oxidation of cyclohexanol to cyclohexanone with hydro-
gen peroxide. Study of countercation effects reveals that the
dendritic structures increase the stability of the POM unit,
allowing the facile recovery and reutilization of the catalyst
without loss of activity up to the eighth cycle, as for exam-
ple, in the case of 9-epoxy-terminated POM-cored dendrim-
er 4a. However, the dendritic structure of the cation de-
creases the reaction kinetics. It was observed that, within
the 9-armed POM-cored dendrimer series, the reaction ki-
netics were sensitive to the nature of the peripheral
endgroups. In contrast with aryl sulfide- and epoxy-terminat-
ed dendrimers, the n-propyl-terminated POM-cored den-
drimer 8a was the most active catalyst. In addition, it was
also observed that increasing the dendritic structure of the
cation decreased the reaction kinetics, probably on account
of the lower electrophilic character of the POM unit. This
series of 9- and 27-armed dendrimer catalysts are air-stable,
easy to handle, and can be stored at room temperature with-
out degradation.


Experimental Section


Reagent-grade tetrahydrofuran (THF), diethyl ether, and pentane were
predried over Na foil and distilled from sodium/benzophenone under
argon immediately prior to use. Acetonitrile (CH3CN) was stirred over-
night over phosphorus pentoxide and under argon, distilled from sodium
carbonate, and stored under argon. Methylene chloride (CH2Cl2) was dis-
tilled from calcium hydride just before use. All other chemicals were
used as received. The 1H, 13C, and 31P NMR spectra were recorded at
25 8C with the following spectrometers: Bruker AC250FT (1H: 250.13,


Figure 1. Kinetics of cyclooctene epoxidation. a) With 9-armed POM-
cored dendrimers 4a (*), 8a (&), and 13a (~); b) with the 27-armed
POM-cored dendrimers 4b (*), 8b (&), and 13b (~).


Table 4. Isolated yields of POM-cored dendrimers catalysts 4a,b, 8a,b,
and 13a,b, in the oxidation of cyclooctene (14a), thioanisole (14b), and
cyclohexanol (14e) respectively, with H2O2, after the first and second
runs.


Substrate Catalyst First cycle
yield [%]


Second cycle
yield [%]


cyclooctene (14a) 4a 75 67
4b 96 85
8a 80 50
8b 70 60
13a 75 70
13b 80 70


thioanisole (14b) 4a 95 80
4b 75 75
8a 95 96
8b 90 80
13a 95 80
13b 85 90


cyclohexanol (14e) 4a 95 75
4b 85 75
8a 90 70
8b 80 76
13a 91 85
13b 95 85
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13C: 62.91 MHz), Bruker AC200FT (1H: 200.16, 13C: 50.33, 31P:
81.02 MHz). All chemical shifts are reported referenced to Me4Si (TMS).
Elemental analyses were performed by the Center of Microanalyses of
the CNRS at Lyon-Villeurbanne (France).


Synthesis of 3-armed ammonium dendrons


Bromobenzyl 3-allyl dendron (2a): A mixture of triallyl dendron 1a
(2.000 g, 8.77 mmol), K2CO3 (3.696 g, 26.40 mmol), and p-dibromoxylene
(9.263 g, 35.09 mmol) in CH3CN, was stirred for 4 d at room temperature.
After removal of the solvent under vacuum, the product was extracted
with pentane (3M30 mL), washed with water, and dried over sodium sul-
fate. The solvent was removed under vacuum and the product was puri-
fied by chromatography (silica gel, pentane/diethyl ether 9:1) to afford
2a as a colorless oil (3.180 g, 91%); 1H NMR (CDCl3, 250.13 MHz): d =


7.42 (s, 4H, Ar), 7.23 (d, 2H, Ar), 6.92 (d, 2H, Ar), 5.54 (m, 3H, CH=


CH2), 5.03 (m, 8H, CH=CH2, CH2O), 4.51 (s, 2H, BrCH2), 2.43 (d, 6H,
CH2=CH-CH2);


13C NMR (CDCl3, 62.91 MHz): d = 156.44 (Cq, ArO),
138.05 (Cq, Ar), 137.43 (Cq, Ar), 137.32 (Cq, Ar), 134.50 (CH=CH2),
127.17 (CH, Ar), 127.79 (CH, Ar), 127.67 (CH, Ar), 117.54 (CH=CH2),
114.06 (CH, Ar), 69.56 (CH2O), 42.60 (Cq-CH2), 41.82 (CH2), 33.10
(BrCH2); MALDI TOF MS: m/z : calcd for 434.37; found 433.42
[M+Na]+ ; elemental analysis calcd (%) for C24H27OBr: C 70.07, H 6.62;
found: C 70.58, H 6.80.


3-Allyl ammonium salt dendron (3a): A mixture of 2a (0.390 g,
0.950 mmol) and tri-n-hexylamine (1.9 mL, 5.7 mmol) in CH3CN was stir-
red for 16 h at 80 8C. After removal of the solvent under vacuum, the res-
idue was washed with pentane (3M50 mL) and dried under vacuum, to
afford ammonium salt 3a (0.424 g, 0.666 mmol, 70%). 1H NMR (CDCl3,
200.16 MHz): d = 7.53 (s, 4H, Ar), 7.23 (d, 2H, Ar), 6.91 (d, 2H, Ar),
5.54 (m, 3H, CH=CH2), 5.03 (m, 8H, CH=CH2, CH2O), 3.22 (m, 8H,
NCH2), 2.42 (d, 6H, CH2CH=CH2), 1.80 (m, 6H, CH2), 1.34 (m, 18H,
CH2), 0.90 (m, 9H, CH3);


13C NMR (CDCl3, 62.91 MHz): d = 156.20
(Cq, ArO), 140.29 (Cq, Ar), 138.50 (Cq, Ar), 134.49 (Cq, Ar), 132.70 (CH=


CH2), 128.19 (CH, Ar), 127.81 (CH, Ar), 126.71 (CH, Ar), 117.59 (CH=


CH2), 114.10 (CH, Ar), 69.02 (CH2O), 62.80 (CH2O), 58.79 (CH2N),
42.72 (Cq-CH2), 41.88 (CH2), 31.17 (CH2), 26.05 (CH2), 23.61 (CH2),
22.47 (CH2), 22.43 (CH2), 13.83 (CH3) cm


�1; elemental analysis calcd (%)
for C42H66OBrN: C 74.09, H 9.77; found: C 74.19, H 9.34.


3-n-Propyl phenol dendron (5a): 10% Pd/C catalyst (5 mg, 0.046 mmol)
was added to a THF solution (30 mL) of triallyl phenol dendron 1a
(0.500 g, 2.2 mmol) in a thick-walled tube capped with a Young3s stop-
cock. The tube was flushed, pressurized with hydrogen, sealed, and stir-
red at room temperature for 3 h. The solvent was removed under
vacuum, and the residue was extracted with pentane (3M20 mL) and fil-
tered through celite. After evaporation of pentane, 5a was obtained as a
colorless oil (0.490 g, 2.090 mmol, 95%). 1H NMR (CDCl3, 250.13 MHz):
d = 7.21 (d, 2H, Ar), 6.80 (d, 2H, Ar), 4.75 (s, 1H, OH), 1.61 (m, 6H,
CH2), 1.06 (m, 6H, CH2), 0.88 (t, 9H, CH3);


13C NMR (CDCl3,
50.33 MHz): d = 156.20 (Cq, ArO), 140.55 (Cq, Ar), 127.41 (CH, Ar),
114.06 (CH, Ar), 42.59 (Cq-CH2), 41.21 (CH2), 17.26 (CH2), 14.80 (CH3);
elemental analysis calcd (%) for C16H26O: C 81.99, H 11.18; found: C
81.85, H 11.26.


Bromobenzyl 3-n-propyl dendron (6a): This compound was obtained as
a colorless oil according to the procedure described above for 2a, but
from 5a instead of 1a. Yield: 90%; 1H NMR (CDCl3, 250.13 MHz): d =


7.43 (m, 4H, Ar), 7.23 (d, 2H, Ar), 6.93 (d, 2H, Ar), 5.05 (s, 2H, CH2O),
4.62 (s, 2H, BrCH2), 1.62 (m, 6H, CH2), 1.08 (m, 6H, CH2), 0.89 (t, 9H,
CH3);


13C NMR (CDCl3, 62.91 MHz): d = 156.19 (Cq, ArO), 140.50 (Cq,
Ar), 138.21 (Cq, Ar), 136.71 (Cq, Ar), 128.54 (CH, Ar), 128.23 (CH, Ar),
113.87 (CH, Ar), 113.51 (CH, Ar), 42.66 (Cq-CH2), 40.21 (CH2), 16.70
(CH2), 14.87 (CH3); elemental analysis calcd (%) for C24H35OBr: C
68.73, H 8.41; found: C 68.32, H 8.64.


3-n-Propyl ammonium salt dendron (7a): This compound was obtained
as a colorless solid according to the procedure described above for 3a,
but from 6a instead of 2a. Yield: 98%; 1H NMR (CDCl3, 200.16 MHz):
d = 7.38 (s, 4H, Ar), 7.18 (d, 2H, Ar), 6.93 (d, 2H, Ar), 5.01 (CH2O),
3.42 (br s, 8H, NCH2), 1.75 (brm, 12H, CH2), 1.33 (brm, 30H, CH2), 0.84
(br t, 18H, CH3);


13C NMR (CDCl3, 62.91 MHz): d = 157.06 (Cq, ArO),
138.84 (Cq, Ar), 134.20 (Cq, Ar), 133.49 (Cq, Ar), 128.04 (CH, Ar), 127.81


(CH, Ar), 126.71 (CH, Ar), 114.10 (CH, Ar), 69.02 (CH2O), 58.79
(CH2N), 42.72 (Cq-CH2), 41.88 (CH2), 31.05 (CH2), 25.80 (CH2), 23.40
(CH2), 22.70 (CH2), 22.47 (CH2), 13.90 (CH3); elemental analysis calcd
(%) for C42H72OBrN: C 73.44, H 10.56; found: C 72.75, H 11.05.


3-Aryl sulfide phenol dendron (10a): A mixture of triiodophenol den-
dron 9 (0.500 g, 0.820 mmol) and NaSC6H5 (0.647 g, 4.900 mmol) in DMF
(20 mL) was stirred at 70 8C for 24 h. The mixture was then extracted
with CH2Cl2 (3M20 mL), and the resulting solution washed with water
and dried over sodium sulfate. After removal of the solvent under
vacuum, the residue was washed with Et2O (3M20 mL) and chromato-
graphed (silica gel, diethyl ether/acetone 8:2) to afford 10a as a beige
solid (0.390 g, 0.694 mmol, 85%). 1H NMR (CDCl3, 250.13 MHz): d =


7.82–7.53 (m, 15H, Ar), 6.95 (d, 2H, Ar), 6.71 (d, 2H, Ar), 2.95 (t, 6H,
SCH2), 1.64 (brm, 6H, CH2), 1.44 (brm, 6H, CH2);


13C NMR (CDCl3,
62.91 MHz): d = 154.50 (Cq, ArO), 139.22 (Cq, Ar), 135.95 (Cq, Ar),
134.20 (CH, Ar), 129.78 (CH, Ar), 128.22 (CH, Ar), 127.55 (CH, Ar),
115.83 (CH, Ar), 56.61 (SCH2), 42.98 (Cq-CH2), 35.76 (CH2), 17.34
(CH2); elemental analysis calcd (%) for C34H38OS3: C 73.07, H 6.85;
found: C 72. 75, H 6.30.


Bromobenzyl 3-aryl sulfide dendron (11a): This compound was obtained
according to the procedure described above for 2a, but from 10a instead
of 1a. After removal of the solvent under vacuum, the product was ex-
tracted with CH2Cl2, (3M20 mL), and the solvent was evaporated under
vacuum. The excess p-dibromoxylene was removed by washing the resi-
due with Et2O. Further purification by chromatography (silica gel, diethyl
ether/acetone 8:2) afforded 11a as a beige solid (0.531 g, 0.715 mmol,
80%). 1H NMR (CDCl3, 250.13 MHz): d = 7.82–7.53 (m, 15H, Ar), 7.44
(s, 4H, Ar), 7.02 (d, 2H, Ar), 6.84 (d, 2H, Ar), 5.02 (s, 2H, CH2O), 4.52
(s, 2H, CH2Br), 2.95 (t, 6H, SCH2), 1.68 (brm, 6H, CH2); 1.43 (brm, 6H,
CH2);


13C NMR (CDCl3, 62.91 MHz): d = 157.38 (Cq, ArO), 139.47 (Cq,
Ar), 137.67 (Cq, Ar), 136.97 (Cq, Ar), 134.11 (Cq, Ar), 132.59 (CH, Ar),
129.72 (CH, Ar), 128.27 (CH, Ar), 127.46 (CH, Ar), 125.61 (CH, Ar),
115.15 (CH, Ar), 115.03 (CH, Ar), 69.95 (CH2O), 56.67 (SCH2), 43.07
(Cq-CH2), 35.88 (CH2), 33.59 (CH2Br), 17.31 (CH2); elemental analysis
calcd (%) for C42H45OBrS3: C 67.99, H 6.11; found: C 67.30, H 6.50.


3-Aryl sulfide ammonium salt dendron (12a): This compound was ob-
tained as a beige solid according to the procedure described above for
3a, but from 11a instead of 2a. Yield: 0.573 g, 0.556 mmol, 84%;
1H NMR (CDCl3, 250.13 MHz): d = 7.80–7.34 (brm, 19H, Ar), 7.01
(brd, 2H, Ar), 6.84 (brd„ 2H, Ar), 5.05 (br s, 2H, CH2O), 3.26 (br s„ 8H,
CH2N), 2.94 (br t, 6H, SCH2), 1.78 (br, CH2), 1.64 (br, CH2), 1.42 (br,
6H, CH2), 0.86 (br, 9H, CH3);


13C NMR (CDCl3, 62.91 MHz): d =


156.40 (Cq, ArO), 142.09 (Cq, Ar), 139.09 (Cq, Ar), 136.78 (Cq, Ar),
133.71 (Cq, Ar), 132.94 (CH, Ar), 129.32 (CH, Ar), 129.28 (CH, Ar),
127.81 (CH, Ar), 125.11 (CH, Ar), 114.72 (CH, Ar), 114.52 (CH, Ar),
69.40 (CH2O), 58.85 (NCH2), 56.24 (SCH2), 42.69 (Cq-CH2), 41.72 (CH2),
35.46 (CH2), 31.16 (CH2), 26.08 (CH2), 22.55 (CH2), 22.40 (CH2), 22.47
(CH2), 16.77 (CH2), 13.85 (CH3); elemental analysis calcd (%) for
C60H84OBrNS3: C 71.25, H 8.37; found: C 70.58, H 7.68.


Synthesis of 9-armed ammonium dendrons


Bromobenzyl 9-allyl dendron (2b): A mixture of phenol-9-allyl dendron
1b (0.500 g, 0.547 mmol), K2CO3 (0.230 g 1.645 mmol), and p-dibromoxy-
lene (0.722 g, 2.735 mmol) in CH3CN was stirred for 7 d at room temper-
ature. After removal of the solvent under vacuum, the residue was ex-
tracted with pentane (3M30 mL). The solvent was removed under
vacuum and the product was purified by chromatography (silica gel, pen-
tane/diethyl ether 9:1) to provide 2b as a colorless oil (0.570 g,
0.519 mmol, 95%). 1H NMR (CDCl3, 200.16 MHz): d = 7.42 (s, 4H, Ar),
7.28 (d, 2H, Ar), 7.19 (d, 6H, Ar), 6.93 (d, 2H, Ar), 6.81 (d, 6H, Ar),
5.54 (m, 9H, CH=CH2), 5.00 (m, 20H, CH=CH2, CH2O), 4.51 (s, 2H,
BrCH2), 3.88 (t, 6H, CH2O), 2.41 (d, 18H, CH2CH=CH2), 1.86 (m, 6H,
CH2), 1.63 (m, 6H, CH2);


13C NMR (CDCl3, 62.91 MHz): d = 156.74
(Cq, ArO), 156.52 (Cq, ArO), 138.82 (Cq, Ar), 138.73 (Cq, Ar), 137. 45
(Cq, Ar), 136. 82 (Cq, Ar), 134.58 (CH=CH2), 129.19 (CH, Ar), 127.78
(CH, Ar), 127.70 (CH, Ar), 127.50 (CH, Ar), 117.38 (CH=CH2), 114.27
(CH, Ar), 113.72 (CH, Ar), 69.63 (CH2O), 68.07 (CH2O), 42.56 (Cq-
CH2), 41.99 (Cq-CH2), 41.84 (CH2), 33.68 (CH2), 33.11 (BrCH2), 23.66
(CH2); MALDI TOF MS: m/z : calcd for 1119.45; found 1119.37
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[M+Na]+ ; elemental analysis calcd (%) for C72H87O4Br (1096.38): C
78.88, H 8.00; found: C 78.80, H 8.06.


9-Allyl ammonium salt dendron (3b): This compound was obtained as a
colorless solid according to the procedure described above for 3a, but
from 2b instead of 2a. Yield: 0.886 g, 0.648 mmol, 68%; 1H NMR
(CDCl3, 200.16 MHz): d = 7.56 (s, 4H, Ar), 7.28 (d, 2H, Ar), 7.19 (d,
6H; Ar), 6.97 (d, 2H, Ar), 6.82 (d, 6H, Ar), 5.53 (m, 9H, CH=CH2), 5.00
(m, 20H CH=CH2, and CH2O), 3.88 (t, 6H, CH2O), 3.30 (m, 8H, NCH2),
2.42 (d, CH2CH=CH2), 1.83 (m, CH2), 1.60 (m, CH2), 1.40 (m, CH2), 0.90
(m, 9H, CH3);


13C NMR (CDCl3, 62.91 MHz): d = 156.76 (Cq, ArO),
156.52 (Cq, ArO), 140.18 (Cq, Ar), 137.53 (Cq, Ar), 134.58 (CH=CH2),
132.75 (Cq, Ar), 128.15 (Cq, Ar), 127.56 (CH, Ar), 126.86 (CH, Ar),
124.06 (CH, Ar), 117.41 (CH=CH2), 114.25 (CH, Ar), 113.74 (CH, Ar);
69.10 (CH2O), 68.10 (CH2O), 58.80 (CH2N), 42.60 (Cq-CH2), 42.09 (Cq-
CH2), 41.87 (CH2), 33.70 (CH2), 31.16 (CH2), 26.53 (CH2), 26.04 (CH2),
23.70 (CH2), 22.63 (CH2), 22.40 (CH2), 13.80 (CH2); elemental analysis
calcd (%) for C90H126O4BrN: C 79.14, H 9.30; found: C, 78.80, H 8.64.


9-n-Propyl phenol dendron (5b): This compound was obtained as a col-
orless solid according to the procedure described above for 5a, but from
1b instead of 1a. Yield: 0.489 g, 0.525 mmol, 96%; 1H NMR (CDCl3,
200.16 MHz): d = 7.22 (d, 8H, Ar), 6.82 (d, 8H, Ar), 3.85 (t, 6H,
CH2O), 1.61 (m, 24H, CH2), 1.05 (m, 24H, CH2), 0.88 (t, 27H, CH3);
13C NMR (CDCl3, 62.91 MHz): d = 156.32 (Cq, ArO), 152.86 (Cq, ArO),
140. 51 (Cq, Ar), 140.31 (Cq, Ar), 127.56 (CH, Ar), 127.33 (CH, Ar),
114.56 (CH, Ar), 113.56 (CH, Ar), 68.18 (CH2O), 42.80 (Cq-CH2), 42.60
(Cq-CH2), 40.22 (CH2), 35.23 (CH2), 29.56 (CH2), 28.62 (CH2), 16.70
(CH2), 14.89 (CH3); elemental analysis calcd (%) for C64H98O4: C 82.53,
H 10.60; found: C 81.79, H 10. 24.


Bromobenzyl 9-n-propyl dendron (6b): This compound was obtained as
a colorless solid according to the procedure described above for 2a, but
from 5b instead of 1a. Yield: 0.440 g, 0.395 mmol, 92%; 1H NMR
(CDCl3, 200.16 MHz): d = 7.42 (s, 4H, Ar), 7.28 (d, 2H, Ar), 7.19 (d,
6H; Ar), 6.93 (d, 2H, Ar), 6.78 (d, 6H, Ar), 5.54 (m, 9H, CH=CH2), 5.03
(s, 2H, CH2O), 4.51 (s, 2H, BrCH2), 3.88 (t, 6H, CH2O), 1.89 (m, 6H,
CH2), 1.61 (m, 24H, CH2), 1.05 (m, 24H, CH2), 0.88 (t, 27H, CH3);
13C NMR (CDCl3, 62.91 MHz): d = 156.63 (Cq, ArO), 156.36 (Cq, ArO),
140.02 (Cq, Ar), 139.20 (Cq, Ar), 138.90 (Cq, Ar), 129.21 (CH, Ar), 128.12
(CH, Ar), 127.81 (CH, Ar), 127.54 (CH, Ar), 127.30 (CH, Ar), 114.32
(CH, Ar), 113.53 (CH, Ar), 69.49 (CH2O), 68.15 (CH2O), 42.60 (Cq-
CH2), 42.07 (Cq-CH2), 40.64 (CH2), 40.21 (CH2), 33.70 (CH2), 33.13
(CH2Br), 23.75 (CH2), 17.25 (CH2), 14.84 (CH3); elemental analysis calcd
(%) for C72H105O4Br: C 77.59, H 9.50; found: C 76.80, H 9.10.


9-n-Propyl ammonium salt dendron (7b): This compound was obtained
as a colorless solid according to the procedure described above for 3a,
but from 6b instead of 2a. Yield: 0.886 g, 0.640 mmol, 80%. After re-
moval of the solvent under vacuum, the residue was washed with cooled
pentane, and dried under vacuum. 1H NMR (CDCl3, 200.16 MHz): d =


7.53 (s, 4H, Ar), 7.16 (d, 2H, Ar), 6.92 (d, 2H, Ar), 6.77 (d, 6H, Ar),
5.05 (s, 2H, CH2O), 3.86 (br, 6H, CH2O), 3.22 (br, CH2N), 1.89 (br, 6H,
CH2), 1.61 (m, CH2), 1.32 (br, CH2), 1.05 (br, CH2), 0.88 (br, CH3);
13C NMR (CDCl3, 62.91 MHz): d = 157.19 (Cq, ArO), 156.36 (Cq, ArO),
140. 02 (Cq, Ar), 139. 24 (Cq, Ar), 138.90 (Cq, Ar), 129.21 (CH, Ar),
128.12 (CH, Ar), 127.75 (CH, Ar), 127.54 (CH, Ar), 127.30 (CH, Ar),
114.32 (CH, Ar), 113.53 (CH, Ar), 69.49 (CH2O), 68.15 (CH2O), 42.72
(Cq-CH2), 42.07 (Cq-CH2), 40.88 (CH2), 31.05 (CH2), 25.81 (CH2), 22.75
(CH2), 22.47 (CH2), 16.28 (CH2), 14.84 (CH3), 13.92 (CH3); elemental
analysis calcd (%) for C90H144O4BrN: C 78.10, H 10.49; found: C 77.06,
H 9.98.


9-Aryl sulfide phenol dendron (10b): A mixture of 3-aryl sulfide phenol
dendron 10a (0.914 g, 1.340 mmol) and K2CO3 (0.348 g, 2.480 mmol) in
DMF (20 mL) was stirred at room temperature for 30 min. To this mix-
ture was added the protected triiodophenol dendron 10c (0.200 g,
0.299 mmol) dissolved in DMF (10 mL). The reaction mixture was stirred
for 2 d at room temperature. K2CO3 (0.188 g, 1.340 mmol) and water
(0.350 mL) were added, and the reaction mixture was stirred at 40 8C for
48 h. The mixture was extracted with CH2Cl2 (3M20 mL), and the result-
ing solution washed with water and dried over sodium sulfate. After re-
moval of the solvent under vacuum, the product was purified by chroma-


tography (silica gel, diethyl ether/acetone 8:2) to afford 10b as a beige
solid (0.415 g, 0.218 mmol, 73%). 1H NMR (CDCl3, 250.13 MHz): d =


7.82–7.52 (m, 45H, Ar), 7.00 (br, 8H, Ar), 6.72 (br, 8H, Ar), 3.86 (br,
6H, CH2O), 2.95 (br t, 18H, SCH2), 1.63 (br, 24H, CH2), 1.48 (br, 24H,
CH2);


13C NMR (CDCl3, 62.91 MHz): d = 157.26 (Cq, ArO), 157.13 (Cq,
ArO), 139.00 (Cq, Ar), 135.84 (Cq, Ar), 133.66 (CH, Ar), 129.07 (CH,
Ar), 127.81 (CH, Ar), 127.05 (CH, Ar), 125.17 (CH, Ar), 114.36 (CH,
Ar), 68.19 (CH2O), 56.25 (SCH2), 42.58 (Cq-CH2), 42.26 (Cq-CH2), 41.96
(CH2), 35.68 (CH2), 23.78 (CH2), 16.87 (CH2); elemental analysis calcd
(%) for C118H134O4S9: C 74.40, H 7.09; found: C 73.12, H 6.98.


Bromobenzyl 9-aryl sulfide dendron (11b): This compound was obtained
as a beige solid according to the procedure described above for 2a, but
from 10b instead of 1a. Yield: 0.310 g, 0.146 mmol, 70%; 1H NMR
(CDCl3, 200.16 MHz): d = 7.80–7.36 (br, Ar), 6.97 (br, Ar), 6.75 (br,
Ar), 5.15 (br, 2H, CH2O), 4.49 (br, 2H, BrCH2), 3.88 (br, 6H, CH2O),
2.93 (br, 18H, SCH2), 1.80 (br, CH2), 1.46 (br, CH2);


13C NMR (CDCl3,
62.91 MHz): d = 139.15 (Cq, Ar), 134.10 (Cq, Ar), 129. 72 (Cq, Ar),
129.09 (CH, Ar), 128.90 (CH, Ar), 128.25 (CH, Ar), 127.62 (CH, Ar),
127.42 (CH, Ar), 114.79(CH, Ar), 69.71 (CH2O), 69.59 (CH2O), 56.68
(SCH2), 43.02 (Cq-CH2), 35.88 (CH2), 33.32 (CH2Br), 23.98 (CH2), 17.32
(CH2); elemental analysis calcd (%) for C126H141O4S9Br: C 72.79, H 6.73;
found: C 72.29, H 6.66.


9-Aryl sulfide ammonium salts dendron (12b): This compound was ob-
tained as a beige solid according to the procedure described above for
3a, but from 11b instead of 2a. Yield: 0.298 g, 0.126 mmol, 89%;
1H NMR (CDCl3, 200.16 MHz): d = 7.80–7.35 (brm, Ar), 6.98 (br, Ar),
6.71 (br, Ar), 5.16 (br, 2H, CH2O), 3.88 (br, 6H, CH2O), 3.26 (br,
CH2N), 2.93 (br, 18H, SCH2), 1.77 (br, CH2), 1.65 (br, CH2), 1.42 (br,
CH2), 0.87 (br, CH3);


13C NMR (CDCl3, 62.91 MHz): d = 156.57 (Cq,
ArO), 139.07 (Cq, Ar), 133.72 (Cq, Ar), 132.84 (CH, Ar), 129.33 (CH,
Ar), 128.61 (CH, Ar), 127.80 (CH, Ar), 127.11 (CH, Ar), 114.30 (CH,
Ar), 68.18 (CH2O), 58.90 (CH2N), 56.29 (CH2S), 42.37 (Cq-CH2), 35.48
(CH2), 31.16 (CH2), 26.55 (CH2), 26.08 (CH2), 22.61 (CH2), 22.40 (CH2),
16.88 (CH2), 13.86 (CH3); elemental analysis calcd (%) for
C144H180O4S9BrN: C 73.36, H 7.70; found: C 72.89, H 7.39.


General procedure for the synthesis of POM-cored dendrimers : H2O2


(4.8 mL, 35% in water) was added to a solution of commercial heteropo-
lyacid H3PW12O40 (0.096 mmol) in water (0.160 mL). The mixture was
stirred at room temperature for 30 min. A solution of ammonium bro-
mide salt (0.250 mmol) in CH2CH2 (1.5 mL) was added, and the mixture
was stirred for an additional hour for the 9-armed dendrimer and 2 h for
the 27-armed dendrimer. The CH2Cl2 layer was washed with water
(0.5 mL) and dried over sodium sulfate. The product was obtained by re-
moving the solvent under vacuum.


9-Armed tetrakis(diperoxotungsto)phosphate-cored dendrimers


9-Epoxide tetrakis(diperoxotungsto)phosphate-cored dendrimer (4a):
Light yellow solid (0.075 mmol, 233 mg, 90%); 1H NMR (CDCl3,
200.16 MHz, broad signals): d = 7.58 (s, 12H, Ar), 7.30 (d, 6H, Ar), 7.00
(d, 6H, Ar), 5.07 (s, 6H, CH2O), 4.75 (m, 6H, NCH2), 3.13 (m, 18H,
NCH2), 2.91–2.00 (m, CH, CH2), 1.80 (m, 18H, CH2), 1.34 (m, 54H,
CH2), 0.90 (m, 18H, CH3);


13C NMR (CDCl3, 62.91 MHz): d = 157.03
(Cq, ArO), 138.95 (Cq, Ar), 137.15 (Cq, Ar), 132.97 (Cq, Ar), 127.85 (CH,
Ar), 127.73 (CH, Ar), 126.46 (CH, Ar), 114.63 (CH, Ar), 69.34 (CH2O),
58.46 (CH2N), 48.89 (CH), 46.76 (CH2), 42.70 (Cq-CH2), 31.14 (CH2),
25.85 (CH2), 22.39 (CH2), 22.11 (CH2), 13.95 (CH3);


31P NMR (CDCl3,
81.02 MHz): d = 2.96 (PO4); FT-IR (KBr plates): ñ = 1084–1052 (P–O),
963 (W=O), 845 (O–O), 580 and 521 cm�1 (W(O2)s,as) ; elemental analysis
calcd (%) for C126H198O36N3PW4: C 48.86, H 6.44; found: C 47.93, H 6.30.


9-n-Propyl tetrakis(diperoxotungsto)phosphate-cored dendrimer (8a):
Light yellow solid (0.071 mmol, 210 mg, 85%); 1H NMR (CDCl3,
200.16 MHz, broad signals): d = 7.41 (m, 12H, Ar), 7.19 (d, 6H, Ar),
6.89 (d, 6H, Ar), 5.33 (s, 6H, CH2O), 3.30 (NCH2), 1.72 (CH2), 1.33
(CH2), 0.87 (CH3);


13C NMR (CDCl3, 62.91 MHz): d = 157.03 (Cq,
ArO), 138.95 (Cq, Ar), 137.15 (Cq, Ar), 132.97 (Cq, Ar), 127.85 (CH, Ar),
127.73 (CH, Ar), 126.46 (CH, Ar), 114.63 (CH, Ar), 69.34 (CH2O), 58.06
(CH2N), 42.70 (Cq-CH2), 31.04 (CH2), 25.87 (CH2), 22.40 (CH2), 21.75
(CH2), 21.72 (CH2), 16.71 (CH3), 13.94 (CH3);


31P NMR (CDCl3,
81.02 MHz): d = 3.02 (PO4), FT-IR (KBr plates): ñ = 1083–1052 (P–O),
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969 (W=O), 840 (O–O), 580 and 522 cm�1 (W(O2)s,as) ; elemental analysis
calcd (%) for C124H216O27N3PW4: C 50.53, H 7.39; found: C 49.59, H 6.56.


9-Aryl sulfide tetrakis(diperoxotungsto)phosphate-cored dendrimer
(13a): Light yellow solid (0.070 mmol, 278 mg, 85%); 1H NMR (CDCl3,
200.16 MHz, broad signals): d = 7.82–7.36 (m, Ar), 6.99 (d, Ar), 6.86 (d,
Ar), 5.03 (s, 6H, CH2O), 2.95 (CH2N and SCH2), 1.77 (CH2), 1.64 (CH2),
1.41 (CH2), 1.30 (CH2), 0.86 (CH3);


13C NMR (CDCl3, 62.91 MHz): d =


156.79 (Cq, ArO), 139.07 (Cq, Ar), 133.74 (Cq, Ar), 133.66 (Cq, Ar),
129.32 (CH, Ar), 127.81 (CH, Ar), 127.79 (CH, Ar), 114.80 (CH, Ar),
69.34 (CH2O), 58.38 (CH2N), 56.24 (SCH2), 42.84 (Cq-CH2), 35.36 (CH2),
31.08 (CH2), 25.74 (CH2), 22.35 (CH2), 16.84 (CH3), 13.92 (CH3);
31P NMR (81 MHz, CDCl3): d = 2.87 (PO4); FT-IR (KBr plates): ñ =


1076–1052 (P–O), 963 (W=O), 830 (O–O), 580 and 521 cm�1 (W(O2)s,as) ;
elemental analysis calcd (%) for C180H252O27N3PS9W4: C 54.80, H 6.44;
found: C 53.90, H 5.93.


27-Armed tetrakis(diperoxotungsto)phosphate-cored dendrimers


27-Epoxide tetrakis(diperoxotungsto)phosphate-cored dendrimer (4b):
Light yellow solid (0.079 mmol, 432 mg, 95%); 1H NMR (CDCl3,
200.16 MHz, broad signals): d = 7.52 (s, 12H, CH2), 7.31 (d, 24H, Ar),
6.90 (d, 6H; Ar), 6.86 (d, 18H, Ar), 5.05 (s, 6H, CH2O), 3.90 (br, 18H,
CH2O), 3.20 (br, 24H, NCH2), 2.91–2.00 (brm, CH and CH2), 1.80 (br,
CH2), 1.37 (br, CH2), 0.88 (br, CH3);


13C NMR (CDCl3, 62.91 MHz): d =


157.00 (Cq, ArO), 156.14 (Cq, ArO), 139.07 (Cq, Ar), 138.53 (Cq, Ar),
136.10 (Cq, Ar), 132.48 (Cq, Ar), 127.76 (CH, Ar), 127.57 (CH, Ar),
127.47 (CH, Ar), 127.40 (CH, Ar), 127.31 (CH, Ar), 114.50 (CH, Ar),
114.25 (CH, Ar), 69.28 (CH2O), 68.23 (CH2O), 58.47 (CH2N), 48.90
(CH), 46.62 (CH2), 33.70 (Cq-CH2), 31.14 (CH2), 29.63 (CH2), 25.89
(CH2), 23.67 (CH2), 22.41 (CH2), 22.13 (CH2), 13.91 (CH3);


31P NMR
(CDCl3, 81.02 MHz): d = 2.47 (PO4); FT-IR (KBr plates): ñ = 1080–
1056 (P–O), 959 (W=O), 830 (O-O), 580 and 521 cm�1 (W(O2)s,as) ; ele-
mental analysis calcd (%) for C270H378N3O64PW4: C 59.44, H 6.98; found:
C 58.84, H 6.76.


27-n-Propyl tetrakis(diperoxotungsto)phosphate-cored dendrimer (8b):
Light yellow oily solid (0.076 mmol, 384 mg, 91%); 1H NMR (CDCl3,
200.16 MHz, broad signals): d = 7.54 (s, 4H, Ar), 7.16 (d, 6H, Ar), 6.92
(d, 2H, Ar), 6.77 (d, 6H, Ar), 5.02 (s, 2H, CH2O), 3.86 (br, 6H, CH2O),
3.23 (br, CH2N), 1.75 (br, 6H, CH2), 1.54 (br, CH2), 1.32 (br, CH2) 1.03
(br, CH2) 0.88 (br, CH3);


13C NMR (CDCl3, 62.91 MHz): d = 157.19 (Cq,
ArO), 140.53 (Cq, Ar), 128.50 (CH, Ar), 127.75 (CH, Ar), 113.53 (CH,
Ar); 64.42 (CH2O), 57.75 (CH2N), 42.20 (Cq-CH2), 39.97 (CH2), 36.08
(CH2), 31.40 (CH2), 31.05 (CH2), 26.05 (CH2), 25.81 (CH2), 22.75 (CH2),
22.40 (CH2), 21.84 (CH2), 16.28 (CH2), 14.62 (CH3), 13.92 (CH3);
31P NMR (CDCl3, 81.02 MHz): d = 3.54 (PO4); FT-IR (KBr plates): ñ =


1083 and 1057 (P–O), 974 (W=O), 845 (O–O), 590 and 517 cm�1


(W(O2)s,as) ; elemental analysis calcd (%) for C270H432N3O36PW4: C 64.06,
H 8.60; found: C 64.75, H 8.47.


27-Aryl sulfide tetrakis(diperoxotungsto)phosphate-cored dendrimer
(13b): Light yellow solid (0.079 mmol, 632 mg, 95%); 1H NMR (CDCl3,
200.16 MHz, broad signals): d = 7.86–7.39 (m, Ar), 7.01 (br, Ar), 6.80
(br, Ar) 5.16 (br, CH2O), 3.89 (br, CH2O), 3.08 (br, CH2N), 2.95 (SCH2),
1.71 (CH2), 1.36 (CH2), 1.30 (CH2), 0.86 (CH3);


13C NMR (CDCl3,
62.91 MHz): d = 139.07 (Cq, Ar), 139.04 (Cq, Ar), 133.66 (Cq, Ar), 133.62
(Cq, Ar), 129.29 (CH, Ar), 128.45 (CH, Ar), 127.80 (CH, Ar), 127.79
(CH, Ar), 114.35 (CH, Ar), 68.31 (CH2O), 58.80 (CH2N), 56.23 (SCH2),
42.58 (Cq-CH2), 35.47 (CH2), 31.18 (CH2), 25.90 (CH2), 22.39 (CH2),
16.88 (CH3), 13.81 (CH3);


31P NMR (CDCl3, 81.02 MHz): d = 2.74
(PO4); FT-IR (KBr plates): ñ = 1086 and 1057 (P–O), 974 (W=O), 845
(O–O), 590 and 522 cm�1 (W(O2)s,as) ; elemental analysis calcd (%) for
C432H540O36N3PS27W4: C 65.00, H 6.82; found: C 64.46, H 6.58.


General procedure for the catalytic oxidation reactions with the 9-and
27-armed POM-cored dendritic catalysts and for the catalyst recovery ex-
periments : The substrate (250 equiv) and 35% H2O2 (800 equiv) was
added to a CDCl3 solution (3 mL) of catalyst (0.004 mmol). The reaction
mixture was stirred at 35 8C and monitored by 1H NMR. Upon comple-
tion, the CDCl3 layer was separated and concentrated under a vacuum to
�1 mL. The catalyst was precipitated by addition of Et2O (10 mL). The
solid was filtered and washed with Et2O (3M10 mL) to afford the POM
catalyst in a good-to-excellent yield (70–96%, see Table 4, main text).


The catalyst was recovered following the typical procedure and condi-
tions described above for the first cycle, CDCl3 and reactants being ad-
justed to the amount of catalyst used. The reaction was performed with
cyclooctene 14a, thioanisole 14b, and cyclohexanol 14e using dried, re-
covered compound 4a,b, 8a,b, and 13a,b. The catalyst was completely
dissolved in CDCl3, and the reactants were added to the solution. After
completion, the kinetics remained unchanged because the data collected
were comparable to those summarized in Table 2 for the first cycle. The
catalyst was recovered and checked by 1H and 31P NMR, with a yield be-
tween 50 and 96% (Table 4).
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Lower Main-Group Element Complexes with a Soft Scorpionate Ligand: The
Structural Influence of Stereochemically Active Lone Pairs
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Introduction


The field of poly(pyrazolyl)borate chemistry has been stud-
ied extensively, since the introduction of this ligand system
in 1966 by Trofimenko.[1] Over 170 different N-donor scorpi-
onate ligands have now been prepared, with varying degrees
of substitution and steric bulk incorporated onto the pyra-
zolyl rings.[2] These ligands are readily prepared, with hydro-
tris(pyrazolyl)borate (Tp) and hydrotris(3,5-dimethylpyrazo-
lyl)borate (Tp*) being the most commonly utilized members
of this family of ligands. Complexes of poly(pyrazolyl)bo-
rates with every d-block element are known and a variety of
oxidation states and coordination geometries are supported.
These versatile ligands have also found application as key


components in materials science,[3] catalysis[4] and coordina-
tion chemistry.[5]


While the chemistry of poly(pyrazolyl)borates with transi-
tion metals has received considerable attention and contin-
ues to expand, the chemistry of these ligands with the softer,
lower main-group elements is much less developed and re-
mains fragmented. On examination of the literature, it is
evident that the boundaries of poly(pyrazolyl)borate
chemistry are effectively reached on passing Group 14, al-
though a single structurally characterised bismuth complex
has recently been reported.[6] The paucity of stable com-


Abstract: The syntheses and structures
of complexes of the fifth period ele-
ments indium and antimony, and the
sixth period element bismuth with the
soft scorpionate ligand, hydrotris(meth-
imazolyl)borate (TmMe) are reported.
A considerable variety of structural
motifs were obtained by reaction of the
main-group element halide and
NaTmMe. The indium(iii) complexes
took the form [In(k3-TmMe)2]


+ . This
motif could not, however, be isolated
for antimony(iii), the dominant product
being [Sb(k3-TmMe)(k1-TmMe)X] (X=


Br, I). An iodo-bridged species [Sb(k3-
TmMe)I(m2-I)]2, analogous to a previ-


ously reported bismuth complex, was
also isolated. Reaction of antimony(iii)
acetate with NaTmMe results in a re-
markable species in which three differ-
ent ligand binding modes are observed.
In each antimony complex the influ-
ence of the nonbonded electron pair is
observed in the structure. Bismuth hal-
ides form complexes analogous to
those of antimony, with directional
lone pairs, but in addition, reaction of


Bi(NO3)3 with NaTmMe results in a
complex with a regular S6 coordination
sphere and a nonstereochemically
active lone pair. Comparisons are
drawn with known TmMe complexes of
As, Sn, and Bi in which the stereo-
chemical influence of the lone pairs is
negligible and with TmMe complexes of
Te and Bi in which the lone pairs are
stereochemically active. This study
highlights the ability of TmMe to coor-
dinate in a variety of modes as dictated
by the metal centre with no adverse ef-
fects on the stability of the complexes
formed.
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plexes of the remaining lower main-group ions may be re-
garded as principally due to the hard nature of the ligand
and the softness of the elements, and thus a progressive
study across the lower main group using poly(pyrazolyl)bo-
rates has not been possible thus far.


The recent explosion of interest in soft analogues of Tp,
particularly the S3-donor hydrotris(methimazolyl)borate
(TmMe),[7,8] has allowed stable scorpionate complexes of the
lower main group to be synthesized. This soft tripodal


ligand readily forms complexes with the heavier group 13–
16 elements. Already, well-characterized complexes are
known with thallium(i/iii),[9,10] tin(iv),[11] arsenic(iii),[11]


bismuth(iii)[12] and tellurium(ii),[6] while the bulkier tris(1-
phenyl-2-thioimidazolyl)borate (TmPh) ligand also supports
complexes of lead(ii).[13, 14] Other soft scorpionate ligands
known to form complexes with the lower main-group ele-
ments are the hydrotris(thiazolyl)borates (Tz and Tbz) and
the unique ambidentate (N3/S3 donor) hydrotris(thioxotri-
azolinyl)borates (Tt). Thallium(i) compounds have been


formed with the thiazolyl-based borates,[10] while tin(iv) and
bismuth(iii) complexes have been generated with the thioxo-
triazolinyl borates.[15,16]


These complexes display a variety of structural motifs, but
the general preference is for the ligand to coordinate in a k3


mode. The majority of the complexes formed have a ligand
to metal ratio of 2:1, with the dominant motif being a cat-
ionic sandwich structure (Scheme 1).


Various other motifs have also been observed in main-
group element complexes, with the chemistry of tin(iv) ef-
fectively illustrating the ability to control the bonding mode
of the ligand by tuning the steric bulk around the metal ion.
In the unusual complex [Sn(TmMe)(Cy)3], the ligand is coor-
dinated in a k1 mode due to the presence of three bulky,
nonlabile cyclohexyl groups.[17] The chemistry of lead(ii)
with TmPh also displays two structural motifs not observed
elsewhere. When the ratio of ligand to metal is 1:1 the
simple salt [Pb(k3-TmPh)][ClO4] is obtained, with the cation
assuming a trigonal pyramidal geometry.[13] On increasing
the ratio of ligand to metal to 2:1, a second ligand associates
with the lead ion. One ligand remains coordinated in the
usual k3 mode, while the other is only weakly associated
with the metal in an inverted configuration, with three
thione sulfur atoms and the hydride directed towards the
metal.[14] The average Pb�S bond lengths in the secondary
ligand are 3.471 J, compared to 2.848 J for the k3 ligand.
The formation of this unusual structure has been attributed
to the increased steric bulk in TmPh, which prevents the two
ligands from coordinating to the metal centre. This argu-
ment is not unambiguous, since although a lead complex of
the parent ligand TmMe has been prepared, it has not been
structurally characterised,[12] and thus no direct comparison
has been possible to quantify the effect of the increased
steric bulk.


It is evident that, in contrast to their N-donor congeners,
the S-donor tripodal borate ligands are capable of support-
ing a wide variety of complexes with the lower main-group
elements. Herein, we report the preparation and characteri-
sation of antimony and bismuth complexes with TmMe and


Scheme 1. The cationic sandwich motif adopted by TmR ligands with
lower main-group elements.
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undertake the first systematic evaluation across Groups 13–
16 with use of the soft scorpionate ligand TmMe.


Results


We have previously described the preparation of arsenic
(iii),[11] bismuth(iii)[12] and tin(iv)[11] complexes with TmMe


from their respective halides, together with a brief report of
a tellurium(ii) complex.[6] Extension of this methodology has
facilitated the synthesis of the first TmMe complexes with
indium and antimony, together with new complexes of bis-
muth. In each case a small excess of ligand was added to the
appropriate metal halide under broadly similar conditions,
ensuring that the structural motif adopted was driven pri-
marily by the identity of the metal, not other experimental
factors.


The reaction of indium triiodide with NaTmMe resulted in
the isolation of a white solid analysing as [In(k3-TmMe)2]I
(1a) (Scheme 2). Mass spectrometry confirms the presence


of the [In(TmMe)2]
+ ion, while the 1H NMR spectrum is


sharp, indicating minimal ligand exchange on the NMR
timescale. X-ray crystallography reveals (Figure 1) that the


cation adopts the same “sandwich” structure as observed in
the previously reported [E(TmMe)2]


n+ species (E=TlIII,[9]


SnIV,[11] AsIII[11] and BiIII[12] and the key structural parameters
for these complexes are compared in Table 1). It should be
noted that the structure of [In(TmMe)2]I·2 DMF·H2O is crys-
tallographically isomorphous with that of the corresponding


arsenic complex. The indium(iii) ion resides on a crystallo-
graphic inversion centre in an almost regular S6 octahedral
environment (Figure 1), with interligand S-In-S angles in the
range 86.14(2)–87.65(3)8, while the average intraligand S-In-
S (bite) angles lie between 92.35(3) and 93.86(2)8 ; this ge-
ometry results in a slight compression of the coordination
octahedron, as previously observed[9,11] . There is little varia-
tion in the In�S bond lengths (2.6028(8), 2.6219(8) and
2.6231(8) J), which are comparable with those in the simple
octahedral tris-dithiocarbamate complexes of indium(iii),[18]


but shorter than in the corresponding heavier congener [Tl-
(TmMe)2]


+ (2.686 J),[9] by an amount commensurate with
the difference in ionic radii of the two ions (Table 1). As ex-
pected, the environment around the indium ion is more reg-
ular for TmMe than is seen in dithiocarbamate and related
didentate thione donors.


Although Reger et al. have prepared Tp, pzTp and Tp*
complexes of indium,[19] no direct analogues of our complex
have been observed. Instead, with Tp* a 1:1 adduct [In-
(Tp*)Cl2] is isolated, while with pzTp 2:1 adducts [In-
(pzTp)2Cl] and 3:1 adducts [In(pzTp)3] are obtained. In the
2:1 complexes, the halide is coordinated forcing one ligand
to coordinate in a k2 mode. However, dissolution in halogen-
ated solvents apparently results in displacement of the chlo-
ride ion, thus allowing both ligands to adopt a k3 coordina-
tion mode. With Tp* the [In(Tp*)2X] species is not ob-
tained, possibly due to the steric interactions of the bulkier
3,5-disubstituted ligand.


The reaction of antimony tribromide or triiodide
(Scheme 3) with two equivalents of NaTmMe gave rise to
yellow–orange crystalline materials that analysed as [Sb-
(TmMe)2]X (2a,c : X=Br, I, respectively). In each case
1H NMR spectra revealed very broad singlets for the pro-
tons on the heterocyclic rings and for the methyl protons, in-
dicative of significant fluxionality in solution. All previous
examples of the expected bis-k3-TmMe motif gave well-re-
solved NMR spectra and the large linewidths observed here
suggested to us that this motif had not formed. Mass spec-
trometry showed the presence of an ion with mass equiva-


Scheme 2.


Figure 1. X-ray crystal structure of [In(k3-TmMe)2]I (1a) with thermal el-
lipsoids shown at the 50 % level.


Table 1. Summary of key structural parameters in [E(TmMe)2]
n+ complex


ions.


InIII [a] TlIII [b] SnIV [c] AsIII [c] BiIII [d]


intra S-E-S [8] [e] 92.35(3) 92.2(2) 92.98(2) 92.29(3) 89.81(7)
93.22(3) 92.4(2) 93.10(3) 93.54(3) 91.31(6)
93.86(2) 93.35(3) 94.45(3) 90.72(6)


inter S-E-S [8] 86.14(2) 84.4(2) 86.65(3) 85.55(3) 90.19(7)
86.78(3) 86.90(3) 86.46(3) 88.69(6)
87.65(3) 87.02(3) 87.71(3) 89.28(6)


E�S [J] 2.603(8) 2.682(7) 2.549(9) 2.570(10) 2.806(2)
2.622(8) 2.690(7) 2.550(9) 2.571(10) 2.802(2)
2.623(8) 2.555(9) 2.590(10) 2.802(2)


E···B [J] 4.128 4.26(6)/
4.17(2)


4.15 4.12 4.26


intra S···S [J] 3.80 3.87 3.71 3.75 3.99
inter S···S [J] 3.60 3.72 3.51 3.53 3.94
N-B-N (av) [8] 112.0 112.8 111.1 111.9 111.6


[a] This Work. [b] Ref. 9. [c] Ref. 11. [d] Ref. 12. [e] Bite Angle.
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lent to [Sb(TmMe)2]
+ , but X-ray diffraction studies of the


isostructural bromide and iodide complexes revealed a
“5+1” coordination geometry at the antimony atom, consist-


ing of one TmMe ligand coordi-
nated in the usual k3 mode, one
ligand in a k1 mode and a
halide ion, generating a square-
pyramidal primary coordination
geometry. The sixth coordina-
tion site interacts weakly with a
second sulfur atom of the k1-co-
ordinated TmMe ligand. The
structure of the bromide is


shown in Figure 2 and the key bond lengths and angles are
presented in Table 2.


The Sb�S bond lengths for the k3-coordinated ligand are
in the range 2.55–2.73 J, while the second ligand has one
Sb�S bond length of 2.71 J, with the second sulfur atom
weakly interacting at a distance of approximately 3.26 J. In
addition, the hydride attached to the boron atom ap-
proaches the antimony atom (at a distance of 2.87 J). The
Sb�S distances are comparable with those in dithiocarba-
mate,[20,21] dithiolene[22] and thiophosphonate[23] complexes.
Inspection of the Cambridge Crystallographic database[24]


reveals that crystallographically determined Sb�S distances
lie in the range 2.29–3.49 J, but with a mean of 2.56 J and
only 4.4 % being greater than 3.0 J. Thus the shortest Sb�S
distances in our complexes are generally a little longer than
on average, while the longest is quite unusually so. The coor-
dinated halides are also found to have Sb�X bond lengths
(2.9163(5) J (Br) and 3.1498(6) J (I)) somewhat longer
than the average (2.73 J (Br); 3.05 J (I)). A significant de-


viation from ideal octahedral
geometry is evident when the
bond angles are scrutinized.
While the intraligand S-Sb-S
bond angles within the k3-coor-
dinated ligand are all approxi-
mately ideal (between 88 and
90 8), the remainder of the co-
ordination sphere is markedly
distorted, with S-Sb-S and I-Sb-
S bond angles in the range
74.26–95.188, indicative of the
presence of a stereochemically
active lone pair in the vicinity
of the weakest Sb�S interac-
tion.


The observed structure
prompted us to consider varia-
ble-temperature NMR meas-
urements to further probe the
dynamic processes in solution.
While the iodide complex was
poorly soluble in all solvents
except DMSO and DMF, thus
precluding such measurements,
the analogous bromide complex
was appreciably more soluble
in CH2Cl2, allowing observation


Scheme 3.


Figure 2. X-ray crystal structure of [Sb(k3-TmMe)(k1-TmMe)I] (2c) with
thermal ellipsoids shown at the 50% level.


Table 2. Selected bond lengths [J] and angles [8] for the antimony complexes.


2c 2a 3a 4
X=Br X= I


k3 ligand
Sb�S1 2.5497(9) 2.5578(14) 2.5572(10) 2.6170(8)
Sb�S2 2.6308(10) 2.6177(14) 2.5932(9) 2.6137(8)
Sb�S3 2.7317(10) 2.7249(14) 2.6073(10) 2.5406(8)
k1/k2 ligand
Sb�S4 2.7033(10) 2.7135(13) – 2.9012(9)
Sb�S5 3.3069(11) 3.263 – 2.9183(8)
Sb�Xt 2.9163(5) 3.1498(6) 3.1851(4) –
Sb�Xbr – – 3.2518(4) –
Sb···X – – 3.3502(4) –
Sb···H 2.803 2.872 – 3.495
intraligand angles
S1-Sb-S2 89.34(3) 89.60(4) 90.11(3) 88.98(2)
S1-Sb-S3 88.08(3) 88.35(5) 91.80(3) 91.98(3)
S2-Sb-S3 89.11(3) 89.17(4) 91.77(3) 91.14(3)
S4-Sb-S5 101.88(3) 102.01(6) – 103.98(2)
interligand angles
S1-Sb-S4 84.88(3) 84.41(4) – 90.01(2)
S1-Sb-S5 167.30(3) 167.75(6) – 163.62(3)
S1-Sb-X 73.71(3) 74.26(3) 73.67(2), 2.96(2), 164.66(2) –
S2-Sb-S4 79.91(3) 79.66(4) – 163.96(3)
S2-Sb-S5 81.39(3) 81.42(6) – 75.21(2)
S2-Sb-X 162.33(3) 163.52(3) 162.55(2), 74.10(2), 89.76(2) –
S3-Sb-S4 167.00(3) 166.70(5) – 72.89(3)
S3-Sb-S5 83.14(3) 83.23(6) – 84.23(3)
S3-Sb-X 95.13(3) 93.56(3) 95.02(2), 165.12(2), 72.91(2) –
S4-Sb-X 101.89(5) 95.18(3) – –
S5-Sb-X 116.10(2) 115.03(7) – –
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of 1H NMR spectra in the temperature range 298–218 K. At
the lower temperature the resonances began to broaden
once more, probably indicative of precipitation from solu-
tion. The spectra of the methimazole ring protons are shown
in Figure 3. It would appear that at least two distinct pro-


cesses are in operation. Above 298 K a single set of broad
resonances is observed, which implies that all the methima-
zole environments on both TmMe ligands are equivalent. On
cooling, the peaks begin to sharpen, and at 298 K a pair of
peaks at d=6.95 and 7.02 ppm begin to resolve. These are
typical k3-coordinated ligands and probably result from the
slowing (on the NMR timescale) of the dissociation of the
k3-coordinated ligand. The spectrum continues to sharpen
until 258 K, at which temperature a further splitting occurs
and a pair of sharper peaks and a broad singlet in a 1:2 ratio
emerge. This presumably results from slowing the dissocia-
tion of the k2-coordinated ligand from the central antimony
atom. Whereas at higher temperatures all three methima-
zole environments interconvert, below 258 K the ligand dis-
sociation is slowed to give a sharp resonance for the uncoor-
dinated methimazole. The broad singlet corresponds to the
two coordinated methimazole moieties, which apparently
still undergo some fluxional process. This may be a dissocia-
tive process or possibly a “windscreen-wiper” twist of the
two methimazole rings. Hill has observed fluxionality in mo-
lybdenum complexes of TmMe[25] that he ascribes primarily
to dissociative processes, but in this case it is not possible to
distinguish between the two possibilities.


On occasion, a second crystalline material (yellow needles
as opposed to orange blocks) was obtained from the reac-
tion of SbI3 with NaTmMe; X-ray diffraction revealed these
crystals to be a dimeric complex, [{Sb(TmMe)I(m2-I)}2] (3a :
Scheme 3, Figure 4), analogous to that of the corresponding


bismuth complex, [{Bi(TmMe)Cl(m2-Cl)}2].[12] The dimer is
disposed about a crystallographic centre of symmetry with
the geometry around the antimony(iii) ion being distorted
octahedral. The TmMe ligands are coordinated in the k3


mode and are highly regular. The Sb�S bond lengths range
from 2.56–2.61 J, showing less variation than in the mono-
nuclear halo complexes described above. The S-Sb-S bond
angles range from 90.1–95.08, which are comparable to the
intraligand S-E-S bond angles observed in the lower main-
group complexes [E(TmMe)2]


n+ (E=As, Tl, Bi n=1; E=Sn,
n=2) . The terminal iodide has an Sb�I bond length of
3.1851(4) J, again somewhat longer than the average of
crystallographically determined Sb�I distances (3.05 J). The
iodide bridge is asymmetric with one Sb�I bond length sig-
nificantly shorter (3.2518(4) J) than the other
(3.3502(4) J), similar to distances previously observed in
[{Sb(RR’dtc)2(m2-I)}2] (3.280 and 3.359 J).[21] The presence
of stereochemically active lone pairs on the antimony(iii)
ions is again clear, as evidenced by the I-Sb-I bond angles,
which are all substantially larger than expected for ideal oc-
tahedral geometry, with values of 99.852(10), 101.74(10) and
107.594(10)8. In this case the lone pair apparently occupies
one face of the coordination octahedron.


It should also be noted that this species does not appear
to be representative of the bulk material obtained from
these reactions. Microanalysis and mass spectral data are all
identical to and consistent with the monomeric halide spe-
cies described above. It would seem that the dimer is in
equilibrium with [Sb(k3-TmMe)(k1-TmMe)I] (2a) and is able
to form at low concentrations in solution in the presence of
excess halide and crystallises preferentially. It is interesting
to note that the known bismuth analogue [{Bi(TmMe)Cl(m2-
Cl)}2] was also isolated in similar circumstances.[12]


Figure 3. Variable-temperature 1H NMR spectrum of [Sb(k3-TmMe)(k1-
TmMe)Br] (2c) in the temperature range 298–218 K.


Figure 4. X-ray crystal structure of [{Sb(k3-TmMe)(m2-I)I}2] (3a) with ther-
mal ellipsoids shown at the 50% level.
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Since halide was present in the coordination sphere of
each of the species obtained, a halide-free precursor was
sought in an effort to prepare the S6-donor [Sb(k3-TmMe)2]


+


ion. Reaction of Sb(OAc)3 with NaTmMe in methanol
(Scheme 4) resulted in the formation of a yellow solid (4),


the mass spectrum of which contained a species with the ap-
propriate m/z. However, the proton NMR spectrum was
once again extremely broad, indicating significant fluxionali-
ty and suggesting that the desired species was again not ob-
tained. The IR spectrum showed two nB�H frequencies, one
at 2450 cm�1 corresponding to a coordinated TmMe ligand
and one at 2510 cm�1 indicative of free TmMe. Once more,
crystallography revealed the true nature of this species
(Figure 5). The antimony centre has a primary coordination


sphere that contains five sulfur donor atoms in a square-pyr-
amidal arrangement. One TmMe ligand is coordinated in the
usual tridentate k3 mode with Sb�S distances in the range
2.54–2.62 J, while a second is in an “inverted” bidentate k2


mode reminiscent of the conformation adopted by one of
the ligands in [Te(k2-TmMe)2].[6] In the present case the Sb–S
bond distances are much longer at 2.901 and 2.918 J. The
third TmMe anion is weakly associated with the complex in
the vicinity of the vacant coordination site. It is interesting
to note that in solution at room temperature the coordinat-
ed and non-coordinated TmMe species exchange with one-


another, as evidenced by a single set of methimazole reso-
nances in the 1H NMR spectrum. This is in contrast to the
situation observed in [Sn(TmMe)2][TmMe]2,


[11] in which sharp
peaks for both the coordinated and free TmMe anions are
observed. Again the influence of the stereochemically active
lone pair is evident from the distortion of the primary coor-
dination polyhedron.


Our previous studies on bismuth TmMe complexes[12] re-
vealed a chloro-bridged dimer analogous to the dimeric an-
timony complex reported here; this bismuth dimer showed
clear signs of distortion of the coordination sphere due to
the lone pair. Recently, Shimada[26] has also reported a simi-
lar complex, [{Bi(TmtBu)Cl(m2-Cl)}2], formed from the TmtBu


ligand and BiCl3. In addition, we have been able to prepare
a regular octahedral complex, [Bi(TmMe)2]


+ , in which the
lone pair showed no structural influence.[12] Finally, a com-
plex which analyses as [Bi(TmMe)2Cl] has been prepared in
our laboratories, but has not been fully characterised. In the
light of our studies with the lighter Group 15 elements, it
was decided to reinvestigate the reaction of bismuth halide
with NaTmMe. Reaction of BiI3 with NaTmMe (Scheme 3) re-
sulted in the formation of an orange solid (2b). The mass
spectrum of this species showed only the presence of [Bi-
(TmMe)2]


+ , but the 1H NMR spectrum was very broad, in-
consistent with the regular octahedral [E(TmMe)2]


n+ com-
plexes. The X-ray crystal structure[27a] showed the compound
to be isomorphous with the monomeric species 2a,c de-
scribed above. Since the previously reported example of a
regular octahedral complex, [Bi(TmMe)2]


+ , had been pre-
pared by an indirect route, we decided to investigate wheth-
er such a species could also be prepared directly from a
halide-free precursor. Reaction of Bi(NO3)3 with NaTmMe


resulted in the formation of a burgundy solid (1c), which
gave a sharp 1H NMR spectrum and the crystal structure[27b]


of which revealed the expected regular S6 donor set
(Scheme 2). Thus there is a divergence in the behaviour of
bismuth from that of antimony, in that the former is able, in
favorable circumstances, to adopt a regular S6 donor set,
while the latter seems unwilling to do so.


Discussion


A significant body of structural data is now available for a
series of TmMe complexes across the fifth period (In–Te) and
also down Group 15 (As–Bi) and a comparison of the struc-
tures adopted is instructive. Interestingly a variety of struc-
tural motifs are observed, with the ligand demonstrating
considerable flexibility, coordinating not only in the k3 mode
as expected but also in k1 and k2 modes and, unlike the Tp
anion,[28] readily acting as a non-coordinating anion.


Traversing period 5 a gradation of structures is observed.
Both InIII and SnIV, which do not have non-bonded electron
pairs, adopt close to regular octahedral coordination geome-
tries with bond lengths spanning small ranges (�0.020 J for
In and �0.006 J for Sn). On moving to antimony(iii), a
single lone pair is present in each complex, and without ex-


Figure 5. X-ray crystal structure of [Sb(k3-TmMe)(k2-TmMe)]TmMe (4) with
thermal ellipsoids shown at the 50% level.


Scheme 4.


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 931 – 939936


M. D. Spicer, J. Reglinski, and C. A. Dodds



www.chemeurj.org





ception the lone pair is stereochemically active. This leads
to a “5+1” coordination geometry in which the primary co-
ordination sphere is approximately square pyramidal. Final-
ly, the previously reported tellurium(ii) complex,[6] with two
lone pairs, adopts the square-planar structure predicted by
VSEPR theory.


It is interesting to note, however, that on descending
Group 15 the behaviour observed does not follow an intui-
tively obvious trend. The trivalent cations all formally have
a non-bonded electron pair, but the AsIII complex unexpect-
edly adopts a regular octahedral geometry. The SbIII com-
plexes, as discussed above, form either square-pyramidal or
highly distorted octahedral structures, consistent in every
case with stereochemically active lone pairs. Finally, BiIII is
able to adopt both types of structure. In the presence of
halide, the structures have stereochemically active lone
pairs, but in the absence of halide regular octahedral S6 co-
ordination is observed.


There are remarkably few homologous series of com-
plexes of this type. One example, in which a similar structur-
al progression has been observed, was recently reported by
Levason et al. They prepared As, Sb and Bi complexes of a
cyclic diselenoether ligand, 1,5-diselenacyclooctane
([8]aneSe2),[29] of the form [E2Cl6(m-[8]aneSe2)2] (E=As,
Sb,Bi) in which the E2Cl6 units were planar halide-bridged
dimers linked into polymeric arrays by means of bridging
macrocyclic ligands. In the case of the As and Bi species the
links were symmetric, indicating no significant lone-pair in-
teractions, while the Sb species showed a very marked asym-
metry (Scheme 5). These observations run counter to the sit-


uation most commonly observed, such as in the compounds
EI3 (E=As, Sb, Bi). The Group 15 element is situated in an
octahedral lattice site, and in the case of bismuth, the Bi�I
interactions result in a regular octahedral geometry. Anti-
mony and arsenic, however, show an increasing disparity be-
tween the so-called primary and secondary interactions[30]


resulting in three short and three longer E�I bonds, thus
giving very distorted coordination spheres. In general, the
observed differences between primary and secondary bond-
ing are in the order As>Sb>Bi.[31]


It is widely accepted[32] that when the lone pair occupies
an s orbital, the effect is to give regular geometry and slight-
ly lengthen all of the E�L distances, whereas when the lone
pair occupies a p-orbital (or some hybrid thereof) then the
effect it is more directional in nature. What is less clear is
which factors drive a system towards one extreme or the


other. In that they all adopt structures with stereochemically
active lone pairs, the antimony complexes reported behave
in the manner predicted by classical theories. Furthermore,
the bismuth structures are presumably influenced by relativ-
istic effects, which lower the energy of the 6s orbital[33] (the
inert pair effect), which in turn results in a greater propensi-
ty to non-directional lone pairs. Thus, a regular S6 coordina-
tion sphere is attainable. However, in the presence of halide
ions the energy balance is sufficiently shifted to allow a di-
rectional lone pair to be observed. In the cases in which the
lone pair is stereochemically active, the complexes broadly
adopt the characteristics described by Hancock,[34] in that
the bond mutually trans to the believed site of the lone pair
is shortest, while as the angle from a bond to the lone pair
decreases, the element to donor atom bond length increases.


The case of arsenic remains problematic, as it would be
expected that [As(TmMe)2]


+ would present the most distort-
ed structure, but it is in fact highly regular. Most species
with AsS6 coordination show distinct primary and secondary
bonding, with three short As�S distances and three longer,
mutually trans As�S distances (Scheme 6a). For example:
As(S2COiPr)3 2.305/2.978 J,[35] As(S2P{OMe}2)3 2.315/


3.031 J,[36] As(S2CNnBu2)3 2.347/2.875 J[37] and As(S2C-p-
tol)3 2.317/2.969 J.[38] The only previously reported example
of an essentially regular AsS6 species occurs when two {Mo3-
(m3-S)(m2-S)3(OH2)9} clusters “sandwich” an As3+ ion, coor-
dinating by means of the di-bridging sulphides, giving As�S
bond lengths in the narrow range 2.434–2.489 J (Scheme
6b).[39] A similar lack of distortion has already been noted in
LevasonRs seleno–ether macrocycle complex.[29] The factors
which result in a stereochemically inactive lone pair in these
cases are not clear and will be the subject of future investi-
gations.


Experimental Section


General considerations : NaTmMe was prepared by literature methods.[8]


All other reagents were obtained commercially and used as supplied. The
complexes prepared were stable to air and moisture and inert atmos-
pheres were not used in their preparations. NMR spectra were recorded


Scheme 5. The coordination spheres of [E2Cl6([8]aneSe2)2] (E=As, Sb,
Bi).


Scheme 6. a) Representation of the primary and secondary coordination
commonly seen in AsS6 coordination polyhedra. b) The core structure of
the only previously reported species having a regular AsS6 coordination
sphere, [As(Mo3(m3-S)(m2-S)3(OH2)9)]8+ . Note that each molybdenum
atom is also ligated by three water molecules.
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on a Bruker DPX400 spectrometer operating at 400 MHz for 1H and
100 MHz for 13C. The 1H and 13C spectra were referenced by using inter-
nal solvent peaks to TMS. IR spectra were recorded as KBr discs on a
Nicolet Avatar 360 FT-IR spectrometer. Mass spectrometry was carried
out by the EPSRC service using a Voyager-DE-STR spectrometer.


Synthesis of [In(k3-TmMe)2]I (1a): Indium(iii) iodide (0.182 g, 0.37 mmol)
was dissolved in chloroform (15 mL) and NaTmMe (0.277 g, 0.74 mmol)
was added. The mixture was stirred for 24 h and the resulting white solid
was filtered off. The crude solid was suspended in water and stirred.
Complex 1a was isolated by filtration, was washed with methanol (2 S
15 mL) and diethyl ether (20 mL), and was dried in air. Yield: 148 mg,
42%. Colourless crystals suitable for X-ray diffraction were obtained by
vapour diffusion of diethyl ether into a solution of 1a in DMF. Elemental
analysis calcd (%) for C24H32N12S6B2InI: C 30.6, H 3.4, N 17.8; found: C
30.8, H 3.5, N 17.3; 1H NMR ([D6]DMSO): d=3.51 (s, 3 H; -CH3), 7.17
(d, 1H; -CH), 7.45 ppm (d, 1 H; -CH); IR (KBr disc): ñ=2433 cm�1 (B�
H); MS (MALDI): m/z (%): 817 (100) [M]+ .


Synthesis of [Sb(k3-TmMe)(k1-TmMe)I] (2a): NaTmMe (0.327 g, 0.87 mmol)
was suspended in acetone (15 mL), antimony(iii) iodide (0.217 g,
0.43 mmol) dissolved in acetone (15 mL) was added and the mixture was
stirred for 3 h. The resulting yellow solid was filtered off and extracted
with DMF. The orange solution was filtered through Celite and the prod-
uct isolated as orange crystals by vapor diffusion with diethyl ether.
Yield: 0.245 g, 60 %; elemental analysis calcd (%) for C24H32N12S6B2SbI:
C 30.3, H 3.4, N 17.7; found: C 30.3, H 3.6, N 17.2; 1H NMR
([D6]DMSO): d=3.62 (s, 3H; -CH3), 7.12 (br s, 1 H; -CH), 7.43 ppm (br s,
1H; -CH); IR (KBr disc): ñ=2453 cm�1 (B�H); MS (MALDI): m/z (%):
823 (76) [M�I]+ .


Synthesis of [Bi(k3-TmMe)(k1-TmMe)I] (2b): The analogous bismuth
iodide complex was prepared in the same way from BiI3 (0.254 g,
0.43 mmol) and NaTmMe (0.337 g, 0.90 mmol). Yield: 0.370 g, 79%; ele-
mental analysis calcd (%) for C24H32B2BiIN12S6·0.75 DMF: C 28.8, H 3.4,
N 16.3; found: C 29.0, H 3.2, N 16.0; 1H NMR ([D6]acetone): d=3.62
(br s, 3H), 3.86 (br s, 3 H), 6.93 (br s, 1 H), 7.03 (br s, 1H), 7.24 (br s, 1H),
7.40 ppm (br s, 1 H); IR (KBr disc): ñ=2428, 2402 cm�1 (B�H); MS
(MALDI): m/z : 911.0 [M�I]+ .


Synthesis of [Sb(k3-TmMe)(k1-TmMe)Br] (2c): The analogous antimony
bromide complex was prepared similarly from SbBr3 (0.180 g, 0.50 mmol)
and NaTmMe (0.40 g, 1.07 mmol). Yield: 0.322 g, 71%. The crude solid
was redissolved in CHCl3, filtered through Celite and taken to dryness in
vacuo. Elemental analysis calcd (%) for C24H32B2BrN12S6Sb·1.25CHCl3:


C 28.8, H 3.2, N 16.0; found: C 28.8, H 2.9, N 15.7; 1H NMR
([D6]DMSO): d=3.51 (br s, 3H), 3.75 (br s, 3H), 6.95 (br s 1 H), 7.07 (br s,
1H), 7.23 (br s, 1 H), 7.53 ppm (br s, 1H); IR (KBr disc): ñ=2454 cm�1


(B�H); MS (MALDI): m/z : 825.0 [M�Br]+ .


Synthesis of [Sb(k3-TmMe)(k2-TmMe)][TmMe] (4): Sb(OAc)3 (0.15 g,
0.5 mmol) was dissolved in methanol (10 mL) and added to a solution of
NaTmMe (0.4 g, 1.07 mmol) in methanol (15 mL). The initially colourless
solution turned deep red, and over a period of approximately 2 h a
yellow solid precipitated. This was collected by filtration, was washed
with diethyl ether and was dried in vacuo. Yield: 0.334 g, 80%. The prod-
uct could be further purified by vapour diffusion of Et2O into a solution
of 4 in CHCl3. X-ray quality crystals were obtained by allowing solutions
of Sb(OAc)3 and NaTmMe in methanol to slowly diffuse into one another
through a methanol blank over a period of one month. Elemental analy-
sis calcd (%) for C36H48B3N18S9Sb·2 CHCl3: C 32.3, H 3.6, N 17.8; found:
C 32.2, H 3.5, N 18.5; 1H NMR ([D6]DMSO): d=3.31/3.52 (v br, 6H),
6.58 (v br, 1H), 6.92 (v br, 1H), 7.12 (br s, 1H), 7.45 ppm (br s, 1 H); IR
(KBr disc): ñ=2443, 2510 cm�1 (B�H); MS (MALDI): m/z (%): 823
(100) [Sb(TmMe)2]


+ .


Synthesis of [Bi(TmMe)2]NO3 (1c): Bi(NO3)3·5H2O (0.29 g, 0.60 mmol)
suspended in acetone (10 mL) was added to NaTmMe (0.4 g, 1.07 mmol)
in acetone (10 mL). A deep red/purple colour formed immediately and
after stirring for 24 h a purple solid had separated. This was collected by
filtration. The crude material was redissolved in CHCl3, was filtered
through Celite and was taken to dryness in vacuo. Yield: 0.451 g, 87 %;
elemental analysis calcd (%) for C24H32B2BiN13O3S6·1.5 CHCl3: C 26.6, H
2.9, N 15.8; found: C 26.3, H 2.8, N 15.6; 1H NMR (CDCl3): d=3.71 (s,
3H), 6.85 (s, 1H), 6.97 ppm (s, 1 H); IR (KBr disc): ñ=2428 cm�1 (B�H).


X-ray crystallography : Crystals were coated in mineral oil and mounted
on glass fibres. Data were collected at 123 K on a Nonius Kappa CCD
diffractometer by using graphite-monochromated MoKa radiation. The
heavy atom positions were determined by Patterson methods and the re-
maining atoms located in difference electron density maps. Full-matrix
least-squares refinement was based on F2, with all non-hydrogen atoms
anisotropic. While hydrogen atoms were mostly observed in the differ-
ence maps, they were placed in calculated positions riding on the parent
atoms. In several of the structures there were solvent molecules that
were only partially present or were severely disordered, resulting in less
than ideal crystallographic parameters.[27] The structure solution and re-
finement used the program SHELX-97[40] and the graphical interface
WinGX.[41] A summary of the crystallographic parameters is given in
Table 3. CCDC-274853–274859 contains the supplementary crystallo-


Table 3. Crystallographic parameters.


1a 2a 2c 3a 4


formula C34H55B2IInN14O3S6 C28.5H44.5B2IN13.5O2.5S6Sb C28.5H44.5B2BrN13.5O2.5S6Sb C24H32B2I4N12S6Sb2 C36H48B3N18S9Sb
Mr 1164.63 1078.56 1031.91 1453.69 1175.64
T [K] 173(2) 173(2) 123(2) 120(2) 123(2)
crystal system monoclinic monoclinic monoclinic monoclinic triclinic
space group C2/c P21/c P21/c P21/n P1̄
a [J] 29.5569(6) 13.8763(2) 13.8587(3) 11.2578(3) 10.5769(3)
b [J] 17.6791(4) 18.4573(3) 18.3796(4) 16.9970(5) 15.4084(5)
c [J] 9.9651(3) 18.8110(4) 18.8351(4) 11.6125(3) 19.5119(6)
a [8] 90 90 90 90 75.5330(10)
b [8] 107.6410(10) 94.2250(10) 93.8220(10) 100.8520(10) 79.049(2)
g [8] 90 90 90 90 73.778(2)
Z 4 4 4 2 4
V [J3] 4962.3(2) 4804.76(15) 4786.96(18) 2182.30(10) 2931.69(16)
m [mm�1] 1.400 1.518 1.715 4.390 0.830
F(000) 2354 2160 2088 1360 1200
crystal size [mm] 0.3S 0.3 S 0.2 0.70 S 0.60 S 0.30 0.6 S 0.6S 0.1 0.28 S 0.15 S 0.12 0.30 S 0.20 S 0.05
reflns measd 28922 21303 20 689 13199 24 887
unique reflns 5697 (Rint=0.0595) 11006 (Rint=0.0386) 10 873 (Rint=0.0288) 4989 (Rint=0.0345) 13 344 (Rint=0.0359)
parameters 298 532 525 229 601
R[a] [I>2s(I)] 0.0369 0.0507 0.0433 0.0284 0.0429
wR[b] (all data) 0.0934 0.1726 0.1322 0.0689 0.1426
GOF 1.023 1.076 0.944 0.889 0.588


[a] R = � j jFo j� jFc j j /� jFo j . [b] wR = {�[w(F 2
o�F 2


c )2]/�[w(F 2
o)2]}


1=2 .
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graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


Acknowledgements


We thank the EPSRC for funding (C.A.D.) and the EPSRC National
Mass Spectrometry Service Centre, University of Wales, Swansea for
mass spectrometric measurements.


[1] S. Trofimenko, J. Am. Chem. Soc. 1966, 88, 1842 – 1844.
[2] S. Trofimenko, Scorpionates: The Coordination Chemistry of Poly-


pyrazolylborate Ligands, Imperial College Press, London, 1999.
[3] B. S. Harrison, T. J. Foley, A. S. Knefely, J. K. Mwaura, G. B. Cun-


ningham, T.-S. Kang, M. Bouguettaya, J. M. Boncela, J. R. Reynolds,
K. S. Schanze, Chem. Mater. 2004, 16, 2938 – 2947.


[4] L. L. Blosch, K. Abboud, J. M. Boncella, J. Am. Chem. Soc. 1991,
113, 7066 –7068.


[5] “Scorpionate and Related Ligands” Polyhedron 2004, 23, 195 – 508.
[6] C. A. Dodds, A. R. Kennedy, J. Reglinski, M. D. Spicer, Inorg.


Chem. 2004, 43, 394 – 395.
[7] M. Garner, J. Reglinski, I. Cassidy, M. D. Spicer, A. R. Kennedy,


Chem. Commun. 1996, 1975 – 1976.
[8] J. Reglinski, M. Garner, I. D. Cassidy, P. A. Slavin, M. D. Spicer,


D. R. Armstrong, J. Chem. Soc. Dalton Trans. 1999, 2119 –2126.
[9] P. A. Slavin, J. Reglinski, M. D. Spicer, A. R. Kennedy, J. Chem.


Soc. Dalton Trans. 2000, 239 – 240.
[10] J. F. Ojo, P. A. Slavin, J. Reglinski, M. Garner, M. D. Spicer, A. R.


Kennedy, S. J. Teat, Inorg. Chim. Acta 2001, 313, 15– 20.
[11] C. A. Dodds, M. Jagoda, J. Reglinski, M. D. Spicer, Polyhedron


2004, 23, 445 –450.
[12] J. Reglinski, M. D. Spicer, M. Garner, A. R. Kennedy, J. Am. Chem.


Soc. 1999, 121, 2317 –2318.
[13] B. M. Bridgewater, G. Parkin, J. Am. Chem. Soc. 2000, 122, 7140 –


7141.
[14] B. M. Bridgewater, G. Parkin, Inorg. Chem. Commun. 2000, 3, 534 –


536.
[15] P. J. Bailey, M. Lanfranchi, L. Marchio, S. Parsons, Inorg. Chem.


2001, 40, 5030 –5035.
[16] M. Careri, L. Elviri, M. Lanfranchi, L. Marchio, C. Mora, M. A. Pel-


linghelli, Inorg. Chem. 2003, 42, 2109 – 2114.
[17] C. Santini, M. Pellei, G. Gioia Lobbia, C. Pettinari, A. Drozdov, S.


Troyanov, Inorg. Chim. Acta 2001, 325, 20– 28.
[18] K. Dymock, G. J. Palenik, J. Slezak, C. L. Raston, A. H. White, J.


Chem. Soc. Dalton Trans. 1976, 28– 32.
[19] D. L. Reger, S. S. Mason, A. L. Rheingold, R. L. Ostrander, Inorg.


Chem. 1994, 33, 1803 –1810.
[20] V. Venkatachalem, K. Ramalingam, U. Casellato, R. Grazianic,


Polyhedron 1997, 16, 1211 –1221.


[21] V. Venkatachalam, K. Ramalingam, G. Bocelli, A. Cantoni, Inorg.
Chim. Acta 1997, 261, 23 –28.


[22] N. Avarvari, M. FourmiguW, Organometallics 2003, 22, 2042 – 2049.
[23] M. J. Begley, D. B. Sowerby, I. Haiduc, J. Chem. Soc. Dalton Trans.


1987, 145 –150.
[24] “The Cambridge Structural Database: A Quarter of a Million Crys-


tal Structures and Rising”: F. H. Allen, Acta Crystallogr. Sect. A
2002, B58, 380 –388.


[25] M. R. St-J. Foreman, A. F. Hill, A. J. P. White, D. J. Williams, Orga-
nometallics 2003, 22, 3831 – 3840.


[26] M. Bao, T. Hayashi, S. Shimada, Dalton Trans. 2004, 2055 –2056.
[27] a) The X-ray crystal structure of [Bi(k3-TmMe)(k1-TmMe)I]·1.5 DMF·


H2O shows it to be crystallographically isomorphous with the corre-
sponding antimony bromide and iodide complexes. b) The structure
of [Bi(k3-TmMe)3]NO3·2DMF was less than ideal, with R(all data)=
0.089, wR2=0.175 and maximum residual electron density of
1.929 eJ�3 in the vicinity of the bismuth atom. This was the result
of difficulties in performing a meaningful absorption correction, dis-
ordered solvent and a disordered nitrate (or possibly nitrite) anion.
The identity of the cation is unambiguous nevertheless. Details of
these structure determinations have been deposited at the Cam-
bridge Crystallographic Data Centre (CCDC 274853 and 274854).


[28] M. Paneque, S. Sirol, M. Trujillo, E. GutiWrrez-Puebla, M. A.
Monge, E. Carmona, Angew. Chem. 2000, 112, 224 – 227; Angew.
Chem. Int. Ed. 2000, 39, 218 –221.


[29] N. J. Hill, W. Levason, R. Patel, G. Reid, M. Webster, Dalton Trans.
2004, 980 –981.


[30] N. W. Alcock, Adv. Inorg. Chem. Radiochem. 1972, 15, 1– 58.
[31] Chemistry of Arsenic, Antimony and Bismuth (Ed.: N. C. Norman),


Thomson Science, London, 1998.
[32] R. J. Gillespie, I. Hargittai, The VSEPR Model of Molecular Ge-


ometry, Allyn and Bacon, Boston, 1991.
[33] a) P. Pykko, Chem. Rev. 1988, 88, 563 – 594; b) N. Kaltsoyannis, J.


Chem. Soc. Dalton Trans. 1997, 1– 12.
[34] R. D. Hancock, J. H. Reibenspies, H. Maumela, Inorg. Chem. 2004,


43, 2981 –2987.
[35] B. F. Hoskins, E. R. T. Tiekink, T. G. Winter, Inorg. Chim. Acta


1985, 99, 177 –182.
[36] T. Ito, Acta Crystallogr. Sect. E 2004, 60, m783 – m784.
[37] B. W. Wenclawiak, S. Uttich, H. J. Deiseroth, D. Schmitz, Inorg.


Chim. Acta 2003, 348, 1 –7.
[38] K. Tani, S. Hanabusa, S. Kato, S. Mutoh, S. Suzuki, M. Ishida, J.


Chem. Soc. Dalton Trans. 2001, 518 – 527.
[39] R. Hernandes-Molina, A. J. Edwards, W. Clegg, A. G. Sykes, Inorg.


Chem. 1998, 37, 2989 –2994.
[40] G. M. Sheldrick, SHELX97, Programs for Crystal Structure Analysis


(Release 97– 2), Institut fur Anorganische Chemie der Universitat
Gçttingen, Gçttingen (Germany), 1998.


[41] L. J. Farrugia, J. Appl. Crystallogr. 1999, 32, 837 – 838.


Received: June 13, 2005
Published online: September 30, 2005


Chem. Eur. J. 2006, 12, 931 – 939 E 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 939


FULL PAPERScorpionate Ligands



www.chemeurj.org






DOI: 10.1002/chem.200500613


Micelles for the Self-Assembly of “Off–On–Off” Fluorescent Sensors for pH
Windows


Yuri Diaz-Fernandez,[b] Francesco Foti,[a] Carlo Mangano,[a] Piersandro Pallavicini,*[a]


Stefano Patroni,[a] Aurora Perez-Gramatges,[b] and Simon Rodriguez-Calvo[b]


Introduction


The possibility offered by working in water and confining
separate hydrophobic fluorophores and quenchers in the


small volume of the same micelle has been exploited in sur-
factant science since the early 1970s. The observation of
either steady-state or dynamic fluorescence quenching due
to intramicellar interactions between for example, pyrene
and a series of quenchers (typically N,N’-dibutyl aniline[1]


and dodecylpyridinium[2]) is a well-established method to
calculate the aggregation number (AN), that is, the average
number of surfactant units per single micelle. Kinetics pa-
rameters, such as the rate constants of the processes involv-
ing the fluorophore/quencher systems inside a micelle, have
also been elucidated by means of fluorescence quenching[3] .
Sophisticated structural parameters, such as the position of a
hydrophobic molecule inside a micelle with respect to the
water/micelle interface[4] or the shape of a micelle,[5] have
also been investigated through intramicellar quenching proc-
esses between separated components. Another branch of
chemistry, fluorescent sensing of cations, anions and neutral
species, has developed dramatically[6] after the first examples


Abstract: A micellar approach is pro-
posed to build a series of systems fea-
turing an “off–on–off” fluorescent
window response with changes in pH.
The solubilizing properties of micelles
are used to self-assemble, in water,
plain pyrene with lipophilized pyridine
and tertiary amine moieties. Since
these components are contained in the
small volume of the same micelle,
pyrene fluorescence is influenced by
the basic moieties: protonated pyri-
dines and free tertiary amines behave
as quenchers. Accordingly, fluorescence
transitions from the “off” to the “on”
state, and viceversa, take place when
the pH crosses the pKa values of the
amine and pyridine fragments. To
obtain an “off–on–off” fluorescent re-
sponse in this investigation we use


either a set of dibasic lipophilic mole-
cules (containing covalently linked pyr-
idine and tertiary amine groups) or
combinations of separate, lipophilic
pyridines and tertiary amines. The use
of combinations of dibasic and mono-
basic lipophilic molecules also gives a
window-shaped fluorescence response
with changes in pH: it is the highest
pyridine pKa and the lowest tertiary
amine pKa that determine the window
limits. The pKa values of all the exam-
ined lipophilic molecules were deter-
mined in micelles, and compared with
the values found for the same mole-
cules in solvent mixtures in which they


are molecularly dispersed. The effect
of micellization is to significantly lower
the observed protonation constants of
the lipophilized species. Moreover, the
more lipophilic a molecule is, the lower
the observed logK value is. According-
ly, changing the substituents on the
basic moieties or modifying their struc-
ture, tuning the lipophilicity of the
mono- or dibases, and choosing among
a large set of possible combination of
lipophilized mono- and dibases have al-
lowed us to tune, almost at will, both
the width and the position along the
pH axis of the obtained fluorescent
window.
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published as early as 1988.[7] These examples were based on
a traditional molecular approach, in which a fluorophore
and a receptor component, also capable of acting as quench-
er in the absence (“off–on” sensor) or in the presence (“on–
off” sensor) of the target species, were covalently linked by
a spacer. Stressing that this approach often requires tedious
synthetic efforts, it is surprising that only the new millenni-
um brought the idea of using micelles as containers for pre-
paring supramolecular sensors in which simple, separated
fluorophores and receptors/quenchers are kept together and
communicate inside the micelle without the need of building
a covalent structure. Tecilla, Tonellato et al. have shown
how Cu2+ can be signalled for by fluorescence quenching
when it is coordinated by a lipophilized dipeptide inside
CTAB (cetyltrimethylammonium bromide) micelles. These
micelles also contained the lipophilic 8-anilino-1-naphthale-
nesulfonic acid fluorophore,[8] or, in a similar system, the
Rhodamine 6G fluorophore.[9] Anslyn and Niikura demon-
strated that the neutral surfactant Triton X-100 allows the
detection of the IP (inositol triphosphate) anion in water,
thanks to enhanced ion-pair-driven molecular recognition
between a hydrophobic anion receptor, IP, and the compet-
ing anionic lipophilic fluorophore 5-carboxyfluorescein
inside the micelles.[10] Recently, we published a contribution
describing a sensing system selective for Ni2+ and Cu2+


based on a lipophilized diamino–diamido ligand and pyrene,
which interacted inside Triton X-100 micelles.[11]


Since we are also interested in the study of fluorescent
sensors for pH, and, in particular, of those capable of giving
a window-shaped If versus pH response (If= fluorescence in-
tensity),[12] we decided to also apply the supramolecular mi-
cellar approach to these kinds of systems. Window-shaped
sensors for pH may be important for life sciences, as biologi-
cal processes are known to be effective only in restricted
concentration ranges of the involved species and, in particu-
lar, in restricted pH ranges. However, designing and build-
ing systems of this kind is a complicated matter and only
few papers have been published reporting an “off–on–off”
or “on–off–on” If versus pH window. Moreover, beside a
very recent example based on an EuIII-luminescent complex
of a tetraquinoline-substituted cyclen ligand,[13] and another
example published by our group based on multicomponent
coordination complexes,[12b,c] all the described systems are
organic molecules that have to be built by step-by-step or-
ganic synthesis.[14] These molecular systems are based on the
original approach of de Silva and co-workers.[14a] Here an-
thracene was the light-emitting component and was cova-
lently linked to one or more pyridine and tertiary amino
groups, that behaved as pH-dependent quenching fragments,
through spacer units. Three states are available in these kind
of molecules as a function of pH (described in Scheme 1):
i) at low pH both pyridine and amine are protonated (form
A) and the fluorescence is “off”, with the pyridineH+ frag-
ment acting as a quencher by photoelectron transfer (PET)
thanks to its electron-acceptor properties; ii) as the pH rises
above the pyridine pKa, this fragment is no longer protonat-
ed (while the amine still is: form B) and thus the fluores-


cence goes “on”; iii) as the pH is increased further above
the amine pKa, this group also becomes nonprotonated, the
molecule is neutral (form C) and the fluorescence turns
“off” again due to the quenching properties (by PET) of the
electron-donating tertiary amino groups.


The approach to “off–on–off” fluorescent sensors for pH
windows that we describe in this paper merges the ideas
presented by de Silva and co-workers with the flexibility of
the micelle-as-container approach: lipophilized pyridines
and amines are used as pH-dependent quenchers and
pyrene is the fluorophore. However, since these components
are not (or only partially) covalently linked, but rather self-
assembled inside a micelle, synthetic efforts are reduced to
the minimum.


Results and Discussion


Protonation constants in the water/micelle medium : We
have investigated a set of lipophilized molecules, each one
containing either one pyridine or one trialkylamine group,
or both. N,N’-Dimethyl-N’’-dodecylamine (DAm) is com-
mercially available, while the remaining six molecules were
obtained through simple syntheses (see Experimental Sec-
tion). They are all insoluble in water, at least in their neutral
form. They readily dissolve in water containing the neutral
surfactant TritonX-100 above its critical micelle concentra-
tion (cmc), thanks to the insertion of their lipophilic tails in
the micellar core. Triton X-100 is a classical surfactant that
is widely employed and whose properties are well-establish-
ed.[15] Moreover, since it is neutral, no electrostatic effects
are to be expected for protonation/deprotonation properties
of any species included inside its micelles. Unless otherwise
stated, in the experiments run for this investigation we have
operated with a surfactant concentration of 6.47 g L�1. Triton


Scheme 1. Working scheme for the covalent approach to window-shaped
fluorescent sensors for pH. Component F is a fluorophore (typically an-
thracene, see refs. [13a–d], the “spacer” may be as simple as a CH2 unit.
Transition from A to B takes place when pH crosses the pyridinium pKa


value; transition from B to C takes place when pH crosses the ammoni-
um pKa value.
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X-100 has a cmc of ~2 M 10�4
m and an aggregation number


of 111.[15b] Since the average molecular weight of the com-
mercial Triton X-100 that we used was 647, we were operat-
ing with an average micelle concentration of ~10�4


m. We
used concentrations of lipophilized bases equal or lower
than 10�3


m, so that a maximum average of 10 base mole-
cules per micelle is to be expected. This was done in order
to minimize base–base interactions and to avoid significant
changes in the micelle parameters with respect to pure sur-
factant (we have already shown that, for example, the AN
does not change significantly for inclusion of up to 10 mole-
cules equipped with a C12 tail and possessing analogous acid/
base properties to those presented in this paper[5]).


As a first step, we examined the acid/base properties in
the water–surfactant medium for each lipophilized base,
using a standard potentiometric titration apparatus and
well-established experimental procedures (see Experimental
Section), that is, measuring a space-averaged value of E
with a macroscopic glass electrode in an excess acid solution
to which standard base was added in 10–20 mL portions.
From the titration data we calculated the protonation con-
stants of the examined bases, corresponding to the pKa of
their protonated species.[16] These values are of course not
“intrinsic” but “observed”, that is, influenced by the fact
that the lipophilic bases are included inside micelles, with


the organic tail inserted in the hydrophobic micellar core
and the more polar head presumably lying in the hydrophil-
ic, external layer of the micelle. Penetration of the solvent
and any dissolved species into the hydrophilic layer of the
micelle is partially allowed, but the local concentration of
water and H+ could be significantly lower with respect to
the bulk solution.[4] Hence, taking into account both lower
local [H+] and a less efficient solvation of protonated spe-
cies, we expected lower observed protonation constant
values with respect to the appropriate references, that is,
nonlipophilic bases triethylamine and 2-methylpyridine in
water. Moreover, it has already been shown how the lower-
ing of the measured protonation constants is proportional to
the lipophilicity of the considered base,[4] that is, to the
depth of its inclusion in the micelle, as this is inversely pro-
portional to the efficiency of solvation of the protonated
species. The found values are reported in Tables 1 and 2,


and confirm the expected trend. The logK values for proto-
nation of the reference compounds triethylamine and 2-
methylpyridine in water are 10.68[17] and 6.06, respectively.[18]


Moreover, an even better molecule for comparison with the
cyclic monobase N-dodecylpiperidine, DPi, is N-methylpi-
peridine, with a logK value of 10.13.[17] The values found for
the monobases 2-dodecylpyridine (DPy), DAm and DPi
show that lipophilization and inclusion in micelles signifi-
cantly lower the logK value by ~2–3 log units with respect
to the water-soluble reference bases. This micellization
effect is also confirmed by the determination of the protona-
tion constants for the monobases DPy, DAm and DPi in the
organic-enriched solvent mixture dioxane/water (8:2 v/v). In
this mixture the three molecules cannot form micelles and
are molecularly dispersed. We found logK=4.14(�0.02) for
DPy, logK=8.55(�0.01) for DAm and logK=8.48 (�0.04)
for DPi. These values are still lower then those found in
water for 2-methylpyridine, triethylamine and N-methylpi-


Table 1. Logarithmic protonation constants for the monobasic molecules.
Uncertainties are reported in parentheses. The K values refer to the for-
mation equilibria, base + H+ = [baseH]+.


logK


Dpy 3.73(0.02)
DAm 7.84(0.01)
DPi 7.38(0.02)


Table 2. Step logarithmic protonation constants for the dibasic molecules.
Uncertainties are reported in parentheses. The K values refer to protona-
tion equilibria. In particular, K1 refers to Equilibrium (1), see text, and it
is relative to the protonation of the amino moiety. K2 refers to Equilibri-
um (2), see text, and it is relative to the protonation of the pyridine
moiety.


logK1 logK2


o-DMAPy 6.27(0.01) 2.13(0.03)
p-DMAPy 5.41(0.01) 2.23(0.03)
DDAPy 4.58(0.01) 1.8 (0.1)
DMAMPy 6.31(0.02) 2.06(0.04)
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peridine; the difference is due to the intrinsic lower solva-
tion ability of any organic-enriched aqueous solvent with re-
spect to water. However, we also measured the protonation
constants for 2-methylpyridine, triethylamine, and N-methyl-
piperidine in dioxane/water (8:2 v/v). We found the logK
values very similar to those of DPy, DAm and DPi in the
same medium, that is, 4.41(�0.01), 9.20(�0.01) and 8.66
(�0.03), respectively. Consequently, the huge differences
found between the logK values for water-dispersed and
water-micellized analogous base moieties can be assigned to
their inclusion in micelles.


When the protonation constants of the dibasic molecules,
which can be schematized as R2N-CH2-Py, are considered
(Table 2), the proximity of the pyridine and amine moieties,
which are separated only by a -CH2- unit, is the origin of
even lower values. In Table 2 the logK1 values for the dibas-
es pertain to the more basic amino group, that is, refer to
Equilibrium (1).


R2N-CH2-Py þ Hþ Ð ½R2NH-CH2-Py�þ ð1Þ


and vary between 4.58 (DDAPy) and 6.31 (DMAMpy). The
further lowering of the logK values of the tertiary amine
moieties with respect to DAm and DPi is due to the in-
creased steric hindrance and lipophilicity introduced by the
pyridine group (which is nonprotonated at the pH values at
which Equilibrium (1) takes place). It is noteworthy that the
didodecylated molecule DDAPy has a logK1 value as low as
4.58. This low value is due to its increased hydrophobicity
because of the location of the amino group closer to the mi-
cellar core and far away from the water–micelle interface.[4]


On the other hand, all the logK2 values, corresponding to
the protonation of the pyridine group [Equilibrium (2)].


½R2NH-CH2-Py�þ þ Hþ Ð ½R2NH-CH2-PyH�2þ ð2Þ


are dramatically low in the micelle/water medium. This is
due to the electrostatic repulsion exerted by the proximate
ammonium group (the tertiary amines are already protonat-
ed at the pH values where the pyridines become protonat-
ed), that adds to the micellization effect. Noticeably, lower-
ing of logK2 is also observed for the para-derivative
p-DMAPy, suggesting that not only an electrostatic
through-space effect, but also a through-bond inductive
effect is playing a significant role. The roles of both micelli-
zation and the ammonium proximity were confirmed by de-
termining the protonation constants of the representative
o-DMAPy molecule in dioxane/water (8:2 v/v). In this case
we found logK1=7.08 (�0.05) and logK2=2.59 (�0.05). In-
terestingly, it can be noted that the DlogK values, that is, the
difference between the logK found in dioxane/water and in
water/micelle media are 0.41 for DPy and 0.71 for Dam.
These values match well with the DlogK of 0.46 and 0.81
found in o-DMAPy for the protonation of its pyridine and
amine moieties, suggesting an analogous contribution of the
micellization effect in both cases.


Finally, from the logK values listed in Tables 1 and 2, the
distribution diagrams, that is, % of species (relative to total
lipophilic base) versus pH, can be drawn.[19] These diagrams
will be used in the following sections to relate the found If


versus pH profiles to the species in equilibrium in the exam-
ined pH ranges.


“On–Off” fluorescent pH sensors from the monobasic mol-
ecules : Prior to any experiment involving lipophilic bases,
the fluorescence of pyrene was checked at a concentration
of 9 M 10�6


m (the value was kept constant for all the experi-
ments described), in water containing Triton X-100 at the
usual concentration. Under these conditions, an average of
~0.1 pyrene molecules per micelle can be calculated. The
value is kept so low both because of the intense pyrene fluo-
rescence and to avoid any possible formation of pyrene–
pyrene excimers (which derives from the inclusion in the
same micelle of two or more pyrene units). Coupled pH–
spectrofluorimetric titrations in the 0–12 pH range con-
firmed that the emission of pyrene is constant.[20] We then
also examined pyrene fluorescence in the same pH range in
the presence of either triethylamine or 2-methylpyridine
(10�3


m in each case). Both these species are water soluble
and are not expected to interact significantly with the mi-
celles. Accordingly, also in this case, no variations in the
pyrene fluorescence was observed in the 0–12 pH range.


Coupled pH–spectrofluorimetric titrations were then per-
formed to determine the variation of the fluorescence of
pyrene with pH within the same range for solutions contain-
ing one of the monobases (DPy, DMa, or DPi) at a concen-
tration of 10�3


m. An average of 10 molecules of base is ex-
pected for each micelle at this concentration, so that any mi-
cellized pyrene should experience this average number of
pH-sensitive quenchers in its micelle. As expected, in all
cases a sigmoidal fluorescence intensity trend was found
with a change in pH; that, on going from low to high pH, is
of the “off–on” type for the 2-dodecylpyridine derivative
and of the “on–off” type for the two dodecylated tertiary
amines. In particular, fluorescence goes “on” or “off” when
the pH is increased above the basesP pKa values. Figure 1a
reports the series of spectra obtained at various pH values
in the representative case of DPy (analogous emission spec-
tra have been obtained for all the other fluorescence versus
pH measurements in this work). A better visualization is ob-
tained by plotting If at 392 nm, that is, at the wavelength of
pyrene maximum emission, as a function of pH. Figure 1b–d
displays If,392 versus pH profiles for the three monobases, su-
perimposed to the relative distribution diagrams.


A close superposition of the If versus pH profiles is ob-
served with the distribution diagrams, as shown in Fig-
ure 1b–d. In particular, Figure 1b shows that the fluores-
cence goes “on” (black triangles) when the [DPyH]+ de-
protonates to form free DPy, while Figure 1c and d show
that the fluorescence goes “off” when the tertiary amino
group of [DMaH]+ and [DPiH]+ deprotonates to form free
DMa and DPi. Although we do not have any experimental
information on the nature of the quenching process, the ob-
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vious hypothesis that intramicellar photo-electron transfer
mechanisms are still valid can be proposed; protonated pyri-
dines are good electron acceptors and free tertiary amines
good electron donors and both are well-known PET quench-
ers from/to the excited state of polyaromatic molecules.[14]


An “off–on–off” fluorescent pH sensor from the dibasic
molecules : In the case of the dibasic molecules o-DMAPy,
p-DMAPy, DDAPy and DMAMPy, the If versus pH behav-
iour has also been examined by means of pH–fluorimetric
titrations for each molecule in the 0–12 pH range. The solu-
tions contained 10�3


m bases, that is, with an average of 10
base molecules per micelle. In this situation, any micelle
containing pyrene is a supramolecular system resembling
the “classical” covalently linked molecular systems for fluo-
rescent signalling of pH windows[14] described in Scheme 1:
although the molecules are not directly connected, pyrene
experiences the presence of pyridine and tertiary amino
groups in the small micellar volume. Accordingly, an “off–
on–off” If versus pH profile is to be expected on going from
low to high pH values or viceversa, as it is pictorially shown
in Scheme 2.


This behaviour is indeed what is found for the four sys-
tems, with the window limits determined by the logK values
of the pyridine and amine moieties, that is, by the pKa of


their protonated forms. As it can be seen in Figure 2a–d, a
fair superposition is observed between If,392 versus pH pro-
files (black triangles) and species distribution (solid lines).
In particular, fluorescence is “off” when the base molecules
are in the diprotonated [R2NH-CH2-PyH]2+ form, with mi-
celles containing a pyridinium fragment; fluorescence goes
“on” when the pH is raised above the pKa value of pyridini-
um, so that the pyridine fragment deprotonates and the mo-
noprotonated species [R2NH-CH2-Py]+ is obtained. Finally,
fluorescence is “off” again when the pH is sufficiently high
to be above the ammonium pKa value, so that the tertiary
amine group is deprotonated to give the neutral R2N-CH2-
Py species.


Quite interestingly, the data shown in Figure 2 merged
with those in Table 1 illustrate the versatility of this ap-
proach. The window limits are regulated by the logK values
of the micellized molecules and thus can be tuned by play-
ing with substituents or with the lipophilicity of the whole
molecule. Figure 3 shows the amplitude and the limits of the
fluorescent pH windows described by the systems presented
in this paper. The horizontal segments connect, for each
system, the pH values corresponding to the pKa of the spe-
cies responsible for the quenching process. However, switch-
ing of If from the “off” to the “on” state, or viceversa, is
not, of course, a vertical transition with respect to the pH


Figure 1. a) Series of pyrene emission spectra obtained for the system containing the DPy monobase at various pH. Superimposable, low-intensity spectra
are obtained at low pH values (<2), intensity starts to increase at pH>2.5, and superimposable full-emission spectra are obtained at pH > 6.5. b–
d) Black triangles represent the relative emission intensity (If/I0) at 392 nm with varying pH (the maximum found emission in each series of spectra is
considered as I0). Solid lines represent the % (with respect to total base) of each species present at the equilibrium with varying pH. The species pertain-
ing to each profile are indicated on the plots.
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axis. This transition follows a smooth curve along the distri-
bution diagram of the pertinent species, so that the resulting
If versus pH profile follows a curve resembling a bell-shaped


one. Accordingly, the horizontal segments of Figure 3 more
appropriately represents the half-height width of the bell-
shaped If versus pH curves.


Scheme 2. Working scheme for the micelle-contained systems based on lipophilic dibases (F = pyrene). The “spacer” component is always CH2, connect-
ed to the pyridine ring in an ortho- or para-position. Transitions from one form to the other take place with the pH increased above the pKa of the in-
volved base.


Figure 2. Black triangles represent the relative emission intensity (If/I0) at 392 nm with varying pH (the maximum found emission in each series of spectra
is considered as I0). Solid lines represent the % (with respect to total base) of each species present at the equilibrium with varying pH. The species per-
taining to each profile are indicated on the plots.
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“Off–On–Off” fluorescent pH sensor from the combination
of two basic molecules : The flexibility of the micellar ap-
proach can be further exploited by using combinations of
monobases, or even combinations of monobases and dibases
with pyrene to build, in the same micelle, a system similar
to the covalent ones described in Scheme 1. In the simplest
case, all that is needed is to introduce one lipophilized pyri-
dine and one lipophilized tertiary amine in the same micelle
in the presence of pyrene. As it is pictorially described by
Scheme 3, what is obtained is an “off–on–off” signalling
system delimited by the pKa values of the pyridine and terti-
ary amine moieties.


A combination of the two monobases DAm and Dpy was
obtained by operating in a pyrene/Triton X-100 solution
containing both bases in 5 M10�4


m concentration, that is,
with an average of five molecules of each base per micelle.
Any reciprocal influence of the two molecules on their


acid–base properties can be excluded: we again performed a
potentiometric titration on solutions containing Triton X-
100 and the two bases at 5 M 10�4


m concentration and ob-
tained the same logK values found with the titrations car-
ried out with just one micellized species at a concentration
of 10�3


m. By means of pH–fluorimetric titrations, a very sat-
isfactory “off–on–off” If versus pH profile was found (see
Figure 4a, black triangles), which clearly comes from the
merging of the If versus pH profiles displayed in Figure 1a
and b. In Figure 4a the fluorescence intensity profile is su-
perimposed on a distribution diagram calculated for the
system containing both DPy and DAm in 5 M 10�4


m concen-
tration. It can be seen that the fluorescence is switched
“off” at low pH values where the quencher [DPyH]+ coex-
ists with [DAmH]+ , is switched “on” where DPy/[DAmH]+


coexist, and is switched “off” again where the quencher
DAm coexists with DPy. When the same kind of experiment
is repeated with the DPy/DPi system, we obtained the same
type of profile (Figure 4b, black triangles), but with the
upper pH limit of the window shifted by ~0.5 units to the
left due to the analogous difference in the logK values be-
tween DAm and DPi (see Table 1).


Noticeably, two different amines or two different pyri-
dines can coexist in the same micelle, with the “off” limits
being dictated by the higher pyridine pKa and lower amine
pKa. This suggests the possibility to also vary the combina-
tion of monobases and dibases to shift the window position
along the pH axis, or to obtain larger or narrower windows.
Accordingly, we have combined a monobase, DPy, with a
dibase, o-DMAPy (both at 5 M 10�4


m concentration). In this
case, the tertiary amine of o-DMAPy sets the upper window
limit with its logK value of 6.27. It is therefore the more
basic of the two coexisting pyridines (i.e., that belonging to
DPy) that regulates the lower window limit with its logK
value of 3.73, thus allowing to obtain another fluorescent


Figure 3. Horizontal segments represent the ideal half-height width of the
If versus pH curves of each system. Their limiting values on the pH scale
correspond to the pKa values of base moieties responsible of the quench-
ing processes.


Scheme 3. Working scheme for the system based on the combination of one pyridine and one tertiary amine monobases (F = pyrene, the pyridine-con-
taining component is DPy, the tertiary-amine-containing component may be DAm or DPi). Low pH passage from the “off” to the “on” form takes place
at pH values crossing DPy pKa. High pH passage from the “on” to the “off” form takes place at pH values crossing DAm or DPi pKa.
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pH window with different limits (see Figure 3). Figure 4c re-
ports the corresponding If versus pH profile that shows that
the If is switched “off” in correspondence to the formation
of [DPyH]+ and of free o-DMAPy, while it is “on” only in
the pH range in which free DPy and [o-DMAPyH]+ (proto-
nation is on the amino group) coexist.


On the other hand, it should be emphazized that not all
the combinations are allowed if an efficient signalling
system is needed. The transition from the “off” to the “on”
state, or viceversa, is superimposable to the distribution dia-
grams of the involved bases. Combinations of bases where
the pyridine/amine pKa values are similar (e.g. DPy/
DDAPy) would result in an almost “always off” profile: at
the same pH at which the pyridine group of one species is
being deprotonated, the amine of the other species starts to
be deprotonated as well. A significant quantity of a quench-
ing group is therefore always present inside the micelles, al-
lowing for only partial or even negligible fluorescence reviv-
al.


Finally, in order to further extend the flexibility of this ap-
proach, the secondary amine precursors of the R2N-CH2-Py
molecules can be advantageously used. Preparation of
o-DMAPy, p-DMAPy, DDAPy and DMAMPy (as described
in the Experimental Section) passes through the tertiariza-
tion of the corresponding secondary amines, o-DAPy and
p-DAPy, that can be schematically indicated as RNH-CH2-Py.


Secondary amines are less efficient quenchers than terti-
ary ones for polyaromatic hydrocarbon fluorophores, due to
their intrinsically reduced electron donating properties [see
for example, ref. [21]]. We studied the acid/base properties
and the If versus pH behaviour in micelles of (N-dodecyl)-2-
aminomethylpyridine (o-DAPy) and (N-dodecyl)-4-amino-
methylpyridine (p-DAPy) under the usual experimental
conditions. For o-DAPy we found logK1=5.08 (�0.01) and
logK2=2.62(�0.02), while for p-DAPy logK1=6.65(�0.02)
and logK2=3.20 (�0.02). The If versus pH profile, deter-
mined by means of pH–fluorimetric titrations of these mi-
cellized molecules (10�3


m), does not feature a fluorescent
window but it is just of the “on–off” type. Superposition
with the relative distribution diagram (see Supporting Infor-
mation) shows that only the protonated pyridine moiety is


Figure 4. Black triangles represent the relative emission intensity (If/I0) at 392 nm with varying pH (the maximum found emission in each series of spectra
is considered as I0). Solid and dashed lines represent % (with respect to total base) of each species present at the equilibrium with varying pH. The possi-
ble forms of each molecule (free, protonated and, where possible, diprotonated) are described by the same type of line (i.e., either solid or dashed). The
species pertaining to each profile are indicated on the plots.
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an efficient quencher, while the free secondary amine
moiety does not quench pyrene fluorescence (lowering in in-
tensity of less than 5 % is observed for RNH-CH2-Py with
respect to [RNH2-CH2-Py]+ for both systems). Accordingly,
o-DAPy and p-DAPy are dibasic molecules with just one
pH-sensitive quenching fragment. In order to obtain a
system signalling a pH window with different limiting
values, we choose to combine p-DAPy and DPi, which are
dictated by p-DAPy logK2 (3.20) and by DPi logK (7.38).
The corresponding If versus pH profile, obtained from a 5 M
10�4


m solution of both bases in the usual pyrene/Triton X-
100 medium, is displayed in Figure 3d, which also shows a
satisfactory superposition of the profile to the expected
curves of the distribution diagram.


Experimental Section


Synthesis and materials : Pyrene (97 %, Fluka) was used as received.
Triton X-100, that is, tert-octylphenoxy polyoxyethylene glycol with and
average of 9–10 oxyethylene units, was purchased from Caledon (average
molecular weight=647). N,N’-Dimethyl-N’’-dodecylamine (DAm) was
purchased from Aldrich and used as received. 2-Dodecyl-pyridine (DPy)
was prepared according to a described procedure.[22] The secondary
amines (N-dodecyl)-2-aminomethylpyridine (o-DAPy), (N-dodecyl)-4-
aminomethylpyridine (p-DAPy) and (N-dodecyl)-2-methyl-6-aminome-
thylpyridine (DAPyM) were prepared by formation of the Schiff bases
(i.e., by mixing commercially available 2-pyridinealdehyde, 4-pyridineal-
dehyde or 6-methyl-2-pyridinecarboxaldehyde with dodecylamine in
methanol), followed by reduction with excess NaBH4 and hydrolysis, ac-
cording to a well established procedure. The obtained products were
characterized by IR and ESI mass spectroscopy and used for the prepara-
tion of the tertiary amine derivatives (o-DAPy is already described in lit-
erature; see reference [23]).


N-dodecylpiperidine (DPi): Dodecylbromide (1.0 g, 4.01 mmol) and pi-
peridine (0.342 g, 4.02 mmol) were dissolved in CH3CN (50 mL) in a
100 mL flask containing K2CO3 (0.4 g). The mixture was refluxed over-
night and, after cooling at room temperature, the solvent was evaporated
under reduced pressure. The product was treated with water (50 mL) and
the obtained solution was extracted with CH2Cl2 (3 M 50 mL). The com-
bined organic extracts were dried over Na2SO4, filtered and evaporated
(0.93 g, 92%). 1H NMR (CDCl3): d = 2.32 (t, 2H; N-CH2-(CH2)n-CH3),
2.25 (t, 4H; N-CH2- piperidine ring), 1.6–1.2 (m, 26H; CH2 dodecyl
chain and piperidine ring), 0.88 (t, 3 H; -(CH2)n-CH3); ESI MS: m/z :
calcd for C17H35N; found: 254 [DPi+H+].


(N-Methyl,N’-dodecyl)-2-aminomethylpyridine (o-DMAPy): (N-dode-
cyl)-2-methylaminopyridine (o-DAPy, 276.5 mg, 1.0 mmol) was dissolved
in formic acid (1.1 mL, 27.4 mmol) and formaldehyde (1.1 mL, 11 mmol).
After 16 h of reflux and stirring the reacted mixture was cooled at room
temperature and treated with 20 drops of 37% HCl. Evaporation under
reduced pressure yielded a solid which was dissolved in NaOH (2m,
28 mL). The obtained solution was extracted with chloroform (3 M
50 mL). The combined organic extracts were dried over Na2SO4, filtered
and evaporated to give DMP as a white wax (250 mg, 86 %). 1H NMR
(CDCl3): d = 8.65 (d, 1 H; pyr), 7.60 (t, 1 H; pyr), 7.41 (d, 1 H; pyr), 7.15
(t, 1H; pyr), 3.67 (s, 2H; py-CH2-N), 2.40 (t, 2H; N-CH2-(CH2)n-CH3),
2.25 (s, 3 H; N-CH3), 1.6–1.2 (m, 20H; CH2 dodecyl chain), 0.88
(t, 3 H; -(CH2)n-CH3); ESI MS: m/z : calcd for C19H34N2; found: 291
[o-DMAPy+H+].


(N-Methyl,N’-dodecyl)-4-aminomethylpyridine (p-DMAPy): (N-dode-
cyl)-4-aminomethylpyridine (p-DAPy, 1.0 g, 3.62 mmol) was dissolved in
formic acid (3.97 mL, 99.2 mmol) and formaldehyde (3.99 mL,
39.8 mmol). After 16 h under reflux and stirring, the reacting mixture
was cooled at room temperature and treated with 23 drops of concentrat-


ed HCl (37 %). The acid was evaporated under reduced pressure. The
residue was dissolved in NaOH (2m, 27.6 mL) and the obtained solution
was extracted with chloroform (3 M 50 mL). The combined organic ex-
tracts were dried over Na2SO4, filtered and evaporated (0.81 g, 77 %). 1H
NMR (CDCl3): d = 8.62, 7.43 (2 d, 2M 2H; pyr), 3.64 (s, 2H; py-CH2-N),
2.36 (t, 2H; N-CH2-(CH2)n-CH3), 2.26 (s, 3 H; N-CH3), 1.5–1.2 (m, 20H;
CH2 dodecyl chain), 0.90 (t, 3 H; -(CH2)n-CH3); ESI MS: m/z : calcd for
C19H34N2; found: 291 [p-DMAPy+H+].


(N-Methyl,N’-dodecyl)-2-methyl-6-aminomethylpyridine (DMAMPy):
DAPyM (290.5 mg, 1.0 mmol) was treated with the same procedure de-
scribed for p-DMAPy. Yield: 247 mg, 81%. 1H NMR (CDCl3): d = 7.81
(t, 1H; pyr), 7.43 (d, 1 H; pyr), 7.20 (d, 1H; pyr), 3.80 (s, 2 H; py-CH2-N),
2.60 (s, 3 H; CH3-py), 2.37 (t, 2H; N-CH2-(CH2)n-CH3), 2.25 (s, 3 H; N-
CH3), 1.5–1.2 (m, 20H; CH2 dodecyl chain), 0.91 (t, 3H; -(CH2)n-CH3);
ESI MS: m/z : calcd for C20H36N2; found 305 [DMAMPy+H+].


(N,N’-Didodecyl)-2-aminomethylpyridine (DDAPy): o-DAPy (1.0 g,
3.62 mmol) was dissolved in CH3CN (70 mL) in a 100 mL flask contain-
ing K2CO3 (400 mg, 2.86 mmol). Dodecylbromide (812 mL, 3.62 mmol)
was added under stirring and the solution was refluxed for 24 h. The re-
action was stopped when the reagents were completely consumed (con-
trolled by TLC: alumina; hexane/acetate 4:1). The carbonate was filtered
off and the solvent was evaporated under reduced pressure to obtain a
pale yellow oil (1.22 g, 76%). 1H NMR (CDCl3): d = 8.66 (d, 1 H), 7.59
(t, 1 H; pyr), 7.42 (d, 1 H; pyr), 7.20 (t, 1H; pyr), 3.70 (s, 2H; py-CH2-N),
2.38 (t, 4H; N-CH2-(CH2)n-CH3), 1.5–1.2 (m, 40H; CH2 dodecyl chains),
0.90 (t, 6H; -(CH2)n-CH3); ESI MS: m/z : calcd for: C30H56N2; found 445
[DDAPy+H+].


Titrations : Protonation equilibria of monodispersed species were studied
in 0.05m tetrabutylammonium nitrate water/dioxane mixtures (2:8 v/v),
at 25 8C, by titrating a solution containing the chosen molecule and
excess nitric acid with standard base (KOH). Electrode calibration and
potentiometric measurements were carried out as already described.[24]


Protonation equilibria of micellized species were studied in water con-
taining 6.47 g L�1 of Triton X100, by addition of standard base (KOH) to
a 10�3


m solution of the chosen molecule containing excess standard nitric
acid. Solutions were prepared to contain 0.05m NaNO3 as the supporting
electrolyte, T=25 8C. Potentiometric measurements were carried out au-
tomatically, as already described.[24] The titration curves were fitted and
the equilibrium constants were calculated by using the nonlinear fitting
program HYPERQUAD.[16]


Coupled pH–spectrofluorimetric titrations were carried out on water sol-
utions containing 6.47 gL�1 of Triton X-100, 9M 10�6


m pyrene (dissolved
by adding aliquots of concentrated pyrene solutions in t-butanol, final t-
butanol concentration < 0.5 % v/v), 10�3


m of the chosen mono- or
dibase (or 5M 10�4


m each when two different molecules were combined)
and 0.05m NaNO3, at 25 8C. Bulk solutions of 50–70 mL were used (kept
under a constant flow of nitrogen), treated with excess nitric acid and ti-
trated by manual micropipette additions of 10–50 mL aliquots of standard
KOH. A glass electrode for pH measurement was dipped in the bulk so-
lution. At each base addition the pH was recorded and a portion of 2–
3 mL of the bulk solution was transferred into a cuvette. The emission
spectra were recorded in the spectrofluorimeter (lexc=340 nm) and the
portion of solution was transferred to the bulk, prior to the next KOH
addition. Total KOH addition, at the end of the titrations, did not exceed
0.3 mL. Further pH–spectra measurements were added in some cases at
the end of the titration to better explore the more acidic zone (pH 0–2)
by addition of 10m HNO3 in 10–50 mL aliquots.


Instrumentation : Mass spectra were recorded on a Finnigan MAT TSQ
700 instrument; NMR spectra on a Bruker AMX 400. Spectrofluorimet-
ric measurements were performed with a Perkin Elmer LS 50B instru-
ment. The pH titrations were made with a Radiometer TitraLab 90 titra-
tion system.
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Introduction


Weak hydrogen bonds (WHB) such as C-H···O and C-H···F-
C play an important role in biological, atmospheric and
supramolecular chemistry.[1] Studies on such WHB have
been mainly performed by X-ray diffraction[2] and IR spec-
troscopy in rare gas solutions.[3] This kind of experimental
information on WHB, from solid state or solution investiga-
tions, are obscured by other intermolecular interactions
which take place in condensed phases. The gas-phase inves-
tigations are free from such effects and can give more de-
tails on specific or local interactions. Rotational spectrosco-
py combined with supersonic expansions has been recently
applied in order to study structural and energetic features of
these weak interactions. C-H···F and C-H···O linkages were
revealed to be the main factors in the formation of isolated


cages such as difluoromethane[4] and dimethyl ether[5]


dimers. The relative strength of these two interactions has
been recently estimated through the study of the rotational
spectrum of the oxirane–trifluoromethane,[6] oxirane–di-
fluoromethane,[7] 1,1-difluoroethene–dimethyl ether[8] and
trifluoroethene–dimethyl ether[8] adducts.


The C-H···O contacts most frequently observed in protein
structures,[9] correspond to C-H···O=C interactions in which
carbonyl peptide groups are involved. This interaction,
which has recently been proposed to stabilize the most
stable conformer of neutral N,N-dimethylglycine,[10] has
been suggested to have a significant contribution in the de-
termination of protein conformation.[11] However, little ex-
perimental information on the intrinsic properties of this
weak hydrogen bond is known from studies of isolated mo-
lecular complexes.


In this work we present a study of the rotational spectrum
of jet cooled cyclobutanone–trifluoromethane complex
where the C-H···O=C interaction is expected to play a cen-
tral role. Trifluoromethane (CHF3, TFM) can be considered
as a prototype of weak hydrogen-bond donor due to the po-
larized character of its aliphatic C�H bond, which is adja-
cent to three electron withdrawing fluorine atoms. Cyclobu-
tanone (CB) is a four-membered ring which previous far-in-
frared[12] and microwave[13] studies have found to be consis-
tent with an effectively planar ring skeleton. Its ring-pucker-
ing motion is governed by a symmetric double-minimum
potential function with a barrier to ring inversion of 6 cm�1,
the ground vibrational state lying above the barrier. The
higher electron density regions of CB can be associated to


Keywords: free jets ·
hydrogen bonds · molecular
complexes · molecular dynamics ·
rotational spectroscopy


Abstract: The molecular beam Fourier transform microwave spectrum of cyclobu-
tanone–trifluoromethane has been assigned and measured. The carbon atom of tri-
fluoromethane lies in the plane of the heavy atoms of cyclobutanone. The complex
is stabilized by one C-H···O=C and two C-H···F-C weak hydrogen bonds. The C-
H···O=C interaction, involving one carbonylic oxygen, is studied for the first time
in detail with rotationally resolved spectroscopy. The two C-H···F-C weak hydro-
gen bonds involve two fluorine atoms of trifluoromethane and two hydrogens of
the same methylenic group in the a position.
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the C=O group. Two of them are related to the oxygen sp2 n
pairs of the oxygen atom, lying on the heavy atom plane of
CB.[14] However, additional nucleophilic sites associated with
the p cloud of the C=O double bond are available. The for-
mation of the complex TFM–CB could be predicted to
occur through the interaction between the electrophilic C-H
group of TFM and one of those nucleophilic regions. Addi-
tional weak C-H···F-C interactions between the C-H methyl-
ene hydrogen atoms and the fluorine atoms of TFM contrib-
ute to the WHB stabilization, so that we can distinguish
three conformers, depicted as I, II and III in Figure 1. We
decided to study this complex in order to explore its confor-
mational behavior, and therefore to obtain a comparative
evaluation of the s (C-H···On) and p (C-H···Op) weak hydro-
gen bonds which can take place within the C-H···O=C inter-
action.


Results


Rotational spectral analysis : According to chemical intu-
ition, we assumed the s-type C-H···On interaction to be
stronger than the p-type C-H···Op WHB, so that we started
searching the spectrum of conformation I. We assumed a ge-
ometry based upon the structures of CB[13] and TFM[15] mon-
omers and reasonable hydrogen-bond lengths and angles.
We found seven ma-type R bands, typical of a near-prolate
top, evenly spaced by the B+C value and with rotational
quantum number J in the range from 5 to 12. We measured
several transitions with Ka ranging from 0 to 4. We could
also measure some weak mb-type lines. The rotational fre-


quencies have been fitted with Watson?s Hamiltonian (I r


representation, S reduction),[16] determining all the quartic
and two sextic centrifugal distortion constants. There was
not any detectable inversion or internal rotation splitting.
All measured transitions are listed in Table 1, while the
fitted spectroscopic parameters are shown in Table 2.


Several lines remained unassigned in the spectrum, which,
however, do not match the pattern predicted for reasonable
structures of other conformers.


Conformation and structure : The conformation of the ob-
served complex can be easily deduced from the values of
the planar moments of inertia, defined as Mgg = �imigi


2 (g=
a, b, c). These give a measure of the extension of the atomic
masses out of the inertial planes of the complex and are re-
lated to the rotational constants through equations such as:


Maa ¼ h=ð16p2Þð�1=A þ 1=B þ 1=CÞ ð1Þ


and cyclic permutations. The Mcc value of CB···TFM (see
Table 3) is almost exactly the sum of Mcc of CB[13] and of
Mbb of TFM[15] (5.0 and 44.5 uA2, respectively). This is exact-
ly what it can be expected for species I where the ab inertial
plane of the complex coincides with the ab inertial plane of
CB and the ac inertial plane of TFM. Instead, for species II
we would need Mbb of CB···TFM to be approximately the
sum of Mbb of CB and of Mbb of TFM (41.9 and 44.5 uA2).
The experimental values are thus only consistent with the
observation of a Cs symmetry conformer I of Figure 1.


A partial r0 structure was calculated from the three avail-
able experimental rotational constants. Two possible ar-
rangements of the subunits may fit this reduced set of exper-
imental rotational constants. We have considered that corre-
sponding to configuration I, since the other with CH3F close
to the Ca and Cb methylene groups has less chemical signifi-
cance. We kept the geometries of CB and TFM fixed to
their r0 values,[13, 15] and fitted the three parameters, r (the
H···O distance), a and b of Figure 2. The results obtained
are shown in Table 4. The r(Ca-H···F) distances and the
aCa-H···F angles, which characterize the existence of C-
H···F-C WHB interactions between the methylene C-H
groups and the fluorine atoms, have been derived from the
partial r0 structure, and are also reported in Table 4.


The O···H and F···H distances are in line with those ob-
served for the complexes oxirane–TFM,[6] oxirane–difluoro-
methane[7] and dimethyl ether dimers,[5] once the different
nature of C=O···H and C-O···H hydrogen bonds is taken
into account. Actually, the F···H distance is slightly longer
than that of other complexes (about 0.1 Q).[4,6–8] The devia-
tion from linearity of the C-H···O and C-H···F angles is con-
siderable (51 and 668, respectively), as seen in previous
cases.[5–7] This reveals the weak hydrogen bond nature of
both types of competing interactions. The C-H···O bond is
bent by presence of the C-H···F interactions and vice versa.


Ab initio calculations : The lack of species II and/or III
prompted us to explore the internal dynamics of the com-


Abstract in Spanish: El espectro de rotaci�n del complejo ci-
clobutanona–triflurometano se ha asignado y medido por es-
pectroscop$a de microondas de haz molecular pulsado con
transformadas de Fourier. El 'tomo de carbono del trifluoro-
metano est' situado en el plano del esqueleto de la ciclobuta-
nona. El complejo est' estabilizado por tres enlaces de hidr�-
geno d)biles, uno C-H···O=C y dos C-H···F-C. La interacci�n
C-H···O=C, que implica un ox$geno carbon$lico, se estudia
por primera vez en detalle por espectroscop$a con resoluci�n
de rotaci�n. Los dos enlaces C-H···F-C implican a dos
'tomos de fluor del trifluorometano y a los dos 'tomos de hi-
dr�geno del mismo grupo metil)nico en posici�n a.


Figure 1. The three most plausible conformations of CB-TFM, I, II and
III, display one s or one p C-H···O=C linkage.


www.chemeurj.org N 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 915 – 920916



www.chemeurj.org





plex from ab initio calculations at MP2/6-31G** level with
the Gaussian 03 suite of programs.[17] The different stable
conformations were obtained by modelling the rotation of
the TFM subunit around the C=O bond. The energy profile
corresponding to this motion, shown in Figure 3, has been
obtained from full geometry optimizations at different
values of the dihedral angle t (see Figure 3). The two equiv-


alent minima corresponding to the predicted more stable
forms appear at t ffi � 208. In these two distorted type III
configurations (see Figure 1), the CB ring is puckered and
the complex adopts an endo shape. The two C-H···F-C con-
tacts take place between the fluorine atoms of TFM and
one Ca and one Cb methylene hydrogen atoms. A type II
configuration with a Cs symmetry similar to that depicted in
Figure 1, which corresponds to a saddle point at t=08. The


Table 1. Measured transitions for CB–trifluoromethane.


J 0 K 0
a K 0


c J 00 K 00
a K 00


c v/MHz Dv/kHz J 0 K 0
a K 0


c J 00 K 00
a K 00


c v/MHz Dv/kHz


a-type transitions
6 0 6 5 0 5 7431.8907 0.3 9 2 8 8 2 7 11155.7655 1.4
6 1 5 5 1 4 7534.1821 -0.5 9 3 6 8 3 5 11164.6299 �0.9
6 1 6 5 1 5 7343.3531 -0.6 9 3 7 8 3 6 11164.0254 �1.0
6 2 4 5 2 3 7448.5096 -0.2 9 4 5 8 4 4 11161.9543 �1.7
6 2 5 5 2 4 7439.5052 -0.4 9 4 6 8 4 5 11161.9543 2.7
6 3 3 5 3 2 7441.8639 0.0 10 0 10 9 0 9 12358.7445 �0.3
6 3 4 5 3 3 7441.7930 2.4 10 1 9 9 1 8 12548.6942 �0.3
6 4 2 5 4 1 7440.9217 -0.4 10 1 10 9 1 9 12231.6106 �0.8
6 4 3 5 4 2 7440.9217 -0.2 10 2 8 9 2 7 12435.5159 0.2
7 0 7 6 0 6 8666.5401 2.2 10 2 9 9 2 8 12393.6544 �1.0
7 1 6 6 1 5 8788.7307 2.0 10 3 7 9 3 6 12406.0735 �0.3
7 1 7 6 1 6 8566.1818 0.1 10 3 8 9 3 7 12405.0378 �0.9
7 2 5 6 2 4 8693.0182 -0.3 11 0 11 10 0 10 13584.9310 1.1
7 2 6 6 2 5 8678.6371 -0.7 11 1 10 10 1 9 13800.4646 �2.5
7 3 4 6 3 3 8682.5701 -0.6 11 1 11 10 1 10 13452.2354 �0.8
7 3 5 6 3 4 8682.4048 -0.9 11 2 9 10 2 8 13686.4440 2.6
7 4 3 6 4 2 8681.2045 0.3 11 2 10 10 2 9 13631.0315 0.8
7 4 4 6 4 3 8681.2045 0.9 11 3 8 10 3 7 13647.8639 2.1
8 0 8 7 0 7 9899.3745 2.1 11 3 9 10 3 8 13646.1799 �1.7
8 1 7 7 1 6 10042.7245 �0.4 11 4 7 10 4 6 13643.0155 �2.6
8 1 8 7 1 7 9788.5367 0.1 11 4 8 10 4 7 13643.0020 2.9
8 2 6 7 2 5 9938.9193 �0.5 12 0 12 11 0 11 14808.6158 0.9
8 2 7 7 2 6 9917.4087 0.9 12 1 11 11 1 10 15051.2856 �1.3
8 3 5 7 3 4 9923.4788 -0.1 12 1 12 11 1 11 14672.1964 �1.6
8 3 6 7 3 5 9923.1484 �0.7 12 2 10 11 2 9 14939.2040 0.8
8 4 4 7 4 3 9921.5447 �1.2 12 2 11 11 2 10 14867.8415 1.9
8 4 5 7 4 4 9921.5447 0.6 12 3 9 11 3 8 14890.0534 �1.7
9 0 9 8 0 8 11130.1730 0.2 12 3 10 11 3 9 14887.4460 0.6
9 1 8 8 1 7 11296.0813 2.0 12 4 8 11 4 7 14883.6900 0.3
9 1 9 8 1 8 11010.3643 1.1 12 4 9 11 4 8 14883.6535 �0.5
9 2 7 8 2 6 11186.3739 �0.4


b-type transitions
2 2 1 1 1 0 11315.9469 0.0 6 1 6 5 0 5 10062.3669 �2.3
4 1 4 3 0 3 7752.7033 0.4 7 1 7 6 0 6 11196.6605 0.0
5 1 5 4 0 4 8914.6846 �0.9 8 0 8 7 1 7 7369.2471 �2.8


Table 2. Spectroscopic parameters for CB–trifluoromethane.


A/MHz 3570.6784(20)[a]


B/MHz 636.00926(10)
C/MHz 604.18927(10)
DJ/kHz 0.36124(20)
DJK/kHz 4.315(8)
DK/kHz 11.4(4)
d1/kHz �0.01020(24)
d2/kHz 0.00938(10)
HJK/Hz �0.08(2)
HKJ/Hz �0.9(4)
N[b] 67
Jmax 12
s[c]/kHz 1.4


[a] Errors expressed in units of the last digit. [b] Number of transitions in
the fit. [c] Standard deviation of the fit.


Table 3. Results of the MP2/6-311++G** calculations for the minima of
CB-TFM.


Observed ab initio
I III


A/MHz 3570.679 3619.3 2899.6
B/MHz 636.0095 675.2 810.6
C/MHz 604.1894 643.4 807.0
Maa/uQ2 744.8 697.2 537.7
Mbb/uQ2 91.7 88.3 88.5
Mcc/uQ2 49.8 51.3 85.8
m/D 3.5 2.4
DE/cm�1 74/0[a] 0/37[a]


[a] BSSE-corrected energies.
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energy of the exo configuration II at t=� 1808 is much
higher than that of the endo one. The equivalent minima
corresponding to t = �908, predicted to lie 16 cm�1 above
the most stable conformer, correspond to the observed con-
formation I of Figure 1, but with the ring of CB slightly
puckered.


In a further step, the MP2 method in combination with a
more extended basis set 6-311++G** was used to investi-
gate the minima. The results are shown in Table 3 where it
can be seen that conformer III is predicted to be more
stable than conformer I. However, when using basis set su-
perposition error CP corrections,[18] the results are in better
agreement with the experimental evidence in the sense that
the relative energy between conformers turns out to be in-
verted.


The calculated energy differences between conformers I
and III are not high enough to prevent the experimental ob-
servation of conformer III. The absence of rotational lines
of this form in the jet cooled spectrum could be attributed
to collisional relaxation from conformer III to the most
stable conformer I in the supersonic jet. It is accepted that


this process takes place by colli-
sions with the noble carrier gas
if the barrier to interconversion
between the conformers is low
enough. This phenomenon,
which is enhanced for heavy
carrier gases, has been observed
in systems involving only one
degree of freedom when barri-
ers are less than about
400 cm�1.[19] In our case a full
relaxation is expected, because
the interconversion barrier be-
tween conformers I and III,
which takes place through the
internal rotation of TFM


around the C=O axis, is expected to be considerably smaller
than the limiting value of about 400 cm�1 (see Figure 3).


As we mentioned above, the ab initio configuration I does
have a slightly puckered ring. When imposing the co-planar-
ity between the heavy atoms of the ring and the TFM
frame, configuration I reaches a Cs symmetry, but its MP2/6-
31G** energy increases by 41 cm�1. This indicates that the
observed species (I) of the complex preserves the double
minimum potential function for ring-puckering with a small
barrier to planarity lying below the ground vibrational state
of isolated CB.[12,13] However, as in bare CB,[13] the ring ap-
pears to be effectively planar in its ground vibrational state.
The experimental observations—absence of a tunnelling
doubling and value of Mcc—indicate, indeed, that if this
double minimum pathway exists for the complex the barrier
should be below the ground state. It seems that the forma-
tion of the complex little alters the structural and dynamic
properties of the two isolated molecules.


We also calculated the internal rotation of TFM around
its CH axis for Cs conformer I (t of Figure 3 fixed at 908)
and a threefold periodic potential function with a barrier of
about V3=360 cm�1 was obtained at the MP2/6-311++G-
(d,p) level, stating that the configuration with only one fluo-
rine atom lying in the symmetry plane close to the Ca meth-
ylene group corresponds to a saddle point. In this configura-


Figure 2. Principal axes system and definition of structural parameters of observed CB-TFM.


Figure 3. Ab initio potential energy surface of the motion generating con-
formers I, II and III, the rotation of TFM around the C=O bond.
Dummy X lies in the symmetry plane of CB containing the methylenic
group in position b. Conformer II results to be a saddle point.


Table 4. Relevant structural parameters in CB-TFM (distances in Q and
angles in degrees), see Figure 2 for definition of r, a and b.


r0
[a] ab initio[b]


1) r0 fitted parameters
r 2.40(1)[c] 2.39
a 122.4(2) 128.3
b 128.9(4) 119.5
2) derived WHB parameter
r(F···H) 2.86(1) 2.87
a(CH···F) 114(1) 110.9


[a] r, a and b are the fitted parameters. The remaining parameter has
been derived from the obtained partial r0 geometry. [b] MP2/6-
311++G** values for the Cs symmetry configuration I. [c] Errors ex-
pressed in units of the last digit.
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tion this “in plane” F atom establishes a bifurcated interac-
tion with the C-H groups.


Dissociation energy : Looking at the geometry and symmetry
of the complex, it is likely that the stretching motion leading
to the dissociation of the complex should be almost parallel
to the principal inertial a axis. This allows us to estimate the
stretching force constant (ks) by using the approximated
Equation (2):[20]


ks ¼ 16p4 ðmRCMÞ2 ½4B4þ4C 4�ðB�CÞ2ðBþCÞ2
=ðhDJÞ ð1Þ


where B and C are the rotational constants, and m, RCM, and
DJ are the reduced mass, the distance between the centers
of mass and the first order centrifugal distortion constant,
respectively. The value ks = 4.8 Nm�1, corresponding to a
harmonic stretching frequency of 48 cm�1, has been ob-
tained. The dissociation energy (ED) has been evaluated to
be 7.5 kJmol�1 by assuming a Lennard–Jones potential func-
tion, using the approximated equation[21] ED=1/72ksRCM


2.
Such a dissociation energy gives a binding energy of about
2.5 kJmol�1 for each C-H···F or C-H···O linkages. This value
is similar to the corresponding values for the WHB adducts
such as (difluoromethane)2, (dimethyl ether)2, oxirane–TFM
and difluoromethane–dimethyl ether (ref. [4–8], ED=4.7–
6.7 kJmol�1).


Conclusion


The jet-cooled rotational spectrum of CB–TFM shows only
the presence of conformer I. This experimental result allow
us to establish that the s-type C-H···On interaction is stron-
ger than the p-type C-H···Op one, both of which take place
between the acidic C-H group of TFM and the keto oxygen
atom of CB. This result is consistent with the observations
of the complex of CB with a more acid proton donor
HCl.[14]


The failure to observe conformer III, which has been pre-
dicted to have an energy not very different from conformer
I, could be attributed to collisional relaxation processes of
this conformer to the most stable conformer, which take
place in the supersonic jet expansion.


The observed conformer shows in its ground vibrational
state an effective structure in which the CB skeleton is co-
planar with the FCH symmetry plane of TFM. The C�H
bond is forming a WHB with the oxygen atom at the lone
pairs regions and the symmetrical out-of-plane fluorine
atoms define two C-H···F-C WHB interactions with the
methylene Ca-H groups.


The intermolecular interaction energies in complexes such
as CB···TFM are of the order of magnitude of van der
Waals interactions, so that one could ascribe them to disper-
sion forces. However, the directionality of the s C-H···On


and C-H···F-C linkages observed at both the proton-donor
and proton-acceptor sites, indicates that these should be
classified as WHBs.


The results reported herein show the importance of rota-
tional resolved spectroscopies in order to obtain detailed
chemical information, hardly achievable by other techni-
ques.


Experimental Section


Commercial samples of CB and TFM (Aldrich) have been used without
further purification.


The MB-FTMW spectrum in the 6–18.5 GHz frequency region was mea-
sured by using a Balle–Flygare based,[22] COBRA type,[23] molecular
beam Fourier-transform microwave (MB-FTMW) spectrometer described
elsewhere.[24] A gas mixture of 2% of TFM in He at a total pressure of
2.5 bar was flown over liquid CB at room temperature, and expanded
through the solenoid valve (General Valve, Series 9, nozzle diameter
0.5 mm) into the Fabry–PVrot cavity. The frequencies were determined
after Fourier transformation of the 8k data points time domain signal, re-
corded with 100 ns sample intervals. Each rotational transition is split by
a Doppler effect due to the coaxial arrangement of the supersonic jet
and resonator axes. The rest frequency is calculated as the arithmetic
mean of the frequencies of the Doppler components. The estimated accu-
racy of frequency measurements is better than 2 kHz. Lines separated by
more than 7 kHz are resolvable.
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Novel Anti-Markovnikov Regioselectivity in the Wacker Reaction of
Styrenes
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Introduction


The oxidation of alkenes to carbonyl compounds catalysed
by palladium(ii) salts, usually referred to as the Wacker re-
action, is one of the longest standing palladium-catalysed or-
ganic transformations.[1] The mechanism of this oxidation
has been the subject of intense study, and a great amount
has been learned concerning the pathway of the reaction.[2]


The generally accepted mechanism for reaction in aqueous
media is summarised in Scheme 1. Co-ordination of the
alkene to palladium is followed by nucleophilic attack by
water on the double bond. The intermediate formed then
re-arranges via an enol to give a second b-hydroxypalladium
species, which then breaks down to the carbonyl product
and palladium(0).


The s-bonded (b-hydroxyalkyl)palladium complex has
been determined as a key intermediate in this reaction.
However, the factors controlling the regiochemistry of the
hydroxypalladation step for unsymmetrical alkenes remain


obscure. In the majority of cases, the regioselectivity of hy-
droxypalladation follows Markovnikov+s principles. This has
been widely used in synthesis[3] to the extent that “terminal
alkenes may be viewed as masked methyl ketones”.[4] The
major source of anti-Markovnikov regioselectivity in the
Wacker reaction is the presence of chelating heteroatoms in
the substrate.[5] Pellissier and co-workers have shown that
this can lead to lowering of the transition state energy for
attack by water at the methylene carbon atom of the vinyl
group.[6] There are also a very small number of reports of
apparent anti-Markovnikov regioselectivity where no heter-
oatom is present in the substrate. Two related systems have
been reported by Feringa[7] and Wenzel,[8] both of which
make use of palladium–nitro complexes as catalysts. Feringa
suggests a reaction mechanism somewhat different to that of
the Wacker reaction (it does not involve the palladium(0)–
palladium(ii) couple), while the conditions used by Wenzel
are selective for aldehyde only with allyl acetate as the sub-
strate.


The importance of aldehydes as useful synthetic inter-
mediates in synthesis has led us to investigate ways in which
the regioselectivity in the Wacker oxidation of alkenes can
be controlled. Two of us have reported that the apparent
anti-Markovnikov ketone is the major product obtained
from the oxidation of a number of b-methyl styrenes.[9] In
this report, reversal in the regioselectivity of the stoichiomet-
ric palladium(ii)-mediated oxidation of styrenes is reported.
Catalysis of this reaction is demonstrated by using a hetero-
polyacid as the terminal oxidant. Evidence for the mecha-
nism of this unusual transformation is also discussed.[10]


Abstract: The Wacker reaction is one
of the longest known palladium-cata-
lysed organic transformations, and in
the vast majority of cases proceeds
with Markovnikov regioselectivity. Pal-
ladium(ii)-mediated oxidation of styr-
enes was examined and in the absence
of reoxidants was found to proceed in


an anti-Markovnikov sense, giving al-
dehydes. Studies on the mechanism of
this unusual transformation were car-


ried out, and indicate the possible in-
volvement of a h4-palladium–styrene
complex. With a heteropolyacid as the
terminal oxidant, oxidation of styrene
to give the anti-Markovnikov aldehyde
as the major product was found to be
catalytic.
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Results and Discussion


Anti-Markovnikov reactivity : Under standard catalytic con-
ditions, the Wacker reaction of 4-methoxystyrene proceeds
to a mixture of the two possible products. As expected, the
Markovnikov product (the methyl ketone 2a) was found to
predominate, and only a small amount of the aldehyde 3a
was observed (Scheme 2).[11] However, when the reaction


was performed in the absence of the reoxidant a reversal of
the usual regioselectivity occurred. Thus, reaction of 1a with
two equivalents of PdCl2 gave the aldehyde 3a as the major
product.[12,13] The reaction did not proceed to completion,
and after approximately five hours conversion reached 53%
(longer reaction periods did not improve conversion). This
surprising reversal in regioselectivity suggested that it might
be possible to control the outcome of the reaction by adjust-
ing the reaction stoichiometry and conditions. To fully ex-
ploit this potentially useful transformation, we carried out a
detailed investigation into the reasons for this unusual regio-
selectivity.


Due to the lack of a reoxidant for palladium(0), the col-
loidal metal or a zero-valent complex could influence the re-
action pathway. If this were the case, the addition of a palla-
dium(0) source would increase aldehyde production in the
early stages of the reaction. Three common palladium(0)
sources were therefore examined over a reaction time of
30 min (Table 1). None of the sources led to an increase in
the production of aldehyde. Indeed, the use of palladium(0)
tetrakis(triphenylphosphane) gave a marked reduction in al-
dehyde formation; this may be attributable to the presence
of triphenylphosphane in the reaction mixture, although this
was not examined further.


An interaction between the
aromatic group of the sub-
strate and the palladium(ii)
centre was a second possible
cause of the unusual regiose-
lectivity. To examine this, vi-
nyladamantane 4 was synthes-
ised; it is a non-aromatic
system, which like styrene con-
tains no allylic hydrogen
atoms. Oxidation under the
same conditions as before gave


only the methyl ketone 5, thus confirming that the aromatic
group was crucial for the regioselectivity observed
(Scheme 3).


Along with PdCl2, Pd(OAc)2 is a widely used source of
palladium(ii). Significantly, using Pd(OAc)2 in place of PdCl2
gave exclusively the methyl ketone in good yield (72% iso-
lated). The significant influence of the counter-ion on the
pathway of the reaction strongly implicated the presence of
an unusual palladium-styrene complex in solution; the sta-
bility of this complex would be dependent upon other li-
gands present in the reaction mixture.[14]


Nature of the palladium–substrate complex : To probe the
existence of a palladium–styrene complex, evidence for the
formation of such an intermediate was sought. When PdCl2


Scheme 1. General mechanism for the Wacker reaction.


Scheme 2. Stoichiometric versus catalytic reaction.


Table 1. Reaction in the presence of palladium(0).[a]


Entry Pd0 source Ratio aldehyde:ketone


1 none (reference) 2.7:1.0
2 Pd black 2.5:1.0
3 [Pd2(dba)3] 2.3:1.0
4 [Pd(PPh3)4] 1.7:1.0


[a] Reaction conditions: 1 equiv styrene, 2 equiv PdCl2, 10% Pd0 source,
DMF/H2O (10:1), 30 min.


Scheme 3. Wacker reaction of adamantyl substrate 4.
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was stirred overnight in a dry solution of styrene in DMF
prior to the addition of water, a product ratio of 6.0:1.0 (al-
dehyde:ketone) was obtained after a reaction time of
30 min. In comparison, when PdCl2 and water were added
concurrently to a solution of the substrate in DMF, the ratio
of the products was 2.7:1.0 after the same period (Table 1).
This strongly indicated the formation of a type of palladi-
um–styrene complex not previously implicated in the
Wacker reaction.


Complexes of palladium(ii), alkenes and DMF are
known,[15] but have been isolated only as amorphous solids.
X-ray quality crystals of the styrene–palladium(ii) complex
have been obtained from benzene.[16] The marked difference
expected in the co-ordination sphere of palladium in DMF
and benzene solutions means that the available structure for
the palladium–styrene complex has little bearing on the in-
termediates postulated in the current study.


Three possible interactions were envisaged between the
palladium and the aromatic ring; a face-on interaction with
the aromatic ring 6a (involving two palladium centres), an
h4 interaction 6b,[17] or an agostic interaction 6c (Scheme 4).


We[9] and others[18] have shown that agostic interactions
can have a strong influence on the regiochemistry of palladi-
um-catalysed reactions. An agostic interaction of type 6c
could show a significant kinetic isotope effect in the reaction
of substrates bearing deuterium atoms in the ortho positions.
The ring-deuterated styrene 9 was readily synthesised from
the commercially available alcohol 7 (Scheme 5), and al-
lowed kinetic experiments to be undertaken (Table 2). The
results for the deuterated and non-deuterated substrate are


identical within experimental error. No deuterium isotope
effect was observed, meaning that an agostic interaction
could not be corroborated.


To clarify the nature of the palladium–styrene complex,
we tested a series of ortho-substituted styrenes under the
optimised reaction conditions (Table 3). For styrene (1b),


the anti-Markovnikov aldehyde was produced in a 10.5:1
ratio to the methyl ketone. Increasing the size of one of the
ortho substituents (H!Me) produced the aldehyde exclu-
sively (1c, Table 3, entry 2), whilst if methyl groups occupied
both ortho positions, the selectivity dropped to 1.6:1.0 in
favour of the aldehyde.


The results of these three reactions were markedly differ-
ent. Unsubstituted styrene 1b gives good selectivity for the
aldehyde, whereas for 2-methylstyrene 1c only the anti-Mar-
kovnikov product was formed. The reaction is thus more se-
lective when only one of the ortho positions is occupied by a
substituent. However, in the case of the disubstituted sty-
rene 1d (Table 3, entry 3), the aldehyde and ketone are
formed in almost equal amounts. The reaction of 2,4-dime-
thylstyrene (Table 4, entry 17) demonstrates that this is not
due to the presence of two methyl groups.


Scheme 4. Possible palladium–aryl interactions: 6a : face-on; 6b : h4-type;
6c : agostic (L=DMF, Cl, H2O).


Scheme 5. Synthesis of ring[D5]styrene 9.


Table 2. Kinetic isotope studies.[a]


Entry Reaction Conversion [%]
time [h] ring-H5 ring-D5


1 0.5 9.3 9.8
2 1.0 17.0 16.9
3 1.5 20.2 20.6
4 2.0 23.8 24.0


[a] Reaction conditions: 1 equiv substrate, 2 equiv PdCl2, 10% Pd0


source, DMF/H2O (10:1), 30 min.


Table 3. Effect of ortho substituents.


Entry Substrate Ratio aldehyde:ketone


1 R1, R2=H (1b) 10.5:1.0
2 R1=H, R2=Me (1c) 1:0
3 R1, R2=Me (1d) 1.6:1.0


Table 4. Stoichiometric Wacker reaction of a range of styrenes under op-
timised conditions.[a]


Entry Compound R group Ratio of Yield
aldehyde:ketone [%][b,c]


1 1a 4-OMe 9.5:1.0 63
2 1b H 10.8:1.0 71
3 1c 2-Me >25:1 89
4 1d 2,6-di-Me 1.6:1.0 60
5 1e n/a 13.1:1.0 38
6 1 f 4-Me 7.1:1.0 61
7 1g 4-Cl >25:1 76[d]


8 1h 4-CF3 >25:1 69[d]


9 1 i 4-tBu 8.7:1.0 82
10 1j 3-Me 5.0:1.0 50
11 1k 3-Cl >25:1 80
12 1 l 3-NO2 16.2:1.0 54[d]


13 1m 3,5-di-tBu 6.4:1.0 –
14 1n 2-OMe 17.4:1.0 95
15 1o 2-F >25:1 78
16 1p 2-Br >25:1 –
17 1q 2,4-di-Me > 25:1 82


[a] Reaction conditions: 1 equiv substrate, 2 equiv PdCl2, degassed DMF/
water (10:1), RT, 5 h. [b] Determined by GC. [c] Measured versus an ap-
propriate standard, and based on recovered starting material. [d] Re-
action time: 18 h.
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These results strongly implicate a side-on palladium–sty-
rene complex. In the case of a face-on complex (6a), alter-
ing the size of the ortho substituent would be expected to
have only a small effect on the reaction outcome. This is
clearly not the case, especially for substrate 1d. Of the two
side-on complexes postulated, 6c should be completely im-
possible for the disubstituted substrate 1d. If this were the
case, the formation of the aldehyde would be expected to be
largely suppressed. However, an approximately 1:1 mixture
of products was obtained. This is consistent with the inter-
mediate 6b, which would be weakened but not completely
inhibited for substrate 1d.


Mechanistic rational preferential formation of the alde-
hyde could be due to the generation of a more stabilised h3-
intermediate following attack of water on 6b. In contrast,
formation of the ketone requires reaction via a non-delocal-
ised s-bonded intermediate (Scheme 6). The generation of
the h3-intermediate from the h4-complex could result from
attack of water on the double bond either internally (from
palladium) or externally (from the solution); in either case
the h3-intermediate is formed.


The h4 nature of the proposed reaction mechanism im-
plied that the styrene acts as a pseudo-diene under the reac-
tion conditions employed; dienes are known to react to
form h3-palladium intermediates following attack by nucleo-
philes. Naphthalene shows more alkene-like character than
benzene; it was therefore reasoned that 2-vinylnaphthalene
1e could show enhanced anti-Markovnikov behaviour
(Scheme 7). As predicted, the more diene-like nature of the
aromatic system led to an increase in the regioselectivity of
the reaction providing additional evidence for the involve-
ment of a diene-like h4-intermediate.


Scope of reaction : To further probe the reaction, a more ex-
tended study of the range of styrenes amenable to the reac-
tion conditions was undertaken (Table 4). The anti-Markov-
nikov product was found to predominate for a large range
of commercially available styrenes, from electron-deficient
(e.g. 1h) to electron-rich (1a, 1n). The broad range of styr-
enes that undergo the reaction implies that it may have po-
tential for application in more complex systems.


Catalysis : To extend the synthetic utility of the transforma-
tion, we examined methods for carrying out the anti-Mar-
kovnikov transformation catalytically. A number of ap-
proaches have been adopted to achieve catalytic cycles with
palladium(ii) reactions, and so it was hoped that an appro-
priate reoxidant could be found. It has already been shown
that reoxidation using copper(ii) (generated in situ from
copper(i) and oxygen) was not effective (Scheme 2), giving
largely the ketone product. The sensitivity of the reaction
products to oxygen (in the presence of palladium(ii)) also
precluded this method. A number of other reoxidants used
in the Wacker reaction were examined (Table 5), making


use of 10 mol% PdCl2 as the catalyst, and either 1a or 1 f as
the substrate. The reoxidants gave variable results: some led
to catalysis of the Wacker reaction but gave undesired regio-
selectivity, whilst others gave no detectable catalysis. For ex-
ample, 1,4-benzoquinone was a good reoxidant but gave
almost exclusively the Markovnikov product.


All of the reoxidants above examined are small molecules,
and had the potential to alter the co-ordination sphere of
palladium. We therefore decided to examine a large, non-
co-ordinating reoxidant. Heteropolyacids (HPA) are large,
cage molecules; HPAs containing molybdenum and vanadi-
um have been used as catalytic reoxidants in the Wacker re-
action, with oxygen as the terminal oxidant.[19] We postulat-
ed that as the ions are large and non-co-ordinating, reoxida-
tion using an HPA could be successful. The heteropolyacid
H4[PMo11VO40] was synthesised[20] and used as an approxi-
mately stoichiometric reoxidant[21] (Scheme 8). Reaction


Scheme 6. Mechanistic proposal for the reversal of regioselectivity.


Scheme 7. Reaction of 2-vinylnaphthalene 1e.


Table 5. Reoxidation attempts.


Entry Reoxidant Ratio aldehyde:ketone


1 1,4-benzoquinone 1.0:11.1
2 tBuOOH 1.0:3.0
3 H2O2 1.3:1.0
4 FeCl3 no reaction
5 MnO2 ketone only
6 NMO no reaction


Scheme 8. Reoxidation of 1b using HPA.
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overnight successfully led to catalytic turnover: three-quar-
ters of the starting material was converted to products in the
presence of only 12 mol% PdCl2, representing approximate-
ly 6 turn-over cycles per palladium centre. The major prod-
uct was the anti-Markovnikov aldehyde; the reason for the
degradation of the ratio of products is not entirely clear. We
are currently examining the scope of this catalytic method.


Conclusion


In summary, the regioselectivity of the Wacker reaction of
styrenes has been shown to be anti-Markovnikov under stoi-
chiometric conditions. A plausible mechanistic explanation
for this involves an h4-interaction between the palladium
and the substrate. A full range of styrenes (both electron-
rich and electron-poor) undergo anti-Markovnikov addition
under the conditions used. A catalytic version of this reac-
tion has been demonstrated, and is the currently the subject
of further study.


Experimental Section


General : Dry solvents were obtained from Fluka or were dried by stan-
dard methods[22] prior to use, and stored under nitrogen over 4 O molecu-
lar sieves. Solvents were degassed by carrying out three freeze–pump–
degas cycles. All air- or moisture-sensitive reactions were carried out
under dry nitrogen using standard Schlenk techniques. Solvents were re-
moved by evaporation on a BPchi rotary evaporator, with vacuum pro-
vided either by a water-aspirator pump or by a controlled Teflon-mem-
brane pump. All products were dried at oil-pump vacuum for at least one
hour before spectroscopic characterization. TLC analysis was performed
by using Merck 60 PF254 0.2 mm glass-backed plates; visualization was
achieved by UV or using potassium permanganate or phosphomolybdic
acid dips as appropriate. Flash chromatography[23] was performed using
Merck 9385 Kieselgel 60 silica gel.


NMR spectra were recorded in deuterochloroform (CDCl3) unless other-
wise stated. NMR spectra were recorded at 25 8C in 5 mm tubes, at
400.1 MHz (1H) or 100.6 MHz (13C) on a Bruker Avance 400. Chemical
shifts are quoted relative to the residual solvent peak (d=7.24 ppm for
1H and d=77.0 ppm for 13C); coupling constants (J) are given in Hertz
(Hz). Proton signal multiplicities are given as s (singlet), d (doublet), t
(triplet), q (quartet), p (pentet) and m (multiplet); br indicates a broad
signal. IR spectra were recorded on a Perkin-Elmer Spectrum One FT-
IR with ATR Universal Sampling Accessory as neat solids or liquids.
High resolution mass spectra were recorded on Kratos 890 spectrometer.
GC analysis was performed on an HP 5890 series II machine, using an
HP-1 25 m column.


Synthesis of substrates


2,6-Dimethylstyrene (1d): The method of Suschitzky and co-workers[24]


was used with modifications. Methyltriphenylphosphonium bromide
(8.93 g, 25.0 mmol) was suspended in dry diethyl ether (100 mL) under
nitrogen. Butyllithium in hexane (15% w/w, 16.5 mL, 25.5 mmol) was
added dropwise, resulting in a strongly yellow-coloured solution. The re-
action mixture was stirred for 1.5 h, after which time the entire solid had
dissolved. A solution of 2,6-dimethylbenzaldehdye (3.70 g, 27.6 mmol) in
dry diethyl ether (40 mL) was added dropwise to the ylide solution, re-
sulting in rapid formation of a precipitate. The solution was then heated
to reflux overnight. The cooled reaction solution was filtered, before
being washed with HCl (1m, 50 mL), aqueous NaHCO3 (50 mL) and
aqueous NaCl (50 mL). The organic solution was dried over MgSO4, fil-
tered, and the solvent was removed at reduced pressure. The residue was


distilled in vacuo to give the product as a colourless oil (1.33 g, 40%).
B.p. 60–61 8C/5 mbar (Lit. [24] 65–66 8C/10 mm Hg); Rf=0.720 (hexane/
diethyl ether (4:1)); 1H NMR (400.1 MHz, CDCl3, 25 8C): d=2.37 (s, 6H;
Me), 5.32 (dd, 2J(H,H)=2.0 Hz, 3J(H,H)=18.0 Hz, 1H; alkene CH2 cis
to ring), 5.59 (dd, 2J(H,H)=2.0 Hz, 3J(H,H)=11.6 Hz, 1H; alkene CH2


trans to ring), 6.75 (dd, 3J(H,H)=11.6, 18.0 Hz, 1H; alkene CH), 7.07–
7.11 ppm (m, 3H; aromatic H); 13C{1H} NMR (100.6 MHz CDCl3, 25 8C):
d=20.8 (Me), 119.3 (CH2), 126.7 (aromatic CH), 127.7 (aromatic CH),
135.1 (aromatic C), 135.7 (aromatic C), 137.7 ppm (alkene CH); IR
(film): ñ=3064 , 2952, 2861, 1924, 1850, 1632, 1578, 1466, 1443, 1377,
1163, 1097, 993, 922, 767 cm�1; EI-MS: m/z : 68.9, 117.1, 132.1 [M+]; HR-
MS found (calcd for C10H12): m/z : 132.0939 (132.0933); elemental analysis
calcd (%) for C10H12: C 90.85, H 9.15; found: C 90.98, H 8.89.


3,5-Di-tert-butylstyrene (1m): The method of Schlosser and co-workers[26]


was used. Potassium tert-butoxide (491 mg, 4.38 mmol) was dissolved in a
solution of butyllithium in hexane (1.6m, 2.8 mL, 4.48 mmol). 1,3-Di-tert-
butylbenzene (0.96 mL, 4.34 mmol) was added, and the dark brown solu-
tion stirred overnight. The reaction mixture was cooled to 0 8C, and a so-
lution of DMF (0.34 mL, 4.40 mmol) in dry THF (5 mL) was added. The
reaction mixture was stirred for 10 min before the addition of methyltri-
phenylphosphonium bromide (1.57 g, 4.39 mmol). The orange solution
was stirred at room temperature for seven hours, before being diluted
with water (20 mL) and extracted with hexane (3S10 mL). The organic
solution was washed with aqueous NaCl (20 mL), dried over MgSO4 and
filtered through a silica pad. The solvent was removed at reduced pres-
sure to give a mixture of the product and 1,3-di-tert-butylbenzene, which
could not be separated by distillation. 1H NMR (400.1 MHz, CDCl3,
25 8C): d=1.35 (s, 18H; tBu), 5.23 (dd, 2J(H,H)=0.4 Hz, 3J(H,H)=
10.8 Hz, 1H; alkene CH2 proton trans to ring), 5.75 (dd, 2J(H,H)=
0.4 Hz, 3J(H,H)=17.6 Hz, 1H; alkene CH2 proton cis to ring), 6.76 (dd,
3J(H,H)=11.2, 17.6 Hz, 1H; alkene CH), 7.28 (d, 4J(H,H)=1.2 Hz, 2H;
aromatic H), 7.36 ppm (t, 4J(H,H)=1.2 Hz, 1H; aromatic H).


2-Methoxystyrene (1n): The method of Suschitzky and co-workers[24] was
used. Methyltriphenylphosphonium bromide (8.94 g, 25.0 mmol) was sus-
pended in dry diethyl ether (100 mL) under nitrogen. A solution of butyl-
lithium in hexane (15% w/w, 16.5 mL, 25.5 mmol) was added dropwise,
and the solution stirred for 2.5h. A solution of 2-methoxybenzaldehyde
(4.69 g, 34.4 mmol) in dry diethyl ether (40 mL) was added dropwise to
the reaction mixture, giving a thick solution. This was heated to reflux
and stirred overnight, giving a colourless solution and a precipitate. The
solution was cooled and filtered, and the solvent removed at reduced
pressure. The residue was distilled at reduced pressure to give the prod-
uct as a colourless oil (1.35 g, 40%). B.p. 38–39 8C/0.05 mm Hg (Lit. [24]
38–40 8C/0.05 Torr); Rf=0.523 (hexane/diethyl ether (20:1)); 1H NMR
(400.1 MHz, CDCl3, 25 8C): d=3.87 (s, 3H; MeO), 5.30 (dd, 2J(H,H)=
1.6 Hz, 3J(H,H)=11.2 Hz, 1H; alkene CH2 proton trans to ring), 5.78
(dd, 2J(H,H)=1.6 Hz, 3J(H,H)=17.6 Hz, 1H; alkene CH2 proton cis to
ring), 6.90 (d, J(H,H)=8.4 Hz, 1H; aromatic H), 6.97 (t, J(H,H)=7.4 Hz,
1H; aromatic H), 7.10 (dd, 3J(H,H)=11.2, 17.6 Hz, 1H; alkene CH), 7.27
(dt, J(H,H)=2.4, 7.8 Hz, 1H; aromatic H), 7.51 ppm (dd, J(H,H)=2.0,
8.4 Hz, 1H; aromatic H); 13C{1H} NMR (100.6 MHz, CDCl3, 25 8C): d=
55.4 (MeO), 110.8 (aromatic CH), 114.3 (CH2), 120.5 (aromatic CH),
126.5 (aromatic CH), 126.7 (aromatic C), 128.8 (aromatic CH), 131.6
(alkene CH), 156.7 ppm (aromatic C); IR (film): ñ=3073, 3002, 2957,
2835, 1625, 1598, 1487, 1463, 1437, 1415, 1314, 1291, 1174, 1110, 1036,
997, 909 cm�1; EI-MS: m/z : 68.9, 91.0, 134.1 [M+]; HR-MS found (calcd
for C9H10O): m/z : 134.0734 (134.0732); elemental analysis calcd (%) for
C9H10O: C 80.56, H 7.51; found: C 80.53, H 7.45.


Adamantane-1-carbaldehyde (10): The general procedure of Corey and
Suggs[27] was used, with reference to the methods of Okamoto and co-
workers,[28] Ramsden and Nongkunsarn[29] and Olah and co-workers.[30]


Pyridinium chlorochromate(vi) (6.47 g, 20.0 mmol) was suspended in dry
dichloromethane (40 mL) under nitrogen. Adamantan-1-ylmethanol
(3.32 g, 20.0 mmol) dissolved in dry dichloromethane (40 mL) was added.
The reaction mixture was stirred for 70 min, after which time it was dilut-
ed with dry diethyl ether (~400 mL) and vigorously stirred. The solution
was filtered through a Florisil pad, the residue being flushed with copious
diethyl ether. The solvent was removed at reduced pressure, giving the
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product as a white, odorous solid (2.93 g, 89%). Attempts to recrystallise
the product failed due to its high solubility in most solvents. Rf=0.402
(hexane-ether 4:1); 1H NMR (400.1 MHz, CDCl3, 25 8C): d=1.70 (d, J-
(H,H)=2.4 Hz 6H; CH2), 1.66–1.77 (m, 6H), 2.05 (br s, 3H), 9.30 ppm
(s, 1H; CHO); 13C{1H} NMR (100.6 MHz, CDCl3, 25 8C): d=27.3 (ali-
phatic CH), 35.8 (aliphatic CH2), 36.4 (aliphatic quaternary), 36.5 (ali-
phatic CH2), 206.0 ppm (CHO); IR (solid): ñ=2901, 2848, 1722 (C=O),
1451, 1075, 987 cm�1; HR-MS (ESI) found (calcd for C11H16O): m/z :
187.1101 (187.1099).


1-Ethenyladamantane (4): Methyltriphenylphosphonium iodide (2.37 g,
5.86 mmol) was dissolved in dry THF (20 mL) under nitrogen. The solu-
tion was cooled to 0 8C, before dropwise addition of a solution of lithium
bis(trimethylsilyl)amide in THF (1.0m, 6.4 mL, 6.4 mmol). The reaction
mixture was stirred at room temperature for 1 h, after which time the so-
lution was clear and yellow. The reaction mixture was cooled to �78 8C,
and a solution of 10 (795 mg, 5.30 mmol) in dry THF (8 mL) was added
dropwise. The reaction mixture was allowed to stir overnight, and was
then diluted with diethyl ether (50 mL) and hydrochloric acid (1m,
100 mL). The layers were separated, and the aqueous layer was extracted
with diethyl ether (2S50 mL). The combined organic layers were washed
with HCl (1m, 2S50 mL), aqueous NaHCO3 (2S50 mL), and aqueous
NaCl (2S50 mL). The organic solution was dried over MgSO4, filtered,
and the solvent was removed at reduced pressure. Chromatography on
silica gel (hexane/diethyl ether (99:1)) gave the product as a clear oil
(507 mg, 65%). Rf=0.800 (hexane/diethyl ether (50:1)); 1H NMR
(400.1 MHz, CDCl3, 25 8C): d=1.57 (d, J(H,H)=2.4 Hz, 6H; aliphatic
CH2), 1.63–1.75 (m, 6H; aliphatic CH2), 1.97 (br s, 3H; aliphatic CH),
4.82 (dd, 2J(H,H)=1.6 Hz, 3J(H,H)=10.4 Hz, 1H; alkene CH2 proton
trans to adamantyl), 4.84 (dd, 2J(H,H)=2.0 Hz, 3J(H,H)=16.8 Hz, 1H;
alkene CH2 proton cis to adamantyl), 5.69 ppm (dd, 3J(H,H)=10.4,
16.8 Hz, 1H; alkene CH); 13C{1H} NMR (100.6 MHz, CDCl3, 25 8C): d=
28.5 (aliphatic CH), 36.9 (aliphatic CH2), 37.8 (aliphatic quaternary), 41.9
(aliphatic CH2), 108.9 (alkene CH2), 150.1 ppm (alkene CH); EI-MS: m/
z : 68.9, 131.0, 162.1 [M+]; HR-MS found (calcd for C12H18): m/z :
162.1416 (162.1409); elemental analysis calcd (%) for C12H18: C 88.82, H
11.18; found: C 88.97, H 11.33.


(1-Bromoethyl)(D5)benzene (8): The method of Smith and Amin[31] was
used. 1-[(D5)Phenyl]ethanol (7; 5.143 g, 40.4 mmol) was placed in a side-
armed flask and flushed with dry nitrogen for 5 min. Acetyl bromide
(6.00 mL, 81.1 mmol) was added dropwise to the reaction mixture, which
was cooled with an ice bath as soon as the addition was begun.[32] The re-
action mixture was stirred for an additional 10 min at 0 8C, followed by
10 min at room temperature. The volatile fractions were removed at re-
duced pressure (100 mbar, water bath 50 8C), and the residue distilled,
giving a colourless oil (6.679 g, 87%). B.p. 72–74 8C/7 mbar; Rf=0.582
(hexane/diethyl ether (20:1)); 1H NMR (400.1 MHz, CDCl3, 25 8C): d=


2.08 (d, 3J(H,H)=7.0 Hz, 3H; CH3), 5.25 ppm (q, 3J(H,H)=7.0 Hz, 1H;
CH); 13C{1H} NMR (100.6 MHz, CDCl3, 25 8C): d=26.7 (CH3), 49.4
(CHBr), 126.3 (t, 1J(C,D)=24.1 Hz; aromatic CD), 127.7 (t, 1J(C,D)=
24.8 Hz; aromatic CD), 128.1 (t, 1J(C,D)=24.5 Hz; aromatic CD),
143.0 ppm (aromatic quaternary); IR (film): n bar=2974, 2921, 1442,
1377, 1186, 1158, 1079, 1039, 967, 954, 841, 825 , 735 cm�1; EI-MS: m/z :
110.1, 68.9, 82.0, 189.0 [M+]; HR-MS found (calcd for C8H4BrD5,


79Br):
m/z : 189.0194 (189.0201); elemental analysis calcd (%) for C8H4BrD5: C
50.55, “H” 5.07; found: C 50.57, “H” 4.80.


1-Ethenyl(D5)benzene (9): Potassium tert-butoxide (11.25 g, 100.0 mmol)
was dissolved in dry THF (100 mL), (1-bromoethyl)(D5)benzene (8 ;
6.33 g, 33.3 mmol) was added, and the mixture stirred. The solution
became yellow and a precipitate formed. After 30 min, no starting mate-
rial was visible by TLC. The solution was filtered, diluted with diethyl
ether (100 mL), and washed with HCl (1m, 2S50 mL), aqueous NaHCO3


(2S50 mL) and aqueous NaCl (2S50 mL). The organic solution was
dried over MgSO4, filtered and the solvent distilled off by using a 200-
mm Vigreux column. The residue was then distilled at atmospheric pres-
sure, giving a colourless oil (2.360 g, 65%). B.p. 142–144 8C; Rf=0.445
(hexane/diethyl ether (20:1)); 1H NMR (400.1 MHz, CDCl3, 25 8C): d=


5.26 (dd, 2J(H,H)=1.0 Hz, 3J(H,H)=10.4 Hz, 1H; alkene CH trans to
ring), 5.77 (dd, 2J(H,H)=1.2 Hz, 3J(H,H)=17.6 Hz, 1H; alkene CH cis


to ring), 6.75 ppm (dd, 3 J(H,H)=10.4, 17.6 Hz, 1H; alkene CH); 13C{1H}
NMR (100.6 MHz, CDCl3, 25 8C): d=113.8 (CH2) 125.8 (t, 1J(C,D)=
25.2 Hz; aromatic CD), 127.5 (t, 1J(C,D)=25.2 Hz; aromatic CD), 128.0
(t, 1J(C,D)=20.0 Hz; aromatic CD), 136.8 (alkene CH), 137.4 ppm (aro-
matic C); IR (film): ñ=3089, 2982, 1629, 1425, 1325, 1154, 988, 906, 841,
780, 679 cm�1; EI-MS: m/z : 109.1 [M+], 82.0, 68.9; HR-MS found (calcd
for C8H3D5): m/z : 109.0941 (109.0940); elemental analysis calcd (%) for
C8H3D5: C 88.01, “H” 7.74; found: C 88.00, “H” 7.44.


General procedure for stoichiometric Wacker reactions : The following
general procedure was adopted for the Wacker reactions, which were car-
ried out at either a 0.25-mmol or 0.50-mmol scale. The substrate and any
additives were dissolved in a mixture of degassed DMF (2 mLmmol�1


substrate) and degassed water (0.2 mLmmol�1 substrate). Once dissolu-
tion was complete, the palladium(ii) source (2.0 equiv) was added, and
the reaction mixture stirred at room temperature. The reaction solution
was then poured onto a short pad of silica (approximately 10 g), and
eluted with ether (30 mL). The crude mixture was then examined by gas
chromatography.


Wacker reaction of 1-ethenyladamantane (4): The reaction was carried
out by a modification of the general procedure. PdCl2 (183 mg,
1.03 mmol) was suspended in DMF (0.75 mL) and water (0.25 mL). 1-
Ethenyladamantane (4 ; 72.7 mg, 0.490 mmol) was dissolved in DMF
(0.25 mL) and THF (0.25 mL),[33] and was added to the PdCl2 suspension.
The reaction mixture was stirred overnight, before being poured onto a
silica column and eluted with hexane/diethyl ether (4:1). 1-(Adamantan-
1-yl)ethanone (5) was obtained as a white solid (47.1 mg, 59%). Rf=


0.204 (hexane/diethyl ether (9:1)); 1H NMR (400.1 MHz, CDCl3, 25 8C):
d=1.66 (d, 2J(H,H)=12.0 Hz, 3H; one of C4H2), 1.73 (d, 2J(H,H)=
12.0 Hz, 3H; one of C4H2), 1.78 (d, J(H,H)=2.4 Hz, 6H; C2H2), 2.02 (br
s, 3H), 2.07 ppm (s, 3H; Me); 13C{1H} NMR (100.6 MHz, CDCl3, 25 8C):
d=24.3 (Me), 28.0 (CH of adamantyl), 36.6 (CH2 of adamantyl),
38.3 ppm (CH2 of adamantyl), aldehyde carbon not observed: in agree-
ment with literature values.[34]


Reaction using palladium(ii) acetate : The general method for the Wacker
reactions was modified as follows. Reaction using palladium(ii) acetate
(229 mg, 1.02 mmol) and 4-methoxystyrene (66.8 mg, 0.498 mmol) under
argon was carried out over 90 h. The reaction mixture was added to a
silica column and eluted using hexane/ethyl acetate (4:1). The product
was obtained as a white solid (53.6 mg, 72%), which was identical by
NMR spectroscopy to commercial material. 1H NMR (400.1 MHz,
CDCl3, 25 8C) d=2.53 (s, 3H; H3CCO), 3.85 (s, 3H; MeO), 6.91 (d, 3J-
(H,H)=9.2 Hz, 2H; aromatic CH), 7.92 ppm (d, 3J(H,H)=9.2 Hz, 2H;
aromatic CH).


Pre-complexation of styrene and PdCl2 : Styrene (52.1 mg, 0.50 mmol)
was dissolved in dry DMF (2.0 mL), and the solution freeze-pump de-
gassed three times. PdCl2 (177 mg, 1.00 mmol) was added, and the mix-
ture stirred overnight, giving a dark red-brown solution. Degassed water
(0.2 mL) was added, and the reaction stirred for 30 min. It was then
poured onto silica and eluted with diethyl ether (50 mL) prior to analysis
by gas chromatography.


Formation of 11-molybdo-1-vanadophophoric acid (9): The method of
Tsigdinos and Hallada[20] was used. Solutions of disodium hydrogen phos-
phate (7.15 g, 50.4 mmol) in water (100 mL) and sodium vanadate(v)
(6.13 g, 50.3 mmol) in boiling water (100 mL) were prepared, mixed and
allowed to cool to room temperature. Concentrated sulfuric acid
(5.0 mL) was added, giving a dark red solution. A solution of sodium mo-
lybdate decahydrate (133 g, 0.55 mol) in water (200 mL) was added, and
the mixture stirred vigorously. Concentrated sulfuric acid (85 mL) was
added cautiously, the reaction mixture cooled to room temperature and
diluted with diethyl ether (400 mL). Three layers were formed: an ether
layer, an aqueous layer, and a bottom layer of deep red liquid. The
bottom layer (the product etherate) was isolated, and the diethyl ether
evaporated by a stream of nitrogen. The resulting solid was redissolved
in water (50 mL), which was then concentrated until crystals were
formed. The product was obtained as red crystals (54.0 g).


Catalysis using 11-molybdo-1-vanadophophoric acid : Styrene (98.0 mg,
0.941 mmol) was dissolved in degassed DMF (4.0 mL) and degassed
water (0.4 mL). The reoxidant 9 (2.02 g, 1.13 mmol) and PdCl2 (19.4 mg,
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0.109 mmol) were added, and the reaction mixture stirred overnight. It
was then poured onto silica and eluted using ether (50 mL). Gas chroma-
tographic analysis gave a ratio of aldehyde:ketone of 6.35:1.0, and a ratio
of products:starting material of 3.0:1.0.
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Introduction


The success of magnetic resonance imaging (MRI) as a clini-
cal diagnostic technique is largely related to the use of para-
magnetic contrast agents, which improve the contrast be-


tween normal and diseased tissues. Trivalent gadolinium
chelates have proven to be the most suitable MRI contrast
agents (CAs).[1–7] One of the big challenges in the develop-
ment of new CAs is the improvement of their relaxivity and
their capability to target certain organs and tissues, which


Abstract: We report the synthesis and
characterization of the novel ligand
H5EPTPA-C16 ((hydroxymethylhexade-
canoyl ester)ethylenepropylenetriami-
nepentaacetic acid). This ligand was
designed to chelate the GdIII ion in a
kinetically and thermodynamically
stable way while ensuring an increased
water exchange rate (kex) on the Gd


III


complex owing to steric compression
around the water-binding site. The at-
tachment of a palmitic ester unit to the
pendant hydroxymethyl group on the
ethylenediamine bridge yields an am-
phiphilic conjugate that forms micelles
with a long tumbling time (tR) in aque-
ous solution. The critical micelle con-
centration (cmc = 0.34 mm) of the am-
phiphilic [Gd(eptpa-C16)(H2O)]


2� che-


late was determined by variable-con-
centration proton relaxivity measure-
ments. A global analysis of the data
obtained in variable-temperature and
multiple-field 17O NMR and 1H
NMRD measurements allowed for the
determination of parameters governing
relaxivity for [Gd(eptpa-C16)(H2O)]


2� ;
this is the first time that paramagnetic
micelles with optimized water ex-
change have been investigated. The
water exchange rate was found to be
k 298ex = 1.7<108 s�1, very similar to that
previously reported for the nitrobenzyl


derivative [Gd(eptpa-bz-NO2)(H2O)]
2�


(k 298ex = 1.5<108 s�1). The rotational dy-
namics of the micelles were analysed
by using the Lipari–Szabo approach.
The micelles formed in aqueous solu-
tion show considerable flexibility, with
a local rotational correlation time of
t 298l0 = 330 ps for the GdIII segments,
which is much shorter than the global
rotational correlation time of the
supramolecular aggregates, t298g0 =


2100 ps. This internal flexibility of the
micelles is responsible for the limited
increase of the proton relaxivity ob-
served on micelle formation (r1 =


22.59 mm
�1 s�1 for the micelles versus


9.11 mm
�1 s�1 for the monomer chelate


(20 MHz; 25 8C)).


Keywords: gadolinium · imaging
agents · micelles · steric
compression · water exchange


[a] S. Torres, Dr. J. A. Martins, Dr. J. P. Andr@
Centro de QuBmica, Campus de Gualtar
Universidade do Minho
4710-057 Braga (Portugal)
Fax: (+351)253-678-983
E-mail : jmartins@quimica.uminho.pt


jandre@quimica.uminho.pt


[b] Prof. Dr. C. F. G. C. Geraldes
Departamento de BioquBmica
Centro de Espectroscopia RMN e
Centro de NeurociÞncias e Biologia Celular
Faculdade de CiÞncias e Tecnologia, Universidade de Coimbra
3001-401 Coimbra (Portugal)


[c] Prof. Dr. A. E. Merbach, Dr. I. TJth
Laboratoire de Chimie Inorganique et Bioinorganique
Icole Polytechnique F@d@rale de Lausanne
(Switzerland)
Fax: (+41)216939875
E-mail : eva.jakabtoth@epfl.ch


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Tables S1–S6
(transverse relaxation rate enhancement, proton relaxivities, and vari-
able-temperature reduced transverse and longitudinal 17O relaxation
rates and chemical shifts for selected solutions.


L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 940 – 948940







would allow the clinical use of lower doses[8,9] (proton relax-
ivity is defined as the paramagnetic longitudinal proton re-
laxation rate enhancement due to one millimolar concentra-
tion of the agent). Theory predicts that slow rotation of the
chelates in solution (long tR values) and fast water exchange
between the ion coordination sphere and the bulk water
(high kex = 1/tm values, where tm is the lifetime of the water
molecule in the coordination sphere) will lead to higher re-
laxivities.[4,6] Upon attachment of low molecular weight GdIII


chelates to macromolecules, the rotation slows down and
the relaxivity increases. However, this increase is usually far
from optimal (r1max~100 mm


�1 s�1 for a q = 1 complex at
20–60 MHz proton Larmor frequency) because either the
bound chelate is too flexible (internal motions dominate) or
water exchange becomes limiting (tm>T1M).


[2,6]


Several approaches have been attempted to increase tR
values in the search for high relaxivities. These involved the
formation of covalent or noncovalent conjugates between
the paramagnetic chelate and slowly moving substrates
(dendrimers,[10] proteins,[11] carbohydrates[12]). An appealing
alternative way to increase tR is through self-assembly of
amphiphilic GdIII chelates to form micelles.[13] Many of these
GdIII-containing assemblies behave as colloidal carriers
which, in addition to the increased relaxivities, have good
pharmacological characteristics.[14] They can be efficiently
taken up by macrophage-rich tissue undergoing endocytosis/
phagocytosis (liver and spleen),[15,16] and have proved to be
useful for diagnostic purposes.[15] Long-circulating colloidal
systems with entrapped radiopharmaceuticals or CAs have
been successful in blood-pool imaging.[17–19]


Several GdIII based micellar systems have been designed
and characterized.[13,20 ,21] In these systems the relaxivities
were considerably improved owing to the longer tumbling
times in solution but low water exchange rates seriously cut
back the relaxivity gain.
The chelate [Gd(trita)(H2O)]


� (H4TRITA = 1,4,7,10-tet-
raazacyclotridecane-N,N’,N’’,N’’’-tetraacetic acid) was re-
ported to have fast water exchange resulting from steric
compression around the water-binding site. The increased
steric crowding in this chelate is achieved by replacing an
ethylene bridge of DOTA4� (H4DOTA = 1,4,7,10-tetraaza-
cyclododecane-N,N’,N’’,N’’’-tetraacetic acid) with a propyl-
ene bridge.[22] The same strategy proved successful in accel-
erating water exchange in the GdIII chelates of modified
DTPA5� ligands (H5DTPA = diethylenetriamine-
N,N,N’,N’’,N’’-pentaacetic acid). These ligands present one
propylene bridge (H5EPTPA = ethylenepropylenetriamine-
N,N,N’,N’’,N’’-pentaacetic acid) instead of the original ethyl-
ene bridge, or one coordinating propionate arm (H5DTTA-
N’-prop = diethylenetriamine-N,N,N’’,N’’-tetraacetic-N’-pro-
pionic acid) instead of the acetate arm of DTPA5�.[23] A dif-
ferent system displaying fast water exchange at the GdIII ion
is based on a monoamide DOTA complex, as demonstrated
by Parker and co-workers.[24]


With the objective of slowing down the rotation, the fast
exchanging [Gd(eptpa)(H2O)]


2� chelate was attached to dif-
ferent generations (5,7, and 9) of PAMAM dendrimers.[25] A


combined 17O NMR and proton relaxivity study of these sys-
tems showed that, in contrast to previously reported dendri-
meric GdIII complexes, the proton relaxivity was indeed not
at all limited by slow water exchange.
In this paper we report the synthesis of the new ligand


H5EPTPA-C16 ((hydroxymethylhexadecanoyl ester)ethylene-
propylenetriaminepentaacetic acid)), which was designed to
chelate the GdIII ion in a kinetically and thermodynamically
stable way[23] while simultaneously optimizing the rotational
correlation time and the water exchange rate to result in a
higher relaxivity. The tumbling time of the chelate is slowed
down upon attachment of a C16 lipophilic chain to the
-CH2OH pendant group through ester bond formation. Be-
cause of the capability of this amphiphilic species to form
micelles in solution, its tR value will be substantially in-
creased. In addition, the tm value of the Gd


III chelate is opti-
mized in comparison with commercial chelates such as [Gd-
(dtpa)(H2O)]


2�, as a consequence of increased steric com-
pression in the coordination sphere of the metal ion, which
is brought about by the propylene bridge that connects the
two nitrogen atoms.
The critical micelle concentration (cmc) of the amphiphil-


ic [Gd(eptpa-C16)(H2O)]
2� chelate was determined by


proton relaxivity measurements. With the aim of assessing
the parameters that determine proton relaxivity, the water
exchange rate and rotational correlation time in particular,
we carried out a variable-temperature and multiple-field 17O
NMR and 1H NMRD study. The rotational dynamics of the
micelles was described in terms of local and global motions,
related to motions of the GdIII segments and of the entire
micelle, respectively, by using the Lipari–Szabo approach in
the analysis of longitudinal NMR relaxation rates.


Results and Discussion


Synthesis : The new CA skeleton EPTPA5� was proposed re-
cently.[23] It features a masked, pendant amine group on the
ethylenediamine unit designed for conjugation to chemical
moieties for targeting purposes and for the formation of
macromolecular complexes. In this paper we report a new
synthetic route to the EPTPA5� skeleton bearing a hydroxy-
methyl group on the ethylenediamine unit (Scheme 1).
We envisaged that coupling a fatty acid to the hydroxy-


methyl group would generate the amphiphilic molecule 8
(eptpa-C16), which would self-assemble in solution, increas-
ing the tumbling time and the relaxivity of its GdIII complex.
The reductive amination of the Garner aldehyde 2 with


the Boc-monoprotected diamine 3 is the key reaction in the
construction of the EPTPA scaffold. The reducing agent
sodium triacetoxyborohydride NaBH(OAc)3 proved to be
highly efficient.[26] The Garner aldehyde 2 was obtained by a
high-yielding, three-step procedure from serine methyl ester
hydrochloride 1.[27] The fully protected triamine 4 was de-
protected in quantitative yield in one step with a HCl 6m/
EtOH (1:1) mixture. The alkylation reaction required preti-
tration of the aqueous triamine hydrochloride to neutral


Chem. Eur. J. 2006, 12, 940 – 948 L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 941


FULL PAPER



www.chemeurj.org





pH. Titration with Dowex 1X2-100-OH� resin proved to be
a convenient procedure. The fully deprotected triamine 5
was of analytical purity and was carried through without fur-
ther purification. Triamine 5 was alkylated with tBu-bro-
moacetate in a standard procedure.[23] The fully alkylated
material 6 was coupled to palmitic acid through the anhy-
dride method. The resulting ester 7 was isolated as an
adduct with an extra molecule of palmitic acid, as demon-
strated by 1H NMR spectroscopy. No attempts were made
to purify the compound at this stage. We reasoned that it
would be more efficient to carry this material through and
to perform the final purification on the material at the fully
deprotected stage. The deprotection with TFA/CH2Cl2 pro-
ceeded uneventfully, affording the deprotected material as
an adduct with an extra molecule of palmitic acid. The pal-
mitic acid adduct was suspended in water and titrated to
neutrality with aqueous KOH. This procedure allowed the
removal of the insoluble potassium palmitate by filtration.
The final compound was purified by RP C8 chromatography
eluting with H2O/EtOH (100% H2O!100% EtOH) to
afford the title material 8 in analytical purity.
The hydroxymethyl group on the ethylenediamine unit


originates from the amino acid serine. The synthesis started
with the unnatural R enantiomer. This synthetic route is not
likely to have led to racemization or inversion of configura-
tion on the stereogenic centre. Optical rotation measure-
ments indicate that our final compound is optically active.
Further studies are needed in order to confirm the absolute
stereochemistry and the enantiomeric purity of the final
compound 8.


Determination of the critical
micellar concentration (cmc):
The amphiphilic GdIII chelate is
expected to behave as a surfac-
tant in aqueous solution, that is,
to form macromolecular micel-
lar structures. Micelle formation
is characterized by the critical
micellar concentration (cmc),
the lowest concentration limit
at which micelles start to
appear in solution. We have de-
termined the cmc value by
means of 1H relaxivity measure-
ments (60 MHz and 25 8C). This
procedure, previously establish-
ed for paramagnetic micellar
systems, is based on the varia-
tion of the water 1H longitudi-
nal relaxation rate with increas-
ing concentrations of the GdIII


chelate.[21] The measurements
are performed at a frequency at
which the relaxivity is principal-
ly determined by rotation. Ac-
cordingly, micelle formation
will result in slower molecular


tumbling and a concomitant increase of the observed proton
relaxivity. At concentrations lower than the cmc no aggre-
gates form, and under these conditions, only the monomeric
chelate contributes to the paramagnetic 1H relaxation rate
measured in the solution, which is given by Equation (1), in
which Rd1 is the diamagnetic contribution to the longitudinal
relaxation rate (the relaxation rate of pure water), rn:a1 repre-
sents the relaxivity of the free, nonaggregated GdIII chelate
(in mmol�1 s�1), and cGd is the analytical Gd


III concentration.


Robs
1 �Rd


1 ¼ rn:a1 � CGd ð1Þ


At concentrations greater than the cmc, the measured re-
laxation rate is the sum of two contributions, one due to the
chelate as monomer (free surfactant) present at a concentra-
tion given by the cmc, and the other due to the aggregated
form (micelles). The water 1H relaxation rate measured for
the paramagnetic solution can be then expressed as in Equa-
tion (2), in which ra1 is the relaxivity of the micellar (aggre-
gated) form.


Robs
1 �R a


1 ¼ ðr n:a
1 �r a1Þcmcþra1þcGd ð2Þ


The cmc is determined from the plot of the paramagnetic
relaxation rates versus the GdIII concentration as shown in
Figure 1, based on a simultaneous least-squares fit of the
two straight lines. The slopes of these two lines define r n:a1
and r a1 , below and above the cmc, respectively. The values
obtained were r n:a1 = 7.79 mmol�1 s�1 and r a1 =


24.21 mmol�1 s�1 (at 25 8C and 60 MHz). The cmc was found


Scheme 1. Synthetic route for the hydroxymethyl(EPTA) palmitoyl ester conjugate. a) NaBH(OAc)3/1,2-di-
chloroethane; b) i) HCl (aq. sol. 6m)/EtOH 1:1, ii) titration to pH 7 with Dowex1-X2-100-OH� ; c) tBu bro-
moacetate, DIPEA, KI/DMF; d) palmitic anhydride, Py, DMAP/CH2Cl2; e) i) TFA/CH2Cl2 3:1, ii) titration to
pH 7.0 with aq. KOH, iii) RPC8 flash chromatography.
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to be 0.34�0.02 mm, which, in a comparison to previously
studied, similar amphiphilic GdIII complexes with hydrocar-
bon chains, falls exactly into the range expected for a com-
pound with a sixteen-carbon lipophilic tail (Figure 2).[21]


17O NMR and 1H NMRD measurements : In order to deter-
mine the water exchange rate and assess the rotational dy-
namics of the [Gd(eptpa-C16)(H2O)]


2� chelate, we measured
variable-temperature, transverse and longitudinal 17O relax-
ation rates and chemical shifts at two magnetic fields (4.7


and 9.4 T), at a concentration (0.027 molkg�1) that well ex-
ceeds the cmc (see also Supporting Information). We thus
consider that the contribution of the monomeric form to the
17O experimental data is negligible. Additionally, proton re-
laxivities were measured as a function of the Larmor fre-
quency (NMRD profiles) at three different temperatures
and EPR spectra were also recorded. Based on the analogy
to the previously reported [GdIII(eptpa-bz-NO2)(H2O)]


2�,
we assume [GdIII(eptpa-C16)(H2O)]


2� to be nine-coordinate
with one inner-sphere water molecule.[23] For the momomer-
ic form of the chelate, we have determined the field-depen-
dent proton relaxivities, r n:a1 by 1H NMRD measurements at
a concentration of 0.2 mm (below the cmc, Figure 3).
NMRD profiles were also recorded at cGd = 2 mm concen-
tration (above the cmc). The relaxivities of the aggregated
form, r a1 , were calculated at each temperature and magnetic
field (Figure 4c) by subtracting the relaxation rate contribu-
tion of the monomer chelate, present at the concentration of
the cmc (r n:a1 <cmc), from the paramagnetic relaxation rate
values measured at cGd = 2 mm (Robs1 �Rd


1), according to
Equation (3).


r a1 ¼ ðR obs
1 �R d


1�r n:a1 � cmcÞ=ðcGd�cmcÞ ð3Þ


For the aggregated form of the chelate, we performed a
simultaneous least-squares fit of the 17O NMR, EPR, and
NMRD data [the latter calculated with Equation (3)]. All
the available experimental data (17O NMR chemical shifts,
Dwr, longitudinal (1/T1r) and transverse (1/T2r) relaxation
rates, longitudinal proton relaxivities (r1), and transverse
electron spin relaxation rates, obtained from the EPR spec-


Figure 1. Variation of the water 1H longitudinal relaxation rate versus the
total GdIII concentration at 60 MHz and 25 8C for [Gd(eptpa-C16)-
(H2O)]


2�, and least-squares fit according to Equation (2).


Figure 2. cmc obtained for [Gd(eptpa-C16)(H2O)]
2� is in accordance with the values for previously reported systems.
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tra) were analysed simultaneously. The data were fitted to
the conventional Solomon–Bloembergen–Morgan theory,[7]


except for the description of the rotational dynamics (influ-
encing both 17O and 1H longitudinal relaxation), for which
we used the model-free Lipari–Szabo approach.[28,29] Indeed,
the longitudinal 17O relaxation rates show a distinct magnet-
ic field dependence, which is always a clear indication of
slow molecular motions and cannot be described by the
common spectral density functions applied for small-molec-
ular-weight chelates. According to the Lipari–Szabo ap-
proach, the modulation of the interaction that causes relaxa-
tion is the result of two statistically independent motions: a
rapid local motion of the GdIII segments, with a local rota-
tional correlation time tl, and a slower global motion of the
entire micellar aggregate, with a global rotational correla-
tion time tg. The degree of spatial restriction of the local
motion with regard to the global rotation is given by an ad-
ditional model-free parameter S 2. For a totally free internal
motion S 2 = 0, while for a local motion that is exclusively
correlated to the global motion S 2 = 1.
Given the large number of parameters involved in the


analysis of the 17O NMR, EPR, and NMRD data, some had
to be fixed to common and physically meaningful values.
For the distances we used rGdO = 2.5 R (Gd electron spin to
17O nucleus distance), rGdH = 3.1 R (Gd electron spin to 1H
nucleus distance), and aGdH = 3.5 R (closest approach of
the bulk water protons to the gadolinium). The quadrupolar
coupling constant for the bound water oxygen, c(1+h2/3)


1=2 ,
was fixed to 5.2 MHz.[30] The longitudinal 17O relaxation is
related to motions of the Gd coordinated water oxygen
vector, while the proton relaxation is determined by motions
of the Gd coordinated water proton vector. For the ratio of
the rotational correlation time of the Gd–Hwater and Gd–
Owater vectors tRH/tRO, similar values have been found for
various small molecular weight monohydrated GdIII com-
plexes, both by experimental studies and molecular dynam-
ics (MD) simulations (tRH/tRO = 0.65�0.2).[30,31] This tRH/
tRO ratio, within the given error, is considered to be a gener-


al value for the ratio of the two rotational correlation times.
Thus, in the simultaneous analysis of 17O NMR and NMRD
data, we fixed the ratio of the local correlation times of the
Gd-coordinated water proton vector (tlH) and the Gd-coor-
dinated water oxygen vector (tlO) to 0.65. The global rota-
tional correlation times obtained from oxygen and proton
relaxation are identical (tgO = tgH). In the analysis, we fitted
the rotational correlation times t 298l0 and t298g0 , characterizing
the motion of the Gd–Owater vector. The experimental
NMRD and 17O NMR data and the fitted curves for


Figure 3. 1H nuclear magnetic relaxation dispersion profiles of the mono-
mer form of [Gd(eptpa-C16)(H2O)]


2� (0.2 mm): 5 8C (*), 25 8C (&), and
37 8C (!).


Figure 4. Temperature dependence of a) reduced-transverse and longitu-
dinal 17O relaxation rates 1/T2r and 1/T1r, respectively; B = 9.4 T (ln(1/
T1r): &, (ln(1/T2r): *, and B = 4.7 T (ln(1/T1r): !, (ln(1/T2r): +; b) reduced
chemical shifts Dwr (B = 9.4 T: & and B = 4.7 T: !) of [Gd(eptpa-C16)-
(H2O)]


2� (cGd = 26.77 mmolkg�1); c) 1H nuclear magnetic relaxation dis-
persion profiles of the aggregated form (2 mm), recorded at 5 8C (*),
25 8C (&), and 37 8C (!). The lines represent the least-squares fit of the
data points as explained in the text.
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[GdIII(eptpa-C16)(H2O)]
2� are presented in Figure 4. The X-


band peak-to-peak EPR line widths, not presented in
Figure 4 but included in the fit, were between 440 Gauss
(270 K) and 480 Gauss (316 K). The most relevant parame-
ters obtained in the fit are shown in Table 1. For the elec-
tronic relaxation parameters we obtained the following
values: t 298v = 43�5 ps and D2 = (0.07�0.01)<1020 s�2; Ev
was fixed to 1.0 kJmol�1. The value of the 17O scalar cou-
pling constant, essentially calculated from the 17O chemical
shifts, is A/h�1 = �(3.1�0.3)<106 rad s�1. The diffusion con-
stant D 298


GdH and its activation energy EDGdH were calculated
to be (28�2)<10�10 m2s�1 and (25�1) kJmol�1, respective-
ly.


The NMRD profiles measured at three different tempera-
tures for the nonaggregated chelate were also fitted. Here,
the rotational dynamics were described by the common
spectral density functions of the Solomon–Bloembergen–
Morgan theory, since the rotation is not slow enough to re-
quire the Lipari–Szabo treatment. Owing to the lack of 17O
NMR data directly on the monomer form, in the fit of the
NMRD profiles we fixed the water exchange rate and the
activation enthalpy to the values obtained for the micellar
form (Table 1). The electronic parameters calculated are
t 298v = 44�8 ps and D2 = (0.08�0.01)<1020 s�2 ; Ev was
fixed to 1.0 kJmol�1. For the rotational correlation time, we


obtained trH = 200�30 ps, which corresponds to a value ex-
pected for a molecule of the given molecular weight
(Table 2). The experimental NMRD profiles and the fitted
curves are presented in Figure 3.


Water exchange rate and rotational dynamics : Table 2 shows
proton relaxivity data, water exchange rates, and rotational
correlation times for a series of GdIII com-
pounds[13,22,23, 25,34,35] compared with the present results for
[Gd(eptpa-C16)(H2O)]


2�, both in nonaggregated and aggre-
gated forms. The water exchange rate of [Gd(eptpa-C16)-
(H2O)]


2�, k 298ex = 170<106 s�1, is consistent with the values
obtained for analogous GdIII-eptpa derived chelates. In all
of these compounds, steric compression around the water-
binding site leads to accelerated water exchange in compari-
son with the DTPA-type GdIII complexes. With regard to ro-
tational dynamics, the large difference between the local
(330 ps) and global (2100 ps) rotational correlation time of
the aggregated [Gd(eptpa-C16)(H2O)]


2� shows that the
motion of a GdIII chelate segment (characterized by tl) is
considerably faster than that of the whole micellar assembly
(tg). This, together with the value of the order parameter S


2


= 0.41, is a strong indication of the internal flexibility of the
micelles. The parameter tg, reflecting the global motion of
the [Gd(eptpa-C16)(H2O)]


2� micellar assembly, is of the
same order of magnitude as those reported for amphiphilic
[Gd(dotacn)(H2O)]


� complexes (n = 12, 14, 18),[35] but
much smaller than the values for the large dendrimeric
structures such as Gadomer 17[34] or G5-(Gd-eptpa)115.


[25]


The tl value for the [Gd(eptpa-C16)(H2O)]
2� micelles is also


similar to those for [Gd(dotacn)(H2O)]
� (n = 12, 14, 18),[35]


but shorter than that for Gadomer 17, which has a less flexi-
ble dendrimeric structure. On the other hand, the value of
the order parameter, S 2 = 0.41 for [Gd(eptpa-C16)(H2O)]


� ,
is only slightly smaller than S 2 = 0.5 calculated for Gadom-
er 17.
The interaction of [Gd(eptpa-C16)(H2O)]


� with human
serum albumin (HSA) was tested in a solution containing
4.5% HSA. No increase in proton relaxivity was observed


Table 1. Parameters obtained from the simultaneous fit of 17O NMR,
EPR, and 1H NMRD data for the aggregated form of the [Gd-eptpa-C16-
(H2O)]


2� complex.


Parameter


k298ex
/106 s�1 170�30


DH�/kJmol�1 23.6�1.0
t298g /ps


�1 2100�200
Eg/kJmol


�1 19.3�1.0
tl/ps 330�40
El/kJmol


�1 49.0�2.0
S 2 0.41�0.08


Table 2. Relaxivity (at 20 MHz and 25 8C) and parameters determining relaxivity for selected GdIII complexes.


k298ex <10
6 [s�1] tgO [ps] tlO [ps] S 2 r1 [mm


�1 s�1]


small molecular weight chelates
[Gd(eptpa-bz-NO2)(H2O)]


2� [23] 150 tRO = 122 – – 4.73
[Gd(eptpa)(H2O)]


2� [23] 330 tRO = 75 – –
[Gd(trita)(H2O)]


� [22] 270 tRO = 82 – –
[Gd(eptpa-C16)(H2O)]


2� [a,b] 170 tRH = 200 – – 9.11
dendrimers
Gadomer 17[34] 1.0 3050 760 0.50 16.46
G5-(Gd-eptpa)115


[25] 150 4040 150 0.43 23.9[c]


micelles
[Gd(dotasa-C12(H2O)]


� [13] 4.8 920 – – 18.03
[Gd(dota-C10)(H2O)]


� [35] 4.8 tRO = 470 – – 9.32
[Gd(dota-C12)(H2O)]


� [35] 4.8 1600 430 0.23 17.24
[Gd(dota-C14)(H2O)]


� [35] 4.8 2220 820 0.17 21.45
[Gd(dotasa-C18)(H2O)]


� [35] 4.8 2810 330 0.28 20.72
[Gd(eptpa-C16)(H2O)]


� [a] 170 2100 330 0.41 22.59


[a] This work. [b] Nonaggregated form. [c] T = 37 8C.
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as compared with a sample without HSA (60 MHz), there-
fore we concluded that there is no significant interaction be-
tween the long chain and serum albumin.


Conclusion


We have devised a new, high-yielding synthetic strategy for
the synthesis of a new chelator with the EPTPA skeleton
featuring a hydroxymethyl group on the ethylenediamine
unit. The hydroxymethyl group is available for direct conju-
gation to a plethora of chemical moieties through different
linkages (ester, ether, phosphodiester, glycosidic bond).
Moreover, the hydroxyl group may be easily converted to
other functional groups such as aldehyde, carboxylic acid, or
azide, leading to other convenient handles for conjugation.
In this paper we have constructed a conjugate with a fatty
acid to illustrate the concept. Furthermore, some linkages
involving oxygen, for example, ester and phosphodiester,
are enzyme-labile, and could potentially lead to smart con-
trast agents.
On the basis of a rational design, we have prepared a new


amphiphilic GdIII chelate, for which the parameters influenc-
ing relaxivity were obtained from a simultaneous analysis of
NMRD, EPR, and 17O NMR data. As a result of micellar
self-assembly in aqueous solution, the chelate has an in-
creased rotational correlation time. In addition, due to a
steric compression in the inner coordination sphere of the
paramagnetic ion, both the amphiphilic monomer and the
supramolecular micellar assembly display close to optimal
water exchange rates, two orders of magnitude superior to
the chelating agents in clinical use. However, the self-assem-
bly of the amphiphilic monomers leads to only a modest in-
crease in relaxivity, as the rotational dynamics are strongly
dominated by fast local motions of the GdIII segments
within the micelle. Clearly, as demonstrated by simulations,
much higher relaxivities are achievable for chelates with
water exchange rates of this order of magnitude, as long as
the local rotational correlation times do not become limit-
ing. The rigidification of the micelles is one possible route
towards substantially higher relaxivities.
The lipophilic tail is attached to the chelate moiety


through an ester bond, which will likely be cleaved in the
presence of lipases. Such transformation of the chelate will
significantly reduce the observed relaxivity. This behaviour
could make the [Gd(eptpa-C16)(H2O)]


2� chelate a respon-
sive contrast agent, sensitive to the presence of lipases. In-
vestigations in this area are in progress and will be reported
in due course.


Experimental Section


Preparation of the complex : The GdIII chelate of EPTPA-C16 was pre-
pared by mixing equimolar amounts of Gd(ClO4)3 and the ligand in a
50 mm TRIS (tris(hydroxymethyl)aminomethane) buffer solution (pH
around 7.0) or in 150 mm MES (2-[N-morpholino]ethanesulfonic acid)


buffer solution (pH around 6.4). A slight excess (5%) of ligand was used.
The absence of free metal was checked through the xylenol orange
test.[32] The Gd(ClO4)3 stock solution was made up by dissolving Gd2O3


in a slight excess of HClO4 (Merck, p.a. 60%) in double-distilled water,
followed by filtering. The pH of the stock solution was adjusted to 5.5 by
addition of Gd2O3 and its concentration was determined by titration with
Na2H2EDTA solution using xylenol orange as an indicator.


Sample preparation : For the critical micellar concentration determination
a 17.02 mm [Gd(eptpa-C16)(H2O)]


2� stock solution in 50 mm TRIS buffer
was prepared. A series of [Gd(eptpa-C16)(H2O)]


2� solutions with differ-
ent concentrations was prepared by diluting the stock solution. For the
NMRD profiles two solutions were prepared from the 17.02 mm stock so-
lution; one below (0.2 mm) and the other above (2 mm) the CMC value
previously determined. For the 17O NMR measurements, a
26.77 mmolkg�1 solution enriched to 2% by using 10% 17O-enriched
water (Yeda Co., Rehovot, Israel) was prepared.


Determination of the CMC by 1H relaxivity measurements : The concen-
tration range for this determination was 12510–0.010 mm. For each
sample, longitudinal 1H relaxation rates were measured at 25 8C and
60 MHz (1.41 T) with a WP-60 electromagnet connected to a Bruker AC-
200 console. The temperature was stabilized with a Bruker temperature
control unit by gas flow. The longitudinal relaxation rate, 1/T1, was ob-
tained with the inversion-recovery method.


NMRD measurements : The measurements were performed by using a
Stelar Spinmaster FFC NMR relaxometer (0.01–20 MHz) equipped with
a VTC90 temperature control unit. At higher fields, the 1H relaxivity
measurements were performed on Bruker Minispecs mq30 (30 MHz),
mq40 (40 MHz), and mq60 (60 MHz) and on Bruker 50 MHz (1.18 T),
100 MHz (2.35 T), and 200 MHz (4.70 T) cryomagnets connected to a
Bruker AC-200 console. In each case, the temperature was measured by
a substitution technique. Longitudinal relaxation rates were measured at
two different concentrations, one below (0.2 mm) and the other above
the CMC (2 mm) at 25 8C. Variable-temperature measurements were per-
formed at 5, 25, and 37 8C.


EPR spectroscopy : The spectra were recorded in a conventional Elexsys
spectrometer E500 at X-band (9.4 GHz). A controlled nitrogen gas flow
was used to maintain a constant temperature, which was measured by a
substitution technique. The transverse electronic relaxation rates, 1/T2e,
were calculated from the EPR line widths according to Reuben.[36]


17O NMR spectroscopy : The solution samples were sealed in glass
spheres adapted for 10 mm NMR tubes to avoid susceptibility corrections
of the chemical shift. Transverse and longitudinal 17O relaxation rates
and chemical shifts were measured for temperatures between �1.9 and
52 8C. Temperatures above 60 8C were not used to avoid compound de-
composition. Data were recorded at two different magnetic fields (9.4
and 4.7 T). Acidified water of pH 3.4 was used as an external reference.


Data analysis : The least-squares fits on the 17O NMR and NMRD relaxa-
tion data were performed with the Visualiseur/Optimiseur programs on a
Matlab platform version 5.3.[33]


Materials and equipment : Chemicals were purchased from Sigma-Aldrich
and used without further purification. Solvents used were of reagent
grade and purified by usual methods. Reactions were monitored by TLC
on Kieselgel 60 F254 (Merck) on aluminium support and on silica gel RP-
18 on glass support (Fluka). Detection was by examination under UV
light (254 nm), by adsorption of iodine vapour and spraying with ninhy-
drine. Flash chromatography was performed on Kieselgel 60 (Merck,
mesh 230–400) and on silica gel 100C8-reversed phase (Fluka). The rele-
vant fractions from flash chromatography were pooled and concentrated
under reduced pressure, T < 40 8C. 1H and 13C NMR spectra (assigned
by 2D DQF-COSY and HMQC techniques) were run on a Varian Unity
Plus 300 NMR spectrometer, operating at 299.938 and 75.428 MHz for
1H and 13C, respectively. Chemical shifts (d) are given in ppm relative to
the CDCl3 solvent (


1H, d = 7.27 ppm; 13C 77.36 ppm) as internal stan-
dard. For 1H and 13C NMR spectra recorded in D2O, chemical shifts (d)
are given in ppm relative to TSP as internal reference (1H, d = 0.0 ppm)
and tert-butanol as external reference (13C, CH3 d = 30.29 ppm). 13C
NMR spectra were proton broad-band decoupled using a decoupling
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scheme. Compound 2 (GarnerTs aldehyde) was synthesised by a three-
step procedure according to the literature.[26]


Fully protected triamine 4 : A solution of N-Boc-1,3-propanediamine 3
(1.46 g, 8.37 mmol) and GarnerTs aldehyde 2 (1.83 g, 7.98 mmol) in 1,2-di-
chloroethane (80 mL) was stirred at room temperature for 5 min before
NaBH(OAc)3 (1.72 g, 8.12 mmol) was added in small portions over
5 min. The clear solution turned immediately cloudy and was left stirring
over nitrogen for 2 h. NaHCO3 (saturated solution, 100 mL) was added,
the organic phase was separated, and the aqueous phase was extracted
with CH2Cl2 (50 mL). The combined organic phase was washed with
NaHCO3 (2<80 mL) and brine (80 mL), dried (MgSO4), and was concen-
trated under reduced pressure to give a crude yellow oil. Purification by
flash column chromatography (15<2.5 cm, CH2Cl2!CH2Cl2/EtOH 3:1
yielded the title compound (2.54 g, 82%) as a colourless oil. 1H NMR
(300 MHz, CDCl3): d = 1.44 (s, 9H; Boc), 1.48 (s, 9H; Boc), 1.54 (m,
6H; C(CH3)2), 1.63 (m, 2H; NHCH2CH2CH2NHBoc), 2.65 (m, 1H;
NHCHCHaHbNH), 2.71 (m, 2H; NHCH2CH2CH2NHBoc), 2.88 (m, 1H;
NHCHCHaHbNH), 3.19 (m, 2H; NHCH2CH2CH2NHBoc), 3.78–
3.40 ppm (m, 3H; OCHaHb, OCH2CH);


13C NMR (56 MHz, D2O): d =


23.1, 24.3, 26.8, 27.6 (C(CH3)2), 28.4 (C(CH3)3), 29.7
(NHCH2CH2CH2NHBoc), 39.3 (NHCH2CH2CH2NHBoc), 47.7
(NHCH2CH2CH2NHBoc), 51.5 (CHCHaHbNH), 57.0, 57.2 (OCH2CH),
66.2 (OCH2), 79.0, 79.6, 80.2 (C(CH3)3), 93.4, 93.8 (C(CH3)2), 156.0 ppm
(NHC(O)OtBu); HRMS (FAB+ , NBA): m/z : calcd for C19H38N3O5:
388.2811, found 388.2815 [M+H]+ .


Fully deprotected triamine 5 : Compound 4 (2.32 g, 5.98 mmol) was stir-
red overnight at room temperature with aqueous HCl 6m/EtOH (1:1,
40 mL). The solvent was removed under reduced pressure. The residue
was repeatedly co-evaporated with water, dissolved in water (~20 mL)
and adjusted to pH 7 with DOWEX 1X-100-OH� resin (~20 mL wet
resin). The resin was filtered off and the filtrate was evaporated under re-
duced pressure to give a white vitreous solid (quantitative yield). This
material was carried through without further purification. 1H NMR
(300 MHz, CDCl3): d = 2.17 (qt, J = 7.5 Hz, 2H; NHCH2CH2CH2NH),
3.14 (t, J = 7.5 Hz, 2H; NHCH2CH2CH2NH), 3.21 (td, J = 7.5, 2.4 Hz,
2H; NHCH2CH2CH2NH), 3.30 (dd, J = 13.4, 6.6 Hz, 1H; NHCH-
(CH2OH)CHaHbN), 3.41 (dd, J = 13.4, 5.4 Hz, 1H; NHCH-
(CH2OH)CHaHbN), 3.72 (m, 1H; NHCH(CH2OH)CH2N), 3.87 ppm (m,
2H; NHCH(CHaHbOH)CH2N); MS (EI


+): m/z : 148.15 [M+H]+; HRMS
(EI+): m/z : calcd for C6H18N3O: 148.1450, found 148.1450 [M+H]+ .


Fully alkylated compound 6 : DIPEA (11.0 mL, 64.5 mmol), tert-butyl
bromoacetate (9.0 mL, 60.5 mmol), and KI (1.63 g, 9.80 mmol) were
added to compound 5 (3.12 g, 8.06 mmol) partially dissolved in DMF.
The solution turned yellow and was left stirring over a period of 64 h.
The solvent was evaporated under reduced pressure, giving rise to a
yellow and a white solid. The residue was taken into ethyl acetate
(200 mL) and the white solid was filtered off. The organic phase was
washed with NaHCO3 (sat. sol. , 2<100 mL) and brine (100 mL), and was
dried (MgSO4). The solvent was removed under reduced pressure leaving
behind a yellow oil. Purification by flash chromatography (19<2.5 cm)
with hexane!hexane/Ethyl acetate 1:1 yielded the title compound
(4.40 g, 76%) as a pale yellow oil. 1H NMR (300 MHz, CDCl3): d = 1.45
(s, 45H; C(CH3)3), 1.60 (m, 2H; NCH2CH2CH2N), 2.45–2.79 (m, 6H;
NCH(CHaHbOH)CH2NCH2CH2CH2N), 2.93 (m, 1H; NCHCH2N), 3.211
(d, J = 6.9 Hz, 1H; NCH(CHaHbOH)CH2N), 3.40 (s, 6H; acetate), 3.44
(s, 4H; acetate), 3.66 ppm (dd, J = 11.4, 4.8 Hz, 1H; NCH-
(CHaHbOH)CH2N);


13C NMR (56 MHz, CDCl3): d = 26.2
(NCH2CH2CH2N), 28.08 (C(CH3)3), 51.89, 52.59 (NCH2CH2CH2N), 53.6
(NCH2C(O)OtBu), 54.3 (NCHCH2N), 55.8 (NCH2C(O)OtBu), 56.1
(NCH2C(O)OtBu), 62.0 (NCH(CHaHbOH)CH2N), 62.3 (NCH-
(CHaHbOH)CH2N), 80.9, 81.0, 81.1 (C(CH3)3), 17.6, 171.8 ppm
(NCH2C(O)OtBu); HRMS (FAB


+ , NBA): m/z : calcd for C36H68N3O11:
718.4845, found 718.4854 [M+H]+ .


Fully deprotected palmitic ester conjugate 8 : Palmitic anhydride (2.29 g,
4.63 mmol), pyridine (1 mL, 12.5 mmol), and 4-dimethylaminopyridine
(28.6 mg, 0.234 mmol) were added to a solution of compound 6 (1.68 g,
2.34 mmol) in anhydrous CH2Cl2 (30 mL), and the reaction mixture was
stirred at room temperature under a nitrogen atmosphere. After 24 h the


reaction mixture was quenched with cold water. CH2Cl2 (70 mL) was
added to the mixture and the organic phase was separated and washed
with KHSO4 (2<100 mL), NaHCO3 (3<100 mL), and brine (1<100 mL);
dried (MgSO4); and concentrated under reduced pressure. The crude oil
obtained was purified by flash chromatography (20<2.5 cm) with petrole-
um ether 40–60!petroleum ether/ethyl acetate 1:1.5 to give the fully al-
kylated palmitic ester conjugate as an adduct with an extra molecule of
palmitic acid 7. 1H NMR (300 MHz, CDCl3): d = 0.89 (t, 6H; CH3), 1.27
(m, 48H; CH2 alkyl chain), 1.46 (s, 45H; tBu), 1.64 (m, 6H; overlapped
signals from OC(O)CH2CH2 and NCH2CH2CH2N), 2.33 (m, 4H), 2.65
(m, 5H), 2.85 (dd, J = 13.5 and 5.4 Hz, 1H; NCH(CH2O)CHaHbN), 3.11
(m, 1H; NCH), 3.28 (s, 2H; NCH2C(O)OtBu), 3.41 (s, 4H;
NCH2C(O)OtBu), 3.49 (s, 4H; NCH2C(O)OtBu), 4.12–4.24 ppm (m, 2H;
NCHCHaHbO); HRMS (ESI+): m/z : calcd for C52H98N3O12: 956.7150,
found 956.7145 [M+H]+ . This material was carried through without fur-
ther purification.


Compound 7 was stirred overnight at room temperature with CH2Cl2/
TFA 3:1 (15 mL). The solvent was removed under reduced pressure, the
residue was re-dissolved in CH2Cl2 (20 mL), and the solvent was removed
under reduced pressure. This procedure was repeated several times and
the material was further dried under vacuum to give a white solid. Distil-
led water (100 mL) was added to this product and the resulting suspen-
sion was adjusted to pH 7 with a 0.1m aqueous solution of KOH. The
suspension was filtrated through a nylon membrane filter (0.22 mm). The
filtrate was concentrated under reduced pressure and the crude product
obtained was purified by flash chromatography on reversed-phase RP8
silica with gradient elution 100% H2O!100% EtOH. The relevant frac-
tions were pooled and the solvent was removed under reduced pressure
to afford the title compound as a white solid (0.76 g, 48% over two
steps). 1H NMR (300 MHz, D2O): d = 0.87 (t, 3H; CH3), 1.28 (m, 24H;
CH2 alkyl chain), 1.60 (m, 2H; OC(O)CH2CH2), 2.09 (m, 2H;
NCH2CH2CH2N), 2.43 (t, J = 7.2 Hz, 2H; OC(O)CH2), 3.0–3.40 (m, 6H;
overlapping signals from NCH(CH2OH)CHaHbNCH2CH2CH2N), 3.51 (s,
4H; acetate protons), 3.62 (m, 3H; overlapping signals from NCH-
(CH2OH)CH2N and central acetate protons), 3.77 (s, 4H; acetate pro-
tons), 4.26 ppm (m, 2H; NCH(CH2O)CH2N);


13C NMR(56 MHz, D2O):
d = 16.7 (CH3, alkyl chain), 23.7 (NCH2CH2CH2N), 25.4 (CH2 alkyl
chain), 27.3 (OC(O)CH2CH2), 31.6, 31.8, 32.0, 32.1, 32.2, 32.3, 32.3, 34.6
(CH2 alkyl chain), 36.6 (OC(O)CH2), 45.9, 54.0 (NCH(CH2OH)CH2N),
56.2, 56.5 (NCH2CH2CH2N), 57.4, 57.3–57.6 (cluster of signals from
NCH2COOH), 59.9 (NCH(CH2OC(O))CH2N), 60.1 (NCH2COOH), 64.2
(NCH(CH2OC(O))CH2N), 174.0 (C(O), ester), 176.2, 178.6, 179.0 ppm
(C(O), carboxylic acid); HRMS (ESI): m/z : calcd for C32H58N3O12:
676.4001, found 676.4015 [M+H]+ .
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… can be regarded as adaptive
chemical networks, in which the
library members are connected by
exchange reactions. In the Full
Paper by K. Severin et al. on
page 1058 ff., a library of metalla-
macrocyclic ruthenium and iridium
complexes with a unique network
topology is described.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Mollusk Shell Formation
In their Concept article on page 980 ff., L. Addadi et al.
present new ideas about the mechanism of formation of the
pearly layer of a mollusk shell; such ideas have radically
changed in recent years as a result of new observations. The
results are described and new concepts are presented that
may well have implications for other biomineralization
processes.


Versatile Fluorine Derivatives
In his Concept article on page 974 ff., T. Billard discusses
the synthetic applications of b-fluoroalkylated a,b-unsatu-
rated carbonyl compounds as efficient building blocks for
the synthesis of complex fluorinated compounds.


Metallostars
In their Full Paper on page 989 ff. , 0. Toth et al. describe
the synthesis and characterization of a gadolinium metallo-
star compound. The metallostar has a remarkable proton
relaxivity, related to two inner-sphere water molecules and
their near-optimal exchange rate. The metallostar should be
a particularly efficient contrast agent at very high magnetic
fields.
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Synthetic Applications of b-Fluoroalkylated a,b-Unsaturated Carbonyl
Compounds


Thierry Billard*[a]


Introduction


Fluorine is an element which occupies a special place in the
periodical classification. Because of its highest electronega-
tivity and its specific properties, it is often considered on the
fringe of the classical organic chemistry and the synthesis
and properties of fluoro compounds are traditionally omit-
ted in main stream organic chemistry.
However, the singular nature of the fluorine atom, com-


bined with the unique physical and chemical properties that
the fluorine substituent imparts its compounds, is responsi-
ble for the importance of the field of fluorine chemistry.[1]


Indeed, the specific physico-chemical properties of fluorinat-


ed organic compounds are of huge interest in a wide range
of applications.[1–2]


Since the Henri Moissan2s first isolation of elemental fluo-
rine in 1886, the interest in fluorine chemistry has grown
steadily to a field of great significance which today plays a
distinctive role in many and highly diverse technological de-
velopments (for example fluoropolymers, pharmaceutical
and agrochemical products, material science).[3–4] The recent
development of the Efavirenz (anti-HIV drug)[5] and Vinflu-
nine (antitumour drug),[6] two fluorinated drugs promising in
their prophylaxis, constitutes an excellent illustration of the
important role played by the fluorinated compounds for so-
ciety.
Nevertheless, despite this growing interest for fluorinated


compounds, the synthesis of more sophisticated fluorinated
molecules, in particular for biological applications, is still
scarce because of the lack of various and useful fluorinated
building blocks.


Towards Synthetic Applications of b-
Fluoroalkylated a,b-Unsaturated Carbonyl


Compounds


In non-fluorinated organic chemistry the a,b-unsaturated
carbonyl compounds constitute interesting building blocks
for further functionalisation by various reactions. Indeed,
such substrates are well-known reagents for cycloaddition
reactions and conjugated additions.[7] Some calculations on
b-trifluoromethylated analogues of such substrates have
shown that the LUMO energy level is lower and, conse-
quently, led to suggest that these fluorinated compounds
should be more reactive (Figure 1).[8]


Consequently, such b-trifluoromethylated a,b-unsaturated
carbonyl compounds should constitute very efficient build-
ing blocks as starting material in the synthesis of fluorinated
molecules.
The commercially availability of some esters of (E)-tri-


fluorocrotonic acid has boosted their use in reactivity studies
and synthetic applications. Thus we can propose that others


Abstract: b-Fluoroalkylated a,b-unsaturated carbonyl
compounds constitute efficient building blocks for the
synthesis of complex fluorinated compounds. As the
fluorinated moiety generally increases their reactivity,
it also brings important modifications which can change
the chemical behavior and selectivity. Their use has
been already largely demonstrated. Nevertheless, the
synthetic potential has not yet been fully explored and,
consequently should play an important role in the
design of new sophisticated fluorinated molecules. Nev-
ertheless, it shall be important to develop new synthetic
methods to enlarge their availability and their diversity.
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b-fluoroalkylated a,b-unsaturated carbonyl compounds
should be also reactive substrates for further reactions.


Cyloadditions Reactions with b-Fluoroalkylated
a,b-Unsaturated Carbonyl Compounds


As early as 1963, fluorinated trans-olefinic acids have been
used as dienophile in the Diels–Alder reaction with cyclo-
pentadiene.[9] Further reactions have been developed with
the ethyl (E)-trifluorocrotonate,[10] but a few Diels–Alder re-
actions have been conducted with trifluoromethylated
enones.[11] (Scheme 1)


This type of Diels–Alder cyclization has found interesting
applications in the synthesis of trifluoromethylated ana-
logues of a natural product[10b] of medicinal importance, that
is shikimic acid (Scheme 2),[26] which is involved in impor-
tant biosynthetic pathways.


Trifluoromethylated pyrrolidines, which could be very ef-
ficient trifluoromethylated building blocks for the syntheses
of fluorinated analogues of various alkaloids, have been ob-
tained through 1,3-dipolar cycloadditions[11–12] with b-fluo-
roalkylated a,b-unsaturated carbonyl substrates (Sche-
me 3).[12c,d]


Nevertheless, despite the high interest for such reactions
and the expected enhancement of reactivity, the presence of
a fluoroalkyl group at the b position of these enones brings
about some modifications of selectivity or reactivity. For ex-
ample, the Diels–Alder cyclization of (E)-4,4,4-trifluoro-1-
phenylbut-2-en-1-one with cyclopentadiene leads to the cy-
cloadduct with the CF3 in endo position as major diaster-
eomer.[27] Because of the steric hindrance of CF3 moiety,


[28]


some cycloadditions are difficult to realize and require more
drastic conditions (high pressure for instance).[12c]


Conjugated Additions with b-Fluoroalkylated a,b-
Unsaturated Carbonyl Compounds


Conjugated additions are generally facilitated by the pres-
ence of fluoroalkyl group. Again, derivatives of (E)-trifluor-
ocrotonic acid have mostly been used in these reaction-
s.[8a, 13–17] These conjugated additions certainly constitute the
most frequently applied reaction with the b-fluoroalkylated
a,b-unsaturated carbonyl compounds.
For example, trifluoromethylated g-lactones have been


easily obtained with nitromethane as the nucleophile
(Scheme 4).[14] Such a method gives an interesting strategy


for the synthesis of many trifluoromethylated analogues of
biologically active compounds and natural products,[29] as,
for instance, the oak lactone.[30]


Figure 1. LUMO energy level.


Scheme 1. Diels–Alder cycloadditions.


Scheme 2. Synthesis of (� )-cis-6-trifluoromethyl shikimic acid.


Scheme 3. Synthesis of 3-trifluoromethylated pyrrolidines.


Scheme 4. Synthesis of trifluoromethylated g-lactone.
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The Michael additions also allowed the synthesis of vari-
ous fluorinated analogues of amino acids.[15,19] Their incorpo-
ration into peptides gives rise to structural modifications
(secondary structure), which also result in proteolytic stabili-
ty (Schemes 5–6).[18]


Zanda et al. have developed an interesting synthesis of
partially modified retro and retro-inverso y-
[NHCH(CF3)]Gly peptides based on an aza-Michael reac-
tion of a-amino esters with chiral b-trifluoromethylated a,b-
unsaturated amides.[16] This methodology allows parallel
solid-phase synthesis of small libraries of trifluoromethylat-
ed peptidomimetics to study the influence of the trifluoro-
methyl group in the biologic behavior of peptides (Sche-
me 7).[16b]


Conjugated addition of cyanide anion onto b-trifluorome-
thylated enones has been also applied in the synthesis of
aminopyridazines as acetylcholinesterase inhibitors.[20]


As in the case of cycloadditions, the presence of the fluo-
rinated moieties can also be associated with certain draw-
backs. Indeed, the high electron-withdrawing fluoroalkyl
group, relayed by conjugated p system of enone, leads to a
decrease of charge density in the oxygen atom. Consequent-
ly, the activation of these fluorinated enones by Lewis acids
is less efficient and can suffer of competition with other li-
gands. For example, Copper(ii) triflate catalyses selected 1,4-
additions onto fluoroalkylated enones whereas the same cat-
alyst is inactive when chelated to a BOX ligand.[27]


Miscellaneous Reactions with b-Fluoroalkylated
a,b-Unsaturated Carbonyl Compounds


Other synthetic applications of b-fluoroalkylated a,b-unsatu-
rated carbonyl compounds can be also envisaged by modifi-
cation of carbonyl functionality.[23]


Thus, the synthesis of trifluoromethylated hydrindenes, as
potential precursors for fluorinated vitamin D, has been de-
scribed starting from 3-trifluoromethyl but-2-enoic acid. The
key step is an Ireland–Claisen rearrangement of an allylic
ester of this acid (Scheme 8).[21]


By reduction of the carbonyl moiety of a b-trifluorome-
thylated enones to obtain allylic alcohol, trifluoromethyl tet-
rahydroisochromanes could be easily achieved through a
Johnson–Claisen rearrangement (Scheme 9).[22] Such meth-
odology constitutes an interesting way to access very easily
to various bioactive compounds as, for example, fluorinated
analogues of the potent k opioid receptor agonist salvinorin
A.[31]


Scheme 5. Synthesis of 3-trifluoromethylpyroglutamic acid.


Scheme 6. Synthesis of trans-3,4-(difluoromethano)glutamic acid.


Scheme 7. Solid-phase synthesis of y[NHCH(CF3)]Gly peptides.


Scheme 8. Synthesis of trifluoromethylated hydrindenes.
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Syntheses of b-Fluoroalkylated a,b-Unsaturated
Carbonyl Compounds


Despite the well demonstrated importance of the a,b-unsa-
turated carbonyl compounds, the methods to synthesize
them are relatively restricted. The oldest and more direct
method is the Wittig reaction with fluorinated aldehydes.
Nevertheless, the fluorinated analogues of acetaldehyde, as
trifluoroacetaldehyde, are not commercially available, very
reactive gases which are not easy to handle. Recently, an ef-
ficient synthesis of b-fluoroalkylated enones has been de-
scribed starting directly from corresponding ketones and,
thus, enlarges the panel of available b-fluoroalkylated a,b-
unsaturated carbonyl compounds, especially bearing fluo-
roalkyl moiety other than CF3 (Scheme 10).


[24]


Some other methods, involving more steps, have been
also elaborated starting from ethyl trifluoroacetoacetate[32]


or from 3,3,3-trifluoroprop-1-yne.[33] Nevertheless, all these
methods don2t allow to achieve all the expected compounds
with diverse substituents anywhere. This lack of diversity in
their syntheses can constitute a drawback in the develop-
ment of their future uses.


Conclusion and Perspectives


As their non-fluorinated analogues, b-fluoroalkylated a,b-
unsaturated carbonyl compounds present interesting and
valuable synthetic potential. As shown above in a few perti-
nent examples, some of them have already been studied and
applied in the syntheses of several complex structures and
fluorinated analogues of natural products.
The growing tremendous demand of more and more so-


phisticated fluorinated molecules should certainly imply an
increased search of new fluorinated building blocks.


The previous works have shown that b-fluoroalkylated
a,b-unsaturated carbonyl compounds, and in particular the
derivatives of trifluorocrotonic acid, could constitute valua-
ble building blocks and should play an important role in the
future.
This has been recently demonstrated by the synthesis of


trifluoromethylated epothilone analogues in which the fluo-
rinated part is obtained from a b-trifluoromethylated a,b-
unsaturated carbonyl compound (Scheme 11).[25]


Such work opens the way of the applications of b-fluo-
roalkylated a,b-unsaturated carbonyl compounds into multi-
step syntheses of fluorinated analogues of natural com-
pounds.
The already existing reactions, and the incessant develop-


ment of new ones with non-fluorinated enones, which can
be found in literature, in particular in the asymmetric field,
expands the field of reactivity studies of b-fluoroalkylated
a,b-unsaturated carbonyl compounds.
For instance, hetero-Diels–Alder, by using b-fluoroalky-


lated enones as heterodienes, could constitute a rapid access
to trifluoromethylated carbohydrate mimetics.
Such perspectives make these b-fluoroalkylated a,b-unsa-


turated carbonyl compounds both classical and essential fluo-
rinated building blocks in the incorporation of fluorinated
analogues into natural compounds.
As example, trifluoromyrtine could be easily synthesized


starting from (E)-5,5,5-trifluoropent-3-en-2-one, by applying
a method previously described (Scheme 12).[34]


Scheme 9. Synthesis of trifluoromethylated tetrahydroisochromanes.


Scheme 10. Efficient, one-pot, synthesis of b-fluoroalkylated enones.


Scheme 11. Synthesis of trifluoromethylated epothilone analogue.


Scheme 12. Potential synthesis of trifluoromyrtine.
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The most important challenge will be to elaborate new
synthetic ways to obtain such b-fluoroalkylated a,b-unsatu-
rated carbonyl compounds with various substituents.
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Mollusk Shell Formation: A Source of New Concepts for Understanding
Biomineralization Processes


Lia Addadi,* Derk Joester, Fabio Nudelman, and Steve Weiner[a]


Introduction


The formation of crystals from supersaturated solutions is
only rarely, if ever, a straightforward spontaneous process
governed only by solubility considerations. Until just a few
years ago everyone thought that biogenic crystals form by
crystallization from a supersaturated solution, because they
form under ambient conditions in an environment full of
water. The surprise, however, is that at least in some biologi-
cal mineralization processes, the systems have evolved in-
credible means of control, with the result that even the sim-
plest of concepts, such as the presence of a supersaturated
solution, are not obvious. Our thinking about biomineraliza-
tion mechanisms has radically changed as a result of new
observations, many of which were made while studying the
formation of mollusk shells. Here we describe these results


and present new concepts that we think may well have im-
plications to other biomineralization processes.
Mollusks, like many other mineralizing organisms, includ-


ing the vertebrates, first isolate their environment of mineral
formation from the outside world.[1,2] Mollusks use a highly
cross-linked protein layer (periostracum) and the epithelial
cells of the mantle, the organ directly responsible for shell
formation. They then elaborate a matrix within this space
comprising various macromolecules. This matrix is the
framework in which mineral forms. The major components
of the matrix are the polysaccharide b-chitin, a relatively hy-
drophobic silk protein, and a complex assemblage of hydro-
philic proteins, many of which are unusually rich in aspartic
acid.[3] The final stage of the process is the formation of the
mineral itself within the matrix. Some of the acidic proteins
are also occluded within the mineral phase as it forms. The
mineral in mature mollusk shells is most often aragonite,
sometimes calcite, and in certain taxa, the same shell may
have layers of calcite and layers of aragonite (reviewed in
references [1,3, 4]).
Nacre comprises uniformly thick layers of aragonite crys-


tals separated by interlamellar layers of organic matrix
(Figure 1). This very simple geometry greatly facilitates
structural investigations. In 1984, Weiner and Traub[5] pre-
sented a model of the interlamellar matrix structure in
nacre. The model was based mainly from transmission elec-
tron microscope (TEM) observations of forming nacre[6] and
X-ray and electron diffraction studies of mature nacre.[7,8]


The mechanistic implications of this model were that the
chitin is buried inside layers of silk fibroin, and hence is a
passive entity. The silk fibroin is the substrate on which at
least some acidic proteins are located that are responsible
for the epitaxial nucleation of aragonite crystals. The evi-
dence for epitaxy was based on the observed alignment of
the crystallographic a axes of aragonite with the chitin fi-
brils.[5] One weakness of the model was that there was no
direct evidence that the silk itself was structured, let alone
aligned with the chitin. This was implied by the fact that in
the model it forms a layer between the crystal and the chitin
and the diffraction patterns showed that the chitin and the
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crystal are themselves aligned at the molecular scale. The
observed relatively weak b-sheet structure could well have
been derived from the acidic proteins.
Levi-Kalisman et al.[9] revisited this problem using cryo-


TEM which avoids the introduction of drying artifacts. They
found that the interlamellar matrix was composed almost
entirely of b-chitin, with little or no evidence for silk-like
proteins. Another level of complexity was added when
Weiss et al.[10] showed that in mollusk larvae, mineralization
of the aragonitic shell occurs by means of the initial deposi-
tion of an amorphous calcium carbonate precursor phase.
Nassif et al.[11] recently demonstrated that the nacreous tab-
lets of adult mollusk shell nacre are coated by a thin surface
layer of amorphous calcium carbonate. Even though it is not
yet known that adult mollusks form their shells through a
transient amorphous phase, the report that adult echino-
derms use the transient-phase strategy for forming their cal-
citic skeletons,[12] shows that this is likely.


Discussion


Here we propose an updated
synthesis of nacre structure that
can serve as a working model
to be tested and improved. We
first review the state of our
knowledge of the major struc-
tural elements of the matrix.


Chitin : The chitin is not in the
more common a-form with
anti-parallel chains, but rather
in the b-form with parallel
chains.[13] It is clearly highly or-
dered and has a preferred ori-
entation over length scales of
several microns, as evidenced
from X-ray and electron dif-
fraction patterns[7,8] and from
the lattice images obtained
from cryo-TEM.[9] Only in un-
usual cases does the preferred
orientation extend to longer
distances. The chitin fibers are
well aligned under individual
crystal tablets in nacre.


Silk : In nacre the silk is usually
the major protein fraction. It is
rich in Gly and Ala, or just in
Gly.[14] When the mineral of the
mature shell is dissolved in
EDTA, most of the silk remains
insoluble.[15] Cryo-TEM studies
on the structure of EDTA-de-
mineralized nacre sheets failed
to reveal a recognizable struc-


ture for the silk.[9] Furthermore, assemblies of chitin and silk
in vitro do not provide either images or diffraction patterns
any different from chitin alone, again implying that the silk
fraction is not ordered.[9,16] The sequence of a Gly-Ala-rich
protein from nacre matrix showed that the nacre silk is simi-
lar to arthropod silk, and more specifically to spider silk.[17]


It is thus relevant to note that spider silk in the silk gland is
highly concentrated, hydrated, and not ordered.[18] Spider
silk only becomes fibrillar and ordered during its extrusion
from the silk gland.[19] Reconstituted silk forms hydrogels of
disordered and entangled peptide strands.[20]


Pereira et al.[21] reported that ~0.05% wt/wtmineral of pro-
tein with the composition of silk exudes from nacre ground
into powder and suspended in water. This silk fraction inhib-
its calcium carbonate crystallization in vitro,[22] similar to the
inhibitory effect of reconstituted silk-worm fibroin.[23] We re-
cently visualized the proteinaceous material exuding from
the nacre of the bivalve Atrina rigida by using the environ-
mental scanning electron microscope under wet conditions


Figure 1. Scanning electron microscope (SEM) images of nacre from the bivalve A. rigida (A, C) and the ceph-
alopod N. pompilius (B, D). Nacre is a mineralized tissue type deposited by many mollusk species to build the
inner layers of their shells. Bivalves and cephalopods are two of the major mollusk classes. Both build nacre
following essentially the same blueprint. A) Fracture section of Atrina nacre, perpendicular to the shell.
Mature nacre consists of thin (~30 nm) layers of matrix alternating with thicker (~500 nm) layers of the calci-
um carbonate mineral aragonite (lamellae) laid down parallel to the inner shell surface as well as to the layer
of shell-building cells in the mantle. The matrix layers are so thin that they cannot be detected in the section
(arrows indicate the location of the interlamellar matrix). A significant difference between the ultra-structures
of nacre formed by different mollusk classes is the persistence of the orientation of the crystals in the direction
perpendicular to the shell surface: in bivalves the aragonite tablets of juxtaposed layers are almost never in
register, while in cephalopods they form stacks of ~50 aligned tablets in the vertical direction. B) Fracture sec-
tion of Nautilus nacre, after slight etching with EDTA, fixation and critical-point drying (CPD). During etch-
ing and subsequent CPD, the interlamellar sheets expand. They are thus clearly visible as 60–70 nm layers be-
tween the etched mineral tablets (arrows). C) SEM image of the nacre growth front on the inner shell surface
(A. rigida). Individual aragonite tablets are nucleated on the underlying matrix sheet (not visible in this prepa-
ration) and grow rapidly in a direction perpendicular to the shell surface (the crystallographic c axis). Growth
parallel to the lamina follows after the tablet has reached its maximum thickness. The growing crystal tablets
are hexagons. They only assume irregular polygonal shapes when they grow and merge together in a continu-
ous layer. The image shows three characteristic, well defined terraces of superimposed growing layers. Arrow
indicates the growth direction. The mantle cells were presumably juxtaposed to the terraces in the living or-
ganism. D) EDTA-etched and CPD-dried aragonite tablets exhibit a texture of colloidal particles (50–100 nm,
arrows) that is typical of crystals grown from amorphous precursors.


www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 980 – 987982


L. Addadi et al.



www.chemeurj.org





(Figure 2). The material has gel-like properties, insofar as it
is highly hydrated but the water is held within the gel at
pressures well below the dew-point of water (Figure 2A and
B). When the water is evaporated under more drastic condi-
tions, the material dries as a film (Figure 2C). The gel-like
material is sensitive to treatment with bleach and proteases
(Figure 2D). We thus have good reason to believe that this
gel-like material is composed of the silk proteins isolated by
Pereira et al.[21] We also noted that the thickness of the inter-
lamellar matrix layers after surface etching of the mineral
phase is about twice that of the un-etched layers (Figure 1).
This implies that the matrix expands in volume when the
mineral is removed. Taken together, this information is con-
sistent with the silk being in a hydrogel-like state also
before mineral formation occurs. We surmise that some
water is removed from the silk gel while the mineral forms.
In mature nacre the silk remains compartmentalized be-
tween adjacent crystal polygons or between the crystal and
the chitin matrix.


Acidic proteins : The acidic proteins assume the b-sheet con-
formation in the presence of calcium.[24] They may thus well
be the proteins responsible for the observed protein b-sheet
reflections in X-ray and electron diffraction patterns.[7,8] We
also note that the measured d spacing between the b-sheets
is larger than that expected in silk, and more compatible
with proteins with bulkier side-chain groups, such as the
Asp-rich acidic proteins. Many sequences of proteins from
nacre have been obtained,[4] but to date none of these are


unusually acidic. The first se-
quences of really acidic matrix
proteins are from prismatic cal-
citic layers.[25–27] They have well-
defined domains, some of which
are highly charged. We do
know that some of the unusual-
ly acidic proteins in nacre are
able to selectively nucleate ara-
gonite rather than calcite in
vitro, even in the absence of
magnesium.[23,28,29] We have
produced polyclonal antibodies
against the aragonite-nucleating
acidic protein fraction and have
used these antibodies to show
that some components of the
acidic protein fraction localize
in the center of the mineral
polygons, at which crystal nu-
cleation is believed to occur
(Figure 3C).[30] Histochemical
mapping of the matrix surface
under a single aragonite crystal
tablet shows that in the cepha-
lopod Nautilus nacre the nucle-
ation site comprises a core of
carboxylate groups surrounded


by a ring of sulfate groups.[30,31] Interestingly, in the bivalve
Atrina regions of size comparable to those of the chemically
mapped areas in Nautilus are topographically delineated in
the mature nacre tablets: these are outlined in relief on the
side exposed to the mantle cells, while they are concave on
the opposite side (Figure 3A and B).


The mineral : Mineral tablets from mature nacre diffract as
single crystals of aragonite.[32,33] The average volume of a
tablet is 10J10J0.5 mm=50 mm3. To deposit this volume of
aragonite (with a density of 2.96 gcm�3 and a solubility con-
stant of 10�8.22m2), the volume of saturated calcium carbon-
ate solution needed would be at least 105 larger than the
mineral volume deposited. This clearly represents a logisti-
cal problem at the mineralization site, both in terms of
transporting sufficient mineral to the site and removing
large volumes of water. One possible solution to these prob-
lems is to form the initial mineral phase elsewhere and then
transport it to the mineralization site.
Mineral-containing vesicles within specialized cells have


been observed in many different tissues in mollusks (re-
viewed in Watabe et al.[34]), including blood (hemolymph)
cells thought to be involved in mineralization.[34,35] Watabe
et al.[34] report that the mineral phase in most of these vesi-
cles is amorphous calcium carbonate (ACC) or vaterite,
both of which are highly unstable. In their study of shell re-
generation, they concluded that the mineral phase is dis-
solved and transported to the site of shell formation and
these granules therefore function as ion storage sites. Other


Figure 2. Wet-mode environmental SEM (ESEM) images of fracture surfaces perpendicular to the lamina of
nacre of A. rigida. Samples were mounted under water and slowly dried at a vapor pressure of 6 Torr, below
the dew point of water, then observed at the dew point of water at 5 8C. Approximately 2 h elapsed between
the mounting and the first image (A). During this time, the silk-like proteins exude from in between the min-
eral layers and are visualized as a diluted gel material that gradually condenses into films. A) Sample is still
mostly covered with water, but the laminar structure and the aragonitic tablets can already be detected. A se-
lected area (top center) was dried under the electron beam, revealing the nacre tablets beneath a very hydrat-
ed material. B) With further drying (area different from that depicted in A), tablets appear covered with a hy-
drated, gel-like organic material (arrows) that is progressively condensing. C) Completely dry sample after
lowering the pressure to well below the dew point of water for a prolonged time. The gel-like substance dried
into a film covering the tablet edges. D) Protease-treated sample observed using the same procedure as in A)–
C) does not show any gel-like organic material. This shows that the material leaching from the shell fragments
is protein. It is known from the work of Pereira-Mouries et al.[21] that the protein is silk-like.
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forms of storage granules have been observed, including cal-
cium-loaded phosphoproteins.[36] Neff,[37] however, observed
mineral-containing granules in the epithelial cells of the
mantle that are directly responsible for shell formation.
These granules are much smaller than the storage granules,
and it is conceivable that they may be transported intact to
the site of mineralization. These granules did not produce
electron diffraction patterns, and could therefore be com-
posed of ACC.


It is not known whether the first deposited ACC mineral
phase in mollusk larval shells forms there de novo, or is
transported from some other site.[10] If the latter is true, and
irrespective of whether the mineral phase is transported as a
solid phase or a highly concentrated liquid phase, the logis-
tic problems referred to above, would be greatly alleviated.
Problems arise if the vesicles are loaded only with calcium,
as a substantial input of carbonate would still be required
from other sources. Although at least one acidic protein
with carbonic anhydrase activity associated with nacre has
been identified,[38] it is unlikely that such activity can be en-
tirely responsible for providing carbonate to the crystalliza-
tion sites. Besides, such an enzyme may regulate the carbon-
ate/bicarbonate equilibrium, but does not create the carbon-
ate ions from scratch.
The concept of a first-formed transient mineral phase dif-


ferent from the crystalline mature phase was first proposed
for mollusks by Towe and Hamilton,[39] who observed
hollow “crystals” in the developing nacre of the bivalve El-
liptio complanatus, and suggested that “A possibility exists
that the incipient calcification is not in the form of aragonite
but rather in some other phase”. We have also noted that
slight etching of nacre tablets brings out a bulk domain tex-
ture that is typical of etching of single crystals grown from
an assembly of 50–100 nm colloidal particles (Figure 1B and
D). This texture differs from the etch pits of single crystals
grown from solution, which are normally delimited by well-
defined crystallographic directions. These observations sup-
port the notion that in adult mollusks,[11] as well as larvae,[10]


the first-formed phase is indeed ACC. Sea urchin larvae,[40]


adult sea urchins,[12] and probably corals[41] and crusta-
ceans[42] all use the transient amorphous calcium carbonate
strategy to build their skeletons and shells.


Proposed mechanisms of mineralization : Although many
issues are still open, the new information allows us to take
some steps forward in understanding the mechanisms of
nacre deposition. The main elements of our proposed miner-
alization scenario are:


1) The silk phase is a gel that pre-fills the space to be min-
eralized.


2) The chitin is the ordered structural phase that ultimately
dictates the orientation of the mature crystals.


3) The matrix components are spatially differentiated.
4) The first-formed mineral is transient colloidal amorphous


calcium carbonate (ACC).
5) Nucleation occurs on the matrix, and the crystal grows at


the expense of the ACC phase.
6) During this growth phase some of the acidic proteins are


occluded into the crystal.


We now discuss these processes in terms of four stages of
shell formation:


I) Assembly of the matrix.
II) The first-formed mineral phase.


Figure 3. Distinct regions can be detected both on the aragonite tablets
and on the organic matrix of Atrina which appear to reflect the stages of
tablet formation. A,B) SEM images of a surface of Atrina nacre, frac-
tured parallel to the shell layers, showing the topography of the tablets.
The images were taken at different magnifications on two different frac-
ture surfaces, both facing the mantle (the nucleation side). At least four
regions with different topographies can be detected: a central rough in-
dented region of ~600 nm (arrow heads) is surrounded by a higher ter-
race of hexagonal shape (white arrow). A lower terrace with the same
hexagonal profile surrounds the latter (white arrow). From the boundary
of this terrace to the boundaries of the polygons (black arrows) the filling
material (stars) is at a still lower elevation. A negative imprint of the
growth ring structure is observed on the back side of the tablets (not
shown). C) Fluorescence micrograph of interlamellar sheets from decalci-
fied nacre of A. rigida. Sheets were stained with polyclonal antibodies
raised against the acidic aragonite-nucleating fraction of a nacre extract.
The proteins are primarily localized in the center of the crystal imprint,
which is likely the nucleation site (arrow heads), and the intertabular
matrix, that is, the border between to adjacent tablets (arrows).[30]
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III) Nucleation of individual aragonite tablets.
IV) Growth of the tablets to form the mature tissue


Figure 4 shows a schematic model of the matrix structure
prior to and after mineral formation, following the scenario
described above.


I) Assembly of the matrix : Mantle cells certainly orchestrate
the whole process of assembly.[1] Chitin is secreted by the
cells into the extracellular space. It could well be, but is not
proven, that one cell is responsible for the mineralization of
one crystal tablet and its associated matrix. In some shells,
such as the bivalve Pinctada and the cephalopod Nautilus,
the chitin fibers are aligned laterally over distances much
larger than individual cells.[43] Thus neighboring cells must
be able to align the chitin patches that they form.
The mantle cells produce and release the other matrix


components into the extracellular environment. Once re-
leased at least some presumably find their correct locations
by self-assembly, in which case this pre-supposes that appro-
priate chitin-binding sites are built into their structures.[44]


We would assume that the last stage of assembly is the in-


troduction of the silk gel, as in its presence other macromo-
lecules would have difficulty diffusing through the system to
find their appropriate locations. One function of this gel is
probably space filling, namely to keep the successive inter-
lamellar sheets separated at uniform distances from each
other.
The growth of nacre occurs in terraces as can be seen


from the locations of the smallest crystals on the inner sur-
face of forming nacre (Figure 1C). Thus crystal nucleation
and growth occur simultaneously at different levels. So it
could be that the mantle cells are secreting mineral and
macromolecules both through the chitin layers and laterally
between layers.


II) The first-formed mineral phase : Our inclination is to be-
lieve that the amorphous mineral phase forms initially in
vesicles within specialized cells and these mineral-loaded
vesicles are delivered to the site of mineralization by the
cells. Vesicle lipid membranes have the ability to stabilize
ACC by isolating it from the aqueous environment.[45] It is
intriguing to think that the membrane may be stripped from
the mineral phase as it passes out of the cell and enters the
mineralization site. In this way the ACC may be destabilized
and thus become more amenable to crystallization. The silk
gel phase is known to be a mild inhibitor of mineraliza-
tion.[22] Maintaining the particles in the hydrophobic envi-
ronment provided by silk may prevent water expulsion that
is needed for crystallization to proceed. It may also limit the
space for a critical nucleus to develop. Silk may thus help
prevent uncontrolled crystallization until the particles are in
contact with the nucleating site or with already formed crys-
talline material. The presence of other inhibitors, such as
Mg, phosphate, or certain acidic proteins, may also function
to prevent uncontrolled crystallization.
In this scenario we see little function for the extrapallial


fluid per se (the fluid between the outer mantle epithelial
layer and the forming shell surface). It is often assumed that
macromolecules and the ions necessary for mineralization
can be secreted by the mantle cells into the extrapallial
fluid, in which the former spontaneously self-assemble to
generate the matrix and the latter crystallize in the matrix.
We concur with others[1] that the cells must be juxtaposed to
the mineralizing matrix where and when shell is being pro-
duced. The mantle of course can contract away from the
mineralization site, and when this occurs the site presumably
fills with extrapallial fluid. Furthermore, it is difficult to con-
ceive how the matrix could self-assemble with such control
over macromolecule location in the extracellular space with-
out the direct intervention of cells.


III) Nucleation of individual aragonite tablets : For controlled
nucleation to occur at one specific site, the matrix should
have a well designed nucleation site that will induce crystal
formation more effectively than at all other charged loca-
tions. In formed nacre the obvious location for this site is on
the matrix surface underlying the center of each tablet. His-
tochemical studies of Nautilus nacre show that at these loca-


Figure 4. Schematic representation of the suggested model for nacre for-
mation A) before mineralization and B) after mineralization. A) The as-
sembled organic matrix prior to mineral deposition. The microenviron-
ment is formed by two layers of b-chitin, with a gel comprising silk-like
protein filling the space in between. Part of the upper chitin layer (upper
right) has been removed to show the silk-like protein gel filling. The gel
phase may inhibit crystallization and act as a space filler. The silk gel
may already be loaded with colloidal mineral particles. Nucleating pro-
teins are adsorbed on the b-chitin sheet. For clarity, the proportions of
the spacing between chitin layers and between nucleation sites on the
chitin have been altered. Note that the polygonal outlines of imprints are
created only during mineralization and have been added to this scheme
for added clarity only. B) Mineralized nacreous layer. Nucleation of ara-
gonite (from colloidal particles) is induced on and by the acidic proteins.
As the mineral grows, water and silk are displaced. The latter is eventual-
ly trapped between adjacent tablets and between the tablet and the
chitin layer. Part of the upper chitin layer has been removed together
with the underlying interlamellar matrix layer (upper right), to show the
mineral tablet surface. A tablet fragment was removed (front corner) to
allow visualization of the intertabular and interlamellar matrix.
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tions the matrix contains both sulfates and carboxylates.[31]


Nudelman et al.[30] have shown that these do not co-localize,
but that the very center is where the carboxylates are locat-
ed and this zone is surrounded by a ring rich in sulfates.
This arrangement is reminiscent of the structural model for
nucleation proposed by Addadi and colleagues in which nu-
cleation occurs on a highly structured carboxylate surface,
presumably formed by certain Asp-rich proteins, and that
the function of the unstructured sulfates is to attract calcium
ions to the site.[46,47]


Aragonite nucleating proteins have been identified in the
matrix extract after the mineral was removed.[29] Antibodies
raised against a fraction enriched in the aragonite nucleating
fraction did in part map into the matrix centers of crystal
imprints, strongly supporting the notion that some of the
proteins in this fraction do indeed function as nucleators.[30]


The above scenario is consistent with the idea that each
aragonite crystal is nucleated de novo from a nucleation site
on the matrix surface. It has also been suggested that in bi-
valves the intertabular matrix of the underlying layer pro-
vides a signal for the assembly of the nucleation site.[48] On
the other hand, the fact that stacks of crystal tablets are
very well aligned vertically,[33] supports the concept that
each stack, be it of a few crystals in bivalves or as many as
300 or so in gastropods, nucleates once and that the single
crystal formed propagates through holes in the matrix from
one layer to the next.[49] It has also been proposed that the
alignment of the crystals is a consequence of a passive selec-
tion process rather than of active epitaxial nucleation.[50]


Whatever the mechanism for crystal alignment, controlled
nucleation resulting in oriented crystals must occur at some
stage. If both holes and structured nucleation sites exist side
by side, then clearly the system has a built-in redundancy,
which is by no means uncommon in biology.


IV) Growth of the tablets to form the mature tissue : The crys-
tal first grows vertically along the fast growing c axis of ara-
gonite, until it reaches the next delimiting sheet of chitin.
The crystal then grows only laterally because there is no fur-
ther possibility to assemble the particles vertically. During
the growth process some of the acidic proteins are incorpo-
rated into the aragonite crystal, in which they presumably
alter its mechanical and solubility properties.[47] Significantly
the silk protein(s) are not occluded into the mineral phase,
presumably because they are hydrophobic. They must be
pushed ahead of the growing crystal and end up squeezed
between adjacent crystals or between the chitin sheet and
the crystal.


Concluding Remarks


The microenvironment in which mineralization takes place
is complex. We can now recognize both structured and gel-
like domains, hydrophobic and hydrophilic surfaces, clear-
cut spatial differentiation of charged functional groups on
the matrix surface, and the participation of amorphous col-


loids as precursor phases for the mature crystals. There are
still many gaps, some of them large, in our knowledge of the
processes involved in vivo. The formulation here of what
amounts to a working hypothesis, will hopefully stimulate
more experiments that in turn will provide the hard-to-
obtain facts needed for achieving a better understanding of
this fascinating process.
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Introduction


Since the introduction of magnetic resonance imaging
(MRI) in clinical medicine in the early 1980s, there has been
continuous interest in the development of more efficient,
more tissue-specific, and lately, more responsive contrast
agents.[1–3] These paramagnetic drugs, GdIII complexes in the
majority of cases, increase the image contrast by accelerat-
ing the relaxation of the surrounding water protons, and
therefore contribute greatly to the excellent diagnostic per-
formance of the magnetic resonance technique.
During the last two decades, much work has been devoted


to the understanding of the mechanisms that govern the re-


Abstract: The heterotritopic ligand
[bpy(DTTA)2]


8� has two diethylenedi-
amine-tetraacetate units for selective
lanthanide(iii) coordination and one bi-
pyridine function for selective FeII co-
ordination. In aqueous solution and in
the presence of these metals, the ligand
is capable of self-assembly to form a
rigid supramolecular metallostar struc-
ture, {Fe[Gd2bpy(DTTA)2(H2O)4]3}


4�.
We report here the physicochemical
characterization of the dinuclear com-
plex [Gd2bpy(DTTA)2(H2O)4]


2� and
the metallostar {Fe[Gd2bpy(DTTA)2-
(H2O)4]3}


4� with regard to potential
MRI contrast agent applications. A
combination of pH potentiometry and
1H NMR spectroscopy has been used
to determine protonation constants for
the ligand [bpy(DTTA)2]


8� and for the
complexes [Fe{bpy(DTTA)2}3]


22� and
[Y2bpy(DTTA)2]


2�. In addition, stabili-
ty constants have been measured for
the dinuclear chelates [M2bpy-
(DTTA)2]


n� formed with M = Gd3+


and Zn2+ (logKGdL = 18.2; logKZnL =


18.0; logKZnHL = 3.4). A multiple
field, variable-temperature 17O NMR


and proton relaxivity study on
[Gd2bpy(DTTA)2(H2O)4]


2� and
{Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� yielded
the parameters for water exchange and
the rotational dynamics. The 17O chem-
ical shifts are indicative of bishydration
of the lanthanide ion. The exchange
rates of the two inner-sphere water
molecules are very similar in the dinu-
clear [Gd2bpy(DTTA)2(H2O)4]


2� and in
the metallostar (kex


298 = 8.1�0.3D106


and 7.4�0.2D106 s�1, respectively), and
are comparable to kex


298 for similar
GdIII poly(amino carboxylates). The ro-
tational dynamics of the metallostar
has been described by means of the
Lipari–Szabo approach, which involves
separating global and local motions.
The difference between the local and
global rotational correlation times,
tlO


298 = 190�15 ps and tgO
298 = 930�


50 ps, respectively, shows that the met-


allostar is not completely rigid. Howev-
er, the relatively high value of S2 =


0.60�0.04, describing the restriction of
the local motions with regard to the
global one, points to a limited flexibili-
ty compared with previously reported
macromolecules such as dendrimers.
As a result of the two inner-sphere
water molecules, with their near-opti-
mal exchange rate, and the limited
flexibility, the metallostar has a re-
markable molar proton relaxivity, par-
ticularly at high magnetic fields (r1 =


33.2 and 16.4 mm
�1 s�1 at 60 and


200 MHz, respectively, at 25 8C). It
packs six efficiently relaxing GdIII ions
into a small molecular space, which
leads, to the best of our knowledge, to
the highest relaxivity per molecular
mass ever reported for a GdIII complex.
The [bpy(DTTA)2]


8� ligand is also a
prime candidate as a terminal ligand
for constructing larger sized, FeII (or
RuII)-based metallostars or metalloden-
drimers loaded with GdIII on the sur-
face.
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laxation properties of GdIII complexes. Particular attention
has been paid to the design of new ligands allowing a simul-
taneous optimization of all parameters that influence effi-
ciency. Proton relaxivity, commonly used to describe the ef-
ficacy of an MRI contrast agent, is defined as the longitudi-
nal relaxation rate enhancement of bulk water protons in-
duced by a 1 mmolL�1 concentration of GdIII. The two main
contributions to the relaxation process originate from an
inner-sphere and an outer-sphere mechanism, the first being
related to the exchange of the inner-sphere coordinated
water, while the second arises from longer distance dipole–
dipole interactions between GdIII and bulk water protons.
The inner-sphere proton relaxivity of a GdIII complex is
mainly dependent on the number of coordinated water mol-
ecules, their exchange rate with the bulk, the rotational
motion of the molecule and that of the Gd-coordinated
water proton vector in particular, as well as the electron
spin relaxation of the paramagnetic center. The Solomon–
Bloembergen–Morgan theory predicts maximum proton re-
laxivity when the water exchange is in a narrow, optimal
range, and the rotation and electron spin relaxation are both
slow.[4]


Recently, the water-exchange rate has been successfully
tuned to optimal values in poly(amino carboxylate)[5–8] and
other stable complexes of GdIII.[9] In spite of the continuous
work on the understanding of structure–mechanism relation-
ships with regard to electron spin relaxation, it is not yet a
straightforward matter to improve this factor through ra-
tional molecular design. As for rotational dynamics, from
studies of diverse macromolecular contrast agents it became
evident that rigid systems are indispensable for achieving
maximum proton relaxivities. By detailed analysis of the ro-
tational dynamics of dendrimers,[10,11] micelles,[12, 13] and
linear polymers[14,15] by means of the Lipari–Szabo ap-
proach,[16] it has been unambiguously proved that these mac-


romolecular systems possess a significant degree of internal
flexibility, which is either inherent to the macromolecule
itself (linear polymers) or originates from the linker that
connects the GdIII chelate to the large molecule. In this re-
spect, heterometallic self-assembled structures with a well-
defined, rigid topology may represent a promising approach.
Given their increased molar relaxivity resulting from the
slow rotation and rigidity, along with the numerous GdIII


centers within one molecule, self-assemblies can be particu-
larly beneficial to concentrate relaxivity into a small molecu-
lar space. In certain emerging applications of MRI, such as
cell imaging, biological constraints seriously limit the
amount of contrast agent deliverable into one cell without
destroying it. Consequently, agents with many efficiently re-
laxing paramagnetic centers confined into a small space are
advantageous compared to large macromolecules with few
GdIII centers. Additionally, the presence of different metals
within the same molecule opens new perspectives towards
multimodal contrast agents: the paramagnetic GdIII can be
exploited as an MRI probe, while another metal, such as
RuII, also integral to the self-assembly, might behave as a
fluorescent probe.
The first self-assembled heterometallic system was report-


ed by Desreux et al.;[17] they synthesized a phenanthroline
derivative of Gd(DO3A) that self-assembled with FeII to
give a tetranuclear FeGd3 entity (Scheme 1). This system
was proposed as a contrast agent, the relaxivity of which is
responsive to FeII concentration; however, no results have
since been published in this direction. Recently, we reported
a poly(amino carboxylate)-functionalized terpyridine ligand
(tpy-DTTA)4� with distinct binding sites for FeII and
GdIII.[18,19] In aqueous solution and in the presence of these
metals, the ligand self-assembles to form a rigid supramolec-
ular structure, {FeII[Gd(tpy-DTTA)(H2O)2]2} (Scheme 1). In
the heteroditopic ligand (tpy-DTTA)4�, the central amine


Scheme 1. Self-assembling systems previously studied in the context of MRI contrast agents.[17,19]
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nitrogen of the GdIII-binding poly(amino carboxylate) unit
(DTTA4�) is directly linked to the FeII-binding terpyridine
part. This design efficiently eliminated internal flexibility,
and largely contributed to the remarkable rigidity of the
self-assembled molecule. Unfortunately, direct linkage of
the aromatic ring to the amine nitrogen reduces the basicity
of the amine, resulting in a large decrease in the thermody-
namic stability of the GdIII complex. The pGd value of
{FeII[Gd(tpy-DTTA)(H2O)2]2} (pGd = 10.6 for pH 7.4, cGd =


1 mm, cL = 10 mm) is several units lower than those of
marketed contrast agents and precludes any biological appli-
cation (pGd is defined as the negative logarithm of the free
metal ion concentration). Moreover, the neutral
{FeII[Gd(tpy-DTTA)(H2O)2]2} complex was found to have
limited solubility in water.
To circumvent the problem of low stability and solubility,


we synthesized a novel, heterotritopic ligand, H8bpy-
(DTTA)2, possessing a 2,2’-bipyridine moiety for specific
FeII binding and two poly(amino carboxylates) for GdIII


binding (Scheme 2). In a preliminary communication,[20] we
reported that the ligand self-assembles with FeII and GdIII to


form a metallostar structure, {Fe[Gd2bpy(DTTA)2-
(H2O)4]3}


4�. Metallostars are by definition first-generation
metallodendrimers.[21] Usually, only compounds having a
core connectivity of three or greater are considered, which
excludes topologically linear dinuclear and trinuclear sys-
tems. The ligand H8bpy(DTTA)2 was designed by consider-
ing the following features. First, the GdIII binding site, which
is the same poly(amino carboxylate) chelating unit as in the
previously described TTAHA6� (Scheme 2),[22] was chosen
to guarantee sufficient thermodynamic stability, of funda-
mental concern for in vivo safety, and a near-optimal water-
exchange rate. The two inner-sphere water molecules in the
GdIII complex double the inner-sphere contribution to relax-
ivity. FeII can accommodate three strongly coordinating 2,2’-
bipyridine units, which increases to six the number of GdIII


centers on one iron core. The accumulation of six GdIII cen-
ters in a small space represents a clear advantage over
{FeII[Gd(tpy-DTTA)(H2O)2]2}. Moreover, the negative
charge of {Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� ensures high
water solubility, which is problematic for the neutral
{FeII[Gd(tpy-DTTA)(H2O)2]2}. The linking between the FeII


Scheme 2. Structures of ligands discussed in the text.
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and GdIII binding sites is designed to minimize internal flexi-
bility that might reduce the relaxivity gain achieved by the
increased molecular size.
Herein, we report a multiple field, variable-temperature


17O NMR and NMRD study on both the dinuclear [Gd2bpy-
(DTTA)2(H2O)4]


2� complex and the {Fe[Gd2bpy(DTTA)2-
(H2O)4]3}


4� metallostar, which has allowed us to define pa-
rameters for the water exchange and rotational dynamics.
Furthermore, pH-potentiometry has been used to determine
the protonation constants of the ligand, as well as the ther-
modynamic stability constants of the GdIII and ZnII com-
plexes. In addition, relaxometric assays have been per-
formed to assess the stability of the metallostar under bio-
logically relevant conditions.


Results and Discussion


We have reported the ligand synthesis in a preliminary com-
munication.[20] The dinuclear complex [Gd2bpy(DTTA)2-
(H2O)4]


2� is prepared by mixing the ligand and Gd3+ in a
1:2 molar ratio at pH 6. The metallostar
{Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� forms instantaneously on
adding Fe2+ to a solution of [Gd2bpy(DTTA)2(H2O)4]


2�, as
indicated by the appearance of an intense red color. Since
the formation of the metallostar from the dinuclear complex
results in a remarkable increase in proton relaxivity, it can
be conveniently followed either by relaxometry or by spec-
trophotometry.[20] Proton relaxivity measurements indicated
that the metallostar is formed exclusively in a 1:3 Fe:Gd2L
stoichiometry, as expected for an FeII-bpy complex. On
adding increasing amounts of FeII to a solution of [Gd2bpy-
(DTTA)2(H2O)4]


2�, the relaxivity continuously increases
until the FeII/[Gd2bpy(DTTA)2(H2O)4]


2� molar ratio reaches
1:3, and thereafter it remains constant.[20] The constant re-
laxivity above 1:3 FeII/[Gd2bpy(DTTA)2(H2O)4]


2� molar
ratios proves that {Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� is the
only complex formed and that FeII is not oxidized to FeIII.
FeIII would be expected to form a more stable complex with
the poly(amino carboxylate) than GdIII, which would lead to
transmetalation, and thereby to a decrease in relaxivity (the
relaxivity of the released free Gd3+ ion is lower than that of
the metallostar). Molecular modeling also indicated that the
metallostar is not sterically overcrowded, that is, the pend-
ant poly(amino carboxylate) arms on the bipyridine moieties
do not represent steric hindrance to the coordination of
three bpy ligands to the FeII core. The structure of the met-
allostar was seen to be octahedral, with Gd–Gd distances of
14.4�1.6 Q (Figure 1). This value is a simple statistical aver-
age, and the exact distance at any given time will be deter-
mined by the conformation of the methylene bridges be-
tween the bipyridine and the DTTA moieties.
All metallostar samples studied were prepared by the con-


vergent approach, that is, by first preparing the dinuclear
[Ln2bpy(DTTA)2(H2O)4]


2� complex and subsequently
adding FeII to the solution. In this way, one can ensure that
all of the poly(amino carboxylate) sites are occupied by the


lanthanide ions and that the iron(ii) coordinates exclusively
to the bpy nitrogens. When proceeding the other way
around, the numerous vacant poly(amino carboxylate) sites
might enter into competition with the bpy for FeII coordina-
tion, especially at higher pH, as suggested by simulations of
complex stabilities for FeII–bpy–poly(amino carboxylate)
systems based on literature data. Once even a small amount
of FeII is coordinated to the DTTA4� subunit, it will shift the
equilibrium by accelerating the oxidation of FeII to FeIII,
since the poly(amino carboxylate) forms a very stable com-
plex with FeIII. This is nicely demonstrated by comparing
the 1H NMR spectra of an {Fe[Y2bpy(DTTA)2(H2O)4]3}


4�


metallostar sample prepared by the usual convergent ap-
proach with that of another sample prepared by first adding
FeII to the bpy(DTTA)2


8� ligand and then adding an equi-
molar amount of YIII (Figure 2). In the second case, one ob-


Figure 1. Molecular modeling representation of the metallostar
{Fe[Gd2bpy(DTTA)2(H2O)4]3}


4�.


Figure 2. Signals of bipyridine protons in the 1H NMR spectra of the met-
allostar {Fe[Y2bpy(DTTA)2(H2O)4]3}


4�, prepared by adding a stoichio-
metric amount of Fe2+ to the dinuclear [Y2bpy(DTTA)2(H2O)4]


2� (con-
vergent approach) (top), Fe[bpy(DTTA)2]3 + six molar equivalents of
Y3+ (middle), and [Y2bpy(DTTA)2(H2O)4]


2� (bottom); pH 6.0 for all
samples.
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serves two sets of bpy proton signals in the spectrum, one
set corresponding to the metallostar, identical to the signals
observed for the sample prepared by the convergent ap-
proach, and another set attributable to the free, non-iron(ii)-
coordinated bpy protons, as observed for the dinuclear com-
plex [Y2bpy(DTTA)2(H2O)4]


2�. This sample was prepared
and kept in a normal NMR tube and no particular attention
was paid to the exclusion of air. As a result, a considerable
amount of FeII was oxidized, since the two series of bpy
proton peaks indicate comparable concentrations of the free
and the FeII-coordinated states. Such significant oxidation
does not occur in a sample prepared by the convergent ap-
proach, even when it is fully exposed to air. Even without a
detailed study, we can state that the free poly(amino carbox-
ylate) sites contribute very strongly to the oxidation of FeII


to FeIII.


pH-potentiometry : The protonation constants, logKHi, of
H8bpy(DTTA)2, defined as in Equation (1), were deter-
mined by pH-potentiometric titration at I = 0.1m
(CH3)4NCl, 25 8C.


Ki
H ¼ ½HiL�


½Hi�1L�½Hþ� ð1Þ


The titration curves were evaluated by assuming that the
two poly(amino carboxylate) units behave independently
and thus identically. The system was described as the sum of
two series of protonation sites (as though there were two in-
dependent ligands in solution), one for the poly(amino car-
boxylate) and one for the bipyridine, present in a 2:1 con-
centration ratio. Four protonation constants for the poly-
(amino carboxylate) moiety and two for the bipyridine unit
could be determined. The titration curves are presented in
Figure 3 and the calculated protonation constants are shown
in Table 1. In comparison to TTAHA6� or DTPA5�, the first
protonation constant of the poly(amino carboxylate) entity
of bpy(DTTA)2


8� is somewhat lower. This logKH1 value


characterizes the protonation of
the central amine nitrogen,
which is evidently affected by
the attachment of the bipyridine
unit. However, since there is a
methylene linking group be-
tween the poly(amino carboxyl-
ate) and the bipyridine, the ba-
sicity decrease of this central ni-
trogen as compared to that in
DTPA5� is much more limited
than in the case of the tpy-
DTTA4� ligand, in which the ar-
omatic ring is directly attached
to the amine nitrogen.[19] Conse-
quently, one would expect a
higher stability constant for the
GdIII complex of [bpy-
(DTTA)2]


8� than for that with


tpy-DTTA4�. By analogy with similar poly(amino carboxyl-
ate) ligands, for which 1H NMR titrations have been per-
formed to assess the protonation scheme,[19,23,24] the second
protonation step most likely occurs on one of the terminal
nitrogens and is accompanied by transfer of the first proton
from the central to the other terminal nitrogen. The third
proton is then shared between the central nitrogen and a
carboxylate, and the subsequent logKH4 constant can be at-
tributed to protonation of a carboxylate.
We also performed pH-potentiometric titrations on an Fe-


[bpy(DTTA)2]3
22� solution without GdIII, which allowed us


to determine the first two protonation constants of the pol-
y(amino carboxylate) ligand with the bipyridine coordinated
to the FeII. Based on the stability constant of the Fe(bpy)3
complex reported in the literature (logb = 17.45),[25] at the
concentration used for our pH-potentiometric titration a
partial dissociation of the Fe(bpy)3 core occurs at pH < 3.8,
which prevents determination of the lower protonation con-
stants of the poly(amino carboxylate) unit. The two protona-
tion constants calculated for the amine nitrogens in Fe-
[bpy(DTTA)2]3 are slightly higher than those for the free
ligand.
Concerning the bipyridine unit, both protonation con-


stants calculated for [bpy(DTTA)2]
8� are somewhat higher


Figure 3. pH-potentiometric titration curves obtained by titrating a solu-
tion of H10bpy(DTTA)2


2+ alone (ligand) and in the presence of two
equivalents of Gd3+ and Zn2+ with (CH3)4NOH; T = 298 K.


Table 1. Protonation constants of various ligands and stability constants of their complexes, determined by
pH-potentiometry. I = 0.1m (CH3)4NCl, 25 8C.


Ligand [bpy(DTTA)2]
8� [Fe{bpy(DTTA)2}3]


22� (tpy-DTTA)4�[a] TTAHA6�[b] DTPA5�[c]


logKH1
[d] 9.87(3) 10.18(3) 8.65 10.66 10.41


logKH2
[d] 9.16(3) 9.29(2) 7.63 8.56 8.37


logKH3
[d] 3.09(4) 8.38 4.09


logKH4
[d] 1.5(2) 2.92 2.51


logKH1bpy
[e] 5.51(4) 5.25[f]


4.4(2)[g]


logKH2bpy
[e] 2.1(3) 3.30[f]


logKGdL 18.2(2) 10.87(1) 19.0 22.5
logKGdHL – 3.73(3) 8.3 1.8
logKZnL 18.0(2) – 18.9 18.3
logKZnHL 3.4(2) – 8.0[h] 3.0
pGd[i] 14.9 10.6 15.5 19.1


[a] From ref. [19]. [b] From ref. [28]. [c] From ref. [26]. [d] Protonation constants of the poly(amino carboxyl-
ate) moiety. [e] Protonation constants of the bipyridine moiety. [f] Protonation constants of terpyridine nitro-
gens. [g] Determined for [Y2bpy(DTTA)2]


2� by 1H NMR titration. [h] 3.68 and 2.33 for logKH2ZnL and
logKH3ZnL, respectively. [i] �log [Gdfree] at pH 7.4, cGd = 1 mm, cL = 10 mm.
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than the literature values for the unsubstituted bipyridine
(5.51 and 2.1 versus 4.4 and 1.5; I = 0.1m ; 25 8C).[26] We also
wanted to assess the bipyridine protonation constant in the
dinuclear LnIII complex. This was probed by a 1H NMR ti-
tration of the diamagnetic chelate [Y2bpy(DTTA)2(H2O)4]


2�


(Figure 4). The signals of the bipyridine unit are well sepa-
rated from those of the poly(amino carboxylate) protons
and could be easily used to calculate the first protonation
constant, logKHbpy1 = 4.4(1), which is 1 log unit lower than
that in the free bpy(DTTA)2


8� ligand and corresponds exact-
ly to the value published for the bpy core without DTTA4�


subunits. The determination of the second protonation con-
stant was not possible due to decomposition of the complex
at lower pH.


Complex stability constants, logKML, and complex proto-
nation constants, logKMHL [Eqs. (2) and (3)], have been de-
termined for the dinuclear complexes formed with GdIII and
ZnII by direct potentiometric titrations. Here again, we con-
sidered the two poly(amino carboxylate) units to be identi-
cal, and accordingly, in Equation (2) L defines the equilibri-
um concentration of the uncomplexed diethylenetriamine-
tetraacetate moiety.


KML ¼ ½ML�
½M�½L� ð2Þ


KMHL ¼ ½MHL�
½H�½ML� ð3Þ


Due to decomposition of the
Fe(bpy)3 core under the acidic
conditions required for the for-
mation of the GdIII or ZnII com-
plexes with the poly(amino car-
boxylate) part, it was not possi-
ble to determine GdIII and ZnII


stability constants for the met-
allostar. However, we consider
that the coordination of the bpy
moiety to the FeII does not sig-
nificantly modify the stability
constant of the poly(amino car-
boxylate) complexes.
Zn2+ is one of the most


abundant endogenous metal
ions, and it is usually accepted
that the in vivo safety of a GdL
complex can be directly related
to the selectivity of the ligand
for GdIII versus ZnII, expressed
as the ratio of the two thermo-
dynamic stability constants.[27]


The stability constant of the
GdIII complex of our ligand is
remarkably higher than that
with tpy-DTTA4�,[19] which can
be mainly ascribed to the differ-
ent basicities of the central ni-
trogens. The logb value is com-
parable to that reported for
[Gd(TTAHA)(H2O)2]


3�,[28] as
expected on the basis of their
identical, heptadentate chelat-
ing units, while it is 4 log units
lower than the stability constant
of the Gd complex formed with
the octadentate DTPA5�.[26] The
pGd value calculated under the
commonly used conditions
(pH 7.4, cGd = 1 mm, cL =


10 mm)[29] is 14.9, which greatly
Figure 4. Variable-pH 1H NMR spectra of [Y2bpy(DTTA)2(H2O)4]


2� (top) and the titration curves obtained for
the protons of the bipyridine moiety (bottom).
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exceeds the pGd of 10.6 for {FeII[Gd(tpy-DTTA)(H2O)2]2},
but is nevertheless still lower than those of marketed MRI
contrast agents (Table 1).


1H NMR studies in solution : To gain some insight into the
solution structure of the dinuclear complexes, we carried out
a variable-temperature 1H NMR study on the EuIII ana-
logue, [Eu2bpy(DTTA)2(H2O)4]


2� (Figure 5). For the
DTTA4� chelating unit coordinated to the paramagnetic lan-
thanide ion, one expects 16 peaks, which are indeed well-
separated in the low-temperature spectrum. The signals due
to the bpy moiety that is not directly linked to the EuIII do
not experience the strong paramagnetic effect and thus are
not shifted from the diamagnetic region. With increasing
temperature, an exchange process takes place resulting in a
broadening and then coalescence of the signals. Very similar
temperature dependence of the 1H NMR spectra has been
observed for {MII[Eu(tpy-DTTA)(H2O)2]2} (M = FeII,
RuII)[19] and m,p-X[(EuDTTA)(H2O)2]2


2�,[30] which indicates
that this dynamic behavior is characteristic of the Ln-
(DTTA)� subunit and is not significantly influenced by the
rest of the molecule.


17O NMR and 1H NMRD measurements : In a preliminary
communication, we reported a remarkably high relaxivity
for the dinuclear [Gd2bpy(DTTA)2(H2O)4]


2� itself, as com-
pared to previously studied dinuclear complexes such as
pip[GdDO3A(H2O)]2 and bisoxa[GdDO3A(H2O)]2
(12.5 mm


�1 s�1 vs. 5.58 and 4.43 mm
�1 s�1, respectively;


40 MHz, 37 8C; Scheme 2).[31] This difference was qualita-
tively attributed to the two inner-sphere water molecules
and their faster exchange, as well as to the limited internal
flexibility of [Gd2bpy(DTTA)2(H2O)4]


2�. The formation of
the large and rigid {Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� metallo-
star from [Gd2bpy(DTTA)2(H2O)4]


2� further increases the
rotational correlation time, tR, which results in a substantial


relaxivity gain. Now, with the objective of determining the
water-exchange rate and quantitatively assessing the rota-
tional dynamics of the dinuclear [Gd2bpy(DTTA)2(H2O)4]


2�


complex and the {Fe[Gd2bpy(DTTA)2(H2O)4]3}
4� metallo-


star, we have performed a variable-temperature, multiple
field 17O NMR study on both compounds. 17O longitudinal
and transverse relaxation rates and chemical shifts have
been measured in aqueous solutions of [Gd2bpy(DTTA)2-
(H2O)4]


2� and {Fe[Gd2bpy(DTTA)2(H2O)4]3}
4� at 4.7 and


9.4 T. Additionally, 1H NMRD profiles have been recorded
at proton Larmor frequencies in the range 0.01–600 MHz at
three different temperatures (5 8C, 25 8C, and 37 8C).
For both systems, the 17O reduced transverse relaxation


rates (1/T2r) increase at the lowest temperatures, while
above 285 K they decrease with temperature (slow- and
fast-exchange regions, respectively; Figure 6 and Figure 7).
In the slow-exchange regime, it is exclusively the water-ex-
change rate that determines 1/T2r. In the fast-exchange
region, the reduced transverse relaxation rate is defined by
the transverse relaxation rate of the bound water oxygen, 1/
T2m, influenced by kex, the longitudinal electronic relaxation
rate, 1/T1e, and the scalar coupling constant, A/�h. The re-
duced 17O chemical shifts are determined by A/�h and, to a
small extent, by an outer-sphere contribution characterized
by a constant, COS. Transverse


17O relaxation is governed by
the scalar relaxation mechanism, and thus contains no infor-
mation on the rotational motion of the system. In contrast
to 1/T2r, the longitudinal 17O relaxation rates, 1/T1r, are de-
termined by dipole-dipole and quadrupolar relaxation mech-
anisms, both related to rotation. The dipolar term depends
on the gadolinium(iii)–water oxygen distance, rGdO, while the
quadrupolar term is influenced by the quadrupolar coupling
constant, c(1+h2/3)1/2. Proton relaxivities are influenced by a
large number of factors, the most important being water ex-
change, rotation, and electron spin relaxation.


Figure 5. Variable-temperature, 400 MHz 1H NMR spectra of [Eu2bpy(DTTA)2(H2O)4]
2� ; pH 6.2.
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For [Gd2bpy(DTTA)2(H2O)4]
2�, the experimental 17O


NMR and 1H NMRD data were analyzed simultaneously
(for the equations used, see the Supporting Information)
and are shown together with the fitted curves in Figure 6.
For {Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� (Figure 7), a simultane-
ous analysis of 17O and 1H relaxation data was not possible;
in particular, an acceptable fit of the 17O transverse relaxa-
tion rates seemed to be incompatible with the low-field
NMRD data. Such a discrepancy most probably originates
from an inadequate description of the electron spin relaxa-
tion. Indeed, electron spin relaxation has a strong influence
on both the low-field proton relaxivities and the transverse
17O relaxation rates in the intermediate and fast water-ex-
change regimes. The magnetic field difference is relatively
significant between the low frequency part of the NMRD
curve (<0.02 T) and the 17O data (4.7 and 9.4 T). Without
an appropriate theory that is capable of describing the field


dependence of electron spin relaxation rates over such a
large range, it is impossible to perform a simultaneous fit-
ting of the 1H and 17O relaxation data. Significant progress
in the theoretical understanding of electron spin relaxation
of GdIII complexes has recently been achieved with the in-
clusion of both transient and static zero-field splitting
(ZFS).[32] However, this new theory only applies to small
molecules and fails in the case of medium-sized complexes,
such as our metallostar. Therefore, we were obliged to apply
the theory of electron spin relaxation as described by the
traditional Solomon–Bloembergen–Morgan equations. Po-
wellSs approach[31] was used, where 1/Tie is the sum of a tran-
sient ZFS and a so-called spin-rotation (SR) contribution.
The ZFS term is described by the trace of the squared ZFS
tensor, D2, a correlation time tv, and an activation energy Ev


(fixed at 1 kJmol�1); the SR term is characterized by a dgL
2


parameter. For the fitting, we proceeded in the following
way: the transverse 17O relaxation rates, which give access
first of all to the water-exchange rate, were fitted together
with the 17O chemical shifts. The scalar coupling constant,
the rate, activation enthalpy, and entropy of the water ex-
change were obtained from this fitting, as well as the param-
eters of the electron spin relaxation. In a second step, we
fitted together the longitudinal 17O relaxation rates and the
1H relaxivities, both containing primary information on the
rotational dynamics. Here, we fixed the water-exchange pa-
rameters at the values obtained from the previous fitting of
17O 1/T2r and Dwr data, and calculated rotational and elec-
tronic parameters, the latter being almost exclusively deter-
mined by proton relaxivities and not by 17O longitudinal re-
laxation. It should be noted that including the 17O longitudi-
nal relaxation rates in the fitting of the transverse rates and
chemical shifts does not influence the parameters obtained
for the water exchange or the scalar coupling constant. The
advantage of separately fitting 17O 1/T2r with Dwr and


17O 1/
T1r with proton relaxivities is that the first data series de-
fines water exchange while the second defines rotation with
high accuracy. As expected, the electronic parameters ob-
tained from the two fittings are different: tv


298 = 15�5 ps,
D2 = (0.66�0.20)D1020 s�2, and dg2L = 0.10�0.02 from the
analysis of 17O 1/T2r and Dwr values; tv


298 = 27�8 ps, D2 =


(0.18�0.05)D1020 s�2, and dg2L = 0.01�0.02 from the anal-
ysis of NMRD and 17O 1/T1r. We are aware of the shortcom-
ings of the electron spin relaxation theory used, and thus in-
terpretation of these values in terms of physical meaning is
not possible. For the dinuclear [Gd2bpy(DTTA)2(H2O)4]


2�


we obtained tv
298 = 34�2 ps, D2 = (0.17�0.01)D1020 s�2,


and dg2L = 0.10�0.06 by a simultaneous fitting of 17O and
1H relaxation data.
In the fitting procedure, rGdO was fixed at 2.50 Q, based


on available crystal structures[33,34] and recent ESEEM re-
sults.[35] The GdIII–H distance, rGdH, was set at 3.10 Q,[36] the
distance of closest approach of an outer-sphere water proton
to the gadolinium(iii), aGdH, was set at 3.5 Q,[30] and for the
quadrupolar coupling constant, c(1+h2/3)1/2, we used the
value for pure water, 7.58 MHz. The Cos empirical constant,
characterizing the outer-sphere contribution to the 17O


Figure 6. [Gd2bpy(DTTA)2(H2O)4]
2� : Temperature dependence of a) re-


duced transverse 1/T2r (9.4 T (*) and 4.7 T (^)) and longitudinal 17O re-
laxation rates 1/T1r (9.4 T (&) and 4.7 T (!)); b) reduced chemical shifts
Dwr (9.4 T (&) and 4.7 T (*)); c) 1H nuclear magnetic relaxation disper-
sion profiles, recorded at 5 8C (*), 25 8C (&), and 37 8C (!). The lines
represent the least-squares simultaneous fitting of all data points, as ex-
plained in the text.
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chemical shifts, was fixed at 0.1. The diffusion constant,
DGdH


298, used in the analysis of 1H NMRD data, and the cor-
responding activation energy, EGdH, were fitted to DGdH


298 =


(24.1�2.0)D10�10 m2 s�1 and (20.0�1.0)D10�10 m2 s�1 and
EGdH = 33�4 and 23�4 kJmol�1 for [Gd2bpy(DTTA)2-
(H2O)4]


2� and {Fe[Gd2bpy(DTTA)2(H2O)4]3}
4�, respectively.


The 17O longitudinal relaxation rates measured for
{Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� were different at 4.7 and
9.4 T, which is always indicative of slow rotational motion.
In such cases, the 17O and 1H relaxation rates can be conven-
iently analyzed by means of the Lipari–Szabo model-free
approach,[16] which has been previously applied for the eval-
uation of NMR relaxation data for various macromolecular
systems. This approach allows the separation of two kinds of
motions that modulate relaxation: a rapid local motion char-
acterized by a correlation time tl (activation energy El) and
a slow global motion with a correlation time tg (activation
energy Eg). The global rotational times, tg, obtained from
either 17O NMR or 1H NMRD, represent the same overall
motion of the system (tgO = tgH), while the local rotational
correlation times, tlO and tlH, might be different as they are
attributed to the motion of the Gd–Owater and Gd–Hwater vec-
tors, respectively. The ratio of the two rotational correlation
times tlH/tlO was generally found to be ~0.65 for monohy-
drated complexes,[37, 38] while for bishydrated chelates, values


close to 1 were obtained from the simultaneous fitting of
longitudinal 17O and 1H relaxation rates.[19,39] Finally, a
model-independent measure of the spatial restriction of the
local motion is given by the generalized order parameter, S2.
For an isotropic internal motion S2 = 0, while for a fully re-
stricted motion S2 = 1.
All parameters obtained by this fitting are reported in


Table 2 and Table 3.


Water exchange : The diethylenetriamine-tetraacetate unit
that coordinates the GdIII ion has seven donor atoms (three
amine nitrogens and four carboxylate oxygens). Assuming a
coordination number of nine for the lanthanide ion, which is
the most common in similar poly(amino carboxylate) com-
plexes, two water molecules complete the inner coordination
sphere in aqueous solution. Unfortunately, all efforts to
obtain appropriate crystals for X-ray analysis of either the
dinuclear [Gd2bpy(DTTA)2(H2O)4]


2� or the metallostar met
with failure. The solid-state X-ray crystal structure reported
for [C(NH2)3]3[Gd(TTAHA)]·9H2O was also indicative of
an N3O4 donor set provided by the ligand, which was com-
pleted by the coordination of two carboxylate oxygens from
a neighboring complex.[40] In aqueous solution, these two
carboxylates are replaced by water molecules, as was proven
by the 17O NMR chemical shifts.[22]


Figure 7. {Fe[Gd2bpy(DTTA)2(H2O)4]3}
4� : Temperature dependence of a) reduced transverse 1/T2r


17O relaxation rates (9.4 T (&) and 4.7 T (*)), b) re-
duced chemical shifts Dwr (9.4 T (&) and 4.7 T (*)); c) longitudinal 1/T1r


17O relaxation rates (9.4 T (&) and 4.7 T (*)); d) 1H nuclear magnetic relaxation
dispersion profiles, recorded at 5 8C (*), 25 8C (&), and 37 8C (!). The lines represent the least-squares simultaneous fitting of data points of (a) with (b)
and of (c) with (d), as explained in the text.
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The assessment of the hydration state of a GdIII complex
in solution is often considered to be problematic. Lumines-
cence lifetime measurements on the EuIII and TbIII ana-
logues are commonly used to determine the hydration
number, q.[41] The lanthanide-induced 17O shifts are directly
related to the number of water molecules in the inner coor-
dination sphere and can therefore be straightforwardly used
to assess q. This method is generally applied for DyIII com-
plexes,[42] but it is also applicable for GdIII chelates. The 17O
chemical shifts measured at the two magnetic fields for both
[Gd2bpy(DTTA)2(H2O)4]


2� and {Fe[Gd2bpy(DTTA)2-
(H2O)4]3}


4� correspond to bishydrated complexes. Indeed,
the scalar coupling constants calculated with q = 2 are typi-
cal for a GdIII poly(amino carboxylate).
For the water-exchange rate, we obtained kex


298 = 8.1D
106 and 7.4D106 s�1 for [Gd2bpy(DTTA)2(H2O)4]


2� and
{Fe[Gd2bpy(DTTA)2(H2O)4]3}


4�, respectively. These values,
as well as the activation enthalpies and entropies, compare
well with those reported for GdIII chelates containing an
identical diethylenetriamine-tetraacetate chelating unit, such
as the parent [Gd(TTAHA)(H2O)2]


3�, the dinuclear p,m-
X[GdDTTA(H2O)2]2, and {FeII[Gd(tpy-DTTA)(H2O)2]2}
(Table 2). The faster water exchange of these chelates as
compared to that in the diethylenetriamine-pentaacetate
[Gd(DTPA)(H2O)]2� can be related to the presence of the
two inner-sphere water molecules. These contribute to an in-
creased flexibility of the inner sphere, which can then rear-
range more easily in the course of the water-exchange pro-
cess. However, the water-exchange rate is slightly lower
than the optimal value required by the Solomon–Bloember-
gen–Morgan theory to attain maximum proton relaxivities


(~50D106 s�1). The values of
the activation entropy and en-
thalpy point to a dissociatively
activated exchange, as indeed is
to be expected for a nine-coor-
dinate complex. A variable-
pressure 17O NMR study per-
formed on the complex
{FeII[Gd(tpy-DTTA)(H2O)2]2},
having the same DTTA4� GdIII-
chelating part, resulted in an


activation volume of DV� = ++6.8 cm3mol�1, thus providing
experimental evidence for a dissociatively activated inter-
change water-exchange mechanism.[19]


Rotational dynamics : The rotational motion of the dinuclear
complex could be adequately described by a single correla-
tion time (Table 3); the molecule is too small to distinguish
between global and local motions. The value of tRO


298 corre-
sponds well with the size of the molecule and is in accord-
ance with previously measured values for similar sized che-
lates. For the metallostar, the local motion of the Gd-coordi-
nated water proton vector could be separated from the over-
all motion of the molecule, and was found to be about five
times faster than the tumbling of the entire metallostar. The
global rotational correlation time is less than 1 ns, which is
considerably smaller than values reported for macromolecu-
lar systems such as dendrimers, linear polymers, or micellar
aggregates. The difference between tlO


298 and tgO
298 unambig-


uously proves that the metallostar is not completely rigid.
However, based on the relatively high value of the S2 pa-
rameter, which describes the restriction of the local motions
with respect to the global one, its flexibility is limited in
comparison with macromolecules previously analyzed by the
Lipari–Szabo approach. Indeed, the value of S2 is considera-
bly higher than those for micellar systems, and also exceeds
S2 values calculated for dendrimers (Table 3). In the metal-
lostar, the Fe(bpy)3 core can be considered to be completely
rigid. This also applies for extended, metallodendrimeric ed-
ifices, which is a clear advantage of such self-assembled sys-
tems. The only point of flexibility in the metallostar is the
methylene group that connects the bipyridine moiety to the
poly(amino carboxylate) part, which was introduced in
order to maintain sufficient thermodynamic stability (vide
infra). Indeed, no field dependence of the longitudinal 17O
relaxation rates, and thus no internal flexibility, was detected
for {FeII[Gd(tpy-DTTA)(H2O)2]2}, in which the poly(amino
carboxylate) part is directly linked to the terpyridine unit.[19]


Proton relaxivity : Owing to its larger size and slower tum-
bling, the relaxivities are considerably higher for the metal-
lostar than for the dinuclear complex at almost all frequen-
cies, with a maximum difference at 30–60 MHz. However,
the temperature dependence at the maximum of the relaxiv-
ity peak indicates that the relaxivity is still limited by rota-
tion. Remarkably, the metallostar has an unusually broad
high-field relaxivity peak centered at relatively high fre-


Table 2. Water-exchange parameters determined for various GdIIIL complexes.


Complex q kex
298 DH� DS� A/�h


[106 s�1] [kJmol�1] [Jmol�1K�1] [106 rads�1]


[Gd2bpy(DTTA)2(H2O)4]
2� 2 8.1�0.3 43.7�2.1 +34�6 �3.7�0.3 this work


{Fe[Gd2bpy(DTTA)2(H2O)4]3}
4� 2 7.4�0.2 41.3�3.0 +25�8 �3.9�0.2 this work


[Gd(HTTAHA)(H2O)2]
� 2 8.6 40.4 +23.3 �3.5 [22]


{FeII[Gd(tpy-DTTA)(H2O)2]2} 2 5.1 39.6 +16.4 �3.7 [19]


m-X[Gd(DTTA)(H2O)2]2
2� 2 8.9 39.2 +23.6 �3.4 [39]


[Gd(DTPA)(H2O)]2� 1 3.3 51.6 +53.0 �3.8 [31]


Table 3. Rotational parameters determined for various GdIIIL complexes.


Complex tgO
298 [ps] tlO


298 [ps] S2


[Gd2bpy(DTTA)2(H2O)4]
2� 240�10[a]


{FeII[Gd(tpy-DTTA)(H2O)2]2} 410[a]


{Fe[Gd2bpy(DTTA)2(H2O)4]3}
4� 930�50 190�15 0.60�0.04


dendrimers
Gadomer 17[b] 3050 760 0.50
G5-(GdEPTPA)111 (pH 6.0)[c] 4040 150 0.43
micelles
[Gd(DOTAC12)][d] 1600 430 0.23
[Gd(DOTAC14)][d] 2220 820 0.17
[Gd(DOTASAC18)][d] 2810 330 0.28


[a] No Lipari–Szabo treatment; a single tR
298 is calculated; for


{FeII[Gd(tpy-DTTA)(H2O)2]2}; ref. [19]. [b] From ref. [10]. [c] From
ref. [11]. [d] From ref. [12].


Chem. Eur. J. 2006, 12, 989 – 1003 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 999


FULL PAPERA Metallostar with Six Gd3+ Ions



www.chemeurj.org





quencies. This originates from its moderate size and the con-
sequent rotational correlation time. This feature is particu-
larly important since higher and higher fields (>60 MHz)
are being utilized in clinics to increase sensitivity, and at
such high magnetic fields the large macromolecular contrast
agents, such as dendrimers, offer barely better performances
than the marketed small chelates. Indeed, the Solomon–
Bloembergen–Morgan theory predicts that at frequencies
above about 200 MHz the relaxivity should increase with
the inverse of the rotational correlation time, while at lower
frequencies it should be proportional to tR. This implies that
at high fields intermediate-sized molecules are favorable
compared to very large ones. This theoretically predicted
effect is nicely reflected in the high-field descending part of
the relaxivity profiles measured for the metallostar at varia-
ble temperature. At 200 MHz, there is an inversion of the
temperature dependence of the experimental data: at lower
frequencies, the relaxivity increases with decreasing temper-
ature since the rotation becomes slower, while at higher fre-
quencies, this tendency is reversed. To the best of our
knowledge, this is the first experimental observation of this
phenomenon.
In the context of MRI contrast agents, the molar relaxivi-


ty calculated per Gd is most widely used as a measure of ef-
ficacy. For certain applications, however, it is not the most
appropriate parameter. In targeting approaches, a large para-
magnetic effect has to be delivered into a restricted space,
that is, the contrast agent molecule not only has to bear effi-
cient GdIII sites (high molar relaxivity), but they also have
to be “densely” located. In this respect, a large macromole-
cule with few GdIII centers of even very high molar relaxivi-
ty might be less favorable than a medium-sized molecule
with densely packed GdIII ions. In order to express this fea-
ture, we have recently introduced the concept of mass relax-
ivity or density of relaxivity,[20] which defines the relaxation
rate enhancement in terms of unit mass of the agent, as


given in Equation (4), where nGd is the number of Gd cen-
ters per molecule, and Mw is the molecular mass of the com-
plex (the multiplication factor of 1000 is to obtain conven-
ient numbers).


,,


density of relaxivity
,, ¼ r1 	 nGd


Mw


	1000
�
mm


�1 s�1


gmol�1 or ðg=LÞ�1 s�1


� ð4Þ


The molar relaxivity of the metallostar is very high, com-
parable with that of high generation dendrimers (27.0 and
33.2 mm


�1 s�1 at 25 8C for {Fe[Gd2bpy(DTTA)2(H2O)4]3}
4�


versus 36 and 27 mm
�1 s�1 at 23 8C for a tenth generation


GdDOTA-loaded dendrimer at 20 and 60 MHz, respective-
ly).[43] With six GdIII ions incorporated in a relatively low
molecular mass of 3744 gmol�1, the metallostar represents a
highly powerful contrast agent in terms of efficacy per unit
mass. Indeed, this compound offers the most concentrated
paramagnetic relaxation effect among all GdIII-based poten-
tial contrast agents reported to date (Table 4).


Stability tests on the metallostar : Biological fluids are very
complex systems, in which the injected contrast agent may
be exposed to diverse chemical interactions. For a typical
GdIII complex, transmetalation reactions with CuII and ZnII


are usually considered as the most significant steps leading
to decomposition of the complex. The free GdIII released in
this way can, in turn, react with endogenously available
small chelators, such as citrate, phosphate, etc. In the case of
the metallostar, an additional instability factor stems from
the iron(ii)–bipyridine coordination. In order to obtain some
information on the stability of the metallostar under biologi-
cally relevant conditions, we monitored proton relaxivity
over a long period of time in phosphate-buffered saline
(PBS) as well as in mouse serum. The samples were pre-


pared with degassed water and
were kept under nitrogen. As
shown in Figure 8, in mouse
serum and PBS the relaxivity
decreases sharply with time; al-
though the time course of the
decomposition process is rela-
tively long, the decays could be
fitted by mono-exponential
functions that gave t1/2 values of
3.7�0.3 and 4.7�0.4 h in
mouse serum and PBS, respec-
tively. The relaxivity decay was
reproducible in independent
samples. In both cases, the re-
laxivity curve reaches a plateau.
In mouse serum, the equilibri-
um value is equal to the relax-
ivity of the dinuclear [Gd2bpy-
(DTTA)2(H2O)4]


2� chelate,
showing that the Fe(bpy)3 com-


Table 4. Molar proton relaxivities, r1, and densities of relaxivity for a selection of GdIII complexes; 37 8C,
20 MHz.


Type Complex[a] No. of Gd Mw r1 [mm
�1 s�1] density of relaxivity


metallostar {Fe[Gd2bpy(DTTA)2(H2O)4]3}
4� 6 3744 20.17 32.3


monomers [Gd(DTPA)(H2O)]2�[b] 1 563 4.02 7.1
[Gd(EOB-DTPA)(H2O)]2�[c] 1 696 5.3 7.6
[Gd(DTPA-BMA)(H2O)][b] 1 587 3.96 6.7
[Gd(HTTAHA)(H2O)2]


2�[d] 1 683 7.3 10.7
[Gd(DOTA)(H2O)]�[b] 1 575 3.83 6.7


dinuclear [Gd2bpy(DTTA)2(H2O)4]
2� 2 1229 12.44 20.2


pip[Gd(DO3A)(H2O)]2
[b] 2 1202 5.79 9.6


p-X[(GdDTTA)(H2O)2]2
2�[e] 2 1087 12.8 23.6


{FeII[Gd(tpy-DTTA)(H2O)2]2}
[f] 2 1568 15.7 20.0


dendrimers G3-(GdDO3A)23
[g] 23 22100 14.6 15.2


G4-(GdDO3A)30
[g] 30 37400 15.9 12.8


G5-(GdDO3A)52
[g] 52 61800 18.7 15.7


G5-(GdEPTPA)111
[h] 111 112055 17.1 17.5


G7-(GdEPTPA)253
[h] 253 302680 25.6 20.3


G9-(GdEPTPA)1157
[h] 1157 1388400 24.2 20.7


[a] EOB-DTPA5� : ethoxybenzyl-DTPA; DTPA-BMA3� : DTPA-bis(methylamide); DOTA4� : 1,4,7,10-tetra-
azacyclododecane-1,4,7,10-tetraacetate; EPTPA5� : ethylenepropylenediamine-N,N,N’,N’’,N’’-pentaacetate.
[b] From ref. [31]. [c] From ref. [52]. [d] From ref. [22]. [e] From ref. [39]. [f] From ref. [19]. [g] From ref. [53].
[h] From ref. [11].
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plex does not have sufficient long-term stability in biological
media. In PBS, the equilibrium relaxivity is inferior to that
of [Gd2bpy(DTTA)2(H2O)4]


2�, which points to a partial re-
placement of the inner-sphere water molecules by phosphate
ions. The formation of ternary complexes with phosphate
has been detected previously for various GdIII poly(amino
carboxylate) complexes.[44] Phosphate is a relatively strongly
coordinating ligand towards lanthanides, and bishydrated
chelates are particularly prone to ternary complex forma-
tion. It has to be noted, however, that the plasma concentra-
tion of phosphate ions is considerably lower (0.38 mm)[45]


than the concentration used in the PBS buffer. As the ex-
periment in mouse serum proves, phosphate coordination
does not interfere under these conditions.
To circumvent the problem of FeII(bpy)3 decomposition in


biological media, FeII can be replaced by RuII, which has an
extreme kinetic inertness. Previous studies on {FeII[Gd(tpy-
DTTA)(H2O)2]2} and {RuII[Gd(tpy-DTTA)(H2O)2]2} showed
that the two compounds behave identically with regard to
their relaxation properties.[19] RuII complexes are not un-
known in medical applications as they are being tested as
anticancer agents. In addition, given the photophysical prop-
erties of RuII, such heterometallic RuII–GdIII structures
could be applied as bifunctional fluorescent and paramag-
netic contrast agents. Multimodal imaging probes are indeed
a focus of biomedical research since they allow for the com-
bination of various diagnostic techniques resulting in an im-
proved definition of diseased tissues.


Conclusion


The heterotritopic ligand [bpy(DTTA)2]
8� has been designed


to specifically complex two GdIII ions through its poly(amino
carboxylate) moieties and one FeII or RuII through the
bipyridine functions. We have reported herein the physico-
chemical characterization of the dinuclear complex
[Gd2bpy(DTTA)2(H2O)4]


2� and the metallostar
{Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� that forms by self-assembly


when [Gd2bpy(DTTA)2(H2O)4]
2� is treated with FeII ions.


The exchange rates of the two inner-sphere water molecules
are very similar in the dinuclear [Gd2bpy(DTTA)2(H2O)4]


2�


and in the metallostar and are comparable to kex for similar
GdIII poly(amino carboxylates) such as [Gd(HTTAHA)-
(H2O)2]


� and {FeII[Gd(tpy-DTTA)(H2O)2]2}. The rotational
dynamics of the metallostar has been analyzed in terms of
global and local motions by applying the Lipari–Szabo ap-
proach to describe the spectral density functions. This analy-
sis was indicative of limited internal flexibility, most likely
originating from the methylene group that links the FeII-
and GdIII-coordinating parts of the ligand. Despite this re-
sidual flexibility, the metallostar has a remarkable molar
proton relaxivity, related to the two inner-sphere water mol-
ecules and their near-optimal exchange rate. Given its mod-
erate size, the metallostar would be a particularly efficient
contrast agent at very high magnetic fields (>100 MHz).
The presence of six efficiently relaxing GdIII ions in one
metallostar leads to an exceptionally high relaxivity con-
fined within a small molecular space (high density of relax-
ivity). Moreover, [bpy(DTTA)2]


8�, being an ideal ligand for
specific complexation of FeII/RuII and GdIII, opens new per-
spectives for the construction of larger-sized metallodendri-
meric edifices loaded with GdIII on the surface.


Experimental Section


The synthesis of the ligand H8bpy(DTTA)2 has been described in the pre-
liminary communication.[20]


Sample preparation : [Gd2bpy(DTTA)2(H2O)4]
2� was prepared by adding


solid ligand to a solution of GdCl3 in a 1:2 molar ratio (pH 6.0; 50 mm


MES (2-morpholinoethanesulfonic acid) buffer). A slight excess of the
ligand was used (2%) and the absence of free metal ions was verified by
performing a xylenol orange test.


All manipulations of the metallostar were carried out under the exclusion
of oxygen to avoid oxidation of FeII. {Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� was
prepared by mixing a solution of [Gd2bpy(DTTA)2(H2O)4]


2� with a fresh-
ly prepared solution of FeII ions (Fe(NH4)2(SO4)·6H2O) in a 3:1 molar
ratio (pH 6.0; 5 mm MES). 17O-enriched water (Irakli Gverdtsiteli Re-
search and Technology Center on High Technologies of Isotopes and
Super Pure Materials LDA; 17O: 10.5%) was added to the samples for
17O NMR measurements to improve the sensitivity.


Potentiometry : A stock solution of Zn2+ (135 mm) was prepared from
the chloride salt in doubly-distilled water. A stock solution of Gd3+ was
prepared by dissolving Gd2O3 in a slight excess of concentrated HCl in
doubly-distilled water. The excess HCl was then evaporated off. Both
stock solutions were standardized by complexometric titration with Na2-
H2EDTA using xylenol orange as an indicator.


The ligand and metallostar protonation constants and the stability con-
stants of the complexes were determined at constant ionic strength (0.1m
(CH3)4NCl). The titrations were carried out in a thermostatted vessel
(25�0.2 8C) using (CH3)4NOH as titrant solution, which was added by
means of a Metrohm Dosimat 665 automatic burette. A combined glass
electrode (C14/02-SC, Ag/AgCl reference electrode in 3m KCl; Moeller
Scientific Glass Instruments, Switzerland) connected to a Metrohm 692
pH/ion-meter was used to measure pH. The titrated solution (3 mL) was
stirred magnetically and a constant N2 flow was bubbled through it. Pro-
tonation and stability constants were determined at 0.002–0.003m ligand
concentrations from two or three parallel titrations. The hydrogen ion
concentration was calculated from the measured pH values using the cor-


Figure 8. Decay of proton relaxivity with time for {Fe[Gd2bpy(DTTA)2-
(H2O)4]3}


4� in mouse serum (~) and phosphate-buffered saline (^). The
lines represent fits of mono-exponential functions to the data points.
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rection method suggested by Irving.[46] All protonation and stability con-
stants were computed with the program PSEQUAD.[47]


17O NMR measurements : Variable-temperature 17O NMR measurements
were performed on Bruker DPX-400 (9.4 T, 54.2 MHz) and Bruker
Avance-200 (4.7 T, 27.1 MHz) spectrometers. A Bruker VT-1000 temper-
ature control unit was used to stabilize the temperature, which was mea-
sured by a substitution technique. The samples were sealed in glass
spheres adapted for 10 mm NMR tubes to avoid susceptibility corrections
to the chemical shifts.[48] Longitudinal relaxation rates 1/T1 were obtained
by the inversion recovery method and transverse relaxation rates 1/T2 by
the Carr–Purcell–Meiboom–Gill spin-echo technique. Acidified water
(HClO4, pH 3.71) was used as an external reference. The concentrations
of the solutions used were [Gd2bpy(DTTA)2(H2O)4]


2� : 0.0300 molkg�1;
{Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� : 0.0271 molkg�1.


NMRD : The 1/T1 NMRD profiles were obtained at 278.0 K, 298.0 K, and
310.0 K on a Stelar Spinmaster fast field cycling NMR relaxometer (B =


2.35D10�4–0.47 T; proton Larmor frequencies 0.01–20 MHz), on Bruker
Minispecs (30, 40, and 60 MHz), and on Bruker spectrometers (50, 100,
200, 400, and 600 MHz). The concentrations of the samples were
[Gd2bpy(DTTA)2(H2O)4]


2� : 0.500 mm ; {Fe[Gd2bpy(DTTA)2(H2O)4]3}
4� :


0.167 mm.


Molecular modeling : To assess the volume of {Fe[Gd2bpy(DTTA)2-
(H2O)4]3}


4� and the distance between the Gd3+ ions, a molecular model
was built using the CAChe program.[49] The structure of an Sr2+ complex,
instead of the Gd3+ complex, was partially optimized by means of molec-
ular mechanics (MM2 force field) and semiempirical quantum calcula-
tions (PM5 method).


Data analysis : Simultaneous least-squares fitting of the 17O NMR and
NMRD data was performed by means of the programs VISUALISEUR/
OPTIMISEUR on a Matlab platform, version 6.5.[50]


Relaxivity measurements on the metallostar in mouse serum and PBS :
Relaxivity measurements on {Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� in the pres-
ence of mouse serum and in phosphate-buffered saline (PBS; pH 7.4)
were made on a Bruker Minispec 40 MHz. A solution of
{Fe[Gd2bpy(DTTA)2(H2O)4]3}


4� (0.4 mm) was prepared under N2 and the
pH was adjusted to 7.4 by the addition of HCl and NaOH (both 0.1m).
Mouse serum was purchased commercially (Aldrich S-7273) and was
used without further purification. Samples were incubated at 37 8C.
1H NMR measurements : All spectra were recorded on a Bruker DPX-
400 spectrometer (9.4 T). pH values were calculated from the equation
pD = pH + 0.4.[51] The water peak was used as an internal reference (d
= 4.8 ppm).
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X-ray Diffraction and Solid-State NMR Studies of a Germanium Binuclear
Complex
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Christian Fernandez,[b] Anna Makal,[d] Krzysztof Wozniak,[d] and Jacek Klinowski[e]


Introduction


Many inorganic–organic hybrid crystalline materials have
been reported to date. Most investigators have used relative-
ly routine (particularly 1H) NMR techniques to characterise
the structures of such solids. This is principally true for ma-
terials exhibiting relatively strong bonds between the inor-
ganic and organic components, such as coordination poly-
mers, and contrasts with the important chemical information


on organic and inorganic materials generated by high-reso-
lution NMR techniques. We thus aim at assessing the use of
multinuclear solid-state magic-angle spinning (MAS) NMR
spectroscopy to study inorganic–organic hybrid materials.
Although we have begun our studies with crystalline model
compounds with relatively simple structures, in the near
future we will extend this to coordination polymers and
amorphous or disordered inorganic–organic hybrids.


Abstract: A compound formulated as
(C4H12N2)[Ge2(pmida)2(OH)2]·4H2O
(where pmida4�=N-(phosphonometh-
yl)iminodiacetate and C4H12N2


2+ =pi-
perazinedium cation), containing the
anionic [Ge2(pmida)2(OH)2]


2� complex,
has been synthesised by the hydrother-
mal approach and its structure deter-
mined by single-crystal X-ray diffrac-
tion analysis. Several high-resolution
solid-state magic-angle spinning (MAS)
NMR techniques, in particular two-di-
mensional 1H–X(13C,31P) heteronuclear


correlation (HETCOR) and 1H–1H ho-
monuclear correlation (HOMCOR) ex-
periments incorporating a frequency-
switched Lee–Goldburg (FS-LG) de-
coupling scheme, have been employed
for the first time in such a material.
Using these tools in tandem affords an


excellent general approach to study the
structure of other inorganic–organic
hybrids. We assigned the NMR reso-
nances with the help of C···H and P···H
internuclear distances obtained through
systematic statistical analyses of the
crystallographic data. The compound
was further characterised by powder
X-ray diffraction techniques, IR and
Raman spectroscopy, and by elemental
and thermal analyses (thermogravimet-
ric analysis and differential scanning
calorimetry).


Keywords: coordination modes ·
germanium · hydrothermal synthe-
sis · NMR spectroscopy · organic–
inorganic hybrid composites
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. 1) Fast 1H MAS
spectrum of H4pmida (recorded at 30 kHz). 2)


31P{1H} RAMP-CP
spectra of H4pmida and I (recorded at 15 kHz). 3)


13C{1H} RAMP-CP
spectra of H4pmida and I recorded at different magnetic fields.
4) Two-dimensional 1H{FS-LG}–31P HETCOR spectra of H4pmida and
I (recorded at 12 kHz) with contact times of 50, 200, and 2000 ms.
5) Two-dimensional 1H{FS-LG}–13C HETCOR spectra of H4pmida re-
corded with contact times of 100 and 2000 ms. 6) Scheme showing the
spherical environment with a 5 L radius around the central P(1) atom.
7) Histogram of the C(1–5)···H distances (in L) in the 0–5 L range
and respective distances.
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N-(phosphonomethyl)iminodiacetic acid (H4pmida,
Scheme 1) was previously used in the synthesis of some in-
teresting and useful materials.[1–3] In particular, Clearfield
and co-workers[3] prepared a series of layered materials by


partially deprotonating H4pmida, leaving a carboxylic acid
group which, on the one hand, allows intercalation of
amines and, on the other, forms three-dimensional com-
pounds with diamines. Mixed derivatives containing HPO4


2�


moieties which led to the isolation of a family of mixed-
ligand layers were also reported by the same authors.[3]


More recently, we have isolated the first three-dimensional
mixed-metal frameworks incorporating H4pmida residues
and 4,4’-bipyridine.[4]


The model hybrid compound studied here is
(C4H12N2)[Ge2(pmida)2(OH)2]·4H2O, where pmida


4� is N-
(phosphonomethyl)iminodiacetate, which contains the
anionic unit Ge2(pmida)2(OH)2


2�, closely related to the
[V2O2(pmida)2]


4� unit. The former, is a particularly conven-
ient unit because it is amenable to NMR studies as it con-
tains no paramagnetic centres (such as V4+) and has the
spectroscopically useful nuclei 1H, 13C, and 31P available. As
with many hybrid compounds, the solid studied here con-
tains protons in the organic and inorganic components and,
thus, the attribution of the 1H NMR resonances is not trivial
and requires high-resolution spectra. For this purpose, we
have used an FS-LG homonuclear decoupling pulse se-
quence, inserted in the two-dimensional heteronuclear cor-
relation (HETCOR) and homonuclear correlation
(HOMCOR) experiments. Indeed, conventional solid-state
NMR techniques, such as MAS and Cross-Polarisation (CP)
MAS afford poorly resolved spectra, mainly due to the pres-
ence of strong 1H–1H dipolar interactions which broaden the
resonances.[5] Since the pioneering work of Lee and Gold-
burg[6] and Waugh and co-workers,[7] multipulse homonu-
clear decoupling has been applied to improve the decou-
pling performance.[5,7–10] Over the last fifteen years, new ho-
monuclear decoupling pulse sequences have been proposed,
particularly the frequency-switched Lee–Goldburg (FS-LG)
sequence[11] used here. In general, multipulse sequences fail
at high MAS rates due to the interference between the
sample spinning and radio frequency (rf) cycles. However,
with the recent windowless 1H–1H CRAMPS-MAS techni-
ques (for example, FS-LG-2,[5] PM-LG,[10] DUMBO-1[9])
based on off-resonance rf fields, it is possible to simultane-
ously manipulate the spin and spatial components of the di-
polar Hamiltonian, without decreasing the decoupling effi-
ciency. Sequences like FS-LG-2 have short cycle times and,
hence, may be combined successfully with moderately fast
MAS (up to 12–15 kHz).[12,13]


Experimental Section


General : Chemicals were readily available from commercial sources and
were used as received without further purification. Syntheses were car-
ried out in PTFE-lined stainless-steel reaction vessels (10 mL), under au-
togeneous pressure and static conditions. The final compound proved to
be air- and light-stable, and insoluble in water and common organic sol-
vents.


Preparation and structural characterisation of (C4H12N2)[Ge2(pmi-
da)2(OH)2]·4H2O (I): A suspension containing N-(phosphonomethyl)imi-
nodiacetic acid hydrate (0.590 g, H4pmida, C5H10NO7P, 97%, Fluka),
amorphous germanium(iv) oxide (0.280 g, GeO2, 99.99+%, Aldrich),
and anhydrous piperazine (0.090 g, C4H10N2, �98%, Merck-Schuchardt)
in distilled water (approximately 4 g) was stirred thoroughly for 30 min at
ambient temperature. The resulting homogeneous suspension was trans-
ferred to the reaction vessel which was placed inside an oven. The tem-
perature was gradually increased to 140 8C and, after four days, was again
increased to 180 8C, where it remained for 24 h. The reaction vessel was
allowed to cool slowly to ambient temperature before opening. The resul-
tant colourless solution was carefully transferred to a glass container and
allowed to evaporate slowly. After one day, a large quantity of colourless
crystals were manually harvested, washed with distilled water, and air-
dried for single-crystal X-ray diffraction analysis. An alternative synthesis
method is to perform the reaction at a fixed temperature of 100 8C over a
period of four days, after which a phase-pure microcrystalline compound
can be directly obtained from the autoclave.


Based on single-crystal data: elemental analysis calcd (%) for
C14H34Ge2N4O20P2 (Mr=785.57): C 21.41, N 7.16, H 4.36; found: C 20.61,
N 6.98, H 4.40.


Thermogravimetric analysis (TGA) data (weight losses and increases)
and derivative thermogravimetric peaks (DTG; in italics inside the pa-
rentheses): in air: 50–140 8C �9.6% (77 and 97 8C); 330–420 8C �26.5%
(385 and 401 8C); 420–670 8C �10.5% (continuous weight-loss); 670–
800 8C �11.2% (690 8C); in nitrogen: 45–123 8C �9.4% (72 and 97 8C);
340–425 8C �28.4% (382 and 407 8C); 425–620 8C �6.7% (continuous
weight-loss); 620–700 8C �3.3% (630 8C); 700–800 8C �8.1% (730 8C);
DSC peaks (endothermic processes): 132, 381, and 393 8C.


Selected IR data (Raman in italics inside the parentheses): in) n(O�H,
lattice water) and n(GeO�H)=3509(vs) and 3409 (vs) cm�1, nasym
(�NH2+)=3314(vs) cm-1, nsym(�NH2+)=3214(vs) cm�1, nasym(C�H in
�CH2�)=3052 (s) and 3015(s); nsym(C�H in �CH2�)=2981(s) and
2963(s) (2988 and 2965); n(N+�H)=2740(m), 2600 (m), and 2460(m)
(various modes); n(C=O)=1724 (vs) (1727); nasym(�CO2�)=1675(vs)
(1677); d(�NH2+)=1611(m); t(�CH2)=1463(m) (1465); d(�CH2�)=
1429(m) (1434) cm�1; nsym(�CO2�)=1352(vs) (1351); d(O�H···O)=
1333(s) (1335); n(P=O)=1310 (m) (1314) cm�1; n(C�O)=1288(m) and
1270(m) (1286 and 1270); d(C�C�N, amines)=1177 (vs) (1181) cm�1;
n(N�C)=1093(m) and 1077 (s) (1092 and 1070); n (P�O)=1046(vs)
(1044); g(O�H···O)=916 (s) (919); n(P�C)=782 (vs) (788); g(C=O)=
754(s) and 747(s) (743); 1[(C=O)�O] 530(m) and 596(m) (535 and 599);
d(C�N�C, amines)=455(m) cm�1.


Characterisation : Elemental analyses for carbon and hydrogen were per-
formed with a FISONS EA1108 instrument.


FTIR spectra were measured from KBr discs (Aldrich, 99%+ , FTIR
grade) on a Matson 7000 FTIR spectrometer. FTRaman spectra were
measured on a Bruker RFS 100 spectrometer with a Nd:YAG coherent
laser (l=1064 nm).


TGA was carried out using a Shimadzu TGA-50, at a heating rate of
10 8Cmin�1, under a nitrogen atmosphere or air, and a flow rate of
20 cm3min�1. DSC analysis was performed by using a Shimadzu DSC-50,
at a heating rate of 10 8Cmin�1, under nitrogen atmosphere at a flow rate
of 20 cm3min�1.


Powder X-ray diffraction patterns were recorded at room temperature
using a Philips X’Pert diffractometer, operating with a monochromatic
CuKa radiation source at 40 kV and 50 mA. Simulated powder patterns
were based on single-crystal data, and calculated using the STOE Win
XPOW software package.[14]


Scheme 1. N-(phosphonomethyl)iminodiacetic acid (H4pmida).
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X-ray crystallography studies : A suitable single-crystal was mounted on a
glass fibre with Araldite Rapide,[15] and positioned at approximately
62.25 mm from a KM4CCD/Sapphire charge-coupled device (CCD) area
detector. Data were collected at 293(2) K on a KUMA4CCD diffractom-
eter with MoKa graphite-monochromated radiation (l=0.7107 L), in the
w scan mode, and controlled by the CrysAlis CCD software package.[16]


We measured 600 frames at 1.08 intervals with a counting time of 15 s
per frame. We monitored two further standard frames for each 150
frames collected and these showed no significant intensity decrease over
the data collection period. Data were corrected for the Lorentz and po-
larisation effects, and were reduced by using the CrysAlis RED software
routines.[17] The structure was solved by the direct methods of SHELXS-
97,[18] and refined by full-matrix least-squares on F2 using SHELXL-97.[19]


All non-hydrogen atoms were directly located from difference Fourier
maps and refined with anisotropic displacement parameters. Hydrogen
atoms bound to the nitrogen atom of the crystallographically unique pi-
perazinedium cation were directly located from difference Fourier maps,
and refined with a common N�H length restrained to 0.90(1) L (the
H···H distance was further restrained to 1.47(1) L to ensure a chemically
reasonable geometry for this moiety), and an isotropic displacement pa-
rameter fixed at 1.5 times Ueq of the nitrogen atom to which they are at-
tached. Hydrogen atoms from water molecules were directly located
from successive difference Fourier maps, and refined with the O�H
length and H···H distance restrained to 0.86(1) L and 1.40(1) L, respec-
tively (to ensure a chemically reasonable geometry for these molecules),
and using a riding model with an isotropic displacement parameter fixed
at 1.5 times Ueq of the atom to which they are attached. The hydrogen
atom associated with the coordinated �OH group to Ge(1) could also be
directly located from successive difference Fourier maps, but instead its
position was geometrically restrained by using the HFIX 83 instruction in
SHELXL.[19] Hydrogen atoms attached to carbon were located at their
idealised positions by using the HFIX 23 instruction in SHELXL,[19] and
were included the refinement in the riding-motion approximation with an
isotropic thermal displacement parameter fixed at 1.2 times Ueq of the
carbon atom to which they are attached. It is important to emphasise
that the positions for the hydrogen atoms do not reflect the true position
of the hydrogen nuclei. The last difference Fourier map synthesis showed
the highest peak (0.490 eL�3) located at 1.37 L from O(7), and the deep-
est hole (�0.455 eL�3) at 0.82 L from Ge(1).


Information concerning crystallographic data collection and structure re-
finement details are summarised in Table 1. Selected bond lengths and
angles for the binuclear anionic [Ge2(pmida)2(OH)2]


2� complex are given
in Table 3. Hydrogen bonding geometry is described in Table 4.


CCDC-249364 contains the supplementary crystallographic data (exclud-
ing structure factors) for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


NMR spectroscopy : Solid-state MAS NMR measurements were per-
formed at 9.4 T on a Bruker Avance 400 spectrometer operating at
Larmor frequencies of 400.11, 100.62, and 161.97 MHz for 1H, 13C, and
31P nuclei, respectively. Additional 13C data was recorded at 11.4 T on a
Bruker Ultrashield 500 Avance spectrometer operating at a 1H Larmor
frequency of 500.13 MHz. A 4-mm double-resonance CP/MAS probe was
used for the one-dimensional (1D) experiments. The sample was restrict-
ed to the middle of a 4-mm ZrO2 rotor with the help of two plastic in-
serts (upper and lower insert) in two-dimensional (2D) 1H{FS-LG}–31P
HETCOR experiments. Such a procedure is necessary because the FS-
LG decoupling step is sensitive to rf inhomogeneities, and leads to an im-
provement of the rf field homogeneity over the whole volume of the
sample. 2D 1H{FS-LG}–1H HOMCOR and 1H{FS-LG}–13C HETCOR
were performed on a nonrestricted 4-mm rotor.


Efficient heteronuclear decoupling between 13C/31P and 1H nuclei was
achieved by using the two-pulse phase-modulated (TPPM)[20] decoupling
scheme during 13C and 31P spectral acquisition, with pulse lengths of
4.2 ms (approximately 1658 pulses), a phase modulation angle of 158, and
a 1H rf field strength of w1/2p (nutation frequency)=100 kHz.


Ramped-amplitude cross-polarisation (RAMP-CP)[21] was used to trans-
fer magnetisation from 1H to 13C/31P. RAMP-CP improves the Hart-


mann–Hahn matching condition and the efficiency of the CP step which
are known to be very sensitive to rf power instabilities at high MAS
rates. With this technique the CP matching profile is less dependent on
the MAS rate and thus more easily adjustable and maintainable at opti-
mum Hartmann–Hahn matching for magnetisation transfer. Spectra were
referenced against TMS or H3PO4 (85%) at 0 ppm for


1H, 13C, or 31P, re-
spectively.
1H MAS NMR spectroscopy : 1H MAS NMR spectra were collected with
a spinning rate of 30 kHz using a 908 pulse-length of 1.6 ms and a 2 s recy-
cle delay.
13C and 31P CP/MAS NMR spectroscopy: A RAMP-CP step with a spin-
ning rate of 12 kHz and 15 kHz for 13C and 31P respectively, was em-
ployed with standard phase cycling with a 908 pulse length of 3 ms for 1H.
Contact times were varied between 50 ms and 2 ms. Recycle delays em-
ployed were of 5 s and 6 s for 13C and 31P, respectively. A 13C{1H} RAMP-
CP spectrum was also recorded at a static magnetic field of 500 MHz
using a 908 pulse length of 3.75 ms and a 1H nutation frequency (w1/2p) of
66 kHz.


2D 1H–X(13P,13C) HETCOR and 2D 1H{FS-LG}–1H HOMCOR experi-
ments were performed by using the pulse sequence (and phase cycling
scheme) described in Figure 1a and 1b, respectively. The former pulse
scheme was adapted from the sequence described by van Rossum and
co-workers.[13] Quadrature detection in t1 was achieved by using the
States-TPPI method.[22] In theory, under FS-LG decoupling, the proton
chemical shift is scaled by 1/


ffiffiffi


3
p


(0.57). For the FS-LG HOMCOR/
HETCOR schemes, the 1H chemical shift scale and the scaling factors l
were determined by comparing the 1D 1H spectra recorded under fast
MAS (30 kHz) and under the FS-LG homonuclear decoupling sequence
determined by direct comparison with the scaled 1H{FS-LG}–1H
HOMCOR spectra (See Supporting Information, Figure S1).[23] Scaling
factors within the 0.56–0.58 range were obtained for all spectra, which is
well within the range of the theoretical value. Experimental parameters
are summarised in Table 2.


During tLG (LG period) the homonuclear proton dipolar coupling is aver-
aged to zero (in a first-order approximation) by applying a rf pulse which
initially places the effective field (Beff) at the magic-angle with respect to
the static field (B0).


[6] Here DLG with phase +x refers to an rf pulse,


Table 1. Crystal data and structure refinement information.


formula C14H34Ge2N4O20P2
formula weight 785.57
crystal system monoclinic
space group C2/c
a [L] 12.417(3)
b [L] 10.091(2)
c [L] 21.160(4)
b [8] 90.93(3)
volume[L] 2651.0(10)
Z 4
1calcd [gcm


�3] 1.968
m(MoKa) [mm


�1] 2.488
F(000) 1600
crystal size [mm] 0.26S0.21S0.21
crystal type colourless prisms
q range 3.78 to 26.02
index ranges �15�h�15


�12�k�12
�25� l�26


reflections collected 12072
independent reflections 2603 (Rint=0.0360)
final R indices [I>2s(I)] R1=0.0271


wR2=0.0678
final R indices (all data) R1=0.0323


wR2=0.0699
largest diff. peak and hole [eL�3] 0.490 and �0.455
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with an amplitude w1H applied to the +x direction with a positive offset
of Dw from the 1H on-resonance frequency fulfilling the condition of
w1H=


ffiffiffi


2
p


Dw. For FS-LG, each cycle time consists of two LG blocks. The
effective fields created by the two LG units have opposite phases and
offset frequencies along the magic-angle.


The pulse sequences employed in
these studies (Figure 1) start with a (p/
2 + qm)y pulse on the proton channel,
immediately followed by a train of fre-
quency- and phase-switched symmetric
LG pulses in the xz plane. After the
evolution period, whereas for
HETCOR, proton magnetisation is
transferred to the xy plane (detecting
plane) followed by TPPM decoupling
during acquisition (Figure 1a), for
HOMCOR, proton magnetisation is
flipped back to the z axis by a single
908�(qm)�y pulse (Figure 1b). We have
further incorporated a z-filter which
ensures that pure absorption-mode
line shapes are obtained (Figure 1b).[24]


Results and Discussion


Crystal description : The reac-
tion between H4pmida, germa-
nium(iv) oxide and piperazine
in aqueous media led to the for-
mation of a highly crystalline
product which was formulated
as (C4H12N2)[Ge2(pmi-
da)2(OH)2]·4H2O (I, where
pmida4�=N-(phosphonomethy-
l)iminodiacetate) on the basis
of single-crystal X-ray diffrac-
tion (Table 1) and elemental
analysis. The phase-purity and
homogeneity of the bulk
sample were further confirmed
by direct comparison of the ex-
perimental powder X-ray dif-
fraction pattern and a simula-
tion based on single-crystal


data (Figure 2). As predicted, the compound contains an
anionic binuclear complex, [Ge2(pmida)2(OH)2]


2�, sharing
similarities with the typical anionic [V2O2(pmida)2]


4� units
containing V4+ centres previously reported (Figure 3).[2,4]


The pmida4� ion appears as a
polydentate organic ligand
which, in a very similar way to
that observed for the V4+ cen-
tres in [V2O2(pmida)2]


4�, com-
pletely traps the Ge4+ inside
three distinct five-membered
chelate rings formed by the two
carboxylate and the phospho-
nate groups connected in a typi-
cal anti-unidentate coordinative
fashion. The average bite angle
is approximately 84.28
(Table 3), a value significantly
higher than those registered for
the [V2O2(pmida)2]


4� units (ap-


Figure 1. Pulse sequences used to perform 2D: a) 1H{FS-LG}–31P HETCOR with RAMP-CP experiments;
b) 1H{FS-LG}–1H HOMCOR. The pulse angle qm represents the angle between the static magnetic field (B0)
and the effective field (Beff) direction of the homonuclear sequence used, and denotes the magic-angle. qc is
the complementary angle, qc=p/2�qm.


Table 2. 2D 1H{FS-LG}–31P/13C HETCOR and 1H{FS-LG}–1H HOMCOR experimental parameters for
H4pmida and compound I.


1H–31P HETCOR 1H–13C HETCOR 1H–1H HOMCOR
H4pmida I H4pmida I


number of t1 points 200 200 128 80 172
dwell times (t1S t2) [ms] 8tLGS24.8 8tLGS24.8 6tLGS24.8 6tLGS24.8 6tLGS12.4
recycle delay [s] 4 4 5 5 3
MAS rate [kHz] 12 12 12 12 10
1H offset frequency [kHz] +2.5 +2.5 +2.5 +2.5 +4
FS-LG decoupling power [kHz] 100 83.3 83.3 83.3 83.3
contact time [ms] 50–2000 50–2000 50–2000 50–2000 –
FS-LG period �tLG [ms] 9.8 8.2 9.8 9.8 9.8
frequency switching time [ms] 0.6 0.6 0.6 0.6 0.6
positive offset frequency (+DLG)[a] [Hz] 73710 65925 61925 61925 63925
negative offset frequency (�DLG)[a] [Hz] �67710 �52925 �55925 �55925 �54925


[a] These parameters refer to the frequency jumps of �n1/
ffiffiffi


2
p


(�DLG) between each LG period (see
Figure 1)
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proximateley 76–778).[2,4] Such an occurrence can be ex-
plained by taking the distorted octahedral coordination en-
vironment of the single Ge4+ centre (GeNO5) into account
(octahedral angles within the 82.28(7)–100.28(8)8 and
167.77(7)–172.61(8)8 ranges; Table 3 and Figure 4). In fact,
although the V4+ and Ge4+ centres in the anionic [V2O2-
(pmida)2]


4� and [Ge2(pmida)2(OH)2]
2� complexes, respec-


tively, are almost identically coordinated to two pmida4� li-
gands, in the former case the apical position is occupied by
an oxo ligand (V=O) which has a significant trans effect in
the V�N length;[25] in I, the Ge4+ centre is instead coordi-
nated to a hydroxo group (Ge�OH, 1.767(2) L; Figure 4)
having a smaller trans effect than the oxo ligand, leading to
a Ge�N distance (2.089(2) L) which is comparable to those
observed for the equatorial Ge�O bonds (within the
1.868(2)–1.930(2) L range). Ultimately, the distance-shift of
the Ge4+ centre from the equatorial plane, approximately
0.18 L, is smaller than that usually observed for the V4+


metal centre, approximately 0.35–0.39 L.[2,4] All Ge�O, Ge�
OH and Ge�N bond distances are well within the expected
ranges found in related compounds.[26]


As previously mentioned, and in a very similar way to
that observed in the [V2O2(pmida)2]


4� binuclear moieties,
the two crystallographically independent carboxylate groups
appear both coordinated to the Ge4+ centre in a typical
anti-unidentate coordination fashion but, in this case, the C�
O bonds do not remain equivalent upon coordination. In
fact there is clear crystallographic evidence for distinct C�O
bond lengths for the two carboxylate groups (C(3)�O(4)
1.309(3), C(3)�O(5) 1.214(3), C(5)�O(6) 1.317(3), C(5)�
O(7) 1.202(3) L). Furthermore, the uncoordinated C�O


Figure 2. Comparison between the simulated (bottom) and the experi-
mental (top) powder X-ray diffraction patterns.


Figure 3. Schematic representations of the binuclear anionic: a) [Ge2-
(pmida)2(OH)2]


2� ; b) [V2O2(pmida)2]
4� complexes.


Table 3. Selected bond lengths [L] and angles [8] for the binuclear anion-
ic [Ge2(pmida)2(OH)2]


2� complex.[a]


Ge(1)�O(1) 1.868(2) Ge(1)�O(6) 1.897(2)
Ge(1)�O(3)i 1.877(2) Ge(1)�O(8) 1.767(2)
Ge(1)�O(4) 1.930(2) Ge(1)�N(1) 2.089(2)
O(1)-Ge(1)-O(3)i 92.42(7) O(6)-Ge(1)-O(4) 89.57(8)
O(1)-Ge(1)-O(4) 86.93(8) O(6)-Ge(1)-N(1) 82.28(7)
O(1)-Ge(1)-O(6) 167.77(7) O(8)-Ge(1)-O(1) 100.28(8)
O(1)-Ge(1)-N(1) 85.73(7) O(8)-Ge(1)-O(4) 91.47(8)
O(3)i-Ge(1)-O(4) 170.58(7) O(8)-Ge(1)-O(3)i 97.89(8)
O(3)i-Ge(1)-O(6) 89.13(8) O(8)-Ge(1)-O(6) 91.51(8)
O(3)i-Ge(1)-N(1) 86.07(7) O(8)-Ge(1)-N(1) 172.61(8)
O(4)-Ge(1)-N(1) 84.52(7)


[a] Symmetry transformations used to generate equivalent atoms: i: 2�x,
y, 1=2�z.


Figure 4. Ball-and-stick representation of the binuclear anionic [Ge2-
(pmida)2(OH)2]


2� complex showing the labelling scheme for all non-hy-
drogen atoms belonging to the asymmetric unit. Displacement ellipsoids
are drawn at the 50% probability level and hydrogen atoms are shown as
small spheres. For bond lengths and angles see Table 3.
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bonds are also significantly affected by thermal disorder as
seen in Figure 3: for a 50% probability level the elliptical vi-
bration of the oxygen atoms is much larger than that ob-
served for the neighbouring atoms. In fact, although the hy-
drogen bonding network present in compound I involves
several very strong and highly directional interactions (see
below), these are predominantly orientated towards the co-
ordinated C�O bond. With one uncoordinated C�O bond
(belonging to the C(3) carboxylate group) there is a single
homonuclear O�H···O interaction, and the C�O bond from
the C(5) carboxylate group is not engaged in any type of hy-
drogen bonding interaction.
As observed for the anionic [V2O2(pmida)2]


4� complexes,
the phosphonate group from the crystallographically unique
pmida4� ligand establishes physical bridges between adjacent
germanium centres (through the O(1) and O(3) atoms), ulti-
mately leading to the formation of the binuclear [Ge2-
(pmida)2(OH)2]


2� unit and imposing a Ge(1)···Ge(1)i separa-


tion of 4.612(2) L (symmetry
code: i: 2�x, y, 1=2�z). Howev-
er, there is a striking crystallo-
graphic difference between the
two complexes concerning local
symmetry: while [V2O2-
(pmida)2]


4� is generated by a
centre-of-inversion positioned
at its centre of gravity (Fig-
ure 3a), [Ge2(pmida)2(OH)2]


2�


is formed by a two-fold axis op-
eration symmetry (Figure 3b
and Figure 4). As a direct con-
sequence, in this complex the
two Ge�OH bonds are pointing
in the same direction with re-
spect to the plane containing
the two neighbouring Ge4+ cen-
tres (torsion angle of about 688 ;
Figure 3a and Figure 4). Fur-
thermore, in the [Ge2-
(pmida)2(OH)2]


2� complex the
two pmida4� anionic ligands are
also closer to each other with
an N(1)···N(1)i separation of
5.574(4) L (symmetry code: i:
2�x, y, 1=2�z) as compared to
the smaller values (approxi-
mately 5.9 L) usually observed
for the [V2O2(pmida)2]


4�


moiety.[2,4]


The charge of the anionic
complex is compensated by the
presence of piperazinedium cat-
ions, C4H12N2


2+ , which, along
with the two water-of-crystalli-
sation molecules, exhibit strong
and highly directional hydrogen
bonds with the anionic [Ge2-


(pmida)2(OH)2]
2� complexes (Figures 5 and 6, Table 4). On


the one hand, each water molecule acts as a bifurcated
donor establishing links between adjacent germanium com-
plexes (Figure 5); on the other hand, while O(1W) accepts
the hydrogen atom from the coordinated hydroxo group
(Figure 5a), O(2W) is involved in a very strong heteronu-
clear N+�H···O interaction with the neighbouring piperazi-
nedium cation (Figure 5b). It is also interesting to note that
the other strong N+�H···O hydrogen bond is with the [Ge2-
(pmida)2(OH)2]


2� complex, leading to the formation of a
R3


3(8) graph set motif (Figure 5b)[27] which further increases
the robustness of the crystal structure.


Solid-state MAS NMR spectroscopy: 13C RAMP-CP/MAS
NMR : The 13C{1H} CP/MAS spectra of H4pmida and
(C4H12N2)[Ge2(pmida)2(OH)2]·4H2O (I) are shown in
Figure 7. We attributed the peak centred at approximately
d=41 ppm to the piperazinedium cations. The C(1)–C(5)


Figure 5. Hydrogen-bonding environment of the crystallisation water molecules: a) O(1W) and b) O(2W) (for
hydrogen-bonding geometry see Table 4). Each binuclear anionic [Ge2(pmida)2(OH)2]


2� complex is represent-
ed by polyhedra for the germanium and phosphorous centres (octahedron and tetrahedron, respectively). Sym-
metry transformations used to generate equivalent atoms have been omitted for clarity.
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resonances of compound I are shifted to high frequency rel-
ative to those of the H4pmida ligand (Figure 7), and this is
attributed to the coordination of the H4pmida ligand to the
Ge4+ centres, which decreases the electron density of the
13C atoms. The combined effect of Ge4+ coordination and
hydrogen bonding to the piperazinedium cations and water
molecules is reflected in the 13C chemical shifts which results
in a larger separation of the �CH2�CO2� resonances


(Figure 7 and Figure 8): d=0.7 and 0.2 ppm for CH2 groups
(C(2), C(4)) and �CO2� groups (C(3), C(5)) in the free
ligand, and d=2.9 and 3.2 ppm for the complex (Figure 7).
Although the crystal structure of compound I calls for a


single C(1) site, the 13C{1H} CP/MAS spectrum displays two
resonances (Figure 7b). This splitting (approximately
140 Hz) is attributed to J-coupling interaction, 1JC(1),P(1), an


Table 4. Hydrogen-bonding geometry: distances [L] and angles [8].[a,b]


D�H···A d(D�H) d(H···A) d(D···A) < (DHA)


O(8)�H(8)···O(1W)ii 0.82 1.88 2.685(3) 164.8
O(1W)�H(1C)···O(2) 0.86(3) 1.83(3) 2.679(3) 169(3)
O(1W)�H(1D)···O(5)iii 0.86(3) 1.96(3) 2.816(3) 177(4)
O(2W)�H(2C)···O(8)iv 0.86(3) 1.89(3) 2.742(3) 173(3)
O(2W)�H(2D)···O(6)v 0.85(3) 2.06(3) 2.872(3) 159(3)
N(2)�H(2E)···O(4)vi 0.87(4) 2.16(4) 2.870(3) 138(3)
N(2)�H(2F)···O(2W)vii 0.87(4) 1.89(4) 2.761(3) 172(4)


[a] The O�H and N�H distances were restrained to 0.86(1) and
0.90(1) L, respectively. [b] Symmetry transformations used to generate
equivalent atoms: ii : 1.5�x, �1=2+y, 1=2�z ; iii : 1�x, y, 1=2�z ; iv: x�1, 1+
y, z ; v: 1�x, 1�y, 1�z ; vi: x, 1+y, z ; vii : 1�x, 2�y, 1�z.


Figure 6. Perspective view of the unit cell contents. Hydrogen bonds are
represented as green dashed lines (for hydrogen-bonding geometry see
Table 4).


Figure 7. 13C{1H} RAMP-CP spectra of: a) H4pmida ligand with a contact time (CT) of 1500 ms; b) compound I with a CT of 2000 ms. Asterisks depict the
spinning sidebands of the isolated C=O groups.


Figure 8. Assignment of the 13C{1H} CP/MAS resonances of compound I.
Chemical shifts are quoted in ppm (spectra in Figure 7b).
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assumption supported by: 1) the 13C NMR spectrum of the
free ligand in DMSO (not shown), which shows a splitting
of approximately 150 Hz, and 2) the 13C{1H} CP/MAS spec-
trum recorded at the higher field of 500 MHz (see Support-
ing Information, Figure S2), which reveals a splitting of
about 140 Hz (within experimental error). Typical 1JC,P cou-
plings are in the 5 to 90 Hz range,[28] and spin multiplets are
usually not observed in the solid state. A possible reason for
observing J-coupling for the H4pmida ligand and compound
I is the close proximity of both the electronegative atom
N(1) and an electron-withdrawing phosphonate group, lead-
ing to a substantial increase of the 1J coupling magnitude.


31P RAMP-CP/MAS NMR : A comparison of the 31P{1H}
CP/MAS spectra of H4pmida and compound I shows that


upon Ge4+ coordination the 31P resonance shifts approxi-
mately 6 ppm to lower frequency and broadens (full-width-
at-half-maximum, FWHM) from 87 (H4pmida) to 152 Hz
(see Supporting Information, Figure S3). We note that the
H4pmida chemical shift measured here (d=13.1 ppm) differs
from the value d=14.8 ppm reported by Khizbullin and co-
workers.[29]


Two-dimensional FS-LG experiments : Strong homonuclear
dipolar couplings do not usually allow resolution of different
resonances using the conventional MAS technique. To im-
prove 1H spectral resolution we have used FS-LG
HOMCOR/HETCOR dipolar correlation techniques. The
1H{FS-LG}–1H HOMCOR spectra of H4pmida and com-
pound I display five and three resolved resonances (Fig-


Figure 9. 2D 1H{FS-LG}–1H HOMCOR spectra of H4pmida and compound I.
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ure 9a,b), respectively. The peak at approximately 8.7 ppm
in the spectrum of compound I is attributed to the protonat-
ed amines of C4H12N2


2+ (Figure 9b).[30]


The 2D 1H{FS-LG}–1H HOMCOR spectra of compound I
and H4pmida show some similarity in the d=3.0–5.5 ppm
range (Figure 9), although the intensities of the two reso-
nances (a, b) in this region differ. This is due to the presence
of an additional organic molecule in I (piperazinedium cati-
ons) containing CH2 groups [C=C(6,7)], which also contrib-
ute to the intensity of the H(6A), H(6B), H(7A), and H(7B)
proton resonances in this spectral region. Because H4pmida
and I are hydrated, and the 1H chemical shift of water mole-
cules is usually in the range d=4.9–5.2 ppm, the assignment
of 1H resonances in the CH2 region becomes even more dif-
ficult.
For compound I the attribution of the +N�H bond reso-


nance was straightforward, whereas this was not the case for
H4pmida, which crystallises in its zwitterionic form, with in-
dividual molecular units being involved in several hydrogen-
bonding patterns (P�O�H···O�P, C�O�H···O�P, and N+�
H···O�P, with the latter not represented in Figure 9a).[31]
Neighbouring molecular units are strongly interconnected
by a stable dimer involving two P�O�H···O�P interactions
(a typical R2


2(8) graph set motif).[27] Since hydrogen atoms
involved in the P�O�H···O interactions are generally less
shielded than those in C�O�H···O or N+�H···O units, the
resonances are shifted to higher frequencies.[32] Hence, the
peaks at approximately d=13.8 and 11 ppm are assigned to
P�O�H and CO�H/N+�H, respectively (Figure 9a). The
presence of a resonance at d=7.5 ppm (Figure 9a, peak c)
supports the assumption that H4pmida is in the zwitterionic
form because it appears in the typical range for protonated
amines.
It was difficult to assign the resonances given by the


chemically similar CH2 groups (d=3.0–5.5 ppm region)
present in compound I and H4pmida. To help solve this
problem, we recorded 1H{FS-LG}–13C/31P HETCOR spectra.
By manipulating the mixing time and monitoring the inten-
sity of the cross-peaks in a 1H{FS-LG}–13C HETCOR ex-
periment it is, in principle, possible to differentiate between
1H atoms directly bonded (at a short distance) to a given 13C
atom from those which are at longer distances. Although
FS-LG homonuclear decoupling greatly reduces the spin dif-
fusion, during the CP step the homogeneous broadening
(the flip-flop terms) is partially reintroduced, and degrades
the spectral resolution.[33] If relaxation effects are neglected,
there are two main ways to minimise spin–diffusion effects
during the CP step: 1) 1H magnetisation transfer using Lee–
Goldburg cross polarisation (LG-CP);[34] and 2) the more
classical approach in which very short mixing times are em-
ployed. The latter method (mixing times of 50–200 ms) is
used here due to its easy implementation.
At long contact times (2000 ms), cross-peaks are observed


between all 1H and 13C resonances in the H4pmida spectrum
(see Supporting Information, Figure S4). The shoulder at ap-
proximately 3.5 ppm F1 (Figure S4, peak a) is assigned to
the 1H atoms bonded to C(1) [H(1A), H(1B)] because they


are more shielded than the aCH2. By employing a contact
time of 100 ms, cross-peaks of 1H involved in hydrogen
bonds disappear. In addition, the cross-peaks with carboxyl-
ic 13C (closest protons at approximately 2.5 L) are also
absent. At present, we can not explain why C(1) cross-peaks
disappear almost completely. At short contact times it is
possible to distinguish the H(2A), H(2B), and the H(4A),
H(4B) 1H resonances, at d�4.8 and 5.1 ppm, given by the
aCH2 groups. The same is observed in the


1H{FS-LG}–31P
HETCOR spectra (see Supporting Information, Figure S5).
In the d=3.0–5.5 ppm region, the F1 projection of the


1H{FS-LG}–13C HETCOR of I (Figure 10) is slightly less re-
solved than that of the 1H{FS-LG}–1H HOMCOR spectrum
(Figure 9b), probably due to spin–diffusion occurring during
CP. For a contact time of 2000 ms the cross-peaks between
C(1) and H(2E) and H(2F) are not very intense. A statisti-
cal analysis based on crystallographic data for the C(1–
5)···H distances within a 5 L radius, reveals that C(1) is: 1)
the farthest 13C nucleus from the neighbouring 1H (median
4.17 L, Figure 11), and 2) it only has a single 1H from a pi-
perazinedium cation within this 5 L radius sphere (H(2E) at
4.11 L). This analysis can be further used to assign the
C(2)–C(5) resonances. As far as the two carboxylic 13C reso-
nances are concerned, the 171.2 ppm cross-peak is stronger
and, thus, the nuclei giving this resonance are likely to be
closer to the 1H reservoir. The box plots (Figure 11) and the
C···H distances (see Supporting Information, Figure S10) in-
dicate that the C(3) is closer than C(5) to 1H (median value
of 4.05 L versus 4.10 L). Furthermore, since C(3) is also
closer than C(5) to H(2E) and/or H(2F), with distances
3.21–3.98 L and 4.22–4.64 L, respectively, we believe that
C(3) gives the resonance at 171.2 ppm (Figure 10). The reso-
nance at 62.3 ppm is tentatively assigned to C(4) because
this 13C nucleus is closer than C(2) to H(2E) and H(2F) (see
Supporting Information, Figure S11), and also closer to the
1H reservoir within a 5 L radius sphere (median 3.91 L,
75% of distances <4.13 L, Figure 11). Using the same ra-
tionale, the peak at 65.2 ppm is attributed to C(4) (median
of 3.95 L and 75% of distances <4.47 L).
The 1H{FS-LG}–13C HETCOR spectrum of I recorded


with a contact time of 50 ms (Figure 8), reveals that the
aCH2 protons resonate at d�5.1 ppm; these are the most
acidic protons, expected to be more deshielded than the
other CH2 protons in the structure. Furthermore, spectral
analysis shows that the protons of the piperazinedium cati-
ons and C(1) are chemically similar, giving overlapping reso-
nances at d�4.5 ppm (Figure 7). However, there is a notice-
able shoulder at d�3.5 ppm in the 1H{FS-LG}–1H
HOMCOR (Figure 9B), also observed in the F1 projection
of the 1H{FS-LG}–13C HETCOR spectrum (Figure 10),
which contributes to the cross-peak at d�41 ppm of F2.
The phosphorus atom, P(1), is structurally positioned in


what can be considered as the interface between the organic
and the inorganic components of I. Because there are no
protons directly connected to P(1), 31P is a good nucleus to
probe the neighbouring 1H environments. At short contact
times (50 ms), the 1H{FS-LG}–31P HETCOR spectrum of I
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shows the resonance at d�3.5 ppm resolved from that at d
�4.3 ppm (See Supporting Information, Figure S6). Taking
into account the P···H distances (See Supporting Informa-
tion, Figure S7) and the 1H{FS-LG}–13C HETCOR spectra
(Figure 10), the former resonance is assigned to protons
from C(7), the latter to those from C(1), C(6), and possibly
water, in good agreement with the crystallographic non-
equivalence of the piperazinedium 13C atoms. Moreover, for
a contact time of 2000 ms the 1H{FS-LG}–31P HETCOR
spectrum (see Supporting Information, Figure S6) exhibits
two additional resonances at d�5.1 and 8.7 ppm, attributed
to aCH2 and


+NH2, respectively (see Supporting Informa-
tion, Figure S7).


Thermal analysis : Thermal treatment of (C4H12N2)[Ge2(pmi-
da)2(OH)2]·4H2O in air and nitrogen result in very similar
decomposition processes (see Experimental Section). Below
140 8C the compound releases all the water-of-crystallisation
molecules with registered weight losses of 9.6% and 9.4%


Figure 10. 2D 1H{FS-LG}–13C HETCOR spectra of compound I recorded with contact times of 50 and 2000 ms.


Figure 11. Observed C···H distances (in L) for C(1)–C(5) represented as
box plots giving median (also inside the boxes), upper (75%), and lower
(25%) quartiles, and maximum and minimum values. Detailed C···H dis-
tances are given in the Supporting Information, Figures S8–S12.
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(for air and nitrogen atmosphere, respectively) which is in
good agreement with the theoretical value for the four mol-
ecules (9.2%). The “dehydrated” material is then thermally
stable up to approximately 330 8C, when decomposition
starts, involving several consecutive weight losses, strongly
indicating a multi-step and complex decomposition. The
overlapping decomposition steps led to difficulties in identi-
fying the components that are released at a given tempera-
ture. However, between ambient temperature and 800 8C a
combined weight loss of 42.2% and 44.1% (for air and ni-
trogen atmosphere, respectively) agrees well with the calcu-
lated value of 44.7% for the formation of the stoichiometric
amount of Ge2O(PO4)2.


Vibrational spectroscopy : FT-IR and FT-Raman spectrosco-
py confirm the presence of the primary building blocks of
(C4H12N2)[Ge2(pmida)2(OH)2]·4H2O, through the typical vi-
brations of phosphonate groups and tertiary/secondary
amines, and the vibrational modes for carboxylic acid
groups. The spectra are also particularly informative con-
cerning the extensive hydrogen-bonding sub-network which
involves the water-of-crystallisation molecules (n(O�H), d-
(O�H···O) and g(O�H···O) vibrational modes), the carbox-
ylate, Ge�OH and �NH2+ groups. The measured value of
D[asym(�CO2�)�nsym(�CO2�)] gives further structural infor-
mation concerning the coordination mode of the carboxylate
groups:[35] the calculated value of 323 cm�1 is typical of the
unidentate coordination mode, as revealed by the X-ray dif-
fraction analysis.


Conclusion


We have successfully isolated the binuclear Ge4+ complex
[Ge2(pmida)2(OH)2]


2�, closely related to the [V2O2-
(pmida)2]


4� unit, previously used to construct three-dimen-
sional coordination frameworks through a hydrothermal ap-
proach. By replacing the paramagnetic V4+ centres by Ge4+


we were able to explore the use of high-resolution solid-
state NMR techniques to study a model inorganic–organic
compound. This is part of a systematic effort to evaluate the
potential use of these tools to elucidate the structure inor-
ganic–organic hybrid materials, including those which are
amorphous or disordered.
The local 13C and 31P environments of H4pmida and


(C4H12N2)[Ge2(pmida)2(OH)2]·4H2O were probed by using
the 13C/31P{1H} RAMP-CP method, showing that the coordi-
nation to the Ge4+ centres shifts all pmida4� carbon reso-
nances to high frequency, thus clearly resolving the �CH2�
CO2


� resonances. The resolution of the 1H spectra was
much improved (relative to “conventional” MAS) by using
the frequency-switched Lee–Goldburg (FS-LG) decoupling
scheme in HOMCOR/HETCOR dipolar correlation techni-
ques. Comparison between 2D 1H{FS-LG}–1H HOMCOR
spectra allowed the systematic study of the hydrogen bond-
ing interactions in H4pmida and (C4H12N2)[Ge2(pmi-
da)2(OH)2]·4H2O, particularly in the region above d=


5 ppm. As the structures contain several CH2 groups, which
give overlapping resonances in the d=3.0–5.5 ppm range,
2D 1H{FS-LG}–13C/31P HETCOR experiments with variable
mixing times were performed. This work, combined with the
analysis of the crystallographic C···H and P···H internuclear
distances, allowed the assignment of the CH2 resonances.
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Introduction


The discovery of fullerenes by Smalley, Curl, and Kroto
marks the beginning of the current nanoscience revolution.[2]


During the initial stages of fullerene research in the early
90s, two very important and serendipitous discoveries were
made, the formation of carbon nanotubes (CNTs) during
graphite arc discharge (1991),[3] and the transformation of
carbon nanostructures into CNOs under high energy elec-
tron beam irradiation during TEM analysis.[4] While CNTs
have received and continue to receive a lot of attention due
to their many potential applications, the CNO field remains
in its infancy. Just as there was a time gap of five years be-
tween the discovery of the fullerenes in 1985 and their mass
production in 1990, there had not existed a convenient prep-
aration route for CNOs until 2001, nine years after their ini-
tial observation in 1992.[3,5]


CNO structures were detected as early as 1980 but re-
mained essentially unnoticed and unexplored until Ugarte
observed them upon strong electron beam irradiation of
CNTs.[4] This method, however, is impractical to prepare


CNOs in large enough quantities for characterization and
subsequent development. In the mid 90s other methods
were developed to prepare CNOs such as high temperature
annealing of nanodiamond particles[6] and implantation of
carbon atoms on silver particles.[7] More recently, better syn-
thetic methods have been reported,[8–10] but all of these
methods have some limitations and result in relatively low
yields of CNOs.


There have been several recent reports, beginning in 1999,
targeting the preparation of CNOs containing only a few
layers, such as the double-shelled C60@C240 and the triple-
shelled C60@C240@C540.


[11] Such structures were prepared in
reasonably high yields via laser vaporization of composite
carbon–metal targets under low helium pressures and in the
presence of C60 as a nucleating center.[12] The authors claim
to have produced up to 90% yields of these multi-shell full-
erenes. Producing CNOs with few layers is desirable to max-
imize the chance to modify them by chemical reaction, since
a smaller-radius particle has a greater surface curvature, and
thus, higher chemical reactivity. At the extremes of this re-
activity scale are C60 and planar graphite, the former exhibit-
ing very rich and varied chemical reactivity and functionali-
zation, while the latter is extremely unreactive and almost
inert to chemical derivatization.


Some potential applications of CNOs have been pro-
posed, ranging from optical limiting[13] and catalysis[14] to gas
storage.[15] CNOs have also been proposed as possible candi-
dates to account for the 217.5 nm interstellar absorption fea-
ture, which, ironically, was the original motivation for the
Kroto, Curl, and Smalley experiments in 1985.[16]
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CNOs are also potentially useful in photovoltaic and fuel
cell applications. In a very recent article, Kamat et al. elec-
trophoretically deposited single-wall carbon nanotube
(SWCNT) films on optically transparent electrodes (OTEs)
and measured their photoactivity under excitation by visible
light.[17] In an earlier article, the same authors showed that
Pt deposited on these SWCNT films possesses a higher cata-
lytic activity for methanol oxidation and oxygen reduction
than unsupported Pt on an OTE surface.[18] So it is possible
that CNOs, which possess a much larger surface area than
single-walled carbon nanotubes (SWNTs),[15] might also be
potential candidates for the development of miniaturized
fuel cells.


CNOs have also attracted the attention of NASA re-
searchers, who are interested in their tribological properties
as additives for aerospace applications.[19] It was demonstrat-
ed that these particles can provide adequate and even supe-
rior lubrication compared to the commonly used graphitic
materials. Very recently, another research group investigated
the tribological properties of CNOs in even more detail and
concluded that CNOs are indeed superior to conventional
lubricants.[20] Here we report the preparation, purification,
functionalization and characterization of CNOs using a vari-
ety of methods and techniques.


Results and Discussion


For the work described here the synthetic method used for
CNO preparation was the arcing of graphite under water,
first reported in 2001.[5] As described by Sano et al. ,[5] the
CNOs formed in an arc between graphite electrodes under
water presumably float to the surface of the water due to
their hydrophobicity leading to van der Waals crystallites,
not because of their density which, at 1.64 gcm�3, is greater
than that of water. However, in our experiments we found
that a significant amount of the CNOs could be collected
from the bottom of the water vessel after arcing. Compara-
tive transmission electron microscopy (TEM) investigations
of the floating (top) and bottom product did not show signif-
icant differences in the overall percentage of CNOs found in
the samples. Both top and bottom products were found to
contain CNOs along with other nanoparticles, such as multi-
walled nanotubes (MWNTs) and nanorods (Figure 1). As
the overall yield of the CNOs found on the bottom turned
out to be about 100-fold greater than the top material,
CNOs were collected mostly from the deposit on the
bottom.


TEM sample preparation of CNOs usually consists of dip-
ping sample grids into the raw floating CNO product[21] or
into the product dispersed in an organic solvent.[1] Since
CNOs tend to aggregate in most solvents, even dilute disper-
sions used for sample collection yield TEM images with
very few clearly observable isolated CNOs. Therefore, we
employed a method to immobilize the samples in very thin
slices (20 nm) of resin in an attempt to obtain clear images
of isolated CNOs. Figure 2 shows an HRTEM image of un-


purified CNOs generated at 30 A from material obtained
from the bottom of the reaction vessel. These CNOs are ap-
proximately 20 nm in diameter (30 layers) and clearly show
the proper graphitic interlayer distance of 0.33 nm.


Before attempting any functionalization reactions, these
raw CNO samples were partially purified to remove amor-
phous carbon and graphitic material and to eliminate un-
wanted side products. The material recovered from the
bottom is a mixture of CNOs with amorphous carbon,
graphite, nanotubes (SWNTs and MWNTs), nanorods, and
other species resembling hollow carbon nanospheres. The
largest pieces of graphite were removed by hand with tweez-
ers, and all the remaining amorphous carbon was eliminated


Figure 1. LRTEM (120 keV) image of annealed CNOs from a) top (float-
ing) material and b) bottom material, generated at 30 A (scale bar repre-
sents 100 nm).


Figure 2. HRTEM image (200 keV) from bottom material, generated at
30 A (scale bar represents 10 nm).
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by annealing the samples in air. TGA experiments were first
performed in order to find optimal annealing conditions,
and all subsequent annealings were carried out for 1 h at
400 8C. Depending on the specific experimental conditions
used for carbon onion generation, the weight loss after elim-
ination of the amorphous carbon was approximately 10–
30%.


Further purification consisted of sample treatment with
nitric acid between 3 and 11m followed by thermal anneal-
ing or microwave heating. Optimization of the purification
steps was monitored by TEM. Under convective heating,
optimal purification was obtained by refluxing for 48 h with
dilute nitric acid (3m). In the case of microwave heating in
HNO3, 70% HNO3 yielded cleaner CNO samples within
30 min. Figure 3 shows representative TEM images of the


CNOs before and after the annealing/HNO3/microwave
treatment purification procedure. The purification steps in-
volving nitric acid have been shown to form carboxyl func-
tionalities on the surface of CNTs.[22–24] These should facili-
tate further functionalization for CNOs as well.


Treatment with supercritical water (SCW) was also inves-
tigated, but only preliminary results are in hand. Only one
experiment has been completed so far, but the TEM images


suggest that even smaller CNOs are obtained after SCW
treatment as can be seen in Figure 4. Further work is cur-
rently underway using SCW to purify CNOs in our laborato-
ries.


Organic Functionalization of CNOs


CNOs are totally insoluble in organic and inorganic solvents,
similar to single-walled carbon nanotubes (SWNTs). This
lack of solubility hinders the study of their chemical and
physical properties. So far, the only organic functionalized
and solubilized CNOs were reported by Prato and co-work-
ers.[1] They claimed to have prepared solubilized CNOs but
the characterization reported, based on TEM, was some-
what unclear. In addition, their starting material did not
contain large percentages of CNOs.


Though CNOs are different in morphology than SWNTs,
they are similar enough to warrant attempts to use the same
reactions as those commonly employed with SWNTs. So far,
two different approaches have been developed for derivatiz-
ing SWNTs: direct sidewall addition and functionalization at
defect sites. Typically, the latter takes advantage of the car-
boxylic acid moieties at the defect sites to link polymeric
and oligomeric functional groups. There is already strong ex-
perimental evidence for the existence of nanotube-bound
carboxylic acids and also evidence showing that reactions
targeting the carboxylic acids result in the solubilization of
the nanotubes. For further successful reactions with amino-
terminated compounds, the presence of those carboxyl
groups is very crucial. A considerable difference between
nanotubes and CNOs is of course the fact that the latter do
not have easy accessible open ends, which facilitate oxida-
tion.


Herein, two successful reactions are described, both of
them utilizing free available carboxyl groups, and a third de-
scribes the already reported azomethine ylide addition reac-
tion (1,3-dipolar cycloaddition reaction).[1]


Figure 3. LRTEM (120 keV) image of a) unpurified (30 A) and b) puri-
fied (annealing, HNO3/microwave) CNOs (30 A, scale bar represents
20 nm).


Figure 4. Purified (annealing, HNO3/microwave, SCW, annealing) CNOs
(30 A). Scale bar represents 20 nm.
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Preparation of water soluble CNOs with diamine-termi-
nated oligomeric poly(ethylene glycol) (Scheme 1): To our
knowledge, this is the first report of water-soluble CNOs.
Three different types of reactions with carbon onion-bound
carboxylic acids should be possible: direct acid–base interac-
tion, amidation via the in situ generated acid chloride, and
carbodiimide-activated coupling. Each of these approaches
have been successfully reported for SWNTs,[25] and the most
simple type, direct amidation, seems to yield the best results.
Therefore, we used similar conditions to those reported for
the successful direct functionalization and solubilization of
single walled carbon nanotubes by diamine-terminated PEG
compounds.[25] Longer reaction times (up to 6 d) and higher
reaction temperatures (up to 140 8C) gave higher yields, so


we reacted the CNOs at the same maximum temperature
but for longer times.


A low resolution TEM image (Figure 5a) of the unpuri-
fied reaction product which was completely soluble in water,
showed the presence of CNOs, but was dominated by other,
unidentifiable byproducts. Those side products were re-
moved by dialysis and a LRTEM of the remaining black
powder revealed a higher concentration of CNOs (Fig-
ure 5b).


Strong evidence for the presence of CNOs in the soluble
samples is also provided by thermal defunctionalization re-
sults. The defunctionalization (under inert gas) is based on
the fact that the temperature required for the evaporation
of the carbon onion-bound functional groups (PEG1500N) is
considerably lower than that of the CNOs, enabling the se-


lective removal of the function-
al groups in a thermal gravimet-
ric analysis (TGA) scan.
Figure 6 shows that after the
TGA experiment, 18% of the
starting material remained.
Since TEM cannot probe the
result of this defunctionaliza-
tion, a Raman spectrum of the


PEG-derivatized CNOs before and after the TGA experi-
ment revealed the success of the derivatization process as
well as of the subsequent thermal defunctionalization.
Figure 7 clearly shows that after heating, all PEG groups
were eliminated. Since only defect functionalization was car-
ried out and no additional defects should have been intro-
duced to the CNO cage, theoretically there should be no
pronounced difference between the Raman spectra of the
starting material (Figure 7, bottom) and the PEGylated
form (Figure 7, middle). However, the PEGylated CNO
sample yields a broad continuum in contrast to the visible
discrete peaks from the unfunctionalized CNOs. The same
effect can be seen in Raman spectra of PEGylated nano-
tubes.[25] This spectral difference is due to the strong back-
ground fluorescence of the long PEG chains which dominate
the much weaker Raman bands of the CNO cage.


Scheme 1. PEGylation of CNOs: 1) 1 h, 400 8C; 2) refluxing in 3m HNO3 for 48 h.


Figure 5. LRTEM (120 keV) image of water soluble, PEG-derivatized
CNOs a) before and b) after 300 kD dialysis (scale bar represents
100 nm).


Figure 6. TGA of PEG-derivatized CNOs (18.5 mg, 5 8Cmin�1, N2


50 mLmin�1).
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The Raman spectrum at the top of Figure 7 exhibits D
and G bands typical for CNOs.[21,26] The broad band at
about 1580 cm�1 corresponds to the E2g mode in the graphite
structure of carbon. In the spectral range from 1200 to
1700 cm�1, ideal single-crystal graphite shows only this band
at 1580 cm�1.[27] In addition to the G band, the D band ap-
pears at about 1320 cm�1 for finite-size crystals of graphite
(e.g., polycrystalline graphite).[28,29] Speculation about the
true origin of this band exists.[30,31] The width of the G band
is related to the disorder within the carbon sp2 sheets.[28] To
our knowledge, Raman spectra of CNOs reported in the lit-
erature typically exhibit broad features, as shown in
Figure 7, with one exception.[16] To investigate the 217.5 nm
feature of the interstellar spectrum in 2003,[16] Sano and co-
workers produced CNO thin films on quartz disks for UV
spectra. The Raman spectra of the same quartz disks
showed a very sharp G band after annealing, indicating the
presence of a highly ordered nanocrystalline graphitic mate-
rial.


The above results encouraged us to obtain Raman spectra
of various compounds that were electrophoretically deposit-
ed on ITO electrodes. Figure 8 shows interesting results. The
G band at 1582 cm�1 was sharp enough to allow the observa-
tion of another band at 1613 cm�1. This band has been de-
scribed as a shoulder (as in Figure 7) of the dominating G
band.[21] It is assigned as a D’ peak and is also a disorder-in-
duced peak[32] and thus not observed in highly orientated py-
rolytical graphite (HOPG), but often observed in highly de-
fective graphite. The Raman spectra in Figures 7 and 8 are
from the same material (CNOs produced at 30 A), and were
obtained under the same conditions and parameters. Note-
worthy also is the strong and sharp band at 2621 cm�1,


which is normally barely visible. This observation has been
made before by Sano et al.[16] after annealing of their carbon
onion thin films deposited on quartz disks. Before the an-
nealing process, this peak was hard to see, but afterwards, it
became very strong and relatively sharp. This sharp and in-
tense band is attributed to the presence of highly ordered
graphitic materials such as the CNOs. It is virtually absent
in amorphous carbon and graphite.[19,33]


A comparative study of the 1H NMR spectra of the start-
ing material PEG1500N and the PEGylated CNOs in CDCl3
shows small but significant differences (Figure 9). In both
spectra the very intense multiplet at 3.53 ppm for PEG1500N


and 3.62 ppm for PEGylated CNOs dominates the spectrum
as expected, since this strong signal corresponds to the 68
CH2 groups vicinal to two O atoms. However, the two weak
broad signals at 2.28 and 2.68 ppm (the six terminal CH2


groups) in the 1H NMR for the starting material disappear
completely in the 1H NMR for the PEGylated CNOs. The
absence of signals from the terminal CH2 groups suggests a
successful derivatization of the carboxylated CNOs, at both
of the terminal NH2 groups of the long PEG chain. The
closer the protons or carbon atoms of the PEG chain are to
the outer shell of the CNO, the more likely they will experi-
ence different chemical environments due to the presence of
CNOs of different sizes and to the close proximity to other
PEG chains. Therefore, the signals from these nonequivalent
nuclei do not add up to one strong signal, but are each too
weak to be observed.


A comparative study of the 13C NMR spectra (Figure 10)
yields clearer results and shows similar behavior. Some
chain carbon signals disappear completely in the functional-
ized CNO sample, while others remain visible and unshifted.
The three strong signals at 33.2 (C-2, where the number
refers to the relative position from the terminal hetero ele-
ment N), 39.5 (C-1) and 69.4 (C-3) ppm in the PEG1500N


starting material spectrum disappear in the PEGylated
CNO spectrum. This again suggests that the signals from at
least the three carbon atoms (C-1, C-2, C-3) closest to the


Figure 7. Raman of defunctionalized CNOs after TGA (top), PEG-deriv-
atized CNOs (middle) and CNOs as starting material before derivatiza-
tion (bottom).


Figure 8. Raman spectra of CNO thin film (starting material, 30 A, elec-
trophoretically deposited on ITO electrodes).
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CNO cage are broadened
beyond observation for the
same reasons already men-
tioned before.


In a recent article[39] as well
as in the references cited there-
in, the authors discussed the
fact that 1H and 13C NMR spec-
tra of monolayer-protected gold
clusters (MPCs), compared
with those of unbound ligands,
display resonances that are sub-
stantially line-broadened. For
hexanethiolate and related li-
gands they showed this broad-
ening effect to be lowest for ter-
minal nuclei and highest for
nuclei closest to the gold core.
In another article,[40] 1H NMR
spectra for two different sized
phenylethanthiol-derivatized
gold clusters, one consisting of
38 Au atoms with an average
diameter of 1.1 nm and one
consisting of 140 Au atoms with
an average diameter of 1.6 nm,
were compared. The authors
showed that the smaller deriv-
atized cluster Au38-(PhC2S)24
MPC exhibits resonances nearly
as sharp as those of the free
ligand 2-phenylethanthiol,
whereas the larger Au140 nano-
particle shows very broad and
featureless peaks. An extrapola-
tion of this gold nanoparticle
size effect to our larger carbon
nanostructures seems justified.
Since the CNOs in this study
have an average diameter of
about 20 nm, it is not surprising
that the resonances for the 1H
and 13C nuclei closest to the
CNO cages are not detectable.


The reasons for this extreme
line broadening, leading to the
disappearance of the signals,
have been discussed extensively
elsewhere[41–43] for the case of
alkanethiolate monolayers on
gold clusters. Since the alkyl
chain-functionalized CNOs are
analogous, these previously de-
lineated line broadening argu-
ments can be applied in the cur-
rent study: 1) the tight packing
of protons close to the CNO


Figure 9. 1H NMR (500 MHz, CDCl3) of a) starting material PEG1500N and b) PEGylated CNOs.


Figure 10. 13C NMR (500 MHz, CDCl3) of a) starting material PEG1500N and b) PEGylated CNOs.
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cage causes rapid spin–spin relaxation from dipolar interac-
tions; 2) there are different chemical shifts for ligands at-
tached at different carboxy binding sites on the CNO outer
cage surface; 3) the chemical shift differences vary with
CNO size and structure, and 4) longer correlation times of
the nuclei closest to the large CNO surfaces can lead to
shorter relaxation times and consequent broadening.


The very large number of carbon atoms in the outer shell
of different-sized CNOs makes their individual detection by
carbon NMR unlikely. Separate 48-hour 13C NMR experi-
ments of the PEG1500N starting material and the PEGylated
CNOs have been run. While the starting material shows no
peaks, the functionalized CNO sample shows a broad signal
in the aromatic carbon region with a maximum intensity
around 115 ppm, indicative of surface carbons on the CNOs.
As a comparison, C60 shows a single peak at 142.7 ppm.


Preparation of soluble CNOs with oligomeric alkyl amide
functionalities (Scheme 2): 1-Octadecylamine (ODA) has
been described in the literature in recent years as a very
good agent for the amidation of the terminal carboxylic
groups in nanotubes.[34–37]


Solid-state reaction : To per-
form the amide derivatization
with the CNOs, we employed
the procedure reported for
MWNTs by Basiuk et al.,[38] a
solid-state reaction between pu-
rified CNOs and ODA. After
workup, a stable and transpar-
ent green solution in CHCl3
was obtained and a drop was
placed onto a copper grid for
TEM analysis. A representative
TEM image can be seen in
Figure 11. Significant amounts
of soluble CNOs with diameters
from 5 to 25 nm can be seen,
together with some large nano-
rods. The Raman spectrum
looked very similar to the one
shown for the PEGylated
CNOs in Figure 7 (middle). The
weight gain due to the octadec-
yl chains was 39% after deriva-
tization.


We also observed covalently
linked octadecyl groups on the
CNO surface by NMR. To
show that the solubilized CNOs


were really chemically functionalized and not a mixture of
ODA and CNOs, we performed 1H and 13C NMR experi-
ments of starting material and functionalized CNOs under
the same conditions and compared the resulting spectra. Fig-
ure 12a shows a 500 MHz 1H spectrum of starting material
ODA, and Figure 12b a similar spectrum from the ODA-de-
rivatized CNOs. The triplet at 2.65 ppm (CH2-1) disappears
in the derivatized CNO spectrum, as does the multiplet at
1.40 ppm (CH2-2). The broad signal around 1.6 ppm in Fig-
ure 12b is due to HOD since addition of D2O shifted the


Scheme 2. Synthesis of ODA-derivatized CNOs.


Figure 11. LRTEM (120 keV) of ODA-derivatized CNOs from solid-state
reaction (bar represents 20 nm).


Figure 12. 1H NMR (500 MHz, CDCl3) of a) starting material octadecylamine (ODA) and b) ODA-derivatized
CNOs; insets show structures with simulated chemical shift assignments.
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signal. (HOD does not appear in Figure 12a due to a higher
concentration of the ODA.) The signals from the CH3 group
at 0.85 ppm (0.87 ppm in case of the ODA-derivatized
CNOs) and the CH2 groups at 1.23/1.24 ppm did not disap-
pear, because these are farther away from the carbon onion
surface. Even more compelling is the comparative 13C NMR
spectrum (Figure 13). The four closest carbon atoms at 42.3
(C-1), 33.9 (C-2), 26.9 (C-3) and 29.5 ppm (C-4) disappear
completely in the derivatized CNO spectrum.


The very large number of carbon atoms in the outer shell
of different-sized CNOs makes their individual detection by
carbon NMR unlikely. After running a saturated sample of
ODA-derivatized CNOs for 48 h, a significant rise of the
background in the expected aromatic carbon region was visi-
ble (maximum at ca. 115 ppm). A similar experiment with
an ODA solution under the same conditions showed no aro-
matic carbon signal. Therefore, it is probable that this broad
signal arises from the collection of nonequivalent carbons in
the nano-onionsJ outer cages.


Microwave reaction : Motivated by a recent article[44] where
the microwave-induced rapid chemical functionalization of
single-walled carbon nanotubes utilizing 2,6-dinitroaniline
was described, a suspension of purified CNOs and ODA in
dimethylformamide (DMF) was submitted to microwave ir-
radiation. After workup, an insoluble black residue and a


soluble part were obtained. To
prove the presence of CNOs in
the soluble fraction, one drop
of a very dilute CHCl3 solution
was placed onto a copper TEM
grid. A representative TEM
image can be seen in Figure 14.
The weight gain due to derivati-
zation in the case of the micro-
wave approach was slightly
better (42% compared with
39% for the solid-state reac-
tion). The Raman spectrum of
this product also showed no
characteristic features. Compar-
ing the results from the micro-
wave reaction with the solid-
state reaction by TEM, the
latter reaction yield is slightly
less, but is qualitatively similar
in all other respects. NMR in-
vestigations (1H and 13C) of this
sample showed exactly the
same results as discussed previ-
ously for the case of ODA-de-
rivatized CNOs obtained by the
solid-state reaction.


Preparation of soluble CNOs by 1,3-dipolar cycloaddition
(Scheme 3): This functionalization methodology is based on
the 1,3-dipolar cycloaddition of azomethine ylides generated
by condensation of an a-amino acid and an aldehyde, a re-
action that Prato and co-workers have widely applied to the
organic modification of fullerene C60.


[45,46] The same research
group has successfully applied this reaction on SWNTs[47]


Figure 13. 13C NMR (125 MHz, CDCl3) of a) starting material ODA and b) ODA-derivatized CNOs; insets
show structures with simulated chemical shift assignments.


Figure 14. LRTEM image (120 keV) of ODA-derivatized CNOs from mi-
crowave reaction (bar represents 20 nm).
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and in a more recent article,[1] to solubilize CNOs. The solu-
bilized CNOs described had diameters between 60 and
300 nm, whereas our functionalized CNOs have diameters
between 5 and 25 nm. The article described the space be-
tween the internal shells as having a mean value of about
4 nm, which does not correspond to graphitic materials. It is
well established in the literature[5,21] that CNOs have about
the same interlayer distance between successive concentric
spheres as graphite, that is 0.33 nm. HRTEM images of our
derivatized CNOs show the same distance. The carbon
onion shown in Figure 15 has 32 shells, and a radius of


10.5 nm. A simple calculation of the inter-shell distance
yields a mean value of 0.33 nm. Therefore, the solubilized
CNOs reported here conform to the expected interlayer dis-
tance and structural properties for these materials.


A more representative image of the whole sample can be
seen in Figure 16a. Many differently-sized CNOs are pres-
ent, along with nanorods that have also been derivatized. It
is one of our future goals to separate CNOs from nanorods
and to separate CNOs based on size.


To improve solubility, an alkyl chain can be attached to
the outer shells of the CNOs. As the azomethine ylide reac-
tion needs an amino acid and an aldehyde to generate the
1,3-dipolar species for the cycloaddition, it is in principle
possible to introduce the alkyl chain via the aldehyde or the
amino acid. Prato et al.[1] used paraformaldehyde and 2-(2-
(2-(2-methoxyethoxy)ethoxy)ethylamino)acetic acid to in-
troduce a long chain. In the present work, the long chain
was introduced via the aldehyde because of easier accessibil-
ity.


After workup, solution 1, solution 3, and solids 1–3 were
checked for CNOs by TEM (Figure 17). TEM investigation
of solid 2 and solid 3 showed no difference: both samples
consisted of CNOs. This result is in contrast to that report-
ed, where “carbon onions” were found only in the soluble
part and amorphous carbon in the insoluble part.[1]


As TEM is only an indicator to show the presence or ab-
sence of CNOs, and can never differentiate between derivat-
ized and nonderivatized CNOs, this result simply shows that
solid 2 consists of a mixture of unreacted and partially de-
rivatized CNOs. Further refluxing of solid 3 with the amino
acid and the aldehyde as described above should afford ad-
ditional soluble CNOs. Replacing thermal heating with mi-
crowave irradiation could facilitate the cycloaddition and
lead to better yields in a shorter amount of time.


Figure 15. HRTEM image (200 keV) of pyrrolidine-derivatized CNOs
(scale bar represents 10 nm).


Figure 16. LRTEM image (120 keV) of pyrrolidine-derivatized CNOs,
a) R = CH3(CH2)10 (scale bar represents 100 nm) and b) R =


CH3(CH2)11 (scale bar represents 20 nm).


Scheme 3. Synthesis of pyrrolidine-derivatized CNOs.
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Replacing the lauraldehyde with the homologous alde-
hyde tridecanal leads to higher yields: a weight gain of 47%
and therefore a much higher functionalization of the pristine
CNOs was obtained. A TEM image of solution 3
(Figure 17) shows the presence of CNOs in the size range of
about 10 to 25 nm (Figure 16b).


In order to obtain Raman spectra of good quality, the pyr-
rolidine-derivatized CNOs were electrophoretically deposit-
ed on ITO electrodes. Figure 18 shows a sharp G band at
1580 cm�1, the so called D’ band at 1609 cm�1 as a shoulder
and the D band at 1311 cm�1. Remarkably, the pyrrolidine-
derivatized CNOs exhibit a strong band at 2618 cm�1. No
difference in the Raman spectra of the two pyrrolidine-de-
rivatized products could be seen.


Due to the small amount of sample NMR experiments in-
cluding 13C were not conducted so far (a 1H NMR only
shows two signals around 1 ppm).


Conclusion


Carbon nano-onions (CNOs) have been synthesized in prep-
arative quantities using the graphite underwater arc dis-
charge method. The raw CNO material thus obtained was
collected, dried, and subsequently treated by thermal an-


nealing, microwave heating,
acid and supercritical water
(SCW) washing. The purified
CNOs were then functionalized
utilizing several different syn-
thetic reactions. Three reac-
tions, namely PEGylation, ami-
dation and 1,3-dipolar cycload-
dition of CNOs, were carried
out successfully; the amidation
reaction also in a shorter time


using a microwave reactor. Both the starting material and
the functionalized products were characterized by transmis-
sion electron microscopy (TEM), thermal gravimetric analy-
sis (TGA), Raman spectroscopy, and NMR spectroscopy.
All functionalized CNO products were soluble in various or-
ganic solvents, and one synthesis produced water-soluble
CNOs.


Experimental Section


Materials : All the chemicals were of analytical grade and used as re-
ceived without further purification. Water was purified by a Milli-Q
water purification system (Millipore) to a resistivity of 18.2mW. The
copper grids for TEM were bought from TED PELLA, Inc. (Prod. No.
01830, 200 mesh, Silicon Monoxide/formvar).


NMR spectroscopy: 1H and 13C NMR spectra were recorded on a Jeol
Eclipse+500 spectrometer. Spectra were referenced to the residual
proton resonance in CDCl3 (d= 7.26 ppm, d=77.0 ppm for 13C) as the
internal standard. Chemical shifts (d) were reported as parts per million
(ppm) on the d scale downfield from TMS. Assignments were confirmed
either by 2D NMR experiments or by means of NMR simulation soft-
ware (ACD NMR predictor).


Transmission electron microscopy (TEM): The size and morphology of
the products were observed by using a Hitachi Model HD2000 transmis-
sion electron microscope for high resolution images (HRTEM, 200 kV)
and a Hitachi Model 7600 transmission electron microscope for low reso-
lution images (LRTEM, 120 kV). The specimens under investigation
were prepared from solution, dispersion, or embedded resin slices and
deposited on copper grids.


Ultramicrotoming : For the preparation of 20 nm slices with an ultrami-
crotome (RMC PowerTome-XL), the sample under investigation was em-
bedded in LR White Resin, a polar monomer polyhydroxylated aromatic
acrylic resin. Less than 1 mg of compound was added to a vial filled with
1 mL of the resin. After curing the resin by heating overnight at 60 8C,
thin slices were cut with self prepared glass knives (RMC glass knife
maker) with the ultramicrotome (cutting speed 3 mm per s). The 20 nm
thin slices were collected in a vessel filled with deionized water, subse-
quently deposited onto TEM copper grids, and dried in a desiccator over-
night before TEM experiments.


Thermal gravimetric analysis (TGA) scan of PEGylated CNOs : TGA of
the samples were conducted on a Mettler TGA/SDTA851. In a typical
experiment, a functionalized CNO sample (18.5 mg) was loaded into an
alumina pan under constant nitrogen flow (50 mLmin�1). The tempera-
ture ceiling was set at 500 8C, with a relatively slow scanning rate
(5 8Cmin�1) to ensure a complete thermal defunctionalization.


Raman spectroscopy : The Raman spectra were recorded using a Renish-
aw 1000 Raman spectrometer with the 785 nm emission line of a near in-
frared laser as the excitation source.


Electrophoretic deposition of modified and unmodified CNOs as films
on electrode surfaces : The experimental details have been described else-


Figure 17. Synthesis of pyrrolidine-derivatized CNOs.


Figure 18. Raman spectra of pyrrolidine-derivatized CNO thin film (elec-
trophoretically deposited on ITO electrodes).
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where by Kamat et al.[18] Tetraoctylammonium bromide (TOAB) was
used to disperse non-soluble samples.


Synthesis and purification of the carbon nano-onions (CNOs): Graphite
arcing experiments were conducted under deionized water (18.2MW), as
described in the literature,[11, 48] using high purity graphite (POCO grade
ZXF-5Q) for both the anode (0.25 inch) and cathode (1.0 inch). Despite
the fact that arcing at different currents (20–70 A) seemed to give some
control over the diameter of the CNOs produced, 30 A seemed to be the
optimal choice, since running the arc discharge at lower currents resulted
in very unstable arc discharges,[49] and higher currents gave rise to very
exothermic and violent reaction conditions. The automated onion pro-
ducing mechanism utilizing a DC gear motor and a variable output DC
power supply and built in our lab for the synthesis of CNOs is shown in
Figure 19. The power supply can be adjusted to drive the motor at the
correct rate of speed to maintain an optimum distance between the elec-
trodes for a constant-voltage arc, enabling a higher synthetic output rate
than would be possible with only manual control.


Synthesis of PEGylated CNOs : In a typical experiment, an annealed
(1 h, 400 8C) and nitric acid-treated sample (3m, 48 h reflux) of CNOs
(29.5 mg, 30 A, 17 V) was mixed with PEG1500N (474 mg) and stirred for
19 d under argon in a round-bottom flask immersed in an oil bath heated
to 140 8C.


After cooling to room temperature, deionized water (10 mL) was added
to the flask and the resulting black-red suspension was sonicated for
5 min and transferred quantitatively to a SpectraPore membrane tubing
(molecular weight cutoff ca. 12 kD) for dialysis against fresh deionized
water for 76 h under vigorous stirring. The water surrounding the tubing
was replaced every 24 h. After one day, the water had a light yellow
color, but subsequent water portions remained colorless. After several
centrifuging/decanting steps (until the supernatant aqueous solution re-
mained colorless) and heat drying in the vacuum oven until the weight
became constant, 17 mg of unreacted starting material was recovered.
The dark-colored water solution of PEG1500N functionalized CNOs was
evaporated and after drying in the vacuum oven, 184 mg of a red brown
viscous oil was obtained.


In order to eliminate unwanted side products, another dialysis was done
(SpectraPore membrane tubing, molecular weight cutoff ca. 300 kD).
After 24 h the outside water became yellow, but remained colorless
thereafter. The remaining black solution inside the membrane was evapo-
rated, dried and yielded 15% of the starting material as a black powder,
which could be redissolved in water or any common organic solvent. The
yellow solution outside the tubing was evaporated and yielded the re-
maining 85% as a red oil after drying in the vacuum oven.


Synthesis of octadecylated CNOs (solid-state reaction): In a typical reac-
tion, 15.4 mg of the above-described purified CNOs (annealed and re-
fluxed in HNO3) and 1-octadecylamine ODA (50 mg) were placed to-
gether into a glass ampoule and evacuated to ca. 0.1 mbar, before the
ampoule was sealed. The ampoule was placed in an oven preheated to


170 8C and baked there for 2 h. The ampoule was opened, put into a
round bottom flask and the excess 1-octadecylamine was removed by
evacuation of the flask with simultaneous heating at 170 8C. After cooling
to room temperature, 10 mL of a 1:1 mixture of THF/CHCl3 was added
to the flask and the solution ultrasonicated for 1 h. After several cycles
of centrifuging, decanting, adding of new solvent mixture to the black
residue, ultrasonication etc., a dark black green transparent solution was
obtained, which proved to be stable for months. The black residue, con-
taining non-reacted and only partially derivatized CNOs, weighed
14.6 mg after drying in the vacuum oven (50 8C). The yield of the soluble
part was 6.0 mg after evaporation of the solvent and drying in the
vacuum oven (50 8C).


Synthesis of octadecylated CNOs (microwave reaction): In a typical ex-
periment a mixture of annealed and acid treated CNOs (19.7 mg) was re-
acted with ODA (100 mg) and DMF (20 mL) in a 100 mL reaction
Teflon chamber under microwave conditions (CEM Model 205 fitted
with pressure and temperature controllers). After evaporating the DMF
suspension, the excess ODA could be totally removed by heating the res-


idue in vacuum (150 8C, 0.1 mbar). To
the remaining 27.9 mg black powder,
CHCl3 (5 mL) was added and the solu-
tion sonicated for 4 h. The dark black
green suspension was centrifuged for
2 h, the green transparent supernatant
decanted, the black residue treated
with another portion of fresh CHCl3,
and the whole procedure repeated
until the supernatant remained color-
less. Finally 11.5 mg of a black powder
soluble in CHCl3 (derivatized CNOs)
and 16.4 mg of an unsoluble black resi-
due (underivatized and partially deriv-
atized CNOs) were obtained after
drying in the vacuum oven (50 8C).


Pyrrolidine-derivatized CNOs : In a
typical experiment, 4 mg of purified
CNOs (annealed for 1 h at 400 8C, re-
fluxed in 3m HNO3 for 48 h, annealed


again for 1 h at 400 8C), N-ethylglycine (2 mg) and dodecanal (68 mL)
were sonicated for 15 min in dry toluene (5 mL) and thereafter refluxed
under argon for 4 d. After cooling to room temperature, centrifuging of
the suspension yielded a black solid 1 plus an orange solution 1
(Figure 17). Solid 1 was sonicated with toluene (5 mL) for 5 min. After
centrifuging for 10 min, a slightly yellow clear toluene layer with black
solid on the bottom was obtained. The toluene phase was added to solu-
tion 1. After a second addition of fresh toluene and another centrifuge
cycle, a totally colorless toluene phase was obtained which again was
added to solution 1. The vial with the collected toluene solutions was set
aside (a TEM of this solution did not give any evidence of CNOs).
Vacuum oven drying (50 8C) of solid 1 afforded a black powder (4.7 mg),
which was sonicated in CHCl3 (5 mL) for 1 h. After centrifuging for 1 h,
a deep black green solution 2 was obtained with black solid on the
bottom. After decanting solution 2 and setting it aside, another portion
of CHCl3 (5 mL) was added, and the whole procedure repeated until the
supernatant CHCl3 solution remained colorless. All CHCl3 solutions were
collected, evaporated to dryness and vacuum dried at 50 8C, to afford a
black solid 3 (0.5 mg). The remaining, insoluble black solid 2 weighed
4.2 mg after vacuum drying.


Following the same procedure as described above with the homologous
aldehyde tridecanal under similar conditions (longer reaction time of ad-
ditional 2.5 d) resulted in higher yields: starting from annealed CNOs
(33.0 mg), a THF soluble black powder (18.6 mg) was obtained, as well
as insoluble material (30.0 mg).


Figure 19. a) Variable output DC power supply; b) DC motor; c) guide bushing; d) threadless bolts; e) 1=4 inch
fine threaded steel rod; f) speedlock; g) aluminium frame.
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Introduction


The decoration of the membrane surface with a wide array
of biochemical signals is essential for a proper and versatile
communication of cells with their environment. Already a


brief glance at the nature of suitable signaling systems
makes it obvious that hardware for high-density coding is in-
dispensable to produce and present the required large
wealth of molecular determinants in the available space. To
meet the demands for diversity in code generation with min-


Abstract: The branched pentasacchar-
ide chain of ganglioside GM1 is a
prominent cell surface ligand, for ex-
ample, for cholera toxin or tumor
growth-regulatory homodimeric galec-
tins. This activity profile via protein
recognition prompted us to examine
the binding properties of peptides with
this specificity. Our study provides in-
sights into the mechanism of molecular
interaction of this thus far unexplored
size limit of the protein part. We used
three pentadecapeptides in a combined
approach of mass spectrometry, NMR
spectroscopy and molecular modelling


to analyze the ligand binding in solu-
tion. Availability of charged and hydro-
phobic functionalities affected the in-
tramolecular flexibility of the peptides
differently. Backfolding led to restric-
tions in two cases; the flexibility was
not reduced significantly by association
of the ligand in its energetically privi-
leged conformations. Major contribu-
tions to the interaction energy arise


from the sialic acid moiety contacting
Arg/Lys residues and the N-terminal
charge. Considerable involvement of
stacking between the monovalent
ligand and aromatic rings could not be
detected. This carbohydrate binding
strategy is similar to how an adenoviral
fiber knob targets sialylated glycans.
Rational manipulation for an affinity
enhancement can now be directed to
reduce the flexibility, exploit the poten-
tial for stacking and acquire the cross-
linking capacity of the natural lectins
by peptide attachment to a suitable
scaffold.
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imum size, carbohydrates of cellular glycoconjugates are
second to no other class of biomolecules.[1] Accordingly, the
complex enzymatic machinery for non-random glycan elabo-
ration and the accumulating evidence for ensuing functional-
ity confirm the validity of the concept of the sugar code.[2–5]


With endogenous lectins as receptors the sugar-encoded
messages are read and translated into biological responses,
for example, by glycan cross-linking which then triggers
potent signaling.[6–8]


The emerging bioactivity of oligosaccharides has motivat-
ed structural studies which defined limited flexibility as dis-
tinguishing parameter in contrast to highly flexible oligo-
mers of amino acids and nucleotides.[9–13] The possibility to
select preformed, energetically favoured glycan conforma-
tions for binding is already well documented for several ver-
tebrate lectins.[13–15] This process effectively reduces the en-
tropic penalty in the thermodynamic equilibrium of a lectin–
glycan association compared with the case where a highly
flexible ligand needs to be fixed in a single bound-state con-
formation; this in turn favors binding and the induction of
biosignaling on the cellular level mentioned above. It is a
fundamental question as to whether the size of a lectin can
be reduced while maintaining the target specificity. In order
to discern minimal requirements of a peptide to serve as a
lectin the examination of the lectin-mimetic peptide interac-
tion with a functionally important glycan is timely and im-
portant.


To address this issue, the endogenous lectin galectin-1—
with its capacity to act as growth inhibitor on tumor cells—
emerges as an attractive model. This lectinNs inhibitory
effect on the proliferation of neuroblastoma cells, which
originate from a childhood tumor of dismal prognosis, is of
clinical interest.[16–18] Galectin-1 is a lectin for distinct glycan
chains on the cell surface and also has binding sites for nu-
clear proteins (i.e. , Gemin4) and oncogenic H-Ras.[19–22] In
the case of the SK-N-MC neuroblastoma cells, the target
glycan has been identified.[23] The cellular response is trig-
gered by galectin binding to the pentasaccharide chain of
ganglioside GM1 (for glycan structure, see Figure 1a). This
interaction accounts for the ensuing switch from tumor cell
proliferation to negative growth control.[16–18,23] Thus, a clear-
cut correlation between a distinct lectin–glycan pair and a
medicinally relevant process is given. The ensuing structural
analysis of how galectin-1 interacts with this glycan in solu-
tion revealed a low-energy conformer with primary contacts
to the terminal disaccharide and the branching sialic acid
moiety.[24] The amino acids involved in the ligand contact
reside at positions widely separated in the sequence, in con-
trast to receptors which bind ligands through clustering of
negative charges. The presence of these negative charges in
heparan sulfate and hyaluronic acid had been instrumental
for rational peptide design by exploiting the consensus se-
quences of natural receptors with regular occurrence of
basic amino acid residues matching the ligandNs charge dis-
tribution.[25–28] However, two factors could compensate for
the lack of clusters of negative charges in the ligand. In our
case: a) allowing the receptor to dock an energetically privi-


leged conformer and b) use of the readily accessible sialic
acid moiety as the docking site. The salt bridge to this
moiety and hydrophobic contacts add to the interaction with
the terminal galactose residue typical for a galectin. Indeed,
in addition to galectin-1, the X-ray structures of complexes
of sialoadhesin, cholera toxin and the leukoagglutinin of
Maackia amurensis with 3’-sialyllactose or pentasaccharide
of GM1 illustrate the spectrum how this ligand can be con-
tacted by amino acid side chains. The relative importance of
the key interaction site shifts from the sialic acid in siaload-
hesin to the two-fingered grip on sialic acid/galactose units
in cholera toxin and finally to preferential docking of the
galactose unit in the primary site of the plant lectin.[29–32]


Thus, not one but several modes of ligand contact are neces-
sary to yield high-affinity binding—a result that has encour-
aged screening for suitable peptides.


In our context, the screening of a phage library expressing
random pentadecamers fused to the pIII minor coat protein
on ganglioside GM1 monolayers employing quartz-crystal
microbalance technology led to definition of 18 positive
clones after five rounds of selection.[33,34] The sequences of
the three peptides identified contain both basic and aromat-
ic residues for potential ionic and aromatic stacking interac-
tions (Figure 1b). Interestingly, they share no apparent ho-
mology with either galectin-1 or the ganglioside GM1-specif-
ic B-chain of the cholera toxin. The critical importance of
Arg, Phe and Trp moieties was confirmed by a mutational
analysis. It documented loss of sugar binding by substitution
of any of these amino acids in the most active peptide p3,
whereas a substitution of Pro was tolerated.[34] With these
peptides at hand, we addressed the following questions in a
stepwise manner, using a previously developed experimental
strategy:[35] a) Is the typically high level of intramolecular
flexibility of an oligopeptide restrained in these cases with a
distinct binding activity? b) Will the ligand exert an influ-
ence on the peptide flexibility and/or conformation upon as-
sociation? c) Where are the key sites of interaction between
ligand and receptor peptide? d) Which strategies to gener-


Figure 1. a) Pentasaccharide of ganglioside GM1 and b) amino acid se-
quences of the three ganglioside GM1-binding 15 mer peptides p1, p2 and
p3.
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ate affinity are employed by the peptides when comparing
our obtained data with the studied cases of lectins?


Results and Discussion


Conformational flexibility of the peptides : The complex
structural organization of a lectin protein such as human ga-
lectin-1[36] ensures that the key residues for the ligand con-
tact are presented in a rather rigid topology. The more the
size of a carbohydrate receptor is reduced, the lower the
constraints become to reach this appropriate level of struc-
tural organization, until intramolecular flexibility precludes
the required tight contacts. We first inspected the sequences
of the three peptides depicted in Figure 1b for motifs with a
potential for structure building. The presence of charged
side chains and terminal positions as well as of aromatic
rings and hydrophobic side chains might restrict the flexibili-
ty of peptides of this size by intramolecular interactions. As
a consequence, a favourable contact site for ganglioside
GM1 might be adopted by the major conformer. Because no
discernible consensus sequence is obvious for the three pep-
tides, individual monitoring of each case is required. For ex-
ample, the hydrophobic cluster of WWY in peptide p2
might impart new properties relative to the other two li-
gands which were tested. To examine this issue, we per-
formed MD simulations. The results provide predictions
which can be used for the comparison to the experimental
data. Two sets of force-field parametrization, that is,
AMBER and GROMACS, were independently used to sep-
arate common from force-field-specific results. In addition,
we tested a series of starting conformations (stretched or
bent forms) in MD simulations in order to trace commonly
obtained structures.


As a clear indication that the particularities of each proto-
col did not influence the conclusions in these cases, both
sets of MD runs yielded comparable results. Changes of
intra-protocol parameters such as temperature also did not
affect the emerging conclusions. When comparing the be-
haviour of the three peptides under simulation conditions
routinely used, the degree of flexibility of the three peptides
appeared to be different. As shown in Figure 2, a bending of
the peptide structure is possible for peptide p3 and invaria-
bly leads to an energetically favourable structure reached in
the last third of the MD runs after starting from a nearly
linear chain. To probe its stability, we extended the simula-
tion time 10-fold to 10 ns. Once the bending process took
place, no loss of the contact between Arg3/Leu13 was ob-
served within any of the simulations performed. A similar
backfolding was detected for peptide p1, whereas peptide p2
maintained a comparatively high degree of flexibility
(Figure 3; complete trajectories are available as Supporting
Information). Backfolding appeared to involve the orienta-
tion of the charged side chains, that is, Arg3 in peptide p3
and Arg4 in peptide p1. They are therefore given in
Figure 3; the asterisks denote the potential sites for proton–
proton contacts. Of course, special attention was then paid


in the examination of the NOESY spectra in terms of the
predicted interresidual proton–proton contacts. Moreover,
the calculations did not indicate the presence of intramolec-
ular cluster formation by aromatic stacking interactions in
any case. This prediction was also compared with the experi-
mental data (see below).


In order to be able to present the inferred degrees of flex-
ibility as quantitative data, we further processed the results
of the MD runs. The structures given in Figures 2 and 3 are
based on the values of RMSD compiled in Table 1. In direct
comparison between the peptides, it becomes apparent that
peptide p2 reaches the comparatively highest value in flexi-
bility despite the occurrence of an aromatic WWY cluster in
its sequence. This result was expected due to lack of back-
folding, which would stabilize the structure. The calculation
of the diffusion coefficient D as a measure of mobility and


Figure 2. Representative illustration of the flexibility of peptide p3 ob-
served in MD simulations (1000 ps) by using the parametrization of
AMBER by presenting the conformation at the start of the simulation
(top, left) and snapshots taken in its course. Two side chains in the N-
and C-terminal sections (i.e., Trp2, Arg12) are drawn for orientation.
Backfolding with establishment of a bend (bottom, right) is energetically
privileged.
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shape revealed values which agreed with this interpretation.
The inherent limits to terms of flexibility of the free oligo-
saccharide by preferential occupation of few active conform-
ers in the energetic space[24] translated into rather low
values of RMSD (Table 1). At this stage, the answer to the
first question based on modelling is thus positive. In detail,
we could indeed obtain clues which are in favour of restric-
tions to flexibility generated by the sequence characteristics
in two cases. To challenge these conclusions obtained
through computational analysis by experimental data we
proceeded to perform an NMR analysis of the unbound
peptides in solution. In addition to the examination of the
spectra for signs of secondary or otherwise ordered struc-
ture, decreased flexibility and interresidual contacts, this
part of the work was also essential to obtain the signal as-
signment indispensable for work on peptide–carbohydrate
complexes.


The NMR measurements proceeded without problems,
because the three peptides were readily soluble in water.
Also, no evidence for extensive oligomerization could be
concluded from the mostly well-resolved signals, as for ex-
amples documented for peptide p3 (Figure 4a). The half-
width line broadening of the peaks seen in Figure 4a is in
accord with the values predicted by the computer-assisted
calculations; its range is also typical for molecules of this
size (oligomerization of peptides would have led to an in-
creased line broadening of proton signals). The two-dimen-


Figure 3. Exemplary snapshots obtained from GROMACS-based MD
simulations (1000 ps) of peptides a) p3, b) p2 and c) p1, for which the
complete trajectories are available in the Supporting Information. Key
proton–proton contacts as revealed by NOESY experiments (see Fig-
ure 6a for peptide p3) are highlighted by asterisks in order to visualize
the spatial proximity of distinct side chains of peptides a) p3 and c) p1
which are relevant for backfolding (see also Figure 2, bottom), that is
Arg3NHe to Leu13CH3 (a) and Arg4NHe to Leu12CH3 (c).


Table 1. Root mean square deviation (RMSD) and diffusion coefficient
(D) of the peptides, the pentasaccharide ligand (GM1), and the peptide–
ligand complexes


RMSD [nm] SD D [cm2s�1] SD


p1 0.228 0.0012 4.05R10�6 5.74R10�6


p2 0.415 0.0011 4.35R10�6 2.23R10�6


p3 0.285 0.0006 3.66R10�6 1.72R10�6


GM1 0.238 0.0163 7.61R10�6 0.01R10�6


p1 + GM1 0.234 0.0009 2.17R10�6 1.59R10�6


p2 + GM1 0.266 0.0024 4.04R10�6 2.38R10�6


p3 + GM1 (I)
[a] 0.309 0.0017 5.16R10�6 0.79R10�6


p3 + GM1 (II)
[a] 0.243 0.0015 4.23R10�6 4.17R10�6


[a] The two binding modes are given in Figure 8.


Figure 4. Aromatic/NH part of 1D-NMR spectra of peptide p3 in the ab-
sence (a) and presence (b) of ganglioside GM1Ns pentasaccharide. Signals
were recorded at 750 MHz for experiments performed in 90% H2O/10%
D2O at 303 K with the peptide p3 concentration set to 4 mm. Selected
cases for signal assignment and ligand-dependent effects are given.
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sional TOCSY and NOESY spectra support this result (Fig-
ures 5a, 6a). The intensities of the cross-peaks of the
TOCSY and NOESY spectra of peptide p3 do not show a
significant temperature dependence in the range between
293–323 K. Such an effect becomes detectable for peptide
oligomers, as their formation is dependent on temperature
changes, which was observed previously.[35] Similar data
were obtained, when examining peptides p1 and p2 under
identical conditions, that is, excluding the fact that the hy-
drophobic WWY cluster of peptide p2 causes aggregation
(see Supporting Information). The quality of the spectra al-
lowed a comparison between the experimental data and the
results obtained from the MD runs. At first, we found no
evidence for the presence of secondary structure elements.
Experimentally, the amide–CaH region of the two-dimen-
sional NOESY spectra is invariably devoid of signals charac-
teristic for secondary structure (see Figure 5a for peptide
p3). We next scrutinized the NOESY spectra for interresidu-
al contacts, which were predicted in the MD runs. Indeed,


our NMR-spectroscopical experiments support these find-
ings. A distinct cross-peak was observed for proton He of
Arg3 and methyl protons of Leu13, which is highlighted in
Figure 6a. This experimental result, which indicates spatial
vicinity between these two residues at the opposite sites of
peptide p3, is also highlighted in Figure 3 by asterisks. Nota-
bly, this result is in full agreement with the modelling data.
It underlines the physical existence of backfolding. Similarly,
NOESY spectra of peptide p1 yielded evidence for a contact
between equivalent protons of Arg4 and Leu12, again con-
sistent with the computed bending. On the contrary, no such
cross-peaks were present in spectra of peptide p2 (not
shown). Thus, bending of the peptide by intramolecular con-
tacts of the amino acids, which are widely separated in the
sequence, is experimentally verified in the two cases select-
ed from the modelling studies. The Trp signals of the pep-


Figure 5. Section of 2D-TOCSY NMR spectra of peptide p3 in the ab-
sence (a) and presence (b) of ganglioside GM1Ns pentasaccharide. Signals
were recorded at 750 MHz for experiments performed in 90% H2O/10%
D2O at 303 K with the p3 concentration set to 4 mm. Selected cases for
signal assignment and ligand-dependent effects are given.


Figure 6. Section of 2D-NOESY NMR spectra of peptide p3 in the ab-
sence (a) and presence (b) of ganglioside GM1Ns pentasaccharide. Signals
were recorded at 750 MHz for experiments performed in 90% H2O/10%
D2O at 33 8C with the p3 concentration set to 4 mm. Selected cases for
signal assignment are given. The interresidual cross-peaks involving
Leu13CH3 might contain a contribution from Leu14CH3.
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tides, especially in the WWY cluster of peptide p2, will de-
serve special attention to pinpoint any evidence for aromatic
stacking, when comparing spectra in the absence and in the
presence of the ligand.


Besides the examination of the spectra for indications of
interresidual interactions and restrictions to intramolecular
flexibility we also completed data analysis by thorough
signal assignment, an indispensable prerequisite for pin-
pointing any ligand-dependent change (see annotations in
part a) of Figures 4–6). To explicitly answer the first ques-
tion when combining results from experiments and comput-
ed values: the sequences lead to peptides with a detectable
reduction in flexibility in two cases, although no definitive
secondary structure is established. Technically, this result un-
derscores the practical validity of the computational data
and—due to the internal agreement between the results of
the two independent protocols—allowed us to focus on the
GROMACS protocol for further calculations during the
course of this project. The analysis of the carbohydrate-
binding studies show that two of the three peptides studied
can acquire a bent low-energy conformation which might be
suitable for binding. So far, the binding properties of the
free peptides were not determined in direct binding assays
but delineated based on inhibition studies with subunit B of
cholera toxin and ganglioside GM1 monolayers.[33,34] No
phage binding to ganglioside GM1 randomly adsorbed on a
polyvinylidene difluoride membrane had been obtained.[33,34]


Because the ceramide portion of the clustered ganglioside
might therefore be involved in the binding, it was essential
for us to document that the peptides interact with the penta-
saccharide portion of ganglioside GM1 in the absence of any
contact to the sphingolipidNs head section. Also, this NMR-
spectroscopical analysis would depend on a monovalent in-
teraction without exploitation of the favourable high surface
density of a glycolipid monolayer. In order to collect the
necessary direct evidence for pentasaccharide binding we
performed mass spectrometric measurements, which will be
presented in the next paragraph. These experiments are also
instrumental to measure the tendency of peptides for self-as-
sociation independently from the NMR approach.


Complex formation between peptide and pentasaccharide :
In order to detect signals of the complex formation with the


glycan as proof for the direct binding of the peptides to the
pentasaccharide part of the ganglioside only, we enzymati-
cally removed the ceramide portion of the ganglioside. The
resulting pentasaccharide is reactive in the molecular recog-
nition, as previously shown for galectin-1.[24] The mass spec-
tra were recorded at the required level of resolution to spot
complexes of different stoichiometries. In these experimen-
tal series, evidence for a 1:1 stoichiometric complex in each
tested case was provided. Figure 7 illustrates occurrence of
such a complex in solution at a 5:1 ratio of ligand to peptide
for peptide p3. In agreement with the results derived from
NMR spectroscopy, no further evidence for peptide aggrega-
tion, which would go beyond dimerization, could be detect-
ed (Figure 7). Notably, peptide p3 molecule had been re-
ported to bind approximately 2.8 ganglioside GM1 mole-
cules in glycolipid monolayers with their high surface densi-
ty.[34] Under the given conditions no signals indicative for
multivalent interactions were observed with the pentasac-
charide as the binding partner. It can be assumed that estab-
lishment of this ratio might depend on involvement of sec-
ondary interactions in the clustered arrangement extending
to the lipid portion. We could also observe no evidence for
a distinct behaviour of a certain peptide among the peptides
p1–p3. In fact, similar results were obtained for peptides p1
and p2, where peaks at m/z 1440 and 1349 Da, respectively,
signify the presence of the (peptide–pentasaccharide)1 com-
plex (not shown). In relation to each other, complex forma-
tion was relatively strongest for peptide p3 under these con-
ditions. This evidence implied that the inspection of the
NMR spectra of the peptides in the presence of the ligand
will allow detection of signal alterations dependent on pen-
tasaccharide binding. Unspecific effects on the signals by a
pH alteration after ligand addition were carefully excluded.
If such alterations could in fact be recorded, we could im-
mediately take advantage of our detailed signal assignment
on the ligand-free peptides. The presence and nature of
signal alterations will be discussed in the next three para-
graphs.


NMR-Spectroscopical analysis of ligand contact : By com-
paring the NMR spectra of the peptides in the absence and
presence of the sugar compound, we put the given expecta-
tion to the experimental test. Indeed, we were able to iden-


Figure 7. Electrospray ionization mass spectrum of peptide p3 in the presence of its ligand, that is, the pentasaccharide chain of ganglioside GM1. Rele-
vant peaks of the free peptide, the ligand as well as of the complex of the peptide with the pentasaccharide are assigned.
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tify distinct ligand-dependent signal changes. Globally, no
evidence for the acquisition of new long-range connectivities
was discernible for peptides p3 and p1. This is in contrast to
the behaviour of the heparin-binding peptide (AKKARA)6,
where ligand contact converted the conformation from a
charged coil to an a-helix, and gains of secondary structure
in disordered peptide motifs upon binding for example
RNA aptamers.[25, 37,38] But the spectra provided clues for
sites of ligand contacts to the peptides. Looking at peptide
p3, which formed stable complexes under the conditions of
mass spectrometry (Figure 7), the signals of the NHe pro-
tons from the guanidine groups of Arg3 and Arg12 deserve
special attention. They are located at 7.05 and 7.10 ppm, re-
spectively, in the absence of the ligand. Already in the 1D
1H spectrum the Arg3NHe-dependent signal disappeared
upon ligand addition (Figure 4a, b). Upon comparison of
parts of the two-dimensional TOCSY (Figure 5a, b) and
NOESY (Figure 6a, b) spectra, it is obvious that ligand-de-
pendent signal alterations are observable for both Arg resi-
dues. Under identical experimental conditions cross-peaks
involving the CaH and the NHe protons of both Arg3/12
moieties emerged in the TOCSY spectra, when the ligand is
present (Figure 5). Also, the signal of the Val1NH proton is
subject to an upfield shift in the presence of the ligand (Fig-
ures 4, 5). This shift alteration is likely attributable to inter-
actions of the positively charged section of Val1 at the N-
terminal end of the 15 mer peptide to the ligand, an impor-
tant point for the computational analysis of the complex. In
the NOESY spectra the reoccurrence of the cross-peak indi-
cative for backfolding is especially noteworthy, because it
excludes a major conformational change after complex for-
mation (Figure 6). Cross-peaks involving the Arg3/12NH
backbone and NHe proton signals are highlighted in
Figure 6 a, b to emphasize their sensitivity towards ligand
binding. This situation for the Arg3/12 residues is different
from the TrpNHe1 proton, which reveals no significant indi-
cation for a direct ligand contact. In this case, clear prefer-
ence is given to the basic relative to the aromatic residues.


Similar to the situation for peptide p3, signal alterations
also occurred for peptide p1. Comparison of spectra ob-
tained for peptide p1 in the ligand-free and in the ligand-
bound states showed signal alterations for the Arg3/13NHe


protons (Supporting Information). Notably, an involvement
of Arg4NHe protons in ligand contact was not detectable
due to its unfavourable position. Two directly neighboring
Arg residues tend to adopt orientations, in which their side
chains are directed to opposite directions relative to each
other, due to repulsion of their positive charges. Therefore,
a suitable ligand contact by Arg3 in peptide p1 should be at-
tained at the expense of a less favorable position for Arg4.
While using molecular modelling (unrestrained MD runs)
together with the NMR signals of the complex, we were
able to predict the importance of these two Arg residues.
The dominant role of basic amino acids likewise is reflected
in the spectrum for peptide p2, with signals of Lys5NH
backbone and Arg7/9NHe protons being notably affected
(Supporting Information). An immediate question arising in


this context concerns the role of the cluster of aromatic
amino acids, fairly common feature of carbohydrate binding
by stacking/C-H/p interactions.[10,14, 15,39–41] Looking at the
half-width line broadening of the Trp2,3NHe1 protons, their
slight but significant reduction in the presence of the ligand
argues in favour of a diminished inter-Trp interaction (stack-
ing) relative to a likely contact to the ligand (Supporting In-
formation). Compared with peptides p1 and p3, peptide p2
thus shows that a contribution of the aromatic residues to
binding is detectable though minor. Based on these results
there obviously is a difference in the role of establishing
ligand contact between charged and aromatic residues.


For a further characterization of the interaction of the
pentasaccharide with the peptides and to assess the affinity
of this interaction, we performed systematic titration studies
using selected sensor signals to determine the apparent asso-
ciation constant. For peptide p3, KA = 116�26m�1 was ob-
tained; this value was nearly one magnitude lower for pep-
tide p1 (15 � 3m�1) and peptide p2 (11 � 3m�1). The
values were obtained by using systematic titrations of 4 mm


peptide with an increasing pentasaccharide concentration.
For comparison, the IC50 values of the inhibition assay were
24, 13, and 1 mm for peptides 1, 2 and 3, respectively.[33, 34]


The different values closely correspond to the presented
data of the analysis of direct binding by NMR titration and
of mass spectrometry. This agreement reflects the absence
of lipid-dependent interaction. Besides the actual complex
formation in solution, and in accord with the mass spectro-
metric results, our NMR-spectroscopical data on the signal
alterations of the peptides have enabled us to take the struc-
tural study of the complex formation one step further. Inter-
action sites have been tracked down on the level of amino
acid moieties. With respect to the ligand an increase of half-
width line broadening of certain non-overlapping signals of
ganglioside GM1Ns pentasaccharide, especially the signal of
the equatorial proton N3eq of the Neu5Ac residue, could be
detected in the presence of peptide p1, p2 or p3 (not
shown). This result confirms that sialic acid is a contact part-
ner for the three peptides. The information on the bound-
state conformation of the oligosaccharide from the NOESY
spectra was, however, rather limited. After all, it enabled
the following conclusion: from the set of the three energeti-
cally privileged F,Y angle combinations of the Neu5Aca2–
3Gal linkage the conformations 1 and 2, which are in close
vicinity in the energy map,[24] are present in the complexes
with the peptides p1, p2 and p3 (see next Section). No evi-
dence for a distortion from the low-energy positions of this
linkage could be detected.


As key messages from this part of our study the apparent
lack of ligand-dependent acquisition of secondary structure
and the preferential involvement of Arg (Lys) residues for
ligand contact emerged, answering the second and third
questions of the introduction. It could thus be argued that
positioning of basic amino acids might be the crucial factor
irrespective of sequence details. Pertinently, the weak bind-
ing properties of phages with the control peptide
LGRAGQSYPSFARGL harboring Arg residues at posi-
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tions 3 and 13 documented that mere presence of the basic
side chains is not sufficient.[33] Also remarkable, a participa-
tion of aromatic amino acids in the binding is only measura-
ble for Trp2 and Trp3 in peptide p2. Because mutational
substitution of Phe/Trp besides Arg (but not Pro) had been
described to abolish the binding properties of peptide p3,[34]


the role of these aromatic residues should not generally be
assigned to primary ligand contact in monovalent binding.
Importantly, charged positions at termini, that is, Val1 in
peptide p3, can also matter. At this stage, the binding was
experimentally ascertained and contact points were pin-
pointed by signal alterations. Because we had documented
satisfying agreement between computational and experi-
mental data in the first part of our study, we next explored
the possibility to visualize ligand contact in greater detail by
computational studies. Our experimental data served as a
basis for computer-assisted calculations to infer the topology
of the complexes in accord with the experimental analysis.


Computational calculations of topology of ligand accommo-
dation : In the first step of these calculations the topology of
the complex was modelled in agreement with the NMR-
spectroscopical data in order to define the starting condi-
tions for each MD run of the complexes. No restrictions
were imposed on the freedom for conformational changes in
order to probe the extent of stability of the complexes. Also,
the Autodock program (see Experimental Section) was ap-
plied to systematically search for other stability-conferring
complex configurations. As a final result, the parameters ob-
tained for the complex, which are consistent with our exper-
imental results, implied a remarkable degree of stability.


Peptide p3 showed different results when evaluating the
calculations. To match the data of the binding behaviour of
peptide p3 with contributions of both Arg3 and Arg12 (see
signal shifts in Figure 4a, b) not one but two separate modes
of ligand contact are apparently operative (Figure 8). They
are readily distinguished by the extent of involvement of the
C-terminal peptide part, binding mode II being devoid of re-
spective contacts in this sequence part. The binding modes
nevertheless are mutually exclusive, that is, the carbohydrate
can only be accommodated at one position at a time. The
ensuing formation of the 1:1 stoichiometry has been ob-
served experimentally in mass spectrometry (Figure 7). To
match the NMR data, which reveals the role of residue
Arg12, the first binding mode (Figure 8a) should thus play a
major role. Our input from NMR spectroscopy made this
case exceptional among the three peptides, because the ex-
perimental data on peptides p1 and p2 fit a single binding
mode (Figure 9). Because the analysis of the computational
complex formation was in accordance with the experimental
results, it further enabled to suggest establishment of inter-
and intraresidual hydrogen bonds (Figure 9a–c). As dis-
cussed in the previous chapter, the F,Y angle combination
of the Neu5Aca2–3Gal linkage can adopt values of about
�180/�408 denoted as conformation 1 and values of about
�70/208 denoted as conformation 2.[24] Involvement of cer-
tain parts of the Neu5Aca2–3Gal section of the carbohy-


drate chain allows the occurrence of conformations 1 and 2
of this linkage in the complexes (in rare cases also confor-
mation 3; for the terminology of the conformations, see ref.
[24]). After these binding modes were assigned and alterna-
tives by docking analysis with energetically minimized con-
formations were excluded, we could proceed to further ad-
dress the issue on intramolecular flexibility in the complex.
Respective calculations used the protocols applied for the
ligand-free peptides and the pentasaccharide. In full agree-
ment with the experimental data the backfolded peptides p1
and p3 maintained their degree of flexibility after the con-
tact to the ligand (Table 1). Peptide p2 showed a reduced


Figure 8. Representative snapshots of peptide-ligand complexes obtained
from GROMACS-based MD simulations (1000 ps) of peptide p3 in the
presence of ganglioside GM1Ns pentasaccharide. The two configurations
illustrate interaction modes of the two binding positions defined experi-
mentally (I, II). Distinct constituents of peptide and ligand are depicted
for orientation, for example drawing attention to the exclusive involve-
ment of the N-terminal peptide part for interaction in binding mode II.
Complete trajectories are available as Supporting Information.
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flexibility. The formation of interresidual bonds in the pres-
ence of the ligand can contribute to explain the rigidification
of the structure of peptide p2 seen in the RMSD values in
Table 1. The changes of the diffusion coefficient D illustrat-
ed specific shape alterations, an indication for positional
specificity. The diffusion coefficient D is correlated in a re-
ciprocal manner with the radius of a sphere-like particle.
Regarding peptide p3, the value of the diffusion coefficient
D = 3.66R10�6 cm2s�1 increased significantly to a value of
5.16R10�6 cm2s�1 in the first binding mode (Table 1), reflect-
ing structural packing through contact with the ligand. Evi-
dently, this is not the case for peptide p2 (Table 1). When
theoretically embedding such a reactive peptide into a pro-


tein, structural alterations beyond the immediate contact
site could be imagined. Indeed, already lactose as ligand led
to packing of galectin-1, measured as significant decrease in
gyration radius by small angle neutron scattering.[42] Con-
versely, these sequence additions can also modify the ligand
specificity, as shown for the siglec CD22 and a 25 mer pep-
tide mimic of its binding site.[43]


With this detailed view on the intermolecular interaction,
it was possible to dissect the contributions of the individual
monosaccharides of ganglioside GM1Ns pentasaccharide and
the amino acids of the three peptides. Due to its suggested
prime importance the computed interaction energies be-
tween Arg12 of peptide p3 and the glycan constituents of
the ligand are graphically presented in Figure 10a as a repre-
sentative example. As can be seen in this figure, the sialic
acid of the pentasaccharide is the determinant that interacts
most strongly with Arg12, thus leading to this ligand-depen-
dent signal change. After starting the simulation in the ener-
getically most favourable position it is notable that the con-
tact is not lost during the complete MD run. We deliberately
show in Figure 10b that the two molecules continue to stay
in contact throughout the MD run despite intramolecular
fluctuations in both molecules. Reflected in the calculated
average diffusion coefficient D and in the complete trajecto-
ries open for the reader for inspection, the shape of peptide
p3 in binding position I is not markedly altered (Figure 10b).
The calculated structures for each pair of interaction be-
tween the building blocks of peptide and ligand not only
complement the arguments for defining contact points on
the level of sequence of the binding partners but also pro-
vide a ranking in the energetic driving force for complex for-
mation. As can be seen for peptide p3 in Tables 2 and 3, the
residues Val1, Arg3 and Arg12 are the major players in the
interaction process between peptide p3 and ganglioside
GM1Ns pentasaccharide. The prominent role of Val1 had
been underscored by respective signal shifts shown in Fig-
ures 4 and 5. Also in full agreement with the NMR-derived
results no indications for a substantial contribution of the ar-


Figure 9. Representative snapshots from a GROMACS-based MD simu-
lation (1000 ps) of peptides p3 in the first binding mode (a), p2 (b) and
p1 (c) in the presence of ganglioside GM1Ns pentasaccharide taken in the
course of the respective MD runs. The peptide backbones with the amino
acid side chains are depicted for orientation, and the positions of inter-
and intramolecular hydrogen bonds are indicated by dashed lines as fol-
lows: Neu5AcC9O to Arg13NHe, Neu5AcC1O1,2 to Ser10OH,
GalC3OH and GalC4OH to Arg12O, GalNAcC5O to Ser10NH,
Gal’C2OH to Asn11O, GlcC6OH to Pro8O, Asn11NHd to Trp2O,
Arg12NH and Leu13NH to Pro15O1 and O2 (a); Neu5AcC1O1,2 to
Gly1NH, Trp3NH and Tyr4NH, Neu5AcNH to Trp3O, Neu5AcC4OH to
Val11O, GalC6OH to Ser12C=O, GalNAcC5O to Trp2NH, Gal’C2OH to
Val11O, Gal’C6OH to Trp2O, Tyr4OH to Gly1NH, Tyr4NH to Gly1O,
Pro10O to Ala13NH, Gly1O to Trp3NH, Ala8O to Arg7NeH (b); Neu5-
AcC8O to Arg13NHh1, GalC2O to Arg13NHh1, Arg13NHh2 to Pro6O
and Ala8O, Arg13NeH to Ala8O, Arg13NH to Phe9O, Ala8NH to
Leu5O, Leu12NH to Phe9O and Gln11Oe, Arg4NH to Arg13O,
Gln14Oe to Phe2NH and Arg3NH (c). Water-mediated hydrogen bonds
were also delineated (4–6 contacts per peptide) but not included for clari-
ty.
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omatic ring of Trp2 of peptide p3 are given (Tables 2, 3).
The N-terminal part, as seen in Figure 8, is the contact site
for the second binding position, although Val1 plays no
dominant role in this complex (Table 3). So far, we have
dealt with Coulomb/van der Waals energy terms in these
considerations, which exhibit force-field-specific characteris-
tics. To access the DG values, we used a different computa-
tional approach. The described preference of binding mode
I is hereby substantiated, yielding a dramatic difference of
about 20 kcalmol�1 in favour of this position. With respect
to the polar contributions the interaction energies of Trp2,
Trp3 and Tyr4 of peptide p2 with ganglioside GM1Ns penta-
saccharide are delivered by their backbone protons only
(Figure 9b, Table 4). This result is in line with the observa-
tion that the ring NH protons of Trp2 and Trp3 are only
slightly altered after ligand addition (see above). The same
holds true for Trp10 of peptide p1 (Table 5).


The expected positional effects are clearly present, for ex-
ample the strong negative effect of the C-terminal residue in
peptide p3 (Table 2) or the marked (and expected) differ-
ence in energetic contributions for Arg3/Arg4 in peptide p1
(Table 5). The availability of such data for binding of this
ligand to galectin-1 made a comparison to the endogenous
lectin possible. In that case, binding contributions were
mainly distributed between the terminal disaccharide and
the sialic acid with Arg 48, His52, Trp68 and Glu71 as key
contact points.[24] These side chains are in fact frontrunners
in listing natural logarithms of the sugar interface propensity
values for the common amino acids.[44] Intriguingly, Arg48 of
the lectin interacted more strongly with the GalNAc moiety
than with the sialic acid. To underline the requirement for
positional effects for the peptidesN specificity we added a
control experiment by introducing limited structural scram-
bling in the ligand. Practically, we performed the same set
of calculations with a pentasaccharide which we artificially
linearized—with the expectation to lower the interaction
energy, if the characteristic ligand presentation of ganglio-
side GM1 is essential. Squeezing the sialic acid moiety be-
tween the GalNAc and Gal’ residues to establish Galb1–
3GalNAcb1–4Neu5Aca2–3Gal’b1–4Glc indeed caused a
drop in binding affinity by about 75% for peptide p3 (posi-
tion I) to �16.3 kcalmol�1. The same drastic reduction was
calculated for peptide p1 with DG values of �52.1 kcalmol�1


(GM1) and �14.7 kcalmol�1 (pseudo GM1) by using the LIE


Figure 10. Graphical computation of the contributions of the individual
monosaccharide units of ganglioside GM1Ns pentasaccharide to the inter-
action energy with Arg12 of peptide p3 in binding position I illustrated in
Figure 8a based on a GROMACS-directed MD simulation for 1000 ps
(a). Three representative snapshots from this simulation of peptide p3 in
the presence of ganglioside GM1Ns pentasaccharide taken after equal in-
tervals during the course of the MD run which was started at binding po-
sition I, as depicted in Figure 8a (b–d). The two residues involved in the
dominant interaction (Arg12, Neu5Ac) are highlighted for orientation.
The complete trajectory is available as Supporting Information. * Gal, ^


Gal’, ~ GalNAc, + Glc, c Neu5Ac.
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method. In contrast, peptide p2
tolerated the structural change
without intramolecular bending.


In conclusion, experimental
and computational analysis
clearly converge to reveal a
dominant role of ionic interac-
tions with additional positional
contributions from the vicinity
of the sialic acid moiety, that is,
the terminal Gal/GalNAc resi-
dues. The binding site topology
shared at least by the peptides
p1 and p3 appears to be a shal-
low groove on the surface,
while at the same time main-
taining both the flexibility and
the contact area in the ligandNs
presence (Figure 9a, c, Fig-
ure 10b). Peptide p2 can also
adopt a groove-like structure in
the presence of the pentasac-
charide (Figure 9b). We can
thus proceed to answer ques-
tion d) posed in the Introduc-
tion.


Comparison of binding modes
between the peptides and other
lectins : One common feature of
the three peptides and penta-
saccharide/sialyllactose-specific
lectins is the ability to interact
with low-energy conformations
of the carbohydrate. No devia-
tion from the few, mutually
convertible structures readily
adopted in solution occurs upon
binding. Ultimately, case-specif-
ic characteristics of each bind-
ing site account for the actual
selection of the fitting conform-
er. In summary, it turned out
that all three energetically priv-
ileged orientations of the a2–3
linkage in sialyllactose and the
pentasaccharide are active in
the recognition process. The
way each conformer is distin-
guished from biologically inert
structures revealed the intricate
strategies of ligand specificity
governed by sequence and
shape.[24] For example, the sialic
acid moiety of the sialyllactose
part of the pentasaccharide
chain reaches its optimal com-


Table 2. Contributions of the individual constituents of the pentasaccharide chain of ganglioside GM1 to the
interaction energy with peptide p3 and its building blocks.[a]


Glc Gal’ GalNAc Gal Neu5Ac �


Val1 7.8 �9.2 �8.8 �10.9 �43.9 �65.0
Trp2 �0.2 0.1 0.1 0.3 0.5 0.8
Arg3 5.3 �4.6 �2.8 �15.4 �33.1 �50.6
Leu4 0.0 0.0 �0.2 0.2 0.1 0.1
Leu5 0.0 0.0 �0.1 0.4 0.2 0.5
Ala6 0.0 0.0 0.1 �0.4 �0.2 �0.5
Pro7 �0.1 �0.1 �2.1 �3.1 �0.3 �5.7
Pro8 �0.5 0.2 �1.0 1.0 1.5 1.2
Phe9 �6.5 �0.6 �2.2 0.0 0.1 �9.2
Ser10 �2.7 �4.0 �6.6 �1.6 �5.4 �20.3
Asn11 �0.3 �0.4 �7.2 0.6 �3.4 �10.7
Arg12 6.5 �9.6 �11.1 �14.8 �101.0 �130.0
Leu13 0.1 �0.3 �0.5 �1.2 �2.1 �4.0
Leu14 0.1 �0.1 �0.1 �0.3 �1.4 �1.8
Pro15 �6.6 7.4 5.1 14.6 51.4 71.9
� 2.9 �21.2 �37.4 �30.6 �137.0 �223.3


[a] The analysis of the interactions was performed for the binding mode I given in Figure 8; the GROMACS-
based Coulomb/van der Waals energy terms are given in kcalmol�1; for the notation of the monosaccharide
units in the branched pentasaccharide chain see Figure 1a.


Table 3. Contributions of the individual constituents of the pentasaccharide chain of ganglioside GM1 to the
interaction energy with peptide p3 and its building blocks.[a]


Glc Gal’ GalNAc Gal Neu5Ac �


Val1 �1.3 �5.6 �0.1 0.0 5.3 �1.7
Trp2 �0.3 �6.2 �3.7 �0.7 �8.4 �19.3
Arg3 11.7 �19.1 �13.0 �9.2 �98.5 �128.1
Leu4 0.2 �1.3 �0.7 �0.3 �10.1 �12.2
Leu5 0.1 �0.3 �0.3 �0.2 �5.3 �6.0
Ala6 0.0 0.0 0.0 0.0 0.2 0.2
Pro7 0.1 �0.1 �0.1 0.0 �0.7 �0.8
Pro8 0.0 0.0 0.0 0.0 �0.3 �0.3
Phe9 0.0 0.0 0.0 0.0 �0.2 �0.2
Ser10 0.0 0.0 0.0 0.0 0.0 0.0
Asn11 0.0 0.0 0.0 0.0 0.0 0.0
Arg12 0.0 0.0 0.0 0.0 0.0 0.0
Leu13 0.0 0.0 0.0 0.0 0.0 0.0
Leu14 0.0 0.0 0.0 0.0 0.0 0.0
Pro15 0.0 0.0 0.0 0.0 0.0 0.0
� 10.5 �32.6 �17.9 �10.4 �118.0 �168.4


[a] The analysis of the interactions was performed for the binding mode II given in Figure 8; the GROMACS-
based Coulomb/van der Waals energy terms are given in kcalmol�1; for the notation of the monosaccharides
in the branched pentasaccharide chain, see Figure 1a.


Table 4. Contributions of the individual constituents of the pentasaccharide chain of ganglioside GM1 to the
interaction energy with peptide p2 and its building blocks.[a]


Glc Gal’ GalNAc Gal Neu5Ac �


Gly1 8.4 �12.6 �17.1 �15.3 �13.7 �50.3
Trp2 �0.5 �4.7 �5.7 �0.4 �3.9 �15.2
Trp3 0.2 �1.1 �0.7 �0.2 �11.7 �13.5
Tyr4 0.1 �1.1 �0.8 �0.1 �20.0 �21.9
Lys5 5.1 �4.5 �8.8 �8.7 �50.3 �67.2
Gly6 0.0 0.0 �0.1 0.0 �1.0 �1.1
Arg7 2.9 �3.9 �5.8 �2.7 �40.8 �50.3
Ala8 �0.1 0.1 0.1 0.1 0.9 1.1
Arg9 5.2 �5.9 �5.8 �7.0 �38.4 �51.9
Pro10 0.2 �1.1 �1.6 �0.6 �6.6 �9.7
Val11 �0.6 �1.2 �0.6 �1.0 �5.5 �8.9
Ser12 0.1 �0.7 �0.4 �2.6 �1.0 �4.6
Ala13 0.0 �0.2 �0.9 �1.3 �0.7 �3.1
Val14 0.0 0.0 �0.3 �0.5 0.2 �0.6
Ala15 �2.4 2.9 3.7 5.6 29.4 39.2
� 18.6 �34.0 �44.8 �34.7 �163.1 �258.0


[a] The GROMACS-based Coulomb/van der Waals energy terms are given in kcalmol�1; for the notation of
the monosaccharide units in the branched pentasaccharide chain, see Figure 1a.
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plementarity to the binding site of cholera toxin in a F/Y
angle combination of �172/�268 (conformation 1) by seven
direct or solvent-mediated hydrogen bonds especially to
Glu11/His13 and also stacking to Tyr12, assisted by three
direct or solvent-mediated interresidual hydrogen bonds
within the carbohydrate chain.[29,30] Looking at the 15mer
peptides, it is intriguing to see that a series of enthalpic
gains to compensate the entropic penalty already arising
from freezing the fluctuation between conformers can
indeed be inferred. Keeping the entropic cost in the thermo-
dynamic balance low is a vital factor for the peptides ach-
ieved by backfolding to a suitable structure in the two cases.
Their sensitivity to sequence alterations is clearly highlight-
ed by delineating the consequences of artificial linearization
of the pentasaccharide. Likewise, a phage clone presenting
the pentadecapeptide LGRAGQSYPSFARGL retaining
presence of basic and aromatic residues only weakly bound
to ganglioside GM1 monolayer, as already pointed out
above as an argument for operative positional specificity.[33]


The presence of aromatic rings ideal for hydrophobic in-
teractions and of basic side chains suitable to make ionic in-
teractions has initially raised the notion for a concerted
action to explain how the peptides reach their target specif-
icity. Moreover, the involvement of a main chain amide
proton in Asn137 of the influenza virus hemagglutinin in-
stead of a positively charged side chain as contact for the
carboxylate added a further option in the cases of peptides
p1 and p3.[45] Admittedly, inspection of the binding site top-
ology of this viral protein and of galectin-1, cholera toxin
and Maackia amurensis agglutinin will rather likely not
come up with the properties of a real role model for the
peptides, when recalling the inherent involvement of more
than one sequence stretch in the architecture of the differ-
ent binding sites.[24,29, 30,32,45] Similar to cholera toxin with its
“2-fingered grip”,[29] the tetanus toxin Hc fragment, too, ac-
commodates the terminus and branch of its ganglioside
ligand in a narrow groove for the galactose section and a


shallow pocket for the sialic
acid.[46] The notion that pep-
tides might mimic the design of
a pocket with a ligand part con-
tacting the peptides from both
sides, as seen in wheat germ ag-
glutinin, polyoma virus capsid
protein and the N-terminal
lectin domain of Vibrio cholerae
neuraminidase with its total of
ten hydrogen bonds to the
Neu5Ac moiety,[47–50] can also
not be reconciled with our data.
Thus, the quest for natural re-
ceptor proteins with a selection
strategy comparable to that of
the peptides is directed to cases
with rather limited number of
contacts.


With this stipulation set, the
following cases could be singled out for further scrutiny in
order to answer question d) from the Introduction: the I-
type lectin sialoadhesin, the pertussis toxin and the knob
domain of the fiber protein of adenovirus serotype 37.[31,51,52]


Two of these three cases do not match the prominent role of
Arg/Lys residues in the peptides. The salt bridge of the gua-
nidino group of Arg97 with the ligandNs carboxylate is com-
plemented by indispensable van der Waals contacts of the
sialic acid with Trp2/Trp106 in sialoadhesin,[31] and Ser104
rather than Arg125 is the contact partner for the carboxyl-
ate in the pertussis toxin.[51] In contrast, the importance of
Lys345 of the viral fiber knob with its KD value of 5 mm for
a2,3-sialyllactose[52] is in fact in agreement with the proper-
ties of the peptides. Notably, the hydrophobic contact area
of this protein is confined to the sialic acidNs N-acetyl group,
which offers another option for affinity enhancements in
both cases. The apparently enormous potential of a contigu-
ous non-polar sequence stretch for conferring affinity to a
short peptide had been deduced with the selectin-based hep-
tamer YYWIGIR, although the binding of the full-length E-
and P-selectins to the sialyl Lewisx determinant is primarily
electrostatic in nature, in line with its binding kinetics re-
quired for a molecular braking mechanism.[53,54] The small
plant lectins hevein and pseudohevein also illustrate the
extent of stacking to generate affinity.[55] To exploit these
beneficial effects of stacking for further affinity enhance-
ments in our cases, hydrogen-bond formation to a galactose
residue coupled with stacking to the sialic acid by this posi-
tioning of Tyr45 in the Maackia amurensis agglutinin,[32] for
example, can inspire testable concepts.


Conclusion


In order to probe for the mechanism of binding of a natural
complex carbohydrate ligand at the lower size limit of the
protein we examined the interaction of three ganglioside


Table 5. Contributions of the individual constituents of the pentasaccharide chain of ganglioside GM1 to the
interaction energy with peptide p1 and its building blocks.[a]


Glc Gal’ GalNAc Gal Neu5Ac �


Asp1 �2.5 5.4 2.0 0.9 8.3 14.1
Phe2 �0.3 0.1 0.2 0.0 �0.2 �0.2
Arg3 10.2 �14.7 �10.7 �10.0 �70.8 �96.0
Arg4 4.8 �3.7 �4.6 �9.0 0.0 �12.5
Leu5 �0.1 0.1 0.0 0.3 0.4 0.7
Pro6 �0.1 0.0 �0.2 0.2 �1.9 �2.0
Gly7 0.0 0.0 0.1 0.0 0.0 0.1
Ala8 �0.2 0.1 0.0 0.3 1.5 1.7
Phe9 �0.3 0.2 0.2 0.3 2.5 2.9
Trp10 �0.1 �0.1 �0.3 �4.1 0.2 �4.4
Gln11 �0.3 0.2 �0.3 �3.3 2.4 �1.3
Leu12 �0.5 �0.3 �2.8 �3.3 �1.2 �8.1
Arg13 7.3 �9.0 �7.8 �23.0 �89.2 �121.7
Gln14 �5.0 �0.1 �2.3 �0.4 0.8 �7.0
Pro15 �6.2 6.1 7.4 7.8 2.4 17.5
� 6.7 �15.7 �19.1 �43.3 �144.8 �216.2


[a] GROMACS-based Coulomb/van der Waals energy terms are given in kcalmol�1; for notation of the mono-
saccharide units in the branched pentasaccharide chain, see Figure 1a.
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GM1-specific peptides with this pentasaccharide. The pres-
ence of basic, aromatic and hydrogen-bond-donating/accept-
ing functionalities in the sequences of the peptides requires
a theoretical consideration of the various modes of ligand
contacts; this is also confirmed by the different experimental
docking processes of sialylated ligands to sugar receptors.
The concerted strategy by using NMR spectroscopy, mass
spectrometry, and molecular modelling revealed binding in-
teractions of the peptides to the pentasaccharide part of the
ganglioside. We could detect evidence for restricted flexibili-
ty in two cases suitable for an interaction with the pentasac-
charide in its low-energy conformations. Our combined ap-
proach integrating experimental and computational data en-
abled us to infer major energetic contributions of the inter-
play between Arg/Lys residues and the sialic acid part to
overall binding. The aromatic rings did not show a signifi-
cant contribution in the calculations or in the set of signal
alterations. But they might be crucial for the affinity en-
hancement in ganglioside monolayers with a stoichiometry
of 2.8:1 for peptide p3.[34] In fact, their presence had been
revealed to be essential by mutational analysis in the same
experimental setup.[33,34] Because the amino-terminal charge
of peptides p3 (position I) and p2 is also a factor to be reck-
oned with during ligand interaction, the question will next
have to be answered whether affinity benefits from restric-
tions to intramolecular flexibility introduced by peptide cy-
clization which removes this positive (and also the C-terminal
negative) charge. In the calculations the basic amino acids
surpass the aromatic rings in their energetic contributions.
The potential to use stacking for affinity enhancement thus
appears to be rather untouched. This was similarly seen in a
natural model case with a comparable preference given to a
lysine residue, that is, the knob domain of an adenoviral
fiber protein.[52] As a further means to raise the affinity for
natural ligand displays such as ganglioside-bearing rafts/gly-
cosynapses mimicking the cross-linking activity of the natu-
ral effectors can be considered. The peptides will then have
to be attached to suitable scaffolds, as exploited for generat-
ing high-affinity ligands for tissue galectins.[56–63] Rational
manipulation of receptor structure using the given lead com-
pounds and of receptor-site positioning by clustering will
thus be instrumental to gain affinity increases for this class
of carbohydrate-binding peptides.


Experimental Section


Materials : Peptides p1, p2 and p3 were chemically synthesized in a fully
automated solid-phase synthesizer (MultiSyntech), purified to homogene-
ity on a Kromasil KR100–10C18 column (250R300 mm) and quality con-
trolled by mass spectrometry.


Preparation of the pentasaccharide chain of ganglioside GM1: Ganglio-
side GM1 (10 mg; Alexis, L8ufelingen, Switzerland) were mixed with 3%
(w/v) sodium cholate in chloroform/methanol (2:1, v/v) and dried under
a stream of nitrogen. The dried substance was resuspended in 0.1m
sodium acetate buffer (10 mL, pH 5.0) and incubated at 37 8C for 48 h in
the presence of five units of ceramide glycanase from Macrobdella
decora (Calbiochem, Bad Soden, Germany). The reaction was stopped


by the addition of chloroform/methanol (50 mL, 2:1, v/v) with vigorous
mixing. After phase separation, the aqueous phase was obtained, frozen
and lyophilized. The product was redissolved in water (2 mL) and applied
to prewashed C18 reversed phase SepPak cartridges for removal of free
ceramide and residual ganglioside (Waters, Milford, MA). The pentasac-
charide was eluted with water (5 mL).[24,64] Quantification was performed
by measurement of the amount of bound sialic acid. The yield was ap-
proximately 90%.


Mass spectrometry : Aqueous solutions of mixtures of the three peptides
p1, p2, and p3 (20 mm) with the pentasaccharide chain of ganglioside
GM1 (100 mm) were subjected to analysis by electrospray ionization (ESI)
mass spectrometry. Measurements were performed on a quadrupole
time-of-flight instrument (Micromass, Manchester, U.K.) operating in
negative ion mode, equipped with a “Z-spray” nanoelectrospray source
by using in-house pulled and gold-coated needles. Typical conditions
were as follows: needle voltage, 1300–1600 V; cone voltage, 25 V; quad-
rupole pressure, 5R10�6 mbar; and TOF analyzer pressure, 3R10�7 mbar.
Mass spectra were averaged typically over 100 scans. The standard mass
scanned was 100–4000 Thomson.[35,65, 66]


NMR-Spectroscopical experiments : 1H NMR spectra were recorded in
90% H2O/10% D2O with Bruker AMX 500, AMX 600 and Varian Unity
750 MHz spectrometers. Spectra from the two-dimensional experiments
were acquired at 303 K (test measurements in order to define the optimal
temperature for the experiments also at 293, 313 and 323 K) with 4 mm


solutions of peptides p1, p2, and p3 in the absence or in the presence of
an equimolar concentration of the pentasaccharide, an optimal receptor/
ligand ratio defined also in another 15 mer peptide case.[35] Total correla-
tion spectroscopy (TOCSY) and nuclear Overhauser and exchange spec-
troscopy (NOESY) experiments were performed in the phase-sensitive
mode using time-proportional phase incrementation method for quadra-
ture detection in F1. Typically, a data matrix of 512R2048 points was
chosen to digitize a spectral width of 15 ppm. Eighty scans per increment
were used with a relaxation delay of 1 s. Prior to Fourier transformation
zero filling was performed in F1 direction to expand the data to 1024R
2048 points. Baseline correction was applied in both dimensions. The
TOCSY spectra were recorded with mixing times of 10 and 50 ms, re-
spectively, by use of a MLEV-17 isotropic mixing scheme. The NOESY
experiments were performed with mixing times of 50, 100, and 200 ms to
spot any arising spin diffusion. Titration experiments at a pH value of 5.5
and a temperature of 303 K for estimating KD values were performed
using the signals of Arg3NHe and Arg13NHe for peptide p1, of
Arg7NHe and Arg9NHe for peptide p2 and of Val1NH and Arg3NHe


for peptide p3 as sensors.[24,67]


Computational calculations based on AMBER : The AMBER (assisted
model building with energy refinement) force field as implemented in
the program DISCOVER 2.98 (Accelrys Inc., San Diego, CA) was used
for molecular dynamics (MD) simulations of peptide p3 in its free form
and in complex with ganglioside GM1Ns pentasaccharide with explicit in-
clusion of water molecules. The conformational behaviour of this peptide
was calculated using the program DISCOVER 2.98 (Accelrys Inc., San
Diego, CA), atomic charge assignment of INSIGHT II and the paramet-
rization of the AMBER 1.6 force field.


Computational calculations based on GROMACS : Initial structures of
the three peptides were constructed as a linear chain using the molecular
graphics system pymol[68] and subsequently relaxed using the all-atom
force field (ffgmx2) implemented in GROMACS (Groningen Machine
for Chemical Simulations).[69,70] The individual steps of the applied proce-
dure were as follows: after initial relaxation of the artificially linearized
structures by the conjugate gradients algorithm method the peptides
were positioned in the center of a box and surrounded by explicit water
molecules under periodic boundary conditions. The complete system
(peptide and water molecules) was subsequently equilibrated using 1000
steps of the conjugate gradients minimization procedure, followed by a
1000 ps-long MD simulation at 300 K and a pressure of 1 bar. The follow-
ing cut-off distances for the non-bonded interactions were set: 1.2 nm for
Coulomb forces and 1.5 nm for van der Waals interactions. Regarding
the carbohydrate ligand its main low-energy conformation in solution
was adopted, as described previously.[67] The partial charge for each atom


www.chemeurj.org K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 388 – 402400


H.-C. Siebert, H.-J. Gabius et al.



www.chemeurj.org





was calculated using Gaussian03 thereby applying the density functional
theory with the Becke3LYP hybrid functional.[71] The topology of gan-
glioside GM1Ns pentasaccharide as required for GROMACS processing
was generated using the ProDRG server.[72] Hereby, special care was ex-
ercised to avoid ring distortions. Partial charges especially for the sialic
acid (Neu5Ac) residue of ganglioside GM1Ns pentasaccharide were added
manually. Subsequently, the same procedure as used for relaxation of the
peptide structures was also applied on ganglioside GM1Ns pentasacchar-
ide. Visual inspection of complete trajectories of MD runs, which are
available as Supporting Information or from the authors (http://
www.dkfz-heidelberg.de/spec/publications/suppl_mat/siebert2005gm1/),
necessitates downloading of the freely available CHIME program (for
convenience we provide the respective link under the web address given
above).


Topology and dynamics of peptide–carbohydrate interaction : The dock-
ing procedure implemented in the program Autodock[73] was applied in
order to obtain a reasonable starting geometry for the peptide–pentasac-
charide complexes. The MD simulations provided the orientation for the
selection of suitable structures so that sets of three-dimensional struc-
tures of the peptides could be taken from the final period of the MD sim-
ulations of the free receptors. Low-energy conformations of ganglioside
GM1Ns pentasaccharide are described in detail elsewhere.[24] The complex
having the lowest energy was chosen after careful examination of the es-
sential parameters. The computational handling of the complexes of the
three peptides with ganglioside GM1Ns pentasaccharide followed proto-
cols as described for the free peptides, starting with an equilibration
period with a length of 200 ps in which all atoms of the peptide–pentasac-
charide complexes were restrained to their initial positions, then the
actual MD run of a total period of 1000 ps followed.


Calculation of the interaction energy and shape of the complex : The
analysis of interaction energy between individual constituents of peptides
and ganglioside GM1Ns pentasaccharide chain was performed with the
g_energy module,[70] which is a part of the GROMACS package. The free
energy values of ligand binding were calculated by using the linear inter-
action energy (LIE) method adapted to process data from molecular dy-
namics simulations,[74, 75] using the g_lie module of GROMACS as essen-
tial tool. In order to estimate relative compactness of the complex the
diffusion coefficient D was calculated for the free peptides, the ligand
and the corresponding complexes using the g_msd module of the GRO-
MACS package according to the Einstein relationship.[76] Relative
changes of this parameter are indicative of shape alterations caused by
ligand association. In addition, the intramolecular flexibility was calculat-
ed as root mean square deviation (RMSD) values by using the g_rms
module of the GROMACS package and the peptide backbone as refer-
ence.
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A New Tool in Peptide Engineering: A Photoswitchable Stilbene-type
b-Hairpin Mimetic


M)t* Erd*lyi,[a, b] Anders Karl*n,[b] and Adolf Gogoll*[a]


Introduction


Molecular switches are compounds capable of existing in
two or more interconvertible conformational states.[1] Exter-
nal switching between these isomers may be driven by pH
change, chemical reactions, complexation, electron transfer,
heat, or magnetic or electric fields, or it may be triggered by
irradiation at a selected wavelength.[2] The development of
such photoresponsive systems is of outstanding interest be-
cause they have considerable potential for application as
new tools in biomedical engineering.[3] Incorporation of a
molecular switch into bioactive compounds may allow exter-
nal modulation of their biological effect: it may, for exam-
ple, enable photoactivation of a prodrug, in a manner re-
sembling the bioactivation of vitamin D,[4] photoactivation
of a drug in a specific area in the human body, or light-trig-
gered association/dissociation of a ligand–receptor complex.
As a key step towards the development of such compounds,


we present here a photoswitchable, stilbene-based peptido-
mimetic and its conformational analysis.


The b-hairpin motif is involved in numerous vital physio-
logical processes and pathological disorders. Because the
biological activities of some b-hairpins[5] have been shown to
be correlated with the thermodynamic stabilities of their
folded conformations,[6] a b-hairpin mimetic incorporating a
stilbene moiety should be an attractive candidate for a pho-
toswitchable peptidomimetic. Such a mimetic should allow
externally triggered interconversion between a bioactive b-
hairpin and a bioinactive nonhairpin conformation. The in-
corporation of a diazobenzene dipeptide mimic into
cyclic[3,7] and acyclic[8] peptides was recently reported, but
the hairpin-inducing ability of this turn mimic appeared to
be limited.[7b] In addition, diazobenzenes are in many ways
inferior to stilbene derivatives in that they undergo thermal
cis–trans isomerization and are sensitive to reducing agents,
whilst the separation of their isomers is also often compli-
cated, if not impossible.[7b,8] At present, no attempts at incor-
poration of stilbene derivatives into peptides have been re-
ported. Because of their greater chemical stability, however,
they would be attractive alternatives to azobenzenes.


Results and Discussion


Here we present the development of a stilbene-type pepti-
domimetic capable of light-triggered conformational
changes between an unfolded structure and a folded b-hair-


Abstract: Peptide secondary structure
mimetics are important tools in medici-
nal chemistry, as they provide ana-
logues of endogenous peptides with
new physicochemical and pharmaco-
logical properties. The development,
synthesis, photochemical investigation,
and conformational analysis of a stil-
bene-type b-hairpin mimetic capable of
light-triggered conformational changes


have been achieved. In addition to
standard spectroscopic techniques (nu-
clear Overhauser effects, amide tem-
perature coefficients, circular dichroism
spectroscopy), the applicability of self-


diffusion measurements (longitudinal
eddy current delay pulsed-field gradi-
ent spin echo (LED-PGSE) NMR
technique) in conformational studies of
oligopeptides is demonstrated. The title
compound shows photoisomerization
of the stilbene chromophore, resulting
in a change in solution conformation
between an unfolded structure and a
folded b-hairpin.
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pin form. In this model study, the trans isomers of a cyclic
and an acyclic peptidomimetic—cyclo(Leu-Leu-Val-Ile-stil-
bene-Thr-Thr-Ala-Leu-Gly-DPro) and Leu-Leu-Val-Ile-stil-
bene-Thr-Thr-Ala-Leu-X—were prepared by combination of
solution-phase and solid-phase methodologies (X=diethyl-
aminoacetyl ; Scheme 1) and their cis isomers were obtained
by subsequent photoisomerization. The amino acid strands
of the investigated compounds were extracted from the S4
region of the TATA-box binding protein, and are known to
fold into b-sheets in their native environments.[9] Surprising-
ly, no attempts at application of these amino acid strands in
model hairpin studies have yet been reported, although
their sequences are very likely to provide stable b-hairpin
conformations, as aliphatic b-branched amino acids are
known to promote the formation of hydrophobic clusters,[10]


and so are frequent constituents of the strand segments of
native b-hairpins.[11] For comparison, the nonswitchable ana-
logue Leu-Leu-Val-Ile-Gly-DPro-Thr-Thr-Ala-Leu-X was


also prepared by standard solid-phase peptide synthesis
(SPPS). A DPro-Gly dipeptide incorporated into 1 is a well-
known b-turn inducer,[12] so this peptide was designed to
fold into a b-hairpin. The acyclic (2 and 3) and cyclic (4 and
5) peptidomimetics incorporating a photoswitchable stilbene
unit were expected to allow externally triggered folding and
unfolding through irradiation at selected wavelength(s). In
addition, diethylaminoacetyl tails were also attached to the
N termini of all but the cyclic peptides 4 and 5 to increase
their solubility in polar solvents.[13]


Photochemistry : Isomerizations of 2–5 were carried out in
dimethyl sulfoxide by selective use of irradiation at the ab-
sorption maxima (lmax=300 or 280 nm)[14] of the trans- or
cis-stilbene double bonds. In the case of 2, the maximum
percentage of cis isomer 3 at the photostationary state was
reached after 3 h of irradiation (l=300 nm) and was 63%,
as determined by 1H NMR spectroscopy. For 4, the photo-


Scheme 1. The structures of b-hairpin mimetic 1, together with its open-chain (2, 3) and cyclic (4, 5) photoswitchable analogues. Amino acid building
blocks and photochemical transitions are indicated.
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stationary state (80% cis isomer 5) was reached after 90 min
of irradiation at l=300 nm. Isomerization of the cis isomer
5 at l=280 nm resulted in 16% of the trans compound 4.


Attempts to separate the cis and trans isomers by prepara-
tive reversed-phase HPLC were successful in the case of
compounds 4 and 5, so—in contrast with similar studies on
azobenzene derivatives[15]—the cis peptidomimetic 5 was an-
alyzed separately from its trans isomer, subsequent to their
separation. Because of the lack of separation of the acyclic
compounds, the conformation of 3 was successfully investi-
gated in the cis–trans mixture obtained after isomerization
of 2.


Conformational analysis by NMR spectroscopy : The most
reliable and extensively employed tool used today for explo-
ration of peptide solution conformations is without doubt
the detection of nuclear Overhauser effects (NOEs).[16] The
observation of nonsequential NOEs hence provides the
strongest evidence for the three-dimensional solution struc-
ture of a compound, and so conformational analysis was
first performed with standard NMR techniques in water,
methanol, and dimethyl sulfoxide.[13] As expected, inter-
strand NOEs observed in the solutions of compound 1 in
methanol and dimethyl sulfoxide were characteristic of a b-
hairpin (Scheme 2). However, the absence of such NOEs in
aqueous solution suggests that folded conformations ob-
served in methanol and dimethyl sulfoxide have low thermo-
dynamic stability. No NOEs between nonadjacent residues
were observed in the cases of compounds 2, 3, and 4, thus
clearly indicating unfolded solution structures. It should be
mentioned, though, that the NOESY spectra obtained for 4
showed a few indications of the formation of a DPro-Gly b-
turn. In contrast with its open-chain analogue 3, interstrand
NOEs observed in the case of the cyclic peptidomimetic 5
provided strong evidence of its folding into a b-hairpin con-
formation (Scheme 2).


The absence of any aggregation phenomena was revealed
by the concentration independence of the amide chemical
shifts, as well as by the observation of sharp 1H NMR signals
for all investigated compounds. No chemical shift change or
line-broadening was observed over a period of three weeks.
In addition, pulsed-field gradi-
ent spin echo (PGSE) NMR
translational diffusion studies
performed with dimethyl sulf-
oxide confirmed that all com-
pounds were present in a
monomeric, disaggregated form.


Temperature coefficients
(Dd/DT) offer a qualitative
measure of the involvement of
amide protons in intramolecu-
lar hydrogen bonding and thus
an additional insight into pep-
tide secondary structures.[13a] As
expected, the temperature coef-
ficients obtained for the solu-


tion of compound 1 in dimethyl sulfoxide (Table 1) were
consistent with a folded b-hairpin structure in which the
amide protons of Leu-9 and Ile-7 are intramolecularly hy-
drogen bonded and Thr-4 is in equilibrium between hydro-
gen-bonded and nonbonded states.[17] The Dd/DT values ob-
tained for 1 in methanol imply that the folded conformation
has low thermodynamic stability and exists in exchange with
unfolded structures in competitive solvents, an observation
in good agreement with the NOE studies performed with
water solutions (Scheme 2). Moreover, the alternating
amide temperature coefficients of the cis isomer of the
cyclic peptidomimetic 5 are typical of a folded b-hairpin
structure in which the amide protons of Leu-1, Thr-3, Stil-


Scheme 2. NMR evidence for folded b-hairpin conformations in com-
pounds 1 and 5. The building blocks, the observed amide temperature co-
efficients (bold), and interstrand NOEs (arrows) of 1 and 5 in methanol
are indicated.


Table 1. The amide proton temperature coefficients DdNH/DT [ppbK�1] obtained in dimethyl sulfoxide and
methanol.[a]


1 2 3 4 5
DMSO MeOH DMSO MeOH DMSO MeOH DMSO MeOH DMSO MeOH


L-1 3.4 5.3 3.6 4.5 5.7 4.5 7.4 6.7 5.4 1.7
A-2 5.0 8.0 5.2 4.7 7.5 4.7 8.8 8.7 4.0 6.1
T-3 4.0 7.8 3.6 3.7 8.2 3.7 9.9 6.7 4.5 3.8
T-4 3.2 4.5 2.2 2.3 5.9 2.3 4.4 4.3 3.5 5.6
X-6[b] 2.6 6.8 3.8 3.9 5.7 3.9 3.9 2.6 3.9 4.6
I-7 1.6 4.7 4.1 4.2 7.8 4.2 4.4 2.8 5.6 7.5
V-8 5.5 10.2 5.2 5.1 9.7 5.1 5.5 7.9 4.0 4.3
L-9 2.7 6.7 3.8 3.7 7.3 3.7 5.5 6.3 4.5 7.0
L-10 4.3 7.3 3.6 4.2 8.1 4.2 10.7 5.7 4.9 3.9


[a] Temperature coefficients obtained as values (dT,high�dT,low)/(Thigh�Tlow) that are negative numbers, but are
reported as positive values in accordance with accepted literature conventions.[13a] [b] X-6=G-6 or Stilbene-
5/6.
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bene-5/6, Val-8, and Leu-10 are intramolecularly hydrogen
bonded (Scheme 2). It should be noted that the DdNH/DT
values for this compound gradually increase in the direction
of the stilbene linker, indicating the inferior turn-inducing
properties of the artificial dipeptide mimic in relation to the
DPro-Gly sequence. In agreement with the NOESY and
ROESY studies, the high DdNH values observed for the solu-
tions of the trans isomers of the acyclic and cyclic mimetics
2 and 4 and the acyclic cis isomer 3 were indicative of un-
folded structures. The low temperature coefficients generally
observed for the NH of Thr-4 might be due to the formation
of a six-membered ring through hydrogen bonding to the
hydroxy group of Thr-3.


The magnitude of 3JNH,Ha is known as an easily measurable
parameter furnishing further indications of backbone con-
formation.[16] For compounds 2–4 the 3JNH,Ha coupling con-
stants fall into the ranges typical for random coil (�6–7 Hz)
or extended (�9 Hz) conformations, indicating the presence
of a mixture of interconverting conformations in solution.
The largest coupling constants indicative of extended
strands were observed for peptide 1 and 5.[14] It should be
emphasized, though, that coupling constants in themselves
are only indicators of—and do not prove any—peptide sec-
ondary structure.


Amino acid proton chemical shifts are also known indica-
tors of peptide overall conformation.[18] Residues in b-
strands or in extended conformations thus have higher
chemical shifts (0.1–0.6 ppm) than those participating in
random coils, while amino acids in a-helices and b-turns ex-
perience the opposite tendency and have low d values. The
observed chemical shift differences of the NH and Ha pro-
tons in corresponding amino acids of peptides may thus
reveal folding tendencies. The chemical shifts of peptidomi-
metics 2 and 3 are similar and hence indicate that cis–trans
isomerization does not induce folding or unfolding of the
acyclic stilbene-containing peptide.[14] In constrast, the chem-
ical shifts of the amide and a-protons, as well as the 3JaH,NH


coupling constants of most of the amino acids of cis isomer
5 of the cyclic peptidomimetic are higher than those found
for its trans isomer 4,[14] so these changes suggest a photoiso-
merization-triggered folding process in the cyclic peptidomi-
metic. Again, we would like to stress that chemical shifts,
unlike observation of nonresidual NOEs, are in themselves
only indicative but not conclusive regarding secondary struc-
tures. It should be noted, though, that our 3JaH,NH and d data
are in good agreement with the observed NOEs and DdNH/
DT values.


Molecular modeling : To model the preferred conformations
of our peptides, Monte Carlo conformational searches fol-
lowed by conjugate gradient minimizations were performed.
As the solution structures of the folded conformations of
our peptidomimetics were observable through NOEs and
the established structures were supported by a number of
other NMR parameters, we felt obliged to take advantage
of the way constraint-processing techniques and conforma-
tional search techniques complement each other.[19] Thus,


through the use of NMR constraints derived from NOE
data obtained for solutions of the compounds in methanol
(Scheme 2) the reliability of the calculation output was con-
siderably improved and the processor time was radically de-
creased in relation to initial unrestricted calculations. The
computations resulted in 402 (1), 204 (4), and 302 (5) struc-
tures within 3 kcalmol�1 of the global minima. The ten
lowest-energy conformations for the reference compound 1
and the trans (4) and cis (5) isomers of the photoswitchable
cyclopeptide are depicted in Figure 1 (top, middle, and
bottom, respectively). Our computations indicate that the
folded geometric arrangement is strongly preferred in the
cases of 1 and 5, whereas 4 favors unfolded conformations
and hence, in its lack of stabilizing intramolecular hydrogen
bonds and hydrophobic interactions, is notably more flexible
than its folded analogues.


Circular dichroism (CD): Circular dichroism spectroscopy,
allowing the investigation of overall solution conformations,
is a further commonly applied tool in peptide chemistry.
Compound 1 exhibited a negative band indicative of a b-
hairpin conformation at 220 nm (Figure 2). The observed
low ellipticity and a second minimum at approximately


Figure 1. Representative solution conformations of 1 (top), 4 (middle),
and 5 (bottom). Overlaid backbones of the ten lowest-energy conforma-
tions resulting from NOE-restrained Monte Carlo conformational search
followed by conjugate gradient minimization are shown.
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200 nm indicate that the folded conformation is in equilibri-
um with unfolded structures. The CD of 2 showed a broad
negative band at 214–220 nm, a weak positive absorption
centered at 280 nm, and a negative band at 300–350 nm.
Compound 3 showed two weak negative absorptions at 209
and 217–224 nm. Although the stilbene chromophore does
not interfere with the amide region of the spectrum, because
it has its main absorption region at 300–350 nm,[20] the ob-
tained spectra are difficult to interpret in terms of folding
because of the lack of CD data for similar compounds. The
CDs of 4 and 5 confirm that the DPro-Gly sequence func-
tions as a turn inducer independently of the geometry of the
stilbene double bond (Figure 3). Upon trans to cis isomeri-


zation the negative amide band shifts from 214 to 220 nm, a
change that may be indicative of a b-turn to b-hairpin transi-
tion. We would like to stress that, although the obtained
spectra are difficult to interpret, they are in good agreement
with the single available report for CD investigation of stil-
bene derivatives,[20] and the observed change in the chiropti-
cal features is in itself an indicator of a conformation alter-


ation upon cis–trans isomerization of 4 and 5. The results of
the CD investigation of 1–5 are hence in good agreement
with the conclusions drawn from NMR studies.


Translational self-diffusion measurements : Translational
self-diffusion measurements using pulsed-field gradient spin
echo (PGSE) NMR methods are known tools in structural
investigation of peptides and proteins, as the translational
diffusion coefficient (Dt) is related to the mass of a com-
pound through its hydrodynamic radius.[21] Diffusion mea-
surements are therefore commonly applied in order to draw
conclusions about monomeric or oligomeric states, but have
in a few cases also been used to follow conformational
changes in polypeptides.[22] In spite of the simplicity and ra-
pidity of this technique, its use for conformational investiga-
tion of small peptides is extremely rare in the literature. We
anticipated that the light-triggered conformational change of
our cyclic peptidomimetic between b-hairpin and random
coil forms might be reflected in different diffusion behavior,
so the self-diffusion coefficients were measured by use of
the LED-PGSE[23] pulse sequence in [D6]DMSO at 25 8C
and were determined as 1.4M10�6 (trans isomer 4) and 1.8M
10�6 cm2s�1 (cis isomer 5).[24] For comparison, we estimated
the diffusion coefficient of a peptide of comparable molecu-
lar weight by the theoretical method of GrNslund et al.[25]


This model is applicable for prediction of the translational
diffusion coefficient of an aqueous solution of a monomeric,
linear, random-coil-forming peptide of known molecular
mass. The theoretical prediction estimated somewhat slower
diffusion for our peptide than experimentally observed:
Dpredicted


t =2.6M10�6 cm2s�1. If allowance is made for the dif-
ferences between the conditions of the prediction and the
experiments—that is, that the measurements were per-
formed on a structured, cyclic peptide in dimethyl sulfox-
ide—the calculated diffusion coefficient is in good qualita-
tive agreement with those observed experimentally. In addi-
tion, the translational self-diffusion coefficients were also es-
timated by use of the program HYDROPRO,[26] developed
for globular proteins by Carrasco et al. The hydrodynamic
modeling predicted a coefficient of 1.1M10�6 cm2s�1 for
both structures depicted in Figure 1 (4 (middle) and 5
(bottom)). The diffusion coefficients estimated by the two
theoretical methods are thus not identical with the experi-
mentally determined values, but are both of comparable
magnitude, hence confirming the absence of any aggregation
for the investigated solutions. Furthermore, in the case of
oligomerization of the b-hairpin-forming cis isomer, a de-
crease in the diffusion coefficient relative to the nonhairpin
trans isomer would be expected,[27] rather than the observed
increase. The experimentally observed small, but still signifi-
cant, increase in the diffusion coefficient upon photoisom-
erization of the trans isomer may thus be an indicator of a
decrease in the compoundOs hydrodynamic size.[25] Conse-
quently, the higher diffusion coefficient of the folded cis
isomer may originate from lower solvent accessibility of its
intramolecularly hydrogen-bonded amide protons, a factor
also indicated by low DdNH/DT values. The amide protons of


Figure 2. CD spectra obtained with samples in methanol. The CD spec-
trum of 3 was obtained by subtraction of the absorbance of the trans
isomer 2 from the CD spectrum of the photostationary state.


Figure 3. The CD spectra of the cyclic photoswitchable mimetics 4 (trans)
and 5 (cis) in methanol.
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the unfolded trans isomer are likely to be hydrogen bonded
to solvent molecules, as previously indicated by the high
DdNH/DT values, so the intermolecular NH to DMSO hydro-
gen bonds may increase the effective size of the peptidomi-
metic. In parallel, the good hydrogen-bond-accepting prop-
erties of dimethyl sulfoxide are known to cause a radical de-
crease in the diffusion coefficient of water molecules.[28]


However, the interpretation of the observed alteration in
diffusion properties at the molecular level is rather difficult,
because, unlike in the case of water,[29] there is very little ex-
perience of the behavior of solvent layers in dimethyl sulf-
oxide,[3] whilst the properties of residual water in dimethyl
sulfoxide are also currently not well understood.[31] The dif-
fusion coefficients for all investigated compounds are sum-
marized in Table 2.


As expected, the Dt values for peptides 1–3 were signifi-
cantly lower than those of 4 and 5, as these compounds are
linear and thus have larger hydrodynamic size than their
cyclic analogues. Moreover, in agreement with theory,[21] the
diffusion coefficients of the linear compounds followed the
inverse order of molecular weight. The identical diffusion
coefficients of 2 and 3 agree well with our hypothesis, as
their conformational investigation with standard NMR tools
clearly indicated that both isomers were present in solution
as ensembles of interconverting unfolded structures. In sum-
mary, the advantage of translational self-diffusion measure-
ments in peptide conformational analysis is simplicity and
rapidity. It should be noted, though, that diffusion coeffi-
cients, like CD spectra, provide only limited information
and may only indicate the overall solution conformation of
a compound, but cannot be interpreted in terms of detailed
site-specific information.


Conclusion


We have demonstrated that incorporation of a stilbene-type
dipeptide mimic into a cyclic b-hairpin allows for light-trig-
gered switching between different peptidomimetic confor-
mations. Structural changes established by standard NMR
techniques (NOEs, temperature coefficients) and indicated
by CD measurements demonstrated folded b-hairpin and
unfolded conformations for the trans and cis isomers, re-
spectively, of the presented cyclic stilbene-containing pep-
tide analogue. The comparable acyclic stilbene-type peptido-
mimetic, however, did not fold into a b-hairpin as its cis


isomer (7), most possibly for the following entropic reasons:
1) high flexibility of the (CH2)2 linkers of the incorporated
stilbene dipeptide mimic, and 2) few attractive stabilizing
forces provided by the attached short tetrapeptide strands.[32]


Here we would like to emphasize that this finding does not
necessarily indicate that light-triggered isomerization would
not be applicable for conformational modulation of linear
peptides, a suggestion strongly supported by the observed
low thermodynamic stability of the folded conformation of
the nonswitchable analogue 1, and also by a very recent
report by Hilvert et al.[8,33] In addition, we have shown that
the light-induced conformational change, established by
standard spectroscopic methods, is accompanied by a signifi-
cant alteration in the translational self-diffusion coefficient
of the cyclic oligopeptide. It should also be noted that all ex-
perimental and computational data are in good agreement,
both with each other and with current theories. The fact that
4 and 5 but not 2 and 3 could be separated by reversed-
phase HPLC may further indicate a significant conforma-
tional change upon irradiation of the cyclic peptidomimetic,
resulting in considerable changes in its accessible surface
and physicochemical properties.


As b-hairpins are involved in molecular recognition
events in numerous vital physiological processes[34] and
pathological disorders,[35] we believe that their photoswitch-
able mimetics should be of considerable interest in drug de-
velopment,[7] and should also become widely used tools in
nanotechnology.[2] Further work should address the optimi-
zation of the photochemical aspects and the incorporation
of switches into specific biological systems.


Experimental Section


Synthesis : Starting materials were purchased from commercial suppliers
and were used without purification. Solid-phase peptide synthesis of 4
was carried out on 2-chlorotrityl chloride resin on a 500 mg scale by use
of a Fmoc/tBu protection scheme. For compounds 1 and 2 solid-phase
peptide synthesis was carried out on Rink amide MBHA resin on a
500 mg scale (loading rate 0.73 mmolg�1) by a Fmoc/tBu protection
scheme. Chain elongation was performed with the Fmoc-protected amino
acids (110 mmol) with PyBOP-mediated (110 mmol) coupling steps (2 h)
in a mixture of diisopropylethylamine (220 mmol) and DMF (3.0 cm3).
Removal of the Fmoc groups was achieved by treatment with 20% piper-
idine in DMF for 5+10 min. After introduction of each amino acid, a
Kaiser test[36] was performed and capping was carried out (30 min) by ad-
dition of acetic anhydride (1.5 cm3) in dichloromethane (2.0 cm3) and di-
isopropylethylamine (0.5 cm3). The preparation of the turn mimetic part
of the presented stilbene-type peptidomimetics is outlined in Scheme 3.
The Fmoc-protected turn mimic was then incorporated into the peptide
by standard SPPS techniques as described above. Cleavage of the prod-
ucts (1 and 2) was achieved by addition of 95% trifluoroacetic acid in di-
chloromethane (1 h+2M30 min), followed by filtration and concentration
of the solutions under reduced pressure. In order to obtain the cyclic pep-
tidomimetic, the linear peptide NH2-Thr(tBu)-Thr(tBu)-NH-Stilbene-
CO-Ile-Val-Leu-Leu-DPro-Gly-Leu-Ala-OH was cleaved from the resin
with 0.5% trifluoroacetic acid in dichloromethane (4M5 cm3), followed
by filtration into a flask containing 250 mL pyridine. The combined
phases were washed with H2O and concentrated under reduced pressure.
Preparative HPLC indicated that the purity of the cleaved product was
approximately 95%. Cyclization of the linear peptide was achieved by
HATU-mediated (110 mmol) coupling in a mixture of diisopropylethyl-


Table 2. Experimentally observed and calculated translational diffusion
coefficients of the investigated peptidomimetics.


Compound Mr [gmol�1] D [cm2s�1] Predicted D [cm2s�1][25]


1 1122 0.9M10�6 2.8M10�6


2 1246 0.7M10�6 2.6M10�6


3 1246 0.7M10�6 2.6M10�6


4 1255 1.4M10�6 2.6M10�6


5 1255 1.8M10�6 2.6M10�6
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amine (220 mmol) and DMF (3.0 cm3) overnight. The mixture was then
concentrated under reduced pressure and the tert-butyl protecting groups
were removed with 50% trifluoroacetic acid in dichloromethane.


Purification of the peptides was performed on a Gilson 321 HPLC
system connected to a Vydac Protein & Peptide C18 (218TP) column
(10 mm, 22M250 mm) with use of a gradient of acetonitrile in 0.1% aque-
ous trifluoroacetic acid (10–85% MeCN in 75 min) at a flow rate of
5 cm3min�1 and with detection by UV absorbance at 230 nm (LKB 2151
absorbance detector). The fractions were further analyzed by analytical
LC–MS.


Amino acid analyses were performed at the Department of Bioorganic
Chemistry, Biomedical Centre, Uppsala, Sweden, on 24 h hydrolysates
with an LKB 4151 alpha plus analyzer, with use of ninhydrin detection.


Experimental data : The method of preparation of the peptidomimetic 14
is outlined in Scheme 3.


3-(3’-Bromophenyl)acrylic acid (6): A mixture of 3-bromobenzaldehyde
(5.00 g, 27.0 mmol), malonic acid (4.39 g, 42.2 mmol), pyridine (2.93 g,
37.1 mmol), and piperidine (7–8 drops) was heated at reflux on an oil
bath (100 8C) for 1.5 h. Ice and concentrated HCl (12 cm3) were then
added and the formed crystals were filtrated and washed with HCl (1m)
and water. The product was recrystallized from 95% ethanol and washed
with cooled methanol, yielding white crystals (4.77 g, 21.0 mmol, 95%).
1H NMR (270.2 MHz, CD3OD, 25 8C): d=6.34 (d, 3J(H,H)=15.9 Hz,
1H; CH), 7.19 (t, 3J(H,H)=7.8 Hz, 1H; ArH), 7.38 (ddd, 3J(H,H)=1.0,
1.8, 7.8 Hz, 1H; ArH), 7.43 (ddd, 3J(H,H)=1.0, 1.8, 7.8 Hz, 1H; ArH),


7.52 (d, 3J(H,H)=15.9 Hz, 1H; CH),
7.59 ppm (t, 3J(H,H)=1.8 Hz, 1H;
ArH); 13C NMR (67.5 MHz, CD3OD,
25 8C): d=119.5, 122.8, 126.5, 130.2,
130.6, 132.9, 136.3, 143.4, 168.6 ppm;
MS (70 eV, EI): m/z (%): 228, 226
[M]+ , 147, 102, 91, 75, 51.


Methyl 3-(3-bromophenyl)acrylate (7):
Concentrated aqueous HCl (2–3
drops) was added to 3-(3-bromophe-
nyl)acrylic acid (4.96 g, 21.90 mmol) in
CH3OH (15 cm3), and the solution was
stirred for 12 h. The solvent was then
evaporated and the residue was dis-
solved in CH2Cl2. The organic phase
was washed with HCl (0.1m) and
water, and the water phase was re-
extracted three times with dichlorome-
thane. The combined organic phases
were evaporated, yielding white crys-
tals (4.87 g, 20.20 mmol, 93%).
1H NMR (270.2 MHz, CDCl3, 25 8C):
d=3.80 (s, 3H; CH3), 6.42 (d,
3J(H,H)=15.9 Hz, 1H; CH), 7.25 (t,
3J(H,H)=7.9 Hz, 1H; ArH), 7.42 (dt,
3J(H,H)=1.0, 1.6, 7.9 Hz, 1H; ArH),
7.49 (ddd, 3J(H,H)=1.0, 1.6, 7.9 Hz,
1H; ArH), 7.60 (d, 3J(H,H)=15.9 Hz,
1H; CH), 7.65 ppm (t, 3J(H,H)=
1.6 Hz, 1H; ArH); 13C NMR
(67.5 MHz, CDCl3, 25 8C): d=51.8,
119.2, 123.0, 126.6, 130.3, 130.7, 133.0,
136.4, 143.1, 166.9 ppm; MS (70 eV,
EI): m/z (%): 242, 240 [M]+ , 184, 182,
171, 169, 104, 77, 51.


Methyl 3-(3-bromophenyl)propionate
(8): Ni(OAc)2 (2.46 g, 9.90 mmol) dis-
solved in CH3OH (15 cm3) and ethyl
acetate (30 cm3) was added to methyl
3-(3-bromophenyl)acrylate (1.59 g,
6.60 mmol) and NaBH4 (0.75 g,
19.80 mmol) in a Parr tube. The mix-


ture was hydrogenated (2 bar) in a Parr apparatus for 20 minutes. The
solvent was evaporated, and the residue was dissolved in CH2Cl2 and
washed with water. The organic phase was separated, and the aqueous
phase was reextracted with dichloromethane three times. The combined
organic phases were filtered through Celite and MgSO4 and were then
concentrated under reduced pressure, yielding a yellowish oil, containing
1.5% debrominated byproduct (1.09 g, 4.47 mmol, 68%). 1H NMR
(499.9 MHz, CDCl3, 25 8C): d=2.50 (t, 3J(H,H)=7.6 Hz, 2H; CH2), 2.80
(t, 3J(H,H)=7.6 Hz, 2H; CH2), 3.55 (s, 3H; CH3), 7.16 (dd, 3J(H,H)=1.5,
7.5 Hz, 1H; ArH), 7.17 (t, 3J(H,H)=7.5 Hz, 1H; ArH), 7.35 (dd,
3J(H,H)=1.5, 7.5 Hz, 1H; ArH), 7.37 ppm (br t, 3J(H,H)=1.5 Hz, 1H;
ArH); 13C NMR (100.6 MHz, CDCl3, 25 8C): d=30.7, 35.4, 51.8, 127.2,
129.6, 128.7, 130.3, 131.6, 143.2, 172.9 ppm; MS (70 eV, EI): m/z (%):
244, 242 [M]+ , 184, 182, 171, 169, 104, 77, 63, 51.


2-(3-Vinylphenyl)ethylamine (9): 3-Bromophenethylamine (500.0 mg,
2.50 mmol), [Pd(PPh3)2Cl2] (52.6 mg, 75.0 mmol), tributylvinyltin (1.1 cm3,
3.75 mmol), and LiCl (264.9 mg, 6.30 mmol) in DMF (1.5 cm3) were stir-
red in a Smith Process Vial at 130 8C for 25 min in the microwave cavity.
This procedure was repeated four times, and the combined reaction mix-
ture was then filtered through Celite and extracted with concentrated
aqueous NaHCO3. The organic phase was then extracted with aqueous
HCl (1m). By addition of NaOH pellets, the pH of the aqueous solution
was increased to 14, which was followed by extraction with CH2Cl2. The
organic phase was filtered through CaCO3 and concentrated under re-
duced pressure, yielding a yellowish oil (1.15 g, 7.81 mmol, 78%).
1H NMR (399.8 MHz, CDCl3, 25 8C): d=1.01 (br s, 2H; NH2), 2.64 (t,


Scheme 3. Outline of the synthesis of 14. a) CH2(COOH)2, pyridine, piperidine, 100 8C, 1.5 h, 95%. b) CH3OH,
conc. HCl, RT, 16 h, 93%. c) Ni(OAc)2, NaBH4, CH3OH, EtOAc, H2 (2 bar), 20 min, RT, 68%. d) Bu3SnCH=


CH2, [Pd(PPh3)2Cl2], Et3N, DMF, 130 8C, 25 min, 78%. e) O[CO2C(CH3)3]2, CH2Cl2, K2CO3 in H2O, RT, 24 h,
70%. f) Pd(OAc)2, (CH3C6H4)3P, Et3N, DMF, 120 8C, 30 min, 43%. g) 50% CF3COOH in CH2Cl2, 15 min.
h) Fmoc-Cl, dioxane, 10% Na2CO3 (aq), 17 h, 82%. i) CH2Cl2, conc. HCl, 22 h, 91%.
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3J(H,H)=6.8 Hz, 2H; CH2), 2.86 (t, 3J(H,H)=6.8 Hz, 2H; CH2), 5.17 (d,
3J(H,H)=10.8 Hz, 1H; CH), 5.68 (d, 3J(H,H)=17.6 Hz, 1H; CH), 6.63
(dd, 3J(H,H)=10.8, 17.6 Hz, 1H; CH), 7.00 (d, 3J(H,H)=6.2 Hz, 1H;
ArH), 7.15–7.20 ppm (m, 3H; ArH); 13C NMR (100.5 MHz, CDCl3,
25 8C): d=40.1, 43.6, 113.8, 124.1, 126.8, 128.4, 128.7, 136.9, 137.7,
140.2 ppm; MS (30 eV, ESI): m/z (%): 189, 148 [M+H]+ .


[2-(3-Vinylphenyl)ethyl]carbamic acid tert-butyl ester (10): 2-(3-Vinyl-
phenyl)ethylamine (950.0 mg, 6.50 mmol) and di-tert-butyl dicarbonate
(1.55 g, 7.10 mmol) were dissolved in CH2Cl2 (20 cm3) and mixed with
aqueous potassium carbonate (20 cm3, 2.68 g, 19.4 mmolK2CO3). The het-
erogeneous mixture was rigorously stirred for 24 h, and the organic phase
was then separated, filtered through MgSO4, and concentrated. The resi-
due was purified by column chromatography with a hexane/ethyl acetate
(9:1) eluent mixture, yielding a colorless oil (113.5 mg, 4.5 mmol, 70%).
1H NMR (399.8 MHz, CDCl3, 25 8C): d=1.43 (s, 9H; CH3


Boc), 2.78 (t,
3J(H,H)=6.9 Hz, 2H; CH2), 3.36 (t, 3J(H,H)=6.9 Hz, 2H; CH2), 4.61
(br s, 1H; NH), 5.26 (d, 3J(H,H)=11.0 Hz, 1H; CH), 5.74 (d, 3J(H,H)=
17.6 Hz, 1H; CH), 6.69 (dd, 3J(H,H)=11.0, 17.6 Hz, 1H; CH), 7.08 (d,
3J(H,H)=6.0 Hz, 1H; ArH), 7.22–7.29 ppm (m, ArH3H;); 13C NMR
(100.5 MHz, CDCl3, 25 8C): d=28.5 (3C), 36.2, 41.8, 79.3, 114.0, 124.4,
126.8, 128.4, 128.8, 136.8, 137.9, 139.3, 156.0 ppm; MS (30 eV, ESI): m/z
(%): 495 [2M+H]+ 405, 289, 248 [M+H]+ , 233.


Methyl trans-3-{3-{2-[3-(2-tert-butoxycarbonylaminoethyl)phenyl]vinyl}-
phenyl}propionate (11): A mixture of 10 (90.0 mg, 0.3 mmol), 8 (80.2 mg,
0.33 mmol), Pd(OAc)2 (3.4 mg, 15.0 mmol), tri-o-tolyl-phosphine (9.1 mg,
30.0 mmol), and triethylamine (0.10 cm3, 0.90 mmol) in dimethylform-
amide (1.50 cm3) was stirred in a Smith Process Vial at 120 8C for 30 min
in the microwave cavity. The resulting mixture was filtered through
Celite into a separation funnel. Dichloromethane (25 cm3) was added,
and the organic phase was extracted with HCl (1.0m, 25 cm3) and concen-
trated aqueous NaHCO3 solution, the aqueous phase being reextracted
twice. The combined organic layers were filtered through MgSO4 and
concentrated under reduced pressure. The residue was purified by
column chromatography with a hexane/ethyl acetate eluent mixture with
a gradient of 9:1 to 1:1, yielding a white precipitate (53.1 mg, 0.13 mmol,
43%). M.p.=80–82 8C (from EtOAc); 1H NMR (399.8 MHz, CDCl3,
25 8C): d=1.45 (s, 9H; CH3


Boc), 2.66 (t, 3J(H,H)=7.6 Hz, 2H; CH2), 2.69
(br t, 3J(H,H)=6.9 Hz, 2H; CH2), 2.96 (t, 3J(H,H)=7.6 Hz, 2H; CH2),
3.40 (br t, 3J(H,H)=6.9 Hz, 2H; CH2), 3.68 (s, 3H; CH3), 4.60 (br s, 1H;
NH), 7.08 (m, 2H; CH), 7.10 (d, 3J(H,H)=7.3 Hz, 2H; ArH), 7.27 (dt,
3J(H,H)=2.2, 7.6 Hz, 2H; ArH), 7.33–7.40 ppm (m, 4H; ArH); 13C NMR
(100.5 MHz, CDCl3, 25 8C): d=28.5 (3C), 31.0, 35.8, 36.3, 41.8, 51.7, 79.3,
124.6, 124.8, 126.6, 127.0, 127.7, 128.2, 128.7, 128.8, 128.9, 129.0, 137.6,
137.7, 139.5, 141.0, 156.0, 173.4 ppm; IR (CHCl3): ñmax=3446, 3055, 2984,
1725, 1433, 1262 cm�1; MS (30 eV, ESI): m/z (%): 819 [2M+H]+ , 410
[M+H]+ , 354.


Methyl trans-3-{3-{2-[3-(2-aminoethyl)phenyl]vinyl}phenyl}propionate
(12): Compound 11 (202.5 mg, 0.49 mmol) was mixed with trifluoroacetic
acid in dichloromethane (50%) and stirred for 15 min. The solution was
then concentrated under reduced pressure, yielding a yellowish oil
(202.5 mg, 6.55 mmol, 93%). 1H NMR (399.8 MHz, CDCl3, 25 8C): d=


2.72 (t, 3J(H,H)=7.7 Hz, 2H; CH2), 2.96 (t, 3J(H,H)=7.7 Hz, 2H; CH2),
3.02 (t, 3J(H,H)=7.4 Hz, 2H; CH2), 3.41 (br t, 3J(H,H)=7.4 Hz, 2H;
CH2), 3.72 (s, 3H; CH3), 6.91 (br s, 2H; NH2), 7.06 (m, 2H; CH), 7.08 (d,
3J(H,H)=7.3 Hz, 2H; ArH), 7.25–7.32 (m, 4H; ArH), 7.34 (t, 3J(H,H)=
7.7 Hz, 1H; ArH), 7.43 (d, 3J(H,H)=7.7 Hz, 1H; ArH), 12.10 ppm (br s,
1H; COOH); 13C NMR (100.5 MHz, CDCl3, 25 8C): d=30.9, 33.2, 35.9,
42.0, 52.7, 124.9, 126.1, 126.5, 126.8, 127.7, 127.8, 128.0, 129.1, 129.4,
129.8, 135.1, 137.4, 138.5, 140.3, 176.5 ppm; MS (30 eV, ESI): m/z (%):
620.1 (1.4) [2M+H]+ , 310.1 (100) [M+H]+ .


Methyl trans-3-{3-{2-{3-[2-(9H-fluoren-9-ylmethoxycarbonylamino)ethyl]-
phenyl}vinyl}phenyl}propionate (13): Compound 12 (630.4 mg,
2.04 mmol) and 9-fluorenylmethyl chloroformate (582.3 mg, 2.25 mmol)
were dissolved in a mixture of dioxane (30 cm3) and aqueous Na2CO3 so-
lution (10%), and the mixture was stirred for 17 h at room temperature.
The mixture was then extracted with CH2Cl2, and the organic phase was
separated, filtered through MgSO4, and concentrated under reduced pres-
sure. The residue was purified by column chromatography with a hexane/


ethyl acetate (2:1) eluent mixture, yielding a white solid (887.7 mg,
1.67 mmol, 82%). 1H NMR (399.8 MHz, CDCl3, 25 8C): d=2.67 (t,
3J(H,H)=7.7 Hz, 2H; CH2), 2.86 (t, 3J(H,H)=6.7 Hz, 2H; CH2), 2.98 (t,
3J(H,H)=7.7 Hz, 2H; CH2), 3.50 (dt, 3J(H,H)=6.7, 6.9 Hz, 2H; CH2),
3.69 (s, 3H; CH3), 4.22 (t, 3J(H,H)=6.8 Hz, 1H; Fmoc-CH), 4.41 (d,
3J(H,H)=6.8 Hz, 2H; Fmoc-CH2), 4.88 (t, 3J(H,H)=6.9 Hz, 1H; NH),
7.09 (m, 2H; CH), 7.11 (d, 3J(H,H)=7.3 Hz, 2H; ArH), 7.25–7.35 (m,
8H; ArH), 7.39 (t, 3J(H,H)=7.3 Hz, 2H; Fmoc-ArH), 7.58 (d, 3J(H,H)=
7.5 Hz, 2H; Fmoc-ArH), 7.76 ppm (d, 3J(H,H)=7.5 Hz, 2H; Fmoc-
ArH); 13C NMR (100.5 MHz, CDCl3, 25 8C): d=31.0, 35.7, 36.3, 42.3,
47.4, 51.8, 66.7, 120.1, 124.7, 124.9, 125.2, 126.6, 127.1, 127.2, 127.7, 127.8,
128.3, 128.6, 128.9, 129.0, 129.1, 137.6, 137.8, 139.3, 141.0, 141.4, 144.1,
156.4, 173.4 ppm; MS (30 eV, ESI): m/z (%): 1063.1 (22) [2M+H]+ , 532.1
(100) [M+H]+ .


trans-3-{3-{2-{3-[2-(9H-Fluoren-9-ylmethoxycarbonylamino)ethyl]phe-
nyl}vinyl}phenyl}propionic acid (14): Compound 17 (106.0 mg,
0.20 mmol), dissolved in dichloromethane (4.5 cm3), was added to con-
centrated aqueous HCl solution (40 cm3) and was heated at reflux at
120 8C for 22 h. The mixture was then extracted with dichloromethane,
and the organic phase was separated, filtered through MgSO4, and con-
centrated under reduced pressure, yielding a white solid (639.4 mg,
1.24 mmol, 91%). 1H NMR (399.8 MHz, CD3CN, 25 8C): d=2.63 (t,
3J(H,H)=8.0 Hz, 2H; CH2), 2.85 (t, 3J(H,H)=7.0 Hz, 2H; CH2), 2.92 (t,
3J(H,H)=8.0 Hz, 2H; CH2), 3.42 (br t, 3J(H,H)=7.0 Hz, 2H; CH2), 4.20
(t, 3J(H,H)=7.0 Hz, 1H; Fmoc-CH), 4.31 (d, 3J(H,H)=7.0 Hz, 2H;
Fmoc-CH2), 7.13 (d, 3J(H,H)=7.7 Hz, 1H; ArH), 7.16 (d, 3J(H,H)=
7.7 Hz, 1H; ArH), 7.22 (m, 2H; CH), 7.27 (t, 3J(H,H)=7.7 Hz, 2H;
ArH), 7.29 (t, 3J(H,H)=7.3 Hz, 2H; ArH), 7.38 (t, 3J(H,H)=7.3 Hz, 2H;
ArH), 7.43 (d, 3J(H,H)=7.7 Hz, 2H; ArH), 7.48 (2Mbrs, 2H; ArH), 7.66
(d, 3J(H,H)=7.3 Hz, 2H; Fmoc-ArH), 7.83 ppm (d, 3J(H,H)=7.3 Hz,
2H; Fmoc-ArH); 13C NMR (100.5 MHz, CD3CN and 1 drop of CD3OD,
25 8C): d=30.7, 35.1, 35.9, 42.1, 47.3, 65.9, 120.0, 124.4, 124.5, 125.3,
126.6, 127.0, 127.1, 127.6, 127.7, 127.72, 128.2, 128.6, 128.63, 128.8, 137.6,
137.7, 140.0, 141.3, 141.6, 144.4, 156.4, 173.2 ppm; MS (30 eV, ESI): m/z
(%): 1035.0 (14) [2M+H]+ , 518.1 (1) [M+H]+ .


(C2H5)2N-(CH2)2CO-Leu-Ala-Thr-Thr-DPro-Gly-Ile-Val-Leu-Leu-NH2


(1): 84.4 mg, 75 mmol, 20.6%; [a]D=�73.58 (methanol, 17 8C, pH 3.2);
MS (ESI, 30 eV) m/z (%): 1123.4 (11) [M+H]+ , 562.6 (100) [M+2H]+ ;
D=0.90M10�6 cm2 s�1 ([D6]DMSO, 25 8C); amino acid analysis: Thr 2.01,
Pro 1.03, Gly 1.03, Ala 1.01, Val 0.93, Ile 0.93, Leu 3.05 (71% peptide).


trans-(C2H5)2N-(CH2)2CO-Leu-Ala-Thr-Thr-(CH2)2PhCH=CHPh(CH2)2-
Ile-Val-Leu-Leu-NH2 (2): 29.9 mg, 24 mmol, 6.6%; [a]D=�64.38 (metha-
nol, 19 8C, pH 3.0); D=0.7M10�6 cm2s�1 ([D6]DMSO, 25 8C); MS (ESI,
30 eV) m/z (%): 1246.7 (17) [M+H]+ , 624.5 (100) [M+2H]+ ; amino acid
analysis: Thr 2.08, Ala 1.00, Val 0.90, Ile 0.89, Leu 3.00 (71% peptide).


cis-(C2H5)2N-(CH2)2CO-Leu-Ala-Thr-Thr-(CH2)2PhCH=CHPh(CH2)2-
Ile-Val-Leu-Leu-NH2 (3): Quantum yield=2.9%; MS (ESI, 30 eV) m/z
(%): 1246.7 (0.5) [M+H]+ , 624.5 (100) [M+2H]+ ; D=0.7M10�6 cm2s�1


([D6]DMSO, 25 8C).


trans-Cyclo(-DPro-Gly-Leu-Ala-Thr-Thr-(CH2)2PhCH=CHPh(CH2)2-Ile-
Val-Leu-Leu-) (4): [a]19D =�42.9 (methanol); MS (30 eV, ESI): m/z (%):
1256.4 (17) [M+H]+ , 629.1 (100) [M+2H]2+ ; D=1.4M10�6 cm2s�1


([D6]DMSO, 25 8C); amino acid analysis: Thr 2.01, Pro 1.06, Gly 1.03,
Ala 0.96, Val 0.99, Ile 0.94, Leu 3.01 (54% peptide).


cis-Cyclo(-DPro-Gly-Leu-Ala-Thr-Thr-(CH2)2PhCH=CHPh(CH2)2-Ile-
Val-Leu-Leu-) (5): Quantum yield=1.2% (300 nm); [a]19D =�66.8 (meth-
anol); MS (30 eV, ESI): m/z (%): 1256.4 (17) [M+H]+ , 629.1 (100)
[M+2H]+ ; D=1.8M10�6 cm2s�1 ([D6]DMSO, 25 8C).


Photoisomerization : Photochemical reactions were performed in dimeth-
yl sulfoxide under N2 gas flow with use of an Oriel 1000 W Xe ARC light
source and a 300 nm or a 280 nm Oriel UV filter. The emitted light inten-
sity was determined at the wavelengths of isomerizations (280 or 300 nm)
with use of a UV enhanced Silica photodiode (5.8 mm2) attached to a cur-
rent meter.


NMR measurements : NMR spectra were recorded on Varian INOVA
(1H at 499.9 MHz), Jeol EX-400 (1H at 399.8, and 13C at 100.5 MHz), or
Jeol EX-270 (1H at 270.2, and 13C at 67.5 MHz) spectrometers. Signal as-
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signment was carried out by use of COSY,[37] NOESY,[38] ROESY,[39]


wettntocsy,[40] and wetroesy[40] experiments performed at 25 8C. NOE ef-
fects were measured with mixing times of between 0.3 and 1.0 s. The pH
values of the NMR samples were in the 3.2–3.5 range for CH3OH/
CD3OD and the 4.6–4.8 range for [D6]DMSO solutions. These values
were measured with an NMR electrode and are uncorrected. Amide
proton temperature coefficients DdNH/DT (ppbK�1) were measured for
3 mmoldm�3 samples in DMSO (298–388 K), and CH3OH/CD3OD (1:1,
188–328 K) solutions. For the PGSE experiments performed in
[D6]DMSO at 25 8C, z-gradients were employed and 16 scans were ac-
quired. 1 s relaxation delay, 9 ms gradient pulse duration, 20 ms diffusion
delay, 5 ms storage delay was used and the gradient pulse strength was ar-
rayed between 0 and 20 gauss cm�1 (20 steps). The diffusion coefficients
were calculated from the known coefficient of H2O in [D6]DMSO (9M
10�6 cm2 s�1).[28]


CD spectroscopy : Optical rotation was measured with a Perkin–
Elmer 241 polarimeter and samples in methanol. Circular dichroism spec-
tra were obtained on a JASCO J-810 spectropolarimeter from 190 to
400 nm in a 0.2 mm pathlength cell. Five scans were accumulated at am-
bient temperature with a scanning speed of 100 nmmin�1, with sample
solutions (0.56 mmoldm�3) in methanol (pH 4.6–4.8). UV spectra were
measured with a Varian Cary 3 spectrometer.


Mass spectrometry : ESI-mass spectra (ESI=electrospray ionization)
were obtained with a Finnigan ThermoQuest AQA mass spectrometer
(ESI 30 eV, probe temperature 100 8C) fitted with a Gilson 322-H2 Gra-
dient Pump system and a SB-C18 column. A water/acetonitrile/formic
acid (0.05%) mobile phase was used with a gradient of 20 to 100% ace-
tonitrile during 3–5 min.


Computational chemistry : Theoretical conformational analysis without
experimental constraints was performed first for observation of folding
tendencies. In addition, calculations for description of the solution struc-
tures were carried out with constraints derived from ROESY/NOESY
cross peaks. The NMR structures obtained for solutions in methanol
were hence visualized by use of the program Macromodel 7.0.[41] The
OPLS-AA all-atom force field and the General Born/Solvent Accessible
(GB/SA) surface area method developed by Still[42] were used. The
number of torsion angles allowed to vary during each Monte Carlo step
ranged from 1 to n�1, where n equals the total number of rotatable
bonds. Amide bonds were fixed in trans configurations. Structural con-
straints derived from NOESY cross peaks (illustrated in Scheme 2) were
introduced by use of the DISC command (1.0–5.0 R) as implemented in
Macromodel 7.0. Conformational searches were conducted by use of the
Systematic Unbound Multiple Minimum (SUMM) search method[43] im-
plemented in the Batchmin program. 10000 Monte Carlo step runs were
performed and those conformations within 25 kJmol�1 of the global mini-
mum were kept. PR Conjugate Gradient minimization with 5000 itera-
tions was used in the conformational search. The threonine hydroxy
groups were protected with methyl groups during the computation in
order to compensate for MacromodelOs well-known overestimation of
electrostatic forces. The structures of lowest energy are depicted in
Figure 1.
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Expanding the Number of Stable Isomeric Structures of the C80 Cage:
A New Fullerene Dy3N@C80


Shangfeng Yang* and Lothar Dunsch*[a]


Introduction


Endohedral fullerenes exhibit a variety of novel properties,
such as peculiar redox and photoelectrochemical behavior,
luminescence, paramagnetism, and enhanced nonlinear opti-
cal response.[1–6] Specifically, trimetallic nitride endohedral
fullerenes (cluster fullerenes), a new class of fullerenes with
an encaged trimetallic nitride cluster, have attracted great
interest since their discovery by Dorn et al. in 1999.[7] This is
due to, not only the feasibility of tuning the trapped metal
atoms and of stabilizing a large variety of cage sizes, includ-
ing different isomeric structures, but also to the demonstra-
tion of several distinguishing properties[4,7–10] that indicate
potential applications, such as their use as new contrast
agents in magnetic resonance imaging (MRI).[4,5,11]


Sc3N@C80, the most abundant member of the trimetallic
nitride cluster fullerenes, can be formally viewed as a posi-
tively charged, planar cluster inside a negatively charged C80


cage.[7,12] Regardless of the successful production of trimetal-
lic nitride cluster fullerenes based on, not only Sc3N encaged
in other cages, such as C78


[13] and the non-IPR (isolated pen-
tagon rule) C68 cage,[14] but also other M3N (M=Y,[10] Gd,[15]


Tb,[16] Ho,[9] Er,[4,7,17] Tm,[18] Lu[19,20]) cluster fullerenes, the
C80:7 (Ih) cage isomer[21] was recognized as the most abun-
dant fullerene cage.[4] Among these new cluster fullerenes,
Tm3N and Gd3N, which were produced recently by our
group, appear quite peculiar, due to their unusually large
cage-size distributions.[15,18] In addition to the observation
that Gd3N is the largest cluster encaged in fullerene cages to
date,[15] another remarkable uniqueness of the Gd3N@C80


cluster fullerene revealed recently is that Gd3N nitride
within the Ih C80 cage is pyramidal.[22] On the basis of a sys-
tematic comparison with reported lanthanide-based cluster
fullerenes, a strong influence of the metal-ion radius (r) on
the size of the encaged nitride cluster, and consequently, on
the nitride cluster fullerene formation in terms of at least
production yield and cage-size distribution, was revealed.
For instance, Gd3N@C2n cluster fullerenes exhibit, not only
much lower yields, but also smaller cage-size distribution
(40�n�44) than Tm3N@C2n (38�n�44), primarily be-
cause the r of Gd3+ (0.94 ?) is larger than that of Tm3+


(0.87 ?).[15,18,23] Likewise, other M3N (M=Tb, Ho, Er; r=
0.92, 0.90, and 0.88 ?,[23] respectively) cluster fullerenes
show smaller cage-size distributions than the Tm3N cluster
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fullerene,[4,18] whereas the production of La3N cluster fuller-
enes failed, presumably due to the large r of La3+


(1.06 ?).[9,23] Therefore, a plausible rule may be that the
larger metal-ion radius r (cluster size) results in lower yield
and smaller cage-size distribution for the cluster fullerenes,
although this has yet to be confirmed. Specifically, dysprosi-
um (Dy3+) has a relatively large r (0.91 ?),[23] which is com-
parable to that of Tb3+ and Ho3+ , but much larger than that
of Tm3+ . It would, therefore, be important to investigate
whether the Dy3N cluster fullerenes could be produced, and
whether they would exhibit lower yields and smaller cage-
size distributions, following the rule proposed above, than
the Tm3N cluster fullerenes.


On the other hand, the coexistence of the second isomer
of M3N@C80 (M=Sc, Tm, Gd), showing quite different cage
structure (C80:6 (D5h)) and electronic properties to the first
isomer, has been also demonstrated.[15,18,24,25] Therefore, a
question worth addressing is whether the coexistence of two
cage isomers provides another general rule for the other
M3N@C80 cluster fullerenes. Moreover, because the results
of theoretical studies indicate that there are seven isomers
of the C80 cage that obey the IPR,[21] another intriguing
question is: Does another stable isomeric form of this cage
exist?


Here, we report on the production, isolation, and spectro-
scopic characterization of a novel Dy3N@C80 cluster fuller-
ene, as well as a C80 cage structure of the third isomer that
has never before been reported as a stable endohedral full-
erene structure. HPLC and laser desorption time-of-flight
(LD-TOF) mass spectrometry were used to isolate and iden-
tify the isomeric structures of the Dy3N@C80 cluster fuller-
ene. Electronic properties and band-gaps of the three iso-
mers were investigated by UV-Vis-NIR spectroscopy. The
vibrational structures of the isomers were examined by
using FTIR spectroscopy and compared with the other re-
ported M3N@C80 (M=Sc, Tm, Gd) cluster fullerenes to de-
termine their cage symmetries.


Results and Discussion


Isolation and identification of the three isomers of the
Dy3N@C80 cluster fullerene (1–3): A typical chromatogram
of a fullerene extract mixture is shown in Figure 1a (curve
A), indicating the formation of Dy3N@C2n cluster fullerenes,
which will be discussed below. The chromatogram shows
that 1 and 2 are the main products and 3 is produced in a


much lower yield. These three products can be assigned to
Dy3N@C80, based on the results of mass spectroscopic (MS)
analysis (Figure 2). Because 1–3 have quite different reten-
tion times, but the same molecular formula, it is concluded
that they are different isomeric forms of Dy3N@C80, denoted
as Dy3N@C80 (I), Dy3N@C80 (II), and Dy3N@C80 (III), re-
spectively (see Table 1). At this stage, despite the existence
of the completely novel third isomer 3, it can be confirmed
that the two main isomers of the C80 cage also exist for
Dy3N@C80 and, hence, such a coexistence is proven as a gen-
eral rule for the M3N@C80 cluster fullerene.[15,18,24, 25]


In the fullerene extract, the most abundant product is 1
(tret=33.4 min, Figure 1a). This agrees well with previous
studies of M3N@C2n (M=Sc, Tm) cluster fullerenes, which
revealed the unusually high yield for M3N@C80.


[18,24] Exclud-
ing 2 and 3, the abundance of 1 is approximately 25-times


Figure 1. a) Chromatograms of a Dy3N@C2n fullerene extract mixture (A)
and the isolated isomers of Dy3N@C80, 1 (B), 2 (C), and 3 (D) (linear
combination of two 4.6I250 mm Buckyprep columns; flow rate
1.6 mLmin�1; injection volume 100 ml ; toluene as eluent (mobile phase);
40 8C). The peaks with tret=32.7~54.7 min correspond to Dy3N@C2n


(39�n�44) cluster fullerenes. b) Chromatograms of the three isolated
isomers of Dy3N@C80 1–3, which were run on a Buckyclutcher column
(flow rate 1.0 mLmin�1; injection volume 100 mL; toluene as eluent;
20 8C).


Table 1. Characteristics of the three isolated isomers of the Dy3N@C80 cluster fullerene (1–3).


Product Isomer Retention time tret [min] Purity[a] Onset Band-gap[b] UV-Vis-NIR Color[c]


Buckyprep Buckyclutcher [%] [nm] [eV] absorption peaks [nm]


1 Dy3N@C80 (I) 33.4 22.0 �99 823 1.51 320, 401, 554, 626, 643, 670, 700 orange
2 Dy3N@C80 (II) 35.3 22.0 �98 929 1.33 463, 627, 714 dark yellow
3 Dy3N@C80 (III) 38.2 25.7 �95 948 1.31 429, 557, 673, 735 yellow


[a] Based on integration results of chromatograms recorded from runs on both Buckyprep and Buckyclutcher columns, and LD-TOF mass spectra ob-
tained in positive-ion mode. [b] The band-gap is calculated from the onset (band-gap (eV)�1240/onset (nm)). [c] When dissolved in toluene.
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that of C60 (tret=9.6 min), as estimated from the HPLC peak
intensity. This relative yield of 1 to C60 is much higher than
that of the other M3N@C80 (M=Sc, Y, Gd, Tb, Ho, Er, Tm)
cluster fullerenes reported to date.[4,7–10,13–20,22,24,25] On the
other hand, the abundance of 1 is 65–70% that of all other
fullerenes. This is similar to other M3N@C80 (M=Sc, Y, Tb,
Ho, Er, Tm) cluster fullerenes,[4,18,24] but much higher than
that of Gd3N@C80.


[15,22]


For the second isomer 2 (tret=35.3 min, shoulder peak in
Figure 1a), its relative abundance is approximately 10% of
the entire Dy3N@C80 fraction, comparable to that for
Gd3N@C80 (II), but only half as high as for Sc3N@C80 (II)
and Tm3N@C80 (II).[15,18, 24] However, the third isomer 3
(tret=38.2 min) has a relative abundance of three orders of
magnitude lower than 1, but is still separable. Such a low
yield of 3 suggests that it has a much lower stability and/or


lower formation selectivity than the other two isomers. As 3
has a band-gap comparable to that of 2 (Table 1), which
may generally indicate the stability of fullerene, the lower
formation selectivity of 3 is responsible for its lower yield.
Comparison of the Dy3N@C80 cluster fullerenes with the
other M3N@C80 (M=Sc, Tm, Gd) cluster fullerenes that we
reported previously[15,18,24] revealed that the retention times
of the two isomers of Dy3N@C80 (1, 2) were slightly smaller.
This was because the experimental conditions adopted for
the two different HPLC techniques used gave differences in
isolation performance.


Chemical identities and purities of the isolated isomers of
Dy3N@C80 (1–3) were ascertained from chromatograms of
runs performed on both Buckyprep (curves B–D in Fig-
ure 1a) and Buckyclutcher (Figure 1b) columns, together
with results of LD-TOF MS analysis, as shown in Figure 2a.
The considerably high purity of all three isomers could then
be concluded (Table 1), although 2 and 3 contain small
amounts of other nonseparable fullerenes. A closer compari-
son of the measured isotope distributions for the Dy3N@C80


isomers with the theoretical calculations indicates fairly
good agreement, as demonstrated in Figure 2b, confirming
the proposed chemical signatures. Moreover, 1 and 2 have
equal tret on a Buckyclutcher column, but the tret of 3 on
both Buckyprep and Buckyclutcher columns are much
larger than that of 1 and 2. This suggests differences in their
dipole and/or quadrupole moments,[26] which are caused by
the different charge distributions dependent on the cage
symmetry, as will be discussed below.


Comparison of the Dy3N@C2n cluster fullerenes with other
M3N@C2n (M=Sc, Y, Gd, Tb, Ho, Er, Tm, Lu) cluster fuller-
ene families : Further MS analysis of the fullerene extract in-
dicates the formation of Dy3N@C2n cluster fullerenes with
cages ranging from C76 (n=38) to C98 (n=49). This Dy3N@
C2n (38�n�49) family is much larger than all of the other
M3N@C2n (M=Sc, Y, Gd, Tb, Ho, Er, Tm, Lu) cluster fuller-
ene families reported to date.[4,7–10,13,20,24, 25] The systematic
isolation and detailed characterization of the whole family,
focussing on the dominant fractions with tret of 32.7~
54.7 min (Dy3N@C2n, 39�n�44), will be reported else-
where.[27]


Indeed, the formation of Dy3N@C2n cluster fullerenes
with cages smaller than C80, such as C76 and C78, which are
absent in the Gd3N@C2n family, reveals another remarkable
difference between Dy3N@C2n and Gd3N@C2n cluster fuller-
enes.[27] The cluster size constraint resulting from the large
Gd3N nitride vanishes completely for the Dy3N nitride clus-
ter.[15] By using the common method to estimate the diame-
ter of the M3N cluster (d(M3N)/4r(M3+)),[15,23] it is found
that the Dy3N cluster is only ~0.12 ? smaller than the
Gd3N cluster, but much larger than the Sc3N and Tm3N clus-
ters. In the periodic table, Dy is located between Gd and
Tm for the lanthanide elements, according to atomic
number. It appears that the Dy3N@C80 cluster fullerene re-
sembles Tm3N@C80 more closely than Gd3N@C80, as de-
scribed below.


Figure 2. a) Positive-ion LD-TOF mass spectrum of the three isolated iso-
mers of Dy3N@C80 1–3. The asterisk and open circle represent the nonse-
parable minor impurities of Dy3N@C76 and Dy3@C80, respectively. b) The
measured and calculated isotope distributions of Dy3N@C80 1–3. The
measured isotope distribution is based on the peaks at m/z 1462 shown in
(a), and is the same for 1–3.
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In general, all of these distinct differences reveal the
uniqueness of the Dy3N@C80 cluster fullerene. The plausible
rule proposed earlier—the larger metal-ion radius r (cluster
size) results in lower yield and smaller cage-size distribu-
tion—unambiguously fails for the present case of Dy3N@C2n


cluster fullerenes. Because the same type and strength of
cluster-cage interaction has been concluded for the different
M3N@C80 (M=Sc, Y, Gd, Tb, Ho, Er, Tm) cluster fuller-
enes, and this is assumed to be also applicable for Dy3N@
C80,


[15] it is expected that the cluster-cage interaction plays a
less important role in the relative yields of these cluster full-
erenes than in cluster size (metal-ion radius r) and metal–ni-
trogen bond strength.


Electronic absorption spectra of the three isolated isomers
of the Dy3N@C80 cluster fullerene (1–3): The UV-Vis-NIR
spectra of the three isolated isomers of Dy3N@C80 1–3 dis-
solved in toluene show characteristic electronic absorptions
(Figure 3 and Table 1). Firstly, the optical band-gap could be


estimated according to the onset of the electronic absorption
spectrum.[1,4,7,15,18, 24] Based on the spectral onsets of 823,
929, and 948 nm for 1, 2, and 3, respectively, the band-gaps
of 1–3 are calculated to be 1.51, 1.33, and 1.31 eV, respec-
tively. Assuming the borderline of 1.0 eV to distinguish
large and small band-gap fullerenes,[18,24] we may conclude
that the three isomers of the Dy3N@C80 cluster fullerene,
similar to the other known M3N@C80 (M=Sc, Y, Gd, Tb,
Ho, Er, Tm) cluster fullerenes,[4,15,18, 24] are all large band-gap
materials and electronically stable fullerenes.


Electronic absorptions are due predominantly to p–p*


transitions of the fullerene cage and depend on the structure
and charge state of the cage.[1,4] The HOMO–LUMO transi-
tion of 1 has a doublet structure with absorption maxima at
700 and 670 nm (see inset of Figure 3), and the strongest


visible absorption peak at 401 nm, along with a shoulder
peak at 554 nm. All of these features are quite similar to
those of the other M3N@C80 (I) (M=Sc, Tb, Ho, Y, Er, Tm,
Gd) counterparts,[4,15,18, 24] indicating their identities in the
cage symmetries and electronic structures. Likewise, by
comparing the UV-Vis-NIR spectrum of 2 with the other
corresponding M3N@C80 (II) (M=Sc, Tm) cluster fuller-
enes,[18,24] we see a fairly close resemblance. For instance, 2
exhibits the HOMO–LUMO transition at 714 nm (710 nm
for Tm3N@C80 (II)) and the strongest visible absorption
peak at 463 nm (460 and 426 nm for Tm3N@C80 (II) and
Sc3N@C80 (II), respectively), along with a shoulder peak at
627 nm (625 nm for Tm3N@C80 (II)).[18,24] On the other
hand, 3 exhibits less distinct features than the other two iso-
mers, showing only very weak absorption maxima at 735
and 673 nm, along with two shoulder peaks at 557 and
429 nm. For comparison, there are apparent differences be-
tween the UV-Vis-NIR spectra of 1–3 and that of Dy2@C80


(I), which exhibits weak absorptions at 600 and 688 nm, to-
gether with the NIR absorption at 1133 nm.[28] This rules out
similarities in their electronic structure.


Based on these different absorption properties, the three
isomers of Dy3N@C80 1–3 show quite distinct colors, as clear-
ly illustrated in the inset of Figure 3. In fact, like 1, the
other M3N@C80 (I) (M=Sc, Tb, Ho, Y, Er, Tm, Gd) cluster
fullerenes also have an orange color, due to their specific
absorption bands in the visible region.[4,15,18, 24] The color of 2
(dark yellow) is same as that of Tm3N@C80 (II), but slightly
different to Sc3N@C80 (II) (light brown).[18,24] Isomer 3 is
yellow after dissolving in toluene, much lighter than the
other two isomers.


Cage structure assignment of the three isomers of the
Dy3N@C80 cluster fullerene (1–3) by FT-IR spectroscopy :
As we demonstrated before, infrared spectroscopy is a pow-
erful tool for the structural analysis of fullerenes, not only
due to its high structural sensitivity, but also because of its
higher time resolution compared to NMR spectrosco-
py.[4,8,10, 15,18,24] Figure 4 shows the FTIR spectra of 1 (curve
a) and 2 (curve e), along with their counterparts M3N@C80


(I) (M=Sc, Tm, Gd) (curves b–d) and M3N@C80 (II) (M=


Sc, Tm) (curves f and g) for comparison. The FTIR spec-
trum of 1 shows fewer lines, which are almost identical to
those of the other known M3N@C80 (I) (M=Sc, Tb, Ho, Y,
Er, Tm, Gd) icosahedral structures.[4,8,15,18, 24] A detailed
analysis reveals five groups of tangential cage modes for all
of the C80 (I) isomers, labeled as B, C, D, F, and H, accord-
ing to reference [10], and one strong radial cage mode at
around 500 cm�1.[15,18, 24] Due to these close similarities, 1
(Dy3N@C80 (I)) is assigned to the same fullerene cage as the
other known M3N@C80 (I) (M=Sc, Tb, Ho, Y, Er, Tm, Gd)
cluster fullerenes, that is, C80:7 with Ih symmetry (see Fig-
ure 6b). Such an assignment is strongly supported by results
of the HPLC and UV-Vis-NIR analysis, as described above.


The FTIR spectrum of 2 (Dy3N@C80 (II)) shows a similar
resemblance to that of the known M3N@C80 (II) (M=Sc,
Tm), in terms of all of the characteristic vibrational modes.


Figure 3. UV-Vis-NIR spectra of the three isolated isomers of Dy3N@C80


1–3 dissolved in toluene. The insets show the enlarged spectral range
(550–800 nm) and the photographs of 1–3 dissolved in toluene.
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Therefore, the fullerene cage structure can be unambiguous-
ly identified as C80:6 (D5h) (see Figure 6c).[18,21, 25] On the
other hand, it is noted that the FTIR spectrum of 2 has sig-
natures quite similar to those of 1, although the line-group
splitting for the former isomer is much stronger than for the
latter one.


A closer examination of these FTIR spectra reveals a
noteworthy difference in their most intense, low-energy IR
lines, which can be assigned to the antisymmetric M–N
stretching vibrations of the M3N clusters, due to the compa-
rable intensity and strong metal dependences.[4,15,18,24] For
Dy3N@C80 (I) (1), the strongest low-energy IR line is at
around 702 cm�1, which is almost the same as for Tm3N@C80


(I) (710 cm�1), but much higher than those of Gd3N@C80 (I)
(657 cm�1) and Sc3N@C80 (I) (599 cm�1).[15, 18,24] The antisym-
metric M–N stretching vibrational mode of M3N@C80 (II)
shows the same features. The lower vibrational energy re-
flects a weaker metal–nitrogen bond, which influences
strongly the abundance of cluster fullerene formation.[15] It
is, therefore, reasonable to deduce that Dy3N@C80 resembles
Tm3N@C80 more closely than Gd3N@C80 or Sc3N@C80, based
on the identical antisymmetric M–N stretching vibrations of
the former two, and the dramatic metal-induced down-shifts
of the vibrational frequencies of the latter two (see dotted
lines in Figure 4). This conclusion coincides well with the


relative abundancies of these M3N@C80 structures, as re-
vealed by the chromatograms discussed above.


The FTIR spectrum of the novel third isomer 3 is, howev-
er, quite different from those of the other two isomers, as
shown in Figure 5. Firstly, it can be seen that the antisym-


metric Dy–N stretching vibrational mode (~702 cm�1) of the
Dy3N cluster for 3 is the same as for 1 and 2, although the
intensity is the strongest of all of the cage modes. On the
other hand, the tangential cage modes presented for 1 and 2
are also detected for 3, regardless of the lower intensities, al-
though the strong radial cage mode at around 500 cm�1 is
surprisingly missing (see dashed arrow). Instead, several
new vibrational lines between 750–1700 cm�1 with consider-
ably high intensities appear beyond the usual region for the
tangential cage modes. To confirm this spectrum, a repeated
heat treatment in high vacuum (<10�6 mbar) was conduct-
ed, resulting in an identical spectrum. Therefore, no impuri-
ties of solvents are responsible for these new lines. The ori-
gins of these unusual vibrational modes of the fullerene and
the reason for the disappearance of the typical radial cage
mode are not yet fully understood. These could be elucidat-
ed by group theory calculation and further analysis of the
metal dependence, which should indicate whether such a C80


isomer might also exist for cluster fullerenes based on other
metals. Nevertheless, the detailed analysis reveals that the
total number of infrared active lines in the FTIR spectrum
of 3 is actually comparable to that of 2. Such a small


Figure 4. FTIR spectra of (a) Dy3N@C80 (I), (b) Tm3N@C80 (I), (c)
Gd3N@C80 (I), (d) Sc3N@C80 (I), (e) Dy3N@C80 (II), (f) Tm3N@C80 (II),
and (g) Sc3N@C80 (II) (500 accumulations, 2 cm�1 resolution). The capital
letters refer to the line-group classification introduced in reference [10].
The asterisks and the open circles mark the antisymmetric M–N stretch-
ing vibrational modes and radial cage modes, respectively. The dotted
lines indicate the metal-induced shifts of antisymmetric M–N stretching
vibrational modes.


Figure 5. FTIR spectra of 3 (top trace) and 1–2 (lower traces, copied
from Figure 4). The capital letters, asterisks, and open circles represent
the same features as in Figure 4. The filled circles mark the new vibra-
tional modes, which are absent in the spectra of 1 and 2.
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number of infrared active lines could be interpreted only as
the three C80 cage isomers with highest symmetries, that is,
C80:1, C80:6, and C80:7, based on the selection rules.[18,21, 24]


As the other four cages give significantly more infrared
active lines (from 116 to 178), they could then be exclud-
ed.[18,21,24] Given that C80:7 and C80:6 have already been as-
signed to the two main isomers 1 and 2, C80:1 (D5d)


[21,29] ap-
pears to be the most probable cage structure for 3. With this
assignment, the ellipsoidal cage could account partly for the
larger retention time of 3 than 1 and 2 on both Buckyprep
and Buckyclutcher columns, as mentioned above. Based on
these results, the cage structure of 3 is schematically demon-
strated by the models shown in Figure 6, together with those
of 1 and 2 for comparison, clearly indicating their significant
differences in cage symmetries. To our knowledge, the D5d


isomer was experimentally isolated only for the empty C80


cage, which indicates the reasonably high stability,[29] and no
endohedral fullerenes based on such a cage have been iso-
lated and characterized until now.


Conclusion


For the first time, we have successfully produced three iso-
mers of Dy3N@C80 (1–3) at a high selectivity compared to
the empty fullerenes. The three isomers of Dy3N@C80 1–3
were isolated in high purity and characterized by UV-Vis-
NIR and FTIR spectroscopy. All three are large band-gap
(1.51, 1.33, and 1.31 eV, respectively) materials and can be
classified as very stable fullerenes. Dy3N@C80 (I) (1) is as-
signed to the fullerene cage C80:7 (Ih), whereas Dy3N@C80


(II) (2) has the cage structure of C80:6 (D5h). The most prob-
able cage structure of Dy3N@C80 (III) (3) is proposed to be
C80:1 (D5d), although this is to be confirmed by ongoing
spectroscopic and theoretical investigations. Based on the
analysis of both the relative abundancies and vibrational
structures, it is concluded that Dy3N@C80 bears a closer re-
semblance to Tm3N@C80 than to Gd3N@C80 and Sc3N@C80.
Furthermore, the uniqueness of the Dy3N@C80 cluster fuller-
ene and the strong influence of the metal on the nitride clus-
ter fullerene formation are illustrated by the distinct differ-
ences between Dy3N@C80 and other reported M3N@C80


(M=Sc, Y, Gd, Tb, Ho, Er, Tm) cluster fullerenes. More-
over, because of the feasibility of producing Dy3N@C80 (I)
(1) with the highest relative yield to C60 of all of the other
reported M3N@C80, 1 is particularly promising in potential
applications, such as new contrast agents in magnetic reso-
nance imaging (MRI).


Experimental Section


General procedures for the production of cluster fullerenes by a modified
KrOtschmer–Huffman DC-arc discharging method have been described
elsewhere.[4, 8,15, 18, 24, 27] Briefly, a mixture of Dy2O3 and graphite powders
was pressed into the hole of a graphite rod electrode in a molar ratio of
1:15 (Dy:C). As the source of nitrogen, 20 mbar NH3 was introduced into
the reactor atmosphere of 200 mbar He. After DC-arc discharging, the
soot was collected under ambient conditions and firstly, pre-extracted
with acetone for several hours, followed by the further Soxhlet extraction
by CS2 for 20 h. Cluster fullerene separation was achieved by performing
single-stage HPLC using a Hewlett–Packard instrument (series 1050),
with toluene as the eluent (mobile phase) at the flow rate of
1.6 mLmin�1. A linear combination of two analytical 4.6I250 mm Bucky-
prep columns (Nacalai Tesque, Japan) was applied to separate the three
Dy3N@C80 isomers. A UV detector set to 320 nm was used for fullerene
detection.


The purity of the isolated products was further checked by performing
HPLC using a 10I250 mm Buckyclutcher column (Regis, USA) applying
a flow rate of 1.0 mLmin�1, followed by LD-TOF MS analysis in both
positive- and negative-ion modes (Biflex III, Bruker, Germany).


UV-Vis-NIR spectra of the three isolated isomers of Dy3N@C80 1–3 dis-
solved in toluene were recorded by using a UV-Vis-NIR 3101-PC spec-
trometer (Shimadzu, Japan) at 1 nm resolution, and a quartz cell of 1 mm
path length. For FTIR measurements, the three Dy3N@C80 isomers were
drop-coated onto KBr single crystal disks. The residual toluene was re-
moved by heating the polycrystalline films in a vacuum of 2I10�6 mbar
at 235 8C for 3 h. The FTIR spectra were recorded at room temperature
by using an IFS 66v spectrometer (Bruker, Germany).


Figure 6. a) Schematic structure model of 3 (D5d) in two views. left: top
view along the main C5 axis, assuming that one Dy atom locates on the
C5 axis; right: front view. Structure models of 1 (Ih) (b) and 2 (D5h) (c)
are shown for comparison. The Dy and C atoms are drawn in red and
grey, respectively. The N atoms are hidden by the central C or Dy atoms.
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Extremely Base-Resistant Organic Phosphazenium Cations
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Manfred Keller[a]


Introduction


Lipophilic organic cations in molar or catalytic amounts are
indispensable auxiliaries for solubilization of anionic re-
agents in organic media. The catalytic application, phase-
transfer catalysis, has become an essential methodology par-
ticularly for industrial processes.[1] Among these the most
important processes are base catalyzed and often utilize
aqueous alkali hydroxides as second phase. A vast variety of
organic cations has been used as catalysts for such reactions,
but conventional organic cations have limited base resist-
ance. This instability can be due to Hofmann degrada-
tion,[2–4] nucleophilic dealkylation,[4,5] Sommelet–Hauser re-
arrangement, or benzylic deprotonation with subsequent
Stevens rearrangement in the case of quaternary ammonium
ions[6] or by hydrolysis in the case of bis(triphenylphospha-
ne)iminium ion,[4] tetraphenylarsonium[4] and -phosphonium


ions[7] (Table 1), tetraalkylphosphonium,[3,7, 8] and N-alkyl-4-
dialkylaminopyridinium ions.[4]


In context with our work on extremely strong uncharged
bases we[9–11] and others[4,12–15] learnt about the unique stabil-
ity of polyaminophosphazenium cations under basic condi-
tions. In this paper we detail our longstanding efforts to
identify or develop phosphazenium cations with maximum
base resistance.


Results and Discussion


A survey of phosphazenium ions to be discussed in this
paper is given in Figure 1. The parameters considered were
the size of the conjugated system and the nature of the alkyl
substituents on nitrogen atoms.


Keywords: cations · phase-transfer
catalysis · phosphazenes ·
phosphorus


Abstract: A series of peralkylated polyaminophosphazenium cations exhibiting ex-
traordinary base resistance under phase-transfer conditions were efficiently synthe-
sized from readily available starting materials. Their half lives under these condi-
tions exceed those of the most stable conventional organic cations by factors of up
to 3000.
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Table 1. Half lives of phase transfer catalysts in 50% NaOH/chloroben-
zene at 100 8C.


Entry Compound t1=2 [h]


1 Bu4P
+Cl� 0.08/20 8C[4]


2 Ph4As+Cl� 2/20 8C[a]


3 Ph3PNPPh3
+Cl� 1.1/20 8C[a]


4 Bu4N
+Cl� 0.33


5 1a·Cl 0.33
6 1b·Cl 0.9
7 1e·Cl 67
8 1 f·Cl 6
9 2a·Cl 8 (9[4])
10 2b·Cl 21
11 2c·Cl 7
12 2d·Cl 8
13 3·Cl 3.7
14 4a·Cl 33/110 8C
15 4b·Cl 477/110 8C


[a] CH2Cl2 as solvent.
[4]
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For the conception of phosphazenium ions of maximum
base resistance it is essential to know their potential paths
of decay. For tetrakis(dialkylamino)phosphonium ions 1+


four such paths have been observed (Scheme 1):[16]


1) Hofmann degradation.
2) Nucleophilic substitution on (alkyl-)carbon.


3) b-Elimination with formation of an imine and a phos-
phorous acid amide.


4) Hydrolysis by attack of hydroxide at the phosphorus
atom.


It was reasonable to assume that the ease of decay of per-
alkylated polyaminophosphazenium ions like 1+ , 2+ , 3+ ,


and 4+ correlates with the
degree of charge delocalization
(hence with the base strength
of the product of dealkylation
by means of path 1 or 2), as in
all four modes of decay merely
complete loss of the cationic
resonance in the rate-limiting
step is involved. The rate of
decay in path 4 also depends on
steric shielding at the phospho-
rus nuclei. The relative impor-
tance of the two factors was, a
priori, not evident.
To evaluate the influence of


the size of the conjugated
system we first investigated the
stabilities within the series of
permethylated cations 1a+, 2a+,
3+, and 4a+.


Figure 1. Phosphazenium ions and their structures described in this paper derived from molecular modeling studies.


Scheme 1. Modes of decay of peralkylated tetraaminophosphonium cations (paths 1–4).
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Permethylated systems : The P1 cation 1a+ [17,18] has long
been known, yet prepared rather inefficiently. An improved
synthesis from our lab has been reported.[19]


For 2a+ [20] we envisioned an improvement of our original
route (Scheme 2)[9] through the coupling of 5·BF4


[21] and
6a,[11,18, 22,23] now starting with the readily available perchloro-
diphosphazenium salt 7·PCl6.


[24,26,27]


For the exchange of the PCl6
� ion in 7·PCl6 there is no


straight forward protocol.[28] We thus had to settle with the
fact that aminolysis also produced equimolar amounts of the
corresponding P1 cations 1


+ . For a one-pot conversion a sol-
vent was needed that is stable to PCl5 as well as secondary
amines. Reaction of PCl5 with NH4Cl in a 3:1 molar ratio in
MeNO2 furnished 7·PCl6, which on reaction with dimethyla-
mine provided 2a+ as the BF4


� salt in good yield together
with two unexpected products, HMPA and 8·BF4.


[25] When
PCl5 was used instead of 7·PCl6 the 8


+ ion was also formed
and presumably arises from a cascade reaction of MeNO2


with 5+ involving a fulminate!cyanate rearrangement,[29]


possibly via a tris(dimethylamino)isocyanatophosphonium
ion as intermediate.[20]


Because of literature reports on the potentially explosive
nature of MeNO2 in presence of strong Lewis acids, the ex-
plosive nature of fulminates, and the environmental con-
cerns about HMPA as a molar byproduct, this one-pot pro-
tocol was rejected in favor of a two-step alternative with
POCl3 as solvent for the first step.


[24,27] Taking off the solvent
in vacuo, aminolysis of 7·PCl6 in chlorobenzene and treat-
ment with NH4BF4 afforded 2a·BF4 together with 1a·BF4,
from which 2a·BF4 can be separated readily by crystalliza-
tion.
The P3 and P5 systems 3·BF4 and 4a·BF4, respectively,


could be obtained through the coupling of 6a and 9·BF4
[11]


and through the reaction of 6a with PCl5 in chlorobenzene


followed by anion exchange with NH4BF4, respectively
(Scheme 3).


The stability of the phosphazenium cations 1a+ , 2a+ , 3+ ,
and 4a+ was evaluated by determining their half lives as
chlorides in the system 50% NaOH/chlorobenzene at 100 8C
(Table 1). The order of increasing stability is P1


+<P3
+<P2


+


<P5
+ (entries 5, 9, 13, 14), with 1a+ already being as stable


as Bu4N
+ . Except for P3


+<P2
+ , this is the order of increas-


ing resonance.


Pyrollidinyl-substituted systems : Substitution of the dime-
thylamino groups for 1-pyrrolidinyl groups enhances the ba-
sicity of phosphazene bases by some 1.5 pK units[10,11] and
should, therefore, improve the stability of cations by en-
hancing resonance. On the other hand, this substitution
allows for the competition by Hofmann degradation and,
due to reduction of the C-N-C angle, possibly reduces steric
shielding of the phosphorus nuclei against attack by hydrox-
ide (path 4). Due to the relatively low stability of 3+ , only
the 1a+ , 2a+ , and 4a+ ions were modified. The ions 1b+ [30]


and 2b+ were synthesized in excellent yields in analogy to
the permethylated systems. Ion 4b+ was synthesized from
6b.[11] It turned out, that 1b+ , 2b+ , and 4b+ are more stable
than the appropriate methylated system by factors of 2.7 to
15 (Table 1).


Piperidinyl-substituted systems : Substitution of dimethyl-
amino groups by 1-piperidinyl groups in the P2 system
(2c+), unexpectedly, did not enhance stability.
To impede Hofmann degradation in 2c+ , methyl groups


were introduced by reaction of 7·PCl6 with cis-3,5-dimethyl-
piperidine. These methyl groups in 2d+ enforce either syn-
elimination or anti-elimination from a ring-inverted con-
former with two axial methyl groups (Scheme 4). The latter
path would cost some 6 kcalmol�1 of conformational energy
according to force-field modeling studies.


Scheme 2. Syntheses of 2·BF4.


Scheme 3. Syntheses of 3·BF4 and 4·BF4.
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Experimentally the methyl groups had no significant influ-
ence on the stability towards aqueous NaOH (Table 1), indi-
cating that in phosphazenium ions with two or more phos-
phorus atoms the Hofmann degradation (path 1) is not dom-
inant in the destruction of the cations by hydroxide. In fact,
according to modeling studies (Figure 1) the additional
methyl groups in 2d+ do not significantly enhance steric
shielding at phosphorus atom relative to 2c+ .


sec-Alkyl-substituted systems : If in fact path 4 governs the
decay, sec-alkyl groups provide better steric protection from
degradation. Cyclohexyl-substituted phosphazenium cations
again would have to either undergo syn-elimination or
switch to anti-elimination from an energetically disfavored
ring-inverted conformer with axial leaving group
(Scheme 5).


In the series of quaternary ammonium ions this concept
has so far not been rewarding; the extremely crowded tricy-
clohexylmethylammonium ion is less stable towards bases
than a tetra-N-alkylammonium ion.[4] The much higher re-
lease of steric energy in the transition state of the Hofmann
degradation of the former presumably outbalances confor-
mational effects.
As the Hofmann degradation is not dominant under


phase-transfer conditions in systems with two (or more)
phosphorus atoms, we envisioned being able to apply this
concept to the more readily available P1 systems. As a P1


cation with four dicyclohexylamino substituents seemed in-
accessible for steric reasons, 1e+ with four cyclohexyl-
(methyl)amino substituents was the next target.
The synthesis of 10a·I has already been reported.[31a] We


utilized a modified protocol with improved yield. Ion 1e+


proved to be very easily obtainable by means of phase-trans-
fer methylation of 10a·BF4 (Scheme 6).


According to modeling studies, the ion 1e+ can occur in
three nearly isoenergetic symmetrical conformations (within
1.8 kcalmol�1; Figure 2).


In all the conformers the nitrogen atoms are in equatorial
positions. One nitrogen atom in an axial position should
raise the energy by some 5 kcalmol�1. The total release of
strain on Hofmann degradation of conformer S4(I) was pre-
dicted to be only approximately 8–9 kcalmol�1, so that the
much lower release of steric strain in the transition state
should probably not outbalance the unfortunate conforma-
tional prerequisites.
X-ray analyses of 1e·BF4 (Figure 3), 1e·PF6, and


1e·O3SC4F9
[32] provided further insight into the conforma-


tional situation. In all three salts the same low-energy S4(I)
conformation depicted in Figure 2 is met. In contrast to the
structure derived from molecular modeling studies, the tet-
rahedral geometry around the phosphorus atom is slightly
distorted with two N-P-N angles at 110.8–112.18 and two at
104.3–105.48.
In fact, although only a P1 system, 1e+ turned out to be


extremely stable under phase-transfer conditions; it is com-
parable to the P5 system 4a+ and is only beaten by 4b+ .


Scheme 4. Conformational preequilibrium for the Hofmann elimination
in cis-3,5-dimethylpiperidinyl-substituted phosphazenium cations.


Scheme 5. Conformational prerequisites for the Hofmann elimination in
sec-alkyl(methyl)aminophosphonium cations 1e,f+ .


Scheme 6. Synthesis of 1e,f·BF4.


Figure 2. Low-energy conformations derived from molecular modeling
studies of 1e+ in the order of increasing energy.
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In the isopropyl-substituted ion 1 f+ , synthesized analo-
gously from 10b·I,[31] anti-periplanar N-C-C-H alignments
are present in all conformers (Scheme 5). In 1 f+ , the calcu-
lated energy window of the three conformers is only
1.3 kcalmol�1 with the same sequence as in 1e+ . X-ray anal-
ysis of 1 f·BF4 confirms the preference of 1 f+ for the S4(I)-
conformation (Figure 4).


Indeed, 1 f+ (Table 1) turned out clearly less stable than
1e+ .


Conclusion


The novel phosphazenium ions offer several advantages as
counterions particularly in reactions with strongly basic and/
or strongly nucleophilic anions. These advantages include:


1) Greatly enhanced stability towards aqueous base.
2) High anionic reactivity due to comparatively weak short-


range cation–anion interactions (e.g. like hydrogen
bridges in Bu4N


+ [33])
3) With respect to a given molecular weight the compara-


tively spherical shape of the novel cations (e.g. versus
Bu4N


+ , see Figure 1) leads to a maximized cation–anion
separation in the ion pairs and thus improves anion reac-
tivities for electrostatic reasons.


In particular, ball-shaped 4a+ has already found broad
application.[13–15,34] A number of the described cations have
been evaluated as counterions for the generation of anhy-
drous fluoride salts.[35]


Experimental Section


General : Melting points (m.p.; uncorrected): Apparatus Dr. Tottoli and
Bock Monoscop M; IR: Perkin–Elmer 457 and Philips PU 9706 spec-
trometers; elemental analyses: Perkin–Elmer Elemental Analyzer 240;
1H NMR (internal standards TMS= tetramethylsilane): 90 MHz Varian
CM 390, 250 MHz Bruker AC 250, and 400 MHz Bruker AM 400 spec-
trometer; 13C NMR (internal standard TMS): 25.2 MHz Bruker WP 80
and 100.6 MHz Bruker AM 400 spectrometer; 31P NMR (external stan-
dard): Bruker AM 400 spectrometer. MM2-based modeling studies were
performed with PCModel 8.5 with additional parameters gained by fitting
to X-ray structures.


MeCN was purchased from Fluka Chemie AG (Switzerland) and stored
over molecular sieves 3 M, H2O content <0.001%.


Aqueous NH3, powdered charcoal, Na2O, NaOH, NaCl, Na2SO4,
NaBPh4, NaBF4, NH4BF4, KI, MgSO4, BaO, H3PO4, EtOH, EtOAc,
MeOAc, iPrOAc, and Me2CO were used as purchased from Fluka
Chemie AG (Switzerland). KCl and PCl5 were used as purchased from
Riedel-deHaNn. 70% aqueous EtNH2 was used as purchased from
Merck/Darmstadt. POCl3 was distilled under N2; MeNO2 was distilled
from CaCl2 and stored over molecular sieves 3 M; CH2Cl2 and PhCl,
specified as “absolute” were distilled over P2O5 and stored over molecu-
lar sieves 3 M; EtCN was stirred over KMnO4 until the violet color per-
sisted, filtered and distilled over P2O5; other solvents were purified by
simple distillation; NEt3 was first distilled from p-toluenesulfonyl chlo-
ride (ca. 2 mol-%), then over Na2O or BaO; pyrrolidine, piperidine, gas-
eous amines, and NH3 were distilled or passed over Na2O or BaO; MeI
was distilled and stored over 4 M molecular sieves. NH4Cl was dried in
high vacuum for 1 h at 50 8C.


Tetrakis(cyclohexylamino)phosphonium iodide (10a·I)[31a] and tetrakis-
(cyclohexylamino)phosphonium tetrafluoroborate (10a·BF4): Cyclohexyl-
amine (54.56 g, 550 mmol) was dissolved in absolute CH2Cl2 (125 mL)
and cooled to �40 8C. With cooling in a dry-ice bath, PCl5 (11.45 g,
55 mmol) was added at such a rate that the temperature did not exceed
�30 8C. The mixture was then allowed to warm to room temperature
until all PCl5 had dissolved. It was then gradually heated to reflux, held
at reflux for 4 h, and cooled to room temperature. The solvent was re-
moved, the residue was dissolved in H2O/MeOH 2:1 (ca. 750 mL), KI
(10.0 g, 60 mmol) in H2O (20 mL) was added, and the was mixture kept
at 4 8C for 20 h. The precipitate was isolated by suction, washed with a
small amount of H2O/MeOH 2:1 at �4 8C, and dried in high vacuum, af-
fording colorless crystals (27.5 g, 90%). M.p. 256 8C; 1H NMR (250 MHz,
CDCl3, 30 8C, TMS): d=1.02–2.11 (m, 40H; CH2), 3.04 (m, 4H; CH),
4.18 ppm (m, 4H; NH).


10a·BF4 : 10a·I was dissolved in CH2Cl2 and shaken three times with a
twofold excess of saturated aqueous NaBF4. The organic layer was dried
with MgSO4 and the solvent was removed in vacuo, affording a crystal-


Figure 3. X-ray crystal structure of 1e·BF4.


Figure 4. X-ray crystal structure of 1 f·BF4.
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line residue (m.p. 222 8C). The 1H NMR spectrum corresponded to that
of 10a·I.


Tetrakis[cyclohexyl(methyl)amino]phosphonium tetrafluoroborate
(1e·BF4): In a two-necked 500 mL flask with dropping funnel and reflux
condenser chlorobenzene (100 mL) and 50% aqueous NaOH (100 mL)
were added to 10a·BF4 (15.0 g, 29.0 mmol). Dimethyl sulfate (18.53 g,
147 mmol) was added with vigorous stirring, whereby the mixture
warmed up to boiling temperature and 10a·BF4 dissolved completely.
After 12 h of stirring, the mixture was quenched with H2O (200 mL), the
organic phase was diluted with CH2Cl2 (100 mL) and separated, and the
aqueous phase was extracted once with CH2Cl2 (100 mL). The combined
organic phases were dried over MgSO4 and the solvent was removed in
vacuo. Recrystallization from iPrOH afforded colorless crystals (14.65 g,
88%). M.p. 315 8C (decomp); 1H NMR (250 MHz, CDCl3, 30 8C, TMS):
d=1.00–2.00 (m, 40H; CH2), 2.68 (d, 3J(P,H)=10 Hz, 12H; CH3),
3.01 ppm (m, 4H; CH); 31P NMR (202 MHz, CDCl3, 30 8C, 85% H3PO4):
d=45.9 ppm (s); IR (KBr): ñ=2934 (s), 2861 (s), 1475 (s), 1454 (m),
1386 (w), 1276 (m), 1223 (m), 1171 (m), 1150 (m), 1087 (vs), 1050 (vs),
1008 (vs), 977 (vs), 898 (w), 856 (w), 819 (w), 609 cm�1 (w); elemental
analysis calcd (%) for C28H56N4BF4P (566.6): C 59.36, H 9.96, N 9.89;
found: C 59.16, H 9.84, N 9.87.


X-ray structures of 1e·BF4, 1e·PF6, and 1 f·BF4 : Suitable crystals of
1e·BF4 were obtained by slowly cooling a hot saturated solution of the
salt in iPrOH. Suitable crystals of 1e·PF6 were obtained by slow evapora-
tion of a saturated solution of the salt in Me2CO. Suitable crystals of
1 f·BF4 were obtained by slowly cooling a hot saturated solution of the
salt in iPrOH/H2O. Radiation: MoKa wavelength 0.71073 M; absorption
correction: semiempirical from equivalents. The structures were solved
with SIR97[36] and refined with full-matrix least-squares methods on F2


with SHELXL-97.[37] Details of the data collection and refinement are
given in Table 2. The coordinates of the H atoms were calculated in ide-
alized positions and refined in a riding model. CCDC-270539 (1 f·BF4),


CCDC-270540 (1e·PF6), and CCDC-270541 (1e·BF4) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


1,1,1,3,3,3-Hexakis(dimethylamino)-1l5,3l5-diphosphazenium tetrafluoro-
borate (2a·BF4) and tetrakis(dimethylamino)phosphonium tetrafluorobo-
rate (1a·BF4)


Method 1: see reference [24]: Yield 103–127 g, 72–89%; IR (KBr): ñ=
3056, 2900, 2854, 2808, 2350, 2036, 1814, 1756, 1663, 1638, 1617, 1559,
1491, 1466, 1417, 1395, 1297, 1179, 1095, 1067, 1053, 981, 741, 631 cm�1;
elemental analysis calcd (%) for C12H36N7BF4P2 (427.2): C 33.74, H 8.49,
N 22.55; found: C 33.85, H 8.50, N 22.78.


For the isolation of 1a·BF4, a solution of NaBF4 (66 g, 0.60 mol) in H2O
(300 mL) was added with vigorous stirring to the combined aqueous
phases from which the salts of 2a+ were extracted. The solvent was
evaporated to dryness, and the residue was extracted with CH2Cl2 and fil-
tered from inorganic salts. The solvent was again evaporated to dryness
and the crude product was recrystallized from EtOH, yielding colorless
crystals (58 g, 60%); m.p. >260 8C.


Methods 2 and 3 : see the Supporting Information.


[Bis(dimethylamino)methyleneimino]tris(dimethylamino)phosphonium
tetrafluoroborate (8·BF4) (potentially hazardous): A slurry of PCl5
(20.8 g, 0.100 mol) in MeNO2 (50 mL) was prepared. Under N2 and cool-
ing with an ice bath, Me2NH (45 g, 1.00 mol) was passed into the solution
at such a rate that the temperature did not exceed 10 8C. The mixture
was then stirred for 2 h at room temperature and set aside for 7 d. Excess
Me2NH and MeNO2 were removed in vacuo at 30 8C bath temperature
and the residue was dried in high vacuum. The residue was dissolved in
ice/H2O (50 mL), and NaBF4 (20.0 g, 0.18 mol) dissolved in H2O (50 mL)
was added. The mixture was extracted with CH2Cl2 (3S50 mL), the com-
bined organic phases were concentrated in vacuo, dried in high vacuum,
digested several times with iPrOAc, and once more dried in high


vacuum, affording colorless needles
(12.1 g, 33%). M.p. 91 8C; 1H NMR
(250 MHz, CDCl3, 30 8C, TMS): d=


2.73 (d, 3J(P,H)=10.5 Hz, 18H; PN-
(CH3)3), 2.99 ppm (d, 5J(P,H)=0.5 Hz,
12H; CN(CH3)2); IR (KBr): ñ=3450,
2928, 1656, 1546, 1478, 1422, 1406,
1389, 1295, 1181, 1084, 988, 934, 761,
687 cm�1; elemental analysis calcd (%)
for C11H30N6BF4P (364.2): C 36.28, H
8.30, N 23.07; found: C 35.53, H 8.13,
N 22.34. As the purification of 8·BF4


proved troublesome (no suitable sol-
vent for recrystallization was found)
the corresponding PF6


� and BPh4
�


salts (see the Supporting Information)
were prepared.


1,1,1,3,3,3-Hexa-1-pyrrolidinyl-1l5,3l5-
diphosphazenium tetrafluoroborate
(2b·BF4) and tetra-1-pyrrolidinylphos-
phonium tetrafluoroborate (1b·BF4):
A slurry of 7·PCl6 (from 0.333 mol of
NH4Cl


[24]) in absolute chlorobenzene
(300 mL) was prepared. At �20 8C
(dry-ice bath) pyrrolidine (570 g,
8.00 mol) was added with vigorous me-
chanical stirring. The mixture was then
allowed to warm to room temperature,
and was stirred for 1 h at room tem-
perature and then for 1 h at 60 8C.
NaBF4 (36.7 g, 0.334 mol) in H2O
(500 mL) was added with vigorous stir-
ring. The organic phase was separated
and the aqueous phase (kept for isola-
tion of 1b·BF4) was extracted once
with chlorobenzene (100 mL). The


Table 2. Experimental details and results of the X-ray diffraction analyses of the compounds 1e·BF4, 1e·PF6,
and 1e·BF4.


1e·BF4 1e·PF6 1 f·BF4


formula C28H56N4BF4P C28H56N4F6P2 C16H40N4BF4P
Mr 566.55 624.71 406.30
T [K] 100 (2) 100 (2) 100 (2) K
crystal system
space group


tetragonal
I4


tetragonal
I4


orthorhombic
Pna21


a [M] 11.4833 (2) 11.6343 (2) 19.0700 (3)
b [M] 11.4833 (2) 11.6343 (2) 8.6740 (3)
c [M] 12.0802 (3) 12.0541 (2) 13.5409 (3)
V [M3] 1592.97 (6) 1631.61(7) 2239.84 (10)
Z/1calcd [gcm


�3] 2/1.181 2/1.272 4, 1.205
m [mm�1] 0.133 0.192 0.163
F(000) 616 672 880
crystal size [mm] 0.35S0.3S0.22 0.4S0.4S0.2 0.50S0.40S0.10
q range [8] 2.45–27.47 2.43–27.44 2.14–27.48
index range �14�h�14 �15�h�15 �24�h�24


�14�k�14 �15�k�15 �11�k�11
�14� l�15 �15� l�15 �17� l�17


reflections collected 7887/1830 7958/1858 19116/4379
[R(int)=0.0266] [R(int)=0.0239] [R(int)=0.0371]


completeness 100% (q=25.008) 99.9% (q=27.448) 99.9%
max/min transmission 0.968/0.927 0.967/0.880 0.979/0.859
data/restraints/parameters 1830/0/142 1858/0/147 4379/1/247
goodness of fit on F2 1.079 1.088 1.044
final R indices [I>2s] R1=0.0258


wR2=0.0662
R1=0.0242
wR2=0.0628


R1=0.0284
wR2=0.0779


R indices all data R1=0.0289
wR2=0.0674


R1=0.0247
wR2=0.0632


R1=0.0351
wR2=0.0812


absolute structure parameter �0.09 (8) 0.01 (7) �0.03 (7)
largest difference peak/hole [eM�3] 0.228/�0.320 0.163/�0.348 0.379/�0.540
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combined organic phases were dried over Na2SO4 and concentrated in
vacuo. The crude product was recrystallized once from MeOH/H2O 1:2
(750 mL, mother liquor kept for isolation of 1b·BF4) and twice from
EtOAc (450 mL), to afford 148 g (84%) of colorless crystals. M.p. 153 8C;
1H NMR (250 MHz, CDCl3, 30 8C, TMS): d=1.85–1.93 (m, 24H;
NCH2CH2), 3.06–3.17 ppm (m, 24H; NCH2CH2); IR (KBr): ñ=2954
(CH), 2870, 1640, 1512, 1490 (N-CH3), 1457, 1362, 1342, 1293 (BF), 1278,
1238, 1202, 1120, 1081, 1048, 1014 (NC), 911, 868, 761 cm�1; elemental
analysis calcd (%) for C24H48N7BF4P2 (583.5): C 49.41, H 8.29, N 16.80;
found: C 49.41, H 8.24, N 16.68.


Salt 1b·BF4 : The two aqueous phases were combined, and NaBF4 (36.7 g,
0.334 mmol) dissolved in H2O (100 mL) was added; the mixture was ex-
tracted twice with CH2Cl2 (2S200 mL). The solvent was removed in
vacuo and the residue was dried in high vacuum. Recrystallization from
EtOAc afforded colorless crystals (118 g, 90%). M.p. 158 8C; 1H NMR
(250 MHz, CDCl3, 30 8C, TMS): d=1.98 (m, 16H; NCH2CH2), 3.25 ppm
(m, 16H; NCH2CH2);


13C NMR (100.6 MHz, CDCl3, 30 8C, TMS): d=
26.2 (NCH2CH2), 47.2 ppm (NCH2CH2); IR (KBr): ñ=2950, 2858, 1478,
1457, 1338, 1292, 1248, 1204, 1114, 1047, 907, 869, 763 cm�1; elemental
analysis calcd (%) for C16H32N4BF4P (398.2): C 48.26, H 8.10, N 14.07;
found: C 48.13, H 8.01, N 13.95.


1,1,1,3,3,3-Hexa-1-piperidinyl-1l5,3l5-diphosphazenium tetrafluoroborate
(2c·BF4): A slurry of 7·PCl6 (from 0.167 mol of NH4Cl


[24]) in absolute
chlorobenzene (400 mL) was prepared. Piperidine (340 g, 4.00 mol) was
added with vigorous mechanical stirring at such a rate that the tempera-
ture did not exceed 0 8C (dry-ice bath). Then the mixture was allowed to
warm to room temperature and kept for 5 d. The solvent was evaporated
in vacuo and traces of chlorobenzene and excess piperidine were re-
moved azeotropically with a small amount of H2O. The product was dis-
solved in MeOH (500 mL), and cleared with powdered charcoal. NaBF4


(36.7 g, 0.334 mol) in H2O (500 mL) was then added with vigorous stir-
ring, and MeOH was removed in vacuo until crystallization occurred.
The crystals were collected by suction, and the crude product was recrys-
tallized once from Me2CO/EtOAc 3:1, to afford colorless crystals (96 g,
87%). M.p. 225 8C (decomp); 1H NMR (250 MHz, CDCl3, 30 8C, TMS):
d=1.56 (m, 24H; NCH2CH2), 1.64 (m, 12H; NCH2CH2CH2), 3.04 ppm
(m, 24H; NCH2CH2); IR (KBr): ñ=2916, 2836, 1446, 1393, 1351, 1275,
1203, 1157, 1109, 1068, 1021, 952, 852, 718, 658 cm�1; elemental analysis
calcd (%) for C24H48N7BF4P2 (667.6): C 53.97, H 9.06, N 14.63; found: C
53.96, H 9.03, N 14.58.


cis-3,5-Dimethylpiperidine : see the Supporting Information.


1,1,1,3,3,3-Hexakis[1-(cis-3,5-dimethylpiperidinyl)]-1l5,3l5-diphosphaze-
nium tetrafluoroborate (2d·BF4): A slurry of 7·PCl6 (21.76 mmol of crude
product[24]) in absolute chlorobenzene (20 mL) was prepared. At �40 8C,
cis-3,5-dimethylpiperidine (26.56 g, 0.237 mol) and NEt3 (22.01 g,
0.217 mol) were then successively added at such a rate that the tempera-
ture did not exceed �20 8C. The mixture was then slowly warmed to
reflux. After refluxing for 12 h the mixture was cooled to room tempera-
ture, and the solvent was removed in vacuo. A solution of NaBF4 (4.0 g,
36 mmol) in H2O (150 mL) was added, and the mixture was extracted
with CH2Cl2 (3S100 mL). The combined organic phases were concentrat-
ed in vacuo, and the residue was dried in high vacuum and recrystallized
from aqueous EtNH2 (ca. 0.5 L, 70%) to give colorless crystals (4.0 g,
33%). M.p. 215 8C (decomp); 1H NMR (250 MHz, CDCl3, 30 8C, TMS):
d=0.75 (dt, 2J(4,4)=13.1 Hz, 3J(4,3/5)=11.8 Hz, 6H; 4-H), 0.90 (d, 3J(3/
5,CH3)=6.4 Hz, 36H; CH3), 1.52 (m, 12H; 3-,5-H), 1.88 (dt, 6H; 4-H),
2.15 (dd, 2J(2/6,2/6)=11.3 Hz, 3J(2/6,3/5)=12.2 Hz, 12H; 2-,6-H),
3.27 ppm (dd, 3J(2/6,3/5)=4.9 Hz, 12H; 2-,6-H); 13C NMR (100 MHz,
CDCl3, 30 8C, TMS): d=19.1 (CH3), 32.0 (d, 3J(2/6,3/5)=4.9 Hz, CH),
32.1 (CH), 41.9 (g-CH2), 52.5 ppm (a-CH2);


31P NMR (202 MHz, CDCl3,
30 8C, 85% H3PO4): d=7.7 ppm (s); IR (KBr): ñ=2948 (s, br), 2868 (s,
br), 1461 (m), 1390 (m, br) 1352 (s), 1290 (w), 1190 (s), 1164 (m), 1128 (s,
br), 1088 (m), 1051 (vs), 1037 (s, br), 952 (m), 929 (m), 851 (m), 800 (m),
747 cm�1 (w); elemental analysis calcd (%) for C42H84N7BF4P2 (835.9): C
60.35, H 10.13, N 11.73; found: C 60.39, H 9.98, N 11.73.


1,1,1,3,3,5,5,5-Octakis(dimethylamino)-1l5,3l5,5l5-triphosphazadienium
tetraphenylborate (3·BPh4): Salt 9·BF4


[11] (9.7 g, 23.0 mmol) dissolved in
absolute chlorobenzene (10 mL) was added to a solution of 6a (10.2 g,


57.3 mmol) in absolute chlorobenzene (10 mL) at such a rate that the
temperature did not exceed 0 8C (ice/NaCl bath). Then the mixture was
allowed to warm to room temperature, was stirred for 1 h at this temper-
ature and then was heated to 110 8C. After 3 h the mixture was cooled,
the solvent was removed in vacuo, and the residue was dried in high
vacuum. The resulting oil was dissolved in MeOH (100 mL) and a solu-
tion of NaBPh4 (10 g) in MeOH (100 mL) was added. Brownish crystals
were collected by suction and recrystallized three times from MeOH, to
afford colorless crystals (9.6 g, 56%). M.p. 120 8C; 1H NMR (250 MHz,
CDCl3, 30 8C, TMS): d=2.55 (d, 3J(P,H)=10.5 Hz, 12H; 3-CH3), 2.59 (d,
3J(P,H)=10.5 Hz, 36H; 1, 5-CH3), 6.90 (t,


3J(p-H,m-H)=7 Hz, 1H; Ar-p-
H), 7.06 (t, 3J(o-H,m-H)=7 Hz, 1H; Ar-o-H), 7.44 ppm (brm, 2H; Ar-
m-H); IR (KBr): ñ=3044, 2992, 2924, 2800, 1932, 1803, 1753, 1574, 1475,
1448, 1353, 1318, 1287, 1185, 1061, 1028, 982, 839, 796, 736, 727, 702,
650 cm�1; elemental analysis calcd (%) for C40H68N10BP3 (792.8): C 60.60,
H 8.65, N 17.67; found: C 60.62, H 8.58, N 17.56.


1,1,1,3,3,5,5,5-Octakis(dimethylamino)-1l5,3l5,5l5-triphosphazadienium
tetrafluoroborate (3·BF4): A slurry of 3·BPh4 (9.00 g, 11.3 mmol) in
MeOH (100 mL) was prepared, and Lewatit M500 (50 g, strongly basic
anion exchange resin, Cl� form) was added. The mixture was stirred by
rotating the flask on a rotary evaporator (without vacuum) until the salt
had dissolved (ca. 12 h). The resin was filtered off and washed with
MeOH, and the filtrate was concentrated in vacuo. After dissolving in
H2O (100 mL) and clearing with powdered charcoal, a solution of NaBF4


(2.0 g, 18 mmol) in H2O (50 mL) was added. Precipitated 3·BF4 was iso-
lated by suction, dried in high vacuum, and recrystallized from ethyl piva-
late (crystallized at �100 8C), to afford colorless crystals (3.9 g, 62%).
M.p. 205 8C; 1H NMR (250 MHz, CDCl3, 30 8C, TMS): d=2.59 (d, 3J-
(P,H)=11 Hz, 12H; 3-CH3), 2.66 ppm (d, 3J(P,H)=10 Hz, 36H; 1, 5-
CH3); IR (KBr): ñ=3500, 2992 (CH), 2916, 2802, 1804, 1725, 1541, 1481
(N-CH3), 1355, 1316 (BF), 1185, 1087, 1047, 981 (NC), 844, 791, 740,
647 cm�1; elemental analysis calcd (%) for C16H48N10BF4P3 (560.4): C
34.30, H 8.63, N 25.00; found: C 34.06, H 8.51, N 24.49.


Tetrakis{[tris(dimethylamino)phosphoranyliden]amino}phosphonium tet-
rafluoroborate (4a·BF4): Compound 6a[11, 22, 23] (330 g, 1.85 mol) was dis-
solved in absolute chlorobenzene (280 mL) and cooled to �20 8C under
N2. With cooling in a dry-ice bath, PCl5 (42.4 g, 0.20 mol) was added at
such a rate that the temperature did not exceed �10 8C. Then the mixture
was gradually heated to reflux, was held at reflux for 6 h, and was cooled
to room temperature. A solution of NH4BF4 (130 g, 1.24 mol) in H2O
(700 mL) was added, the mixture was carefully shaken in a separating
funnel, and the organic phase (lower layer) was separated. The aqueous
phase was extracted once with chlorobenzene (100 mL), and the com-
bined organic phases were washed once with H2O (100 mL). The organic
phase was dried over MgSO4 and concentrated in vacuo. The residue was
dried in high vacuum, was recrystallized from MeOH/H2O 2:1 (600 mL)
and again was dried in high vacuum. Recrystallization from THF
(600 mL, cooling to �20 8C) yielded colorless crystals (149 g, 90%). M.p.
>270 8C (decomp); 1H NMR (250 MHz, CDCl3, 30 8C, TMS): d=


2.62 ppm (d, 3J(P,H)=10 Hz); 13C NMR (100.6 MHz, CDCl3, 30 8C,
TMS): d=37.1 ppm (d, 2J(P,C)=4.7 Hz); 31P NMR (121.5 MHz, CDCl3,
30 8C): d=�34.8 (quint, 2J(P,P)=54,3 Hz, 1P), 6.3 ppm (d, 4P); IR
(KBr): ñ=3086, 2992, 2882, 2798, 1482, 1457, 1394, 1288, 1190, 1090,
1066, 1051, 996, 814, 734 cm�1; elemental analysis calcd (%) for
C24H72N16BF4P5 (826.5): C 34.87, H 8.78, N 27.11; found: C 35.00, H 8.76,
N 27.01.


Tetrakis[(tri-1-pyrrolidinylphosphoranyliden)amino]phosphonium tetra-
fluoroborate (4b·BF4): Compound 6b[11] (46.4 g, 182 mmol) was dissolved
in absolute chlorobenzene (40 mL) and cooled to �30 8C under N2. With
cooling in a dry-ice bath, PCl5 (4.24 g, 20 mmol) was added at such a rate
that the temperature did not exceed �10 8C. Then the mixture was al-
lowed to warm to room temperature until all PCl5 had dissolved. It was
then gradually heated to reflux, was held at reflux for 10.5 h, and was
cooled to room temperature. A solution of NH4BF4 (12.8 g, 122 mmol) in
H2O (100 mL) was added, the mixture was carefully shaken in a separat-
ing funnel, and the organic (lower) phase was separated. The aqueous
phase was extracted once with chlorobenzene (100 mL) and the com-
bined organic phases were washed once with H2O (100 mL), dried over
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MgSO4, and concentrated in vacuo. The tan residue was dried in high
vacuum, was recrystallized from MeOH/H2O 7:1 (300 mL), and again
was dried in high vacuum to afford colorless crystals (18.6 g, 82%). M.p.
>210 8C (decomp); 6b·HBF4 could be recovered almost quantitatively
from the mother liquor; 1H NMR (250 MHz, CDCl3, 30 8C, TMS): d=
1.75 (m, 48H; NCH2CH2), 3.14 ppm (m, 48H; NCH2CH2);


13C NMR
(100 MHz, CDCl3, 30 8C, TMS): d=26.4 (d, 3J(P,C)=9 Hz, NCH2CH2),
46.4 ppm (d, 2J(P,C)=6 Hz, NCH2CH2);


31P NMR (202 MHz, CDCl3,
30 8C, 85% H3PO4): d=�33.8 (quint, 2J(P,P)=51 Hz, 1P), 6.25 ppm (d,
4P); IR (KBr): ñ=2956 (vs), 2860 (vs), 2660 (w), 2080 (w), 1480 (w),
1453 (m), 1355 (s), 1263 (vs, br), 1196 (s), 1124 (s), 1082 (vs), 1047 (vs),
1008 (vs), 909 (w), 867 (w), 803 (m), 760 (w), 721 cm�1 (w); elemental
analysis calcd (%) for C48H96N16BF4P5 (1139.1): C 50.62, H 8.50, N 19.67;
found: C 50.46, H 8.53, N 19.56.


Stability test of phosphonium- and phosphazenium cations under phase-
transfer conditions : The corresponding tetrafluoroborate salt
(0.500 mmol) was dissolved in a minimum amount of MeOH, a solution
of KCl (45 mg, 0.600 mmol) in H2O (150 mL) was added with stirring, the
precipitate was filtered off, and the solution concentrated in vacuo, yield-
ing the crude chloride. Chlorobenzene (7 mL), H2O (3.5 mL), and NaOH
(3.5 g) were added and the mixture was heated to 100 8C (if not otherwise
indicated) in a Teflon flask with stirring. Then both phases were diluted
by addition of chlorobenzene (20 mL) as well as H2O (20 mL) and sepa-
rated; the aqueous phase was extracted with chlorobenzene (2S30 mL)
and the combined organic phases were washed with brine (20 mL). The
combined organic phases were concentrated in vacuo, the residue was
dissolved in MeOH (25 mL), and NaBPh4 or NaBF4 (200 mg) in MeOH
(5 mL) was added. The colorless precipitates were filtered off, washed
with a small amount of MeOH, and dried in vacuo to afford the corre-
sponding salts. From the yield (assuming first-order kinetics with respect
to the cation) the half lives of the cations were calculated. In case of 4a+


the precipitate contained cation salts derived from decomposition prod-
ucts;[35] a 1H NMR analysis was performed to evaluate the amount of un-
decomposed 4a+ .


Salt 1a·BF4 : 26 mg, 88 mmol, 18% after 75 min; t1=2 =20 min.


Salt 1b·BPh4 : 243 mg, 387 mmol, 77% after 20 min; t1=2 =54 min; m.p.
213 8C; 1H NMR (250 MHz, CDCl3, 30 8C, TMS): d=1.88 (m, 16H;
NCH2CH2), 3.13 (m, 16H; NCH2CH2), 6.88 (m, 4H; p-Harom), 7.22 (m,
8H; o-Harom), 7.45 ppm (m, 8H; m-Harom).


Salt 1e·BPh4 : 561 mg, 603 mmol, 65% after 42.5 h; t1=2 =67 h, m.p. 230 8C;
1H NMR (250 MHz, CDCl3, 30 8C, TMS): d=1.00–1.95 (m, 40H; CH2),
2.50 (d, 3J(P,H)=10 Hz, 12H; CH3), 2.92 (m, 4H; CH), 6.80–7.08 (m,
12H; Harom), 7.25–7.42 ppm (m, 8H; Harom);


13C NMR (100 MHz, CDCl3,
30 8C, TMS): d=25.1 (s, CH2), 26.1 (s, CH2), 29.9 (d, 2J(P,C)=3.2 Hz,
CH), 30.5 (s, CH2), 55.8 (d, 2J(P,C)=4.7 Hz, CH3), 116.8, 121.8, 125.6 (2J-
(B,C)=2.6 Hz), 136.2 ppm; elemental analysis calcd (%) for C52H76N4BP
(799.0): C 78.17, H 9.59, N 7.01; found: C 78.15, H 9.61, N 7.07.


Salt 1 f·BPh4 : 539 mg, 1327 mmol, 85% after 1.5 h; t1=2 =6 h; m.p. 234 8C
(decomp); 1H NMR (250 MHz, CDCl3, 30 8C, TMS): d=1.10 (d, 3J=
8 Hz, 24H; CCH3), 2.35 (d,


3J(P,H)=10 Hz, 12H; NCH3), 3.30 (sept, 4H;
CH), 6.90 (m, 4H; Harom), 7.05 (m, 8H; Harom), 7.42 ppm (m, 8H; Harom);
elemental analysis calcd (%) for C40H60N4BP (638.7): C 75.22, H 9.47, N
8.77; found: C 75.28, H 9.49, N 8.85.


Salt 2a·BF4 : 130 mg, 304 mmol, 61% after 6 h; t1=2 =8 h.


Salt 2b·BF4 : 239 mg, 410 mmol, 82% after 6 h; t1=2 =21 h.


Salt 2c·BF4 : 265 mg, 265 mmol, 53% after 6 h; t1=2 =7 h.


Salt 2d·BF4 : 253 mg, 301 mmol, 60% after 6 h; t1=2 =8 h.


Salt 4a·BPh4 : 29.2 mg, 28.9 mmol, 2.2% after 184 h at 110 8C; t1=2 =33 h.


Salt 4b·BPh4 : 524 mg, 460 mmol, 91% after 65 h at 110 8C, t1=2 =477 h;
m.p. 248 8C (decomp); 1H NMR (250 MHz, CDCl3, 30 8C, TMS): d=1.74
(m, 48H; NCH2CH2), 3.13 (m, 48H; NCH2CH2), 6.90 (m, 4H; p-Harom),
7.07 (m, 8H; m-Harom), 7.44 ppm (m, 8H; o-Harom); for the analysis of the
decomposition products, the mother liquor was concentrated in vacuo
and the residue checked by NMR spectroscopy: 1H NMR (250 MHz,
CDCl3, 30 8C, TMS): d=1.75 (m, integr. 70 mm), 3.03 (m, 22 mm), 3.15
(m, 34 mm) 6.78–7.02 (m, 10.5 mm), 7.08 (m, 15 mm), 7.30–7.50 (m,
19 mm), 7.62 ppm (m, 2 mm).
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Introduction


Metal-directed self-assembly has in recent years become a
powerful tool for the construction of systems containing cav-
ities or possessing intrinsic physical and chemical properties
that are promising for the creation of new materials and
new metal-based drugs.[1] More recently, noncovalent weak
molecular forces capable of connecting these metallic subu-
nits into looser and more intriguing supramolecular infra-
structures (such as hydrogen bonds, van der Waals forces,
nonbonded contacts, and p–p interactions) have been
widely investigated in structural chemistry, structural biol-
ogy, and the pharmaceutical sciences.[2]


Although considerable advances have been made in the
development of self-assembly chemistry, only a relatively
small number of organometallic species with main group el-
ements have so far been reported.[3,4] Among them, organo-
tin complexes are attracting more and more attention not
only for their wide industrial applications and biological ac-
tivities,[5] but also for their interesting and various architec-
tures and topologies.[1a,q, s, 4] The latter aspect has been active-
ly investigated by a large number of researchers, and a mul-
titude of structural types, including monomers, dimers, tet-
ramers, oligomeric ladders, and hexameric drums, have been
discovered.[6] Recently, many novel and interesting organo-
tin complexes have been obtained by use of appropriate
multifunctional ligands. Prabusankar and Murugavel, for ex-
ample, have reported a hexanuclear macrocyclic organotin
complex obtained by the use of 3,5-diisopropylsalicylic acid
as ligand,[4e] Chandrasekhar and co-workers have reported a
lipophilic hexaporphyrin assembly supported on a stannox-
ane core,[7] and—in particular—Hçpfl and co-workers have
carried out some very elegant work on such systems, having
reported a series of polymeric and trinuclear macrocyclic or-
ganotin complexes obtained through the use of aromatic di-
carboxylates as ligands.[4a–c] In our previous work, we have
also reported several novel organotin complexes, including a


Abstract: Four novel organotin com-
plexes of two types—[R2Sn(o-SC6H4C-
O2)]6 (R=Me, 1·H2O; nBu, 2)
and {[R2Sn(m-CO2C6H4S)R2Sn(m-
SC6H4CO2)SnR2]O}2 (R=Me, 3 ; nBu,
4)—have been prepared by treatment
of o- or m-mercaptobenzoic acid and
the corresponding R2SnCl2 (R=Me,
nBu) with sodium ethoxide in ethanol
(95%). All the complexes were charac-
terized by elemental analysis, FT-IR
and NMR (1H, 13C, 119Sn) spectroscopy,


TGA, and X-ray crystallography dif-
fraction analysis. The molecular struc-
ture analyses reveal that both 1 and 2
are hexanuclear macrocycles with hy-
drophobic “pseudo-cage” structures,
while 3 and 4 are hexanuclear macrocy-
cles with double-cavity structures. Fur-


thermore, the supramolecular structure
analyses show that looser and more in-
triguing supramolecular infrastructures
were also found in complexes 1–4,
which exist either as one-dimensional
chains of rings or as two-dimensional
networks assembled from the organo-
metallic subunits through intermolecu-
lar C�H···S weak hydrogen bonds
(WHBs) and p–p interactions.


Keywords: macrocycles · organotin ·
self-assembly · supramolecular
chemistry · weak interactions


[a] Prof. Dr. C. Ma, Q. Zhang, R. Zhang, Prof. Dr. D. Wang
Department of Chemistry, Liaocheng University
Liaocheng 252059 (China)
E-mail : macl@tsu.edu.cn


macl@lctu.edu.cn


[b] Prof. Dr. C. Ma
Taishan University, Taian 271021 (China)
Fax: (+86)538-671-5521


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


O 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 420 – 428420







macrocycle containing five tin nuclei with heterocyclic sulfur
and nitrogen donor ligands[4m] and macrocyclic complexes
containing three and eighteen tin nuclei with 2-mercaptoni-
cotinic acid,[4n,o] as well as an eight-tin macrocyclic complex
with 2-mercapto-4-methylthiazol-5-ylacetic acid.[4p] In con-
tinuation of our research in this area, we chose two other
fascinating ligands: o-mercaptobenzoic acid and m-mercap-
tobenzoic acid.


These two ligands were chosen for the following reasons:
first, each of them has a carboxy group and a thiol group, so
it should form strong covalent bonds with a diorganotin
moiety, second, the spatial separation of the two groups at-
tached to the same aromatic ring should induce the forma-
tion either of a polymeric chain or of a cyclooligomeric ring
structure, and third, these two ligands also present a number
of opportunities for the crea-
tion of supramolecular arrange-
ments through weak hydrogen
bonds (WHBs) from Lewis
base sites (O, S) and p–p inter-
actions (face-to-face or edge-to-
face) between the adjacent aro-
matic rings. Here we report the
syntheses and characterizations
of four novel organotin macro-
cyclic complexes, obtained by
treatment of o- or m-mercapto-
benzoic acid with sodium ethoxide and the corresponding
R2SnCl2 species (R=Me, nBu) in ethanol (95%).


Results and Discussion


Characterization of dimethyl- and di-n-butyltin derivatives
of o-mercaptobenzoic acid—{[Me2Sn(o-SC6H4CO2)]6(H2O)}
(1·H2O) and [nBu2Sn(o-SC6H4CO2)]6 (2)


Preparation and spectral characterization : As reported in the
literature,[4g] complex 2 has been prepared by condensation
of di-n-butyltin oxide and o-mercaptobenzoic acid in 1:1
molar ratio at 80 8C, but we obtained both complex 1·H2O
and complex 2 by treatment of o-mercaptobenzoic acid with


sodium ethoxide and the corresponding R2SnCl2 species
(R=Me, nBu) in ethanol (95%) at 40 8C (Scheme 1). Com-
plexes 1·H2O and 2 can be dissolved in common polar and
nonpolar solvents such as benzene, ether, chloroform, etha-
nol, methanol, and acetonitrile.


Their IR spectra show metal–ligand bond formation
through �CO2


� and �S� sites, and the associated Sn�O�Sn,
Sn�O, and Sn�S absorption values are all in the ranges re-
ported for other organotin complexes.[8,9] In addition, as re-
ported in the literature,[10,11] IR spectra can provide useful
information relating to coordinate formation through car-
boxylate moieties in organotin complexes (coordination
modes shown in Scheme 2). The Dn values for complexes 1
and 2 reveal that the coordinate formation through the car-
boxylate groups in 1 and 2 is of the mode III type.


The 1H NMR and 13C NMR data for the two complexes
are consistent with the formulation of the two products. The
119Sn NMR spectra of both 1 and 2 each exhibit only a sharp
signal, at d=�224.6 and �225.8 ppm, suggesting the equiva-
lence of all six tin atoms. These chemical shift values are
also in good agreement with what has been found in similar
diorganotin derivatives.[4d,e]


In order also to evaluate the stabilities of the two com-
plexes, both in solution and in the solid state, two different
kinds of experiments were carried out. First, molecular
weight determination by the cryoscopic freezing point
method in benzene provided molecular weights of 650 for 1
and 820 for 2, suggesting that their molecules exist in solu-
tion as dimers and not as hexamers. This is not surprising in
view of the fact that the related hexameric compounds


Scheme 1. Preparation of complexes 1 and 2 in ethanol (95%).


Scheme 2. Different coordination modes of the carboxylate group.
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[nBu2Sn(OOCCH2CH2S)]6 and [nBu2Sn(3,5-iPr2C6H2(O)-
(COO))]6 also exist as dimers in solution.[4d,e] Moreover,
TGA shows that weight loss by 1 and 2 begins at 277 and
212 8C (loss of weight by 1·H2O at 102 8C was disregarded
due to the presence of water solvent molecules), close to the
values found in DOP (dioctyl phthalate), PVC-DOP [poly-
(vinyl chloride)-dioctyl phthalate] and PVC-LSN117 [poly-
(vinyl chloride)-dioctyl tin bis-isooctyl thioglycollate].[13] The
data suggest that the dimethyltin derivative has a higher de-
composition temperature than the di-n-butyl derivative, con-
sistently with what has been reported in Sn4R4O6 com-
plexes.[14]


X-ray crystallographic study of 1·H2O and 2 : Crystals of
1·H2O suitable for X-ray crystallography study were grown
from the mother liquor, whilst crystals of 2 suitable for X-
ray crystallographic study were grown from ether. The most
relevant crystallographic data for 1·H2O and 2 are summar-
ized in Table 1.


A perspective view of the molecular structure of 1·H2O is
shown in Figure 1. It should be noted that the macrocyclic
component, [Me2Sn(o-SC6H4CO2)]6 (1), crystallizes with one
solvent molecule of H2O, but the obvious interactions be-
tween the 1 moiety and the solvent molecule were not
found. The macrocyclic [Me2Sn(o-SC6H4CO2)]6 component
consists of six Me2Sn fragments linked together through six
bridging [oSC6H4CO2] ligands to afford a hexanuclear
Sn6O12 macrocycle, which can be described as a carbon-stud-
ded molecular bangle.[4e] The overall macrocyclic molecule is


held together by covalent Sn�O
bonds, thus providing sufficient
thermodynamic stability for ex-
istence in the solid state (see
TGA). To the best of our
knowledge, although the tetra-
meric structure is a very
common aggregated form in di-
organotin carboxylates,[1a,6] hex-
americ clusters of diorganotin
carboxylates have so far only
rarely been reported,[4d,e,g]


whilst the six tin atoms and
twelve carboxyl oxygen atoms
in most reported hexameric
macrocycles[4d,e] lie almost in a
plane, with the alkyl groups on
tin positioned above and below
the plane. The associated li-
gands also lie not far away from
the mean plane defined by the
tin and oxygen atoms, thus pro-
viding an overall planar struc-
ture for the macrocyclic mole-
cule. However, there is a strik-
ing difference between the two
previously reported hexamers—
[nBu2Sn(OOCCH2CH2S)]6 and


[nBu2Sn(3,5-iPr2C6H2(O)(COO))]6—and complex 1, since
the macrocycle components in the two previously reported
hexamers are almost planar, while their counterpart in com-
plex 1 is twisted. This dramatic difference might be related
to steric effects and to the different sorts of coordinated
atoms. In fact, Sn1, Sn2, and Sn3 occupy a plane 6.263 S dis-
tant from the plane defined by Sn1#, Sn2#, and Sn3# (sym-
metry operations: �x, �y+1, �z+1). It is notable that this
twisted structural feature gives rise to an interesting hydro-
phobic “pseudo-cage” in complex 1. Indeed, the sets of


Table 1. Crystallographic data for complexes 1, 2, 3, and 4.


Complex 1 2 3 4


Empirical formula C54H62O13S6Sn6 C90H132O12S6Sn6 C40H52O10S4Sn6 C76H124O10S4Sn6


formula weight 1823.72 2310.46 1533.20 2038.32
crystal system monoclinic monoclinic triclinic triclinic
space group P 2(1)/c P 2(1)/c P U P U
unit cell dimension
a [S] 17.067(8) 14.007(2) 10.699(7) 13.443(5)
b [S] 17.370(8) 23.389(4) 11.394(7) 15.331(6)
c [S] 13.939(6) 17.105(3) 11.545(8) 24.093(8)
a [8] 90 90 106.211(8) 75.075(6)
b [8] 108.893(8) 113.250(3) 100.187(9) 74.484(4)
g [8] 90 90 102.893(9) 75.284(6)
volume [S3] 3909 (3) 5148.9 (15) 1273.6 (14) 4531 (3)
Z 2 2 1 2
absorption coefficient
[mm�1]


2.096 1.607 3.110 1.768


crystal size [mm] 0.43V0.19V0.16 0.23V0.18V0.11 0.45V0.37V0.22 0.49V0.41V0.29
1calcd [gcm


�3] 1.564 1.490 1.999 1.485
q range for data collection
[8]


2.35 to 25.03 1.81 to 25.03 1.90 to 25.03 1.82 to 25.03


reflections collected 19654 25907 6579 23623
unique reflections 6792


(Rint=0.1153)
8861
(Rint=0.1002)


4393
(Rint=0.0149)


15641
(Rint=0.0317)


data/restraints/parameters 6792/3/362 8861/72/520 4393/0/271 15641/61/855
final R indices [I>2s (I)] R1=0.0621, R1=0.0700, R1=0.0245, R1=0.0611,


wR2=0.1314 wR2 =0.1607 wR2=0.0628 wR2=0.1315
R indices (all data) R1=0.1841, R1=0.1837, R1=0.0286, R1=0.1593,


wR2=0.1857 wR2=0.2288 wR2=0.0662 wR2=0.1825


Figure 1. Molecular structure of the complex 1·H2O.
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three inner methyl groups attached to the tin atoms each
form a small trigonal cavity (for example: C22–C24#=
4.573 S, C26–C24#=5.080 S, and C22–C26=5.520 S; sym-
metry operations: �x, �y+1, �z+1), which is apparently
smaller than the Sn6O12 cavity (transannular Sn···Sn dis-
tance=9.252–10.388 S, O···O=8.930–9.893 S). The distance
between the two C3 cycles is only 3.072 S (centroid–cent-
roid), so a flat “cage” with two small “openings” has been
generated in complex 1. The hydrophobic character of this
“cage” is also evidenced, at least to some extent, by the fact
that the H2O molecule in 1·H2O is located not in the “cage”
but outside it.


Each of the tin atoms in complex 1 is essentially penta-
coordinated (Figure 1), bound to two methyl groups, two
carboxyl oxygen atoms, and one thiol sulfur atom, so the ge-
ometry of each tin atom can be described as a distorted
trigonal bipyramid in which the apical positions are occu-
pied by the oxygen atoms from two carboxylate groups (av
O�Sn�O=174.138). In addition, there is also a weak sixth
coordination for each of the
three crystallographically inde-
pendent tin atoms, between the
carboxylate oxygen atoms O1,
O3, and O5 and their neighbor-
ing tin atoms, shown in Figure 1
as broken lines. If this weak in-
teraction to the metal is includ-
ed, the o-mercaptobenzoic acid
in 1 acts as a doubly negative
tetradentate chelating bridging
ligand. As we know, such ligat-
ing behavior was previously un-
known in the other metal com-
plexes formed by o-mercapto-
benzoic acid.


The Sn�O and the Sn�S
bond lengths around each tin center are close to those ob-
served in other diorganotin derivatives.[4d,g] Of the Sn�O
bonds around each tin atom, the monodentate carboxylic
oxygen atoms (O2, O4, O6) form bonds to tin only a little
shorter (av 2.191 S) than those formed by the bidentate
bridging carboxylic oxygen atoms O1, O3, and O5 (av
2.278 S). The carboxylates thus bond to tin in a highly sym-
metric fashion (the average difference between Sn�O bonds
for each tin is only 0.087 S), whilst the two C�O distances
within each carboxylate moiety also show no significant dif-
ference (av 0.033 S), indicating substantial delocalization of
the CO2 p-electron density. This is closely consistent with
observations for the similar diorganotin carboxylate [nBu2S-
n(OOCCH2CH2S)]6.


[4d] In fact, the intermonomer Sn�O
bonds in this macrocycle are even shorter than the intramo-
nomer ones (av 0.087 S), so the hexamer can alternatively
be viewed as a large macrocycle reinforced by additional in-
tramonomer Sn–carboxylate interactions. Furthermore, the
third Sn�O bond, a weaker interaction, is the longest in the
molecule (av 3.005 S) but appreciably shorter than the sum
of the van der Waals radii of tin and oxygen atoms (3.70 S).[15]


Analysis of the supramolecular infrastructure in the crys-
tal lattice of 1·H2O reveals that weak intermolecular C�
H···S and C�H···p WHBs play important roles in the supra-
molecular arrangements. The C�H···p interaction can also
be viewed as an edge-to-face (as opposed to point-to-face or
T-shape) p–p interaction.[2v] Although both are much
weaker than covalent and coordinated interactions, even
than typical hydrogen bonds (such as O�H···O, N�H···O,
etc.), they clearly govern the assembly of supramolecular
structures in many compounds.[2,16] In complex 1, a series of
parallel chains of rings connected by intermolecular C18�
H18···S2 and C27�H27B···p (C16-C21) double WHBs run-
ning along the c axis have been found. Because the macro-
cycle is highly centrosymmetric (symmetric operation: �x,
�y+1, �z+1), similar molecular chains have also been
found along the [011] direction. This structural feature gives
rise to an interesting and loose two-dimensional network in
the bc plane. The values for the C�H···S WHB (see Table 2)
suggest that it is weaker than an intramolecular C�H···S


WHB in (r-2, c-4)-3-benzyl-2,4,5,5-tetraphenyl-1,3-thiazoli-
dine (3.04 S, 2.55 S, and 1108),[17] whilst the parameters for
the C�H···p interaction (see Table 2) suggest that it is stron-
ger than has been reported for this motif.[2v]


The molecular structure of complex 2 is presented in
Figure 2 (the somewhat disordered b, g, and d carbon atoms
of the Sn-butyl groups have been omitted for clarity). The
complex is similar to complex 1 and has been reported by
Marcel et al.,[4g] so we do not deal with any structural details
here, but a comparison of the molecular conformations and
configurations of complexes 1 and 2 should be noted: first,
the distance between the two planes (6.632 S) defined by
Sn1, Sn2, and Sn3 and by Sn1#, Sn2#, and Sn3# (symmetry
operations: �x+1, �y+1, �z+1) in 2 is close to that found
in complex 1, second, the dimensions of the Sn6O12 ring
(transannular Sn···Sn=9.903–10.236 S, O···O=9.471–
9.825 S) in complex 2 show no apparent difference from
those in complex 1, and third, the dimensions of the small
trigonal cavity (C37–C29#=4.373 S, C4–C29#=4.381 S,
and C37–C41=5.148 S; symmetry operations: �x+1, �y+
1, �z+1) are also very close to those found in complex 1.


Table 2. C�H···S and C�H···p weak hydrogen bonds of complexes 1·H2O, 2, 3, and 4 and p–p stacking interac-
tions (face-to-face) of complexes 3 and 4.


C�H···S, C�H···p weak hydrogen bonds p–p stacking interactions
Complex C�H···X Lengths [S] Angles


[8]
Interplanar
separation (h)
[S]


Centroid–
centroid
[S]


Slip angle (q)
[8]


C�H C···X H···X C�H···X


1·H2O C18�H18···S2 0.930 3.638 2.908 136.40
C27�H27B···p (cent-
roid)


0.960 3.602 2.895 131.29


2 C21�H21···p (cent-
roid)


0.930 4.014 3.479 119.09


3 C20�H20···S2 0.960 3.916 2.963 171.60 3.5109 3.695 18.2
4 C60�H60B···S4 0.967 3.804 2.927 152.44 3.7383 3.868 14.9


C69�H69B···S2 0.969 3.872 2.911 171.13
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However, the distance between the two C3 cycles in 2 (cent-
roid–centroid=10.373 S) is markedly longer than that
found in complex 1, thus producing a relatively spindly
“cage”.


The supramolecular structure of complex 2 is a two-di-
mensional network in the bc plane, similar to that found in
complex 1, but there are certain differences between the
supramolecular structures of the two complexes, one being
that the macrocyclic molecules of complex 2 are only con-
nected by intermolecular C21�H21···p (C2–C7) interactions
in complex 2 and the other being that the molecular chains
of rings in complex 2 are running along the [011] and [01�1]
directions. In addition, the butyl groups are crowded be-
tween the adjacent macrocyclic molecules, thus resulting in


a long distance (4.014 S) between C27 and centroid, mark-
edly longer than that found in complex 1 but close to that
found in [a-NaiEtH]+[PF6]


� (C–centroid=4.090 S, H–cent-
roid=3.149 S, C�H–centroid=167.0888).[18]


Characterization of dimethyl- and di-n-butyltin derivatives
of m-mercaptobenzoic acid—{[Me2Sn(m-SC6H4CO2)MeSn-
Me(m-SC6H4CO2)SnMe2]O}2 (3) and {[nBu2Sn(m-
SC6H4CO2)nBuSnnBu(m-SC6H4CO2) nBu2Sn]O}2 (4)


Preparation and characterization : Complexes 3 and 4 were
prepared analogously to complexes 1 and 2 by treatment of
m-mercaptobenzoic acid and the corresponding R2SnCl2
species (R=Me, 3 ; R=nBu, 4) with sodium ethoxide in eth-
anol (95%) at 40 8C (Scheme 3). Both complexes 3 and 4
can be dissolved in common polar and nonpolar solvents
such as benzene, ether, chloroform, ethanol, methanol, and
acetonitrile.


The IR spectra show metal–ligand bond formation
through �CO2


� and �S� sites, and the associated Sn�O�Sn,
Sn�O, and Sn�S absorption values are also support this. In
addition, the Dn values for complexes 3 and 4 indicate that
the carboxylate coordination modes of 3 and 4 can be re-
garded as modes III and II. The 1H NMR and 13C NMR
data for the two complexes are consistent with the formula-
tion of the two products. The 119Sn NMR spectra of 3 and 4
each show three types of tin atoms: signals at d=70.6 ppm
(for 3) and d=75.8 ppm (for 4) are due to tetracoordinate
tin atoms, signals at d=�180.5 ppm (3) and d=�185.2 ppm
(4) are due to pentacoordinate tin atoms, and signals at d=
�228.1 ppm (3) and d=�235.6 ppm (4) are due to hexa-
coordinate tin atoms,[19] so it can reasonably be assumed
that the environments around the tin atoms in 3 and 4 in so-
lution should not be markedly different.


Moreover, molecular weight determination by the cryo-
scopic freezing point method in benzene provided the mo-
lecular weights of 1580 for 3 and 2130 for 4, suggesting that


Figure 2. Molecular structure of complex 2 (the somewhat disordered b-,
g-, and d-carbon atoms of the Sn-butyl groups have been omitted for
clarity).


Scheme 3. Preparation of complexes 3 and 4 in ethanol (95%).
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the structures of both complexes in solution are similar to
those observed in the solid state. TGA showed weight loss
of 3 and 4 starting at 213 and 174 8C, slightly low in relation
to that found in DOP, PVC-DOP, and PVC-LSN117.[13] The
data suggest that the dimethyltin derivative has a higher de-
composition temperature than the di-n-butyl derivative,
which is consistent with what has been reported for Sn4R4O6


complexes.[14]


X-ray crystallographic study of 3 and 4 : Crystals of 3 suita-
ble for X-ray crystallographic study were grown from the
mother liquor, whilst crystals of 4 suitable for X-ray crystal-
lographic study were grown from ether/petroleum. The most
relevant crystallographic data for 3 and 4 are summarized in
Table 1.


A perspective view of the molecular structure of 3 is
shown in Figure 3a. This complex is a hexanuclear macrocy-
cle containing a four-membered Sn2O2 ring, which features


as a centrosymmetric core in this macrocycle. Each bridging
oxygen atom in the Sn2O2 ring is attached to three Me2Sn
units, and as a result these oxygen atoms are tricoordinate.
Although the diorganotin carboxylate moiety in this com-
plex is very common in organotin complexes,[6,20] to the best
of our knowledge, no macrocycle with a double cavity in a
discrete molecule was known previously among the organo-
tin complexes, except for the case of {[nBu2-
Sn(O2CCH2C4H3NS)SS(C4H3NSCH2CO2)SnnBu2]O}2.


[21]


This macrocycle is divided into two 14-membered small
cycles by the ladder part, so the effective space of the cavity
(each small cycle: Sn2�Sn2#=6.967 S, C10�C3=5.002 S)
in this macrocyclic derivative is evidently reduced in relation
to the overall macrocyclic dimensions (Sn1�Sn1#=6.616 S,
Sn3�Sn3#=16.980 S).


The geometries of all the tin atoms in complex 3 can be
classified into three types: tetracoordinated exocyclic tin
(Sn1), pentacoordinated exocyclic tin (Sn3), and hexacoordi-
nated endocyclic tin (Sn2). Each of the tetracoordinated tin
atoms—Sn1, for example—forms four primary bonds: two
to the methyl groups and the others to the sulfur atoms, and
so displays a distorted tetrahedral coordination sphere with
six angles ranging from 104.31(14) to 120.7(2)8. The Sn�C
bond and the Sn�S bond lengths are consistent with those
reported in other diorganotin thiolates.[22] Each of the penta-
coordinated exocyclic tin atoms—Sn3 for example—forms
three short Sn�O bonds with three oxygen atoms: one from
the Sn2O2 moiety and the other two from two different car-
boxylate groups. Together with the two bonds to methyltin
groups, the Sn3 atom may be viewed as a slightly distorted
trigonal bipyramid with the axial site occupied by the O2
and O4 atoms (O2�Sn3�O4=176.42(10)8). Each of the hex-
acoordinated endocyclic tin atoms—Sn2, for example—has
an octahedral geometry with four equatorial oxygen atoms
and two axial carbon atoms, the geometry being somewhat
distorted by the small angles in the stannoxane rings, affect-
ing the equatorial angles. Steric effects between the methyl
groups across the stannoxane ring cause the rings to bend
away from the center of the molecule (C17�Sn2�C18=
153.60(16)8) and also to twist relative to each other. An un-
usual feature here is that although the acetate bridges are
symmetrical [differences in C�O bond lengths are 0.029 and
0.008 S], the Sn�O bond lengths are unequal (differences
of 0.124 and 0.259 S). This is probably due to the trans
effect from the strongly bound stannoxane ring oxygen, as
first suggested by Graziani et al.[23]


The supramolecular structure of complex 3 is a linear
chain connected by intermolecular C�H···S WHBs and p–p
(face-to-face) interactions. As shown in Figure 3b, every
pair of adjacent macrocyclic molecules are linked by a pair
of intermolecular C20�H20C···S2 WHBs with a head-to-tail
arrangement, thus forming a loose cavity between the two
adjacent molecules (C20–C20#=10.601 S, centroid–cent-
roid=3.695 S). This loose structure is further stabilized by
the presence of a p–p interaction established between the
adjacent phenyl groups. The C�H···S value (see Table 2)
suggests that it is weaker than that found in 1·H2O, whilst
the value of the p–p interaction (see Table 2) in this com-
plex is closely in agreement with what has been reported in
the literature.[24]


A perspective view of molecular structure 4 is shown in
Figure 4 (the somewhat disordered b, g, and d carbon atoms
of the Sn-butyl groups have been omitted for clarity). Com-
plex 4 is also a hexanuclear centrosymmetric macrocycle
containing one centrosymmetric ladder, but not completely
identical to that found in complex 3. Two of the acetate


Figure 3. a) Molecular structure of complex 3. b) Supramolecular struc-
ture of complex 3, showing a chain of rings connected by intermolecular
C�H···S WHBs with a head-to-tail arrangement and p···p stacking inter-
actions between the adjacent aryl rings (shown with broken lines).
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groups in 4 are “hanging” rather than bridging, which is the
more usual structure in organotin carboxylates.[20]


The geometries of all the tin atoms in complex 4 can also
be classified into three types: tetracoordinate exocyclic tin
(Sn3), pentacoordinate exocyclic tin (Sn1), and hexacoordi-
nate endocyclic tin (Sn2). The tetracoordinate tin atoms—
Sn3, for example—also form four primary bonds: two to the
butyl groups and the others to the sulfur atoms, thus adopt-
ing a distorted tetrahedral geometry similar to that found in
complex 3. The pentacoordinated atoms—Sn1, for exam-
ple—in this complex each have five primary bonds, and the
geometry around Sn1 is similar to that in 3 except for a
slight narrowing of the O3#-Sn1-O5 angle (80.758 ; symmetry
operations: �x+1, �y, �z+1) to accommodate the long
Sn1···O4# (symmetry operations: �x+1, �y, �z+1) weak
interaction (2.920 S). The hexacoordinate Sn2 atom, the
stannoxane ring tin, is essentially the same as its counterpart
in complex 3. Although the Sn2···O3 distance (2.820 S) is
apparently longer than that found in 3 (2.464 S), it makes
very little difference to the geometry of the Sn2 atom, no
doubt due to the strong stannoxane ring bonding governing
the geometry and the large bulk of the n-butyl groups.


To our surprise, although there are two “hanging” carbox-
yl oxygen atoms in complex 4, no intermolecular C=O···Sn
interaction—which may give rise to polymeric or cyclooligo-
meric structures (such as in complexes 1 and 2) in organotin
carboxylates—was found in the supramolecular struc-
ture.[4a–e,g] In fact, the supramolecular structure of complex 4
is a two-dimensional network in the bc plane, in which the
discrete molecules are connected through two types of C�
H···S WHBs from two adjacent macrocyclic molecules: one
is a intermolecular C60�H60C···S4 WHB with head-to-tail
arrangements accompanied by p–p stacking interactions,
similar to that found in complex 3, whilst the other is an in-
termolecular C69�H69B···S2 WHB (see Supporting Infor-
mation). The loose cavities provided by these weak interac-
tions are of 30.189 S (S4–S4)V8.667 S (Sn3–Sn3) and are


completely filled by the butyl groups on tin atoms that pro-
trude into each interior.


Conclusion


In conclusion, this contribution has shown that the self-as-
sembly of a diorganotin moiety and an appropriately substi-
tuted benzoic acid such as o-mercaptobenzoic acid or m-
mercaptobenzoic acid can result in the formation of interest-
ing macrocyclic organotin complexes. Steric effects are ap-
parent in the self-assembly process: when the mercapto
group is ortho to the carboxyl group it can assist the carbox-
yl group in the same ligand in forming a hexanuclear macro-
cycle through intermolecular C=O···Sn interactions, while a
mercapto group meta to the carboxyl group provided no as-
sistance to the carboxyl group in the same ligand, due to
spatial remoteness, but was able to form cyclooligomeric
structures through S�Sn�S and O�Sn�O covalent linkage.


The supramolecular structures described in this paper
demonstrate that weak intermolecular interactions have
enormous potential for assembling discrete molecular sys-
tems in which the subunits are organometallic complexes.
This contribution adds several new features to the rapidly
developing field of WHBs and supramolecular assembly and
aids in the fundamental understanding of molecular recogni-
tion and interpretation of supramolecular aggregation in
crystal engineering.


Experimental Section


Materials and measurements : Dimethyltin dichloride, di-n-butyltin di-
chloride, o-mercaptobenzoic acid, m-mercaptobenzoic acid, and solvents
were commercially available and were used without further purification.
The melting points were obtained with a Kofler micro melting point ap-
paratus and are uncorrected. Elemental analyses were performed with a
PE-2400II apparatus. The FT-IR spectra were recorded on a Nicolet-460
spectrophotometer with use of KBr discs and sodium chloride optics. 1H,
13C, and 119Sn NMR spectra were recorded on a Varian VXR 400S spec-
trometer operating at 400, 75.3, and 186.5 MHz, respectively. The 13C
spectra are broadband proton decoupled, and all the NMR chemical
shifts are given in ppm in CDCl3 solvent at room temperature (298 K)
unless otherwise specified. Molecular weight measurements were carried
out in benzene by the cryoscopic freezing point method.[25] The FAB-
mass spectra were obtained with a Finnigan MAT 95 spectrometer, with
the use of 3-nitrobenzylalcohol (3-NBA) as the matrix material. TGA
was carried out with a Perkin–Elmer Pyris-1 instrument with a heating
rate of 10 8Cmin�1 from 50 to 560 8C and with a 20.0 cm3min�1 nitrogen
gas flow.


Preparations


[Me2Sn(o-SC6H4CO2)]6·H2O} (1·H2O): The reaction was carried out
under nitrogen atmosphere by use of standard Schlenk techniques. The
o-mercaptobenzoic acid (0.154 g, 1 mmol) was added to the solution of
ethanol (95%, 40 mL) together with sodium ethoxide (0.136 g, 2 mmol),
and the mixture was stirred for 10 min. Me2SnCl2 (0.220 g, 1 mmol) was
then added to the mixture, and the reaction was allowed to continue for
12 h at 40 8C. After cooling down to room temperature, the solution was
filtered. The solvent was gradually removed from the filtrate by evapora-
tion under vacuum until solid product was obtained. The solid was then
crystallized from the mother liquor. Colorless crystals were formed.
Yield, 0.266 g, 88%. m.p. 208–210 8C (decomp); 1H NMR (CDCl3, D2O):


Figure 4. Molecular structure of complex 4 ; the somewhat disordered b-,
g-, and d-carbon atoms of the Sn-butyl groups have been omitted for
clarity.
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d=7.78–7.25 (m, 4H; Ar�H), 0.91 (s, 36H; CH3) ppm; 13C NMR
(CDCl3): d=6.8 (SnCH3), 125.7 (C5-Ar), 130.5 (C4-Ar), 131.4 (C1-Ar),
133.5 (C6-Ar), 136.5 (C3-Ar), 138.7 (C2-Ar), 172.9 (COO) ppm;
119Sn NMR (CDCl3): d=�224.6 ppm; IR (KBr): ñ=1617, 1545 (nas-
(COO)); 1398, 1331 (ns(COO)); 676 (n(O-Sn-O)); 547 (n(Sn�C)); 438 (n-
(Sn�O)); 325 (n(Sn�S)) cm�1; FAB-MS (3-NBA): m/z : 1806 [M�H2O]+


(119Sn); elemental analysis calcd (%) for C54H62O13S6Sn6: C 35.56, H 3.43;
found: C 35.58, H 3.45.


[nBu2Sn(o-SC6H4CO2)]6 (2): The preparation procedure was the same as
used for 1. o-Mercaptobenzoic acid (0.154 g, 1 mmol), sodium ethoxide
(0.136 g, 2 mmol), and (nBu)2SnCl2 (0.304 g, 1 mmol), reaction time 12 h,
temperature 40 8C. Recrystallized from ethyl ether; colorless crystal was
formed. Yield, 0.331 g, 86%. M.p. 205–206 8C; 1H NMR (CDCl3): d=


7.78–7.25 (m, 4H; Ar�H), 1.77–1.41 (m, 72H; CH2CH2CH2), 0.91–0.75 (t,
36H; CH3) ppm; 13C NMR (CDCl3): d=13.6 (CH3), 26.2 (gCH2), 26.6
(bCH2), 27.8 (aCH2), 126.2 (C5-Ar), 129.8 (C4-Ar), 131.5 (C1-Ar), 132.9
(C6-Ar), 136.9 (C3-Ar), 138.5 (C2-Ar), 171.5 (COO) ppm; 119Sn NMR
(CDCl3): d=�225.8 ppm; IR (KBr): ñ=1621, 1538 (nas(CO2)); 1395,
1295 (ns(CO2)); 668 n(O�Sn�O); 552 (n(Sn�C)); 445 (n(Sn�O)); 336
(n(Sn�S)) cm�1; FAB-MS (3-NBA): m/z : 2310 [M]+ (119Sn); elemental
analysis calcd (%) for C90H132O12S6Sn6: C 46.78, H 5.76; found: C 46.75,
H 5.69.


{[Me2Sn(m-O2CC6H4S)MeSnMe(m-SC6H4CO2)SnMe2]O}2 (3): The prep-
aration procedure was the same as used for 1. m-Mercaptobenzoic acid
(0.154 g, 1 mmol), sodium ethoxide (0.136 g, 2 mmol), and Me2SnCl2
(0.220 g, 1 mmol), reaction time 12 h, temperature 40 8C. The solid was
then crystallized from mother liquid; colorless crystals were formed.
Yield, 0.314 g, 82%. m.p. 218–220 8C; 1H NMR (CDCl3): d=7.66–7.26
(m, 16H; Ar�H), 0.95 (s, 36H; CH3) ppm; 13C NMR (CDCl3): d=9.5
(SnCH3), 126.5 (C6-Ar), 129.2 (C5-Ar), 130.5 (C2-Ar), 131.8 (C1-Ar),
134.8 (C4-Ar), 138.4 (C3-Ar), 168.8 (CO2) ppm; 119Sn NMR (CDCl3): d=
70.6, �180.5, �228.1 ppm; IR (KBr): ñ=1626, 1545 (nas(COO)); 1388,
1331 (ns(COO)); 645 (n(O�Sn�O)); 547 (n(Sn�C)); 485 (n(Sn�O)); 318
(n(Sn�S)) cm�1; FAB-MS (3-NBA): m/z : 1534 [M]+ (119Sn); elemental
analysis calcd (%) for C40H52O10S4Sn6: C 31.33, H 3.42; found: C 31.29, H
3.45.


{[nBu2Sn(m-O2CC6H4S)nBuSnnBu(m-SC6H4CO2)nBu2Sn]O}2 (4): The
preparation procedure was the same as used for 1. m-Mercaptobenzoic
acid (0.154 g, 1 mmol), sodium ethoxide (0.136 g, 2 mmol), and
(nBu)2SnCl2 (0.304 g, 1 mmol), reaction time 12 h, temperature 40 8C. Re-
crystallized from ether/petroleum; colorless crystals were formed. Yield:
0.431 g, 85%. m.p. 212–214 8C; 1H NMR (CDCl3): d=7.60–7.15 (m, 16H;
Ar�H), 1.82–1.31 (m, 72H; CH2CH2CH2), 0.92 (t, 36H; CH3) ppm;
13C NMR (CDCl3): d=13.8 (CH3), 25.3 (gCH2), 26.5 (bCH2), 27.1
(aCH2), 126.3 (C6-Ar), 129.5 (C5-Ar), 130.7 (C2-Ar), 132.1 (C1-Ar),
133.6 (C4-Ar), 137.9 (C3-Ar), 169.3 (CO2) ppm; 119Sn NMR (CDCl3): d=
75.8, �185.2, �235.6 ppm; IR (KBr): ñ=1603, 1540 (nas(COO)); 1409,
1356 (ns(COO)); 653 (n(O�Sn�O)); 545 (n(Sn�C)); 478 (n(Sn�O)); 325
(n(Sn�S)) cm�1; FAB-MS (3-NBA): m/z : 2038 [M]+ (119Sn); elemental
analysis calcd (%) for C76H124O10S4Sn6: C 44.78, H 6.13; found: C 44.73,
H 6.10.


X-ray crystallography : Crystals were mounted in Lindemann capillaries
under nitrogen. All X-ray crystallographic data were collected on a
Bruker SMART CCD 1000 diffractometer with graphite monochromated
MoKa radiation (l=0.71073 S) at 298(2) K. Semiempirical absorption
correction was applied to the data. The structure was solved by direct
methods by use of SHELXS-97 and refined against F2 by full-matrix,
least squares with use of SHELXL-97. Non-hydrogen atoms were refined
anisotropically, while hydrogen atoms were placed in geometrically calcu-
lated positions with use of a riding model. The molecular and supra-
molecular structures in this paper were created with the X-Seed software
package.[26]


CCDC-254170, CCDC-271964, CCDC-238963, and CCDC-254167 con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


The development of stereoselective carbon–carbon bond-
forming reactions that create contiguous stereogenic centers
bearing heteroatom functionality can provide valuable
building blocks for organic synthesis. The aza-Henry (nitro-
Mannich) reaction, that is, nucleophilic addition of nitroal-
kanes to imines,[1] is a useful carbon–carbon bond-forming
process. The thus-obtained b-nitroamines can be trans-
formed into valuable compounds such as vicinal diamines
and a-amino acids by reduction[2] and Nef reaction[3] of the
nitro moiety (Scheme 1). The class of diamines is of particu-
lar interest owing to their broad utility as biologically active
natural products, drug candidates, and, more recently, chiral
ligands for asymmetric reactions.[4] Although a variety of
synthetic procedures have been devised to carry out the
Mannich reaction enantioselectively,[5] until quite recently
the enantioselective aza-Henry reaction was unknown.
Therefore, considerable effort has been directed toward the


development of catalytic asymmetric aza-Henry reaction
over the past several years.[6–10] As a result, two groups ach-
ieved initial breakthroughs in this field. Shibasaki et al. re-
ported that heterobimetallic complexes with lanthanide
BINOL (2,2’-dihydroxy-1,1’-binaphthyl) systems promoted
the aza-Henry reaction of N-phosphinoylimines with nitro-
methane to give b-nitroamines with high enantioselectivity.[6]


Jørgensen et al. also developed a catalytic asymmetric ver-
sion of this reaction with (N-p-methoxybenzyl)-a-imino
esters and bis-oxazoline copper(ii) complexes.[7] Recently,
we[8] and Johnston et al.[9] independently reported enantiose-
lective aza-Henry reactions with different organocatalysts.
However, each reaction is limited to a few substrates or
moderate enantioselectivity. To improve the enantioselectiv-
ity of the aza-Henry adducts, we continued studies focusing
on the effects of N-substituents of imines. During that time,
Jacobsen et al. discovered that aza-Henry reaction catalyzed
by a combination of chiral thiourea (10 mol%) and tertiary
amine (100 mol%) proceeded with high enantio- and dia-
stereoselectivity to provide syn-b-nitroamines as major
products with up to 97% ee.[10] Here we present the reaction
of N-Boc imines with various nitroalkanes in the presence
of bifunctional thiourea catalyst 1a,[11] which proceeded effi-
ciently without any external amine to give the desired ad-
ducts with high diastereo- and enantioselectivity (Scheme 1).
In addition, successful transformation of the obtained prod-
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ucts into chiral piperidine derivatives such as CP-99,994 is
also described.


Results and Discussion


Enantioselective aza-Henry reaction of nitromethane 3a
with aldimines 2a–f : We initially screened several imines
2a–f that had electron-withdrawing groups in the presence
of thiourea 1a (10 mol%) and nitromethane 3a (10 equiv)
in dichloromethane at room temperature (Table 1). Among


the imines examined, N-Boc imines 2 f gave the best results
in terms of chemical yield and enantiomeric excess (4 f :
76%, 90% ee), while the reactions with N-alkoxycarbonyl
imines 2d–f tended to provide the desired products with
good enantioselectivity compared with the other imines 2a–
c (Table 1, entries 1–6). From the standpoint of synthetic ad-
vantages of N-protecting groups in the following transforma-
tion, N-Boc imines would be the best choice as starting ma-
terial. To determine the absolute configuration and to dem-


onstrate its utility, the obtained b-nitroamine 4 f (90% ee)
was treated with NiCl2 and NaBH4 in MeOH[2a] to give the
desired N-Boc-vic-diamine 5[12] in 95% yield with 89% ee
(Scheme 2). Furthermore, Nef reaction (NaNO2 and AcOH


in DMSO)[3b] and subsequent methylation of 4 f gave a-phe-
nylglycine derivative 6[13] in 70% yield with 87% ee. The ab-
solute configuration of 4 f was unambiguously determined to
be R by comparison of its [a]D value with authentic data [5 :
[a]25


D =39.6 (c=1.10, CHCl3), lit. :[12] [a]25
D =44 (c=1.1,


CHCl3); 6 : [a]22
D =111 (87% ee, c=1.00, CHCl3), lit. :[13]


[a]D=132.3 (c=1.1, CHCl3)]. It is noteworthy that aza-
Henry reaction with N-phosphinoylimine 2b[6a] afforded the
corresponding antipode adduct (S)-4b[8] under the same re-
action conditions as with 2 f. These results indicate that the
substituents X on the nitrogen atom of imines 2a–f have a
determinant effect on the absolute configuration of the addi-
tion products and the enantiomeric excess. Furthermore, the
selectivity (ee) was improved by simply decreasing the reac-
tion temperature to �20 8C, whereby b-nitroamine 4 f was
obtained in 90% yield with 94% ee (Table 1, entry 7).


Having established the optimal reaction conditions of 4 f
with nitromethane 3a, we next examined the aza-Henry re-
action of other N-Boc imines 2A–H under the same reac-
tion conditions; representative results are shown in Table 2.
The reaction proceeded smoothly with imine 2A bearing an
electron-withdrawing group to give product 7A in 80%
yield with 98% ee (Table 2, entry 1). In the case of imines


Scheme 1. Top: Aza-Henry reaction and subsequent conversion of the re-
suling b-nitroamines into valuable compounds such as vicinal diamines.
Bottom: Chiral urea and amide catalysts 1a–d used in the reaction.


Table 1. Enantioselective aza-Henry reaction of imines 2a-f with nitro-
methane 3a.[a]


Entry 2 (X) Time [h] Product Yield [%][b] ee [%][c]


1 2a (Ts) 4.5 4a 99 4
2 2b (P(O)Ph2) 24 4b 87 67 (S)
3 2c (Ac) 24 4c 95 63
4 2d (CO2Me) 24 4d 64 83
5 2e (CO2Bn) 24 4e 68 85
6 2 f (Boc) 24 4 f 76 90 (R)
7[d] 2 f (Boc) 24 4 f 90 94 (R)


[a] The reaction was carried out with imines 2a–f and nitromethane (3a,
10 equiv) in CH2Cl2 at room temperature in the presence of 1
(10 mol%). [b] Yield of isolated product after chromatography. [c] Enan-
tiomeric excess was determined by HPLC analysis of 4a–f on a chiral
column. [d] The reaction was carried out at �20 8C.


Scheme 2. Transformation of b-nitroamine 4 f into 5 and 6.


Table 2. Thiourea-catalyzed enantioselective aza-Henry reaction of N-
Boc imines 2A–H with 3a.[a]


Entry 2 (Ar) Time [h] Product Yield [%][b] ee [%][c]


1 2A (p-CF3C6H4) 24 7A 80 98
2 2B (p-MeC6H4) 24 7B 82 93
3 2C (p-MeOC6H4) 60 7C 71 95
4 2D (1-naphthyl) 24 7D 85 95
5 2E (2-naphthyl) 48 7E 85 85
6 2F (2-furyl) 60 7F 81 91
7 2G (3-pyridyl) 24 7G 89 98
8 2H (2-thyenyl) 24 7H 83 83


[a] The reaction was carried out with imines 2A–H and nitromethane 3a
(10 equiv) in CH2Cl2 at �20 8C in the presence of 1 (10 mol%). [b] Yield
of isolated product after chromatography. [c] Enantiomeric excess was
determined by HPLC analysis of 7A–H on a chiral column.


Chem. Eur. J. 2006, 12, 466 – 476 H 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemeurj.org 467


FULL PAPER



www.chemeurj.org





2B and 2C bearing an electron-donating group, the reaction
required a prolonged reaction time, but the corresponding
products 7B and 7C were obtained with 93 and 95% ee, re-
spectively (Table 2, entries 2 and 3). On the other hand, N-
Boc imines 2D–H bearing a naphthyl or heteroaromatic
ring provided the corresponding a-nitroamines 7D–H in
good yield, but the enantioselectivities of 7D–H were some-
what affected by the linked position of the naphthyl group
(85–95% ee, Table 2, entries 4 and 5) and the heteroatom of
the heteroaromatic rings (83–98% ee, Table 2, entries 6–8).
Although we have no reasonable explanation for these re-
sults at this stage, the various b-nitroamines 7 could be syn-
thesized in good yields with up to 98% ee by just using
10 mol% of bifunctional thiourea catalyst 1a without any
additional reagents such as a Lewis acid or a Lewis base.


Enantioselective aza-Henry reaction of nitroalkanes 3b–k
withaldimines 2 : Having succeeded in the development of
enantioselective aza-Henry reaction of nitromethane (3a)
with several N-Boc imines 2A–H, we next investigated
whether the same reaction of nitroalkanes 3b–k proceeded
in a diastereo- and enantioselective manner to provide syn-
or anti-b-nitroamine 8 or 9 as a major product. In the begin-
ning, the reaction of nitropropane 3b with N-Boc imine 2 f
was carried out under the same reaction conditions as that
of 3a (Scheme 3). Thiourea 1a efficiently prompted the re-


action to furnish a mixture of b-nitroamines 8A and 9A in
90% yield with good diastereoselectivity (syn-8A/anti-9A
88/12). In addition, the ee of the major product 8A was high
(95%). To clarify the effects of bifunctional thiourea 1a on
the diastereo- and enantioselectivity, we carried out the
same reaction with other catalysts 1b–d (Scheme 1). The
use of urea 1b[11] for the aza-Henry reaction gave syn-b-ni-
troamine 8A as a major product in a similar diastereomeric
ratio (d.r.=89/11) but with a somewhat lower enantioselec-
tivity (92% ee). In contrast, the same reaction with 1c,[11]


which has an amide group in the place of the urea moiety,
did not proceed smoothly and led to a 52/48 mixture of 8A
and 9A in only 12% yield. Furthermore, the enantioselec-
tivity for 8A was only 7% ee. Thiourea catalyst 1d without
a tertiary amino group has no catalytic activity. These results
indicate the following characteristics of the thiourea-cata-
lyzed aza-Henry reaction: 1) Since the reaction hardly
occurs at �20 8C with only a tertiary amine as catalyst, thio-
urea and urea moieties should play a important role in pro-


moting the reaction; 2) Although thiourea catalysts without
a tertiary amino group have no catalytic activity, the urea
and thiourea moieties have crucial effects on the diastereo-
and enantioselectivity.


Once the optimal conditions were established, the scope
and limitations of the reaction with various nitroalkanes 3c–
k were examined. Table 3 shows representative results. In all


cases, the corresponding syn-b-nitroamines 8B–M were ob-
tained as major products in good yields with good diastereo-
and enantioselectivity (89–99% ee). The reactions of 2 f with
nitroalkanes 3c–e bearing different alkyl chains under the
same conditions gave the desired products 8B–D with high
enantioselectivities, while the diastereoselectivity somewhat
decreased for 3e (Table 3, entries 1–3). Functionalized nitro-
alkanes such as 3 f–k would be more promising nucleophiles
from the viewpoint of utility of these products as synthetic
intermediates. To synthesize 1,3-amino alcohols, 2-nitroethan-
ol 3 f was treated with imine 2 f in the presence of 1a, and
this provided the desired product 8E with good enantio-
selectivity, but with moderate diastereoselectivity (Table 3,
entry 4). However, using benzyl ether derivative 3g over-
came the problem and provided 8F with improved diaster-
eoselectivity (Table 3, entry 5). Similarly, high stereoselectiv-
ities (d.r. and ee) were consistently obtained in the reaction
of 2 f with several nitroalkanol derivatives 3h–k bearing a
longer carbon chain (Table 3, entries 6–9). It is also notewor-
thy that unlike 2-nitroethanol (3 f), 4-nitrobutanol 3 j could
be employed in the aza-Henry reaction to yield the corre-


Scheme 3. Aza-Henry reaction of nitropropane (3b) with catalysts 1a–d.


Table 3. Enantio- and diastereoselective aza-Henry reaction of N-Boc
imines 2 f, 2A, 2B, and 2G with prochiral nitroalkanes 3c–k.[a]


Entry 2 3 (R) Product Yield [%][b] d.r. (8/
9)[c]


ee [%][d]


1 2 f 3c (CH3) 8B 92 90/10 93
2 3d (C5H11) 8C 82 93/7 99
3 3e(CH2Ph) 8D 84 83/17 97
4 3 f (CH2OH) 8E 75 75/25 90
5 3g (CH2OBn) 8F 80 86/14 95
6 3h


[(CH2)2OBn]
8G 86 93/7 94


7 3 i
[(CH2)3OBn]


8H 80 91/9 92


8 3j [(CH2)3OH] 8I 80 92/8 89
9 3k


[(CH2)3OTf]
8 J 78 93/7 90


10 2A 3e (CH2Ph) 8K 94 97/3 95
11 2B 3e (CH2Ph) 8L 90 93/7 92
12 2G 3e (CH2Ph) 8M 93 83/17 93


[a] The reaction was carried out with N-Boc imines 2 and nitroalkanes
3c–k (2–10 equiv) in CH2Cl2 at �20 8C in the presence of 1 (10 mol%).
[b] Yield of isolated product after chromatography. [c] Diastereomeric
ratio was determined by 1H NMR and HPLC analysis. [d] Enantiomeric
excess of 8 was determined by HPLC analysis of 8B–M on a chiral
column.
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sponding adduct 8I with high stereoselectivities (Table 3,
entry 8: d.r. 92/8, 89% ee). Next, we examined other N-Boc
imines 2A, 2B, and 2G as reaction partners (Table 3, en-
tries 10–12). This revealed that phenyl groups with electron-
withdrawing or electron-donating substituents and pyridyl
groups on the imines had marginal effects on both stereose-
lectivities, and the corresponding adducts 8K–M were ob-
tained as major products with up to 95% ee and 97/3 d.r.
These results demonstrate that the scope of the reaction is
quite broad with respect to the nitroalkanes and N-Boc
imines. To the best of our knowledge, this is the first report
of highly diastereo- and enantioselective aza-Henry reaction
of various functionalized nitroalkanes to give N-protected
imines.


The absolute configuration of 8B was determined by
1H NMR spectroscopy and HPLC analysis,[9] and those of
the other adducts 8A and 8C–M were deduced on the basis
of this result. To account for the current highly stereoselec-
tive reaction, we propose a ternary complex C of catalyst
1a, imine 2 f, and nitronate of 3 as a plausible transition
state, in which 2 f and the nitronate anion may coordinate to
a thiourea moiety and a tertiary amino group of 1a by hy-
drogen bonding[14] (Scheme 4). Ternary complex C can be


considered to be generated through route a or route b. In
the former, thiourea catalyst 1a first activates nitroalkane 3
by hydrogen-bonding interaction (A), which is followed by
intra- or intermolecular deprotonation by the amino group
of 1a to generate nitronate complex B. Subsequent coordi-
nation of imine 2 f to the thiourea moiety in place of the
generated nitronate produces complex C. On the other
hand, complex C might be formed by the successive interac-
tion of imine 2 f and nitroalkane 3 with thiourea catalyst 1a
via coordination and deprotonation (D!C). In any event,
the thiourea moiety of 1a would play a crucial role in acti-
vation of N-Boc imine 2 in the nucleophilic addition step
and/or nitroalkane 3 in the deprotonation step. If complex C
were predominantly produced, syn-b-nitroamines 8 should


be obtained enantioselectively. Furthermore, to determine
whether syn-b-nitroamines 8 are the kinetically or thermo-
dynamically controlled products, a 90/10 mixture of 8B and
9B was subjected to the reaction conditions (10 mol% of
1a, CH2Cl2, ca. 20 8C, 48 h). However, neither enantioselec-
tivity nor diastereoselectivity of the products 8B and 9B
changed, and the ee and dr values remained constant. In
contrast, treatment of the same mixture with thiourea 1a
(10 mol%) at room temperature for 48 h resulted in a signif-
icant decrease in dr (8B/9B) from 90/10 to 64/36, but the ee
values of 8B and 9B did not change at all. These results
reveal that the retro aza-Henry reaction seems not to occur
even at room temperature, but epimerization of the C2 posi-
tion of the products, undoubtedly induced by the thiourea
catalyst at elevated temperature, lowers the diastereoselec-
tivity.


Asymmetric synthesis of biologically important piperidines
from b-nitroamines : Asymmetric synthesis of 2,3-disubstitut-
ed and 2,3,6-trisubstituted piperidines is becoming increas-
ingly important, since their unique biological activities, such
as neurokinin-1 (NK-1) receptor antagonist behavior, have
been demonstrated in medicinal research.[15] Although the


physiological role of the NK-1
receptor remains to be more
clearly defined, selective NK-1
receptor antagonists such as
CP-99,994 may be of potential
therapeutic value (Scheme 5).[16]


Although various types of
asymmetric syntheses of CP-
99,994 have been reported,[17]


there are still problems to be
solved in terms of overall yield,
enantioselectivity, and opera-
tional simplicity. By using the
aza-Henry reaction established
above, we planned a five-step
synthesis of chiral CP-99,994
without any separation of dia-
stereomers (Scheme 6).


To this end, mesylate 10, prepared from a known nitroal-
cohol,[18] was treated with imine 2 f at �20 8C in the presence
of thiourea 1a (10 mol%) to give aza-Henry adducts 11 as a
mixture of diastereomers (11a/11b=86/14) in 80% yield.


Scheme 4. Proposed reaction process of the thiourea-catalyzed aza-Henry reaction.


Scheme 5. Asymmetric synthesis of (�)-CP-99,994.
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The enantiomeric excesses of 11a and 11b were 96% ee and
83% ee, respectively. Removal of the N-Boc group from 11
with TFA and subsequent treatment of the crude product
with aqueous K2CO3 gave the cyclized products 12 as a 9/1
mixture of trans and cis isomers in 80% yield. Epimeriza-
tion of the C3 position of 12 was successfully performed by
the kinetically controlled protonation protocol. Thus, succes-
sive treatment of 12 with tBuOK (2.0 equiv) in THF at 0 8C
and AcOH at �78 8C provided the desired cis-12 as a major
product (cis/trans=95/5). It is noteworthy that our success-
ful result is in sharp contrast with the previous report[19] in
which the 2-piperidinone derivative of trans-12 failed to epi-
merize into the corresponding cis isomer by a similar proce-
dure. Since cis-12 thus obtained was liable to isomerize into
trans-12, crude cis-12 was directly reduced with zinc in
AcOH without any purification to afford diamine 13. Final-
ly, the 3-aminopiperidine 13 was treated with o-anisaldehyde
in the presence of NaBH3CN and AcOH to give (�)-CP-
99,994: [a]20


D �63 (c=0.27, CHCl3) [lit. :[17f] (+)-CP-99,994:
[a]20


D =++67.2 (c=1.0, CHCl3)] as a single product in 75%
yield from 12. The 1H NMR data of the synthetic compound
were identical with those reported in the literature.[17]


The same method was applied to the preparation of 2,3,6-
trisubstituted piperidine 16 (Scheme 7). The requisite nitro-
ester (E)-14 was synthesized from a known nitroalcohol[18]


in two steps (oxidation with 2-iodoxybenzoic acid (IBX) and


then Wittig olefination). The aza-Henry reaction of imine
2 f with (E)-14, which was carried out at room temperature
due to the prolonged reaction time at �20 8C, gave adducts
15a and 15b as a mixture of diastereomers (15a/15b=79/
21) in 81% yield. Although the ee of the major adduct 15a
was still high (92%), that of the minor adduct 15b became
somewhat low (72% ee). It is noteworthy that the major
product could be obtained with high enantioselectivity even
at room temperature. Successive treatment of 15 with TFA
and Et3N induced intramolecular Michael addition of pri-
mary amine to a,b-unsaturated ester to furnish cyclized ad-
ducts 16. Although the obtained crude products consisted of
several diastereoisomers of the C3 and C6 positions, purifi-
cation by column chromatography on SiO2 provided the
thermodynamically stable (2S,3R,6S)-piperidine 16 as a
single product in 70% yield with 87% ee.


Conclusion


We have demonstrated that bifunctional thiourea catalyst
1a catalyzes the aza-Henry reaction of nitroalkanes with N-
Boc imines to give syn-b-nitroamines with good diastereose-
lectivity and high enantioselectivity. Similar to the previous-
ly reported Michael reaction of malonates to give nitroal-
kenes,[11] the urea and thiourea groups were revealed to play
a crucial role both for activating substrates and inducing
chirality. Various types of nitroalkanes bearing aryl, alcohol,
ether, and ester groups were shown to participate in the re-
action with high stereoselectivity. In addition, the reaction
required no additional reagents other than the catalyst. It
was also revealed that syn-b-nitroamines thus obtained
could be prepared with good to high enantioselectivity even
at room temperature. The synthetic utility of this methodol-
ogy was demonstrated by further application to the enantio-
selective synthesis of (�)-CP-99,994 and 2,3,6-trisubstituted
piperidines.


Experimental Section


General : Nominal (LRMS) and high-resolution mass spectra (HRMS)
were recorded on a JEOL JMS-01SG-2 or JMS-HX/HX 110A mass spec-
trometer. 1H and 13C NMR spectra were registered on a JEOL JNM-
LA500 spectrometer in CDCl3 or some other suitable solvent with TMS
as internal standard. IR spectra were obtained in CHCl3 solution on a
JASCO FT-IR-410 spectrometer. Melting points were recorded on a YA-
NAGIMOTO micro melting point apparatus and are uncorrected. Opti-
cal rotations were measured in CHCl3, unless otherwise noted, with a
JASCO DIP-360 digital polarimeter. For column chromatography, Kanto
Silica Gel 60 (spherical, 63–210 mm) was employed and preparative TLC
(PTLC) was carried out on Silica Gel 60 (Merck). Diastereomer ratios
were determined by 1H NMR analysis. Enantiomer ratios were deter-
mined by chiral HPLC on a Shimadzu SPD-10A with Daicel Chemical
Industries, Ltd., Chiralpak AD, AD-H, AS-H and Chiralcel OD, OD-H,
OJ, and OJ-H (0.46M25 cm). Unless otherwise noted, materials were pur-
chased from Tokyo Kasei Co., Aldrich Inc., and other commercial suppli-
ers and were used without purification.


Scheme 6. Potent neurokinin-1 (NK-1) receptor antagonists.


Scheme 7. Asymmetric synthesis of 2,6-cis-piperidine derivative 16.
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Materials : Imines 2a–f and 2A–G were prepared according to literature
procedures.[6,8–10,20] Nitroalkanes 3e, 3g–i, 3j–k and 10 were prepared ac-
cording to literature procedure.[18, 21]


Typical procedure for enantioselective aza-Henry reaction of nitrome-
thane with imines 2a–f at room temperature : MeNO2 (10 equiv, 0.11 mL)
was added to a stirred solution of imine 2 (0.2 mmol) and thiourea
(0.1 equiv, 8.3 mg) in CH2Cl2 (0.4 mL), and the mixture was stirred for
24 h (4.5 h for 4a). Then the reaction mixture was condensed in vacuo,
and the obtained residue was purified by column chromatography on
silica gel to afford desired product 4.


N-(2-Nitro-1-phenylethyl)] p-toluenesulfonamide (4a): MeNO2 (10 equiv,
0.11 mL) was added to a stirred solution of N-tosylimine 2a (0.2 mmol,
51.8 mg) and 1a (0.1 equiv, 8.3 mg) in CH2Cl2 (0.40 mL), and the mixture
was stirred for 4.5 h. Then the reaction mixture was condensed in vacuo,
and the obtained residue was purified by column chromatography on
silica gel (CHCl3/acetone 4/1 as eluant) to afford desired product 4a
(63.3 mg, 99%).


(S)-N-(2-Nitro-1-phenylethyl)] diphenylphosphinamide (4b): MeNO2


(10 equiv, 0.11 mL) was added to a stirred solution of N-phosphinoyli-
mine 2b (0.2 mmol, 61.1 mg) and 1a (0.1 equiv, 8.3 mg) in CH2Cl2
(0.40 mL), and the mixture was stirred for 24 h. Then the reaction mix-
ture was condensed in vacuo, and the obtained residue was purified by
column chromatography on silica gel (CHCl3/acetone, 10/1 as eluant) to
afford desired product 4b (63.7 mg, 87%). HPLC analysis (Chiralcel
OD-H, hexane/2-propanol 90/10, flow rate=1.0 mLmin�1, l=210 nm):
retention time tr (major)=13.9 min, tr (minor)=21.9 min; m.p. 197–
198 8C (CHCl3/hexane); [a]28


D =++33.2 (76% ee, c=0.90, CHCl3);
1H NMR (500 MHz, CDCl3): d=7.93–7.67 (m, 4H), 7.59–7.10 (m, 11H),
4.97–4.77 (m, 3H), 4.36 ppm (dd, J=8.2, 7.3 Hz, 1H); 13C NMR
(126 MHz, CDCl3): d=138.04, 137.99, 132.44, 132.36, 132.3, 131.8, 131.7,
131.3, 130.8, 129.1, 128.7, 128.6, 128.5, 126.4, 80.8, 80.7, 53.3, 53.2 ppm;
IR (CHCl3): ñ=3371, 3063, 3034, 2991, 1555 cm�1; MS (FAB+): m/z (%):
367 [M+H]+ (76), 154 (100); HRMS (FAB+) calcd for [C20H20N2O3P]+ :
367.1211; found: 367.1210.


N-(2-Nitro-1-phenylethyl)acetamide (4c): MeNO2 (10 equiv, 0.11 mL)
was added to a stirred solution of N-Ac-imine 2c (0.2 mmol, 29.4 mg)
and 1a (0.1 equiv, 8.3 mg) in CH2Cl2 (0.40 mL), and the mixture was stir-
red for 24 h. Then the reaction mixture was condensed in vacuo, and the
obtained residue was purified by column chromatography on silica gel
(CHCl3/MeOH 20/1 as eluant) to afford desired product 4c (39.6 mg,
95%). HPLC analysis (Chiralpak AD-H, hexane/EtOH 80/20, flow
rate=0.8 mLmin�1, l=210 nm): tr (major)=10.2, tr (minor)=11.3 min;
m.p. 166–169 8C (AcOEt); [a]25


D =30.8 (63% ee, c=1.00, CHCl3);
1H NMR (500 MHz, CDCl3): d=7.47–7.28 (m, 5H), 6.23 (d, J=7.3 Hz,
1H), 5.80–5.58 (m, 1H), 4.93 (dd, J=6.3, 13.0 Hz, 1H), 4.75 (dd, J=5.7,
13.0 Hz, 1H), 2.07 ppm (s, 3H); 13C NMR (126 MHz, CDCl3): d=170.0,
136.4, 129.2, 128.8, 126.4, 78.1, 51.2, 23.0 ppm; IR (CHCl3): ñ=3437,
3013, 2925, 2848, 1681, 1557, 1496 cm�1; MS (FAB+): m/z (%): 209
[M+H]+ (68), 154 (100); elemental analysis (%) calcd for C10H12N2O3: C
57.69, H 5.81, N 13.45; Found: C 57.96, H 5.71, N 13.15.


Methyl 2-nitro-1-phenylethylcarbamate (4d): MeNO2 (10 equiv, 0.11 mL)
was added to a stirred solution of N-methoxycarbonylimine 2d
(0.2 mmol, 32.6 mg) and 1a (0.1 equiv, 8.3 mg) in CH2Cl2 (0.40 mL), and
the mixture was stirred for 24 h. Then the reaction mixture was con-
densed in vacuo, and the obtained residue was purified by column chro-
matography on silica gel (hexane/AcOEt 3/1 as eluant) to afford desired
product 4d (28.5 mg, 64%). HPLC analysis (Chiralpak AD-H, hexane/
EtOH 70/30, flow rate=0.8 mLmin�1, l=210 nm): tr (major)=12.2, tr
(minor)=11.2 min; m.p. 102–110 8C (CHCl3/hexane); [a]21


D =31.8
(83% ee, c=1.05, CHCl3);


1H NMR (500 MHz, CDCl3): d=7.43–7.27 (m,
5H), 5.66 (d, J=6.7 Hz, 1H), 5.45 (d, J=5.5 Hz, 1H), 4.92–4.80 (m 1H),
4.77–4.64 (m, 1H), 3.69 ppm (s, 3H); 13C NMR (126 MHz, CDCl3): d=
156.2, 136.6, 129.2, 128.8, 126.3, 78.6, 53.1, 52.6 ppm; IR (CHCl3): ñ=


34.38, 3030, 2958, 1725, 1558, 1504 cm�1; MS (FAB+): m/z (%): 225
[M+H]+ (100); elemental analysis (%) calcd for C10H12N2O4: C 53.57, H
5.39, N 12.42; found: C 53.49, H 5.33, N 12.50.


Benzyl 2-nitro-1-phenylethylcarbamate (4e): MeNO2 (10 equiv, 0.11 mL)
was added to a stirred solution of N-Cbz-imine 2e (0.2 mmol, 47.9 mg)


and 1a (0.1 equiv, 8.3 mg) in CH2Cl2 (0.40 mL), and the mixture was stir-
red for 24 h. Then the reaction mixture was condensed in vacuo, and the
obtained residue was purified by column chromatography on silica gel
(hexane/AcOEt 5/1 as eluant) to afford desired product 4e (40.6 mg,
68%). HPLC analysis (Chiralpak AD-H, hexane/EtOH 70/30, flow
rate=1 mLmin�1, l=210 nm): tr (major)=23.1, tr (minor)=30.3 min;
m.p. 93–94 8C (CHCl3/hexane); [a]23


D =11.0 (85% ee, c=0.98, CHCl3);
1H NMR (500 MHz, [D6]DMSO) d=8.24 (d, J=9.2 Hz, 1H), 7.52–7.11
(m, 10H), 5.33 (dt, J=4.7, 9.5 Hz, 1H), 5.01 (d, J=12.5 Hz, 1H), 4.97 (d,
J=12.8 Hz, 1H), 4.91 (dd, J=4.6, 13.1 Hz, 1H), 4.75 ppm (dd, J=10.2,
13.3 Hz, 1H); 13C NMR (126 MHz, CDCl3): d=155.5, 136.5, 135.8, 129.3,
128.9, 128.6, 128.4, 128.2, 126.3, 78.6, 67.4, 53.1 ppm; IR (CHCl3): ñ=


3437, 3031, 1723, 1558, 1500 cm�1; MS (FAB+): m/z (%): 301 [M+H]+


(27), 91 (100); elemental analysis (%) calcd for C16H16N2O4: C 63.99, H
5.37, N 9.33; found: C 63.93, H 5.43, N 9.37.


tert-Butyl (1R)-2-nitro-1-phenylethylcarbamate (4 f): MeNO2 (10 equiv,
0.11 mL) was added to a stirred solution of N-Boc-imine 2 f (0.2 mmol,
41.1 mg) and 1a (0.1 equiv, 8.3 mg) in CH2Cl2 (0.40 mL), and the mixture
was stirred for 24 h. Then the reaction mixture was condensed in vacuo,
and the obtained residue was purified by column chromatography on
silica gel (hexane/AcOEt 5/1 as eluant) to afford desired product 4 f
(40.4 mg, 76%). HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15,
flow rate=1.0 mLmin�1, l=210 nm): tr (major)=11.8, tr (minor)=
14.3 min; m.p. 108–109 8C (CHCl3/hexane); [a]23


D =23.7 (90% ee, c=0.98,
CHCl3);


1H NMR (500 MHz, [D6]DMSO): d=7.76 (d, J=9.16 Hz, 1H),
7.51–7.11 (m, 5H), 5.27 (dt, J=5.0, 9.4 Hz, 1H), 4.86 (dd, J=4.9, 13.2 Hz,
1H), 4.72 (dd, J=10.4, 12.8 Hz, 1H), 1.33 ppm (s, 9H); 13C NMR
(126 MHz, [D6]DMSO): d=155.1 138.8, 128.9, 128.2, 127.0, 78.82, 78.76,
52.6, 28.2 ppm; IR (CHCl3): ñ=3442, 3029, 2981, 2932, 1713, 1557,
1492 cm�1; MS (FAB+): m/z (%): 267 [M+H]+ (10), 150 (100); elemental
analysis (%) calcd for C13H18N2O4: C 58.63, H 6.81, N 10.2; found: C
58.53, H 6.85, N 10.41.


tert-Butyl (R)-2-amino-1-phenylethylcarbamate (5): NaBH4 (12 equiv,
90.8 mg) was added to a stirred suspension of 4 f (53.3 mg, 0.20 mmol,
90% ee) and NiCl2·6H2O (1.0 equiv, 47.5 mg) in MeOH (1.1 mL) at 0 8C.
After 60 min, the reaction mixture was quenched with a saturated NH4Cl
solution, and the aqueous phase was extracted with CHCl3. The com-
bined organic layers were dried over K2CO3, filtered, and concentrated
in vacuo. The residue was purified by column chromatography on silica
gel (CHCl3/MeOH 5/1 as eluant) to afford desired product 7 (44.7 mg,
95%, 89% ee). HPLC analysis (Chiralcel OJ-H, hexane/2-propanol 70/30
with 0.1 vol% diethylamine, flow rate=0.8 mLmin�1): tr (major)=14.0, tr
(minor)=12.7 min; m.p. 70–72 8C (EtOH/hexane); [a]25


D =39.6 (89% ee,
c=1.10, CHCl3);


1H NMR (500 MHz, CDCl3): d=7.46–7.12 (m, 5H),
5.46 (br s, 1H), 4.68 (br s, 1H), 3.01 (br s, 2H), 1.73 (br s, 2H), 1.43 ppm
(s, 9H); 13C NMR (126 MHz, CDCl3): d=155.7, 140.8, 128.7, 127.4, 126.4,
79.5, 56.4, 47.1, 28.3 ppm; IR (CHCl3): ñ=3439, 30009, 2979, 2875, 1707,
1495 cm�1; MS (FAB+): m/z (%): 237 [M+H]+ (66), 181 (100); HRMS
(FAB+) calcd for [C13H21N2O2]


+ : 237.1603; found: 237.1600; elemental
analysis (%) calcd for C13H20N2O2: C 66.07, H 8.53, N 11.85; found: C
65.95, H 8.42, N 11.57.


(R)-N-(tert-Butoxycarbonyl)phenylglycine methyl ester (6): A solution of
4 f (53.3 mg, 0.20 mmol, 90% ee), sodium nitrite (3 equiv, 41.4 mg), and
acetic acid (10 equiv, 0.11 mL) in DMSO (1.4 mL) was heated at 60 8C
for 14 h. After the mixture had been cooled to room temperature, 1n
HCl solution (1.5 mL) was added to the solution, and the aqueous phase
was extracted with CHCl3. The combined organic phases were washed
with brine and dried over MgSO4. After filtration and evaporation of
CHCl3 in vacuo, K2CO3 (20 equiv, 552 mg) and MeI (16 equiv, 0.20 mL)
were added to the obtained residue, and the mixture stirred for 3.5 h.
Then water was added to the reaction mixture, and the aqueous phase
extracted with Et2O. The combined organic phases were washed with
brine and dried over MgSO4. After filtration and concentration in vacuo,
the residual oil was purified by column chromatography on silica gel
(hexane/AcOEt 5/1 as eluant) to afford desired product 8 (36.9 mg, 70%,
87% ee). HPLC analysis (Chiralcel OD-H, hexane/2-propanol 99.5/0.5,
flow rate=1.0 mLmin�1): tr (major)=18.5, tr (minor)=21.0 min; m.p.
105–106 8C (CHCl3/hexane); [a]22


D =111 (87% ee, c=1.00, CHCl3);
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1H NMR (500 MHz, CDCl3): d=7.55–7.17 (m, 5H), 5.57 (d, J=6.1 Hz,
1H), 5.33 (d, J=7.3 Hz, 1H), 3.72 (s, 3H), 1.43 ppm (s, 9H); 13C NMR
(126 MHz, CDCl3): d=171.7, 154.8, 136.9, 128.9, 128.5, 127.1, 80.1, 57.5,
52.6, 28.2 ppm; IR (CHCl3): ñ=3438, 3030, 3010, 2981, 2958, 2934, 1742,
1711 cm�1; MS (FAB+): m/z (%): 266 [M+H]+ (26), 210 (100); elemental
analysis (%) calcd for C14H19NO4: C 63.38, H 7.22, N 5.28; found: C
63.09, H 7.00, N 5.34.


Typical procedure for enantioselective aza-Henry reaction of MeNO2


with N-Boc-imines at �20 8C : MeNO2 (10 equiv, 0.11 mL) was added to a
stirred solution of benzaldehyde N-(tert-butoxycarbonyl) imine 2 f, 2A–H
(0.2 mmol) and 1a (0.1 equiv, 8.3 mg) in CH2Cl2 (0.4 mL) at �20 8C, and
the mixture was stirred for 24 h to 60 h. Then the reaction mixture was
condensed in vacuo, and the obtained residue was purified by column
chromatography on silica gel (hexane/EtOAc 5/1 as eluant) to afford de-
sired product 4 f, 7A–H.


tert-Butyl (R)-2-nitro-1-phenylethylcarbamate (4 f): According to the typ-
ical procedure, imine 2 f (0.2 mmol, 41.1 mg) and MeNO2 were stirred for
24 h and converted to the product 4 f (47.9 mg, 90%) as a white solid.
HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15, flow rate=
1.0 mLmin�1, l=210 nm): tr (major)=9.0, tr (minor)=11.2 min; m.p.
107–108 8C (hexane/EtOAc); [a]30


D =25.3 (94% ee, c=1.20, CHCl3);
1H NMR (500 MHz, CDCl3): d=7.35 (m, 5H), 5.38 (br s, 1H), 5.28 (br s,
1H), 4.69–4.87 (m, 2H), 1.44 ppm (s, 9H); 13C NMR (126 MHz, CDCl3):
d=154.9, 137.0, 129.3, 128.9, 126.4, 80.8, 79.0, 52.9, 28.3 ppm; IR
(CHCl3): ñ=3442, 3027, 2981, 1713, 1557, 1164 cm�1; MS (FAB+): m/z
(%): 267 [M+H]+ (100); HRMS (FAB+) calcd for [C13H19N2O4]


+ :
267.1345; found: 267.1352; elemental analysis (%) calcd for C13H18N2O4:
C 58.63, H 6.81, N 10.52; found: C 58.84, H 6.82, N 10.77.


tert-Butyl (R)-2-nitro-1-(p-trifluoromethylphenyl)ethylcarbamate (7A):
According to the typical procedure, imine 2A (0.2 mmol, 55.2 mg) and
MeNO2 were stirred for 24 h and converted to the product 7A (53.5 mg,
80%) as a white solid. HPLC analysis (Chiralpak AD-H, hexane/EtOH
85/15, flow rate=1.0 mLmin�1, l=210 nm): tr (major)=8.3, tr (minor)=
6.6 min; m.p. 143–144 8C (hexane/EtOAc); [a]27


D =11.0 (98% ee, c=0.99,
CHCl3);


1H NMR (500 MHz, CDCl3): d=7.18 (s, 4H), 5.33 (d, J=5.8 Hz,
1H), 5.22 (br s, 1H), 4.83 (s, 1H), 4.68 (dd, J=12.4, 5.7 Hz, 1H), 2.34 (s,
3H), 1.44 ppm (s, 9H); 13C NMR (126 MHz, CDCl3): d=154.8, 138.7,
133.9, 129.9, 126.3, 80.6, 78.9, 52.6, 28.2 21.0 ppm; IR (CHCl3): ñ=3442,
3027, 2981, 1713, 1557, 1164 cm�1; MS (FAB�): m/z (%): 333 [M�H]�


(76), 216 (100); HRMS (FAB�) calcd for [C14H16F3N2O4]
� : 333.1062;


found: 333.1054; elemental analysis (%) calcd for C14H17F3N2O4: C 50.30,
H 5.13, N 8.38; found: C 50.03, H 5.13, N 8.34.


tert-Butyl (R)-2-nitro-1-(4-methylphenyl)ethylcarbamate (7B): Accord-
ing to the typical procedure, imine 2B (0.2 mmol, 43.8 mg) and MeNO2


were stirred for 24 h and converted to the product 7B (46.2 mg, 82%) as
a white solid. HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15,
flow rate=1.0 mLmin�1, l=210 nm): tr (major)=9.1, tr (minor)=
10.9 min; m.p. 135–136 8C (hexane/EtOAc); [a]27


D =28.0 (93% ee, c=1.01,
CHCl3);


1H NMR (500 MHz, CDCl3): d=7.18 (s, 4H), 5.33 (d, J=5.8 Hz
1H), 5.22 (br s, 1H), 4.83 (s, 1H), 4.68 (dd, J=12.4, 5.7 Hz, 1H), 2.34 (s,
3H), 1.44 ppm (s, 9H); 13C NMR (126 MHz, CDCl3): d=154.8, 138.7,
133.9, 129.9, 126.3, 80.6, 78.9, 52.6, 28.2, 21.0 ppm; IR (CHCl3): ñ=3442,
3027, 2981, 1713, 1557, 1164 cm�1; MS (FAB+): m/z (%): 281 [M+H]+


(35), 164 (100); HRMS (FAB+) calcd for [C14H21N2O4]
+ : 281.1501;


found: 281.1499; elemental analysis (%) calcd for C14H20N2O4: C 59.99,
H 7.19, N 9.99; found: C60.25, H 7.31, N 9.84.


tert-Butyl (R)-2-nitro-1-(p-methoxyphenyl)ethylcarbamate (7C): Accord-
ing to the typical procedure, imine 2C (0.2 mmol, 59.2 mg) and MeNO2


were stirred for 60 h and converted to the product 7C (42.3 mg, 71%) as
a white solid. HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15,
flow rate=1.0 mLmin�1, l=210 nm): tr (major)=14.0, tr (minor)=
13.2 min; m.p. 145–146 8C (hexane/EtOAc); [a]27


D =36.0 (95% ee, c=1.00,
CHCl3);


1H NMR (500 MHz, CDCl3): d=7.22 (d, J=8.6 Hz, 2H), 6.89
(d, J=8.6 Hz, 2H), 5.31 (s, 1H), 5.23 (d, J=7.0 Hz, 1H), 4.83 (s, 1H),
4.66 (dd, J=12.0, 5.3 Hz, 1H), 3.80 (s, 3H), 1.44 ppm (s, 9H); 13C NMR
(126 MHz, CDCl3): d=159.8, 154.8, 128.9, 127.6, 114.6, 80.6, 78.9, 55.3,
52.4, 28.2 ppm; IR (CHCl3): ñ=3443, 3027, 2980, 1712, 1557, 1164 cm�1;
MS (FAB+): m/z (%): 297 [M+H]+ (45), 180 (100); elemental analysis


(%) calcd for C14H20N2O5: C 56.75, H 6.80, N 9.45; found: C 56.50,
H6.60, N 9.33.


tert-Butyl (R)-2-nitro-1-(1-naphthyl)ethylcarbamate (7D): According to
the typical procedure, imine 2D (0.2 mmol, 51.1 mg) and MeNO2 were
stirred for 24 h and converted to the product 7D (53.4 mg, 85%) as a
white solid. HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15, flow
rate=1.0 mLmin�1, l=210 nm): tr (major)=10.2, tr (minor)=7.5 min;
m.p. 177–178 8C (hexane/EtOAc); [a]28


D =6.13 (95% ee, c=1.00, CHCl3);
1H NMR (500 MHz, CDCl3): d=8.12 (d, J=8.2 Hz, 1H), 7.90 (d, J=
8.2 Hz, 1H), 7.84 (dd, J=5.7, 3.5 Hz, 1H), 7.61 (t, J=7.3 Hz, 1H), 7.54
(t, J=7.5 Hz, 1H), 7.45 (m, 2H), 6.27 (s, 1H), 5.37 (d, J=4.9 Hz, 1H),
4.88 (br s, 2H), 1.43 ppm (s, 9H); 13C NMR (126 MHz, CDCl3): d=154.7,
134.1, 132.6, 130.3, 129.5, 129.3, 127.3, 126.3, 125.2, 123.3, 122.2, 80.7,
78.2, 49.2, 28.2 ppm; IR (CHCl3): ñ=3440, 3030, 2982, 1713, 1558,
1164 cm�1; MS (FAB�): m/z (%): 315 [M�H]� (90), 153 (100); HRMS
(FAB�) calcd for [C17H19N2O4]


� : 315.1345; found: 315.1344; elemental
analysis (%) calcd for C17H20N2O4: C 64.54, H 6.37, N 8.86; found: C
64.38, H 6.34, N 8.76.


tert-Butyl (R)-2-nitro-1-(2-naphthyl)ethylcarbamate (7E): According to
the typical procedure, imine 2E (0.2 mmol, 51.1 mg) and MeNO2 were
stirred for 48 h and converted to the product 7E (53.7 mg, 85%) as a
white solid. HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15, flow
rate=1.0 mLmin�1, l=210 nm): tr (major)=14.6, tr (minor)=11.7 min;
m.p. 168–169 8C (hexane/EtOAc); [a]28


D =28.6 (88% ee, c=1.0, CHCl3);
1H NMR (500 MHz, CDCl3): d=7.88 (s, 1H), 7.86 (s, 1H), 7.83 (m, 2H),
7.77 (s, 1H), 7.52 (m, 2H), 7.40 (dd, J=8.6, 1.5 Hz, 1H), 5.47 (m, 2H),
4.95 (br s, 1H), 4.80 (m, 1H), 1.45 ppm (s, 9H); 13C NMR (126 MHz,
CDCl3): d=154.7, 134.1, 132.6, 130.3, 129.6, 129.3, 127.3, 126.3, 125.3,
123.2, 122.2, 80.8, 78.2, 49.2, 28.2 ppm; IR (CHCl3): ñ=3440, 3027, 2982,
1714, 1557, 1163 cm�1; MS (FAB�): m/z (%): 315 [M�H]� (75), 153
(100); HRMS (FAB�) calcd for [C17H19N2O4]


� : 315.1345; found:
315.1354.


tert-Butyl (R)-2-nitro-1-(2-furyl)ethylcarbamate (7F): According to the
typical procedure, imine 2F (0.20 mmol, 39.1 mg) and MeNO2 were stir-
red for 60 h and converted to the product 7F (41.1 mg, 81%) as a white
solid. HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15, flow rate=
1.0 mLmin�1, l=210 nm): tr (major)=9.1, tr (minor)=13.9 min; m.p. 98–
100 8C (hexane/EtOAc); [a]28


D =6.13 (79% ee, c=1.00, CHCl3);
1H NMR


(500 MHz, CDCl3): d=7.38 (d, J=1.5 Hz, 1H), 6.53 (m, 1H), 6.31 (d, J=
3.1 Hz, 1H), 5.47 (d, J=6.1 Hz, 1H), 5.32 (s, 1H), 4.85 (s, 1H), 4.73 (dd,
J=13.0, 5.7 Hz, 1H), 1.46 ppm (s, 9H); 13C NMR (126 MHz, CDCl3): d=
154.7, 149.5, 142.9, 110.7, 107.8, 80.8, 76.5, 47.1, 28.2 ppm; IR (CHCl3):
ñ=3443, 3029, 2982, 1714, 1559, 1162 cm�1; MS (FAB�): m/z (%): 255
[M�H]� (85), 153 (100); HRMS (FAB�) calcd for [C11H15N2O5]


� :
255.0981; found: 255.0974; elemental analysis (%) calcd for C11H16N2O5:
C 51.56, H 6.29, N 10.93; found: C 51.62, H 6.10, N 10.66.


tert-Butyl (R)-2-nitro-1-(3-pyridyl)ethylcarbamate (7G): According to
the typical procedure, imine 2G (0.20 mmol, 41.2 mg) and MeNO2 were
stirred for 24 h and converted to the product 7G (47.2 mg, 89%) as a
white solid. HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15, flow
rate=1.0 mLmin�1, l=210 nm): tr (major)=24.1, tr (minor)=19.4 min;
m.p. 151–152 8C (hexane/EtOAc); [a]28


D =21.0 (98% ee, c=1.00, CHCl3);
1H NMR (500 MHz, CDCl3): d=8.63 (d, J=21.4 Hz, 2H), 7.70 (d, J=
7.9 Hz, 1H), 7.34 (dd, J=7.5, 4.7 Hz, 1H), 5.73 (s, 1H), 5.43 (s, 1H), 4.91
(s, 1H), 4.76 (d, J=8.9 Hz, 1H), 1.44 ppm (s, 9H); 13C NMR (126 MHz,
CDCl3): d=154.7, 149.7, 148.0, 134.4, 133.1, 123.9, 81.0, 78.2, 50.7,
28.1 ppm; IR (CHCl3): ñ=3440, 3029, 2982, 1714, 1560, 1163 cm�1; MS
(FAB�): m/z (%): 266 [M�H]� (50), 153 (100); HRMS (FAB�) calcd for
[C12H16N3O4]


� : 266.1141; found: 266.1143; elemental analysis (%) calcd
for C12H17N3O4: C 53.92, H 6.41, N 15.72; found: C 53.72, H 6.43, N
15.68.


tert-Butyl (R)-2-nitro-1-(2-thienyl)ethylcarbamate (7H): According to
the typical procedure, imine 2H (0.20 mmol, 42.2 mg) and MeNO2 were
stirred for 24 h and converted to the product 7H (49.0 mg, 90%) as a
white solid. HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15, flow
rate=1.0 mLmin�1, l=210 nm): tr (major)=11.2, tr (minor)=14.7 min;
m.p. 113–114 8C (hexane/EtOAc); [a]30


D =5.4 (83% ee, c=1.0, CHCl3);
1H NMR (500 MHz, CDCl3): d=7.28 (dd, J=4.9, 1.2 Hz, 1H), 7.00 (m,
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2H), 5.62 (m, 1H), 5.32 (br s, 1H), 4.83 (m, 2H), 1.46 ppm (s, 9H);
13C NMR (126 MHz, CDCl3): d=154.8, 140.3, 127.6, 126.0, 125.6, 81.1,
78.8, 49.1, 28.4 ppm; IR (CHCl3): ñ=2959, 2928, 2360, 1716, 1559,
1161 cm�1; MS (FAB�): m/z (%): 271 [M�H]� (50), 153 (100); HRMS
(FAB�) calcd for [C11H15N2O4S]� : 271.0753; found: 271.0747.


Typical procedure for enantioselective aza-Henry reaction of nitro sub-
strates with N-Boc-imines : Nitro substrate (3b–k, 2.0–5.0 equiv) was
added to a stirred solution of benzaldehyde N-(tert-butoxycarbonyl)
imines 2 f, 2A–B, 2G (0.2 mmol) and thiourea (0.1 equiv, 8.3 mg) in
CH2Cl2 (0.4 mL), and the mixture was stirred for 24 h to 72 h at the
�20 8C. Then the reaction mixture was condensed in vacuo and the ob-
tained residue was purified by column chromatography on silica gel
(hexane/EtOAc 5/1 as eluant) to afford desired products 8A–M, 9A.


tert-Butyl (1R,2S)-2-nitro-1-phenylbutylcarbamate (8A) and tert-Butyl
(1R,2R)-2-nitro-1-phenylbutyl carbamate (9A): According to the typical
procedure, imine 2 f (0.20 mmol, 41.1 mg) and nitro compound 3b were
converted to products 8A and 9A as white solids (53.0 mg, 90%) and a
8A/9A (88/12) mixture of diastereomers by 1H NMR ([D6]DMSO) anal-
ysis. The ee of major diastereomer 8A was determined to be 95% by
chiral HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15,
1 mLmin�1, l=210 nm): tr (major)=5.3 min, tr (minor)=5.8 min; and
that of the the minor diastereomer 9A was determined to be 79% (Chir-
alpak AD, hexane/iPrOH 85/15, 1 mLmin�1, l=210 nm): tr (major)=
15.1 min, tr (minor)=13.0 min; m.p. 156–157 8C (hexane/EtOAc); [a]30


D =


29.6 (c=1.01, CHCl3);
1H NMR (500 MHz, CDCl3): d=730–7.40 (m,


3H), 7.22–7.26 (m, 2H), 5.14–5.20 (br s, 1H), 5.10–5.14 (m, 1H), 4.74
(br s, 1H), 1.84–1.92 (m, 2H), 1.43 (s, 9H), 0.96–1.03 ppm (t, J=3.5 Hz,
3H); 13C NMR (126 MHz, CDCl3): d=154.9, 136.7, 129.0, 128.7, 126.9,
93.0, 74.8, 56.8, 28.2, 24.8, 10.4 ppm; IR (CHCl3): ñ=3441, 2961, 2928,
1713, 1491, 1423 cm�1; MS (FAB�): m/z (%): 293 [M�H]� (100); HRMS
(FAB�) calcd for [C15H21N2O4]


� : 293.1501; found: 293.1509; elemental
analysis (%) calcd for C15H22N2O4: C 61.21, H 7.53, N 9.52; found: C
60.43, H 6.87, N 9.53.


tert-Butyl (1R,2S)-2-nitro-1-phenylpropylcarbamate (8B): According to
the typical procedure, imine 2 f (0.20 mmol, 41.1 mg) and nitro compound
3c were converted to the product 8B (51.5 mg, 92%) as a white solid
and a 90/10 mixture of diastereomers by 1H NMR ([D6]DMSO) analysis.
The major diastereomer was determined to have 93% ee by chiral HPLC
analysis (Chiralpak AD-H, hexane/iPrOH 90/10, 1 mLmin�1, l=210 nm):
tr (major)=10.7 min, tr (minor)=9.9 min; and the minor diastereomer
was determined to have 83% ee under the same HPLC analysis condi-
tions: tr (major)=13.0 min, tr (minor)=15.8 min; m.p. 143–144 8C
(hexane/EtOAc); [a]30


D =22.0 (c=1.10, CHCl3);
1H NMR (500 MHz,


CDCl3): d=7.28–7.34 (m, 3H), 7.18–7.21 (m, 2H), 5.32 (br s, 1H), 5.16
(dd, J=8.8, 5.8 Hz, 1H), 4.88 (br s, 1H), 1.49 (d, J=6.7 Hz, 3H),
1.39 ppm (s, 9H); 13C NMR (126 MHz, CDCl3): d=155.2, 136.7, 129.3,
129.0, 127.2, 86.0, 80.0, 57.7, 28.4, 15.5 ppm; IR (CHCl3): ñ=3439, 2982,
2937, 1713, 1554 cm�1; MS (FAB�): m/z (%): 279 [M�H]� (90), 153
(100); HRMS (FAB�) calcd for [C14H19N2O4]


� : 279.1345; found:
279.1350; elemental analysis (%) calcd for C14H20N2O4: C 59.99, H 7.19,
N 9.99; found: C 59.84, H 6.92, N 9.92.


tert-Butyl (1R,2S)-2-nitro-1-phenylhexylcarbamate (8C): According to
the typical procedure, imine 2 f (0.20 mmol, 41.1 mg) and nitro compound
3d were converted to product 8C as a white solid (55.0 mg, 82%) and a
93/7 mixture of diastereomers by 1H NMR ([D6]DMSO) analysis. The
major diastereomer was determined to have 99% ee by chiral HPLC
analysis (Chiralpak AD-H, hexane/iPrOH 80/20, 0.5 mLmin�1, l=


210 nm): tr (major)=13.8 min, tr (minor)=10.2 min; and the minor dia-
stereomer was determined to have 97% ee under the same HPLC analy-
sis conditions: tr (major)=12.7 min, tr (minor)=15.6 min; m.p. 113–
114 8C (hexane/EtOAc); [a]30


D =14.7 (c=1.14, CHCl3);
1H NMR


(500 MHz, CDCl3):d=7.28–7.38 (m, 3H), 7.19–7.26 (m, 2H), 5.02–5.29
(m, 2H), 4.72–4.78 (br s, 1H), 1.76–2.04 (m, 2H), 1.43 (s, 9H), 1.24–1.35
(m, 6H), 0.84–0.87 ppm (t, J=6.71, 10.7 Hz, 3H); 13C NMR (126 MHz,
CDCl3): d=154.9, 136.7, 129.0, 128.7, 126.9, 126.3, 91.5, 80.5, 56.9, 31.0,
29.7, 28.2, 25.5, 22.2, 13.8 ppm; IR (CHCl3): ñ=3440, 3026, 1714, 1554,
1211, 1023 cm�1; MS (FAB�): m/z (%): 335 [M�H]� (100); HRMS
(FAB�) calcd for [C18H27N2O4]


� : 335.1971; found: 335.1978; elemental


analysis (%) calcd for C18H28N2O4: C 64.26, H 8.39, N 8.33; found: C
63.78, H 8.30, N 8.27.


tert-Butyl (1R,2S)-2-nitro-1,3-diphenylpropylcarbamate (8D): According
to the typical procedure, imine 2 f (0.20 mmol, 41.1 mg) and nitro com-
pound 3e were converted to the product 8D as a white solid (60.0 mg,
84%) and a 83/17 mixture of diastereomers by 1H NMR ([D6]DMSO)
analysis. The major diastereomer was determined to have 97% ee by
chiral HPLC analysis (Chiralpak AD-H, hexane/EtOH 85/15,
0.5 mLmin�1, l=210 nm): tr (major)=14.3 min, tr (minor)=15.2 min; and
the minor diastereomer was determined to have 78% ee under the same
HPLC analysis conditions: tr (major)=17.7 min, tr (minor)=16.2 min;
m.p. 189–190 8C (hexane/EtOAc); [a]30


D =51.6 (c=1.00, CHCl3);
1H NMR


(500 MHz, CDCl3):d=7.33–7.41 (m, 3H), 7.26–7.31 (m, 4H), 7.12–7.25
(m, 3H), 5.19–5.30 (m, 2H), 4.99–5.10 (br s, 1H), 3.25–3.35 (m, 1H),
3.13–3.20 (dd, J=3.5, 14.8 Hz, 1H), 1.46 ppm (s, 9H); 13C NMR
(126 MHz, CDCl3): d=155.0, 136.4, 135.5, 129.2, 129.0, 128.9, 128.8,
127.5, 127.0, 92.7, 80.8, 57.3, 36.2, 28.2 ppm; IR (CHCl3): ñ=3436, 3019,
1715, 1556, 1369, 1162 cm�1; MS (FAB�): m/z (%): 355 [M�H]� (100);
HRMS (FAB�) calcd for [C20H23N2O4]


� : 355.1658; found: 355.1651; ele-
mental analysis (%) calcd for C20H24N2O4: C 67.40, H 6.79, N 7.86;
found: C 67.26, H 6.67, N 7.82.


tert-Butyl (1R,2S)-3-hydroxy-2-nitro-1-phenylpropylcarbamate (8E): Ac-
cording to the typical procedure, imine 2 f (0.20 mmol, 41.1 mg) and nitro
compound 3 f were converted to the product 8E as a white solid
(44.5 mg, 75%) and a 75/25 mixture of diastereomers by 1H NMR
([D6]DMSO) analysis. The major diastereomer was determined to have
90% ee by chiral HPLC analysis (Chiralpak AD-H, 85/15 hexane/EtOH,
1.0 mLmin�1, l=210 nm): tr (major)=14.9 min, tr (minor)=10.4 min; and
the minor diastereomer was determined to have 82% ee under the same
HPLC analysis conditions: tr (major)=12.1 min, tr (minor)=21.5 min;
m.p. 103–109 8C (hexane/EtOAc); [a]30


D =24.5 (c=0.85, CHCl3);
1H NMR


(500 MHz, CDCl3):d= 7.27–7.41 (m, 5H), 5.41–5.66 (m, 1H), 5.19–5.35
(m, 1H), 4.77–5.03 (m, 1H), 4.06–4.19 (m, 2H), 3.48–3.97 (m, 1H),
1.44 ppm (s, 9H); 13C NMR (126 MHz, CDCl3): d=156.3, 136.4, 129.3,
128.7, 126.3, 91.6, 81.4, 61.5, 58.7, 28.2 ppm; IR (CHCl3): ñ=3437, 3019,
1714, 1555, 1360, 1060 cm�1; MS (FAB�): m/z (%): 295 [M�H]� (45), 153
(100); HRMS (FAB�) calcd for [C14H19N2O5]


� : 295.1294; found:
295.1297; elemental analysis (%) calcd for C14H20N2O5: C 56.75, H 6.80,
N 9.45; found: C 55.48, H 6.58, N 9.57.


tert-Butyl (1R,2S)-3-benzyloxy-2-nitro-1-phenylpropylcarbamate (8F):
According to the typical procedure, imine 2 f (0.20 mmol, 41.1 mg) and
nitro compound 3g were converted to the product 8F as a white solid
(61.5 mg, 80%) and a 86/14 mixture of diastereomers by 1H NMR
([D6]DMSO) analysis. The major diastereomer was determined to have
95% ee by chiral HPLC analysis (Chiralpak AD-H, hexane/iPrOH 85/15,
flow rate=0.5 mLmin�1, l=210 nm): tr (major)=26.8 min, tr (minor)=
30.2 min; and the minor diastereomer was determined to have 89% ee
under the same HPLC analysis conditions: tr (major)=24.7 min, tr
(minor)=28.4 min; m.p. 101–102 8C (hexane/EtOAc); [a]30


D =12.4 (c=
1.03, CHCl3);


1H NMR (500 MHz, CDCl3): d=7.30–7.37 (m, 6H), 7.21–
7.25 (m, 4H), 5.58 (br s, 1H), 5.10–5.25 (m, 1H), 5.06 (br s, 1H), 4.46–
4.53 (s, 2H), 3.67–4.03 (m, 2H), 1.41 ppm (s, 9H); 13C NMR (126 MHz,
CDCl3): d=154.9, 136.9, 136.6, 129.2, 128.6, 127.9, 127.8, 126.7, 126.2,
90.7, 80.5, 73.6, 68.6, 56.8, 28.2 ppm; IR (CHCl3): ñ=3436, 3010, 1715,
1561, 1369, 1097 cm�1; MS (FAB�): m/z (%): 385 [M�H]� (100); HRMS
(FAB�) calcd for [C21H25N2O5]


� : 385.1763; found: 385.1786; elemental
analysis (%) calcd for C21H26N2O5: C 65.27, H 6.78, N 7.25; found: C
66.41, H 6.70, N 6.69.


tert-Butyl (1R,2S)-4-benzyloxy-2-nitro-1-phenylbutylcarbamate (8G): Ac-
cording to the typical procedure, imine 2 f (0.20 mmol, 41.1 mg) and nitro
compound 3h were converted to the product 8G as a white solid
(68.5 mg, 86%) and a 93/7 mixture of diastereomers by 1H NMR
(CDCl3) analysis. The major diastereomer was determined to have
94% ee by chiral HPLC analysis (Chiralpak AD-H, 85/15 hexane/EtOH,
1.0 mLmin�1, l=210 nm): tr (major)=9.6 min, tr (minor)=12.3 min; and
the minor diastereomer was determined to have 98% ee under the same
HPLC analysis condition: tr (major)=15.5 min, tr (minor)=11.3 min;
m.p. 69–70 8C (hexane/EtOAc); [a]30


D =35.0 (c=1.22, CHCl3);
1H NMR
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(500 MHz, CDCl3): d=7.26–7.37 (m, 8H), 7.20–7.25 (m, 2H), 5.15–5.28
(m, 2H), 5.08 (br s, 1H), 4.42–4.49 (m, 2H), 3.36–3.61 (m, 2H), 2.13–2.36
(m, 2H), 1.43 ppm (s, 9H); 13C NMR (126 MHz, CDCl3): d=154.9, 137.8,
136.7, 129.0, 128.6, 128.5, 127.9, 126.9, 88.3, 80.4, 73.3, 65.8, 56.9, 30.3,
28.2 ppm; IR (CHCl3): ñ=3437, 3028, 1714, 1555, 1369, 1163 cm�1; MS
(FAB�): m/z (%): 399 [M�H]� (100); HRMS (FAB�) calcd for
[C22H27N2O5]


� : 399.1920; found: 399.1925; elemental analysis (%) calcd
for C14H20N2O4: C 59.99, H 7.19, N 9.99; found: C 59.84, H 6.92, N 9.92.


tert-Butyl (1R,2S)-5-benzyloxy-2-nitro-1-phenylpentylcarbamate (8H):
According to the typical procedure, imine 2 f (0.20 mmol, 41.1 mg) and
nitro compound 3 i were converted to the product 8H as a white solid
(66.0 mg, 80%) and a 91/9 mixture of diastereomers by 1H NMR
([D6]DMSO) analysis. The major diastereomer was determined to have
92% ee by chiral HPLC analysis (Chiralpak AD-H, 80:20 hexane/EtOH,
0.5 mLmin�1, l=210 nm): tr (major)=14.8 min, tr (minor)=13.7 min; and
the minor diastereomer was determined to have 73% ee under the same
HPLC analysis conditions: tr (major)=17.8 min, tr (minor)=16.5 min;
m.p. 75–76 8C (hexane/EtOAc); [a]30


D =3.91 (c=0.72, CHCl3);
1H NMR


(500 MHz, CDCl3):d=7.27–7.35 (m, 7H),M 7.15–7.24 (m, 3H), 5.05–5.29
(m, 2H), 4.72–4.99 (br s, 1H), 4.42–4.50 (s, 2H), 3.33–3.46 (m, 2H), 1.99–
2.30 (m, 2H), 1.53–1.75 (m, 2H), 1.41 ppm (s, 9H); 13C NMR (126 MHz,
CDCl3): d=154.9, 138.2, 136.7, 129.0, 128.7, 128.6, 128.5, 127.7, 126.9,
91.2, 80.5, 72.9, 68.9, 65.8, 56.9, 28.2, 26.0 ppm; IR (CHCl3): ñ=3436,
3026, 1715, 1554, 1368, 1164 cm�1; MS (FAB�): m/z (%): 413 [M�H]�


(100); HRMS (FAB�) calcd for [C23H29N2O5]
� : 413.2076; found:


413.2070; elemental analysis (%) calcd for C23H30N2O5: C 66.98, H 7.05,
N 7.00; found: C 66.18, H 6.96, N 6.76.


tert-Butyl (1R,2S)-5-hydroxy-2-nitro-1-phenylpentylcarbamate (8 I): Ac-
cording to the typical procedure, imine 2 f (0.20 mmol, 41.1 mg) and nitro
compound 3j were converted to the product 8I as a white solid (51.5 mg,
80%) and a 92/8 mixture of diastereomers by 1H NMR ([D6]DMSO)
analysis. The major diastereomer was determined to have 89% ee by
chiral HPLC analysis (Chiralpak AD-H, 85/15 hexane/EtOH,
1.0 mLmin�1, l=210 nm): tr (major)=6.2 min, tr (minor)=8.0 min; and
the minor diastereomer was determined to have 87% ee under the same
HPLC analysis conditions: tr (major)=15.8 min, tr (minor)=17.0 min;
m.p. 155–156 8C (hexane/EtOAc); [a]30


D =3.72 (c=1.50, CHCl3);
1H NMR


(500 MHz, CDCl3):d=7.31–7.40 (m, 3H), 7.21–7.26 (m, 2H), 5.13–5.24
(m, 2H), 4.92 (br s, 1H), 3.63–3.72 (m, 2H), 3.1.96–2.17 (m, 2H), 1.64–
1.66 (m, 1H), 1.54–1.59 (m, 1H), 1.43 ppm (s, 9H); 13C NMR (126 MHz,
CDCl3): d=155.0, 136.7, 129.1, 128.9, 126.9, 91.1, 83.8, 61.7, 56.9, 28.6,
28.2 26.5 ppm; IR (CHCl3): ñ=3033, 2959, 2927, 1731, 1554, 1376, 1161,
1046 cm�1; MS (FAB�): m/z (%): 323 [M�H]� (100); HRMS (FAB�)
calcd for [C16H24N2O5]


� : 323.1607; found: 323.1617.


tert-Butyl (1R,2S)-2-nitro-1-phenyl-5-(trifluoromethanesulfonyloxy)pent-
ylcarbamate (8J): According to the typical procedure, imine 2 f
(0.20 mmol, 41.1 mg) and nitro compound 3k were converted to the
product 8J as a white solid (71.0 mg, 78%) and a 93/7 mixture of diaster-
eomers by 1H NMR (CDCl3) analysis. The major diastereomer was deter-
mined to have 90% ee by chiral HPLC analysis (Chiralpak AD-H,
hexane/iPrOH 85/15, 1.0 mLmin�1, l=210 nm): tr (major)=13.7 min, tr
(minor)=9.1 min; and the minor diastereomer was determined to have
55% ee under the same HPLC analysis conditions: tr (major)=15.2 min,
tr (minor)=19.2 min; m.p. 94–95 8C (hexane/EtOAc); [a]30


D =8.42 (c=
0.95, CHCl3);


1H NMR (500 MHz, CDCl3):d=7.32–7.40 (m, 3H), 7.22–
7.26 (d, J=7.0 Hz, 2H), 5.06–5.24 (m, 2H), 4.80–4.95 (br s, 1H), 4.29–4.36
(m, 2H), 1.94–2.27 (m, 2H), 1.76–1.92 (m, 2H), 1.43 ppm (s, 9H);
13C NMR (126 MHz, CDCl3): d=161.9, 154.9, 136.3, 129.2, 126.9, 126.4,
90.6, 80.7, 74.7, 67.8, 56.9, 28.2, 24.8 ppm; IR (CHCl3): ñ=3443, 3024,
1714, 1556, 1393, 1164, 1052 cm�1; MS (FAB�): m/z (%): 305
[M�HOTf]� (100); HRMS (FAB�) calcd for C16H21N2O4 [M�HOTf)]� :
305.1501; found: 305.1515.


tert-Butyl (1R,2S)-2-nitro-1-(p-triflouromethylphenyl)-1,3-diphenylpro-
pylcarbamate (8K): According to the typical procedure, imine 2A
(0.20 mmol, 54.6 mg) and nitro compound 3e were converted to the
product 8K (79.5 mg, 94%) as a white solid and a 97/3 mixture of diaster-
eomers by 1H NMR ([D6]DMSO) analysis. The major diastereomer was
determined to have 95% ee by chiral HPLC analysis (Chiralpak AD-H,


hexane/iPrOH 90/10, 1.0 mLmin�1, l=210 nm): tr (major)=12.9 min, tr
(minor)=9.9 min; and the minor diastereomer was determined to have
87% ee under the same HPLC analysis conditions: tr (major)=10.8 min,
tr (minor)=28.7 min; m.p. 205–206 8C (hexane/EtOAc); [a]30


D =50.0 (c=
0.10, CHCl3);


1H NMR (500 MHz, CDCl3): d=7.62–7.65 (dd, J=12.8,
7.9 Hz, 2H), 7.39–7.42 (d, J=7.9 Hz, 1H), 7.25–7.37 (m, 4H), 7.12–7.16
(m, 2H), 5.29 (br s, 1H), 5.21 (s, 1H), 5.04–5.13 (m, 1H), 3.15–3.38 (m,
2H), 1.44 ppm (s, 9H); 13C NMR (126 MHz, CDCl3): d=172.7, 154.8,
134.9, 129.2, 129.0, 128.8, 127.7, 126.7, 126.1, 92.2, 81.2, 56.8, 37.5,
28.2 ppm; IR (CHCl3): ñ=3438, 2932, 1715, 1557 cm�1; MS (FAB�): m/z
(%): 423 [M�H]� (60), 153 (100); HRMS (FAB�) calcd for
[C21H22F3N2O4]


� : 423.1532; found: 423.1528; elemental analysis (%)
calcd for C21H23N2O4: C 59.43, H 5.46, N 6.60; found: C 59.21, H 5.44, N
6.47.


tert-Butyl (1R,2S)-1-(p-methylphenyl)-2-nitro-1,3-diphenylpropylcarba-
mate (8L): According to the typical procedure, imine 2B (0.20 mmol,
43.8 mg) and nitro compound 3e were converted to the product 8L
(66.5 mg, 90%) as a white solid and a 93/7 mixture of diastereomers by
1H NMR ([D6]DMSO) analysis. The major diastereomer was determined
to have 92% ee by chiral HPLC analysis (Chiralpak AD-H, hexane/
iPrOH 95/5, 1.0 mLmin�1, l=210 nm): tr (major)=24.7 min, tr (minor)=
22.4 min; and the minor diastereomer was determined to have 57% ee
under the same HPLC analysis conditions: tr (major)=34.1 min, tr
(minor)=21.6 min; m.p. 156–157 8C (hexane/EtOAc); [a]30


D =73.0 (c=
0.20, CHCl3);


1H NMR (500 MHz, CDCl3): d=7.26–7.29 (m, 3H), 7.14–
7.17 (m, 6H), 5.19 (br s, 2H), 5.05–5.09 (m, 1H), 3.14–3.30 (m, 2H), 2.34
(s, 3H), 1.44 ppm (s, 9H); 13C NMR (126 MHz, CDCl3): d=155.0, 138.8,
135.5, 133.3, 129.8, 128.8, 127.4, 126.8, 126.2, 92.8, 80.6, 57.1, 36.2,
28.2 ppm; IR (CHCl3): ñ=3025, 2360, 1714, 1556, 1162 cm�1; MS (FAB�):
m/z (%): 369 [M�H]� (80), 153 (100); HRMS (FAB�) calcd for
[C21H25N2O4]


� : 369.1814; found: 369.1819; elemental analysis (%) calcd
for C21H26N2O4: C 68.09, H 7.07, N 7.56; found: C 68.01, H 7.00, N 7.50.


tert-Butyl (1R,2S)-2-nitro-1-(3-pyridine)-1,3-diphenylpropylcarbamate
(8M): According to the typical procedure, imine 2G (0.20 mmol,
41.2 mg) and nitro compound 3e were converted to the product 8M
(66.5 mg, 93%) as a white solid and a 83/17 mixture of diastereomers by
1H NMR ([D6]DMSO) analysis. The major diastereomer was determined
to have 93% ee by chiral HPLC analysis (Chiralpak AD-H, hexane/
iPrOH 90/10, 1 mLmin�1, l=210 nm): tr (major)=23.9 min, tr (minor)=
20.4 min; and the minor diastereomer was determined to have 65% ee
under the same HPLC analysis conditions: tr (major)=44.0 min, tr
(minor)=30.4 min; m.p. 169–170 8C (hexane/EtOAc); [a]30


D =26.1 (c=
0.72, CHCl3);


1H NMR (500 MHz, CDCl3): d=8.55–8.58 (d, J=12.8 Hz,
2H), 7.57–7.62 (m, 1H), 7.27–7.34 (m, 4H), 7.14–7.17 (dd, J=11.1,
7.2 Hz, 2H), 5.92 (br s, 1H), 5.19–5.23 (m, 1H), 5.04–5.06 (m, 1H), 3.29–
3.40 (m, 1H), 3.16–3.19 (dd, J=14.7, 3.7 Hz, 1H), 1.44 ppm (s, 9H);
13C NMR (126 MHz, CDCl3): d=149.9, 134.3, 133.8, 129.2, 129.0, 128.8,
128.6, 128.0, 127.7, 123.8, 92.9, 81.8, 59.5, 38.6, 28.2 ppm; IR (CHCl3): ñ=
3437, 2984, 2360, 1715, 1557 cm�1; MS (FAB�): m/z (%): 356 [M�H]�


(75), 153 (100); HRMS (FAB�) calcd for [C19H22N3O4]
� : 356.1610;


found: 356.1622; elemental analysis (%) calcd for C19H23N3O4: C 63.85,
H 6.49, N 10.97; found: C 63.65, H 6.70, N 10.97.


tert-Butyl (1R,2S)-5-(methanesulfonyloxy)-2-nitro-1-phenylpentylcarba-
mate (11): 4-O-methanesulfonyl-1-nitrobutane[7] (10, 0.60 mmol,
1.5 equiv, 118.2 mg) was added to a stirred solution of imine 2 f
(0.40 mmol, 82.3 mg) and 1a (0.1 equiv, 16.5 mg) in CH2Cl2 (0.8 mL,
0.5m) at �20 8C and then stirred for 72 h. The reaction mixture was con-
centrated in vacuo, and the obtained residue was purified by flash
column chromatography on silica gel (hexane/EtOAc 2/1 as eluant) to
afford desired product 11 as a white solid (131.9 mg, 80%) as a 80/20
(11a/11b) mixture of diastereomers by 1H NMR (CDCl3) analysis. The
major diastereomer 11a was determined to have 96% ee by chiral HPLC
analysis (Chiralpak AD, hexane/iPrOH 90/10, flow rate=1.0 mLmin�1,
l=210 nm): tr (major)=39.8 min, tr (minor)=36.4 min; and the minor di-
astereomer 11b was determined to have 83% ee under the same HPLC
analysis conditions: tr (major)=64.0 min, tr (minor)=81.0 min; m.p. 85–
86 8C (hexane/EtOAc); [a]25


D =�24.4 (c=0.82, CHCl3);
1H NMR


(500 MHz, CDCl3): d=7.29–7.40 (m, 3H), 7.21–7.27 (m, 2H), 5.20–5.27
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(m, 1H), 5.07–5.20 (m, 1H), 4.90 (br s, 1H), 4.18–4.31 (m, 2H), 3.01 (s,
3H), 2.04–2.18 (m, 2H), 1.76–1.84 (m, 2H), 1.43 ppm (s, 9H); 13C NMR
(126 MHz, CDCl3): d=155.0, 136.3, 129.1, 126.9, 126.3, 90.5, 80.6, 68.2,
56.8, 37.3, 28.1, 26.2, 25.4 ppm; IR (CHCl3): ñ=3036, 2927, 1735,
1231 cm�1; MS (FAB+): m/z (%): 403 [M+H]+ (7), 347 (100); HRMS
(FAB+) calcd for [C17H27N2O7S]+ : 403.1539; found: 403.1534; elemental
analysis (%) calcd for C17H26N2O7S: C 50.73, H 6.51, N 6.96; found: C
50.57, H 6.24, N 7.00.


(2R,3S)-3-Nitro-2-phenylpiperidine (12): Trifluoroacetic acid (TFA,
280.2 mg, 2.0 mmol, 10 equiv) was added to a stirred ice-cooled solution
of 11 (80.4 mg, 0.2 mmol, mixture of diastereomers 11a/11b=86/14) in
CH2Cl2 (1.0 mL), and stirring was continued for 3 h under a N2 atmos-
phere. After addition of saturated aqueous K2CO3 (5 mL), the aqueous
phase was extracted with AcOEt. The combined organic phases were
washed with brine, dried (Na2SO4), and concentrated in vacuo, and the
crude material was purified by column chromatography on silica gel
(hexane/EtOAc 1/1 as eluant) to give 12 as a colorless oil (33.0 mg, 80%)
as a 9/1 (trans/cis) mixture of diastereomers by 1H NMR (CDCl3) analy-
sis. The major diastereomer was determined to have 94% ee by chiral
HPLC analysis (Chiralpak AD-H, hexane/iPrOH 90/10, 1.0 mLmin�1, l=
210 nm): tr (major)=16.1 min, tr (minor)=14.7 min; and the minor dia-
stereomer was determined to have 98% ee under the same HPLC analy-
sis condition: tr (major)=18.5 min, tr (minor)=20.1 min; [a]25


D =++48.9
(94% ee, c=1.21, CHCl3); trans isomer: 1H NMR (500 MHz, CDCl3): d=
7.28–7.38 (m, 5H), 4.58 (ddd, J=9.8, 9.5, 4.3 Hz, 1H), 4.02 (d, J=9.5 Hz,
1H), 3.16 (brd, J=11.9 Hz, 1H), 2.85 (ddd, J=11.9, 11.9, 2.7, 1H), 2.43
(m, 1H), 2.12 (ddd, J=12.5, 12.5, 4.3 Hz, 1H), 1.89 (m, 1H), 1.67–
1.83 ppm (m, 2H); 13C NMR (126 MHz, CDCl3): d=138.7, 128.8, 127.5,
122.2, 89.3, 64.9, 46.3, 30.9, 24.4 ppm; IR (CDCl3): ñ=3694, 3027, 1603,
1556; MS (FAB+): m/z (%): 207 [M+H]+ (100), 160 (28); HRMS (FAB+)
calcd for [C11H25N2O2]


+ : 207.1134; found: 207.1137. cis isomer: [a]25
D =


+17.5 (c=0.24, CHCl3);
1H NMR (500 MHz, CDCl3): d=7.27–7.37 (m,


5H), 4.95 (br s, 1H), 4.13 (br s, 1H), 3.43 (brd, J=13.1 Hz, 1H), 2.87
(ddd, J=12.8, 13.1, 3.1 Hz 1H), 2.50 (br s, 1H), 2.48 (brd, J=15.0, 1H),
2.14 (m, 1H), 2.03 (m, 1H), 1.60 ppm (m, 1H); 13C NMR (126 MHz,
CDCl3): d=138.5, 128.7, 127.9, 125.8, 84.0, 61.2, 46.0, 28.8, 20.1 ppm; IR
(CDCl3): ñ=3693, 3028, 1601, 1552 cm�1; MS (FAB+): m/z (%): 207
[M+H]+ (100), 91 (44); HRMS (FAB+) calcd for [C11H25N2O2]


+ :
207.1134; found: 207.1132.


(2R,3R)-3-[N-(2-methoxybenzyl)amino]-2-phenylpiperidine
((�)-CP-99,994): tBuOK (22.5 mg, 0.20 mmol) was added to a solution of
the 9/1 mixture of diastereomers of 12 (20.7 mg, 0.10 mmol) in THF
(0.5 mL) at 0 8C under N2 atmosphere. After the mixture was stirred at
this temperature for 1 h, the temperature was reduced to �78 8C, and
AcOH (0.1 mL) was added. After stirring for 1 h at this temperature, the
mixture was allowed to warm slowly to room temperature. The reaction
was quenched with saturated aqueous Na2CO3 (5 mL), and the mixture
was extracted with AcOEt. The combined organic layers were washed
with brine, dried (Na2SO4), and concentrated in vacuo to give cis-12. Zn
(156 mg, 2.40 mmol) and AcOH (0.3 mL) were added to a stirred solu-
tion of the obtained cis-12 in THF (1.0 mL). After stirring the mixture at
room temperature under N2 atmosphere for 8 h, it was quenched with sa-
turated aqueous NaHCO3 (5 mL) and extracted with CHCl3. The com-
bined organic layers were washed with brine, dried (K2CO3), and concen-
trated in vacuo to give 13 as a pale yellow oil. o-Anisaldehyde (13.6 mg,
0.10 mmol) was added to a solution of the obtained 13 in 1,2-dichloro-
ethane (DCE, 1.0 mL). After stirring the mixture for 1 h at room temper-
ature, NaBH3CN (6.9 mg, 0.11 mmol), AcOH (6.8 mL, 0.11 mmol) and
MeOH (0.4 mL) were added. After stirring for 6 h at room temperature,
the mixture was basified with aqueous NaHCO3 and solid K2CO3 (ca.
240 mg) and extracted with CHCl3. The combined organic layers were
washed with brine, dried (Na2SO4), and concentrated in vacuo. The resi-
due was purified by column chromatography on silica gel (AcOEt/
hexane/MeOH/TEA 100/50/5/1 as eluant) to give (�)-CP-99,994 as a col-
orless oil (22.3 mg, 75% from 12): [a]20


D =63.0 (c=0.27, CHCl3) (lit. :[17f]


[a]20
D =++67.2 (c=1.0, CHCl3) as (+)-CP-99,994); 1H NMR (500 MHz,


CDCl3): d=7.21–7.31 (m, 5H), 7.15 (td, J=7.9, 1.5 Hz, 1H), 6.97 (dd, J=
7.3, 1.5 Hz, 1H), 6.80 (br t, J=7.3 Hz, 1H), 6.68 (brd, J=8.2 Hz, 1H),
3.88 (d, J=2.4 Hz, 1H), 3.67 (d, J=13.7 Hz, 1H), 3.45 (s, 3H), 3.41 (d,


J=13.7, 1H), 3.27 (brd, J=12.5 Hz, 1H), 2.75- 2.85 (m, 2H), 2.14 (brd,
J=14.6 Hz, 1H), 1.92 (m, 1H), 1.64–1.74 (br s, 2H), 1.61 (tt, J=13.4,
3.7 Hz, 1H), 1.40 ppm (brd, J=13.1 Hz, 1H); 13C NMR (126 MHz,
CDCl3): d=157.7, 142.5, 129.6, 128.3, 128.2, 127.8, 126.6, 126.3, 120.0,
109.8, 63.9, 54.70, 54.65, 47.7, 46.7, 28.1, 20.3 ppm; IR (CDCl3): ñ=3320,
3064, 2939, 1601, 1493, 1462 cm�1; MS (FAB+): m/z (%): 297 [M+H]+


(92), 121 (100); HRMS (FAB+) calcd for [C19H25N2O]+ : 297.1967; found:
297.1975.


Methyl trans-6-nitro-2-hexenoate ((E)-14): IBX (1.5 equiv, 5.83 g) was
added to a stirred solution of 4-nitro-1-butanol (1.57 g, 13.2 mmol),
DMSO (7 mL), and THF (7 mL). After 2 h, saturated aqueous NaHCO3


was added to the reaction mixture, which was extracted with Et2O. The
combined organic extracts were washed with saturated aqueous NaHCO3


and brine, dried over MgSO4, filtered, and concentrated in vacuo to
afford the crude aldehyde (1.20 g). The crude aldehyde was dissolved in
benzene (20 mL) and the Wittig reagent (1.5 equiv, 5.12 g) was added to
the reaction mixture at room temperature. After 20 h, the reaction mix-
ture was concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane/AcOEt 3/1 as eluant) to afford
(Z)-14 (130 mg, 5%) and (E)-14 (893 mg, 36%). E isomer: 1H NMR
(500 MHz, CDCl3): d=6.91 (dt, J=15.6, 7.0 Hz, 1H), 5.90 (dt, J=15.6,
1.5 Hz, 1H), 4.42 (t, J=6.9 Hz, 2H), 3.74 (s, 3H), 2.41–2.29 (m, 2H),
2.27–2.13 ppm (m, 2H); 13C NMR (126 MHz, CDCl3): d=166.5, 145.7,
122.8, 74.4, 51.5, 28.4, 25.4 ppm; IR (CHCl3): ñ=1719, 1660, 1555 cm�1;
MS (CI+): m/z (%): 174 [M+H]+ (100); HRMS (CI+) calcd for
[C7H12NO4]


+ : 174.0766; found: 174.0763. Z isomer : 1H NMR (500 MHz,
CDCl3): d=6.21 (ddd, J=11.4, 7.8, 7.6 Hz, 1H), 5.89 (dt, J=11.3, 1.5 Hz,
1H), 4.42 (t, J=7.0 Hz, 2H), 3.72 (s, 3H), 2.77 (ddt, J=1.5, 7.5, 7.5 Hz,
2H), 2.19 (ddt, J=7.0, 7.3, 7.4 Hz, 2H); 13C NMR (126 MHz, CDCl3):
d=166.4, 146.6, 121.4, 74.6, 51.1, 26.2, 25.3 ppm; IR (CHCl3): ñ=1718,
148, 1554 cm�1; MS (CI+): m/z (%): 174 [M+H]+ (32), 42 (100); HRMS
(CI+) calcd for [C7H12NO4]


+ : 174.0766; found: 174.0768.


Methyl (6R,7S)-trans-7-[N-(tert-butoxycarbonyl)amino]-6-nitro-7-
phenyl-2-heptenoate (15): 1a (0.1 equiv, 5.5 mg) was added to a stirred
solution of N-Boc-imine 2 f (0.13 mmol, 27.1 mg) and nitroalkane (E)-14
(2 equiv, 49.5 mg) in CH2Cl2 (0.26 mL) at room temperature, and the
mixture was stirred for 24 h. Then the reaction mixture was purified by
column chromatography on silica gel (hexane/AcOEt 5/1 as eluant) to
afford a 79/21 mixture of diastereomers of 15 (40.7 mg, 81%). HPLC
analysis (Chiralpak AS-H, hexane/EtOH 90:10, flow rate=
1.0 mLmin�1): 15a (92% ee): tr (major)=9.1 min, tr (minor)=14.8 min;
15b (72% ee): (tr major)=12.4 min, tr (minor)=7.4 min. 1H NMR
(500 MHz, CDCl3): d=7.44–7.28 (m, 3H), 7.25–7.17 (m, 2H), 6.91–6.78
(m, 1H), 5.84 (d, J=15.9 Hz, 1H), 5.24–5.06 (m, 2H), 4.81 (br s, 1H),
3.74 (s, 3H), 2.42–2.10 (m, 3H), 2.03–1.89 (m, 1H), 1.43 ppm (s, 9H);
13C NMR (126 MHz, CDCl3): Major isomer (15a): d=166.6, 155.0, 145.8,
136.4, 128.9, 128.7, 126.8, 122.6, 90.4, 80.4, 56.8, 51.4, 28.3, 28.1, 28.0 ppm.
Minor isomer (15b): d=166.5, 155.0, 145.4, 137.1, 129.0, 128.5, 126.3,
122.7, 91.0, 80.3, 56.0, 51.4, 29.3, 28.0, 27.9 ppm; IR (CHCl3): ñ=3443,
3028, 3006, 2979, 1716, 1554 cm�1; MS (FAB+): m/z (%): 379 [M+H]+


(6), 212 (100); HRMS (FAB+) calcd for [C19H27N2O6]
+ : 379.1869; found:


379.1866.


Methyl 2-[(2S,3R,6S)-5-nitro-6-phenylpiperidin-2-yl]acetate (16): TFA
(0.20 mL) was added to a stirred solution of 15 (37.8 mg, 0.10 mmol, 15a/
15b 79/21) in CH2Cl2 (0.20 mL) at 0 8C. After 2 h, the reaction mixture
was concentrated in vacuo. The residual solid was dissolved in THF
(1.0 mL), and then TEA (5 equiv, 0.070 mL) was added to the mixture.
After 2 h, saturated aqueous NaHCO3 was added to the reaction mixture,
and the aqueous phase was extracted with CHCl3. The combined organic
extract was dried over Na2SO4, filtered, and evaporated in vacuo. The
residue was purified by column chromatography on silica gel (hexane/
AcOEt 3/1 as eluant) to afford desired product 16 (19.6 mg, 70%).
HPLC analysis (Chiralpak AD, hexane/EtOH 90:10, flow rate=
1.0 mLmin�1): tr (major)=12.4, tr (minor)=15.1 min; m.p. 114 8C (CHCl3/
hexane); [a]23


D =++16.7 (87% ee, c=1.01, CHCl3);
1H NMR (500 MHz,


CDCl3): d=7.42–7.27 (m, 5H), 4.54 (ddd, J=4.0, 9.8, 11.9 Hz, 1H), 4.13
(d, J=9.8 Hz, 1H), 3.66 (s, 3H), 3.31–3.17 (m, 1H), 2.54–2.47 (m, 1H),
2.47–2.38 (m, 2H), 2.33 (s, 1H), 2.27–2.11 (m, 1H), 1.93–1.83 (m, 1H),
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1.52–1.36 ppm (m, 1H); 13C NMR (126 MHz, CDCl3): d=172.3, 138.7,
128.80, 128.75, 127.6, 89.2, 64.5, 52.7, 51.7, 40.1, 30.5, 30.2 ppm; IR
(CHCl3): ñ=3330, 3030, 2952, 2950, 1731, 1550 cm�1; MS (FAB+): m/z
(%): 279 [M+H]+ (100); HRMS (FAB+) calcd for [C14H19N2O4]


+ :
279.1345; found: 279.1342; elemental analysis (%) calcd for C14H18N2O4:
C 60.40, H 6.52, N 10.07; found: C 60.12, H 6.55, N 9.99.
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Introduction


Over the last decade, supramolecular polymerization, that
is, the self-assembly of small monomeric units into polymer-
like materials through the use of noncovalent interactions,
has received growing attention.[1] Conceptually, a simple
way to achieve such supramolecular polymers is by the at-
tachment of appropriate supramolecular motifs onto the
ends of a core unit. The backbones of the resulting self-as-
sembled polymeric systems will, therefore, contain noncova-
lent bonds, in addition to covalent bonds, and these collec-
tively impart reversibility upon the system (i.e., a dynamic
degree of polymerization) and temperature sensitivity. This
behavior, in turn, offers the potential to develop polymeric
materials in which the melt viscosity at elevated tempera-
tures is more akin to a monomeric-like state, and thus
allows for the utilization of mild processing conditions. One


interesting opportunity offered by such systems is the ability
to self-assemble functional units into processable polymeric
materials, which, for example, exhibit attractive electronic
and/or optical properties.[2] The properties of such noncova-
lently bound aggregates have a strong dependence not only
on their functional core components, but also on the nature
(stability and dynamics) of the supramolecular motifs that
control the self-assembly process. In addition, if the supra-
molecular motif used in the assembly of the polymer is
asymmetric (i.e., it consists of two different complementary
units), then the supramolecular polymer will be formed only
in the presence of both of these complementary units. For
example, a heteroditopic monomer, in which both comple-
mentary units are placed on the same molecule, will result
in a self-assembling (A–B)n polymer (Figure 1a). However,
homoditopic monomers, which have only one of the comple-
mentary units placed on each monomer (e.g., A–A or B–B),
will exhibit polymer-like properties only upon mixing of the
two corresponding monomers (Figure 1b). Therefore, in this
case there exists the potential that the supramolecular poly-
mers formed will feature new functional properties that are
not exhibited by the individual monomers. An example of
such a supramolecular-aided function is the growing area of
supramolecular liquid-crystalline materials.[3–5] In such sys-
tems, molecular-shape anisotropy is important for the for-
mation of a liquid-crystalline (LC) phase. For example, rigid
and semirigid molecules that have a high aspect ratio often
exhibit liquid-crystalline behavior. Therefore, the self-assem-
bly of small (semi)rigid units into a larger linear array, with
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a high axial ratio, can result in the appearance of a liquid-
crystalline phase.[6–9] The induction of an LC phase in such a
case is a macroscopic expression of the molecular recogni-
tion designed into the molecules. Furthermore, the forma-
tion of such an LC phase, with its long-range order, will aid
in the formation of higher-molecular-weight aggregates.[10, 11]


Our investigations in this field have, in part, focused on
the use of nucleobase-pair interactions to control the self-as-
sembly of fluorescent, low-molecular-weight monomers into
liquid-crystalline polymeric architectures.[12] The utilization
of the nucleobase interactions in supramolecular chemistry
offers the opportunity to prepare precise self-assembled ar-
chitectures,[13] and allows for the exploitation of different
units, all of which offer various binding motifs.[14] We, and
others, have shown that the placement of a single nucleo-
base at either end of a chain results in dramatic changes in
material properties.[12,15–17] To this end, we have designed ho-
moditopic monomers (Figure 2) in which the nucleobase
thymine (T) and the nucleobase derivative N 6-(4-methoxy-
benzoyl)adenine (AAn) are substituted on both ends of an
alkoxy-substituted bis(phenylethynyl)benzene core (BP1aBP


and BP1bBP, BP=nucleobase derivative). Thus, this system


should exhibit polymer-like properties only upon mixing of
the complementary monomers. Another possible design in-
volves a heteroditopic monomer, in which both complemen-
tary units are placed on the same core, resulting in a self-as-
sembling (AB)n polymer. This manuscript will focus on
(AA–BB)n systems, and studies on a related (AB)n material
will be published elsewhere.


Results and Discussion


To effectively utilize nucleobase binding motifs in the self-
assembly of supramolecular liquid-crystalline polymers, it is
important to consider the nature of the nucleobase interac-
tions. Although nucleobases constrained within DNA se-
quences are some of the most controllable supramolecular
motifs, the individual nucleobases are less predictable.[14] For
example, the purines (adenine and guanine) are able to bind
through two different binding sites (Watson–Crick and
Hoogsteen),[18] and as a result can form multicomponent
complexes. In addition, the individual nucleobases can ho-
modimerize to form even more diverse structures, as in the
case of guanine, which can form linear tapes, sheets, ribbons,
and macrocycles.[19] Thus, the utilization of nucleobases
beyond the constraints of a DNA backbone may require
special modifications to enhance the level of predictability
of the system. To this end, we investigated the binding capa-
bility of N 6-anisoyladenine with thymine.
Protection of the adenine moiety by N 6-anisoyl effectively


reduces the number of possible thymine binding sites, thus
preventing the formation of 2:1 T2 :A complexes. Conse-
quently, the possibility of hydrogen-bond-mediated branch-
ing/crosslinking during the self-assembly process is reduced.
With this in mind, we investigated the effect that such a
modification has on the interaction between N 6-anisoylade-
nine and thymine.[20] Two model compounds, 1-dodecylthy-
mine (dodecyl-T) and N 6-anisoyl-9-dodecyladenine (dode-
cyl-AAn), were prepared and investigated. NMR titration ex-
periments (in CDCl3), in which the shift of the N


6-H on the
adenine was monitored, allowed the binding constant be-
tween these two model compounds to be estimated at
around 22m�1, confirming that AAn and T do indeed interact
with each other through hydrogen bonds. However, this in-
dicates a significant reduction in the strength of the interac-
tion between these two nucleobase moieties compared to
the case of unprotected adenine (KA–T=100m


�1 in
CDCl3).


[21] Nuclear Overhauser effect (NOE) experiments
were carried out by utilizing a 0.1m solution of 1:1 dodecyl-
T:dodecyl-AAn in CDCl3 to determine through which of the
two purine binding sites (i.e., Hoogsteen or Watson–Crick)
the modified adenine interacts with thymine. Irradiation of
the dodecyl-T NH proton resulted in NOE to both the H8


and H2 protons of the adenine, in a 2:1 ratio. As a conse-
quence of the limitations of this technique, direct correla-
tions cannot be made; however, the results suggest that thy-
mine does have a preference for the Hoogsteen face of the
modified adenine, at least in solution.[20,22]


Figure 1. Schematic representation of two different types of supramolec-
ular polymers that are formed by the association of monomers with com-
plementary end-groups. a) Self-assembly of a heteroditopic monomer to
yield an (AB)n supramolecular polymer, b) self-assembly of two comple-
mentary homoditopic monomers to yield an (AA–BB)n supramolecular
polymer. The dynamic nature of these polymers allows them to break
and recombine in response to changes in the environment.


Figure 2. Structures of the homoditopic (A–A, B–B) nucleobase-termi-
nated bis(phenylethynyl)benzene monomers (BP1aBP and BP1bBP). BP=


nucleobase derivative.
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Pure homoditopic compound properties : Having demon-
strated the existence of a hydrogen-bond-mediated interac-
tion between thymine and N 6-anisoyladenine, we next stud-
ied how the placement of these supramolecular binding
units affected low-molecular-weight, mesogenic core mole-
cules. To this end, a series of nucleobase-terminated meso-
genic molecules were prepared. Attention was focused on
systems that were based on the alkoxy-substituted bis(phe-
nylethynyl)benzene core unit. This fluorescent mesogen
with pendant octyloxy chains (and no nucleobases attached)
has been shown to display both nematic (N) and smectic (S)
phases with the following thermal transition temperatures
on heating (8C): K 128.3 S1 167 S2 182 N 218 I.[23] The sym-
metry of this core unit allows
quick and easy access to a
series of homoditopic mono-
mers and the conjugated nature
of the mesogen should impart
fluorescent properties upon the
resulting materials.
Scheme 1 shows the general


synthetic protocol used to
access a range of these homodi-
topic monomers, in which thy-
mine (T), methylthymine (TMe),
or N 6-anisoyladenine (AAn) was
placed on both ends of either a
hexyloxy or nonyloxy-substitut-
ed bis(4-alkoxyphenylethynyl)-
benzene unit. The first step in the synthesis of these nucleo-
base-terminated monomers was the reaction of p-iodophe-
nol (2) with excess 1,6-dibromohexane or 1,9-dibromono-
nane and K2CO3 to yield either 3a or 3b in 57 and 31%
yield, respectively. The synthesis of BP4a, in which BP=AAn


or T, was achieved in moderate yields (20–48%) by reacting
3a, under basic conditions in DMF, with either AAn or T, re-
spectively. By using a similar protocol, BP4b was prepared
from 3b. Finally, the appropriate BP4a (or BP4b) compound
was coupled to 1,4-diethynylbenzene under palladium-cata-
lyzed Sonogashira conditions in toluene/diisopropylamine,
resulting in the desired nucleobase-terminated supramolec-
ular monomers BP1aBP (or BP1bBP) in moderate to good
yield (50–82%). Synthesis of the methylated TMe1aTMe mon-
omer involved the reaction of T4a with methyl iodide in
K2CO3/DMF to yield TMe4a in 88% yield. TMe4a was then
coupled to 1,4-diethynylbenzene in a similar manner as
before, yielding the desired monomer in 75% yield. Struc-
tures of all the monomers were confirmed by both 1H NMR
spectroscopy and MALDI-TOF mass spectrometry.


The effect of nucleobase attachment onto the alkoxy-substi-
tuted bis(phenylethynyl)benzene core : Not surprisingly, de-
rivatization of the ends of the alkoxy-substituted bis(pheny-
lethynyl)benzene cores with thymine units results in a signif-
icant reduction of the temperature range in which these ma-
terials exhibit liquid-crystalline behavior, primarily through
a dramatic increase in the primary melting temperature


(Figure 3). Liquid-crystallinity is observed for only a narrow
temperature range above Tm, specifically 205–214 8C for
T1aT and 206–215 8C for T1bT. TMe1aTMe also displays a
liquid-crystalline phase over a narrow temperature range,
but at much lower temperatures, 153–167 8C, clearly reveal-
ing the importance of thymine hydrogen-bonding in deter-
mining the primary melting point. Upon cooling from a tem-
perature greater than 214 8C, T1aT did not exhibit any ob-
servable LC behavior, but instead crystallized at 182 8C
from an isotropic phase. However, both T1bT and TMe1aTMe


do form LC phases upon cooling. Although results of differ-
ential scanning calorimetry (DSC) of TMe1aTMe show only
one broad exothermic peak at 135 8C (see Supporting Infor-


Scheme 1. Synthesis of the homoditopic (A–A, B–B) nucleobase-terminated alkoxy-substituted bis(phenyl-
ethynyl)benzene monomers. a) Br(CH2)nBr [n=6,9], K2CO3, THF; b) B


PH, NaH, DMF; c) 1,4-diethynylben-
zene, [Pd(PPh3)4], CuI, diisopropylamine, toluene. B


P=nucleobase derivative.


Figure 3. DSC thermograms (second heating) of the individual monomers
BP1BP, in which a) six carbons or b) nine carbons separate the nucleobase
from the aromatic core. Heating rate of 5 8C min�1 was used. The trace
labeled i) corresponds to T-functionalized monomers, ii) to the AAn-func-
tionalized monomers, and iii) to the 1:1 mixtures. The ! in b)ii) indicate
the temperatures of the samples shown in the POM images in Figure 4.
Endothermic heat flow is upward.
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mation), results of polarising optical microscopy (POM)
reveal a birefringent phase at this temperature just prior to
crystallization. T1bT, on the other hand, exhibits a much
broader LC temperature range (201–161 8C) upon cooling.
Furthermore, within this LC region, a number of small exo-
therms are also present in the DSC thermogram. However,
only subtle differences were observed in the schlieren-like
textures between these transitions, and a definitive assign-
ment of the LC phases that occur at these temperatures was
not possible.
Placement of the N 6-anisoyladenine (AAn) onto the sym-


metrical mesogenic units also significantly alters the proper-
ties of these materials. The AAn1aAAn monomer displays a
glass-like transition at Tg=82 8C upon heating, as well as a
broad crystallization exotherm at 140–180 8C before melting
at 187 8C. A sharp endothermic transition is superimposed
within the crystallization temperature range, occurring at
163 8C. However, the formation of a liquid-crystalline phase
was not observed at any temperature for this compound.
AAn1bAAn behaves slightly differently from AAn1aAAn, ex-
hibiting a glass-like transition at Tg=68 8C and two exother-
mic peaks, a small one at 93 8C and a much larger one at
124 8C. In addition, unlike AAn1aAAn, AAn1bAAn does exhibit
a liquid-crystalline phase for the range 192–202 8C. Cooling
of AAn1bAAn results in the formation of an LC phase at
166 8C; however, no subsequent recrystallization is observed,
resulting in a “freezing in” of the texture upon formation of
the glassy solid. Figure 4 shows polarized optical micro-
graphs obtained during the second heating of AAn1bAAn. At
80 8C, which is above Tg, a metastable birefringent phase
(Figure 4a) is observed. Upon increasing the temperature to
above 130 8C, a recrystallization from this metastable LC
phase occurs (Figure 4b and c). This material remains crys-
talline until around 190 8C (Figure 4d), before becoming iso-
tropic above 202 8C (Figure 4e). Interestingly, the crystalliza-


tion observed upon heating at around 130 8C does not occur
on cooling, no matter how slow. Furthermore, the recrystal-
lization occurs on heating only if the sample is first cooled
to below 90 8C, suggesting that the small exotherm at 93 8C
may correspond to the formation of a nucleation source for
the recrystallization at elevated temperature.


Mixing complementary nucleobase-end-functionalized mon-
omers : Melt mixing of the complementary nucleobase-ter-
minated monomers AAn1aAAn and T1aT results in a dramat-
ic decrease in the melting temperature, along with the con-
current appearance of a viscous birefringent phase, as shown
by the results of POM (Figure 5a) for samples heated to be-


tween 115 and 154 8C. The appearance of the liquid-crystal-
line phase is bounded by endothermic peaks, as observed in
the DSC thermogram (Figure 3a(iii) and inset). Above
175 8C, the material behaves as a free-flowing liquid, which
becomes more viscous upon subsequent cooling to below
175 8C. At 153 8C, a viscous birefringent phase was observed,
which vitrified upon cooling to below 116 8C. Notably, these
phenomena are not observed upon the first heating of the
sample obtained by mixing the monomers in a 1:1 ratio in
either solid or solution state, but are consistently present
upon subsequent heating and cooling cycles. Similar obser-
vations were made for mixing of the complementary mono-
mers T1bT and AAn1bAAn, which contain a nine-carbon
chain between the rigid core and the nucleobases. Again,
the formation of a viscous birefringent phase was observed
by both DSC (Figure 3b(iii)) and POM (Figure 5b) analyses,


Figure 4. Polarized optical micrographs of the second heating of
AAn1bAAn at a) 80 8C; b) 135 8C, 0 min; c) 135 8C, 2.5 min; d) 190 8C; and
e) 202 8C. Heating rate 5 8Cmin�1.


Figure 5. Polarized optical micrographs of 1:1 mixtures of a) T1aT:
AAn1aAAn at 135 8C, b) T1bT:AAn1bAAn at 145 8C, c) T1bT:AAn1aAAn at
125 8C, and d) T1aT:AAn1bAAn at 135 8C.
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this time with a broad temperature range spanning 117–
192 8C. Furthermore, intermixing of the complementary C6


and C9 monomers in 1:1 ratios also resulted in the formation
of viscous birefringent phases (Figure 5c and d), which were
observed over a temperature range of approximately 60 8C.
Notably, in some of these mixed-monomer systems, the DSC
thermograms show a number of small endotherms within
the liquid-crystalline region. However, these transitions are
accompanied by little or no difference in liquid-crystalline
texture, as seen in POM images, precluding direct assign-
ment of the LC phases that exist between each transition.
The textures observed in all the samples are best described
as schlieren, which is consistent with the presence of nemat-
ic and/or some smectic phases (e.g., smectic C).[24]


As for conventional liquid crystals, the orientation of our
self-assembled polymers based on complementary nucleo-
base monomers could be macroscopically aligned with an
electric field. A mixture of T1aT:AAn1aAAn was brought to
132 8C, 17 8C above its solid-LC phase transition, at which a
birefringent texture was observed by POM analysis (Fig-
ure 6a). An electric field was then applied to the sample,


causing the LC director to align parallel to the field direc-
tion, yielding darkness under POM viewing conditions (Fig-
ure 6b), consistent with homeotropic alignment. Interesting-
ly, upon removal of the electric field, the director relaxed
and a schlieren texture was again observed, but now with a
finer scale (Figure 6c). The return to a textured orientation
distribution may be due to the lack of homeotropic surface
treatment of the glass surfaces, which would have preserved
orientation upon removal of the field. The relaxation took
several seconds to occur, which is longer than expected for a
small-molecule LC material. We attribute this difference to
supramolecular polymerization and an associated higher vis-
cosity.
Figure 7 summarizes the liquid-crystalline phases ob-


served upon heating for all the materials discussed above.
For all the mixed-monomer systems, it is postulated that the
observed liquid-crystalline phase, which occurs over a much
broader temperature range than is exhibited by the individu-
al monomers, is a consequence of complementary nucleo-
base interactions that result in the formation of larger supra-
molecular aggregates. Scheme 2 shows a proposed model, in
which the nucleobases form hydrogen bonds through the re-


verse-Hoogsteen interaction, resulting in the formation of
long, linear chains. The assembly of longer linear aggregates
increases the effective aspect ratio of the molecules and con-
sequently induces conditions more favorable for LC forma-
tion and stability. Moreover, the supramolecular aggregates
would have more difficulty packing into a crystalline lattice,
thus lowering Tm and effectively broadening the LC window.
To understand more fully the nature of the liquid-crystal


phases observed, wide angle X-ray diffraction (WAXD)
studies were performed on all of the 1:1 complementary
mixtures (Figure 8). The samples were prepared by solution-
mixing the complementary monomers, casting into films,
heating the samples to above 200 8C, and subsequently cool-
ing at approximately 5 8Cmin�1. Little or no crystallization
was observed by POM in these samples and the LC struc-
ture that existed prior to vitrification was frozen-in upon
cooling. Furthermore, a glass-like transition is observed in
the DSC thermogram for all such samples; therefore, X-ray
data was recorded at room temperature. The WAXD pat-
terns obtained for all of these mixtures are consistent with
the presence of a smectic phase prior to vitrification, as evi-
denced by a sharp, low-angle ring superposed by much
broader reflections at wider angles. For the T1aT:AAn1aAAn


mixture, in which both components have six carbon atoms
between the nucleobase and the rigid mesogenic unit, the
low-angle ring was characterized by a d-spacing of 37.5 M.
This distance is slightly, but significantly, less than the supra-
molecular polymer repeating length of 41 M estimated from
molecular modeling studies of the Hoogsteen hydrogen-
bonded aggregate shown in Scheme 2. Thus, our WAXD ob-
servation implies a smectic C arrangement with mesogens
tilted away from the layer normal at an angle of 248. As ex-
pected, increasing the length of the alkyl space group from
six to nine increased the smectic layer spacing to approxi-


Figure 6. Polarized optical micrographs (magnification N500) of a 1:1
mixture of T1aT and AAn1aAAn at 132 8C a) before application of an elec-
tric field, b) after application of an electric field (300 V), and c) upon re-
moval of an electric field.


Figure 7. Summary of the phase behavior of the individual monomers
and the 1:1 mixtures of complementary monomers on heating. The
dotted horizontal lines correspond to additional endotherms within the
liquid-crystalline range (DSC).
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mately 40 M for T1bT:AAn1aAAn and T1aT:AAn1bAAn, and
41.8 M for T1bT:AAn1bAAn. In each case, the measured d-
spacing is less than that estimated from molecular modeling
(ca. 45 M for T1bT:AAn1aAAn and T1aT:AAn1bAAn, and ca.
49 M for T1bT:AAn1bAAn), suggesting that these mixtures
also form a smectic C phase before vitrification, with meso-
gen tilt angles of 27 and 318, respectively.
Consistent with the formation of supramolecular liquid-


crystalline polymers, fibers could be obtained from the melt
of the 1:1 BP1BP complementary-monomer mixtures. Fig-
ure 9a shows a POM image of one such fiber obtained from
the LC phase of the T1bT:AAn1bAAn mixture at around
145 8C. Figure 9b shows the X-ray fiber diffraction pattern,
which confirms modest molecular orientation induced by
drawing. In particular, diffraction rings at d-spacings of 12
and 4.5 M, visible in unoriented specimens (data not shown),
are split into off-axis reflections, suggesting a tilted arrange-
ment of liquid-crystalline layering. By virtue of the fluores-


cent mesogenic core present in these monomers, the fibers
obtained from the T1bT:AAn1bAAn mixtures are themselves
fluorescent.


The effect of altering the thymine: N 6-anisoyladenine stoi-
chiometry : If supramolecular polymers are indeed formed
by the self-assembly of complementary ditopic monomers,
then addition of a mono-adenine derivative, which will act
as a supramolecular-chain terminator, will proportionally de-


Scheme 2. Proposed nucleobase-induced, self-assembled fluorescent polymer (T1aT:AAn1aAAn).


Figure 8. WAXD data obtained at RT of a) T1aT:AAn1aAAn, b)
T1aT:AAn1bAAn, c) T1bT:AAn1aAAn, and d) T1bT:AAn1bAAn.


Figure 9. a) Polarized optical micrograph of a fiber pulled from the melt
of a T1bT:AAn1bAAn mixture. b) WAXD patterns of a fiber of
T1bT:AAn1bAAn. The calibrated d-spacings are indicated on the pattern
in Angstroms. The fiber axis was vertical.
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polymerize the supramolecular chains. As a consequence,
modification of the material properties towards those ob-
served for the monomers should occur. To test this idea, do-
decyl-AAn was added to a 1:1 mixture of T1aT:AAn1aAAn.
Indeed, addition of even small amounts of dodecyl-AAn


quickly reduced the thermal range of the observed liquid-
crystalline phase. In the absence of dodecyl-AAn, the liquid-
crystal phase spanned a broad 39 8C. However, addition of
5% dodecyl-AAn resulted in significant destabilization of the
LC phase, with a reduction in the LC range to only 22 8C
(Figure 10). The addition of 25% of chain terminator result-
ed in the complete abolition of liquid-crystalline properties.
The fact that liquid-crystalline phases were still observed
after addition of up to 20% of chain terminator suggests
that even relatively short oligomeric chains are sufficient to
induce some liquid-crystal formation.


Another method of altering the stoichiometry of the two
binding units is to change the ratio of the two complementa-
ry monomers. To obtain the maximum degree of polymeri-
zation, an exact 1:1 molar equivalent of the complementary
monomers is crucial. An excess of one of the monomers will
essentially act as a chain terminator in an analogous way to
the addition of the mono-adenine derivative. Therefore, we
investigated the effects of different stoichiometries of T1bT
and AAn1bAAn in the monomer mixtures on the stability of
the liquid-crystalline phases. Interestingly, the addition of up
to 50% excess equivalents of either monomer did not result
in dramatic changes, as shown by DSC analysis. For exam-
ple, the addition of 1.5 equivalents of T1bT to 1 equivalent
of AAn1bAAn, or vice versa, resulted in only slight shifts rela-
tive to the 1:1 mixture in the Tg, the Tm, as well as in the
clearing transition. These results are qualitatively consistent
with those obtained by addition of a monofunctional chain-
terminator, again suggesting that only low-molecular-weight
aggregates are required to induce and stabilize liquid-crystal
phase formation. However, it should be noted that altering
the stoichiometry of the complementary nucleobases, either
by addition of a monofunctionalized compound or by chang-


ing the ratio of the monomer units, does reduce the solid-
and liquid-state mechanical properties of these materials.
For example, fibers cannot be obtained from the melt of ma-
terials that do not have a 1:1 stoichiometry of the two nucle-
obases, which is in line with the formation of only low-mo-
lecular-weight aggregates in these systems. We note that
conventional solution-based analyses for molecular-weight
determination cannot be applied to these materials; there-
fore, only melt or solid-state properties can be used to infer
effective chain length.


Disruption of the hydrogen-bonding motif : The proposed
self-assembly model outlined in Scheme 2 assumes that hy-
drogen bonding plays an important role in the supramolec-
ular polymerization of these molecules. To test this model,
specifically for the adenine–thymine base-pair, the N 3-me-
thylated thymine monomer TMe1aTMe was prepared and in-
vestigated. The placement of a methyl group on the nitrogen
at the 3 position of the thymine effectively disrupts the hy-
drogen bonding between these complementary nucleobase
moieties. As discussed previously, TMe1aTMe itself has a
lower melting temperature (Tm=153 8C) than the T1aT
monomer (Tm=205 8C), but does exhibit a narrow liquid-
crystalline phase (153–167 8C). An equimolar mixture of
TMe1aTMe with AAn1aAAn produces a material that exhibits
three endotherms, as shown by the results of DSC, at 100,
133, and 182 8C. Although an LC phase is observed for this
mixture, the LC region occurs at much higher temperatures
than for the hydrogen-bonded mixtures and over a narrower
temperature range (185–190 8C). Furthermore, this sample is
less homogenous than the hydrogen-bonded materials and,
from the results of both POM and DSC, it appears that
there are two melting points (ca. 130 8C and ca. 180 8C), con-
sistent with the presence of two separate crystalline regions.
From POM observations there appears to be no melting at
100 8C, suggesting that this endotherm in the DSC thermo-
gram corresponds to a solid-state transition. In addition, the
LC phase that is observed for this mixture is a free-flowing
liquid from which no fibers could be obtained, in stark con-
trast to the highly viscous liquid-crystal phases formed by
the T1aT:AAn1aAAn mixtures.
To further compare the nature of the hydrogen-bond in-


teractions in these materials, infrared spectroscopy of the
annealed films (ca. 200 8C) on CaF2 disks was carried out.
Figure 11a shows the FTIR spectrum of the neat materials
TMe1aTMe and AAn1aAAn. Comparison of the spectra ob-
tained from T1aT:AAn1aAAn and TMe1aTMe :AAn1aAAn (Fig-
ure 11b) reveals vast differences in both the NH and carbon-
yl stretching regions. The T1aT:AAn1aAAn mixture exhibits a
broad shoulder at 2800 cm�1, indicative of the presence of
medium-strength hydrogen bonding.[25] In addition, two NH
stretching vibrations are observed: one at 3183 cm�1, consis-
tent with the presence of hydrogen-bonded NH groups, and
a small peak at 3413 cm�1, consistent with the presence of
some free NH groups.[26] Furthermore, there is one very
broad carbonyl peak spanning from 1718–1658 cm�1, sug-
gesting the involvement of the carbonyl units in hydrogen


Figure 10. Phase diagram depicting the effects of monofunctional dode-
cyl-AAn on the liquid-crystalline phase of the T1aT:AAn1aAAn mixture.
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bonding. This data indicates that in the solid-state, T1aT:
AAn1aAAn does indeed form hydrogen-bonded supramolec-
ular aggregates. The TMe1aTMe :AAn1aAAn mixture, on the
other hand, shows no broad shoulder at 2800 cm�1 and a
very weak NH stretching peak centered at 3258 cm�1. This
stretching results from the NH on the AAn1aAAn monomer,
which has a wavenumber of 3245 cm�1 in neat AAn1aAAn


(Figure 11a). In addition, the carbonyl stretching region
shows multiple, sharp carbonyl peaks. Peaks at 1697 and
1667 cm�1 correspond to the two carbonyl groups found in
TMe1aTMe, with presumably the carbonyl peak from
AAn1aAAn overlapping these peaks. The sharpness of the
peaks suggests that each carbonyl moiety exists in its own
distinctive environment and thus unlikely to be involved in
hydrogen bonding. This data is consistent with there being
no significant hydrogen-bond interactions between the two
components in this material.


Conclusion


We have shown that the binding motif consisting of thymine
and N 6-(4-methoxybenzoyl)adenine can be used to control
the aggregation of symmetrically-substituted alkoxy-bis(phe-
nylethynyl)benzene units, resulting in A–A/B–B-type poly-


meric species that form relatively stable LC phases. Concur-
rent with the formation of the viscous birefringent phases,
the materials also demonstrate the ability to form oriented,
fluorescent fibers. Thus, we have utilized the functionality of
the core unit to aid LC formation and to impart fluorescent
behavior, in conjunction with the self-assembling capability
of the nucleobases, which not only aids LC formation, but
also imparts polymer-like properties, such as fiber forma-
tion, to the material. Further investigations are underway to
examine the possibility of using such weak noncovalent
binding groups to obtain polymeric materials that show high
thermal sensitivity. Such materials will exhibit very low
melt-viscosities and could open the door to facile processing
of functional (conjugated) polymers, cheaper recycling of
plastics, or even thermally repairable materials.[27]


Experimental Section


Materials : The N 6-(4-methoxybenzoyl)adenine was synthesized according
to literature procedures.[28] All reagents and solvents were purchased
from Aldrich. Reagents were used without further purification. Solvents
were distilled from suitable drying agents.


Characterization : 1H and 13C NMR spectra were recorded by using either
a Varian Gemini 200 MHz, a Varian 300 MHz, or a Varian 600 MHz
NMR spectrometer. Differential scanning calorimetry (DSC) experi-
ments were performed by using a Pyris 1 DSC (Perkin–Elmer) under
flowing N2 at a heating rate of 5 8Cmin


�1. Polarising optical microscopy
(POM) studies were performed by using an Olympus BX51 microscope
equipped with crossed polarizers, an HCS 402 hot stage from Instec, and
a digital color CCD camera (SPOT Insight Firewire Color Mosaic).
Images were acquired from the CCD camera at selected times and/or
temperatures by using SPOT software (Diagnostic Instruments). Spatial
dimensions were calibrated by using a stage micrometer with 10 mm line
spacing. The samples used for POM analysis were sandwiched between
two glass coverslips. The temperature ramping rates were chosen to be
consistent with DSC experiments for comparison purposes. The hot stage
was equipped with a liquid nitrogen LN2-P 110 VAC cooling unit from
Instec for the accurate control of sample temperature, either isothermally
or during heating and cooling runs. FTIR measurements were performed
by using a Biorad Excalibur Series FTS3000MX spectrometer. Molecular
weights of materials were measured by mass spectrometry on a Bruker
BIFLEX III MALDI-TOF mass spectrometer (matrix: a-cyano-4-hy-
droxycinnamic acid). Two-dimensional X-ray data of fibers drawn in the
vertical direction was obtained by using a Philips PW1830 generator with
Ni-filtered CuKa radiation, a calibrated sample-detector distance of
5.45 cm, and image plates (Model #FDL-UR-V, Fuji Photo Film) with
25 mm pixel size. Wide angle X-ray diffraction measurements on cast
films were recorded at the University of Connecticut by using a
GADDS-4 (Bruker AXS); X-ray source: Cr (l=2.291 M); experimental
conditions: 40 kV, 40 mA, RT.


Binding studies : The binding studies were performed by using deuterated
chloroform predried with potassium carbonate. A mixture of dodecyl-T
(20 mm) and dodecyl-AAn (5 mm) was titrated to a stock solution of dode-
cyl-AAn (5 mm) so that the concentration of dodecyl-T varied from 1 to
16 mm. The shift of the hydrogen on the N 6 position of the adenine was
monitored with respect to chloroform and the data was fitted to the
equation for a 1:1 binding.
1H NMR NOE experiments : Experiments were performed by using a
Varian 600 MHz NMR spectrometer at �30 8C in CDCl3, pulse width:
39.38, mixing time: 0 sec, acquisition time: 1.5 s. Concentration of both
dodecyl-T and dodecyl-AAn was 100 mm.


Field-induced alignment of LC phases : The material was sandwiched be-
tween two indium tin oxide-coated slides. Two 2 mm flexible spacers were


Figure 11. IR spectra of the NH stretching region and the carbonyl
region of a) TMe1aTMe vs AAn1aAAn and b) T1aT:AAn1aAAn vs TMe1aT
Me:AAn1aAAn mixtures.
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used to separate the glass slides. Aluminum electrodes were attached to
the cell and the whole assembly was wrapped in Teflon tape to prevent
short circuiting. The electrodes were then connected to a high-voltage
DC power supply (Bertan Associates, Model 2.5). The entire cell was
placed inside a heating stage (Mettler FP85 Hot Stage) and the sample
temperature was elevated to 132 8C. Once this temperature was reached,
a potential difference of 300 V (150 Vmm�1) was applied across the
sample. Results of field application were observed by POM and recorded
by using a microscope-mounted digital camera.


General procedure for preparing 3a and 3b


A suspension of potassium carbonate (K2CO3) (8.00 g, 57.9 mmol) and
DMF (30 mL) was purged with argon for 15 min and heated to 70 8C, at
which time 4-iodophenol (2) (5.00 g, 23.0 mmol) was added. The appro-
priate alkyl bromide (46.2 mmol) was then added quickly by means of a
syringe, and the suspension was stirred at 70 8C under argon sparging for
4 h.


4-(1-Hexyloxy-6-bromo)-1-iodobenzene (3a): The reaction was conducted
according to the general procedure described above, using 1,6-dibromo-
hexane (7.1 mL, 46.2 mmol). The solvent was evaporated and the residue
was dissolved in methylene chloride (CH2Cl2). The organic phase was
washed with water twice and then evaporated, and the residue was left to
dry in a vacuum oven overnight. Column chromatography (silica gel;
99:1 hexane/toluene) of the resulting crude product afforded pure 3a as a
white solid (5.05 g, 57%). M.p. 57 8C; 1H NMR (CDCl3, 200 MHz): d=
7.55 (d, 2H; ArH), 6.67 (d, 2H; ArH), 3.93 (t, 2H; OCH2), 3.43 (t, 2H;
BrCH2), 1.91 (t, 2H; OCH2CH2), 1.81 (t, 2H; BrCH2CH2), 1.50 ppm (m,
4H; 2Nalkyl CH2);


13C NMR (CDCl3, 75 MHz): d=159.2, 138.4, 117.2,
82.8, 68.1, 34.0, 32.9, 29.3, 28.2, 25.6 ppm; MS (MALDI-TOF): m/z : 382
[M+H]+ .


4-(1-Nonyloxy-6-bromo)-1-iodobenzene (3b): The reaction was conducted
according to the general procedure described above, using 1,9-dibromo-
nonane (8.33 mL, 46.2 mmol). The solvent was evaporated and the resi-
due was dissolved in CH2Cl2. The organic phase was washed with water
twice, separated, and reduced in volume. The unwanted bis-functional-
ized alkane was precipitated out with methanol. The soluble fraction was
then evaporated and the residue was dried in a vacuum oven overnight.
Column chromatography (silica gel; hexane) of the resulting crude prod-
uct afforded pure 3b as a white solid (3.03 g, 31%). M.p. 56 8C; Rf=0.39
(hexane); 1H NMR (CDCl3, 200 MHz): d=7.55 (d, 2H; ArH), 6.67 (d,
2H; ArH), 3.93 (t, 2H; OCH2), 3.43 (t, 2H; BrCH2), 1.94–1.71 (m, 4H;
OCH2CH2 and BrCH2CH2), 1.35 ppm (m, 10H; 5Nalkyl CH2);


13C NMR
(CDCl3, 75 MHz): d=159.3, 138.4, 117.2, 82.7, 68.3, 34.3, 33.1, 29.6, 29.5,
29.4, 28.9, 28.4, 26.2 ppm; MS (MALDI-TOF): m/z : 426 [M+H]+ .


General procedure for preparing T4a and T4b


Thymine (4.00 g, 31.7 mmol) was suspended in DMF (30 mL) and al-
lowed to stir while sodium hydride (NaH) (0.41 g, 17.3 mmol) was added
in portions. The mixture was stirred for a further 0.5 h, then 3a or 3b
(15.6 mmol) was added in a single aliquot, and the mixture was left to
stir overnight at 100 8C. The resulting mixture was neutralized with 2 mL
of acetic acid and the solvent was evaporated. The residue was dissolved
in CH2Cl2 and washed once with water. The organic layer was separated
and any precipitates formed were filtered off. The CH2Cl2-soluble frac-
tion was then evaporated and the residue was dried overnight in a
vacuum oven.


4-(1-Hexyloxy-6-thymine)-1-iodobenzene (T4a): The reaction was con-
ducted according to the general procedure described above, using 3a
(5.94 g, 15.6 mmol). Column chromatography (silica gel; 99:1 CH2Cl2/
MeOH) of the resulting crude product afforded pure T4a as a white solid
(1.33 g, 20%). M.p. 139 8C; Rf=0.5 (99:1 CH2Cl2/MeOH);


1H NMR
(CDCl3, 200 MHz): d=9.11 (s, 1H; NH), 7.55 (d, 2H; ArH), 6.97 (s, 1H;
T-CH), 6.67 (d, 2H; ArH), 3.92 (t, 2H; OCH2), 3.71 (t, 2H; NCH2), 1.92
(s, 3H; T-CH3), 1.84–1.65 (m, 4H; OCH2CH2 and NCH2CH2), 1.61–
1.35 ppm (m, 4H; 2Nalkyl CH2);


13C NMR (CDCl3, 50 MHz): d=166.1,
160.4, 152.6, 141.9, 139.7, 118.4, 112.2, 84.1, 69.3, 49.9, 30.6, 30.5, 27.7,
27.2, 13.9 ppm; MS (MALDI-TOF): m/z : 429 [M+H]+ .


4-(1-Nonyloxy-6-thymine)-1-iodobenzene (T4b): The reaction was con-
ducted according to the general procedure described above, using 3b


(6.63 g, 15.6 mmol). Column chromatography (silica gel; 99:1 CH2Cl2/
MeOH) of the resulting crude product afforded pure T4b as a white solid
(3.52 g, 48%). M.p. 98 8C; Rf=0.54 (95:5 CH2Cl2/MeOH);


1H NMR
(CDCl3, 200 MHz): d=8.76 (s, 1H; NH), 7.55 (d, 2H; ArH), 6.97 (s, 1H;
T-CH), 6.67 (d, 2H; ArH), 3.90 (t, 2H; OCH2), 3.68 (t, 2H; NCH2), 1.92
(s, 3H; T-CH3), 1.84–1.65 (m, 4H; OCH2CH2 and Br-CH2CH2), 1.62–
1.35 ppm (m, 10H; 5Nalkyl CH2);


13C NMR (CDCl3, 75 MHz): d=164.3,
159.2, 150.9, 140.6, 138.4, 117.2, 110.8, 103.6, 82.7, 68.3, 48.8, 29.6, 29.5,
29.3, 26.7, 26.2, 12.6 ppm; MS (MALDI-TOF): m/z : 471 [M+H]+ .


General procedure for preparing AAn4a and AAn4b


N 6-(4-Methoxybenzoyl)adenine (1.83 g, 6.80 mmol) was suspended in
DMF (20 mL) and allowed to stir while NaH (0.26 g, 10.9 mmol) was
added in portions. The resulting mixture was stirred for a further 0.5 h,
then 3a or 3b (5.22 mmol) was added in a single aliquot, and the reaction
mixture was left to stir for 24 h at 30 8C. The reaction was quenched by a
small amount of methanol and the solvent was evaporated. The residue
was dissolved in CH2Cl2 and washed once with water. The organic layer
was separated and any precipitates formed were filtered off. The CH2Cl2
was then evaporated.


4-(1-Hexyloxy-6-(N6-(4-methoxybenzoyl)adenine)-1-iodobenzene
(AAn4a): The reaction was conducted according to the general procedure
described above, using 3a (1.98 g, 5.22 mmol). The residue was dissolved
in a small amount of CH2Cl2 and excess hexane was added, resulting in
the formation of a white crystalline product that was filtered off and
dried under vacuum overnight. Column chromatography (silica gel; 97:3
CH2Cl2/MeOH) of the resulting crude product afforded pure AAn4a as a
white solid (1.30 g, 43.8%). M.p. 126 8C; Rf=0.62 (95:5 CH2Cl2/MeOH);
1H NMR (CDCl3, 200 MHz): d=8.9 (s, 1H; NH), 8.79 (s, 1H; adenine
H-8), 8.00 (s, 1H; adenine H-2), 8.02 (d, 2H; anis-ArH), 7.55 (d, 2H;
ArH), 7.00 (d, 2H; anis-ArH), 6.65 (d, 2H; ArH), 4.30 (t, 2H; NCH2),
3.93 (t, 2H; OCH2), 3.90 (s, 3H; OCH3), 2.05–1.88 (m, 2H; NCH2CH2),
1.88–1.65 (m, 2H; OCH2CH2), 1.65–1.35 ppm (m, 4H; 2Nalkyl CH2);
13C NMR (CDCl3, 50 MHz): d=165.8, 164.7, 160.3, 154.0, 153.6, 151.3,
144.3, 139.7, 131.6, 127.4, 124.6, 118.4, 115.5, 84.1, 69.2, 57.1, 45.6, 31.5,
30.5, 27.9, 27.1 ppm; MS (MALDI-TOF): m/z : 572 [M+]+ .


4-(1-Nonyloxy-6-(N 6-(4-methoxybenzoyl)adenine)-1-iodobenzene
(AAn4b): The reaction was conducted according to the general procedure
described above, using 3b (2.21 g, 5.22 mmol) and afforded a yellow oil
after removal of the CH2Cl2. Column chromatography (silica gel; 90:10
CH2Cl2/MeCN) of the resulting crude product afforded pure AAn4b as a
white solid (1.37 g, 43%). M.p. 138 8C; Rf=0.52 (80:20 CH2Cl2/MeCN);
1H NMR (CDCl3, 200 MHz): d=8.95 (s, 1H; NH), 8.79 (s, 1H; adenine
H-2), 8.00(s, 1H; adenine H-8), 8.02 (d, 2H; anis-ArH), 7.55 (d, 2H;
ArH), 7.00 (d, 2H; anis-ArH), 6.65 (d, 2H; ArH), 4.30 (t, 2H; NCH2),
3.93 (t, 2H; OCH2), 3.90 (s, 3H; OCH3), 2.05–1.88 (m, 2H; NCH2CH2),
1.88–1.65 (m, 2H; OCH2CH2), 1.55–1.25 ppm (m, 10H; internal CH2);
13C NMR (CDCl3, 75 MHz): d=164.4, 163.4, 159.2, 152.7, 152.4, 149.9,
143.1, 138.4, 130.3, 126.1, 123.4, 117.2, 114.3, 82.7, 68.3, 55.8, 44.4, 30.3,
29.6, 29.5, 29.4, 29.2, 26.9, 26.2 ppm; MS (MALDI-TOF): m/z : 614
[M+H]+ .


General procedure for preparing BP1aBP and BP1bBP (BP=T and AAn)


In a glove box, 1,4-diethynylbenzene (0.25 g, 1.98 mmol), BP4
(4.36 mmol), [Pd(PPh3)4] (24.9 mg, 2.16N10


�5 mol), and CuI (4.20 mg,
2.16N10�5 mol) were added to a 3:1 v/v mixture of toluene/diisopropyl-
amine (90 mL). After the mixture was heated to 75 8C, a precipitate start-
ed to appear. The mixture was stirred for 18 h at 75 8C under an argon at-
mosphere. The resulting strongly luminescent suspension was subsequent-
ly dropped slowly into an excess of MeOH (~200 mL), and the precipi-
tate was collected and dried under vacuum.


4-(1-Hexyloxy-6-(thymine))-1-bis(phenylethynyl)benzene (T1aT): The re-
action was conducted according to the general procedure described
above, using T4a (1.86 g, 4.36 mmol) to afford a yellow solid. Column
chromatography (silica gel; 95:5 CH2Cl2/MeOH) of the resulting crude
product afforded pure T1aT as a yellow solid (1.17 g, 82%). 1H NMR
(CDCl3, 600 MHz): d=8.76 (s, 2H; NH), 7.47 (s, 4H; ArH), 7.46 (d, 4H;
ArH), 6.97 (s, 2H; T-CH), 6.86 (d, 4H; ArH), 3.98 (t, 4H; OCH2), 3.71
(t, 4H; NCH2), 1.93 (s, 6H; T-CH3), 1.84–1.65 (m, 8H; OCH2CH2 and
NCH2CH2), 1.60–1.35 ppm (m, 8H; 4Nalkyl CH2);


13C NMR (DMSO at
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70 8C, 75 MHz): 164.9, 159.9, 151.6, 141.9, 133.7, 132.0, 123.4, 115.7, 114.8,
109.2, 92.3, 88.4, 68.5, 47.9, 29.2, 29.1, 26.3, 25.9, 12.5 ppm; FTIR (an-
nealed film on CaF2): ñ=3164, 3039, 2935, 2857, 2215, 1684, 1653, 1602,
1518, 1469, 1354, 1283, 1244, 1173 cm�1; UV: lmax=274, 332, 353, 383 nm;
photoluminescence (excitation at 340 nm, CHCl3): 366, 384; DSC (Tm=
215 8C); MS (MALDI-TOF): m/z : 726 [M+].


4-(1-Nonyloxy-6-(thymine))-1-bis(phenylethynyl)benzene (T1bT): The re-
action was conducted according to the general procedure described
above, using T4b (2.05 g, 4.36 mmol), and afforded a yellow solid.
Column chromatography (silica gel; 100:0, 99:1, 98:2 CH2Cl2/MeOH) of
the resulting crude product afforded pure T1bT as a yellow solid (1.02 g,
64%). 1H NMR (CDCl3, 600 MHz): d=8.32 (s, 2H; NH), 7.47 (s, 4H;
ArH), 7.46 (d, 4H; ArH), 6.97 (s, 2H; T-CH), 6.86 (d, 4H; ArH), 3.98 (t,
4H; OCH2), 3.71 (t, 4H; NCH2), 1.93 (s, 6H; T-CH3), 1.84–1.65 (m, 8H;
OCH2CH2 and NCH2CH2), 1.60–1.35 ppm (m, 20H; 10Nalkyl CH2);
13C NMR (CDCl3, 75 MHz): d=164.5, 159.6, 151.1, 140.7, 133.3, 131.6,
123.4, 115.2, 114.9, 110.8, 91.5, 88.2, 68.3, 48.8, 29.6, 29.5, 29.3, 26.6, 26.2,
12.6 ppm; FTIR (annealed film on CaF2) ñ=3165, 3037, 2927, 2854, 2215,
1683, 1519, 1486, 1486, 1356, 1246, 1173 cm�1; UV: lmax=281, 333, 353,
377 nm; photoluminescence (excitation at 340 nm, CHCl3): 367, 385;
DSC (Tm=207 8C); MS (MALDI-TOF): m/z : 810 [M


+].


4-(1-Hexyloxy-6-(N 6-(4-methoxybenzoyl)adenine)-1-bis(phenylethynyl)-
benzene (AAn1aAAn): The reaction was conducted according to the gener-
al procedure described above, using AAn4a (2.49 g, 4.36 mmol), and af-
forded a yellow solid. Column chromatography (silica gel; 99:1, 98:2!
95:5 CH2Cl2/MeOH) of the resulting crude product afforded pure
AAn1aAAn as a yellow solid (1.14 g, 57%). 1H NMR (CDCl3, 600 MHz):
d=9.09 (br s, 2H; NH), 8.76 (s, 2H; adenine H-8), 8.01(s, 2H; adenine
H-2), 8.00 (d, 4H; anis-ArH), 7.44 (d, 4H; ArH), 7.43 (s, 4H; ArH), 6.98
(d, 4H; anis-ArH), 6.83 (d, 4H; ArH), 4.27 (t, 4H; NCH2), 3.94 (t, 4H;
OCH2), 3.87 (s, 6H; anis-OCH3), 2.05–1.88 (m, 4H; NCH2CH2), 1.88–
1.65 (m, 4H; OCH2CH2), 1.55–1.25 ppm (m, 8H; 4Nalkyl CH2);
13C NMR (DMSO at 70 8C, 75 MHz): d=165.8, 163.3, 159.9, 153.1, 151.9,
150.0, 145.0, 133.7, 132.0, 131.2, 126.7, 125.9, 123.3, 115.7, 114.8, 114.4,
114.5, 92.3, 88.4, 68.5, 56.3, 44.0, 30.2, 29.9, 29.1, 26.5, 25.7 ppm; FTIR
(annealed film on CaF2): ñ=3411, 3239, 3071, 3041, 2936, 2862, 2214,
1700, 1696, 1685, 1602, 1577, 1517, 1452, 1404, 1306, 1284, 1241, 1171,
1089, 1025 cm�1; UV: lmax=291, 331, 353, 378 nm; photoluminescence
(excitation at 340 nm, CHCl3): 366, 384; DSC (Tm=188 8C); MS
(MALDI-TOF): m/z : 1012 [M+].


4-(1-Hexyloxy-6-(N 6-(4-methoxybenzoyl)adenine)-1-bis(phenylethynyl)-
benzene (AAn1bAAn): The reaction was conducted according to the gener-
al procedure described above, using AAn4b (2.67 g, 4.36 mmol), and af-
forded a yellow solid. Column chromatography (silica gel; 1:99, 2:98!
4:96 MeOH/CH2Cl2) of the resulting crude product afforded pure
AAn1bAAn as a yellow solid (1.09 g, 50%). 1H NMR (CDCl3, 200 MHz):
d=9.10 (br s, 2H; NH), 8.78 (s, 2H; adenine H-8), 8.00 (d, 4H; anis-
ArH), 7.98 (s, 2H; adenine H-2), 7.45 (d, 4H; ArH), 7.44 (s, 4H; ArH),
6.97 (d, 4H; anis-ArH), 6.85 (d, 4H; ArH), 4.26 (t, 4H; NCH2), 3.95 (t,
4H; OCH2), 3.87 (s, 6H; anis-OCH3), 2.01–1.85 (m, 4H; NCH2CH2),
1.88–1.65 (m, 4H; OCH2CH2), 1.50–1.25 ppm (m, 20H; 10Nalkyl CH2);
13C NMR (CDCl3, 50 MHz): d=165.7, 164.8, 160.8, 154.0, 153.6, 151.2,
144.3, 134.7, 134.6, 132.8, 131.5, 127.4, 124.6, 124.5, 116.5, 116.1, 115.8,
115.7, 92.8, 89.5, 69.5, 57.0, 45.7, 31.5, 30.8, 30.7, 30.7, 30.5, 28.2,
27.5 ppm; FTIR (annealed film on CaF2): ñ=3416, 3257, 3071, 3041,
2927, 2854, 2215, 1699, 1684, 1603, 1577, 1517, 1456, 1312, 1284, 1244,
1172, 1090, 1024 cm�1; UV: lmax=290, 332, 352, 378 nm; photolumines-
cence (excitation at 340 nm, CHCl3): 367, 385; DSC (Tm=202 8C); MS
(MALDI-TOF): m/z : 1098 [M+].


4-(1-Hexyloxy-6-(N 3-methyl)-thymine)-1-iodobenzene (TMe4a): Methyl
iodide (174 ml, 0.28 mmol) was added in one portion to a stirred solution
of DMF (3 mL), K2CO3 (0.19 g, 0.14 mmol), and T4a (0.30 g, 0.70 mmol)
at 60 8C. After 16 h, the reaction was poured into water and extracted
with CH2Cl2. The combined organic layers were washed with water and
then the CH2Cl2 was evaporated. Column chromatography (silica gel;
99:1 CH2Cl2/MeOH) of the resulting crude product afforded pure TMe4a
(0.27 g, 88%). M.p. 86 8C; 1H NMR (CDCl3, 300 MHz): d=7.55 (d, 2H;
ArH), 6.96 (s, 1H; T-CH), 6.65 (d, 2H; ArH), 3.91 (t, 2H; OCH2), 3.73


(t, 2H; NCH2), 3.35 (s, 3H; T-NCH3), 1.92 (s, 3H; T-CH3), 1.84–1.65 (m,
4H; OCH2CH2 and NCH2CH2), 1.61–1.35 ppm (m, 4H; 2Nalkyl CH2);
13C NMR (CDCl3, 75 MHz): d=159.2, 138.4, 117.2, 82.7, 68.3, 34.3, 33.1,
29.6, 29.5, 29.4, 28.9, 28.4, 26.2. 164.2, 159.1, 151.8, 138.4, 117.1, 109.8,
103.6, 82.8, 68.0, 49.7, 29.3, 29.2, 28.2, 26.5, 25.9, 13.4 ppm; MS (MALDI-
TOF): m/z : 443 [M+H]+ .


4-(1-Nonyloxy-6-(N 3-methyl)-thymine)-1-bis(phenylethynyl)benzene
(TMe1aTMe): In a glove box, 1,4-diethynylbenzene (0.02 g, 0.15 mmol),
TMe4 (0.08 g, 0.34 mmol), [Pd(PPh3)4] (2.00 mg, 1.71N10


�6 mol), and CuI
(1.00 mg, 1.71N10�6 mol) were added to a 3:1 v/v mixture of toluene/di-
isopropylamine (7.5 mL). The mixture was then heated to 75 8C, and stir-
red for 18 h under an argon atmosphere. The solvents of the resulting lu-
minescent suspension were subsequently evaporated. Column chromatog-
raphy (silica gel; 95:5 CH2Cl2/MeOH) of the resulting crude product af-
forded pure TMe1aTMe (0.12 g, 75%). 1H NMR (CDCl3, 300 MHz): d=
7.47 (s, 4H; ArH), 7.46 (d, 4H; ArH), 6.97 (s, 1H; T-CH), 6.86 (d, 4H;
ArH), 3.98 (t, 4H; OCH2), 3.71 (t, 4H; NCH2), 3.37 (s, 6H; T-NCH3),
1.95 (s, 6H; T-CH3), 1.84–1.65 (m, 8H; OCH2CH2 and NCH2CH2), 1.60–
1.35 ppm (m, 8H; 4Nalkyl CH2);


13C NMR (CDCl3, 75 MHz): d=164.3,
159.4, 151.8, 138.4, 133.4, 132.6, 131.7, 131.6, 124.9, 123.3, 121.25, 115.7,
114.8, 109.8, 91.5, 88.2, 68.0, 49.7, 29.3, 28.2, 26.5, 25.9, 113.4 ppm; FTIR
(annealed film on CaF2): ñ=3065, 2933, 2858, 2212, 1698, 1664, 1638,
1602, 1519, 1468, 1356, 1284, 1246, 1174 cm�1; UV: lmax=274, 335, 354,
378 nm; photoluminescence (excitation at 330 nm, CHCl3): 366, 383, 397;
DSC (Tm=154 8C); MS (MALDI-TOF): m/z : 754 [M


+].


N 7-Dodecyl-(N 6-(4-methoxybenzoyl)adenine (dodecyl-AAn): p-Anisoyl-
adenine (2.33 g, 8.63 mmol) was dissolved in dry DMF (45.0 mL), and
sodium hydride (1.00 g, 41.6 mmol) was added in portions. The mixture
was allowed to stir for 1 h at RT. Bromododecane (3.98 mL, 16.0 mmol)
was then added dropwise by means of a syringe and the mixture was al-
lowed to stir for 5 h at 40 8C, followed by ~20 h at 30 8C. Methanol was
added to deactivate any remaining NaH. The solvent was then evaporat-
ed, the residue was dissolved in CH2Cl2 and the organic phase was
washed two times with water. Hexane was then added to the CH2Cl2
fraction and the product precipitated out upon removal of the CH2Cl2.
The precipitate was filtered and reprecipitated again by using the same
procedure. Column chromatography (silica gel; 99:1 CH2Cl2/MeOH) of
the resulting crude product afforded pure dodecyl-AAn as a white solid
(1.50 g, 40%). M.p. 97 8C; Rf=0.62 (95:5 CH2Cl2/CH3OH);


1H NMR
(CDCl3, 200 MHz): d=8.92 (br s, 1H; NH), 8.80 (s, 1H; adenine H-2),
8.15 (d, 2H; anis-ArH), 8.00 (s, 1H; adenine H-8), 7.02 (d, 2H; anis-
ArH), 4.27 (t, 2H; alkyl 1CH2), 3.89 (s, 3H; anis-OMe), 2.05–1.82 (m,
2H; alkyl 2CH2), 1.42–1.12 (m, 8H; alkyl (3–11)CH2), 0.80–0.95 (t, 3H;
alkyl CH3);


13C NMR (CDCl3, 75 MHz): d=164.5, 163.4, 152.7, 152.3,
142.9, 130.2, 126.2, 123.2, 114.2, 55.7, 44.4, 32.2, 30.2, 29.8, 29.7, 29.6, 29.5,
29.3, 26.9, 22.9, 14.4 ppm; MS (MALDI-TOF): m/z : 439 [M+H]+ .


N 3-Dodecyl-thymine (dodecyl-T): Thymine (1.00 g, 7.93 mmol) was
added to dry DMF (14 mL), and NaH (0.38 g, 15.8 mmol) was then
added in portions to the mixture. The solution was thermostated at
100 8C for 4 h and then allowed to cool to RT. Bromododecane (4.37 mL,
18.2 mmol) was then added dropwise by means of a syringe, and the mix-
ture was allowed to stir for 48 h at 100 8C. The reaction mixture was then
removed from the heat and neutralized with ~2 mL of acetic acid. The
solvent was evaporated in vacuo and the residue was dissolved in chloro-
form. Any remaining undissolved material was filtered off and the solu-
ble fraction was then washed with water (100 mL). The separated chloro-
form was then stirred with sodium sulfate for 15 min and filtered.
Hexane was then added to the CH2Cl2 fraction and the product precipi-
tated out upon removal of the CH2Cl2. Column chromatography (silica
gel; 99:1 CH2Cl2/MeOH) of the resulting crude product afforded pure
dodecyl-T as a white solid (0.72 g, 30.7%). M.p. 122.1 8C; Rf=0.51 (95:5
CH2Cl2/CH3OH);


1H NMR (CDCl3, 200 MHz): d=8.42 (br s, 1H; NH),
6.97 (s, 1H; T-CH), 3.70 (t, 2H; alkyl 1CH2), 1.95 (s, 3H; T-CH3), 1.75–
1.61 (m, 2H; alkyl 2CH2), 1.40–1.21 (m, 8H; alkyl (3–11)CH2), 1.95–
1.85 ppm (m, 3H; alkyl 12CH3);


13C NMR (CDCl3, 50 MHz): d=166.2,
152.7, 142.0, 112,1, 50.1, 33.4, 31.1, 31.0, 30.9, 30.8, 30.7, 28.0, 24.3, 15.7,
14.0 ppm; MS (MALDI-TOF): m/z : 295 [M+H]+ .
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Introduction


The F� ion is among the most important catalysts in organic
synthesis and its importance is ever growing.[1,2] A vast varie-
ty of inorganic,[2,3] organometallic,[4–7] and organic[8–28] F�


sources have been proposed, but the limited lipophilicity of
resistant (metal) counterions and the instability of so far
known lipophilic (organic) counterions towards the F� ion
pose severe restrictions. Metal fluorides[29] and even
Me4NF[8,9] are notoriously insoluble in aprotic (inert) sol-
vents, whereas higher tetraalkylammonium fluorides are
normally[30] notoriously unstable towards Hofmann degrada-
tion.[10,28,31]


The term “naked fluoride”, first introduced by Liotta
1974 for the system KF/[18]crown-6 in MeCN,[6] has been
used for F� sources of strongly differing reactivity.[4,11–14]


Truly “naked fluoride” can of course only exist in the gas
phase in the absence of a counterion. All solvents and all
counterions stabilize and thus deactivate to a greater or
lesser extent depending on their size and their specific struc-
ture. Spectroscopic criteria for the definition of nakedness
of F� ions are not available; it has, for example, been point-
ed out that 19F NMR data do not correlate with “naked-
ness”.[32] Attempts have been reported to define “naked-
ness” by means of estimated lattice energies of the F�


salts.[33] The main problem is the reliable estimate of the lat-
tice energy, which in the case of organic cations is certainly
not solely a function of electrostatics, but also of specific
short-range interactions like hydrogen bridges of F� to a-
protons in quaternary ammonium[11,34] or phosphonium ions,
or partial or even full bonding with carbon in guanidinium
ions[15,35] or with phosphorus in phosphonium ions, as has
been often observed or calculated for tetraalkyl-,[14,16,35] tet-
raaryl-,[17,18] and even tetraaminophosphonium fluorides.[19, 35]


Preliminary ab initio calculations have recently been per-
formed to establish a scale of “nakedness” of a limited
number of organic F� sources,[35] but no comprehensive
comparison of the experimental reactivity or nucleophilici-
ty–basicity balance of F� sources has yet been reported.


The preceding paper deals with the unique stability of
polyaminophosphazenium cations under basic conditions.[36]


In this paper we detail our efforts to utilize some of these
cations for the generation of stable, unsolvated, and soluble
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F� salts. Preliminary results have already been publish-
ed.[37,38]


Results and Discussion


The phosphazenium fluorides presented in this paper are
shown in Figure 1.


Generation of the fluoride salts : Stability of organic cations
towards OH�[36] and F� must not necessarily correlate close-
ly. For example, with phosphazenium ions hydrolysis is only
feasible with OH� , not with anhydrous F� . In tetraalkylam-
monium ions Hofmann degradation becomes dominant over
nucleophilic dealkylation in turning from OH� to F� ; anhy-
drous tetraalkylammonium fluorides capable of Hofmann
degradation are highly unstable,[28] whereas anhydrous
Me4NF is quite stable and well characterized.[8,9]


Permethylated P2 fluoride 1·F : The relative stability of
Me4NF prompted us to utilize the permethylated cation 1+ [36]


as counterion for “naked fluoride”, in a first attempt. For its
generation by metathesis, critical decisions had to be made
concerning the choice of the F� ion source, the solvent, and
the reaction conditions. We first tried to generate the F� salt
by reaction of 1·I with AgF in MeCN, analogous to a proto-
col described by Richman for peralkylated tetraaminophos-
phonium iodides.[19] The resulting dark solution deprotonat-


ed indicators with DMSOpKa values of about 20. As we al-
ready knew from our work on phosphazene bases[39–41] that
at such high basicity levels deprotonation of MeCN with
subsequent self-condensation might be rapid, we suspected
that this might be responsible for the color of the solution.
Such behavior would be in accord with observations of solu-
tions of Me4NF in MeCN[8] and thus the reports by Richman
must be doubted.[42]


Next we treated KF with
1·BF4 in H2O. After filtration
from precipitated KBF4, the so-
lution was concentrated and the
residue dried in vacuo at 77–
85 8C. The oily residue had the
approximate theoretical weight,
but 1H NMR analysis revealed
considerable hydrolysis of 1+


forming the diphosphazene
oxide 8[41, 43] and 1·FHF
(Scheme 1). H2O was thus not
considered a suitable solvent.


A corresponding metathesis
in MeOH (H2O content less
than 50 ppm) left, after filtra-
tion from precipitated KBF4, a
solution that was subsequently
was concentrated in vacuo. At-
tempts to dry the residual mate-
rial, directly or azeotropically,
led to partial decomposition.
Following the Christe proce-
dure for anhydrous Me4NF,[8,9]


we then displaced MeOH by
iPrOH before drying in high
vacuum. Depending on the
batch size, this improved the


yield to reproducible 70–90% after washing with THF. The
crystalline material thus obtained contains 98–99% active
fluoride according to a titration with 9 (9-phenylxanthene[44]


as indicator).
It can be further purified by dissolving in benzene, filtering


off a small amount of insoluble material, presumably KBF4,
and concentrating in vacuo. Eventually it can be recrystal-
lized from anhydrous THF, but mostly the activity of the
product suffered thereby owing to contamination with traces
of H2O during the recrystallization process. If an excess of
KF was used for the metathesis, the amount of insoluble ma-
terial, probably largely a double salt 1·F·KF, was substantial.


Figure 1. Phosphazenium fluorides described in this paper.


Scheme 1. Degradation of 1·F in presence of H2O.
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Salt 1·F is extremely hygroscopic and melts at 151 8C with
decomposition. A sample kept at 160 8C for 2 min was large-
ly (ca. 70%) decomposed. Salt 1·F is easily soluble in ben-
zene,[45] but surprisingly not in toluene; it is also soluble in
trifluoromethylbenzene, fluorobenzene, chlorobenzene,
furan, 2-methylfuran, or primary and secondary amines;
however, these solvents deactivate to some extent. Salt 1·F
is sparingly soluble in ether solvents such as THF or diethyl
ether. In benzene it deprotonates triphenylmethane
(DMSOpKa=30.6[46]) to a visible extent, but not 10 (Figure 2,
extrapolated DMSOpKa=32.8[47]).


The X-ray crystal structure of the benzene-soluble crystal-
line material revealed that it was in fact the desired “unsol-
vated” fluoride salt 1·F.[37] The cubic symmetry of the lattice
excludes the possibility that any solvent, ordered or disor-
dered, might be present. The F�C distances (332 and
349 pm) are approximately 20–35 pm shorter than the sum
of the van der WaalOs radii of H and F plus one normal C�
H bond length, indicating weak C�H···F hydrogen bridges.
The linear P-N-P bridge of the cation is most probably dic-
tated by the symmetry of the lattice and by the geometrical
requirements for the maximum number of hydrogen bridges.
In 1·PF6, in which the cation is more likely to occupy an
energy-minimum conformation due to reduced interionic
forces, the P-N-P bridge is bent (1428[48]).


There are limitations concerning the production and ap-
plication of 1·F:


1) The batch size for the desolvation of 1·F is limited to
about 20 g.


2) Salt 1·F is stable only up to temperatures of about
120 8C.


3) There is no non-deactivating solvent for 1·F at tempera-
tures below 5 8C.


4) Half molar amounts of H2O quite rapidly destroy the ac-
tivity of 1·F irreversibly by hydrolysis of the cation.


There were good reasons to believe that larger phospha-
zenium cations would overcome at least part of these limita-
tions.


Permethylated P5 fluoride 2·F : Salt 2·F was synthesized from
2·BF4


[36] by the protocol utilized for the synthesis of 1·F, but
in line with the expected enhanced “nakedness” taking off
last traces of iPrOH required higher temperatures and
longer reaction times. A colorless to light gray microcrystal-


line powder was obtained, containing at least 90% “naked”
fluoride by titration with 9 (triphenylmethane as indicator);
recrystallization from 2-methyltetrahydrofuran/2,5-dimethyl-
tetrahydrofuran enhances the titer, but proved unnecessary
for most applications. Again approximately 1% of insoluble
material could be removed by filtration of the benzene (or
THF) solution.


Salt 2·F[37] melts above 260 8C. After heating to 250 8C for
30 min 90% of the original titer of basic fluoride was re-
tained. Again contamination with H2O has to be excluded,
dehydration at 140 8C causes partial hydrolysis, presumably
(as observed by 1H NMR spectroscopy) to the least basic
possible primary hydrolysis products 11[49] and 12[36]


(Scheme 2).


Salt 2·F is easily soluble in benzene[45] and THF—in THF
to a 0.3m solution at room temperature and to a 0.1m solu-
tion even at �30 8C. Like 1·F, 2·F is extremely hygroscopic.
In THF 2·F deprotonates 10 substantially and 4-phenylto-
luene (extrapolated DMSOpKa=37.6[50]) to a visible extent;
thus its basicity exceeds even that of the strongest phospha-
zene bases.[41] An X-ray crystal structure reveals the “naked-
ness” of 2·F.[51]


Other phosphazenium fluorides : Salt 3·F could not be ob-
tained by utilizing iPrOH as entraining agent. Before all
iPrOH was released, a colorless distillate was formed that
did not show olefinic signals in the 1H NMR spectrum. Our
interpretation is that iPrOH attacks at the phosphorus atom
and releases propene by b-elimination forming the corre-
sponding phosphoric acid triamide 13 (Scheme 3). In line
with this interpretation is the fact that by exchanging iPrOH


Figure 2. Acid source 9 and indicator 10 for titration of “naked” fluo-
rides.


Scheme 2. Suspected degradation of 2·F in presence of H2O.


Scheme 3. Suspected degradation of 3·F in presence of iPrOH.
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for neopentanol, the reaction of 3·BF4
[36] provided 3·F with a


content of “naked fluoride” of more than 95%.
Fluoride salts 4·F, 5·F, 6·F, and 7·F were generated by pro-


tocols similar to those for 1·F and 2·F from the correspond-
ing BF4 salts.


[36]


Salt 4·F could only be obtained in a very impure form
with, at most, 49% of the “naked fluoride”. Hofmann deg-
radation leading to the formation of 14 was the dominant
problem (Scheme 4); no attempts were made to obtain pure
4·F.


Unlike the behavior under aqueous base phase-transfer
conditions,[36] the impeded Hofmann degradation in 5+ [36]


made it more resistant than 4+ under anhydrous conditions;
crude 5·F had a “naked fluoride” content of about 60%.


Surprisingly 6+ proved less resistant than 1+ under these
conditions. Although the conditions were believed to be es-
sentially anhydrous, considerable amounts of a distillate was
formed, which according to 1H NMR spectroscopy was most
probably the triphosphazene oxide 15[43b] (Scheme 5). Ac-


cording to titration the crude
product contained only 38%
“naked fluoride”, thus no at-
tempts were made to obtain
pure 6·F.


Drying of 7·F proved even
more difficult than drying of
2·F; complete release of iPrOH
required 48 h heating at 120 8C.
The product contained 87%
“naked fluoride” according to
titration.


Reactivity and selectivity of
fluoride sources—“nakedness”:
We decided to establish a prac-
tical scale of “nakedness” based
on the rate of reaction of fluo-
ride sources with primary alkyl


iodides (Scheme 6). This reaction has the advantage of tell-
ing us something not only about reactivity, but also about
selectivity with respect to substitution versus elimination.


Table 1 includes literature values (entries 2–4) and shows
that fluoride sources differ extremely in both respects. It did
not make sense to derive absolute rate constants, as most of
the systems are heterogeneous (the heterogenity does of
course not influence the elimination/substitution balance).
Nevertheless there is a fair correlation of absolute reactivity
and E2 selectivity; the more reactive and thus “naked” the
fluoride source, the more E2 is favored over SN2.


Bu4N·Ph3SnF2
[20] (entry 1) is an excellent source of nucleo-


philic fluoride under somewhat enforcing conditions, more
SN2 selective than Bu4N·FHF[21] and Bu4N·Ph3SiF2


[22] (en-
tries 2,3). Complex [Co(Cp)2]·F (entry 4) is considerably
more reactive, but the claimed “nakedness”[4] is not support-
ed by the E2 selectivity, the value being even considerably
lower than for KF/[18]crown-6 (entries 5,7). Uncomplexed
CsF (entry 8) is more selective than KF/[18]crown-6, indicat-
ing that the effect of the crown ether is a solubilizing one
rather than an effect of cation/anion separation.[52] This is


Scheme 4. Suspected thermal degradation of 4·F.


Scheme 5. Suspected degradation of 6·F in presence of H2O.


Scheme 6. Reaction of fluoride sources with 1-iodoundecane.


Table 1. Conditions, half lives, and selectivities of the reaction of 1-iodoundecane with various fluoride sour-
ces.


Fluoride source/solvent t1=2 [h]/T [8C] conditions E2:SN2


1 3 equiv Bu4N·Ph3SnF2/MeCN 3.6/81 0.03:1
2 3 equiv Bu4N·FHF/MeCN 4/81[a] 0.17:1
3 4 equiv Bu4N·Ph3SiF2/MeCN –/81[b] 0.35:1
4 [Co(Cp)2]·F/THF <6/25[c] 0.38:1
5 3 equiv KF/0.24 equiv [18]crown-6/MeCN 41/81 0.61:1
6 2.5 equiv BnNMe3F·H2O/MeCN 7.2/25 0.91:1
7 3 equiv KF/3 equiv [18]crown-6/MeCN 0.9/81 0.96:1
8 3 equiv CsF/MeCN 108/81 2.1:1
9 3 equiv KF/0.24 equiv[2.2.2]-crypt/MeCN 47/81 2.2:1
10 5 equiv Me4NF/THF 9/0 7.7:1
11 3 equiv KF/3 equiv[2.2.2]-crypt/MeCN 0.3/0 7.8:1
12 10 equiv Bu4NF·3 H2O/THF <0.08/0 8.5:1
13 3 equiv (Me2N)3S·Me3SiF2


[23]/THF 16/0 10:1
14 10 equiv “Bu4NF”[d]/THF 1.7/�40 11:1
15 2.5 equiv 1·F + 2.75 equiv SiEt4/THF 0.04/0 24:1
16 3 equiv Bu4NF (2·F + Bu4N·O3SC4F9)/THF 6.3/�78 43:1
17 3 equiv 1·F/THF 1/�78 90:1
18 3 equiv 2·F/THF 0.004/�78 166:1


[a] Reaction with 1-iodooctadecane.[21] [b] Reaction with 1-iodooctane.[22] [c] Reaction with 1-iododecane.[4]


[d] By drying Bu4NF·3H2O in high vacuum following literature procedures.[10,24]
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also indicated by the moderate effect on selectivity by in-
creasing the amount of [18]crown-6 from catalytic to equi-
molar. Cryptands have a much more pronounced effect on
both reactivity and selectivity; KF/[2.2.2]cryptand[7] (en-
tries 9,11) resembles Me4NF (entry 10) or tris(dimethylami-
no)sulfonium difluorotrimethylsilicate (TASF)[23] (entry 13)
in reacting already at 0 8C with strong preference for the E2
reaction. It is noteworthy that Bu4NF·3H2O (entry 12) is
comparable, even in selectivity. The product of thermal de-
hydration of this trihydrate reacts already at �40 8C, though
surprisingly only with slightly enhanced selectivity
(entry 14). From diverse titration experiments there is
strong evidence that the active component (about 45% of
the material) corresponds to Bu4NF·0.5H2O.[24] Anhydrous
Bu4NF[28] obtained in THF by metathesis of 2·F with Bu4N
·O3SC4F9


[53] (entry 16) has a half life of decay of only 4 h at
room temperature and is considerably more reactive and se-
lective. Thus it seems that hydration reduces selectivity,
until every F� ion can form a hydrogen bridge to a H2O
molecule and that further hydration has little influence. In
line with calculations and despite the very low solubility in
THF at �78 8C, 1·F (entry 17) is clearly more reactive than
tetraalkylammonium fluorides.[33,35] Salt 2·F (entry 18) is
only slightly more selective than 1·F and in homogeneous
solutions only slightly more reactive (see Table 2). However,


under the conditions of limited solubility at �78 8C, salt 2·F
is about 350 times more reactive than 1·F, thus contradicting
the prognosis that enhancing the radius of the F� counterion
beyond the radius of 1+ would have only marginal influence
on reactivity.[33]


The potential of 1·F as F� donor is shown by the interac-
tion with SiEt4 (entry 15), which reduces both reactivity and
selectivity, presumably through the formation of FSiEt4


� in
equilibrium, to date, an unknown species.[54]


For comparison of all five phosphazenium fluorides, pri-
mary alkyl iodides are not suitable substrates; due to the ex-
treme reactivity of these fluorides half lives of the reactions
can only be determined at very low temperatures at which
2·F and particularly 1·F are only sparingly soluble; the far
lower solubility of 5·F, 7·F, and 3·F would further obscure a
direct comparison.


In 16 (Scheme 7) trans-diaxial elimination is only possible
in a twisted ring A; due to this unfavorable conformational
preequilibrium elimination is considerably slower than in


the primary iodides, allowing estimation of reaction rates at
temperatures in which solubility of the fluorides is reasona-
ble. The crystallinity and low volatility of the product would
help to follow the reaction by TLC and to determine reac-
tion yields. The utilization of the benzene sulfonate instead
of the tosylate or mesylate avoids problems with deprotona-
tion of the acidic methyl groups in the sulfonates. Complete
conversion of 16 with KOtBu as base takes four days at
70 8C and leads to 75% elimination and 25% S�O bond
scission to afford lanostenol. Me4NF is even much less reac-
tive. With 1·F, 2·F, 5·F, and 7·F elimination is complete
within 2–30 min at room temperature without any detecta-
ble side reaction; the reaction with 3·F is considerably
slower but equally selective.


Conclusion


Due to their high solubility, their ease of synthesis, and the
simplicity (transparency) of their NMR spectra,[55] 1·F and
2·F are the most convenient fluoride sources among the
phosphazenium fluorides. Salts 1·F and 2·F are extremely re-
active and selective elimination bases, 2·F even at very low
temperature; with this combination of properties they are
certainly unprecedented. Often these fluorides provide the
exclusive solution for difficult E2 elimination reactions.[56]


Aliphatic epoxides are rearranged to allylic alcohols by anti-
elimination.[57,58] Unactivated aromatic halides are converted
to fluoroaromatics by means of an aryne mechanism.[58–60]


“Naked hydride”[58,60] or highly reactive carbanions like
naked allyl,[37,58,60] benzyl,[60] or cyclopropenyl[61] anions or
ester enolates[61,62] are easily generated by anhydrous Si�
(H,C,O) bond cleavage; various other applications have
been reported.[63] Concerning solution chemistry, salt 2·F is
by far the best approximation to “naked fluoride” and prob-
ably the strongest stable metal-free base known to date. Salt
3·F is considerably less reactive and might be of interest as a
very easily available, somewhat less reactive fluoride source.


Table 2. Conditions, reaction times, and yields of the reaction of 16 with
bases.


Fluoride source Solvent t [h]/T [8C] Yield


KOtBu DMSO/THF 1:1 96/70 75%[a]


Me4NF THF 96/65 <5% conversion[a]


1·F PhH 0.08/25 99%[b]


2·F PhH 0.03/25 quantitative[a]


3·F PhH 24/25 quantitative[a]


3·F PhH/PhF 1:1 1.5/25 quantitative[a]


5·F PhH 0.08/25 quantitative[a]


5·F PhCF3 0.11/25 quantitative[a]


5·F THF 15/25 quantitative[a]


7·F PhH 0.05/25 quantitative[a]


7·F THF 0.5/25 quantitative[a]


[a] According to TLC. [b] Isolated yield.


Scheme 7. Fluoride-induced elimination in 16.
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Experimental Section


General : Melting points (m.p.; uncorrected): Apparatus Dr. Tottoli and
Bock Monoscop M; IR: Perkin–Elmer 457 and Philips PU 9706 spec-
trometers; elemental analyses: Perkin–Elmer Elemental Analyzer 240;
1H NMR [internal standards TMS= tetramethylsilane, DSS= sodium 4,4-
dimethyl-4-silapentanesulfonate, TSP= sodium 2,2,3,3-tetradeutero-3-tri-
methylsilylpropionate; in sealed NMR tubes the signals of C6D5H
(7.15 ppm) and of [D7]THF (3.70 ppm) served as references]: 90 MHz
Varian CM 390, 250 MHz Bruker AC 250, and 400 MHz Bruker AM 400
spectrometers; 13C NMR (internal standard TMS): 25.2 MHz Bruker WP
80 and 100.6 MHz Bruker AM 400 spectrometers; 31P NMR (external
standard 85% H3PO4): Bruker AM 400 spectrometer; 19F NMR (external
standard fluorobenzene, d=�116 ppm and trifluoromethylbenzene, d=
�64 ppm): 188.3 MHz Bruker AC 200, 282.0 MHz Bruker MSL 300,
470.3 MHz, Bruker AMX 500 spectrometers; analytical TLC, Merck
silica gel plates with F254 indicator. All work with the crystalline fluoride
salts was performed in a glove box under Ar (Labmaster, M. Braun
GmbH). The H2O values were below 1 ppm. Solvents were removed
from the atmosphere by a special charcoal filter. Glassware was dried for
at least 30 min at 100 8C and immediately transferred to the glove box via
the vacuum chamber. All reactions involving anhydrous fluoride salts
were performed under N2 with rigorous exclusion of moisture.


Benzene was purchased from Fluka-Chemie AG (Switzerland), H2O con-
tent <0.005%. MeOH was purchased from Fluka-Chemie AG (Switzer-
land) and kept over molecular sieves 3 R, H2O content <0.01%. iPrOH
was purchased from Fluka-Chemie AG (Switzerland) and kept over mo-
lecular sieves 3 R, H2O content <0.005%.


Na2O, NaHCO3, Na2SO4, MgSO4, BaO, Bu4NF·3 H2O, Bu4N·Ph3SnF2,
EtOH, EtOAc, iPrOAc, Me2CO, benzenesulfonyl chloride, 1-undecanol,
[18]crown-6, [2.2.2]cryptand, (Me2N)3S·Me3SiF2, and 1,8-bis(dimethylami-
no)naphthalene were used as purchased from Fluka-Chemie AG (Swit-
zerland). 1-Undecene, triphenylmethane, and 4-phenyltoluene were used
as purchased from Aldrich. Pentane was used as purchased from Riedel-
deHaSn. PhCl was distilled over P2O5 and stored over molecular sieves
3 R; 1-iodoundecane was used as purchased from Lancaster. PhF was
stirred with BaO, filtered, and distilled under Ar; PhCF3 was distilled, a
forerun amounting to half of it was discarded, the remainder was distilled
and stored over molecular sieves 3 R; THF, 2-methyltetrahydrofuran, 2,5-
dimethyltetrahydrofuran, and toluene were distilled from K/Na-alloy/an-
thracene; neopentanol was dried by reaction with sodium metal at 60 8C,
distilled, refluxed over BaO for 5 h and fractionally distilled under N2;
EtCN was stirred over KMnO4 until a persistent violet color appeared,
filtered, and distilled over P2O5; other solvents were purified by simple
distillation; pyridine was distilled and stored over molecular sieves 4 R;
KF (Riedel-deHaSn) was dried for 12 h in high vacuum at 240 8C. Com-
mercial lanosterol (Sigma-Aldrich Chemical Company) was purified and
hydrogenated as described in literature.[64]


General procedure for the conversion of tetrafluoroborates to fluorides :
A solution of the appropriate BF4


� salt in anhydrous MeOH (20 mL for
30 mmol if not otherwise indicated) was stirred vigorously with a solution
of KF (1.05 equiv) in anhydrous MeOH (25 mL for 30 mmol) under N2


for 10 min. After suction from precipitated KBF4 into a 100 mL-round-
bottomed flask and washing with iPrOH (5 mL) the solution was concen-
trated on a rotary evaporator in vacuo at maximum 40 8C bath tempera-
ture. The clear residue was taken up in anhydrous iPrOH (3T5 mL) and
successively evaporated until the pressure in the rotary evaporator drop-
ped to 20 mbar (the rotary evaporator was purged with Ar to keep out
H2O and CO2). iPrOH (5 mL) was added before transferring the flask,
equipped with a glass-covered stirring bar, to the vacuum apparatus
(10 mm cross flow section, directly connected to an oil diffusion pump).
The flask was then fitted to the cold trap of the vacuum apparatus. The
solution was carefully concentrated in vacuo with stirring and then
heated at the conditions indicated. For all operations following the first
heating in vacuo rigorous exclusion of moisture (glove box) was absolute-
ly essential.


1,1,1,3,3,3-Hexakis(dimethylamino)-1l5,3l5-diphosphazenium fluoride
(1·F): The mixture obtained from 1·BF4 (12.8 g, 30 mmol) according to


the general procedure was heated by raising the bath temperature to
80 8C within 1 h and the temperature was then kept at 80 8C for 1 h
(during which time first crystals of solvent-free fluoride salt began to
form) and at 100 8C for 1 h. The completely solidified product was
scratched from the surface of the flask and dried for 1 h at 120 8C. A
slurry of the product in THF (20 mL) was prepared; larger lumps were
crushed with a pestle and the crystals were filtered off with a D4 glass
suction filter, washed with THF (15 mL) and dried in a high vacuum, pro-
viding 9.7 g (90%) of colorless crystals, containing 98–99% “naked” fluo-
ride by titration. M.p. 151 8C (partial decomp); ca. 1% of inorganic mate-
rial was removed by filtration of the benzene solution. Spectroscopic
data have already been reported.[37]


Tetrakis{[tris(dimethylamino)phosphoranyliden]amino}phosphonium
fluoride (2·F): The mixture obtained from 2·BF4


[65] (10.0 g, 12.1 mmol) ac-
cording to the general procedure was heated by raising the bath tempera-
ture to 80 8C over a period of 6 h. The material then contained 1 equiv of
iPrOH; for the removal of this residual iPrOH the batch was divided
into 5 g portions (glove box) and further dried at 100 8C and 120 8C for
4 h each, and at 130–135 8C for 6 h with efficient stirring until no iPrOH
could be detected by 1H NMR spectroscopy (D2O; ca. 14 h). The materi-
al was recrystallized from 2-methyltetrahydrofuran/2,5-dimethyltetrahy-
drofuran 1:1. 1H NMR (250 MHz, C6D6, 30 8C, TMS): d=2.52 (d, 3J
(P,H)=10 Hz), 18.10 ppm (t, 1J(F,H)=118 Hz, FHF�); 19F NMR
(188.3 MHz, C6D6, 30 8C, 100 mg in 0.4 mL): d=�72.0 (d, 1J(P,F)=
710 Hz, PF6


�), �99.9 (s, F�), �151.9 (s, BF4
�), �155.5 ppm (d, 1J(H,F)=


118 Hz, FHF�); according to the integration the product contained F�


(90.3 mol%), FHF� (8.5 mol%), BF4
� (0.4 mol%), and PF6


� (0.7 mol%);
elemental analysis calcd (%) for C24H72N16FP5 (758.8): (for 2·F+1.5H2O;
weighing of the sample was performed without exclusion of moisture): C
36.68, H 9.62, N 28.52; found: C 36.92, H 9.39, N 28.36.


Tetrakis[cyclohexyl(methyl)amino]phosphonium fluoride (3·F): The solu-
tion obtained from 3·BF4 (9.46 g, 16.7 mmol) in absolute MeOH (15 mL)
according to the general procedure was dried until at 35 8C and 20 mbar
no further solvent distilled. Then 2,2-dimethyl-1-propanol/toluene 3:1
(5 mL, instead of iPrOH) was added five times; after each addition the
solvent was evaporated as described above. Before transferring the flask
to the vacuum apparatus more of the solvent mixture (5 mL) was added.
The temperature was raised to 120 8C over a period of 6 h and kept at
this temperature with efficient stirring for 36 h. The resulting colorless
crystalline material (7.91 g, 95%), m.p. 248 8C, was analyzed and shown
to contain 98% “naked” fluoride, according to a titration in THF with 9
and triphenylmethane as indicator. 1H NMR (250 MHz, D2O, CD3CN,
30 8C, TSP): d=0.90–1.85 (m, 40H; CH2), 2.68 (d, 3J(P,H)=10 Hz, 12H;
NCH3), 3.06 ppm (m, 4H; NCH); 19F NMR (100 MHz, C6D6, 30 8C): d=
�96.8 (s, F�), �154 ppm (d, J(H,F)=125 Hz, FHF�); 31P NMR
(100 MHz, CDCl3, 30 8C): d=45.3 ppm (s); elemental analysis calcd (%)
for C28H56N4PF (498.8): (for 3·F+2.5H2O; weighing of the sample was
performed without exclusion of moisture): C 61.85, H 11.30, N 10.30;
found: C 61.69, H 10.88, N 10.89.


Tetrakis[(tri-1-pyrrolidinylphosphoranyliden)amino]phosphonium fluo-
ride (7·F): The mixture obtained from 7·BF4 (6.55 g, 5.76 mmol) accord-
ing to the general procedure was dried (attention, vigorous bumping may
occur!) for 5 h at room temperature. Then the temperature was raised to
80 8C over a period of 1 h and kept at this temperature with efficient stir-
ring until the product had completely solidified (ca. 2 h). According to
1H NMR spectroscopy the material contained more than one equivalent
of iPrOH. To guarantee a thorough mixing, the material was scratched
from the wall of the flask and finely grounded under N2 (dry box). The
flask with the powdered material was then again connected to the high
vacuum apparatus and heated at 80 8C for 6 h, at 100 8C for 13 h, and at
120 8C for 22 h. To avoid the formation of lumps, the bath was repeatedly
replaced by an ultrasonic bath for 30 min. The resulting colorless crystal-
line material (5.67 g, 92%), m.p. 235 8C (decomp), was analyzed and
found to contain 87�5% “naked” fluoride, according to a titration in
THF with 9 (triphenylmethane as indicator). 1H NMR (250 MHz, D2O,
CD3CN, 30 8C, TSP): d=1.75 (m, 48H; NCH2CH2), 3.18 ppm (m, 48H;
NCH2CH2);


19F NMR (188 MHz, chlorobenzene/C6D6, 30 8C): d=�104.8
(s, F�), �153.9 (s, BF4


�), �158.8 ppm (d, J(H,F)=113 Hz, FHF�);
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31P NMR (100 MHz, chlorobenzene/C6D6, 30 8C): d=�33.4 (quint,
2J(P,P)=48.3 Hz, 1P), �9.2 ppm (d, 4P); elemental analysis calcd (%)
for C48H96N16FP5 (1071.3): (for 2·F+3.5H2O; weighing of the sample was
performed without exclusion of moisture): C 50.83, H 9.15, N 19.76;
found: C 50.74, H 8.44, N 19.55.


General procedure for the reaction of 1-iodoundecane with fluoride sour-
ces : The indicated number of equivalents (amount) of the fluoride source
formed a slurry or was dissolved in the corresponding solvent
(4 mLmmol�1 of fluoride source), the appropriate number of equivalents
of additives were added, and the mixture was stirred for 5 min. The mix-
ture was brought to the indicated temperature and 1-iodoundecane
(36.8 mL, 45.2 mg, 0.160 mmol) was added all at once with efficient stir-
ring. After the indicated time at the indicated temperature, the mixture
was either quenched with MeOH (250 mL) (reactions run below 0 8C) or
a sample (250 mL) was taken from the reaction mixture (reactions run
above 0 8C); H2O (1 mL or the indicated amount) and pentane (1 mL or
the indicated amount) were added to the reaction mixture (or the 250 mL
sample), the mixture was shaken, and a sample of the pentane phase was
directly subjected to GC injection. GC (analyt. , Varian 3700, quartz
column SE 30/25 m, integrator Varian CDS 111; column temperature
60 8C, temperature Program 10 8Cmin�1 till 150 8C, injector temperature
170 8C, detector temperature 170 8C): 8.73–9.62 min: 1-undecene; 10.43–
11.21 min: 1-fluoroundecane (identified by 1H NMR spectroscopy);
13.31–13.35 min: unidentified; 14.16 min: 1-undecanol; 21.34–23.88 min:
1-iodoundecane.


Lanosta-2,8-diene[66,67] from 16 : A slurry of 1·F (720 mg, 2.00 mmol) in
THF (3 mL) was prepared, and a solution of 16 (378 mg, 0.660 mmol)
dissolved in THF (2 mL) was added. The mixture was stirred for 30 min
at room temperature. After addition of H2O (10 mL) the mixture was ex-
tracted with Et2O (3T10 mL), the combined ethereal phases were dried
over Na2SO4, and the solvent was removed in vacuo. After filtration over
a short column (silica, PE 30/50), the product was recrystallized from
EtOH, affording colorless crystals (271 mg, 99%). M.p. 86 8C (lit.[66] 83–
84 8C), Rf=0.64 (silica/cyclohexane); 1H NMR in accord with literature
values;[67] 13C NMR (100.6 MHz, CDCl3, 30 8C, TMS): d=138.2 (C-2),
135.1 (C-8), 133.1 (C-9), 121.9 (C-3), 50.6 (C-17), 50.1 (C-14), 48.4 (C-5),
44.5 (C-13), 39.6 (C-24), 37.9 (C-1), 36.5 (C-20,C-22), 36.4 (C-4), 35.0 (C-
10), 31.8 (C-29), 31.2 (C-12), 31.1 (C-15), 28.2 (C-16), 28.0 (C-25), 26.3
(C-7), 24.3 (C-28), 24.2 (C-23), 22.8 (C-7), 22.7 (C-26), 28.0 (C-25), 26.3
(C-7), 24.3 (C-28), 24.2 (C-23), 22.8 (C-27), 22.7 (C-26), 22.6 (C-19), 20.8
(C-11), 19.4 (C-6), 18.8 (C-21,C-30), 15.9 ppm (C-18); elemental analysis
calcd (%) for C30H50 (410.7): C 87.73, H 12.27; found: C 87.65, H 12.22.
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Simulation of 59Co NMR Chemical Shifts in Aqueous Solution


Michael B"hl,* Sonja Grigoleit, Hendrik Kabrede, and Frank T. Mauschick[a]


Introduction


NMR chemical shifts obtained from quantum chemistry are
known to be “sensitive to everything”.[1] For a computation-
al chemist trying to reproduce spectra recorded in typical
inert solvents of low polarity, accounting for this surround-
ing medium is usually not of primary concern, as the choice
of quantum-chemical model,[2] basis set,[3] and geometry[4]


tend to be much more important for the property under
scrutiny. This situation may change for highly polar and/or
protic solvents, however, in particular if specific interactions
such as hydrogen bonds are involved, as these may have a
strong impact on the chemical shifts. In this respect, aqueous
solutions are among the most challenging targets. Here, the
popular method of including the bulk medium by way of a
polarizable continuum[5] in the NMR computation[6] may not
be sufficient,[7] and it may be necessary to include discrete
solvent molecules or, better yet, a large part of the solution
as dynamic ensemble.[8] We have adopted the latter proce-
dure, based on molecular dynamics (MD) simulations in a
density functional theory (DFT) framework, to assess chem-
ical shifts of transition-metal nuclei in complexes dissolved
in water.[9–12] These nuclei are deemed of special interest be-


cause, owing to their large chemical-shift ranges,[13] transi-
tion-metal nuclei can be much more sensitive to medium ef-
fects than the first-row nuclei.[8]


Indeed, the simulations revealed noticeable changes in
magnetic shieldings or chemical shifts of the metal nuclei on
immersion in water, albeit to a variable extent: these solva-
tion effects can range from only a few dozen parts per mil-
lion, as in permanganate ion[11] and most vanadates studied
so far,[9,12] to about 2000 ppm for a highly charged ion such
as [Fe(CN)6]


4�.[10] In the last-named case, this large effect re-
sulted from a pronounced change in geometry on solvation,
notably a strong contraction of the metal–ligand bond, and
an unusual sensitivity of the 57Fe magnetic shielding toward
this geometrical parameter.
Similar effects might be anticipated for the isoelectronic


complex [Co(CN)6]
3� (1). In the form of its aqueous potassi-


um salt, 1 is the standard for 59Co NMR spectroscopy. This
nucleus stands out because of its remarkably large chemical
shift range on the order of 20000 ppm.[14] 59Co chemical
shifts spanning essentially this entire range have been repro-
duced reasonably well in computations for isolated mole-
cules and ions, by employing both static[15–17] and dynamic[17]


approaches. The latter have been designed to model effects
on the d(metal) values of thermal averaging in the absence
of a solvent. In line with recent results for other metal
nuclei,[18] these thermal effects can be notable, up to nearly
2000 ppm for [Co(H2O)6]


3+ (2),[17] but do not serve to im-
prove the static, equilibrium de values in all cases. Larger
deviations have become apparent, in particular for ions such


Abstract: 59Co chemical shifts were
computed at the GIAO-B3LYP level
for [Co(CN)6]


3�, [Co(H2O)6]
3+ , [Co-


(NH3)6]
3+ , and [Co(CO)4]


� in water.
The aqueous solutions were modeled
by Car–Parrinello molecular dynamics
(CPMD) simulations, or by propaga-
tion on a hybrid quantum-mechanical/
molecular-mechanical Born–Oppen-
heimer surface (QM/MM-BOMD).
Mean absolute deviations from experi-


ment obtained with these methods are
on the order of 400 and 600 ppm, re-
spectively, over a total d(59Co) range of
about 18000 ppm. The effect of the sol-
vent on d(59Co) is mostly indirect, re-


sulting primarily from substantial
metal–ligand bond contractions on
going from the gas phase to the bulk.
The simulated solvent effects on geo-
metries and d(59Co) values are well re-
produced by using a polarizable contin-
uum model (PCM), based on optimiza-
tion and perturbational evaluation of
quantum-mechanical zero-point correc-
tions.


Keywords: density functional calcu-
lations · molecular dynamics ·
NMR spectroscopy · solvation
effects · transition metals
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as 2 which were measured in aqueous solution. In addition,
a systematic offset of up to about 600 ppm (depending on
the particular theoretical level) was noted when the 59Co
chemical shifts of a larger test set were referenced directly
relative to pristine 1.[17] These systematic deviations have
been ascribed to the aforementioned expected solvent effect
on that ion, and an alternative referencing procedure has
been adopted, based on the evaluation of the standard mag-
netic shielding from a correlation of computed shieldings
and observed chemical shifts. While this procedure is quite
common in cases where the actual standard is difficult or
impossible to calculate, its disadvantage is that, in principle,
the reference value would have to be re-evaluated for each
new complex that is investigated. Eventually, it would be de-
sirable to model substrates and standard in a realistic fash-
ion,[19] so that d values can be computed and predicted with-
out having to resort to experimental data.
We have now modeled aqueous solutions of 1 and 2 using


a variety of methods, namely, molecular dynamics simula-
tions with periodic, fully quantum-mechanical (Car–Parri-
nello MD) and nonperiodic, mixed quantum-mechanical/
molecular mechanical approaches, as well as a polarizable
continuum model (PCM).[20] In the last-named calculations,
we attempted to go beyond static equilibrium values by in-
clusion of zero-point vibrational corrections, evaluated by a
recent perturbational approach.[21] To our knowledge, this is
the first assessment of zero-point effects on chemical shifts
in solution.[22]


In addition to the hexaquo complex 2, which marks the
deshielded end of the d(59Co) scale, we included the hexam-
mine complex [Co(NH3)6]


3+ (3), with a significantly less de-
shielded nucleus, and the tetracarbonyl ion [Co(CO)4]


� (4),
which is close to the shielded end of the d(59Co) scale, so
that a large part of the total chemical shift range of this nu-
cleus is covered.


Computational Details


Molecular dynamics simulations were performed by using the Car–Parri-
nello scheme[23] as implemented in the CPMD program.[24] The BP86
combination of density functionals was used,[25,26] together with norm-
conserving Troullier–Martins pseudopotentials in the Kleinman–Bylander
form,[27] including that for Co constructed and validated in ref. [17]. Peri-
odic boundary conditions were imposed by using cubic supercells with
box sizes of 13.0 J for 1–3 and 11.5 J for 4, which contained 61 and 45
water molecules, respectively. Kohn–Sham orbitals were expanded in
plane waves up to a kinetic energy cutoff of 80 Ry at the G point. In the
dynamical simulations a fictitious electronic mass of 600 a.u. and a time
step of 0.121 fs were used. To increase the simulation time step, hydrogen
was substituted by deuterium. The systems were equilibrated for 0.5 ps,
maintaining a temperature of 300(�50) K by velocity rescaling, and were
then propagated as microcanonical ensemble for an additional 1–2 ps,
during which statistical averages and snapshots for the NMR calculations
were collected (the latter usually from the first picosecond).


Additional Born–Oppenheimer MD simulations (denoted BOMD) were
performed by using the following QM/MM approach: The Co complexes
were described at the BP86/AE1 level, that is, with the extended Wacht-
ers basis on Co[28] and 6-31G* on the ligands,[29] making use of the resolu-
tion-of-identity (RI) approximation as implemented in the TURBO-
MOLE program,[30] together with suitable auxiliary basis sets.[31] Water
was described by the CHARMm force field in the MSI-CHARMm 25b2
program.[32] For the coupling between QM and MM parts, a polarized
embedding scheme was used.[33] MD simulations were performed using
the ChemShell program[34] for NVT ensembles at 300 K for 4 ps, with a
time step of 1 fs. Data sampling was started after the first 2 ps (snapshots
from NMR computations after the first 3 ps), which were taken for equi-
libration. For the aqueous species, the complexes were placed at the
center of a spherical water cluster with a diameter of 30 J containing a
total of 453 water molecules. After a short minimization (100 steps), the
outmost layer to a depth of 5 J from the surface was completely frozen
to avoid evaporation of the minidroplet. To increase the time step, the
O�H distances in the water monomers were frozen with the SHAKE al-
gorithm. For the hexaquo and hexammine complexes, 15 and 16 water
molecules, respectively, were included in the QM part; in those cases, no
distance constraints were applied within the QM region, and the mass of
deuterium was used for all H atoms. Isolated complexes were simulated
for 1.5 ps (the first 0.5 ps of which were counted as equilibration) with a
time step of 0.5 fs.


PCM calculations were effected at the BP86/AE1 level using the parame-
ters of water and the implementation[35] in Gaussian03.[36] Zero-point cor-
rections were evaluated following the procedure from reference [21] and
the step-size parameters recommended in ref. [37]. Effective (vibration-
ally averaged) geometries reff were constructed at the BP86/AE1 level in
the continuum, using the gradient technique (i.e., using analytical first
derivatives in the numerical evaluation of the cubic force field)[37] and a
stepsize of 0.25 a.u.


In all of these static and dynamic calculations the BP86 functional was
employed, which performs very well for the description of structures, en-
ergies, harmonic frequencies, etc., of transition metal complexes.[38]


Magnetic shieldings s were computed at the B3LYP level[39,40] for snap-
shots taken from the MD simulations, employing GIAOs (gauge-includ-
ing atomic orbitals)[41] and basis II’, that is, the augmented Wachters
basis[28] on Co, IGLO-basis[3] II for C, N, O (which is essentially of polar-
ized triple-zeta quality), and IGLO basis DZ for H. This level has been
shown to perform very well for chemical shifts of transition metals in
general,[42] and 59Co in particular.[17] No periodic boundary conditions
were imposed in the chemical-shift calculations. Representative snapshots
were taken every 20 fs. Following the procedure from reference [10] a
number of nearest solvent water molecules were included explicitly in
the NMR calculation (20, 20, 15, and 10 for 1–4, respectively). In all
cases, the running averages of s were reasonably well converged after 1–
1.5 ps (40–60 snapshots), with uncertainties of about �50 ppm for s-
(59Co), as estimated from the variations in the final values of the running
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average. Chemical shifts of 2–4 are reported relative to 1, for which the
shielding constants are collected in Table 1.


In the perturbational calculation of zero-point corrections, magnetic
shieldings were computed at the B3LYP/II’ level for the BP86/PCM-de-
rived effective geometry (denoted seff) and vibrationally averaged (de-
noted s0) using numerical evaluation of the second derivative of the
shielding surface[21] (stepsize 0.1 a.u.).[37] In addition to the anharmonicity
effects contained in the vibrationally averaged effective geometry, this
procedure accounts for the curvature of the magnetic shielding hypersur-
face around the latter. In these computations, the polarizable continuum
was also included in the NMR part.


Results and Discussion


[Co(CN)6]
3� : CPMD and QM/MM-BOMD simulations


were performed for 1; the latter used the last configuration
from the corresponding well-equilibrated run for
[Fe(CN)6]


4� as starting point.[10] Before turning to the NMR
parameters, we first discuss the structural aspects.
The mean C�N bond length does not vary much and is


close to about 1.18–1.19 J throughout all optimizations and
simulations (Table 1). The Co�C distance, in contrast, is
more sensitive to dynamics and environment. On going
from the equilibrium value to the dynamic average in the
gas phase, this distance increases noticeably, by 0.010 J
(compare BP86/AE1 and BOMD entries in Table 1) or by
0.017 J (compare CP-opt and CPMD). On going from the
mean value in the gas phase to that in solution, the bond
shrinks considerably, by 0.035 J (compare BOMD and
BOMD/H2O entries in Table 1) or by 0.040 J (compare
CPMD and CPMD/D2O). Qualitatively, these are the same
structural trends that were found in the related iron species
[Fe(CN)6]


4� and [Fe(CN)5(NO)]
2� ;[10] quantitatively, the ef-


fects encountered in 1 are bracketed by those of the latter
iron species. For instance, the BOMD-derived M�C bond
contraction on hydration is about 0.03, 0.04, and 0.06 J for
[Fe(CN)5(NO)]


2�, [Co(CN)6]
3�, and [Fe(CN)6]


4�, respective-


ly. Thus, the effect increases strongly with increasing molec-
ular charge.
In the case of tetraanionic [Fe(CN)6]


4�, earlier periodic
CPMD simulations were plagued by artifacts due to the too-
small box size (11.5 J) that could be employed at that
time.[10b] The mutual Coulomb repulsion between the anion
and its replicated images resulted in a significant additional
contraction of the Fe�C bonds by about 0.02 J, as assessed
by the difference between periodic CPMD and nonperiodic
BOMD results. Due to the lower charge in tervalent 1, and
further aided by the use of a somewhat larger box (13.0 J),
such artifacts are, apparently, suppressed to a large extent:
the CPMD-derived mean Co�O distances are still smaller
than the BOMD values, but only by 0.004 J (BOMD versus
CPMD entries in Table 1) or by 0.009 J (BOMD/H2O
versus CPMD/D2O entries). While bond-length differences
of this magnitude may still translate into noticeable changes
in magnetic shieldings (see below), it appears that our
CPMD simulations offer a reasonable qualitative and semi-
quantitative description of structure and dynamics of aque-
ous 1.
As with the iron analogues, the cyano nitrogen atoms in 1


act as hydrogen-bond acceptors from the solvent. Based on
purely geometrical criteria,[43] the total number of water
molecules H-bonded to 1 varies between 8 and 14, with an
average of 11.6. This first solvation shell is also apparent
from the gNO(r) pair-correlation function[44] displayed in
Figure 1, which shows a distinct maximum at r=2.9 J (g=
1.4).


The Co�C distances modeled in aqueous solution are
close to 1.90 J, both with BOMD and CPMD variants. Inci-
dentally, this value is close to that typically observed in crys-
tals containing 1, such as K3[Co(CN)6] (see values in
Table 1),[45] but also in solids with more bulky counterions
and crystal water.[46] Both types of environment, that of an
aqueous solution and that of a polar crystal matrix, appear
to favor shorter metal–ligand bonds. Packing forces in the


Table 1. Geometric parameters (mean bond lengths [J]) and magnetic
shielding constants [ppm] for reference compound [Co(CN)6]


3� (1).[a]


Level of approximation r(Co�C) r(C�N) s(Co)


BP86/AE1[b] (r,s)e 1.929 1.188 �6413
BP86/BOMD (r,s)av 1.939 1.189 �6827
BP86/BOMD/H2O (r,s)av 1.904 1.186 �5929
BP86/CP-opt[b] (r,s)e 1.918 1.175 �6025
BP86/CPMD[b] (r,s)av 1.935 1.176 �6680
BP86/CPMD/D2O (r,s)av 1.895 1.173 �5475
BP86/AE1[b] (r,s)eff 1.937 1.186 �6646
BP86/AE1[b] s0 – – �6670
BP86/PCM/AE1[c] (r,s)e 1.914 1.187 �5977
BP86/PCM/AE1[c] (r,s)eff 1.912 1.182 �5893
BP86/PCM/AE1[c] s0 – – �5916
experiment[d] 1.89(1) 1.16(1)


�1.90(1) �1.17(1)


[a] Geometries evaluated with AE1 or plane-wave basis sets; magnetic
shieldings at the GIAO-B3LYP/II’ level; explicit water molecules includ-
ed for BOMD/H2O and CPMD/D2O (see Computational Details).
[b] From ref. [17]. [c] FIXGRD,FIXHSS options. [d] Solid K3[Co(CN)6],
three molecules in the unit cell.[45]


Figure 1. NO pair correlation function g(r) from a CPMD simulation of
aqueous 1 (solid line); dashed: nO(r)=1sg(r)4pr2dr, which integrates to
the total number of oxygen atoms in a sphere with radius r around nitro-
gen.
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crystal notwithstanding, a possible reason could be that the
polar surrounding acts as a dielectric that reduces the intra-
molecular repulsion between the cyanide ligands with their
high negative charge (formally �0.5e).
Such an effect should already be captured in a simple


PCM approach with a polarizable continuum without explic-
it solvent. Indeed, embedding 1 in such a continuum with
the dielectric constant of water by using a molecule-shaped
cavity results in a similar contraction of the Co�C bond.
With the default settings in Gaussian03, an optimized dis-
tance of 1.902 J is obtained, in very good accord with the
above-mentioned MD-derived values. However, some in-
consistencies in the subsequent evaluation of the rovibra-
tional contributions in the continuum were encountered
with this setup, namely, conspicuously large gradients in
some of the displaced geometries and unrealistically long
bonds in the final, effective geometry. No such artifacts
were apparent when the geometrical contributions to the
first and second derivatives of the electrostatic energy were
neglected (i.e. , computed at “fixed cavity”). This procedure,
which we therefore chose to adopt for 1, affords an opti-
mized Co�C distance of 1.914 J (BP86/PCM/AE1 entry in
Table 2). Even though this value is slightly larger than that


obtained when the forces from the cavity are formally taken
into full account, the qualitative result is unaffected by these
computational details, namely, that a pronounced bond con-
traction occurs on solvation. At this point one should recall
that despite its wide applicability and success, the PCM ap-
proach is based on a very simple model, and the results can
also depend on other computational details, notably cavity
size. Quantitative accuracy should therefore not be expect-
ed, in particular when, as in our case, specific interactions
with the solvent molecules are neglected.[47] We therefore


consider the numerical PCM data for 1 and the other com-
plexes of this study with a grain of salt, and focus on the
qualitative aspects brought about by the simple continuum.
Zero-point corrections to the structural parameters for 1


in the continuum are quite small; in particular, the Co�C
bond length is virtually unaltered (compare BP86/PCM/AE1
re and reff entries in Table 1). The corresponding vibrational
corrections in the gas phase lead to a slight elongation of
this bond, by 0.008 J (compare BP86/AE1 re and reff entries
in Table 1), qualitatively similar to the classical thermal
effect modeled by BOMD and CPMD simulation (see
above).[48]


What is the effect of dynamics and solvation on the 59Co
magnetic shielding? The computed s(Co) values in Table 1
exhibit a notable degree of variation, between about �5500
and �6800 ppm, largely following the mean Co�C bond
lengths. The longer this bond, the more deshielded is the
metal nucleus.[49] Even though they stem from different sour-
ces (equilibrium, effective, and ensemble-averaged values
with and without solvent or continuum), the r(Co�C) and
s(Co) values from Table 1 show a good linear correlation
(correlation coefficient 0.98) with a slope of �285 ppmpm�1,
very similar to the corresponding, actual shielding/bond-
length derivative in pristine 1: @sCo/@rCoC=�312 ppmpm�1


at the GIAO-B3LYP/II’ level.[17] This result implies that the
effect of the solvent on s(Co) in 1 is mainly indirect, result-
ing from the change in the geometrical parameters on solva-
tion, a notion which is corroborated by a few explicit test
calculations: only minor changes are found for s(Co) in a
CPMD snapshot or in a PCM calculation when the sur-
rounding 20 water molecules or the continuum, respectively,
are removed (by 18 and 13 ppm, respectively). Similar ob-
servations were made for the iron cyanide complexes men-
tioned above.[10]


As was noted previously,[16,17] the B3LYP-computed
shielding/bond length derivative for 1 is smaller than the ex-
perimental estimate for that complex (@sCo/@rCoC=
�75 ppmpm�1 per bond).[50] The computed value is still
quite sizeable, though, and means that any uncertainty in
optimized or modeled Co�C distances on the order of
0.01 J (such as possible artifacts due to box size in the peri-
odic calculations, or due to details of the PCM calculations
discussed above) can easily translate into variations in the
59Co magnetic shielding of about 300 ppm. This value should
thus be regarded as the lowest error margin for the relative
chemical shifts of the other substrates, to which we now turn
our attention.


[Co(H2O)6]
3+ (2): At d=15100 ppm, this cation marks the


deshielded end of the 59Co chemical shift scale.[14, 51] Optimi-
zations and simulations of pristine 2 have afforded theoreti-
cal chemical shifts exceeding this value by thousands of
parts per million.[17] At the same time, this complex was
found to be most sensitive to structural changes, with a com-
puted shielding/bond length derivative of @sCo/@rCoO=
�693 ppmpm�1.[17] If solvation were to have a similar effect
on the geometrical parameters for 2 as it has for 1, a pro-


Table 2. Geometric parameters (mean bond lengths [J]) and 59Co chemi-
cal shifts [ppm] for cationic complexes [CoL6]


3+ (L=H2O, NH3).
[a]


Level of approximation L=H2O (2) L=NH3 (3)
r(Co�O) d(59Co) r(Co�N) d(59Co)


BP86/AE1[b] (r,d)e 1.957 15869 2.032 8491
BP86/BOMD (r,d)av 1.979 17657 2.069 10132
BP86/BOMD/D2O (r,d)av 1.940 13821 1.995 7184
BP86/CP-opt[b] (r,d)e 1.954 16221 2.019 8265
BP86/CPMD[b] (r,d)av 1.975 17747 2.047 8829
BP86/CPMD/D2O (r,d)av 1.952 15723 2.010 8538
BP86/AE1[b] (r,d)eff 1.966 16758 2.047 9010
BP86/AE1[b] d0 – 16784 – 9026
BP86/PCM/AE1 (r,d)e 1.922 12696 1.982 6760
BP86/PCM/AE1 (r,d)eff 1.929 14645 2.009 8070
BP86/PCM/AE1 d0 – 14655 – 8082
experiment 1.873(5)[c] 15100[d] 1.962(6) 8176[f]


�1.981(7)[e]


[a] Geometries evaluated with AE1 or plane-wave basis sets; magnetic
shieldings at the GIAO-B3LYP/II’ level; explicit water molecules includ-
ed for BOMD/D2O and CPMD/D2O (see Computational Details).
[b] From ref. [17]. [c] Solid CsCo(SO4)2·12H2O, from ref. [58]; see text.
[d] Ref. [55]. [e] Ref. [62a]. [f] Ref. [14a].
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nounced effect on the 59Co chemical shift could thus be ex-
pected.
When a CPMD simulation was started for 2 in a water


box (using the same cell parameter as for 1, i.e. , 13 J), a
surprising observation was made: 2 was not stable under
these conditions, but almost instantaneously transferred one
proton to the surrounding liquid to afford [Co-
(H2O)5(OH)]


2+ (5) and a hydronium ion H3O
+ . Very rapid-


ly, these two ions dissociated via the well-known proton-
relay transport mechanism[52] of aqueous H3O


+ . The same
was found in a second simulation when, after 0.9 ps of equi-
libration with fixed OH bonds, these constraints were lifted;
here the first proton transfer occurred after the next 1.4 ps,
immediately followed (within 0.1 ps) by relay transfer.
These processes were monitored by way of suitable O�H
distances and snapshots of the trajectory (Figure 2).
With these results in mind, we set up a QM/MM-BOMD


simulation including complex 2 together with 15 additional
water molecules from the solvent in the QM part, in order
to enable similar proton transfers. However, no such trans-
fers occurred during the total simulation time of 4 ps at the
BP86/AE1 level.[53] The reason for this apparent discrepancy
between the two simulations, facile or spontaneous proton


transfer in CPMD versus no such event in QM/MM-BOMD,
is not clear at present. In any event, the occurrence or ab-
sence of such a singular event in the rather short simulation
times should not be overinterpreted. Much longer simula-
tion times, possibly with inclusion of counterions as well,[54]


would be necessary for a definitive assessment. It may also
be mandatory to use a larger QM region in the QM/MM
calculations to allow for cooperative transport mechanisms
as illustrated in Figure 2.
That deprotonation of 2 may occur in water is not at all


improbable, since aqua complexes of high-valent metal cati-
ons can be strong Brønsted acids. Indeed, there is evidence
for an equilibrium between 2 and 5 from studies of 59Co
NMR relaxation times.[55] Owing to the instability of aque-
ous Co3+ solutions, which are rapidly reduced to aqueous
Co2+ , the pKa of hydrated Co3+ , and thus the composition
of the equilibrium mixture between 2 and 5, is not known.
Typical pKa values of aqueous trivalent transition metal ions
fall in the range between about 4 (Cr3+) and 2 (Fe3+).[56] As-
suming that the latter value (which is close to that of phos-
phoric acid) would also apply to Co3+ , a degree of dissocia-
tion between about 10 and 30% can be anticipated for a
pure solution, depending on the total Co concentration (the
given percentages correspond to 1m and 0.1m, respectively).
The experimental 59Co NMR spectrum, from which the


cited d value was obtained, was recorded in 4m HClO4 solu-
tion.[55] Under these acidic conditions, undissociated 2 will
certainly be the principal component of the mixture. We will
therefore first evaluate and discuss results from MD trajec-
tories for this species, both from the last 2 ps of the BOMD
run and from that part of the CPMD simulation in which
the trivalent cation 2 remained intact (taken from 0.4 to
1.4 ps after equilibration in the simulation from Figure 2).
In both cases, each water ligand coordinated to Co do-


nates essentially two hydrogen bonds to the solvent. Since
the water ligands are tilted with respect to the Co�O axes,
that is, the O atoms appear to coordinate via an sp3-, rather
than an sp2-type lone pair,[17] they could also accept an addi-
tional hydrogen bond from solvent molecules. Such interac-
tions are very rare, however, so that the average number of
water molecules coordinated to the hexaquo complex (the
second solvation shell around the metal, in other words) is
close to 12. This result is also apparent from the gCoO(r)
pair-correlation function in Figure 3, which shows a broad,
but pronounced peak at r�4 J, with an integrated number
of O atoms (up to the next minimum at r�4.5 J) of 11.5
and 11.3 for CPMD and BOMD, respectively.
Up to a distance of r�4.5 J, which marks the approxi-


mate boundary between QM and MM regions in the
BOMD calculation, the gCoO(r) curves obtained from
CPMD and BOMD simulations are remarkably similar, de-
spite the different computational setup (compare black and
gray curves in Figure 3). This is especially true for position
and shape of the first maximum marking the Co�O distance
of the directly coordinated water ligands (cf. the peak posi-
tions in the CPMD and BOMD curves) at r�1.95–1.96 and
1.94 J, respectively (the former maximum is somewhat


Figure 2. Proton transfers in CPMD simulation of 2 in water (after 0.9 ps
of constrained equilibration and 1 ps of unconstrained MD), as followed
by the evolution of relevant O�H distances (see top for definition) and
illustrative snapshots (bottom, other water molecules omitted).
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broader than the latter), or the actual ensemble averages in
Table 2 of r�1.952 and 1.941 J, respectively (see, however,
the results for 3 in the next section). Again, both approaches
predict a noticeable decrease in the Co–ligand bond length
on solvation, namely, by 0.023 and 0.039 J with CPMD and
BOMD, respectively (compare the relevant MD and MD/
D2O data in Table 2). Incidentally, a similar effect is ob-
served in the simple PCM calculations (cf. BP86/AE1 and
BP86/PCM/AE1 data), both for equilibrium (jDre j=
0.035 J) and effective geometries (jDreff j=0.037 J,
Table 2).
All optimizations or simulations including thermal and


solvent effects agree that the Co�O distance in aqueous 2 is
in the range of about 1.93–1.95 J. Structural characteriza-
tion of this highly reactive cation in solution, for instance,
by neutron or X-ray scattering studies,[57] is difficult and has
not yet been accomplished. Few solids containing tervalent
2 are stable enough to be characterized; the alum-type crys-
tal of CsCo(SO4)2·12H2O, or rather [Cs(H2O)6][Co(H2O)6]-
(SO4)2, is a prototypical example.


[58] The Co�O distance of
1.873 J in the latter is significantly shorter than that from
our simulations in the aqueous phase. Apparently, the ef-
fects of the polar crystal matrix are more pronounced in this
case than for anion 1 discussed in the previous section,
which is probably related to extensive hydrogen bonding be-
tween 2 and the highly charged sulfate anions present in this
type of compounds.[59]


How are the computed chemical shifts affected by these
geometrical changes? As with 1, there is a clear correlation
between calculated mean Co�O bond lengths and d(59Co)
values. As the former vary between about 1.92 and 1.98 J,
the latter cover a span of about 13000–18000 ppm (for
actual values, see Table 2). The linear regression between
the two variables is fair (correlation coefficient 0.96), and
the chemical shift/bond length derivative is +831 ppmpm�1,
a remarkable sensitivity.[60] Best accord with the experimen-
tal value is indeed found when both solvent and dynamical
effects are accounted for, that is, in the BOMD/D2O dav,
CPMD/D2O dav, and PCM d0 (or deff) values, with absolute


errors from experiment of about 1280, 620, and 450 ppm, re-
spectively. Larger deviations are found for the thermal or
zero-point averages in the absence of solvent (e.g., see
BOMD and CPMD entries in Table 2). Deceptively good
accord with experiment is found for the equilibrium values
in the gas phase (see BP86/AE1 and CP-opt data), due to
fortuitous error cancellation from the neglect of the mutual-
ly opposing dynamic and solvent effects.
In this case, direct solvation effects on 59Co shielding


become noticeable: switching off the continuum in the
NMR calculation for the PCM-optimized structure results in
an additional shielding of the metal nucleus by 262 ppm. A
similar shielding effect, up to about 380 ppm, is brought
about by deleting the extra solvent molecules in selected
MD snapshots. Apparently, the H2O ligands in 2 are small
enough to allow solvent molecules or a continuum to ap-
proach the metal center more closely than in 1, for which
negligible direct solvation effects were found (vide supra).
In light of the uncertainty in d(59Co) arising from the results
for the latter standard (see preceding section), however,
these direct solvation effects for 2 are barely significant, and
the indirect effect via geometrical changes is dominant.
Finally, we evaluated the CPMD results for the deproton-


ated species in water, that is, for 5·H3O
+ (0–1 ps after equili-


bration in the first, unconstrained simulation). In this case,
the OH ligand in 5 mostly donates one H-bond to the sol-
vent and accepts two others, one of which involves the
proton that initially dissociated from 2. The mean Co�O dis-
tance and 59Co chemical shift in the aqueous phase are
1.957 J and 15635 ppm, respectively, remarkably similar to
the corresponding values for intact 2 (cf. CPMD/D2O values
in Table 2). CP optimization and CPMD simulation of pris-
tine 5 in the gas phase also lead to mean Co�O bond
lengths (1.951 J and 1.963 J, respectively) similar to the
corresponding values for free 2 (see CP-opt and CPMD
values in Table 2). The reason for this seemingly small ge-
ometry change on deprotonation is that the contraction of
the hydroxyl C�O bond is compensated by elongation of
the Co�O bond to the water ligand in trans position (CP-
opt parameters are 1.868 and 2.051 J, respectively). The
computed d(59Co) resonance in gaseous 5 of 14798 and
15324 ppm at CP-opt and CPMD levels, respectively, is sig-
nificantly shielded with respect to that of free 2 (see values
in Table 2), by up to about 2400 ppm for the CPMD-derived
average.[61] It is interesting that in the simulations involving
either 2 or 5 in water, this sizeable difference between the
two forms essentially vanishes, and their simulated d(59Co)
values are virtually indistinguishable. Apparently, the strong
interaction of the hydroxyl ligand in 5 with the solvent, re-
flected in the above-mentioned larger number of H-bonding
interactions, has a strong impact on the shielding constant of
the metal atom. Thus, 2 should display no unusual depend-
ence of d(59Co) on pH, in contrast to what would have been
predicted from the results in the gas phase.


[Co(NH3)6] (3): The number of known cobaltammines is
legion, and the parent hexammine complex 3 has been ex-


Figure 3. CoO pair correlation function g(r) from CPMD and QM/MM-
BOMD simulations (bold and gray lines, respectively) of aqueous 2 ;
dashed: nO(r) (see Figure 1 for definition).
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tensively studied since the days of Alfred Werner. This ter-
valent cation is part of numerous solids that have been
charaterized by X-ray crystallography. Typical Co�N distan-
ces are scattered around 1.94–1.98 J, with longest distances
usually found in solids with bulky counterions and crystal
water.[62] Again, the simulations in the bulk liquid afford
somewhat longer bonds, around 2.00–2.01 J (Table 2),[63]


which are significantly shorter than those simulated in vacuo
(ca. 2.05 to 2.07 J, BOMD/CPMD rav and BP86/AE1 reff
values). Here, we note a minor inconsistency between the
QM/MM-BOMD and CPMD simulations: the former pre-
dicts a somewhat shorter Co�N distance in the liquid than
the latter, by 0.015 J, and in particular, a much larger bond
contraction on solvation, 0.074 J (BOMD versus BOMD/
D2O values in Table 2), as compared to 0.037 J (CPMD
versus CPMD/D2O).
From the gCoO(r) pair-correlation function (above r=3 J


in Figure 4) it is apparent that the entire second solvation
shell is packed more tightly around the complex in the QM/


MM-BOMD than in the CPMD trajectory: The first gCoO(r)
maximum in the former is shifted somewhat closer to the
metal (at r�4 J, gray line) than in the latter (at r well
above 4 J, bold line), and, when integrated up to r=5 J,
contains a larger number of water molecules (15.7 versus
10.8, respectively).
Closer inspection of the BOMD trajectory reveals a possi-


ble reason for this discrepancy:[64] During the total simula-
tion time of 4 ps, several of the water molecules of the QM
region that was initially part of the second solvation shell
(i.e., H-bonded to NH3 ligands), have trailed off into the
bulk solvent, to be replaced with a larger number of water
molecules from the MM part. Apparently, the latter are
bound somewhat tighter to the complex than the former.
Similar observations were made in a detailed analysis of the
QM/MM-BOMD and CPMD gNO(r) functions of aqueous
[Fe(CN)6]


4�.[10b] In the QM/MM-BOMD simulation for 2, in
contrast, the water molecules are bound more strongly to


the complex from the beginning, so that the molecules of
the QM region remain in a closer sphere around the solute
during the limited simulation time, without significant pene-
tration of “MM water” into this second solvation shell. It is
possible that in this simulation, if continued long enough,
exchange between water molecules from the second solva-
tion sphere and the bulk liquid will take place eventually,
and that the structures of the water shell around 2, as they
emerge from QM/MM-BOMD and CPMD simulations
(Figure 3), will become more disparate. A circumvention of
this problem could be to increase the QM part, or to assign
QM and MM regions not to specific atoms throughout, but
to predefined regions in space, by employing suitable
smoothing functions that allow for continuous transition of
molecules from one region to the other.[65, 66] Clearly, further
theoretical work in that direction is warranted.[67] With these
artifacts of the present QM/MM-BOMD simulation in
mind, we now turn to the 59Co chemical shift of 3.
As with the results for 2 discussed above, the metal–


ligand distance strongly affects the d(59Co) value of 3. Since
the Co�X shielding/bond length derivative in pristine 3 of
�471 ppmpm�1,[17,68] is smaller than that in 2, the sensitivity
of d(59Co) in 3 is somewhat less pronounced than in the hex-
aquo complex, but with d�7000–10000 ppm the variations
are still sizeable. Apart from the fortuitously good accuracy
of the BP86/AE1 and CP-opt equilibrium de data, best
accord with experiment is found for the CPMD/D2O (dav)
and BP86/PCM values (deff or d0, Table 2). In line with the
preceding discussion of the solvation shell derived from the
QM/MM-BOMD simulations in water, the 59Co chemical
shift is significantly underestimated by this model, and falls
short of experiment by almost 1000 ppm (see BOMD/D2O
entry in Table 2). Apparently, the extent of the bond con-
traction in solution, that is, the indirect solvation effect, is
overestimated in our simulation, probably by some 0.01–
0.02 J.
In addition to the relative sensitivity of the 59Co shielding


in 2 and 3 toward the geometrical parameters,[17] the direct
solvation effect on this property decreases somewhat on
going from 2 to 3. For instance, omitting the continuum in
the NMR calculation for the BP86/PCM optimized structure
of 3 affords an additional shielding of the metal by 176 ppm.
The differential effect between the CPMD and QM/MM-
BOMD results due to the more compact second solvation
shell in the latter simulation should be even smaller. Thus, it
is the averaged parameters of the metal complex itself that
are decisive for the computed 59Co chemical shift of aqueous
3. The ability to reproduce both is thus a stringent test for
QM/MM methods.
Finally, we mention an additional potential source of devi-


ations between the experimental value given in Table 2 and
some of the computed d(59Co) data: In the CPMD simula-
tions (as well as in the QM/MM-BOMD runs), H atoms
were substituted by deuterium to improve the stability of
the simulation in terms of energy conservation in the chosen
time step. Thus, these computations are actually modeling
[Co(ND3)6]


3+ ([D18]-3), for which a noticeable isotope effect


Figure 4. Co(N,O) pair correlation function g(r) from CPMD and QM/
MM-BOMD simulations (bold and gray lines, respectively) of aqueous 3 ;
dashed: n(N,O)(r) (see Figure 1 for definition). The left peaks around 2 J
correspond to gCoN(r), and the curves on the right-hand side to gCoO(r).
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was noted experimentally: the observed upfield shift of 5.2–
5.6 ppm per H/D substitution in 3[69] amounts to a total iso-
tope effect of Dd(59Co)��100 ppm for the fully deuterated
complex.[70] We have evaluated this secondary isotope effect
for 3, employing the (mass-dependent) perturbational zero-
point corrections in the gas phase. With this method, even
more subtle H/D isotope effects in cobaloximes[71] have
been reproduced and interpreted computationally.[17] On
going from 3 to [D18]-3, a shielding of the


59Co resonance of
�105 ppm is computed, in excellent agreement with experi-
ment. This increase in shielding can be traced back to a
slight contraction of the Co�N bond (by 0.002 J) on deuter-
ation. It is gratifying that such relative trends between iso-
topomers can be fairly well modeled computationally. How-
ever, as far as d(59Co) values between the different species
of this study are concerned, such isotope effects are well
below the uncertainty of 300 ppm estimated from the results
for the standard 1 (see above).


[Co(CO)4]
� (4): To test the performance of the methods ap-


plied so far in cases where much smaller solvation effects
are to be expected, we included the tetracarbonylate com-
plex 4 in this study. Owing to the more hydrophobic nature
of its ligands and its overall smaller charge, the interaction
with a polar solvent and thus the effect of the latter on the
59Co magnetic shielding constant should be much less pro-
nounced in this case. This was specifically tested for two ap-
proaches: a CPMD simulation in water and PCM computa-
tions. The results are summarized in Table 3.


This ion is frequently encountered in organocobalt
chemistry and has been structurally characterized in dozens
of single crystals, albeit in none containing additional water
molecules, the solvent used in the NMR experiments. Most
Co�C distances fall into the range between about 1.74 and
1.77 J, with larger values typically observed in low-tempera-
ture structures containing bulky counterions and cocrystal-
lized organic solvent molecules.[72] Slightly larger distances,
between about 1.77 and 1.78 J are obtained from optimiza-


tions or simulations (Table 3). As expected, relatively small
solvation effects on this parameter are indicated by CPMD
and PCM calculations, which afford slight bond contractions
of less than 0.01 J (compare CPMD versus CPMD/D2O
and BP86/AE1 versus BP86/PCM/AE1 entries).
In the CPMD simulation in water, little specific interac-


tion between solvent and solute is apparent. Occasionally,
O�H bonds of the former point toward carbonyl O atoms of
the latter such that the formal geometrical criteria[43] for an
O···H�O hydrogen bond are fulfilled. Such contacts are
sparse and short-lived, however, and on average the number
of such potential H-bonded water molecules around 4 is
only about 2. The lack of such specific interactions is also re-
flected in the O(carbonyl)/O(water) pair-correlation func-
tion displayed in Figure 5, which shows no pronounced max-
imum up to r=3.5 J,[73] in contrast to the corresponding
gNO(r) curve in trianionic 1, which has a distinct peak at r
�2.8 J (Figure 1).


Consistent with these weak solvent–solute interactions,
the small geometrical changes on solvation, and the compa-
ratively small sensitivity toward the Co�C bond length
(shielding/bond length derivative �132 ppmpm�1),[17] we
find only minor variations in the 59Co shielding constant,
barely exceeding 100 ppm, with the different approaches.
The large fluctuations of d(59Co) apparent in Table 3 are a
consequence of the changes in s of the standard 1 with the
computational model (see Table 1). The large deshielding of
the metal nucleus in 1 when thermal or zero-point correc-
tions are included in the gas phase only leads to a noticeable
upfield shift of the corresponding d(59Co) resonances of 4
relative to this standard, by up to about 500–600 ppm (see
CPMD dav and BP86/AE1 deff and d0 values in Table 3). In
contrast, a downfield shift of d(59Co) by about the same
amount is found from the CPMD/D2O simulations. In this
case it is just the PCM approaches that afford 59Co chemical
shifts well within 300 ppm of experiment.


Table 3. Geometric parameters (mean bond lengths [J]) and 59Co chemi-
cal shifts [ppm] for [Co(CO)4]


� (4).[a]


Level of approximation r(Co�C) d(59Co)


BP86/AE1[b] (r,d)e 1.777 �3493
BP86/CP-opt[b] (r,d)e 1.771 �3196
BP86/CPMD[b] (r,d)av 1.777 �3721
BP86/CPMD/D2O (r,d)av 1.769 �2594
BP86/AE1[b] (r,d)eff 1.782 �3667
BP86/AE1[b] d0 – �3680
BP86/PCM/AE1 (r,d)e 1.770 �3118
BP86/PCM/AE1 (r,d)eff 1.782 �2985
BP86/PCM/AE1 d0 – �2995
experiment 1.754(5) �3100[d]


�1.764(5)[c]


[a] Geometries evaluated with AE1 or plane-wave basis sets; magnetic
shieldings at the GIAO-B3LYP/II’ level; explicit water molecules includ-
ed for CPMD/D2O (see Computational Details). [b] From ref. [17].
[c] Solid, from ref. [72a]. [d] Na+ salt in water, from ref. [14a].


Figure 5. O(carbonyl)/O’(water) pair correlation function g(r) from a
CPMD simulation of aqueous 4 (solid line); dashed: total number of
water oxygen atoms in a sphere of radius r around the carbonyl O atoms.
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Final Assessment and Conclusion


How well do the various approaches employed here perform
in the computation of the 59Co chemical shifts of 1–4? Qual-
itatively, the correct sequence and orders of magnitude are
reproduced by all of the DFT methods applied. The factors
that govern these qualitative aspects are well understood,
and 59Co chemical shifts can be successfully interpreted in
terms of simple ligand-field parameters.[74] In a quantum-me-
chanical picture, the ordering and spacing of chemical shifts
is usually governed by the paramagnetic part of the shield-
ing constant, arising from the magnetic coupling of suitable
occupied and unoccupied MOs.[75,76] The key requirements
for the presence of large paramagnetic contributions are
proper symmetries of such MO pairs that contain large con-
tributions from the nucleus under scrutiny, and small ener-
getic separations between these MOs.
Compared to these underlying characteristics of the elec-


tronic structure, the thermal and solvation effects which are
the target of this study are more subtle and more difficult to
analyze. We limit ourselves to a comparative assessment of
the various methods employed, gauging their merits in the
ability to reproduce the d(59Co) values of 1–4 as accurately
as possible. A summary of results from linear regressions of
the experimental 59Co chemical shifts versus those computed
with the various approaches is collected in Table 4 and, for
some illustrative levels, displayed in Figure 6.
We are aware that a set of just four compounds is too


small to obtain statistically meaningful results. However, the
data in Table 4 and the plots in Figure 6 nicely illustrate
some of the recurring themes from the preceding discussions
of the individual species. As was noted for a larger test set
of Co complexes,[17] static gas-phase equilibrium values are


in fortuitously good accord with experiment (note the small
mean errors and near-ideal slopes for BP86/AE1 and CP-
opt results in Table 4 and Figure 6). This accord deteriorates
when thermal or zero-point corrections are added to these
gas-phase data, as evidenced by the resulting larger mean
errors and slopes (e.g., compare CP-opt and CPMD in
Table 4 and Figure 6). Immersion in water reduces both
errors and slopes and restores an excellent agreement with
experiment for the CPMD/D2O data, whereas a tendency
toward overcorrection of the solvent effect is apparent from
the QM/MM-BOMD/D2O results (note in particular the cor-
responding slope in Table 4 of 0.91, which is significantly
smaller than unity). At least in one case, namely, 3, a prob-
lem with our particular QM/MM partition of the bulk sol-
vent was identified as possible source of this deviation. This
caveat notwithstanding, the mean error in d(59Co) obtained
with this approach of about 600 ppm (Table 4), is still ac-
ceptable when compared to the total shift range covered of


Table 4. Statistical analysis from linear regression of calculated versus ex-
perimental 59Co chemical shifts of 1–4.


Level of approximation MAE[a] Slope Intercept


BP86/AE1 de 369 1.06 �124
BP86/BOMD[b] dav 1504 1.17 174
BP86/BOMD/D2O


[b] dav 609 0.91 �91
BP86/CP-opt de 327 1.06 �28
BP86/CPMD dav 979 1.17 �169
BP86/CPMD/D2O dav 373 1.02 291
BP86/AE1 deff 765 1.12 �113
BP86/AE1 d0 779 1.12 �117
BP86/PCM/AE1 de 960 0.86 �251
BP86/PCM/AE1 deff 169 0.97 34
BP86/PCM/AE1 d0 161 0.97 31


[a] Mean absolute error in ppm. [b] For 1–3.


Figure 6. Plot of calculated versus experimental 59Co chemical shifts of 1–4 for selected theoretical levels (opt, MD, and eff denote de, dav, and deff values,
respectively). Solid lines: ideal slope 1, dashed: linear fit.
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18 000 ppm (3%). On such a relative basis, the accuracy
achieved with the CPMD/D2O approach, with a mean error
of about 400 ppm or 2% of the shift range, can be consid-
ered excellent.
The principal effect of the solvent is contraction of the


cobalt–ligand bonds and concomitant shielding of the metal
nucleus. Both are qualitatively captured in a simple standard
PCM approach. While static optimizations in the continuum
tend to overestimate such solvation effects (e.g., note the
smaller slope of the PCM-opt plot in Figure 6), a combina-
tion of PCM and vibrational zero-point corrections (which
we present for the first time) appears to perform very well.
Incidentally, this combined method affords the best results
for the systems of this study, as judged from the very small
deviations from experiment (see PCM deff and d0 data in
Table 4, and the PCM-eff plot in Figure 6). As noted above,
however, this finding should not be overrated, but should
rather invite further systematic tests of how the PCM results
depend on other computational details such as effects of
cavity size or finite temperature.
Almost all of the computed total zero-point correction to


d(59Co) is contained in the value at the effective, vibrational-
ly averaged geometry (deff), both in vacuo (as found for all
transition-metal nuclei so far[17,18,77]) and in the continuum.
The additional modulations from the curvature of the mag-
netic shielding surface around the effective geometry are so
small that they can be safely neglected (note the very small
differences between deff and d0 values in Tables 2–4).
In summary, 59Co chemical shifts of a small set of inorgan-


ic and organometallic cobalt complexes in aqueous solution
can be well reproduced computationally, provided that ef-
fects of both vibrational averaging and solvation are taken
explicitly or implicitly into account. A number of practical
methods to achieve this have been successfully tested.
Among these, the approach based on CPMD simulations of
the actual solution performs particularly well. A combina-
tion of zero-point corrections and a simple polarizable con-
tinuum also appears to hold some promise.
The complexes of this study, small and highly charged


ions with an exceptionally sensitive NMR nucleus, are prob-
ably among the most challenging targets for this kind of
property computation. The available theoretical tools for
treating thermal and solvent effects on chemical shifts have
been shown to pass this stringent test, thereby further estab-
lishing their potential usefulness in NMR calculations of
transition-metal complexes. This small test set of cobalt
complexes appears to be very well suited to assess newly de-
veloped or refined methods and density functionals for such
property calculations.
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Introduction


The studies of the mechanisms of catalytic hydrocarbon con-
version provide support for the development of new pro-
cesses as well as for the improvement of existing hydrocar-
bon processing methods. Among the reactions that are of
high industrial importance for petroleum refining and petro-
chemistry, one should mention the processes of alkane iso-
merization, alkylation, and cracking.[1] Over the last 10 years


or so, much attention has been paid to the investigation of
the mechanisms of such reactions on solid acid catalysts.[2–11]


Several approaches have been used to ascertain the mecha-
nisms of alkane activation and transformation on solid acid
catalysts. The general procedure consists of kinetic studies
aimed at the determination of both the reaction product dis-
tribution, which is depends on the conversion, and the reac-
tion orders of the reactants.[2,4–7,10] Such studies allow one to
distinguish between the primary and secondary processes of
alkane activation and to make a preliminary conclusion
about the character (intra- or intermolecular) of their mech-
anism.


Another approach to the discrimination between mono-
(intra) and bi- (inter) molecular mechanisms of hydrocarbon
conversion on solid catalysts, which provides more direct in-
formation about the reaction mechanism, uses 13C-labeled
reactants, both for monitoring the redistribution of a
number of 13C labels per molecule by GC–MS analy-
sis[3,6, 9,10,12–14] and for following the migration of the selective
13C labels during the reaction by means of solid-state
13C NMR spectroscopy.[15–17] In some cases, only integrated
studies using complementary techniques (e.g., the combined


Abstract: By using 13C MAS NMR
spectroscopy (MAS=magic angle spin-
ning), the conversion of selectively 13C-
labeled n-butane on zeolite H-ZSM-5
at 430–470 K has been demonstrated
to proceed through two pathways:
1) scrambling of the selective 13C-label
in the n-butane molecule, and 2) oligo-
merization–cracking and conjunct poly-
merization. The latter processes (2)
produce isobutane and propane simul-
taneously with alkyl-substituted cyclo-
pentenyl cations and condensed aro-


matic compounds. In situ 13C MAS
NMR and complementary ex situ
GC–MS data provided evidence for a
monomolecular mechanism of the 13C-
label scrambling, whereas both isobu-
tane and propane are formed through
intermolecular pathways. According to
13C MAS NMR kinetic measurements,
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the same activation energies (Ea=
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use of both GC–MS analysis and NMR spectroscopy) pro-
vided insight into the reaction mechanism.[17]


The next point concerning the mechanism of alkane trans-
formation on solid acid catalysts that should be addressed,
the nature of the initial intermediate formed from alkane
activation, is still under discussion,[8,18] despite the general
agreement on the carbenium-type nature of the reaction in-
termediates.[1] The alkane activation on the solid acid cata-
lysts is known to be the initial step of at least three process-
es: 1) The carbon scrambling, which can be observed with
selectively 13C-enriched reactants.[15,17,19] The scrambling usu-
ally precedes a chemical transformation of the alkane.
2) The isomerization of n-alkanes to isoalkanes. 3) Cracking
of alkanes into smaller paraffins and olefins. Among the
above processes, the 13C-label scrambling is of particular in-
terest, as it is indicative of activation without a chemical
transformation of the alkane. Therefore, characterization of
the 13C-label scrambling offers an approach towards clarify-
ing the mechanism for the initial stage of alkane activation.
In this respect, one can expect that monitoring the kinetics
of both the label scrambling in small alkanes and the alkane
conversion towards isomerization and cracking would pro-
vide valuable information about the mechanism of the
alkane activation and conversion.


In this work, we performed integrated studies on the
mechanisms and kinetics of the n-butane conversion on zeo-
lite H-ZSM-5, using both in situ 13C MAS NMR spectrosco-
py (MAS=magic angle spinning) and GC–MS analysis as a
complementary technique for the identification of the reac-
tion products and their isotopic composition.


Results


In situ 13C MAS NMR spectroscopy of the products of n-
butane conversion : In the presence of zeolite H-ZSM-5, n-
butane undergoes an isomerization reaction to isobu-
tane[20,21] and a cracking reaction.[2] The latter dominates at
high temperatures of approximately 523–773 K. The 13C-
label scrambling in hydrocarbons on solid catalysts is not ac-
cessible by any in situ technique except 13C NMR spectros-
copy. The 13C-label scrambling in n-butane adsorbed onto
Pt/H-theta-1 zeolite has been already observed,[15] however
systematic studies of this phenomena for any zeolite cata-
lyst, including the kinetic measurements, have never been
performed before.


Figure 1 shows the 13C MAS NMR spectra of the reaction
products formed at 470 K from n-butane on H-ZSM-5. Note
that n-butane has been initially selectively 13C-labeled on
only one of the methyl groups ([1-13C]n-butane); therefore,
only the 13CH3 group of the initial n-butane as well as the
carbon atoms in the reaction products, in which the 13C label
migrates in the course of the reaction, could be observed in
the spectra. Accordingly, besides the signal due to the 13C-la-
beled CH3 group of the initial n-butane at d=14.5 ppm,
only one weak signal can be identified in the spectrum re-
corded after 20 min of the reaction at 470 K (Figure 1a).


This signal at d=27.2 ppm is indicative of the formation of
[2-13C]n-butane, that is, the migration of the 13C label from
the methyl group of n-butane to its methylene group. This is
the first and fastest process of the [1-13C]n-butane transfor-
mation on zeolite H-ZSM-5. Further heating of the sample
resulted in the appearance of signals caused by the other
products (Figure 1b, c). The signal at d=25.1 ppm belongs
to 13C-labeled isobutane. Both the CH3 and CH groups are
responsible for the appearance of this signal. The resonances
at d=16.9 and 18.0 ppm belong to the methyl and methyl-
ene groups of propane, respectively.[14,16] The intensities of
the propane and isobutane signals increase with the reaction
time. Propane is the main product at the end of the reaction
(Figure 1d).


It is important to note that methane and ethane are not
detected among the reaction products and the mainly ob-
served products appear to be isobutane and propane. This
allows one to assume that the oligomerization-cracking
mechanism,[22] rather than the protonation-cracking mecha-
nism of Haag and Dessau,[23,24] occurs for light-alkane con-
version under the conditions of our experiment. The oligo-
merization–cracking also implies the formation of oligomer-
ic products and coke on the catalyst surface, leading to cata-
lyst deactivation. The aromatic nature of the deactivating
species formed under alkane conversion on acidic zeolites at


Figure 1. 13C MAS NMR spectra of the products formed by the conver-
sion of [1-13C]nC4H10 on zeolite H-ZSM-5 at 470 K after reaction times
of a) 20 min, b) 1 h, c) 2 h, and d) 20 h.
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higher temperatures (�773 K) has been established by using
solid-state 13C NMR spectroscopy.[25,26] Based on results
from IR spectroscopic studies, Trombetta et al. proposed
the formation of polyisobutene species at the surface of
H-ZSM-5 under the alkane conversion at temperatures
�573 K.[11] However, according to unambiguous data ob-
tained by using 13C solid-state NMR spectroscopy, alkene
oligomers should undergo further transformation into alkyl-
substituted cyclopentenyl cations (CPC) on zeolites, even at
lower temperatures.[14,27,28] Thus, the nature of the adsorbed
products responsible for zeolite deactivation during alkane
conversion on acidic zeolite needs further clarification.


To clarify the nature of the oligomeric species formed
with propane and isobutane on the zeolite, the 13C MAS
NMR spectrum with cross polarization (CP) to emphasize
the resonances caused by the expected immobile oligomeric
species was recorded for the reaction products (Figure 2).


Five broad signals can be observed in this spectrum. The
three signals occurring at d=249, 157, and 48 ppm belong to
alkyl-substituted cyclopentenyl cations (CPC), that is, the
C+ center, the �C= group, and CH3 substituents, respective-
ly.[29] The other two signals at d=146 and 136 ppm are as-
signed to condensed aromatic compounds.[30] Admittedly, we
assign the signal at d=136 ppm to naphthalenic and/or an-
thracenic compounds, whereas the signal at d=146 ppm
could be due to fluorenic and/or biphenylic species.[30] Thus,
two processes occur during the n-butane conversion on zeo-
lite H-ZSM-5: 1) the scrambling of the 13C label in the n-
butane molecule, and 2) the formation of isobutane and pro-
pane with the simultaneous formation of CPC and con-
densed aromatic compounds. Cyclopentenyl cations and
condensed aromatic compounds are the adsorbed species
that could deactivate the catalyst.


A transfer of the selective 13C label from the CH3 to CH2


group of n-butane, as well as the formation of isobutane,
may be rationalized in terms of a rearrangement of the sec-
butyl cation formed from the initial n-butane, presumably
by an intermolecular hydride-transfer reaction. Protonated
methylcyclopropane as an intermediate or a transition
state[31,32] can provide these reactions. Either [2-13C]n-butane
or [1-13C]isobutane could be finally formed from [1-13C]n-


butane depending on the particular C�C bond cleavage in
the methylcyclopropane ring (Scheme 1). The formation of
isobutane through the monomolecular pathway shown in


Scheme 1 should be energetically unfavorable, because the
opening of the protonated methylcyclopropane ring in the
case of n-butane isomerization would lead to a primary car-
benium ion, which possesses a much higher energy in com-
parison with the secondary carbenium ion.[33] Indeed, as has
been demonstrated for the case of the n-butane conversion
on sulfated zirconia (SZ), the formation of isobutane pro-
ceeds through a bimolecular pathway, whereas the 13C-label
scrambling in n-butane on SZ represents a monomolecular
process.[17] For the n-butane!isobutane isomerization on
acidic zeolites, only indirect arguments based on the product
distribution were obtained in favor of an intermolecular
mechanism of this process (see, for example, ref. [21]). Der-
ouane et al. argued for a monomolecular mechanism of n-
butane isomerization on Pt/H-theta-1 zeolite.[15] However,
the intramolecular pathway of n-butane isomerization,
which is typical for Pt-promoted solid acid catalysts, is usual-
ly turned into the intermolecular pathway with unpromoted
acid catalysts.[13,34]


Ex situ GC–MS analysis of the reaction products : To clarify
the pathway (intra- or intermolecular) of the 13C-label
scrambling in n-butane, as well as the formation of isobu-
tane and propane from n-butane, we have analyzed the
products of the conversion of [1-13C]n-butane on H-ZSM-5
by using GC–MS. The GC–MS analysis was performed after
extracting the products from the catalyst with Et2O. The
sample for the GC–MS analysis corresponded to that exhib-
iting the 13C MAS NMR spectrum after a reaction time of
120 min at 470 K (Figure 1c).


Figure 3 shows the mass spectra (the molecular ion
region) of n-butane, isobutane, and propane extracted from
zeolite H-ZSM-5 compared with mass spectra of unlabeled
alkanes. The mass spectrum of n-butane released from the
catalyst (Figure 3b) agrees with that obtained from the n-


Figure 2. 13C CP/MAS NMR spectrum of the products formed by the
conversion of [1-13C]nC4H10 on zeolite H-ZSM-5 after 20 h of the reac-
tion at 470 K.


Scheme 1. Possible pathways of the 13C-label scrambling in n-butane and
the isomerization to isobutane on zeolite H-ZSM-5 through a monomo-
lecular mechanism. Symbol * denotes the 13C-labeled carbon atom.
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butane reference (Figure 3a), but is shifted by m/z=1 to
higher m/z ratios. n-Butane extracted from the catalyst con-
tained only single 13C-labeled molecules. C4H9


+ ions with m/
z=58, generated from [13C1]nC4H10, were the only species
observed in the mass spectrum (see Figure 3b). On the other
hand, based on the 13C MAS
NMR spectroscopy results, these
n-butane molecules, analyzed
after 2 h of the reaction, contain
the 13C labels at either the CH3


or CH2 positions. This means
that the scrambling of the 13C
label in n-butane adsorbed onto
H-ZSM-5 proceeds without
changing the number of 13C
labels per molecule. This finding
hints to the monomolecular
mechanism of the 13C-label
scrambling. The observation of
the 13C-label scrambling in n-
butane (adsorbed onto H-ZSM-
5) through an intramolecular
mechanism is indicative of the
formation of a sec-butyl cation
providing the label scrambling
(Scheme 1), similar to the pro-
cess in superacidic solutions.[31,32]


Indeed, there is no alternative
mechanism for the 13C-label
scrambling in alkanes or olefins
so far, besides the scrambling in
the carbenium ions formed from
either alkanes or olefins.[35–37]


The comparison of the mass spectrum of isobutane
formed from [1-13C]n-butane (Figure 3d) with that of unla-
beled isobutane (Figure 3c) leads to the conclusion that, in
addition to single-labeled isobutane ([13C1]iC4H10), both un-
labeled ([13C0]iC4H10) and double-labeled ([13C2]iC4H10) mol-
ecules are generated. Indeed, according to their m/z ratio,
the peaks with m/z=57, 58, and 59 correspond to C4H9


+


ions formed from [13C0]iC4H10, [13C1]iC4H10, and [13C2]iC4H10,
respectively.


Analogously to isobutane, propane formed on zeolite H-
ZSM-5 is identified in the mass-spectrum as the C3H7


+ ion
and consists of unlabeled ([13C0]C3H8, m/z=43), single-la-
beled ([13C1]C3H8, m/z=44), and double-labeled ([13C2]C3H8,
m/z=45) molecules (cf. Figure 3f and e). The formation of
the double-labeled and unlabeled alkanes from the single-la-
beled n-butane can be rationalized only in terms of an inter-
molecular pathway of the n-butane conversion, including a
dimerization step. This pathway provides the possibility for
the incorporation of two 13C labels into the hydrocarbon
fragment, which could be a precursor of alkanes formed by
b-scission and hydride-transfer reactions (Scheme 2). Unla-
beled alkanes can be formed in a similar way from hydrocar-
bon precursors containing no labeled fragments. Thus, the
present results confirm the earlier suggestion of an intermo-
lecular mechanism for isobutane formation from n-butane
on zeolite H-ZSM-5.[21]


The formation of isobutane, propane, and hydrogen-defi-
cient species, such as cyclopentenyl cations and condensed
aromatic compounds, from n-butane on zeolite H-ZSM-5


Figure 3. Mass spectra of n-butane (a, b), isobutane (c, d), and propane
(e, f) formed by the conversion of [1-13C1]nC4H10 on zeolite H-ZSM-5
and extracted from the catalyst with Et2O: a) the unlabeled nC4H10


([13C0]nC4H10) reference; b) n-butane extracted after 2 h of the reaction
at 470 K; c) the unlabeled iC4H10 ([13C0]iC4H10) reference; d) isobutane
extracted after 2 h of the reaction at 470 K; e) the unlabeled C3H8


([13C0]C3H8) reference; f) propane extracted after 2 h of the reaction at
470 K.


Scheme 2. Oligomerization–cracking and conjunct polymerization of n-butane on zeolite H-ZSM-5. The
scheme rationalizes the formation of the double-labeled isobutane and propane molecules from the single-la-
beled n-butane. Symbol * denotes the 13C-labeled carbon atom.
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can be rationalized in terms of two processes: oligomeriza-
tion–cracking and conjunct polymerization,[38–40] as depicted
in Scheme 2. These processes involve a variety of stages in-
cluding dimerization (oligomerization) of carbenium ions
with equilibrated alkenes, isomerization of the dimer, b scis-
sion, hydride transfer from alkanes and oligomeric olefins
(and, afterward, from dienes) to carbenium ions, and cycli-
zation. The steps of the b scission in the oligomerization-
cracking process led to a mixture of propane and isobutane.
The olefins that are formed by this process are further in-
volved in oligomerization steps, giving rise again to the al-
kanes and olefins.


Isopropyl and tert-butyl cations formed by b scission in
the oligomerization-cracking process can abstract hydride
ions not only from the initial n-butane, but also from the
formed oligomers. This results in more hydrogen-deficient
dienes and trienes, as well as alkanes. Trienes are further
protonated and cyclized on the
acidic zeolite. This intermolecu-
lar process, which is called con-
junct polymerization,[38–40] gives
rise to the stable CPC and an
additional amount of propane
and isobutane after a long reac-
tion time. Conjunct polymeri-
zation provides a method for
the formation of both the alka-
nes with two 13C labels and 13C-
multilabeled CPC. The CPC
only becomes detectable in the
13C NMR spectra because of
the 13C labeling; otherwise, the
13C CP/MAS NMR analysis
would not be sensitive enough
to detect the CPC, which forms
in an extremely small concen-
tration on the zeolite surface
under the conditions of our ex-
periment. The CPC species
formed are converted further
into condensed aromatic com-
pounds.[41]


It should be noted in advance
that the initial formation of the
carbenium ion presented in
Schemes 1 and 2 can occur by
several ways on zeolite H-ZSM-5; these ways will be dis-
cussed later (see the Discussion section).


The product distribution for the n-butane conversion on
zeolite H-ZSM-5, which is revealed by 13C MAS NMR spec-
troscopy, appears to be similar to that typically observed
earlier for conjunct polymerization of olefins and alkanes in
concentrated sulfuric acid,[38–40] for olefins and alcohols on
acidic zeolites,[14,27, 42] as well as for n-pentane and n-butane
conversion on sulfated zirconia.[16, 17]


It should be emphasized that isobutane (as well as pro-
pane) is produced in the course of all stages of the conjunct-


polymerization process rather than only through the pure
oligomerization-cracking process (Scheme 2) observed earli-
er (e.g., for the n-butane isomerization on SZ).[17] Indeed,
contrary to the n-butane isomerization on sulfated zirco-
nia,[17, 43] even in the initial period of the reaction, we do not
observe the selective formation of isobutane; propane and
isobutane appear simultaneously in the spectra (see Fig-
ures 1 and 4).


Kinetics of the n-butane conversion : To further clarify the
mechanism of the n-butane activation and transformation
on H-ZSM-5, we have monitored the kinetics of both the
13C-label scrambling and the conversion of n-butane to iso-
butane and propane by using 13C MAS NMR spectroscopy.
Figure 4 shows the variation of the intensities of the 13C
MAS NMR signals of [1-13C]n-butane, [2-13C]n-butane, iso-
butane, and propane on zeolite H-ZSM-5 as a function


of the reaction time. For a
quantitative description of the
observed kinetics, a simplified
kinetic scheme was used
(Scheme 3). This scheme in-
cludes only the initial n-butane
and the main final reaction
products, it does not reflect the
detailed mechanism of the reac-
tion suggested in Scheme 2, but
allows us to derive the kinetic


Figure 4. 13C MAS NMR intensities of the signals of the initial n-butane and its conversion products formed
on zeolite H-ZSM-5, plotted as a function of the reaction time: &, [1-13C]n-butane (the signal at d=14.5 ppm);
*, [2-13C]n-butane (the signal at d=27.2 ppm); ~, isobutane (the signal at d=25.1 ppm); !, propane (the sig-
nals at d=16.9 and 18 ppm). The solid curves represent the fits of the ex-
perimental curves using the solution to Equations (1)–(4) with the rate con-
stants given in Table 1.


Scheme 3. A simplified kinetic
scheme suggested for the con-
version of n-butane on zeolite
H-ZSM-5. Symbol * denotes
the 13C-labeled carbon atoms.
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parameters of the reaction. A and B in Scheme 3 denote
[1-13C]n-butane and [2-13C]n-butane, respectively. C is a
double-labeled isobutane molecule and D is a double-la-
beled propane molecule. Both propane and isobutane are
considered to be formed in parallel by the conjunct-poly-
merization process. There is no direct conversion of isobu-
tane to propane. At the end of the reaction, the signals of n-
butane do not disappear. This implies that n-butane can also
be a product of the conjunct-polymerization process, similar
to isobutane and propane. To emphasize the apparent equi-
librium of n-butane with propane and isobutane, the rate
constants k3 and k5 of imaginary reversible processes were
introduced to the kinetic scheme.


Although the formation of isobutane and propane repre-
sents an intermolecular reaction, we assume for simplicity,
first-order kinetic equations for the description of all the re-
action steps. The following system of kinetic equations
[Eqs. (1)–(4)] can be used to describe the scheme of chemi-
cal reactions and to show the dependence of the intensities
(I) of the signals of A, B, C, and D as a function of the reac-
tion time:


dIA
dt


¼ �ðk1 þ k2 þ k4ÞIA þ k1IB þ k3IC þ k5ID ð1Þ


dIB
dt


¼ k1IA�ðk1 þ k2 þ k4ÞIB þ k3IC þ k5ID ð2Þ


dIC
dt


¼ k2IA þ k2IB�2k3IC ð3Þ


dID
dt


¼ k4IA þ k4IB�2k5ID ð4Þ


The solution to these equations requires the use of the con-
servation equation [Eq. (5)]:


Aþ Bþ CþD ¼ A0 ð5Þ


in which A0 corresponds to the initial concentration of all
13C labels. This conservation should be fulfilled at any time
of the reaction. We assume that the conservation [Eq. (5)]
really does occur, because the loss of the total intensity of
the 13C spectrum (propane+butanes) due to the formation
of CPC and aromatic compounds, detectable only by 13C
CP/MAS NMR spectroscopy, did not exceed 10% even at
the end of the reaction. Therefore, we have used the 13C
MAS NMR intensities, normalized to the integrated intensi-
ty of the first recorded spectrum, for fitting the experimental
kinetics and for deriving the apparent rate constants.


The experimental curves describing the behavior of the
13C MAS NMR intensities of species A, B, C, and D with
time, were fitted according to the solutions to Equa-
tions (1)–(4) and using the values of the apparent rate con-
stants given in Table 1. The apparent activation energies
were determined by using Arrhenius plots of the found rate
constants against the reaction temperature, as shown in


Figure 5. The obtained kinetic data indicate that the 13C-
label scrambling in n-butane is performed with activation
energy of approximately 75 kJmol�1 (E1, Figure 5), which is


in good agreement with the value of Ea=71 kJmol�1 deter-
mined for the monomolecular 13C-label scrambling in n-
butane adsorbed onto sulfated zirconia.[44] The activation
energy value of approximately 71 kJmol�1 (E2, Figure 5) ob-
tained for the isobutane formation is rather close to the acti-
vation energy value of 58–63 kJmol�1 reported earlier for
the isobutane formation by a bimolecular reaction mecha-
nism on solid acid catalysts.[20,44, 45] The apparent activation
energy of approximately 71 kJmol�1 (E4, Figure 5) observed
for the propane formation is much lower in comparison with
the value determined for the propane formation from n-
butane on zeolite H-ZSM-5 (Ea=133 kJmol�1) at higher
temperatures (T>700 K).[2]


Discussion


Both the 13C-label scrambling in the n-butane molecule and
the conversion of n-butane into propane and isobutane
through oligomerization–cracking and conjunct polymeri-
zation require the initial formation of a carbenium ion from
the alkane. For acidic zeolite H-ZSM-5, the carbenium ions
can be created in three ways: 1) dehydrogenation of carbo-
nium ions formed from an alkane by its protonation with a
Brçnsted acid site, 2) protonation of the small quantity of
admixed olefins, and 3) hydride abstraction from an alkane
with the aid of a Lewis acid site. We cannot rule out any of


Table 1. Apparent rate constants of the 13C-label scrambling (k1) of n-
butane and of the formation of isobutane (k2) and propane (k4) on zeo-
lite H-ZSM-5, derived from 13C MAS NMR monitoring the reaction ki-
netics under batch conditions.


Temperature [K] k1N103 [min�1] k2N103 [min�1] k4N103 [min�1]


430 0.45 0.27 0.44
450 1.4 0.8 1.2
460 1.9 1.0 1.6
470 2.9 1.6 2.6


Figure 5. Arrhenius plot of the rate constants (k) given in Table 1 for the
13C-label scrambling in n-butane (&) and the formation of isobutane (~)
and propane (*) on zeolite H-ZSM-5.


www.chemeurj.org H 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 457 – 465462


A. G. Stepanov et al.



www.chemeurj.org





these three possibilities for the initial carbenium ion forma-
tion.


Indeed, despite the earlier postulated possibility of proto-
nation of the alkanes by Brçnsted acid sites and further car-
benium ion formation through a dehydrogenation/cracking
process only at temperatures above 700 K,[23] the possibility
of alkane protonation and a dehydrogenation/cracking reac-
tion at temperatures as low as 423 K has been demonstrated
by the reaction of propane and isobutane with carbon mon-
oxide on H-ZSM-5 in a microreactor under static condi-
tions.[46] So, under the conditions of our experiment, a small
quantity of the initial cation can be formed by way of n-
butane protonation and dihydrogen evolution. The quantity
of the evolved dihydrogen is apparently too small to be de-
tectable with 1H MAS NMR spectroscopy.


A probable admixture of any olefin in [1-13C]n-butane
used for the reaction can also initiate the formation of the
carbenium ions. A cation formed by protonation of an
olefin using Brçnsted acid sites can further abstract a hy-
dride ion from [1-13C]n-butane, offering the sec-butyl cation,
which becomes further involved in the scrambling and di-
merization reaction.


The third possibility for the initial carbenium ion forma-
tion from n-butane might be a hydride abstraction by the
Lewis acid sites of the zeolite catalyst. A small fraction of
Lewis acid sites should exist in the zeolite, as found from
the 27Al MAS NMR of the zeolite sample which showed the
presence of extra-framework aluminum (octahedral) species
with the amount not exceeding 0.5% of the total aluminum
content (tetrahedral+octahedral). Lewis acid sites can be
generated from octahedral aluminum[47–50] during the calci-
nation procedure. We consider this possibility less probable.
Indeed, the cation generated by this mechanism can provide
the 13C-label scrambling in n-butane, but it is not able to
progress to oligomerization–cracking. The stage of the
cation dimerization cannot be realized by its interaction
with the equilibrated olefin, in so far as there are no gener-
ated active sites in the zeolite that could provide cation de-
protonation and offer an olefin. Thus, of the three possibili-
ties for cation generation, the third one is considered to be
least probable.


The similarity of the apparent activation barriers of both
the 13C-label scrambling and the formation of isobutane and
propane observed for the n-butane conversion on H-ZSM-5
at 430–470 K, allows one to assume that all these processes
proceed with a common rate-determining step. The rate-de-
termining step seems to be the intermolecular hydride trans-
fer between the initial n-butane and the primarily initiated
carbenium ion. Indeed, the activation energy of the hydride-
transfer reaction of alkanes can be as high as 75 kJmol�1 for
this reaction both in superacidic solutions[31] and on solid
acid catalysts,[51] which is close to the activation barriers ob-
served in this study.


The hydride-transfer reaction provides sec-butyl cations,
which are common intermediates for both monomolecular
13C-label scrambling (Scheme 1) and the formation of isobu-


tane and propane through intermolecular oligomerization-
cracking and conjunct-polymerization processes (Scheme 2).


The rate-determining role of the hydride transfer from
the alkane could account for the higher activation energy of
75 kJmol�1 for the 13C-label scrambling in n-butane on zeo-
lite H-ZSM-5 in comparison with that of the 13C-label
scrambling in the sec-butyl cation in superacidic solution,
which was found to be only 31 kJmol�1.[35] One can not ex-
clude either the possibility that both the hydride-transfer re-
action and the carbon scrambling in the sec-butyl cation
contribute to the apparent activation energy of the 13C-label
scrambling in n-butane on H-ZSM-5. In ref. [52] it was esti-
mated that the true activation energy of the label scrambling
(Escr


a ) in the sec-butyl cation on zeolite catalysts could be
about 105 kJmol�1. A possible energy diagram for this reac-
tion path, which can be suggested in the case of the 13C-
label scrambling, is presented in Figure 6. It includes the ad-
sorption of n-butane onto zeolite H-ZSM-5 (DHads


�62 kJmol�1[53]), the hydride transfer (Eht
a =63 kJmol�1[54]),


as well as the 13C-label scrambling in the sec-butyl cation.[52]


This reaction pathway seems to account for the values of
the apparent activation energy of 75 kJmol�1 for the 13C-
label scrambling observed in the present study. However,
further theoretical investigations are needed to rationalize
the high value of the activation energy for the carbon scram-
bling in the sec-butyl cation on zeolite catalysts in compari-
son with superacidic solutions.


Conclusions


By using both 13C MAS NMR spectroscopy and GC–MS
analysis, the following conclusions on the conversion of n-
butane, selectively labeled with a 13C isotope on the CH3


group, on zeolite H-ZSM-5 at 430–470 K have been drawn:
The conversion of n-butane proceeds through two parallel
processes—the 13C-carbon atom scrambling in n-butane re-
sults in a migration of the selective 13C label from the
methyl group of n-butane to its methylene group, and the
formation of isobutane and propane simultaneously with the


Figure 6. Energy diagram for the 13C-label scrambling in n-butane adsor-
bed onto zeolite H-ZSM-5.
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generation of alkyl-substituted cyclopentenyl cations and
condensed aromatic compounds. The distribution of the 13C
labels in propane, n-butane, and isobutane obtained from
the mass spectra analyses of these products provide evi-
dence that the scrambling of the 13C label in n-butane repre-
sents a monomolecular reaction, whereas the formation of
isobutane and propane proceeds through an intermolecular
mechanism. The latter can be represented by two processes:
oligomerization–cracking and conjunct polymerization. The
close values of the apparent activation energies of the 13C-
label scrambling and the formation of isobutane and pro-
pane, determined by means of 13C MAS NMR spectroscopy,
indicate that the intermolecular hydride-transfer reaction
between the primarily formed carbenium ion and n-butane
can be a rate-determining step of the n-butane conversion
on zeolite H-ZSM-5 in this temperature range.


Experimental Section


Materials : Zeolite H-ZSM-5 (nSi/nAl=25) was synthesized according to
ref. [55] and characterized by using X-ray powder diffraction, chemical
analysis, and 29Si and 27Al MAS NMR spectroscopy. n-Butane with a 13C
label on one of the methyl groups ([1-13C]n-butane, 99% 13C isotope en-
richment) was purchased from ISOTEC Inc. and was used without fur-
ther purification. For the GC–MS analysis, propane, n-butane, and isobu-
tane with purity higher than 99% were purchased from Aldrich and were
not purified further.


Preparation of the samples : A zeolite sample (16 mg) was placed into a
glass cylindrical tube (3.0 mm outside diameter), then calcined at 673 K
in air for 2 h, and further calcined under vacuum (p	10�3 Pa) for 2 h.
Subsequently, [1-13C]n-butane (400 mmolg�1) was adsorbed onto the H-
ZSM-5 sample under vacuum at the temperature of liquid nitrogen (ca.
�195 8C). After this, the glass tube (length ca. 10 mm), containing n-
butane adsorbed on the zeolite, was sealed. The dimensions of the sealed
glass tube were chosen to fit in a 4 mm zirconia rotor for the NMR analy-
sis. About 100 samples were prepared to follow the kinetics in the tem-
perature range of 430–470 K, 20–30 samples being used at each tempera-
ture point. Each sample was heated for certain time durations at each
definite reaction temperature to fit a time interval from a few minutes to
45 h.


NMR spectroscopy: The reaction products of the n-butane conversion on
H-ZSM-5 were analyzed in the sealed glass tubes in situ by using 13C
MAS NMR spectroscopy. The 13C NMR spectra, with high-power proton
decoupling and magic angle spinning (MAS) and with or without cross-
polarization (CP), were recorded at 100.613 MHz (magnetic field of
9 tesla) on a Bruker MSL-400 spectrometer at 296 K. The following con-
ditions were used for the spectra recorded with CP: The proton high-
power decoupling field was 11.7 G according to the length of the p/2
pulse of 5.0 ms. The contact time was 5 ms under the Hartmann–Hahn
matching conditions of 50 kHz, and the delay time between the scans was
3 s. The 13C MAS NMR spectra were recorded with single-pulse excita-
tion with p/4 pulses of 2.5 ms duration, and a recycle delay of 3 s. The
sample spinning rate was 3–7 kHz. 400–800 scans were collected for each
13C MAS NMR spectrum and 25000 scans for each 13C CP/MAS NMR
spectrum. The 13C chemical shifts (d) of the adsorbed organic species
were determined with respect to TMS as an external-shift standard with
an accuracy of Dd=
0.5 ppm.


GS–MS analysis : The reaction products formed by the conversion of [1-
13C]n-butane on zeolite H-ZSM-5 were extracted from the catalyst with
Et2O and analyzed by using a Varian CP-3800 gas chromatograph equip-
ped with a PLOT fused silica capillary column (length=30 m, inner di-
ameter=0.32 mm). The column was filled with CP-PoraPLOT Q-HT as
the stationary phase forming a film 10 mm thick. The temperature pro-


gram started at 308 K with a heating rate of 8 Kmin�1. The detector was
a mass spectrometer Varian Saturn 2000, which scanned from m/z=10 to
650 with a cycle time of 0.5 s.
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Nitrosation of Sugar Oximes: Preparation of 2-Glycosyl-1-hydroxydiazene-2-
oxides


Jçrg Brand, Thomas Huhn, Ulrich Groth, and Johannes C. Jochims*[a]


Introduction


Substituted diazene-1-olate-2-oxides, such as cupferron (1),
are known to release nitric oxide under physiological condi-
tions.[1–3] The endogenously formed nitric oxide displays a
broad variety of bioregulatory activities, including vasodila-
tion, cardiovascular effects, inhibition of platelet aggrega-
tion, and inflammatory and antileukaemic activities, togeth-
er with influences on cognitive processes, on uterine relaxa-
tion, on impotency, and on the immune system.[1–13] In 1998
Furchgott, Ignarro, and Murad were honored with the
Nobel prize for their discoveries of the multiple bioactivities
of NO. A few diazene-1-olate-2-oxides are known as natural
products, for instance (S)-alanosine (2),[14–21] (S)-homoalano-
sine (3),[22] (S)-dopastin (4),[23,24] and (S)-fragin (5).[25,26]


During recent years, numerous diazene-1-olate-2-oxides
(also referred to as diazeniumdiolates[2]) have been prepared
and tested for medicinal applications.[11,27–30] The main prob-


lem is to develop NO donors capable of providing the re-
quired quantities of NO to the specific tissue of need with-
out disturbing other NO-sensitive portions of the anatomy.
Thus, Wang and co-workers have prepared glycosylated hy-
droxydiazene-2-oxides such as the glucosyl derivative 6 and
more recently the N-acetylneuraminic acid derivative 7 (to
target influenza viruses) in the expectation that such glyco-
sylated compounds should easily be transported into cells
because of the presence of sugar transporters in the cell
membranes.[10,31,32] Before that, Vasella et al. had synthesized
the glycosides 8 and 9 by oxidation of diisopropylideneman-
nose oxime or tetra-O-benzylglucosylamine, respectively.[33]


The structure of compound 8 was confirmed by X-ray analy-
sis.


In this article we describe the preparations and two X-ray
diffraction analyses of N2-glycosylated diazene-1-olate-2-
oxides: to the best of our knowledge, and with the exception
of compounds 8 and 9, a hitherto unknown class of di-
azeniumdiolates. Building on the work by Wang et al. ,[10,31,32]


we also prepared the new cupferron derivative 20
(Scheme 1).


Abstract: Oximes of glucose, xylose,
lactose, fructose, and mannose have
been prepared. Nitrosation of the
oximes of glucose, xylose, and lactose
with NaNO2/HCl afforded 2-(b-glyco-
pyranosyl)-1-hydroxydiazene-2-oxides,
which were isolated as salts 13, 22, and
28. Nitrosation of fructose oxime 29
furnished fructose, whereas nitrosation
of mannose oxime 30 with NaNO2/HCl
afforded the 1-hydroxy-2-(b-d-manno-
pyranosyl)diazene-2-oxide 32, from
which the p-anisidinium salt 31 and the
sodium salt 33 were prepared. Howev-


er, nitrosation of 30 with isopentyl ni-
trite in aqueous solutions of CsOH or
KOH resulted in the formation of the
2-(a-d-mannofuranosyl)-1-hydroxydia-
zene-2-oxide salts 34 and 35, respec-
tively. Methylation of the ammonium
2-(b-d-glucopyranosyl)-1-hydroxydia-
zene-2-oxide 13 yielded the 1-methoxy
compound, which was benzoylated to


afford the tetra-O-benzoate 14a, the
structure of which was confirmed by X-
ray diffraction analysis. From the glu-
cose O-methyloximes 15 and 16 the N-
methoxy-N-nitroso-2,3,4,6-tetra-O-ace-
tyl-b-d-glucopyranosylamine 18 was
prepared. The structure of this com-
pound was confirmed by X-ray diffrac-
tion analysis. Treatment of acetobro-
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the 1-(2,3,4,6-tetra-O-acetyl-b-d-gluco-
pyranosyloxy)-2-phenyldiazene-2-oxide
20.
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Results and Discussion


Treatment of aldoses and ketoses with hydroxylamine af-
fords open-chain oximes. An exception is glucose, from
which the E- and Z-open-chain oximes 10 and 11 and the N-
b-d-glucopyranosylhydroxylamine 12 have been prepared
(Scheme 1).[34–38] Recently, the synthesis of a cyclic N-b-d-xy-
lofuranosylhydroxylamine has been reported.[39] We pre-
pared the crystalline compound 12 (yield 82%) by stirring
glucose with hydroxylamine in dry methanol at 20–25 8C.
Under similar conditions we obtained high yields of crystal-
line open-chain oximes from d-xylose, d-lactose, d-fructose,
and d-mannose.


Nitrosations of N-monosubstituted hydroxylamines to
produce 2-substituted diazene-1-olate-2-oxides have been
known for more than 100 years.[40–42] Treatment of the hy-
droxylamine 12 with NaNO2 in dilute hydrochloric acid af-
forded—after neutralization with ammonia—a solid consist-
ing, according to the 1H and 13C NMR spectra (Table 2,
below), of a mixture of ammonium 2-(b-d-
glucopyranosyl)diazene-1-olate-2-oxide (13, 75%), a- and b-
d-glucopyranose (6 and 15%), trace amounts of (E)- and
(Z)-d-glucose oximes 10 and 11, and traces of other sugars,
which were not identified. Crystallization from methanol/
water containing a small amount of NH3 yielded pure com-
pound 13 (yield 65%). The coupling constants—JH1,H2=


9.0 Hz and JH3,H4=JH4,H5=9.4 Hz—are indicative of the b-
pyranosyl structure. The UV absorption—lmax=254 nm (e=
9816m�1 cm�1)—is characteristic of diazene-1-olate-2-
oxides.[10,33, 43–48]


The salt 13 proved to be quite stable: unlike other 2-sub-
stituted diazene-1-olates-2-oxides, which are known to elimi-
nate NO or N2O, compound 13 can be stored at room tem-


perature over months without decomposition. The 1H NMR
spectrum of a solution of 13 in D2O remained unchanged
after the sample had been boiled for three minutes. Howev-
er, attempts to acetylate compound 13 with acetic anhydride
in pyridine resulted in penta-O-acetyl-d-glucopyranose.[49–51]


The small crystals of 13 were not appropriate for single-
crystal X-ray diffraction analysis. Therefore we prepared
some derivatives to verify the proposed structure of 13.


Methylation of 13 with dimethyl sulfate followed by ben-
zoylation furnished a crystalline mixture of the 1-methoxy-
diazene-2-oxide 14a and the N-methoxy-N-nitrosohydroxyl-
amine 14b. Recrystallization afforded needles of pure 14a
suitable for X-ray diffraction analysis. Compound 14a crys-
tallizes from ethanol in the orthorhombic space group
P212121 (a=9.371(3), b=16.733(3), c=21.421(4) K). The
final R (for F2�2s(F2)) was 0.0601 and wR=0.1841 (all re-
flections). A stereoscopic view of compound 14a is shown in
Figure 1, and selected bond lengths and angles are given in
Table 1.


To support the structure of compound 14b, glucose was
treated with O-methylhydroxylamine to yield a mixture of
the open-chain (E)- and (Z)-glucose-O-methyloximes 15
and 16.[52–54] Nitrosation resulted in the formation of the
cyclic N-nitroso-O-methylhydroxylamine 17 as a yellow
syrup, and this was acetylated to furnish the crystalline tet-
raacetate 18 (Scheme 1). The constitution of this compound
was also confirmed by X-ray diffraction analysis.[55] Com-
pound 18 crystallizes from THF/pentane in the orthorhom-
bic space group P212121 (a=5.723(1), b=17.650(3), c=
19.666(3) K). The final R was 0.0479 (for F2�2s(F2)) and
wR=0.1311 (for all reflections). A stereoscopic plot of com-
pound 18 is shown in Figure 1 and selected bond lengths
and angles are given in Table 1.
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Methylation of compound 13 and subsequent acetylation
afforded a mixture of the isomers 18 and 19, which were
separated by crystallization and by column chromatography.


The crystalline cupferron derivative 20 (Scheme 1) was
obtained in moderate yield (�40%) by treatment of a-ace-
tobromoglucose with cupferron. In water, compound 20 hy-
drolyzed within a few days to mixtures of a- and b-2,3,4,6-
tetra-O-acetyl-d-glucopyranose[55] and azoxybenzene.[56]


After the successful nitrosa-
tion of hydroxylamine 12 we
were interested in how open-
chain sugar oximes would react
with NO+ . Xylose has been re-
ported to react with hydroxyl-
amine to form an equilibrium
mixture of the E- and Z-open-
chain oximes and the N-hy-
droxy-b-d-xylopyranosylamine
(ratio about 80:18:3).[57,58] From
d-xylose we obtained a similar
noncrystalline mixture of the
E- and Z-oximes (21) and the
N-hydroxy-b-d-pyranosylamine
(Scheme 2). The 1H NMR spec-
trum of a solution of mixture 21
in D2O did not show any
change over many days. Treat-
ment of an aqueous solution of
this mixture with NaNO2/HCl


and then NH3 yielded the ammonium salt 22 (77%) con-
taminated with a- and b-xylopyranose (�8% each) togeth-
er with small amounts of other sugars (not identified). Crys-
tallization from H2O/MeOH afforded the pure salt 22, the
constitution of which was characterized by elemental analy-
sis and by NMR and UV spectra. Compound 22 is less
stable than the glucose derivative 13. At 23 8C the crystals
turned brown in the course of a few weeks, whereas in HCl


Scheme 1. Reactions of glucose oximes with NO+ and preparation of the cupferron derivative 20. Structural studies by X-ray crystallography are report-
ed for compounds 14a and 18. a) HCl/H2O+NaNO2. b) NH3/H2O. c) Me2SO4/NaHCO3/H2O. d) BzCl/pyridine. e) Ac2O/pyridine.


Figure 1. Molecular structure of 14a and 18 in the crystal (displacement ellipsoids 50%; C atoms with arbitrary
radii ; H atoms omitted for clarity).
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(1m) compound 22 decomposed into xylose within minutes.
An explanation for the different stabilities of compounds 13
and 22 was offered by one of the referees: Paulsen has
pointed out that removing one OR group (the 6-CH2OH
group of 13 to give 22) increases the reactivity of the glyco-
syl donor, the reactivity correlating with the oxycarbenium
cation stability.[59] The crystalline acetylated N-methoxy-N-
nitrosoxylopyranosylamine 25 was prepared from com-
pounds 23[52–54] in the manner described for compound 18.


We next studied the nitrosation of a disaccharide oxime.
The preparation of lactose oxime has only been described
once.[60] We found that treatment of d-lactose with hydroxyl-
amine resulted in the formation of a crystalline mixture of


the open-chain E- and Z-
oximes 26 and the cyclic N-hy-
droxy-b-d-lactopyranosylamine
27 (ratio 10 min after dissolu-
tion in D2O �0.3:1.0:0.01;
Scheme 2). At 23 8C, the con-
centration of the hydroxyl-
amine 27 increased slowly over
26 days. The final equilibrium
of the E- and Z-oximes 26 and
the hydroxylamine 27 reached a
ratio of about 5.3:1.0:2.3. Nitro-
sation of the initial mixtures of
compounds 26 and 27 with
NaNO2/HCl afforded (after
neutralization with NH3 or al-
ternatively with NaHCO3,
KHCO3, CsOH, pyridine,
BuNH2, 4-MeO-C6H4NH2, or
Ph2CH�NH2) the correspond-
ing diazene-1-olate-2-oxides, of
which the benzhydrylammoni-
um salt 28 (yield 72%) proved
to be the easiest to crystallize
and to purify.


The observed slow cyclization
of the open-chain oximes 26 to
hydroxylamine 27 poses the
question of the mechanism of
the nitrosation. Pursuing the ni-
trosation of the mixture of (E)-
and (Z)-26, containing only
traces of hydroxylamine 27, by
using 1H NMR showed that the
formation of product 28 occurs
much more rapidly (within sec-
onds or at most within a few
minutes) than the cyclizations
of the open-chain oximes 26
(requiring days). Reactions be-
tween oximes and NO+ are
well documented,[61–65] and reac-
tion mechanisms have been
studied.[66–72] In view of mecha-


nisms suggested by Freeman,[71] we propose that not only
hydroxylamine 27 but also the open-chain E- and Z-oximes
26 undergo fast reactions with NO+ .


Reactions between ketoximes and NO+ result in the for-
mation of carbonyl compounds plus N2O.[71] Less frequently,
carbonyl products are also formed from aldoximes on nitro-
sation. The reactions start with an electrophilic attack of
NO+ on the oxime nitrogen (Scheme 3). The resulting N-ni-
trosooxime splits off a proton to form a N-nitrosooximate. If
there are OH groups in the molecule, the two subsequent
competing reactions are probably directed by steric effects.
Clearly, in the case of ketoximes the attack of the N-nitro-
sooximate-O� ion on the C=N double bond is faster than


Scheme 2. Reactions of xylose, lactose, and fructose oximes with NO+ . a) HCl/H2O+NaNO2. b) Ph2CH�NH2.
c) Ac2O/pyridine.


Table 1. Selected bond lengths [K] and angles [8] of compounds 14a and 18.


Bond length Bond angle Torsional angle


14a C1�C2 1.523(8) C1-N2-O2 119.1(5) C1-N2-N1-O1 179.3(4)
C1�O3 1.406(7) C1-N2-N1 115.4(5) C2-C1-N2-O2 �50.7(7)
C1�N2 1.469(7) O2-N2-N1 125.5(5) C2-C1-N2-N1 129.3(5)
N2�N1 1.269(6) N2-N1-O1 108.0(5) O3-C1-N2-O2 67.8(6)
N2�O2 1.264(6) N1-O1-C35 108.9(5) O3-C1-N2-N1 �112.2(5)
N1�O1 1.363(6) N2-N1-O1-C35 �176.6(5)
O1�C35 1.438(8) O2-N2-N1-O1 �0.7(8)


18 C1�C2 1.529(4) C1-N2-O2 115.0(2) C1-N2-N1-O1 �157.9(3)
C1�O3 1.412(4) C1-N2-N1 115.9(3) C2-C1-N2-O2 �48.1(3)
C1�N2 1.442(4) O2-N2-N1 119.4(3) C2-C1-N2-N1 97.9(3)
N2�N1 1.356(4) N2-N1-O1 113.8(3) O3-C1-N2-O2 72.7(3)
N2�O2 1.385(3) N2-O2-C15 109.5(2) O3-C1-N2-N1 �141.4(3)
N1�O1 1.219(4) O2-N2-N1-O1 �13.5(5)
O2�C15 1.438(4) N1-N2-O2-C15 97.2(3)


C1-N2-O2-C15 �118.1(3)
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the intramolecular reaction with the OH group. The result-
ing oxaziridine undergoes intramolecular ring-opening with
the OH group to form a semiacetal+N2O (Scheme 3b). In
the case of, for example, aldoximes (oximes of aldoses), on
the other hand, the intramolecular attack of an OH group
on the C=N double bond of the N-nitrosooximate to afford
a 2-substituted 1-hydroxydiazene-2-oxide seems to be faster
than the formation of a N-nitrosoxaziridine (Scheme 3a).
Details of the mechanisms await further investigations.


To test whether ketoximes of carbohydrates would react
with NO+ according to Scheme 3b, we prepared d-fructose
oxime (29).[73–75] We found that nitrosation of this open-
chain oxime under diverse experimental conditions resulted
in the exclusive formation of d-fructose, and so it seems un-
likely that diazene-1-olate-2-oxides could be prepared from
oximes of ketoses.


Finally, to study the influence of the configuration of the
2-OH group, we examined the nitrosation of d-mannose
oxime (30 ; Scheme 4).[37,76–78] According to an X-ray struc-
tural analysis, compound 30 is an open-chain E-oxime.[77]


We prepared mannose oxime 30 (yield 87%) from d-man-
nose in the manner described for compound 12. NMR spec-
tra (D2O) of 30 showed a mixture (E/Z=1.0:0.1) of the
open-chain oximes, but no trace of a pyranosyl- or furano-


sylhydroxylamine. At 23 8C the E/Z ratio of an aqueous so-
lution of 30 did not change over several days.


Treatment of aqueous solutions of the oxime 30 with
NaNO2/HCl afforded (after neutralization with NH3 or
NaHCO3 or KHCO3) amorphous mixtures of 2-(d-manno-
pyranosyl)diazene-1-olate-2-oxides, mannose, and some un-
identified mannose derivatives. We had problems in separat-
ing these mixtures, but neutralization with p-anisidine pro-
duced the solid p-anisidinium salt 31, which was converted
into the pure acid 32 plus p-anisidine simply by dissolution
in THF/MeOH. To the best of our knowledge, 2-glycosyl-1-
hydroxydiazene-2-oxides have not been reported in the liter-
ature until now. The large JH3,H4 and JH4,H5 coupling con-
stants of almost 10 Hz are indicative of the pyranose struc-
ture of 32. According to a report that JH1,H2<1.5 Hz for b-
mannopyranoses and JH1,H2>2.1 Hz for a-mannopyrano-
ses,[37] we tentatively assign b-configuration to the acid 32
(JH1,H2�1.2 Hz). Compound 32 is only moderately soluble in
H2O and rather sensitive to acid, so when the reaction time
of the nitrosation of the mannose oxime at 0–5 8C in dilute
aqueous HCl was extended to more than 45 min, increasing
amounts of mannose were formed. Furthermore, during
13C NMR measurements of solutions of 32 in D2O (about
10 h at 30 8C) at least 2% of 32 was hydrolyzed to mannose.


Scheme 3. Proposed nitrosation mechanisms for w-hydroxyaldoximes and w-hydroxyketoximes.


Scheme 4. Reactions of mannose oxime with NO+ . a) NaNO2/HCl. b) p-Anisidine. c) THF/MeOH. d) NaHCO3. e) Me2CHCH2CH2�ONO, H2O, M+


OH� . f) Ac2O/pyridine, 5 8C.
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Neutralization of acid 32 with
NaHCO3 in H2O afforded the
crystalline and quite stable
sodium salt 33. Again, the large
JH3,H4 and JH4,H5 coupling con-
stants, of more than 9 Hz, and
the small JH1,H2 coupling of
about 0.1 Hz are in agreement
with the structure of a b-pyra-
nose.


Nitrosations of nitrogen com-
pounds have been carried out
not only with NaNO2 under
acidic conditions but also with
alkyl nitrites RO�NO in the
presence of bases.[61,79] We
found that nitrosations of d-
mannose oxime (30) with iso-
pentyl nitrite in aqueous solu-
tions of CsOH or KOH resulted
in the isolation of the cesium or
potassium salts 34 and 35 of 1-
hydroxy-2-(a-d-mannofurano-
syl)diazene-2-oxide (Scheme 4).
X-ray structural analyses to
verify the anomeric configura-
tions of these compounds are
planned, but we have so far
been unable to prepare suitable
crystals, so the configurations of
these compounds are still not
absolutely certain, although the
small coupling constants of 2–
3 Hz between H3 and H4 and
the larger couplings of 9 Hz be-
tween H4 and H5 in these com-
pounds are consistent with cor-
responding coupling constants
in other mannofuranoses.[80–82]


The relatively high-field
13C NMR shifts of 101.1 ppm
for C1 in both 34 and 35 ex-
clude the possibility of open-
chain compounds (compare, for
instance, the open-chain oximes
30 : (E)-C1 d=155.4, (Z)-C1
d=155.0 ppm; Table 2).[83] Sup-
port for the assignment of the
a-configurations to compounds
34 and 35 is provided by the
molecular rotations (34 : [M]23D =


+281.3 (H2O) and 35 : [M]23D =


+283.6 (H2O)) and the large
3JH1,H2 coupling constants of
6.6 Hz.[80,86] According to Hud-
sonNs isorotation rule, large pos-
itive molecular rotations point


Table 2. 1H and 13C data (also see the Experimental Section) of the diazene-2-glycosyl-1-olate-2-oxides (m=


multiplet, J not determined).


d [ppm] J [Hz] d [ppm] d [ppm] J [Hz] d [ppm]


13[a] 14a[b]


H1 5.29 J1,2 9.0 C1 96.5 H1 5.73 J1,2 9.0 C1 99.1
H2 �3.93 J2,3 m C2 72.1 H2 6.19 J2,3 9.5 C2 69.1
H3 �3.65 J3,4 9.4 C3 78.5 H3 6.06 J3,4 9.8 C3 72.8
H4 3.51 J4,5 9.4 C4 71.7 H4 5.83 J4,5 9.8 C4 68.7
H5 �3.65 J5,6 m C5 80.8 H5 �4.42 J5,6 5.3 C5 75.4
H6 3.77 J5,6’ 5.1 C6 63.2 H6 4.56 J5,6’ 3.0 C6 62.7
H6’ �3.88 J6,6’ 12.5 H6’ 4.68 J6,6’ 12.3


14b[c] 17[a]


H1 6.06 J1,2 9.4 C1 89.5 H1 5.84 J1,2 9.4 C1 94.1
H2 6.24 J2,3 �9.4 C2 �68.4 H2 �3.94 J2,3 m C2 71.7
H3 6.12 J3,4 �9.7 C3 �74.1 H3 �3.69 J3,4 �9.7 C3 78.7
H4 5.90 J4,5 �9.7 C4 �69.4 H4 3.51 J4,5 �9.4 C4 71.6
H5 �3.60 J5,6 2.9 C5 �75.0 H5 �3.68 J5,6 m C5 81.1
H6 4.58 J5,6’ 4.6 C6 62.7 H6 �3.92 J5,6’ 5.8 C6 63.2
H6’ �3.88 J6,6’ 12.5 H6’ 3.76 J6,6’ 12.5


18[b] 19[b]


H1 6.02 J1,2 9.4 C1 89.0 H1 5.32 J1,2 9.4 C1 94.7
H2 5.50 J2,3 �9.4 C2 67.3 H2 5.65 J2,3 �9.4 C2 68.4
H3 5.38 J3,4 �9.6 C3 73.2 H3 5.33 J3,4 �9.5 C3 72.7
H4 5.21 J4,5 �9.7 C4 67.6 H4 5.23 J4,5 �9.5 C4 67.2
H5 �3.96 J5,6 4.9 C5 74.5 H5 3.91 J5,6 2.3 C5 75.0
H6 4.28 J5,6’ 2.0 C6 61.6 H6 4.19 J5,6’ 4.9 C6 61.5
H6’ 4.22 J6,6’ 12.5 H6’ 4.28 J6,6’ 12.6


20[d] 22[a]


H1 5.35 J1,2 8.2 C1 100.9 H1 5.22 J1,2 9.0 C1 97.2
H2 5.54 J2,3 9.4 C2 69.4 H2 3.92 J2,3 �9.2 C2 72.0
H3 5.32 J3,4 9.4 C3 72.9 H3 3.59 J3,4 �9.2 C3 78.7
H4 5.20 J4,5 9.8 C4 67.8 H4 3.72 J4,5e 5.5 C4 71.4
H5 �3.66 J5,6 4.7 C5 72.8 H5a 3.47 J4,5a 10.9 C5 70.1
H6 4.23 J5,6’ 2.3 C6 61.5 H5e 4.07 J5e,5a �11.1
H6’ 4.08 J6,6’ 12.5


25[a] 28[a]


H1 5.78 J1,2 9.3 C1 94.7 H1 5.32 J1,2 9.0 C1 96.4
H2 3.93 J2,3 �9.3 C2 71.7 H2 3.99 J2,3 m C2 71.8
H3 3.64 J3,4 �9.2 C3 78.9 H3 3.79 J3,4 m C3 78.1
H4 �3.72 J4,5a �11.0 C4 71.3 H4 – J4,5 m C4 71.3
H5a 3.53 J4,5e 5.3 C5 70.2 H5 – J5,6 m C5 80.1
H5e 4.10 J5a,5e �11.3 H6 – J5,6’ m C6 62.6


32[a] 33[a]


H1 5.58 J1,2 1.2 C1 97.4 H1 5.37 J1,2 �0.1 C1 93.9
H2 4.47 J2,3 3.1 C2 72.0 H2 4.43 J2,3 2.3 C2 72.3
H3 �3.82 J3,4 �9.6 C3 75.2 H3 �3.77 J3,4 �9.4 C3 75.6
H4 3.69 J4,5 �9.7 C4 68.8 H4 3.74 J4,5 �9.2 C4 69.0
H5 �3.60 J5,6 2.3 C5 82.1 H5 3.58 J5,6 �2.3 C5 81.8
H6 3.97 J5,6’ 6.3 C6 63.4 H6 3.94 J5,6’ 6.2 C6 63.5
H6’ �3.82 J6,6’ 12.7 H6’ �3.81 J6,6’ 12.5


34[a] 35[a]


H1 5.66 J1,2 6.6 C1 101.1 H1 5.66 J1,2 6.6 C1 101.1
H2 4.84 J2,3 4.3 C2 75.8 H2 4.85 J2,3 4.3 C2 75.8
H3 4.43 J3,4 2.3 C3 74.1 H3 4.43 J3,4 2.7 C3 74.1
H4 4.32 J4,5 9.0 C4 84.4 H4 4.32 J4,5 9.0 C4 84.4
H5 3.59 J5,6 2.7 C5 71.4 H5 3.95 J5,6 2.7 C5 71.5
H6 3.77 J5,6’ 5.1 C6 65.5 H6 3.77 J5,6’ 5.1 C6 65.5
H6’ 3.68 J6,6’ 12.5 H6’ 3.69 J6,6’ 12.1


[a] D2O; T=30 8C; internal ref. Me3Si(CH2)3SO3Na. [b] CDCl3; T=20 8C; internal ref. TMS. [c] C6D6; T=


20 8C; internal ref. TMS. [d] CDCl3/C6D6=2:1; T=20 8C; internal ref. TMS.
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to a-configurations of d-mannofuranoses.[84,85] For salt 35, a
small long-range coupling of approximately 0.3 Hz between
H-1 and H-4 was observed. A similar long-range coupling
has been reported for N-acetyl-a-l-rhamnofuranosyl-
amine.[86] Acetylation of 35 with Ac2O/pyridine at 5 8C af-
forded a pentaacetate, the 1H and 13C NMR spectra of
which were identical to those reported for penta-O-acetyl-a-
d-mannofuranose.[80]


Until now, the mechanistic reason for the different results
of nitrosation of mannose oxime under acidic and basic con-
ditions has not been clear. One probably has to apply the
Curtin–Hammett principle to a protonated R�CH=N+


(NO)OH and a deprotonated R�CH=N+(NO)O� transition
state.[86] At present we are studying nitrosations of other car-
bohydrate oximes under basic conditions. Preliminary results
show that these nitrosations proceed in a similar manner to
that found for mannose oxime 30.


Experimental Section


General : Solvents were dried by standard methods. All reactions were
carried out with exclusion of moisture. Spectrometers used: 1H
(400.1 MHz) and 13C (100.6 MHz) NMR spectra: JEOL JNM-LA-400 FT
NMR system. Internal reference SiMe4 (TMS) or Me3Si(CH2)3SO3Na
(PSIL); d scale in ppm; coupling constants J in Hz. Signal assignments
were supported by 1H spin–spin decoupling and CH correlation experi-
ments. IR spectra: Perkin–Elmer FTIR 1600 spectrometer; UV spectra:
Perkin–Elmer Lambda 19 UV/Vis/near-IR spectrometer; solvent H2O.
Optical rotations: Perkin–Elmer 241 polarimeter.


Single-crystal X-ray analysis : Single-crystal X-ray diffraction analysis was
performed with an Enraf–Nonius CAD4 four-circle diffractometer with
graphite monochromated MoKa radiation (l=0.71073 K) in the q range
of 2–268 with a scan width w (8) of 0.5+0.35 tanq for both structures.
The structures were solved by direct methods and refined by full-matrix,
least-squares analyses with use of SHELX-97-2 software.[87] Non-hydro-
gen atoms were refined with anisotropic displacement parameters and all
hydrogen atoms were placed in calculated positions and refined isotropi-
cally.


CCDC-264902 (14a) and CCDC-264903 (18) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Crystal structure data for 14a : Formula C35H30N2O11 (Mr=654.61); crys-
tal dimensions 0.2P0.2P0.5 mm; orthorhombic; space group P212121; a=
9.371(3), b=16.733(3), c=21.421(4) K; V=3359(1) K3; Z=4; 1calcd=


1.294 gcm�3 ; 2qmax=24.0798 ; T=183 K; 6252 independent reflections
(Rint=0.068), of which 2817 were above 2s(F2); R1=0.2457; wR2=
0.1268 with I>2s(I); Rs=0.0601; GoF=0.97; D1max=0.25 eK�3 ; D1min=


�0.26 eK�3.


Crystal structure data for 18 : Formula C15H22N2O11 (Mr=406.4); crystal
dimensions 0.3P0.3P0.5 mm; orthorhombic; space group P212121; a=
5.723(1), b=17.650(3), c=19.666(4) K; V=1886.4(7) K3; Z=4; 1calcd=


1.359 gcm�3 ; 2qmax=31.5758 ; T=153 K; 3915 independent reflections
(Rint=0.022), of which 2762 were above 2s(F2); R1=0.1065; wR=0.1841
with I>2s(I); Rs=0.0479; GoF=1.00; D1max=0.30 eK�3 ; D1min=


�0.31 eK�3.


N-Hydroxy-b-d-glucopyranosylamine (12): A suspension of NH2OH·HCl
(10.43 g, 150 mmol) in MeOH (100 mL) was stirred at 23 8C for 15 min.
The resulting clear solution was cooled to 5 8C and Me3COK (15.71 g,
140 mmol) was added in portions. After the mixture had been stirred at
23 8C for 30 min, KCl was filtered off and washed with MeOH (50 mL).
d-Glucose (18.02 g, 100 mmol) was added to the filtrate. After the mix-


ture had been stirred at 23 8C for 12 h the solvent was evaporated from
the clear solution and the oily residue (essentially open-chain oxime) was
stirred at 23 8C in MeOH (20 mL) for 80 h, after which a colorless crystal-
line powder of the pure title compound 12 (15.92 g, 82%) was filtered off
and washed with MeOH (5 mL) and with Et2O. Evaporation of the
mother liquor left an oil, which consisted of 12 and the E and Z forms
(10 and 11) of d-glucose oxime (10/11/12 1:5:2, by 1H NMR). Stirring of
the oil in MeOH (7 mL) for 3 days afforded a second fraction of pure
crystalline 12 (2.63 g, 14%). M.p. 120–122 8C (decomp 147–149 8C)
(ref. [37]: decomp. 143–145 8C); [a]25D =�7.73 (c=1.1, H2O, 5 min after
dissolution) (ref. [37]: [a]25D =�10.7 (c=1.1, H2O, 2 min after dissolu-
tion)); 1H NMR (D2O, 25 8C): d=4.19 (d, J=9.3 Hz; H-1), 3.40 (t, J=
9.3 Hz; H-2), 3.34–3.54 (m; H-3–H-5), 3.72 (dd, J=5.7, 12.3 Hz; H-6),
3.90 (dd, J=2.1, 12.3 Hz; H-6’); 13C NMR (D2O, 20 8C): d=93.6 (C-1),
79.8, 79.4, 72.2, 72.1 (C-2–C-5), 63.6 (C-6). After this had been allowed to
stand at 25 8C for 5 h the spectrum showed a mixture of the oximes 10,
11, and the hydroxylamine 12 (integral ratio 0.9:0.4:1.0).
1H NMR (D2O, 20 8C): d=7.51 (d, J=7.0 Hz; (E)-H-1), 6.88 (d, J=
6.5 Hz; (Z)-H-1), 4.39 (t, J=7.0 Hz; (E)-H-2), 5.00 (t, J=6.5 Hz; (Z)-H-
2), 3.95 (m; (E)-,(Z)-H-3); 13C NMR (D2O, 25 8C): d=154.5, 154.1
((E)-,(Z)-C-1).


Ammonium 2-(b-d-glucopyranosyl)diazene-1-olate-2-oxide (13): HCl
(1m, 120 mL) was added at 0 8C to a solution of 12 (19.52 g, 100 mmol) in
H2O (100 mL). A solution of NaNO2 (7.25 g, 105 mmol) in H2O
(100 mL) was added dropwise at 0 8C with stirring over the course of 1 h.
Addition of aqueous NH3 (25%, 12 mL) and evaporation of the solvent
under reduced pressure afforded a pale yellow solid, which according to
the 1H NMR spectrum consisted of a mixture of 13 (76%) and a- and b-


d-glucopyranose (6% and 15%), together with trace amounts of (E)-
and (Z)-d-glucoseoximes 10 and 11, and of at least five other sugars (not
identified). The product was dissolved in warm H2O (60 mL) containing
a few drops of concentrated aqueous NH3. On addition of MeOH
(160 mL) compound 13 started to crystallize. After 48 h at 5 8C, fine col-
orless prisms (15.64 g, 65%) of title compound 13 were isolated by filtra-
tion and washed with small amounts of MeOH and Et2O. Decomposition
with gas evolution and blackening 193–198 8C; [a]25D =�17.9 (c=1.0,
H2O); 1H NMR (D2O, 20 8C): d=5.29 (d, J=9.0 Hz; H-1), �3.93 (m;
H-2), �3.88 (m; H-6), 3.77 (dd, J=5.1, 12.5 Hz; H-6’), 3.65 (m; H-3,
H-5), 3.51 (t, J=9.4 Hz; H-4); 13C NMR (D2O, 20 8C): d=96.5 (C-1), 80.8
(C-5), 78.5 (C3), 72.1 (C-2), 71.6 (C-4), 63.2 (C-6); UV (H2O): lmax (e)=
254 nm (9816m�1 cm�1); elemental analysis calcd for C6H15N3O7 (241.2):
C 29.87, H 6.27, N 17.43; found: C 29.77, H 6.21, N 17.44.


(Z)-1-Methoxy-2-(2,3,4,6-tetra-O-benzoyl-b-d-glucopyranosyl)diazene-2-
oxide (14a) and N-methoxy-N-nitroso-2,3,4,6-tetra-O-benzoyl-b-d-gluco-
pyranosylamine (14b): A suspension of 13 (2.41 g, 10 mmol), NaHCO3


(2.52 g, 30 mmol), and Me2SO4 (3.78 g, 30 mmol) in H2O (10 mL) was
stirred at 23 8C for 24 h. After evaporation of the solvent the semisolid
residue was suspended in hot pyridine (30 mL). PhCOCl (11.25 g,
80 mmol) was added at 5 8C. After 24 h at 5 8C the suspension was diluted
with H2O. The mixture was repeatedly extracted with CHCl3, and the
combined organic extracts were washed with HCl (1m), then with aque-
ous NaHCO3, and finally with H2O. Evaporation of the solvent afforded
a yellow resin, which crystallized on scratching under Et2O (40 mL).
After 12 h at 5 8C a colorless crystalline powder (4.23 g, 65%) was isolat-
ed by filtration. Recrystallization from boiling EtOH (340 mL) furnished
colorless needles of 14a (3.64 g, 56%) suitable for X-ray diffraction anal-
ysis. M.p. 194–195 8C; [a]25D =++17.8 (c=1.2, CHCl3);


1H NMR (CDCl3):
d=3.98 (OMe), 4.42 (m; H-5), 4.56 (dd, 3J=5.3, 2J=12.3 Hz; H-6), 4.68
(dd, 3J=3.0, 2J=12.3 Hz; H-6’), 5.73 (d, 3J=9.0 Hz; H-1), 5.83 (t, 3J=
9.8 Hz; H-4), 6.06 (dd, 3J=9.5, 9.8 Hz; H-3), 6.19 (dd, 3J=9.0 Hz, 9.5 Hz;
H-2), 7.26–8.02 (m, 20H; phenyl); 13C NMR (CDCl3, 20 8C): d=95.1
(C-1), 61.9 (OMe), 62.7 (C-6), 68.7 (C-4), 69.1 (C-2), 72.8 (C-3), 75.4
(C-5), 128.4–129.9 (o,m,p-C, aryl), 133.2, 133.5, 133.6, 133.7 (iC, aryl),
164.2, 165.0, 165.7, 166.1 (CO); IR (CCl4): ñ=1741(vs), 1266(vs),
1245(s), 1101 (s), 1090 (vs), 1069 (vs), 1027 cm�1 (s); UV (MeCN): lmax


(e)=230 (5477.4), 199 nm (5433.6m�1 cm�1); elemental analysis calcd for
C35H30N2O11 (654.61): C 64.21, H 4.62, N 4.28; found: C 64.20, H 4.70, N
4.34. Evaporation of the ethereal mother liquor of the first crystallization
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of 14a left a brown syrup consisting of small amounts of 14a and of at
least two other carbohydrates (1H NMR). The main component 14b was
isolated by column chromatography (silica gel 60 (Fluka), eluent Et2O/
hexane 1:1) as a moderately stable and not completely pure and noncrys-
tallized pale yellow powder. Elemental analysis calcd for C35H30N2O11


(654.61): C 64.21, H 4.62, N 4.28; found: C 64.62, H 4.87, N 4.02. The
1H NMR spectrum (CDCl3) of 14b showed partial decomposition within
1 h into a mixture of three new compounds (not identified).


Compound 14b : 1H NMR (C6D6): d=6.06 (d, 3J=9.4 Hz; H-1), 6.24 (t,
3J=9.4 Hz; H-2), 6.12 (t, 3J=9.7 Hz; H-3), 5.90 (t, 3J=9.7 Hz; H-4), 3.60
(m; H-5), 4.58 (dd, 3J=2.9, 2J=12.5 Hz; H-6), 4.28 (dd, 3J=4.6, 2J=
12.5 Hz; H-6’), 3.49 (OMe), 6.76–8.17 (m, 20H; Ph); 13C NMR (C6D6,
20 8C): d=89.5 (C-1), 75.0, 74.1 (C-5,3), 69.4, 68.4 (C-4,2), 65.1 (br,
OMe), 62.7 (C-6), 127.9–133.5 (Ph), 164.8, 165.3, 165.9, 166.1 (C=O).


N-Methoxy-N-nitroso-2,3,4,6-tetra-O-acetyl-b-d-glucopyranosylamine
(18): d-Glucose (1.80 g, 10 mmol) and MeONH2·HCl (1.00 g, 12 mmol)
were dissolved in warm pyridine (15 mL). After the mixture had been
kept at 23 8C for 24 h, the solvent was evaporated and the oily residue
was dissolved in H2O (20 mL). NaHCO3 (1.05 g, 12.5 mmol) was added
(CO2 evolution). Evaporation of the solvent afforded a colorless syrup of
the O-methyloximes 15 and 16 (ratio 1.0:0.2). 1H NMR (D2O): d=7.53
(d, 3J=6.7 Hz; (Z)-H-1), 6.88 (d, 3J=6.6 Hz; (E)-H-1), 4.39 (t, 3J=
6.7 Hz; (Z)-H-2), 4.92 (t, 3J=6.6 Hz; (E)-H-2), 3.85 (s; (Z)-OMe), 3.88
(s; (E)-OMe), 3.57–3.95 (m, 10H); 13C NMR (D2O): d=153.6 ((Z)-C-1),
154.5 ((E)-C-1), 64.1–79.8 (12C).


The crude mixture of 15+16 was dissolved in H2O (10 mL). HCl (1m,
12 mL) was added at 0–5 8C and a solution of NaNO2 (0.76 g, 11 mmol)
in H2O (10 mL) was added dropwise over 30 min. After the mixture had
been stirred at 23 8C for a further 10 min, aqueous NH3 (25%, 3 mL) was
added. Evaporation of the solvent afforded the crude N-methoxy-N-ni-
troso-b-d-glucopyranosylamine (17) contaminated with small amounts of
a- and b-d-glucopyranose. The product was taken up in MeOH (10 mL)
and THF (10 mL). After 24 h at 23 8C the suspension was filtered.


Evaporation of the filtrate afforded a syrup, which was dissolved in
MeOH (10 mL). Evaporation of the solvent furnished 17 as a yellow
amorphous solid (1.83 g, 77%) still containing about 2% of a- and b-d-


glucopyranose and other impurities. 1H NMR (D2O): d=5.84 (d, 3J=
9.4 Hz; H-1), 3.91–3.98 (m; H-2, H-6, OCH3), 3.76 (dd, 3J=5.8, 2J=
12.5 Hz; H-6’), 3.65–3.72 (m; H-3, H-5), 3.51 (dd, 3J=9.4, 9.7 Hz; H-4);
13C NMR (D2O): d=94.1 (C-1), 81.1 (C-5), 78.74 (C-3), 71.72 (C-2), 71.6
(C-4), 67.9 (OMe), 63.2 (C-6).


The crude 17 was taken up in pyridine (10 mL) and Ac2O (5 mL). After
12 h at 5 8C and a further 12 h at 23 8C the solvent was evaporated. The
oily residue was repeatedly extracted with CHCl3/HCl (1m)/H2O. Evapo-
ration of the combined organic extracts afforded a yellow oil, which was
crystallized at �15 8C from THF/pentane (7:10 mL) to furnish the title
compound 18 as a yellow crystalline powder (2.62 g, 65%). Recrystalliza-
tion at 50 8C from EtOH (1 g from 20 mL EtOH) afforded prisms suit-
able for X-ray diffraction analysis. M.p. 132–134 8C; dissolved in CDCl3,
compound 18 decomposed within a few days; [a]25D =++33.0 (c=1.0,
CHCl3);


1H NMR (CDCl3): d=6.02 (d, 3J=9.4 Hz; H-1), 5.50 (t, 3J=
9.4 Hz; H-2), 5.38 (t, 3J=9.4 Hz; H-3), 5.21 (t, 3J=9.7 Hz; H-4), 4.28 (dd,
3J=4.9, 2J=12.5 Hz; H-6), 4.22 (dd, 3J=2.0, 2J=12.5 Hz; H-6’), 3.96 (m;
H-5), 3.86 (OMe), 2.10, 2.07, 2.03, 1.96 (OCCH3);


13C NMR (CDCl3): d=
170.6, 170.2, 169.3, 168.8 (C=O), 89.0 (C-1), 74.5 (C-5), 73.2 (C-3), 67.6
(C-4), 67.3 (C-2), 65.5 (OMe), 61.6 (C-6); UV (MeCN): lmax (e)=233 nm
(5500m�1 cm�1); elemental analysis calcd for C15H22N2O7 (406.4): C 44.33,
H 5.46, N 6.90; found: C 44.32, H 5.35, N 6.80.


(Z)-1-Methoxy-2-(2,3,4,6-tetra-O-acetyl-1-deoxy-b-d-glucopyranosyl)di-
azene-2-oxide (19): Me2SO4 (3.78 g, 30 mmol) was added to a suspension
of 13 (2.41 g, 10 mmol) and NaHCO3 (2.52 g, 30 mmol) in H2O (10 mL).
After the mixture had been stirred at 23 8C for 48 h the solvent was
evaporated under reduced pressure. The resulting yellow syrup was taken
up in hot pyridine (30 mL). The suspension was cooled to 5 8C and Ac2O
(10 mL) was added. After the mixture had been stirred at 23 8C for 24 h
the solvent was evaporated and the solid residue was dissolved in CHCl3
and HCl (1m). The mixture was repeatedly extracted with CHCl3 and the
combined organic extracts were washed with H2O and dried over


Na2SO4. Evaporation of the solvent left a yellow crystalline residue
(4.04 g, 99%) consisting of 19 and of the isomer 18 (ratio 1.00:0.23;
1H NMR). Recrystallization from boiling EtOH (40 mL) afforded (at
5 8C) pale yellow needles (3.13 g, 77%; 19/18=1.00:0.10). Another crys-
tallization from EtOH furnished colorless needles of the pure title com-
pound 19. Compounds 18 and 19 were also separated by column chroma-
tography (silica gel 60, Fluka; eluent hexane/CHCl3 1:1).


Compound 19 : M.p. 148–149 8C; [a]25D =�24.1 (c=1.0, CHCl3);
1H NMR


(CDCl3): d=2.00, 2.03, 2.05, 2.10 (acetyl), 3.92 (m; H-5), 4.12 (OMe),
4.19 (dd, 3J=2.3, 2J=12.6 Hz; H-6), 4.28 (dd, 3J=4.9, 2J=12.6 Hz; H-6’),
5.23 (t, 3J=9.5 Hz; H-4), 5.35 (d, 3J=9.2 Hz; H-1), 5.33 (t, 3J=9.5 Hz;
H-3), 5.65 (t, 3J=9.4 Hz; H-2); 13C NMR (CDCl3): d=20.4, 20.5, 20.5,
20.7 (acetyl-Me), 61.5 (C-6), 62.0 (OMe), 67.2 (C-4), 68.4 (C-2), 72.7
(C-3), 75.0 (C-5), 94.7 (C-1), 168.4, 169.2, 170.2, 170.6 (C=O); IR (CCl4):
ñ=1752(vs), 1506(s), 1438 (m), 1368(s), 1236 (vs), 1208(vs), 1061(vs),
1035(s), 1020 cm�1 (s); UV (MeCN): lmax (e)=239 nm (7520m�1 cm�1); el-
emental analysis calcd for C15H22N2O11 (406.35): C 44.33, H 5.46, N 6.90;
found: C 44.41, H 5.40, N 6.87.


1-(2,3,4,6-Tetra-O-acetyl-b-d-glucopyranosyloxy)-2-phenyldiazene-2-ox-
ide (20): A solution of cupferron (1.56 g, 10 mmol) in DMSO (10 mL)
was cooled to 5 8C. After addition of a-acetobromoglucose (2.06 g,
5 mmol) the mixture soon solidified. After the system had been allowed
to warm to 23 8C over 5 h and stirred at 23 8C for 24 h, H2O (50 mL) was
added to the orange-brown solution. Extraction with Et2O (3P50 mL),
drying of the extracts over Na2SO4, and evaporation of the solvent under
reduced pressure afforded a dark red syrup, which was dissolved in Et2O
(20 mL). After 24 h at �15 8C, compound 20 (0.94 g, 40%) was isolated
by filtration as a brownish crystalline powder. Evaporation of the filtrate
afforded a brown oil, which according to its NMR spectra consisted of
20, azoxybenzene, and a- and b-2,3,4,6-tetra-O-acetyl-d-glucopyranose.[88]


The crude 20 was dissolved in boiling ethyl acetate (4 mL). After addi-
tion of hexane (4 mL) and keeping at 5 8C for 3 days, almost colorless
prisms (0.70 g) of title compound 20 were filtered off. M.p. 148–150 8C;
[a]23D =++27.3 (c=1.0, CHCl3);


1H NMR (CDCl3/[D6]benzene=2:1): d=
7.89 (d, 3J=7.4 Hz; 2H; phenyl), 7.22–7.32 (m, 3H; phenyl), 5.54 (dd,
3J=9.4, 8.2 Hz; H-2), 5.35 (d, 3J=8.2 Hz; H-1), 5.32 (t, 3J=9.4 Hz; H-3),
5.20 (dd, 3J=9.8, 9.4 Hz; H-4), 4.23 (dd, 3J=4.7, 2J=12.5 Hz; H-6), 4.08
(dd, 3J=2.3, 2J=12.5 Hz; H-6’), 3.66 (m; H-5); 13C NMR (CDCl3/
[D6]benzene=2:1): d=170.4, 170.1, 169.2, 169.0 (C=O), 143.4, 131.7,
129.0, 121.5 (phenyl), 100.9 (C-1), 72.9, 72.8 (C-3,5), 69.4 (C-2), 67.8
(C-4), 61.5 (C-6), 20.4–20.5 (4PCH3); IR (CCl4): ñ=1762 (vs), 1487(s),
1441(m), 1367 (s), 1315 (w), 1244 (vs), 1226(vs), 1212(vs, shoulder),
1152(w), 1113 (m, shoulder), 1082(vs), 1055(s), 1037 (vs), 1013 cm�1 (s);
UV (H2O): lmax (e)=254 (10310), 198 nm (13647m�1 cm�1); elemental
analysis calcd for C20H24N2O11 (468.41): C 51.28, H 5.17, N 5.98; found: C
51.17, H 5.21, N 6.12.


d-Xylose oximes 21: These compounds were prepared from d-xylose
(15.01 g, 100 mmol) in the manner described for 12. After evaporation of
MeOH and drying at 80 8C/10�1 torr for 20 h, 21 was obtained as a pale
yellow syrup (16.35 g, 99%). [a]25D =�0.3 (c=1.2, H2O; no change over 5
months); 1H NMR (D2O, 25 8C): d=7.54 (d, 3J=6.3 Hz; (E)-H-1, integral
1.00), 6.90 (d, 3J=6.3 Hz; (Z)-H-1, integral 0.22), 4.12 (d, 3J=9.0 Hz; H-1
of N-hydroxy-b-d-xylopyranosylamine, integral 0.03), 4.38 (dd, 3J=6.3,
5.8 Hz; (E)-H-2), 4.97 (dd, 3J=6.3, 4.9 Hz; (Z)-H-2), 3.61–3.80 (m;
(E)-,(Z)-H-3,4,5,5’); 13C NMR (D2O, 25 8C): d=154.3 ((E)-C-1), 155.0
((Z)-C-1), 72.4 ((E)-C-2), 68.0 ((Z)-C-2), 74.7 ((E)-C-3), 74.2 ((Z)-C-3),
73.7 ((E)-C-4), 74.1 ((Z)-C-4), 65.3 ((E)-C-5), 65.2 ((Z)-C-5).


Ammonium 2-(b-d-xylopyranosyl)diazene-1-olate-2-oxide (22): The mix-
ture of compounds 21 (1.65 g, 10 mmol) was dissolved in H2O (20 mL),
and HCl (1m, 14 mL) was added at 0 8C. A solution of NaNO2 (0.83 g,
12 mmol) in H2O (30 mL) was added dropwise with stirring over the
course of 30 min. After the mixture had been stirred for a further 10 min,
aqueous NH3 (25%, 1 mL) was added. Evaporation of the solvent under
reduced pressure furnished a pale yellow solid (2.73 g). The 1H NMR
spectrum of the crude product showed a mixture of 22 (�79%), a- and
b-d-xylopyranose (�8% each), and trace amounts of at least four other
sugars (not identified) but no starting material 21. The product was dis-
solved in warm H2O (10 mL). On addition of MeOH (20 mL) compound
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22 started to crystallize. After 48 h at 5 8C the pure title compound 22
(1.08 g, 51%) was filtered off as a colorless crystalline powder. Decomp.
(blackening) above 80 8C; [a]25D =�55.6 (c=1.0, H2O); 1H NMR (D2O):
d=5.22 (d, 3J=9.0 Hz; H-1), 3.92 (t, 3J=9.1 Hz; H-2), 3.59 (t, 3J=
9.3 Hz; H-3), 3.72 (m; H-4), 3.47 (t, 2J,3J�10.9 Hz; H-5a), 4.07 (dd, 3J=
5.5, 2J=11.3 Hz; H-5e); 13C NMR (D2O): d=97.2 (C1), 78.7 (C3), 72.0
(C2), 71.4 (C4), 70.1 (C5); UV (H2O): lmax (e)=254 nm (4788m�1 cm�1);
elemental analysis calcd for C5H13N3O6 (211.2): C 28.44, H 6.21, N 19.90;
found: C 28.38, H 5.97, N 19.41. Compound 22 turned brown in the
course of a few months at 23 8C.


N-Methoxy-N-nitroso-2,3,4-tri-O-acetyl-b-d-xylopyranosylamine (25):
This compound was prepared from d-xylose (1.51 g, 10 mmol) and
MeONH2·HCl (1.00 g, 12 mmol) in the manner described for 18. The d-
xylose O-methyloxime 23[52–54] was obtained as a moderately stable pale
yellow syrup (ratio Z/E forms 1.0:0.2). 1H NMR (D2O): d=7.55 (d, 3J=
6.3 Hz; (Z)-H-1), 6.91 (d, 3J=6.2 Hz; (E)-H-1), 4.89 (t, 3J=5.5 Hz; (E)-
H-2), 4.38 (t, 3J=5.8 Hz; (Z)-H-2), 3.88 ((E)-OMe), 3.86 ((Z)-OMe),
3.59–3.84 (m, 8H; (E)-,(Z)-H-3 to H-5); 13C NMR (D2O): d=154.9 ((E)-
C-1), 153.9 ((Z)-C-1), 74.6, 73.6, 72.2, 65.2, 64.0 ((Z)-C-2 to C-5, (Z)-
OMe), 74.1, 73.9, 68.3, 65.1, 64.4 ((E)-C-2 to C-5, (E)-OMe). The N-me-
thoxy-N-nitroso-b-d-xylopyranosylamine (24) was obtained as a brownish
solid contaminated with small amounts of a- and b-d-xylose (ca. 8%), 23
(ca. 2%), and other impurities (ca. 4%). 1H NMR (D2O): d=5.78 (d,
3J=9.3 Hz; H-1), 3.93 (t, 3J�9.3 Hz; H-2), 3.64 (t, 3J=9.2 Hz; H-3), 3.72
(m; H-4), 3.53 (t, 2,3J�11 Hz; H-5a), 4.10 (dd, 3J=5.3, 2J=11.3 Hz; H-
5e), 3.99 (OMe); 13C NMR (D2O): d=94.7 (C-1), 78.9 (C-3), 71.7 (C-2),
71.3 (C-4), 70.2 (C-5), 67.9 (OMe). Acetylation of 24 afforded a pale
yellow solid, which was crystallized from hot EtOH (25 mL) to give pale
yellow needles (2.06 g, 62%) of title compound 25. Another crystalliza-
tion from EtOH furnished long, pale yellow needles. M.p. 123–125 8C;
[a]23D =�1.7 (c=1.0, CHCl3);


1H NMR (CDCl3): d=5.92 (d, 3J=9.0 Hz;
H-1), 5.44 (t, 3J�9.1 Hz; H-2), 5.37 (t, 3J�9.3 Hz; H-3), 5.10 (m, 3J�5.5,
�10.5 Hz; H-4), 4.28 (dd, 3J=5.5, 2J=11.5 Hz; H-5e), 3.86 (OCH3), 3.52
(dd, 3J�10.5, 2J=11.5 Hz; H-5a), 2.08, 2.06, 1.96 (CH3);


13C NMR
(CDCl3): d=89.6 (C-1), 67.4 (C-2), 72.8 (C-3), 68.5 (C-4), 65.1 (C-5), 65.5
(OMe), 168.9, 169.8, 170.2 (C=O), 20.4, 20.6, 20.7 (CH3); IR (CCl4): ñ=
1764(vs), 1505(m), 1424 (m), 1369(s), 1241(vs), 1217(vs), 1121(m),
1087(m), 1035 cm�1 (s); UV (MeCN): lmax (e)=234 nm (5000m�1 cm�1);
elemental analysis calcd for C12H18N2O9 (334.3): C 43.11, H 5.43, N 8.38;
found: C 43.16, H 5.42, N 8.21.


d-Lactose oximes 26 and 27:[60] These compounds were prepared from d-
lactose·H2O (36.03 g, 100 mmol), NH2OH·HCl (17.38 g, 250 mmol) and
Me3COK (26.93 g, 240 mmol) in MeOH (170 mL) in the manner de-
scribed for compound 12, except that the reaction mixture was stirred at
23 8C for 8 days. Filtration afforded the oxime (35.73 g, 98%) contaminat-
ed with �2% of d-lactose. The product was dissolved in hot H2O
(70 mL). After filtration and addition of hot EtOH (350 mL) the mixture
was kept at 5 8C for 3 days. Filtration afforded a crystalline mixture
(23.23 g, 65%) of the E- and Z-oximes 26 and the hydroxylamine 27.
M.p. 183–185 8C (decomp.) (ref. [60]: m.p. 183–185 8C); [a]23D (c=1.0,
H2O)=++27.8 (at 23 8C 10 min after dissolution) to +10.2 (at 23 8C
10 days after dissolution) (ref. [60]: [a]22D (c=1, H2O)=++38.3 (5 min after
dissolution) to +15.5 (25 h after dissolution)); 1H NMR (D2O, 30 8C)
(10 min after dissolution: (E)-26/(Z)-26/27�0.3:1.0:0.01); 26 days after
dissolution: (E)-26/(Z)-26/27�5.3:1.0:2.3: d=7.61 (d, 3J=5.9 Hz; (E)-H-
1), 6.95 (d, 3J=5.9 Hz; (Z)-H-1), 5.03 (dd, 3J=5.8, 4.7 Hz; (Z)-H-2), 4.56
(dd, 3J=6.6, 5.9 Hz; (E)-H-2), 4.52 (d, 3J=7.9 Hz; (Z)-H-1’), 4.49 (d, 3J=
7.8 Hz; (E)-H-1’), 4.45 (d, 3J=7.8 Hz; 27: H-1’), 4.22 (d, 3J=9.0 Hz; 27:
H-1), 4.07 (dd, 3J=2.7, 4.7 Hz; (Z)-H-3), 3.52–3.98 (m; other H atoms of
the E and Z form, and of 27), 3.45 (dd, 3J=9.4, 9.0 Hz; 27: H-2);
13C NMR (D2O, 30 8C): d=154.8, 154.6 ((E)-,(Z)-C-1), 106.0, 105.6
((E)-,(Z)-C-1’), 93.5 (27: C-1), 82.5, 81.0, 80.7, 78.7, 78.1, 78.0, 77.9, 77.8,
75.3, 74.0, 73.9, 73.8, 73.7, 73.6, 73.0, 72.1, 71.8, 71.3, 71.2, 68.5, 64.8, 64.7,
63.8, 63.7, 63.4, 62.9.


Diphenylmethylammonium 4-O-(b-d-galactopyranosyl)-b-d-glucopyrano-
syldiazene-1-olate-2-oxide (28): HCl (1m, 3 mL) was added to a cooled
(0–5 8C) suspension of 26+27 (1.08 g, 3 mmol) in H2O (3 mL). A solution
of NaNO2 (0.21 g, 3 mmol) in H2O (5 mL) was added dropwise with stir-


ring over the course of 20 min. Benzhydrylamine (0.55 g, 3 mmol) was
added to the acidic clear solution. Evaporation under reduced pressure
afforded a colorless solid (1.98 g), which was dissolved in hot H2O
(20 mL) and EtOH (20 mL). Crystallization at 5 8C afforded colorless,
fine needles (1.28 g, 75%). To remove traces of EtOH the product was
suspended in H2O (10 mL). Evaporation under reduced pressure furnish-
ed the pure title compound 28. Decomposition with gas evolution and
blackening 180–200 8C; [a]23D =++6.9 (c=1.0, H2O); 1H NMR (D2O,
30 8C): d=7.42–7.52 (m, 10H; phenyl), 5.72 (s; NCH), 5.32 (d, 3J=
9.0 Hz; H-1), 4.49 (d, 3J=7.8 Hz; H-1’), 4.01–3.73 (m, 10H; H-2 (3.99),
H-4’ (3.94), H-3 (3.79), H-4,5,5’,6,6’,6’’,6’’’), 3.67 (dd, 3J=3.5, 9.8 Hz; H-
3’), 3.57 (dd, 3J=7.8, 9.8 Hz; H-2’); 13C NMR (D2O, 30 8C): d=139.4,
132.0, 131.7, 129.8 (phenyl), 105.6 (C-1’), 96.4 (C-1), 80.1 (C-5), 79.7 (C-
5’), 78.1 (C-3), 77.2 (C-4’), 75.3 (C-3’), 73.7 (C-2’), 71.8 (C-2), 71.3 (C-4),
63.7, 62.6 (C-6,6’), 60.6 (NCH); UV (H2O): lmax (e)=256 (9100), 198 nm
(25000m�1 cm�1); elemental analysis calcd for C25H35N3O12 (569.6): C
52.72, H 6.19, N 7.38; found: C 52.82, H 5.82, N 7.32.


d-Fructose oxime (29):[73–75] This compound was prepared from d-fructose
(18.02 g, 100 mmol) in the manner described for the preparation of 12.
The crude oily product consisted of a mixture of the Z and E forms of 29
(ratio 1.0:0.9; 1H NMR). Crystallization from MeOH (30 mL) afforded a
colorless powder of the pure Z isomer 29 (18.36 g, 94%). In aqueous so-
lution slow ZQE equilibration took place. After 5 days at 23 8C an equi-
librium Z/E�1:1 was reached. 1H NMR (D2O, 25 8C): d=5.28 (d, 3J=
2.3 Hz; (Z)-H-3), 4.32 (s, 2H; (Z)-H-1), 3.92 (dd, 3J=2.2, 8.4 Hz; (Z)-H-
4), 3.83 (dd, 3J=2.7, 2J=11.7 Hz; (Z)-H-6), 3.77 (m; (Z)-H-5), 3.64 (dd,
3J=6.2, 2J=11.7 Hz; (Z)-H-6’), 4.67 (d, 3J=2.8 Hz; (E)-H-3), 4.52 (d,
2J=14.8 Hz; (E)-H-1), 4,37 (d, 3J=14.8 Hz; (E)-H-1’), �3.76–3.85 (m;
(E)-H-4,5,6), �3.65 (m; (E)-H-6’); 13C NMR (D2O; 25 8C): d=164.1
((Z)-C-2), 162.8 ((E)-C-2), 74.4 ((E)-C-4), 74.1 ((Z)-C-4), 73.7 ((E)-C-5),
73.6 ((Z)-C-5), 72.5 ((E)-C-3), 69.1 ((Z)-C-3), 65.7, 65.6 ((Z,E)-C-6), 62.7
((Z)-C-1), 57.5 ((E)-C-1). Nitrosation of the oxime 29 in the manner de-
scribed for 12 exclusively furnished d-fructose.


d-Mannose oxime (30):[37, 76–78] This compound was prepared from d-man-
nose (18.02 g, 100 mmol), NH2OH·HCl (10.43 g, 150 mmol), and
Me3COK (15.71 g, 140 mmol) in the manner described for the prepara-
tion of 12, except that after addition of d-mannose the mixture was stir-
red at 5 8C for 3 days. Filtration and washing of the residue with MeOH
and Et2O afforded colorless crystals (19.40 g, 100%), which were dis-
solved in hot H2O (100 mL). Addition of MeOH (100 mL) and keeping
at 5 8C for 48 h furnished colorless prisms of title compound 30 (16.90 g,
87%, E/Z=1.0:0.1).[77] M.p. 183–185 8C (decomp.) (ref. [37]: m.p. 184 8C;
ref. [77]: m.p. 188–183 8C). [a]23D =++6.3 (c=1.0, H2O, 5 min after dissolu-
tion) (ref. [37]: [a]25D =++7.0 (c=1.0, H2O, 3 min after dissolution));
1H NMR (D2O, 30 8C): d=7.58 (d, 3J=7.0 Hz; (E)-H-1), 6.97 (d, 3J=
6.7 Hz; (Z)-H-1), 4.97 (dd, 3J=6.7, 7.4 Hz; (Z)-H-2), 4.28 (dd, 3J=7.0,
8.2 Hz; (E)-H-2), 3.95 (m; (Z)-H-3), 3.93 (dd, 3J=8.2, 1.1 Hz; (E)-H-3),
3.85 (dd, 3J=2.3, 2J=11.7 Hz; (E)-H-6), 3.77 (m; (E)-H-4, (E)-H-5), 3.67
(m; (E)-H-6’); 13C NMR (D2O, 30 8C): d=155.4 (m; (E)-C-1), 155.0 (m;
(Z)-C-1), 73.5 ((E)-C-4), 73.2 ((E)-C-3), 72.2 ((Z)-C-3), 71.8 ((E)-C-5),
71.4 ((E)-C-2), 66.1 ((Z)-C-6), 65.8 ((E)-C-6).


1-Hydroxy-2-(b-d-mannopyranosyl)diazene-2-oxide (32): Slow (45 min)
addition of a solution of NaNO2 (0.70 g, 10 mmol) in H2O (10 mL) to a
cooled (0–3 8C) stirred suspension of 30 (1.95 g, 10 mmol) in HCl (0.5m,
20 mL) afforded an acidic clear solution, which was quickly neutralized
by addition of p-anisidine (1.23 g, 10 mmol, crushed powder). After the
mixture had been stirred at 23 8C for 30 min the solvent was evaporated
under reduced pressure. The brownish amorphous residue essentially
consisted of the p-anisidinium salt 31. 1H NMR (D2O, 30 8C): d=5.42 (d,
3J=0.8 Hz; H-1), 4.44 (dd, 3J=0.8, 1.9 Hz; H-2), 3.96 (dd, 3J=2.4, 2J=
12.5 Hz; H-6), 3.72–3.86 (m; H-3,4,6’), 3.59 (m; H-5), 7.05 (d, J=9.2,
2H), 7.25 (d, J=9.2 Hz; 2H; aryl); 13C NMR (D2O, 30 8C): d=160.4,
129.3, 125.5, 118.0 (aryl), 94.7 (C-1), 72.3 (C-2), 75.5 (C-3), 69.0 (C-4),
81.9 (C-5), 63.5 (C-6), 58.4 (OCH3).


The crude product was suspended in MeOH (55 mL). After 5 min of ul-
trasonic irradiation at 20 8C, THF (40 mL) was added. The mixture was
kept at 5 8C for 48 h. Filtration afforded a colorless powder (1.42 g). In
order to remove NaCl the crude product was suspended in H2O (10 mL).
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After 5 min of ultrasonic irradiation at 20 8C the suspension was kept at
5 8C for 24 h. Filtration furnished title compound 32 as a colorless
powder (1.11 g, 50%). Decomposition with gas evolution 170–180 8C;
[a]23D =++52.7 (c=1.0, H2O); 1H NMR (D2O, 30 8C): d=5.58 (d, 3J=
1.2 Hz; H-1), 4.47 (dd, 3J=1.2, 3.1 Hz; H-2), 3.97 (dd, 3J=2.3, 2J=
12.7 Hz; H-6), �3.81 (m; H-3, H-6’), 3.69 (dd, 3J=9.7, 9.8 Hz; H-4),
�3.60 (ddd, 3J=2.3, 6.3, 9.8 Hz; H-5); 13C NMR (D2O, 30 8C): d=97.4
(C-1), 72.0 (C-2), 75.2 (C-3), 68.8 (C-4), 82.1 (C-5), 63.4 (C-6); UV
(H2O): lmax (e)=230 nm (5417m�1 cm�1); elemental analysis calcd for
C6H12N2O7 (224.2): C 32.14, H 5.40, N 12.50; found: C 32.08, H 5.34, N
12.36.


Sodium 2-(b-d-mannopyranosyl)diazene-1-olate-2-oxide (33): Compound
32 (1.12 g, 5 mmol) was added to a cold (0–5 8C) solution of NaHCO3


(0.42 g, 5 mmol) in H2O (10 mL). After 5 min of ultrasonic irradiation
the almost clear solution was filtered. On addition of MeOH (20 mL)
and THF (20 mL) the filtrate became turbid. After 2 months at 0–5 8C
colorless prisms of title compound 33 (0.77 g, 63%) were isolated by fil-
tration. Decomposition with gas evolution 222–230 8C; [a]25D =++23.2 (c=
1.0, H2O); 1H NMR (D2O, 30 8C): d=5.37 (d, 3J�0.1 Hz; H-1), 4.43 (dd,
3J�0.1, 2.3 Hz; H-2), �3.77 (H-3), 3.74 (t, 3J�9.4 Hz; H-4), 3.58 (ddd, 3J
�2.3, 6.2, 9.0 Hz; H-5), 3.94 (dd, 3J�2.3, 2J�12.5 Hz; H-6), �3.81 (H-
6’); 13C NMR (D2O, 30 8C): d=93.9 (C-1), 72.3 (C-2), 75.6 (C-3), 69.0
(C-4), 81.8 (C-5), 63.5 (C-6); UV (H2O): lmax (e)=253 nm
(7970m�1 cm�1); elemental analysis calcd for C6H11N2NaO7 (246.2): C
29.27, H 4.50, N 11.38; found: C 29.18, H 4.65, N 11.10.


Cesium 2-(a-d-mannofuranosyl)diazene-1-olate-2-oxide (34): Isopentyl
nitrite (3.52 g, 30 mmol), and then a solution of CsOH·H2O (1.85 g,
11 mmol) in H2O (5 mL), were added at 5 8C to a suspension of com-
pound 30 (1.96 g, 10 mmol) in MeOH (20 mL). Stirring at 5 8C for 24 h,
filtration and washing of the residue with MeOH and Et2O furnished a
colorless powder (3.00 g, 84%), which was dissolved in H2O (30 mL).
After addition of MeOH (300 mL) and keeping at 5 8C for 3 days, color-
less fine needles of title compound 34 (2.10 g, 59%) were isolated by fil-
tration and washed with MeOH and Et2O. Decomposition with evolution
of gas and blackening 198–203 8C; [a]23D =++79.0 (c=1.0, H2O); 1H NMR
(D2O, 30 8C): d=5.66 (d, 3J=6.6 Hz; H-1), 4.84 (dd, 3J=6.6, 4.3 Hz; H-
2), 4.43 (dd, 3J=4.3, 2.3 Hz; H-3), 4.32 (dd, 3J=2.3, 2J=9.0 Hz; H-4),
3.95 (m; H-5), 3.77 (dd, 3J=2.7, 2J=12.5 Hz; H-6), 3.68 (dd, 3J=5.1, 2J=
12.5 Hz; H-6’); 13C NMR (D2O): d=101.1 (C-1), 75.8 (C-2), 74.1 (C-3),
84.4 (C-4), 71.4 (C-5), 65.5 (C-6); UV (H2O): lmax (e)=253 nm
(9337m�1 cm�1); elemental analysis calcd for C6CsH11N2O7 (356.1): C
20.24, H 3.11, N 7.87; found: C 20.37, H 3.13, N 7.75.


Potassium 2-(a-d-mannofuranosyl)diazene-1-olate-2-oxide (35): With
KOH (0.62 g, 11 mmol) in place of CsOH·H2O the procedure for the
preparation of 34 afforded the K salt 35 as a crystalline colorless powder
(2.31 g, 88%). Decomposition with evolution of gas and blackening 212–
215 8C; [a]23D =++108.1 (c=1.0, H2O); 1H NMR (D2O): d=5.66 (dd, 3J=
6.6, 4J�0.3 Hz; H-1), 4.85 (dd, 3J=6.6, 4.3 Hz; H-2), 4.43 (dd, 3J=4.3,
2.7 Hz; H-3), 4.32 (ddd, 4J�0.3, 3J=2.7, 9.0 Hz; H-4), 3.95 (m; H-5), 3.77
(dd, 3J=2.7, 2J=12.1 Hz; H-6), 3.69 (dd, 3J=5.1, 2J=12.1 Hz; H-6’);
13C NMR (D2O): d=101.1 (C-1), 75.8 (C-2), 74.1 (C-3), 84.4 (C-4), 71.5
(C-5), 65.5 (C-6); UV (H2O): lmax (e)=253 nm (9237m�1 cm�1); elemental
analysis calcd for C6H11KN2O7 (262.3): C 27.48, H 4.23, N 10.68; found:
C 27.52, H 4.28, N 10.45. Acetylation of 35 with Ac2O/pyridine at 5 8C af-
forded a pentaacetate, the 1H and 13C NMR spectra of which were identi-
cal to those reported for penta-O-acetyl-a-d-mannofuranose.[80]
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Introduction


The synthesis of alkenes by the olefination of carbonyl com-
pounds has received considerable attention due to the effi-
ciency and convenience of this methodology.[1] In addition
to methods based on phosphorus ylides, such as the Wittig[2]


and the Horner–Wadsworth–Emmons reactions,[3] other re-
lated processes involving sulfur[4] and silicon[5] ylides have
been used in synthetic organic chemistry. Furthermore, gem-
bimetallic reagents (or metal carbenoids) have been report-
ed for the olefination of carbonyl compounds.[6]


Although the phosphorus ylide methods are generally ef-
fective in providing di- and trisubstituted olefins from alde-
hydes and some ketones, the low reactivity and stereoselec-
tivity of these reagents make them less desirable in the olefi-
nation of ketones to furnish tetrasubstituted olefins.[7] The
other olefination processes, even if they are reactive enough
towards hindered ketones, have not been successfully used
in the stereoselective synthesis of tetrasubstituted olefins,
which serve as important synthetic intermediates for synthe-
ses of complex molecules[8] and useful units in medicinal
chemistry[9] and material science.[10] Considering how diffi-
cult it is to achieve high efficiency in the olefination of ke-
tones with conventional reagents, development of a novel
reaction with a new mechanism would be extremely
useful.[11]


We have developed a novel methodology for the genera-
tion of ynolate anions 3 by cleavage of ester dianions 2 de-
rived from a,a-dibromo esters 1[12] (Scheme 1).[13] Since yno-
late anions are ketene anion equivalents, they are expected
to act as multifunctional reactive species.[14]


Abstract: Ynolates were found to react
with a-alkoxy-, a-siloxy-, and a-arylox-
yketones at room temperature to
afford tetrasubstituted olefins with high
Z selectivity. Since the geometrical se-
lectivity was determined in the ring
opening of the b-lactone enolate inter-
mediates, the torquoselectivity was


controlled by the ethereal oxygen
atoms. From experimental and theoret-
ical studies, the high Z selectivity is in-


duced by orbital and steric interactions
rather than by chelation. In a similar
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We have reported an olefination of aldehydes and ketones
using the ynolate anions 3,[15] via ring opening of the b-lac-
tone enolates (oxetenoxide ions) derived from the cycload-
dition of ketones and aldehydes with ynolates, with good to
moderate E/Z selectivity (Scheme 2).[16] When aryl alkyl ke-


tones were used as substrates, the E/Z selectivity was in the
range of 4–8. Furthermore, we found a stereoelectronic
effect on the E/Z selectivity, whereby ketones having an
electron-donating group at the para position of the aryl sub-
stituent exhibited much better E selectivity.[17] The E/Z se-
lectivity is determined in the ring opening of the b-lactone
enolate intermediates, and stereocontrol would be governed
by torquoselectivity, in which the electron-donating substitu-
ent preferentially rotates outward, and the electron-with-
drawing substituent inward.[18] The opposite explanation in-
volving geminal bond participations has also been report-
ed.[19] In our case, successful olefinations were limited to
electron-rich aryl alkyl ketones. Recently, we achieved high
Z selectivity in the olefination of acylsilanes to give vinylsi-
lanes (silyl alkenes).[20] In this case, the silyl group efficiently
acts as an “electron-accepting” group due to its Si�C s* or-
bitals.[21] In spite of these successful results, the development
of general methods, in which the stereochemistry is predicta-
ble, for the efficient olefination of ketones still remains a
challenge.
As described above, ynolates are potential olefination re-


agents toward ketones. If this method were to show general-
ly high E/Z selectivity, it would become an alternative to the
ylide and carbenoid methods. To achieve high efficiency, we
therefore looked for other efficient, strong stereocontrolling
factors for olefination. In the olefination of aldehydes, be-
cause it is easy to discriminate between the H and R groups
(RC(=O)H), many successful results have been reported.
Ketones RC(=O)R’, however, have similar substituents R
and R’; thus, olefination reagents cannot easily distinguish
between them. We anticipated that highly general and
stereo-predictable olefination could be achieved by using a
ketone bearing a strongly directing group. The directing
group should be a versatile functional group, widely used
and readily available, which can be easily converted to other
functional groups. Based on mechanistic considerations, and
the fact that the E/Z selectivity is controlled in the thermal
ring opening of the b-lactone enolate intermediate, we envi-
sioned an intermediate having a coordination site which
would chelate to the lithium cation, as in 5, and thereby de-
termine the direction of ring opening (Scheme 3). Here we
describe a highly Z-selective olefination of a-oxy and a-
amino-substituted ketones via ynolates to provide tetrasub-


stituted alkenes, and mechanistic investigations supported
by theoretical calculations, which led to an unexpected con-
clusion.


Results


Olefination of a-siloxy- and a-alkoxyketones : Based on this
concept, we selected a-alkoxyketones as the substrates, ex-
pecting chelation of the ethereal oxygen atom to the lithium
cation. Olefinations of a-hydroxy or a-siloxyketones giving
tetrasubstituted olefins by the Horner–Emmons reaction[22]


or via ynamines[23] have been reported, for some of which
good selectivity was achieved, but they are less efficient or
lack generality.[24] We first treated a-methoxypropiophenone
(6a) with lithium ynolate 3a at room temperature for
30 min to obtain the desired olefin 7a in good yield with ex-
cellent Z selectivity after methyl esterification (Table 1,
entry 1). The a-methoxymethoxy and a-(p-methoxybenzy-
loxy)propiophenones (6b, 6c) also gave the desired olefins
(7b, 7c) with high Z-selectivities (Table 1, entries 2 and 3),
as did the a-siloxypropiophenones (6d, 6e, 6 f), although
one would expect the siloxy oxygen atom to be less Lewis
basic (Table 1, entries 4–7).[25] Interestingly, even if the lithi-


Scheme 2. Olefination of ketones via ynolates.


Scheme 3. Initial working hypothesis of stereoselective olefination.


Table 1. Olefination of a-alkoxy and a-siloxy propiophenones via lithium
ynolates.[a]


Entry 6 X 7 Ratio Yield
[Z:E][b] [%]


1 6a OCH3 7a >99:1 81
2 6b OCH2OCH3 7b 98:2 50
3 6c OCH2C6H4OCH3-p 7c >99:1 76
4 6d OTES 7d 99:1 71
5 6e OTBS 7e 98:2 85
6 6e OTBS[c] 7e >99:1 40[d]


7 6 f OTIPS 7 f 98:2 85
8 6g OPh 7g 98:2 68
9 6h OC6H4OCH3-p 7h 98:2 70
10 6 i OC6H4NO2-p 7 i – 0
11[e] 6 j CH3 7j 75:25[f] 86
12[e] 6k H 7k 86:14[f] 89


[a] TES= triethylsilyl, TBS= tert-butyldimethylsilyl, TIPS= triisopropyl-
silyl. [b] The stereochemistry was determined by NOE experiments. See
Supporting Information. [c] [12]crown-4 (20 equiv) was added to the lithi-
um ynolate solution. [d] The reaction time was 48 h. [e] From ref. [15b].
[f] E :Z ratio.
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um cation was trapped by
crown ether, the high selectivity
still remained, albeit with mod-
erate yield (Table 1, entry 6).
Furthermore, the a-phenoxy
and a-(p-methoxy)phenoxy
groups, the ethereal oxygen
atoms of which are much less
Lewis basic, afforded excellent
Z selectivity (Table 1, entries 8
and 9). a-(p-Nitrophenoxy)pro-
piophenone (6 i) did not pro-
vide the desired product, and a
complex mixture was obtained.
By contrast, the reactions of
propiophenone (6k) and iso-
propyl phenyl ketone (6 j) gave
olefins with poorer selectivity
(Table 1, entries 11 and 12).
The dramatic difference in se-
lectivity can be explained by an
a-oxygen effect, although it is
uncertain if this is the chelation
effect shown in Scheme 3.
To examine the generality of


this process, various kinds of a-
siloxy- and a-alkoxyketones (8)
were subjected to the reaction.
As shown in Table 2, most of
the acyclic a-oxyalkyl alkyl and
a-oxyalkyl aryl ketones afford-
ed olefins with high Z selectivi-
ty (Table 2, entries 1–12). Even
sterically hindered ketones
bearing a-quaternary carbon
centers can afford the desired
olefins in good yield with high
Z selectivity (Table 2, entries 4,
8, and 10). The optically pure
chiral ketones 8 i and 8 j, pre-
pared from d-mannitol, furnish-
ed the Z-olefins without loss of
optical purity (Table 2, en-
tries 11 and 12). It is notewor-
thy that the reaction of tert-
butyl tert-butyldimethylsiloxy-
methyl ketone (8h) afforded
only the Z-olefin in which the
tert-butyl group rotated out-
ward in the ring opening of the
b-lactone enolate (Table 2,
entry 10), while olefination
with pinacolone showed the op-
posite selectivity (Scheme 4),
that is, the tert-butyl group
preferentially rotated inward.
This remarkable contrast sug-


Table 2. Z-Selective olefination of a-siloxy and a-alkoxy acyclic ketones via ynolates.[a]


Entry 3 (R) Ketone Major product Yield [%] Z/E


1 Bu 59 >99:1


2 Me 66 >99:1


3 Me >99 95:5


4 Me 98 94:6


5 Me 60 92:8


6 iPr 76 98:2


7 Ph 75 >99:1


8 Me 91 >99:1


9 Me 93 >99:1


10 Me 94 >99:1


11 Me 26 >99:1


(>99% ee) (>99% ee)


12 Me 66 >99:1


(>99% ee) (>99% ee)


[a] TBS= tert-butyldimethylsilyl, TBDPS= tert-butyldiphenylsilyl.


www.chemeurj.org C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 524 – 536526


M. Shindo et al.



www.chemeurj.org





gested that the presence of an a-oxy group is critical for
stereocontrol.
Next, a-oxy cyclic ketones were examined (Table 3). Al-


though 2-(tert-butyldimethylsiloxy)cyclopentanone did not
give the desired olefin but rather a complex mixture, 2-silox-
ycyclohexanone 8k afforded the desired Z olefin with mod-
erate selectivity (Table 3, entry 1). To investigate the confor-
mational effect of the a-siloxy group, cis- and trans-4-
methyl-2-(tert-butyldimethylsiloxy)cyclohexanone (8 l, 8m)
were subjected to olefination. As shown in entries 2 and 3 in
Table 3, syn form 8 l gave no selectivity, while anti form 8m
showed high Z selectivity, albeit in modest yield. This re-
markable contrast suggested that the conformation of the
siloxy group, which affects the O�Ca�C=O dihedral angle of
the substrate, is related to the torquoselectivity. The chemi-
cal shifts and coupling constants in the 1H NMR spectra in-
dicated equatorial orientation of the siloxy group in the syn
form 8 l (Scheme 5) and axial orientation in the anti form
8m (Scheme 6).
These results suggest that the conformationally fixed


equatorial position of the a-siloxy group is not suitable for
stereocontrol in ring opening of the b-lactone enolate inter-
mediates, whereas the axial position is. For mechanistic con-
siderations, we tried to determine the stereochemistry of the
corresponding b-lactone intermediate to see whether the
ynolate attacked the a-siloxycyclohexanones axially or equa-
torially. Ynolate 3a reacted with cis-2-siloxy-4-methylcyclo-
hexanone (8 l) at �78 8C, followed by treatment with iodo-
methane, to give b-lactone 28 with 20:1 diastereoselectivity.
The resulting compound was deprotected with TBAF to


afford g-lactone 29 by translactonization in good yield.[26]


The X-ray crystal structure analysis of 29 disclosed the
trans-fused bicyclic structure
(Figure 1), which indicates
equatorial attack of ynolate 3a
on 8 l (Scheme 5).
Similarly, trans-2-siloxy-4-


methylcyclohexanone (8m) was
treated with ynolate 3a at
�78 8C, followed by methyla-
tion, to afford a 3:1 diastereo-
meric mixture of b-lactone 30.
Only the major isomer could be
desilylated with one equivalent
of TBAF to afford hydroxy b-
lactone 31 as a single isomer,
which could not be converted
into the g-lactone, due to the
axial orientation of the hydroxy
group. Thus, this hydroxyl


Scheme 4. Olefination of pinacolone.


Table 3. Z-Selective olefination of a-siloxy cyclic ketones via ynolates.


Entry 3 (R) Ketone Major product Yield [%] Z :E


1 Me 60 83:17


2 Me 40 50:50


3 Me 33 94:6


4 Me 83 >99:1


5 Me 90 97:3


6 Me 70 86:14


7 Me none 0 –


Scheme 5. Equatorial attack of the ynolate on 8 l. TBS= tert-butyldimethylsilyl, TBAF= tetrabutylammonium
fluoride.
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group was oxidized with TPAP, and the resulting ketone 32
was reduced by NaBH4 to provide g-lactone 29 along with
the b-lactone 31 (Scheme 6). Judging from the chemical
shifts and the coupling constants in the 1H NMR spectrum
of 8m, the siloxy group in 8m is in the axial position. From
this result, it was found that the equatorial attack of the
ynolate 3a on the trans-2-siloxy-4-methylcyclohexanone 8m
was predominant.
Seven-, eight-, and twelve-membered cyclic ketones bear-


ing a-tert-butyldimethylsiloxy substituents afforded the de-
sired olefins with good to excellent Z selectivity (Table 3,
entries 4–6). The extremely hindered and conformationally
fixed ketone did not react with the ynolate (Table 3,
entry 7).
From these results, it was found that acyclic siloxyketones


generally provide the desired olefins in good yields with
high Z selectivity, and in the olefination of cyclic siloxyke-
tones, the conformational flexibility, or certain conforma-
tions, might be required to achieve high selectivity and good
yields.


Synthesis of butenolides : The (Z)-g-siloxy-a,b-unsaturated
esters 9 were treated with acid to provide the butenolides 33
(Table 4), which are frequently found in natural products.[27]


Except for the volatile butenolides 34–36 (Table 4, en-
tries 1–3), the desired butenolides were obtained in good to
excellent yields (Table 4, entries 4–9).


This two-step conversion to the butenolides can be carried
out in one pot. Thus, after completion of the olefination,
3% HCl/EtOH was added to the resulting reaction mixture,
which was then concentrated in vacuo (conditions A), or
heated under reflux (conditions B) to produce the buteno-
lides 33 in good yield (Table 5). Therefore, this is an effi-
cient method for the construction of synthetically important
butenolides starting from a-siloxyketones.


Olefination of a-amino ketones : Following the above con-
cept, we examined the olefination of a-aminoketones-
(Table 6). The reaction of ynolate 3a with the N-methylben-
zylaminoketone 46 proceeded smoothly to give a g-amino
unsaturated carboxylate. Since isolation of the resulting
amino acid could be potentially difficult, it was treated in
situ with thionyl chloride (Method A) to provide N-methyl-
1,5-dihydropyrrol-2-one (g-lactam 54) in 49% yield (Table 6,
entry 1). The intermediate acyl chloride probably was imme-
diately trapped by the amino group intramolecularly to gen-
erate the lactam by releasing benzyl chloride. Attempted
isolation of the amino esters by addition of MeOSOCl, pre-
pared by mixing thionyl chloride and methanol (Method B),
resulted in formation of the same g-lactam 54 quantitatively
(Table 6, entry 2). No (E)-g-amino esters could be detected;
therefore, we presumed the Z selectivity to be extremely
high. In the cyclization to the lactams, the leaving groups on
nitrogen should be activated by alkyl groups such as benzyl
and allyl, since ketone 47 having a dimethylamino group did
not furnish the lactam (Table 6, entry 3). In the case of N,N-
dibenzylamine (Table 6, entries 4 and 5), method A provid-
ed the lactam 55 in better yield (Table 6, entry 4). The ap-
propriate cyclization conditions seem to be dependent on
the substrate. If the N-R1 group were easily removable, this
process would be synthetically useful. We therefore tried to
use carbamoyl (Boc and Cbz) and p-methoxyphenyl groups
as R1, but instead of the desired lactams, only complex mix-
tures were generated (Table 6, entries 6–8). Reaction of the
unprotected compound (R1=H) was likewise unsuccessful
(Table 6, entry 9). Finally, the N,N-diallylamine 53 provided
the desired g-lactam 60 in good yield (Table 6, entry 10),


Scheme 6. Equatorial attack on 8m preferred to axial attack. TPAP= tetrapropylammonium perruthenate; NMO=N-methylmorpholine-N-oxide.


Figure 1. X-ray crystal structure of 29. ORTEP plot with 50% probability
thermal ellipsoids.
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and the N-allyl group was efficiently removed by treatment
with Pd/C in the presence of BF3·OEt2 (Scheme 7).


[28]


Based on these results, olefination reactions using with
several combinations of ynolates and a-aminoketones were
examined (Table 7). The less substituted a-aminoacetophe-


none 61 and the sterically hindered a-aminopinacolone 62
gave g-lactams 64 and 65, respectively (Table 7, entries 1
and 2). The phenyl-, isopropyl-, and butyl-substituted yno-
lates also furnished the desired lactams in good yield
(Table 7, entries 3–5). The dialkyl a-amino ketone 63 gave


Table 4. Conversion to butenolides.


Entry g-Siloxyacrylate Butenolide Yield [%]


1 24


2 68


3 65


4 >99


5 >99


6 84


7 83


8 >99


9 65


Table 5. One-pot synthesis of butenolides.


Entry R Ketone Conditions[a] Butenolide Yield [%]


1 Bu B 62


2 Me B 14


3 Me A 43


4 Me A 96


5 Me A 75


6 Me B 98


7 Me A 86


8 Me A 80


9 Me A 68


[a] Conditions A: After addition of 3% HCl/EtOH to the carboxylate,
the reaction mixture was concentrated in vacuo. Conditions B: After ad-
dition of 3% HCl/EtOH to the carboxylate, the reaction mixture was re-
fluxed for 3 h.
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69 under conditions B in good yield. Moreover, the E iso-
mers could not be detected in any of these cases.


Chelation or not?: The E/Z stereochemistry of the olefina-
tion products is determined in the thermally conrotatory
ring opening of the b-lactone enolate. Since this ring open-
ing would be an irreversible, exothermic reaction, the rela-
tive thermodynamic stability of the products might contrib-
ute very little to the selectivity, compared with the relative
energy of the transition states of the ring-opening process,
which must therefore be responsible for the E/Z selectivity.
Originally, we proposed chelation control as a working hy-


pothesis, in which the ethereal oxygen atom chelates the
lithium cation to produce the Z olefin (Scheme 3). However,
the following experimental observations are not consistent
with the chelation mechanism:


1) The sterically hindered
siloxy and phenoxyl groups,
the ethereal oxygen atoms
of which are supposed to be
much poorer Lewis bases,[25]


are also effective for the in-
duction of high Z selectivity
(Table 1, entries 5 and 7;
Table 2, entry 2).


2) Even when olefination of
6e was carried out in the
presence of an excess of
[12]crown-4, the selectivity
still remained high (Z :E
>99:1) (Table 1, entry 6).
This suggests that the metal
cation is not always re-
quired for stereoselection,
and indeed in this case, che-
lation is not a stereocontrol-
ling factor.


3) In the olefination of 2-silox-
ycyclohexanones, an axially
oriented siloxy group in-
duced high Z selectivity
(Table 3, entry 3), while an
equatorial group afforded
no selectivity (Table 3,
entry 2). Ynolates predomi-
nantly undergo equatorial
attack in both cases to fur-
nish b-lactone enolates, as


Table 6. Olefination of a-aminopropiophenone derivatives providing
g-butyrolactams.


Entry Amino ketone Condi-
tions[a]


g-Lactam


R1 R2 Yield [%]


1 46 Me benzyl A 54 49
2 46 Me benzyl B 54 >99
3 47 Me Me B 54 complex mixture
4 48 benzyl benzyl A 55 68
5 48 benzyl benzyl B 55 36
6 49 Boc benzyl B 56 complex mixture
7 50 Cbz benzyl B 57 complex mixture
8 51 p-methoxyphenyl benzyl B 58 complex mixture
9 52 H benzyl B 59 complex mixture
10 53 allyl allyl A 60 87
11 53 allyl allyl B 60 53


[a] Method A: A THF solution of SOCl2 (3 equiv) was added at �10 8C
and the solution was stirred at room temperature for 12–17 h. Method B:
A THF solution of MeOSOCl, prepared from SOCl2 and MeOH, was
added at �10 8C and the solution was stirred at room temperature for
12–17 h.


Scheme 7. Removal of the N-allyl moiety.


Table 7. Olefination of a-aminoketones affording g-butyrolactams.


Entry Ynolate (R) Aminoketones Conditions[a] Product Yield [%]


1 Me A 52


2 Me A 53


3 Ph A 90


4 iPr A 60


5 Bu A 79


6 Me B 73


[a] Conditions A: MeOSOCl (ca. 3 equiv) in methanol was added a room temperature. Conditions B: SOCl2
(ca. 3 equiv) was added at �10 8C.


www.chemeurj.org C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 524 – 536530


M. Shindo et al.



www.chemeurj.org





shown in Schemes 5 and 6. If the torquoselectivity is
controlled by chelation, the equatorial siloxy group
should have been more potent than the axial siloxy
group (Figure 2), although organolithium compounds
form complex aggregation networks in solution.[29] The
experimental results, however, would indicate the oppo-
site trend, as described above.


Theoretical studies : The following questions still remain
regarding the stereoselectivity: 1) What is the reaction
mechanism of the ring opening of the b-lactone enolate?
2) Is the proposed chelation control a genuinely important
factor? 3) If not, then what is the role of the a-oxy group in
the stereoselectivity? To help us answer these questions, we
employed B3LYP hybrid DFT calculations. Natural bond or-
bital (NBO) theory,[30] which is particularly helpful in deter-
mining the stereoelectronic effects of conformations and or-
ganic reactions,[31] was used for analyses of the stereoselec-
tivity. The importance of hyperconjugative effects on the
stereoselectivities in ring opening of two b-lactone enolates,
namely, 4-tert-butyl-4-methyloxet-2-enoxide and 4-trimethyl-
silyl-4-methyloxet-2-enoxide, are already known on the basis
of NBO theory.[21]


Computational methods : We employed the B3LYP hybrid
functional[32] with the 6-31G(d) basis set[33] for a b-lactone
enolate intermediate, namely, lithium 4-methoxymethyl-3,4-
dimethyloxet-2-enoxide (70), in which the lithium atom is
solvated by two Me2O molecules; the transition states of the
ring opening process; and the products.[34, 35] Normal coordi-
nate analyses were performed for stationary points. One
imaginary frequency was confirmed at each optimized TS
structure.
The origin of the stereoelectronic effects of the ring open-


ing of the b-lactone enolate derivative was examined with
the aid of NBO analysis.[36] The transition states of the ring
opening are reactantlike rather than productlike according
the optimal Lewis structure search. Second-order perturba-
tion analysis of bonding NBOs and antibonding NBOs was
carried out for these transition states. The second order in-
teraction energy is expressed as Equation (1), where s/s*
and F are the filled/vacant NBO and Fock matrices, respec-
tively, es and es are the NBO energies of the bonding/lone
pair and those of antibonding/Rydberg, respectively, and
NBOs are mutually orthogonal.


Eð2Þ
ss* ¼ �2


hsjFjs*i2
es*�es


¼ �2
F2


ij


De
ð1Þ


Computational reaction pathway: To assess the possibility of
chelation by the 4-alkoxymethyl group in the ring-opening
reaction, we optimized the transition-state structures in the
reaction of 70 (Scheme 8). We found four TSs that lead to Z


alkenes (TSZ1–TSZ4) and three that lead to E alkenes
(TSE1–TSE3). The structures are shown in Figure 3, and the
relative energies are listed in Table 8. Transition states TSZ4
and TSE3 are chelated structures, wherein both the methox-
yl and the carboxylate groups are coordinated to the lithium
atom, and are much higher in electronic energy, enthalpy,
and Gibbs free energy than the other, nonchelated TSs.
Hence chelation pathways can be ruled out.[37] The higher
energies of TSZ4 and TSE3 are due to the deformations of
the substrate structure. This is consistent with the high selec-
tivity found experimentally even when a crown ether is
added or a lithium ynolate reacts with a bulky siloxy ketone.
Among the TSs investigated, TSZ1 and TSE1 were the


most stable giving Z and E alkenes, respectively; TSZ1 is
more stable than TSE1 by 11.0 kJmol�1 in enthalpy and
13.8 kJmol�1 in Gibbs energy. These results are in good
agreement with the high Z selectivity obtained experimen-
tally. In TSZ1, the methoxyl group at the inwardly rotated
4-methoxymethyl group is nearly perpendicular to the
breaking C4··O1 bond, and the C5�Ha bond is antiperiplanar
to the breaking C4···O1 bond (O1-C4-C5-Ha dihedral angle
�168.28 ; labeling of the C, O, and H atoms is shown in
Figure 3). Transition state TSZ2, in which the O6�C5 bond
and the breaking C4···O1 bond are mutually antiperiplanar,
is slightly higher in energy than TSZ1. To clarify the hyper-
conjugative interactions in the transition states which
govern the torquoselectivity, an NBO analysis was attempt-
ed. As in the transition states described in our previous
report,[21] several hyperconjugative interactions were ob-


Figure 2. Hypothetical chelation of the lithium cation by equatorial (left)
and axial (right) ethereal oxygen atom.


Scheme 8. Reaction for theoretical calculations.


Table 8. Relative activation energies (DDE�), activation enthalpies
(DDH�), and Gibbs free energies of activation (DDG�) at 298.15 K of
TSs relative to TSZ1 in kJmol�1 at the B3LYP/6-31G(d) level. The
values in bold are the lowest energies of the TSE and TSZ.


DDE� DDH� DDG�


TSZ1 0.0 0.0 0.0
TSZ2 4.0 4.5 3.0
TSZ3 14.8 14.3 10.9
TSZ4 16.3 16.3 20.2
TSE1 10.7 11.0 13.8
TSE2 12.1 11.6 7.4
TSE3 31.7 32.2 42.6
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served. Although the interactions between s*(C4�O1) and
antiperiplanar s(C7�Hc and C5�Ha) lead to high stabilization
energy in TSZ1, TSZ3, TSE1, and TSE2, no definitive dif-
ferences were observed among them. In TSZ2, the interac-
tion of s(C4�O1) with antiperiplanar s*(C5�O6) of
�15.8 kJmol�1 is one of the most important secondary NBO
interactions, and is larger than that of �3.6 kJmol�1 in
TSZ1. The total steric exchange energy[38] of TSZ2 is larger
than that of TSZ1 by 16.7 kJmol�1. This suggests that the


higher energy of TSZ2 is due to
its larger steric repulsion. The
larger dipole moment of TSZ2
(6.33 D) compared with that of
TSZ1 (5.26 D) suggests that the
former could be detected in
polar media.


Mechanistic considerations : Tor-
quoselectivity in the ring open-
ing of the b-lactone enolates
should be considered in eluci-
dating the stereoselectivity.
Houk et al. found that torquo-
selectivity in ring opening of cy-
clobutenes is subject to stereo-
electronic and steric effects. Ac-
cording to their theoretical and
experimental studies, the elec-
tron-donating substituent pref-
erentially rotates outward, and
the electron-withdrawing sub-
stituent inward.[18] In their early
articles,[39] the stereoelectronic
factors of the substituents
mainly involved unsaturated
groups with p orbitals and halo
substituents with lone pairs.
The p orbitals and the lone
pairs are electron-donating,
while the p* orbitals are elec-
tron-withdrawing. Recently,
Murakami et al.[40] and Houk
et al.[41] indicated the significant
role of s* orbitals in the ring-
opening transition states of cy-
clobutenes (Figure 4). They
pointed out that, in the transi-
tion states of the ring opening
of cyclobutenes, trialkylsilyl and
fluoromethyl groups with low-
lying s* orbitals prefer inward
rotation, because the overlap
between the breaking s orbital
and the s* orbital of the sub-
stituents stabilizes the transition
states of the inward rotation.
Recent NBO studies by Mori


and Shindo also support the hypotheses of Houk and Mura-
kami on the basis of the ring opening of the b-lactone eno-
late, especially the importance of the interaction of the elec-
tron-rich oxygen atom with the C�Y bond antiperiplanar to
the breaking C···O bond. Inagaki et al. ascribed a different
explanation, namely, participation of the geminal C�X
bond. However, such C�X bond participation is not impor-
tant in ring opening of alkylsilyloxetenoxides and dialkylox-
etenoxides compared with the X�Y bond participation, es-


Figure 3. Structures of the transition states of ring opening of 2Me2O-solvated lithium 4-methoxymethyl-4-
methyloxet-2-enoxide with bond lengths [Q].
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pecially in ring opening of 4-methoxymethyl-4-methyloxet-
2-enoxide.
Alabugin and Zeidan published theoretical studies on the


hyperconjugative acceptor ability of s bonds.[42] According
to the NBO analysis, s*(C�OH) and s*(C�NH2) are much
better acceptors than s*(C�H) and s*(C�CH3). Based on
these reports and on our NBO second-order perturbation
analyses, we propose the following stereocontrol mechanism
of the olefination of a-oxy and a-amino ketones. In the ring
opening of b-lactone enolates, the breaking s(C4�O1) orbital
of the substituent overlaps with the s*(C5�OR) orbitals effi-
ciently to stabilize the inward transition state (Figure 5).


The high Z selectivity of the ketones, even with less Lewis
basic or sterically hindered ethereal a-oxygen atoms, can be
explained by this mechanism, and lithium cations are not re-
quired for the stereoselectivity. In the conformationally
fixed enolates, the s* orbital of the axially oriented C5�OR
bond can efficiently overlap with that of the breaking C4�O1
bond, while the s* orbital of the equatorially oriented C5�
OR bond can not (Figure 6). This would explain why the
former transition states led to good Z selectivity and the
latter to none. The a-acyloxy ketones, which should have


lower lying s*(C�O) orbitals, would have been thought to
afford better selectivity, but gave instead a complex mixture
that included a small amount of the desired products.


Conclusion


We have developed a highly Z-selective olefination of a-oxy
and a-amino ketones via ynolate anions under mild condi-
tions. The stereocontrol mechanism can be explained by or-
bital interactions between the s orbital of the breaking C�O
bond or p orbital of the enolate and the s* orbital of the
C�O or C�N bonds of the substituent in the ring opening of
the b-lactone enolate intermediates, and/or the chelation to
lithium. This is therefore the first general method for the
olefination of ketones, and the stereochemistry can be theo-
retically predicted. In addition, the products are easily con-
verted to synthetically useful multisubstituted butenolides
and g-lactams. These results demonstrate that ynolates are
not only efficient olefination reagents but also can be used
as multifunctional carbanions.


Experimental Section


General methods : 1H NMR spectra were measured in CDCl3 solution
and referenced to TMS (0.00 ppm) on AL400 (400 MHz) spectrometers,
unless otherwise noted. 13C NMR spectra were measured in CDCl3 solu-
tion and referenced to CDCl3 (77.0 ppm) on AL400 spectrometers
(100 MHz). IR spectra were recorded on a JASCO FT/IR-410 spectrome-
ter. Mass spectra were obtained on a JEOL GX303 and GCMS (JMS-
AM SUN 200). Column chromatography was performed on silica gel
(Kanto Chemical Co.). Thin-layer chromatography was performed on
precoated plates (0.25 mm, silica gel Merck Kieselgel 60 F245). Tetrahy-
drofuran was freshly distilled from sodium benzophenone ketyl. tert-Bu-
tyllithium was titrated with diphenylacetic acid. All reactions were per-
formed in oven-dried glassware under positive pressure of argon, unless
otherwise noted. The stereochemistry was determined by NOE experi-
ments (Supporting Information), unless otherwise noted.


Representative procedure for olefination of a-oxyketones: (Z)-methyl 4-
methoxy-2-methyl-3-phenyl-2-pentenoate (7a): A solution of tert-butyl-
lithium (3.58 mL, 4.8 mmol, 1.34m in pentane) was added dropwise to a
solution of ethyl 2,2-dibromopropionate (312 mg, 1.2 mmol) in THF
(6 mL) at �78 8C under argon. The yellow solution was stirred for 3 h at
�78 8C and allowed to warm to 0 8C. After 30 min, the resulting colorless
reaction mixture was warmed to room temperature, and then a solution
of 2-methoxy-1-phenylpropan-1-one (6a, 164 mg, 1.0 mmol) in THF
(2 mL) was added. After 0.5 h, methyl iodide (0.62 mL, 10 mmol) and
hexamethylphosphoramide (HMPA) (1.7 mL, 10 mmol) were added.
After 18 h, saturated NH4Cl solution (10 mL) was added and the result-
ing mixture was extracted with ethyl acetate. The organic phase was
washed with water, saturated NaHCO3 solution, and brine, dried over
MgSO4, filtered, and concentrated to afford a yellow oil, which was puri-
fied by HPLC to yield 190 mg (81%) of the ester as a pale yellow oil.
1H NMR (400 MHz, CDCl3): d=1.18 (d, J=6.4 Hz, 3H), 1.71 (s, 3H),
3.36 (s, 3H), 3.81 (s, 3H), 4.40 (q, J=6.4 Hz, 1H), 7.11 (dd, J=1.2 Hz,
8.0 Hz, 2H), 7.28–7.38 ppm (m, 3H); 13C NMR (100 MHz, CDCl3) d=


17.7, 19.9, 51.7, 56.7, 77.6, 127.2, 128.0, 128.1, 128.8, 137.3, 145.4,
170.7 ppm; IR (neat): ñ=1730 cm�1; MS (EI): m/z : 234 [M+], 59
(100%); HRMS (EI) calcd for C14H18O3: 234.1256; found: 234.1248.


3a-Hydroxy-3,3,6-trimethylhexahydrobenzofuran-2-one (29): A solution
of tert-butyllithium (3.18 mL, 4.8 mmol, 1.51m in pentane) was added
dropwise to a solution of ethyl 2,2-dibromopropionate (312 mg,


Figure 4. Orbital interaction of the transition states for cyclobutene ring
opening, as depicted by Murakami and Houk.


Figure 5. Transition state of inward rotation is stabilized by orbital inter-
action between s(C4�O1) and s*(C5�OR).


Figure 6. Orbital interactions of the conformationally fixed system.
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1.2 mmol) in THF (6 mL) at �78 8C under argon. The yellow solution
was stirred for 3 h at �78 8C and allowed to warm to 0 8C. After 30 min,
the resulting pale yellow reaction mixture was cooled to �78 8C, and a so-
lution of a-oxyketone 8 l (242 mg, 1.0 mmol) in THF (2 mL) was added.
After 0.5 h, methyl iodide (0.31 mL, 5 mmol) was added. After 1.5 h, sa-
turated NaHCO3 solution (10 mL) was added, and the mixture was al-
lowed to warm to room temperature. The resulting mixture was extracted
with ethyl acetate. The organic phase was washed with water, saturated
NaHCO3 solution, and brine, dried over MgSO4, filtered, and concentrat-
ed to give a 20:1 diastereomeric mixture of the b-lactone 28 (346 mg) as
a pale yellow oil. Tetrabutylammonium fluoride (TBAF, 1.0 mL,
1.0 mmol, 1.0m in THF) was added to a solution of the b-lactone 28
(200 mg) in THF (10 mL) at 0 8C, and then the mixture was stirred for
1.5 h at room temperature. Water was added, and the reaction mixture
was extracted with Et2O, dried over MgSO4, filtered, and concentrated to
give a residue, which was purified by column chromatography (silica gel,
CHCl3/AcOEt 90/10) to afford g-lactone 29 (71.4 mg, 71% in two steps)
as a colorless solid. Lactone 29 was recrystallized from ethyl acetate/
hexane: m.p. 144–145 8C; 1H NMR (400 MHz, CDCl3): d=1.05 (d, J=
5.6 Hz, 3H), 1.17 (s, 3H), 1.23 (s, 3H), 1.43 (dt, J=4.4 Hz, 12.8 Hz, 1H),
1.48–1.71 (m, 5H), 1.99–2.04 (m, 1H), 2.17 (s, 1H), 4.20 ppm (dd, J=
4.0 Hz, 12.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=17.3 (q), 19.9 (q),
21.8 (q), 27.8 (t), 30.8 (d), 31.5 (t), 47.8 (s), 78.0 (s), 80.8 (d), 181.6 ppm
(s); IR (CHCl3): ñ=1777, 3610 cm�1; MS (EI): m/z : 198 [M+], 70
(100%); elemental analysis calcd (%) for C11H18O3: C 66.64, H 9.15;
found: C 66.39, H 9.13.


CCDC-261697 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


5-Hydroxy-3,3,7-trimethyl-1-oxaspiro[3.5]nonan-2-one (31): A solution of
tert-butyllithium (3.22 mL, 4.8 mmol, 1.49m in pentane) was added drop-
wise to a solution of ethyl 2,2-dibromopropionate (312 mg, 1.2 mmol) in
THF (6 mL) under argon at �78 8C. The yellow solution was stirred for
3 h at �78 8C and allowed to warm to 0 8C. After 30 min, the resulting
pale yellow solution was cooled to �78 8C and then a solution of a-oxy-
ketone 8m (242 mg, 1.0 mmol) in THF (2 mL) was added. After 0.5 h,
methyl iodide (0.31 mL, 5 mmol) was added and the solution was stirred
for 1.5 h. Saturated NaHCO3 solution (10 mL) was added, and the mix-
ture was allowed to warm to room temperature. The resulting mixture
was extracted with ethyl acetate. The organic phase was washed with
water, saturated NaHCO3 solution, and brine, dried over MgSO4, filtered,
and concentrated to give a 3:1 diastereomeric mixture of b-lactone 30 as
a pale yellow oil. Tetrabutylammonium fluoride (TBAF, 1.0 mL,
1.0 mmol, 1.0m in THF) was added to a solution of b-lactone 30 in THF
(20 mL) at 0 8C, and the mixture was stirred for 1.0 h at room tempera-
ture. Water was added and the mixture was extracted with Et2O, dried
over MgSO4, filtered, and concentrated. The residue was purified by
column chromatography (silica gel, hexane/AcOEt 70/30) to afford b-lac-
tone 31 (107 mg, 54% in 2 steps) as a pale yellow oil: 1H NMR
(400 MHz, CDCl3): d=0.93 (d, J=6.4 Hz, 3H), 1.19–1.30 (m, 1H), 1.30
(s, 3H), 1.39–1.41 (m, 1H), 1.45 (s, 3H), 1.47–1.51 (m, 1H), 1.61–1.69 (m,
1H), 1.73–1.83 (m, 1H), 1.86–2.01 (m, 2H), 4.13–4.16 ppm (m, 1H);
13C NMR (100 MHz, CDCl3): d=18.0 (q), 18.2 (q), 21.7 (q), 24.5 (d), 26.8
(t), 29.6 (t), 38.4 (t), 54.7 (s), 68.7 (d), 83.5 (s), 176.0 ppm (s); IR (neat):
ñ=1805, 3492 cm�1; MS (EI): m/z : 198 [M+], 70 (100%); HRMS (EI):
calcd for C11H18O3: 198.1256; found: 198.1254.


3,3,7-Trimethyl-1-oxaspiro[3,5] nonane-2,5-dione (32): N-Methylmorpho-
line N-oxide (NMO, 23.4 mg, 0.2 mmol) and powdered 4 Q molecular
sieves (50 mg) were added to a solution of b-lactone 31 (19.8 mg,
0.1 mmol) in dry CH2Cl2 (1.0 mL) at room temperature. After 10 min,
tetrapropylammonium perruthenate (3.5 mg, 0.01 mmol) was added to
the mixture, which was stirred for 1 h at room temperature, then filtered
through Celite. The filtrate was washed with saturated Na2SO3, saturated
CuSO4, and brine. The organic layer was dried over MgSO4, filtered, and
concentrated. The residue was purified by column chromatography (silica
gel, hexane/AcOEt 70/30) to afford ketone 32 (17.1 mg, 87%) as a color-
less oil: 1H NMR (400 MHz, CDCl3): d=1.05 (d, J=7.6 Hz, 3H), 1.34 (s,
3H), 1.48 (s, 3H), 1.74–1.81 (m, 1H), 1.83–1.91 (m, 1H), 2.22–2.42 (m,


4H), 2.50–2.56 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=17.3 (q),
18.8 (q), 19.9 (q), 28.9 (t), 30.0 (t), 31.4 (d), 48.6 (t), 56.4 (s), 86.7 (s),
172.9 (s), 205.4 ppm (s); IR (neat): ñ=1724, 1828 cm�1; MS (EI): m/z :
196 [M+], 70 (100%); HRMS (EI) calcd for C11H16O3: 196.1099; found:
196.1098.


Synthesis of 29 and 31 from 32 : NaBH4 (2.2 mg, 0.058 mmol) was added
to a solution of b-lactone 32 (11.4 mg) in MeOH (0.5 mL) at 0 8C, and
the mixture was stirred for 15 min at 0 8C. The reaction mixture was then
concentrated in vacuo. Water was added to the residue, which was ex-
tracted with AcOEt, dried over MgSO4, filtered, and concentrated to
give a 3:2 mixture of 31 and 29 (11.4 mg, 99%) as a colorless turbid oil.


3,4-Dimethyl-2(5H)-furanone (34)[43] (Table 4, entry 1): 6m HCl solution
was added to a solution of methyl ester 11 (30 mg, 0.078 mmol) in EtOH
(1 mL), and then the mixture was refluxed for 2.5 h. Water was added to
the reaction mixture and it was extracted with CH2Cl2. The organic layer
was washed with a saturated NaHCO3 solution (pH>7) and brine, dried
over MgSO4, and concentrated to give a residue, which was purified by
column chromatography (silica gel, hexane/AcOEt 80/20), followed by
preparative TLC to afford butenolide 34 (2.1 mg, 24%) as a pale yellow
oil. 1H NMR (400 MHz, CDCl3): d=1.83 (s, 3H), 2.02 (s, 3H), 4.62 ppm
(s, 2H); 13C NMR (100 MHz, CDCl3): d=8.4 (q), 12.3 (q), 72.5 (t), 123.1
(s), 156.1 (s), 175.2 ppm (s); IR (neat): ñ=1748 cm�1; MS (EI): m/z : 112
[M+], 55 (100%); HRMS (EI) calcd for C6H8O2: 112.0524; found:
112.0530.


Representative procedure for one-pot synthesis of butenolides (Table 5,
conditions B): A solution of tert-butyllithium (3.48 mL, 4.8 mmol, 1.38m
in pentane) was added dropwise to a solution of ethyl 2,2-dibromopropi-
onate (312 mg, 1.2 mmol) in THF (6 mL) at �78 8C under argon. The
yellow solution was stirred for 3 h at �78 8C and allowed to warm to 0 8C.
After 30 min, the resulting colorless or pale yellow reaction mixture was
warmed to room temperature, and a solution of a-oxyketone 8a (188 mg,
1.0 mmol) in THF (2 mL) was added. After 0.5 h, 3% HCl/EtOH was
added to the mixture, which was refluxed for 3 h and concentrated in
vacuo. The residue was quenched with saturated NaHCO3 solution
(10 mL) and extracted with ethyl acetate. The organic phase was washed
with brine, dried over MgSO4, filtered, and concentrated. The residue
was purified by column chromatography (silica gel, hexane/AcOEt 90/10
to 80/20) to afford butenolide 43 (95.0 mg, 62%) as a yellow oil. 3-Butyl-
4-methyl-2(5H)-furanone (43)[44] (Table 5, entry 1): 1H NMR (400 MHz,
CDCl3): d=0.92 (t, J=7.2 Hz, 3H), 1.32 (sext, J=7.2 Hz, 2H), 1.48
(quint, J=7.2 Hz, 2H), 2.02 (s, 3H), 2.26 (t, J=7.6 Hz, 2H), 4.62 ppm (s,
2H); 13C NMR (100 MHz, CDCl3) d=12.2 (q), 13.7 (q), 22.4 (t), 23.0 (t),
29.9 (t), 72.3 (t), 127.1 (s), 156.4 (s), 174.9 ppm (s); IR (neat): ñ=


1747 cm�1; MS (EI): m/z : 154 [M+], 112 (100%).


General procedure for one-pot synthesis of the butenolides (Table 5, con-
ditions A): A solution of tert-butyllithium (4.8 equiv) was added dropwise
to a solution of ethyl 2,2-dibromopropionate (1.2 equiv) in THF at
�78 8C under argon. The yellow solution was stirred for 3 h at �78 8C
and allowed to warm to 0 8C. After 30 min, the resulting colorless or pale
yellow reaction mixture was warmed to room temperature, and a solution
of the a-oxyketone (1.0 equiv) in THF was added. After 0.5 h, 3% HCl/
EtOH was added, and the resulting mixture was concentrated in vacuo.
The residue was neutralized with saturated NaHCO3 solution and ex-
tracted with ethyl acetate. The organic phase was washed with brine,
dried over MgSO4, filtered, and concentrated. The residue was purified
by column chromatography to afford the butenolide.


General procedure for one-pot synthesis of g-lactam from a-amino
ketone (Table 6, method B): A solution of tert-butyllithium (4.8 equiv)
was added dropwise to a solution of ethyl 2,2-dibromopropionate
(1.2 equiv) in THF at �78 8C under argon. The yellow solution was stir-
red for 3 h at �78 8C and allowed to warm to 0 8C. After 30 min, the re-
sulting colorless or pale yellow reaction mixture was warmed to room
temperature, and a solution of the a-amino ketone (1.0 equiv) in THF
was added. After 0.5 h, MeOSOCl (ca. 3 equiv), prepared from MeOH
and SOCl2 at �10 8C, was added at room temperature. After 15–20 h, the
reaction mixture was concentrated in vacuo, and MeOH was added. The
residue was concentrated in vacuo, diluted with Et2O, acidified with 5%
HCl, and extracted with Et2O. The water phase was basified with 28%
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aqueous NH3 and extracted with Et2O. The combined organic layer was
dried over MgSO4, filtered, and concentrated to give a residue, which
was purified by column chromatography to afford the lactam.


3,5-dimethyl-4-phenyl-1,5-dihydro-2-pyrrolone (59):[45] BF3·Et2O (0.063 mL,
0.5 mmol) was added to a solution of N-allyl lactam 60 (113 mg,
0.5 mmol) and 10% Pd/C (113 mg) in absolute EtOH (5 mL) at room
temperature, and then the mixture was refluxed. After 11 h, the reaction
mixture was filtered through Celite and concentrated. The residue was
purified by column chromatography (silica gel, hexane/AcOEt 40/60) to
afford g-lactam 59 (80.1 mg, 86%) as a yellow powder: 1H NMR
(400 MHz, CDCl3): d =1.21 (d, J=6.4 Hz, 3H), 2.02 (d, J=1.6 Hz, 3H),
4.59 (q, J=7.2 Hz, 1H), 7.33 (dd, J=1.2 Hz, 7.2 Hz, 2H), 7.39 (t, J=
7.6 Hz, 1H), 7.46 ppm (t, J=7.2 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=9.8 (q), 19.0 (q), 54.3 (d), 127.9 (d), 128.4 (d), 128.5 (d), 128.5 (s),
133.0 (s), 155.1 (s), 174.6 ppm (s); IR (neat): ñ=3232, 1682 cm�1; MS
(EI): m/z : 187 [M]+ (100%).
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Introduction


Over the past few decades, there has been a mounting inter-
est in the application of methylenecyclopropanes (MCPs 1)
to synthetic transformations. An attractive feature of these
compounds is their surprising stability, despite a high level
of conformational strain.[1,2] In particular, increasing atten-
tion has been paid to the transition-metal-mediated reac-
tions of MCPs, which have been used in the construction of
interesting complex organic molecules.[3] Thus far, it has
been established that in the presence of transition metals,
such as Pd catalyst, MCPs 1 can react with aldehydes[4] or
imines[5] to give the corresponding [3+2] cycloaddition prod-
ucts.


In addition, we and others have reported both Lewis acid
mediated and thermo-induced cycloaddition reactions of
MCPs 1 with aldehydes or ketones to give other types of
cyclic products.[6–8] However, either activated aldehydes, ke-
tones, or MCPs 1 are required to render this type of cyclo-
addition possible.


Recently, Yamamoto and co-workers reported the synthe-
sis of indenes by ytterbium(iii) triflate catalyzed carboalkox-
ylation/Friedel–Crafts reactions of arylidenecyclopropanes
with acetals. In this study, they reported that the reaction
was inert in solvents such as 1,2-dichloroethane (DCE) or
toluene and temperature sensitive, with 80 8C being a suita-
ble temperature for its completion.[9] However, in a prelimi-
nary communication, we described the Lewis acid BF3·OEt2-
mediated novel cycloaddition reactions of MCPs 1 with non-
activated aldehydes and N-tosyl aldimines under milder re-
action conditions (room temperature). By using this novel
[3+2] annulation or intramolecular Friedel–Crafts reaction,
the indene, THF, and pyrrolidine skeletons were generat-
ed.[10] In this paper, we report the full details of the
BF3·OEt2-mediated cycloaddition reactions of MCPs 1 with
aldehydes and N-tosyl aldimines, because of their potential
application for the synthesis of several biologically impor-
tant products. The BF3·OEt2-mediated cycloaddition reac-
tions of MCPs 1 with acetals at room temperature in 1,2-di-
chloroethane has also been discussed. In addition, we have
disclosed some special transformations of MCPs 1 with alde-
hydes in the presence of BF3·OEt2. A plausible reaction
mechanism for these transformations has been discussed,
based on both a deuterium-labeling experiment and the
Prins-type reaction mechanism.


Results and Discussion


Lewis acid mediated cycloaddition reactions of MCPs 1 with
aldehydes and N-tosyl aldimines : Initial attempts at cycload-
dition were made with MCP 1a (diphenylmethylenecyclo-
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propane) and benzaldehyde 2a as the substrates. Of the
Lewis acids and solvents screened, the combination of
BF3·OEt2 and dichloromethane or 1,2-dichloroethane pro-
duced the best results for this transformation, and the corre-
sponding indene product 3a was obtained in a 55% yield,
along with 2,2,5-triphenyl-3,4-dihydro-2H-pyran (4a) in a
28% yield (dichloromethane, room temperature), rather
than the expected [3+2] cycloaddition product (Scheme
1).[6a]


A series of MCPs 1 and aldehydes 2 or N-tosyl aldimines
5 were then subjected to the optimal reaction conditions de-
scribed above. For most cases, a wide range of indene deriv-
atives 3 were obtained as the major products in moderate to
high yields by using this methodology. For the reactions of
MCP 1a with N-tosyl aldimines (ArCH=NTs) 5, the corre-
sponding indenes 3 were formed as the sole products in
good yields (Scheme 2).[10]


On the other hand, we found that when the reactions of
MCPs 1 with aliphatic aldehydes 2 or N-tosyl aldimines 5
were carried out at low temperatures (�25 8C), the corre-
sponding [3+2] cycloaddition products 6 (THF skeleton)
and 7 (pyrrolidine skeleton) were produced in moderate
yields, without the formation of indene products
(Scheme 3). This result suggests that the corresponding
indene products might be derived from the further transfor-


mation of the cycloaddition products 6 and 7 at a higher
temperature than that described above.


Therefore, on the basis of the above investigations, it can
be concluded that a broad spectrum of MCPs 1, aldehydes
2, and N-tosyl aldimines 5 are able to undergo several types
of cycloaddition reaction to give the corresponding annula-
tion products in moderate to good yields under mild condi-
tions.


Lewis acid mediated cycloaddition reactions of MCPs 1 with
acetals : The reactions of MCPs 1 with selected acetals were
carried out in 1,2-dichloroethane under similar conditions to
those described previously (Table 1). The reactions proceed-


ed smoothly to give the corresponding indene derivatives 8
in moderate to good yields at room temperature. The use of
either electron-donating or electron-withdrawing substitu-
ents on the benzene ring of the MCPs 1 had a slight affect
upon the yields of the indenes 8 produced. For example, de-
creased yields of the indenes 8 were obtained when using
MCPs 1 with electron-donating groups on the benzene ring
(in most cases these reactions were conducted under identi-
cal conditions, entries 4–8). The use of electron-donating or
electron-withdrawing groups on the phenyl ring of the ace-
tals also had a slight affect upon the yields of indenes 8 pro-
duced, depending on which MCP 1 was employed. Reac-
tions of MCP 1a (diphenylmethylenecyclopropane) with
acetals containing electron-withdrawing groups on the
phenyl ring produced the indenes 8 in lower yields relative
to those obtained when MCP 1d (di(4-chlorophenyl)methyl-
enecyclopropane) was reacted with these acetals (compare:
entries 1–3 with 9–11). For MCP 1b (di(4-methoxy-
phenyl)methylenecyclopropane, entries 4–7), the substitu-
ents on the phenyl ring of the acetals did not significantly
affect the yields of indenes 8 produced (entries 4, 5 and 7),
with the exception of the indene 8 f (entry 6), for which the


Scheme 1. The cycloaddition reaction of MCP 1a with aldehyde 2a.


Scheme 2. BF3·OEt2-mediated (0.1 mmol) reactions of MCPs 1
(0.5 mmol) with aldehydes 2 (1.0 mmol) or N-tosyl aldimines 5
(0.75 mmol) at room temperature.


Scheme 3. BF3·OEt2-mediated (0.1 mmol) reactions of MCPs 1
(0.5 mmol) with aliphatic aldehydes 2 (1.0 mmol) and N-tosyl aldimines 5
(0.75 mmol) at �25 8C.


Table 1. BF3·OEt2-mediated (0.1 mmol) reactions of MCPs 1 (0.4 mmol)
with acetals (0.4 mmol) at room temperature.


Entry MCPs 1[a] Acetals [R3] Yield [%][b]


1 1a C6H5 8a, 78
2 1a 4-ClC6H4 8b, 70
3 1a 4-NO2C6H4 8c, 61
4 1b 4-CH3C6H4 8d, 50
5 1b C6H5 8e, 50
6 1b 4-ClC6H4 8 f, 67
7 1b 4-NO2C6H4 8g, 50
8 1c C6H5 8h, 71
9 1d C6H5 8 i, 60
10 1d 4-ClC6H4 8j, 74
11 1d 4-NO2C6H4 8k, 84


[a] For 1a R1=R2=C6H5, 1b R1=R2=4-MeOC6H4, 1c R1=R2=4-
MeC6H4, and 1d R1=R2=4-ClC6H4. [b] Isolated yields.
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acetal employed contained a chlorine atom on the benzene
ring.


Lewis acid mediated cycloaddition reactions of MCPs 1 with
triethylorthoformate : For the next step in our study, we
treated the MCPs 1 with triethylorthoformate (Table 2). The


reactions proceeded smoothly at room temperature produc-
ing the corresponding indene derivatives 9 in trace-to-low
yields, along with the ring-opened products 10 and ethanol
for each case.[8a] This result can be explained as follows: in
the presence of the Lewis acid BF3·OEt2, triethylorthofor-
mate can easily release one molecule of ethanol, which can
then further react with the MCPs 1 to produce the ring-
opened products 10.[8a] For MCP 1b, which contains elec-
tron-donating groups on its phenyl rings, the corresponding
indene product was formed in trace amounts (entry 2).


Some interesting results based on the reactions of special
substrates : For the reactions of MCPs 1 with arylaldehydes,
bearing a strongly electron-withdrawing group such as NO2


on the benzene ring (nitrobenzaldehyde), we found that 1,3-
dioxepanes 11 and the corresponding indene products were
obtained at �20 8C for all cases (Table 3). In fact, for some


cases (entries 2 and 4–6), the corresponding 1,3-dioxepanes
11 were obtained as the major products. For the unsymmet-
rical MCP 1 f, the corresponding 1,3-dioxepane 11d was
formed as a mixture of the cis and trans isomers (entry 4,
see also the Supporting Information). The structure of 11b
was confirmed by single crystal X-ray diffraction analysis
(Figure 1).[11] For reactions involving nitrobenzaldehyde, it


should be emphasized that the 1,3-dioxepane 11 can only be
isolated as a substrate at low temperatures (�20 8C) and iso-
lation of this product at room temperature is difficult.


For the reactions of MCPs 1 substituted with strongly
electron-donating groups, for example di(4-methoxyphenyl)-
methylenecyclopropane (1b), with various arylaldehydes,
the corresponding oxepanes 12 bearing a cyclopropyl group
at the 3,3’-position were obtained as the sole products
(Table 4). The formation of the oxepanes 12 is sensitive to
the reaction time. In the control experiments, we found that
by varying the reaction time from 1.5 h to 3 h, for the reac-
tion of MCP 1b with 4-nitrobenzaldehyde, the yield of 12a
was increased from 24% to 33%, with the conversion of
MCP 1b increasing dramatically from 50% to 77% (en-
tries 1 and 2). When the reaction time was prolonged to 5 h
the yield of 12a did not increase, but the conversion of
MCP 1b was increased by a further 5% (entries 2 and 3).
The slight increase in the isolated yield of 12a versus the
dramatic increase in the percentage conversion of MCP 1b
suggests that oxepane 12a is labile under the reaction condi-
tions. None of the desired products were obtained when re-
action time was prolonged to 24 h. Similar results were ob-
tained for the reaction of MCP 1b with the nitrobenzalde-
hydes 2b and 2d (entries 4–7). Therefore, for the remaining
arylaldehydes tested, the reactions of MCP 1b were carried
out within 2 h under otherwise identical conditions to the re-
actions described above (entries 8–13). As elucidated in
Table 4, the reactions proceeded smoothly to give the de-


Table 2. BF3·OEt2-mediated (0.1 mmol) reactions of MCPs 1 (0.8 mmol)
with triethylorthoformate (0.4 mmol) at room temperature.


Entry MCPs 1[a] Yield [%][b]


1 1a 9a, 28 10a, 10
2 1b trace 10b, 13
3 1d 9b, 9 10c, 20
4 1e 9c, 19 10d, 59


[a] For 1a R1=R2=C6H5, 1b R1=R2=4-MeOC6H4, 1d R1=R2=4-
ClC6H4, and 1e R1=R2=4-FC6H4. [b] Isolated yields.


Table 3. BF3·OEt2-mediated (0.1 mmol) reactions of MCPs 1 (0.6 mmol)
with nitrobezadehydes (0.4 mmol).


Entry MCPs 1[a] Aldehydes 2[b] Yield [%][c]


1 1a 2b 3b, 39% 11a, 21%
2 1a 2c 3c, 12% 11b, 56%
3 1a 2d 3d, 22% 11c, 12%
4 1 f 2c – 11d, 28% (3:4)[d]


5 1d 2c 3e, 19% 11e, 43%
6 1e 2c 3 f, 15% 11 f, 17%


[a] For 1a R1=R2=C6H5, 1d R1=R2=4-ClC6H4, 1e R1=R2=4-FC6H4,
and 1 f R1=C6H5 and R2=2-ClC6H4. [b] For 2b R3=3-NO2, 2c R3=4-
NO2, and 2d R3=2-NO2. [c] Isolated yields. [d] Ratio of the two isomers
see Supporting Information.


Figure 1. The ORTEP drawing of 11b.


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 510 – 517512


M. Shi et al.



www.chemeurj.org





sired oxepane products 12 in moderate yields at >50% con-
version. Arylaldehydes with electron-withdrawing groups,
such as NO2, F, or Cl, on the phenyl ring are necessary for
this transformation to produce the corresponding oxepanes
12 in moderate yields (Table 4). The reaction of MCP 1b
with benzaldehyde also takes place, under identical condi-
tions, to produce oxepane 12 i in 30% yield (entry 13). How-
ever, none of the desired products were obtained when aryl-
aldehydes bearing electron-donating groups on the benzene
ring such as 4-methoxybenzaldehyde and 4-methylbenzalde-
hyde were used for this reaction. Therefore, the choice of
substituent on the benzene ring of the MCPs 1 or arylalde-
hydes drastically affects the products produced from these
reactions.


Exploration of the reaction mechanism : In the following in-
vestigation, we found that the 1,3-dioxepane product 11b
was completely transformed to the indene product 3c (quan-
titative yield) within 1 h in the presence of BF3·Et2O at
room temperature. 4-Nitrobenzaldehyde was also formed
during this reaction (Scheme 4).


Moreover, we also found that when the reaction of MCP
1a with 4-nitrobenzaldehyde was carried out at room tem-
perature for 16 h, the indene product 3c was obtained in


45% yield, although some unidentified products were also
formed (Scheme 5).


To further clarify the reaction pathway, we also investigat-
ed the reaction of MCP 1a with 4-chlorobenzaldehyde by
using a short reaction time (1.5 h) and temperatures ranging
from �15 8C to room temperature. The THF products 6a
and 13a, the starting substrate 2e, the indene product 3g,
and the pyran product 4b were all isolated from this reac-
tion, with the indene product 3g and the pyran product 4b
requiring careful isolation procedures (Scheme 6). The struc-


ture of 13a was confirmed by single-crystal X-ray diffraction
analysis (Figure 2).[12] We further, unambiguously, confirmed
that both 6a and 13a can be completely transformed into


Table 4. BF3·OEt2-mediated (0.06 mmol) reactions of MCP 1b
(0.8 mmol) with various aldehydes (0.4 mmol).


Entry Aldehydes 2[a] Time [h] Yield [%][b]


1 2c 1.5 12a, 24 (50)
2 2c 3 12a, 33 (77)
3 2c 5 12a, 33 (82)
4 2b 2 12b, 31 (56)
5 2b 5 12b, 34 (86)
6 2d 2 12c, 34 (58)
7 2d 5 12c, 34 (93)
8 2e 2 12d, 38 (80)
9 2 f 2 12e, 47 (89)
10 2g 2 12 f, 48 (74)
11 2h 2 12g, 30 (72)
12 2 i 2 12h, 37 (55)
13 2a 2 12 i, 30 (52)


[a] For 2a R3=C6H5, 2b R3=3-NO2C6H4, 2c R3=4-NO2C6H4, 2d R3=2-
NO2C6H4, 2e R3=4-ClC6H4, 2 f R3=2,4-Cl2C6H3, 2g R3=2,3-Cl2C6H3, 2h
R3=3-FC6H4, and 2 i R3=2-ClC6H4. [b] Isolated yields (percentage con-
versions are shown in parentheses).


Scheme 4. BF3OEt2-mediated transformation of 11b to indene 3c at
room temperature.


Scheme 5. BF3·OEt2-mediated reaction of MCP 1a with 4-nitrobenzalde-
hyde at room temperature.


Scheme 6. Reaction of MCP 1a with 4-chlorobenzaldehyde at �15 8C to
room temperature.


Figure 2. The ORTEP drawing of 13a.
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indene 3g within 0.5 h, in the presence of BF3·Et2O at room
temperature (intramolecular Friedel–Crafts reaction).


Thus, based on the results described above, we can con-
clude that the indenes 3 can also be derived from the further
reaction of the THF products 6 and 13 or 1,3-dioxepane
products 11 in the presence of BF3·OEt2 at room tempera-
ture.


A deuterium-labeling experiment was also carried out,
under the same reaction conditions, by conducting the reac-
tion of MCP 1a with C6H5C(O)D (Scheme 7). The products


[D]3a and [D]4a were obtained in 46 and 30% yields, re-
spectively, with 99% D content at the C-1 position
(1H NMR and 13C NMR spectroscopic data is detailed in the
Supporting Information). Deuterium incorporation did not
occur at any other position in [D]3a and [D]4a.


On the basis of the deuterium-labeling experiment and
the fact that the indenes 3 can either be derived from the
THF products 6 and 13 or the 1,3-dioxepane products 11 in
the presence of BF3·OEt2, a plausible reaction mechanism
for the cycloaddition of MCPs 1 with aldehydes has been
proposed (Schemes 8 and 9). This reaction mechanism dif-
fers from that proposed in our preliminary communica-
tion.[10] Initially, reaction of BF3·OEt2 with trace amounts of
water in the reaction system generates the Brønsted acid
type catalyst A.[13] The reaction of catalyst A with MCPs 1
produces the zwitterionic intermediate B (the corresponding
counter ion of BF3·OEt2, that is OH� , has been omitted in
all of the intermediates for convenience). Intermediate B
can probably form an oxonium type cationic intermediate C
with an aldehyde by a Prins-type reaction.[14] The intermedi-
ate C can then further react with another molecule of alde-
hyde to form the intermediate D, another oxonium-type cat-
ionic intermediate.[15] The intramolecular cyclization of D
(also a Prins-type reaction) affords the intermediate E, and
the release of a proton from this intermediate produces the
1,3-dioxepane product 11.[16] For nitrobenzaldehyde, which
contains a strongly electron-withdrawing group on its ben-
zene ring, the reaction of the intermediate C with an alde-
hyde and the intramolecular Prins-type reaction (Route 2)
can take place more easily than for other intermediates, as
the carbon atom of the carbonyl group is more positively
charged for this case. In the presence of Brønsted acid type
catalyst A, 1,3-dioxepane 11 liberates one molecule of the
corresponding aldehyde to give the corresponding THF
product 6.[16] Protonation at the oxygen atom of 6 by the
Brønsted acid type catalyst A affords the cationic intermedi-
ate H, which when followed by the intramolecular Friedel–
Crafts reaction, presumably via the intermediate I, furnishes


the indene product 3 (for arylaldehydes the intramolecular
Friedel–Crafts reaction occurs by the means of Route 1,
Scheme 8). In another route, protonation of the carbon–
carbon double bond of 6 affords the cationic intermediate J,
which when followed by the intramolecular Prins-type reac-
tion gives the cationic intermediate K. The subsequent re-
lease of a proton from K produces another THF product 13
(for aliphatic aldehydes by the means of Route 1 in
Scheme 8).


Alternatively, the intramolecular Prins-type reaction of in-
termediate C directly gives THF product 6 which can form
the indene 3 and THF product 13 in the similar way
(Route 2 in Scheme 8).


On the other hand, the Prins-type reaction of an arylalde-
hyde with MCP 1b (R1=R2=4-MeOC6H4) can give the cat-
ionic intermediate M, probably via intermediate L, in the
presence of the Brønsted acid type catalyst A.[13] This cat-
ionic intermediate M should be the most stable intermediate
in this reaction system as it is stabilized by the cyclopropyl
ring and the two phenyl groups, which both bear a strongly
electron-donating methoxy group.[17] This intermediate can
give the reactive cationic intermediate N by the means of a


Scheme 7. Lewis acid promoted reaction of MCP 1a with C6H5C(O)D.


Scheme 8. Proposed reaction mechanism for the BF3·OEt2-mediated cy-
cloadditions of MCPs with aldehydes.
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homoallylic rearrangement,[18] which can then react with an-
other molecule of MCP 1b to produce another stabilized
cationic intermediate O. The intramolecular Prins-type reac-
tion produces the product 12 and regenerates a proton
(Route 3 in Scheme 8).


Moreover, the intermediate B can also form the oxonium-
type cationic intermediate P with a molecule of the alde-
hyde by a Prins-type reaction, which when followed by a fur-
ther intramolecular Prins-type reaction furnishes the cation-
ic intermediate Q.[17] A 1,3-hydrogen shift[19] in intermediate
Q gives the cationic intermediate R. The subsequent 1,2-
aryl shift[20] and the liberation of a proton produces the cor-
responding pyran product 4 (Scheme 9).


In the above mentioned mechanism, the Prins-type reac-
tion is a key reaction pathway, and the deuterium-labeled
proton did not migrate during the reaction. To verify this
Prins-type reaction mechanism, we carried out the same re-
action in the presence of a Brønsted acid, under otherwise
identical conditions. In fact, we found that the correspond-
ing indene derivatives were obtained when trifluorometh-
anesulfonic acid (CF3SO3H, TfOH, 0.1 equiv) was used as
the catalyst in dichloromethane at room temperature, al-
though in somewhat lower yields. The results from these ex-
periments suggest that the above mentioned transformations
were involved in the Brønsted acid catalyzed reaction of an
olefin with an aldehyde, a Prins-type reaction (Scheme 10).


Conclusion


In conclusion, we have developed some facile and effective
Lewis acid BF3·OEt2-mediated cycloaddition reactions of
MCPs 1 with nonactivated aldehydes, N-tosyl aldimines, and
acetals, which can be utilized for the synthesis of the indene,
THF, and pyrrolidine skeletons under mild conditions. For
the reactions of aryl-substituted MCPs 1 with aryl aldehydes,
acetals or N-tosyl aldimines at room temperature, the corre-
sponding indene products 3 and 8 are the major products
formed; however, for the reactions of MCPs 1 with aliphatic
aldehydes or N-tosyl aldimines at lower temperatures and
with relatively shorter reaction times, the corresponding
THF products 6 or the pyrrolidine products 7 are the major
products formed.


Several special transformations have also been reported
in this paper. For example: 1) For the low-temperature reac-
tions of aryl-substituted MCPs 1 with aryl aldehydes, which
contain strongly electron-withdrawing groups, the corre-
sponding 1,3-dioxepanes 11 and the indenes 3 are formed
(1,3-dioxepanes 11 can be transformed into the indenes 3 at
room temperature in the presence of BF3·OEt2). 2) For the
low-temperature reactions of aryl-substituted MCPs 1,
which contain strongly electron-donating groups on their
benzene rings, with aryl aldehydes, the corresponding oxe-
panes 12 are obtained at >50% conversion of the employed
MCP 1.


The reaction mechanism has been discussed on the basis
of deuterium-labeling and control experiments outlined in
this paper. The Prins-type reaction is a key reaction pathway
in this mechanism. At low reaction temperatures and with
short reaction times, indenes 3, pyranes 4, and the THF
products 6 and 13 can be isolated. The THF products 6 and
13 can be completely transformed into indenes 3 at room
temperature or during a prolonged reaction time at low
temperature, in the presence of BF3·OEt2. Therefore, the in-
denes 3 are the most stable products produced in these reac-
tions. As a result of the ready availability of the starting ma-
terials and the ease of operation of these novel reactions,
they have the potential to be applied to the construction of
several biologically important products. Efforts to determine
the scope and limitations of these reactions are currently un-
derway in this laboratory.


Experimental Section


General methods : Melting points are uncorrected. 1H and 13C NMR spec-
tra were recorded at 300 and 75 MHz, respectively. Mass spectra were re-
corded by using EI, ESI or Maldi methods, and HRMS was conducted
on a Finnegan MA+ mass spectrometer. The organic solvents used were
dried by standard methods when necessary. Satisfactory CHN microanal-
yses were obtained by using a Carlo–Erba 1106 analyzer. For purification
purposes, the commercially obtained aldehydes were recrystallized or dis-
solved in dichloromethane, washed with NaHCO3 aqueous solution, and
redistilled in vacuo. All reactions were monitored by TLC analysis with
Huanghai GF254 silica-gel-coated plates. Flash column chromatography
was carried out using 300–400 mesh silica gel under increased pressure.
Deuterated benzaldehyde (C6H5C(O)D) was purchased from Aldrich.


Scheme 9. Proposed reaction mechanism for the BF3·OEt2-mediated for-
mation of product 4.


Scheme 10. Reaction of MCPs 1 (0.5 mmol) with aldehydes (1.0 mmol) in
the presence of CF3SO3H (0.1 mmol) at room temperature.
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General procedure for the reaction of MCPs 1 with aldehydes to produce
indene systems (Method A): BF3·Et2O (0.1 mmol) was added to a solu-
tion of the MCP 1 (0.5 mmol) and aldehyde (1.0 mmol) in dichloro-
methane (1.5 mL), under an argon atmosphere. The resulting reaction
mixture was then stirred for 24 h at room temperature. After this time,
the mixture was quenched by the addition of aqueous NaHCO3 solution,
and the product was extracted with dichloromethane (3N10 mL). The or-
ganic layers produced were then dried over anhydrous Na2SO4, and the
solvent was removed under reduced pressure. Purification of the crude
product was achieved by silica-gel column chromatography.


General procedure for the reaction of MCPs 1 with acetals to produce
indene systems (Method B): BF3·Et2O (0.1 mmol) was added to a solu-
tion of the MCP 1 (0.4 mmol) and acetal (0.4 mmol) in 1,2-dichloro-
ethane (1.0 mL), under an argon atmosphere. The resulting reaction mix-
ture was then stirred for 24 h at room temperature. After this time, the
mixture was quenched by the addition of aqueous NaHCO3 solution, and
the product was extracted with dichloromethane (3N10 mL). The organic
layers produced were then dried over anhydrous Na2SO4, and the solvent
was removed under reduced pressure. Purification of the crude product
was achieved by silica-gel column chromatography.


Compound 3a : A yellow liquid; 1H NMR (300 MHz, CDCl3, TMS): d=
2.26–2.35 (m, 1H), 2.73–2.83 (m, 1H), 3.63 (t, J=6.6 Hz, 2H), 4.61 (s,
1H), 7.08–7.48 ppm (m, 14H, Ar); 13C NMR (75 MHz, CDCl3): d=30.6,
57.4, 62.2, 119.8, 123.8, 125.1, 126.7, 126.9, 127.4, 128.2, 128.5, 128.8,
129.1, 134.8, 139.6, 141.5, 144.6, 144.9, 148.1 ppm; IR (Nujol): ñ=3564,
3388, 3061, 3024, 2952, 2882, 2237, 1734, 1598, 1493, 1452, 1443, 1247,
1073, 1044, 909, 774, 750, 737, 701 cm�1; MS (EI): m/z (%): 312 (100)
[M]+ , 294 (56), 281 (62), 203 (84); HRMS: m/z calcd for C23H20O:
312.1514; found: 312.1505 [M]+ .


Compound 4a : A white solid; m.p. 142–144 8C; 1H NMR (300 MHz,
CDCl3, TMS): d=2.31 (t, J=6.6 Hz, 2H), 2.67 (t, J=6.6 Hz, 2H), 7.10–
7.34 (m, 12H, Ar, CH=), 7.43–7.46 ppm (m, 4H, Ar); 13C NMR (75 MHz,
CDCl3): d=20.9, 31.8, 81.1, 113.0, 123.9, 125.8, 125.9, 127.1, 128.27,
128.33, 139.0, 140.7, 144.5 ppm; IR (Nujol): ñ=3081, 3058, 3021, 2966,
2919, 2844, 1941, 1648, 1596, 1494, 1447, 1376, 1165, 1058, 1007, 892, 757,
746, 694 cm�1; MS (EI): m/z (%): 312 (13) [M]+ , 180 (100), 179 (34), 165
(39); HRMS: calcd for C23H20O: 312.1514; found: 312.1526 [M]+ .
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Introduction


Protein conformational diseases (PCDs) are characterised
by the abnormal deposition of misfolded proteins. Among
these pathologies, prion proteins (PrP) cause neurodegener-
ative diseases, including Creutzfeldt–Jakob disease (CJD),


bovine spongiform encephalopathy (BSE), chronic wasting
disease (CWD) and scrapie in mammals.[1] Prion pathologies
are thought to be due to an altered isoform PrPSc of the
normal protein PrPC, which is converted into PrPSc through
a process that does not involve any change in its primary
structure.[2] The PrPC protein is characterised by the pres-


Abstract: An abnormal interaction be-
tween copper and the prion protein is
believed to play a pivotal role in the
pathogenesis of prion diseases. Copper
binding has been mainly attributed to
the N-terminal domain of the prion
protein, but this hypothesis has recent-
ly been challenged in some papers
which suggest that the C-terminal
domain might also compete for metal
anchoring. In particular, the segment
corresponding to the helix II region of
the prion protein, namely PrP180–193,
has been shown both to bind copper
and to exhibit a copper-enhanced cyto-
toxicity, as well as to interact with arti-
ficial membranes. The present work is
aimed at extending these results by


choosing the most representative
model of this domain and by determin-
ing its copper affinity. With this aim,
the different role played by the electro-
static properties of the C- and N-termi-
ni of PrP180–193 (VNITIKQHTVTT-
TT) in determining its conformational
behaviour, copper coordination and
ability to perturb model membranes
was investigated. Owing to the low sol-
ubility of PrP180–193, its copper affini-
ty was evaluated by using the shorter
PrPAc184–188NH2 (IKQHT) analogue


as a model. ESI-MS, ESR, UV/Vis, and
CD measurements were carried out on
the copper(ii)/PrPAc184–188NH2 and
copper(ii)/PrP180–193NH2 systems, and
showed that PrPAc184–188NH2 is a re-
liable model for the metal interaction
with the helix II domain. The affinity
of copper(ii) for the helix II fragment
is higher than that for the octarepeat
and PrP106–126 peptides. Finally, the
different ability of PrP180–193 ana-
logues to perturb the DPPC model
membrane was assessed by DSC mea-
surements. The possible biological con-
sequences of these findings are also
discussed briefly.


Keywords: copper · helical struc-
tures · membranes · peptides ·
prions
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ence of a flexible and “unstructured”, roughly 100-residue
N-terminal “tail” and a globular domain of nearly identical
size which extends from residue 120 to residue 231 and is
made up of two short antiparallel b-strands and three a-heli-
ces.[3,4] Although many efforts have been made, the function
of the prion protein has not yet been identified, although
several contributions have been reported on the key role of
copper in the biology of PrPC.[5] Investigations on copper
binding to PrPC have focused on the unstructured N-termi-
nal segment of PrP, which contains four successive copies of
the highly conserved octapeptide repeat sequence
PHGGGWGQ.[6] Although there is agreement on the bio-
logical relevance of this metal binding region, the attribution
of the primary location of the copper binding site and the
structure of copper(ii) complexes with the octapeptide
ligand still remain a matter of debate, especially since con-
tradictory results have been reported.[7–9] Preferential cop-
per(ii) coordination to an unstructured region of PrP encom-
passed between residues 90 and 115 has recently been sug-
gested[9] by studying the competitive effect of the octarepeat
domain on Cu2+ binding to the PrP91–115 fragment. Fur-
thermore, the coordination of a single copper(ii) ion to both
His96 and His111 influences the structuring of this amyloi-
dogenic region and induces a b-sheet-like conformation.
These results reinforce the role of the metal ion in the well-
known toxicity of the PrP106–126 peptide fragment.[10]


In addition to the copper(ii) binding in the unstructured
amyloidogenic region, it has been reported that Cu2+ coor-
dinates to the structured C-terminal domain mPrP121–231,
which contains three histidine residues, although spectro-
scopic approaches did not allow the determination of the co-
ordination environment or the location of the binding sites
of the three copper(ii) complex species formed at different
pHs.[11–13] A few studies have been carried out on copper(ii)
interactions with peptides in the domains of the three heli-
ces of PrP.[9,14] Among these, the peptide PrP178–193
(DCVNITIKQHTVTTTT), which corresponds to the helix
II, has been found to promote copper(ii)-induced lipid per-
oxidation and cytotoxicity in primary neuronal cultures,
while the analogous PrP180–193 (VNITIKQHTVTTTT)
forms amyloid, as evidenced by electron microscopy and
Congo Red birefringence.[14] Interestingly, these peptides
contain a histidine residue (His187), which can act as an an-
choring binding site for copper(ii) by means of its imidazole
nitrogen.


More recently, the stoichiometry and the coordination
modes of copper(ii) with these two peptides were deter-
mined, both of which suggest the pivotal role played by the
His187 residue as an anchoring site for the metal binding.[9]


Herein, the ability of copper(ii) to induce a conformational
change in the secondary structure of the PrPAc180–193NH2


peptide fragment (from a-helix to b-sheet) was also shown.
However, the random coil conformation of PrP180–193 is
not modified in the presence of the copper(ii) ion. The dif-
ferent influence of the metal ion on the conformation fea-
tures has been used to rationalize the significant increase of
copper(ii)-assisted PrPAc180–193NH2 toxicity relative to the


toxicity of unmodified PrP180–193.[9] The limited solubility
of these PrP peptide fragments did not allow the determina-
tion of either their speciation or the stability constants of
their metal complexes. On the other hand, a knowledge of
the copper(ii) affinity for this PrP region could help to
assess the relevance of the helix II as a competitive cop-
per(ii) binding site with respect to both the PrPNs N-terminus
and the unstructured region between the octarepeats and
the structured part of the prion protein (PrP106–126). In
this work, initial attempts to measure the affinity of cop-
per(ii) for PrPAc180–193NH2 were hindered by the low sol-
ubility of this fragment. To overcome this problem, an ana-
logue of PrPAc180–193NH2, the shorter and more-soluble
PrPAc184–188NH2 (AcIKQHTNH2), was synthesised. This
peptide, which contains the His 187 metal anchor site, is a
good model for obtaining a reliable picture of the specia-
tion, the affinity and the coordination environments of cop-
per(ii) complexes with the entire helix II domain. Potentio-
metric measurements were carried out (25 8C and I=
0.2 moldm�3 KCl) to obtain the stability constants and the
species distribution of the copper(ii) complexes with this
peptide fragment. The comparison of these stability constant
values with those reported for copper(ii) complexes with
both the N-terminal octarepeat and the PrP106–126 peptide
allowed us to determine the preferential binding site of cop-
per(ii) among these different protein regions. Furthermore,
to investigate how the protection of the N-terminus and/or
that of the C-terminus influences the conformational fea-
tures and the metal binding properties of the PrP180–193
peptide, the N-terminally acetylated PrPAc180–193 and its
C-terminally amidated analogue PrP180–193NH2 were also
synthesised. Owing to the low solubility of these partially
protected fragments, the stoichiometries of their copper(ii)
complexes were determined by means of ESI-MS measure-
ments. The coordination features of all copper(ii) complexes
were obtained by means of spectroscopic (UV/Vis, CD and
EPR) measurements.


Association with biological membranes has also been sug-
gested as an additional environmental factor that affects the
conformational stability of PrPC.[15] Such an effect may have
important implications for the understanding of the mecha-
nism associated with cell membrane damage caused by oli-
gomeric intermediates identified in many PCDs.[16–19]


Changes in membrane fluidity, permeability to ions, transi-
ent formation of lipid microdomains and variations of other
membrane properties are manifestations of a general mem-
brane-based cytotoxic mechanism that originates from an
abnormal interaction with aggregation-prone polypep-
tides.[20] Prion is thought to be one of those aggregation-
prone proteins that induce changes in membrane microvis-
cosity and membrane rigidity.[21] Previous DSC experiments
were carried out on different prion peptide fragments to
simulate the interaction with biological membranes by using
DPPC vesicles as model membranes. These investigations
were performed both in the absence and in the presence of
metal ions.[22–24] In this paper we report DSC results that
show the ability of different PrP180–193 analogues to per-
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meate phospholipid artificial membranes as well as the role
of copper(ii) in modulating this interaction.


Experimental Section


General : Peptide coupling reagents and peptide synthesis resins were
purchased from Applied Biosystems. Amino acids were purchased from
NovaBiochem. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was
obtained from Fluka. All inorganic salts for phosphate buffer preparation
were purchased from Sigma.


Peptide synthesis : The peptide PrP180–193 and its N-terminally acylated/
C-terminally amidated PrPAc180–193NH2 (L1), N-terminally acylated
PrPAc180–193 and C-terminally amidated PrP180–193NH2 derivatives, as
well as the shorter fragment PrPAc184–188NH2 (L) were synthesised by
automated solid-phase peptide synthesis on a 431 A Applied Biosystems
instrument. The synthesised peptides, assembled from Fmoc-protected
amino acid derivatives, were cleaved from the solid support with a tri-
fluoroacetic acid (TFA)/water/triethylsilane (95:2.5:2.5) mixture over the
course of 3 h. All crude peptides were precipitated by concentration of
the acid solution, resolubilised with a minimal quantity of TFA and then
recrystallised twice from a methanol/diethyl ether mixture. The peptide-
containing solutions were then injected into a Perkin-Elmer 410 HPLC
system equipped with a LC-90UV detection system, with an aqueous ace-
tonitrile gradient. An Aquapore RP-300 column was used. Amino acid
analyses were carried out on a 3 A30 analyzer from Carlo Erba instru-
ments. The purity was greater than 97% for all the peptides used.


Potentiometric measurements : The pH-potentiometric titrations were
carried out with 3-mL samples in the concentration range 2Q10�3 to 4Q
10�3 moldm�3, with metal ion to ligand ratios of between 1:2 and 2:1.
During the titration, argon was bubbled through the samples to ensure
the absence of both oxygen and carbon dioxide and also to mix the solu-
tions. All titrations were performed at 298 K and at a constant ionic
strength of 0.2 moldm�3 (KCl) with a pH-meter Radiometer pHM84
equipped with a 6.0234.100 combination glass electrode (Metrohm) and a
Dosimat 715 automatic burette (Metrohm) containing carbonate-free po-
tassium hydroxide with a known concentration. The pH readings were
converted into hydrogen ion concentration and protonation constants of
the ligands, and the overall stability constants (logbpqr) of the complexes
were calculated by means of a general computational program, PSE-
QUAD,[25] by using Equations (1) and (2).


pMþ qLþ rH ¼ MpLqHr ð1Þ


bpqr ¼ ½MpLqHr�=½M�p � ½L�q � ½H�r ð2Þ


Spectroscopic measurements : Optical absorption spectra in the UV-Vis
region were recorded at 25 8C on a Varian UV-Vis Cary500 spectropho-
tometer using 1-cm path-length quartz cells. CD spectra were obtained at
25 8C under a constant flow of nitrogen on a Jasco model J-810 spectro-
polarimeter calibrated with an aqueous solution of ammonium (1R)-(�)-
10-camphor sulfonate.[26] Measurements were carried out in water or an
H2O/TFE (50%) mixture and at different pH values, in 1-mm or 1-cm
path-length cuvettes. The CD spectra of the free peptide ligands were re-
corded in the UV region (190–260 nm), whereas those in the presence of
Cu2+ were obtained in the wavelength ranges 190–380 and 380–750 nm.
The spectra represent the average of 8–20 scans. All the solutions were
freshly prepared in deionised water. The concentrations of the peptides
and their copper(ii) complexes used to record CD spectra in the UV
region were 3Q10�4 and 6.5Q10�5 moldm�3, respectively, while a concen-
tration of 1.0 moldm�3 was used to obtain CD spectra of copper(ii) com-
plexes in the visible region (1:1 metal to ligand ratio). Due to the low
water solubility of the PrP180–193NH2 peptide, TFE was used as co-sol-
vent to improve the signal to noise ratio, thus allowing good quality spec-
tra to be obtained. The general spectroscopic profile was not affected by
the co-solvent, as proved by comparison with the spectra recorded in
water (data not shown).


Anisotropic X-band EPR spectra of frozen solutions were recorded at
120 K with a Bruker EMX spectrometer after addition of ethylene glycol
to ensure good glass formation. The copper(ii) stock solution for EPR
measurements was prepared from CuSO4·5H2O enriched with 63Cu to get
better resolution of the EPR spectra. Metallic copper (99.3% 63Cu and
0.7% 65Cu) was purchased from JV Isoflex, Moscow, Russia, for this pur-
pose and converted into the sulfate.


Electrospray mass spectrometry (ESI-MS) analysis : ESI-MS spectra were
recorded with a Finnigan LCQ-Duo ion trap electrospray mass spectrom-
eter (Bremen, Germany). Peptide solutions were introduced into the ESI
source through 100-mm i.d. fused silica from a 250-mL syringe. The experi-
mental conditions for spectra acquired in positive ion mode were as fol-
lows: needle voltage: 2.5 kV; flow rate: 5 mLmin�1; source temperature:
150 8C; m/z range: 200–2000; cone potential: 46 V; tube lens offset:
�34 V. The experimental conditions for spectra acquired in negative ion
mode were as follows: needle voltage: 2.5 kV; flow rate: 5 mLmin�1;
source temperature: 150 8C; m/z range: 200–2000; cone potential: �10 V;
tube lens offset: 16 V.


The complexes were prepared by dissolving the peptide and CuSO4 (5Q
10�5 moldm�3) in Milli-Q water at a 1:1 metal to ligand ratio and were in-
vestigated in the pH range 4.5–9.5, adjusting the pH values by adding
HCl or NaOH.


Because of the isotopic distribution of elements, molecular species were
detected in the mass spectra as clusters of peaks, so, to simplify their at-
tribution, the m/z values indicated in the spectra and in the text corre-
spond to the first (lowest-mass) peak of each cluster. In the formulae re-
ported in the text, the substitution of hydrogen atoms of the peptides
with copper atoms is indicated in brackets. For example, [PrP180–193+
Cu�2H]H+ indicates a peptide molecule in which two H atoms have
been substituted by a Cu atom. In all cases the cationizing agents are
placed outside the brackets and their charge is indicated. Other details
are as reported previously.[27, 28]


Preparation of large unilamellar vesicles (LUV): Model membranes were
prepared as described elsewhere.[22] Briefly, solutions of pure phospholi-
pids in CHCl3 were dried under nitrogen and evaporated to dryness
under high vacuum in round-bottomed flasks. The resulting lipid film on
the wall of the flask was hydrated with an appropriate volume of buffer
and dispersed by vigorous stirring in a water bath set at 4 8C above the
gel–liquid crystal transition temperature of the membrane. The final
nominal concentration of the lipid was 2 mgmL�1. In order to obtain
large unilamellar vesicles (LUV), the multilamellar vesicles thus obtained
were extruded through polycarbonate filters (pore size=100 nm) (Nucle-
pore, Pleasanton, CA) mounted in a mini-extruder (Avestin Inc.) fitted
with two 0.5-mL Hamilton gastight syringes (Hamilton, Reno, NV). Sam-
ples passed 19 times through two filters in tandem, as recommended else-
where.[22] An odd number of passages were performed to avoid contami-
nation of the sample by vesicles that might not have passed through the
filter. Two different protocols were applied to prepare mixed lipid/pep-
tide bilayers: a) the peptide fragment was dissolved in the same organic
solution (CHCl3) as the phospholipid (peptide/lipid molar ratio of 1/10),
and then extruded according to the procedure above described; b) an ap-
propriate amount of peptide was added to the previously prepared
DPPC LUV suspension to give a final peptide/lipid molar ratio of 1/10.
The mixture was initially vigorously vortexed for 1–2 min and then,
unless otherwise specified, immediately scanned.


Differential scanning calorimetry : DSC scans were carried out with a
second-generation high-sensitivity SETARAM micro differential scan-
ning calorimeter (microDSC II) with 1-mL stainless-steel sample cells, in-
terfaced with a BULL 200 Micral computer. The sampling rate was one
point per second in all measuring ranges. The same solvent without the
sample was used in the reference cell. Both the sample and reference
were heated with a precision of 0.05 8C at a scanning rate of 0.5 8Cmin�1.
To obtain the excess heat capacity (Cpexc) curves, buffer–buffer baselines
were recorded at the same scanning rate and then subtracted the from
sample, as described previously.[22] Energy calibration was performed by
providing a definite power supply, electrically generated by an EJ2 SE-
TARAM Joule calibrator within the sample cell. To check the reproduci-
bility of the results, three different samples were scanned. In the case of
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DPPC model membranes only the main transition was considered be-
cause the pre-transition is strongly dependent on the preparation method
of the membrane and it disappears when the liposomes are extruded.[29]


All DSC experiments were repeated after 24 and 48 h, but no kinetic ef-
fects were ever observed.


Results and Discussion


Copper(ii) complexes: stability, binding sites and induced
conformation features : To determine the different complex
species formed by copper(ii) with the PrPAc180–193NH2


protein fragment, the speciation of the copper(ii) complexes
with the short and soluble analogue PrPAc184–188NH2 was
determined from potentiometric measurements. A compari-
son between the potentiometric and ESI-MS results allowed
the validation of the pentapeptide as a model system.


Only mononuclear complex species were found. Bis-com-
plexes were rejected on the basis of computer calculations,
even in the presence of an excess of peptide with respect to
copper(ii) (1:3 metal to ligand ratio).


Table 1 shows the stability constant values of proton and
copper(ii) complexes with PrPAc184–188NH2. The penta-
peptide has two protonation sites, namely the imidazole ni-
trogen atom of His187 and the e-amino group of Lys185.


The protonation constant of the imidazole nitrogen atom is
in good agreement with those of other histidine-containing
peptides. Deprotonation of the lysyl amine group takes
place above pH 10, and the value corresponds well to that
found for other peptides containing lysine residues.[30]


Figure 1 shows that the complex formation starts with the
formation of the monoprotonated species [CuLH]3+ . The
logK value (3.74) is similar to that reported for a copper(ii)
monoimidazole complex, thus showing that the peptide
binds to the metal ion through the imidazole nitrogen of his-
tidine, with the lysine remaining protonated. The EPR pa-
rameters, collected in Table 2, are close to those reported
for copper(ii) complexes in which the metal is bound to an
imidazole nitrogen,[31–34] thus confirming the monodentate
binding of the His residue. The formation of the species
[CuLH�1]


+ from [CuLH]3+ takes place in a cooperative
manner. This reaction is characterised by a significant blue
shift of the absorption spectra (Figure 2), as expected for
the deprotonation and coordination of two amide groups,


most probably the His187 and the Gln186. The CT bands in
the CD spectra due to Nim!Cu2+ and N�!Cu2+ indicate
that [CuLH�1]


+ is a 3N complex with an (Nim, 2Q
N(amide)�) coordination mode, while the amine group of


Table 1. Equilibrium data for the copper(ii) complexes with PrPAc184–
188NH2 (L) (I=0.2 moldm�3 KCl, T=298 K).


Species logb pK


HL 6.29(1) (His) 6.29(1)
H2L 16.56(1) (Lys) 10.27(1)
CuLH 14.01(2)
CuLH�1 2.40(1)
CuLH�2 �5.88(2)
CuLH�3 �16.04(2)


(Cu-Lys) 10.16(2)


Figure 1. Species distribution of the complexes formed in the copper(ii)/
PrPAc184–188NH2 (L) system at a 1:1 copper(ii) to ligand ratio: CPrPAc184–


188NH2
=2.0Q10�3 moldm�3; CCuII=1.9Q10�3 moldm�3.


Table 2. Spectroscopic parameters of copper(ii) complexes with
PrPAc184–188NH2 (L) and PrPAc180–193NH2 (L1)


[9]


Species UV/Vis CD EPR
l [nm]
(e [m�1 cm�1])


l [nm]
(De [m�1 cm�1])


gk
(Ak [10�4 cm�1])


CuLH – 520 (+0.280), 337 (�0.385) 2.358 (151)
CuLH�1 600 (91) 604 (�0.062), 520 (+0.387),


341 (�0.615)
2.229 (172)


CuL1H�1 586 (80) 591 (�0.106), 523 (+0.331),
346 (�0.661), 298 (+0.506),
254 (+4.372)


2.230 (172)


CuLH�2 512 (133) 643 (+0.631), 494 (�1.10),
354 (�0.440), 294 (+0.919)


2.185 (196)


CuL1H�2 519 (100) 639 (+0.513), 490 (�0.911),
355 (�0.586), 307 (+1.482),
256 (+6.013)


2.184 (200)


CuLH�3 512 (136) 645 (+0.642), 497 (�1.112),
356 (�0.449), 294 (+0.887)


2.185 (196)


Figure 2. Molar absorption spectra of the species formed in the cop-
per(ii)/PrPAc184–188NH2 (L) system. The spectra were calculated with
the program PSEQUAD.
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lysine is still protonated. In fact, the stoichiometry of the
species is [CuLH�1]


+ = [Cu(LH�2)H]+ . The gk and Ak


values (Table 2) are similar to those reported for similar spe-
cies of copper(ii) complexes with prion octarepeat frag-
ments.[35] A further increase of pH results in changes to all
the spectral parameters, most notably a blue shift of the d–d
transitions in the absorption spectra, a shift and inversion of
the sign of the CD band at 495 nm, an increase of the inten-
sity of the band at 640 nm and formation of a new band at
294 nm (Figure 3). These spectral changes indicate the de-
protonation of a third amide residue (Lys185), resulting in
the formation of a 4N complex with a different disposition
of the imidazole residue, as indicated by the CD parameters
and the gk and Ak values (Table 2). Deprotonation of the
lysyl side-chain takes place in the same pH range as for the
free ligand (pH > 10). This deprotonation reaction is, how-


ever, not accompanied by any spectral changes (Table 2 and
Figure 4), which indicates that the e-amine group is not a
metal binding site at any pH value. The equilibrium data
confirm this conclusion because the protonation constants of


the copper(ii) complex and the free ligand (see pKCu–Lys and
pKLys values in Table 1) are almost the same. In addition,
the spectroscopic parameters of copper(ii) complexes with
PrPAc184–188NH2 are very similar to those previously re-
ported[9] for the analogous species formed by copper(ii) with
PrPAc180–193NH2.


The ESI mass spectrum of a PrPAc184–188NH2 solution
shows peaks at m/z 667.5, 690.3 and 335.1 (assigned as
[PrPAc184–188NH2]H


+ , [PrPAc184–188NH2]Na+ and
[PrPAc184–188NH2]H2


2+ , respectively). Upon adding cop-
per(ii) sulfate, peaks attributed to the copper(ii)–peptide
complexes at m/z 375.7 ([PrPAc184–188NH2+Cu�2H]
H2


2+), 728.4 ([PrPAc184–188NH2+Cu�2H]H+), 750.6
([PrPAc184–188NH2+Cu�2H]Na+)and 766.2 ([PrPAc184–
188NH2+Cu�2H]K+) appear, in addition to some signals
due to the uncomplexed peptide (Figure 5). The ESI mass


spectrum at pH 9.5, obtained in
the negative mode, shows a
signal at m/z 726.3 attributed to
[PrPAc184–188NH2+Cu�3H]� .
The stoichiometry of the cop-
per(ii) complexes with the pen-
tapeptide obtained by ESI-MS
is in agreement not only with
the speciation determined by
potentiometry, but also with
that previously reported for the
copper(ii) complexes formed
with PrPAc180–193NH2,


[9] thus
indicating that PrPAc184–
188NH2 is a reliable model for
studying the affinity of cop-
per(ii) for the PrP helix II
domain.


The ESI mass spectrum of
the prion fragment PrPAc180–


193 only shows peaks at m/z 1598.5, 1620.5, 800.1 and 811.1,
assigned as [PrPAc180–193]H+ , [PrPAc180–193]Na+ ,
[PrPAc180–193]H2


2+ and [PrPAc180–193]HNa2+ respective-
ly. The spectra recorded in the presence of copper(ii) sul-
phate reveal only the peaks ascribable to uncomplexed
PrPAc180–193 ligand due to the aggregation tendency of
this peptide. The ESI mass spectrum of PrP180–193NH2


shows peaks at m/z 1555.6, 1577.5, 778.7 and 790.1, assigned
as [PrP180–193NH2]H


+ , [PrP180–193NH2]Na+ , [PrP180–
193NH2]H2


2+ and [PrP180–193NH2]Na2
2+ , respectively. In


the presence of an equimolar amount of copper(ii) sulfate,
the formation of copper(ii) complexes occurs and the spec-
trum shows peaks at m/z 809.7, 1616.7, 820.7 and 831.7
for [PrP180–193NH2+Cu�2H]H2


2+ , [PrP180–193NH2+Cu
�2H]H+ , PrP180–193NH2+Cu�2H]HNa2+ and [PrP180–
193NH2+Cu�2H]Na2


2+ , respectively. The ESI mass spec-
trum at pH 8.5, obtained in the negative mode, shows signals
at m/z 1589.4, 1614.5 and 1650.3 for [PrP180–193NH2]Cl� ,
[PrP180–193NH2+Cu�3H]� and [PrP180–193NH2+Cu�
2H]Cl� , respectively.


Figure 3. CD spectra measured in the copper(ii)/PrPAc184–188NH2 (L) system at a 1:1 copper(ii) to ligand
ratio: CPrPAc184–188NH2


=1.9Q10�3 moldm�3 ; CCuII=1.8Q10�3 moldm�3.


Figure 4. Molar CD spectra of the species formed in the copper(ii)/
PrPAc184–188NH2 (L) system. The spectra were calculated with the pro-
gram PSEQUAD.
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The stoichiometries of the copper(ii) complexes with the
C-amidated peptide are the same as those of the previously
reported N- and C-terminally blocked PrPAc180–193NH2


and those with the short peptide fragment PrPAc184–
188NH2. For these peptides, only histidine can act as an an-
choring site. PrP180–193NH2, however, has two potential
binding sites: the amine and the imidazole nitrogens. At
pH 5.0, the lmax of the absorption spectrum and the gk and
Ak values (Table 3) are similar to those reported for two ni-
trogen donor atoms in similar systems;[36] the CD bands at
270 and 306 nm due to NH2!Cu and N�!Cu CT transi-
tions, respectively, clearly show the involvement of both the
amine N-terminus and a deprotonated amide nitrogen in the
coordination of the metal ion. The increase of pH is accom-
panied by a blue shift of lmax in the absorption spectrum and
by the presence of the diagnostic CD signal of an Nim!Cu
CT band at 325 nm. In addition, the CD band at 270 nm dis-


appears (Table 3), which indi-
cates that the anchoring site is
now the histidine residue; at
the same time, the gk value de-
creases and becomes similar to
that reported for the copper(ii)
complex of the prion octare-
peat, for which a species with a
3N (Nim, 2QN�) coordination
mode has been reported.[34,35]


The decrease of lmax and the in-
crease of the e value suggest
that copper(ii) induces a distor-
tion of the octahedral geometry,
as found for the above-cited
complexes with the octapeptide.
It is noteworthy that, overall,
the spectroscopic parameters
are similar to those found for
the [CuLH�1] species of
PrPAc184–188NH2. At basic
pH values, a further blue shift
of the d–d band is observed in


the absorption spectrum, while the CD spectrum (Table 3) is
characterised by changes very similar to those reported for
the [CuL1H�2] species of the pentapeptide analogous to
PrPAc180–193NH2 (see Table 2). This similarity is also un-
derlined by similar EPR parameters, showing that a 4N
complex is again formed.


In the UV region, the CD spectra of PrPAc184–188NH2


show a random coil conformation in the whole pH range in-
vestigated (Figure 6a). Conversely, copper(ii) influences the
CD spectra of PrPAc184–188NH2 (Figure 6b) depending on
the pH. At pH 5, a negative band at about 198 nm is ob-
served, consistent with the persistence of a random coil con-
formation. The CD curves recorded above pH 6 are charac-
terised by the inflection of the negative signal at 218 nm,
which is accompanied by a decrease of the band at 198 nm;
the peptide chain appears to be more structured, probably
toward a b-turn structure. At pH 9, the spectrum shows a
positive band at about 205 nm and a negative one at
218 nm. Such a spectral pattern has often been associated
with a type II b-turn conformation.[37] Analogously to what
is observed with PrPAc184–188NH2, the CD spectra of the
longer peptide PrP180–193NH2 indicate the presence of a
random coil conformation in the entire pH range investigat-
ed (data not shown). Upon metal addition to PrP180–
193NH2, the CD curves show changes associated with a de-
creased negative ellipticity at 198 nm as a function of the in-
creasing pH (Figure 7a).


The difference spectra obtained by subtracting the CD
spectra of PrP180–193NH2 from those of PrP180–193NH2/
CuII are shown in Figure 7b. The resultant CD curves show
a similar trend to the PrPAc184–188NH2/CuII system report-
ed above, confirming again the reliability of this fragment as
a representative model of the helix II domain.


Figure 5. ESI positive-ion mass spectrum of a 1:1 PrPAc184–188NH2/CuII system at pH 7.


Table 3. Spectroscopic parameters of copper(ii) complexes with PrP180–
193NH2 (L1, 50% TFE/water mixtures).


pH UV CD EPR
l [nm] (e [m�1 cm�1]) l [nm] (De [m�1 cm�1]) gk (Ak [10�4 cm�1])


5 619 (82) 660 (�0.207) 2.238 (187)
306 (�0.143)
270 (+0.263)


7 600 (116) 676 (�0.455) 2.228(175)
519 (+0.209)
325 (+0.317)
257 (+4.712)


11 515 (144) 677 (+0.115) 2.180 (205)
549 (�1.222)
497 (�1.278)
314 (+1.459)
256 (+7.617)
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Copper(ii) binding affinity: comparison of the different re-
gions of PrP : There is much interest in copper(ii) binding af-
finity to the different regions of PrPC. The recently reported
stability constants of copper(ii) complexes with the octare-
peat-containing peptides[8,38,39] and a polar fragment
(PrPAc106–114NH2) of the unstructured PrP106–126
region,[40] as well as the complex formation constants con-
cerning the structured helical II domain, facilitate a quanti-
tative description of the tendency of a metal ion to interact
with different parts of the protein.


The distribution diagrams reported in Figure 8 and
Figure 9 were used to compare the metal binding affinity of
the three different regions of the protein. It is clear from
these figures that copper(ii) binding of imidazole residues of
the octarepeat monomer and His111 and His187 starts
above pH 4 in all three segments of the protein, with the
monodentate imidazole coordination being the major pro-
cess in slightly acidic solutions. However, significant differ-
ences can be observed in the metal binding affinity upon in-
creasing pH, thus suggesting different tendencies in the
metal ion coordination ability of the amide function.
Figure 8 reveals that the overall metal binding capacity of
the nonapeptide PrPAc106–114NH2 (Ac-KTNMKHMAG-
NH2) is very similar to that of the pentapeptide PrPAc184–


188NH2. For the 3N complexes with (NIm, 2QN�) coordina-
tion, the pentapeptide seems to be slightly favoured over
the nonapeptide (see the concentration of the species


Figure 6. a) CD spectra of aqueous solutions of PrPAc184–188NH2 (5Q
10�5 moldm�3) at different pH values. b) CD spectra of aqueous solutions
of PrPAc184–188NH2/CuII (5Q10�5 moldm�3) at different pH values.


Figure 7. a) CD spectra of aqueous solutions of PrP180–193NH2/CuII (5Q
10�5 moldm�3) at different pH values. b) CD difference spectra of
PrP180–193NH2.


Figure 8. Distribution diagram of the copper(ii) complexes formed in the
CuII/PrPAc106–114NH2 (A)/PrPAc184–188NH2 (B) systems at a 1:1:1
ratio (CCuII=CPrPAc106–114NH2


=CPrPAc184–188NH2
=4Q10�3 moldm�3). Cop-


per(ii)/PrPAc106–114NH2 (A) complexes are indicated by continuous
lines and copper(ii)/PrPAc184–188NH2 (B) complexes are indicated by
broken lines.
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[CuBH�1] versus [CuA]) while it is the opposite for the 4N
complex ([CuAH�1] versus [CuBH�2]). These small differen-
ces suggest that the two peptide fragments have the same
coordination mode, although the overall thermodynamic sta-
bility is also influenced by the different charges of the com-
plexes and by the non-coordinating side-chain residues. On
the other hand, it is obvious from Figure 9 that the metal
binding affinity of the octarepeat is significantly lower than
that of the penta- or nonapeptides. The formation of both
3N and 4N complexes is favoured for the pentapeptide over
the octarepeat monomer (see [CuBH�1] and [CuBH�2]
versus [CuCH�2] and [CuCH�3]). The ratio of the complexed
forms of the pentapeptide and the octarepeat monomer is
around 4:1 above a pH of about 7. The dominant metal
binding capacity of PrPAc106–114NH2 and PrPAc184–
188NH2 over the octarepeat monomer probably comes from
the differences in the chelate ring size: deprotonation and
metal ion coordination of the amide function occurs towards
the N-termini in the form of (6,5,5)-membered chelates for
PrPAc106–114NH2 and PrPAc184–188NH2, whereas the
presence of proline in the octarepeat sequence addresses
the metal ion coordination of amide functions towards the
C-terminus and (7,5,5)-membered chelates are formed. The
thermodynamic stability of a seven-membered chelate is
always lower than that of six-membered ones, and this is re-
flected in the reduced metal binding affinity of the octare-
peat monomers.


Peptide interactions with artificial membranes : The com-
bined use of DSC and CD investigations permitted us to
correlate peptide-induced membrane perturbations and con-
formational features of the guest peptides. In fact, it is possi-
ble to relate the decrease of the transition enthalpy of the
bilayer with the extent of the interaction between the guest
molecules and the hydrophobic tails of the lipid mem-
branes.[41] Analogously, the gel–liquid crystal transition tem-
perature (Tm) of DPPC vesicles is more indicative of inter-
actions that involve the head groups: in particular, it has


been shown[23] that Tm changes depending on the increase of
interactions in the interfacial region. An analysis of the calo-
rimetric profiles of all the investigated DPPC/prion peptide
systems has shown that the thermally induced transition of
the DPPC membrane is affected differently by the peptides
and also depends on the sample-preparation protocol ac-
cording to the two experimental procedures reported in the
Experimental Section (Figure 10). Table 4 lists the tempera-
ture transitions (Tm) and enthalpy changes (DH) concerning
the lipid/peptide systems investigated. In particular, accord-
ing to the preparation method b), PrPAc180–193 and
PrP180–193NH2 interact with the interfacial region of the
bilayer, as evidenced by the increase in Tm. The lipid tails
are not involved in this kind of interaction as the DH of the
DPPC transition is only slightly modified by the presence of
the peptides. On the contrary, according to the experimental
protocol a), these two peptides interact differently with the
membrane: PrP180–193NH2 induces a dramatic reduction in
the DH of the DPPC transition, thus suggesting an effective
perturbation of the lipid tails of the hydrophobic core,
whilst PrPAc180–193 increases the Tm of the gel–liquid crys-
tal transition of the DPPC bilayer, probably due to an inter-
action with the interfacial region. These results suggest that
the specific interaction with the membrane depends on the
fragment investigated, and, in particular, on the distribution
and presence of charges. In order to study the effect of the


Figure 9. Distribution diagram of the copper(ii) complexes formed in the
CuII/octarepeat (C)/PrPAc184–188NH2 (B) system at a 1:1:1 ratio: CCuII=


Coctarepeat=CPrPAc184–188NH2
=4Q10�3 moldm�3. Copper(ii)/octarepeat (C)


complexes are indicated by continuous lines and copper(ii)/PrPAc184–
188NH2 (B) complexes are indicated by broken lines.


Figure 10. DSC curves for mixtures of PrP180–193/DPPC, PrPAc180–
193NH2/DPPC (taken from ref.[24]), PrPAc180–193/DPPC and PrP180–
193NH2/DPPC (this work). The lipid dispersions were prepared accord-
ing to methods a (upper panel) and b (lower panel; see Experimental
Section). Dotted lines represent the DSC transition of a pure DPPC
model membrane prepared according to the same protocol as a control.
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membrane environment on the conformational features of
all PrP180–193 analogues, CD spectra were recorded on the
lipid/peptide systems. However, due to the high level of
scattering exhibited by LUVs, these systems had to be soni-
cated to obtain small unilamellar vesicles (SUV) as de-
scribed in the Experimental Section. The CD spectra
(Figure 11) show that the conformation of all studied pep-


tides is essentially b-sheet. These results are in agreement
with thermodynamic models, which show that the driving
force of the incorporation of a peptide into the lipid bilayer
is generally dominated by the unfavourable free-energy cost
of inserting the peptide bonds into the hydrocarbon core
(5 kJmol�1 per peptide bond).[42] However, if the peptide in
the lipid matrix adopts a structure that forms H-bonds, it
can reduce this high free-energy cost. Thus, the formation of
a-helices or b-sheets can promote the incorporation of a
peptide into a hydrocarbon environment. All the DPPC/
peptide systems investigated were also titrated with increas-
ing amounts of copper(ii), changing the peptide/metal ratio
from 1 to 6. DSC analysis showed that only the DPPC/
PrP180–193 system[24] was influenced by copper(ii). This
result is consistent with the hypothesis that the PrPAc180–
193 or PrP180–193NH2 fragments are also inserted into the
membrane, thereby hampering the copper(ii)–histidine inter-
action.


It is now generally accepted that the environment strongly
affects the properties of PrPC and its fragments, as well as
the properties of the other proteins involved in amyloid dis-


eases. In particular, it has been reported that interactions
with metal ions[43] and membranes[20] modify the biological
functions of these proteins.[44] As concerns the copper(ii)
complexes with PrPC, a large number of studies have ad-
dressed the characterisation of the four copper ions binding
to the octarepeat region. However, only recent results have
allowed the identification of the different species formed by
this metal ion with the mono-, bis- and tetraoctapeptides of
the N-terminal region in the physiological pH range.[38,39]


The related stability constant values were obtained by
means of potentiometric or spectroscopic measurements,
thus clarifying the previously conflicting affinity data with
reported K values between the micromolar and femtomolar
range.[8] Although additional binding sites have been discov-
ered involving either the unstructured domain between the
N-terminal region and the structured domain or the a-heli-
cal region, only the speciation of complexes involved in the
copper binding to PrP106–126, which encompasses the un-
structured domain, and the related stability constant values
have been reported.[5,45] In this latter case, the use of the
PrP106–126 peptide fragment with its N-terminus unblocked
might not be fully representative of this part of the PrPC


protein. In fact, copper(ii) binds to the N-terminal amino ni-
trogen at position 106, a donor atom that is not present in
the protein chain. More recently, preferential copper(ii) co-
ordination by His96 and His111 has been reported, but nei-
ther the speciation of metal complexes nor the related sta-
bility constants were determined.[46] The present results
show that PrPAc184–188NH2 and, consequently, PrPAc180–
193NH2 bind a single copper(ii) more tightly than both the
octarepeat region and the peptide fragment PrP106–126.
EPR data for copper(ii) complexes with full-length mPrP23–
231, its C-terminal domain mPrP121–231 and the N-terminal
fragment[47,48] (Table 5) have been reported and three differ-
ent copper(ii) species have been detected in the pH range
3–8. It was suggested that complexes 1 (existing in the pH
range 3–6) and 2 (formed in the pH range 3–8) are related
to the C-terminal part of mPrP121–231, while complex 3
shares spectroscopic features with copper(ii) containing
mPrP23–231, mPrP121–231 and mPrP58–91 at physiological
pH values.[11] Interestingly, the EPR parameters of
PrPAc184–188NH2 are close to those previously reported
for the above-mentioned copper(ii) complex 3. The penta-
peptide is therefore a reliable model, stressing the role of
His187 as a binding site for this structured region of PrP.
Furthermore, the combined use of potentiometry and ESI-
MS enables the determination of the stoichiometry and the


Table 4. Calorimetric peak temperatures (Tm) and total enthalpy changes (DH) relative to the different peptide/lipid bilayer systems.[a]


Method of
preparation


DPPC DPPC/PrP180–193 DPPC/PrPAc180–193NH2 DPPC/PrPAc180–193 DPPC/PrP180–193NH2


Tm [8C] DH [kJmol�1] Tm [8C] DH [kJmol�1] Tm [8C] DH [kJmol�1] Tm [8C] DH [kJmol�1] Tm [8C] DH [kJmol�1]
a) 41.61�0.02 36.0�1.2 42.13�0.02 24.8�1.2 41.31�0.01 16.2�1.3 40.50�0.01 30.2�1.0 41.55�0.01 8.4�1.1
b) – – 41.58�0.02 36.2�1.0 41.50�0.02 23.1�1.1 42.16�0.02 33.3�0.9 42.03�0.02 33.5�1.2


[a] Experimental values are reported as mean� standard deviation of three repeated experiments. Data for the DPPC/PrP180–193 and DPPC/PrPAc180–193NH2


systems are taken from the literature.[24]


Figure 11. CD spectra of a) PrP180–193, b) PrPAc180–193, c) PrP180–
193NH2 and d) PrPAc180–193NH2 at a concentration of 2.9Q
10�4 moldm�3 and pH7 in DPPC mixtures.
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speciation of metal complexes, thus showing that [CuLH�1]
is the main metal complex species formed by the different
protein domains in the physiological pH range.


Moreover, several experimental observations strongly
support the hypothesis that an abnormal interaction of PrP
with the lipid membrane might be involved in the process of
its conversion into PrPSc.[19,20] To gain insight into this issue,
in vivo and in vitro studies have been carried out[21–24] using
synthetic segments of the prion protein corresponding to re-
gions believed to interact with membranes. In the same
papers, the formation of aggregated forms of the peptide
has been suggested in the membrane, and this underlines
the specific role of the electrostatic interactions and of
copper in modulating the lipid/peptide interactions.[24] Here,
PrPAc180–193/DPPC and PrP180–193NH2/DPPC systems
were used to explore the role of copper(ii) binding and
membrane interactions in affecting the secondary structure
of the helix II prion domain. The comparison between the
DSC results of DPPC/PrPAc180–193 and DPPC/PrP180–
193NH2 with those of DPPC/PrP180–193 and DPPC/
PrPAc180–193NH2 shows that the features of the N- and C-
termini greatly influence both the copper binding and the
ability of the peptides to interact with the membrane. Al-
though it is necessary to be cautious in extending the results
obtained with peptide fragments to wild-type proteins, the
DSC results for different PrP180–193 analogues clearly indi-
cate the need to choose peptides with the C- and N-termini
blocked as reliable model analogues.


The possible biological consequences of the findings re-
ported in the present paper may be relevant. The number of
studies aimed at investigating the inherent toxicity of the C-
terminal domain and related fragments has increased, and
they are in agreement that the N-terminus (amino acid resi-
dues 23–90) is not associated with disease.[46] Shmerling
et al.[49] have shown that mice expressing a PrPC fragment
(PrP121–231) die within several weeks after birth due to
massive neurodegeneration in the granule cell layer of the
cerebellum. Furthermore, addition of a peptide encompass-
ing the amino acid residues 112–125 to cerebellar cultures in
parallel with PrP121–231 neutralises the toxicity of PrP121–
231.[11,13] These biological results show that it is quite possi-
ble that potentially toxic regions of the C-terminal domain
can be masked by other hydrophobic residues in the rest of
the protein and that only an aberrant folding or assembly of
the protein exposes them to the environment. Thus, taking
into account that the helix II prion domain is a highly com-


petitive anchoring site for copper(ii), changes its conforma-
tion from a-helix to b-sheet after copper binding, and can
interact with artificial membranes, we can speculate that this
domain is not normally available to interact with the metal
due the masking effect of other regions belonging to the
flexible part of the same protein or to other partners. Patho-
genic environmental factors, therefore, may facilitate the ex-
posure of physiologically buried copper anchoring sites,
thereby triggering abnormal conformational transitions and
disease.
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N. Mihala, Z. Nagy, K. Õsz, G. Pappalardo, V. RigH, E. Rizzarelli,
D. Sanna, I. SHvIgH, unpublished results.


[41] J. F. Nagle, Annu. Rev. Phys. Chem. 1980, 31, 175.
[42] K. Basler, B. Oesch, M. Walchli, D. F. Groth, M. P. Mckinley, S. H.


White, W. C. Wimley, Annu. Rev. Biophys. Biomol. Struct. 1999, 28,
319.


[43] G. L. Millhauser, Acc. Chem. Res. 2004, 37, 79–85.
[44] A. I. Bush, Trends Neurosci. 2003, 26, 207–214.
[45] B. Belosi, E. Gaggelli, R. Guerrini, H. Kozlowski, M. Luczkowski,


F. M. Mancini, M. Remelli, D. Valensin, G. Valensin, ChemBioChem
2004, 5, 349–359.


[46] C. E. Jones, S. R. Abdelraheim, D. R. Brown, J. H. Viles, J. Biol.
Chem. 2004, 279, 32018–32027.


[47] G. S. Jackson, I. Murray, L. L. P. Hosszu, N. Gibbs, J. P. Waltho,
A. R. Clarke, J. Collinge, Proc. Natl. Acad. Sci. USA 2001, 98, 8531–
8535.


[48] B. J. Hathaway, D. E. Billing, Coord. Chem. Rev. 1970, 5, 143–207.
[49] D. Shmerling, I. Hegy, M. Fischer, T. Blattler, S. Brandner, J. Gotz,


T. Rulicke, E. Flechsig, A. Cozzio, C. Von Mering, C. Hangartner,
A. Aguzzi, C. Weissmann, Cell 1998, 93, 203–214.


Received: May 13, 2005
Published online: September 15, 2005


Chem. Eur. J. 2006, 12, 537 – 547 J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 547


FULL PAPERCopper(ii) and Membrane Interactions with PrP180–193 and Its Analogues



www.chemeurj.org






DOI: 10.1002/chem.200500295


Controlling Metal–Ligand–Metal Oxidation State Combinations by Ancillary
Ligand (L) Variation in the Redox Systems [L2Ru(m-boptz)RuL2]


n,
boptz=3,6-bis(2-oxidophenyl)-1,2,4,5-tetrazine, and L=acetylacetonate, 2,2’-
bipyridine, or 2-phenylazopyridine


Srikanta Patra,[a] Biprajit Sarkar,[b] Somnath Maji,[a] Jan Fiedler,[c]


Francisco A. Urbanos,[d] Reyes Jimenez-Aparicio,*[d] Wolfgang Kaim,*[b] and
Goutam Kumar Lahiri*[a]


Introduction


Intramolecular electron transfer is of importance for redox
reactivity[1,2] and for some concepts of molecular electron-
ics.[2] Molecule-bridged dinuclear complexes, especially
mixed-valent compounds,[1,3] have played an important role
in understanding intramolecular electron transfer and its
control through external factors such as the ancillary (termi-
nal) ligands L in systems of the general composition [LnM


m-
(m-BL)Mm+1Ln]


k (BL: bridging ligand). However, beyond
the tuning of the extent of electronic coupling between
mixed-valent metal centers[3] through electron- or hole-
transfer mechanisms,[4,5] one may also envisage full partici-
pation of the bridge in electron exchange by forming ligand-
reduced species [LnM


m+1(m-BLC�)Mm+1Ln]
k or ligand-oxi-


dized forms [LnM
m(m-BLC+)MmLn]


k.
Bridging ligands that are capable of both reversible and


facile oxidation and reduction are uncommon. Here we
present the analysis of diruthenium systems [L2Ru(m-boptz)-


Abstract: The new compounds
[(acac)2Ru(m-boptz)Ru(acac)2] (1),
[(bpy)2Ru(m-boptz)Ru(bpy)2](ClO4)2
(2-(ClO4)2), and [(pap)2Ru(m-boptz)-
Ru(pap)2](ClO4)2 (3-(ClO4)2) were ob-
tained from 3,6-bis(2-hydroxyphenyl)-
1,2,4,5-tetrazine (H2boptz), the crystal
structure analysis of which is reported.
Compound 1 contains two antiferro-
magnetically coupled (J=�36.7 cm�1)
RuIII centers. We have investigated the
role of both the donor and acceptor
functions containing the boptz2� bridg-
ing ligand in combination with the
electronically different ancillary ligands


(donating acac� , moderately p-accept-
ing bpy, and strongly p-accepting pap;
acac=acetylacetonate, bpy=2,2’-bipyr-
idine pap=2-phenylazopyridine) by
using cyclic voltammetry, spectroelec-
trochemistry and electron paramagnet-
ic resonance (EPR) spectroscopy for
several in situ accessible redox states.
We found that metal–ligand–metal oxi-
dation state combinations remain in-


variant to ancillary ligand change in
some instances; however, three isoelec-
tronic paramagnetic cores Ru(m-boptz)-
Ru showed remarkable differences.
The excellent tolerance of the bpy co-
ligand for both RuIII and RuII is dem-
onstrated by the adoption of the
mixed-valent form in [L2Ru(m-boptz)-
RuL2]


3+ , L=bpy, whereas the corre-
sponding system with pap stabilizes the
RuII states to yield a phenoxyl radical
ligand and the compound with L=


acac� contains two RuIII centers con-
nected by a tetrazine radical-anion
bridge.
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RuL2]
n, boptz2�=3,6-bis(2-oxidophenyl)-1,2,4,5-tetrazine


and L=acac� (acetylacetonate, donor), bpy (2,2’-bipyridine,
weak p-acceptor), or pap (2-phenylazopyridine, strong p-ac-
ceptor).[6]


The new symmetrically bis(bidentate) bridging ligand
boptz2� contains two phenolate donors and a central tetra-
zine p-acceptor function, each bonding to both metals in a
dinuclear configuration. Phenolates are capable of coordina-
tion-supported oxidation to biochemically relevant phenoxyl
radicals that are known to be stabilized by metal bonding.[7]


On the other hand, 3,6-disubstituted-1,2,4,5-tetrazine moie-
ties have become popular as efficient electronic spacers in
dinuclear and polynuclear systems.[8] This is primarily due to
the fact that the tetrazine-based low-lying p* orbital conveys
strong p-accepting characteristics, leading to excellent elec-
tronic communication between the metal termini. This dis-
covery has spurred the design of a number of dinuclear
ruthenium complexes with a wide variation of molecular
frameworks.[9] 3,6-Bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) in
particular has been used extensively in synthesizing diruthe-
nium complexes [LnRu(m-bptz)RuLn]


k in combination with
ancillary ligands L of varying electronic nature such as
NH3,


[9a,b] bpy,[9c] acac� ,[9d] [9]aneS3 (1,4,7-trithiacyclonon-
ane),[9e] or arenes.[9t] Considerable variation has been ob-
served for the comproportionation constants (Kc) of the
RuIIIRuII mixed-valent intermediates in those complexes,
based on the electronic properties of the ancillary ligands:
Kc : 1Q1015 (L=NH3); 3Q108 (L=bpy); 1Q1013 (L=acac�);
1.4Q108 (L= [9]aneS3). Similarly, the modified framework of
the tetrazine-based spacer 3,6-bis(3,5-dimethylpyrazolyl)-
1,2,4,5-tetrazine (bpytz) also exhibits a substantial difference
in Kc, depending on the ancillary ligands (Kc=107.6 or 1013.9


for L=bpy[9n] or acac� ,[9s] respectively). In addition, other
3,6-disubstituted tetrazine-based bridging ligands such as
3,6-bis(2-thienyl)-1,2,4,5-tetrazine (bttz),[9m] 3,6-bis(4-methyl-
2-pyridyl)-1,2,4,5-tetrazine (bmptz),[9m] and 3,6-bis(carbo-
methoxy)-1,2,4,5-tetrazine (bctz)[9c] have also been utilized
in developing diruthenium complexes incorporating p-acidic
bpy co-ligands.


Although a fairly large number of diruthenium complexes
have been synthesized by using tetrazine-based neutral
spacers, analogous complexes of corresponding anionic de-
rivatives are not known. The present work deals with the
doubly deprotonated form of 3,6-bis(2-hydroxyphenyl)-
1,2,4,5-tetrazine (H2boptz). The observed substantial effects
of ancillary ligands on the mixed-valent properties of bptz-
and bpytz-bridged RuIIIRuII species has prompted us to ex-
amine the effect of three electronically different ancillary
functions, namely, acac� (s-donating), bpy (moderately p-
acidic), and pap (strongly p-acidic), on the extent of inter-
molecular electron-exchange processes in boptz2�-bridged
diruthenium species.


Here we report the syntheses of 3,6-bis(2-hydroxyphenyl)-
1,4-dihydro-1,2,4,5-tetrazine (H4boptz), its oxidized form
3,6-bis(2-hydroxyphenyl)-1,2,4,5-tetrazine (H2boptz), and of
the complexes [(acac)2Ru(m-boptz)Ru(acac)2] (1),
[(bpy)2Ru(m-boptz)Ru(bpy)2](ClO4)2 (2-(ClO4)2) and
[(pap)2Ru(m-boptz)Ru(pap)2](ClO4)2 (3-(ClO4)2). We de-
scribe the crystal structure of the free ligand (H2boptz), and
have investigated the role of boptz2� in combination with
the electronically different three ancillary ligands for the
tuning of oxidation state configurations by using spectro-
electrochemistry and EPR spectroscopy.


Results and Discussion


The free ligands 3,6-bis(2-hydroxyphenyl)-1,4-dihydro-
1,2,4,5-tetrazine (H4boptz) and its oxidized form 3,6-bis(2-
hydroxyphenyl)-1,2,4,5-tetrazine (H2boptz) were synthesized
through the reaction of 2-hydroxybenzonitrile with hydra-
zine hydrate in refluxing ethanol and through the oxidation
of H4boptz by using NO gas, respectively.


The formation of H2boptz was confirmed by single-crystal
X-ray diffraction structure analysis (Figure 1). Selected crys-
tallographic and bond parameters are listed in Tables 1 and
2, respectively. The structural parameters match well with
reported values for related compounds.[9u] There is intramo-
lecular hydrogen bonding between the hydroxy function
O1�H1 and the neighboring tetrazine nitrogen atom N1 (d-
(O···N), 2.631(2) S and O�H···N, 145(3)o, Figure S1 and
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Table S1 in the Supporting Information). The paramagnetic
complex [{(acac)2RuIII}2(m-boptz


2�)] (1) and the diamagnetic
complexes [{(bpy)2RuII}2(m-boptz


2�)](ClO4)2 (2-(ClO4)2) and
[{(pap)2RuII}2(m-boptz


2�)](ClO4)2 (3-(ClO4)2) were prepared
from reactions of [Ru(acac)2(CH3CN)2], [Ru(bpy)2-
(EtOH)2]


2+ , or [Ru(pap)2(EtOH)2]
2+ , respectively, with


H2boptz in 2:1 molar ratio in the presence of excess
NaOOCCH3 (Scheme 1). Dianionic boptz2� symmetrically


bridges two units of the metal complex fragments [RuIII-
(acac)2]


+ , [RuII(bpy)2]
2+ , or [RuII(pap)2]


2+ in complexes 1,
22+ , or 32+ , respectively, through the phenolate O� and tet-
razine N-donor centers. While the +2 oxidation state of
ruthenium in the precursors is retained in complexes 22+


and 32+ , the RuII state of the precursor is oxidized to the
+3 state in complex 1, presumably by air. The presence of
electron-rich acac� ancillary ligands in complex 1 as op-
posed to the moderately p-acidic bpy in complex 22+ or
strongly p-acidic pap in complex 32+ facilitates the stabiliza-
tion of the RuIII state in complex 1 and this is also reflected
in the redox potential data (see later).


We identified complexes 1, 2-(ClO4)2, and 3-(ClO4)2 by
microanalysis, molar conductance, and electrospray (ESI)
mass spectrometry (see Experimental Section). They were
further investigated in various oxidation states (see below)
by using cyclic voltammetry, spectroelectrochemistry, and
EPR spectroscopy. We studied the magnetism of paramag-
netic 1 by using superconducting quantum interface device
(SQUID) susceptometry.


The diamagnetic complexes 22+and 32+ displayed compli-
cated 1H NMR spectra due to overlap of 40 and 44 signals,
respectively, with rather similar chemical shifts in the aro-
matic region. The 1H NMR spectrum of complex 22+ indi-
cates the presence of a mixture of two isomers (meso and
rac),[9h,10] in a ratio of approximately 2:1 that we failed to
separate even by preparatory TLC. Whereas redox poten-
tials and absorption spectra are only marginally different for
such isomers,[10] the EPR characteristics of paramagnetic
forms are more sensitive in that respect (see EPR Section
below).


We carried out variable-temperature (2–300 K) magnetic
studies of a powder sample of complex 1. The magnetic sus-
ceptibility curve versus temperature shows a broad maxi-
mum at 64 K (Figure 2), implying bridging-ligand-mediated
antiferromagnetic interaction between the RuIII centers. In


Figure 1. Crystal structure of H2boptz. Ellipsoids are drawn at the 50%
probability level.


Table 1. Crystallographic data for H2boptz.


formula C14H10N4O2


Mr 266.26
crystal size [mm] 0.40Q0.35Q0.30
crystal system monoclinic
space group P21/c
Z 2
a [S] 4.5260 (8)
b [S] 10.5570 (7)
c [S] 12.4990 (11)
a [8] 90
b [8] 96.279 (10)
g [8] 90
V [S3] 593.63 (12)
1calcd [gcm�3] 1.490
T [K] 293 (2)
m [mm�1] 0.105
F(000) 276
hkl range h : 0–5; k : 0–12; l : �14–14
q range [8] 2.53–24.92
measured reflections 1189/1050
unique reflections 1050 [R(int)=0.0114]
observed reflections [I>2s(I)] 1050
parameters 95
R1 0.0419
wR2 0.1115
R(all) 0.0618
residual electron density [eS�3] 0.290/�0.20


Table 2. Selected bond lengths [S] and angles [8] for H2boptz.


Bond lengths Bond angles


O1�C1 1.340(3) N2-N1-C7 119.68(14)
N1�N2 1.313(2) N1-N2-C7#1 117.46(15)
N1�C7 1.342(2) O1-C1-C2 116.65(18)
N2�C7#1 1.340(2) O1-C1-C6 124.20(17)


N2#1-C7-N1 122.86(15)
N2#1-C7-C6 118.39(16)
N1-C7-C6 118.75(15)


Scheme 1.
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addition, we observe a tail in the low-temperature end that
suggests the presence of a paramagnetic impurity.


The gradual decrease of the magnetic moment of complex
1 from 2.38 mB at 300 K to 0.55 mB at 10 K confirms the exis-
tence of bridging-ligand-mediated antiferromagnetic interac-
tion between the RuIII centers. The slight decrease of m from
0.55 to 0.51 mB in the temperature range of 10–2 K suggests
the presence of a paramagnetic species without antiferro-
magnetic coupling (Figure 2). The magnetic behavior of
complex 1 can be explained with a model that takes into ac-
count the effects of an exchange spin Hamiltonian h=


�2JS1·S2 where S1=S2=
1=2, with intramolecular antiferro-


magnetic coupling between the RuIII centers.[11] In addition,
temperature-independent paramagnetism (TIP) has been in-
cluded as is usual in ruthenium complexes [Eq. (1)]. More-
over, a dimeric species with two uncoupled RuIII centers
(S=1, g=2) has been considered as a possible source for
paramagnetic impurities.


c ¼ Ng2b2


kT
2 expð2J=kTÞ


1þ 3 expð2 J=kTÞ þ TIP ð1Þ


The fit of the experimental data with Equation (2) gives
excellent agreement of the calculated and experimental
magnetic moment and susceptibility curves (Figure 2). The
parameters obtained in the best fits are: g=2.0, J=
�36.7 cm�1, TIP=1.1Q10�4 emumol�1, P=3.7%, and s2=


3.4Q10�5 (s2=�(meff calcd�meffexptl)
2/�m2


eff exptl). The calculated g
and TIP values are typical for ruthenium complexes.[12–14]


c0 ¼ ð1�PÞcþ P
2Ng2b2


3kT
ð2Þ


The J value of �36.7 cm�1 for complex 1 is similar to that
reported for [L(acac)Ru(m-O)Ru(acac)L](PF6)2 (L=1,7-tri-
methyl-1,4,7-triazacyclononane) (J=�53 cm�1) that has a
Ru-O-Ru angle of 1808,[12] but much higher than that ob-
served in [(acac)2Ru(m-(NC5H4)2N-C6H4-N-(NC5H4)2)Ru-


(acac)2](ClO4)2 (J=�0.45 cm�1) or [(acac)2Ru(m-
OC2H5)2Ru(acac)2] (J=�0.63 cm�1).[13] In contrast, the J for
complex 1 is much lower than that observed in several (m-
alkoxo)bis(m-carboxylato)diruthenium(iii) complexes (J=
�310 to �728 cm�1).[14]


Electrochemistry and EPR spectroscopy : In CH3CN, the
paramagnetic RuIIIRuIII complex 1 exhibits two successive
one-electron oxidation waves (Figure 3a, Table 3) and a


weak rhombic EPR signal at 4 K. Both the g anisotropy
g1�g3=0.636 and the average gav=2.240 from EPR spec-
troscopy are indicative of RuIII-based spin (Table 4).[15] The
half-field EPR signal expected for a triplet state was not ob-
served under those conditions. This and the low intensity of
the EPR response already suggest that the RuIII centers in
complex 1 are rather strongly coupled with antiparallel
alignment of spins from the low-spin d5 configurations. In


Figure 2. Temperature-dependence of the molar susceptibility cM (*) and
meff (&) for 1. Solid lines are the products of a least-squares fit to the
model mentioned in the text.


Figure 3. Cyclic voltammograms of: a) 1 in CH2Cl2, b) 2-(ClO4)2, and
c) 3-(ClO4)2 in CH3CN at 298 K.
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fact, SQUID susceptibility measurements reveal antiferro-
magnetic coupling.


Although an odd-electron system, the one-electron oxi-
dized intermediate 1+ did not show an EPR signal, even at
4 K. The rapid EPR relaxation suggests metal-centered
spin(s) and close-lying excited states as may be anticipated
for a RuIVRuIII (d4/d5) mixed-valent situation with possibly
close-lying singlet and triplet states of the d4 center. This
EPR silence is in contrast to EPR observations made for
other bridged bis(bis(acetylacetonato)ruthenium) com-
plexes, which allow for a RuIV(L2�)RuIII$RuIII(L)RuII reso-
nance.[16] The 230 mV separation between the oxidation cou-
ples for complex 1 leads to a comproportionation constant
Kc of 7.9Q103 (calculated by using the equation RTlnKc=


nF(DE))[17] for the monocationic intermediate. This low
value and the absence of an EPR signal for RuIV-
(boptz2�)RuIII suggest a Class II mixed-valent state.[18]


Complex 1 exhibits two one-electron reduction processes
at �0.18 and �0.89 V versus SCE (Figure 3a, Table 3). The
Kc value of 1.1Q1012 for the 1� complex is much higher than
that for the 1+ complex, suggesting either tetrazine-centered
reduction[8,9] or the formation of a strongly coupled RuIIIRuII


mixed-valent state.[4,18] The one-electron reduced species 1�


displays an axial EPR signal with an average gav factor of
2.073 and a g anisotropy g1�g3=0.48 (Figure 4a, Table 4),
indicative of metal-centered spin. However, complex 1�


does not show the NIR transition expected for a RuIII-
(boptz2�)RuII intermediate (see later). Thus, the reduced 1�


complex can be best described
by a three-spin situation,[19]


RuIII(boptzC3�)RuIII, in which
the (S= 1=2) ground state in-
volves dominant antiferromag-
netic coupling between one of
the RuIII centers and
boptzC3�,[19] leaving one metal-
centered spin active for EPR.


With bpy as ancillary ligands
the corresponding RuIIRuII


compound 22+ exhibits two
successive one-electron oxida-
tion processes at 0.48 and


0.84 V versus SCE with Kc=1.3Q106 (Figure 3b, Table 3).
The first-step oxidized species 23+ displays two sets of rhom-
bic EPR spectra at 4 K (Figure 4b, Table 4). The corre-
sponding g anisotropies g1�g3 are 0.67 and 0.45, respective-
ly; the resulting gav values are 2.180 and 2.130, respectively.


These observations reveal: 1) the presence of two isomeric
forms (meso and rac), in the oxidized 23+ state with distinct
electronic structures; 2) a metal-based oxidation correspond-
ing to a RuIII(boptz2�)RuII (or, better, Ru2.5(boptz2�)Ru2.5)
formulation for the intermediate 23+ ; and 3) the Class III
category for that intermediate. The RuIII/RuII couples for
complexes with the corresponding neutral tetrazine-based
spacers bptz, bpytz, bmptz, and bttz appeared at 1.52, 2.2;[9c]


1.25, 1.70;[9n] 1.34, 1.87,[9m] and 0.68, 1.68 V,[9m] respectively.
The dianionic boptz2� ligand substantially destabilizes the
RuII state in the 22+ complex. It should be noted that the
combination of bpy ancillary ligands and neutral tetrazine-


Table 3. Redox potentials of complexes[a] .


n/n�1[b] Couple E1/2 (DEpp)
[c] Couple E1/2 (DEpp)


[c] Couple E1/2 (DEpp)
[c]


4/3 24+/23+ 0.84 (70) 34+/33+ 1.28[e]


3/2 23+/22+ 0.48 (80) 33+/32+ 1.14[e]


2/1 12+/1+ 1.19 (90) 22+/2+ �0.75 (60) 32+/3+ �0.10(70)
1/0 1+/1 0.96 (90) 2+/2 �1.76 (100)[d] 3+/3 �0.56 (60)
0/� 1/1� �0.18 (80) 3/3� �0.67(60)
�/2� 1�/12� �0.89 (90) 3�/32� �1.17(60)


2�/3� 32�/33� �1.30(60)


[a] From cyclic voltammetry in CH2Cl2 for 1 and in CH3CN/0.1m Et4NClO4 for 2 and 3, at 50 mVs�1.
[b] Change in charge of the [Ru(m-boptz)Ru](n/n�1)+ core. [c] In V versus SCE; peak potential differences
DEpp [mV] (in parentheses). [d] Further bpy-based reductions at �1.76 (100) and �2.02 V (80 mV). [e] Anodic
peak potential (Epa), process not fully reversible.


Table 4. EPR data of paramagnetic states.[a]


g1 g2 g3 gav
[b] Dg=g1�g3 Kc


[c]


1[d] 2.543 2.224 1.907 2.240 0.636 7.9Q103


1�[d] 2.220 2.220 1.743 2.073 0.477 1.1Q1012


23+ [d,e] 2.499 2.160 1.828 2.180 0.671 1.3Q106


2.328 2.160 1.878 2.130 0.450
2+ [g] [f] [f] [f] 2.0034
33+ [d,g] 2.022 1.999 1.999 2.0007[h]


3+ [g] [f] [f] [f] 1.9946


[a] From EPR spectroelectrochemical data in CH3CN/0.1m Bu4NPF6,
except for 1, g tensor components determined at 4 K. [b] gav= (1/3(g2


1+


g2
2+g2


3))
1/2. [c] Comproportionation constant from RTlnKc=nF(DE); for


DE see Table 3. [d] EPR measurements at 4 K. [e] Two isomers (meso
and rac). [f] No g anisotropy measured. [g] EPR measurements at 298 K,
14N hyperfine coupling of 0.5 mT. [h] giso=2.0046 at 298 K.


Figure 4. EPR spectra of: a) 1� in CH2Cl2 at 4 K, b) 23+ at 4 K (left) and
2+ at 298 K (right), and c) 33+ at 298 K (left) and 33+ at 4 K (right) in
CH3CN (* denotes artifact signals due to the EPR cavity).
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based spacers also produced delocalized RuIIIRuII


states.[9c,n,m] Unlike these compounds with neutral tetrazine-
centered spacers and mostly higher Kc values, however, the
mixed-valent 23+ does not show a well-defined intervalence
charge-transfer (IVCT) band in the NIR region, but only
significantly enhanced absorption around and beyond
2000 nm (see later, Figure 6).


The tetrazine-based one-electron reduction of complex
22+ occurs at �0.75 V versus SCE in CH3CN (Figure 3b).
For the analogous bptz, bpytz, bmptz, and bttz complexes
this process is observed at �0.03,[9c] �0.13,[9n] �0.21,[9m] and
�1.02 V,[9m] respectively. Thus, the introduction of dianionic
boptz2� ligand in complex 22+ in place of neutral tetrazines
results in an appreciably destabilized LUMO.


The one-electron-reduced species 2+ exhibits a typically
resolved radical-type EPR spectrum[20] in CH3CN at 298 K
due to hyperfine splitting of approximately 0.5 mT from
four 14N atoms of the tetrazine ring of boptzC3�. The spec-
trum is centered at g=2.0034 (Figure 4b, Table 4); both
ruthenium atoms remain in the divalent state in complex 2+ .


In addition to a second reduction of the bridging ligand,
complex 22+ also displays the expected multiple bpy-based
reductions in the range between �1.76 and �2.02 V (Fig-
ure 3b, Table 3).[21]


The analogous complex 32+ with the stronger p-accepting
pap[6] terminal ligands exhibits two closely spaced oxidation
waves at 1.14 and 1.28 V versus SCE (Figure 3c, Table 3).
Although even the first oxidation is not fully reversible on
the timescale of cyclic voltammetry at room temperature,
the one-electron-oxidized product could be obtained by
intra muros electrolysis, displaying a sharp EPR signal at
giso=2.0046 (298 K) indicative of free radicals (Figure 4c,
Table 4), lying in a typical giso range for phenoxyl radi-
cals;[7,22] the small but detectable axial g component splitting
observed at 4 K (Figure 4c) is larger than that reported for
uncoordinated phenoxyl (tyrosyl) radicals.[22] This observa-
tion suggests the formation of a metal-coordinated phenoxyl
radical species RuII(boptzC�)RuII (33+) instead of the other-
wise conceivable mixed-valent alternative RuII(boptz2�)RuIII


(which was observed for 23+). The formation of a phenoxyl
radical complex is not only supported by the g factor from
EPR spectroscopy and by the closeness of two less-revers-
ible oxidation processes for two sterically unprotected, spa-
tially separated, and only weakly coupled phenolate/phenox-
yl redox pairs, further evidence comes from the appearance
of a characteristic absorption band at 488 nm (see the Spec-
troelectrochemistry Section below).[7]


Both the tetrazine[8,9] part of boptz2� and the azo function
of pap[6] are susceptible to undergo facile and often revers-
ible reduction processes. The complex ion 32+ thus shows
multiple reduction waves within the potential limit of
�2.0 V versus SCE (Figure 3c, Table 3). The first-step re-
duced species 3+ displays the familiar (see Figure 4b) nine-
line EPR spectrum with a giso value centered at 1.9946 at
298 K. This, along with the corresponding coupling constant
of about 0.5 mT from the EPR spectra simulation con-
firms[20] that the LUMO is primarily dominated by the tetra-


zine ring of the bridge in complex 3+ , formulated according
to RuII(boptzC3�)RuII. The subsequent two sets of closely
spaced reduction waves at �0.56, �0.67 and �1.17, �1.30 V
versus SCE (Figure 3c and Table 3) can be tentatively as-
signed as successive reduction processes involving the 2-phe-
nylazopyridine ancillary ligands.[6]


Spectroelectrochemistry : We investigated the absorption
spectra of reversibly accessible states in the UV, visible, and
NIR regions with an optically transparent thin-layer elec-
trolysis (OTTLE) cell[23] in order to confirm the above as-
signments based on EPR data, to assign oxidation state
combinations for the EPR-silent species, and to obtain infor-
mation on the electronic structures in general. Due to the
combined (phenolate) donor and (tetrazine) acceptor char-
acter of the bridging ligands, and because of the ancillary li-
gands containing conjugated-p systems, a large number of
charge-transfer transitions can be expected at rather low en-
ergies. Assignments are therefore tentative and will have to
be confirmed by quantum chemical calculations at a later
stage. Unless stated otherwise, the results involve fully re-
versible transitions as confirmed by 100% spectra regenera-
tion and the occurrence of isosbestic points. The spectra are
shown in Figures 5–7, and spectral data are summarized in
Table 5.


Compound 1 exhibits intense bands at long wavelengths
due to ligand-to-metal charge-transfer (LMCT) transitions
expected for RuIII(boptz2�)RuIII. On oxidation to RuIV-
(boptz2�)RuIII the absorption in the 600–900 nm region in-
tensifies (Figure 5a) and there appears to be increased ab-
sorption in the NIR region; however, no proper IVCT band


Table 5. UV-visible-NIR data of complexes from spectroelectrochemical
data[a] .


lmax [nm] (e [m�1 cm�1])


1+ 830(sh), 690(11600), 397(12200), 304(22600), 265(21800),
242(21100)


1 815(6700), 620(sh), 560(9770), 455(10260), 390(sh), 355(14700),
297(19800), 270(19600), 240(18550)


1� 626(10270), 540(10250), 365(17300), 290(19300), 268(19900),
242(18600)


12� 895(13300), 625(9900), 460(sh), 367(16000), 292(17600),
266(17800), 240(17500)


24+ 1350(sh), 1040(sh), 900(broadsh) (4000), 560(14300), 447(sh),
375(12000), 304(20400), 265(19000), 240(18500)


23+ 2000(broadsh), 1300(sh), 900(sh), 652(12950), 386(12750),
302(20200), 267(19200), 243(18300)


22+ 980(broadsh), 685(13300), 488(12750), 360(14900), 302(20200),
269(19700), 243(18900)


2+ 675(sh), 545(11300), 483(11600), 374(13900), 300(19750),
267(19100), 242(18400)


33+ 1105(13900), 655(15300), 488(19500), 368(28500), 275(25000),
235(25600)


32+ 890(sh), 705(sh), 617(10700), 505(15200), 349(27900), 305(29300),
240(29200)


3+ 1600(800), 725(sh), 572(8700), 485(9300), 345(25600), 300(25600),
240(29100)


3 1600(800), 575(8100), 352(26800), 303(23800), 240(29100)


[a] Solvent: CH2Cl2 for 1 and CH3CN for 2-(ClO4)2 and 3-(ClO4)2.
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was observed in agreement[24] with a weakly coupled mixed-
valent situation (Figure 5a). The first reduction to RuIII-
(boptzC3�)RuIII results in the disappearance of the long-wave-
length band that is typical for tetrazine radical com-
pounds.[9q] The second reduced species 12� exhibits a strong
absorption band in the low-energy region (895 nm, e=


13300m�1 cm�1), compatible with an LMCT transition as ex-
pected for RuIII(boptz4�)RuIII. However, the alternate va-
lence description of RuII(boptz2�)RuII with a low-lying
MLCT transition[9] may not be ruled out.


The complex ion 22+ shows MLCT transitions around 700
and 480 nm to the p* orbitals of tetrazine and bpy as ex-
pected for a RuII(boptz2�)RuII situation (Figure 6).[9] The
bathochromic shift for d(Ru)!p*(bpy) results from the co-
ordination of an anionic phenolate that destabilizes the
metal d orbitals. The mixed-valent 23+ complex ion contain-
ing RuIII(boptz2�)RuII does not have a well-defined IVCT
band in the NIR region; however, the absorption band sig-
nificantly increases around and beyond 2000 nm (Figure 6a).
Bis(chelate) and especially tetrazine-bridged mixed-valent
intermediates have rather weak IVCT band intensities de-
spite very large Kc values,[4,9b] the somewhat lower Kc value
for the present case signified already attenuated metal–
metal interactions that would be compatible with a further


decreased IVCT absorption. The second oxidation to give a
RuIII(boptz2�)RuIII species 24+ produces weak absorptions
between 900 and 1500 nm and a hypsochromic shift of the
charge-transfer band in the visible region. Reduction to the
RuII(boptzC3�)RuII intermediate 2+ causes a hypsochromic
shift of the long-wavelength bands as pointed out above for
the related tetrazine radical complex 1� .


The complex 32+ ion exhibits multiple MLCT bands in
the visible region in agreement with the RuII(boptz2�)RuII


formulation and with the presence of p-accepting tetrazine
and pap ligands (Figure 7). Oxidation on the timescale of
the spectroelectrochemistry experiment (approximately
1 min) shows an only partially reversible spectral change
with increasing bands at 488 and 655 nm, indicative of
phenoxyl radicals,[7] and in the NIR region at 1105 nm, as
has been observed before for transition-metal phenoxyl
compounds.[7]


Reduction to a RuII(boptzC3�)RuII species 3+ decreases the
MLCT bands; however, a low-energy broad band appears
now at 1600 nm (Figure 7b) that is assigned to an interligand
charge-transfer (LLCT) transition from the singly occupied
MO (SOMO) at boptzC3� to the p* molecular orbitals
(LUMO) of pap.[25] These features remain after the second
reduction, which is likely to occur at one of the pap terminal
ligands.


Figure 5. UV-visible-NIR spectroelectrochemistry for the conversions:
a) 1!1+ , b) 1!1� , and c) 1�!12� in CH2Cl2/0.1m Bu4NPF6.


Figure 6. UV-visible-NIR spectroelectrochemistry for the conversions:
a) 22+!23+ , b) 23+!24+ , and c) 22+!2+ in CH3CN/0.1m Bu4NPF6.
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Conclusions


The following Scheme 2 summarizes the oxidation state as-
signments made above for complexes [L2Ru(m-boptz)-
RuL2]


n.
A comparison between the three systems 1n, 2n, and 3n is


particularly revealing for the question of how external fac-


tors, here the terminal ligands, can influence the oxidation
state situation in the metal–bridge–metal core. Two ex-
tremes are highlighted in the following.


1) The RuII(boptz2�)RuII state is the isolation form for com-
plexes 22+ and 32+ , it can also be invoked for complex
12�.


2) In contrast to the stable state RuII(boptz2�)RuII the inter-
mediate one-electron-oxidized forms differ substantially,
the oxidation state being determined by the effect of the
ancillary ligands on the metal.


The donating acetylacetonato co-ligands strongly favor
the RuIII oxidation state, leading to a species 1� best formu-
lated as RuIII(boptzC3�)RuIII.


The strongly p-accepting pap terminal ligands act to main-
tain a +2 oxidation state on ruthenium, leaving the pheno-
late-containing bridging ligand to be oxidized from 32+ to a
labile phenoxyl species 33+ , formulated as RuII(boptzC�)RuII.


Only the moderately p-accepting bpy ancillary ligands
allow both RuIII and RuII states to exist in the then mixed-
valent intermediate 23+ , formulated as RuIII(boptz2�)RuII or,
better, as the valence-averaged Ru2.5(boptz2�)Ru2.5 species.


Thus, it appears that the ubiquitous use of the bpy co-li-
gands in ruthenium mixed-valence chemistry[3,17] relies on a
lucky choice: 2,2’-bipyridine exhibits an excellent tolerance
for both the RuIII and RuII oxidation states, as demonstrated
here by the adoption of the mixed-valent form in [L2Ru(m-
boptz)RuL2]


3+ with L=bpy. In contrast, the analogous
system containing the better p-accepting co-ligand pap sta-
bilizes only the RuII states to yield a ligand containing a
phenoxyl radical, while the corresponding compound with
the donor ligand L=acac� contains two RuIII centers con-
nected by a tetrazine radical-anion bridge. These unprece-
dented observations have been made possible only through
the judicious design and use of a bis(chelated) ligand that
contains both (tetrazine) acceptor and (phenolate) donor
functions. Such donor–acceptor bifunctional bridges were
shown before to have unusual metal–metal mediating prop-
erties,[9m] and developments in this direction will thus contin-
ue.


Experimental Section


We prepared the starting complexes [Ru(acac)2(CH3CN)2],
[26] [Ru-


(bpy)2Cl2]·2H2O,[27] and [Ru(pap)2Cl2]
[28] according to the reported proce-


dures. 2-Hydroxybenzonitrile was obtained from Aldrich. Other chemi-
cals and solvents were reagent-grade and used as received. For spectro-
scopic and electrochemical studies HPLC-grade solvents were used.


UV-visible-NIR spectroelectrochemical studies were performed in
CH3CN/0.1m Bu4NPF6 at 298 K with an OTTLE cell[23] mounted in the
sample compartment of a Bruins Instruments Omega10 spectrophotome-
ter. FTIR spectra were taken on a Nicolet spectrophotometer with sam-
ples prepared as KBr pellets. Solution electrical conductivity was checked
by using a Systronic305 conductivity bridge. 1H NMR spectra were ob-
tained with a 300 MHz Varian FT spectrometer. The EPR measurements
were made in a two-electrode capillary tube[29] with an X-band (9.5 GHz)
Bruker system ESP300, equipped with a Bruker ER035M gaussmeter


Figure 7. UV-visible-NIR spectroelectrochemistry for the conversions:
a) 32+!33+ /34+ , b) 32+!3+ , and c) 3+!3 in CH3CN/0.1m Bu4NPF6.


Scheme 2.
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and a HP 5350B microwave counter. Cyclic voltammetric, differential
pulse voltammetric, and coulometric measurements were carried out by
using a PAR model 273A electrochemistry system. We used platinum-
wire working and auxiliary electrodes, and an aqueous saturated calomel
reference electrode (SCE) in a three-electrode configuration. The sup-
porting electrolyte was Et4NClO4 (0.1m) and the solute concentration
was approximately 10�3


m. The half-wave potential Eo
298 was set equal to


0.5(Epa+Epc), in which Epa and Epc are anodic and cathodic cyclic voltam-
metric peak potentials, respectively. A platinum-wire gauze working elec-
trode was used in coulometric experiments. The elemental analysis was
carried out with a Perkin–Elmer 240C elemental analyser. ESI mass spec-
tra were recorded on a Micromass Q-ToF mass spectrometer.


CAUTION! Perchlorate salts of metal complexes are generally explosive.
Care should be taken while handling such complexes.


3,6-Bis(2-hydroxyphenyl)-1,4-dihydro-1,2,4,5-tetrazine (H4boptz): 2-Hy-
droxybenzonitrile (1.0 g, 8.39 mmol) and hydrazine hydrate (1.27 g,
1.3 mL, 25.44 mmol, 95%) were dissolved in ethanol (20 mL) and the
mixture was heated to reflux for 6 h. The reaction mixture was then
cooled at 0 8C overnight and the resulting orange precipitate was filtered
off and washed thoroughly with cold ethanol. The product was recrystal-
lized from hot ethanol. Yield: 0.80 g (71%); m.p. 258 8C; ESI MS (in
CH2Cl2): m/z calcd for [(H4boptz)]


+ : 268.09; found 269.15; elemental
analysis calcd (%) for C14H12N4O2: C 62.68, H 4.51, N 20.88; found: C
62.32, H 4.61, N 19.18; 1H NMR (300 MHz, CDCl3, 298 K): d=11.34 (s,
1H; OH), 9.40 (s, 1H; NH), 7.72 (d, J=4.8 Hz, 1H), 7.36 (t, J=6.0 Hz,
1H), 6.95 ppm (m, 2H).


3,6-Bis(2-hydroxyphenyl)-1,2,4,5-tetrazine (H2boptz): Nitric oxide (NO)
gas was purged into a solution of H4boptz (0.10 g, 0.37 mmol) in CH2Cl2
(15 mL) for 1 h. The red solution formed was evaporated to dryness. The
product was then purified by using a silica gel column (60–120 mesh)
with CH2Cl2/CH3CN (10:1 v/v ) as eluent. Yield: 0.094 g (95%); m.p.
222 8C; ESI MS (in CH3OH): m/z calcd for [(H2boptz)]


+ : 266.08; found:
267.14; elemental analysis calcd (%) for C14H10N4O2: C 63.15, H 3.79, N
21.04; found: C 63.66, H 3.09, N 19.57; 1H NMR (300 MHz, (CD3)2SO,
298 K): d=10.73 (s, 1H; OH), 8.27 (t, J=4.5 Hz, 1H), 7.56 (t, J=5.7 Hz,
1H), 7.13 ppm (m, 2H).


[(acac)2Ru(m-boptz)Ru(acac)2] (1): [Ru(acac)2(CH3CN)2] (0.10 g,
0.26 mmol), H2boptz (0.035 g, 0.13 mmol), and sodium acetate (0.03 g,
0.36 mmol) were heated to reflux in ethanol (20 mL) for 8 h. The initially
transparent orange solution gradually changed to dark brown. The solid
mass obtained on removal of the solvent under reduced pressure was dis-
solved in the minimum volume of CH2Cl2 and purified by using a silica
gel (60–120 mesh) column with CH2Cl2/CH3CN (20:1 v/v) as eluent.
Yield: 0.057 g (50%); ESI MS (in CH2Cl2): m/z calcd for [1]+ : 864.05;
found: 864.07 (see also Figure S2a in the Supporting Information); ele-
mental analysis calcd (%) for C34H36N4O10Ru2: C 47.33, H 4.21, N 6.49;
found: C 47.69, H 4.21, N 6.28.


[(bpy)2Ru(m-boptz)Ru(bpy)2](ClO4)2 (2-(ClO4)2): A mixture of [Ru-
(bpy)2Cl2]·2H2O (0.10 g, 0.19 mmol) and AgClO4 (0.10 g, 0.48 mmol) in
ethanol (10 mL) was heated to reflux with constant stirring for 2 h under
a dinitrogen atmosphere. The resultant AgCl precipitate was filtered off
after cooling, leaving a red solution of [Ru(bpy)2(EtOH)2]


2+ . We added
H2boptz (0.025 g, 0.09 mmol) and sodium acetate (0.025 g, 0.30 mmol),
and the mixture was refluxed for 6 h under dinitrogen atmosphere.
During the course of the reaction the initial red color changed to purple.
The solution was then evaporated to dryness under reduced pressure and
the obtained solid mass was purified on an alumina chromatography
column (neutral) for purification. The purple solution containing 2-
(ClO4)2 was eluted with CH2Cl2/CH3CN (2:1 v/v). Yield: 0.057 g (45%);
ESI MS (in CH3CN): m/z calcd for [2-(ClO4)]


+ : 1191.09; found: 1191.11
(see also Figure S2b in the Supporting Information); elemental analysis
calcd (%) for C54H40Cl2N12O10Ru2: C 50.23, H 3.12, N 13.03; found: C
49.89, H 3.18, N 12.71.


[(pap)2Ru(m-boptz)Ru(pap)2](ClO4)2 (3-(ClO4)2): [Ru(pap)2Cl2] (0.10 g,
0.198 mmol) and AgClO4 (0.10 g, 0.48 mmol) were heated to reflux in
ethanol (10 mL) for 2 h under a dinitrogen atmosphere. The precipitated
AgCl was filtered off leaving a purple solution of [Ru(pap)2(EtOH)2]


2+ .
We added H2boptz (0.025 g, 0.09 mmol) and sodium acetate (0.025 g,


0.30 mmol) to this purple solution and the mixture was refluxed for 4 h
under dinitrogen. The resultant purple solution was evaporated to dry-
ness under reduced pressure and the solid mass was purified by chroma-
tography with a silica gel column (60–120 mesh) with CH2Cl2/CH3CN
(5:1 v/v). Yield: 0.083 g (60%); ESI MS (in CH3CN): m/z calcd for [3-
(ClO4)]


+ : 1298.68; found: 1299.20 (see also Figure S2c in the Supporting
Information); elemental analysis calcd (%) for C58H44Cl2N16O10Ru2:
C 49.83, H 3.17, N 16.03; found: C 49.49, H 3.05, N 15.53.


Magnetic susceptibility measurements : The variable-temperature mag-
netic susceptibility data were measured on a Quantum Design MPMSXL
SQUID susceptometer over a temperature range of 2–300 K. Each raw
data field was corrected for the diamagnetic contribution of both the
sample holder and the complex to the susceptibility. The molar diamag-
netic corrections were calculated on the basis of Pascal constants. The fit-
ting of the experimental data was carried out by using the commercial
MATLAB V.5.1.0.421 program.


X-ray crystal structure analysis : Single-crystals of H2boptz were grown by
slow diffusion of a solution of the compound in dichloromethane into
hexane, followed by slow evaporation. X-ray diffraction data of H2boptz
were collected on a PC-controlled Enraf-Nonius CAD-4 (MACH-3)
single-crystal X-ray diffractometer by using MoKa radiation. The structure
was solved and refined by full-matrix least-squares on F2 by using
SHELX-97 (SHELXTL).[30] Hydrogen atoms were included in the refine-
ment process as per the riding model.


CCDC 266312 contains the supplementary crystallographic data for
H2boptz in this paper. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Introduction


Exposure of living organisms to solar radiation may induce
lethal mutagenic and carcinogenic effects as a result of pho-
tochemical modifications of DNA. The cyclobutane pyrimi-
dine dimers pyr<>pyr are formed as the most abundant
mutagenic photoproducts.[1–3] Consequently, most research
on DNA photodamage, mutagenesis, and repair has focused
on the formation and repair of this particular type of
damage. More recent studies have identified the pyrimidine
(6–4) pyrimidone photoadducts, in which the 6-position of
one base is bonded to the 4-position of the adjacent one, as
very effective UV photoproducts that cause damaging muta-


tions.[4–10] These adducts are considered to be formed from a
photochemical Paterno–B1chi type cycloaddition involving
the C5=C6 double bond of the 5’-pyrimidine and the C4 car-
bonyl group of the 3’-pyrimidine. The presumed oxetane is
thought to undergo fast ring-opening and isomerization to
the observed (6–4) photoproducts. In the last decade, it has
been discovered that a protein can effect the photoreversal
of (6–4) photoproducts.[11] Such a protein binds to the (6–4)
lesion in the dark and, upon absorption of a photon, repairs
the photoproduct to give the normal base forms.[12] Excita-
tion of the enzyme–substrate complex causes cycloreversion
by means of a photosensitized electron-transfer mechanism
analogous to that reported for the pyr<>pyr DNA photo-
lyase.[13,14] In this context, there are some examples in the lit-
erature on the synthesis of model systems designed to study
the mechanism of photosensitized reactions involving DNA
and proteins.[15]


At wavelengths longer than 290 nm, where DNA is not
absorbing, the bulk of the photobiological effects is mediat-
ed by photosensitizers.[16–18] For instance, a number of non-
steroidal anti-inflammatory drugs (NSAIDs) are known to
photosensitize DNA damage.[19–22] Hence, modified nucleo-
sides containing key substructures present in drugs and nu-
cleic acids can be relevant models to study the excited-state
interactions and the primary photophysical/photochemical
processes underlying drug-mediated photoreactions of DNA
and their photobiological consequences.[23] In particular,
they could help to gain some insight into the chemical
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nature of the adducts formed in photosensitized DNA-drug
systems, which is poorly understood.


Among NSAIDs, ketoprofen (KP, 2-[3-benzoylphenyl]-
propionic acid) is a well-known benzophenone-derived pho-
tosensitizer. It produces both photoallergic and phototoxic
effects,[24–28] and its photosensitizing properties toward bio-
logical targets have been widely investigated.[29–33] Specifical-
ly, KP induces photooxidative DNA damage (including
strand breaks and base lesions) and photosensitizes the for-
mation of cyclobutane thymine dimers.[34–37] These photobio-
logical properties are attributable to the benzophenone
(BP) substructure, as the parent compound BP photosensi-
tizes similar DNA reactions.[29] Indeed, previous studies
have shown that there is a strong intermolecular interaction
between the excited BP chromophore and thymine deriva-
tives,[38–41] including the free thymidine nucleoside[42] and a
thymidine 5’-monophosphate.[43] Fast quenching of triplet
BP by thymine derivatives has been observed and attributed
to the occurrence of energy or electron transfer; however,
recent evidence has been obtained which suggests that this
quenching is mainly associated with a Paterno–B1chi cyclo-
addition leading to the formation of oxetanes.[44]


To gain a better understanding of this type of processes,
two thymidine-derived nucleosides (compounds 1 and 2)
have been prepared in the present work by covalently at-
taching a benzophenone derivative, namely (S)-ketoprofen,
to positions 5’ or 3’ of the sugar.


These dyads were designed as models to study the interac-
tion between excited drugs and nucleic acids. Furthermore,
they present a different spatial arrangement (transoid or
cisoid) of the BP chromophore relative to the thymine
(Thy) unit that could allow an investigation of the influence
of the benzophenone-to-thymine orientation on the photo-
physical and photochemical properties. Analogous model
systems based on S-KP have been used for the study of
drug-photosensitized lipid peroxidation,[45] although in this
case, S-KP was linked to a cyclohexa-1,4-diene moiety as a
source of the doubly allylic hydrogens present in polyunsa-
turated fatty acids.


It will be shown that the predominating photoreaction
pathway in the case of dyad 1 is actually a Paterno–B1chi
cycloaddition to give a complex mixture of isomeric oxe-
tanes. The repair of this model lesion can be easily achieved
by direct photolysis that effects cycloreversion in a rare,
adiabatic process[46] leading to the ground-state thymine plus
the excited triplet state of the carbonyl moiety.


Results and Discussion


Photochemical reactivity of dyads 1 and 2 : Steady-state irra-
diation of dyad 1 in acetonitrile, through Pyrex, led to the
formation of several photoproducts; in contrast, irradiation
of 2 gave only polymerization. The photoproducts were sep-
arated by semipreparative HPLC, and their structures were
unambiguously determined by a complete assignment of the
1H and 13C NMR signals by the use of a combination of H,H
(COSY) and H,C correlations (HSQC and HMBC). The
main photoproducts were found to be oxetanes 3–6 (com-
bined yield 52%). Minor amounts of cyclic compounds 7
and 8 (14%) were also obtained (Scheme 1).


The regiochemistry of 3 and 4 became evident from the
13C chemical shifts of the bridgehead carbon atoms of the
oxetane ring (dCH = 61.0/60.8 ppm and dC = 77.4/
77.9 ppm); they are essentially coincident with those report-
ed for related compounds.[41] In contrast, the regioisomeric
oxetanes 5 and 6 displayed characteristic 13C signals with


Scheme 1. Photoproducts resulting upon irradiation of 1 in acetonitrile.
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chemical shifts dCH = 79.8/81.9 ppm and dC = 57.8 ppm.[41]


This assignment is also supported by the known a- and b-ef-
fects of the oxygen atom on the 13C chemical shifts; detailed
estimations based on these effects are given in the Support-
ing Information S10–S15.


The stereochemistry of 3–6 was basically assigned by
means of NOE experiments (Tables 1–4). This assignment
was fully confirmed for oxetane 4 by X-ray crystallography.
For instance, upon irradiation of the proton of the oxetane
(H6) remarkable NOE enhancements for H1’ were only ob-
served for 3 and 5. Moreover, a clear NOE interaction was
found in the four compounds between H6 and the ortho-
proton of the benzene ring that is integrated into the macro-


cycle. As a general rule, sizable
NOE effects were observed be-
tween protons at a distances of
less than 3–4 Q in the molecu-
lar models obtained upon
MOPAC optimization of the ge-
ometries (see the structures in
the Supporting Information,
S19–S22). Overall, these data
support the structural assign-
ment of the isolated oxetanes
as shown in Scheme 1.


The 1H NMR spectra of the
minor cyclic photoproducts 7


and 8 showed the disappearance of the thymine methyl
group of 1 and the presence of two new diastereotopic
methylene protons between d = 3.3 and 3.6 ppm. In the
13C NMR spectra, the most salient feature was the lack of
the thymine methyl group and the ketone carbonyl, together
with the appearance of new signals corresponding to the
methylene carbon at d�41 ppm and the quaternary carbon
at d�79 ppm.


Again, the stereochemistry was assigned by means of
NOE experiments (Tables 5 and 6). The main interaction
for discrimination purposes was found between the internal
methylene proton of 7 (d = 3.34 ppm) and the ortho-pro-
tons of the phenyl (C6H5) group at d = 7.57 ppm. The rela-


Table 1. Selected proton NOE data for compound 3 in CDCl3.


Irradiation of:
NOE observed [%]: ArH H1’ H6 H5’ H5’ H4’ CH-CH3 H2’’ H2’ CH-CH3


ArH (d = 8.03 ppm) – 0 6.67 0.57 0 0 1.39 0 0.47 0.61
H1’ (d = 5.92 ppm) 0 – 0.73 0 0 1.41 0 3.64 0.33 0
H6 (d = 5.36 ppm) 6.82 1.16 – 0.18 0 0.34 0 0 1.47 0
H5’ (d = 4.70 ppm) 0.39 0 0.47 – 66.13 2.15 0 0 0 0
H5’ (d = 4.46 ppm) 0.54 0 0 13.16 – 3.66 0 0 0 0
H3’ (d = 4.40 ppm) – 0.41 0 1.62 – 0 0 1.20 0 0.52
H4’ (d = 4.10 ppm) 0 1.57 0 2.89 5.30 – 0 0 0 0
CH-CH3 (d = 3.96 ppm) 2.09 0 0 0 0 0 – 0 0 2.54
H2’’ (d = 2.20 ppm) 0 2.85 0 0 0 0 0 – 1.14 0.12
H2’ (d = 1.80 ppm) 2.71 1.28 0 0 0 0 0 13.60 – 0
C�CH3 (d = 1.77 ppm) – 0 1.29 – 0 0 0 0.27 0 0
CH-CH3 (d = 1.61 ppm) 0.39 0 0 0 0 0 0.97 0 0 –


Table 2. Selected proton NOE data for compound 4 in CDCl3.


Irradiation of:
NOE observed [%]: ArH H1’ H6 H5’ H3’ H4’ CH-CH3 H2’’ + H2’ C�CH3 CH-CH3


ArH (d = 8.08 ppm) – 0 3.60 0 0.56 0.38 0.85 0.29 0 0.50
H1’ (d = 6.40 ppm) 0 – 0 0 0 1.69 0 2.02 0 0
H5’ (d = 4.85 ppm) 0 0 – – 7.90 1.85 0 0.53 0 0
H6 (d = 4.74 ppm) 3.09 0 – – 0.33 0 0 0 1.20 0
H5’ (d = 4.45 ppm) 0 0 0.90 20.40 – 1.53 0 0 0 0
H3’ (d = 4.38 ppm) 1.20 0 1.41 0 – 0 0 1.91 0 0
H4’ (d = 3.97 ppm) 0 2.58 0 3.90 1.96 – – 0.67 0 0.54
CH-CH3 (d = 3.87 ppm) 1.20 0 0 0 0 – – 0 0 1.62
H2’’ + H2’ (d = 2.20 ppm) 0 3.80 5.99 0 2.30 – 0 – 0.30 –
C�CH3 (d = 1.75 ppm) 0 0 0.5 0 0 0 0 1.00 – –
CH-CH3 (d = 1.58 ppm) 0.52 0 2.86 0 2.00 1.30 3.44 – 0 –


Table 3. Selected proton NOE data for compound 5 in CDCl3.


Irradiation of:
NOE observed [%]: H1’ H6 H5’ H4’


ArH (d = 8.07 ppm) 0 5.10 2.57 0
H1’ (d = 6.10 ppm) – 0.56 0 0.14
H6 (d = 5.70 ppm) 0.09 – 0.80 0
H5’ (d = 4.68 ppm) 0 0 – 3.90
H3’ (d = 4.66 ppm) 0 1.28 – 0
H5’ (d = 4.33 ppm) 0 0 3.42 1.75
H4’ (d = 4.02 ppm) 0.57 0 2.06 –
CH-CH3 (d = 3.93 ppm) 0 0 0 0
H2’’ + H2’ (d = 2.53 ppm) 2.98 0.62 1.59 1.38
CH-CH3 (d = 1.60 ppm) 0 0 0.34 0
C�CH3 (d = 1.07 ppm) 0 0.80 0 0
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tive spatial arrangement of these protons, which explains the
observed NOE effect, is shown in the Supporting Informa-
tion (S23, top view). Unfortunately, the corresponding ex-
periment could not be performed with the other stereoisom-
er (8) because its two methylene protons (internal and exter-
nal) do not appear as separate signals in the 1H NMR spec-
trum. An interesting feature observed for compound 7 was
the upfield shift of its H2’ proton, which appeared at d =


0.77 ppm. In the minimized models (see Supporting Infor-
mation, S23 (bottom view) and S24) it becomes clear that
this proton falls into the shielding region of the disubstituted
aromatic ring only in the case of 7. Accordingly, a clear
NOE interaction was observed between H2’ and the aromat-
ic singlet at d = 7.2–7.3 ppm for compound 7, but not for its
stereoisomer 8.


Oxetanes 3–6 are clearly formed by means of an intramo-
lecular Paterno–B1chi cycloaddition between the carbonyl
group of the benzophenone and the double bond of the thy-
mine base. Intermolecular cycloadditions of this type have


been reported for thymine de-
rivatives.[38,41,44, 47] The factors
governing regioselectivity in ox-
etane formation are not clear;
however, they are thought to in-
clude the stability of 1,4-biradi-
cal intermediates, steric effects,
and hydrogen-bonding interac-
tions. In the case of thymidine,
the N,O-acetal regioisomers
(analogous to 5 and 6) are the
major products by far. The en-


hanced formation of oxetanes with the O atom of the car-
bonyl linked to the C5 thymine position (as in 3 and 4) start-
ing from dyad 1 must be attributed to their lower ring
strain. Here, the rigidity of the resulting macrocycle seems
to play a key role.


On the other hand, the minor photoproducts 7 and 8 arise
as a result of hydrogen abstraction by the benzophenone
carbonyl from the methyl group of the thymine base. The
resulting biradical intermediate would collapse upon intra-
molecular coupling with C�C bond formation. Hydrogen ab-
straction by benzophenone is well known.[48] Moreover,
some products of the reported benzophenone-mediated pho-
tosensitization of thymidine can be rationalized by a formal
hydrogen abstraction from the C5 methyl group [Eq. (1)].[42]


3BP þ dThd ! BPHC þ dThdð�HÞC ð1Þ


To sum up, the mechanisms taking place in the photoreac-
tions of dyad 1 are shown in Scheme 2.


Photophysics of dyads 1 and 2 : Transient absorbance data
were recorded for the two dyads and compared with those
obtained for S-KP as a reference compound. All experi-
ments were performed in pure acetonitrile under an anaero-
bic atmosphere and with an excitation wavelength of
355 nm. In all cases, the typical triplet–triplet absorption
spectrum of benzophenone was obtained,[49] with a maxi-
mum at l�530 nm (Figure 1a). However, significant differ-
ences were found in the lifetimes. Thus, decay of the triplet
state was markedly slower for S-KP (tKP = 1.3 ms) than for


Table 4. Selected proton NOE data for compound 6 in CDCl3.


Irradiation of:
NOE observed [%]: ArH H1’ H6 H3’ H2’ CH-CH3 C�CH3


ArH (d = 8.57 ppm) – 0 2.79 0 0 0 0
H1’ (d = 6.41 ppm) 0 – 0 0 0 0 0
H6 (d = 5.28 ppm) 2.27 0.13 – 1.83 0.97 0 1.23
H5’ (d = 4.55 ppm) 0 0 0 2.22 0 0 0
H4’ (d = 4.27 ppm) 0 0 0 – 0 0 0
H3’ (d = 4.20 ppm) 0 0 3.07 – 2.04 0 0
CH-CH3 (d = 4.10 ppm) 1.03 0 0 0 0 1.28 0
H5’ (d = 4.05 ppm) 0 0 0 0 0 0 0
H2’’ (d = 2.48 ppm) 0 1.68 0.47 0 7.57 0 0
H2’ (d = 1.72 ppm) 0 0 0.84 1.21 – 0 0
CH-CH3 (d = 1.61 ppm) 0 0.18 0 0 0 – 0
C�CH3 (d = 1.17 ppm) 0 0.01 0.50 0 0 0 –


Table 5. Selected proton NOE data for compound 7 in CD3OD.


Irradiation of:
NOE observed [%]: H1’ H6 C(H)H C(H)H CH-CH3 H2’’ H2’


ArH (d = 7.57 ppm, d) 0 0 0 1.45 0 0 0
(d = 7.16 ppm, s) 0 1.69 0 2.21 6.25 0 1.01
H6 (d = 6.54 ppm) 0 – 0 1.26 0 0 5.32
H1’ (d = 6.10 ppm) – 0 0 0 0 4.09 0
C(H)H (d = 3.58 ppm) 0 0 – 6.32 0 0 0
C(H)H (d = 3.34 ppm) 0 2.75 20.36 – 0 0 0
H2’’ (d = 1.76 ppm) 2.32 0 0 0 0 – 20.79
H2’ (d = 0.77 ppm) 0 3.58 0 0 0 19.38 –


Table 6. Selected proton NOE data for compound 8 in CD3OD.


Irradiation of:
NOE observed [%]: H1’ H6 H2’’ H2’


ArH (d = 7.30 ppm, s) 0 1.52 0 0
H6 (d = 6.67 ppm) 0 – 0 4.27
H1’ (d = 6.14 ppm) – 0 4.72 0
H5’ (d = 4.31 ppm) 0 1.15 0 0
H2’’ (d = 2.12 ppm) 2.98 0 – 16.24
H2’ (d = 1.73 ppm) 0 3.03 19.53 –
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any of the dyads; this effect was specially noteworthy in the
case of 1 (t = 20 ns), as shown in Figure 1b.


The dramatically shorter lifetime of the excited triplet
state in the cisoid dyad 1 is in excellent agreement with its
higher reactivity, leading to the formation of oxetanes 3–6
and, to a lesser extent, to macrocycles 7 and 8. None of the
intermediate biradical species appearing in Scheme 2 were
observed (presumably too short-lived).


Mechanism of benzophenone-photosensitized DNA damage
at thymine sites : Formation of cyclobutane thymine dimers,
which is one of the major DNA lesions, has been reported
to occur upon BP and KP photosensitization.[36,37] The re-
quired triplet–triplet energy transfer, which would be ther-
modynamically disfavored, does not seem to play a major


role in the intramolecular deac-
tivation of BP triplets by Thy in
the dyads. Such an energy
transfer should be evidenced
through the known triplet–trip-
let absorption of Thy at 370 nm,
which was not detected in our
experiments. Dimerization was
not observed, probably owing
to the inefficient intermolecular
reaction between small
amounts of triplet Thy and Thy
units of other nucleoside in the
ground state. In this context,
the use of a BP-functionalized
oligonucleotide with two (or
more) adjacent Thy bases could
increase the efficiency of this


process by an enhanced intramolecular quenching process.
Thus, it cannot be completely ruled out that a small frac-


tion of thermally activated BP triplets could achieve energy
transfer to Thy in very low quantum yields (below the detec-
tion limits of the laser flash photolysis technique). This reac-
tion pathway, although minor, could be of biological signifi-
cance.[42] Besides, the triplet energy of the Thy base in DNA
must be lower than that in the dyad; this would enhance the
prospects of triplet–triplet energy transfer (and hence cyclo-
butane dimer formation) in the biomacromolecule.


It has been reported that BP and KP photosensitize oxi-
dative damage to DNA. Although the guanine bases appear
to be the preferred sites for this damage, the free dThd nu-
cleoside has also been found to undergo BP-photosensitized
oxidation. Electron transfer from dThd to triplet BP, fol-
lowed by proton transfer, has been proposed as the operat-
ing mechanism. This would be equivalent to formal hydro-
gen abstraction for the thymine methyl group, with forma-
tion of an allylic radical as the key intermediate. Subsequent
trapping by oxygen accounts for some of the dThd oxidation
products. Although electron transfer from Thy to BP would
be thermodynamically feasible (DG = �30 kJmol�1), for-
mation of the resulting radical ions was not observed in the
laser flash photolysis experiments with the dyads. However,
a significant amount of photoproducts arising from a formal
intramolecular hydrogen abstraction (such as 7 and 8) was
obtained; this strongly supports the mechanism proposed in
the literature[42] for the generation of oxidative dThd lesions.
Nonetheless, oxidation of the Thy sites in DNA by this
mechanism would be unlikely because the purine bases
(such as guanine) have much lower oxidation potentials and
would be much better electron donors toward the excited
BP chromophore.[37]


Overall, the results obtained by means of time-resolved
and product studies on dyad 1 provide evidence that there is
indeed a strong intramolecular interaction between the BP
and Thy moieties in the triplet excited state. This is essen-
tially attributable to a Paterno–B1chi photoreaction, in
which the initial step is the formation of a new bond be-


Scheme 2. Simplified mechanisms of the intramolecular photoreaction between the two active moieties of
dyad 1.


Figure 1. a) Transient spectrum obtained for dyad 1 in acetonitrile 35 ns
after the laser pulse at 355 nm. Similar spectra were obtained for dyad 2
and S-KP. b) Decays of the triplet signal at 530 nm for S-KP and dyads 1
and 2.
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tween the excited carbonyl oxygen and one of the Thy ole-
finic carbons to give oxetanes 3–6 as final products. Such
products have been actually isolated and identified in the
preparative irradiations.


The question remains as to whether oxetane formation
upon photolysis of KP in the presence of DNA might still
be a possible reaction pathway. This possibility and its bio-
logical significance still need to be checked. In this context,
it is interesting to mention that oxetanes are believed to be
involved in the formation and photoenzymatic repair of the
DNA damage associated with pyrimidine (6–4) pyrimidone
photoproducts.[40] Here, photolyases play a key role by
acting as electron donors to achieve the reductive oxetane
cycloreversion to afford two repaired pyrimidine units.[40,50]


Adiabatic photochemical cycloreversion of oxetanes : In a
preliminary communication, it was reported that the excited
triplet state of the carbonyl compound, together with the
ground state of the pyrimidine base, are generated upon
laser irradiation (l = 266 nm) of oxetanes derived from 1,3-
dimethylthymine.[46] This is a rare and interesting case of
adiabatic photochemical reaction whose mechanism needs
to be clarified in more detail.


To gain further understanding of this type of oxetane cy-
cloreversion, the direct photolysis of 3 (the major product
obtained upon irradiation of dyad 1) has been examined in
the present work. Here, the strain release associated with
cleavage of the macrocycle was expected to have a marked
influence on the process. Hence, the oxetanes obtained from
the intermolecular photochemical reaction of benzophenone
with thymidine (BP-dThd)[44] and 1,3-dimethylthymine (BP-
DMT)[46] were used for a comparison. All the experiments
were performed in acetonitrile/water (4:1 v/v).


Prior to irradiation, the UV/Vis absorption spectra of the
oxetanes showed a band in the l = 220–230 nm region. The
course of the photolysis was monitored by following the in-
crease of the UV absorption at l = 254 nm, which is typical
of the carbonyl compound. The cycloreversion quantum
yields were calculated from the slopes of the straight lines
obtained when the absorbance at l = 254 nm was plotted
against the irradiation time (Figure 2a); the values were
found to be 0.7 and 0.3 for 3 and BP-dThd, respectively, ref-
erenced to BP-DMT (photolysis quantum yield = 0.5).[46]


Conversions were kept below 10% throughout the measure-
ments.


In a similar way, in order to determine the quantum yield
for the opposite process, which is the photolysis of dyad 1,


an analogous experimental procedure was followed. In this
case, the reference was a solution of BP in 2-propanol, with
a limiting photoreduction quantum yield of 1.96. Both solu-
tions were photolyzed under an anaerobic atmosphere, and
the decrease of the carbonyl absorption at l = 254 nm was
followed. A photolysis quantum yield of 0.4 for dyad 1 was
obtained as described above (Figure 2b), also at low conver-
sions (<10%). Since 83% of all the photoproducts of 1 are
oxetanes (compounds 3–6, Scheme 1), the Paterno–B1chi
quantum yield would be �0.3.


As expected for an adiabatic cycloreversion, the transient
spectrum (Figure 3) resulting from laser flash photolysis (l
= 266 nm, 10 ns, 2–5 mJ per pulse) of oxetane 3 was identi-
cal to that obtained from 1 (Figure 1a), reliably assigned to
the well-characterized triplet–triplet absorption of benzo-
phenone (lmax = 530 nm). This process was nearly quantita-
tive, as indicated by the very high quantum yield (close to
unity), measured from the transient absorbance at l =


530 nm immediately after the laser pulse compared with
that of benzophenone.


In the case of BP-DMT, a lower efficiency for this adia-
batic process was previously reported (quantum yield
�0.4).[46] This is qualitatively consistent with the results
from preparative experiments (Figure 2a), in which 3 also
clearly reacted faster than BP-DMT. Thus, the strain release
associated with cleavage of the macrocyclic ring in 3 seems
to play an important role in enhancing the reaction.


A simplified energy diagram which indicates that the
adiabatic photochemical cycloreversion of oxetane 3 is ener-
getically feasible is shown in Figure 4. The key intermediates
are supposed to be the 1,4 biradicals (singlet and triplet) de-
rived from C�C bond scission. Cleavage of the triplet biradi-
cal to afford the ground state carbonyl chromophore ap-


Figure 2. Plot of the absorbance of the carbonyl band at 254 nm against
the irradiation time for a) oxetanes 3 (&), BP-dThd (~) and BP-DMT (*)
and, b) dyad 1 (*) and BP in 2-propanol (&).
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pears to be roughly twice as fast as its ring closure to the ox-
etane adducts.


Conclusion


The benzophenone-to-thymine orientation has a strong in-
fluence on the intramolecular photosensitization of thymi-
dine by ketoprofen. The prevailing mechanism for such a
process is a Paterno–B1chi cycloaddition to afford oxetanes
3–6 ; however, the ability of benzophenone to achieve a
formal hydrogen abstraction from the methyl group of thy-
midine has also been evidenced through formation of photo-
products 7 and 8. These processes provide efficient deactiva-


tion pathways for the ketoprofen triplet excited state only in
the case of the cisoid dyad 1.


In addition, unambiguous experimental evidence has been
obtained which supports the fact that the obtained macrocy-
clic oxetanes undergo an adiabatic photochemical cyclore-
version under direct photolysis to yield the starting dyad (1)
in its excited triplet state. This rare photochemical process is
more efficient than the retro-Paterno–B1chi reaction of the
oxetanes obtained from intermolecular photocycloaddition
between thymine derivatives and benzophenone.


Experimental Section


Materials : (S)-Ketoprofen [(S)-2-(3-benzoylphenyl)propionic acid, (S)-
KP], thymidine (dThd), and 1-[3-(dimethylamino)propyl]-3-ethylcarbo-
diimide hydrochloride (EDAC) were obtained from commercial sources.
Acetonitrile and methanol (HPLC grade) were used without further puri-
fication.


Analytical instrumentation : UV spectra were recorded on a UV/Vis scan-
ning spectrophotometer with a slit width of 5 nm. NMR spectra were re-
corded with a 300 MHz instrument. Bruker Avance400/500 spectrometers


were used for NOE and two-dimen-
sional NMR experiments; transient
NOE effects were recorded with a
mixing time of 500 ms. For HPLC/MS
analyses, the API-ES positive ioniza-
tion was used for mass detection and
MeOH/H2O (50:50) as the eluent for
separation. The identity of the com-
pounds was confirmed by fast-atom
bombardment (FAB) and electronic
impact (EI) recorded in a high-resolu-
tion mass spectrometer (HRMS).


Nanosecond laser-flash photolysis : A
pulsed Nd:YAG laser was used for ex-
citation at 355 or 266 nm. The single
pulses had a duration of about 10 ns
and the energy was about 10 and 4 mJ
per pulse, respectively. A pulsed
xenon lamp was employed as the de-
tecting light source. The laser flash-
photolysis apparatus consisted of a
pulsed laser, a Xe lamp, a monochro-
mator, and a photomultiplier tube
(PMT) system. The output signal from
the oscilloscope was fed to a personal
computer. The substrate concentration
was about 1.5 mm and �0.1 mm for ir-


radiation at 355 nm and 266 nm, respectively. All solutions were deaerat-
ed by bubbling nitrogen. These values ensured an absorbance of �0.2 in
the laser cell at the excitation wavelength.


Synthesis and characterization of the dyads : Compounds 1 and 2 were
obtained by condensation of the photosensitizing benzophenone-contain-
ing drug (S)-KP with dThd and a carbodiimide (EDAC) as the activating
agent. Both dyads were fully characterized by 1H NMR, 13C NMR, and
mass spectrometry (see the spectra in the Supporting Information, S2
and S3).


Synthesis of compounds 1 and 2 : Thymidine (dThd) (0.30 g, 1.23 mmol)
and (S)-ketoprofen [(S)-KP] (0.27 g, 1.19 mmol) were dissolved in anhy-
drous pyridine (2 mL). EDAC (0.23 g, 1.19 mmol) was slowly added at
0 8C under constant stirring. When the addition was complete, the reac-
tion mixture was kept at 0 8C for 2 h. After this time, the reaction mix-
ture was concentrated under reduced pressure to remove the pyridine.
The resulting viscous material was resuspended in CH2Cl2 (25 mL) and


Figure 3. a) Transient spectrum obtained 100 ns after laser irradiation of
oxetane 3 at 266 nm. b) Decay of the triplet signal at 530 nm.


Figure 4. Energy diagram for the adiabatic photochemical processes as cycloreversion of thymine oxetane
adduct 3 and cycloaddition of dyad 1.
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washed with an aqueous solution of NaHCO3 (1m) to remove the un-
reacted dThd and (S)-KP. The organic phase was dried with anhydrous
Na2SO4, and the solvent was evaporated to dryness under reduced pres-
sure. The residue was submitted to column chromatography (silica gel,
CHCl3/CH3OH 10:1, v/v) to afford the corresponding 5’-ester 1 (55%)
and 3’-ester 2 (16%).


S-Ketoprofen, 5’-ester with thymidine (1): Yield 55%; 1H NMR
(300 MHz, CDCl3): d = 8.57 (br s, 1H, NH), 7.85–7.10 (m, 10H, Ar-H +


HC=), 6.20 (t, J = 6.9 Hz, 1H, H1’), 4.55 (dd, J = 12.1, 4.0 Hz, 1H,
H5’), 4.22 (dd, J = 12.1, 3.3 Hz, 1H, H5’), 4.20–4.10 (m, 2H, H3’ + H4’),
3.85 (q, J = 7.1 Hz, 1H, CH-CH3), 3.02 (br s, 1H, OH), 2.25 (m, 1H,
H2’’), 1.90 (s, 3H, =C�CH3), 1.74 (m, 1H, H2’), 1.58 ppm (d, J = 7.1 Hz,
3H, CH-CH3);


13C NMR (75 MHz, CDCl3): d = 196.4 (C), 174.0 (C),
164.0 (C), 150.4 (C), 140.6 (C), 138.0 (C), 137.0 (C), 135.2 (CH), 132.8
(CH), 131.3 (CH), 129.9 (CH), 129.3 (CH), 128.6 (CH), 128.5 (CH),
128.3 (CH), 110.9 (C), 85.1 (CH), 84.3 (CH), 71.2 (CH), 64.3 (CH2), 45.4
(CH), 39.9 (CH2), 18.4 (CH3), 12.6 ppm (CH3); HRMS (EI) calcd for:
C26H26O7N2 478.1740; found 478.1750.


S-Ketoprofen, 3’-ester with thymidine (2): Yield 16%; 1H NMR
(300 MHz, CDCl3): d = 9.85 (br s, 1H, NH), 7.80–7.40 (m, 10H, Ar-H +


HC=), 6.20 (dd, J = 8.2, 6.1 Hz, 1H, H1’), 5.40 (m, 1H, H3’), 3.95–3.75
(m, 4H, H4’ + 2RH5’ + CH-CH3), 3.33 (br s, 1H, OH), 2.55–2.30 (m,
2H, H2’ + H2’’), 1.85 (s, 3H, =C�CH3), 1.56 ppm (d, J = 7.1 Hz, 3H,
CH-CH3);


13C NMR (75 MHz, CDCl3): d = 196.0 (C), 173.7 (C), 163.8
(C), 150.5 (C), 140.2 (C), 138.0 (C), 137.2 (C), 136.6 (CH), 131.3 (CH),
130.2 (CH), 129.9 (CH), 129.3 (CH), 129.0 (CH), 128.7 (CH), 128.4
(CH), 111.3 (C), 86.6 (CH), 84.8 (CH), 75.2 (CH), 62.0 (CH2), 45.0 (CH),
36.0 (CH2), 18.3 (CH3), 12.1 ppm (CH3); HRMS (EI) calcd. for
C26H26O7N2: 478.1740; found 478.1721.


Steady-state photolysis of 1 and 2 and characterization of the photoprod-
ucts


Steady-state photolysis of 1 and 2 : A 2.63R10�3
m solution of the dyad (1


or 2) in acetonitrile was placed into a Pyrex tube surrounding a centrally
positioned quartz cooling jacket containing a 125 W medium-pressure Hg
lamp. The solution was degassed for 30 min with a stream of argon and
then irradiated for 5.5 h. After evaporation of the solvent, the residue
was submitted to reverse phase HPLC on a RP-18 column (water/aceto-
nitrile (40:60), isocratic solvent). Six photoproducts were separated in the
case of 1. All of them were fully characterized by 1H NMR, 13C NMR,
mass spectrometry and, in the case of oxetane 4, x-ray diffraction (see
the spectra in the Supporting Information, S4–S9). CCDC-266772 con-
tains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Identification of photoproducts :


Oxetane 3 : Yield 19%; 1H NMR (300 MHz, CDCl3): d = 8.03 (s, 1H,
Ar-H), 7.40–6.90 (m, 9H, Ar-H + NH), 5.92 (dd, J = 9.4, 5.1 Hz, 1H,
H1’), 5.36 (s,1H, H6), 4.70 (dd, J = 12.7, 1.4 Hz, 1H, H5’), 4.46 (dd, J =


12.7, 1.9 Hz, 1H, H5’), 4.40 (m, 1H, H3’), 4.10 (m, 1H, H4’), 3.93 (q, J =


7.2 Hz, 1H, CH-CH3), 2.20 (m, 1H, H2’’), 2.05 (br s, 1H, OH), 1.80 (m,
1H, H2’), 1.77 (s, 3H, C�CH3), 1.61 ppm (d, J = 7.2 Hz, 3H, CH-CH3);
13C NMR (75 MHz, CDCl3): d = 173.1 (C), 170.0 (C), 150.6 (C), 144.4
(C), 139.4 (C), 137.6 (C), 129.1 (CH), 128.4 (CH), 128.3 (CH), 126.5
(CH), 126.2 (CH), 125.3 (CH), 124.9 (CH), 92.0 (C), 84.6 (CH), 83.6
(CH), 77.2 (C, peak observed in the long-range HC correlation), 70.7
(CH), 63.4 (CH2), 61.0 (CH), 46.3 (CH), 40.7 (CH2), 22.9 (CH3),
19.1 ppm (CH3); HRMS (FAB) calcd. for C26H26O7N2: 478.1740; found
478.1750.


Oxetane 4 : Yield: 14%; 1H NMR (300 MHz, CDCl3): d = 8.08 (s, 1H,
Ar-H), 7.70–6.90 (m, 9H, Ar-H + NH), 6.38 (t, J = 7.5 Hz, 1H, H1’),
4.81 (dd, J = 12.3, 1.5 Hz, 1H, H5’), 4.74 (s, 1H, H6), 4.40 (dd, J = 12.3,
2.0 Hz, 1H, H5’), 4.35 (br s, 1H, H3’), 4.00–3.94 (m, 1H, H4’), 3.87 (q, J
= 7.2 Hz, 1H, CH-CH3), 2.20 (m, 2H, H2’ + H2’’), 1.80 (br s, 1H, OH),
1.75 (s, 3H, C�CH3), 1.55 ppm (d, J = 7.2 Hz, 3H, CH-CH3);


13C NMR
(75 MHz, CDCl3): d = 173.6 (C), 168.8 (C), 151.2 (C), 145.8 (C), 139.4
(C), 138.6 (C), 128.9 (CH), 128.7 (CH), 128.2 (CH), 128.1 (CH), 125.1
(CH), 123.0 (CH), 121.8 (CH), 91.2 (C), 82.9 (CH), 82.0 (CH), 77.6 (C,
peak observed in the long-range HC correlation), 70.0 (CH), 61.3 (CH2),


60.8 (CH), 45.2 (CH), 37.1 (CH2), 22.3 (CH3), 17.8 ppm (CH3); HRMS
(FAB) calcd. for C26H26O7N2: 478.1740; found 478.1751.


Oxetane 5 : Yield: 10%; 1H NMR (300 MHz, CDCl3): d = 8.07 (s, 1H,
Ar-H), 7.65–7.15 (m, 9H, Ar-H + NH), 6.10 (dd, J = 6.6, 4.2 Hz, 1H,
H1’), 5.70 (s, 1H, H6), 4.68 (dd, J = 12.3, 2.4 Hz, 1H, H5’), 4.66 (m, 1H,
H3’), 4.33 (dd, J = 12.3, 1.2 Hz, 1H, H5’), 4.02 (m, 1H, H4’), 3.93 (q, J
= 7.2 Hz, 1H, CH-CH3), 2.72 (br s, 1H, OH), 2.51 (m, 2H, H2’ + H2’’),
1.60 (d, J = 7.2 Hz, 3H, CH-CH3), 1.07 ppm (s, 3H, C�CH3);


13C NMR
(75 MHz, CDCl3): d = 175.6 (C), 170.6 (C), 150.5 (C), 140.7 (C), 139.4
(C), 138.9 (C), 129.2 (CH), 128.5 (CH), 128.3 (CH), 127.8 (CH), 127.6
(CH), 126.7 (CH), 125.0 (CH), 87.7 (C), 83.8 (CH), 83.1 (CH), 79.8
(CH), 68.9 (CH), 63.7 (CH2), 57.8 (C), 47.5 (CH), 41.0 (CH2), 20.1 (CH3),
17.6 ppm (CH3); HRMS (EI) calcd. for C26H26O7N2: 478.1740; found
478.1708.


Oxetane 6 : Yield: 9%; 1H NMR (300 MHz, CDCl3): d = 8.57 (s, 1H, Ar-
H), 7.65–7.20 (m, 9H, Ar-H + NH), 6.40 (t, J = 6.7 Hz, 1H, H1’), 5.28
(s, 1H, H6), 4.50 (dd, J = 12.8, 2.7 Hz, 1H, H5’), 4.29 (m, 1H, H4’), 4.20
(m, 1H, H3’), 4.10 (q, J = 6.9 Hz, 1H, CH-CH3), 4.05 (dd, J = 12.8,
7.5 Hz, 1H, H5’), 2.48 (m, 2H, H2’’ + OH), 1.72 (m, 1H, H2’), 1.61 (d, J
= 6.9 Hz, 3H, CH-CH3), 1.17 ppm (s, 3H, C�CH3);


13C NMR (75 MHz,
CDCl3): d = 175.1 (C), 170.6 (C), 150.7 (C), 139.5 (C), 139.0 (C), 138.7
(C), 130.2 (CH), 129.3 (CH), 129.0 (CH), 128.5 (CH), 127.9 (CH), 126.3
(CH), 125.0 (CH), 86.8 (C), 84.8 (CH), 83.5 (CH), 81.9 (CH), 71.1 (CH),
64.3 (CH2), 57.8 (C), 43.6 (CH), 40.6 (CH2), 16.7 (CH3), 14.0 ppm (CH3);
HRMS (EI) calcd for C26H26O7N2 478.1740; found 478.1753.


Compound 7: Yield: 6%; 1H NMR (300 MHz, CD3OD): d = 7.64–7.10
(m, 10H, Ar-H + NH), 6.54 (s, 1H, H6), 6.10 (dd, J = 9.3, 5.7 Hz, 1H,
H1’), 4.80 (dd, J = 12.9, 1.8 Hz, 1H, H5’), 3.95–3.90 (m, 3H, H3’ + H4’
+ H5’), 3.73 (q, J = 7.2 Hz, 1H, CH-CH3), 3.58 (d, J = 14.1 Hz, 1H,
CH2), 3.34 (d, J = 14.1 Hz, 1H, CH2), 1.76 (ddd, J = 13.5, 5.7, 1.5 Hz,
1H, H2’’), 1.47 (d, J = 7.2 Hz, 3H, CH-CH3), 0.77 ppm (ddd, J = 13.5,
9.3, 6.3 Hz, 1H, H2’); 13C NMR (75 MHz, CD3OD): d = 175.7 (C), 167.2
(C), 151.6 (C), 149.1 (C), 147.8 (C), 141.6 (C), 138.9 (CH), 130.3 (CH),
130.0 (CH), 129.2 (CH), 128.1 (CH), 127.3 (CH), 125.7 (CH), 124.9
(CH), 111.7 (C), 86.7 (CH), 84.7 (CH), 79.7 (C), 71.5 (CH), 64.6 (CH2),
46.7 (CH), 41.8 (CH2), 37.6 (CH2), 17.5 ppm (CH3); HRMS (EI) calcd
for C26H26O7N2 478.1740; found 478.1753; HRMS (FAB) calcd. for
C26H26O7N2 478.1740; found 478.1760.


Compound 8 : Yield: 8%; 1H NMR (300 MHz, CD3OD): d = 7.60–7.10
(m, 10H, Ar-H + NH), 6.67 (s, 1H, H6), 6.14 (dd, J = 8.2, 6.0 Hz, 1H,
H1’), 4.31 (dd, J = 12.3, 7.5 Hz, 1H, H5’), 4.10–3.90 (m, 3H, H3’ + H4’
+ H5’), 3.80 (q, J = 6.9 Hz, 1H, CH-CH3), 3.40 (m, 2H, CH2), 2.12
(ddd, J = 13.8, 6.0, 2.7 Hz, 1H, H2’’), 1.73 (ddd, J = 13.8, 8.2, 6.0 Hz,
1H, H2’) 1.39 ppm (d, J = 6.9 Hz, 3H, CH-CH3);


13C NMR (75 MHz,
CD3OD): d = 176.1 (C), 167.7 (C), 151.6 (C), 149.1 (C), 147.3 (C), 142.0
(C), 140.0 (CH), 129.7 (CH), 129.0 (CH), 128.0 (CH), 127.4 (CH), 127.2
(CH), 126.2 (CH), 126.1 (CH), 111.7 (C), 85.6 (CH), 84.9 (CH), 79.6 (C),
71.5 (CH), 64.6 (CH2), 46.6 (CH), 39.9 (CH2), 39.6 (CH2), 18.3 ppm
(CH3); HRMS (EI) calcd for C26H26O7N2 478.1740; found 478.1739.


The stereochemistry of oxetanes 3–6 and reduced cyclic photoproducts 7
and 8 was assigned by means of nuclear Overhauser effect (NOE) experi-
ments. On the other hand, the 1H and 13C signals were assigned by a com-
bination of H,H (COSY) and H,C (edited HSQC) correlations, along
with the NOE results. Quaternary carbons were assigned by long-range
H,C correlation (HMBC).


Determination of the photolysis quantum yields : Solutions (A254 = 0.4)
of the oxetanes 3, BP-dThd, and BP-DMT in acetonitrile/water (4:1)
under N2 were irradiated at l = 254 nm with a low-pressure Hg lamp.
The UV absorption of the carbonyl band at l = 254 nm was measured
after different irradiation times (0, 2, 3, 5, 7, and 10 s). The same proce-
dure was used for the irradiation of solutions (A350�0.05) of dyad 1 or
equimolar mixtures of BP with dThd and BP with DMT in acetonitrile/
water (4:1) with a lamp emitting mainly at l = 350 nm (Gaussian distri-
bution).


The photolysis quantum yields were then obtained for each compound by
plotting the absorbance at 254 nm against the irradiation time, from the
slopes of each linear fitting. The quantum yield of 0.5 for the photolysis
of oxetane BP-DMT in acetonitrile was used as a standard.
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Introduction


Zeolite beta (BEA) was synthesized in 1967 and showed
high catalytic activity.[1] The structure of BEA was only re-
cently determined, because crystals of BEA always contain
severe structure faulting and hence lead to strong diffuse
scattering in diffraction patterns. In 1988 Newsam et al.,[2]


succeeded in solving the structure mainly with the use of
electron microscopy. They showed that the structure of
BEA consists of an intergrown hybrid of two distinct poly-
typic series of layers, namely, polymorphs A and B. Both the
polymorphs have three-dimensional networks of 12-ring
pores. The polymorph grows as two-dimensional sheets and
the sheets randomly alternate between the two. Very recent-
ly polymorph C has been proposed by Corma et al.[3] BEA
has two mutually perpendicular straight channels each with
a cross section of 0.7600.64 nm along the a and b directions


and a helical channel of 0.5500.55 nm along the c axis.
BEA is of great industrial interest because of its high acidity
and larger pore size.[4] BEA has been successfully used for
acid-catalyzed reactions,[5] catalytic cracking, [6] and aromatic
and aliphatic alkylation.[7] It has been shown that the acidity
of BEA can be tuned by the incorporation of tri- and tetra-
valent atoms (B, Al, V, Ti, Sn, Cr, Fe) into the framework
positions.[8–13] The isomorphous substitution creates various
Brønsted and Lewis acid sites in BEA. It has been shown in
the earlier studies that Brønsted acid sites are present both
in the internal and external surfaces.[13] However, this is not
true for the Lewis acid sites. They are predominantly pres-
ent in the framework.[13] The nature of the acid sites created
by the isomorphous substitution plays a crucial role in un-
derstanding some important oxidation and reduction reac-
tions.[11–20] Interestingly NMR studies have been used to
characterize the nature and the acidity of various active
sites in BEA.[16,17] Valerio et al. have correlated the 29Si
NMR signals with the Si-O-Si bond angles in BEA.[17] They
further showed that the nine T-sites in BEA belong to three
categories, as follows; sites T7, T8, T9 are associated with
no four-membered rings, T1 and T2 are associated with one
four-membered ring and T3, T4, T5, T6 are associated with
two four-membered rings.[17]


Recently, Sn-BEA was shown to have better catalytic ac-
tivity than Ti-BEA.[8] Al-free-Sn BEA was first synthesized
by Mal and Ramaswamy, who predicted that the Sn atom
should be tetrahedrally coordinated.[21] Corma et al. showed
for the first time that the Sn-BEA acts as an efficient cata-


Abstract: The structural, electronic,
and the bonding properties of the zeo-
lite Sn-beta (Sn-BEA) have been in-
vestigated by using the periodic density
functional theory. Each of the nine dif-
ferent T-sites in BEA were substituted
by Sn atoms and all the nine geome-
tries were completely optimized by
using the plane-wave basis set in con-
junction with the ultra-soft pseudopo-


tential. On the basis of the structural
and the electronic properties, it has
been demonstrated that the substitu-
tion of Sn atoms in the BEA frame-
work is an endothermic process and


hence the incorporation of Sn in the
BEA is limited. The lowest unoccupied
molecular orbitals (LUMO) energies
have been used to characterize the
Lewis acidity of each T-site. On the
basis of the relative cohesive energy
and the LUMO energy, the T2 site is
shown to be the most favorable site for
the substitution Sn atoms in the BEA
framework.


Keywords: cohesive energy ·
density functional calculations ·
tin · zeolites


[a] S. Shetty, Dr. S. Pal
Theoretical Chemistry Group, Physical Chemistry Division
National Chemical Laboratory, Pune-411008 (India)
Fax: (+91)202-589-3044
E-mail : pal@ems.ncl.res.in


[b] D. G. Kanhere
Centre for Modeling and Simulation and Department of Physics
University of Pune, Pune-411008 (India)


[c] A. Goursot
Ecole de Chemie e Montpellier
UMR 5618 CNRS Ecole de Chemie, 8, rue de lFEcole
Normale 34296, Montpellier, Cedex 5 (France)


G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 518 – 523518







lyst for the Baeyer–Villiger oxidation reaction in the pres-
ence of H2O2.


[8] They further showed the probable reaction
mechanism of the Baeyer–Villiger oxidation reaction, in
which the carbonyl group of the ketone is initially activated,
and then followed by a reaction with the nonactivated H2O2,
in contrast to what occurs in the Ti-BEA zeolite.[8] Later, it
was also shown by Corma et al. , that Sn-BEA acts as a
better catalyst than the Ti-BEA for the MPVO reaction.[22,23]


The increase in the activity of BEA by the substitution of
Sn can be rationalized by the higher atomic size and electro-
negativity than the Ti atom, giving rise to stronger Lewis
acid sites. This shows that the combined property of large
pore dimension and high Lewis acidity of Sn-BEA makes it
a highly active stereoselective catalyst for many oxidation
and reduction reactions. The Sn119 MAS NMR spectrum of
Sn-BEA confirmed that the Sn atoms have a tetrahedral
rather than octahedral coordination.[22–24] This was also at-
tributed to the Sn active sites present within the framework,
but not on the external surface in the form of SnO2.


[24] It has
been shown that the substitution of Si by a Ti atom in the
zeolite framework always results in an increase of the cell
volume.[25] It is known that the crystallographically inequiva-
lent T-sites will have different activity and shape selectivity
due to the differences in the topological environment
around the T-sites. Hence, in the isomorphically substituted
zeolites such as Sn-BEA and Ti-BEA, it is important to un-
derstand the nature of the active sites and to precise their
structures. Experimental techniques such as X-ray diffrac-
tion, and magic-angle-spinning (MAS) NMR and IR spec-
troscopy have been used to investigate the coordination of
the active T-sites in the zeolite and their interaction with or-
ganic molecules.[23,24, 26,27] However, in zeolites such as Sn-
BEA or Ti-BEA, in which the concentration of the Sn or Ti
is low in the framework, it becomes difficult to obtain the
structural features of the local active sites by using these ex-
perimental techniques.[24,26]


Various quantum-mechanical methods have been imple-
mented to study the structural and electronic properties of
the active sites in zeolites. Finite or cluster models of an
active site cut out of the zeolite crystal have been used for
theoretical investigations, in which the dangling bonds of
the cluster are saturated by hydrogen atoms. The reviews by
Sauer and co-workers may be referred for detailed study on
the cluster models of zeolites.[28,29] The advantage of using
the cluster model is that it avoids artificial periodicity for
systems with large Al and cation content and is computa-
tionally cheap. It is also a better model for representing the
active sites on the surface. However, cluster models neglect
the effect of long-range interactions and some artificial
states are introduced due to the atoms lying at the boundary
of the truncated fragment. Periodic methods are the only
way to overcome all these problems, as they include the
long-range electrostatic interactions. Studies on the compari-
son of clusters versus the periodic calculations have been
carried out in past.[29, 30]


Sastre and Corma have carried out cluster calculations on
the Ti-BEA and TS-1 using ab initio Hartree–Fock and den-


sity functional theory.[31] On the basis of the LUMO ener-
gies, they characterized the acidity of these two zeolites and
proved that Ti-BEA is more Lewis acidic than TS-1.[31] Di-
mitrova and Popova have done a cluster study of Al, B, Ti,
and V incorporated into BEA and further studied their in-
teraction with the peroxo group (O�O�H).[32] They showed
that the incorporation of Ti is energetically more favorable
than the other atoms and Ti increases the oxidizing power
of the peroxo group. Zicovich-Wilson and Dovesi carried
out periodic Hartree–Fock calculations on Ti-containing
zeolites such as SOD, CHA, and alpha-quartz (QUA).[25] In-
terestingly, they showed that the substitution of Si atoms by
Ti atoms in a zeolite is an endothermic process when evalu-
ated with respect to pure silicozeolite. They also proved that
the incorporation of Ti within the zeolite framework is ther-
modynamically less favored than the formation of extra-
framework TiO2 clusters. This explains the difficulty of syn-
thesizing high Ti content zeolites.[25] Very recently, Damin
et al. studied the interaction of Ti-CHA with various mole-
cules such as NH3, H2O, H2CO, and CH3CN using a periodic
approach.[33] Moreover, there have been several studies on
other zeolites by using a periodic description.[34] Recently,
Rozanska et al. have used a periodic approach to study the
chemisorption of several organic molecules in zeolites.[35]


As discussed above, the Sn centers are catalytically very
important and act as stronger Lewis acidic sites during the
oxidation and reduction reactions. Thus, it is necessary to
obtain the information on the structural and electronic prop-
erties of Sn-BEA. Motivated by this, in the present work,
we examine the effect of the incorporation of Sn in BEA
using a periodic model of this zeolite. Indeed, when the
number of substituted Si atoms per unit cell is very small
(here 1/64), the system can be assumed periodic.


Computational Methods


All the calculations presented in this paper were performed using the
Vienna ab initio simulation package (VASP) code.[36] The instantaneous
electronic ground state was calculated by solving the Kohn–Sham equa-
tion based on DFT. The periodic boundary condition was used to take
care of the periodicity of the solid. The present method used the plane-
wave basis set in conjunction with the ultra-soft Vanderbilt pseudopoten-
tials.[37] The advantage of using this computationally efficient scheme is
that it permits the use of fast Fourier transform techniques. The exchange
correlation functional was expressed within the generalized gradient ap-
proximation (GGA) with the Perdew–Wang 91 functional.[38] The Bril-
louin zone sampling was restricted to the gamma point.


Structural relaxation of the coordinates of BEA and Sn-BEA was per-
formed in two steps. Initially, the conjugate gradient method was em-
ployed to optimize the structures, during which the cell shape of the unit
cell was fully relaxed by keeping the volume fixed. This was done until
the forces on the atoms were less than 0.1 eVA�1. In the next step the op-
timized structure obtained from the conjugate gradient was used as the
starting geometry and was re-optimized by using the quasi-Newton
method (volume fixed), unless the forces on the atoms were less than
0.06 eVA�1. BEA has nine inequivalent X-ray crystallographically de-
fined T-sites.[31] During the Sn-BEA unit cell optimization, all these nine
T-sites were substituted one by one by Sn atoms, such that only one Sn
atom was present per unit cell, that is, Si/Sn=63/1. The unit cell was also
optimized with two Sn atoms per unit cell as described above, that is,
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Si/Sn=62/2. In this optimization, the two Sn atoms were substituted at
the two T9 sites.


Results and Discussion


Structure : The optimized structural parameters of Sn-BEA
for all the nine T-sites (T1 to T9) are given in Table 1. As


discussed in the introduction, BEA has nine inequivalent X-
ray crystallographically defined T-sites (Figure 1). There are
basically 192 atoms in the unit cell with 64 Si atoms and 128
O atoms. The distribution of these 64 Si atoms is as follows:
there are eight Si atoms placed at the T1–T6 and T8 posi-
tions, while four Si atoms are placed at the T7 and T9 posi-
tions. Only the average Sn�O, Sn�Si distances and Sn-O-Si
bond angles are presented. The optimized average Si�O
bond lengths and the Si-O-Si bond angles of BEA are
1.612�0.002 N and 149.25�1.58, respectively; these values
are in good agreement with the earlier studies.[11] As expect-
ed, after the substitution of the Sn atom in the BEA, the
average Sn�O bond lengths is 1.912�0.002 N and the bond
angles range from 137 to 1478. This shows that, after replac-
ing Si by Sn at the active sites in the BEA framework, the
Sn�O bond length increases by about 0.3 N with respect to
the Si�O bond lengths, and the Sn-O-Si bond angles de-
crease by about 2–108 relative to the Si-O-Si bond angles.
Although there is a decrease in the bond angle of the Sn-O-
Si, the Sn�Si distance is more than the Si�Si distance in
BEA; this difference is due to the increase in the Sn�O dis-
tance. It has been already confirmed by the experimental
studies such as the 119Sn MAS NMR spectroscopy, that the
Sn atoms in the Sn-BEA are situated in the framework with
tetrahedral coordination.[8,22–24] The O-Sn-O angles have also
been calculated and it was seen that each of the angles sig-
nificantly deviates from the tetrahedral value. These kind of
O-T-O angle deviations from the tetrahedral values are also
reported for the titanosilica zeolite models.[25] However, the
average of all the O-Sn-O bond angles is close to 109.58.
Unfortunately, there are no earlier theoretical studies on
Sn-BEA to compare with the results presented in this work.
The change in the bonding due to the distortion in the the
local Sn site of Sn-BEA is discussed in the next section. We


observe from Table 1, that the T2 and the T8 positions have
the shortest Sn�O bond lengths of 1.909 and 1.908 N, re-
spectively. However, the bond angle of the Sn-O-Si at the
T2 position is the largest with 144.28. The Sn�Si distance is
the largest for T2 position, which can be attributed to the
larger Sn-O-Si bond angle. The T4 position has the largest
Sn�O bond length of about 1.917 N and the smallest Sn-O-
Si bond angle of 136.08. The change in the structural param-
eters of each T-site can drastically affect the energetics of
the zeolite. Hence, the stability and the reactivity of each
site would be different.


Relative cohesive energy and stability : In this subsection we
discuss the relative cohesive energies and hence the stabili-
ties of all the nine substituted Sn sites. The cohesive ener-
gies for all nine T sites are given in Table 2. The cohesive
energy is the difference between the energy of the bulk
(solid) at equilibrium and the energy of the constituent
atoms in their ground state. Hence, in the present study the
cohesive energy can be taken as a measure of the stability
with respect to the decomposition. The cohesive energy is
given in Equation (1) in which i represents the individual
atoms that constitute the solid.


Table 1. Average Sn�O bond lengths [N] and Sn-O-Si bond angles, and
the next nearest neighbor Sn�Si distance [N] of the optimized structures
for the nine different T-sites in Sn-BEA.


Sn�O Sn-O-Si Sn�Si


T1 1.911 143.5 3.336
T2 1.909 144.2 3.341
T3 1.910 140.6 3.241
T4 1.917 136.0 3.281
T5 1.913 142.2 3.297
T6 1.910 141.2 3.297
T7 1.911 140.6 3.282
T8 1.908 140.0 3.282
T9 1.912 137.8 3.270


Figure 1. Unit cell of BEA consisting of 192 atoms. The nine active sites
are shown by the Sn atoms (big grey spheres). The other are the Si
(small gray spheres) and the O (black spheres) atoms.
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Ecoh ¼ Esolid�
X


i


Ei ð1Þ


The higher the cohesive energy of the solid, the more
stable it is and more energy is required to decompose the
solid. The cohesive energy of a fully siliceous BEA is
�1527.9026 eV. From Table 2, we see that the cohesive
energy of Sn-BEA ranges between �1521.32 and
�1521.68 eV, which is about ~6 eV lower than the BEA.
This explains the fact that the substitution of Sn in the BEA
framework decreases the cohesive energy. To confirm this,
we performed an optimization of Sn-BEA with two Sn
atoms in the unit cell and it was seen that the cohesive
energy decreases by about 6 eV (138 kcalmol�1) relative to
the case with one Sn atom in the unit cell. It has been
shown by experiment that the turnover number and selectiv-
ity of cyclohexanone the Baeyer–Villiger reaction decreases
with increase in the Sn content in the framework.[8,22–24] Very
interestingly, we can say that the decrease in the cohesive
energy of Sn-BEA with increase in the Sn content affects
the turnover number and selectivity of cyclohexanone in the
Baeyer–Villiger oxidation reaction. This kind of experimen-
tal evidence was provided for Ti content in TS-1.[39] Howev-
er, more discussion is needed to understand this issue.


Among the nine T-sites, the T2 site has the highest cohe-
sive energy (Table 2), and hence shows the most stable site
for the substitution of Sn atom in Sn-BEA. This can also be
attributed to the shorter Sn�O distance and longer Sn-O-Si
bond angle. The next most stable site is the T8 site, which
has ~0.06 eV (~1.5 kcalmol�1) less cohesive energy than the
T2 site. One should note that, the difference in the cohesive
energy of the T2 and the T8 site is very little. Hence, in a ki-
netic controlled synthesis one cannot predict the most prob-
able site between the T2 and T8 sites. The most unstable
site is the T9 site which has ~0.35 eV (~8.23 kcalmol�1) less
energy than the T2 site (Table 2).


LUMO energies : It has been known that, lower the LUMO
energy of a system, the higher is its ability to gain electron
density and, hence, has a higher Lewis acidity. Sastre and
Corma used the LUMO energies to characterize the Lewis
acidity of the Ti sites in Ti-BEA and TS-1.[31] They showed
that the average LUMO energy of the Ti sites in Ti-beta is
lower than that in TS-1 and, hence, Ti-beta was shown to


have a higher Lewis acidity than TS-1. On this basis, in the
present work we use the LUMO energies to discuss the
Lewis acidity of all nine T-sites in Sn-BEA. The highest oc-
cupied molecular orbital (HOMO) energies, LUMO ener-
gies, and the HOMO–LUMO gap of all nine T-sites are
given in Table 2. The results show that the T1 and the T2
sites in Sn-BEA have the lowest LUMO energies and
should be the most probable Lewis acid sites. It is worth
mentioning that the reason for this would be their associa-
tion to one four-membered ring as discussed by Valerio
et al.[17] One should note that LUMO energies only decide
the strength of the Lewis acidity of a particular T site and,
hence, a favorable site for a oxidation reaction. It can also
be said that the cohesive energy and the LUMO energy to-
gether decide the most favorable site for the substitution
and reaction, respectively. Hence, on the account of high co-
hesive energy and low LUMO energy, the T2 site would be
the most probable site for the substitution for the Sn atom
and for the oxidation reactioin in Sn-BEA, if the most
stable site of the dehydrated zeolite is also the most favora-
ble for Sn incorporation at the synthesis conditions. We can
also see that the HOMO–LUMO gap of the T1 and T2 sites
is the smaleest; therefore these would be the most reactive
sites.


The LUMO energy calculated for BEA is 2.643 eV, which
is about 1.2–1.3 eV higher than the Sn-BEA (Table 2).
These values indicate that the substitution of Sn in BEA
drastically increases the Lewis acidity.


Bonding : In this subsection we focus on the nature of bond-
ing in the Sn-BEA and compare this to the same in BEA.
In Figures 2 and 3 the HOMO and the LUMO isodensities,
respectively, of BEA at one third of the maximum isosur-
face value are plotted. We can clearly see that the HOMO
of BEA indicates a p orbital on the oxygen atom. The
LUMO isodensities of BEA (Figure 3) only show electron
localization on the oxygen atoms, but no bond formation.


Figures 4 and 5 show the respective HOMO and LUMO
isodensities of the Sn-BEA at one third of the maximum
isosurface value. The HOMO isodensity of Sn-BEA is dif-
ferent from Si-BEA, which does not show any p orbital on
oxygen atoms attached to the Sn atom (Figure 4), as seen in
Si-BEA. Interestingly, the LUMO isodensity of Sn-BEA
shows that the lone pair of electrons on the oxygen atoms
coordinated to the Sn atom are polarized by the Sn atom
(Figure 5), which is not seen in the LUMO of Si-BEA. This
polarization of the electron density along the Sn�O bond
can be attributed to the high Lewis acidity of the Sn atom.


Conclusion


In the present work we have discussed the structure, bond-
ing, and acidity of the Sn-substituted BEA by using a peri-
odic approach based on density functional theory. The re-
sults demonstrate that the incorporation of Sn in the BEA
framework decreases the cohesive energy and is an endo-


Table 2. Cohesive energies, HOMO and LUMO energies, and the
HOMO–LUMO gap of the nine different T-sites.


Cohesive
energy [eV]


HOMO
energy [eV]


LUMO
energy [eV]


HOMO–LUMO
gap [eV]


T1 �1521.3871 �3.124 1.333 4.457
T2 �1521.6818 �3.125 1.366 4.491
T3 �1521.4687 �3.131 1.557 4.688
T4 �1521.5232 �3.117 1.421 4.538
T5 �1521.4052 �3.131 1.450 4.581
T6 �1521.4316 �3.120 1.426 4.546
T7 �1521.4571 �3.121 1.419 4.540
T8 �1521.6215 �3.117 1.497 4.614
T9 �1521.3239 �3.114 1.506 4.620
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thermic process. Hence, it is clear that the incorporation of
Sn in the BEA is limited. This would be the reason for the
decrease in the turnover number as the Sn content is in-
creased in BEA during the Baeyer–Villiger oxidation reac-


tion. The structural parameters, as expected, show longer
Sn�O bond lengths relative to the Si�O bond lengths in
BEA. Among the nine T-sites, the T2 site proves to be the


Figure 2. Isosurface of HOMO of BEA. Black and gray spheres are the
Si and O atoms, respectively.


Figure 3. Isosurface of LUMO of BEA. Black and gray spheres are the Si
and O atoms, respectively.


Figure 4. Isosurface of HOMO of Sn-BEA. Dark and light gray spheres
are the Si and O atoms, respectively, and the Sn atom is shown by the
black sphere.


Figure 5. Isosurface of LUMO of Sn-BEA. Dark and light gray spheres
are the Si and O atoms, respectively, and the Sn atom is shown by the
black sphere.
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most stable site for the substitution of Sn in the BEA frame-
work; this stability is due to the higher cohesive energy rela-
tive to the other T sites. Moreover, the T2 site is a higher
Lewis acidic site relative to the other T-sites. The bonding
analysis is necessary for a qualitative description of the elec-
tronegativity of Sn in Sn-BEA with respect to Si-BEA. The
analysis shows that the Sn atom in Sn-BEA polarizes the or-
bital of oxygen atoms, which can be attributed to its higher
electronegativity and, hence, higher Lewis acidity, confirm-
ing the quantitative results.


The present theoretical study gives an insight into the
structural and the electronic properties of the T sites in Sn-
BEA which is otherwise difficult by using the experimental
techniques. Further work on the effect of solvent molecules
on the Sn sites is still in progress.
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Electrochemical Survey: The Effect of the Cage Size and Structure on the
Electronic Structures of a Series of Ytterbium Metallofullerenes


Jianxun Xu, Meixian Li, Zujin Shi,* and Zhennan Gu[a]


Introduction


Metallofullerenes have been attracting much attention since
the first report of this kind of material, namely, La@C82,


[1]


and great effort has been made in their synthesis and in
structural investigations.[2] Characterization of metallofuller-
enes by electrochemical methods is of special importance
because their electrochemical behavior provides a direct
measure of their electronic structure. In fact, the electro-
chemical measurements of La@C82 and Y@C82 were per-
formed as soon as the two metallofullerenes were isolated in
a pure form.[3–5] In the following years, the electrochemical
behaviors of some other metallofullerenes were reported,
most of which concern C82-based metallofullerenes, that is,
M@C82 (in this article, M=Y, La, Ce, Pr, Nd, Gd, Tb, Dy,
Ho, Er, Lu), Sc3@C82, Tm@C82, and Sm@C82.


[6–13] The differ-


ence in electrochemical properties of M@C82 with different
metals is very small because the metals donate three elec-
trons to the fullerene cage in each case, resulting in similar
electronic structures. Several metallofullerenes based on
other fullerene cages, such as Eu@C74, Tm@C78, and La2@
C80, were also characterized by means of electrochemis-
try.[14,15] The previous electrochemical investigations, most of
which focused on the metallofullerenes with different encap-
sulated metals and the same cages, demonstrated that the
metal had only a subtle influence on the electronic structure
of the metallofullerene. However, the electronic structures
of metallofullerenes with different cages, and therefore the
effect of the cage, have not been discussed as there is no sys-
tematic electronic structural data of metallofullerenes that
are based on the same encaged metals with different cages.


Here we report the electrochemical behaviors of a series
of ytterbium-containing metallofullerenes, namely, Yb@
C74(II), Yb@C76(I, II), Yb@C78, Yb@C80, Yb@C82(I, II, III),
and Yb@C84(II, III, IV), providing a full electrochemical
data set of metallofullerenes based on different cages for
the first time. We then discusses the electronic structures of
these metallofullerenes and the effect of the cage on their
electronic properties.


Abstract: The electrochemical proper-
ties of a series of metallofullerenes
with different cages, namely, Yb@
C74(II), Yb@C76(I, II), Yb@C78, Yb@
C80, Yb@C82(I, II, III), and Yb@C84(II,
III, IV), have been systematically in-
vestigated by cyclic and differential
pulse voltammetry experiments for the
first time. This article discusses the
electronic structures of these metallo-
fullerenes based on the results from
these experiments. From previous elec-
trochemical work and the above discus-


sion, it is concluded that the nondegen-
erate LUMO is a common characteris-
tic of the electronic structures of the
higher fullerenes and monometalloful-
lerenes. In addition, the effect of the
cage on the electronic structure and
properties of the metallofullerene is es-
timated from the plot of the reduction


potential versus the carbon number of
the metallofullerene. This estimation
shows that usually the electronic struc-
ture and properties of the metalloful-
lerene vary with cage size and struc-
ture. The cage structure is of particular
importance for determining the elec-
tronic structure and properties. More-
over, an explanation concerning the
abundance and stability of C82-based
trivalent monometallofullerenes is
given from an electronic structural
standpoint.


Keywords: electrochemistry · elec-
tronic structure · metallofullerenes ·
voltammetry · ytterbium
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Results and Discussion


The voltammograms of the ytterbium metallofullerenes :
The cyclic voltammetries (CV) and differential pulse vol-
tammetries (DPV) of Yb@C74(II), Yb@C76, Yb@C78, Yb@
C80, Yb@C82, and Yb@C84 were conducted in the potential
range of �3.0 to 1.3 V. No oxidation peaks were observed in
this range. However, there has been an oxidation peak ob-
served for M@C82 in previous studies.[8–11] It was attributed
to the fact that the encapsulated metal M donates three
electrons to the C82 cage, resulting in an unpaired electron
in the HOMO. However, the encapsulated ytterbium atom
donates two electrons to the surrounding fullerene cage,
forming a closed-shell electronic configuration. In addition,
it seems that the solvent used has a profound effect on the
metallofullerene-based oxidations. In this work and our pre-
vious work (MeCN/C6H5CH3 used as the solvent), the oxida-
tions of Yb@C2n and Sm@C82 were not observed. But, ac-
cording to the report by Dunsch, two irreversible oxidations
were recorded for Eu@C74 when o-dichlorobenzene was
used as the solvent.[11,13] However, Dunsch et al. also failed
to record the oxidation of Tm@C82 even with o-dichloroben-
zene as the solvent.[12] This indicated the relatively bigger
HOMO–LUMO gaps of Tm@C82. In contrast, the metallo-
fullerene-based reductions are easier to observe. In the pres-
ent work, we succeeded in recording four or five reduction
peaks for each isomer. The reduction processes were rever-
sible even after several recycles. Note that the peak that has
a potential around �2.2 V is assigned to an impurity from
the toluene used as the HPLC solvent. Fortunately, the im-
purity does not interfere with the redox processes of the
metallofullerenes. For a detailed discussion see the Support-
ing Information.


The voltammograms of Yb@C76, Yb@C82, and Yb@C84


are presented in Figures 1, 2, and 3, respectively. The others
(e.g., Yb@C74, Yb@C78) are presented in the Supporting In-
formation. To the best of our knowledge, it is the first time
that the electrochemical behaviors of metallofullerenes
based on C76 and C84 cages have been reported. In Figure 1,
four reduction peaks are clearly observed. The signal of the
impurity is also obvious due to the low concentration of the
two metallofullerenes. But in the curves of the more abun-
dant metallofullerenes (thus higher concentration), the im-
purity peak is barely visible, as seen in Figures 2 and 3. It is
noteworthy that there are five reduction peaks recorded in
the potential window for each isomer of Yb@C82 and Yb@
C84. The fifth of which should be attributed to the metallo-
fullerene because the corresponding region is featureless in
the voltammogram of a blank solution containing the impur-
ity (see the lower curve in Figure S1a in the Supporting In-
formation). Therefore, it is clear that the higher metalloful-
lerenes, that is, Yb@C82 and Yb@C84, accept the fifth elec-
tron easier than the lower metallofullerenes, such as Yb@
C74(II), Yb@C76, Yb@C78, and Yb@C80. The voltammograms
of Yb@C84(IV) are not well-defined due to a low current in-
tensity and limited sample. For the same reason, we failed
to record the voltammograms of Yb@C74(I) and Yb@C84(I).


Figure 1. Cyclic (top) and differential pulse (bottom) voltammograms of
Yb@C76(I, II) in MeCN/C6H5CH3 (1:4 v/v) containing (nBu)4NClO4


(0.1m). The peak (E=�2.23 V) labeled with an asterisk is assigned to an
impurity.


Figure 2. Cyclic (top) and differential pulse (bottom) voltammograms of
Yb@C82(I, II, III) in MeCN/C6H5CH3 (1:4 v/v) containing (nBu)4NClO4


(0.1m). The peak (E=�2.23 V) labeled with an asterisk is assigned to an
impurity.
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As mentioned above, there are quite a few reports of re-
versible electrochemical processes occurring for C82-based
metallofullerenes. We now present a comparison of the vol-
tammograms between these previously reported metalloful-
lerenes and Yb@C82.


The cyclic voltammograms of Yb@C82(I, II, III) (Figure 2)
are similar to those of Tm@C82(B, A, C) to some extent.[12]


But the peaks in the curves of our specimens are better de-
fined due to relatively higher purities. Their similar voltam-
mograms indicate that they have the same electronic struc-
tures and molecular symmetries. The molecular symmetries
of Tm@C82(B, A, C) were determined as Cs, C2, and C2v, re-
spectively, by using NMR spectroscopy.[16] Therefore, one
can deduce that the symmetries of Yb@C82(I, II, III) should
be Cs, C2, and C2v, respectively. In our earlier report, the
UV/Vis/near-IR absorption spectra of Yb@C82(I, II, III)
were given, which were very similar to those of Tm@C82(B,
A, C).[17] It indicated their similar electronic structures and
molecular symmetries. This is in good agreement with the
above conclusion. In addition, it is noteworthy that both the
first reductions of Yb@C82(I, III) and those of Tm@C82(B,
C) occur very easily. In fact, the first reduction potentials of
Yb@C82(I, III) are the most positive among those of the yt-
terbium metallofullerenes, indicating their low-lying
LUMOs. Moreover, the electrochemical behaviors of Yb@
C82(I) and Yb@C82(III) are almost identical, indicating that


the frontier MOs of the two isomers are similar and nearly
isoenergetic.


From the voltammograms of the M@C82 metallofuller-
enes, one can see that the first reduction occurs readily and
is followed by a substantial electrochemical gap (about
1.0 V). This gap is comparable to those between the second
and third reduction potentials of Yb@C82(I, III) (0.93 and
0.89 V, respectively). In addition, the first, second, and third
reduction potentials of the M@C82 metallofullerenes are
close to the second, third, and fourth potentials, respectively,
of Yb@C82(I, III). This means that the Yb@C82


�(I, III) iso-
mers are isoelectronic and isoenergetic with the M@C82 met-
allofullerenes. This result is a further indication of the diva-
lent state of the encaged ytterbium atom.


The features of the electronic structures of the ytterbium
metallofullerenes : The first four reduction potentials of all
the ytterbium metallofullerenes are listed in Table 1. Both
the half-cell potentials and DPV peak potentials are report-
ed.


Inspection of the potentials listed in Table 1 shows that
there is a relatively large potential gap between the second
and third reduction peaks of each voltammogram. For the
Yb@C82 and Yb@C84 isomers, the gaps between the fourth
and fifth reduction peaks are also remarkable. It means that
the four reversible couples appear to be arranged in sets of
two (redE1 and redE2,


redE3 and redE4). It is widely accepted
that ytterbium metallofullerenes possess closed-shell elec-
tronic structures rather than half-filled two-fold degenerate


Figure 3. Cyclic (top) and differential pulse (bottom) voltammograms of
Yb@C84(II, III, IV) in MeCN/C6H5CH3 (1:4 v/v) containing (nBu)4NClO4


(0.1m). The peak (E=�2.23 V) labeled with an asterisk is assigned to an
impurity.


Table 1. Half-cell potentials[a] and DPV peak potentials[b] [V] of the Yb
metallofullerenes versus Fc/Fc+ .


redE1
redE2


redE3
redE4


Yb@C74(II) DPV �0.49 �0.93 �1.52 �1.95
CV �0.52 �0.96 �1.55 �1.99


Yb@C76(I) DPV �0.44 �0.81 �1.43 �1.86
CV �0.46 �0.83 �1.46 �1.89


Yb@C76(II) DPV �0.66 �1.01 �1.56 �1.99
CV �0.68 �1.02 �1.59 �2.01


Yb@C78 DPV �0.45 �0.77 �1.44 �1.79
CV �0.48 �0.79 �1.46 �1.83


Yb@C80 DPV �0.56 �0.94 �1.55 �1.90
CV �0.57 �0.95 �1.55 �1.90


Yb@C82(I) DPV �0.32 �0.63 �1.56 �1.80
CV �0.33 �0.65 �1.58 �1.81


Yb@C82(II) DPV �0.61 �0.76 �1.32 �1.72
CV �0.60 �0.76 �1.33 �1.73


Yb@C82(III) DPV �0.31 �0.65 �1.53 �1.87
CV �0.33 �0.67 �1.56 �1.90


Yb@C84(II) DPV �0.66 �0.90 �1.29 �1.67
CV �0.63 �0.88 �1.26 �1.64


Yb@C84(III) DPV �0.47 �0.66 �1.55 �1.77
CV �0.49 �0.68 �1.57 �1.79


Yb@C84(IV)[c] DPV �0.46 �0.72 �1.34 �1.54


[a] The voltammetry experiments were conducted in MeCN/C6H5CH3


(1:4 v/v) containing 0.1m (nBu)4NClO4; scan rate: 50 mV s�1. [b] Pulse
amplitude: 50 mV; pulse width: 50 ms; pulse period: 200 ms; scan rate:
10 mV s�1. [c] The half-cell potentials of Yb@C84(IV) are absent due to
the relatively small currents produced.
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HOMOs. Therefore, one can come to the conclusion that
each isomer of these ytterbium metallofullerenes (so-called
divalent metallofullerenes) possesses a nondegenerate
LUMO and LUMO+1. Previous studies of M@C82 also
showed that the so-called trivalent metallofullerenes possess
nondegenerate LUMOs (except for Lu@C82 due to its low
purity and the presence of other isomers).[3–5, 8–10] In addition,
both theoretical calculations and electrochemical measure-
ments showed that the higher fullerenes (C76, C78, C82, C84)
usually possess nondegenerate LUMOs too (except for D2-
C84).[18–22] On the basis of this prior work and our experimen-
tal results, one can conclude that the nondegenerate LUMO
is a common feature of the higher fullerenes and monome-
tallofullerenes. The electronic structure with the nondegen-
erate LUMO seems to be uniquely favorable for the forma-
tion of the higher fullerene and monometallofullerene. This
provides a clue in the study of the formation mechanism,
which is still an unsolved puzzle after almost two decades of
research on this kind of materials.


To demonstrate the electronic structures of the ytterbium
metallofullerenes more clearly, the molecular-orbital dia-
grams are presented in Figure 4. The relative energy levels


of the LUMO and LUMO+1 are estimated on the basis of
redE1 and redE3, respectively, because redE1 and redE3 approxi-
mately simulate these two energy levels. The orbital levels
of C76, C2v-C78 and D2d-C84 are also shown for comparison,
which were similarly estimated from their redE1 and redE3 po-
tentials (as shown in Table 2).[21,23] There are some reports
concerning these fullerenes which give their calculated abso-
lute energy levels.[24–26] According to these calculations, the
LUMO energy of C2v-C78 is lower than that of C76 (0.056
and 0.086 hartree, respectively, predicted by using the SCF
level of theory), but higher than that of D2d-C84. This is con-


sistent with our estimated energy-level order. Therefore, it
is believed that the orbital diagram (Figure 4) somewhat re-
flects the relative energy levels of the ytterbium metalloful-
lerenes and adds some useful information to the correspond-
ing calculation that is currently absent.[27]


The effect of the cage on the electronic structures and prop-
erties of the ytterbium metallofullerenes : By considering the
reduction potentials of the metallofullerenes listed in
Table 1, one can see that the cage structure has an obvious
influence on the electronic structure of the metallofullerene.
When the cages are isomeric, the metallofullerenes usually
have remarkably different reduction potentials, indicating
their different frontier MO energy levels. For example, the
difference in the first reduction potential of Yb@C76(I) and
Yb@C76(II) is as large as 0.22 V. Analogously, the reduction
potential differences between the Yb@C82(I, III) and (II)
isomers and the Yb@C84(II) and (III, IV) isomers are also
remarkable. An exception to this trend is the reduction po-
tentials of the Yb@C82(I, III) isomers which are almost iden-
tical. It means that the two kinds of molecules, that is, Cs


and C2v, have similar electronic structures. In the same way,
one can see that the Yb@C84(III, IV) isomers also possess
similar electronic structures.


The relative electron affinities (EAs) of the metallofuller-
enes can be estimated from their reduction potentials.
Therefore, the EA1 of the metallofullerenes varies with the
cage size and structure. The EA1s of the isomeric metalloful-
lerenes are usually greatly different. This is consistent with
the above discussion. We now compare the relative EA1s of
the metallofullerenes with those of the corresponding fuller-
enes. Under the same experimental conditions, the first re-
duction potentials of Yb@C76(I, II) and Yb@C78 are much
more positive than those of C76 (�0.83 V) and C78 (�0.72 V,
C2v isomer), respectively.[21] This means that Yb@C76(I, II)
and Yb@C78 are much stronger electron acceptors than C76


and C78, respectively. Meanwhile, under almost the same ex-
perimental conditions (different supporting electrolytes
were used), the first reduction potentials of the Yb@C84(III,
IV) isomers (�0.49 and �0.46 V, respectively) are very close
to that of D2d-C84 (�0.51 V) and are more positive than that
of D2-C84 (�0.67 V). The first reduction potential of Yb@
C84(II) (�0.66 V) is more negative than that of D2d-C84 and
almost identical to that of D2-C84.


[23] This means that the
Yb@C84(III, IV) isomers are better electron acceptors than
D2-C84, but Yb@C84(II) is a weaker electron acceptor than
D2d-C84. Metallofullerenes used to be considered as better
electron acceptors than the corresponding fullerenes. How-
ever, from the above comparison one can see that metallo-
fullerenes are possibly weaker electron acceptors than their


Figure 4. The LUMO (bottom line in each case) and LUMO+1 (top line
in each case) relative energy levels of C76, C2v-C78, D2d-C84, and the yt-
terbium metallofullerenes a) Yb@C74(II), b) C76, c) Yb@C76(I), d) Yb@
C76(II), e) C2v-C78, f) Yb@C78, g) Yb@C80, h) Yb@C82(I), i) Yb@C82(II),
j) Yb@C82(III), k) D2d-C84, l) Yb@C84(II), m) Yb@C84(III), and n) Yb@
C84(IV).


Table 2. Half-cell potentials [V] of C76, C2v-C78, and D2d-C84.
redE1


redE3 Ref.


C76 �0.83 �1.68 [21]
C2v-C78 �0.72 �1.79 [21]
D2d-C84 �0.51 �1.34 [23]
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fullerene counterparts due to the structural influence of the
cage.


Figure 5 shows the successive peak gaps of the ytterbium
metallofullerenes: Gap 1 represents the gap between the
first and second reductions, gap 2 is for that between the
second and third reductions, and gap 3 is for that between


the last two reductions. As can be seen, generally gap 1 and
gap 3 are close to each other because both of them originate
from the Coulomb repulsion between an exotic electron and
the unpaired electron occupying a single orbital. However,
gap 2 of each isomer is bigger than gap 1 and gap 3. It is
noteworthy that the gap 2 values of Yb@C82(I, III) (Cs and
C2v, respectively) and Yb@C84(III) (931, 884, and 891 mV,
respectively) are remarkably bigger than the gap 2 values of
the other metallofullerenes reported here. Because the
gap 2 value can reflect the HOMO–LUMO gap of a triva-
lent monometallofullerene approximately, the above phe-
nomenon shows that Cs-C82- and C2v-C82-based and some
C84-based trivalent monometallofullerenes are stable where-
as the other ones are not stable as such. As is well known,
there are nine IPR (isolated pentagon rule) isomers for C82


and the C2-(a) isomer is considered to be the most stable.[28]


However, the stabilities of the C82 dianion and trianion are
drastically different because of the changed electronic struc-
tures. Fowler and Manolopoulos predicted the special stabil-
ity of C82


2� with C2v symmetry according to the HLckel cal-
culations.[29,30] Laasonen et al. presented a similar result.[31]


In addition, according to calculations by Nagase and Ko-
bayashi, the C2v, Cs(c), and C2(c) cages are stable for C82


2�


and the C2v, Cs(c), and C3v(b) cages are stable for C82
3�.[32]


Therefore, one can see that the C2v and Cs cages are the
most stable for both C82


2� and C82
3�. This could explain the


stabilities of Cs-C82- and C2v-C82-based divalent and trivalent
monometallofullerenes. Our above discussion is in good
agreement with this result. In addition, the first reductions
of the Yb@C82(I, III) isomers occur most easily among all
the ytterbium metallofullerenes. From this it can be deduced
that compared with other fullerenes, Cs- and C2v-C82 most
easily accept three electrons donated from the metal in the
synthetic process. Therefore, one can understand that Cs-
and C2v-C82-based trivalent monometallofullerenes are much


more abundant than those based on other cages (C74, C76,
C78, C80, C84) in the raw soot. It is an open question in metal-
lofullerene chemistry as to why C82-based monometalloful-
lerenes are the most abundant and stable among the so-
called trivalent monometallofullerenes (M@C60 and M@C70


are not taken into consideration).[33] Our discussion shows a
reasonable explanation from an electronic structural stand-
point.


Conclusion


The electrochemical behaviors of a series of ytterbium met-
allofullerenes based on different fullerene cages have been
investigated systematically for the first time.


The electronic structures of the ytterbium metallofuller-
enes are discussed with respect to the voltammograms. On
the basis of prior electrochemical work and our electronic
structural discussion, it is proposed that an electronic struc-
ture with a nondegenerate LUMO is uniquely favorable for
the formation of the higher fullerenes and monometalloful-
lerenes. This provides a clue in the formation mechanism
study of this kind of materials.


Moreover, the effect of the cage on the electronic proper-
ties of the metallofullerene is examined. Our discussion re-
veals that generally the electronic structure and properties
of the metallofullerene vary with cage size and structure. It
is concluded that the cage structure plays an important role
in determining the electronic properties of the metallofuller-
ene. Due to the influence of the cage, a metallofullerene can
be a weaker electron acceptor than the corresponding fuller-
ene. This adds new insight to the concept of the relative ac-
tivities of fullerenes and metallofullerenes. In addition, an
explanation about the abundance and stability of C82-based
trivalent monometallofullerenes is given in our discussion.


Experimental Section


The ytterbium metallofullerenes were synthesized by using an improved
DC arc-discharged method and isolated in isomer-free form by using a
multistep HPLC method, as described in our earlier report.[17]


A BAS-100B electrochemical analyzer was used to record cyclic voltam-
mograms and differential pulse voltammograms of the ytterbium metallo-
fullerenes. All the experiments were conducted in MeCN/C6H5CH3 (1
and 4 mL, respectively) containing (nBu)4NClO4 (0.1m) with a three-elec-
trode configuration, a glassy carbon disk (4 mm in diameter) as the work-
ing electrode, a platinum wire as the auxiliary electrode, and an Ag wire
coated with AgCl as the reference electrode. HPLC grade CH3CN was
used (from Fluka). Tetrabutylammonium perchlorate (nBu)4NClO4 (elec-
trochemical grade) was obtained from Fluka. All the experiments were
performed in an ice–water bath because the potential window can be
somewhat extended at low temperatures. Cyclic voltammograms were re-
corded at 50 mV s�1 and DPV were obtained at 10 mV s�1 by using a
pulse amplitude of 50 mV, a pulse width of 50 ms, and a pulse period of
200 ms. The electrochemical cell was purged with high purity nitrogen for
about 10 min before each measurement. All the potentials in this report
are with respect to the ferrocene/ferrocenium redox couple.


Figure 5. The successive reduction peak gaps of the Yb metallofullerenes.
Gap 1 (^) represents the gap between the first and second reductions,
gap 2 (*) is for that between the second and third reductions, and gap 3
(~) is for that between the third and fourth reductions.


www.chemeurj.org G 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 562 – 567566


Z. Shi et al.



www.chemeurj.org





Acknowledgements


This work was supported by the National Natural Science Foundation of
China (no. 20151002, 50272004, and 50472023), and the Scientific Re-
search Foundation for the Returned Overseas Chinese Scholars, State
Education Ministry of China. We thank Professor Y.H. Shao (Peking
University, China) for his kind discussion.


[1] Y. Chai, T. Guo, C. Jin, R. E. Haufler, L. P. F. Chibante, J. Fure,
L. H. Wang, J. M. Alford, R. E. Smalley, J. Phys. Chem. 1991, 95,
7564.


[2] H. Shinohara, Rep. Prog. Phys. 2000, 63, 843.
[3] T. Suzuki, Y. Maruyama, T. Kato, K. Kikuchi, Y. Achiba, J. Am.


Chem. Soc. 1993, 115, 11006.
[4] K. Yamamoto, H. Funasaka, T. Takahashi, T. Akasaka, T. Suzuki, Y.


Maruyama, J. Phys. Chem. 1994, 98, 12831.
[5] K. Kikuchi, Y. Nakao, S. Suzuki, Y. Achiba, J. Am. Chem. Soc. 1994,


116, 9367.
[6] M. R. Anderson, H. C. Dorn, S. Stevenson, P. M. Burbank, J. R.


Gibson, J. Am. Chem. Soc. 1997, 119, 437.
[7] M. R. Anderson, H. C. Dorn, S. A. Stevenson, Carbon 2000, 38,


1663.
[8] T. Akasaka, S. Okubo, M. Kondo, Y. Maeda, T. Wakahara, T. Kato,


T. Suzuki, K. Yamamoto, K. Kobayashi, S. Nagase, Chem. Phys.
Lett. 2000, 319, 153.


[9] T. Suzuki, K. Kikuchi, F. Oguri, Y. Nakao, S. Suzuki, Y. Achiba, K.
Yamamoto, H. Funasaka, T. Takahashi, Tetrahedron 1996, 52, 4973.


[10] W. Wang, J. Ding, S. Yang, X. Li in Fullerenes, Recent Advances in
the Chemistry and Physics of Fullerenes and Related Materials, Vol. 4
(Eds.: K. M. Kadish, R. S. Ruoff), The Electrochemical Society,
Pennington, NJ (USA), 1997, p. 417.


[11] B. Sun, M. Li, H. Luo, Z. Shi, Z. Gu, Electrochim. Acta 2002, 47,
3545.


[12] U. Kirbach, L. Dunsch, Angew. Chem. 1996, 108, 2518; Angew.
Chem. Int. Ed. Engl. 1996, 35, 2380.


[13] P. Kuran, M. Krause, A. Bartl, L. Dunsch, Chem. Phys. Lett. 1998,
292, 580.


[14] L. Dunsch, A. Bartl, P. Georgi, P. Kuran, Synth. Met. 2001, 121,
1113.


[15] T. Suzuki, Y. Maruyama, T. Kato, K. Kikuchi, Y. Nakao, Y. Achiba,
K. Kobayashi, S. Nagase, Angew. Chem. 1995, 107, 1228; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1095.


[16] T. Kodama, N. Ozawa, Y. Miyake, K. Sakaguchi, H. Nishikawa, I.
Ikemoto, K. Kikuchi, Y. Achiba, J. Am. Chem. Soc. 2002, 124, 1452.


[17] J. Xu, X. Lu, X. Zhou, X. He, Z. Shi, Z. Gu, Chem. Mater. 2004, 16,
2959.


[18] J. Cioslowski, Electronic Structure Calculations on Fullerenes and
their Derivatives, Oxford University Press, New York, 1995, Chap-
ter 5.


[19] C. Boudon, J. Gisselbrecht, M. Gross, A. Herrmann, M. Ruttimann,
J. Crassous, F. Cardullo, L. Echegoyen, F. Diederich, J. Am. Chem.
Soc. 1998, 120, 7860.


[20] P. B. Burbank, J. R. Gibson, H. C. Dorn, M. R. Anderson, J. Elec-
troanal. Chem. 1996, 417, 1.


[21] J. P. Selegue, J. P. Shaw, T. F. Guarr, M. S. Meier in Fullerenes,
Recent Advances in the Chemistry and Physics of Fullerenes and Re-
lated Materials, Vol. 4 (Eds.: K. M. Kadish, R. S. Ruoff), The Elec-
trochemical Society, Pennington, NJ (USA), 1994, p. 1274.


[22] M. R. Anderson, H. C. Dorn, A. Stevenson, S. M. Dana, J. Electroa-
nal. Chem. 1998, 444, 151.


[23] P. L. Boulas, M. T. Jones, R. S. Ruoff, D. C. Lorents, R. Malhotra,
D. S. Tse, K. M. Kadish, J. Phys. Chem. 1996, 100, 7573.


[24] J. R. Colt, G. E. Scuseria, J. Phys. Chem. 1992, 96, 10265.
[25] J. R. Colt, G. E. Scuseria, Chem. Phys. Lett. 1992, 199, 505.
[26] X. Q. Wang, C. Z. Wang, B. L. Zhang, K. M. Ho, Phys. Rev. Lett.


1992, 69, 69.
[27] The energy levels of the ytterbium metallofullerenes are estimated


roughly and should not be considered to be exact values.
[28] X. Q. Wang, C. Z. Wang, B. L. Zhang, K. M. Ho, Chem. Phys. Lett.


1994, 217, 199.
[29] P. W. Fowler, D. E. Manolopoulos, Nature 1992, 355, 428.
[30] D. E. Manolopoulos, P. W. Fowler, Chem. Phys. Lett. 1991, 187, 1.
[31] K. Laasonen, W. Andreoni, M. Parrinello, Science 1992, 258, 1916.
[32] K. Kobayashi, S. Nagase, Chem. Phys. Lett. 1998, 282, 325.
[33] C60/C70-based metallofullerenes are the most abundant metallofuller-


enes according to the mass spectrum of raw soot. But, M@C60 and
M@C70 are very unstable and active to oxygen due to their small
HOMO–LUMO gaps. Therefore, there are very few reports about
them.


Received: February 24, 2005
Revised: May 25, 2005


Published online: September 15, 2005


Chem. Eur. J. 2006, 12, 562 – 567 G 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 567


FULL PAPERYtterbium Metallofullerenes



www.chemeurj.org






DOI: 10.1002/chem.200500523


Synthesis and Characterization of Core-Shell Selenium/Carbon Colloids and
Hollow Carbon Capsules


Jimmy C. Yu,*[a] Xianluo Hu,[a] Quan Li,[b] Zhi Zheng,[b] and Yeming Xu[b]


Introduction


In recent years, considerable effort has been made to
design, fabricate and manipulate nanostructured systems
with functional properties.[1] Advances in physical methods
have led to a molecular-level understanding of the structure-
performance relationships, which are strongly related to
size, composition, and structural order of the materials.[2]


This knowledge, together with effective strategies for nano-
structure fabrication, has inspired the design and develop-
ment of new composites for advanced applications. One ex-
tremely attractive example of a nanocomposite material is
the core-shell structured particles because of their diverse
applications, for example, as building blocks for photonic
crystals,[3] heterogeneous catalysts[4] and multienzyme bioca-
talysis,[5] and in surface-enhanced Raman scattering[6] and
drug-delivery applications.[7] Most studies on the core-shell
particles have been focused on composites that are typically
composed of solid or liquid cores surrounded by shells of
polymers, inorganics, or biomacromolecules. They provide
the possibility for enhanced functionality and multifunction-


al properties in contrast with their more-limited single-com-
ponent counterparts. For instance, Fe2O3/MgO and Fe2O3/
CaO core-shell nanoparticles have higher efficiency than
pure MgO and CaO catalysts for SO2 adsorption, H2S re-
moval, and chlorocarbon destruction.[8] Co nanocrystals
overcoated with a quantum-dot CdSe shell are shown to
retain bifunctional magnetic–optical properties, permitting
potential applications, for example, optical “reporters” cou-
pled with magnetic “handles” for use in bioassays.[9]


In this work, we report on a facile one-pot synthesis of
Se/C composite colloids by taking advantage of microwave
heating and hydrothermal effects at a relatively low and
controllable temperature. Interestingly, the core-shell parti-
cles comprise dandelion-like Se nanorod aggregates as the
core and amorphous carbon as the encapsulating shell. Such
Se/C nanocomposite colloids are expected to be useful in
biotechnology applications, as Se is an essential trace ele-
ment for humans, and carbon black is biocompatible and
non toxic. Also, Se is an important elemental semiconduc-
tor, because of its many intriguing photoelectrical properties
as well as its applications in semiconductor rectifiers, solar
cells, photographic exposure meters, and xerography.[10]


Carbon exhibits high-temperature and high-pressure stabili-
ty and resistance to acids, bases, and solvents.[11] Combina-
tion of the two nanomaterials of Se and C provides a model
structure for further understanding the core-shell hetero-
structures and their properties. The composite colloids pro-
duced are also expected to have potential applications in
electronics, photonics, catalysis, and sensors.
Carbon-based materials with micro- and nanoscale hollow


interiors exhibit promising properties for diverse applica-
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tions, such as active-material encapsulation, drug delivery,
ionic intercalation, surface functionalization, robust cata-
lysts/carriers, and chemical reactors.[12] As reported previ-
ously,[13] the Se-core composites can be used as precursors to
yield hollow capsules by subsequent removal of the sacrifi-
cial Se cores; this is because Se exhibits high solubility in
various solvents (e.g., CS2 and N2H4) and a relatively low
melting point (~217 8C).[10] To the best of our knowledge,
there is no report on the preparation of hollow carbon cap-
sules from Se-core composite precursors. In the present
work, we demonstrate that hollow carbon capsules can be
formed easily from the core-shell Se/C particles. We believe
that this is a much more effective approach as the conven-
tional synthesis of carbon materials often requires very
harsh conditions (e.g., high-energy input by electric-arc dis-
charge techniques, catalytic chemical vapor deposition, or
catalytic pyrolysis of organic compounds).[14]


Results and Discussion


Synthesis of core-shell Se/C colloids and hollow C capsules :
Chemical synthesis by microwave heating is often very effi-
cient, since it offers rapid volumetric heating, high reaction
rates and selectivities, high yields of products, and is energy
saving.[15] Based on the procedures reported previously,[16] a
newly developed microwave-assisted hydrothermal reduc-
tion/carbonization (MAHRC) approach[15c] was used to pre-
pare core-shell Se/C colloids. After removing the Se core by
thermal treatment,[13] hollow C capsules were formed.
Figure 1 shows a schematic outline of our approach. Since
the starting materials are natural and cheap, this route is
ideal for large-scale industrial production and may also be
extended to create other core-shell structures and hollow in-
teriors.


Core-shell Se/C structures: Figure 2 displays a typical XRD
pattern of the as-synthesized Se/C composite. All the reflec-
tions can be readily indexed to trigonal Se (t-Se) with calcu-
lated lattice constants of a=4.36 O and c=4.95 O, which
are in good agreement with the literature values (JCPDS
No. 6–362). The crystal dimension estimated from the Scher-
rer formula based on the (100) reflections matches well with
that observed by TEM. Energy-dispersive X-ray (EDX)
spectrometry was also used to determine the local chemical


composition of the product. A typical EDX spectrum is
shown in Figure 3. The two major peaks correspond to C
and Se and one weak peak at ~0.8 eV indicates the pres-
ence of O. These data indicate that the starch reduced
H2SeO3 to form t-Se, and was also carbonized to amorphous
carbon (a-C).


Figure 4a shows a typical low-magnification bright-field
TEM image of the same product shown in Figure 2. The
dark/light contrast is clearly observed. The different contrast
suggests a different phase composition, indicating the core-
shell structure. The dark contrast indicates that Se has a
larger mass thickness in the core region. Outside of the core
region, the light contrast suggests that C is in the shell layer.
The selected area electron diffraction (SAED) pattern from
a Se/C composite sphere shows diffraction rings of t-Se
(inset of Figure 4a). Inelastic scattering from the amorphous
carbon in the external layer interfered with the as-obtained
electron diffraction (ED) pattern, resulting in a highly dif-
fused background. Figure 4b and 4c show high-magnification
bright-field TEM images of the product. These results indi-
cate that the dandelion-like Se architectures are completely
encapsulated in the intestine-like structure of C. Higher-
magnification TEM observations clearly reveal that the
entire structure of the Se “dandelions” is built from a spher-
ical assembly of centrally oriented Se nanorods with diame-
ters mostly ranging from 5 to 15 nm, and with lengths up to


Figure 1. Schematic representation of Se/C composite and hollow C cap-
sule formation.


Figure 2. A typical XRD pattern of the as-synthesized Se/C composite.


Figure 3. EDX spectrum of the as-synthesized Se/C.
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100 nm. The intestine-like or spherical shells of C have an
average wall thickness of ~40 nm. Figure 4d shows a high-
resolution TEM (HRTEM) image of an individual Se nano-
rod. This HRTEM image provides more detailed structural
information on the nanorods, and shows that the nanorod
has a single-crystal structure. Along the radial direction of
the nanorod, the periodic fringe spacing of 3.7 O corre-
sponds to the interplanar spacing between the (100) planes
of the t-Se. In addition, not graphitic but disordered carbon
layers are observed outside of the single-crystalline Se. Fig-
ure 4e shows an SEM image of the Se/C capsules. The aver-
age outer diameter of the C intestines along the radial direc-
tion is about 200 nm.
The spatial distribution of different compositional ele-


ments was determined by electron energy loss (EEL) map-
pings using the C K-edge (284 eV) and Se L-edge
(1436 eV). Figure 5a shows the same bright-field TEM
image of the Se/C composite as shown in Figure 4c. The cor-
responding Se and C elemental mappings (Figure 5b and 5c)
reveal that Se and C are located in the core and shell
region, respectively. This agrees well with the structural
analysis shown in Figure 4.
X-ray photoelectron spectroscopy (XPS) was used to de-


termine the surface electronic states and the composition of
the core-shell Se/C structures. The XPS spectra show strong


peaks for C 1s but the peak at 55.6 eV for Se 3d is barely
detectable. This confirms that the Se nanorod assemblies are
encapsulated within the carbon shell with a wall thickness
larger than 20 nm. Figure 6 shows the C 1s peaks in a high-


resolution XPS spectrum of the Se/C composite. The broad
C 1s peak consists of three peaks at 284.5, 286.0, and
288.4 eV. The peak at 284.5 eV is assigned to the C�C bonds
in the disordered carbon frameworks, while those at 286.0
and 288.4 eV suggest the existence of residual groups such
as OH and CHO.[17] The partially dehydrated residuals in
which OH or CHO groups are covalently bonded to the
carbon frameworks improve the hydrophilicity and stability
of the Se/C particles in aqueous systems, and greatly widen
their range of applications in biochemistry, diagnostics, and
drug delivery.[16b]


Both the diameter of spherical Se nanorod assemblies and
thickness of the C shells can be controlled by changing the
reaction conditions, such as the reactant concentrations and
the reactant ratios (Figure 7). Our experimental results
show that a thicker C layer can be deposited on the surfaces
of Se nanorod assemblies by using a higher mass ratio of
starch/selenious acid. We also investigated the influence of
different heating methods on the final products. When a
conventional heating method (oil bath) was used, only Se
nano- and microspheres were obtained after heating at
200 8C for 30 min. Even if the heating time was increased to
4 h, no trace of carbon-encapsulated Se spheres could be


Figure 4. a) Low-magnification bright-field TEM image of Se nanorod as-
semblies encapsulated in C; b) and c) high-magnification TEM images of
the core-shell structured Se/C composite; d) HRTEM image of an indi-
vidual Se nanorod embedded in the carbon matrix (labeled by an arrow)
as shown in (c); e) SEM image of the as-prepared composite.


Figure 5. a) Bright-field image of the Se/C composite as shown in Fig-
ure 4c; b) and c) electron energy loss (EEL) elemental maps of C and Se
taken by using the C K edge and Se L edge, respectively.


Figure 6. High-resolution XPS spectrum showing the C 1s peaks.
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found by TEM. After a conventional hydrothermal reaction
at 200 8C for 48 h, the carbonization yield was only about
46%. In contrast, the yield of the Se/C hybrids can reach as
high as 70% by microwave heating at 200 8C for 30 min.
The heating time for the fabrication of Se/C hybrids can be
shortened by more than one order of magnitude by using
microwave heating instead of conventional heating. The
higher yield and shorter microwave-heating time leads to
enhanced efficiency and significant energy savings.
In our approach, two main reactions are believed to occur


simultaneously during the one-pot microwave-induced hy-
drothermal process. One is the reduction of selenious acid
by starch and the other is the carbonization of starch. A for-
mation mechanism is proposed for the growth of the Se/C
composites. The 1D Se nanorods probably grow from a pre-
cursor particle, as in the case of sonochemical formation of
Se nanowires.[18] The growth of the core/shell Se/C compo-
sites can be roughly divided into two stages. In the first
stage, starch-encapsulated spherical amorphous Se (or t-Se
or both) particles are produced by reducing selenious acid
under microwave irradiation. Meanwhile, the shell layer of
starch is carbonized, due to localized “hot surfaces” as well
as “hot spots” created by the microwave energy.[15] Our ex-
perimental results show that a thicker carbon layer can be
deposited on the surfaces of Se nanorods by using a higher
initial concentration of starch. In the second stage, 1D Se
nanostructures grow from the surface of the Se cores, for
which the newly-formed t-Se crystallites may serve as seeds.
It is well known that 1D Se nanostructures can be preferen-
tially generated, because the trigonal phase contains infinite
spiral chains of Se atoms along the c axis and has a lower
free energy relative to a-Se.[18] The growth process continues
until all the spherical Se particles in the core region are de-
pleted, leaving behind a pure assembly of t-Se nanorods en-
capsulated in an external layer of amorphous carbon. Fur-
thermore, the thermal and nonthermal effects induced by
microwave irradiation probably contribute to the final mor-
phologies and structures of products. These local thermal ef-
fects may simultaneously accelerate the reduction and car-
bonization reactions leading to the formation of clusters of
single-crystalline Se nanorods surrounded by amorphous
carbon. Of course, a detailed formation mechanism for
these novel core-shell Se/C architectures formed under mi-
crowave heating needs to be investigated further.


Hollow carbon capsules: Figure 8a and b show TEM images
of the products after removing Se by thermal evaporation in
vacuum at ~250 8C for 10 min. The TEM dark/light contrast
clearly reveals that nanostructured hollow carbon capsules
were formed. The corresponding SEM images are shown in
Figure 8c and 8d.


Conclusion


In summary, core-shell structured nanocomposite particles,
that is, t-Se nanorod assemblies encapsulated in amorphous
carbon have been successfully synthesized through a facile
one-step controllable procedure. This work presents a fast,
high-yield, and environmental-friendly route for fabrication
of Se/C particles that is ideal for large-scale industrial pro-
duction. Our experiments show that microwave heating
plays a crucial role in the formation of the Se/C nanocompo-
site. By controlling the experimental parameters, the micro-
structures of the core-shell hybrids can be tailored. The
present method will open up possibilities for realizing effi-
cient production of a variety of core-shell nanostructures by
preferable “green chemistry” routes. Furthermore, the resul-
tant Se/C composite can be easily transformed into hollow
carbon capsules by a simple thermal treatment procedure.
The core-shell structured Se/C colloids, as well as the hollow
C capsules, inherit functional groups from the starting mate-
rials; thy also possess hydrophilic surfaces. These properties
are potentially useful in biochemistry, diagnostics, and drug
delivery applications.


Experimental Section


Synthesis: All chemicals were used as received without further purifica-
tion. In a typical process, starch (3 g) and H2SeO3 (3 mmol) were dis-
solved in deionized (DI) water (30 mL). The solution was sealed in a


Figure 7. TEM images of the products prepared at 200 8C for 30 min by
microwave-hydrothermally treating a mixture of: a) Starch (2 g), seleni-
ous acid (3 mmol), and DI-water (30 mL); b) starch (3 g), selenious acid
(2 mmol), and DI-water (30 mL).


Figure 8. a) and b) TEM images of hollow C capsules after removing t-Se
cores through evaporation; c) and d) SEM images of hollow C capsules.
A higher magnification SEM image for an individual broken C capsule is
shown in the inset of (d).
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double-walled digestion vessel. After treating at a controllable tempera-
ture of 200 8C for 30 min by using a microwave digestion system (Ethos
TC, Milestone), the vessel was then cooled to room temperature. The
product was collected, washed with deionized water and alcohol, and
dried in vacuum at 40 8C for 4 h. After removing the Se core by thermal
evaporation in vacuum at ~250 8C for 10 min, the hollow carbon capsules
were obtained.


Characterization: The crystallographic phase of the products was deter-
mined by powder XRD by using a Bruker D8 Advance diffractometer
with high-intensity CuKa1 irradiation (l=1.5406 O). The general mor-
phology of the products was examined by SEM (LEO, 1045 VP). The
size, microstructures, and chemical composition of the products were in-
vestigated by TEM by using a Tecnai F20 microscope (FEI, 200 kV) and
a CM-120 microscope (Philips, 120 kV) coupled with an EDX spectrome-
ter (Oxford Instrument). EEL elemental mapping was carried out by
using a Gatan image filtering (GIF) system coupled to the Tecnai F20 mi-
croscope. XPS measurements were performed in a Kratos AXIS-HS
spectrometer equipped with a monochromatic AlKa source.
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Synthesis, Liquid-Crystalline Properties, and Supramolecular Nanostructures
of Dendronized Poly(isocyanide)s and Their Precursors


Yanqing Tian,*[a, b] Kaori Kamata,[a, c] Hirohisa Yoshida,[a] and Tomokazu Iyoda*[a, c]


Introduction


The synthesis of dendronized polymers, which may also be
called polymers with appendant dendrons or dendrimers
with a polymer core, possessing desirable properties of the
dendrimers, that is, high solubility, low intrinsic viscosity,
self-assembly ability, and so forth, have caused scientific in-
terest.[1] Such dendronized macromolecules could be pre-
pared either by polymerization of an appropriate dendron-
ized monomer or by appending dendrimer segments to an


existing polymer.[1h] Most of the reported dendronized poly-
mers are have flexible polymethacrylates, polystyrenes, and/
or functional poly(p-phenylene)s as the backbones.[1c–e,h]


Herein, we will report the synthesis and investigation of
new dendronized polymers with the rigid poly(isocyanide)
backbone. In this study, we have placed the emphasis on
both the rigidity of the rodlike polymer backbone and the
living polymerization character which allows us to build
macromolecular nanostructures.
Poly(isocyanide)s are quite different from conventional


polymers, such as polystyrene and polymethacrylate, and
may keep a rigid helical conformation with the 41-type helix
with a pitch of about 0.4 nm even in the racemic polymers,
such as the poly(tert-butyl isocyanide).[2,3] Many poly(isocya-
nide)s with chiral and/or achiral functional and/or nonfunc-
tional side-groups have been prepared[4] for the study of the
influence of chiral groups on the helicity, for the demonstra-
tion of nonlinear dynamics of the high-order helical struc-
tures, for the elucidation of the ion-channel properties, and
for direct visualization of the helical structures through mi-
crophase separation of block copolymers by atomic force
microscopy (AFM) and transmission electron microscopy
(TEM). As another strategy to fabricate the poly(isocya-
nide)-based nanostructures, we have attempted to introduce
liquid crystalline (LC) properties into the rigid helical p-


Abstract: A series of novel dendron-
ized p-conjugated poly(isocyanide)s
were synthesized successfully by using
a Pd�Pt m-ethynediyl dinuclear com-
plex ([ClPt{P(C2H5)3}2C�CPt-
{P(C2H5)3}2Cl]) as the initiator. The
polymerizations of the dendronized
monomers follow first-order kinetics,
indicating that living polymerization
takes place. The obtained polymers ex-
hibit narrow polydispersities in the
range of 1.03–1.20. Thermal properties
of the poly(isocyanide)s as well as their
isocyanide monomers and precursors


with formamido (HCONH-) moieties
as apexes were investigated by using
differential scanning calorimetry
(DSC), polarized optical microscopy
(POM) and wide-angle X-ray diffrac-
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conjugated poly(isocyanide)s. The combination of the helical
properties and LC properties may not only result in a new
class of functional materials, but also endow the poly(isocya-
nide)s with interesting optical and thermal properties. How-
ever, due to the rigid nature of the poly(isocyanide) back-
bones, only few poly(isocyanide)s were found to show the
liquid crystalline properties.[5] Herein, we utilize monoden-
drons with long alkyl chains,[1d,e,j–m,6] which allow us to
expect interesting self-assembly specific nanostructures, such
as cylindrical or cubic supramolecular structures, as the pe-
ripheral groups of the poly(isocyanide) backbone. Dendron
substituents on the poly(isocyanide) backbone are program-
med to induce self-assembling process to give ordered nano-
structures. To obtain the dendronized poly(isocyanide)s with
defined molecular weights and with narrow polydispersities,
we chose the living polymerization technique developed by
Takahashi et al.,[7] in which the successive and multiple in-
sertion of the isocyanide into the Pd�C bond of the Pd–Pt
m-ethynediyl dinuclear complex may produce polymers with
narrow polydispersities in quantitative yields.
On the other hand, generally, compounds with the form-


amido (HCONH-) group and isocyano (-NC) moiety are


necessary precursors and monomers for the preparation of
poly(isocyanide)s. Though many papers investigated the
monodendrons with different peripheries, generations, and
polar groups at the apex (such as COOH, COONa, COOCs,
CO(OCH2CH2)nOH, metal cations, etc),


[6,8] there is still no
report describing the synthesis and liquid-crystalline proper-
ties of the monodendrons with formamido and/or isocyano
units as the polar apex groups.
In the article, we will describe the preparative procedure,


the thermal properties, and the supramolecular structures of
the dendronized poly(isocyanide)s, including their corre-
sponding monodendrons with formamido and isocyano
groups.


Results and Discussion


Synthesis and characterization : Isocyanide monomers for
the liquid-crystalline (LC)-dendronized poly(isocyanide)s
were derived from esterification of the known monoden-
drons bearing hydroxyl groups (1 and 2)[6] with 4-formami-
dobenzoic acid to give new monodendrons 3 and 4


Scheme 1.


Table 1. Experimental conditions and properties of the synthesized poly(isocyanide)s.


Runs Monomer [M]0/[I]0 Obtained
polymers


Polymerization
time [h]


Conversion [%] Yield [%] Mn,GPC
[b] Mn,calcd


[c] Mw/Mn
[d]


1 5 100 P5a 2 23 ~10 10900 26300 1.03
2 5 100 P5b 22 92 77 23200 102800 1.06
3 5 170 P5c 72 98 90 33600 186000 1.20
4 6 10 P6a 48 88 70 10100 20800 1.05
5 6 20 P6b 57 81 59 11700 36300 1.03
6 6 100 –[a] 336 22 –[a] – 49600 –


[a] Not isolated. [b] Number average molecular weight (Mn) determined by GPC. [c]Mn calculated based on the feed ratio and conversions. [d] Polydis-
persity determined by GPC.
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(Scheme 1) as precursors for the dendronized isocyanide
monomers. After dehydration of the formamido groups in 3
and 4 with (trichloromethyl)carbonate (triphosgene), mono-
dendrons 5 and 6 as monomers were afforded in yields of
~70%. Polymerizations of the monomers (Table 1) were
carried out in THF at 75 8C. Purities of the monodendrons
and polymers were guaranteed by using IR and 1H NMR
spectroscopy, gel permeation chromatography (GPC), and/
or elemental analysis.
The IR spectra of the purified polymers showed no signal


corresponding to the isocyano moiety. Weak broad bands
from the formed imino groups constituting the polymer
backbone were observed at approximately 1645 cm�1, con-
firming the formation of the poly(isocyanide)sN backbone. A
very weak band of �C�C� at 2085 cm�1 was detected in the
resulting poly(isocyanide)s, implying that the insertion poly-
merization proceeded successfully and the structure of the
initiator remains in the polymer; this in turn leads to further
living polymerization.[7] The 1H NMR spectra of the poly-
mers just show very broad resonance in both the aromatic
and aliphatic chain regions. All the polymers gave unimodal
GPC profiles with narrow polydispersities from 1.03 to 1.20
(Figure 1 and Table 1).


Kinetic of the polymerization : Figure 2 shows the kinetic
plots of the polymerization procedures of monodendron 5
with the feed ratio of [5]0/[I]0=100 and of monodendron 6
with the feed ratio of [6]0/[I]0=20. A linear dependence of
ln([M]0/[M]) on the polymerization reaction time was ob-
served, demonstrating that the polymerizations of the
dendronized monomers follow first-order kinetics. Taking
the [5]0/[I]0=100 system as an example, molecular weights
increase with increasing monomer conversion. The polydis-
persities are in the narrow range of 1.03–1.06 (Figure 3).
This behavior confirms the living character of the polymeri-
zation under the present conditions. The molecular weights
determined by GPC are much lower than the molecular
weights calculated according to the feed ratio and conver-
sions. The significant discrepancy is probably due to the
quite different hydrodynamic volumes of the dendronized
polymers from those of the linear polystyrenes that are used
for the calibration materials for GPC columns.


Polymerization rates of the two monodendrons of 5 and 6
are quite different. The polymerization of the large mono-
dendron 6 was much slower than that of the small monoden-
dron 5, which may be attributed to their different peripher-
ies resulting in their different weight fractions of the isocya-
no groups in the monomers. Polymers with high polymeri-
zation degrees (e.g., DP=100) with the monodendron 6 as
the monomer could not be obtained. After one week poly-
merization, the conversion of a polymerization of 6, expect-
ed for DP=100, was just about 22%. However, the poly-
merization of 5 with high DP proceeded well. The conver-
sion of the polymerization of 5 for DP=170 reached 98%
only within three days.


Figure 1. The GPC curves of monomer 5 ; polymers P5a, P5b, and P5c ;
monomer 6 ; and polymers P6a, and P6b.


Figure 2. The first-order kinetic plots of the polymerization of A) mon-
omer 5 with the feed ratio ([M]0/[I]0) of 100 and B) 6 with the feed ratio
of 20 by the m-ethynediyl Pd–Pt dinuclear complex as the initiator in
THF heated under reflux.


Figure 3. Dependence of molecular weigh (Mn) and polydispersity (Mw/
Mn) on the conversion of the monodendric monomer 5.


www.chemeurj.org J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 584 – 591586


Y. Q. Tian, T. Iyoda et al.



www.chemeurj.org





Thermal properties of the monodendrons—precursors and
monomers : Figure 4 gives the differential scanning calorime-
try (DSC) curves of the monodendron 3. The first heating of
3 shows two sharp endothermic peaks at 69 and 79 8C, corre-
sponding to its crystal–crystal (Cr1–Cr2) and crystal–isotrop-
ic-liquid (Cr–I, or melting) transitions. The first cooling of
this compound shows a small exothermic peak at 77 8C cor-
responding to an isotropic-liquid–mesophase (I–M) transi-
tion and a broad baseline shift at about 33 8C corresponding
to a mesophase–glass transition (M–g). On the second heat-
ing, the monodendron 3 undergoes a cold crystallization at
about 25 8C followed by complex melting processes until the
isotropic transition at 77 8C. The second cooling cycle gives
the same result as the first one. Upon cooling from the iso-
tropic state, clear fan-shaped textures (Figure 5) were ob-


served by polarized optical microscopy (POM), indicating
the possible hexagonal columnar phase (Colh),


[9] which was
further confirmed by using wide-angle X-ray diffraction
(WAXD).
The first heating of monodendron 4 shows a sharp endo-


thermic peak at 53 8C corresponding to the crystal–meso-
phase (Cr–M) transition and a weak endothermic peak at
82 8C corresponding to the M–I transition, as illustrated in
Figure 4. On cooling, a much wider mesophase temperature
range was observed. Under POM, no birefringence was ob-
served, suggesting that the mesophase is a cubic (Cub)
phase.
The DSC curves of the monodendrons with isocyano


group, 5 and 6, exhibit only a melting peak on heating and a
crystalline peak on cooling with a big enthalpy as given in
Table 2.
Figure 6 illustrates the wide-angle X-ray diffractograms of


the monodendrons 3 and 4. For the monodendron 3, the X-
ray diffractogram at 60 8C on cooling shows a sharp (100)
and two weak (110) and (200) Bragg reflections in small-
angle region with a lattice spacing ratio of d100:d110:d200=1/
(1/31/2)/(1/41/2) indicates that the mesophase is a hexagonal
columnar phase (Colh) with a lattice of a=50.1 P.[10] On
cooling to room temperature, the X-ray diffractogram
changes slightly. The ratio of the lattice spacing still follows
the order of d100:d110:d200=1/(1/3


1/2)/(1/41/2), suggesting the
ordered columnar structures were frozen in the glassy state.
The absence of a sharp reflection in the wide-angle region
in its columnar mesophase and existence of a diffuse halo
caused by the liquidlike arrangement of the alkyl side chains
suggest an irregular (disordered) arrangement of the mole-


Figure 4. DSC curves of the monodendron 3 and 4. a) first heating of 3 ;
b) first cooling of 3 ; c) second heating of 3 ; d) first heating of 4 ; e) first
cooling of 4 ; f) second heating of 4.


Figure 5. Typical texture of the monodendron 3 at 60 8C on cooling. Mag-
nification: Q200.


Figure 6. he X-ray diffractograms of 3 (top) measured at 60 8C (a) and
25 8C (b) on cooling, and 4 (bottom) measured at 25 8C on cooling.
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cules within the parallel aligned columns independent of the
two-dimensional lattice. For the monodendron 4, four Bragg
reflections corresponding to the (200), (210), (211), and
(320) with a lattice spacing ratio d200:d210:d211:d320=(1/4


1/2)/(1/
51/2)/(1/61/2)/(1/131/2) were observed, indicating the cubic mes-
ophase with a lattice parameter of a=80.5 P.[11]


The phase-transition temperatures and transition enthal-
pies obtained from the above thermal investigations are
summarized in Table 2. The phase behavior depends on not
only the peripheries, but also the apex groups. The two mon-
odendrons with formamido apex groups, 3 and 4, form the
column or cubic phases, respectively, which are dependent
on their peripheries. The two monodendrons with isocyano
apex groups, 5 and 6, do not exhibit liquid-crystalline prop-
erties regardless of their peripheries. Comparison of the iso-
tropic transition temperatures of 3 and 4 with their related
dehydrated monodendrons, 5 and 6, it can be seen that the
isotropic transition temperature of each monodendron with
formamido group is about 10 or 15 8C higher than that of its
related monodendron with an isocyano group. This observa-
tion suggests the formamido group may stabilize the meso-
phase. Considering their structural difference, we think the
different thermal properties might possibly be due to inter-
molecular hydrogen bonding through the formamido apexes.
To confirm the above consideration, typical IR spectra of


the monodendrons 3 and 5 were measured and are illustrat-
ed in Figure 7. For both the two compounds, the ester car-
bonyl vibration at 1717 cm�1 was observed. Two formamido
carbonyl vibrations of 3 at 1683 and 1678 cm�1 were ob-
served, confirming the existence of intermolecular hydrogen
bonding between the formamido groups through the s-cis in-
teraction (dimer, 1683 cm�1) and the s-trans interaction
(polymer, the predominating state for the amide,
1678 cm�1)[12] as illustrated in Scheme 2. Due to the dehy-
dration of the formamido group, the intermolecular hydro-
gen bonding of 3 is broken and the resulting isocyanide vi-


bration of 5 appears at
2120 cm�1. Therefore, the re-
sults from IR spectra clearly in-
dicate that intermolecular hy-
drogen bonding does exist in
the formamido moiety contain-
ing precursors. Further study is
in progress by using tempera-
ture-dependent IR and Raman
spectra for more detailed un-
derstandings of the relationship
between the intermolecular hy-
drogen bonding and thermal
properties.


Thermal properties of the poly-
mers : Thermal properties of the
polymers were first examined
by means of thermogravimetric
analysis, revealing that all of
the polymers are stable up to


Table 2. The phase behaviors of the monodendrons and their polymers.


Phase-transition
temperatures [8C][a]


Measured lattice spacings
and proposed indexes


3 Cr1 69 (39.2) Cr2 79 (56.3) I
[b] d100=43.3 P; d110=25.1 P; d200=21.6 P (60 8C, cooling)


I 77 (�3.4) Colh 33 (�3.8) g[c] d100=41.2 P; d110=23.1 P; d200=20.7 P (25 8C, cooling)
4 I 72 (�0.8) Cub �12 (�20.8) Cr[c] d200=43.0 P; d210=38.5 P; d211=35.3 P; d320=23.7 P (25 8C, cooling)


Cr �10 (18.1) Cub 81 (1.3) I[d]
5 I 37 (�141.3) Cr[c]


Cr 67 (168.7) I[d]


6 I 30 (�172.2) Cr[c]
Cr 62 (178.6) I[d]


P5a Cr ~36[e] (91.8) M ~260 decomp[f] d=39.5 P (30 8C, after annealing at 100 8C)
P5b Cr 43 (40.3) Colh ~260 decomp[f] d100=39.4 P; d110=22.3 P (100 8C)
P5c Cr 45 (50.6) M ~260 decomp[f] d=39.6 P (100 8C)
P6a Cr �12 (25.9) M ~260 decomp[f] d=36.7 P (30 8C, after annealing at 100 8C)
P6b Cr �12 (29.2) M ~260 decomp[f] d=36.6 P (80 8C)


[a] Enthalpies [kJmol�1] are given in parentheses. [b] On the first heating cycle. [c] On the first cooling cycle.
[d] On the second heating cycle. [e] Broad transition. [f] Decomposition on heating. Cr: crystalline phase; M:
Mesophase, possibly columnar phase; Colh: hexagonal columnar phase; Cub: cubic phase; I: isotropic phase;
g: glass state.


Figure 7. The IR spectra of a) the precursor monodendron 3 and b) its
dehydrated monomer 5.


Scheme 2. The possible intermolecular hydrogen bonding between the
formamido groups.
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260 8C. The DSC profile of polymers of 5 (P5) showed a re-
versible phase transition at about 40–50 8C (Figure 8) de-
pending on their molecular weights, but no further phase
transitions were observed before their decomposition. The
DSC results for polymers of 6 (P6) showed a reversible
transition at about �12 8C. No isotropization transition was
observed for any of the polymers before their decomposi-
tions, as confirmed by temperature-dependent wide-angle
X-ray diffraction and polarized microscopy. The thermal
properties are summarized in Table 2. Under polarized opti-
cal microscopy, very strong birefringence was observed in
the LC phase of P5. The textures are not characteristic of
columnar phases or smectic phases, and are difficult to iden-
tify. No birefringence was observed for P6. The lack of typi-
cal textures of the polymers with monodendrons has already
been reported by PercecNs group.[1d,f,j] Therefore, X-ray dif-
fraction analysis (Figure 9) becomes a powerful tool to gain


more information about the mesophormic structures. All of
the polymers show a sharp peak in the small angle region
and a broad hollow in the wide-angle region of 2q�208, in-
dicating formation of their mesophases. Especially, the dif-
fractogram of P5b shows a sharp diffraction peak at
3.94 nm (d100) and a broad peak at 2.23 nm (d110), strongly
confirming its hexagonal columnar phase (Colh). According
to the 41-helical structure of the polymer backbone, the
monodendrons in the side-group might generate a supra-
molecular columnar structure with a diameter of 4.70 nm
(calculated by Chem 3D). The determined diameters (diam-
eter=2hd100i/31/2) of the columns from the X-ray diffraction
measurements are 4.60 nm for P5 and 4.30 nm for P6 ; these
values are in general accordance with the calculated diame-
ter of the column by Chem 3D (4.70 nm). Therefore, we
may deduce that each of the polymers forms a columnar
mesophase. The above results show that through the intro-
duction of the flexible monodendrons into the rigid poly(iso-
cyanide)s, LC properties, especially the hexagonal columnar
LC phase, can be realized successfully.


Morphologies of the polymer P5b : Very interestingly, cylin-
drical structures (Figure 10) were directly viewed under
TEM by using thin films of P5b after annealing in its col-
umnar phase. The film was prepared by spreading about
5 mL of 1 wt% solution of P5b in toluene on a water sur-
face. The thickness of the thin film was estimated to be
about 50–100 nm. The films were annealed at 100 8C for 1 h
in order to get the ordered structures. Small cylinders paral-
lel to the surface with the average diameter of 4.7 nm, perio-
dicity of 5.8 nm, and length of 18.7 nm (calculated using 100
cylinders with parallel orientation) were observed. The
small cylinders found in defined areas, for example, area A
in Figure 10, are tilted or perpendicular to the substrate.
The different contrast reflects the different thickness of the
film. The cylinders of the dendronized poly(isocyanide)s ob-


Figure 8. Top: DSC curves of a) P5a, b) P5b, c) P5c, d) P6a, and
e) P6b for the heating process. Bottom: TG-DTA curve of P5b.


Figure 9. Wide-angle X-ray diffractograms of the polymer P5b and P6b. Figure 10. TEM image of the thin film of P5b.
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served under TEM are possibly arranged as single mole-
cules. X-ray diffraction shows the d100 of P5b is 3.94 nm, re-
sulting in the diameter of the column is 4.60 nm (diameter=
2<d100> /3


1/2), which is very close to the 4.7 nm observed by
TEM and the calculated value by using Chem 3D. This ob-
servation might be compared with the morphologies of
linear polymethacrylates and/or polystyrenes with the simi-
lar monodendrons,[13] showing the richness of the nanostruc-
tures of the dendronized polymers. Further investigations
will be addressed with the controlling of the morphologies
through the adjustment of the film thickness, degree of poly-
merization, and even the rigidity and helicity of the back-
bones.


Conclusion


We reported the synthesis, liquid-crystalline properties, and
supramolecular nanostructures of novel dendronized poly-
(isocyanide)s with their related precursors and monomers.
Narrow polydispersities of the polymers were obtained
using the Pd–Pt m-ethynediyl dinuclear complex ([Cl-
{P(C2H5)3}2Pd�Pt{P(C2H5)3}2Cl]) as the initiator. The poly-
merizations follow first-order kinetics, even though the mo-
lecular weights of the dendronized monomers are higher
than 1000. Through the introduction of flexible monoden-
drons into the rigid poly(isocyanide)s, liquid-crystalline
properties, especially the hexagonal columnar liquid-crystal-
line properties, are realized successfully. This provides an ef-
ficient route for endowing liquid-crystalline properties and
supramolecular columnar structures on the extreme rigid
poly(isocyanide)s. The cylindrical supramolecular structures
of the poly(isocyanide)s were also clearly visualized using
TEM.


Experimental Section


Characterization : 1H NMR spectra were measured by using a JEOL 270
instrument spectrometer operating at 270 MHz with TMS internal stan-
dard as a reference for chemical shifts. FT-IR spectra were recorded on a
Bio-Rad FTS 3000 spectrophotometer. All of the FT-IR measurements
were performed in KBr pallet.


Molecular weights of the polymers were determined by using a JASCO
860 GPC (Japan Spectroscopic Co., Ltd.) system coupled with a UV de-
tector, with reference to a series of standard polystyrenes as calibration
with THF as eluent.


Thermal behavior was determined by using a SII Extra 6000 DSC system
(Seiko Instruments Inc.) at a scanning rate of �5 8Cmin�1 under nitro-
gen. Liquid-crystalline textures were observed under a Nikon Microphot-
UFX polarized optical microscopy (POM) with a Mettler FP-82 hot stage
and a FP-80 central processor. Wide-angle X-ray diffraction (WAXD)
was measured on a MAC Science MPX 3 X-ray diffractometer equipped
with a thermal controller Model 5310.


Transmission electron microscopy (TEM, JEOL 1200 EXII) experiments
were carried out at an acceleration voltage of 200 kV. TEM samples were
prepared by: 1) spreading 1 wt% solutions of the sample in solutions
onto water surface, 2) waiting for about 10 min until the complete evapo-
ration of toluene and formation of uniform thin polymer films on water
surface, 3) transferring the thin films onto a copper TEM grid with


carbon supporting film, 4) drying the specimens at room temperature
under vacuum overnight followed by annealing at 100 8C for 1 h, and 5)
staining samples by using 2 wt% OsO4 vapor for 5 min to enhance the
contrast for the TEM observation.


Materials : Monodendrons 1 and 2, and 4-formamidobenzoic acid were
prepared according to the known procedures.[5, 8b] The Pd–Pt m-ethynediyl
complex ([Cl{P(C2H5)3}2PdC�CPt{P(C2H5)3}2Cl] Scheme 1) as the initia-
tor for polymerization was prepared according to the literature.[14] THF
was used as the polymerization solvent and was dehydrated by heating to
reflux over sodium and then distillation under nitrogen. The other chemi-
cal reagents and solvents were commercially available and used without
further purification.


Preparation of 3 : 4-Formamidobenzoic acid (1.65 g, 10 mmol), 1 (9.79 g,
10 mmol), and catalytic amount of 4-N,N’-dimethylaminopyridine were
dissolved in methylene chloride (150 mL) and cooled to 0–5 8C. Dicyclo-
hexyl carbodiimide (3.09 g, 15 mmol) in methylene chloride (50 mL) was
added dropwise in under stirring at 0 8C. After 12 h, the precipitate was
filtered, and the solvent was removed under reduced pressure. Then the
residue was purified by silica column chromatography by using chloro-
form/ethyl acetate as the eluent. A white product (8.1 g) with the yield of
72% was obtained after recrystallization from ethanol. 1H NMR
(270 MHz, CDCl3, 25 8C, TMS): d=8.86 (d, J=13 Hz, 0.4H; HCO in
trans), 8.41 (s, 0.6H; HCO in cis), 8.02 (d, J=8.9 Hz, 2H; phenyl proton,
Hm to NH), 7.60 (d, J=8.9 Hz, 1.2H; phenyl proton, Ho to NH), 7.29 (d,
J=7.8 Hz, 6H; phenyl proton, Hm to OC12H25), 7.11 (d, J=7.8 Hz, 0.8H;
phenyl proton, Ho to NH), 6.85 (d, J=7.8 Hz, 4H; phenyl proton, Ho to
OC12H25), 6.78 (d, J=7.8 Hz, 2H; phenyl proton, Ho to OC12H25), 6.71 (s,
2H; phenyl proton, Ho to CH2OCO), 5.22 (s, 2H; CH2O), 5.02 (s, 4H;
CH2O), 4.94 (s, 2H; CH2O), 3.93 (m, 6H; CH2O), 1.83–1.26 (m, 60H;
(CH2)10), 0.84 ppm (t, J=6.5 Hz, 9H; CH3); FT-IR (KBr pellet): ñ=1718
(C=O ester), 1679, and 1683 cm�1 (C=O amide); elemental analysis calcd
(%) for C72H103NO9 (1126.59): C 76.76, H 9.22, N 1.24; found: C 76.63, H
9.44, N 1.27.


Preparation of 4 : This compound was synthesized from 2 by using a pro-
cedure similar to that described for 3. Yield: 63%; 1H NMR (270 MHz,
CDCl3, 25 8C, TMS): d=8.86 (d, J=13 Hz, 0.4H; HCO in trans), 8.35 (s,
0.6H; HCO in cis), 7.89 (m, 2H; phenyl proton, Hm to NH), 7.80 (d, J=
8.9 Hz, 1.3H; phenyl proton, Ho to NH), 7.55 (d, J=8.9 Hz, 0.7H; phenyl
proton, Ho to NH), 7.41 (s, 0.4H; NH in trans), 7.06 (d, J=7.8 Hz, 0.6H;
NH in cis), 6.63 (m, 2H; phenyl proton), 6.56 (m, 6H; phenyl proton),
5.13 (s, 2H; CH2O), 4.92 (m, 6H; CH2O), 3.83 (m, 18H; CH2O), 1.83–
1.26 (m, 180H; (CH2)10), 0.85 ppm (t, J=6.5 Hz, 27H; CH3); FT-IR (KBr
pellet): ñ=1718 (C=O ester) and 1679 cm�1 (C=O amide); elemental
analysis calcd (%) for C114H247NO15 (2232.50): C 77.47, H 11.15, N 0.63;
found: C 77.32, H 11.47, N 0.62.


Preparation of 5 : Triphosgene (0.24 g, 1 mmol) in methylene chloride
(5 mL) was added slowly into a mixture of 3 (1.126 g, 1 mmol) and trie-
thylamine (0.4 mL, 3 mmol) in methylene chloride (10 mL) at 0–5 8C.
Two hours later, aqueous NaHCO3 (5 wt%, 10 mL) was added to the
mixture. The organic layer was separated, washed with brine, and dried
by using anhydrous Na2SO4. After the solvent was removed under re-
duced pressure, the crude product was purified by column chromatogra-
phy with methylene chloride as the eluent. A white solid was obtained
(yield: 0.70 g, 70%). 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=8.06
(d, J=8.6 Hz, 2H; phenyl proton, Ho to COOCH2), 7.47 (d, J=8.6 Hz,
2H; phenyl proton, Hm to COOCH2), 7.29 (m, 6H; phenyl proton, Hm to
OC12H25), 6.88 (d, J=8.6 Hz, 4H; phenyl proton, Ho to OC12H25), 6.76 (d,
J=8.6 Hz, 2H; phenyl proton, Ho to OC12H25), 6.65 (s, 2H; phenyl
proton, Ho to CH2OCO), 5.22 (s, 2H; CH2O), 5.02 (s, 4H; CH2O), 4.94
(s, 2H; CH2O), 3.93 (m, 6H; CH2O), 1.83–1.26 (m, 60H; (CH2)10),
0.84 ppm (t, J=6.5 Hz, 9H; CH3); FT-IR (KBr pellet): ñ=2120 (�NC),
1719 cm�1 (C=O ester); elemental analysis calcd (%) for C72H101NO8
(1108.57): C 78.01, H 9.18, N 1.26; found: C 77.87, H 8.97, N 1.22.


Preparation of 6 : This compound was synthesized from 4 by using a pro-
cedure similar to that described for 5. Yield: 67%; 1H NMR (270 MHz,
CDCl3, 25 8C, TMS): d=8.00 (d, J=8.6 Hz, 2H; phenyl proton, Hm to �
NC), 7.48 (d, J=8.6 Hz, 2H; phenyl proton, Ho to �NC), 6.67 (m, 8H;
phenyl proton, Ho,m to OCH2), 5.22 (s, 2H; CH2O), 5.00 (m, 6H; CH2O),
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3.88 (m, 18H; CH2O), 1.80–1.10 (m, 180H; (CH2)10), 0.88 ppm (t, J=
6.5 Hz, 27H; CH3); FT-IR (KBr pellet): ñ=2119 (�NC), 1718 cm�1 (C=O
ester); elemental analysis calcd (%) for C114H245NO14 (2214.48): C 78.10,
H 11.15, N 0.63; found: C 77.91, H 10.86, N 0.68.


Polymerization : All of the polymerizations were carried out in THF
under reflux as shown in Table 1. An example of the synthesis of P5b is
described in detail.


A mixture of the Pd–Pt m-ethynediyl complex (4.35 mg, 0.005 mmol) as
the initiator (I) and the monodendron 5 (554.3 mg, 0.5 mmol) was de-
gassed under vacuum for 30 min at room temperature, then THF
(20 mL) was added under nitrogen. The polymerization was carried out
at 75 8C. During the polymerization process, 5 mL of the solution was
taken out at a specific intervals by using micro-syringe to determine the
conversions. The conversion was calculated according to the integration
areas of the GPC curves of the formed polymer (Apolymer) and non-poly-
merized monomer (Amonomer) by using Equation (1).


Conversion ¼ Apolymer=ðApolymer þAmonomerÞ ð1Þ


After the solution was heated under refluxing for 22 h, the conversion
was determined to be 92%. The solution was cooled down to room tem-
perature and then the THF was removed under vacuum. The residue was
purified by preparative GPC with CHCl3 as eluent in order to remove
the trace amount of nonpolymerized monomer to afford pure pale yellow
polymer. Yield: 77% (430 mg); FT-IR (KBr pellet): ñ=2080 (�C�C� in
the main-chain), 1718 (C=O ester in the side-group), 1653 cm�1 (�N=C=
in the backbone). Mn,GPC=23200, Mw/Mn=1.06. Mn,calcd=102800
[Eq. (2)].


Mn,calcd ¼ ½M�0=½I�0  conversion  1108þ 869 ð2Þ


In Equation (2) 1108 and 869 are the molecular weights of the monomer
and initiator, respectively; the [M]0/[I]0 is the feed ratio of the monomer
to initiator. Elemental analysis calcd (%) for Mn,calcd=102800: C 77.48, H
9.06, N 1.25; found: C 77.12, H 9.35, N 1.01.
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Introduction


Nitrogen-rich hydrazide compounds of the earth metals
have been investigated intensively in recent years;[1] the
compounds reported include simple dimers such as [{Me2Al-
m-N(H)NMe2}2],


[2] trimers such as [{Me2Ga-m-N(H)-
NMe2}3],


[3] or the more complex ladder-type aggregate [Al4-
(NHNMe2)8(NNMe2)2].


[4] The wealth of different aggrega-
tion modes in such metal hydrazides originates from the


presence of two directly connected donor sites. A, B and C
are examples of typical bridging modes that have been
found in various metal hydrazides.


A few of these metal hydrazides also show b-donor bond-
ing leading to three-membered AlNN units.[5]


Similar high coordinative flexibility has recently been
documented for the related hydroxylamides in organoalu-


Abstract: Tetrameric [{RZn-
(NHNMe2)}4] (R = Me, Et), the first
organometallic zinc hydrazides to be
described, have been prepared by
alkane elimination from dialkylzinc sol-
utions and N,N-dimethylhydrazine.
They were characterised by 1H and
13C NMR and IR spectroscopy, mass
spectrometry, elemental analysis and
X-ray crystallography. The compounds
form asymmetric aggregates containing
the novel Zn4N8 core; tetrahedra of Zn
atoms bear the alkyl groups at Zn, with
the triangular faces bridged by
NHNMe2 substituents. The NH groups
are connected to two Zn atoms, and
the NMe2 groups to one. Hydrolysis of
the compounds with water gives


[(RZn)4(OH)(NHNMe2)3] as products,
which also were characterised as de-
scribed above. Higher yields of these
hydroxo clusters were achieved in one-
pot syntheses by reaction of dialkylzinc
solutions with mixtures of N,N-dimeth-
ylhydrazine and water. They contain
Zn4N6O cages, in which one hydroxide
in the tetrameric hydrazides described
above replaces one NHNMe2 group.
Similar products can be prepared with
alkoxy instead of hydroxy groups, in
analogous one-pot syntheses with alco-


hols. Alcoholysis of [EtZn(NHNMe2)]4
with methanol or ethanol gave zinc
trishydrazide monoalkoxides,
[(EtZn)4(OR)(NHNMe2)3] (R = Me,
Et), which have constitutions analo-
gous to the monohydroxides. The orga-
nozinc bishydrazide bisalkoxides
[(MeZn)4(NHNMe2)2(OEt)2] and
[(EtZn)4(NHNMe2)2(OEt)2] were ob-
tained in one-pot reactions from di-
alkylzinc solutions with mixtures of the
hydrazine and alcohol, and their crystal
structures, confirmed by spectroscopic
methods in solution, show an unsym-
metrical aggregation with the novel
Zn4N4O2 cage structure.
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minium and -gallium chemistry, with the corresponding
four-, five- and six-membered isomers.[6]


One aim of the numerous studies of Group 13 chemistry
with hydrazide substituents was to find new molecular pre-
cursors to metal nitride materials (for example, III/V semi-
conductors). Some hydrazine derivatives of organoalumin-
ium and -gallium compounds have been processed success-
fully to give AlN and GaN by CVD methods.[7]


In the light of these results it is surprising that a corre-
sponding organometallic chemistry with Group 12 elements,
in particular zinc (as the element neighbouring gallium), has
not yet been established. The only known hydrazide of zinc
is Zn(N2H3)2,


[8] but this is difficult to prepare and has the
disadvantage of containing the N2H3 group, which frequently
forms compounds of limited stability with a potential explo-
sion hazard. Hydrazides of other two-valent metal ions have
been described; examples include the magnesium hydrazides
Mg[NPhN(SiMe3)2]2 and Mg[N(SiMe3)NMe2]2,


[9] and the
beryllium hydrazide Be(NMeNMe2)2.


[10] The results of these
investigations can also be compared with the better estab-
lished chemistry of the alkali metal hydrazides, in particular
that of lithium, which has many varieties of structural
motifs.[11–17]


A driving force for establishing routes to zinc hydrazides
and derivatives and exploring their aggregation and reactivi-
ty is the need to find a molecular precursor route to zinc/ni-
trogen materials, which has not yet been attempted. The in-
troduction of nitrogen into zinc-based materials such as the
wide-bandgap semiconductor ZnO is an interesting prepara-
tive target, as it would open up the possibility of producing
p-semiconducting zinc oxide by anion substitution with ni-
tride, which so far has only been realised with additional Ga
codoping.[18] The chemical synthesis of such materials by a
molecular precursor route is difficult because of the restrict-
ed number of readily accessible thermolabile Zn/N precur-
sor compounds.


Herein we report the syntheses of the first organometallic
zinc hydrazides and derivatives thereof with hydrazide units
replaced by hydroxide or alkoxide units. This will be the
starting point for exploration of the accessibility and aggre-
gation behaviour of a new class of compounds which can be
turned into molecular precursors for new materials.


Results and Discussion


Zinc hydrazides : The reaction of dimethyl- and diethylzinc
with N,N-dimethylhydrazine provides access to organozinc
hydrazides in reasonable yields (Scheme 1). These com-
pounds are soluble in hydrocarbons and ethers and can be
purified by crystallisation. Compound 2 melts at 202 8C with
decomposition, while 1 decomposes before reaching its
melting point, which lies above 300 8C.


The 1:1 stoichiometries of zinc atoms to hydrazide units
follow from the integration ratio in the 1H NMR spectra
and the elemental analyses. The mass spectra give strong
evidence for the presence of tetrameric aggregates, as the


highest masses found were those of ions corresponding to
the molecular mass of the tetramers minus one alkyl group
at the zinc atoms. The IR spectra proved the presence of the
NH functions. The 1H and 13C NMR spectra in solution indi-
cated the absence of molecular symmetry in the tetramers,
as all four hydrazide methyl groups and all four alkyl groups
at zinc give individual sets of signals. However, with these
data it is difficult to prove unequivocally the presence of a
single species.


Maintaining n-hexane solutions of 1 and 2 at �10 8C re-
sulted in precipitation of colourless single crystals, among
which so far only those of 2 have been suitable for X-ray
diffraction experiments for structure elucidation. Table 1
lists selected geometric parameters for 2.


The structure of 2 has C1 symmetry (Figure 1); it is a rare
case of an M4N8 cage structure, and the first to be described
for Zn. The topology is in principle related to that of
[{(MeGa)(NHNPh)}4], which contains a Ga4N8 cage and a
dianionic ligand compensating the charge of a formally
doubly charged cationic unit MeGa2+ .[19] There is also a
structural relationship to the zinc oximate [{(MeZn)-
(ONCMe2)}4] with its Zn4N4O4 core,[20] but this has oxygen
as the primary bonding atoms.


All zinc and nitrogen atoms in 2 have the coordination
number four. The cages of 2 are composed of two six-mem-
bered Zn2N4 rings and four Zn2N3 rings. The zinc atoms in 2
span a topological tetrahedron, which has four triangular
faces each capped by a hydrazide ligand. These hydrazide
units form two bonds to zinc atoms from the NH groups
and a dative one from the NMe2 groups. The distribution of
these types of bonds is uneven: Zn(1) has three bonds to


Scheme 1.


Table 1. Selected bond lengths and angles for [{EtZn(NHNMe2)}4] (2) as
determined by X-ray crystallography.


Bond lengths [N] Angles [8]


Zn(1)–C(15) 2.016(5) C(15)-Zn(1)-N(11) 117.3(2)
C(15)�C(16) 1.442(7) C(15)-Zn(1)-N(21) 119.5(2)
Zn(2)�C(25) 2.010(6) C(15)-Zn(1)-N(41) 123.4(2)
C(25)�C(26) 1.501(8) C(25)-Zn(2)-N(21) 125.9(2)
Zn(1)�N(11) 2.079(4) Zn(1)-N(11)-Zn(3) 104.6(2)
Zn(1)�N(21) 2.092(4) Zn(1)-N(11)-N(12) 110.7(3)
Zn(1)�N(41) 2.079(4) Zn(2)-N(12)-N(11) 107.0(3)
Zn(2)�N(21) 2.048(3) Zn(2)-N(12)-C(13) 117.4(3)
Zn(2)�N(32) 2.155(4) N(11)-Zn(1)-N(21) 95.6(2)
Zn(2)�N(12) 2.176(4) N(21)-Zn(1)-N(41) 97.6(2)
N(11)�N(12) 1.450(5) N(11)-Zn(1)-N(41) 97.7(2)
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NH units, Zn(2) and Zn(3) have two to NH units and one
to an NMe2 group, while Zn(4) forms one bond to an NH
unit and two to NMe2 groups. Consequently the clusters are
constructed of five- and six-membered rings. The Zn�N
bonds between the Zn atoms and the formally anionic NH
groups are shorter by more than 0.1 N than those to the
NMe2 groups, which can be regarded as predominantly
dative.


Zinc hydrazide hydroxides : During some of the attempts to
prepare 1 and 2 traces of water were present in the systems
and gave rise to cluster aggregates, which still contain four
alkylmetal units, but three hydrazide units and one hydroxy
function. The same compounds could also be obtained if 1
and 2 were dissolved in THF and subsequently hydrolyzed
carefully. These procedures, however, led to low yields of a
range of different products, which were difficult to separate.


A more convenient route to the mixed hydroxyl/hydrazide
aggregates was found in one-pot reactions of dialkylzinc so-
lutions with a mixture of the hydrazine and water
(Scheme 2). During optimisation of the reaction conditions,


we found that the hydrazine has to be applied in excess, be-
cause the reactivity of water toward alkanolysis is higher
and can be compensated for in this way. Thus we obtained
[(RZn)4(OH)(NHNMe2)3] (R = Me (3), Et (4)).


Compounds 3 and 4 are soluble in hydrocarbon solvents,
and more so in ethereal ones. They decompose above 200 8C
without reaching a melting point below 300 8C.


The constitutions of 3 and 4 were identified by elemental
analyses, 1H and 13C NMR spectra and mass spectra, and
that of 3 additionally by single-crystal X-ray diffraction. The
IR spectra show the presence of both OH and NH stretch-
ing frequencies. A stoichiometric alkylzinc/hydrazide/hy-
droxide ratio of 4:3:1 is deduced from the integrals of the
proton NMR spectra. The highest peaks in the mass spectra
correspond to the masses of [(RZn)4(OH)(NHNMe2)3] cat-
ions (R = Me (3), Et (4)) minus one of the respective alkyl
groups at the Zn atoms. The appearance of one set of sig-
nals for the NHNMe2 units in both the 1H and 13C NMR
spectra indicates that these compounds adopt higher sym-
metry than the hydrazides 1 and 2, which is necessarily
threefold according to the composition.


A final structural proof was obtained by single-crystal X-
ray diffraction determination of both molecules, 3 and 4
(Figures 2 and 3).


Comparison of selected geometric parameters for 3 and
one of the two independent molecules of 4 (Table 2) indi-
cates a close similarity of the structures.


Figure 1. Molecular structure of [EtZn(NHNMe2)]4 (2) as determined by
X-ray crystallography. Hydrogen atoms are omitted for clarity.


Scheme 2.


Figure 2. Molecular structure of [(MeZn)4(NHNMe2)3(OH)] (3), showing
the Zn4N6O cage structure. Hydrogen atoms (except in the OH group)
are omitted for clarity.


Figure 3. Molecular structure of the two crystallographically independent
molecules of [(EtZn)4(NHNMe2)3(OH)] (4). Hydrogen atoms are omit-
ted for clarity.
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All nitrogen, oxygen and zinc atoms in 3 and 4 have the
coordination number four. As in 2, the Zn atoms in 3 and 4
adopt a topological tetrahedral arrangement, with one of
the four triangular faces capped by m3-bonded OH groups
and the other three faces bridged by NHNMe2 units. The
zinc atoms bonded to oxygen each form one bond to the
anionic NH groups and one dative bond to an NMe2 group.
Predictably, the bonds to the anionic NH functions are
shorter than the dative ones to the NMe2 groups.


The fourth zinc atom is bonded exclusively to the anionic
NH functions and to its own alkyl group. In contrast to the
completely unsymmetrical tetrameric hydrazides, the struc-
tures of the hydroxy aggregates 3 and 4 are thus close to C3


symmetry, with this axis passing through the O and Zn(1)
atoms as well as the hydroxyl proton and the C(1) atom.
This explains why the signals in the NMR spectra are consis-
tent with C3 symmetry and shows that these structures are
retained in solution. In 3 and 4 the six rings of the cluster
are all five-membered.


Zinc tris(hydrazide) mono(alkoxide)s : As the combination
of hydrazide and hydroxide groups into mixed tetranuclear
zinc clusters can be achieved in straightforward one-pot syn-
theses, we wondered whether these results could be transfer-
red to the chemistry of the related alkoxides. The results of
these reactions are highly dependent on the stoichiometric
ratios of the reactants employed. The best way to synthesise
the monoalkoxy clusters turned out to be by alcoholysis of
the pure hydrazides (Scheme 3).


Owing to decomposition above 200 8C, compounds 5 and
6 cannot be obtained in a molten state at temperatures of


up to 300 8C. Both are soluble in hydrocarbon and ethereal
solvents.


The 1H and 13C NMR spectra of 5 and 6 show only one
set of resonances belonging to the hydrazide units. The inte-
gration ratio gives a zinc alkyl/hydrazide/alkoxy stoichiome-
try of 4:3:1. The highest peaks in the mass spectra corre-
spond to the masses of the molecular cations minus one
ethyl group, pointing to the fragmentation of one Zn�C
bond. The presence of NH groups and the absence of OH
groups follow from the absorptions found in the IR spectra.
Predictably, these data are consistent with the structures of
the alkoxides 5 and 6 being analogous to those of the hy-
droxides 3 and 4 ; that is, these alkoxides also have an aver-
aged molecular C3 symmetry on the NMR spectroscopy
timescale.


The crystal structure of 5 (Figure 4; selected bond lengths
and angles are listed in Table 3) confirmed the constitution
deduced from the spectroscopic data. It crystallises in the
monoclinic space group P21/n with two molecules per asym-
metric unit; that is, there are two crystallographically inde-
pendent molecules, as in 4.


Table 2. Selected bond lengths [N] and angles [8] for [(MeZn)4-
(NHNMe2)3(OH)] (3) and one of the two independent molecules of
[(EtZn)4(NHNMe2)3(OH)] (4) as determined by X-ray crystallography.


[(MeZn)4(NHNMe2)3(OH)] (3) [(EtZn)4(NHNMe2)3(OH)] (4)


Zn(1)�C(1) 1.995(3) Zn(4A)�C(41A) 1.989(8)
Zn(1)�N(21) 2.087(2) Zn(4A)�N(11A) 2.118(6)
Zn(1)�N(31) 2.083(2) Zn(4A)�N(21A) 2.101(6)
Zn(1)�N(41) 2.105(2) Zn(4A)�N(31A) 2.089(6)
Zn(2)�C(2) 1.962(3) Zn(1A)�C(11A) 1.991(10)
Zn(2)�N(22) 2.137(2) Zn(1A)�N(11A) 2.011(7)
Zn(2)�N(41) 2.026(2) Zn(1A)�N(32A) 2.149(7)
O(1)�Zn(2) 2.101(2) O(1A)�Zn(1A) 2.085(5)
O(1)�Zn(3) 2.074(2) O(1A)�Zn(2A) 2.091(5)
O(1)�Zn(4) 2.090(2) O(1A)�Zn(3A) 2.084(5)
Zn(3)�N(21) 2.028(2) Zn(2A)�N(21A) 2.007(6)
N(21)�N(22) 1.458(3) N(21A)�N(22A) 1.478(8)
N(22)�Zn(2) 2.137(2) N(22A)�Zn(3A) 2.123(7)


C(1)-Zn(1)-N(21) 120.9(1) C(41A)-Zn(4A)-N(11A) 119.6(3)
C(1)-Zn(1)-N(31) 122.5(1) C(41A)-Zn(4A)-N(21A) 120.4(3)
C(1)-Zn(1)-N(41) 118.2(1) C(41A)-Zn(4A)-N(31A) 122.1(1)
N(21)-Zn(1)-N(31) 96.3(1) N(11A)-Zn(4A)-N(21A) 96.1(2)
N(21)-Zn(1)-N(41) 96.5(1) N(11A)-Zn(4A)-N(31A) 96.1(2)
N(31)-Zn(1)-N(41) 96.7(1) N(21A)-Zn(4A)-N(31A) 96.5(1)
Zn(1)-N(21)-Zn(3) 104.8(1) Zn(4A)-N(11A)-Zn(1A) 104.6(3)
Zn(1)-N(21)-N(22) 109.9(2) Zn(4A)-N(11A)-N(12A) 108.9(4)
O(1)-Zn(3)-N(21) 90.8(1) O(1A)-Zn(1A)-N(11A) 91.5(2)
Zn(2)-O(1)-Zn(3) 107.4(1) Zn(1A)-O(1A)-Zn(2A) 107.1(2)


Scheme 3.


Figure 4. Molecular structure of one of the two crystallographically inde-
pendent molecules of [(EtZn)4(NHNMe2)3(OMe)] (5). Hydrogen atoms
are omitted for clarity.
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Zinc bis(hydrazide) bis(alkoxide)s : The quest for other stoi-
chiometries and aggregation modes of zinc hydrazides/alk-
oxides led us to attempt successfully the synthesis of hydra-
zide:alkoxide units in a 1:1 ratio in one-pot reactions of di-
methylzinc and diethylzinc with an excess of the hydrazine
and ethanol (Scheme 4).


The identity of the products was proven by NMR spec-
troscopy of the 1H and 13C nuclei. There are two different
sets of signals for alkoxide units and two sets for the hydra-
zide units. The IR spectra show bands for NH-stretching
modes but no OH bands. In the mass spectra the highest
peaks correspond to the masses of the molecular cations
minus one ethyl group, pointing to the fragmentation of one
O�C bond. Compounds 7 and 8, also, cannot be obtained in
a molten state at temperatures of up to 300 8C. Together
with the mass spectra and NMR results, this indicates the
presence of C1-symmetric tetrazinc clusters.


Crystals of 7 and 8 suitable for crystallographic investiga-
tions were grown from hexane solution. In both crystal
structures (Figures 5 and 6, with selected geometrical pa-
rameters in Table 4) there are two crystallographically inde-
pendent molecules in the asymmetric units of the monoclin-
ic crystals, which are in the space group P21/c.


The crystal structures confirm that the environments of all
the Zn atoms differ from each other. Two of the adjacent
rings are four-membered and the other four rings are five-
membered. In 7 Zn(1) is bonded to a methyl group, two


anionic NH functions and an oxygen atom, and it is involved
in one four- and two five-membered rings. Zn(2) is bonded
to a methyl group, one anionic NH group, a neutral NMe2


group and one oxygen atom, and it is involved in three five-
membered rings. Zn(3) is bonded to a methyl group, two
oxygen atoms and one anionic NH group, and it is involved
in one five- and two four-membered rings. Zn(4) is bonded
to a methyl group, two oxygen atoms and one neutral NMe2


group, and it is involved in one four- and two five-mem-
bered rings. The situation in 8 is analogous.


Conclusion


We have firmly established, through structural and spectro-
scopic studies, a new class of organometallic compounds of
zinc with novel Zn4N8, Zn4N6O and Zn4N4O2 cage struc-


Table 3. Selected bond lengths and angles for one of the two independ-
ent molecules of [(EtZn)4(NHNMe2)3(OMe)] (5) as determined by X-ray
crystallography.


Bond lengths [N] Angles [8]


Zn(4A)�C(41A) 1.983(5) C(41A)-Zn(4A)-N(12A) 121.3(2)
Zn(4A)�N(12A) 2.092(5) C(41A)-Zn(4A)-N(22A) 120.2(2)
Zn(4A)�N(22A) 2.079(4) C(41A)-Zn(4A)-N(32A) 120.5(2)
Zn(4A)�N(32A) 2.070(4) N(12A)-Zn(4A)-N(22A) 96.2(2)
Zn(1A)�C(11A) 1.982(5) N(12A)-Zn(4A)-N(32A) 96.9(2)
Zn(1A)�N(11A) 2.125(4) N(22A)-Zn(4A)-N(32A) 95.9(2)
Zn(1A)�N(32A) 2.021(4) Zn(4A)-N(32A)-Zn(1A) 104.5(2)
O(1A)�Zn(1A) 2.074(4) Zn(4A)-N(32A)-N(31A) 110.9(3)
O(1A)�Zn(2A) 2.112(4) O(1A)-Zn(1A)-N(32A) 92.7(2)
O(1A)�Zn(3A) 2.119(4) Zn(1A)-O(1A)-Zn(2A) 106.6(2)
Zn(2A)�N(21A) 2.121(4)
N(21A)�N(22A) 1.447(6)
N(22A)�Zn(3A) 2.005(5)


Scheme 4.


Figure 5. Molecular structure of one of the two crystallographically inde-
pendent molecules of [(MeZn)4(NHNMe2)2(OEt)2] (7). Hydrogen atoms
are omitted for clarity.


Figure 6. Molecular structure of one of the two crystallographically inde-
pendent molecules of [(EtZn)4(NHNMe2)2(OEt)2] (8). Hydrogen atoms
are omitted for clarity.
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tures. The parent zinc hydrazides are accessible by the reac-
tions of zinc alkyls with hydrazine. Increasing the hydrazine/
zinc alkyl ratio from 1:1 to 2:1 or 3:1 has no effect on the
stoichiometry of the resulting zinc hydrazide aggregates.
The zinc hydrazide/alkoxide and zinc hydrazide/hydroxide
clusters are accessible via two different synthetic pathways.
In one, the target compounds are prepared by the reaction
of zinc hydrazide with alkoxides. In the other, the zinc hy-
drazide/alkoxides are prepared in “one-pot” syntheses, the
reaction of zinc alkyl with mixtures of hydrazine and alkox-
ide. The reaction conditions have to be optimised in each
case and generally involve the application of excess hydra-
zine.


These new tetrazinc clusters allow the Zn/N/O ratio in the
molecules to be changed from 4:8:0 to 4:6:1 to 4:4:2. The
clusters comprise new structural motifs for completely asym-
metric Zn4N8 cages, C3-symmetric Zn4N6O cages and asym-
metric Zn4N4O2 cages.


Further investigations into new substitution patterns, in-
volvement of other OH-functional compounds in the alco-
holysis or one-pot reactions and new aggregation modes are
in progress as well as thermal decomposition experiments of
these cluster compounds under different conditions.


Experimental Section


General considerations : All manipulations of air-sensitive compounds
were carried out under a purified nitrogen atmosphere with standard
Schlenk and high-vacuum techniques using double manifolds, or under
argon in a glovebox. Solvents were purified and dried by standard meth-


ods immediately before use. N,N-Dimethylhydrazine was purchased from
Aldrich Chemical Company and dried by distillation from CaH2 under
dry nitrogen. 1H and 13C NMR spectra were recorded on a Varian
Inova 300, 400, or 500, or a Varian Unity Plus 600, spectrometer in
CDCl3 as solvent, dried over activated molecular sieves. 1H and 13C as-
signments were confirmed when necessary with the use of two-dimen-
sional 1H–1H and 13C–1H correlation NMR experiments. All spectra were
referenced internally to residual protiosolvent (1H) or solvent (13C) reso-
nances. A Nonius Kappa-CCD X-ray diffractometer (l = 0.71073 N)
was used to collect the scattering intensities for single-crystal structure
determination. IR spectra were measured with a Bruker IFS (103 V) in-
strument using KBr pellets prepared in a glovebox.


General procedure for [(MeZn)4(NHNMe2)4] (1) and [(EtZn)4-
(NHNMe2)4] (2) synthesis : R2Zn (R = Me, Et) (10 mL of a 2m solution
in n-hexane/toluene; 20 mmol) was added dropwise via a syringe to a stir-
red solution of H2NNMe2 (2.30 mL, 30 mmol) in n-hexane (20 mL) at
0 8C. The reaction mixture was gradually warmed to room temperature
and stirred for 6 h. After removal of the solvent under reduced pressure,
the resulting residue was dissolved in n-hexane and filtered. The clear,
colourless filtrate, when stored at �10 8C, afforded colourless crystals of 1
and 2.


Data for 1: Yield: 65% (1.81 g, 3.24 mmol); m.p. >300 8C (decomp);
1H NMR (400 MHz, CDCl3): d = �1.10 (s, 8H; ZnCH3), �1.00 (s, 4H;
ZnCH3), 2.02 (s, 1H; N�H), 2.07 (s, 3H; N�H), 2.22–2.74 ppm (m, 24H;
N(CH3)2);


13C{1H} NMR (100.6 MHz, CDCl3): d = �18.57, �16.72,
�14.87, �11.53 (ZnCH3), 53.03, 53.32, 54.30, 54.50, 54.74, 55.25, 56.62,
57.23 ppm (NCH3); EI-MS: m/z (%): 543 (36) [M+�CH3]; IR (KBr
film): ñ=3144, 3177 (N�H) cm�1; elemental analysis (%) calcd for
C12H40N8Zn4: C 25.83, H 7.22, N 20.08; found: C 25.15, H 6.98, N 18.17.


Data for 2 : Yield: 75% (2.3 g, 3.74 mmol); m.p. 202–203 8C (decomp);
1H NMR (500 MHz, CDCl3): d = �0.27 (q, J = 8.1 Hz, 2H; ZnCH2),
�0.23 to �0.17 (m, 4H; ZnCH2), �0.14 (q, J = 8.1 Hz, 2H; ZnCH2),
1.11–1.18 (m, 12H; ZnCH2CH3), 2.04 (s, 1H; N�H), 2.09 (s, 2H; N�H),
2.21 (s, 1H; N�H), 2.32–2.73 ppm (m, 24H; N(CH3)2);


13C{1H} NMR
(125.7 MHz, CDCl3): d = �3.32, �0.57, �0.48, 1.84 (ZnCH2), 13.93,
14.04, 14.07 (ZnCH2CH3), 53.51, 54.48, 54.83, 55.30, 55.90, 56.56, 56.76,
57.52 ppm (NCH3); EI-MS: m/z (%): 585 (100) [M+�C2H5]; IR (KBr
film): ñ=3150, 3175 (N�H) cm�1; elemental analysis (%) calcd for
C16H48N8Zn4: C 31.29, H 7.88, N 18.24; found: C 31.18, H 7.97, N 17.93.


General procedure for [(MeZn)4(OH)(NHNMe2)3] (3) and
[(EtZn)4(OH)(NHNMe2)3] (4) synthesis : E2Zn (E = Me, Et) (5 mL, 2m,
in n-hexane/toluene; 10 mmol) was added dropwise via a syringe to a stir-
red solution of H2NNMe2 (0.6 mL, 7.83 mmol) in n-hexane (10 mL) at
0 8C. Water (0.07 mL, 3.88 mmol) was added dropwise via a syringe. The
reaction mixture was warmed gradually to room temperature and stirred
for 6 h. After removal of the solvent under reduced pressure, the result-
ing residue was dissolved in n-hexane and filtered. The clear, colourless
filtrate, when stored at �10 8C, afforded colourless crystals of 3 and 4.


Data for 3 : Yield: 40% (516 mg, 1.0 mmol); m.p. >300 8C (decomp);
1H NMR (400 MHz, CDCl3): d = �1.11 (s, 3H; ZnCH3), �1.00 (s, 9H;
ZnCH3), 2.06 (s, 3H; N�H), 2.44 (s, 9H; N(CH3)2), 2.61 ppm (s, 9H; N-
(CH3)2);


13C{1H} NMR (100.6 MHz, CDCl3): d = �16.72, �12.47
(ZnCH3), 53.05, 54.51 ppm (NCH3); EI-MS: m/z (%): 501 (70)
[M+�CH3]; IR (KBr film): ñ=3189 (N�H), 3606 (O�H) cm�1.


Data for 4 : Yield: 49% (700 mg, 1.22 mmol); m.p. >300 8C (decomp);
1H NMR (600 MHz, CDCl3): d = �0.26 (q, J = 8.1 Hz, 2H; ZnCH2),
�0.05 (q, J = 8.1 Hz, 6H; ZnCH2), 1.12 (t, J = 8.1 Hz, 3H;
ZnCH2CH3), 1.16 (t, J = 8.1 Hz, 9H; ZnCH2CH3), 2.08 (s, 3H; N�H),
2.42 (s, 9H; N(CH3)2), 2.63 ppm (s, 9H; N(CH3)2);


13C{1H} NMR
(150.8 MHz, CDCl3): d = �2.17, �1.08 (ZnCH2), 13.45, 14.00
(ZnCH2CH3), 53.27, 54.66 ppm (NCH3); EI-MS: m/z (%): 543 (44)
[M+�C2H5]; IR (KBr film): ñ=3186 (N�H), 3566 (O�H) cm�1.


General procedure for [(EtZn)4(OMe)(NHNMe2)3] (5) and [(EtZn)4-
(OEt)(NHNMe2)3] (6) synthesis : Under an atmosphere of dry nitrogen, a
solution of [(EtZn)4(NHNMe2)4] (615 mg, 1.00 mmol) in n-hexane
(20 mL) was cooled to 0 8C. MeOH (0.04 mL, 0.99 mmol) or EtOH
(0.06 mL, 1.03 mmol) was added dropwise via a syringe. The reaction
mixture was warmed gradually to room temperature and stirred for 6 h.


Table 4. Selected bond lengths [N] and angles [8] for one of the two inde-
pendent molecules of [(MeZn)4(NHNMe2)2(OEt)2] (7) and of [(EtZn)4-
(NHNMe2)2(OEt)2] (8) as determined by X-ray crystallography.


[(MeZn)4(NHNMe2)2(OEt)2] (7) [(EtZn)4(NHNMe2)2(OEt)2] (8)


Zn(1)�C(11) 1.982(8) Zn(1A)�C(11A) 1.984(13)
Zn(1)�N(11) 2.076 (6) Zn(1A)�N(21A) 2.086(9)
Zn(1)�N(21) 2.062(6) Zn(1A)�N(11A) 2.065(10)
Zn(1)�O(31) 2.109(5) Zn(1A)�O(1A) 2.110(10)
Zn(2)�C(21) 1.983(9) Zn(2A)�C(21A) 2.005(16)
Zn(2)�N(11) 2.029(6) Zn(2A)�N(21A) 2.021(10)
Zn(2)�O(41) 2.088(5) Zn(2A)�O(4A) 2.057(10)
Zn(4)�C(41) 1.970(9) Zn(4A)�C(41A) 1.940(3)
Zn(4)�N(12) 2.100(6) Zn(4A)�N(22A) 2.099(12)
Zn(4)�O(31) 2.047(6) Zn(4A)�O(1A) 2.027(9)
Zn(4)�O(41) 2.068(5) Zn(4A)�O(4A) 2.048(11)
N(11)�N(12) 1.473(8) N(21A)�N(22A) 1.453(14)


C(11)-Zn(1)-N(21) 130.3(4) C(11A)-Zn(1A)-N(11A) 127.4(6)
C(11)-Zn(1)-N(11) 121.8(4) C(11A)-Zn(1A)-N(21A) 124.1(5)
N(21)-Zn(1)-N(11) 96.0(2) N(11A)-Zn(1A)-N(21A) 96.7(4)
C(11)-Zn(1)-O(31) 119.0(4) C(11A)-Zn(1A)-O(1A) 121.1(6)
N(21)-Zn(1)-O(31) 93.5(2) N(11A)-Zn(1A)-O(1A) 83.9(5)
N(11)-Zn(1)-O(31) 93.5(2) N(21A)-Zn(1A)-O(1A) 92.5(4)
N(11)-Zn(2)-O(41) 90.5(2) N(21A)-Zn(2A)-O(4A) 91.0(4)
O(31)-Zn(4)-O(41) 85.9(2) O(1A)-Zn(4A)-O(4A) 85.9(4)
O(31)-Zn(4)-N(12) 94.7(2) O(1A)-Zn(4A)-N(22A) 94.0(4)
O(41)-Zn(4)-N(12) 94.1(2) O(4A)-Zn(4A)-N(22A) 93.5(4)
N(12)-N(11)-Zn(2) 111.2(4) N(22A)-N(21A)-Zn(2A) 111.2(7)
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After removal of the solvent under reduced pressure, the resulting resi-
due was dissolved in n-hexane and filtered. The clear, colourless filtrate
was stored at �10 8C and afforded colourless crystals of 5 and 6 after sev-
eral days.


Data for 5 : Yield: 45% (264 mg, 0.45 mmol); m.p. >300 8C; 1H NMR
(300 MHz, CDCl3): d = �0.30 (q, J = 8.2 Hz, 2H; ZnCH2CH3), �0.03
(q, J = 8.2 Hz, 6H; ZnCH2CH3), 1.09 (t, J = 8.2 Hz, 3H; ZnCH2CH3),
1.17 (t, J = 8.2 Hz, 9H; ZnCH2CH3), 2.05 (s, 3H; N�H), 2.39 (s, 9H; N-
(CH3)2), 2.63 (s, 9H; N(CH3)2), 3.59 ppm (s, 3H; OCH3);


13C{1H} NMR
(125.7 MHz, CDCl3): d = �2.56, �1.19 (ZnCH2), 13.66, 18.28
(ZnCH2CH3), 51.75 (OCH3), 53.49, 55.12 (NCH3); EI-MS: m/z (%): 557
(100) [M+�C2H5]; IR (KBr film): ñ=3235 (N�H) cm�1.


Data for 6 : Yield: 35% ( 212 mg, 0.35 mmol); m.p. >300 8C (decomp);
1H NMR (300 MHz, CDCl3): d = �0.29 (q, J = 8.2 Hz, 2H;
ZnCH2CH3), 0.00 (q, J = 8.2 Hz, 4H; ZnCH2CH3), 0.01 (q, J = 8.2 Hz,
2H; ZnCH2CH3), 1.10 (t, J = 8.2 Hz, 3H; ZnCH2CH3), 1.16 (t, J =


8.2 Hz, 9H; ZnCH2CH3), 1.31 (t, J = 7.0 Hz, 3H; OCH2CH3), 2.05 (s,
3H; N�H), 2.39 (s, 9H; N(CH3)2), 2.63 (s, 9H; N(CH3)2), 3.84 ppm (q, J
= 7.0 Hz, 3H; OCH3);


13C{1H} NMR (100.6 MHz, CDCl3): d = �0.61,
1.24 (ZnCH2), 13.64, 14.23 (ZnCH2CH3), 20.38 (OCH2CH3), 53.63, 54.93
(NCH3), 65.40 ppm (OCH2CH3); EI-MS: m/z (%): 571 (100)
[M+�C2H5]; IR (KBr film): ñ= 3180 (N�H) cm�1.


General procedure for [(MeZn)4(NHNMe2)2(OEt)2] (7) and [(EtZn)4-
(NHNMe2)2(OEt)2] (8) synthesis : R2Zn (R = Me, Et) (5 mL, 2m, in n-
hexane/toluene; 10 mmol) was added dropwise via a syringe to a stirred
solution of H2NNMe2 (0.4 mL, 5.22 mmol) and EtOH (0.25 mL,
5.60 mmol) in n-hexane (10 mL) at 0 8C. The reaction mixture was
warmed gradually to room temperature and stirred for 4 h. After removal
of the solvent under reduced pressure, the resulting residue was dissolved
in n-hexane and filtered. The clear, colourless filtrate was stored at
�26 8C, to afford colourless crystals of 7 and 8.


Data for 7: Yield: 45% (596 mg, 1.12 mmol); m.p. >300 8C (decomp);
1H NMR (400 MHz, CDCl3): d = �0.98 (s, 3H; ZnCH3), �0.94 (s, 3H;
ZnCH3), �0.86 (s, 3H; ZnCH3), �0.81 (s, 3H; ZnCH3), 1.18 (t, J =


7.0 Hz, 3H; OCH2CH3), 1.28 (t, J = 7.0 Hz, 3H; OCH2CH3), 2.08, 2.15
(s, 2H; N�H), 2.34–2.69 (m, 12H; N(CH3)2), 3.75 (q, J = 7.0 Hz, 2H;
OCH2CH3), 3.86 ppm (q, J = 7.0 Hz, 2H; OCH2CH3);


13C{1H} NMR
(75.5 MHz, CDCl3): d = �19.60, �16.47, �15.84, �14.46 (ZnCH3), 20.30,


22.63 (OCH2CH3), 53.34, 53.51, 54.04, 54.15 (NCH3), 63.05, 63.72 ppm
(OCH2CH3); EI-MS: m/z (%): 501 (40) [M+�C2H5]; 375 (56)
[M+�C2H5�MeZnOEt]; IR (KBr film): ñ= 3178 (N�H) cm�1.


Data for 8 : Yield: 55% (805 mg, 1.37 mmol); m.p. >300 8C (decomp);
1H NMR (400 MHz, CDCl3): d = �0.07 (q, J = 8.3 Hz, 2H;
ZnCH2CH3), �0.01 (q, J = 8.3 Hz, 2H; ZnCH2CH3), �0.09–0.18 (m,
4H; ZnCH2CH3), 1.13 (t, J = 8.2 Hz, 3H; ZnCH2CH3), 1.17 (t, J =


8.2 Hz, 3H; ZnCH2CH3), 1.20 (t, J = 8.2 Hz, 6H; ZnCH2CH3), 1.22 (t, J
= 7.0 Hz, 3H; OCH2CH3), 1.31 (t, J = 7.0 Hz, 3H; OCH2CH3), 2.13,
2.16 (s, 2H; N�H), 2.33–2.68 (m, 12H; N(CH3)2), 3.79 (q, J = 7.0 Hz,
2H; OCH2CH3), 3.90 ppm (q, J = 7.0 Hz, 2H; OCH2CH3);
13C{1H} NMR (75.5 MHz, CDCl3): d = �3.93, �1.79, �1.53, �0.50
(ZnCH2CH3), 12.71, 12.95, 13.34, 13.39 (ZnCH2CH3), 20.50, 20.56
(OCH2CH3), 53.45, 53.65, 54.23, 54.46 (NCH3), 62.79, 63.94 ppm
(OCH2CH3); EI-MS: m/z (%): 557 (100) [M+�C2H5]; 417 (61)
[M+�C2H5�EtZnOEt]; IR (KBr film): ñ= 3181 (N�H) cm�1; elemental
analysis (%) calcd for C16H44N4O2Zn4: C 32.79, H 7.57, N 9.56; found: C
31.83, H 7.40, N 9.47.


Crystal structures : Crystals of the compounds 2, 3, 4, 5, 7 and 8 were se-
lected and prepared under perfluoropolyether and mounted in a drop of
it onto the tip of a glass fibre on the goniometer head of a Nonius Kappa
CCD diffractometer. The structures were solved by direct methods and
refined with the full-matrix least-squares procedure (SHELXTL[21])
against F2. For details of the crystal data and refinements, see Table 5.
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Poly(styrene)-Supported Co–Salen Complexes as Efficient Recyclable
Catalysts for the Hydrolytic Kinetic Resolution of Epichlorohydrin
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Introduction


Chiral salen complexes (H2salen=bis(salicylidene)ethylene-
diamine) represent a powerful family of catalysts for a spec-
trum of important asymmetric organic transformations,[1–5]


including the epoxidation of olefins,[6,7] the hydrolytic kinetic
resolution of epoxides,[8–10] other epoxide ring-opening reac-
tions,[11–13] hetero Diels–Alder reactions,[14] and conjugate ad-
dition reactions.[15–17] Among the many catalytic reactions
that salen complexes can promote, the asymmetric epoxida-
tion and the hydrolytic kinetic resolution (HKR) of epox-
ides are of particular value, given the fact that enantiopure
epoxides are versatile intermediates for asymmetric organic
syntheses. Since Jacobsen2s salen 1 has been recognized as a
universal ligand for many of those transformations,[1–5] the


development of immobilized salens with a scaffold mimic to
1 has drawn considerable attention in the past decade.[18–23]


In addition to the potential of reusing catalysts many times
and the ease of separating metals from products, immobili-
zation of salens onto supports of desirable morphologies
may potentially lead to the discovery of more efficient sup-
ported catalysts for asymmetric catalysis. While the litera-


Abstract: Here we describe an unpre-
cedented synthetic approach to poly-
(styrene)-supported chiral salen ligands
by the free radical polymerization of
an unsymmetrical styryl-substituted
salen monomer (H2salen=bis(salicyli-
dene)ethylenediamine). The new
method allows for the attachment of
salen moieties to the polymer main
chain in a flexible, pendant fashion,
avoiding grafting reactions that often
introduce ill-defined species on the
polymers. Moreover, the loading of the
salen is controlled by the copolymeri-


zation of the styryl-substituted salen
monomer with styrene in different
ratios. The polymeric salen ligands are
metallated with cobalt(ii) acetate to
afford the corresponding supported
Co–salen complexes, which are used in
the hydrolytic kinetic resolution of rac-
emic epichlorohydrin, exhibiting high
reactivity and enantioselectivity. Re-


markably, the copolymer-supported
Co–salen complexes showed a better
catalytic performance (>99% ee, 54%
conversion, one hour) in comparison to
the homopolymeric analogues and the
small molecule Co–salen complex. The
soluble poly(styrene)-supported cata-
lysts were recovered by precipitation
after the catalytic reactions and were
recycled three times to afford almost
identical enantiomeric excesses as the
first run, with slightly reduced reaction
rates.
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ture in this field has mainly focused on the immobilization
of salen complexes for epoxidation reactions,[18–32] the devel-
opment of dendrimer,[33] oligomer,[34–36] and polymer-sup-
ported[37–42] Co–salen catalysts for the HKR has been report-
ed in recent years. Inorganic supports including silica[42–44]


and zeolite[45] and liquid-immobilization methods, such as
the fluorous biphasic system (FBS)[46] and ionic liquids,[47]


were also applied to investigate recyclable HKR catalysts.
Interestingly, kinetic studies of the HKR reactions with the
homogeneous Co–salen catalyst 2 indicated a second-order
dependence of the reaction rates on the Co–salen species;
this dependence strongly supports a cooperative bimetallic
mechanism for the ring-opening step.[8,48] In this context,
supported Co–salen catalysts may possess a higher local con-
centration of metal catalysts and, if the neighboring catalytic
sites can cooperate with each other, could exhibit improved
catalytic reactivity in comparison with their homogeneous
analogues.


In general, the syntheses of the polymer-supported
salens[18] involve the following two strategies: A) grafting re-
actions of salen ligands onto insoluble supports such as
resins,[30–32,42] or B) polymerizations of salen mono-
mers.[24–29,37–41] Method A, often realized by using a multistep
route, suffers from the coexistence of ill-defined species in
the polymers and relatively low catalyst loading. Therefore,
method B might be considered advantageous with respect to
method A, yet it has been practiced only with symmetrical
salen ligands as monomers. While salen ligands with C2 sym-
metry are readily available from a synthetic point of view,
polymerization or copolymerization of such monomers in-
troduces the salen cores along the main chain or as a cross-
link of the polymer matrix, respectively, which undesirably
hinders the accessibility and flexibility of the catalytic sites.
Therefore, in comparison with their homogeneous counter-
parts, the polymer-bound salen complexes often exhibit
poor enantiocontrol and reduced reactivity.


In contrast, the polymerization of unsymmetrical salen
monomers can be used to immobilize the salen moieties on
the polymer backbone in a flexible, pendant fashion that
can overcome the aforementioned drawbacks. There are no
reports in the literature of the synthesis of monotethered or-
ganic polymer-supported Co–salen derivatives, presumably
due to the lack of efficient synthetic pathways to unsymmet-
rical salens. In this contribution, we report that the free radi-
cal homo- and copolymerization of an unsymmetrical mono-
styryl-substituted salen monomer (3) afforded polymers 4
with the salen moieties being bound as side arms with re-
spect to the poly(styrene) backbone. The corresponding sup-
ported Co–salen complexes (5) exhibited high reactivity and
enantioselectivity for the HKR of epichlorohydrin, with the
best catalytic performance obtained by the copolymer-im-
mobilized catalysts.


Results and Discussion


One-pot synthesis of unsymmetrical salen 3 : The condensa-
tion of one equivalent of a diamine and two equivalents of a
salicylaldehyde has been established as a standard synthetic
methodology for symmetrical tetradentate Schiff base li-
gands.[4,49] However, it turned out to be very difficult to pre-
pare salen ligands that are unsymmetrical in terms of the
substituents on the two aromatic rings.[50–52] Since the con-
densation reactions of the first and the second amino groups
of a diamine often proceed at comparable rates, it becomes
almost impossible to control the reaction to stop after a
single condensation step. As a result, condensations with
two different salicylaldehydes afford inevitably a statistical
mixture of three salens, of which one is the targeted unsym-
metrical product while the two other byproducts are sym-
metrical.[42] Recently, we have developed a novel one-pot
practical protocol for the synthesis of a variety of unsym-
metrical salens.[53] This method was successfully applied to
the preparation of the monostyryl-substituted unsymmetri-
cal salen 3 in high yield. The condensation of the ammoni-
um salt 6[50] with 3,5-di-tert-butyl-2-hydroxybenzaldehyde
and 3-tert-butyl-2-hydroxy-5-(4’-vinylphenyl)benzaldehyde[30]


afforded 3 in 85% yield as a bright yellow solid (Scheme 1).
Free-radical polymerization : Having monomer 3 in hand,


we set forth to prepare polymer-supported salen ligands 4
by means of free-radical polymerization (Scheme 2). It was
anticipated that the presence of phenolic hydroxyl groups in
the monomer could present a problem, because it is widely
known that phenols are free-radical inhibitors.[54] For exam-
ple, 2,6-di-tert-butylphenol has been used as an antioxidant
or a radical trap in polymeric materials.[55] Nevertheless, the
free-radical polymerization of 3 with 2,2’-azobis(isobutyroni-
trile) (AIBN) as an initiator readily afforded the target
polymers 4. We propose that the success of this polymeri-
zation can be attributed to the stabilization of the salen
phenol moieties by the intramolecuar O�H···N hydrogen
bonds, as evident by the downfield shifts of the phenolic
protons in both 3 and 4 to d=13.6–14.0 ppm in the 1H NMR
spectrum, and the relatively low tendency of the AIBN-
based tertiary radicals for the extraction of hydrogen radi-
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cals. By varying the ratio of the initiator AIBN to the mono-
mer, the number-average molecular weights (Mn) of the re-
sulting polymers could readily be controlled. Gel-permea-
tion chromatography (GPC) analyses showed that a polymer
with on average 12 repeating units (4a) was obtained with
an initiator loading of 10 mol%, whereas a polymer with ap-
proximately 24 repeating units (4b) was generated with a
loading of 2.5 mol%.


To elucidate whether the dilution of the salen along the
polymer backbone would have an effect on the catalytic
properties of the supported complexes, we synthesized co-
polymers 4c–e by the free-radical copolymerization of sty-
rene and 3 in different molar ratios (3/styrene loading: 4c=
50:50, 4d=20:80, 4e=10:90). A kinetic study on the 1:1 co-
polymerization of 3 and styrene was carried out to deter-
mine if the resulting copolymers are blocky, alternating, or


statistical in nature (Figure 1). By means of 1H NMR spec-
troscopy, we found that both monomers were consumed at
almost identical rates from the initial stage to the end of the
polymerization. Therefore, the ratios of monomer units in
the copolymers remained almost constant and comparable
to the loading ratios regardless of conversion levels (3/sty-
rene loading: 50:50, found: 53:47–51:49). These results indi-
cated that the copolymerization proceeded in a random
fashion that excluded unambiguously the possibility of gen-
erating block or blocky copolymers.


Polymers 4a–e were isolated in yields of 75–87% by re-
peated precipitation from methanol. All the polymers were
characterized by 1H and 13C NMR, UV-visible, and FT-IR
spectroscopy and GPC analysis. As shown in Figure 2, the
signals in the 1H NMR spectra of 4 showed characteristic
broadening features associated with the polymers. No resid-
ual signals corresponding to the vinyl protons from mono-
mer 3 were detectable, indicating all the remaining mono-
mer was removed during the workup after polymerization.
According to GPC determinations performed with poly-
(styrene)s as standards, polymers 4a–e have number-average


Scheme 1. Synthesis of styryl-substituted salen monomer 3.


Scheme 2. Synthesis of poly(styrene)-supported Co–salen complexes.


Figure 1. Kinetics of the copolymerization of 3 and styrene in 1:1 ratio.
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molecular weights ranging from 7200 to 14600 with polydis-
persity indices (PDI) of 1.6 to 2.6 (Table 1). It is known that
salen ligands can exchange the two salicylideneimine moiet-
ies especially in solution as a result of the disproportiona-
tion of the C=N bonds.[56,57] This imine metathesis reaction
hardly plays any role with our polymers. A solution of 4a in
CDCl3 can be stored at room temperature for a week with-
out any detectable changes according to the 1H NMR spec-
troscopy and GPC analysis.


Metallation of salen polymers with cobalt(ii) acetate : The
salen polymers 4a–e were converted to the corresponding
CoII complexes 5a–e by refluxing them in the presence of
cobalt(ii) acetate tetrahydrate
under the protection of an at-
mosphere of argon. The color
of the polymers changed from
yellow to deep red, a character-
istic of CoII–salen species, after
the transformation. UV-visible


spectra indicated that, in addition to the appearance of two
new metal d–d migration bands at 370 and 422 nm, a blue
shift of the band at 254 nm (4b) to 265 nm (5b) was ob-
served upon complexation (Figure 3). The loading of cobalt
in the polymers was characterized by elemental analyses.
The final metal contents ranged from 0.59 to 1.37 mmolg�1,
indicating that 84–89% of the salen centers were loaded
with cobalt. The obtained Co–salen polymers are soluble in
THF and halogenated solvents, such as dichloromethane,
but insoluble in methanol and hexane.


Hydrolytic kinetic resolution of epichlorohydrin : The poly-
(styrene)-supported Co–salen complexes 5a–e were exam-
ined for their catalytic efficiency in the HKR of racemic epi-
chlorohydrin (Scheme 3). With multiple functional groups in
the structure, enantiopure epichlorohydrin represents an ex-
tremely useful intermediate for asymmetric syntheses.[58]


This substrate was suspected to undergo chlorine-catalyzed
racemization that can be promoted in the presence of CoIII–
salen species.[59–61] Therefore, supported Co–salen catalysts
are advantageous, because the catalysts can readily be re-
moved from the reaction mixture after the HKR.[42]


Prior to the catalytic reaction, CoII precatalysts 5a–e were
oxidized to the corresponding CoIII active species in the
open air with the help of excessive acetic acid. The oxida-
tion process was evidenced by a dramatic color change from
deep red to dark brown, which is well documented in the lit-
erature.[9] The HKR2s were carried out at ambient tempera-
tures in the presence of 0.5 mol% catalyst calculated on the
basis of cobalt. The conversions and enantiomeric excesses
(ee) of the substrate were monitored by GC analysis. The
catalytic data are compiled in Table 2 and a kinetic plot of
ee versus the reaction time is presented in Figure 4. All the


Figure 2. 1H NMR spectra of salen monomer 3, homopolymer 4b, and co-
polymer 4d.


Table 1. Free radical polymerization characterization of salen monomer
3.


Product AIBN Yield m/n m/n[a] m, n[b] Mn
[c] PDI[c]


[mol%] [%] loading exptl exptl


1 4a 10 87 100:0 n.a. 12, n.a. 7200 1.6
2 4b 2.5 85 100:0 n.a. 24, n.a. 14600 1.9
3 4c 2.5 78 50:50 48:52 15, 14 10200 2.1
4 4d 2.5 75 20:80 22:78 11, 40 11000 2.6
5 4e 2.5 80 10:90 11:89 6, 48 8600 2.0


[a] Determined by 1H NMR spectroscopy. [b] Calculated with data of
m/n exptl and Mn. [c] Determined by GPC in THF using poly(styrene)s
as standards.


Figure 3. UV-visible spectra of salen monomer 3, polymer 4b, and metal-
lated polymer 5b.


Scheme 3. Hydrolytic kinetic resolution of epichlorohydrin.
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poly(styrene)-supported catalysts are highly reactive and
enantioselective for the HKR of epichlorohydrin. As shown
in Table 2, the copolymer-supported catalysts 5d (entry 5)
and 5e (entry 6) showed the most desired catalytic perform-
ances. The remaining epichlorohydrin was determined to
have enantiomeric excesses higher than 99% within one
hour with a conversion of 54%. In comparison, the Jacob-
sen2s catalyst 2a (entry 1) gave 93% ee in 49% conversion
under the same reaction conditions and it took 1.5 h for it to
reach >99% ee.


It is worth noting that the copolymer-supported catalysts
5c and d in general exhibited improved reactivity and enan-
tioselectivity compared with their homopolymer analogues
5a and 5b. For example, for the homopolymer catalyst 5a,
the reaction time had to be prolonged to two hours
(entry 2) to obtain >99% ee with a conversion of 55%. We
attributed this observation to the greater complex mobility
in the copolymer-bound salen catalysts. Dilution of the salen
moieties in the poly(styrene) main chain might make the
catalytic sites more accessible to the substrate. In addition,
the copolymers might have more flexible polymer back-
bones that would increase the possibility of intramolecular
cooperation between cobalt catalytic sites.


A key motivation to develop immobilized metal com-
plexes lies in their potential for facile recovery and reuse in
subsequent reactions. The recycling of the copolymer-bound
Co–salen complex 5d (Table 3) was studied by precipitation
of the catalyst after the HKR of epichlorohydrin by the ad-
dition of diethyl ether. The precipitated catalyst was reacti-
vated with acetic acid and then reused under strictly identi-
cal conditions to the first run. Whereas the enantioselectivi-
ty of the reused catalyst remained almost unchanged after
four cycles, the catalytic reactivity fell gradually. The reac-
tion time had to be extended to two hours in the fourth
cycle to obtain an ee of 98%. The same phenomenon of
longer reaction times has been observed before when isolat-
ing supported Co–salen catalysts in main-chain polymers
through precipitation methods.[38] To evaluate whether the
deactivation was due to leaching of catalyst, more racemic
epichlorohydrin and water were charged into the pale yel-
lowish organic phase from the workup of the first catalytic
run of precatalyst 5d. About 4% additional epichlorohydrin
was consumed in an hour. Control experiments showed that
no background reaction was detected in the absence of the
catalyst or in the presence of the unmetallated salen poly-
mer. These results indicated that, at least in part, the loss of
catalysts during workup was responsible for the observed
deactivation on recycle, which is quite a common phenom-
enon for soluble polymer-supported catalysts.[62] It is not
clear what the role of other factors such as potential mor-
phological changes of the polymers have on the long-term
performance characteristics of the catalysts.


By means of enforcing the intramolecular bimetallic coop-
eration for the ring-opening step, the Jacobsen2s cyclic oligo-
meric salen complexes displayed superior reactivity in the
epoxide ring-opening reactions.[34–36] However, the possibility
of easy recycling of these oligomeric systems by using pre-
cipitation methods is limited due to the low molecular
weight of these catalysts. Normally, these low-molecular-
weight catalysts have been recycled by removing the volatile
reactants followed by the addition of more starting material
to the reaction vessel without the isolation of the catalytic
species.[8] In contrast, our polymeric Co–salen complexes,
besides having the desirable catalytic performance in the
HKR, hold advantages of facile product separation and cat-
alyst recycling. Hence, these supported catalysts are particu-
larly suitable for the kinetic resolution of epoxides (e.g., epi-
chlorohydrin) that are prone to racemization in the presence
of the catalysts.


Table 2. Hydrolytic kinetic resolution of epichlorohydrin.


Catalyst t [h] Conv.[a] [%] ee[a] [%]


1 2a 1.0 49 93
2a 1.5 52 >99


2 5a 1.0 47 81
5a 2.0 55 >99


3 5b 1.0 48 83
5b 2.0 55 >99


4 5c 1.0 50 90
5c 1.5 54 >99


5 5d 1.0 54 >99


6 5e 1.0 54 >99


[a] Determined by GC analyses using a Chiraldex G-TA column. The ee
refers to the enatiomeric excess of the remaining epichlorohydrin.


Figure 4. Plot of ee vs. reaction time in the HKR of epichlorohydrin.


Table 3. Recycling of catalyst 5d in the HKR of epichlorohydrin.


Cycle t [h] Conv.[a] [%] ee[a] [%]


1 1.0 54 >99
2 1.5 55 >99
3 2.0 55 >99
4 2.0 53 98


[a] Determined by GC analyses using a Chiraldex G-TA column; The ee
refers to the enatiomeric excess of the remaining epichlorohydrin.
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Concluding Remarks


In this contribution, we have demonstrated that a novel
family of polymer-supported salen catalysts can readily be
formed by means of the free radical homo- and copolymeri-
zations of an unsymmetrical monostyryl-substituted salen
monomer. The advantage of this methodology lies in the
fact that the salen moieties are immobilized onto the poly-
mers in a pendant fashion and hence possess a higher
degree of flexibility and accessibility. The corresponding
cobalt-loaded salen catalysts are highly active and selective
in the HKR of racemic epichlorohydrin. We were able to
prove that diluting the Co–salen catalysts along the polymer
backbone through copolymerizations with unfunctionalized
comonomers resulted in increased activity and selectivity in
comparison to the homopolymer analogues. This difference
might be due to dilution effects or better catalyst accessibili-
ty as a result of more flexible polymer backbones. Ongoing
research in this laboratory has been directed to the design
and immobilization of chiral salen complexes on polymers
with relatively flexible linkers and/or main chains.


Experimental Section


General : Reagents were purchased from Aldrich, Acros, or Alfa, and
used as received unless noted below. Dichloromethane and THF were
dried by passing through columns of activated copper and alumina suc-
cessively. Chlorobenzene was distilled under an atmosphere of argon
prior to use. (1R,2R)-1,2-Diaminocyclohexane monohydrochloride salt,[50]


3-bromo-5-tert-butyl-2-hydroxybenzaldehyde,[63] and 3-tert-butyl-2-hy-
droxy-5-(4’-vinylphenyl)benzaldehyde[30] were prepared according to pub-
lished procedures. NMR spectra were acquired with a Varian Mercury
400 (1H, 400.0 MHz; 13C, 100.6 MHz) spectrometer. Chemical shifts are
reported in ppm and referenced to the corresponding residual nuclei in
deuterated solvents. IR and UV-visible spectra were recorded with a Shi-
madzu FTIR-8400S and a Shimadzu UV-2401PC spectrometer, respec-
tively. Mass spectra were recorded with a VG 7070 EQ-HF hydrid
tandem mass spectrometer. Gel-permeation chromatography (GPC)
analyses were performed with American Polymer Standards columns
equipped with a Waters 510 pump and a UV detector, using poly-
(styrene)s as standards for calibration and THF at a flow rate of
1.0 mLmin�1 as a mobile phase. Enantiomeric excesses were determined
by capillary gas-phase chromatography (GC) analysis on a Shimadzu GC
14 A instrument equipped with a FID detector and a Chiraldex G-TA
column (30 mP0.25 mm) with helium as a carrier gas. Melting points
were determined with a Laboratory Devices MEL-TEMP II apparatus
and are uncorrected.


(R,R)-N-(3,5-Di-tert-butylsalicylidene)-N’-(3-(4’-vinylbenzene)-5-tert-bu-
tylsalicylidene)-1,2-cyclohexanediamine (3): A 250 mL flask was charged
with (1R,2R)-1,2-diaminocyclohexane monohydrochloride salt (1.51 g,
10 mmol), activated 4 Q molecular sieves (4.0 g), anhydrous methanol
(40 mL), and anhydrous ethanol (40 mL). 3,5-Di-tert-butyl-2-hydroxyben-
zaldehyde (2.34 g, 10 mmol) was added in one portion and the reaction
mixture was stirred at RT for four hours. After complete consumption of
the aldehyde as monitored by TLC, a solution of 3-tert-butyl-2-hydroxy-
5-(4’-vinylphenyl)benzaldehyde (2.74 g, 10 mmol) in dichloromethane
(80 mL) was added to the reaction system, followed by the slow addition
of triethylamine (2.8 mL, 20 mmol). The reaction mixture was stirred at
RT for additional four hours followed by the removal of the solvents.
The residue was dissolved in dichloromethane (100 mL), washed with
aqueous hydrochloric acid (1m, 50 mL) and water (2P50 mL), and dried
with magnesium sulfate. Flash chromatography of the crude product with


ether/hexanes (1/50) afforded the target compound 3 as a yellow solid
(5.05 g, 85.2%). M.p.: 177–178 8C; 1H NMR (400 MHz, CDCl3): d=1.22
(s, 9H; CMe3), 1.42 (s, 9H; CMe3), 1.44–1.51 (m, 2H; CH2), 1.46 (s, 9H;
CMe3), 1.70–1.84 (m, 2H; CH2), 1.88–1.91 (m, 2H; CH2), 1.97–2.02 (m,
2H; CH2), 3.30–3.78 (m, 2H; 2NCHCH2), 5.25 (d, J=11.0 Hz, 1H; CH=


CH2), 5.77 (d, J=17.6 Hz, 1H; CH=CH2), 6.74 (dd, J=11.0, 17.6 Hz, 1H;
CH=CH2), 6.97 (d, J=2.5 Hz, 1H; ArH), 7.21 (d, J=2.5 Hz, 1H; ArH),
7.31 (d, J=2.5 Hz, 1H; ArH), 7.40–7.45 (m, 4H; ArH), 7.49 (d, J=
2.5 Hz, 1H; ArH), 8.30 (s, 1H; N=CH), 8.35 (s, 1H; N=CH), 13.69 (br s,
1H; OH), 14.01 ppm (br s, 1H; OH); 13C,1H NMR (100.6 MHz, CDCl3):
d=24.53, 24.54, 29.59, 29.62, 31.60, 33.32, 33.37, 34.23, 35.15, 35.17, 72.58
(2overlapping lines, 2CHN), 113.64, 117.98, 118.94, 126.22, 126.74,
126.88, 127.11, 128.23, 128.33, 130.51, 135.99, 136.59, 136.68, 137.76,
140.21, 140.70, 158.15, 160.26, 165.81, 166.24 ppm; IR (KBr): ñ=3082,
2999, 2952, 2933, 2860, 1628, 1467, 1440, 1390, 1360, 1271, 1252, 1171,
840 cm�1; UV/Vis (THF): lmax=262, 300, 340 nm; MS (70 eV, FAB+ ):
m/z (%): 592 (100) [M+]; elemental analysis calcd (%) for C40H52N2O2


(592.85): C 81.04, H 8.84, N 4.73; Found: C 81.06, H 8.95, N 4.72.


Synthesis of homopolymers 4a,b : A Schlenk tube was charged with mon-
omer 3 (237 mg, 0.40 mmol) and 10 mol% of AIBN (6.6 mg,
0.040 mmol). The system was purged several times with argon and de-
gassed chlorobenzene (2 mL) was added. The reaction mixture was stir-
red at 80 8C for 48 h and then cooled to RT. The mixture was slowly
poured into methanol (20 mL) to precipitate the crude product as a
yellow power and the suspension was stirred at RT for 30 min. The
powder was collected by filtration and washed with 1:20 dichlorome-
thane/methanol (3P10 mL). The crude product was dissolved in dichloro-
methane (2 mL) and reprecipitated with methanol (20 mL). The solid
was collected on a frit, washed with methanol (10 mL), and dried under
high vacuum to afford polymer 4a as a yellow powder (206 mg, 87%).
Following the aforementioned procedure, polymerization of 3 (237 mg,
0.40 mmol) in chlorobenzene (2 mL) using 2.5 mol% of AIBN (1.7 mg,
0.010 mmol) as an initiator afforded polymer 4b as a yellow powder
(201 mg, 85%). 1H NMR (400 MHz, CDCl3): d=1.14 (s, 9H; CMe3), 1.33
(br, 18H; 2 CMe3), 1.40–1.80 (brm, 11H), 3.25 (brm, 2H; 2 NCHCH2),
6.20–7.45 (brm, 8H; ArH), 8.01 (br s, 1H; N=CH), 8.27 (br s, 1H; N=
CH), 13.62 (br s, 1H; OH), 13.99 ppm (br s, 1H; OH); 13C,1H NMR
(100.6 MHz, CDCl3): d=24.46 (br), 29.66, 31.60, 33.10 (br), 34.14, 35.00,
35.10, 40.87 (br), 71.47, 72.62, 117.91, 118.82, 126.16 (br), 127.01, 128.41
(br), 131.06, 136.45, 137.36, 138.50 (br), 140.00, 143.23 (br), 158.08,
159.71, 165.76, 166.19 ppm; IR (KBr): ñ=3045, 3020, 2997, 2952, 2862,
1628, 1470, 1441, 1393, 1362, 1271, 1252, 1171, 827 cm�1; UV/Vis (THF):
lmax=254, 294, 335 nm.


Synthesis of copolymers 4a–c : A Schlenk tube was charged with mono-
mer 3 (119 mg, 0.20 mmol) and AIBN (1.7 mg, 0.010 mmol). The system
was purged several times with argon. Freshly distilled styrene (23 ml,
10.8 mg, 0.20 mmol) and degassed chlorobenzene (1 mL) were added.
The reaction mixture was stirred at 80 8C for 48 h, cooled to RT, and
slowly poured into methanol (20 mL) to precipitate the crude product as
a yellow powder. After the suspension was stirred at RT for 30 min, the
power was collected by filtration and washed with 1:20 dichloromethane/
methanol (3P10 mL). The crude product was dissolved in dichlorome-
thane (2 mL) and reprecipitated with methanol (20 mL). The solid was
collected on a frit, washed with methanol (10 mL), and dried under high
vacuum to afford the target copolymer 4c as a yellow powder (109 mg,
78%). Following the aforementioned procedure, copolymerization of 3
(119 mg, 0.20 mmol) and styrene (92 mL, 83 mg, 0.80 mmol) in chloroben-
zene (1 mL) using AIBN (4.1 mg, 0.025 mmol) as an initiator afforded
the copolymer 4d as a yellow powder (152 mg, 75%). Copolymerization
of 3 (119 mg, 0.20 mmol) and styrene (206 mL, 188 mg, 1.8 mmol) in
chlorobenzene (2 mL) using AIBN (3.3 mg, 0.02 mmol) as an initiator af-
forded the copolymer 4e as a yellow powder (246 mg, 80%). Copolymers
4c–e have very similar spectroscopic properties and, hence, only the data
for 4d is listed in the following. 1H NMR (400 MHz, CDCl3): d=0.82–
2.18 (m), 1.21 (s, CMe3), 1.40 (s, CMe3), 1.45 (s, CMe3), 3.34 (br,
2NCHCH2), 6.22–7.45 (br, ArH), 8.32 (br, 2 N=CH), 13.68 (br s, OH),
13.97 ppm (br s, OH); 13C,1H NMR (100.6 MHz, CDCl3): d=24.54, 29.68,
31.63, 33.54, 34.23, 35.1, 40.36 (br), 72.72 (br), 118.01, 118.91, 125.87,
126.23, 127.05, 128.17 (br), 131.17 (br), 136.55, 137.51, 138.44 (br), 140.15,
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145.40 (br), 158.18, 159.85, 165.78, 166.20 ppm; IR (KBr): ñ=3082, 2059,
3024, 2951, 1930, 2860, 1628, 1601, 1470, 1441, 1391, 1362, 1273, 1264,
1173, 829, 750, 698 cm�1; UV/Vis (THF): lmax=254, 293, 335 nm.


Kinetic study of the copolymerization of 3 and styrene : Salen monomer 3
(237 mg, 0.40 mmol) and AIBN (3.3 mg, 0.020 mmol) were charged to a
Schlenk tube and the system was purged with argon several times. Fresh-
ly distilled styrene (46 mL, 41.7 mg, 0.40 mmol) and degassed chloroben-
zene (2 mL) were added under the protection of argon. The system was
immersed into an oil bath preheated at 80 8C. At each designed time,
0.1 mL of the reaction mixture was withdrawn from the system under the
protection of argon. The sample was diluted with CDCl3 and a 1H NMR
spectrum was acquired. The total conversion of 3 and styrene was calcu-
lated by comparing the integrals of the signals at d=3.34 ppm (2H,
NCHCH2 from 3) and 5.77 ppm (1 + 1H, CH=CH2 from overlapping
signals of 3 and styrene). The volatile including remaining styrene and
solvents was completely removed from the sample under high vacuum.
The 1H NMR spectrum of the residue was acquired to give the conver-
sion of 3. The conversion of styrene was calculated based on the total
conversion and the conversion of 3.


Synthesis of CoII–salen-immobilized polymers 5a–e : Polymer 4a (95 mg,
0.16 mmol) was charged into a 50 mL flask equipped with a condenser.
After the system was thoroughly purged with argon, degassed CH2Cl2
(2 mL) was added to dissolve the polymer. A solution of cobalt(ii) ace-
tate tetrahydrate (50 mg, 0.20 mmol) in degassed methanol (2 mL) was
transferred into the flask by means of a cannula with careful exclusion of
air. A red powder formed immediately in the reaction mixture. After the
suspension was heated at reflux under an atmosphere of argon for 24 h,
additional degassed methanol (2 mL) was added and the reaction mixture
was stirred at RT for twelve hours. The solid was collected by filtration
under the protection of argon, washed with 1:10 degassed dichlorome-
thane/methanol (2P10 mL) and methanol (10 mL), and dried in vacuo to
give 5a as a dark red solid (99 mg, 95%). Elemental analysis (ICP) indi-
cated that 5a contains 7.85% of elemental cobalt, corresponding to a
loading of 1.33 mmolg�1. Using a similar procedure, metallation of 4b,c
with cobalt(ii) acetate tetrahydrate afforded 5b,c.


Complex 5b : 96% yield; Co loading: 1.37 mmolg�1; IR (KBr): ñ=3078,
3018, 2951, 2866, 1597, 1526, 1461, 1421, 1387, 1360, 1338, 1321, 1254,
1175, 829, 787 cm�1; UV/Vis (THF): lmax=265, 294, 370, 422 nm.


Complex 5c : 93% yield; Co loading: 1.20 mmolg�1.


Complex 5d : 95% yield; Co loading: 0.82 mmolg�1; IR (KBr): ñ=3082,
2059, 3024, 2949, 2864, 1599, 1526, 1492, 1452, 1421, 1392, 1360, 1338,
1321, 1256, 1175, 831, 786, 758, 698 cm�1; UV/Vis (THF): lmax=267, 294,
372, 421 nm.


Complex 5e : 91% yield; Co loading: 0.59 mmolg�1.


General procedure for the hydrolytic kinetic resolution of (rac)-epichloro-
hydrin : The precatalyst 5 (0.025 mmol on the basis of cobalt) was dis-
solved in dichloromethane (1 mL) in a 10 mL flask. Glacial acetic acid
(0.10 mL) was added and the reaction mixture was stirred in the open air
for 30 min. The solvent and the excess acetic acid were roughly removed
in vacuo. The brown-black residue was pumped under vacuum (10 mbar)
for 5 min to give 5 (OAc). Racemic epichlorohydrin (391 mL, 5.0 mmol)
and chlorobenzene (50 mL, internal reference) were added to dissolve the
activated catalyst and the flask was immersed into a water bath at RT.
Deionized water (0.70 equiv, 63 mL, 3.5 mmol) was injected into the
system to start the reaction. Samples (2 mL) were taken from the reaction
mixture with a micro-syringe at each designed time, diluted with anhy-
drous diethyl ether (2 mL), and passed through a plug of silica gel in a
Pasteur pipet to remove the polymeric catalyst and water. The conver-
sions and enantiomeric excesses of epichlorohydrin were measured by
GC.
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The Heat of Formation of the Uranyl Dication: Theoretical Evaluation Based
on Relativistic Density Functional Calculations


Lyudmila V. Moskaleva, Alexei V. Matveev, Sven Kr/ger, and Notker Rçsch*[a]


Introduction


Recent computational studies of actinide compounds have
provided valuable information to complement the knowl-
edge accumulated from experimental work. Aside from pre-
cise structural characteristics of large polyatomic mole-
cules,[1] thermophysical properties, such as reaction ener-
gies,[2,3] solvation energetics,[4–6] or ionization potentials,[7]


can be predicted with reasonable accuracy. Computational
methods are especially useful for species that are difficult to
isolate experimentally, such as ions in the gas phase. For in-
stance, theoretical results[7,8] prompted a recent reevaluation
of the first ionization potential of the molecule UO2, where-
by more sophisticated spectroscopic techniques[9] produced
a result ~0.6 eV higher than that accepted previously. This
new value requires a reconsideration of the accepted heat of
formation of UO2


+ , and eventually of other thermochemical
data that depend on the above property.


Reliable experimental thermochemistry data for actinide
compounds are quite scarce. Although the uranyl dication
UO2


2+ is among the most-studied actinide species, the pre-
cise heat of formation in the gas phase, even for this mole-
cule, is not known. Marcus[10,11] first recommended the value
DfH


o


298(UO2
2+(g))=289.2�4.8 kcalmol�1, calculated from a


complex thermodynamic cycle.[11] Two measurements em-
ploying Fourier transform ion-cyclotron resonance (FTICR)
mass spectrometry[12,13] provided lower and upper limits,
311 kcalmol�1�DfH8�430 kcalmol�1[12] and, very recently, a
revised interval of 284 kcalmol�1�DfH8�405 kcalmol�1.[13]


For both sets of results, the upper limit was derived from a
lower limit for the bond-dissociation energy of UO2+�O
and the heat of formation of UO2+ ; the lower limit was
based on the occurrence of electron transfer from N2O to
UO2


2+ . Although the two values for the lower limit are
close to the value recommended by Marcus, the mid-points
of both intervals lie well above this value.[11] For the recent
interval, Gibson et al.[13] used revised values for the heats of
formation of UO2


+ and UO+ . They also proposed a more
accurate estimate of DfH8(UO2


2+(g))=364�15 kcalmol�1


on the basis of their measured ionization energy
IE(UO2


+)=14.6�0.4 eV[13] and the literature values
IE(UO2(g))=6.128 eV[9] and DfH8(UO2(g))=111�1 kcal
mol�1.[14]


[a] Dr. L. V. Moskaleva, Dr. A. V. Matveev, Dr. S. Kr>ger,
Prof. N. Rçsch
Theoretische Chemie, Department Chemie
Technische UniversitAt M>nchen, 85747 Garching (Germany)
Fax: (+49)89-289-13468
E-mail : roesch@theochem.tu-muenchen.de


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


Abstract: By using a set of model reac-
tions, we estimated the heat of forma-
tion of gaseous UO2


2+ from quantum-
chemical reaction enthalpies and exper-
imental heats of formation of reference
species. For this purpose, we performed
relativistic density functional calcula-
tions for the molecules UO2


2+ , UO2,
UF6, and UF5. We used two gradient-
corrected exchange-correlation func-
tionals (revised Perdew–Burke–Ernzer-
hof (PBEN) and Becke–Perdew (BP))
and we accounted for spin-orbit inter-


action in a self-consistent fashion.
Indeed, spin-orbit interaction notably
affects the energies of the model reac-
tions, especially if compounds of UIV


are involved. Our resulting theoretical
estimates for DfH


o


0(UO2
2+), 365�


10 kcalmol�1 (PBEN) and 370�
12 kcalmol�1 (BP), are in quantitative


agreement with a recent experimental
result, 364�15 kcalmol�1. Agreement
between the results of the two different
exchange-correlation functionals PBEN
and BP supports the reliability of our
approach. The procedure applied offers
a general means to derive unknown
enthalpies of formation of actinide spe-
cies based on the available well-estab-
lished data for other compounds of the
element in question.


Keywords: actinides · density func-
tional calculations · heats of forma-
tion · relativistic effects · uranyl
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Precise knowledge of the formation enthalpy of “bare”
UO2


2+(g) is essential for deriving the “experimental” en-
thalpy of hydration as DhH8(UO2


2+)=
DfH8(UO2


2+(aq,abs))�DfH8(UO2
2+(g)) and the related


Gibbs free energy of hydration, DhG8(UO2
2+)=


DhH8(UO2
2+)�TDhS8(UO2


2+). The value of DfH8(UO2
2+)=


325.3�5.5 kcalmol�1 that is given in the Gmelin Hand-
book[15] is based on the old recommendation by Marcus;[10, 11]


in view of the recent measurements,[12, 13] this value must be
reconsidered. Recently, we reported a theoretical study of
the hydration free energy of the uranyl dication.[5] Our
result, DhG8(UO2


2+)=�370 kcalmol�1, was consistent with
the “experimental” estimates that were derived from more
recent determinations of DfH8(UO2


2+).[12,13] However, even
the most recent measurement of the heat of formation of
uranyl contains an uncertainty of 30 kcalmol�1.[13]


This margin can be further reduced by employing a theo-
retical value of DfH8(UO2


2+), based on well-known heats of
formation of other uranium compounds. Here, we address
this issue by exploiting the predictive power of contempo-
rary quantum-chemistry methods.


Computational Methods


We performed all-electron calculations by using the linear combination
of Gaussian-type orbitals fitting-functions density functional method[16]


(LCGTO-FF-DF), as implemented in the code ParaGauss.[17,18] Relativis-
tic effects were taken into account by invoking a second-order Douglas–
Kroll (DK) transformation to decouple electronic and positronic degrees
of freedom of the Dirac–Kohn–Sham equation.[19,20] We used two variants
of this methodology. In the standard scalar-relativistic (SR) variant, only
the nuclear part vnuc of the effective one-electron potential is used to
define the decoupling transformation (DKnuc-SR) and is relativistically
transformed. In that variant, the electron–electron contributions vee to
the effective potential, both the classical Coulomb (Hartree) part vCoul


and the exchange-correlation potential vxc, remain unchanged, as in the
nonrelativistic approach. For molecules containing uranium, the splitting
of one-electron levels due to spin-orbit interactions becomes non-negligi-
ble. Recently, we introduced an extension of the two-component Doug-
las–Kroll formalism (DKeen, n=1–3),[21–23] which incorporates scalar-rel-
ativistic as well as spin-orbit effects, due to a relativistic treatment of
both vnuc and vCoul. Moreover, the relativistic transformation, in general
dependent on the effective one-electron potential, is improved by contri-
butions from vCoul to first order.[21]


We optimized the molecular structures at the DKnuc-SR level, employ-
ing the local-density approximation (LDA) in the parameterization of
Vosko, Wilk, and Nusair (VWN)[24] because LDA often yields more accu-
rate results for molecular geometries.[25,26] In the geometry optimizations,
the total energy and elements of the density matrix were required to con-
verge to 10�8 au; for the largest component of the forces and the geome-
try update step, the convergence criteria were set to 10�5 au.


On the other hand, gradient-corrected functionals (generalized gradient
approximation, GGA) are known to perform better for energy parame-
ters.[25,26] Therefore, based on the structures obtained at the LDA level,
we subsequently refined the energetics in single-point fashion with two
GGA functionals; those suggested by (i) Becke and Perdew (BP),[27,28]


and (ii) Perdew, Burke, and Ernzerhof in the modified form of Nørskov
et al. (PBEN).[29] As a first step, the specified GGA calculations were
performed by using the same DKnuc-SR approach for relativistic trans-
formations. The corresponding reaction enthalpies in Table 1 are denoted
with the shortened notation “SR”.


To achieve higher accuracy in energetics, we also performed single-point
BP and PBEN calculations at the first-order DKee level, DKee1.[21] The
difference DE between the energies from relativistic DKee1 and scalar-
relativistic DKnuc-SR calculations (PBEN values are listed in Table 1)
shows quantitatively the effect of relativistic terms that are neglected in
the DKnuc-SR approximation (mainly spin-orbit interaction). DE values
calculated by using the BP functional (not shown in Table 1) differed
from the PBEN values by 0.25 kcalmol�1 at most. Test calculations have
shown that the variant DKee1 is sufficiently accurate for the present pur-
pose. The difference in the reaction energies for the UF6=UF5+


1=2F2 re-
action at the levels[21] DKee1 and DKee2 was less than 0.2 kcalmol�1. To
determine the correction DE for open-shell systems, we neglected the
spin dependence of the exchange-correlation functional.


The Kohn–Sham orbitals were represented by flexible Gaussian-type
basis sets, contracted in a generalized fashion by using atomic eigenvec-
tors of scalar-relativistic LDA calculations. For the geometry optimiza-
tions at the LDA level, we used standard basis sets for O, C, N, and F,[30]


(9s,5p,1d)![5s,4p,1d] and for H, (6s,1p)![4s,1p].[30] For U, we employed
a basis set of the type (24s,19p,16d,11f), contracted to [10s,7p,7d,4f][31] .
The subsequent single-point GGA calculations were performed with
more flexible basis sets to achieve a higher accuracy of the energetics,
particularly in DKee1 calculations: (14s,9p,4d)![5s,4p,2d] for O, C, N,
and F,[32] (8s,4p,3d)![4s,3p,2d] for H,[32] and uncontracted basis
(35s,26p,18d,13f) for U.[33] To increase the accuracy, we additionally used
13 g-type exponents in the relativistic transformations, numerically identi-
cal to those of the f set.


The auxiliary basis set utilized in the LCGTO-FF-DF method to repre-
sent the electron-charge density for treating the Hartree part of the elec-
tron–electron interaction was constructed by properly scaling the s and p
exponents of the orbital basis sets by using a standard procedure;[16] “po-
larization exponents” were added as geometric series with factors 2.5,
starting with 0.1 for p, 0.2 for d, and 0.3 for f exponents.[16] The resulting
auxiliary basis sets were of the type (8s,4r2,5p,5d) for H, (14s,9r2,5p,5d)
for C, N, O, F, and (35s,13r2,5p,5d,5f) for U. The grid for the numeric in-
tegration of the exchange-correlation functional consisted of about 26000
points for U, 11400 points for C, 10700 points for N, 9900 points for O,
8500 points for F, and 8900 points for H centers.


Results and Discussion


To calculate the heat of formation DfH
o


0 of a molecule
(UO2


2+ in the present case) in the gas phase, a model reac-
tion (not necessarily chemically meaningful) is used, in
which the enthalpies of formation of all reactants and prod-
ucts, except of the one of interest, are known. Suitable ex-
ample reactions R1–R21, in which UO2


2+ appears as one of
the products, are listed in Table 1. The enthalpy DRiH


o


0 of re-
action Ri (i=1–21) at 0 K is represented by Equation (1):


DfH
o


0ðUO2
2þÞ ¼ DRiH


o


0 þ
X


reactants


DfH
o


0�
X


products 6¼UO2
2þ


DfH
o


0


ð1Þ


Our strategy for evaluating DfH
o


0(UO2
2+(g)) is based on


the selection of model reactions Ri for which the DfH
o


0


values for all other reactant and product species are known,
and in which DRiH


o


0 is evaluated by using a suitable quan-
tum-chemistry method.


In the following, we take 0 K as the reference tempera-
ture because at this hypothetical temperature the relation-
ship between quantum-chemical reaction energies and en-
thalpies is most direct. Thus, we can calculate the heat of
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formation DfH
o


0 of uranyl at
0 K. Corrections to any desired
temperature can be made sub-
sequently by using the heat ca-
pacity calculated from the mo-
lecular-partition function. The
correction from 0 to 298 K is
about 1–2 kcalmol�1, as for
most species listed in Table 2.


For the evaluation of heats of
formation from heats of reac-
tion, it is recommended[34] to
use well-balanced reactions
(isodesmic or at least isogyric)
whenever possible to benefit
from the cancellation of inher-
ent computational errors. The
identification of such favorable
reactions is not a simple task
for the present case, because
accurate thermodynamic data
for uranium compounds in the
gas phase are limited and be-
cause ions are involved, which
may lead to large reaction ener-


Table 2. Experimental enthalpies of formation [kcalmol�1] and vibrational frequencies [cm�1] of selected mol-
ecules and ions in the gas phase[a] .


DfH
o


0 DfH
o


298 Vibrational frequencies


UF6 �512.1[b] �513.4�0.4[c] 140N3, 184N3, 201N3, 535N2, 624N3, 667[d]


UF5 �459.9[b,e] �461.0�2.4[e] 648, 572, 129, 515, 99, 201, 593N2, 201N2, 182N2[f]


UO2 �110.6[g,e] �111�1[g] 880, 222N2, 933[h]


H2O �57.11[i] �57.80�0.01[i] 3657, 1595, 3756[j]


H2 0 0 4401.2[j]


F2 0 0 916.6[j]


HF �64.69[i] �64.7�0.3[i] 4138.3[j]


HCO+ 197.3[k] 197.6�2[k] 3088.7, 829.7N2, 2183.9[l]


HCO 10.0[i] 10.0�1.0[i] 2434.5, 1868.2, 1080.8[j]


CO+ 295.96�0.13[i] 298.23[i] 2215[m]


CO �27.20[k] �26.42�0.04[k] 2169.8[j]


CH4 �15.92[i] �17.82�0.07[i] 2917, 1534N2, 3019N3, 1306N3[j]


NO 21.46[k] 21.58�0.04[k] 1904[j]


NO+ 235.2[k] 236.7�0.2[k] 2376.7[n]


CN 104.4[i] 105.2�1.2[i] 2069[j]


CN+ 428.6[k] 430.9�3[k] 2000.8[n]


NF3 �30.20[k] �31.57�0.27[k] 1032, 647, 907N2, 492N2[j]


UO2
2+ 365�10[o] 999, 208N2, 1102[p]


[a] These species were used to determine the heat of formation of UO2
2+(g) based on the formal reactions


listed in Table 1. Vibrational frequencies were taken from experimental data where available, otherwise theo-
retical results were employed. [b] Reference [42]. [c] Reference [44]. [d] Reference [37]. [e] Reference [45].
[f] Reference [38]; only n1, n2, and n7 were measured directly. [g] Reference [14]. [h] Calculated (B3LYP).[36]


[i] Reference [46]. [j] Reference [47]. [k] Reference [43]. [l] Reference [48]. [m] Reference [49]. [n] Ref-
erence [50]. [o] This work. [p] Calculated (PBEN).[41]


Table 1. Enthalpy of formation DfH
o


0 of UO2
2+(g) [kcalmol�1][a] from various formal reactions Ri (i=1–21) based on reaction enthalpies DRiH


o


0 calculated
by using the BP or PBEN exchange-correlation functionals at the scalar-relativistic DKnuc level (SR) and at the DKee1 level including spin-orbit inter-
action, and on experimental thermochemical data.[b]


DRiH
o


0 (SR)[c] DfH
o


0 (SR) DfH
o


0 (DKee1)[d]


BP PBEN BP PBEN DE[e] PBEN


R1 UF6 + 2HCO+ + 3H2=UO2
2+ + 2CH4 + 3F2 463 452 377 365 4.5 370


R2 UF6 + 2CO+ + 4H2=UO2
2+ + 2CH4 + 3F2 266 259 376 370 5.2 375


R3 UF6 + 2NO+ + 3H2=UO2
2+ + N2 + 6HF 39 32 384 377 4.4 381


R4 UF6 + 2NO+ =UO2
2+ + N2 + 3F2 415 404 371 361 4.5 366


R5 UF6 + 2NO+ =UO2
2+ + 2NF3 338 337 355 354 4.5 358


R6 UF6 + 2CN+ + 2H2O + 2H2=UO2
2+ + 2HCN + 6HF �174 �182 377 370 4.5 375


R7 UF6 + 2CN+ + 2H2O=UO2
2+ + 2HCN + 3F2 + H2 201 191 365 354 4.6 359


R8 UF6 + 2CN+ + 2H2O + 2H2=UO2
2+ + 2NF3 + 2CH4 29 30 350 350 4.5 354


Average[f] R1–R8 369�12 363�10 367�10


R9 UF5 + 2HCO+ + 3H2=UO2
2+ + 2CH4 + 5=2F2 399 391 366 358 5.2 363


R10 UF5 + 2CO+ + 4H2=UO2
2+ + 2CH4 + 5=2F2 201 198 365 362 6.0 368


R11 UF5 + 2NO+ + 5=2H2=UO2
2+ + N2 + 5HF 37 33 371 367 5.2 373


R12 UF5 + 2NO+ =UO2
2+ + N2 + 5=2F2 350 344 361 354 5.2 359


R13 UF5 + 2NO+ + 1=2F2=UO2
2+ + 2NF3 274 276 344 346 5.2 351


R14 UF5 + 2CN+ + 2H2O + 3=2H2=UO2
2+ + 2HCN + 5HF �176 �180 365 360 5.2 365


R15 UF5 + 2CN+ + 2H2O=UO2
2+ + 2HCN + H2 + 5=2F2 137 130 354 347 5.3 352


R16 UF5 + 2CN+ + 2H2O + 1=2F2 + 2H2=UO2
2+ + 2NF3 + 2CH4 �35 �31 339 343 5.2 348


Average[f] R9–R16 358�11 355�9 360�9


R17 UO2 + 2CO+ =UO2
2+ + 2CO �163 �165 373 371 11.3 382


R18 UO2 + 2CO+ + H2=UO2
2+ + 2HCO �107 �107 353 353 12.0 365


R19 UO2 + 2HCO+ =UO2
2+ + 2HCO 90 85 354 349 11.3 361


R20 UO2 + 2NO+ =UO2
2+ + 2NO 47 44 363 361 10.9 372


R21 UO2 + 2CN+ =UO2
2+ + 2CN �189 �190 350 348 11.3 359


Average[f] R17–R21 359�9 356�9 368�9


[a] Experimental results: 311 kcalmol�1�DfH8�430 kcalmol�1,[12] 364�15 kcalmol�1.[13] [b] See Table 2. [c] Reaction enthalpies DRiH
o


0 approximated as
reaction energies from BP or PBEN calculations, corrected for DZPE based on the vibrational frequencies in Table 2. [d] DfH


o


0 (SR) corrected by DE.
[e] Correction DE of the reaction energy (determined at the scalar-relativistic DKnuc level) to account for scalar-relativistic and spin-orbit effects at the
DKee1 level; see also reference [21]. [f] The uncertainty intervals are estimated as standard deviations.
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gies. Although reactions R1, R3–R8, and R18–R21 are iso-
gyric (the number of electron pairs remains constant during
the course of the reaction), only the reactions R1, R5, R6,
R19, R20, and R21 are formally isodesmic (isogyric reac-
tions in which the numbers of bonds of each formal type are
the same for reactants and products). Nevertheless, given
their rather large reaction enthalpies, we do not regard
these reactions to be particularly well balanced compared to
others. Ultimately, we will compare results from isodesmic
reactions alone with those derived from the extended set.


The selected formal reactions (Table 1) involve uranium
species UF6, UF5, UO2, and UO2


2+ and feature different de-
grees of balance. Although all four uranium compounds
have been studied previously, both theoretically and experi-
mentally,[7,35-41] reliable experimental geometries and vibra-
tional frequencies are not available for all of them. There-
fore, as a first step, we optimized their geometries (Table 3).


Our results for the structures and the assigned electronic
ground states agree very well with those of other high-level
calculations and with the available experimental data. The
structures calculated for the other reference species are pro-
vided in the Supporting Information.


The enthalpies of formation of all other pertinent species
occurring in the reactions R1–R21 have been established
previously.[42–46] These values are listed in Table 2, together
with the vibrational frequencies of all species. We derived
reaction enthalpies DRiH


o


0 from the calculated reaction ener-
gies DRiE (see Computational Methods section) by applying
a correction for the change DZPE of the zero-point vibra-
tional energies. Where available, we derived the ZPE values
from experimental vibrational frequencies;[36,38, 47–50] excep-
tions were the compounds UO2


2+ and UO2, for which we
used calculated vibrational frequencies (Table 2). In Table 1,
we present the reaction enthalpies DRiH obtained from BP
and PBEN calculations, and predictions for the enthalpies
of formation DfH


o


0(UO2
2+) for the reactions R1–R21, result-


ing from these reaction enthalpies and the data collected in
Table 2.


In Table 1, we partitioned the model reactions into three
groups involving UF6, UF5, and UO2. Because the experi-
mental heats of formation of all other model species are
known with very high accuracy (Table 2), the main uncer-
tainty in the experimental data arises from the heats of for-
mation of these three uranium compounds. UF6 is a stable
molecule with a heat of formation, DfH


o


298(UF6(g))=513.4�
0.4 kcalmol�1, that has not been questioned since its mea-
surement in 1979,[44] ; therefore, we consider this to be a reli-
able value. The heat of formation of UF5, connected to the
bond-dissociation energy in UF6, has been subject to discus-
sion in the literature.[51–53] By the careful redetermination of
this bond-dissociation energy [45] from reduction of UF6 by
Ag over a broad temperature range, an internally consistent
set of heats of formation of gaseous UFn species became
available, which gained high confidence. The resulting rec-
ommended value DfH


o


298(UF5)=�461.0�2.4 kcalmol�1


translates into DfH
o


0(UF5)=�459.9�2.4 kcalmol�1.[42] This
value was confirmed by a more recent measurement,[54]


DfH
o


0(UF5)=�457.4�3.6 kcalmol�1, which agrees with the
former within the experimental errors. To broaden the data
set, we also wanted to include a uranium compound free of
fluorine. We chose gaseous UO2, whose experimental en-
thalpy of formation does not depend directly on those of the
uranium fluorides. The presently accepted[14] standard heat
of formation DfH


o


298(UO2(g))=�111.0�1.0 kcalmol�1 origi-
nates from an analysis of spectroscopic data for gaseous
UO2.


[55] However, lower (�129.6�0.4,[56] 117�10) as well as
higher (�96 kcalmol�1[57]) values of DfH


o


298(UO2(g)) have
also been reported.


The values of DfH
o


0(UO2
2+) for the model reactions R1–


R21 resulting from scalar-relativistic DKnuc calculations at
the PBEN level scatter from 343 to 377 kcalmol�1 (Table 1).
BP results for DRiH are systematically higher than PBEN re-
sults by up to 11 kcalmol�1. Within each of the three sub-
groups of Table 1, the BP results also scatter somewhat
more than the PBEN values: 34 vs 27 kcalmol�1 (UF6, R1–
R8), 32 vs 24 kcalmol�1 (UF5, R9–R16), and 23 vs
23 kcalmol�1 (UO2, R17–R21). This analysis provides some
argument that the PBEN energies may be more reliable.
Therefore, we based our final values for the reaction ener-
gies DRiH


o


0, which we corrected for effects of spin-orbit inter-
action, on the results obtained by using the PBEN function-
al. Nevertheless, as shown by the addition of DE corrections
to the BP data, a rather similar final result is obtained (see
below).


Intuitively, one expects the best cancellation of errors to
be for reactions of the third group involving UO2, R17–R21,
due to a small number of species and unchanged atomic
frameworks. This expectation is further corroborated by the
fact that the differences in DfH


o


0(UO2
2+) between the two


GGA exchange-correlation functionals are indeed smaller,
0–5 kcalmol�1, for these relatively simple reactions (Table 1)
than those for the first and second groups, 7 and 5 kcalmol�1


on average, respectively.
To improve the accuracy of the calculated reaction ener-


gies, we recalculated all compounds at the more elaborate


Table 3. Calculated bond lengths [Q] of UF6, UF5, UO2, and UO2
2+ and


comparison with experimental data.


Species Method Symmetry State (U�F), ax (U�F), eq (U�O)


UF6 VWN[a,b] Oh
1A1g 1.998 1.998 –


B3LYP[c] Oh
1A1g 2.006 2.006 –


exptl[d] Oh
1A1g 1.999 1.999 –


UF5 VWN[a,b] C4v
2B2 2.006 2.010 –


B3LYP[c] C4v
2B2 2.030 2.032 –


exptl[e] 2.00 2.02
UO2


2+ VWN[a,b] D1h
1Dþ


g – – 1.705
CCSD(T)[a,f] D1h


1Dþ
g – – 1.706


CASPT2[a,g] D1h
1Dþ


g – – 1.705
UO2 VWN[a,b] D1h


3Fu – – 1.788
CASPT2[a,h] D1h


3Fu – – 1.766


[a] All-electron calculation. [b] This work. [c] Reference [35]. [d] Ref-
erence [37]. [e] Reference [38]. [f] Reference [39]. [g] Reference [40].
[h] Reference [7].
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relativistic level DKee1.[21] The corresponding energy cor-
rection DE (Table 1) increases the reaction energies DRiH of
reactions R1–R21 and consequently the resulting values
DfH


o


0(UO2
2+). This relative stabilization of the reactants is


attributed mainly to spin-orbit interaction, due to both the
nuclear and the Coulomb parts of the effective electron–
electron interaction potential, and is expected to be largest
for the f2 system UO2, intermediate for the f1 system UF5,
and smallest for the f0 systems UF6 and UO2


2+ . In fact, the
DKee1 correction DE is on average similar for the UF6 and
UF5 groups, but two to three times larger for the UO2 group
(Table 1).


We improved the scalar-relativistic DKnuc PBEN results
by DE and averaged them separately for each group of
model reactions (Table 1). At the DKnuc-SR level, the aver-
age of the first group (UF6) was largest, 363 kcalmol�1, and
that of the UF5 group was smallest, 355 kcalmol�1. After ap-
plication of the correction DE, the estimates of DfH


o


0(UO2
2+)


based on UF6, UF5, and UO2 as reference species averaged
to 367�10, 360�9, and 368�9 kcalmol�1, respectively. The
corrected enthalpy values within each group scatter over in-
tervals of comparable length, 27, 24, and 23 kcalmol�1, for
the first, second, and third group, respectively.


Because the average values derived from the three groups
agree to within 8 kcalmol�1, it is meaningful to combine the
results from all three groups to give the final estimate at the
PBEN level, DfH8(UO2


2+)=365�10 kcalmol�1. The corre-
sponding BP value is only 5 kcalmol�1 higher, 370�
12 kcalmol�1. Both results are in excellent agreement with
the most recent experimental value DfH8(UO2


2+)=364�
15 kcalmol�1,[13] and also fall well within the previously de-
termined experimental interval 311 kcalmol�1�DfH8�
430 kcalmol�1[12] and the revised interval 284 kcalmol�1�
DfH8�405 kcalmol�1.[13] Interestingly, by taking only the
five isodesmic reactions R1, R5, R19, R20, and R21, a value
of DfH8(UO2


2+)=364�6 kcalmol�1 is obtained, which is
very close to that calculated from the extended set of the 21
model reactions. This result lends overall support to our pro-
cedure.


Finally, we note that the DKee1-corrected energy for the
double ionization of UO2 to UO2


2+ , 21.0 eV at the PBEN
level (21.4 eV at the BP level), is slightly larger than the
sum of the first and second experimental ionization energies,
20.7�0.4 eV.[9,13] From this observation, one might antici-
pate that the stability of UO2 relative to UO2


2+ is overesti-
mated by ~7 kcalmol�1, which would then translate into
overestimated values of DfH8(UO2


2+) for the corresponding
model reactions. The DKee1 values of DfH8(UO2


2+) from
reactions R17–R21 agree, on average, with the results of the
other two reaction groups (Table 1). Nevertheless, this un-
certainty is still within the range of the overall scatter of our
results.


Conclusion


We have used model reactions to derive a “theoretical”
value for the heat of formation of UO2


2+ in the gas phase,
based on well-established experimental heats of formation
of UF6(g), UF5(g), and UO2(g). For this purpose, we deter-
mined reaction energies from scalar-relativistic all-electron
density functional calculations with two GGA functionals,
BP and PBEN. To improve the accuracy of these reaction
energies, we also employed a more advanced two-compo-
nent relativistic formalism (DKee1), which includes spin-
orbit interaction self-consistently, for both the nuclear and
the classical Coulomb parts of the effective one-electron po-
tential. The correction with respect to the scalar-relativistic
energetics ranged from 4.4 to 12.0 kcalmol�1 and, not unex-
pectedly, was largest for reactions based on UO2, in which
uranium is formally tetravalent, carrying two unpaired
f electrons. From 21 model reactions, we estimated
DfH


o


0(UO2
2+) at 365�10 kcalmol�1 at the PBEN level. The


corresponding average at the BP level is only slightly larger,
370�12 kcalmol�1. About the same average mismatch of
bond-dissociation energies calculated with different GGA
functionals, 3–5 kcalmol�1, is commonly found.[25,26] The con-
sistency of the PBEN and BP results supports the selected
set of reactions as being sufficiently balanced and predictive.
Our derived heats of formation support the recent experi-
mental value from ion-cyclotron mass-spectroscopic mea-
surements, DfH8(UO2


2+)=364�15 kcalmol�1.[13] Indirectly,
we also confirm that the experimental enthalpies of forma-
tion of uranium fluorides and oxides are mutually consis-
tent. One expects that the remaining uncertainty can be fur-
ther reduced with the help of higher-level post-HF methods.


A precise knowledge of the heat of formation of uranyl in
the gas phase is central to understanding the thermochemis-
try of this important uranium species. In particular, the heat
of formation serves as a reference for the solvation free
energy of this dication, which is another important charac-
teristic.[5]


The approach applied here to the uranyl dication is suffi-
ciently general for it to be used routinely in filling gaps in
the database of known enthalpies of formation of gas-phase
actinide molecules and ions. This can be achieved by choos-
ing appropriate reference species with known properties and
model reactions, whose energetics can be calculated with
good accuracy by using contemporary quantum-chemistry
methods.
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Asymmetric Sulfonium Ylide Mediated Cyclopropanation: Stereocontrolled
Synthesis of (+)-LY354740


Varinder K. Aggarwal* and Emma Grange[a]


Introduction


l-Glutamic acid is an important excitatory amino acid neu-
rotransmitter that acts on many receptors in the mammalian
central nervous system, including a major family called the
metabotropic glutamate receptors (mGlu).[1] Hence, these
are attractive pharmaceutical targets for the treatment of a
wide variety of neuropsychiatric and neurological disor-
ders,[2] including anxiety and panic disorders, depression,
schizophrenia, neuropathic pain, Parkinson&s disease, seizure
disorders, strokes, other neurodegenerative disorders, and
for treating stimulant (e.g., cocaine and nicotine) abuse and
opioid withdrawal.
A range of conformationally constrained analogues (e.g.,


1, 2, and 3) were known to be potent, but unselective ago-
nists for the receptor subtype mGlu2. Studies on the low-
energy conformations of 1 and 2 indicated that l-glutamic
acid adopts a fully extended conformation in the receptor,


and based on this study the bicyclic amino acid (+)-
LY354740 was designed, synthesized, and found to be a
highly selective and potent agonist for the mGlu2 recep-
tor.[3,4]


Indeed, administration of (+)-LY354740 to rodents re-
vealed its anxiolytic qualities,[4–8] and further studies in
humans have shown that it can block fear-potentiated startle
reflexes to shock anticipation with a decrease in anxiety, and
that in patients with a panic disorder, (+)-LY354740 blocked
the anxiogenic effect of a panic-inducing challenge and was
free of sedative action.[9–11]


Abstract: The reaction of ester-stabi-
lized sulfonium ylides with cyclopente-
none to give (+)-5 ((1S,5R,6S)-ethyl 2-
oxobicyclo[3.1.0]hexane-6-carboxylate),
an important precursor to the pharma-
cologically important compound (+)-
LY354740, has been studied using
chiral sulfides operating in both cata-
lytic (sulfide, Cu(acac)2, ethyl diazoace-
tate, 60 8C) and stoichiometric modes
(sulfonium salt, base, room tempera-
ture). It was found that the reaction
conditions employed had a major influ-
ence over both diastereo- and enantio-
selectivity. Under catalytic conditions,


good enantioselectivity with low dia-
stereoselectivity was observed, but
under stoichiometric conditions low
enantioselectivity with high diastereo-
selectivity was observed. When the
stoichiometric reactions were conduct-
ed at high dilution, diastereoselectivity
was reduced. This indicated that base-
mediated betaine equilibration was oc-
curring (which is slow relative to ring


closure at high dilution). Based on this
model, conditions for achieving high
enantioselectivity were established as
follows: use of a preformed ylide, ab-
sence of base, hindered ester (to
reduce ylide-mediated betaine equili-
bration), and low concentration. Under
these conditions high enantioselectivity
(95% ee) was achieved, albeit with low
diastereocontrol. Our model for selec-
tivity has been applied to other sulfoni-
um ylide mediated cyclopropanation
reactions and successfully accounts for
the diastereoselectivity observed in all
such reported reactions to date.
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(+)-LY354740 has been shown to be an orally active, se-
lective, and exceptionally potent agonist at mGlu2. This
compound also has the potential for the treatment of de-
pression and schizophrenia,[12] to display positive effects in
an in vitro epilepsy model,[13, 14] to have potential anti-Par-
kinsonian properties,[15,16] and to attenuate the behavioral
signs of morphine-withdrawal.[17, 18] It has elicited much in-
terest as a potential therapeutic drug, especially since the
use of current clinically available anxiolytics, such as diaze-
pam (valium), is restricted by limited efficacy and adverse
side effects, for example, dependency and sedation.[17,18]


This considerable biological importance has generated a
flurry of synthetic endeavors towards a stereoselective syn-
thesis of this class of compounds.[3,19–32] Many of these syn-
theses have proceeded via cyclopropane 5 (Scheme 1),


which can be generated, with high diastereoselectivity (de=
diastereomeric excess), from the reaction of ylide 4 (see
later, formed in situ by the treatment of sulfonium salt 10
with DBU (1,8-diazobicyclo[5.4.0]undec-7-ene)) with cyclo-
pentenone.[3,28] Subsequent diastereoselective conversion by
hydantoin formation[29] and optical resolution furnished
(+)-LY354740.[3]


Current routes to enantiomerically enriched cyclopropane
5 are either very long (11 steps from commonly available
starting materials)[29,30] or involve resolution.[27] We consid-
ered the possibility of using an enantioselective sulfonium
ylide mediated cyclopropanation to provide a one step
asymmetric synthesis of the required cyclopropane. Based
on the high enantioselectivity achieved in related epoxida-
tion,[33–39] aziridination,[39–41] and cyclopropanation chemis-
try,[41,42] and the established high diastereoselectivity ob-
served in reactions of 4 with cyclopentenone,[3,28] we expect-
ed very high levels of stereocontrol. Although our studies
did not ultimately deliver such goals, the mechanistic under-
standing that we acquired during these studies now provides
a general framework that can be used to account for the se-
lectivity observed in all of the sulfonium ylide mediated cy-
clopropanations found in the literature to date.


Results and Discussion


We initiated our studies by using our established catalytic
sulfonium ylide methodology,[41,42] which utilizes either
chiral sulfide 6 or tetrahydrothiophene (THT), together
with ethyl diazoacetate and Cu(acac)2, to form ylides 7 or 8


in situ. However, this produced our first surprise, as instead
of observing high diastereoselectivity, a 1:1 ratio of diaste-
reomers was formed for both cases, albeit with good levels
of enantioselectivity when using ylide 7 (Table 1). We were
shocked that ylides 7 and 8 gave such diametrically different
results to those reported for ylide 4. Was this due to the
small difference in structure (compare 8 and 4) or due to
the different reaction conditions employed? We suspected
the latter and so chose to study the stoichiometric reaction


with preformed sulfonium salts.
Treatment of sulfonium salts


10 and 11 with DBU gave, as
expected, products with very
high diastereoselectivity
(Table 2). The tert-butyl ester
12 was also tested and again cy-
clopropanes were obtained, but
with slightly lower diastereose-Scheme 1. (+)-LY354740 synthesis via cyclopropane 5.[3]


Table 1. Metal-catalyzed cyclopropanation.


Sulfide Yield [%][a] 5 :9 ee [%, 5][b] ee [%, 9][b]


6 74 1:1 81 75
THT 81 1:1 – –


[a] Total isolated yield. [b] Determined by chiral GC.


Table 2. Base-mediated cyclopropanation.


Entry Salt Yield [%][a] exo :endo ee [%, exo][b] ee [%, endo][b]


1 10 78 29:1 – –
2 11 74 26:1 – –
3 12 86 18:1 – –
4 13 87 9.6:1 14 80
5 14 73 4:1 38 84


[a] Total isolated yield. [b] Determined by chiral GC.
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lectivity. Our next big surprise came in the evaluation of
chiral sulfonium salts 13 and 14, which both gave moderate
diastereoselectivity, but very low enantioselectivity for the
required exo isomer.
So, the metal-catalyzed sulfonium ylide reaction (operat-


ing under neutral conditions) delivered low diastereoselec-
tivity but high enantioselectivity, whereas base-mediated cy-
clopropanation delivered high diastereoselectivity but low
enantioselectivity. The different selectivities observed under
these different conditions suggested that a base-mediated
equilibration of the intermediate betaine had occurred in
the latter case.


Thus, our working model was
that, under neutral conditions
and elevated temperatures, be-
taines 15 and 16 were formed
nonreversibly in a 1:1 ratio, and
then underwent ring closure to
give the cyclopropanes with a
degree of enantioselectivity that


reflected the confomer ratio of ylide 7 (Scheme 2, ee=enan-
tiomeric excess).


In contrast, under basic conditions we believe that al-
though betaines 15 and 16 were again formed in a 1:1 ratio,
because cyclization of betaine 16 is slow, base-mediated epi-
merization converted it to betaine 17, which subsequently
underwent fast cyclization to give ent-5 (Scheme 3). This be-


taine equilibration resulted in a decrease in the enantiose-
lectivity of the reaction, but an improvement in its diaste-
reoselectivity.
The relative rates of ring closure of the two betaines can


be expected to be quite different. The conformation re-
quired for the ring closure of 16 is accompanied by trans-an-
nular steric hindrance, and also by high torsional strain aris-
ing from three eclipsing syn-cyclopropane substituents. Thus,
ring closure of 16 will be much slower than 15.
Based on this model, the lower diastereoselectivity ob-


served with the tert-butyl esters relative to the ethyl esters
(Table 2, entry 3 versus 1 and 2, and entry 5 versus 4) can be
rationalized as follows: for the tert-butyl esters, the proton
alpha to the ester group is more sterically hindered than in
the ethyl esters; therefore, for these compounds the rate of
epimerization is reduced and subsequently lower diastereo-
selectivity is observed.


Supporting experiments : If our model was correct, then con-
ducting the reaction at higher dilution would reduce the rate
of betaine equilibration (a bimolecular process) without re-
ducing the rate of cyclization (a unimolecular process), and
thus result in lower diastereoselectivity. This is exactly what
was observed (Table 3).


We had expected that conducting the reaction in the ab-
sence of base by preforming ylide 8[43] would result in low
diastereocontrol, but it did not. Instead, high dia-
stereocontrol was still observed, and again diastereoselectiv-
ity was found to be concentration dependent (Table 4, en-


Scheme 2. Metal-catalyzed cyclopropanation (neutral conditions).


Scheme 3. Base-mediated cyclopropanation.


Table 3. Dilution experiments.


Entry Concentration [m] 5 :9[a]


1 0.5 26:1
2 0.05[b] 16:1
3 0.005[b] 11:1


[a] Ratio determined by GC. [b] 96 h reaction time.


Table 4. Preformed ylide-mediated cyclopropanation.


Entry Salt Concentration [m] exo :endo[a]


1 8 0.5 22:1
2[b] 8 0.05 8:1
3[b] 8 0.005 2:1
4 18 0.5 2:1
5[c] 18 4 2:1


[a] Ratio determined by GC. [b] 96 h reaction time. [c] In dichlorome-
thane.
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tries 1–3). Clearly, the ylide itself was able to act as a base
and effect betaine equilibration. Interestingly, ylide 18, bear-
ing a tert-butyl ester, effected low diastereocontrol even at a
very high concentration, indicating that this bulky ylide was
less able to deprotonate the sterically hindered betaine in-
termediate.
Our results show that in order to limit betaine equilibra-


tion (and therefore maximize enantioselectivity) the ylide-
mediated reaction has to be conducted under base free con-
ditions with a hindered ester substituent.
Thus, ylide 19, which bears a tert-butyl ester, was pre-


pared, and its subsequent reaction with cyclopentenone fur-
nished the desired cyclopropanes with high enantioselectivi-
ty, but as expected with low diastereoselectivity (Scheme 4).


Attempts to control the diastereoselectivity by using a-sub-
stituted enones were not successful.[44]


Application of the model to literature examples : Many ex-
amples of cyclopropanations utilizing ester-stabilized sulfo-
nium ylides have been reported, but the origin of the dia-
stereoselectivity of these reactions has either not been dis-
cussed or has been reported erroneously. The model we
have put forward in this paper has been extended to all the
literature examples we are aware of and successfully ac-
counts for the diastereoselectivity observed.
According to our model, reactions in which betaine equili-


bration competes effectively with ring closure will result in
high selectivity for the formation of the exo diastereomer.
In Schemes 1 and 5, base-mediated equilibration is responsi-
ble for high diastereoselectivity.[3,21, 27–29,45] Ruano has also
observed good diastereoselectivity in favor of the exo cyclo-
propane (Scheme 6), presumably because betaine equilibra-
tion, mediated by the ylide or base, is also occurring here.[46]


Our model dictates that low diastereoselectivity can be
expected at high reaction temperatures, as the rate of the
unimolecular process (ring closure) will be accelerated rela-
tive to the bimolecular process (betaine equilibration).
Indeed, Payne reported the first ever example of enone cy-
clopropanation by using ylide 4, but only low diastereoselec-
tivity was observed for the cyclopropanation of cyclohexe-
none at an elevated temperature (Scheme 7).[43] The de-
crease in selectivity at elevated temperatures is further illus-
trated in Scheme 8.[3]


If ring closure is slowed down by other means, then be-
taine equilibration and high diastereoselectivity can still be
achieved even at high temperatures. An additional substitu-
ent at the a-position of the enone will do just that, as shown


in Scheme 9; for this reaction high diastereoselectivity was
observed despite operating at 80 8C.[47]


Scheme 4. Highly enantioselective cyclopropanation.


Scheme 5. Examples of diastereoselective, base-mediated cyclopropana-
tion. References for reactions (from top to bottom)= [21,27–29,45].


Scheme 6. Diastereoselective cyclopropanation of unsaturated chiral sulf-
oxides.[46]


Scheme 7. High-temperature cyclopropanation.[43]
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Conversely, if ring closure is accelerated, because the
anion of the betaine has been made more reactive, then dia-
stereoselectivity will be reduced. This has been observed in
lactam cyclopropanation, as illustrated in Scheme 10.[48,49]


The low diastereoselectivity observed in Scheme 10a and b


had been rationalized from the assumption that the high
diastereocontrol achieved in the initial addition had been
subsequently scrambled by betaine equilibration. In fact, we
believe the opposite is true, as our model provides a much
more satisfactory explanation; that is, initial attack upon the
substrate by the ylide is nonselective, and without the oppor-
tunity for betaine equilibration (due to fast ring closure of


the reactive amide enolate) low diastereoselectivity is ob-
served.
Meyers was able to achieve high stereocontrol using the


carboxylate ylide 23 (Scheme 10d).[49] In this example, the
much improved diastereoselectivity may be due to either
the more basic ylide being able to effect betaine equilibra-
tion or from a diastereoselective attack of the ylide on the
chiral substrate.[50]


Finally, one would expect faster ring closure and so re-
duced diastereoselectivity with even better leaving groups.
Indeed, Ruano observed a very significant difference be-
tween the outcome of the reactions of 4 and 24 with lactone
22 (compare Schemes 6 and 11).[46] Whereas, betaine equili-


bration can account for the formation of the thermodynami-
cally more stable exo isomer, as illustrated in Scheme 6, in
Scheme 11 the endo isomer predominates. Presumably in
the latter case, fast ring closure (better leaving group ability)
and slow betaine equilibration (the intermediate betaine is
more hindered) lead to a diastereoselectivity that reflects
the selectivity of the initial addition, which is influenced by
the nature of the ylide and the substituents on the electro-
phile. We believe that this is a more accurate explanation
for the observed selectivities than that reported.[46]


Generally, ylide-mediated cyclopropanation of acyclic
substrates can be expected to proceed with high diastereose-
lectivity because of free-bond rotation in the intermediate
betaine, which allows for ring closure to the more stable
trans diastereomer. The cyclic nature of the substrates dis-
cussed above renders such bond rotation impossible, so that
high diastereoselectivity can only be achieved either through
betaine equilibration or a diastereoselective initial attack of
the ylide upon the electrophile.


Conclusion


Stabilized sulfonium ylides react with cyclopentenone to
give the corresponding cyclopropane with high diastereose-
lectivity as a result of base or ylide-mediated equilibration
of the intermediate betaine. When using chiral sulfonium
ylides, betaine equilibration compromises enantioselectivity,
because whilst one diastereomer ring closes rapidly, the
other diastereomer undergoes epimerization at the ester
stereocenter ultimately leading to the opposite enantiomer
of the cyclopropane.


Scheme 8. Diastereoselectivity dependence on temperature.[3]


Scheme 9. Diastereoselective cyclopropanation of an a-substituted
enone.[47]


Scheme 10. Lactam cyclopropanation reactions: a),b) reference [48] and
c),d) reference [49].


Scheme 11. endo-Selective cyclopropanation.[46]
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Betaine equilibration can be inhibited by conducting the
reaction under base free conditions, and by employing hin-
dered ester substituents on the stabilized ylide. Under these
conditions, high enantioselectivity was achieved with ylide
19, albeit with low diastereoselectivity. Operating reactions
in high dilution and with elevated temperatures can also
result in a further reduction in the rate of betaine equilibra-
tion and thus enhance enantioselectivity. Conversely, if equi-
libration is desired (to provide high diastereoselectivity),
then the use of base (e.g., DBU) or an unhindered ylide, as
well as conducting the reaction at a high concentration and
a low temperature, is recommended.
The discovery of betaine equilibration has provided the


basis for an important model that successfully accounts for
the diastereoselectivity observed in all reported sulfonium
ylide mediated cyclopropanations to date.
We have established a simple test to determine if betaine


equilibration is occurring, as diastereoselectivity would then
depend on concentration. Increased dilution results in lower
diastereoselectivity, because the rates of ring closure (a un-
imolecular process) remain unchanged, but the rates of be-
taine equilibration (a bimolecular process) are reduced.
Clearly the model discussed may be applicable to other
ylides, and so this test could be applied to other ylide reac-
tions, for example, the elegant cyclopropanation reactions
employing ammonium ylides,[51] to determine the origin of
the stereocontrol observed.


Experimental Section


General : Reactions requiring anhydrous conditions were performed with
oven-dried glassware, under a nitrogen atmosphere. Reaction mixtures
were stirred magnetically. Anhydrous THF, dichloromethane, and tolu-
ene were obtained from a purification column composed of activated alu-
mina (A-2). Anhydrous 1,2-dichloroethane (1,2-DCE) was obtained from
Fluka. PE refers to the fraction of light petroleum ether boiling between
40 8C and 60 8C. Sulfide 6 was synthesized as previously reported.[36] All
chemicals were purchased from Aldrich.


IR spectra were recorded on a Perkin–Elmer Spectrum One FT-IR spec-
trometer, and only selected absorbencies (ñ) are reported. 1H NMR and
13C NMR spectra were recorded at 400 MHz and 101 MHz, respectively,
on a Jeol Delta GX/400 instrument. Chemical shifts are given relative to
TMS or the appropriate residual solvent peak. LRMS (m/z) were record-
ed on a Micromass Analytical Autospec spectrometer, with only molecu-
lar ions [M+] and major peaks being reported, and with intensities
quoted as percentages of the base peak. HRMS were recorded by using a
Bruker Daltronics ApexIV 7Tesla FT-ICR-MS. Elemental analyses were
carried out using a Perkin–Elmer 2400 CHN elemental analyzer. Chro-
matographic separation was achieved on silica gel (Merck Kieselgel 60,
230–400 mesh), and reactions were monitored by TLC analysis on alumi-
num-backed silica plates (60F254, 0.2 mm), which were visualized using
UV fluorescence (254 nm) and p-anisaldehyde/D. Melting points were de-
termined on a Kofler hot stage. Optical rotations were measured using a
Perkin–Elmer 241 MC polarimeter. [a]D values are given in
10�1 8mLmg�1. Diastereomeric ratios and enantiomeric excesses were de-
termined by chiral GC (Supelco 120, gamma dex; 20 mN0.25 mmN
0.25 mm). Cyclopropane stereochemistry has been assigned according to
the observed optical rotations of compound 5 and by analogy with the
stereochemical induction previously observed in ylide-mediated epoxida-
tion,[33–39] aziridination,[39–41] and cyclopropanation[41,42] reactions employ-
ing sulfide 6.


General procedure for metal-catalyzed cyclopropane synthesis : 2-Cyclo-
penten-1-one (1 equiv), Cu(acac)2 (5 mol%), and either tetrahydrothio-
phene or sulfide 6 (1 equiv) were stirred in anhydrous 1,2-DCE (0.5m)
and warmed to 60 8C. Ethyl diazoacetate in 1,2-DCE (1 equiv, 2m) was
then added over 24 h by means of a syringe pump and the reaction mix-
ture was stirred for a further hour. After cooling, water was added and
after shaking, the layers were separated. The aqueous layer was thrice ex-
tracted with dichloromethane, and the organics were combined, dried
over MgSO4, filtered, and concentrated in vacuo. Chromatography of the
residue (PE/EtOAc 4:1) gave the cyclopropanes.


Using sulfide 6 (0.38 g, 1.52 mmol)


(1S,5R,6S)-Ethyl-2-oxobicyclo[3.1.0]hexane-6-carboxylate (5): Isolated
yield: 100 mg, 40% (cubes); 81% ee ; Rf=0.35 (EtOAc/PE, 33:67); m.p.
56–58 8C (lit.[27] m.p. 63–65 8C, �99% ee); [a]23D=++47.3 (c=1.0 in metha-
nol) (lit.[29]= [a]23D=++64.3 (c=1.0 in methanol), 98% ee); 1H NMR
(400 MHz, CDCl3): d=1.27 (t, J=7.0 Hz, 3H; CH3), 2.00–2.17 (m, 4H),
2.20–2.30 (m, 2H), 2.51 (td, J=5.5, 3.5 Hz, 1H; CH2CH), 4.16 ppm (q,
J=7.0 Hz, 2H; CH2CH3);


13C NMR (101 MHz, CDCl3): d=14.2 (CH3),
22.5 (CH2CH), 26.5 (CHCO2), 29.2 (CH2CH), 31.9 (CH2CO), 35.8
(CHCO), 61.2 (OCH2), 170.4 (CO2), 211.5 ppm (C=O).


(1R,5S,6S)-Ethyl-2-oxobicyclo[3.1.0]hexane-6-carboxylate (9): Isolated
yield: 86 mg, 34% (colorless oil); 75% ee ; Rf=0.27 (EtOAc/PE 33:67);
[a]23D=++10.4 (c=1.0 in methanol); 1H NMR (400 MHz, CDCl3): d=1.28
(t, J=7.5 Hz, 3H; CH3), 2.01–2.10 (m, 1H), 2.20–2.48 (m, 6H), 4.16 ppm
(q, J=7.5 Hz, 2H; CH2CH3);


13C NMR (101 MHz, CDCl3): d=14.2
(CH3), 20.1 (CH2CH), 28.7 (CHCH2), 29.9 (CHCO2), 34.2 (CHCO), 37.9
(CH2CO), 61.2 (OCH2), 169.8 (CO2), 213.4 ppm (C=O).


General procedure for base-mediated cyclopropane synthesis from sulfo-
nium salts 10–14 : DBU (1 equiv) was added to a suspension of sulfonium
salt (1 equiv) in anhydrous toluene or dichloromethane (50 mm–0.5m) at
room temperature, and after 5 minutes 2-cyclopenten-1-one (1 equiv)
was added. The mixture was then stirred for a minimum of 18 h before
being quenched by the addition of aqueous hydrochloric acid (0.5m). The
phases were separated, the aqueous layer was thrice extracted with di-
chloromethane and the combined organic phases were washed with
brine, dried over MgSO4, filtered, and then concentrated in vacuo. Chro-
matography of the residue (PE/EtOAc 4:1) gave the cyclopropanes.


General procedure for cyclopropane synthesis with preformed ylides 8,
18, and 19 : 2-Cyclopenten-1-one (1 equiv) was added to the preformed
ylide (1 equiv) in anhydrous toluene or dichloromethane (50 mm–4m), at
room temperature. The mixture was stirred for a minimum of 18 h before
concentration in vacuo. Chromatography of the residue (PE/EtOAc 4:1)
gave the cyclopropanes.


Using ylide 19 in toluene (1.14 g, 0.2m), 18 h


(1S,5R,6S)-tert-Butyl-2-oxobicyclo[3.1.0]hexane-6-carboxylate (20): Iso-
lated yield: 0.29 g, 49% (needles); 95% ee ; Rf=0.43 (EtOAc/PE 33:67);
m.p. 68–69 8C (PE); [a]25D=++29.6 (c=1.0 in methanol); 1H NMR
(400 MHz, CDCl3): d=1.45 (s, 9H; CH3), 1.94 (t, J=2.5 Hz, 1H;
CHCO2), 2.02–2.26 (m, 5H), 2.45 ppm (td, J=5.5, 3.5 Hz, 1H; CHCH2);
13C NMR (101 MHz, CDCl3): d=22.4 (CH2CH), 27.5 (CHCO2), 28.0
(CH3), 28.8 (CH2CH), 31.9 (CH2CO), 35.5 (CHCO), 81.4 (quat C), 169.3
(CO2), 211.7 ppm (C=O); IR (neat): ñ=2977, 1732 (C=O), 1701 (C=O),
1147 cm�1; MS (CI): m/z (%): 197 [M+H]+ (25), 141 [M�C4H7]+ (100);
elemental analysis calcd (%) for C11H16O3: C 67.32, H 8.22; found: C
67.26, H 8.06.


(1R,5S,6S)-tert-Butyl-2-oxobicyclo[3.1.0]hexane-6-carboxylate (21): Iso-
lated yield: 0.17 g, 26% (needles); 82% ee ; Rf=0.37 (EtOAc/PE 33:67);
m.p. 55–57 8C (PE); [a]25D=++19.0 (c=1.0 in methanol); 1H NMR
(400 MHz, CDCl3): d=1.46 (s, 9H; CH3), 2.03–2.07 (m, 1H), 2.13–
2.42 ppm (m, 6H); 13C NMR (101 MHz, CDCl3): d=20.0 (CH2CH), 28.1
(CH3), 29.5 (CH2CH), 29.9 (CHCO2), 33.9 (CHCO), 37.8 (CH2CO), 81.7
(quat C), 168.8 (CO2), 213.3 ppm (CO); IR (neat): ñ=2942, 1714 (C=O),
1399, 1142 cm�1; MS (CI): m/z (%): 197 [M+H]+ (15), 141 [M�C4H7]+
(100); elemental analysis calcd (%) for C11H16O3: C 67.32, H 8.22; found:
C 67.22, H 8.12.


General procedure for the formation of salts 10, 11, and 12 : Dimethyl
sulfide or tetrahydrothiophene (1 equiv), and ethyl bromoacetate or tert-
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butyl bromoacetate (0.9 equiv) were stirred in acetone (2.8m) at room
temperature for 18 h. The resultant precipitate was then collected by fil-
tration, washed with acetone, and dried in vacuo to give the sulfonium
salts.[43]


Ethyl (dimethylsulfonio)acetate bromide (10): Isolated yield: 14.0 g, 75%
(cubes); Rf=0.24 (dichloromethane/MeOH 95:5); 1H NMR (400 MHz,
CDCl3): d=1.33 (t, J=7.0 Hz, 3H; CH2CH3), 3.51 (s, 6H; SCH3), 4.29
(q, J=7.0 Hz, 2H; CH2CH3), 5.28 ppm (s, 2H; SCH2CO);


13C NMR
(101 MHz, (D3C)2SO): d=14.4 (CH2CH3), 25.4 (SCH3), 45.0 (SCH2), 63.3
(OCH2), 165.2 ppm (C=O).


Ethyl (tetrahydrothiophenio)acetate bromide (11): Isolated yield: 13.8 g,
64% (needles); Rf=0.25 (dichloromethane/MeOH 95:5); m.p. 127–
128 8C (decomp, acetone); 1H NMR (400 MHz, CDCl3): d=1.32 (t, J=
7.0 Hz, 3H; CH2CH3), 2.45–2.57 (m, 4H; 4S(CH2CH2)2), 3.82–3.93 (m,
2H; 2S(CHHCH2)2), 3.98–4.12 (m, 2H; 2S(CHHCH2)2), 4.30 (q, J=
7.0 Hz, 2H; CH2CH3), 5.08 ppm (s, 2H; SCH2CO);


13C NMR (101 MHz,
(D3C)2SO): d=14.4 (CH2CH3), 28.8 (S(CH2CH2)2), 44.6 (S(CH2CH2)2),
54.3 (SCH2CO), 63.2 (OCH2), 166.0 ppm (C=O); IR (neat): ñ=2900,
1716 (C=O), 1313, 1192 cm�1; MS (FAB): m/z (%): 175 [M�Br]+, (100);
elemental analysis calcd (%) for C8H15BrO2S: C 37.66, H 5.93; found: C
37.62, H 5.92.


tert-Butyl (tetrahydrothiophenio)acetate bromide (12): Isolated yield:
18.7 g, 85% (cubes); Rf=0.25 (dichloromethane/MeOH 95:5); m.p. 130–
133 8C (decomp, acetone); 1H NMR (400 MHz, CDCl3): d=1.48 (s, 9H;
CH3), 2.47–2.55 (m, 4H; 4S(CH2CH2)2), 3.81–3.90 (m, 2H; 2S-
(CHHCH2)2), 3.90–4.12 (m, 2H; 2S(CHHCH2)2), 4.93 ppm (s, 2H;
SCH2CO);


13C NMR (101 MHz, (D3C)2SO): d=28.2 (CH3), 28.9 (S-
(CH2CH2)2), 43.3 (S(CH2CH2)2), 44.9 (SCH2CO), 84.8 (quat C),
164.9 ppm (C=O); IR (neat): ñ=2902, 1712 (C=O), 1142 cm�1; MS
(FAB): m/z (%): 203 [M�Br]+ (70), 147 [M�C4H8Br]+ (100); elemental
analysis calcd (%) for C10H19BrO2S: C 42.41, H 6.76; found: C 42.52, H
7.02.


Formation of salts 13 and 14 :


(1R,3R,4S)-2-Ethylcarboxymethyl-3-
[(1R,4S)-7,7-dimethyl-2-oxobicyclo-
[2.2.1]hept-1-yl]-2-thioniabicyclo-
[2.2.1]heptane tetrafluoroborate (13):
A solution of NaBF4 (1.57 g,
140 mmol) in water (2.5 mL) was
added to a solution of sulfide 6 (0.50 g,
20.0 mmol) and ethyl bromoacetate


(1.60 mL, 140 mmol) in dichloromethane (0.65 mL), and the mixture was
stirred vigorously at room temperature for 48 h. After this time, water
(10 mL) and dichloromethane (10 mL) were added. The resulting layers
were then separated, and the aqueous layer extracted with dichlorome-
thane (2N10 mL). The organic layers were combined, dried over MgSO4,
filtered, and concentrated in vacuo. The residues were redissolved di-
chloromethane (0.2 mL) and Et2O (10 mL) was added. The resultant pre-
cipitate was collected and dried in vacuo to give the sulfonium salt 13 as
fine plates (0.72 g, 85%); Rf=0.22 (dichloromethane/MeOH 95:5); m.p.
151–153 8C (Et2O); [a]


25
D=++67.8 (c=1.0 in CHCl3);


1H NMR (400 MHz,
(D3C)2CO): d=1.17 (s, 3H; C


16H3), 1.19 (s, 3H; C
16H3), 1.26 (t, J=


7.0 Hz, 3H; CH2CH3), 1.49 (ddd, J=12.0, 9.5, 4.0 Hz, 1H; CHH), 1.62–
1.70 (m, 1H), 1.74–1.89 (m, 2H), 2.03 (d, J=18.5 Hz, 1H; C2HH) 2.03–
2.12 (m, 1H), 2.17–2.32 (m, 4H), 2.35 (dt, J=13.0, 2.0 Hz, 1H; C12HH),
2.55 (d, J=13.0 Hz, 1H; C12HH), 2.68 (ddd, J=18.5, 4.5, 3.0 Hz, 1H;
C2HH), 3.30 (br s, 1H; C8H), 4.24 + 4.26 (qAB, J=11.0, 7.0 Hz, 2H;
OCH2CH3), 4.38 (br s, 1H; C


7H), 4.39 (d, J=17.0 Hz, 1H; SCHH), 4.55
(d, J=17.0 Hz, 1H; SCHH), 4.64 ppm (d, J=5.0 Hz, 1H; C11H);
13C NMR (101 MHz, (D3C)2CO): 9.9 (CH3), 15.2 (CH3), 17.7 (CH3), 20.6
(CH2), 22.8 (CH2), 23.0 (CH2), 29.8 (CH2) 37.4 (CH2), 39.7 (CH), 40.1
(CH2), 41.6(CH), 42.1(CH2), 46.3 (quat C), 56.6 (CH), 59.5 (OCH2), 63.7
(CH), 161.2 (CO2), 211.7 ppm (C=O); IR (neat): ñ=2906, 1733 (C=O),
1321, 1066, 1015 cm�1; MS (ESI): m/z (%): 337 [M�BF4]+ (30), 217
(100); elemental analysis calcd (%) for C19H29BF4O3S: C 53.78, H 6.89;
found: C 53.95, H 6.80.


(1R,3R,4S)-2-tert-Butylcarboxymethyl-3-[(1R,4S)-7,7-dimethyl-2-
oxobicyclo[2.2.1]hept-1-yl]-2-thioniabicyclo[2.2.1]heptane tetrafluorobo-
rate (14): A solution of NaBF4 (3.20 g, 280 mmol) in water (5 mL) was
added to a solution of sulfide 6 (1.06 g, 42.4 mmol) and tert-butyl bro-
moacetate (4.07 mL, 280 mmol) in dichloromethane (0.4 mL), and the
mixture was stirred vigorously at room temperature for 120 h. After this
time, water (20 mL) and dichloromethane (20 mL) were added. The re-
sulting layers were then separated, and the aqueous layer extracted with
dichloromethane (2N10 mL). The organic layers were combined, dried
over MgSO4, filtered, and concentrated in vacuo. The residues were re-
dissolved in dichloromethane (5 mL) and added dropwise to rapidly stir-
red PE (400 mL). After 18 h the resultant precipitate was collected by fil-
tration and dried in vacuo to give the sulfonium salt 14 as an amorphous
white powder (1.79 g, 93%); Rf=0.23 (dichloromethane/MeOH 95:5);
m.p. 102–103 8C (Et2O); [a]


25
D=++53.1 (c=1.0 in CHCl3);


1H NMR
(400 MHz, (D3C)2CO): d=1.17 (s, 3H; C


16H3), 1.18 (s, 3H; C
16H3), 1.47


(s, 9H; C(CH3)3), 1.63–1.88 (m, 3H), 2.00–2.35 (m, 8H), 2.53 (d, J=
12.5 Hz, 1H; C12HH), 2.67 (ddd, J=19.0, 5.0, 3.0 Hz, 1H; C2HH), 3.29
(br s, 1H; C8H), 4.33 (d, J=17.0 Hz, 1H; SCHH), 4.35 (s, 1H; C7H), 4.50
(d, J=17.0 Hz, 1H; SCHH), 4.61 ppm (d, J=5.0 Hz, 1H; C11H);
13C NMR (101 MHz, (D3C)2CO): d=18.7 (CH3), 21.2 (CH3), 24.1 (CH2),
26.3 (CH2), 26.6 (CH2), 27.2 (C(CH3)3), 33.4 (CH2) 41.0 (CH2), 43.2
(CH), 43.6 (CH2), 45.2 (CH), 46.6 (CH2), 49.8 (quat C), 60.2 (CH), 68.3
(CH), 84.9 (C(CH3)3), 163.4 (CO2), 214.3 ppm (C=O). IR (neat): ñ=
2967, 1734 (C=O), 1042, 1025 cm�1; MS (FAB): m/z (%): 365 [M�BF4]+
(100), 309 [M�C4H8BF4]+ (18); elemental analysis calcd (%) for
C21H33BF4O3S: C 55.76, H 7.35; found: C 55.74, H 7.33.


General procedure for preforming ylides 8, 18, and 19 : A saturated aque-
ous solution of K2CO3 (0.6 mL per mmol of sulfonium salt), followed by
an aqueous NaOH solution (50% w/w, 40 mL per mmol of sulfonium
salt) was added to a solution of the sulfonium salt in dichloromethane
(0.6m) at 0 8C. The mixture was stirred for 10 minutes before being
warmed to room temperature and stirred for a further 20 minutes. The
phases were then separated, and the aqueous layer was thrice extracted
with dichloromethane. The combined organic layers were dried over
oven-dried K2CO3, filtered, and concentrated in vacuo to give the
ylide.[43]


The two geometric isomers of these ylides (which are best represented by
enolate structures) are in equilibrium, and this causes the 1H NMR spec-
troscopic signals observed at room temperature to be broadened.[52]


Ethyl (tetrahydrothiophenylidene)acetate (8): Isolated yield: 3.40 g, 99%
(white crystalline solid); Rf=0.25 (dichloromethane/MeOH 95:5); m.p.
58–59 8C (dichloromethane); 1H NMR (400 MHz, CDCl3): d=1.23 (t, J=
7.0 Hz, 3H; CH2CH3), 1.66–1.79 (m, 2H; 2S(CH2CHH)2), 2.08–2.16 (m,
2H; 2S(CH2CHH)2), 2.76 (m, 2H; 2S(CHHCH2)2), 3.04 (br s, 1H;
SCHCO), 3.68 (br t, 2H, J=11.5 Hz, 2S(CHHCH2)2), 4.04 ppm (q, J=
7.0 Hz, 2H; CH2CH3);


13C NMR (101 MHz, CDCl3): d=15.0 (CH3), 24.5
(S(CH2CH2)2), 32.9 (SCHCO), 42.1 (S(CH2CH2)2), 57.9 (OCH2),
170.4 ppm (C=O); IR (neat): ñ=2925, 1606 (C=C), 1437, 1108 cm�1;
HRMS: m/z : calcd for C8H14O2S: 175.0793 [M+H]+ ; found: 175.0787.


tert-Butyl (tetrahydrothiophenylidene)acetate (18): Isolated yield: 5.6 g,
98% (off-white crystalline solid); Rf=0.25 (dichloromethane/MeOH
95:5); m.p. 38 8C (dichloromethane); 1H NMR (400 MHz, CDCl3): d=
1.44 (br s, 9H; CH3), 1.84–1.93 (m, 2H; 2S(CH2CHH)2), 2.44–2.47 (m,
2H; 2S(CH2CHH)2), 2.92 (br s, 1H; SCHCO), 3.01–3.06 (m, 2H; 2S-
(CHHCH2)2), 3.14–3.19 ppm (m, 2H; 2S(CHHCH2)2);


13C NMR
(101 MHz, CDCl3): d=27.6 (S(CH2CH2)2), 29.1 (CH3), 35.2 (SCHCO),
45.6 (S(CH2CH2)2), 77.4 (quat C), 170.2 ppm (C=O); IR (neat): ñ=2973,
1712, 1613 (C=C), 1332, 1120 cm�1; HRMS: m/z : calcd for C10H18O2S:
203.1106 [M+H]+ ; found: 203.1097.


(1R,3R,4S)-2-tert-Butylcarboxymethyl-3-[(1R,4S)-7,7-dimethyl-2-oxobi-
cyclo[2.2.1]hept-1-yl]-2-thiabicyclo[2.2.1]hept-2-ylidene acetate (19): Iso-
lated yield 1.77 g, 99% (amorphous white powder); Rf=0.23 (dichloro-
methane/MeOH 95:5); m.p. 113–114 8C (dichloromethane); [a]23D=++0.07
(c=1.0 in CHCl3);


1H NMR (400 MHz, CDCl3): d=1.04 (br s, 3H;
C16H3), 1.13 (br s, 3H; C


16H3), 1.43 (br s, 9H; C(CH3)3), 1.79–2.22 (m,
12H), 2.47 (dt, J=18.5, 3.5 Hz, 1H; C2HH), 2.98 (br s, 1H; C8H), 3.08
(br s, 1H; C13H), 3.16 (d, J=5.0 Hz, 1H; C7H), 3.27 ppm (br s, 1H;
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C11H); 13C NMR (101 MHz, CDCl3): d=20.2 (CH3), 21.2 (CH3), 24.2
(CH2), 25.6 (CH2), 37.4 (CH2), 29.0 (CH2), 29.2 (C(CH3)3), 39.9 (CH2),
40.2 (CH), 43.6 (CH), 43.8 (CH2) , 44.9 (CH), 49.5 (quat C), 60.0 (CH),
61.0 (C(CH3)3), 74.6 (CH), 169.7 (CO2), 214.7 ppm (C=O); IR (neat): ñ=
2967, 1736 (C=O), 1607 (C=C), 1333, 1111 cm�1; HRMS: m/z : calcd for
C21H32O3S: 365.2145 [M+H]+ ; found: 364.2142.
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Molecular Junctions Composed of Oligothiophene Dithiol-Bridged Gold
Nanoparticles Exhibiting Photoresponsive Properties


Wei Huang,*[a, b] Gou Masuda,[c] Seisuke Maeda,[c] Hirofumi Tanaka,[a, d] and
Takuji Ogawa*[a, d]


Introduction


Molecular electronics is a fairly new and fascinating area of
research that is firing the imagination of scientists as few re-
search topics have in the past, and significant advances have
been made during the last a few years in various applica-
tions of nanotechnology.[1–3] In general, it involves the search


for single molecules or small groups of molecules that can
be used as the fundamental units or self-contained electronic
devices, that is, wires, switches, and memory and gain ele-
ments. The goal is to use these molecules, designed from the
bottom-up to have specific properties and behaviors, instead
of present solid-state electronic devices that are constructed
by lithographic technologies from the top-down.[4] In recent


Abstract: Three oligothiophene dithiols
with different numbers of thiophene
rings (3, 6 or 9) have been synthesized
and characterized. The X-ray single
crystal structures of terthiophene 2 and
sexithiophene 5 are reported herein to
show the exact molecular lengths, and
to explain the difference between their
UV-visible spectra arising from the dif-
ferent packing modes. These dithiols
with different chain lengths were then
treated with 2-dodecanethiol-protected
active gold nanoparticles (Au-NPs) by
means of in situ thiol-to-thiol ligand ex-
change in the presence of 1mm gap Au
electrodes. Thus the molecular junc-
tions composed of self-assembled films
were prepared, in which oligothio-


phene dithiol-bridged Au-NPs were at-
tached to two electrodes by means of
Au�S bonded contacts. The morpholo-
gies and current–voltage (I–V) charac-
teristics of these films were studied by
SEM and AFM approaches, which sug-
gested that the thickness of the films
(3–4 layers) varied within the size of
one isolated Au-NP and typical dis-
tance-dependent semiconductor prop-
erties could be observed. Temperature
dependent I–V measurements for these
molecular junctions were performed in


which the films served as active ele-
ments in the temperature range 6–
300 K; classical Arrhenius plots and
subsequent linear fits were carried out
to give the activation energies (DE) of
devices. Furthermore, preliminary stud-
ies on the photoresponsive properties
of these devices were explored at 80,
160, and 300 K, respectively. Physical
and photochemical mechanisms were
used to explain the possible photocur-
rent generation processes. To the best
of our knowledge, this is the first
report in which oligothiophene dithiols
act as bridging units to link Au-NPs,
and also the first report about function-
alized Au-NPs exhibiting photores-
ponse properties in the solid state.
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years, several research groups have reported the measure-
ments of the current–voltage (I–V) characteristics of self-as-
sembled monolayers (SAMs) of conjugated polymers,[5–7] as
they have potential applications in semiconductor nanotech-
nology. In view of the intrinsic difficulties and fragility dem-
onstrated by single-molecular or SAM junctions, well-de-
fined self-assembled thin films formed between micro-gap
Au electrodes, in the presence of Au-NPs, are reported
herein. The resultant films exhibit good and reproducible I–
V curves; hence, it is possible for us to discuss the possible
conduction mechanism on the nanometer scale, which is still
a poorly understood field.[8]


It is known that thiol groups can be chemisorbed onto
gold surfaces strongly and that they can be used as a pro-
tected species to synthesize functionalized, ligand-stabilized
Au-NPs. Brust et al[9] developed a general approach for the
preparation of thiol-protected Au-NPs with a narrow size
distribution; this method is based on the reduction of
AuCl4


� in toluene with an aqueous NaBH4 solution in the
presence of certain phase-transfer catalysts. More important-
ly, it is also possible for terminal dithiols to replace the pro-
tecting thiol groups through thiol-to-thiol ligand-exchange
reactions. If gold electrodes are used, thiol groups can be
further absorbed chemically to form molecular junctions. As
a result, a variety of electro-optical devices can be fabricat-
ed successfully in this way. In previous work, we showed
that stable arrays of 1,10-decanedithiol-bridged Au-NPs
could be easily obtained between a pair of Au-electrodes.[10]


This material demonstrated semiconductor-like properties
with characteristic sigmoidal-shaped I–V curves and a linear
log(I) versus 1/T relationship when attached to gold micro-
electrodes, in contrast with the bulk material which showed
ohmic behavior.
For a given metal/dielectric-film/metal system, certain


conduction mechanisms may dominate in certain voltage
and temperature regimes. So it is interesting to study their
electronic correlation of voltage and temperature. We have
recently reported the I–V characteristics of molecular nano-
devices in which a polymer of an RuII complex bearing the
3,8-bis[terthiophenyl-(1,10-phenanthroline)] ligand was elec-
trodeposited as functionalized molecular wires between
nanogap (~15 nm) electrodes.[11] Our strategy here is first to
prepare monothiol-potected active Au-NPs, in which the
monothiol (2-dodecanethiol) serves as a surfactant capping
molecule (the average size of them in our case is 3.3�
1.0 nm), and then use a thiol-to-thiol exchange reaction to
replace the monothiol with different dithiols, and finally
bridge a micro-gap source and drain electrodes by means of
a self-assembly method. Accordingly, metal–film–metal
junctions can be produced on the molecular level composed
of dithiol-bridged Au-NPs. Polythiophenes and oligothio-
phenes have been widely studied as conducting polymers
when doped, because they contain extensive conjugated p-
electron systems and they are much more stable than poly-
acetylene films toward oxidative degradation.[12] However,
they have not been involved in the research of self-assembly
with Au-NPs to fabricate nanodevices. In this paper, we


report the syntheses and characterization of three thiocya-
no-terminated oligothiophene precursors and their respec-
tive dithiols; the subsequent self-assembly with Au-NPs for
fabricating molecular junctions (Figure 1), with characteriza-
tion of the formed films by SEM and AFM methods; and
the I–V characteristics and photoresponse properties of the
fillms.


Results and Discussion


Synthesis : Oligothiophenes with different lengths capped by
thiocyano groups were obtained after a multistep synthesis
(Scheme 1). Different molar ratios of N-bromosuccinimide
(NBS) and 3’,4’-dibutyl-2,2’:5’,2’’-terthiophene were used to
synthesize the mono- and dibromination products 3 and 6,
respectively. Compound 2 was obtained by a Ni-catalyzed
cross-coupling to 2,5-dibromo-3,4-dibutylthiophene and sub-
sequent reaction with Br2 and KSCN to give the thiocyano
derivative, while compound 5 was yielded by the similar way
except that terthiophene 3 was used in the coupling reac-
tion. Compound 8 was prepared by Ni-catalyzed cross-cou-
pling of terthiophene 6 with the appropriate Grignard re-
agent and subsequent thiocyanation. Three oligothiophenes
end-capped by thiocyanate (9, 10, and 11) were used to fab-
ricate devices immediately after they were reduced by
LiAlH4 in dry THF from their respective thiocyano precur-
sors (2, 5, and 8), because they were readily oxidized when
exposed to air. All steps gave moderate to high yields
making the strategy convenient for the preparation of these
functionalized oligothiophene derivatives. Except for the el-
emental analyses of unstable dithiols, NMR spectroscopy,
mass spectrometry, and elemental analyses of the com-
pounds were performed and are consistent with the struc-
tures shown in Scheme 1. In addition, 2 and 5 were further
characterized by X-ray single-crystal diffraction.
To obtain good films, all the dithiols, the Au-NPs with


narrow size distribution, and the gold electrodes were fresh-
ly prepared before use. Successful preparation of black self-
assembled films (which were insoluble in chloroform and


Figure 1. Schematic diagram of a self-assembled film consisting of dithiol-
bridged active Au-NPs between 1 mm gap Au electrodes with photores-
ponse properties.
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could be easily checked by the optical microscope and
SEM) by means of thiol-to-thiol exchange reactions was
verified according to the conductance between the Au-elec-
trodes, since the contrast experiments showed that neither
2-dodecanethiol-protected Au-NPs nor dithiols only can
generate current between the micro-gap electrodes. Further-
more, the presence, thickness, and I–V characteristics of the
films were also characterized by AFM topographs.


Structural description of terthiophene 2 and sexithiophene
5 : Drawings of the molecular structures with the atom-num-
bering schemes for 2 and 5 are illustrated in Figure 2. From
X-ray single-crystal diffraction study, compound 2 crystal-
lizes in the monoclinic chiral space group Cc and has two
crystallographically unique molecules in each unit cell.
Three thiophene rings adopt a trans conformation, but they
are not coplanar. The bite angles between the side rings and


Scheme 1. Synthetic route for compounds 2, 5 and 8.
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the middle ring for each molecule are 14.7 and 21.98 and
16.0 and 20.18, respectively. n Butyl aliphatic chains bonded
to the middle thiophene rings are fully extended, also adopt-
ing the trans conformation to minimize the steric crowding.
However, two terminal linear thiocyanate groups are found
to be in a cis conformation with respect to the molecular
plane. The crystal packing of compound 2 is shown in
Figure 3.
Analysis of the single-crystal structure of 5 indicates that


it crystallizes in a monoclinic system of centrosymmetric


space group P21/c and each asymmetric unit contains half of
the crystallographically unique molecule. Six thiophene
rings adopt a zigzag chain so that two groups of n-butyl side
chains bound to their respective thiophene rings can be fully
extended, adopting a trans conformation to minimize the
spatial repulsion. In contrast to compound 2, two essentially
linear thiocyanate radicals (S1-C1-N1=177.9(7)8) adopt a
tran conformation with respect to the molecular plane. The
middle two thiophene rings are parallel with each other, but
the other thiophene rings are a little twisted because of the
presence of alkyl groups. The dihedral angles between the
n-butyl-substituted thiophene rings and the adjacent rings
are 21.78 (terminal) and 29.98 (middle). It should be men-
tioned that in each moiety all three sulfur atoms point in the
same direction with short S···S separations (S2···S3,
3.106(2) K and S3···S4, 3.167(2) K) in contrast to a conven-
tional all-anti conformation, such as that in compound 2
with a shorter chain. The presence of the long-chain struc-
ture and n-butyl groups is believed to contribute significant-
ly to this array.
An offset layer packing structure is constructed in the


crystal packing of 5 in which strong p–p stacking interac-
tions between adjacent thiophene rings are observed. As
shown in Figure 4 (top), a shift of about one thiophene ring
is found among vicinal molecules forming the offset layer


Figure 2. Ball-and-stick views of the molecular structures of 2 (top) and 5
(bottom) with the atom-numbering scheme.


Figure 3. Perspective view of the packing structure of 2 with the unit cell ;
hydrogen atoms are omitted for clarity.


Figure 4. Perspective views of the layer packing structure of 5 parallel
(top) and perpendicular (bottom) to the molecular plane together with
the unit cell ; hydrogen atoms are left out for clarity.
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packing. Adjacent middle thiophene rings are parallel with
the separation of 3.48 K, indicative of strong p stacking.
Moreover, each terminal thiophene ring bound to the thio-
cyano groups is found to interact with one neighboring ter-
minal thiophene ring through the offset p–p stacking with
the shortest contact of 3.64 K. In addition, a weak S···S con-
tact between SCN and middle thiophene sulfur atoms (S1�
S4A (1�x, 1�y, �z), 3.418(2) K) is observed between adja-
cent molecules, further stabilizing the structure (Figure 4
bottom). In contrast to 5, no p–p stacking interaction can be
observed in 2 because of the existence of strong spatial hin-
drance of n-butyl and thiocyano groups for short chain, as
shown in Figure 3. Moreover, neither inter- nor intramolecu-
lar hydrogen-bonding interactions are observed in either
structure.
To date, there have been several structural reports on oli-


gothiophenes with different numbers of thiophene rings and
different substituted groups such as 3’,3’’’’,4’,4’’’’-tetrabutyl-
sexithione, 3’,4’-dibutyl-5’5’’-diphenyl-2,2’:5’,2’’-terthiophene,
4’’,3’’’-dimethyl-
2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’-
sexithiophene, and a,w-dicya-
nooligothiophenes NC-
(C4H2S)nCN (n=3–6).[13] Our
motivation is to prepare oligo-
thiophenes capped at the ends
by dithiol groups that can then
bridge Au-NPs. Here thiocyano
groups are very stable and can
be easily transformed to thiol
groups through reduction by
LiAlH4. Since it is also the first
time for us to introduce termi-
nal thiocyano groups to oligo-
thiophenes, we determined the
crystal structures of the repre-
sentative compounds 2 and 5.
From their single-crystal struc-
tures, we know that the distance
between the terminal sulfur
atoms is 1.36 nm in 2, and this
separation for 5 is 2.16 nm. Furthermore, we can predict the
length of 8 is approximately 3.16 nm, which can be estimat-
ed by its optimal configuration with the help of quantum
chemical calculations. These data will help us to understand
their electronic behaviors better and possible mechanism of
electronic conduction.


Electronic spectra : The UV-visible spectra of 2, 5, and 8 in
chloroform and in the solid state were measured and the
maximum absorptions were analogous to those reported oli-
gothiophenes.[14] Bathochromic shifts were observed for
both of them because this p–p* transition of thiophene rings
is known to be shifted to lower energies when the number
of thiophene rings is increased.[15,12a] In comparison with the
absorptions in solution, lower energy absorptions and larger
red shifts were observed for the crystalline solids, which is a


reflection of their solid structures. As mentioned above,
compound 5 has much better conjugated p system than 2
and stronger p–p stacking interactions are present between
molecules in its packing structure. Consequently, from 2 to
5, red shifts of 86 and 58 nm in solid and in solution were re-
corded, respectively. In comparison with 5, compound 8 has
only a slightly better delocalized p system; hence red shifts
of only 7 and 14 nm in solid and in solution were obtained
on going from 5 to 8, respectively. In this case, the influence
of changing the terminal group from SCN to SH is not so
evident compared with the main structure, thus similar elec-
tronic spectra were recorded with red shifts of 49 and 5 nm
on going from 9 to 10 and from 10 to 11, respectively (see
Supporting Information).


Characterization of the self-assembled films : SEM and
AFM studies provide further insight into the morphologies
of these self-assembled films between the 1 mm gap Au-elec-
trodes. Figure 5 shows SEM images of the molecular junc-


tion 14 on the electrodes, in which the self-assembled film
covers a wide region around the Au electrode pair. These
images clearly manifest the formation of the self-assembled
film between the micro-gap Au-electrodes. AFM determina-
tions on the same film uncover the detailed information on
the aggregation of the particles, thickness of the film, and
distance-dependent I–V behavior between the micro-gap
Au-electrodes. Figure 6 (top left) is the tapping mode AFM
(TM-AFM) morphology of the area A (1M1 mm2) marked in
Figure 5 (left), over which the height of film varies only
within 10 nm. In view of the average size of Au-NPs (3.3�
1.0 nm) and the molecular length of dithiol 11 (3.16 nm) in
this case, the size of one isolated gold nanoparticle can
reach 10 nm; this value is in agreement with the height var-
iation observed in the AFM images. Similar morphologies
can be observed from the AFM images for the films of 12


Figure 5. SEM images of the self-assembled film of 14 on the 1M1 mm2 micro-gap gold electrodes with different
magnifications.
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and 13, which mean all the self-assembled films prepared in
this paper can cover a large zone including the micro-gap
Au-electrodes with uniform morphologies.
The presence of the cracks in the film makes the thickness


determination possible. TM-AFM images corresponding to
the areas C, D, and E (marked in Figure 5 left) in the 1–
3 mm2 range exhibit similar thickness distributions of the
films at 18–24 nm, at which 3–4 layers dithiol bridged Au-
NPs are supposed to be present (images of areas B, D, and
E are included in Supporting Information). Conductive
mode AFM (CM-AFM) scanning gives the distance-depen-
dent I–V characteristics of the film, for which one Au-elec-
trode (the left one in Figure 6 bottom) is connected to the
brass substrate by means of a gold wire and a conductive
cantilever serves as the other electrode. The plots of average
current at different regions marked as A, B, and C within
the pair of micro-gap electrodes versus applied bias voltage
give three symmetric I–V curves in the voltage range �3–
3 V. As shown in Figure 6 (bottom), the current is of the
order of nanoamperes, but decreases when the distances be-
tween two working electrodes increases; these results pro-
vide evidence for the semiconductor properties for this film.
All the above-mentioned results prompted us to explore fur-
ther the electronic characteristics of these devices.


Current–voltage characteristics
of self-assembled films for 12,
13, and 14 : The devices pre-
pared in this paper are very
stable in air, although oligothio-
phenes end-capped by thiols
are easily oxidized, and they
remain unchanged over a large
range of voltage under repeated
cycling (�16 to +16 V). In our
experiment, the I–V curves
(measured current versus volt-
age) were recorded from �4 to
4 V with 0.05 V intervals by
using a cyclic scanning method.
All the I–V curves are almost
linear in this range. If a higher
concentration is employed (pre-
pared from 0.5 molL�1 solu-
tions), a thicker film containing
more gold atoms and bridging
dithiols is formed. As a result,
higher values of current could
be recorded. However, the tun-
neling current could also be ob-
served at low temperature in
this case.
The I–V curves of one typical


junction of 12 are shown in
Figure 7 (top left); they are
linear over a wide range of tem-
perature (6–300 K). The maxi-


mal current at �4 V and 300 K reaches 475 nA. As seen in
Figure 7 (top right), the Arrhenius plots (ln(T) versus 1/T)
can be used to characterize the I–V behaviors of this device,
from which two types of mechanisms can be found. At low
temperature (6–40 K), the currents are temperature inde-
pendent, since in this range the conductance is governed by
only the tunneling between Au-NPs in 1M1 mm2 region.
From 40 to 160 K, the tunneling current and the thermal ex-
citation current (thermally excited electrons hop from one
isolated state to the next, the conductance of which depends
strongly on the temperature) co-dominate the I–V behavior,
since they are comparable during this stage (Figure 7
bottom left). However, when the temperature increases
from 160 to 300 K, thermal excitation dominates the con-
duction behavior. Linear fits for linear parts of eight curves
(160–300 K) at different voltages (0.5–4.0 V) give mean
value of the activation energy DE=0.0073 eV for 12
(Figure 7 bottom right). Similar I–V characteristics were ob-
served for the thick molecular junctions of 13 and 14, and
mean values of the activation barriers for hopping DE=


0.016 eV for 13 and DE=0.041 eV for 14, respectively, were
obtained by using the same method.
For the thin films (prepared from 0.1 molL�1 solutions),


almost no current (less than 1M10�13 A) was recorded at low
temperature (<40 K). Nevertheless, stable I–V curves are


Figure 6. Top: TM-AFM topographies of the self-assembled film of 14 on the micro-gap gold electrodes; A
and B correspond to the areas marked in Figure 5 (left). Bottom: C) topographic image of the electrode, and
D) I–V curves with different separations between cantilever and brass substrate by using CM-AFM.
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obtained when the temperature exceeds 60 K. As seen in
Figure 8 (top), the I–V curves of thin film 13 in the tempera-
ture range 60–300 K with 20 8C intervals show smooth and
reproducible, linear temperature-dependent characteristics
for this device. Figure 8 (middle) shows the experimental
points of currents at different voltages ranging from 0.5 to
4 V at 0.5 V intervals, from which one can see the current in-
creases significantly to approximately 20 nA when the tem-
perature increases to 300 K. As illustrated in Figure 8
(bottom), the Arrhenius plots at different voltages (0.5–
4.0 V) exhibit good linearity in the temperature range 60–
300 K, which mean the semiconductor characteristics of this
molecular junction are governed by thermal conduction
mechanism. Subsequent linear fits for eight curves give the
mean value of activation energy DE=0.050 eV.
Different from bulk materials in which the electronic con-


duction is dominated by intermolecular or interdomain in-
teractions, the predominant mechanism of electronic con-
duction for the individual molecules is tunneling when the
Fermi level of the electrode does not match with the molec-
ular orbital levels at which a contact barrier is formed.[16]


The most prevalent theories for metal–molecule systems are
thermionic emission, direct tunneling, and defect-mediated


transport, such as hopping.[3] Selzer et al. have newly report-
ed the quantitative comparison of two types of junctions
with the same molecule; one based on an isolated individual
molecule and the other on a SAM.[17] In their SAM junction
with ~100 meV activation energy at 0.1 V, two possible elec-
tron-transport mechanisms of heat dissipation were pro-
posed: 1) local heating is attributed to electrons or holes dis-
sipating energy as they fall down the potential slope when
traversing the molecule, and 2) an inelastic electron-tunnel-
ing processes in the off-resonance regime can also store heat
in a molecule by exciting various vibration modes.[18]


In this paper, the sizes of three dithiols are far smaller
than the electrode gap; thereby two large-area Au-electro-
des can only be covalently connected by organic molecules
in large quantity by the assistance of the Au-NPs. These
three-dimensional nanostructures show similar I–V charac-
teristics and barriers to injection (DE) to the SAM junction.
Hence similar theories can be used to explain the conduc-
tion mechanisms. Since both Fower–Nordheim tunneling
and direct-tunneling processes do not depend on the tem-
perature (to first order), but strongly depend on the film
thickness and voltage,[3] the thickness of the film is relatively
important especially for the conduction mechanisms at low


Figure 7. I–V characteristics of the molecular junction 12 with thick film. Top left: full range of the I–V curves (6–300 K) for a typical device. Top right
and bottom left and right: the Arrhenius plots at 0.5–4 V in different temperature regions.
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temperature. That is why the contribution of tunneling cur-
rent can only be observed for thick films at low temperature
in our case. However, at high temperature, thermal effects
will dominate the conduction because the activation barriers
for hopping are relatively small (<50 meV), and more and
more resonance transmission channels will open for elec-
trons. Moreover, the current excited in this way is much


stronger than the temperature-independent tunneling cur-
rent and it will cover the contribution of the latter. As a
consequence, we can explain the temperature-dependent I–
V behavior at higher temperature for all the devices. In fact,
all the devices have similar I–V characteristics at high tem-
perature. However, thicker films, which contain more Au-
NPs and dithiols, may decrease the energy barriers of our
molecular junctions a little. It should be noted that conduc-
tion mechanism is also affected by the interactions of the
electrodes with the individual molecules; this is the basic
conception in molecular electronics. Thus similar but differ-
ent I–V behaviors and DE values for these above-mentioned
films can be obtained corresponding to the molecules with
different lengths.


Preliminary research for photoresponse properties of self-as-
sembled films for 12, 13, and 14 : The I–V curves of the pho-
toresponse for 12, 13, and 14 were measured at 80, 160,
300 K (10 minutes after the metal halide lamp gave the max-
imal power), and those that were not exposed to the lamp
also collected for comparison. A time–current scan mode
with 0.3 s intervals was used at �3 V potential to record the
process of the photoresponse, and the light source was
switched periodically. When the strong light was irradiated
to the devices, the surface temperature of the devices in-
creased slightly at first and then decreased with control of
the thermostat, but the range only varied within 0.5 K. All
the experiments were carried out at midnight in order to
prevent the influence of the surrounding light.
As clearly seen in Figure 9 (top), the linear I–V curve of


12 under irradiation (red) is increased compared with that
measured in the dark (black); this means that the photores-
ponse in this case is voltage independent. The linear fits of
two I–V graphs give the ratio of 2.00 (Klight/Kdark), which sug-
gests that the photoresponse can double the conductance of
this device. However, the rates of conductance are strongly
influenced by the temperature. In our experiments, this
value decreases to 1.23 at 160 K and 1.02 at 300 K for 12
(Figure 9 middle and bottom). Further study hints that the
degree of photoresponse will decrease when the molecular
length of the oligothiophene-based dithiols increase. For in-
stance, the ratios of conductance for 12, 13 and 14 at 80 K
decrease from 2.00 to 1.41 (Figure 10 top) and 1.32
(Figure 10 bottom). From the plots of time versus current, il-
lustrated in the insets of Figure 9, we can see the photores-
ponse processes for these devices are reversible and repro-
ducible. However the speed of photoresponse is a function
of time that can be divided into two parts. Repeated on–off
cycles of illumination show that a rapid process takes place
first and then a relatively slow process (more than 50 s) in-
creasing the current to the maximum when the light is
turned on or decreasing it to the minimum when the light is
turned off. This behavior is different from the self-assembled
porphyrin nanorods for which the photoconductivity grows
over hundreds of seconds with light exposure and decays
slowly when the light is off.[19] It is also different from the
self-assembled Au-S-C60 system in toluene on optically


Figure 8. I–V characteristics of molecular junction 13 with thin film. Top:
Full range of the I–V curves (60–300 K) for a typical device. Middle: I–T
curves in the bias voltage range of 0.5–4 V. Bottom: Classical Arrhenius
plots at 0.5–4 V with 0.5 V intervals in different temperature regions.
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transparent electrodes for which prompt photoresponsive
behavior was observed.[20]


Before discussing the possible mechanism of photocurrent
generation in the on–off cycles of illumination, we should
exclude the possibility of thermal effects on the generation
of current, because the light source we used has a wide
range of wavelength. From the experimental results we have
obtained, we can ignore these effects by using the effective
thermostat (�0.58) and the reference experiments at every
temperature. For the reference experiments, we prepared
films composed of substituted phenylethynylbenzene-based
dithiols with different chain lengths and the same active Au-
NPs under similar conditions, but no photoresponse was ob-
served at either low or room temperature.
Two distinctively different mechanisms, namely photogal-


vanic and photosensitization processes, can be operative in
the anodic photocurrent generation.[21] In our mode, Au-NPs
have the unique ability to store electrons[22] and promote
the charge separation and facilitate electron transporta-
tion[23] within the film during the photocurrent process. Fur-
thermore, the robust coverage and high surface area of the
nanostructured film play a key role in this process. On the
other hand, the selection of thiol molecules to combine with
Au-NPs is very important, because it will have a significant


Figure 9. Reversible photoresponsive I–V and I–T curves of device 12.
Top: I–V curves under irradiation (red one) and in dark conditions
(black one) in the range �4 to +4 V at 80 K. The inset is I–T curve
when the light is turned on or off periodically at �3 V, 80 K. Middle and
bottom: I–V curves under irradiation (red) and in the dark (black) in the
range �4 to +4 V at 160 and 300 K, respectively. The insets are I–T
curves when the light is turned on or off periodically at �3 V, 160 K and
300 K, respectively.


Figure 10. Photoresponsive I–V curves (red ones) of 13 (top) and 14
(bottom) at 80 K compared those in dark condition (black ones).
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influence on the electron energy levels of the combined
metal–molecule system. Molecules with a good delocalized
conjugated p system, such as porphyrin and oligothiophene,
and suitable functionized groups, such as thiol and thiol
ether, will be good candidates so that small activation barri-
ers for hopping can be obtained. When electrons are photo-
excited from the HOMOs to the LUMOs, if the LUMOs
are closely coupled (which can be achieved by using suitable
molecules), transport through the LUMOs and HOMOs
other than the relaxation from LUMOs back to the
HOMOs will be favored. Here temperature is also a factor
that should be taken into account, since it can influence the
HOMO–LUMO gap energy for a given device. Besides the
aforementioned physical factors, some photochemical proc-
esses are believed to occur in this process, because the I–T
curves of our devices show relatively slow photoresponses
(the second part). The irradiation appears to give rise to
some electron carriers and these photochemically generated
carriers can further increase the current between the junc-
tions, and vice versa. As the photochemical process is much
slower than the physical process, time-dependent increase
and decrease of the current can be observed for all junctions
when the light is switched on and off periodically.
There have been several reports about the photoresponse


of some silicon-based semiconductor devices and organic
compounds.[24–25] However, as far as we are aware, this is the
first report about the photoresponsive compounds in which
an Au-NP-containing self-assembled film is involved in the
solid state. In fact, photoresponse is a very interesting phe-
nomenon and it has many future opportunities for designing
photovoltaic cells, photoswitchable molecular-based devices,
and photomodulated sensors. As very stable and easily pre-
pared devices can be obtained by self-assembly method in
our case, this sort of research deserves more attention and it
is expected to have utility in molecular electronics.


Conclusion


In this paper, we described the synthesis and characteriza-
tion of three oligothiophene-based terminal dithiols with dif-
ferent molecular lengths (1.36, 2.16, and 3.16 nm) and their
self-assembled films with active Au-NPs (3.3�1.0 nm) by
using ligand-exchange and binding between microgap gold
electrodes. UV-visible spectra of these compounds in solu-
tion and in the solid state show different red shifts, which
are related to the different packing modes in the single-crys-
tal structures. SEM and AFM morphologies for one typical
device reveal further information on the morphologies of
these self-assembled films; the height variation of the well-
oriented film is less than 10 nm (corresponding to the size of
isolated Au-NPs) and the thickness of 18–24 nm suggests the
formation of 3–4 layers dithiol-bridged Au-NPs. Distance-
dependent I–V characteristics of the film were also probed
by using conductive AFM technologies. Temperature-depen-
dent I–V curves of these devices with different thickness
and molecular lengths in the range 6–300 K were discussed,


and an explanation for the possible conduction mechanism
was also included. Classical Arrhenius plots were further ap-
plied to calculate the activation energies for different
metal–film–metal junctions. More importantly, preliminary
reversible photoresponsive properties for the aforemen-
tioned devices at different temperatures are discussed and
the magnitude of the current can reach twice that recorded
in dark at 80 K for the experimental bias voltage range �4
to +4 V. Some physical and photochemical mechanisms
dominate the photoresponsive processes. Further studies on
this type of molecular junctions such as wavelength depen-
dence for the photoresponse properties and some RuII coor-
dination complexes bearing 3,8-disubstituted 1,10-phenan-
throline ligand with high photoresponse are now being un-
dertaken.


Experimental Section


Materials and measurements : All reagents and solvents were of analyti-
cal grade and used without further purification. The anhydrous solvents
were drawn up into a syringe under a flow of dry N2 gas and were direct-
ly transferred into the reaction flask to avoid contamination. The nomen-
clature used in the drawings is related to molecular symmetry and does
not correspond to the IUPAC nomenclature used in the Experimental
Section. The intermediates and products were characterized by elemental
analysis and spectroscopic methods. 2-Dodecanethiol-protected active
Au-NPs were prepared by the modification of the Brust method.[26]


The UV-visible spectra were recorded with a Shimadzu UV-3150 double-
beam spectrophotometer. The IR spectra were recorded in a Horiba FT-
700 spectrophotometer. 1H NMR spectra were collected on a Varian Unit
500 MHz spectrometer and a JEOL GSX 270 MHz spectrometer.
13C NMR data were obtained at 67.8 MHz with a JEOL GSX spectrome-
ter. The DI-EI (70 eV) mass spectra were given by a Hitachi M80-B
spectrometer. FAB-MS and TOF-MS spectra were measured with a
JEOL JMS-777 V spectrometer. Scanning electron microscope (SEM)
images were collected with a JEOL JSM-6700F microscope with the ac-
celeration voltage at 3 kV. An OLYMPUS BX60m optical microscope
was used to check all the electrodes before the determination of the I–V
curves. A Yanaco PLASMA ASHER LTA-102 instrument was used to
clean all the electrodes. The light source used for irradiating the samples
with the maximal intensity is a NPI PCS-UMX250 high-power metal
halide lamp. Atomic force microscope (AFM) images were recorded on
a JEOL-JSPM4210 instrument. The measurement was carried out in
vacuum to eliminate the influence of water adsorbed on the sample sur-
face and increase the sensitivity and reproducibility of the experiment.
The resonant frequency of the cantilevers was 250 kHz for tapping mode.
Contact-mode AFM was used to measure the I–V curve in which Pt-
coated conductive cantilevers were used to measure current.


The gold nanoelectrodes with 1 mm gaps were prepared as follows. Suc-
cessive layers of Ti, Au, and electron beam resist polymer were deposited
on a four inch n-doped silicon wafer, covered by a 200 nm layer of ther-
mally grown SiO2. It was patterned by conventional electron beam lithog-
raphy and the exposed metal was removed with Ar+ beams to define the
nanogap electrodes. It was then covered with a 100 nm thick Si3N4 layer
after stripping out the resist polymer and the pads and nanogaps were
open by conventional electron beam lithography as mentioned above.
Each 3M3 mm silicon chip was thoroughly washed with toluene, acetone,
and methanol and cleaned in an oxygen plasma asher before SEM analy-
sis. As for the preparation for the self-assembled films with 2-dodecane-
thiol-protected active Au-NPs in CHCl3, the electrodes with 1 mm gaps
were cleaned carefully by CF4 plasma and checked by the microscopy
before use.
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The I–V curves were collected by an Advantest R6245 2Channels volt-
age–current source monitor interfaced to a microcomputer through a
GPIB-SCSI board and NI-488.2 protocol. The data were acquired with a
homemade procedure and IgorPro 4.0 (Wavemetrics) software. The sam-
ples were mounted on the top of an anti-vibration table with a tempera-
ture-controlled cryogenic chamber (� 0.005 8C). All measurements were
carried out in high vacuum (P < 2.0M10�4 Pascal) by means of the turbo
pump, and the samples were cooled by using liquid helium as coolant (6
to 300 K). Triaxial cables were used to connect the molecular devices and
the I–V monitor in order to minimize the external noise.


X-ray data collection and refinement : Single-crystal samples of 2 and 5
were covered in glue and mounted on a glass fiber and used for data col-
lection on a Rigaku Mercury CCD area-detector at 100(2) K using graph-
ite monochromated MoKa radiation (l=0.71073 K). The collected diffrac-
tion data were reduced by using the program Crystalclear[27] and empiri-
cal absorption corrections were done. The original data files generated
by Crystalclear were transformed to SHELXTL97 format by the Texsan
program,[28] and then the structures were solved by direct methods and
refined by least-squares method on F2o by using the SHELXTL-PC soft-
ware package.[29] All non-hydrogen atoms were anisotropically refined
and all hydrogen atoms were inserted in the calculated positions assigned
fixed isotropic thermal parameters and allowed to ride on their respec-
tive parent atoms. All calculations and molecular graphics were carried
out with the SHELXTL PC program package on a PC computer. The
summary of the crystal data, experimental details and refinement results
for 2 and 5 is listed in Table 1, while selected bond lengths and bond
angles for 5 are given in Table 2.


CCDC-272762 and CCDC-272763 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


Terthiophenes 1 and 3 : Compounds 1 and 3 were prepared by means of
the method we have described previously.[11]


Terthiophene 2 : A solution of compound 1 (3.6 g, 10.0 mmol) in CHCl3
(20 mL) was added dropwise to a mixture of KSCN (40.1 g, 412.6 mmol)
in methanol (100 mL) and Br2 (10.3 mL, 1=3.12 gcm


�3, 201.1 mmol) in
CHCl3 (50 mL) at �78 8C. This mixture was stirred for 4 h at room tem-
perature, quenched with water, extracted with CHCl3, and dried over an-
hydrous Na2SO4. The solvent was removed by a rotatory evaporator, and
the residue was purified by silica-gel column chromatography (n-hexane).
A yellow crystalline product was obtained (yield: 89.1%) after recrystalli-
zation from CHCl3/n-hexane. M.p. 87–88 8C;


1H NMR (270 MHz, CDCl3,
25 8C, TMS): d=7.39 (d, J=3.9 Hz, 2H), 7.10 (d, J=3.9 Hz, 2H), 2.70 (t,
J=8.1 Hz, 4H), 1.58–1.44 (m, 8H), 0.97 ppm (t, 7.1 Hz, 6H); 13C NMR
(68 MHz, CDCl3, 25 8C, TMS): d=143.94, 141.85, 138.02, 129.59, 126.83,
117.52, 110.09, 32.77, 27.82, 22.90, 13.77 ppm; FT-IR (KBr pellets): ñ=
2952 (s), 2868 (s), 2154 (s), 1464 (s), 1417 (m), 793 cm�1 (s); elemental
analysis calcd (%) for C22H22N2S5: C 55.66, H 4.67, N 5.90; found: C
55.38, H 4.66, N 6.00; UV/Vis (CHCl3): lmax=359 nm (387 nm for solid);
MS (DI-EI): m/z : 474 [C22H22N2S5]


+ . Yellow needlelike single crystals of
2 suitable for X-ray diffraction determination were grown from a mixed
solution of acetone and ethanol (2:1) by slow evaporation in air at room
temperature.


Sexithiophene 4 : A solution of terthiophene 3 (6.17 g, 14.04 mmol) in dry
THF (20 mL) was added dropwise into a suspension of zinc (2.76 g,
42.26 mmol, NiCl2 (0.20 g, 1.54 mmol), and PPh3 (2.96 g, 11.29 mmol) in
dry THF (30 mL) under an N2 atmosphere at 60 8C. The mixture was
then stirred overnight at room temperature, and was then filtered and ex-
tracted with CHCl3. The organic layer was washed with water and satu-
rated brine, and dried with anhydrous Na2SO4. The solvent was removed
by a rotatory evaporator and the residue was purified by silica-gel
column chromatography (n-hexane). An orange crystalline product was
obtained (yield: 78.0%) after recrystallization from CHCl3/n-hexane.
M.p. 117–118 8C; 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=7.31 (d,
J=1.2 Hz, 2H), 7.30 (d, J=1.2 Hz, 2H), 7.15–7.04 (m, 6H), 2.74–2.68 (m,
8H), 1.54–1.43 (m, 16H), 1.00–0.93 ppm (m, 16H); 13C NMR (68 MHz,
CDCl3, 25 8C, TMS): d=140.19, 136.68, 136.11, 135.25, 130.00, 129.99,
129.61, 127.36, 126.33, 125.89, 125.35, 123.81, 32.90, 32.84, 27.94, 27.80,
23.03, 22.99 ppm; FT-IR (KBr pellets): ñ=2954 (s), 2854 (s), 1496 (m),
1464 cm�1 (s); elemental analysis calcd (%) for C40H46S6: C 66.81, H 6.45;
found: C 66.62, H 6.39; UV/Vis (CH2Cl2): lmax=412 nm; MS (DI-EI):
m/z : 718 [C40H46S6]


+ .


Sexithiophene 5 : A solution of compound 4 (1.33 g, 1.85 mmol) in CHCl3
(15 mL) was added dropwise to a mixture of KSCN (10.9 g, 112.15 mmol)
in methanol (30 mL) and Br2 (2.9 mL, 1=3.12 gcm�3, 56.62 mmol) in
CHCl3 (10 mL) at �78 8C. This mixture was stirred for 4 h at room tem-
perature, quenched with water, extracted with CHCl3, and dried over an-
hydrous Na2SO4. The solvent was removed by a rotatory evaporator and
the residue was purified by silica-gel column chromatography (n-hexane).
A yellow crystalline product was obtained (yield: 85.6%) after recrystalli-
zation from CHCl3/n-hexane. M.p. 174–175 8C; 1H NMR (270 MHz,
CDCl3, 25 8C, TMS): d=7.39 (d, J=3.9 Hz, 2H), 7.10 (d, J=3.9 Hz, 2H),
7.09 (d, J=3.9 Hz, 2H), 7.08 (d, J=3.9 Hz, 2H), 2.72–2.68 (m, 8H), 1.56–
1.45 (br, 16H), 1.01–0.96 ppm (br, 12H); 13C NMR (68 MHz, CDCl3,
25 8C, TMS): d=144.62, 141.82, 140.51, 138.10, 137.01, 134.75, 131.26,
128.23, 126.88, 126.38, 124.07, 110.26, 32.86, 27.92, 22.99, 13.84 ppm; FT-
IR (KBr pellets): ñ=2954 (s), 2929 (s), 2860 (s), 2156 (m), 1518 (m),
1456 (s), 1435 cm�1 (m); elemental analysis calcd (%) for C42H44N2S8: C
60.53, H 5.32, N 3.36; found: C 60.29, H 5.28, N 3.35; UV/Vis (CHCl3):
lmax=417 nm (473 nm for solid); MS (FAB): m/z : 833 [C42H44N2S8]


+ .
Orange needlelike single crystals of 5 suitable for X-ray diffraction deter-
mination were grown from a mixed solution of n-hexane and chloroform
(1:3) by slow evaporation in air at room temperature.


Table 1. Crystal and refinement data for 2 and 5.


2 5


formula C22H22N2S5 C42H44N2S8
Mr 474.77 833.27
crystal size [mm] 0.10M0.10M0.20 0.10M0.10M0.40
crystal system monoclinic monoclinic
space group Cc (No. 9) P21/c (No. 14)
a [K] 8.5419(17) 14.151(3)
b [K] 20.333(4) 5.4799(11)
c [K] 26.445(5) 26.475(5)
b [8] 95.28(3) 91.04(3)
V [K3] 4573.5(16) 2052.7(7)
Z 8 2
1calcd [Mgm


�3] 1.379 1.348
m (MoKa) [mm


�1] 0.519 0.468
F(000) 1984 876
max/min transmission 0.903/0.950 0.835/0.955
Flack parameter 0.07(19) –
parameters 491 237
R1/wR2 [I>2s(I)][a] 0.0952/0.2416 0.0951/0.1645
R1, wR2 (all data)[a] 0.0974/0.2427 0.1135/0.1717
goodness of fit (S) 1.151 1.106
D [eK�3] (max/min) 0.918/�0.848 0.352/�0.336


[a] R1=� j jFo j� jFc j j /� jFo j , wR2= [�[w(F2o�F2c)2]/�w(F2o)2]1/2.


Table 2. Selected bond lengths [K] and angles [8] for 5.


Bond lenghts Bond angles


S1�C1 1.708(8) C1-S1-C2 98.8(3)
S1�C2 1.768(6) C2-S2-C5 91.3(3)
S2�C2 1.716(6) C6-S3-C9 92.3(3)
S2�C5 1.737(6) C10-S4-C13 92.6(3)
S3�C6 1.721(6) S1-C1-N1 177.9(7)
S3�C9 1.728(6) S1-C2-S2 120.6(3)
S4�C10 1.725(6) S1-C2-C3 126.9(5)
S4�C13 1.719(6) S2-C2-C3 112.5(4)
N1�C1 1.142(11)
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Terthiophene 6 : A solution of NBS (7.88 g, 6.96 mmol) in 50 mL DMF
was added dropwise to a solution of terthiophene 1 (7.98 g, 22.1 mmol) in
DMF (150 mL) at room temperature. The mixture was stirred overnight,
poured into a saturated brine solution (400 mL), and extracted with
CHCl3. The organic phase was washed thoroughly with distilled water, sa-
turated brine and distilled water, and then dried over anhydrous Na2SO4.
The solvent was removed by a rotatory evaporator and the residue was
purified by silica-gel column chromatography (n-hexane). A yellow liquid
was obtained (yield 56.2%). 1H NMR (270 MHz, CDCl3, 25 8C, TMS):
d=7.00 (d, J=1.5 Hz, 2H), 6.86 (d, J=1.5 Hz, 2H), 2.65 (t, J=2.4 Hz,
4H), 1.54–1.27 (m, 8H), 0.94 ppm (t, 3.6 Hz, 6H); 13C NMR (68 MHz,
CDCl3, 25 8C, TMS): d=140.56, 137.45, 130.19, 129.35, 126.23, 111.97,
32.93, 27.82, 27.79, 13.82 ppm; FT-IR (KBr pellets): ñ=2950 (s), 1461 (s),
1060 (m), 778 cm�1 (s); elemental analysis calcd (%) for C20H22Br2S3: C
46.34, H 4.28; found: C 46.38, H 4.25; MS (DI-EI): m/z : 518
[C20H22Br2S3]


+ .


Nonathiophene 7: Magnesium (0.96 g, 40 mmol) was transferred to a
three-necked round-bottomed flask and heated to 100 8C in the N2 atmos-
phere. After the mixture was cooled down to room temperature, dry
THF (10 mL) and some iodine were added. The mixture was left to react
for 10 min under magnetic stirring, and then terthiophene 3 (7.2 mL,
16.2 mmol) in THF (10 mL) was carefully added. The mixture was re-
fluxed for 5 h to obtain the corresponding Grignard reagent. This was
slowly added to a solution obtained by dissolving 6 (3.50 g, 8.0 mmol)
and [NiCl2(dppp)] (0.15 g, 0.16 mmol) in dry THF (40 mL). The mixture
was refluxed for 4 h in the N2 atmosphere. The reaction mixture was stir-
red for additional 12 h at room temperature, quenched with 1 molL�1 hy-
drochloric acid, and extracted with CHCl3. The organic phase was
washed thoroughly with saturated brine and distilled water, and then
dried over anhydrous Na2SO4. The solvent was re-
moved by a rotatory evaporator and the residue
was purified by silica-gel column chromatography
(30% CHCl3/n-hexane). A red powder was ob-
tained in 74.4% yield. M.p. 160–161 8C; 1H NMR
(270 MHz, CDCl3, 25 8C, TMS): d=7.31 (d, J=
1.4 Hz, 2H), 7.14–7.02 (m, 12H), 2.73–2.69 (m,
12H), 1.54–1.46 (m, 24H), 0.98–0.92 ppm (m,
18H); 13C NMR (68 MHz, CDCl3, 25 8C, TMS):
d=140.35, 140.19, 140.17, 136.78, 136.11, 135.31,
135.14, 130.03, 129.80, 127.36, 126.40, 126.35,
125.89, 125.36, 123.84, 32.92, 32.88, 32.80, 27.98,
27.92, 27.79, 23.05, 23.02, 22.98, 13.88, 13.84 ppm;
FT-IR (KBr pellets): ñ=2954 (s), 1457 (m), 786
(s), 686 cm�1 (m) cm�1; elemental analysis calcd
(%) for C60H68S9: C 66.86, H 6.36; found: C 66.80,
H 6.33; MS (TOF-MS): m/z : 1079 [C60H69S9]


+ .


Nonathiophene 8 : The synthetic procedure for the
preparation of 8 is analogous to those of 2 and 5.
A solution of compound 7 (0.30 g, 0.70 mmol) in
CHCl3 (10 mL) was added dropwise to a mixture
of KSCN (0.068 g, 112.15 mmol) in methanol
(3 mL) and Br2 (0.4 mL, 1=3.12 gcm�3,
7.81 mmol) in CHCl3 (10 mL) at �78 8C. This mix-
ture was stirred for 4 h at room temperature,
quenched with water, extracted with CHCl3, and
dried over anhydrous Na2SO4. The solvent was re-
moved by a rotatory evaporator and the residue
was purified by silica-gel column chromatography
(60% CHCl3/n-hexane). A red crystalline product
was obtained (yield: 72.3%) after recrystallization
from CHCl3/n-hexane. M.p. 152–153 8C;


1H NMR
(270 MHz, CDCl3, 25 8C, TMS): d=7.38 (d, J=
1.4 Hz, 2H), 7.15 (m, 4H), 7.08 (m, 6H), 2.74–2.72
(m, 12H), 1.54–1.49 (m, 24H), 1.01–0.96 ppm (m,
18H); 13C NMR (68 MHz, CDCl3, 25 8C, TMS):
d=144.63, 141.77, 140.41, 138.09, 136.51, 135.51,
135.25, 134.51, 131.33, 129.97, 128.14, 126.83,
126.40, 126.31, 124.03, 123.87, 116.63, 110.27, 32.82,
27.85, 23.04, 13.87 ppm; FT-IR (KBr pellets): ñ=


2927 (s), 2156 (m), 1457 (s), 1072 (m), 786 cm�1 (s); elemental analysis
calcd (%) for C62H66N2S11: C 62.48, H 5.58, N 2.35; found: C 62.39, H
5.56, N 2.35; UV/Vis (CHCl3): lmax=431 nm (480 nm for solid); MS
(TOF-MS): m/z : 1192 [C62H66N2S11]


+ .


Dithiols 9, 10, 11: Compounds 9, 10, and 11 were all prepared by a simi-
lar method. A suspension of LiAlH4 (0.05 g, 1.3 mmol) in dry THF
(10 mL) in the N2 atmosphere in a three-necked round-bottomed flask
equipped with a condenser was added carefully the solutions of 2 (0.21 g,
0.50 mmol), 5 (0.10 g, 0.12 mmol), or 8 (0.01 g, 0.0084 mmol), respective-
ly, in dry THF (10 mL) at room temperature. The mixture was then stir-
red for 2 h and quenched with hydrochloric acid (1 molL�1). It was then
poured into chloroform (50 mL), and washed thoroughly with distilled
water and dried with anhydrous Na2SO4. The solvent was removed by a
rotatory evaporator and the residues were dried in a vacuum.


Compound 9 : Yellow powder (yield: 96.7%); 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.04 (d, J=1.5 Hz, 2H), 6.94 (d, J=1.5 Hz, 2H),
3.59 (s, 2H), 2.67 (t, J=3.0 Hz, 4H), 1.55–1.38 (m, 8H), 0.95 ppm (t, J=
2.5 Hz, 6H); 13C NMR (68 MHz, CDCl3, 25 8C, TMS): d=140.37, 139.38,
134.33, 129.61, 126.16, 124.41, 32.87, 27.80, 22.97, 13.83 ppm; FT-IR (KBr
pellets): ñ=2931 (s), 2514 (m), 1456 cm�1 (m); UV/Vis (CHCl3): lmax=
366 nm; MS (TOF-MS): m/z : 424 [C20H24S5]


+ .


Compound 10 : Orange powder (yield: 94.3%); 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.13 (d, J=1.5 Hz, 2H), 7.05 (d, J=1.5 Hz, 2H),
7.04 (d, J=1.5 Hz, 2H), 6.97 (d, J=1.5 Hz, 2H), 3.59 (s, 2H), 2.75–2.65
(m, 8H), 1.56–1.45 (m, 16H), 1.00–0.93 ppm (m, 12H); 13C NMR
(68 MHz, CDCl3, 25 8C, TMS): d=140.48, 140.25, 135.08, 134.37, 129.93,
129.47, 126.47, 126.01, 123.88, 32.87, 27.83, 22.97, 13.87 ppm; FT-IR (KBr


Scheme 2. Schematic illustration of the preparation for the self-assembled films of 12, 13 and 14.
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pellets): ñ=2950 (s), 2510 (m), 1455 cm�1 (m); UV/Vis (CHCl3): lmax=
415 nm; MS (TOF-MS): m/z : 782 [C40H46S8]


+ .


Compound 11: Red powder (yield: 93.8%); 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d=7.15 (d, J=1.5 Hz, 2H), 7.06 (m, 4H), 7.01 (m, 6H),
3.58 (s, 2H), 2.74–2.67 (m, 12H), 1.55–1.49 (m, 24H), 1.00–0.95 ppm (m,
18H); FT-IR (KBr pellets): ñ=2945 (s), 2510 (m), 1454 cm�1 (m); UV/
Vis (CHCl3): lmax=420 nm; MS (TOF-MS): m/z : 1141 [C60H68S11]


+ .


Preparation of self-assembled films of 12, 13, and 14 in 1A1 mm2 area :
Two concentrations were used to prepare films with different thickness.
The junctions were fabricated by the self-assembly method as illustrated
in Scheme 2. The freshly cleaned gold electrodes with 1 mm gap 1 mm
width were soaked into solutions of 9, 10, and 11 (0.1 or 0.5 mmolL�1) in
chloroform, respectively, for 30 minutes and then a solution of 2-dodeca-
nethiol-protected active Au-NPs (0.1 or 0.5 mmolL�1) in chloroform was
added. The mixtures were kept standing for 30 h at room temperature in
a glove box, then the electrodes were taken out, washed thoroughly with
chloroform in order to remove excess unreacted Au-NPs and dithiols,
and dried in vacuum.
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TiO2 Nanoparticles in Mesoporous TUD-1: Synthesis, Characterization and
Photocatalytic Performance in Propane Oxidation


Mohamed S. Hamdy,[a] Otto Berg,[b] Jacobus C. Jansen,[c] Thomas Maschmeyer,[d]


Jacob A. Moulijn,[a] and Guido Mul*[a]


Introduction


The development of a selective direct route for partial oxi-
dation of propane is of major industrial importance, as it
would allow for an efficient use of this ubiquitous feedstock
in important large-scale applications, such as polymer syn-
thesis. Regarding the development of catalysts to effect such
reactions, many of the reported approaches rely on thermal


activation at elevated temperature. Photocatalysis at ambi-
ent temperature is an alternative that could, in principle, be
highly selective. Photooxidation of light alkanes and alkenes
over titania[1–5] and silica-supported titania with UV irradia-
tion has indeed been reported.[6–8] Photocatalytic, UV-driven
oxidation of light alkanes and alkenes over titania[1–8] is
largely nonselective, while over silica-supported titania rea-
sonable selectivities in, for example, propane oxidation to
acetone have been reported.[6–8] It should be mentioned that
in these studies usually a variety of wavelengths, emitted by
for example, mercury and deuterium lamps, was used to ac-
tivate the catalysts.


The high activity and low selectivity of bulk titania as a
photocatalyst has been explained by a relatively high con-
centration of holes (h+), which are associated with surface
O atoms. These holes are highly mobile, thus allowing multi-
ple electron transfers, which are required for complete oxi-
dation of organic molecules to CO2 and water.[8] When a
semiconductor is prepared in the form of sufficiently small
particles or isolated sites (which is possible on amorphous
high surface-area supports (SiO2) or in micro- or mesopo-
rous materials), the insulating nature of the support is pro-
posed to limit the transport of the holes and, thus, the
number of electron transfers that are accessible to each ad-
sorbed organic molecule in an oxidation process.[8] When
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Abstract: A series of TiO2-TUD-1 sam-
ples was synthesized with a variable Ti
loading in the range Si/Ti=100, 20, 2.5,
and 1.6, by using a one-pot surfactant-
free procedure. The materials obtained
were characterized by elemental analy-
sis; X-ray diffraction (XRD); N2 sorp-
tion measurements; high-resolution
TEM (HR-TEM); 29Si NMR, UV-visi-
ble and Raman spectroscopy. As a
function of increasing metal loading
either isolated Ti atoms, or (above a Ti
loading of ~2.5 wt-%) combinations of


isolated Ti atoms and anatase (TiO2)
nanoparticles were obtained; both
were incorporated in the highly porous
siliceous matrix. The photocatalytic
performance of these materials was
tested by studying the propane oxida-
tion process following irradiation at l=
365 nm, selectively activating the ana-


tase nanoparticles. In comparison to
commercial anatase powder, TiO2


nanoparticles in TUD-1 showed high
photochemical selectivity towards ace-
tone, the sample with a Si/Ti ratio of
1.6 being the most selective. Size and
confinement effects are consistent with
the difference in performance of the
TUD-1 materials and TiO2, limiting the
number of electron transfers available
for each propane molecule.
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micro- or mesoporous materials are used, confinement of
the particles is expected to further enhance selectivity.


In the present study incorporation of TiO2 in a new meso-
porous material developed at the Delft University of Tech-
nology (TUD-1) was evaluated for the selective light-acti-
vated oxidation of propane to acetone. TUD-1 is a form of
mesoporous amorphous silica with a 3D spongelike struc-
ture.[9] The functionalization of TUD-1 with a low loading of
titanium (denoted Ti-TUD-1) has been reported previous-
ly[10] and it showed high activity in cyclohexene epoxidation.
In the present study, it will be shown that one of the advan-
tages of using TUD-1 as a support is that a high loading of
titanium can be achieved, while maintaining a high disper-
sion of TiO2 in the form of nanoparticles. These nanoparti-
cles have a narrow size distribution, due to the growth con-
ditions within the aggregates of a templated sol–gel synthe-
sis. A further consequence is that these nanoparticles are lo-
cated on accessible surfaces of the mesopore. In this paper,
we report an extensive characterization of the TiO2 nanopar-
ticles embedded in a TUD-1 mesoporous silica matrix. It
will also be shown that nanoparticle-containing TiO2-TUD-1
can be more selective in the photooxidation of propane to
acetone than commercially available microcrystalline ana-
tase; this result is based on activity evaluation using IR
spectroscopy. In contrast to previously reported studies on
the use of SiO2-supported TiO2 catalysts, in which multiple
wavelength excitation was applied, irradiation was per-
formed in this work at a distinct wavelength of l=365 nm.
Implications for the structure/activity correlation of the
nanoparticles are discussed.


Results and Discussion


TiO2-TUD-1—a new mesoporous material : All TiO2-TUD-1
samples (nomenclature in Table 1) were prepared at room
temperature by using triethanolamine (TEA) as a bifunc-
tional template, which acts as a mesopore-directing agent
and as a complexing ligand[11] for titanium-active sites on
the mesoporous wall. The Si/Ti ratio in the synthesis gel and
in the calcined product are plotted in Figure 1, the latter
being determined by instrumental neutron activation analy-
sis (INAA), a technique for elemental analysis. The Si/Ti
ratio in the final product after calcination is close to that
present in the synthesis gel, which indicates that most titani-
um cations are incorporated in the final solid product.


Moreover, this demonstrates that the outcome of the synthe-
sis is highly predictable.


29Si NMR spectroscopy is a well-established tool for the
characterization of crystalline silicate minerals, allowing for
the detection of heteroatoms incorporated in the frame-
work;[12] in principle this should also be possible for mesopo-
rous amorphous materials. The 29Si magic angle spinning
NMR (MAS NMR) spectrum of calcined siliceous TUD-1 is
shown in Figure 2, together with sketches of the Si-bearing
structures responsible.[14] The principal peak, centered at d=
�110 ppm, is usually labeled Q4 and assigned to Si(�O�)4


units that do not involve silanol (SiOH). The shoulder at
d=�102 ppm (Q3) is assigned to silicon nuclei with a single
silanol group, Si(OH)(�O�)3. A signal at d=�90 ppm (Q2),
characteristic of Si(OH)2(�O�)2, is very weak in TUD-1.
Also shown in Figure 2 is the spectrum of TiO2-TUD-1, nor-
malized to the same peak intensity. As TiO2-TUD-1 con-
tains fewer Si nuclei, its signal-to-noise ratio is lower. In the
region of Q4, Q3, and Q2 the observed band shapes are iden-
tical. The only deviation that might be assigned to the
heteroatomic structure Si�O�Ti(�O�)3 is a weak shoulder
in the region d=�122 to �132 ppm. In general, however,


Table 1. Elemental analysis and the N2 sorption measurements of TiO2-
TUD-1.


Sample Si/Ti ratio
in synthesis
mixture


Si/Ti ratio
after
calcination


SBET
[a]


[m2g�1]
Vmeso


[b]


[cm3g�1]
Dmeso


[c]


[nm]
Color


Ti-1 100 105 628 1.1 9.1 white
Ti-20 5 4.6 741 0.5 3.6 white
Ti-40 2.5 2.3 570 0.36 3.5 white
Ti-60 1.6 1.4 516 0.28 2 white


[a] Specific surface area. [b] Mesopore volume. [c] Mesopore diameter.


Figure 1. Elemental analysis in terms of Si/Ti molar ratio in the synthesis
gel versus the Si/Ti molar ratio in the final products.


Figure 2. 29Si NMR spectra for TUD-1 (upper) and TiO2-TUD-1 (lower,
offset).
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most of the silica in TiO2-TUD-1 is chemically similar to
that in pure TUD-1.


Figure 3 shows powder X-ray diffraction (XRD) patterns
of various samples of TiO2-TUD-1. Different Ti loadings are
denoted by a relative weight percent of Ti, with the corre-


sponding Si/Ti ratio reported in Table 1. All samples show a
single intense peak at 1–2.58 2q, which corresponds to a
short-range correlation of nuclear density at a distance of
45–47 L. The peak is instrument-limited on the small-angle
side, but with increasing Ti content it weakens, broadens,
and shifts to larger angles. This implies that the short-range
order is increasingly disrupted, and that the remaining struc-
tures are smaller and more heterogeneous. This indicates
that TiO2-TUD-1 is a noncrystalline, mesostructured materi-
al. The intensity of the peak decreases with increasing Ti
loading as a result of the influence of titania particles on the
integrity of the mesoporous structure. Crystalline TiO2 (ana-
tase or rutile) could not be detected with XRD.


Figure 4 shows N2 sorption isotherms of the TiO2-TUD-1
samples. All TiO2-TUD-1 samples show type IV adsorption


isotherms, indicating their mesostructured character[15] with
narrow pore-size distribution. One can distinguish two char-
acteristic types of hysteresis loops. In the first case, (i.e., Ti-
1) the loop is relatively narrow, the adsorption and desorp-
tion branches being almost vertical and nearly parallel. This
indicates that the isotherm is governed by delayed capillary
condensation, with uniformly sized pores filling and empty-
ing in a narrow pressure range. At higher Ti loading (Ti-20,
Ti-40, and Ti-60) the hysteresis loop becomes broad, the de-
sorption branch being steeper than that of the adsorption
branch at relative pressures of about 0.4–0.5. This feature is
characteristic of mass-transfer-limited filling and emptying
of nonuniform pores. The presence of TiO2 nanoparticles
clearly affects the internal structure and connectivity of
TUD-1.


In Table 1 porosity measurements of the TiO2-TUD-1
samples (calculated from the adsorption branch of the N2


adsorption–desorption isotherms using the Barrett–Joyner–
Halenda formula) are summarized: the surface area of the
samples ranges from 500 to 750 m2g�1, the mesopore volume
decreases with Ti loading from 1.1 to 0.28 cm3g�1, and the
mesopore diameter from 9.1 to 2 nm. These trends are in
agreement with those observed in the corresponding series
of XRD patterns.


Figure 5 shows diffuse reflectance UV-visible spectra of
different TiO2-TUD-1 samples. All spectra contain an ab-
sorption band centered at 220 nm, which is attributed to the


charge-transfer transition associated with isolated Ti4+


framework sites in tetrahedral coordination.[16] The other
peak around 320–350 nm indicates the presence of polytita-
nium (Ti�O�Ti)n clusters.[17] The intensity of this peak in-
creases with Ti loading, consistent with the formation of a
crystalline TiO2 phase in addition to the titanosilicate phase.
This crystalline phase is nevertheless not apparent in the
powder XRD patterns (above), indicating large Debye–
Scherrer broadening consistent with their small size.


To clarify the distribution of crystalline titania within the
various TiO2-TUD-1 samples, a high-resolution transmission


Figure 3. XRD patterns of TiO2-TUD-1 samples.


Figure 4. The N2 adsorption isotherms for different TiO2-TUD-1 samples.


Figure 5. The UV-visible spectra for TiO2-TUD-1 samples.
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electron microscopy (HR-TEM) study was performed. The
images of Ti-1 (Figure 6) show only the spongelike 3D struc-
ture characteristic of TUD-1 mesoporous materials; this is a


strong indication for the complete isolation of Ti atoms
inside the framework. In contrast to highly ordered materi-
als, like MCM-41, the apparent pore size is not directly pro-
portional to that obtained from the nitrogen-sorption ex-
periments. It appears significantly smaller, due to the super-
position of many disordered pores within the focal depth of
the microscope. In the images of Ti-20, Ti-40, and Ti-60 the
spongelike mesoporous matrix is still apparent. More impor-
tantly, the diffraction fringes of TiO2 nanocrystals are ob-
served. These appear as evenly distributed, uniform inclu-
sions, rather than bulky crystals or heterogeneous aggre-
gates. The size of the nanoparticles is comparable to that of
the pores in TUD-1. This suggests that nanoparticle growth
is limited by the pore diameter, and therefore these particles
nucleate and grow within existing pores of the matrix.


In Figure 7 a HR-TEM image of the Ti-40 sample is pre-
sented. The major d-spacings are indicated and for compari-
son those for anatase and rutile are also presented. The re-
sults suggest that the crystalline phase is anatase, although
the d101 value deviates to some extent.[18] In Figure 8 the
Raman spectra of dehydrated Ti-1 and Ti-60 samples are
compared with those of anatase and rutile. Based on Raman
spectra of the anatase and rutile reference materials, it can
be inferred that these samples were not entirely single phase
(rutile contained some anatase phase, and anatase some


rutile phase). However, for phase identification of the
TUD-1 catalysts these samples served their purpose. Ti-1
did not show any Raman resonance in the frequency range
in which anatase and rutile peaks appeared; this is consis-
tent with results from other characterization techniques. The
Raman spectrum of Ti-60 matches that of anatase, demon-
strating conclusively the presence of anatase as nanosize
crystals in TiO2-TUD-1.


The photocatalytic performance : The reaction of propane
with molecular oxygen was used to evaluate the photocata-
lytic performance of TiO2-TUD-1. Control experiments
were carried out to demonstrate that oxygen gas, titanium
loading, and near-UV irradiation were all necessary for the
appearance of propane oxidation products. In these blank
runs no products were observed in the IR spectrum after
100 minutes.


Exposure of the Ti-1 and Ti-20 samples to near-UV light
in an atmosphere of propane and molecular oxygen had a
minimal effect, consistent with the absence of electronic ab-
sorption at 365 nm (cf. Figure 5). Samples Ti-40 and Ti-60
absorb light at the excitation wavelength; this resonance
was previously assigned to anatase inclusions. At the applied
wavelength of 365 nm, the specific absorbance of Ti-60 is


Figure 6. HR-TEM images for Ti-1 (top) and Ti-40 (bottom).


Figure 7. HR-TEM image of a Ti-40 sample. The inset gives the standard
d-spacing of bulk rutile and anatase[18] compared with the measured
values.


Figure 8. Raman spectra of TiO2-TUD-1 compared with those of rutile
and anatase.
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greater by a factor of two (cf. Figure 5). Difference spectra
before (a) and after irradiation (b) are shown in Figure 9
(10 mWcm�2 at 365 nm, 28 8C); this is typical for the Ti-60
catalyst. Because the background was recorded after dosing,
the vibrational modes of propane are not apparent. The
bands which appear during irradiation can be assigned as
follows.


The strongest band at 1685 cm�1 is characteristic of a car-
bonyl C=O stretching vibration. This, the C�C�C asymmet-
ric stretching frequency at 1388 cm�1, and the C�H bending
mode at 1435 cm�1 are due to adsorbed acetone. For com-
parison, the spectrum of acetone adsorbed on TUD-1 is
shown in the inset of Figure 9. The band at 1572 cm�1 and
the shoulder of the band at 1435 cm�1 are attributed to
asymmetric and symmetric stretching modes of the carboxyl
group (COO�), respectively. Acetate and/or formate species
are the most probable carriers of this group and were re-
ported to be formed by alkane and alkene oxidation over
various transition metal oxides such as Cr2O3.


[19] In fact, for
formate the symmetric stretch overlaps with the 1388 cm�1


bending mode of adsorbed acetone, and the 1433 cm�1 ab-
sorption is typically correlated with the presence of acetate
species .[19] For detailed information on surface oxidation of
adsorbed C3 species on TiO2 to acetate and formate species
the reader is referred to the work of Mul et al.[20] Finally, the
peak at 1630 cm�1 can be assigned to the bending mode of
water by comparing it with the spectra of reference systems
(not shown). The development of the product spectra by
photochemical activity of Ti-40 and Ti-60 is shown in
Figure 10.


The product spectra can be quantified by deconvolution
and integration of the component peaks, their areas being
proportional to the number of molecules present. The con-
stants of proportionality (integrated IR cross section) are


known, allowing calculation of the activity and selectivity of
the photochemical reaction. Any systematic errors due to
the deconvolution procedure or uncertainty in the IR cross
sections are internally consistent among the measurements
given here, so comparisons are justified. The rate of total
product formation, based on the photometric results, is plot-
ted as a function of exposure time in Figure 11 for various
TUD-1 samples. These quantities are specified per unit ex-
ternal surface area of the sample wafer (see Experimental


Figure 9. FTIR difference spectra of adsorbed species arising from pro-
pane oxidation over Ti-60 at a) zero time (dark) and b) after 100 minutes
of photoexcitation. The inset shows a spectrum of acetone adsorbed di-
rectly from the gas phase.


Figure 10. FTIR spectra of adsorped species arising from propane oxida-
tion over Ti-40 (top) and Ti-60 (bottom).


Figure 11. Propane consumption ([Acetone] + [Carboxylate/2]
(mmolcm�2)) over different TiO2-TUD-1 compositions.
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Section); the corresponding in-
ternal surface available for ad-
sorption is orders of magnitude
greater.


Figure 11 shows that the ac-
tivity of Ti-60 is significantly
higher than that of Ti-40. As
both samples absorb strongly at
the excitation wavelength, and
the transmitted power is negli-
gible, most of the light is absor-
bed. The difference in specific
optical absorption will affect
the penetration depth of this ra-
diation, but the IR photometry
effectively sums over the entire
sample thickness. With this in
mind, the photon efficiency of
the catalyst pellets can be esti-
mated as follows: over the
100 minute reaction period a
total of 1.1M1023 UV pho-
tonsm�2 were incident on vari-
ous samples, all of which were
opaque at the excitation frequency. On Ti-60 this gives 1.1M
10�6 molcm�2 of products, or 1.8M1020 moleculesm�2. There-
fore, the quantum yield of photochemical products is in the
order of 0.002.


The acetone production rate, as summarized in Table 2, is
a factor of five higher in Ti-60 than in Ti-40. This suggests
that the smaller particle size present in the Ti-60 sample
(~2 nm) versus the Ti-40 sample (~3.5 nm), and the associ-
ated higher number of available Ti�O surface sites, contrib-
utes to the significantly higher performance of Ti�60. In ad-
dition to the rate of product formation, Table 2 also lists the
selectivity. It shows that the Ti-60 sample is not only more
active, but also more selective towards acetone in the oxida-
tion of propane (vide infra).


Besides comparing the various TUD-1 samples in perfor-
mance, it is particularly interesting to compare the perfor-
mance of TiO2-TUD-1 with pure bulk anatase TiO2 (Hombi-
kat) under the same reaction conditions. In Figure 12 the
spectra of Ti-60 and two anatase samples at comparable
conversion are shown. For the bulk anatase samples, the
product spectra are dominated by carboxylate absorption
frequencies. In contrast to any of the TiO2-TUD-1 materials
adsorbed CO2 was also generated during the reaction (asym-


metric stretch at 2355 cm�1), as well as aldehyde species (C=
O stretch at 1736 cm�1). The formation of aldehydes has
been reported previously by Yoshida and co-workers,[6,7] al-
though the data are largely confusing and no explanation is
given. The differences in product distribution between the
two Hombikat samples are most likely the result of a differ-
ent surface hydroxyl-group concentration and surface area
and porosity of the samples, induced by the thermal pre-
treatment at 873 K. Pure anatase phases (Hombikat) clearly
favor over-oxidation products, up to and including complete
oxidation to H2O and CO2.


The selectivity to acetone as a function of total product
formation is also given in Figure 12. Over the whole pro-
pane conversion range investigated, the TUD-1 samples are
much more selective toward acetone than bulk anatase
phases, while Ti-60 seems to be the most selective catalyst.
The low selectivity for the anatase samples is in good agree-
ment with literature data. Among others, Brigden et al.[4]


and Haeger et al.[5] reported complete oxidation to CO2


under conditions relevant for environmental pollution con-
trol applications, that is, with a large excess of O2 of about
200 relative to the alkane and alkene concentrations. In fact,
a similar O2 over propane ratio of 140 was employed in the


present study to prevent, as
much as possible, a rapid deac-
tivation of the catalysts.[4,5] Still,
in Figure 11 some deactivitation
of the Ti-60 catalyst can be ob-
served, which is explained by
the large amount of acetone
and carboxylate accumulating
on the catalyst surface. In view
of the large oxygen excess, it is


Table 2. The activity measurements of propane oxidation over different TiO2-TUD-1 samples.


Sample Surface rateM103


[mmolcm�2min�1]
[Acetone]
[mmolcm�2]


[Carboxylate]
[mmolcm�2]


Ac/Ca[a] Acetone
selectivity%[b]


Ti-1 0 – – – –
Ti-20 0.26 0.02 0.01 1.48 –
Ti-40 2.23 0.17 0.1 1.74 63
Ti-60 10.64 0.73 0.67 1.09 77


[a] After 100 minutes. [b] After reaching same product amount, that is, 0.23 mmolcm�2.


Figure 12. Left, surface acetone selectivity (%) as a function of total amount of acetone and carboxylates pro-
duced. Right, FTIR spectra of adsorbed species arising from propane oxidation over Ti-60 compared with
pure bulk anatase (Hombikat and Hombi-600) after reaching the same amount of products, that is,
~1.1 mmolcm�2.
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indeed remarkable that a surface selectivity in the range of
50–60% can be achieved with the TUD-1 catalysts. Appa-
rently, the physical constraints imposed by the TUD-1
matrix—constraints on anatase particle morphology and per-
haps adsorbate mobility—can bias the photocatalytic reac-
tion toward the desired partially oxidized products. Indeed,
the average smaller particle size and pore diameter deter-
mined for the Ti-60 catalyst compared to the Ti-40 sample is
in agreement with this hypothesis, in view of the higher se-
lectivity obtained with the former system. It should also be
mentioned that the present study was conducted with
365 nm near–UV light only, rather than with the entire spec-
trum of deuterium and mercury lamps;[4,5] the use of one
wavelength might be beneficial for selective product forma-
tion. The effect of the applied wavelength on product selec-
tivity is currently under investigation.


Besides the use of TiO2 for total oxidation of alkanes in
environmental applications, Yoshida and co-workers have
reported selective oxidation of propane over SiO2-supported
TiO2 catalysts in two different publications.[6,7] By comparing
the activity data it appears that the same materials were
used in both studies, while the reported product distribution
differs significantly. In particular, for the catalyst labeled I-
TS, studied by Tanaka et al. ,[7] a remarkably high selectivity
to acetone of 95% was reported, while a selectivity of 57%
was reported by Yoshida et al.[6] for the same material under
comparable conditions. Regardless of the true performance,
in view of the relatively high propane-to-oxygen ratio em-
ployed by Yoshida, it appears that Ti incoporated in TUD-1
is a better catalytic system for selective oxidation of hydro-
carbons than Ti supported on amorphous silica, especially if
one considers the absence of aldehyde formation on the
TUD-1 catalysts. The difference in aldehyde selectivity ob-
served for pure TiO2 phases and Ti-TUD-1 remains an unre-
solved issue, and needs further investigation.


Finally, in contrast to what is reported for zeolite Y,[21] the
primary surface reaction products, acetone and water, could
be partially removed by evacuation at room temperature.
Figure 13 shows the FTIR spectra for desorption of the


products from the TiO2-TUD-1 surface. Almost 30% of ace-
tone and 10% of water was removed by evacuation after
90 minutes; however, carboxylate species did not show any
significant desorption from the catalyst surface. The relative-
ly easy desorption of acetone is a potentially favorable prop-
erty of TUD-1 in an eventual practical process. Further
evaluation of the surface properties of the carboxylates is
necessary to design such a process. As a final note, the use
of visible-light-active materials or even the reaction without
illumination, as discussed by Lefferts,[21] is economically
more favorable than the reported UV-driven TiO2 catalysis.
Activity data of visible-light-sensitive Cr-TUD-1 will be re-
ported shortly, indicating that the Cr system is also highly
selective in the photooxidation of propane to acetone.


Conclusion


Different active sites can be generated during the synthesis
of Ti-containing TUD-1 mesoporous materials. Isolated tet-
rahedrally coordinated Ti4+ species (Ti�(OSi)4) are formed
when the Si/Ti ratio is lower than ~2.5. When the fraction
of Ti atoms is increased further, nanoparticles of TiO2 are
synthesized inside the pores of TUD-1; the isolated species
is also formed. The crystalline phase has been identified as
anatase. By using 365 nm near-UV irradiation, which selec-
tively activates the anatase nanoparticles, photooxidation of
propane was induced. TiO2-TUD-1 shows higher selectivity
towards acetone than commercial anatase, the sample with a
Si/Ti ratio of 1.6 being the most selective. The products
could be partially removed from the TiO2-TUD-1 surface at
room temperature by evacuation, which opens up the design
for a continuous process.


Experimental Section


Materials synthesis : A series of TiO2-TUD-1 samples with different Si/Ti
ratios (100, 5, 2.3, and 1.6) were synthesized in a one-pot surfactant-free
procedure based on a sol–gel technique. Triethanolamine (TEA) func-
tions as a bifunctional template and tetraethyl ammonium hydroxide
(TEAOH) as the base.[9–11] In a typical synthesis procedure, using a molar
composition of 1SiO2:xTiO2:0.3TEAOH:1TEA:11H2O, a mixture of
triethanolamine (97%, ACROS) and deionized water was added drop-
wise into a mixture of tetraethylorthosilicate (+98%, ACROS) and tita-
nium(iv) n-butoxide (99%, ACROS) while stirring. After stirring for a
few minutes, tetraethyl ammonium hydroxide (35%, Aldrich) was added.
Finally the mixture was aged for 24 h under atmospheric conditions,
dried for 24 h at 371 K, hydrothermally treated at 455 K for 8 h, and cal-
cined at 873 K for 10 h (ramp 1 Kmin�1).


For comparison, two samples of TiO2 Hombikat (pure anatase phase;
99% Aldrich) were used to photocatalyze the oxidation of propane. The
first sample (Hombikat) was used as obtained. The textured properties of
this sample were as follows: the surface area was 337 m2g�1, pore volume
was 0.46 cm3g�1, and the pore size was 2.2 nm. The second sample
(Hombi-600) was calcined before being used at 600 8C for 10 h[22] and the
textured properties can be summarized as follows: surface area was
51 m2g�1, pore volume was 0.26 cm3g�1, and the pore size was 1.4 nm.


Catalyst characterization : Powder XRD patterns were measured on a
Philips PW 1840 diffractometer equipped with a graphite monochromatorFigure 13. The FTIR spectra recorded during evacuation.
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using CuKa radiation (l=0.1541 nm). The samples were scanned over a
range of 0.1–808 2q with steps of 0.028. Nitrogen adsorption and desorp-
tion isotherms were recorded on a QuantaChrome Autosorb-6B at 77 K.
The pore size distribution was calculated from the adsorption branch
using the Barret–Joyner–Halenda (BJH) model.[23] Samples were previ-
ously evacuated at 623 K for 16 h. The Brunauer–Emmett–Teller (BET)
method was used to calculate the surface area (SBET) of the samples,
while the mesopore volume (VmesO) was determined by the t-plot
method according to Lippens and de Boer.[24] Instrumental neutron acti-
vation analysis (INAA) was used for chemical composition determination
(elemental analysis), which was performed at the Interfaculty Reactor In-
stitute (IRI), Delft. The “Hoger Onderwijs Reactor” nuclear reactor,
with a thermal power of 2 MW and maximum neutron flux of 1017 neu-
trons s�1 cm�2, was used as a source of neutrons and the gamma spectrom-
eter was equipped with a germanium semiconductor as the detector. This
method can be applied to solid samples and was used because of difficul-
ties encountered when dissolving the samples. The method proceeded in
three steps: irradiation of the elements with neutrons in the nuclear reac-
tor, followed by a period of decay, and finally measurement of the radio-
activity resulting from irradiation. The energy of the radiation and the
half-life period of the radioactivity enabled a highly accurate quantitative
analysis.[25] 29Si MAS NMR experiments were performed with a magnetic
field of 9.4 T on a Varian VXR-400 S spectrometer operating at
104.2 MHz with pulse width of 3.2 ms. Zirconia rotors (4 mm) were used
with a spinning speed of 8 kHz. Chemical shifts were measured with re-
spect to tetramethylsilane (TMS) as an external standard at d=0 ppm.
1000 scans were collected using a sweep width of 20000 Hz and an ac-
quisition delay of 20 s. UV-visible spectra were collected at ambient tem-
perature on a CaryWin 300 spectrometer using BaSO4 as a reference.
Samples were ground carefully, heated overnight at 180 8C, and then
scanned from 190–800 nm. The UV-visible absorption data were convert-
ed to Kubelka–Munk units. The laser Raman spectra were obtained by
using a Renishaw Raman imaging microscope, system 2000. The green
(l=514 nm) polarized radiation of an argon-ion laser beam of 20 mW
was used for excitation. A Leica DMLM optical microscope with a Leica
PL floutar L500/5 objective lens was used to focus the beam on the
sample. The Ramascope was calibrated using a silicon wafer. Samples
were dehydrated in situ in an airflow of 100 mLmin�1, by using a temper-
ature programmed heated cell (Linkam TS1500). Spectra were collected
in the range 180–1600 cm�1. HR-TEM was carried out on a Philips
CM30UT electron microscope with a field-emission gun, operated at
300 kV, as the source of electrons. Samples were mounted on a copper-
supported carbon polymer grid by placing a few droplets of a suspension
of ground sample in ethanol on the grid, followed by drying under ambi-
ent conditions. EDX elemental analysis was performed on a LINK EDX
system.


Propane photooxidation : Near-UV light was obtained from a 500 W ca-
pillary Hg arc (Philips SP500). The intense Hg emission at 365 nm was
isolated by means of a monochromator and glass filters, resulting in a
bandwidth of approximately 15 nm. Output was measured with a thermo-
pile power meter (Scientech 360001).


Thin wafers of TiO2-TUD-1 weighing approximately 15 mg were formed
at 3 tonscm�2 on an automatic press (SPECTA). These were mounted on
a copper sample holder that incorporated a resistive heating element and
type-K thermocouples. The holder, in turn, was mounted in the optical
tail of a stainless steel high-vacuum system (base pressure 6M10�8 mbar).
The tail was positioned in the sample bay of a purged FTIR spectropho-
tometer (Bio-Rad 176C). All spectra were averaged over 200 scans at
8 cm�1 resolution. By using CaF2 windows and protecting the detector
with a germanium plate, FTIR spectra could be obtained during UV irra-
diation. The optical layout is illustrated in Figure 14.


All samples were activated by heating under high vacuum to 500 8C
(ramp 15 Kmin�1). 500 8C was maintained for 30 minutes, during which
time changes in the IR spectrum—primarily due to the desorption of
water—ceased. After cooling to 25 8C, the vacuum chamber was loaded
with 2.75 mbar propane and 400 mbar molecular oxygen (this propane/
oxygen 1:140 ratio was used for all experiments). These molar quantities
are large compared with the amount of adsorbed photochemical prod-


ucts. Thus, the reactions occurred with a large excess of gas-phase re-
agents at effectively constant concentration. Finally, we note that the ab-
sorption of UV light caused an observable heating of the sample wafers.
This heating was greater under high vacuum than with the reagent gases
present. Evidently the principal heat-loss mechanism under reaction con-
ditions was not lateral thermal diffusion to the copper sample holder, but
rather contact with the background gas. A temperature-dependent shift
of the O�Si�O absorption intrinsic to TUD-1 was calibrated against re-
sistive heating of the entire sample holder under high vacuum. Using
these shifts as an in-situ temperature gauge, the radiative heating effect
was found to be less than 20 K.


IR absorption spectroscopy : Distribution of the photochemical reaction
products is not expected to be uniform within the sample wafer. As such
pressed powders absorb and scatter visible light strongly, there will be a
gradient of radiation intensity and hence reaction rate, as a function of
depth into the sample (parallel to the direction of the infrared beam).
The products may or may not redistribute by diffusion. On the other
hand, the UV-light image was diffuse and larger than the IR focus, so
that the photochemical products were uniformly distributed in the direc-
tion transverse to the infrared beam. Under these circumstances a suit-
able instrumental measure of product concentration is the 2D “column
density” in the transverse direction, or moleculescm�2. For linear-absorp-
tion measurements it is immaterial how a given number of molecules are
distributed in the longitudinal direction. Therefore the Beer–Lambert
law may be written as Equation 1, in which I0 and I are the incident and
transmitted light intensity as a function of frequency n, A is the absorb-
ance, C is the column density (moleculescm�2), and s is the molecular
absorption cross section (cm2molecule�1).


ln½IoðnÞ=IðnÞ� ¼ 2:303AðnÞ ¼ CsðnÞ ð1Þ


Integrating over frequency gives Equation 2, in which Ã is the integrated
absorbance (band area) and s̃ is the integrated molecular cross section
(cm per molecule)


~A ¼ C~s=2:303 ð2Þ


The latter is proportional to the transition dipole moment, and so forth.
By systematic dosing, we measured s̃=3.24M10�17 cm per molecule for
the C=O stretch of acetone adsorbed to TUD-1. For carboxylate species
we used a value typical of adsorbed formate and acetate ions: s̃=4.7M
10�17 cm per molecule.[26]


As the IR spectra of the products overlap, it was necessary to separate
these by deconvolution. Good fits could be obtained in the region of in-
terest (1520–1720 cm�1) by the sum of three Gaussian bands and a linear
baseline, as shown in Figure 15. With the center frequency of the water
band fixed at 1635 cm�1, the other frequencies, widths, and amplitudes
were optimized by a nonlinear least-squares fitting procedure. It is the
areas of these component Gaussian bands that were used to calculate the


Figure 14. Schematic optical layout for photocatalytic evaluation.
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column density (C) of the adsorbed species. The yield of acetone and car-
boxylates can then be computed using the component band areas and
Equation (2).
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Synthesis and Structure of Novel Organocycloborates


Holger Braunschweig,*[a] Giovanni D’Andola,[b] Tom Welton,[b] and Andrew J. P. White[b]


Introduction


Tetraorganoborates of the general formula [R4B]
� are a well


established class of compounds, which is important for the
preparation of organic and organometallic species and as an-
alytical reagents.[1] In particular, tetraaryl- and mixed alkyl-
(aryl) borates have attracted much attention due to their
widespread use as non-coordinating anions in organometal-
lic synthesis and as facile sources for nucleophilic organyl
groups.[2] In stark contrast to aryl borates, the chemistry and
application of tetraalkyl borates is less developed. Such
compounds can be obtained in various ways,[3] for example,
from reactions of alkaline metal organyls with BR3 (R=


alkyl),[4] or from the hydroboration of alkenes with Na-
[HBR3].


[5] It should be mentioned that the synthesis of
bulky tetraalkylborates with four sterically demanding alkyl
substitutents is often hampered by the formation of trialkyl
borates by dehydroboration.[6] Surprisingly, the correspond-
ing cyclic tetralkyl borates are virtually unknown, and none


of the aforementioned methods can be applied to their syn-
thesis. As early as 1969 Koster/s group reported the high
yield synthesis of the spirocyclic tetraalkyl borate 1 from
Na[BEt4] and a cyclic triorganyl borane precursor under
thermally harsh conditions at 140 8C; however, they did not
obtain much spectroscopic or structural evidence.[7] Like-
wise, Murahashi and Kondo proposed the formation of the
spirocyclic compound 2 in 1979 from the reaction of trialkyl
boranes with BrMg(CH2)5MgBr, again without spectroscopic
support.[8] Both syntheses are very specific and their applica-
tion is restricted to the two examples described, the consti-
tution of which remains far from being definitively ascer-
tained. In addition, only very few cyclic tetraalkyl borates
are known, which like compound 3, were all obtained from
9-borabicyclononane (9-BBN) derivatives.[6]


To address this deficiency and to provide a facile and
preferably general access to cyclic tetraalkyl borates, we
started to investigate the potential of boron-centered cycli-
sation reactions very recently. This approach has been occa-
sionally applied to the synthesis of three-coordinate boranes,
such as 4 and 5, which have been obtained by hydroboration
of dienes[9] and alkylation of R2NBCl2,


[10] respectively, but
should possess a much broader applicability. Indeed, our
preliminary studies did reveal the propensity of certain a,w-
boryl(bromo)alkanes to form novel cyclic borates upon
treatment with Mg turnings. Recently, we communicated the
first dialkylboratacyclopentanes 6 and -hexanes 7, respec-
tively, to exemplify this new synthetic approach.[11] Herein
we report full synthetic, spectroscopic, and structural details
of a representative range of novel five-, six-, and seven-
membered cyclic and spirocyclic borates thus obtained.


Abstract: A series of a,w-boryl-
(bromo)alkanes of the general formula
R2B�(CH2)n�Br (n=3, 4, 5, 6) was ob-
tained in high yield following a stan-
dard hydroboration protocol. Upon
treatment with Mg turnings and forma-
tion of the respective Grignard species,
all alkanes with n=4 to 6 underwent
an unprecedented boron-centered cyc-


lisation reaction with formation of bor-
atacyclopentanes, -hexanes, and -hep-
tanes, respectively. All new compounds
were isolated in high yields as colour-


less, crystalline materials and character-
ised in solution by multinuclear NMR
spectroscopy. Four representative ex-
amples were chosen for X-ray diffrac-
tion studies, thus providing the first
structurally characterised ring systems
of that size at a tetraalkyl borate
centre.
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Results and Discussion


9-BBN, dicyclohexylborane, and disiamylborane were
chosen as readily available starting materials for the synthe-
sis of a range of a,w-boryl(bromo)alkanes. The latter were
obtained according to Equation (1) by hydroboration of 4-
bromobutene(1), 5-bromopentene(1), and 6-bromohex-
ene(1), respectively. A standard protocol was applied[12] and
the new compounds 8–14 were isolated as viscous, colourless
oils in very high yields. As was demonstrated by 11B NMR
spectroscopy, the conversion into the products was quantita-
tive and the crude materials that were obtained after evapo-
ration of the reaction mixture proved to be of sufficient
purity for subsequent syntheses. Hence, further purification
procedures of these intractable oils were not pursued.


The a,w-boryl(bromo)alkanes 8–10 and 12–14 were treat-
ed with Mg turnings in THF at ambient temperature accord-
ing to Equation (2). 11B NMR spectra of the reaction mix-
tures revealed that all conversions except one were com-


plete after 16 h. Only in the
case of the sterically most en-
cumbered disiamyl derivative
14 were more forcing condi-
tions, that is, prolonged reflux
in THF solution for three days,
required to complete the reac-
tion. After workup the borata-
cyclopentanes 15, 19, the bora-
tacyclohexanes 7, 17, and the
boratacycloheptanes 16, 18
were isolated as their corre-
sponding MgBr salts. All of
these cyclic borates were
formed as colourless crystals in
very good yields up to 90%,
proved to be stable in THF sol-
utions under inert atmosphere,
and are only moderately sensi-
tive toward air and moisture.


As a slight variation of the previously described synthesis,
the 5-bromobutylborane 11 was treated with Mg turnings in
THF for 16 h, but subsequently, an ethereal solution of 1,4-
dioxane was added, thus furnishing the precipitation of
MgBr2


. C4H8O2 and the formation of the Mg salt of the bor-
atacyclopentane 6 according to Equation (3). Mg[(cyclo-
C6H11)2BC4H8]2 (6) was isolated in 86% yield as a colourless,
crystalline solid with properties similar to those of the relat-
ed MgBr salts 7, 15–19.


The most characteristic spectroscopic feature of the cyclic
borates is their 11B NMR resonances, which range from d=


�12.5 to �20.5 ppm. These signals are shielded by almost
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100 ppm with respect to those of their borane precursors,
thus proving the increase of the coordination number of the
boron centre from 3 to 4. As to be expected, 1H and
13C NMR data are less diagnostic, as all signals appear in
the aliphatic region. Electrospray-MS data, however, also
confirmed the presence of the proposed borate anions.


The X-ray crystal structures of the boratacyclopentyl (15),
boratacyclohexyl (7)[11] and boratacycloheptyl (16) species,
which all derive from 9-BBN, and also the related bis(cyclo-
hexyl)boratacyclopentyl compound (6),[11] have been deter-
mined (Figures 1–4, respectively), and represent, we believe,
the only known structurally characterised examples of these
ring systems at a tetraalkyl boron centre.[13] The closest ana-
logue for the boratacyclopentyl ring containing compounds
6 and 15 is a trialkyl borohydride species (H)(PhCH2)BC4H8


linked to a zirconium centre through a B-H-Zr bridge
[CCDC refcode COQTAD].[14] For the boratacyclohexyl
moiety (7) there are two trialkyl analogues reported: the
first is a ring-enlarged version of the closest analogue for
the boratacyclopentyl compounds 6 and 15 [i.e., a (H)-
(PhCH2)BC5H10 species, COQSUW],[14] whilst the second
has a CH2CH2CH2N(Me)2 moiety occupying the other two
sites on the boron centre [WOPBEI].[15] Though the quality
of the final results from the diffraction experiments on crys-
tals of 16 is rather low,[16] the fact that no structural studies
on species including the seven-membered boratacycloheptyl
ring have previously been reported in the literature mean
that this determination represents the best structural evi-
dence to date for this ring system.


For the structures of 7, 15 and 16 the restricted bite of the
BBN macrocycle is clearly evident, the C-B-C angles being
102.7(2), 103.3(2) and 100.4(16)8, respectively. In the struc-
ture of 6 (Figure 4), which has two discrete cyclohexyl li-
gands in place of the BBN moiety in the other three struc-
tures, the release of strain at the boron centre is revealed by
the C-B-C angle between these two ligands (109.9(3)8) ap-
proaching ideal tetrahedral. Interestingly, this has no effect
on the C-B-C angle of the boratacyclopentane rings in 15
and 6, the respective angles being 100.3(2) and 100.9(3)8.
However, the conformation of the boratacyclopentane ring
is markedly different in each case. In 15 the C4B ring adopts
an envelope conformation (see Figure S2 in the Supporting
Information) with the C(3) centre lying about 0.64 P out of
the B-C(1)-C(2)-C(4) plane (which itself is coplanar to
better than 0.01 P), whereas in 6 the boratacyclopentane
ring has a twisted geometry (see Figure S6 in the Supporting


Information) with C(2) about
0.36 P “below” and C(3) about
0.31 P “above” the B-C(1)-
C(4) plane. The related trialkyl
species COQTAD has a twisted
geometry for this ring, with the
central two carbon atoms of the
C4 chain deviating by about
�0.41 and +0.23 P out of the
BC2 plane, with an intra-ring C-
B-C angle of 103.5(3)8.[14] In 7


the boratacyclohexane ring adopts a chair conformation (see
Figure S3 in the Supporting Information), a geometry seen
for every example of this ring so far reported in the litera-


Figure 1. The molecular structure of the tetraalkylcycloborate anion pres-
ent in the structure of 15 with selected bond lengths [P] and angles [8]:
B�C(1) 1.671(4), B�C(4) 1.656(4), B�C(5) 1.634(4), B�C(9) 1.638(4);
C(1)-B-C(4) 100.3(2), C(1)-B-C(5) 114.7(2), C(1)-B-C(9) 112.8(2), C(4)-
B-C(5) 113.6(2), C(4)-B-C(9) 112.6(2), C(5)-B-C(9) 103.3(2).


Figure 2. The molecular structure of the tetraalkyl cycloborate anion
present in the structure of 7 with selected bond lengths [P] and angles
[8]: B�C(1) 1.649(5), B�C(5) 1.647(5), B�C(6) 1.643(5), B�C(10)
1.644(5); C(1)-B-C(5) 104.8(3), C(1)-B-C(6) 113.2(3), C(1)-B-C(10)
110.9(3), C(5)-B-C(6) 112.6(3), C(5)-B-C(10) 112.9(3), C(6)-B-C(10)
102.7(3).
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ture.[17] The C-B-C angle of 104.8(3)8 is slightly enlarged
compared to the values seen in the boratacyclopentane spe-
cies 15 and 6, but is still smaller than the angles of
111.5(5)[14] and 108.9(2)8 (109.0(2)8)[15] seen in the trialkyl
analogues (the value in square parentheses refers to the
second independent molecule present in WOPBEI). The
major occupancy orientation for the boratacycloheptane
ring in 16 (see Figure S5 in the Supporting Information) has
a ring-inverted chair conformation[16] with a C-B-C angle of
111.3(17)8. The intra-ring angles thus show the expected pat-
tern, with boratacyclopentane < boratacyclohexane < bor-
atacycloheptane.


The B�C distances within the five-membered boratacyclo-
pentyl rings in 15 and 6 range between 1.656(4) and
1.671(4) P, compared to 1.625(5) and 1.633(5) P in the tri-
alkyl borohydride species COQTAD.[14] The lengthening is
probably a consequence of the greater steric requirements
of the fourth alkyl substituent in 15 and 6 as compared to
hydride in the trialkyl borohydride compound. For the bora-
tacyclohexyl species 7, all four B�C separations range be-
tween 1.643(5) and 1.649(5) P, and are noticeably longer
than those in COQSUW (1.618(5) and 1.624(8) P)[14] and
WOPBEI (in the range 1.613(4)–1.637(4) P).[15] Here
though, the steric argument is not so simple since, whereas
COQSUW again shows a hydride in the fourth coordination
site on the boron centre, WOPBEI has the nitrogen atom of
a CH2CH2CH2N(Me)2 chain. However, the bond to this ni-
trogen is significantly longer at 1.682(4) P (1.684(4) P) than
those to either of the carbons in WOPBEI or in 7. The esti-
mated standard deviations in the structure of the boratacy-
cloheptyl species 16 are too high to allow any meaningful
comparisons to be made,[16] even if there were any closely
related analogues for this seven-membered C6B ring.


Obviously, the formation of the cyclic borates proceeds
via an unprecedented boron-centered cyclisation reaction of
the intermediate Grignard species R2B�(CH2)n�MgBr with
intramolecular attack of the nucleophilic w-carbon atom at
the highly Lewis acidic boron centre. The cyclisation ap-
pears to occur instantaneously, once the reaction with Mg is
initiated. Only the bulky (C5H11)2B�(CH2)4�Br (14) requires
further heating to give the borate formation (vide supra). In
that case, the spectroscopic data, particularly the deshielded
11B NMR resonance at d=85.0 ppm, which were obtained
once the exothermic Grignard reaction has subsided, indi-
cate the exclusive presence of the species (C5H11)2B�
(CH2)4�MgBr (14a).


In addition, similar experiments targeted corresponding
boratacyclobutanes, thus probing for the lower limit of the
cyclisation reaction in terms of ring size and strain. To this
end potentially useful 3-bromopropylboranes were synthe-
sized by hydroboration of allyl bromide according to Equa-
tion (4). The bromides 20 and 21 were converted into the
corresponding Grignard species 20a and 21a and subse-
quently, into the magnesium dialkyls 20b and 21b by previ-
ously described protocols (vide supra). Attempts to achieve
a cyclisation reaction of any of these species under similar
conditions as in the case of 19, however, met with no suc-
cess.


Figure 3. The molecular structure of the tetraalkyl cycloborate anion
present in the structure of 16 with selected bond lengths [P] and angles
[8]: B�C(1) 1.67(3), B�C(6) 1.63(3), B�C(7) 1.65(3), B�C(11) 1.69(3);
C(1)-B-C(6) 111.3(17), C(1)-B-C(7) 111.5(16), C(1)-B-C(11) 109.5(15),
C(6)-B-C(7) 112.5(19), C(6)-B-C(11) 111.1(17), C(7)-B-C(11) 100.4(16).


Figure 4. The molecular structure of the tetraalkyl cycloborate anion
present in the structure of 6 with selected bond lengths [P] and angles
[8]: B�C(1) 1.663(5), B�C(4) 1.668(5), B�C(5) 1.655(5), B�C(11)
1.659(5); C(1)-B-C(4) 100.9(3), C(1)-B-C(5) 112.0(3), C(1)-B-C(11)
110.4(3), C(4)-B-C(5) 111.4(3), C(4)-B-C(11) 112.0(3), C(5)-B-C(11)
109.9(3).
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Conclusion


The boron-centered cyclisation of Grignard species R2B�
(CH2)n�MgBr (n=4, 5, 6) was established as a very conven-
ient and facile method for the high yield synthesis of novel
tetraalkyl cycloborates. A wide variety of unprecedented
boratacyclopentanes, -hexanes and -heptanes was thus pre-
pared, proving the general applicability of the new method
for the synthesis of medium-sized cycloborates. The com-
pounds can be obtained as colourless, crystalline materials
of the type [MgBr][R4B] or Mg[R4B]2, and the structures of
four representative examples in the solid state were eluci-
dated by single-crystal X-ray diffraction methods.


Experimental Section


General remarks : All manipulations of air-sensitive materials were per-
formed under an inert atmosphere of dry nitrogen using standard
Schlenk techniques. Solvents were purified and dried according to stan-
dard methods and stored over molecular sieve under an inert atmosphere
of nitrogen. All starting materials are commercially available and were
used as received without further purification. Mg turnings were activated
by using small amounts of 1,2-dibromoethane. NMR spectroscopy:
JEOL-EX 270 at 269.72 (1H, standard TMS internal), 86.54 (11B, standard
BF3·OEt2 in C6D6 external), 67.93 MHz (13C{1H}, APT, standard TMS in-
ternal), all NMR spectra were recorded at 25 8C in C4D8O as solvent
unless otherwise stated. Mass spectra were recorded on Micromass “Q-
TOF” (70 eV) and elemental analyses (C, H) were obtained from a Carlo
Erba EA1108 Elemental Analyser.


8 : A solution of 9-BBN (dimer) (2.61 g, 10.70 mmol) in THF (50 mL)
was added dropwise to a solution of 4-Br-1-butene (2.89 g, 21.41 mmol)
in THF (20 mL) at 0 8C. When the addition was complete, the solution
was allowed to reach ambient temperature and stirred overnight. The re-
sulting colourless solution was dried in vacuo to yield 8 as a colourless oil
in 92% yield. 1H NMR: d=1.16–1.92 (m, br, 20H), 3.43 ppm (t, 3JH,H=


6.67 Hz, 2H; R2BCH2(CH2)2CH2Br);
13C NMR: d=23.68, 23.88, 25.73,


30.14, 33.32, 33.80, 36.58 ppm; 11B NMR: d=70.8 ppm. The crude materi-
al was used without further purification for the synthesis of 15.


9 : According to the procedure described for 8, 9-BBN (dimer) (2.68 g,
11.00 mmol) in THF (50 mL) was treated with 5-Br-1-pentene (2.6 mL,
21.95 mmol) in THF (20 mL) to give 9 as a colourless oil in 93% yield,
which was used without further purification for the synthesis of 7.[11]
1H NMR: d=1.20–1.94 (m, br, 22H), 3.42 ppm (t, 3JH,H=6.80 Hz, 2H;
R2BCH2(CH2)3CH2Br);


13C NMR: d=24.28, 24.72, 27.46, 31.02, 32.45,
33.82, 34.28 ppm; 11B NMR: d=75.8 ppm.


10 : According to the procedure described for 8, 9-BBN (dimer) (2.87 g,
11.77 mmol) in THF (50 mL) was treated with 6-Br-1-hexene (3.80 g,
23.30 mmol) in THF (20 mL) to give 10 as a colourless oil in 92% yield,
which was used without further purification for the synthesis of 16.
1H NMR: d=1.18–1.90 (m, br, 24H), 3.42 ppm (t, 3JH,H=6.78 Hz, 2H;
R2BCH2(CH2)4CH2Br);


13C NMR: d=24.43, 27.57, 29.14, 31.16, 34.26,
33.31, 33.91, 33.98, 34.40 ppm; 11B NMR: d=73.6 ppm.


11: A solution of cyclohexene (6.0 mL, 59.2 mmol) in THF (20 mL) was
added dropwise to a stirred 1.0m solution of BH3·THF (30 mL,
30.0 mmol) in THF at �15 8C. The system was stirred for 1 h, during
which time white crystalline dicyclohexylborane precipitated out. Subse-
quently, a solution of 4-Br-1-butene (3.0 mL, 29.6 mmol) in THF (20 mL)
was added dropwise to the suspension of dicyclohexylborane with stirring
at 0 8C. The resulting cloudy solution was allowed to reach ambient tem-
perature and stirred overnight. The cloudy solution was centrifuged to
separate the off-white solid and the colourless solution was dried in
vacuo to give 11 as a colourless oil in 92% yield. 1H NMR: d=1.11–1.74
(m, 26H), 1.84 (m, 2H, R2BCH2CH2CH2CH2Br), 3.44 ppm (t, 3JH,H=


6.81 Hz, 2H, Cy2BCH2CH2CH2CH2Br);
13C NMR: d=23.64, 24.73, 28.14,


28.63, 34.21, 36.94, 37.44 ppm; 11B NMR: d=82.4 ppm. The crude materi-
al was used without further purification for the synthesis of 6.[11]


12 : According to the procedure described for 11 cyclohexene (6.0 mL,
59.2 mmol) in THF (20 mL) was treated with a 1.0m solution of
BH3·THF (30 mL, 30.0 mmol) in THF and subsequently treated with 5-
Br-1-pentene (4.59 g, 30.8 mmol) in THF (20 mL) to give 12 as a colour-
less oil in 90% yield, which was used without further purification for the
synthesis of 17. 1H NMR: d=1.20–1.90 (m, 30H), 3.40 ppm (t, 3JHH=


6.92 Hz, 2H; R2BCH2)4CH2Br);
13C NMR: d=24.30, 25.72, 28.17, 28.65,


32.96, 33.96, 34.27, 36.95 ppm; 11B NMR: d=82.5 ppm.


13 : According to the procedure described for 11 cyclohexene (4.0 mL,
39.5 mmol) in THF (20 mL) was treated with a 1.0m solution of
BH3·THF (20 mL, 20.0 mmol) in THF and subsequently treated with 6-
Br-1-hexene (3.26 g, 20.0 mmol) in THF (20 mL) to give 13 as a colour-
less oil in 93% yield, which was used without further purification for the
synthesis of 18. 1H NMR: d=1.15–1.86 (m, 32H), 3.41 ppm (t, 3JH,H=


6.80 Hz, 2H, R2B(CH2)5CH2Br);
13C NMR: d=24.91, 28.22, 28.67, 29.17,


33.71, 34.05, 34.40, 37.06 ppm; 11B NMR: d=82.5 ppm.


14 : A solution of 2-methyl-2-butene (8.0 mL, 75.5 mmol) in THF (20 mL)
was added dropwise to a stirred 1.0m solution of BH3·THF (38.0 mL,
38.0 mmol) at �15 8C. Subsequently, a solution of 4-Br-1-butene (3.8 mL,
37.4 mmol) in THF (20 mL) was added dropwise to the stirred suspen-
sion of disiamylborane at 0 8C. The resulting cloudy solution was allowed
to reach room temperature and stirred overnight. The solution was dried
in vacuo to afford 14 as a colourless oil in 85% yield, which was used
without further purification for the synthesis of 19. 1H NMR: d=0.40–
1.50 (m, 28H), 3.24 ppm (br, 2H; R2BCH2CH2CH2CH2Br);


13C NMR:
d=1.53, 13.30 (m), 21.70, 23.31 (br), 30.52 (br), 31.16, 31.41, 32.95,
38.50 ppm; 11B NMR: d=84.9 ppm.


15 : All of the previously obtained crude borane 8 was dissolved in THF
(20 mL) and added dropwise to a suspension of Mg turnings in THF
(50 mL) at ambient temperature. When the addition was complete, the
system was allowed to stir at ambient temperature for three days. The re-
sulting grey solution was filtered to give a clear solution, which was con-
centrated to a small volume in vacuo and cooled to 0 8C to give 15 as col-
ourless crystals in 74% yield. 1H NMR: d=0.04 (m, br, 6H), 1.20–
2.00 ppm (m, 16H); 13C NMR: d=26.81 (q, 1JC,B=33.67 Hz), 28.41, 32.02
(q, 1JC,B=38.73 Hz), 33.87, 35.42 ppm; 11B NMR: d=�13.9; MS (ESI):
m/z (%): 177 (100) [C12H22B].


7:[11] According to procedure described for 15 the crude borane 9 was
treated in THF (70 mL) with Mg turnings to yield colourless crystals of 7
in 89% yield. 1H NMR: d=�0.33 (br), 0.80–1.44 ppm (m, br); 13C NMR:
d=27.04, 28.23, 28.88 (br), 30.38, 34.07, 34.51 ppm; 11B NMR: d=


�20.5 ppm; MS (ESI): m/z (%): 191 (100) [C13H24B].


16 : According to procedure described for 15 the crude borane 10 was re-
acted in THF (70 mL) with Mg turnings to yield colourless crystals of 7
in 65% yield. 1H NMR: d=0.14 (br), 0.29 (br), 1.20–2.00 ppm (br, m);
13C NMR: d=27.33, 28.43, 29.05 (br), 30.55, 34.07, 35.01 ppm; 11B NMR:
d=� 19.7 ppm; MS (ESI): m/z (%): 205 (100) [C14H26B].


17: According to procedure described for 15 the crude borane 12 was
treated in THF (35 mL) with Mg turnings to yield colourless crystals of
17 in 76% yield. 1H NMR: d=�0.17 (br), 0.08 (br), 0.72–1.57 ppm (br,
m); 13C NMR: d=23.48 (q, 1JC,B=39.49 Hz; R2B(CH2)2(CH2)3), 27.31,
28.73, 30.07, 32.09, 33.04, 36.82 ppm (q, 1JC,B=41.97 Hz; [(CH2)5CH]2B-
(CH2)5);


11B NMR: d=�18.6 ppm; MS (ESI): m/z (%): 247 (100)
[C17H32B].


18 : According to procedure described for 15 the crude borane 13 was
treated in THF (35 mL) with Mg turnings to form 18 as a white solid in
70% yield. 1H NMR: d=0.06 (br), 0.85–1.82 ppm (m, br); 13C NMR: d=
27.95, 28.05, 28.48 30.22, 30.62, 32.16, 32.87, 36.67, 39.92 ppm (q, 1JC,B=
41.33 Hz; [(CH2)3(CH2)2CH]2B(CH2)6);


11B NMR: d=�16.6 ppm; MS
(ESI): m/z (%): 261 (100) [C18H34B].


14a and 19 : All of the previously obtained crude borane 14 was dissolved
in THF (20 mL) and the resulting solution was added dropwise to a sus-
pension of Mg turnings in THF (20 mL) at ambient temperature. When
the reaction was complete, the system was allowed to reach ambient tem-
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perature and a white precipitate started to form. The mixture was stirred
overnight, diluted with THF (50 mL), and filtered hot to give a clear so-
lution. A small amount of this solution was dried in vacuo and analysed
by NMR spectroscopy.


NMR data for 14a : 1H NMR: d=0.40–1.60 (m); 13C NMR: d=13.41,
22.50, 23.90 (br), 31.12 (br), 31.25, 32.11, 32.72, 33.50; 11B NMR: d=85.0.


The solution of 14a in THF was refluxed at 66 8C for three days. The re-
sulting clear solution was concentrated to a small volume in vacuo and
cooled to 0 8C to give colourless crystals of 19 in 76% yield. 1H NMR:
d=0.10 (br), 0.70–1.00 (br, m), 1.20–1.50 (br, m), 1.76 ppm (br);
13C NMR: d=12.19, 12.65, 14.40, 21.67, 31.17, 39.52 ppm (br); 11B NMR:
d=� 20.5 ppm; MS (ESI): m/z (%): 209 (100) [C14H30B].


6 : A solution of the crude borane 11 in Et2O (20 mL) was added drop-
wise to a suspension of Mg turnings in Et2O (15 mL) at ambient tempera-
ture. When the reaction was complete, the system was allowed to reach
ambient temperature and a white precipitate started to form. The mix-
ture was stirred overnight, diluted with THF (50 mL), and filtered hot to
give a clear solution. 1,4-Dioxane (2.3 mL, 27.0 mmol) in Et2O (10 mL)
was added dropwise and the resulting solution was stirred overnight. The
white precipitate of MgBr2·dioxane was separated from the solution by
centrifugation, and the clear solution was concentrated to a small volume
in vacuo and cooled to 0 8C to give colourless crystals of 6 in 86% yield.
1H NMR: d=�0.17 (br), 0.08 (br), 0.72–1.57 ppm (m, br); 13C NMR: d=
30.10, 31.68, 32.66, 32.74 ppm; 11B NMR: d=�12.5 ppm; MS (ESI): m/z
(%): 233 (100) [C16H30B].


20 : A solution of 9-BBN (dimer) (6.7 g, 27.3 mmol) in THF (50 mL) was
added dropwise to a colourless solution of allyl bromide (4.8 mL,
55.5 mmol) in CH2Cl2 (10 mL) at �30 8C. When the addition was com-
plete, the solution was allowed to reach ambient temperature and stirred
overnight. The resulting colourless solution was dried in vacuo to give 20
as a pale yellow oil in 94% yield, which was used without further purifi-
cation for the synthesis of 20a. 1H NMR: d=1.15 (t, 3JH,H=8.17 Hz, 2H;
R2BCH2CH2CH2Br), 1.34 (m, 4H; [(CH2)2(CH2)4(CH)2]B(CH2)3Br)),
1.71–1.80 (m, br, 10H; [(CH2)2(CH2)4(CH)2]B(CH2)3Br)), 1.96 (m, 2H;
R2BCH2CH2CH2Br), 3.40 ppm (t, 3JH,H=7.05 Hz, 2H;
R2BCH2CH2CH2Br);


13C NMR: d=24.56, 29.59 (br), 30.10, 33.67,
38.04 ppm; 11B NMR: d=86.6 ppm.


20a : The previously obtained 20 was redissolved in Et2O (50 mL) was
added dropwise to Mg turnings in Et2O at ambient temperature. The
system was allowed to reach ambient temperature and stirred overnight.
The resulting grey solution was filtered and dried in vacuo to give 20a as
a white powder. 1H NMR: d=1.22–1.85 ppm (m, br); 13C NMR: d=


20.43, 24.29, 31.30 (br), 33.86 ppm; 11B NMR: d=78.2 ppm.


20b : The previously obtained Grignard reagent 20a was redissolved in
Et2O and a solution of 1,4-dioxane (0.57 g, 6.47 mmol) was added drop-
wise. Immediately, a white precipitate of MgBr2·dioxane formed. After
the addition was complete the system was allowed to stir for 2 h. The
white precipitate was filtered and washed twice with Et2O (2V10 mL).
The mother liquor was dried in vacuo and 20b was isolated as a white
solid in 85% yield. 1H NMR: d=1.21–1.91 ppm (m, br); 13C NMR: d=
20.42, 24.31, 31.10 (br), 33.86 ppm; 11B NMR: d=77.8 ppm; elemental
analysis calcd (%) for C22H40B2Mg (350.5): C 75.39, H 11.50; found: C
75.61, H 11.36.


21: According to the procedure described for 20 a solution of cyclohex-
ene (6 mL, 59.2 mmol) in THF (20 mL) was treated with a 1.0m solution
of BH3·THF (30 mL, 30.0 mmol), and subsequently treated with a solu-
tion of allyl bromide (2.6 mL, 30.0 mmol) in THF (20 mL) to give 21 as a
colourless oil in 87% yield, which was used without further purification
for the synthesis of 20a. 1H NMR: d=1.16–1.73 (m, br, 24H), 1.96 (m,
2H; R2BCH2CH2CH2Br), 3.42 ppm (t, 3JH,H=6.79 Hz, 2H;
R2BCH2CH2CH2Br);


13C NMR: d=27.90, 28.06, 28.42, 29.16, 36.60 (br),
37.58 ppm; 11B NMR: d=81.4 ppm.


21a : The previously obtained 21 was dissolved in Et2O (20 mL) and
added dropwise to a suspension of Mg turnings in Et2O at ambient tem-
perature. The system was allowed to reach ambient temperature and stir-
red overnight. The resulting grey solution was filtered and dried in vacuo


to yield 21a ; 1H NMR: d=1.19–1.72 ppm (m, br); 13C NMR: d=15.71,
28.00, 28.45, 29.95 (br), 36.80 ppm (br); 11B NMR: d=82.2 ppm.


21b : The previously obtained Grignard reagent 21a was redissolved in
Et2O and a solution of 1,4-dioxane (2.3 mL, 27.0 mmol) in Et2O (10 mL)
was added dropwise. The mixture was stirred overnight and the white
precipitate of MgBr2·dioxane was separated from the solution by centri-
fugation. The resulting clear solution was dried in vacuo to give 21b as
an off- white oil in 85% yield. 1H NMR: d=1.18–1.72 (m, br, 26H), 1.96
(m, 2H; R2BCH2CH2CH2Br), 3.42 ppm (t, 3JH,H=6.79 Hz, 2H;
R2BCH2CH2CH2Br);


13C NMR: d=19.39, 27.95, 28.42, 29.92, 36.74 ppm
(br); 11B NMR: d=82.5 ppm; elemental analysis calcd (%) for
C30H56B2Mg (462.7): C 77.87, H 12.20; found: C 77.82, H 11.98.


Crystal data for 15 : [C20H40O5BrMg](C12H22B)·C4H8O, Mr=713.95, tri-
clinic, (no. 2), a=10.6422(5), b=13.8529(5), c=13.9367(6) P, a=


71.397(4), b=89.688(4), g=87.648(4)8, V=1945.57(14) P3, Z=2, 1calcd=


1.219 gcm�3, m(MoKa)=1.113 mm�1, T=173 K, colourless prisms, Oxford
Diffraction Xcalibur 3 diffractometer; 11919 independent measured re-
flections, F2 refinement, R1=0.075, wR2=0.126, 11384 independent ob-
served absorption-corrected reflections [ jFo j>4s(jFoj), 2qmax=648], 441
parameters. CCDC-273774 contains the supplementary crystallographic
data for this compound. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.


Crystal data for 16 : [C20H40O5BrMg](C14H26B)·C4H8O, Mr=742.00, mon-
oclinic, P21/n (no. 14), a=10.7897(9), b=25.8464(19), c=14.5063(10) P,
b=93.220(6)8, V=4039.1(5) P3, Z=4, 1calcd=1.220 gcm�3, m(MoKa)=
1.074 mm�1, T=173 K, colourless blocks, Oxford Diffraction Xcalibur 3
diffractometer; 5234 independent measured reflections, F2 refinement,
R1=0.184, wR2=0.448, 5166 independent observed absorption-corrected
reflections [ jFo j>4s(jFoj), 2qmax=458], 429 parameters. CCDC-273775
contains the supplementary crystallographic data for this compound.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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… when one considers the recent
potential uses of glycoconjugates
as therapeutics. Particular refer-
ence to the applications of glyco-
peptides, glycoproteins, glycoden-
drimers, and glycoarrays is made in
the Concept article by B. G. Davis
et al. on p. 659 ff. The diverse util-
ity of these compounds has long
suggested the power of carbohy-
drates in therapeutic approaches,
which is also discussed.
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Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Modification of Myoglobin
In their Full Paper on page 749 ff. , L. Casella et al. describe
the modification of human myoglobin by reaction with ni-
trite and hydrogen peroxide. This reaction is important
because NO2 and H2O2 are formed in vivo under conditions
of oxidative and nitrative stress, whereby protein derivatiza-
tion has often been observed.


Scorpionate Complexes
In their Full Paper on page 931 ff. , M. D. Spicer, J. Reglin-
ski, and C. A. Dodds describe the syntheses and structures
of a series of indium, antimony, and bismuth complexes
with the soft scorpionate ligand hydrotris(methimazoyl)-
borate. A considerable variety of structural motifs
were obtained.


Asymmetric Catalysis
The intimate role of pendant p-conjugate oligothiophenes
in determining the catalytic activity of the corresponding
chiral Pd complexes is described by A. Umani-Ronchi,
M. Bandini, and co-workers on p. 667 ff. This approach
allows for a fine-tuning of organometallic catalysts for
stereoselective transformations, when the title ligands are
incorporated in chiral palladium catalysts.
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Exploring and Exploiting the Therapeutic Potential of Glycoconjugates


Katie J. Doores, David. P. Gamblin, and Benjamin G. Davis*[a]


Introduction


It is the aim of this article to focus on and highlight recent
potential uses of glycoconjugates as therapeutics, with par-
ticular reference to glycopeptides, glycoproteins, glycoden-
drimers, and glycoarrays and is not intended as a compre-
hensive study of experimental methods. Until as recently as
30 years ago the primary interests in sugars in biology were
probably as sources of energy for example, glucose and gly-
cogen, or in cellular structure for example, chitin in crab
shells. However, over the last decades it has become clearer
that carbohydrates, either bound to proteins or in lipids,
play essential roles as communication molecules in many in-
tercellular and intracellular processes. In particular, carbo-
hydrates are important mediators of cell–cell recognition
events[1] and have been implicated in related processes such


as cell signaling regulation,[2,3] cellular differentiation[4] and
immune response.[5] This diverse utility has long suggested
the power of carbohydrates in therapeutic approaches. For
example, both the a-1 acid glycoprotein (during acute phase
response)[6] and the IgG molecule (during rheumatoid ar-
thritis)[7,8] display variations in glycan structure in disease
when compared to healthy references. The tetrasaccharide
sialyl Lewis X and related structures are key determinants
in the recruitment of lymphocytes during inflammation[9]


and furthermore, it has been known for more than 70 years
that carbohydrates when attached to a protein carrier are
able to induce an antibody response that might protect an
organism from infection.[10] Despite these promising and
suggestive observations, in many respects the full potential
of glycobiology in a therapeutic context is yet to be realiz-
ed.[11]


With the selected examples below we seek to show chem-
ists can exploit these fundamental biological interactions in
the potential development of future therapeutic agents.


Glycoproteins and Glycopeptides


The co- and posttranslational modification of proteins with
carbohydrates is of vital importance to protein stability,[12,13]


structure and function,[7,8] and therefore can critically alter
the potential therapeutic applications of glycoproteins. The
fundamental problem associated with glycoproteins arises
from the difficulty in generating homogenous sources since
protein glycosylation is not under direct genetic control.
Several approaches have attempted to overcome this limita-
tion through both biological and chemical processes (or a
combination of the two) and are now allowing the exploita-
tion of synthetic glycoproteins in some potentially useful
therapeutic strategies.[14–18]


A multivalent display of carbohydrate has long been
known to enhance binding to cognate receptors.[19] Since
many key biological processes involve binding of sugars to
receptors it is likely that such multivalent displays of dendri-
meric sugars can be exploited in therapeutic processes.
Indeed, in one sense when one examines the branched dis-


Abstract: Carbohydrates, either bound to proteins or in
lipids, play essential roles as communication molecules
in many intercellular and intracellular processes. In par-
ticular, carbohydrates are important mediators of cell–
cell recognition events and have been implicated in re-
lated processes such as cell signaling regulation, cellular
differentiation and immune response. This diverse utili-
ty has long suggested the power of carbohydrates in
therapeutic approaches. This Concepts article highlights
the recent potential uses of glycoconjugates as thera-
peutics, with particular reference to glycopeptides, gly-
coproteins, glycodendrimers, and glycoarrays.


Keywords: carbohydates · drug design ·
glycoconjugates · glycoproteins


[a] K. J. Doores, Dr. D. P. Gamblin, Dr. B. G. Davis
Department of Chemistry, University of Oxford
Chemistry Research Laboratory, Mansfield Road
Oxford OX1 3TA (UK)
Fax: (+44)1865-285-002
E-mail : ben.davis@chem.ox.ac.uk


Chem. Eur. J. 2006, 12, 656 – 665 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 657


CONCEPTS



www.chemeurj.org





play of glycans in natural glycoproteins these might be con-
sidered to be natural glycodendrimers. Rendle et al. have
shown that a combination of site directed mutagenesis and
chemoselective conjugation with glycodendrimeric methane-
thiosulphonate (MTS) reagents could be used to create a
multivalent display of galactose on the surface of the pro-
tease subtilisin Bacillus lentus (SBL) with precision in high
yields and purity. Such chemical glycosylation can overcome
problems associated with the heterogeneous glycoprotein
synthesis observed from, for example, the expression of gly-
coprotein in mammalian systems.[20] Different mono-, di-,
tri- and tetragalactose tipped dendrimers were constructed
on a variety of aromatic and aliphatic scaffolds and linked
to SBL to create, so-called glycodendriproteins (Figure 1).


In this example, b-d-galactose was chosen for the tips of
the dendrimers in order to target the pathogen Actinomyces
naeslundii which has on its surface the fimbrial adhesin Fim


A that binds galactosyl containing ligands. An ELISA-bind-
ing assay based on model Gal binding protein peanut agglu-
tinin showed an increasing affinity with increasing Gal-an-
tennae valency. Moreover, these Gal bearing glycodendri-
proteins successfully inhibited the binding of pathogen
gram-positive A. naeslundii with its co-pathogen Streptococ-
cus oralis at nanomolar levels (IC50=20 nm). The results
were strongly dependant on the presence of a multi-antenn-
ary carbohydrate display, protease activity in the carrier pro-
tein SBL and correct sugar (Gal) presentation. Control ex-
periments with alternative displays of sugars or inhibited, in-
active enzyme were less effective. This co-aggregation inhib-
ition is thought to be the most potent to date. In a parallel
strategy, such protease targeting via homing carbohydrate li-
gands has also been further exemplified by equipping SBL
with a mannose targeting ligand.[21] The resulting mannosy-
lated protease showed increased degradation of a protein


Figure 1. Synthetic route to glycodendriproteins and the mechanism of pathogenic inhibition. a) Boc2O, CH2Cl2, �78 8C; b) (ClCH2CO)2CO, CH2Cl2;
c) 2 equiv Gal-S�Na+, DMF; d) CF3COOH, CH2Cl2; e) thiobutyrlactone, dithiothreitol, NaHCO3, H2O, EtOH; f) NHS-butyr-MTS, DMF; g) 1 equiv Gal-
S�Na+, DMF; h) 1, DMF.
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target, the mannose binding lectin concanavalin A (Con A),
although the monovalent display used in this instance gave
only a modest 1.5-fold increase in selectivity.


In an example of combined mutagenesis and enzymatic
synthesis of glycoprotein, Nishimura and co-workers have
glycosylated insulin,[22] a protein hormone that is the pri-
mary treatment of hyperglycaemia in diabetic patients. Pa-
tients can require significant amounts of insulin each year
(0.5 g–1.0 g).[23] Wild type insulin is rapidly broken down by
the liver within a few hours of administration thus requiring
frequent injections. Current methods to increase in vivo ac-
tivity have also been investigated,[24] however these are hin-
dered by complicated administration regimes leading to a
lack of control in blood circulating glucose levels caused by
decreased water solubility.[25] It has been known for some
time that higher levels of the sugar sialic acid on the termi-
nii of glycoprotein glycans can increase circulation half
life.[26, 27] Nishimura et al. tackled the water solubility and
degradation problems of insulin by introducing sialic acid
moieties into a mutant peptide backbone, through a dual en-
zymatic extension procedure using initially transglutaminase
(TGase) to introduce lactose (Lac) followed by use of
Siaa2,6-transferase to make Sia2,6-Lac (Scheme 1). Gluta-
mine residues naturally present in wild type (WT)-insulin
were unfortunately inaccessible to TGase, thus more accessi-
ble Gln residues were added via site directed mutagenesis.
Only modified variants of N-terminus mutants of the B
chain of insulin were seen to have similar activity to WT-in-
sulin and taken on for further study. Disappointingly after
the TGase reaction, proteolytic digest revealed a lack of se-
lectivity with both the terminal Q1 and Q4 being glycosylat-


ed. However, both isomers could be further extended with
the use of Siaa2,6 transferase to create two different sialyl-
lactose tipped artificial insulins. All mutants, with and with-
out sugars, showed similar level of initial in vivo activity to
WT, however, the Sia containing glycoproteins showed a
more prolonged activity, consistent with the role of sialic
acid in prolonging serum lifetimes.


Interestingly, this technique was further enhanced by
using a dendrimeric display of sialic acid to create glycoden-
driproteins. The same synthetic methods were also used to
attach di- and tri-antennary dendrimers of lactose to the
protein, which were subsequently extended with sialyltrans-
ferase. Although it was shown the binding affinity of the
modified insulin to its receptor decreases as dendrimer size
increases, overall in vivo activity was increased due to the
enhanced half life caused by the higher degree of sialic acid
incorporation.


Essentially similar methods were also exploited in the de-
velopment of a potential influenza inhibitor.[28] Influenza is
initiated by the docking of the virusJ heamagglutinin (HA)
to sialic acid containing oligosaccharides on host cell surfa-
ces.[29] Molecules with a high affinity for HA have the poten-
tial to be potent candidates for the treatment of influenza
through competitive inhibition, with a dendrimeric display
increasing this potential yet further. To this end, glutamine
containing cyclic peptides were designed to act as a back-
bone to support this carbohydrate sialic acid scaffold due to
their synthetic flexibility and potential biological compatibil-
ity. These cyclic peptides were then treated with TGase and
amine-modified lactose unit to afford a mixture of mono, di-
and tri-antennary carbohydrate structures, which were sepa-


rated by HPLC and subse-
quently treated with 2,3aSiaT
to afford sialyl-tipped glycopep-
tides (Scheme 2). As expected
the trivalent ligand showed
most significant binding due to
the multivalent effect. It was
suggested that the cyclic pep-
tide backbone was key to
potent binding due to orienta-
tion with respect to HA; cyclic
peptide [Gly-Ser-Ser-Gln-Ser-
Ser-Gly]3 was most potent.


Vancomycin, a natural prod-
uct of Amycolatopsis orientalis,
is used as a last defence against
methicillin-resistant bacteria.[30]


It is a glycopeptide antibiotic,
that works primarily by inhibit-
ing the terminal enzymatic step
(transpeptidase) in peptidogly-
can synthesis.[31] Increasing im-
portance has been placed upon
this “drug of last resort” due to
the disturbing increase in ap-
pearance of even vancomycin-Scheme 1. Dual enzymatic extension procedure to synthesise modified insulin.
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resistant strains. Recently, it has been shown that novel car-
bohydrate derivatives of vancomycin may overcome this re-
sistance.[32] Natural vancomycin binds to the terminal d-Ala-
d-Ala unit of the bacterial cell wall precursor impeding fur-
ther processing of the intermediate into peptidoglycan.[33]


Resistant strains exchange this dipeptide to a glycopeptide
component d-Ala-d-Lac, causing a change in the hydrogen-
bonding pattern, resulting in a three-fold decrease in affini-
ty.[34,35] Kahne et al. have shown that modifying the carbohy-
drate portion of vancomycin with hydrophobic substituents,
results in increased activity.[36] This action is believed to
occur by enhancing association of glycopeptide to the bacte-
ria, and hence in closer proximity to the cell wall precursors.
The modification causes a change in the mode of action of
the drug by blocking instead a key transglycosylation step
leading to the formation of immature peptidoglycan, and
thereby potentially overcoming resistance to standard van-


comycin. The carbohydrate motif is fundamental to this ac-
tivity, which is in fact independent of peptide portion.
Indeed, analogues without peptide still retained some activi-
ty. Thorsen et al. have developed a procedure to rapidly
access libraries of vancomycin derivatives based upon an ef-
ficient chemoenzymatic route.[37] The vancomycin biosyn-
thetic enzyme, GtfE, a glycosyltransferase known to have a
broad specificity,[37] was used with a variety of natural and
un-natural NDP sugar donors, to create a modified vanco-
mycin library that was screened (Scheme 3). Although all
members of a first library showed decreased activity with re-
spect to vancomycin, a secondary library was synthesised by
the use of un-natural donors containing reactive groups that
could be further modified later. For example, secondary che-
moselective ligation of azido sugars gave a stage II library
that showed increased activity with respect to unmodified-
vancomycin and pleasingly some derivatives showed in-


Scheme 2. Potential influenza vaccines based upon carbohydrate modified cyclic peptides.


Scheme 3. Synthetic scheme for the carbohydrate modification of the antibiotic vancomycin.
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creased organism specificity. In contradiction to previous
work it was found that hydrophilic substituents were crucial
to the therapeutic efficacy thus illustrating the need for fur-
ther potential exploration in this area.


Nicolaou et al. have carried out studies involving dimeric
derivatives of vancomycin synthesised by disulphide forma-
tion and olefin metathesis.[38] It has been shown that a ten-
dency of glycopeptide antibiotics to dimerise correlates with
their increased activity.[39] Taking advantage of this multiva-
lent effect, dimeric vancomycin-derived antibiotics were syn-
thesised and shown to be potent antibiotics effective against
vancomycin-resistant bacteria.


Microarrays


Cell-surface carbohydrates are exploited by pathogens for
adherence and entry into cells. Carbohydrate microarrays
have been used to study such interactions of bacteria with
carbohydrates. Seeberger and co-workers reacted sugars
bearing an ethanolamine linker with amine-reactive homobi-
functional disuccinimidyl carbonate linkers coated on glass
slides to create arrays of sugars.[40] E. coli was shown to se-
lectively bind to mannose from an array of monosacchar-
ides. Furthermore, differences in carbohydrate binding affin-
ities were observed for E. coli mutants (Scheme 4). The re-
sulting “fingerprints” of these bacteria can be used to char-
acterize bacterial type. They were also able to “capture”
these bacteria and then culture them for study of antibacte-
rial susceptibility. This technique nicely allows for rapid
screening and testing of pathogens. Feizi and co-workers
have exploited neoglycolipid (NGL) technology to generate


arrays of immobilized oligosaccharide probes derived from
biological sources and chemical syntheses showing similar
applications and results.[41]


Wong and co-workers have used robotic technology to
print diverse glycan arrays to probe glycan binding protein
(GBP)–ligand interactions.[42] Amine functionalised sugars
were delivered in a controlled fashion using standard micro-
array printing onto N-hydroxysuccinimide functionalised
plates, leading to the formation of amide bound carbohy-
drate ligands. Arrays comprising of 200 synthetic and natu-
ral glycan sequences representing the major glycans from
glycoproteins and glycolipids were tested with various plant
and human lectins, glycan-specific antibodies and bacterial
and viral GBPs. The results not only confirmed specificities
from previous experiments using other techniques but also
showed finer specificities not previously noted. For example
cyanovirin (CVN), a cyanobacterial protein which binds to
high mannose groups on gp120 thus blocking the initial step
of HIV-1 infection, specifically recognized several fragments
containing terminal Mana-1!2- as well as the high mannose
glycans containing Mana-1!2- termini, that are the report-
ed specificity. These arrays were shown to be 100 times
more sensitive than traditional ELISA-based arrays, and as
expected, enhancement was observed when multivalent dis-
plays of ligands were used. Multivalent displays amplify the
differences in intrinsic binding compared to specific binding
and reveal biologically important motifs. This pioneering
technique reproducibly detected antiglycan antibody specif-
icities in crude human serum, giving the array the potential
to act as a fast diagnostic tool in the identification of a host
of diseases.


Scheme 4. General technique of carbohydrate microarrays for high throughput screening of E. coli carbohydrate binding affinities.
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Approaches to Anti-HIV Vaccines


2G12 is a broadly neutralizing human monoclonal antibody
against HIV-type 1, that binds to the viral coat protein
gp120, a key viral receptor for CD4 and chemokine recep-
tors CCR5 and CXCR4. 2G12 has a unique “domain-ex-
changed” structure that allows it to target the high mannose
carbohydrate antigen that is found on the so-called “silent
face” of HIV-1 gp120. Carbohydrate regions of glycopro-
teins are not normally immunogenic due to the heterogenei-
ty of glycoproteins, which will dilute immune response, and
typically, large, flexible glycans have the potential to inhibit
other potential protein epitopes. Antibodies to the virus
such as 2G12 to be effective need to be tolerated in the
presence of host carbohydrates. 2G12 binding is strongly de-
pendant on the glycan content of the high mannose motifs;
mutational and biochemical studies on the protein also show
the need for glycan occupancy at positions N332, N392 and
N339.[43–45] Wang et al. have designed and synthesised a tem-
plate-assembled oligomannose cluster to mimic the pro-
posed 2G12 epitope.[46] Cholic acid was selected due to
mimic dimensions of the gp120 epitope, its rigidity and mul-
tiple functionality allowing trivalent glycosylation with oli-
gomannose structures and a fourth functionality to allow at-
tachment to a carrier protein so that it can be used as a vac-
cine (Scheme 5). Analysis of the resulting synthetic epitope
mimic by competitive inhibition of 2G12 binding to immobi-
lised gp120 showed enhanced affinity compared to the high-
mannose modified amino acid Man9GlcNAc2Asn unit alone
(approx. 46 times) although this is several orders of magni-
tude below that of gp120. This approach is suitable for fur-
ther designs of mimics for the epitope of antibody 2G12.


Crystal structures have revealed that it is the D1 arm of
the Man9GlcNAc2 that is significant in binding and, in par-
ticular, the terminal Mana1!2Man residues (Figure 2). Lee
et al. have attempted to use these data to design their own
novel immunogens using a programmable reactivity based
one-pot oligosaccharide synthesis approach.[47] Evaluation of
the various oligosaccharides synthesised for their ability to
inhibit the interaction between 2G12 and gp120 showed tet-
ramannose, with an additional a1!2-linked mannose, had


the highest inhibition. This is consistent with the crystallo-
graphic data and work is in progress for the development
for a HIV vaccine.


Approaches to Anti-Malarial Vaccines


Fatalities from malaria are caused by an inflammatory cas-
cade initiated by a malarial toxin released from the parasite
Plasmodium falciparum. Glycosylphosphatidylinositols
(GPI) are thought to be the primary toxin that underlies
malarial pathology. Seeberger and co-workers have chemi-
cally synthesised the GPI oligosaccharide and conjugated it
to carrier proteins.[48] Using this vaccine model anti-GPI an-
tibodies from immunized mice were obtained and shown to
neutralise the pro-inflammatory activity of P. falciparum in
vitro; deaths from malarial parasites were greatly decreased
in animal models and the data support the idea that GPI-
conjugates could be used for anti-malarial vaccine design. It
should be stressed that as part of this vaccine strategy, a
rapid and high yielding method was used for the synthesis of
the GPI carbohydrate motif using automated solid-phase
techniques.[49] This may be adapted with alternative units to
generate vaccine precursors for structure/activity-relation-
ship studies. Such syntheses will clearly aid in testing these
type of vaccine hypotheses and in epitope mapping of
human anti-glycan antibodies.


Scheme 5. Template-assembled oligomannose cluster to mimic the 2G12 epitope.


Figure 2. High-oligomannose structure key to gp120 recognition.
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Carbohydrate-Mediated Drug Delivery


Targeted delivery is important approach to enhancing drug
therapy. Synthetic glycopolymer and glycoproteins have in
the past been used as carriers of covalently conjugated
drugs bearing carbohydrate ligands.[50] These typically rely
on endogenous enzymatic mechanisms for the release of
active drug and so release may also occur at unwanted sites.
In addition, there is a limit to the loading of the drug on
such scaffolds that creates problems of dose control and
cost. A new bipartite drug delivery system, lectin-directed
enzyme-activated prodrug therapy, LEAPT, has been de-
signed to exploit endogenous carbohydrate lectin binding by
combining it with biocatalysis using novel glycosylated en-
zymes and prodrugs.[51] First a glycosylated enzyme is deliv-
ered to specific cell types within the body that are predeter-
mined by the selected carbohydrate ligand. Second a pro-
drug capped with a non-mammalian sugar is added. The use
of linkages in the prodrug that can only be cleaved by the
activity of the glycosylated enzyme ensures that it is only re-
leased at the target site (Figure 3). This first example system
has used a rhamnosidase enzyme which was first stripped of
its natural sugars using enzyme endo H and then chemically
glycosylated using IME methodology.[52,53] When co-admins-
tered with model rhamnose-capped prodrugs, in vivo analy-


sis showed a high level of drug in the target organ, the liver.
Moreover, use of a prodrug of anticancer drug doxorubicin
in the system allowed promising treatment of an animal
tumour model. These results further highlight the possibility
of exploiting carbohydrate interactions in developing tools
for targeted drug delivery. The methodology shows possible
adaptation to other disease targets by varying the sugar or
to target other suitable receptors of medical relevance.


Glycoviruses


Gene therapy of diseases relies on vectors, typically viruses,
to deliver nucleic acids that modulate the function of mal-
functioning or missing genes.[54] For certain applications of
gene therapy, virus vectors will need to be delivered prefer-
entially to diseased cells, thus requiring cell specific target-
ing, whilst avoiding neutralizing antibodies, in order to have
an effective in vivo activity. These ideal properties are diffi-
cult to achieve, and are some of the biggest challenges faced
by gene therapy today.[55] Adenovirus (AV) is a commonly
used vector in gene therapy normally binding through a
lysine-dependant interaction to the coxsackie adenovirus re-
ceptor (CAR) of certain host cell.[56–58] The virus has a broad
tropism of infection and so generally lacks targetability.[59]


Figure 3. LEAPT overview: highlighting mode of action and in vivo results.
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Pearce et al. have overcome this lack of specificity by reduc-
ing the CAR uptake mechanism and switching it to a sugar
specific mediated uptake mechanism through the use of gly-
cosylating reagents that chemically mask the lysine residues
involved in CAR and some non-specific integrin mediated
uptake interactions with carbohydrates (Figure 4a).[60] In-
creasing the level of glycosylation decreased the virusJ abili-
ty to transfect model systems via CAR (Figure 4b). Pleas-
ingly, the results showed that while non-glycosylated AV
virus broadly transfects green fluorescent protein activity
into a variety of human blood-related cell types, with the
use of Gal-modified viruses resulted in no transfection into
these cell types. Excitingly, when Man-modified virus was
used only transfection into macrophages was seen, probably
via mannose-binding protein interaction (Figure 4c).


In conclusion, although for many years the vast potential
of carbohydrate science to create therapeutics has been
touted[7,11] there have been disappointingly few examples of
translation into genuine clinical application. The preponder-
ance of glycoproteins as biopharmaceuticals and pioneering
(but rare) examples of small molecule approaches (e.g. Re-
lenza,[61] Tamiflu,[62] and Vivesca[63]) have demonstrated the
powerful existing role that sugars can play in medicine. This
review has attempted to generate a snapshot of some poten-
tial future approaches. With courage and vision the real po-
tential of carbohydrates to treat disease might start to be
tapped.
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Introduction


Asymmetric catalysis has blossomed over the last six deca-
des.[1] Tremendous progress has been made toward the de-
velopment of new catalytic protocols for the facile synthesis
of ever more challenging stereochemically defined, enantio-
pure compounds (EPCs) in pharmacology, agrochemicals,
and materials science.[2] In this context, the search for new,
effective, chiral organic molecules to control the stereo-
chemical outcomes of organic transformations is a long-
sought goal of numerous synthetic chemists. Generally, the
overall performances of chiral organometallic catalysts are
the result of reciprocal and synergic influences between the
catalaphoric (metal center) and chiraphoric (ligand) units.
Among these, the nature of coordinating atoms present in
the ligand framework affects the catalytic activity of the
metal center significantly. Variations in the electronic fea-


tures of the coordinating atoms as well as modifications of
the ligand skeleton in the proximity of the metal center are
among the most commonly adopted strategies to control
both chemical and optical yields in asymmetric transforma-
tions. In some cases, however, these are difficult to accom-
plish, due to poor tolerance by the ligands of harsh oxida-
tive/reductive conditions and lack of structural flexibility in
the ligand skeletons; therefore, the fine-tuning of the cata-
lytic performances of the chiral species through remote
backbone functionalization would be preferable.[3] In this
context, Gilheany and Bunt8s results are noteworthy: they
reported elegantly on the possibility of modulating the per-
formances of Cr–salen and Pd–PHOX (asymmetric epoxida-
tion of alkenes, and asymmetric allylic alkylation, respec-
tively), simply by choosing the substitution pattern of the
arene rings in the chiral ligands appropriately.[4]


While the design of new stereodiscriminating systems has
frequently dealt with biological stereoselective transforma-
tions (that is, enzyme-based cascade sequences),[5,6] it is in-
teresting that the interchange of know-how between organo-
metallic asymmetric catalysis and hybrid organic–inorganic
materials disciplines[7] remains poorly explored.


Theoretically, the p-conjugate system of oligoaryl com-
pounds, which is fundamental for several modern electro-op-
tical devices, guarantees an ideal pattern throughout the
structural backbone and the coordinated metal.[8] In this
field, oligothiophene molecular motifs are of pivotal impor-
tance,[9] because of their ready synthetic accessibility and un-
usual coordinating features that allow transition metals to
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couple conveniently to the organic backbone with conse-
quent modulation of their overall electro-optical proper-
ties.[10] Of particular relevance is the affinity of functional-
ized thienyls and oligothienyls for PdII salts; this has been
widely exploited for the synthesis of inner-sphere architec-
tural-type hybrid organic–inorganic materials.[11] All of these
considerations make chiral oligothiophene structural motifs
potentially useful also for the design of fine-tunable stereo-
selective organometallic catalysts (Figure 1).


We have reported recently the synthesis, chemo-optical
characterization, and catalytic properties of a new family of
chiral ligands containing oligothienyl systems (diamino-oli-
gothiophenes, DATs) that proved effective in the stereose-
lective Pd-catalyzed asymmetric allylic alkylation (AAA)[12]


of allylcarbonates.[13]


The presence of a sizable intramolecular interaction be-
tween the apparently spectator ancillary inner thienyl rings
through the sulfur atom and the metal center suggests inter-
esting guidelines for the design, prediction, and fine-tuning
of the catalytic activity of chiral organometallic species
simply by conveniently engineering the electronic features
of the thienyl side arm; we call this approach molecular
remote control (MRC).


We do not intend to add this class of ligands to the al-
ready rich collection of valuable auxiliaries for this transfor-
mation. On the contrary, we wish to highlight and to prove
the remarkable effect of their intramolecular “weak/secon-
dary” interactions on the stereochemical outcome of asym-
metric catalytic processes.


Results and Discussion


In the course of our continuing efforts to develop new chiral
organometallic catalysts for enantiodiscriminating transfor-
mations, we reported recently on the synthesis of a family of
chiral C2-symmetric multidentate diamino-oligothiophenes
(DATs, 3a,b).[13,14] DATs were readily obtainable through re-
ductive amination of commercially available (R,R)-1,2-cy-
clohexanediamine (1) by the corresponding thienyl (T) alde-
hydes 2a,b (Scheme 1). Then DATs 3a,b were successfully
employed in a bench-test reaction for new chiral auxiliaries


in late-transition metal chemistry, namely asymmetric allylic
alkylation. Although extensive literature already addresses
this transformation with aromatic hindered substrates
(4a,b),[12,15] the search for broadly effective chiral ligands on
more challenging aliphatic unhindered allylic substrates is
still ongoing.


With model malonates 5a and b (Table 1), excellent levels
of chemical (�99%) as well as optical (ee up to 99%)
yields were obtained with 3b in the presence of aromatic


carbonates 4a and 4b. Remarkably high also was the enan-
tiodiscrimination achieved with 3b in the presence of the di-
methyl methylmalonate 5b, which afforded (R)-6ab in 80%
yield as a single enantiomer (ee>98% by chiral shift
1H NMR, entry 3, Table 1). Then we tested the effectiveness
of our ligand of choice, 3b, with the more challenging dime-
thylallyl carbonate 4c. After a brief survey of experimental
conditions, both yield and enantiomeric excess in (S)-6ca
could be increased, to 98 and 80%, respectively, using [Pd-
(h3-C3H5)Cl]2/AgSbF6/3b (0.05:0.1:0.1, entry 5) as the cata-
lytic system. Again, to improve the enantioselectivity in 6ca


Figure 1. Chiral oligothiophene catalysts for asymmetric catalysis inspired
by materials science.


Scheme 1. Synthesis of DATs 3a, b : i) (R,R)-1 (1.0 equiv), 2 (2.0 equiv),
MgSO4 (10.0 equiv), CH2Cl2, RT, 32 h; ii) NaBH4 (5.0 equiv), MeOH, RT,
16 h.


Table 1. DAT ligands in the Pd-catalyzed allylic substitution with carbon-
ate 4 : proving the role of the thienyl rings.[a]


Entry L Conditions[b] Product Yield [%][c] ee [%][d]


1 3a A 6aa 65 45 (S)
2 3b A 6aa 96 99 (S)
3 3b A 6ab 80 >98
4 3b A 6ba 99 95 (R)
5 3b B 6ca 98 80 (S)
6 3b B 6ca 40 90 (S)[e]


[a] All the reactions were carried out under a nitrogen atmosphere at RT
(16 h). [b] Conditions: A) [Pd2(dba)3]·CHCl3, BSA, KOAc; B) [Pd-
(allyl)Cl]2/Cs2CO3/AgSbF6. [c] After flash chromatography. [d] Deter-
mined by chiral HPLC for 6aa and 6ba, chiral GC for 6ca, and 1H NMR
with [Eu(hfc)3] for 6ab. The absolute configuration was assigned by com-
parison with the known optical rotation value. [e] Reaction time 4 d at
0 8C.
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further, the influence of the temperature was investigated.
In particular, when the model reaction was run at 0 8C, al-
though the reaction rate dropped (yield 40%, entry 6), the
enantiomeric excess reached 90%.


Crystallographic evidence on [Pd(h3-C3H5)(3b)]+ provid-
ed insight into the role of thiophene rings in the stereo-
chemical outcome of the process. In particular, one inner
thiophene was found to interact attractively with the transi-
tion-metal center [S2···Pd 3.34(1) P].[13] On the basis of the
experimental findings previously reported,[13] we hypothe-
sized the presence of such a hemilabile contact[16] in solution
also, dynamically bringing the oligothienyl side arm closer
to the catalaphoric unit with increased overall stereodiffer-
entiation. It is noteworthy that AAA processes have already
proven to be strongly affected in solution, even by “weak/
secondary” intramolecular contacts between side arms of
the ligand and metal center.[17]


We thought that the well-known ability of oligothiophenes
to shuttle charges across their organic backbone would offer
the opportunity of fine-tuning the electronic (coordinating)
properties of the inner sulfur atom and the catalytic activity
of the corresponding Pd complex, simply by modifying the
ligand skeleton even in positions remote from the metal-
bonding heteroatoms (that is, by molecular remote control,
MRC).[18]


In this context, the easily accomplishable electronic alter-
ation of oligothienyls, by grafting electron-releasing or -with-
drawing substituents, would make MRC a potentially useful
and versatile tool for fine-tuning of the catalyst for several
chiral organometallic promoted reactions.


To properly control and assess the role of the electronic
interactions in modulating the catalytic activity of the metal
center, we synthesized a series of 5’’-functionalized, enantio-
merically pure T2 ligands (3c–f) in moderate to good overall
yields (31–55%), starting from the corresponding aldehydes
2c–f (Scheme 2).


To verify the overall changes of electronic distribution in
these ligands, we analyzed and compared UV/Vis spectra of
ligands 3b–f (Figure 2a). Here, the p–p bands in the ligand
exhibited a red-shift absorption that increased progressively
along with the electron-donating group (EDG) strength (labs


(CH2Cl2): 3c 411(271) nm, 3b 312 nm, 3d 317 nm, 3e
326 nm, 3 f 371 nm) due to the well-known ability of elec-
tron-releasing groups to increase the HOMO level of p-con-


jugate systems. Of particular relevance is the maximum ab-
sorbance at 411 nm shown by T2NO2 (3c) that can be associ-
ated with a charge-transfer absorption band.[19] In addition
to this absorbance (typical for molecules that behave as
push–pull systems),[20] 3c showed also a weak band at
271 nm that may be correlated with the intense bands re-
corded for 3b,d–f spanning 312–371 nm.


The end-capped ligands (R,R)-3c–f were then tested
under the optimized conditions in the model reaction (4a +


5a). The results are summarized in Table 2: apart from 3c,
containing the nitro group (ee 60%, entry 1), all the ligands
furnished 6aa with comparable high enantioselectivity (97–
99%). However, markedly different reaction rate profiles
were observed over the range of ligands (Figure 2b). Here, a
good correlation between reaction rate and substitution pat-
tern of the bithienyl pendants was observed, with a rate in-
creasing progressively with the electron-donating character
of the thiophene substituent (NR>OMe>Me>H>NO2).
In particular, the initial reaction rate with T2NR (3 f, R =


-(CH2)4-), bearing the strongest EDG, was estimated to be
approximately 1.6, 2.1, 2.6, and 3.9 times that of T2MeO
(3e), T2Me (3d), T2H (3b), and T2NO2 (3c), respectively.
These results are fully in agreement with Zheng and co-
workers8 recent study on the dependence of AAA outcomes
on the electronic features of the P,N ligand.[21]


This distinctive behavior was even more evident for the
less sterically hindered carbonate 4c (Table 2). Indeed,
when DATs bearing ever-increasing electron-donating end-
caps were used, both yield and enantiomeric excess of 6ca
increased, with yields in the range 20–50% and ee values of
68–92%.[22] Besides the marked increase in chemical yield


Scheme 2. i) (R,R)-1 (1.0 equiv), 2 (2.0 equiv), MgSO4 (10.0 equiv),
CH2Cl2, RT, 48 h; ii) [H]2c : NaBH3CN (3.0 equiv), HCldry in Et2O
(2.0 equiv), THF, 0 8C!RT, 16 h; [H]2d–f : NaBH4 (5.0 equiv), MeOH,
RT, 16 h.


Figure 2. a) UV/Vis spectra for 3b, c–f recorded in CH2Cl2. b) Conver-
sion profiles in the Pd-catalyzed AAA between 4a and 5a for variously
substituted DATs.
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for 6ca, our attention was also attracted by the narrow
trend in the relative ee values, which can be rationalized in
terms of the peculiar electronic as well as steric properties
of these organometallic catalysts. Here, the presence of elec-
tron-releasing groups on the pendant oligothienyls, by favor-
ing the attractive character of the thienyl–metal interaction,
should shorten the S–Pd contact, with consequent higher
steric congestion in the proximity of the metal center. To
support this assumption, 3d was treated with [Pd(h3-
C3H5)Cl]2/AgBF4 to give [Pd(h3-C3H5)(3d)]BF4 in a straight-
forward manner (95% yield).


The overall conformation of the [Pd(h3-C3H5)(3d)]+


cation is similar to that of [Pd(h3-C3H5)(3b)]+ , exhibiting
opposite absolute configurations of the coordinated nitrogen
atoms [(S)-N1; (R)-N2] and l conformation of the five-
membered palladacycle (Figure 3). It is noteworthy that the
contact between S2 and Pd is significantly shorter than that
in [Pd(h3-C3H5)(3b)]+ [(3.293(2) P against 3.340(1) P)],
fully supporting our hypothesis regarding the influence of
remote substituents on the catalyst activity.


The remarkable connections between chemical outcomes
and electronic features of the ligand were further highlight-
ed by synthesizing the diamino
compound 3g, in which the
inner thienyl rings were re-
placed by the strongly electron-
donating 3,4-ethylenedioxythio-
phene (EDOT, Scheme 3).[23]


Our choice was dictated by the
distinctive effects of EDOT
units embedded in oligoaryl
systems. These structural motifs
generally lead to pronounced
flattening of p-conjugate sys-
tems, with consequent superior
electron-releasing properties of
the hetero-substituted thienyl
rings.[24] Interestingly, under op-
timal reaction conditions, 3g al-
lowed (S)-6ca to be isolated
with a remarkably higher yield
(73%) and excellent ee (94%).
To the best of our knowledge,


this result represents one of the highest levels of stereoin-
duction obtained so far with unhindered aliphatic acyclic
substrate 4c.[25]


To gain more insight into this unusual behavior we
needed to shed light on the reaction mechanism. For this
purpose, the pre-catalytic species [Pd(h3-1,3-Ph2C3H3)-
(3b)]BF4 was also synthesized in quantitative yield (95%)
as an air-stable complex, starting from 3b and [Pd(h3-1,3-
Ph2C3H3)Cl]2. In the syn,syn isomer molecule (Figure 4), the
central carbon of the allyl moiety points upward (pseudo-
exo type) and no disorder was detected. We attempted to
identify the actual species present in solution by liquid
1H NMR analysis of the [Pd(h3-1,3-Ph2C3H3)(3b)]BF4 over a
range of temperatures and with different solvents. In the
collected 1H NMR spectra (RT, CD2Cl2) coalescence of the
signals of the allyl protons (anti) was observed. However, at
�20 8C the spectrum showed two sets of signals that have
been assigned to the syn,syn-pseudo-exo and syn,syn-
pseudo-endo isomers (1.6:1) by the allyl J(H,H) coupling
constants.[26] When the temperature was still lower (�50 8C)


Table 2. Application of functionalized DATs 3 in AAA.


Entry 3 6aa 6ca
Yield [%][a] ee [%][b] Yield [%][a] ee [%][c]


1 3c 75 60 (S) 20 68 (S)
2 3b 96 99 (S) 40 90 (S)
3 3e 98 99 (S) 42 91 (S)
4 3 f 98 99 (S) 50 92 (S)
5 3g 98 98 (S) –[d] –


[a] After flash chromatography Reaction conditions: (6aa) [Pd2-
(dba3)]·CHCl3, BSA, KOAc; (6ca) [Pd(allyl)Cl]2/AgSbF6/Cs2CO3].
[b] Determined by chiral HPLC. The absolute configuration was assigned
by comparison with the known optical rotation value. [c] Determined by
chiral GC. The absolute configuration was assigned by comparison with
the known optical rotation value. [d] See ref. [22].


Figure 3. Molecular structure of the cation [Pd(h3-C3H5)(3d)]+ as the
BF4


� salt, determined by X-ray diffraction. Selected bond lengths (P):
Pd1�C27 2.109(9) Pd1�C28 2.10(1), Pd1�C29 2.144(7), Pd1�N1 2.117(5),
Pd1�N2 2.144(4), C27�C28 1.35(2), C28�C29 1.35(2), Pd···S2 3.293(2).


Scheme 3. Synthesis of AEDOT-T (3g) and its application in the AAA between 4c and 5a : i) EDOT
(1 equiv), nBuLi (2.5m, 1 equiv), �78 8C!0 8C (over 20 min) ! �78 8C, then DMF (1.9 equiv), RT, 1 h;
ii) EDOT-CHO (1 equiv), N-bromosuccinimide (1 equiv), CH2Cl2/AcOH 1:1, 0 8C, 2 h (in the dark) 95%. 2g :
[PdCl2(PPh3)2] (3 mol%), Na2CO3 (5 equiv), DME/EtOH 1:1, 50 8C, 16 h. 3g : i) (R,R)-1 (1.0 equiv), 2g
(2.0 equiv), MgSO4 (10.0 equiv), toluene, 80 8C, 48 h; ii) NaBH4 (5.0 equiv), MeOH, RT, 16 h, 45% (two steps).
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a shift of the pseudo-exo–endo equilibrium toward the ther-
modynamic pseudo-exo species was recorded (2.8:1). As ex-
pected, the solvent drastically affected the Pd–allyl species
exchange. Yet attempts to reveal the presence of minor iso-
mers in the reaction solvent ([D8]THF) failed. In fact, over
the temperature range studied (25!�90 8C), only one set of
NMR signals was observed. This finding can be ascribed to
the presence in solution of a single isomer (pseudo-exo) or
to a rapid exchange between the two isomeric Pd complexes
on the NMR time-scale.


The close contact between the thienyl sulfur and the pal-
ladium center is still present in the [Pd(h3-1,3-Ph2C3H3)-
(3b)]+ crystal structure [(S2···Pd 3.44(1) P)], with the bi-
thiophene ancillary arm occupying a pseudo-axial position.
The thienyl-containing pendant that does not interact inti-
mately with Pd adopts an axial orientation in order to mini-
mize the steric congestion with the more encumbering
phenyl groups. In contrast to the crystal structures in
Figure 3, both nitrogen atoms of the ligand adopt an S con-
figuration. The molecular geometry shows that the palladi-
um is almost symmetrically bonded to the allyl termini:
[Pd�C25 2.21(1) P, Pd�C27 2.19(1) P], with consequently
similar electronic surroundings for C25 and C27. This evi-
dence tends to exclude the operation of an early transition
state[27] during the nucleophilic attack and, as already dis-
cussed elsewhere, the preferential rotation (PR) model
should be applied in order to justify the overall stereoinduc-
tion of the chiral Pd catalyst.[28] Therefore, a rationale for
the absolute stereochemistry emerges from comparison of
the energies of the corresponding [Pd0-k ] species represent-
ed schematically in Scheme 4,[29] in which the differently ori-
ented pendant thiophene groups are indicated by black and
gray spots. In particular, while the bithiophene interacting
with the Pd (black spot) points above the organic frame-
work, the second pendant (gray spot) has a spatial arrange-


ment almost parallel to the 1,3-diphenylallyl unit (Figure 4).
If nucleophilic attack is postulated to occur on C1, the coun-
terclockwise rotation will operate in order to orient the C�
C double bond properly with respect to the palladium
center. Contrarily, a clockwise rotation should be considered
for a hypothetical nucleophilic attack on C3. While strong
steric interaction of the pendant thiophene groups with the
allyl unit will prevent the clockwise movement, nucleophilic
attack on C1, producing a less sterically hindered rotation of
the Pd-coordinated product, will result as the favored ste-
reochemical pathway.


On the basis of these considerations, the observed overall
increase in reaction rate with higher electron density should
be rationalized in terms of electronic [Pd0-k ] stabilization.
As sulfur atoms have a well-known tendency to interact
strongly with soft metals,[30] we may speculate that the ob-
served thiophene–metal interaction could contribute to sta-
bilization of the Pd0 intermediate complexes. In fact, the in-
creased electron population of the sulfur atoms caused by
introducing EDGs will contribute to the overall stabilization
of the entire complex as well as that of the reaction transi-
tion state. In support of this last statement, secondary inter-
actions between coordinating functional groups and Pd0 spe-
cies (the proximity effect) have been reported recently to be
crucial in the transition state stabilization of Pd-catalyzed
cross-coupling reactions.[31]


Conclusion


In this work we have described the synthesis, characteriza-
tion, and application in AAA of a new class of chiral oligo-
thienyl ligands. The high efficiency of intramolecular deloc-
alization of their p-electrons calls for possible fine-tuning of
the catalytic properties through “remote control” groups. In
particular, the unusual trends in the chemical and stereo-
chemical outcomes recorded for the probe reaction suggest
the presence in solution also of the key attractive intramo-
lecular contact recorded in the solid state.


In view of the simplicity of the ligand–catalyst assembly,
the employment of the present “molecular remote control”
model for the development of new catalytic stereoselective
transformations appears to be promising and is currently
under investigation.


Figure 4. Molecular structure of the cation [Pd(h3-1,3-Ph2C3H3)(3b)]+ as
the BF4


� salt, determined by X-ray diffraction. Selected bond lengths
(P): N1�Pd 2.14(1), N2�Pd 2.15(1), Pd�C25 2.21(1), Pd�C26 2.11(2),
Pd�C27 2.19(1), Pd···S1 3.443(5).


Scheme 4. Rationale of the S absolute configuration obtained on the
basis of the preferential rotation (PR) model.
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Experimental Section


General methods : All reactions were performed in a dry nitrogen atmos-
phere using standard Schlenk techniques. Anhydrous solvents and re-
agents were purchased from Fluka and Aldrich, and used as received. We
recorded 1H NMR and 13C NMR spectra on a Gemini Varian 200
(200 MHz) or Gemini Inova 300 (300 MHz) spectrometer. GC-MS spec-
tra were recorded with a Hewlett-Packard 5971 instrument. LC-electro-
spray ionization mass spectra were obtained with an Agilent Technolo-
gies MSD1100 mass spectrometer. IR analysis was performed with an
FT-IR Nicolet 205, and HPLC with a Hewlett-Packard HP1100 equipped
with a chiral column (Chiralcel OD/AD). Analytical GC was performed
on a Hewlett-Packard HP6890 gas chromatograph using a chiral Mega-
dex-5 (25 m) column. Melting points were determined with a BRchi 150
melting point unit and are not corrected. The UV/Vis spectrophotometer
was a Perkin-Elmer model 554.


Synthesis of 2c–g


Compound 2c : Prepared by Suzuki coupling ([PdCl2(PPh3)2]/Na2CO3(aq)/
dimethoxyethane/EtOH/50 8C, 95% yield) between commercially avail-
able 5-nitro-2-bromothiophene and 5-formyl-2-thiopheneboronic acid.
Purified by flash chromatography (c-hex/AcOEt 7:3!6:4): yellow-orange
solid; m.p. 139–141 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d =


9.94 (s, 1H), 7.90 (d, J = 4.4 Hz, 1H), 7.75 (d, J = 4.0 Hz, 1H), 7.43 (d,
J = 4.0 Hz, 1H), 7.28 (d, J = 4.4 Hz, 1H); 13C NMR (50 MHz, CDCl3,
25 8C, TMS): d = 182.5, 151.9, 147.0, 146.1, 144.4, 136.8, 129.5, 126.8,
124.7; IR (Nujol): ñ = 2926(s), 2853(m), 1732(s), 1660(m), 1461(s),
1335(w), 1209(m) cm�1; UV/Vis (MeOH): labs = 340 nm; MS (70 eV):
m/z (%): 239 (100), 209 (10), 149 (50), 121 (20).[32]


Compound 2d : Prepared by Suzuki coupling ([Pd(PPh3)4]/K2CO3/tolu-
ene/MeOH/reflux) of commercially available 5-methyl-2-thiophenebor-
onic acid and 5-bromothiophenecarboxaldehyde.[32]


Compound 2e : Prepared by Stille coupling ([Pd(PPh3)4]/THF/reflux,
85% yield) of 5-methoxy-2-tributyltinthiophene[33] and 5-bromothiophe-
necarboxaldehyde.[34]


Compound 2 f : Prepared by Stille coupling ([Pd(PPh3)4]/toluene/reflux,
70% yield) of 5-pyrrolidine-2-tributyltinthiophene and 5-bromothiophe-
necarboxaldehyde.


Compound 2g : Prepared by Suzuki coupling ([PdCl2(PPh3)2]/Na2CO3/
DME/EtOH/50 8C, 70% yield). Purified by flash chromatography: white
solid; Rf = 0.33 (c-hex/AcOEt 8:2); m.p. 135–137 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS) d = 9.92 (s, 1H), 7.44–7.46 (m, 1H), 7.39
(d, J = 1.6 Hz, 1H), 7.09 (t, J = 4.2 Hz, 1H), 4.44 (s, 4H); 13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d = 179.3, 148.6, 136.8, 133.3, 127.5,
126.8, 125.8, 114.7, 97.1, 65.2, 64.7; IR (Nujol): ñ = 3002(m), 1648(s),
1.520(m), 1488(m), 1463(s), 1373(m), 1271(m) cm�1; UV/Vis (MeOH):
labs = 370 nm; MS (70 eV): m/z (%): 252 (68), 156 (18), 127 (100), 111
(33), 69 (55).


(1R,2R)-N,N’-Bis(thienylmethyl)cyclohexane-1,2-diamines (3)


Typical procedure : The desired aldehyde 2 (2 mmol) and (1R,2R)-diami-
nocyclohexane 1 (1 mmol) were dissolved in dry CH2Cl2 (10 mL) under
an N2 atmosphere in a two-necked flask (50 mL). MgSO4 (5 mmol) was
added and the mixture was stirred at RT for 24–48 h (checked by
1H NMR). The solution was filtered on Celite and the solvent was re-
moved under vacuum. The crude diimine was diluted with cyclohexane
and stirred overnight. The purified insoluble product was collected by fil-
tration.


(R,R)-T2NO2 (3c): HCl (2 mmol, 1m in Et2O) was added to a cooled so-
lution (0 8C) of diimine (1 mmol) in THF (5 mL). The resulting orange
slurry was stirred for 10 min, then NaBH3CN (3 mmol) was added. The
clear solution was allowed to warm at RT and stirred overnight. Then
water (10 mL) was added, MeOH was evaporated, and the product was
extracted with CH2Cl2 (3S4 mL). Evaporation of the volatiles afforded
crude 3c, which was purified by flash chromatography: deep brown solid;
Rf = 0.33 (CH2Cl2/MeOH 99:1); yield 55% (two steps); m.p. 119–121 8C;
[a]D = �9.3 (c = 0.95 in CHCl3);


1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d = 7.78 (d, J = 5.6 Hz, 2H), 7.21 (d, J = 3.6 Hz, 2H), 7.00 (d, J
= 3.6 Hz, 2H), 6.35 (d, J = 3.4 Hz, 2H), 4.15 (d, J = 14.8 Hz, 2H), 3.94


(d, J = 14.8 Hz, 2H), 2.37–2.40 (m, 2H), 1.50–1.82 (br, 4H), 1.10–1.35
(br, 4H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d = 24.7, 31.5, 45.3,
60.7, 121.7, 125.5, 126.3 (2C), 129.7, 133.5, 145.7, 149.3; IR (Nujol): ñ =


3286(w), 3104(w), 2926(s), 2849(s), 2351(w), 1604(w), 1515(m), 1493(m),
1465(s), 1327(s), 1249(m), 1094(s), 795(s) cm�1; UV/Vis (CH2Cl2): labs =


271, 411 nm; elemental analysis calcd (%) for C24H24N4O4S4 (560.73): C
54.41, H 4.31, N 9.99; found: C 54.45, H 4.33, N 10.00.


Compound 3d–f : NaBH4 (5 mmol) was added in portions to a cooled so-
lution (0 8C) of diimine (1 mmol) in MeOH (5 mL), and the mixture was
stirred at RT until the diimine had disappeared completely (checked by
1H NMR). Then water (10 mL) was added, MeOH was evaporated, and
the product was extracted with CH2Cl2 (3S4 mL). Evaporation of the
volatiles afforded crude 3, which was purified by consecutive washings or
flash chromatography.


(R,R)-T2Me (3d): Purified by flash chromatography: pale yellow solid;
Rf = 0.30 (CH2Cl2/MeOH 99:1); yield 45% (two steps); m.p. 77–78 8C;
[a]D = ++8.1 (c = 0.42 in CHCl3);


1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d = 6.90 (t, J = 3.6 Hz, 4H), 6.75 (d, J = 3.6 Hz, 2H), 6.61 (d, J
= 3.6 Hz, 2H), 4.08 (d, J = 14.2 Hz, 2H), 3.86 (d, J = 14.2 Hz, 2 Hz),
2.47 (s, 6H), 3.32–2.37 (m, 2H), 1.55–1.88 (m, 4H), 1.12–1.38 (m, 4H);
13C NMR (75 MHz, CDCl3, 25 8C, TMS): d = 143.1, 138.6, 136.7, 135.4,
126.8, 125.2, 123.2, 122.4, 60.1, 45.4, 31.2, 24.9, 15.3; IR (Nujol): ñ =


3280(w), 3000(w), 2921(s), 2853(s), 1695(w), 1462(m), 1376(m), 1262(w),
1097(m), 1022(m), 789(m) cm�1; UV/Vis (CH2Cl2): labs = 317 nm; ele-
mental analysis calcd (%) for C26H30N2S4 (498.79): C 62.61, H 6.06, N
5.62; found: C 62.58, H 6.01, N 5.60.


(R,R)-T2MeO (3e): Used without further purification; pale beige solid;
yield 49% (two steps); m.p. 76–77 8C; [a]D = ++15.0 (c = 1.22 in
CHCl3);


1H NMR (200 MHz, CDCl3, 25 8C, TMS): d = 6.78–6.83 (m,
4H), 6.72 (d, J = 3.6 Hz, 2H), 6.07 (d, J = 4.2 Hz, 2H), 4.09 (d, J =


14.2 Hz, 2H), 3.90 (s, 6H), 3.85 (d, J = 14.2 Hz, 2H), 2.33–2.39 (m, 2H),
1.65–1.88 (br, 4H), 1.20–1.56 (br, 4H); 13C NMR (50 MHz, CDCl3, 25 8C,
TMS): d = 165.1, 142.4, 136.7, 124.8, 124.2, 121.6, 120.8, 104.3, 60.3, 60.2,
45.7, 31.5, 24.9; IR (Nujol): ñ = 3291(w), 2921(s), 2846(s), 2362(w),
1572(w), 1540(m), 1508(m), 1456(s), 1386(m), 1196(w), 1062(w),
793(w) cm�1; UV/Vis (CH2Cl2): labs = 326 nm; elemental analysis calcd
(%) for C26H30N2O2S4 (530.79): C 58.83, H 5.70, N 5.28; found: C 58.79,
H 5.65, N 5.26.


Compound 3 f, 3g : The imine precursors were synthesized as described
in the typical procedure by reaction in toluene at 80 8C (24 h).


(R,R)-T2NR (3 f): Purified by flash chromatography: pale brown solid;
Rf = 0.31 (CH2Cl2/MeOH 98.5:1.5); yield 31% (two steps); m.p. 80–
82 8C; [a]D = ++56.6 (c = 0.5 in CHCl3);


1H NMR (300 MHz, CDCl3,
25 8C, TMS): d = 6.83 (dd, J = 2.4, 4.2 Hz, 2H), 6.72–6.84 (m, 4H), 5.61
(dd, J = 2.1, 4.2 Hz, 2H), 4.09 (d, J = 14.1 Hz, 2H), 3.84 (d, J =


14.1 Hz, 2H), 3.26–3.29 (m, 8H), 2.32–2.35 (m, 2H), 2.18–2.20 (m, 4H),
2.02–2.12 (m, 8H), 1.72–1.75 (2H), 1.21–1.25 (m, 2H); 13C NMR
(75 MHz, CDCl3, 25 8C, TMS): d = 154.9, 141.2, 138.3, 125.3 (2C), 123.9,
120.7, 120.0, 100.5, 66.1, 60.4, 51.0, 45.8, 26.0, 25.2; IR (neat): ñ =


3283(w), 3058(w), 2936(m), 2851(m), 1558(w), 1535(s), 1505(s), 1481(s),
1456(m), 1352(m), 1054(m), 739(m) cm�1; UV/Vis (CH2Cl2): labs =


371 nm; elemental analysis calcd (%) for C32H40N4S4 (608.21): C 63.12, H
6.62, N 9.20; found: C 63.17, H 6.57, N, 9.19.


(R,R)-EDOT-T (3g): Purified by flash chromatography: white solid; Rf


= 0.32 (CH2Cl2/MeOH 9:1); yield 45% (two steps); m.p. 50–52 8C; [a]D
= ++40.0 (c = 0.38 in CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d = 7.13–7.16 (m, 2H), 6.95–6.98 (m, 2H), 4.27–4.29 (m, 4H), 4.19–4.22
(m, 4H), 3.95 (d, J = 15.2 Hz, 2H), 3.73 (d, J = 15.2 Hz, 2H), 2.28–2.31
(m, 2H), 2.15 (pseudod, J = 12.9 Hz, 2H), 2.00 (br, 4H), 1.72–1.75 (m,
2H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d = 138.2, 137.1, 135.0,
127.0, 123.2, 122.4, 114.5, 109.7, 65.0, 64.6, 60.2, 41.2, 31.3, 24.9; IR
(neat): n = 3424(s), 2924(s), 2846(m), 1643(m), 1534(m), 1436(s),
1362(m), 1088(s) cm�1; LC-ESI-MS: m/z : 587 [M+H]+ ; elemental analy-
sis calcd (%) for C28H30N2O4S4 (586.11): C 57.31, H 5.15, N 4.77; found:
C 57.28, H 5.12, N 4.76.


Pd-catalyzed AAA (4c/5a): A two-necked flask (25 mL) was charged,
under a nitrogen atmosphere, with [Pd(allyl)Cl]2 (2.7 mg, 7.5S
10�3 mmol), diamine 3g (8.8 mg, 0.015 mmol), and anhydrous THF
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(500 mL). While the mixture was being stirred at room temperature for
15 min, a white solid was formed. The subsequent addition of AgSbF6


(0.015 mmol, 5 mg) dissolved the white solid and the solution turned
brown. After a few minutes8 stirring (with formation of solid AgCl), 4c
(24 mL, 0.15 mmol) was added, the reaction flask was cooled at 0 8C and
dimethyl malonate (0.75 mmol, 86 mL) and Cs2CO3 (0.3 mmol, 99 mg)
were added sequentially. The reaction was stirred for four days, then
quenched with a saturated solution of NaHCO3 (3 mL). The two phases
separated and the aqueous phase was extracted with AcOEt (3S5 mL).
The organic layers were collected, dried over Na2SO4, then concentrated.
The desired product, (S)-6ca, was isolated as a yellow oil in 73% yield
(22 mg) after flash chromatography (c-hex/AcOEt 95:5). The ee of the
product (94%) was determined by GC with a chiral column (flow rate
15 mLmin�1; 50 8C for 6 min, ramp @ 1 8Cmin�1 to 180 8C); tR(S) =


42.7 min; tR(R) = 43.0 min; [a]D = �15.0 (c = 0.34 in CHCl3), lit. (S)-
6ca [a]D = �27.9 (c = 1.1 in CHCl3).


[36]


[Pd(h3-C3H5)(3d)]BF4 : In a Schlenk flask, flamed and flushed with nitro-
gen, 3d (30 mg, 0.06 mmol) was dissolved in a THF/CH2Cl2 mixture (6:1,
3.5 mL). Then [Pd(h3-C3H5)(m-Cl)]2 (11 mg, 0.03 mmol) was added and
the mixture was stirred at room temperature for 1 h. A sample of AgBF4


(12 mg, 0.06 mmol) was added and the mixture was stirred in the dark
for 24 h and then filtered off. The solvent was removed under reduced
pressure. The product was dried under vacuum. The residue was washed
with Et2O (5 mL) and the desired Pd complex was recovered as a yellow
solid by filtration (42 mg, 87%). 1H NMR (CD3CN, 300 MHz, 25 8C,
TMS) appeared fluxional. IR (KBr): ñ = 3250, 3100, 2928, 2859, 1610,
1461, 830, 802, 707 cm�1. Crystals for structure determination were ob-
tained by diffusion of n-hexane into a CH2Cl2 solution of [Pd(h3-C3H5)-
(3d)]BF4. XRD details: Bruker APEX II CCD diffractometer (MoKa ra-
diation, l 0.71073 P), empirical absorption correction, anisotropic full-
matrix least-squares on F 2. Results: C29H35BF4N2PdS4, Mr = 733.04,
monoclinic, space group C2, a = 19.549(6), b = 9.652(2), c =


18.331(4) P, b = 92.146(5)8, V = 3456.3(15) P3, Z = 4, 1x =


1.409 Mgm�3, m = 0.821 mm�1, F(000) = 1496, T = 296(2) K, qmax =


28.688, 13138 reflections collected, 6919 with I>2s(I). Final R1 = 0.0627,
wR2 = 0.1829, GOF = 1.031, absolute structure parameter = 0.07(5).


[Pd(h3-1,3-Ph2C3H3)(3b)]BF4 : See ref. [13]. Crystals for X-ray diffraction
were obtained by slow diffusion of n-hexane into an acetone solution of
[Pd(h3-1,3-Ph2-C3H3)(3b)]BF4. XRD details: Bruker AXS CCD diffrac-
tometer (MoKa radiation, l 0.71073 P). Results: C45H51BF4N2O2PdS4·
2 (C3H6O), Mr = 973.33, orthorhombic, P212121, a = 10.1154(15), b =


13.758(2), c = 33.294(5) P, V = 4633.4(12) P3, Z = 4, 1x =


1.395 Mgm�3, m = 0.635 mm�1, F(000) = 2008, T = 293(2) K, qmax =


24.998, 39545 reflections collected, 4425 with I>2s(I). Final R1 = 0.0957,
wR2 = 0.2215, GOF = 1.081, absolute structure parameter = 0.07(9).


Crystallographic data : CCDC 273523 and 273524 contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data request/cif/
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… Join the highway where, irre-
spective of the environment, be it
solution, self-assembled monolay-
ers, polymer matrices, or molecular
switch tunnel junctions—and inde-
pendently of the bistable molecu-
lar switches, be they catenanes or
rotaxanes—a single and generic
switching mechanism is observed
for all bistable mechanically inter-
locked molecules, as described by
J. F. Stoddard, J. R. Heath, J. O.
Jeppesen et al. on p. 261 ff. The
cover picture is designed from a
concept by Amar Flood enriched
by Scott Vignon; the artwork for
the front cover was produced by
Anthony Pease [the cover artwork
was produced using POVTree by
Gena Obukhov (implementing
TomTree by Tom Aust) and stsky.inc by Jaime Vives Piqueres].
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Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Pattern Transfer with High Resolution
This new frontier topic in the emerging field of nanotech-
nology is described in the Concepts article by R. C. Salvar-
ezza et al. on p. 38 ff. The electrochemical molding pre-
sented is a possible route for the nanopatterning of metal,
alloys, and oxide surface with high resolution in a simple
and inexpensive manner.


Natural Products
In their Full Paper on p. 51 ff., C. Gennari et al. describe
the synthesis of a key advanced intermediate used in the
total synthesis of eleutherobin reported by Danishefsky and
co-workers. The key step of the strategy is a kinetically con-
trolled ring-closing metathesis (RCM) reaction.


Silicon as the Sole Source of Chirality
Carbon-centered chirality is induced in the course of bond
cleavage and bond formation at stereogenic silicon. The
long-standing challenge of transferring chirality from silicon
to carbon was accomplished with perfect stereoselectivity in
truly incomparable processes: intermolecular hydrosilyla-
tion and intramolecular allylation. The Concept article by
M. Oestreich on p. 30 ff. outlines the targeted development
of these reactions, which finally led to the realization of the
first Si ! C chirality transfer reactions.
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Chirality Transfer from Silicon to Carbon


Martin Oestreich*[a]


Introduction


Effecting the transfer of chirality from silicon to carbon is
still a particularly demanding challenge in asymmetric
chemistry. Historically, the expression “chirality transfer
from silicon to carbon” has been used inconsistently to clas-
sify several categorically different stereochemical scenarios
of intermolecular processes: substrate[1] and reagent[2,3] con-
trol. In the substrate-controlled transformations, the stereo-
genic silicon moiety is covalently bound to the substrate
functioning as a chiral auxiliary while the asymmetrically
substituted silicon remains untouched.[4] Conversely, a cova-


lent bond is cleaved and formed at the chiral silicon center
in reagent-controlled reactions involving functionalized si-
lanes with silicon-centered chirality and prochiral substrates.
Any induced stereoselectivity in the carbon skeleton of the
reaction product originates from the chirality in the silicon
reagent.[5] This scenario represents the silicon-to-carbon
chirality transfer.


This concept is to be extended to intramolecular process-
es, which are to be assigned to substrate-controlled reactions
by definition. Chirality transfer from silicon to carbon is
nevertheless realized when the distinct criteria of intermo-
lecular, reagent-controlled transformations apply to the in-
tramolecular scenario: 1) Cleavage and formation of a cova-
lent bond at the stereogenic silicon and 2) silicon as the sole
source of stereochemical information.


A handful of investigations directed towards an intermolec-
ular silicon-to-carbon chirality transfer was reported in the
past.[5] Without exception, diastereo- or enantioselectivity
emerged as notoriously difficult to control in these reactions.
The discouraging findings are likely to have deterred other
research groups from pursuing further work in this area. De-
spite this rather mediocre prospect of success, both the inter-[6]


and intramolecular[7] chirality transfer were recently realized
with almost perfect stereocontrol. This Concept article de-
lineates the basic considerations and resulting strategies,
which finally led to the mastery of this formidable challenge.


Intermolecular Scenario[6]


Model reaction : Out of several conceivable model reactions,
we reasoned that the transition-metal-catalyzed hydrosilyla-
tion[8] of prochiral alkenes 1 with silicon-stereogenic silanes
2 is particularly attractive (1 ! 3, Scheme 1). As the asym-
metrically substituted silicon fragment will stay in the prod-
uct molecule 3, the chirality transfer is reflected in the dia-
stereomeric ratio of 3 whereupon its quantification is ex-
pressed as the diastereomeric excess of 3. Logically, this ste-
reochemical coherence allows for conducting this study with
racemic silanes thereby avoiding their intricate preparation
in enantiopure form.


Abstract: The exploitation of the asymmetry at silicon
in stereoselective synthesis is an exceptionally challeng-
ing task. Initially, silicon-stereogenic silanes have been
utilized to elucidate the stereochemical course of substi-
tution reactions at silicon. Apart from these mechanistic
investigations, only a handful of synthetic applications
with an asymmetrically substituted silicon as the stereo-
chemical controller have been reported to date. In these
transformations the chiral silicon functions as a chiral
auxiliary. Conversely, a direct transfer of chirality from
silicon to carbon during bond formation and cleavage at
silicon has remained open until its recent realization in
both inter- and intramolecular reactions. In this Con-
cept, the pivotal considerations in relation to the nature
of suitable silanes as well as mechanistic prerequisites
for an efficient chirality transfer will be discussed.
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The diverse mechanisms of hydrosilylation reactions have
been experimentally as well as theoretically elucidated for
many transition-metal catalysts.[8] In a simplified mechanistic
picture, the oxidative addition (2 ! 4) and the migratory in-
sertion (4 ! 3) are the stereoselectivity-determining steps
of the catalytic cycle (Scheme 1). The diastereoselectivity
and, hence, the chirality transfer will be determined in the
latter whereas the enantioselectivity will be controlled in the
former. Consequently, a detailed understanding of the dia-
stereoselective alkene insertion might provide implications
for choosing proper reactants as well as an ideal catalyst.
These parameters deserve specific attention and will be dis-
cussed in separate paragraphs.


The oxidative addition of Group VII transition metals
into the silicon�hydrogen bond of chiral silanes 2 proceeds
stereospecifically with retention of configuration at the sili-
con atom.[9] In principle, our reagent-controlled hydrosilyla-
tion might also be performed in an asymmetric fashion since
non-racemic 2 will afford enantiomerically enriched 3 with-
out any loss of stereochemical information.


Pivotal considerations : The use of stereogenic silicon as a
stereochemical controller in reagent- as well as substrate-
controlled transformations is inherently afflicted with a fun-
damental flaw: A carbon�silicon single bond (187 pm) is
substantially longer than a carbon�carbon single bond
(153 pm).[10] This situation ultimately counteracts formation
of compact transition states, which in turn might attenuate
facial selectivity in stereoselectivity-determining steps. Be-
sides this unalterable feature, the steric environment around
silicon might be equally influential on stereochemical induc-
tion. This environment is determined by the steric demand
of each individual substituent, which ideally allows for effi-
cient stereofacial discrimination when interacting with a
prochiral functional group.


The number of organic silicon compounds with silicon-
centered chirality, which are accessible in multi-gram quanti-
ties in optically pure form, is limited.[11] Strikingly, a single
asymmetrically substituted silicon precursor introduced by
Sommer [(R)-5,[12] Figure 1] has served almost exclusively as
the starting point for asymmetric silicon chemistry. While its
facile three-step synthesis has rather randomly privileged


acyclic (R)-5, its structural features might, at least in part,
account for the failures when probed in the chirality trans-
fer.[1,5, 13]


Within our rational yet empirical design of novel silicon-
stereogenic silanes, we implemented two structural modifi-
cations, which could be particularly beneficial in chirality
transfer reactions:


* In order to create rigidity, we envisioned silanes, in
which the silicon center is embedded into a cyclic carbon
framework [(S)-6[14] and (R)-7,[15] Figure 1]. In compari-
son with acyclic (R)-5, the conformational degrees of
freedom around silicon are restricted, which might result
in an increased level of organization in stereoselectivity-
determining transition states. This would hopefully com-
pensate for the negative effects caused by the relatively
long carbon�silicon bonds.


* In acyclic silane (R)-5 as well as cyclic silanes (S)-6 and
(R)-7 (Figure 1), asymmetric induction originates from
the steric differences of relatively similar substituents.
We anticipated that a stereogenic silicon decorated with
three substituents of distinct steric demand would be es-
sential for efficient differentiation of stereotopic groups.


These requirements are met by sterically encumbered
silane (R)-8.[6] It combines incorporation of the silicon into a
cyclic framework and the desired substitution pattern at sili-
con (aryl versus small alkyl versus large alkyl).


Mechanistic prerequisites : The mechanism of many transi-
tion-metal-catalyzed hydrosilylation reactions is rationalized
by two pathways:[8,16] Chalk–Harrod[17] (Scheme 2, left) and
modified Chalk–Harrod mechanism[18] (Scheme 2, right).
Both share the intermediate 11 but differ fundamentally in
the order of bond-forming events. The catalysis starts with
the oxidative addition of a transition metal [M] into the sili-
con�hydrogen bond (9 ! 10) followed by coordination of
an alkene 1 to electrophilic 10 (10 ! 11). At this intersec-
tion, migratory insertion of the carbon�carbon double bond
into both the transition-metal�hydrogen bond and the tran-
sition-metal�silicon bond are potential reaction channels for
alkene–transition-metal-complex 11. In the classic Chalk–
Harrod mechanism carbon–hydrogen coupling (11 ! 12)
will occur prior to carbon�silicon bond formation (12 !
13). Alternatively, the reversed order of bond formations,
carbon–silicon coupling (11 ! 14) prior to carbon�hydrogen
bond formation (14 ! 13), is referred to as the modified
Chalk–Harrod mechanism.


Scheme 1. Silicon-to-carbon chirality transfer in a transition-metal-cata-
lyzed hydrosilylation ([M]= transition metal, R1 ¼6 R2 ¼6 R3).


Figure 1. Silanes with silicon-centered chirality (a-Np=a-naphthyl).
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Alkene insertion as the configuration-determining step
poses an interesting question: Which reaction pathway will
be favorable over the other in terms of diastereoselectivity
when using a chiral instead of an achiral silane? Under the
circumstances of the classic Chalk–Harrod mechanism
(Scheme 2, left), the alkene 1 inserts into the hydrogen�
transition-metal bond (11 ! 12). In this diastereoselectivity-
determining step, the silyl group simply functions as a mono-
dentate ligand coordinated to the transition metal. Impor-
tantly, silyl anions are isolobal to phosphines and, therefore,
key intermediate 11 might formally be treated as 15
(Figure 2).


When transferring this picture to asymmetrically substitut-
ed silanes, the Chalk–Harrod-type hydrosilylation becomes
comparable to catalyst-controlled hydrosilylations employ-
ing monodentate phosphorus-stereogenic phosphines such


as (R)-19,[19] which are known to induce low levels of enan-
tioselection [16 ! (S)-18, Equation (1)].[20]


On the other hand, in the modified Chalk–Harrod mecha-
nism (Scheme 2, right), the prochiral alkene 1 inserts into
the silicon�transition-metal bond in the diastereoselectivity-
determining step (11 ! 14). In the course of this carbon–sil-
icon coupling, the silicon-stereogenic silicon moiety must ap-
proach the carbon�carbon double bond in 11 from one of
its diastereotopic faces and is not a remote monodentate
spectator ligand.


According to this argumentation, we assumed that, out of
these two possible reaction modes, higher diastereoselection
might be expected when carbon–silicon coupling occurs
prior to carbon�hydrogen bond formation. Our hypothesis
is further supported by a survey of platinum-catalyzed hy-
drosilylation reactions of prochiral alkenes with the silanes
depicted in Figure 1. These transformations, which are
known to follow the Chalk–Harrod mechanism, provided
merely marginal diasteroselectivities (dr � 63:37).[21]


In recent years, extensive mechanistic investigations have
revealed that there are several catalyst systems, which are
likely to follow modified Chalk–Harrod or related mecha-
nisms. One of these catalysts, which was introduced to hy-
drosilylation chemistry by Brookhart,[22] appeared to be pre-
destined for our purposes (20, Figure 3). Detailed elucida-
tion of the catalytic cycle by Brookhart[22] as well as Widen-
hoefer[23] disclosed that carbon–silicon coupling occurs prior
to carbon�hydrogen bond formation. Moreover, cationic
palladium(ii) complex 20 is highly reactive and promotes hy-
drosilylation of disubstituted carbon�carbon double bonds
with otherwise unreactive triorganosilanes under mild reac-
tion conditions.[22]


Realization of the concept : Hydrosilylation reactions cata-
lyzed by 20 involve the intermediacy of s-alkylpalladium(ii)
complexes, which suffer fast b-hydride elimination.[22] In
order to suppress this unwanted side-reaction, we selected
norbornene (21) as the prochiral substrate. Silanes 5–8
(Figure 1) were used as racemic mixtures at the beginning of
our study.


Acyclic silane rac-5 showed almost no conversion under
the standard reaction conditions [20 (5.0 mol%), 0.1m in
CH2Cl2, �55 8C]. In accordance with previous results from
our laboratories, cyclic silanes rac-6 and rac-7 were some-
what more reactive.[21] We were able to isolate the hydrosily-


Scheme 2. Unified mechanistic overview: Classic and modified Chalk–
Harrod mechanism.


Figure 2. Isolobality of silyl anions (R3Si�) and phosphines (R3P).[19]


Figure 3. BrookhartKs catalyst [phen=1,10-phenanthroline, Ar=3,5-bis-
(trifluoromethyl)phenyl].
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lation products in good yields but less than appreciable dia-
stereomeric ratios (dr 51:49 for rac-6 and dr 65:35 for rac-
7).[6,24] The poor chirality transfer was not unexpected as
none of these silanes 5–7 met our hypothetical constraints
outlined in the pivotal considerations section. To our de-
light, rationally designed silane rac-8 reacted with 21 in ac-
ceptable yield and with perfect diastereoselection [21 !
rac-22, Equation (2)]. This constitutes the first intermolecu-
lar silicon-to-carbon chirality transfer!


In an effort to extend this reaction in an asymmetric
sense, we performed the identical hydrosilylation with enan-
tioenriched (R)-8 [21 ! 22, Equation (2)]. We were sur-
prised that the enantiomeric excess determined for 22 (93%
ee) was substantially higher than the enantiomeric purity of
the starting silane (R)-8 (85% ee). This indicated a positive
nonlinear effect, (+)-NLE,[25] which was later validated for
several levels of enantiomeric purity of (R)-8.[6]


This asymmetric amplification in a reagent-controlled
transformation provides direct experimental insight into the
mechanism of hydrosilylations catalyzed by 20. Based on
the reported mechanistic investigations,[22,23] our findings are
consistent with the so-called “two-silicon cycle”, in which
one of the partial steps involves two silicon-containing reac-


tants (Scheme 3). The stereogenic silicon center in (R)-8
functions as a stereochemical probe.


Reaction of (R)-8 with in situ generated 20 furnishes cat-
ionic, mononuclear[22] silylpalladium intermediate 23 liberat-
ing methane [(R)-8 ! 23].[26] Electrophilic 23 coordinates
21 thereby producing alkenepalladium complex 24. Diaster-
eoselective carbon–silicon coupling will take place in the
subsequent migratory insertion (24 ! 25) since there is no
hydride ligand available at palladium.[27] Then, a diastereo-
selective s-bond metathesis of major enantiomer (R)-8 and
minor enantiomer (S)-8, respectively, with enantiomerically
enriched 25 is the setting for the asymmetric amplification.
A matched [25 + (R)-8] and a mismatched [25 + (S)-8]
scenario in this step are conceivable for preferential forma-
tion of one enantiomer of 22.[26,28]


Intramolecular Scenario[7]


General comments : Silicon-to-carbon chirality transfer in in-
tramolecular transformations requires covalent linkage of
the silicon-based stereochemical controller to the carbon
framework. Apart from this requirement, the tetravalent sil-
icon must at least bear another functional group, which will
be displaced upon carbon–silicon coupling. Therefore, the


Scheme 3. Catalytic cycle: “two-silicon cycle”.
Scheme 4. Two-step in-situ-generation of chiral allylic silanes 29 [bdpp=
2,4-bis(diphenylphosphino)pentane].
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substitution pattern at silicon might not be as arbitrary as in
the intermolecular case. In return, intramolecular carbon�
silicon bond formation is likely to involve structurally more
biased intermediates and transition states thereby enhancing
diastereoselection.


Realization of the concept : In a system devised by Leight-
on,[7] a silicon-stereogenic allylic silane is supposed to intra-
molecularly transfer its allyl group onto an aldehyde. The
requisite allylic silanes containing an asymmetrically substi-
tuted silicon (and carbon atom) were elegantly accessed in
two synthetic operations (Scheme 4): Diastereoselective, de-
hydrogenative etherification[7,29] of alcohol (S)-26 with pro-
chiral 27 (26 ! 28) and subsequent diastereospecific silyl-
formylation[7,30] (28 ! 29). By this, both reactive intermedi-
ates (S,SiR)-29 and (S,SiS)-29 were obtained in enantiomeri-
cally pure form and good diastereoselectivity.


These strained five-membered silacycles[31] were suffi-
ciently Lewis-acidic to bind the Lewis-basic carbonyl oxygen
(29 ! 30, Scheme 5). The configuration at C-5 is set diaster-
eospecifically in the following spontaneous allylation, which


proceeds through six-membered transition states (30,
Scheme 5).[32] Dependent on the configuration at silicon and
independent of the configuration at C-1 in 29, the primary
products 31 were formed diastereoselectively with syn
[(S,SiR)-29 ! syn-31)] and anti [(S,SiS)-29 ! anti-31] 1,5-rel-
ative configurations, respectively. Exhaustive cleavage of all
linkages to silicon afforded the deprotected 1,5-diol (31 !
32).


In this case, the silicon-to-carbon chirality transfer is cal-
culated from the diastereomeric ratios of substrate 29 and
product 32 [ct = 100Nde (32)/de (29)]. The asymmetry at
C-1 has no effect on the stereochemical course of the allylsi-
lylation and might be regarded as a stereochemical refer-
ence point. This transformation is diastereospecific because
of an immaculate chirality transfer (100% ct) for the pair
(S,SiR)-29 and (S,SiS)-29. Since the stereochemical outcome
is solely governed by the stereogenic silicon center, this con-
stitutes the first intramolecular silicon-to-carbon chirality
transfer.


Leighton also demonstrated that the pronounced induc-
tion of the stereogenic silicon (30 ! 31, Scheme 5) over-


Scheme 5. Silicon-to-carbon chirality transfer in an intramolecular allylation.


Scheme 6. Remote 1,5-induction in a diastereoselective allylation.
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rides strong induction of C-1 (Scheme 6).[33] Intramolecular
silylformylation[30] of 33 provided silacycle 34 with two dia-
stereotopic allyl groups at silicon. In the resulting Lewis-
acid/Lewis-base complexes formed (34 ! 35), one of the di-
astereotopic allyl groups is preferentially transferred (35 !
36).[32] Intermediate anti-35 is favored over syn-35 and, after
complete desilylation (anti-36 ! anti-32), the 1,5-diol anti-
32 was isolated in good diastereoselectivity. Consequently,
in the absence of asymmetric substitution at silicon, rare 1,5-
induction controls the stereochemical outcome.


Perspectives


For the first time, the reagent-controlled hydrosilylation
clearly illustrates that under certain circumstances it is possi-
ble to transfer chirality from silicon to carbon in an intermo-
lecular transformation.[6] Our current understanding has led
to cyclic silane 8 decorated with three different substituents
(Figure 1). While 8 appears to be privileged[34] with regard
to chirality transfer, synthetic applicability will require the
elaboration of new protocols for the difficult oxidative deg-
radation of sterically hindered silanes. Hence, the present
work rather aims at the utilization of stereogenic silanes as
a stereochemical probe in transition-metal catalysis.


On the other hand, the intramolecular silicon-to-carbon
chirality transfer developed by Leighton is synthetically
useful.[7] It allows for the stereoselective access of the syn-
and anti-1,5-diol motif, which is found in several attractive
natural products. Leighton has nicely included this diaster-
eoselective allylation in a fragment synthesis of the dolabe-
lide family.[35]


The novel concepts described herein might pave the way
for further activities in asymmetric organosilicon chemistry.
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Introduction


Design and development of novel and reproducible strat-
egies for nanopatterning surfaces became one of the most
relevant topics involved on the progress of nanotechnology[1]


However, in many cases, interesting patterning approaches
were not able to reach the presumed technological impact
as a consequence of lacking the required combination of re-


producibility, accuracy, simplicity and more important, suita-
bility for large-scale fabrication. One breakthrough on the
development of alternative nanofabrication techniques was
brought by “soft lithographic techniques” initially developed
by Whitesides3 group at Harvard University about a decade
ago.[2] Soft lithography is a set of techniques that rely on
molding with rubber (polydimethylsiloxane, PDMS), silicon
or quartz stamps to make micro- and nanostructures. In gen-
eral, molding techniques are particularly attractive because
they are relatively simple, low cost and suitable for large-
scale fabrication.


A crucial point for the use of molding techniques is the
adherence between the material to be patterned and the
master. The adherence should be extremely low in order to
allow the release of the deposited material without damag-
ing the master or the molded surface. This is commonly
achieved by the use of anti-adherent layers such as Teflon-
like coatings or oxides and sulfides films,[3] but in these cases
the size of the features that can be transferred is limited by
the surface roughness of the anti-sticking layer. The other
problem when handled with rigid materials is the surface
roughness of the deposit that also limits the resolution of
the pattern transfer process. Therefore, molding techniques
in the nano/microscale have been mainly limited for direct
patterning polymeric materials with a relatively low adher-
ence using rubber (PDMS), silicon or quartz stamps.[2] Under
this perspective, the development of new routes for direct
nano/micropatterning of metals, alloys, oxides, semiconductor
and ceramic surfaces by molding techniques should be a tech-
nological goal with immediate impact in mass-production
processes such as CDs, DVDs, solar cells or magnetic devices.


Our strategy to extend the molding concept for nano/mi-
cropatterning to a wide range of materials and a broad spec-
trum of deposition techniques was the use of metallic or
semiconductor masters modified with molecular film as anti-
adherent layer,[4,5] in particular alkanethiolates and silanes
self-assembled monolayers (SAMs). On the other hand, the
problem related to the surface roughness of the deposited
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materials was managed by using high deposition rates that
produces nanometer sized grains, and in some cases by the
addition of organic additives.[6]


SAMs can be described as single layer of highly oriented,
ordered and packed molecules adsorbed on a substrate


through a strong covalent bond. Among them, SAMs of al-
kanethiols (Figure 1) on metals[7,8] and silanes on oxidized
surfaces[8] have been extensively studied because they pro-
vide a route to control corrosion, they serve to anchor dif-
ferent functional groups that are used to detect molecules
and biomolecules in sensors and biosensors, they are crucial
components in nanodevices for electronics, and finally be-
cause they provide an easy method to create well-defined
surfaces with controllable chemical functionality. In this way
wetting, lubrication and adhesion properties of solid surfaces
can be easily modified.


In fact, it is well known that when the terminal group of
thiolate or silane SAMs is a methyl group the adherence of
different types of materials (rigid polymers, metals, ceramics,
oxides) to the SAM-covered substrate is dramatically re-
duced.[4,5,9] Thus, there has been general agreement that a
proper w-fuctionalization of the thiols is required in order
to metallize thiolate SAMs on metals,[10] an important issue
in molecular electronics and spintronics. Other interesting
property of SAMs is that, conversely with other antisticking
agents, they exhibit an extremely low roughness that arises
from molecular defects.[11] In fact, the defect size and defect
height, are well below the sub-50 nm, the current frontier in
nanotechnology. With this scenario in mind it is clear why
alkanethiolate SAMs can be used as key agents for pattern
transfer with nanoscale resolution. The procedure that we
have used is quite simple as shown in Figure 2.


The master is immersed in a solution containing the al-
kanethiol or silane molecules to form the self-assembled
monolayer. Subsequently, a metal, ceramic or semiconductor
material is deposited. Finally, after a preset thickness is
reached the deposit is released from the substrate. In this
fashion (Figure 2 a–c) the surface of different materials has
been nano/micromolded: metals by using thermal vapor
deposition (PVD),[5] ceramics by reactive sputtering,[12] and
semiconductors by laser ablation.[13] If the procedure is re-
peated (by functionalized the mold) a replica of the master
can be obtained in a simple way (Figure 2d–f). From the
point of view of the deposition process itself there are two
key points to obtain pattern transfer with nanoscale resolu-


tion. The first one is the stability of the self-assembled mono-
layers under deposition conditions, particularly substrate
temperature and the energy of incoming particles (ions, mol-
ecules). The second one is that the depositing material must
follow closely the surface topography of the master without
the triggering of instabilities, that is, a conformal growth to
the master is needed during the deposition process.


Electrochemical Molding: A New Route for Metals
and Metal Oxides Nano/Micropatterning


In principle, the extension of the procedure described in
Figure 2 for nano/micropatterning metals and oxides by
electrodeposition appears simple and particularly attractive.
In fact, metal electrodeposition is a well known technique
involving relatively low cost equipments accessible to all
chemistry laboratories, and it is currently used in many tech-
nological applications. Electrodeposition is used to produce
materials and architectures that can not be built by tradi-
tional techniques. By means of this method a variety of ma-
terials such as nanocomposites, epitaxially deposited metal
films, compositional superlattices and ceramic materials
have been produced.[14] The extension of the method de-
scribed in Figure 2 for the electrochemical nano/micropat-
terning of metal and oxides requires answering some impor-
tant questions: 1) Are SAMs on metallic masters stable
under electrodeposition conditions? 2) Are defect size and
defect density of the molecular films in the plating bath
compatible with a large scale pattern transfer? 3) Are grain
size and roughness of the metal or oxide films resulting
from electrodeposition on SAMs-covered masters compati-
ble with nano/microscale features? In the next we will dis-
cuss these issues and answer these questions.


SAMs Preparation and Quality


SAMs can be prepared from the gas phase or by solution
preparation by a wet route through immersion of clean Au


Figure 1. Alkanethiolate SAM: Lateral view.


Figure 2. a) Alkanethiolate covered master; b) deposition step; c) release
step, the inner face of the deposit is a mold of the master; d) alkanethio-
late covered mold; e) deposition step; f) release step, the inner face of
the deposit is a replica of the master shown in a). As the alkanethiolate
SAMs remains on the master or mold surface after release they can be
reused for the preparation of new molds or replicas.
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or Ag substrates in alkanethiolate containing solutions.[7,8] In
both cases the following reaction has been proposed for the
self-assembly process:


CH3-ðCH2Þn-H2C-SH þ Me


! CH3-ðCH2Þn-H2C-S-Me þ 1=2H2


ð1Þ


where Me stands for the metal substrate. Due to the low sol-
ubility of alkanethiols in water the procedure involves the
use of ethanol, benzene, toluene or hexane as solvents. Ex-
amples of ordered alkanethiolates SAMs on Ag and Au sur-
faces formed by simple immersion of clean metal surfaces in


ethanolic solutions for 24 h are shown in Figure 3.
Oxidized Cu surfaces can also form ordered self-assem-


bled alkanethiolate monolayers. In fact, a redox reaction
takes place during immersion between the copper oxides
and the alkanethiolate molecules yielding metallic Cu and
alkanesulfonates.[15] As the oxide is reduced the clean Cu
atoms react with the alkanethiolate molecules yielding or-
dered monolayers. For self-assembly on Cu surfaces ben-
zene, toluene or hexane are preferred. Self-assembly of al-
kanethiols on oxidized metals such as Fe and Ni is more dif-
ficult.[16,17] In both cases to obtain good quality SAMs the
oxide must be completely removed. Some methods have
been developed for these purposes, one of them first involv-
ing the metal-oxide electroreduction followed by sample im-
mersion in a non-aqueous solution containing the alkane-
thiol molecules.[18] In the case of oxidized Ti, Al or silicon
surfaces, silane molecules form covalent bonds through OH
surface species leading to molecular films.[8] Substrate im-
mersion in silane-containing solutions in dry hexane is man-
datory to obtain good quality silane SAMs. The formation
of ordered alkanethiolate and silane monolayers normally
involves immersion times ranging from 4–24 h, depending
on the hydrocarbon chain length. In both cases, alkanethio-
late and silane SAMs, at high surface coverage the mole-
cules adopt a nearly vertical configurations.[7,8]


Alkanethiolate lattices contain, however, different types
of defects[11] such as missing rows (Figure 4a), molecular de-
fects (Figure 3a, 4b) where the molecules are absent or dis-


ordered, and domains boundaries, where the alkanethiolate
molecules exhibit strong disorder (Figure 4c). The black
large islands in Figure 4c are not real SAMs defects.[19] They
are holes, monoatomic (0.24 nm) or diatomic (0.48 nm) in
depth, formed during the self-assembly process. The hole
bottoms are also covered by the alkanethiolate molecules.[19]


The size and height (the thickness of the SAM) of these
defects limit the resolution that can be achieved, that is, the
minimum size of the features that can be transferred from
the master to the deposited material.


The stability under ambient conditions is also an impor-
tant variable when handling with SAMs. It has been shown
that the rate of degradation, for instance oxidation to alka-
nesulfonates, increases rapidly with decreasing alkyl chain
length.[20] Furthermore, for short-chain alkanethiol SAMs
with n=3, a randomly initialized degradation plays a major
role, whereas for long-chain alkanethiol SAMs, the degrada-
tion starts at domain boundaries and defects, propagating
into intact domains. Thus, the importance in growing large
alkanethiolate domains in order to reduce domain bounda-
ries clearly emerges. We have used hexanethiolate and do-
decanethiolate SAM-covered metals for several days with-
out observing significant degradation.


Electrochemical Stability of SAMs


The stability of SAMs in aqueous electrolyte is a crucial
point for the application of the electrochemical molding
method shown in Figure 2. It is well known that SAMs of al-
kanethiolates on Au, Ag and Cu exhibit reductive electrode-
sorption[21] according to the following reaction:[22]


R-S-Me þ e� ! RS� þ Me ð2Þ


where R-S-Me stands for the adsorbed alkanethiolate. In
fact, the typical current (j) potential (E) profiles recorded in
an electrochemical cell for a alkanethiolate-covered Au (or
Ag) substrate in alkaline solutions exhibit well defined cur-
rent peaks (Figure 5a) related to Reaction (2). Peak labeled
as CI corresponds to the reductive electrodesorption reac-
tion while peak AI corresponds to the oxidative electroad-


Figure 3. a) 4.5N4.5 nm2 STM image (top view) with molecular resolution
showing
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R19.18 propanethiolate lattice on Ag(111); b) 4.5N
4.5 nm2 STM image of the
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R308 hexanethiolate lattice on Au-
(111). Note the presence of some vacancies (molecular defects) in Fig-
ure 3a. Solutions: 5 mm alkanethiol containing ethanolic solutions, immer-
sion times: 24 h, T=25 C.


Figure 4. Typical defects at SAMs (arrows). a) 11.5N11.5 nm2 STM
image. Missing rows of propanethiolate molecules at a SAM on Au(111);
b) in situ 20N20 nm2 STM image. Molecular defects at a
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R308
hexanethiolate lattice on Au(111), electrolyte: NaOH (0.1m), applied po-
tential E=�0.7 V vs the saturated calomel electrode (SCE); c) 35N
35 nm2 STM image. Domain boundaries in hexanethiolate–Au(111) c-
(4N2) lattices. Large black regions are not true SAMs defects as ex-
plained in the text.
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sorption of molecules produced at CI. The charge density
(q) involved in peak CI is that expected for desorption of a
complete monolayer of the ordered lattices (q
�0.080 mCcm�2) shown in Figure 3. In situ STM images
have been shown that the SAMs structure remains practical-
ly unaltered for applied potentials more positive than those
corresponding to peak CI,[11b] that is, preceding SAMs de-
sorption. Therefore, the peak potential (Ep) (arrow in Fig-
ure 5a) has been widely used to test the stability of the
SAMs against reductive electrodesorption.[23]


In the case of Cu, the Ep measurements are more difficult
because SAMs electrodesorption takes place simultaneously
with the hydrogen evolution reaction (HER) (Figure 5b). In
this case, the rotating disc-ring technique has been used for
the Ep determination.[24] The electrode consisted in a alkane-
thiolate-covered Cu disc and Au ring. The ring potential was
held at �0.2 V so that when the applied potential to the Cu
disc reaches Ep, the desorbed alkanethiolates [Reaction (2)]
are electroadsorbed on the Au ring [Reaction (1)] leading to


a detectable positive (anodic) current (Figure 5c).[25] Note
that HER takes place as the SAM is electroreduced, that is,
as free Cu sites are produced.


The reductive electrodesorption [Reaction (2)] depends
on the electrolyte pH (Figure 6a–d). While Ep remains


nearly constant in the 3 < pH < 14 range, it moves in the
positive direction for pH values lower than 3, that is, alkane-
thiolates are less stable in strong acid media.[21,26]


In Figure 7 Ep vs n, the number of C atoms in the alkane-
thiol chain, for Au in acid (pH <3) and alkaline solutions
(pH 13) are plotted. From Figure 7 it is evident that SAM
stability increases with n, due to the increase in van der
Waals interactions between the hydrocarbon chains and hy-
drophobic forces between the molecules and water.[23] In
acid media the Ep versus n plot results in a straight line with


Figure 5. a) Typical current density vs potential profile recorded for a do-
decanethiolate–SAM on Au(111) in 0.1m NaOH. The potential scan
starts in the negative direction. The electrodesorption peak, peak poten-
tial (Ep), and oxidative readsorption peak are indicated. b) Typical cur-
rent density vs potential profile recorded for a dodecanethiolate–SAM
on a rotating Cu electrode in NaOH (0.1m) + H2O (5%) in methanol.
No evidences of alkanethiol electrodesorption are observed due to HER.
c) Ring current at the Au ring showing oxidative adsorption when al-
kanethiolates are desorbed from the rotating Cu disc b).


Figure 6. Current vs potential profiles recorded for a Au(111) electrode
at 0.05 Vs�1 in electrolyte solutions containing 5 mm propanethiol at dif-
ferent pH values. The electroadsorption/electrodesorption peaks shift
only in relatively strong acid media.
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slope 4 kJmol�1 per carbon unit, which is about 1 kJmol�1


per carbon unit higher than that observed in alkaline solu-
tions. In fact, the lower solubility of alkanethiolate mole-
cules in acid media is an additional factor that stabilizes
SAMs against desorption. However, for a given thiolate the
Ep value in acid media is always more positive than that
measured in alkaline solutions,[26] that is, alkanethiolate
SAMs are more stable in alkaline solutions. On the other
hand, for a constant n the stability of alkanethiolates in-
creases in the following order Au < Ag < Cu (Figure 8).[24]


Density functional theory calculations[24] have shown that
the electrodesorption potential for a given alkanethiol on
different metals results from a balance between the adsorp-
tion energy of the organic molecule on the metal surface
(which varies in the 40–60 kcalmol�1 range), the energy to
introduce an electron into the alkanethiolate–metal system,
and the solvation of the metal surface.


Finally, it should be also noted that the plating bath tem-
perature is not an important variable as alkanethiols on
metals are stable up to 100 C.[28]


From the above discussion the importance of the alkane-
thiol length (n), substrate and pH on electrochemical nano-
patterning clearly emerges. For instance alkaline plating
baths should be preferred to acid baths due to the higher
stability range. SAMs on Cu masters should exhibit greater
stability range than those on Au masters, in both alkaline
and acid media. Longer alkanethiols should be preferred to
the shorter ones due to their higher stability induced by van
der Waals and hydrophobic interactions. However, as al-
ready mentioned SAM thickness limits the vertical resolu-
tion of method so that alkanethiols with an intermediate
number of C (typically n = 12) should be used. On the
other hand, the advantages of Au master for nanoscale pat-
terning are evident: alkanethiolate SAMs on Au are more
crystalline and ordered than those formed on Cu and Ag
thus reducing the defect density and size.


Metal electrodeposition on SAMs covered substrates : When
the electrodeposition is performed at relatively high rates
on SAMs covered metal electrodes[29] the first step is the nu-
cleation of the deposited material at defective sites of the
molecular film (Figure 9a, b). This stage is followed by the
growth of the nuclei within these defects towards the SAMs/
electrolyte interface (Figure 9c). Finally, when the nuclei
reach the outer plane of the SAM, three-dimensional
growth takes place leading to a complete coverage of the al-
kanethiolate film by a metal or oxide layer (Figure 9d). Con-
versely, when Ag is electrodeposited on SAM-covered Au at
a low rate a place exchange mechanism has been ob-
served.[27] In fact, depending on the relative adsorption ener-
gies and deposition rate alkanethiolate species have time to
desorb from the substrate and re-adsorb on the depositing


Figure 8. Ep vs n, the number of C units, for alkanethiolates electrode-
sorption from different substrates. Electrolyte: NaOH (0.1m) + H2O
(5%)in methanol. The solid lines correspond to the theoretical lines esti-
mated by the model reported in ref. [24].


Figure 9. Scheme showing the steps involved in metal electrodeposition
on SAMs covered substrates. a) Defective sites at SAMs (the molecules
are indicated in black); b) nucleation and growth of the metal (grey)
within the SAM; c) three dimensional growth outside the SAM; d) for-
mation of a continuous metallic film on the SAM.


Figure 7. Ep vs n, the number of C units, for SAMs electrodesorption
from Au substrates in 0.1m NaOH (pH 13, dashed line) and acidic media
(pH < 3, continuous line). Open symbols: (~) current vs potential pro-
files, from reference,[22] (*) current vs potential profiles, (&) current vs
potential profiles, from ref. [27], (!) rotating ring-disc technique.
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metal. Thus, the SAM floats during deposition turning the
method described in Figure 2 inapplicable.


The mechanism shown in Figure 9 is strongly supported
by experimental data. STM images (Figure 10a, b) and
Auger electron spectroscopy data (Figure 10c) taken at the
early stages of Cu electrodeposition on a propanethiolate
covered Au (that correspond to stages b–c in Figure 9)
reveal the presence of few nanometer-sized Cu clusters (3–
5 nm diameter, 0.3 nm in height).


These clusters are formed at the nanometer-sized defects
present at alkanethiolate SAMs as previously discussed. At
advanced stages complete metallization of the alkanethio-
late-covered gold electrode is observed. Depending on the
electrodeposition time nanometer or micrometer-thick
metal films can be grown on SAMs covered substrates. It is
evident that the deposited films are connected to the sub-
strate only by the small metal clusters shown in Figure 9.
The number of connections depends on the defect density
that in turn decreases markedly with the number of C units
in the hydrocarbon chains. For instance, dodecanethiolate–
SAMs exhibit not only a wide stability range against desorp-
tion (Figure 7) from the Au surface but also smaller defect
density than propanethiolate–SAMs.[11] However, it should
be noted that a determined population of defects is required
in order to electrodeposit the metal film on the SAM-cov-


ered substrate. In other words, we need a defect density ena-
bling an efficient flow of current in order to completely met-
allize the sample. Nevertheless, this population should be
small enough to allow pattern transfer in the nanometer
scale and easy detachment without damaging the master or
the film.


Figures 9 and 10 also show two other possible applications
of this method. The first one (stages b–c) is related to the
preparation of metallic clusters on foreign substrates by a
confined growth process (at the SAM defects). The second
one (stage c) is for fabricating nanocontacs between two
metallic electrodes.


The release step (Figure 2c) involves the rupture of the
metallic nanocontacts between the substrate and the depos-
ited film. Thus, the height of these contacts, which in turn
are determined by the thickness of the molecular film, intro-
duces a surface roughness that limits the vertical resolution.
On the other hand, the size of defect and defect density in-
fluence the lateral resolution and also can restrict large
scale patterning of the deposited surface. In the case of al-
kanethiolate SAMs the thickness can be easily varied by
changing the number of C units (n) in the hydrocarbon
chain, for instance for dodecanethiolate SAMs on Au the
film thickness is �1.7 nm. Therefore, from the point of view
of defects long alkanethiolate are good candidates for nano-
patterning because they exhibit a lower defect density and
smaller defect size, thus improving the lateral resolution of
the pattern transfer method. For instance, one should expect
that the resolution limits of the pattern transfer method in-
troduced by a SAM of dodecanethiolate itself should be in
the order of 5 nm lateral and 2 nm vertical.


In the case of the bare electrode surface, the energy in-
volved in the release step of the electrodeposit from the
substrate is close to the Cu/Au cohesion energy, 3.81 eV.[30]


When electrodeposition is carried out in presence of SAMs
the connectivity between the substrate and the deposit is
only given by the electrocrystallization nuclei grown at
SAM defects. These nuclei are responsible to keep the elec-
trodeposit attached to the substrate. The interaction be-
tween the deposited metal film and methyl-terminated SAM
is mainly governed by dispersion forces, which are quantita-
tively much weaker than metallic bonds associated to Cu/Au
cohesion. Thus, the required work to release an electrode-
posited film from a substrate (the adhesion work, Wadhes) is
dramatically decreased as the real metal–metal contact area
is reduced. In the case of dodecanethiolate–SAMs we have
estimated the uncovered area (the contact area) in 0.01%
from electrochemical measurements.[31] This fact implies that
in presence of the SAM, the effective cohesion energy cor-
responding to the electrode–SAM–electrodeposit is 100
times smaller than that corresponding to the electrode-elec-
trodeposit system.


Concerning to this key issue, it must be noted that the
actual energy involved on peeling-off the electrodeposited
film (Wpeel) is higher than the adhesion or cohesion work as
a consequence of energy dissipation effects during the frac-
ture of the interface.[32]


Figure 10. STM images and AES data taken at the early stages of Cu
electrodeposition on propanethiolate-covered Au(111). a) 45N45 nm2;
b) 12N12 nm2 high resolution of an individual Cu cluster. The rows of
propanethiolates molecules are also observed around the cluster. The
cross section indicates that the deposition process is at stage c) of
Figure 9. AES analysis showing Cu, S and C signals corresponding to the
Cu electrodeposit, and the propanethiolate SAM (S, C). Plating bath:
CuSO4·5H2O (0.6m) + H2SO4 (0.5m) + thiourea (0.025 mm), plating
bath temperature T=25 8C.
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Notwithstanding, in accordance to the classic peel-off ad-
hesion model exists a direct correlation between the resist-
ance to the fracture of the interface and the adhesion
energy.[33] Thus, Wadhes can be considered as a reliable param-
eter proportional to the resistance to the fracture of the
electrode-electrodeposit interface. In addition, it is well
known that Wadhes is proportional to the surface energy of
the substrate, gsurf :


Wpeel > Wadhes / gsurf ð3Þ


SAM-covered substrates can be described as binary surfa-
ces with covered and uncovered domains. In the case of
copper electrodes, the uncovered and SAM-covered do-
mains have surface energies gCu and gSAM, respectively. As-
suming a linear combination on gsurf, we obtain


gsurf ¼ qSAMgSAM þ qCugCu ð4Þ


where qCu and qSAM are the fraction areas corresponding to
the bare and SAM-covered domains. Thus, gSAM=


29 mNm�1[34] and gCu=900 mNm�1[35] gives:


gsurf ¼ 0:99
 29mNm�1 þ 0:01
 900mNm�1 ¼ 37:7mNm�1


It means that the Wpeel required for the release of a Cu
film from a dodecanethiol-covered substrate is �1/25 small-
er than that needed to release a Cu film from a bare sur-
face.


Therefore, an electrodeposited Cu film can be easily de-
tached from the SAM-covered master by using tweezers or
a scotch tape introducing damages neither to the Cu film
nor to the master surface.


Kinetics aspects of metal electrodeposition on SAMs cov-
ered substrates : Typical current density (j)/potential (E) pro-
files for Cu electrodeposition on uncovered and dodecane-
thiolate-covered Au surfaces from an acid plating bath are
shown in Figure 11.


The j versus E profiles show that an alkanethiolate SAM
on Au strongly hinder Cu electrodeposition, that is, in the


presence of SAMs we should apply a larger negative poten-
tial to obtain a preset current density.[29] In fact, the number
of Au sites available for Cu nucleation on a SAM-covered
Au electrode is too smaller than that present in uncovered
Au surfaces (Figure 10), thus the nucleation rate is markedly
reduced. In addition, to form Cu nuclei at Au sites Cu ions
should diffuse and/or migrate through a highly hydrophobic
environment. The presence of overpotentials originated by
the SAMs are important because the magnitude of the nega-
tive potential reached by the system under typical galvano-
static conditions determines either SAM stability or desorp-
tion (Figures 7, 8), and, accordingly, the applicability of the
method shown in Figure 2.


Electrodeposit quality and pattern transfer : In general the
lateral and vertical resolutions of pattern transfer methods
based on deposition techniques should depend on grain size
(d) and roughness of the deposited films. It has been shown
that the dynamic scaling of growing interfaces[36] becomes a
suitable approach to analyze this problem. Here, the root
mean square roughness (W) depends on the deposition time
(t) and sample size (L) according to


W � t b ð5Þ


W � L a ð6Þ


d � t 1=z ð7Þ


1
z


¼ b=a ð8Þ


where a, b and z are the roughness, growth and dynamic ex-
ponents, respectively. For the inner electrodeposit face (that
in contact with the alkanethiolate-covered master) the elec-
trodeposition time t ! 0, thus from Equations (5) and (7)
W ! 0 and d ! 0. It means that the inner face of the de-
posit exhibits the best conditions in relation to grain size
and roughness. On the other hand, Equation (6) tells us
about the restrictions for large scale patterning as W increas-
es with the system size. Smaller a and b values imply a
better quality for the deposit, and also a good tendency to
produce conformal deposition.[37] In general organic addi-
tives must be added to the plating bath in order to obtain
stable interfaces with low a and b values.[6,38] The presence
of the organic additives avoids the triggering of instabilities
during electrodeposition leading to smooth surfaces with
nanometer sized grains.


Pattern transfer in the sub-micrometer scale : We demon-
strate the applicability of electrochemical soft-lithography to
built surface-relief structures in the sub-micrometer range
by fabricating a soft-magnetic alloy (Fe11Co38Ni51) grating[39]


from a complex plating bath.[40] In order to obtain good de-
posit with nanometer-sized grains and small roughness the
electrodeposition process should be performed at relatively
high current densities, that is, j=20 mAcm�2. Under these
conditions the substrate reaches potential values close to


Figure 11. Current (j) vs potential (E) profiles recorded for Cu electrode-
position on Au(111) (a) and dodecanethiolate covered Au(111) (c)
from CuSO4·5H2O (0.6m) + H2SO4 (0.5m) + thiourea (0.025 mm), plat-
ing bath temperature T=25 8C.
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�1.2 V. Therefore, a dodecanethiolate-covered Cu master
was selected due to its stability at high negative potentials.
In this case we have used a Cu master that exhibits a period-
ic array (Figure 12a) with 1.6 mm wavelength (L).


The root mean square roughness of the master (W) mea-
sured parallel to the channels direction was close to 2 nm
(Figure 12). The master was immersed in a dodecanethiol-
containing toluenic solution (50 mm) for 12 h in order to
allow the self-assembly of the dodecanethiolate species on
the Cu surface. Then, the procedure described in Figure 2
was followed. After depositing a 10 mm thick alloy film on
the dodecanethiol functionalized Cu the alloy film was de-
tached from the Cu master with tweezers. The AFM images
of the inner face of deposited alloy (Figure 12b) show a
good quality “mold” of the Cu master microstructure. The
W value also measured parallel to the channels direction is
now 9.2 nm (Figure 12b), that is, an increase in roughness
takes place during the pattern transfer. However, this in-
crease is not too important when compared to the height of
the relief structure (90 nm).


This method can be also used for patterning oxides surfa-
ces in the submicrometer scale. As an example we show re-
sults for pattern transfer to a Cu2O film. The oxide film was
deposited on an alkanethiolate-modified Cu master similar
to that depicted en Figure 12a (but L=780 nm) from a plat-
ing bath developed by Switzer et al.,[41] and applying a con-
stant potential value at the electrochemical interface (E=


�0.45 V).
Again, after detachment the AFM image (Figure 13a–b)


shows the accurate manner in which the surface structures
have been transferred from the Cu master to the oxide film.
Similar results were obtained in our Laboratory for electro-


deposited ZnO films indicating that the electrochemical
molding method can be extended to other oxides.


Pattern transfer in the nanoscale : Pattern transfer in the
nanoscale requires ordered and crystalline SAMs with a low
defect density and defect size. Therefore, Au masters are the
best candidate for this purpose. A typical Atomic Force Mi-
croscopy (AFM) image of an Au surface used as a master is
shown in Figure 14a.


The surface exhibits an hexagonal array of short-range or-
dered nanoholes with a hole density �1011 cm�2. The power
spectral density (PSD) from different images indicates that
the size of the nanoholes is 50�2 nm while the cross section
(Figure 14a cross section) show that the nanohole depth is
3�0.5 nm. The W value measured on 1 mm2 images results
in W=0.8–1.0 nm The Au master was then covered by a do-
decanethiol SAM, and used as the working electrode for Cu
electrodeposition at 10 mAcm�2 from an acid bath contain-
ing thiourea as additive.[4,6]


After electrodeposition of the Cu film (�10 mm in thick-
ness) and film release AFM images of the Cu surface in con-
tact with the SAM-covered Au master were taken. These
images (Figure 14b) show a patterned Cu surface consisting
of arrays of dots with short range hexagonal order as expect-
ed for a negative of the master surface. The corresponding
cross-sections show the accurate way in which the master
features (Figure 14a) have been transferred to the Cu sur-
face (Figure 14b). In fact, Cu dots are 51�2 nm in size
(from the PSD analysis) and 2�0.5 nm in height, both fig-
ures in well agreement with those measured on the master
surface. The W value of the patterned (dots) Cu deposit
measured from 1 mm2 in size AFM images is very low W=


1.2–1.6 nm, however slightly higher than that measured for


Figure 12. 20N20 mm2 AFM images (top) and section (bottom) of a) do-
decanethiolate-covered Cu master; b) inner face of Fe11Co38Ni51 electro-
deposit grown at j=20 mAcm�2 from CoSO4·7H2O (0.06m) +


NiSO4·6H2O (0.2m)+ FeSO4·7H2O (0.015m)+ NH4Cl (0.028m)+
H3BO3 (0.4m)+ thiourea (2.6N10�4


m), pH 2.8.[40]


Figure 13. 5N5mm2 AFM images (top) and section (bottom) of a pat-
terned Cu2O film taken after the release step from a Cu master. The film
was electrodeposited from CuSO4·5H2O (0.4m)+ lactic acid (3m) pH 9
at T=60 8C.[41]
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similar images taken on the Au master. It means that some
increase in roughness takes place during Cu deposition or
during the release step. As the thickness of the dodecane-
thiolate SAMs on Au(111) is 1.7 nm the Cu nanocontacts
broken during the release step could be responsible of the
observed increase in roughness. The thickness of the alkane-
thiolate SAM introduces, then, the limit in the vertical reso-
lution.


AES spectra taken for the dodecanethiolate-covered Au
master before electrodeposition (Figure 15a) and after the
release step (Figure 15b) shows similar S/Au ratios demon-
strating that the alkanethiolate SAM remains adsorbed on
the Au master during the complete procedure depicted in
Figure 2. Similar results are obtained for Cu masters. This is
an important issue because it implies that the same master
can be used for several pattern transfer processes. On the


other hand, the surface of the patterned film is relatively
free of impurities from the alkanethiolate layer as neither S
nor C can be observed.


We have also varied the electrodeposition current in the
range 1 mAcm�2 � j � 20 mAcm�2. For j=10 mAcm�2 the
electrodeposition process results in good quality Cu dots.
On the other hand, for j < 5 mAcm�2 the dot pattern trans-
forms into well defined ripples 50 nm in size separated by
2�0.5 nm in depth channels (Figure 14c). The transforma-
tion from dots to ripples was observed also on nanopat-
terned Au masters after annealing at 100 8C suggesting that
the surface mobility plays a key role in this transition.[42] It
is possible that at low electrodeposition currents the Cu sur-
face has enough time to rearrange into ripples that should
exhibit a low surface free energy than the dotted surface.
Therefore, by tuning the electrodepositon rate a variety of
nanopatterns can be produced.


Finally, a comparison between the method and the well-
known replica-molding technique[43] with polydimethylsil-
oxane (PDMS) should be made. While direct molding with
PDMS stamps is applicable only to polymeric materials, the
electrochemical nano/micropatterning method described in
this work can be used as a technique for transferring sur-
face–relief patterns on metals, alloys, oxides and also to con-
ducting polymers. This technique merges the simplicity of
the “soft lithographic” strategies[44] with the versatility of
electrochemical deposition to synthesize a broad variety of
materials, leading probably to the first example of an “elec-
trochemical soft lithographic” technique.


Concluding Remarks and Outlook


Self-assembled monolayers can be used as key agents for
pattern transfer with nanometer resolution. The electro-
chemical molding method based on SAMs is able to build


Figure 14. 1N1mm2 AFM images (top) and cross sections (bottom) of a) dodecanethiolate-covered Au master; b) inner face of a Cu film after the release
step. The film was electrodeposited at j=10 mAcm�2 from CuSO4·5H2O (0.6m) + H2SO4 (0.5m) + thiourea (0.025 mm), plating bath temperature T=


25 8C. c) inner face of a Cu film after the release step. The film was electrodeposited at j=1 mAcm�2 from the plating bath described in b).


Figure 15. AES spectra taken for the dodecanethiolate-covered Au
master a) before electrodeposition and b) after the release step. The Au,
S and C signals are indicated.
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stable, three dimensional nano/microstructures in a simple
and inexpensive way. The method allows molding/replica-
tion on metals and alloys in a single step/two step procedure
by using techniques and equipments available for any
chemistry laboratory.


Electrochemical molding can be used for preparing nano-
patterned ultrathin metallic coatings on different materials.
In fact, before the release step, the outer face of the electro-
deposited metal films can be used as a substrate for electro-
deposition of a foreign metal or alloy by simple changing
the plating bath. In a similar way, the outer face of the elec-
trodeposited film (before detachment from the master) can
also be subjected to physical vapor deposition, chemical
vapor deposition, reactive sputtering or simple polymer cast-
ing allowing deposition of a broad spectra of materials with
controllable thickness. The release step from the master
leaves a nanopatterned thin metallic coating placed on top
of a foreign base material. Thus, nanopatterned metal
coated ceramic, semiconductors and polymers films could be
easily prepared. The possible application of the method for
fabricating nanoclusters and nanocontacts on conducting
substrates is another interesting field to be explored.


At present, the method has been applied to mold and to
replicate rounded nano/microstructures with a relative low
height/lateral size ratio (aspect ratio). The possibility to
extent electrochemical nano/micropatterning to more com-
plex architectures and higher aspect ratio should also be ex-
plored.


Finally, further in-depth investigations are required for
improving SAM quality reducing the defect size and density,
and accordingly increasing the lateral resolution of the
method. In addition it is important to develop simple meth-
ods to produce good quality and stable SAMs on harder
metals such as Ni. Harder metals are important to increase
the life time of the molds that are subjected to wear during
the deposition and release cycles.


Experimental Section


Self-assembled alkanethiolate monolayers were prepared from the liquid
phase. In the case of Au and Ag surfaces the substrates were immersed
for 24 h in 70 mm alkanethiolate containing ethanolic solutions. In the
case of Cu surfaces alkanethiolates were self-assembled by immersion in
50 mm toluene containing solutions for 2 h. Electrochemical data for
SAMs electrodesorption were made using either aqueous NaOH (0.1m)
or NaOH (0.1m)+ H2O (5%) in methanol as electrolyte at a scan rate
of 0.05 Vs�1.


Metal electrodeposition was performed in a conventional three-electrode
electrochemical cell using either the alkanethiolate-covered nano/micro-
patterned master as the working electrode, a large platinum sheet as
counterelectrode, and a saturated calomel electrode as reference elec-
trode. Potentials in the text are referred to the calomel saturated elec-
trode.


Different plating baths were used. Fe11Co38Ni51 electrodeposits were gal-
vanostatically grown at j=20 mAcm�2 from CoSO4·7H2O (0.06m) +


NiSO4·6H2O (0.2m) + FeSO4·7H2O (0.015m) + NH4Cl (0.028m) +


H3BO3 (0.4m) + thiourea (2.6N104


m), pH 2.8.[39] Cu2O electrodeposition
was performed under potentiostatic conditions at E=�0.45 V from
CuSO4·5H2O (0.4m) + lactic acid (3m) pH 9 at T=60 8C.[40] Cu electro-


deposition was made under galvanostatic conditions with j ranging from
1 mAcm�2 to j=10 mAcm�2 from CuSO4·5H2O (0.6m) + H2SO4 (0.5m)
+ thiourea (0.025 mm) plating bath at T=25 8C.[4]


After electrodeposition, the respective films (metals and alloys) were re-
leased from the master by using small tweezers (as those used for han-
dling microscope samples). We have verified that this procedure introdu-
ces no damages neither on the patterned nor on the master. In the case
of Cu2O samples due to the brittle characteristics of the ceramic film, re-
lease from the master by using small tweezers is not recommended. In
some cases the thin sample can be damaged by exerting excessive pres-
sure with the tweezers tips. One safer way to release the micromolded
Cu2O sample is releasing the deposited film by using a Scotch tape or by
gluing the Cu2O deposit to a glass substrate and then easily releasing
from the master while holding the glass substrate with small tweezers.


All the electrolytes were degassed with purified nitrogen for 2 h before
the electrochemical runs. STM (constant current) and AFM (contact
mode) images were taken with a Nanoscope III (Digital Instruments,
Santa Barbara CA) using Pt/Ir and Si3N4 tips, respectively. Finally, the el-
emental surface chemical composition of the deposited films was deter-
mined by Auger Electron Spectroscopy (AES) using a single pass cylin-
drical mirror analyzer (CMA, Physical Electronics).
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A Formal Total Synthesis of Eleutherobin Using the Ring-Closing Metathesis
(RCM) Reaction of a Densely Functionalized Diene as the Key Step:
Investigation of the Unusual Kinetically Controlled RCM Stereochemistry


Damiano Castoldi,[a] Lorenzo Caggiano,[a, c] Laura Panigada,[a] Ofer Sharon,[a]


Anna M. Costa,[b] and Cesare Gennari*[a]


Introduction


Sarcodictyins A (1a) and B (1b) were isolated in 1987 by
Pietra and co-workers from the Mediterranean stoloniferan
coral Sarcodictyon roseum.[1] Their antitumor activity and


Abstract: Asymmetric oxyallylation re-
actions and ring-closing metathesis
have been used to synthesize com-
pound 3, a key advanced intermediate
used in the total synthesis of eleuthero-
bin reported by Danishefsky and co-
workers. The aldehyde 6, which is read-
ily prepared from commercially avail-
able R-(�)-carvone in six steps in 30%
overall yield on multigram quantities,
was converted into the diene 5 utilizing
two stereoselective titanium-mediated
Hafner–Duthaler oxyallylation reac-
tions. The reactions gave the desired
products (8 and 12) in high yields (73
and 83%, respectively) as single dia-
stereoisomers, with the allylic alcohol
already protected as the p-methoxy-
phenyl (PMP) ether, which previous
work has demonstrated actually aids


ring-closing metathesis compared to
other protective groups and the corre-
sponding free alcohol. Cyclization
under forcing conditions, using Grubbs;
second-generation catalyst 13, gave the
ten-membered carbocycle (E)-14 in
64% yield. This result is in sharp con-
trast to similar, but less functionalized,
dienes, which have all undergone cycli-
zation to give the Z stereoisomers ex-
clusively. A detailed investigation of
this unusual cyclization stereochemistry
by computational methods has shown
that the E isomer of the ten-membered
carbocycle is indeed less thermody-


namically stable than the correspond-
ing Z isomer. In fact, the selectivity is
believed to be due to the dense func-
tionality around the ruthenacyclobu-
tane intermediate that favors the trans-
ruthenacycle, which ultimately leads to
the less stable E isomer of the ten-
membered carbocycle under kinetic
control. During the final synthetic ma-
nipulations the double bond of ene-
dione (E)-16 isomerized to the more
thermodynamically stable enedione
(Z)-4, giving access to the advanced
key-intermediate 3, which was spectro-
scopically and analytically identical to
the data reported by Danishefsky and
co-workers, and thereby completing
the formal synthesis of eleutherobin.
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paclitaxel-like mechanism of action were recognized about a
decade later (1996).[2] In the meantime, the diterpene glyco-
side eleutherobin (2) was reported by Fenical et al. from an
Eleutherobia species of Australian soft coral, accompanied
by disclosure of its potent cytotoxicity (1995).[3] Two years
later, eleutherobin was shown to act similarly to sarcodic-
tyins, effecting mitotic arrest through tubulin polymeri-
zation.[4] Both sarcodictyins and eleutherobin (the “eleuthe-
side” family of microtubule-stabilizing drugs) are character-
ized by an activity profile different from that of paclitaxel;
in particular, they are active against paclitaxel-resistant
tumor cell lines and therefore have potential as second-gen-
eration microtubule-stabilizing anticancer agents.[4,5] The
scarce availability of 1 and 2 from natural sources makes
their total syntheses vital for further biological investiga-
tions.[5] To date, sarcodictyins A and B have been synthe-
sized successfully by Nicolaou et al.,[6] who have also ex-
ploited a similar route to eleutherobin.[7] A subsequent
report by Danishefsky and co-workers details an elegant al-
ternative access to eleutherobin.[8] A number of synthetic
approaches to the eleutheside natural products and synthe-
ses of simplified analogues have also been described.[9]


Herein we report the preparation of 3, a key intermediate
in the synthesis reported by Danishefsky and co-workers,[8]


and thus a formal total synthesis of eleutherobin (2)
(Scheme 1).[10]


The key step of our strategy, used for obtaining the
[8.4.0]-fused bicyclic ring system 4, is a ring-closing metathe-
sis (RCM)[11] reaction of the densely functionalized diene 5.
The unusual kinetically controlled RCM stereochemical out-
come has been investigated using computational methods.


Results and Discussion


Synthesis of the key-intermediate 3 : Diene 5 was synthe-
sized from aldehyde 6 (prepared in six steps on a multigram
scale from R-(�)-carvone in 30% overall yield)[9a,g] incorpo-
rating two stereoselective Hafner–Duthaler oxyallylation re-
actions[12] (Scheme 2). The first oxyallylation, in the pres-


ence of the [TiCl(Cp){(S,S)-Taddol}] complex 7, proceeded
with complete stereocontrol to give the desired stereoisomer
8 in 73% isolated yield. After standard protection of the al-
cohol as methoxymethyl ether 9 in 95% yield, cleavage of
the dimethylacetal group and reduction with NaBH4 to give
10 in 75% yield, an efficient and well-established sequence
of steps[8c,9n] led to the homologated aldehyde 11 (95%).[9q]


The same oxyallylation procedure described above was
again applied, this time using the [TiCl(Cp){(R,R)-Taddol}]
complex 7, to give the desired alcohol 12 in 83% yield with


Scheme 1. Retrosynthetic analysis of eleutherobin (2).


Scheme 2. Reagents and conditions: a) sec-BuLi (1.3m in cyclohexane),
PMPOAllyl, [TiCl(Cp){(S,S)-Taddol}] (7), THF/Et2O (57:43), �78 8C!
0 8C, 73%; b) DIPEA, TBAI, MOMCl, CH2Cl2, 25 8C, 95%; c) LiBF4,
CH3CN/H2O (98:2), 25 8C; d) NaBH4, EtOH, 25 8C, 75% over two steps;
e) MsCl, TEA, CH2Cl2, 0 8C!25 8C, 95%; f) KCN, [18]crown-6, CH3CN,
80 8C, quant.; g) DIBAL-H, toluene/hexane (1:2), �78 8C, quant.; h) sec-
BuLi (1.4m in cyclohexane), PMPOAllyl, [TiCl(Cp){(R,R)-Taddol}] (7),
Et2O/THF (81:19), �78 8C!25 8C, 83%; i) PivCl, DMAP, DIPEA,
CH2Cl2, 25 8C, 96%. PMP=p-methoxyphenyl; DIPEA=diisopropyl-
ethylamine; TBAI= tetrabutylammonium iodide; MOMCl=chlorometh-
yl methyl ether; MsCl=methanesulfonyl chloride; TEA= triethylamine;
DIBAL-H=diisobutylaluminum hydride; Piv= tert-BuCO; DMAP=4-
(dimethylamino)pyridine.
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complete stereocontrol. Homoallylic alcohol 12 was then
transformed into the pivalate 5 (96%), and this diene was
subjected to ring-closing metathesis (RCM).


The RCM reaction of a number of densely functionalized
diene cyclization precursors of type 5 (bearing protected
and/or free alcohol functionalities at both the allylic and the
homoallylic positions) had previously been investigated with
a variety of catalysts, but no desired cyclized frameworks
were ever obtained.[9o] However, none of the previously ex-
amined diene precursors had the allylic alcohols protected
as p-methoxyphenyl (PMP) ethers, which were discovered
to facilitate the RCM reaction with respect to other protec-
tive groups and the corresponding free alcohols.[9o]


Based on these premises, diene 5 was treated with the
second-generation Grubbs RCM catalyst[13] 13 (Scheme 3).
Under forcing conditions[14] [slow addition by syringe-pump


(over 2.5 h) of a solution of RCM catalyst 13 (30% mol) in
toluene to a boiling solution of 5 in toluene, and additional
stirring for 4 h at 110 8C], the (E)-14[15] stereoisomer was
formed and isolated in 64% yield. This result contrasts
sharply with many other Z-selective RCM reactions of
diene cyclization precursors less densely functionalized than
diene 5, which possessed protected and/or free alcohol func-
tionalities at both the homoallylic positions and at only one
allylic position.[9h,m–o,q] In the presence of a second-genera-


tion Grubbs catalyst, these dienes lead to the more stable Z-
cyclized products under thermodynamic control.[16]


Confident that the greater stability of the Z isomer of the
ten-membered carbocycle would eventually prevail, we con-
tinued our planned synthesis by removal of the PMP groups
(CAN, 80%) and oxidation of the allylic diol (DMP, 90%).
Enedione 16 (H-5, H-6: d=7.07, 6.64 ppm; 3JH-5/H-6=


17.3 Hz) showed remarkable properties: while recording its
1H NMR spectrum in CDCl3 it cleanly isomerized to the
more thermodynamically stable stereoisomer (Z)-4 (H-5, H-
6: d=7.20, 6.13 ppm; 3JH-5/H-6=14.0 Hz; t1/2=63 h). By addi-
tion of a catalytic amount of I2 (10 mol%) a complete iso-
merization was observed in a shorter time (24 h). Bis-hemi-
acetal 17 (H-5, H-6: d=6.29, 6.18 ppm; 3JH-5/H-6=5.8 Hz)
was obtained as the only product after flash chromatography
of the enedione (Z)-4, showing the propensity of 4 to add a
molecule of water and equilibrate with its hydrated form.[17]


Finally, the MOM protective group of the 16/4/17 mixture
was removed (BF3·Et2O, Me2S)


[18] to give compound 3
(78%), which produced analytical data identical to those
previously reported by Danishefsky and co-workers
(1H NMR, 13C NMR, and IR spectroscopy, HRMS, Rf, and
[a]D).


[8c]


The RCM reaction of 20, a diastereoisomer of diene 5,
was also investigated (Scheme 4). Aldehyde 11 was oxyal-
lylated using the (Z)-oxyallylborane derived from (�)-a-


pinene[19] to give the syn products 18 (40%) and 19 (14%)
in an approximate 3:1 ratio. The major alcohol 18 was then
transformed into the pivalate 20 (83%), and this diene was
subjected to ring-closing metathesis under the same forcing
conditions described above. Two compounds were obtained,
both with the exact molecular ion (HRMS analysis) for the
desired product: the structures were determined to be the


Scheme 3. Reagents and conditions: a) cat. 13 (30% mol), toluene,
110 8C, 6.5 h, 64%; b) CAN, CH3CN/H2O (4:1), 0 8C, 80%; c) DMP,
CH2Cl2, 25 8C, 90%; d) CDCl3, 25 8C; e) BF3·Et2O, Me2S, CH2Cl2,
�78 8C!�20 8C, 78%. CAN=ceric ammonium nitrate; DMP=Dess–
Martin periodinane.


Scheme 4. Reagents and conditions: a) PMPOAllyl, sec-BuLi (1.4m in cy-
clohexane), dIpc2BOMe, BF3·Et2O, THF, �78 8C!25 8C, 40% 18, 14%
19 ; b) PivCl, DMAP, DIPEA, CH2Cl2, 25 8C, 83%; c) cat. 13 (30% mol),
toluene, 110 8C, 6.5 h, 27% 21, 15% 22. PMP=p-methoxyphenyl; Piv=
tert-BuCO; DMAP=4-(dimethylamino)pyridine; DIPEA=diisopropyl-
ethylamine; Ipc= isopinocamphenyl.
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stereoisomer (E)-21 (3JH-5/H-6=17.0 Hz) (27%)[20] together
with the rearranged product 22 (15%),[21] originating from a
ring-opening metathesis/ring-closing metathesis (ROM/
RCM) process involving the trisubstituted double bond of
the cyclohexene ring and the two terminal alkenes. Com-
pound 21 was then transformed into the target molecule 3
by using the same sequence of reactions described in
Scheme 3.


Molecular mechanics and semiempirical calculations : Mo-
lecular mechanics and semiempirical PM3[22] calculations
were undertaken in order to investigate the stereochemical
outcome of the RCM reactions and of the subsequent ene-
dione isomerization (16!4).


Compounds 14, 21, 16, and 4 were simplified into struc-
tures A–E (E and Z stereoisomers). The following changes
were made to the protective groups to reduce the number of


rotatable bonds and low-quality torsional parameters: OPiv
into OAc, OPMP into either OMe (A and C) or OPh (B
and D), and OMOM into OMe. Initially, conformational
searches were carried out with MacroModel[23] (MM2*,
CHCl3 GB/SA) on each of the structures A–E. In the case
of structures A and C, only four low-quality torsional pa-
rameters were in use,[24] and therefore the quality of the cal-
culations was considered acceptable (Table 1).


In the case of structures B and D, ten low-quality torsion-
al parameters were in use,[25] in particular those relevant for
the torsions around the allylic phenyl ethers, and therefore
the quality of the calculations was considered unacceptable.
In the case of structure E, six low-quality torsional parame-
ters were in use,[26] in particular those relevant for the tor-


sions around the enedione, and therefore the quality of the
calculations was also considered unacceptable. The struc-
tures generated with MacroModel were then optimized at
the PM3 level[22] with the Gaussian 03 package.[27] These cal-
culations showed that the Z stereoisomers of structures A–E
are consistently more stable than the E stereoisomers, with
energy differences ranging from 5.7 to 17.1 kJmol�1


(Table 1). This result is in agreement with our previous ex-
perimental observations and calculations, for which a
number of similar but less densely functionalized structures
(i.e. bearing protected and/or free alcohol functionalities at
both the homoallylic positions and at only one allylic posi-
tion) were shown to be consistently more stable as Z rather
than as E stereoisomers.[9q] In all those cases, the exclusive
formation of the Z isomer of the ten-membered carbocycles
in the RCM reactions was interpreted as the result of ther-
modynamic control.[9q]


The reasons why the less stable E stereoisomers 14 and 21
were formed on this occasion and no trace of the more
stable Z stereoisomer could be identified in the reaction
mixture have been investigated in detail. Our working hy-
pothesis is the following: the trans-ruthenacyclobutane inter-
mediate is more stable than the cis isomer, leading to the
less stable E stereoisomer under kinetic control.[28] Once
formed, the E double bond of 14 (and 21), flanked by two
bulky -OPMP groups, is too sterically hindered to react
again with the ruthenium–methylidene complex by means of
[2+2] cycloaddition and cycloreversion (according to the
generally accepted HTrisson–Chauvin mechanism),[29] thus
arresting the equilibrium between the ring-closed and ring-
opened products and inhibiting thermodynamic control
(Scheme 5).


Density functional theory (DFT) calculations of the ruthe-
nacyclobutane intermediates : Density functional theory
(DFT) calculations were undertaken to determine the rela-
tive stabilities of the trans- and cis-ruthenacyclobutane inter-
mediates (trans/cis-F–I). The core structure of the ruthena-
cyclobutane intermediate was taken from the structure cal-
culated for the reaction of [(H2IMes)(PCy3)(Cl2)Ru=CH2]
with ethyl vinyl ether, for which full DFT calculations had
been carried out using the BP86 gradient-corrected density
functional.[30] Preliminary conformational searches were car-
ried out with MacroModel[23] (MM2*, CHCl3 GB/SA) on
each of the structures F–I, freezing the core ruthenacyclobu-
tane fragment (including the mesityl-substituted N-heterocy-
clic carbene) in the original DFT-calculated geometry.[30,31]


Table 1. Global minimum energy differences between the (E) and the
(Z)-stereoisomers of structures A–E.


EE�EZ
(MM2*)[a]


EE�EZ
(PM3)[a]


EE�EZ
(MM2*)[a]


EE�EZ
(PM3)[a]


A 6.6 15.0 B �4.6[b] 17.1
C 7.9 6.2 D �5.6[b] 8.0
E 21.7[b] 5.7


[a] Energy differences in kJmol�1. [b] See text for the presence of low-
quality torsional parameters.
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These initial minimizations were important to relieve the
nonbonded interactions between the sterically bulky mesityl
groups and the densely functionalized ten-membered carbo-


cycle. The resulting minima were then fully optimized by
using DFT methods[32] at the B3LYP[33]/3–21G* level of
theory (Table 2), and finally submitted to single-point
energy calculations at the B3LYP/LANL2DZ[34]//B3LYP/3–
21G* level (Table 3).


The calculations show that the trans-ruthenacyclobutane
intermediates are consistently more stable than the corre-
sponding cis isomers, in particular the lowest energy trans
(trans-I) and cis (cis-F) structures have a 50.3 kJmol�1


energy difference (Table 3). According to the generally ac-
cepted HTrisson–Chauvin mechanism,[29] the metathesis re-
action consists of a series of formal [2+2] cycloadditions and
cycloreversions. The overall process starts with olefin coor-
dination to the transition-metal–carbene complex to form a
p complex, followed by migratory insertion of the olefin
into the metal–carbene bond to give a metallacyclobutane,
breaking of two different bonds in the metallacyclobutane
to form another p complex, and finally dissociation to yield
the products. Experimental and theoretical studies on olefin
methatesis have shown that the reaction proceeds through a
phosphane dissociative mechanism,[35] that the olefin coordi-
nation to the tetracoordinate 14-electron ruthenium com-
plex occurs trans to the ancillary ligand,[36] and that the ruth-
enacyclobutane is a real intermediate.[36,37] Recently, DFT
calculations have been carried out to gain insight into the
factors that govern the stereochemistry of the cycloolefin
formed by a RCM reaction.[38] These studies have identified
either the formation or the cleavage of the ruthenacyclobu-
tane intermediate as the rate-determining step, which ulti-
mately determines the stereochemical (Z/E) outcome of the
cycloolefin under kinetic control, depending on the types of
catalysts used, olefins, and reaction pathway.[38] Calculations
performed on olefins lacking substitution at the allylic posi-
tion (i.e. , different from our case) suggest that with N-het-
erocyclic carbene (NHC)-based catalysts (e.g., the second-
generation Grubbs catalyst), the rate-determining step is the
cleavage of the ruthenacyclobutane intermediate.[36–38] This
implies that the less stable cis-ruthenacyclobutane inter-
mediates (from Tables 2 and 3) would face a smaller cleav-
age barrier compared to the more stable trans-ruthenacyclo-


Scheme 5. Working hypothesis for the RCM reaction under kinetic con-
trol, leading to the thermodynamically less stable E stereoisomer 14.


Table 2. Relative energies (B3LYP/3–21G*)[33] of the ruthenacyclobutane
intermediates trans/cis-F–I.


trans[a] cis[a] trans[a] cis[a]


F 34.1 47.3 G 0.0 56.9
H 18.0 56.2 I 11.6 71.9


[a] Relative energies in kJmol�1.


Table 3. Relative energies (B3LYP/LANL2DZ)[34] of the ruthenacyclo-
butane intermediates trans/cis-F–I.


trans[a] cis[a] trans[a] cis[a]


F 13.4 50.3 G 6.5 55.7
H 6.1 56.1 I 0.0 67.9


[a] Relative energies in kJmol�1.
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butanes, thus determining the preferential formation of the
(Z)-cycloolefin, which is not observed experimentally. How-
ever, DFT calculations for more hindered diene substrates
(either methyl-disubstituted olefins[38] or cyclic with allylic
substitution as in the case of norbornene[37]) have shown
that the relative importance of the ruthenacycle formation
and cleavage steps is inverted and the formation of the ruth-
enacyclobutane is the rate-determining step in those cases.
The increased ruthenacycle formation barrier and decreased
cleavage barrier are mainly due to the generation/release of
repulsive nonbonded interactions during the formation/
cleavage of the ruthenacyclobutane. This effect may also be
present in the densely functionalized system described here,
which has substitution at both the allylic and homoallylic po-
sitions of both olefinic fragments. If the rate-determining
step is indeed the formation of the ruthenacyclobutane,
there would be a diminished energy barrier and therefore a
strong kinetic preference for the formation of the more
stable trans-ruthenacyclobutane intermediate (Tables 2 and
3), which would lead to the observed (E)-cycloolefin prod-
uct.


In summary, we have accomplished a formal total synthe-
sis of eleutherobin (2) making use of: 1) multiple stereose-
lective titanium-mediated oxyallylations, 2) an unprecedent-
ed kinetically controlled second-generation Grubbs cata-
lyzed RCM reaction of a densely functionalized diene bear-
ing two allylic alcohols protected as p-methoxyphenyl
(PMP) ethers, and 3) the isomerization of the E isomer of a
ten-membered enedione to the more stable Z isomer. The
unusual kinetically controlled RCM stereochemical outcome
has been investigated using computational methods. Semi-
empirical PM3 calculations have shown that the E isomers
of the ten-membered carbocycles resulting from the RCM
reaction are less thermodynamically stable than the Z iso-
mers (EE�EZ=6.2–17.1 kJmol�1). DFT calculations
(B3LYP/LANL2DZ)[34] have shown that the trans-ruthena-
cyclobutane intermediates are more stable than the corre-
sponding cis isomers (lowest energy Ecis�Etrans=
50.3 kJmol�1). The calculations lend support to a proposed
mechanism where the more stable trans-ruthenacyclobutane
intermediate leads to the less stable E stereoisomer under
kinetic control.


Experimental Section


General procedures : All reactions were carried out in flame-dried glass-
ware under argon atmosphere. All commercially available reagents were
used as received. The solvents were dried by distillation over the follow-
ing drying agents and were transferred under nitrogen: CH3CN (CaH2),
CH2Cl2 (CaH2), (CH2Cl)2 (CaH2), MeOH (CaH2), Et3N (CaH2), iPr2EtN
(CaH2), HN(TMS)2 (CaH2), THF (Na), Et2O (Na), benzene (Na), tolu-
ene (Na), n-hexane (Na), and xylenes (Na). Organic extracts were dried
over anhydrous Na2SO4. Reactions were monitored by analytical thin-
layer chromatography (TLC) by using silica gel 60 F254 precoated glass
plates (0.25 mm thickness) or basic alumina supported on aluminium
foils. TLC Rf values are reported; visualization was accomplished by irra-
diation with a UV lamp and/or staining with ceric ammonium molybdate
(CAM) solution. Flash column chromatography was performed by using


silica gel 60 W, particle size 40–64 mm, following the procedure by Still
and co-workers.[39]


Proton NMR spectra were recorded on 400, 300, or 200 MHz spectrome-
ters. Proton chemical shifts are reported in ppm (d) with the solvent ref-
erence relative to tetramethylsilane (TMS) employed as the internal stan-
dard (CDCl3, d=7.26 ppm; [D6]DMSO, d=2.50 ppm). The following ab-
breviations are used to describe spin multiplicity: s= singlet, d=doublet,
t= triplet, q=quartet, m=multiplet, br=broad signal, dd=doublet of
doublets, dt=doublet of triplets, ddd=doublet of doublet of doublets.
Carbon NMR spectra were recorded on 400 (100 MHz), 300 (75 MHz) or
200 MHz (50 MHz) spectrometers with complete proton decoupling.
Carbon chemical shifts are reported in ppm (d) relative to TMS with the
respective solvent resonance as the internal standard (CDCl3, d=77.0).
Optical rotation values were measured on an automatic polarimeter at
the sodium D-line. Infrared spectra were recorded on a standard infrared
spectrophotometer; peaks are reported in cm�1. High-resolution mass
spectra (HRMS) were performed on a hybrid quadrupole time-of-flight
mass spectrometer equipped with an ESI ion source. A Reserpine solu-
tion 100 pgmL�1 (about 100 count s�1), 0.1% HCOOH/CH3CN 1:1, was
used as reference compound (Lock Mass).


[(1R,5R,6R)-6-Dimethoxymethyl-5-isopropyl-2-methylcyclohex-2-enyl]-
acetaldehyde (6): Aldehyde 6 was prepared on a multigram scale in six
steps from R-(�)-carvone (30% overall yield) according to referen-
ce [9a,g].


{(1R,2R,6R)-6-Isopropyl-2-[(2S,3R)-2-methoxymethoxy-3-(4-methoxy-
phenoxy)pent-4-enyl]-3-methylcyclohex-3-enyl}acetaldehyde (11): Alde-
hyde 11 was prepared in seven steps from aldehyde 6 (49–50% overall
yield) according to reference [9q].


(2R,3S)-1-{(1R,2R,6R)-6-Isopropyl-2-[(2S,3R)-2-methoxymethoxy-3-(4-
methoxyphenoxy)pent-4-enyl]-3-methylcyclohex-3-enyl}-3-(4-meth-
oxyphenoxy)pent-4-en-2-ol (12): sec-BuLi (1.4m in cyclohexane, 714 mL,
1.00 mmol) was added to a cold (�78 8C), stirred solution of 1-allyloxy-4-
methoxybenzene[40] (164 mg, 1.00 mmol) in THF (8.0 mL). After stirring
for 1 h, the resulting orange solution (color is important) was transferred,
through a cannula, to a cold (�78 8C) suspension of complex (R,R)-7[12]


(613 mg, 1.00 mmol) in Et2O (20.0 mL). The reaction mixture was stirred
for 3.5 h at �78 8C (color changed from yellow to orange and finally dark
brown), and then was treated with a solution of aldehyde 11 (269 mg,
0.6 mmol) in Et2O (15.0 mL) and warmed to room temperature over-
night. The reaction mixture was treated with a NH4F aqueous solution
(45%, 20 mL) and stirred for further 24 h. The organic phase was sepa-
rated and the aqueous layer was extracted with EtOAc (2X50 mL). Puri-
fication of the crude product by flash chromatography (petroleum ether/
EtOAc, 7:3) afforded alcohol 12 (300 mg, 83%) as a colorless oil. Rf=


0.42 (petroleum ether/EtOAc, 7:3); [a]20D =++29.7 (c=1.72 in EtOAc);
1H NMR (400 MHz, CDCl3): d=6.90–6.74 (m, 8H), 5.97–5.83 (m, 2H),
5.40–5.25 (m, 5H), 4.88 (d, J=6.8 Hz, 1H), 4.76 (d, J=6.8 Hz, 1H), 4.72–
4.64 (m, 1H), 4.43 (dd, J=7.1, 4.4 Hz, 1H), 4.11–4.01 (m, 1H), 3.89 (dt,
J=9.6, 3.1 Hz, 1H), 3.77 (s, 6H), 3.36 (s, 3H), 2.39 (br, 1H), 2.10–1.47
(m, 13H), 0.94 (d, J=6.7 Hz, 3H), 0.85 ppm (d, J=6.6 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=154.2, 153.9, 152.2, 151.7, 136.7, 134.6,
134.4, 121.0, 120.1, 118.8, 117.7, 117.1, 114.5, 114.4, 97.4, 83.9, 82.7, 79.3,
71.0, 55.8, 55.6, 38.6, 35.0, 34.5, 30.9, 29.9, 27.0, 24.2, 22.6, 21.0 ppm; FT-
IR (CCl4): ñ=3598, 3468, 3080, 3045, 2943, 2834, 2289, 2070, 2003, 1858,
1741, 1641, 1500, 1466, 1441, 1387, 1369, 1289, 1237, 1181, 1152, 1105,
1029, 930 cm�1; HRMS (ESI): calcd for C36H50NaO7: 617.34487 [M+


Na]+ ; found: 617.34252 (resolution 19000).


(1R,2S)-1-{(1R,2R,6R)-6-Isopropyl-2-[(2S,3R)-2-methoxymethoxy-3-(4-
methoxyphenoxy)pent-4-enyl]-3-methylcyclohex-3-enylmethyl}-2-(4-meth-
oxyphenoxy)but-3-enyl ester of 2,2-dimethylpropionic acid (5): PivCl
(51 mL, 0.41 mmol) was added to a stirred solution of alcohol 12 (82 mg,
0.14 mmol), DMAP (17 mg, 0.14 mmol), and DIPEA (122 mL,
0.70 mmol) in CH2Cl2 (5.0 mL). After stirring for 16 h, the reaction mix-
ture was treated with a saturated NaHCO3 aqueous solution (15 mL) and
CH2Cl2 (15 mL) and stirred for further 15 min. The organic phase was
separated, and the aqueous layer was extracted with CH2Cl2 (3X10 mL).
Purification of the crude product by flash chromatography (petroleum
ether/EtOAc, 9:1) afforded compound 5 (89 mg, 96%) as a colorless oil.
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Rf=0.47 (petroleum ether/EtOAc, 7:3); [a]20D =++34.3 (c=1.55 in
EtOAc); 1H NMR (400 MHz, CDCl3): d=6.91–6.73 (m, 8H), 5.96–5.82
(m, 2H), 5.38–5.24 (m, 6H), 4.89 (d, J=6.7 Hz, 1H), 4.81 (d, J=6.7 Hz,
1H), 4.76 (dd, J=6.2, 3.4 Hz, 1H), 4.59–4.51 (m, 1H), 3.96–3.89 (m, 1H),
3.77 (s, 3H), 3.76 (s, 3H), 3.39 (s, 3H), 2.33 (br, 1H), 2.11–2.00 (m, 1H),
1.92–1.58 (m, 10H), 1.51–1.42 (m, 1H), 1.17 (s, 9H), 0.93 (d, J=6.8 Hz,
3H), 0.85 ppm (d, J=6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=


177.8, 154.2, 153.9, 152.3, 152.2, 137.0, 134.6, 120.9, 119.4, 118.9, 117.9,
117.2, 114.4, 97.4, 82.5, 82.4, 79.1, 72.6, 55.8, 55.6, 38.9, 38.3, 35.1, 34.9,
30.6, 27.6, 27.2, 27.1, 24.2, 22.7, 20.9 ppm; FT-IR (CCl4): ñ=3046, 2960,
2834, 2305, 2004, 1857, 1729, 1559, 1505, 1479, 1442, 1423, 1387, 1369,
1229, 1181, 1157, 1104, 1040, 930 cm�1; HRMS (ESI): calcd for
C41H58NaO8: 701.40239 [M+Na]+ ; found: 701.40002 (resolution 16700).


(E)-(4R,4aR,6R,7S,10R,11S,12aR)-4-Isopropyl-11-methoxymethoxy-
7,10-bis(4-methoxyphenoxy)-1-methyl-3,4,4a,5,6,7,10,11,12,12a-decahy-
drobenzocyclodecen-6-yl ester of 2,2-dimethylpropionic acid (14): A
freshly prepared solution of the second-generation Grubbs catalyst 13
(16 mg, 0.019 mmol) in toluene (3.4 mL) was added through a syringe
pump over a period of 2.5 h to a heated (110 8C), stirred solution of com-
pound 5 (42 mg, 0.062 mmol) in toluene (6.8 mL). After 4 h at 110 8C, the
reaction mixture was cooled to room temperature, treated with DMSO[41]


(67 mL, 0.94 mmol) and stirred for 15 h at room temperature. Purification
of the crude product by flash chromatography over two consecutive col-
umns (first : petroleum ether/EtOAc, 85:15; second: CH2Cl2/iPr2O, 97:3)
afforded compound 14 (26 mg, 64%) as a white amorphous solid. Rf=


0.46 (petroleum ether/EtOAc, 8:2); [a]20D =++38.4 (c=1.27 in EtOAc);
1H NMR (400 MHz, CDCl3): d=6.89–6.64 (m, 8H), 5.96 (br, 1H), 5.71
(br, 1H), 5.29 (br, 1H), 5.04 (br, 2H), 4.86–4.63 (m, 3H), 3.85 (br, 1H),
3.75 (s, 3H), 3.73 (s, 3H), 3.28 (br, 3H), 2.44 (br, 1H), 2.17–1.20 (m,
12H), 1.13 (s, 9H), 0.91 (d, J=6.8 Hz, 3H), 0.74 ppm (br, 3H); 13C NMR
(100 MHz, C6D6): d=179.8, 154.8, 154.5, 153.0, 140.8, 135.2, 127.0, 120.9,
117.5, 117.3, 115.1, 95.7, 81.0, 79.1, 78.5, 76.6, 55.6, 55.3, 41.0, 40.3, 39.1,
37.0, 32.5, 27.4, 26.9, 25.1, 24.3, 21.2, 14.1 ppm; FT-IR (CCl4): ñ=2960,
2932, 2833, 2289, 2009, 1854, 1722, 1548, 1508, 1479, 1464, 1441, 1396,
1387, 1368, 1284, 1230, 1181, 1156, 1103, 1008, 917 cm�1; HRMS (ESI):
calcd for C39H54NaO8: 673.37109 [M+Na]+ ; found: 673.36999 (resolution
18000).


Minor by-products (5–10%) were tentatively identified by HRMS analy-
sis as the corresponding mono- and dibenzylidene derivatives of the start-
ing diene 5, arising from the cross-metathesis reaction promoted by the
second-generation Grubbs catalyst 13. Monobenzylidene derivative:
HRMS (ESI): calcd for C47H62NaO8: 777.43369 [M+Na]+ ; found:
777.43360 (resolution 14700). Dibenzylidene derivative: HRMS (ESI):
calcd for C53H66NaO8: 853.46499 [M+Na]+ ; found: 853.46552 (resolution
14700).


(E)-(4R,4aR,7S,10R,11S,12aR)-7,10-Dihydroxy-4-isopropyl-11-
methoxymethoxy-1-methyl-3,4,4a,5,6,7,10,11,12,12a-decahydrobenzocy-
clodecen-6-yl ester of 2,2-dimethylpropionic acid (15): Ceric ammonium
nitrate (92 mg, 0.168 mmol) was added in one portion to a cold (0 8C),
stirred solution of compound 14 (26 mg, 0.04 mmol) in CH3CN/H2O
(1.38 mL, v/v : 4:1). After 2 min, the reaction mixture was treated with
water (5 mL) and iPr2O (5 mL). The aqueous phase was separated and
the organic layer was extracted with water (2X5mL). Purification of the
crude product by flash chromatography (n-hexane/EtOAc, 6:4), followed
by further purification by flash chromatography (CH2Cl2/EtOAc, 7:3) af-
forded compound 15 (14 mg, 80%) as a white amorphous solid. Rf=0.20
(n-hexane/EtOAc, 6:4); [a]20D =++25.5 (c=0.80 in EtOAc); 1H NMR
(400 MHz, CDCl3): d=6.15–5.97 (m, 1H), 5.63–5.44 (m, 1H), 5.26 (br,
1H), 4.83–4.53 (m, 5H), 3.81 (br, 1H), 3.41 (s, 3H), 2.70 (br, 1H), 2.26–
1.36 (m, 14H), 1.23 (s, 9H), 0.86 (d, J=6.4 Hz, 3H), 0.67 ppm (br, 3H);
13C NMR (100 MHz, CDCl3): d=177.3, 140.4, 132.7, 126.9, 120.6, 94.1,
78.5, 77.1, 71.6, 70.4, 55.7, 39.7, 39.0, 36.1, 29.9, 29.7, 27.2, 26.8, 26.5, 24.5,
24.1, 20.9, 13.7 ppm; FT-IR (CCl4): ñ=3620, 3589, 2960, 2290, 2207, 1856,
1727, 1549, 1396, 1369, 1258, 1217, 1152, 1098, 1070, 1010 cm�1; HRMS
(ESI): calcd for C25H42NaO6: 461.28736 [M+Na]+ ; found: 461.28555 (res-
olution 21900).


(E)-(4R,4aR,11S,12aR)-4-Isopropyl-11-methoxymethoxy-1-methyl-7,10-
dioxo-3,4,4a,5,6,7,10,11,12,12a-decahydrobenzocyclodecen-6-yl ester of


2,2-dimethylpropionic acid (16), (Z)-(4R,4aR,11S,12aR)-4-isopropyl-11-
methoxymethoxy-1-methyl-7,10-dioxo-3,4,4a,5,6,7,10,11,12,12a-decahy-
drobenzocyclodecen-6-yl ester of 2,2-dimethylpropionic acid (4), and
(4R,5R,9R,11S)-1,12-dihydroxy-5-isopropyl-11-methoxymethoxy-8-
methyl-15-oxa-tricyclo[10.2.1.04,9]pentadeca-7,13-dien-2-yl ester of 2,2-di-
methylpropionic acid (17): DMP (60 mg, 0.14 mmol) was added to a stir-
red solution of compound 15 (12.4 mg, 0.028 mmol) in CH2Cl2 (375 mL).
After stirring for 3 h, the reaction mixture was treated with a NaOH
aqueous solution (1.0m, 2 mL) and CH2Cl2 (2 mL) and stirred for further
15 min. The organic phase was separated and the aqueous layer was ex-
tracted with CH2Cl2 (4X3 mL). Purification of the crude product by flash
chromatography afforded the enedione (E)-16 (10.9 mg, 90%) as a white
amorphous solid.


Compound (E)-16 : Rf=0.34 (n-hexane/EtOAc, 8:2); 1H NMR (400 MHz,
CDCl3): d=7.07 (br, 1H), 6.64 (d, J=17.3 Hz, 1H), 5.51 (br, 1H), 5.38
(br, 1H), 4.76 (d, J=7.2 Hz, 1H), 4.73 (d, J=7.2 Hz, 1H), 4.56 (d, J=
9.2 Hz, 1H), 3.44 (s, 3H), 2.49 (br, 1H), 2.15–1.50 (m, 11H), 1.41 (br,
1H), 1.29 (s, 9H), 0.92 (d, J=6.4 Hz, 3H), 0.79 ppm (d, J=6.4 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=198.2, 195.9, 178.2, 137.2, 134.8, 122.2,
121.2, 95.6, 80.2, 76.8, 56.1, 39.2, 38.7, 37.1, 36.9, 34.2, 33.1, 29.7, 27.1,
26.5, 24.6, 23.3, 20.7 ppm; FT-IR (CCl4): ñ=2962, 2932, 2284, 2007, 1741,
1725, 1548, 1397, 1388, 1370, 1259, 1145, 1099, 1062, 1008 cm�1; HRMS
(ESI): calcd for C25H38NaO6: 457.25606 [M+Na]+ ; found: 457.25503 (res-
olution 25900).


While recording the 1H NMR spectrum of compound 16 in CDCl3, the E
enedione cleanly isomerized to the more stable enedione (Z)-4 (t1/2=
63 h). A complete isomerization of the enedione (E)-16 to (Z)-4 was ac-
complished by addition of a catalytic amount (10 mol%) of I2 in CDCl3
at room temperature (24 h).


Compound (Z)-4 : Rf=0.34 (n-hexane/EtOAc, 8:2); 1H NMR (400 MHz,
CDCl3): d=7.20 (d, J=14.0 Hz, 1H), 6.13 (d, J=14.0 Hz, 1H), 5.53 (d,
J=9.2 Hz, 1H), 5.34 (br, 1H), 4.75 (d, J=6.4 Hz, 1H), 4.69 (d, J=
6.4 Hz, 1H), 4.20 (dd, J=12.0, 5.8 Hz, 1H), 3.40 (s, 3H), 2.12 (br, 1H),
2.05–1.53 (m, 11H), 1.35 (br, 1H), 1.27 (s, 9H), 0.90 (d, J=6.9 Hz, 3H),
0.74 ppm (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=204.4,
196.7, 177.6, 138.1, 137.2, 133.4, 120.6, 96.6, 84.3, 73.2, 56.1, 38.7, 37.1,
36.9, 34.2, 33.0, 30.2, 27.1, 26.4, 24.5, 22.7, 20.9, 14.1 ppm; FT-IR (CCl4):
ñ=2962, 2932, 2290, 2204, 1744, 1701, 1547, 1479, 1463, 1397, 1388, 1379,
1369, 1254, 1217, 1146, 1100, 1061, 1006 cm�1; HRMS (ESI): calcd for
C25H38NaO6: 457.25606 [M+Na]+ ; found: 457.25582 (resolution 25800).


Bis-hemiacetal 17 was obtained after flash chromatography of the Z ene-
dione 4.


Compound 17: Rf=0.27 (n-hexane/EtOAc, 6:4); 1H NMR (400 MHz,
CDCl3): d=6.29 (d, J=5.8 Hz, 1H), 6.18 (d, J=5.8 Hz, 1H), 5.25 (br,
1H), 5.02–4.96 (m, 1H), 4.83 (d, J=6.4 Hz, 1H), 4.73 (d, J=6.4 Hz, 1H),
4.08 (br, 2H), 3.96 (dd, J=11.6, 2.4 Hz, 1H), 3.44 (s, 3H), 2.60 (br, 1H),
1.88–1.48 (m, 10H), 1.40–1.14 (m, 11H), 0.88 (d, J=6.8 Hz, 3H),
0.71 ppm (d, J=6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=178.8,
138.8, 133.1, 132.2, 119.2, 111.7, 110.3, 96.6, 80.6, 76.6, 55.7, 39.5, 38.7,
37.7, 37.5, 33.5, 31.5, 26.9, 26.6, 24.3, 22.8, 21.2, 14.7 ppm; FT-IR (CCl4):
ñ=3430, 3028, 2960, 2929, 2289, 2006, 1728, 1548, 1397, 1388, 1368, 1260,
1217, 1151, 1102, 1008, 809 cm�1; HRMS (ESI): calcd for C25H40NaO7:
475.26662 [M+Na]+ ; found: 475.26681 (resolution 25800).


(1S,3R,7R,8R,10R,11S)-11-Hydroxy-7-isopropyl-4-methyl-14-oxo-15-oxa-
tricyclo[9.3.1.03,8]pentadeca-4,12-dien-10-yl ester of 2,2-dimethylpropionic
acid (3): Me2S (15.4 mg, 0.25 mmol) and BF3·OEt2 (42.7 mg, 0.30 mmol)
were added to a cold (�78 8C), stirred solution of a mixture of 16/4/17
(12.0 mg, 0.028 mmol based on 4) in CH2Cl2 (920 mL). The reaction was
slowly warmed to �20 8C (over 3 h), treated with a saturated NaHCO3


aqueous solution (5 mL), and warmed to room temperature under vigo-
rous stirring. The organic phase was separated and the aqueous layer was
extracted with CH2Cl2 (3X5mL). Purification of the crude product by
flash chromatography (n-hexane/EtOAc, 9:1) afforded the Danishefsky
key-intermediate 3[8c] (8.4 mg, 78%) as a white amorphous solid. Rf=


0.25 (n-hexane/EtOAc, 8:2); [a]20D =�60.0 (c=0.60 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.08 (d, J=10.5 Hz, 1H), 6.19 (d, J=10.5 Hz,
1H), 5.35 (br, 1H), 4.88 (d, J=7.6 Hz, 1H), 4.67 (t, J=4.4 Hz, 1H), 3.27
(br, 1H), 2.47–2.28 (m, 1H), 2.10–1.65 (m, 7H), 1.65–1.32 (m, 2H), 1.58
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(s, 3H), 1.26 (s, 9H), 0.92 (d, J=6.9 Hz, 3H), 0.76 ppm (d, J=6.9 Hz,
3H); 1H NMR (400 MHz, CDCl3): d=7.08 (d, J=10.5 Hz, 1H), 6.19 (d,
J=10.5 Hz, 1H), 5.35 (br, 1H), 4.88 (d, J=7.6 Hz, 1H), 4.67 (t, J=
4.4 Hz, 1H), 3.31 (br, 1H), 2.46–2.33 (m, 1H), 2.11–1.69 (m, 7H), 1.65–
1.38 (m, 2H), 1.58 (s, 3H), 1.26 (s, 9H), 0.92 (d, J=6.8 Hz, 3H),
0.76 ppm (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=195.5,
177.4, 151.0, 126.7, 121.6, 92.5, 78.6, 77.7, 38.8, 38.1, 32.8, 27.0, 26.7, 24.0,
21.3, 21.2 ppm; FT-IR (CCl4): ñ=3589, 3395, 3028, 2961, 2930, 2872,
2289, 2205, 1856, 1731, 1693, 1549, 1480, 1462, 1254, 1217, 1147, 1109,
1067, 1006, 980 cm�1; HRMS (ESI): calcd for C23H34NaO5: 413.22984
[M+Na]+ ; found: 413.22821 (resolution 24300).


(2R,3R)-1-{(1R,2R,6R)-6-Isopropyl-2-[(2S,3R)-2-methoxymethoxy-3-
(4-methoxyphenoxy)pent-4-enyl]-3-methylcyclohex-3-enyl}-3-(4-methoxy-
phenoxy)pent-4-en-2-ol (18) and (2S,3S)-1-{(1R,2R,6R)-6-isopropyl-2-
[(2S,3R)-2-methoxymethoxy-3-(4-methoxyphenoxy)pent-4-enyl]-3-meth-
ylcyclohex-3-enyl}-3-(4-methoxyphenoxy)pent-4-en-2-ol (19): sec-BuLi
(1.4m in cyclohexane, 280 mL, 0.39 mmol) was added to a cold (�78 8C),
stirred solution of 1-allyloxy-4-methoxybenzene[40] (77.2 mg, 0.47 mmol)
in THF (1.2 mL). After stirring for 1 h at �78 8C, the resulting orange so-
lution (color is important) was treated with a solution of dIpc2BOMe[19]


(1.0m in THF, 390 mL, 0.39 mmol), and stirred for further 1 h. BF3·Et2O
(63 mL, 0.50 mmol) and aldehyde 11 (68 mg, 0.16 mmol) were subse-
quently added and the resulting solution was warmed to room tempera-
ture overnight. The mixture was then treated with a NaOH aqueous solu-
tion (6.0m, 1.5 mL), H2O2 (36%, 1.5 mL) and stirred for further 8 h. The
organic phase was separated and the aqueous layer was extracted with
iPr2O (3X5mL). Purification of the crude product by flash chromatogra-
phy (petroleum ether/EtOAc, 85:15) afforded alcohols 18 (37.6 mg,
40%) and 19 (13.2 mg, 14%) as colorless oils.


Compound 18 : Rf=0.31 (petroleum ether/EtOAc, 85:15); [a]20D =++39.7
(c=1.06 in EtOAc); 1H NMR (400 MHz, CDCl3): d=6.90–6.76 (m, 8H),
5.95–5.82 (m, 2H), 5.39–5.24 (m, 5H), 4.81 (d, J=6.8 Hz, 1H), 4.70–4.63
(m, 2H), 4.35 (dd, J=6.2, 6.2 Hz, 1H), 3.91 (br, 1H), 3.83–3.74 (m, 7H),
3.35 (s, 3H), 2.37 (br, 2H), 2.02 (br, 2H), 1.95–1.70 (m, 5H), 1.70–1.55
(m, 3H), 1.55–1.44 (m, 2H), 0.93 (d, J=6.8 Hz, 3H), 0.86 ppm (d, J=
6.4 Hz, 3H); 13C NMR (50 MHz, CDCl3): d=154.3, 153.9, 152.3, 151.9,
136.9, 134.9, 134.6, 121.1, 119.5, 118.8, 117.5, 117.2, 114.5, 114.4, 97.2,
84.0, 82.6, 79.2, 71.4, 55.8, 55.6, 38.6, 35.0, 34.6, 30.8, 30.3, 27.1, 24.2, 22.6,
21.0, 17.3 ppm; FT-IR (CCl4): ñ=3585, 2960, 2834, 2291, 2004, 1856,
1548, 1507, 1465, 1442, 1226, 1181, 1151, 1103, 1010, 930 cm�1; HRMS
(ESI): calcd for C36H50NaO7: 617.34487 [M+Na]+ ; found: 617.34252 (res-
olution 18900).


Compound 19 : Rf=0.23 (petroleum ether/EtOAc, 85:15); [a]20D =++3.6
(c=0.97 in EtOAc); 1H NMR (400 MHz, CDCl3): d=6.95–6.74 (m, 8H),
5.98–5.78 (m, 2H), 5.40–5.26 (m, 5H), 4.92–4.84 (m, 2H), 4.82 (d, J=
6.8 Hz, 1H), 4.32–4.23 (m, 1H), 4.01–3.95 (m, 1H), 3.79–3.77 (m, 7H),
3.30 (s, 3H), 2.56–2.39 (m, 2H), 2.20 (br, 1H), 2.15–2.04 (m, 1H), 2.04–
1.87 (m, 2H), 1.80–1.50 (m, 5H), 1.50–1.30 (m, 3H), 0.94 (d, J=6.8 Hz,
3H), 0.90 ppm (d, J=6.4 Hz, 3H); 13C NMR (50 MHz, CDCl3): d=154.2,
153.8, 152.5, 151.9, 135.6, 135.2, 134.7, 120.7, 119.4, 118.1, 117.5, 116.9,
114.5, 98.0, 84.7, 82.2, 79.1, 71.3, 55.6, 39.7, 33.1, 31.0, 29.3, 28.5, 27.6,
24.0, 22.1, 21.2, 20.6 ppm; FT-IR (CCl4): ñ=3592, 2959, 2833, 2288, 2003,
1855, 1741, 1544, 1503, 1465, 1441, 1421, 1386, 1372, 1232, 1181, 1151,
1105, 1041, 930 cm�1; HRMS (ESI): calcd for C36H50NaO7: 617.34487
[M+Na]+ ; found: 617.34336 (resolution 18900).


(1R,2R)-1-{(1R,2R,6R)-6-Isopropyl-2-[(2S,3R)-2-methoxymethoxy-3-
(4-methoxyphenoxy)pent-4-enyl]-3-methylcyclohex-3-enylmethyl}-2-(4-
methoxyphenoxy)but-3-enyl ester of 2,2-dimethylpropionic acid (20):
PivCl (67 mL, 0.54 mmol) was added to a stirred solution of compound 18
(107 mg, 0.18 mmol), DMAP (22 mg, 0.18 mmol), and DIPEA (157 mL,
0.90 mmol) in CH2Cl2 (11.0 mL). After 7 h, the reaction mixture was
treated with a saturated NaHCO3 aqueous solution (10 mL) and stirred
for further 15 min. The organic phase was separated and the aqueous
layer was extracted with CH2Cl2 (3X10 mL). Purification of the crude
product by flash chromatography (petroleum ether/EtOAc, 9:1) afforded
compound 20 (101 mg, 83%) as a colorless oil. Rf=0.57 (petroleum
ether/EtOAc, 9:1); [a]20D =++66.3 (c=1.32 in EtOAc); 1H NMR
(400 MHz, CDCl3): d=6.95–6.75 (m, 8H), 5.94–5.80 (m, 2H), 5.41–5.24


(m, 6H), 4.77 (br, 1H), 4.72 (d, J=6.7 Hz, 1H), 4.68–4.59 (m, 2H), 3.88–
3.73 (m, 7H), 3.31 (s, 3H), 2.35 (br, 1H), 2.14–2.03 (m, 1H), 1.92–1.55
(m, 10H), 1.46–1.36 (m, 1H), 1.21 (s, 9H), 0.94 (d, J=6.7 Hz, 3H),
0.84 ppm (d, J=6.6 Hz, 3H); 13C NMR (50 MHz, CDCl3): d=177.9,
154.0, 153.8, 152.3, 152.0, 136.6, 134.6, 133.7, 120.9, 118.8, 117.1, 116.9,
114.5, 114.3, 97.3, 82.1, 79.8, 79.1, 72.4, 55.7, 55.6, 38.9, 38.7, 34.6, 34.4,
30.1, 27.2, 27.1, 27.0, 24.1, 22.6, 20.8, 17.8 ppm; FT-IR (CCl4): n=2957,
2833, 2290, 2005, 1857, 1727, 1549, 1509, 1479, 1465, 1441, 1407, 1396,
1386, 1368, 1281, 1223, 1181, 1155, 1105, 1042, 929 cm�1; HRMS (ESI):
calcd for C41H58NaO8: 701.40239 [M+Na]+ ; found: 701.40172 (resolution
16600).


(E)-(4R,4aR,6R,7R,10R,11S,12aR)-4-Isopropyl-11-methoxymethoxy-
7,10-bis(4-methoxyphenoxy)-1-methyl-3,4,4a,5,6,7,10,11,12,12a-decahy-
drobenzocyclodecen-6-yl ester of 2,2-dimethylpropionic acid (21) and
(Z)-(1R,2R,6R,7R)-6-isopropyl-7-[(1R,4R,5S)-5-methoxymethoxy-4-(4-
methoxyphenoxy)-2-methylcyclohex-2-enyl]-2-(4-methoxyphenoxy)cy-
clooct-3-enyl ester of 2,2-dimethylpropionic acid (22): A freshly prepared
solution of the second-generation Grubbs catalyst 13 (13 mg,
0.015 mmol) in toluene (3.3 mL) was added, through a syringe pump
over a period of 2 h, to a heated (110 8C), stirred solution of compound
20 (35 mg, 0.051 mmol) in toluene (3.2 mL). After 4.5 h at 110 8C, the re-
action mixture was cooled to room temperature, treated with DMSO[41]


(54 mL, 0.75 mmol) and stirred for 15 h at room temperature. Purification
of the crude product by flash chromatography (CH2Cl2/iPr2O, 97:3) af-
forded compound 21 (9 mg, 27%) as a white amorphous solid and com-
pound 22 (5 mg, 15%) as a colorless oil.


Compound 21: Rf=0.47 (petroleum ether/EtOAc, 8:2); [a]20D =�17.6 (c=
1.12 in EtOAc); 1H NMR (400 MHz, CDCl3): d=6.95–6.72 (m, 8H), 5.87
(dd, J=17.0, 4.2 Hz, 1H), 5.60 (dd, J=17.0, 9.1 Hz, 1H), 5.33 (br, 1H),
5.13 (br, 1H), 4.86 (br, 1H), 4.78 (d, J=7.2 Hz, 1H), 4.70 (d, J=7.2 Hz,
1H), 4.51 (dd, J=8.2, 8.2 Hz, 1H), 3.80 (s, 3H), 3.78 (s, 3H), 3.61 (br,
1H), 3.33 (s, 3H), 2.29 (br, 1H), 2.24–1.94 (m, 4H), 1.91–1.60 (m, 7H),
1.53 (br, 1H), 1.14 (s, 9H), 0.98 (d, J=8.0 Hz, 3H), 0.93 ppm (d, J=
8.0 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=171.7, 154.1, 152.4, 151.9,
138.0, 133.5, 128.4, 122.5, 117.1, 116.5, 114.6, 114.4, 95.7, 85.0, 80.3, 76.9,
75.4, 55.7, 55.4, 40.4, 38.7, 35.6, 29.4, 29.0, 27.1, 25.4, 22.0, 20.2 ppm; FT-
IR (CCl4): ñ=2959, 2931, 2289, 2003, 1856, 1728, 1550, 1507, 1464, 1441,
1368, 1227, 1153, 1105, 1006, 816 cm�1; HRMS (ESI): calcd for
C39H54NaO8: 673.37109 [M+Na]+ ; found: 673.36808 (resolution 17200).


Compound 22 : Rf=0.40 (petroleum ether/EtOAc, 8:2); [a]20D =�24.6 (c=
0.63 in EtOAc); 1H NMR (400 MHz, CDCl3): d=6.95–6.78 (m, 8H),
6.04–5.94 (m, 1H), 5.66 (dd, J=11.0, 7.0 Hz, 1H), 5.57 (br, 1H), 5.32–
5.25 (m, 1H), 5.01 (br, 1H), 4.75–4.66 (m, 3H), 4.25 (br, 1H), 3.79 (s,
3H), 3.77 (s, 3H), 3.33 (s, 3H), 2.65 (br, 2H), 2.42 (br, 1H), 2.33–2.10 (m,
3H), 1.96 (br, 1H), 1.85–1.67 (m, 5H), 1.38–1.26 (m, 1H), 1.18 (s, 9H),
1.05 (d, J=6.8 Hz, 3H), 1.03 ppm (d, J=6.8 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d=177.8, 154.0, 152.9, 140.4, 122.9, 117.1, 116.5,
114.7, 114.6, 95.6, 74.2, 71.3, 55.7, 55.4, 44.9, 39.0, 29.7, 29.1, 28.3, 27.3,
24.2, 23.1, 22.9 ppm; FT-IR (CCl4): ñ=2956, 2833, 2289, 2004, 1855, 1729,
1553, 1504, 1479, 1465, 1441, 1396, 1368, 1226, 1180, 1152, 1104, 1043,
1007, 917 cm�1; HRMS (ESI): calcd for C39H54NaO8: 673.37109 [M+


Na]+ ; found: 673.36828 (resolution 17300).


Molecular mechanics and semiempirical calculations : The potential-
energy surface of structures A–E (Z and E stereoisomers) was searched
using Monte Carlo[23b] conformational searches with MacroModel
(v8.5)[23a] running on a 3.0 GHz Intel Pentium 4 with LINUX Red Hat 9
operating system. The calculations were performed with the MM2* force
field using the GB/SA continuum solvent model for CHCl3.


[23c] Intercon-
version of ring structures was enabled by using the ring-opening method
of Still.[42] Ring-closure bonds were defined for both the six- and ten-
membered rings present in structures A–E. Each search was run in
blocks of 15000 steps until convergence was reached, that is, no new
structures were found and the global minimum energy remained constant
throughout the search. Typically, 50000–60000 steps were enough to
ensure convergence. Each new cycle used as input the results of the pre-
vious cycle and different ring-closure bond choices were used. During the
search, structures with energy 20 kJmol�1 higher than the current global
minimum were discarded. Structures were fully minimized for up to 5000
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steps until the gradient was less than 0.05 kJW�1mol�1 by using the
Polak–Ribiere conjugate gradient method.[43] Redundant conformations
were removed after heavy atom superimposition (RMSD cutoff=
0.25 W). The lowest energy conformers obtained with MacroModel for
the Z and the corresponding E stereoisomers of structures A–E (using a
20.0 kJmol�1 energy window from the global minima) were then opti-
mized at the PM3 level[22] by using the Gaussian 03 package.[27]


DFT calculations of the ruthenacyclobutane intermediates : Structures
trans F–I and cis F–I used as input for the quantum mechanical calcula-
tions were generated through Monte Carlo[23b] conformational searches
carried out with MacroModel (v9.0)[23] running on a 3.2 GHz Intel Penti-
um IV computer under Linux Fedora Core 3. The core ruthenacycle
structure was taken from reference [30] and was frozen during the
searches,[31] which were performed with the MM2* force field using the
GB/SA continuum solvent model for CHCl3,


[23c] as described in the previ-
ous section. Each search was run in blocks of 10000 steps until conver-
gence was reached. Typically, 20000–30000 steps were sufficient to
ensure convergence. The lowest energy conformers for trans F–I and cis
F–I generated during the search were optimized using the DFT
method[32] at the B3LYP[33]/3–21G* level of theory. Single-point energy
calculations were carried out at the B3LYP/LANL2DZ[34]//B3LYP/3–
21G* level. All quantum mechanical calculations were carried out with
the Gaussian 03 package.[27]
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Introduction


Asymmetric conjugate reduction (ACR) of b,b-disubstituted
a,b-unsaturated carbonyl compounds is a very important
practical synthetic method (Scheme 1), leading to a variety


of optically active compounds bearing an asymmetric center
at the b-position.[1] In order to resolve this issue, several
chiral transition-metal catalysts in combination with hydride
donors, such as borohydride or hydrosilanes, have been de-
veloped to demonstrate their high efficiency. However, the
scope of metal catalysts has been limited only to cobalt and
copper catalysts. The pioneering approach of ACR of a,b-
unsaturated esters, carboxamides, nitriles, and sulfones, was


disclosed in 1989 by Pfaltz et al. with semicorrin–cobalt cata-
lyst and borohydride.[2] In 1998, Yamada et al. reported the
aldiminate–cobalt complex (S)-MPAC as an efficient cata-


lyst with modified borohydride for ACR of carboxamides.[3]


Very recently, Reiser et al. reported that the azabis(oxazo-
line) is a superior ligand for cobalt-catalyzed ACR of esters
and carboxamides.[4] On the other hand, as for copper cata-
lysts, chiral copper–hydride species generated by reaction of
CuCl/NaOtBu/TolBINAP and PMHS (PMHS=polymethyl-
hydrosiloxane) was reported by Buchwald et al. in 1999 to
show higher enantioselectivity for esters, and the system was
then applied to ACR giving optically active cyclopenta-
nones, lactones, lactams, and b-azaheterocyclic acid deriva-
tives.[5] Around the same time, Lipshutz et al. also reported
that copper catalysts bearing chiral bisphosphine, JOSI-
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Scheme 1. Asymmetric conjugate reduction of a,b-unsaturated carbonyl
compounds.
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PHOS, PPF-P(t-Bu)2, and DTBM-SEGPHOS, were effec-
tive toward ACR of cycloalkenones, acyclic enones, and
esters.[6] In parallel, a variety of conjugate reduction systems
have been also developed by using nonchiral copper cata-
lysts.[7] More noteworthy are chiral metal-free organocata-
lysts for ACR of a,b-unsaturated aldehydes in the combina-
tion of dihydropyridine as a hydride donor, reported inde-
pendently very recently by MacMillan et al. and List et al.[8]


We have already reported the synthesis of a chiral 2,6-
bis(2-oxazolinyl)phenyl skeleton (abbreviated as Phebox) as
a C2-symmetric tridentate N-C-N ligand and its transition-
metal complexes, which exhibit high potential in several
high stereo- and enantioselective reactions as a new type of
transition-metal Lewis acid.[9] We have recently reported
that chiral Rh–Phebox catalysts show a catalytic activity for
hydrosilylation of monosubstituted and a,b-disubstituted al-
kenes with alkoxyhydrosilanes.[10] On this basis, we consid-
ered that the asymmetric conjugate reduction of a,b-unsatu-
rated carbonyl compounds might be accomplished in the
same way by asymmetric hydrosilylation with Rh–Phebox
catalysts. We report here highly efficient ACR of a,b-unsa-
turated ketones and esters. The case of the esters has been
already reported in preliminary communication.[11]


Results and Discussion


Convenient synthesis of Rh–Phebox complexes by simple
C�H bond activation : The starting ligand 1 was synthesized
in two steps by condensation of isophthaloyl chloride and an
optically active aminoalcohol, followed by oxazoline forma-
tion with methanesulfonyl chloride and triethylamine. Heat-
ing of a mixture of the ligand, RhCl3(H2O)3, and NaHCO3


in methanol and water gave the corresponding chloride
complex 2 in a moderate yield of approximately 50%
(Scheme 2). As yet, we have been unable to improve this
C�H bond activation process to attain high yield. As an al-
ternative convenient synthetic method, we recently found
that heating a mixture of [{RhI(cylcooctene)2Cl}2] and the
ligand in CHCl3 gave the complex 2 in a moderate yield. It


was thought that coordination of the nitrogen ligand 1 to
the monovalent rhodium complex accelerated oxidation by
chloroform to form a RhCl3–(Phebox/H, N,N-bidentate)
species, which might readily cause a C�H bond cleavage
giving the complex 2. The complexes 2 were then readily
converted to the corresponding acetate complexes 3 by
treatment with an excess of silver acetate.


Conjugate reduction of a,b-unsaturated ketones : The conju-
gate reduction of a,b-unsaturated ketones commonly suffers
from concurrent 1,2-reduction giving allylic alcohols. How-
ever, in 1982 Ojima et al. discovered almost complete regio-
selective reduction of a,b-unsaturated ketones by hydrosily-
lation using Wilkinson catalyst [RhCl(Ph3P)3].


[12] In that
system, it is important to choose a hydrosilane as a hydride
donor. Use of Et3SiH or EtMe2SiH leads to conjugate re-
duction (1,4-reduction) followed by hydrolysis giving ke-
tones, whereas Ph2SiH2 leads exclusively to 1,2-reduction
giving allylic alcohols. Keinan et al. also developed the effi-
cient hydrosilative 1,4-reduction systems with palladium-
and molybdenum-based catalytic systems, [Pd(Ph3P)4]/
ZnCl2/Ph2SiH2 and [Mo(CO)6]/PhSiH3, respectively.[13] Alter-
natively, the copper–hydride systems have recently been re-
ported by several research groups, as mentioned above.[7]


First, we examined the reduction of benzalacetone with
the Rh–Phebox catalysts 2a and 3a (1 mol%; Table 1). The
catalytic reactions with hydrosilanes, such as (EtO)2MeSiH,
Et2MeSiH, and Me2PhSiH, proceeded smoothly at 50 8C
within 2 h. The acetate complex 3a proved to be superior
for 1,4-reduction to the chloride complex 2a, giving the
ketone 4 in addition to Et2MeSiH. No asymmetric induction
was observed for the 1,2-reduction product, (E)-4-phenyl-3-
buten-2-ol (5), which was obtained in the case with 2a.


As we thus found the catalytic system for the exclusive
conjugate reduction, we in turn carried out an asymmetric
case to adopt (E)-4-phenyl-3-penten-2-one (6) as a standard
probe. The reaction of the ketone 6 (1.0 mmol) was carried
out with 1 mol% of the acetate complex 3a and 1.5 equiva-
lents of the hydrosilanes in a toluene (1.0 mL) at 60 8C
(Table 2). After hydrolysis treatment, the product ketone 7


Scheme 2. a) RhCl3·3H2O, NaHCO3, in MeOH/H2O, 608 ; b) [{Rh(cy-
clooctene)2Cl}2], NaHCO3, in CHCl3, reflux; R= iPr a, sBu b, iBu c, tBu
d, Bn e, Ph f.
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with R absolute configuration was isolated in high yield by
column chromatography (Scheme 3). Although (EtO)Me2-
SiH produced a slight amount of the corresponding 1,2-re-
duction product, (EtO)2MeSiH and (EtO)3SiH exclusively


gave the conjugate reduction product 7 in 92–97% yields
(Table 2, entries 1, 2, and 4); the % ee reached 93%
(entry 4). At room temperature, the reaction proceeded
smoothly and resulted in an increase of ee to 95% (entries 3
and 5). Use of (EtO)2PhSiH gave 90% ee (entry 6). Howev-
er, alkylhydrosilanes, such as Et2MeSiH, only promoted 1,2-
reduction in 5–24% and in addition to a decrease of %ee
(entries 7–9). Surprisingly, although Ph2SiH2 selectively pro-
moted 1,2-reduction with a Wilkinson catalyst, as demon-
strated by Ojima et al. ,[12] Rh–Phebox catalyst 3a mainly
leads to the conjugate reduction in 86% with 88% ee
(entry 10). On the other hand, the reaction with the chloride
complex 2a and (EtO)3SiH barely proceeded even after
long reaction time to give 30% yield and lower selectivity
(entry 11). By using the other acetate complexes 3b–f, the
reduction proceeded smoothly to give 7 in high yield (en-
tries 12–16). Although the case of 3d (R= tBu) did not
result in asymmetric induction in the 1,4:1,2 ratio of 85:15,
other catalysts gave a middle range of 73–95% ee. The re-
verse absolute configuration of the product was confirmed
by use of (R,R)-Phebox skeleton (entry 17).


Next, we examined the scope of substrate ketones with
the catalyst 3a and (EtO)2MeSiH at room temperature
(Table 3). With the increase in bulkiness of the ketone sub-
stituents from methyl to Et< iPr<Ph, the ee decreased from
95 to 82% (for 9, 11, and 13). When the methyl group at the
b-position of 6 was changed to a bulky isopropyl group, the
reduction proceeded very slowly. It took 24 h to complete
the reduction of 14 at room temperature and also resulted
in a drastic decrease of ee to 40%. However, at 60 8C the
catalysis proceeded smoothly for one hour to give the high-
est ee of 98% (for 15). With a phenylethyl group at the b-
position as in 17 the ee was 95%, but with a 4-methyl-3-pen-
tenyl and cyclohexyl group it decreased it to 89 and 65%,
respectively (for 19, 21). On the other hand, the reduction
of (Z)-a,b-unsaturated ketone (Z)-6 took place smoothly for
2 h to generate a reverse in the absolute configuration, but
significant decrease of ee to 51%. In the case of (Z)-17, the
ee was 91% with reverse absolute configuration.


Conjugate reduction of a,b-unsaturated esters : The ACR of
b,b-disubstituted a,b-unsaturated esters was also conducted
by the same method as described above. As a standard
ester, (E)-ethyl 3-phenylbut-2-enoate (22), was chosen to be
subjected to the catalysis with Rh–Phebox complexes 2a
and 3a with several hydrosilanes (Scheme 4). Among the al-
koxyhydrosilanes investigated, (EtO)2MeSiH with 1 mol%
of 3a gave 23 in the highest ee (97%) at 30 8C (Table 4,


Table 1. Conjugate reduction of benzalacetone.


Catalyst Silane 1,4-Reduction
yield of 4 [%]


1,2-Reduction
yield of 5 [%]


2a (EtO)2MeSiH 72 24
2a Et2MeSiH 95 <1
2a Me2PhSiH 51 41
3a (EtO)2MeSiH 95 1
3a Et2MeSiH 95 <1
3a Me2PhSiH 97 1


Table 2. Asymmetric conjugate reduction of (E)-4-phenyl-3-penten-2-
one (6).[a]


Entry Cat. Hydrosilane Yield [%] 1,4/1,2 ee [%]


1 3a (EtO)Me2SiH 92 96/4 54
2 3a (EtO)2MeSiH 96 100/0 91
3[b] 3a (EtO)2MeSiH 97 100/0 95
4 3a (EtO)3SiH 97 100/0 93
5[b] 3a (EtO)3SiH 97 100/0 95
6 3a (EtO)2PhSiH 96 100/0 90
7 3a Et2MeSiH 94 76/24 14
8 3a Me2PhSiH 91 91/9 26
9 3a MePh2SiH 92 95/5 51


10[c] 3a Ph2SiH2 92 86/14 88
11[d] 2a (EtO)3SiH 30 76/24 8
12[b] 3b (EtO)2MeSiH 92 100/0 95
13[b] 3c (EtO)2MeSiH 94 100/0 76
14[e] 3d (EtO)2MeSiH 94 85/15 1
15 3e (EtO)2MeSiH 93 100/0 73
16[b] 3 f (EtO)2MeSiH 97 100/0 81
17[f] 3a’ (EtO)2MeSiH 96 100/0 95


[a] Cat. (0.01 mmol, 1 mol%), ketone 6 (1.0 mmol), hydrosilane
(1.5 mmol), toluene (1 mL), 60 8C, 1 h. [b] At room temperature for 1 h.
[c] 60 8C, 2 h. [d] 60 8C, 21 h. [e] 60 8C, 5 h. [f] 3a’, (R,R)-Phebox catalyst ;
the absolute configuration of the product was S.


Scheme 3. Asymmetric conjugate reduction of (E)-4-phenyl-3-penten-2-
one (6).


Scheme 4. Asymmetric conjugate reduction of (E)-ethyl 3-phenylbut-2-
enoate (22).
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entry 3). Even with decrease of the catalyst loading to 0.2
mol%, the ee was only slightly decreased to 94% (entry 4).
The chloride catalyst 2a and the cationic complex were also
effective and gave 95% ee (entries 6, 7). However, the com-
bination of 2a and alkylhydrosilanes is not preferable due to
decrease of the yields and ee, even at higher temperature
80 8C (entries 9, 10). The benzyl catalyst 2e decreased the ee
to 69% (entry 11).


Similarly, the substrate scope of the esters was demon-
strated with the catalyst 3a and (EtO)2MeSiH (Table 5). In
most cases, the reactions were retarded at 30 8C. Therefore,
the reactions were carried out at 60 8C. The bulky ester moi-
eties such as iPr and tBu slightly increased the ee up to 98%


(for 25, 27), and the b-substituents Et and iPr also increased
the ee to 98% (for 29, 31). However, alkyl substituents for
32 and 34 decreased the ee to 91–93% (for 33, 35), whereas
the reduction of the isomers (Z)-22 and (Z)-32 resulted in
reverse of absolute configuration with decrease of ee. In the
case of (Z)-22, rapid isomerization from Z to E was ob-
served during the reaction by an NMR experiment. The iso-
merization can explain the decrease in ee. In this context,
Buchwald et al. attained high ee for the reduction of (Z)-22
in 92% ee with a copper–BINAP catalyst.[5e]


Limitations of substrate scope : We have examined a variety
of b,b-disubstituted a,b-unsaturated carbonyl compounds. In
conclusion, cyclic ketones and lactones could not be smooth-
ly reduced under the same standard conditions at room tem-
perature to 60 8C, as described above.


Structure of the catalyst : The molecular structure of 3a
could be analyzed by X-ray crystallography to show its C2-
symmetric form (Figure 1). The Phebox skeleton meridio-


Table 3. Asymmetric conjugate reduction of a,b-unsaturated ketones.[a]


Substrate Product Yield [%] ee [%]


R=Et 8 R=Et 9 98
96[b]


95
94


R= iPr 10 R= iPr 11 97 92
R=Ph 12 R=Ph 13 99 82


95[c]


97[d]
40
98


97 95


97 89


94 65


90[e] 51


96 91


[a] Cat. 3a (0.01 mmol, 1 mol%), ketone (1.0 mmol), (EtO)2MeSiH
(1.5 mmol), toluene (1 mL), RT, 1 h. [b] (EtO)3SiH (1.5 mmol), RT, 1 h.
[c] RT, 24 h. [d] 60 8C, 1 h. [e] RT, 2 h.


Table 4. Asymmetric conjugate reduction of (E)-ethyl 3-phenylbut-2-
enoate (22).[a]


Entry Cat. Hydrosilane T [8C]/t [h] Yield [%] ee [%]


1 3a (EtO)Me2SiH 60/3 94 86
2 3a (EtO)2MeSiH 60/1 96 96
3 3a (EtO)2MeSiH 30/1 97 97
4[b] 3a (EtO)2MeSiH 60/24 89 94
5 2a (EtO)2MeSiH 60/5 95 95
6 2a (EtO)2MeSiH 40/24 99 95
7[c] 2a (EtO)2MeSiH 60/2 97 95
8 3a (EtO)3SiH 60/0.5 95 93
9 2a Et2MeSiH 80/12 30 15


10 2a Me2PhSiH 80/24 55 64
11 2e (EtO)2MeSiH 60/2 96 69


[a] Cat. (0.01 mmol), 22 (1.0 mmol), hydrosilane (1.5 mmol), toluene
(1 mL). [b] 22 (5.0 mmol). [c] AgBF4 (0.02 mmol).


Table 5. Asymmetric conjugate reduction of a,b-unsaturated esters.[a]


Substrate T [8C]/t
[h]


Product Yield
[%]


ee
[%]


R= iPr 24 60/1 R= iPr 25 98[b] 97
R= tBu 26 60/1 R= tBu 27 99 98[b]


R=Et 28 60/1 R=Et 29 99 96
R= iPr 30 60/0.5 R= iPr 31 97 98


60/1
40/1


96
91[b]


96
93


60/0.5 96 92


60/19 81 43


60/1 86 81


[a] Cat. 3a (0.01 mmol, 1 mol%), ester (1.0 mmol), (EtO)2MeSiH
(1.5 mmol), toluene (1 mL). [b] Data were corrected from those previous-
ly reported in reference [11].
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nally binds to the rhodium atom with an Rh�C bond lengths
of 1.92 P and Rh�N bond lengths of 2.05 and 2.09 P. The
bond angle of N-Rh-N is 158.368. The bond length of Rh�
O1aqua1 is 2.23 P. These data are similar to those for the
chloride complex 2e, previously reported.[9d]


Stereochemical course of the asymmetric induction : We
present here a hypothetical mechanism and stereochemical
course of the reaction: the starting rhodium(iii) complex is
reduced by an excess of the hydrosilane to the correspond-
ing rhodium(i) species, which react with the hydrosilane to
form the [(hydrido)(silyl)rhodium(iii)Phebox] species as a
catalyst. The a,b-unsaturated carbonyl compound ap-
proaches to the active intermediate, the Rh�H species I
(Figure 2). The hydride attack to the b-carbon atom gives


the R absolute configuration. The reductive elimination with
the silyl group via the Rh�O enolate produces the silylenol
ether or the ketene silylacetal, which is then converted to
the reduction product by hydrolysis. The absolute S configu-
ration from the (Z)-carbonyl compound can also be ex-
plained by the structure I. Therefore, the absolute configura-
tion observed is based on selective coordination of the Si-


face of the a-carbon atom to the rhodium metal and subse-
quent hydride attack on the b-carbon atom. The Re-face co-
ordination illustrated in structure II is disfavored by steric
repulsion between the carbonyl group and the isopropyl
group on the ligand.


Conclusion


We have found that chiral rhodium(bisoxazolinylphenyl)
complexes can act as potent catalysts for the asymmetric
conjugate reduction of acyclic b,b-disubstituted a,b-unsatu-
rated ketones and esters with diethoxymethylsilane in high
enantioselectivity. This reaction will provide a potential
route to bioactive chiral carbonyl compounds with a b-asym-
metric center.


Experimental Section


General : Column chromatography was performed with a silica gel
column (Merck Silica gel 60) and ethyl acetate/hexane as eluent, unless
otherwise mentioned. 1H and 13C NMR spectra were obtained at 25 8C on
a Varian Mercury 300 spectrometer. 1H NMR chemical shifts are report-
ed in d units, in ppm relative to the singlet at 7.26 ppm for chloroform.
13C NMR spectra are reported in terms of chemical shift (d, ppm) relative
to the triplet at d=77.0 ppm for CDCl3 as an internal standard. Infrared
spectra were recorded on a JASCO FT/IR-230 spectrometer. Absolute
toluene and hydrosilanes were purchased from TCI. The substrate ke-
tones 6, 8, 10, 12, 14, 16, 18, and 20, were prepared from the correspond-
ing esters via WeinrebQs amide and subsequent alkylation; see Supporting
Information. The substrate esters 22, 24, 26, 28, 30, 32, and 34 were pre-
pared by the Horner–Wadsworth–Emmons reaction according to a previ-
ously reported procedure; see Supporting Information.[2b,5a,7j] The ester
22 can also be purchased from Aldrich.


Preparation of [(S,S)-Phebox-iPr]H (1a): A solution of isophthaloyl di-
chloride (1.02 g, 5.0 mmol) in dichloromethane (20 mL) was slowly added
to a solution of l-valinol (1.03 g, 10.0 mmol) and triethylamine (7.6 g,
75 mmol) in dichloromethane (40 mL) at 0 8C. The mixture was stirred at
room temperature for 1 h. Formation of the intermediate diamide–dialco-
hol was monitored by TLC examination; Rf=0.4 (ethyl acetate/metha-
nol=10:1). Then, methanesulfonyl chloride (1.26 g, 11 mmol) was added
at 0 8C, and the mixture was stirred at room temperature for 5 h. Forma-
tion of the product 1a was monitored by TLC examination; Rf=0.8
(ethyl acetate/hexane=3:1). At 0 8C, aqueous potassium carbonate (1n,
ca. 30 mL) was added and the mixture was extracted with ethyl acetate.
The organic layer was washed with saturated brine, was dried over mag-
nesium sulfate, and was concentrated. The crude product was purified by
column chromatography to give 1a in 87% yield (1.30 g, 4.33 mmol) as a
colorless solid. For full analytical data for 1a and an alternative synthetic
route to 1a, see a procedure reported by Bolm et al.[14]


The preparation procedures of 1b, 1c, 1d, 1e, and 1 f were similar to that
of 1a.


[(S,S)-Phebox-sBu]H (1b): Yield: 82% (1.35 g) from l-isoleucinol
(1.17 g, 10 mmol) and isophthaloyl dichloride (1.0 g, 5.0 mmol). For full
analytical data for 1b, see reference [14].


[(S,S)-Phebox-iBu]H (1c): Yield: 84% (1.38 g) from l-leucinol (1.17 g,
10 mmol) and isophthaloyl dichloride (1.0 g, 5.0 mmol); colorless solid:
m.p. 47–48 8C; [a]25


D =�107.08 (c=1.03 in CHCl3);
1H NMR (CDCl3): d=


8.47 (t, J=1.5 Hz, 1H), 8.04 (dd, J=7.8, 1.5 Hz, 2H), 7.36 (t, J=7.8 Hz,
1H), 4.51 (dd, J=9.3, 7.8 Hz, 2H), 4.28–4.38 (m, 2H), 3.99 (t, J=7.8 Hz,
2H), 1.76–1.90 (m, 2H), 1.66–1.75 (m, 2H), 1.32 (m, 2H), 0.98 (d, J=
6.6 Hz, 6H), 0.96 ppm (d, J=6.6 Hz, 6H); 13C NMR (CDCl3): d=22.71,
22.81, 25.41, 45.52, 65.11, 73.08, 127.8, 128.0, 128.1, 130.5, 163.3 ppm; IR


Figure 1. Molecular structure of complex 3a. Selected bond lengths [P]
and angles [8]: Rh�C 1.9234(18), Rh�N1 2.0579(16), Rh�N2 2.0877(17),
Rh�O1 2.2317(15), Rh�O2 2.0473(14), Rh�O3 2.0265 (13); C-Rh-O1
176.06(7), C-Rh-O2 87.29(7), C-Rh-O3 90.26(6), C-Rh-N1 79.50(7), C-
Rh-N2 87.73(6), N1-Rh-N2 158.36(7).


Figure 2. Hypothetical stereochemical course.
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(KBr disk): ñ=1652, 1574 cm�1; elemental analysis calcd (%) for
C20H28N2O2 (328.45): C 73.14, H 8.59, N 8.53; found: C 73.25, H 9.02, N
8.61.


[(S,S)-Phebox-tBu]H (1d): Yield: 81% (1.34 g) from l-tert-leucinol
(1.17 g, 10 mmol) and isophthaloyl dichloride (1.0 g, 5.0 mmol); colorless
solid: m.p. 123–124 8C; [a]26


D =�123.98 (c=1.01 in CHCl3);
1H NMR


(CDCl3): d=8.51 (t, J=1.8 Hz, 1H), 8.06 (dd, J=7.8, 1.8 Hz, 2H), 7.44
(t, J=7.8 Hz, 1H), 4.35 (dd, J=10.2, 8.7 Hz, 2H), 4.24 (dd, J=8.7,
7.8 Hz, 2H), 4.06 (dd, J=10.2, 7.8 Hz, 2H), 0.95 ppm (s, 18H); 13C NMR
(CDCl3): d=25.94, 34.11, 68.79, 76.29, 127.9, 128.1, 128.2, 130.7,
162.4 ppm; IR (KBr disk): ñ=1653, 1587 cm�1; elemental analysis calcd
(%) for C20H28N2O2 (328.45): C 73.14, H 8.59, N 8.53; found: C 73.16, H
9.08, N 8.44.


[(S,S)-Phebox-Bn]H (1e): Yield: 81% (1.60 g) from l-phenylalaninol
(1.51 g, 10 mmol) and isophthaloyl dichloride (1.0 g, 5.0 mmol); colorless
solid: m.p. 106–107 8C; [a]26


D =�4.88 (c=0.99 in CHCl3);
1H NMR


(CDCl3): d=8.50 (t, J=1.8 Hz, 1H), 8.09 (dd, J=7.8, 1.8 Hz, 2H), 7.47
(t, J=7.8 Hz, 1H), 7.20–7.34 (m, 10H), 4.60 (m, 2H), 4.36 (dd, J=9.6,
8.4 Hz, 2H), 4.15 (dd, J=8.4, 7.5 Hz, 2H), 3.25 (dd, J=13.8, 5.1 Hz, 2H),
2.74 ppm (dd, J=13.8, 9.0 Hz, 2H); 13C NMR (CDCl3): d=41.71, 67.85,
71.85, 126.3, 127.9, 128.2, 128.3, 129.0, 130.8, 137.6, 163.0 ppm; IR (KBr
disk): ñ=1649, 1575 cm�1; elemental analysis calcd (%) for C26H24N2O2


(396.48): C 78.76, H 6.10, N 7.07; found: C 78.86, H 6.20, N 6.87.


[(S,S)-Phebox-Ph]H (1 f): Yield: 80% (1.48 g) from (S)-2-phenylglycinol
(1.37 g, 10 mmol) and isophthaloyl dichloride (1.0 g, 5.0 mmol); colorless
solid: m.p. 120–124 8C; [a]25


D =�74.48 (c=1.04 in CHCl3);
1H NMR


(CDCl3): d=8.69 (t, J=1.5 Hz, 1H), 8.20 (dd, J=7.8, 1.5 Hz, 2H), 7.53
(t, J=7.8 Hz, 1H), 7.27–7.40 (m, 10H), 5.41 (dd, J=10.2, 8.4 Hz, 2H),
4.82 (dd, J=10.2, 8.1 Hz, 2H), 4.30 ppm (dd, J=8.4, 8.1 Hz, 2H);
13C NMR (CDCl3): d=70.16, 74.94, 126.6, 127.5, 127.8, 128.4, 128.5,
128.6, 131.2, 142.0, 163.9 ppm; IR (KBr disk): ñ=1649, 1575 cm�1; ele-
mental analysis calcd (%) for C24H20N2O2 (368.43): C 78.24, H 5.47, N
7.60; found: C 78.10, H 5.69, N 7.52.


Simple preparation of [Rh{(S,S)-Phebox-iPr}Cl2]·H2O (2a): RhCl3·3H2O
(579 mg, 2.2 mmol), the ligand 1a (600 mg, 2.0 mmol), sodium bicarbon-
ate (168 mg, 2.0 mmol) were placed in a flask. After addition of methanol
(20 mL) and water (1 mL), the mixture was heated at 60 8C for 5 h. The
concentrated residue was purified by silica-gel chromatography with
ethyl acetate/hexane (2:1 to 1:1) as eluent to give 2a in 56% yield
(549 mg, 1.12 mmol). As an alternative method, [{Rh(cyclooctene)2Cl}2]
was used in place of RhCl3·3H2O. The mixture of the rhodium complex
(180 mg, 0.25 mmol) and ligand 1a (150 mg, 0.50 mmol) was heated at
60 8C for 6 h in a CHCl3 (10 mL). After chromatography, complex 2a was
obtained in 46% (113 mg, 0.23 mmol). Full characterization data of 2a
and the alternative preparation methods with Phebox-SnMe3 were re-
ported in reference [9d].


The preparation procedures of 2b (541 mg, 52%), 2c (554 mg, 53%), 2d
(246 mg, 24%), 2e (608 mg, 52%), and 2 f (557 mg, 50%) were similar to
that of 2a. For full analytical data for 2d, 2e, and 2 f, see reference [9d].


[Rh{(S,S)-Phebox-sBu}Cl2]·H2O (2b): Pale yellow solid: m.p. 268 8C
(decomp); 1H NMR (CDCl3): d=7.58 (d, J=7.8 Hz, 2H), 7.28 (t, J=
7.8 Hz, 1H), 4.75 (dd, J=10.2, 9.0 Hz, 2H), 4.68 (dd, J=9.0, 7.2 Hz, 2H),
4.36 (ddd, J=10.2, 7.2, 3.0 Hz, 2H), 2.15–2.23 (m, 2H), 1.94 (s, 2H),
1.17–1.43 (m, 4H), 0.99 (dd, J=7.5, 7.2 Hz, 6H), 0.90 ppm (d, J=6.6 Hz,
6H); 13C NMR (CDCl3): d=12.09, 12.60, 27.02, 35.95, 65.94, 71.09, 123.1,
127.8, 131.4, 170.6, 180.1 ppm (d, JRh-C=23.9 Hz); IR (KBr disk): ñ=


1617, 1481 cm�1; elemental analysis calcd (%) for C20H29Cl2N2O3Rh
(519.27): C 46.26, H 5.63, N 5.39; found: C 46.21, H 5.92, N 5.15.


[Rh{(S,S)-Phebox-iBu}Cl2]·H2O (2c): Pale yellow solid: m.p. 287 8C
(decomp); 1H NMR (CDCl3): d=7.58 (d, J=7.8 Hz, 2H), 7.30 (t, J=
7.8 Hz, 1H), 4.91–4.97 (m, 2H), 4.51–4.57 (m, 2H), 4.28–4.38 (m, 2H),
2.65 (br s, 2H), 2.06–2.15 (m, 2H), 1.51–1.72 (m, 4H), 1.00 (d, J=6.6 Hz,
6H), 0.99 ppm (d, J=6.6 Hz, 6H); 13C NMR (CDCl3): d=21.68, 23.80,
25.76, 43.12, 61.43, 76.19, 123.6, 128.1, 131.1, 170.0, 177.4 ppm (d, JRh-C=


26.2 Hz); IR (KBr disk): ñ=1615, 1478 cm�1; elemental analysis calcd
(%) for C20H29Cl2N2O3Rh (519.27): C 46.26, H 5.63, N 5.39; found: C
46.38, H 5.56, N 5.35.


Preparation of [Rh{(S,S)-Phebox-iPr}(OAc)2]·H2O (3a): A mixture of 2a
(246 mg, 0.50 mmol) and silver acetate (334 mg, 2.0 mmol) in dichlorome-
thane (15 mL) was stirred for 15 h at room temperature. The concentrat-
ed residue was purified by silica-gel chromatography with ethyl acetate/
methanol as eluent to give 3a (232 mg, 0.43 mmol) in 86% yield as a yel-
lowish-orange solid. M.p. 235 8C (decomp); 1H NMR (CDCl3): d=7.43
(d, J=7.2 Hz, 2H), 7.30 (t, J=7.2 Hz, 1H), 5.08 (br s, 2H), 4.60–4.80 (m,
4H), 4.38 (m, 2H), 2.50 (m, 2H), 1.71 (s, 6H), 0.97 (d, J=7.2 Hz, 6H),
0.75 ppm (d, J=7.2 Hz, 6H); 13C NMR (CDCl3): d=14.79, 19.13, 23.42,
29.50, 67.72, 71.27, 122.9, 127.5, 131.5, 171.3, 182.3 ppm (d, JRh-C=


25.7 Hz); IR (KBr disk): ñ=1615, 1395 cm�1; elemental analysis calcd
(%) for C22H31N2O7Rh (538.40): C 49.08, H 5.80, N 5.20; found: C 49.22,
H 5.79, N 5.14.


The preparation procedures of 3b, 3c, 3d, 3e, and 3 f were similar to that
of 3a.


[Rh{(S,S)-Phebox-sBu}(OAc)2]·H2O (3b): Yield: 80% (227 mg); yellow
solid: m.p. 193 8C (decomp); 1H NMR (CDCl3): d=7.58 (d, J=7.5 Hz,
2H), 7.31 (t, J=7.5 Hz, 1H), 4.71 (dd, J=10.2, 8.7 Hz, 2H), 4.64 (dd, J=
8.7, 6.6 Hz, 2H), 4.45–4.51 (m, 2H), 3.03 (br s, 2H), 2.24–2.37 (m, 2H),
1.29–1.45 (m, 2H), 1.13–1.27 (m, 2H), 1.01 (t, J=7.5 Hz, 6H), 0.68 ppm
(d, J=6.9 Hz, 6H); 13C NMR (CDCl3): d=11.81, 12.03, 23.97, 26.73,
35.90, 66.44, 71.00, 123.0, 127.3, 131.6, 171.6, 182.0, 188.8 ppm (d, JRh-C=


23.9 Hz); IR (KBr disk): ñ=1614, 1483 cm�1; elemental analysis calcd
(%) for C24H35N2O7Rh (566.45): C 50.89, H 6.23, N 4.95; found: C 50.84,
H 6.38, N 4.85.


[Rh{(S,S)-Phebox-iBu}(OAc)2]·H2O (3c): Yield: 85% (242 mg); yellow
solid: m.p. 147 8C (decomp); 1H NMR (CDCl3): d=7.57 (d, J=7.5 Hz,
2H), 7.27 (t, J=7.5 Hz, 1H), 6.12 (br s, 2H), 4.92 (dd, J=9.0, 8.1 Hz,
2H), 4.50 (dd, J=8.1, 7.8 Hz, 2H), 4.34–4.44 (m, 2H), 2.16 (m, 2H), 1.70
(m, 2H), 1.69 (s, 6H), 1.31 (m, 2H), 1.00 ppm (d, J=6.6 Hz, 6H);
13C NMR (CDCl3): d=21.89, 23.58, 23.70, 25.52, 43.38, 61.59, 76.42,
122.9, 127.3, 131.8, 171.2, 182.0, 188.5 ppm (d, JRh-C=24.5 Hz); IR (KBr
disk): ñ=1611, 1479 cm�1; elemental analysis calcd (%) for
C24H35N2O7Rh (566.45): C 50.89, H 6.23, N 4.95; found: C 50.79, H 6.50,
N 4.81.


[Rh{(S,S)-Phebox-tBu}(OAc)2]·H2O (3d): Yield: 85% (241 mg); yellow
solid: m.p. 283 8C (decomp); 1H NMR (CDCl3): d=7.57 (d, J=7.5 Hz,
2H), 7.28 (t, J=7.5 Hz, 1H), 4.65–4.76 (m, 4H), 4.10 (dd, J=9.9, 7.5 Hz,
2H), 3.11 (br s, 2H), 1.77 (s, 6H), 1.07 ppm (s, 18H); 13C NMR (CDCl3):
d=23.32, 25.94, 34.12, 72.21, 72.36, 122.9, 128.0, 131.4, 171.8, 181.7,
185.2 ppm (d, JRh-C=27.3 Hz); IR (KBr disk): ñ=1615, 1490, 1401 cm�1;
elemental analysis calcd (%) for C24H35N2O7Rh (566.45): C 50.89, H 6.23,
N 4.95; found: C 51.05, H 6.24, N 4.78.


Rh[(S,S)-Phebox-bn](OAc)2(H2O) (3e) ; 82% yield (261 mg); yellow
solid: mp. 104 8C (dec); 1H NMR (CDCl3): d=7.62 (d, J=7.8 Hz, 2H),
7.22–7.35 (m, 11H), 6.19 (br s, 2H), 4.54–4.76 (m, 6H), 3.69 (dd, J=13.5,
3.0 Hz, 2H), 2.62 (dd, J=13.5, 9.3 Hz, 2H), 1.72 (s, 6H) ppm; 13C NMR
(CDCl3): d=24.05, 40.03, 63.99, 75.27, 123.2, 126.7, 127.7, 128.7, 129.2,
131.7, 136.8, 172.2, 182.3, 188.8 (d, JRh-C=23.9 Hz); IR (KBr disk): ñ=


1610, 1488, 1393 cm�1; elemental analysis calcd (%) for C30H31N2O7Rh
(634.48): C 56.79, H 4.92, N 4.42; found: C 57.05, H 4.94, N 4.14.


[Rh{(S,S)-Phebox-Ph}(OAc)2](H2O) (3 f): Yield: 81% (244 mg); yellow
solid: m.p. 301 8C (decomp); 1H NMR (CDCl3): d=7.69 (d, J=7.5 Hz,
2H), 7.36 (t, J=7.5 Hz, 1H), 7.28–7.37 (m, 10H), 5.39 (dd, J=10.2,
7.8 Hz, 2H), 5.16 (dd, J=10.2, 9.0 Hz, 2H), 4.78 (dd, J=9.0, 7.8 Hz, 2H),
4.73 (br s, 2H), 1.44 ppm (s, 6H); 13C NMR (CDCl3): d=23.60, 66.67,
78.32, 123.0, 127.8, 128.3, 128.5, 131.6, 138.6, 172.2, 181.0, 189.8 ppm (d,
JRh-C=24.5 Hz); IR (KBr disk): ñ=1613, 1487, 1394 cm�1; elemental anal-
ysis calcd (%) for C28H27N2O7Rh (606.43): C 55.46, H 4.49, N 4.62;
found: C 55.41, H 4.43, N 4.27.


Conjugate reduction of a,b-unsaturated ketones


Reduction of benzalacetone (Table 1): Hydrosilane (1.5 mmol) was
slowly added to a mixture of benzalacetone (146 mg, 1.0 mmol) and the
catalyst 2a (4.9 mg, 0.01 mmol) or 3a (5.4 mg, 0.01 mmol) in toluene
(1.0 mL) at 50 8C. The mixture was stirred for 0.5–2 h, and the solvent
was removed under reduced pressure. THF (1 mL), MeOH (1 mL), KF
(116 mg, 2.0 mmol), and tetrabutylammonium fluoride (TBAF, 0.3 mmol)
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in THF (0.3 mL) were added to the residueat 0 8C. The mixture was stir-
red for 1 h. After extraction with ethyl acetate and concentration, the res-
idue was purified by silica-gel chromatography with ethyl acetate/hexane
to give a mixture of 4-phenyl-2-butanone (4) and (E)-4-phenyl-3-buten-2-
ol (5). The ratio of 4 and 5 was determined by 1H NMR spectroscopy;
(CDCl3): d=2.14 (s, CH3 for 4), 1.38 ppm (d, CH3 for 5).


Reduction of (E)-4-phenyl-3-penten-2-one (6) (Table 2, entry 3): Dieth-
oxymethylsilane (201 mg, 1.5 mmol) was slowly added by a syringe to a
mixture of compound 6 (160 mg, 1.0 mmol) and the catalyst 3a (5.4 mg,
0.01 mmol) in toluene (1.0 mL) at room temperature. The mixture was
stirred for 1 h and the solvent was removed under reduced pressure. The
residue was treated with hydrochloric acid (4n, 1 mL), MeOH (1 mL),
and THF (1 mL) at 0 8C for 1 h. After extraction with ethyl acetate and
concentration, the residue was purified by silica-gel chromatography with
ethyl acetate/hexane to give the product (R)-4-phenyl-2-pentanone (7;
97%, 158 mg, 0.97 mmol) as colorless oil. The ee was determined by
chiral HPLC analysis [DAICEL CHIRALCEL OJ-H column,
0.5 mLmin�1, iPrOH/hexane 1:99, Rt=26.8 min (minor), 29.2 min
(major)]: 95% ee for R ; [a]20


D =�40.88 (c=1.0 in CHCl3); lit.[15a] [a]20
D =


+408 (c=0.5 in CHCl3) for S ; lit.[15b] [a]20
D =++38.88 (c=0.4 in CHCl3),


97%ee for S. Spectroscopic data were consistent with previously reported
data in reference [15a].


For other entries in Table 2, the procedures were the same as described
above for entry 3; scale and conditions were described in the footnote of
Table 2.


Reduction of other a,b-unsaturated ketones (1.0mmol) listed in Table 3 :
The reactions were performed by the same procedure described above
for entry 3 in Table 2 for 6.


(R)-5-Phenyl-3-hexanone (9):[16] Yield: 98% (172 mg, 0.98 mmol), color-
less oil. No 1,2-reduction product was obtained. DAICEL CHIRALCEL
AD-H column, 0.5 mLmin�1, iPrOH/hexane 1:99, Rt=9.6 min (minor),
10.4 min (major), 95% ee for R ; [a]25


D =�49.58 (c=1.0 in CHCl3); lit.[16]


[a]22
D =�56.48 (c=1.0 in benzene) for R. NMR and IR spectroscopic data


were consistent with that previously reported.[16]


(R)-2-Methyl-5-phenyl-3-hexanone (11):[17] 97% (185 mg, 0.97 mmol),
colorless oil. No 1,2-reduction product was obtained. DAICEL CHIRAL-
CEL AD-H column, 0.5 mLmin�1. , i-PrOH/hexane (1:99), Rt=8.9 min.
(minor), 9.8 min. (major), 92% ee for R (by analogy to 9); [a]21


D =�30.58
(c=1.0 in CHCl3). Neither spectroscopic data nor [a]D data were found
in reference [17]. 1H NMR (CDCl3): d=7.26–7.32 (m, 2H), 7.16–7.23 (m,
3H), 3.35 (m, 1H), 2.76 (dd, J=16.5, 6.6 Hz, 1H), 2.67 (dd, J=16.5,
8.1 Hz, 1H), 2.48 (m, 1H), 1.26 (d, J=6.9 Hz, 3H), 1.04 (d, J=6.9 Hz,
3H), 0.98 ppm (d, J=6.9 Hz, 3H); 13C NMR (CDCl3): d=17.92, 18.10,
21.86, 35.24, 41.31, 48.95, 126.1, 126.7, 128.3, 146.4, 213.2 ppm; IR (KBr,
film): ñ=1712 cm�1; elemental analysis calcd (%) for C13H18O (190.28): C
82.06, H 9.53; found: C 81.88, H 9.71.


(R)-1,3-Diphenyl-1-butanone (13):[18] Yield: 99% (222 mg, 0.99 mmol),
colorless oil. No 1,2-reduction product was obtained. DAICEL CHIRAL-
CEL AD-H column. 0.5 mLmin�1, iPrOH/hexane 1:30, Rt=12.6 min
(minor), 14.9 min (major), 82% ee for R ; [a]25


D =�13.58 (c=1.0 in CCl4);
lit.[19a] [a]24


D =�138 (c=1.02 in CCl4), 75% ee for R ; lit.[19b] [a]25
D =++12.68


(c=2.62 in CCl4) for S ; lit.[19c] [a]20
D =�14.88 (c=1.2 in CCl4) for R. Spec-


troscopic data of NMR and IR were consistent with previously reported
data.[18]


(S)-5-Methyl-4-phenyl-2-hexanone (15):[20,21] Yield: 97% (185 mg,
0.97 mmol), colorless oil. No 1,2-reduction product was obtained.
DAICEL CHIRALCEL OJ-H column, 0.5 mLmin�1, iPrOH/hexane
1:99, Rt=18.9 min (minor), 23.6 min (major), 98% ee for S ;[22] [a]24


D =


�38.98 (c=0.97 in CHCl3); lit.[20] [a]20
D =�338 (c=1.12 in CHCl3). NMR


data were consistent with previously reported data.[20]


(S)-4-Methyl-6-phenyl-2-hexanone (17)[23]: Yield: 97% (185 mg,
0.97 mmol), colorless oil. No 1,2-reduction product was obtained.
DAICEL CHIRALPAK AD-H column, 1.0 mLmin�1, iPrOH/hexane
0.5:99.5, Rt=16.1 min (major), 23.4 min (minor), 95%ee for S ; [a]22


D =


�21.78 (c=1.0 in CHCl3); lit.[23] minus specific rotation for S. Spectro-
scopic date were consistent with previously reported data.[23]


(S)-4,8-Dimethyl-7-nonen-2-one (19):[24] Yield: 97% (164 mg, 0.97 mmol),
colorless oil. No 1,2-reudction product was obtained. GLPC, Alltech
Chiraldex G-TA (60 kPa, 80 8C), Rt=56.5 min (minor), 57.7 min (major),
89% ee for S ; [a]22


D =�13.88 (c=1.03 in CHCl3); lit.[24a] [a]20
D =++9.448 (c=


2.50 in CHCl3) for R ; lit.[24b] [a]24
D =�10.78 (c=1.00 in EtOH) for S. NMR


and IR spectra were consistent with previously reported data.[24]


(R)-4-Cyclohexyl-2-pentanone (21):[25] Yield: 94% (158 mg, 0.94 mmol),
colorless oil. No 1,2-reduction product was obtained. DAICEL CHIRAL-
PAK AS-H column, 0.5 mLmin�1, iPrOH/hexane 1:99, Rt=11.5 min
(minor), 12.3 min (major), 65% ee for R ; [a]25


D =�4.378 (c=1.06 in
CHCl3), according to Science Finder, (S)-(+); lit.[25] [a]24


D =++5.48 (c=1.03
in C6H6). Spectroscopic data were consistent with previously reported
data.[25]


(S)-4-Phenyl-2-pentanone (7) from (Z)-6 : Yield: 90% (147 mg,
0.90 mmol), colorless oil; 51% ee for S ; [a]27


D =++21.38 (c=1.0 in CHCl3).


(R)-4-Methyl-6-phenyl-2-hexanone (17) from (Z)-16 : Yield: 96%
(182 mg, 0.96 mmol), colorless oil; 91% ee for R ; [a]28


D =++20.88 (c=1.0
in CHCl3).


Conjugate reduction of a,b-unsaturated esters


Reduction of (E)-ethyl 3-phenylbut-2-enoate (22) (Table 4, entry 2): Di-
ethoxymethylsilane (201 mg, 1.5 mmol) was slowly added to a mixture of
the ester 22 (190 mg, 1.0 mmol) and the catalyst 3a (5.4 mg, 0.01 mmol)
in toluene (1.0 mL) at 60 8C. The mixture was stirred for 1 h and then
treated with hydrochloric acid (1N, 1 mL). After extraction with ethyl
acetate and concentration, the residue was purified by silica-gel chroma-
tography with ethyl acetate/hexane to give the product, ethyl (R)-3-phe-
nylbutanoate (23 ; 184 mg, 96%, 0.96 mmol) as a colorless oil. The ee was
determined by chiral HPLC analysis [DAICEL CHRALCEL OB
column, 0.5 mLmin�1, iPrOH/hexane 1:99, Rt=14.1 min (major),
16.8 min (minor)], 95.9% ee for R ; [a]26


D =�24.78 (c=1.12 in CHCl3);
lit.[4a] [a]25


D =++198 (c=1.1 in CHCl3), 90% ee for R. NMR spectra were
consistent with previously reported data.[4, 5a, 7j]


Reduction of other a,b-unsaturated esters (1.0mmol) listed in Table 5.
The reactions were performed by the same procedure as above described
for 22.


Isopropyl (R)-3-phenylbutanoate (25): Yield: 98% (203 mg, 0.98 mmol),
colorless oil. Chiral HPLC analysis: DAICEL CHRALCEL OB column,
0.2 mLmin�1, iPrOH/hexane 2:98, Rt=22.8 min (major), 25.2 min
(minor), 97% ee for R. [a]26


D =�29.08 (c=1.1 in CHCl3).
1H NMR


(CDCl3): d=7.17–7.31 (m, 5H), 4.95 (sept, J=3.3 Hz, 1H), 3.27 (ddq, J=
15.3, 15.0, 7.2 Hz, 1H), 2.58 (dd, J=15.3, 7.2 Hz, 1H), 2.51 (dd, J=15.0,
7.2 Hz, 1H), 1.30 (d, J=7.2 Hz, 3H), 1.17 (d, J=6.3 Hz, 3H), 1.12 ppm
(d, J=6.3 Hz, 3H); 13C NMR (CDCl3): d=17.40, 17.48, 17.54, 32.33,
38.96, 60.71, 63.11, 121.8, 122.3, 123.9, 141.2, 167.3 ppm; IR (KBr, film):
ñ=1730 cm�1; elemental analysis calcd (%) for C13H18O2 (206.28): C
75.69, H, 8.80; found: C 75.46, H 8.82.


tert-Butyl (R)-3-phenylbutanoate (27): 217 mg (99%, 0.99 mmol), color-
less oil. Chiral HPLC analysis: DAICEL CHRALCEL OD-H column,
0.3 mLmin�1, iPrOH/hexane 1:99, Rt=15.3 min (major), 16.5 min
(minor), 98% ee for R. [a]26


D =�20.68 (c=1.2 in CHCl3).
1H NMR


(CDCl3): d=7.16–7.31 (m, 5H), 3.22 (ddq, J=15.3, 15.0, 7.2 Hz, 1H),
2.53 (dd, J=15.3, 7.2 Hz, 1H), 2.46 (dd, J=15.0, 7.2 Hz, 1H), 1.35 (s,
9H), 1.29 ppm (d, J=7.2 Hz, 3H); 13C NMR (CDCl3): d=17.60, 23.67,
32.47, 39.82, 75.80, 121.8, 122.4, 123.9, 141.4, 167.2 ppm; elemental analy-
sis calcd (%) for C14H20O2 (220.31): C 76.33, H, 9.15; found: C 76.31, H
9.26.


Ethyl (R)-3-phenylpentanoate (29): Yield: 99% (206 mg, 0.99 mmol),
colorless oil. Chiral HPLC analysis: DAICEL CHRALCEL OJ-H
column, 0.7 mLmin�1, iPrOH/hexane 1:99, Rt=15.5 min (major),
12.5 min (minor), 97% ee for R ; [a]26


D =�18.38 (c=1.1 in CHCl3); lit.[5a]


[a]25
D =++188 (c=1.1 in CHCl3), 90% ee for S. NMR spectra were consis-


tent with previously reported data.[5a]


Ethyl (S)-4-methyl-3-phenylpentanoate (31): Yield: 97% (213 mg,
0.97 mmol), colorless oil. Chiral GC analysis: Alltec Chiraldex G-TA,
105 8C, 60 kPa, Rt=63.6 min (minor), 65.3 min (minor), 98% ee for S ;
[a]26


D =�25.48 (c=1.0 in CHCl3). The ester 31 was converted to the corre-
sponding aldehyde by reduction with DIBAL. The aldehyde showed


Chem. Eur. J. 2006, 12, 63 – 71 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 69


FULL PAPERAsymmetric Catalysis



www.chemeurj.org





minus rotation; lit.[26] , [a]26
D =�23.18 (c=0.94 in C6H6) for (3S)-(�)-4-


methyl-3-phenylpentanal. 1H NMR(CDCl3): d=7.13–7.29 (m, 5H), 3.96
(q, J=7.2 Hz, 2H), 2.84–2.92 (m, 1H), 2.77 (dd, J=15.0, 5.4 Hz, 1H),
2.58 (dd, J=14.7, 9.9 Hz, 1H), 1.86 (dsep, J=6.6, 6.6 Hz, 1H), 1.06 (t, J=
7.2 Hz, 3H), 0.95 (d, J=6.9 Hz, 3H), 0.76 ppm (d, J=6.9 Hz, 3H);
13C NMR(CDCl3): d=14.1, 20.4, 20.7, 33.2, 38.7, 49.0, 60.1, 126.1, 127.9,
128.1, 142.7, 172.6 ppm; IR (KBr, film): ñ=1735 cm�1; elemental analysis
calcd (%) for C14H20O2 (220.31): C 76.33, H 9.15; found: C 76.10, H 9.29.
For preparation of the starting substrate 30, see reference [27].


Ethyl (S)-3-methyl-5-phenylpentanoate (33): At 60 8C; yield: 96%
(211 mg, 0.96 mmol), colorless oil. Chiral HPLC analysis: DAICEL
CHIRALCEL OJ-H column, 0.5 mLmin�1, EtOH/hexane (3:97), Rt=


10.1 min (minor), 10.6 min (major), 91% ee for S ; [a]26
D =�13.08 (c=1.0


in CHCl3); lit.[5a] [a]25
D =++128 (c=1.0 in CHCl3), 84% ee for R. NMR


spectra were consistent with previously reported data.[4, 5a]


Ethyl (S)-3,7-dimethyloct-6-enoate (35): Yield: 96% (190.2 mg,
0.96 mmol), colorless oil. Chiral GC analysis: Alltech CHIRALDEX G-
TA, Rt=75.9 min (minor), 78.5 min (major), 92% ee for S ; [a]28


D =�3.828
(c=1.0 in CHCl3); lit.[5a] [a]25


D =++4.68 (c=1.1 in CHCl3), 86% ee for R.
NMR spectra were consistent with previously reported data.[4,5a]


X-ray crystallographic determination : Single crystals suitable for X-ray
analysis were obtained by recrystallization from diethyl ether/hexane at
room temperature. A crystal was mounted on a quartz fiber, and diffrac-
tion data were collected in q ranges at 173 K with a Brucker SMART
APEX CCD diffractometer with graphite-monochromated MoKa radia-
tion (l=0.71073 P). An empirical absorption correction was applied by
using SADABS. The structure was solved by direct methods and refined
by full-matrix least-squares on F2 by using SHELXTL.[28] All non-hydro-
gen atoms were refined with anisotropic displacement parameters. Re-
finement details : empirical formula; C22H31N2O7Rh; Mr=538.40; crystal
system: monoclinic; space group: P21; a=8.7699(5), b=15.5207(9), c=
9.5423(6) P, a=908, b=115.5730(10)8, g=908, V=1171.61(12) P3, Z=2,
1calcd=1.526 Mgm�3, m=0.773 mm�1, F(000)=556, crystal size=0.1R0.3R
0.5 mm3, q range=2.37–29.158 ; index ranges: �12�h�11, �19�k�21,
�8� l�13; reflections collected 9075, independent reflections 5490 [R-
(int)=0.0181]; completeness q=29.158, 98.9%; max/min transmission
1.000000/0.811634; data/restraints/parameters 5490/1/300; goodness-of-fit
on F2 1.085; final R indices [I>2s(I)]: R1=0.0206, wR2=0.0557;R indi-
ces (all data): R1=0.0208, wR2=0.0559; absolute structure parameter
�0.001(16); largest diff. peak/hole 0.491/�0.684 eP�3. CCDC-248010
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Numerical Simulation of the Effect of Solvent Viscosity on the Motions
of a b-Peptide Heptamer


Peter J. Gee and Wilfred F. van Gunsteren*[a]


Introduction


The dynamic behaviour of a solvated peptidic polymer is de-
termined, in part, by the physical properties of the medium
in which it moves; one such property is the solvent viscosity.
The effect of a change in viscosity on the dynamics of a
helix-forming b-peptide heptamer H-b3-HVal-b3-HAla-b3-
HLeu-(S,S)-b3-HAla(aMe)-b3-HVal-b3-HAla-b3-HLeu-OH
(Figure 1) is the subject of this report. The dynamics of the
molecule, with methanol as the solvent, were simulated for
80 ns in atomic detail, with an explicit representation of the
solvent molecules, at a series of viscosities. The resulting
motions are compared herein.


For the investigation of the effects of viscosity changes on
a physico-chemical process, computational methods have
two advantages over experimental approaches. Firstly, very
low viscosities can be simulated. Secondly, and more impor-
tantly, the viscosity of the solvent can be varied without
changing other (non-dynamic) properties of the solvent and,
more especially, solute–solvent interactions. This is difficult
to do experimentally: co-solvents are added to the solution
under investigation and these tend to influence the confor-
mational behaviour of the solute through both their molecu-
lar size and the interactions they have with the solvent and
the solute—and the effect can be sizeable.[1] A simple way
to vary the viscosity in a molecular simulation is to change
the mass of each solvent molecule by a certain scaling
factor:[2] if the factor is denoted S, then the change in viscos-
ity of the solvent on scaling of the molecular masses would
be


p
S.[3,4] This procedure does not affect the size of the sol-


vent molecules and does not change properties of the sol-
vent that are not dynamic in nature; it is the method em-
ployed here.
A previous report on a similar theme[5] suggested that the


dependence of the folding rate of a 20-residue a-polypeptide
on viscosity, simulated by using an implicit solvation model,
has two regimes: at viscosities as low as one tenth of the vis-
cosity of water, a linear dependence is observed; at even
lower viscosities, a power-law dependence is observed, with
exponent �0.2. The present report may be considered in re-
lation to these results, though two differences in approach


Abstract: This report examines the
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Figure 1. b-Peptide heptamer whose motions were simulated.
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must be noted: firstly, the simulations reported here used an
explicit representation of the solvent molecules (the relative
merits of an implicit versus an explicit representation are
the subject of ongoing debate); secondly, the sampling of
the statistical mechanics of the system under study was com-
paratively limited: simulations in which solvent molecules
are explicit are computationally expensive.
The peptide whose motions were simulated is shown in


Figure 1. Experimentally, it is associated with a 31-helical
fold,[6] and this helix is the most populated conformation in
numerical simulations of the molecule.[7] The peptide solvat-
ed in methanol was simulated at 340 K and 1 atm over 80 ns
for three different solvent viscosities: the natural viscosity of
the methanol model used (hn), and one third (hlow) and one
tenth (hvlow) of this viscosity. The temperature chosen ap-
proximated the melting temperature of the helix to maxi-
mise the number of (un)folding events.


Results


Figure 2 shows the time courses of the number of conforma-
tional clusters of the three simulations, each of which is
characterised by a different solvent viscosity. By taking the
total number of conformational clusters at each time point
into account (Figure 2 top panel) it is evident that confor-
mational sampling does not converge to a constant value in
the simulation at viscosity hvlow, and that there is also a slight
drift in the other simulations. However, the contribution to
the total of “artificial” clusters, which has very few mem-
bers, is large, and by discounting such clusters (Figure 2
bottom panel), the drift in conformational sampling in all


cases is much less pronounced. From the time courses of the
backbone atom-positional root-mean-square deviation
(RMSD) of the trajectory structures from the helical NMR
model conformation (Figure 3), it is clear that in all runs,


the folded conformation is sampled and that a number of
folding–unfolding events are observed. The most populated
conformations of each simulation are shown in Figure 4.
Structurally, they are more or less the same: the most popu-
lated conformation has an atom-positional RMSD of
0.06 nm from the helical NMR model conformation; the
second-ranked conformation has a RMSD of 0.22 nm at
normal solvent viscosity and 0.23 nm at low and very low
solvent viscosities; a similar value characterises the third
most frequent conformation (0.21 nm for simulation hn; 0.19
for hlow; 0.18 for hvlow). The simulations differ in the time
spent in the different conformations (Table 1). At normal or
low solvent viscosity, the statistical weight of the most-popu-
lated conformations is similar, but at very low solvent vis-
cosity, the helical conformation—the first-ranked conforma-
tion—is more populated and comprises around 60% of the
80 ns trajectory. Statistics describing residence in the folded
conformation in each of the simulations also reflect this: the
total residence time in the folded conformation is largest at
very low solvent viscosity.


Discussion and Conclusion


The equilibrium properties of the simulation at very low sol-
vent viscosity differ from those of the other two simulations.
A change in the viscosity of a solvent is expected to alter
the molecular dynamics of a solute molecule, and to leave
the non-dynamic characteristics of any conformational equi-


Figure 2. Time courses of the number of conformational clusters of the b-
heptapeptide shown in Figure 1 in solvents that differ in only their vis-
cous properties: normal solvent viscosity hn (*); solvent viscosity hlow=
1=3hn (&); solvent viscosity hvlow=


1=10hn (^). Each point in the curves of
the upper panel represents the total number of conformational clusters at
the corresponding time point. In the lower panel, each point represents
the number of conformational clusters that make up 95% of the trajecto-
ry sampled at the corresponding time point. For a definition of a cluster,
see the Experimental Section.


Figure 3. Time course of the backbone atom-positional root-mean-square
deviation (RMSD) from the NMR-derived 31-helical model conformation
of the backbone atoms of internal residues of the b-heptapeptide of
Figure 1 in solvents that differ in only their viscous properties: top,
normal solvent viscosity hn; middle, solvent viscosity hlow=


1=3hn; bottom,
solvent viscosity hvlow=


1=10hn.
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libria unchanged. In the limit of perfect sampling, one
would, therefore, expect that the “folding–unfolding” equi-
librium of all the simulations would have the same non-dy-
namic, equilibrium characteristics, and that only the mean
residence time would possibly change as the viscosity of the
solvent is lowered. This is clearly observed if the viscosity is
decreased by a factor of one third; it does not happen if the
viscosity is lowered to one tenth of that of the reference
run.
This anomaly may be attributed to limited statistical sam-


pling. At 80 ns, the conformational distribution at very low
solvent viscosity is still not close to that characteristic of the
“folding–unfolding” equilibrium at normal solvent viscosity


in methanol. Although this is inconvenient, it may be signifi-
cant. As was noted in the introduction, results of another
simulation study,[5] in which more powerful computational
resources were used to estimate rates of folding from multi-
ple long-time trajectories, revealed that there may be two
viscosity regimes associated with the folding of the Trypto-
phan Cage polypeptide, a small protein, in waterlike sol-
vents. The first regime applies for viscosities ranging from
that of water to just above one tenth of this viscosity; within
this range, the rate of folding shows a more or less linear de-
pendence on solvent viscosity and can be explained by the
theoretical model proposed by Kramers.[8] The second
regime occurs at lower values of viscosity, at which the rate
of folding shows an inverse power-law dependence on sol-
vent viscosity, with an exponent of around one fifth, and can
no longer be explained by KramersM model. It may be that
the slower approach to the folding equilibrium at hvlow is in-
dicative of a similar difference in response for the b-peptide.
From the current data, no more than this tentative sugges-
tion can be made, and a more extensive examination of the
viscosity response would be needed. However, in view of
the computational expense of explicit solvent simulations
with a reduced time-step, faster computers are required
before such studies can be undertaken. Nevertheless, at an
approximately normal solvent viscosity of the methanol sol-
vent the rate of folding seems to be governed by solvent vis-
cosity, and not by intrasolute interactions. This implies that
non-dynamic equilibrium properties of solvated peptides
can be studied more efficiently by artificially lowering the
solvent viscosity in molecular dynamics simulations.


Experimental Section


Simulation set-up : The data presented
in this report are derived from three
80 ns molecular dynamics simulations.
The initial 50 ns of one of these simu-
lations (at normal solvent viscosity)
was the subject of an earlier report.[7]


The simulations were performed by
using the GROMOS96 package of pro-
grams[9,10] together with the
GROMOS96 43 A1 force field.[10,11]


All runs focused on the dynamics of
the b-heptapeptide H-b3-HVal-b3-
HAla-b3-HLeu-(S,S)-b3-HAla(aMe)-


b3-HVal-b3-HAla-b3-HLeu-OH (Figure 1) in methanol at 340 K and
under an ambient pressure of 1 atm. In two of the runs, the viscosity of
the solvent was reduced by scaling the mass of each atom of every meth-
anol molecule, and the time-step of integration was halved to account for
higher frequency motions induced by this change: the scaling factor for
the simulation with solvent viscosity hlow=


1=3hn was 0.1, leading to a
change in solvent viscosity by a factor of 1=3, and a time-step of 1 fs was
used in this case; for the simulation with solvent viscosity hvlow=


1=10hn the
scaling factor was 0.01, leading to a change in solvent viscosity by a
factor of 1=10 ; the time-step was 0.5 fs. In the simulation at normal solvent
viscosity (hn) a time-step of 2 fs was used. The molecular models and sim-
ulation parameters are those used in reference [12].


Technical specifications of the simulation set-up are as follows: Thermo-
dynamic constraints of temperature and pressure were maintained by


Figure 4. Central member configurations of the three top-ranked confor-
mational clusters of the b-heptapeptide of Figure 1 at 340 K and at differ-
ent solvent viscosities: top, normal solvent viscosity hn; middle, solvent
viscosity hlow=


1=3hn; bottom, solvent viscosity hvlow=
1=10hn. The numbers


below each configuration show the rank of the conformational cluster
represented by the configuration (left); the atom-positional root-mean-
square deviation from the NMR-derived 31-helical conformation of the
backbone atoms of internal residues (middle); and the percentage of the
trajectory population that falls into the cluster represented. In each case,
the sample trajectory is 80 ns.


Table 1. Thermodynamic and dynamic characteristics of the “folding–unfolding” equilibrium at different sol-
vent viscosities. The margin of error shown is derived from the assumption that the folding events are Poisson
distributed. At moderate to high intensities, a Poisson distribution is approximated by a normal distribution
with standard deviation (intensity)0.5. Here, the intensity is the number of folding events, and the margin of
error shown is the square root of that number.


Solvent viscosity hn hlow=
1=3hn hvlow=


1=10 hn


Number of folding events 92�10 137�12 127�11
Total residence time [ps] 28150�3097 29670�2670 41320�3719
Mean residence time [ps] 306�34 217�20 325�29
Fraction folded 0.35�0.04 0.37�0.03 0.52�0.05
Equilibrium constant 1.8�0.2 1.7�0.15 0.9�0.08
Estimated free energy of folding [kJmol�1] 1.7�0.2 1.5�0.14 �0.2�0.02
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weak coupling[13] to an external bath: the thermostat was set with a cou-
pling time of 0.1 ps; the barostat with 0.5 ps. Forces of interaction were
computed in a rectangular simulation cell by using periodic boundary
conditions and the minimum image convention. Non-bonded interactions
were computed by using a twin-range cut-off scheme with radii of 0.8 nm
and 1.4 nm and updated after every five time-steps. Covalent bonds were
kept rigid with a precision of 10�4 by using the procedure SHAKE.[14]


The initial structure of the peptide for all three simulations was the 31-
helical fold. It was surrounded by 962 methanol molecules in a rectangu-
lar box, the dimensions of which were chosen so that the minimum dis-
tance from the peptide to the box wall was 1.4 nm in the starting configu-
ration. In all runs the dimensions of the simulation cell were large
enough to accommodate a fully extended conformation of the b-hepta-
peptide.


Analysis procedures : The same methods and procedure of analysis used
to process the simulation data were employed for each run. First, each
configuration of the trajectory generated during the simulation was com-
pared to the helical NMR model configuration. This was done by per-
forming a translational and then a least-squares rotational fit to that con-
figuration, followed by computing the root-mean-square deviation (for
both procedures, backbone atoms of all residues except the termini of
the oligomer were used). With a “folding event” defined as an interval at
the beginning of which the peptide remains “folded” (i.e., with RMSD
less than or equal to the threshold value of 0.1 nm) for at least 20 ps and
at the end of which it remains unfolded for at least 20 ps, the RMSD
time series was processed to give a distribution of residence times and
statistics of that distribution. Estimates of thermodynamic characteristics
of the “folding–unfolding” equilibrium were deduced from these statis-
tics: the equilibrium constant of the folding equilibrium was computed as
the ratio of the fraction of time spent unfolded to the fraction of time
spent folded; the free energy was computed as �RT lnK (in which R is
the universal gas constant, T is the absolute temperature, and K is the
equilibrium constant). The next stage in the analysis involved comparing,
in a similar way to that described above, each configuration in the trajec-
tory to all other configurations in the trajectory. The results of the last
step can be represented as a symmetric square matrix of RMSD values.
An estimate of the conformational distribution corresponding to the tra-
jectory was constructed from the RMSD matrix by using a centroid clus-
tering algorithm[7] that proceeds as follows: a criterion of configurational
similarity is set (here, 0.1 nm was used) and is used to determine, for
each configuration, the number of configurations that are similar to it;
the configuration with the largest number of structural neighbours is
taken as the centre of the first conformational cluster; this, and configu-
rations similar to it, are then disregarded; this process is repeated until
all configurations have been assigned to a cluster. This algorithm gener-
ates clusters whose central members have a RMSD of at least 0.1 nm. It
also tends to give many clusters that contain just one member. These are


not necessarily conformations that were sampled once during the run:
there may be configurations similar to them that lie just within other
clusters.
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Introduction


Polyvalent carbohydrate–protein interactions occur fre-
quently in recognition events on cellular membranes.[1] They
are characterized by the simultaneous contact of multiple
oligosaccharides (ligands) on one biological entity with mul-
tiple proteins (receptors) on another. Their collective prop-


erties can be unique and substantially different from proper-
ties displayed by monovalent interactions of their constitu-
ents.[2] In particular, their affinity can be much greater than
in the case of a monovalent interaction between a carbohy-
drate and a protein (which is generally weak; KD = 10�3–
10�4


m
�1).[3] As a consequence, the inhibition of disease-rele-


vant polyvalent biological processes with monovalent oligo-
saccharides has proven difficult. However, approaches utiliz-
ing non-natural polyvalent glycopolymers have led to highly
potent receptor blockers (Figure 1).[4]


The interaction of an immunoglobulin of class IgM with
multiple antigens presented on a cell surface is a typical
polyvalent recognition process (Figure 2c).[5] IgMs have ten
identical binding sites and consist of five monomeric subu-
nits, joined by disulfide bridges, each of them having a mo-
lecular weight of �180 kDa (Figure 2b). As an example,
the interaction of natural human or non-human primate anti
aGal IgMs and the aGal epitope (Gala1–3Galb1–4GlcNAc;
Figure 2a), which is expressed on the cells of mammals but
not of humans and Old World monkeys, causes hyperacute
rejection, thus hampering pig to primate xenotransplanta-
tion.[6] Removal or blockade is a potential prevention thera-
py. While blocking attempts with the monovalent trisacchar-
ide were unsuccessful, polymers providing multiple copies of
the aGal trisaccharide efficiently inhibited anti aGal IgMs


Abstract: Polyvalent carbohydrate–pro-
tein interactions occur frequently in
biology, particularly in recognition
events on cellular membranes. Collec-
tively, they can be much stronger than
corresponding monovalent interactions,
rendering it difficult to control them
with individual small molecules. Artifi-
cial macromolecules have been used as
polyvalent ligands to inhibit polyvalent
processes; however, both reproducible


synthesis and appropriate characteriza-
tion of such complex entities is de-
manding. Herein, we present an alter-
native concept avoiding conventional
macromolecules. Small glycodendrim-
ers which fulfill single molecule entity


criteria self-assemble to form non-co-
valent nanoparticles. These particles—
not the individual molecules—function
as polyvalent ligands, efficiently inhib-
iting polyvalent processes both in vitro
and in vivo. The synthesis and charac-
terization of these glycodendrimers is
described in detail. Furthermore, we
report on the characterization of the
non-covalent nanoparticles formed and
on their biological evaluation.
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in vitro and in vivo. However, macromolecules with a mo-
lecular mass comparable to the mass of an IgM
(�1000 kDa) had to be used.[7,8]


As both the reproducible preparation and the appropriate
characterization of non-homogeneous macromolecules are
very demanding, an alternative concept for the control of
polyvalent interactions with well-characterized small mole-
cules is desirable (Figure 3). Such an approach could be
based on the supramolecular chemistry[9] of compounds
comprising a self-assembling moiety (gray square) and a
ligand moiety (red ellipse). Ideally, intermolecular recogni-
tion of self-assembling moieties will lead to non-covalent
particles presenting multiple ligands. These aggregates—but
not the individual molecules (which are far too small)—can
function as polyvalent receptor blockers. Interactions of the
individual ligands with the polyvalent receptor contribute to
the stability of the receptor–ligand complex. The strength of
the inhibitory complex is best for a maximal number of both
the contacts between individual self-assembling moieties
and the individual ligand–receptor interactions. Therefore,
in the case of a dynamic, reversible self-assembly process,
the polyvalent receptor can be utilized as a template to opti-
mize its own polyvalent inhibitor (Figure 3).


In a preliminary communication, we recently published
our findings on novel glycodendrimers containing endgroups
modified with the aGal trisaccharide (ligand).[10, 11] We
showed that, in aqueous solution, molecules with appropri-


Figure 1. Inhibition of a physiological polyvalent carbohydrate (ligand)–
protein (receptor) interaction with a) a monovalent mimic of the ligand
and b) an artificial polyvalent ligand. Polyvalent interactions can be
orders of magnitude stronger than monovalent interactions. Thus, in case
a) inhibition will only occur if the mimic of the physiological ligand is
orders of magnitude more potent than a single physiological ligand, or if
it is used at very high (millimolar) concentrations. However, in b) a phys-
iological polyvalent interaction competes with an artificial polyvalent in-
teraction. Appropriate design of the artificial polyvalent ligand can lead
to inhibition of the physiological process even if the “monovalent” phys-
iological ligand and its “monovalent” mimic show comparable potencies.


Figure 2. Multivalent interaction between an IgM and the aGal epitope:
a) representation of the aGal trisaccharide; b) schematic representation
of a circulating, planar IgM directed against the aGal epitope; c) upon
polyvalent binding to multiple aGal trisaccharides presented on a cell
surface, the IgM adopts a staple form causing complement activation and
cell destruction.


Figure 3. Formation of a tailored polyvalent receptor–ligand complex by
dynamic self-assembly of small molecules comprising both a self-assem-
bling moiety (grey square) and a ligand moiety (red ellipse). Scenario a):
A preformed polyvalent ligand makes contact with the receptor. Further
optimization of the ligand-receptor complex occurs utilizing the poly-
valent receptor as a template. Scenario b): A relatively small, oligovalent
aggregate binds weakly to the polyvalent receptor. In a second step, the
highly potent polyvalent ligand “grows” on the surface of the receptor
leading to an optimized receptor–ligand complex.
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ate core structures (self-assembling moiety) self-assemble to
form non-covalent nanoparticles with molecular weights of
up to 7000 kDa. These particles — but not the individual
molecules — were found to efficiently inhibit the aGal–IgM
interaction, both in vitro and in vivo.[10] Here, we discuss the
synthesis and characterization of these and additional glyco-
dendrimers and present new evidence that self-assembly
strongly depends on the structure and size of the dendrimer
core. We show that particle formation is a dynamic process,
which is a prerequisite for the formation of an optimized re-
ceptor–ligand complex.


Syntheses and characterization of dendrimer core structures :
Dendrimer core structures were prepared by a convergent
“outside–in” approach[12] using a single, three-directional
building block (1) to allow for a minimum number of trans-
formations for dendrimer tier construction. The orthogonal-
ly protected, rigid wedge 1 consists of three aromatic rings
linked via amide bonds. Compound 1 displays a benzoate
ester function and two benzylic amines. It was prepared by
amide coupling of 2 and 3. Saponification gave carboxylate
4, whereas acid treatment furnished diamine 5 (Scheme 1).


The second-generation core 6 (four endgroups) was as-
sembled from 4 and 0.5 equivalents of 5 in DMF/iPr2NEt
using HBTU to promote the amide bond formation
(Scheme 2). To ensure complete consumption, it was impor-
tant to use a large excess of iPr2NEt. After completion of
the coupling, water and LiOH were added to the reaction
mixture to cleave the methyl ester. The product was isolated
by precipitation by adding either water or a less polar or-
ganic solvent. Further purification could be achieved by
adding a solution of the precipitate in DMF to either water
or an organic solvent. The third generation core 7 (eight


endgroups) was obtained by reacting 6 with 0.5 equivalents
of 5 under the same reaction conditions. The fourth-, fifth-,
and sixth-generation core structures with 16 endgroups (8),
32 endgroups (9), and 64 endgroups (10), respectively, were
prepared following the same procedures (Scheme 3).


The integrity of the dendrimer cores was assessed by 1H
NMR spectroscopy using the integral values of indicative
protons (Figure 4). All of the compounds contain two types
of benzylic protons, giving rise to two distinct signals (see
structures in Figure 4). They are either adjacent to a carba-
mate (yellow) or adjacent to a benzamide (blue). The ratio
of these two types of benzylic protons changes characteristi-
cally from generation to generation (see table in Figure 4).
The changes are considerable only up to the fourth genera-
tion core 8 (16 endgroups). For the highest generation cores
(9, 10), the ratios of the integrals of “yellow” and “blue”
protons are very similar and close to unity, impeding an ac-
curate distinction based on NMR. All measured and expect-
ed values were in agreement within the experimental error,
but for the reason mentioned above the data can only prove
the integrity of the cores up to the fourth generation. The
dendrimer core structures contain two types of trisubstituted
aromatic rings. These rings bear either a carboxylic acid or a
carboxamide moiety. The protons in the para positions give
rise to two characteristic signals (para to carboxylic acid:
red; para to carboxamide: green). Whereas all of the den-
drimers have only one “red” proton, the number of “green”
protons increases from generation to generation (see table
in Figure 4). The ratios can be determined very accurately
up to the fourth generation core 8. For the highest genera-
tion cores, 9 and 10, the ratios are very high (30:1, 60:1),
hampering a highly accurate determination. All measured
and expected values were in agreement within the experi-


Scheme 1. HBTU=O-benzotriazol-1-yl-N,N,N’,N’-tetramethyluronium
hexafluorophosphate; DMF=dimethylformamide.


Scheme 2.
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mental error. We conclude that all of the dendrimer core
structures are highly homogeneous. Up to the fourth genera-
tion core 8 (16 endgroups), their purity is >95%. This is re-
markable considering that not a single chromatographic pu-
rification was required. The convergent synthesis approach


allows the preparation of a subsequent dendrimer genera-
tion with nearly double the molecular weight by forming
just two amide bonds. Thus, side products stemming from in-
complete reaction and unconsumed starting materials differ
significantly from the product in terms of molecular weight


Scheme 3.
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and size, allowing for purification by simple precipitation.
We did not attempt to prepare larger dendrimers because of
the envisaged difficulties in suitably characterizing these
molecules.


Several analogues of 6 with more aliphatic core structures
were prepared. Compound 11 contains branched aliphatic
elements instead of the three trisubstituted aromatic rings of
6 (Scheme 4). Coupling of 2 with two equivalents of 12 gave
ketone 13, which was reacted with 14 to furnish alkene 15.
In some experiments, an isomer of 15 with the double bond
adjacent to a nitrogen atom was isolated. Subsequent hydro-
genation of 15 or its isomer gave 16. Building blocks 17 or
18 were obtained from 16 by selective deprotection. Den-
drimer 11 was prepared by condensation of 17 and 18.


Dendrimer 19 has cyclohexyl rings instead of the six dis-
ubstituted aromatic rings of 6. The core was assembled from
cyclohexyl carboxylic acid 20 and benzoate 3 (Scheme 5).
Building block 21 was selectively deprotected, and this was
followed by amide coupling of the resulting acid 22 and dia-
mine 23. Finally, the more flexible core structure 24 with
linear alkyl chains (C6) instead of the disubstituted aromatic
rings of 6 was prepared analogously to 19 using hexanoic
acid 25 instead of 20 (Scheme 6).


The second-generation core structures 29 and 30 bear me-
thylated benzamide and methylated anilide functions, re-


spectively. Compound 29 was prepared using building block
31, which was obtained from 32 and 3 (Scheme 7). Depro-
tection of 31 gave 33, which was coupled with 4 to furnish
29. Compound 30 was prepared from building block 34,
which, in turn, was obtained from benzoate 35 and 2
(Scheme 8). Compound 35 was available from 36, which was
protected to furnish 37. Subsequent N-methylation yielded
38. Deesterification and concomitant removal of the N-pro-
tecting groups gave access to 35. Selective deprotection of
34 gave 39 and 40, which were coupled to furnish 30.


Functionalization of dendrimer core structures and charac-
terization of the glycodendrimers : The convergent synthesis
of the core structures requires just two transformations per
individual molecule to obtain the next generation dendrim-
er, which has quite distinct properties compared to the start-
ing materials and potential side products. On the contrary,
depending on the size of the core structure, modifications of
the endgroups can involve a large number of transforma-
tions per individual molecule. Thus, side products stemming
from incomplete reactions can have very similar properties
compared to the desired product, rendering purification
very difficult. To obtain highly homogeneous glycodendrim-
ers, all chemical reactions involved in the functionalization
need to proceed in near-quantitative yield. We relied on a


Figure 4. 1H NMR spectra (d=4–9 ppm) of dendrimer cores 6–10 (600 MHz; DMSO/D2O, 75 8C). The color code for the assignment of selected charac-
teristic signals is illustrated for compounds 6 and 7. The table shows the expected and the measured ratios of the integrals of the selected signals. *signal
stems from CH2Cl2.
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strategy which we had previously applied to the highly pre-
dictive functionalization of polylysine.[4b] The
butoxycarbonyl(Boc)-protected core structures 4, 6, 7, 8, 9,
10, 11, 19, 24, 29, and 30 were transformed to the free
amines using trifluoroacetic acid (TFA)/water in the pres-
ence of mercaptoethanol to trap tert-butyl cations, thus hin-
dering the formation of tert-butylamino groups. The benzylic
amines were isolated as TFA salts by precipitation in diethyl
ether. The endgroups were further activated by introduction
of a chloroacetamide group. Using a large excess of the ster-
ically hindered weak base 2,6-lutidine and chloroacetic an-
hydride in DMF led to complete conversion. The chloroace-
tamides were isolated by precipitation in diethyl ether. Gly-
codendrimers containing the aGal trisaccharide were ob-
tained by reacting the activated core structures with a small
excess of aGal-SH[7a] in DMF (Figure 5). Addition of 1,8-
diazabicyclo[5.4.0]undecene (DBU) led to complete func-
tionalization within a few minutes. The crude products were
precipitated, redissolved in water, and further purified by ul-


trafiltration. Glycodendrimer 7Lac with eight lactose resi-
dues was obtained using Lac-SH instead of aGal-SH.


All of the glycodendrimers were characterized by NMR
spectroscopy. The 1H NMR spectra of 6Gal, 7Gal, 8Gal,
9Gal, and 10Gal in DMSO/D2O (5:1) at 80 8C are shown in
Figure 6. The values of the integrals of characteristic signals


Scheme 4.


Scheme 5.


Scheme 6.
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were used to quantify the degree of endgroup functionaliza-
tion. The signals of internal benzylic hydrogens of the den-
drimer core (d�4.7 ppm; green) and the 1-hydrogens of the
terminal a-linked galactoses (d�5.0 ppm; red) were always
separated at the low field of the aliphatic proton region.
Their ratios were characteristic for each dendrimer genera-
tion (Figure 7). Expected and measured values were in very
good agreement, indicating complete functionalization with
the aGal trisaccharide in all cases (see Figure 6). It is impor-
tant to note that for higher generation glycodendrimers the
changes of this ratio are very small as it approaches a value
of 2. Thus, in the cases of 9Gal and 10Gal, with 32 and 64
endgroups, respectively, the NMR data do not prove com-
plete homogeneity but indicate functionalization of all
endgroups. In the cases of 6Gal, 7Gal, and 8Gal with 4, 8,
and 16 endgroups, respectively, the data indicate very high
purities (>95 % for 6Gal and 7Gal ; >90 % for 8Gal).


Scheme 7.


Scheme 8.


Figure 5. Synthesis of glycodendrimers 4Gal, 6Gal, 7Gal, 8Gal, 9Gal,
10Gal, 11Gal, 19Gal, 24Gal, 29Gal, 30Gal, and 7Lac by functionaliza-
tion of endgroups of Boc-protected core structures 4, 6, 7, 8, 9, 10, 11, 19,
24, 29, and 30 (for simplicity only one endgroup is shown).
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Satisfying MALDI mass spectra were obtained for all of
the glycodendrimers with the exception of 9Gal and 10Gal.
The spectrum of 7Gal with eight endgroups is shown in
Figure 8. The expected and measured molecular weights of
glycodendrimer 7Gal are in agreement within the experi-
mental error. Several lower molecular weight signals were
detected. According to NMR, the glycodendrimer 7Gal ex-
hibits very high purity. Therefore, we believe that the addi-
tional signals are caused by fragmentation. Fragmentation
was also observed for all of the other glycodendrimers, even
for the first generation compound 4Gal which had been pu-
rified by chromatography, and could not be avoided when
different matrices were used. Because of the aggregation of
our glycodendrimers, both HPLC and size-exclusion chro-
matography proved to be inappropriate for analyzing these
molecules.


Characterization of the non-covalent nanoparticles : The
self-assembly of our glycodendrimers to form non-covalent
nanoparticles was studied by multi-angle light scattering in
water (MALS; Table 1). Accordingly, the first generation
dendrimer 4Gal forms small aggregates (50 kDa), whereas
6Gal forms large particles of 7100 kDa (1500 individual
molecules/particle). The particle weights obtained for 7Gal


(2200 kDa) and 8Gal (1200 kDa) were still very high (250
and 70 individual molecules/particle, respectively). The fifth
and sixth generation glycodendrimers 9Gal and 10Gal did
not aggregate considerably (7 and 3 individual molecules/
particle, respectively). Very interestingly, considering the
second to the sixth glycodendrimer generations, the molecu-
lar weight of the particles formed was seen to decrease with
increasing molecular weight of the individual molecules.


The particle weight was not found to depend significantly
on the concentration, as shown for dendrimer 6Gal
(7100 kDa at 0.06 mg mL�1, 6000 kDa at 0.03 mg mL�1,
3700 kDa at 0.01 mg mL�1), but is significantly affected by
the temperature (Figure 9). It was seen to decrease with in-
creasing temperature (tenfold on going from 30 8C to 70 8C).
The 1H NMR spectra in D2O are also indicative of the for-
mation of particles. As an example, the spectrum of 6Gal
showed very broad signals in the aromatic region (7–8 ppm;
dendrimer core structure; Figure 9). With increasing temper-
ature, the signals sharpened. We believe that broad signals
are indicative of large particles, and that these fall apart at
elevated temperatures leading to sharp signals as typically
observed for individual small molecules. In DMSO/D2O
(5:1) mixtures, sharp signals were observed even at low tem-
peratures. It is likely that aggregation is inhibited by organic
solvents.


Comparable molecular weights of the particles and very
similar NMR spectra were observed at identical tempera-
tures when a hot solution was cooled or when a cold solu-
tion was heated. Thus, self-assembly is a dynamic process
which rapidly establishes thermodynamic equilibrium
(Figure 9).


The particle weight proved to be strongly dependent on
the core structure, as revealed by studying the aggregation
properties of glycodendrimers with small core modifications
compared to 6Gal and 7Gal. Glycodendrimer 24Gal, con-
taining a flexible aliphatic spacer in place of the disubstitut-
ed aromatic rings of 6Gal, did not aggregate at all. Com-
pound 19Gal, with cyclohexyl rings instead of the disubsti-
tuted aromatic rings of 6Gal, which is more rigid than
24Gal but less aromatic than 6Gal, self-assembled but
formed aggregates less than a tenth of the size of those with
6Gal. Glycodendrimer 11Gal, with branched aliphatic re-
placements of the trisubstituted aromatic rings, formed very
small aggregates (133 kDa). The third generation com-
pounds 7Lac (8G Lac; 1900 kDa; 250 individual molecules/
particle) and 7Gal (8 GaGal; 2200 kDa; 265 individual mol-
ecules/particle), with identical backbones but different car-
bohydrate endgroups, formed aggregates of very similar
size. Thus, the particle weight showed no strong dependence
on the size of the hydrophilic endgroups.


In aqueous solution, intermolecular hydrogen bonds be-
tween individual glycodendrimers seem not to be significant-
ly involved in self-assembly since particle weights were not
reduced by the H-bond disrupting reagent guanidinium hy-
drochloride (1.5m), as determined for 6Gal by light scatter-
ing (7100 kDa at 0.06 mgmL�1, 6000 kDa at 0.03 mg mL�1,
3700 kDa at 0.01 mg mL�1). In addition, the 1H NMR signals


Figure 6. 1H NMR spectra (600 MHz, DMSO/D2O, 5:1, 80 8C) of 6Gal,
7Gal, 8Gal, 9Gal, and 10Gal. The protons giving rise to the signals
marked in red and green are shown for glycodendrimer 8Gal (Figure 7).
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of 6Gal in D2O at room temperature remained very broad
in the presence of guanidinium deuteriumchloride (6m).
Compound 29 with two methylated benzamides self-assem-
bled to still relatively large particles (1100 kDa, 260 individ-
ual molecules/particle), whereas compound 30 with six me-
thylated anilides formed only small aggregates (315 kDa, 70
individual molecules/particle; Table 1). It is important to
note that the reduced tendency to form aggregates observed
for 29 and 30 is not necessarily caused by the breakdown of


intramolecular hydrogen bonds formed in 6Gal, but could
also be explained by steric effects of the additional methyl
groups on the core conformation.


Rigid, highly aromatic core structures are required for
self-assembly. We believe that intramolecular p-stacking
leads to a pre-organized core conformation that allows
core–core contacts. Self-assembly to form large particles can
occur if a glycodendrimer core can be in contact with at
least two other core structures at the same time. The core of
4Gal seems to be too small for efficient core–core interac-
tions, whereas the second generation core of 6Gal is optimal
for self-assembly. The decreasing particle weight obtained
for higher generation glycodendrimers (7Gal–10Gal) could
be explained by the increasing size of the dendrimer core
and increasing number of large endgroups per individual
molecule inducing a more globular shape. As a consequence,
the core is more efficiently shielded by carbohydrates, ren-
dering intermolecular core–core contacts more difficult. In-
creased crowding in the core with each generation number
also stabilizes interior binding through p–p interactions and
hydrophobic contacts, which further reduce the conforma-
tional flexibility of the glycodendrimer.


This hypothesis was supported by molecular modeling.
Conformational analyses of the dendrimer core structures of
compounds 6Gal and 7Gal were carried out by applying a
combined MC/LMOD calculation in vacuum. All of the tri-
saccharide endgroups were removed to reduce the computa-
tion time. By visual inspection, low-energy conformations of
the core of 6Gal were selected that allow both re-attach-


Figure 7. Structure of glycodendrimer 8Gal. The integrals of the internal benzylic protons (green) and the H-1 protons of the terminal a-linked galactose
(red) have been used to quantify the degree of endgroup functionalization (Figure 6).


Figure 8. MALDI-MS of glycodendrimer 7Gal (matrix: 2,5-dihydroxycin-
namic acid); calcd. for the Na salt: C393H525N44NaO166S8 8801.21; found
8801 (broad signal).
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ment of the four trisaccharides
without steric interference and
solvation of the carbohydrates.
Most of these conformations
were compact and disk-like, as
exemplified by the structure
with the lowest energy
(Figure 10). Parallel and edge-
to-face p–p interactions of the
phenyl rings lead to the forma-
tion of two hydrophobic surfa-
ces—the front and back side of
the disk—which remain accessi-
ble even with the trisaccharides
attached. Thus, intermolecular
core–core contacts are readily
possible and aggregation can
occur. Although the calcula-
tions were performed in vacuo,
an aqueous environment with a


high dielectric constant would also favor the formation of
compact core structures. Low energy conformations of the
dendrimer core of compound 7Gal were also found to be
compact. However, due to the larger size of the molecule,
they are less disk-like and rather spherical. In addition, it is
more difficult to attach the eight trisaccharides without
shielding the hydrophobic core surface. Most conformations
showed only one hydrophobic surface, which could lead to
pair formation but not to aggregation to form large particles.
Only a few conformations are suited for aggregation, pro-
viding at least two accessible hydrophobic surfaces (DE to
the absolute minimum >6 kcal). Compared to 6Gal, the
more globular shape of the core of 7Gal leads to less effi-
cient intermolecular core–core contacts, thereby rationaliz-
ing the formation of smaller aggregates. These effects are
most probably even more pronounced for the higher genera-
tion dendrimers 8Gal–10Gal, resulting in the observed de-
creasing tendency to aggregate. Interestingly, compared to
6Gal, low energy conformations of the core of its partially
N-methylated derivative 30Gal were less compact and did
not provide accessible hydrophobic surfaces for aggregation.
This could explain the formation of only small aggregates.


The nanoparticles formed by our glycodendrimers can be
deposited on surfaces and then investigated by atom force
microscopy (AFM) and transmission electron microscopy.
Aqueous solutions of 6Gal–10Gal were applied to hydro-
philic mica surfaces and the solvent was evaporated. By
atom force microscopy, we observed disk-shaped particles.
Their diameters decreased with increasing mass of the indi-
vidual molecules (61 nm, 6Gal ; 13 nm, 10Gal), showing the
same trend as the molecular weights in solution (Fig-
ure 11 a). The size distribution for the individual generations
was found to be remarkably homogeneous (within a factor
of two). The particles exhibit a pronounced disk shape.
Their flatness (1–5 nm) might be caused by interactions with
the mica surface. The disk-like morphology might be slightly
disrupted by AFM tip convolution artifacts. Particles of


Table 1. Properties of the Glycodendrimers.


Compound MW MWaggr
[a] IgM[b] Haemolysis[b]


(endgroups) (ind. mol.) [kDa] [kDa] IC50 [mm] IC50 [mm]


4Gal (2) 1.908 50[c] >10 >100
6Gal (4) 4.198 7100[d] 0.025 0.035
7Gal (8) 8.779 2200[c] 0.010 0.010
7Lac (8) 7.154 1900[c] >100 n.d.
8Gal (16) 17.941 1200[c] 0.019 0.180
9Gal (32) 36.264 270[c] >1 0.550
10Gal (64) 72.911 200[c] >1 2.240
11Gal (4) 4.136 133[d] >1 n.d.
19Gal (4) 4.234 571[d] >1 n.d.
24Gal (4) 4.078 7[c] >1 >100
29Gal (4) 4.226 1100[d] 0.170 n.d.
30Gal (4) 4.282 315[d] >1 n.d.


[a] The weight-average molar mass (MWaggr) for all of the glycodendrimers was determined by multi-angle
light scattering (MALS). Polydispersity values (dn/dc) were between 0.18 and 0.22 mL g�1. [b] For active com-
pounds, the average of at least two experiments is quoted (variations within a factor of 2.5). Concentrations
refer to equivalent concentration of trisaccharide, not to concentration of oligovalent glycodendrimer. [c] Test
concentration: 0.3 mg mL�1. [d] Test concentration: 0.06 mg mL�1.


Figure 9. 1H NMR spectra (500 MHz; D2O) of glycodendrimers 6Gal and
24Gal. a) At 30 8C 6Gal shows very broad signals for the dendrimer core
structure (d=7–8 ppm), which become sharpened at elevated tempera-
tures. The weight-average molecular mass of the aggregates formed in
water (MWaggr) was determined by multi-angle light scattering (MALS).
Accordingly, big aggregates self-assemble at low temperatures but disso-
ciate at elevated temperatures. Small aggregates or individual molecules
gave rise to sharp NMR signals, whereas big aggregates led to very broad
signals. Very similar MWaggr and NMR spectra were obtained upon heat-
ing a cold aqueous solution of 6Gal or upon cooling a hot solution. Thus,
self-assembly of glycodendrimer 6Gal is a dynamic process that rapidly
reaches thermodynamic equilibrium. b) 24Gal, which does not form par-
ticles (MWaggr = 7 kDa), showed very sharp signals at 25 8C.
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6Gal were also deposited on a more hydrophobic polyfor-
maldehyde surface and investigated by transmission electron
microscopy. The particle diameters were determined to be
between 20 and 120 nm, the majority having a diameter of
50 nm (Figure 11 b). This is in good agreement with the
AFM results on mica. We conclude that the particle size is
independent of the properties of the surface on which they
are deposited, indicating that the particles are preformed in
solution.


Biological evaluation : The potential of our compounds as
polyvalent IgM ligands was assessed by employing in vitro
assays measuring the inhibition of both the anti-aGal IgM
binding to the xenoantigen and the aGal-mediated lysis of
pig erythrocytes (Table 1). Concentrations refer to equiva-
lent concentrations of trisaccharide and not to concentra-
tions of glycodendrimers. In both assays, monomeric aGal
was inactive at 100 mm, which is in agreement with the find-
ing that individual carbohydrate-protein interactions are
often weak.[3] Divalent first generation dendrimer 4Gal,
which forms small aggregates (50 kDa), showed no effect in
either assay. The glycodendrimers 6Gal and 7Gal, which
form large nanoparticles, were highly potent in both assays
(0.025, 0.035 mm and 0.010, 0.010 mm, respectively). Com-
pound 8Gal also showed high potency in the binding assay
(0.019 mm), but was significantly less potent in the haemoly-
sis assay (0.18 mm). The potency dropped even more for the
larger dendrimers 9Gal and 10Gal, which do not aggregate.
Thus, especially in the more relevant haemolysis assay, po-


tency clearly correlates with the size of the aggregates, and
not with the size of the individual molecules. The inhibition
data suggest that optimal particle weight and size for IgM
inhibition are obtained with 7Gal. The particles formed by
6Gal might be slightly too big, but still showed high poten-
cy. The aggregates formed by 4Gal, 8Gal, 9Gal, and 10Gal
are apparently too small to accomplish polyvalent amplifica-
tion of IgM inhibition. Potency is strongly dependent on the
aGal trisaccharide because the aggregating control dendrim-
er 7Lac (identical backbone and similar aggregation proper-
ties as 7Gal, but Lac instead of aGal) did not inhibit bind-
ing. Thus, antibody inhibition by interaction of the dendrim-
er backbone can be ruled out. Among the second-genera-
tion dendrimers with modified core structures, only com-
pound 29Gal (which was the only one that formed
aggregates of considerable size) showed moderate inhibition
in the binding assay. All of the others (11Gal, 19Gal,
24Gal, and 30Gal) were found to be inactive. These experi-
ments provide additional evidence that big, non-covalent ag-
gregates and not individual molecules function as polyvalent
receptor blockers.


The most potent compound, 7Gal, was selected for in
vivo profiling in cynomolgus monkeys. Three animals were
dosed with 1 mgkg�1 (i.v.). Assuming 100 % bioavailability,
the initial blood concentration can be estimated to be
�10 mm. Within 5 minutes of the injection, the anti-aGal
IgMs detected by ELISA were reduced to 20 % of the initial
value determined prior to the administration and remained
at low levels for >4 h. Interestingly, the initial IgM levels in


Figure 10. Minimum energy conformation of the core of 6Gal obtained by MC/LMOD calculations in vacuum. The core adopts a disk-like conformation.
The gray arrows indicate the hydrophobic front and back sides of the disk, which are suited for intermolecular core–core contacts allowing aggregation
to large particles even in the presence of the trisaccharides.
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cynomolgus monkeys were found to be 2.3-fold higher than
in pooled human sera. Most importantly, anti-aGal anti-
body-mediated haemolytic activity was completely eliminat-
ed.


Conclusion


We have reported on novel, self-assembling small glycoden-
drimers fulfilling single molecule entity criteria, which form
non-covalent nanoparticles in water. The particle sizes are
remarkably homogeneous and can be varied over a broad
range by appropriate choice of the dendrimer generation.
The particles can be deposited on different surfaces by evap-
oration of the solvent. Their size distribution is rather homo-
geneous. Self-assembly of our glycodendrimers is a very
robust process, which occurs under in vitro assay conditions
and even more remarkably in vivo. We have shown that
self-assembly of these glycodendrimers is a dynamic equilib-
rium process. Thus, it is conceivable that non-covalent poly-
valent ligands are optimized with respect to size and shape
in the presence of natural polyvalent receptors. The control
of a broad variety of physiologically relevant polyvalent in-
teractions should be possible.


Experimental Section


General : All reactions were carried out in dry solvents under an argon
atmosphere. Reagents were purchased at the highest commercial quality
and were used without further purification. NMR spectra were recorded
on Bruker DRX-600, DRX-500, AMX-500, AMX-400 or Avance
DPX 400 instruments, as well as on Varian Unity 500 and Varian Unity
plus 600 instruments. Residual undeuterated solvents were used as an in-
ternal reference for the calibration. The following abbreviations are used
to denote the multiplicities: s = singlet, d = doublet, t = triplet, q =


quartet, quint. = quintet, m = multiplet. ESI (electrospray ionization)
mass spectra were obtained on a Finnigan MAT 90 mass spectrometer.
MALDI (matrix-assisted laser desorption ionization) mass spectra were
obtained on a Voyager STR instrument using dihydroxybenzoic acid, a-
cyano-4-hydroxycinnamic acid, 2,5-dihydroxycinnamic acid, sinapinic acid
or ferulic acid as a matrix. Merck silica gel 60 (particle size 0.040–
0.063 mm) was used for flash column chromatography. Ultrafiltrations
were performed using Amicon 8010 stirred cells (vol.: 10 mL, diam.:
25 mm) and Amicon YM 3 disc membranes (molecular weight cut-off:
3000).


Syntheses of dendrimer core structures


Preparation of 1: Ethyldiisopropylamine (30 mL) was added to a mixture
of 2 (10.50 g, 41.84 mmol), 3 (5.00 g, 20.92 mmol), and HBTU (15.86 g,
41.84 mmol) in dry DMF (100 mL). The solution was stirred for 72 h at
room temperature. Ethyl acetate (250 mL) was added and the resulting
solution was extracted with 1n HCl (2 G 250 mL), 1n NaOH (2 G
250 mL), and brine (2 G 100 mL). The organic phase was treated with de-
colorizing charcoal (2.5 g), dried with magnesium sulfate, and concentrat-
ed to a volume of 40 mL. The solution was then added dropwise to a stir-
red mixture of diethyl ether (750 mL) and hexane (250 mL). The precipi-
tate formed was filtered off, washed with diethyl ether/hexane, and dried.
Compound 1 (10.35 g, 78%) was isolated as a colorless solid. 1H NMR
(600 MHz, CD3OD, room temperature): d = 1.46 (s, 18H; 2G tert-butyl),
3.92 (s, 3H; CO2CH3), 4.30 (s, 4H; 2 G Ar-CH2-NH-), 7.41 (d, 3J(H,H) =


8.0 Hz, 4 H; Ar-H), 7.90 (d, 3J(H,H) = 8.0 Hz, 4H; Ar-H), 8.14 (d,
3J(H,H) = 2.0 Hz, 2 H; Ar-H), 8.40 ppm (m, 1 H; Ar-H); HR-MS: calcd
for C34H40N4O8 [M+Na]+ 655.2738; found 655.2739.


Preparation of 4 : A mixture of 1 (5.00 g, 7.91 mmol), 2n NaOH (30 mL),
and dioxane (30 mL) was stirred at room temperature for 16 h. Ethyl ace-
tate (150 mL) was added and the resulting mixture was washed with 1n
HCl (2 G 100 mL) and brine (2 G 100 mL). The organic phase was cooled
to 0 8C for 16 h. The precipitate that formed was filtered off, washed with
cold ethyl acetate, and dried. Compound 4 (4.42 g, 90%) was isolated as
a beige solid. 1H NMR (500 MHz, CD3OD, room temperature): d = 1.39


Figure 11. Visualization of particles formed by 6Gal–10Gal, a) on a mica
surface by atomic force microscopy; b) on polyformaldehyde by transmis-
sion electron microscopy.


www.chemeurj.org 9 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 99 – 117110


G. Thoma et al.



www.chemeurj.org





(s, 18 H; 2 G tert-butyl), 4.24 (s, 4 H; 2 G Ar-CH2-NH-), 7.35 (d, 3J(H,H) =


8.0 Hz, 4 H; Ar-H), 7.84 (d, 3J(H,H) = 8.0 Hz, 4H; Ar-H), 8.08 (d,
3J(H,H) = 2.0 Hz, 2 H; Ar-H), 8.35 ppm (m, 1 H; Ar-H); HR-MS: calcd
for C33H38N4O8 [M+Na]+ 641.2582; found 641.2584.


Preparation of 5 : A mixture of 1 (3.00 g, 4.75 mmol), 2n HCl (12 mL),
and dioxane (25 mL) was stirred at 50–60 8C for 5 h. Further dioxane
(25 mL) was then added and the solution was cooled to 0 8C for 4 h. The
precipitate that formed was filtered off, washed with cold dioxane, and
dried. The dihydrochloride of compound 5 (1.98 g, 83%) was isolated as
a beige solid. 1H NMR (500 MHz, D2O, room temperature): d = 3.86 (s,
3H; CO2CH3), 4.24 (s, 4 H; 2 G Ar-CH2-NH-), 7.57 (d, 3J(H,H) = 8.0 Hz,
4H; Ar-H), 7.90 (m, 6H; Ar-H), 8.16 ppm (m, 1 H; Ar-H); HR-MS:
calcd. for C24H24N4O4 [M+Na]+ 455.1690; found 455.1691.


Preparation of 6 : Ethyldiisopropylamine (15 mL) was added to a mixture
of 4 (3.68 g, 5.96 mmol), 5 (1.50 g, 2.98 mmol), and HBTU (2.26 g,
5.96 mmol) in dry DMF (50 mL). The solution was stirred for 7 h at
room temperature. DMF (50 mL), water (25 mL, dropwise), and LiOH
monohydrate (3.13 g, 74 mmol) were added and the resulting mixture
was stirred for an additional 16 h at room temperature. The solution was
then added dropwise to a mixture of acetone and 1n HCl (500 mL, 1:1).
The precipitate formed was filtered off and washed with water, acetone,
and CH2Cl2. Compound 6 (3.26 g, 68%) was isolated as beige solid. 1H
NMR (600 MHz, [D6]DMSO, 80 8C): d = 1.41 (s, 36 H; 4 G tert-butyl),
4.22 (d, 3J(H,H) = 5.5 Hz, 8H; 4G Ar-CH2-NHBoc), 4.58 (d, 3J(H,H) =


7.5 Hz, 4 H; 2 G Ar-CH2-NH-CO-Ar), 7.11 (br m, 4 H; 4G NHBoc), 7.40
(d, 3J(H,H) = 8.0 Hz, 8 H; Ar-H), 7.51 (d, 3J(H,H) = 8.0 Hz, 4H; Ar-
H), 7.97 (m, 16 H; Ar-H), 8.12 (s, 2 H; Ar-H), 8.41 (m, 2 H; Ar-H), 8.57
(m, 1H; Ar-H), 8.79 (s, 2 H; 2G Ar-CH2-NH-CO-Ar), 10.17 (s, 4 H; 4G
Ar-NH-CO-Ar), 10.22 ppm (s, 2H; 2G Ar-NH-CO-Ar); HR-MS: calcd
for C89H94N12O18 [M+NH4]


+ 1636.7147; found 1636.7147.


Preparation of 7: Ethyldiisopropylamine (10 mL) was added to a mixture
of 5 (0.47 g, 0.93 mmol), 6 (3.00 g, 1.85 mmol), and HBTU (0.70 g,
0.93 mmol) in dry DMF (35 mL). The solution was stirred for 6 h at
room temperature. DMF (15 mL), water (12 mL, dropwise), and LiOH
monohydrate (1.95 g, 46.5 mmol) were added and the resulting mixture
was stirred for an additional 16 h at room temperature. The solution was
added dropwise to a mixture of acetone and 0.2n HCl (750 mL, 1:3). The
precipitate formed was filtered off and washed with water, acetone, and
CH2Cl2. Compound 7 (3.10 g, 92%) was isolated as a beige solid. 1H
NMR (600 MHz, [D6]DMSO, 80 8C): d = 1.41 (s, 72 H; 8 G tert-butyl),
4.22 (m, 16 H; 8G Ar-CH2-NHBoc), 4.58 (m, 12 H; 6G Ar-CH2-NH-CO-
Ar), 7.29 (br m, 8H; 8G -NHBoc), 7.39 (d, 3J(H,H) = 8.0 Hz, 16 H; Ar-
H), 7.51 (m, 12 H; Ar-H), 7.97 (m, 40H; Ar-H), 8.11 (s, 2 H; Ar-H), 8.41
(m, 6 H; Ar-H), 8.58 (m, 1 H; Ar-H), 8.79 (s, 6 H; 6G Ar-CH2-NH-CO-
Ar), 10.19 ppm (s, 14H; 2 G Ar-NH-CO-Ar); no MS could be obtained
neither by ES nor by MALDI.


Preparation of 8 : Ethyldiisopropylamine (10 mL) was added to a mixture
of 5 (0.209 g, 0.414 mmol), 7 (3.00 g, 0.828 mmol), and HBTU (0.314 g,
0.828 mmol) in dry DMF (35 mL). The solution was stirred for 6 h at
room temperature. DMF (15 mL), water (10 mL, dropwise), and LiOH
monohydrate (1.95 g, 46.5 mmol) were added and the mixture was stirred
for an additional 16 h at room temperature. The solution was then added
dropwise to a mixture of acetone and 0.2n HCl (750 mL, 1:3). The pre-
cipitate formed was filtered off and washed with water, acetone, and
CH2Cl2. Compound 8 (2.85 g, 90%) was isolated as a beige solid. 1H
NMR (600 MHz, [D6]DMSO, 80 8C): d = 1.40 (s, 144 H; 16G tert-butyl),
4.22 (d, 3J(H,H) = 5.5 Hz, 32H; 16G Ar-CH2-NHBoc), 4.58 (d, 3J(H,H)
= 7.5 Hz, 28H; 14G Ar-CH2-NH-CO-Ar), 7.11 (br m, 16H; 16G
-NHBoc), 7.39 (d, 3J(H,H) = 8.0 Hz, 32H; Ar-H), 7.50 (m, 3J(H,H) =


8.0 Hz, 28H; Ar-H), 7.97 (m, 88H; Ar-H), 8.11 (m, 2 H; Ar-H), 8.40 (m,
14H; Ar-H), 8.58 (m, 1H; Ar-H), 8.79 (m, 14H; 14 G Ar-CH2-NH-CO-
Ar), 10.18 ppm (m, 30 H; 30G Ar-NH-CO-Ar); no MS could be obtained
neither by ES nor by MALDI.


Preparation of 9 : Ethyldiisopropylamine (2 mL) was added to a mixture
of 5 (59.5 mg, 0.118 mmol), 8 (1800 mg, 0.236 mmol), and HBTU
(89.4 mg, 0.236 mmol) in dry DMF (20 mL). The solution was stirred for
6 h at room temperature. Water (3.2 mL, dropwise) and LiOH monohy-
drate (149 mg, 3.54 mmol) were added and the mixture was stirred for an


additional 16 h at room temperature. The solution was added dropwise to
a mixture of acetone and 0.2n HCl (750 mL, 1:3). The precipitate formed
was filtered off and washed with water, acetone, and CH2Cl2. Compound
9 (1760 mg, 95 %) was isolated as a beige solid. 1H NMR (600 MHz,
[D6]DMSO, 80 8C): d = 1.40 (s, 288 H; 32G tert-butyl), 4.22 (m, 64 H;
32G Ar-CH2-NHBoc), 4.58 (m, 60H; 30 G Ar-CH2-NH-CO-Ar), 7.10
(br m, 32 H; 32 G -NHBoc), 7.39 (d, 3J(H,H) = 8.0 Hz, 64H; Ar-H), 7.50
(d, 3J(H,H) = 8.0 Hz, 60H; Ar-H), 7.92–8.07 (m, 184 H; Ar-H), 8.11 (s,
2H; Ar-H), 8.40 (m, 30H; Ar-H), 8.58 (m, 1H; Ar-H), 8.79 (m, 30H;
30G Ar-CH2-NH-CO-Ar), 10.19 ppm (m, 62H; 62 G Ar-NH-CO-Ar); no
MS could be obtained neither by ES nor by MALDI.


Preparation of 10 : Ethyldiisopropylamine (2 mL) was added to a mixture
of 5 (12.9 mg, 25.6 mmol), 9 (800 mg, 51.2 mmol), and HBTU (19.4 mg,
51.2 mmol) in dry DMF (10 mL). The solution was stirred for 7 h at room
temperature. Water (1.7 mL, dropwise) and LiOH monohydrate (32 mg,
762 mmol) were added and the mixture was stirred for an additional 16 h
at room temperature. The solution was added dropwise to a mixture of
acetone and 0.2n HCl (450 mL, 1:2). The precipitate formed was filtered
off and washed with water, acetone, and CH2Cl2. Compound 10 (780 mg,
96%) was isolated as a beige solid. 1H NMR (600 MHz, [D6]DMSO,
80 8C): d = 1.40 (s, 576 H; 64G tert-butyl), 4.21 (m, 128 H; 64G Ar-CH2-
NHBoc), 4.57 (m, 124 H; 62G Ar-CH2-NH-CO-Ar), 7.10 (br m, 64H; 64G
-NHBoc), 7.39 (d, 3J(H,H) = 8.0 Hz, 128 H; Ar-H), 7.50 (m, 124 H; Ar-
H), 7.92–8.10 (m, 378 H; Ar-H), 8.40 (m, 62 H; Ar-H), the expected
signal at d = 8.58 (m, 1H; Ar-H) could not be detected in the noise, 8.79
(m, 60H; 62G Ar-CH2-NH-CO-Ar), 10.10–10.25 ppm (m, 126 H; 126 G
Ar-NH-CO-Ar); no MS could be obtained neither by ES nor by
MALDI.


Preparation of 11: Ethyldiisopropylamine (15 mmol) was added to a mix-
ture of 17 (1.40 g, 2.33 mmol), 18 (0.65 g, 1.01 mmol), and HBTU (0.96 g,
2.5 mmol) in dry DMF (30 mL). The solution was stirred overnight at
room temperature. Water (5 mL, dropwise) and LiOH monohydrate
(3.17 g, 75 mmol) were added and the mixture was stirred for an addi-
tional 16 h at room temperature. The solution was then added dropwise
to a mixture of acetone and water (500 mL, 1:3). The precipitate formed
was filtered off and washed with 1n HCl, water, acetone, and CH2Cl2.
Compound 11 (800 mg, 69 %) was isolated as a beige powder. 1H NMR
(400 MHz, [D6]DMSO, 120 8C): d = 1.41 (s, 36 H; 4G tert-butyl), 2.34 (m,
6H; 3G -CH2-CH(CH2-NH-)2), 2.41 (m, 3 H; 3G -CH2-CH(CH2-NH-)2),
3.40 (m, 12H; 3 G -CH2-CH(CH2-NH-)2), 4.20 (d, 3J(H,H) = 6.0 Hz, 8 H;
2G Ar-CH2-NHBoc), 4.36 (d, 3J(H,H) = 6.0 Hz, 4H; 2 G Ar-CH2-NH-),
6.76 (br s, 4H; 4G Ar-CH2-NHBoc), 7.34 (m, 12 H; Ar-H), 7.79 (m, 12 H;
Ar-H), 8.05 ppm (m, 6 H; 3 G -CH2-CH(CH2-NH-)2); MALDI-MS: m/z :
1582 [M+Na]+ ; HR-MS: calcd. for C83H106N12O18 [M+2Na]2+ 802.3766;
found 802.3764.


Preparation of 13 : Compound 12 (3.00 g, 16.75 mmol) was mixed with 2
(8.42 g, 33.5 mmol) in dry DMF (50 mL). HBTU (19.06 g, 50.2 mmol)
and ethyldiisopropylamine (29 mL, 167 mmol) were added and the result-
ing solution was stirred overnight at room temperature. The product was
precipitated by slow addition of the crude mixture to well-stirred aque-
ous 1n HCl (500 mL). The solid was collected by filtration and washed
with water, 1n NaOH, 1n HCl, water, and diethyl ether. Compound 13
was isolated as a beige powder (7.30 g, 79%). 1H NMR (400 MHz,
[D6]DMSO, room temperature): d = 1.39 (s, 18H; 2G tert-butyl), 4.18
(m, 8H; 2G Ar-CH2-NH-, -NH-CH2-CO-CH2-NH-), 7.32 (d, 3J(H,H) =


8.0 Hz, 4H; Ar-H), 7.46 (t, 3J(H,H) = 6.0 Hz, 2 H; 2G Ar-CH2-NH-),
7.82 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 8.79 ppm (t, 3J(H,H) = 5.5 Hz,
2H; -NH-CH2-CO-CH2-NH-); HR-MS: calcd for C29H38N4O7 [M+Na]+


593.2372; found 592.2375.


Preparation of 15 : Potassium bis(trimethylsilyl)amide (53 mL of a 0.5m
solution in toluene) was added at 0 8C to a solution of phosphonoacetate
14 (6.9 mL, 37.8 mmol) in THF (75 mL) and the mixture was stirred
under argon at room temperature for 15 min. At 0 8C, a solution of 13
(7.0 g, 12.6 mmol) in THF (150 mL) was added and stirring was contin-
ued for 2.5 h. Saturated aqueous NH4Cl (150 mL) was added and the re-
sulting mixture was allowed to warm to room temperature. The mixture
was extracted with ethyl acetate and the organic phase was washed with
1n HCl (3 G 150 mL), 1n NaOH (3 G 150 mL), and brine (3 G 150 mL).
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The solvent was removed and the residue was subjected to flash chroma-
tography on SiO2 (ethyl acetate/CH2Cl2, 2:1!4:1). Compound 15 was
isolated as a beige solid (3.1 g, 40%). 1H NMR (400 MHz, [D6]DMSO,
80 8C): d = 1.40 (s, 18 H; 2G tert-butyl), 3.67 (s, 3 H; -COOCH3), 4.09 (d,
3J(H,H) = 5.5 Hz, 2H; -CH=C(CH2-NH-)2), 4.57 (d, 3J(H,H) = 5.5 Hz,
2H; -CH=C(CH2-NH-)2), 4.19 (d, 3J(H,H) = 6.0 Hz, 4H; 2G Ar-CH2-
NH-), 5.83 (s, 1H; CH3OOC-CH=C[CH2-NH-]2), 7.04 (br s, 2H; 2 G Ar-
CH2-NH-), 7.33 (d, 3J(H,H) = 8.0 Hz, 4H; Ar-H), 7.81 (d, 3J(H,H) =


8.0 Hz, 4H; Ar-H), 8.42 (t, 3J(H,H) = 5.5 Hz, 1 H; -CH=C(CH2-NH-)2),
8.46 ppm (t, 3J(H,H) = 5.5 Hz, 1 H; CH3OOC-CH=C(CH2-NH-)2); HR-
MS: calcd for C32H42N4O8 [M+Na]+ 633.2895; found 633.2896.


Isomer of 15 with the double bond adjacent to a nitrogen atom: 1H NMR
(400 MHz, [D6]DMSO, 80 8C): d = 1.40 (s, 18 H; 2G tert-butyl), 3.40 (s,
2H; CH3OOC-CH2-C(=CH-NH-)(-CH2-NH-)), 3.60 (s, 3H; -COOCH3),
3.98 (d, 3J(H,H) = 5.5 Hz, 2H; CH3OOC-CH2-C(=CH-NH-)(-CH2-NH-)),
4.19 (m, 4 H; 2G Ar-CH2-NH-), 7.00 (d, 3J(H,H) = 10.0 Hz, 1 H;
CH3OOC-CH2-C(=CH-NH-)(-CH2-NH-)), 7.07 (br s, 2H; 2 G Ar-CH2-
NH-), 7.34 (m, 4H; Ar-H), 7.81 (m, 4 H; Ar-H), 8.31 (t, 3J(H,H) =


5.5 Hz, 1 H; CH3OOC-CH2-C(=CH-NH-)(-CH2-NH-)), 9.39 ppm (d, 3J-
(H,H) = 10.0 Hz, 1H; CH3OOC-CH2-C(=CH-NH-)(-CH2-NH-)); ES-
MS: m/z : 633 [M+Na]+ .


Preparation of 16 : A mixture of 15 (3.00 g, 4.91 mmol), ammonium for-
mate (15.5 g, 245.7 mmol), and Pd (10 % on activated charcoal, 160 mg)
in methanol (100 mL) was stirred at 20 8C for 16 h. Additional ammoni-
um formate (15.5 g, 245.7 mmol) and Pd (10 % on activated charcoal,
160 mg) were added and stirring was continued for 24 h. The catalyst was
then filtered off, the solvent was removed, and the resulting solid was
washed with water. Compound 16 was isolated as a beige powder (2.6 g,
86%). 1H NMR (400 MHz, [D6]DMSO, 80 8C): d = 1.40 (s, 18H; 2G
tert-butyl), 2.39 (m, 3 H; -CH2-CH(CH2-NH-)2), 3.36 (m, 4 H; -CH2-CH-
(CH2-NH-)2), 3.58 (s, 3H; -COOCH3), 4.19 (d, 3J(H,H) = 6.0 Hz, 4 H;
2G Ar-CH2-NHBoc), 7.05 (br s, 2 H; 2 G Ar-CH2-NHBoc), 7.33 (d,
3J(H,H) = 8.0 Hz, 4 H; Ar-H), 7.79 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H),
8.22 ppm (m, 2 H; -CO-CH2-CH(CH2-NH-)2); HR-MS: calcd for
C32H44N4O8 [M+Na]+ 635.3051; found 635.3052.


Preparation of 17: A mixture of 16 (2.00 g, 3.26 mmol), 2n NaOH
(15 mL), and dioxane (15 mL) was stirred at 20 8C for 16 h. The mixture
was added dropwise to well-stirred 1n HCl (200 mL), and the resulting
precipitate was filtered off, washed with diethyl ether, and dried. Com-
pound 17 was isolated as a beige solid (1.62 g, 83%). 1H NMR
(400 MHz, [D6]DMSO, 80 8C): d = 1.41 (s, 18 H; 2G tert-butyl), 2.32 (m,
3H; -CH2-CH[CH2-NH-]2), 3.37 (m, 4 H; -CH2-CH(CH2-NH-)2), 4.19 (d,
3J(H,H) = 6.0 Hz, 4 H; 2G Ar-CH2-NHBoc), 7.05 (br s, 2H; 2G Ar-CH2-
NHBoc), 7.33 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 7.80 (d, 3J(H,H) =


8.0 Hz, 4H; Ar-H), 8.23 ppm (m, 2 H, -CH2-CH(CH2-NH-)2); HR-MS:
calcd for C31H42N4O8 [M+Na]+ 621.2895; found 621.2895.


Preparation of 18 : A mixture of 16 (0.75 g, 1.22 mmol), TFA (20 mL),
water (1.5 mL), and triethylsilane (0.75 mL) was stirred at 20 8C for 3 h.
The mixture was added dropwise to diethyl ether (200 mL), and the pre-
cipitate formed was filtered off and dried. The TFA salt of compound 18
was isolated as a beige solid (0.76 g, 97 %). 1H NMR (400 MHz,
[D6]DMSO, 80 8C): d = 2.42 (m, 3H; -CH2-CH(CH2-NH-)2), 3.38 (m,
4H; -CH2-CH(CH2-NH-)2), 3.57 (s, 3 H; -COOCH3), 4.11 (m, 4 H; 2G
Ar-CH2-NH2), 7.54 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 7.89 (d, 3J(H,H) =


8.0 Hz, 4 H; Ar-H), 8.19 (br s, 4H; 2 G Ar-CH2-NH2), 8.34 ppm (m, 2 H;
-CO-CH2-CH(CH2-NH-)2); HR-MS: calcd for C22H28N4O4 [M+Na]+


435.2003; found 425.2002.


Preparation of 19 : Ethyldiisopropylamine (3.9 mL) was added to a mix-
ture of 22 (0.75 g, 1.12 mmol), 23 (1.41 g, 2.23 mmol), and HBTU (0.85 g,
2.23 mmol) in dry DMF (22 mL). The solution was stirred for 16 h at
20 8C. Water (5 mL, dropwise) and LiOH monohydrate (2.33 g, 55 mmol)
were added and the mixture was stirred for an additional 16 h at 20 8C.
The solution was then added dropwise to a mixture of acetone and water
(500 mL, 1:3). The precipitate formed was filtered off and washed with
1n HCl, water, acetone, and CH2Cl2. Compound 19 was isolated as a
beige solid (1.48 g, 80 %). 1H NMR (400 MHz, [D6]DMSO, 80 8C): d =


0.97 (m, 12 H), 1.29–1.50 (m, 16H), 1.41 (s, 36H; 4 G tert-butyl), 1.57 (m,
2H), 1.70–1.95 (m, 24H), 2.29 (m, 6H), 2.83 (m, 8 H), 3.15 (m, 4 H), 6.40


(br s, 4H; 4 G -CH2-NHBoc), 7.63 (m, 4 H; Ar-H), 7.87 (m, 2H; Ar-H),
7.97 (br s, 2H; 2G -CH2-NHCOAr), 8.05 (m, 2H; Ar-H), 8.17 (m, 1H;
Ar-H), 9.61 (s, 4 H; 4G Ar-N-CO-), 9.69 (s, 2 H; 2 G Ar-NH-CO-),
12.43 ppm (br s, 1H; -COOH); MALDI-MS: m/z : 1678 [M+Na]+ ; HR-
MS: calcd for C89H130N12O18 [M+2Na]2+ 850.4705; found 850.4708.


Preparation of 21: A mixture of 3 (2.5 g, 10.45 mmol), 20 (5.38 g,
20.90 mmol), HBTU (7.93 g, 20.90 mmol), and ethyldiisopropylamine
(15.5 mL, 88.87 mmol) in DMF (50 mL) was stirred for 16 h at 20 8C. The
product was precipitated by slow addition of the crude mixture to well-
stirred 1n HCl (300 mL). The solid was collected by filtration and
washed with water, 1n NaOH, 1n HCl, and further water. It was then
dissolved in a small amount of ethyl acetate and precipitated by addition
to a mixture of cyclohexane (100 mL) and diethyl ether (300 mL). The
precipitate was filtered off, washed, and dried. Compound 21 was isolated
as a beige solid (3.64 g, 55 %). 1H NMR (400 MHz, [D6]DMSO, 80 8C): d
= 0.94 (m, 4H), 1.37–1.47 (m, 6H), 1.41 (s, 18H; 2G tert-butyl), 1.78 (m,
4H), 1.87 (m, 4H), 2.28 (m, 2 H), 2.83 (m, 4H), 3.85 (s, 3 H; -COOCH3),
6.41 (br s, 2 H; 2 G -CH2-NH-Boc), 7.90 (m, 2H; Ar-H), 8.19 (m, 1H; Ar-
H), 9.71 ppm (s, 2H; 2 G Ar-NH-CO-); HR-MS: calcd. for C34H52N4O8


[M+Na]+ 667.3677; found 667.3676.


Preparation of 22 : A mixture of 21 (1.60 g, 2.48 mmol), 2n NaOH
(10 mL), and dioxane (10 mL) was stirred at 20 8C for 16 h. The mixture
was added dropwise to well-stirred 1n HCl (200 mL), and the resulting
precipitate was filtered off, washed with diethyl ether, and dried. Com-
pound 22 was isolated as a beige solid (1.22 g, 78%). 1H NMR
(400 MHz, [D6]DMSO, 80 8C): d = 0.94 (m, 4H), 1.39–1.47 (m, 6 H), 1.41
(s, 18H; 2 G tert-butyl), 1.78 (m, 4 H), 1.87 (m, 4 H), 2.29 (m, 2 H), 2.83
(m, 4 H), 6.41 (br s, 2 H; 2 G -CH2-NH-Boc), 7.86 (m, 2 H; Ar-H), 8.16 (m,
1H; Ar-H), 9.68 (s, 2H; 2G Ar-NH-CO-), 12.45 ppm (br s, 1 H; -COOH);
HR-MS: calcd for C33H50N4O8 [M+Na]+ 653.3521; found 653.3522.


Preparation of 23 : A mixture of 21 (0.85 g, 1.31 mmol), TFA (20 mL),
water (1.6 mL), and triethylsilane (0.8 mL) was stirred at 20 8C for 3 h.
The mixture was added dropwise to diethyl ether (200 mL), and the pre-
cipitate formed was filtered off and dried. The TFA salt of compound 23
was isolated as a beige solid (0.85 g, 91 %). 1H NMR (400 MHz,
[D6]DMSO/D2O, 80 8C): d = 1.02 (m, 4H), 1.44 (m, 4H), 1.58 (m, 2H),
1.86 (m, 8 H), 2.31 (m, 2 H), 2.70 (m, 4 H), 3.83 (s, 3 H; -COOCH3), 7.85
(d, 3J(H,H) = 2.0 Hz, 2 H; Ar-H), 8.15 ppm (t, 3J(H,H) = 2.0 Hz, 1H;
Ar-H); HR-MS: calcd for C24H36N4O4 [M+Na]+ 467.2629; found
467.2630.


Preparation of 24 : Ethyldiisopropylamine (1.5 mL) was added to a mix-
ture of 27 (1.16 g, 2.00 mmol), 28 (0.62 g, 1.00 mmol), and HBTU (0.76 g,
2.00 mmol) in dry DMF (5 mL). The solution was stirred for 16 h at
20 8C. Ethyl acetate (100 mL) was added and the mixture was extracted
with 1n HCl (2 G 100 mL), 1n NaOH (2 G 100 mL), and brine (100 mL).
The solution was dried with MgSO4, the solvent was removed, the resi-
due was redissolved in ethanol (5 mL), and this solution was added drop-
wise to diethyl ether (200 mL). The precipitate formed was filtered off
and washed with diethyl ether. The methyl ester of 24 (1.30 g, 86%) was
isolated as a beige solid. 1H NMR (400 MHz, CD3OD, 20 8C, selected sig-
nals): d = 1.41 (s, 36H; 4G tert-butyl), 2.38 (m, 12H; 6G -CH2-CH2-CO-),
3.03 (t, 3J(H,H) = 7.0 Hz, 8H; 4G BocHN-CH2-CH2-), 3.38 (t, 3J(H,H)
= 7.0 Hz, 4H; 2 G Ar-(CO)HN-CH2-CH2-), 3.87 (s, 3H; COOCH3), 7.68
(d, 3J(H,H) = 2.0 Hz, 4 H; Ar-H), 7.94 (d, 3J(H,H) = 2.0 Hz, 2H; Ar-
H), 7.98 (t, 3J(H,H) = 7.0 Hz, 2H; Ar-H), 8.07 ppm (t, 3J(H,H) =


7.0 Hz, 1 H; Ar-H); ES-MS: m/z : 1535 [M+Na]+ ; HR-MS: calcd. for
C78H120N12O18 [M+2 Na]2+ 779.4314; found 779.4310. Water (5 mL) was
added dropwise to a solution of the methyl ester of 24 (1.00 g,
0.66 mmol) in DMF (12.5 mL). LiOH (0.28 g, 6.60 mmol) was then added
and the mixture was stirred at room temperature for 16 h. Ethyl acetate
(50 mL) and ethanol (5 mL) were added and the resulting mixture was
washed with 1n HCl (2 G 50 mL), 1n NaOH (2 G 50 mL), and brine
(50 mL). The solvent was removed and the residue was dissolved in a 5:1
mixture of ethyl acetate and ethanol (10 mL). This solution was added
dropwise to diethyl ether (150 mL). The precipitate formed was filtered
off, washed with diethyl ether and hexanes, and dried. Compound 24 was
isolated as a colorless powder (0.94 g, 95%). 1H NMR (400 MHz,
CD3OD, 20 8C, selected signals): d = 1.41 (s, 36 H; 4G tert-butyl), 2.38
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(m, 12 H; 6G -CH2-CH2-CO-), 3.03 (t, 3J(H,H) = 7.0 Hz, 8H; 4G
BocHN-CH2-CH2-), 3.38 (t, 3J(H,H) = 7.0 Hz, 4H; 2G Ar-(CO)HN-
CH2-CH2-), 7.68 (d, 3J(H,H) = 2.0 Hz, 4H; Ar-H), 7.95 (d, 3J(H,H) =


2.0 Hz, 2 H; Ar-H), 8.00 (t, 3J(H,H) = 7.0 Hz, 2 H; Ar-H), 8.10 ppm (t,
3J(H,H) = 7.0 Hz, 1H; Ar-H); ES-MS: m/z : 1498 [M�H]� ; HR-MS:
calcd. for C78H120N12O18 [M+2 Na]2+ 772.4236; found 772.4235.


Preparation of 26 : Ethyldiisopropylamine (8 mL) was added to a mixture
of 3 (2.33 g, 9.75 mmol), 25 (4.50 g, 19.50 mmol), and HBTU (7.39 g,
19.50 mmol) in dry DMF (32 mL). The solution was stirred for 72 h at
20 8C. Ethyl acetate (150 mL) was then added and the solution was ex-
tracted with 1n HCl (2 G 150 mL), 1n NaOH (2 G 150 mL), and brine (2 G
100 mL). The organic phase was treated with decolorizing charcoal
(2.5 g), dried with magnesium sulfate, and the solvent was removed. The
residue was subjected to flash chromatography on SiO2 (ethyl acetate/
hexanes 2:1!4:1). Compound 26 was isolated as a colorless foam (4.70 g,
81%). 1H NMR (400 MHz, CD3OD, 20 8C): d = 1.31 (m, 4H; 2G
BocHN-CH2-CH2-CH2-CH2-CH2-CO-), 1.31 (s, 18 H; 2G t-butyl), 1.40
(quint. , 3J(H,H) = 7.5 Hz, 4H; BocHN-CH2-CH2-CH2-CH2-CH2-CO-),
1.61 (quint., 3J(H,H) = 7.5 Hz, 4H; BocHN-CH2-CH2-CH2-CH2-CH2-
CO-), 2.29 (t, 3J(H,H) = 7.5 Hz, 4H; BocHN-CH2-CH2-CH2-CH2-CH2-
C(O)-), 2.93 (t, 3J(H,H) = 7.5 Hz, 4 H; BocHN-CH2-CH2-CH2-CH2-CH2-
C(O)-), 3.80 (s, 3 H; CO2CH3), 7.88 (m, 2 H; Ar-H), 8.03 ppm (m, 1 H;
Ar-H); HR-MS: calcd for C30H48N4O8 [M+Na]+ 615.3364; found
615.3365.


Preparation of 27: Compound 26 (2.50 g, 4.22 mmol) was dissolved in a
mixture of dioxane (20 mL) and water (25 mL). LiOH (1.76 g,
42.0 mmol) was added and the mixture was stirred for 16 h at 20 8C.
Ethyl acetate (50 mL) was then added and the mixture was extracted
with 1n HCl (2 G 100 mL), water (2 G 100 mL), and brine (100 mL). The
organic phase was dried with MgSO4 and the solvent was removed. Com-
pound 27 was isolated as a colorless foam (2.43 g, quant.). 1H NMR
(400 MHz, CD3OD, 20 8C): d = 1.31 (m, 4 H; 2 G BocHN-CH2-CH2-CH2-
CH2-CH2-CO-), 1.31 (s, 18 H; 2G t-butyl), 1.40 (quint. , 3J(H,H) =


7.5 Hz, 4H; BocHN-CH2-CH2-CH2-CH2-CH2-CO-), 1.62 (quint., 3J(H,H)
= 7.5 Hz, 4H; BocHN-CH2-CH2-CH2-CH2-CH2-CO-), 2.29 (t, 3J(H,H) =


7.5 Hz, 4H; BocHN-CH2-CH2-CH2-CH2-CH2-CO-), 2.94 (t, 3J(H,H) =


7.5 Hz, 4 H; BocHN-CH2-CH2-CH2-CH2-CH2-CO-), 7.87 (m, 2 H; Ar-H),
8.06 ppm (m, 1H; Ar-H); HR-MS: calcd for C29H46N4O8 [M+Na]+


601.3208; found 601.3208.


Preparation of 28 : Compound 26 (1.00 g, 1.69 mmol) was dissolved in a
mixture of TFA (25 mL), water (0.7 mL), and triethylsilane (0.7 mL). The
solution was stirred at 20 8C for 2 h. The solvents were removed and the
residue was co-evaporated with diethyl ether (3 G 50 mL). Compound 28
(1.05 g, quant.) was obtained as a colorless foam. 1H NMR (400 MHz,
CD3OD, 208C): d = 1.37 (m, 4H; 2G H2N-CH2-CH2-CH2-CH2-CH2-CO-),
1.63 (m, 8 H; H2N-CH2-CH2-CH2-CH2-CH2-CO-), 2.33 (t, 3J(H,H) =


7.5 Hz, 4H; H2N-CH2-CH2-CH2-CH2-CH2-C(O)-), 2.84 (t, 3J(H,H) =


7.5 Hz, 4H; H2N-CH2-CH2-CH2-CH2-CH2-C(O)-), 3.80 (s, 3H; CO2CH3),
7.85 (m, 2H; Ar-H), 8.06 ppm (m, 1H; Ar-H); HR-MS: calcd for
C20H32N4O4 [M+Na]+ 415.2316; found 415.2316.


Preparation of 29 : Ethyldiisopropylamine (2.3 mL) was added to a mix-
ture of 33 (0.45 g, 0.65 mmol), 4 (0.81 g, 1.30 mmol), and HBTU (0.52 g,
1.37 mmol) in dry DMF (13 mL). The solution was stirred for 16 h at
20 8C. Water (5 mL, dropwise) and LiOH monohydrate (1.40 g, 33 mmol)
were added and the mixture was stirred for an additional 16 h at 20 8C.
The solution was then added dropwise to a mixture of acetone and water
(500 mL, 1:3). The precipitate formed was filtered off and washed with
1n HCl, water, acetone, and CH2Cl2. Compound 29 was isolated as a
beige solid (1.01 g, 94 %). 1H NMR (400 MHz, [D6]DMSO, 80 8C): d =


1.41 (s, 36 H; 4G tert-butyl), 2.98 (s, 6H; 2 G -CH2-NCH3-CO-), 4.22 (d,
3J(H,H) = 6.0 Hz, 8H; 4G Ar-CH2-NHBoc), 4.76 (s, 4H; 2 G Ar-CH2-
NCH3-CO-), 7.09 (br s, 4 H; 4G Ar-CH2-NHBoc), 7.39 (d, 3J(H,H) =


8.0 Hz, 8 H; Ar-H), 7.47 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 7.63 (m, 4 H;
Ar-H), 7.94 (d, 3J(H,H) = 8.0 Hz, 8H; Ar-H), 8.03 (d, 3J(H,H) = 8.0 Hz,
4H; Ar-H), 8.12 (m, 2H; Ar-H), 8.38 (m, 2H; Ar-H), 8.57 (m, 1H; Ar-
H), 10.15 (s, 4 H; 4G Ar-CO-NH-), 10.24 ppm (s, 2H; 4 G Ar-CO-NH-);
MALDI-MS: m/z : 1670 [M+Na]+ ; HR-MS: calcd for C91H98N12O18


[M+2Na]2+ 843.3453; found 846.3454.


Preparation of 30 : Ethyldiisopropylamine (1.6 mL) was added to a mix-
ture of 40 (0.32 g, 0.46 mmol), 39 (0.60 g, 0.93 mmol), and HBTU (0.37 g,
0.98 mmol) in dry DMF (12 mL). The solution was stirred for 16 h at
20 8C. Water (5 mL, dropwise) and LiOH monohydrate (0.98 g, 23 mmol)
were added and the mixture was stirred for an additional 16 h at 20 8C.
The solution was then added dropwise to a mixture of acetone and 0.1n
HCl (500 mL, 1:3). The precipitate formed was filtered off and washed
with water and diethyl ether. The solvent was removed and the residue
was purified by flash chromatography (SiO2, CH2Cl2/MeOH, 9:1). Com-
pound 30 was isolated as a beige solid (0.45 g, 57%). 1H NMR
(400 MHz, [D6]DMSO, 80 8C): d = 1.36 (s, 36 H; 4G tert-butyl), 3.20 (s,
12H; 4 G Ar-NCH3-CO-Ar), 3.21 (s, 6H; 2 G Ar-NCH3-CO-Ar), 4.09 (d,
3J(H,H) = 6.0 Hz, 8 H; 4G Ar-CH2-NHBoc), 4.35 (d, 3J(H,H) = 6.0 Hz,
4H; 2G Ar-CH2-NHCOAr), 6.96 (br m, 4 H; 4 G Ar-CH2-NHBoc), 7.12–
7.22 (m, 26H; Ar-H), 7.26 (m, 1 H; Ar-H), 7.45 (m, 6H; Ar-H), 8.64 ppm
(t, 3J(H,H) = 6.0 Hz, 2H; 2 G Ar-CH2-NHCOAr); MALDI-MS: m/z :
1726 [M+Na]+ ; HR-MS: calcd for C95H106N12O18 [M+2Na]2+ 874.3766;
found 874.3764.


Preparation of 31: A mixture of 3 (1.0 g, 4.18 mmol), 32 (2.2 g,
8.36 mmol), HBTU (3.17 g, 8.36 mmol), and ethyldiisopropylamine
(6.2 mL, 35.5 mmol) in DMF (25 mL) was stirred for 16 h at 20 8C. The
product was precipitated by dropwise addition of the crude mixture to
well-stirred 1n HCl (200 mL). The solid was collected by filtration and
washed with water. It was dissolved in ethyl acetate (75 mL) and washed
successively with 1n HCl (3 G 20 mL), 1n NaOH (3 G 20 mL), and brine
(3 G 20 mL), and dried with Na2SO4. The solvent was removed and the
residue was purified by flash chromatography (SiO2, cyclohexane/EtOAc,
1:1) to give 31 as a beige solid (850 mg, 31 %). 1H NMR (400 MHz,
[D6]DMSO, 80 8C): d = 1.44 (s, 18 H; 2G tert-butyl), 2.83 (s, 6 H; 2G
-CH2-NCH3-CO-), 3.90 (s, 3 H; -COOCH3), 4.47 (s, 4 H; 2G -CH2-NCH3-
CO-), 7.37 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 7.99 (d, 3J(H,H) = 8.0 Hz,
4H; Ar-H), 8.15 (d, 3J(H,H) = 2.0 Hz, 2 H; Ar-H), 8.61 (t, 3J(H,H) =


2.0 Hz, 1H; Ar-H), 10.25 ppm (s, 2 H; 2 G Ar-CO-NH-); HR-MS: calcd
for C36H44N4O8 [M+Na]+ 683.3051; found 683.3051.


Preparation of 32 : NaH (60 %, 3.18 g, 79.59 mmol) was added portion-
wise to 2 (5 g, 19.90 mmol) in THF (100 mL) and the resulting suspension
was stirred for 30 min at 20 8C. Methyl iodide (9.9 mL, 159.2 mmol) was
added and stirring was continued for 40 h. The mixture was then
quenched with iced water and the pH was adjusted to 4 using 2n HCl.
The mixture was extracted with ethyl acetate (3 G 100 mL), and the com-
bined organic phases were washed with brine (3 G 100 mL) and dried with
Na2SO4. Filtration through SiO2 (EtOAc) gave 32 (4.6 g, 87%) as a beige
solid. 1H NMR (400 MHz, [D6]DMSO, 80 8C): d = 1.42 (s, 9H; tert-
butyl), 2.81 (s, 3 H; -CH2-NCH3-CO-), 4.45 (s, 2H; -CH2-NCH3-CO-),
7.32 (d, 3J(H,H) = 8.0 Hz, 2H; Ar-H), 7.92 (d, 3J(H,H) = 8.0 Hz, 2 H;
Ar-H), 12.47 ppm (br s, 1H; -COOH); HR-MS: calcd for C8H10N2O2


[M+Na]+ 189.0635; found 189.0634.


Preparation of 33 : Compound 31 (0.53 g, 0.80 mmol) was dissolved in a
mixture of TFA (15 mL), water (1.2 mL), and triethylsilane (0.6 mL). The
solution was stirred at 20 8C for 2 h. The solvents were removed and the
residue was co-evaporated with diethyl ether (3 G 50 mL). Compound 33
(1.05 g, 89%) was obtained as a colorless solid. 1H NMR (400 MHz,
[D6]DMSO/D2O, 20 8C): d = 2.60 (s, 6H; 2 G Ar-CH2-NHCH3), 3.87 (s,
3H; -COOCH3), 4.20 (s, 4H; 2 G Ar-CH2-NHCH3), 7.61 (d, 3J(H,H) =


8.0 Hz, 4 H; Ar-H), 8.03 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 8.14 (m, 2 H;
Ar-H), 8.66 ppm (m, 1H; Ar-H); HR-MS: calcd for C26H28N4O4


[M+Na]+ 483.2003; found 483.2004.


Preparation of 34 : At 0 8C, DMF (2 drops) and oxalyl chloride (2.56 mL,
29.85 mmol) were successively added to a suspension of 2 (5 g,
19.90 mmol) in dry CH2Cl2 (150 mL) and the mixture was stirred at 0 8C
for 4 h. The solvent was then removed, the residue was redissolved in
CH2Cl2 (75 mL), and this solution was added at 0 8C to a solution of 35
(2.39 g, 8.95 mmol) and ethyldiisopropylamine (8.7 mL, 49.7 mmol) in
CH2Cl2 (75 mL). The ice bath was removed and the mixture was stirred
for 4 h. Water (100 mL) was then added, and the organic phase was sepa-
rated, washed with 1n HCl (3 G 100 mL), 1n NaOH (3 G 100 mL), and
brine (3 G 100 mL), and dried with Na2SO4. The solvent was removed and
the residue was purified by flash chromatography (SiO2, EtOAc/cyclo-
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hexane, 6:4). Compound 34 was isolated as a colorless solid (3.1 g, 52%).
1H NMR (400 MHz, [D6]DMSO, 80 8C): d = 1.36 (s, 18H; 2G tert-butyl),
3.23 (s, 6H; 2G Ar-NCH3-CO-Ar), 3.77 (s, 3 H; -COOCH3), 4.09 (d,
3J(H,H) = 6.5 Hz, 4 H; 2 G Ar-CH2-NHBoc), 6.96 (br m, 2H; 2G Ar-
CH2-NHBoc), 7.14 (d, 3J(H,H) = 8.0 Hz, 4H; Ar-H), 7.19 (d, 3J(H,H) =


8.0 Hz, 4H; Ar-H), 7.34 (t, 3J(H,H) = 2.0 Hz, 1H; Ar-H), 7.44 ppm (d,
3J(H,H) = 2.0 Hz, 2 H; Ar-H); HR-MS: calcd for C36H44N4O8 [M+Na]+


683.3051; found 683.3050.


Preparation of 35 : A mixture of 38 (9.6 g, 25.23 mmol) and HCl (37 %,
15 mL) in methanol (150 mL) was heated at 64 8C for 16 h. The crude so-
lution was concentrated and then diethyl ether (500 mL) was added. The
precipitate formed was filtered off, washed with diethyl ether, and dried.
Compound 35 was isolated as a colorless powder (6.2 g, 92 %). 1H NMR
(400 MHz, [D6]DMSO/D2O, 20 8C): d = 2.79 (s, 6 H; 2 G Ar-NHCH3),
3.82 (s, 3H; -COOCH3), 6.80 (m, 1 H; Ar-H), 7.14 ppm (m, 2H; Ar-H);
HR-MS: calcd for C10H14N2O2 [M+H]+ 195.1128; found 195.1128.


Preparation of 37: Di-tert-butyl dicarbonate (30.1 g, 138.0 mmol) was
added portionwise to a solution of 36 (10 g, 65.72 mmol), tert-butyl alco-
hol (75 mL), and 1n NaOH (75 mL) and the mixture was stirred at 20 8C
for 16 h. The solution was then washed with cyclohexane (3 G 100 mL).
The aqueous phase was acidified by dropwise addition of 1n HCl and ex-
tracted with ethyl acetate (3 G 100 mL). The combined organic phases
were washed with brine (3 G 100 mL) and dried with Na2SO4. The product
was purified by filtration through SiO2 (EtOAc). Compound 37 was iso-
lated as a beige solid (20.2 g, 87%). 1H NMR (400 MHz, [D6]DMSO,
20 8C): d = 1.47 (s, 18H; 2 G tert-butyl), 7.68 (m, 2H; Ar-H), 7.86 (m,
1H; Ar-H), 9.49 (s, 2 H; 2G Ar-NHBoc), 12.82 ppm (s, 1H; -COOH);
HR-MS: calcd for C17H24N2O6 [M+Na]+ 375.1527; found 375.1526.


Preparation of 38 : NaH (60 %, 8.3 g, 206.4 mmol) was added portionwise
to a solution of 37 (9.7 g, 27.53 mmol) in THF (100 mL). The resulting
suspension was stirred for 1 h at 20 8C. Methyl iodide (25.8 mL,
412.9 mmol) was added and stirring was continued for 16 h. Iced water
(100 mL) was then carefully added to quench the reaction. The solution
was acidified with 2n HCl and extracted with ethyl acetate (3 G 150 mL).
The organic phase was washed with 1n HCl (3 G 100 mL) and brine (3 G
100 mL). The solution was dried with Na2SO4 and the product was puri-
fied by filtration through SiO2 (EtOAc). Compound 38 was isolated as a
beige solid (9.7 g, 93 %). 1H NMR (400 MHz, [D6]DMSO, 20 8C): d =


1.41 (s, 18 H; 2 G tert-butyl), 3.21 (s, 6H; 2G Ar-NCH3Boc), 7.47 (m, 1 H;
Ar-H), 7.63 (m, 2 H; Ar-H), 13.11 ppm (s, 1 H; -COOH); HR-MS: calcd
for C19H28N2O6 [M+Na]+ 425.1659; found 425.1660.


Preparation of 39 : A mixture of 34 (1.2 g, 1.82 mmol), 2n NaOH
(10 mL), and dioxane (10 mL) was stirred at 20 8C for 16 h. The mixture
was then added dropwise to well-stirred 1n HCl (200 mL), and the re-
sulting precipitate was filtered off, washed with diethyl ether, and dried.
Compound 39 was isolated as a beige solid (1.05 g, 89%). 1H NMR
(400 MHz, [D6]DMSO, 80 8C): d = 1.36 (s, 18 H; 2G tert-butyl), 3.23 (s,
6H; 2G Ar-NCH3-CO-Ar), 4.09 (d, 3J(H,H) = 6.0 Hz, 4H; 2 G Ar-CH2-
NHBoc), 6.96 (br m, 2H; 2 G Ar-CH2-NHBoc), 7.14 (d, 3J(H,H) =


8.0 Hz, 4 H; Ar-H), 7.19 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 7.31 (m, 1 H;
Ar-H), 7.42 (m, 2 H; Ar-H), 12.67 ppm (s, 1 H; -COOH); HR-MS: calcd
for C35H42N4O8 [M+Na]+ 669.2895; found 669.2896.


Preparation of 40 : A mixture of 34 (0.60 g, 0.91 mmol), TFA (15 mL),
water (1.2 mL), and triethylsilane (0.6 mL) was stirred at 20 8C for 3 h.
The mixture was then added dropwise to diethyl ether (200 mL), and the
precipitate formed was filtered off and dried. The TFA salt of compound
40 was isolated as a beige solid (0.53 g, 85 %). 1H NMR (400 MHz,
[D6]DMSO/D2O, 20 8C): d = 3.20 (s, 6H; 2 G Ar-NCH3-CO-Ar), 3.73 (s,
3H; -COOCH3), 3.98 (s, 4H; 2G Ar-CH2-NH2), 7.28 (d, 3J(H,H) =


8.0 Hz, 4 H; Ar-H), 7.33 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 7.46 (m, 1 H;
Ar-H), 7.48 ppm (m, 2H; Ar-H); HR-MS: calcd for C26H28N4O4


[M+Na]+ 483.2003; found 483.2004.


Modifications of dendrimer endgroups : General procedure for the remov-
al of Boc groups: The Boc-protected dendrimer 4, 6, 7, 8, 9, 10, 11, 19,
24, 29 or 30 (100 mg) was dissolved in a mixture of TFA (5 mL), water
(0.4 mL), and mercaptoethanol (0.2 mL). The solution was stirred at
20 8C for 3 h, then added dropwise to diethyl ether (50 mL), and the pre-


cipitate formed was filtered off. The TFA salts of the products were iso-
lated as beige solids.


4N : Yield 78 %; 1H NMR (600 MHz, D2O, 20 8C): d = 4.17 (s, 4 H; 2G
Ar-CH2-NH2), 7.48 (d, 3J(H,H) = 8.5 Hz, 4 H; Ar-H), 7.76 (d, 3J(H,H) =


2.0 Hz, 2H; Ar-H), 7.79 (d, 3J(H,H) = 8.5 Hz, 4H; Ar-H), 8.12 ppm
(br t, 3J(H,H) = 2.0 Hz, 1H; Ar-H); ES-MS: m/z : 419 [M+H]+ , 837
[2M+H]+ .


6N : Yield 93 %; 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C): d = 4.12
(s, 8 H; 4G Ar-CH2-NH2), 4.57 (s, 4 H; 2 G Ar-CH2-NH-CO-Ar), 7.48 (d,
3J(H,H) = 8.0 Hz, 4 H; Ar-H), 7.56 (d, 3J(H,H) = 8.0 Hz, 8 H; Ar-H),
7.91 (m, 8H; Ar-H), 7.99 (d, 3J(H,H) = 8.0 Hz, 8H; Ar-H), 8.05 (d,
3J(H,H) = 2.0 Hz, 2H; Ar-H), 8.36 (m, 2H; Ar-H), 8.43 ppm (m, 1 H;
Ar-H); MALDI-MS (matrix: dihydroxybenzoic acid): m/z : 1220 [M+H]+


.


7N : Yield: 83%; 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C): d = 4.11
(s, 16 H; 8G Ar-CH2-NH2), 4.56 (s, 12H; 6G Ar-CH2-NH-CO-Ar), 7.46
(m, 12H; Ar-H), 7.54 (d, 3J(H,H) = 8.0 Hz, 16H; Ar-H), 7.88 (m, 24 H;
Ar-H), 7.95 (d, 3J(H,H) = 8.0 Hz, 16H; Ar-H), 8.03 (d, 3J(H,H) =


2.0 Hz, 2H; Ar-H), 8.25 (t, 3J(H,H) = 2.0 Hz, 2H; Ar-H), 8.28 (d,
3J(H,H) = 2.0 Hz, 4 H; Ar-H), 8.31 ppm (t, 3J(H,H) = 2.0 Hz, 1 H; Ar-
H); MALDI-MS (matrix: dihydroxybenzoic acid): m/z : 2822 [M+H]+ .


8N : Yield 91 %; 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C): d = 4.10
(s, 32H; 16G Ar-CH2-NH2), 4.55 (s, 28H; 14G Ar-CH2-NH-CO-Ar), 7.47
(m, 28H; Ar-H), 7.54 (m, 32H; Ar-H), 7.85–7.95 (m, 88 H; Ar-H), 8.02
(m, 2H; Ar-H), 8.23 (m, 6 H; Ar-H), 8.27 (m, 8 H; Ar-H), 8.33 ppm (m,
1H; Ar-H); MALDI-MS (matrix: a-cyano-4-hydroxycinnamic acid): m/z :
6025 [M+H]+ .


9N : Yield 92 %; 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C): d = 4.10
(s, 64H; 32G Ar-CH2-NH2), 4.52 (s, 60H; 30G Ar-CH2-NH-CO-Ar),
7.35–7.55 (m, 124 H; Ar-H), 7.77–8.00 (m, 186 H; Ar-H), 8.10–8.25 ppm
(m, 31H; Ar-H); no MS could be obtained neither by ES nor by
MALDI.


10N : Yield 97 %; 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C): d = 4.11
(s, 128 H; 64G Ar-CH2-NH2), 4.56 (s, 124 H; 62 G Ar-CH2-NH-CO-Ar),
7.43–7.60 (m, 252 H; Ar-H), 7.77–8.00 (m, 378 H; Ar-H), 8.25–8.50 ppm
(m, 63H; Ar-H); no MS could be obtained neither by ES nor by
MALDI.


11N : Yield 97%; 1H NMR (400 MHz, [D6]DMSO, 80 8C): d = 2.32 (m,
6H; 3G -CH2-CH(CH2-NH-)2), 2.42 (m, 3 H; 3G -CH2-CH(CH2-NH-)2),
3.37 (m, 12 H; 3G -CH2-CH(CH2-NH-)2), 4.11 (s, 8 H; 2 G Ar-CH2-NH2),
4.35 (d, 3J(H,H) = 5.5 Hz, 4H; 2G Ar-CH2-NH-), 7.35 (m, 4 H; Ar-H),
7.54 (m, 8 H; Ar-H), 7.79 (m, 4H; Ar-H), 7.90 (m, 8 H; Ar-H), 8.25–
8.40 ppm (m, 14 H; 3G -CH2-CH(CH2-NH-)2, 4G Ar-CH2-NH2);
MALDI-MS: m/z : 1159 [M+H]+ .


19N : Yield 96 %; 1H NMR (400 MHz, [D6]DMSO/D2O, 20 8C): d = 0.99
(m, 12H), 1.40 (m, 12 H), 1.54 (m, 6H), 1.84 (m, 24H), 2.30 (m, 6H),
2.68 (m, 8H), 3.09 (m, 4 H), 7.61 (d, 3J(H,H) = 2.0 Hz, 4H; Ar-H), 8.88
(d, 3J(H,H) = 2.0 Hz, 2 H; Ar-H), 7.13 (t, 3J(H,H) = 2.0 Hz, 2H; Ar-H),
8.19 ppm (t, 3J(H,H) = 2.0 Hz, 1 H; Ar-H); MALDI-MS: m/z : 1255
[M+H]+ .


24N : Yield 93%; 1H NMR (400 MHz, CD3OD, 20 8C): d = 2.42 (m,
12H; 6G -CH2-CH2-CO-), 2.96 (t, 3J(H,H) = 7.0 Hz, 8H; 4G H2N-CH2-
CH2-), 3.40 (t, 3J(H,H) = 7.0 Hz, 4H; 2 G Ar-CONH-CH2-CH2-), 7.70
(m, 4H; Ar-H), 7.95 (m, 2 H; Ar-H), 8.02 (m, 2 H; Ar-H), 8.10 ppm (m,
1H; Ar-H); ES-MS: m/z : 1100 [M+H]+ .


29N : Yield 96 %; 1H NMR (400 MHz, [D6]DMSO/D2O, 80 8C): d = 2.97
(s, 6H; 2 G Ar-CH2-NCH3-CO-Ar), 4.13 (s, 8H; 4 G Ar-CH2-NH2), 4.75
(s, 4 H; 2G Ar-CH2-NCH3-CO-Ar), 7.46 (d, 3J(H,H) = 8.0 Hz, 4H; Ar-
H), 7.60 (m, 12H; Ar-H), 8.01 (m, 12H; Ar-H), 8.09 (d, 3J(H,H) =


2.0 Hz, 2H; Ar-H), 8.40 (m, 2H; Ar-H), 8.55 ppm (m, 1 H; Ar-H);
MALDI-MS: m/z : 1247 [M+H]+ .


30N : Yield 91 %; 1H NMR (400 MHz, [D6]DMSO/D2O, 20 8C): d = 3.18
(s, 18 H; 6G Ar-NCH3-CO-), 3.97 (s, 8H; 4G Ar-CH2-NH2), 4.29 (s, 4H;
2G Ar-CH2-NHCOAr), 7.11–7.45 ppm (m, 33 H; Ar-H); MALDI-MS:
m/z : 1303 [M+H]+ .
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General procedure for chloroacetylation: The TFA salt of the dendrimer
4N, 6N, 7N, 8N, 9N, 10N, 11N, 19N, 24N, 29N or 30N (100 mg) was dis-
solved in a mixture of DMF (1 mL) and 2,6-lutidine (0.6 mL). A solution
of chloroacetic anhydride (3.0 equiv./amino group) in DMF (1 mL) was
added dropwise. The mixture was stirred at 20 8C for 3 h. Dropwise addi-
tion to 1n HCl (50 mL) gave a beige precipitate, which was filtered off
and washed with water, acetone, CH2Cl2, and diethyl ether.


4Cl : Yield 73%; 1H NMR (400 MHz, [D6]DMSO, 20 8C): d = 4.14 (s,
4H; 2 G -CH2-Cl), 4.41 (d, 3J(H,H) = 6.0 Hz, 4 H; 2G Ar-CH2-NH-CO-
CH2-Cl), 7.43 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 7.97 (d, 3J(H,H) =


8.0 Hz, 4H; Ar-H), 8.12 (m, 2 H; Ar-H), 8.62 (m, 1H; Ar-H), 8.83 (t,
3J(H,H) = 6.0 Hz, 2 H; NH), 10.41 ppm (s, 2H; NH); ES-MS: m/z : 569
[M+H]+ .


6Cl : Yield 93 %; 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C): d = 4.08
(s, 8H; 4G -CH2-Cl), 4.38 (s, 8H; 4 G Ar-CH2-NH-CO-CH2-Cl), 4.56 (s,
4H; 2 G Ar-CH2-NH-CO-Ar), 7.40 (d, 3J(H,H) = 8.0 Hz, 8H; Ar-H),
7.48 (d, 3J(H,H) = 8.0 Hz, 4H; Ar-H), 7.92 (m, 16H; Ar-H), 8.08 (m,
2H; Ar-H), 8.32 (m, 2H; Ar-H), 8.42 ppm (m, 1H; Ar-H).


7Cl : Yield 83 %; 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C): d = 4.05
(s, 16 H; 8 G -CH2-Cl), 4.36 (s, 16H; 8G Ar-CH2-NH-CO-CH2-Cl), 4.54 (s,
12H; 6G Ar-CH2-NH-CO-Ar), 7.38 (d, 3J(H,H) = 8.0 Hz, 16H; Ar-H),
7.46 (m, 12H; Ar-H), 7.87 (m, 40 H; Ar-H), 8.06 (m, 2H; Ar-H), 8.25 (m,
6H; Ar-H), 8.33 ppm (m, 1 H; Ar-H).


8Cl : Yield 91 %; 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C): d = 4.06
(s, 32 H; 16G -CH2-Cl), 4.36 (s, 32 H; 16G Ar-CH2-NH-CO-CH2-Cl), 4.54
(s, 28H; 14G Ar-CH2-NH-CO-Ar), 7.38 (m, 32 H; Ar-H), 7.46 (m, 28H;
Ar-H), 7.89 (m, 88 H; Ar-H), 8.06 (m, 2 H; Ar-H), 8.28 (m, 14 H; Ar-H),
8.38 ppm (m, 1 H; Ar-H).


9Cl : Yield 92 %; 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C): d = 4.07
(s, 64 H; 32G -CH2-Cl), 4.37 (s, 64 H; 32G Ar-CH2-NH-CO-CH2-Cl), 4.55
(s, 60H; 30G Ar-CH2-NH-CO-Ar), 7.39 (m, 64 H; Ar-H), 7.47 (m, 60H;
Ar-H), 7.92 (m, 184 H; Ar-H), 8.07 (m, 2 H; Ar-H), 8.33 ppm (m, 30 H;
Ar-H); the expected signal at d�8.38 ppm (m, 1H; Ar-H) could not be
detected in the noise.


10Cl : Yield 97 %; 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C): d = 4.04
(s, 128 H; 64G -CH2-Cl), 4.35 (s, 128 H; 64G Ar-CH2-NH-CO-CH2-Cl),
4.55 (s, 124 H; 62 G Ar-CH2-NH-CO-Ar), 7.36 (m, 128 H; Ar-H), 7.44 (m,
124 H; Ar-H), 7.88 (m, 376 H; Ar-H), 8.05 (m, 2 H; Ar-H), 8.26 ppm (m,
30H; Ar-H); the expected signal at d�8.38 ppm (m, 1 H; Ar-H) could
not be observed in the noise.


11Cl: Yield 87 %; 1H NMR (400 MHz, [D6]DMSO/D2O, 80 8C): d = 2.29
(m, 6H; 3G -CH2-CH(CH2-NH-)2), 2.37 (m, 3H; 3G -CH2-CH(CH2-NH-)2),
3.35 (m, 12H; 3G -CH2-CH(CH2-NH-)2), 4.08 (s, 8 H; 4G -CO-CH2Cl),
4.32 (s, 4H; 2G Ar-CH2-NH-), 4.36 (s, 8 H; 4G Ar-CH2-NH-), 7.34 (m,
12H; Ar-H), 7.78 ppm (m, 12H; Ar-H); MALDI-MS: m/z : 1465
[M+H]+ .


19Cl : Yield 91%; 1H NMR (400 MHz, [D6]DMSO, 80 8C): d = 1.00 (m,
12H), 1.39–1.47 (m, 16 H), 1.59 (m, 2H), 1.79–1.90 (m, 24H), 2.30 (m,
6H), 3.01 (m, 8H), 3.15 (m, 4H), 4.03 (s, 8H; 4 G -COCH2Cl), 7.63 (m,
4H; Ar-H), 7.86 (m, 2H; Ar-H), 7.89 (br s, 4H; 4G -CH2-NHCOCH2Cl),
7.97 (br s, 2H; 2G -CH2-NHCOAr), 8.05 (m, 2H; Ar-H), 8.17 (m, 1H;
Ar-H), 9.61 (s, 4 H; 4G Ar-NH-CO-), 9.68 (s, 2 H; 2 G Ar-NH-CO-),
12.43 ppm (br s, 1 H; Ar-COOH); MALDI-MS: m/z : 1583 [M+Na]+ .


24Cl : Yield 88%; 1H NMR (400 MHz, CD3OD, 80 8C, selected signals):
d = 2.39 (m, 12 H; 6 G -CH2-CH2-CO-), 3.22 (t, 3J(H,H) = 7.0 Hz, 8H;
4G Cl-CH2(CO)NH-CH2-CH2-), 3.38 (t, 3J(H,H) = 7.0 Hz, 4H; 2G Ar-
(CO)HN-CH2-CH2-), 4.00 (s, 8H; 4 G Cl-CH2(CO)NH-), 7.69 (m, 4H;
Ar-H), 7.94 (m, 2H; Ar-H), 7.97 (m, 2H; Ar-H), 8.10 ppm (m, 1H; Ar-
H); ES-MS: m/z : 1427 [M+Na]+ .


29Cl : Yield 77 %; 1H NMR (400 MHz, [D6]DMSO/D2O, 80 8C): d = 2.96
(s, 6H; 2G Ar-CH2-NCH3-CO-Ar), 4.09 (s, 8H; 4G -CH2Cl), 4.39 (s, 8 H;
4G Ar-CH2-NH-CO-CH2Cl), 4.74 (s, 4H; 2G Ar-CH2-NCH3-CO-Ar),
7.41 (m, 12H; Ar-H), 7.60 (m, 4 H; Ar-H), 7.92 (d, 3J(H,H) = 8.0 Hz,
8H; Ar-H), 7.99 (d, 3J(H,H) = 8.0 Hz, 4H; Ar-H), 8.10 (m, 2H; Ar-H),
8.31 (m, 2H; Ar-H), 8.50 ppm (m, 1H; Ar-H); MALDI-MS: m/z : 1575
[M+Na]+ .


30Cl : Yield 97 %; 1H NMR (400 MHz, [D6]DMSO/D2O, 80 8C): d = 3.19
(s, 12H; 4 G Ar-NCH3-CO-Ar), 3.20 (s, 6H; 2 G Ar-NCH3-CO-Ar), 4.04
(s, 8H; 4 G -CH2-Cl), 4.26 (s, 8 H; 4G Ar-CH2-NH-CO-CH2Cl), 4.32 (s,
4H; 2 G Ar-CH2-NH-CO-Ar), 7.11–7.19 (m, 26 H; Ar-H), 7.29 (m, 1 H;
Ar-H), 7.42 ppm (m, 6 H; Ar-H); MALDI-MS: m/z : 1631 [M+Na]+ .


General procedure for the functionalization with oligosaccharides: The
chloroacetylated dendrimer 4Cl, 6Cl, 7Cl, 8Cl, 9Cl, 10Cl, 11Cl, 19Cl,
24Cl, 29Cl or 30Cl (25 mg) and the trisaccharide aGal-SH[7a] or disac-
charide Lac-SH[7a] (1.5 equiv/-CH2Cl) were dissolved in degassed DMF
(2.0 mL). At room temperature, DBU (5 equiv/-CH2Cl) was added and
the solution was stirred under nitrogen for 1 h. It was then added drop-
wise to a mixture of ethanol and diethyl ether (40 mL, 1:2). The precipi-
tate that formed was collected, washed with diethyl ether (3 G 40 mL),
dried, dissolved in water (to which 10 drops of 1n HCl had been added),
and subjected to ultrafiltration. Ultrafiltrations were performed using
Amicon 8010 stirred cells (vol. : 10 mL, diam.: 25 mm) and Amicon YM 3
disc membranes (molecular weight cut-off: 3000). Ultrafiltrations were
repeated eight times (from 10 mL down to 2 mL) with the volume being
made up with distilled water on each occasion. Lyophilization afforded
the products as colorless solids. No ultrafiltration was performed for
4Gal. Instead, the product was precipitated by dropwise addition of the
reaction mixture to a mixture of ethanol and diethyl ether (1:1). The pre-
cipitate formed was collected and purified by chromatography on an RP-
18 column; gradient H2O!H2O/MeOH, 1:1.


4Gal : Yield 31 mg (50 %); 1H NMR (400 MHz, [D6]DMSO/D2O, 80 8C,
selected signals): d = 1.83 (s, 6 H; 2G -NHCOCH3), 3.19 (s, 4 H; 4G
-CO-CH2-S-), 4.31 (2 G d, 3J(H,H) = 8.0 Hz, 4H; 2 G GlcNAc H-1, 2G
bGal H-1), 4.36 (s, 4 H; 2 G Ar-CH2-NH-CO-CH2-S), 4.89 (d, 3J(H,H) =


3.5 Hz, 2H; 2G aGal H-1), 7.40 (d, 3J(H,H) = 8.0 Hz, 4H; Ar-H), 7.89
(d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 8.05 (d, 3J(H,H) = 2.0 Hz, 2H; 2G
Ar-H), 8.33 ppm (t, 3J(H,H) = 2.0 Hz, 1 H; Ar-H); HR-MS: calcd for
C81H118N8O40S2 [M+2Na]2+ 976.3336; found 976.3331.


6Gal : Yield 36 mg (70 %); 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C,
selected signals): d = 1.81 (s, 12H; 4G -NHCOCH3), 3.17 (s, 8H; 4G
-CO-CH2-S-), 4.28–4.34 (m, 16 H; 4 G Ar-CH2-NH-CO-CH2-S-, 4G
GlcNAc H-1, 4 G bGal H-1), 4.55 (s, 4 H; 2G Ar-CH2-NH-CO-Ar), 4.89
(d, 3J(H,H) = 3.5 Hz, 4H; 4G aGal H-1), 7.37 (d, 3J(H,H) = 8.0 Hz,
8H; Ar-H), 7.45 (d, 3J(H,H) = 8.0 Hz, 4 H; Ar-H), 8.19 ppm (m, 3 H;
Ar-H); HR-MS: calcd for C185H254N20O82S4 [M�3H]3� 1397.4995; found
1397.4998.


7Gal : Yield 243 mg (80 %); 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C,
selected signals): d = 1.81 (s, 24H; 8G -NHCOCH3), 3.18 (s, 16 H; 8G
-CO-CH2-S-), 4.29–4.35 (m, 32 H; 8 G Ar-CH2-NH-CO-CH2-S-, 8G
GlcNAc H-1, 8 G bGal H-1), 4.56 (s, 12 H; 6 G Ar-CH2-NH-CO-Ar), 4.86
(d, 3J(H,H) = 3.5 Hz, 8H; 8G aGal H-1), 7.39 (d, 3J(H,H) = 8.0 Hz,
16H; Ar-H), 7.47 (m, 12 H; Ar-H), 8.29 (m, 1H; Ar-H), 8.34 (m, 4 H; Ar-
H), 8.38 ppm (m, 2 H; Ar-H); MALDI-MS: m/z : 8801 [M+Na]+ .


7Lac : Yield 8 mg (75 %); 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C, se-
lected signals): d = 3.17 (s, 16H; 8 G -CO-CH2-S-), 4.11 (d, 3J(H,H) =


8.0 Hz, 8H; 8G H-1 carbohydr.), 4.19 (m, 8 H; 8G H-1 carbohydr.), 4.34
(m, 16 H; 8 G Ar-CH2-NH-CO-CH2-S-), 4.56 (s, 12H; 6 G Ar-CH2-NH-
CO-Ar), 7.38 (d, 3J(H,H) = 8.0 Hz, 16 H; Ar-H), 7.47 (m, 12H; Ar-H),
8.26–8.29 ppm (m, 7H; Ar-H); MALDI-MS: m/z : 7176 [M+Na]+ .


8Gal : Yield 57 mg (70 %); 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C,
selected signals): d = 1.80 (s, 48H; 16G -NHCOCH3), 3.16 (s, 32 H; 16G
-CO-CH2-S-), 4.28–4.34 (m, 64 H; 16 G Ar-CH2-NH-CO-CH2-S-, 16G
GlcNAc H-1, 16 G bGal H-1), 4.54 (s, 28H; 14G Ar-CH2-NH-CO-Ar),
4.87 (d, 3J(H,H) = 3.5 Hz, 16H; 16G aGal H-1), 7.37 (d, 3J(H,H) =


8.0 Hz, 32H; Ar-H), 7.46 (m, 28H; Ar-H), 8.27 (m, 13 H; Ar-H),
8.29 ppm (m, 2H; Ar-H); MALDI-MS: m/z : 17989 (broad signal) within
experimental error for [M+K]+ .


9Gal : Yield 13 mg (90 %); 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C,
selected signals): d = 1.81 (s, 96H; 32G -NHCOCH3), 3.17 (s, 64 H; 32G
-CO-CH2-S-), 4.28–4.35 (m, 128 H; 32 G Ar-CH2-NH-CO-CH2-S-, 32G
GlcNAc H-1, 32 G bGal H-1), 4.55 (s, 60H; 30G Ar-CH2-NH-CO-Ar),
4.86 (d, 3J(H,H) = 3.5 Hz, 32H; 32G aGal H-1), 7.38 (m, 64H; Ar-H),
7.47 (m, 60 H; Ar-H), 8.30–8.35 ppm (m, 31 H; Ar-H); no MS could be
obtained by MALDI.
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10Gal : Yield 13 mg (85 %); 1H NMR (600 MHz, [D6]DMSO/D2O, 80 8C,
selected signals): d = 1.81 (s, 192 H; 64 G -NHCOCH3), 3.17 (s, 128 H;
64G -CO-CH2-S-), 4.29–4.35 (m, 256 H; 64G Ar-CH2-NH-CO-CH2-S-,
64G GlcNAc H-1, 64 G bGal H-1), 4.56 (s, 124 H; 62 G Ar-CH2-NH-CO-
Ar), 4.86 (d, 3J(H,H) = 3.5 Hz, 64H; 64 G aGal H-1), 7.39 (d, 3J(H,H) =


8.0 Hz, 128 H; Ar-H), 7.47 (m, 124 H; Ar-H), 8.30–8.35 ppm (m, 63 H; Ar-
H); no MS could be obtained by MALDI.


11Gal : Yield 38 mg (68 %); 1H NMR (400 MHz, [D6]DMSO/D2O, 80 8C,
selected signals): d = 1.82 (s, 12H; 4 G NHCOCH3), 4.31–4.37 (m, 20 H;
6G Ar-CH2-NH-CO-, 4G GlcNAc H-1, 4 G bGal H-1), 4.87 (d, 3J(H,H)
= 3.5 Hz, 4 H; 4G aGal H-1), 7.33 (m, 12H; Ar-H), 7.78 ppm (d, 3J-
(H,H) = 8.0 Hz, 12H; Ar-H); HR-MS: calcd for C179H266N20O82S4


[M�4H]4� 1032.8963; found 1032.8968.


19Gal : Yield 41 mg (89 %); 1H NMR (400 MHz, [D6]DMSO/D2O, 80 8C,
selected signals): d = 1.83 (s, 12H; 4G -NHCOCH3), 3.13 (s, 8H; 4G
-CH2-S-), 4.32 (d, 3J(H,H) = 7.0 Hz, 4H; 4G GlcNAc H-1), 4.36 (d,
3J(H,H) = 8.0 Hz, 4H; 4G bGal H-1), 4.87 (d, 3J(H,H) = 3.5 Hz, 4 H;
4G aGal H-1), 7.60 (d, 3J(H,H) = 2.0 Hz, 4 H; Ar-H), 7.84 (m, 2H; Ar-
H), 8.03 (m, 2H; Ar-H), 8.12 ppm (m, 1H; Ar-H); HR-MS: calcd for
C185H290N20O82S4 [M�4H]4� 1056.9432; found 1056.9426.


24Gal : Yield 42 mg (47 %); 1H NMR (400 MHz, D2O, 20 8C, selected sig-
nals): d = 1.90 (s, 12H; 4 G -NHCOCH3), 3.05 (s, 8 H; 4G -CO-CH2-S-),
4.31 (d, 3J(H,H) = 8.0 Hz, 4H; 4G GlcNAc H-1), 4.41 (d, 3J(H,H) =


8.0 Hz, 4 H; 4 G bGal H-1), 5.03 (d, 3J(H,H) = 3.5 Hz, 4H; 4G aGal H-
1), 7.35–8.00 (m, 6H; Ar-H), 7.50 (m, 1H; Ar-H), 7.72 ppm (m, 2H; Ar-
H); HR-MS: calcd for C173H278N20O82S4 [M�4H]4� 1017.9198; found
1017.9206.


29Gal : Yield 25 mg (66 %); 1H NMR (400 MHz, [D6]DMSO/D2O, 80 8C,
selected signals): d = 1.82 (s, 12H; 4 G NHCOCH3), 2.96 (s, 6 H; 2 G Ar-
CH2-NCH3-CO-Ar), 3.18 (s, 8 H; 4G -CO-CH2-S-), 4.31–4.36 (m, 16H;
4G Ar-CH2-NH-CO-CH2-S-, 4G GlcNAc H-1, 4 G bGal H-1), 4.73 (s,
4H; 2G Ar-CH2-NCH3-CO-Ar), 4.87 (d, 3J(H,H) = 3.5 Hz, 4H; 4G
aGal H-1), 7.59 (d, 3J(H,H) = 2.0 Hz, 4 H; Ar-H), 8.08 (m, 2 H; Ar-H),
8.31 (m, 2H; Ar-H), 8.48 ppm (m, 1H; Ar-H); HR-MS: calcd for
C187H258N20O82S4 [M�3H]3� 1406.8433; found 1406.8426.


30Gal : Yield 43 mg (92 %); 1H NMR (400 MHz, [D6]DMSO/D2O, 80 8C,
selected signals): d = 1.82 (s, 12H; 4G NHCOCH3), 2.50 (s, 12 H; 4G
Ar-N(CH3)-CO-), 2.54 (s, 6H; 2 G Ar-N(CH3)-CO-), 3.12 (s, 8H; -CO-
CH2-S-), 4.23 (s, 8 H; 4G Ar-CH2-NH-CO-CH2-S-), 4.31–4.37 (m, 12H;
2G Ar-CH2-NH-CO-Ar, 4G GlcNAc H-1, 4 G bGal H-1), 4.57 (s, 4H; 2G
Ar-CH2-NH-CO-Ar), 4.87 (d, 3J(H,H) = 3.5 Hz, 4 H; 4G aGal H-1),
7.30 (m, 1H; Ar-H), 7.43 ppm (m, 6H; Ar-H); HR-MS: calcd for
C191H266N20O82S4 [M+3Na]3+ 1449.5273; found 1449.5268.


Multi-angle light scattering (MALS): All determinations of the weight-
average molar mass (MWAggr) and of dn/dc were performed at 20 8C,
unless otherwise stated. They were carried out by Wyatt Technology
Deutschland GmbH and by Wellensiek Laborgeraete using a DAWN


L


EOS and a Wyatt Optilab 903 refractometer. Concentrations were
0.3 mg mL�1 for 4Gal, 7Gal, 7Lac, 8Gal, 9Gal, 10Gal, and 24Gal and
0.06 mg mL�1 for 6Gal, 11Gal, 19Gal, 29Gal, and 30Gal. Aqueous solu-
tions were heated for 30 min at 80 8C and then allowed to cool to 20 8C.
The samples were passed through Spartan 30 or Schleicher & Schuell
0.45 mm filters.


Atom force microscopy (AFM): Aqueous solutions (10 mL, 2 mgmL�1 for
6Gal–9Gal, 0.2 mg mL�1 for 10Gal) were spotted on freshly cleaved
mica. The solvent was allowed to evaporate for at least 120 min. A Multi-
Mode AFM with a Nanoscope III controller (Digital Instruments) was
used to generate all of the images. The microscope was operated in tap-
ping mode in air with Olympus etched silicon probes (cantilever length
120 mm, tip height 10 mm).


Transmission electron microscopy : An aqueous solution of 6Gal (1 mL,
2 mgmL�1) was diluted with 1 mL of a 2 % sodium silicotungstate solution
for negative contrasting. The mixture was spotted on a copper net with a
Formvar (polyformaldehyde) surface and the solvent was allowed to
evaporate. A transmission electron microscope (EM910/FA Leo) was
used to generate the image.


Computational methods : All calculations were performed within Macro-
model 8.5 (Schrçdinger, L. L. C.) applying the AMBER* force field with
a distance-dependent dielectric constant of 4.0 *R. The starting structures
were submitted to 10 000 steps of Monte Carlo (MC) minimizations. Two
sets of MC perturbations were applied: new starting structures were gen-
erated by randomly modifying torsion angles and by variations along
random linear combinations of the 20 lowest vibrational modes
(LMOD).[13] All rotatable bonds (those not adjacent to amide bonds)
were included. To achieve a good balance between searching within one
well of the potential energy surface and jumping from one well to anoth-
er, a 50% mixture of both perturbations was applied. Of the minimized
structures, only those within 200 kJ mol�1 of the current global minimum
were accepted. Building and visualization of structures was performed in
the framework of the molecular graphics program WitnotP (A. Widmer,
unpublished results).


ELISAs : a) human serum : On plate A, wells were coated with 0.5 mg of
aGal-HSA conjugate in 100 mL of NaHCO3 (100 mm, pH 9.6) for 2 h at
37 8C. Blocking with 250 mL of PBS containing 0.5% Tween


L


20 for 2 h at
ambient temperature was followed by removal of the liquid. On plate B,
pooled human serum was diluted 1:20 in PBS containing 10 % Sea-
blockTM and 0.2 % Tween


L


20 and incubated for 30 min with serial dilu-
tions of the glycodendrimers. Thereafter, 100 mL from each well on plate
B was transferred to plate A, incubated for 1 h at ambient temperature,
and washed three times with PBS containing 0.15 % Tween


L


20. Then, the
mixtures were incubated with 100 mL of PBS containing anti-IgM secon-
dary antibody peroxidase conjugate (diluted 1/2000), 10% Blocker-
BSATM, and 0.2 % Tween


L


20. After washing six times with 300 mL of PBS
containing 0.1% Tween 20, color development was initiated by adding
100 mL of TMB substrate solution and stopped after 5 min by adding
50 mL of 1m H2SO4. The A450 value was measured.


b) Cynomolgus monkey serum : Wells were coated with 0.5 mg of aGal-
polymer[7] in 100 mL of PBS overnight at 4 8C. Blocking with 300 mL of
PBS containing 10% SeablockTM for 2 h at ambient temperature was fol-
lowed by removal of the liquid. The wells were incubated for 30 min with
100 mL of serially diluted serum sample in PBS containing 10% Sea-
blockTM and 0.2 % Tween


L


20, and subsequently washed three times with
PBS containing 0.15 % Tween 20. Incubation with secondary antibody
and color development were performed as described above.


Haemolysis assays: a) human serum : Pig erythrocytes were obtained
from heparinized pig blood, washed three times with CFD buffer
(pH 7.4), and suspended in CFD at a concentration of 1G 109 mL�1. On
low-bind U-shaped plates, seven serial dilutions of inhibitor were pre-
pared in 50 mL of CFD. Human serum was serially diluted in 50 mL of
CFD (ten dilutions assayed for each inhibitor concentration). Then,
50 mL of pig erythrocyte solution was added to each well and the plate
was incubated for 60 min at 37 8C with mild shaking. Plates were centri-
fuged for 10 min at 2000 G g to precipitate the unlysed erythrocytes, the
supernatant was transferred to a flat-bottomed plate, and released hemo-
globin (A420) was measured.


b) Cynomolgus monkey serum : As above, but with the addition of 50 mL
of baby rabbit complement (heterologous complement source at a final
dilution of 1:10) in CFD and 50 mL of pig erythrocyte solution to each
well.
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Introduction


Commonly in nature, crystal growth of inorganic systems is
controlled by the presence of biogenic macromolecules. Cal-
cium carbonate, present in corals and shells of sea creatures,
or calcium phosphates, present in bones or teeth, are typical
examples of this phenomenon. Many research groups focus
on the investigation of such processes, working in the area
of biomineralization.[1–3] However, the study of mineraliza-
tion phenomena and the growth mechanisms involved is not
only interesting for the life sciences, but it has also industrial
importance. The control of the crystal growth features of in-


organic materials has become an active research field in the
last two decades, because of the increasing interest in ob-
taining materials with homogeneity and specificity of both
the crystal shape and the size distributions, key aspects in
many applications.[4,5]


This scientific interest has focussed on a limited number
of systems, among which the most important are carbo-
nates[6–8] (calcium and barium carbonate), phosphates[9,10]


(calcium and zinc phosphates), sulfates[11] (barium sulfate),
sulfides[12–16] (zinc and cadmium sulfide), chromates,[17] and
several metal oxides[18–20] (aluminum, zinc, titanium, zirconi-
um, and iron oxides). From the mechanistic point of view,
zinc oxide is quite an ideal system for studies of the con-
trolled crystallization. Due to its high insolubility in water,
ZnO can be easily precipitated from an aqueous solution,
and only one modification is obtained (zincite). In addition,
this is a versatile material and micro- and nanostructures of
zinc oxide are interesting for various applications, such as
catalysts, cosmetics, pigments, varistors, electro- and photo-
luminescence devices, and gas sensors.[21–23] Much research
has been devoted to the precipitation of ZnO from aqueous
media, investigating the changes in morphologies and prop-


Abstract: Polystyrene latex particles
modified at the surface with different
hydrophilic functional groups were pre-
pared by miniemulsion polymerization
and used as controlling agents in the
crystallization of zinc oxide from aque-
ous medium. The effects of the chemi-
cal nature of the surface functionaliza-
tion and the latex concentration on the
crystal growth, morphology, and crys-
talline structure of the resulting zinc
oxide were analyzed. Micro- and sub-
microsized crystals with a broad variety
of morphologies depending on the
functionalization were obtained.
Among the different latexes studied,


the acrylic-acid-derived particles were
shown to be a convenient system for
further quantitative investigations. In
this case, as the additive concentration
increases, the length-to-width ratio
(aspect ratio) of the crystals decreases
systematically. Preferential adsorption
of the latex particles onto the fast-
growing faces {001} of ZnO is assumed
to follow a Langmuir-type isotherm,
and interaction of the adsorbed parti-


cles with the growth centers will reduce
the growth rate in [001]. This leads to a
quantitative relationship linking the
aspect ratio to the latex concentration
at constant diameter and surface
chemistry of the latex. The dependence
of the aspect ratio on charge density of
the latex can also be modeled by an al-
gorithm in which attractive forces be-
tween the latex particle and the ZnO
surface are balanced against repulsive
forces of an osmotic nature. The latter
are associated with the confined
volume between the crystal and latex
particle surfaces.
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erties, and trying to understand the controlling parameters.
The effect of the synthetic pathway,[24–27] the reaction param-
eters (temperature, pH, reaction time, concentration),[28, 29]


and the influence of different solvents[30,31] have been broad-
ly screened. The use of different organic additives to control
the morphology of the resulting crystals has been also re-
ported.[32,33]


As indicated above, biopolymers control the growth of in-
organic structures in various life forms. Imitating nature,
synthetic polymers have been used as additives in the crys-
tallization of zinc oxide. The presence of double hydrophilic
block- and graft-copolymers has been shown to affect the
morphology of ZnO crystals obtained from aqueous
media.[34–36] Actually, these types of polymers have not only
been used in the control of ZnO crystallization, but also ex-
tensively applied to other systems, for instance CaCO3 or
BaSO4. A systematic overview of the different systems in
which the crystallization has been controlled by hydrophilic
polymers can be found in a recent review published by Yu
and Cçlfen.[37]


The effects observed with hydrophilic polymers prompt
the investigation of a system with functional groups an-
chored to the surface of spherical latex particles. Latex par-
ticles, prepared by miniemulsion polymerization, provide an
interesting approach to control crystal growth, as indicated
by preliminary results.[36] These particles are versatile, as the
particle size and the local concentration of functional groups
attached to the surface can be controlled. Furthermore, the
synthesis of latex particles is convenient, reproducible, and
structures with surfaces of various chemical compositions
can be obtained quickly from simple monomers.


Here, we focus on the influence that the structure and the
content of latex additives have on the crystal growth of zinc
oxide precipitated from an aqueous solution, and explore
the nature of the control parameters.


Results and Discussion


Synthesis and characterization of surface-functionalized
latexes : Following the basic procedure of Landfester
et al. ,[38,39] latex particles typically of radii 30–120 nm were
prepared by direct miniemulsion polymerization, using ul-
trasonication as a shear method to achieve the state of mini-
emulsion. Styrene, practically immiscible in water, was the
main component of the oil phase, and the various comono-
mers 1 to 6 were used to modify the surface properties of
the latex particles, considering the polarity and the charges
of their functional groups.


A non-ionic poly(ethylene oxide)-derived surfactant, Lu-
tensol AT50, (C16H33)(EO)50,


[40] was used instead of cationic
or anionic surfactants, to minimize any undesired effect in
the ZnO crystallization. Hexadecane was used as a hydro-
phobic agent to stabilize the emulsion and to avoid Ostwald
ripening. This costabilizer has been reported to disperse ho-
mogeneously in the droplets and it does not show any en-
richment close to the interface.[41]


To commence the polymerization inside the droplets, an
oil-soluble initiator, 2,2’-azobis(2-methylbutyronitrile)
(AMBN), was used. AMBN was preferred to the typical
AIBN (2,2’-azoisobutyronitrile) because of its higher insolu-
bility in water. In some cases (explicitly indicated), small
portions of the water-soluble initiator potassium persulfate
(K2S2O8) were added to initiate the polymerization of water-
soluble comonomers in the aqueous phase and to improve
their grafting onto the corona.


The miniemulsification leads to the formation of small
droplets of the oil phase (containing mainly styrene, hexade-
cane, and the initiator), partially covered by the surfactant,
which stabilizes the miniemulsion. The hydrophilic comono-
mer is outside the droplets in the aqueous phase, but due to
its partition coefficient, a small fraction is also present in
the oil phase. Because of this, copolymerization of the hy-
drophilic monomer with the styrene may also take place
inside the droplets. As an example, let us consider acrylic
acid (AA) as the hydrophilic monomer for the following dis-
cussions. There is always an equilibrium between the AA
present outside and inside the droplets, and as AA units
polymerize in the oil phase, new molecules diffuse from the
aqueous to the oil phase. As soon as AA becomes incorpo-
rated into the growing chain, mainly composed of styrene
units, the chain assumes an amphiphilic character and
moves toward the interface to expose the carboxyl groups to
the water phase. As a consequence, a complex latex corona
structure is formed. As sketched in Figure 1, the latex
corona is comprised of short segments of the hydrophilic
component of the non-ionic surfactant and hydrophilic seg-
ments of the copolymer between styrene and AA. A certain
concentration of carboxylic groups will be present embed-
ded at various depths inside the corona. The details of the
structure and properties of the corona in core-shell latexes,
formed as a consequence of analogous or similar processes,
are still not fully understood and have been the subject of
detailed studies (e.g., references [42–47]). In our case, we
are mainly concerned with the density of functional groups
that can be accommodated by a growing crystal surface, as-
suming that these functional groups need to make contact
with the surface in order to control the crystal-growth fea-
tures.
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In this work, it is assumed that copolymerization process-
es similar to the one described for the case of AA occur for
the other comonomers used. In the case of methacrylonitrile
and 2-allylphenol, with solubilities in water of only 25.7 and
7 gL�1, respectively (at 20 8C), it is expected that the seg-
ments composed of these monomers will generally remain
inside the latex core, and only a small fraction will be pres-
ent within the corona.


Surface-charge densities of the latex particles were deter-
mined by performing direct polyelectrolyte titration (also
called colloid titration), based on the interaction between
oppositely charged polyelectrolytes.[48,49] Poly(diallyl dimethyl-
ammonium chloride) (poly-DADMAC) was used as titrating
agent and the carboxylic groups were previously deprotonat-
ed by adjusting the pH to values of approximately 9.5. The
final point of the titration was detected by using a particle-
charge detector (PCD), whose operating system is based on
electrokinetic measurements.[50] It has been reported that, in
this technique, the type of functional groups plays an impor-
tant role, and the measured density of charges may differ
from the real value.[49] Nevertheless, this method gives in-
sight into the differences between latex preparations, and
the charge-density estimation provided is sufficient for our
requirements. The diameters (from photon correlation spec-
troscopy measurements[51]) and results of polyelectrolyte ti-
trations for latex emulsions prepared with the different hy-
drophilic comonomers (samples S1 to S6), as well as the di-
ameter of a non-charged reference latex (sample S0), are
compiled in Table 1. This table also shows those cases in
which potassium persulfate was used in a second step of the
reaction. The reaction parameters for all the samples report-
ed in the table were chosen so that particle diameters in the
range of 60–90 nm and surface-charge densities of approxi-
mately 0.5–2.0 nm�2 were obtained.


Screening of different surface-functionalized latexes for
morphology control : Zinc oxide crystallizes in the hexagonal
system as zincite (a=3.2498 Q, c=5.2066 Q, space group
P63mc, number of formula unit Z=2, 1=5.68 gcm�3). The
oxygen atoms are hexagonal close-packed, and the zinc


atoms occupy half of the tetra-
hedral interstices and are also
hexagonal close-packed. This
mode of crystal packing is
shown in Figure 2a.


The crystal structure readily
implies that the faces normal to
the c-axis, (001) and (001̄), ex-
hibit a highly polar character
and are not identical under
ideal conditions. The (001) face
is composed of zinc atoms,
whereas the (001̄) face is occu-
pied by oxygen atoms. Under
conditions of growth from an


aqueous medium these surfaces may be hydrated,[52] but will
still differ with regard to polarity and charge density. In fact,
we observe the formation of twins in almost all cases, which
may be a consequence of the instability of one of these
polar faces. A structure of this twin formation is sketched in
Figure 2b. The ZnO structure contains also a series of non-
polar faces {hk0}, electronically neutral, with equal numbers
of oxygen and zinc atoms.


In this work, zinc oxide was precipitated from an aqueous
solution of zinc nitrate by adjusting the pH through the ther-
mal decomposition of hexamethylenetetramine (HMTA) in
ammonia and formaldehyde at the reaction temperature of
95 8C. Before the start of the precipitation reaction, the pH
has a value of around 5 in the absence of additives. This ini-
tial pH can change considerably as the functionalized latex-
es are added. However, independent of the initial value,
HMTA produces a buffer effect and the final pH remains
constant at around 6.


In a conventional precipitation in the absence of any addi-
tive, long hexagonal prismatic crystals are formed. This mor-
phology, reproduced in Figure 3a, implies that different
crystal faces grow with different velocities. It can be de-
duced that the basal face (001) is a rapidly growing face and


Figure 1. SEM micrograph of a poly(styrene-acrylic acid) latex and schematic representation of the chemistry
of the corona.


Table 1. Characteristic data of latex samples obtained by miniemulsion
copolymerization of styrene (S) with various comonomers (1–6).[a]


Sample Functional
comonomer


Initiator Diameter
[nm]


Surface-charge
density[b] [nm�2]


S0 – AMBN 59 0.0
S1 1 AMBN 72 1.4
S2 2 AMBN/K2S2O8 79 0.6
S3 3 AMBN/K2S2O8 80 2.3
S4 4 AMBN 73 n.d.[c]


S5 5 AMBN 91 n.d.[c]


S6 6 AMBN/K2S2O8 80 n.d.[c]


[a] The reaction mixture contained 96 wt% of styrene and 4 wt% of each
comonomer, except for S0, in which only styrene was used. The solid
content was 22�1 wt% after polymerization, except in the case of
sample S5, in which the solid content was 11 wt%. [b] Determined by
polyelectrolyte titration and expressed as charged groups per unit area.
[c] n.d.=not determined.
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the lateral faces {hk0} are slow growing, which results in a
needlelike crystal.


Polyelectrolytes may adsorb onto the surface of growing
crystals and modify the growth features. In this context, sur-
face-functionalized latexes represent an interesting ap-
proach, as indicated in the Introduction. For this reason, we
initially screened the effect of latex particles differently
functionalized at their surface, but with similar particle di-
mensions.


The precipitations were carried out in a medium contain-
ing 1 gL�1 of latex (content of solid latex in the total
volume), which represents a particle density of approximate-
ly 2U1013 per cm3 (considering an average radius of 35 nm
and approximating the density of the solid latex to 1 gcm�3).
In general, the latex particles are embedded in the growing
crystal, becoming incorporated into the structure and giving
ZnO–latex hybrid materials. If desired, the latex can be re-
moved by dissolving with organic solvents or, more effec-
tively, by calcination.


The resulting morphology of the crystals was investigated
by conducting scanning electron microscopy (SEM).
Figure 3 shows how the SEM micrographs of the various ex-
periments compare with the reference sample.


A brief description of the main observations of the
screening experiments follows:


a) The reference sample in Figure 3a shows a high proba-
bility of occurrence of starlike growth features that are
the result of nucleation of several individual crystals


from the same nucleation center. Small, needlelike crys-
tals resulting from secondary nucleation processes are
observed.


b) Upon addition of a pure polystyrene latex (latex S0),
without addition of functional groups to its surface, the
crystals show essentially the same morphology as the ref-
erence sample, composed of hexagonal prismatic crystals
of widely differing length-to-cross-section ratio. A few of
the latex particles remain adsorbed on the surface.


c) With poly(styrene-acrylic acid) latex (latex S1), crystals
with lower polydispersity in the dimensions are obtained.
The crystals are densely covered by latex particles that
could not be removed by simple washing, as was the
case for the latex S0. This indicates a strong interaction
between the surface groups of the latex particles and the
zinc oxide.


d) The addition of poly(styrene-maleic acid) latex (latex
S2), with two carboxylic groups in the functional mono-
mer, leads to crystals with a completely different mor-


Figure 2. a) Structure of ZnO (zincite). b) Crystal habit frequently ob-
served in controlled precipitation, with definition of experimental magni-
tudes (length and width) and crystal faces (basal face (001) and lateral
face (100)).


Figure 3. Zinc oxide samples crystallized (a) without additive, and (b–h)
in the presence of 1 gL�1 of the latexes S0 to S6, respectively (see
Table 1). The samples shown in (f) and (h) were calcinated at 600 8C to
remove the polymer.
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phology. The crystals show a platelike shape and no
clear borders are formed; the hexagonal structure essen-
tially disappears. However, the twinning and the starlike
growth of the crystals from a common nucleation center
are present, as in previous samples. A relatively high
number of latex particles remain in the crystals after
washing.


e) With poly[styrene-(ethylene glycol methacrylate phos-
phate)] latex (latex S3), the obtained prismatic crystals
were shorter and wider, with a more isometric morphol-
ogy, that is, with similar length and width. The interac-
tion of the latex particles with ZnO appears to be
strong, as in the case of the latex S1, and the crystals are
densely covered with the polymeric nanoparticles.


f) Very large amounts of aggregated poly(styrene-meth-
acrylonitrile) latex (latex S4) were observed upon using
this additive, and the analysis of the crystal structure was
only possible after calcinating the polymer. Figure 3 f
shows peculiar “canal structures” observed in the result-
ing crystals after pyrolysis at 600 8C (10 8C min�1, from
room temperature to 600 8C).


g) In the presence of the poly[styrene-(2-allylphenol)] latex
(latex S5), starlike hexagonal crystals are again obtained,
and no residual polymer is observed. This indicates that
the latex does not adsorb onto the crystals and it is com-
pletely removed during the
centrifugation and washing
processes.


h) As in the case of the latex
S4, analysis of the morphol-
ogy of the crystals precipi-
tated in the presence of the
positively charged latex
based on vinylbenzyl trime-
thylammonium chloride
(latex S6) was only possible
after removal of the latex
by pyrolysis. Very porous
crystals with “canal struc-
tures” are observed after
calcination.


In spite of the very different
external morphologies, all our
products were analyzed by X-
ray diffractometry (XRD) and
clearly identified as pure zincite
(JCPDS 36–1451), without con-
tamination by other crystalline
species.


Influence of the latex concen-
tration on the crystal morpholo-
gy : The latex concentration ap-
pears to be an important pa-
rameter for the final morpholo-
gy of the ZnO crystals, as is


shown in Figure 4. By using acrylic-acid-functionalized latex
S1 as the crystallization additive, the length-to-width ratio
decreases systematically as the concentration increases.


The latex S2, synthesized from maleic acid, produced a
very strong effect in the crystals obtained. The significant
differences in the morphologies for the latexes S1 and S2
cannot be justified only in terms of the number of carboxylic
groups, because the effect is much higher than that expected
for such surface-charge densities. In the presence of an in-
creasing concentration of the latex S2, the growth in the c-
axis is blocked and the crystals become wider until thin lam-
inar structures are observed. If one naively assumes that the
latex is reversibly adsorbed onto the (001) plane and that
the rate of growth in the c-direction is proportional to the
actual coverage by the latex particles (this is discussed in
detail below), then the absorption constant for the maleic-
acid-functionalized latex must be much higher than that for
the latex exposing acrylic acid groups towards the growth
plane. In the latter case, prismatic crystals are obtained, and
suppression of the growth of this plane leads to platelike
crystals. The strong affinity in the case of the maleic-acid-de-
rived latex may be explained by taking into account the spe-
cial conformation that the polymeric chains can take due to
the cis position of the two carboxylic groups in the mono-
mer. This conformation will not occur in the latex based on


Figure 4. SEM micrographs of samples crystallized at different concentrations of the latexes S1, S2, and S3
(see Table 1). The latex was eliminated by calcination at 600 8C.
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acrylic acid, in which very high concentrations of the latex
(ca. 9 gL�1) are required to substantively reduce the aspect
ratio.


The phosphate groups attached to the surface in the latex
S3 have an intermediate effect, not as strong as in the case
of the maleic-acid-derived functionalities, but stronger than
in the acrylic-acid-type residues. Comparing the effects of
the acrylic acid and the phosphate-group-decorated latexes,
one sees that a concentration of 1 gL�1 in the first case pro-
duces approximately the same effect as a concentration of
9 gL�1 in the latter. At a concentration of 6 gL�1, laminar
structures can be observed, similar to those obtained in the
presence of the latex S2.


Poly(styrene-acrylic acid) latex as crystallization additive


From the results of the screening described above, the poly-
(styrene-acrylic acid) (PSAA) latex appears to be a conven-
ient system for a more detailed study, for the following rea-
sons: i) the particles are incorporated into the crystals with-
out formation of large polymer aggregates; ii) the prismatic
form of the resulting crystals allows the measurement of
width and length, facilitating the quantification of the effect
of the additive; iii) good estimation of the surface-charge
density of the latex can be obtained by titration with poly-
DADMAC, which may become more difficult for latex with
other functional residues, for instance phosphate groups.
Therefore, to analyze the influence of the latex concentra-
tion on the morphology and the crystal habit, samples in the
presence of different quantities of PSAA latex were crystal-
lized.


Morphology and crystalline structure : The aspect ratio (A),
defined as the quotient of the length and the width, under-
goes a systematical decrease as the PSAA latex concentra-
tion increases, as shown in Figure 4. The width and length of
the crystals in each sample were determined from statistical
analysis of SEM images, after measuring at least 100 parti-
cles. Histograms of the length and width distributions were
obtained for each sample; these are plotted in Figure 5. The
presence of the latex reduces the length distribution from
multimodal to monomodal, even at the smallest concentra-
tion of 0.5 gL�1. Further increase of the latex concentration
reduces the length of the crystals taken at the maximum of
the length distribution curve, which was used to describe the
envelope of the histograms. Note that a single normal distri-
bution is sufficient to describe the statistical data and that
the width of the distribution becomes narrower as the latex
concentration increases. The width distribution is rather
narrow to begin with, but the mean value increases system-
atically as the latex concentration increases. In other words,
the crystals become more isometric. The aspect ratio A was
calculated from the average length-to-width ratio of the
data shown in Figure 5, and it is plotted in Figure 6. The
product of the square of the width and length of the crystals
remains approximately constant within the limits of error,
indicating that the volume of the growing crystals in the


system is not significantly affected by the change in latex
concentration. Considering that all data were obtained from
comparable reaction yields, this implies that the number of
crystals in the system remains the same for different latex
concentrations.


Changes in the crystal morphology do not imply signifi-
cant changes in the microcrystalline structure, as can be de-
duced from the XRD data shown in Figure 7. Here, powder
diffractograms of samples whose morphologies were ana-
lyzed to obtain the data of Figures 5 and 6 are presented.
Assuming that the peak broadening results only from the
size of the coherently scattering domains, their size can be
estimated by using the Scherrer equation [Eq. (1)],[53]


Lhkl ¼
Kl


b1=2
cosq


ð1Þ


Figure 5. Histograms of the lengths and widths of crystals in samples
grown in the presence of different concentrations of the PSAA latex S1.


Figure 6. Relationship of the aspect ratio to the concentration of PSAA
latex S1.
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in which K is a form factor approximately equal to unity, l
is the radiation wavelength (1.54 Q), and b1=2


is the full width
at half maximum (FWHM) of the peak on the 2q scale in
radians. This equation was applied to the (100) and (002) re-
flections, after normalizing and adjusting to Lorentzian
(Cauchy) curves,[54] which may be taken as an approximation
to fit XRD reflections.[53] The positions of these two reflec-
tions and the FWHM are listed in Table 2, together with the
estimated crystallite sizes. The latex content in the final


products, that is, the quantity of latex incorporated from the
initial latex concentrations added during the crystallization,
is also listed. The amount of latex occluded in the crystals
was estimated from the weight loss determined by thermog-
ravimetrical analysis (TGA).


As the latex concentration increases, the 2q values tend to
shift to slightly smaller angles (considering the maximum of
the Lorentzian fittings) and the peaks tend to broaden.
Crystallite sizes calculated by using the Scherrer equation
[Eq. (1)] decrease as the additive concentration increases.
However, it should be mentioned that the shifts in the posi-
tion are small and close to the resolution limit of the X-ray


diffractometer used. In general, it can be concluded that the
long-range order in the crystals is not disturbed. Thus, the
use of latex as additive causes no significant reduction in the
perfection of the crystals.


Model considerations : The change in morphology that ac-
companies increasing latex concentration can be explained
by a model of the interaction between the latex particles
and the growing faces of the zinc oxide. Presumably, the
latex particles, functionalized on the surface with carboxylic
groups, are adsorbed preferentially onto the (001) face of
zincite, thereby blocking the positions from which the crys-
tal would normally tend to grow. This leads to a slower
growth along [001], although other possible growth direc-
tions are essentially not affected. If it is assumed that the
latex particles adsorb onto the basal plane (001) according
to a Langmuir isotherm (i.e., a surface coverage proportion-
al to the overall concentration is achieved), then the fraction
of the surface covered by latex (normalized to 1), q, is given
by Equation (2),


q ¼ kc
1þ kc


ð2Þ


in which k is the adsorption constant and c is the concentra-
tion of latex particles. Above a certain concentration, full
coverage of the basal plane by the latex spheres will be
achieved. This will define the maximum of the effect. At
lower concentrations, the crystals will grow along [001] in
proportion to the fraction of free surface available for the
addition of crystal-building species. We assume that the


aspect ratio is proportional to
the free surface available at a
certain coverage defined by q.
This requires a rescaled aspect
ratio, S, defined by Equa-
tion (3),


S ¼ 1�Ac�A1
A0�A1


ð3Þ


in which Ac is the aspect ratio
at a certain latex concentration,
A1 is the aspect ratio at an in-


finitely large latex concentra-
tion, and A0 is the aspect ratio obtained in the absence of
latex. The rescaled aspect ratio S for the data of Figure 5 is
plotted in Figure 8, by adjusting the data to a function
equivalent to the Langumir isotherm [Eq. (4)].


S ¼ k0c
1þ k0c


ð4Þ


It can be observed that the model correlates quite well
with the data for latex concentrations of below 6 gL�1, but
for higher concentrations, the experimental values differ
from the theoretical curve. At high concentration, more


Figure 7. X-ray diffractograms of ZnO crystallized in the presence of dif-
ferent concentrations of the PSAA latex S1, as indicated; the samples
contained up to approximately 10 wt% of latex occluded in the crystals
(see Table 2).


Table 2. Position and full width at half maximum (b1=2) of the (100) and (002) reflections in ZnO crystals ob-
tained in the presence of different amounts of the latex S1 (see Table 1). Crystallite sizes (Lhkl) were calculated
by using the Scherrer equation [Eq. (1)], and the latex content was estimated from the weight loss determined
by TGA.


Sample Latex Latex content (100) (002)
[g L�1] [%] 2q [8] b1=2


[8] L100 [nm] 2q [8] b1=2
[8] L002 [nm]


ZL0 0 0 31.750 0.111 83 34.408 0.097 95
ZL05 0.5 1.7 31.764 0.156 59 34.420 0.136 68
ZL10 1.0 4.3 31.785 0.163 56 34.436 0.130 71
ZL30 3.0 7.0 31.765 0.174 53 34.411 0.127 73
ZL50 5.0 9.1 31.804 0.177 52 34.459 0.147 63
ZL90 9.0 9.5 31.811 0.145 63 34.464 0.139 66
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complex phenomena, such as multilayer adsorption, may
occur, complicating the treatment. By excluding the points
for c>6 gL�1, the value obtained for the constant k’ was
0.78�0.05. Because the adsorption of the latex is related to
the surface-charge density, different values of k’ would indi-
cate different characteristics of the latex particles.


The aspect ratio of the resulting crystals is influenced
mainly by two parameters: the concentration and the sur-
face-charge density of the latex particles. So far, we have
considered a fixed surface charge of the latex particles and a
variable additive concentration. Another series of experi-
ments was carried out in which the surface-charge density
was altered to investigate quantitatively the influence of this
parameter. From here on, the latex particles are considered
as spheres of radius r with an average surface charge. It is
assumed that no deformation of the spherical shape occurs
during the adsorption process. The characteristic length
scale for features relative to defects that control the growth
of crystals is the Burgers vector, that is, the height h of the
growth spirals is responsible for growth in a particular direc-
tion. Carboxylic groups at a distance greater than h will not
be able to interact with the growth sites on the ZnO surface.
In this context, we can define a “cap” of the latex sphere as
being the region where the functional groups interact with
the crystal surface. The meaning of the cap is further dem-
onstrated in Figure 9. The surface area of this “cap” is de-
noted as 2prh. As an approximation, the value of the height
h is set as 0.52 nm, which corresponds to the unit-cell pa-
rameter c of zincite; other values would result in only a pro-
portional rescaling. The number of carboxylic groups per
“cap”, N, can be calculated by multiplying the surface-
charge density by the surface area of the “cap”. This value
N allows us to eliminate the effect of the diameter of the la-
texes as an independent parameter.


By taking the Langmuir-type dependence of the aspect
ratio into account, two different situations were considered:


1) a small concentration of latex of 0.6 gL�1, meaning a
linear dependence of A on c (i.e., k’c!1)


2) a higher latex concentration of 6 gL�1, that is, close to
the saturation value (k’cffi1).


The same type of PSAA latex as in the previous experi-
ments was used; however, the parameters of the synthesis
were tuned to obtain samples that differed in both surface-
charge density and diameter. The set of prepared latexes is
listed in Table 3, together with the resulting aspect ratios of
the ZnO crystals obtained at the two different latex concen-
trations of 0.6 and 6 gL�1. As described previously, the
aspect ratio was calculated from the statistical treatment of
SEM micrographs. The aspect ratios obtained are plotted in
Figure 10 as a function of N. The solid lines through the
points were calculated on the basis of the considerations
presented below. Both curves show a similar behavior: in
region I, the aspect ratio decreases dramatically as N in-
creases towards a minimum located at ~100 charged groups
per cap; in region II, the aspect ratio increases again until it
reaches a constant value that is maintained in region III.
Note that the minimum aspect ratio occurs at a similar
value of N for both sets of experiments, that is, the mini-
mum seems to be independent of the latex concentration; in
other words, only the associated value of the aspect ratio re-
flects the concentration.


As indicated above, the two parameters influencing the
aspect ratio are the latex concentration and the number of
charged groups per “cap” (N). In reality, Figures 5 and 10
are actually sections through a multiparameter space.


The experimental points of Figure 10 are approximated
by a curve calculated according to the following considera-
tions. It is assumed that the interactions occurring within a
certain volume between the latex and the ZnO surface con-
trol the adsorption process. This volume is referred to as the
“osmotically active volume” and is defined as the projection
of the “cap” onto the ZnO growth plane. The variable is the
distance between the center of the latex sphere and the
ZnO surface. As the sphere approaches the ZnO surface,
both attractive and repulsive forces are encountered. At
fixed size and surface-charge density, the number of bonds
that eventually lead to chemisorption (or physisorption) of
the sphere onto the surface is, therefore, well defined. One
could assume, for the sake of simplicity, that ionic bonds are


Figure 8. Plot of the scaled aspect ratio S (see [Eq. (3)]) versus the con-
centration of latex, c, following the algorithm of a Langmuir isotherm
(see [Eq. (4)]).


Figure 9. Schematic representation of the “cap model” for adsorption of
a latex particle at the ZnO surface.
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formed between the carboxylate groups on the surface of
the “cap” and the Zn2+ species situated within the growth
surface. A cut-off length of these interactions is somewhat


deliberately defined by fixing
the height of the “cap” to
0.52 nm, as already indicated.
However, increasing this value
would not affect the principal
conclusions.


The repulsive forces are do-
minated by the osmotic pressure
that builds up from the confine-
ment of the counterions within
the osmotically active volume.
These counterions originate
from both the carboxylate
groups at the surface of the
“cap” and the ionogenic groups
contained within the ZnO
growth surface.


The total interaction potential
Vtotal between a sphere and the
ZnO growth surface is assumed
to be additive, as represented in
Equation (5),


V total ¼ Vatt þ Vrep ð5Þ


in which Vatt and Vrep are expres-
sions for the global attractive
and repulsive components, re-
spectively, of the total potential.
This formulation has some simi-
larities to the DLVO theory,
which describes the interaction
between colloidal particles.[50,55]


As indicated, the aspect ratio,
A, is controlled by the adsorp-


tion of the latex spheres, with the adsorption constant being
a measure of the interaction potential. In Equation (6), we
propose the following relationship,


A ¼ a
N


� b
k
e�kN þ C ð6Þ


in which k and C are constants and a and b are parameters
dependent on the latex concentration. The first term of the
equation (a/N) describes the attractive forces that cause the
aspect ratio to decrease as the surface-charge density in-
creases, which is conditional upon small loadings of the sur-
face with carboxylic groups. The second term describes the
repulsive forces, related to the osmotic pressure, which in-
crease as the number of carboxyl groups increases. The os-
motic pressure could be considered to act as an activation
barrier to the adsorption process. The third term is a con-
stant related to the situation of “overloading” of the surface
of the spheres with charged groups. The fitting of the experi-
mental points to Equation (6) was performed after estimat-
ing the constant C from the average value of the data at
N
500. The optimization of the fitting parameters gave the


Table 3. Set of PSAA latexes prepared with different particle diameters and different surface-charge densities,
together with the average aspect ratio of the zinc oxide crystals obtained at latex concentrations of 0.6 and
6 gL�1. The latexes are listed according to increasing number of charged groups on the “cap”.


Latex sample Diameter
[nm]


Surface-charge
density [nm�2]


Number of charged
groups on “cap”


Aspect ratio at
0.6 gL�1 latex


Aspect ratio at
6 gL�1 latex


SAA1 113 0.1 11 3.8 2.1
SAA2 68 0.5 54 4.2 0.7
SAA3 82 0.4 55 3.7 0.7
SAA4 96 0.4 69 – 1.7
SAA5 66 0.8 85 3.4 0.4
SAA6 118 0.4 85 – 3.1
SAA7 98 0.6 101 – 2.9
SAA8 112 0.6 103 – 0.3
SAA9 84 0.9 120 3.5 0.4
SAA10 115 0.8 150 – 0.5
SAA11 116 0.8 153 – 0.5
SAA12 83 1.2 163 3.5 –
SAA13 97 1.1 171 3.7 0.6
SAA14 167 0.7 182 4.5 –
SAA15 160 4.5 188 3.8 0.7
SAA16 124 1.0 192 4.2 0.7
SAA17 121 1.0 192 – 2.0
SAA18 116 1.0 192 – 1.6
SAA19 84 1.4 193 4.0 –
SAA20 120 1.0 194 4.2 –
SAA21 84 1.6 215 4.2 –
SAA22 104 1.4 229 4.1 –
SAA23 134 1.1 230 3.9 –
SAA24 192 0.8 249 4.1 2.9
SAA25 125 1.3 264 4.6 –
SAA26 104 1.6 265 – 1.9
SAA27 93 1.8 280 4.4 –
SAA28 130 1.9 410 4.8 –
SAA29 162 1.7 457 4.5 4.1
SAA30 162 2.1 564 5.0 3.5
SAA31 100 3.9 642 4.9 –
SAA32 92 4.6 694 4.7 –
SAA33 236 2.8 1089 4.8 3.0


Figure 10. Dependence of the aspect ratio of the ZnO crystals obtained
in the presence of PSAA latex particles (at concentrations of 0.6 and
6 gL�1) on the number of charged groups on the “cap”, N.


www.chemeurj.org L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 118 – 129126


G. Wegner et al.



www.chemeurj.org





following values for latex concentrations of 0.6 and 6 gL�1,
respectively: 162 and 343 for a, 0.032 and 0.073 for b, 0.0061
and 0.0059 for k, and 4.75 and 3.53 for C.


Conclusions


It is well known that hydrophilic and water-soluble polymers
are able to interfere with the nucleation and growth of inor-
ganic crystals during precipitation from an aqueous medium.
Double hydrophilic block- or graft-copolymers have been
shown to be particularly effective if the functional groups
(e.g., carboxylic groups) are spatially separated from other
groups (e.g., ethylene oxide groups) that merely facilitate
water compatibility without interacting with the surface of
the inorganic material. Here, we have demonstrated that for
the precipitation of zinc oxide, anchoring of the components
of double hydrophilic block- or graft-copolymers to the sur-
face of latex particles has the same effects. Whereas the syn-
thesis of bishydrophilic block- or graft-copolymer may be
cumbersome, the application of surface-functionalized latex-
es offers new possibilities in the control of crystallization
phenomena. Latex particles of defined diameter and compo-
sition of surface-anchored functional groups are readily and
efficiently available by the miniemulsion polymerization
technique. The properties of the materials obtained in the
course of crystallization of zinc oxide are particularly suited
for systematic studies, because zincite is the only polymorph
formed and it crystallizes in the form of hexagonal prismatic
crystals. The length-to-width ratio of these crystals (aspect
ratio) is their most important characteristic feature, and is
subject to control by the polymer additive. In addition, latex
particles become incorporated into the growing crystals.
Thus, hybrid materials can be obtained that are composed
of inorganic and largely undisturbed crystalline materials in
which organic latex particles are embedded.


The systematic screening of variations in the chemical
composition of the corona of the latex particles reveals that
both the chemistry of the functional groups and their density
are important control parameters that allow the shape of
precipitated zincite to be modified from slender elongated
to platelike forms. Furthermore, the size distribution of the
crystals becomes narrow and homogeneous.


Polystyrene miniemulsion latexes with a corona composed
of carboxylic groups (originating from acrylic acid used as
comonomer) and oligo(ethylene oxide) residues (from the
surfactant used in the preparation of the miniemulsion)
have evolved from the screening procedure as a model
system.


The diameter of the latex spheres can be easily controlled
by choosing the conditions of synthesis. Thus, the diameter
of the latex particles and their surface composition in terms
of the number of carboxylic groups per unit area are inde-
pendent parameters subject to variation. Our experiments
indicate that the diameter of the latex particles is a
“hidden” control parameter, accounted for by considering
an interaction volume between the latex particle and the


growth surface of the crystals onto which the particle is ad-
sorbed. The number of active groups, N, within the area of
the “cap” of the spherical latex particles can be defined;
functional groups outside the area of the cap have no oppor-
tunity to interact with a surface of the crystal.


The aspect ratio of the prismatic zinc oxide crystals is a
function of the latex concentration, all other parameters are
kept constant. A model that assumes absorption of the latex
particles onto the growth centers at the basal plane of zin-
cite according to a Langmuir isotherm can explain the de-
pendence of the aspect ratio on the overall latex concentra-
tion.


The influence of other control parameters, that is, the cur-
vature (radius) and density of functional groups at the sur-
face, can be combined and accounted for in the definition of
“active groups” N. By using this definition, all data regard-
ing the dependence of the aspect ratio on specific latex char-
acteristics can be rescaled to describe the aspect ratio as a
function of N, with the concentration of latex particles left
constant. The results imply that the aspect ratio arises from
a balance of attractive and repulsive forces between the
latex surface and the growth surface of the crystal (i.e., the
basal plane of zincite) within the interaction volume. Con-
sidering these assumptions, an algorithm can be defined that
describes the aspect ratio of the resulting crystals over three
orders of magnitude in the surface-group density in the
corona and size variations of the latex from 60 to 240 nm.
We are not aware of a similar and, moreover, quantitative
approach in the area of mineralization and/or biomineraliza-
tion that relates morphological features to variations in
chemical structure.


A further conclusion is that the latex has very little, if any,
influence on nucleation density. This is deduced from the
study of the size distribution of the crystals obtained at dif-
ferent concentrations of the same type of latex. However,
the width of the size distribution seems to become narrower
at increasing latex concentrations, which may indicate that
Ostwald ripening is suppressed in the presence of the latex.


Increasing amounts of the interactive latex particles
become incorporated into the growing crystals at increasing
overall concentration in the crystallizing system. Hybrid ma-
terials that contain up to approximately 10 wt% of latex oc-
cluded in the crystals are formed without causing a deterio-
ration in the long-range order in the crystalline material.
The polymer can be removed by thermolysis or by dissolu-
tion in organic solvents to leave porous crystals of zinc
oxide behind. This observation may inspire further develop-
ments in the application of zinc oxide in catalysis.


Finally, the results and their analysis reported here dem-
onstrate that morphology control can be very effective with-
out involving topochemically defined interactions between
the growth surface and the additive. Poisoning of growth
centers, such as dislocations that emerge at the surface and
unspecific interactions that control the approach of the addi-
tive to the crystal surface, are sufficient to account quantita-
tively for the dependence of the aspect ratio on the chemical
composition of the latex corona. In other words, topochemi-
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cal and “specific recognition” phenomena are of less impor-
tance in this case. The latex particles of chemically struc-
tured corona may even be good models to mimic the behav-
ior of globular proteins in biomineralization.


Experimental Section


Chemicals were supplied by Aldrich (highest purity available) and were
used as received, unless otherwise stated. The water used was Milli-Q.


Synthesis, purification and characterization of latexes : The latexes listed
in Table 1 were prepared in a similar way to that described by Landfester
et al. ,[38,39] by miniemulsion polymerization with styrene (Fluka, puriss.,

99.5%) and a small amount of one of the second functional comono-
mers: acrylic acid (1), maleic acid (2, Janssen Chimica, 
99%), ethylene
glycol methacrylate phosphate (3), methacrylonitrile (4), 2-allylphenol
(5), vinyl benzyl trimethylammonium chloride (6). The monomers
(11.52 g of styrene and 0.48 g of comonomer; 12 g of styrene in the case
of latex S0) were mixed with hexadecane (500 mg) and 2,2’-azobis(2-
methylbutyronitrile) (AMBN, Wako Pure Chemical Industries) (240 mg).
The aqueous phase was prepared by dissolving Lutensol AT50 (BASF,
3.0 g) in water (48 g). Both the oil and aqueous phases were stirred sepa-
rately for 30 min and then mixed and stirred for 45 min. The miniemul-
sion was achieved by ultrasonification for 7 min (Branson Digital Sonifier
250-D; 70% intensity, pulse 1.0 s, pause 0.1 s), followed by cooling in an
ice-water bath to avoid polymerization due to heating. The reaction oc-
curred at 72 8C under an argon atmosphere and was stopped after 8 h. In
the latexes S2, S3, and S6, potassium persulfate (25 mg) was added after
6 h to graft oligomeric, hydrophilic free radicals onto the corona. The re-
sulting latexes were filtered and purified by centrifuging in a disposable
Ultrafree-15 centrifugal filter device with a membrane Biomax 50 kDa
(Millipore).


The latexes listed in Table 3 and Figure 10 were prepared independently
of, but analogously to, those described above. The latex diameters and
the surface-charge densities were tuned by selecting the optimal amounts
of surfactant and acrylic acid. Various amounts of acrylic acid were
mixed with styrene (6 g), hexadecane (250 mg), and AMBN (250 mg).
This oil phase was added to the aqueous phase, prepared from various
amounts of Lutensol AT50 dissolved in water (24 g). The mixture was
stirred as described previously and ultrasonified for 60 s (UD-20 by Tech-
pan, level 5). In this case, the reaction time was 2 h.


The particle size was measured by conducting photon correlation spec-
troscopy at a fixed angle of 908 with a Malvern Zetasizer 3000HS. Solid
contents were determined by drying a portion of emulsion (0.8 g) at
40 8C under vacuum for 12 h. The surface-charge density of the latex par-
ticles was estimated by polyelectrolyte titration: a pertinent quantity of
latex was titrated with a ~0.001n solution of poly(diallyl dimethylammo-
nium chloride) (poly-DADMAC, MBtek Analytic, M distribution of
40000–100000 gmol�1) by using an automatic titration unit Metrohm 702
SM Titrino combined with a particle-charge detector MBtek PCD 03-pH,
after adjusting the pH to ~9.5 with a suitable solution of NaOH. The
exact concentration of the poly-DADMAC solution was determined by
titration with the anionic standard sodium polyethensulphonate (MBtek
Analytic, 19100 gmol�1, 0.001n). The surface-charge density was calcu-
lated by dividing the number of charged groups Nch by the total surface
area of the latex particles Atotal. Nch was obtained by multiplying the
number of moles of charged groups (obtained from the titration results)
by Avogadro[s number NA. The mass of a particle was calculated by as-
suming a spherical geometry for the latex particles and by approximating
the density of the latex to 1 gcm�3. By using the mass of a particle and
the total mass of the titrated sample, it is possible to calculate the
number of latex particles and Atotal.


Synthesis of ZnO crystals : A triple-neck flask containing a solution of
Zn(NO3)2·6H2O (Fluka, 
99%, 0.446 g, 1.50 mmol) in water (95�x mL)
was placed in an oil bath and heated at 95 8C under reflux and continuous
magnetic stirring. The pertinent quantity of latex emulsion (x mL, x=0


in the case of the reference sample) was added to the reaction flask.
After achieving thermal equilibrium, the reaction was started by adding
hexamethylenetetramine (HMTA, 0.210 g, 1.50 mmol) dissolved in water
(5 mL). After 90 min, the reaction mixture was cooled in an ice-water
bath and the precipitate was separated by centrifugation, washed several
times with water, and dried under vacuum at 40 8C. To obtain the re-
quired quantities, the samples used in the study of the effect of additive
concentration (Figures 4–8 and Table 2) were prepared similarly, but by
doubling the volume of the solution (total volume after addition of the
HMTA solution was 200 mL) and also multiplying by a factor of two the
concentration of the reactants (Zn(NO3)2·6H2O: 1.784 g, 6.00 mmol;
HMTA: 0.840 g, 6.00 mmol). In this case, the reaction was performed in
a jacketed reactor connected to a thermostated water circulator, which
allowed precise control of the temperature. The reaction temperature, re-
action time, and product treatment were as previously indicated.


Powder characterization : Scanning electron microscopy (SEM) micro-
graphs were recorded by using a field emission microscope LEO EM1530
Gemini. Particle-size histograms and distributions were obtained statisti-
cally by measuring the dimensions of at least 100 crystals with the soft-
ware ImageJ.[56]


X-ray diffractograms (XRD) were registered by using a Seifert XRD
3000 TT diffractometer with CuKa radiation (l=1.54 Q).


Thermogravimetric analysis (TGA) was conducted by using a balance
Mettler TG50 under an oxygen atmosphere and with a heating rate of
10 8Cmin�1 from RT!600 8C.
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Electron-Rich Diferrous–Phosphane–Thiolates Relevant to Fe-only
Hydrogenase: Is Cyanide “Nature*s Trimethylphosphane”?


Jarl Ivar van der Vlugt, Thomas B. Rauchfuss,* and Scott R. Wilson[a]


Introduction


Research on the chemistry of diiron–carbonyl–dithiolates,
[Fe2(m-SR)2(CO)6], dates back to the 1920s with the prepa-
ration of the ethanethiol derivative.[1,2] Decades of subse-
quent work have demonstrated the versatility of this motif.
Recently, various states for the active site of the Fe-only hy-
drogenase enzymes were spectroscopically and structurally
characterized and shown to contain strongly related diiron–
carbonyl–thiolates.[3–5] The structural biology presents many
challenges to the basic chemistry of the diiron–dithiolates,[6]


including coordination of a 4Fe-4S cluster, a novel dithio-
late cofactor,[7] and the occurrence of CN� ligands. Many of
these features are being addressed in an effort to develop
structural and functional models for Fe-only hydrogenases
active site.[8] Quite apart from biomimetic H2 production,
the structural features found in the enzyme active site indi-
cate that the diiron–dithiolate framework is more versatile
than previously appreciated. It is in this spirit that we have
undertaken an investigation of the diferrous–phosphane–thi-
olates described herein.


Several structural[9] and functional aspects[10–12] of the Fe-
only hydrogenases active site have been successfully mod-
eled in the past five years, but with a few notable excep-
tions,[13, 14] all studies focused on classical [FeI]2 species or
their protonated derivatives, which are formally diferrous.


We have developed an oxidative decarbonylation route to
synthesize well-defined diferrous–dithiolates.[15] Oxidative
decarbonylation, which entails concomitant oxidation and
ligand substitution at a metal carbonyl, is a reasonably well-
established methodology,[16–21] and it represents a versatile
entry into species of bioinorganic interest. For example, this
approach led to the series [Fe2(SR)2(m-CO)(CO)x-
(CNMe)6�x]


2+ (Figure 1), which are good structural mimics
of the Hair


ox state of the Fe-only hydrogenase active site.[22] A
recent extension of the oxidative decarbonylation methodol-
ogy led to the diferrous–dicyanide [Fe2(S2C2H4)(m-
CO)(CN)2(CO)2(PMe3)2] (Figure 1).[23] During these investi-
gations, we realized that the bisphosphane [Fe2-
(S2C2H4)(CO)4(PMe3)2] (1), with an E1/2 of 350 mV versus
Ag/AgCl, should be oxidizable by [FeCp2]


+ . Indeed, treat-
ment of 1 with two equivalents of [FeCp2]PF6 and two
equivalents of Et4NCN yielded another isomer of [Fe2-
(S2C2H4)(m-CO)(CN)2(CO)2(PMe3)2] (Figure 1).[23]


The specific issue that we begin to address is the compli-
cated reactivity of cyanide, the naturally occurring donor
ligand that supports the active site of the Fe-only hydroge-
nases. In particular, the oxidation and protonation of the
cyano derivatives has proven difficult because of the high


Abstract: The two-step one-pot oxida-
tive decarbonylation of [Fe2-
(S2C2H4)(CO)4(PMe3)2] (1) with
[FeCp2]PF6, followed by addition of
phosphane ligands, led to a series of di-
ferrous dithiolato carbonyls 2–6, con-
taining three or four phosphane li-
gands. In situ measurements indicate
efficient formation of 12+ as the initial
intermediate of the oxidation of 1,
even when a deficiency of the oxidant


was employed. Subsequent addition of
PR3 gave rise to [Fe2(S2C2H4)(m-
CO)(CO)3(PMe3)3]


2+ (2) and [Fe2-
(S2C2H4)(m-CO)(CO)2(PMe3)2(PR3)2]


2+


(R=Me 3, OMe 4) as principal prod-
ucts. One terminal CO ligand in these
complexes was readily substituted by


MeCN, and [Fe2(S2C2H4)(m-CO)(CO)2-
(PMe3)3(MeCN)]2+ (5) and [Fe2-
(S2C2H4)(m-CO)(CO)(PMe3)4(MeCN)]2+


(6) were fully characterized. Relevant
to the Hred state of the active site of
Fe-only hydrogenases, the unsymmetri-
cal derivatives 5 and 6 feature a semi-
bridging CO ligand trans to a labile co-
ordination site.Keywords: hydrogenases · iron ·


phosphanes · thiolates
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reactivity inherent in this bifunctional ligand,[24] that is, the
ability of FeCN to bridge to other metals and the Brønsted
basicity of the FeCN fragment. In the natural protein, these
complications are minimized by a combination of site isola-
tion, which precludes formation of Fe-CN-Fe bridges, and
hydrogen bonding,[4] which diminishes the basicity of the
FeCN group. In view of these complications, PMe3 repre-
sents an attractive replacement for cyanide. As we demon-
strate, the preparative chemistry of the Fe2(SR)2-PMe3-CO
system is rich and efficient. To simplify the spectroscopic
and structural analyses, we focused on ethanedithiolate de-
rivatives. The main results are summarized in Scheme 1.


Results and Discussion


Synthesis of [Fe2(S2C2H4)(m-CO)(CO)2+x(PR3)4�x](PF6)2
(x=0, 1): Low-temperature oxidation of [Fe2(S2C2H4)(CO)4-
(PMe3)2] (1) in neat MeNO2 in the presence of one equiva-
lent of PMe3 gave the red salt [Fe2(S2C2H4)(m-CO)(CO)3-
(PMe3)3](PF6)2 (2). 31P NMR and IR spectra of this species
(Figure 2a) indicated a structure with Cs symmetry.


Oxidation of solutions of 1 in MeNO2 in the presence of
two equivalents of PMe3 gave the tetraphosphane [Fe2-


(S2C2H4)(m-CO)(CO)2(PMe3)4]-
(PF6)2 (3). This red salt is char-
acterized by two equally intense
doublets of doublets in the
31P NMR spectrum, consistent
with C2 symmetry. The JP,P cou-
pling constants of 49 and 6 Hz
are assigned to two- and three-
bond couplings, respectively.
The IR spectrum showed a


strong band for nCO at 2001 cm�1, accompanied by a should-
er at 2013 cm�1 and a weak, broad band attributable to nm-CO
at 1840 cm�1, consistent with a single C2-symmetric species.
The structure of 3 was verified crystallographically (see
below).


Oxidation of 1 with [FeCp2]PF6 in cold MeCN and subse-
quent addition of three equivalents of P(OMe)3 cleanly
formed red-brown [Fe2(S2C2H4)(m-CO)(CO)2(PMe3)2-
(P(OMe)3)2](PF6)2, (4), which was characterized by NMR
and IR spectroscopy (Figure 2b), ESI-MS, and X-ray crystal-
lography. The spectroscopic data for even the crude reaction
product clearly suggest formation of a single isomer of 4,


with no indication of any
MeCN incorporated (vide
infra). Tellingly, the 31P NMR
spectrum featured two doublets
of doublets patterns, consistent
with a structure analogous to
that for tetraphosphane 3. The
IR patterns for 3 and 4 in the
carbonyl region are similar, al-
though the bands for 4 were
shifted by 14–23 cm�1 to higher
energy. The alternative pathway
to 4, by oxidation of the bis-
(phosphite) [Fe2(S2C2H4)(CO)4-
(P(OMe)3)2] with [FeCp2]PF6


and addition of PMe3, is not ac-
cessible because the oxidation
potential of this bis(phosphite)
species is too high, at �685 mV
versus Ag/AgCl.


MeCN adducts of diferrous–di-
thiolates : Red solutions of tris-
phosphane 2 became dark
green in the presence of MeCN,


due to formation of [Fe2(S2C2H4)(m-CO)(CO)2(PMe3)3-
(MeCN)](PF6)2 (5). The 31P NMR spectrum of 5 showed
a triplet and a doublet in a 1:2 ratio, with JP,P�6 Hz,
consistent with three-bond coupling across the Fe�Fe
bond. The bridging CO ligand appeared as a doublet of
triplets in the 13C NMR spectrum at d=218 ppm. In
addition to bands for terminal CO ligands, the IR spec-
trum showed a weak, broad band at 1908 cm�1, assigned
to m-CO (Figure 2c). The compound was further character-
ized by X-ray crystallography (see below). Interestingly,


Figure 1. Structures of various complexes discussed.


Scheme 1. Synthetic routes to 2–6 via oxidative decarbonylation of 1 with [FeCp2]PF6 and additional trapping
ligands.
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the CO ligand that is displaced by the MeCN ligand is
coordinated in the axial position, trans to the m-CO ligand,


as deduced from the spectroscopic similarities between 2
and 5.


We serendipitously prepared the EtCN analogue of 5 by
means of oxidation of 1 with [FeCp2]PF6 in unpurified
MeNO2, which is known to be contaminated with EtCN.[25]


Thus, 2 is highly reactive towards even traces of nitrile in so-
lution. Upon stirring in neat EtCN at room temperature, 5
exchanged its MeCN ligand for EtCN, as monitored by
31P NMR spectroscopy, which showed a shift Dd of 0.6 ppm
for the two doublets. The MeCN ligand in complex 5 was
not displaced by CO (1 atm) in neat MeNO2, even at
50 8C.


When the oxidative decarbonylation of 1 was followed by
addition of one equivalent of PMe2Ph in place of PMe3, fol-
lowed by a room-temperature workup, we obtained the
mixed ligand complex [Fe2(S2C2H4)(m-CO)(CO)2(PMe3)2-
(PMe2Ph)(MeCN)](PF6)2. IR and 31P NMR spectra indicate
that this mixed phosphane species is structurally analogous
to 5, with the PMe2Ph fragment residing in a basal position
on the Fe center bearing both PMe3 and MeCN ligands.
This species is presumed to arise via the intermediacy of
[Fe2(S2C2H4)(m-CO)(CO)3(PMe3)2(PMe2Ph)](PF6)2.


Treatment of a solution of 5 in either MeNO2 or MeCN
with one equivalent PMe3 instantaneously and efficiently
yielded compound 3. The conversion was signaled by a color
change from dark green to red, as well as by the appropriate
changes in the 31P NMR and IR spectra. The electrophilicity
of the terminal CO ligands in 5 was also evidenced by the
rapidity of the low-temperature reaction of 5 with the decar-
bonylation agent Me3NO in MeCN. The IR spectrum of the
product, proposed to be [Fe2(S2C2H4)(m-CO)(CO)(PMe3)3-
(MeCN)2](PF6)2, consisted of two nCO bands (1987 and
1895 cm�1), the latter being assigned to m-CO (Figure 2c).


The solvolysis of 3 in MeCN proceeded approximately
ten times more slowly than the solvolysis of 2, and the prod-
uct was [Fe2(S2C2H4)(m-CO)(CO)(PMe3)4(MeCN)](PF6)2 (6),
as supported by the observation of two CO bands in the IR
spectrum (Figure 2d). 31P NMR spectroscopy indicated that
6 exists as a single diastereomer, in which all four PMe3 li-
gands are nonequivalent, in contrast to the high symmetry
of 3. The molecular structure of 6 was corroborated by X-
ray crystallography (see below). Compound 6 could also be
conveniently prepared by means of a one-pot reaction in-
volving oxidative decarbonylation of 1 in MeCN, followed
by addition of three equivalents PMe3. When the conversion
of 3 into 6 was monitored by using 31P NMR spectroscopy,
we observed an intermediate, labeled A. This low-symmetry
species is most likely isomeric with 6. The proposed mecha-
nism for the conversion of 3 to 6 is depicted in Scheme 2.


In contrast to the solvolysis of 3, solutions of [Fe2-
(S2C2H4)(m-CO)(CO)2(PMe3)2(P(OMe)3)2](PF6)2 (4) in
MeCN required days even at 50 8C for substitution of one
CO ligand by MeCN (Figure 2b). The major product
(�85%) of this solvolysis is proposed to have P(OMe)3 and
MeCN ligands in the axial positions, similar to species 6, as
deduced from 31P NMR and FT-IR spectroscopy, combined
with the apparent preference for P(OMe)3 to occupy the


Figure 2. FT-IR spectra, carbonyl region, of diferrous phosphino thiolates
2–6 (solvent in brackets).
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axial position trans to the Fe�Fe bond (vide infra). The
31P NMR spectrum showed four multiplets at d=160.7
(79 Hz), 139.8 (53 Hz), 26.2 (53 Hz) and 15.0 ppm (79 Hz),
with phosphane–phosphite two-bond coupling constants in-
dicated in parentheses. The 31P NMR and IR spectroscopic
data for compounds 2–6 are given in Table 1.


Studies on the oxidative decarbonylation process : The oxi-
dation of 1 with [FeCp2]


+ in MeCN was examined by in situ
IR spectroscopy at �40 8C. Upon addition of two equiva-
lents of [FeCp2]PF6, new nCO bands appeared instantaneous-
ly at 2092, 2069, 2030 and 1934 cm�1. The overall pattern is
similar to that for 1, but shifted by �100–150 cm�1 to higher
frequency (Figure 3). This species, labeled 12+ , formed irre-
spective of a CO atmosphere and was found to be stable at
�40 8C for extended periods. Efficient formation of species
12+ was also obtained for the oxidative decarbonylation in
neat MeNO2, again regardless of the presence of CO. We
propose that 12+ is the unsaturated diferrous species [Fe2-
(S2C2H4)(CO)4(PMe3)2]


2+ . Oxidation of 1 with one equiva-
lent [FeCp2]PF6 yielded a 1:1 mixture of 1 and 12+ . Further
investigations into the nature of this species are ongoing.


Treatment of 12+ with one equivalent PMe3 at low tem-
peratures led to a color change from brown-red to dark red;
concomitantly, peaks corresponding to 2 appeared, at the
expense of peaks for 12+ . A transient intermediate was ob-
served prior to the formation of 2 with a m-CO band at
�1875 cm�1 (Figure 3). This species is short-lived, as com-
pound 2 is the major species within a few minutes, even at
low temperatures. Based on IR data, 2 is stable in neat


MeNO2, but upon addition
of MeCN (�25 equiv, room
temperature), compound 2
was cleanly converted into 5,
a reaction that requires
30 min. (Figure 3).


X-ray crystallography : The overall molecular structures of
the crystallographically characterized compounds 3–6 are
relatively similar (Figure 4, Table 2). Each consisted of a
face-sharing bioctahedral core, not unlike previous members
of this series of diferrous–dithiolates, that is, [Fe2(S2C2H4)(m-
CNMe)(CNMe)6]


2+ ,[15] [Fe2(S2C2H4)(m-CO)(CNMe)6]
2+ ,[22]


and [Fe2(S2C2H4)(m-CO)(CN)2(CO)2(PPh3)2].
[23] The Fe�Fe


distances fall in the range 2.5135(12)–2.6006(7) M, compara-
ble to other diferrous–thiolates as well as the Fe-only hydro-
genase active site.[4,26] The bridging CO ligand in 3 and 4 is
coordinated in a symmetric fashion, indicated by the similar
bond lengths for Fe1�C1 and Fe2�C1 in each case. In con-
trast, notable differences are observed for the Fe�C(1) dis-
tances in 5 (2.407(4) and 1.775(4) M) and 6 (2.322(3) and
1.779(3) M), with the values for Fe2�C1 very close to the
bond lengths observed for terminal CO ligands. This asym-
metry in the binding of the m-CO clearly indicates that this
CO ligand is coordinated in a semibridging fashion.[27,28]


Correspondingly, the Fe1�P1 bond length is slightly short-
ened in 5 and 6 (2.216(2)–2.2295(9) M) relative to that
found in 3 (Fe1�P1 is 2.285(2) M). The Fe�Fe bond lengths
are noticeably longer (2.56–2.60 M) for the unsymmetrical
complexes 5 and 6.


Scheme 2. Postulated pathway for the conversion of 5 via 3 to 6.


Table 1. 31P NMR and FT-IR spectroscopic data for compounds 2–6 (P=PMe3).


Compound 31P [ppm] {JP,P [Hz]} nCO [cm�1]


[Fe2(S2C2H4)(m-CO)(CO)3(P)3]
2+ (22+) 39.8, 24.1 {6} 2055, 2019, 1942


[Fe2(S2C2H4)(m-CO)(CO)2(P)4]
2+ (32+) 21.0, 19.7 {49, 6} 2013, 2001, 1840


[Fe2(S2C2H4)(m-CO)(CO)2(P)2(P(OMe)3)2]
2+ (42+) 143.4, 21.3 {89, 6} 2028, 2015, 1863


[Fe2(S2C2H4)(m-CO)(CO)2(P)3(MeCN)]2+ (52+) 35.9, 27.5 {6} 2054, 2007, 1909
[Fe2(S2C2H4)(m-CO)(CO)(P)4(MeCN)]2+ (62+) 32.7, 24.5, 14.6, 14.1 {41, 29, 6, 3} 1969, 1878


Figure 3. In situ ATR-IR spectra (carbonyl region, MeNO2): a) com-
pound 1 at �30 8C; b) addition of two equivalents [FeCp2]PF6 at �30 8C
to give 12+ ; c) addition of one equivalent PMe3 at �30 8C; d) same solu-
tion after 1 minute at �30 8C; e) same solution after five minutes at
�30 8C; f) 30 minutes after addition of �25 equivalents MeCN at room
temperature.
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In the MeCN adducts, the geometry around the Fe bear-
ing the MeCN ligand is distorted from octahedral, based on
the angles aN1-Fe2-C1 of 160.34(16)8 (5) and 168.14(11)8
(6). The distortion is localized in the semibridging CO
ligand, as aN1-Fe2-P2,3 and aN1-Fe2-S1,2 are all �908. The
geometry around Fe1 is also distorted octahedral, due to the


axial PMe3 ligands, reflected in
aP1-Fe1-S1,2 of �1008. This
disorder presumably arises
from steric hindrance, as ob-
served before in [Fe2(S2C2H4)-
(m-CO)(CN)2(CO)2(PPh3)2].


[23]


Conclusion


Oxidation of [Fe2-
(S2C2H4)(CO)4(PMe3)2] (1) with
[FeCp2]PF6 followed by the
low-temperature addition of
phosphane ligands resulted in a
series of diferrous–dithiolates
containing either three or four
phosphorus ligands. The reac-
tion apparently occurs via the


intermediacy of 12+ , which was detected by in situ IR spec-
troscopy. The ligand addition reactions proceeded with high
stereoselectivity to yield well-defined compounds, which is
notable given the large variety of isomers possible. Also, de-
spite the use of excess ligand (three equivalents), only two
additional phosphorus ligands (PMe3, P(OMe)3) were incor-


Figure 4. Molecular structures of the dications in: a) [Fe2(S2C2H4)(m-CO)(CO)2(PMe3)4](PF6)2 (3), b) [Fe2(S2C2H4)(m-CO)(CO)2(PMe3)2(P(OMe)3)2](PF6)2
(4), c) [Fe2(S2C2H4)(m-CO)(CO)2(PMe3)3(MeCN)](PF6)2 (5), and d) [Fe2(S2C2H4)(m-CO)(CO)(PMe3)4(MeCN)](PF6)2 (6). Displacement ellipsoids are
drawn at the 50% level. Hydrogen atoms have been omitted for clarity.


Table 2. Selected bond lengths [M] and angles [8] for complexes 3–6.


3 4 5 6


Fe1�Fe2 2.5271(15) 2.5135(12) 2.5652(10) 2.6006(7)
Fe1�C1 1.957(8) 1.970(6) 2.407(4) 2.322(3)
Fe2�C1 1.960(9) 1.996(6) 1.775(4) 1.779(3)
Fe1�C2 1.757(10) 1.801(6) 1.808(5) 1.764(3)
Fe1�P1 2.285(2) 2.2002(17) 2.2235(13) 2.2295(9)
Fe2�P2 2.296(2) 2.2819(18) 2.2918(12) 2.3055(10)
Fe2�P3 2.276(3) 2.2006(18) 2.2934(13) 2.2861(9)
C1�O1 1.183(9) 1.161(7) 1.157(5) 1.172(3)
C2�O2 1.182(9) 1.122(7) 1.139(6) 1.154(3)


Fe2-Fe1-C1 49.9(3) 51.13(18) 41.68(10) 41.91(7)
Fe1-Fe2-C1 49.8(2) 50.20(18) 64.38(13) 60.64(9)
Fe1-C1-O1 140.3(7) 141.4(5) 121.1(3) 122.3(2)
Fe2-C1-O1 139.3(7) 140.0(5) 165.0(4) 160.0(2)
P1-Fe1-C1 162.3(3) 164.78(18) 168.56(11) 166.67(8)
P3-Fe2-C1 161.1(3) 165.45(18) 81.63(14) 82.85(9)
Fe2-Fe1-P1 144.94(8) 142.45(6) 149.28(5) 147.31(3)
Fe1-Fe2-P3 145.69(8) 142.97(6) 116.88(4) 115.43(3)
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porated, presumably because of steric hindrance. Com-
pounds 2 and 3 were reactive toward further substitution by
MeCN. Similar labile terminal CO coordination as seen in 2
allowed for photolytic dissociation of an axial CO ligand
from HCO


ox .
[26, 29] The added MeCN occupied the site trans to


the Fe�Fe bond, reminiscent of the vacant site proposed for
the Hred state of the Fe-only hydrogenases active site.[30] The
lability of the MeCN ligand merits further attention.


The analogy between our model compounds and the Hred


state of the Fe-only hydrogenase active site is reinforced by
the coordination of the m-CO ligand, which in 5 and 6 is
highly asymmetrically bound. The effect is more pronounced
in these two compounds than in the previously reported di-
ferrous–dithiolates, for example, [Fe2(S2C2H4)(m-
CO)(CN)2(CO)2(PPh3)2], in which D(Fe�mC)=0.295 M
(Table 3).[23] The bending of the m-CO ligands in 5 and 6 is


evident from the angles aFe2-C1-O1 of 165.0(4) (5) and
160.0(2)8 (6), which Crabtree[31] has classified as “bent semi-
bridging”.[32,33] Cotton described semibridging CO coordina-
tion “as a means for a metal atom, otherwise tending to be
excessively negative, to transfer electron density to a CO
group on a less negatively charged metal atom.”[34] In com-
pounds 5 and 6, however, the electron-rich iron center
would appear to be Fe2, which bears the MeCN ligand.
Highly relevant to our findings are the results of Adams,
who has also uncovered bent semibridging CO ligands in
the unsymmetrically substituted d6–d6 species [Mn2(S2C2H4)-
(m-CO)(CO)6�x(PMe2Ph)x] (x=1, 2).[35] As in 5 and 6, the m-
CO ligand in these manganese species is more tightly
bonded to the metal bearing the fewer terminal CO ligands.


IR spectroscopic analysis showed that the nm-CO in the
novel diferrous–dithiolates ranges from 1907 cm�1 in 5 down
to 1840 cm�1 in 3, for a Dn of 67 cm�1. This work further
demonstrates the strong effect of the trans-coordinated li-
gands m-CO and may therefore guide the development of
functional models of the Fe-only hydrogenases.


Experimental Section


All manipulations were carried out under nitrogen using standard
Schlenk techniques. Chemicals were purchased from Aldrich and solvents


were either HPLC-grade from an argon-flushed column, packed with alu-
minum oxide, or distilled under nitrogen over an appropriate drying
agent prior to use. Nitromethane was purified according to literature pro-
cedures.[40] NMR spectra were recorded at room temperature on a Varian
Mercury 500 MHz spectrometer. Chemical shifts are given in ppm and
spectra are referenced to CDCl3 (1H, 13C{1H}) or 85% H3PO4 (31P{1H}).
FT-IR spectra were taken on a Mattson Infinity Gold FTIR spectrome-
ter. Real-time ATR-IR spectra were recorded on a Mettler-Toledo Reac-
tIRR 4000 spectrometer. [Fe2(S2C2H4)(CO)4(PMe3)2] and [Fe2-
(S2C2H4)(CO)4(P(OMe)3)2] were prepared by thermal substitution as gen-
erally described.[41] PMe3 was distilled on a high-vacuum line prior to use.


[Fe2(S2C2H4)(m-CO)(CO)3(PMe3)3](PF6)2 (2): A solution of 1 (0.11 g,
0.24 mmol) in purified MeNO2 (30 mL), saturated with CO and cooled to
�30 8C, was treated with a solution of [FeCp2]PF6


[42] (0.16 g, 0.49 mmol)
in MeNO2 (10 mL), followed after 20 min by addition of PMe3
(0.025 mL, 0.24 mmol) in MeNO2 (5 mL). After an additional 20 min, the
mixture was allowed to warm to ambient temperature, and the solvent
was removed in vacuo. The crude solid was washed with hexanes to
remove ferrocene, leaving 2 as a dark red solid. Yield: 0.15 g (0.18 mmol,


77%). Alternatively, the BF4
� salt of 2


could be prepared analogously, using
CH2Cl2 in place of MeNO2 and
[FeCp2]BF4 as the oxidant. The prod-
uct precipitated as a purple-red solid.
1H NMR (500 MHz, CD3NO2): d=


3.52 (m, 2H; SCH2CH2S), 3.29 (m,
2H; SCH2CH2S), 2.03 (d, JP,H=11 Hz,
18H; P(CH3)3), 1.85 ppm (d, JP,H=
11 Hz, 18H; P(CH3)3);


31P NMR
(202 MHz, CD3NO2): d=39.8 (t, 3JP,P=
6 Hz, 1P), 24.0 (d, 3JP,P=6 Hz, 2P),
�143.8 ppm (heptet, 2P; PF6); FT-IR
(CH3NO2): ñ=2055 (s), 2019 (s)
(Fe(CO)), 1942 cm�1 (w) (Fe(m-CO));
ESI-MS (CH3NO2): m/z : 689.1
[M+PF6]


+ .


[Fe2(S2C2H4)(m-CO)(CO)2(PMe3)4]-
(PF6)2 (3): A solution of 1 (0.12 g,


0.26 mmol) in purified MeNO2 (30 mL), saturated with CO and cooled to
�30 8C, was treated with a solution of [FeCp2]PF6 (0.24 g, 0.74 mmol) in
MeNO2 (10 mL) followed after 20 min by addition of PMe3 (0.54 mL,
0.52 mmol) in MeNO2 (5 mL). The standard workup described above af-
forded 3 as dark red diamondoid crystals. Yield: 0.19 g (0.22 mmol,
84%). 1H NMR (500 MHz, CD3NO2): d=3.42 (brm, 2H; SCH2CH2S),
3.07 (brm, 2H; SCH2CH2S), 2.04 (d, JP,H=10 Hz, 18H; P(CH3)3),
1.71 ppm (d, JP,H=10 Hz, 18H; P(CH3)3);


31P NMR (202 MHz, CD3NO2):
d=21.0 (dd, 2JP,P=49 Hz, 3JP,P=6 Hz, 2P), 19.7 (d, 2JP,P=49 Hz, 3JP,P=
6 Hz, 2P), �143.8 ppm (septet, 2P; PF6); FT-IR (CH3NO2): ñ=2013 (sh,
m), 2001 (s) (Fe(CO)), 1840 cm�1 (w) (Fe(m-CO)); elemental analysis
calcd (%) for C17H40F12Fe2O3P6S2: C 23.15, H 4.57; found: C 23.19, H
4.53; ESI-MS (CH3NO2): m/z : 737.2 [M+PF6]


+ .


[Fe2(S2C2H4)(m-CO)(CO)2(PMe3)2(P(OMe)3)2](PF6)2 (4): A solution of 1
(0.10 g, 0.22 mmol) in MeCN (30 mL), saturated with CO and cooled to
�40 8C, was treated with a solution of [FeCp2]PF6 (0.16 g, 0.49 mmol) in
MeCN (10 mL). After stirring for approximately 2 min, P(OMe)3
(0.080 mL, 0.64 mmol) was then added. The reaction mixture was stirred
for an additional 20 min at �40 8C before being allowed to warm to room
temperature. Solvent was removed in vacuo to leave a red solid, which
was washed with hexanes to remove ferrocene. The residue was extracted
into CH2Cl2 (15 mL), and this solution was layered with hexane (50 mL).
Slow diffusion overnight at room temperature yielded red needlelike
crystals for 4. Yield: 0.15 g (0.15 mmol, 70%). When a solution of 4 in
MeCN was heated to 50 8C for 36 h, complete conversion to the corre-
sponding solvento adduct [Fe2(S2C2H4)(m-CO)(CO)(PMe3)2(P(OMe)3)2-
(MeCN)](PF6)2 was observed by IR spectroscopy. 1H NMR (500 MHz,
CD3CN): d=4.02 (d, JP,H=11 Hz, 18H; P(OCH3)3), 3.12 (m, 2H;
SCH2CH2S), 2.95 (m, 2H; SCH2CH2S), 1.61 ppm (d, JP,H=11 Hz, 18H; P-
(CH3)3);


31P NMR (202 MHz, CD3CN): d=143.4 (dd, 1JP,P=89 Hz, 2JP,P=


Table 3. Fe�mC bond lengths for selected Fe2 compounds featuring m-CO and m-CNMe ligands.


Fe1�C1 Fe2�C1 DFe�C Ref.


[Fe2(S2C2H4)(m-CNMe)(CNMe)6]
2+ 2.078(5) 2.078(5) 0 [15]


[Fe2(S2C3H6)(m-CNMe)(CNMe)6]
2+ 2.300(5) 1.952(5) 0.348 [15]


[Fe2(S2C3H6)(m-CNMe)(CO)(CNMe)5]
2+ 2.381(4) 1.916(4) 0.465 [22]


[Fe2(S2C3H6)(m-CO)(CNMe)6]
2+ 2.042(4) 1.947(4) 0.095 [22]


[Fe2(S2C2H4)(m-CO)(CNtBu)6]
2+ 2.061(3) 1.933(3) 0.128 [22]


Fe2(S2C2H4)(m-CO)(CN)2(CO)2(PPh3)2 2.148(7) 1.853(7) 0.295 [22]
[Fe2(S2C2H4)(m-CO)(CO)2(PMe3)3(MeCN)]2+ (5) 2.407(4) 1.775(4) 0.632 this work
[Fe2(S2C2H4)(m-CO)(CO)(PMe3)4(MeCN)]2+ (6) 2.322(3) 1.779(3) 0.543 this work
Fe(bipy)(CO)3(m-CO)Fe(CO)3 2.37 1.80 0.57 [34]
Fe(CO)2(h


2,h4-C4H4)(m-CO)Fe(CO)3 2.508(4) 1.779(7) 0.729 [36–38]
[Fe(C5H5)(CO)(h1,h4-CHC(CH3)C(CH3)C(O))(m-CO)Fe(C5H5)]


+ 2.091(13) 1.847(13) 0.244 [39]
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6 Hz, 2P(OMe)3), 21.3 (d, 1JP,P=89 Hz, 1JP,P=6 Hz; 2PMe3), �143.8 ppm
(heptet, 2P; PF6); FT-IR (CH3CN): ñ=2028 (sh, m), 2015 (s) (Fe(CO)),
1863 cm�1 (w) (Fe(m-CO)); MeCN adduct: ñ=1990, 1898 cm�1; FT-IR
(CH3CN): n 2028 (sh, m), 2015 (s) (Fe(CO)), 1863 cm�1 (w) (Fe(m-CO));
elemental analysis calcd (%) forC17H40F12Fe2O9P6S2: C 20.87, H 4.12;
found: C 20.34, H 3.96; ESI-MS (CH2Cl2): m/z : 833.1 [M+PF6]


+ .


[Fe2(S2C2H4)(m-CO)(CO)2(PMe3)3(MeCN)](PF6)2 (5): A solution of 1
(0.45 g (0.96 mmol) in MeCN (30 mL), saturated with CO and cooled to
�40 8C, was treated with a solution of [FeCp2]PF6 (0.73 g, 2.21 mmol) in
MeCN (10 mL). After 20 min, a solution of PMe3 (0.10 mL, 0.96 mmol)
in MeCN (5 mL) was added. IR spectra (�40 8C) are consistent with the
intermediacy of 3. After 20 min, the mixture was allowed to warm up to
ambient temperature. Solvent was removed in vacuo to leave a crude
green solid, which was washed with hexanes to remove ferrocene. The
residue was extracted into MeCN (15 mL), and this extract was layered
with Et2O (50 mL). Slow diffusion overnight at room temperature yield-
ed dark-green diamondoid crystals. Yield: 0.71 g (0.84 mmol, 87%).
Upon stirring 5 in neat EtCN for 2 h, we observed exchange of coordi-
nated MeCN for coordinated EtCN in the 31P NMR spectrum of the re-
sulting green solid, with overlaying triplets at d=35.9 ppm, but separated
doublets at d=27.6 (MeCN) and 26.9 ppm (EtCN). Compound 5 was
also cleanly obtained when a solution of 2 in MeCN was left standing for
�2 h. 1H NMR (500 MHz, CD3CN): d=3.12 (m, 2H; SCH2CH2S), 2.88
(m, 2H; SCH2CH2S), 2.66 (t, JP,H=3 Hz, 3H; Fe-NCCH3), 1.86 (d, JP,H=
11 Hz, 9H; Pax(CH3)3), 1.58 ppm (d, JP,H=11 Hz, 18H; Pba(CH3)3);
13C NMR (125 MHz, CD3CN): d=218.2 (dt, 2JP,C=41 Hz, 2JP,C=6 Hz; m-
CO), 205.4 (d, 2JP,C=22 Hz; basal CO), 137.1 (s, NCCH3), 36.1 (s, 3JP,C=
5 Hz; SCH2CH2S), 20.0 (d, 1JP,C=34 Hz; P(CH3)), 15.4 (t, 1JP,C=15 Hz; P-
(CH3)), 15.1 (t, 1JP,C=15 Hz; P(CH3)), 5.2 ppm (s; NCCH3).


31P NMR
(202 MHz, CD3CN): d=35.9 (t, 3JP,P=6 Hz, 1P), 27.5 (d, 3JP,P=6 Hz, 2P),
�143.8 (septet, 2P; PF6); FT-IR (CH3CN): ñ=2053 (s), 2006 (s)
(Fe(CO)), 1908 cm�1 (w) (Fe(m-CO)); elemental analysis calcd (%) for
C16H34F12Fe2NO3P5S2: C 22.69, H 4.05, N 1.65; found: C 22.53, H 4.04, N
1.66; ESI-MS (CH3CN): m/z : 702.1 [M+PF6]


+ .


[Fe2(S2C2H4)(m-CO)(CO)2(PMe3)3(EtCN)](PF6)2 : A solution of 1 (0.15 g,
0.32 mmol) in unpurified MeNO2 (30 mL), saturated with CO and cooled
to �30 8C, was treated with a solution of [FeCp2]PF6 (0.24 g, 0.74 mmol)
in of Me3NO2 (10 mL), followed, after stirring for 20 min, by the addition
of a solution of PMe3 (0.033 mL, 0.32 mmol) in MeNO2 (5 mL). After an
additional 20 min, the mixture was allowed to warm to ambient tempera-
ture, and the solvent was removed in vacuo. The crude green solid was
washed with hexanes to remove ferrocene and the residue was dissolved
in MeNO2 (15 mL), and this solution was layered with Et2O (15 mL).
Slow diffusion was allowed to proceed overnight at room temperature to
yield a dark-green solid. Single crystals were grown from MeNO2/Et2O
and the molecular structure was elucidated by X-ray crystallography as
isostructural to 4. Yield: 0.21 g (0.25 mmol, 78%). 1H NMR (500 MHz,
CD3CN): d=3.08 (m, 2H; SCH2CH2S), 3.04 (m, 2H; Fe-NCCH2CH3),
2.88 (m, 2H; SCH2CH2S), 1.86 (d, JP,H=11 Hz, 9H; Pax(CH3)3), 1.58 (d,
JP,H=11 Hz, 18H; Pba(CH3)3), 1.40 ppm (t, JP,H=3 Hz, 3H; Fe-
NCCH2CH3);


31P NMR (202 MHz, CD3CN): d=35.9 (t, 3JP,P=6 Hz, 1P),
26.9 (d, 3JP,P=6 Hz, 2P), �143.8 ppm (septet, 2P; PF6); FT-IR (CH3CN):
ñ=2054 (s), 2007 (s) (Fe(CO)), 1909 cm�1 (w) (Fe(m-CO)); ESI-MS
(CH3CN): m/z : 716.1 [M+PF6]


+ .


[Fe2(S2C2H4)(m-CO)(CO)2(PMe3)2(PMe2Ph)(MeCN)](PF6)2 : A solution
of 1 (0.11 g, 0.24 mmol) in MeCN (25 mL), saturated with CO and cooled
to �40 8C, was treated with a solution of [FeCp2]PF6 (0.18 g, 0.54 mmol)
in MeCN (10 mL), followed after stirring for approximately 2 min by the
addition of PMe2Ph (0.033 mL, 0.24 mmol). The reaction mixture was
stirred for an additional 20 min at �40 8C before being allowed to warm
ambient temperature. Solvent was removed in vacuo, and the crude prod-
uct was washed with hexane to remove ferrocene, yielding a green solid
that was spectroscopically pure. 31P NMR (202 MHz, CD3CN): d=35.8 (t,
3JP,P=6 Hz; axial PMe3), 28.6 (dd, 2JP,P=25 Hz, 3JP,P=6 Hz; basal
PMe2Ph), 26.1 (dd, 2JP,P=25 Hz, 3JP,P=6 Hz; basal PMe3), �143.8 ppm
(septet, 2P; PF6); FT-IR (CH3CN): ñ=2053 (s), 2007 (s) (Fe(CO)),
1907 cm�1 (w) (Fe(m-CO)); ESI-MS (CH3CN): m/z : 764.1 [M+PF6]


+ .


[Fe2(S2C2H4)(m-CO)(CO)(PMe3)4(MeCN)](PF6)2 (6): A solution of 1
(0.35 g, 0.75 mmol) in MeCN (30 mL), saturated with CO and cooled to
�40 8C, was treated with a solution of [FeCp2]PF6 (0.57 g, 1.71 mmol) in
MeCN (10 mL), followed, after 20 min, with a solution of PMe3
(0.23 mL, 2.24 mmol) in MeCN (10 mL). For a sample taken after
15 min, the IR spectrum matched that observed for 3. After an additional
20 min, the reaction mixture was allowed to warm up to ambient temper-
ature. Solvent was removed in vacuo to leave a crude red solid. The
product was washed with hexanes to remove ferrocene. The residue was
dissolved in MeCN (15 mL) and layered with of Et2O (50 mL). Slow dif-
fusion overnight at room temperature yielded 6 as dark-red diamond-
shaped crystals. Yield: 0.56 g (84%, 0.63 mmol). Compound 6 was also
cleanly obtained upon solvolysis of 3 in MeCN for �20 h. Alternatively,
addition of PMe3 to a solution of 5 in MeCN led to 3 initially. Subsequent
solvolysis of this compound yielded intermediate A, giving 6 as the final
isolable product. The rate of conversion from 5 to 6 was dependent on
solvent (MeNO2 or MeCN). 1H NMR (500 MHz, CD3CN): d=3.20 (m,
1H; SCH2CH2S), 2.93 (m, 1H; SCH2CH2S), 2.81 (m, 2H; SCH2CH2S),
2.69 (t, JP,H=2 Hz, 3H; Fe-NCCH3), 1.67 (d, JP,H=11 Hz, 9H; P(CH3)3
(P1)), 1.58 (d, JP,H=11 Hz, 18H; P(CH3)3 (P2,P4)), 1.47 ppm (d, JP,H=
11 Hz, 9H; P(CH3)3 (P3));


1H NMR (500 MHz, CD3NO2): d=3.31 (m,
1H; SCH2CH2S), 3.01 (m, 1H; SCH2CH2S), 2.94 (m, 2H; SCH2CH2S),
2.82 (t, JP,H=2 Hz, 3H; Fe-NCCH3), 1.77 (d, JP,H=11 Hz, 9H; P(CH3)3
(P1)), 1.68 (d, JP,H=11 Hz, 18H; P(CH3)3 (P2,P4)), 1.56 ppm (d, JP,H=
11 Hz, 9H; P(CH3)3 (P3));


13C NMR (125 MHz, CD3CN): d=223.6
(dddd, 2JP,C=38 Hz, 2JP,C=30 Hz, 2JP,C=6 Hz, 2JP,C=3 Hz; m-CO), 212.3
(dd, 2JP,C=32 Hz, 2JP,C=19 Hz; basal CO), 137.5 (s; NCCH3), 37.3 (d,
3JP,C=5 Hz; SCH2CH2S), 33.3 (dd, 3JP,C=11 Hz, 3JP,C=5 Hz; SCH2CH2S),
20.2 (d, 1JP,C=31 Hz; P(CH3)), 17.8 (d, 1JP,C=30 Hz; P(CH3)), 16.5 (d,
1JP,C=31 Hz; P(CH3)), 14.1 (d, 1JP,C=31 Hz; P(CH3)), 4.8 ppm (s,
NCCH3);


31P NMR (202 MHz, CD3CN): d=32.7 (ddd, 2JP,P=41 Hz,
3JP,P=6 Hz, 3JP,P=4.5 Hz, 1P; P1), 24.0 (dd, 2JP,P=29 Hz, 3JP,P=6 Hz, 1P;
P3), 14.1 (d, 2JP,P=29 Hz, 1P; P2), 13.5 (d, 2JP,P=41 Hz, 1P; P4),
�143.8 ppm (heptet, 2P; PF6);


31P NMR (202 MHz, CD3NO2): d=32.3
(ddd, 2JP,P=41 Hz, 3JP,P=6 Hz, 3JP,P=3 Hz, 1P; P1), 24.5 (ddd, 2JP,P=
29 Hz, 3JP,P=6 Hz, 3JP,P=3 Hz, 1P; P3), 14.6 (d, 2JP,P=29 Hz, 1P; P2), 14.1
(d, 2JP,P=41 Hz, 1P; P4), �143.8 ppm (heptet, 2P; PF6); FT-IR (CH3CN):
ñ=1969 (s) (Fe(CO)), 1878 cm�1 (w) (Fe(m-CO)); elemental analysis
calcd (%) for C18H43F12Fe2NO2P6S2: C 24.15, H 4.84, N 1.56; found: C
24.51, H 4.97, N 2.26; ESI-MS (CH3CN): m/z : 750.0 [M+PF6]


+ . Product
A, which was initially formed by addition of PMe3 to 5 in MeCN or
MeNO2, as monitored by 31P NMR spectroscopy, was characterized by
four inequivalent phosphane-groups at d=31.0 (dd, JP,P=45, 5 Hz), 17.5
(dd, JP,P=22, 5 Hz), 13.4 (d, JP,P=45 Hz), and 8.4 ppm (d, JP,P=22 Hz). In
the 1H NMR spectrum, four doublets (d=1.88, 1.81, 1.71, and 1.66 ppm)
were assigned to this species. From these spectroscopic data, we propose
that this species A is an isomer of 6.


X-ray crystallography : Table 4 gives details of the data collection and re-
finement. Structures were phased by direct methods.[43] The proposed
model for 3 includes two disordered sites for the first anion, three disor-
dered sites for the second anion, and two disordered sites for the solvate
molecule. The proposed model for 4 includes two host molecules in the
asymmetric unit, and one ordered and three disordered anion sites. Con-
tributions from the disordered solvate molecule were removed from the
diffraction data using the bypass procedure in PLATON.[44] The proposed
model for 5 includes two molecules in the unit cell, two disordered sites
for the first, second and third anion, three disordered sites for the fourth
anion, and two disordered sites for the second solvate molecule. The pro-
posed model for 6 includes two disordered sites for the second anion,
and two disordered sites for the second solvate molecule. Anion mole-
cules were refined as idealized rigid groups. Methyl H atom positions, R-
CH3, were optimized by rotation about R�C bonds with idealized C�H,
R�H, and H�H distances. Remaining H atoms were included as riding
idealized contributors. The space group choice in each case was con-
firmed by successful convergence of the full-matrix least-squares refine-
ment on F2.[43] CCDC-276468–CCDC-276471 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


The coordination chemistry of the lanthanides (Ln) is ex-
tremely diverse, with LnIII metals forming complexes with
numerous oxygen- and nitrogen-donating ligands in which
the metal adopts a wide variety of coordination numbers.[1–3]


This chemical and structural variety has been exploited and
Ln coordination compounds have found use in biology as
molecular-recognition and chirality-sensing agents[4] as well
as DNA hydrolysis promoters,[5] in NMR as shift reagents[6–8]


and in magnetic resonance imaging (MRI) as contrast
agents,[9–11] in organic synthesis as reagents and catalysts,[12–15]


and as luminescent sensors and light converters.[16, 17]


The study of Ln coordination compounds by means of
NMR spectroscopy is difficult because the majority of the
compounds are paramagnetic. Given that the unpaired spin
density in these complexes is generally localized on the
metal, high-resolution NMR spectra of spin-active lantha-
nide isotopes are often impossible to obtain. Fortunately,
paramagnetic Ln compounds frequently have diamagnetic
LaIII analogues that are amenable to study by NMR spec-
troscopy. As a result of La having an isotope with favorable
NMR properties—139La, I=7/2 (I=nuclear spin), natural
abundance of 99.9%, X=14.125% (X= ratio of the 139La
frequency to that of 1H in tetramethylsilane in the same
magnetic field), and a moderate nuclear quadrupole
moment (Q=++20 fm2)[18]—numerous 139La solution NMR
studies have been reported.[19] In spite of the large number
of solution 139La NMR studies that have been performed,
there are limitations of the technique that one must consid-
er. Often the solubility of La compounds is low, which can


Abstract: Lanthanum-139 NMR spec-
tra of stationary samples of several
solid LaIII coordination compounds
have been obtained at applied magnet-
ic fields of 11.75 and 17.60 T. The
breadth and shape of the 139La NMR
spectra of the central transition are
dominated by the interaction between
the 139La nuclear quadrupole moment
and the electric field gradient (EFG) at
that nucleus; however, the influence of
chemical-shift anisotropy on the NMR
spectra is non-negligible for the majori-
ty of the compounds investigated.
Analysis of the experimental NMR
spectra reveals that the 139La quadrupo-
lar coupling constants (CQ) range from
10.0 to 35.6 MHz, the spans of the


chemical-shift tensor (W) range from
50 to 260 ppm, and the isotropic chemi-
cal shifts (diso) range from �80 to
178 ppm. In general, there is a correla-
tion between the magnitudes of CQ and
W, and diso is shown to depend on the
La coordination number. Magnetic-
shielding tensors, calculated by using
relativistic zeroth-order regular approx-
imation density functional theory
(ZORA-DFT) and incorporating scalar
only or scalar plus spin–orbit relativis-


tic effects, qualitatively reproduce the
experimental chemical-shift tensors. In
general, the inclusion of spin–orbit cou-
pling yields results that are in better
agreement with those from the experi-
ment. The magnetic-shielding calcula-
tions and experimentally determined
Euler angles can be used to predict the
orientation of the chemical-shift and
EFG tensors in the molecular frame.
This study demonstrates that solid-
state 139La NMR spectroscopy is a
useful characterization method and can
provide insight into the molecular
structure of lanthanum coordination
compounds.


Keywords: density functional calcu-
lations · lanthanum · magnetic-
shielding tensors · NMR spectrosco-
py · quadrupolar coupling constants


[a] M. J. Willans, K. W. Feindel, K. J. Ooms, Prof. R. E. Wasylishen
Department of Chemistry
Gunning/Lemieux Chemistry Centre
University of Alberta
Edmonton, AB, T6G 2G2 (Canada)
Fax: (+1)780-492-8231
E-mail : roderick.wasylishen@ualberta.ca


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


Chem. Eur. J. 2006, 12, 159 – 168 J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 159


FULL PAPER







lead to long experimental times or prevent solution NMR
studies completely. When solubility is not an issue, efficient
nuclear quadrupolar relaxation of 139La in isotropic solutions
results in broadened NMR peaks. In addition, rapid ligand
exchange in solution can introduce ambiguity in the identity
of the compound, leading to a discrepancy between structur-
al information garnered from single-crystal diffraction stud-
ies and solution NMR experiments. When NMR experi-
ments are conducted on solid samples, however, one can be
confident that the structure of the sample under investiga-
tion is identical to that determined by single-crystal diffrac-
tion data when available.


The most dramatic difference between solution and solid-
state NMR of a quadrupolar nucleus such as 139La is that
the linewidth of the NMR spectra of powder samples is gen-
erally limited not by relaxation but by the orientation-de-
pendence of the quadrupolar interaction. The interaction of
the quadrupole moment of the nucleus with the electric
field gradient (EFG) at that nucleus constitutes the quadru-
polar interaction. In some instances, the orientation-depen-
dence of the magnetic-shielding interaction also contributes
to the breadth of the NMR spectrum. Characterization of
the EFG and magnetic-shielding tensors obtained from
NMR spectra can yield information about the local symme-
try at the quadrupolar nucleus.[20–22] Given the high NMR re-
ceptivity of 139La and that structural information can be ob-
tained from solid-state NMR spectra of quadrupolar nuclei,
it is surprising that relatively few NMR studies of solid dia-
magnetic La compounds have been performed. Such studies
have been limited to characterizing inorganic materials[23–28]


and simple inorganic salts;[23,29–32] however, no 139La NMR
studies of solid coordination compounds have been report-
ed.


Our goal is to investigate the feasibility of using solid-
state 139La NMR spectroscopy to study lanthanum coordina-
tion compounds. In particular, can relationships between
NMR parameters and molecular structure be derived? To
accomplish these goals, a wide variety of well-characterized
LaIII model compounds, comprised of either oxygen-donat-
ing or both oxygen- and nitrogen-donating ligands, have
been chosen. The La coordination number in the com-
pounds examined ranges from 8 to 12 (Table 1), as deter-
mined by single-crystal X-ray diffraction studies.[33–42] To an-
alyze the 139La NMR spectra of these compounds, experi-
ments were performed on stationary powder samples at
moderate and high applied magnetic fields of 11.75 T (nL-
(139La)=70.7 MHz) and 17.60 T (nL(


139La)=105.9 MHz).
The use of two applied magnetic fields and the variety of La
coordination compounds studied allows one to determine
the range of NMR observables in these compounds. Theo-
retical calculations of 139La magnetic-shielding and EFG ten-
sors were performed in order to assess the ability of the
zeroth-order regular approximation density functional
theory (ZORA-DFT) method to reproduce the experimen-
tal NMR parameters and to suggest orientations of the EFG
and shielding tensors in the molecular frame.


Results and Discussion


Solid-state 139La NMR : In practice, when performing solid-
state NMR experiments on half-integer quadrupolar nuclei
with moderate quadrupole moments such as 139La, one gen-
erally acquires only the spectrum of the central, mI=
1=2$mI=�1=2 (mI=magnetic quantum number of the nucle-
ar spin), transition.[43,44] Usually only the 139La central transi-


Table 1. Lanthanum(iii) coordination compounds included in this study.


Abbreviated name[a] Structural formula CN[b] Coordination
geometry[c]


Ligands[d] Use/Interest/Related LnIII complexes


1 [La(acac)3(H2O)2] [La(C5H7O2)3(H2O)2] 8[33] square antiprism OB, OU Ln acac derivatives used as NMR shift reagents;[6–8]


analogous Nd complex[75]


2 [La(bipyO)4(ClO4)3] [La(C10H8N2O2)4(ClO4)3] 8[34] cube OB analogous Nd and Lu complexes[76]


3 [La(Ph2MePO)3(NO3)3] [La(C6H5)2CH3PO)3(NO3)3] 9[35] tricapped trigonal
prism


OU, OB numerous similar compounds[35]


4 [La(mal)2(H2O)2]·H2O [La(C3H2O4)(C3H3O4)(H2O)2]
·H2O


9[36] monocapped
square antiprism


OB, OU polymeric carboxylate; similar Nd,[77, 78] Eu,[79] and
Gd[80] complexes


5 [La(phen)2(NO3)3] [La(C12H8N2)2(NO3)3] 10[37] bicapped
dodecahedron


NB, OB numerous analogous complexes[81–86]


6 [La(glut)2(H2O)]·H2O [La(C5H6O4)(C5H7O4)(H2O)]
·H2O


10[38] bicapped
dodecahedron


OB, OU polymeric carboxylate; numerous similar com-
plexes[87,88]


7 [La(teg)(NO3)3] [La(C8H18O5)(NO3)3] 11[39] tricapped cube OP, OB acyclic ligand used as a crown-ether analogue;
analogous Nd complex[89]


8 [La([15]crown-5)-
(NO3)3]


[La(C10H20O5)(NO3)3] 11[40] monocapped pen-
tagonal antiprism


OM, OB crown-ether ligand used to complex metals;[90]


analogous Ce,[91] Eu,[92] and Pr[93] complexes
9 [La([18]crown-6)-


(NO3)3]
[La(C12H24O6)(NO3)3] 12[41] icosehedron OM, OB analogous Pr complex[94]


10 [La(N-macro)(NO3)3] [La(C22H26N6)(NO3)3] 12[42] bicapped pentago-
nal prism


NM, OB numerous similar complexes[95–98]


[a] acac=acetylacetonate, bipyO=2,2’-bipyridine-1,1’-dioxide, phen=1,10-phenanthroline, mal=malonic acid, glut=glutamic acid, TEG= tetraethylene-
glycol, N-macro=di(ethane-1,2-diyl)bis(pyridine-2,6-diacetimine). [b] CN=coordination number as determined by single-crystal X-ray diffraction stud-
ies. See text for a discussion of the CN in 4. [c] All compounds are distorted from these idealized polyhedra. [d] OU=O-donating unidentate, OB=O-
donating bidentate, NB=N-donating bidentate, OP=O-donating pentadentate, OM=O-donating macrocycle, NM=N-donating macrocycle.
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tion is observable in a single NMR experiment as the satel-
lite transitions are spread over several hundred kilohertz.
The lineshape of 139La central-transition NMR spectra de-
pends primarily on the magnitudes of the principal compo-
nents of the EFG tensor, which are ordered such that jVZZ j
� jVYY j� jVXX j . In addition, the principal components of
the chemical-shift tensor, defined such that d11�d22�d33,
and the relative orientation of EFG and chemical-shift ten-
sors may also influence the 139La NMR lineshape.[45,46] The
EFG tensor is described by the nuclear quadrupolar cou-
pling constant, CQ=eQVZZh


�1, where e is the elementary
charge, Q is the nuclear quadrupole moment, and h is the
Planck constant, and the asymmetry parameter, hQ=


(VXX�VYY)/VZZ, which is restricted to values between 0 and
1. The chemical-shift tensor is described by the isotropic
chemical shift (diso= (d11+d22+d33)/3), the span (W=


d11�d33), and the skew (k=3(d22�diso)W
�1), which is restrict-


ed to values between �1 and +1.[47] The relative orientation
of the EFG and chemical-shift tensors is defined by the
Euler angles—a, b, and g—and thus a total of eight parame-
ters describe the NMR spectra, theoretical examples of
which are presented in Figure 1. The principal components
of the chemical-shift tensor are related to those of the mag-
netic-shielding tensor by dii= (nii�nref)/nref�sref�sii, in which
nref and sref are the frequency and absolute isotropic magnet-
ic-shielding constant of a reference sample, respectively.
Similarly, nii are the frequencies corresponding to the princi-
pal components of the magnetic-shielding tensor sii (i=1, 2,
or 3) of the compound under investigation. However, the


span (W) and skew (k) are defined such that their values are
equivalent for both the magnetic-shielding and chemical-
shift tensors. The maximum possible orientation-dependence
of the chemical shift, W, is sometimes referred to as the
chemical-shift anisotropy, CSA.


Typical experimental 139La NMR spectra of solid
lanthanum(iii) coordination compounds at applied magnetic
fields of 11.75 and 17.60 T can be found in Figures 2–5. To
extract the NMR parameters that determine the lineshapes
of these spectra, one can take advantage of the fact that the
influence of the second-order quadrupolar interaction de-
creases with increasing magnetic field strength whereas the
CSA (in Hz) is directly proportional to the magnetic field
strength. Thus, the different lineshapes observed for the
139La central transition at 11.75 and 17.60 T are of critical
importance for accurate simulation of the experimental
spectra (see Figures 2–5 and Table 2). All the compounds
studied have small 139La CSAs and thus the breadth and
general shape of the NMR spectra are dictated primarily by
the second-order quadrupolar interaction.[43,44] The 139La CQ


values measured range from 10.0 to 35.6 MHz with hQ


values spanning the possible range from 0 to 1. The magni-
tude of the CQ values are similar to those reported in the
few 139La solid-state NMR studies that have been performed
on diamagnetic La compounds.[23,24,30, 32] To date, the largest
recorded 139La CQ value is 144 MHz, which was reported for
gaseous LaIF and obtained by using high-resolution micro-
wave spectroscopy.[48] The 139La CQ values reported here are
thus relatively small, however, the largest CQ values are ap-


proaching the current limit at
which solid-state NMR can be
used to measure CQ for an I=
7/2 nucleus in a single experi-
ment at moderate applied mag-
netic fields using standard
NMR probes.


A unique feature of the 139La
NMR spectra presented in this
study is that W of the chemical-
shift tensor could be deter-
mined for the majority of com-
pounds investigated (see
Table 2). CSA parameters were
not reported in early 139La
NMR studies of diamagnetic
compounds[23,24,30,31] as experi-
ments were performed at only
one applied magnetic field
strength, with B0�9.40 T. Con-
sidering that the known range
of La chemical shifts is about
1800 ppm,[19] which is small for
a heavy nucleus, and that the
maximum CSA is generally of
the same order of magnitude as
the chemical-shift range of that
element, it was expected that


Figure 1. Theoretical 139La solid-state NMR spectra of the central transition, mI=
1=2$mI=�1=2, of a stationary


sample at B0=17.60 T. In this example, the EFG tensor is described by CQ=25 MHz, hQ=0.5, and the chemi-
cal-shift tensor is described by diso=0 ppm, W=175 ppm, and k=0. The three Euler angles (a, b, and g) that
describe the counter-clockwise (right-handed) rotations needed to relate the orientations of the tensors are
shown in the insets. A) The tensors are coincident and a=b=g=08. B) Rotation about the initial z axis (VZZ)
by a ; a=908, b=g=08, C) followed by a rotation about the new y axis (d22) by b ; a=b=908, g=08, D) fol-
lowed by a rotation about the new z axis (d11) by g ; a=b=g=908.
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the CSA in these compounds would be small. Thus, at these
low applied magnetic fields, the effects of chemical-shift ani-
sotropy on the second-order quadrupolar lineshapes are not
obvious and higher applied magnetic field strengths are
needed to characterize the 139La CSA. The influence of CSA
on the shape of the 139La NMR spectra acquired in this
study will be discussed below, followed by an analysis of the
relationship between 139La NMR parameters and molecular
structure.


At B0=11.75 T, the effect of CSA on the central transi-
tion 139La NMR lineshape, albeit small, is distinctive. Specif-
ically, the Euler angles have a dramatic influence upon the
shape of the powder patterns, resulting in the addition of
discontinuities and shoulders as demonstrated in Figures 2–
5. For instance, the spectra of 4 are shown in Figure 2 in
which the CSA results in a splitting of the low-frequency
discontinuity. For 5 (Figure 3), the inclusion of CSA gives
rise to a step in the low-frequency shoulder and a reduction
of the high-frequency shoulder while the CSA in 8
(Figure 4) decreases the intensity of the high-frequency dis-
continuity and causes an overall increase in the breadth of


Figure 2. Experimental and simulated 139La solid-state NMR spectra of a
stationary sample of [La(mal)2(H2O)2]·H2O (4) at applied magnetic fields
of A) 11.75 T and B) 17.60 T. The upper spectrum at each field represents
simulations excluding the effects of chemical-shift anisotropy.


Figure 3. Experimental and simulated 139La solid-state NMR spectra of a
stationary sample of [La(phen)2(NO3)3] (5) at applied magnetic fields of
A) 11.75 T and B) 17.60 T. The upper spectrum at each field represents
simulations excluding the effects of chemical-shift anisotropy.


Figure 4. Experimental and simulated 139La solid-state NMR spectra of a
stationary sample of [La([15]crown-5)(NO3)3] (8) at applied magnetic
fields of A) 11.75 T and B) 17.60 T. The upper spectrum at each field rep-
resents simulations excluding the effects of chemical-shift anisotropy.


Figure 5. Experimental and simulated 139La solid-state NMR spectra of a
stationary sample of [La(N-macro)(NO3)3] (10) at applied magnetic fields
of A) 11.75 T and B) 17.60 T. The upper spectrum at each field represents
simulations excluding the effects of chemical-shift anisotropy.
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the spectrum. Only a slight decrease in the distance between
the two discontinuities is observed due to CSA in 10
(Figure 5). The wide variety of Euler angles, not the values
of W and k, predominantly account for CSA effects on the
lineshapes observed in this study (see Figure 1).


Due to the dependence of the magnetic shielding and
quadrupolar interactions on magnetic field strength, the
contribution of CSA to both the breadth and shape of solid-
state NMR spectra is much more distinct at higher magnetic
field strengths. An excellent example of this is illustrated in
Figure 5; at B0=11.75 T, the effect of CSA on the NMR
spectrum of 10 is slight, but at B0=17.60 T, the anisotropy
results in an additional high-frequency shoulder and reduces
the breadth of the powder pattern. The squeezing of the
middle discontinuities, as observed at the moderate applied
magnetic field, is more dramatic at high field. Similarly,
CSA has a small effect on the NMR spectrum of 8 at B0=


11.75 T, but is clearly manifested at B0=17.60 T (Figure 4).
Analysis of the data acquired at both applied magnetic
fields conclusively demonstrates that, with the possible ex-
ception of 2, all compounds exhibit CSA. Due to the very
large CQ in 2, it was not possible to unambiguously deter-
mine CSA parameters for this compound.


As a result of the large breadths of the experimental
NMR spectra, the lineshapes suffer from some spectral dis-
tortions, a consequence of nonuniform excitation of the ran-
domly oriented crystallites of the powder sample by the ra-
diofrequency pulse. When the spectra are dominated by the
quadrupolar interaction, as in this study, the consequences
of the nonuniform excitation depend on the value of hQ. For
compounds with hQ near 1, the intensity of the high- and
low-frequency extremes may be too low, as evident in Fig-
ures 3–5 at B0=17.60 T. As shown in Figure 2, for com-
pounds with hQ near 0, there can be a “hole” in the spec-
trum to the left of the low-frequency discontinuity. Such dis-
tortions are commonly observed in the solid-state NMR
spectra of half-integer quadrupolar nuclei.[49] The simulation
of NMR spectra with lineshape distortions must be ap-
proached with caution. If proper experimental and process-
ing techniques are employed and one understands the cause
of the distortion, meaningful NMR parameters may be ex-
tracted from simulations by aligning the major features of
the experimental spectra.


As illustrated in Table 2 and discussed above, both the
chemical-shift and EFG tensors can be characterized by an-
alyzing the stationary sample solid-state NMR spectra of a
half-integer quadrupolar nucleus such as 139La. One of the
goals of this investigation was to examine possible relation-
ships between 139La NMR parameters and molecular/elec-
tronic structure. For instance, correlations between metal
nuclide NMR parameters and metal coordination number
have been made.[22] Thus, plots of select 139La parameters
with respect to the La coordination number are presented in
Figure 6. From analysis of the plots, there is no discernable
relationship between the La coordination number and the
relative magnitudes of CQ and W. Regardless, for compounds
that have the same coordination number and are comprised
of only oxygen-donating ligands, there appears to be a rela-
tionship between the relative magnitudes of the 139La CQ


and W values; the larger the CQ value, the greater the W


value. This conclusion is not too surprising given that the
magnitude of both the CQ and the W are typically interpret-
ed based on the symmetry about the NMR nucleus[50–52] and
not the coordination number. For example, if the metal is at
a site with tetrahedral or octahedral symmetry, the EFG and
W of the central atom will be zero but for a metal in a
square-planar 4-coordinate complex, the EFG and W will be
nonzero and significant.


The isotropic chemical shifts (diso) depend on coordination
number, as indicated in Figure 6C. For the oxo complexes,
the La nucleus becomes more shielded as the La coordina-
tion number increases. The line shown in Figure 6C is a best
linear fit of the data and denotes this proposed trend. Simi-
larly, in Al�O environments 27Al becomes more shielded as
the Al coordination number increases.[22] This relationship
between diso and the La coordination number can be used to
estimate the coordination number in complexes in which
single-crystal X-ray diffraction data is unavailable or ambig-
uous. For example, in 4 there are ten oxygen atoms about
La, one of which has an La�O distance of 2.808 Q, much
longer than the average La�O distance of 2.587 Q for the
other nine atoms. In the paper describing the crystal struc-
ture,[36] the authors considered the compound to have a co-
ordination number of ten although they state that “The La�
O(4b) distance is considerably longer than the others and it
may be difficult to decide whether or not La�O(4b) is a


Table 2. 139La NMR parameters for the compounds included in this study as obtained from simulations of the experimental spectra.[a]


Compound EFG parameters Magnetic-shielding parameters Euler angles
CQ [MHz] hQ diso [ppm] W [ppm] k a [8] b [8] g [8]


1 [La(acac)3(H2O)2] 23.5(3) 0.81(2) 120(5) 180(20) 0.35(10) 10(5) 30(15) 0(5)
2 [La(bipyO)4(ClO4)3]


[b] 35.6(2) 0.05(3) 165(10) �125 – – – –
3 [La(Ph2MePO)3(NO3)3] 10.0(1) 0.93(1) 90(5) 50(10) �0.4(2) 50(20) 75(15) 90(20)
4 [La(mal)2(H2O)2]·H2O 26.1(1) 0.075(15) 114(5) 170(10) �1.0(2) 80(5) 60(5) 42(5)
5 [La(phen)2(NO3)3] 17.90(5) 0.890(5) 178(5) 160(10) �0.9(1) 55(5) 58(2) 20(5)
6 [La(glut)2(H2O)]·H2O 20.85(5) 1.000(5) 10(3) 145(10) �0.15(2) 19(4) 42(5) 78(10)
7 [La(teg)(NO3)3] 23.9(2) 0.04(1) �70(5) 250(20) 0.3(2) 0(30) 2(2) 0(30)
8 [La([15]crown-5)(NO3)3] 20.6(5) 0.70(3) �80(5) 150(20) �1.0(3) 10(5) 6(3) 0(5)
9 [La([18]crown-6)(NO3)3] 26.5(1) 0.81(1) �165(5) 170(10) 0.4(1) 30(5) 3(3) 50(5)
10 [La(N-macro)(NO3)3] 29.0(1) 0.81(1) 20(5) 260(10) �1.0(4) 90(5) 90(5) 0(1)


[a] Values in parenthesis represent the uncertainty in the simulation parameters. [b] Due to the large CQ, the W and k values could not be assigned.
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bond.” Based on the observed 139La diso value, it is reason-
able to assume that this is not a bond and 4 should be de-
scribed as a nine-coordinate compound; this coordination
geometry is best described as monocapped square antiprism.
For the compounds containing both O- and N-donating li-
gands, the La nucleus is less shielded than in the oxo com-
plexes of the same coordination number. For example, diso


of 10, which has six La�N bonds, is 185 ppm greater than
diso for 9. This demonstrates that diso depends on both the
nature of the ligand and the number of bonding atoms.


ZORA-DFT magnetic-shielding calculations : Isotropic mag-
netic-shielding constants (siso) calculated by using the


ZORA-DFT method agree qualitatively with the experi-
mental isotropic chemical shifts, diso (Figure 7). Perfect
agreement between the relative shifts obtained from experi-
ment and theory would result in a line with a slope of �1
(dashed lines). Overall, a linear fit of the data from spin–
orbit relativistic calculations (lower solid line) was per-
formed and yields a slope of �0.8909 (R2=0.89) whereas
the fit of the scalar-only data (upper solid line) yields a line
with slope of �0.8342 (R2=0.88). The y intercepts of 5022
and 4161 ppm for the spin–orbit and scalar-only calculations,
respectively, correspond to the absolute magnetic-shielding
constant of aqueous 1.0m LaCl3 that could hypothetically be
used to convert shielding constants to chemical-shift values
when using the ZORA-DFT method. The inclusion of spin–
orbit coupling results in siso values that are on average
860 ppm more shielded than those calculated with only
scalar relativistic effects. When calculating only relative iso-
tropic magnetic-shielding constants, however, the inclusion
of only scalar relativistic effects is sufficient to obtain good
agreement with experimental chemical shifts.


The proposed trend that La is shielded as one adds more
oxygen atoms to the first La coordination sphere is general-
ly supported by the calculations. If we consider the com-
pounds that contain only O-donating ligands, 9 is a 12-coor-
dinate complex and is the most shielded, followed by 7 and


Figure 6. Relationship between the La coordination number and the ex-
perimental 139La A) quadrupolar coupling constants (CQ), B) spans of the
chemical-shift tensors (W), and C) isotropic chemical shifts (diso). The
filled circles (*) represent compounds in which the La has only oxygen
atoms in its first coordination sphere whereas the open circles (*) repre-
sent compounds in which the La has both oxygen and nitrogen atoms in
its first coordination sphere. The numbers above the symbols refer to the
compound number as indicated in Table 1. The line in C) demonstrates
the relationship between the La coordination number (CN) and the 139La
isotropic chemical shift in ppm, diso=782.9�(77.9/CN)CN (R2=0.97), for
the compounds containing only oxygen-donating ligands.


Figure 7. Plot of the ZORA-DFT theoretical 139La isotropic magnetic-
shielding constants (siso) incorporating scalar (&) or scalar plus spin–orbit
(&) relativistic effects versus experimental isotropic chemical shifts (diso).
The shift and shielding parameters are plotted in the order of decreased
shielding. The solid lines, siso=4161�0.8342diso for the scalar-only and
siso=5022�0.8909diso for the scalar plus spin–orbit data, were determined
from the best linear fit of the data. The dashed lines have a slope of
minus one and represent ideal agreement between theory and experi-
ment. Data labels refer to the compound number as indicated in Table 1.
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8 (11-coordinate), and 4 and 3 (9-coordinate). The calcula-
tions predict that the La shielding for 3 and 4 is very similar,
further evidence that 4 should be considered a 9-coordinate
complex rather than a 10-coordinate complex (see above).
The proposed trend, however, is not suitable for the 8-coor-
dinate complexes; the La atom of 1 is more shielded than
both of the 9-coordinate complexes, whereas in 2 La is more
shielded than in 3. Thus, either the apparent trend is simply
fortuitous or the calculations have a systematic deviation for
the 8-coordinate compounds. In addition, because siso is an
average of the three principal components of the magnetic-
shielding tensor, errors in the individual components can po-
tentially cancel and, although individual components may
differ significantly from experiment, values of siso may agree
with experiment. Thus, in order to more thoroughly assess
the quality of the magnetic-shielding calculations, one must
examine the entire calculated magnetic-shielding tensor.


In addition to diso, the remaining parameters that may be
used to describe the magnetic-shielding tensor are the span
(W) and the skew (k). Unlike theoretical La siso values, the
theoretical W and k values can be directly compared to ex-
periment. The theoretical span values are about twice as
large as the experimental values, with scalar and spin–orbit
calculations providing similar results (Table 1 in the Sup-
porting Information). Regardless of this, the general trend is
reproduced, the only exception being that the calculated W


for 5 is smaller than the experimental value. The calculated
skew values are more sensitive to the type of relativistic cor-
rection included than are the calculated span values. Four of
the nine calculated skew values change significantly upon
the inclusion of spin–orbit coupling; in all of these cases, the
calculated k improves in comparison with values calculated
when only scalar relativistic effects are included. With the
incorporation of spin–orbit relativistic effects, six of the
eight calculated skew values are within or very close to ex-
perimental uncertainties. To conclude, the ZORA-DFT cal-
culations qualitatively reproduce the chemical-shift tensor,
with slight overall improvement when spin–orbit relativistic
effects are included.


ZORA-DFT EFG calculations and tensor orientations : In
general the calculated EFG parameters do not agree well
with experiment (Table 1 in the Supporting Information),
with scalar-only and spin–orbit calculations providing similar
results. Of the compounds studied, only for 2 and 8 are both
of the experimental quadrupolar parameters reproduced;
the CQ within 10% of the experimental values and the hQ


within 0.2. As the EFG depends on long-range (intermolec-
ular) interactions in the solid state,[53] the poor performance
of the calculations may be a result of the calculations being
carried out on isolated molecules. DFT calculations of the
EFG in a variety of gaseous scandium(i) diatomics, for
which intermolecular effects do not influence the EFG, re-
produce the largest component of the EFG tensor about
Sc.[54] The average deviation from experiment reported in
that study was 13%, much smaller than the average 41%
deviation in our calculations. Plane-wave DFT EFG calcula-


tions that consider extended structures have been shown to
provide accurate values of VZZ for Sc[55,56] and Gd.[57] The
calculated 139La CQ value in LaBr3 is much closer to experi-
ment when the periodic nature of the salt is incorporated
than the value calculated from an isolated fragment.[32]


However, the majority of plane-wave EFG calculations have
been performed on ionic compounds and whether such cal-
culations can improve calculated EFG parameters in La co-
ordination compounds remains to be investigated.


From NMR experiments on powder samples, one obtains
only the relative orientations of the shielding and EFG ten-
sors. The orientation of these tensors in the molecular frame
can be determined by symmetry if the compound has axial
symmetry, or in systems of lower symmetry, one can use
EFG and magnetic-shielding calculations to propose tensor
orientations. The only compound in this study with near
axial symmetry is 2. The bipyridine oxide ligands in this
compound arrange themselves about the La in such a way
that a molecular pseudoplane is formed along the [101] crys-
tallographic plane (Figure 8A). The bonded oxygen atoms
of each of the bidentate ligands are oriented perpendicular
to this plane, on top of one another. Thus, the molecule has
a pseudo-C4 symmetry axis and the largest component of
the EFG tensor, VZZ, and the unique component of the
chemical-shift tensor must be along this axis. The magnetic-
shielding calculation predicts that k is near +1 and thus the
unique component of the latter tensor is d33. As hQ is nearly


Figure 8. Orientation of the EFG and chemical-shift tensors (A) for 2,
based on symmetry, and (B) for 8, by using ZORA-DFT magnetic-shield-
ing calculations and experimental Euler angles. For clarity, H atoms and
La�O bonds are not shown.
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zero, the remaining components of the EFG tensor, (VXX


and VYY) are essentially equal in magnitude, must be per-
pendicular to VZZ, and likely point directly towards the
oxygen atoms of the bipyridine oxide ligands. Even though
it is unknown whether the experimental chemical-shift
tensor is also axially symmetric, the symmetry of the mole-
cule dictates that d11 and d22 are oriented in the same direc-
tion as VXX and VYY. The magnetic-shielding calculations
confirm the orientation of the chemical-shift tensor.


For the remaining compounds, the La magnetic-shielding
tensor, which depends predominantly on local structure, is
adequately described by the ZORA-DFT method. Thus it is
reasonable to assume that the orientation of the principal
components of the chemical-shift tensor from the calcula-
tions are trustworthy. The poor performance of the EFG
calculations suggests that the orientation of the EFG tensor
cannot be assigned by ZORA-DFT calculations. Because
the relative orientations of the chemical-shift and EFG ten-
sors, described by the Euler angles, are known experimental-
ly, the orientation of the EFG tensor in the molecule can be
deduced. A good example of this is 8, as this compound has
no obvious symmetry elements and the calculated W and k
are within experimental uncertainties. As oriented in Fig-
ure 8B, the [15]crown-5 ligand in this compound lies below
La while the nitrate ligands lie above La. The chemical-shift
tensor components are oriented such that d33 points directly
towards one of the bonded O atoms of the nitrate ligands,
d22 bisects the other two nitrate ligands, and d11 is parallel to
the “planes” of the nitrate ligands and [15]crown-5. The
Euler angles dictate that the EFG and chemical-shift tensors
are nearly coincident and thus it is relatively simple to deter-
mine the orientation of the EFG tensor in this compound.


Conclusion


Several lanthanum(iii) coordination compounds, which have
coordination numbers ranging from 8 to 12 and are com-
prised of mixtures of various oxygen- or nitrogen-donating
unidentate and/or polydentate ligands, have been studied
for the first time by means of solid-state 139La NMR spec-
troscopy. In all cases, the breadth and shape of the central
transition of the 139La NMR spectra of stationary powder
samples are dominated by the second-order quadrupolar in-
teraction. The measured 139La CQ values range from
10.0 MHz for 3 to 35.6 MHz for 2 whereas hQ is near either
0 or 1 for the compounds studied. Although the NMR spec-
tra are dominated by the quadrupolar interaction, the line-
shapes of the NMR spectra are influenced by CSA, particu-
larly the relative orientation of the chemical-shift and EFG
tensors. The 139La diso value was shown to be related to the
La coordination number, such that 139La becomes more
shielded as the La coordination number increases.


Relativistic ZORA-DFT calculations of the isotropic
magnetic-shielding constants (siso) agree qualitatively with
the experimental isotropic chemical-shift constants (diso).
Calculated values of siso, which include spin–orbit contribu-


tions, are on average 860 ppm more shielded than calcula-
tions incorporating only scalar relativistic corrections. The
calculated W is unaffected by the type of relativistic correc-
tion included, however, the k of the shielding tensor is im-
proved upon the inclusion of spin–orbit coupling. The orien-
tation of the chemical-shift tensor within the molecule can
be proposed from the magnetic-shielding calculations and,
in combination with the experimental Euler angles, can be
used to suggest the orientation of the EFG tensor.


This study demonstrates that 139La solid-state NMR spec-
troscopy of La coordination compounds is feasible and that
139La NMR experiments, even at a moderate magnetic field,
can be routine. To analyze the CSA in these compounds
NMR spectra must be acquired at a minimum of two ap-
plied magnetic fields, one of which should be of a high field
strength (�14.10 T). As shown here, the parameters ob-
tained from the analysis of 139La NMR spectra can provide
information about molecular structure and further research
investigating the relationship between the 139La NMR pa-
rameters and molecular structure in La coordination com-
pounds is encouraged.


Experimental Section


Synthesis : All compounds, except [La(acac)3(H2O)2], which was pur-
chased from Aldrich, were synthesized according to published proce-
dures.[33–42] Where applicable, IR spectroscopy, 1H, 13C, and/or 31P solution
NMR spectroscopy, and/or X-ray powder diffraction were performed to
verify the purity and identity of the compounds.


Solid-state NMR spectroscopy: Solid-state NMR experiments were per-
formed on stationary powder samples by using standard (908(X)–t1–
908(Y)–t2–acquire) or (908(X)–t1–1808(X)–t2–acquire) echo pulse se-
quences, employing either continuous-wave or two-pulse phase modula-
tion (TPPM)[58] 1H decoupling during acquisition. The interpulse delay,
t1, was set to 30 ms at B0=11.75 T and 20 ms at B0=17.60 T and the ac-
quisition delay, t2, was set at less than t1 to ensure that the top of the
echo was acquired. Spectra were processed by left-shifting the free induc-
tion decay (FID) to the top of the echo before calculating the frequency
domain spectrum by Fourier transformation. Chemical shifts were refer-
enced with respect to a 1.0m aqueous solution of LaCl3 (0.0 ppm) and
pulse widths used for experiments on solids were obtained by dividing
the solution 908 pulse by (I+ 1=2=4). A one second recycle delay was
used for all experiments.


NMR spectra were obtained on a Bruker Avance spectrometer operating
at an applied magnetic field of 11.75 T (nL(


1H)=500.4 MHz, nL(
139La)=


70.7 MHz) by using a Bruker 7 mm magic-angle-spinning (MAS) probe
and a 1.45 ms (gB1/2p=43.1 kHz) pulse. The number of transients collect-
ed ranged from 44612 to 100000. Experiments at B0=17.60 T (nL(


1H)=
749.6 MHz, nL(


139La)=105.9 MHz) were acquired at the Pacific North-
west National Laboratory on a Varian Inova spectrometer using a home-
built 5 mm MAS probe and a 1.0 ms (gB1/2p=62.5 kHz) pulse. The
number of transients collected ranged from 5200 to 44000.


Analytical simulations of experimental NMR spectra were performed by
using the program WSOLIDS, which was developed in our laboratory.
WSOLIDS incorporates the space-tiling method of Alderman and co-
workers for the generation of frequency-domain solid-state NMR powder
patterns.[59]


ZORA-DFT calculations : Density functional theory calculations of 139La
quadrupolar coupling constants[60] and magnetic-shielding tensors[61] were
performed by using the relativistic zeroth-order regular approximation
(ZORA) method[62–64] as implemented in the Amsterdam Density Func-
tional software package.[65–67] Either scalar or scalar plus spin–orbit rela-
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tivistic corrections were included in calculations that were performed on
an 8 processor cluster operating in a LINUX environment. The integra-
tion grid was increased from the default values of 4.0, setting accint=5.0
and accsph=6.0. The exchange correlation functional for determining
the unperturbed molecular orbitals employed the local-density approxi-
mation of Vosko, Wilk, and Nusair,[68] and the generalized gradient ap-
proximation of Becke88[69] and Perdew86.[70, 71] The ZORA triple-zeta
doubly polarized (TZ2P) basis set was utilized on La and all atoms di-
rectly bonded to La, and the ZORA double-zeta (DZ) basis set was used
for all remaining atoms. Atomic coordinates were generated from single-
crystal X-ray data[33–42] by using DIAMOND,[72] ORTEP,[73] or
MOLDEN.[74] Calculations of monomeric compounds were performed on
one complete molecule in which the crystallographic positions of all non-
H atoms were maintained. Positions of the H atoms were modified by
changing any C�H bond lengths to 1.08 Q for CH and CH2 groups and
to 1.089 Q for CH3 groups. Calculations of polymeric 4 were performed
on a 154 atom cluster. Unfortunately adequate energy convergence levels
could not be reached for calculations performed on polymeric 6, regard-
less of cluster size, thus calculated parameters are not reported for this
compound.
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Introduction


Recent widespread interest in molecules with twofold rota-
tional symmetry, and their successful application in several
areas of chemical research, has led, quite naturally, to a sig-
nificant interest in molecules with threefold rotational sym-
metry. Threefold symmetrical molecules are believed to
have significant potential in fields as diverse as nonlinear
optics, host–guest chemistry and catalysis.[1] For many of
these applications, nonracemic chiral molecules are re-
quired, and the synthesis of such molecules is often nontrivi-
al.
The success of the C2-symmetric diphosphane binap [2,2’-


bis(diphenylphosphino)-1,1’-binaphthalene], and the C2-
symmetric diol binol [1,1’-bi(2-naphthol)] in asymmetric cat-
alysis has led, not surprisingly, to interest in the synthesis of
C3-symmetric phosphanes and alcohols. Monophosphanes,
such as 1[2] and 2,[3] the tripodal triphosphanes 3[4] and 4,[5]


and the tetradentate ligand 5,[6] are representative of the
type of phosphanes that have been synthesised and, in some
cases, assayed in catalytic reactions. The catalytic activity of
complexes of triol 6 has been studied in some detail,[7]


whereas catalysis based on triol 7 has yet to be explored.[8]


The triol 8, built from axially chiral units, has recently been
shown to form a titanium complex that gives promising
yields (81–97%) and enantioselectivities (44–98%) in the al-


kylation of aromatic aldehydes with diethylzinc.[9] Similarly
a titanium complex of the triol 9, constructed from benzene-
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1,3,5-tricarboxylic acid and (�)-(1R,2S)-2-amino-1,2-diphe-
nylethanol effects an enantioselective alkynylation of vari-
ous aldehydes in the presence of diethylzinc.[10]


C3-Symmetric tris(oxazolines) have been at the heart of
several particularly interesting recent studies. For example,
the tris(oxazoline) 10 binds to zinc to generate a complex
that is reminiscent of the tris(histidine)zinc binding site
found in many zinc-based peptidases. Indeed combining tris-
(oxazoline) 10 with zinc trifluoroacetate gave a catalyst that


generated modest but significant enantioselectivities in the
kinetic resolution of various phenyl ester derivatives of N-
protected amino acids by transesterification with meth-
anol.[11] Studies using the tris(oxazoline) 11 have demon-
strated that it binds primary ammonium ions through tripod
hydrogen-bonding and cation–p interactions. The phenyl
substituents of 11 generate a C3-symmetric “screw-sense”
chiral environment that discriminates between a-chiral pri-


mary and b-chiral ammonium ions that carry a b-substituent
which is a hydrogen-bond acceptor and can interact with
one of the tripod hydrogen bonds to form a bifurcated hy-
drogen bond.[12]


Having discovered a chiral-base-mediated reaction that
efficiently generates a single chiral centre,[13] we decided to
determine whether or not the reaction could be used to gen-
erate three stereocentres in one pot and thus provide a new
synthetic route to nonracemic, chiral C3-symmetric mole-
cules. Some of the results described herein have been pre-
sented in communication form.[14]


Results and Discussion


Tricarbonylchromium(0) complexes of alkyl benzyl ethers,
such as 12, react with n-butyllithium/chiral diamine 13 and
an electrophile to give the chiral ether complexes 14 in high
yield and enantiomeric excess (Scheme 1).[13] Working with
the (+)-R,S,S,R enantiomer of the diamine,[15] derived from
(R)-a-methylbenzylamine, gives the R configuration at the
new stereocentre, presumably because of the preference of
the base to abstract the pro-R benzylic proton.


In order to determine whether or not this reaction could
be used to create three chiral centres in a C3-symmetric ar-
rangement, the novel complex, tricarbonyl(1,3,5-trimethoxy-
methylbenzene)chromium(0) 19, was required. Esterifica-
tion of commercially available benzene-1,3,5-tricarboxylic
acid (15) with methanol gave the known triester 16[16a] in ex-
cellent yield (Scheme 2). Modification of the workup of a
literature procedure[16b] for the reduction of 16 with lithium


Scheme 1.


Scheme 2.
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aluminiumhydride gave triol 17, which on treatment with
four equivalents of sodium hydride followed by a slight
excess of iodomethane smoothly gave the triether 18.[17]


Heating 18 with a slight excess of hexacarbonylchromium(0)
in a 10:1 nBu2O/THF for 24 h gave the required tricarbonyl-
chromium(0) complex 19 as an air-stable yellow crystalline
solid in 99% yield.
To deprotonate complex 19, diamine (+)-13 was treated


with n-butyllithium, and complex 19 was added to the result-
ing deep red solution of the diamide. After stirring the now
orange solution at �78 8C, iodomethane was added which
led to a colour change of the solution to yellow. After con-
siderable experimentation, which included varying the rela-
tive amounts of complex 19, diamine (+)-13 and n-butyl-
lithium, and a study of the effect of dilution on the product
distribution, it proved possible to identify conditions (19/
(+)-13/n-butyl lithium=1:3:6) that minimised the produc-
tion of mono- and dimethylated products and gave the tri-
methylated derivative 20 in an isolated yield of 85%
(Scheme 3).


An X-ray crystallographic analysis of the yellow crystals
(Figure 1a) confirmed that (+)-20 was the R,R,R stereo-
isomer. The orientation of the tricarbonylchromium(0)
“tripod” with respect to the trisubstituted aryl ring is such
that the carbonyl groups are staggered with respect to the
CH(Me)OMe substituents. Interestingly each of the
CH(Me)OMe substituents has adopted an orientation that
places the methoxy moiety “below” the aryl ring plane and
it is also noticeable that the methoxy carbon atom is in each
case oriented in a similar fashion, even though there is free
rotation about its bond to oxygen. Each of the
CH(Me)OMe substituents is oriented similarly with respect
to the central aryl ring, the Ar-C-H dihedral angles being
approximately 25, 19 and 188 for the three substituents.
Overall these conformations mean that the structure has ap-
proximate C3 symmetry, giving the molecule a propeller-like
conformation (Figure 1b).


To assess the enantiomeric purity of (+)-20, its enantio-
mer (�)-20 was synthesised using the enantiomer of the di-
amine derived from (S)-a-methylbenzylamine, that is, (�)-
13. HPLC analysis of the two enantiomers revealed that the
ee of (+)- and (�)-20 was 95%.
The tricarbonylchromium(0) unit was subsequently re-


moved from (+)-20. Stirring (+)-20 in methanol in the pres-
ence of two equivalents of ceric ammonium nitrate at room
temperature for 15 min resulted in a 96% yield of analyti-
cally pure C3-symmetric triether (+)-21 (Scheme 3). As
there was no evidence for epimerisation and diastereoiso-
mer generation during this step, as judged by high-field
NMR spectroscopy, it was reasonably assumed that inver-
sion of stereochemistry at all three centres had not occurred
and that the enantiopurity of (+)-20 was uncompromised by
the decomplexation step.
Having established that three chiral centres may be instal-


led in one pot using the model electrophile iodomethane,
we started to consider the introduction of functional groups
that could be used directly or indirectly to bind to metals.


Scheme 3.


Figure 1. View of the X-ray crystallographic structure of (+)-20 depicting
a) the molecular structure of the trimethylated complex, b) the C3-sym-
metric nature of the complex.
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We looked first at allyl bromide and propargyl bromide with
a view to using a hydroboration/oxidation sequence to gen-
erate a triol with the former, and to using click chemistry[18]


with the latter to generate heterocyclic donors in the form
of 1,2,3-triazoles. Reaction of the triether complex 19 with
the chiral diamine (+)-13/nBuLi followed by quenching
with allyl bromide indeed created three chiral centres to
produce (+)-22 in 77% yield and 98% ee (Scheme 4). In


contrast, addition of propargyl bromide resulted in the crea-
tion of just one chiral centre and the production of the
monoalkyne (+)-23 in modest enantiopurity (75% ee). Dis-
appointingly, all efforts to date to generate a triol from the
trialkene (+)-22 through hydroboration/oxidation generated
intractable mixtures.
In view of the range of potential uses of C3-symmetric


triols, a second approach to these compounds was investigat-
ed. This initially involved quenching the reaction mixture
with the aldehyde methanal, and the ketones benzophenone
and propanone (Scheme 5). Whilst methanal delivered a
complex mixture of products, the ketone quenches led to
the isolation of monoalcohols (+)-24 and (+)-25 in high
yields but modest enantiopurity (76 and 78% respectively).
In contrast to the results obtained with benzophenone and
propanone, quenching with ethylene oxide led to the gener-
ation and isolation of triol (+)-26 in good yield (72%) and
acceptable enantiomeric excess (93%). It is anticipated that
this triol will not only be interesting to study as a C3-sym-
metric ligand for transition metals, but will also act as a
gateway to many other C3-symmetric molecules (e.g. esters,
aldehydes, imines).
The production of mono- and triadducts in the reactions


described above may be explained as follows. In a typical re-
action six equivalents of n-butyllithium are reacted with
three equivalents of diamine (+)-13 to generate three equiv-


alents of dilithium amide and six equivalents of butane. Ad-
dition of triether complex 19 could then lead either to the
formation of a monoanion followed by a sequential quench,
deprotonation, quench, deprotonation, quench sequence or
to the formation of a trianion followed by sequential
quenching of the three anions. In view of the successful use
of iodomethane and allyl bromide (added in excess, typically
nine equivalents), that is, electrophiles that should readily
react with and quench any dilithium amide present in the re-
action mixture, it is tentatively proposed that deprotonation
at the benzylic positions of the complex takes place before
the addition of the electrophile; that is, reaction of complex
19 with three equivalents of dilithium amide produces a tri-
anion represented here by structure 27 (Scheme 6), an
almost certainly over-simplified version of the true struc-
ture.
Why does this proceed to react three times with iodo-


methane, allyl bromide and ethylene oxide but just once
with benzophenone, acetone and propargyl bromide? In-
spection of the putative species that react further and those
that do not reveal that in the former group a dilithium spe-
cies can be invoked (it has been assumed that the primary


Scheme 4.


Scheme 5.
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alkoxide generated from ethylene oxide reacts with the tri-
fluoroborane present in the reaction mixture, a process that
is less facile for the tertiary alkoxides formed from benzo-
phenone and propanone), whilst in the second group a new
trilithium species can be envisaged. Why the dilithium com-
pounds proceed to react with more electrophile to generate
ultimately triadducts of high enantiomeric purity, whilst the
new trilithium compounds are resistant to further electro-
philic attack and generate monoadducts of modest enantio-
purity on work-up, is as yet unclear, but is probably a func-
tion of the properties of higher order species.
In view of the huge success enjoyed by phosphanes in


transition-metal chemistry in general and asymmetric cataly-
sis in particular, we next investigated the possibility of gen-
erating a nonracemic chiral triphosphane using the chiral-
base methodology. Treatment of 19 with (+)-13/n-butyllithi-
um followed by a chlorodiphenylphosphane quench indeed
gave the yellow crystalline triphosphane (+)-28 in accept-
able yield and high enantiopurity (Scheme 7).
An X-ray crystal structure of (+)-28 confirmed both its


structure and its absolute configuration (Figure 2). The


structure of (+)-28 is similar to
that of (+)-20, with the carbon-
yl groups staggered with respect
to the aryl substituents, the me-
thoxy groups oriented “below”
the aryl ring plane and the me-
thoxy groups all adopting simi-
lar conformations, with the
carbon atom in each case being
oriented “downwards”. Each of
the CH(PPh2)OMe substituents
is oriented similarly with re-
spect to the central aryl ring,
the Ar-C-H dihedral angles
being about 35, 39 and 408.
Overall the structure has ap-
proximate C3-symmetry and a
propeller-like conformation.
Attempts to oxidatively


remove the tricarbonylchromi-
um(0) unit and concomitantly
oxidize the phosphanes to phos-
phane oxides led to complex
mixtures of products. Treatment
with H3B·THF followed by
aerial oxidation, however, gave
an excellent yield of the chro-
mium-free triphosphane pro-
tected as its triborane deriva-
tive (+)-29. It is anticipated
that this novel phosphane will
find interesting applications in
asymmetric catalysis.
In a second attempt to intro-


duce heterocyclic donor atoms
onto the C3 scaffold, we investi-


Scheme 6.


Scheme 7.
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gated the effectiveness of bromomethylpyridines as electro-
philes in the chiral base reaction. Although 4- and 2-bromo-
methylpyridine gave complex mixtures, 3-bromomethylpyri-
dine (which is less susceptible to deprotonation) reacted
smoothly to provide the tripyridine complex (+)-30 as a
yellow fluffy solid in good yield and excellent enantiomeric
excess (Scheme 8). Oxidative removal of the tricarbonyl-
chromium(0) unit by using ceric ammonium nitrate proceed-
ed smoothly to give the chromium-free tripyridine (+)-31 in
good yield.
In a first attempt to explore the transition-metal chemis-


try of a C3-symmetric compound synthesized by means of
our new approach, (+)-31 was treated with ruthenium(iii)
trichloride. Anion exchange with ammonium hexafluoro-
phosphate led to yellow crystals of a complex that was iden-
tified as (+)-[Ru{(+)-31}2](PF6)2, that is, complex (+)-32, by
X-ray crystallography.
The X-ray structure of (+)-32 (Figure 3a) shows the ge-


ometry at the ruthenium centre to be close to ideal octahe-
dral, the cis N-Ru-N angles ranging between 89.15(18) and
90.59(19)8 with the trans angles being no more that 18 away
from linear; the Ru�N coordination distances are in the
range 2.129(5)–2.142(5) R. The two chiral tripyridine ligands
both coordinate to the metal centre in a facial manner and
it is noticeable that the trans-pyridyl units are nearly copla-
nar with each other. The coordination of each ligand is ap-
proximately threefold symmetric (Figure 3b) and these mo-
lecular C3 axes are almost colinear, the vectors between the
metal and the A and B aryl-ring centroids subtending an
angle of approximately 1798 at the ruthenium atom. It is evi-
dent from Figure 3a and b, however, that the two ligands do
not adopt similar conformations, there being marked differ-
ences in the torsion angles about the bonds linking the
chiral carbon centres to their parent C6 aromatic rings. For
the ligand based around ring A, the Ar-C-O torsion angles
are about 11, 11 and 108, whilst for the ring B ligands the
equivalent angles are approximately 59, 57 and 568 ; that is,
for the ring A ligand, the oxygen atoms are approximately
coplanar with the C6 ring, whilst for the ring B ligand it is


the hydrogen atoms on the chiral centres that lie in the
same plane as the C6 ring, the oxygen atoms being oriented
away from the ruthenium centre. Despite these different
conformations, the Ru···A and Ru···B separations are only
slightly different, being approximately 5.62 and 5.59 R, re-
spectively. In contrast the difference in conformations of the
two ligands does affect intermolecular cation···anion interac-
tions, each ligand being involved in a different pattern of C�
H···F contacts. For the ring A ligand, each of the hydrogen
atoms on the chiral carbon centres links to a PF6 fluorine
atom, whilst for the ring B ligand the shortest C�H···F dis-
tances are for protons on the methyl groups of the methoxy
substituents on the chiral carbon centres (Figure 3c).


Conclusion


A short and versatile route to enantiopure C3-symmetric
molecules, utilizing chiral-base methodology to install three
stereocentres in one pot has been devised and tested. Of the


Figure 2. The molecular structure of the triphosphane (+)-28.


Scheme 8.
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electrophiles examined, benzophenone, propanone, metha-
nal and propargyl bromide proved to be unsuitable, giving
either monoderivatives or an intractable product mixture,
but iodomethane, allyl bromide, ethylene oxide, chlorodi-
phenylphosphane and 3-bromomethylpyridine all gave good
to excellent yields of enantiopure triderivates. The straight-
forward synthesis of a ruthenium complex of a C3-symmetric
tripyridine generated in this study serves to demonstrate the
potential of our approach for generating new ligands for
transition-metal complexes.


Experimental Section


All reactions involving the use of organometallic compounds were per-
formed under an inert atmosphere of dry nitrogen using standard
Schlenk techniques.[19] Reactions involving the use of arene tricarbonyl-
chromium(0) complexes were protected from sunlight. Chiral diamine
(+)-13 was prepared by a literature procedure.[15] Tetrahydrofuran (THF)
was distilled from sodium benzophenone ketyl and used immediately. Di-
chloromethane (DCM) was distilled from calcium hydride and also used
immediately. Methanol (MeOH) was distilled from calcium hydride and
stored under an inert atmosphere over 3 R molecular sieves. Chlorodi-
phenylphosphine was distilled prior to use and then stored under nitro-
gen. Acetone was purchased from the Aldrich Chemical Company (ACS
grade) and stored under nitrogen over 3 R molecular sieves. All other re-
agents were used as purchased from commercial sources. The concentra-
tions of the alkyllithium compounds were determined by titration against
diphenylacetic acid in THF.[20] Flash column chromatography was per-
formed with BDH silica gel (330–70 mm particle size). Thin-layer chroma-
tography (TLC) was performed on Merck TLC plates coated with Merck
silica gel 60. Melting points were recorded on a Buchi 510 melting point
apparatus in open capillaries and are uncorrected. Optical rotations were
recorded on a Perkin–Elmer 241 Polarimeter using a 1 dm path length
and with concentrations given as gmL�1. IR spectra were recorded on a
Perkin–Elmer 1600 FT-IR spectrometer. NMR spectra were recorded at
room temperature on Bruker AC300F A360 and AM500 instruments; J
values are reported in Hz and chemical shifts in ppm. Mass spectra were
recorded on Micromass Platform II and Micromass AutoSpec-Q spec-
trometers at Imperial College London or JEOL AX 505W spectrometer
at Kings College London. Elemental analyses were performed by the
London Metropolitan University microanalytical service. Analytical
HPLC was performed using a Unicam Crystal 200 pump, a Unicam 100
UV-Vis detector and Daicel Chiralcel OD-H and Chiralpak AD columns
(25T0.46 cm).


Trimethyl benzene-1,3,5-tricarboxylate (16):[16a] A 500 mL flask was
charged with benzene-1,3,5-tricarboxylic acid (15 ; 10.00 g, 47.6 mmol),
MeOH (200 mL) and a magnetic stirrer. Sulfuric acid (2.5 mL) was
added carefully to the mixture and a reflux condenser was fitted. The re-
action mixture was stirred vigorously and heated at reflux for 24 h before
being allowed to cool to room temperature. A saturated solution of
sodium hydrogencarbonate (100 mL) was slowly added to neutralise the
mixture and the contents of the flask were transferred to a separating
funnel. The layers were partitioned and the aqueous layer extracted with
diethyl ether (3T100 mL). The organic layers were combined, dried
(MgSO4) and concentrated in vacuo to give 16 as a white solid (11.90 g,
99%). Rf=0.37 (silica gel; hexane/ethyl acetate 4:1); m.p. 144–145 8C (lit.
m.p.[16] 145–147 8C); IR (CH2Cl2): ñmax=1730 cm�1 (C=O); 1H NMR
(300 MHz, CDCl3): d=4.00 (s, 9H; OCH3T3), 8.88 ppm (s, 3H; CArHT
3); 13C NMR (75 MHz, CDCl3): d=52.6 (OCH3T3), 131.2 (CArHT3),
134.6 (CArT3), 165.5 ppm (COOCH3T3); MS (EI): m/z (%): 252 (33)
[M+], 221 (100) [M+�OCH3], 193 (18) [M+�CO2CH3], 161 (11) [M+


�CO2CH3�CH3OH].


1,3,5-Tris(hydroxymethyl)benzene (17):[16b] A 500 mL flask containing a
magnetic stirrer was placed under an inert atmosphere and charged with
lithium aluminiumhydride (2.40 g, 63.0 mmol). THF (150 mL) was added


Figure 3. Views of the X-ray crystallographic structure of (+)-32 depict-
ing a) the molecular structure of the ruthenium dication in (+)-32, b) the
C3-symmetric nature of the two tripyridine ligands, and c) the C�H···F
contacts.
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through a syringe. The suspension was vigorously stirred and then cooled
to 0 8C before a solution of triester 16 (6.00 g, 23.8 mmol) in THF
(150 mL) was introduced through a cannula over a period of 10 min.
After the addition was complete a condenser was fitted and the reaction
mixture heated at reflux for 24 h before being allowed to cool to room
temperature. Upon cooling, water (100 mL) was carefully added. The
mixture was then filtered through Celite pad and the filter cake was
washed thoroughly with CHCl3 (100 mL). The volatiles were removed in
vacuo to give 17 as a white solid (3.90 g, 99%). Rf=0.36 (silica gel;
chloroform/methanol 9:1); m.p. 75–76 8C (lit. m.p.[17] 77 8C); IR (CHCl3):
ñmax=3286 cm�1 (OH); 1H NMR (300 MHz, D2O): d=4.53 (s, 6H; CH2T
3), 7.20 ppm (s, 3H; CArHT3); 13C NMR (75 MHz, D2O): d=63.6 (CH2T
3), 125.6 (CArHT3), 140.9 ppm (CArT3); MS (EI): m/z (%): 168 (100)
[M+], 150 (17) [M+�H2O], 137 (78) [M+�CH2OH], 119 (40) [M+


�CH2OH�H2O], 104 (51) [M
+�2CH3OH].


1,3,5-Tris(methoxymethyl)benzene (18):[17] Sodium hydride (3.40 g, 60%
dispersion in mineral oil, 71.4 mmol) previously washed with pentane,
was placed in a 250 mL flask. THF (60 mL) was added by means of a sy-
ringe and the suspension was cooled to 0 8C. Triol 17 (3.00 g, 17.9 mmol)
was added portion-wise to the reaction mixture over 10 min. A condenser
was fitted and the mixture heated at reflux for 2 h before being allowed
to cool to room temperature. Iodomethane (4.90 mL, 80.3 mmol) was
added through a syringe and the reaction mixture was stirred for 14 h
before a saturated ammonium chloride solution (50 mL) was carefully
added. The layers were separated, the aqueous layer was extracted with
dichloromethane (3T100 mL) and the combined organic layers washed
with brine (100 mL), dried (MgSO4) and concentrated in vacuo to give
18 as a colourless oil (3.70 g, 99%). Rf=0.33 (silica gel; hexane/ethyl ace-
tate 4:1); IR (CH2Cl2): ñmax=1104 cm�1 (C�O); 1H NMR (360 MHz,
CDCl3): d=3.31 (s, 9H; OCH3T3), 4.38 (s, 6H; CH2T3), 7.16 ppm (s,
3H; CArHT3); 13C NMR (90 MHz, CDCl3): d=58.6 (OCH3T3), 74.8
(CH2T3), 126.6 (CArHT3), 139.0 ppm (CArT3); MS (EI): m/z (%): 210
(70) [M+], 178 (79) [M+�OCH3], 165 (100) [M


+�OCH3�CH3+H]; ele-
mental analysis calcd (%) for C12H18O3 (210.13): C 68.54, H 8.63; found:
C 68.46, H 8.69.


Tricarbonyl[1,3,5-tris(methoxymethyl)benzene]chromium(0) (19): A
250 mL round-bottomed flask containing a stirrer bar and fitted with a
reflux condenser was placed under an inert atmosphere of nitrogen and
charged with compound 18 (3.60 g, 17.2 mmol), hexacarbonylchromi-
um(0) (4.20 g, 19.1 mmol), dry THF (18 mL) and dry di-n-butyl ether
(180 mL). The suspension was thoroughly saturated with nitrogen, before
it was heated to 140 8C and maintained under an inert atmosphere at the
same temperature for 24 h. The yellow reaction mixture was then allowed
to cool to room temperature. Filtration of the crude product through
Celite followed by evaporation of the solvent afforded 19 as a yellow
crystalline solid (5.70 g, 99%). Rf=0.36 (silica gel; hexane/ethyl acetate
3:1); m.p. 90–92 8C; IR (neat): ñmax=1967 (C�O) 1891 cm�1 (C�O);
1H NMR (360 MHz, CDCl3): d=3.39 (s, 9H; OCH3T3), 4.16 (s, 6H;
CH2T3), 5.25 ppm (s, 3H; CCrHT3); 13C NMR (90 MHz, CDCl3): d=
59.4 (OCH3T3), 73.1 (CH2T3), 90.0 (CCrHT3), 108.4 (CCrT3), 232.3 ppm
(C�OT3); MS (EI): m/z (%): 346 (30) [M+], 262 (48) [M+�3CO], 231
(20) [M+�3CO�OCH3], 172 (100) [M


+�3CO�3OCH3]; elemental anal-
ysis calcd (%) for C15H18CrO6 (346.29): C 52.03, H 5.24; found: C 52.12,
H 5.33.


(+)-(R,R,R)-Tricarbonyl[1,3,5-tris(1-methoxyethyl)benzene]chromium(0)
((+)-20): n-Butyllithium (5.60 mL, 2.50m in hexanes, 13.9 mmol) was
added dropwise to a stirred solution of diamine (+)-13 (2.915 g,
6.93 mmol) in dry THF (204 mL) at �78 8C under an inert atmosphere.
The solution was then allowed to warm to room temperature over a
period of 30 min. The resulting deep red solution was recooled to �78 8C
and a solution of heat-gun-dried lithium chloride (0.293 g, 6.93 mmol) in
THF (35 mL) was added dropwise through a cannula. The reaction mix-
ture was stirred for a further 5 min before a precooled (�78 8C) solution
of complex 19 (0.800 g, 2.31 mmol) in THF (10 mL) was introduced drop-
wise through a short cannula. After stirring the orange solution at �78 8C
for a period of 60 min, iodomethane (0.87 mL, 13.9 mmol) was added in
one portion, which resulted in a colour change of the solution to yellow.
The reaction mixture was then stirred for 60 min at �78 8C before


MeOH (3 mL) was added and the solvent removed in vacuo. Purification
of the residue by flash column chromatography (silica gel; hexane/ethyl
acetate 10:0!4:1) afforded (+)-20 as a fluffy yellow solid (0.770 g,
85%). Rf=0.32 (silica gel; hexane/ethyl acetate 4:1). Enantiomeric
excess was determined by HPLC analysis (Chiralpak AD, n-hexane/
propan-2-ol 99.5:0.5, 0.5 mLmin�1, 330 nm); S,S,S enantiomer tr=
18.4 min (minor); R,R,R enantiomer tr=21.2 min (major): �95% ee ;
[a]20D =++113 (c=0.0058 in CHCl3); m.p. 85–88 8C; IR (neat): ñmax=1960
(C�O) 1884 cm�1 (C�O); 1H NMR (360 MHz, CDCl3): d=1.38 (d, J=
6.5 Hz, 9H; CHCH3T3), 3.41 (s, 9H; OCH3T3), 4.04 (q, J=6.5 Hz, 3H;
CHCH3T3), 5.40 ppm (s, 3H; CCrHT3); 13C NMR (90 MHz, CDCl3): d=
23.2 (CHCH3T3), 57.9 (OCH3T3), 77.3 (CHCH3T3), 89.3 (CCrHT3),
112.5 (CCrT3), 233.1 ppm (C�OT3); MS (EI): m/z (%): 388 (37) [M+],
304 (64) [M+�3CO], 273 (32) [M+�3CO�OCH3], 237 (100) [M+


�Cr(CO)3�CH3]; elemental analysis calcd (%) for C18H24CrO6 (388.37):
C 55.66, H 6.23; found: C 55.80, H 6.22.


(+)-(R,R,R)-1,3,5-Tris(1-methoxyethyl)benzene ((+)-21): Ceric ammoni-
um nitrate (0.317 g, 0.58 mmmol) was added to a solution of complex
(+)-20 (0.115 g, 0.29 mmol) in MeOH (6 mL). The resulting mixture was
stirred at room temperature for 15 min before being filtered through
Celite and evaporated. Purification of the crude product by flash column
chromatography (silica gel; hexane/ethyl acetate 100:0!95:5) afforded
(+)-21 as a white solid (0.070 g, 96%). Rf=0.32 (silica gel; hexane/ethyl
acetate 9:1); m.p. 238–240 8C; [a]20D =++157 (c=0.019 in CHCl3); IR
(CH2Cl2): ñmax=3054 (=CH), 1114 cm�1 (C-O-C); 1H NMR (300 MHz,
CDCl3): d=1.44 (d, J=6.5 Hz, 9H; CHCH3T3), 3.24 (s, 9H; OCH3T3),
4.31 (q, J=6.5 Hz, 3H; CHCH3T3), 7.16 ppm (s, 3H; CArHT3);
13C NMR (75 MHz, CDCl3): d=23.7 (CHCH3T3), 56.4 (OCH3T3), 79.6
(CHCH3T3), 123.1 (CArHT3), 143.9 ppm (CArT3); MS (EI): m/z (%):
252 (7) [M+], 237 (100) [M+�CH3]; elemental analysis calcd (%) for
C15H24O3 (252.34): C 71.39, H 9.58; found: C 71.31, H 9.57.


(+)-(R,R,R)-Tricarbonyl[1,3,5-tris(1-methoxybutyl-3-ene)benzene]chro-
mium(0) ((+)-22): n-Butyllithium (2.40 mL, 2.50m in hexanes, 6.0 mmol)
was added dropwise to a stirred solution of diamine (+)-13 (1.260 g,
3.00 mmol) in dry THF (24 mL) at �78 8C. The solution was allowed to
warm to room temperature over a period of 30 min and was then re-
cooled to �78 8C. A solution of heat-gun-dried lithium chloride (0.127 g,
3.00 mmol) in THF (8 mL) was added through a cannula and the reaction
mixture was stirred for a further 5 min before a precooled solution
(�78 8C) of complex 19 (0.346 g, 1.00 mmol) in THF (8 mL) was intro-
duced dropwise through a short cannula. Stirring was continued for
60 min before allyl bromide (0.78 mL, 9.0 mmol) was added in one por-
tion through a syringe. Stirring was then continued for a further 1.5 h at
�78 8C before MeOH (2 mL) was added and the solvent removed in
vacuo. Purification of the resulting residue by flash column chromatogra-
phy (silica gel; hexane/diethyl ether 99:1 ! 95:5) afforded (+)-22 as a
yellow solid (0.360 g, 77%). Rf=0.70 (silica gel; hexane/diethyl ether
2:1). Enantiomeric excess was determined by HPLC analysis (Chiralcel
OD-H, n-hexane/propan-2-ol 99:1, 0.5 mLmin�1, 330 nm); S,S,S enantio-
mer tr=8.4 min (minor); R,R,R enantiomer tr=10.2 min (major): 98% ee.
[a]20D =++75 (c=0.023 in CHCl3); m.p. 99–101 8C; IR (CH2Cl2): ñmax=1962
(C�O), 1884 cm�1 (C�O); 1H NMR (500 MHz, CDCl3): d=2.42 (ddd, J=
6.3, 7.0, 20.7 Hz, 3H; CH(OCH3)CHHT3), 2.49 (ddd, J=4.0, 5.2,
20.7 Hz, 3H; CH(OCH3)CHHT3), 3.54 (s, 9H; OCH3T3), 4.04 (dd, J=
5.2, 6.3 Hz, 3H; CH(OCH3)CH2T3), 4.99 (dd, J=1.4, 17.1 Hz, 3H;
CH2CH=CHH (E)T3), 5.06 (dd, J=1.4, 10.1 Hz, 3H; CH2CH=CHH
(Z)T3), 5.40 (s, 3H; CCrHT3), 5.76 ppm (dddd, J=4.0, 7.0, 10.1, 17.1 Hz,
3H; CH2CH=CH2T3);


13C NMR (125 MHz, CDCl3): d=42.7
(CHCH2CHT3), 58.6 (OCH3T3), 80.5 (CH(OCH3)T3), 88.6 (CCrHT3),
109.7 (CCrCHT3), 118.3 (CH2CH=CH2T3), 133.1 (CH2CH=CH2T3),
233.2 ppm (C�OT3); MS (EI): m/z (%): 466 (42) [M+], 425 (20) [M+


�C3H5], 382 (100) [M
+�3CO], 350 (13) [M+�3CO�CH3OH], 341 (19)


[M+�3CO�C3H5], 318 (18) [M+�3CO�2CH3OH], 288 (77) [M+


�3CO�2OCH3�CH3OH], 248 (20) [M+�Cr(CO)3�2C3H5]; elemental
analysis calcd (%) for C24H30CrO6 (466.49): C 61.79, H 6.48; found: C
61.94, H 6.41.


(+)-(R)-Tricarbonyl[1-(1-methoxybut-3-ynyl)-3,5-bis(methoxymethyl)-
benzene]chromium(0) ((+)-23): n-Butyllithium (2.64 mL, 2.27m in hex-


Chem. Eur. J. 2006, 12, 138 – 148 B 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 145


FULL PAPERAsymmetric Synthesis



www.chemeurj.org





anes, 6.0 mmol) was added to diamine (+)-13 (1.260 g, 3.00 mmol) in
THF (40 mL) at �78 8C. The solution was allowed to warm to room tem-
perature (30 min) and was recooled to �78 8C. Heat-gun-dried lithium
chloride (0.127 g, 3.00 mmol) in THF (10 mL) was added through a can-
nula and the reaction mixture was stirred for 5 min before a solution of
complex 19 (0.346 g, 1.00 mmol) in THF (6 mL) was introduced. The re-
action mixture was stirred for 1 h, then propargyl bromide (1.01 mL,
80% in toluene, 9.0 mmol) was added through a syringe. Stirring was
continued for a further 1 h at �78 8C before MeOH (2 mL) was added
and the solvent removed in vacuo. Purification of the resulting residue by
flash column chromatography (silica gel; hexane/diethyl ether 9:1!5:5)
afforded (+)-23 as a yellow oil (0.345 g, 92%). Rf=0.18 (silica gel;
hexane/diethyl ether 4:1). Enantiomeric excess was determined by HPLC
analysis (Chiralcel OD-H, n-hexane/propan-2-ol 95:5, 0.5 mLmin�1,
330 nm); R enantiomer tr=20.2 min (major); S enantiomer tr=22.3 min
(minor): 75% ee. [a]20D =++26 (c=0.034 in CHCl3); IR (CH2Cl2): ñmax=
1967 (C�O), 1890 cm�1 (C�O); 1H NMR (300 MHz, CDCl3): d=2.07
(virt t, J=2.5 Hz, 1H; CHCH2C�CH), 2.65–2.70 (m, 2H; CHCH2C�
CH), 3.470 (s, 3H; OCH3) 3.474 (s, 3H; OCH3) 3.60 (s, 3H; OCH3), 4.11
(virt t, J=5.7 Hz, 1H; CHCH2C�CH), 4.17–4.28 (m, 4H; CH2OCH3T2),
5.35 (s, 1H; CCrH), 5.42 (s, 1H; CCrH), 5.58 ppm (s, 1H; CCrH);


13C NMR
(75 MHz, CDCl3): d=27.3 (CHCH2C�CH), 58.6 (CHOCH3), 59.0
(CH2OCH3T2), 71.6 (CHCH2C�CH), 72.7, 72.9 (CH2OCH3), 79.0
(CHCH2C�CH), 79.5 (CHCH2C�CH), 89.2, 89.3, 91.3 (CCrH), 106.6,
106.8 (CCrCH2), 111.1 (CCrCH), 232.5 ppm (C�OT3); MS (EI): m/z (%):
384 (24) [M+], 353 (4) [M+�OCH3], 345 (18) [M+�CH2C�CH], 300
(100) [M+�3CO], 269 (12) [M+�3CO�OCH3], 261 (14) [M+


�3CO�CH2C�CH], 240 (30) [M+�3CO�2OCH3+2H], 209 (67) [M+


�3CO�3OCH3+2H]; elemental analysis calcd (%) for C18H20CrO6


(384.34): C 56.25, H 5.24; found: C 56.34, H 5.25.


(+)-(R)-Tricarbonyl[1-(2-hydroxy-1-methoxy-2,2-diphenylethyl)-3,5-bis-
(methoxymethyl)benzene]chromium(0) ((+)-24): n-Butyllithium
(0.72 mL, 2.50m in hexanes, 1.8 mmol) was added dropwise to a stirred
solution of diamine (+)-13 (0.378 g, 0.90 mmol) in THF (10 mL) at
�78 8C. The solution was allowed to warm to room temperature over a
period of 30 min and was recooled to �78 8C. A solution of heat-gun-
dried lithium chloride (0.038 g, 0.90 mmol) in THF (5 mL) was added
through a cannula and the reaction mixture was stirred for a further
5 min before a precooled solution (�78 8C) of complex 19 (0.104 g,
0.30 mmol) in THF (5 mL) was introduced dropwise through a short can-
nula. Stirring was continued for 60 min, then benzophenone (0.492 g,
2.70 mmol) in THF (2 mL) was added in one portion through a cannula
followed immediately by BF3·OEt2 complex (0.23 mL, 1.8 mmol). The re-
action mixture was stirred for a further 1 h at �78 8C before MeOH
(1 mL) was added and the solvent removed in vacuo. Purification of the
resulting residue by flash column chromatography (silica gel; hexane/di-
ethyl ether 9:1!7:3) afforded (+)-24 as a yellow oil, which solidified
upon standing (0.154 g, 97%). Rf=0.45 (silica gel; hexane/diethyl ether
1:1). Enantiomeric excess was determined by HPLC analysis (Chiralcel
OD-H, n-hexane/propan-2-ol 90:10, 0.5 mLmin�1, 330 nm); R enantiomer
tr=14.8 min (major); S enantiomer tr=31.4 min (minor): 76% ee. [a]20D =


+9 (c=0.009 in CHCl3); m.p. 99–101 8C; IR (CH2Cl2): ñmax=1964 (C�O),
1888 cm�1 (C�O); 1H NMR (500 MHz, CDCl3): d=3.04 (s, 1H; OH),
3.20 (s, 3H; OCH3), 3.43 (s, 3H; OCH3), 3.66 (s, 3H; OCH3), 3.69 (d, J=
12.2 Hz, 1H; CHH(OCH3)), 3.90 (d, J=12.2 Hz, 1H; CHH(OCH3)), 4.12
(d, J=12.1 Hz, 1H; CHH(OCH3)), 4.21 (d, J=12.1 Hz, 1H; CHH-
(OCH3)), 4.45 (s, 1H; CHC(OH)Ph2), 4.80 (s, 1H; CCrH), 5.49 (s, 1H;
CCrH), 5.70 (s, 1H; CCrH), 7.20–7.55 ppm (m, 10H; CArH);


13C NMR
(90 MHz, CDCl3): d=58.5, 58.6, 59.6 (OCH3), 72.1, 72.7 (CH2), 81.4
(CPh2(OH)), 84.7 (CHCPh2(OH)), 93.0, 93.2, 94.0 (CCrH), 104.8, 104.6,
104.7 (CCrC), 127.0, 127.2, 127.4, 128.0, 128.2 (CArH), 142.6, 144.8 (CArC),
232.8 ppm (C�OT3); MS (EI): m/z (%): 528 (47) [M+], 497 (9) [M+


�OCH3], 444 (49) [M+�3CO], 344 (11) [M+�Cr(CO)3�OCH3�OH],
281 (6) [M+�Cr(CO)3�3OCH3�H2O], 209 (100) [M+�Cr(CO)3�Ph2-
COH], 178 (99) [M+�Cr(CO)3�Ph2COH�OCH3]; elemental analysis
calcd (%) for C24H30CrO6 (528.12): C 63.63, H 5.35; found: C 63.59, H
5.38.


(+)-(R)-Tricarbonyl[1-(2-hydroxy-1-methoxy-2-methylpropyl)-3,5-bis-
(methoxymethyl)benzene]chromium(0) (+)-25 : n-Butyllithium (1.32 mL,


2.27m in hexanes, 3.0 mmol) was added to diamine (+)-13 (0.630 g,
1.50 mmol) in THF (20 mL) at �78 8C. The solution was allowed to warm
to room temperature (30 min) and was recooled to �78 8C. Heat-gun-
dried lithium chloride (0.064 g, 1.50 mmol) in THF (5 mL) was added
through a cannula and the reaction mixture was stirred for 5 min before
a solution of complex 19 (0.176 g, 0.50 mmol) in THF (3 mL) was intro-
duced. The reaction mixture was stirred for 1 h, then acetone (0.33 mL,
4.5 mmol) was added followed immediately by BF3·OEt2 complex
(0.38 mL, 3.0 mmol). Stirring was continued for a further 1 h at �78 8C
before MeOH (2 mL) was added and the solvent removed in vacuo. Puri-
fication of the resulting residue by flash column chromatography (silica
gel; hexane/diethyl ether 9:1!1:1) afforded (+)-25 as a yellow oil
(0.177 g, 88%). Rf=0.20 (silica gel; hexane/diethyl ether 1:2). Enantio-
meric excess was determined by HPLC analysis (Chiralcel OD-H, n-
hexane/propan-2-ol 90:10, 0.5 mLmin�1, 330 nm); R enantiomer tr=
14.5 min (major); S enantiomer tr=16.3 min (minor): 78% ee. [a]20D =++38
(c=0.010 in CHCl3); IR (CH2Cl2): ñmax=1966 (C�O), 1890 cm�1 (C�O);
1H NMR (300 MHz, CDCl3): d=1.17 (s, 3H; C(CH3)(CH3)OH), 1.22 [s,
3H; C(CH3)(CH3)OH], 2.21 (s, 1H; OH), 3.46 (s, 6H; CH2OCH3T2),
3.69 (s, 3H; CHOCH3), 3.71 (s, 1H; CHC(CH3)2OH), 4.08–4.27 (m, 4H;
CH2OCH3T2), 5.42 (s, 1H; CCrH), 5.58 (s, 1H; CCrH), 5.70 ppm (s, 1H;
CCrH);


13C NMR (90 MHz, CDCl3): d=25.4, 25.7 [C(CH3)2OH], 58.9
(CH2OCH3T2), 60.7 (CHOCH3), 73.7 (CH2T2), 74.6 (COH), 87.7
(CHCOH), 91.9, 93.1, 94.3 (CCrH), 104.1, 104.9, 106.4 (CCrC), 239.4 ppm
(C�OT3); MS (EI): m/z (%): 404 (72) [M+], 373 (13) [M+�OCH3], 356
(3) [M+�OCH3�OH], 345 (5) [M+�(CH3)2COH], 320 (34) [M


+�3CO],
289 (4) [M+�3CO�OCH3], 258 (6) [M


+�3CO�2OCH3], 228 (15) [M
+


�3CO�2CH2OCH3�2H], 210 (27) [M+�Cr(CO)3�(CH3)2COH+H],
200 (12) [M+�3CO�OCH3�(CH3)2COH�2CH3], 178 (100) [M+


�Cr(CO)3�(CH3)2COH�OCH3]; elemental analysis calcd (%) for
C18H24CrO7 (404.09): C 53.46, H 5.98; found: C 53.40, H 6.06.


(+)-(R,R,R)-Tricarbonyl[1,3,5-tris(1-methoxy-3-hydroxy-propyl)ben-
zene]chromium(0) (+)-26 : n-Butyllithium (2.40 mL, 2.50m in hexanes,
6.0 mmol) was added dropwise to a stirred solution of diamine (+)-13
(1.260 g, 3.00 mmol) in dry THF (24 mL) at �78 8C. The solution was al-
lowed to warm to room temperature over a period of 30 min and then re-
cooled to �78 8C before a solution of heat-gun-dried lithium chloride
(0.127 g, 3.00 mmol) in THF (8 mL) was added through a cannula. The
reaction mixture was stirred for a further 5 min, then a precooled solu-
tion (�78 8C) of complex 19 (0.346 g, 1.00 mmol) in THF (8 mL) was in-
troduced dropwise through a short cannula. Stirring was continued for a
period of 60 min before a cooled solution (�78 8C) of ethylene oxide
(2.5 mL, 50.0 mmol) in THF (2.5 mL) was added through a short cannula.
Immediately after the addition of epoxide, BF3·OEt2 complex (0.76 mL,
6.0 mmol) was added in one portion leading to a colour change of solu-
tion from red to yellow. The reaction mixture was then stirred for 1.5 h at
�78 8C, MeOH (2 mL) was then added and the solvent was removed in
vacuo. Purification of the residue by flash column chromatography (silica
gel; ethyl acetate/methanol 99:1!95:5) afforded (+)-26 as a yellow oil
which solidified upon standing (0.330 g, 69%). Rf=0.50 (silica gel; ethyl
acetate/methanol 9:1). Enantiomeric excess was determined by HPLC
analysis (Chiralpak AD, n-hexane/propan-2-ol 80:20, 0.5 mLmin�1,
330 nm); S,S,S enantiomer tr=20.6 min (minor); R,R,R enantiomer tr=
23.0 min (major): 93% ee. [a]20D =++96 (c=0.018 in CHCl3); m.p. 112–
114 8C; IR (CH2Cl2): ñmax=3250 (OH) 1963 (C�O), 1887 cm�1 (C�O);
1H NMR (500 MHz, CDCl3): d=1.90–1.93 (m, 3H; CHHCH2OHT3),
1.96–1.99 (m, 3H; CHHCH2OHT3), 2.36 (s, 3H; OHT3), 3.60 (s, 9H;
OCH3T3), 3.79 (s, 6H, CHHCH2OHT3), 4.25–4.29 (m, 3H;
CHCH2CH2OHT3), 5.55 ppm (s, 3H; CCrHT3); 13C NMR (125 MHz,
CDCl3): d=41.3 (CH2CH2OHT3), 58.9 (OCH3T3), 59.7 (CH2OHT3),
79.9 (CHOCH3T3), 89.7 (CCrHT3), 109.2 (CCrCHT3), 232.8 ppm (C�OT
3); MS (EI): m/z (%): 478 (2) [M+], 402 (6) [M+�CH2CH2OH�OCH3],
332 (13) [M+�2CO�2CH2CH2OH], 310 (7) [M+�CH3OCH2CH2-


CH2OH�CH3CH2OH�CH3OH], 297 (100) [M+�2CH3OCH2CH2-


CH2OH�H], 270 (27) [M+�CO�2CH3OCH2CH2CH2OH], 265 (38) [M
+


�2CH3OCH2CH2CH2OH�CH3OH�H]; HRMS (EI): m/z calcd for
C21H30CrO9: 478.1295; found: 478.1276.


(+)-(R,R,R)-Tricarbonyl[1,3,5-tris(1-diphenylphosphino-1-methoxymeth-
yl)benzene]chromium(0) ((+)-28): n-Butyllithium (1.49 mL, 2.50m in


www.chemeurj.org B 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 138 – 148146


S. E. Gibson et al.



www.chemeurj.org





hexanes, 3.7 mmol) was added dropwise to a stirred solution of diamine
(+)-13 (0.208 g, 1.86 mmol) in dry THF (100 mL) at �78 8C. The reaction
mixture was allowed to warm to room temperature over 30 min and was
recooled to �78 8C before a solution of heat-gun-dried lithium chloride
(0.080 g, 1.86 mmol) in THF (10 mL) was added through a cannula. The
reaction mixture was stirred for a further 5 min, then a precooled solu-
tion (�78 8C) of complex 19 (0.208 g, 0.60 mmol) in THF (10 mL) was in-
troduced dropwise through a short cannula. Stirring was continued for a
period of 60 min before chlorodiphenylphosphine (0.99 mL, 5.4 mmol)
was added in one portion. The reaction mixture was then stirred for 1 h
at �78 8C followed by a further 2 h at �40 8C; MeOH (2 mL) was then
added and the solvent was removed in vacuo. Purification of the resulting
residue by flash column chromatography (silica gel; hexane/diethyl ether
99:1!90:10) afforded (+)-28 as a yellow solid (0.253 g, 47%). Rf=0.40
(silica gel; hexane/diethyl ether 9:1). Enantiomeric excess was deter-
mined by HPLC analysis (Chiralcel OD-H, n-hexane/propan-2-ol
99.6:0.4, 1.0 mLmin�1, 330 nm); S,S,S enantiomer tr=12.5 min (minor);
R,R,R enantiomer tr=20.6 min (major):=95% ee. [a]20D =++227 (c=
0.0067 in CHCl3); m.p. 155–157 8C; IR (CH2Cl2): nmax=1967 (C�O),
1882 cm�1 (C�O); 1H NMR (500 MHz, CDCl3): d=3.43 (s, 9H; OCH3T
3), 4.75 (d, J=4.7 Hz, 3H; CHPPh2T3), 5.54 (s, 3H; CCrHT3), 7.28–7.40
(m, 24H; CArHT3), 7.46–7.51 ppm (m, 6H; CArHT3); 31P NMR
(202 MHz, CDCl3): d=13.38 ppm (PPh2T3);


13C NMR (125 MHz,
CDCl3): d=61.0 (OCH3T3), 83.6 (d, J=23.6 Hz, CHPPh2T3), 89.8 (d,
J=10.4 Hz, CCrHT3), 107.2 (d, J=19.4 Hz, CCrCHT3), 128.3–128.5 (m,
CAr), 128.9, 129.5 (CAr), 132.2 (d, J=15.3 Hz, CAr), 133.2 (d, J=19.4 Hz,
CAr), 135.2 (d, J=20.0 Hz, CAr), 135.9 (d, J=14.7 Hz, CAr), 233.6 ppm
(C�OT3); MS (FAB): m/z (%): 898 (72) [M+], 814 (100) [M+�3CO],
629 (38) [M+�3CO�PPh2]; elemental analysis calcd (%) for
C51H45CrO6P3 (898.83): C 68.15, H 5.05; found: C 68.15, H 4.93.


(+)-(R,R,R)-1,3,5-Tris[1-(boronatodiphenylphosphino)-1-methoxymeth-
yl)]benzene ((+)-29): A BH3·THF complex (1.56 mL, 1.00m solution in
THF, 1.6 mmol) was added dropwise, under an inert atmosphere, to a
stirred solution of triphosphine (+)-28 (0.350 g, 0.39 mmol) in THF
(30 mL). Stirring was continued for 1.5 h at room temperature and then
the solvent was removed in vacuo. The resulting residue was then redis-
solved in DCM (100 mL) before being stirred in an open vessel and in
the presence of air and light. After stirring for 18 h no more chromium-
containing species were detected (by TLC) and the green reaction mix-
ture was concentrated to give a residue which was purified by flash
column chromatography (silica gel; hexane/ethyl acetate 3:1) to afford
(+)-29 as a white solid (0.301 g, 97%). Rf=0.20 (silica gel; hexane/ethyl
acetate 4:1). [a]20D =++109 (c=0.015 in CHCl3); m.p. 114–116 8C;


1H NMR
(500 MHz, CDCl3): d=0.70 (s, 9H; BH3T3), 2.99 (s, 9H; OCH3T3), 4.90
(d, J=5.4 Hz, 3H; CHPPh2T3), 6.83 (d, J=1.6 Hz, 3H; CArHT3), 7.37–
7.49 (m, 18H; CArH), 7.63–7.76 ppm (m, 12H; CArH);


31P NMR
(202 MHz, CDCl3): d=25.60 ppm (PPh2T3);


11B NMR (160 MHz,
CDCl3): d=�40.04 ppm (BH3T3);


13C NMR (125 MHz, CDCl3): d=58.5
(OCH3T3), 82.5 (d, J=43.5 Hz, CHPPh2T3), 125.3 (d, J=53.2 Hz, CAr),
128.3 (d, J=10.4 Hz, CArH), 128.5 (d, J=10.3 Hz, CArH), 128.6 (CAr),
130.9, 131.5 (CArH), 132.7 (d, J=8.6 Hz, CArH), 134.3 (CAr), 134.7 ppm
(d, J=8.7 Hz, CArH); MS (FAB): m/z (%): 804 (14) [M+(11BT3)], 803
(22) [M+(11BT2, 10BT1)], 789 (10) [M+�BH3], 775 (4) [M


+�2BH3], 745
(12) [M+�2BH3�OCH3], 701 (13) [M+�3BH3�OCH3�2CH3], 671 (6)
[M+�3BH3�3OCH3+H], 605 (8) [M+�BH3�PPh2], 591 [M+


�2BH3�PPh2] (11), 577 (8) [M+�3BH3�PPh2], 561 (8) [M+


�2BH3�PPh2�OCH3], 547 (29) [M+�3BH3�PPh2�OCH3]; elemental
analysis calcd (%) for C48H54B3O3P3 (804.36): C 71.68, H 6.77; found: C
71.65, H 6.73.


(+)-(R,R,R)-Tricarbonyl[1,3,5-tris(1-methoxy-2-(3-pyridyl)ethyl)ben-
zene]chromium(0) ((+)-30)


Preparation of 3-(bromomethyl)pyridine : A 250 mL flask containing a
stirrer bar and fitted with a reflux condenser was placed under an inert
atmosphere of nitrogen. The flask was charged with 3-(bromomethyl)pyr-
idine hydrobromide (3.26 g, 12.9 mmol), powdered potassium carbonate
(7.13 g, 51.6 mmol) and anhydrous toluene (78 mL). The reaction mixture
was stirred vigorously for 45 min at room temperature, 45 min at 40 8C,
45 min at 50 8C, 45 min at 65 8C, 45 min at 80 8C and 30 min at 90 8C. The


solution was then allowed to cool to room temperature over a period of
40 min.


Preparation of complex (+)-30 : n-Butyllithium (2.08 mL, 2.50m in hex-
anes, 5.2 mmol) was added dropwise to a stirred solution of diamine (+)-
13 (1.186 g, 2.82 mmol) in dry THF (50 mL) at �78 8C under an inert at-
mosphere of nitrogen. The solution was then allowed to warm to room
temperature over a period of 30 min. The resulting deep red solution was
recooled to �78 8C and a solution of heat-gun-dried lithium chloride
(0.110 g, 2.60 mmol) in THF (16 mL) was added dropwise through a can-
nula. The reaction mixture was stirred for a further 5 min, then a pre-
cooled (�78 8C) solution of complex 19 (0.300 g, 0.87 mmol) in THF
(10 mL) was introduced dropwise through a short cannula. After stirring
the orange solution at �78 8C for a period of 60 min, 3-(bromomethyl)-
pyridine (prepared as above) was added through a cannula and the re-
sulting yellow solution was stirred for 2 h at �78 8C. MeOH (3 mL) was
then added and the solvent removed in vacuo. Purification of the residue
by flash column chromatography (silica gel; ethyl acetate/methanol 4:1
and then silica gel; chloroform/methanol 9:1) afforded (+)-30 as a yellow
solid (0.45 g, 84%). Rf=0.38 (silica gel; ethyl acetate/methanol 4:1);
[a]20D =++36 (c=0.0067 in CHCl3); m.p. 104–106 8C; IR (CH2Cl2): nmax=
1965 (C�O), 1889 (C�O), 1592 (C=N), 1575 cm�1 (C=N); 1H NMR
(300 MHz, CDCl3): d=2.74 (dd, J=6.5, 14.0 Hz, 3H; CHCHHPyT3),
2.89 (dd, J=4.0, 14.0 Hz, 3H; CHCHHPyT3), 3.46 (s, 9H; OCH3T3),
4.08 (dd, J=4.0, 6.5 Hz, 3H; CHCH2PyT3), 5.13 (s, 3H; CCrHT3), 7.26
(dd, J=4.5, 7.5 Hz, 3H; CPyHT3), 7.47 (d, J=7.5 Hz, 3H; CPyHT3), 8.30
(d, J=1.5 Hz, 3H; CPyHT3), 8.49 ppm (dd, J=1.5, 4.5 Hz, 3H; CPyHT3);
13C NMR (75 MHz, CDCl3): d=41.5 (CHCH2T3), 58.7 (OCH3T3), 81.1
(CHCH2T3), 88.5 (CCrHT3), 108.5 (CCrT3), 123.2 (CPyHT3), 132.3 (CPyT
3), 137.4, 148.1, 150.9 (CPyHT3), 232.5 ppm (C�OT3); MS (EI): m/z
(%): 619 (4) [M+], 535 (40) [M+�3CO], 483 (60) [M+�3CO�Cr], 391
(100) [M+�3CO�Cr�CH2Py]; elemental analysis calcd (%) for
C33H33CrN3O6 (619.18): C 63.97, H 5.37, N 6.78; found: C 63.98, H 5.31,
N 6.72.


(+)-(R,R,R)-1,3,5-Tris[1-methoxy-2-(3-pyridyl)ethyl]benzene ((+)-31):
Ceric ammonium nitrate (1.042 g, 1.90 mmol) was added to a solution of
complex (+)-30 (0.588 g, 0.95 mmol) in MeOH (15 mL). The resulting
mixture was stirred at room temperature for 1 h. The reaction mixture
was neutralized by addition of a saturated potassium carbonate solution
and extracted with dichloromethane (2T20 mL). The combined extracts
were washed with brine (2T10 mL), dried (MgSO4) and then concentrat-
ed in vacuo to afford the crude product. Purification of the crude product
by flash column chromatography (silica gel; ethyl acetate/acetone/tri-
ethylamine 6:3:1) afforded (+)-31 as a colourless oil (0.367 g, 76%); Rf=


0.35 (silica gel; ethyl acetate/acetone/triethylamine 6:3:1); [a]20D =++15
(c=0.002 in CH2Cl2); IR (KBr pellet): ñmax=1592 (C=N), 1575 cm�1 (C=
N); 1H NMR (300 MHz, CDCl3): d=2.79 (dd, J=6.0, 14.0 Hz, 3H;
CHCHHPyT3), 3.01 (dd, J=7.0, 14.0 Hz, 3H; CHCHHPyT3), 3.15 (s,
9H; OCH3T3), 4.24 (t, J=6.5 Hz, 3H; CHCH2PyT3), 6.89 (s, 3H;
CArHT3), 7.16 (dd, J=4.5, 7.0 Hz, 3H; CPyHT3) 7.35 (d, J=7.0 Hz, 3H;
CPyHT3), 8.24 (s, 3H; CPyHT3), 8.42 ppm (d, J=4.5 Hz, 3H; CPyHT3);
13C NMR (75 MHz, CDCl3): d=41.9 (CHCH2T3), 57.2 (OCH3T3), 84.3
(CHCH2T3), 122.9 (CPyHT3), 124.5 (CArHT3), 133.4 (CPyT3), 137.4
(CPyHT3), 141.4 (CArT3), 148.1, 151.1 ppm (CPyHT3); MS (EI): m/z
(%): 484 (19) [M++H], 483 (67) [M+], 391 (100) [M+�CH2Py]; elemen-
tal analysis calcd (%) for C30H33N3O6 (483.25): C 74.51, H 6.87, N 8.68;
found: C 74.50, H 7.00, N 8.69.


(+)-(R,R,R)-[1,3,5-Tris(1-methoxy-2-(3-pyridyl)ethyl)benzene]ruthenium
dihexafluorophosphate ((+)-32): A mixture of ligand (+)-31 (0.100 g,
0.21 mmol) and RuCl3 (0.215 g, 0.11 mmol) were refluxed in 5 mL of eth-
ylene glycol for 20 min. The solution was cooled to room temperature,
water added (5 mL) and a precipitate was formed upon addition of a con-
centrated aqueous NH4PF6 solution (2 mL). The green precipitate was fil-
tered off, washed with water (10 mL) and dried under reduced pressure.
The residue was purified via crystallization from dichloromethane/metha-
nol/hexane (1:0.25:3) to afford (+)-32 as a yellow crystalline solid
(0.074 g, 46%). [a]20D =++26 (c=0.0047 in CHCl3); m.p. 240 8C (decomp);
UV/Vis spectrum (CH3CN): lmax (e)=368 (67060), 246 nm (103063); IR
(KBr pellet): ñmax=1483 (C=N), 1430 cm�1 (C=N); 1H NMR (500 MHz,
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CD3CN): d=2.21 (t, J=13.0 Hz, 3H;
CHCHHPyT3 A), 2.30 (dd, J=4.0,
13.0 Hz, 3H; CHCHHPyT3 B), 3.09
(s, 9H; OCH3T3 A), 3.28 (dd, J=4.0,
13.0 Hz, 3H; CHCHHPyT3 A and B),
3.39 (s, 9H; OCH3T3 B), 4.23 (dd, J=
4.0, 13.0 Hz, 3H; CHCH2PyT3 A),
4.63 (t, J=4.0 Hz, 3H; CHCH2PyT
3 B), 6.35 (s, 6H; CPyHT3 A and B),
6.47 (s, 3H; CArHT3 B), 6.67 (s, 3H;
CArHT3 A), 7.18–7.27 (m, 12H;
CPyHT6 A and B), 7.81 (d, J=7.0 Hz,
3H; CPyHT3 A or B), 7.92 ppm (d, J=
7.0 Hz, 3H; CPyHT3 A or B);
13C NMR (125 MHz, CD3CN): d=39.7
(CHCH2T3 B), 41.6 (CHCH2T3 A),
56.6 (OCH3T3 A), 57.6 (OCH3T3 B),
81.0 (CHCH2T3 B), 85.0 (CHCH2T
3 A), 122.3 (CPyHT3 A and B), 127.1
(CArHT3 A and B), 127.7, 128.5
(CPyHT3 A and B), 137.3, 138.0 (CPyT
3 A and B), 140.5, 141.7 (CPyHT3 A
and B), 141.0, 141.6 (CArT3 A and B)
152.9, 153.1, 155.5 ppm (CPyHT3 A
and B); MS (FAB+): m/z (%): 1213
(19) [M+�PF6], 1068 (22) [M+�2PF6],
584 (82) [M+�2PF6�C30H33N3O3], 484
(12) [M+�2PF6�C30H33N3O3], 73
(100) [C3H6OCH3


+]; elemental analy-
sis calcd (%) for [C60H66N6O6Ru]-
(PF6)2·2CH2Cl2 (1528.05): C 48.72, H
4.61, N 5.49; found: C 48.81, H 4.64, N
5.48.


X-ray crystallography : Table 1 provides a summary of the crystalllograph-
ic data for compounds (+)-20, (+)-28 and (+)-32. Data was collected on
a Bruker P4 diffractometer. CCDC-273326 ((+)-20), CCDC-246809 ((+)-
28) and CCDC-264307 ((+)-32) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Table 1. Crystal data, data collection and refinement parameter for compounds (+)-20, (+)-28 and (+)-32.


(+)-20 (+)-28 (+)-32


formula C18H24CrO6 C51H45CrO6P3 C60H66N6O6RuPF6·2CH2Cl2
Mr 388.37 898.78 1528.05
colour/habit yellow platy needles yellow plates yellow shards
T [K] 293 293 173
crystal system triclinic ortho-rhombic monoclinic
space group P1 (no. 1) P212121 (no 19) P21 (no. 4)
a [R] 7.176(2) 11.497(5) 10.5334(5)
b [R] 10.628(4) 17.024(8) 18.2106(8)
c [R] 13.043(4) 23.651(10) 17.6404(9)
a [8] 102.081(14) 90 90
b [8] 91.33(3) 90 90.877(4)
g [8] 101.31(3) 90 90
V [R3] 951.7(5) 4629(3) 3383.4(3)
Z 2 4 2
1calcd [gcm


�3] 1.355 1.290 1.500
radiation CuKa CuKa MoKa


m [mm�1] 5.203 3.403 0.524
reflns measured 3415 4388 21626
reflns observed [ jFo j>4s(jFoj)] 2719 3294 20273
2qmax [8] 128 130 66
parameters 452 479 838
R1


+ 0.0694 0.0601 0.1075
R1


� 0.0784 0.0928 0.1091
Flack parameter x+ 0.04(3) 0.000(14) 0.11(4)
Flack parameter x� 0.96(3) n/a 0.89(4)
R1/wR2 0.069/0.170 0.060/0.149 0.108/0.182
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Relaxometric Study of Copper [15]Metallacrown-5 Gadolinium Complexes
Derived from a-Aminohydroxamic Acids


Tatjana N. Parac-Vogt,[a] Antoine Pacco,[a] Peter Nockemann,[a] Sophie Laurent,[b]


Robert N. Muller,[b] Mathias Wickleder,[c] Gerd Meyer,[d] Luce Vander Elst,*[b] and
Koen Binnemans*[a]


Introduction


Metallacrowns are a novel class of macrocyclic compounds,
in which the metal is an integral part of the macrocycle ring.
They were discovered by Pecoraro in 1989.[1,2] The a-amino-
hydroximates as the ditopic ligand, and the copper(ii) ions
as the ring metals give rise to the formation of a metallama-
crocycle with five copper(ii) ions. These [15]metallacrown-5
compounds have a cavity capable of coordinating an addi-
tional ion, such as a trivalent lanthanide ion.[3–9] These
lanthanide(iii)-containing metallacrown compounds are


stable in different solvents, one of which is water.[3,6] The
close proximity of paramagnetic centers has a direct influ-
ence on the enhancement of the proton relaxation rate of
the coordinated water molecules. Three to four coordination
sites on the lanthanide(iii) ion in the central cavity (which is
already coordinated by five oxygen atoms that form the
ring) are available for additional ligand molecules, such as
water molecules. Water molecules can also coordinate to the
copper(ii) ions from the ring and experience an additional
paramagnetic form of relaxation. Pecoraro and co-workers
mentioned the potential of gadolinium(iii)-containing metal-
lacrown complexes as a contrast agent for magnetic reso-
nance imaging (MRI) applications, and they measured the
proton longitudinal relaxivity r1 for several metallacrown
complexes with a-amino- and picoline hydroximate li-
gands.[2,3] These [15]metallacrown-5 complexes have a
planar ring geometry and relatively high molecular weights
(Mw>1000 gmol�1), which could favorably affect the rota-
tional correlation time tR. For metal ions with long longitu-
dinal electron-spin relaxation times, T1e and T2e, such as
gadolinium(iii), the increase in tR is one of the most impor-
tant sources of relaxivity enhancement.[9]


Other parameters that affect the relaxivity efficiency of
gadolinium(iii) complexes are the number of water mole-
cules in the first coordination sphere of the paramagnetic
ion and the residence time of these molecules. The residence
time of water, tM, can limit the relaxivity of the paramagnet-
ic complex. Insight into how to tune this parameter is crucial
in the design of new MRI contrast agents.[10]


Abstract: Proton nuclear magnetic re-
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gadolinium(iii)-containing [15]metal-
lacrown-5 complexes derived from a-
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The aim of this work was to
investigate the influence of
ligand substituents on the re-
laxometric behavior of
gadolinium(iii)-containing met-
allacrown compounds derived
from a-aminohydroxamic acids
(Figure 1). We synthesized five
metallacrown complexes with


the a-aminohydroxamic acids derived from glycine, l-valine,
l-leucine, l-phenylalanine, and l-tyrosine as chelating li-
gands, with copper(ii) as the ring metal and gadolinium(iii)
as the central metal ion. The proton relaxation properties of
these complexes were analyzed by measuring the nuclear
magnetic relaxation dispersion (NMRD) profiles between
0.24 mT and 1.4 T, and by measuring the proton relaxation
rate as a function of the temperature at 0.47 T. To identify
the contribution of the copper(ii) centers to the total relaxiv-
ity, we also measured the NMRD profiles of two lanthanum-
(iii)-containing metallacrown complexes. The stability of the
complexes versus transmetalation by the important endoge-
nous zinc(ii) ion was also studied. The crystal structure of
the gadolinium(iii)-containing metallacrown derived from
glycine hydroximate is described.


Results and Discussion


Synthesis and characterization of the metallacrown com-
plexes : The metallacrown complexes were synthesized in
aqueous solution by using a two-step method. In the first
step, equimolar amounts of the copper(ii) salt and the a-
aminohydroxamic acid were mixed and the solution turned
green. In the second step, the lanthanide(iii) salt was added
to the solution (0.2 equivalent) and the solution turned blue.
The lanthanide(iii)-containing [15]metallacrown-5 complexes
were analyzed by using different techniques (electrospray
mass spectrometry (ESI-MS), CHN elemental analysis, and
UV-visible absorption spectroscopy). NMR methods were
used to analyze the lanthanum(iii)-containing complexes,


but could not be used for the characterization of the
gadolinium(iii)-containing complexes because of the severe
line-broadening due to the presence of the strongly para-
magnetic gadolinium(iii) centers.


The ESI-MS spectra recorded in positive-ion mode con-
firm the composition of the complexes. Signals correspond-
ing to the ions {Gd(NO3)2[15-MCCu


II
N(aminoha)-5]}+ and {Gd-


(NO3)[15-MCCu
II


N(aminoha)-5]}2+ were observed in the mass
spectra for the five [15]metallacrown-5 complexes, and the
data are summarized in Table 1. The isotopic profiles of the
peaks are consistent with the proposed stoichiometry. More-
over, no evidence was found for monomeric or dimeric cop-
per(ii) species. These experimental data indicate that the
[15]metallacrown-5 unit is stable in protic polar solvents.
This is a necessary condition for their possible use as MRI
contrast agents, because small amounts of ligand, free cop-
per(ii) ions, or free gadolinium(iii) ions would be toxic.[11]


The CHN elemental analysis results are given in the Experi-
mental Section.


The metallacrown complexes of the ligands glyha, l-
leuha, l-pheha and l-tyrha were also characterized in water
by using UV-visible absorption spectroscopy. A titration of
gadolinium(iii) nitrate in aqueous solutions of equal
amounts of a-aminohydroxamic acid and copper(ii) acetate
was monitored by recording the absorption spectra. Prior to
addition of the gadolinium(iii) ions (Figure 2), the solutions


Figure 1. Structure of a gadolinium(iii)-containing [15]metallacrown-5
complex with an a-aminohydroxamic acid ligand. R=H (glyha), CH-
(CH3)2 (l-valha), CH2CH(CH3)2 (l-leuha), CH2C6H5 (l-pheha),
CH2C6H4OH (l-tyrha). The nitrate groups are omitted for the sake of
clarity.


Table 1. Mass spectral data (ESI-MS) for gadolinium(iii)-containing [15]metallacrown-5 complexes derived
from a-aminohydroxamic acids and with copper(ii) ions as the ring metal.


Gd(NO3)3 [15-MC-5] {Gd(NO3)2[15-MC-5]}+ {Gd(NO3)[15-MC-5]}2+


Ligand Mw m/z exptl m/z calcd m/z exptl m/z calcd


glyha 1101.3 1039 1039.3 488.5 488.7
l-valha 1311.7 1249 1249.7 593.5 593.9
l-leuha 1381.9 1319 1319.9 627.5 627.5
l-pheha 1551.9 1489 1489.9 713.5 713.5
l-tyrha 1631.9 1569 1569.9 753.5 753.5


Figure 2. UV/Vis absorption spectrum of a solution of l-tyrosine hy-
droxamic acid and copper(ii) acetate (1:1) in water (2 mm), before (a)
and after (c) addition of 0.2 equiv of gadolinium(iii) nitrate. The
molar absorptivity is expressed per [15]metallacrown-5 unit.
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were green and showed two prominent absorption bands
with maxima at 345 and 655 nm. The differences between
the spectra of the different ligands are negligible. The ab-
sorption maximum at 655 nm is very close to the calculated
lmax value (648 nm) of the polynuclear [Cu5L4]


2+ species
(L=l-alaha2�).[12] During titration, the maximum at 655 nm
is shifted to lower wavelength (blue-shift). After addition of
0.2 equivalent of gadolinium(iii) (Figure 2), the solutions
became a deep-blue color. Addition of more than 0.2 equiv-
alent of gadolinium(iii) caused no further changes in the
spectra. This indicates that a polynuclear species is formed
in solution with a GdIII/CuII ratio of 1:5. The spectra for all
four gadolinium(iii)-containing [15]metallacrown-5 com-
plexes with glyha, l-leuha, l-pheha, and l-tyrha as ligands
are nearly identical (Figure 3), with the absorption maxi-
mum for the ligand-field band at around 575 nm.


Crystal structure of {Gd(NO3)-
(H2O)2[15-MCCu


II
N(glyha)-5]-


(NO3)(H2O)4}·NO3·5H2O : The
crystal structure of the [15]met-
allacrown-5 derived from gly-
cine hydroximate ligands and
incorporating gadolinium(iii) ni-
trate (compound 1) was deter-
mined. The five glycine hydrox-
imate ligands (glyha2�) and five
copper(ii) ions form the almost
planar [15]metallacrown-5 ring
and encapsulate a gadolinium-
(iii) ion in the center (Figures 4
and 5). The ring with Cu–N–O–
Cu linkages is formed by the
five copper(ii) ions and the ni-
trogen and oxygen atoms of


each of the five glycine hydroximate ligands. The crystallo-
graphic data are summarized in Table 2. Charge balance is
achieved by three nitrate anions. One of the nitrate groups
is coordinated to the gadolinium(iii) ion in a bidentate fash-
ion. The position of the gadolinium(iii) ion is displaced from


Figure 3. UV/Vis absorption spectrum of gadolinium(iii)-containing
[15]metallacrown-5 complexes with different a-aminohydroxamic acids as
ligand. The molar absorptivity is expressed per 15-MC-5, and [15-MC-
5]=4L10�4


m.


Figure 4. ORTEP diagram of the [15]metallacrown-5 moiety in {Gd-
(NO3)(H2O)2[15-MCCu


II
N(glyha)-5](NO3)(H2O)4}·NO3·5H2O; (a) top view,


(b) side view. Thermal ellipsoids are at the 50% probability level.


Figure 5. Packing of the [15]metallacrown-5 rings in the crystal structure of {Gd(NO3)(H2O)2[15-MCCu
II


N(glyha)-
5](NO3)(H2O)4}·NO3·5H2O.
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the center of the plane through the five coordination oxygen
donor atoms by approximately 0.3 P. Two coordinating
water molecules (rGd�O=2.358(11) and 2.401(10) P) com-
plete a nine-coordination of the inner sphere of the
gadolinium(III) ion. A second nitrate anion coordinates in a
monodentate fashion to the copper(ii) ion Cu3. This is a
weak axial bond with a length of 2.548(14) P. The copper(ii)
ions Cu1 and Cu4 have square-pyramidal environments by
forming weak axial bonds on the same face of the metalla-
crown ring to water molecules, with bond lengths of
2.399(15) and 2.577(12) P, respectively. Cu2 exhibits a
slightly distorted octahedral coordination sphere with two
axial water molecules, with bond lengths of 2.572(12) and
2.749(19) P, respectively. Cu5 has a square-planar environ-
ment. The third nitrate anion and five other water molecules
do not coordinate to the metallacrown ring, but form a net
of hydrogen bonding. The average bite angle of the metalla-
crown ring is approximately 718. The relatively high residual
(Rall=0.1146) is probably caused by the remarkable mobility
of the five non-coordinated water molecules, and a slight
disorder of one nitrate, as is indicated by the relatively high
displacement parameters of the respective atoms. The crys-
tal structure of a [15]metallacrown-5 with the glycine hy-
droximate ligand and incorporating a europium(iii) ion was
described previously by Pecoraro and co-workers.[3] Al-
though their europium(iii) compound was synthesized under
comparable conditions, and despite the rather small differ-


ence between the ionic radii of europium(iii) and
gadolinium(iii) (1.07 and 1.05 P, respectively), the structures
exhibit some significant differences. Charge balance in the
europium(iii)-containing [15]metallacrown-5 compound is
achieved by two nitrate groups and one hydroxide group,
which coordinate to the europium(iii) ion. In this structure,
the europium(iii) ion is only eight-coordinate, whereas in
the structure of our gadolinium(iii) compound, the
gadolinium(iii) ion is nine-coordinate.


Relaxation rate measurements : The presence of paramag-
netic centers induces an increase in the proton relaxation
rate of water because of short magnetic dipolar interactions
between the paramagnetic center and the water protons
(the inner-sphere contribution)[13] and longer dipolar interac-
tions between closely diffusing water molecules and the par-
amagnetic complex (the outer-sphere contribution).[14] The
outer-sphere contribution is related to the relative diffusion
of water molecules and the paramagnetic chelate complex,
and is thus more efficient at lower temperatures. The longi-
tudinal relaxation enhancement induced by the inner-sphere
mechanism results from the exchange of water molecules be-
tween the primary coordination sphere of the gadolinium-
(iii) ion and the bulk solvent. One of the limiting parameters
of this relaxation mechanism is the residence time of water,
tM. The inner-sphere relaxation can, therefore, be quenched
at low temperatures if the water exchange is not fast
enough.[15] If, on the other hand, the water exchange is fast
enough (tM !T1M, in which T1M is the relaxation time of the
bound water molecules), the proton relaxation rate enhance-
ment experienced by the bulk solvent will depend on 1/T1M.
In this latter case, and at medium and high magnetic fields,
the relaxation rate increases as the temperature decreases.
The proton longitudinal relaxivity r1 (defined as the para-
magnetic contribution to the observed proton relaxation
rate induced by one millimole per liter of the gadolinium(iii)
chelate) of the [15]metallacrown-5 complexes was measured
between 5 and 45 8C at 0.47 T to evaluate the influence of
the residence time of water, tM (Figure 6). For all five
[15]metallacrown-5 complexes, the relaxivity increases by a
factor of 1.65–2 as the temperature decreases from 45 to
5 8C, as was observed for Gd–DTPA and Gd–DOTA.[16,17]


This indicates that tM does not limit the relaxation rate and
that the value at 310 K must be lower than 400 ns, a value
for which a limitation of r1 below room temperature has al-
ready been observed.[18] The water molecules can thus ex-
change easily with the metal ions; they approach the ions
from both sides of the metallacrown ring in the case of the
complex with glycine hydroximate as ligand, and from the
hydrophilic site of the ring in the case of the chiral metalla-
crowns with l-a-aminohydroximate ligands.


Figure 7 shows the proton NMRD profiles at 310 K of
two of the gadolinium(iii)- and lanthanum(iii)-containing
[15]metallacrown-5 complexes. The paramagnetic contribu-
tion due to the copper(ii) ions is lower than that due to the
gadolinium(iii) ion. This is in good agreement with the re-
sults reported previously at 30 MHz and 293 K.[3] For the l-


Table 2. Summary of crystal data, intensity measurements, and structure
refinement for gadolinium(iii) compound 1.


1


formula GdCu5O30C10N13H47


Mw 1304.53
crystal size [mm3] 0.2L0.2L0.1
crystal system triclinic
space group P1̄
a [P] 10.705(2)
b [P] 11.514(2)
c [P] 16.857(3)
a [8] 72.923(14)
b [8] 87.419(16)
g [8] 74.062(16)
V [P3] 1908.4(6)
Z 2
1calcd [gcm�3] 2.397
q range for data collection [8] 1.92–24.42
limiting indices �12�h�12


�12�k�12
�19� l�19


m [mm�1] 4.566
absorption correction numerical
F(000) 1290
measured reflns 15354
unique reflns 5706
observed reflns [Io>4s(Io)] 2534
parameters refined 534
goodness-of-fit (F2) 0.815
R1 0.0519
wR2 0.1080
R1 (all data) 0.1146
wR2 (all data) 0.1173
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valha complex, the contribution due to the copper(ii) centers
ranges from 3.9% at low field (0.47 mT) to 2.4% at 1.4 T.
For the l-leuha complex, the contribution of the copper(ii)
ions is slightly higher: 5.6% at 0.47 mT and 3.7% at 1.4 T.


At magnetic field strengths greater than 1 Tesla, the relax-
ivities show a linear dependence on the molecular weight
(Figure 9).


The relaxivity of the complexes is nearly twice as high as
the relaxivity of Gd–DTPA and Gd–DOTA over the whole
frequency range. This can be explained by the presence of
two coordinated water molecules in the first coordination
sphere of the metallacrown complexes (compared to one for
Gd–DTPA or Gd–DOTA) and by the slower tumbling rate
attributed to the larger molecular size of the complexes.
However, the relaxation profiles do not exhibit the disper-
sion peak at high frequency, which is characteristic for slow-


rotating paramagnetic molecules.[15,19,20] Thus, the decrease
in mobility of the metallacrown complexes caused by in-
creasing their molecular weight through attaching larger R-
groups to the a-aminohydroxamic acid is insufficient to
maximize the relaxation at frequencies used in clinical appli-
cations (Figure 8).


Transmetalation experiments : The transmetalation of
gadolinium(iii) by zinc(ii) in the metallacrown complexes
was assessed by measuring proton relaxometry at 0.47 T. In
a phosphate buffer (pH 7), a precipitation of gadolinium(iii)
phosphate is observed if the gadolinium(iii) ions are expel-
led from the metallacrown complex by the zinc(ii) ions. This
results in a decrease in the proton relaxation rate of the so-
lution. It is known that open-chain complexes (Gd–DTPA,
Gd–DTPABMA) are less stable than macrocyclic complexes
(Gd–DOTA, Gd–HPDO3A) towards transmetalation.[21]


The time profile of the water proton relaxation rate of the
metallacrown complexes with l-tyrosine, l-phenylalanine,


Figure 7. 1H NMRD relaxivity profiles of the gadolinium(iii)-containing
[15]metallacrown-5 complexes with l-valha (&) and l-leuha (*), and of
the lanthanum(iii)-containing [15]metallacrown-5 complexes with l-valha
(&) and l-leuha (*) (T=37 8C).


Figure 8. 1H NMRD relaxivity profiles of the gadolinium(iii)-containing
[15]metallacrown-5 complexes with the different a-aminohydroxamic
acids as ligands. The lines drawn through the data are merely guidelines.
The NMRD profiles of Gd–DTPA and Gd–DOTA are shown for com-
parison (T=37 8C).


Figure 9. Relaxivity of the gadolinium(iii)-containing [15]metallacrown-15
complexes at 37 8C and 0.47 T versus the molecular weight of the com-
plexes.


Figure 6. Temperature dependence of the proton relaxivities of the
gadolinium(iii)-containing [15]metallacrown-5 complexes with the differ-
ent a-aminohydroxamic acids as ligand (Bo=0.47 T). The data for Gd–
DTPA and Gd–DOTA are shown for comparison.
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and l-leucine hydroximate ligands reveals a faster and more
extensive transmetalation than the Gd–DTPA complex.
However, the metallacrown complexes with l-valine and
glycine hydroximate ligands are characterized by a transme-
talation behavior intermediate between those of the open-
chain Gd–DTPA complex and the macrocyclic Gd–DOTA
complex (Figure 10, R1


p=proton longitudinal paramagnetic


relaxation rate).[21] These two [15]metallacrown-5 complexes
are thus remarkably stable in the presence of zinc(ii) ions.


Notably, the transmetalation of the copper ions by zinc
ions and the degradation of the hydroxamic acid could also
contribute to the decrease in the relaxation rate and to the
in vivo toxicity of the complexes.


Conclusion


For all five gadolinium(iii)-containing [15]metallacrown-5
complexes, the exchange time tM of the coordinated water
molecules does not limit the proton relaxivity at 0.47 T. The
coordination of two water molecules in the first coordina-
tion sphere of the gadolinium(iii) ion and the relatively slow
tumbling rate of the complexes result in an increased proton
relaxivity of nearly double that of Gd–DTPA and Gd–
DOTA over the whole frequency range. In solutions con-
taining zinc(ii) ions, the gadolinium(iii)-containing [15]metal-
lacrown-5 complexes with l-valine and glycine hydroximate
ligands show a weaker transmetalation behavior than the
gadolinium(iii)-containing metallacrown complexes with l-
phenylalanine, l-tyrosine, and l-leucine hydroximate li-
gands. However, additional experiments devoted to analysis
of the possible degradation of the hydroxamic acids and of


the transmetalation of the copper ions are necessary to es-
tablish the overall stability of the complex in vivo.


Experimental Section


General : Elemental analysis was performed by using a CE Instruments
EA-1110 elemental analyser. Electrospray ionization mass spectra were
recorded by using a Q-tof 2 mass spectrometer (Micromass, Manchester,
UK). The sample (0.1 mg) was dissolved in a water/methanol (50:50)
mixture and the solution was injected into the apparatus at a flow rate of
5 mLmin�1. NMR spectra were recorded by using a Bruker Avance 300,
operating at 300 MHz. Proton nuclear magnetic relaxation dispersion
(NMRD) profiles were recorded between 0.24 mT and 0.35 T by using a
Fast Field Cycling Relaxometer (Stelar, Mede, Italy). Additional mea-
surements at 0.47 and 1.41 T were obtained by using Minispec PC-120 and
Mq Series systems, respectively (Bruker, Karlsruhe, Germany). The ki-
netics of the transmetalation was monitored by using a Bruker Minispec
PC-120 (20 MHz) spin analyzer at 310 K. This technique is based on the
time evolution of the proton longitudinal paramagnetic relaxation rate
(R1


p) of a phosphate buffer solution (pH 7, [H2PO4
�]+ [HPO2�]+


[PO4
3�]=67 mm) containing 2.5 mm of gadolinium(iii) complex and


2.5 mm of ZnCl2.
[21]


Synthesis of the hydroxamic acids : All chemicals were obtained from
Acros Organics. The ligands glycine hydroxamic acid, l-leucine hydroxa-
mic acid, l-valine hydroxamic acid, l-phenylalanine hydroxamic acid,
and l-tyrosine hydroxamic acid were prepared via their respective
methyl ester by following a literature method.[22]


Characterization by 1H NMR (300 MHz, DMSO): l-valha: dH=0.83 (q,
6H; (CH3)2), 1.69 (m, 1H; CH), 2.70 ppm (d, 1H; aCH); l-leuha: dH=


0.85 (q, 6H; (CH3)2), 1.29 (m, 2H; CH2), 1.62 (m, 1H; CH), 3.05 ppm (t,
1H; aCH); l-pheha: dH=2.61 (q, 1H; CH2), 2.84 (q, 1H; CH2), 3.25 (t,
1H; aCH), 7.25 ppm (m, 5H; H-aryl); l-tyrha: dH=2.50 (q, 1H; CH2),
2.71 (q, 1H; CH2), 3.17 (t, 1H; aCH), 6.65 (d, 2H; H-aryl), 6.97 ppm (d,
2H; H-aryl); 1H NMR (300 MHz, D2O): glyha: dH=3.27 ppm (s, 2H;


aCH).


Synthesis of the gadolinium(iii) complexes: The [15]metallacrown-5 com-
plexes with different hydroximate ligands were synthesized by mixing
equimolar amounts (1 mmol) of Cu(OAc)2·H2O and the a-aminohy-
droxamic acid in 50 mL of water. The solutions were stirred until the hy-
droximate ligands were completely dissolved. Ln(NO3)3·6H2O (0.2 mmol,
LnIII=GdIII or LaIII) was added and the dark green solutions were stirred
for several hours until they turned blue. Crystals formed in the solutions
during slow evaporation of the solvent. Calculated and experimental
values for the elemental analysis show some differences for the crystals
that were not analyzed by X-ray diffraction, because the exact number
and type of coordinating anions or lattice solvent molecules are un-
known. Crystals suitable for X-ray diffraction studies were obtained for
the gadolinium(iii)-containing [15]metallacrown-5 complexes with gly-
cine.


Elemental analysis calcd (%) for GdIII[15-MCCu
II


N(glyha)-5](NO3)3(H2O)5


(C10H30Cu5GdN12O21) (1129.4): C 10.63, H 2.68, N 14.88; found: C 11.01,
H 2.38, N 14.45; calcd (%) for GdIII[15-MCCu


II
N(l-valha)-5](NO3)2(OH)-


(H2O)4 (C25H59Cu5GdN12O21) (1338.8): C 22.43, H 4.44, N 12.55; found: C
22.56, H 3.98, N 12.52; calcd (%) for GdIII[15-MCCu


II
N(l-leuha)-5]-


(NO3)2(OH)(H2O)4 (C30H69Cu5GdN12O21) (1408.9): C 25.57, H 4.94, N
11.93; found: C 25.07, H 4.12, N 11.21; calcd (%) for GdIII[15-MCCu


II
N(l-


pheha)-5](NO3)3(H2O)3 (C45H56Cu5GdN13O22) (1606.0): C 33.65, H 3.51, N
11.34; found: C 34.19, H 4.27, N 11.32; calcd (%) for GdIII[15-MCCu


II
N(l-


tyrha)-5](NO3)2(OH)(H2O)3 (C45H59Cu5GdN12O26) (1659.0): C 32.58, H
3.58, N 10.13; found: C 32.35, H 3.30, N 10.50; calcd (%) for LaIII[15-
MCCu


II
N(l-leuha)-5](NO3)3(H2O)9 (C30H78Cu5LaN13O28) (1525.6): C 23.62, H


5.15, N 11.94; found: C 23.32, H 4.76, N 11.54; calcd (%) for LaIII[15-
MCCu


II
N(l-valha)-5](NO3)2(OH)(H2O)4 (C25H59Cu5LaN12O21) (1525.6): C


22.74, H 4.50, N 12.73; found: C 22.40, H 4.48, N 12.68.


Characterization by 1H NMR (300 MHz, D2O): LaIII[15-MCCu
II


N(l-leuha)-5]:
dH=1.22 (s, 3H; CH3), 0.17 (s, 3H; CH3), 3.13 (s, 1H; bCH2), 1.81 (s, 1H;


Figure 10. Evolution of the transmetalation process as measured by the
decrease in the R1


p(t)/R1
p(t=0) ratio as a function of time for the


gadolinium(iii)-containing [15]metallacrown-5 complexes and for Gd–
DTPA and Gd–DOTA.
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bCH2), 15.92 (s, 1H; gCH), 33.38 ppm (s, 1H; aCH); LaIII[15-MCCu
II


N(l-valha)-
5]: dH=0.85 (s, 3H; CH3), 0.29 (s, 3H; CH3), 15.44 (s, 1H; bCH),
27.03 ppm (s, 1H; aCH).


Crystal structure determination : Purple, needlelike crystals of the
[15]metallacrown-5 {Gd(NO3)(H2O)2[15-MCCu


II
N(glyha)-5](NO3)(H2O)4}·NO3·


5H2O compound (1) were obtained by slow evaporation of an aqueous
solution after synthesis. A single crystal was selected under the micro-
scope and sealed in a thin-walled glass capillary. The quality of the crystal
was checked by using film techniques and on a single-crystal X-ray dif-
fractometer (Image Plate Diffraction System, IPDS II, STOE, Darm-
stadt). The same diffractometer was used to collect diffraction intensities
(MoKa radiation). A numerical absorption correction was applied (pro-
gram X-SHAPE[23]). Initial structure solutions were obtained by direct
methods (program SHELXS-97[24]) and these were refined by using full-
matrix least-squares procedures (program SHELXL-97[24]). Details of the
structure solution process and crystal data are summarized in Table 2. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
refined by using a riding model. No hydrogen atoms were refined for
water molecules. CCDC 261084 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data request/cif.
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Mechanistic Insights into the Reversible Formation of Iodosylarene–Iron
Porphyrin Complexes in the Reactions of Oxoiron(iv) Porphyrin p-Cation
Radicals and Iodoarenes: Equilibrium, Epoxidizing Intermediate, and
Oxygen Exchange
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Introduction


Heme-containing enzymes such as cytochromes P450, perox-
idases, and catalases utilize dioxygen and its partially re-
duced forms in a variety of enzymatic reactions such as the
incorporation of oxygen atoms into organic substrates (cyto-
chrome P450) and the oxidation of hydroperoxides (perox-
idase and catalase).[1] A unique feature of the enzymes is to
generate oxoiron(iv) porphyrin p-cation radicals, [(Porp)+


CFeIV=O]+ (1, Porp=porphyrin), as key intermediates in the
catalytic oxidation reactions.[2,3] Extensive mechanistic stud-
ies with the enzymes and synthetic iron porphyrins have


shown that 1 is generated through heterolytic O�O bond
cleavage of iron(iii)–hydroperoxide porphyrin intermediates
[Eq. (1)].[1–4]


The reverse reaction of the O�O bond cleavage is the O�
X bond formation between the oxo group of 1 and halides
(X�) [Eqs. (2) and (3)]. Among heme-containing enzymes,
haloperoxidases catalyze the halogenation of activated C�H
bonds, by generating putative [(Porp)FeIII�OX] species
through O�X bond formation between 1 and X� .[5] In met-


Abstract: We have shown previously
that iodosylbenzene–iron(iii) porphyrin
intermediates (2) are generated in the
reactions of oxoiron(iv) porphyrin p-
cation radicals (1) and iodobenzene
(PhI), that 1 and 2 are at equilibrium
in the presence of PhI, and that the ep-
oxidation of olefins by 2 affords high
yields of epoxide products. In the pres-
ent work, we report detailed mechanis-
tic studies on the nature of the equilib-
rium between 1 and 2 in the presence
of iodoarenes (ArI), the determination
of reactive species responsible for
olefin epoxidation when two intermedi-
ates (i.e. , 1 and 2) are present in a re-


action solution, and the fast oxygen ex-
change between 1 and H2


18O in the
presence of ArI. In the first part, we
have provided strong evidence that 1
and 2 are indeed at equilibrium and
that the equilibrium is controlled by
factors such as the electronic nature of
iron porphyrins, the electron richness
of ArI, and the concentration of ArI.
Secondly, we have demonstrated that 1
is the sole active oxidant in olefin ep-


oxidation when 1 and 2 are present
concurrently in a reaction solution. Fi-
nally, we have shown that the presence
of ArI in a reaction solution containing
1 and H2


18O facilitates the oxygen ex-
change between the oxo group of 1 and
H2


18O and that the oxygen exchange is
markedly influenced by factors such as
ArI incubation time, the amounts of
ArI and H2


18O used, and the electronic
nature of ArI. The latter results are ra-
tionalized by the formation of an unde-
tectable amount of 2 from the reaction
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leads to a fast oxygen exchange be-
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alloporphyrin models, there are two reported instances
showing the O�X bond formation between high-valent
metal–oxo porphyrin intermediates and halides.[6,7] Those
are the reactions with oxo group transfer from [(Porp)MnV=


O]+ to Br� to give [(Porp)MnIII]+ and OBr� [Eq. (2)][6] and
the generation of [(Porp)FeIII�OCl] in the reaction of
[(Porp)+ CFeIV=O]+ and Cl� [Eq. (3)].[7] In the former case, it
has been demonstrated unequivocally that the oxo transfer
is a reversible process.[6]


In addition to the biomimetic examples of haloperoxidas-
es, we have shown very recently that the reaction of 1 and
iodobenzene (PhI) generates an iodosylbenzene–iron(iii)
porphyrin complex, [(Porp)FeIII�OIPh]+ (2), by O�I bond
formation between the oxo group of 1 and PhI [Eq. (4)].[8]


In that study, we have demonstrated that the formation of 2
depends significantly on the electronic nature of the iron
porphyrins and iodobenzene derivatives and that there is an
equilibrium between 1 and 2 in the presence of PhI. In addi-
tion, we have shown that the epoxidation of olefins by 2 af-
fords high yields of epoxide products, leading us to propose
that 2 might be involved as an active oxidant in the olefin
epoxidation. In this paper, we report detailed mechanistic
studies on the nature of the equilibrium between 1 and 2 in
the presence of iodoarenes (ArI), the determination of the
nature of epoxidizing intermediate(s) when 1 and 2 are pres-
ent concurrently through equilibrium in a reaction solution,
and the fast oxygen exchange between the oxo group of 1
and H2


18O in the presence of ArI. Some aspects of this work
have been published previously as a communication.[8]


Results and Discussion


Factors affecting the nature of equilibrium between 1 and 2 :
The electronic effect of iron porphyrin complexes on the re-
action of 1 and PhI was investigated with 1 bearing elec-
tron-deficient and -rich porphyrin ligands (Supporting Infor-
mation, Figure S1).[9] As we have shown previously,[8] addi-
tion of PhI to the solutions of 1 bearing an electron-defi-
cient porphyrin ligand, such as [(TDCPP)+ CFeIV=O]+ (1a)
and [(TDFPP)+ CFeIV=O]+ (1b),[9] generated iodosylben-
zene–iron(iii) porphyrin intermediates, [(TDCPP)FeIII�
OIPh]+ (2a) and [(TDFPP)FeIII�OIPh]+ (2b), respectively
[Eq. (5)] (Supporting Information, Figure S2). In contrast,


addition of PhI to the solutions of 1 bearing an electron-rich
porphyrin ligand, such as [(TMP)+ CFeIV=O]+ (1c) and
[(TDMPP)+ CFeIV=O]+ (1d),[9] did not afford the formation
of [(TMP)FeIII�OIPh]+ (2c) and [(TDMPP)FeIII�OIPh]+


(2d), respectively [Eq. (6)] (Supporting Information, Fig-
ure S2). In line with these results, we have observed the for-
mation of different intermediates in the reactions of iron(iii)
porphyrin complexes and iodosylbenzene (PhIO), depend-
ing on the electronic nature of iron porphyrins. For example,
the reactions of [FeIII(TDCPP)]+ and [FeIII(TDFPP)]+ with
PhIO afforded 2a and 2b, respectively [Eq. (7)]. In contrast,
1c and 1d were formed in the reactions of [FeIII(TMP)]+


and [FeIII(TDMPP)]+ with PhIO [Eq. (8)] (Supporting Infor-
mation, Figure S3). These results demonstrate that the for-
mation of 2 from 1 and PhI and from iron(iii) porphyrins
and PhIO is significantly affected by the electronic nature of
the iron porphyrins, in which electron-deficient iron por-
phyrins form 2 favorably, whereas 1 is a preferred inter-
mediate in the case of electron-rich iron porphyrins.[10]


The electronic effect of iodobenzene on the formation of
2 from 1 and PhI was then investigated with various iodoar-
enes bearing electron-donating and -withdrawing substitu-
ents on the phenyl group of PhI. The conversion of 1 to 2
was not observed in the reactions of 1 bearing an electron-
rich porphyrin ligand, irrespective of the electronic nature
of ArI (see the columns of 1c and 1d in Table 1), however,
the conversion of 1 to 2 was observed depending on the
electronic nature of ArI in the reactions of 1 bearing an
electron-deficient porphyrin ligand (see the columns of 1a
and 1b in Table 1). In the latter cases, ArI containing elec-
tron-donating substituents afforded the formation of 2a and
2b (Table 1, entries 1–5), whereas a highly electron-poor
ArI such as F5C6I did not form 2a and 2b (Table 1,
entry 10). Interestingly, in the intermediate cases of
ClC6H4I, FC6H4I, F2C6H3I, and CF3C6H4I (Table 1, entries 6–
9), both 1 and 2 were present concurrently in the reaction
solutions. In line with these results, studies of para-substitut-
ed ArI revealed that the amounts of 2a and 2b formed in
the reactions of 1a and 1b, respectively, increased with the
increase of the electron-donating ability of para-substituents
on ArI (Supporting Information, Figure S4). These results
demonstrate that the electronic nature of ArI is another im-
portant factor in generating 2 from the reaction of 1 and
ArI; that is, an electron-rich ArI favors the formation of 2,
the formation of 2 becomes less favorable as ArI becomes
electron-poor, and a highly electron-poor ArI does not
afford the formation of 2.[11] In addition, the conversion of 1
to 2 was also affected by the amounts of ArI added to the
reaction solutions; the amounts of 2a formed in the reac-
tions of 1a and ArI increased proportionally with the
amounts of ArI added (Supporting Information, Fig-
ure S5).[8]


As a conclusion, we have provided strong evidence that 1
and 2 are indeed at equilibrium in the presence of ArI
(Scheme 1) and that the equilibrium is controlled by factors
such as the electronic nature of the iron porphyrins, the
electron richness of the iodoarenes, and the concentration of
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the iodoarenes (Scheme 1). The electronic effect of porphy-
rin ligands and iodoarenes on the equilibrium is rationalized
with the electrophilic character of the oxo group of 1.[13]


Thus, the O�I bond formation between the oxo group of 1
and ArI occurs readily when 1 is more electron-deficient
(Scheme 1A) and the iodoarene is more electron-rich
(Scheme 1B).[11] The concentration effect of ArI on the equi-
librium is interpreted with Le ChJtelierKs principle,[14] in
which the equilibrium shifts toward the formation of 2 with
the increase of ArI concentration (Scheme 1C).


Determination of active oxidant in the epoxidation of ole-
fins by 2 : We have shown previously that the reactions of 2a
and 2b with olefins gave high yields of epoxide products,
and that the epoxidation of olefins by the intermediates,
when performed in the presence of H2


18O, resulted in a high
18O incorporation from the labeled water into the epoxide
products.[8] On the basis of the results, we have proposed
that 2 might be involved as an active oxidant in the olefin
epoxidation (Scheme 2, pathway B), although we did not ex-
clude the possibility that a small amount of 1 present in the
reaction solution through equilibrium might be responsible
for the olefin epoxidation (Scheme 2, pathway A). As there
is an intriguing, current controversy on the involvement of a
second electrophilic oxidant (i.e. , oxidant–iron(iii) porphyrin
adducts) in oxygen-atom transfer reactions by cytochromes
P450 and iron porphyrin models,[15] we decided to determine
the structure of active oxidant(s) responsible for oxygen-


atom transfer when two differ-
ent intermediates are present in
a reaction solution (Scheme 2).


Because it has been shown
previously that competitive
oxygenation reactions are a
useful mechanistic probe in
proposing the nature of reactive
species in metal-complex-cata-
lyzed oxygenation reac-
tions,[10c,16] we performed two
sets of competitive olefin epoxi-
dation reactions (i.e., cis-stil-
bene versus trans-stilbene and
cyclooctene versus trans-stil-


bene) with in situ generated intermediates, 1b and 2b. If 2b
is involved as an active oxidant in the olefin epoxidation
(Scheme 2, pathway B), then product ratios obtained in the
competitive epoxidation by 2b will be different from those
obtained in the competitive epoxidation by 1b. On the other
hand, if 2b is converted to 1b at a fast rate by equilibrium
and the olefin epoxidation takes place by 1b (Scheme 2,
pathway A), identical product ratios are expected to be ob-
served in the competitive epoxidations performed with the
two different intermediates, 1b and 2b. The results in
Table 2 show clearly that the product ratios obtained in the
competitive epoxidation reactions by 1b and 2b were identi-
cal within experimental error margins (Table 2, compare the
data in entry 1 to those in entries 2–4). Moreover, the prod-
uct ratios obtained with 2b prepared with different iodoar-
enes (e.g., PhI, 4-CH3PhI, and 2,4,6-(CH3)3PhI) were similar
and not affected by the identity of iodoarenes bound to 2b
(Table 2, entries 2–4). In line with these results, when the
competitive epoxidations were carried out with [FeIII-
(TDFPP)]+ and iodosylarenes (e.g., PhIO, F5PhIO, and
2,4,6-(CH3)3PhIO) under catalytic conditions, the product
ratios were identical and not dependent on the kinds of io-
dosylarenes used (Supporting Information, Table S1). On
the basis of the results of competitive olefin epoxidations
carried out with in situ generated intermediates (1b and 2b)
and with different iodosylarenes under catalytic conditions,
we propose that there is only one epoxidizing intermediate.
Although 1b was not detected in the solution of 2b, the
active oxidant responsible for the epoxidation of olefins by
2b was 1b, which was generated from 2b by equilibrium
(Scheme 2).[17]


Table 1. Intermediates observed in reaction solutions of [(Porp)+ CFeIV=O]+ (1) and ArI.[a]


For 1=
Entry ArI 1a 1b 1c 1d


1 2,4,6-trimethyliodobenzene, (CH3)3C6H2I 2a 2b 1c 1d
2 5-iodo-m-xylene, (CH3)2C6H3I 2a 2b 1c 1d
3 4-iodoanisole, CH3OC6H4I 2a 2b 1c 1d
4 4-iodotoluene, CH3C6H4I 2a 2b 1c 1d
5 iodobenzene, C6H5I 2a 2b 1c 1d
6 1-chloro-4-iodobenzene, ClC6H4I 1a+2a 1b+2b 1c 1d
7 1-fluoro-4-iodobenzene, FC6H4I 1a+2a 1b+2b 1c 1d
8 1,2-difluoro-4-iodobenzene, F2C6H3I 1a+2a 1b+2b 1c 1d
9 4-iodobenzotrifluoride, CF3C6H4I 1a+2a 1b+2b 1c 1d
10 iodopentafluorobenzene, F5C6I 1a 1b 1c 1d


[a] Reactions were followed by monitoring UV/Vis spectral changes of reaction solutions. ArI (30 equiv) was
added to the solutions of 1 (1 mm) in a solvent mixture (0.5 mL) of CH3CN/CH2Cl2 (3:1) at �40 8C. See Exper-
imental Section for detailed reaction conditions.


Scheme 1. The factors affecting the equilibrium between 1 and 2.


Scheme 2. The possible olefin epoxidation routes (A and B) when two
different intermediates are present in a reaction solution.
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Oxygen exchange between 1 and H2
18O in the presence of


ArI : In this section, we report that the presence of ArI in a
reaction solution containing 1 and H2


18O facilitates the
oxygen exchange between the oxo group of 1 and H2


18O.
This phenomenon is rationalized with the generation of 2
from 1 and ArI through equilibrium, followed by a fast
oxygen exchange between 2 and H2


18O.[18]


Addition of PhI to a reaction solution of 1c, prepared by
treating [Fe(TMP)(CF3SO3)] with m-chloroperbenzoic acid
(m-CPBA) in the presence of a small amount of H2


18O
(3 mL), did not show any spectral changes, indicating that 2c
was not generated in the reaction of 1c and PhI (see
above). Upon addition of cyclohexene to the resulting solu-
tion, 1c reverted back to the starting [Fe(TMP)]+ complex,
and product analysis of the reaction mixture revealed that
cyclohexene oxide was yielded as a major product (60 %
yield based on the amount of 1c). Interestingly, we found
that most of the oxygen in the epoxide product was derived
from H2


18O (Scheme 3, pathway A). For comparison, when
we prepared 1c in the presence of the same amount of
H2


18O (3 mL) but without adding PhI, the epoxidation of cy-
clohexene by 1c yielded cyclohexene oxide containing a rel-
atively small amount of oxygen derived from H2


18O
(Scheme 3, pathway B). These results imply that although
1c was the sole species detected in the reaction solution of
1c and PhI, another species that exchanges its oxygen with
labeled water must be generated in the reaction solution. As
we have shown above that 1 and 2 are at equilibrium in the
presence of PhI and it has been reported previously that 2
exchanges its oxygen atom with labeled water at a fast
rate,[18] such a high 18O incorporation from H2


18O into the


epoxide product implies that an undetectable amount of 2
was generated in the solution of 1 and PhI through equilibri-
um and that a fast oxygen exchange occurred between 2 and
H2


18O. We therefore propose a mechanism illustrating the
phenomenon of a high 18O incorporation from H2


18O into
the epoxide product as follows: First, [16O]2c is generated
from [16O]1c and ArI by equilibrium followed by a fast
oxygen exchange between [16O]2c and H2


18O, resulting in
the generation of [18O]2c (Scheme 4, pathways A and B).


Then, [18O]1c is generated from [18O]2c by equilibrium
(Scheme 4, pathway C), and the epoxidation of cyclohexene
by [18O]1c produces cyclohexene [18O]oxide. In order to
prove this working hypothesis, we carried out isotopically la-
beled water experiments by changing reaction conditions
such as PhI incubation time, the amounts of PhI and H2


18O
in reaction solutions, and the electronic nature of iodoar-
enes, with an assumption that these variations will influence
the degree of oxygen exchange between 1c and H2


18O if the
oxygen exchange occurs by the proposed mechanism.


We first examined the effect of PhI incubation time on
the degree of 18O incorporation from H2


18O into the epoxide
product in the epoxidation of cyclohexene by 1c. A sche-
matic diagram illustrating reaction conditions is depicted in
Scheme 5A (see the blue rectangles for the change of PhI


Table 2. Competitive olefin epoxidations carried out with in situ generated intermediates.[a,b]


Entry Intermediate cis-Stilbene versus trans-stilbene Cyclooctene versus trans-stilbene
product yields [%][c] ratio of product yields [%][c] ratio of


cis-oxide[d] trans-oxide[d] cis- to trans-oxide co-oxide[d] trans-oxide[d] cis- to trans-oxide


1 1b 58 18 3.2�0.3 30 36 0.8�0.1
2 2b from 1b+PhI[e] 60 19 3.2�0.3 24 32 0.8�0.1
3 2b from 1b+CH3PhI[e] 54 15 3.6�0.3 24 34 0.7�0.1
4 2b from 1b+ (CH3)3PhI[e] 56 15 3.4�0.3 25 29 0.9�0.1


[a] Reactions were run at least three times, and the data represent an average of these reactions. [b] Control reactions performed with cis-stilbene and
trans-stilbene individually demonstrated the formation of a trace amount of isomerized trans-stilbene oxide in the cis-stilbene epoxidation and no forma-
tion of cis-stilbene oxide in the trans-stilbene epoxidation.[16a] [c] Yields were calculated based on the amounts of intermediates generated. [d] cis-Oxide,
trans-oxide, and co-oxide stand for cis-stilbene oxide, trans-stilbene oxide, and cis-cyclooctene oxide, respectively. [e] Compound 2b was prepared by re-
acting 1b with 30 equiv of iodoarene.


Scheme 3. The effect of PhI on the 18O incorporation into the epoxide
product.


Scheme 4. The proposed mechanism illustrating the phenomenon of a
high 18O incorporation from H2


18O into the epoxide product.
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incubation time). The results in Figure 1a show that the
amounts of 18O found in cyclohexene oxide increased pro-
portionally with the PhI incubation time. This phenomenon
is explained by considering that through increasing the PhI
incubation time, more [16O]1c is converted to [16O]2c, which
exchanges its oxygen atom with H2


18O to give [18O]2c. This
results in the generation of [18O]1c through equilibrium, and
the epoxidation of cyclohexene by [18O]1c yields cyclohex-
ene oxide containing 18O (Scheme 4). For comparison, when
the isotopically labeled water experiment was carried out
with 1c in the absence of PhI, the amounts of 18O incorpo-
rated into the epoxide product were small and did not
change significantly depending on the increase of the 1c in-
cubation time in the presence of H2


18O only (Figure 1a,
blue dotted line),[19] demonstrating that the increase of 18O
incorporation upon increasing the PhI incubation time re-
sults from the direct oxygen exchange between 1c and
H2


18O.
Secondly, we have investigated the effects of the amounts


of PhI and H2
18O on the 18O incorporation from H2


18O into
cyclohexene oxide, by carrying out cyclohexene epoxidation
using 1c with different amounts of PhI and H2


18O (see blue
rectangles in Scheme 5B and C). Figure 1b and c show that
the amounts of 18O incorporated into cyclohexene oxide in-
creased proportionally with the PhI and H2


18O amounts
added to the reaction solutions. The increase of 18O incorpo-
ration with the increase of PhI amount is rationalized with
the shift of equilibrium toward the formation of [16O]2c
from [16O]1c and PhI (Scheme 4, pathway A), resulting in a
fast formation of [18O]2c that leads to a high 18O incorpora-
tion into the epoxide product. The fast increase of the 18O
incorporation upon increasing the H2


18O amounts in reac-
tion solutions results from a fast oxygen exchange between
[16O]2c and H2


18O (Scheme 4, pathway B).


Finally, the electronic effect
of iodoarenes was investigated
with electron-rich and -deficient
iodoarenes (see Scheme 5D for
experimental conditions). As
the results in Figure 1d show,
the 18O incorporation from
H2


18O into cyclohexene oxide
increased proportionally with
ArI incubation time except in
the case of F5C6I. In addition,
the rates of 18O incorporation
were different depending on
the electronic nature of iodoar-
enes, in which the 18O incorpo-
ration increases at a fast rate as
ArI becomes electron-rich.
Such an electronic effect of io-
doarenes on the 18O incorpora-
tion results from the shift of
equilibrium position depending
on the electron richness of ArI.
As we have discussed in Sche-


me 1B, the equilibrium position shifts toward the formation
of [16O]2c in the case of an electron-rich ArI (Scheme 4,
pathway A), resulting in a fast oxygen exchange between
[16O]2c and H2


18O. As ArI becomes electron-poor, the for-
mation of [16O]2c from [16O]1c and ArI becomes less favor-
able (Scheme 4, pathway A). In the case of a highly elec-
tron-poor ArI such as F5C6I, the reaction of [16O]1c and ArI
does not form [16O]2c.


In summary, we have shown that the oxygen exchange be-
tween 1 and H2


18O is facilitated by the presence of ArI and
the oxygen exchange is markedly influenced by factors such
as ArI incubation time, the amounts of ArI and H2


18O, and
the electron richness of ArI. These results are rationalized
with the generation of an undetectable amount of 2 from
the reaction of 1 and ArI through equilibrium and the oc-
currence of a fast oxygen exchange between 2 and H2


18O.
Moreover, all the results of isotope-labeling studies support
the existence of equilibrium between 1 and 2 in the presence
of ArI.[20]


Conclusion


Although the reactions of iron(iii) complexes with iodosyl-
arenes have been extensively studied over the past three
decades to elucidate the chemistry of 1, the so-called Com-
pound I in heme-containing enzymes,[1,2,21] the reverse reac-
tion, which is the O�I bond formation between 1 and ArI,
has been unveiled very recently.[8] In the present work, we
have thoroughly investigated mechanistic details on the for-
mation of 2 in the reactions of 1 and ArI and demonstrated
unambiguously that two different intermediates, 1 and 2,
can be present concurrently in a reaction solution through
equilibrium and that the nature of equilibrium can be con-


Scheme 5. The experimental conditions for the reactions of PhI incubation time, PhI amount, H2
18O amount,


and the electronic nature of iodoarenes to find the degree of 18O incorporation from H2
18O into cyclohexene


oxide in the epoxidation of cyclohexene by 1c.
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trolled by factors such as the electronic nature of iron por-
phyrins, the electron richness of ArI, and the concentration
of ArI. Further evidence supporting the existence of equilib-
rium between 1 and 2 in the presence of ArI has been ob-
tained by carrying out isotope-labeling experiments, in
which the oxygen exchange between 1 and H2


18O is facilitat-
ed by the presence of ArI, and this phenomenon is rational-
ized with the formation of 2 from the reaction of 1 and ArI
through equilibrium. We have also shown that the oxygen
exchange is markedly affected by factors such as ArI incu-
bation time, the amounts of ArI and H2


18O, and the elec-
tronic nature of ArI. Finally, by carrying out competitive
olefin epoxidations with in situ generated 1 and 2, we have
concluded that 1 is the sole active oxidant that effects olefin
epoxidation when 1 and 2 are present concurrently in a re-
action solution by equilibrium. Future studies will be fo-
cused on searching for a possibility that hydroperoxide–
iron(iii) porphyrin complexes, [(Porp)FeIII�OOR], are
formed by O�O bond formation between oxoiron(iv) por-
phyrin p-cation radicals and hydroxides (RO�).[22]


Experimental Section


Materials : Dichloromethane (anhydrous) and acetonitrile (anhydrous)
were obtained from Aldrich Chemical Co. and purified by distillation
over CaH2 prior to use. All reagents purchased from Aldrich were the
best available purity and used without further purification unless other-
wise indicated. m-CPBA was purified by washing with phosphate buffer
(pH 7.4) followed by water and was then dried under reduced pressure.
Iodosylarenes were prepared by following a method in the literature.[23]


The purities of the oxidants were determined by using iodometric titra-
tion.[24] H2


18O (95 % 18O enriched) was purchased from ICON Services
Inc. (Summit, NJ, USA). [Fe(TMP)Cl], [Fe(TDCPP)Cl], and [Fe-
(TDFPP)Cl] were obtained from Mid-Century Chemicals (Posen, IL,
USA). [Fe(TDMPP)Cl] was synthesized by following a literature
method.[25] [(Porp)Fe(CF3SO3)] was prepared by stirring equimolar
amounts of [(Porp)FeCl] and [Ag(CF3SO3)] followed by filtering through
a 0.45 mm filter. The resulting solution was used immediately for further
studies.


Instrumentation : UV/Vis spectra were recorded on a Hewlett–Packard
8453 spectrophotometer equipped with an Optistat DN variable-tempera-
ture liquid-nitrogen cryostat (Oxford Instruments). Product analyses for
the epoxidation of cis- and trans-stilbenes were performed by HPLC
analysis using a Dionex Summit P580 equipped with a variable-wave-
length UV-200 detector. Products were separated on a Waters Symmetry
C18 reverse-phase column (4.6 N 250 mm), eluted first with 50 % metha-
nol in water for 15 min and then with 85 % methanol in water for 10 min
at a flow rate of 1 mL min�1. Detection was made at l=215 and 254 nm.
Product analyses for the epoxidation of cyclohexene and cyclooctene
were performed on a Hewlett–Packard 5890 II Plus gas chromatograph
equipped with a flame ionization detector and a Hewlett–Packard 5890
II Plus gas chromatograph interfaced with a Hewlett–Packard model
5989B mass spectrometer.


Reactions of 1 with ArI : Compound 1 was prepared by adding m-CPBA
(1.5 equiv, 1.5 mm, diluted in CH3CN (50 mL)) into a 0.1 cm UV cuvette
containing a reaction solution of a triflate iron(iii) porphyrin complex
(1 mm) in a solvent mixture of CH3CN/CH2Cl2 (3:1, 0.5 mL) at �40 8C.
Then, appropriate amounts of iodoarenes (diluted in CH3CN (50 mL))
were added into the UV cuvette, and spectral changes of 1 were moni-
tored by using a UV/Vis spectrophotometer.


Competitive olefin epoxidations : All reactions were run at least three
times and the data reported are the average of these reactions. The com-


Figure 1. Plots showing the effects of a) PhI incubation time (red solid
line; blue dotted line for the absence of PhI), b) PhI amount, c) H2


18O
amount, and d) the electronic nature of ArI and ArI incubation time on
the degree of 18O incorporation from H2


18O into cyclohexene oxide in
the epoxidation of cyclohexene by 1c ; CH3C6H4I (&), C6H5I (*), FC6H4I
(~), F2C6H3I (!), F5C6I (^). See the Experimental Section for detailed
reaction procedures. All reactions were followed by monitoring UV/Vis
spectral changes of reaction solutions. Cyclohexene oxide was produced
with high yields in all of the reactions (>60% based on the intermediate
1c formed). The product yields were calculated with an assumption that
the intermediate 1c was formed quantitatively in the reactions of [Fe-
(TMP)(CF3SO3)] (2 mm) and m-CPBA (1.5 equiv).
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petitive epoxidations of cis- and trans-stilbenes and of cyclooctene and
trans-stilbene were carried out as follows: 1b was prepared by reacting
[Fe(TDFPP)(CF3SO3)] (2 mm) with m-CPBA (1.5 equiv, 3 mm) in a sol-
vent mixture of CH3CN/CH2Cl2 (3:1, 1 mL) at �40 8C. 2b was prepared
by adding ArI (30 equiv, 60 mm, diluted in CH3CN (50 mL)) to the reac-
tion solution of 1b at �40 8C. Then, olefins (equal amounts of competing
olefins, 40 mm each, diluted in CH2Cl2 (0.2 mL)) were added to the reac-
tion solutions. After the intermediates reverted back to the starting [Fe-
(TDFPP)]+ complex, the reaction solutions were directly analyzed by
HPLC or GC/GC–MS. Product yields were determined by comparison
against standard curves prepared with known authentic samples.


Isotopic-labeling studies : All reactions were run at least three times and
the data reported are the average of these reactions and calculated on
the basis of the 18O enrichment of H2


18O (95 % 18O enriched). Scheme 5
shows experimental conditions for the reactions of PhI incubation time
(Scheme 5A), PhI amount (Scheme 5B), H2


18O amount (Scheme 5C),
and the electronic nature of iodoarenes (Scheme 5D). In general, 1c was
prepared by treating [Fe(TMP)(CF3SO3)] (2 mm) with m-CPBA
(1.5 equiv) in the presence of H2


18O (3 mL) in a solvent mixture of
CH3CN/CH2Cl2 (3:1, 0.5 mL) at �40 8C. After ArI (30 equiv, 60 mm, di-
luted in CH3CN (50 mL)) was added to the solution of 1c, cyclohexene
(0.2 mmol, diluted in CH2Cl2 (50 mL)) was added to the reaction mixture.
After 1c reverted back to the starting [Fe(TMP)]+ complex, the resulting
solution was directly analyzed by using GC and GC–MS. Product yields
were determined by comparison against standard curves prepared with
cyclohexene oxide and decane as an internal standard. The 16O and 18O
compositions in cyclohexene oxide were determined by the relative abun-
dances of the mass peaks at m/z 83 and 97 for 16O and m/z 85 and 99 for
18O.


Acknowledgements


This research was supported by the Ministry of Science and Technology
of Korea through the Creative Research Initiative Program. We are
grateful to Professor Lawrence Que, Jr. at the University of Minnesota
for insightful discussions. We also thank the Korea Science and Engineer-
ing Foundation (KOSEF) and the National Science Foundation (NSF)
for stimulating this international cooperative research effort.


[1] a) I. G. Denisov, T. M. Makris, S. G. Sligar, I. Schlichting, Chem.
Rev. 2005, 105, 2253 – 2277; b) B. Meunier, S. P. de Visser, S. Shaik,
Chem. Rev. 2004, 104, 3947 –3980; c) W. Nam in Comprehensive Co-
ordination Chemistry II: From Biology to Nanotechnology, Vol. 8
(Eds.: L. Que, Jr., W. T. Tolman), Elsevier, Oxford, 2004, pp. 281 –
307; d) B. Meunier in Comprehensive Coordination Chemistry II:
From Biology to Nanotechnology, Vol. 8 (Eds.: L. Que, Jr., W. T.
Tolman), Elsevier, Oxford, 2004, pp. 261 –280; e) M. Sono, M. P.
Roach, E. D. Coulter, J. H. Dawson, Chem. Rev. 1996, 96, 2841 –
2887.


[2] a) J. L. McLain, J. Lee, J. T. Groves in Biomimetic Oxidations Cata-
lyzed by Transition Metal Complexes (Ed.: B. Meunier), Imperial
College Press, London, 2000, pp. 91 –169; b) B. Meunier in Biomim-
etic Oxidations Catalyzed by Transition Metal Complexes (Ed.: B.
Meunier), Imperial College Press, London, 2000, pp. 171 –214; c) Y.
Watanabe in The Porphyrin Handbook, Vol. 4 (Eds.: K. M. Kadish,
K. M. Smith, R. Guilard), Academic Press, New York, 2000, Chap-
ter 30, pp. 97 –117.


[3] a) D. G. Kellner, S.-C. Hung, K. E. Weiss, S. G. Sligar, J. Biol. Chem.
2002, 277, 9641 – 9644; b) I. Schlichting, J. Berendzen, K. Chu, A. M.
Stock, S. A. Maves, D. E. Benson, R. M. Sweet, D. Ringe, G. A.
Petsko, S. G. Sligar, Science 2000, 287, 1615 –1622; c) T. Egawa, H.
Shimada, Y. Ishimura, Biochem. Biophys. Res. Commun. 1994, 201,
1464 – 1469.


[4] a) C. J. Chang, L. L. Chng, D. G. Nocera, J. Am. Chem. Soc. 2003,
125, 1866 –1876; b) S. Yoshioka, T. Tosha, S. Takahashi, K. Ishimori,
H. Hori, I. Morishima, J. Am. Chem. Soc. 2002, 124, 14 571 –14 579;


c) W. Nam, H. J. Han, S.-Y. Oh, Y. J. Lee, M.-H. Choi, S.-Y. Han, C.
Kim, S. K. Woo, W. Shin, J. Am. Chem. Soc. 2000, 122, 8677 –8684.


[5] a) W.-D. Woggon, H.-A. Wagenknecht, C. Claude, J. Inorg. Biochem.
2001, 83, 289 –300, and references therein; b) M. T. Green, J. H.
Dawson, H. B. Gray, Science 2004, 304, 1653 –1656; c) W.-D.
Woggon, Acc. Chem. Res. 2005, 38, 127 –136.


[6] N. Jin, J. L. Bourassa, S. C. Tizio, J. T. Groves, Angew. Chem. 2000,
112, 4007 –4009; Angew. Chem. Int. Ed. 2000, 39, 3849 – 3851.


[7] a) H.-A. Wagenknecht, W.-D. Woggon, Angew. Chem. 1997, 109,
404 – 407; Angew. Chem. Int. Ed. Engl. 1997, 36, 390 – 392; b) H.-A.
Wagenknecht, W.-D. Woggon, Chem. Biol. 1997, 4, 367 –372.


[8] W. Nam, S. K. Choi, M. H. Lim, J.-U. Rohde, I. Kim, J. Kim, C.
Kim, L. Que, Jr., Angew. Chem. 2003, 115, 113 –115; Angew. Chem.
Int. Ed. 2003, 42, 109 – 111.


[9] Abbreviations used: TDCPP, meso-tetrakis(2,6-dichlorophenyl)por-
phinato dianion; TDFPP, meso-tetrakis(2,6-difluorophenyl)porphi-
nato dianion; TMP, meso-tetramesityl-porphinato dianion; TDMPP,
meso-tetrakis(2,6-dimethylphenyl)porphinato dianion.


[10] a) W. Nam, M. H. Lim, S.-Y. Oh, Inorg. Chem. 2000, 39, 5572 –5575;
b) T. Murakami, K. Yamaguchi, Y. Watanabe, I. Morishima, Bull.
Chem. Soc. Jpn. 1998, 71, 1343 –1353; c) K. Machii, Y. Watanabe, I.
Morishima, J. Am. Chem. Soc. 1995, 117, 6691 – 6697.


[11] The reactions of 1 with other halobenzenes such as bromo-, chloro-,
and fluorobenzene did not show formation of 2, indicating again
that the O�X bond formation between PhX and the oxo group of 1
depends on the electron richness of the halogen group.


[12] We have observed the formation of different intermediates in the re-
actions of electron-deficient iron(iii) porphyrins and ArIO, depend-
ing on the electronic nature of iodosylarenes. For example, the reac-
tion of [FeIII(TDCPP)]+ with PhIO or (CH3)3PhIO affords 1a,
whereas 2a is formed in the reaction of [FeIII(TDCPP)]+ with
F5PhIO.


[13] H. Fujii, Coord. Chem. Rev. 2002, 226, 51– 60.
[14] S. S. Zumdahl, S. A. Zumdahl, Chemistry, 5th ed., Houghton Mifflin


Company, Boston, 2000, pp. 640 – 647.
[15] For recent reviews on the issue of the oxoiron(iv) porphyrin p-


cation radical as a sole oxidant versus the involvement of multiple
oxidizing species, see: a) P. Hlavica, Eur. J. Biochem. 2004, 271,
4335 – 4360; b) S. Jin, T. A. Bryson, J. H. Dawson, J. Biol. Inorg.
Chem. 2004, 9, 644 – 653; c) W. Nam, Y. O. Ryu, W. J. Song, J. Biol.
Inorg. Chem. 2004, 9, 654 – 660; d) S. Shaik, S. P. de Visser, D.
Kumar, J. Biol. Inorg. Chem. 2004, 9, 661 –668; e) J. T. Groves, Proc.
Natl. Acad. Sci. USA 2003, 100, 3569 –3574; f) M. Newcomb, P. F.
Hollenberg, M. J. Coon, Arch. Biochem. Biophys. 2003, 409, 72– 79.


[16] a) W. Nam, M. H. Lim, H. J. Lee, C. Kim, J. Am. Chem. Soc. 2000,
122, 6641 –6647; b) J. P. Collman, A. S. Chien, T. A. Eberspacher,
J. I. Brauman, J. Am. Chem. Soc. 2000, 122, 11098 –11 100; c) N.
Suzuki, T. Higuchi, T. Nagano, J. Am. Chem. Soc. 2002, 124, 9622 –
9628; d) W. Nam, S. W. Jin, M. H. Lim, J. Y. Ryu, C. Kim, Inorg.
Chem. 2002, 41, 3647 – 3652; e) J. P. Collman, L. Zeng, R. A. De-
crQau, Chem. Commun. 2003, 2974 –2975.


[17] We have proposed very recently that oxoiron(iv) porphyrin p-cation
radicals are the sole active oxidant that is involved in the catalytic
olefin epoxidation and alkane hydroxylation by iron porphyrin com-
plexes: W. J. Song, Y. O. Ryu, R. Song, W. Nam, J. Biol. Inorg.
Chem. 2005, 10, 294 – 304.


[18] W. Nam, J. S. Valentine, J. Am. Chem. Soc. 1993, 115, 1772 –1778.
[19] The observation that the oxygen exchange stops after 10 % 18O in-


corporation from H2
18O into the cyclohexene oxide product may be


due to the blocking of the axial position trans to the iron–oxo
moiety by m-chlorobenzoate. See the “oxo–hydroxo tautomerism”
proposed for the oxygen exchange between high-valent metal–oxo
porphyrins and labeled water: J. Bernadou, B. Meunier, Chem.
Commun. 1998, 2167 – 2173.


[20] One reviewer noted that because the present results were obtained
with in situ generated oxoiron(iv) porphyrin p-cation radicals, the
mechanism of oxygen exchange in olefin epoxidation under catalytic
conditions may be different from the mechanism proposed in this
study.


www.chemeurj.org B 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 130 – 137136


W. Nam et al.



www.chemeurj.org





[21] a) B. Meunier, Chem. Rev. 1992, 92, 1411 – 1456; b) F. Montanari, L.
Casella, Metalloporphyrins Catalyzed Oxidations, Kluwer Academic
Publishers, Dordrecht, The Netherlands, 1993.


[22] Rietjens and co-workers have proposed that the oxygen exchange
between [(Porp)+ CFeIV=O]+ and H2


18O occurs through a reversible
formation of [(Porp)FeIII�OOH]: J.-L. Primus, K. Teunis, D.
Mandon, C. Veeger, I. M. C. M. Rietjens, Biochem. Biophys. Res.
Commun. 2000, 272, 551 –556.


[23] H. Saltzman, J. G. Sharefkin, Organic Syntheses, Collect. Vol. V,
Wiley, New York, 1973, p. 658.


[24] H. J. Lucas, E. R. Kennedy, M. W. Formo, Organic Syntheses, Col-
lect. Vol. III, Wiley, New York, 1955, p. 483.


[25] J. S. Lindsey, R. W. Wagner, J. Org. Chem. 1989, 54, 828 –836.


Received: February 4, 2005
Revised: July 30, 2005


Published online: October 25, 2005


Chem. Eur. J. 2006, 12, 130 – 137 B 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 137


FULL PAPERIodosylarene–Iron Porphyrin Complexes



www.chemeurj.org






DOI: 10.1002/chem.200500758


(S)-Selective Kinetic Resolution and Chemoenzymatic Dynamic Kinetic
Resolution of Secondary Alcohols


Linn(a Bor(n, Bel(n Mart,n-Matute,* Yongmei Xu, Armando C1rdova, and
Jan-E. B4ckvall*[a]


Introduction


Although catalytic asymmetric synthesis has developed dra-
matically during the past few decades,[1] the most common
way in industry to obtain enantiomerically pure compounds
is still by kinetic resolution (KR) and chiral chromatography
of racemic mixtures.[2] In this context, dynamic kinetic reso-
lution (DKR) is a powerful tool for the conversion of a rac-
emic substrate into one single enantiomer.[3] For an efficient
DKR, it is required that the enantiomers of the racemic
starting material can be interconverted (racemized) with a
reasonable rate and that the kinetic resolution conditions
are compatible with the in situ racemization process. The
number of examples of chemoenzymatic DKR that combine
an enzymatic KR with an in situ racemization method has
increased during the past few years.[4–10] Lipases constitute
the most popular class of hydrolases and have been exten-
sively used by organic chemists in enantioselective transes-
terifications.[11] A powerful approach for DKR of alcohols is
the combination of a lipase-catalyzed resolution with a tran-
sition-metal-catalyzed racemization.[4–6,9,10] Because naturally


occurring lipases are (R)-selective for alcohols according to
the Kazlauskas rule,[12, 13] lipases can only be used to trans-
form the racemic alcohol into the (R)-acetate. This is a limi-
tation of the method and there is presently a need for engi-
neering lipases in order to obtain mutants that are (S)-selec-
tive.


Serine proteases, a sub-class of hydrolases, are known to
catalyze transesterifications similar to those catalyzed by li-
pases, but interestingly, often with reversed enantioselectivi-
ty.[14,15] Subtilisin Carlsberg is a commercially available
serine protease that has been used for the (S)-selective reso-
lution of alcohols with moderate enantioselectivity. Proteas-
es contain a catalytic machinery that is the approximate
mirror image of that in lipases (Figure 1).[12] This makes it
possible to use subtilisin as an (S)-selective resolution cata-
lyst.


Subtilisin Carlsberg is not a thermostable enzyme; after
35 minutes at 70 8C all the activity is lost.[16] The catalyst
used for the racemization must therefore be active at ambi-
ent temperature. For this reason, Shvo8s complex (1),[17]


Abstract: (S)-Selective kinetic resolu-
tion was achieved through the use of a
commercially available protease, which
was activated with a combination of
two different surfactants. The kinetic
resolution (KR) process was optimized
with respect to activation of the pro-
tease and to the acyl donor. The KR
proved to be compatible with a range


of functionalized sec-alcohols, giving
good to high enantiomeric ratio values
(up to >200). The enzymatic resolu-
tion was combined with a ruthenium-


catalyzed racemization to give an (S)-
selective dynamic kinetic resolution
(DKR) of sec-alcohols. The DKR pro-
cess works under very mild reaction
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enantioselectivities.
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which has been successfully employed for DKR of sec-alco-
hols,[4] could not be used. Recently, Kim and Park et al. re-
ported the use of catalyst 2 for the racemization of secon-
dary alcohols at room temperature in a lipase-based DKR.[6]


However, very long reaction times were required for this
enzyme–ruthenium combination. The same catalyst was also
employed for the (S)-selective DKR of alcohols using subti-
lisin Carlsberg as the enzyme component.[15] Again, very
long reaction times (3–4 d) were required due to poor com-
patibility between the enzyme and the ruthenium catalyst.
More recently, we discovered that catalyst 3 racemizes alco-
hols rapidly at room temperature,[5,18] and more importantly,
combination of this catalyst with a lipase gave a highly effi-
cient DKR at room temperature with reaction times down
to 3 h.[5]


We now report the combination of this catalyst (3) with
specially treated subtilisin Carlsberg for the (S)-selective
DKR of secondary alcohols at room temperature. Subtilisin
Carlsberg usually shows a low to moderate E value (E=En-
antiomeric ratio of the enzyme) towards 1-phenylethanol
(E=4–36).[19] By using two different surfactants and employ-
ing isopropenyl valerate as the acyl donor, we have now
been able to improve the E value for 1-phenylethanol to 66,
and with this system, a range of functionalized sec-alcohols
gave high E values, some up to >200. The enzymatic resolu-
tion under these conditions was highly compatible with the
racemization catalyzed by 3, resulting in a DKR with signifi-
cantly shorter reaction times than those previously report-
ed.[15] This DKR process yields acylated products with the
opposite configuration to those obtained by the use of lipas-
es (Scheme 1).


Results and Discussion


Kinetic resolution and racemization : A primary requirement
for a successful DKR is that the KR conditions are compati-


ble with those required for the racemization process. Tolu-
ene is an excellent solvent for the racemization catalyzed by
complex 3, however, subtilisin usually exhibits very low ac-
tivity in organic solvents and an enhancement of the activity
is required for an efficient kinetic resolution. Identification
of the factors contributing to optimum enzyme activity in or-
ganic solvents is very difficult. Differences in the catalytic
activity of enzymes in organic solvents and water can be re-
lated to changes in the structure and dynamic properties of
the protein or changes in solvation.[20] It is known that one
of the simplest ways to increase the activity of an enzyme in
organic solvents is to coat the enzyme with a lipid or surfac-
tant before lyophilization. Adsorption increases the surface
area and also avoids denaturation of the enzyme during lyo-
philization.[21,22] Furthermore, surfactants help to lock the
enzyme in a conformational state more suitable for cataly-
sis.[19] We decided to improve the catalytic activity of subtili-
sin Carlsberg by physical modification with two surfac-
tants:[23] octyl b-d-glycopyranoside (4) and Brij 56[24] (5).


In a first attempt, the KR of 1-phenylethanol (6a) was
performed in toluene at room temperature. Isopropenyl ace-
tate (1.5 equiv) was used as the acyl donor because it is
known to be compatible with the racemization reaction cat-
alyzed by 3.[5] The enzyme was treated with either surfactant
4 or 5. However, we obtained not only very low enantiose-
lectivity (E=2–3), but also a very low yield of acetate
(<2%) after 5 days. The use of a mixture of both surfac-
tants did not show any improvement in the outcome of the
reaction. Therefore, we next turned our attention to the use
of THF as the solvent, as KRs catalyzed by subtilisin Carls-
berg in THF have been reported previously.[12,14b] First, we
tested whether the racemization catalyzed by complex 3 has
a similar reaction rate in THF to that in toluene. We have
previously reported the efficient activation of 3 by KOtBu,
and we identified the formation of the ruthenium alkoxide
complex 7 as a key intermediate.[5] Therefore, 3 was activat-
ed by using a slight excess of KOtBu in toluene or in THF
at room temperature before adding (S)-1-phenylethanol
((S)-6a). As shown in Figure 2, the racemization takes place
with very similar rates in the two solvents. We next turned
our attention to the optimization of the subtilisin-catalyzed
KR of 1-phenylethanol (6a) in THF.


In order to improve the enantioselectivity of the reaction,
we studied the effect of different acyl donors on the out-
come of the KR. An acyl donor that is commonly used in
combination with subtilisin is 2,2,2-trihaloethyl butyrate.[25]


When 2,2,2-trifluoroethyl butyrate (8) is used as an acyl


Scheme 1. (S)-Selective dynamic kinetic resolution.
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donor it yields trifluoroethanol as a byproduct. On the other
hand, isopropenyl butyrate (9) has the same butyrate group
as 8 but it yields only acetone as a byproduct. These byprod-
ucts can also influence the KR. To investigate how a longer
carbon chain would affect the enantioselectivity of the reac-
tion, isopropenyl valerate (10) and p-chlorophenyl octanoate
(11) were tried. The surfactant used can also influence the
enantioselectivity and the activity of the reaction. Table 1
shows the results obtained when varying the acyl donor, the
surfactants, and the enzyme/surfactant ratio.


The acylation of 1-phenylethanol (6a) to yield the corre-
sponding ester (12a’) catalyzed by subtilisin immobilized in
Brij 56 (5) (entries 1, 2, 4, and 8) resulted in a slow but in
general selective KR. On the other hand, the reaction cata-
lyzed by subtilisin immobilized in octyl b-d-glycopyranoside
(4) resulted in a fast but slightly less selective KR (entries 3
and 5–7). When the enzyme/surfactant ratio was increased,
the difference between the reactions with the enzyme acti-
vated with either 4 or 5 decreased (entry 8 vs 9). Fortunate-
ly, the combination of both surfactants gave a fast and selec-
tive kinetic resolution. Thus, an enzyme/4/5 ratio of 4:1:1
gave a similar E value, but the reaction took place faster
(entry 10). When the acyl donors were varied, we observed
that the KR becomes slower but more selective as the
carbon chain of the acyl part becomes longer (cf. acyl
donors 9 and 10 in entries 10 and 11, respectively). Howev-
er, when this carbon chain is too long (acyl donor 11), the
reaction rate decreases considerably, and does not increase
when double the amount of the supported enzyme is used
(compare entries 12 and 13). Isopropenyl esters gave higher
enantioselectivity than trifluoroethyl esters (compare en-
tries 1 and 2). The best results were obtained by using iso-


propenyl valerate as the acyl
donor, and with the enzyme
treated with both surfactants in
a subtilisin/4/5 ratio of 4:1:1
(entry 11).


The KR of a variety of alco-
hols was performed by using the reaction conditions shown
in Table 1, entry 11 (Table 2). Similarly to 1-phenylethanol
(6a) (Table 2, entry 1), the p-methyl-substituted alcohol
(6b) gave the corresponding valerate (12b) with similar se-
lectivity (E=52; Table 2, entry 2). A slightly lower enantio-
selectivity was obtained for the p-methoxy-substituted alco-
hol 6c (entry 3). The KR of ethyl carbinol 6d proceeded
with a rather low reaction rate (entry 4). Surprisingly, sub-
strates bearing electron-withdrawing groups on the ring
(6e–g) gave the corresponding esters in a highly enantiose-
lective reaction (entries 5–7). Non-benzylic alcohols 6h–k
also gave high E values. However, in some cases (6 i and
6k), the reaction rate was rather low. Also, some functional-
ized alcohols (6 l–n) were subjected to KR (entries 12–14),
but unfortunately the enzyme showed low enantioselectivity
for these substrates.


Dynamic kinetic resolution : The combination of a metal-cat-
alyzed racemization with an enzyme-catalyzed KR is not
always straightforward. The metal may interfere with the
enzyme to give poor resolution, or the enzyme may slow
down or inhibit the racemization by the metal catalyst. In


Figure 2. Racemization of (S)-1-phenylethanol ((S)-6a) (0.5m) catalyzed
by complex 3 after treatment with KOtBu in toluene (~) and in THF (&).
Catalyst concentration: 0.0025m (0.5 mol%).


Table 1. Kinetic resolution of 1-phenylethanol (6a).[a]


Entry Immobilized
enzyme [mg]


Enzyme/4/5 Acyl
donor


Yield of
12a’ [%][b]


ee of
12a’ [%][c]


E[d]


1 15 1:0:1 9 14 96 57
2 15 1:0:1 8 30 93 40
3 15 1:1:0 9 42 88 30
4 11.3 2:0:1 9 18 96 60
5 6 2:1:0 9 40 89 31
6 11.3 2:1:0 9 40 90 34
7 22.5 2:1:0 9 51 85 36
8 9.4 4:0:1 9 32 92 36
9 9.4 4:1:0 9 30 91 31
10 11.3 4:1:1 9 52 84 35
11[e] 11.3 4:1:1 10 46 93 66
12 11.3 4:1:1 11 22 95 50
13 22.5 4:1:1 11 24 95 52


[a] Unless otherwise stated, all reactions were performed on a 1.0 mmol
scale employing 1.5 equiv of acyl donor, and 1 mmol Na2CO3 in 2 mL of
THF at room temperature for 17 h. [b] Determined by applying the for-
mula conversion=ees/(ees+eep), in which the subscripts s and p represent
starting materials and products, respectively. [c] Determined by chiral
GC by using a chiral CP-Chirasil-Dex CB column and employing racemic
compounds as references. [d] Enantiomeric ratio (see ref. [3c]). [e] Re-
action time 16 h.
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addition, the acyl donor, the by-
products produced upon the
acylation, or the surfactants can
also interfere with the racemi-
zation or with the KR. We em-
ployed acyl donor 8 in the early
experiments. Because it was not
known how the activated
enzyme would affect catalyst 3,
the DKR of 1-phenylethanol
(6a) was optimized with respect
to the combination of enzyme
and surfactants (Table 3). The
combination of surfactants 4
and 5 gave a better result than
when just 4 was used for activa-
tion of the enzyme (entries 1–3
vs 4). When the amount of acti-
vated enzyme was decreased,
the acylation rate decreased
(entry 4 vs 5). As expected
from Table 1, the best DKR
result was obtained by using
isopropenyl valerate (10) as the
acyl donor and employing
18 mg of surfactant-treated sub-
tilisin Carlsberg in an enzyme/
4/5 ratio of 4:1:1. These condi-
tions resulted in 96% yield and
95% ee of 12a after a reaction
time of 18 h (entry 6).


The DKR using subtilisin
Carlsberg activated by 4 and 5
was extended to a range of sec-
ondary alcohols (Table 4). The
catalyst (3) was activated by a
catalytic amount of KOtBu in
the presence of the enzyme and
Na2CO3.


[5] The amount of base
required depends on the
amount of enzyme used and on
the substrate. Therefore, the
amount of base was optimized
for each entry. The amount of
enzyme used depends on each
substrate too. For a successful
DKR, the resolution rate
should not exceed the racemi-
zation rate too much to avoid
depletion of the resolved enan-
tiomer; this could result in a de-
crease in ee of the ester prod-
uct. Similar to 1-phenylethanol
(6a), alcohol 6b gave the corre-
sponding ester in excellent
yield and enantiomeric excess.
The DKR of alcohol 6c, bear-


Table 2. Kinetic resolution of secondary alcohols 6.[a]


Entry Substrate t
[h]


Yield of
12 [%][b]


ee of
12 [%][c]


E[d]


1[e] 16 46 93 (S) 66


2 17 47 91 (S) 52


3 18 45 91 (S) 47


4 17 34 95 (S) 63


5 15 46 97 (S) 170


6 17 41 97 (S) 133


7 16 40 >99 (S) >200


8 16 40 96 (S) 95


9 17 25 97 (S) 90


10 15 45[f] >99 (S) >200


11 26 26[f] 97 (S) 91


12 24 27 88 (R)[g] 21


13 22 19 54 (S) 4
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ing a methoxy group at the para position, was more sluggish,
but the ester was obtained in 80% yield and 87% ee after
38 h. The ethyl-substituted carbinol (6d) also required
longer reaction times due to a slow KR (vide supra), but by
using 36 mg of enzyme added in two portions, a 70% yield
of valerate 12d with 94% ee was obtained. In general, excel-
lent yields and enantioselectivities were obtained for aro-
matic substrates bearing electron-withdrawing groups (en-
tries 5–7). Non-benzylic alcohols also gave the correspond-
ing esters in good yields and with excellent enantioselectivi-
ties (entries 8–11). The latter results are particularly impor-
tant because the aliphatic alcohols formed after hydrolysis
of the esters are not readily accessible by asymmetric reduc-
tion. Synthesis of enantiomerically pure aromatic alcohols
has been successfully accomplished through stereoselective
hydrogenation of ketones and through transfer hydrogena-
tion reactions, but the corresponding aliphatic substrates
proceed with poor enantioselectivity.[26–29]


Conclusion


A commercially available pro-
tease, subtilisin Carlsberg, was
efficiently activated by the use
of two different surfactants:
octyl b-d-glycopyranoside (4)
and Brij 56[24] (5). Both of them
increase the stability of the
enzyme in organic solvents. Sur-
factant 4 enhances the catalytic
activity of the enzyme and sur-
factant 5 improves the enantio-
selectivity. The combination of
these two surfactants led to an


optimal enzymatic resolution process, that is, fast reaction
and high enantioselectivity. The enantioselectivity was fur-
ther increased by the use of isopropenyl valerate (10) as the
acyl donor, which has not previously been used in subtilisin-
catalyzed KR. Subtilisin Carlsberg usually shows a low to
moderate E value towards 1-phenylethanol (E=4–36).[19] By
using surfactants 4 and 5, and acyl donor 10, we have been
able to improve the E value to 66. This system proved to be
efficient for KR for a range of functionalized sec-alcohols,
giving E values up to >200. The optimized KR was com-
bined with a racemization catalyzed by ruthenium complex
3, which rapidly racemizes alcohols at room temperature
and thus allows the use of a nonthermostable enzyme. This
resulted in an (S)-selective[13] DKR of sec-alcohols, which
proceeded in high yields (up to 97%), with high enantiose-
lectivity (up to 99%), and with short reaction times. The
present combination of catalyst 3 and the specially treated
subtilisin Carlsberg is about 4–5 times faster than the previ-
ously reported (S)-selective DKR.[15]


Experimental Section


General : All reactions were carried out under a dry argon atmosphere in
flame-dried glassware. Solvents were purified according to standard pro-
cedures. 1H and 13C NMR spectra were recorded at 400 or 300 MHz and
at 100 or 75 MHz, respectively. Chemical shifts (d) are reported in ppm,
using the residual solvent peak in CDCl3 (dH=7.26 and dC=77.00 ppm)
as internal standard, and coupling constants (J) are given in Hz. Enantio-
meric excesses were determined by using analytical gas chromatography
with a CP-Chirasil-Dex CB chiral capillary column. Solvents for extrac-
tion and chromatography were of technical grade quality and distilled
before use. Purification of synthesized material was performed by using
column chromatography with Merck silica gel 60 (240–400 mesh).


Commercially available alcohols were used without further purification.
2,2,2-Trifluoroethyl butyrate (8) was purchased from Sigma Aldrich.
Ruthenium catalyst 3 was synthesized according to a literature proce-
dure.[5]


Immobilization of subtilisin Carlsberg : Subtilisin Carlsberg (60 mg) was
dissolved in a solution of octyl b-d-glycopyranoside (4 ; 15 mg) and Brij
56 (polyoxyethylene (10) cetyl ether, 5 ; 15 mg) in a phosphate buffer
(pH 7.2, 6 mL) and the mixture was rapidly frozen in liquid N2 and
lyophilized for 12 h.


Isopropenyl butyrate (9):[30] 1H NMR (400 MHz, CDCl3, 25 8C) d=4.71–
4.58 (m, 2H; CH2), 2.40–2.28 (m, 2H; CH2), 1.87 (s, 3H; CH3), 1.75–1.60


Table 2. (Continued)


Entry Substrate t
[h]


Yield of
12 [%][b]


ee of
12 [%][c]


E[d]


14 21 51 83 (S) 30


[a] Unless otherwise stated, all reactions were performed on a 1.0 mmol scale with 1.5 equiv of isopropenyl
valerate (10), 18 mg of the enzyme surfactant mixture (enzyme/4/5=4:1:1), 1 mmol Na2CO3, in 2 mL of THF
at room temperature. [b] Determined by applying the formula: conversion=ees/(ees+eep). [c] Determined by
GC using a CP-Chirasil-Dex CB column using racemic compounds as references. [d] Enantiomeric ratio of the
enzyme (see ref. [3c]). [e] 11.3 g of immobilized enzyme was employed. [f] Determined by 1H NMR spectrosco-
py. [g] The configuration descriptor changes from S to R because of group priority changes as defined by the
Cahn–Ingold–Prelog system.


Table 3. Dynamic kinetic resolution of 1-phenylethanol (6a).[a]


Entry Immobilized
enzyme [mg]


Enzyme/4/5 t
[h]


Yield of
12a’ [%][b]


ee of
12a’ [%][b]


1 30 1:1:0 19 >80 86
2 22.5 2:1:0 13 70 87
3[c] 22.5 2:1:0 13 70 90
4 11.25 4:1:1 16 93 91
5 7.5 4:1:1 17 67 92
6[d,e] 18 4:1:1 18 96 95


[a] Unless otherwise stated, all reactions were performed on a 1.0 mmol
scale with 1.5 equiv of 8 as an acyl donor, 1 mmol Na2CO3, and 5 mol%
3, 6 mol% KOtBu, in 2 mL of THF at room temperature. [b] Determined
by GC using a CP-Chirasil-Dex CB column using racemic compounds as
references. [c] 7 mol% of KOtBu. [d] 6 mol% 3. [e] 10 was used as the
acyl donor.
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(m, 2H; CH2), 0.93 ppm (t, 3J(H,H)=
7.2 Hz, 3H; CH3);


13C NMR
(100 MHz, CDCl3, 25 8C): d=171.56,
152.95, 101.73, 36.08, 19.43, 18.30,
13.43 ppm.


Isopropenyl valerate (10): This acyl
donor was prepared according to a lit-
erature procedure for preparation of
similar isopropenyl esters:[31] 1H NMR
(400 MHz, CDCl3, 25 8C) d=4.69 (br s,
1H; C=C(H)H), 4.66 (br s, 1H; C=
C(H)H), 2.37 (t, 3J(H,H)=7.4 Hz, 2H;
CH2), 1.92 (s, 3H; CH3), 1.65 (quint,
3J(H,H)=7.5 Hz, 2H; CH2), 1.37
(sext, 3J(H,H)=7.4 Hz, 2H; CH2),
0.93 ppm (t, 3J(H,H)=7.4 Hz, 3H;
CH3);


13C NMR (100 MHz, CDCl3,
25 8C): d=171.56, 152.95, 101.73,
36.08, 19.43, 18.30, 13.43 ppm.


p-Chlorophenyl octanoate (11):[32]
1H NMR (400 MHz, CDCl3, 25 8C):
d=7.32 (d, 3J(H,H)=8.8 Hz, 2H; 2Q
CH), 7.01 (d, 3J(H,H)=8.8 Hz, 2H;
2QCH), 2.54 (t, 3J(H,H)=7.6 Hz, 2H;
CH2), 1.80–1.70 (m, 2H; CH2), 1.42–
1.22 (m, 8H; 4QCH2), 0.89 ppm (t,
3J(H,H)=6.8 Hz, 3H; CH3);


13C NMR
(100 MHz, CDCl3, 25 8C): d=172.28,
149.47, 131.27, 129.65, 123.18, 34.53,
31.86, 29.26, 29.12, 25.09, 22.81,
14.27 ppm.


General procedure for the kinetic res-
olution of sec-alcohols


Kinetic resolution of 1-phenylethanol
(6a): In a typical experiment, surfac-
tant-treated subtilisin Carlsberg
(enzyme/4/5 in a mass ratio 4:1:1;
18 mg) and Na2CO3 (106 mg,
1.0 mmol) were added to a dry
Schlenk tube under argon. Then THF
(2 mL), 1-phenylethanol (6a ; 120 mL,
1.0 mmol), and isopropenyl valerate
(10 ; 230 mL, 1.5 mmol) were added
subsequently under argon. The mix-
ture was stirred under an argon atmos-
phere at ambient temperature for
17 h. After filtration, the solvent was
evaporated and the residue was ana-
lyzed by using chiral GC (see Table 2).


General procedure for the dynamic ki-
netic resolution of sec-alcohols


Dynamic kinetic resolution of 1-phe-
nylethanol (6a): A solution of KOtBu
(0.5m in THF; 120 mL, 6 mol%) was
added to a mixture of surfactant-treat-
ed subtilisin Carlsberg (18 mg),
Na2CO3 (106 mg, 1.0 mmol), and
ruthenium complex 3 (38 mg, 6 mol%)
in THF (2 mL) in a 10 mL Schlenk
tube under an argon atmosphere. The
mixture was stirred and after 6 min, 1-
phenylethanol (6a ; 120 mL, 1.0 mmol)
was added. After another 4 min iso-
propenyl valerate (10 ; 230 mL,
1.5 mmol) was added. After being stir-
red at ambient temperature for 18 h,
the reaction mixture was filtered and
concentrated. Purification by column


Table 4. Dynamic kinetic resolution of secondary alcohols 6.[a]


Entry Substrate KOtBu
[mol%]


t
[h]


Product Yield
[%][b]


ee
[%][c]


1 6a 6 18 >96 (96) 95


2 6b 6 25 92 93


3 6c 6 38 80 87


4[d] 6d 6 43 70 94


5 6e 6 30 86 (84) 97


6 6 f 7 25 94 (90) 97


7 6g 6 24 97 (94) 95


8[e] 6h 7 24 83 91


9[f] 6 i 7 42 97 (94) 95


10 6 j 6 41 80 99
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chromatography (silica gel; pentane/diethyl ether 98:1) afforded (S)-1-
phenylethyl pentanoate (12a) as a colorless oil (198 mg, 96%, 95% ee).
1H NMR (400 MHz, CDCl3, 25 8C): d=7.25–7.36 (m, 5H; 5QCH), 5.91
(q, 3J(H,H)=6.4 Hz, 1H; CH), 2.33 (t, 3J(H,H)=7.6 Hz, 2H; CH2), 1.61–
1.66 (m, 2H; CH2), 1.54 (d, 3J(H,H)=6.4 Hz, 3H; CH3), 1.30–1.40 (m,
2H; CH2), 0.91 ppm (t, 3J(H,H)=7.6 Hz, 3H; CH3);


13C NMR (100 MHz,
CDCl3, 25 8C): d=173.05, 141.85, 128.43, 127.74, 126.01, 71.97, 34.32,
27.00, 22.23, 22.19, 13.66 ppm.


(S)-1-(4-Chlorophenyl)ethyl pentanoate (12e): 1H NMR (400 MHz,
CDCl3, 25 8C): d=7.31 (d, 3J(H,H)=8.8 Hz, 2H; 2QCH), 7.27 (d,
3J(H,H)=8.8 Hz, 2H; 2QCH), 5.84 (q, 3J(H,H)=6.4 Hz, 1H; CH), 2.32
(t, 3J(H,H)=7.6 Hz, 2H; CH2), 1.63–1.56 (m, 2H; CH2), 1.51 (d,
3J(H,H)=6.4 Hz, 3H; CH3), 1.36–1.28 (m, 2H; CH2), 0.90 ppm (t,
3J(H,H)=7.6 Hz, 3H; CH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=


172.95, 140.38, 133.51, 128.62, 127.45, 71.26, 34.24, 26.97, 22.18, 22.16,
13.65 ppm.


(S)-1-(4-Trifluoromethylphenyl)ethyl pentanoate (12 f): 1H NMR
(300 MHz, CDCl3, 25 8C): d=7.60 (d, 3J(H,H)=8.2 Hz, 2H; 2QCH), 7.45
(d, 3J(H,H)=8.2 Hz, 2H; 2QCH), 5.91 (q, 3J(H,H)=6.9 Hz, 1H; CH),
2.34 (brd, 3J(H,H)=7.4 Hz, 2H; CH2), 1.67–1.52 (m, 2H; CH2), 1.53 (d,
3J(H,H)=6.6 Hz, 3H; CH3), 1.3 (sext, 3J(H,H)=7.2 Hz, 2H; CH2),
0.90 ppm (t, 3J(H,H)=7.4 Hz, 3H; CH3);


13C NMR (75 MHz, CDCl3,
25 8C): d=172.89, 145.92, 129.94 (q, 2J(13C,19F)=32.4 Hz), 126.22, 125.45
(q, 3J(13C,19F)=3.7 Hz), 124.04 (q, 1J(13C,19F)=272.3 Hz), 71.29, 34.17,
26.95, 22.25, 22.18, 13.61 ppm.


(S)-1-(3,5-Trifluoromethylphenyl)ethyl pentanoate (12g): 1H NMR
(300 MHz, CDCl3, 25 8C): d=7.78 (s, 3H; 3QCH), 5.95 (q, 3J(H,H)=
6.6 Hz, 1H; CH), 2.37 (t, 3J(H,H)=6.3 Hz, 2H; CH2), 1.62 (quint,
3J(H,H)=7.1 Hz, 2H; CH2), 1.56 (d, 3J(H,H)=6.6 Hz, 3H; CH3), 1.32
(sext, 3J(H,H)=6.8 Hz, 2H; CH2), 0.90 ppm (t, 3J(H,H)=7.1 Hz, 3H;
CH3);


13C NMR (75 MHz, CDCl3, 25 8C): d=172.79, 146.54, 131.90 (q,
2J(13C,19F)=33.2 Hz), 126.18 (q, 3J(13C,19F)=2.6 Hz), 123.22 (q,
1J(13C,19F)=272.5 Hz), 121.73 (q, 3J(13C,19F)=3.7 Hz), 70.66, 34.9, 26.96,
22.29, 22.17, 13.57 ppm.


(S)-1-Methyl-3-phenylpropyl pentanoate (12i): 1H NMR (300 MHz,
CDCl3, 25 8C): d=7.31–7.26 (m, 2H; 2QCH), 7.21–7.19 (m, 3H; 3QCH),
4.97 (sext, 3J(H,H)=6.3 Hz, 1H; CH), 2.74–2.57 (m, 2H; CH2), 2.29 (t,
3J(H,H)=7.7 Hz, 2H; CH2), 2.05–1.75 (m, 2H; CH2), 1.69–1.58 (m, 2H;
CH2), 1.37 (sext, 3J(H,H)=7.5 Hz, 2H; CH2), 1.25 (d, 3J(H,H)=6.1 Hz,
3H; CH3), 0.94 ppm (t, 3J(H,H)=7.4 Hz, 3H; CH3);


13C NMR (100 MHz,
CDCl3, 25 8C): d=173.42, 141.55, 128.35, 128.26, 125.85, 70.13, 37.63,
34.35, 31.79, 27.11, 22.23, 20.01, 13.68 ppm.


Valerate esters 12b–d, 12h, 12j, and 12k were transformed to the corre-
sponding alcohols and compared to commercially available pure samples
by using NMR spectroscopy.


Acknowledgements


We are grateful for financial support
from the Swedish Research Council,
the Swedish Foundation for Strategic
Research, and the Ministerio de Edu-
caci>n y Ciencia of Spain.


[1] a) J. Halpern, B. M. Trost, Proc. Natl. Acad. Sci. USA 2004, 101,
5347; b) Catalytic Asymmetric Synthesis, 2nd ed. (Ed.: I. Ojima),
Wiley-VCH, New York, 2000.


[2] M. Breuer, K. Ditrich, T. Habicher, B. Hauer, M. Kebeler, R.
StRrmer, T. Zelinski, Angew. Chem. 2004, 116, 806–843; Angew.
Chem. Int. Ed. 2004, 43, 788–824.


[3] a) R. S. Ward, Tetrahedron: Asymmetry 1995, 6, 1475–1490; b) U. T.
Strauss, U. Felfer, K. Faber, Tetrahedron: Asymmetry 1999, 10, 107–
117; c) H. Stecher, K. Faber, Synthesis 1997, 1, 1–16.


[4] a) O. PTmies, J.-E. BAckvall, Trends Biotechnol. 2004, 22, 130–135;
b) O. PTmies, J.-E. BAckvall, Chem. Rev. 2003, 103, 3247–3261; c) O.
PTmies, J.-E. BAckvall, Curr. Opin. Biotechnol. 2003, 14, 407–413;
d) M.-J. Kim, Y. Anh, J. Park, Curr. Opin. Biotechnol. 2002, 13, 578–
587, and erratum: M.-J. Kim, Y. Anh, J. Park, Curr. Opin. Biotech-
nol. 2003, 14, 131; e) F. F. Huerta, A. B. E. Minidis, J.-E. BAckvall,
Chem. Soc. Rev. 2001, 30, 321–331.


[5] a) B. Mart;n-Matute, M. Edin, K. BogUr, J.-E. BAckvall, Angew.
Chem. 2004, 116, 6697–6701; Angew. Chem. Int. Ed. 2004, 43, 6535–
6539; b) B. Mart;n-Matute, M. Edin, K. BogUr, F. B. Kaynak, J.-E.
BAckvall, J. Am. Chem. Soc. 2005, 127, 8817–8825.


[6] a) J. H. Choi, Y.-H. Kim, S. H. Nam, S. T. Shin, M.-J. Kim, J. Park,
Angew. Chem. 2002, 114, 2479–2482; Angew. Chem. Int. Ed. 2002,
41, 2373–2376; b) J. H. Choi, Y. K. Choi, Y. H. Kim, E. S. Park, E. J.
Kim, M. J. Kim, J. Park, J. Org. Chem. 2004, 69, 1972–1977.


[7] For a DKR employing acid zeolites for racemization of benzylic al-
cohols, see: S. Wuyts, K. De Temmerman, D. E. De Vos, P. A.
Jacobs, Chem. Eur. J. 2005, 11, 386–397.


[8] For a related DKR of amines, see: M. T. Reetz, K. Schimossek,
Chimia 1996, 50, 668–669.


[9] a) G. K. M. Verzijl, J. G. de Vries, Q. B. Broxterman, Tetrahedron:
Asymmetry 2005, 16, 1603–1610; b) B. A. C. van As, J. van Buijte-
nen, A. Heise, Q. B. Broxterman, G. K. M. Verzijl, A. R. A. Pal-
mans, E. W. Meijer, J. Am. Chem. Soc. 2005, 127, 9964–9965.


[10] T. H. Riermeier, P. Gross, A. Monsees, M. Hoff, H. Trauthwein, Tet-
rahedron Lett. 2005, 46, 3403–3406.


[11] a) R. D. Schmid, R. Verger, Angew. Chem. 1998, 110, 1694–1720;
Angew. Chem. Int. Ed. 1998, 37, 1608–1633; b) K. Faber, Biotrans-
formations in Organic Chemistry, 4th ed., Springer, Berlin, 2000.


[12] R. J. Kazlauskas, A. N. E. Weissfloch, A. T. Rappaport, L. A.
Cuccia, J. Org. Chem. 1991, 56, 2656–2665.


[13] The terms (R)- and (S)-selective are used for typical sec-alcohols in
which the large group (cf. Figure 1) has the higher priority in the se-
quential rule for determining the configuration (according to the
Cahn–Ingold–Prelog system).


[14] a) R. J. Kazlauskas, A. N. E. Weissfloch, J. Mol. Catal. B 1997, 3,
65–72; b) P. A. Fitzpatrick, A. M. Klibanov, J. Am. Chem. Soc. 1991,
113, 3166–3171; c) R. J. Kazlauskas, A. N. E. Weissfloch, J. Org.
Chem. 1991, 56, 2656–2665.


Table 4. (Continued)


Entry Substrate KOtBu
[mol%]


t
[h]


Product Yield
[%][b]


ee
[%][c]


11[g] 6k 8 18 67 95


[a] Unless otherwise stated, all reactions were performed on a 1.0 mmol scale with 1.5 equiv of 10, 18 mg of
the enzyme surfactant mixture (enzyme/4/5=4:1:1), 1 mmol Na2CO3, 6 mol% of 3, 6–8 mol% of KOtBu, in
2 mL of THF at room temperature. Isolated yields in parentheses. [b] Determined by GC using a CP-Chirasil-
Dex CB column using racemic compounds as references. [c] Enantiomeric excess. [d] The enzyme surfactant
mixture was added in 2 portions (18 mg in each portion). The second portion was added after 16 h. [e] Re-
action run at 38 8C. The enzyme surfactant mixture was added in 2 portions (12 mg in each portion). The
second portion was added after 4.5 h. [f] 28 mg of supported enzyme were employed. After 24 h, a further
9 mg was added. [g] Reaction run at 38 8C and 30 mg of enzyme were employed.


Chem. Eur. J. 2006, 12, 225 – 232 H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 231


FULL PAPER(S)-Selective Kinetic Resolution



www.chemeurj.org





[15] For an example of (S)-selective DKR, see: M.-J. Kim, Y. Chung, Y.
Choi, H. Lee, D. Kim, J. Park, J. Am. Chem. Soc. 2003, 125, 11494–
11495.


[16] Product information from Sigmaaldrich. Sigma. Prod. No. P 5380.
[17] a) Y. Blum, D. Czarkle, Y. Rahamin, Y. Shvo, Organometallics 1985,


4, 1459–1461; b) Y. Shvo, D. Czarkie, Y. Rahamin, J. Am. Chem.
Soc. 1986, 108, 7400–7402; c) N. Menasche, Y. Shvo, Organometal-
lics 1991, 10, 3885–3891.


[18] G. Csjernyik, K. BogUr, J.-E. BAckvall, Tetrahedron Lett. 2004, 45,
6799–6802.


[19] Hydrolases in Organic Synthesis (Eds.: U. T. Bornscheurer, R. J. Ka-
zlauskas), Wiley-VCH, Weinheim, 1999.


[20] a) J. L. Schmitke, C. R. Wescott, A. M. Klibanov, J. Am. Chem. Soc.
1996, 118, 3360–3365; b) A. M. Klibanov, Trends Biotechnol. 1997,
15, 97–101.


[21] K. Dabulis, A. M. Klibanov, Biotechnol. Bioeng. 1993, 31, 41–53.
[22] a) A. M. Santos, M. Vidal, Y. Pacheco, J. Frontera, C. BUez, O. Or-


nellas, G. Barletta, K. Griebenow, Biotechnol. Bioeng. 2001, 74,
295–308; b) K. Griebenow, M. Vidal, C. BUez, A. M. Santos, G. Bar-
letta, J. Am. Chem. Soc. 2001, 123, 5380–5381; c) A. M. Santos, M.
GonzUlez, Y. Pacheco, K. Griebenow, Biotechnol. Bioeng. 2003, 84,
324–331.


[23] F. Bordusa, Chem. Rev. 2002, 102 , 4817–4868.
[24] Brij 56: polyoxyethylene(10) cetyl ether, C16H33(OCH2CH2)nOH.


[25] a) M. Therisod, A. M. Klibanov, J. Am. Chem. Soc. 1986, 108, 5638–
5640; b) S. Riva, J. Chopineau, A. P. G. Kieboom, A. M. Klibanov, J.
Am. Chem. Soc. 1988, 110, 584–589.


[26] Review on metal-catalyzed hydrogenation of ketones: R. Noyori, T,
Ohkuma, Angew. Chem. 2001, 113, 40–75; Angew. Chem. Int. Ed.
2001, 40, 40–73.


[27] Reviews on asymmetric transfer hydrogenation of ketones: a) M. J.
Palmer, M. Wills, Tetrahedron: Asymmetry 1999, 10, 2045–2061;
b) M. Wills, M. Palmer, A. Smith, J. Kenny, T. Walsgrove, Molecules
2000, 5, 4–18.


[28] For reduction of 2-alkanones, see: I. Sarvary, F. Almqvist, T. Frejd,
Chem. Eur. J. 2001, 7, 2158–2166.


[29] Reduction of 2-hexanone using catalytic hydrogenation gives 96%
yield of the alcohol in 75% ee, and reduction of 2-nonanone gives
the alcohol in 100% yield, 1% ee. See ref. [26].


[30] Y.-F. Wang, J. J. Lalonde, M. Momongan, D. E. Bergbreiter, C.-H.
Wong, J. Am. Chem. Soc. 1988, 110, 7200–7205.


[31] L. J. Goossen, J. Paetzold, D. Koley, Chem. Commun. 2003, 706–
707.


[32] D. Direktor, R. Effenberger, J. Chem. Technol. Biotechnol. Chem.
Technol. 1985, 35A, 281–284.


Received: June 30, 2005
Published online: November 3, 2005


www.chemeurj.org H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 225 – 232232



www.chemeurj.org






DOI: 10.1002/chem.200500856


Ring-Opening Polymerization of Lactide with Group 3 Metal Complexes
Supported by Dianionic Alkoxy-Amino-Bisphenolate Ligands: Combining
High Activity, Productivity, and Selectivity


Abderramane Amgoune,[a] Christophe M. Thomas,[a] Thierry Roisnel,[b] and
Jean-FranÅois Carpentier*[a]


Introduction


Biodegradable polymers have recently attracted much inter-
est as replacements for conventional oil-based materials.[1]


Among the most promising candidates in this class of mate-
rials are aliphatic polyesters and, in particular, poly(lactic
acid)s (PLAs).[2] These polymers, derived from 100% re-
newable resources such as corn or sugar beets, have many
properties similar and sometimes superior to those of tradi-
tional olefin-based polymers, with the added benefit of bio-
degradability.[3] Although several methods for synthesis of
PLAs exist, the most convenient and promising route is the
ring-opening polymerization (ROP) of lactide, in which the
driving force for polymerization is the relief of ring strain.[4]


Stereochemistry plays an important role in PLAs, determin-
ing the mechanical properties, biodegradability, and ulti-
mately the end use of the material.[1,3] There has been par-
ticular emphasis over the past decade on the synthesis of
discrete, well characterized complexes that function as
active polymerization initiators.[5] These recent advances in
catalyst design have resulted in a variety of PLA architec-
tures being obtained from the enantiomerically pure mono-
mers, the racemic mixture, or meso-lactide (Scheme 1).[6]


Systematic studies have demonstrated the influence both of
the initiating group and of the ligand architecture on poly-
merization behavior.[7]


Abstract: A series of new alkoxy-
amino-bis(phenols) (H2L 1–6) has been
synthesized by Mannich condensations
of substituted phenols, formaldehyde,
and amino ethers or diamines. The co-
ordination properties of these dianionic
ligands towards yttrium, lanthanum,
and neodymium have been studied.
The resulting Group 3 metal complexes
have been used as initiators for the
ring-opening polymerization of rac-lac-
tide to provide poly(lactic acid)s
(PLAs). The polymerizations are
living, as evidenced by the narrow


polydispersities of the isolated poly-
mers, together with the linear natures
of number average molecular weight
versus conversion plots and monomer-
to-catalyst ratios. Complex [Y(L6)-
{N(SiHMe2)2}(THF)] (17) polymerized
rac-lactide to heterotactic PLA (Pr =


0.90 at 20 8C) and meso-lactide to syn-
diotactic PLA (Pr = 0.75 at 20 8C).


The in situ formation of [Y(L6)(OiPr)-
(THF)] (18) from 17 and 2-propanol
resulted in narrower molecular weight
distributions (PDI = 1.06). With com-
plex 18, highly heterotactic PLAs with
narrow molecular weight distributions
were obtained with high activities and
productivities at room temperature.
The natures of the ligand substituents
were shown to have a significant influ-
ence on the degree of control of the
polymerizations, and in particular on
the tacticity of the polymer.
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Among the variety of initiators, zinc and magnesium com-
plexes bearing sterically demanding achiral b-diiminato li-
gands are notable as highly active for the polymerization of
rac-lactide to heterotactic poly(lactic acid) by a chain-end
control mechanism in which the last unit in the growing
polymer chain influences which enantiomeric form of the
monomer is incorporated next.[6e–i] Coates and co-workers
first reported the sensitivity of this polymerization to ligand
sterics.[6h] In particular, the authors described the importance
of steric bulk in the N-aryl substituents of b-diiminate li-
gands, with subtle ligand modifications resulting in dramatic
effects on activity and selectivity.[6h] We also recently report-
ed the synthesis of heterotactic PLA from rac-lactide with a
single-site Group 3 metal complex that controls stereochem-
istry by a chain-end control mechanism.[6n] To expand upon
this initial work, we were interested in investigating the
effect of complex architecture on lactide polymerization be-
havior (i.e., initiator selectivity and activity). Our approach
for determining the structure/reactivity dependence was
based on fine-tuning of the ancillary ligand and study of the
effect on the catalytic reactivity. For this purpose, we have
designed and synthesized new Group 3 metal complexes
bearing dianionic alkoxy-amino-bisphenolate ligands. De-
tails of the synthesis, structures, and polymerization per-
formances of these new complexes are reported here.


Results and Discussion


Synthesis of bisphenolate Group 3 metal complexes : Diami-
no and alkoxy-amino-bisphenol ligands H2L 1–6 (of which 1
and 4–6 are new) were synthesized by double Mannich con-
densations of the corresponding substituted phenol, formal-
dehyde, and the appropriate alkoxy-amine or diamine
(Scheme 2).[8] They can be isolated in moderate to high
yields as white microcrystalline powders (Scheme 3). Some
of these N,N-substituted compounds were difficult to obtain
because of the side-formation of benzoxazines, which takes
place through cyclization of the intermediary N-substituted


product.[8] The nature of the substituent ortho to the phenol-
ic hydroxy group plays an important role in determining the
course of the reaction. All spectroscopic data for 1–6 are
given in the Experimental Section.
Group 3 precursors [MR3(THF)2] (M = Y, La; R =


CH2SiMe3, N(SiHMe2)2) and [Nd{N(SiMe3)2}3] were each
treated with one equivalent of each of the neutral bisphe-
nols H2L 1–6 to give the corresponding yttrium and lantha-
num complexes [(L)M(R)(THF)] 7–10, 12–14, 16, and 17,
and [(L)Nd{N(SiMe3)2}] 11 and 15 in good yields
(Scheme 4). A key event in this reaction is the protonolysis
of two of the bulky amido or carbyl ligands in the homolep-
tic precursor by the relatively acidic bisphenols.[9,10] The
products were easily isolated as white solids by evaporation
of volatiles and washing of the residues with pentane. The
compounds are quite air- and moisture-sensitive, readily
soluble in aromatic hydrocarbons (toluene, benzene), and
slightly soluble in aliphatic hydrocarbons (pentane, hex-
anes). These complexes were characterized by elemental
analysis and X-ray diffraction studies in some cases, and by
NMR spectroscopy for diamagnetic complexes 7–10, 12–14,
16, and 17.
The 1H and 13C NMR data for yttrium and lanthanum


complexes 8–10, 13, 14, 16, and 17 in [D6]benzene at room
temperature are in each case indicative of the formation of
a single, monomeric species with rigid Cs symmetry on the
NMR timescale, with the phenoxy groups in the trans con-
figuration. This is evidenced by the symmetry-related phe-
nolate rings, as well as the 1H AB spin systems for the two
benzylic methylene units and the single resonance for the si-
lylamido or carbyl group. The 1H and 13C resonances corre-
sponding to the coordinated THF molecule are clearly shift-


Scheme 1. Stereoisomers of lactide.


Scheme 2. Synthesis of bisphenolate ligands 1–6.


Scheme 3. Bisphenolate ligands screened.
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ed from those observed for the free solvent (d(1H) = 3.57
and 1.40 ppm; d(13C) = 67.80 and 25.72 ppm in [D6]ben-
zene). Additionally, the 1H resonances for the side arm
OMe groups in complexes 8–10, 13, 14, 16, and 17 were
found to be shifted by approximately 0.2–0.6 ppm from
those in the corresponding free ligands, confirming a six-co-
ordinated geometry. This assignment of solution structures
was supported by single-crystal X-ray structure analyses of
8–10 and 13. The solid-state structures of 8–10 have been re-
ported in preliminary communications and will not be dis-
cussed further here.[6n,9a]


Single crystals of the new adamantyl-substituted complex
13 suitable for X-ray diffraction were obtained by slow
evaporation of a saturated toluene solution at room temper-
ature. The ORTEP plot of the complex with its atom num-
bering scheme is illustrated in Figure 1 and selected bond
lengths and angles are listed in Table 1. Overall, the struc-
ture of 13 is closely related to that of the parent tert-butyl-
substituted complex 8.[6n] Complex 13 adopts a distorted oc-
tahedral coordination geometry around the yttrium atom,


with all four donors of the bis-
phenolate ligand bound to the
metal center. One THF ligand
and one bis(dimethylsilyl)amido
group occupy the remaining cis
positions. The oxygen phenolate
atoms of the ligand are ar-
ranged trans to each other, with
Y�O distances of 2.148(2) O
and 2.173(2) O. Because of the
constraints imposed by the
ligand, however, the O(2)-Y(1)-
O(3) angle—of 151.88(9)8—is
significantly smaller than 1808.
The aryl rings of the phenolate
moieties fold back toward the
pendant 2-methoxyethyl arm
and are somewhat bent away


from the THF ligand, leaving a relatively open cleft for the
bis(dimethylsilyl)amido group. The Y�Oether bond length of
2.370(2) O in 13 is particularly short in relation to those ob-
served for other Y�Oether bonds, which are generally in the
2.45–2.50 O range,[9] and also in the parent tert-butyl-substi-
tuted complex 8 (Y�Oether = 2.414(2) O). This short Y�
Oether bond reflects a weak trans influence of the THF
ligand. The silylamido ligand is located trans to the nitrogen
atom of the bisphenolate ligand, the angle N(1)-Y(1)-N(2)
being 155.81(10) O. The Y�Namido (2.296(3) O) and Y�Namine


(2.597(3) O) bond lengths are not far from those found in
other octahedral yttrium(iii) phenolate complexes.[9] Further-
more, there is no evidence of any significant Si�H�Y agostic
interaction as frequently observed in similar compounds.[10]


Indeed, the Si(1)-N(1)-Si(2) bond angle of 120.0(2)8 in 13
falls into the range of values reported for classical Si-N-Si
angles (119.93–129.588).
The preparation of two complexes—7 and 12—was found


to be more complicated. Firstly, a mixture of species was ob-
tained upon treatment of 1 with one equivalent of [Y-


Scheme 4. Synthesis of Group 3 metal complexes 7–17.


Figure 1. Molecular structure of complex 13 ; all hydrogen atoms and sol-
vent molecules are omitted for clarity.


Table 1. Selected bond lengths [O] and angles [8] for complex 13.


Y(1)�O(2) 2.148(2) O(2)-Y(1)-O(3) 151.88(9)
Y(1)�O(3) 2.173(2) O(2)-Y(1)-N(1) 101.29(10)
Y(1)�N(1) 2.296(3) O(3)-Y(1)-N(1) 106.80(9)
Y(1)�O(1) 2.318(2) O(2)-Y(1)-O(1) 84.65(8)
Y(1)�O(4) 2.370(2) O(3)-Y(1)-O(1) 82.23(8)
Y(1)�N(2) 2.597(3) N(1)-Y(1)-O(1) 115.52(9)
Si(2)�N(1) 1.702(3) O(2)-Y(1)-O(4) 90.88(9)
Si(1)�N(1) 1.700(3) O(3)-Y(1)-O(4) 90.87(9)


N(1)-Y(1)-O(4) 88.96(9)
O(1)-Y(1)-O(4) 155.52(8)
O(2)-Y(1)-N(2) 76.02(9)
O(3)-Y(1)-N(2) 78.85(9)
N(1)-Y(1)-N(2) 155.81(10)
O(1)-Y(1)-N(2) 88.37(9)
O(4)-Y(1)-N(2) 67.22(9)
Si(1)-N(1)-Si(2) 120.00(17)
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{N(SiHMe2)2}3(THF)2], and complete purification could not
be achieved. Key 1H NMR resonances included four
ArCHH AB spin systems and at least two singlets for the
Y�N(Si(CH3)3)2 hydrogens, of which one series accounted
for about 50% of the total. The enhanced steric flexibility
within 1, originating from the presence of less bulky methyl
groups, and the corresponding more opened coordination
sphere at the metal center might be responsible for the for-
mation of a mixture of monomeric (7) and dimeric spe-
cies.[9d,11] Further complexes derived from ligand 1 were not
studied for that reason. Secondly, treatment of [Y-
{N(SiHMe2)2}3(THF)2] with bisphenol 3, which has a pend-
ant amine arm, proceeded in toluene with selective elimina-
tion of two equivalents of HN(SiHMe2)2, but the room tem-
perature 1H NMR spectrum showed broad resonances, indi-
cative of fluxional behavior. The 1H NMR spectrum at 60 8C
displayed two sets of sharp resonances for the aryl and
SiHMe2 hydrogens, suggesting that another species is
formed in addition to 12.[12]


Ring-opening polymerization of rac-lactide : Amido and
carbyl complexes 7–17 are active initiators for the controlled
ROP of rac-lactide under mild conditions (Scheme 5). Rep-


resentative polymerization data are summarized in Table 2.
Homopolymerization of rac-lactide with the prepared
group 3 metal complexes proceeds rapidly at 20 8C, equally
in toluene and THF solvents in terms of activity. In all cases,


complete conversions of the monomer into PLA are a-
chieved within 1 h for monomer-to-initiator ratios of up to
500. All the polymers produced have narrow molecular
weight distributions and number-average molecular mass
(Mn) values close to the theoretical ones (calculated on the
assumption that each silylamide or carbyl group initiates the
polymerization). These data indicate that the polymerization
had proceeded in a living fashion: that is, without any signif-
icant side reactions. To illustrate this living character, the di-
block copolymerization of rac-lactide and caprolactone was
achieved, by a two-step sequential procedure, to provide a
well defined poly(lactide-block-caprolactone) (PLA-block-
PCL) copolymer (Scheme 6).[13] The first step involved
living ROP of rac-lactide ([LA]/[8] = 100, 20 8C, 1 h) to
yield a pre-polymer with an amino end group R2N�PLA�
O�[Y]. The reaction proceeded in a stereoselective way
(vide infra) to give a macroinitiator with heterotactic PLA
sequence (Mn = 18300 gmol�1; Mw/Mn = 1.30, Pr = 0.80).
In the second step, polymerization of e-caprolactone ([CL]/
[Y] = 100) with the new macroinitiator R2N-PLA�O� [Y]
occurred under mild conditions (THF, 20 8C, 12 h) to give a
single diblock PCL-block-PLA (Mn,exp = 32900 gmol�1; Mw/
Mn = 1.25).
An important goal of this work was to study the asymmet-


ric incorporation of rac-lactide into the polymer backbone.
For this purpose, 1H NMR spectroscopy is applicable for de-
termination of the stereochemistry of the poly(lactic acid)s
by inspection of the methine region of homonuclear decou-
pled 1H NMR spectra of the polymers.[14] PLA derived from
rac-lactide can exhibit up to five tetrad sequences in relative
ratios determined by the ability of the initiator to control
racemic [r-diad] and meso [m-diad] connectivity of the mon-
omer units.
Microstructural analysis of the different PLAs formed


from rac-LA revealed that at room temperature the
Group 3 metal complexes 7–17 exert a significant influence
on the tacticity of the polymer formed, as the microstructure


is moderately to highly hetero-
tactic (Scheme 5). The peaks
were assigned to the appropri-
ate tetrads in accordance with
the correlations established in
the literature. The major tetrad
peaks correspond to those of
the mrm and rmr tetrads, indi-
cative of the heterotactic
-RRSSRRSS- sequence of the
polymer.[14]


One important feature of
these systems is that the poly-
merizations in THF were found
to be much more selective than
those in toluene.[6n] In a recent
paper, Rzepa and co-workers
have proposed as a result of
computational analysis that the
ROP of rac-lactide initiated by


Scheme 5. Synthesis of heterotactic PLA.


Table 2. Promotion of ring-opening polymerization of rac-lactide by 7–17 in THF.[a]


Entry Initiator [LA]/[I] Reaction Mn,calcd
[b] Mn,exp


[c] Mw/Mn
[c] Pr


[d]


[I] time [min] [gmol�1] [gmol�1]


1 7 200 10 28800 36000 1.25 0.56
2 8 100 5 14400 15500 1.33 0.80
3 8 300 10 43200 56200 1.25 0.80
4 8 500 20 72100 87000 1.24 0.80
5 9 100 5 14400 19000 1.28 0.80
6 10 100 5 14400 20400 1.34 0.65
7 11 200 10 28800 38500 1.28 0.49
8 12 100 5 14400 20900 1.17 0.60
9 13 200 10 28800 48000 1.22 0.80
10 13 100 5 14400 17300 1.07 0.80
11 14 200 10 28800 39400 1.29 0.55
12 15 100 5 14400 22000 1.18 0.62
13 16 200 10 28800 37800 1.22 0.80
14 17 100 20 14400 26300 1.19 0.90


[a] All reactions performed with [rac-LA] = 0.44m at 20 8C in THF until completion as determined by integra-
tion of the methyl resonances of LA and PLA. [b] Mn of PLA calculated from Mn,calcd = 144.00Q([LA]/[I])Q
conversion LA (conv = 100%). [c] Mn and Mw/Mn of PLA determined by SEC-RI with use of polystyrene
standards. [d] Pr is the probability of racemic linkages between monomer units and is determined from the me-
thine region of the homonuclear decoupled 1H NMR spectrum.
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a single-site b-diketiminate magnesium complex
[{HC(CMeN-2,6-iPr2C6H3)2}Mg(OMe)(THF)] proceeds
through two major transition states, with the highest-energy
transition state dictating the stereochemistry of monomer in-
sertion to give highly heterotactic PLAs.[15] The results sug-
gested that the solvent plays a key role, serving to balance
the system entropically. The authors claimed that this find-
ing should also be applicable to other coordinative initiator
systems.[15] This prediction is in agreement with our observa-
tions, in view of the high heteroselectivity displayed by the
bisphenolate yttrium initiators 7–9, 13, 16, and 17 in THF,
whereas propagating species in toluene generate nearly atac-
tic materials.


Role of the ligand on the stereoselectivity : To examine the
influence of the bisphenolate ligand substituents on the mi-
crostructures of the produced PLAs, the lactide polymeri-
zation abilities of complexes 7–17—with a series of substitu-
ents at the R1, R2, and X positions—were examined in
detail. The factors investigated include steric and possible
electronic effects originating from the substituents on the ar-
omatic rings, as well as those on the pendant amine arm.[16]


Bulky groups were chosen as the ortho-phenolate substitu-
ent R1 in order to favor mononuclear complex formation
and to limit chain aggregation during polymerization reac-
tions.[7b,16] The para-phenolate substituent R2 was varied to
provide ligands with differing electron-donating abilities and
soluble complexes.
Complex 7, which bears ortho-methyl groups at the phe-


nolate rings (Scheme 3), gave low selectivity for heterotactic
poly(lactic acid), probably due to the higher tendency to
form aggregated species (Table 2, entry 1).[9d,11] This lack of
tacticity is also consistent with previous observations that
bulky ligands are required for stereochemical control in the
polymerization of rac-lactide by a chain-end control mecha-
nism.[6e–i] In such a reaction, the presence of bulky ligands
increases the influence of the stereogenic center of the last
inserted monomer, which controls the stereochemistry of
propagation.[6g,17] Several polymerizations were performed


with the yttrium complex 8 with
variation of the monomer-to-
metal ratio (Table 2, entries 2–
4). As shown by the linear rela-
tionship between the monomer-
to-metal ratio and number-aver-
age molecular masses (Mn),
good control over polymeri-
zation is achieved with this
system, even at a catalyst load-
ing of 0.2%, which yielded Mn


values as high as 87000 gmol�1.
The same Pr value was obtained
in all cases. As expected, chang-
ing the amido initiator for an
alkyl initiator does not affect
the selectivity for heterotactic
PLA (Table 2, entries 2 and 5).


Complex 12 (X = NMe2) was found to be as reactive as
complex 8 (X = OMe) in the polymerization of lactide, but
significantly less stereoselective (Pr = 0.80 for 8, Table 2,
entry 2 versus Pr = 0.60 for 12, Table 2, entry 8). Because
of the uncertainty in the definition of 12 (vide supra), we
cannot conclude whether this decrease in stereoselectivity
reflects a direct influence of the pendant X functionality, or
competition between different initiating species. In contrast
with the Y complexes, the La complexes (Table 2, entries 6
and 11) and the Nd complexes (Table 2, entries 7 and 12)
gave poor selectivities. This trend probably reflects the influ-
ence of the ionic radius of the metal center. We assume
that, since lanthanum and neodymium are larger than yttri-
um,[18] the environment around the yttrium metal center is
more hindered, resulting in better selectivity. Complexes 8
and 16, which bear ligands 2 and 5 with tert-butyl and ada-
mantyl groups, respectively, in the ortho positions of the
phenolates, did not show any appreciable difference in poly-
merization (Table 2, entries 2–4 and 13). This is consistent
with the previously mentioned similarity of the solid-state
structures (i.e. , steric crowding) of these two initiators. The
polymerization data also indicate that the para-substituents
on the ligand do not significantly affect the ability of the ini-
tiator to control monomer enchainment; changing the
ligand para-substituents from tert-butyl to methyl groups
(Table 2, entries 9 and 13), for instance, results in no change
in heterotacticity (Pr = 0.80). However, it appears that
steric and electronic modification of the ligand can give rise
to pronounced heterotacticity enhancement of the resulting
polymerization. Indeed, by using bulky and conformational-
ly flexible cumyl (a,a-dimethylbenzyl) groups as R1 and R2


substituents,[17a] we were able to improve heterotacticity sig-
nificantly (Table 2, entry 14); the PLA produced by 17 at
20 8C is substantially heterotactic, with a Pr of 0.90 (90% of
the linkages formed are between lactide units of opposite
stereochemistry).
Having identified the most selective catalytic system, we


then examined complex 17 for the ROP of meso-lactide
(Scheme 7). After 0.5 h at 20 8C, the reaction had proceeded


Scheme 6. Synthesis of a polylactide-block-polycaprolactone diblock copolymer.
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to 97% conversion ([LA] = 0.44m in THF, [LA]/[17] =


100). Analysis of the polymer microstructure by homonu-
clear decoupled 1H NMR revealed that 17 forms syndiotac-
tic enriched PLA (Pr = 0.75). This is in line with the find-
ings for the b-diiminate zinc complexes developed by
Coates and co-workers, which also proceed by a chain-end
control mechanism and give highly heterotactic PLA (Pr =


0.90 at 20 8C) from rac-lactide and moderately syndiotactic
PLA (Pr = 0.76 at 0 8C) from meso-lactide.[6h]


Polymerization of rac-lactide in the presence of 2-propanol :
Metal alkoxides have been reported to be effective initiators
for lactide ROP, giving polymers both in high yield and with
high molecular weight.[6a,c–e,g,h,j,l, 7b,19–23] The isopropoxide ini-
tiating group mimics the propagating groups of the pre-
sumed active species, and complexes with these moieties
produce PLAs of predictable molecular weight and with
narrow molecular weight distributions.[6g] In contrast, amido
and alkyl initiators such as�N(SiMe3)2,�N(SiHMe2)2, and�
CH2SiMe3 are usually inferior initiating groups for the ROP
of rac-lactide at room temperature.[7b] To circumvent this
limitation, alkoxide initiators for lactide polymerization can
be generated in situ by alcoholysis of amido and carbyl com-
plexes with 2-propanol. Recently it was proposed by Okuda
et al. that such Group 3 metal isopropoxides are aggregated,
at least to dimers.[7b]


In an attempt to facilitate initiation and to improve fur-
ther on polymerization performances, we sought to evaluate
different alkoxide complexes generated in situ (Table 3). In
accordance with OkudaRs observations,[7b] addition of 2-
propanol to the polymerization reaction affected the activi-
ties of complexes 8 and 17 and resulted in narrower molecu-
lar weight distributions (PDI = 1.06–1.24). In line with pre-


vious observations, changing the initiating group from
amido (Table 2, entries 2 and 14) to isopropoxide (Table 3,
entries 1 and 4) results in no change in heterotacticity (Pr =


0.80 for 8 and 8/iPrOH; Pr = 0.90 for 17 and 17/iPrOH).
Notably, the yttrium alkoxide generated by treatment of 8
with 2-propanol in 1:1 ratio can polymerize 1000 equiv.
within 40 min at 20 8C (TOF = 1500 h�1; Table 3, entry 2).
In contrast, the system 17/iPrOH is less active than 8/
iPrOH; with use of this system, the conversion of
1000 equivalents of monomer is quantitative within 6 h
(Table 3, entry 5). We assume that this decrease in activity is
due to the presence of a more sterically demanding ligand,
which is also believed to be responsible for the better selec-
tivity observed during the polymerization (Pr = 0.90). This
result is consistent with the usual trade-off between activity
and selectivity. Moreover, the 17/iPrOH system gives signifi-
cantly higher Mn values than 8/iPrOH, with experimentally
determined Mn data in close agreement with the calculated
values. To the best of our knowledge, this is the first exam-
ple of a fast, room-temperature living lactide polymerization
that produces high molecular weight heterotactic PLAs (Mn


= 160000 gmol�1) with a narrow polydispersity (Mw/Mn =


1.13). Increasing the amount of 2-propanol does not signifi-
cantly affect the polymerization rate. However, polymeri-
zation experiments with complexes 8 and 17 in the presence
of two or four equivalents of 2-propanol revealed that an
alkoxide/2-propanol exchange occurs during the chain prop-
agation process. Most interestingly, excess free alcohol acts
as an efficient chain transfer agent, eventually yielding poly-
mer chains with reduced molecular weights and narrow
polydispersities (Table 3, entries 6 and 7).[7b,24] End-group
analysis of PLAs prepared in the presence of one or more
equivalents of iPrOH by MALDI-TOF mass spectrometry
showed that the polymer chains were systematically end-
capped with an isopropyl ester and a hydroxy group; no
cyclic oligomer was detectable (see Supporting Informa-
tion).
To establish the nature of the active initiating species in


the polymerization of rac-lactide, the reactions of yttrium
complexes 8 and 17 with 2-propanol were examined by
NMR spectroscopy. These reactions and NMR studies were


carried out in two different sol-
vents: benzene, a noncoordinat-
ing solvent, was used to investi-
gate the influence of the ligand
array on the nuclearity of the
species, whilst similar studies
were also performed in
[D8]THF, which is the solvent
used in polymerization.
In the reaction between 17


and 1 equiv. of 2-propanol in
[D8]THF, the room temperature
1H and 13C NMR spectra estab-
lished quantitative conversion
of the reagents and formation
of a single mononuclear prod-


Scheme 7. Synthesis of syndiotactic PLA.


Table 3. Ring-opening polymerization of rac-lactide in THF in the presence of 2-propanol.[a]


Entry Initiator [LA]/[I] [iPrOH]/[I] Reaction Mn,calcd
[b] Mn,exp


[c] Mw/Mn
[c] Pr


[d]


[I] time [min] [gmol�1] [gmol�1]


1 8 100 1 5 14400 17000 1.06 0.80
2 8 1000 1 40 144000 99000 1.24 0.80
3 8 1000 4 40 144000 37900 1.13 0.80
4 17 100 1 20 14400 9900 1.06 0.90
5 17 1000 1 360 144000 160000 1.13 0.90
6 17 1000 2 360 144000 71000 1.13 0.90
7 17 1000 4 360 144000 35000 1.08 0.90


[a] All reactions performed with [rac-LA] = 0.44m at 20 8C in THF until completion as determined by integra-
tion of the methyl resonances of LA and PLA. [b] Mn of PLA calculated from Mn,calcd = 144.00Q([LA]/[I])Q
conversion LA (conv = 100%), not taking into account chain transfer with excess iPrOH. [c] Mn and Mw/Mn


of polymer determined by SEC-RI with use of polystyrene standards. [d] Pr is the probability of racemic link-
ages between monomer units and is determined from the methine region of the homonuclear decoupled
1H NMR spectrum.
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uct: [Y(L6)(OiPr)([D8]THF)]
([D8]-18) (Scheme 8).[25] The
1H NMR spectrum of 18 in
[D8]THF remains unchanged
after several days at room tem-
perature and shows Cs-symme-
try features down to �20 8C.
Key 1H NMR data for 18 in-
clude one set of resonances for
two equivalent phenolate rings
bound to the metal center in a trans configuration and a
single OiPr ligand. Additionally, the 13C{1H} NMR spectrum
of 18 in [D8]THF contains one signal for two equivalent
NCH2Ar groups, and two signals for the OCH(CH3)2 ligand.
Essentially the same 1H NMR characteristics were observed
for the reaction product of 17 with one equivalent of 2-prop-
anol in [D6]benzene, indicative of the formation of the same
complex 18.[26] The 1H resonances for the coordinated THF
molecule (d = 3.44 and 1.44 ppm) of 18 in [D6]benzene are
clearly shifted from those observed for the free solvent (d =


3.57 and 1.40 ppm in [D6]benzene).
[26] The methine hydro-


gen of the isopropoxide group appears as a multiplet at d =


4.66 ppm, which is shifted downfield with respect to the
signal of free 2-propanol (d = 3.67 ppm). This signal is
broadened and further shifted to d = 4.22 and 4.05 ppm
upon addition of two and three equivalents of 2-propanol,
respectively, to 17, indicative of an exchange process be-
tween the isopropoxide ligand in 18 and free 2-propanol.[7b]


The 1H NMR spectrum of the reaction product of 8 with
one equivalent of 2-propanol in [D8]THF also contains only
one set of resonances, consistently with the presence of a
single symmetrical isopropoxide species, as observed in the
case of 17. In contrast, carrying out the reaction in [D6]ben-
zene resulted in complicated 1H NMR spectra, indicative of
the formation of mixtures of species that could not be iden-
tified.
These NMR data show that both isopropoxide complexes


generated in situ from the reactions between 2-propanol
and 8 or 17 are essentially single, monomeric species in
THF, which is the solvent used for ROP of lactide. It there-
fore seems that the difference in catalytic behavior of the
systems 8/iPrOH and 17/iPrOH (18) does not originate from
differences in the nuclearity of the active species. These re-
sults further confirm that subtle steric and possibly electron-
ic features induced by substituents in the phenolate ligands
significantly affect the activity and degree of stereocontrol
of the polymerization.


Conclusion


In summary, bisphenolate Group 3 metal complexes are effi-
cient initiators in the ROP of rac-lactide to form poly(lactic
acid) polymers with predominantly heterotactic placement
of repeat units. Despite recent significant advances in ROP
of lactide, the number of selective and productive initiators
remains modest. The most notable feature of the isopropox-


ide initiators described in this study, and in particular of the
yttrium complex 18, is high polymerization activity and pro-
ductivity in conjunction with high selectivity for heterotactic
polymer formation. The steric bulk of the substituents on
the aromatic rings, and particularly the ortho-phenolate sub-
stituents, plays a crucial role in achieving high heteroselec-
tivity for the chain-end controlled polymerization of rac-lac-
tide. It can be anticipated that this class of Group 3 metal
complexes should continue to provide new and interesting
results. Future work will explore the mechanism and modifi-
cation of this system to develop new initiators that exhibit
higher stereochemical control during the polymerization re-
action.


Experimental Section


General conditions : All manipulations requiring dry atmosphere were
performed under purified argon by use of standard Schlenk techniques
or in a glovebox. Solvents (toluene, pentane, THF) were freshly distilled
from Na/K alloy under nitrogen and were degassed thoroughly by freeze-
thaw-vacuum cycles prior to use. Deuterated solvents ([D6]benzene,
[D8]toluene, [D8]THF/99.5% D, Eurisotop) were freshly distilled from
sodium/potassium amalgam under argon and were degassed prior to use.
Starting materials for the synthesis of ligand precursors 1–7 were pur-
chased from Aldrich and were used without further purification. 2-Ada-
mantyl-4-tert-butylphenol[27] and ligands 2 and 3[28] were prepared by re-
ported methods. Ligands 1 and 4–7 were synthesized by modifications of
the methods reported in the literature.[8] Lanthanide precursors were pre-
pared by literature procedures.[29] rac-Lactide (Aldrich) was recrystallized
twice from dry toluene and was then sublimed under vacuum at 50 8C.
meso-Lactide (Purac) was recrystallized twice from dry propan-2-ol.


Instruments and measurements : NMR spectra were recorded on Bruker
AC 200, AC 300, and AC 500 spectrometers in Teflon valve NMR tubes.
1H and 13C chemical shifts are reported in ppm versus SiMe4 and were
determined by reference to the residual solvent peaks. Assignment of sig-
nals was carried out through multinuclear 1D (1H, 13C{1H}) and 2D
(COSY, HMQC, HMBC, NOESY) NMR experiments. Coupling con-
stants are given in Hertz. Size exclusion chromatography (SEC) of PLAs
was performed in THF at 20 8C with a Waters SIS HPLC pump, a
Waters 410 refractometer, a DAD-UV detector, and Waters styragel col-
umns (HR2, HR3, HR4, HR5E) or PL-GEL Mixte B and 100 A columns.
The number average molecular masses (Mn) and polydispersity indexes
(Mw/Mn) of the resultant polymers were calculated with reference to a
polystyrene calibration. Microstructures of PLAs were measured by ho-
modecoupling 1H NMR spectroscopy at 20 8C in CDCl3 on a Bruker
AC 500.


Compound 1: A solution of 2,4-dimethylphenol (1.95 g, 16.0 mmol), 2-
methoxyethylamine (0.52 mL, 6.00 mmol), and aqueous formaldehyde
(36%, 1.2 mL, 16 mmol) in methanol (4 mL) was stirred and heated at
reflux for 24 h. The mixture was cooled and filtered, and the residue was
dissolved in methanol and heated at reflux for 2 h. The mixture was
cooled and the white precipitate was filtered off. Recrystallization from


Scheme 8. Synthesis of complex 18.
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methanol gave white crystals of 1 (1.10 g, 52%). 1H NMR (200 MHz,
CDCl3, 25 8C): d = 8.35 (s, 2H; ArOH), 6.85 (s, 2H; ArH), 6.67 (s, 2H;
ArH), 3.72 (s, 4H; ArCH2), 3.58 (t,


3J(H,H) = 5.1 Hz, 2H; NCH2CH2O),
3.47 (s, 3H; OCH3), 2.70 (t,


3J(H,H) = 4.9 Hz, 2H; NCH2CH2O), 2.20 (s,
12H; CH3) ppm;


13C{1H} NMR (75 MHz, [D6]benzene, 25 8C): d =


152.84, 131.37, 121.24 (Ar-Cq), 127.68, 127.36, 125.15 (Ar-CH), 70.89
(NCH2CH2O), 58.17 (OCH3), 57.04 (NCH2CH2O), 50.77 (CH2Ar), 20.24,
16.03 (CH3) ppm; HRMS (70 eV, EI): m/z calcd for C21H29N1O3:
343.2147; found 343.2139 [M]+ .


Compound 4 : A solution of 2-adamantyl-4-methylphenol (0.38 g,
1.60 mmol), 2-methoxyethylamine (0.052 mL, 0.60 mmol), and aqueous
formaldehyde (36%, 0.12 mL, 1.60 mmol) in methanol (2 mL) was stirred
and heated at reflux for 48 h. The mixture was cooled and the superna-
tant liquid was decanted. The remaining oil was dissolved in methanol
and heated at reflux for 2 h. The mixture was cooled and a white precipi-
tate formed. The solid was filtered off to give 4 as white crystals (0.22 g,
62%). 1H NMR (200 MHz, CDCl3, 25 8C): d = 8.37 (s, 2H; ArOH), 6.93
(br s, 2H; ArH), 6.69 (br s, 2H; ArH), 3.67 (s, 4H; ArCH2), 3.48 (br t,


3J-
(H,H) = 5.1 Hz, 2H; NCH2CH2O), 3.44 (s, 3H; OCH3), 2.74 (t,


3J(H,H)
= 5.1 Hz, 2H; NCH2CH2O), 2.22 (s, 6H; CH3), 2.15 (s, 12H; CH2-ada-
mantyl), 2.04 (s, 6H; CH-adamantyl), 1.76 (s, 12H; CH2-adamantyl) ppm;
13C{1H} NMR (75 MHz, [D6]benzene, 25 8C): d = 153.61, 137.39 (Ar-Cq),
128.69, 122.71 (Ar-CH), 71.07 (NCH2CH2O), 58.13 (OCH3), 57.44
(CH2Ar), 51.28 (NCH2CH2O), 40.73 (adamantyl), 37.44 (adamantyl),
37.13 (adamantyl), 29.60 (adamantyl), 20.83 (CH3) ppm; HRMS (4000 V,
ESI): m/z calcd for C39H54N1O3: 584.4103; found 584.4107 [M+H]+ .


Compound 5 : Pieces of sodium (0.50 g, 0.026 mol) were added to a solu-
tion of 4-tert-butylphenol (4.00 g, 0.026 mol) in a mixture of p-xylene
(20 mL) and N,N-dimethylformamide (10 mL). After complete dissolu-
tion of sodium, 1-chloroadamantane (4.55 g, 0.026 mol) was added, and
the mixture was heated at 85 8C for 24 h. The mixture was cooled, dis-
solved in ether (100 mL), and extracted with aqueous sodium hydroxide
(100 mL of a 10% solution). The aqueous layer was extracted with ether
(2Q200 mL). Combined organic extracts were washed with water, dried
over anhydrous sodium sulfate, and concentrated in vacuum to give an
oil. The product was purified by column chromatography (silica gel SI 60
40–63 mm, pentane/ethyl acetate 80:20) to give 2-adamantyl-4-tert-butyl-
phenol as a white powder (2.85 g, 40%). 1H NMR (200 MHz, CDCl3,
25 8C): d = 7.25 (s, 1H; ArH), 7.09 (d, 3J(H,H) = 8.1 Hz, 1H; ArH),
6.59 (d, 3J(H,H) = 8.1 Hz, 1H; ArH), 4.59 (s, 1H; ArOH), 2.13 (br s,
9H; adamantyl), 1.78 (s, 6H; adamantyl), 1.29 (s, 9H; C(CH3)3).


A solution of 2-adamantyl-4-tert-butylphenol (0.50 g, 1.75 mmol), 2-me-
thoxyethylamine (0.057 mL, 0.65 mmol), and aqueous formaldehyde
(36%, 0.17 mL, 1.75 mmol) in methanol (2 mL) was stirred and heated at
reflux for 48 h. The mixture was cooled and the supernatant liquid was
decanted. The remaining oil was dissolved in methanol (10 mL) and
heated at reflux for 2 h. The mixture was cooled and a white precipitate
formed. The solid was filtered off to give 5 as a white powder (0.22 g,
52%). 1H NMR (200 MHz, [D6]benzene, 25 8C): d = 8.80 (s, 2H;
PhOH), 7.48 (d, 4J(H,H) = 2.2 Hz, 2H; ArH), 6.96 (d, 4J(H,H) =


2.2 Hz, 2H; ArH), 3.53 (s, 4H; ArCH2), 2.99 (br s, 5H; OCH3 +


NCH2CH2O), 2.50 (s, 12H; CH2 adamantyl), 2.35 (t,
3J(H,H) = 2.2 Hz,


2H; NCH2CH2O), 2.18 (s, 6H; CH adamantyl), 1.92 (brm, 12H; CH2


adamantyl), 1.37 (s, 18H; C(CH3)3) ppm;
13C{1H} NMR (75 MHz,


[D6]benzene, 25 8C): d = 153.39, 140.94, 136.59, 122.07 (Cq Ar), 124.76,
123.36 (Ar), 70.79 (NCH2CH2O), 58.12 (OCH3), 57.63 (CH2Ar), 50.93
(NCH2CH2O), 40.70 (adamantyl), 37.37 (adamantyl), 37.33 (adamantyl),
34.07 (adamantyl), 31.65 (C(CH3)3), 29.51 (C(CH3)3) ppm; HRMS
(4000 V, ESI): m/z calcd for C45H66N1O3: 668.5042; found 668.5037
[M+H]+ .


Compound 6 : A solution of 2,4-dicumylphenol (Aldrich, 5.00 g,
15.1 mmol), 2-methoxyethylamine (0.50 mL, 5.7 mmol), and aqueous
formaldehyde (36%, 1.12 mL, 15.1 mmol) in methanol (2 mL) was
heated at reflux for 72 h. The mixture was cooled and the supernatant
liquid was decanted. The remaining oil was dissolved in methanol and
heated at reflux for 24 h. The mixture was cooled and a white precipitate
formed. The solid was filtered off to give 6 as a white powder (1.10 g,
30%). 1H NMR (200 MHz, [D6]benzene, 25 8C): d = 8.11 (s, 2H;


PhOH), 7.47 (d, 4J(H,H) = 1.8 Hz, 2H; ArH), 7.33 (t, 3J(H,H) = 7.7 Hz,
16H; phenyl cumyl), 7.06 (m, 4H; phenyl cumyl) 6.83 (d, 3J(H,H) =


1.3 Hz, 2H; ArH), 3.28 (s, 4H; ArCH2), 2.68 (br s, 5H; OCH3 +


NCH2CH2O), 2.15 (t,
3J(H,H) = 5.1 Hz, 2H; NCH2CH2O), 1.75 (s, 12H;


CH3 cumyl), 1.68 (s, 12H; CH3 cumyl) ppm;
13C{1H} NMR (75 MHz,


[D6]benzene, 25 8C): d = 153.52, 152.16, 151.70, 141.29, 136.51 (Cq Ar),
128.96, 128.40, 127.63, 126.80, 126.32, 123.57 (Ar), 71.57 (s, NCH2CH2O)
58.68 (OCH3), 57.60 (CH2Ar), 51.67 (s, NCH2CH2O), 43.26 (C(CH3)2),
42.95 (C(CH3)2), 31.82 (CH3), 30.17 (CH3) ppm; HRMS (4000 V, ESI):
m/z calcd for C53H62N1O3: 760.4729; found 760.4726 [M+H]+ .


Treatment of [Y{N(SiMe3)2}3] with 1—generation of “7”: A solution of 1
(53.4 mg, 0.105 mmol) in toluene (5 mL) was added to a stirred solution
of [Y{N(SiMe3)2}3] (60.0 mg, 0.105 mmol) in toluene (5 mL) at room tem-
perature. The mixture was stirred for 12 h at room temperature and for
2 h at 60 8C, and volatiles were then removed under vacuum. The residue
was washed with a minimal amount of cold pentane and dried under
vacuum, giving a white powder (43.9 mg, 67% based on 7). 1H NMR
(200 MHz, [D6]benzene, 25 8C) Key resonances: d = 5.60 (d, 2J(H,H) =


11.7 Hz, 0.5H; ArCH2), 5.45 (d,
2J(H,H) = 11.9 Hz, 0.5H; ArCH2), 5.22


(d, 2J(H,H) = 12.4 Hz, 0.8H; ArCH2), 5.09 (dd,
2J(H,H) = 4.0 Hz, 2J-


(H,H) = 11.3 Hz, 0.8H; ArCH2), 4.71 (d, 2J(H,H) = 12.4 Hz, 2H;
ArCH2), 4.61 (d,


2J(H,H) = 12.4 Hz, 2H; ArCH2), 4.03 (d,
2J(H,H) =


11.9 Hz, 0.6H; ArCH2), 3.58 (d,
2J(H,H) = 12.4 Hz, 0.6H; ArCH2), 0.37


(br s, 18H; NSi(CH3)3), 0.31 (s, 16H; NSi(CH3)3) ppm. Resonances for
HNSi(CH3)3 were also observed [d = 0.12 (s, 92H)], while those of
ArOH disappeared. The product was directly engaged in a polymeri-
zation experiment.


Compound 8 : A solution of 2 (0.153 g, 0.30 mmol) in pentane (5 mL) was
added at room temperature to a stirred solution of [Y{N(SiHMe2)2}3-
(THF)2] (0.189 g, 0.30 mmol) in pentane (5 mL). After the mixture had
been stirred for 2 h at room temperature, a white precipitate had formed.
To ensure complete reaction, the mixture was stirred for an additional
10 h. The solid was then filtered out, yielding 8 as a white powder
(0.163 g, 67%). 1H NMR (300 MHz, [D6]benzene, 25 8C): d = 7.60 (d, 4J-
(H,H) = 2.5 Hz, 2H; ArH), 7.10 (d, 4J(H,H) = 2.3 Hz, 2H; ArH), 5.14
(m, 2H; SiH), 3.87 (d, 2J(H,H) = 12.5 Hz, 2H; overlap with THF signal,
ArCH2), 3.84 (brm, 4H; a-CH2 THF), 2.97 (d,


2J(H,H) = 12.5 Hz, 2H;
ArCH2), 2.84 (s, 3H; OCH3), 2.71 (t, 3J(H,H) = 5.2 Hz, 2H;
NCH2CH2O), 2.31 (t,


3J(H,H) = 5.2 Hz, 2H; NCH2CH2O), 1.79 (s, 18H;
C(CH3)3), 1.47 (s, 18H; C(CH3)3), 1.18 (m, 4H; b-CH2 THF), 0.49 (d,


4J-
(H,H) = 3.0 Hz, 12H; HSi(CH3)2) ppm;


1H NMR (300 MHz, [D8]THF,
25 8C): d = 7.19 (d, 4J(H,H) = 2.5 Hz, 2H; ArH), 6.91 (br s, 2H; ArH),
4.90 (m, 2H; SiH), 4.00 (d, 2J(H,H) = 12.5 Hz, 2H; ArCH2), 3.58 (m,
4H; a-CH2 THF, overlap with solvent resonances), 3.26 (m, 7H; ArCH2,
OCH3, NCH2CH2O), 2.70 (t,


3J(H,H) = 5.2 Hz, 2H; NCH2CH2O), 1.73
(m, 4H; b-CH2 THF, overlap with solvent resonances), 1.48 (s, 18H; C-
(CH3)3), 1.26 (s, 18H; C(CH3)3), 0.15 (d,


4J(H,H) = 3.0 Hz, 12H; HSi-
(CH3)2) ppm;


13C{1H} NMR (75 MHz, [D6]benzene, 25 8C): d = 161.38,
136.53, 125.40, 124.11 (Ar), 73.11 (NCH2CH2O), 70.96 (a-CH2 THF),
64.54 (CH2Ar), 60.43 (OCH3), 49.57 (NCH2CH2O), 35.46 (C(CH3)3),
34.04 (C(CH3)3), 32.06 (C(CH3)3), 30.30 (C(CH3)3), 24.95 (s; b-CH2


THF), 4.22 (HSi(CH3)2) ppm; elemental analysis calcd (%) for
C41H73N2O4Si2Y: C 61.32, H 9.17, N 3.49; found C 61.74, H 9.36, N 3.36.


Compound 9 : A solution of 2 (0.153 g, 0.30 mmol) in pentane (5 mL) was
added at 0 8C to a stirred solution of [Y(CH2SiMe3)3(THF)2] (0.148 g,
0.30 mmol) in pentane (5 mL). The mixture was stirred for 2 h at 0 8C
and volatiles were removed under vacuum. The residue was washed with
a minimal amount of cold pentane and dried under vacuum, giving 9 as a
colorless powder (0.16 g, 70%). 1H NMR (300 MHz, [D6]benzene, 25 8C):
d = 7.59 (d, 4J(H,H) = 2.5 Hz, 2H; ArH), 7.08 (d, 4J(H,H) = 2.5 Hz,
2H; ArH), 3.87 (brm, 4H; a-CH2 THF), 3.76 (d,


2J(H,H) = 12.5 Hz,
2H; ArCH2), 2.92 (d, 2J(H,H) = 12.5 Hz, 2H; ArCH2), 2.88 (s, 3H;
OCH3), 2.44 (t,


3J(H,H) = 5.3 Hz, 2H; NCH2CH2O), 2.21 (t,
3J(H,H) =


5.3 Hz, 2H; NCH2CH2O), 1.80 (s, 18H; C(CH3)3), 1.46 (s, 18H; C-
(CH3)3), 1.27 (brm, 4H; b-CH2 THF), 0.49 (s, 9H; Si(CH3)3), 0.40 (d,


2J-
(Y,H) = 3.1 Hz, 2H; CH2Si(CH3)3) ppm;


13C{1H} NMR (75 MHz,
[D6]benzene, 25 8C): d = 161.38, 136.59, 136.40, 125.40, 124.21, 123.90
(Ar), 73.84 (NCH2CH2O), 70.66 (a-CH2 THF), 64.65 (CH2Ar), 61.09
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(OCH3), 49.09 (NCH2CH2O), 35.39 (C(CH3)3), 34.04 (C(CH3)3), 32.05 (C-
(CH3)3), 30.11 (C(CH3)3), 24.92 (b-CH2 THF), 24.70 (d, 1J(C,Y) =


46.4 Hz; YCH2), 4.64 (Si(CH3)3) ppm; elemental analysis calcd (%) for
C41H70NO4SiY: C 64.97, H 9.31, N 1.85; found: C 65.11, H 9.65, N 1.74.


Compound 10 : A solution of 2 (0.204 g, 0.40 mmol) in pentane (5 mL)
was added at room temperature to a stirred solution of [La-
{N(SiHMe2)2}3(THF)2] (0.272 g, 0.40 mmol) in pentane (5 mL). The mix-
ture was stirred for 24 h and volatiles were removed under vacuum. The
residue was washed with a minimal amount of cold pentane and dried
under vacuum, giving 10 as a colorless powder (0.18 g, 92%). 1H NMR
(300 MHz, [D6]benzene, 25 8C): d = 7.57 (d, 4J(H,H) = 2.3 Hz, 2H;
ArH), 7.11 (d, 4J(H,H) = 2.5 Hz, 2H; ArH), 5.25 (m, 2H; SiH), 3.76
(brm, 4H; a-CH2 THF), 3.58 (d,


2J(H,H) = 12.5 Hz, 2H; ArCH2), 3.32
(d, 2J(H,H) = 12.5 Hz, 2H; ArCH2), 3.07 (s, 3H; OCH3), 2.77 (t,


3J-
(H,H) = 5.2 Hz, 2H; NCH2CH2O), 2.27 (m, 2H; NCH2CH2O), 1.73 (s,
18H; C(CH3)3), 1.44 (s, 18H; C(CH3)3), 1.22 (m, 4H; b-CH2 THF), 0.48
(d, 4J(H,H) = 3.0 Hz, 12H; Si(CH3)2) ppm;


13C{1H} NMR (75 MHz,
[D6]benzene, 25 8C): d = 161.8, 136.6, 135.6, 125.8, 124.3, 123.9 (Ar), 71.9
(NCH2CH2O), 69.9 (a-CH2 THF), 61.6 (CH2Ar), 60.9 (OCH3), 50.7
(NCH2CH2O), 35.3 (C(CH3)3), 34.0 (C(CH3)3), 32.0 (C(CH3)3), 30.1 (C-
(CH3)3), 25.0 (b-CH2 THF), 3.5 (Si(CH3)2) ppm; elemental analysis calcd
(%) for C41H73N2O4LaSi2: C 57.72, H 8.62, N 3.28; found: C 57.91, H
9.03, N 3.18.


Generation of 11: A solution of 2 (18.0 mg, 0.028 mmol) in benzene
(1 mL) was added at room temperature to a solution of [Nd{N(SiMe3)2}3]
(14.6 mg, 0.028 mmol) in benzene (1.5 mL). The mixture was stirred for
12 h at room temperature and 2 h at 60 8C, and volatiles were then re-
moved under vacuum. The residue was washed with a minimal amount
of cold pentane and dried under vacuum, giving 11 as a light blue
powder. The product was directly engaged in a polymerization experi-
ment.


NMR-scale reaction between [Y{N(SiHMe2)2}3(THF)2] and 3—genera-
tion of 12 : Solid 3 (15.9 mg, 0.030 mmol) was added at room temperature
to a solution of [Y{N(SiHMe2)2}3(THF)2] (17.1 mg, 0.030 mmol) in
[D8]toluene (ca. 0.5 mL) in a Teflon-valved NMR tube. The tube was vig-
orously shaken and left at room temperature. After 1 h, the reaction was
checked by 1H NMR spectroscopy, which indicated complete conversion
of the starting yttrium precursor and ligand, with release of two equiva-
lents of free amine HN(SiHMe2)2. Because of the fluxional behavior of
the products formed at room temperature, informative NMR data were
obtained at 60 8C. Key 1H NMR resonances (500 MHz, [D8]toluene,
60 8C): d = major species 7.48 (d, 4J(H,H) = 2.7 Hz, 4H; aryl), 6.88
(br s, 4H; aryl), 5.00 (m, 1H; SiH(CH3)2) ppm; minor species 7.49 (d,


4J-
(H,H) = 3.2 Hz, 4H; aryl), 6.81 (d, 4J(H,H) = 3.2 Hz, 4H; aryl), 4.90
(m, 1H; SiH(CH3)2) ppm.


Compound 13 : A solution of 4 (0.093 g, 0.159 mmol) in toluene (5 mL)
was added at room temperature to a stirred solution of [Y{N(SiHMe2)2}3-
(THF)2] (0.100 g, 0.159 mmol) in pentane (10 mL). The mixture was stir-
red for 12 h at room temperature and volatiles were removed under
vacuum. The residue was washed with a minimal amount of cold pentane
and dried under vacuum, giving 13 as a colorless powder (0.104 g, 75%).
Single crystals of 13 suitable for X-ray diffraction were obtained by slow
evaporation of a saturated toluene solution at room temperature.
1H NMR (300 MHz, [D6]benzene, 25 8C): d = 7.23 (d, 4J(H,H) = 2.2 Hz,
2H; ArH), 6.18 (d, 4J(H,H) = 2.4 Hz, 2H; ArH), 5.21 (m, 2H; SiH-
(CH3)2), 3.93 (m, 4H; a-CH2 THF), 3.74 (d,


2J(H,H) = 11.9 Hz, 2H;
ArCH2), 2.98 (d,


2J(H,H) = 12.4 Hz, 2H; ArCH2), 2.84 (t,
3J(H,H) =


4.8 Hz, 4H; NCH2CH2O), 2.46 (s, 12H; adamantyl), 2.40 (s, 6H; CH3),
2.26 (s, 9H; adamantyl + OCH3), 2.03 (d,


2J(H,H) = 11.7 Hz, 6H; ada-
mantyl), 1.92 (d, 2J(H,H) = 11.3 Hz, 6H; adamantyl), 1.23 (m, 4H; b-
CH2 THF), 0.49 (d, 4J(H,H) = 2.9 Hz, 12H; SiH(CH3)2) ppm;
13C{1H} NMR (75 MHz, [D6]benzene, 25 8C): d = 162.39, 129.78, 128.51
(Ar), 72.41 (NCH2CH2O), 69.60 (a-CH2 THF), 63.38 (CH2Ar), 58.43
(NCH2CH2O), 48.35 (OCH3), 40.64 (adamantyl), 37.40 (adamantyl),
37.06 (adamantyl), 29.09 (adamantyl), 24.36 (b-CH2 THF), 20.33 (CH3),
3.46 (Si(CH3)2) ppm; elemental analysis calcd (%) for C47H73N2O4Si2Y: C
64.50, H 8.41, N 3.20; found: C 64.72, H 8.27, N 3.18.


NMR-scale generation of 14 : Solid 4 (10.5 mg, 0.016 mmol) was added at
room temperature to a solution of [La{N(SiHMe2)2}3(THF)2] (10.0 mg,
0.016 mmol) in [D6]benzene (ca. 0.5 mL) in an NMR tube. The tube was
vigorously shaken and left at room temperature. After 12 h, the reaction
was checked by 1H NMR spectroscopy, which indicated complete and se-
lective conversion of the ligand and starting lanthanum precursor into 14.
1H NMR (500 MHz, [D6]benzene, 25 8C): d = 7.20 (br s, 2H; ArH), 6.80
(br s, 2H; ArH), 5.34 (m, 2H; SiH(CH3)2), 3.69 (m, 4H; a-CH2 THF),
3.38 (m, 2H; ArCH2), 3.17 (s, 4H; NCH2CH2O), 2.82 (m, 2H; ArCH2),
2.43 (s, 12H; adamantyl), 2.40 (s, 6H; CH3), 2.19 (s, 9H; adamantyl +


OCH3), 1.99 (d,
2J(H,H) = 12.8 Hz, 6H; adamantyl), 1.91 (d, 2J(H,H) =


12.8 Hz, 6H; adamantyl), 1.36 (m, 4H; b-CH2 THF), 0.49 (d,
4J(H,H) =


2.9 Hz, 12H; SiH(CH3)2) ppm;
13C{1H} NMR (125 MHz, [D6]benzene,


25 8C): d = 162.30, 129.70, 128.00 (Ar), 71.29 (CH2Ar), 69.08 (a-CH2


THF), 61.48 (NCH2CH2O), 48.35 (OCH3), 40.83 (adamantyl), 37.64 (ada-
mantyl), 37.12 (adamantyl), 29.75 (adamantyl), 25.36 (b-CH2 THF), 20.98
(CH3), 3.44 (Si(CH3)2) ppm.


Generation of 15 : A solution of 4 (9.3 mg, 0.016 mmol) in benzene
(1 mL) was added at room temperature to a solution of Nd[N(SiMe3)2]3
(10.0 mg, 0.016 mmol) in benzene (1.5 mL). The solution was stirred for
12 h at room temperature and for 2 h at 60 8C, and volatiles were then re-
moved under vacuum. The residue was washed with a minimal amount
of cold pentane and dried under vacuum, giving 15 as a light blue
powder. The product was directly engaged in a polymerization experi-
ment.


Compound 16 : A solution of 4 (0.105 g, 0.16 mmol) in toluene (5 mL)
was added at room temperature to a stirred solution of [Y{N(SiHMe2)2}3-
(THF)2] (0.100 g, 0.16 mmol) in pentane (10 mL). The mixture was stir-
red for 12 h at room temperature and volatiles were removed under
vacuum. The residue was washed with a minimal amount of cold pentane
and dried under vacuum, giving 16 as a colorless powder (0.108 g, 71%).
1H NMR (500 MHz, [D6]benzene, 25 8C): d = 7.54 (d, 4J(H,H) = 2.3 Hz,
2H; ArH), 7.08 (d, 4J(H,H) = 2.2 Hz, 2H; ArH), 5.20 (m, 2H; SiHMe2),
3.82 (m, 4H; a-CH2 THF), 3.72 (br s, 2H; ArCH2), 3.11 (d,


2J(H,H) =


12.4 Hz, 2H; ArCH2), 2.82 (t,
3J(H,H) = 4.5 Hz, 4H; NCH2CH2O), 2.53


(s, 12H; adamantyl), 2.34 (s, 3H; OCH3), 2.28 (s, 6H; adamantyl), 2.08
(d, 2J(H,H) = 9.2 Hz, 6H; adamantyl), 1.92 (d, 2J(H,H) = 10.9 Hz, 6H;
adamantyl), 1.47 (s, 18H; C(CH3)3), 1.23 (m, 4H; THF), 0.49 (d,


4J(H,H)
= 2.9 Hz, 12H; SiH(CH3)2) ppm;


13C{1H} NMR (75 MHz, [D6]benzene,
25 8C): d = 162.39, 125.51, 124.21 (Ar), 72.41 (NCH2CH2O), 69.70 (a-
CH2 THF), 63.45 (CH2Ar), 48.35 (OCH3), 41.14 (adamantyl), 37.57 (ada-
mantyl), 37.48 (adamantyl), 32.42 (C(CH3)3), 29.67 (adamantyl), 24.36 (b-
CH2 THF), 4.12 (Si(CH3)2) ppm; elemental analysis calcd (%) for
C53H85N2O4Si2Y: C 66.36, H 8.93, N 2.92; found: C 66.24, H 8.73, N 2.57.


Compound 17: A solution of 6 (0.100 g, 0.13 mmol) in toluene (5 mL)
was added at room temperature to a stirred solution of Y[N(SiHMe2)2]3-
(THF)2 (0.083 g, 0.13 mmol) in pentane (5 mL). The mixture was stirred
for 12 h at room temperature and volatiles were removed under vacuum.
The residue was washed with a minimal amount of cold pentane and
dried under vacuum, giving 17 as a white powder (0.095 g, 68%).
1H NMR (500 MHz, [D6]benzene, 25 8C): d = 7.53 (br s, 2H; ArH), 7.41
(d, 3J(H,H) = 7.1 Hz, 8H; cumyl), 7.22 (t, 3J(H,H) = 7.7 Hz, 4H;
cumyl), 7.13 (m, 6H; cumyl), 6.95 (t, 3J(H,H) = 4.5 Hz, 2H; cumyl), 6.78
(br s, 2H; ArH), 4.80 (br s, 2H; SiH(CH3)2), 3.35 (br s, 2H; ArCH2), 2.93
(m, 4H; THF), 2.80 (br s, 3H; OCH3), 2.69 (br s, 2H; ArCH2), 2.48 (br s,
2H; NCH2CH2O), 2.16 (br s, 6H; CH3 cumyl), 2.04 (br s, 2H;
NCH2CH2O), 1.77 (br s, 12H; CH3 cumyl), 1.74 (br s, 6H; CH3 cumyl),
1.10 (m, 4H; THF), 0.48 (br s, 12H; SiH(CH3)2) ppm;


13C{1H} NMR
(75 MHz, [D6]benzene, 25 8C): d = 161.34 (Cq, Ar), 152.28 (Cq, cumyl),
137.64, 135.79 (cumyl-C), 128.11, 127.17 (Ar), 127.17, 126.21 (cumyl-C),
72.65 (NCH2CH2O), 69.70 (a-CH2 THF), 63.81 (CH2Ar), 59.87 (OCH3),
47.14 (NCH2CH2O), 42.49 (C(CH3)2), 31.46 (C(CH3)2), 27.58 (C(CH3)2),
24.81 (b-CH2 THF), 4.40 (Si(CH3)2) ppm; elemental analysis calcd (%)
for C61H81N2O4Si2Y: C 69.68, H 7.77, N 2.66; found: C 69.57, H 7.83, N
2.74.


NMR-scale generation of 18 in [D8]THF : Dry propan-2-ol (0.67 mL,
0.0152 mmol, 1.0 equiv) was added by microsyringe at room temperature
to a solution of complex 17 (16.0 mg, 0.0152 mmol) in [D8]THF. The tube
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was vigorously shaken and left at room temperature for 10 min. The reac-
tion was monitored by 1H NMR spectroscopy, which indicated quantita-
tive formation of 18, along with release of free amine HN(SiHMe2)2.
1H NMR (500 MHz, [D8]THF, 25 8C): d = 7.25 (m, 4H; cumyl), 7.20 (m,
8H; cumyl), 7.06 (m, 8H; cumyl), 6.92 (br s, 2H; ArH), 6.69 (br s, 2H;
ArH), 4.20 (brm, 1H; CH(CH3)2), 3.71 (d, 2J(H,H) = 12.0 Hz, 2H;
ArCH2), 3.58 (m, 4H; THF), 3.40 (br s, 3H; OCH3), 3.01 (br s, 2H;
NCH2CH2O), 2.86 (d,


2J(H,H) = 12.0 Hz, 2H; ArCH2), 2.16 (br s, 2H;
NCH2CH2O), 2.04 (br s, 6H; CH3 cumyl), 1.77 (m, 4H; THF), 1.60 (br s,
12H; CH3 cumyl), 1.42 (s, 6H; CH3 cumyl), 1.15 (d,


3J(H,H) = 5.9 Hz,
6H; CH(CH3)2) ppm;


13C{1H} NMR (75 MHz, [D8]THF, 25 8C): d =


162.14 (Cq Ar), 152.07 (Cq cumyl), 134.36 (cumyl-C), 127.38, 126.55
125.70, 125.08, 123.46 (Ar), 72.77 (NCH2CH2O), 69.70 (a-CH2 THF),
65.63 (CH(CH3)2) 63.72 (CH2Ar), 61.15 (OCH3), 49.75 (NCH2CH2O),
32.37 (C(CH3)2), 30.78 (C(CH3)2), 28.03 (CH(CH3)2), 26.27 (C(CH3)2),
24.81 (b-CH2 THF).


NMR-scale generation of 18 in [D6]benzene : Dry propan-2-ol (0.67 mL,
0.0152 mmol, 1.0 equiv.) was added by microsyringe at room temperature
to a solution of 17 (16.0 mg, 0.0152 mmol) in [D6]benzene. The tube was
vigorously shaken and left at room temperature for 10 min. The reaction
was monitored by 1H NMR spectroscopy, which indicated quantitative
formation of 18, along with release of free amine HN(SiHMe2)2.
1H NMR (500 MHz, [D6]benzene, 25 8C): d = 7.63 (m, 4H; cumyl), 7.51
(m, 8H; cumyl), 7.44 (m, 8H; cumyl), 6.93 (br s, 2H; ArH), 6.79 (br s,
2H; ArH), 4.25 (br s, 1H; CH(CH3)2), 3.51 (d,


2J(H,H) = 11.97 Hz, 2H;
ArCH2), 3.27 (br s, 8H; THF), 2.94 (br s, 3H; OCH3), 2.41 (br s, 4H;
NCH2CH2O + ArCH2), 2.11 (s, 6H; CH3 cumyl), 1.99 (br s, 2H;
NCH2CH2O), 1.80 (br s, 12H; CH3 cumyl), 1.72 (s, 6H; CH3 cumyl), 1.32
(br s, 8H; THF), 1.07 (d, 3J(H,H) = 5.77 Hz, 6H; CH(CH3)2) ppm. A
minor series of resonances accounting for less than 5% of the total was
also observed.


NMR-scale reaction between 8 and 2-propanol in [D8]THF : Dry propan-
2-ol (1.00 mL, 0.025 mmol, 1.0 equiv) was added by microsyringe at room
temperature to a solution of complex 8 (20.0 mg, 0.025 mmol) in
[D8]THF. The tube was vigorously shaken and left at room temperature
for 10 min. The reaction was monitored by 1H NMR spectroscopy, which
indicated release of free amine HN(SiHMe2)2 and quantitative transfor-
mation of 8 into the corresponding isopropoxide complex. 1H NMR
(300 MHz, [D8]THF, 25 8C): d = 7.18 (d, 4J(H,H) = 2.2 Hz, 2H; ArH),
6.91 (d, 4J(H,H) = 2.2 Hz, 2H; ArH), 4.21 (m, 1H; CH(CH3)2), 4.16 (d,
2J(H,H) = 11.9 Hz, 2H; ArCH2), 3.59 (br s, 4H; a-CH2 THF, overlap
with solvent resonances), 3.40 (br s, 3H; OCH3), 3.16 (d, 2J(H,H) =


12.2 Hz, 2H; ArCH2), 3.01 (t,
3J(H,H) = 5.3 Hz, 2H; NCH2CH2O), 2.56


(t, 3J(H,H) = 5.3 Hz, 2H; NCH2CH2O), 1.73 (br s, 4H; b-CH2 THF, over-
lap with solvent resonances), 1.49 (s, 18H; C(CH3)3), 1.26 (s, 18H; C-
(CH3)3), 1.16 (d,


3J(H,H) = 5.85 Hz, 6H; CH(CH3)2) ppm.


General polymerization procedure : A Schlenk flask was charged in a glo-
vebox with a solution of the initiator in THF, and a solution of the mono-
mer in the appropriate ratio in THF was added rapidly. The mixture was
immediately stirred with a magnetic stir bar at the desired temperature
for the desired reaction time. After a small sample of the crude material
had been removed with a pipette for characterization by 1H NMR, the
reaction was quenched with acidic methanol (0.5 mL of a 1.2m HCl solu-
tion), and the polymer was precipitated with excess methanol. The poly-
mer was then dried under vacuum to constant weight.


General kinetic procedure : The appropriate amount of monomer in THF
(1000 equiv., [LA] = 1.0m) was added to a solution of initiator in THF
(5 mL). The mixture was then stirred at 25 8C under N2. At appropriate
time intervals, 0.5 mL aliquots were removed and opened to air. The ali-
quots were then dried to constant weight in vacuo and analyzed by
1H NMR spectroscopy.


Crystal structure determination of 13 : A suitable single crystal of 13 was
mounted on a glass fiber by the “oil-drop” method. Diffraction data were
collected at 150 K by use of an APEX 2 AXS-Bruker diffractometer with
graphite monochromatized Mo-Ka radiation (l = 0.71073 O). The crystal
structure was solved by direct methods, remaining atoms being located
from difference Fourier synthesis, followed by full-matrix, least-squares
refinement based on F2 (program SIR-97).[30] Many hydrogen atoms


could be found from the Fourier difference. Carbon-bound hydrogen
atoms were placed at calculated positions and forced to ride on the at-
tached carbon atom. The hydrogen atom contributions were calculated
but not refined. All non-hydrogen atoms were refined with anisotropic
displacement parameters. One of the methyl groups of one of the SiMe2
fragments is statistically disordered over two distinct positions. This disor-
der was introduced in the refinement procedure with the aid of the
PART instruction in SHELXL, which treated this methyl group as two
independent objects (carbon atoms labeled C502 and C512 and the corre-
sponding hydrogen atoms), with a refined occupancy of 62:38. The loca-
tions of the largest peaks in the final difference Fourier map calculation
and the magnitude of the residual electron densities were of no chemical
significance. The unit cell of 13 was found to contain one disordered mol-
ecule of toluene. Crystal data: C47H72N2O4Si2Y1·C7H8, Mr = 966.29, tri-
clinic, a = 12.453(5), b = 15.477(5), c = 16.117(5) O, a = 63.756(5)8, b
= 81.559(5)8, g = 67.151(5)8, V = 2566.3(15) O3, T = 150(2) K, space
group P1̄ (no. 2), Z = 2, 1calcd = 1.250 gcm�3, crystal size = 0.40Q0.25Q
0.20 mm3, m(MoKa) = 1.228 mm�1, 54735 reflections measured, 11817
unique and 8764 reflections with I>2s(I), which were used in all calcula-
tions. The final R1 was 0.0499 (observed data) and wR2 was 0.1500 (all
data).


CCDC-278313 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Abstract: We report on the kinetics
and ground-state thermodynamics asso-
ciated with electrochemically driven
molecular mechanical switching of
three bistable [2]rotaxanes in acetoni-
trile solution, polymer electrolyte gels,
and molecular-switch tunnel junctions
(MSTJs). For all rotaxanes a p-elec-
tron-deficient cyclobis(paraquat-p-
phenylene) (CBPQT4+) ring compo-
nent encircles one of two recognition
sites within a dumbbell component.
Two rotaxanes (RATTF4+ and RTTF4+)
contain tetrathiafulvalene (TTF) and
1,5-dioxynaphthalene (DNP) recogni-
tion units, but different hydrophilic
stoppers. For these rotaxanes, the
CBPQT4+ ring encircles predominantly
(>90%) the TTF unit at equilibrium,


and this equilibrium is relatively tem-
perature independent. In the third ro-
taxane (RBPTTF4+), the TTF unit is
replaced by a p-extended analogue (a
bispyrrolotetrathiafulvalene (BPTTF)
unit), and the CBPQT4+ ring encircles
almost equally both recognition sites at
equilibrium. This equilibrium exhibits
strong temperature dependence. These
thermodynamic differences were ra-
tionalized by reference to binding con-
stants obtained by isothermal titration
calorimetry for the complexation of
model guests by the CBPQT4+ host in


acetonitrile. For all bistable rotaxanes,
oxidation of the TTF (BPTTF) unit is
accompanied by movement of the
CBPQT4+ ring to the DNP site. Reduc-
tion back to TTF0 (BPTTF0) is fol-
lowed by relaxation to the equilibrium
distribution of translational isomers.
The relaxation kinetics are strongly en-
vironmentally dependent, yet consis-
tent with a single electromechanical-
switching mechanism in acetonitrile,
polymer electrolyte gels, and MSTJs.
The ground-state equilibrium proper-
ties of all three bistable [2]rotaxanes
were reflective of molecular structure
in all environments. These results pro-
vide direct evidence for the control by
molecular structure of the electronic
properties exhibited by the MSTJs.
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molecular devices · rotaxanes ·
thermodynamics
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Introduction


One of the goals[1–3] of the field of molecular electronics is
to be able to control the properties of molecular-based
solid-state devices through chemical design and synthesis.
Such control has been demonstrated[4–9] for passive devices,
the simplest of which are molecular tunnel junction resistors
consisting of a molecular monolayer, often a functionalized
alkane, sandwiched between two conductors. Several groups
have shown that the tunnel current varies exponentially
with chain length,[6] although they have also found that
atomistic details,[7–8] such as the packing of the chains, the
molecular alignment within the monolayer, and the nature
of the electrodes,[9] are all important.
Molecular rectifiers, typically represented by an electron-


donor–bridge–acceptor molecule extended between two
electrodes,[10] represent a more sophisticated passive device.
Demonstrations of molecular control over current rectifica-
tion have required a substantial effort by a number of
groups,[10–18] and have only been achieved within the past
few years. Details such as the nature of the molecule/elec-
trode interface, the donor and acceptor molecular orbital
energies, and the structure of the molecule within the
device—that is, the extension of the donor–bridge–acceptor
between the two electrodes—are all important, since rectifi-
cation can arise from many areas within a junction.[10–18]


Active molecular electronic[19] devices (switches) repre-
sent a significant jump in terms of molecular complexity. We
have reported previously[20–22] on the use of electrochemical-
ly switchable, donor–acceptor, bistable [2]catenane and
[2]rotaxane molecular-switch tunnel junctions (MSTJs). As
in the case of the molecular tunnel junction resistors and
rectifiers, MSTJs also represent a highly coupled molecule/
electrode system.[9,23–24] However, for the bistable [2]cat-
enane and [2]rotaxane switches, there are a number of ex-
perimental parameters that can be measured to correlate
molecular structure and solution-phase switching behavior
with molecular electronic-device-switching properties. These
parameters include colorimetric changes,[25] shifts in electro-
chemical potentials,[26–27] and temperature-dependent kinet-
ics[25–27] for the cycling of the switch.
As an example, consider the redox-switchable [2]rotaxane


RATTF4+ illustrated in Figure 1a. This bistable [2]rotaxane
is composed of p-electron-accepting cyclobis(paraquat-p-
phenylene) (CBPQT4+) ring (blue) that encircles either a
tetrathiafulvalene (TTF) unit (green) or a 1,5-dioxynaptha-
lene (DNP) unit (red), both p-electron-donating systems.
This mechanically interlocked molecular compound and
other closely related bistable rotaxanes,[28] as well as rotax-
anes constructed from different donor–acceptor units[29] or
from hydrogen-bonded systems[30] and transition-metal tem-
plates,[31] have been investigated in depth previously. Under
ambient conditions in acetonitrile, the CBPQT4+ ring in
RATTF4+ encircles the TTF unit preferentially (>90%)
with respect to the DNP unit. This equilibrium is described
by the DG298 change shown in Figure 1b, in which DG=


+1.6 kcalmol�1 when the CBPQT4+ ring moves from the


TTF to the DNP unit. Hence, the co-conformation (CC)
with the CBPQT4+ ring encircling the TTF unit is referred
to as the ground-state co-conformation (GSCC). The first
two oxidation states of RATTF4+ correspond to the TTF0!
TTFC+!TTF2+ processes. Upon formation of TTFC+ radical
cation, Coulombic repulsion between the CBPQT4+ ring
and the TTFC+ results[25–28] in the translation of the ring to
the DNP unit. This process[32] is fast and is believed to con-
vert all of the GSCC into the MSCC. When the TTFC+ radi-
cal cation is reduced back to TTF0, the CBPQT4+ ring re-
mains around the DNP unit for a period of time. This trans-
lational isomer of the GSCC is the metastable-state co-con-
formation (MSCC). Recovery of the MSCC/GSCC equilibri-
um distribution (~1:9) is an activated process. This switching
cycle can be detected by a number of experimental observa-
tions. First, the lowest oxidation potential (corresponding to
TTF0!TTFC+) of the GSCC is +490 mV, while that for the
MSCC is +310 mV. (All potentials referenced to an Ag/
AgCl electrode.) Second, the colors of GSCC- and MSCC-
dominated solutions are green and red, respectively. Thus,
electrochemistry and spectroscopy can be employed to
quantify the MSCC/GSCC ratio in such a bistable rotaxane
at any given time. Third, the (activated) relaxation of an
MSCC- back to a GSCC-dominated distribution is tempera-
ture dependent, and so the kinetic parameters may be quan-
tified through time- and temperature-dependent measure-
ments. For example, the DG�


298 for this process in the case
[27]


of RATTF4+ in the solution phase is 16.2(�0.3) kcalmol�1.
We have recently reported on the MSCC!GSCC relaxa-


tion kinetics for a number of bistable [2]catenanes and
[2]rotaxanes in several different environments, including 1)
in acetonitrile,[27] 2) in monolayers ([2]rotaxanes only)
bonded to the surfaces of Au working electrodes,[26] and 3)
in solid-state polymer electrolytes.[25] In the case of the ace-


Figure 1. a) Structural formulas of the two translational isomers of the bi-
stable rotaxane RATTF4+ corresponding to the ground-state co-confor-
mation (GSCC) and the metastable-state co-conformation (MSCC).
b) Potential-energy surface for the bistable RATTF4+ , in which the
energy wells correspond to the GSCC and MSCC. The free-energy differ-
ence DG, between the wells and the free-energy barrier to relaxation,
DG�, from the MSCC to the GSCC are defined against a normal coordi-
nate, Q, representing translation of the ring along the dumbbell compo-
nent of the [2]rotaxane.
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tonitrile and the polymer electrolyte devices, we have dem-
onstrated[25,27] that the relaxation kinetics were sensitive to
both molecular structure and physical environment, al-
though the overall switching mechanism remains the same.
In this paper, we extend these measurements to include
MSTJ devices, as well as establishing the ground-state equi-
librium thermodynamics. Three bistable [2]rotaxanes—
namely RATTF4+ , RTTF4+ , and RBPTTF4+—plus the con-
trol[33] [2]rotaxane RBLOCK4+ were investigated. It is evi-
dent from inspection of the structural formulas of these
three [2]rotaxanes shown in Figures 1 and 2 that RATTF4+ ,


RTTF4+ and RBPTTF4+ can exist at equilibrium as two
translational isomers (or co-conformations). By contrast,
RBLOCK4+ has the CBPQT4+ ring located exclusively
around the DNP unit as a result of the presence of the
bulky SEt group on the monopyrrolotetrathiafulvalene unit,
acting as an effective steric barrier, and thus preventing
translational isomerism. The critical difference in the molec-
ular structures between the RATTF4+ and RTTF4+ pair and
the RBPTTF4+ lies with the replacement of the simple TTF
unit for the bispyrrolotetrathiafulvalene (BPTTF) unit.[34]


However, all three bistable rotaxanes have slightly different
stoppers—RATTF4+ bears a substituted benzylic alcohol
function and both RTTF4+ and RBPTTF4+ have slightly dif-
ferent hydrophilic stoppers facilitating their incorporation
into MSTJ devices. The major difference in the switching
properties between these bistable rotaxanes is that the equi-
librium MSCC/GSCC ratio (~1:9) for RATTF4+ and
RTTF4+ is relatively temperature independent, while the
equilibrium MSCC/GSCC ratio (~1:4 at 298 K) for
RBPTTF4+ exhibits a strong temperature dependence.


These thermodynamic differences will be rationalized in this
paper by reference to binding constants obtained by isother-
mal titration calorimetry (ITC) for the complexation of
model guests containing TTF, BPTTF, and DNP units, by
the CBPQT4+ host in acetonitrile at 298 K.
Previously we have hypothesized[20–22,24,25,35] that the


GSCC corresponds to the low-conductance (switch-open)
state of an MSTJ, while the MSCC corresponds to the high-
conductance (switch-closed) state. This hypothesis is consis-
tent with many observations, including the shift in the oxida-
tion potential of the TTF group that correlates with the


switching from the GSCC to the MSCC structure. In addi-
tion, GoddardCs group[36] has found by computational meth-
ods that the MSCC structure has extended electron delocali-
zation—and thus enhanced conductivity—in comparison
with the GSCC.
The switching kinetics of RATTF4+, RTTF4+ , and


RBPTTF4+ should be relatively similar. By contrast, the
ground-state thermodynamics—and hence the temperature
dependence of the switching amplitude—should be quite
different. In this paper, we employ temperature dependent
electrochemical and current-voltage measurements to corre-
late qualitatively the thermodynamic properties of RATTF4+


in 1) acetonitrile and 2) solid-state polymer electrolytes, and
of RTTF4+ in MSTJs together with RBPTTF4+ across all
three environments. We also correlate quantitatively the
MSCC!GSCC relaxation kinetics in these three different
physical environments. We find that the ground-state ther-
modynamic differences between the pair of TTF-containing
rotaxanes (RATTF4+ and RTTF4+) and RBPTTF4+ are rel-
atively independent of physical environment, but strongly


Figure 2. Structural formulas of the translational isomers of the bistable rotaxanes a) RTTF4+ and b) RBPTTF4+ both in their GSCC and MSCC.
c) Structural formula of the sterically-blocked (SEt) [2]rotaxane RBLOCK4+ used in control studies.
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influenced by molecular structure. We also find that al-
though the MSCC!GSCC relaxation kinetics exhibit a
strong environmental dependence in the case of all three ro-
taxanes, the switching mechanism appears to be similar for
all three compounds and is robust and consistent in all three
environments. These findings allow us to refine our initial
hypothesis such that the high-conductance (switch-closed)
state of an MSTJ still corresponds to the MSCC, but that
the low-conductance (switch-open) state is now related to
the MSCC/GSCC ratio at equilibrium. These experiments
provide a proof-of-principle for the control of molecular
structure over a key device characteristic—temperature-de-
pendent switching amplitudes in molecular electronic devi-
ces.


Results and Discussion


Molecular design : Although the bistable [2]rotaxanes
RATTF4+ , RTTF4+ , and RBPTTF4+ all contain DNP sites,
they differ in that the first two contain a TTF unit and the
third a BPTTF. To understand how these units influence the
switching in these bistable rotaxanes, a series of model
guests were investigated for their binding with the
CBPQT4+ host, as its tetrakis(hexafluorophosphate) salt, by
using ITC. The model guests are shown in Figure 3a. They
are tetrathiafulvalene (TTF) and its bispyrrolo derivative
H2BPTTF; their diethyleneglycol-disubstituted derivatives
TTF-DEG and BPTTF-DEG;
and 1,5-dioxynaphthalene
(DNP-OH) and its diethylene-
glycol-disubstituted derivative
DNP-DEG. Addition of the
DEG substituents to the TTF
and DNP units is known[37] to
enhance their binding constants
with the CBPQT4+ host to the
extent that they increase by up
to two orders of magnitude. By
contrast, the binding of BPTTF
by the CBPQT4+ host is al-
ready quite high and only dou-
bles.
The enthalpic contribution


DH to the binding affinity Ka
between DNP-DEG and the
CBPQT4+ host is similar
(Table 1) to that for TTF-DEG,
but it is almost double that for
BPTTF-DEG. This larger dif-
ference between the enthalpy
changes DH of association for
the two complexes is also repre-
sented in the bistable rotaxanes
by the enthalpy change DH of
equilibrium associated with the
affinity of the CBPQT4+ ring


Table 1. Thermodynamic binding data[a] corresponding to the complexation between CBPQT4+ and the indi-
vidual components of the bistable rotaxanes in MeCN determined by isothermal titration microcalorimetry at
298 K[38] in addition to solution-phase thermodynamic data of bistable rotaxanes.


Guest DH[b] DS[c] DG[d] Ka
[c]


[kcalmol�1] [calmol�1K�1] [kcalmol�1] [J103m�1]


TTF[e] �10.64�0.12 �18.1 �5.27�0.03 6.9�0.18
TTF-DEG �14.21�0.06 �22.1 �7.66�0.07 380.0�22.0
H2BPTTF


[f] �9.00�0.02 �7.9 �6.66�0.03 70.8�0.98
BPTTF-DEG �8.20�1.70 �3.6 �7.17�0.12 168.0�17.0
DNP-OH[g] �16.04�8.11 �41.7 �3.63�0.36 0.44�0.13
DNP-DEG[h] �15.41�0.02 �30.8 �6.26�0.04 36.4�0.25
RATTF4+ [i] �2.82�1.79[j] �14.7�6.8[j] +1.56�0.24
RBPTTF4+ [i] �6.64�0.67 �26.0�2.5 +1.11�0.07


[a] A 0.39 mm standard solution of CBPQT4+ was used for all titrations into which solutions of various concen-
trations of guest were added in 5 mL aliquots (4.7 mm TTF; 3.2 mm TTF-DEG; 5.0 mm H2BPTTF; 2.1 mm
BPTTF-DEG; 5.4 mm DNP-OH; 3.9 mm DNP-DEG). [b] Under the constant pressure of the instrument, DH
is obtained from the heat of the reaction.[38] [c] Fits were performed using software provided by Microcal LLC
software, and the stoichiometry of all complexes was between 0.97 and 1.03 indicating a 1:1 complex was
formed. [d] Calculated from the fitted value of Ka. [e] The binding constant for the complex formed between
TTF and CBPQT4+ , previously measured in MeCN by the 1H NMR single-point method, was determined to
be 8000m�1,[39a] and was found to be 10000m�1 by the UV/Vis dilution method.[39b] [f] The binding constant for
the complex formed between H2BPTTF and CBPQT


4+ , previously measured in Me2CO by the UV/Vis dilu-
tion method, was determined to be 12000m�1.[40] [g] The binding constant for the complex formed between
DNP-OH and CBPQT4+ , previously measured in MeCN by the UV/Vis dilution method, was determined to
be 990m�1.[41] [h] The binding constant for the complex formed between DNP-DEG and CBPQT4+ , previously
measured in MeCN by the UV/Vis dilution method, was determined to be 25400m�1.[41] [i] The given thermo-
dynamic values for RATTF4+ and RBPTTF4+ were obtained by the variable temperature CV measurements,
and they correspond to thermodynamic differences between the MSCC and GSCC; that is, the changes in H,
S, and G when the CBPQT4+ ring moves from the TTF(BPTTF) unit to the DNP unit. [j] The linear fit to
DG/T vs 1/T for RATTF4+ produced a low R2 of 0.4 because the DG for RATTF4+ was reasonably insensitive
to temperature changes and therefore the data obtained reflects the standard error from the CV measure-
ments.


Figure 3. a) Structural formulas for a series of model guests. b) Host–
guest complexation between the CBPQT4+ host and each of the guests.
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for the two recognition units.
Correspondingly, the bistable
rotaxane RBPTTF4+ (�7.2 to
�6.6 kcalmol�1 for association
and equilibrium, respectively)
shows a much higher DH than
RATTF4+ (�1.2 to
�2.8 kcalmol�1, respectively).
The direct consequence of this
large DH difference of associa-
tion between the complexes of
the CBPQT4+ host with DNP-
DEG and BPTTF-DEG guests
is that the MSCC/GSCC ratio
for RBPTTF4+ exhibits a
strong temperature depend-
ence, such that the ratio
changes from 0.73 at 262 K to
0.25 at 284 K.[42] Moreover, this
variable ratio should be detect-
able in all three environments.
In the solution phase and poly-
mer gels, the MSCC/GSCC
ratio can be quantified directly
through CV measurements. In
the MSTJs, the temperature-de-
pendent MSCC/GSCC ratio
should be reflected in a temper-
ature-dependent switching amplitude. By contrast with
RBPTTF4+ , the smaller DH difference for the binding of
the CBPQT4+ ring to the TTF and DNP units should favor
a relatively temperature-independent MSCC/GSCC ratio in
RATTF4+ , with the GSCC remaining the dominant co-con-
formation at all temperatures and in all environments, a sit-
uation that is indeed observed. Irrespective of these differ-
ences in the ground-state thermodynamics, for both
RATTF4+ and RBPTTF4+ the actual electrochemically
driven switching mechanism should be the same.


Synthesis and characterization : The synthesis of the bistable
rotaxanes RATTF4+ (Figure 1) and RTTF4+ (Figure 2) have
been described elsewhere.[25,28d] UV-visible and 1H NMR
spectroscopy indicate that both these bistable rotaxanes
exist predominantly (at least 90%) in the GSCC.


Synthesis of amphiphilic [2]rotaxane RBPTTF·4PF6 : The
[2]rotaxane RBPTTF·4PF6 was synthesized from precursors
1–3 according to the routes outlined sequentially in
Schemes 1–3. Alkylation of H2BPTTF


[43] (4) with 2-[2-(2-
iodoethoxy)ethoxy]tetrahydropyran[44] (5) in DMF gave the
BPTTF derivative 6 in 67% yield (Scheme 1). Removal of
the THP-protecting groups with p-toluenesulfonic acid
(TsOH) gave the diol 7 in 67% yield. The monotosylate 8
was obtained in 22% yield by reaction of the diol 7 with
one equivalent of p-toluenesulfonyl chloride (TsCl). Alkyla-
tion of the hydrophobic tetraarylmethane-based stopper[21] 9
with 8 in MeCN in the presence of K2CO3 gave the alcohol


10 (70%), which was tosylated by using TsCl in CH2Cl2 af-
fording 11 in 81% yield. Subsequently, 11 was treated with
the DNP derivative[28d] 12 under alkylation conditions
(K2CO3/LiBr/MeCN) affording the BPTTF derivative 13 in
60% yield, which on treatment with TsOH in THF/EtOH,
gave (Scheme 2) the alcohol 14 in 56% yield. The free hy-
droxyl function in compound 14 was thereafter converted to
a tosylate group in 98% yield (14!15) and then to a thio-
cyanate group in 97% yield (15!16). The thiocyanate
group was reduced in situ with NaBH4, and the resulting thi-
olate was subsequently coupled with the hydrophilic chlo-
ride[21] 17 in THF/EtOH to give the dumbbell 1 in 68%
yield. Finally, the [2]rotaxane RBPTTF·4PF6 was self-assem-
bled (Scheme 3) under high-pressure conditions by using the
dumbbell compound 1 as the template for the formation of
the encircling CBPQT4+ tetracation; the [2]rotaxane
RBPTTF·4PF6 was isolated in 47% yield from a mixture of
the dumbbell compound 1, the dicationic precursor[45]


2·2PF6, and the dibromide 3 after they had been subjected
to a 10 kbar pressure in DMF at room temperature for three
days.


RBPTTF4+ exists as a mixture of the two possible isomers
in which the CBPQT4+ ring is located around the BPTTF
unit in the GSCC and around the DNP unit in the MSCC.
These two isomers give rise to characteristic charge-transfer
(CT) absorption bands centered on 825 (GSCC) and 550 nm
(MSCC), respectively, in the electronic absorption spectrum.
The equilibrium population ratio can be determined from


Scheme 1. Synthesis of the semi-dumbbell compound 13.
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the 1H NMR spectrum (400 MHz) recorded on
RBPTTF·4PF6, since several protons in the dumbbell com-
ponent give rise to two sets of signals, one for each of the
two isomers. From integration of the resonances associated
with the benzylic protons in the hydrophilic stoppers, the
MSCC/GSCC equilibrium population ratio was found to be
1:3 at 295 K in CD3CN.


Synthesis of the amphiphilic
[2]rotaxane RBLOCK·4PF6 :
The [2]rotaxane RBLOCK·4PF6
was synthesized according to
the routes outlined sequentially
in Schemes 4 and 5. A solution
of 4,5-bis(2-cyanoethylthio)-1,3-
dithiole-2-thione[46] (19) in THF
was treated with one equivalent
of NaOMe. This procedure gen-
erated the monothiolate, which
was alkylated with EtI affording
compound 20 in 92% yield.
Cross-coupling of 5-tosyl-(1,3)-
dithiolo[4,5-c]pyrrole-2-one[43]


(21) with three equivalents of
the thione 20 in neat (EtO)3P
gave (Scheme 4) the MPTTF
derivative 22 (74%) in gram
quantities after column chroma-
tography. The iodide[28h] 18 was
coupled with the MPTTF build-
ing block 22, following its in
situ deprotection with one
equivalent of CsOH·H2O to
give 23 in 87% yield. The tosyl


protecting group on the MPTTF unit was removed in good
yield (87%) using NaOMe in a THF/MeOH mixture. The
resultant pyrrole nitrogen atom in 24 was alkylated with
compound 25,[47] affording the chloride 26 in 75% yield. The
chloride in compound 26 was initially converted to (26!27)
an iodide in 99% yield and then to (27!28) a thiocyanate
group in 99% yield. The thiocyanate group was reduced in
situ with NaBH4, and the resulting thiolate was subsequently
coupled with the hydrophilic chloride[21] 17 in THF to give


Scheme 3. Synthesis of the bistable [2]rotaxane RBPTTF·4PF6.


Scheme 2. Synthesis of the dumbbell compound 1.
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the dumbbell 29 in 78% yield. Finally, the [2]rotaxane
RBLOCK·4PF6 was self-assembled (Scheme 5) under high-


pressure conditions by using the dumbbell compound 29 as
the template for the formation of the encircling CBPQT4+


tetracation; the [2]rotaxane
RBLOCK·4PF6 was isolated in
41% yield from a mixture of
the dumbbell compound 29, the
dicationic precursor[45] 2·2PF6,
and the dibromide 3 after they
had been subjected to a 10 kbar
pressure in DMF at room tem-
perature for three days.


Kinetics and thermodynamics
of switching in solution and in
polymer electrolytes : We have
previously demonstrated that
the first oxidation potentials of
bistable rotaxanes can be utiliz-
ed to quantify the MSCC/
GSCC ratios in the solution
phase,[27] for monolayers assem-
bled onto Au surfaces,[26] and
for polymer electrolyte gels.[25]


In this section, we report on a
set of similar variable time and
temperature cyclic voltammetry
(VTTCV) measurements in so-
lution and polymer environ-
ments to probe the thermody-
namics of the MSCC/GSCCScheme 5. Synthesis of the [2]rotaxane RBLOCK·4PF6.


Scheme 4. Synthesis of the semi-dumbbell compound 28.
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equilibrium ratios for RATTF4+ and RBPTTF4+ . From
these measurements, we can extract free energy differences
(DG from Figure 1b) between the two co-conformations.
We also utilized VTTCV to quantify the kinetics (DG�


from Figure 1b) associated with the recovery of the equilib-
rium MSCC/GSCC distribution for RBPTTF4+ and
RATTF4+ . The relaxation kinetics for [2]rotaxane RATTF4+


and for related TTF-based rotaxanes were thoroughly inves-
tigated in recent papers,[25–27] while the equivalent VTTCV
measurements for RBPTTF4+ are reported here for the first
time.
The VTTCV measurements were carried out as follows:


two CV cycles were collected in succession, starting with the
system at equilibrium. This first CV cycle displays peaks
that can be assigned to the resting state populations of the
MSCC and GSCC, since the first oxidation potential of the
TTF (BPTTF) group is sensitive to whether or not it is en-
circled by the CBPQT4+ ring. The second cycle, if collected
quickly enough, records a shift in the equilibrium population
towards the one dominated by the MSCC. This shift is re-
flected in an increase in the area of the peak assigned to the
MSCC, in coincidence with a decrease in the area for the
GSCC peak. By controlling the time between the first and
second CV cycles, and the temperature of the experiment,
the kinetic parameters associated with the recovery of the
MSCC/GSCC equilibrium ratio can be quantified.
We first focus on utilizing VTTCV to probe the MSCC/


GSCC population ratio at thermal equilibrium. The CVs of
RBPTTF4+ in the solution phase exhibit a peak at
+530 mV, which corresponds to the BPTTF!BPTTFC+ oxi-
dation of the proportion of the bistable rotaxane that exists
in the MSCC (Figure 4a). The smaller peak at +680 mV
corresponds to the BPTTF!BPTTFC+ oxidation of the
GSCC. The larger peak at +780 mV corresponds to the
second oxidation (BPTTFC+!BPTTF2+). This second oxida-
tion is independent of the co-conformation, since once the
BPTTFC+ is formed, the CBPQT4+ ring moves to the DNP
unit. The MSCC/GSCC population was thus measured as a
function of temperature. For RBPTTF4+ , decreasing the
temperature led to a significant increase in the MSCC/
GSCC population ratio. The ratio, for example, increases
(Figure 4a) more than two-fold (from around 0.3 to 0.7) as
the temperature is decreased from 284 to 262 K. By compar-
ison, for RATTF4+ , the MSCC/GSCC population ratio does
not deviate significantly from 0.1, even when the rotaxane is
probed (Figure 4b) over a broader temperature range (248–
283 K).
The relative temperature dependences of the MSCC/


GSCC ratios for RBPTTF4+ and for RATTF4+ are consis-
tent with the ITC investigations of the complexation of the
CBPQT4+ host with the individual BPTTF-DEG, TTF-
DEG, and DNP-DEG guests that were discussed above and
presented in Table 1. Translating the behavior of the guests
to what might be predicted for the two bistable [2]rotaxanes,
one expects that the enthalpic contribution DH=


(HMSCC�HGSCC) should be significantly less than zero for
RBPTTF4+ . By comparison, the corresponding DH for


RATTF4+ should be much closer to zero. As a consequence,
the MSCC/GSCC ratio for RBPTTF4+ varies[42] more readi-
ly with temperature.
Although it is not so straightforward to interpret, the long


and flexible diethylene glycol chains appear to have an
impact on the binding Ka and therefore the population
ratios of the bistable rotaxanes. The DEG chains enhance
(Table 1) the binding affinity for each of the three guests


Figure 4. The first CV cycles of a) RBPTTF4+ recorded at 262 and 284 K,
b) RATTF4+ recorded at 248 and 283 K, and c) RBLOCK4+ recorded at
295 K (MeCN/0.1m TBAPF6/200 mVs


�1). The peak assigned to the
MSCC at approximately +500 mV for RBPTTF4+ fluctuates more than
for RATTF4+ across different temperature ranges. The simple, dumbbell-
like CV for RBLOCK4+ , displaying a full-intensity MSCC peak at about
500 mV, verifies that the CBPQT4+ ring is sterically blocked.
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with the CBPQT4+ host, but they do so by influencing the
DH and DS of each component differently. For TTF-DEG,
the DEG chains leads to better enthalpy, but worse entropy.
However, for the DNP-DEG and BPTTF-DEG guests, it is
the opposite with the entropy contribution favoring binding
and enthalpy disfavoring it, albeit only mildly so. Further-
more, it is known that when these DEG chains are attached
to DNP and TTF units they are capable of wrapping them-
selves around the CBPQT4+ ring in order to acquire stabi-
lizing, noncovalent C�H···O interactions.[37] Consequently,
the significant enhancement of the enthalpic contribution to
the complexation between TTF-DEG and the CBQPT4+


host by the DEG chains brings its DH to within a few
kcalmol�1 of the DNP-DEG guest, leading to a relatively
temperature-insensitive MSCC/GSCC ratio for the rotaxane
RATTF4+ . However, the DEG chains have little effect on
the DH contribution to complexation of the DNP-DEG and
BPTTF-DEG guests by the CBPQT4+ host, such that they
maintain their large and significant differences in enthalpy
within the RBPTTF4+ , leading to the rotaxaneCs correspond-
ingly large sensitivity of the population ratios to tempera-
ture. The DEG chains are thus an essential factor influenc-
ing the temperature sensitivities of the MSCC/GSCC popu-
lation ratios of these bistable rotaxanes. The observation
from the electrochemical studies in the solution phase and
in the polymer matrix provide a view of both RATTF4+ and
RBPTTF4+ that is completely consistent with the ITC meas-
urements on the subunits of the rotaxanes. It is also consis-
tent with the molecular structure differences between these
two switches.
The relaxation kinetics and thermodynamics associated


with the free-energy barrier (DG�) for relaxation from the
MSCC to the GSCC for RATTF4+ and RBPTTF4+ were
also analyzed quantitatively. The viscosity of the acetonitrile
phase and polymer gel were about 3.5 cP and 50000 cP at
298 K, respectively. This large increase in viscosity is reflect-
ed in the slower first-order decay kinetics for RBPTTF4+ as
measured by VTTCV. Data for acetonitrile and the polymer
gel are presented in Figure 5a and b, respectively. In addi-
tion to the viscosity effects, these plots also reveal how the
thermally activated relaxation rates drop as the temperature
is lowered. ItCs instructive to notice that both the MSCC and
GSCC are at significant concentrations under equilibrium
conditions for RBPTTF4+ , especially at lower temperatures.
The implication is that the reverse reaction GSCC!MSCC
is occurring at a rate comparable to that of the forward re-
action. In analyzing the relaxation kinetics, both processes
should be taken into consideration. Thus, for the equilibri-
um reaction given in Equation (1) the formula in Equa-
tion (2) is readily obtained (cf. Experimental Section), in
which xt=NMSCC/NTotal is the MSCC population ratio at time
t, x0=xt=0, and xeq=xt!1 is the MSCC population ratio at
final equilibrium.


MSCCG
k1


k2


HGSCC ð1Þ


xt ¼ xeq þ ðx0�xeqÞ exp½�k1t=ð1�xeqÞ
 ð2Þ


Experimental relaxation data were thus fitted with this
formula to obtain the decay time constant t, and accordingly
the rate constant for the forward reaction k1= (1�xeq)/t.
Note that when xeq is small (i.e., for the case of R(A)TTF


4+),
the formula naturally reduces to the more familiar formula
for a simple first-order reaction. The parameters DG�, DH�,
DS�, and Ea were then fitted from the temperature depend-
ence of k1.


[49,50] The kinetic data are summarized in Table 2
alongside values for R(A)TTF4+ . Note that the MSCC/
GSCC population ratio for RBPTTF4+ , as measured at long
times (at equilibrium), shows (Figure 5) a significant sensi-
tivity to temperature that is consistent with the thermody-
namic descriptions and data for the host–guest complexa-
tion. By contrast, RATTF4+ displays only a small thermal
sensitivity in both the polymer and solution phase environ-
ments.


Kinetics and thermodynamics of molecular-switch tunnel
junctions : The MSTJs investigated here contained a mono-
layer of the amphiphilic bistable rotaxanes RTTF4+ or
RBPTTF4+, or the sterically blocked metastable-like rotax-
ane RBLOCK4+ , sandwiched between an n-type poly-


Figure 5. Fitted exponential decay curves and time constants (t) obtained
from the CV data for RBPTTF4+ measured at various scan rates for each
temperature in a) solution and b) polymer phases.
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(silicon) bottom electrode (passivated with the native oxide)
and a metallic top electrode. The detailed procedures relat-
ing to the fabrication and operation of these devices have
been previously reported.[20–22] Briefly, the molecules are
prepared as a Langmuir–Blodgett film and then transferred
as a compressed Langmuir monolayer (p=30 mNm�1) onto
a substrate pre-patterned with poly-silicon electrodes. A
thin 10 nm Ti adhesion layer, followed by a thicker 200 nm
top Al layer is evaporated through a shadow mask by using
e-beam evaporation to form the top electrodes. During this
step, the substrate is held at room temperature at a source–
sample distance of ~0.7 m. This procedure ensures that little
or no substrate heating from the e-beam evaporation source
occurs. The e-beam evaporation was processed at the depo-
sition rate of 1–2 Ms�1 under high vacuum (~5J10�7 Torr).
For all experiments reported here, the bottom electrodes
were 5 mm wide, n-type (doping level ~5J10�19 cm�3) poly-
Si, while the top electrodes were 10 mm wide. Each fabrica-
tion run produced approximately 100 MSTJ devices, and the
results presented here were consistently observed in multi-
ple devices across multiple fabrication runs, with tempera-
ture-dependent data collected in random sequence. More
than 90% of the MSTJ devices displayed consistent and re-
producible temperature dependence. The operational char-
acteristics of MSTJs containing bistable catenanes and ro-
taxanes, but patterned at both larger and also much smaller
dimensions, have been reported.[22,24]


CV measurements are not possible for MSTJs, but there
are other electronic measurements that can be carried out
to assess both the thermodynamic and kinetic properties of
the bistable rotaxanes within the devices. Our hypothesis—
for both bistable catenanes and bistable rotaxanes—has
been refined such that the MSCC represents the high-con-
ducting, switch-closed state of the device, while the MSCC/
GSCC ratio at equilibrium represents the low-conducting,
switch-open state. For an MSCC-dominated system, regard-
less of environment, reduction of the CBPQT4+ ring pro-
vides a rapid route towards recovering the equilibrium
MSCC/GSCC distribution.[20,26] In the absence of such a re-
duction step, a device in the high-conductance state will
relax to the equilibrium MSCC/GSCC ratio, according to a
timescale described by DG� (Figure 1b). From a practical
point of view (i.e., for memory devices), this relaxation pro-


cess correlates to the volatility, or memory-retention charac-
teristics, of the device. The volatility can be quantified by
measuring the temperature dependence of the decay of the
switch-closed, high-conductance state of a device back to
the switch-open state.
The equilibrium thermodynamic properties of the devices


can also be inferred within MSTJs by considering that the
high- and low-conductance states of the devices correlate
with different MSCC/GSCC ratios. Thus, the temperature-
dependent switching amplitude, normalized against the tem-
perature-dependent transport characteristics of an MSTJ,
opens a window into the thermodynamics of the molecules
within the junction. Such a measurement provides a qualita-
tive picture that can be compared against quantitative
VTTCV measurements of the MSCC/GSCC ratios in other
environments.
Measurements of the bistable character of MSTJs contain-


ing RTTF4+, RBTTF4+ , and the RBLOCK4+ control rotax-
ane are shown in Figure 6a and b. This type of data is called
a remnant molecular signature,[20–22] and represents a nearly
capacitance-free map of the hysteretic response of an MSTJ.
Briefly, the x axis of a remnant molecular signature plot cor-
relates to a value of a voltage pulse that is applied across
the junction. A train of voltage pulses, starting at 0 V and
following the direction of the arrows shown on the plots, is
applied to the MSTJ, and, after each voltage pulse, the cur-
rent through the MSTJ is monitored at +0.1 V.[51] The re-
sulting normalized current is represented on the y axis.
These hysteresis loops not only provide a key indicator that
the MSTJs can be switched reversibly between the high- and
low-conducting states, but they also qualitatively reflect the
ground-state MSCC/GSCC ratio, since the switching ampli-
tude is sensitive to this ratio. For the high-conductance state,
in which the entire population has been converted into the
MSCC, the maximum current is controlled by the intrinsic
conductance properties of this co-conformation. However,
for the low-conductance state, the minimum conduction is
not only controlled by the intrinsic properties of the GSCC
but also by the MSCC/GSCC ratio—a factor under thermo-
dynamic control. For instance, at 295 K RBPTTF4+ and
RBLOCK4+ do not appear to be “good” switches, while the
switching amplitude of RTTF4+ is about a factor of 8. At
320 K, the small hysteretic response for RBLOCK4+ dimin-


Table 2. Kinetics data for the relaxation from the MSCC to the GSCC for RBPTTF4+ and the free-energy barriers for RATTF4+ and RTTF4+ . Data for
solution, polymer and MSTJ were obtained from variable temperature CVs and from measurements of the relaxation of a MSTJ from the high to the
low conductance state.[49,50]


t298
[s]


k298
[s�1]


DG�
298


[kcalmol�1]
DH�


[kcalmol�1]
DS�


[calmol�1K�1]
Ea


[kcalmol�1]
DG�


298


RATTF4+
DG�


298


RTTF4+


solution[a] 1.26�0.10 0.69�0.05 17.69�0.05 8.4�0.5 �31.0�1.7 9.0�0.5 16.2�0.3 –
polymer[b] 10.2�0.12 0.059�0.001 19.15�0.01 8.4�1.1 �36.0�3.4 9.0�1.0 18.1�0.2 –
MSTJ 624�82 (8.4�0.8)J10�4 21.7�0.1 16.1�1.4 �18.7�4.1 16.7�1.3 – 22.21�0.04


[a] Solution-phase data was obtained for 1 mm samples dissolved in MeCN (0.1m TBAPF6) using a glassy carbon working electrode. All potentials were
referenced to a Ag/AgCl reference electrode.[27] [b] Polymer-phase data was obtained in a polymer matrix—w:w:w:w ratios of 70:7:20:3 for MeCN/poly-
methylmethacrylate/propylene carbonate/LiClO4. The sample was spread onto three lithographically patterned Pt electrodes (50 nm) on top of Ti
(10 nm) (working, counter, reference).[25] The DH� and DS� were obtained from an average of many devices, while the Eyring plot in Figure 8b repre-
sents just one device.


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 261 – 279270


J. F. Stoddart, J. R. Heath, J. O. Jeppesen et al.



www.chemeurj.org





ishes further, but the hysteresis loop of RBPTTF4+ opens
up to yield a switching amplitude (i.e., the current measured
in the high conductance state divided by the current mea-


sured in the low conductance state) of over 3. This enhanced
switching amplitude presumably reflects a smaller MSCC/
GSCC equilibrium ratio at the higher temperature, and is
consistent with what is observed for the solution and poly-
mer phase measurements for RBPTTF4+ . The switching am-
plitude of RTTF4+ remains fairly constant across this tem-
perature range, consistent again with measurements in the
other environments. The MSCC!GSCC relaxation kinetics
can be monitored by measuring the time-dependence of the
decay of the high-conductance to the low-conductance state;
the data for all three amphiphilic rotaxanes at 295 K is pre-
sented in Figure 6c.
The high- to low-conductance decay of all three rotaxanes


exhibited different temperature dependences. While MSTJs
fabricated from RBPTTF4+ and RTTF4+ show strong tem-
perature dependences—as the temperature was increased
from 295 K to 320 K, the 1/e decay time decreased by fac-
tors of 6–7 for those rotaxanes (Figure 7)—RBLOCK4+ ex-
hibited a much weaker temperature dependence. MSTJs
fabricated from RBLOCK4+ were investigated over a


Figure 7. Decay curves of a) RTTF4+ and b) RBPTTF4+ MSTJs recorded
as a function of temperature. Note that the normalized switching ampli-
tude of RBPTTF4+ exhibits a strong temperature dependence.


Figure 6. Switching responses of three rotaxanes within MSTJs. a) and b):
Remnant molecular signature traces of the hysteretic switching responses.
The arrows indicate the direction of the voltage sweep, and all currents
were recorded at +0.1 V. The y axis current was normalized by setting
the initial (low-conductance state) current to 1. Note that the response of
RBPTTF4+ increases in amplitude at higher temperature, reflecting a de-
creasing MSCC/GSCC equilibrium ratio, while RTTF4+ is relatively con-
stant. There is a finite amount of field-induced polarization in
RBLOCK4+ that is almost undetectable at 320 K. c) Relaxation of
MSTJs from high-to-low conducting states recorded at 295 K. The char-
acteristic relaxation times are: RTTF4+ =3450 s; RBPTTF4+ =660 s;
RBLOCK4+ =60 s.
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broader temperature range (295–383 K) and the characteris-
tic relaxation time decreased by only a factor of 2 or so over
this entire range. This decay-rate data fitted well to a 1/T
plot (R2>0.99), which is at least consistent with existing
models for dielectric relaxation,[52,53] although measurements
over an even broader temperature range would be required
to establish this relationship more firmly. In any case,
MSTJs fabricated from RBLOCK4+ were poor switches at
all temperatures investigated, and the small switching re-
sponse that could be recorded exhibited a very different and
much less-pronounced temperature dependence, in compari-
son to MSTJs fabricated from RBPTTF4+ and RTTF4+ .
The switching amplitude can be recorded by either meas-


uring the amplitude of the hysteresis loops from the rem-
nant molecular signature data, or by measuring the time-de-
pendent decay of the high- to the low-conductance state.
Any molecular electronic junction for which charge trans-
port is not strictly a quantum mechanical tunneling process
will exhibit a strong temperature-dependent conductance,
that is, charge transport is thermally activated, and the rate
of transport increases with increasing temperature. This is
the case for all three of the amphiphilic rotaxanes investigat-
ed here. However, this temperature-dependent component
should depend only weakly upon molecular structure, espe-
cially for molecules that are as similar as RTTF4+ ,
RBPTTF4+ , and RBLOCK4+ , and should not be particularly
sensitive to the MSCC/GSCC ratio within a device. Thus, we
remove this component of the temperature dependence by
normalizing the switching amplitude to the initial current
value, measured at t=0 after placing the switch into the
high conductance state. The hypothesis is that the (normal-
ized) current at long times—that is, when the system has
reached equilibrium—divided by the t=0 current should
correlate[54] qualitatively with the MSCC/GSCC ratio. In
Figure 7, we present such normalized decay curves, for vari-
ous temperatures, for both RTTF4+ and RBPTTF4+ . Note
two things about the data of Figure 7. First, the curves clear-
ly represent activated processes, since, for both bistable ro-
taxanes, the relaxation times decrease rapidly with increas-
ing temperature. Second, the switching amplitude for
RTTF4+ is relatively temperature independent, exhibiting
almost an order-of-magnitude difference in the (normalized)
current change between the high- and low-conductance
states for all temperatures. By contrast, the switching ampli-
tude for RBPTTF4+ exhibits a strong temperature depen-
dence over the same range. This observation is consistent
with the remnant molecular signature data presented in
Figure 6. Also, it is consistent with the behavior of the corre-
sponding bistable rotaxanes (RATTF4+ and RBPTTF4+) in
the other environments, as well as the ITC data obtained
from host-guest complexation experiments.
The temperature-dependent thermodynamic and relaxa-


tion kinetic data for all environments are presented in Fig-
ure 8a and b, respectively. In Figure 8a, we have plotted the
temperature-dependent ratios as NMSCC/NTOTAL, quantitative-
ly measured in the solution-phase and polymer environ-
ments. For the MSTJs, this ratio cannot be quantified, but


the temperature-dependent switching amplitude IOPEN/
ICLOSED provides for qualitative comparison


[54] with the other
environments. For the relaxation kinetics, data for the two
TTF-containing rotaxanes (R(A)TTF4+ and RBPTTF4+)
are plotted in the form of Eyring plots, in order to quantify
(Table 2) DG�, DH�, and DS� in all three environments.[49,50]


We first consider the kinetic data given in Figure 8b and
Table 2. For the case of RBPTTF4+ , the free-energy barrier
(DG�) to relaxation at 298 K increases from 17.7 to 19.2 to
21.7 kcalmol�1 upon moving from acetonitrile to polymer
gels to MSTJs. For R(A)TTF4+, the situation is qualitatively
similar. Both rotaxanes exhibit an increase in the energy
barrier DG� from the solution to polymer phase by between


Figure 8. a) The temperature-dependent GSCC/MSCC equilibria for all
three environments are presented. Solution and polymer phase data
(NMSCC/NTotal) were recorded for RATTF


4+ and RBPTTF4+ and are
based upon quantitative electrochemical measurements of the MSCC/
GSCC ratios. The MSTJ data, which were recorded for RTTF4+ and
RBPTTF4+ , show the temperature-dependent switching amplitude
(IOPEN/ICLOSED), and represent a qualitative measurement of the NMSCC/
NTotal ratio, based upon the proposed switching mechanism. Note that the
large (enthalpically driven) temperature dependence for RBPTTF4+ , and
the relative temperature independence of RATTF4+ and RTTF4+


(R(A)TTF4+) is reflected in all environments. b) Eyring plots of the
MSCC!GSCC (or high!low-conducting MSTJ) relaxation process, for
all three environments.
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1 and 2 kcalmol�1. However, the DG� increase in moving
from the polymer to the MSTJ is significantly larger for
R(A)TTF4+ than for RBPTTF4+ (4.1 vs 2.5 kcalmol�1). This
difference may be related to the differences in packing be-
tween the Langmuir monolayers of the amphiphilic rotax-
anes. Both monolayers were transferred onto the electrode-
patterned substrate at a pressure of 30 mNm�1. However,
the RTTF4+ rotaxanes occupy 92�3 M2 per molecule, while
the RBPTTF4+ rotaxanes occupy 122�5 M2 per molecule.
Thus, the packing of RBPTTF4+ is influenced by a combina-
tion of the high MSCC/GSCC ratio and the bulkier hydro-
philic stopper. These differences lead to a 30% increase in
the area per molecule over a similarly compressed film of
RTTF4+ . Nevertheless, for both amphiphilic bistable rotax-
anes, the data in Figures 6 and 7 indicate a qualitatively sim-
ilar switching mechanism, regardless of physical environ-
ment.
The thermodynamic data given in Figure 8a are apparent-


ly more reflective of the structural differences between
R(A)TTF4+ and RBPTTF4+ , rather than the physical envi-
ronment of these molecules. In all environments, RBPTTF4+


exhibits a strongly temperature-dependent switching ampli-
tude that can be related back to the temperature depen-
dence of the MSCC/GSCC ratio. In turn, this behavior can
be connected to the free-energy difference between the two
host–guest complexes, BPTTF-DEG�CBPQT4+ and DNP-
DEG�CBPQT4+ , and the fact that the enthalpic contribu-
tion to the free energy is very different for these two com-
plexes. The temperature dependence of the MSCC/GSCC
ratio of RBPTTF4+ is slightly more pronounced for the so-
lution and polymer environments than for the MSTJ. This is
likely due to the fact that the MSTJ constitutes a more steri-
cally crowded environment. Nevertheless, the degree to
which the free-energy landscape of the bistable RBPTTF4+


is reflected in the properties of this molecule, regardless of
environment, is striking.
In a similar way, the temperature independent switching


amplitude of R(A)TTF4+ can also be rationalized within a
self-consistent picture that connects across all environments
as well as to the free-energy differences between the TTF-
DEG�CBPQT4+ and DNP-DEG�CBPQT4+ host–guest
complexes. From the point of view of an MSTJ-based
memory device, RTTF4+ constitutes a much superior switch
than does RBPTTF4+ . First, it exhibits a stable switching
amplitude over a reasonably broad temperature range.
Second, an RTTF4+-based MSTJ remains in the high-con-
ducting (MSCC-dominated) state five times longer than an
RBPTTF4+-based MSTJ at 295 K, and ten times longer at
320 K, implying a less volatile (and more useful) switch.


Conclusion


We have investigated two classes of bistable rotaxanes—one
containing a TTF unit and the other a BPTTF unit—across
different environments. Quantifying the relaxation rates in
one critical step of the switching cycle enables us, not only


to validate the proposed switching mechanism and its uni-
versality, but also to correlate switching speeds with the
nature of the environment. The trends in the kinetics and
the validity of the switching mechanism hold true for both
classes of bistable rotaxanes. Nevertheless, we are still able
to differentiate them by following a detailed thermodynamic
investigation of their thermally equilibrated states. By re-
placing the TTF unit in the bistable rotaxanes with a
BPTTF unit, the equilibrium MSCC/GSCC population ratio,
which influences the low-conductance state in MSTJs and
the temperature sensitivity of this ratio, was altered consid-
erably. Correspondingly, the switching amplitude between
the high-conductance state and the now thermally sensitive
low-conductance state changes significantly with tempera-
ture. Binding constant measurements for the complexation
of model guests with the CBPQT4+ host verify that the pop-
ulation ratio and its temperature sensitivity are directly re-
lated to the different binding strengths of the DEG-disubsti-
tuted TTF and BPTTF units. Enthalpy is found to play a
crucial role in determining the temperature dependence of
these binding strengths. The observation of a mode of ther-
modynamic behavior that is universal regardless of environ-
ment validates the hypothesis that at least certain key op-
erational characteristics of the MSTJs are under the control
of chemical synthesis. This realization represents a key ele-
ment in the emerging paradigm of molecular electronics.


Experimental Section


General methods : Chemicals were purchased from Aldrich and were
used as received, unless indicated otherwise. Bis(pyrrolo[3,4-d])tetrathia-
fulvalene[43] (4 ; Scheme 1), 2-(2-iododethoxy)-ethyl-p-toluenesulfonate[44]


(5 ; Scheme 1), 4-[bis(4-tert-butylphenyl)(4-ethylphenyl)methyl]phenol[21]


(9 ; Scheme 1), compound[28d] 12 (Scheme 1), the chloride[21] 17 (Scheme 2
and 4), 1,1’’-[1,4-phenylenebis(methylene)]bis(4,4’-bipyridin-1-ium) bis-
(hexafluorophosphate)[45] (16·2PF6) (Schemes 3 and 5), the iodide


[28h] 18
(Scheme 4), 4,5-bis(2-cyanoethylthio)-1,3-dithiole-2-thione[46] (19 ;
Scheme 4), 5-tosyl-(1,3)-dithiolo-[4,5-c]pyrrole-2-one[43] (21; Scheme 4),
and 2-(2-chloroethoxy)-ethyl-p-toluenesulfonate[47] (25 ; Scheme 4) were
all prepared according to literature procedures. Solvents were dried ac-
cording to literature procedures.[48] All reactions were carried out under
an anhydrous nitrogen atmosphere. High-pressure experiments were car-
ried out in a teflon tube on a Psika high-pressure apparatus. Thin-layer
chromatography (TLC) was carried out by using aluminium sheets pre-
coated with silica gel 60F (Merck 5554). The plates were inspected under
UV light and, if required, developed in I2 vapor. Column chromatogra-
phy was carried out using silica gel 60F (Merck 9385, 0.040–0.063 mm).
Deactivated SiO2 was prepared by stirring the silica gel in CH2Cl2 con-
taining 2% Et3N for 10 min before it was filtered, washed with CH2Cl2,
and dried. Melting points were determined on a BPchi melting point ap-
paratus and are uncorrected. 1H NMR spectra were recorded at room
temperature on a Bruker ARX500 spectrometer (500 MHz), Bruker
ARX400 spectrometer (400 MHz), or on a Gemini-300BB instrument
(300 MHz), with residual solvent as the internal standard. 13C NMR spec-
tra were recorded at room temperature on a Gemini-300BB instrument
(75 MHz), with residual solvent as the internal standard. 19F NMR spec-
tra were recorded at room temperature on a Bruker ARX400 spectrome-
ter (376 MHz), while 31P NMR spectra were recorded at room tempera-
ture on Bruker ARX400 instrument (161 MHz). All chemical shifts are
quoted on a d scale, and all coupling constants (J) are expressed in Hertz
(Hz). The following abbreviations are used in listing the NMR spectra:
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s= singlet, d=doublet, t= triplet, q=quartet, br s=broad singlet, and
m=multiplet. Samples were prepared in CDCl3, CD3COCD3, or
CD3SOCD3 purchased from Cambridge Isotope Labs. Electron impact
ionization mass spectrometry (EI-MS) was performed on a Varian MAT
311 A instrument and matrix-assisted laser-desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) was performed on a Kratos
Kompact MALDI-TOF instrument, utilizing a 2,5-dihydroxybenzoic acid
matrix, high-resolution Fourier Transform matrix-assisted laser-desorp-
tion/ionisation mass spectrometry (HiRes-FT-MALDI-MS) was per-
formed on an IonSpec 4.7 tesla Ultima Fourier Transform mass spectrom-
eter, utilizing a 2,5-dihydroxybenzoic acid (DHP) matrix, while electro-
spray mass spectra (ES-MS) were obtained from a from a Sciex API III+


mass spectrometer. Infrared (IR) spectra were recorded on a Perkin–
Elmer 580 spectrophotometer. UV-visible spectra were recorded at room
temperature on a Shimadzu UV-160 instrument. Microanalyses were per-
formed by the Atlantic Microlab, Inc., Atlanta, Georgia.


Compound 6 : Compound 4 (0.80 g, 2.83 mmol) was dissolved in anhy-
drous DMF (30 mL), cooled to 0 8C, and degassed (N2, 10 min) before
the iodide 5 (2.50 g, 8.33 mmol) followed by NaH (0.80 g of a 60% sus-
pension in mineral oil, 20.0 mmol) was added to the yellow solution. The
reaction mixture was stirred for 3 h at 0 8C, whereupon the reaction mix-
ture was diluted with CH2Cl2 (500 mL), washed with brine (10J150 mL),
and dried (MgSO4). Removal of the solvent gave a brown oil that was
purified by column chromatography (deactivated SiO2: CH2Cl2/MeOH
19:1). The broad yellow band (Rf=0.6) was collected and concentrated,
affording compound 6 (1.19 g, 67%) as a yellow oil. 1H NMR (300 MHz,
CD3SOCD3): d=1.40–1.80 (m, 12H), 3.40–4.00 (m, 20H), 4.54 (br s, 2H),
6.82 ppm (s, 4H); 13C NMR (75 MHz, CD3SOCD3): d=19.6, 25.6, 30.8,
50.3, 61.7, 66.4, 70.1, 70.7, 98.5, 114.2, 117.2, 119.5 ppm; MS(EI): m/z
(%): 626 (24) [M+], 542 (18), 458 (10); elemental analysis calcd (%) for
C28H38N2O6S4: C 53.65, H 6.11, N 4.47; found: C 53.78, H 6.09, N 4.43.


Compound 7: A solution of compound 6 (1.14 g, 1.82 mmol) in THF/
EtOH (50 mL, 1:1 v/v) was degassed (N2, 10 min) before TsOH·H2O
(~10 mg, cat.) was added. The yellow solution was stirred for 20 h at
room temperature, whereupon it was diluted with CH2Cl2 (100 mL). The
combined organic phase was washed with a saturated aqueous NaHCO3
solution (200 mL), H2O (300 mL) and dried (MgSO4). Concentration in
vacuo gave a yellow powder, which was subjected to column chromatog-
raphy (deactivated SiO2: CH2Cl2/MeOH 24:1). The greenish yellow band
(Rf=0.3) was collected and the solvent evaporated to give compound 7
(0.56 g, 67%) as a yellow powder. M.p. 138–139 8C; 1H NMR (300 MHz,
CD3SOCD3): d=3.39–3.42 (m, 8H), 3.64 (t,


3J(H,H)=5.2 Hz, 4H), 4.00
(t, 3J(H,H)=5.2 Hz, 4H), 4.59 (t, 3J(H,H)=5.2 Hz, 2H), 6.82 ppm (s,
4H); 13C NMR (75 MHz, CD3SOCD3): d=49.8, 60.2, 70.2, 72.2, 113.7,
116.7, 118.9 ppm; MS(MALDI-TOF): m/z (%): 458 (100) [M+]; elemen-
tal analysis calcd (%) for C18H22N2O4S4: C 47.14, H 4.83, N 6.11, S 27.97;
found: C 47.04, H 4.83, N 6.08, S 27.73.


Compound 8 : TsCl (0.57 g, 2.99 mmol) dissolved in anhydrous CH2Cl2
(30 mL) was added dropwise over 20–30 min to an ice-cooled solution of
the diol 7 (1.30 g, 2.83 mmol), Et3N (2 mL, 1.5 g, 14 mmol), and 4-di-
methylaminopyridine (DMAP; ~10 mg, cat.) in anhydrous CH2Cl2
(90 mL). The reaction mixture was stirred for 20 h (0 8C to RT), where-
upon Al2O3 (10 g, Brockmann 1, neutral) was added and the solvent re-
moved. The resulting green powder was directly subjected to column
chromatography (deactivated SiO2) and the bistosylate (0.90 g, 41%)
was eluted with CH2Cl2, whereupon the eluent was changed to
CH2Cl2/MeOH (99:1) and the yellow band (Rf=0.5) containing the de-
sired monotosylate was collected and concentrated to give compound 8
(0.38 g, 22%) as a yellow solid. Finally, the starting material 7 (0.45 g,
34%) was eluted CH2Cl2/MeOH (23:2). 1H NMR (300 MHz,
CD3SOCD3): d=2.42 (s, 3H), 3.36–3.66 (m, 10H), 3.93–4.11 (m, 6H),
4.59 (t, 3J(H,H)=5.2 Hz, 1H), 6.74 (s, 2H), 6.83 (s, 2H), 7.46 (d,
3J(H,H)=8.0 Hz, 2H), 7.75 ppm (d, 3J(H,H)=8.0 Hz, 2H); 13C NMR
(75 MHz, CD3SOCD3): d=21.1, 49.5, 49.7, 60.2, 67.7, 69.8, 70.1, 70.2,
72.1, 113.6, 113.7, 116.7, 116.8, 118.9, 127.6, 130.1, 132.5, 144.9 ppm (one
line is missing/overlapping); MS(MALDI-TOF): m/z (%): 612 (100)
[M+]; elemental analysis calcd (%) for C25H28N2O6S5: C 49.00, H 4.61, N
4.57, S 26.16; found: C 48.83, H 4.66, N 4.67, S 25.97.


Compound 10 : A solution of the monotosylate 8 (0.37 g, 0.60 mmol) and
9 (0.86 g, 1.80 mmol) in anhydrous MeCN (50 mL) containing K2CO3
(0.50 g, 3.6 mmol), LiBr (10 mg, cat.) and [18]crown-6 (~10 mg, cat.), was
heated at 75 8C for 20 h. After cooling down to room temperature, the re-
action mixture was filtered and the residue washed thoroughly with
MeCN (20 mL). The combined organic phase filtrate was concentrated in
vacuo and the yellow residue was purified by column chromatography
(deactivated SiO2: CH2Cl2/Me2CO 97:3). The yellow band (Rf=0.2) was
collected and the solvent evaporated to give compound 10 (0.38 g, 70%)
as a yellow foam. 1H NMR (300 MHz, CD3SOCD3): d=1.17 (t,
3J(H,H)=7.6 Hz, 3H), 1.26 (s, 18H), 2.53 (q, 3J(H,H)=7.6 Hz, 2H),
3.39–3.49 (m, 4H), 3.62–3.71 (m, 6H), 3.99–4.02 (m, 6H), 4.59 (t, 3J-
(H,H)=5.2 Hz, 1H), 6.80–6.84 (m, 6H), 7.01–7.12 (m, 10H), 7.28–
7.31 ppm (m, 4H); MS(EI): m/z (%): 917 (55) [M+], 105 (100); elemen-
tal analysis calcd (%) for C53H60N2O4S4: C 69.39, H 3.05, N 6.59, S 13.98;
found: C 69.63, H 2.91, N 6.63, S 13.73.


Compound 11: A solution of compound 10 (0.38 g, 0.41 mmol), TsCl
(0.16 g, 0.82 mmol), Et3N (0.5 mL, 0.35 g, 3.3 mmol), and DMAP
(~10 mg, cat.) in anhydrous CH2Cl2 (150 mL) was stirred at room tem-
perature for 20 h. Al2O3 (10 g, Brockmann 1, neutral) was added, where-
upon the solvent was removed and the residue was purified by column
chromatography (deactivated SiO2: CH2Cl2/Me2CO 99:1). The yellow
band (Rf=0.15) was collected and the solvent evaporated to give com-
pound 11 (0.35 g, 81%) as a yellow foam. 1H NMR (300 MHz,
CD3COCD3): d=1.18 (t,


3J(H,H)=7.5 Hz, 3H), 1.29 (s, 18H), 2.43 (s,
3H), 2.60 (q, 3J(H,H)=7.5 Hz, 2H), 3.61–3.66 (m, 4H), 3.75–3.79 (m,
4H), 3.98–4.16 (m, 8H), 6.64 (s, 2H), 6.73 (s, 2H), 6.81 (d, 3J(H,H)=
9.0 Hz, 2H), 7.09–7.15 (m, 10H), 7.28–7.32 (m, 4H), 7.45 (d, 3J(H,H)=
8.4 Hz, 2H), 7.78 ppm (d, 3J(H,H)=8.4 Hz, 2H); MS(FT-MALDI): m/z
(%): 1093 (2) [M++Na], 1070 (100) [M+], 921 (15); elemental analysis
calcd (%) for C60H66N2O6S5: C 67.26, H 6.21, N 2.61, S 14.96; found: C
65.78, H 6.24, N 2.36, S 14.91.


Compound 13 : A solution of the tosylate 11 (0.64 g, 0.60 mmol) and 12
(0.26 g, 0.79 mmol) in anhydrous MeCN (50 mL) containing K2CO3
(0.34 g, 2.4 mmol), LiBr (10 mg, cat.) and [18]crown-6 (~10 mg, cat.) was
heated under reflux for 20 h. After cooling down to room temperature,
the reaction mixture was filtered and the residue washed with MeCN (2J
50 mL). The combined organic phase filtrate was concentrated in vacuo
and the yellow oily residue was purified by column chromatography (de-
activated SiO2: CH2Cl2/EtOH 97:3). The yellow band was collected and
the solvent evaporated affording compound 13 (0.44 g, 60%) as a yellow
foam. 1H NMR (300 MHz, CD3COCD3): d=1.20 (t,


3J(H,H)=7.6 Hz,
3H), 1.29 (s, 18H), 1.49–1.53 (m, 6H), 2.60 (q, 3J(H,H)=7.6 Hz, 2H),
3.37–3.48 (m, 1H), 3.54–3.64 (m, 1H), 3.75–4.00 (m, 14H), 4.08–4.13 (m,
6H), 4.29–4.32 (m, 4H), 4.63 (br s, 1H), 6.76 (s, 2H), 6.77 (s, 2H), 6.84
(d, 3J(H,H)=8.9 Hz, 2H), 6.94–6.97 (m, 2H), 7.09–7.15 (m, 10H), 7.30–
7.44 (m, 6H), 7.80 (d, 3J(H,H)=8.4 Hz, 1H), 7.85 ppm (d, 3J(H,H)=
8.4 Hz, 1H); MS(FT-MALDI): m/z (%): 1269 (10) [M++K], 1253 (10)
[M++Na], 1230 (100) [M+].


Compound 14 : A solution of compound 13 (0.40 g, 0.32 mmol) in THF/
EtOH (40 mL, 1:1 v/v) was degassed (N2, 10 min) before TsOH·H2O
(~10 mg, cat.) was added. The yellow solution was stirred for 16 h at
room temperature, whereupon it was diluted with CH2Cl2 (50 mL). The
combined organic phase was washed with a saturated aqueous NaHCO3
solution (50 mL) and H2O (50 mL), and dried (MgSO4). Concentration in
vacuo gave a yellow oil, which was subjected to column chromatography
(deactivated SiO2: CH2Cl2/EtOAc 1:1). The yellow band (Rf=0.4) was
collected and the solvent evaporated to give compound 14 (0.21 g, 56%)
as a yellow foam. 1H NMR (300 MHz, CD3COCD3): d=1.24 (t,
3J(H,H)=7.6 Hz, 3H), 1.33 (s, 18H), 2.64 (q, 3J(H,H)=7.6 Hz, 2H),
3.50–3.75 (m, 5H), 3.82–3.86 (m, 4H), 3.91–3.94 (m, 2H), 3.97–4.03 (m,
4H), 4.08–4.19 (m, 6H), 4.32–4.36 (m, 4H), 6.80 (s, 2H), 6.81 (s, 2H),
6.89 (d, 3J(H,H)=8.9 Hz, 2H), 6.99–7.01 (m, 2H), 7.13–7.20 (m, 10H),
7.33–7.48 (m, 6H), 7.83–7.89 ppm (m, 2H); MS(FT-MALDI): m/z (%):
1185 (5) [M++K], 1169 (20) [M++Na], 1146 (100) [M+].


Compound 15 : A solution of compound 14 (0.20 g, 0.17 mmol), TsCl
(0.068 g, 0.35 mmol), Et3N (0.2 mL, 0.14 g, 1.4 mmol), and DMAP
(~10 mg, cat.) in anhydrous CH2Cl2 (50 mL) was stirred at room temper-
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ature for 20 h, whereupon the solvent was removed and the yellow solid
was purified by column chromatography (deactivated SiO2: CH2Cl2/
EtOAc 19:1). The yellow band (Rf=0.6) was collected and the solvent
evaporated to give compound 15 (0.22 g, 98%) as a yellow foam.
1H NMR (300 MHz, CD3COCD3): d=1.20 (t,


3J(H,H)=7.5 Hz, 3H), 1.33
(s, 18H), 2.36 (s, 3H), 2.60 (q, 3J(H,H)=7.5 Hz, 2H), 3.77–3.83 (m, 6H),
3.86–3.96 (m, 6H), 4.07–4.15 (m, 6H), 4.20–4.25 (m, 4H), 4.29–4.32 (m,
2H), 6.75 (s, 2H), 6.77 (s, 2H), 6.83 (d, 3J(H,H)=9.0 Hz, 2H), 6.94–6.97
(m, 2H), 7.09–7.15 (m, 10H), 7.30–7.35 (m, 7H), 7.39 (t, 3J(H,H)=
8.5 Hz, 1H), 7.77–7.83 ppm (m, 4H); MS(FT-MALDI): m/z (%): 1300
(100) [M+].


Compound 16 : The tosylate 15 (0.22 g, 0.17 mmol) was dissolved in anhy-
drous Me2CO (50 mL) and KSCN (0.49 g, 5.04 mmol) was added in one
portion. The yellow reaction mixture was heated under reflux for 1 d,
whereupon additional KSCN (0.49 g, 5.04 mmol) was added. The reaction
mixture was heated under reflux for further 1 d before being cooled to
room temperature. After removal of the solvent, the yellow residue was
dissolved in CH2Cl2 (100 mL), washed with H2O (2J50 mL) and dried
(MgSO4). Concentration in vacuo gave 0.20 g (97%) of the compound 16
as a yellow foam. 1H NMR (500 MHz, CD3COCD3): d=1.20 (t,
3J(H,H)=7.6 Hz, 3H), 1.29 (s, 18H), 2.60 (q, 3J(H,H)=7.6 Hz, 2H), 3.37
(t, 3J(H,H)=5.7 Hz, 2H), 3.78–3.81 (m, 4H), 3.89 (t, 3J(H,H)=4.6 Hz,
2H), 3.93–3.95 (m, 2H), 3.99 (t, 3J(H,H)=4.6 Hz, 2H), 4.04–4.08 (m,
2H), 4.09–4.13 (m, 6H), 4.29–4.31 (m, 2H), 4.33–4.35 (m, 2H), 6.76 (s,
2H), 6.77 (s, 2H), 6.84 (d, 3J(H,H)=8.8 Hz, 2H), 6.95–6.98 (m, 2H),
7.10–7.15 (m, 10H), 7.30–7.32 (m, 4H), 7.37 (t, 3J(H,H)=8.5 Hz, 1H),
7.42 (t, 3J(H,H)=8.5 Hz, 1H), 7.81 (d, 3J(H,H)=8.5 Hz, 1H), 7.85 (d,
3J(H,H)=8.5 Hz, 1H); IR (KBr): ñ=2154 cm�1 (S�C�N); MS(FT-
MALDI): m/z (%): 1226 (15) [M++K], 1210 (15) [M++Na], 1187 (100)
[M+].


Dumbbell 1: Compound 16 (0.19 g, 0.16 mmol) and the chloride 17
(0.14 g, 0.18 mmol) were dissolved in anhydrous THF/EtOH (2:1 v/v,
50 mL), after which powdered NaBH4 (0.060 g, 1.6 mmol) was added in
one portion. The reaction mixture was stirred for 1 d at room tempera-
ture, whereupon additional NaBH4 (0.060 g, 1.6 mmol) was added and
the reaction mixture was stirred for further 3 d at room temperature.
Thereafter, it was poured into an ice-cooled saturated aqueous NH4Cl so-
lution (50 mL) and extracted with CH2Cl2 (2J50 mL). The combined or-
ganic extracts were dried (MgSO4) and concentration in vacuo gave a
yellow oil, which was purified by column chromatography (deactivated
SiO2: CH2Cl2/EtOAc 3:2). The yellow band (Rf=0.4) was collected and
the solvent evaporated affording compound 1 (0.21 g, 68%) as a yellow
foam. 1H NMR (500 MHz, CD3COCD3): d=1.20 (t,


3J(H,H)=7.6 Hz,
3H), 1.29 (s, 18H), 2.60 (m, 4H), 3.29 (s, 9H), 3.48–3.50 (m, 6H), 3.62–
3.64 (m, 6H), 3.75–3.82 (m, 14H), 3.84–3.86 (m, 2H), 3.92–3.94 (m, 4H),
4.07–4.12 (m, 12H), 4.24–4.27 (m, 2H), 4.30–4.32 (m ,2H), 4.87 (s, 2H),
4.96 (s, 4H), 6.74 (s, 2H), 6.74 (s, 2H), 6.75 (s, 2H), 6.80–6.98 (m, 10H),
7.10–7.15 (m, 10H), 7.28–7.41 (m, 12H), 7.79 (d, 3J(H,H)=8.6 Hz, 1H),
7.83 ppm (d, 3J(H,H)=8.6 Hz, 1H); MS(MALDI-TOF): m/z (%): 1925
(100) [M+]; elemental analysis calcd (%) for C110H128N2O18S5: C 68.58, H
6.70, N 1.45; found: C 68.41, H 6.75, N 1.29.


[2]Rotaxane RBPTTF·4PF6 : A solution of the dumbbell 1 (0.20 g,
0.10 mmol), 2·2PF6 (0.22 g, 0.31 mmol), and the dibromide 3 (0.082 g,
0.31 mmol) in anhydrous DMF (8 mL) was transferred to a teflon tube
and subjected to 10 kbar of pressure at room temperature for 3 d. The
greenish-brown solution was directly subjected to column chromatogra-
phy (deactivated SiO2) and unreacted dumbbell was eluted with Me2CO,
whereupon the eluent was changed to Me2CO/NH4PF6 (1.0 g NH4PF6 in
100 mL Me2CO) and the greenish brown band was collected. Most of the
solvent was removed in vacuo (T<30 8C), followed by addition of H2O
(100 mL). The resulting precipitate was collected by filtration, washed
with H2O (2J20 mL) and Et2O (2J30 mL) and dried in vacuo over P2O5,
affording compound RBPTTF·4PF6 (0.15 g, 47%) as a brown solid. The
data given below are for the 1:1 mixture of the two translational isomers;
19F NMR (376 MHz, CD3COCD3): d=�72.4 ppm (d, J=709 Hz);
31P NMR (161 MHz, CD3COCD3): d=�144.2 (septet, J=709 Hz);
MS(ES): m/z (%): 1369 (15) [M2+�2PF6], 864 (80) [M3+�3PF6], 612
(100) [M4+�4PF6]; elemental analysis calcd (%) for C146H160F24N6O18P4


S5·2H2O: C 57.25, H 5.40, N 2.74, S 5.23; found: C 57.05, H 5.20, N 2.82,
S 5.04.


2-Cyanoethylthio-5-ethylthio-1,3-dithiole-2-thione (20): A solution of
compound 19 (6.09 g, 20.0 mmol) in anhydrous MeCN (150 mL) was de-
gassed (N2, 5 min) before a solution of NaOMe (7.6 mL of a 2.75m solu-
tion in MeOH, 20.9 mmol) was added dropwise to the yellow solution by
means of a syringe over a period of 45 min at room temperature. The red
mixture was stirred for 15 min, whereupon EtI (3.9 mL, 7.70 g,
49.5 mmol) was added in one portion and the reaction mixture was stir-
red for 24 h at room temperature. The solvent was evaporated and the re-
sulting red oil was dissolved in CH2Cl2 (250 mL), washed with H2O (3J
200 mL), and dried (MgSO4). Removal of the solvent gave a red oil,
which was purified by column chromatography (SiO2: CH2Cl2/cyclohex-
ane 4:1). The second yellow band (Rf=0.35) was collected and concen-
trated, affording a yellow oil, which was repeatedly dissolved in CH2Cl2
(2J50 mL) and concentrated to give compound 20 (5.14 g, 92%) as a red
oil, which solidified upon standing to give a yellow solid. M.p. 49.5–
50.5 8C; 1H NMR (300 MHz, CDCl3): d=1.36 (t,


3J(H,H)=7.4 Hz, 3H),
2.74 (t, 3J(H,H)=7.1 Hz, 2H), 2.95 (q, 3J(H,H)=7.4 Hz, 2H), 3.08 ppm
(t, 3J(H,H)=7.1 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=14.8, 18.7,
30.8, 31.8, 117.1, 129.3, 142.4, 210.2 ppm; IR (KBr): ñ=2247 cm�1 (C�N);
MS(EI): m/z (%): 279 (100) [M+], 88 (84); elemental analysis calcd (%)
for C8H9NS5: C 34.38, H 3.25, N 5.01, S 57.36; found: C 34.60, H 3.22, N
5.07, S 57.48.


2-[4-(2-Cyanoethylthio)-5-ethylthio-1,3-dithiole-2-yliden]-5-tosyl-1,3-
dithiolo[4,5-c]-pyrrole (22): Ketone 21 (1.87 g, 6.01 mmol) and thione 20
(1.68 g, 6.01 mmol) were suspended in distilled (EtO)3P (50 mL) and
heated to 135 8C (during heating the two solids dissolved leaving a red so-
lution and after 10–15 min a yellow orange precipitate was formed). Two
additional portions of 20 (each containing 0.84 g, 3.01 mmol) were added
after 15 and 30 min, respectively. The red reaction mixture was stirred for
another 3 h at 135 8C, cooled to room temperature and addition of
MeOH (150 mL) yielded a yellow solid, which was filtered and washed
with MeOH (3J50 mL). The yellow solid was subjected to column chro-
matography (SiO2: CH2Cl2) and the yellow band (Rf=0.4) was collected
and the solvent evaporated to give a yellow solid, which was dissolved in
CH2Cl2/MeOH (1:1 v/v, 500 mL) and concentrated to approximately half
of its volume to precipitate the product. The yellow crystals were collect-
ed by filtration, washed with MeOH (50 mL), and dried in vacuo to give
compound 22 (2.40 g, 74%) as yellow needles. M.p. 200–201 8C; 1H NMR
(300 MHz, CD3SOCD3): d=1.25 (t,


3J(H,H)=7.3 Hz, 3H), 2.38 (s, 3H),
2.84 (t, 3J(H,H)=6.6 Hz, 2H), 2.89 (q, 3J(H,H)=7.3 Hz, 2H), 3.11 (t,
3J(H,H)=6.6 Hz, 2H), 7.39 (s, 2H), 7.46 (d, 3J(H,H)=8.3 Hz, 2H),
7.82 ppm (d, 3J(H,H)=8.3 Hz, 2H); 13C NMR (75 MHz, CD3SOCD3):
d=15.0, 18.1, 21.1, 29.9, 30.9, 112.3, 112.8 (2 signals), 117.8, 118.9, 124.0,
125.9, 126.0, 126.8, 129.8, 130.4, 134.4, 145.9 ppm; IR (KBr): ñ=


2250 cm�1 (C�N); MS(EI): m/z (%): 542 (11) [M+], 387 (28) [M+�Ts],
184 (55), 105 (100), 91 (65); elemental analysis calcd (%) for
C20H18N2O2S7: C 44.25, H 3.34, N 5.16, S 41.35; found: C 44.40, H 3.34, N
5.23, S 41.42.


Compound 23 : A solution of the iodide 18 (0.95 g, 1.05 mmol) and 22
(0.55 g, 1.01 mmol) in anhydrous THF (70 mL) was degassed (N2, 10 min)
before a solution of CsOH·H2O (0.174 g, 1.04 mmol) in anhydrous
MeOH (5.0 mL) was added dropwise by means of a syringe over a
period of 75 min at room temperature. Subsequently, the reaction mix-
ture was stirred for 2 d at room temperature, whereupon the yellow reac-
tion mixture was diluted with CH2Cl2 (150 mL), washed with brine
(150 mL), H2O (2J150 mL), and dried (MgSO4). Removal of the solvent
gave a yellow foam, which was purified by column chromatography
(SiO2: CH2Cl2/cyclohexane 9:1). The broad yellow band (Rf=0.35) was
collected and concentrated, affording a yellow foam, which was repeated-
ly dissolved in CH2Cl2 (2J30 mL) and concentrated to give compound 23
(0.99 g, 77%) as a yellow foam. 1H NMR (300 MHz, CD3COCD3): d=
1.20 (t, 3J(H,H)=7.6 Hz, 3H), 1.23 (t, 3J(H,H)=7.4 Hz, 3H), 1.29 (s,
18H), 2.38 (s, 3H), 2.61 (q, 3J(H,H)=7.6 Hz, 2H), 2.84 (q, 3J(H,H)=
7.4 Hz, 2H), 3.10 (t, 3J(H,H)=6.3 Hz, 2H), 3.84 (t, 3J(H,H)=6.3 Hz,
2H), 3.93–3.99 (m, 4H), 4.02–4.06 (m, 2H), 4.14–4.19 (m, 2H), 4.27–4.33
(m, 4H), 6.84 (d, 3J(H,H)=9.0 Hz, 2H), 6.89–6.97 (m, 2H), 7.06–7.14 (m,
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10H), 7.24 and 7.27 (AB q, J=2.1 Hz, 2H), 7.28–7.43 (m, 8H), 7.80–
7.85 ppm (m, 4H); MS(MALDI-TOF): m/z (%): 1265 (22) [M+], 1111
(100) [M++H�Ts]; HiRes-FT-MALDI-MS: m/z calcd for C70H75NO7S7+ :
1265.3583; found: 1265.3580; elemental analysis calcd (%) for
C70H75NO7S7: C 66.37, H 5.97, N 1.11, S 17.72; found: C 65.88, H 5.94, N
1.30, S 17.75.


Compound 24 : Compound 23 (0.85 g, 0.67 mmol) was dissolved in anhy-
drous THF/MeOH (1:1 v/v, 70 mL) and degassed (N2, 10 min) before
NaOMe (25% solution in MeOH, 2.3 mL, 0.54 g, 10.1 mmol) was added
in one portion. The yellow solution was heated under reflux for 15 min
before being cooled to room temperature, whereupon the solvent was
evaporated. The yellow residue was dissolved in CH2Cl2 (100 mL),
washed with H2O (3J100 mL) and dried (MgSO4). Concentration gave a
yellow foam, which was subjected to column chromatography (SiO2:
CH2Cl2). The yellow band (Rf=0.5) was collected and concentrated to
provide compound 24 (0.64 g, 87%) as a yellow foam. 1H NMR
(300 MHz, CD3COCD3): d=1.21 (t, 3J(H,H)=7.6 Hz, 3H), 1.26 (t,
3J(H,H)=7.3 Hz, 3H), 1.30 (s, 18H), 2.61 (q, 3J(H,H)=7.6 Hz, 2H), 2.87
(q, 3J(H,H)=7.3 Hz, 2H), 3.11 (t, 3J(H,H)=6.4 Hz, 2H), 3.86 (t,
3J(H,H)=6.4 Hz, 2H), 3.95–4.01 (m, 4H), 4.02–4.05 (m, 2H), 4.16–4.19
(m, 2H), 4.29–4.33 (m, 4H), 6.79 and 6.80 (AB q, J=1.9 Hz, 2H), 6.85
(d, 3J(H,H)=9.0 Hz, 2H), 6.93 (d, 3J(H,H)=8.0 Hz, 1H), 6.96 (d,
3J(H,H)=8.0 Hz, 1H), 7.06–7.14 (m, 10H), 7.26–7.38 (m, 6H), 7.83 (d,
3J(H,H)=8.0 Hz, 1H), 7.86 (d, 3J(H,H)=8.0 Hz, 1H), 10.36 ppm (br s,
1H); MS(MALDI-TOF): m/z (%): 1112 (100) [M+]; HiRes-FT-MALDI-
MS: m/z calcd for C63H69NO5S6


+ : 1111.3495; found: 1111.3452; elemental
analysis calcd (%) for C63H69NO5S6: C 68.01, H 6.25, N 1.26, S 17.29;
found: C 67.74, H 6.36, N 1.28, S 17.06.


Compound 26 : Compounds 24 (0.61 g, 0.55 mmol) and 25 (0.25 g,
0.90 mmol) were dissolved in anhydrous DMF (20 mL) and degassed (N2,
10 min) before NaH (0.055 g of a 60% suspension in mineral oil,
1.38 mmol) was added. The reaction mixture was stirred for 3.5 h at
room temperature, causing the initially yellow solution to become more
orange. Brine (80 mL) was added dropwise until no more gas evolution
was observed and the resulting yellow precipitate was filtered, washed
with H2O (20 mL), and dried. The crude product was purified by column
chromatography (SiO2: CH2Cl2). The yellow band (Rf=0.5) was collected
and the solvent evaporated, providing compound 26 (0.50 g, 75%) as a
yellow foam. 1H NMR (300 MHz, CD3COCD3): d=1.21 (t,


3J(H,H)=
7.6 Hz, 3H), 1.26 (t, 3J(H,H)=7.3 Hz, 3H), 1.30 (s, 18H), 2.61 (q,
3J(H,H)=7.6 Hz, 2H), 2.86 (q, 3J(H,H)=7.3 Hz, 2H), 3.11 (t, 3J(H,H)=
6.4 Hz, 2H), 3.61–3.73 (m, 4H), 3.74–3.78 (m, 2H), 3.85 (t, 3J(H,H)=
6.4 Hz, 2H), 3.94–4.00 (m, 4H), 4.02–4.05 (m, 2H), 4.08–4.12 (m, 2H),
4.15–4.19 (m, 2H), 4.28–4.34 (m, 4H), 6.76 and 6.79 (AB q, J=2.0 Hz,
2H), 6.85 (d, 3J(H,H)=9.0 Hz, 2H), 6.93 (d, 3J(H,H)=8.0 Hz, 1H), 6.96
(d, 3J(H,H)=8.0 Hz, 1H), 7.06–7.13 (m, 10H), 7.26–7.38 (m, 6H), 7.83
(d, 3J(H,H)=8.0 Hz, 1H), 7.86 ppm (d, 3J(H,H)=8.0 Hz, 1H);
MS(MALDI-TOF): m/z (%): 1217 (100) [M+]; HiRes-FT-MALDI-MS:
m/z calcd for C67H76ClNO6S6


+ : 1217.3680; found: 1217.3675; elemental
analysis calcd (%) for C67H76ClNO6S6: C 66.01, H 6.28, N 1.15, S 15.78;
found: C 66.14, H 6.30, N 1.20, S 15.61.


Compound 27: The chloride 26 (0.46 g, 0.38 mmol) was dissolved in anhy-
drous Me2CO (60 mL) and NaI (3.42 g, 22.8 mmol) was added in one por-
tion. The reaction mixture was heated under reflux for 6 d, before being
cooled to room temperature and the solvent removed in vacuo. The
yellow residue was dissolved in CH2Cl2 (75 mL) and washed with H2O
(3J50 mL), before being dried (MgSO4). Concentration in vacuo gave
compound 27 (0.49 g, 99%) as a yellow foam. 1H NMR (300 MHz,
CD3COCD3): d=1.21 (t,


3J(H,H)=7.6 Hz, 3H), 1.26 (t, 3J(H,H)=7.3 Hz,
3H), 1.30 (s, 18H), 2.61 (q, 3J(H,H)=7.6 Hz, 2H), 2.86 (q, 3J(H,H)=
7.3 Hz, 2H), 3.11 (t, 3J(H,H)=6.4 Hz, 2H), 3.30 (t, 3J(H,H)=6.5 Hz,
2H), 3.69 (t, 3J(H,H)=6.5 Hz, 2H), 3.74–3.78 (m, 2H), 3.85 (t, 3J(H,H)=
6.4 Hz, 2H), 3.95–4.01 (m, 4H), 4.02–4.06 (m, 2H), 4.08–4.12 (m, 2H),
4.16–4.19 (m, 2H), 4.29–4.34 (m, 4H), 6.77 and 6.80 (AB q, J=2.1 Hz,
2H), 6.85 (d, 3J(H,H)=9.0 Hz, 2H), 6.93 (d, 3J(H,H)=8.0 Hz, 1H), 6.96
(d, 3J(H,H)=8.0 Hz, 1H), 7.06–7.14 (m, 10H), 7.26–7.38 (m, 6H), 7.83
(d, 3J(H,H)=8.0 Hz, 1H), 7.86 ppm (d, 3J(H,H)=8.0 Hz, 1H);
MS(MALDI-TOF): m/z (%): 1309 (100) [M+]; HiRes-FT-MALDI-MS:


m/z calcd for C67H76INO6S6
+: 1309.3036; found: 1309.3035; elemental


analysis calcd (%) for C67H76INO6S6: C 61.40, H 5.84, N 1.07, S 14.68;
found: C 61.78, H 5.83, N 1.11, S 14.50.


Compound 28 : The iodide 27 (0.48 g, 0.37 mmol) was dissolved in anhy-
drous Me2CO (50 mL) and KSCN (1.78 g, 18.3 mmol) was added in one
portion. The yellow reaction mixture was heated under reflux for 3 d,
whereupon the reaction mixture was cooled to room temperature. After
removal of the solvent, the yellow residue was dissolved in CH2Cl2
(100 mL), washed with H2O (3J75 mL), and dried (MgSO4). Concentra-
tion in vacuo gave compound 28 (0.45 g, 99%) as a yellow foam.
1H NMR (300 MHz, CD3COCD3): d=1.21 (t,


3J(H,H)=7.6 Hz, 3H), 1.26
(t, 3J(H,H)=7.3 Hz, 3H), 1.30 (s, 18H), 2.61 (q, 3J(H,H)=7.6 Hz, 2H),
2.87 (q, 3J(H,H)=7.3 Hz, 2H), 3.11 (t, 3J(H,H)=6.4 Hz, 2H), 3.28 (t,
3J(H,H)=5.7 Hz, 2H), 3.76–3.81 (m, 4H), 3.86 (t, 3J(H,H)=6.4 Hz, 2H),
3.94–4.01 (m, 4H), 4.03–4.06 (m, 2H), 4.11–4.14 (m, 2H), 4.16–4.19 (m,
2H), 4.29–4.34 (m, 4H), 6.77 and 6.80 (AB q, J=2.1 Hz, 2H), 6.85 (d,
3J(H,H)=9.0 Hz, 2H), 6.93 (d, 3J(H,H)=8.0 Hz, 1H), 6.96 (d, 3J(H,H)=
8.0 Hz, 1H), 7.06–7.14 (m, 10H), 7.26–7.38 (m, 6H), 7.83 (d, 3J(H,H)=
8.0 Hz, 1H), 7.86 ppm (d, 3J(H,H)=8.0 Hz, 1H); IR (KBr): ñ=


2154 cm�1 (S�C�N); MS(MALDI-TOF): m/z (%): 1241 (100) [M+];
HiRes-FT-MALDI-MS: m/z calcd for C68H76N2O6S7


+ : 1240.3743; found:
1240.3743; elemental analysis calcd (%) for C68H76N2O6S7: C 65.77, H
6.17, N 2.26, S 18.08; found: C 65.87, H 6.31, N 2.28, S 17.83.


Dumbbell 29 : The chloride 17 (0.19 g, 0.24 mmol) and compound 28
(0.25 g, 0.20 mmol) were dissolved in anhydrous THF/EtOH (2:1 v/v,
50 mL), after which powdered NaBH4 (0.15 g, 3.97 mmol) was added in
one portion. The reaction mixture was stirred for 2 d at room tempera-
ture, whereupon it was poured into a saturated aqueous NH4Cl solution
(50 mL), and extracted with CH2Cl2 (2J75 mL). The combined organic
extracts were washed with brine (100 mL) and dried (MgSO4). Concen-
tration in vacuo gave a yellow oil, which was purified by column chroma-
tography (SiO2: CH2Cl2/EtOAc 2:1). The yellow band (Rf=0.5) was col-
lected and the solvent evaporated affording a yellow oil, which was re-
peatedly dissolved in CH2Cl2 (2J25 mL) and concentrated to give com-
pound 29 (0.31 g, 78%) as a yellow foam. 1H NMR (300 MHz,
CD3COCD3): d=1.21 (t,


3J(H,H)=7.6 Hz, 3H), 1.24 (t, 3J(H,H)=7.3 Hz,
3H), 1.30 (s, 18H), 2.52 (t, 3J(H,H)=6.4 Hz, 2H), 2.61 (q, 3J(H,H)=
7.6 Hz, 2H), 2.84 (q, 3J(H,H)=7.3 Hz, 2H), 3.08 (t, 3J(H,H)=6.4 Hz,
2H), 3.29 (s, 9H), 3.49 (t, 3J(H,H)=6.4 Hz, 2H), 3.48–3.51 (m, 6H),
3.62–3.67 (m, 10H), 3.77–3.82 (m, 6H), 3.83 (t, 3J(H,H)=6.4 Hz, 2H),
3.93–3.98 (m, 4H), 4.01–4.18 (m, 12H), 4.26–4.32 (m, 4H), 4.91 (s, 2H),
5.03 (s, 4H), 6.73 (s, 2H), 6.76 and 6.78 (AB q, J=2.0 Hz, 2H), 6.82 (d,
3J(H,H)=8.5 Hz, 2H), 6.85 (d, 3J(H,H)=9.1 Hz, 2H), 6.92 (d, 3J(H,H)=
8.0 Hz, 1H), 6.94 (d, 3J(H,H)=8.0 Hz, 1H), 6.95 (d, 3J(H,H)=8.6 Hz,
4H), 7.07–7.14 (m, 10H), 7.26–7.35 (m, 8H), 7.39 (d, 3J(H,H)=8.6 Hz,
4H), 7.83 (d, 3J(H,H)=8.0 Hz, 1H), 7.86 ppm (d, 3J(H,H)=8.0 Hz, 1H);
MS(MALDI-TOF): m/z (%): 1976 (100) [M+], 1767 (12); HiRes-FT-
MALDI-MS: m/z calcd for C110H131NO18S7


+ : 1977.7406; found:
1977.7405; elemental analysis calcd (%) for C110H131NO18S7: C 66.74, H
6.67, N 0.71, S 11.34; found: C 66.64, H 6.45, N 0.77, S 11.15.


[2]Rotaxane RBLOCK·4PF6 : A solution of the dumbbell 29 (0.25 g,
0.13 mmol), 2·2PF6 (0.27 g, 0.38 mmol), and the dibromide 3 (0.10 g,
0.38 mmol) in anhydrous DMF (12 mL) was transferred to a teflon-tube
and subjected to 10 kbar of pressure at room temperature for 3 d. The
red solution was directly subjected to column chromatography (SiO2) and
unreacted dumbbell was eluted with Me2CO, whereupon the eluent was
changed to Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO) and the
red band was collected. Most of the solvent was removed in vacuo (T
<30 8C), followed by addition of H2O (100 mL). The resulting precipitate
was collected by filtration, washed with H2O (2J20 mL) and Et2O (2J
30 mL) and dried in vacuo over P2O5, affording 0.16 g (41%) of the com-
pound RBLOCK·4PF6 as a red solid. Data for RBLOCK·4PF6: mp
170 8C (decomposed without melting); 1H NMR (400 MHz, CD3COCD3):
d=1.18 (t, 3J(H,H)=7.6 Hz, 3H), 1.27 (s, 18H), 1.30 (t, 3J(H,H)=7.3 Hz,
3H), 2.56 (t, 3J(H,H)=6.2 Hz, 2H), 2.58 (q, 3J(H,H)=7.6 Hz, 2H), 2.72
(d, 3J(H,H)=8.0 Hz, 1H), 2.74 (d, 3J(H,H)=8.0 Hz, 1H), 2.93 (q,
3J(H,H)=7.3 Hz, 2H), 3.29 (s, 9H), 3.41–3.46 (m, 2H), 3.48–3.52 (m,
6H), 3.55 (t, 3J(H,H)=6.5 Hz, 2H), 3.63–3.69 (m, 8H), 3.71 (s, 2H),
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3.74–3.82 (m, 6H), 4.02–4.22 (m, 10H), 4.34–4.45 (m, 6H), 4.48–4.62 (m,
6H), 4.90 (s, 2H), 5.04 (s, 4H), 6.01–6.14 (brm, 8H), 6.15 (t, 3J(H,H)=
8.0 Hz, 1H), 6.24 (t, 3J(H,H)=8.0 Hz, 1H), 6.44 (d, 3J(H,H)=8.0 Hz,
1H), 6.45 (d, 3J(H,H)=8.0 Hz, 1H), 6.66 and 6.72 (AB q, J=2.2 Hz,
2H), 6.78 (s, 2H), 6.80–6.96 (m, 8H), 7.03–7.10 (m, 10H), 7.26–7.34 (m,
6H), 7.40 (d, 3J(H,H)=8.4 Hz, 4H), 7.50–7.90 (brm, 8H), 8.10–8.50
(brm, 8H), 9.05–9.45 ppm (brm, 8H); UV/Vis (MeCN, 298 K): lmax (e)=
540 nm (920 mol�1dm�3 cm�1); MS (MALDI-TOF): m/z (%): 2644 (8)
[M+�3PF6], 2499 (8) [M+�4PF6], 1977 (2), 665 (16) [CBPQT+PF6+],
561 (100); elemental analysis calcd (%) for C146H163F24N5O18P4S7·2H2O:
C 56.27, H 5.40, N 2.25, S 7.20; found: C 56.23, H 5.32, N 2.46, S 7.50.


Data analysis : Exponential decay curves were obtained for each temper-
ature by recording the CV over a range of different scan rates utilizing a
modification of previously used methods.[25, 55] The time interval, t, was
determined as the time between formation of the MSCC—reduction to
the TTF neutral redox state—and its oxidation to the monocationic state,
equivalent to the point of measurement of the proportion of MSCC re-
maining. The proportion of MSCC remaining NMSCC/NTotal was obtained
by integrating the area under the peak of the MSCC in the second
anodic scan, NMSCC, and then normalized to a single electron (NTotal, 1e


�)
by halving the total area (2e�) of the first or second anodic scan. The in-
tegrated areas were determined from normalized data. The accuracy of
the normalizing procedure was checked by comparing the integrated area
from each of the anodic and cathodic scans and was found to vary by no
more than �5%. The integration regions were selected to include the
contributions to the CV from the diffusional tail that follows the main
peak. Two additional points were added to the decay curve that corre-
spond to time zero, t=0 s, NMSCC/NTotal=1.0 and, at long relaxation times,
t=300 s, at which the value of NMSCC/NTotal was set equal to the steady-
state value determined by the first anodic scan. The resulting decay curve
was fitted to a single exponential curve in order to obtain the time con-
stant, t, and hence the rate constant, k at T. Errors in the kinetics data
(t, k, and DG�) were obtained from the absolute errors determined from
the fit of each decay curve (NMSCC/NTotal versus t). Errors in the DH� and
DS� parameters were obtained from the errors in the fits to the Eyring
plots. Errors in the equilibrium thermodynamics data were estimated
from the vanCt Hoff plots.


Derivation of the kinetic parameters : The kinetic data—rate constants
and activation barriers—for the relaxation from the MSCC back to the
equilibrium ratio of MSCC:GSCC were acquired based on the following
equilibrium [Eq. (3)]:


MSCCG
k1


k2


HGSCC ð3Þ


The relative concentration of the MSCC as a function of time can be de-
noted as xt= [MSCC]/[Total], where t is the time. Let x0=xt=0, and at
equilibrium, let xeq=xt!1. The first derivative of x(t) with respect to time
is given by Equation (4).


d½MSCC
=dt ¼ �k1x½Total
 þ k2ð1�xÞ½Total

) dx=dt ¼ �k1xþ k2ð1�xÞ


ð4Þ


Integration of Equation (4) leads to the following equality [Eq. (5)]


Zxt


x0


dx
ðk1 þ k2Þx�k2


¼
Zt


0


�ðk1 þ k2Þdt


) ln
ðk1 þ k2Þxt�k2


ðk1 þ k2Þx0�k2
¼ �ðk1 þ k2Þt


ð5Þ


At equilibrium, 0=dx/dt=�k1x + k2(1�x))k2= (k1xeq)/(1�xeq). Putting
this expression for k2 into Equation (5), we obtain Equation (6).


xt ¼ xeq þ ðx0�xeqÞexp½�k1t=ð1�xeqÞ
 ¼ aþ b expð�t=tÞ ð6Þ


By substituting the relationship k1= (1�xeq)/t into the expression DG�=


�RTln(hk1/kBT), DG� can be calculated.


For the MSTJ devices, xeq cannot be obtained on account of the fact that
NMSCC/NTotal cannot be measured directly. As a result, the kinetic data for
the MSTJ were acquired based on the assumption that the current associ-
ated with the pure GSCC (IGSCC) is much smaller than the current associ-
ated with the pure switch-closed state (ICLOSED). Given this assumption,
the following approximate equality holds NMSCC/NTotal� IOPEN/ICLOSED, as
elaborated in the next section. The assumption IGSCC! ICLOSED has been
verified by the theoretical studies.[36]


Derivation of switching amplitudes in MSTJ devices : Based on the re-
fined hypothesis that, the high-conductance (switch-closed) state of an
MSTJ corresponds to the MSCC, but that the low-conductance (switch-
open) state is related to the MSCC/GSCC ratio at equilibrium, the mea-
sured current (I) can be defined in terms of the intrinsic conductance
properties of each co-conformation and the percentage of the co-confor-
mations NMSCC/NTotal and NGSCC/NTotal.


Consequently, IOPEN corresponds to a thermal equilibrium condition and
is a mixture of the GSCC and MSCC, whereas ICLOSED is 100% of the
MSCC. This model influences the meaning of the ratio IOPEN/ICLOSED.


The conductance properties of these systems can be described as follows:
Firstly, the GSCC and MSCC have intrinsic current values IGSCC and
IMSCC, which are constants at a certain temperature T. Therefore, at any
time the current measured (It) is a summation of these two contributions.
The magnitude of each contribution is scaled by the proportions of the
GSCC (NGSCC/NTotal) and MSCC (NMSCC/NTotal) present in the mixture.
This leads to the following general formula [Eq. (7)] for the current It :


It ¼ ðNMSCC=NTotalÞt IMSCC þ ðNGSCC=NTotalÞt IGSCC ð7Þ


Therefore, for the trivial situation when ICLOSED is measured at t=0, we
assume that NGSCC=0 and NMSCC/NTotal=1 confirming that ICLOSED= IMSCC
(see Figure 9).


Now consider what happens at thermal equilibrium (t=1), defined as
IOPEN [Eq. (8)]


IOPEN ¼ ðNMSCC=NTotalÞ1 ICLOSED þ ðNGSCC=NTotalÞ1 IGSCC ð8Þ


Consequently, the ratio IOPEN/ICLOSED, which happens to be the inverse of
the switching amplitude, can be expressed as Equation (9).


IOPEN=ICLOSED ¼ ðNMSCC=NTotalÞ1 þ ðNGSCC=NTotalÞ1 ðIGSCC=ICLOSEDÞ ð9Þ


If the intrinsic conductance of the GSCC is very small compared to
ICLOSED, the term IGSCC/ICLOSED goes to zero and therefore we can use
Equation (10).


IOPEN=ICLOSED ¼ NMSCC=NTotal ð10Þ


Figure 9. Schematic representation of a volatility curve defining ICLOSED
and IOPEN.
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For example, in the case of R(A)TTF4+ , NMSCC/NTotal=1/10 and assuming
an intrinsic conductance of the GSCC that is 100 times smaller than the
MSCC, IGSCC/IClosed=1/100 then the ratio at t=1 is given by Equa-
tion (11)


IOPEN=ICLOSED ¼1=10þ ð9=10� 1=100Þ ¼ 1=10þ 9=1000 ¼
0:1þ 0:009 ¼ 0:109


ð11Þ


Consider also how RBPTTF4+ behaves at low temperatures (MSCC/
GSCC=3:4) [Eq. (12)]


IOPEN=ICLOSED ¼ 3=7þ ð4=7� 1=100Þ ¼ 0:43þ 0:006 ¼ 0:436 ð12Þ


In other words, the ratio of NMSCC/NTotal dominates the IOPEN/ICLOSED mea-
sured ratio at equilibrium and therefore the switching amplitude in the
condition when the intrinsic conductance of the GSCC is small.


Whereas in the condition when the intrinsic conductance of the GSCC
were higher such as if IGSCC/ICLOSED=1/10, then for R(A)TTF


4+ and
RBPTTF4+ Equations (13) and (14), respectively, are valid.


IOPEN=ICLOSED ¼1=10þ ð9=10� 1=10Þ ¼ 1=10þ 9=100 ¼
0:1þ 0:09 ¼ 0:19


ð13Þ


IOPEN=ICLOSED ¼ 3=7þ ð4=7� 1=10Þ ¼ 0:43þ 0:06 ¼ 0:49 ð14Þ


Comparison between the two cases, in which IGSCC is comparatively
smaller (1%) or larger (10%), leads to switching amplitudes for
R(A)TTF4+ of 9 and 5, respectively, whereas for RBPTTF4+ they corre-
spond to 2.3 and 2.0.


Small intrinsic conductances of the GSCC relative to the MSCC are not
so unlikely and have been calculated[36] for related TTF-containing bista-
ble catenanes, based on the theory of coherent electron transport, to be
approximately 1/10000.
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Study of the Growth of Capped ZnO Nanocrystals: A Route to Rational
Synthesis


Ranjani Viswanatha and D. D. Sarma*[a]


Introduction


Semiconducting nanocrystals, whose optical and electronic
properties can be continuously tuned by varying the size of
the particles, are promising candidates for future applica-
tions.[1] To tailor these properties of nanocrystals for specific
applications, it is essential to be able to control not only the
average size, but also the size distribution. Chemical synthe-
ses provide opportunities to control both the size and the
size distribution by varying the concentration of the reac-
tants, capping agents, and the temperature.
ZnO (bulk bandgap of 3.3 eV) is a useful material for a


wide range of applications, such as solar cells, luminescent
devices, and chemical sensors.[1] It is one of the few oxides
with a reasonably wide and experimentally accessible size
range (<7 nm) that facilitates a substantial tunability of the
bandgap, primarily because of the large excitonic diameter
(~5.6 nm). We chose this specific system based on recent in-
terest in synthesizing high-quality ZnO nanocrystals of vari-
ous sizes, including transition-metal-doped ZnO nanocrys-
tals.[2–6] Although the growth mechanism of ZnO in the ab-


sence of any capping agent is reported to be that of Ostwald
ripening,[7] the practical synthesis of ZnO nanocrystals, as
for almost all nanocrystals, is invariably carried out in the
presence of a capping agent to stabilize the desired size for
a given application. However, very little is known about the
growth process in such a complex reaction. To optimally
control parameters in such a reaction, it is necessary to un-
derstand the influence that each parameter has on the aver-
age size and the size distribution. Traditionally, transmission
electron microscopy (TEM) has been used to measure these
two quantities. Although the average size can be estimated
from other experimental techniques, such as X-ray diffrac-
tion and optical absorption spectroscopy, the size distribu-
tion of an assembly of nanocrystals has so far been deter-
mined solely from time-consuming TEM studies. Moreover,
it is impossible to follow both the size and the size distribu-
tion of a fast-growing particle during synthesis by using this
technique. Hence, it is necessary to devise other methods to
follow the size distribution of the particles during the reac-
tion in real time.
The sharpness of the UV-absorption edge and the pres-


ence of an excitonic peak have long been used to qualita-
tively establish the relative degree of monodispersity in
nanocrystal samples; a relatively sharp edge with a well-de-
fined excitonic peak suggesting a narrow size dispersion,
and a broad absorption edge denoting a large size dispersity.
It is indeed evident that the spread of the absorption edge
indicates the size distribution in view of the sensitive de-
pendence of the bandgap, and consequently of the absorp-
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tion edge, on size. Here, we study the effect of [OH]� and
poly(vinyl pyrollidone) (PVP) concentrations on the synthe-
sis of capped ZnO nanocrystals as a function of time. We
show that the UV-visible absorption spectra can be analyzed
to obtain quantitatively accurate estimates of size disper-
sions in a variety of systems. In addition, we use this method
to establish several unexpected, non-monotonic dependen-
cies of the size and the size distribution of the ZnO nano-
crystals on the reaction conditions.


Results and Discussion


The authors of reference [4] reported a UV-absorption spec-
trum and a transmission electron micrograph of a ZnO
nanocrystal sample, providing an ideal starting point for the
application of this method. We estimated the size-distribu-
tion histogram for this sample (Figure 1a) by using the re-


ported micrograph. The size distribution obtained from the
TEM was fitted to a Gaussian function, shown as a thin
solid line in Figure 1a, to yield estimates for the average
size, DTEM


av =2.95 nm, and the size dispersion in terms of the
full width at half maximum (FWHM), DDTEM=1.13 nm.
The size-distribution function obtained by analyzing the re-
ported UV-absorption spectrum gives the optimized values


of DUV
av (3.09 nm) and DDUV (1.11 nm). The resulting distri-


bution function, shown by a thick solid line in Figure 1a, is
very similar to that obtained from TEM analysis (thin solid
line); specifically the differences in the Dav and DD values
obtained from the two techniques are less than 5% and 2%,
respectively. To ensure that this good agreement is not coin-
cidental, we conducted similar analyses for another ZnO
nanocrystal sample with a much larger average size, as well
as for ZnS nanocrystals and CdSe nanocrystals whose UV-
absorption spectra and TEM results have already been re-
ported.[4,8,9] Figure 1b–d shows comparisons between size-
distribution functions obtained by analyzing UV-absorption
spectra (thick solid lines) and the corresponding TEM re-
sults (thin solid lines), once again showing good overall
agreement in each case. Quantitatively, DTEM


av =4.2 nm and
DUV
av =4.35 nm, with DDTEM=1.98 nm and DDUV=2.02 nm


for the ZnO sample; DTEM
av =3.8 nm and DUV


av =3.95 nm, with
DDTEM=1.7 nm and DDUV=1.55 nm for the ZnS sample;
and DTEM


av =5.10 nm and DUV
av =5.13 nm, with DDTEM=


1.05 nm and DDUV=0.95 nm for the CdSe sample. The larg-
est discrepancies between estimates from UV-absorption
and TEM data are less than 5% and 10% for Dav and DD,
respectively. Notably, the use of the effective mass approxi-
mation (EMA) leads to a drastic overestimation of DUV


av and
an underestimation of DDUV, due to the well-known overes-
timation of the bandgap variation within the EMA. This is
in contrast to the more accurate results for the bandgap
shift with size obtained here.[4,10]


As discussed above, the experimental UV-absorption
spectra of several different systems provide reliable informa-
tion about the average size and the size distribution of these
systems. This prompted us to explore whether this is univer-
sally true for any such system, which could lead to an easy-
to-use methodology for estimating these two quantities. Be-
cause only limited experimental data is available so far for
many of these interesting systems, we simulated the UV-ab-
sorption data for different size distributions of a large
number of systems, namely ZnO, ZnS, ZnSe, CdS, CdSe,
GaAs, InAs, and InP. Assuming average size and size-distri-
bution width with a Gaussian-distribution function, the ex-
pected UV-absorption curve is easily simulated with the
help of the known bandgap shifts[4,14, 15] with size, as de-
scribed in the Experimental Section. A typical example of a
simulated UV-absorption spectrum for the case of GaAs, for
which very little experimental data is available so far, is
shown in part I of Figure 2b, for an average size of 3.5 nm
and a relative percentage distribution of 8.5%. Differentia-
tion of this absorption spectrum produces the curve shown
in part II. The differentiated curve defines a peak energy
E0, and an energy width in terms of E1 and E2, forming the
FWHM. The absorption energy E0 is readily translated into
the average size, dav, by using the simple formula reported
previously.[4,14, 15] Similarly, E1 and E2 can also be translated
to apparent sizes, for example, d1 and d2. This then defines
the apparent relative percentage distribution, Ddapp=
(d1�d2)/davK100. This apparent value is much larger than
the actual value that was based on the originally assumed


Figure 1. Comparison of the size distribution obtained from fitting the
UV-absorption curve (thick solid line) with the TEM histogram (column
plot) of (a) 3.0 nm particles of ZnO, (b) 3.9 nm particles of ZnS, (c)
4.7 nm particles of ZnO, and (d) 5.3 nm particles of CdSe. The corre-
sponding fits by broadening an infinitely sharp function and Gaussian fit
to the TEM histogram are shown as dotted lines and thin solid lines, re-
spectively.


Chem. Eur. J. 2006, 12, 180 – 186 C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 181


FULL PAPER



www.chemeurj.org





distribution function. For example, in the illustrative exam-
ple shown in Figure 2b, the dav calculated from E0 is
3.49 nm, in very good agreement with the assumed value of
3.5 nm. However, the apparent relative percentage distribu-
tion of 20.6% arising from d1=3.9 nm for E1=2.18 eV and
d2=3.17 nm for E2=2.41 eV is about 2.5 times larger than
the originally assumed value. Figure 2a shows the plot of the
actual relative percentage distribution as a function of ap-
parent relative percentage distribution calculated on the
basis of such simulated UV-absorption data. The plot sum-
marizes our analyses of 720 cases of eight different com-
pounds spanning the entire relevant size (2–6 nm) and rela-
tive percentage distribution (5–25%) ranges. Interestingly,
the plot reveals an almost universal behavior, as suggested
by a simple quadratic fit (solid line) of the data points. This
allows us to calibrate the apparent width from the analysis
of the UV-absorption data and, subsequently, to obtain the
true width. The fit describes the actual relative percentage
distribution DD=AKDdapp


2+BKDdapp+C, in which A, B,
and C are equal to �0.0025, 0.524, and �1.41, respectively.
By using the above example of GaAs, the derived apparent
relative percentage distribution of 20.6% translates to an
actual relative percentage distribution of 8.4%, which is in
remarkable agreement with the originally assumed relative
percentage distribution of 8.5%. The universality of this ap-
proach, attributable to the fact that the constants A, B, and
C are system and size independent, makes this approach
particularly simple to use. Therefore, for any system of semi-
conducting nanocrystals, a simple differentiation of the UV-


absorption spectrum directly
yields the average size from the
peak energy, and the apparent
relative percentage distribution
in conjunction with the re-
lationship DDactual=�0.0025K
Ddapp


2+0.524KDdapp�1.41 pro-
vides the estimate of the actual
relative percentage distribution.
These results for different


semiconductor nanocrystal sys-
tems, spanning a wide range of
average sizes, establish the gen-
eral validity of this approach.
An additional advantage of this
method stems from the insensi-
tivity of the absorption spectra
on surface and defect states,
which, for example, influence
the emission properties drasti-
cally. Therefore, a similar ap-
proach based on the emission
spectra of nanocrystals[10] will
be limited only to perfectly pas-
sivated samples exhibiting
bandedge emission, and would
not be applicable to nanocrys-
tals, such as ZnO, that do not


show a bandedge tuning. This method based on the absorp-
tion edge of the bulk, however, may be limited by the differ-
ence in the spectral shapes of the bulk and the nanocrystals,
the latter generally exhibiting a sharper absorption edge
than that of the bulk. To estimate the possible error from
the use of the bulk spectrum, we also analyzed the results of
the nanocrystals in the opposite limit, assuming that the ab-
sorption edge of an individual nanocrystal is infinitely sharp.
In this case, the reference spectrum for the analysis, instead
of being the experimental bulk spectrum, is represented by
a step function, broadened by the instrumental resolution.
The corresponding results of our analysis are plotted in
Figure 1 as dotted lines; it can be seen that the difference
between the results obtained under the assumptions of the
two opposite, extreme limits is negligible, providing further
credence to the present approach. However, it is important
to note that the present approach does not allow us to ana-
lyze a bimodal distribution unless prior knowledge of the
presence of such a distribution is available from indepen-
dent measurements, such as TEM data. Nevertheless, the
simplicity and very short application time of the absorption
technique compared with the more conventional method of
TEM to obtain the size distribution supports the use of this
method in a time-resolved study of the effect of concentra-
tion of NaOH and PVP in the synthesis of ZnO nanocrys-
tals.
The UV-absorption spectra of a typical reaction with a


fixed NaOH concentration of 0.5 mmol in 25 mL as a func-
tion of time is shown in the inset of Figure 3. There is a sys-


Figure 2. a) Correlation of the apparent relative percentage distribution obtained from UV-absorption curves
with the actual relative percentage distribution for various ii–vi and iii–v systems. b) A typical example of si-
mulated absorption data for 3.5 nm GaAs nanocrystals with an assumed relative percentage distribution of
8.5%. Part II shows the derivative of the curve in part I, and the positions of E0, E1, and E2.
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tematic and substantial shift of the absorption edge to lower
energies with increasing time, signifying a growth in the
average particle size. The variations in average diameter, D,
as a function of time, t, for the different ratios of Zn2+ to
PVP, but with the same NaOH concentration, are shown in
the main panel of Figure 3. In each case, there is a rapid and
sustained growth of the nanocrystals with time, in spite of
the presence of the capping agent. Prompted by the theory
of Ostwald ripening,[11] we tried to fit these curves to the ex-
pression Dx�D0


x=kt, in which x=3 in the case of Ostwald
ripening. However, we found that it was impossible to fit
any of the curves to the quoted formula, even by varying
the value of x. This suggests that the growth process ob-
served here is qualitatively different from the Ostwald rip-
ening mechanism. This is not surprising in view of the pres-
ence of PVP as a capping agent that interferes with the
usual ripening process; the ripening process being driven
only by the gradient in surface energy. The mechanism of
growth inhibition in the presence of a capping agent is not
well understood and is beyond the scope of the Lifshitz
Slyozov Wagner (LSW) theory[11] leading to the Ostwald rip-
ening. We find that an empirical fit in terms of (D�D0)


x=kt
describes well the experimental results, as shown by the best
fit results with the solid lines through the data points in
Figure 3. The various values of D0, x, and k are listed in
Table 1. This empirical growth equation suggests that the
rate of growth over longer time periods is dependent on x.
Thus, the largest value of x for a Zn2+ :PVP ratio of 5:3 sug-


gests that this condition favors the eventual formation of
smaller particles. This conclusion is supported by reports[2]


in which the specific ratio of 5:3 for Zn2+ :PVP concentra-
tions was found to give rise to the smallest-sized particles
after a sufficiently long reaction time.
A typical set of UV-absorption spectra at various concen-


trations of NaOH with a fixed ratio of Zn2+ to PVP (5:3)
and after a reaction time of 160 min is given in the Support-
ing Information. The absorption edge appears clearly at dif-
ferent energies, varying non-monotonically and thereby indi-
cating the complex dependence of the average nanocrystal
size on NaOH concentration. More interestingly, the sharp-
ness of the absorption edge is found to vary substantially as
NaOH concentration changes. The most interesting depen-
dence of growth on NaOH concentration was suggested by
distinct non-monotonic variations in the UV-absorption
spectra of the reaction mixture after a fixed time. We con-
ducted transmission electron microscopy (TEM) and scan-
ning tunneling microscopy (STM) to study the shape of
compounds corresponding to different points shown in
Figure 4. These data clearly show the presence of predomi-
nantly spherical particles of consistent sizes, confirming that
the complex dependence on NaOH concentration is not due
to any variation in shape of the nanocrystals. We then ana-
lyzed the absorption spectra obtained as a function of
NaOH concentration at three different reaction times (0,
100, and 160 min) and for different ratios of Zn2+ to PVP to
obtain the average nanocrystal size and the FWHM of the
size-distribution function, as described before. The results
for Dav are shown in the main panels of Figure 4. The rela-
tive percentage distribution, defined by 100 (DD/D), is simi-
lar for different reaction times, and hence is shown for only
the 160 min reaction time in the corresponding insets. Fig-
ure 4a shows the expected result that the average particle
size is largest in the absence of PVP (Zn2+ to PVP ratio=
5:0). A low Zn2+ to PVP ratio of 5:1 is also found to be in-
efficient in passivating the nanocrystals (Figure 4b), and we
observe minimal changes compared to the uncapped system
(Figure 4a) in terms of both size and size distribution. At a
few concentrations, we even find slightly larger nanocrystals
in the case of the 5:1 ratio than in the absence of PVP. How-
ever, we do not consider these slight changes to be signifi-
cant for the following reasons: It is known that even a slight
change in the water content may influence the size signifi-
cantly. A small change in the water content, below the con-
trollable limit, may be the reason for the slight increase ob-
served for the 5:1 case. However, the average size of the
nanocrystal decreases systematically as the PVP concentra-
tion increases, as shown in Figure 4c and d. Interestingly,


Figure 3. Variation in the size of ZnO nanocrystals shown as a function
of time for different ratios of Zn2+ to PVP at a fixed concentration
(0.5 mmol) of NaOH. The inset shows the UV-absorption curves for a
typical system as a function of time ranging from 0–60 min.


Table 1. D0, x, and k values for different ratios of Zn2+ to PVP.


Zn2+ :PVP D0 [nm] x k [nms�1]


5:0 2.05 2.15 0.038
5:1 2.07 2.38 0.033
5:3 1.89 2.76 0.070
5:5 1.82 1.58 0.022
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Figure 4c and d suggest the formation of ZnO nanocrystals
prior to the addition of NaOH (the zero of the x-axis). This
is not observed in the absence of PVP (Figure 4a), nor for
small amounts of PVP (Figure 4b). These preformed ZnO
nanocrystals can be explained on the basis of our observa-
tion that the large concentration of PVP makes the solution
basic; this produces enough hydroxyl ions to produce detect-
able quantities of ZnO-like nanocrystals even prior to the
addition of any NaOH.
The results shown in Figure 4 reveal that the dependen-


cies of Dav on the concentration of NaOH for all concentra-
tions of PVP are essentially similar. At the start of the reac-
tion, that is, at t=0, represented by closed circles in
Figure 4, the average size is not particularly sensitive to the
concentration of NaOH, though the lower concentrations of
PVP show a slight monotonic increase as the [OH]� concen-
tration increases (panels a and b). At higher concentrations
of PVP (panels c and d), the average size shows an initial
slight decrease, forming a shallow broad minimum as the
concentration of NaOH increases. Interestingly, a lower con-


centration of PVP (panels a
and b) allows a systematic
growth of the nanocrystal size
over time, even at the smallest
NaOH concentration, whereas
at higher PVP concentrations
(panels c and d), the ZnO
nanocrystals exhibit hardly any
growth below a critical NaOH
concentration, as evidenced by
the overlap of the three curves
for the three different times in
the lower NaOH concentration
range. In fact, the concentration
of NaOH required before
growth of the nanocrystals can
be observed increases as the
PVP concentration increases.
This suggests that in the pres-
ence of PVP, even before the
addition of NaOH, the clusters
of ZnO are well passivated,
thereby inhibiting any further
growth of the nanocrystals.
After the reaction has pro-


gressed for some time (t=100
or 160 min), the average size of
the nanocrystals becomes a
non-monotonic function of the
NaOH concentration, reaching
a distinct maximum for an in-
termediate concentration of
NaOH and finally a low satura-
tion value near the highest con-
centration investigated here.
The initial increase in size is ex-
pected, due to the increase in


the number of hydroxyl ions available for the reaction.
However, in each case, the size of the nanocrystals becomes
progressively smaller as NaOH concentration increases
beyond a certain concentration. To investigate this observa-
tion, we first note that the progress of the reaction proceeds
by dehydration of Zn(OH)2 to produce ZnO nanocrystal
and water. It is well known that the presence of even a
small amount of water increases significantly the rate of
growth of ZnO nanocrystals.[6,12] In the presence of excess
NaOH, the unreacted NaOH acts as a scavenger of water,
absorbing moisture from the solution and thus maintaining
relatively anhydrous conditions. This explains the observa-
tion of smaller-sized nanocrystals at a higher concentration
of NaOH beyond a certain threshold concentration. We
proved this hypothesis by carrying out the reaction in the
presence of anhydrous silica gel for different concentrations
of NaOH; this was found to slow down the growth of the
nanocrystal size. In particular, for the NaOH concentration
corresponding to the maximum nanocrystal sizes shown in
Figure 4, we observed a drastic reduction in the nanocrystal


Figure 4. Variation in the size of ZnO nanocrystals plotted as a function of NaOH concentration at times
0 min (closed circles), 100 min (half-open circles), and 160 min (open circles) for Zn2+ to PVP ratios of (a)
5:0, (b) 5:1, (c) 5:3, and (d) 5:5. The corresponding insets show the variation in size distribution at 160 min.
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size in the presence of silica gel, consistent with the extent
of decrease in size in the presence of excess NaOH shown
in Figure 4. Typical results of the experiment with silica gel
are available in the Supporting Information.
The insets to Figure 4a and b reveal a slight monotonic in-


crease in the relative distribution at low PVP concentration
as NaOH concentration increases. Interestingly, at higher
concentrations of PVP (insets to Figure 4c and d), we ob-
serve a striking decrease in the size distribution or a narrow-
ing effect. As discussed earlier, in the presence of high con-
centrations of PVP and in the absence or at a low concen-
tration of NaOH, the ZnO-like clusters are formed from the
oxide ions of the PVP and isopropanol in the medium, cata-
lyzed by the slight basicity of the medium. In this case, the
rate-determining step of the reaction is the formation of the
ZnO-like clusters, and these clusters are immediately
capped efficiently with PVP. Therefore, further ripening
leading to more uniformly sized clusters is strongly sup-
pressed at higher PVP concentrations by the effective passi-
vation. This is also suggested by the fact that there is hardly
any growth of the nanocrystal size with time, indicated by
the overlap of the three time (0, 100, and 160 min) plots, for
the large PVP concentrations (Figure 4c and d) in the low
NaOH concentration range. Hence, we observe a broad size
distribution in such cases. Beyond a certain critical concen-
tration of NaOH, approximately 0.1–0.2 mmol in Figure 4c
and d, respectively, there is clear growth of the nanocrystal
size with time. This suggests that at these higher concentra-
tions, NaOH is effective in reacting with the small, pre-
formed ZnO clusters in spite of the presence of PVP. This
thereby leads to growth, though at a much slower rate than
in the uncapped case. Removal of the capping agent at
higher concentrations of NaOH also allows for a ripening
process to compete with the passivating process by PVP, and
this leads to a higher degree of uniformity in size, as ob-
served here. Notably, the minimum in the relative distribu-
tion corresponds to the same NaOH concentration that is
required to reach the low size range in the higher NaOH
concentration range. If the NaOH concentration is higher
than this optimal value, the relative distribution becomes
larger, leading to a poorer quality product, though the aver-
age particle size remains approximately the same. On the
other hand, a lower concentration of NaOH gives rise to a
larger average size for the nanocrystals. Thus, the present
study establishes the necessity to use the optimal NaOH
concentration to obtain small nanocrystals with a minimum
size distribution.


Conclusion


We have presented a simple approach to obtain accurate es-
timates of size-distribution functions in nanocrystal systems
from UV-absorption spectra. General validity of this
method has been shown by applying it to diverse semicon-
ductor nanocrystals of various sizes. The unique ability of
this novel approach to provide a detailed understanding of


the complex growth and a route to rational synthesis of the
high-quality nanocrystal is illustrated by the case of ZnO
nanocrystal growth with PVP as the capping agent. The
complexity of the process is revealed at a microscopic level
by its qualitative differences to the Ostwald ripening mecha-
nism, and at a macroscopic level in terms of non-monotonic
dependencies of the size and the size-distribution function
on different reaction parameters. Additionally, the optimal
conditions for ZnO nanocrystal synthesis with the narrowest
size distribution are defined, paving the way for a rational
synthesis.


Experimental Section


A typical synthesis of the ZnO nanocrystals involved dis-
solving 0.25 mmol of zinc acetate in 25 mL of isopropanol
under constant stirring at 50 8C. Various specific amounts of
PVP were added to this solution and stirring was continued.
These solutions were hydrolyzed by the addition of various
concentrations of NaOH in isopropanol, and UV-absorption
spectra of these solutions were measured at various times by
using a Perkin–Elmer double-beam LM-35 spectrophotome-
ter. Pure iPrOH was used as a reference blank solution for
the absorption experiments. The synthesis and characteriza-
tion of the other compounds shown in Figure 1 are reported
in the literature.[4,8,9]


To extract the size distribution from an analysis of the
UV-absorption edge, we first note that any property of a
collection of non-correlated particles is simply the average
of the properties of all of the individual particles. Specifical-
ly, the UV-absorption spectrum of any nanocrystal sample is
obtained by the superimposition of the individual UV-ab-
sorption spectra representing each specific size of nanocrys-
tal weighted by its relative abundance. Thus, by using the
UV-absorption spectrum of the bulk as the reference spec-
tral shape for each contribution, and the energy shift of the
absorption edge for any given size from the literature,[4,13–15]


the expected spectrum can be easily simulated for any given
size distribution. We assume that the size dispersion follows
a statistically determined Gaussian distribution, character-
ized by the peak position, Dav, which corresponds to the
average diameter of the nanocrystals and the full width at
half maximum (FWHM), and DD, which quantifies the size
dispersion. We then systematically vary the parameters Dav


and DD to minimize the difference between the simulated
spectrum and the experimental spectrum within the least-
squared-error approach, thus determining the size-distribu-
tion function most consistent with the experimentally ob-
served absorption spectrum.
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Structural Preferences of Single-Walled Silica Nanostructures: Nanospheres
and Chemically Stable Nanotubes


Mikko Linnolahti,* Niko M. Kinnunen, and Tapani A. Pakkanen[a]


Introduction


Inorganic nanotubes constitute a diverse class of materials;
tubes of various chalcogenides, oxides, nitrides, halides, and
metals have been synthesized previously.[1] Silica, being a
highly abundant and versatile material, is no exception. In
addition to its complex polymorphism it is capable of form-
ing various nanostructures, including silica gel,[2] mesoporous
materials,[3] individual nanotubes,[4] nanowires, and nano-
spheres.[5] Efforts have been made to synthesize silica nano-
tubes with different morphologies,[6] and to study their
growth mechanism.[7] The tubes are multiwalled with diame-
ters of up to hundreds of nanometers, and the use of a tem-
plate is often required to achieve shape control.[8,9] So far,
single-walled silica nanotubes have not been obtained.


Because of the versatility of silica, structure elucidation of
silica nanostructures is a challenge. To take control of its
structural characteristics, it is useful to begin with small clus-
ters. Several theoretical papers on structural preferences of
(SiO2)n clusters have been reported during the last decade.
It is now known that linear D2h- and D2d-symmetric chains,
composed of Si2O2 rings with double oxygen bridges and Si=
O terminal ends, are favored when n<7.[10] This is due to


the large number of coordinatively saturated silicon and
oxygen atoms in short chains among the isomers. Because of
an exponential increase in the number of possible isomers
as a function of n, comprehensive analysis of all of the iso-
mers of larger oligomers is hardly feasible. Nevertheless,
several structural families have been proposed: 1) fully coor-
dinated Si2O2-based rings, which possess greater stability
than the corresponding chains starting from n>11,[11]


2) chains and rings containing Si3O3 rings,[12] 3) oxygen-ter-
minated cages,[13] and 4) coordinatively saturated cages up to
n=24.[14,15] While not always lower in energy, the coordina-
tively saturated structures appear the most reasonable can-
didates, due to the absence of reactive Si=O end groups.


In the theoretical approach described here, our focus is
on the determination of molecular structures of single-
walled coordinatively saturated silica nanostructures. Nano-
spheres were first derived from regular polyhedra, then the
spheres were elongated to nanotubes. The relative stability
of the nanostructures and infinitely long tubes were then es-
timated on the basis of a periodic calculation of crystalline
silica.


Computational Methods


A preliminary optimization of nanospheres was performed by the HF/3-
21G(*) method, followed by verification of the character of stationary
points by frequency calculations. The true minima were reoptimized by
Hartree–Fock (HF) and hybrid density functional B3LYP methods, in
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combination with modified 6-21G* and 6-31G* basis sets for Si and O,
respectively. The basis sets applied have been specifically optimized for
silica by Civalleri et al. ,[16] optimized basis sets being necessary for peri-
odic calculations. All calculations, including the periodic ones, were per-
formed by Gaussian 03 software.[17]


Results and Discussion


Derivation of (SiO2)n nanospheres from regular polyhedra :
Single-walled silica nanospheres were derived from Platonic
solids and Archimedean polyhedra. Platonic solids are usu-
ally denoted by the notation {p,q}, in which p is the number
of sides in each face and q is the number of faces that meet
at each vertex. We have previously demonstrated, by using
Al2O3 nanostructures as an example, that nanospheres with
2:3 stoichiometry can be derived from Platonic solids when
q=3.[18] Without losing the original symmetry of the poly-
hedron, this was done by placing metal atoms into the ver-
texes of the polyhedron, followed by connection of the ver-
texes by means of oxygen bridges. In the case of silica with
a stoichiometry of 1:2, the methodology is only applicable
for Platonic solids when q=4 (for octahedra). As an alterna-
tive building strategy, the required 1:2 stoichiometry can be
produced from Platonic solids when q=3, by introducing
double oxygen bridges between every second pair of Si ver-
texes (Figure 1). The latter methodology does not, however,
preserve the original symmetry of the parent Platonic solid.


In a similar way, (SiO2)n nanospheres can be derived from
Archimedean polyhedra. In the case of polyhedra in which


three faces meet at each vertex, nanostructures with alter-
nating single and double oxygen bridges are formed, where-
as the polyhedra with four faces meeting at each vertex pro-
duce structures with single oxygen bridges. It is worth noting
that, unlike for Platonic solids, the original symmetry is
always preserved. The methodology for deriving silica nano-
spheres from Archimedean polyhedra is illustrated in
Figure 2. In addition to the aforementioned alumina,[18] we
have recently applied a similar approach to magnesium di-
chloride[19] and aluminoxane[20] cages.


Relative stabilities of (SiO2)n nanospheres : The relevance of
the derived silica nanospheres was first examined by using
the HF/3-21G* theory. Frequency calculations indicated that
the tetrahedron, cube, cuboctahedron, rhombicuboctahe-Figure 1. From Platonic solids to silica nanostructures.


Figure 2. From Archimedean polyhedra to silica nanostructures.


Chem. Eur. J. 2006, 12, 218 – 224 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 219


FULL PAPER



www.chemeurj.org





dron, icosidodecahedron, and rhombicosidodecahedron
counterparts of silica, each possessing one or more imagina-
ry frequencies, are not true minima. The remaining nine
clusters, with no imaginary frequencies, were optimized fur-
ther by both the HF and B3LYP methods, in combination
with the basis set developed by Civalleri et al.[16] Table 1


summarizes the structures, and relative stabilities of relevant
silica nanospheres derived from regular polyhedra. The en-
ergies per SiO2 unit are given relative to a-quartz, which is
the lowest energy polymorph of silica, as demonstrated by
periodic calculations of Catti and co-workers.[21] Several
other theoretical studies are available for the silica poly-
morphs as well.[22]


From the polyhedra, in which four faces meet at each
vertex, the Oh-symmetric analogue of octahedron (SiO2)6 is
the only true minimum. The structure consists of eight Si3O3


rings, and has a diameter of 0.47 L. All other structures
belong to the family of polyhedra with three faces meeting
at each vertex, for which the required stoichiometry of Si/
O=1:2 is satisfied by alternating single and double oxygen
bridges, therefore producing n/2 Si2O2 rings. The latter struc-
tural family is clearly favored over the octahedron, which is
strongly destabilized by the unavoidable square-planar ori-
entation of the four-coordinated Si atoms. However, nano-
structures with alternating single and double oxygen bridges
do accommodate the preferable tetrahedral orientation, thus


lowering their stability to below 100 kJmol�1 per SiO2 unit
from that of a-quartz, independent of the method applied.
Compared to the B3LYP method, the HF method yields
lower stability for the clusters, while maintaining exactly the
same order of stability.


Followed by the unstable octahedron, the analogue of the
truncated tetrahedron possesses
the next highest relative energy.
The structure is destabilized be-
cause of the repulsion of the
double oxygen bridges pointing
inwards in the small cage. The
stability generally improves as a
function of the cluster size, the
Ih-symmetric Si120O240 analogue
of a truncated icosidodecahe-
dron being favored, closely fol-
lowed by the Ih-symmetric
Si60O120 counterpart of a trun-
cated icosahedron. Both clus-
ters are nanoscale with diame-
ters of 2.34 and 1.62 nm, respec-
tively, and have approximately
80 kJmol�1 more energy per
SiO2 unit than a-quartz. The
Si�O bond lengths in the
Si120O240 truncated icosidodeca-
hedron range from 1.63 L in
single oxygen bridges, to 1.67 L
in double oxygen bridges, which
are close to the bond lengths of
1.61 L in a-quartz.[23] Excluding
the Si2O2 rings, the O-Si-O
angles can accommodate opti-
mal tetrahedral orientation, the
values range from 108.7 to
114.7 8. The Si-O-Si angles,


again with the exception of Si2O2 rings, adopt values of
139.0 or 147.6 8, similar to the angle of 143.7 8 for a-quartz.
Apparently, the major source of destabilization, compared
to the crystalline form, is due to n/2 Si2O2 rings, that is, the
double oxygen bridges, found at the silica surfaces under
severe conditions.[24] Theoretical studies on the silica coun-
terparts of the Si12O24-truncated tetrahedron, Si24O48-truncat-
ed octahedron, and Si24O48-truncated cube have been report-
ed previously by Bromley,[14] who concluded that coordina-
tively saturated cages become favored over the Si=O termi-
nated clusters when n=24.


From (SiO2)n nanospheres to nanotubes : Single-walled silica
nanotubes were first derived by elongation of the parent
Platonic solids to obtain a molecular formula of Si70O140,
thus producing two distinct families of nanotubes (Figure 3).
The D4h-symmetric tube formed from the octahedron con-
tains only single oxygen bridges, and is closed with a nearly
square-planar SiO4 unit, the tubular section consisting of
Si4O8 repetitive units in the form of Si4O4 rings. Similar to


Table 1. Structures, diameters, and stabilities relative to a-quartz for optimized silica nanostructures derived
from regular polyhedra.


Parent
polyhedra


Symmetry Formula n Rings Diameter
[nm][a]


DEHF/n
[b]


[kJmol�1]
DEB3LYP/n


[b]


[kJmol�1]


octahedron Oh Si6O12 6 8NSi3O3 0.47 568.3 483.9
truncated
tetrahedron


Td Si12O24 12 6NSi2O2,
4NSi3O3,
4NSi6O6


0.81 202.3 177.7


dodecahedron D5d Si20O30 20 10NSi2O2,
12NSi5O5


0.97 126.9 109.9


truncated
octahedron


Oh Si24O48 24 12NSi2O2,
6NSi4O4,
8NSi6O6


1.07 112.5 97.1


truncated
cube


Oh Si24O48 24 12NSi2O2,
8NSi3O3,
6NSi8O8


1.14 120.5 105.0


truncated
cuboctahedron


Oh Si48O96 48 24NSi2O2,
12NSi4O4,
8NSi6O6,
6NSi8O8


1.50 103.7 90.8


truncated
icosahedron


Ih Si60O120 60 30NSi2O2,
12NSi5O5,
20NSi6O6


1.62 89.5 78.9


truncated
dodecahedron


Ih Si60O120 60 30NSi2O2,
20NSi3O3,
12NSi10O10


1.80 101.0 88.6


truncated
icosidodecahedron


Ih Si120O240 120 60NSi2O2,
30NSi4O4,
20NSi6O6,
12NSi10O10


2.34 89.0 78.7


[a] Measured from B3LYP optimized structures. [b] Modified 6–21G* (Si) and 6–31G* (O) basis sets, opti-
mized by Civalleri et al. (Ref [16]).
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its dodecahedral counterpart, the D5h-symmetric tube con-
tains n/2 Si2O2 rings. The tube is closed with halves of the
dodecahedron. The tubular section, with a repetitive unit of
Si10O20, is formed from rings of six Si atoms.


Relative stabilities at the HF level, with respect to a-
quartz, are given in Figure 4, for the two families of silica
nanotubes as a function of the number of SiO2 units up to


n=70. As far as the polyhedral silica clusters are concerned,
the dodecahedron is clearly favored over the octahedron.
This order is reversed for silica nanotubes with approxi-
mately 60 SiO2 units or more. Faster stabilization of octahe-
dra suggests that single oxygen bridges are preferred over
doubly bridging ones. Apparently, the silica counterpart of
the octahedron suffers from square-planar SiO4 capping,
and the faster gain in stability, as a function of tube length,
is due to the increased relative proportion of the preferable
tubular section. The effect of capping can be removed by ex-
trapolation of the tube to an infinite length. In the case of
the octahedron, the infinitely long tube lies
39.9 kJmol�1n�1[25] above a-quartz, whereas the infinitely
long tube derived from dodecahedron is much less stable,
lying 86.6 kJmol�1n�1 above the crystalline form.


Since both families of tubes presented have their pros and
cons, it is convenient to combine their favorable structural
components, that is, the tubular section of single oxygen
bridges with the doubly bridging cap. Four such tubes were


considered in this study, and the upper limit was set to
70 SiO2 units (Figure 5). The relative stabilities of capped
silica nanotubes are summarized in Table 2. The doubly


oxygen-bridging caps halve the axis of rotation. The oppos-
ing oxygen double bridges can be aligned or antialigned, re-
sulting in D3h or D3d symmetry, respectively, for tubes con-
taining Si6O6 rings in the tubular section. These tubes are
similar to the elongated Si12O24, Si18O36, and Si24O48 cages re-
ported by Bromley,[14] who found the lowest energy isomers
to have their bridges antialigned (D3d). While this is true for
very short tubes, which originate due to repulsions between
opposite bridges, it becomes negligible at longer separation.
In the case of the Si66O132 tube, the isomers are separated by
an energy difference of only 0.003 kJmol�1 in favor of D3h.


Figure 3. Derivation of two families of closed silica nanotubes by elonga-
tion of polyhedral clusters.


Figure 4. Stabilities relative to a-quartz as a function of tube length for
closed (SiO2)n nanotubes, derived from an octahedron and a dodecahe-
dron.


Figure 5. Closed silica nanotubes derived by combining the singly
oxygen-bridged tubular section with doubly bridging caps.


Table 2. Stabilities relative to a-quartz for the longest capped silica nano-
tubes studied.


Type Symmetry Formula n DEHF/n
[kJmol�1]


elongated octahedron D4h Si70O140 70 85.4
elongated dodecahedron D5h Si70O140 70 95.1
combined single/double-bridging D2h Si68O136 68 76.7
combined single/double-bridging D3h Si66O132 66 69.4
combined single/double-bridging D3d Si66O132 66 69.4
combined single/double-bridging D4h Si64O128 64 76.0
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De Leeuw et al. have employed the D3h-type Si36O72 tube to
study the effect of hydration on the stability of the tube.[26]


The authors justified their model selection on the basis of
similarities with a-quartz and microporous silicate materials.
Their conclusion, that the side of the tube is resistant to
attack by water while the ends are not, is clearly supported
by our calculations. Furthermore, this indicates that the
silica nanospheres presented above, with alternating single
and double oxygen bridges, might be kinetically unstable.
Tubes containing Si4O4 or Si8O8 rings in the tubular section
were studied only in D2h and D4h symmetry, respectively, be-
cause of the marginal influence of bridge orientations on the
relative stability (Figure 6). The relative stabilities improve
in the order D2h<D4h<D3h=D3d, suggesting the preference
of tubes with a diameter of approximately 0.8 nm.


To verify the preferable stability of thin tubes, we per-
formed periodic calculations at both HF and B3LYP levels,
optimizing the corresponding open-ended tubes. The rela-
tive stability of the tubes was studied as a function of the
tube diameter, that is, the repetitive (SiO2)n ring, in which
n=3–24 (Table 3 and Figure 7). The sharp decrease in rela-
tive energy, when moving from n=3 to n=4, is followed by
small improvements in the stability; this trend continues up


to n=7, after which the energy steadily begins to rise. Silica
nonotubes, in which n=3, 7, and 24, are illustrated in
Figure 8. According to B3LYP calculations, the preferred
tubes have diameters of around 1 nm, and have energies <


40 kJmol�1n�1 above that of a-quartz. The HF method pro-
duces practically the same trends, while somewhat lower sta-
bilities are observed, compared to the B3LYP method.


The practical outcome of a calculated energy difference
of <40 kJmol�1n�1 is not easy to estimate, since either ther-
modynamic or kinetic stability is required for chemical sta-
bility. It is apparent that the energies of the tubes are above
that of a-quartz, as are the other known polymorphs of
silica. From an energetic point of view, how much above is
acceptable for the tubes to be within the reach of synthesis
is another issue. As a reference, we selected carbon fuller-
enes and nanotubes, and considered the energy required to


Figure 6. Stabilities relative to a-quartz as a function of tube length for
closed (SiO2)n nanotubes derived by combining the singly oxygen-bridged
tubular section with doubly bridged caps.


Table 3. Diameters and stabilities relative to a-quartz for infinitely long
open-ended silica nanotubes.


Repetitive ring Symmetry Diameter[a]


[nm]
DEHF/n
[kJmol�1]


DEB3LYP/n
[kJmol�1]


(SiO2)3 C3v 0.45 54.8 46.6
(SiO2)4 C4v 0.63 45.1 38.7
(SiO2)5 C5v 0.69 44.0 38.2
(SiO2)6 C6v 0.82 43.8 37.7
(SiO2)7 C7v 0.87 43.9 37.6
(SiO2)8 C8v 1.00 44.4 37.7
(SiO2)9 C9v 1.07 45.3 38.2
(SiO2)10 C10v 1.18 46.3 38.9
(SiO2)12 C12v 1.35 48.8 40.8
(SiO2)18 C18v 1.87 56.0 46.7
(SiO2)24 C24v 2.43 61.6 51.5


[a] Measured from B3LYP optimized structures.


Figure 7. Stabilities relative to a-quartz as a function of the repetitive
(SiO2)n ring for open-ended silica nanotubes.


Figure 8. The repetitive (SiO2)n rings and space-filling models of open-
ended silica nanotubes, in which n=3, 7, and 24.
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fold a graphene sheet into C32 and C60 fullerenes, and into
an open-ended (5,5) carbon nanotube of infinite length. Full
optimizations were performed for each species by using the
HF and B3LYP theories.[27] The C32 fullerene, for which ex-
perimental evidence is available from anion photoelectron
spectroscopy,[28] has several isomers, the D3-symmetric
isomer being favored in energy.[29] The strain energy for the
D3-symmetric C32 is 96.4 kJmol�1 per C atom at the HF
level, and 84.4 kJmol�1 per C atom at the B3LYP level. The
highly abundant C60 fullerene is much more stable,
47.2 kJmol�1 per C atom (HF) and 43.0 kJmol�1 per C atom
(B3LYP) above the value of graphene. A significant contrib-
utor to the difference between C60 and C32 is caused by the
presence of isolated pentagons in C60. The (5,5) carbon
nanotube has a diameter of C60, and so halves of C60 are
suitable for capping these tubes. In the absence of caps, that
is, when an infinitely long open-ended tube is considered,
the tube energy lies 22.9 kJmol�1 per C atom and
19.3 kJmol�1 per C atom above the graphene sheet using
the HF and B3LYP methods, respectively, to calculate these
values. On the basis of this comparison, single-walled silica
nanotubes are seen to show high stability.


In the case of fullerenes, kinetic stability plays an impor-
tant role, as is seen by the high abundance of C60 instead of
giant fullerenes.[30] The evaluation of kinetic stability is by
no means straightforward, when one considers the numerous
reactions the molecules may undergo. The stability of fuller-
enes has been inspected in terms of HOMO–LUMO energy
gaps,[31] which serve as an indication of the kinetic stabili-
ty.[32] Considering the nanostructures of silica, the energy
gaps of open-ended silica nanotubes are similar, 8.2–8.5 eV
at the B3LYP level, being very close to the calculated gap
energy of a-quartz, which is 8.6 eV. Agreement with the ex-
perimental band gap of approximately 9 eV[33] is excellent.
Taking this into consideration, the open-ended tubes could
be kinetically stable also.


Conclusion


Molecular structures of single-walled silica nanospheres and
nanotubes were studied by ab initio HF and hybrid density
functional B3LYP methods. Nanospheres were derived from
Platonic solids and Archimedean polyhedra, which were
elongated to form both capped and open-ended nanotubes.
The relative stability of the nanostructures was estimated on
the basis of a periodic study on a-quartz, which is the lowest
energy polymorph of silica.


Two families of silica nanospheres can be derived: 1) clus-
ters with single bridging and 2) clusters with alternating
single and double oxygen bridges. The latter family is clearly
favored in energy, due to its ability to adapt SiO4 fragments
with tetrahedral orientation. The lowest relative energy is
obtained for the Si120O240 counterpart of a truncated icosido-
decahedron, with an energy of 78.7 kJmol�1 per SiO2 unit
higher than that of a-quartz at the B3LYP level. A major
source of destabilization may come from reactive Si2O2


rings, which might complicate the synthesis of silica nano-
spheres.


In contrast to nanospheres, silica nanotubes prefer single
oxygen bridges in the tubular section, so the SiO4 fragments
can accommodate a tetrahedral orientation. The tubes are
capped by Si2O2 rings, considerably decreasing the propor-
tion of reactive sites, especially in the case of long tubes.
The effect of the tube caps was removed by periodic calcula-
tions on open-ended silica nanotubes, for which the stability
was studied as a function of the tube diameter. The highest
stability, <40 kJmol�1 per SiO2 unit above a-quartz at the
B3LYP level, was observed for thin tubes with diameters of
approximately 1 nm. Comparison to fullerenes and to a (5,5)
carbon nanotube suggest that silica nanotubes could be
chemically stable.
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Introduction


Nickel selenide semiconductors exhibit interesting electronic
and magnetic properties and have found several applications
in the field of materials science, which has attracted consid-
erable research attention over the last ten years or so.[1–8]


Because of the valence electronic configuration of Ni
(3d84s2) and the small difference in electronegativity be-
tween Ni (c=1.9) and Se (c=2.4), nickel and selenium can
form a variety of nickel selenides, including non-stoichio-
metric compounds. According to the phase diagram,[9] at
room temperature there are three stable phases: NiSe2,
Ni1�xSe (nickel content can vary from 1.00 to 0.85 relative to
1Se), and Ni3Se2. The properties (including physical and


chemical properties) and applications of materials are usual-
ly determined by their compositions, phase structures, and
morphologies.[4,10–12] In this paper, the controlled synthesis of
a series of nickel selenides (NiSe2, Ni1�xSe (x=0–0.15), and
Ni3Se2) has been investigated in aqueous solution, and a
simple, convenient, and effective controlled synthetic proce-
dure has been developed.


Traditionally, nickel selenides were synthesized by using a
variety of methods, such as solid-state synthesis,[13] molecular
precursors,[14] elemental direct reactions,[15] ultrasonic syn-
thesis,[16] and mechanical alloying (MA).[17] However, these
methods often need a high temperature or use toxic metal-
lorganic reagents as precursors and usually need a special
device. Few of these methods can be used to controllably
and systematically synthesize a series of nickel selenides.
The solvothermal synthetic method has also been developed
by using organic solvents, such as pyridine or ethylenedia-
mine, at around 180 8C.[18] However, it is still a challenge to
obtain a series of nickel selenides (NiSe2, Ni1�xSe, and
Ni3Se2) and systematically control their compositions, phase
structures, and morphologies in aqueous solution.


Recently, Na2SeO3 was selected in our experiments to
provide a highly reactive selenium source in aqueous solu-
tion and has given good results.[19] Following this method,
we herein report a convenient and controllable synthetic


Abstract: A series of nickel selenides
(NiSe2 microcrystals, Ni1�xSe and
Ni3Se2 microspheres) has been success-
fully synthesized through a convenient,
low-temperature hydrothermal method.
A good nucleation and growth environ-
ment has been created by forming a
uniform and transparent solution reac-
tion system. The compositions (includ-
ing the x value of Ni1�xSe), phase struc-
tures, as well as the morphologies of
nickel selenides, can be controlled by
adjusting the Ni/Se ratio of the raw
materials, the pH, the reaction temper-


atures and times, and so forth. The
newly produced Se microspheres in the
system have been used as both reactant
and in situ template to the Ni1�xSe mi-
crospheres. It is found that Ni1�xSe mi-
crospheres act as the intermediate pre-
cursor during the formation of Ni3Se2


microspheres. Under certain conditions,
hexagonal NiSe microspheres can be


converted into rhombohedral NiSe
nanowires in solution. The formation
mechanisms of a series of nickel sele-
nides has been investigated in detail by
means of X-ray diffraction (XRD) and
scanning electron microscopy (SEM)
analyses. This work has provided a gen-
eral, simple, and effective method to
control the composition, phase struc-
ture, and morphology of metal sele-
nides in aqueous solution, which will
be important for inorganic synthesis
methodology and further applications
of selenides.
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method for obtaining a series of nickel selenides. By simply
adjusting the molar ratio of the reactants, the temperature,
the pH, or the reaction times, all of the three stable phases
found at room temperature (hexagonal Ni1�xSe, rhombohe-
dral Ni3Se2, and cubic NiSe2) can be obtained, and their
compositions, structural phases, and morphologies can be
easily controlled.


Experimental Section


Materials : All the reagents were of an-
alytical grade and were used as re-
ceived without any further purifica-
tion. Deionized water was used
throughout. Nickel sulfate
(NiSO4·7H2O), sodium selenite (Na2-


SeO3·5H2O), ethylenediaminetetraace-
tic acid (EDTA), sodium hydroxide
(NaOH), and hydrazine hydrate
(N2H4·H2O, 80%) were purchased
from the Beijing Chemical Factory,
China.


Synthesis of NiSe2, Ni1�xSe, and Ni3Se2 : In a typical synthesis of Ni1�xSe
(including NiSe), the original molar ratio between NiSO4·7H2O and Na2-


SeO3·5H2O was selected to be 1:3. NiSO4·7H2O (0.28 g, 0.001m) was put
into a Teflon-lined autoclave of 50 mL capacity and dissolved in deion-
ized water (30 mL). The chelating agent, EDTA (1.0 g, �0.003m), was
added to the solution. NaOH (1.0 g, 0.025m) was added later to keep the
pH value at about 14. After mixing for 5 min under stirring, Na2SeO3·5 -
H2O (0.78 g, 0.003m) was added to the mixture. Lastly, hydrazine hydrate
(10 mL) was added to the mixture and the system finally formed a trans-
parent solution. After stirring for 5 min, the autoclave was sealed and
heated for 5 h. Then, the autoclave was allowed to cool to room tempera-
ture naturally. The product was obtained and collected by filtration,
washed with deionized water and absolute ethanol, and then dried at
60 8C. For Ni0.85Se, the reaction temperature was set at 100 8C, and for
NiSe, the reaction temperature was elevated to 180 8C. Ni1�xSe (x=0–
0.15) was obtained by controlling the reaction temperature between 100
and 180 8C.


Similarly, Ni3Se2 was prepared by changing the molar ratio between
NiSO4·7H2O and Na2SeO3·5H2O to 3:1, so the amounts of NiSO4·7H2O
and Na2SeO3·5H2O introduced were 0.84 and 0.26 g, respectively. The re-
action time was 7 h and the reaction temperature was 180 8C.


For NiSe2, just like the synthesis of Ni1�xSe, the molar ratio of
NiSO4·7H2O and Na2SeO3·5H2O was selected to be 1:3, but the pH
value was adjusted from 14 to 10. The reaction time was 20 h and the re-
action temperature was 140 8C. After the reaction, the product was added
to hydrazine hydrate (50 mL) to dissolve the excess unreacted Se, and
then collected, washed, and dried at 60 8C.


Characterization : The phase purity of the products was examined by
using X-ray diffraction (XRD) on a Bruker D8 Advance X-ray powder
diffractometer with CuKa radiation (l=1.5418 M). The operation voltage
and current were kept at 40 kV and 40 mA, respectively. A 2q range
from 10 to 708 was covered in steps of 0.028 with a count time of 0.2 s.
The sample size, morphology, and elemental composition of the products
were examined by means of scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) analyses by using a JEOL
JSM-6301F scanning electron microscope operating at 20 kV.


Results and Discussion


Crystal structures of NiSe2, Ni1�xSe, and Ni3Se2 : In our ho-
mogeneous-solution reaction system, a good environment


for the nucleation and growth of the product is provided.
The morphologies and structures of as-prepared nickel sele-
nides can be determined by their crystal structures to a cer-
tain extent. Figure 1 shows schematic illustrations of the
often observed crystal structures of NiSe2, Ni1�xSe, and
Ni3Se2. NiSe2 has a cubic pyrite structure (Figure 1a), which


has dumbbell-shaped Se2 units between two Ni atoms. It
usually forms an isotropic structure after the reaction.
Ni1�xSe (x=0–0.15, Figure 1b) usually exists in an anisotrop-
ic hexagonal nickel arsenide structure. Due to its unique c
axis, the growth rate of Ni1�xSe along the a, b, and c axes is
usually different and Ni1�xSe often shows anisotropic mor-
phology. Ni1�xSe can also crystallize in its thermodynamical-
ly stable phase, that is, as a rhombohedral structure (not
shown). Compared with the nickel arsenide structure, the
rhombohedral structure shows more anisotropism. For
Ni3Se2, the rhombohedral structure (Figure 1c) is the often
observed phase after the reaction.


XRD studies : It was found that the original molar ratios of
the reactants (Ni/Se), the reaction temperature, and the pH
played important roles in the formation of the nickel sele-
nide series in our aqueous reaction system. Table 1 lists the
reaction conditions and the yields for the synthesis of NiSe2,
Ni1�xSe, and Ni3Se2. The yields are calculated with respect to
NiSO4·7H2O (for NiSe2 and Ni1�xSe) or Na2SeO3·5H2O (for
Ni3Se2).


Figure 2 shows the XRD patterns of as-prepared NiSe2,
Ni1�xSe, and Ni3Se2, which indicate that all these samples
are pure-phase compounds. Due to the excess of chelating
agent (EDTA) in the reaction system, no other peaks of
nickel impurities (such as nickel hydroxide) are observed.
The results are in good agreement with those reported in


Figure 1. Schematic illustrations of the commonly observed crystal structures of a) NiSe2, b) Ni1�xSe, and
c) Ni3Se2.


Table 1. The reaction conditions of nickel selenides synthesized from
NiSO4·7H2O and Na2SeO3·5H2O.


T [8C] Ni/Se ratio
(reactants)


pH t [h] Product Yield
[%]


100–180 1:3 14 5 Ni1�xSe �95
140 1:3 10 20 NiSe2 �82
180 3:1 14 7 Ni3Se2 �92
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the literature (NiSe2: JCPDS card number 41-1495; Ni1�xSe:
JCPDS card number 18-888; Ni3Se2: JCPDS card number
19-841). The peaks are strong and narrow, which indicates
the good crystallinity of the as-prepared samples.


During the synthesis of Ni1�xSe, by adjusting the reaction
temperature from 100 to 180 8C, the x value can be varied
from 0.15 to 0. In our experiments, it was found that excess
NiSO4·7H2O and high reaction temperature favor the for-
mation of compounds with high nickel content. Figure 3
shows the XRD patterns of two extreme conditions (NiSe


obtained at 180 8C and Ni0.85Se obtained at 100 8C) and an
intermediate state (Ni1�xSe (0<x<0.15) obtained at
140 8C). As the nickel content increases, all the peaks (101,
102, and 110, etc.) in the XRD pattern are found to have a
tiny shift to a smaller value of 2q (corresponding to an in-
crease in d, the interplanar spacing between the atoms in
the crystal), which indicates that the volume of the crystal
unit cell of Ni1�xSe is also increasing.


At low reaction temperatures (ca. 100–120 8C, pH 14) and
with relatively short reaction times (about 4 h), although the
original molar ratio of Ni/Se is 3:1 or 1:3, Ni1�xSe is ob-
tained instead of Ni3Se2 or NiSe2. The x value is also found
to vary from 0 to 0.15 when the ratio of Ni/Se is changed
from 3:1 to 1:1 and to 1:3.


In the synthesis of NiSe2, the ideal reaction temperature
and pH value are 140 8C and 10, respectively. When the re-
action temperature is elevated to 180 8C, NiSe emerges and
a mixture of NiSe2 and NiSe is obtained. When the pH
value is 14, pure-phase NiSe is the final product instead of
NiSe2.


Long reaction times lead to a preference for the forma-
tion of a thermodynamically stable phase. In the synthesis of
NiSe at 180 8C, when the starting molar ratio of Ni/Se is ad-
justed to 1:1, hexagonal NiSe will be obtained first after a
short reaction time. With the extension of reaction time,
hexagonal NiSe will gradually transform into rhombohedral
NiSe. Figure 4 shows the evolution of XRD patterns from


hexagonal to rhombohedral NiSe. When the reaction time is
four hours, the product is pure hexagonal NiSe. The charac-
teristic peaks of rhombohedral NiSe appear after 20 hours.
When the reaction time is lengthened to 65 hours, the main
product is rhombohedral NiSe. However, with an even
longer reaction time, a small amount of hexagonal NiSe still
exists in the product. The ratio of hexagonal to rhombohe-
dral NiSe appears to remain unchanged after a long reaction
time. It is worth noting that this phase-conversion phenom-
enon cannot be observed in reaction systems with excess se-
lenium (such as Ni/Se=1:3).


Morphologies of the samples : Scanning electron microscopy
(SEM) was employed to investigate the morphologies of the
as-prepared nickel selenide series. In our experiments,
Ni1�xSe samples obtained from reactions at 100 to 180 8C are
all microspheres. Figures 5a and b show the SEM images of
Ni1�xSe obtained at 140 8C. These microspheres are not very
uniform and have an average diameter of about 1 mm. From


Figure 2. XRD patterns of cubic NiSe2, hexagonal Ni1�xSe, and rhombo-
hedral Ni3Se2.


Figure 3. XRD patterns of NiSe (180 8C), Ni1�xSe (140 8C), and Ni0.85Se
(100 8C).


Figure 4. Evolution of the XRD patterns with reaction times from hexag-
onal NiSe (&) to rhombohedral NiSe (*).
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the magnified SEM image (Figure 5b), it can be observed
that the surface of the Ni1�xSe microspheres is not smooth.
It is built up of many nanoplates, which makes the spheres
look very rugged. These nanoplates constitute many active
positions on the surface and
make the microspheres have a
larger surface area than that of
smooth microspheres, which
make this type of microsphere
have potential for applications
such as catalysis, field emission,
and gas sensors. Figure 5c
shows the NiSe microspheres
obtained at 180 8C. Compared
with Ni1�xSe obtained at 140 8C,
these microspheres have a
smaller average diameter. This
can be explained by considering
that at a relatively high temper-


ature, more NiSe nuclei will form before the growth process,
which will cause the formation of more spheres with smaller
diameters. Figure 5d shows the image of rhombohedral NiSe
obtained at 180 8C (Ni/Se=1:1) after a reaction time of
65 hours. It is interesting to note that nanowires are ob-
tained instead of microspheres, with lengths of about 30 mm
and diameters of about 200 nm. Ni3Se2 (Figures 5e and f, ob-
tained at 180 8C) also have microspherical morphology.
From the magnified SEM image (Figure 5f), it can be ob-
served that they have a similar surface and diameter to that
of Ni1�xSe microspheres. Figure 5g shows the morphology of
NiSe2. Due to its cubic pyrite structure, octahedral-shaped
microcrystals are obtained in our homogeneous-solution re-
action system. From the magnified SEM image inset in Fig-
ure 5g, it can be found that the average length of the edge
of these microcrystals is about 3–4 mm.


To investigate the conversion process from hexagonal to
rhombohedral NiSe occurring at 180 8C when the original
molar ratio of Ni/Se was adjusted to 1:1, SEM analysis
(Figure 6) was used to characterize the samples at different
conversion steps. In agreement with the XRD patterns
(Figure 4), unlike the sphere-shaped Ni1�xSe obtained from
a Ni/Se ratio of 1:3, the hexagonal sample (Figure 6a)
formed after 4 hours shows irregular polyhedral morpholo-
gy. When the reaction time was 20 hours, it was found that
the rhombohedral NiSe nanowires appear (Figure 6b),
which is consistent with the XRD results. When the reaction
time was lengthened to 65 hours, almost all the products had
been converted into nanowires (Figure 6c); the XRD results
also led to this conclusion. From the EDX results (see the
Supporting Information), it was found that both the poly-
hedrons and nanowires are pure nickel selenide with a Ni/Se
ratio of about 1:1.


Formation of Ni1�xSe microspheres and NiSe2 microcrystals :
In our experiments, the Ni/Se ratio of the raw materials, the
chelating agent (EDTA), the pH, and the reaction time
were used to control the formation, nucleation, and growth
of nickel selenides. For the formation of nickel selenides,
Ni2+ coordinates with EDTA first and forms a stable chelate
complex. The concentration of free Ni2+ in the solution is
very low, which can prevent the deposition of NiSeO3


Figure 5. SEM images of the nickel selenide series: a, b) Ni1�xSe micro-
spheres obtained at 140 8C; c) hexagonal NiSe microspheres obtained at
180 8C; d) rhombohedral NiSe nanowires obtained at 180 8C (65 h); e,
f) Ni3Se2 microspheres obtained at 180 8C; g) octahedral-shaped NiSe2 mi-
crocrystals (140 8C, pH 10).


Figure 6. SEM images showing the conversion process from hexagonal to rhombohedral NiSe: a) irregular-
polyhedron-shaped hexagonal NiSe at 4 h; b) hexagonal NiSe polyhedrons and rhombohedral NiSe nanowires
at 20 h; c) rhombohedral NiSe nanowires at 65 h.
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before the formation of selenides. The uniformity of the re-
action solution provides a good environment for growing
high quality nickel selenide nanocrystals. The water soluble
Na2SeO3 was used as the Se source. Under alkaline condi-
tions, SeO3


2� can be quickly reduced to elemental Se upon
heating (SeO3


2�+3H2O+4e�!Se+6OH�),[19,20] and the
newly produced Se will be further converted to Se2� through
a disproportionation process (3Se+6OH�!2Se2�+


SeO3
2�+3H2O). It is clear that the disproportionation of Se


is dependent on the alkalinity of the solution. The stronger
the alkalinity, the more completely Se converts to Se2�.


By controlling the pH of the reaction solution, it can be
very easy to control the formation of metal monoselenide or
diselenide. When the pH value is set to 14, almost all the el-
emental Se will be converted to Se2� and Ni1�xSe will be
formed ((1�x)Ni2+ + (1�x)Se2�+xSe!Ni1�xSe). When the
pH value is adjusted to 10, only a part of the Se present can
be converted, so there is still some elemental Se existing in
the system. Se will combine with Se2� to form Se2


2�, and
NiSe2 will be the final product (Ni2+ +Se2�+Se!NiSe2).
Due to its cubic crystal structure, the NiSe2 obtained in our
homogeneous-solution reaction system shows octahedral
morphology.


Unlike other metal ions (e.g., Zn2+ , Cd2+), Ni2+ in aque-
ous solution can be reduced by hydrazine to elemental Ni
upon heating.[21] Therefore, another possible route is that
the newly produced Se and Ni will react with each other
and produce Ni1�xSe (pH 14) and NiSe2 (pH 10) directly.
Based on earlier studies of the formation of ZnSe and
CdSe,[19] the disproportionation process is considered to be
the main process in the reaction.


As reported in the literature,[20] the newly produced ele-
mental Se has an amorphous structure in alkaline solution
and often aggregates to form a spherical morphology. This
may be the reason that the Ni1�xSe obtained in the experi-
ments also has a spherical structure. Figure 7 shows the


schematic representation of the formation mechanism of
Ni1�xSe microspheres. In our reaction system with excess Se
(Ni/Se=1:3), the intermediate compound (amorphous Se
microspheres) produced in the reaction is the template for
the formation of Ni1�xSe. Around the Se microspheres, there
is a relatively high concentration of Se2� (from the dispro-
portionation of the outer layer of the Se microspheres), and


Ni1�xSe nanocrystals precipitate on the surface of the Se mi-
crospheres until all of the Ni2+ is consumed (step a). Under
strong alkaline conditions, the unreacted excess Se inside
the spheres is gradually converted to Se2� and SeO3


2� and
dissolves in the solution through disproportionation (step b).
During step b, as well as the ageing stage after Se dissolves,
Ni1�xSe nanocrystals aggregate to form a solid spherical
structure (step c). Due to the anisotropic crystal structure,
based on the precipitation solubility equilibrium in the solu-
tion, Ni1�xSe located on the outer layer of the microspheres
gradually dissolves and crystallizes along certain orientations
to form nanoplates on the surface of the spheres. When the
original molar ratio of Ni/Se is adjusted to 1:1, in the reac-
tion all Se microsphere are consumed to form Ni1�xSe (no
excess Se exists inside to provide a supporter), and finally ir-
regular polyhedral morphology is obtained.


Formation of Ni3Se2 microspheres and the conversion from
Ni1�xSe to Ni3Se2 : In our experiments, pure-phase Ni3Se2 can
be obtained in the reaction system with excess nickel. It is
found that Ni1�xSe is the intermediate compound during the
formation of Ni3Se2. In order to investigate the conversion
process from Ni1�xSe to Ni3Se2, the product was taken out
after reaction for three, five, and seven hours and character-
ized by XRD analysis. Figure 8 shows the evolution of the


XRD patterns. First, pure-phase Ni1�xSe (marked with &)
was obtained when the reaction time was three hours. With
a longer reaction time, the characteristic peaks of Ni3Se2


(marked with *) appeared at five hours. After seven hours,
only Ni3Se2 peaks could be observed, which indicates that
all the Ni1�xSe had been consumed and that a pure-phase
Ni3Se2 had been produced. Based on the experiment, it was
realized that the conversion process from Ni1�xSe to Ni3Se2


is very fast.
For the formation mechanism of Ni3Se2, it can be consid-


ered that, in the reaction system with excess nickel, Ni2+


will react with Se2� and produce Ni1�xSe first until all the Se
source is used up. With the presence of hydrazine hydrate,


Figure 7. Schematic representation of the formation mechanism of
Ni1�xSe microspheres.


Figure 8. Evolution of the XRD patterns from Ni1�xSe (&) to Ni3Se2 (*)
with different reaction times at 180 8C (Ni/Se=3:1, pH 14).
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the excess Ni2+ will be reduced to elemental Ni upon heat-
ing.[21] This kind of newly produced Ni is highly reactive and
will react with Ni1�xSe to produce Ni3Se2 through Equa-
tions (1) and (2):


2Ni2þ þN2H4 þ 4OH� ! 2NiþN2 þ 4H2O ð1Þ


2Ni1�xSeþ ð1þ 2xÞNi ! Ni3Se2 ð2Þ


In the XRD patterns, no characteristic peaks of elemental
Ni is found, and this can be attributed to the strong chela-
tion properties of EDTA, which caused the low concentra-
tion of free Ni2+ during the reaction. The amount of ele-
mental Ni is very small and thus the characteristic peaks
cannot be observed from XRD analysis.


In this conversion, the intermediate compound (Ni1�xSe)
acts as both the reactant and the template in the formation
of Ni3Se2. Therefore, the morphology of Ni3Se2 is certainly
determined by the morphology of Ni1�xSe. This is the reason
that Ni3Se2 also has a spherical structure, and the surface is
not smooth but instead built up of many nanoplates, similar
to that of Ni1�xSe.


Conversion mechanism from hexagonal to rhombohedral
NiSe with long reaction times : In our experiments, it was
found that the formation of hexagonal and rhombohedral
NiSe is a competitive process between kinetic and thermo-
dynamic control. At the beginning of the reaction, the con-
centration of the NiSe monomer (single NiSe molecule
before its nucleation and growth) becomes higher and
higher, which causes a high crystallization and growth rate
of NiSe. At this time, hexagonal NiSe is produced and the
kinetic control is the main factor. When all the Se and Ni
sources are consumed, the precipitation–solubility equilibri-
um of NiSe in solution becomes the main reaction. At this
time, thermodynamic control is the main factor and hexago-
nal NiSe will gradually convert to the thermodynamically
stable rhombohedral NiSe. Compared with the hexagonal
structure, the rhombohedral structure has a stronger aniso-
tropy, which is the reason why the product morphology
changes from microspheres to nanowires accompanied with
the phase conversion. This experiment has proved from an-
other point of view that crystal structure plays an important
role in the formation of nanostructures. Phase conversion
(from isotropic to anisotropy, from small to large anisotropy,
etc.) can be used in the controlled synthesis of different
nanostructures.


The above conversion can only be observed when the
original molar ratio of Ni/Se is 1:1. Under the condition of
Ni/Se=1:3 (reaction system with excess selenium), the hex-
agonal product remains unchanged in the experiments after
reacting for 65 hours. The reason for this is that the phase-
conversion process is based on the precipitation–solubility
equilibrium of NiSe. In the reaction system with excess sele-
nium, the concentration of Se2� in the solution is relatively
high, which makes the solubility equilibrium shift to the
NiSe direction. Under this condition, NiSe has an extra


small solubility, and this makes it difficult for it to convert
to the rhombohedral product.


Conclusion


In summary, by controlling the Ni/Se ratio of the raw mate-
rials, the pH, and the reaction time, a nickel selenide series
(NiSe2, Ni1�xSe, Ni3Se2) can be selectively synthesized in
aqueous solution through a convenient, low-temperature hy-
drothermal method. The x value of Ni1�xSe can be adjusted
from 0–0.15. In the reaction system with excess selenium,
amorphous Se microspheres produced in the reaction can be
used as both the reactant and the template. On the basis of
this, Ni1�xSe microspheres and NiSe2 microcrystals are ob-
tained. Ni3Se2 microspheres can be produced in reaction sys-
tems with excess nickel, and are found to come from
Ni1�xSe microspheres during the reaction. When the Ni/Se
ratio of the raw materials is 1:1, the hexagonal NiSe micro-
spheres can be converted to rhombohedral NiSe nanowires
in solution upon heating with long reaction times. The for-
mation and conversion mechanism of nickel selenides has
been investigated in detail. This work is valuable for the un-
derstanding of the formation of metal selenides in aqueous
solution. It has provided a general, simple, and effective
method to control the compositions, phase structures, and
morphologies of metal selenides, which will be very impor-
tant for inorganic synthesis methodology and further appli-
cations of selenides.
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Introduction


Insertion of non-protein, Ca-tetrasubstituted a-amino acids
into peptides dramatically reduces the available conforma-
tional space by stabilizing specific secondary structures,[1,2]


such as b-[3–5] and g-[4,6,7] turns, 310- and a-helices,[8,9] and the
fully-extended structure.[4,9] Furthermore, these backbone-
modified peptides become more resistant to proteases. It
was suggested that peptides rich in Ca-tetrasubstituted a-
amino acids may represent unique foldamers[10] and be ex-
ploited as useful, conformationally constrained, molecular


bridges or scaffolds in supramolecular chemistry, spectrosco-
py, electrochemistry, and catalyzed asymmetric synthesis.[9,11]


The preferred conformations of the prototypical Ac3c (1-
aminocyclopropane-1-carboxylic acid or 2,3-methanoala-
nine) residue (I)[2,12–14] and its mono- (II)[15–18] and di-
(III)[19–21] phenyl side-chain substituted congeners were eval-
uated in solution as well as in the crystal state and found to
be strongly biased towards the b-/g-turn and related helical
conformations. Interestingly enough, a terminally-blocked


Abstract: Terminally blocked, homo-
peptide amides of (R,R)-1-amino-2,3-
diphenylcyclopropane-1-carboxylic acid
(c3diPhe), a chiral member of the
family of Ca-tetrasubstituted a-amino
acids, from the dimer to the tetramer,
and diastereomeric co-oligopeptides of
(R,R)- or (S,S)-c3diPhe with (S)-alanine
residues to the trimer level were pre-
pared in solution and fully character-
ized. The synthetic effort was extended
to terminally protected co-oligopeptide
esters to the hexamer, where c3diPhe
residues are combined with achiral a-


aminoisobutyric acid residues. The pre-
ferred conformations of the peptides
were assessed in solution by FT-IR ab-
sorption, NMR, and CD techniques,
and for seven oligomers in the crystal
state (by X-ray diffraction) as well.
This study clearly indicates that
c3diPhe, a sterically demanding cyclo-
propane analogue of phenylalanine,


tends to fold peptides into b-turn and
310-helix conformations. However,
when c3diPhe is in combination with
other chiral residues, the conformation
preferred by the resulting peptides is
also dictated by the chiral sequence of
the amino acid building blocks. The
(S,S)-enantiomer of this a-amino acid,
unusually lacking asymmetry in the
main chain, strongly favors the left-
handedness of the turn/helical peptides
formed.
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dipeptide characterized by residue III at position 2 was re-
cently found to fold in the unusual, incipient 2.27-helix (two
consecutive g-turns).[21]


To complete our understanding of the 3D-structural pro-
pensities of the phenyl-substituted, Ca$Ca-cyclized, cyclo-
propane a-amino acids and to offer new tools to peptide
chemists for the control of conformation, we embarked on a
program directed towards an in-depth 3D-structural charac-
terization of peptides rich in either the (R,R)- or the (S,S)-
enantiomer of c3diPhe (IV, 1-amino-c-2,t-3-diphenylcyclo-
propane-r-1-carboxylic acid). This residue may be consid-
ered as derived from Ca,a-dibenzylglycine (V)[2] through a
formal Cb�Cb’ covalent bond formation (cyclopropanation).
The stereochemical properties of this a-amino acid are pe-
culiar in that it bears two phenyl substituents on adjacent
side-chain b-carbons in a trans relative disposition and is
therefore characterized by an achiral a-carbon and two
chiral b-carbons, with two enantiomeric forms being possi-
ble, (R,R) and (S,S).


The few published articles containing conformational data
on c3diPhe derivatives and peptides as short as dipep-
tides[20,22–24] seem to indicate that this residue tends to fall in
the helical regions [A and A*] of the f,y space.[25] However,
these compounds are either too short to form any commonly
found H-bonded folded structure (amino acid derivatives)
or they are preceded in the sequence by a Pro residue,
which is known to possess by itself a strong conformational
bias.[26,27] Interestingly, a single (R,R)-c3diPhe residue, posi-
tioned in the middle of an N- and C-blocked, all-S, 13-mer
peptide, was shown to enforce helicity.[28] Conversely, (S,S)-
c3diPhe precludes helicity in the diastereomeric peptide.


In particular, in this paper we describe the synthesis and
chemical characterization of a variety of terminally-blocked
c3diPhe model peptides. These include a homo-chiral, homo-
oligomeric c3diPhe series (to the tetramer level) and co-oli-
gopeptides in which c3diPhe is combined with the achiral
residue a-aminoisobutyric acid (Aib) (to the hexamer) or
with the chiral residue (S)-Ala (to the trimer). In this latter
case diastereomeric di- and tripeptides were also prepared.
A detailed conformational analysis in solution (by FT-IR ab-
sorption, NMR, and CD techniques) and in the crystal state
(by X-ray diffraction) of twelve carefully selected examples
1–12, the sequences of which are shown and numbered in
Table 1 (see below), is also reported. Aib is known to
strongly stabilize turn/helical structures,[1,2] while Ala easily
accommodates in turns or in extended conformations. Pre-
liminary results of a part of this work have been reported.[29]


Results and Discussion


Synthesis and characterization : The preparation and charac-
terization of the c3diPhe derivatives Boc-(R,R)-c3diPhe-
OH[23] (Boc, tert-butyloxycarbonyl), Boc-(S,S)-c3diPhe-
OH,[23] and Boc-(R,R)-c3diPhe-NHiPr[29] (iPr, isopropyl)
were already reported. Peptide synthesis was performed
step-by-step in solution beginning from the C-terminus. Sat-
isfactory to excellent yields were achieved in the difficult
steps of peptide bond formation involving one or two
c3diPhe residues. Products were obtained after a few days of
reaction using the EDC (N-ethyl,N’-[3’-(dimethylamino)pro-
pyl]carbodiimide)/HOAt (7-aza-1-hydroxy-1,2,3-benzotri-
azole) or the HOAt/HATU {N-[(dimethylamino)-1H-1,2,3-
triazolo[4,5b]pyridin-1-yl-methylene]-N-methylmethanamini-
um hexafluorophosphate N-oxide} method[30] in methylene
chloride (or chloroform) solution in the presence of a ter-
tiary amine (N-methylmorpholine or N,N-diisopropylethyl-
amine). The Boc-Xxx-NHMe (NHMe, methylamino) deriva-
tives, where Xxx is (S,S)-c3diPhe, (R,R)-c3diPhe or (S)-Ala,
were synthesized via the mixed anhydride method with iso-
butylchloroformate and N-methylmorpholine. Pivaloylation
was obtained by use of Piv-Cl (Piv, pivaloyl or tert-butylcar-
bonyl) in chloroform solution in the presence of N-methyl-
morpholine. The Boc group was removed by using mild
acidolysis.


The physical properties and analytical data for the
c3diPhe derivatives and peptides are listed in Table 1. All
newly synthesized compounds were also characterized by
1H NMR and elemental analyses (see Supporting Information).


Solution conformational analysis : Preliminary information
on the solution conformational preferences of the c3diPhe
rich peptides, in particular of the homo-chiral homo-pep-
tides 10–12 and c3diPhe/Aib co-oligopeptides 6–9, was ob-
tained in a solvent of low polarity, CDCl3, by FT-IR absorp-
tion as a function of concentration (in the range 10–0.1 mm).
The spectra in the informative N�H stretching region
(amide A) are reported in Figure 1.


In the longest oligomers the curves are characterized by
two prominent bands, at 3430–3425 cm�1 (free NH groups)
and 3355–3320 cm�1 (H-bonded NH groups), respective-
ly.[31–33] The intensity of the low-frequency band relative to
that of the high-frequency band increases as the main-chain
length is enhanced. Concomitantly, the absorption maximum
shifts markedly to lower wavenumbers. In the shortest
oligomers a band at 3415–3390 cm�1 of variable intensity,
arising from weakly H-bonded NH groups of fully-extended
conformers, is also seen. By examining the spectra at various
concentrations we demonstrated that significant self-associa-
tion is absent in all peptides except in the c3diPhe/Aib hex-
amer 9 (but only above 1 mm concentration) (spectra not
shown). Consequently, the observed hydrogen bonding
should be interpreted as due almost exclusively to intramo-
lecular C=O···H-N interactions.


The present FT-IR absorption study has provided clear
evidence that main-chain length dependent intramolecular
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hydrogen bonding is a relevant factor stabilizing the confor-
mation of the terminally blocked c3diPhe-based peptides in
structure supporting solvents. This finding is in full agree-
ment with those already reported for the Aib-[34] and
Ac3c


[12]-rich peptides, although in both of these cases the
amounts of intramolecularly H-bonded folded forms appear
to be somewhat higher. However, on the basis of the FT-IR
absorption analysis only, it is not safe to distinguish unam-
biguously among the possible types of intramolecularly H-
bonded folded forms.


To obtain more detailed information on the solution pre-
ferred conformations of the terminally-blocked c3diPhe-rich
peptides, an NMR study was performed. The delineation of
inaccessible (or intramolecularly H-bonded) NH groups was
carried out by evaluation of the temperature dependence of
NH proton chemical shifts in [D6]DMSO (dimethylsulfox-
ide) solution[35] [the usual titrations of NH proton chemical
shifts by adding [D6]DMSO or TEMPO (2,2,6,6-tetrameth-
yl-1-piperidinyloxy) to a CDCl3 solution could not be suc-
cessfully performed with the c3diPhe peptides because for
each compound a relevant fraction of the NH proton signals
is not visible in this halohydrocarbon due to overlapping
with the c3diPhe aromatic CH protons]. Figure 2 shows the
behavior of the longest oligomers of the c3diPhe homo-
chiral homo-peptide and the c3diPhe/Aib co-oligopeptide
series (12 and 9, respectively). For both peptides the com-
bined analysis of TOCSY and NOESY 2D-NMR spectra[36]


led to the complete assignment of all NH proton resonances.
It is evident that the chemical shifts of only two protons,
NH1 and NH2, in each peptide are remarkably sensitive to


Table 1. Physical properties and analytical data for the c3diPhe derivatives and peptides.


Peptide Yield [%] M.p. [8C][a] Recryst. solvent[b] [a]20D
[c] TLC[d]


Rf(I) Rf(II) Rf(III)


Boc-(S,S)-c3diPhe-NHMe 95 176–177 Et2O �159.7[e] 0.45 0.85 0.30
Boc-(R,R)-c3diPhe-NHMe 96 176–177 Et2O 152.8[e] 0.45 0.90 0.30
Boc-(S,S)-c3diPhe-(S)-Ala-NHMe 98 197–198 iPr2O/CH2Cl2 �145.3 0.50 0.85 0.40
Boc-(R,R)-c3diPhe-(S)-Ala-NHMe 97 186–188 iPr2O/CH2Cl2 138.2 0.45 0.85 0.35
Boc-(S)-Ala-(S,S)-c3diPhe-NHMe (1) 85 240–241 iPr2O/CH2Cl2 �174.6 0.50 0.85 0.35
Boc-(S)-Ala-(R,R)-c3diPhe-NHMe 85 184–185 iPr2O/CH2Cl2 67.1 0.50 0.85 0.35
Boc-(S)-Ala-(S,S)-c3diPhe-(S)-Ala-NHMe (2) 89 252–253 EtOAc/CH2Cl2 �154.2 0.40 0.90 0.30
Boc-(S)-Ala-(R,R)-c3diPhe-(S)-Ala-NHMe (3) 71 252–254 EtOAc/CH2Cl2 116.8 0.35 0.85 0.25
Piv-(S,S)-c3diPhe-(S)-Ala-NHMe (4) 97 298–299 EtOAc/CH2Cl2 �147.1[h] 0.50 0.85 0.40
Piv-(R,R)-c3diPhe-(S)-Ala-NHMe (5) 99 245–246 EtOAc/CH2Cl2 149.3 0.45 0.80 0.35
Piv-(S)-Ala-(S,S)-c3diPhe-NHMe 96 284 iPr2O/CHCl3 �173.8 0.50 0.85 0.35
Piv-(S)-Ala-(R,R)-c3diPhe-NHMe 99 165–166 iPr2O/CH2Cl2 72.4 0.45 0.85 0.35
Piv-(S)-Ala-(S,S)-c3diPhe-(S)-Ala-NHMe 94 269–270 EtOAc/CH2Cl2 �160.6 0.35 0.85 0.25
Piv-(S)-Ala-(R,R)-c3diPhe-(S)-Ala-NHMe 74 291–292 EtOAc/CH2Cl2 106.7 0.35 0.90 0.25
Boc-(S,S)-c3diPhe-Aib-Aib-OMe (6) 92 155–156 EtOAc/PE �102.2 0.85 0.90 0.45
Boc-Aib-(S,S)-c3diPhe-Aib-Aib-OMe (7) 65 228–229 EtOAc/PE �88.9 0.80 0.70 0.40
Boc-Aib-Aib-(S,S)-c3diPhe-Aib-Aib-OMe (8) 70 253–254 CHCl3/Et2O �71.0 0.70 0.85 0.30
Boc-[(S,S)-c3diPhe-Aib-Aib]2-OMe (9) 43 285–286[f] CHCl3/Et2O �150.9 0.75 0.90 0.35
Boc-[(R,R)-c3diPhe]2-NHiPr (10) 61 196–197 Et2O/PE 209.6 0.95 0.90 0.70
Boc-[(R,R)-c3diPhe]3-NHiPr (11) 84 226–227 EtOAc/PE 290.2[g] 0.95 0.95 0.60
Boc-[(R,R)-c3diPhe]4-NHiPr (12) 70 253–254[f] EtOAc/PE 363.3 0.90 0.90 0.40


[a] Determined on a Gallenkamp (Loughborough, U.K.) apparatus and are uncorrected. [b] EtOAc=ethyl acetate, PE=petroleum ether, iPr2O=diiso-
propyl ether. [c] Determined on a Jasco P-1020 (Tokyo, Japan) polarimeter equipped with a thermostat; c=0.5 (methanol). [d] Kieselgel F-254 silica gel
plates (Merck, Darmstadt, Germany) and the following solvent systems: I) chloroform/ethanol 9:1; II) butan-1-ol/acetic acid/water 3:1:1; III) toluene/eth-
anol 7:1; the spots were visualized by using UV light (l=254 nm) or through development with the hypochlorite/starch/iodide chromatic reaction as ap-
propriate; a single spot was observed in each case. [e] c=0.85 (methanol). [f] with decomposition. [g] c=0.1 (methanol). [h] c=0.2 (methanol).


Figure 1. FT-IR absorption spectra in the 3500–3250 cm�1 region of a) the
Boc-[(R,R)-c3diPhe]n-NHiPr (n=2–4) (10–12) homo-peptides, and b) the
tri- tetra-, penta-, and hexapeptides of the Boc/OMe terminally protect-
ed, Aib/(S,S)-c3diPhe 6–9 series in CDCl3 solution (peptide conc. 1 mm).
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heating. These findings are consistent with the conclusion
that even in this strong H-bonding acceptor solvent[37] the
two c3diPhe-rich peptides are still overwhelmingly intramo-
lecularly H-bonded. Specifically, this is precisely the classic
signature of the 310-helix.


[12,34, 35] The observation that the
separation of the amide NH protons into this simple bimo-
dal temperature sensitive pattern persists over the entire
temperature range is a clear indication that the 310-helical
hydrogen-bonding scheme is preserved up to 60 8C.


Our 2D-NMR analysis in [D6]DMSO solution additionally
suggests that the Boc-[(R,R)-c3diPhe]4-NHiPr homo-chiral
homo-tetrapeptide 12 adopts a right-handed 310-helical con-
formation. The ROESY 1H NMR spectrum shows a com-
plete set of dNN(i,i+1) NOE cross-peaks indicative of a heli-
cal structure (Figure 3a). The presence of an NOE between
a CbH proton of residue 1 and the NH proton of residue 4
(not shown), confirms that the most populated helix is of
the 310-type. The right-handedness of the helix (Figure 4a)
was deduced from the observation of an NOE cross-peak
between the same CbH proton of residue 1 and a CbH
proton of residue 4 (Figure 3b). In the left-handed 310-helical
conformation steric repulsion between side-chain phenyl
groups of residues 1 and 4 disfavors a close contact between
these two CbH protons (Figure 4b).


Although the c3diPhe-based peptides studied in this work
are short and rich in aromatic chromophores, we decided to
investigate three relevant examples by CD spectroscopy. In
methanol solution in the near-UV region (above 250 nm)
the CD spectra of the Aib/(S,S)-c3diPhe pentapeptide 8
(used as a “blank” as it contains only one aromatic amino
acid), the Aib/(S,S)-c3diPhe hexapeptide 9 (with two c3diPhe
residues), and the (R,R)-c3diPhe homo-tetrapeptide 12 (with
four such residues) all exhibit a vibrational structure (Fig-
ure 5a) typical of benzene-derived chromophores (1B2u


!


1A1g transition).
[38,39] In general, these bands are remarkably


more intense than those of Phe derivatives and homo-pep-


tides,[38,39] presumably because
of the considerably more re-
stricted mobility of the aromat-
ic chromophores in the cyclo-
propane-based c3diPhe residues
(in any case, it is worth pointing
out that, in contrast to Phe,
each c3diPhe residue is charac-
terized by two phenyl-substitut-
ed chromophores). As expect-
ed, the intensities of these
bands for peptide 9 are approx-
imately double than those of
peptide 8. However, this linear
response is not shown by the
homo-peptide 12 where intensi-
ties about ten times higher than
those of the “blank” 8 are seen.
This latter observation might


indicate for peptide 12 a further restriction of mobility of
the c3diPhe side chains and/or some interaction among
them. In any case, the linear response exhibited by hexapep-
tide 9 does not suggest per se a lack of ordered secondary
structure, but simply an absence of further side-chain con-
formational constraints and interresidue aromatic···aromatic
separations too large for productive chromophoric interac-
tions. The sign reversal of the CD bands observed for pep-
tide 12 is obviously assigned to the opposite chiralities of its
constituent c3diPhe residues.


Figure 2. Plot of the variations of NH proton chemical shifts in the 1H NMR spectra of a) 12 and b) 9 as a
function of increasing temperature (from 25 to 60 8C) in [D6]DMSO solution.


Figure 3. Sections of the ROESY spectrum of 12 in [D6]DMSO solution
a) NH region and b) CbH region.
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In the far-UV region the CD spectrum of each peptide ex-
amined exhibits oppositely signed bands, centered near 235
and 217–218 nm, respectively (Figure 5b). These curves do
not correspond to any of the CD spectra typical of ordered


conformations of non-aromatic peptides. Indeed, this prob-
lem is complicated by the contribution to CD of the mono-
alkylated benzene side-chain chromophores which overlaps
that of peptide main-chain chromophores.[39] However, the
much more intense CD bands shown by the homo-tetramer
12 are clearly indicative of effective aromatic···aromatic and/
or aromatic···amide interactions that can be operative only
in the presence of a highly ordered conformation.


Crystal-state conformational analysis : We were able to grow
single crystals amenable for an X-ray diffraction analysis
from the following seven c3diPhe di-, tri-, and hexapeptides:
10, with three independent molecules (A, B, and C) in the
asymmetric unit, 4, 5, 1, 2, 3, and 9. The corresponding mo-
lecular structures with atom numberings are illustrated in
Figures 6–12. Table 2 lists the relevant backbone torsion
angles fi, yi, wi.


[40] Tables of intra- and intermolecular H-
bond parameters and of crystallographic data and structure
refinements may be found in the Supporting Information
(Tables S1 and S2, respectively). Despite numerous at-
tempts, we were unable to grow any good single crystal
from neither 11 nor 12. In particular, crystals of the homo-
tetrapeptide 12 were actually grown from acetonitrile solu-
tion, but they turned out to be twinned.


All thirteen c3diPhe residues examined are right- or left-
handed helical, the ranges of their backbone f and y angles
being rather narrow: f from �72.1(6) to �50.4(7)8, y from
�41.2(6) to �16.1(4)8.


All three molecules of the (R,R)-c3diPhe homo-dipeptide
10 are conformationally similar and folded in a right-
handed, slightly distorted, type-III b-turn, that is, one loop
of a 310-helix (Figure 6). This conformation is stabilized by
an 1 !4 intramolecular (C0=O0···H-NT) H-bond of moderate
strength, the N···O distances being in the range from
2.987(6) to 3.004(6) T.[41]


The 3D-structures of the two diastereomeric c3diPhe-Ala
dipeptides 4 and 5 are remarkably different (Figures 7 and
8). Although all four residues are helical, the (S,S)-(S) se-
quence 4 generates an overall S-shaped conformation, while
the (R,R)-(S) sequence 5 produces a b-turn, intermediate
between type-I and type-III, this latter folded structure pre-
senting a strong intramolecular C0=O0···H-NT H-bond [the
NT···O0 distance is 2.824(4) T]. The distinct behavior of the
two diastereomeric dipeptides is associated with the obser-
vation that the (S,S)-c3diPhe residue is left-handed helical
whereas the (R,R)-c3diPhe residue is right-handed helical,
and that these conformational propensities are combined
with the usual right-handed helical tendency of (S)-Ala.


Conversely, the (S)-Ala-(S,S)-c3diPhe dipeptide 1 is folded
in a (slightly distorted) type-II b-turn conformation, further
characterized by a weak intramolecular C0=O0···H-NT H-
bond [the NT···O0 distance is 3.101(3) T], again confirming
the bias of the (distorted) helical (S,S)-c3diPhe residue for
the left-handed screw sense (Figure 9).


A comparison of the two diastereomeric Ala-c3diPhe-Ala
tripeptides 2 and 3 additionally confirms the relevant role
played by the sequence chirality. In the (S)-(S,S)-(S) tripep-


Figure 4. Computer models of a) the right-handed and b) the left-handed
310-helix of 4.


Figure 5. CD spectra of 8, 9, and 12 in MeOH solution in the a) near-UV
and b) far-UV regions (peptide conc. 1 mm).
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tide 2 (Figure 10), which co-crystallizes with one water mol-
ecule, the N-terminal and central amino acids exhibit sets of
f, y torsion angles reasonably close to those expected for a
type-II b-turn. However, a direct 1 !4 intramolecular C0=


O0···H-N3 H-bond is not seen, as a water molecule interca-
lates between those two peptide functionalities with forma-
tion of a “water-bridge”.[42,43] The water molecule interacts,
as an acceptor, with the N3-H group, and, as a donor, with
the O0=C0 group. The (S)-Ala residue at position 3 is helical,
but a second b-turn is not formed as the (S,S)-c3diPhe resi-
due at position 2 is left-handed helical, that is, of opposite
handedness with respect to that of (S)-Ala. On the other
hand, the (S)-(R,R)-(S)-tripeptide 3 (Figure 11) is highly
folded in two, consecutive (slightly distorted) type-III b-
turns, thus generating an incipient, right-handed 310-helical
structure [thus, here too, the (R,R)-c3diPhe residue is right-
handed-helical]. Two 1 !4 intramolecular H-bonds, C0=


O0···H-N3 and C1=O1···H-NT, stabilize the 3D-structure of
this tripeptide.


The Aib/c3diPhe hexapeptide molecule 9 is found in a reg-
ular 310-helical conformation (Figure 12). In accord with the
other 3D-structures described in this work, this bis(S,S)-
c3diPhe peptide adopts the left-handed screw sense. All
four, consecutive, type-III’ b-turn forms are stabilized by
1 !4 intramolecular C=O···H-N H-bonds of moderate to
modest strength, the N···O separations being from 2.978(7)
to 3.086(7) T. In this hexapeptide the two c3diPhe residues
are positioned one on top of the other after a complete turn
of the ternary helix.


As we found for the Ac3c residues in peptides,[2,13,14] the
average value for the conformationally sensitive exocyclic t


(N-Ca-C’) bond angle of each c3diPhe residue examined is


very large, 115.6�2.08, for a regular tetrahedral value
(109.58). In each c3diPhe residue there are two types of aver-
age values for the side-chain c1 torsion angles: c1’=


�137.0�5.88 (phenyl towards the carbonyl) and c1’’ =�
6.7(8)


�
5.28 (phenyl towards the nitrogen). Not surprising-


ly, they are quite different from that most frequently report-
ed for the phenyl ring of Phe in peptides (g� or �608).[44] In-
terestingly, in each c3diPhe residue the signs of the c 1’ and
c 1’’ torsion angles are opposite and strictly correlate with
those of the backbone f, y torsion angles. More specifically,
c1’ is positive and c1’’ is negative (right-handed turn/helix).
As for the torsion angles relating the cyclopropane ring of
each c3diPhe residue to the peptide chain, N-Ca-Cb-Cb’ and
N-Ca-Cb’-Cb, all sets of values observed are in the range �
102.5–113.38, reasonably close to the ideal skew (s + , s� or
� 1208) conformations.


Conclusion


In this work we describe the successful solution-phase syn-
thesis of sterically hindered peptides rich in c3diPhe [some
of them in combination with (S)-Ala or Aib residues] using
the step-by-step strategy. Furthermore, the results of our so-
lution conformational analysis, taken together with those ex-
tracted from the crystal-state study, also reported here, con-
firm earlier preliminary findings[20,22–24,28] that c3diPhe has
the ability to conform well to an ideal b-turn or a 310/a-
helix. This general 3D-structural tendency parallels those re-
ported earlier for the prototypical Aib residue, Ac3c (I) and
other side-chain cyclized, Ca-tetrasubstituted a-amino acids
with a larger ring size.[2,12–14]


Table 2. Relevant backbone torsion angles [8] for the seven c3diPhe peptide structures solved in this work.


Torsion
angle


(R,R)-c3diPhe homo-dipeptide (S,S)-c3diPhe-
(S)-Ala
dipeptide


(R,R)-c3diPhe-
(S)-Ala
dipeptide


(S)-Ala-(S,S)-
c3diPhe
dipeptide


(S)-Ala-(S,S)-
c3diPhe-(S)-Ala


tripeptide


(S)-Ala-(R,R)-
c3diPhe-(S)-Ala


tripeptide


Aib/(S,S)-
c3diPhe


hexapeptide
10 4 5 1 2 3 9


A B C


q1 172.2(4) �178.3(5) 179.7(6) 168.7(3) �172.3(5) �160.2(3) 177.8(6)
wo �159.4(4) �169.7(4) �160.1(5) 178.8(2) �172.1(3) �177.9(3) 169.9(5) �179.9(3) 168.1(5)
f1 �72.0(6) �67.1(6) �72.1(6) 57.3(3) �64.9(4) �56.9(4) �67.3(7) �55.3(4) 64.5(7)
y1 �22.9(7) �22.2(7) �17.6(7) 39.2(3) �25.8(4) 134.6(2) 147.8(5) �30.6(4) 28.8(8)
w1 168.8(4) 173.2(5) 167.6(5) �167.1(2) 172.1(3) 177.4(2) 169.6(5) 177.7(3) �176.5(5)
f2 �50.4(7) �53.4(7) �53.1(7) �92.8(3) �82.6(3) 68.5(3) 63.8(7) �58.0(4) 49.3(8)
y2 �35.9(7) �41.2(6) �31.9(7) �31.2(3) �14.4(5) 20.1(4) 31.2(8) �16.1(4) 34.8(7)
w2 �173.1(6) 169.8(5) �177.6(6) �179.7(3) �179.1(4) �176.3(3) 179.7(6) 170.9(3) 174.9(5)
f3 �79.6(12) �55.4(4) 55.2(8)
y3 �30.4(4) �37.8(4) 34.6(8)
w3 �176.8(9) �177.5(3) 177.7(5)
f4 56.8(8)
y4 35.5(9)
w4 178.2(6)
f5 70.4(9)
y5 15.8(10)
w5 175.2(8)
f6 �50.2(12)
“y6” �43.2(10)[a]


“w6” �170.7(8)[b]


[a] N6-C6
a-C6-OT. [b] C6


a-C6-OT-CT.
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As for the relationship between c3diPhe chirality and the
screw sense of the turn/helix that is adopted by its peptides,
our NMR and X-ray diffraction data definitely support the
view that the (S,S) amino acid is strongly biased in favor of
the left-handedness, whereas the opposite screw sense is
overwhelmingly preferred by the enantiomeric (R,R) resi-
due, thus further authenticating the results reported by Bur-
gess and co-workers.[28] It is worth noting that c3diPhe repre-
sents one of the first amino acids investigated so far which


Figure 6. X-ray diffraction structures of the three independent molecules
(A, B, and C) in the asymmetric unit of 10 with atom numbering. The in-
tramolecular H-bond is represented by a dashed line.


Figure 7. X-ray diffraction structure of 4 with atom numbering.


Figure 8. X-ray diffraction structure of 5 with atom numbering. The intra-
molecular H-bond is represented by a dashed line.


Figure 9. X-ray diffraction structure of 1 with atom numbering. The intra-
molecular H-bond is represented by a dashed line.
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lacks asymmetry in the backbone (on the a-carbon atom)
but possesses side-chain asymmetry (on each of the two b-
carbon atoms). Previous examples include the atropoisomer-
ic binaphthyl amino acid Bin, described by some of us (F.F.
and C.T.),[45] and the side-chain bis-substituted 1-aminocy-
clopentane-1-carboxylic acid recently reported by Tanaka,
Suemune and their co-workers,[46, 47] the latter being strictly
related to c3diPhe as both residues are members of the class
of side-chain disubstituted (on two vicinal carbons) 1-amino-
cycloalkane-1-carboxylic acids. It is also worth pointing out
that the 3D-structural propensity of c3diPhe seems to be di-
vergent, at least in part, from that of its side-chain positional
isomer 1-amino-2,2-diphenylcyclopropane-1-carboxylic acid
(or a,b-methanodiphenylalanine) (III) in the sense that the


latter may easily explore the region of the f,y space
(�708,708) where the g-turn conformation is usually
found,[4,6,7] as recently demonstrated by two of us (A.I.J. and
C.C.).[21]


Finally, the effect of formal side-chain cyclization upon
the preferred peptide backbone 3D-structure turns out
clearly from a comparison of the results of c3diPhe (IV) dis-
cussed in this work with those already published[2] of the
open-chain analogue Ca,a-dibenzylglycine (V) residue with
the same number of side-chain carbon atoms: the latter is
strongly biased towards the fully-extended conformation,[4,9]


whereas folded structures are overwhelmingly preferred by
the former. A parallel trend was already reported for other
1-aminocycloalkane-1-carboxylic acids as compared to their
corresponding open-chain analogues.[2]


Experimental Section


FT-IR absorption spectroscopy : FT-IR absorption spectra were recorded
in solution with a Perkin-Elmer 1720X FT-IR spectrophotometer, nitro-
gen flushed, with a sample-shuttle device, at 2 cm�1 nominal resolution,
averaging 100 scans. Solvent (baseline) spectra were recorded under the
same conditions. Cells with CaF2 windows and path lengths of 0.1, 1.0
and 10 mm were used. Spectrograde CDCl3 (99.8%) was obtained from
Fluka.


NMR spectrometry : 1H NMR spectra were recorded with a Bruker AM
400 spectrometer. Measurements were carried out in CDCl3 (99.96%,
Acros Organics) and [D6]dimethylsulfoxide (99.96%, Acros Organics).


CD spectroscopy : CD spectra were recorded on a Jasco model J-715
spectropolarimeter. Fused quartz cells of 10, 1, and 0.2 mm path lengths
were employed. The data are expressed in term of [q]T, the total molar
ellipticity (deg cm2dmol�1). Spectrograde methanol (Fluka) was used as
solvent.


X-ray-diffraction : Crystals of 10 monohydrate and diethyl ether solvate,
1–5, and 9 were grown by slow evaporation from the solvents listed in
the Supporting Information (Table S2). Diffraction data were collected
on a Philips PW 1100 diffractometer. Crystallographic data are given in
the Supporting Information (Table S2). All structures were solved by
direct methods with the SIR 2002[48] program. Refinements were carried
out on F 2 by the full-matrix block least-squares procedure, using all data,
by application of the SHELXL 97[49] program, with all non-hydrogen


Figure 10. X-ray diffraction structure of 2 monohydrate with atom num-
bering. The two intramolecular H-bonds (water bridge) are represented
by dashed lines.


Figure 11. X-ray diffraction structure of 3 with atom numbering. The two
intramolecular H-bonds are represented by dashed lines.


Figure 12. X-ray diffraction structure of 9 with atom numbering. The four
intramolecular H-bonds are represented by dashed lines.
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atoms anisotropic and their positional parameters and the anisotropic dis-
placement parameters being allowed to refine at alternate cycles. The
phenyl groups of all c3diPhe residues were constrained to the idealized
geometry. Hydrogen-atoms were calculated at idealized positions. During
the refinement they were allowed to ride on their carrying atoms with
Uiso set equal to 1.2 (or 1.5 for the methyl groups) times the Ueq of the
parent atom.


Expected density considerations, based upon cell volume and symmetry,
pointed to the likely presence of three independent peptide molecules
(A, B, and C) in the asymmetric unit of 10. The structure was solved by
the SIR 2002 program in its default mode for medium-sized molecules by
use of 2128 E-values >1.2. The trial solution with the best figure of
merit allowed the location of all non-hydrogen atoms of the three inde-
pendent peptide molecules and the co-crystallized water molecule. The
positions of additional atoms, belonging to two co-crystallized diethyl
ether molecules, were recovered from subsequent DF maps. During the
refinement the displacement parameter of the atoms of one of the co-
crystallized diethyl ether molecule (atoms C1Y, C2Y, O3Y, C4Y, and
C5Y) leveled off to values too high to be compatible to fully occupied
sites. In addition: i) some residual electron density occurs in proximity of
the aforementioned atoms, and ii) there are no obvious, strong stabilizing
interactions with surrounding molecules. Taken together, these observa-
tions point to the likely occurrence of some molecular disorder. On these
bases, a 0.50 population parameter was imposed to all atoms of the dieth-
yl ether molecule, although the residual electron density turned out to be
too diffuse to allow a satisfactory modeling of a second conformer. Re-
straints were applied to the bond angles of the N- and C-terminal tBu
and iPr groups of the three peptide molecules, as well as to the bond
angles, bond angles, and the anisotropic displacement parameters of the
non-hydrogen atoms of both co-crystallized diethyl ether molecules. The
hydrogen atoms of the co-crystallized water molecule were located on a
DF map and their positional parameters were not refined.


The tBu group of the N-terminal Piv moiety of 4 is disordered. It was re-
fined with the three methyl groups on two sets of positions with popula-
tion parameters of 0.64 and 0.36, respectively. Restraints were applied to
the bond angles involving the disordered atoms. Restraints were also im-
posed to the bond angles and the anisotropic displacement parameters of
the C03 and C04 atoms of the N-terminal Boc group of 1, and to the ani-
sotropic displacement parameters of the C204, C3A, C3B, C3, and O3
atoms of 2. In this latter structure the hydrogen atoms of the co-crystal-
lized water molecule were located on a DF map and their positional pa-
rameters were not refined.


CCDC 254024 and 278785 to 278790 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data request/cif/
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Introduction


While the synthetic utility of organosilicon and organotin
compounds has been extensively studied, organogermanium
compounds have attracted less attention in synthetic organic
chemistry, presumably because of the scarce commercial
availability of chlorogermanium compounds to act as sour-
ces of starting substances. However, organogermanium com-
pounds have recently been recognized as important com-
pounds for organic synthesis.[1,2] Alkenylgermanes in partic-
ular show a very low toxicity[3] and, therefore, they could
serve as alternatives to the organotin reagents. Functional-
ized vinylgermanes used in organic synthesis can be pre-
pared by various methodologies involving classical stoichio-
metric organometallic routes, as well as by hydrogermyla-
tion and bisgermylation of alkynes and by dehydrogenative
germylation of alkenes (for reviews, see reference [4]). The
latter reaction, which is analogous to dehydrogenative silyla-
tion, is catalyzed by ruthenium and rhodium complexes and
produces substituted vinylgermanes accompanied by hydro-


genated products.[5] Transition-metal-catalyzed hydrogermy-
lation of alkynes proceeds in good yield but usually leads to
a mixture of stereo- and regioisomers.[6] Only the addition
of germanes to alkynols and silylacetylene catalyzed by rho-
dium(i) complexes gives alkenylgermanes in high yield and
with good selectivity.[7] Also, the addition of M�Ge com-
pounds (where M=Si, B, Sn, B, or Se) to arylacetylenes cat-
alyzed by palladium complexes gives, very often selectively,
ethene products substituted with germanium and other het-
eroatoms and metals (see reference [4] and references there-
in). Recently, much attention has been focused on the func-
tionalized vinylgermanes because pyridyl(germyl)ethene, for
example, was reported to undergo cycloaddition with nitrile
oxide to form (germyl)isoxazolines possessing vasodilating,
antithrombotic, and cardio-protective activities.[8] To pro-
duce such isoxalolines, the use of stereodefined germyle-
thene derivatives is essential.


In last two decades we have developed two universal
methods for the synthesis of well-defined molecular com-
pounds with vinylsilicon functionalities. Both methods, that
is, silylative coupling (also called trans-silylation or silyl-
group transfer) and cross-metathesis, are based on catalytic
transformations of vinylsilicon compounds with olefins and
lead to the synthesis of functionalized vinylsilicon reagents.
For a recent review of these methods, see reference [9].


While cross-metathesis (CM) is catalyzed by well-defined
Ru and Mo–carbene complexes, silylative coupling (SC)
takes place in the presence of complexes initiating or gener-
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ating M�H and M�Si bonds (where M=Ru, Rh, or Ir). The
latter reaction proceeds through cleavage of the =C�Si
bond of the vinyl-substituted silicon compound and activa-
tion of the =C�H bond of the olefin (or the vinylsilane mol-
ecule in the homocoupling). The mechanism of SC, deter-
mined by Wakatsuki et al.[10] and by our group,[11] involves
an insertion of the vinylsilane into the M�H bond and b Si
transfer to the metal with elimination of ethylene to gener-
ate the M�Si species, followed by insertion of the alkene
into the M�Si bond and b-H transfer to the metal, with
elimination of the substituted vinylsilane. We have recently
found that this mode of reactivity, which is well known for
vinylsilanes, seems to be general and is also exhibited by vi-
nylboronates[12] and vinylgermanes. Herein, we report a new
catalytic transformation of vinyl-trisubstituted germanes
with selected alkenes, in the presence of ruthenium com-
plexes with a Ru�H bond.


Results and Discussion


The complexes [RuH(Cl)(CO)(PCy3)2] (I ; Cy=cyclohexyl)
and [RuH(Cl)(CO)(PPh3)3] (II) catalyze the reaction of vi-
nylgermanes with selected alkenes according to the non-
metallacarbene mechanism, thereby leading to effective for-
mation of vinylgermanium derivatives [Eq. (1)].


A three- to tenfold excess of olefin over vinylgermane
was used to avoid homocoupling of the vinylgermane. The
homocoupling process occurs readily in the presence of I to
yield finally a mixture of two products [Eq. (2)], but with
high preference for the E product.


Heterocoupling (trans-germylation) of alkenes with vinyl-
germanes proceeds very efficiently, also yielding predomi-
nantly E products, according to Equation (1). trans-Germy-
lation of styrenes, vinylcarbazole, or vinylpirrolidone with
vinyltrialkylgermanes proceeds stereo- and regioselectively
to give exclusively E isomers (more than 97%); only for
vinyl ether was a mixture of E and Z products noticed, with
a preference for the E isomer. Since olefin isomerization
also occurs in the presence of ruthenium hydride complexes,
a mixture of alkenylgermanes (with a high predominance of


(E)-1,2-alkenylgermane) is formed in the germylative cou-
pling of 1-hexene but is accompanied by hexene isomers.
trans-Germylation took a longer time than silylation cou-
pling and also, in a few cases, required the presence of 2%
catalyst, rather than 1% as in the trans-silylation.[11b]


When 1-alkenes were used as cosubstrates the formation
of some amounts of vinylgermane homocoupling products
could not be avoided, even with a fivefold excess of the
alkene. The results obtained are compiled in Table 1. In the


presence of ruthenium–carbene complexes, that is, Grubbs
catalyst [Cl2Ru(=CHPh)(PCy3)2] (IV; the first generation)
and [(H2IMes)RuCl2(=CHPh)(PCy3)] (V; the second gener-
ation; Mes=2,4,6-trimethylphenyl) no self- or cross-meta-
thesis reactions occurred.


Nonisolated products were identified on the basis of GC-
MS spectra. To confirm the non-metallacarbene mechanism
of trans-germylation (versus the metallacarbene scheme),
the reactions of [D8]styrene with vinyltriethylgermane cata-
lyzed by II were studied according to procedures previously
described.[11c] In this situation the formation of [D7]germyl-
styrene and [D1]ethylene is to be expected (Scheme 1). By
contrast, the metallacarbene mechanism would afford
[D6]germylstyrene and [D2]ethylene.


Table 1. Catalytic transformation of vinylgermanes through homo- and
cross-coupling reactions catalyzed by complex I.[a]


VinylGeR3 R group in
H2C=CH�R


T [8C] Yield [%]
(selectivity E/Z/gem [%])


vinylGeMe3 Ph 110[a] 90 (95/1/4)
vinylGeMe3 GeMe3 110[a,b] 85 (90/0/10)
vinylGeEt3 Ph 80 98 (100/0/0)
vinylGeEt3 Ph 80[c] 98 (100/0/0)
vinylGeEt3 pClC6H4 80 >99 (100/0/0)
vinylGeEt3 pMeC6H4 80 >99 (100/0/0)
vinylGeEt3 C4H9 100[a] 62[d]


vinylGeEt3 OC4H9 65[e,f] 96 (65/35/0)
vinylGeEt3 9-carbazole 110[f] 97 (100/0/0)
vinylGeEt3 2-pyrrolidinone 100 99 (100/0/0)
vinylGeEt3 GeEt3 120[a,b] 83 (100/0/0)


[a] Reaction conditions unless stated otherwise: open system, toluene
(0.5m), t=24 h, [RuH(Cl)(CO)(PCy3)2]:[CH2=CHGe]:[olefin]=1J
10�2:1:3. The product yields were determined by GC, and the selectivity
was confirmed by GC-MS and 1H NMR spectroscopy. [b] Closed system.
[c] Toluene (1m). [d] III (see below) used as the catalyst, t=3 h. [e] 37%
E accompanied by other isomers. [f] [CH2=CHGe]:[olefin]=1:10.
[g] [Ru]:[CH2=CHGe]=2J10�2 :1.


Scheme 1. Formation of trans-germylation products through the non-
metallacarbene mechanism (top) and the metallacarbene mechanism
(bottom).
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Analysis of the reaction mixture after 5 min and 30 min,
that is, in the initial stages of the reaction when conversion
had not exceeded 1% and 10%, respectively, revealed only
the formation of [D7]germylstyrene. Therefore, the metalla-
carbene mechanism can be excluded. However, to provide
additional evidence for this new vinylgermane catalytic
transformation, a series of stoichiometric reactions of olefins
with ruthenium complexes was studied.


The reaction of equimolar amounts of I with vinylger-
mane was carried out to yield ruthenium–germyl complex
III ; 1H NMR spectroscopy provided evidence (at d=


5.25 ppm) of ethylene evolution in the reaction mixture oc-
curring according to Equation (3).


The formation of the Ru�Ge bond proceeds through mi-
gratory insertion of the vinylgermane into the Ru�H bond
followed by b Ge transfer to eliminate ethylene, as proposed
in Scheme 2. Such a transformation (and the product in
Equation (3)) has not been previously reported in literature
to the best of our knowledge. Complex III was isolated and
characterized by spectroscopic and analytical methods and
its X-ray crystal structure was determined (see Figure 1).
The ruthenium center is five-coordinate and the coordina-
tion polyhedron is a slightly distorted tetragonal pyramid,
with phosphine, chlorine, and carbon atoms at the base and
a germanium atom at the apex. The two triphenylphosphine
groups are trans with respect to each other.


A similar geometry was found in related compounds with
a trialkyl- or trialkoxysilicon–ruthenium bond: [Ru-
(SiEt3)(Cl)(CO)(PPh3)2] and [Ru(Si(OEt)3))(Cl)(CO)-
(PPh3)2] (however, no detailed structural data are availa-
ble),[13a] as well as [Ru(SiMe3)(Cl)(CO)(PPh3)2].


[13b]


The synthesis of the new Ru�Ge complex was tested in a
reaction with a twofold excess of styrene. The reaction yield-
ed (E)-styrylgermane (identified by NMR spectroscopy and
GC-MS) and the hydride complex [RuH(Cl)(CO)(PPh3)2]
according to the proposed Equation (4).


The mechanistic scheme of this new type of vinylgermane
conversion, examined for the reaction with styrene, involves
insertion of vinylgermane into the Ru�H bond followed by
b-Ge elimination of ethylene (Scheme 2) and the migratory
insertion of styrene, as a representative alkene (or vinylger-
mane in the case of homocoupling), into the Ru�Ge bond
followed by b-H elimination to give (E)-phenyl-


(germyl)ethene. Dissociation of phosphine is postulated to
generate the catalytic Ru�H species. Additional experi-
ments, performed with a slight excess of phosphine, have
evidenced strong retardation of this process. High catalytic
activity of Ru�Ge complex III strongly supports this mecha-
nism.


Conclusion


Germylation of non-isomerizing olefins with vinyl-trisubsti-
tuted germanes in the presence of catalysts containing Ru�
H bonds opens a new effective catalytic route for the syn-


thesis of functionalized vinylgermanes which
could be very useful as organometallic reagents
in organic synthesis. Unlike the analogous vi-
nylsilanes[9] and vinylboronates,[12] such func-
tionalized vinylgermanes cannot be synthesized


by the metathesis procedure. A formation of a
Ru�Ge intermediate proceeds through a new
step-migratory insertion of vinylgermane into
the Ru�H bond, followed by b-Ge transfer
with elimination of ethylene.


Experimental Section


General methods : 1H NMR (300 MHz), 13C NMR (75 MHz), and DEPT
spectra were recorded on Varian XL 300 MHz spectrometer in CDCl3 (or
C6D6) solution. Chemical shifts (d) are reported in ppm with reference to
the residual solvent (CH3Cl) peak for 1H and 13C NMR spectra. GC anal-
yses were performed on a Varian 3300 instrument with a DB-5 fused-
silica capillary column (30 mJ0.15 mm) and a thermal conductivity de-


Scheme 2. Mechanistic scheme for trans-germylation of styrene with vi-
nylgermanes.
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tector (TCD). Mass spectra of the monomers and products were obtained
by GC-MS analysis on a Varian Saturn 2100T instrument, equipped with
a BD-5 capillary column (30 m) and an ion-trap detector. HRMS analy-
ses were performed on an AMD-402 mass spectrometer (AMD Intectra
GmbH). Thin-layer chromatography was performed on plates coated
with a 250 mm layer of silica gel (Aldrich and Merck); column chroma-
tography was conducted with silica gel 60 (70–230 mesh; Fluka). Melting
points are uncorrected and were determined by using an SMP3 melting
point apparatus (BIBBY Stuart Scientific, UK). Toluene and pentane
were dried by distillation from sodium hydride; similarly hexane was dis-
tilled from calcium hydride under argon. All liquid substrates were also
dried and degassed by bulb-to-bulb distillation. All the reactions were
carried out under a dry argon atmosphere.


Materials : The chemicals were obtained from the following sources: tolu-
ene, dodecane, pentane, and hexane were purchased from Fluka; CDCl3
and C6D6 were obtained from Dr. Glaser AG, Basel; 9-vinylcarbazol, 1-
vinyl-2-pyrrolidinone, styrene, hexene, vinyl-n-butyl ether, and the
Grubbs catalysts [RuCl2(PCy3)2(=CHPh)] (IV) and [RuCl2(PCy3)-
(IMesH2)(=CHPh)] (V) were bought from Aldrich; triethylbromoger-
mane and trimethylchlorogermane were purchased from Gelest. The
ruthenium complexes [RuH(Cl)(CO)(PCy3)2] (I)[13a] and [RuH(Cl)(CO)-
(PPh3)3] (II)[13b] were prepared according to the literature procedures.


Representative procedure for trans-germylation : In a typical test, the
ruthenium catalyst [RuH(Cl)(CO)(PCy3)2)] (I ; 1 or 2 mol%) was dis-
solved in toluene and placed in a glass ampoule under argon. The re-
agents and dodecane as an internal standard (5% by volume of all com-
ponents) were then added (usually in a molar ratio: for homogermylation
[Ru]:[CH2=CHGe]=1J10�1:1, for cross-germylation [Ru]:[CH2=CHGe]:-
[olefin]=1J10�1(or 2J10�1):1:3(10)). After that, the ampoule was heated
at 65–120 8C for 24 h. The final products were separated from the resi-


dues of the catalyst and the remains of styrene by using a column of
silica. The progress of the both reactions was controlled by GC and
GCMS.


Syntheses:


(E)-1,2-Bis(triethylgermane)ethene (1): [RuH(Cl)(CO)(PCy3)2] (I) com-
plex (23 mg, 0.032 mmol), toluene (5.75 mL), and triethylvinylgermane
(0.592 g, 3.17 mmol) were placed in a 15-mL glass ampoule. The ampoule
was closed and heated under argon at 120 8C for 24 h. The final product
was separated from the residues of the catalyst and reactants by using a
column of silica (eluent: hexane; Rf=0.50) to afford 1 (0.301 g,
0.89 mmol, 56% isolated yield) as a colorless liquid: 1H NMR (CDCl3):
d=0.78 (q, 12H; CH2), 1.01 (t, 18H; CH3), 6.53 ppm (s, 2H; HC=CH);
13C NMR (CDCl3): d=4.28 (CH2), 9.05 (CH3), 146.84 ppm (HC=CH);
MS (EI): m/z (%): 317 [M+ C�CH2CH3] (82), 316 [M+ C�CH2=CH2] (82),
288 [M+ C�2JCH2CH3] (15), 162 (100), 133 (70), 101 (40), 73 (16); ele-
mental analysis calcd (%) for C14H32Ge2: C 48.64, H 9.33; found: C
48.70, H 9.41.


Mixture of (E)-1,2-bis(trimethylgermane)ethene (2a) and 1,1-bis(trime-
thylgermane)ethene (2b): [RuH(Cl)(CO)(PCy3)2] (I) complex (30 mg,
0.041 mmol), toluene (3.43 mL), and trimethylvinylgermane (0.598 g,
4.13 mmol) were placed in a 15 mL glass ampoule. The ampoule was
closed and heated under argon at 110 8C for 24 h. The final products
were separated from the residues of the catalyst and reactants by distilla-
tion to afford a mixture of 2a and 2b (0.426 g, 1.97 mmol, 79% isolated
yield, E :gem 90:10) as a colorless liquid: 2a : 1H NMR (C6D6): d=0.27 (s,
18H; CH3), 6.85 ppm (s, 2H; HC=CH); 13C NMR (C6D6): d=1.38 (CH3),
149.13 ppm (HC=CH); MS (EI): m/z (%): 262 [M+] (1), 247 [M+�CH3]
(100), 219 (4), 145 (3), 119 (30), 102 (3), 89 (3), 75 (1); 2b : 1H NMR
(C6D6): d=0.30 (s, 18H; CH3), 6.23 ppm (s, 2H, H2C=); 13C NMR
(CDCl3): d=�0.99 (CH3), 125.66 (ci), 135.56 ppm (H2C); MS (EI): m/z
(%): 262 [M+ C] (4), 247 [M+ C�CH3] (87), 221 (20), 193 (5), 130 (6), 119
(100), 104 (14), 89 (23), 73 (7).


(E)-1-Phenyl-2-(trimethylgermane)ethene (3): [RuH(Cl)(CO)(PCy3)2] (I)
complex (29 mg, 0.040 mmol), toluene (5.94 mL), trimethylvinylgermane
(0.578 g, 3.99 mmol), and styrene (1.25 g, 11.97 mmol) were placed in a
15-mL glass ampoule. The ampoule was closed and heated under argon
at 110 8C for 24 h. 1H NMR (C6D6): d=0.19 (s, 9H; CH3), 6.66 (d, 1H,
JH,H=18,9 Hz; Ge�HC=CH), 6.91 (d, 1H, JH,H=18.6 Hz; Ge�HC=CH),
7.05–7.35 ppm (m, 5H; C6H5); MS (EI): m/z (%): 222 [M+ C] (6), 207
[M+ ·�CH3] (100), 191 (6), 177 (6), 151 (5), 117 (15), 103 (20), 89 (10), 77
(8), 50 (7); HRMS: calcd for C11H16Ge: 222.04638; found: 222.04658; ele-
mental analysis calcd (%) for C11H16Ge: C 59.81, H 7.30; found: C 59.92,
H 7.35.


(E)-1-Phenyl-2-(triethylgermane)ethene (4): [RuH(Cl)(CO)(PCy3)2] (I)
complex (21 mg, 0.029 mmol), toluene (4.25 mL), triethylvinylgermane
(0.540 g, 2.89 mmol), and styrene (0.903 g, 8.67 mmol) were placed in a
15 mL glass ampoule. The ampoule was heated under argon at 80 8C for
24 h. The final product was separated from the residues of the catalyst
and reactants by using a column of silica (eluent: hexane; Rf=0.75) to
afford 4 (0.707 g, 2.69 mmol, 93% isolated yield) as a colorless liquid:
1H NMR (CDCl3): d=0.88 (q, 6H; CH2), 1.07 (t, 9H; CH3), 6.62 (d, 1H,
JH,H=18.9 Hz; Ge�HC=CH), 6.83 (d, 1H, JH,H=18.9 Hz; Ge�HC=CH),
7.25 (d, 1H, JH,H=7.5 Hz; p-C6H5), 7.33 (t, 2H; m-C6H5), 7.44 ppm (d,
2H, JH,H=6.9 Hz; o-C6H5);


13C NMR (CDCl3): d=4.39 (CH2), 8.94
(CH3), 126.13 (o-C6H5), 127.59 (p-C6H5), 127.80 (Ge�HC=CH), 128.47
(m-C6H5), 138.41 (ci-C6H5), 143.28 ppm (Ge�HC=CH); MS (EI): m/z
(%): 264 [M+ C] (3), 249 [M+ C�CH3] (1), 235 [M+ C�CH2CH3] (100), 234
[M+ C�CH2=CH2] (39), 207 (31), 177 (19), 151 (9), 131 (5), 103 (11), 77
(5); HRMS: calcd for C14H22Ge: 264.09333; found: 264.09383; elemental
analysis calcd (%) for C14H22Ge: C 63.94, H 8.43; found: C 63.99, H 8.52.


(E)-1-(p-Chlorophenyl)-2-(triethylgermane)ethene (5): Compound 5 was
prepared from the appropriate starting materials according to the above
procedure for 4. The reaction afforded 5 (0.816 g, 2.75 mmol, 95% isolat-
ed yield) as a colorless liquid: 1H NMR (CDCl3): d=0.84 (q, 6H; CH2),
1.03 (t, 9H; CH3), 6.56 (d, 1H, JH,H=18.9 Hz; Ge�HC=CH), 6.83 (d, 1H,
JH,H=18.9 Hz; Ge�HC=CH), 7.25 (d, 2H, JH,H=8.7 Hz; m-C6H4Cl),
7.31 ppm (d, 2H, JH,H=8.7 Hz; o-C6H4Cl); 13C NMR (CDCl3): d=4.34
(CH2), 8.93 (CH3), 127.32 (o-C6H4Cl), 128.59 (m-C6H4Cl), 128.85 (Ge�


Figure 1. a) Anisotropic displacement ellipsoid representative structure of
complex III. Hydrogen atoms have been removed for clarity. b) Perspec-
tive view of the structure of complex III.
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HC=CH), 133.15 (ci), 136.84 (ci), 141.90 ppm (Ge�HC=CH); MS (EI):
m/z (%): 298 [M+ C] (1), 269 [M+ C�CH2CH3] (100), 241 (49), 211 (22), 183
(8), 131 (8), 103 (19), 75 (13); HRMS: calcd for C14H21ClGe: 298.05436;
found: 298.05476; elemental analysis calcd (%) for C14H21ClGe: C 56.54,
H 7.12; found: C 56.63, H 7.22.


(E)-1-(p-Methylphenyl)-2-(triethylgermane)ethene (6): Compound 6 was
prepared from the appropriate starting materials according to the above
procedure for 4. The reaction afforded 6 (0.752 g, 2.72 mmol, 94% isolat-
ed yield) as a colorless liquid: 1H NMR (CDCl3): d=0.87 (q, 6H; CH2),
1.07 (t, 9H; CH3), 2.36 (s, 3H; CH3) 6.56 (d, 1H, JH,H=19.2 Hz; Ge�
HC=CH), 6.81 (d, 1H, JH,H=18.9 Hz; Ge�HC=CH), 7.15 (d, 2H, JH,H=


8.1 Hz; m-C6H4CH3), 7.34 ppm (d, 2H, JH,H=8.4 Hz; o-C6H4CH3);
13C NMR (CDCl3): d=4.52 (CH2), 9.06 (CH3), 125.93 (o-C6H4CH3),
126.23 (Ge�HC=CH), 129.06 (m-C6H4CH3), 135.64 (ci), 137.29 (ci),
143.00 ppm (Ge�HC=CH); MS (EI): m/z (%): 278 [M+ C (1), 250
[M+ C�CH2=CH2] (19), 249 [M+ C�CH2CH3] (58), 248 (100), 221 (38), 191
(23), 163 (16), 131 (6), 115 (12), 103 (12), 91 (11), 75 (6); HRMS: calcd
for C15H24Ge: 278.10898; found: 278.10105; elemental analysis calcd (%)
for C15H24Ge: C 65.04, H 8.73; found: C 65.11, H 8.84.


Triethylhexenylgermanes (7): [RuH(Cl)(CO)(PCy3)2] (I) complex (25 mg,
0.034 mmol), toluene (4.96 mL), triethylvinylgermane (0.644 g,
3.45 mmol), and hexene (0.871 g, 10.35 mmol) were placed in a 15 mL
glass ampoule. The ampoule was closed and heated under argon at
100 8C for 24 h. The final product (contained 37% of the E isomer) was
separated from the residues of the catalyst and reactants by using a
column of silica (eluent: hexane; Rf=0.70): 1H NMR (CDCl3): d=6.61
(d, 1H, JH,H=19.2 Hz; Ge�HC=CH), 6.82 ppm (d, 2H, JH,H=19.2 Hz;
Ge�HC=CH).


(E/Z)-1-(Butoxy)-2-(triethylgermane)ethane (8a/b): [RuH(Cl)(CO)-
(PCy3)2] (I) complex (50 mg, 0.068 mmol), toluene (6.26 mL), triethylvi-
nylgermane (0.644 g, 3.45 mmol), and vinyl-n-butyl ether (3.46 g,
34.50 mmol) were placed in a 15-mL glass ampoule. The ampoule heated
under argon at 65 8C for 24 h. The final product was separated from resi-
dues of the catalyst and reactants by using a column of silica (eluent:
hexane/diethyl ether (3:1); Rf=0.75) to afford a mixture of 8a and 8b
(0.75 g, 2.90 mmol, 84% isolated yield, E/Z 65:35) as a colorless liquid:
1H NMR (CDCl3): d=0.71–0.81 (2 t, 6H, CH3, from E/Z isomers), 0.83–
0.91 (2q, 4H; CH3�CH2�Ge, from E/Z isomers), 0.92–1.04 (2 t, 6H;
CH3�CH2�Ge, from E/Z isomers), 1.35–1.57 (m, 4H; CH2, from E/Z iso-
mers), 1.59–1.66 (m, 4H; CH2, from E/Z isomers), 3.69–3.74 (2 t, 4H; O�
CH2, from E/Z isomers), 4.24 (d, 1H, JH,H=7.8 Hz; Ge�HC=CH, from Z
isomer), 4.52 (d, 1H, JH,H=15.0 Hz; Ge�HC=CH, from E isomer), 6.27
(d, 1H, JH,H=15.0 Hz; HC=CH�O, from E isomer), 6.66 ppm (d, 1H,
JH,H=7.8 Hz; HC=CH�O, from Z isomer); 13C NMR (CDCl3): d=4.85
(Ge�CH2, from Z isomer), 5.38 (Ge�CH2, from E isomer), 8.96 (CH3�
CH2�Ge, from Z isomer), 9.16 (CH3�CH2�Ge, from E isomer), 13.90
(CH3�CH2, from Z isomer), 13.98 (CH3�CH2, from E isomer), 19.14
(CH3�CH2, from Z isomer), 19.35 (CH3�CH2, from E isomer), 31.33 (O�
CH2�CH2, from Z isomer), 32.01 (O�CH2�CH2, from E isomer), 67.51
(O�CH2�CH2, from Z isomer), 71.54 (O�CH2�CH2, from E isomer),
92.14 (=CH�Ge, from Z isomer), 96.91 (=CH�Ge, from E isomer),
153.91 (=CH�O, from Z isomer), 156.77 ppm (=CH�O, from E isomer);
MS (EI): m/z (%) for Z isomer: 230 [M+ C�CH2CH3] (76), 231
[M+ C�CH2=CH2] (100), 205 [M+ C�CH2=CH2] (42), 131 (31), 115 (7) 101
(14), 91 (6); m/z (%) for E isomer: 230 [M+ C�CH2CH3] (46), 231
[M+ C�CH2=CH2] (100), 205 [M+ C�CH2=CH2] (61), 133 (38), 117 (9), 103
(17), 91 (9); elemental analysis calcd (%) for C12H26GeO: C 55.65,
H 10.12; found: C 55.71, H 10.29.


(E)-9-[2-(Triethylgermyl)ethenyl]-9H-carbazole (9): [RuH(Cl)(CO)-
(PCy3)2] (I) complex (42 mg, 0.058 mmol), toluene (5.24 mL), triethylvi-
nylgermane (0.540 g, 2.89 mmol), and 9-carbazole (1.675 g, 8.67 mmol)
were placed in a 15-mL glass ampoule. The ampoule was heated under
argon at 110 8C for 24 h. The final product was separated from residues
of the catalyst and reactants by using a column of silica (eluent: hexane/
diethyl ether (4:1); Rf=0.75) to afford 9 (0.782 g, 2.22 mmol, 78% isolat-
ed yield) as white crystals: 1H NMR (CDCl3): d=0.90 (q, 6H; CH2), 1.06
(t, 9H; CH3), 6.02 (d, 1H, JH,H=16.8 Hz; Ge�HC=CH), 7.13 (d, 1H,
JH,H=16.8 Hz; HC=CH�N), 7.20 (m, 1H; =CH), 7.39 (t, 1H; =CH), 7.58


(d, 1H; =CH), 7.99 ppm (d, 1H, =CH); 13C NMR (CDCl3): d=4.80
(CH2), 9.15 (CH3), 110.43(=CH), 112.65 (=CH), 120.22 (=CH), 120.37(=
CH), 123.77 (ci), 126.02 (Ge�CH�CH), 132.52 (CH�CH�N), 139.17 ppm
(ci) ; MS (EI): m/z (%): 353 [M+ C] (13), 325 [M+ C�CH2=CH2] (100), 324
[M+ C�CH3CH2] (35), 295 [M+ C�2JCH3CH2] (26), 265 (5); HRMS: calcd
for C20H25GeN: 353.11988; found: 353.11972; elemental analysis calcd
(%) for C20H25GeN: C 68.23, H 7.16, N, 3.98; found: C 69.03, H 7.30, N
4.11.


(E)-N-[2-(Triethylgermyn)ethenyl]pyrrolidinone (10): [RuH(Cl)(CO)-
(PCy3)2] (I) complex (25 mg, 0.034 mmol), toluene (5.20 mL), triethylvi-
nylgermane (0.644 g, 3.45 mmol), and 2-pyrrolidinone (1.151 g,
10.35 mmol) were placed in a 15-mL glass ampoule. The ampoule was
heated under argon at 100 8C for 24 h. The final product was separated
from residues of the catalyst and reactants by using a column of silica
(eluent: hexane/diethylether (4:1); Rf=0.75) to afford 10 (0.773 g,
2.86 mmol, 83% isolated yield) as a colorless liquid: 1H NMR (CDCl3):
d=0.80 (q, 6H; CH2), 1.02 (t, 9H; CH3), 2.08 (m, 2H; CH2), 2.51 (t, 2H;
CH2), 3.55 (t, 2H; CH2), 4.84 (d, 1H, JH,H=17.4 Hz; Ge�HC=CH),
7.02 ppm (d, 1H, JH,H=17.1 Hz; HC=CH�N); 13C NMR (CDCl3): d=


4.69 (CH2), 8.98 (CH3), 17.40 (CH2), 44.70 (CH2), 103.87 (Ge�CH=CH),
132.66 (CH=CH�N), 172.59 ppm (ci) ; MS (EI): m/z (%): 243 [M+ C�
CH2=CH2] (100), 212 (6), 184 (8), 70 (5); HRMS: calcd for C12H23GeNO:
271.09914; found: 271.09965; elemental analysis calcd (%) for
C12H23GeNO: C 53.39, H 8.59, N 5.19; found: C 53.59, H 8.70, N 5.27.


Trimethylvinylgermane (11): Chlorotrimethylgermane (5 g, 32.68 mmol)
and dried and deoxidized tetrahydrofuran (THF; 30 mL) were placed in
a Schlenk tube equipped with a magnetic stirrer under argon, then a solu-
tion of CH2=CHMgBr in THF (20.50 mL, 1.6 molL�1) was added drop-
wise. (The vinylmagnesium bromide was synthesized according to the
procedure described in the literature.[14]) The reaction was left for 3 h at
room temperature with stirring. After this time, the reaction mixture was
washed with water three times and dried over CaCl2. The trimethylvinyl
germane was purified by trap-to-trap distillation (75% yield): 1H NMR
(CDCl3): d=0.19 (s, 9H; CH3), 5.62 (dd, 1H; Ge�CH=CH2), 5.94 (dd,
1H; Ge�CH=CH2), 6.34 ppm (dd, 1H; Ge�CH=CH2);


13C NMR
(CDCl3): d=1.93 (CH3), 129.385 (Ge�HC=CH2), 141.02 ppm (Ge�HC=
CH2).


Triethylvinylgermane (12): Compound 12 was prepared from the appro-
priate starting materials according to the above procedure for 11 (66%
yield): 1H NMR (CDCl3): d=0.77 (q, 6H; CH2) 1.03 (t, 9H; CH3), 5,64
(dd, 1H; CH=CH2), 6.03 (dd, 1H; CH=CH2), 6.28 ppm (dd, 1H; Ge�
CH=CH2);


13C NMR (CDCl3): d=4.37 (CH2), 9.110 (CH3), 130.94 (Ge�
HC=CH2), 137.49 ppm (Ge�HC=CH2); MS (EI): m/z (%): 188 [M+ C] (1),
159 [M+ C�CH2CH3] (100), 131 (72), 101 (39), 75 (11); HRMS: calcd for
C8H18Ge: 188.06203; found 188.06201.


Synthesis of [Ru(Cl)(GeMe3)(CO)(PPh3)2] (III): The complex
[RuH(Cl)(CO)(PPh3)3] (II ; 0.373 g, 0.392 mmol) and toluene (6.27 mL)
were placed into a 50-mL Schlenk flask equipped with a magnetic stirrer,
where they formed a suspension. Subsequently, H2C=CHGeMe3


(0.334 mL, 1.961 mmol) was added to the mixture, which was then
warmed at 80 8C and stirred for an additional 24 h. After that, the final
mixture was cooled at room temperature, provisionally purified by using
a “canula with drain” system, and transported to the next Schlenk tube.
The excess solvent was evaporated under reduced pressure and pentane
(35 mL) was added to give a yellow precipitate. Later, the pentane was
decanted and the new complex was washed twice with cold pentane (2J
15 mL). The yellow solid was dried under vacuum (0.284 g, 90% yield):
m.p.=219–221 8C (decomp.); 1H NMR (C6D6): d=0.70 (s, 9H; Ge-
(CH3)3), 7.05 (m, 15H; C6H5), 7.85 ppm (m, 15H; C6H5);


13C NMR
(C6D6): d=10.17 (CH3), 128.17 (m-C6H5), 130.05 (p-C6H5), 132.68 (ci-
C6H5), 134.60 (o-C6H5), 200.09 ppm (CO); 31P NMR (C6D6): d=


34.59 ppm (s, 2PPh); elemental analysis calcd for C40H39ClGeOP2Ru: C
59.55, H 4.87; found: C 60.24, H 4.92. Single crystals of III suitable for an
X-ray crystal structure analysis were obtained by recrystallization from
toluene at 0 8C for 24 h.


Experimental data of X-ray analysis : Diffraction data were collected at
room temperature by the w-scan technique up to 2q=608 (836 frames)
on a KUMA-KM4CCD diffractometer[15] with graphite-monochromat-
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ized MoKa radiation (l=0.71073 P). The data were corrected for Lorentz
polarization effects[16] as well as for absorption by SORTAV.[17] Accurate
unit-cell parameters were determined by the least-squares fit of 9448 re-
flections of highest intensity, chosen from the whole experiment. The
structures were solved with the SHELXS97 software[18] and refined with
the full-matrix least-squares procedure on F2 with the SHELXL97 pro-
gram.[19] Scattering factors incorporated in the SHELXL97 program[20]


were used. The function �w(jFoj2�jFc j 2)2 was minimized, with w�1=


[s2(Fo)
2+0.0262JP2]. All non-hydrogen atoms were refined anisotropical-


ly. Hydrogen atoms were placed geometrically, in idealized positions, and
refined as rigid groups; the Uiso values of hydrogen atoms were set at 1.2
(1.3 for methyl groups) times the Ueq value of the appropriate carrier
atom. The chlorine and carbonyl groups were found disordered over two
positions with s.o.f. values of 0.5. Their positions and anisotropic thermal
parameters were successfully refined with weak restraints applied to the
thermal parameters of one of the carbonyl groups.


X-ray crystal structure analysis : The trimethylgermyl group (Ge(CH3)3)
has only slightly distorted tetrahedral geometry (mean value of the C�
Ge�C angle is 104.78 and of the Ge�Ru�C angle is 113.88). Similar ge-
ometry was observed in [Ru(CO)(Cl)(SiMe3)(PPh3)2],


[21b] while a signifi-
cantly larger distortion was reported in the trichlorosilyl group in [Cp-
(PMe3)2Ru(SiCl3)]


[22] The bond lengths are typical; however, the [Ru�
Ge] bond length of 2.4455(4) P is one of the shortest found so far.


Selected bond lengths [C] and angles [8] for III : Ru(1)�C(1) 1.723(6),
Ru(1)�C(2) 1.786(9), Ru(1)�Cl(1) 2.466(3), Ru(1)�Cl(2) 2.480(3),
Ru(1)�P(2) 2.3686(6), Ru(1)�P(3) 2.3921(6), Ru(1)�Ge(1) 2.4455(4),
Ge(1)�C(12) 1.954(3), Ge(1)�C(13) 1.960(3), Ge(1)�C(11) 1.981(4),
P(2)�C(231) 1.828(3), P(2)�C(211) 1.839(2), P(2)�C(221) 1.846(3), P(3)�
C(331) 1.829(3), P(3)�C(321) 1.832(2), P(3)�C(311) 1.838(2), C(1)�O(1)
1.215(7), C(2)�O(2) 1.003(10); C(1)-Ru(1)-P(2) 88.24(17), C(2)-Ru(1)-
P(2) 91.5(2), C(1)-Ru(1)-P(3) 91.17(17), C(2)-Ru(1)-P(3) 90.3(2), C(1)-
Ru(1)-Ge(1) 86.4(2), C(2)-Ru(1)-Ge(1) 90.3(3), P(2)-Ru(1)-P(3)
160.51(2), P(2)-Ru(1)-Ge(1) 101.120(18), P(3)-Ru(1)-Ge(1) 98.278(18),
C(1)-Ru(1)-Cl(1) 170.5(2), P(2)-Ru(1)-Cl(1) 88.65(6), P(3)-Ru(1)-Cl(1)
88.78(6), Ge(1)-Ru(1)-Cl(1) 103.01(6), C(2)-Ru(1)-Cl(2) 171.9(3), P(2)-
Ru(1)-Cl(2) 86.71(5), P(3)-Ru(1)-Cl(2) 88.87(5), Ge(1)-Ru(1)-Cl(2)
97.79(6), C(12)-Ge(1)-C(13) 102.72(16), C(12)-Ge(1)-C(11) 106.7(2),
C(13)-Ge(1)-C(11) 104.86(16), C(12)-Ge(1)-Ru(1) 113.79(11), C(13)-
Ge(1)-Ru(1) 114.76(11), C(11)-Ge(1)-Ru(1) 113.03(13), C(231)-P(2)-C-
(211) 106.18(12), C(231)-P(2)-C(221) 102.19(11), C(211)-P(2)-C(221)
101.34(11), C(231)-P(2)-Ru(1) 97.28(8), C(211)-P(2)-Ru(1) 121.16(9), C-
(221)-P(2)-Ru(1) 125.45(8), C(212)-C(211)-P(2) 118.4(2), C(216)-C(211)-
P(2) 123.4(2), C(222)-C(221)-P(2) 122.2(2), C(226)-C(221)-P(2) 119.8(2),
C(232)-C(231)-P(2) 119.95(19), C(236)-C(231)-P(2) 121.4(2), C(331)-
P(3)-C(321) 103.18(11), C(331)-P(3)-C(311) 103.23(11), C(321)-P(3)-C-
(311) 102.77(11), C(331)-P(3)-Ru(1) 106.17(8), C(321)-P(3)-Ru(1)
116.10(8), C(311)-P(3)-Ru(1) 123.07(8), C(312)-C(311)-P(3) 123.0(2), C-
(316)-C(311)-P(3) 119.1(2), C(322)-C(321)-P(3) 123.9(2), C(326)-C(321)-
P(3) 118.47(19), C(332)-C(331)-P(3) 118.49(18), C(336)-C(331)-P(3)
123.2(2), O(1)-C(1)-Ru(1) 176.6(6), O(2)-C(2)-Ru(1) 177.9(13).


X-ray crystal structure data : In the Cambridge Crystallographic Data-
base[23] there are only 14 compounds with the Ru�Ge bond and only one
with a trimethylgermyl group (this compound is also the only five-coordi-
nated ruthenium in this group): dimeric m2-pentalene-bis(dicarbonyl(tri-
methylgermyl)-ruthenium).[24] In total, there are only eight structures of
metal complexes with trimethylgermyl group.


Relevant crystal data are listed in Table 2, together with refinement de-
tails.


CCDC-262997 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Development of a Ligand Knowledge Base, Part 1: Computational
Descriptors for Phosphorus Donor Ligands


Natalie Fey,[a] Athanassios C. Tsipis,[a] Stephanie E. Harris,[a] Jeremy N. Harvey,*[a]


A. Guy Orpen,*[a] and Ralph A. Mansson[b]


Introduction


Ligands play a central role in coordination and organome-
tallic chemistry, and their steric and electronic properties
are crucial for determining and controlling the structures,
properties and functions of metal complexes. Considerable
efforts have been directed at quantifying these properties
(see, e.g., references [1–5]) to place ligand chemistry on a
rational footing. Such work has a range of potential applica-
tions—for example to facilitate the screening of metallo-
drugs and homogeneous catalysts, as well as the design of
new metal complexes tailored to specific applications in syn-
thesis and materials chemistry.


More generally, ligands are chemical entities that may be
described by an interesting mix of essentially intrinsic or in-
herent properties (connectivity, geometry, energy and elec-
tronic structure) of the “free” or pro-ligand and those that
emerge or are perturbed on complexation to the metal (in-
cluding conformation, geometry, charge distribution etc).


Abstract: A prototype collection of
knowledge on ligands in metal com-
plexes, termed a ligand knowledge base
(LKB), has been developed. This con-
tribution describes the design of DFT-
calculated descriptors for monodentate
phosphorus(iii) donor ligands in a
range of representative complexes.
Using the resulting data, a ligand space
is mapped and predictive models are
derived for metal complexes. Important
characteristics, including chemical,
computational and statistical robust-
ness for the generation and exploita-
tion of such an LKB are described.
Chemical robustness ensures transfera-
bility of the descriptors, as well as com-
prehensive sampling of ligand space.


To make the calculations amenable to
automation in an e-science setting, a
reliable, well-defined computational
approach has been sought from which
the descriptors can be readily extract-
ed. The LKB has been explored with
multivariate statistical methods. Princi-
pal component analysis (PCA) is used
for the mapping of chemical space, pro-
jecting multiple descriptors into scatter
plots which illustrate the clustering of
chemically similar ligands. Interpreta-


tion of the resulting principal compo-
nents in terms of established steric and
electronic properties and the impor-
tance of its statistical robustness to var-
iations in the ligand set are discussed.
Multiple linear regression (MLR)
models have been derived, demonstrat-
ing the versatility of the descriptors for
modeling varied experimentally deter-
mined parameters (bond lengths, reac-
tion enthalpies and bond-stretching fre-
quencies). The importance of re-sam-
pling methods for testing the robust-
ness of predictions is highlighted. A
strategy for the construction of a
robust LKB suitable for the modeling
of ligand and complex behavior is out-
lined based on these observations.
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Furthermore, when bound they confer properties on the
new entity formed, that is, the metal complex (e.g. solubility,
reactivity, structure). For example: the behavior, including
reactivity of the trifluoromethyl group, CF3, is markedly dif-
ferent when coordinated to a metal (M�CF3) than when
part of a fluorinated alkyl group (C�CF3); the conformation
of ethylenediamine (en, NH2(CH2)2NH2) is very much af-
fected by chelate coordination; the geometry of triphenyl-
phosphine (PPh3) is dependent on the Lewis acid to which it
is bound.[6] It is clearly more challenging to provide a suc-
cinct and robust quantitative description of ligands and their
properties (and those of their complexes), which is transfer-
able and chemically useful, than it is for other chemical sys-
tems that do not show such strongly context dependent be-
havior.


Here we consider the characteristics of a collection of
structured and validated knowledge on ligands and their
properties, both inherent and dependent—what might be
termed a ligand knowledge base (LKB). We also explore
how an LKB might be constructed so as to span the full
range of chemical (ligand) space, hence covering greater di-
versity in ligand structure and type than can be readily ob-
tained by experimental studies. We seek to develop a proto-


col for the robust characteriza-
tion of ligand properties, based
on a trial with an important
class of ligands (phosphorus(iii)
derivatives, see Figure 1). With
this knowledge in hand we then
develop statistical models that
are able, amongst other things,
to reproduce experimentally de-
rived data on their (emergent
or dependent) behavior in
metal complexes.


First let us consider what such an LKB might consist of
and what it would allow its user to do.


1) A computationally derived LKB would contain robust
descriptors of ligand properties. The robustness of the
values of these descriptors should ideally mean both that
they can be reliably obtained, that is, they are computa-
tionally robust, and that they can be transferred to a vari-
ety of circumstances, that is, they are chemically robust.


2) The ligand descriptors in the LKB should afford the
chemist insight into the part of chemical space in which a
given ligand is located—perhaps better termed its loca-
tion in ligand space. A sufficient range, robustness and
diversity of descriptors are required so that all the impor-
tant properties, both inherent and otherwise, of the li-
gands are captured in the LKB.


3) The principal dimensions of this ligand space might ide-
ally be related to concepts established in the literature of
coordination chemistry (steric bulk, s-donor ability, p-
acidity) or related fields (e.g. physical organic chemistry).


4) The LKB would ideally allow the robust statistical mod-
eling and prediction of a range of behavior of metal com-


plexes of the ligands in question, that is, give models that
are statistically robust.


One way forward in studies of ligand chemistry is to con-
duct systematic, large-scale experimental studies of ligands,
both as free (pro-)ligands and in a range of metal com-
plexes, as well as their behavior in reactions. This generates
empirical data, such as thermochemical, electrochemical or
reactivity, which allows description and analysis of their
properties. However, such studies are rarely undertaken
(perhaps for reasons of expense), and the impact of varying
experimental conditions can preclude the reliable interpreta-
tion of experimental data from different (literature) sources.
Chemical diversity in experimental datasets is therefore typ-
ically rather limited.


Given the practical difficulties and expense of assembling
an LKB from empirical data, alternative approaches are of
interest. We are investigating an approach in which in-
formation from structural (crystallographic) and compu-
tational sources are combined to provide descriptors of
ligand properties which can form a large-scale structured
collection of knowledge about transition metal com-
plexes. In developing and using such a knowledge base
we seek eventually to lay the foundations for the exploita-
tion of the growing availability of networked computa-
tional and data storage resources (so-called e-science and
the Grid architecture).[7] In its mature form, this LKB
might combine structural and experimental information
“mined” from available databases, such as the Cambridge
Structural Database (CSD)[8] with descriptors calculated
using appropriate computational approaches, for example,
density functional theory (DFT), for a wide range of
ligands.


As a first step in developing an LKB, we have generated
a collection of calculated structural and energetic descrip-
tors for monodentate phosphorus(iii) ligands. These ligands
were chosen for their ubiquity in organometallic and coordi-
nation chemistry. The properties of the metal�phosphorus
bond and the resulting complexes can be fine-tuned by mod-
ifying the substituents on the phosphorus to control the
steric and electronic profile of each ligand. A range of ex-
perimental[1–4,9–12] and computational[5,13–19] approaches have
been reported to describe and quantify these steric and elec-
tronic properties; some of these approaches have recently
been reviewed.[20] The resulting stereoelectronic parameters
have been used to describe phosphorus donor ligands and to
project their properties and hence map relationships in mul-
tidimensional chemical space. Independently, Bjørsvik[19]


and Cundari[5] have reported how these maps may be used
to identify ligand targets for screening experiments and cat-
alyst design, with the former work by using PCA-derived
variables based on calculated ligand descriptors while the
latter is based on direct plots of descriptors calculated for
rhodium complexes. In addition, a number of groups have
sought to estimate the quantitative contributions of steric
and s-/p-electronic effects by fitting regression models to
various experimentally observed linear free energy relation-


Figure 1. Metal-bound
phosphorus(iii) ligand, M�PA3.
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ships and to explore their use in
quantitative structure–property
relationships.[2,3,11,21, 22]


The availability of a range of
experimental data makes phos-
phorus donor ligands attractive
for a proof-of-concept study
such as this. We report below
the design of calculated
phosphorus(iii) ligand descrip-
tors and their statistical analy-
sis, and describe potential appli-
cations in mapping chemical
space as well as the interpreta-
tion and prediction of experi-
mental data. On the basis of
these observations we offer
some conclusions describing a
way forward for the design
and development of a mature
LKB.


Results and Discussion


Knowledge base design


Ligands : Structural and elec-
tronic descriptors were calculat-
ed for 61 monodentate
phosphorus(iii) ligands (Table 1)
with a range of substituents.
The dataset contains symmetri-
cal PA3 species 1–33 (A=alkyl,
aryl, halide, alkoxy, aryloxy,
amino), and so includes substi-
tuted tertiary phosphines and
phosphites, phosphine halides
and aminophosphines. In addi-
tion, a range of simple asym-
metric PA2B species 34–57 (A, B=alkyl, aryl, halide,
amino) and some more unusual examples where the phos-
phorus is incorporated into cage or bicyclic systems (58–61)
were included. This ligand selection was designed to achieve
optimal overlap with available experimental data and to
sample chemical space for phosphorus(iii) ligands widely,
thereby improving the robustness of statistical analyses (as
discussed below) and the chance of modeling a wider range
of ligand and complex behavior.


Complexes : Structural and energetic parameters were calcu-
lated for the free phosphorus(iii) species, L, and a range of
their complexes. Protonated ligands ([HL]+) and borane ad-
ducts ([H3B·L]) were chosen to investigate s-electronic ef-
fects. Two metal complexes, square-planar [PdCl3L]


� and
tetrahedral [Pt(PH3)3L], were included as such species may
involve contributions from both metal�L s- and p-bonding


interactions. In addition, structural cis and trans influences[28]


can be monitored for the palladium complexes.1 Table 2
summarizes the calculated descriptors and the complete
LKB is included in the Supporting Information (Table S1).


Table 1. Phosphorus(iii) donor ligands in prototype ligand knowledge base.


No. L=PA3 No. L=PA2B
A A B


1 H 34 F H
2 Me 35 H F
3 Et 36 Cl H
4 Pr 37 H Cl
5 iPr 38 F Me
6 Bu 39 Me F
7 tBu 40 Cl Me
8 CF3 41 Me Cl
9 Cy (C6H11) 42 CF3 Me
10 Bz (CH2Ph) 43 Me CF3


11 F 44 tBu Me
12 Cl 45 Me tBu
13 OMe 46 Ph Me
14 OEt 47 Me Ph
15 OPh 48 Ph Et
16 NH2 49 Et Ph
17 NMe2 50 Ph Cy
18 pyr (NC4H4, pyrrolyl) 51 Cy Ph
19 NC4H8 52 Ph Pyr
20 pip (NC5H10, piperidyl) 53 Pyr Ph
21 CHCH2 54 Ph o-Me-Ph
22 Ph 55 o-Me-Ph Ph
23 C6F5 56 Ph o-MeO-Ph
24 o-Me-Ph 57 o-MeO-Ph Ph
25 m-Me-Ph no. L


26 p-Me-Ph 58


27 o-MeO-Ph 59


28 p-MeO-Ph 60


29 3,5-(F3C)2-Ph 61


30 p-F3C-Ph
31 p-F-Ph
32 p-Cl-Ph
33 p-Me2N-Ph


1 In preliminary work, the set of LKB descriptors also included those
from octahedral molybdenum complexes [Mo(PH3)5L], where the elec-
tron-rich Mo0 d6 metal centre was expected to donate p-electrons to ap-
propriate ligands, L. However, the descriptors arising from these com-
plexes were found to correlate very highly with steric parameters and
the optimized geometries displayed considerable steric hindrance due
to the square-pyramidal {Mo(PH3)5} fragment. These steric interactions
seem to dominate the structure of the complexes, and (weaker) elec-
tronic effects are apparently masked and indeed a number of com-
plexes {Mo(PH3)5}L are not bound. Given this non-robust behavior all
data derived from these complexes were therefore excluded from the
analysis reported below.
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Computational requirements : From a technical point of
view, the computational method chosen to calculate descrip-
tors for any LKB must fulfill three main criteria: good relia-
bility, relatively low computational expense and scope for
automation of calculations.


The performance of any chosen computational approach
should be reliable, in order to prevent the occurrence of
random errors in the data set produced. Methods that yield
data disagreeing significantly with relevant experimental
data in some but not all cases should thus be avoided if no
chemical explanation can be given. We have used the BP86
density functional, because it has been shown to give rea-
sonably good structural and energetic performance in the
description of organometallic complexes[29] and it is unlikely


that significant errors would occur for individual structures
within a relatively homogenous class of metal–phosphine
complexes. Other gradient-corrected or hybrid density func-
tionals may have been equally suitable, because systematic
deviations of structural or energetic parameters, as often ob-
served for these functionals when compared to experimental
data, do not affect the results of the statistical analyses and
are thus negligible in a large data set.


Given the large number of species to be studied, the cal-
culation of descriptors should be relatively computationally
inexpensive (at least by present standards). More important-
ly, they must be easily performed and analyzed, that is, the
required geometric or energetic information readily extract-
ed, in a standard way with zero (or minimal) human inter-


Table 2. Calculated descriptors in prototype ligand knowledge base (LKB).


Descriptor[a] Derivation (Unit) Mean s Range Used?


free phosphorus(iii) species (L)
EHOMO energy of highest occupied molecular orbital [Hartree] �0.1996 0.0310 �0.2819–�0.1417 yes
ELUMO energy of lowest unoccupied molecular orbital [Hartree] �0.0296 0.0396 �0.1087–+0.0327 yes
Q(P) NBO charge on P in L 0.94 0.30 �0.03–1.63 no[b]


LP s-character contribution of P s-orbital to lone pair (LP), from NBO analysis (%) 57.5 7.5 49.0–80.3 yes
He8_steric interaction energy between L in ground state conformation


and ring of 8 Helium atoms,
Ester.=Etot(system)�[Etot(He8)+Etot(L)] [kcalmol�1] (Figure 2)


7.2 5.7 0.8–29.8 yes


protonated ligand ([HL]+)
PA proton affinity, PA=E(L)�E([HL]+) [kcalmol�1] 227.8 24.2 163.6–264.8 yes
Q(P,prot) NBO charge on P in [HL]+ 1.43 0.36 0.45–2.28 no[b]


Q(H,prot) NBO charge on H in [HL]+ 0.06 0.03 �0.02–+0.14 no[c,d]


DPy�A(H) change in av. r(P�A) compared with free ligand, L [T] �0.057 0.024 �0.115–+0.023 no[d]


DA-P-A(H) change in av. a(A-P-A) cf. L [8] 11.0 1.8 6.5–17.0 no[d]


P�H r(L�H) in [HL]+ [T] 1.416 0.005 1.399–1.427 no[c,d]


borane adduct (H3B·L)
Q(B fragm.) NBO charge on BH3 fragment �0.65 0.04 �0.72–�0.52 yes
BE(B) bond energy for dissociation of P-ligand from BH3 fragment [kcalmol�1][e] 35.5 4.3 23.4–41.7 yes
DP�A(B) change in av. r(P-A) cf. L [T] �0.022 0.009 �0.037–+0.009 yes
DA-P-A(B) change in av. a(A-P-A) cf. L [8] 3.4 1.2 0.1–6.3 yes
P�B r(P�B) [T] 1.927 0.026 1.861–1.977 yes
B�H av. r(B�H) [T] 1.221 0.002 1.216–1.224 no[c]


H-B-H av. a(H-B-H) [8] 113.6 0.7 112.3–115.6 no[c]


palladium complexes ([PdCl3L]�)
Q(Pd fragm.) NBO charge on [PdCl3]


� fragment �1.24 0.06 �1.37–�1.06 yes
BE(Pd) bond energy for dissociation of L from [PdCl3]


� fragment [kcalmol�1][e] 34.6 5.1 22.5–48.3 yes
DP�A(Pd) change in av. r(P�A) cf. L [T] �0.006 0.011 �0.026–+0.023 yes
DA-P-A(Pd) change in av. a(A-P-A) cf. L [8] 0.8 1.7 �3.2–+5.4 yes
P�Pd r(P�Pd) [T] 2.277 0.039 2.188–2.418 yes
Pd�Cl cis r(Pd�Cl), cis to L [T] 2.385 0.006 2.372–2.404 no[c]


Pd�Cl trans r(Pd�Cl), trans to L [T] 2.366 0.013 2.334–2.392 yes


platinum complexes ([Pt(PH3)3L])
Q(Pt fragm.) NBO charge on [(PH3)3Pt] fragment 0.01 0.07 �0.10–+0.26 yes
BE(Pt) Bond energy for dissociation of P ligand from [Pt(PH3)3] fragment [kcalmol�1][e] 16.4 4.1 6.2–24.2 yes
DP�A(Pt) change in av. r(P�A) cf. L [T] 0.002 0.011 �0.017–+0.043 yes
DA-P-A(Pt) change in av. a(A-P-A) cf. L [8] �0.04 1.7 �6.0–+3.4 yes
P�Pt r(P�Pt) distance [T] 2.320 0.038 2.234–2.390 yes
H3P�Pt av. r(H3P�Pt) [T] 2.325 0.006 2.312–2.339 no[c]


a(H3P)Pt(PH3) av. a(H3P)-Pt-(PH3) [8] 108.0 1.0 105.4–110.6 yes


cumulative
S4’ calcd (� aAPA��aZPA), where Z=BH3, [PdCl3]


� , [Pt(PH3)3] [8] 38.4 11.1 7.8–65.9 yes


[a] All calculations were performed on isolated molecules. [b] Large range of values, no clear trend in data, see text for discussion. [c] Small range of
values, see text for discussion. [d] Highly correlated with H3B.L descriptors, see text for discussion. [e] BE= [Etot(fragment) + Etot(L)]�Etot(complex).
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vention. This will aid in future data generation and analysis
in an e-science/Grid framework, where multiple calculations
can be distributed across a network and information extrac-
tion must be automated.


For now, more complex computational data, for example
frequency calculations, have been avoided, even though es-
tablished (experimental) electronic parameters for phospho-
rus donor ligands are often based on carbonyl stretching fre-
quencies (see for example references [1–4, 10,16]). Frequen-
cy calculations are significantly more computationally ex-
pensive than geometry optimizations and may require in-
spection of the output to identify the correct result,
especially if little or no molecular symmetry is found and so
vibrational modes are highly mixed. We have also avoided
more complex properties such as the minimum in the elec-
trostatic potential proposed by Koga et al.[18] and parameters
derived from energy decomposition analysis.[17] In addition,
we have not performed extensive conformational searches,
as these are too expensive to be attempted at DFT level.
Furthermore, the energetic ranking derived from cheaper
approaches such as molecular mechanics (MM) is potential-
ly unreliable[30] and the analysis of multiple conformers
would be difficult to automate. Some or all of these con-
straints might be removed in a later version of a LKB, most
likely in response to a lowering of computational cost, that
is, due to improvements of data management software as
well as hardware, both targeted by the development of the
Grid architecture. As shown in Table 2, all descriptors in
this prototype LKB can either be extracted directly from ge-
ometry optimizations or can be derived by simple mathe-
matical operations, thus making the calculations amenable
to automation.


Descriptors : The calculated descriptors (Table 2) include:


1) frontier molecular orbital energies of the free ligands,
2) ligand proton affinities,
3) adduct binding energies,
4) ligand and metal fragment charges,
5) a range of structural parameters describing geometry


changes of both ligand and metal fragments upon com-
plexation,


6) two measures of ligand steric bulk, the S4’ parameter[5,6]


and an energetic measure of steric bulk, He8_steric (see
below).


To facilitate the development of linear regression models
for experimental data, these descriptors are linearly related
to energy, either directly (orbital energies, binding energies,
proton affinity) or indirectly. For example, structural
changes on complexation can be expressed as a perturbation
from the ideal geometry of a free ligand. We have not in-
cluded Tolman<s cone angle (q)[1] of the ligands as a descrip-
tor, both because it is difficult to compute automatically[5]


and because its relationship to energy cannot be readily es-
tablished (see below). Instead, we have developed a new
steric parameter (termed He8_steric), calculated as the inter-


action energy between the phosphorus(iii) ligand and a ring
of eight helium atoms. The helium atoms are held in regular,
fixed positions on a circle of radius 2.5 T. The phosphine ge-
ometry is re-optimized in the presence of this He8 ring,
starting from an optimized conformation of the free ligand,
with the phosphorus atom constrained to lie exactly 2.28 T[1]


above the ring centroid (Figure 2) along the perpendicular


to its plane. This arrangement seeks to mimic the non-
bonded, closed-shell/closed-shell, interactions of a phos-
phine with, for example, the cis ligands in an octahedral
complex. Given the van der Waals radii of He and P (1.4
and 1.8 T)[31] and the He···P distance in this model (3.383 T)
the lone pair of the phosphorus does not interact strongly
with the He8 ring, so that only substituent steric effects con-
tribute significantly to the interaction energy. This is con-
firmed by the small values of this parameter calculated for
the smallest phosphine 1 (2.3 kcalmol�1) and its halide de-
rivatives, for example, ligands 34–37 (range 1.6–
1.9 kcalmol�1), as well as the parent ligands trifluorophos-
phine 11 (1.5 kcalmol�1) and trichlorophosphine 12
(2.2 kcalmol�1, see Tables 2 and S1 for value range and full
dataset respectively).


Descriptor reduction : In the first instance, it is appealing
simply to compute and include a wide range of chemically
varied parameters to describe ligand properties. However,
the use of a substantial number of highly correlated descrip-
tors can be problematic in applying multivariate analysis
techniques, one of the intended uses of the LKB. For exam-
ple, in regression models based on such data the estimates
of coefficients may be unreliable and hence not robust.[32]


Descriptive statistics (mean, standard deviation, range, fre-
quency distributions) were therefore used to assess the suit-
ability of individual descriptors for inclusion in the LKB. In
particular, those descriptors with either very large or very
small value ranges were excluded, because of their poor ro-
bustness and unresponsiveness respectively. Several varia-
bles associated with structural changes in the metal frag-
ment (e.g. H3P�Pt, H-B-H, see Tables 2 and S1) were ex-
cluded from further analysis, because their range of values
was so small (0.027 T and 3.38, respectively) as to make
them insensitive to variation of ligand. Indeed it is likely
that for these descriptors computational “noise” might be


Figure 2. Geometry used for computation of the He8_steric parameter:
the interaction energy between the phosphorus ligand (PA3) and a ring of
eight helium atoms.
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significant on the scale of
ligand effects. Thus comparison
with analogous ligand-centered
quantities, for example Pt–P
distance and A-P-A angle in
BH3·L adducts, which have
ranges of 0.156 T and 10.98, re-
spectively, suggests that some
of these Lewis acid fragments
do not show a significant struc-
tural response to variations in
the phosphorus substituents.


Pearson correlation coeffi-
cients were computed to quan-
tify the (linear) relationship be-
tween pairs of descriptors and
with a view to reducing the
number of descriptors required
in the LKB. Structural variables of the same kind, for exam-
ple, changes in bond length and angles on complexation,
were found to be highly correlated for chemically similar
complexes. For example, reasonably high correlation coeffi-
cients were observed for NBO fragment charges (Q, r=
0.804) and bond angle changes on complexation (DA-P-A,
r=0.729) for the s-bound adducts BH3·L and [HL]+ . This
suggests that s-bonding could be well represented by the
BH3·L adduct data alone and, with the exception of proton
affinity, the descriptors for the protonated ligand [HL]+


were therefore excluded from further analysis (without sub-
stantial loss of information content).


For the NBO charges calculated for the phosphorus
atom in both free and protonated [HL]+ ligands
(Q(P), Q(P,prot)), no significant linear relationship with
other measures of ligand electronic properties, such as
EHOMO, ELUMO and PA, could be identified. These two sets of
NBO charges on P seem unable to capture the electronic ef-
fects of substituent variations, notably in response to
changes in the para-substituent of arylphosphines (26, 28,
30–33, Table S1), on the electronic properties of the ligands
and were excluded from further analysis, because they are
apparently not computationally robust.


Contextualization : Exploratory graphical data analysis and
regression modeling can be used to relate the new descrip-
tors to more familiar ligand parameters from the literature
(a process one might term contextualization). The relation-
ship between the values of the original Tolman cone angle
q[1] and the He8_steric parameter is shown in Figure 3.
While the Pearson linear correlation coefficient is quite high
(r=0.861), fitting a simple linear regression equation (R 2=


0.742) gives rise to physically unrealistic negative He8_steric
values for phosphine 1 and the phosphite cage ligand 58, {P-
(OCH2)3CMe}. The data are better described by a cubic
function (R 2=0.869) as indicated in Figure 3. It is worth
noting that exclusion of the most hindered ligands, tris(tert-
butyl)phosphine (7) and tris(ortho-tolyl)phosphine (24)
from a linear regression fit gives only slightly improved


agreement (R 2=0.782), but poorer fits for the bulkier li-
gands tris(isopropyl)phosphine (5) and tris(cyclohexyl)phos-
phine (9) than observed for the cubic fit.


As shown in Figure 3, the sterically demanding ligands 7
(PtBu3) and 24 (P(o-tolyl)3) have higher He8_steric parame-
ters than would be predicted from the corresponding cone
angles, whereas that of tris(pentafluorophenyl)phosphine
(23, P(C6F5)3) is lower. The deviation observed for ligand 24
may be explained by conformational differences. Tolman
minimized the cone angle by assuming the least bulky con-
formation, that is, folding all substituents away from the
metal.[1] Later work (discussed for example in references
[12,14 and 33]) has aimed to improve agreement between
Tolman<s cone angles and those measured from crystal
structures, where alternative ligand conformations with
larger cone angles are observed. As stated previously, we
have used an optimized conformation of the free ligand as
the input geometry for the calculation of the He8_steric pa-
rameter. Even though the ligand geometry in the He8·L spe-
cies was re-optimized, significant conformational relaxation
did not always occur, substituent rotation often being re-
stricted. A survey of the o-tolyl ring conformations in crystal
structures involving ligand 24[34] confirms that two conform-
er types (ggg/exo3 and gga/exo2, see reference [34] and ref-
erences therein) are adopted in different coordination envi-
ronments (see Table S2). The He8_steric parameter was cal-
culated for both conformers. The value for the conformer
most commonly observed in sterically hindered complexes
(gga/exo2, open circle, Figure 3, see Table S2 and reference
[34]), is substantially lower.2 A summary of relevant CSD
reference codes and torsion angles for crystal structures of


Figure 3. Plot of Tolman cone angle versus He8_steric descriptor. Open circle refers to alternative ligand con-
formation; see text for discussion and Figure S1 for plot showing all ligand numbers. Nonlinear relationship il-
lustrated by cubic function, y=0.00002x 3�0.0061x 2 + 0.6347x � 21.623, R 2=0.869.


2 The relationship between the He8_steric parameter and the MM-calcu-
lated ligand repulsive energy parameter developed by Brown[13,14] can
be described reasonably well by a linear function (R 2=0.873), if the
He8_steric value for tris(o-tolyl)phosphine ligand 24 is treated as an
outlier (R 2=0.742, if included). This observation, as well as the effect
of different conformational preferences in different coordination envi-
ronments, will be discussed in detail elsewhere.
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free ligands and representative complexes of phosphine 24
may be found in Table S2 (Supporting Information).


Complexes of the conformationally rigid tris(tert-butyl)-
phosphine ligand 7 often have longer metal�phosphorus
bond lengths than those observed for smaller ligands (see
Table S3 for comparison of representative M–L distances
observed in the CSD for ligands 2 (PMe3) and 7 (PtBu3)),
presumably in response to the steric hindrance encountered
in this ligand. This structural relaxation is not possible in the
He8_steric model, because the ring centroid–phosphorus dis-
tance is fixed (as it is also in the Tolman cone angle proto-
col). It seems likely that in this case the calculated value of
the He8_steric parameter exceeds that expected from the
cone angle because the energetic measure takes better ac-
count of highly unfavorable interactions with other ligands.
The apparently low value of He8_steric for the conforma-
tionally flexible ligand tris(pentafluorophenyl)phosphine
(23, P(C6F5)3) is puzzling but may have its origin in an artifi-
cially high cone angle value (1848, cf. 1458 for PPh3).


While the effect of conformational changes is considera-
ble for the bulky o-tolyl ligand 24, amounting to an energy
difference of 6.7 kcalmol�1, most ligands in this version of
the LKB are sterically less hindered and we estimate that
this “conformational noise” is unlikely to exceed, on aver-
age, 2 or 3 kcalmol�1. Work is currently under way to ex-
plore the effect of conformational variability on the calculat-
ed descriptors and how this may be captured by suitable de-
scriptors in future versions of the LKB.


Multivariate data analysis


The collection of ligands and descriptors in this phosphorus-
(iii) donor LKB can be investigated using a variety of multi-
variate statistical methods.[35,36] Our choice of methodology
has been determined by the characteristics of the data, con-
sisting of relatively few ligands and a rather wide range of
descriptors, which are often quite highly correlated. Al-
though future extensions of the LKB will increase the diver-
sity of ligands investigated, they are likely to fall into chemi-
cally distinct subsets, so these statistical analysis protocols
will continue to be relevant. We have identified two distinct
aims: mapping of chemical (ligand) space and property in-
terpretation/prediction. The following section is structured
accordingly.


Mapping chemical space : Principal component analysis
(PCA) typically simplifies a multidimensional set of descrip-
tors to a few derived variables (the principal components or
PCs) that capture a large proportion of the variation in the
data set. These PCs are orthogonal and are linear combina-
tions of the original descriptors. The distribution of ligands
in multidimensional descriptor space can be projected to
fewer dimensions in pairwise plots of their values on the re-
sulting PCs. Such plots can be used to identify clustering of
subsets of ligands in the knowledge base. Since estimates of
regression coefficients may be unreliable if highly correlated
descriptors are used (see above),[32] regression on the or-


thogonal PCs arising from PCA may be preferable when
many descriptor variables are considered to be important.
In such principal component regression (PCR), the PCs are
used to build regression models with the aim of providing a
good approximation of the relationship between a response
variable and a small number of these PCs (which carry in-
formation from a larger number of the original descriptors).
However, in both the projection and regression applications,
interpretation and contextualization of PCs may be prob-
lematic when they are composed of many of the original de-
scriptors (see below), and following PCA with PC rotation
may be useful in interpreting important contributions.


The correlation matrix of the descriptor variables detailed
in Table 2 was used in PCA followed by Varimax rotation.
This technique reduces the number of descriptors in each
PC in favor of those with large contributions, giving the re-
sulting PCs a simpler structure while leaving them orthogo-
nal.[36] A score plot of the first two PCs is shown in Figure 4
and a more detailed summary of the PCA results is reported
in the Supporting Information (Tables S4–S6).


The first two PCs describe some 67% of the variation in
the descriptor dataset and the third PC a further 13% (see
Table S4). The twodimensional map of phosphorus ligand
space derived from PCs 1 and 2 (Figure 4) shows clusters of
ligands corresponding to chemically familiar subsets and
offers an appealing insight into ligand classification and sim-
ilarity. Thus the arylphosphines appear grouped around
PC1=1, PC2=0.5; the trialkylphosphines around PC1=0,
PC2=�1 etc. This map is useful in locating unusual trialkyl-
phosphine ligands (such as the adamantane-derived ligand
61) as being similar to more familiar ligands (notably alkyl
and aryl phosphites) in neighboring regions of ligand space.
Most interestingly, the rhodium complex of ligand 61 is an
active hydroformylation catalyst[37]—not a characteristic of
orthodox trialkylphosphines, but commonplace for trialkyl-
phosphites. In addition, the consequences of systematic
ligand variations can be visualized (e.g. P(Pyr)3 (18), P-
(Pyr)2Ph (53), P(Pyr)Ph2 (52)). A plot of the first two PCs
can also be used to identify where in chemical space new li-
gands would occur, even if experimental data are not avail-
able, and to determine their proximity to current ligands.


In contrast to previous stereoelectronic maps,[1,5] which
explicitly plot a steric versus an electronic parameter and do
not consider properties of ligand complexes, the PC maps
shown in Figure 4 are based on the projection of a large
number of variables to pair-wise plots of PCs, that is, of
linear combinations of multiple descriptors (see reference
[22] for a similar approach to that used here but using free
ligand-only properties). Our approach allows for a more ob-
jective capture of the properties of ligands in a range of
chemically different coordination environments. The reasons
for a ligand adopting a particular location in ligand space
can be investigated by further analysis of the individual de-
scriptors contributing to each PC.


The use of PCA for reducing multidimensional descriptor
space to a small set of linear combinations of descriptors is
appealing, but it is also interesting to try to associate the re-
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sulting PCs with familiar steric and electronic properties. In-
spection of the descriptor loadings on the rotated PCs
(Tables 3 and S6) suggests that the first PC consists mainly
of descriptors associated with steric and s-electronic effects
and the second PC can perhaps be interpreted in terms of
p-electronic effects. The first two PCs therefore appear to
correspond to some extent to established stereoelectronic
parameters and to explain about two thirds of the variation
in the present dataset (Table S4). Interpretation of the third
PC is less obvious, but it is notable that it is mainly derived
from the changes in A-P-A angle on complexation to B, Pd
or Pt in adducts. It apparently records an aspect of the sensi-
tivity of a ligand to the stimulus provided by binding to a
Lewis acid, and so perhaps a facet of their behavior that
emerges on complexation.


In general, interpretation of PCs is problematic and not
statistically robust, primarily because PCA is based on the
variance of descriptors and so is in turn sensitive to outlier
values.[38] For example, if we change the subset of ligands
that is used, it is desirable that the PC composition remains
reasonably consistent. This is important when developing
PCR models for the interpretation of experimental data,
particularly if these data are not available for all ligands in
the LKB.


The correlation matrix on which PCA is based is derived
from the descriptor covariance matrix by standardization of


Figure 4. Principal component score plot (PC1 vs PC2) for all ligands in LKB. (Mixed ligands PA2B are denoted by the same symbol as the analogous
PA3 species. See Supporting Information for larger plot (Figure S2).


Table 3. Principal component loadings (Varimax rotation), analysis for
all ligands in LKB. (Descriptors with contributions < j0.3 j are not dis-
played, see Table S6 for full results.)


Descriptor PC1 PC2 PC3


EHOMO 0.718 �0.552
ELUMO �0.800
PA 0.811 �0.502
LP s-character �0.863
Q(B fragm.) 0.894
Q(Pd fragm.) 0.871 �0.313
Q(Pt fragm.) �0.399 0.811
BE(B) �0.856
BE(Pd) �0.536 �0.554
BE(Pt) �0.755 �0.356
DP�A(B) 0.501 0.529
DP�A(Pd) 0.417 0.762
DP�A(Pt) 0.780
DA-P-A(B) 0.809
DA-P-A(Pd) 0.926
DA-P-A(Pt) 0.432 0.794
P�B 0.925
P�Pd 0.935
P�Pt 0.924
He8_steric 0.841
S4’ calcd �0.822 0.300
Pd�Cl trans 0.599 �0.745
a(H3P)Pt(PH3) 0.737
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the data. Standardization is useful in order to remove the ef-
fects of scale and unit (e.g. angles vs degrees vs kcalmol�1)
from the data set. It does, however, leave outliers and their
potentially distorting effects in the data set. In addition,
standardization can accentuate the noise content of a data-
set if essentially invariant descriptors are retained (i.e. ,
those termed unresponsive above). As noted above, such de-
scriptors were eliminated from the dataset, for exactly this
reason.


We have therefore tested the statistical robustness of our
PCA results by repeating the analysis for i) randomly select-
ed subsets of ligands and ii) some chemically defined sub-
sets, for example, arylphosphines. The order and composi-
tion of the PCs does indeed change for these subsets, and
this variation becomes more pronounced when Varimax ro-
tation is applied. It was this lack of robustness that led to
the inclusion of a group of mixed ligands of the form PA2B
in order to better sample chemical space. Their inclusion
has to some extent improved the robustness of the PCA re-
sults (both chemically and statistically). However, quantita-
tive interpretations of the principal components remain du-
bious and use of a statistically more robust version of PCA,
where the impact of outliers has been reduced by robust es-
timation of the correlation matrix, may be beneficial.[38,39]


Property interpretation and prediction : Given Figure 4, the
descriptors seem to capture chemically intuitive ligand simi-
larities and so provide a useful qualitative approach for visu-
alizing chemical space. The LKB data were explored in
greater detail by considering multiple linear regression
(MLR) models for experimentally measured quantities
using the calculated descriptor values. These MLR models
were used to investigate whether a range of rather different
experimental variables can be described by suitable linear
functions of ligand descriptors. In addition, the application
of these models to the prediction of experimental data for
new ligands was assessed.


Many of the descriptors in the LKB are correlated (see
above) and thus different regression models, using subsets
of descriptors, can be derived. These models might have
similar performance when assessed according to the success-
ful description of the relationship between a response varia-
ble and a set of descriptors, that is, all models have similar
regression coefficients R 2, with values close to 1. The com-
plexity (i.e., dimensionality) of the model will depend on
the variable selection procedure used, for which various
manual and automatic procedures are known. These are
generally based on evaluating regression diagnostics for dif-
ferent models derived from a given set of descriptors so as
to balance model complexity (having fewer descriptors typi-
cally leads to improved transferability and simplifies inter-
pretation) and performance (having more descriptors allows
better approximation of response variable).


The identification of a “best” model further depends on
whether this model will be used in the interpretation of ob-
served data or for the prediction of unknowns. In the former
case, the regression coefficient, R 2, and the adjusted R 2


value indicate how well the experimental data is described
by the model. The adjusted R 2 statistic gives a better ac-
count of the balance between model complexity and quality,
unlike the standard R 2 which usually increases upon using
more descriptors. The quality of a model fit can further be
assessed by estimating the prediction error as the mean
squared residual and by diagnostic plots. While plotting ob-
served versus predicted data can be used to confirm the suc-
cessful description of the experimental data by an MLR
model, if data points are clustered around the diagonal indi-
vidual deviations become much clearer in a plot of predicted
versus residual error values.


These diagnostics give no indication of the predictive ca-
pabilities of the models, or indeed of their robustness to var-
iations in the ligand set. To investigate whether an MLR
model is useful for estimating experimental parameters for
new ligands, additional diagnostic statistics have to be con-
sidered. In a large database, the response data can be split
into representative training and test sets to establish the
quality and robustness of model predictions. However, when
there is a limited amount of data, models may be extrapolat-
ing, so re-sampling methods such as cross-validation should
be used.[40,41] Prediction errors were estimated here using 10-
fold cross-validation[40,42] and bootstrapping.[43] When using
cross-validation to assess a model, we fit to a subset of the
original data and make predictions for the cases (ligands)
that were excluded.[40,42] In the bootstrap re-sampling
method,[43] a random sample is drawn from the original data
to generate a new data set of the same size as the original.
This is achieved by replacement, that is, by allowing multi-
ple occurrences of the same sample. A regression model is
then fitted to this bootstrap sample, but the model is validat-
ed by making predictions for the original sample. This ap-
proach can be used to mimic variation in the original data
to obtain a further measure of the predictive power of a
given model.


To illustrate this application of a LKB, three examples of
MLR models for experimental predictors are shown
(Tables 4, S7 and S8), with diagnostic plots (fits and residu-
als) shown in Figure 5. These examples were selected to il-
lustrate the application of this prototype LKB for the MLR-
based interpretation and prediction of a range of experimen-
tally determined parameters. It is notable that these parame-
ters span a considerable range of information types, being
geometric (describing molecular structure), energetic (de-
scribing reaction thermodynamics) and “electronic” (ac-
tually reporting vibrational behavior), respectively. More ad-
vanced variable selection and model evaluation methods, as
well as protocols for robust parameter estimation and deter-
mining appropriate model complexity, will be evaluated and
discussed in detail in due course.[44]


Table 4 summarizes the experimental data and lists the
descriptors used in the regression models as well as giving
representative diagnostic data. The full models are included
in the Supporting Information (Tables S7 and S8). Overall,
these models provide a good description of the relationship
between the experimental data and the calculated descrip-
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tors, with regression coefficients
close to 1. This is further illus-
trated by small estimated pre-
diction errors (Table 4) and the
scatter of residuals in the diag-
nostic plots (Figure 5). The
models for P�Rh and DHrxn in
particular demonstrate that the
LKB descriptors can be used to
derive linear models, which re-
produce the experimental data
closely, with residuals at about
the level of experimental noise.
While it might be argued that
these models are over-fitted
with six descriptors and only 17
experimental observations
(Table S8), they have been
chosen to illustrate this poten-
tial application of a LKB and
as yet optimizing model com-
plexity has been of secondary
importance. For both P-Rh and
DHrxn, the descriptors used in
the models (Table 4 and S7)
could be interpreted as meas-
ures of steric (S4’ calcd) and
s-/p-electronic effects, with PA
and LP s-character indicative
of s-bonding and ELUMO re-
lated to p-bonding, whereas
the Pd- and Pt-derived descrip-
tors (DP–A(Pd), DA-P-A(Pd),
P–Pd, BE(Pd), Q(Pt fragm.),
a(H3P)Pt(PH3)) seem to in-


Figure 5. Diagnostic (fit and residual) plots for multiple linear regression models; a) Rh–P distance [T] in
four-coordinate, square-planar RhI complexes with a phosphorus ligand trans (from CSD survey, Table S9), b)
DHrxn [kcalmol�1], for [Rh(CO)2Cl]2 + 4PX3!2Rh(CO)(Cl)(PX3)2 + 2CO,[2] c) Tolman electronic parame-
ter, A1 n(CO) in [(CO)3NiL][1] [cm�1]. (Full models are summarized in the Supporting Information (Tables S7
and S8).)


Table 4. Multiple linear regression models using LKB data.[a]


Experimental variable N[b] Mean STD Descriptors in
model


R2 (adj.
R2)[c]


Estimated prediction errors[d]


w MLR 10-fold cross-
validation


Bootstrap[e]


P�Rh [T], in four-coordinate,
square planar RhI complexes
with L trans, (CSD survey, Table S9)


17 2.279 0.026 PA, DP�A(Pd), DA-
P-A(Pd),
P�Pd, S4’ calcd,
a(H3P)Pt(PH3)


0.998
(0.996)


1.612X10�3 2.917X10�3 2.274X10�3


DHrxn [kcal
�1mol], for [Rh(CO)2Cl]2 + 4PX3!


2Rh(CO)(Cl)(PX3)2 + 2CO[2]
17 55.9 13.5 ELUMO, LP s-charac-


ter,
Q(Pt fragm.),
BE(Pd),
P�Pd, S4’ calcd


0.997
(0.995)


0.72 1.40 0.93


Tolman electronic parameter (TEP),
A1 n(CO) in [(CO)3NiL][1] [cm�]


49 2074.4 14.8 PA, LP s-character,
Q(Pt fragm.), DA-P-
A(Pd),
P�Pt, P�B,
He8_steric


0.988
(0.986)


1.60 1.99 1.80


[a] See Table 2 for variable names, all models include a constant. Descriptor coefficients, which are sensitive to the subset of ligands used, have not been
listed, as we are mainly interested in the descriptors contributing to each model. Full models are summarized in the Supporting Information (Tables S7
and S8). [b] Number of ligands in sample. [c] Model quality is always improved by additional descriptors, so adjusted R2 takes the number of variables in
the model into account when computing the regression coefficient. [d] Mean absolute residual. [e] Conditional loss of prediction.


www.chemeurj.org H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 291 – 302300


J. N. Harvey, A. G. Orpen et al.



www.chemeurj.org





clude contributions from both s- and p-bonding effects. This
interpretation broadly corresponds to conventional under-
standing of bonding in transition metal�phosphorus ligand
complexes. However, the increase in prediction errors esti-
mated using 10-fold cross-validation and bootstrapping com-
pared with the MLR mean absolute residuals suggests cau-
tion in using these models for making predictions for future
ligands given the limited number of experimental observa-
tions available for P�Rh and DHrxn (17 in each case).


Modeling the Tolman electronic parameter (TEP)[1] leads
to a lower regression coefficient (Table 4), but the fitted
model again provides a good approximation to the relation-
ship with the LKB descriptors. Steric (He8_steric) as well as
s- and p-electronic contributions to the model can be identi-
fied (Tables 4 and S7), with PA, LP s-character and P�B re-
lated to s-bonding and various Pd- and Pt-derived descrip-
tors (Q(Pt fragm.), DA-P-A(Pd), P�Pt) again including con-
tributions from both s- and p-bonding. The combination of
s- and p-electronic effects is in good agreement with previ-
ous interpretations of both this parameter and carbonyl
stretching frequencies in related complexes, which have
been used as measures of the electronic properties of phos-
phorus ligands and are thought to include both s- and p-
electronic effects.[31, 42] It should be noted that for the majori-
ty of mixed phosphorus ligands the TEP has not been mea-
sured experimentally, but was instead derived by Tolman by
assuming that substituent contributions are additive,[1] which
may not adequately describe their interactions in asymmet-
ric ligands.[10,33]


Conclusions


A prototype ligand knowledge base of DFT-calculated de-
scriptors for phosphorus(iii) donor ligands has been devel-
oped. The descriptors have been designed to achieve chemi-
cal and computational robustness by sampling the properties
of a range of ligands and their representative complexes
using a standard DFT approach and parameters amenable
to automated calculation. The resulting knowledge base can
be used to map chemical space and visualize clustering of li-
gands in chemically meaningful subsets. In addition, linear
regression models can be developed that describe the rela-
tionship between the descriptors and a range of experimen-
tal parameters. The good performance of the models for
TEP, P�Rh and DHrxn discussed in this work demonstrates
that the LKB descriptors as presently constructed are com-
petent to predict a substantial range of ligand behavior. This
allows us to attempt the interpretation of experimental data
and the evaluation of novel or untested ligands by predict-
ing their properties.


The problems associated with building models of ligand
behavior that emerge on complexation seem not to be insu-
perable, given the satisfactory performance of the prototype
LKB in these MLR studies. This has been achieved, because
the LKB explicitly includes data on a range of complexes in
which such behavior can in principle be (and presumably


has been) recorded. The nature of PC3 is perhaps the best
indication that this is indeed happening. Therefore, to cap-
ture the full extent of ligand behavior, a wider range of
robust descriptors for ligands in complexes should be sought
to record the changes in their properties on binding to
metals.


Key steps to the construction and use of a mature LKB
include the following:


1) Identification of computationally robust, responsive de-
scriptors, therefore identifying and discarding non-robust
and unresponsive descriptors.


2) Design and computation of a range of descriptors suffi-
ciently diverse to sample the inherent and complexation
dependent properties of ligands, both in the “free” state
and in a range of coordination environments.


3) Inclusion of a range of ligands sufficiently diverse and
numerous to sample comprehensively the chemical space
they span.


4) Development of robust statistical protocols for the mod-
eling and prediction of the behavior of ligands in com-
plexes. The models derived map the chemical (ligand)
space in Figure 4 above on to the behavior space of the
complexes in which the ligands are employed.


While this LKB approach shows promise as a tool for the
design of transition-metal complexes and their properties,
the protocols for statistical analysis need to be refined to im-
prove model robustness to outliers and variations in the
subset of ligands. Similarly, there is a need to establish crite-
ria for comparison and evaluation of competing models. The
effect of changes in conformational preferences in response
to different coordination environments should be explored
and incorporated in relevant descriptors. An extension to bi-
dentate phosphorus ligands as well as to a more chemically
diverse set of ligands will require development of a more ex-
tended set of descriptors and representative species. In addi-
tion, the data generation process should be fully automated
and the calculated LKB should eventually be interfaced
with databases of structural and experimental data. Work is
currently under way in all these areas to develop and imple-
ment the conceptual framework outlined in this paper.


Computational Details


All calculations used the Jaguar package[23] and the standard Becke-
Perdew (BP86) density functional.[24] The Jaguar triple-zeta form of the
standard Los Alamos ECP basis set (LACV3P) was used on Pd and Pt,
employing the 6-31G* basis for all other atoms. “Loose” convergence
(five times larger than default criteria) was used for all geometry optimi-
zations. Test calculations using the more stringent default convergence
criteria did not lead to significant changes in energies, bond lengths, or
angles, but were much more time-consuming. Calculations were per-
formed on isolated molecules and NBO atomic charges were calculat-
ed.[25] Vibrational frequencies were not computed, and so the energetic
data do not include a correction for zero-point energy, although we note
that this would be expected to be quite small. In the absence of frequen-
cy calculations, stationary points have not been verified as minima. How-
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ever, most ligands and complexes are large and optimization to transition
states seems unlikely for these carefully built low symmetry starting geo-
metries. Although multiple conformations are viable for some of the li-
gands and complexes, conformational searching was not attempted, but
rather the choice of input geometry was guided by those observed in
crystal structures. The impact of potentially resulting “conformational
noise” (i.e., variations in descriptor values between alternative conform-
ers) on the data is discussed below. Initial statistical analyses were per-
formed in SPSS for Windows,[26] and linear regression models evaluated
in R.[27]
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Introduction


The modification of semiconductor surfaces by the covalent
attachment of organic molecules has been an active topic of
investigation in the field of surface sciences.[1] The most im-
portant widespread semiconductor material is silicon. Or-
ganic monolayers immobilized on silicon substrates are cru-
cial for microelectronics and sensors, as well as for funda-
mental studies. In the past, these monolayers were usually
prepared by the reaction of organosilicon derivatives (such
as alkylchlorosilanes, alkylalkoxysilanes, and alkylaminosi-
lanes) with hydroxylated silicon surfaces.[2] However, this
modified surface has a problem in that a silica layer, con-
nected to the silanol groups via Si�O�Si bonds, forms on
the surface. Besides the problems associated with the amor-
phous substrate and moisture sensitivity of the precursor
molecules, the silicon dioxide thin film essentially blocks the
electrical communication between the organic molecules
and the silicon surface. Another useful approach to the co-
valent attachment of organic molecules is the hydrosilyla-
tion reaction of 1-alkenes with a hydrogen-terminated sili-
con (H�Si) surface.[3] Both crystalline flat H�Si(111) and


Abstract: The modification of flat semi-
conductor surfaces with nanoscale ma-
terials has been the subject of consider-
able interest. This paper provides de-
tailed structural examinations of gold
nanoparticles covalently immobilized
onto hydrogen-terminated silicon surfa-
ces by a convenient thermal hydrosilyl-
ation to form Si�C bonds. Gold nano-
particles stabilized by w-alkene-1-thiols
with different alkyl chain lengths (C3,
C6, and C11), with average diameters of
2–3 nm and a narrow size distribution
were used. The thermal hydrosilylation
reactions of these nanoparticles with


hydrogen-terminated Si(111) surfaces
were carried out in toluene at various
conditions under N2. The obtained
modified surfaces were observed by
high-resolution scanning electron mi-
croscopy (HR-SEM). The obtained
images indicate considerable changes
in morphology with reaction time, reac-
tion temperature, as well as the length
of the stabilizing w-alkene-1-thiol mol-


ecules. These surfaces are stable and
can be stored under ambient conditions
for several weeks without measurable
decomposition. It was also found that
the aggregation of immobilized parti-
cles on a silicon surface occurred at
high temperature (> 100 8C). Precise
XPS measurements of modified surfa-
ces were carried out by using a Au–S
ligand-exchange technique. The spec-
trum clearly showed the existence of
Si�C bonds. Cross-sectional HR-TEM
images also directly indicate that the
particles were covalently attached to
the silicon surface through Si�C bonds.
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H�Si(100) surfaces,[4] as well as hydrogen-terminated porous
silicon,[5] have been used as substrates. In this case, organic
monolayers formed through a covalent Si�C bond provide
electronic coupling between organic functionalities and the
semiconductors without the interference of interfacial oxide
thin film.[3–7]


Recently, much attention has centered on colloidal metal
nanoparticles because of their potential applications in areas
of electronics, photonics, and catalysis.[8] In particular, thiol-
stabilized gold nanoparticles have become an important
model system in nanomaterial research due to their stability,
easy preparation and chemical versatility. Despite increasing
efforts in the past few years, it is still a great challenge to
fabricate well-controllable nanostructures by using colloidal
particles as the structural elements. A key to achieving this
goal will be the ability to assemble nanoparticles onto a de-
sired surface to enable efficient utilization of their unique
nanostructural properties. Much work has been performed
to design and produce position-controlled assemblies of
nanoparticles on solid surfaces, which are essential for nano-
device studies.[9,10] Ideally, it would be desirable to immobi-
lize gold nanoparticles directly onto the surface by strong
covalent bonds. Considering the potential applications of hy-
drogen-terminated silicon(111) surfaces mentioned above,
nanoparticles could be immobilized onto a silicon surface
through the highly stable Si�C bond (347 kJmol�1),[11] if we
could prepare gold nanoparticles that are protected by w-
alkene-1-thiols and perform a hydrosilylation reaction. How-
ever, there have only been a few reported investigations of
nanometer-sized materials attached to a silicon surface
through strong Si�C bonds, one of which is our short com-
munication.[12,13] This full paper focuses on the detailed
structural examinations of immobilized gold nanoparticles
on hydrogen-terminated silicon surfaces (Scheme 1) by
using HR-SEM at various reaction conditions, XPS mea-
surements and cross-sectional TEM observations.


Results and Discussion


Preparation and characterization of w-alkene-1-thiol-cov-
ered gold nanoparticles : The use of w-alkene-1-thiols (CH2=


CH(CH2)nSH), which undergoes reactions typical for both
aliphatic thiols and olefins, is an excellent example of a
strategy for immobilization onto hydrogen-terminated sili-
con surfaces. The aliphatic thiol parts can act as stabilizers
of gold nanoparticles.[8] The C=C bonds can also participate
in the hydrosilylation reaction on a hydrogen-terminated sil-
icon surface.[3–6] In this section, we report the preparation
and characterization of gold nanoparticles covered with w-
alkene-1-thiols.


We computed the energy-minimized preferred conforma-
tion of the stabilizing thiol forms and the lengths of the mol-
ecules using MM2 of Chem3D Pro V5.0. The total lengths
of 1a, b, and c (from the thiol proton to the terminal vinyl
proton) were calculated to be 0.56, 0.93, and 1.6 nm, respec-
tively (see Figure 1).


Gold nanoparticles 2a were prepared by using a thiol sub-
stitution reaction between the free thiol 1a and 1-propane-
thiol-stabilized gold nanoparticles (Scheme 2). The nanopar-
ticles were prepared by a method based on the two-phase
solution synthesis reported by Brust et al. , and were isolated
and characterized prior to the substitution reaction.[14–16] On
the other hand, gold nanoparticles, 2b and 2c, capped with
thiol 1b or 1c, respectively,[17] were directly synthesized by
the modified BrustIs two-phase method.[15,16] These gold


Scheme 1. Immobilization of w-alkene-1-thiol-functionalized gold nanoparticles onto a hydrogen-terminated silicon(111) surface.


Figure 1. Energy-minimized conformation of 1a, 1b, and 1c.
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nanoparticles were isolated as a black powder and spectro-
scopically characterized. The UV-visible absorption spectra
of particle dispersions in toluene were measured. All spectra
exhibited peak absorbance wavelengths at around 520 nm,
which is a typical plasmon resonance band for gold nanopar-
ticles (diameter >2 nm), suggesting the formation of gold
nanoparticles (Figure 2).[18]


Direct evidence concerning the size and morphology of
the nanoparticles were obtained by transmission electron
microscopy (TEM). Figure 3 shows the TEM images and
size histograms of gold nanoparticles 2a–c. These particles
are spherical and two-dimensionally dispersed. The average
diameters of 2a–c were 3.1�0.7, 2.3�0.7, and 2.1�0.4 nm,
respectively.


1H NMR spectra of these nanoparticles were measured to
assess the purity of the nanoparticles, especially in order to
reveal the saturation ratio of
the terminal C=C unsaturated
bonds of the stabilizing w-
alkene-1-thiols. Spectra ob-
tained in C6D5CD3 (2a) or
CDCl3 (2b and 2c) showed
broad peaks, and free w-alkene-
1-thiol (e.g., 2.50 ppm) was
almost completely absent, as
shown in Figure 4. The broad-
ening effect is derived from the
structural features of the mono-
layer on the gold surface. It is
well known that NMR line
broadening for proteins and
polymers is dominated by their
slow rotation in solution. Anal-


Scheme 2. Synthetic route for the preparation of gold nanoparticles stabilized by w-alkene-1-thiols.


Figure 2. UV-visible absorption spectra of a toluene dispersion with 2a,
2b, and 2c.


Figure 3. TEM images and size histograms of gold nanoparticles a) 2a, b) 2b, and c) 2c.
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ogously, the aliphatic thiol-protected gold nanoparticles are
slowly rotating macromolecules. These observations suggest
that the hydrocarbon species derived from w-alkene-1-thiols
are densely attached to the particle surface through the
sulfur atoms. Furthermore, several alkenethiols on each par-
ticle were hydrogenated during the formation of functional-
ized gold nanoparticles. This ratio was determined by com-
paring the integrated areas for the vinyl protons of alkenyl
thiolates and the terminal methyl groups of alkyl thiolates.
The surface ratios of alkenyl thiolates/alkyl thiolates on par-
ticles 2a, 2b, and 2c were 49/51, 50/50, and 83/17 (mol/mol),
respectively.


Immobilization of w-alkene-1-thiol-stabilized gold nanopar-
ticles—Influence of the alkyl chain length on the immobi-
lized structure : The hydrogen-terminated silicon surface
reacts with alkenes under photochemical, thermal, or cata-
lytic conditions to generate an alkyl monolayer on the sur-
face. The formation of such an organic monolayer was
shown to be chemically robust. We have used the thermal
route to coat the hydrogen-terminated silicon surface with
w-alkene-1-thiol-stabilized gold nanoparticles. The surface
functionalization was carried out using the following proce-
dures. An atomically flat hydrogen-terminated Si(111) sur-
face was prepared by etching cleaned shards of silicon first
in 1% HF solution and then in 40% ammonium fluoride as
described in the literature.[11] This treatment removes the
SiO2 surface layer and etches the wafer to form an atomical-
ly flat surface. The w-alkene-1-thiol-stabilized gold nanopar-
ticles were first dissolved in degassed toluene (30 mg/


10 mL)[19] and then added to the hydrogen-terminated
silicon(111) surface at 50 8C for 24 h under a dry nitrogen at-
mosphere. The substrate was then rinsed with toluene, soni-
cated in toluene for 10 min, and dried with a stream of ni-
trogen. In order to avoid the oxidation of the modified sur-
faces, they were stored in a sealed nitrogen-filled container
until analyses were performed.


Figure 5 shows HR-SEM images of gold nanoparticles im-
mobilized onto a hydrogen-terminated silicon surface ob-
tained by thermal hydrosilylation at various conditions.
From Figure 5a, it can be seen that the immobilized colloids
have an average diameter of about 10–40 nm by using C3-al-
kenethiol-stabilized gold nanoparticles (2a). This behavior
has previously been found for gold nanoparticles with short-
chain surfactants (ca. 0.5 nm).[20] Traditional Ostwald ripen-
ing is a possible explanation for the changes in the size and
shape of the gold nanoparticles induced by immobilization
onto the silicon surface.[21] Thus, gold nanoparticles initially
land on the silicon substrate in a randomly scattered way
and become firmly bound to the hydrogen-terminated sili-
con surface through Si�C bonds. The randomly bound nano-
particles then act as seed or template particles to attract the
subsequently landing particles next to them. Thus, the subse-
quently landing gold nanoparticles first adhere to the al-
ready-anchored particles through metallic core fusion be-
tween them. The large particles with irregular sizes and
shapes were formed by the increased collision and aggrega-
tion of nucleation sites. According to the literature, this ag-
gregation takes place as a result of a reduction of the parti-
cle surface energy when short surface-stabilizing reagents
are used.[20] In contrast, no aggregation was observed in the
immobilization of 2b (Figure 5b), which indicates that nano-
particles were distributed on the silicon surface, forming
nearly a monolayer coverage with approximately 15000 par-
ticles per mm2. We found an ordered monolayer region on
this modified silicon surface. The average interparticle dis-
tance was about 2.0 nm, close to twice the distance between
1b particles (0.83 nm). It was furthermore observed that the
coverage density on Si(111) decreased as the chain length of
stabilizers increased from C6 (2b) to C11 (2c) (Figure 5c).
The low surface coverage using 2c should be ascribed to the
decrease in terminal C=C bond reactivity due to the strong
hydrophobic interaction among the stabilizer molecules. Ac-
cording to these results, the medium chain length thiol (C6)-
stabilized gold nanoparticle (2b) is the most suitable for
nanostructuring by a thermal hydrosilylation reaction. Sub-
sequent TEM observations of particle dispersions after the
hydrosilylation reaction showed little improvement in size
distribution (Figure 6).


We also confirmed the stability of the modified silicon
surfaces. Characterization of the surface after long-term (2–
4 weeks) exposure to ambient laboratory conditions showed
no changes.


Immobilization of 5-hexene-1-thiol-stabilized gold nanopar-
ticles (2b)—Influence of reaction time and temperature :
One of the aims of the present detailed study is to create a


Figure 4. 1H NMR spectra of gold nanoparticles a) 2a (500 MHz,
C6D5CD3), b) 2b, and c) 2c (500 MHz, CDCl3). *: vinyl protons, *: ter-
minal methyl protons.
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one-particle layer without aggregation. A systematic study
of the surface immobilization reaction on Si(111) is de-
scribed below. To investigate the immobilization process of
gold nanoparticles onto a silicon surface, we carried out the
immobilization reaction at 50 8C for different periods of
time. Gold nanoparticles of the type 2b, as described in the
previous section, was used as a model substrate. Figure 5d,
e, b and f shows the HR-SEM images of the reacted sample
after heating for 2, 6, 24, and 48 h, respectively. Obviously,


the particle immobilization de-
pended largely on reaction
time. Gold nanoparticles at-
tached in a random manner to
the silicon substrate with low
surface coverage at the initial
stage (Figure 5d). Longer reac-
tion time at 50 8C resulted in a
significant increase in the densi-
ty of the coverage. We fabricat-
ed isolated nanoparticle arrays
on silicon surfaces after approx-
imately 24 h of reaction time.
After 48 h, the surface was
densely covered with colloidal
gold particles with self-fusion in
a small partial area (Figure 5f).


The effect of reaction tem-
perature on the fixation of gold
nanoparticles (2b) onto a sili-
con surface was also explored
(Figure 5g, b, and h). The hy-
drogen-terminated silicon sur-
face was immersed into a tolu-
ene dispersion of 2b (30 mg/
10 mL) and heated for 24 h at
temperatures ranging from 25
to 100 8C. Under these experi-
mental conditions, particle im-
mobilization onto the surface
began at around 50 8C (Fig-
ure 5b). Below the activation
temperature (25 8C), the 5-
hexene-1-thiol-protected gold
nanoparticles remained almost
unreacted (Figure 5g). At high
temperature (100 8C), the parti-
cles were aggregated and irregu-
larly shaped, as expected. It is
argued that the capping ligand
is ripped off the surface of the
nanoparticle during heat treat-
ment (>100 8C) and that small
spherical particles coalesce to
form bigger particles.[22] The
TEM observation of these re-
fluxed gold nanoparticles in dis-
persion showed a small im-


provement in the size distribution (3.4�0.8 nm, Figure 7).
However, the immobilized particles were bigger than ap-
proximately 10 nm. Ostwald ripening on the silicon surface
may also explain this mechanism, as described in the previ-
ous section. Recently, the photochemical attachment of 1-al-
kenes or 1-alkynes onto hydrogen-terminated silicon surfa-
ces using a visible light source was reported.[23] However,
the HR-SEM image of the 2b-immobilized silicon surface
was almost the same in the dark for 24 h at 50 8C as it was


Figure 5. High-resolution SEM images after various immobilization conditions in approximately 30 mg/10 mL
solutions of gold nanoparticles 2a–2c. a) 2a, 24 h, 50 8C, b) 2b, 24 h, 50 8C, c) 2c, 24 h, 50 8C, d) 2b, 2 h, 50 8C,
e) 2b, 6 h, 50 8C, f) 2b, 48 h, 50 8C, g) 2b, 24 h, 25 8C, h) 2b, 24 h, 100 8C, and i) 2b, 24 h, 50 8C in the dark.


Figure 6. TEM images and size distributions of gold nanoparticles a) 2a, b) 2b, and c) 2c after heating at 50 8C
for 24 h in toluene.
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in visible light for 24 h at 50 8C. In this case, the immobiliza-
tion process took place exclusively under thermal initiation.


Judging from these observations, silicon surfaces with
well-spaced nanoparticles were apparent only up to the re-
action time of 24 h at 50 8C and 30 mg/10 mL toluene solu-
tion: longer reaction time (>24 h) and higher temperature
(>50 8C) led to the merging of the gold nanoparticles.


Investigation of the immobilizing structure : To establish that
the particles were indeed covalently attached and not just
adsorbed to the surface, the modified surfaces were subject-
ed to ultrasonication in toluene for 1 h.[24] Since this rigorous
treatment is capable of inducing bond cleavage, some ero-


sion of particles from the surface was expected. However,
HR-SEM analysis of the surface showed little change. The
reaction of 1-undecanethiol (C11 alkanethiol)-coated gold
nanoparticles with a hydrogen-terminated silicon surface at
50 8C for 24 h provided no immobilized particles, which was
confirmed by HR-SEM observation.[25] This result indicates
that the C=C bond in w-alkene-1-thiol on the particle is in-
dispensable to immobilize nanoparticles onto hydrogen-ter-
minated silicon through the Si�C bond.


To observe the formation of Si�C bonds directly, X-ray
photoelectron spectroscopy (XPS) was selected. XPS is a
very useful tool for the study of covalently attached mono-
layers on silicon.[26] In the initial work, XPS of a particle-im-
mobilized silicon surface was employed; however, it was
found that the XPS signal from Si�C was too poor to be re-
solved from the C(1s) region. A ligand-exchange reaction of
the 2c-immobilized surface with a large excess amount of 1-
hexadecanethiol (C16H33SH) was then applied to remove all
gold nanoparticles without cleavage the Si�C bonds on the
silicon surface. The HR-SEM measurement of the silicon
surface indicated successful removal of gold nanoparticles
(Figure 8a and b). The XPS results for this system are also
shown in Figure 8c and d. The freshly prepared hydrogen-
terminated Si(111) surface shows no Si�C bond and only a


Figure 8. a) SEM images comparing 2c immobilized silicon surface (n=9), b) the silicon surface after removal of 2c with 1-hexadecanethiol, c) a carbon
(1s) narrow XPS scan for the hydrogen-terminated silicon surface and d) the modified silicon surface after the cleavage of gold nanoparticle 2c using a
large excess amount of 1-hexadecanethiol.


Figure 7. TEM image and size distribution of 2b nanoparticles after heat-
ing at 100 8C for 24 h in toluene.
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small C�C signal, which is presumably due to physically ad-
sorbed hydrocarbons (Figure 8c). As shown in Figure 8d, the
C(1s) core-level spectrum of the surface can be fitted with
two peaks having binding energies at approximately 284 and
285 eV, attributable to the C�Si and C�C species, respec-
tively. This spectrum shows the carbon 1s signal from the
silicon(111) surface, modified by the attachment of 11-unde-
cene-1-thiol. From this result, the w-alkene-1-thiol-stabilized
gold nanoparticles were thought to be attached to the hy-
drogen-terminated silicon surface through Si�C bonds.[27] As
a control, the Si(111)-H surface was exposed to neat 1-hexa-
decanethiol (10 mL) and 10-undecene-1-thiol in toluene
(0.3 mg/10 mL) at room temperature for 7 d. No Si�C bond
signal was detected by XPS measurement in either case.[28]


Apart from conventional XPS, gold nanoparticles immo-
bilized onto silicon surfaces were also directly observed with
cross-sectional TEM.[29] Figure 9 shows cross-sectional TEM
images of 2b immobilized onto a silicon surface. The over-
view image in Figure 9a demonstrates that a uniform gold
nanoparticle submonolayer is formed on the Si(111) surface.
The high-resolution cross-sectional TEM image is shown in
Figure 9b. This image clearly shows 2b gold nanoparticles in
the near surface layer, surrounded by 5-hexene-1-thiol (1b).
Thus, the distance between the particles and the surface in
Figure 9b was estimated to be 0.95 nm, in fairly good agree-
ment with the expected distance (0.90 nm).[30]


These observations provide strong evidence that these
particles are directly immobilized onto a hydrogen-terminat-
ed silicon surface through Si�C bonds.


Conclusion


Herein we presented detailed structural observations of co-
valently immobilized gold nanoparticles on hydrogen-termi-
nated silicon surfaces by a thermal hydrosilylation reaction
under an inert atmosphere. A series of w-alkene-1-thiol-pro-
tected gold nanoparticles was successfully prepared using a
method based on the two-phase solution synthesis and spec-
troscopically characterized. The modified silicon surface was
easily obtained by thermal hydrosilylation of the hydrogen-
terminated silicon(111) surface with these particles in tolu-
ene. The effect of the length of the stabilizer thiols, reaction


temperature, and reaction time are important factors influ-
encing the modified silicon surfaces. Using HR-SEM, XPS
with removal of particles by an Au–S ligand-exchange
method, and cross-sectional TEM analysis, we confirmed
that the gold nanoparticles were directly attached to the sili-
con surface through robust Si�C bonds. Our total structural
examinations of the immobilization of nanomaterials onto
silicon surfaces should become a standard combination of
analytical methods. This surface-modification method is ge-
neric in the sense that it should be easy to extend to a broad
range of nanosized compounds that expose unsaturated
carbon–carbon bonds. Gold nanoparticles are expected to
behave as quantum dots, and we believe that our approach
for successful and reproducible fabrication of nanostructures
will bring the manufacture of nanoparticle-based devices a
step closer to realization.


Experimental Section


Materials and chemicals : All experiments were carried out in a dry nitro-
gen atmosphere. All starting materials were purchased from Aldrich or
other reagent manufacturers and used without further purification. All
organic solvents were distilled from CaH2 and stored over MS 4 M. De-
ionized water (resistivity higher than 18.2MWcm) was purified with a
Millipore Milli-Q water system. N-type silicon wafers with (111) orienta-
tion were obtained from Chiyoda Koeki Co. Ltd. and used as a substrate


after suitable chemical etching.


General methods : NMR spectroscopy :
1H NMR studies of nanoparticles and
their precursors were recorded on a
Bruker DRX-500 spectrometer at
room temperature. Chemical shifts in
ppm were referenced to tetramethylsi-
lane (0.00 ppm) as an internal stan-
dard. FT-IR spectroscopy : FT-IR spec-
tra were recorded on a Jasco FT/IR-
620v spectrometer. Mass spectrometry :
MS (EI) measurements were recorded
on a Shimadzu GCMS-QP5000A. Ele-
mental analysis : Elemental analysis of
the products was performed on a
Yanaco MT-6 CHN recorder at the El-
emental Analysis Center of the Uni-
versity of Tokyo. UV-visible spectros-


copy : UV-visible spectra were recorded using a Hewlett-Packard 8453
UV/Vis spectrometer at 20 8C in the visible region to find the location
and intensity of the surface plasmon resonance peak for the particles.


Structural examinations : TEM : The TEM images were recorded at
200 kV by using a Hitachi HF-2000. The TEM samples of gold nanoparti-
cles were prepared at room temperature by depositing a droplet of a tol-
uene solution of particles onto a carbon film supported on a copper grid.
The micrographs were then analyzed by using Scion image analysis soft-
ware. More than 500 particles were used in the statistical analyses to de-
termine the size distribution, which indicated the mean diameter and its
standard deviation. HR-SEM : The SEM images were recorded at 30 kV
by using a Hitachi S-5000 or S-5200. The preparation of specimens is de-
scribed below. Cross-sectional HR-TEM : The cross-sectional TEM
images were taken at 300 kV using a Topcon. The samples for cross-sec-
tional TEM images were prepared by a conventional method. XPS :
Sample surfaces were characterized by using X-ray photoelectron spec-
troscopy (XPS; ULVAC-PHI, Quantum-2000 system) with monochromat-
ic AlKa (hn=1486.6 eV) radiation. The monochromatic Al anode was op-
erated at 15 kV and 20 W. Static point acquisitions were collected with a


Figure 9. a) Cross-sectional TEM image of 2b gold nanoparticles immobilized onto a silicon surface. b) Calcu-
lated and experimentally determined height in the formation of 2b nanoparticles immobilized onto a silicon
surface.
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100 mm2 analysis area. Spectra were recorded at constant pass energy of
5.85 eV, with a step size of 0.025 eV. The core-level signals were obtained
at a photoelectron takeoff angle of 458 (with respect to the sample sur-
face). During operation of the spectrometer, the pressure in the analysis
chamber was less than 4O10�10 Torr. All the binding energies were nor-
malized to that of the Si 2p peak appearing at 99.3 eV, which was refer-
enced to a p-type Si wafer. The resultant XPS profiles were analyzed by
using a Gaussian–Lorentzian fit program.


Synthesis


w-Alkene-1-thiol 1b and 1c : 5-Hexene-1-thiol (1b) and 10-undecene-1-
thiol (1c) were each prepared from corresponding alkenyl bromide sub-
strate according to the well-known thiourea route.[31] A typical synthesis
was carried out as follows. Thiourea (7.61 g, 100 mmol) and alkenyl bro-
mide (20 mmol) were added to ethanol (300 mL) in a two-neck flask
equipped with a reflux condenser. The reaction mixture was heated to
reflux for 24 h. The reaction was allowed to cool to room temperature,
and then 2m NaOH aqueous solution (50 mL) was added. The solution
was heated to reflux for 24 h. The reaction was monitored by silica gel
thin-layer chromatography (TLC). After cooling to room temperature,
the solution was treated with 1m HCl to pH 7. The organic layer was sep-
arated, and the aqueous layer was extracted with CH2Cl2 three times.
The combined extracts were dried over Na2SO4. The solvent was evapo-
rated under slightly reduced pressure, and the residue was dissolved in
hexane. The solution was passed through a short column packed with
silica gel (hexane) to give the corresponding w-alkene-1-thiol in moder-
ate to good yield.


Compound 1b : colorless oil (0.79 g, 34%); 1H NMR (CDCl3, 500 MHz):
d=5.80 (ddt, J=17.2, 10.3, 6.7 Hz, 1H), 5.02 (ddt, J=17.1, 2.0, 1.6 Hz,
1H), 4.97 (ddt, J=10.2, 2.0, 1.1 Hz, 1H), 2.54 (q, J=7.4 Hz, 2H), 2.07 (q,
J=7.2 Hz, 2H), 1.63 (quin, J=7.4 Hz, 2H), 1.49 (quin, J=7.5 Hz, 2H),
1.34 (t, J=7.9 Hz, 1H); IR (neat): ñ = 3076, 2928, 2855, 1641, 991,
911 cm�1; EI-MS: m/z : 115 [M�H]+ .


Compound 1c : colorless oil (3.09 g, 83%); 1H NMR (CDCl3, 500 MHz):
d = 5.81 (ddt, J=17.1, 10.3, 6.7 Hz, 1H), 4.99 (dd, J=17.1, 1.7 Hz, 1H),
4.93 (d, J=10.0 Hz, 1H), 2.52 (q, J=7.4 Hz, 2H), 2.04 (q, J=7.1 Hz,
2H), 1.61 (quin, J=7.3 Hz, 2H), 1.39–0.92 (m, 13H); IR (neat): ñ =


3076, 2920, 2850, 1462, 910, 723 cm�1; EI-MS: m/z : 185 [M�H]+ .


Gold nanoparticles 2a : Gold nanoparticles 2a were prepared by the
ligand-exchange reaction of allyl mercaptan with 1-propanethiol-protect-
ed gold nanoparticle.[13] The 1-propanethiol-stabilized gold nanoparticles
were synthesized by using a modified version of a method in the litera-
ture.[15] Hydrogen tetrachloroaurate(iii) tetrahydrate (6.00 g, 14.6 mmol)
in deionized water (200 mL) was added to a vigorously stirred solution of
tetra-n-octylammonium bromide (22.4 g, 41.0 mmol) in toluene (600 mL).
The yellow aqueous solution immediately became clear and the toluene
phase turned brown. The organic phase was transferred into a 1 L round-
bottom flask, and 1-propanethiol (1.5 mL, 16.8 mmol) was added to the
solution. Sodium borohydride (3.18 g, 84.0 mmol) in deionized water
(200 mL) was slowly added to a vigorously stirred solution. The resulting
solution was stirred for 3 h at room temperature. The solvent was re-
moved under reduced pressure without exceeding a temperature of 50 8C.
The dark residue was suspended in ethanol (1 L) and kept in a refrigera-
tor at �10 8C overnight. The precipitate was collected by filtration on a
membrane filter and washed thoroughly with ethanol. The purified gold
nanoparticles were isolated as a black powder (3.48 g). Further surface
functionalization was achieved by a ligand-exchange reaction with 1-pro-
panethiol-protected gold nanoparticle and allyl mercaptan. 1-Propane-
thiol-protected gold nanoparticles (529 mg) were dissolved in CH2Cl2
(10 mL). To this solution was added allyl mercaptan (0.5 mL), and the re-
action mixture was stirred at room temperature for 2 h. The solvent was
evaporated under reduced pressure. The dark residue was suspended in
ethanol (1 L) and kept overnight in a refrigerator at �10 8C. The precipi-
tate was collected by filtration on a membrane filter and washed thor-
oughly with ethanol. Gold nanoparticles 2a were obtained as a black
powder (504 mg). The nanoparticles were characterized by 1H NMR, FT-
IR, UV-vis, elemental analysis, and TEM.


Compound 2a :[16] 1H NMR gave very broad peaks. The ratio of alkyl thi-
olates to alkenyl thiolates on the particles was 51:49. 1H NMR (C6D5CD3,


500 MHz, selected peaks): d = 5.70–5.61 (br s, 1H), 5.04–4.88 (br s, 2H);
IR (KBr): ñ = 3074, 2952, 2908, 1631, 1412, 912 cm�1; UV/Vis (toluene):
lmax = 517 nm; elemental analysis calcd (%) for C342H570Au459S114 (Au459-
(C3H5S)114): C 4.16, H 0.58; found C 5.10, H 0.85.


Gold nanoparticles 2b and 2c : Gold nanoparticles 2b and 2c were also
synthesized as described by Brust et al.[15] Hydrogen tetrachloroaurate(iii)
tetrahydrate (1.00 g, 2.4 mmol) in deionized water (75 mL) was added to
a vigorously stirred solution of tetra-n-octylammonium bromide (6.02 g,
11 mmol) in toluene (250 mL). The yellow aqueous solution became
clear immediately and the toluene phase turned brown. The organic
phase was transferred into a 1 L round-bottom flask, and w-alkene-1-
thiol (2.4 mmol) was added to the solution. Sodium borohydride (0.25 g,
6.6 mmol) in deionized water (50 mL) was slowly added to a vigorously
stirred solution. The resulting solution was stirred for 3 h at room tem-
perature. The organic phase was separated and dried over sodium sulfate,
and the solvent was removed under reduced pressure without exceeding
a temperature of 50 8C. The dark residue was suspended in ethanol (1 L)
and kept in a refrigerator at �10 8C overnight. The precipitate was col-
lected by filtration on a membrane filter and washed thoroughly with
ethanol. This process was repeated to ensure the removal of any free w-
alkene-1-thiol in the product. The complete removal of unabsorbed w-
alkene-1-thiol from the nanoparticles was ascertained by 1H NMR. The
purified gold nanoparticles were kept in powder form and redispersed
into organic solvents (e.g., toluene, CHCl3, CH2Cl2, and THF). Finally,
the nanoparticles were characterized by 1H NMR, FT-IR, UV/Vis, ele-
mental analysis, and TEM.


Compound 2b : 445 mg, 78%; 1H NMR gave very broad peaks. The ratio
of alkyl thiolates to alkenyl thiolates on particles was 50:50. 1H NMR
(CDCl3, 500 MHz, selected peaks): d = 5.90–5.69 (br s, 1H), 5.03–4.95
(br s, 2H), 3.34–3.31 (m, 2H), 1.71–1.66 (m, 2H), 1.39–1.37 (m, 2H),
0.84–0.81 (m, 2H); IR (KBr): ñ = 3074, 2918, 2848, 1637, 1414, 906 cm�1;
UV/Vis (toluene): lmax = 519 nm; elemental analysis calcd (%) for
C552H1012Au309S92 (Au309(C6H11S)92): C 9.28, H 1.39; found C 8.91, H 1.53.


Compound 2c :[17] 520 mg, 80%; 1H NMR gave very broad peaks. The
ratio of alkyl thiolates to alkenyl thiolates on particles was 17:83.
1H NMR (CDCl3, 500 MHz, selected peaks): d = 5.80 (br s, 1H), 4.94
(br s, 2H), 2.03–0.87 (m, 2H); IR (KBr): ñ = 3074, 2920, 2848, 1412,
908 cm�1; UV/Vis (toluene): lmax = 515 nm; elemental analysis calcd (%)
for C583H1113Au140S53 (Au140(C11H21S)53): C 18.72, H 3.00; found C 18.83, H
3.08.


Preparation of silicon substrate : A typical experimental procedure for
the immobilization of gold nanoparticles onto a hydrogen-terminated sili-
con surface is as follows. The hydrogen-terminated silicon(111) surface
was prepared by chemical etching as previously reported.[11] Silicon(111)
wafers were cut into squares (10 mmO10 mm). The silicon substrates
were cleaned ultrasonically in toluene for 10 min. The substrates were
etched in 1% HF aqueous solution at 70 8C for 1 min (in a Teflon vessel)
and further etched in 30% NH4F aqueous solution at room temperature
for 5 min (in a Teflon vessel) to remove surface oxide and to etch the sur-
face anisotropically. The fresh hydrogen-terminated silicon surface was
transferred under nitrogen into a Schlenk tube containing gold nanoparti-
cles in toluene (30 mg/10 mL) and kept at 50 8C for 24 h. After cooling to
room temperature, the sample was removed from the solution, rinsed
with toluene, and sonicated in toluene for 10 min. Finally, the modified
silicon substrate was rinsed briefly with toluene and dried in a stream of
argon gas. CAUTION! HF is very dangerous, particularly in contact with
skin, and should be handled with extreme care.


Detachment of gold nanoparticles from 2c-immobilized silicon surfaces
by a Au–S ligand-exchange method : The freshly prepared hydrogen-ter-
minated silicon(111) surface was immersed into the toluene dispersion of
gold nanoparticle 2c (30 mg/10 mL) and heated to 100 8C for 4 d. After
immobilization, the silicon wafer was removed from the solution, rinsed
thoroughly with toluene, cleaned sonically in toluene for 10 min, and
dried under a flow of nitrogen. The cleavage of the gold nanoparticles
from this specimen was accomplished in a nitrogen atmosphere by the
addition of 1-hexadecanethiol (10 mL). The reaction was carried out at
room temperature for 7 d. Subsequently, the silicon piece was removed
from the solution, rinsed thoroughly with toluene, sonicated in toluene
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for 10 min, and dried under a flow of nitrogen. The specimen was then
promptly subjected to HR-SEM and XPS measurement.
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Binding of Cationic and Neutral Phenanthridine Intercalators to a DNA
Oligomer Is Controlled by Dispersion Energy: Quantum Chemical
Calculations and Molecular Mechanics Simulations


Tom)š Kubař, Michal Hanus, Filip Ryj)ček, and Pavel Hobza*[a]


Introduction


Small organic molecules can bind to DNA by means of a
non-specific (mainly electrostatic) binding along the DNA
exterior, a specific groove binding and intercalation. Interca-
lators are drugs that may be inserted between adjacent
base-pair steps of a nucleic-acid double helix, forming stable
sandwich-like structures. It is especially the intercalators
which are the point of interest for their mutagenic, terato-
genic and carcinogenic effects and, conversely, antitumor
and antiviral pharmacologic activity.[1]


The knowledge of the intercalation energetics gives
deeper insight into the intercalation process.[2] An intercala-
tor binds to the DNA double helix via the non-covalent


stacking interaction with the DNA base pairs, and with hy-
drogen bonding between its polar groups and the DNA(s
sugar-phosphate backbone. The relative importance of these
contributions was not clear and it was merely presumed that
hydrogen bonding was more important. Only recently has it
been shown that stacking interaction plays a more important
role than expected and the strength of the stacked com-
plexes is comparable with that of hydrogen-bonded ones.[3–7]


There are also intercalators that additionally form a cova-
lent bond to DNA using their side chains providing their se-
quence specificity.
The intercalation is believed to be at least a two-step re-


action:[8–13] a relatively weak “outer complex” is formed at
the diffusion controlled rate in the first step and the ligand
is inserted in the second step. As a result, an additional
base-pair separation by ca. 3.4 3 and a considerable un-
winding of the DNA double helix are observed. Intercala-
tion reactions have been studied by many research
groups[2,14–20] but their conclusions sometimes differ.
Being a simple polycyclic aromatic molecule with only


short side chains, ethidium represents a typical intercalator
without any sequence specificity;[21–25] it is generally consid-
ered to be an ideal model compound for this type of binding
to DNA.[26–28] Ethidium possesses all structural features im-


Abstract: Correlated ab initio as well
as semiempirical quantum chemical
calculations and molecular dynamics
simulations were used to study the in-
tercalation of cationic ethidium, cation-
ic 5-ethyl-6-phenylphenanthridinium
and uncharged 3,8-diamino-6-phenyl-
phenanthridine to DNA. The stabiliza-
tion energy of the cationic intercalators
is considerably larger than that of the
uncharged one. The dominant energy
contribution with all intercalators is
represented by dispersion energy. In
the case of the cationic intercalators,


the electrostatic and charge-transfer
terms are also important. The DG of
ethidium intercalation to DNA was es-
timated at �4.5 kcalmol�1 and this
value agrees well with the experimental
result. Of six contributions to the final
free energy, the interaction energy
value is crucial. The intercalation pro-
cess is governed by the non-covalent


stacking (including charge-transfer) in-
teraction while the hydrogen bonding
between the ethidium amino groups
and the DNA backbone is less impor-
tant. This is confirmed by the evalua-
tion of the interaction energy as well as
by the calculation of the free energy
change. The intercalation affects the
macroscopic properties of DNA in
terms of its flexibility. This explains the
easier entry of another intercalator
molecule in the vicinity of an existing
intercalation site.
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portant in its class—a positive charge (almost ideally delo-
calized throughout the aromatic system), high polarizability,
high electron affinity (ethidium as well as other cationic in-
tercalators are good electron acceptors) and highly polar
amino groups. These features a priori predicate ethidium to
be involved in both stacking (including charge transfer) and
hydrogen-bonding interactions. As a result of these features
ethidium has been widely used as a common fluorescence
stain and a lot of experimental data on ethidium have been
collected over the last three decades.[21–25,29–33]


It has been shown experimentally[12] that the intercalation
rate of ethidium to DNA is controlled by the insertion of an
aromatic ring into the DNA structure. (Earlier, it was sug-
gested that the process was controlled by the diffusion of
ethidium toward the DNA.) Recent experimental data[13] in-
dicate the existence of a groove binding intermediate
formed by a fast relaxation process, which probably contains
about 40% of the total ethidium bound to the double helix,
although such an intermediate has not been identified. UV
spectroscopic experiments have identified two strong com-
plexes (intercalation) and a weak complex (only at lower
temperatures). The crystal structures published[21,22,34] indi-
cate the insertion of ethidium(s condensed aromatic rings in
between two successive base pairs and the localization of
the phenyl residue into the minor groove.
The understanding of the intercalation process requires a


detailed knowledge of the energetics, thermodynamics and
dynamics of this process and such evidence can be consis-
tently generated by theoretical calculations. It has been
proven by QSAR studies[2] that the strength of the intercala-
tor binding correlates with its biological effect. Despite the
importance of the interaction energy, the change of free
energy (DG) upon intercalation is the decisive factor and
must be taken into consideration. Experimentally, DG is ac-
cessible by careful analysis of the DNA binding isotherms[14]


(equilibrium studies, titrations), while DH may be directly
measured by using calorimetric techniques[15] (ICT or DSC).
The total binding free energy can be divided into enthalpic
and entropic parts. The enthalpic term[35] is mainly a combi-
nation of the dispersion, electrostatic, induction and charge-
transfer contributions (which are attractive) and the ex-
change-repulsion; the entropic term consists mainly of the
repulsive formation entropy (discussed also later).
To correctly theoretically describe the DNA···ethidium


complex it is absolutely necessary to adopt the correlated ab
initio quantum-chemical (QC) approach. This is mainly due
to the stacking interaction, which requires high-level ab
initio treatment. Let us recall that low-level QC methods
such as Hartree–Fock (HF) and the density-functional
theory (DFT) fail to describe stacking complexes and are
thus insufficient for the study of the intercalation process.
The size of the DNA···intercalator complexes usually elimi-
nates the use of ab initio QC methods from consideration
and leads to the application of empirical molecular mechan-
ics (MM). These methods do not contain the induction and
charge-transfer terms explicitly, therefore they tend to un-
derestimate the stabilization energy. From this point of view,


it is clear that the quality of the empirical potential is at
least of the same importance as the quality of the statistical
methods used in thermodynamic calculations and in fact, it
determines the reliability of the theoretical prediction.
In our previous study[35] we carefully analyzed the interac-


tion of various intercalators (including ethidium) with the
adenine···thymine and the guanine···cytosine base pairs. We
evaluated the stabilization energy of these complexes using
a correlated ab initio QM method and compared it with
values yielded by the empirical force field by Cornell et al.,
which is widely used for the study of the intercalation pro-
cess. It was clearly shown that the MM approach underesti-
mates the stabilization energy and we suggested that this is
due to the neglect of the induction (charge-transfer) term.
Since the Cornell et al. force-field (as well as other empirical
potentials in common use) does not contain this energy
term, we compensated for it by increasing the attractive van
der Waals (vdW) term. The modified potential accurately
reproduced the results of the correlated QC calculations
and this potential was also used in the MM part of this
study.
Many recent experimental studies[2,17,19,36–38] suggest that


entropy also plays an important role. The release of water
molecules and a monovalent cation from the DNA hydra-
tion shell upon the ethidium intercalation is a stabilizing
effect and the hydrophobic effect associated with the ethid-
ium transfer from bulk water to the hydrophobic core of
DNA adds another significant contribution. On the other
hand, the final complex is more rigid and both the DNA
and the intercalator lose their translational and rotational
degrees of freedom resulting in entropic destabilization.
Both theoretical and experimental attempts were made to


evaluate all of these contributions for ethidium.[16,18,19, 35]


Here, we summarize the main (sometimes very controver-
sial) results:


* the stacking interaction between the intercalator and the
neighboring base pairs is considerably stronger than the
stacking between two base pairs, and the respective stabi-
lization energy is large


* ethidium is slightly TA-specific
* the unwinding of the helix helps to bind another ethid-
ium molecule cooperatively, up to one ethidium per two
base pairs


* hydration plays a major role in determining ethidium(s
binding affinity and specificity


* there is no net release or uptake of water molecules
* the free energy change is dominated by the entropic term
* the hydrophobic term plays a major role
* the individual components are only estimates or perhaps
upper limits rather than absolute values.


From the findings mentioned above, it is evident that the
nature of the intercalation process is still not fully under-
stood and further studies (both theoretical and experimen-
tal) are needed for its elucidation. One of the most severe
problems, typical not only for intercalation, concerns the rel-
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ative importance of the enthalpy and entropy contributions.
At this point, let us mention our recent studies which em-
phasized the role of enthalpy in the formation of the hydro-
phobic core of a protein[39] or in the stabilization of the
DNA pseudo-base pairs.[40] A similar conclusion was made
by Barratt et al.[41] on the basis of studies of 2-methoxy-3-
isobutylpyrazine binding to the mouse major urinary pro-
tein.
The aims of this work are the following: First, to elucidate


the role of enthalpy and entro-
py in the ethidium intercalation
process. For the first time, the
interaction energy of ethidium
with the whole DNA structure
(i.e., not only the base pairs)
will be determined on the basis
of highly reliable correlated ab
initio calculations. Then, we
will examine whether a differ-
ence between poly(AT) and
poly(GC) DNA sequences
could result in a preferred inter-
calation of ethidium into one of
these sequences. We will con-
sider not only the interaction
between the ethidium molecule
and the DNA but the hydration
and dehydration processes will
also be taken into account. Fur-
thermore, we will make an at-
tempt to evaluate the binding
free energy change upon the
modification of the ethidium
molecule concerning its amino groups. Finally, we will ex-
plore the macroscopic properties of the DNA double strand
and especially their changes upon intercalation. Specifically,
we will show whether these changes could possibly facilitate
the intercalation of another ethidium molecule.
Our study is based on both ab initio and semiempirical


QC calculations combined with MM simulations performed
using the modified Cornell et al. empirical force field.[42] The
role of the solvent will be estimated on the basis of the con-
tinuum as well as explicit models.


Methods


Systems studied : We investigated several intercalating
agents derived from phenanthridine. The following interca-
lators were considered: ethidium (3,8-diamino-5-ethyl-6-
phenylphenanthridinium, ETD), 5-ethyl-6-phenylphenan-
thridinium (EPP), and 3,8-diamino-6-phenylphenanthridine
(DPP; Figure 1). Both ETD and EPP carry a positive
charge of +1 while DPP is uncharged.
In the MM simulations, we used B-DNA decamers (GCA-


TATATGC)2 and (GCGCGCGCGC)2 as model DNA spe-
cies. The intercalation site is located between the 4th and


5th base pair, that is, in a pyrimidine–purine base-pair step.
Figure 2 shows the structure of the former decamer, both
bare and with an ethidium molecule intercalated.
For higher-level determination of the interaction energy


and the free energy evaluation, we used a “minimal model”
consisting of an intercalator molecule and a B-DNA double-
helical dimer (2TA or 2CG), that is, four nucleosides and
two phosphate residues (Figure 3). In selected calculations,
both phosphate residues in the minimal model were proton-
ated in order to mimic the proximity of a sodium cation and
reduced electrostatic charge of the phosphate.
The starting structure of the minimal model was adapted


from RNA system NDB ID DRBB12[34] and the structure of
the bare B-DNA dinucleotide was created by the AMBER
NUCGEN module (see below).


Ab initio QC calculations : The structures of ETD, EPP and
DPP were optimized at the HF/6-31G* level. The atomic
charges were determined using two methods: the restrained
electrostatic potential (RESP) fitting procedure[43] and natu-
ral-bond-orbital (NBO) analysis; both types of calculations
were based on the DFT wavefunction obtained at the
B3LYP/cc-pVTZ level. The same wavefunction was used for
the molecular isotropic polarizability calculations. The fron-


Figure 1. Ethidium and its derivatives.


Figure 2. B-DNA decamer (GCATATATGC)2: bare (left) and with an ethidium molecule intercalated (right).
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tier orbital energy was obtained at the HF/6-31G** level.
The amount of charge transfer in the complex of an interca-
lator molecule and two base pairs was estimated by using
the RESP and the NBO charges determined at the DFT/
B3LYP/6-31G** level. The hydration free energy was ob-
tained using a polarizable continuum model (C-PCM)[44] at
the HF/6-31G* level. The program package GAUSSIAN
03[45] was used for these ab initio calculations.
The minimal model interaction energy was determined as


the energy difference of the molecular cluster and its com-
ponents (DNA and the intercalator). The geometry of the
complex and the subsystems was determined by the semiem-
pirical SCC-DFTB-D method (see below). To cover all the
interaction energy contributions and to obtain the bench-
mark data, the energy was also determined at the correlated
MP2 level using the resolution-of-identity (RI)[46] approxi-
mation and the SVP(0.25, 0.15) basis set.[47] This basis set
differs from the standard SVP in the values of the exponents
of the d and p polarization functions: instead of the values
1.2 (oxygen), 1.0 (nitrogen) and 0.8 (carbon and hydrogen),
more diffuse exponents of 0.25 and 0.15 were used on heavy
atoms and hydrogen atoms, respectively. Consequently, a
better description of the dispersion energy was achieved.
The RI-MP2/SVP(0.25, 0.15) stabilization energy of hydro-
gen-bonded and stacked DNA base pairs was found to
agree well with the stabilization energy yielded by the much
larger aug-cc-pVDZ basis set.[4] The basis set superposition
error (BSSE) was eliminated using the function counter-
poise procedure by Boys and Bernardi.[48] Furthermore, sev-
eral popular density functionals were used to compute the
interaction energy, namely B3LYP, BLYP, PBE and TPSS.
The TZVP basis set was used in all DFT calculations. The
program package TURBOMOLE (version 5.7)[49] was used
for these calculations.


Semiempirical QC calculations : These calculations were per-
formed by using the approximative self-consistent-charge
density-functional tight-binding method augmented by an


empirical term accounting for
the correct description of dis-
persion energy (SCC-DFTB-
D).[50] The structure of the
model complex was optimized
by using the SCC-DFTB-D
method; the DNA base non-hy-
drogen atoms were excluded
form the optimization process
for the complex to maintain the
geometry as in a larger DNA
fragment. The energy minimiza-
tion was performed with the al-
gorithm implemented in the
TURBOMOLE package (script
JOBEX).
The SCC-DFTB-D calcula-


tions were used to determine
the structure and the stabiliza-


tion energy of the minimal model of the intercalator···DNA
complex. The respective stabilization energy value was not
corrected for the BSSE since the introduction of a tight-
binding scheme leads to negligible BSSE values.


Molecular dynamics simulations : The molecular dynamics
(MD) simulations were performed by using the AMBER
package (version 7, modules NUCGEN, LEAP, SANDER
and CARNAL)[51] with the Cornell et al. force field.[42]


While the standard parameter set was used for all DNA
atoms, a modified set was used to describe ethidium in
order to account for the missing charge-transfer term.[35] The
NUCGEN module was used to generate the geometry of
the unperturbed B-DNA decamers (GCATATATGC)2 and
(GCGCGCGCGC)2. To obtain the initial geometry of the
ethidium molecule intercalated into the poly(AT) decamer,
we modified the structure of the ethidium···RNA complex
NDB ID DRB018.[22] The initial geometry of the ethidium···
poly(GC)-decamer complex was generated by substituting
guanine and cytosine for adenine and thymine, respectively.
In this way, a 1:1 complex with the intercalator molecule be-
tween 4th and 5th base pair for both decamers was pre-
pared.
We ran the simulations for data collection for 9 ns (for


the details see Supporting Information). The coordinates
and energy information were recorded every 1 ps.
For the analysis, the time-averaged structure of every spe-


cies was calculated using CARNAL. To calculate the quanti-
ties concerning DNA flexibility, the method developed by
Lankaš et al.[56] was applied on the set of helical parameters
provided by the 3DNA package[53] for every frame recorded.


Binding free energy : The use of a variety of computational
methods was required to evaluate the free (Gibbs) energy
of intercalation of ethidium into the DNA. Our model of
this reaction consisted of an ethidium molecule being bound
to the DNA dimer (2TA, the minimal model introduced ear-
lier) with two sodium cations near the phosphate residues.


Figure 3. Minimal model of an intercalation site.
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The formation of the complex was followed by the release
of a sodium cation. The entire process took place in an
aqueous environment:


2TA �Na2 ðaqÞ þ ETDþ ðaqÞ !
2TA �Na � ETD ðaqÞ þ Naþ ðaqÞ


ð1Þ


The overall free energy corresponding to the ethidium
binding consisted of the following contributions:


1) The free energy of the dehydration of reactants and the
hydration of products. Both contributions were deter-
mined by using the C-PCM method. The geometry of
both complexes containing sodium cations had already
been obtained by the partial energy minimization of the
minimal model described above. These minimizations
were performed at the HF/STO-3G level and only the
sodium cations and the closest oxygen atoms were re-
laxed.


2) The interaction energy of the ethidium···DNA complex.
This term was calculated using the SCC-DFTB-D
method. These data correspond to the formation of an
intermediate complex 2TA·Na2·ETD


+ . The energy re-
quired to separate a sodium cation was calculated by
using the AMBER package (version 6, module SAND-
ER_CLASSIC) equipped with the Cornell et al. force
field.


3) The difference of both entropy and zero point vibrational
energy between the reactants and the products. Both con-
tributions were determined by vibrational analysis per-
formed using the AMBER package (version 8, module
NMODE). Prior to every calculation of vibrational fre-
quency values, the respective system was energy-mini-
mized using the Newton-Raphson algorithm implement-
ed in NMODE.


Free energy difference calculations on the ethidium···DNA
decamer complex : The free energy changes accompanying
the binding of two different intercalators to DNA were de-
termined by molecular dynamics–thermodynamic integra-
tion (MD-TI) calculations.
We used the GROMACS 3.1.4 molecular simulation pack-


age[54] with the Cornell et al. force field. To avoid unstable
simulations and incorrect free energy accumulation arising
from singularities in the van der Waals and Coulomb poten-
tial energy terms, soft core potential energy scaling[55] was
used systematically.
The configuration space was sampled according to various


simulation protocols. The simulations were divided into so-
called windows with fixed values of the coupling parameter
l. First, there was a group of simulations in which the
amount of sampling in every window was fixed and divided
into an equilibrium phase and a data-collection stage (for
the details see Supporting Information). Then the reverse
cumulative averaging (RCA) procedure[56] was adopted and
implemented in GROMACS. When using RCA, the data-
collection stage commenced when the system was equilibrat-


ed at the 85% confidence level and it was terminated when
the uncertainty of the free energy derivative went under
1.5 kcalmol�1. This procedure ensured control of the uncer-
tainty of the free energy estimate and represents the most
reliable simulation protocol used. Its disadvantage lies in
the a priori unknown length of the simulation.
The free energy difference was determined for complexes


of ETD and EPP with a common DNA decamer (GCATA-
TATGC)2. In order to obtain these characteristics, the fol-
lowing thermodynamic cycle was adopted (Scheme 1).


The direct calculation of the formation free energy of a
complex (processes R1 and R2 in Scheme 1) is quite diffi-
cult and large uncertainty is introduced. On the other hand,
the calculation of the free energy difference for the “al-
chemical” change of one intercalator into another (no
matter whether intercalated or not; processes C1 and C2 in
Scheme 1) should be both easier and accurate enough pro-
vided there is little chemical difference between both inter-
calators. Since free energy is a state function, the following
equation holds:


DDG ¼ DGðR2Þ � DGðR1Þ ¼ DGðC2Þ � DGðC1Þ ð2Þ


Thus, we performed the MD-TI calculations for the “al-
chemical” change of the ETD molecule to EPP twice: first,
for the intercalator bound to the DNA decamer and second,
for the free intercalator dissolved in water. Then, the free
energy difference of the intercalation of EPP and ETD was
obtained as the difference of the two DG values calculated.


Results and Discussion


Ethidium and its derivatives


The ethidium molecule is a planar aromatic system and only
the phenyl and ethyl groups deviate from the molecular
plane. The positive charge of the cationic molecule is signifi-
cantly delocalized; it is worth emphasizing that the charge
delocalization was confirmed by two entirely different meth-
ods (RESP fitting and NBO methodology) providing this
important finding with firm support. This result sharply con-
trasts with the recent assumption of charge localization on
the amino groups made by Luedtke et al.[57] (For the opti-
mum structure and the atomic charge values of ethidium
molecule see Supporting Information.)
The isotropic molecular polarizability values of ETD,


EPP and DPP determined at the HF/6-31G** level amount


Scheme 1. Thermodynamic cycle. “DNA j X”: DNA and X separated in
bulk water; “DNA···X”: complex of DNA and X in bulk water.
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to 35.8, 32.5 and 33.1 33, respectively. These values differ
only slightly and thus the dispersion energy contribution to
the interaction energy in complexes with a common partner
can be expected similar.
The electron donor–acceptor capabilities of ethidium and


its derivatives can be estimated from the energy of their
frontier orbitals. The DNA bases are good electron donors
while the cationic intercalator molecule is expected to be an
electron acceptor. The energy of the lowest unoccupied mo-
lecular orbital (LUMO) was determined for ETD, EPP and
DPP from the HF/6-31G* wavefunction and amounts to
�2.10, �2.40 and +2.09 eV, respectively. Consequently,
both cationic intercalators ETD and EPP exhibit good elec-
tron-acceptor properties (due to their low LUMO energy
values) while the neutral DPP can hardly act as an electron
acceptor.


The DNA decamer


The averaged structure of both double-helical B-DNA deca-
mers (GCATATATGC)2 and (GCGCGCGCGC)2 generated
by MD simulations with the Cornel et al. force field are pre-
sented in Figure 2.


The interaction energy of the DNA···ethidium complex—
The minimal model


Figure 3 shows the optimal structure of the minimal model
consisting of the thymine···adenine base-pair step and an
ethidium molecule. In other words, a non-covalently bound
intercalator molecule interacts with four base residues, four
sugar molecules and two phosphate units, which have been
protonated to neutralize the negative charge of the phos-
phate and thus to mimic the proximity of a positively charg-
ed counterion.
The interaction energy values of the complex intercalator


(ETD, EPP and DPP)···DNA step (both TA- and CG-) de-
termined by the SCC-DFTB-D method are presented in
Table 1. The overall stabilization energy is expressed as a
sum of the net stabilization energy and the deformation
energy, which represents the energy required for DNA to
adapt from its optimal structure (without an intercalator).


The first and most important result is the finding that the
net stabilization and total stabilization energy values are
large, much larger than might have been expected. Compar-
ing the different base-pair steps, we find rather surprisingly
that the total interaction energy as well as its component
differs only slightly. The systematically smaller values of the
total stabilization energy for the GC-step go to the account
of the larger value of the deformation energy. Following this
expectation, the positively charged intercalator molecules
bind to DNA much more strongly than the neutral intercala-
tor. From the data presented in Table 1 it further follows
that the dispersion energy contribution to the interaction
energy is decisive and of comparable magnitude in all cases
while the difference in the interaction energy comes from
the non-dispersive term. This finding is not surprising since
the values of polarizability are similar for all intercalator
molecules (see above). On the other hand, the charge and
the electron affinity of these systems differ considerably (cf.
previous section) leading to a large difference in the electro-
static and donor–acceptor contributions to the interaction
energy.
Reliable decomposition of the interaction energy can only


be carried out using the symmetry-adapted perturbation
theory approach.[58] However, the size of our minimal model
prevents us from using such a computationally extensive
procedure. So, our aim must be simpler—just to identify the
critical component of interaction energy and to connect it
with the properties of interacting subsystems. This “decom-
position” applies only to the interaction energy and does
not concern free energies (see next chapter) at all.
The electrostatic and charge-transfer energy contributions


can be determined only indirectly. The electrostatic term
will be discussed first. On the basis of the atomic charge
analysis (RESP and NBO), we can estimate the charge–
charge electrostatic contribution to the interaction energy of
the intercalator···dinucleotide complex. The electrostatic
energy values based on the RESP and NBO charges are
very similar and amount to �49.7 and �51.0 kcalmol�1 for
ETD···DNA and to �6.3 and �7.6 kcalmol�1 for
DPP···DNA. Evidently, the large difference in the binding
of ETD and DPP to DNA stems from the different electro-
static contribution, which comes from the different total
charge and charge distribution of ETD and DPP.


To quantify the charge-trans-
fer energy, we evaluated the
amount of charge transfer be-
tween the electron donor (pre-
sumably the base-pair step) and
the acceptor (presumably the
intercalator). ESP analysis was
performed and provided us
with atomic charge values for
the complex. Based on these
values, we obtained the follow-
ing charge transfer amount:
DNA!ETD 0.22 e,
DNA !DPP 0.05 e. The differ-


Table 1. Interaction energy and its components (DE, kcalmol�1) of the complexes of the intercalators ETD,
DPP and EPP with DNA steps TA and CG.[a]


Complex TA···ETD TA···DPP TA···EPP
total dispers. total dispers. total dispers.


DE INT �71.9 �47.6 �49.9 �45.3 �66.1 �42.7
DEDEF 21.8 15.7 20.6 15.8 20.7 15.9
DE TOT �50.0 �31.8 �29.4 �29.5 �45.4 �26.8


Complex CG···ETD CG···DPP CG···EPP
total dispers. total dispers. total dispers.


DE INT �72.6 �48.5 �51.0 �45.9 �66.5 �43.6
DEDEF 24.2 16.8 22.1 16.9 22.8 17.0
DE TOT �48.4 �31.7 �29.0 �29.0 �43.7 �26.6


[a] DEINT: net interaction energy, DEDEF: deformation energy, DETOT: total interaction.
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ence between the intercalators
ETD and DPP seems substan-
tial. However, a question arises
concerning the quality and suit-
ability of the ESP fitting proce-
dure for the intercalator···DNA
complex where the intercalator
molecule is located (“buried”) in the cavity formed by the
DNA and so the charge on its atoms may easily become in-
correctly defined. As opposed to this, the NBO methodolo-
gy does not suffer from this problem. The charge-transfer
values based on the NBO charges differ considerably from
the ESP values and now the intercalator is always the elec-
tron acceptor. In the case of ETD···DNA and DPP···DNA,
0.09 and 0.02 electron was transferred, respectively. These
data show that the charge transfer is larger in the
ETD···DNA complex but the difference is not as significant
as indicated by the results of the ESP analysis. The charge-
transfer contribution to the interaction energy can be esti-
mated by calculating the E2 perturbation energy from the
NBO analysis. The total E2 energy obtained at the B3LYP/
6-31G** level for ETD!DNA bases is 43.5 kcalmol�1 while
that for DPP!DNA bases is 40.3 kcalmol�1. Putting all
these data together, we may conclude that the charge-trans-
fer is similar for the complexes of charged and uncharged
intercalators with DNA. The significant difference in the re-
spective stabilization energy values should thus be assigned
to the different magnitudes of the electrostatic contribution.
We can conclude that the strong non-covalent binding of


cationic intercalators derived from phenanthridine to DNA
is due to dispersion and electrostatic contributions; the
charge-transfer term contributes to the overall stabilization
as well but its role is incidental. The binding of a neutral in-
tercalator to DNA occurs exclusively due to the dispersion
contribution to stabilization energy. So, the dispersion
energy thus represents the dominant stabilization energy
contribution in the intercalation process. Consequently, any
theoretical procedure unable to cover the dispersion energy
correctly is not suitable for the intercalation description.
The total interaction energy of complexes containing cat-


ionic intercalators is, in all cases, very large and represents
about half the value typical for covalent bonds. However,
the net stabilization energy is even larger and reaches
70 kcalmol�1 if the intercalator carries a positive charge. To
demonstrate the reliability of the values calculated by the
SCC-DFTB-D procedure, we determined the net interaction
energy of the ETD···DNA and DPP···DNA complexes using
the correlated ab initio method, RI-MP2/SVP(0.25, 0.15) as
well. The resulting values of the interaction energy (Table 2)
fully confirm the excellent performance of the SCC-DFTB-
D method. Table 2 also contains the stabilization energy
values yielded by several popular density functionals for
complexes of ETD and DPP with the TA dinucleotide.
It is evident that all functionals fail completely similar to


the HF method; the best performance was shown by the
PBE functional. This conclusion is by no means surprising


and merely confirms that DFT cannot be used to describe
processes governed by dispersion energy.
It is worth mentioning the value of deformation energy


(Table 1), which represents the energy required to separate
two base pairs from their relaxed distance of 3.4 3 to the
geometry suitable for the intercalation, where the distance
is increased to about 6.5 3. This energy is similar for both
the TA- and GC-steps and unexpectedly modest in magni-
tude, therefore confirming the flexibility of the DNA double
helix.
Until now, the role of hydrogen bonding in the stabiliza-


tion of an intercalator in DNA was undetermined and no
common perspective had been established thus far. The data
presented in Table 1 provide clear evidence that the hydro-
gen bonds existing between the amino groups of ethidium
and the DNA backbone contribute to the interaction energy
only marginally. The absolute value of the interaction
energy of the complex containing the deamino derivative of
ethidium (EPP) is only 5.8 kcalmol�1 less than that of the
complex containing ethidium itself, that is, two hydrogen
bonds contribute less than 10% to the overall stabilization.


Free energy of the ethidium intercalation into DNA


DNA dinucleotide : The intercalation process is very com-
plex and may consist of six distinct partial steps depicted
below (2TA: dinucleotide, ETD+ : ethidium, Na+ : sodium
cation, (aq): hydrated species).


1Þ 2TA �Na2ðaqÞ ! 2TA �Na2 ðDNA hydrationÞ


2Þ ETDþðaqÞ ! ETD� ðETDþ hydrationÞ


3Þ 2TA �Na2 � ETDþ


! 2TA �Na2 � ETDþ ðETDþ bindingÞ


4Þ 2TA �Na2 � ETDþ ! 2TA �Na � ETD þ Naþ ðNaþ releaseÞ


5Þ 2TA �Na � ETD ! 2TA �Na � ETDðaqÞ ðcomplex hydrationÞ


6Þ Na� ! NaþðaqÞ ðNaþ hydrationÞ


The resulting values for the six steps mentioned are sum-
marized in Table 3. (Principally, free energy cannot be split
into different contributions like dispersive and electrostatic
energy. Thus, only the total interaction energy is taken into
account for the process No. 3.)
Having investigated various individual processes we found


that the hydration of Na+ (no. 6) and the dehydration of


Table 2. Stabilization energy [kcalmol�1] of the intercalator···DNA complex obtained by using the following
methods: SCC-DFTB-D, correlated MP2, HF and DFTwith various functionals.


Method SCC-DFTB-D MP2 HF B3LYP BLYP PBE TPSS
Basis set N/A SVP(0.25, 0.15) TZVP


ETD···DNA �71.9 �69.3 +5.7 +31.4 +7.0 �15.1 �4.0
DPP···DNA �49.9 �47.1 +25.2 +15.5 +24.8 +3.6 +14.4
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2TA·Na2 (no. 1) exhibit the largest DG values. However, by
summing up the DG values of all four hydration and dehy-
dration processes (5, 6, 1, 2) we obtain a rather small value
of +2.8 kcalmol�1. How accurate is this value? Since we
used the same procedure to calculate the DG values for hy-
dration and dehydration, we believe that errors occurring on
both sides of the equilibrium compensate for each other and
the resulting DG difference is rather robust (i.e., independ-
ent of the computational procedure). We believe that the
same statement is true regarding the change of entropy and
ZPVE ascribed to processes 3 and 4 in vacuo. Both values
are repulsive and do not depend much on the nature of the
complexation process. Studying the formation of various
DNA base pairs in vacuo by ab initio QC calculations,[59] we
found that DE differed considerably while �TDS and DEZPV


exhibited almost constant values for various base pairs. The
critical values determining the final DG are thus the stabili-
zation energy of the ethidium···DNA complex and the
energy needed to release a sodium cation from the interca-
lation site.
In our previous study,[35] we showed that the SCC-DFTB-


D value of the interaction energy of the complex of ethid-
ium and a TA base pair agrees well with the MP2 value. To
verify the performance of SCC-DFTB-D procedure, we de-
termined the stabilization energy of process 3 using the cor-
related RI-MP2 method with the SVP(0.25,0.15) basis set.
The SCC-DFTB-D stabilization energy value of �71.9 kcal -
mol�1 is in excellent agreement with the RI-MP2 value of
�69.3 kcalmol�1. Also, Table 2 shows that the SCC-DFTB-
D value of the interaction energy of the DPP···DNA com-
plex agrees fairly well with the MP2 value and for both com-
plexes, the stabilization energy is only slightly overestimated
(by 2.6 and 2.8 kcalmol�1 for ETD···DNA and DPP···DNA,
respectively). Thus, the SCC-DFTB-D procedure is consid-
ered reliable for the study of the intercalation process in
general.
The release of Na+ from the 2TA·Na2·ETD


+ complex
was described by using the Cornell et al. force field. This
process is dominated by the electrostatic interaction and the
use of the empirical potential is fully justified.
Summing all values together, we obtain the total DG


value of �4.5 kcalmol�1, that is, the ethidium intercalation


to DNA is an exergonic process. This result compares well
with the experimental values around �7 kcalmol�1 (e.g.
�6.9 kcalmol�1 by Garbett et al.[36]) and this agreement veri-
fies the DE and DG values of distinct partial processes
shown in Table 3. It is possible to conclude that among vari-
ous individual terms the interaction energy of the ethidium
binding to DNA represents the crucial contribution to the
total DG.
We are aware that to a certain extent, the final agreement


with experimental value might be due to a fortuitous cancel-
lation of errors. In previous paragraphs, we discussed the ac-
curacy of our calculations and we rely on the fact that the
same method is used for the calculation of every quantity of
both reactants and products. Generally, the accuracy of in-
teraction energy is much larger than that of solvation free
energy.


DNA Decamer : The binding free energy difference of ETD
and EPP was determined by using the thermodynamic cycle
(Scheme 1) and MD-TI simulations of the mutation of ETD
to EPP both inside DNA and in pure water. Various simula-
tion protocols differing in the number of l windows and the
amount of sampling in every window (see Supporting Infor-
mation) were applied.
Originally, we intended to determine the DG of the inter-


calation process directly, that is, to “mutate” the ethidium
molecule to a “ghost” system. After many fruitless attempts
we realized that such a procedure is impractical and only a
much smaller mutation can be performed. Finally, we decid-
ed to investigate the role of ethidium(s amino groups in the
binding process since it was known that these are responsi-
ble for the hydrogen bonding of the intercalator to the
sugar–phosphate backbone of DNA which may affect the
overall strength of the interaction of the intercalator and
DNA. To achieve that, the amino groups were substituted
by hydrogen atoms to form an EPP molecule (Figure 1).
The results for various simulation protocols are presented


in Table 4.
From the first five rows in Table 4 we can see that the


simulations with a fixed window width (i.e. , a fixed amount
of both equilibration and data sampling for every value of
the coupling parameter l) did not lead to converged results.
Moreover, the error of these results cannot be estimated re-
liably. On the other hand, the simulations with the RCA
setup (the last row in Table 4) both yield data of controlled


Table 3. Free energy change [kcalmol�1] of the ethidium intercalation to
DNA.


Process Quantity Value Method


1 2TA·Na2 dehydration DG +75.0 C-PCM
2 ETD+ dehydration DG +49.9 C-PCM
3 ETD+ binding to


2TA·Na2
DE �50.0 SCC-DFTB-D


4 Na+ release from
2TA·Na2·ETD


+


DE +19.9 force-field


3+4 whole reaction in vacuo �TDS +15.6 force-field
3+4 whole reaction in vacuo DEZPV +7.2 force-field
5 2TA·Na·ETD hydration DG �24.5 C-PCM
6 Na+ hydration DG �97.6 C-PCM


total DG �4.5


Table 4. Calculated values of the free energy [kcalmol�1] associated with
the mutation ETD to EPP for various simulation protocols used.


Simulation protocol[a] DG in DNA DG free DDG


4 93.7 89.8 3.9
7 89.0 92.7 �3.7
14 91.0 88.0 3.0
21 90.6 92.0 �1.4
16 87.2 80.2 7.0
RCA[b] 70.4(0.8) 68.0(1.1) 2.4(1.9)


[a] For the definition of protocols see Supporting Information. [b] The
uncertainty is given in parentheses for RCA calculations.
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uncertainty and utilize the computational time efficiently;
the total sampling time in this case was 4.9 ns in the simula-
tion of the DNA···intercalator complex and 3.7 ns in the
simulation of the free intercalator. The uncertainty carried
by the value of the binding free energy difference is consid-
erable. However, it can be reduced by setting the target
error of the free energy lower than 1.5 kcalmol�1 at the ex-
pense of increased sampling time. Regardless, the resulting
value of +2.4	1.9 kcalmol�1 agrees qualitatively with the
experimental value of +1.6 kcalmol�1 reported by Garbett
et al.[36] This fact encourages us to use the MD-TI methodol-
ogy with RCA analysis in further studies of the interactions
of DNA···intercalator, protein···ligand and others.
Rather than giving evidence of the absolute value of the


intercalation DG, the results obtained provide us with a rela-
tively accurate image of a DG change (i.e. , DDG) upon the
amino groups( disappearance. The resulting value of +2.4	
1.9 kcalmol�1 should be compared with the DDE value of
+5.8 kcalmol�1 determined earlier. It must be concluded
that the interaction energy difference is reduced significant-
ly if entropy is considered.


Conformational and flexibility changes of DNA upon the in-
tercalation of ethidium


Intercalation affects the macroscopic properties of DNA
and these changes might provide feedback on further action
of the intercalator. In this section we compare the confor-
mation and deformability of the bare DNA decamer and
the 1:1 complex of this decamer and ethidium. We focused
our attention on the properties of base-pair steps, namely
various helical parameters[53] for the description of confor-
mation, and also the “rise” harmonic force constants[52] as
the characteristics of stretching deformability.
Neither in the case of the poly(AT) nor the poly(GC) dec-


amer was any significant change of base-pair step helical pa-
rameters upon ethidium intercalation revealed (Table 5).
Note that both decamers are symmetric and so in non-inter-
calated decamers, the 4th and the 6th base-pair steps are
identical.
Ethidium intercalation strongly distorts the base-pair step


forming the intercalation site. As expected, this step exhibits
an increased rise (i.e., vertical distance between base-pair


planes) and lowered twist (expressing the DNA molecule
being unwound). But, it is clearly seen (Table 5, columns
headed “step 4”) that the intercalation of an ethidium mole-
cule does not affect the conformation of the second-next
base-pair step.
The entry of an intercalator molecule into a DNA duplex


may be made easier or harder not only by a conformational
change, but also by a change in deformability. Therefore, we
also evaluated the characteristics of the DNA base-pair step
related to the force necessary to remove its base pairs one
from the other. The respective force constants for both dec-
amers (with and without the intercalator) are listed in
Table 6.


The force constants of the purine–pyrimidine steps (3–4,
5–6, 7–8) are roughly twice as large as those of the pyrimi-
dine-purine steps (2–3, 4–5, 6–7, 8–9). Consequently, the
purine–pyrimidine steps are much stiffer than the pyrimi-
dine–purine ones. This conclusion is in perfect agreement
with previous findings by Lankaš et al.[52]


Furthermore, poly(AT) and poly(GC) decamers exhibit a
difference in rigidity of the base-pair steps near the interca-
lated one. While the deformability characteristics of
poly(GC) remain unchanged upon intercalation, in the case
of poly(AT), the rise force constant of the second-next step
(6–7) to the intercalated one (4–5) is nearly halved. Conse-
quently, the entry of another ethidium molecule into the
poly(AT) DNA duplex that already contains will be facilitat-
ed due to an easier loosening of the second-neighboring thy-


mine···adenine step. This fea-
ture of poly(AT) duplexes may
lead to a stronger cooperativity
of the intercalation of ethidium
into these DNA structures.


Conclusion


i) The stabilization energy of
cationic intercalators with
DNA is considerably larger
than that of uncharged in-
tercalators and in both


Table 5. Helical parameters of selected base-pair steps in two DNA decamers, both bare and with an interca-
lated ethidium molecule.


Helical parameter Poly(AT) Poly(GC)
Bare Intercalated Bare Intercalated


Step 4 Step 6 Step 4[a] Step 6 Step 4 Step 6 Step 4[a] Step 6


shift [3] 0.0 �0.1 �0.5 0.1 �0.1 0.0 0.7 �0.1
slide [3] �1.1 �1.1 �0.5 �1.1 �0.4 �0.4 0.1 �0.4
rise [3] 3.4 3.4 6.6 3.5 3.1 3.2 6.5 3.2


tilt [8] 0 0 �1 0 0 1 4 0
roll [8] 12 12 6 13 8 9 8 8
twist [8] 29 30 2 31 22 29 2 28


[a] With an ethidium molecule intercalated here.


Table 6. Harmonic (Hooke(s law) force constants [kcalmol�13�2] for the
vertical displacement (rise) of the nonterminal base-pair steps in two
DNA decamers, both bare and with an ethidium molecule intercalated.


Base-pair step Poly(AT) Poly(GC)
Bare Intercalated Bare Intercalated


2–3 4.8 5.9 5.4 6.1
3–4 10.2 10.7 9.1 9.3
4–5 5.2 2.8[a] 5.6 6.1[a]


5–6 11.1 11.0 9.7 8.9
6–7 5.0 2.9 6.1 6.0
7–8 10.1 10.3 9.4 9.5
8–9 4.9 5.0 4.2 4.9


[a] With an ethidium molecule intercalated here.
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cases, the dispersion energy represents the dominant
energy contribution. While it is similar for all intercala-
tors, the charge-transfer and mainly electrostatic contri-
butions are considerably larger for the charged interca-
lators. The stabilization energy of ethidium with the TA
and GC DNA dinucleotide is comparable and amounts
to 70 kcalmol�1.


ii) The free energy change upon intercalation determined
as the sum of the free energy changes of six distinct in-
dividual processes amounts to �4.5 kcalmol�1 and the
process is thus exergonic. The theoretical value agrees
well with the experimental value of �7 kcalmol�1. The
largest free energy changes accompanied the hydration/
dehydration processes and these contributions practical-
ly cancel each other. The key contribution represents
the stabilization energy of the ethidium···DNA complex.


iii) Hydrogen bonding of ethidium to DNA contributes less
than 10% to the overall stabilization energy and the
main contribution originates from the stacking interac-
tion of the ethidium molecule with the base pairs.


iv) Upon mutation of ETD to DPP (the amino groups are
converted to hydrogen atoms), the calculated energy
difference agrees well with the experimental value. The
contribution of hydrogen bonding to the overall free
energy is more significant than its contribution to the
stabilization energy.


v) Intercalation affects the macroscopic properties of a
DNA double strand and the largest change is its stretch-
ing flexibility. The base-pair step second-next to the in-
tercalation site exhibits significantly higher deformabili-
ty. Such a change may facilitate the introduction of an-
other intercalator molecule into this base-pair step.


vi) The stabilization energy values of the intercalator···
DNA complex yielded by the SCC-DFTB-D method
agree very well with the results of the correlated ab
initio method. On the other hand, DFT calculations per-
formed with various functionals failed completely and
standard DFT calculations are not suitable for the de-
scription of the intercalation process.
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Introduction


Arranging organic dipolar chromophores as pendants onto a
supramolecular backbone leads to an enhancement of
second-order nonlinear optical (NLO) properties.[1–4] For ex-
ample, when chromophores are organized as the side groups
of poly(isocyanide)s, the first hyperpolarizabilities bo of the
polymers are increased.[1] The key to the success of this
strategy relies on the helical conformation of the polymer
backbone,[1–4] which leads to a strong orientational correla-
tion of the side groups. In a preliminary communication, we
reported that polynorbornenes (PNBs) derived from the


ring-opening metathesis polymerization (ROMP)[5,6] of nor-
bornene derivatives with dipolar pendant groups[7] exhibit
molecular-weight-dependent bo values as measured by
hyper-Rayleigh scattering (HRS) methods.[8] Each of the
non-centrosymmetric chromophores in these PNBs may
contribute coherently to the hyperpolarizability of the poly-
mers. It is worthy to note that PNBs having a variety of
pendant groups have also been used in light-harvesting,[9]


liquid-crystal,[10] and third-order nonlinear optical[11] applica-
tions. One of the advantages of using PNB polymers may
hinge on the relative rigidity of the backbones,[8–11] which
may not only provide a coherent array of the pending
groups along the polymeric chain but also serve as insulating
spacers.[8–11] Interestingly, photo-induced electron transfer
may take place efficiently among chromophores from one
end to the other along the PNB polymeric chain. Presuma-
bly, the pendant chromophores in these polymers may be in
close proximity.[9] Although extensive studies have been car-
ried out on the stereochemistry of PNBs by using 13C NMR
spectroscopy,[6c,12] and the parent PNB has been shown to
exhibit spherical morphology,[13] the morphology of these
important polymers having different kinds of pendants has
not been explored in detail. It is known that the morphology
of a polymer may dependent on, inter alia, the nature of the
substituents on the polymeric backbone.[14] It is therefore en-
visaged that the presence of pendant groups on PNBs may
alter the three-dimensional conformation. Herein we report
the design, synthesis, morphological studies of a series of
PNBs having a range of pendant moieties.


Abstract: A range of polynorbornenes
(PNBs) with fused dipolar pendant
groups at C-5,6 positions was synthe-
sized by ring-opening metathesis poly-
merization catalyzed by a ruthenium
carbene complex (Grubbs I). Photo-
physical studies, EFISH measurements,
and atomic force microscopy images
have been used to investigate the struc-


tures and morphology of these poly-
mers. These results suggest that the
polymers may adopt rigid rod-like


structures. The presence of the double
bonds in PNBs appeared to be indis-
pensable for the rigidity of the poly-
mers. Interaction between unsaturated
pendant groups may result in coherent
alignment leading to a rod-like struc-
ture.
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Results and Discussion


Synthesis : Monomer 1 was designed because not only can
this compound be easily made, but also the endo-fused pyr-
rolidene ring with aromatic substituents may generate a fa-
vorable environment for the p–p interactions, which may
lead to a coherent array of the pendant groups during the
course of polymerization. The details of the synthesis of
monomer 1 and the corresponding polymer 2 were reported
previously [Eq. (1)].[8] The more rigid monomer 3 with a
propellane skeleton and the corresponding polymer 4 were
synthesized according to Scheme 1. The stereochemistry of 7


was confirmed by X-ray crystallography. Grubbs I catalyst
was employed for the polymerization of norbornene mono-
mers 1 and 3 (see [Eq. (1)] and Scheme 1). Only trans
double bonds were found in all of these polymers 2 and 4 as
revealed by the 1H and 13C NMR spectra as well as IR spec-
tra. These polymers were stable up to about 280 8C as re-
vealed by thermal gravimetric analyses (TGAs). Differential
scanning calorimetry (DSC) studies indicated that polymers
2 and 4 exhibited neither Tg nor Tm points. These results
suggested that these polymers might adopt a rigid structure.


Absorption spectra : The lmax and the extinction coefficients
e of monomers 1 and 3 and polymers 2 and 4 of different
molecular weights (Mn) are compared in Table 1, and the
absorption profiles were concentration independent. Inter-
estingly, the lmax values of polymers 2 and 4 consistently ap-
peared at shorter wavelengths than those of the correspond-
ing monomers 1 and 3. Although aggregations between
chromophores may lead to a hypsochromic shift in the ab-
sorption maxima,[15] a relief of strain by ring opening of nor-
bornene moiety may also exhibit a similar effect.[16] The ex-
tinction coefficients of the polymers 2 and 4 also decreased
with increasing Mn as compared with those of the corre-


sponding monomers 1 and 3.
These results suggested that in-
trachain aggregation of the
chromophores might occur in
these polymers.[15]


The space occupied by a
monomer unit in PNBs was
found to be 5–6 I as revealed
by the X-ray structure of 9.[17]


By simply twisting the phenyl-
ene moiety in PNBs 2 and 4, in-
teractions between chromo-
phores in pendant groups of
these polymers might be feasi-
ble. The blue shifts in the ab-
sorption maxima in the poly-
mers 2 and 4, and a decrease in
the extinction coefficients with
increasing Mn in the polymers 2
and 4 are consistent with the
fact that the pendant groups in


these polymers might be oriented in a similar direction.


EFISH measurements : The electric field induced second
harmonic generation (EFISH) method is used for the meas-
urements of second-order nonlinearity of conjugated dipolar
chromophores and recorded as mbo values, where m is the
permanent dipole moment and b is the vectorial part of the
first hyperpolarizability of such dipolar units.[1,18] The dipolar
moieties of the molecules can be aligned by employing an
applied electric field. As such, when a series of dipolar chro-
mophores are attached to a supramolecular framework, they
will also align coherently in response to such an external
electric field so that the mbo values might be enhanced.[19] It
is envisaged that this methodology might be employed for
the elucidation of the orientation of the pendant groups in
the PNBs 2 and 4. In other words, the mbo values of 2 and 4
might be expected to increase with increasing molecular
weights. Table 1 also summarizes the EFISH results and the
corresponding mbo values were corrected by using the two-
level dispersion factor.[18] As shown in Figure 1, the mbo-
(polymer)/mbo(monomer) ratios increase with Mn. This ob-
servation suggested that the dipolar chromophores in 2 and
4 might be aligned coherently along the respective polymer-
ic backbones.


Scheme 1. a) cyclopentadiene, PhH, reflux, 12 h, 73%; b) aniline, Me3Al, benzene, reflux, 12 h, 90%; c) LAH,
toluene, reflux, 40%; d) ethyl 4-aminobenzoate, HNO2, 48%; e) [(Cy3P)2Cl2Ru=CHPh], ClC2H4Cl.
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As shown in Figure 1, the degree of enhancement of the
mbo values appeared to be dependent on the rigidity of the
polymeric backbones. It is noteworthy that the mbo ratios of
4 versus 3 were larger than that of 2 versus 1. As can be
seen from the structural feature of these polymers, 3 con-
tains a propellane skeleton. Accordingly, the structure of 3
would be more rigid than that of 1, and the polymers 4 thus
obtained might also be expected to be stiffer than 2. Inter-
estingly, the extinction coefficients of 4 having different mo-
lecular weights decrease more sharply than those of 2
(Table 1), which is consistent with the EFISH results.


As shown in Table 1 and Figure 1, the mbo ratios reached
a maximum and then decreased as the molecular weight in-
creased. The pendant chromophores may be oriented per-
pendicular to the polymeric backbone. When the number of
repetitive units increases, the polymers 2 and 4 may be more
twisted. Accordingly, certain dipolar vectors may be cancel-
led, resulting in a decrease in the mb values for higher mo-
lecular weights.


Atomic force microscopy image
of 4 : Atomic force microscopy
(AFM) is known to provide a
useful tool to directly observe
the morphology of polymers.[20]


Figure 2 shows the tapping
mode AFM (TMAFM) images
of polymer 4b (repetitive unit:
28). The rod-like morphology
of 4 was consistent with the re-
sults from EFISH and spectro-
scopic measurements. As shown
in Figure 2, the nominal heights
of the rod-like features were
about 0.6–1.4 nm, and the
domain size of the polymer ap-
peared to be quite uniform.


Preliminary modeling of polymer 4 with ten repetitive
units is shown in Figure 3. The pendant dipolar groups in
this structure are probably fairly well aligned and consistent
with the experimental results which indicate that polymer 4
might adopt a rod-like structure.


Importance of double bonds on the rigidity of PNBs : As dis-
cussed in the previous sections, PNBs 2 and 4 with pendant
groups at C-5,6 positions appeared to be rigid-rod polymers.
The nature of the rigidity apparently hinges on the cis-1,3-
disubstituted cyclopentane ring, rigid pendant groups, and
trans double bonds in the polymeric backbones. It is be-
lieved that the removal of double bond may lead to a more
flexible conformation so that the above-mentioned physical
properties may no longer exist. We have tested this view-
point by reduction of the double bond with diazine
[Eq. (2)]. Thus treatment of PNB 11, prepared from ROMP


Table 1. Absorption and EFISH[a] results of monomers 1 and 3 and polymers 2 and 4 of different molecular
weights.


Compd Mn(PDI) lmax [nm] mb mbo mbo(polymer)/
(e [g�1 cm2])[a] L1046 esu[b] L1046 esu mbo(monomer)


1 388 458 (28.2) 3.6 2.6 1
2a 6700 (1.4) 443 (26.1) 98.5 73.0 28.1
2b 11900 (1.3) 444 (23.3) 127.6 94.4 36.3
2c 15100 (1.2) 445 (23.1) 145.0 107.7 41.4
2d 17600 (1.3) 445 (22.9) 190.0 141.1 54.3
2e 25800 (1.3) 445 (22.2) 199.0 147.8 56.8
2 f 32800 (1.3) 445 (22.1) 169.3 125.8 48.4
3 486 433 (68.7) 2.4 1.8 1
4a 7800 (1.6) 425 (59.4) 154.0 117.5 65.3
4b 13100 (1.8) 425 (47.1) 232.9 177.7 98.7
4c 14800 (2.2) 425 (45.7) 251.4 191.7 105.0
4d 21100 (2.7) 425 (38.7) 293.0 223.5 124.2
4e 34400 (1.8) 425 (34.4) 250.3 191.2 106.2


[a] Concentration: 10�5 gL�1 for 2 and 4. [b] Measured in CHCl3 using 1907 nm fundamental wavelength


Figure 1. Relationship between mbo ratios of polymers versus monomers
and Mn of polymers.


Figure 2. A 4L4-mm Tapping mode AFM image of 4b on HOPG.
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of 10, with tosylhydrazide in refluxing chlorobenzene afford-
ed 12 in 45% isolated yield. The structure of 12 was unam-
biguously determined by spectroscopic means—the double
bonds were reduced completely. Interestingly, no Tg and Tm


were observed for 11 and 12, and these polymers started to
decompose at about 250 8C. The photophysical properties
together with the EFISH data of 11 and 12 of different mo-
lecular weights are tabulated in Table 2. Interestingly, the
extinction coefficients for the hydrogenated polymers 12 are
somewhat independent of Mn, whereas those of 11, like 2
and 4, showed extinction coefficients dependent on the mo-
lecular weight. This observation suggested that intrachain in-
teractions between the pendant chromophores may not exist
in 12.


As can be seen from Table 2, the EFISH data for 11 ex-
hibited similar behavior to those for 2 or 4, the mb values
for polymers 11a–d increased with molecular weight. In con-


trast, the mb values for 12 were
independent of Mn, but still
slightly higher than that of the
corresponding monomer 10.
These results indicated that
polymer 12 may no longer be a
rigid-rod polymer. Because the
double bond is reduced, the
polymeric backbone in 12 may
become more flexible, presuma-
bly leading to a random coil
conformation. The orientation
of the pendant chromophores
may therefore be randomly dis-
tributed, resulting in canceling
the dipoles. These results sug-
gest that the presence of the
double bond in PNBS with
pendant groups is indispensable
for the rigid-rod structures of
these polymers.


Conclusion


In summary, we have demon-
strated for the first time a


direct investigation of the rigidity of a range of PNBs with
fused dipolar pendant groups at C-5,6 positions. Based on
the absorption properties, enhancement of second-order op-
tical nonlinearities, and atomic force microscopic images,
these polymers have been shown to adopt rigid rod-like
structures. The presence of the double bonds in PNBs ap-
peared to be indispensable for the rigidity of the polymers.
Interaction between unsaturated pendant groups may result
in coherent alignment, leading to the rod-like structure. Be-
cause pendant groups can easily be modified, further studies
involving molecular architectures of double-stranded and re-
lated polymers based on the present work are in progress in
our laboratory.


Experimental Section


General : Gel permeation chromatog-
raphy (GPC) was performed on a
Waters GPC machine using an isocrat-
ic HPLC pump (1515) and a refractive
index detector (2414). THF was used
as the eluent (flow rate=
1.0 mLmin�1). Waters Styragel HR2,
HR3, and HR4 columns (7.8L
300 mm) were employed to determine
the relative molecular weight by using
polystyrene as standard (Mn values
range from 375 to 3.5L106). Differen-
tial scanning calorimetry (DSC) analy-


ses were performed on a TA Instrument DSC-2920. For the low-tempera-
ture difference scanning calorimetry, the sample was first heated


Figure 3. Structure of polymer 4.


Table 2. EFISH measurements of monomer 10 and polymers 11 and 12 of different molecular weights in
CHCl3 using 1907 nm fundamental wavelength.


Compd Mn (PDI) lmax [nm] mb mbo mbo(polymer)/
(e [g�1 cm2])[a] L1048 esu L1048 esu mbo(monomer)


10 283 317 (33.12) 4.4 3.8 1
11a 4200 (1.2) 314 (21.07) 38.1 33.0 8.7
11b 6500 (1.1) 314 (20.12) 72.2 662.6 16.5
11c 9100 (1.2) 314 (18.54) 98.1 85.1 22.4
11d 17000 (1.4) 314 (15.21) 154.3 131.1 35.3
12a 4200 (1.2) 313.5 (29.13) 8.9 7.7 2.0
12b 6500 (1.1) 313.5 (30.08) 13.4 11.6 3.0
12c 9100 (1.2) 313.5 (29.34) 13.1 11.4 3.0
12d 17200 (1.4) 313.5 (29.22) 14.5 112.6 3.3


[a] Concentration: 10�5 gL�1 for 11 and 12.
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(20 8Cmin�1) from 30 to 200 8C, then quenched with liquid nitrogen, and
scanned for a second time from 30 to 300 8C (10 8Cmin�1). Thermogravi-
metric analysis (TGA) was carried out on a TA Instrument TGA-2950.
The thermal stability of the samples was determined under nitrogen by
measuring the weight loss while heating at a rate of 20 8Cmin�1.


Ethyl 4-[[4-(1,3,3a,4,7,7a-hexahydro-4,7-methano-2H-isoindol-2-yl)phen-
yl]azo]benzoate (1): A solution of NaNO2 (148 mg, 2.1 mmol) in mini-
mum amount of water was added to a mixture of ethyl 4-aminobenzoate
(330 mg, 2.0 mmol) and HCl (5 mL, 20%) cooled to 5 8C. After 3 min, 2-
phenyl-4,7-methano-1H-2,3,3a,4,7,7a-hexahydroisoindole (420 mg,
2.0 mmol) in THF (10 mL) was added slowly and stirring was continued
for 2 h. The reaction mixture was warmed to room temperature and neu-
tralized with NaOAc and then stirred at room temperature overnight.
CH2Cl2 (50 mL) was added and the organic layer was washed with
NaHCO3 (5%, 3L100 mL) and brine (100 mL), and dried (MgSO4). Re-
moval of the solvent in vacuo and purification on a column (silica gel,
CH2Cl2/hexane, 1:1) afforded 1 as a red solid (550 mg, 71%): m.p. 189–
190 8C; IR (KBr): ñ=3056, 2976, 2951, 2935, 2850, 1703, 1511, 1403, 1366,
1352, 1345, 1310, 1275, 1186, 1089, 1106, 1094, 970, 810 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.40 (t, J=6.9 Hz, 3H), 1.49 (1H, d, J=8.3 Hz,
1H), 1.60 (d, J=8.3 Hz, 1H), 2.97–3,12 (m, 6H), 3.30–3.40 (m, 2H), 4.37
(q, J=6.9 Hz, 2H), 6.17 (t, J=1.6 Hz, 2H), 6.46 (d, J=8.9 Hz, 2H), 7.81–
7.87 (m, 4H), 8.12 ppm (d, J=8.5 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=14.3, 45.4, 46.6, 50.6, 52.0, 61.0, 111.7, 121.8, 125.6, 130.2, 130.4, 135.8,
143.4, 150.0, 156.0, 166.3 ppm; MS (70 eV): m/z (%): 387 ([M]+ , 100),
345 (26), 319 (60), 291 (22), 210 (25), 143 (15); HRMS (EI)
(C24H25N3O2): calcd: 387.1946; found: 387.1938; elemental analysis (%)
calcd for C24H25N3O2: C 74.39, H 6.50, N 10.84; found: C 74.30, H 6.48, N
11.09.


exo,endo-4a,8a-Dimethyl-1,4-epoxy-1,8-methylene-1,2,3,4,4a,5,8,8a-octa-
hydronaph-thalene-4a,8a-dicarboxylate (6): Freshly distilled cyclopenta-
diene (4 mL, 75 mmol) was added dropwise to a cold solution of 5[21]


(1.00 g, 4.70 mmol) in benzene (5 mL) at 0 8C. After the addition had
been completed, the mixture was allowed to reflux for 12 h. The solvent
was evaporated in vacuo and the residue was chromatographed (silica
gel, hexane/EtOAc, 85:15) to give 6 (2 g, 77%): m.p. 68–70 8C; IR (KBr):
ñ=2958, 1738, 1722, 1463, 1110, 1069, 735 cm�1; 1H NMR (400 MHz,
CDCl3): d=1.26 (d, J=8.8 Hz, 1H) 1.54–1.59 (m, 2H), 1.83–1.86 (m,
2H), 2.03 (d, J=8.8 Hz, 1H), 3.21–3.23 (m, 2H), 3.69 (s, 6H), 4.23 (dd,
J=2.0, 3.4 Hz, 2H), 6.1 ppm (t, J=2.0 Hz, 2H); 13C NMR (100 MHz,
CDCl3): d=28.3, 49.9, 52.0, 52.5, 66.4, 80.3, 136.0, 172.9 ppm; MS (EI):
m/z (%): 278 ([M]+ , 2), 246 (18), 184 (36), 153 (100), 123 (25), 66 (42);
HRMS (EI) (C15H18O5): calcd 278.1154; found 278.1159; elemental analy-
sis (%) calcd for C15H18O5: C 64.74, H 6.52; found: C 65.14, H 6.05.


Cyclic imide 7: Me3Al (2.1 g, 29 mmol) was added dropwise at 0 8C to a
solution of 6 (1.00 g, 3.59 mmol) and freshly distilled aniline (2.61 mL,
28.8 mmol) in benzene (25 mL). The solution was refluxed for 12 h after
which water (20 mL) was added. The aqueous layer was extracted with
EtOAc (3L20 mL). The combined organic layers were washed with HCl
(10%, 2L30 mL), saturated NaHCO3 (2L30 mL) and brine (30 mL), and
then dried (MgSO4), filtered, and concentrated in vacuo. Chromatogra-
phy of the residue (silica gel, hexane/EtOAc 90:10) afforded 7 (1.00 g,
90%): m.p. 182–184 8C; IR (KBr): ñ=1872, 1771, 1712, 1475, 844, 738,
687, 578 cm�1; 1H NMR (400 MHz, CDCl3): d=1.51–1.56 (m, 2H), 1.71–
1.83 (m, 4H), 3.41 (d, J=2.0 Hz, 2H), 4.54 (dd, J=2.0, 4.0 Hz, 2H), 6.25
(s, 2H), 7.21 (d, J=7.6 Hz, 2H), 7.39 (t, J=7.6 Hz, 1H), 7.47 ppm (t, J=
7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d = 28.2, 48.5, 48,6, 68.1,
78.4, 126.4, 129.1, 129.6, 131.9, 135.8, 177.3 ppm; MS (EI): m/z (%): 307
([M]+ , 8), 246 (25), 213 (45), 184 (36), 153 (100), 66 (52), 58 (65); HRMS
(EI) (C19H17NO3): calcd: 307.1208; found 307.1210; elemental analysis
(%) calcd for C19H17NO3: C 74.25, H 5.57, N 4.56; found: C 74.12, H
5.79, N 4.45.


Cyclic amine 8 : Compound 7 (1.0 g, 3.2 mmol) in toluene (20 mL) was
added slowly to a slurry of LiAlH4 (1.2 g, 31.5 mmol) in toluene (30 mL),
and the mixture was stirred at room temperature for 1 h and then re-
fluxed overnight. After cooling to room temperature, a mixture of wet di-
ethyl ether and ethyl acetate was carefully added. Water was then intro-
duced and the resulting suspension was filtered, and the organic layer


was dried and evaporated in vacuo to give the residue which was triturat-
ed with diethyl ether repeatedly. The ethereal solution was dried
(MgSO4) and filtered. The solvent was removed in vacuo and the residue
was chromatographed on silica gel (hexane/EtOAc, 85:15) to give the 8
as a colorless solid (460 mg, 50%): m.p. 118–120 8C; IR (KBr): ñ=2833,
1601, 1498, 1461, 1345, 1160, 1004, 804, 749, 60 ppm; 1H NMR (400 MHz,
CDCl3): d=1.37 (d, J=8.8 Hz, 1H), 1.43–1.48 (m, 3H), 1.68–1.73 (m,
2H), 2.84 (d, J=10.0 Hz, 2H), 2.845 (s, 2H), 3.68 (d, J=10.0 Hz, 2H),
4.27 (dd, J=2.4, 3.2 Hz, 2H), 6.16 (d, J=2.0 Hz, 2H), 6.58 (d, J=7.5 Hz,
2H), 6.73 (t, J=7.5 Hz, 1H), 7.25 ppm (d, J=7.5 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d= 26.2, 48.7, 50.8, 55.5, 64.5, 81.3, 112.6, 116.5,
129.2, 135.3, 147.8 ppm; MS (EI): m/z (%): 279 ([M]+, 100), 278 (33), 213
(28), 185 (36), 106 (28), 77 (9); HRMS (EI) (C19H21NO): calcd: 279.1263;
found: 327.1265; elemental analysis (%) calcd for C19H21NO: C 81.68, H
7.58, N 5.01; found: C 81.46, H 7.48, N 4.95.


Azo-monomer 3 : In a manner similar to that described for the prepara-
tion of 1, the reaction of the diazonium ion, prepared from ethyl 4-ami-
nobenzoate (890 mg, 5.4 mmol), and 8 (1.50 g, 5.4 mmol) afforded 4 as
red crystals (1.67 g, 68%): m.p. 166–168 8C; IR (KBr): ñ=2839, 1602,
1515, 1492, 1273, 818, 692, 539 cm�1; 1H NMR (400 MHz, CDCl3): d=


1.38–1.51 (m, 7H, embodied a triplet at 1.40J=7.2 Hz), 1.60–1.70 (m,
2H), 2.88 (m, 2H), 3.00 (d, J=11.0 Hz, 2H), 3.79 (d, J=11.0 Hz, 2H),
4.28 (m, 2H), 4.38 (q, J=7.2 Hz, 2H), 6.17 (s, 2H), 6.63 (d, J=9.1 Hz,
2H), 7.84 (d, J=8.4 Hz, 2H), 7.90 (d, J=9.12 Hz, 2H), 8.13 ppm (d, J=
8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=14.3, 26.1, 48.7, 51.0, 55.7,
61.0, 64.8, 81.3, 112.3, 121.9, 125.6, 130.5, 130.6, 135.2, 144.2, 150.1, 155.8,
166.3 ppm; MS (EI): m/z (%): 455 ([M]+ , 44), 294 (73), 278 (29), 200
(48), 120 (100), 66 (34); HRMS (EI) (C28H29N3O3): calcd: 455.2209;
found: 455.2204; elemental analysis (%) calcd: C28H29N3O3: C 73.82, H
6.42, N 9.22; found: C 73.47, H 6.33, N 9.09.


4-(4-Aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)benzaldehyde (13): 2,3-Dichloro-
5,6-dicyanobenzoquinone (454 mg, 2.0 mmol) was added to a solution of
4-(4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)benzyl alcohol[22] (482 mg,
2.0 mmol) in dioxane (12 mL). The reaction was exothermic and the mix-
ture immediately turned blue-green. The completion of reaction was
monitored by TLC (approximately 24 h). After the completion of reac-
tion, dioxane was removed in vacuo, benzene (50 mL) was added, and
the residue was filtered. Removal of the solvent, followed by chromato-
graphic purification (silica gel, CH2Cl2/hexane, 1:1) afforded 13 (309 mg,
64%): m.p. 137–138 8C; IR (KBr): ñ=3059, 2979, 2854, 1669, 1593, 1547,
1524, 1473, 1439, 1385, 1356, 1346, 1298, 1237, 1155, 1116, 1091, 819, 807,
788, 724, 662 cm�1; 1H NMR (400 MHz, CDCl3): d=1.49 (d, J=8.4 Hz,
1H), 1.60 (d, J=8.4 Hz, 1H), 2.90–3.34 (m, 8H), 6.13 (m, 2H), 6.40 (d,
J=8.7 Hz, 2H), 7.65 (d, J=8.7 Hz, 2H), 9.66 ppm (s, 1H); 13C NMR
(100 MHz, CDCl3): d=45.3, 46.6, 50.5, 52.0, 111.3, 124.8, 132.0, 135.8,
151.4, 190.2 ppm; MS (70 eV): m/z (%): 239 ([M]+ , 95), 172 (100); ele-
mental analysis (%) calcd for C16H17NO: C 80.30, H 7.16, N 5.85; found:
C 80.25, H 7.33, N 5.85; HRMS calcd for C16H17NO: 239.1310; found:
239.1317; elemental analysis (%) calcd for C16H17NO: C 80.40, H 7.16, N
5.85; found: C 80.25, H 7.33, N 5.85.


4-(4-Aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)benzoic acid (14): NaOH (2 g,
50 mmol) and KOH (1.5 g, 26 mmol) in H2O (7 mL) was placed in a
stainless-steel beaker.[23] The mixture was heated to 170 8C, and 13 (2.4 g
10 mmol) was added to the reaction mixture. After stirring for another
5 min, the mixture was cooled and poured into ice water (1 L). The solu-
tion was acidified to pH 6 with HCl (6n, 100 mL). The light-tan precipi-
tate was filtered, washed with water, dried, and recrystallized from
EtOAc/CHCl3 to yield 14 (1.91 g ,75%): m.p. 310 8C (decomp); IR
(KBr): nL=3387, 2958, 2864, 2541, 1715, 1651, 1660 ,1600, 1383, 1279,
1180, 1019, 799 cm�1; 1H NMR (400 MHz, CDCl3): d=1.53 (s, 2H), 1.65
(s, 2H), 3.00–3.31 (m, 8H), 6.18 (s, 2H), 6.41 (s, 2H), 7.91 ppm (s, 2H);
13C NMR (100 MHz, CDCl3): d=45.4, 47.1, 50.5, 52.1, 60.0, 110.8, 117.6,
130.2, 135.9, 151.3, 171.3 ppm; HRMS (FAB) ([M]+ , C16H17NO2): calcd:
255.1259; found: 255.1264.


Ethyl 4-(4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)benzoate (10): Oxalyl chlo-
ride (1.8 mL, 20 mmol) and DMF (1 drop) were added to a solution of 14
(2.55 g, 10 mmol) in CH2Cl2 at 0 8C. The mixture was gradually warmed
to room temperature and then stirred for 3 h. The solvent was removed
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in vacuo to give the corresponding acid chloride, which was dissolved in
THF (50 mL). To this solution, EtOH (10 mL) was added and the mix-
ture was stirred at room temperature for 5 h. Water was introduced and
the organic layer was separated and washed with water and brine
(100 mL), and then dried (MgSO4). The solvent was removed in vacuo to
give 10 as a white solid (2.70 g, 95%): m.p. 145–146 8C; IR (KBr): ñ=
2967, 2939, 2856, 1693, 1608, 1525, 1479 1384, 1364, 1278 cm�1; 1H NMR
(CDCl3, 400 MHz): d=1.35 (t, J=7.1 Hz, 3H), 1.51 (d, J=7.1 Hz, 1H),
1.60 (d, J=7.1 Hz, 1H), 2.91–3.29 (m, 8H), 4.30 (q, J=7.1 Hz, 2H), 6.16
(s, 2H), 6.37 (d, J=8.9 Hz, 2H), 7.86 ppm (d, J=8.9 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d=14.5, 45.4, 46.6, 50.5, 52.1, 60.0, 110.8, 116.6, 131.2,
135.8, 150.3 ppm; HRMS (FAB) ([M]+ , C18H21NO2): calcd: 283.1572.
found 283.1573; elemental analysis (%) calcd for C18H21NO2: C 73.82, H
6.42, N 9.22; found: C 73.47, H 6.33, N 9.09.


Polymer 2 : Under argon, a solution of 1 (240 mg, 0.6 mmol) and [(Cy3-


P)2Cl2Ru=CHPh] (30 mg, 0.03 mmol) in CH2Cl2 (6 mL) was stirred at
room temperature for 30 min, quenched with ethyl vinyl ether (2 mL),
and poured into MeOH (20 mL). The solid was collected, redissolved in
CHCl3 (5 mL), and reprecipitated by adding MeOH (20 mL). This proce-
dure was repeated two or three times and the solid was collected to
afford 1 as a red solid (216 mg, 91%): IR (KBr): ñ=3318, 2960,
2891,1726, 1613, 1438, 1355, 1184, 1113, 1066, 1037, 964, 926 cm�1;
1H NMR (400 MHz, CDCl3): d=1.36 (br, 3H), 1.56 (br, 2H), 2.75- 3.22
(br, 8H), 4.36 (br, 2H), 5.29 (br, 2H), 67 (br, 2H), 7.80 (br, 4H),
8.34 ppm (br, 2H); 13C NMR (125 MHz): d=14.3, 44.2, 46.3, 46.6, 49.6,
61.1, 112.1, 121.9, 125.6, 130.4, 131.6, 143.7, 150.3, 155.8, 166.2 ppm; GPC
(THF): Mn: 15100; Mw: 18120; PDI: 1.2; elemental analysis (%) calcd
for C24H25N3O2: C 74.39, H 6.50, N 10.84; found: C 72.60, H 6.38, N
10.32.


Polymer 4 : Under argon, a solution of 3 (455 mg, 1 mmol) and [(Cy3-


P)2Cl2Ru=CHPh] (41 mg, 0.05 mmol) in 1,2-dichloroethane (10 mL) was
stirred at room temperature for 60 min, quenched with ethyl vinyl ether
(2 mL), and poured into MeOH (20 mL). The solid was collected, redis-
solved in CHCl3 (10 mL), and reprecipitated by adding MeOH (20 mL).
This procedure was repeated two or three times and the solid was collect-
ed to afford 4 as a red solid (377 mg, 83%): IR (KBr): ñ=2976, 2951,
2935, 2850, 1703, 1511, 1275, 1186, 1089, 1106, 1094, 970, 810 cm�1;
1H NMR (400 MHz, CDCl3): d : 1.36 (br, 3H), 1.56 (br, 2H), 2.90–3.18
(br, 4H), 3.80 (br, 2H) 4.40 (br, 2H), 4.73–4.86 (br, 2H), 5.83 (br, 2H),
6.74 (br, 2H), 7.80 (br, 4H), 8.06 ppm (br, 2H); 13C NMR (100 MHz):
d=13.8, 25.2, 53.1, 53.7, 56.0, 67.1, 81.7, 112.3, 121.6, 125.1, 130.0, 130.3,
144.0, 149.7, 155.3, 165.8 ppm; GPC (THF): Mn: 14800, PDI: 2.2; elemen-
tal analysis (%) calcd for C28H29N3O3: C 73.82, H 6.42, N 9.22; found: C
72.66, H 6.51, N 8.78.


Polymer 11: In a manner similar to that described for the preparation of
2, 11 was obtained as a white solid (269 mg, 95%): IR (KBr): ñ=2925,
2852, 1776, 1707, 1597, 1500, 1380, 1320, 1170, 1070, 972, 830 cm�1;
1HNMR (400 MHz, CDCl3): d=1.43 (br, 4H), 1.59 (br, 1H), 2.73–3.24
(br, 8H), 4.27 (br, 2H), 5.36 (br, 2H), 6.47 (br, 2H), 7.84 ppm (br, 2H);
13C NMR (100 MHz, CDCl3): d=14.4, 35.71, 36.1, 44.5, 46.4, 49.4, 60.0,
111.4, 117.4, 131.2, 131.7, 150.8, 167.0 ppm (peaks at 126.0, 128.5 belong
to the end groups of the polymer); GPC (THF): Mn: 9100; PDI: 1.2; ele-
mental analysis (%) calcd for C18H21NO2: C 76.29, H 7.47, N 4.94; found:
C 76.65, H 7.73, N 4.62.


Polymer 12 : Under argon, a solution of 11 (200 mg, 0.7 mmol) and p-to-
sylhydrazide (2 g, 10.9 mmol) in PhCl (10 mL) was stirred at 120 8C for
2 h and then filtered. The hot filtrate was poured into methanol (50 mL).
The mixture was centrifuged to collect the precipitate, which was washed
several times with methanol, and dried under vacuum to yield 12 (90 mg,
45%): IR (KBr): ñ=2924, 177, 1707, 1700, 1596, 1500, 1455, 1375,
1320,1177, 1020 cm�1; 1H NMR (400 MHz, CDCl3): d=0.91 (br, 1H),
1.32 (br, 8H), 1.95 (br, 3H), 2.84 (br, 2H), 3.20 (br, 4H), 4.27(br, 2H),
6.48 (br, 2H), 7.87 ppm (br, 2H); 13C NMR (100 MHz, CDCl3): d=14.5,
31.0 (C2,3), 37.0 (C7), 41.6 (C1,4), 45.1 (C5,6), 48.6, 60.1, 111.1, 117.3, 131.1,
151.0, 167.0 ppm; GPC (THF): Mn: 9140; PDI: 1.2; elemental analysis
(%) calcd for C18H21NO2: C 75.76, H 8.12, N 4.91; found: C 75.45, H
7.42, N 5.32.


EFISH measurements : EFISH measurements were taken with a nonlin-
ear optics spectrometer from SOPRA. The fundamental light at 1907 nm
was the first Stokes peak of a hydrogen Raman cell pumped by the
1064 nm light from a Q-switched Nd:YAG laser (Quantel YG 781,
10 pps, 8 ns, pulse). That light was passed through a linear polarizer and
focused on the EFISH cell. The polarizing dc voltage (parallel to the
light polarization) used in this cell was 10 kV. The output light from the
cell was passed through an interference filter to select the second har-
monic light (954 nm), which was detected with a R642 photomultiplier
from Hamamatsu. Static mb(0) values were deduced from the experimen-
tal values by using a two-level dispersion model. Each sample was mea-
sured by using chloroform (CHCl3) as a solvent, and the concentration
was about 10�3


m for monomers and 10�5
m for polymers.


AFM measurements : Tapping mode atomic force microscopy (TMAFM)
measurements were carried out with a NanoScope IIIa controller (Veeco
Metrology Group/Digital Instruments, Santa Barbara, CA, USA). Com-
mercially available cantilevers (non-contact silicon, NSC15/Pt/50, Mikro-
Masch, Spain) were employed. The microscope was housed in a chamber
through which dry N2 was purged throughout the experiments and the
humidity was lower than 2%. Samples for TMAFM measurements were
prepared by placing a drop of the CHCl3 solution on freshly cleaved
HOPG (highly oriented pyrolytic graphite, MikroMasch, Spain) with a
Pasteur pipette. To remove trace amounts of solvent, the sample was
dried under vacuum (ca. 30 min, 120 mTorr) prior to imaging.
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Chalcogenide Derivatives of Imidotin Cage Complexes


Dana J. Eisler and Tristram Chivers*[a]


Introduction


The chemistry of complexes involving terminal linkages be-
tween heavy Group 14 and Group 16 elements has under-
gone impressive developments since the discovery of the
first examples more than ten years ago.[1] The reactive M=E
(M=Ge, Sn or Pb; E=Se or Te) functionality exhibits a
propensity to dimerise as a result of its polar character (res-
onance form A). Two strategies have been employed suc-
cessfully to inhibit this tendency.


The first approach involves the kinetic stabilisation of the
multiple (terminal) bond through the use of extremely
bulky substituents attached to M. This strategy generates de-
rivatives with three-coordinate metal centres that are genu-
ine analogues of ketones.[2,3] The second method uses intra-
molecular coordination of heteroatoms, such as nitrogen, to
the Group 14 centre in order to reduce the polarity of the
terminal bond. This approach, which produces complexes in
which the metal centre is four or five coordinate, has provid-
ed the first examples of stannanetellurones.[4,5] It has also
been used to prepare the first examples of complexes con-
taining two or three M=Se bonds, namely [Sn4Se2(m3-NtBu)4]
and [Ge4Se3(m3-NtBu)4], respectively,[6] by the direct reaction
of the cubanes [M4(m3-NtBu)4] with chalcogens. Our interest
in these systems stems from the notion that imidotin com-
plexes of the type [Sn4E4(m3-NtBu)4], in which all the metal
centres are chalcogenated, might serve as single-source pre-
cursors for the low-band-gap semiconductors SnE (E=Se,
Te) through the thermodynamically favoured elimination of
the diazene tBuN=NtBu.[7,8] In view of the limited reactivity
of the neutral cubane [Sn4(m3-NtBu)4] towards chalcogens,[6]


we decided to adopt a different strategy based on our earlier
finding that previously inaccessible P�Te ligands can be pre-
pared from precursors that incorporate an N�H functionali-
ty by the generation of anionic species (through metallation


Abstract: Reaction of the secocubane
[Sn3(m2-NHtBu)2(m2-NtBu)(m3-NtBu)]
(1) with dibutylmagnesium produces
the heterobimetallic cubane [Sn3Mg(m3-
NtBu)4] (4) which forms the monochal-
cogenide complexes of general formula
[ESn3Mg(m3-NtBu)4] (5a, E=Se; 5b,
E=Te) upon reaction with elemental
chalcogens in THF. By contrast, the re-
action of the anionic lithiated cubane
[Sn3Li(m3-NtBu)4]


� with the appropri-
ate quantity of selenium or tellurium
leads to the sequential chalcogenation
of each of the three SnII centres. Pure
samples of the mono- or dichalcogen-


ides are, however, best obtained by
stoichiometric redistribution reactions
of [Sn3Li(m3-NtBu)4]


� and the trichalco-
genides [E3Sn3Li(m3-NtBu)4]


� (E=Se,
Te). These reactions are conveniently
monitored by using 119Sn NMR spec-
troscopy. The anion [Sn3Li(m3-NtBu)4]


�


also acts as an effective chalcogen-
transfer reagent in reactions of seleni-
um with the neutral cubane [{Snm3-N-


(dipp)}4] (8) (dipp=2,6-diisopropyl-
phenyl) to give the dimer [(thf)Sn{m-
N(dipp)}2Sn(m-Se)2Sn{m-N(dipp)}2Sn-
(thf)] (9), a transformation that results
in cleavage of the Sn4N4 cubane into
four-membered Sn2N2 rings. The X-ray
structures of 4, 5a, 5b, [Sn3Li(thf)-
(m3-NtBu)4(m3-Se)(m2-Li)(thf)]2 (6a),
[TeSn3Li(m3-NtBu)4][Li(thf)4] (6b),
[Te2Sn3Li(m3-NtBu)4][Li([12]crown-4)2]
(7b’’) and 9 are presented. The fluxion-
al behaviour of cubic imidotin chalco-
genides and the correlation between
NMR coupling constants and tin–chal-
cogen bond lengths are also discussed.
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with NaH or nBuLi) prior to reaction with tellurium.[9] Ap-
plication of this methodology to imidotin systems involves
the use of the amido/imido secocube 1 reported by Veith


et al.[10] In a preliminary communication we disclosed the
synthesis of the dilithiated complexes 2a and 2a’ and
showed that their reactions with chalcogens occur rapidly
under mild conditions to give the corresponding trichalcoge-
nides 3a, 3a’ and 3b, whose X-ray structures were report-
ed.[11] In this full account we describe 1) the magnesiation of
1 and a comparison of the reactivity of the magnesium de-
rivative towards chalcogens with that of 2, 2) the characteri-
sation of the mono- and dichalcogeno derivatives of 2 by
means of X-ray crystallography and multinuclear NMR
spectroscopy, 3) the use of 2a as a chalcogen-transfer agent
for the selenation of recalcitrant imidotin cubanes, for exam-
ple, [{Snm3-N(dipp)}4], which, unexpectedly, results in cleav-
age of the Sn4N4 cage to give Sn2N2 rings and 4) the employ-
ment of 119Sn NMR spectroscopy to monitor these chalcoge-
nation reactions. The fluxional behaviour of imidotin chalco-
genides is also discussed in the context of multinuclear
NMR studies. Finally, the relationship between tin–chalco-
gen NMR coupling constants and bond lengths is analysed
by means of a comparison of the current results with data
available in the literature.


Results and Discussion


Reactions of magnesium and lithium derivatives of 1 with
chalcogens : Magnesiation of 1 with dibutylmagnesium in
hot THF results in the formation of the neutral heterobi-
metallic cubane complex 4 in good yield as outlined in
Scheme 1. The monochalcogenide complexes 5a and 5b are


readily prepared by reaction of 4 with one equivalent of the
appropriate elemental chalcogen at mild temperatures
(Scheme 1). The reaction of 4 with more than one equiva-
lent of selenium results in the formation of gel-like solutions
from which only insoluble products can be obtained. A simi-
lar observation was made for the reaction of 1 with seleni-
um,[12] and is presumably an indication of the formation of
oligomeric or polymeric complexes with bridging selenido li-
gands. Complex 4 does not react further with excess telluri-
um; even in boiling THF only the monotelluride 5b is ob-
tained. The lower reactivity of magnesium derivative 4 to-
wards chalcogens, relative to that of lithium derivatives 2
(see below), parallels our earlier observations for the reac-
tions of the [tBuNP(m-NtBu)2PNtBu]2� anion towards tellu-
rium.[13]


The reaction of the anionic lithium-containing cubane 2a
with one equivalent of elemental chalcogen rapidly produces
the monochalcogenide complexes 6a and 6b as depicted in
Scheme 2. However, owing to the highly reactive nature of
2a, it is difficult to prepare pure samples of the monochalco-
genides using this method. The NMR spectra of the isolated
products showed the presence of small quantities of dichal-
cogenide complexes 7a or 7b, indicating that even a very
small excess of chalcogen results in the immediate formation
of complexes 7 (Figure 1). Similar difficulties are encoun-
tered when employing this methodology to prepare the di-
chalcogenide complexes 7a and 7b, owing to contamination
by the trichalcogenated complexes 3a and 3b, respectively.


Chalcogen-transfer reactions : As reported previously, the
fully chalcogenated complexes 3 readily transfer chalcogens
to SnII centres of the parent clusters 2.[11] This chalcogen-ex-
change process allows for a more convenient synthesis of
pure samples of partially chalcogenated complexes through
stoichiometric reactions of complexes 3 and 2, exemplified


Scheme 1. Synthesis of [Sn3Mg(m3-NtBu)4] (4) and monochalcogenide
complexes 5a and 5b. i) Bu2Mg, THF, 60 8C, 16 h. ii) Se, THF, 25 8C, 1 h;
Te, THF, 40 8C, 3 h.
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by the formation of complexes 7a and 7b as outlined in
Scheme 3 (also shown in Figure 1).


The ease of this chalcogen exchange suggests the possibili-
ty of adapting this process to generate imidotin clusters with
different terminal chalcogen atoms. Indeed, the reaction of
the triselenide 3a with the tritelluride 3b results in the im-
mediate formation of mixed chalcogenide derivatives; how-
ever, a complex mixture of products is obtained as evi-
denced by multinuclear NMR spectra. Monitoring of the re-
action solution over several days demonstrated that the
mixed Se/Te complexes remain in equilibrium, and no single
product is preferred. Similar difficulties were obtained when
attempting to prepare mixed complexes by the reaction of
partially chalcogenated complexes 6 and 7 with elemental
chalcogens, for example, in the reaction of the diselenide
complex 7a with one equivalent of tellurium to prepare
[Se2TeSn3Li(NtBu)4]


� . Although it was possible to obtain
single crystals from the reaction mixtures, X-ray diffraction


analyses revealed that the crystals were a mixture of seleni-
um- and tellurium-containing cage complexes that had co-
crystallised.


The facile chalcogen exchange observed for complexes 3
prompted us to investigate their use as chalcogen-transfer
reagents with substrates that are difficult to chalcogenate.
The neutral cubane [{SnN(dipp)}4] (8) (dipp=2,6-diisopro-
pylphenyl) does not react with elemental selenium either at
room temperature in THF or in boiling toluene. However,
the addition of a catalytic amount of 3a (generated in situ)
to a mixture of 8 and selenium results in quantitative forma-
tion of the dimeric complex 9 (see below) at room tempera-
ture after 24 hours as shown in Scheme 4. The phosphane


Figure 1. 119Sn NMR spectra of 6a, 7a and 3a. The asterisk (*) indicates
the presence of trace amounts of the diselenide 7a in the sample of the
monoselenide 6a.


Scheme 3. Synthesis of dichalcogenide complexes 7a and 7b by the redis-
tribution reaction of complexes 3 and 2.


Scheme 2. Synthesis of monochalcogenide complexes 6a and 6b.


Scheme 4. Synthesis of dimeric complex 9.
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P(NMe2)3 performs a catalytic role in certain reactions of el-
emental selenium, for example, insertion into Al�H
bonds.[14] The transformation of the Sn4N4 cube into four-
membered Sn2N2 rings during this process is, to our knowl-
edge, unprecedented in reactions of imidotin tetramers. The
X-ray structure of [{SnN(dipp)}4] has been reported and the
germanium analogue forms a six-membered ring in prefer-
ence to a cubane.[15] However, Veith and Frank have shown
that dimeric (SnNR)2 units may be trapped by addition of
Sn(OtBu)2, for example, in the formation of [{Sn(m-
NtBu)}2Sn(OtBu)2].


[16] The formation of 9 formally involves
the uptake of two Se atoms for each molecule of 8. Two
pathways (denoted I and II in Scheme 5) could account for


the production of dimer 9. Pathway I invokes the initial for-
mation of the diselenide [Sn4Se2{N(dipp)}4] followed by dis-
sociation of the Sn4N4 cube into two Sn2N2 rings. For com-
parison, we note that the tert-butyl derivative [Sn4Se2-
(NtBu)4] does not dissociate.[6] Alternatively, 9 may be
formed by dissociation of the initially formed monoselenide
[Sn4Se{N(dipp)}4] as depicted in pathway II (Scheme 5).
Subtle changes in the electronic properties of the tin cage
can have a marked influence on the stability of complexes
containing a terminal Sn=E bond (E=S, Se, Te).[17] We have
previously reported that the monoselenide [Sn3Se(m2-
NHtBu)2(m2-NtBu)(m3-NtBu)] engages in a monomer–dimer
equilibrium in solution.[12] The dimerisation of the monose-
lenide [Sn4Se{N(dipp)}4] would generate five-coordinate tin
centres with three bulky N(dipp) neighbours. Subsequently,
the dissociation of the Sn4N4 cube into two Sn2N2 rings may
occur to alleviate this steric strain. Both pathways I and II
lead to the monomeric selenone [Sn{m-N(dipp)}2Sn=Se],


with a three-coordinate tin centre, which would dimerise
spontaneously to give 9. Attempts to prepare tellurium de-
rivatives of 8 by reaction with tellurium using a catalytic
amount of 2a were unsuccessful, even at elevated tempera-
tures. Presumably the lack of reaction is a result of the low
susceptibility towards oxidation of the tin centres in 8 com-
bined with the lower oxidising power of tellurium relative to
selenium.


X-ray structures : The X-ray structure of complex 4 is depict-
ed in Figure 2 with selected bond lengths and angles given


in Table 1. The Sn3MgN4 core is a distorted cubane, with the
magnesium centre occupying the previously empty corner of
secocubane 1. The MgII centre is bound to three nitrogen
atoms, with a molecule of THF completing the coordination
sphere. The bond angles around Mg deviate considerably
from ideal tetrahedral values, ranging from 91.4(1) to
125.3(2)8. The range of SnII�N distances (2.188(2)–
2.205(3) L) is typical of those observed in other SnII cubane
structures.[10,15] The bond angles around the SnII centres
(81.7(1)–84.7(1)8) reflect the stereochemical influence of the
lone pairs on the SnII centres.


The structures of the monochalcogenides 5a and 5b were
determined by means of X-ray crystallography and in each
case were found to contain a terminal Sn=E bond
(Figure 3). The Sn=Se distance of 2.393(1) L (Table 1) in 5a
falls in the range for reported Sn=Se bond lengths
(2.363(1)–2.418(1) L).[5,6,18] For complex 5b, the Sn=Te dis-
tance of 2.611(1) L (Table 1) is comparable to the Sn=Te
distance of 2.618(1) L observed in the five-coordinate com-
plex [SnTe{CH(SiMe3)C9H6N-8}2].


[18c] There is a lengthening
of the Sn=E bonds found in 5a and 5b in comparison with
those in the related neutral complexes [Sn4Se2(m3-NtBu)4]
and [Sn4Te(m3-NtBu)4] (2.367(1) L, E=Se; 2.589(1) L, E=


Te), however, the N�SnIV distances are identical within ex-
perimental error.[6] Presumably, the lengthening of the Sn=E
bonds is due to a subtle change in the electronic properties
of the cage complex as a result of the replacement of one
tin centre with the more electropositive magnesium centre.


Scheme 5. Possible pathways leading to the formation of complex 9.


Figure 2. Molecular structure of complex 4. Thermal ellipsoids are shown
at 30% probability. Hydrogen atoms have been removed for clarity.
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The SnIV�N distances in both complexes 5a and 5b are
considerably shorter than the SnII�N distances, as observed
in other imidotin cubane chalcogenide complexes;[6,11] this
behaviour reflects the higher ionic character of the SnIV�N
bonds. The N-SnIV-N bond angles are larger (85.3(2)–
88.4(2)8) than the N-SnII-N angles (80.1(1)–84.1(1)8) as a
result of the stereochemical influence of the lone pairs on
the SnII centres.


The crystal structure determination of the monoselenide
6a revealed that, in the solid state, the complex is present as
the dimeric species depicted in Figure 4. The dimer consists
of two monoanionic imidotin cage complexes, each of which
contains a terminal tin–selenium bond, that are associated
by two bridging Li(thf)2


+ units. Thus, the solid-state struc-
ture of 6a can be considered as arising from the dimerisa-
tion of two contact ion pairs. The Sn=Se bond length of
2.452(1) L is considerably longer than the longest Sn=Se
bond reported (2.418(1) L),[5] but shorter than typical Sn�Se
single bonds (2.55–2.60 L),[19] behaviour suggesting a signifi-
cant amount of multiple bond character. The long Sn=Se
distance present in the structure of 6a can be interpreted as
the result of a substantial contribution from resonance struc-
ture A (see above), which is further evinced by the SnIV�N
distances. The two imido groups, which are bound to the
SnIV centre as well as to the cage lithium cation, exhibit sig-
nificantly shorter SnIV�N bond lengths (2.055(3),
2.056(3) L) in comparison with complex 5a (Table 1). The
bond contractions suggest that a substantially higher positive
charge resides on the SnIV centre in 6a. Furthermore, the as-
sociation of the noncage lithium cation with the cluster,


forming a contact ion pair, sug-
gests a significant amount of
negative charge is present on
the selenium atoms. Both of
these observations are in keep-
ing with the bonding descrip-
tion depicted by resonance
structure A. By comparison, the
analogous SnIV�N distances in
the fully chalcogenated cluster
3a’ are longer, ranging from
2.082(4)–2.105(4) L, while the
Sn=Se distances are shorter
(mean 2.39(1) L).[11] Thus it ap-
pears that there is significant lo-
calisation of the anionic charge
of the imidotin cluster in 6a
which greatly increases the con-
tribution of A to the Sn=Se
bonding. Presumably the long
Sn=Se bond is in part due to
the Li�Se bonding interactions,
however, the anionic nature of
the imidotin cluster is likely the
most significant contributor to
the observed bond lengthening.
The molecular structure ob-


tained for monotelluride 6b (Figure 5) provides considera-
ble support for this rationale.


In contrast to 6a, monotelluride 6b is monomeric in the
solid state and is present as a solvent-separated ion pair.
The terminal Sn=Te bond length of 2.640(1) L is longer
than any reported terminal Sn=Te distance, the longest pre-
viously being 2.618(1) L.[18c] Clearly, the considerable
lengthening of the Sn=Te bond in 6b must be due to the
electronic nature of the monoanionic imidotin cage, as there
are no significant interactions with the Li(thf)4


+ cation
(Te···Li=4.87 L). The two lithium-associated SnIV�N distan-
ces of 2.068(5) and 2.072(5) L in 6b are shorter than the
analogous bonds in 5b (Table 1), but longer than those ob-
served in 6a. Presumably these observations reflect a reduc-
tion of the contribution of resonance structure A to the Sn=
E bonding as a result of the lower electronegativity of Te
relative to Se.


The crystal structure of ditelluride 7b’’ was determined by
means of X-ray crystallography and the anion is shown in
Figure 6. The two terminal Sn=Te bond lengths are indistin-
guishable within error ((2.614(1), 2.615(1) L, Table 1), and
are considerably shorter than that observed in 6b. Further-
more, the Sn=Te distances in 7b’’ are slightly longer than
the average Sn=Te distance of 2.607(1) L observed in the
structure of 3b.[11] It is worth noting that in the structure of
3b, there are six molecules in the asymmetric unit, providing
18 Sn=Te distances that range from 2.600(1)–2.613(1) L.
Thus, the Sn=Te distances observed in 7b’’ are comparable
to the longest distances observed in 3b. The lithium associ-
ated SnIV�N bond lengths in 7b’’ range from 2.057(8) to


Table 1. Selected bond lengths [L] and angles [8] for complexes 4, 5a, 5b, 6a, 6b and 7b’’.


4 5a 5b 6a 6b 7b’’


Sn1�E1[a] 2.393(1) 2.611(1) 2.452(1) 2.640(1) 2.614(1)[d]


Sn1�N1 2.191(2) 2.122(4) 2.117(3) 2.055(3) 2.068(5) 2.057(8)
Sn1�N3 2.188(2) 2.114(4) 2.110(3) 2.056(3) 2.072(5) 2.06(1)
Sn1�N4 2.201(2) 2.134(4) 2.119(3) 2.115(3) 2.138(5) 2.150(8)
Sn2�N1 2.192(2) 2.222(4) 2.233(3) 2.174(3) 2.169(5) 2.122(8)
Sn2�N2[b] 2.183(5) 2.190(3) 2.136(3) 2.136(5) 2.10(1)
Sn2�N4 2.205(3) 2.223(5) 2.232(3) 2.237(3) 2.235(5) 2.192(9)
Sn3�N2 2.177(5) 2.187(3) 2.140(4) 2.142(5) 2.17(1)
Sn3�N3 2.231(4) 2.230(3) 2.191(3) 2.181(5) 2.19(1)
Sn3�N4 2.229(5) 2.239(3) 2.248(3) 2.227(5) 2.282(9)
M1[c]�N1 2.060(2) 2.100(5) 2.092(4) 2.160(8) 2.16(1) 2.14(2)
M1[c]�N2 2.046(5) 2.063(3) 2.071(8) 2.10(1) 2.13(2)
M1[c]�N3 2.061(4) 2.095(5) 2.095(3) 2.162(8) 2.13(1) 2.13(2)


N1-Sn1-E1[a] 128.0(1) 128.6(1) 125.3(1) 127.1(1) 124.5(2)[c]


N1-Sn1-N3 84.7(1) 88.4(2) 87.5(1) 95.7(1) 93.8(2) 91.4(4)
N1-Sn1-N4 81.8(1) 85.3(2) 86.1(1) 86.1(1) 85.6(2) 86.2(3)
N3-Sn1-N4 82.0(1) 85.8(2) 85.6(1) 86.8(1) 85.4(2) 86.0(4)
N1-Sn2-N2 84.5(1)[b] 83.5(2) 84.1(1) 87.9(1) 89.0(2) 92.5(4)
N1-Sn2-N4 81.7(1) 80.9(2) 80.7(1) 80.4(1) 80.9(2) 83.5(3)
N2-Sn2-N4 81.7(2) 81.7(1) 81.5(1) 81.3(2) 85.5(4)
N2-Sn3-N3 84.0(2) 83.9(1) 88.6(1) 88.1(2) 90.9(4)
N2-Sn3-N4 81.7(2) 81.7(1) 81.2(1) 81.3(2) 81.9(3)
N3-Sn3-N4 80.8(2) 80.1(1) 80.4(1) 80.8(2) 79.8(3)


[a] For complexes 5a and 6a E=Se, and for 5b, 6b and 7b’’ E=Te. [b] For complex 4, N2 is the symmetry
equivalent of N1 (N1A). [c] For complexes 4, 5a and 5b M=Mg, and for 6a, 6b, 7b’’ M=Li. [d] Sn2�Te2
2.615(1) L; N1-Sn2-Te2 123.9(2)8.
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2.122(8) L, and are similar to those observed for tritelluride
3b (2.07(1)–2.12(1) L). These data suggest that there is
some delocalisation of the charge over the two SnIV centres
in 7b’’, resulting in a further reduction in the contribution of
resonance structure A (relative to 6b). Presumably, in the
case of 3b there is delocalisation of the anionic charge over
all three SnIV centres, thereby minimising the ionic character
of the Sn=Te bonds; this results in the shortest Sn=Te dis-
tances observed for this series of stannatellurones.


There are two independent, but chemically equivalent
molecules present in the crystal structure of complex 9 that
have similar metrical parameters (Table 2) and so only one
molecule is depicted in Figure 7. The structure of complex 9
can be viewed to be comprised of three interconnected four-


Figure 3. Molecular structures of 5a (top) and 5b (bottom). Thermal el-
lipsoids are shown at 30% probability. Hydrogen atoms have been re-
moved for clarity.


Figure 4. Molecular structure of complex 6a. Thermal ellipsoids are
shown at 30% probability. Hydrogen atoms have been removed for clari-
ty.


Figure 5. Molecular structure of complex 6b. Thermal ellipsoids are
shown at 30% probability. Hydrogen atoms have been removed for clari-
ty.


Figure 6. Molecular structure of the anion in complex 7b’’. Thermal ellip-
soids are shown at 30% probability. Hydrogen atoms have been removed
for clarity.


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 233 – 243238


D. J. Eisler and T. Chivers



www.chemeurj.org





membered rings. There are two Sn2N2 rings, which are
nearly planar (mean deviation from planarity: Sn1-N1-Sn2-
N2=0.025 L), that are bridged by a perfectly planar Sn2Se2


ring, which shares the tin centres. The Sn2Se2 ring is essen-
tially orthogonal to the Sn2N2 rings (85.78). The bridging
Sn�Se distances range from 2.519(3)–2.557(3) L, and are
typical of Sn�Se single bond lengths.[19] As expected, the
SnIV�N distances are shorter than the SnII�N distances
(Table 2) due to the higher ionic character of the SnIV�N
bonds. The geometries of the SnIV centres are highly distort-
ed tetrahedral, with the bond angles ranging from 83.6(7) to
121.2(5)8. The SnII centres are three coordinate, each bound
to two bridging imido nitrogen centres and one molecule of
THF.


NMR characterisation : The room-temperature NMR spec-
tra obtained for magnesium complex 4 were consistent with
the local C3 symmetry of the cluster. For example, two reso-
nances are observed in the expected 3:1 ratio for the two
different m3-NtBu groups in the 1H NMR spectrum, and a
single resonance is observed in the 119Sn NMR spectrum.
The 1H NMR spectra for monochalcogenides 5a and 5b
also displayed two resonances in a 3:1 ratio for the m3-NtBu
groups, rather than the expected 1:2:1 pattern. Consistently,


only two sets of resonances for the m3-NtBu groups are ob-
served in the 13C NMR spectra. The 119Sn NMR spectrum
for monoselenide derivative 5a displays two resonances at
d=334 and �83 ppm in a 2:1 ratio for the SnII and SnIV cen-
tres, respectively, which is in keeping with the solid-state
structure. However, satellites due to 119Sn,77Se coupling are
only observed in the 119Sn NMR spectrum at �30 8C
(Table 3). A single resonance is observed at d=�46 ppm in


the 77Se NMR spectrum. The room-temperature 119Sn NMR
spectrum for monotelluride 5b contains no observable reso-
nances, nor could any resonance be detected in the 125Te
NMR spectrum. However, when the temperature of the
NMR solution is reduced to �50 8C, broad resonances are
observed at d=356 and �354 ppm in the 119Sn NMR spec-
trum, which are assigned to the SnII and SnIV centres, respec-
tively. Concomitant with the appearance of these resonan-
ces, a single resonance at d=�568 ppm appears in the 125Te
NMR spectrum. The NMR data obtained for 5a and 5b sug-
gest that there is rapid exchange of the chalcogen atom be-
tween all three tin centres, which has been previously ob-
served to occur in related systems.[6,12] It has been observed
that the rate of exchange in tin complexes increases along
the series of chalcogens in the order of S<Se<Te.[12,20] The
more facile exchange of tellurium relative to selenium is
most apparent in the 119Sn NMR data of 5a and 5b, for
which only broad resonances could be observed at low tem-
perature for monotelluride 5b, whereas sharp resonances,
including 77Se satellites, are observed for 5a.


In contrast to the magnesium-containing complexes, the
NMR spectra of lithium-containing complexes 6 and 7 are
well-resolved at room temperature. For monochalcogenide
complexes 6a and 6b, the 1H NMR spectra each display two
resonances in a 3:1 ratio for the m3-NtBu groups rather than
the expected 1:2:1 pattern, similar to complexes 5a and 5b.
The 13C NMR spectrum of 6a displays two sets of three res-
onances for the m3-NtBu groups, while for 6b there are two
sets of only two resonances each. For both of the complexes,
the room-temperature 119Sn NMR spectra contain two reso-
nances corresponding to the SnII and SnIV centres in the ex-
pected 2:1 pattern with sharp 77Se and 125Te satellites accom-


Table 2. Selected bond lengths [L] and angles [8] for complex 9.


Molecule 1 Molecule 2


Sn1�Se1 2.555(3) Sn3�Se2 2.519(3)
Sn1�Se1A 2.532(3) Sn3�Se2A 2.557(3)
Sn1�N1 2.03 (2) Sn3�N3 2.03 (2)
Sn1�N2 2.00(2) Sn3�N4 2.04(2)
Sn2�N1 2.12(2) Sn4�N3 2.10(2)
Sn2�N2 2.13(2) Sn4�N4 2.10(2)
Sn2�O1 2.39(2) Sn2�O1 2.40(2)


N1-Sn1-N2 85.0(7) N3-Sn3-N4 83.6(7)
N1-Sn1-Se1 121.2(5) N3-Sn3-Se2 119.7(5)
N2-Sn1-Se1 115.5(5) N4-Sn3-Se2 121.1(4)
Se1-Sn1-Se1A 98.0(1) Se2-Sn3-Se2A 98.4(1)
N1-Sn2-N2 79.4(7) N3-Sn4-N4 80.5(6)
N1-Sn2-O1 94.6(6) N3-Sn4-O2 92.0(6)


Figure 7. Molecular structure of complex 9. Thermal ellipsoids are shown
at 30% probability. Hydrogen atoms have been removed for clarity.


Table 3. Correlation of multinuclear NMR data and Sn=E bonds lengths.


Complex d 119Sn 1JSnE Sn=E [L][a]


(Se)Sn3Mg (5a) 334, �83 3145 2.393(1)
(Se)Sn3Li (6a) 386, �44 2684 2.452(1)
(Se)3Sn3Li (3a’) �133 3200 2.386(1)–2.397(1)
(Te)Sn3Li (6b) 399, �294 7022 2.640(1)
(Te)2Sn3Li (7b’’) 234, �376 7580 2.614(1)–2.615(1)
(Te)3Sn3Li (3b) �439 8400 2.607(1)[d]


[{h4-Me8(taa)}Sn=Se][b] �444 3450 2.394(1)
[{CH(SiMe3)C9H6N-8}2Sn=Se][c] �112 2951 2.398(1)
[{CPh(SiMe3)C9H6N-2}2Sn=Se][c] �179 2682 2.418(1)
[{CH(SiMe3)C9H6N-8}2Sn=Te][c] �350 7808 2.618(1)


[a] E=Se, Te. [b] See ref. [18c]. h4-Me8(taa)=octamethyldibenzotetra-
aza[14]annulene. [c] See ref. [5]. [d] This is the average Sn=Te bond
length, taken from 18 Sn=Te lengths ranging from 2.600(1)–2.613(1) L.
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panying the SnIV resonance (Table 3). A single, sharp reso-
nance with well-resolved 117Sn/119Sn satellites is observed in
the 77Se and 125Te NMR spectra of complexes 6a and 6b, re-
spectively (Table 3).


While it is not possible to establish unambiguously if the
dimeric structure of 6a is maintained in solution, the 13C
and, in particular, the 7Li NMR data provide valuable infor-
mation. The 7Li NMR resonance for the noncage lithium
atom appears at d=0.01 ppm, which is considerably shifted
from the analogous resonances for the other lithium com-
plexes (d=�0.53 to �0.70 ppm). Thus, the presence of the
expected two sets of three 13C NMR resonances for the tBu
groups and the unique 7Li NMR shift observed for the non-
cage lithium atom, suggest that the dimeric structure for 6a
is maintained, even in THF. For complex 6a, if the dimeric
structure is maintained in solution, it seems unlikely that
chalcogen exchange could easily occur, which could account
for the difference in the 13C NMR spectra observed for com-
plexes 6a and 6b. The well-resolved room-temperature
NMR data obtained for complexes 6a and 6b suggest that if
chalcogen exchange is occurring, it is slow on the NMR
timescale.


The NMR data obtained for diselenide 7a are in keeping
with the solid-state structure obtained for 7b’’. The 1H
NMR spectrum shows the expected 1:2:1 pattern for the
methyl protons of the three different NtBu groups; this pat-
tern is also present in the 13C NMR spectrum. For complex
7b, the 1H and 13C NMR spectra only show two resonances
for the NtBu groups, however, in each case one of the reso-
nances observed is broad, and is likely a result of poorly re-
solved overlap of two separate resonances. The 119Sn NMR
spectra for each of the complexes (7a and 7b) exhibit reso-
nances for the SnII and SnIV centres in the expected 1:2 in-
tensities, respectively. The resonance for the SnIV centre dis-
plays the appropriate 77Se (7a) or 125Te (7b) satellites.


The well-characterised series of complexes containing tin–
chalcogen terminal bonds reported in this work allows for a
comparison of the structural and NMR data. These data are
compiled in Table 3 and are compared with pertinent data
for related complexes previously reported in the literature.
It is readily apparent that there is an inverse relationship be-
tween the observed 1J(Sn,E) coupling constants and the Sn=
E bond lengths. Along the series of stannatellurones 6b, 7b’’
and 3b there is a marked increase in the magnitude of the
1J(Sn,Te) coupling constants concomitant with a steady de-
crease in the Sn=Te bond length. However, there does not
appear to be a direct relationship between the absolute
magnitude of a one-bond coupling constant and the ob-
served terminal bond length. For example, the observed Sn=
Se bond length of 2.394(1) L for complex [Sn=Se{h4-
Me8(taa)}] is identical to that observed in 5a (2.393(1) L),
but the coupling constants are 3450 and 3145 Hz, respective-
ly. Nonetheless, it is clear that within a closely related series
of complexes, there is a direct correlation between the mag-
nitude of the coupling constants and the Sn=E bond lengths.


The NMR data obtained for complex 9 are consistent
with the solid-state structure. In the 1H NMR spectrum, one


doublet is observed for the methyl protons of the isopropyl
groups, as well as a septet for the methine protons, indicat-
ing equivalence of the four 2,6-diisopropylphenyl groups.
The 119Sn NMR spectrum displays two resonances of equal
intensity for the SnII and SnIV centres; there is a single reso-
nance in the 77Se NMR spectrum. Unfortunately, we were
unable to observe the 1J(119Sn,77Se) coupling because of the
very low solubility of this complex.


Conclusion


This investigation demonstrates that the anionic lithium-
containing cubane [Sn3Li(m3-NtBu)4]


� is substantially more
reactive towards heavy chalcogens than the analogous, neu-
tral magnesium-containing complex [Sn3Mg(m3-NtBu)4]. This
finding parallels our previous observations on the reactivity
of the phosphorus(iii) systems Li2[tBuNP(m-NtBu)2PNtBu]
and Mg[tBuNP(m-NtBu)2PNtBu] towards tellurium.[26] In
that work, however, both complexes are neutral whereas in
the current work the lithium-containing complex is anionic.
The anionic character renders the SnII centres dramatically
more nucleophilic so that trichalcogenides are easily ob-
tained under mild conditions. The catalytic role of the anion
[Sn3Li(m3-NtBu)4]


� in chalcogen-transfer reactions is also an
intriguing observation that may have wider applications.
The lithium-containing trichalcogenides [E3Sn3Li(m3-
NtBu)4]


� (E=Se, Te) merit further study as stoichiometric
reagents for the incorporation of other metals, for example,
Ge or Pb, to give neutral heterobimetallic cubanes that may
serve as single-source precursors of ternary chalcogenides.
Finally, the first example of the dissociation of a Sn4N4 imi-
dotin cubane into two Sn2N2 rings is reported. The implica-
tions of this transformation, including the reactivity of the
tin(ii) centres in the product so obtained, will be pursued.


Experimental Section


All reactions and the manipulations of products were performed under
an argon atmosphere by using standard Schlenk techniques or an inert-
atmosphere glove box. Solvents were freshly distilled, dried and degassed
prior to use. Rigorous precautions are necessary for handling complexes
2a and 2b, because they are very sensitive to air and moisture. NMR
spectra were obtained with sample solutions in [D8]THF at 25 8C using a
Bruker AMX 300 spectrometer, unless otherwise noted. 77Se, 119Sn and
125Te NMR spectra were referenced to the external standards (SePh)2,
SnMe4 and (TePh)2, respectively. The reagents [Sn3(m3-NtBu)(m2-NtBu)-
(m2-NHtBu)2] (1),[10] [Sn3Li(m3-NtBu)4][Li(thf)4] (2a),[11] [Sn3Li(m3-NtBu)4]-
[(thf)Li([12]crown-4)] (2a’)[11] and [{SnN(dipp)}4] (8)[15] were prepared as
previously reported. The complex [Sn3Li(m3-NtBu)4][Li([12]-crown-4)2]
(2a’’) was prepared by reaction of 2a with 2 equiv of [12]crown-4.[11] The
complex [Sn3Te3Li(m3-NtBu)4][Li([12]crown-4)2] (3b’’) was prepared by
reaction of 2a’’ with 3 equiv of tellurium.[11]


Compound 4 : To a solution of 1 (5.80 g, 9.0 mmol) in THF (80 mL), dibu-
tylmagnesium (1.0m in heptane, 15.0 mL, 15.0 mmol) was added and the
solution was heated to 60 8C for 16 h. The solvent was removed in vacuo
and the yellow residue was washed with hexanes (2N50 mL). The re-
maining solid was dissolved in THF (40 mL), filtered and the solution
was concentrated to approximately 20 mL. Storage of the solution at 5 8C
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for 12 h resulted in the deposition of pale-yellow crystals of 4 (4.60 g,
69%). 1H NMR: d=1.35 (s, 9H; NtBu), 1.40 (s, 27H; NtBu), 1.78 (m,
4H; THF), 3.64 ppm (m, 4H; THF); 13C NMR: d=26.34 (THF), 27.13,
36.13 (C(CH3)3), 54.60, 54.69 (C(CH3)3), 68.22 ppm (THF); 119Sn NMR:
d=508 ppm (s); elemental analysis calcd (%) for C20H44N4MgOSn3


(737.03): C 32.59, H 6.02, N 7.60; found: C 32.40, H 6.26, N 7.24.


Compound 5a : A mixture of 4 (0.300 g, 0.41 mmol) and grey selenium
powder (0.032 g, 0.041 mmol) in THF (20 mL) was stirred at room tem-
perature for 1 h. The resulting pale-yellow solution was filtered through a
filter disk (0.45 mm pore size) and the solution was concentrated to ap-
proximately 5 mL. Storage of the solution at 5 8C for 12 h resulted in the
deposition of pale-yellow crystals of 5a (0.180 g, 54%). 1H NMR: d=


1.39 (s, 9H; NtBu), 1.45 (s, 27H; NtBu), 1.77 (m, 4H; THF), 3.62 ppm
(m, 4H; THF); 13C NMR: d=26.32 (THF), 30.99, 36.73 (C(CH3)3), 55.52,
56.73 (C(CH3)3), 68.22 ppm (THF); 77Se NMR: d=�46 ppm (s); 119Sn
NMR (�30 8C): d=�83 (s, 2J(Sn,Sn)=218 Hz, 1J(Sn,Se)=3145 Hz 1Sn),
334 ppm (s, 2Sn); elemental analysis calcd (%) for C20H44N4MgOSeSn3


(815.99): C 29.44, H 5.44, N 6.87; found: C 27.39, H 5.08, N 6.63.


Compound 5b : A mixture of 4 (0.310 g, 0.42 mmol) and tellurium
powder (0.060 g, 0.47 mmol) in THF (30 mL) was stirred at 40 8C for 3 h.
The resulting orange solution was filtered though a filter disk (0.45 mm
pore size) and the solution was concentrated to approximately 5 mL. Ad-
dition of diethyl ether (40 mL) resulted in the precipitation of 5b as a
fine orange powder (0.278 g, 76%). 1H NMR: d=1.41 (s, 9H; NtBu),
1.43 (s, 27H; NtBu), 1.78 (m, 4H; THF), 3.62 ppm (m, 4H; THF);
13C NMR: d=26.32 (THF), 30.15, 36.05 (C(CH3)3), 55.89, 56.82 (C-
(CH3)3), 68.22 ppm (THF); 119Sn NMR (�50 8C): d=�354 (br), 356 ppm
(br); 125Te NMR (�50 8C): d=�568 ppm (br); elemental analysis calcd
(%) for C20H44N4MgOSn3Te (864.62): C 27.78, H 5.12, N 6.48; found: C
27.89, H 4.77, N 6.86. X-ray quality crystals of 5b were obtained by the
slow evaporation of solvent from a solution of the complex in benzene.


Compound 6a


Method A : A mixture of 2a (0.200 g, 0.20 mmol) and grey selenium
powder (0.016 g, 0.20 mol) in THF (20 mL) was stirred at room tempera-
ture for 5 min. The resulting pale-yellow solution was filtered though a
filter disk (0.45 mm pore size) and the solvent was removed in vacuo. The
solid was dissolved in diethyl ether (10 mL) then concentrated to approx-
imately 2 mL resulting in the precipitation of 6a as a pale-yellow powder
(0.129 g, 69%).


Method B : A mixture of 3a (0.150 g, 0.12 mmol) and 2a (0.243 g,
0.24 mmol) in THF (20 mL) was stirred at room temperature for 15 min;
workup followed the procedure described for method A (0.290 g, 85%).
1H NMR: d=1.32 (s, 9H; NtBu), 1.35 (s, 27H; NtBu), 1.77 (m, 12H;
THF), 3.63 ppm (m, 12H; THF); 7Li NMR: d=0.01 (s; m2-Li(thf)2


+),
1.84 ppm (s; [(thf)LiSn3(NtBu)4]


�); 13C NMR: d=26.37 (THF), 30.83,
37.11, 37.29 (C(CH3)3), 55.42, 56.11, 56.24 (C(CH3)3), 68.37 ppm (THF);
77Se NMR: d=�158 ppm (s, 1J(119Sn,Se)=2689 Hz, 1J(117Sn,Se)=
2571 Hz); 119Sn NMR: d=�44 (s, 1J(Sn,Se)=2684 Hz, 1Sn), 386 ppm (s,
2Sn); elemental analysis calcd (%) for C56H120N8Li4O6Se2Sn6 (1899.55): C
35.41, H 6.37, N 5.90; found: C 34.42, H 6.19, N 6.38. X-ray quality crys-
tals of 6a were grown from a concentrated solution of the complex in di-
ethyl ether stored at �10 8C for 24 h.


Compound 6b : This was prepared similarly to 6a (method B) from 3b
(0.150 g, 0.11 mmol) and 2a (0.218 g, 0.22 mmol) to give 6b as an orange
powder (0.247 g, 67%). 1H NMR: d=1.36 (s, 27H; NtBu), 1.38 (s, 9H;
NtBu), 1.79 (m, 20H; THF), 3.63 ppm (m, 20H; THF); 7Li NMR: d=
�0.57 (s; Li(thf)4


+), 1.92 ppm (s; [(thf)LiSn3(NtBu)4]
�); 13C NMR: d=


26.45 (THF), 29.84, 37.14 (C(CH3)3), 55.81, 56.48 (C(CH3)3), 68.38 ppm
(THF); 119Sn NMR: d=�299 (s, 1J(Sn,Te)=7022 Hz, 1Sn), 399 ppm (s,
2Sn); 125Te NMR: d=�659 ppm (s, 1J(119Sn,Te)=7012 Hz, 1J(117Sn, Te)=
6696 Hz); elemental analysis calcd (%) for 6b (with loss of one THF)
C32H68N4Li2O4Sn3Te (1070.52): C 35.90, H 6.40, N 5.23; found: C 36.17, H
6.46, N 5.52. X-ray quality crystals of 6b were obtained by slow diffusion
of n-hexane into a solution of the complex in THF at 5 8C.


Compound 7a : This was prepared similarly to 6a (method B) from 3a
(0.079 g, 0.063 mmol) and 2a (0.032 g, 0.032 mmol) to give 7a as a pale-
yellow powder (0.092 g, 83%). 1H NMR: d=1.37 (s, 18H; NtBu), 1.43 (s,
9H; NtBu), 1.49 (s, 9H; NtBu), 1.77 (m, 20H; THF), 3.63 ppm (m, 20H;


THF); 7Li NMR: d=�0.53 (s; Li(thf)4
+), 1.62 ppm (s; [(thf)LiSn3-


(NtBu)4]
�); 13C NMR: d=26.33 (THF), 32.96, 36.73, 37.12 (C(CH3)3),


56.12, 57.30, 57.78 (C(CH3)3), 68.36 ppm (THF); 77Se NMR: d=


�142 ppm (s, 1J(119Sn,Se)=2984 Hz, 1J(117Sn,Se)=2852 Hz); 119Sn NMR:
d=�86 (s, 1J(Sn,Se)=2988 Hz, 2Sn), 197 ppm (s, 1Sn); elemental analy-
sis calcd (%) for 7a (with loss of one THF) C32H68N4Li2O4Se2Sn3


(1100.84): C 34.91, H 6.23, N 5.09; found: C 34.63, H 6.02, N 4.88.


Compound 7b : A mixture of 3b (0.400 g, 0.29 mmol) and 2a (0.145 g,
0.14 mmol) in THF (20 mL) was stirred at room temperature for 15 min.
The solution was filtered though a filter disk (0.45 mm pore size), concen-
trated to approximately 5 mL and diethyl ether (50 mL) was added. The
solution was stirred vigorously for 1 h, during which time 7b precipitated
as a bright-orange powder (0.460 g, 84%). 1H NMR: d=1.41 (br s, 27H;
NtBu), 1.46 (s, 9H; NtBu), 1.78 (m, 20H; THF), 3.63 ppm (m, 20H;
THF); 7Li NMR: d=�0.64 (s; Li(thf)4


+), 1.75 ppm (s; [(thf)LiSn3-
(NtBu)4]


�); 13C NMR: d=26.28 (THF), 31.57, 36.97 (C(CH3)3), 56.93,
58.11 (C(CH3)3), 68.22 ppm (THF); 119Sn NMR: d=�382 (s, 1J(Sn,Te)=
7604 Hz, 2Sn], 234 ppm (s, 1Sn); 125Te NMR: d=�313 ppm (s,
1J(119Sn,Te)=7620 Hz, 1J(117Sn,Te)=7300 Hz); elemental analysis calcd
(%) for C36H76N4Li2O5Sn3Te2 (1270.22): C 34.04, H 6.03, N 4.41; found: C
33.90, H 5.67, N 4.44.


Compound 7b’’: A mixture of 3b’’ (0.200 g, 0.14 mmol) and 2a’’ (0.074 g,
0.07 mmol) in THF (20 mL) was stirred at room temperature for 15 min.
The solution was filtered though a filter disk (0.45 mm pore size), concen-
trated to approximately 5 mL and diethyl ether (50 mL) was added, pre-
cipitating 7b’’ as an orange powder (0.221 g, 81%). 1H NMR: d=1.42
(br s, 27H; NtBu), 1.46 (s, 9H; NtBu), 1.78 (m, 4H; THF), 3.63 (m, 4H;
THF), 3.75 ppm (s, 32H; [12]crown-4); 119Sn NMR: d=�376 (s,
1J(Sn,Te)=7580 Hz, 2Sn), 234 ppm (s, 1Sn); 125Te NMR: d=�615 ppm
(s). X-ray quality crystals were grown from a concentrated solution of
the complex in THF at 5 8C.


Compound 9 : A mixture of 8 (1.000 g, 0.85 mmol), 2a (0.050 g,
0.05 mmol) and Se (0.140 g, 1.77 mmol) in THF (15 mL) was stirred at
room temperature for 24 h, during which time 9 precipitated as a yellow
crystalline solid. The solution was concentrated to approximately 5 mL
and then the solvent was decanted off, and the crystals of 9 were dried
(0.728 g, 58%). 1H NMR (C6D6): d=1.23 (d, 3J(H,H)=7 Hz, 48H; CH-
(CH3)2), 1.34 (m, 8H; THF), 3.50 (m, 8H; THF), 3.91 ppm (m, 8H; CH-
(CH3)2) 7.05 ppm (m, 12H; C6H3);


119Sn NMR: d=�147 (s; SnIV-Se),
329 ppm (s; SnII); 77Se NMR: d=344 ppm (s); elemental analysis calcd
(%) for C56H84N4O2Sn4Se2 (1478.05): C 45.51, H 5.73, N 3.79; found: C
44.93, H 5.48, N 3.76. X-ray quality crystals of 9 were grown from slow
diffusion of n-hexane into a solution of the complex in THF at 5 8C.


X-ray structural determinations : A suitable crystal of the complex was
selected, coated in Paratone oil and mounted on a glass fibre. Data were
collected at 173 K on a Nonius Kappa CCD diffractometer using MoKa


radiation (l=0.71073 L) with w and f scans. The unit-cell parameters
were calculated and refined from the full data set. Crystal cell refinement
and data reduction were carried out by using the Nonius DENZO pack-
age. After data reduction, the data were corrected for absorption based
on equivalent reflections using SCALEPACK (Nonius, 1998). The struc-
tures were solved by direct methods using SHELXS-97 and refinement
was carried out on F2 against all independent reflections by the full-
matrix least-squares method using the SHELXL-97 program.[21] The hy-
drogen atoms were calculated geometrically and were riding on their re-
spective atoms. Except as mentioned, all non-hydrogen atoms were re-
fined with anisotropic thermal parameters. Crystal data are summarised
in Tables 4 and 5. CCDC-278735 to CCDC-278741 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Compound 4 : The molecule was well ordered, with the exception of the
coordinated THF molecule, which was disordered over two positions and
was modelled as a 50:50 anisotropic mixture. The solvent of crystallisa-
tion was disordered across a crystallographic mirror plane and was mod-
elled as an isotropic 50:50 mixture. In both cases, mild geometric re-
straints were applied. Owing to symmetry, only one half of the molecule
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was located in the difference Fourier map, as the molecule is situated on
a crystallographic mirror plane.


Compound 5a : The complex crystallises with two independent but chem-
ically equivalent molecules in the asymmetric unit.[22] The molecules were
well ordered, with the exception of the coordinated THF molecules. One
coordinated THF was modelled as a 40:30:30 isotropic mixture of all
carbon atoms, while the second coordinated THF was modelled with a
60:40 disorder of two carbon atoms; in each case mild geometric re-
straints were applied. The lattice-bound THF molecule was modelled as
a 75:25 isotropic mixture with geometric restraints.


Compound 5b : No special considerations.


Compound 6a : The molecule was well ordered, with the exception of
two coordinated THF molecules. One disordered THF was modelled as a
75:25 isotropic mixture with mild geometric restraints. The second THF
was highly disordered and the best model that could be refined was a
60:20:20 isotropic mixture with geometric restraints. The lithium atoms


were refined with isotropic thermal
parameters. Owing to symmetry, only
one half of the molecule was located
in the difference Fourier map, as the
molecule is situated on a crystallo-
graphic centre of inversion.


Compound 6b : The molecule was well
ordered, with the exception of two co-
ordinated THF molecules. One disor-
dered THF was modelled as a
35:35:30 isotropic mixture, while the
second was modelled as a 65:35 iso-
tropic mixture; in each case mild geo-
metric restraints were applied. The
lithium atoms were refined with iso-
tropic thermal parameters.


Compound 7b’’: The anionic cluster
was well ordered, with the exception
of the coordinated THF molecule,
which had a positional disorder of one
of the carbon atoms, and was model-
led as a 75:25 isotropic mixture. The
crown ether molecules of the cation
were disordered, and nearly all the
carbon and oxygen atoms were model-
led with a 50:50 positional disorder
and refined isotropically. The lattice-


bound molecule of THF was very poorly ordered and was modelled as
an isotropic 50:50 mixture. Only the heavy atoms (Sn, Te) of the anionic
cluster were refined with anisotropic thermal displacement parameters.
The crystals of the complex formed as pseudotetragonal merohedral
twins. The twin law (010, 100, 00�1) was applied in the final refinement
stages using the TWIN instruction, which resulted in significant improve-
ment of the R values, K value, estimated standard deviations (esds) and
background noise.


Compound 9 : The complex crystallises with two independent, but chemi-
cally equivalent molecules in the unit cell, for which two independent
halves of the molecules are present in the asymmetric unit (the other half
in each case being generated by the crystallographic inversion centre).
The refinement was complicated by twinning of the data and only the
heavy atoms could be refined with anisotropic thermal parameters. There
were many indications of twinning, including the fact that the refinement
stalled at 12.09%. Application of the twin determination program
ROTAX determined that twinning occurred around the [001] direct lat-


Table 4. Crystal data and structure refinements for complexes 4, 5a, 5b and 6a.


4 5a 5b 6a


empirical formula C20H44MgN4OSn3·C4H8O C40H88Mg2N4O2Se2Sn6·C4H8O C20H44MgN4OSn3Te·0.5(C6H6) C56H120Li4N8O6Se2Sn6


formula weight 809.08 1703.97 903.63 1899.42
crystal system orthorhombic monoclinic monoclinic monoclinic
space group Pnma P21/c P21/c P21/n
a [L] 18.963(4) 31.190(6) 15.686(3) 10.724(2)
b [L] 11.448(2) 10.875(2) 11.005(2) 20.019(4)
c [L] 15.591(3) 19.066(4) 18.932(4) 18.976(4)
b [8] 91.64(3) 91.59(3) 90.94(3)
V [L3] 3385(1) 6464(2) 3267(1) 4073(1)
Z 4 4 4 2
1calcd [gcm�3] 1.588 1.751 1.837 1.549
m (MoKa) [mm�1] 2.239 3.467 3.191 2.748
reflections collected 23359 41178 36316 60426
independent reflections 4035 13926 7431 8323
parameters 185 591 298 345
goodness-of-fit on F2 1.037 1.035 1.026 1.021
final R indices [I>2s(I)] R1, wR2 0.0279, 0.0709 0.0476, 0.0802 0.0335, 0.0711 0.0350, 0.0807
R indices (all data) R1, wR2 0.0372, 0.0753 0.0949, 0.0917 0.0539, 0.0777 0.0540, 0.0883
largest diff. peak/hole [eL�3] 0.788/�0.532 0.738/�0.819 1.290/�1.025 1.273/�1.1


Table 5. Crystal data and structure refinements for complexes 6b, 7b’’ and 9.


6b 7b’’ 9


empirical formula C36H76Li2N4O5Sn3Te C36H76Li2N4O9Sn3Te2·C4H8O C56H84N4O2Sn4Se2


formula weight 1142.56 1406.26 1477.95
crystal system monoclinic orthorhombic triclinic
space group C2/c Pbca P1̄
a [L] 17.701(4) 15.247(3) 13.275(3)
b [L] 14.370(3) 15.339(3) 13.355(3)
c [L] 39.214(8) 47.56(1) 17.794(4)
a [8] 89.81(3)
b [8] 99.73(3) 76.70(3)
g [8] 89.46(3)
V [L3] 9831(4) 11122(4) 3070(1)
Z 8 8 2
1calcd [gcm�3] 1.544 1.680 1.599
m (MoKa) [mm�1] 2.132 2.415 2.834
reflections collected 31102 55441 53248
independent reflections 8253 10092 10784
parameters 430 371 304
goodness-of-fit on F2 1.060 1.083 1.053
final R indices [I>2s(I)] R1, wR2 0.0445, 0.0808 0.0740, 0.1323 0.0687, 0.1306
R indices (all data) R1, wR2 0.0763, 0.0905 0.1415, 0.1524 0.1302, 0.1584
largest diff. peak/hole [eL�3] 0.807/�0.705 1.578/�0.866 0.893/�0.941
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tice axis.[23] The program WinGX was used to prepare an HKLF5 file for
further refinement.[24] The R values, K value, esds and background noise
were all improved, indicating the correct twin assignment.
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Introduction


The cyclopropyl group is considered unique among carbocy-
cles due to the special characteristics it exhibits.[1] In fact, cy-
clopropane derivatives are versatile building blocks in or-
ganic synthesis, due to both the ring strain as well as their
facile interaction with electron-deficient centers, such as
protons or alkenes. Among them, alkynylcyclopropanes,
which are widely encountered throughout the chemical liter-
ature, act as substrates for numerous chemical transforma-
tions,[2] play important roles in biochemical processes, or dis-
play interesting pharmacological properties. Examples in-
clude callipeltoside A (which exhibits in vitro cytotoxic ac-
tivity against NSCLC-N6 human bronchopulmonary non-
small-cell lung carcinoma and P388 cells),[3] GT-2331 (Cipra-
lisant, a potent and selective histamine H3 receptor antago-
nist),[4] and efavirenz [SustivaTM, DMP 266, a non-nucleoside


reverse transcriptase inhibitor of human immunodeficiency
virus (HIV-1)].[5]


The direct alkynylcyclopropanation of alkenes has recent-
ly bloomed as a strategy for the preparation of alkynylcyclo-
propanes. Various approaches have been developed, such as
the titanocene(ii)-promoted reaction with 2-(alk-1-yn-1-yl)-
1,3-dithianes;[6] the employment of alkynyl arsonium[7] or
telluronium[8] ylides; the use of alkynyl carbenoids,[9] which
are generated from diazo compounds in the presence of an
RhII catalytic system; and the use of alkynylhalocarbenes,[10]


generated either with KOH under phase-transfer catalysis
or with tBuOK. However, a major drawback of these meth-
odologies is that none of them offers a straightforward route
to captodative (donor–acceptor) cyclopropanes.
Alternatively, the fact that Fischer carbene complexes


(FCCs) offer easy access to cyclopropane derivatives was
soon established after their discovery.[11] Thus, alkenes with
various electronic properties have been treated with a wide
range of Fischer carbene complexes to furnish the corre-
sponding [2+1] cycloadducts.
Typically, the reaction between FCCs 1 and electron-defi-


cient alkenes 2 requires quite energetic conditions with tem-
peratures in the range 80–140 8C and sometimes the alkene
also serves as the solvent (Scheme 1). Cyclopropanes 3 are
thereby obtained in good yields, although as mixtures of dia-
stereomers with the selectivity depending on the metal em-
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carbenes · cyclopropanation ·
diastereoselectivity · microwave-
accelerated reactions


Abstract: The reaction of electron-deficient alkenes with alkoxyalkynyl Fischer
carbene complexes (FCCs) represents a straightforward route to a new type of
captodative (donor–acceptor) alkynylcyclopropanes, which have been prepared in
moderate to high yields and in a diastereoselective manner. Some studies regard-
ing the employment of additives to facilitate the recovery of the metal moiety
after the reaction are also described. Finally, the first example of a cyclopropana-
tion reaction through employing Fischer carbene complexes under microwave irra-
diation is presented; this method proved to be an advantageous alternative to the
thermal reaction.
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ployed. This indicates that the cyclopropanation takes place
within the coordination sphere of the metal, ruling out the
involvement of free carbene species. Occasionally, alkenes 4
and 5, resulting from formal insertion into the alkene C�H
bond and cyclopropane ring-opening, respectively, are ob-
tained as secondary products.[12] Casey and Cesa proposed a
mechanism to account for the observed results.[13] Recently,
the cyclopropanation of electron-deficient alkenes 2 has
been accomplished at room temperature by way of protocols
that involve transmetalation to Ni[14] or Cu.[14a] All of these
reactions represent easy routes to donor–acceptor cyclopro-
panes; these molecules should be valuable synthetic entities,
since the electronic properties of their substituents guaran-
tee ring activation and a high degree of versatility of the
products after ring cleavage.[15]


On the other hand, the reaction of electron-rich alkenes 6
with alkoxy FCCs leads to the metathesis products 7[16] in-
stead of the cyclopropanes 8, unless the reaction is per-
formed under a high pressure of carbon monoxide,[13,17] also


indicating that the cyclopropa-
nation of electron-rich alkenes
follows a different pathway.
Nonactivated alkenes 9 also


undergo intramolecular cyclo-
propanation with FCCs[18] and,
more recently, the correspond-
ing intermolecular approach
has been successfully achieved
by the employment of alkenyl-
or heteroarylcarbene com-
plexes.[19]


However, the cyclopropana-
tion of alkenes with alkynyl
FCCs has hitherto remained
largely elusive. Several experi-
mental reports in this area have
successively indicated that:
1) treatment of alkynyl FCCs
with electron-rich alkenes leads
to [2+2] cycloaddition,[20] 2) 1-
hexene cannot be cyclopropa-
nated with methoxy phenyl-


ethynyl chromium FCC 11a,[19b] and 3) attempted transmeta-
lation by using Cu0 or Zn0/CuCl is not viable for the cyclo-
propanation of methyl acrylate 2a.[14a] Aumann was the first
to propose a cyclopropanation as one of the steps in the
mechanism of a cascade reaction (in which the alkynylcyclo-
propane was not isolated).[21] In fact, the only three exam-
ples in which the cyclopropane has been isolated have been
reported from our laboratories and concerned reactions
with especially reactive alkenes, namely fulvenes,[22] norbor-
nene derivatives (in this case the cyclopropanes were ob-
tained as minor products), and (E)-cyclooctene.[23]


We report herein the reaction of electron-deficient al-
kenes with alkoxyalkynyl FCCs to produce captodative al-
kynylcyclopropanes. We also describe our studies regarding
the employment of additives to facilitate the recovery of the
metal moiety after the reaction. Finally, we present the first
example of a cyclopropanation reaction employing Fischer
carbene complexes under microwave irradiation, which
proved to be an advantageous alternative to the thermal re-
action.


Results and Discussion


Establishment of the cyclopropanation conditions : Fischer
carbene complex 11a and methyl acrylate 2a were chosen
to perform the initial set of experiments (Table 1) in order
to determine the optimum reaction conditions. Temperature,
number of equivalents of alkene, solvent, and the nature of
the metal of the carbene complex were the variables consid-
ered. It was observed that the reaction requires tempera-
tures higher than 80 8C to proceed; however, small differen-
ces were noted for temperatures ranging from 80 to 110 8C,
with the best results being obtained at 90 8C (entries 1–3).


Abstract in Spanish: Se presenta un nuevo tipo de alquinilci-
clopropanos captodativos (dador-aceptor) que pueden ser ob-
tenidos, con rendimientos de moderados a buenos y de forma
altamente diastereoselectiva, mediante la reacci%n de comple-
jos alcoxi alquinil carbeno de Fischer (FCCs) con olefinas
electr%nicamente deficientes. Adem*s, en este manuscrito se
incluyen los resultados de estudios dirigidos a la recuperaci%n
del fragmento met*lico, una vez concluida la reacci%n. Final-
mente, se describe el primer ejemplo de una reacci%n de ci-
clopropanaci%n mediante irradiaci%n microondas empleando
FCCs; esta metodolog.a supone una alternativa favorable a
la correspondiente reacci%n t/rmica.


Scheme 1. Cyclopropanation reactions of Fischer alkoxy carbene complexes.
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Regarding the number of equivalents of the alkene, a con-
siderable excess is required and slightly better results were
achieved when 15 equivalents was employed instead of the
initially used ten equivalents (entries 3 and 4); lesser
amounts resulted in lower yields, while higher excesses did
not have a beneficial effect. The polarity of the solvent
plays a decisive role in the reaction: the use of highly polar
solvents such as DMF or 1,2-dimethoxyethane (not listed in
Table 1) led to carbene decomposition products; a decrease
in both chemical yield and diastereoselectivity was observed
when the reaction was performed neat (entry 5). However,
the use of different solvents, such as hexane, acetonitrile,
1,2-dichloroethane, or THF, was found to lead to variable
yields and selectivities (entries 6–9). Among the solvents
tested, THF proved to be the best, giving cyclopropane 13a
in the highest yield and with the best diastereoselectivity
(entry 9). Finally, the nature of the metal of the carbene also
plays a decisive role as the tungsten carbene complex 12 de-
composed instead of undergoing addition to the alkene 2a
(entry 10).


Scope of the reaction—cyclopropanation of terminally
monosubstituted alkenes : Once the optimal reaction condi-
tions had been established, several terminally monosubsti-
tuted electron-deficient alkenes were treated with different
Fischer alkynylcarbene complexes 11 to evaluate the scope
of the reaction. The results are collected in Table 2.
Entries 1–4 highlight the diversity of electron-withdrawing


functional groups that can tolerate the reaction conditions.
Thus, alkenes bearing ester, amide, phosphonate, and cyano
groups are fully compatible and the corresponding cyclopro-
panes are obtained in moderate yields and with high diaste-
reoselectivities. Acrylonitrile 2d was selected as the most


appropriate alkene to test the scope of the reaction with
regard to the substitution pattern of the alkynylcarbene
complexes, as it led to the best result (mainly in terms of di-
astereoselectivity). Thus, the nature of the substituent was
examined and aryl- (entries 4–6), alkenyl- (entry 7), silyl-
(entry 8), branched aliphatic- (entry 9), and linear aliphatic-
substituted (entry 10) alkynyl FCCs proved to be suitable
substrates for the cyclopropanation. However, in some cases
excessive or prolonged heating led to opening of the cyclo-
propane ring and traces of the corresponding olefinic com-
pounds were detected in the products.
On the other hand, other alkenes bearing a carbonyl


group as an electron-withdrawing moiety, such as methyl
vinyl ketone and acrolein, did not undergo cyclopropana-
tion.


Scope of the reaction—cyclopropanation of di- and trisubsti-
tuted alkenes : Carbene complexes 11a (which had been pre-
viously employed to optimize the reaction conditions) and
11 f (which led to high yields in the cyclopropanation of ter-
minal alkenes) were chosen to test the behavior of several
di- and trisubstituted alkenes. All of these reactions were
carried out under the previously established optimum condi-
tions and the results are listed in Table 3.
From these results, we can conclude that, first of all, the


reaction is generally slower than when monosubstituted al-
kenes are used as substrates (6–7 h vs 4–7 h). Also, the cy-
clopropanation with carbene complex 11a leads to lower
yields than that with carbene complex 11 f, as was observed
for methyl methacrylate 14a and methyl crotonate 14b (en-
tries 1 and 3 vs 2 and 4); these results can be attributed to


Table 1. Optimization of the cyclopropanation conditions.[a]


Carbene n
equiv


Solvent T [8C][b] d.r.[c] Yield
[%][d]


1 11a 10 toluene 110 75:25 40
2 11a 10 toluene RT–80 – –
3 11a 10 toluene 90 75:25 42
4 11a 15 toluene 90 75:25 45
5 11a 15 – 90 58:42 40
6 11a 15 hexane 90 79:21 29
7 11a 15 CH3CN 90 65:35 25
8 11a 15 DCE[e] 90 90:10 32
9 11a 15 THF 90 94:6 48
10 12 15 THF 90 – –


[a] All of the experiments were carried out in sealed tubes due to the vol-
atility of the alkene and, in some cases, of the solvent. [b] Bath tempera-
ture. [c] Diastereomeric ratio (d.r.) determined by 1H NMR spectroscopy
(300 MHz) of the crude reaction mixture. [d] Isolated yields of 13a based
on alkynylcarbenes 11a (or 12). [e] DCE=1,2-dichloroethane.


Table 2. Cyclopropanation of terminally monosubstituted alkenes.[a]


11 R 2 Z Product d.r.[b] Yield
[%][c]


1 11a Ph 2a CO2Me 13a 94:6 48
2 11a Ph 2b CONMe2 13b 93:7 50
3 11a Ph 2c PO(OEt)2 13c 91:9 30
4 11a Ph 2d CN 13d >95:<5 51


5 11b 2d CN 13e >95:<5 48


6 11c 2d CN 13 f >95:<5 69


7 11d 2d CN 13g >95:<5 49


8 11e TMS 2d CN 13h >95:<5 70
9 11 f tBu 2d CN 13 i >95:<5 68
10 11g nBu 2d CN 13 j >95:<5 45


[a] All of the experiments were carried out in THF at 90 8C (bath temper-
ature) in sealed tubes using 0.5 mmol of the carbene and 15 equivalents
of the alkene. [b] Diastereomeric ratio (d.r.) determined by 1H NMR
spectroscopy (300 MHz) of the crude reaction mixture. [c] Isolated yields
based on alkynylcarbenes 11.
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the higher thermal stability of the latter carbene. In fact,
11 f is able to bring about the cyclopropanation of cyclic tri-
substituted alkenes, such as methyl cyclopentanecarboxylate
14c, in high yield (entry 5). Compounds 15 are typically ob-
tained as a 1:1 mixture of diastereomers, except when the
alkene is methyl methacrylate, which leads to a 2:1 diaste-
reomeric ratio, the major diastereomer being the one having
a cis relationship between the alkene ester group and the
carbene alkynyl group. In all cases, the diastereomers are
easily separated by column chromatography and they retain
the stereochemistry of the starting alkene.
The reaction was also tested with some 1,2-disubstituted


alkenes bearing two electron-withdrawing groups, namely
methyl fumarate 14d and maleic anhydride 14e. Cyclopro-
panation of methyl fumarate occurred with carbene complex
11 f (entry 6), although the product could not be completely
separated from the unreacted alkene and the yield was esti-
mated by 1H NMR spectroscopy (300 MHz). On the other
hand, cyclopropanation of maleic anhydride could not be
achieved and instead the carbene complex decomposed; this
result was somehow expected as it is already known that
electron-deficient alkenes that cannot adopt an s-trans con-
formation, such as maleic anhydride, are unable to undergo
cyclopropanation with alkyl FCCs.[12h]


b,b-Disubstituted electron-deficient alkenes, electron-rich
alkenes such as ethyl vinyl ether, and non-activated alkenes


such as cyclooctene, cyclopentene, styrene, isoprene, and
hexene, among others, were also checked under the opti-
mized conditions, but they did not undergo cyclopropana-
tion.


Structural assignment : The atom connectivity as well as the
relative stereochemistry of cyclopropanes 13 and 15 was es-
tablished by 1D NMR (1H and 13C NMR) and 2D NMR
(COSY, HMBC, HSQC, NOESY) studies; in fact, the
NOESY experiments were the main tool for the assignment
of the relative stereochemistry of cyclopropanes 13.
Thus, a cross-peak signal in the NOESY spectrum be-


tween the hydrogen atom at d=2.18 ppm (Ha), in a position
a to the ester group, and the methoxy group, which initially
belonged to the carbene complex, is observed for the major
diastereomer of cyclopropane 13a ; this result indicates a cis
relationship between the other two substituents of the cyclo-
propane ring, that is, the acetylene moiety and the ester
group.
The same assignment protocol was also applied for cyclo-


propane derivatives 15 obtained from di- and trisubstituted
alkenes. For instance, in the case of 15c, from the presence
in the NOESY spectrum of two cross-peak signals (the first
between the ester and tert-butyl groups and the second be-
tween the methoxy and methyl groups), the relative stereo-
chemistry of the major diastereomer may be proposed to be
that indicated in the structure depicted as 15c-maj in
Figure 1. As expected, these cross-peak signals were absent
in the spectrum of the minor diastereomer 15c-min, which
helped to confirm the proposed assignment of the relative
configuration of the two diastereomers; for 15c-min, the
only cross-peak signals observed were those involving the
methylene group, which are not relevant to the stereochemi-
cal aspects.


Mechanistic proposal : The results obtained can be rational-
ized in terms of CaseyRs proposed mechanism.[13] Thus, as a
thermal reaction, the first step will be the dissociation of a
carbonyl ligand from the coordination sphere of the chromi-
um to form the coordinatively unsaturated species 16
(Scheme 2). This intermediate will be stabilized by coordina-
tion to 2 to form a h2-alkenecarbene complex 17, which may
evolve towards two possible diastereomeric metallacyclobu-
tanes 18 and 18’ by alkene insertion (the other possible re-
gioisomers would give rise to the same cyclopropanation


Table 3. Cyclopropanation of di- and trisubstituted alkenes.[a]


11 Alkene 15 d.r.[b] Yield
[%][c]


1 11a 15a 67:33 29


2 11a 15b 50:50 22


3 11 f 14a 15c 67:33 86
4 11 f 14b 15d 50:50 76


5 11 f 15e 50:50 83


6 11 f 15 f – 30[d]


7 11 f – – –


[a] All of the experiments were carried out in THF using 0.5 mmol of the
carbene and 15 equivalents of the alkene, and required 6–7 h of heating
at 90 8C (bath temperature) to reach completion. [b] Diastereomeric ratio
(d.r.) determined by 1H NMR spectroscopy (300 MHz) of the crude reac-
tion mixture. [c] Isolated yields based on alkynyl carbenes 11. [d] Product
not isolated; the yield was estimated by 1H NMR spectroscopy
(300 MHz) of a mixture of cyclopropane 15 f and unreacted alkene.


Figure 1. Relative configuration of alkynylcyclopropanes: NOESY cross-
peak signals observed.
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products). Finally, reductive elimination of the metal frag-
ment followed by metal decoordination from 19 and 19’
leads to the formation of cyclopropanes 13.
The high levels of diastereoselection observed in the cy-


clopropanation reaction may be attributed to the relative
steric interactions between the two carbene substituents (the
methoxy group and the alkynyl group) and the alkene Z-
group in the formation of metallacyclobutanes 18 and 18’.
This model may also explain the low diastereoselectivities


observed when di- or trisubstituted alkenes 14 were em-
ployed. Thus, for methyl methacrylate 14a, the geminal sub-
stitution causes a decrease in the difference in energy be-
tween the diastereomeric metallacyclobutanes 20 and 20’.
For trans-di- or trisubstituted alkenes, the formation of an
almost equimolecular amount of the two diastereomers may
be due to low regioselectivity in the formation of metallacy-
clobutanes 20 and 20’.


Recovery of the metallic moiety after the reaction : The re-
quirement for a stoichiometric amount of the metal is con-
sidered to be the main drawback of the chemistry of Fischer
carbene complexes. In this sense, the recovery and reutiliza-
tion of the metallic fragment might allow the FCCs to be
considered as more environmentally friendly reagents. We


tested several alternatives with a view to recovering the
highest possible amount of the metallic portion from the re-
action medium.[24] However, initial attempts involving the
bubbling of CO through the mixture once the reaction was
complete resulted only in minimal recovery of [Cr(CO)6].
A new strategy was then adopted: different reagents (L)


capable of metal complexation were added to the reaction
mixture. These reactions were carried out employing alkynyl
carbene 11a and methyl acrylate 2a under the optimal con-
ditions as previously described, but variables such as con-
centration, number of equivalents of ligand, and, occasional-
ly, temperature were considered. The reactions were com-
plete within 1 h or 4 h depending on the temperature, and
the yields and diastereoselectivities are listed in Table 4.


Acetonitrile was the first choice as L due to its capacity
for metal coordination. Its addition as a metal-complexing
ligand strongly affects the diastereoselectivity of the reac-
tion; this result is not at all surprising, because when it was
employed as a solvent a low diastereoselectivity was ob-
tained (Table 1, entry 7). To minimize the loss of selectivity,
the reaction was performed under more dilute conditions,
which led to an increase in the diastereoselectivity (Table 4,
entries 3 and 4 vs 1 and 2). On the other hand, the tempera-
ture of the reaction has an effect on the amount of metallic
complex that is recovered; this fact can be attributed to par-
tial decomposition of the complex because of the lengthy re-
actions (Table 4, entries 2 and 4 vs 1 and 3). Finally, an in-
crement in the number of equivalents of acetonitrile allowed
the recovery of higher amounts of metal without a signifi-
cant decrease in the stereoselectivity of the reaction.
Interestingly, cyclopropane 13d and metal complex 21


were obtained in yields of 50% and 70%, respectively,
when acrylonitrile was employed as an electron-deficient
alkene in the presence of three equivalents of acetonitrile;
the diastereoselectivity of the reaction was maintained


Scheme 2. Proposed mechanism for the cyclopropanation of electron-de-
ficient alkenes 2 (or 14).


Table 4. Recovery of the metallic fragment.[a]


L n
equiv


c [m] T [8C][b] d.r.[c] 13a[d] [LCr(CO)5]
[d]


1 CH3CN 3 0.034 90 75:25 41 55
2 CH3CN 3 0.034 100 70:30 38 72
3 CH3CN 3 0.017 90 89:11 46 45
4 CH3CN 6 0.017 100 86:14 45 78
5 pyridine 3 0.034 100 75:25 22 70
6 Ph3P 3 0.034 90 94:6 40 85
7 DMAP 3 0.050 90 – – –


[a] All of the experiments were carried out in sealed tubes. [b] Bath tem-
perature. [c] Diastereomeric ratio (d.r.) determined by 1H NMR spectros-
copy (300 MHz) of the crude reaction mixture. [d] Yield [%]: isolated
yields based on alkynylcarbene complex 11a.
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(Scheme 3). Although the concentration of acetonitrile was
lower than that of acrylonitrile, the former showed more af-
finity for the metal as no evidence of metal species com-
plexed by acrylonitrile was found.


Other complexing reagents such as pyridine and triphe-
nylphosphine were also tested. Cyclopropane formation de-
creased when pyridine was used, as only a 22% yield of 13a
with moderate diastereoselectivity (75:25) was isolated
(Table 4, entry 5). However, the employment of triphenyl-
phosphine proved to be especially beneficial as cyclopro-
pane 13a was obtained in 40% yield with identical diaste-
reoselectivity to that achieved when the reaction was per-
formed in the absence of triphenylphosphine, while the
metal complex was recovered in high yield (Table 4, entry 6;
cf. Table 2, entry 1). On the other hand, the addition of
DMAP[25] inhibited the cyclopropanation and led to a mix-
ture of unidentified products.


Microwave-accelerated cyclopropanation of electron-defi-
cient alkenes : Since the first application of microwave
(MW) irradiation in organic synthesis, such techniques have
shown an overwhelming ability to facilitate organic reac-
tions, mainly by accelerating them, enhancing their chemical
yields, increasing the purity of the products, and, occasional-
ly, leading to a change in the diastereoselective composition
of the products.[26] Moreover, they currently constitute a cor-
nerstone of the so-called “green” chemistry due to the ex-
cellent results achieved in solvent-free reactions or when
solid-supported reagents are used.[27] However, even though
a large number of chemical reactions have been tested
under MW conditions, microwave-promoted cyclopropana-
tions have hitherto been restricted to the formation of bicy-
clic cyclopropane derivatives from allylic esters of malonic
acid[28] and to the reaction of ethyl diazoacetate with alkenes
in the presence of catalytic amounts of copper(ii) acetylacet-
onate.[29] We decided to test this option as an alternative to
conventional heating in cyclopropanation reactions with
Fischer carbene complexes.[30]


The microwave power was calibrated with reference to
previously reported procedures,[31] and an initial set of reac-
tions was performed with carbene complex 11a and methyl
acrylate 2a in sealed tubes.[32] As a result, we found the best
reaction conditions to be a power of 600 W, THF as solvent,
and a 0.05m carbene concentration.
We then proceeded to examine the scope of microwave


activation for the cyclopropanation of other alkoxyalkynyl


FCCs and electron-deficient alkenes. The results are listed
in Table 5. Although the yields and selectivities are slightly
lower, they are not, in general, significantly different from
the results obtained under classical heating, with the big ad-


vantage that the reaction times
have been considerably short-
ened (compare Table 5 with the
corresponding results listed in
Tables 2 and 3). However, it
was found that a nonactivated
alkene such as cyclopentene 9a
could not be cyclopropanated
by alkynyl FCC 11a under mi-
crowave irradiation.


Several experiments were also run to check if FCCs 1
(R’=Me) that do not bear an alkynyl group can perform
the cyclopropanation of different kinds of alkenes. To this
end, alkenyl FCCs 1a,b, aryl FCC 1c, and alkyl FCC 1d
were treated under microwave conditions with electron-defi-
cient alkenes, such as methyl acrylate 2a and acrylonitrile
2d to lead, in less than 5 min, to the corresponding cyclopro-
panes 22 (Table 6, entries 1, 3, 5, 6, and 8). Alkenyl FCC 1a
was found to be able to perform the cyclopropanation of cy-
clopentene 9a (entry 2), while electron-rich dihydrofuran 6a
was reactive towards alkenyl FCC 1b and aryl FCC 1c
under microwave conditions (entries 4 and 7); in general,
these results are in agreement with those obtained under
thermal conditions at 80 8C. However, the cyclopropanation
of an acyclic electron-rich alkene, such as ethyl vinyl ether,
could not be accomplished, not even with alkenyl FCC 1b.
From all of these results, we can readily conclude that if the
thermal reaction takes place, then the cyclopropanation can
be accelerated by MW irradiation, although a definitive rule
cannot be established in terms of yields and diastereo-
selectivity.


Scheme 3. Reaction with acrylonitrile in the presence of acetonitrile.


Table 5. Microwave-accelerated cyclopropanations of alkoxy alkynyl
FCCs 11 with electron-deficient alkenes 2 (or 14).[a]


Carbene Alkene t [min] Product d.r.[b] Yield
[%][c]


1 11a 2a 3 13a 90:10 51
2 11a 2d 3 13d >95:<5 28
3 11a 14a 3 15a 80:20 25
4 11a 14b 4 15b –[d] 20
5 11d 2d 3 13g 80:20 42
6 11 f 2d 3 13 i >95:<5 63
7 11 f 2a 5 13k 92:8 49


[a] All of the experiments were carried out in sealed tubes. [b] Diastereo-
meric ratio (d.r.) determined by 1H NMR spectroscopy (300 MHz) of the
crude reaction mixture. [c] Isolated yields based on alkynylcarbenes 11.
[d] Not determined.


www.chemeurj.org L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 303 – 313308


J. Barluenga et al.



www.chemeurj.org





Conclusion


In summary, we have established experimental conditions to
accomplish the thermal cyclopropanation of electron-defi-
cient alkenes by treating a wide range of alkoxyalkynyl
Fischer carbene complexes (FCCs). In this way, we have ob-
tained a type of donor–acceptor alkynylcyclopropane that
has not been prepared previously. The procedure is highly
diastereoselective for monosubstituted alkenes and gives
high yields for the cyclopropanation of 1,1-di-, 1,2-di-, and
trisubstituted alkenes with the tert-butyl-derived FCC 11 f.
The stereochemical outcome of the process can be rational-
ized according to CaseyRs proposed mechanism, and the em-
ployment of triphenylphosphine as an additive allows the re-
covery of up to 85% of the metal fragment without compro-
mising either the yield or the diastereoselectivity of the re-
action. Finally, the cyclopropanation of various types of al-
kenes can be performed in a few minutes with a wide
variety of FCCs, not only alkynyl-derived FCCs, by subject-
ing the mixtures to microwave irradiation in a domestic
oven. The microwave-accelerated reactions were found to
give similar yields and diastereoselectivities as the conven-
tional thermally promoted reactions. Work is currently in
progress to explore the synthetic utility of these new capto-
dative alkynylcyclopropanes, mainly through their participa-
tion in transition-metal-catalyzed cycloaddition reactions.[2]


Experimental Section


General considerations : All reactions involving air-sensitive compounds
were carried out under an N2 atmosphere (99.99%). All glassware was
oven-dried (120 8C), evacuated, and purged with nitrogen. All common


reagents and solvents were obtained from commercial suppliers and were
used without any further purification unless otherwise indicated. Fischer
carbene complexes 1, 11, and 12 were prepared according to described
procedures.[33] Solvents were dried by standard methods. Hexane and
ethyl acetate were distilled before use. TLC was performed on alumi-
num-backed plates coated with silica gel 60 with F254 indicator; the chro-
matograms were visualized under ultraviolet light and/or by staining with
a Ce/Mo reagent, anisaldehyde or phosphomolybdic acid solution and
subsequent heating. Rf values refer to silica gel. Flash column chromatog-
raphy was carried out on silica gel 60, 230–240 mesh. Routine NMR
measurements were made on Bruker AC-300 or DPX-300 spectrometers.
For 1H NMR, the splitting pattern abbreviations are: s, singlet; br s,
broad singlet; d, doublet; t, triplet; at, apparent triplet; dd, doublet of
doublets; q, quartet; m, multiplet. For 13C NMR, multiplicities were de-
termined by DEPT, and the abbreviations used are: q, CH3; t, CH2; d,
CH; s, quaternary carbons, except in the case of compound 13c (see
below). NOESY experiments were carried out on a Bruker AMX-400
spectrometer. Standard pulse sequences were employed for the DEPT
experiments. FT-IR spectra were recorded on a Mattson 3000 FT-IR
spectrometer. High-resolution mass spectra (HRMS) were obtained with
a Finnigan MAT 95 mass spectrometer; low-resolution mass spectra were
obtained with a Hewlett-Packard 5880A spectrometer. In both cases,
electron impact (70 eV) or fast atom bombardment (FAB) techniques
were employed. Elemental analyses were carried out with a Perkin–
Elmer 240B microanalyzer.


Cyclopropanation of electron-deficient alkenes with Fischer alkynyl car-
bene complexes 11—general procedure : A solution of the appropriate
carbene complex 11 (0.5 mmol) and the requisite electron-deficient
alkene 2 (or 14) (7.5 mmol, 15 equiv) in dry THF (10 mL) under an inert
atmosphere was warmed at 90 8C in a sealed tube until the starting car-
bene complex was completely consumed (4–7 h). Silica gel (0.5 g) was
then added to the reaction mixture and the solvents were removed under
vacuum. The residue was purified by flash column chromatography em-
ploying mixtures of hexane/EtOAc (20:1 to 3:1) as eluents. Captodative
cyclopropanes 13 (or 15) were isolated with high diastereoselectivities
when monosubstituted alkenes 2 were employed, but with low to moder-
ate diastereoselectivities from di- and trisubstituted alkenes 14.


Microwave-promoted cyclopropanation of electron-deficient alkenes with
Fischer alkynyl carbene complexes—general procedure : A solution of
the appropriate carbene complex 11 (0.5 mmol) and the requisite elec-
tron-deficient alkene 2 (or 14) (10 mmol, 20 equiv) in dry THF (10 mL)
under an inert atmosphere in a sealed tube was placed in a domestic mi-
crowave oven at 600 W until the starting carbene complex was complete-
ly consumed (3–4 min), as indicated by a color change in the reaction
vessel and further confirmed by TLC monitoring. The solvents were then
removed under vacuum, and the residue was redissolved in hexane and
exposed to light in an open-air vessel to induce decomplexation of the
metal species present. The resulting suspension was filtered through
Celite, silica gel (0.5 g) was added, and the solvents were removed under
vacuum. The residue was purified by flash column chromatography, em-
ploying mixtures of hexane/EtOAc (20:1 to 3:1) as eluents, to give capto-
dative cyclopropanes 13 (or 15) in the yields and diastereoselectivities in-
dicated in Table 5.


Methyl (1R*,2R*)-2-methoxy-2-phenylethynylcyclopropanecarboxylate
(13a-maj): Colorless oil; major diastereomer from a 94:6 mixture; yield
48% (combined yield for the two diastereomers); Rf=0.30 (hexane/
EtOAc, 5:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.44–7.41 (m,
2H), 7.30–7.25 (m, 3H), 3.73 (s, 3H), 3.49 (s, 3H), 2.18 (at, 3J(H,H)=7.5,
9.1 Hz, 1H), 1.79 (at, 3J(H,H)=7.5 Hz, 2J(H,H)=6.0 Hz, 1H), 1.61 ppm
(dd, 3J(H,H)=9.1 Hz, 2J(H,H)=6.0 Hz, 1H); 13C NMR (CDCl3, 75 MHz,
25 8C): d=169.6 (s), 131.7 (d, 2TCH), 128.4 (d), 128.2 (d, 2TCH), 122.3
(s), 86.2 (s), 83.4 (s), 59.2 (s), 56.0 (q), 52.0 (d), 29.6 (d), 22.1 ppm (t);
FT-IR (neat): ñ=1734 cm�1; MS (FAB): m/z (%): 231 (10) [M+1]+ , 221
(53), 207 (100), 191 (36), 171 (42); HRMS (FAB): m/z calcd for C14H15O3


[M+1]+ : 231.1021; found: 231.1030; elemental analysis calcd (%) for
C14H14O3 (230.26): C 73.03, H 6.13; found: C 73.18, H 6.17.


Methyl (1S*,2R*)-2-methoxy-2-phenylethynylcyclopropanecarboxylate
(13a-min): Colorless oil; minor diastereomer from a 94:6 mixture; yield


Table 6. Microwave-accelerated cyclopropanations.[a]


1 R Alkene Product d.r.[b] Yield
[%][c]


1 1a 2a 22a 75:25 79


2 1a 22b >95:5 82


3 1b 2d 22c 50:50 55


4 1b 22d 89:11 65


5 1c Ph 2a 22e 50:50 97
6 1c Ph 2d 22 f n.d. 58
7 1c Ph 6a 22g 71:29 46
8 1d Bu 2a 22h 52:48 40


[a] All of the experiments were carried out in sealed tubes. [b] Diastereo-
meric ratio (d.r.) determined by 1H NMR spectroscopy (300 MHz) of the
crude reaction mixture. [c] Isolated yields based on FCCs 1.
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48% (combined yield for the two diastereomers); Rf=0.30 (hexane/
EtOAc, 5:1); spectroscopic data retrieved from an enriched mixture; 1H
NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.45–7.42 (m, 2H), 7.33–7.29
(m, 3H), 3.76 (s, 3H), 3.44 (s, 3H), 2.24 (at, 3J(H,H)=5.7, 7.4 Hz, 1H),
1.94 (at, 3J(H,H)=7.4 Hz, 2J(H,H)=8.0 Hz, 1H), 1.53 ppm (dd, 3J-
(H,H)=5.7 Hz, 2J(H,H)=8.0 Hz, 1H); 13C NMR (CDCl3, 75 MHz,
25 8C): d=168.7 (s), 131.7 (d, 2TCH), 128.6 (d), 128.3 (d, 2TCH), 122.0
(s), 86.4 (s), 83.9 (s), 58.1 (s), 56.3 (q), 52.2 (d), 29.8 (d), 21.3 ppm (t);
FT-IR (neat): ñ=1738 cm�1.


(1R*,2R*)-2-Methoxy-N,N-dimethyl-2-phenylethynylcyclopropanecar-
boxamide (13b): Colorless oil; major diastereomer from a 93:7 mixture;
yield 50% (combined yield for the two diastereomers); Rf=0.25
(hexane/EtOAc, 1:2); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.39–
7.17 (m, 5H), 3.42 (s, 3H), 3.13 (s, 3H), 2.92 (s, 3H), 2.25 (at, 3J(H,H)=
7.2, 9.4 Hz, 1H), 1.71 (at, 3J(H,H)=7.2 Hz, 2J(H,H)=5.4 Hz, 1H),
1.37 ppm (dd, 3J(H,H)=9.4 Hz, 2J(H,H)=5.4 Hz, 1H); 13C NMR
(CDCl3, 75 MHz, 25 8C): d=167.1 (s), 131.3 (d, 2TCH), 128.0 (d), 127.8
(d, 2TCH), 122.1 (s), 85.2 (s), 83.9 (s), 57.6 (s), 55.3 (q), 37.0 (q), 35.3
(q), 30.1 (d), 19.6 ppm (t); FT-IR (neat): ñ=1645 cm�1; MS (FAB): m/z
(%): 244 (100) [M+1]+ , 243 (55) [M]+ , 207 (11), 199 (11), 171 (15);
HRMS (FAB): m/z calcd for C15H18NO2 [M+1]+ : 244.1338; found:
244.1332; elemental analysis calcd (%) for C15H17NO2 (243.13): C 74.05,
H 7.04, N 5.76; found: C 73.94, H 7.09, N 5.87.


Diethyl (1R*,2S*)-2-methoxy-2-phenylethynylcyclopropanephosphonate
(13c): Yellow oil; yield 30% (combined yield for the two diastereomers);
Rf=0.30 (hexane/EtOAc, 1:1);


1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=7.49–7.42 (m, 2H), 7.31–7.25 (m, 3H), 4.24–4.05 (m, 4H), 3.46 (s,
3H), 1.65–1.54 (m, 2H), 1.48–1.40 (m, 1H), 1.32–1.25 ppm (m, 6H); for
this compound, the abbreviations regarding the carbon multiplicity refer
to the P–C coupling; the number of hydrogen atoms linked to a deter-
mined carbon atom is indicated after the multiplicity due to P–C cou-
pling: 13C NMR (CDCl3, 75 MHz, 25 8C): d=131.5 (s, 2TCH), 128.3 (s,
CH), 128.1 (s, 2TCH), 122.4 (s, C), 86.4 (s, C), 84.4 (d, 3J(C,P)=4.0 Hz,
C), 62.2 (d, 2J(C,P)=5.8 Hz, CH2), 61.8 (d,


2J(C,P)=5.8 Hz, CH2), 55.9
(d, 2J(C,P)=4.7 Hz, C), 55.8 (s, CH3), 21.6 (d,


1J(C,P)=191.0 Hz, CH),
20.7 (d, 2J(C,P)=5.8 Hz, CH2), 16.4 (d,


3J(C,P)=2.4 Hz, CH3), 16.3 ppm
(d, 3J(C,P)=1.7 Hz, CH3);


13P NMR (CDCl3, 121.49 MHz, 25 8C, H3PO4):
d=23.55 ppm; FT-IR (neat): ñ=1491, 1443 cm�1; MS (FAB): m/z (%):
309 (100) [M+1]+ , 308 (25) [M]+ , 221 (29), 171 (44); HRMS (FAB): m/z
calcd for C16H22O4P [M+1]+ : 309.1256; found: 309.1256.


(1S*,2R*)-2-Methoxy-2-phenylethynylcyclopropanecarbonitrile (13d):
Colorless oil; yield 51%; Rf=0.34 (hexane/EtOAc, 5:1); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=7.45–7.30 (m, 5H), 3.65 (s, 3H), 1.90
(dd, 3J(H,H)=6.8, 9.7 Hz, 1H), 1.74 (at, 3J(H,H)=6.8 Hz, 2J(H,H)=
6.3 Hz, 1H), 1.63 ppm (dd, 3J(H,H)=9.7 Hz, 2J(H,H)=6.3 Hz, 1H); 13C
NMR (CDCl3, 75 MHz, 25 8C): d=131.7 (d, 2TCH), 129.0 (d), 128.3 (d,
2TCH), 121.2 (s), 117.5 (s), 85.5 (s), 83.5 (s), 56.2 (q + s), 22.6 (t),
13.4 ppm (d); FT-IR (neat): ñ=2241 cm�1; MS (FAB): m/z (%): 198
(100) [M+1]+ , 197 (32) [M]+ , 168 (31), 154 (17); HRMS (FAB): m/z
calcd for C13H12NO [M+1]+ : 198.0919; found: 198.0926; elemental analy-
sis calcd (%) for C13H11NO (197.23): C 79.16, H 5.62, N 7.10; found: C
79.28, H 5.66, N 7.25.


(1S*,2R*)-2-Methoxy-2-(4-methoxyphenylethynyl)cyclopropanecarboni-
trile (13e): Colorless oil; yield 48%; Rf=0.26 (hexane/EtOAc, 5:1);


1H
NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.38 (d,


3J(H,H)=8.6 Hz, 2H),
6.86 (d, 3J(H,H)=8.6 Hz, 2H), 3.82 (s, 3H), 3.64 (s, 3H), 1.89 (dd,
3J(H,H)=6.8, 9.8 Hz, 1H), 1.73 (at, 3J(H,H)=6.8 Hz, 2J(H,H)=6.2 Hz,
1H), 1.63 ppm (dd, 3J(H,H)=9.8 Hz, 2J(H,H)=6.2 Hz, 1H); 13C NMR
(CDCl3, 75 MHz, 25 8C): d=160.1 (s), 133.3 (d, 2TCH), 117.5 (s), 113.9
(d, 2TCH), 113.2 (s), 85.6 (s), 82.3 (s), 56.3 (s), 56.1 (q), 55.2 (q), 22.6 (t),
13.4 ppm (d); FT-IR (neat): ñ=2240 cm�1; MS (FAB): m/z (%): 228
(100) [M+1]+ , 198 (46), 155 (16); HRMS (FAB): m/z calcd for
C14H14NO2 [M+1]+ : 228.1025; found: 228.1029; elemental analysis calcd
(%) for C14H13NO2 (227.26): C 73.99, H 5.77, N 6.16; found: C 73.85, H
5.70, N 6.21.


(1S*,2R*)-2-Ferrocenylethynyl-2-methoxycyclopropanecarbonitrile
(13 f): Brown oil; yield 69%; Rf=0.26 (hexane/EtOAc, 5:1);


1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=4.44 (m, 2H), 4.25 (m, 2H), 4.22 (s,


5H), 3.65 (s, 3H), 1.86 (dd, 3J(H,H)=6.7, 9.6 Hz, 1H), 1.72 (at, 3J-
(H,H)=6.7 Hz, 2J(H,H)=6.1 Hz, 1H), 1.61 ppm (dd, 3J(H,H)=9.6 Hz,
2J(H,H)=6.1 Hz, 1H); 13C NMR (CDCl3, 75 MHz, 25 8C): d=117.5 (s),
85.0 (s), 79.9 (s), 71.64 (d), 71.59 (d), 69.9 (d, 5TCH), 69.0 (d, 2TCH),
62.7 (s), 56.4 (s), 56.0 (q), 22.6 (t), 13.4 ppm (d); FT-IR (neat): ñ=2236,
2181 cm�1; MS (FAB): m/z (%): 305 (100) [M]+ , 210 (10); HRMS
(FAB): m/z calcd for C17H15FeNO [M+1]+ : 306.0581; found: 306.0568.


(1S*,2R*)-2-Methoxy-2-(phenylbut-3-en-1-yl)cyclopropanecarbonitrile
(13g): Yellow oil; yield 49%; Rf=0.16 (hexane/EtOAc, 9:1);


1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=7.49–7.32 (m, 5H), 7.02 (d,


3J(H,H)=
16.3 Hz, 1H), 6.17 (d, 3J(H,H)=16.3 Hz, 1H), 3.64 (s, 3H), 1.88 (dd, 3J-
(H,H)=7.0, 9.9 Hz, 1H), 1.74 (at, 3J(H,H)=7.0 Hz, 2J(H,H)=6.0 Hz,
1H), 1.62 ppm (dd, 3J(H,H)=9.9 Hz, 2J(H,H)=6.0 Hz, 1H); 13C NMR
(CDCl3, 75 MHz, 25 8C): d=143.1 (d), 135.4 (s), 129.0 (d), 128.6 (d, 2T
CH), 126.2 (d, 2TCH), 117.4 (s), 106.0 (d), 85.6 (s), 84.8 (s), 56.3 (s), 56.1
(q), 22.5 (t), 13.4 ppm (d); FT-IR (neat): ñ=2241, 2177 cm�1; MS (FAB):
m/z (%): 224 (100) [M+1]+ , 194 (25), 165 (16); HRMS (FAB): m/z calcd
for C15H14NO [M+1]+ : 224.1075; found: 224.1067.


(1S*,2R*)-2-Methoxy-2-(trimethylsilylethynyl)cyclopropanecarbonitrile
(13h): Colorless oil; yield 70%; Rf=0.37 (hexane/EtOAc, 9:1);


1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=3.53 (s, 3H), 1.78 (dd,


3J(H,H)=7.1,
10.1 Hz, 1H), 1.60 (at, 3J(H,H)=7.1 Hz, 2J(H,H)=6.3 Hz, 1H), 1.52 (dd,
3J(H,H)=10.1 Hz, 2J(H,H)=6.3 Hz, 1H), 0.15 ppm (s, 9H); 13C NMR
(CDCl3, 75 MHz, 25 8C): d=117.2 (s), 99.3 (s), 91.4 (s), 55.9 (s + q), 22.4
(t), 13.2 (d), �0.5 ppm (q, 3TCH3); FT-IR (neat): ñ=2242, 2176 cm�1;
MS (FAB): m/z (%): 194 (100) [M+1]+ , 178 (38), 166 (48), 156 (51);
HRMS (FAB): m/z calcd for C10H16NOSi [M+1]+ : 194.1001; found:
194.1006.


(1S*,2R*)-2-(3,3-Dimethylbut-1-ynyl)-2-methoxycyclopropanecarboni-
trile (13 i): Colorless liquid; yield 68%; Rf=0.40 (hexane/EtOAc, 5:1);


1H
NMR (300 MHz, CDCl3, 25 8C, TMS): d=3.51 (s, 3H), 1.70 (dd, 3J-
(H,H)=6.8, 9.8 Hz, 1H), 1.57 (at, 3J(H,H)=6.8 Hz, 2J(H,H)=6.0 Hz,
1H), 1.46 (dd, 3J(H,H)=9.8 Hz, 2J(H,H)=6.0 Hz, 1H), 1.20 ppm (s, 9H);
13C NMR (CDCl3, 75 MHz, 25 8C): d=117.6 (s), 94.8 (s), 73.2 (s), 55.8
(s), 55.5 (q), 30.4 (q, 3TCH3), 27.2 (s), 22.3 (t), 12.9 ppm (d); FT-IR
(neat): ñ=2240 cm�1; HRMS (FAB): m/z calcd for C11H16NO [M+1]+ :
178.1232; found: 178.1227; elemental analysis calcd (%) for C11H15NO
(177.24): C 74.54, H 8.53, N 7.90; found: C 74.60, H 8.56, N 7.85.


(1S*,2R*)-2-(Hex-1-ynyl)-2-methoxycyclopropanecarbonitrile (13 j): Col-
orless oil; yield 45%; Rf=0.27 (hexane/EtOAc, 9:1); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=3.57 (s, 3H), 2.24 (t, 3J(H,H)=
6.9 Hz, 2H), 1.74 (dd, 3J(H,H)=6.7, 9.8 Hz, 1H), 1.63 (at, 3J(H,H)=
6.7 Hz, 2J(H,H)=5.9 Hz, 1H), 1.56–1.37 (m, 5H), 0.93 ppm (t, 3J(H,H)=
7.3 Hz, 3H); 13C NMR (CDCl3, 75 MHz, 25 8C): d=117.7 (s), 86.9 (s),
74.8 (s), 56.1 (s), 55.8 (q), 30.3 (t), 22.4 (t), 21.8 (t), 18.2 (t), 13.5 (q),
13.0 ppm (d); FT-IR (neat): ñ=2241 cm�1; MS (EI): m/z (%): 177 (100)
[M]+ , 148 (51), 135 (85), 95 (53); HRMS (EI): m/z calcd for C11H15NO:
177.1154; found: 177.1155; elemental analysis calcd (%) for C11H15NO
(177.24): C 74.54, H 8.53, N 7.90; found: C 74.58, H 8.55, N 7.92.


Methyl 2-(3,3-dimethylbut-1-ynyl)-2-methoxycyclopropanecarboxylate
(13k): Colorless oil; yield 49% (combined yield for the two diastereo-
mers), 44% (yield of the major diastereomer); Rf=0.25 (hexane/EtOAc,
9:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=3.71 (s, 3H), 3.40 (s,
3H), 2.05 (dd, 3J(H,H)=7.3, 9.4 Hz, 1H), 1.63 (dd, 3J(H,H)=7.3 Hz,
2J(H,H)=5.8 Hz, 1H), 1.47 (dd, 3J(H,H)=9.4 Hz, 2J(H,H)=5.8 Hz, 1H),
1.22 ppm (s, 9H); 13C NMR (CDCl3, 75 MHz, 25 8C): d=169.3 (s), 95.2
(s), 72.5 (s), 58.8 (s), 55.4 (q), 51.7 (q), 30.7 (q, 3TCH3), 29.3 (d), 27.4 (s),
21.6 (t), 13.7 ppm (q); elemental analysis calcd (%) for C12H18O3


(210.27): C 68.54, H 8.63; found: C 68.72, H 8.59.


Methyl (1R*,2S*)-2-methoxy-1-methyl-2-phenylethynylcyclopropanecar-
boxylate (15a-maj): Colorless oil; major diastereomer from a 2:1 mix-
ture; yield 29% (combined yield for the two diastereomers); Rf=0.44
(hexane/EtOAc, 5:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.45–
7.41 (m, 2H), 7.35–7.31 (m, 3H), 3.75 (s, 3H), 3.54 (s, 3H), 2.01 (d,
2J(H,H)=5.8 Hz, 1H), 1.53 (s, 3H), 1.20 ppm (d, 2J(H,H)=5.8 Hz, 1H);
13C NMR (CDCl3, 75 MHz, 25 8C): d=172.0 (s), 131.6 (d, 2TCH), 128.3
(d), 128.2 (d, 2TCH), 122.5 (s), 85.5 (s), 84.5 (s), 60.9 (s), 56.1 (q), 52.1
(q), 34.5 (s), 26.6 (t), 14.0 ppm (q); FT-IR (neat): ñ=1729 cm�1; MS (EI):
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m/z (%): 244 (12) [M]+ , 197 (19), 185 (100), 153 (28), 129 (67); HRMS
(EI): m/z calcd for C15H16O3: 244.1094; found: 244.1096.


Methyl (1R*,2S*)-2-methoxy-1-methyl-2-phenylethynylcyclopropanecar-
boxylate (15a-min): Colorless oil; minor diastereomer from a 2:1 mix-
ture; yield 29% (combined yield for the two diastereomers); Rf=0.37
(hexane/EtOAc, 5:1); spectroscopic data retrieved from an enriched mix-
ture; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.49–7.30 (m, 5H),
3.77 (s, 3H), 3.44 (s, 3H), 2.10 (d, 2J(H,H)=6.0 Hz, 1H), 1.54 (s, 3H),
1.11 ppm (d, 2J(H,H)=6.0 Hz, 1H); 13C NMR (CDCl3, 75 MHz, 25 8C):
d=170.9 (s), 131.7 (d, 2TCH), 128.5 (d), 128.2 (d, 2TCH), 122.3 (s), 86.7
(s), 84.4 (s), 62.3 (s), 56.0 (q), 52.3 (q), 33.1 (s), 26.5 (t), 18.1 ppm (q).


Methyl 2-methoxy-3-methyl-2-phenylethynylcyclopropanecarboxylate
(15b): Colorless oil ; a 1:1 mixture of nonseparated diastereomers: com-
bined yield 22%; Rf=0.34 (hexane/EtOAc, 5:1);


1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=7.62–7.26 (m, 10H), 3.80 (s, 3H), 3.73 (s, 3H),
3.53 (s, 3H), 3.43 (s, 3H), 2.22–2.12 (m, 1H), 2.10–2.03 (m, 1H), 1.85 (d,
3J(H,H)=7.1 Hz, 1H), 1.78 (d, 3J(H,H)=7.2 Hz, 1H), 1.31–1.27 ppm (m,
6H); 13C NMR (CDCl3, 75 MHz, 25 8C): d=169.9 (s), 169.0 (s), 131.8 (d,
2TCH), 131.6 (d, 2TCH), 128.6 (d), 128.3 (d, 2TCH), 128.2 (d), 128.0 (d,
2TCH), 122.2 (s), 86.4 (s, 2TC), 84.2 (s, 2TC), 64.1 (s), 62.3 (s), 56.4 (q),
56.2 (q), 52.1 (q), 51.8 (q), 36.4 (d), 35.5 (d), 29.4 (d), 27.1 (d), 13.8 (q),
10.6 ppm (q).


Methyl (1R*,2S*)-2-(3,3-dimethylbut-1-ynyl)-2-methoxy-1-methylcyclo-
propanecarboxylate (15c-maj): Colorless oil; major diastereomer from a
2:1 mixture; yield 85% (combined yield for the two diastereomers); Rf=


0.20 (hexane/EtOAc, 20:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=
3.69 (s, 3H), 3.40 (s, 3H), 1.80 (d, 2J(H,H)=5.8 Hz, 1H), 1.42 (s, 3H),
1.20 (s, 9H), 1.00 ppm (d, 2J(H,H)=5.8 Hz, 1H); 13C NMR (CDCl3,
75 MHz, 25 8C): d=172.1 (s), 94.5 (s), 73.5 (s), 60.4 (s), 55.5 (q), 51.7 (q),
33.8 (s), 30.8 (q, 3TCH3), 27.3 (s), 26.0 (t), 13.9 ppm (q); FT-IR (neat):
ñ=1728 cm�1; HRMS (FAB): m/z calcd for C13H21O3 [M+1]+ : 225.1491;
found: 225.1493; elemental analysis calcd (%) for C13H20O3 (224.30): C
64.66, H 6.63; found: C 64.72, H 6.57.


Methyl (1S*,2S*)-2-(3,3-dimethylbut-1-ynyl)-2-methoxy-1-methylcyclo-
propanecarboxylate (15c-min): Colorless oil; minor diastereomer from a
2:1 mixture; yield 85% (combined yield for the two diastereomers); Rf=


0.10 (hexane/EtOAc, 20:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=
3.72 (s, 3H), 3.32 (s, 3H), 1.95 (d, 2J(H,H)=5.8 Hz, 1H), 1.42 (s, 3H),
1.25 (s, 9H), 0.91 ppm (d, 2J(H,H)=5.8 Hz, 1H); 13C NMR (CDCl3,
75 MHz, 25 8C): d=171.3 (s), 96.1 (s), 73.5 (s), 62.0 (s), 55.5 (q), 52.2 (q),
32.2 (s), 30.9 (q, 3TCH3), 27.5 (s), 26.3 (t), 18.0 ppm (q); FT-IR (neat):
ñ=1737 cm�1; HRMS (FAB): m/z calcd for C13H21O3 [M+1]+ : 225.1491;
found: 225.1493.


Methyl (1R*,2R*,3R*)-2-(3,3-dimethylbut-1-ynyl)-2-methoxy-3-methyl-
cyclopropanecarboxylate (15d; first diastereomer): Colorless oil; one of
the diastereomers from a 1:1 mixture; yield 76% (combined yield for the
two diastereomers); Rf=0.22 (hexane/EtOAc, 20:1);


1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=3.70 (s, 3H), 3.44 (s, 3H), 1.91 (quintet,
3J(H,H)=6.3 Hz, 1H), 1.64 (d, 3J(H,H)=6.3 Hz, 1H), 1.22 (s, 9H),
1.22 ppm (d, 3J(H,H)=6.3 Hz, 3H); 13C NMR (CDCl3, 75 MHz, 25 8C):
d=170.0 (s), 94.9 (s), 73.3 (s), 62.0 (s), 55.7 (q), 51.6 (q), 35.3 (d), 30.8 (q,
3TCH3), 28.7 (d), 27.4 (s), 10.5 ppm (q); FT-IR (neat): ñ=1729 cm�1


(data from the mixture of the two diastereomers); HRMS (FAB): m/z
calcd for C13H21O3 [M+1]+ : 225.1491; found: 225.1496 (data from the
mixture of the two diastereomers).


Methyl (1S*,2R*,3S*)-2-(3,3-dimethylbut-1-ynyl)-2-methoxy-3-methylcy-
clopropanecarboxylate (15d; second diastereomer): Colorless oil; one of
the diastereomers from a 1:1 mixture; yield 76% (combined yield for the
two diastereomers); Rf=0.13 (hexane/EtOAc, 20:1);


1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=3.72 (s, 3H), 3.33 (s, 3H), 2.03 (quintet,
3J(H,H)=6.3 Hz, 1H), 1.63 (d, 3J(H,H)=6.3 Hz, 1H), 1.24 (s, 9H),
1.19 ppm (d, 3J(H,H)=6.3 Hz, 3H); 13C NMR (CDCl3, 75 MHz, 25 8C):
d=169.3 (s), 95.6 (s), 73.3 (s), 64.0 (s), 55.6 (q), 51.9 (q), 36.0 (d), 30.9 (q,
3TCH3), 27.5 (s), 26.6 (d), 13.7 ppm (q); FT-IR (neat): ñ=1729 cm�1


(data from the mixture of the two diastereomers); HRMS (FAB): m/z
calcd for C13H21O3 [M+1]+ : 225.1491; found: 225.1496 (data from the
mixture of the two diastereomers); elemental analysis calcd (%) for
C13H20O3 (224.30): C 64.66, H 6.63; found: C 64.60, H 6.59.


Methyl (1R*,5R*,6S*)-6-(3,3-dimethylbut-1-ynyl)-6-methoxybicyclo-
[3.1.0]hexanecarboxylate (15e; first diastereomer): Colorless oil; one of
the diastereomers from a 1:1 mixture; yield 83% (combined yield for the
two diastereomers); Rf=0.53 (hexane/EtOAc, 5:1);


1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=3.68 (s, 3H), 3.44 (s, 3H), 2.27–2.16 (m, 2H),
2.12–1.86 (m, 3H), 1.83–1.62 (m, 2H), 1.21 ppm (s, 9H); 13C NMR
(CDCl3, 75 MHz, 25 8C): d=171.9 (s), 94.2 (s), 73.6 (s), 64.6 (s), 55.5 (q),
51.5 (q), 46.0 (s), 38.9 (d), 30.8 (q, 3TCH3), 27.9 (t), 27.3 (s), 25.9 (t),
25.7 ppm (t); FT-IR (neat): ñ=1726 cm�1; MS (EI): m/z (%): 250 (<5)
[M]+ , 235 (68), 191 (100), 175 (29), 91 (37); HRMS (EI): m/z calcd for
C15H22O3: 250.1563; found: 250.1569; elemental analysis calcd (%) for
C15H22O3 (250.33): C 71.97, H 8.86; found: C 71.91, H 8.93.


Methyl (1S*,5S*,6S*)-6-(3,3-dimethylbut-1-ynyl)-6-methoxybicyclo-
[3.1.0]hexanecarboxylate (15e; second diastereomer): Colorless oil ; one
of the diastereomers from a 1:1 mixture; yield 83% (combined yield for
the two diastereomers); Rf=0.40 (hexane/EtOAc, 5:1); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=3.73 (s, 3H), 3.31 (s, 3H), 2.30 (d,
3J(H,H)=5.4 Hz, 1H), 2.25–2.17 (m, 1H), 2.13–1.98 (m, 2H), 1.87–1.69
(m, 3H), 1.26 ppm (s, 9H); 13C NMR (CDCl3, 75 MHz, 25 8C): d=171.0
(s), 99.1 (s), 70.8 (s), 66.8 (s), 55.4 (q), 52.0 (q), 45.1 (s), 37.9 (d), 30.8 (q,
3TCH3), 29.0 (t), 27.7 (s), 26.2 (t), 25.3 ppm (t); FT-IR (neat): ñ=


1735 cm�1; MS (EI): m/z (%): 250 (<5) [M]+ , 235 (67), 191 (100), 175
(27), 91 (29); HRMS (EI): m/z calcd for C15H22O3: 250.1563; found:
250.1565; elemental analysis calcd (%) for C15H22O3 (250.33): C 71.97, H
8.86; found: C 72.02, H 8.90.


Dimethyl (1R*,2R*)-3-(3’,3’-dimethylbut-1-ynyl)-3-methoxy-1,2-cyclo-
propanedicarboxylate (15 f): Colorless oil; product not isolated; yield
30% [estimated by 1H NMR (300 MHz) of a mixture with the unreacted
alkene]; Rf=0.12 (hexane/EtOAc, 5:1); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=3.73 (s, 3H), 3.71 (s, 3H), 3.38 (s, 3H), 2.76 (d,
3J(H,H)=7.3 Hz, 1H), 2.70 (d, 3J(H,H)=7.3 Hz, 1H), 1.19 ppm (s, 9H).


Microwave-promoted cyclopropanation of alkenes with Fischer carbene
complexes 1—general procedure : A solution of the appropriate carbene
complex 1 (0.5 mmol) and the requisite alkene 2a,d, 6a or 9a (10 mmol,
20 equiv) in dry THF (10 mL) under an inert atmosphere in a sealed
tube was placed in a domestic microwave oven at 600 W until the starting
carbene complex was completely consumed (3–4 min). The solvents were
then removed under vacuum, and the residue was redissolved in hexane
and exposed to light in an open-air vessel to induce decomplexation of
the metal species present. The resulting suspension was filtered through
Celite, silica gel (0.5 g) was added, and the solvents were removed under
vacuum. The residue was purified by flash column chromatography, em-
ploying mixtures of hexane/EtOAc (20:1 to 3:1) as eluents, to give capto-
dative cyclopropanes 22 in the yields and diastereoselectivities indicated
in Table 6. Cyclopropanes 22a,[12g] 22b,[18b] 22c,[12g, 34] 22e,f,[12h,34] and
22h[35] have been reported previously.


6-[(E)-2-(Furan-2-yl)vinyl]-6-methoxy-2-oxa-bicyclo[3.1.0]hexane (22d):
Yellow oil; yield 65% (combined yield for the two diastereomers); data
for the major diastereomer: Rf=0.33 (hexane/EtOAc, 5:1);


1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=7.29 (br s, 1H), 6.33 (m, 1H), 6.19 (d,
3J(H,H)=16.0 Hz, 1H), 6.15 (d, 3J(H,H)=3.4 Hz, 1H), 5.75 (d,
3J(H,H)=16.0 Hz, 1H), 4.20–4.11 (m, 1H), 3.95–3.86 (m, 2H), 3.46 (s,
3H), 2.23–2.13 (m, 2H), 1.85–1.79 ppm (m, 1H); 13C NMR (CDCl3,
75 MHz, 25 8C): d=152.5 (s), 141.5 (d), 126.5 (d), 115.3 (d), 111.2 (d),
107.1 (d), 72.6 (t), 68.7 (s), 68.1 (d), 56.2 (d), 30.5 (d), 25.6 ppm (t); ele-
mental analysis calcd (%) for C12H14O3 (206.24): C 69.88, H 6.84; found:
C 70.12, H 6.99.


6-Methoxy-6-phenyl-2-oxa-bicyclo[3.1.0]hexane (22g): Colorless oil;
yield 46% (combined yield for the two diastereomers); the diastereomers
could not be separated; Rf=0.32 (hexane/EtOAc, 5:1); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=7.57–7.43 (m, 2H), 7.37–7.26 (m,
4H), 7.24–7.18 (m, 4H), 4.29–4.11 (m, 6H), 3.46 (s, 3H, maj), 3.10 (s,
3H, min), 2.33–2.26 (m, 4H), 2.16–2.04 (m, 1H), 1.97–1.91 ppm (m, 1H);
13C NMR (CDCl3, 75 MHz, 25 8C): d=139.7 (s, 2TC), 131.2 (d), 128.3 (d,
2TCH), 128.2 (d, 2TCH), 126.7 (d), 125.4 (d, 4TCH), 73.0 (t, maj), 70.7
(t, min), 69.5 (s, 2TC), 67.3 (d, maj), 65.9 (d, min), 55.9 (q, maj), 53.4 (q,
min), 31.8 (d, maj), 29.1 (d, min), 26.5 (t, min), 26.1 ppm (t, maj).
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… The preparation, funtionaliza-
tion, and characterization of
carbon nano-onions (CNOs) is
described by L. Echegoyen et al.
on page 376 ff. CNOs represent
the most recently discovered and
least studied allotropic form of
carbon.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Inorganic–Organic Hybrid Materials
In their Full Paper on page 363 ff. J. Rocha et al. describe
the synthesis and characterization of organic germanium
complexes by X-ray diffraction and solid-state magic-angle
spinning NMR studies. The approach developed allows the
study of the structure of other inorganic–organic hybrid
materials.


Dendronized Polymers
In their Full Paper on page 584 ff. , Y. Q. Tian, T. Iyoda
et al. describe the synthesis and thermal properties of a
series of dendronized p-conjugated poly(isocyanide)s with a
Pd–Pt m-ethynediyl complex as an initiator. Through the
introduction of flexible monodendrons into the rigid
poly(isocyanide)s, liquid-crystalline properties were
obtained.


Coenzyme B12


Coenzyme B12 initiates radical chemistry in two types of
enzymatic reactions, the irreversible eliminases and the
reversible mutases. In their Concept on page 352 ff.,
W. Buckel, B. T. Golding, and C. Kratky suggested that
cob(ii)alamin acts as a conductor by stabilising both the
5’-deoxyadenosyl radical and the product-related
methylene radicals in coenzyme B12 dependent mutases.
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Fragment of Apoptolidin with a New
Sulfur Dioxide-Based Organic Chemis-
try


Chem. Eur. J. , 2005, 11


DOI: 10.1002/chem.200500165


The authors apologize for misdrawing the apoptolidin structure in Figure 1 of this
paper. We thank Dr. Kate Longcore, a member of Professor P. Wender’s group,
for drawing our attention to the incorrect configuration at the C3’’’ center. The
corrected structure is shown below.
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On the Regio- and Stereoselective
Synthesis of Aminocyclitols from
Cyclitol Epoxides. The Effect of Li as
a Chelating Agent


Chem. Eur. J. , 2005, 11
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One of the general procedures given in the Experimental Section of this paper
contains incorrect information. The correct procedure is given below. The authors
apologise for this error.


General synthetic methods and compound characterization–-Reaction of epoxides
with nucleophiles in the presence of LiClO4 : A solution of the starting epoxides 1
or 2 (0.5 mmol) in CH3CN (5 mL) was added dropwise under argon over LiClO4


(1.28 g, 5 mmol) at RT. A solution of NaN3 (5 mmol) or the corresponding amine
(see Table 1) in CH3CN (1 mL) was added next and the reaction mixture was stir-
red at 80 8C under argon. After 18 h, the reaction mixture was cooled to RT,
quenched with H2O (10 mL), extracted with CH2Cl2 (3× 20 mL), and dried over
anhydrous Na2SO4. Filtration and evaporation afforded crude aminoalcohols (see
Table 1), which were purified as indicated below.
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Stabilisation of Methylene Radicals by Cob(ii)alamin in Coenzyme B12
Dependent Mutases


Wolfgang Buckel,*[a] Christoph Kratky,[b] and Bernard T. Golding*[c]


Dedicated to Professor J�nos R�tey on the occasion of his 70th birthday


Introduction


Coenzyme B12, also called adenosylcobalamin (Figure 1a), is
the most complex cofactor for enzymatic reactions.[1,2] The
special feature of this organometallic coenzyme is its weak


cobalt–carbon s bond with a dissociation energy of
~130 kJmol�1.[3] When the coenzyme is bound to an enzyme
partner, the Co�C bond can be homolytically cleaved giving
cob(ii)alamin and the 5’-deoxyadenosyl radical. This highly
reactive primary organic radical participates in the enzymat-
ic catalysis of carbon skeleton rearrangements and 1,2-shifts
of amino groups, as well as the elimination of water or am-
monia from substrates such as glycerol or ethanolamine, re-
spectively. Recently however, an alternative to the long-
known coenzyme B12 dependent enzyme glycerol dehydra-
tase, which catalyses the conversion of glycerol to 3-hydroxy-
propanal, was found in the anaerobic bacterium Clostridium
butyricum (Schemes 1 and 2). This dehydratase contains a
glycyl radical at the active site, which is formed by the
action of the 5’-deoxyadenosyl radical on a specific glycine
residue of the protein. The 5’-deoxyadenosyl radical is gen-
erated not from coenzyme B12, but by one-electron reduc-
tion of the much simpler molecule S-adenosylmethionine
(SAM; Figure 1b),[4,5] which Horace A. Barker called a


Abstract: Coenzyme B12 initiates radical chemistry in two
types of enzymatic reactions, the irreversible eliminases
(e.g., diol dehydratases) and the reversible mutases (e.g.,
methylmalonyl-CoA mutase). Whereas eliminases that use
radical generators other than coenzyme B12 are known, no
alternative coenzyme B12 independent mutases have been
detected for substrates in which a methyl group is revers-
ibly converted to a methylene radical. We predict that such
mutases do not exist. However, coenzyme B12 independent
pathways have been detected that circumvent the need for
glutamate, b-lysine or methylmalonyl-CoA mutases by pro-
ceeding via different intermediates. In humans the methyl-
citrate cycle, which is ostensibly an alternative to the coen-
zyme B12 dependent methylmalonyl-CoA pathway for pro-
pionate oxidation, is not used because it would interfere
with the Krebs cycle and thereby compromise the high-


energy requirement of the nervous system. In the diol de-
hydratases the 5’-deoxyadenosyl radical generated by ho-
molysis of the carbon–cobalt bond of coenzyme B12 moves
about 10 ; away from the cobalt atom in cob(ii)alamin.
The substrate and product radicals are generated at a simi-
lar distance from cob(ii)alamin, which acts solely as specta-
tor of the catalysis. In glutamate and methylmalonyl-CoA
mutases the 5’-deoxyadenosyl radical remains within 3–4 ;
of the cobalt atom, with the substrate and product radicals
approximately 3 ; further away. It is suggested that
cob(ii)alamin acts as a conductor by stabilising both the 5’-
deoxyadenosyl radical and the product-related methylene
radicals.
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“poor manJs adenosylcobalamin”, cited in reference [6]. The
discovery of the SAM-dependent glycerol dehydratase
raises the question as to why nature uses the complex coen-
zyme B12 at all. This article provides an answer to this ques-
tion. We propose that coenzyme B12 is only replaceable in
the family of enzymes called eliminases (Scheme 1), whereas
it is a chemical necessity in the mutase family because a
methyl group has to be reversibly converted to a methylene
radical (Scheme 3).


There are four enzyme families, which require derivatives
of vitamin B12 as cofactors: methyltransferases, dehalogen-
ases, eliminases and mutases.[1] Here we only consider the
latter two families, which are dependent on the adenosylco-
balamin form of vitamin B12. The eliminase family comprises
ribonucleotide reductase and ethanolamine ammonia lyase,
as well as diol (e.g. propane-1,2-diol) and glycerol dehydra-
tases (Scheme 1). The mutase family can be divided into the
carbon skeleton mutase and aminomutase sub-families. The
carbon skeleton mutase sub-family consists of glutamate
mutase, methylmalonyl-CoA mutase, 2-methyleneglutarate
mutase and isobutyryl-CoA mutase, whereas b-lysine-5,6-
aminomutase and d-ornithine-4,5-aminomutase are the only
known members of the aminomutase sub-family
(Scheme 3).[7] In addition to coenzyme B12 both aminomu-
tases contain pyridoxal-5’-phosphate, which assists through
imine formation the migration of the amino group to the ad-
jacent carbon.[8] Note that the name mutase is used for
enzymes catalysing various isomerisations, for example,
phosphoglucomutase,[9] but, unless otherwise indicated, in
this paper we regard mutases only as coenzyme B12 depen-
dent.
Both the eliminases and mutases appear to act by similar


overall mechanisms. These can be described as the exchange
between two adjacent carbon atoms of a group X (OH,
NH3


+ or a carbon-containing residue) and a hydrogen atom
(Scheme 2). Initial homolysis of the cobalt–carbon bond of
enzyme-bound coenzyme B12 generates cob(ii)alamin and
the 5’-deoxyadenosyl radical, which abstracts a specific hy-
drogen atom from a substrate molecule to form 5’-deoxy-
adenosine and a substrate-derived radical. Rearrangement
of the substrate-derived radical yields the product-related
radical, which reclaims a hydrogen atom from the 5’-methyl
group of deoxyadenosine to regenerate the 5’-deoxyadenosyl
radical and afford the product. In this way the migrating hy-
drogen atom always remains bound to carbon atom and
therefore does not exchange with the solvent. In this gener-
ally accepted mechanism the initially generated cob(ii)ala-
min has no function during the rearrangement and therefore
is considered as a mere spectator until it recombines with
the 5’-deoxyadenosyl radical.[10,11]


Figure 1. a) Coenzyme B12 or adenosylcobalamin in the base-on form.
b) S-Adenosylmethionine (SAM).


Scheme 1. The family of eliminases. B=nucleobase. The coenzyme B12
dependent ribonucleotide reductase takes ribonucleoside triphosphates
as substrates.


Scheme 2. Reactions catalyzed by coenzyme B12 dependent glycerol de-
hydratase and glutamate mutase. The migrating hydrogen atom is shown
in red and the migrating group in blue. The SAM-dependent glycerol de-
hydratase catalyses an exchange of the red hydrogen atom with the sol-
vent.
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The name eliminase[7] stems from the fact that the product
of the rearrangement catalysed by enzymes of this sub-
family, that is, a 1,1-diol or carbinolamine (geminal aminoal-
cohol), eliminates water or ammonia, respectively, to form
an aldehyde (Scheme 2). Although ribonucleotide reductase
does not fit completely into this generalisation, it shares
with the other eliminases the homolysis of the cobalt–
carbon bond of the coenzyme, the hydrogen abstraction
from substrate and the elimination of the OH group from
the carbon atom adjacent to the initially formed radical.
The classification into eliminases and mutases correlates


with the mode of attachment of the coenzyme at the apo-
enzyme. In the eliminase family the axial base 5,6-dimethyl-
benzimidazole remains coordinated to the cobalt atom,[12–14]


a mode of attachment that has been called “base-on” (Fig-
ure 1a). In the mutase family the histidine residue in the
conserved DXHXXG motif of the protein[15] replaces the
5,6-dimethylbenzimidazole base; this base exchange has
been named “base-off” or more precisely “base-off, his-
on”.[16–20] It is unclear whether the “base-off, his-on” mode
affects the participation of cob(ii)alamin. Since the methyl-
transferases also use the conserved histidine residue as axial


base,[21] this mode appears to be
a hint for a common evolution-
ary origin rather than a func-
tional necessity. Furthermore,
site-directed mutagenesis of the
histidine residue indicates a role
in the binding of the coenzyme
to methylmalonyl-CoA mutase
rather than in catalysis.[22]


The eliminases, including ri-
bonucleotide reductase, catalyse
irreversible reactions, for exam-
ple, the elimination of ammonia
from ethanolamine [Eq. (1)]**
or water from ethane-1,2-diol
[Eq. (2)]. Based on thermody-
namic considerations two steps
can describe these eliminations.
Firstly, ethanolamine and
ethane-1,2-diol are reversibly
converted to vinyl alcohol, a re-
action analogous to the reversi-
ble dehydration of malate to fu-
marate catalysed by fumarase.
Secondly, vinyl alcohol irrever-
sibly tautomerises to acetalde-
hyde. As shown below, howev-
er, the actual mechanism of the
eliminases is different. On the
other hand, the mutases cata-
lyse reversible rearrangements,
in which neither the substrate
nor the product undergoes a
subsequent elimination mediat-
ed by the same enzyme, for ex-


ample, the rearrangement of (S)-glutamate to (2S,3S)-3-
methylaspartate [Eq. (3)[23] ; Schemes 2 and 3].


HOCH2CH2NH3
þ ! CH3CHðOHÞNH3


þ !
CH3CHO þ NH4


þ DGo 0 ¼ �32 kJmol�1
ð1Þ


HOCH2CH2OH ! CH3CHðOHÞOH !
CH3CHO þ H2O DGo 0 ¼ �47 kJmol�1


ð2Þ


ðSÞ-glutamate Ð ð2S,3SÞ-3-methylaspartate


DGo 0 ¼ þ6:3 kJmol�1
ð3Þ


Proposal


Here we postulate that eliminases, exemplified by the diol
dehydratases, but not mutases, can use radical initiators


Scheme 3. The family of coenzyme B12 dependent mutases. Note that in each reaction a methylene group is re-
versibly converted into a methyl group via a methylene radical, which according to our proposal is stabilised
by cob(ii)alamin. The absolute configuration of (3S,5S)-3,5-diaminohexanoate has been tentatively assigned.[88]


[**] DG8’ of the reactions were calculated from DGo
f values (DG8 of for-


mation from the elements).[17] Since the DGo
f value of 2-ethanol-


amine was not available, it was estimated from that of l-serine as
�188 kJmol�1 assuming DG8’=�23 kJmol�1 for the decarboxylation
(calculated from oxaloacetate+H+ =CO2+pyruvate).
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other than coenzyme B12. The reason is that the mutases re-
quire assistance from cob(ii)alamin, the “conductor” rather
than a “spectator”,[10] by stabilising intermediate radicals
and lowering transition states that interconvert these radi-
cals.


Alternatives to Coenzyme B12 Dependent
Eliminases


The best studied case of alternative radical enzymes among
the eliminases are the ribonucleotide reductases, for which
three different generators are known: dioxygen and SAM,
both of which require additional cofactors, and coenzyme
B12.


[24] The radicals derived from these species are formed in
unrelated subunits or domains and are submitted to the
active site located in a subunit, which is related among all
three types of ribonucleotide reductase. At the active site a
conserved cysteine residue is converted to a thiyl radical,
which initiates catalysis by hydrogen atom abstraction from
C-3 of the ribose moiety of a ribonucleotide.[25,26]


In addition to the glycerol dehydratase from C. butyri-
cum[4,5] mentioned in the introduction, there is a glycol de-
hydratase from Clostridium glycolicum that appears not to
require coenzyme B12,


[27,28] although this result needs to be
confirmed by purification of the membrane-bound enzyme.
The dehydration of meso-butane-2,3-diol to butan-2-ol
mediated by Lactobacillus brevii may also be coenzyme B12
independent, because exchange of the migrating hydrogen
atom occurs with the solvent.[29] Such an exchange is also
observed in the SAM-dependent glycyl radical enzyme C.
butyricum glycerol dehydratase,[4,5] but not in the coenzyme
B12 dependent diol/glycerol dehydratases.


[30] The C. butyri-
cum glycerol dehydratase uses a thiyl radical to abstract a
hydrogen atom from substrate glycerol. The thiyl radical is
derived by the action of the glycyl radical in the enzyme
from a cysteine thiol, which can exchange with solvent. This
glycyl radical is formed by hydrogen atom abstraction from
a conserved glycine within the enzyme by the 5’-deoxyaden-
osyl radical generated by one-electron transfer to SAM.[4] A
coenzyme-independent eliminase was recently found in the
biosynthesis of TDP-d-desosamine (TDP= thymidine di-
phosphate). In this pathway the hydroxyl group at C-4 of
TDP-6-deoxy-d-glucose was converted to an amino group
by oxidation and amino transfer from glutamate. The amino
group is then eliminated to yield TDP-4,6-dideoxy-3-oxo-d-
glucose catalysed by DesII. This enzyme contains a [4Fe-4S]
cluster and requires S-adenosylmethionine as cofactor.[31]


Hence the elimination can be described as a SAM-depen-
dent ethanolamine ammonia lyase-related reaction.
There is a coenzyme B12 independent carbon-skeleton


mutase, littorine mutase, found in the alkaloid producing
plant Datura stramonium (Solanaceae). In the rearrange-
ment of littorine to hyoscyamine an ester group migrates
from a carbon bearing a hydroxyl group to the adjacent ben-
zylic carbon. Hence both intermediate radicals are stabilised
and therefore coenzyme B12 is unnecessary. The reaction


mediated by hairy root extracts is stimulated up to 30-fold
by SAM, suggesting a participation of this coenzyme as radi-
cal generator.[32] This important discovery agrees well with
the absence of cobalamins from plants and with our propos-
al on the function of coenzyme B12 in carbon-skeleton muta-
ses.


Alternative Coenzyme B12 Independent Pathways


No carbon-skeleton mutase devoid of coenzyme B12 has yet
been discovered that catalyses a reaction via an intermedi-
ate methylene radical. We predict that such enzymes do not
exist. Several organisms lacking coenzyme B12 are forced to
use alternative pathways for the assimilation of propionate
or fermentation of glutamate. They do not use a coenzyme
B12 independent mutase analogous to the coenzyme B12 in-
dependent eliminases. A well-known example is the reversi-
ble interconversion of pyruvate with propionate (Scheme 4),
which in animals and in many anaerobic bacteria proceeds
through the coenzyme B12 dependent rearrangement of (R)-
methylmalonyl-CoA to succinyl-CoA.[33] However, in a few


Scheme 4. Three pathways of propionate/pyruvate metabolism. Double
half arrows indicate reversible reactions, full arrows irreversible reactions.
Separate enzymes catalyse the irreversible carboxylation/decarboxylation
reactions between propionyl-CoA/(S)-methylmalonyl-CoA and (S)-
malate/pyruvate.
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other anaerobes, such as Clostridium propionicum, pyruvate
is reduced to lactate, which is activated to (R)-lactyl-CoA.
Reversible dehydration to acryloyl-CoA ensues, followed by
an irreversible NADH-dependent reduction to propionyl-
CoA.[34] Notably the removal of a hydrogen atom from the
methyl group of lactyl-CoA (pK>40), during the dehydra-
tion to acryloyl-CoA, also requires radical chemistry. It has
been proposed that the reaction proceeds via resonance-sta-
bilised ketyl radicals (i.e., radical anions) rather than a
much less stable methylene radical.[35,36]


The pathway via acryloyl-CoA has three drawbacks: it is
irreversible in the direction of propionate formation,[34]


acryloyl-CoA is toxic[37] and lactyl-CoA dehydratase is an
extremely oxygen-sensitive enzyme.[38] Hence, aerobic bacte-
ria such as enterobacteria and pseudomonads, as well as in
fungi and probably plants, all of which lack coenzyme B12,
are forced to oxidise propionate by a different pathway.
They utilise the methylcitrate cycle, which is also irreversible
but in the opposite direction.[39] In this nonradical pathway
the irreversible condensation of propionyl-CoA with the oxi-
dising agent oxaloacetate to give (2S,3S)-methylcitrate re-
sults in an “Umpolung” of the a-carbon of propionate.
After elimination of water from the methylcitrate to afford
(Z)-2-methylaconitate, water returns but with the opposite
regiochemistry to yield (2R,3S)-2-methylisocitrate.[40,41] In
this way the propionate moiety of methylcitrate is oxidised
to the pyruvate moiety of 2-methylisocitrate. The subse-
quent irreversible cleavage of this tricarboxylate leads to
succinate and pyruvate. Finally succinate is oxidised via in-
termediates of the Krebs cycle to oxaloacetate.[42]


The reversible coenzyme B12 dependent pathway via
methylmalonyl-CoA is employed for propionate formation
as well as for its oxidation. Whereas propionibacteria use
this pathway in order to dispose of reducing equivalents in
glucose or glycerol fermentations, many aerobic organisms
including animals and humans oxidise propionate to provide
energy and to remove propionyl-CoA, an inhibitor of pyru-
vate dehydrogenase.[43] Why did humans acquire the methyl-
malonyl-CoA pathway rather than the methylcitrate cycle?
We propose that the nervous system, with its high energy
demand, could not have been developed in the presence of
the methylcitrate cycle, because this would interfere with
the Krebs cycle and diminish its rate of ATP synthesis or
energy flow.[43] Notably both cycles share one enzyme, aconi-
tase. In the Krebs cycle aconitase catalyses the dehydration
of citrate, as well as the hydration of (Z)-aconitate to
(2R,3S)-isocitrate. In the methylcitrate cycle this enzyme
only mediates the hydration of (Z)-2-methylaconitate to
(2R,3S)-2-methylisocitrate, whereas a different enzyme is re-
quired for the dehydration of (2S,3S)-methylcitrate.[40,41] Fur-
thermore, (2R,3S)-2-methylisocitrate from the methylcitrate
cycle is a potent inhibitor of the NADP-dependent isocitrate
dehydrogenase of the Krebs cycle.[44]


Other examples of pathways alternative to those utilising
coenzyme B12 occur in the fermentation of glutamate to am-
monia, CO2, acetate and butyrate by several anaerobic bac-
teria, all of which belong to the orders Clostridiales and Fu-


sobacteriales (Scheme 5).[36] Like the dehydration of lactyl-
CoA, a hypothetical b-elimination of ammonia from gluta-
mate would require the removal of a proton from a nonaci-


dic (C-3) methylene group. In Clostridium tetani, C. tetano-
morphum and C. cochlearium, this problem is elegantly
solved by using a coenzyme B12 dependent glutamate
mutase, which catalyses the rearrangement of (S)-glutamate
to (2S,3S)-3-methylaspartate. Now the b-elimination pro-
ceeds smoothly, because the hydrogen atom to be removed
from 3-methylaspartate is adjacent to a carboxylate group.
The resulting mesaconate (methylfumarate) is easily con-
verted to acetate and pyruvate, which is oxidised to CO2


and acetyl-CoA. In order to balance the reducing equiva-
lents, some hydrogen is released, but most of the acetyl-
CoA is reduced to butyrate.[45] In the alternative coenzyme
B12 independent pathway occurring, inter alia, in Acidami-
nococcus fermentans (order Clostridiales) and Fusobacteri-
um nucleatum, glutamate is oxidised to 2-oxoglutarate and
reduced to (R)-2-hydroxyglutarate. Activation affords (R)-2-
hydroxyglutaryl-CoA, which is dehydrated to (E)-glutacon-
yl-CoA in a similar manner to the conversion of (R)-lactyl-
CoA to acryloyl-CoA. Hence, these reversible dehydratases


Scheme 5. Three pathways of glutamate fermentation to acetate and bu-
tyrate.
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can be regarded as the mechanistic alternatives to the coen-
zyme B12 dependent carbon-skeleton mutases.


[36] The further
fate of (E)-glutaconyl-CoA involves a sodium-ion-depen-
dent, energy-conserving, irreversible decarboxylation to cro-
tonyl-CoA,[46,47] which disproportionates to acetate, butyrate
and hydrogen.
A second coenzyme B12 independent pathway of gluta-


mate degradation is initiated by its decarboxylation to 4-
aminobutyrate (GABA) followed by the fermentation of
this g-amino acid to ammonia, acetate and butyrate by Clos-
tridium aminobutyricum. Again oxidation and reduction ex-
changes the amino group with a hydroxyl group. The result-
ing 4-hydroxybutyrate is activated to 4-hydroxybutyryl-CoA
and dehydrated to crotonyl-CoA, which disproportionates
to acetate and butyrate.[45, 48] Similar to the dehydrations of
(R)-2-hydroxyacyl-CoAs, the b-Si-hydrogen atom (pK	40)
of 4-hydroxybutyryl-CoA has to be activated by radical
anion chemistry.[49, 50] The coenzyme B12 independent fer-
mentation of 4-aminobutyrate can also be regarded as an al-
ternative to the coenzyme B12 dependent fermentation of
lysine in Clostridium subterminale (Scheme 6). In this path-
way the coenzyme B12 dependent b-lysine-5,6-aminomutase,
also called d-lysine-5,6-aminomutase,[51,52] is responsible for
the downstream formation of 3-aminobutyryl-CoA, which is
readily deaminated to crotonyl-CoA.[53] The absence of this
mutase would result in the conversion of b-lysine to 4-ami-
nobutyryl-CoA, which could also be processed to crotonyl-
CoA through the dehydration of 4-hydroxybutyryl-CoA.
A direct alternative to the coenzyme B12 dependent b-


lysine-5,6-aminomutase appears to be the SAM-dependent
a-lysine-2,3-aminomutase,[8,54,55] which is also present in C.
subterminale (Scheme 6). In both reversible reactions start-
ing from b-lysine or a-lysine, substrate-derived methine rad-
icals are formed by hydrogen-atom abstraction mediated by
the 5’-deoxyadenosyl radical.[56] The distinguishing feature
of these two mutase reactions is the different stabilities of


the product-related radicals obtained after the migration of
the amino group, which is bound to pyridoxal-5’-phosphate
(PLP) as a SchiffJs base. Both reactions probably occur via
an aza-cyclopropylmethine radical that is resonance stabi-
lised by the adjacent pyridoxalimine moiety. The product
radical in the coenzyme B12 dependent reaction is a methyl-
ene radical, whereas the SAM-dependent reaction leads to a
stabilised a-carboxyl radical, which can be detected by EPR
spectroscopy.[56] We propose that the reversible generation
of the methylene radical from the substrate-derived radical
requires coenzyme B12 to stabilise it and to lower the transi-
tion-state energy leading to this radical. Like b-lysine-5,6-
aminomutase the coenzyme B12 dependent ornithine-4,5-
aminomutase reaction[57] also involves an intermediate
methylene radical. Furthermore, all four coenzyme B12 de-
pendent carbon-skeleton mutases proceed via reversibly
formed methylene radicals.


Mechanisms of Ethanolamine Ammonia Lyase and
Diol Dehydratase


The reactions mediated by ethanolamine ammonia lyase
and diol dehydratase (with ethane-1,2-diol as substrate) also
involve methylene radicals as precursors of the methyl
group of the common product acetaldehyde [Eqs. (1) and
(2)].[58] In both cases the methylene radicals are formed by
rearrangement of the substrate-derived radicals and are irre-
versibly trapped by hydrogen-atom transfer from 5’-deoxy-
adenosine or a thiol group (the latter only in SAM-depen-
dent glycerol dehydratase). Considering the detailed reac-
tion pathways of the diol dehydratases and the mutases
leads us to suggest that the intermediate methylene radicals
of the mutases are stabilised by cob(ii)alamin.
The eliminases catalyse the irreversible replacement of a


leaving group X (OH or NH3
+) by hydrogen in substrates


with a primary or secondary hy-
droxyl group on the adjacent
carbon atom. Initially a thiyl or
5’-deoxyadenosyl radical ab-
stracts the hydrogen atom on
this carbon atom leading to a
carbon-centred radical, which
lowers the pK of the attached
hydroxyl group by about 5 units
and thus facilitates its deproto-
nation.[10] This is relevant to the
“push–pull” mechanism for diol
dehydratase, which emerged
from advanced ab initio molec-
ular orbital calculations.[59, 60]


The substrate-derived radical
(e.g., 1,2-dihydroxyethyl), held
at the active site by coordina-
tion to a potassium ion and by
interactions with four protein
residues including glutamate


Scheme 6. Fermentation of lysine to butyrate and acetate by Clostridium subterminale and Fusobacterium nu-
cleatum ; PLP=pyridoxal-5’-phosphate.
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(Glua170) and histidine (Hisa143), is partially deprotonated
at the nonmigrating hydroxyl group by the glutamate and si-
multaneously partially protonated at the migrating hydroxyl
group by the histidine imidazole. This arrangement provides
a low-energy reaction pathway via a bridged transition state
that lies only 7.5 kJmol�1 above the substrate radical and
2.7 kJmol�1 above the product radical (e.g., 2,2-dihydroxy-
ethyl, according to calculations performed with the model
acid–base pair of ammonium and ammonia).[59] In the diol
dehydratases and ethanolamine ammonia lyase it is impor-
tant that the product radical is a methylene radical, because
this is able to remove a hydrogen atom from the transiently
formed 5’-deoxyadenosine, whereby the starting 5’-deoxy-
adenosyl radical is regenerated. In a variant of this mecha-
nism,[61] applied to ribonucleotide reductases, formation of a
radical at C-3 leads to a ketyl radical anion by deprotona-
tion of the C-3 hydroxyl group. This could act as a nucleo-
phile initiating the elimination of the adjacent C-2 hydroxyl
group. Two-electron reduction of the enoxy radical thus
formed leads to a product-related ketyl radical anion, to
which the initially abstracted proton and hydrogen atom are
returned.
To generate substrate-derived radicals in the eliminase


diol dehydratase, the carbon–cobalt bond of coenzyme B12
homolyses, the ribose moiety of the 5’-deoxyadenosyl radical
flips over by rotation around the N-glycosidic bond and
moves towards the substrate diol bound approximately 10 ;
from the cobalt atom of cob(ii)alamin.[62] The 5’-deoxyaden-
osyl radical can now abstract a hydrogen atom from the sub-
strate. Any significant interaction of CoII with the substrate-
derived or product-related radicals is thus impossible and in
any case is not necessary to drive the rearrangement. The
function of cob(ii)alamin is that of a mere spectator. There
is no reason why the 5’-deoxyadenosyl radical cannot be de-
rived from another source, like SAM, or be replaced by
other radicals, such as the thiyl radical found in ribonucleo-
tide reductase and the glycyl radical enzymes.


Mechanism of the Coenzyme B12 Dependent
Mutases


All six known mutases have in common that a hydrogen
atom has to be reversibly abstracted from an unactivated
methyl group to yield a methylene radical, which is not sta-
bilised by any adjacent group. In the case of glutamate
mutase both partners of the interconversion, (S)-glutamate
and (2S,3S)-3-methylaspartate, are held in the active site by
three arginine residues and one glutamate, approximately
6 ; apart from the cobalt atom;[18] this arrangement has
been termed the “arginine claw”.[63] Abstraction of a hydro-
gen atom from the 4-Si position of glutamate by the 5’-deoxy-
adenosyl radical yields the 4-glutamyl radical, which frag-
ments to acrylate and a glycyl radical still fixed in the argi-
nine claw.[64,65] A hand-over of the acrylate bound at one ar-
ginine to another[66] brings the two partners into a configura-
tion favouring recombination to the 3-methyleneaspartate


radical, which finally re-abstracts a hydrogen atom from the
methyl group of 5’-deoxyadenosine to afford 3-methylaspa-
rate. Considering the substrate-derived and product-related
radicals in this mechanism, only the 4-glutamyl radical can
be stabilised by the neighbouring carboxylate and is ob-
served by EPR spectroscopy.[67,68]


There are several model reactions for coenzyme B12 de-
pendent mutases, which demonstrate the intrinsic ability of
free methylene radicals to rearrange to methine radicals in
the absence of the coenzyme. As a model for methylmalon-
yl-CoA mutase the photochemically generated 3-ethoxy-2-
(ethoxycarbonyl)-3-oxopropyl radical rearranged to the cor-
responding succinyl derivative. Performing the reaction in
the presence of zeolite mimicked the active cavity of an
enzyme and dramatically increased the yield from 2.2 to
8.1%.[69] This important result apparently contradicts our
postulate for the requirement of coenzyme B12 for the rear-
rangement of methylene radicals. This model reaction, how-
ever, is a completely irreversible process and therefore
cannot be compared with the reversible enzyme-catalysed
formation and rearrangement of a methylene radical.
In contrast to the diol dehydratases, the problem faced by


glutamate mutase is how to surmount the two relatively
high transition-state energy barriers (calculated as DH=


+59.9 and +66.5 kJmol�1[70]) connecting the 4-glutamyl
radical via acrylate and a glycyl radical (see above) to the 3-
methylene-aspartate radical, which is significantly less stable
than the resonance-stabilised 4-glutamyl radical (DH=


+20.3 kJmol�1[70]). Similarly, with 2-methyleneglutarate
mutase[71] and methylmalonyl-CoA mutase,[72] the radicals
are interconnected via relatively high-energy transition
states and the methylene radicals are much less stable than
the methine radicals adjacent to the carboxylates.
From high-resolution X-ray crystallography it can be de-


duced that the formation of the radicals in glutamate
mutase follows three steps.[73] Binding of the coenzyme to
the enzyme is achieved by base-exchange “base-off, his-on”
without affecting the cobalt–carbon bond length of
2.0 ;.[74,75] Addition of the substrate (S)-glutamate or
(2S,3S)-methylaspartate leads to the opening of a cavity into
which the adenosyl moiety of the coenzyme fits very well.
The attraction of the adenosyl moiety into the cavity elon-
gates the cobalt–carbon bond to 3.2 ; (Figure 2, left). Pseu-
dorotation of the ribose moiety of the 5’-deoxyadenosyl rad-
ical shifts the 5’-carbon atom towards the substrate with a
further elongation of the Co�C s bond to 4.2 ; (Figure 2,
right). Hence, there seems at this point to be no complete
homolysis of the Co�C s bond in contrast to the situation
with the eliminase diol dehydratase (see above). Probably, it
is now that hydrogen abstraction occurs from C-4 of glut-
amate (H-Si) to yield the 4-glutamyl radical or from the
methyl group of 3-methylaspartate leading to the 3-methyl-
eneaspartate radical as shown in Figure 3. A critical ques-
tion is the extent to which there is an interaction between
the cobalt atom, the 5’-carbon of the adenosyl residue and
the developing radical at C-4 of glutamate or at the methyl
group of 3-methylasparatate. A possible interaction is shown
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qualitatively in Figure 3. It is
also necessary to consider how
the intermediate state of the
glycyl radical and acrylate could
be stabilised. The contribution
of cob(ii)alamin is probably not
restricted to the cobalt ion
alone, but could involve the
corrin p-system. It is notable
that the X-ray structure of
methylmalonyl-CoA mutase[17]


indicates a very similar pattern
to that described for glutamate
mutase.


Reversible Formation and
Stabilisation of Methylene


Radicals


In the arrangement shown in Figure 3, a hydrogen atom
moves between two carbon atoms still interacting with the d
orbitals of CoII and the p system of the corrin. Thus,
cob(ii)alamin could stabilise a transition state in which a hy-
drogen atom bridges the 5-deoxyadenosyl moiety and the
substrate, intermediate or product radicals. This will be es-
pecially beneficial for the 3-methyleneaspartate radical,
which is about 0.5 ; closer to the cobalt than the 4-glutamyl
radical. An interaction of the substrate-derived radical with
cob(ii)alamin is clearly seen in the EPR spectrum of an in-


cubation of glutamate mutase, coenzyme B12 and (S)-gluta-
mate or (2S,3S)-3-methylaspartate stopped by freezing with
liquid nitrogen during steady state. The main signal of
cob(ii)alamin at g=2.3 and of the organic radical at g=2.0
merge to a new signal at g=2.1.[68] Similar observations
have been made with methylmalonyl-CoA mutase[76] and 2-
methyleneglutarate mutase.[77] The organic radical partner in
these spectra is always the most stable glutamate 4-yl radical
and succinyl-CoA 3-yl or possibly 2-methyleneglutarate 4-yl
radicals, respectively, whereas the corresponding methylene
radicals cannot be seen, certainly due to their low steady-
state concentrations. Probably ultra fast quenching techni-
ques are required to detect these radicals.[78] That none of
these radicals are “free” is also demonstrated by the rela-
tively low oxygen sensitivity of the reactions catalysed by all
three mutases.
The enthalpy of hydrogen abstraction by the 5’-deoxyaden-


osyl radical from the methyl group of 3-methylaspartate has
been calculated as DH=0 kJmol�1.[70] The barrier for this
conversion was estimated as about 63 kJmol�1 from the
large isotope effect observed for the hydrogen transfer from
5’-deoxyadenosine to the product methylene radical in etha-
nolamine ammonia lyase.[79,80] With glutamate mutase, the
overall primary deuterium isotope effects measured with [4-
2H2]glutamate and 3-[methyl-2H3]methylaspartate were the
same in both directions (DV=7
1),[67,81] whereas hydrogen
abstraction from an isolated methyl group should be more
difficult than from a methylene group adjacent to a carbox-
ylate moiety. This observation is consistent with the pro-
posed stabilisation of the 3-methyleneaspartate radical by
cob(ii)alamin and may result in an activation energy signifi-
cantly less than 63 kJmol�1. Recent experiments indicated
that the primary isotope effect for the first deuterium trans-
fer from [4-2H2]glutamate to yield 5’-deoxy[5’-


2H1]adenosine
was much smaller (DV=2.4
0.4), whereas the higher over-
all isotope effect (DV=7
1) was mainly attributed to a
large secondary equilibrium isotope effect resulting from
the labelling of the 5’-carbon atom of deoxyadenosine with
deuterium during turnover.[82] This new finding supports our
idea that not only hydrogen abstraction from the substrate
but also homolysis of the cobalt-carbon-bond contributes to
the rate-limiting step (Figure 3).
Thus, it is proposed that cob(ii)alamin functions as a con-


ductor in the mutases, an idea that has often been consid-
ered in B12 research,


[83] although cob(ii)alamin is now gener-
ally downgraded to mere spectator.[10,11] The proposals in
this paper regarding hydrogen-atom bridging and cob(ii)ala-
min are presented in order to stimulate further theoretical
and experimental studies. In summary, other radical genera-
tors can substitute coenzyme B12 in ribonucleotide reduc-
tase, diol dehydratases and ethanolamine ammonia lyase.
This is impossible for the coenzyme B12 dependent mutases
and so alternative pathways exist leading to the same prod-
ucts as those with the mutases. Since the alternative path-
ways use the much simpler primordial cofactors, such as fla-
vins and iron–sulfur clusters, they could have evolved before
the more elaborate mutases, which manage to catalyse the


Figure 2. Crystal structure of glutamate mutase in action showing only
the coenzyme B12 in the base-off form and (2S,3S)-3-methylaspartate.
The carbon atoms of cobalamin are green, those of the 5’-deoxyadeno-
sine radical are in grey and those of 3-methylaspartate are in light blue;
all nitrogen atoms are in dark blue; oxygen atoms are in red; the phos-
phorus and the cobalt atoms are in magenta. Left: By substrate-induced
conformational change a pocket of the protein is opened, into which the
adenine moiety of the 5’-deoxyadenosine residue is moved thus causing
the elongation of the carbon–cobalt bond from 2.0 to 3.2 A. Right: Pseu-
dorotation of the ribose ring brings the 5’-carbon atom closer to the
methyl group of 3-methylaspartate, but still in orbital overlap with the
cobalt. Note that the adenine moiety retains its position in the pocket.


Figure 3. Schematic represen-
tation of the hydrogen abstrac-
tion step from 3-methylaspar-
tate performed by the 5’-deox-
yadenosyl radical (for simplici-
ty only the cobalt ion of
cob(ii)alamin is shown). A
similar arrangement with
methylmalonyl-CoA mutase is
depicted as structure 57 in a
recent review.[2]
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most difficult of all enzymatic reactions. The absence of
coenzyme B12 in the biosynthetic pathways of all other co-
factors—a possible exception could be the cobalamin-depen-
dent isocyclic ring formation in anaerobic chlorophyll bio-
synthesis[84]—supports the idea of its more recent emergence
during the origin of life (but see reference [85]). The biosyn-
theses of biotin and lipoic acid, which are both sulfur-con-
taining cofactors, involve hydrogen-atom abstraction from
unactivated methyl groups by 5’-deoxyadenosyl radicals de-
rived from SAM. The reactions, however, lead to irreversi-
ble formation of stoichiometric amounts of 5’-deoxyadeno-
sine and the resulting methylene radicals are trapped by in-
sertion of sulfur from an iron–sulfur cluster of the pro-
tein.[86,87] Therefore, according to our hypothesis, stabilisa-
tion of the methylene radicals by interaction with
cob(ii)alamin is not required.
Despite all the ways for circumventing coenzyme B12, it


seems that human life without B12 is impossible because
methylmalonyl-CoA mutase, a carbon-skeleton mutase, re-
quires assistance from cob(ii)alamin. Although the methylci-
trate cycle provides a route, in principle, to circumvent
coenzyme B12 dependent methylmalonyl-CoA mutase, this
would have interfered with the Krebs cycle and probably re-
sulted in a lower rate of energy production. Hence, cells
using the methylcitrate cycle for propionate oxidation might
have been unable to develop into high-energy-demanding
neurons. These considerations highlight the bacterial coen-
zyme B12 as a prerequisite for human evolution.
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