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Introduction


The idea of using microorganisms to hydroxylate unactivated
carbon atoms of organic compounds is not new in organic
synthesis. First reviews have been published many decades
ago.[1±3] Although the yields for these conversions are often
quite low compared with those found for chemical reactions,
many microbial hydroxylations have been investigated and
have also been applied on an industrial scale.[4±8] The reason
for this is that the chemical methods available to introduce
hydroxyl groups chemo- and regioselectively into organic
compounds[9, 10] are, at present, inferior to those employing
microorganisms. In addition, a huge gain in material value can


be obtained by this reaction because with an easy access to
enantiopure hydroxylated compounds, important in their own
right, useful intermediates for further syntheses are attain-
able.


Therefore, why do we believe it is important to introduce a
new concept into the relatively old area of biohydroxylation?
One problem is certainly the low predictability of the outcome
of hydroxylations on new and not yet investigated substrates.


The hydroxylation of steroids can be predicted to a certain
extent by the analysis of the results obtained from a large
number of conversions carried out mainly in the fifties and
sixties.[1, 11] For other classes of compounds a few models have
also been published for particular microorganisms in order to
explain the behavior of these biocatalysts in hydroxylation
reactions.[12±19]


We were looking for a more general approach which would
allow the transformation of different substrate classes by only
a limited number of microorganisms. Organic chemists are
trained to categorize compounds in terms of their functional
groups present such as alcohols, ketones, carboxylic acids. In
doing so, we are able to predict reactions which can be carried
out with them. Consequently, we thought that it would be
advantageous to apply this way of thinking to the area of
biohydroxylation in order to find the most suitable micro-
organisms to hydroxylate, for example, alcohols, ketones, or
acids with predictable selectivity.


However, it quickly became clear, that these compounds
are often not useful for biohydroxylation as they are and
should be protected or derivatised. For example, ketones are
often reduced in the fermentation broth and the polarity of
carboxylic acids sometimes hampers isolation by conventional
separation techniques. The idea of using protecting groups is
of course not new in organic synthesis, but has been relatively
rarely employed in biocatalysis.[20±22]


An additional feature of using protecting groups, apart
from the ability to prevent undesired side reactions, would be
to achieve a better recognition of the substrate by the
hydroxylating enzymes. It had already been shown by several
groups, especially using the fungus Beauveria bassiana
ATCC 7159, that the hydroxylation of certain substrates
occurs at a certain distance from, for example, a benzamide or
carbamate group.[18±32] This and other observations led to the
development of substrate models for the hydroxylation by this
fungus. For this kind of behavior the term docking group has
been used by us because results suggest that substrate fixation
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in the enzyme active site is facilitated by the functional group
in question, leading to a very specific hydroxylation pattern.
However, one has to be aware that generally several
hydroxylating systems can be present in a microorganism, as
demonstrated recently for Beauveria bassiana.[33] Yet, for the
hydroxylation of a defined range of substrates, this docking
group concept plays an important role.


In addition to these features, this docking and protecting
group (ªd/p groupº) should also change the properties of the
substrates to facilitate detection and to ease handling of the
products. The general principle of the employment of the
docking/protecting group concept is shown in Scheme 1.


Scheme 1. The general principle of d/p-groups. i) introduction of the d/p
group; ii) microbial conversion; iii) deprotection.


For the evaluation of this strategy the choice of the d/p
groups is of fundamental importance. In our experiments,
several derivatives were selected (at least three per compound
class) and a screening program was undertaken to find the
suitable d/p groups. The following derivatives were chosen for
further investigation:
* N-benzoylated spirooxazolidines for the hydroxylation of


aldehydes and ketones;
* benzoxazoles for the hydroxylation of carboxylic acids;
* isosaccharine derivatives for the hydroxylation of alcohols.


Discussion


Hydroxylation of ketones : Ketones converted into N-ben-
zoylated oxazolidines were hydroxylated by a number of
bacteria and fungi in this screening program. In particular, the
well known[34] fungus Beauveria bassiana ATCC 7159 turned
out to be especially interesting.


The d/p group approach for ketones[35, 36] is demonstrated in
Scheme 2 for cyclopentanone 1. Derivative 2 was easily
prepared from this ketone in a two-step, one-pot reaction
sequence. Hydroxylation with Beauveria bassiana furnished
product 4 in good isolated yield. In order to avoid elimination,
4 was benzylated to give 6 prior to the d/p group removal step.
Subjecting 6 to mildly acidic conditions gave the R-configured
ketone 8.


However, the optical purity of ketone 8 was far from being
satisfactory for synthetic purposes since the enantiomeric
excess measured was only 40 %. Therefore, the use of chiral


Scheme 2. The d/p group concept as applied to ketones. i) K2CO3, CH2Cl2


for 3 : (R)-2-amino-1-propanol, for 2 : aminoethanol, BzCl; ii) Beauveria
bassiana ATCC 7159; iii) BnBr, NaH, DMF, THF; iv) IR 120, CH3CN.


auxiliaries[37, 38] was examined. Although rarely applied in the
field of biocatalysis,[39, 40] chiral auxiliaries are one of the
methods of choice in synthetic organic chemistry to achieve
stereoselectivity in a given transformation. Accordingly,
instead of employing achiral aminoethanol, (R)-2-amino-1-
propanol was used in the synthetic sequence to give spiro-
oxazolidine 3. As can be seen from Scheme 2, this derivative
furnished hydroxylated product 5 (major isomer shown) not
only in higher de (90 % compared with 40 %), but in a
considerably improved yield even after isolation (84 %
compared with 60 %). In accordance with previous findings,
d/p group removal afforded the R-configured ketone 8.


After this encouraging result, we turned our attention to the
possibility of obtaining the S-configured ketone by the simple
choice of d/p group. Indeed, after examining a range of
differently substituted d/p groups,[36] we discovered that while
compound 9 furnished R-configured ketone 8, derivative 10
afforded the S-configured ketone 11 (Scheme 3). Although
the yield of S-enantiomer 11 is lower than that for the R-
enantiomer 8 and the ee for 11 is only 20 % as compared to
78 % for the product obtained from enantiomer 9, these
results indicate a possible change in the enantioselectivity
from R to S depending on the choice of the d/p group.


Spirooxazolidines have also been used as d/p groups for
several other cycloalkanones, bicyclic ketones and methyl
cyloalkylketones.[41]


Scheme 3. Influence on end product configuration by choice of d/p group.
i) (R) or (S)-2-amino-3-methylbutan-1-ol, K2CO3, CH2Cl2, BzCl; ii) Beau-
veria bassiana ATCC 7159; iii) BnBr, NaH, DMF, THF; iv) IR 120,
CH3CN.
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Hydroxylation of aldehydes : The extension of the d/p group
concept to the hydroxylation of aldehydes was also realised by
derivatisation into N-benzoylated oxazolidines, employing
chiral d/p groups and Beauveria bassiana ATCC 7159. In a
simple two-step, one-pot reaction, oxazolidines 12 and 15, for
example, could be prepared in good yields as a mixture of
easily separable diastereoisomers. For the hydroxylation step,
only one diastereoisomer for both 12 and 15 was used as
shown in Scheme 4. The hydroxylation proceeded with a


Scheme 4. The d/p group concept as applied to aldehydes. i) (R)-2-amino-
1-propanol, K2CO3, CH2Cl2, BzCl; ii) Beauveria bassiana ATCC 7159.


lower regioselectivity as compared to cycloalkanones. While
substrate 12 yielded a mixture of 4-OH (13) and 3-OH (14)
products, compound 16 was obtained from 15 as an insepa-
rable mixture of four compounds. The low hydroxylation
regioselectivity might be due to the increased conformational
flexibility of these substrates; this would be in accordance to
observations made with benzoxazole substrates.[42] Removal
of the d/p group could be smoothly effected under mildly
acidic conditions (IR 120, CH3CN) to afford the expected
hydroxylated aldehyde.


Hydroxylation of carboxylic acids : The main problems
associated with the biohydroxylation of carboxylic acids are
sometimes poor detectability and high polarity leading to
difficulties in monitoring the conversion and separation of the
hydroxylated products from the fermentation broth. How-
ever, protecting the acid with 2-aminophenol to give a
benzoxazole proved to be a viable alternative. These benzox-
azoles are not hydrolyzed in the fermentation mixture, are
UV active which allows detection by both TLC and HPLC,
and are much less polar compared with the parent com-
pounds.


Upon conversion of several substituted benzoxazoles it
turned out that substrates prepared from cyclic carboxylic
acids gave better results than the long-chain carboxylic acids;
the latter gave a mixture of several products and, in the end,
complete metabolization of these substrates was observed. As
already mentioned, results for a number of cyclic substrates
were rather promising; as an example the conversion of
2-cyclopentylbenz-1,3-oxazole (17) is shown in Scheme 5.


Scheme 5. The d/p group concept as applied to carboxylic acids. i) poly-
phosphate ethyl ester, CH2Cl2; ii) Cunninghamella blakesleeana
DSM 1906; iii) ZnCl2, MeOH/H2O, HCl.


Microbial hydroxylation of 2-cyclopentylbenzoxazole with
Cunninghamella blakesleeana DSM 1906 or Bacillus mega-
terium DSM 32 gave three products 18, 19, and 20 in varying
yields depending on the fermentation time chosen.[35, 42±45] It
was found that hydroxylation usually took place anti to the
benzoxazole moiety but with sometimes less pronounced
regioselectivity. This led to diastereomerically pure products
with enantiomeric excesses in the range of 30 ± 50 % ee. The
concomitant microbial oxidation of the main alcohol 19 to the
corresponding ketone was beneficial because this transforma-
tion, presumably by an alcohol dehydrogenase, was more
selective than the hydroxylation itself thus leaving only one
enantiomer behind. By careful adjustment of the fermenta-
tion conditions, we were therefore able to increase the optical
purity of the alcohol 19 to over 90 %.[46±48]


In addition, a combination of microbial hydroxylation and
lipase-catalyzed resolution permitted the synthesis of optical-
ly pure alcohols or esters. Pseudomonas sp. lipase was
generally the best catalyst for acylations or hydrolyses.
Ketone 20 itself could also be easily recrystallized which led
to an ee �95 %.[49]


With these simple biocatalytic and chemical operations
almost optically pure compounds can be prepared in a
multigram scale from fermentation broths.


In the series of unsaturated substrates the situation was
even better since usually only one alcohol and the corre-
sponding ketone was formed and the ee of the alcohol was
very often close to 90 %. An example is shown in Scheme 6
with 2-(cyclohex-1-enyl)benz-1,3-oxazole (21).[50]


Carboxylic acids protected with fluorine-containing d/p-
groups : In microbial hydroxylations the use of whole cell
systems has the disadvantage that these systems are capable of
performing a wide range of different reactions which, in turn,
can lead to undesirable side reactions and products. Con-
sequently, a detailed knowledge of all compounds formed in a
typical fermentation and the time course of product formation
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Scheme 6. Microbial hydroxylation of 2-(cyclohex-1-enyl)benz-1,3-oxa-
zole. i) Cunninghamella blakesleeana DSM 1906.


is advisable. For this we used fluorinated d/p-groups. Fluorine
atoms can easily be traced by 19F NMR spectroscopy because
of the very high selectivity (due to its large chemical shift
range) and, more importantly, sensitivity of 19F to NMR
detection, which is comparable to protons.


Therefore we prepared 6-fluorobenzoxazoles and were
pleased that the biohydroxylation proceeded analogously to
the non-fluorinated counterparts (Scheme 7). The products


Scheme 7. Microbial hydroxylation of 2-cyclohexyl-6-fluorobenz-1,3-oxa-
zole with Bacillus megaterium DSM 32.


obtained had different chemical 19F chemical shifts and were
therefore detectable in an NMR spectrum directly from the
fermentation mixture. Therefore, fermentation extracts could
easily be examined by using 19F NMR spectroscopy without
the need to separate these compounds. An example of this
approach is shown in Figure 1 in which substrate 24 as well as
products 25 and 26 can be easily detected.[51]


Hydroxylation of alcohols : In the form of isosaccharine
derivatives, such as 28 and 31, alcohols 27 and 30 could be
successfully hydroxylated to give 29 and 32. After d/p group
removal under basic conditions (NaOCH3, CH3OH) the
corresponding diol was obtained.[35] A range of alcohols was
hydroxylated in this manner. It should also be noted at this
point that under the conditions employed in this work the
underivatised alcohols were either oxidised to the corre-
sponding ketone, completely metabolised, or remained un-
changed. Products of direct hydroxylation could not be
detected in the fermentation broth (Scheme 8).


Scheme 8. The d/p group concept as applied to alcohols. i) pyridine,
3-chloro-1,2-benzisothiazole-1,1-dioxide, CH2Cl2; ii) Cunninghamella bla-
kesleana DSM 1906.


One aspect of this d/p group concept is depicted in
Scheme 9 in which the R-configured alcohol 33 was employed.
After conversion to substrate 34, the diastereomeric product
35 was afforded after exposure to either Cunninghamella
blakesleana DSM 1906 or Mortierella alpina ATCC 8979.
Removal of the d/p-group under basic conditions furnished
diol 36 (80% yield, C.b. 52 % de, M.a. 72 % de). The
configuration of the newly formed center of chirality bearing
the hydroxyl group has not yet been assigned. Depending on
the fungus used, the ªotherº diastereoisomer was obtained
from this sequence. Reversal of hydroxyl group configuration
upon changing the kind of microorganism has been previously
observed with benzoxazoles.[47]


Outlook


It is clear that the use of biohydroxylation as a
means to introduce hydroxyl groups into unac-
tivated carbons in simple organic molecules still
has a long way to go with respect to such factors
as predictabilty, ease of use, presence of unde-
sired side reactions, and unsufficient product
yields as well as product enantio- and diastereo-
meric purities. However, considering what can be
achieved with classical organic chemistry in this
field and comparing that with what microorgan-
isms can do, indicates that the latter certainly is a
valuable tool after all. We hope that a step in the
right direction is the concept of docking/protect-
ing groups which will help aid the organic
chemist to reach future goals.


Figure 1. 19F NMR spectrum of a fermentation extract of 2-cyclohexyl-6-fluorobenz-1,3-
oxazole with Bacillus megaterium DSM 32 dissolved in CDCl3. A is the proton decoupled
and B the coupled spectrum. 16 Scans were accumulated.
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Scheme 9. Reversal of hydroxyl group configuration upon changing the
microorganism employed. i) pyridine, 3-chloro-1,2-benzisothiazole-1,1-di-
oxide, CH2Cl2; ii) C.b. (Cunninghamella blakesleana) DSM 1906 or M.a.
(Mortierella alpina) ATCC 8979; iii) NaOCH3, CH3OH.
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Introduction


The membranes of cells constitute an important barrier
between the cytosol (the cell�s internal fluid) and the external
medium. One important reason that this barrier must be
maintained is because there is typically an ionic imbalance
between the inside and the outside of the cell. In red blood
cells, for example, the concentration of K� is 150 mm inside the
cell and 5 mm outside. The concentration of the sodium cation,
on the other hand, is only 10 mm within and 150 mm without.
This is but one example of the non-equilibrium conditions that
must be maintained for cells to survive.


Channels of many types play a critical role in transporting
ions and molecules through the phospholipid bilayer.[1]


Channels may be formed from peptides or from proteins. It
is currently the consensus that channels that form from
peptides do so as a result of monomers, such as alamethicin
(Table 1), that organize into a pore.[2] The number of
monomers required and the structures of such pores remain
elusive.[3] Peptides such as gramicidin (Table 1) that consist of
alternating d- and l-amino acids form a channel within the


helix and dimerize to achieve the appropriate span rather than
the appropriate pore diameter.


Protein channels have considerably higher molecular
weights than do peptides channels. They are thought to have
multiple, a-helical strands that can cross the membrane
repeatedly. These a-helices are connected by peptide loops
that may be constricting or quite loose. In most cases, it is
thought that the protein crosses the membrane several times
arranging multiple helices into a pore. Cations then pass
through this assembly. The formation of an organized
assembly by this type of arrangement is known from the
structure of bacteriorhodopsin.[5] Bacteriorhodopsin is in the
family of molecules known as G-coupled protein receptors
and, although it is not a cation-conducting channel, its seven-
transmembrane helix structure was the best model available
until very recently.


Solid-State Structures of Channel-Forming Proteins


A breakthrough has occurred during the past few years in our
understanding of cation-channel structures. This can be
attributed to the publication of the structure of the KcsA
channel from Streptomyces lividans reported by Doyle et al.
working in the MacKinnon laboratory.[6] A second structure,
that of the so-called ªmechanosensitiveº channel isolated
from Mycobacterium tuberculosis has further enhanced our
knowledge in this area.[7] Both of these channels have pores
formed from multiple a-helices, but the K� channel has
fourfold symmetry and the mechanosensitive channel has
fivefold symmetry, as has the acetylcholine receptor.[8] The
structures of channels have raised innumerable questions and
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Table 1. Amino acid sequences for gramicidin and alamethicin.


gramicidin D[a] OHCNH-l-Val-Gly-l-Ala-d-Leu-l-Ala-d-Val-l-Val-
d-Val-l-Trp-d-Leu-l-xxx-d-Leu-l-Trp-d-Leu-l-Trp-
CONHCH2CH2OH


alamethicin Ac-Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-
Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-Gln-Phol


[a] Gramicidin D (Dubos) is a mixture of gramicidin A, B, and C
(�80:5:15),[4] in which xxx (above) is Trp in gramicidin A (gA), Phe in
gB, and Tyr in gC.
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will continue to inspire study for many years. The goal of the
organic chemist is to use this new structural information along
with existing biophysical results to design and prepare simple
models of channel function.


Natural Products that Are Channel Models


The organic chemist�s view of channel function has been
influenced by a variety of natural products. These include
polyene antibiotics such as amphotericin B and nystatin. For
example, amphotericin B is thought to form an aggregate that


is rather like a barrel and the arrangement has been termed
the ªbarrel-stave model.º[9] Gramicidin is a pentadecapeptide
that dimerizes in a tail-to-tail fashion to form the most studied
of all cation-selective channel compounds. Although it has
been the subject of more than 4000 literature reports,[10]


gramicidin�s functional structure and mode of action continue
to inspire study and controversy.[11] It seems remarkable that
such simple, relatively low-molecular-weight (MW� 12 kD)
structures exhibit behavior typical of many protein channels:
ion selectivity, voltage dependence, sub-conductance states,
and blocking.


Synthetic Peptides as Models for Channel Function


A number of groups have constructed channels from various
peptides. Mutter and Montal used what they refer to as
template-assembled synthetic proteins (TASPs).[12] DeGrado
and co-workers[13] studied the aggregation of a-helices by
using model peptides that contain only leucine and serine
residues: H2N(LSSLLSL)3CONH2.


Synthetic Organic Compounds as Model Ion
Channels


From the biological perspective, it is transport of H�, Na�, K�,
Ca2�, and a few other ions that are of interest. Pioneers in this
field have, however, studied transport of ions such as CoII in
order to assess their designs within a bilayer. Early channel
designs were reported by Tabushi et al.,[14] Lehn et al.,[15] Fyles
et al.,[16] Menger et al.,[17] Kobuke et al.,[18] and also from our
own laboratory.[19] These designs varied widely but the issues
addressed were similar. In all cases, it was essential to span the
membrane and to provide a pathway so that the ion could
traverse it.


Designs diverged at this point into essentially two groups.[20]


We have described these as ªhalf-channelº units and full-


membrane spans. Half-channel elements have a span of
approximately half the thickness of the membrane. The
molecules reside in one or the other of the two leaflets that
comprise the bilayer.[21] They move about (lateral relaxation)
within the bilayer and when opposite half-channels align, a
transmembrane pore forms. This is illustrated in Figure 1 with
an aggregate in the ªbarrel-staveº arrangement.


Figure 1. Schematic diagram showing two half-channel elements, each
residing in a separate membrane leaflet; they can form a transmembrane
pore when they are aligned.


The approach that more closely mimics the transmembrane
pores formed by proteins involves a single structure as wide as
the membrane. At a minimum, such a design must span the
insulator regime (ªhydrocarbon slabº) of the bilayer (Fig-
ure 2). This distance is typically 30 ± 35 �.[22] The bilayer
contains two other structural elements that together comprise
the ªheadgroup.º In fact, between the insulator and the
exposed headgroup, there is a region of intermediate polarity
involving the glyceryl esters. We referr to this space as the
ªmidpolar regimeº (Figure 2). We believe that important
interactions occur between protein channels and this portion
of the membrane.[23]


The Design and Synthesis of Synthetic Channel
Compounds


The design and synthesis of transmembrane ion conductors
presents two challenges. The first is that the design involves
numerous assumptions and guesses because the mechanism of
channel transport is not well understood. Evidently, the
biophysics of what happens has been extensively character-
ized, but the chemical mechanisms underlying these phenom-
ena are poorly understood. The second challenge is to prepare
the designed structure as economically as possible. The
elegant synthesis of a nonfunctional structure is folly. The
design must be realized quickly and, if possible, in a modular
approach so that structural variations can be implemented as
the analytical data accumulate.


Tris-macrocycles and Hydraphiles


A number of decisions were required at the beginning of the
project. For example, we decided that spanning the insulator
regime was more important than spanning the entire bilayer.
We therefore devised a structure with an overall length of
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�40 � rather than 50 ± 60 �. We have long taken the view
that it is prudent to combine structural features thought to be
important with structural flexibility. By doing so, an incorrect
guess about distance or orientation may be corrected by
conformational adjustment. A rigid compound may be more
intellectually appealing, but a minor misalignment in an
inflexible structure may portend disaster.


Based on our experience with macrocycles,[24] we decided to
incorporate crown ethers[25] into the design as headgroups. A
separate research effort by others[26] and by us[27] established
that appropriately substituted crowns could function as
headgroups in the amphiphilic sense. The crowns would
anchor the channel at the polar/insulator boundary and also
serve as entry portals. We envisioned that they would also play
a second role: a central ion relay. Chemical intuition
suggested that ions were unlikely to ªjumpº 30 � or more in
the absence of any stabilization. The midplane of the bilayer is
clearly nonpolar and presents a significant barrier to cation
transport. We felt that a crown ether could serve as a relay
station for the transient ion. Indeed, the existence of just such


a relay station[28] was revealed in the KcsA channel struc-
ture.[6] Our own studies have confirmed this function as
discussed below.


Our original design is illustrated in Figure 3. Note that
we envisioned water being associated with all alkali metal
cations essentially in a chain within the pore. The com-
pound shown here may be represented in shorthand as
C12hN18NiC12hN18NiC12hN18NiC12 (1). As our experience
evolved, we learned that the central macrocycle was parallel
to the membrane�s lipid axis rather than parallel to the other
macrocycles (discussed below). When we ultimately elimi-
nated the central macrocycle, we found that our designation
of these compounds as ªtris-macrocyclesº was no longer
appropriate. We dubbed them ªhydraphilesº, in part be-
cause of the dictionary definition of hydra: ªAny of several
small freshwater polyps of the genus Hydra and related
genera, having a naked cylindrical body and an oral
opening surrounded by tentacles.º[29] This definition seemed
to describe the chemical structures as well as the crea-
tures.
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Figure 2. Representation of a phospholipid bilayer membrane.


Figure 3. Semi-schematic representation of the original design concept for hydraphile channels.
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Analytical Chemistry: Confirming Structure and
Function


The initial challenge is to confirm function. The hydraphiles
were designed to transport cations and the ability to do so can
be confirmed in several ways. Proton transport in the bilayer
was assessed by using fluorescence methods. Alkali-metal
cation transport was also assessed by use of the electro-
physiological method of ªpatch clampingº or more correctly
in our case, planar bilayer conductance measurements. The
method that we used most extensively is a dynamic NMR
method developed originally by Riddell.[30] In this technique,
the exchange rate of Na� between the inside and the outside
of phospholipid vesicles is assessed by using 23Na NMR
spectroscopy. The equilibrium exchange (K� 1/t) is detected
as a concentration dependent change. Channel concentrations
in the latter experiments were typically in the range 0 ± 20 mm.
Gramicidin (see above) was used as the control in all
experiments (K� 100 %). Under these conditions, channel 1
transports Na� at a rate about 27 % of that for gramicidin
(K� 175 sÿ1) under identical conditions.


Control experiments : A number of control experiments were
run to establish whether the observed function was in
agreement with the concepts. Changing sidearm groups
altered transport efficacy in ways that could be readily
correlated with structure. Removal of the sidearms by
replacement of the distal N-alkyldiaza[18]crown-6 com-
pounds by aza[18]crown-6 eliminated the cation-transport
function. If transport occurred by a carrier mechanism,
removal of the sidearms was not expected to matter much.
Indeed, the family of hydraphiles was found to transport
sodium picrate in a CHCl3/H2O artificial membrane system,
but there was no correlation with transport rates determined
in the bilayer. This is in concert with, but does not prove, the
assumption that the hydraphiles function as channels in
bilayers.[31]


If cations passed through the central macrocycle (see
Figure 2), diminishing the size of macroring (or eliminating


it) would nullify the transport efficacy. When
C12hN18NiC12hN18NiC12hN18NiC12 was converted into
C12hN18NiC12hN15NiC12hN18NiC12, little change in rate was
observed. Likewise, cleavage of the central macrocycle did
not obviate function. We thus concluded that the arrangement
of 1 in the bilayer was as shown in Figure 4.


The use of fluorescence measurements : The dodecyl side-
chains of 1 can be replaced by fluorescent dansyl groups
DnhN18NiC12hN18NiC12hN18NiDn to give 2. When 2 was
dissolved in solvents with polarities (ET) of 35 ± 60 D, its
fluorescence maximum (lmax) was observed between about
500 and 525 nm (see Figure 5). When 2 was studied in a


Figure 5. Plot of fluorescence emission for dansyl channel 2.


phospholipid bilayer, lmax for the dansyl groups was observed
at 516 nm. This corresponds to a relative polarity between that
of methanol and ethanol, but closer to the latter. This is the
environment expected if the dansyl groups are near the
bilayer�s ester carbonyl groups. The interior of the membrane
would be much less polar and the membrane�s headgroup
region would be more polar.


Another means by which the headgroup placement can be
assessed is the use of fluorescence resonance energy transfer
(FRET). By placing the fluorescence quenching doxyl group
at various positions on phospholipid fatty acid chains, it is
possible to triangulate the location of the fluorescent residue.


Figure 4. Semi-schematic representation of the current understanding of the hydraphile channel 1 arrangement within the bilayer.
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Again, the dansyl groups of 2 are the fluorescent residues. In
this case, a doxyl group is attached at varying positions on the
fatty acid portion of the membrane monomer. The doxyl
group�s unpaired electron will quench the dansyl group
fluorescence according to their separation. The assumption
is made that the doxyl-containing fatty acid chains align with
the membrane�s other monomer chains in a predictable
fashion (see Figure 6). The concentration of doxyl lipid is
varied within the membrane. A plot is then made of ln F/F0 for
each monomer. The ratio F/F0� exp[pC/70(R2


0ÿX2ÿZ2] , in
which F and F0 are the quenched fluorescence and the
fluorescence at zero quencher concentration, respectively.
The other variables in this equation are as follows: C is the
molar ratio of spin-labeled lipid, R0 is the critical quenching
radius, X is the minimum closest allowed lateral approach,
and Z is the vertical distance between the fluorophore and the
quencher. Values for R0, X, and Z were taken directly from
the literature.[32]


Evaluation of the data shows that the distance from the
fluorescent headgroup to the midplane of the bilayer is 14 �,


which suggests a headgroup separation of 28 �. This is very
encouraging because it indicates that the headgroups are near
the boundaries of the membrane�s insulator regime (�30 �).
Certainly, it comports with the polarity data obtained above
and is inconsistent with the headgroups being buried within
the bilayer.


Fluorescent channel 2 can be used in conjunction with a
closely related channel compound (3) in which the dansyl
headgroups are replaced by N-methylindolyl groups (3�
MeIndCH2CH2hN18NiC12hN18NiC12hN18NiCH2CH2IndMe).
Methylndolyl channel 3 absorbs energy at 283 nm and emits at
343 nm. Excitation of 2 occurs at about this wavelength and
fluorescence occurs (see graph above) at 516 nm in a
phospholipid bilayer (Figure 7). By varying the concentra-
tions of 2 and 3 so that [2]� [3]� 1 molal, one can evaluate the
aggregation state. In this experiment, a plot of log F/F0 versus
log mole fraction of 3 should give a straight line, the slope of
which corresponds to the aggregation state. In this case the slope
is 1.12, which suggests that the channel functions as a mono-
mer rather than an aggregate, at least for channels 2 and 3.


Figure 6. Quenching (indicated by arrow) of dansyl group fluorescence by the doxyl group of a modified phospholipid residue.


Figure 7. Fluorescence energy transfer from the indolyl-side-chained channel 3 to the dansyl channel 2.
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Other applications of basic physical organic chemistry to the
synthetic channel problem : In other studies, we applied
traditional physical organic chemistry in an effort to confirm
the conformation and function of the channel compounds. We
briefly describe two such endeavors here.


First, we[20] and others[33] have speculated that the indole
residue of tryptophan (Trp, W) may play a role as a membrane
anchor. We thus incorporated indole into the channel com-
pound InCH2CH2hN18NiC12hN18NiC12hN18NiCH2CH2In
(4). Remarkably, no Na� transport was detected by the 23Na
NMR spectroscopic method. Both CPK molecular models
and Monte Carlo simulations suggested that hydrogen-bond
formation between a macroring oxygen atom and the indole
NH could block the ªportalº and prohibit channel function.
Infrared spectroscopic studies confirmed the presence of an
intramolecular hydrogen bond.[34] When 4 was methylated to
form 5, function was fully restored.


Second, we reasoned that if such a modest interaction as a
hydrogen bond could obviate function, we might be able to
detect passage of the ion through the portal by the classical
Hammett analysis. Thus, we prepared three channel com-
pounds of the type Z-C6H4-CH2hN18NiC12hN18Ni-
C12hN18NiCH2-C6H4-Z. The para substituent Z was varied
from NO2 to H to OCH3. The transport rates for Na� was
studied in phospholipid liposomes. A plot of the rates vs. s�


gave a straight line with a negative slope.[35] The slope was
about half that observed for the related crown ethers[36] as
expected for a transient interaction. Although the graph
comprises only three points, the results are compelling.


Conclusion


Many compounds can be envisioned that are (or that can
adopt) tubular in shape and 30 ± 50 � long. The two key issues,
however, are to synthesize the molecules in an economical
way and to assess their efficacy. A complex total synthesis of a
compound that fails to function is a poor use of time and skill.
The demonstration of efficacy should, ideally, be in a
phospholipid bilayer (liposomes, planar bilayer, or patch). A
compound designed to mimic channel function should trans-
port alkali metal ions at a significant rate. The transport of
Co2� is not biologically relevant, and transport equilibration
rates of hours rather than milliseconds are also of marginal
interest. Once these conditions have been met, a variety of
physical organic and spectroscopic tests can be used to assess
location, conformation, and function.
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Discovery through Total Synthesis:
A Retrospective on the Himastatin Problem


Theodore M. Kamenecka[a] and Samuel J. Danishefsky*[b]


Dedicated to Albert Eschenmoser


Abstract: A total synthesis of a struc-
ture proposed for himastatin was ac-
complished. The non-identity of the
fully synthetic material with himastatin
necessitated a revision of the assigned
structure. Confirmation of the revised
stereostructure was subsequently con-
firmed through total synthesis. Among
the achievements during this effort were
i) stereospecific routes to both anti ± cis
and syn ± cis pyrrolindoline substruc-


tures; ii) a practical synthesis to 5-hy-
droxypiperazic acid in enantiomerically
pure form; iii) a Stille coupling leading
to a complex bi-indole moiety, and iv)
efficient protecting group management
throughout the evolving depsipeptide


domain. The outlines for a biological
pharmacophore have been delineated.
The alternating d- and l-substituents in
the 6-mer as well as the biaryl linkage
connecting the two identical subunits
are critical for maintaining biological
activity. This pattern is simulated in
another antibiotic, and suggests a possi-
ble structural trend for future SAR
investigations.


Keywords: antibiotics ´ himastatin
´ natural products ´ protecting
groups ´ total synthesis


Introduction


Given the growing need for new antibiotic agents in the
ongoing battle against microbial infection, the screening of
multiple potential sources of useful metabolites continues.
Clearly, the increasingly serious consequences associated with
the emergence of new strains of microorganisms which are
resistant to the menu of known bactericides heightens interest
in this important area.[1] There is a particularly acute need for
antibiotics of novel structure which lend themselves to further
structural diversification for purposes of combating resist-
ance. Undoubtedly, these sorts of considerations loomed large
in directing researchers from the Bristol Myers Laboratories
to the Himachal Pradesh State in India and to the study of an
indigenous actinomycete strain. During the course of this
venture, the isolation team had characterized an apparently
new metabolite of the formula C72H104N14O2.[2a, b] In keeping
with the history and geographic setting of the project, as well
as the antibacterial (gram positive) and antitumor properties
the new agent was termed himastatin.


There then ensued a program of strain improvement and
corresponding upgrading of fermentation yield. In parallel, an
effort directed to establishing the structure of himastatin was


launched. Extensive hydrolytic studies served to identify the
components of the depsipeptide, which joins to an oxidatively
modified tryptophan. Attention was next directed to the
linkage order of the subunits. Mass spectrometry served to fill
in some of the missing elements in the structural puzzle. Most
critical to the analysis, was the creative use of state of the art
interactive 1H and 13C NMR spectroscopy. At the chemical
level, a major advance was accomplished by treatment of
himastatin with lithium borohydride (Figure 1). The major
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Figure 1. Himastatin degradation product.


product resulting from this protocol, C22H44N6O6 bearing a
single valinol residue per subunit, lent itself to more detailed
analysis. At this stage the presence of a symmetric, oxidatively
dimerized version of a hypothetical monomer (vide infra)
could be formulated, which contains an oxidatively cyclized
tryptophan subunit. The site of oxidative dimerization was in
the benzo region of the indole, while oxidative cyclization had
occurred in its pyrrolo sector. The C terminus of the modified
tryptophan serves to acylate a d-valinol residue (see gross
structure A).


Starting from a secure assignment of the d-valine config-
uration at the side chain in A, ORD measurements in concert


[a] Dr. T. M. Kamenecka
Laboratory for Bioorganic Chemistry
Sloan-Kettering Institute for Cancer Research
1275 York Ave., Box 106, New York, NY 10021 (USA)


[b] Prof. S. J. Danishefsky
Department of Chemistry, Columbia University
Havemeyer Hall, New York, NY 10027 (USA)
E-mail : s-danishefsky@ski.mskcc.org


FULL PAPER


Chem. Eur. J. 2001, 7, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0041 $ 17.50+.50/0 41







FULL PAPER S. J. Danishefsky and T. M. Kamenecka


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0042 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 142


with extensive NMR measure-
ments led the Bristol Myers
scientists to assign the pyrro-
loindoline moiety to the d-tryp-
tophan series, and to assert an
anti relationship of the trypto-
phan derived carboxamido
function and the cis-fused junc-
tion substituents (Figure 2).
The Nb of the tryptophan de-
rived pyrroloindole is joined in
an amidic linkage to a d-threo-
nine residue. The summation of these arguments led to the
advancement of structure 1 to himastatin and structure 2 to
product A arising from reduction of the natural product with
lithium borohydride.[2c]
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Figure 2. Proposed structures for himastatin and degradation product.


Results and Discussion


Key issues : Given our longstanding interest in the synthesis of
various pyrroloindole alkaloids,[3] the promising antibiotic
activity reported for himastatin,[2a] and its nonconventional
structural features, we were naturally drawn to this molecule
as a focusing target for a study in total synthesis. From the
outset, there was no doubt that such a total synthesis venture
would prove to be difficult. However, we hoped and expected
that there could be correspondingly favorable learning
opportunities. The lessons so garnered could well go beyond
the particulars of himastatin.[4, 5]


Included in the program was the goal of establishing
whether the bacteriocidal activity of himastatin arises from
the core monomer alone, or whether some form of intra-
molecular collaboration between the identical subgroups in
the ªdimerº is critical. We also hoped to undertake a more
subtle, but related inquiry, that is, whether there is a long-
range communication between the two identical domains,
which could be detected at the spectroscopic level. To deal
with these questions, it would be necessary to gain access to
the ªmonomer-likeº system 3 and further evaluation with
regard to activity as well as congruency of its depsipeptide
domains with respect to those of 1 (Figure 3). Since the


monomer is apparently not available from fermentation or
from degradation of himastatin, chemical synthesis would be
required for such a study.


Broadly speaking, one could anticipate several key issues
which would require particularly close attention in attempting
a total synthesis of himastatin. In citing these problem areas,
we imply no a priori commitment as to the sequence in which
they would be addressed. Clearly, there is a need, at some
stage, to achieve coupling of the indole moieties (see arrow
i) in structure 4, Figure 3). Another potentially serious
impediment could be the building of the pyrroloindoline with
the angular hydroxyl group at C3a ii). It would be necessary to
correlate the stereochemistry of the cis pyrrolo[2,3-b]indoline
with the acyl function of the modified tryptophan, Figure 3
iii). Workable routes to the amino acids or amino acid
surrogates which are to be interpolated between the ªtrypto-
phylº carboxy and Nb functions would be required. A
particularly novel segment of the five-component insert
needed to establish the depsipeptide, is the rather rare
5-hydroxypiperazic acid in the d-amino acid configuration
(Figure 3 iv).[6] Needless to say, the subtleties of protecting
these building blocks as they are entered into the evolving
depsipeptide domain must be mastered. Moreover, creation
of a setting for successful deprotection of the various subunits
without unraveling fragile functional group accommodations
would pose no small challenge to the enterprise.


Synthesis of anti ± cis (11) and syn ± cis (14) pyrroloindoline
cores : With the potential difficulties well appreciated, we
initiated our quest by focusing on the pyrroloindoline prob-
lem. Even confining our inquiry to the cis [2,3-b] series and
setting aside considerations of absolute configuration, it
would be necessary to achieve decent control in setting the
relation of this fusion relative to the acyl (carboxamido)
center of the modified tryptophyl subunit. Put differently, if
we would commence with a suitably protected tryptophan 5,
shown in the d-configuration, it would be necessary to gain
access to the anti ± cis series (cf. 7) corresponding to the
assigned structure of himastatin (Figure 4). Ideally, at least for
purposes of molecular diversification, it could be helpful if we
could also gain stereoselective access to the syn ± cis series (cf.
6). Indeed as matters unfolded (see below), this capability
proved to be crucial.


The possibility of inducing oxidative cyclization of various
tryptophan derivatives such as 5, followed by aromatization
(loss of HX) which led to 8, had been appreciated since the
pioneering work of Witkop (Figure 5).[7] Our first thought was
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Figure 3. Key synthetic issues and potential bond disconnections.
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to accomplish the required conversion through a substrate
that yields a product which can be hydrated (by oxidation
followed by reduction) with high stereoselection in the anti ±
cis sense, to reach a system of type 7. To bring this result about,
the Nb nitrogen of the tryptophan had to be subject to
deprotection of its blocking group with maintenance of the
aromatic ªhydrateº substructure. These stringent criteria
were met through the use of the anthracene sulfonyl protect-
ing group as the Nb protecting group (PG),[8] while a tert-butyl
ester (R) served to protect the carboxyl function (see
compound 9, Scheme 1). Treatment of 9 with NBS and


Na
H


NbSO2Anth
H


CO2tBu


N
H


NSO2Anth


CO2tBu


N
H


• NSO2Anth


CO2tBu
HO


N
H


• NCO2Me


CO2MeHO


N
H


NH2


CO2H


9 10


12


D-tryptophan


11


d), e)


a), b) c)


f)-i)


Scheme 1. Synthesis of pyrroloindoline 11. a) AnthSO2Cl, TEA, THF;
b) tert-butyl isourea, CH2Cl2, rt, 70% (over two steps); c) NBS, TEA,
CH2Cl2, 0 8C to rt; d) DMDO, CH2Cl2, ÿ78 8C; e) NaBH4, MeOH, 0 8C to
rt, 75 % (over three steps); f) TFA, CH2Cl2; g) CH2N2, Et2O; h) Al(Hg),
THF, aq NH4OAc; i) ClCO2Me, py, CH2Cl2, ÿ78 8C to rt, 50% (over four
steps).


triethylamine generated an unstable dihydropyrroloindole 10.
Subsequent treatment of this compound with 3,3-dimethyl-
dioxirane (DMDO) at ÿ78 8C followed by reduction with
sodium borohydride led to 11 as substantially a single
diastereomer. The use of a tert-butyl ester afforded a much
higher anti to syn stereoselectivity (>15:1) in the oxidation
step than the corresponding methyl ester which provided a
more modest 3:1 preference. Interestingly, of the protecting


groups PG, which were surveyed for Nb, only those of the
sulfonyl type (AnthSO2, SES, Ts) were appropriate for
subsequent oxidation of the pyrroloindole tetrasubstituted
double bond with DMDO. Other protecting groups at Nb


(Boc, CO2Me, Ac, Tr) and other oxidants (OsO4, MCPBA,
MMPP, Pb(OAc)4) failed to give the desired products in
useful yields.[9]


The anthracene sulfonyl residue had been chosen among
the various sulfonyl groups because of the ease of its removal
under mild reducing conditions (SmI2, THF, rt, min, or
Al(Hg), THF, H20, rt, h). For additional verification, the
transformation of 11 ! 12 was also accomplished. The
correlation of this compound with compounds previously
assigned to be in the ªanti ± cisº series strongly supported our
assignments.[10]


We next turned to the matter of gaining stereospecific
access to the syn ± cis pyrroloindoline series. At the time we
undertook this study, the idea was to expand our options for
diversifying himastatin congeners. We were mindful that this
type of transformation had not been accomplished by direct
cyclization of a tryptophan derivative with high stereoselec-
tivity.[11] Many tryptophan-derived congeners were screened
as to their amenability to stereospecific oxidative cyclization
in the desired mode. After considerable trial and error type
research, we found that the Nb-trityl substrate, as its tert-butyl
ester (see compound 13 derived from l-tryptophan as shown),
gave 14 in 55 % yield upon oxidation with DMDO and
cleavage of the trityl group apparently unaccompanied by any
anti ± cis diastereomer (Scheme 2).
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Scheme 2. Synthesis of pyrroloindoline 14. a) TrCl, TEA, THF; b) tert-
butyl isourea, CH2Cl2, rt, 76% (over two steps); c) DMDO, CH2Cl2,
ÿ78 8C; d) HOAc, MeOH, CH2Cl2, 55% (over two steps).


At this stage we had accomplished our key early objective
of gaining smooth and highly stereoselective access to both
the anti ± cis and syn ± cis versions of the [2,3-b]-pyrroloindole
series. Our expectation was to use the former as a building
block to obtain himastatin while the latter might be useful for
SAR investigations.


Synthesis of dimer 24 : Our focus then shifted to paving the
way for the bi-aryl linkage (see i) in structure 4, Figure 3). We
were rather aware of the fact that if the biaryl linkage could be
introduced at an early stage, the building of the depsipeptide
could be conducted concurrently on the two identical subunits
potentially with a notable economy of operations. We came to
favor a Stille coupling for the biaryl bond formation.[12] This
route was all the more interesting since it had not yet been
reported in the bisindolyl series.


We had of course benefited from the availability of d-
tryptophan to reach 11. Now it would be necessary to
functionalize the benzo region at the required carbon of the
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indolenine. We reasoned that Na, even if modified with a
protecting group, might direct an electrophilic functionalizing
agent to the C-5 position.


Much trial and error was required before Na as well as Nb


were presented in an optimal way for accomplishing clean
functionalization at the C-5. In practice compound 11 lent
itself to conversion to 16 through a three-step sequence
(Scheme 3). Protecting group interplay was required at this
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Scheme 3. Synthesis of pyrroloindoline dimer 19. a) Al(Hg), THF, aq
NH4OAc; b) CbzCl, py, CH2Cl2, rt, 60 % (over two steps); c) TBSCl, DBU,
DMF, 50 8C, 77%; d) ICl, 2,6-di-tert-butylpyridine, CH2Cl2, 81 %;
e) Me6Sn2, [Pd(Ph3P)4], THF, 60 8C, 89%; f) [Pd2dba3], Ph3As, 17, DMF,
45 8C, 50 ± 70%.


point since neither the anthracene sulfonyl group nor the free
NH or OH functions were compatible with the iodination
conditions. With the particular set of protecting groups shown,
iodination at C-5 of the indoline occurred as indicated (see
compound 17). The stannyl indole 18 was prepared from 17 as
shown. Happily and seemingly uneventfully, a palladium
mediated Stille coupling of 17 and 18 gave rise to 19. The
critical campaign for a two-fold interpolation of the depsipep-
tide between Nb and the tryptophan derived carboxy center
could now commence.


Significant restructuring of this pyrroloindoline domain was
necessary to render it suitable for initial attachment to the
depsipeptide domain, as well as for macrocyclization and
ultimate deprotection (Scheme 4). For instance, parallel
studies in related series suggested that we would not be able
to deprotect an angular TBS group at C-3a when the full
macrocycle was in place. Hence, the TBS protecting group
was cleaved at the stage of 19. Fortunately, a triethylsilyl
function could be introduced at this point through the use of
TESCl in the presence of DBU to provide 21. Additionally, on
the basis of model probe studies, it appeared that reliance of a
tert-butyl ester for carboxy protection would lead to difficul-
ties in late stage deprotection. Accordingly, we replaced this
group with an allyl ester which could be cleaved through
palladium mediated p-allyl formation at a strategic point of
our choosing. Of course, the presence of an allyl group from
the start would not have been compatible with our oxidative
cyclization. The four Cbz functions were discharged under
standard hydrogenation conditions and the resulting tetra-
amine was reprotected as its bis-Fmoc derivative (see com-
pound 22). The tert-butyl ester function was cleaved with
triethylsilyltriflate and 2,6-lutidine. Hydrolysis of the resultant
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Scheme 4. Synthesis of pyrroloindoline dimer 24. a) TBAF, THF, 85%;
b) TESCl, DBU, DMF, 50 8C, 79%; c) H2 (1 atm), Pd/C, EtOAc; d) Fmoc-
HOSu, py, CH2Cl2, 87% (over two steps); e) TESOTf, lutidine, 0 8C to rt,
CH2Cl2; f) allyl alcohol, EDCI, DMAP, CH2Cl2, 78 % (over two steps);
g) piperidine, CH3CN, 92 %.


triethylsilyl esters and reprotection of the diacid as its bis-allyl
ester afforded derivative 23. Finally, the Fmoc functions were
cleaved upon reaction of 23 with piperidine, thereby providing
access to 24. In relying on the doubly deprotected diamine
arrangement (Nb and Na), we expected that Nb would be more
reactive than the ªaniline-likeº Na.


Synthesis of piperazic acid 32 : Our next subgoals involved
gaining access to the five building blocks comprising the
depsipeptide. The individual units would be pre-assembled to
produce the 5-mer which would be interpolated between Nb


and the erstwhile tryptophan carboxyl function. Even casual
inspection of these subunits forecasts that the most complex
of them would be the 5-hydroxypiperazic acid moiety,
properly presented for incorporation into the 5-mer. The
synthesis had to be responsive to the relative and absolute
stereochemistry required for himastatin. This subgoal was
accomplished through two different schemes.[13] In the first
(Scheme 5), methanolysis of commercially available tosylate
25 at rt gave an epoxy ester. The oxido linkage suffered
opening with LiBr and HOAc, which gave hydroxy ester 26.
Protection of the resulting secondary alcohol as its tert-
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Scheme 5. Synthesis of piperazic esters 29 and 30. a) NaOMe, MeOH, 0 8C
to rt; b) LiBr, THF, HOAc, rt, 93% (over two steps); c) TBSOTf, lutidine,
CH2Cl2, ÿ78 8C to rt, 65%; d) NaHMDS, THF, DBAD, ÿ78 8C to rt, 79%;
e) NaH, DMF, 0 8C, 44 % of 29, 37% of 30.
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butyldimethylsilyl ether led to 27 in good overall yield for the
three steps. Deprotonation with strong base (NaHMDS)
followed by quenching with bis-Boc azodicarboxylate afford-
ed 28 as a roughly 1:1 mixture of diastereomers. Exposure of
this mixture to NaH in DMF at 0 8C led to smooth cyclization
giving piperazic esters 29 and 30 after a difficult separation.


The cis-ester 30 was advanced to 32 through ester 31 in a
straightforward manner as shown (Scheme 6). Much effort
was expended to make use of the undesired trans piperazic
ester 29 by means of epimerization. Success was ultimately
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Scheme 6. Synthesis of piperazic acid 32. a) TFA, CH2Cl2; b) TeocCl,
iPr2NEt, CH2Cl2, 92 % (over two steps); c) LiOH, THF, 0 8C, 100 %;
d) TBAF, THF, 0 8C to rt, 80 %; e) DBU, toluene, 110 8C, 69%; f) TFA,
CH2Cl2; MeOH; g) TeocCl, py, CH2Cl2; h) TBSOTf, lutidine, CH2Cl2,
ÿ78 8C to rt; i) LiOH, THF, 0 8C, 82% (over four steps).


accomplished as seen in Scheme 6. TBAF deprotection of 29
cleanly gave secondary alcohol 33 in 80 % yield. Refluxing
this trans-hydroxy ester with DBU in toluene using a Dean ±
Stark trap filled with 4 � molecular sieves led to a slow, but
clean conversion to the cis piperazic lactone 34. Acidic
cleavage of both Boc functions, and methanolysis of the
lactone, acylation of the remote nitrogen with TeocCl,
silylation of the alcohol function, and ester hydrolysis led to
32. In theory, a mixture of cis and trans esters (29 and 30)
could be taken on through this sequence thereby obviating the
need for a difficult chromatographic separation. Albeit less
than elegant from the standpoint of stereocontrol, the
approach is amenable to scale-up and requires a minimal
number of purification steps.


A second generation, stereoselective approach to the
piperazic acid was also developed. The route started with
the known pentenoic acid derivative, 35 (Scheme 7).[14]


Cleavage of the acyl oxazolidinone bond was accomplished
through lithium hydroxide in THF. Bromolactonization of the
resulting acid 36 under the influence of N-bromosuccinimide
gave a �4.5:1 ratio of 37 relative to its trans counterpart.[15, 16]


The bromine function was displaced upon deprotonation of
the second Boc nitrogen giving rise to lactone 34. As before,
four straightforward steps converted 34 into acid 32.


Pentadepsipeptide synthesis : The other four fragments which
were employed in building the peptidal domain were: i) the d-
threonine derivative 38, ii) Fmoc-l-leucine 39, iii) the
hydroxyisovaleryl derivative 42 (prepared from commercially
available (S)-hydroxyisovaleric acid), and iv) d-valine, as its
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Scheme 7. Alternate synthesis of piperazic acid 32. a) LiOH, THF, 0 8C,
71%; b) NBS, toluene, 0 8C, 65%; c) NaHMDS, DMF, 0 8C, 64 %; d) TFA,
MeOH; e) TeocCl, py, CH2Cl2; f) TBSOTf, lutidine, CH2Cl2, ÿ78 8C to rt;
g) LiOH, THF, 0 8C, 82 % (over four steps).


Troc derivative 44 (Scheme 8). Of these, 39 is commercially
available. The remaining components 38, 42, and 44 were all
derived from well established chemistry.
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Scheme 8. Synthesis of pentadepsipeptide acid 45. a) allyl alcohol, p-
TsOH, C6H6, Dean-Stark, 80 8C; b) TBSCl, imidazole, CH2Cl2, 99% (over
two steps); c) Fmoc-l-leucine (39), EDCI, DMAP, CH2Cl2; d) piperidine,
CH3CN, 88 % (over two steps); e) piperazic acid (32), HATU, HOAt,
collidine, CH2Cl2, 70 ± 95%; f) Fmoc-OCH(iPr)COCl (42), collidine,
CH2Cl2, 0 8C to rt; g) piperidine, CH3CN, 92% (over two steps); h) Troc-
d-valine (44), IPCC, Et3N, DMAP, CH2Cl2, ÿ20 8C to rt; i) ZnCl2,
CH3NO2; j) TBSOTf, lutidine, CH2Cl2, ÿ78 8C to rt; k) [Pd(Ph3P)4],
PhSiH3, THF, 0 8C to rt, 69% (over four steps).


With the requisite building blocks in hand, assembly of the
5-mer domain could commence. Coupling of 38 with 39 was
followed by cleavage of the Fmoc group to release the leucine
amino function (see compound 40). The latter was acylated
with the piperazic acid 32, to provide tripeptide 41. Fortu-
nately, the relatively unreactive NH moiety of the piperazic
acid 41 was subjected to acylation by 42. Following depro-
tection, building block 43 was in hand. Acylation of 43 with 44,
deprotection of the three silyl groups, reprotection of the diol,
and deprotection of the allyl ester gave the required acid 45.
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This sequence was required since projected removal of the
Teoc group on the piperazic fragment was highly problematic
in the context of the full himastatin core structure. Hence, this
deprotection had to precede incorporation of the 5-mer into
the sensitive himastatin architecture. Fortunately, the free
piperazic NH group in 45 is relatively unreactive. With careful
management of reaction conditions, it proved to be possible to
carry this NH group forward into the synthesis.


Synthesis of dimer 1 and monomer 3 : The next stage of the
venture would involve interpolation of the 5-mer, now
identified as 45, between Nb and the acyl group of 24
(Scheme 9). We would be confronting the question of the
differentiability of the two NH groups of 24. We would, at


every stage, be testing the stability of the pyrroloindoline
moiety, bearing the angular silyl protected tertiary alcohol
and, as discussed above, the accomodatability of the free
NH group of the piperazic acid. Subunit 45 would be
presented as the deprotected carboxyl in the threonine
residue. The valine amino terminus is protected as a Troc-
urethane. Correspondingly, in 24, the tryptophan derived
carboxyl of the pyrroloindole sector is protected as an allyl
ester, leaving Na and Nb as free NH groups to potentially
compete for acylation by the threonine carboxyl function. As
noted earlier, we hoped that the ªaniline-likeº Na would be
less reactive than Nb.


Fortunately, coupling of 24 with two units of 45 under the
highly controlled conditions shown, occurred exclusively at
the Nb centers giving rise to 46. The next phase involved
exposure of the trytophyl carboxyl group (from its allyl ester)
and the valine amino group from its Troc derivative. These
steps were accomplished in the manner shown. In the defining
step of the synthesis, two-fold cyclization of the crude diamino
acid led to the bis-macrolactam 48. As discussed above, the


ground work to enable the final deprotection had been
carefully surveyed. In the event, concurrent deprotection of
the angular pyrroloindoline hydroxyl (from its TES deriva-
tive) and the piperazic and threonine based hydroxyl groups
(from their TBS ethers) was possible and the goal structure 1
was in hand.


The excitement at having ostensibly reached our synthesis
end point was short lived. Unfortunately, it was clear that the
1H NMR spectrum of the final product, prepared in our
laboratory by the synthesis described above, did not corre-
spond with that recorded for naturally derived himastatin,[2b,c]


also presumably corresponding to 1. Particularly striking were
two upfield signals at d� 0.55 and 0.35 in synthetic 1,
attributable to the nonequivalent methyl centers in the valine
isopropyl moiety. No such upfield resonances are present in


the reported 1H NMR spectrum
of himastatin isolated from nat-
ural sources.


Additionally, the gross prop-
erties of the synthetic construct
differed from those described
for himastatin. Thus, the natu-
ral product was reported to be
soluble in a variety of organic
solvents (CH2Cl2, CHCl3,
EtOAc, MeOH) with an tR�
0.6 (8:1 CHCl3/MeOH). Al-
though soluble in DMSO, syn-
thetic 1 is insoluble in CH2Cl2,
CHCl3, EtOAc, MeOH, and is
much more polar with an tR�
0.15 (8:1 CHCl3/MeOH).


Moreover, the synthetic logic
to reach dimer 1 was applied to
the synthesis of monomeric 3.
For this goal, we returned to
compound 11 (Scheme 10). The
tert-butyl group of the ester
function was cleaved and an


allyl ester was built. Nb was exposed by reductive cleavage
(Al(Hg)) of the sulfonamide (see compound 50). Coupling of
50 specifically at Nb with acid 45 led to seco-system 51. The
synthesis proceeded in much the same manner as that used to
reach 1. Once again, the 1H NMR spectrum of this monomer 3
had upfield peaks at d� 0.55 and 0.35 which had no counter-
part in the reported spectrum of himastatin.[2b,c]


Correction of stereochemistry : At this stage, two possible
conclusions suggested themselves. It could be argued that
during the course of our total synthesis, an unanticipated
epimerization or even skeletal rearrangement had taken
place. Upon carefully and critically reviewing our method-
ology and data, we came to regard this family of possibilities
as most unlikely. This view led us to the next alternative, that
is that the structure (possibly at the stereochemical level) of
the ªrealº naturally occurring himastatin is not identical to
that which had been assigned. Favoring this accounting for the
mysterious non-congruence of synthetic end product and
naturally derived material, we then directed our efforts
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Scheme 9. Synthesis of isohimastatin 1. a) HATU, HOAt, collidine, CH2Cl2, ÿ10 8C to rt, 67%; b) [Pd(Ph3P)4],
PhSiH3, THF, 0 8C to rt, 86%; c) Pb/Cd couple, THF, aq NH4OAc; d) HATU, HOAt, iPr2NEt, DMF, 0 8C to rt;
e) TBAF, HOAc, THF, 48% (over three steps).
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Scheme 10. Synthesis of trans-monomer 3. a) TESOTf, iPr2NEt, CH2Cl2,
0 8C to rt; b) allyl alcohol, EDCI, DMAP, CH2Cl2, 78% (over two steps);
c) Al(Hg), THF, H2O, 69 %; d) acid 45, HATU, HOAt, collidine, CH2Cl2,
ÿ10 8C to rt, 66%; e) [Pd(Ph3P)4], PhSiH3, THF, 0 8C to rt, 92%; f) Pb/Cd
couple, THF, aq NH4OAc; g) HATU, HOAt, iPr2NEt, DMF, 0 8C to rt;
h) TBAF, HOAc, THF, 76% (over three steps).


toward ascertaining the nature of the discrepancy. For this
purpose, we focused on opportunities suggested by the
previously described degradation product, assigned to be 2,
containing the sensitive [2,3-b]-pyrroloindoline moiety as well
as the d-valinol side chain. Since the 1H NMR spectra of 1 and
the monomeric 3 were virtually identical in the depsipeptide
sector, we reasoned that a comparison of the high field spectra
reported for the degradation product presumed to be 2 with a
candidate monomeric version thereof, while imperfect in
terms of intellectual rigor, would be revealing in practice.
Hence, we returned to compound 11 (Scheme 11). It was
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Scheme 11. Synthesis of degredation monomers 53 and 54. a) TFA,
CH2Cl2; b) d-valinol, EDCI, DMAP, CH2Cl2; c) Al(Hg), THF, H2O, 25%
(over three steps); d) Fmoc-HOSu, pyridine, CH2Cl2; e) TMSOTf, lutidine,
CH2Cl2, 0 8C to rt; f) d-valinol, EDCI, DMAP, CH2Cl2; g) piperidine,
CH3CN; h) TFA, CH2Cl2, 28% (over five steps).


readily converted to 53 as shown. Once again, the chemical
shift data for the isopropyl group in 53 (d� 0.78, 0.62) and
those reported for 2 (d� 0.94 and 0.89) were not in accord.
Hence, there was strong indication of a discrepancy between
the relative configurations proposed for himastatin in the
pyrroloindole valinol sector and the synthetically derived
structure 53, which we took to be secure.


Reflecting a growing suspicion as to the nature of the
discrepancy between synthetic 1 and himastatin, we returned


to the previously synthesized tryptophan derivative 14. It
will be recalled that this substance had been derived from
l-tryptophan, but is in the syn ± cis series. The methodology
for converting 14 to the corresponding d-valinol derivative
54 was, in principle, well in hand, provided that the protocols
which had been operative in the anti ± cis series leading to 1
and 3 would now be transferable to the syn ± cis regime.
Indeed, this turned out to be the case and compound 54
was synthesized as shown. In this case, the key features of the
high field 1H NMR spectrum of the synthetic syn ± cis
ªmonomerº version of the bis-valinol degradation product
matched the reported values for the dimer. Thus, the
resonances of the nonequivalent isopropyl methyl groups of
54 are at d� 0.92 and 0.88; this matches closely the reported
resonances at 0.94 and 0.89 of the degradation product
previously reported to be 2, but which in fact now would
require re-formulation.


Further experimental evidence gleaned from the literature
bears on the anti ± cis versus syn ± cis stereochemical issue.
Both trans and cis esters 12 and 55 have been characterized by
1H NMR and by X-ray crystallography (Figure 6).[10] In 12, the
methyl ester singlet appears at d� 3.20 while that in 55 is seen
at d� 3.80. From the crystallographically derived structure of
12, the methyl ester is clearly on the concave face of the
tricycle and would be expected to experience the shielding
effect of the aromatic ring. This chemical shift difference
between the trans and cis esters follows the trend we were now
proposing to extend to compounds 53 and 54.
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Figure 6. Structures of known relative stereochemistry confirmed by X-ray
analysis.


On the basis of these findings and considerations, we were
prepared to postulate that the relationship of the pyrroloindo-
line junction moieties and the tryptophane-carboxamido
group in naturally occurring himastatin is syn rather than
anti as previously proposed.


Having reached this stage in our reformulation of the
structure of himastatin, there were still uncertainties. Of
course, we could not be sure that the depsipeptide domain of
the natural product had in fact been correctly formulated.
Given the similarity of the high field 1H NMR spectra of
synthetic 1 with that described for himastatin (neglecting the
difference in the methyl resonances in the isopropyl group)
we started with the assumption that the depsipeptide sector of
natural himastatin is as asserted. However, even if this is
assumed to be the case, there was no evidence with which to
formulate the absolute stereochemistry of the tryptophan
derived pyrroloindoline. In principle, it could indeed be
derived from d-tryptophan with the discrepancy rooted
exclusively in the syn relationship of the cis junction to the
carboxamido group. Alternatively, the tryptophan in question
may be l-configured. In this event, the ªabsolute stereo-
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chemistryº of the pyrroloindoline junction would have been
correctly formulated. However, the l-carboxamido configu-
ration would be S rather than the R in 1, and its relationship to
the junction functions, accordingly, would be syn rather than
anti.


In evaluating the issue of assignment of the tryptophan
derived (d or l) pyrroloindoline and the clear need to reverse
the anti ± cis assignment to a syn ± cis arrangement, the
chiroptical data cited in support of the original assignment is
more readily accommodated in the context of an l-tryptophan
derived insert. By reversing this configuration of the carbox-
amido group (d-tryptophyl ! l-tryptophyl) the junction
substituents of the pyrroloindoline would be the same as that
originally proposed in 1. We also noted with interest that if the
pyrroloindoline were indeed derived from l-tryptophan and
the 5-mer were indeed properly formulated, the components
in the depsipeptide domain are presented in alternating d-
and l-configurations. Recent studies by Ghadiri on the special
properties associated with related systems might explain the
markedly different solubility and polarities described above
for himastatin and 1.[17a, b, c]


Given these considerations we advanced the structure 68
for himastatin and 69 for its bis-valinol degradation product.
We well recognized that our proposal was not secure. In
addition to the unproven assignment of an l-tryptophan
absolute configuration for the pyrroloindoline sector, we had
no verification for supposing that the depsipeptide 5-mer
region of himastatin would correspond in all its detail to that
which had been assigned. Given the practicalities of our
situation, wherein no significant quantities of himastatin were
available, chemical synthesis emerged as the only means to
solve the problem of the structure of himastatin in a rigorous
fashion.


Synthesis of himastatin (68): Accordingly, we returned to l-
tryptophan and to the previously described 14, hoping that the
methodology carefully developed in closely related models
would prove to be adequate (Scheme 12). The protecting
groups (of 14) were re-organized in a fashion suggested by
previous experiences. Cbz groups were introduced at Na and
Nb. The junction hydroxyl group was protected as its TBS
ether (see compound 56). We were now poised to undertake
the oxidative dimerization of a suitably presented monomer.
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Scheme 12. Synthesis of pyrroloindoline dimer 59. a) CbzCl, py, CH2Cl2;
b) TBSCl, DBU, DMF, rt, 61 % (over two steps); c) ICl, 2,6-di-tert-
butylpyridine, CH2Cl2, 73 %; d) Me6Sn2, [Pd(Ph3P)4], THF, 60 8C, 87%;
e) [Pd2dba3], Ph3As, 57, DMF, 45 8C, 83 %.


In the event, upon reaction of 56 with ICl, an iodine atom was
introduced at C-5 (see compound 57). A portion of 57 was
converted to aryl stannane 58 as shown. At this stage, we
could hope to take advantage of precedent, demonstrated in
the anti ± cis series, to join sophisticated pyrroloindolines in
their ªbenzoº sectors through carbon to carbon bond
formation by an extension of the Stille reaction. In the event
compounds 57 and 58 did couple smoothly under the
conditions shown to produce 59.


Once again, a restructuring of the protecting groups was
required to facilitate interpolation of the 5-mer and to
anticipate the sensitivity associated with global deprotection
in the last step. The protocols which we employed to convert
the trans-dimer 19 to a suitable coupling partner (i.e. , 24) were
equally successful in the syn ± cis series (see 59 ! 64,
Scheme 13). Thus, cleavage of the angular TBS group exposed
the angular alcohol which was quickly reprotected as its
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Scheme 13. Synthesis of pyrroloindoline dimer 64. a) TBAF, THF;
b) TESCl, DBU, DMF, 95% (over two steps); c) H2 (1 atm), Pd/C, EtOAc;
d) Fmoc-HOSu, py, CH2Cl2, 96% (over two steps); e) TESOTf, lutidine,
CH2Cl2, 0 8C to rt; f) allyl alcohol, DBAD, Ph3P, THF, 81% (over two
steps); g) piperidine, CH3CN, 74 %.


triethylsilyl derivative 60. The two Cbz functions were cleaved
by hydrogenolysis and two Fmoc groups (one per domain)
were introduced at Nb (see compound 61). The moment was in
hand for cleaving the tert-butyl ester so that it could be
replaced by an allyl ester function in turn poised for a highly
specific deprotection under mild conditions at a strategic
point of our choosing. This subgoal was accomplished by
treatment of compound 61 with TES triflate, as shown,
resulting in exposure of the free ªtryptophyl-likeº carboxylic
acid 62 in each component of the dimer. Each acid was
converted to its allyl ester as indicated (see compound 63).
There remained only the cleavage of the Fmoc group to allow
for presentation of the pyrroloindoline in a form which could
be acylated by the threonine carboxyl of the previously
encountered 45. The Fmoc groups, protecting the two
identical Nb functions, were readily cleaved providing com-
pound 64 for presentation to 5-mer 45.


Fortunately, acylation occurred smoothly at both Nb


functions in 64 with the threonine derived carboxyl in 45
providing a 60 % yield of 65 (see Scheme 14). We were now
well positioned to take advantage of the highly specific
deprotection of the two allyl esters of the identical pyrro-
loindoline sectors (see compound 66). Once again, cleavage of
the two identical Troc groups served to expose the free amino
groups of the valine residues. Fortunately, the resultant
diamino acid underwent macrolactamization mediated by
HATU to give rise to the lactam ester 67. There remained the
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otherwise nontrivial matter of exposing the six hydroxyl
groups of the final target. It was for the purpose of paving the
way for such a step that we had taken the pains to introduce a
TES group to protect the two equivalent hydroxyl functions at
C-3a. Indeed, it proved possible to cleave the six silyl groups
thereby providing 68.


Happily, the high field proton spectrum of the fully
synthetic himastatin (68) was identical with that pub-
lished for the natural product. Thus encouraged, we obtained
from the Bristol Myers group, a small amount of natural
himastatin. We measured the 500 MHz 1H NMR spectra of
our fully synthetic material (which we thought to be 68) along
side that of the reference sample. It was clear by an overlay of
these richly detailed spectra that the total synthesis of
himastatin had been accomplished and that its structure is
indeed 68. The bis-valinol degradation product is therefore
69 (Figure 7).
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Figure 7. Corrected structure for himastatin degradation product.


In anticipation of comparative measurements of antibiotic
activity in the himastatin series, we directed our attention to
the synthesis of 74, the ªmonomericº version of himastatin.
The methodology to synthesize this compound was by now
well in hand. For this purpose we returned to compound 14
(Scheme 15). Selective Fmoc urethane formation occurred at
Nb (see compound 70). Protection of the angular hydroxy
group was followed by deprotection of the tert-butyl ester and
reprotection of the carboxyl group as an allyl ester. Ready
discharge of the Fmoc group led to 71, which was acylated
with 45 (see compound 72). Cleavage of the allyl ester gave 73


and, thence the N-Troc function
afforded the seco acid. Macro-
lactamization followed by de-
protection provided ªhimasta-
tin monomerº 74.


An evaluation of the antibi-
otic properties of four com-
pounds: himastatin (68), isohi-
mastatin (1) (originally pro-
posed to be himastatin), anti-
monomer 3 and syn-monomer
74 was undertaken.[18] A variety
of microorganisms were
screened. Indeed, himastatin
(68) as reported strongly inhib-
ited the growth of Gram-Pos-
itive bacteria such as Entero-
cocci faecalis, whereas isohi-
mastatin (1) was inactive.


We then evaluated monomer
compounds 3 and 74. It was
found that 3, which corresponds
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Scheme 15. Synthesis of cis-monomer 74. a) Fmoc-HOSu, py, CH2Cl2,
55%; b) TESOTf, lutidine, CH2Cl2, 0 8C to rt; c) allyl alcohol, DBAD, Ph3P,
THF; d) piperidine, CH3CN, 46% (over three steps); e) acid 45, HATU,
HOAt, collidine, CH2Cl2, ÿ10 8C to rt, 52%; f) [Pd(Ph3P)4], PhSiH3, THF,
0 8C to rt, 92 %; g) Pb/Cd couple, THF, aq NH4OAc; h) HATU, HOAt,
iPr2NEt, DMF, 0 8C to rt; i) TBAF, HOAc, THF, 78% (over three steps).


to the monomer version of isohimastatin (1), and 74, which
corresponds to the monomer version of himastatin (68), were
both inactive when tested against a variety of Gram-Positive
bacteria. Thus, both the ªmonomerº 3 and dimer 1, in the anti
series based on d-tryptophan and himastatin monomer (74) in
the syn series based on l-tryptophan are all inactive. The role
of the special topographic features of the alternating d and l
subunits in the 6-mer depsipeptide remains to be establish-
ed.[17]


It is also well to note that our findings in both the chemistry
and biology of himastatin accord well with the very recent
discovery of Umezawa in connection with the novel antibiotic
chloptosin subsequent to our disclosures on himastatin.[19]


Chloptosin (see Figure 8), like himastatin, is a potent anti-
biotic against Gram-Positive strains. It, too, contains a biaryl
linkage (now with ortho ± ortho� chlorine substituents). As in
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Scheme 14. Synthesis of himastatin 68. a) HATU, HOAt, collidine, CH2Cl2, ÿ10 8C to rt, 60%; b) [Pd(Ph3P)4],
PhSiH3, THF, 0 8C to rt, 81%; c) Pb/Cd couple, THF, aq NH4OAc; d) HATU, HOAt, iPr2NEt, DMF, 0 8C to rt;
e) TBAF, HOAc, THF, 34% (over three steps).
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himastatin, there is a syn ± cis pyrroloindoline motif as part of
a hexapeptide ensemble. Once again, the hexapeptide (in-
cluding two oppositely configured piperazic acids) is arranged
with alternating d and l components. Hence, chloptosin
partakes of those structural features of himastatin which we
believe are critical to its function.


Conclusion


In retrospect, we had underestimated the scope and complex-
ity of the himastatin problem. As matters transpired, chemical
synthesis was able to demonstrate that the structure initially
proposed for himastatin (i.e., 1) was correct, except for the
absolute configuration of the tryptophyl carboxamido center
and its relationship to the cis-fused [2,3-b]-pyrolloindoline
substructure. We now refer to compound 1 as ªisohimastatin.º
Furthermore, the correct structure of naturally occurring
himastatin was shown to be 68 and its degradation product
retaining a single valinol unit per monomer domain is 69.


In addition, through the medium of total synthesis, the
outlines of a biological pharmacophore have been sketched
out. It is critical to maintain the stereochemistry of himastatin
in the pyrroloindoline ± depsipeptide sphere. The cyclic dep-
sipeptide of the active himastatin is characterized by alter-
nating d- and l subunits in the ª6-mer.º Moreover, it was
found that the presence of a biaryl arrangement with a CÿC
bond connecting the identical subunits is also necessary for
biological activity. Thus ªisohimastatinº (1), as well as


isohimastatin monomer (3), are virtually inactive. More
surprising was the finding that the syn-monomer 74, corre-
sponding in detail to the himastatin on all of its stereo-
chemical relationships, is inactive.


For the moment, we assume that antibiotic properties of
himastatin follow closely from the particular alternating d-
and l substituents in the 6-mer and are contingent on the
bidomainal motif. This pattern is simulated in a new antibiotic
chloptosin and suggests a possible structural trend for
orienting future SAR experiments.


At the chemical level, the synthesis provided a framework
for solving the issue of achieving smooth stereospecific access
to both the anti :cis and syn :cis pyrroloindoline subunits. The
himastatin problem also brought with it the challenge of
practical syntheses of 5-hydroxypiperazic acids in enantio-
merically pure form. While improvements in terms of the
stereoselectivity of our synthesis these piperazic acids can
easily be imagined, the optically pure compounds are now
accessible in multigram scale. Finally, it was necessary to sort
out the optimal protecting group arrangements for facilitating
orderly synthesis of himastatin including definition of con-
ditions for enabling global deprotection. We are confident
that the lessons learned from himstatin will transcend the hard
won successful total synthesis shown here. Indeed, we expect
that the methodology employed in reaching himastatin and
ªisohimastatinº will find broad application in the field of
biologically active, structurally complex depsipeptides. It can
well be argued that the himastatin problem is indeed
illustrative of the discovery dimension of the science of total
synthesis.
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Experimental Section


General methods : All reactions were run under an atmosphere of N2 or
argon and concentrations were performed under reduced pressure with a
Büchi rotary evaporator, unless stated otherwise. Tetrahydrofuran (THF),
Et2O, and CH2Cl2 were degassed with argon and then passed through 4�
36 inch columns of anhydrous neutral A-2 alumina (8� 14 mesh; LaRoche
Chemicals, activated under a flow of argon at 350 8C for 3 h) to remove
H2O. Toluene was degassed with argon and then passed through one 4�
36 inch column of Q-5 reactant (Englehard; activated under a flow of 5%
hydrogen/nitrogen at 250 8C for 3 h) to remove O2 then through one 4�
36 inch column of anhydrous alumina to remove H2O. Triethylamine
(Et3N), hexane, pyridine, and diisopropyethyllamine (iPr2NEt) were
distilled from CaH2 at atmospheric pressure. Reagents were purchased
from Aldrich Chemical Company unless noted otherwise.


Instrumentation and chromatography : 400 MHz 1H NMR and 125 MHz
13C NMR spectra were measured on a Bruker QE 400 FT NMR. 1H NMR
chemical shifts are reported as d values in ppm. 1H NMR coupling
constants are reported in Hz and refer to apparent multiplicities and not
true coupling constants. Multiplicity is indicated as follows: s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), app d (apparent doublet),
app t (apparent triplet), dd (doublet of doublets); br s (broad singlet), etc.
Mass spectra were measured on a Perkin ± Elmer Sciex Model API-100
spectrometer with electrospray. TLC and column chromatographies were
done with E. Merck silica gel. Acronyms: MMPP�Magnesium
monoperoxyphthalate hexahydrate, HATU�O-(7-azabenzotriazol-1-yl)-
N,N,N',N'-tetramethyluronium hexafluorophosphate, HOAt� 1-hydroxy-
7-azabenzotriazole, EDCI� 1-(3-dimethylaminopropyl)-3-ethylcarbodi-
imide hydrochloride, DMDO� 3,3-dimethyldioxirane, DBAD� di-tert-
butyl azodicarboxylate, IPCC� isopropenyl chloroformate, NBS�N-bro-
mosuccinimide, Cbz� benzyloxycarbonyl, dba� 1,5-dibenzylideneace-
tone, DBU� 1,8-diazabicyclo[5.4.0]undec-7-ene, Fmoc� (9H-fluoren-9-yl-
methoxy)carbonyl, HOSu�N-hydroxysuccinimide; TBAF� tetrabuty-
lammonium fluoride; TBS� tert-butyldimethylsilyl, TES� triethylsilyl,
Tf� trifluoromethylsulfonyl, Tr� triphenylmethyl, Teoc� 2-(trimethyl-
silyl)ethyloxycarbonyl, TFA� trifluoroacetic acid, HMDS� hexamethyl-
disilazane, Troc� (2,2,2-trichloroethoxy)carbonyl.


Nb-Anthracenesulfonyltryptophan tert-butyl ester (9): A solution of
anthracenesulfonyl chloride (8.00 g, 29.0 mmol) in THF (50 mL) was


added to a 0 8C solution of d-trypto-
phan (5.00 g, 24.2 mmol), Et3N
(10.0 mL, 72.5 mmol) and THF/H2O
(2:1, 300 mL). After 4 h, the mixture
was diluted with EtOAc (100 mL) and
acidified with aqueous 1m HCl until


pH �3.0. The layers were separated and the aqueous layer was extracted
with EtOAc (2� 50 mL). The combined organic layers were washed with
aqueous 1m HCl (2� 50 mL), brine (1� 50 mL), dried (Na2SO4), and
concentrated to give the crude acid as a yellow oil.


A mixture of the crude acid, N,N'-diisopropyl-O-tert-butylisourea (19.6 g,
98.0 mmol) and CH2Cl2 (100 mL) was aged at rt for 36 h. The solids were
removed by filtration (Et2O) and the filtrate was concentrated. This crude
residue was purified by chromatography on silica gel (3:1 hexanes/Et2O
then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes) to give 9 (8.60 g, 70%) as a
pale yellow solid that was homogeneous by TLC analysis: m.p. 166 ± 168 8C;
1H NMR (500 MHz, CDCl3): d� 9.21 (d, J� 9.2 Hz, 2H), 8.45 (s, 1 H), 7.92
(s, 1 H), 7.86 (d, J� 8.3 Hz, 2H), 7.60 ± 7.55 (m, 2H), 7.45 ± 7.40 (m, 2H), 7.20
(d, J� 7.9 Hz, 1H), 7.10 (d, J� 8.1 Hz, 1 H), 7.03 (t, J� 7.4 Hz, 1 H), 6.88 (d,
J� 2.1 Hz, 1 H), 6.85 (t, J� 7.2 Hz, 1H), 5.81 (d, J� 8.0 Hz, 1 H), 4.25 ± 4.18
(m, 1 H), 3.07 (dd, J� 14.7, 5.6 Hz, 1H), 2.98 (dd, J� 14.7, 7.0 Hz, 1H), 0.98
(s, 9 H); 13C NMR (125 MHz, CDCl3): d� 170.2, 135.6, 130.8, 130.1, 129.2,
128.6, 128.5, 126.7, 125.0, 124.6, 123.1, 121.6, 119.0, 118.0, 111.0, 108.8, 82.0,
56.5, 28.9, 27.2; IR (film): nÄ � 3477, 3019, 1728, 1399, 1215, 1149 cmÿ1; ES-
MS: m/z : calcd for C29H28N2O4SNa [M�Na]�: 523.17, found: 523.2; [a]25


D �
�10.5 (c� 1.0 in CHCl3).


Nb-Anthracenesulfonylpyrroloindo-
line tert-butyl ester (11): Solid NBS
(2.84 g, 16.0 mmol) was added to a
0 8C solution of 9 (8.00 g, 16.0 mmol)
and CH2Cl2 (1 L). After 1 min, Et3N


(6.70 mL, 47.9 mmol) was added. The resulting orange solution was
maintained at 0 8C for 30 min and then concentrated. The resulting residue
was quickly purified by chromatography on silica gel (3:1 hexanes/Et2O
then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes) to give 10 as an orange-red
solid which was used without further purification.


A solution of DMDO (�0.08m in acetone, 200 mL, 16.0 mmol) was added
in one portion to a ÿ78 8C solution of this orange-red solid and CH2Cl2


(100 mL). The resulting pale yellow solution was aged at ÿ78 8C for 10 min
and then concentrated. NaBH4 (1.80 g, 47.9 mmol) was added to a 0 8C
solution of this crude residue and MeOH (100 mL). The resulting solution
was allowed to warm to rt over �4 h and then was diluted with EtOAc
(300 mL) and quenched with 1m HCl (100 mL). The layers were separated
and the organic layer was washed with 1m HCl (3� 100 mL), brine (2�
100 mL), dried (MgSO4), and concentrated to give 11 (8.00 g, 97 %) as a
pale yellow solid that was used without further purification.


A small portion of this solid was purified for analysis by chromatography on
silica gel (3:1 hexanes/Et2O then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes
then Et2O) to give a light yellow solid that was homogeneous by TLC
analysis: m.p. 188 ± 191 8C; 1H NMR (500 MHz, CDCl3): d� 9.31 (d, J�
9.3 Hz, 2H), 8.64 (s, 1H), 7.98 (d, J� 8.4 Hz, 2H), 7.68 ± 7.60 (m, 2H), 7.50 ±
7.42 (m, 2H), 7.09 (d, J� 7.7 Hz, 1 H), 7.04 (t, J� 7.7 Hz, 1H), 6.67 (t, J�
7.4 Hz, 1H), 6.50 (d, J� 7.9 Hz, 1H), 5.08 (s, 1 H), 4.81 (d, J� 8.8 Hz, 1H),
2.66 (d, J� 12.8 Hz, 1 H), 2.56 (dd, J� 12.8, 9.3 Hz, 1H), 0.86 (s, 9H);
13C NMR (125 MHz, CDCl3): d� 169.2, 149.6, 136.4, 131.1, 131.0, 130.7,
129.4, 128.9, 128.5, 127.8, 125.2, 124.8, 123.8, 119.6, 110.5, 88.2, 82.9, 81.7,
62.0, 41.3, 26.9; IR (film): nÄ � 3434, 3342, 3019, 1718, 1614, 1335, 1216,
1150 cmÿ1; [a]25


D �ÿ180 (c� 0.65 in CHCl3).


Nb-Trityl-ll-tryptophan tert-butyl ester (13): N,N'-Diisopropyl-O-tert-butyl-
isourea (36.0 g, 179 mmol) was added to a 0 8C solution of crude Nb-trityl-l-
tryptophan (40.0 g, 89.7 mmol) and
CH2Cl2 (200 mL). The resulting mix-
ture was allowed to warm to rt over-
night and after 36 h, was filtered
through a pad of silica gel (Et2O),
and concentrated. This crude residue
was purified by chromatography on silica gel (8:1 hexanes/Et2O then 3:1
hexanes/Et2O then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes) to give 13
(34.0 g, 76%) as a near colorless foam that was homogeneous by TLC
analysis: 1H NMR (500 MHz, CDCl3): d� 8.02 (s, 1 H), 7.58 (d, J� 7.6 Hz,
1H), 7.46 (d, J� 7.3 Hz, 6 H), 7.35 ± 7.04 (m, 12 H), 6.91 (s, 1H), 3.67 (br s,
1H), 3.15 ± 3.02 (m, 2H), 2.72 (br s,1H), 1.00 (s, 9 H); 13C NMR (125 MHz,
CDCl3): d� 174.2, 146.3, 136.0, 128.7, 127.9, 127.6, 126.1, 123.1, 121.6, 119.3,
119.0, 111.6, 110.9, 80.1, 71.1, 57.2, 31.8, 27.7; IR (film): nÄ � 3423, 3057, 2977,
2930, 1717, 1940, 1455, 1217, 1152, 747 cmÿ1; ES-MS: m/z : calcd for
C34H35N2O2 [M�H]�: 503.26, found: 503.26; [a]25


D � 2.98 (c� 1.0 in CHCl3).


3a-Hydroxypyrroloindoline tert-butyl ester (14): A solution of DMDO
(�0.08m in acetone, 250 mL, 19.9 mmol) was added in one portion to a
ÿ78 8C solution of 13 (10.0 g,
19.9 mmol) and CH2Cl2 (100 mL).
The resulting solution was aged at
ÿ78 8C for 30 min and then concen-
trated to give the crude hydroxypyr-
roloindoline as a yellow oil.


A solution of this crude residue, HOAc (50 mL), MeOH (100 mL), and
CH2Cl2 (200 mL) was maintained at rt for 2 h and then concentrated. The
resulting residue was purified by chromatography on silica gel (8:1
hexanes/Et2O then 3:1 hexanes/Et2O then 3:1 Et2O/hexanes then Et2O
then EtOAc then MeOH) to give 14 (3.00 g, 55 %) as a tan solid that was
homogeneous by TLC analysis: m.p. 197 ± 198 8C; 1H NMR (500 MHz,
MeOH): d� 7.21 (d, J� 7.1 Hz, 1H), 7.07 (dt, J� 7.9, 1.1 Hz, 1 H), 6.72 (t, J
�7.2 Hz, 1 H), 6.57 (d, J� 7.9 Hz, 1H), 4.94 (s, 1 H), 3.56 (dd, J� 9.4, 6.4 Hz,
1H), 2.67 (dd, J� 12.4, 9.5 Hz, 1 H), 2.43 (dd, J� 12.4, 6.4 Hz, 1 H), 1.45 (s,
9H); 13C NMR (125 MHz, MeOH): d� 173.7, 151.8, 132.5, 130.7, 125.0,
119.8, 110.8, 90.1, 86.1, 82.7, 61.1, 46.3, 28.3; IR (film): nÄ � 3442, 3395, 3215,
2994, 2911, 1736, 1610, 1436, 1310, 1051, 953, 698 cmÿ1; ES-MS: m/z : calcd
for C15H21N2O3 [M�H]�: 277.15, found:
277.1; [a]25


D �ÿ89.6 (c� 1.0 in MeOH).


Pyrroloindoline tert-butyl ester 15 : Fresh-
ly prepared Al(Hg) (10 g) was added to a
vigorously stirred mixture of crude 11
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(6.00 g, 11.6 mmol) and THF/H2O (10:1, 200 mL) at 0 8C. The resulting
mixture turned from bright yellow to gray over 2 h indicating consumption
of 11. The mixture was filtered through a pad of celite (EtOAc) and
concentrated. The crude residue was used without further purification.


Neat pyridine (5.60 mL, 69.8 mmol) was added to a 0 8C solution of the
crude residue, ClCO2Bn (5.25 mL, 34.9 mmol) and CH2Cl2 (40 mL). The
resulting solution was allowed to warm to rt overnight and then
concentrated. The crude residue was dissolved in EtOAc (100 mL) and
washed with 1m HCl (2� 50 mL), brine (1� 50 mL), dried (MgSO4), and
concentrated. This residue was purified by chromatography on silica gel
(8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes then 3:1
Et2O/hexanes then Et2O then EtOAc) to give 15 (3.82 g, 60%) as a near
colorless oil that was homogeneous by TLC analysis: 1H NMR (500 MHz,
CDCl3): d� 7.67 (br s, 1H), 7.45 ± 7.08 (m, 12 H), 7.03 (t, J� 7.4 Hz, 1H), 6.09
(s, 1H), 5.31 ± 4.65 (m, 4 H), 4.55 (br s, 1H), 4.10 (br s, 1H), 2.75 ± 2.60 (m,
2H), 1.01 (s, 9H); 13C NMR (125 MHz, CDCl3): d� 169.2, 153.5, 142.5,
136.0, 135.7, 132.3, 130.4, 128.5, 128.3, 127.9, 127.8, 124.0, 123.7, 117.1, 82.2,
82.0, 81.3, 67.6, 67.1, 60.0, 40.2, 27.2; IR (film): nÄ � 3410, 2978, 1716, 1453,
1289, 1207, 1018, 735 cmÿ1; ES-MS: m/z : calcd for C31H32N2O7Na [M�Na]�:
567.21, found: 567.3; [a]25


D �ÿ40.5 (c� 1.0 in CHCl3).


Silylpyrroloindoline tert-butyl ester 16 : A solution of DBU (8.60 mL,
57.4 mmol) and DMF (50 mL) was added to a solution of 15 (7.80 g,


14.3 mmol), TBSCl (4.40 g,
28.7 mmol), and DMF (50 mL). The
resulting solution was warmed to
50 8C for 5 h, cooled, and was then
diluted with EtOAc (400 mL) and
poured into aqueous 1m HCl


(200 mL). The layers were separated and the organic layer was washed
with aqueous 1m HCl (3� 100 mL), saturated aqueous NaHCO3 (1�
100 mL), brine (2� 100 mL), dried (MgSO4), and concentrated. The crude
residue was purified by chromatography on silica gel (3:1 hexanes/Et2O
then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes) to give 16 (7.20 g, 77 %) as a
colorless oil that was homogeneous by TLC analysis: 1H NMR (500 MHz,
CDCl3): d� 7.78 (br s, 1H), 7.50 ± 7.10 (m, 12 H), 7.05 (t, J� 7.3 Hz, 1H), 6.09
(br s, 1H), 5.42 ± 4.92 (m, 4H), 5.08 (br s, 1 H), 4.59 (br s, 1H), 2.83 (d, J�
12.8 Hz, 1 H), 2.78 ± 2.72 (m, 1H), 1.03 (s, 9 Hs), 0.78 (s, 9H), ÿ0.32 (s, 3H),
ÿ0.37 (s, 3H); 13C NMR (125 MHz, CDCl3): d� 169.2, 153.3, 143.2, 136.2,
136.0, 131.8, 130.6, 128.3, 128.2, 128.1, 128.0, 127.9, 124.3, 123.6, 117.3, 86.8,
81.9, 81.2, 67.4, 67.1, 59.8, 41.1, 27.3, 25.3, 17.7, ÿ3.8, ÿ4.4; IR (film): nÄ �
2953, 1718, 1480, 1255, 1142, 1107, 1019 cmÿ1; ES-MS: m/z : calcd for
C37H46N2O7SiNa [M�Na]�: 681.30, found: 681.5, 135; [a]25


D �ÿ38.1 (c� 1.0
in CHCl3).


5-Iodo-pyrroloindoline tert-butyl ester 17: Neat ICl (1.80 mL, 35.3 mmol)
was added to a 0 8C solution of 16 (2.30 g, 3.50 mmol), 2,6-di-tert-butyl-4-


methyl pyridine (6.70 g, 35.3 mmol),
and CH2Cl2 (40 mL). The resulting
solution was allowed to warm to rt
overnight, and after 24 h, was diluted
with EtOAc (200 mL), and poured
into saturated aqueous Na2S2O3


(100 mL). The layers were separated and the organic layer was washed
with aqueous 1m HCl (3� 50 mL), saturated aqueous NaHCO3 (2�
50 mL), brine (2� 50 mL), dried (MgSO4), and concentrated. The crude
residue was purified by chromatography on silica gel (8:1 hexanes/Et2O
then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes) to give 17 (2.24 g, 81%) as a
pale yellow glass that was homogeneous by TLC analysis: 1H NMR
(500 MHz, CDCl3): d� 7.62 (d, J� 1.4 Hz, 1H), 7.60 (s, 1 H), 7.39 ± 7.25 (m,
11H), 6.02 (br s, 1 H), 5.45 ± 4.97 (m, 4H), 4.56 (br s, 1 H), 2.80 ± 2.68 (m,
2H), 1.27 (s, 9 H), 0.76 (s, 9H), ÿ0.31 (s, 3H), ÿ0.37 (s, 3 H); 13C NMR
(125 MHz, CDCl3): d� 168.9, 153.1, 143.0, 139.3, 136.1, 135.7, 134.7, 133.2,
128.4, 128.2, 128.0, 119.5, 86.2, 81.9, 81.7, 67.8, 67.4, 59.6, 40.7, 27.5, 25.3, 17.7,
ÿ3.5, ÿ4.3; IR (film): nÄ � 2953, 2856, 1720, 1473, 1255, 1146, 837 cmÿ1; ES-
MS: m/z : calcd for C37H45N2O7SiINa [M�Na]�: 807.19, found: 807.4, 135;
[a]25


D �ÿ59.0 (c� 1.0 in CHCl3).


5-Trimethylstannyl-pyrroloindoline tert-butyl ester 18 : Neat Me6Sn2


(2.76 g, 8.41 mmol) was added to a
solution of 17 (3.30 g, 4.21 mmol),
[Pd(Ph3P)4] (0.49 g, 0.421 mmol), and
THF (15.0 mL) at rt. The resulting
solution was warmed to 60 8C for 5 h,


allowed to cool to rt, and then diluted with EtOAc (100 mL), and poured
into saturated aqueous NaHCO3 (100 mL). The layers were separated and
the organic layer was washed with saturated aqueous NaHCO3 (2�
50 mL), brine (3� 50 mL), dried (Na2SO4), and concentrated. The crude
residue was purified by chromatography on silica gel (8:1 hexanes/Et2O
then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes) to
give 18 (3.10 g, 89%) as a pale yellow glass that was homogeneous by TLC
analysis: 1H NMR (500 MHz, CDCl3): d� 7.70 (br s, 1H), 7.60 ± 7.35 (m,
12H), 6.02 (br s, 1 H), 5.50 ± 4.85 (m, 4 H), 4.56 (br s, 1H), 2.84 (d, J�
12.9 Hz, 1 H), 2.80 ± 2.70 (m, 1H), 1.10 (s, 9 H), 0.74 (s, 9H), 0.26 (s, 9H),
ÿ0.37 (s, 3 H), ÿ0.44 (s, 3 H); 13C NMR (125 MHz, CDCl3): d� 169.4,
153.4, 143.6, 137.9, 136.3, 136.1, 131.7, 131.5, 128.3, 128.0, 117.0, 86.5, 82.0,
81.1, 67.5, 67.2, 59.8, 40.9, 27.3, 25.4, 17.8, ÿ3.7, ÿ4.4, ÿ9.6; IR (film): nÄ �
2953, 1718, 1479, 1338, 1302, 1149, 1103, 1020 cmÿ1; ES-MS: m/z : calcd for
C40H54N2O7SiSnNa [M�Na]�: 843.26, found: 843.4, 135; [a]25


D �ÿ46.9 (c�
1.0 in CHCl3).


3a-tert-Butyldimethylsiloxy-pyrroloindoline tert-butyl ester dimer 19 : A
solution of stannane 18 (900 mg, 1.10 mmol) in DMF (8 mL) was added to a
solution of iodide 17 (781 mg,
1.00 mmol), [Pd2dba3] (96.0 mg,
0.100 mmol), Ph3As (61.0 mg,
0.199 mmol), and DMF (9.0 mL) at
rt. The resulting mixture was warmed
to 45 8C for 22 h, allowed to cool to rt and then diluted with EtOAc
(100 mL) and poured into saturated aqueous NaHCO3 (100 mL). The
layers were separated and the organic layer was washed with saturated
aqueous NaHCO3 (2� 50 mL), brine (3� 50 mL), dried (Na2SO4), and
concentrated. The crude residue was purified by chromatography on silica
gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes then
3:1 Et2O/hexanes) to give 19 (722 mg, 55%) as a light yellow oil that was
homogeneous by TLC analysis: 1H NMR (500 MHz, CDCl3): d� 7.80 (br s,
2H), 7.43 (d, J� 8.1 Hz, 2 H), 7.40 ± 7.25 (m, 22H), 6.10 (br s, 2H), 5.50 ± 4.80
(m, 8H), 4.59 (br s, 2H), 2.84 (d, J� 12.9 Hz, 2H), 2.80 ± 2.65 (m, 2H), 0.97
(br s, 18H), 0.77 (s, 18H), ÿ0.35 ± ÿ 0.40 (m, 12 H); 13C NMR (125 MHz,
CDCl3): d� 169.2, 153.3, 142.6, 136.6, 136.2, 136.0, 132.6, 129.4, 128.4, 128.2,
128.1, 128.0, 122.9, 117.6, 86.0, 82.3, 81.3, 67.6, 67.3, 59.8, 41.1, 27.3, 25.4, 17.8,
ÿ3.6, ÿ4.2; IR (film): nÄ � 2953, 1718, 1477, 1303, 1147, 1103, 837 cmÿ1; ES-
MS: m/z : calcd for C74H90N4O14Si2Na [M�Na]�: 1337.59, found: 1337.8, 135;
[a]25


D �ÿ78.0 (c� 1.0 in CHCl3).


3a-Hydroxypyrroloindoline tert-butyl ester dimer 20 : A solution of TBAF
(1m in THF, 2.28 mL) was added to a 0 8C solution of 19 (2.00 g, 1.52 mmol)
and THF (10.0 mL). The resulting
solution was maintained at 0 8C for
2 h and was then diluted with EtOAc
(100 mL) and poured into saturated
aqueous NaHCO3 (100 mL). The lay-
ers were separated and the organic layer was washed with 1m HCl (2�
50 mL), saturated aqueous NaHCO3 (2� 50 mL), brine (3� 50 mL), dried
(MgSO4), and concentrated. The crude residue was purified by chroma-
tography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1
Et2O/hexanes then 3:1 Et2O/hexanes then Et2O then EtOAc) to give 20
(1.40 g, 85%) as a colorless oil that was homogeneous by TLC analysis:
1H NMR (500 MHz, CDCl3): d� 7.71 (br s, 2H), 7.41 (s, 2H), 7.35 ± 7.18 (m,
22H), 6.08 (s, 2H), 5.22 ± 4.73 (m, 8H), 4.54 (d, J� 7.8 Hz, 2H), 3.93 (br s,
2H), 2.80 ± 2.60 (m, 4 H), 0.93 (s, 18H); 13C NMR (125 MHz, CDCl3): d�
169.5, 153.5, 142.0, 136.0, 135.8, 133.0, 129.1, 128.4, 128.1, 128.0, 122.1, 117.3,
85.0, 82.5, 81.6, 67.8, 67.3, 60.2, 40.8, 27.2; IR (film): nÄ � 3424, 3018, 1712,
1478, 1410, 1215, 1110, 755 cmÿ1; ES-MS: m/z : calcd for C62H62N4O14Na
[M�Na]�: 1109.42, found: 1109.7, 135; [a]25


D �ÿ122 (c� 0.6 in CHCl3).


Pyrroloindoline tert-butyl ester dimer 21: A solution of DBU (0.45 mL,
3.04 mmol) and DMF (5.0 mL) was added to a solution of 20 (1.10 g,
1.01 mmol), TESCl (1.02 mL, 6.08 mmol), and DMF (8.0 mL) at rt. The
resulting solution was warmed to 50 8C
for 5 h, cooled, and was then diluted
with EtOAc (200 mL) and poured into
aqueous 1m HCl (100 mL). The layers
were separated and the organic layer
was washed with 1m HCl (2� 50 mL), saturated aqueous NaHCO3 (1�
50 mL), brine (1� 50 mL), dried (MgSO4), and concentrated. The crude
residue was purified by chromatography on silica gel (8:1 hexanes/Et2O
then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes) to







Himastatin 41 ± 63


Chem. Eur. J. 2001, 7, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0053 $ 17.50+.50/0 53


give 21 (1.05 g, 79 %) as a near colorless oil that was homogeneous by TLC
analysis: 1H NMR (500 MHz, CDCl3): d� 7.81 (br s, 2H), 7.44 (d, J�
8.5 Hz, 2 H), 7.38 (s, 2 H), 7.36 ± 7.25 (m, 20H), 6.10 (br s, 2 H), 5.52 ± 4.90
(m, 8H), 4.58 (br s, 2H), 2.84 (d, J� 12.8 Hz, 2H), 2.80 ± 2.63 (m, 2H), 0.97
(br s, 18H), 0.73 (t, J� 8.0 Hz, 18H), 0.38 ± 0.20 (m, 12H); 13C NMR
(125 MHz, CDCl3): d� 169.2, 153.3, 142.5, 136.4, 136.2, 132.7, 129.3, 128.3,
128.0, 122.5, 117.6, 86.2, 82.4, 81.3, 67.6, 67.2, 59.9, 40.8, 27.2, 6.5, 5.4; IR
(film): nÄ � 2955, 1718, 1478, 1340, 1253, 1147, 1102, 1017, 735 cmÿ1; ES-MS:
m/z : calcd for C74H90N4O14Si2Na [M�Na]�: 1337.59, found: 1337.9, 135;
[a]25


D �ÿ74.1 (c� 1.0 in CHCl3).


Pyrroloindoline dimer 22 : A solution of 21 (920 mg, 0.700 mmol) and
EtOAc (20.0 mL) was charged with 10% Pd/C (100 mg) at rt. The resulting


mixture was evacuated/purged with
H2 (3� ) and was then stirred vigo-
rously under 1 atm H2 for 26 h. The
mixture was filtered through a pad of
celite (EtOAc) and concentrated.


Neat pyridine (0.340 mL, 4.20 mmol) was added to a 0 8C solution of the
crude residue, Fmoc-HOSu (944 mg, 2.80 mmol) and CH2Cl2 (6.0 mL). The
resulting solution was allowed to warm to rt overnight and then
concentrated. The crude residue was purified by chromatography on silica
gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes then
3:1 Et2O/hexanes then Et2O) to give 22 (746 mg, 87 %) as a colorless solid
that was homogeneous by TLC analysis: m.p. 210 ± 212 8C; 1H NMR
(500 MHz, CDCl3): d� 7.85 ± 7.09 (m, 20H), 6.64 (dd, J� 11.2, 8.1 Hz, 1H),
6.36 (dd, J� 13.6, 8.1 Hz, 1 H), 5.36 ± 5.26 (m, 2 H), 4.75 ± 3.95 (m, 10H),
2.90 ± 2.82 (m, 1.6H), 2.78 ± 2.62 (m, 2.4H), 1.04 (s, 4.5 H), 1.02 (s, 4.5H),
1.00 (s, 4.5 H), 0.99 (s, 4.5 H), 0.94 ± 0.80 (m, 18H), 0.54 ± 0.38 (m, 12H);
13C NMR (125 MHz, CDCl3): d� 169.5, 169.4, 169.1, 169.0, 154.9, 153.8,
149.5, 149.4, 148.8, 148.7, 144.1, 143.9, 143.5, 141.7, 141.3, 141.2, 141.1, 132.8,
132.5, 129.2, 128.9, 128.8, 127.8, 127.7, 127.5, 127.3, 127.2, 127.1, 127.0, 125.1,
125.0, 124.6, 124.4, 122.9, 122.8, 120.2, 120.0, 119.9, 110.2, 109.6, 109.5, 88.1,
87.3, 82.3, 81.5, 81.4, 81.1, 67.7, 66.6, 59.6, 59.3, 47.3, 47.2, 42.7, 42.1, 27.4, 27.3,
6.8, 6.7, 5.5, 5.3; IR (film): nÄ � 3427, 3019, 1742, 1708, 1420, 1215, 1119,
747 cmÿ1; ES-MS: m/z : calcd for C72H86N4O10Si2Na [M�Na]�: 1245.58,
found: 1245.9, 135; [a]25


D �ÿ270 (c� 1.0 in CHCl3).


3a-Triethylsiloxypyrroloindoline allyl ester dimer 23 : Neat TESOTf
(2.60 mL, 11.4 mmol) was added to a 0 8C solution of 22 (696 mg,


0.57 mmol), 2,6-lutidine (3.30 mL,
28.5 mmol), and CH2Cl2 (5.0 mL).
The resulting solution was allowed
to warm to rt overnight, recooled to
0 8C, quenched with saturated aque-


ous NaHCO3 (50 mL), and diluted with EtOAc (100 mL). The layers were
separated and the organic layer was washed with aqueous 1m HCl (2�
50 mL), brine (1� 50 mL), dried (Na2SO4), and concentrated to give crude
diacid. This residue residue was azeotroped with toluene (2� 100 mL) to
remove TESOH and was used without further purification.


EDCI (656 mg, 3.40 mmol) was added to a 0 8C solution of the crude
residue, allyl alcohol (3.90 mL, 56.9 mmol), DMAP (10 mg), and CH2Cl2


(10.0 mL). The resulting solution was allowed to warm to rt overnight and
then concentrated. The crude residue was purified by chromatography on
silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes
then 3:1 Et2O/hexanes then Et2O) to give 23 (530 mg, 78 %) as a near
colorless oil that was homogeneous by TLC analysis: 1H NMR (500 MHz,
CDCl3): d� 7.90 ± 7.15 (m, 20H), 6.63 (t, J� 8.0 Hz, 0.8 H), 6.39 (t, J�
8.0 Hz, 1.2H), 5.55 ± 5.39 (m, 2H), 5.32 ± 5.21 (m, 2H), 5.10 ± 4.92 (m,
4H), 4.79 ± 3.85 (m, 14H), 2.94 ± 2.65 (m, 4 H), 0.95 ± 0.81 (m, 18 H), 0.55 ±
0.31 (m, 12 H); 13C NMR (125 MHz, CDCl3): d� 170.2, 169.9, 154.7, 153.9,
149.5, 149.4, 148.7, 148.6, 144.0, 143.8, 143.5, 141.6, 141.2, 141.1, 132.5, 132.3,
131.5, 131.4, 129.0, 128.9, 128.6, 127.8, 127.7, 127.6, 127.5, 127.3, 127.2, 127.0,
126.9, 124.8, 124.7, 124.4, 122.7, 122.6, 120.2, 120.0, 119.9, 118.4, 118.0, 110.2,
110.0, 87.8, 86.9, 82.1, 81.6, 67.5, 66.7, 65.8, 65.6, 58.9, 58.7, 47.1, 42.2, 41.8, 6.7,
5.4, 5.4; IR (film): nÄ � 3419, 2954, 1750, 1706, 1481, 1305, 1142, 908,
741 cmÿ1; ES-MS: m/z : calcd for C70H78N4O10Si2Na [M�Na]�: 1213.51,


found: 1213.8, 135; [a]25
D �ÿ263 (c�


0.55 in CHCl3).


Pyrroloindoline allyl ester dimer 24 :
Piperidine (163 mL, 1.65 mmol) was
added to a 0 8C solution of 23 (490 g,


0.412 mmol) and CH3CN (4.0 mL). The resulting solution was allowed to
warm to rt over 5 h and then concentrated. The crude residue was purified
by chromatography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O
then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes then Et2O then EtOAc) to
give 24 (281 mg, 92%) as a near colorless oil that was homogeneous by
TLC analysis: 1H NMR (500 MHz, CDCl3): d� 7.30 (s, 2 H), 7.23 (dd, J�
8.1, 1.4 Hz, 2 H), 6.58 (d, J� 8.1 Hz, 2 H), 5.65 ± 5.50 (m, 2H), 5.08 (d, J�
17.2 Hz, 2H), 5.00 (d, J� 10.4, 2H), 4.87 (s, 2H), 4.30 ± 4.22 (m, 4H), 4.01
(dd, 7.0, 5.4 Hz, 2H), 2.68 (dd, J� 12.7, 7.4 Hz, 2 H), 2.52 (dd, J� 12.7,
5.3 Hz, 2 H), 0.84 (t, J� 8.0 Hz, 18H), 0.49 ± 0.33 (m, 12H); 13C NMR
(125 MHz, CDCl3): d� 173.0, 148.2, 132.7, 131.6, 131.2, 128.1, 122.8, 118.3,
110.5, 90.2, 84.9, 65.5, 59.5, 44.6, 6.7, 5.6; IR (film): nÄ � 3365, 2953, 1735,
1619, 1482, 1240, 1117, 1008, 740 cmÿ1; ES-MS: m/z : calcd for C40H59N4O6-
Si2 [M�H]�: 747.40, found: 747.7, 135; [a]25


D �ÿ77.8 (c� 0.65, CHCl3).


Methyl-5-bromo-4R-hydroxypentanoate (26): A solution of NaOMe in
MeOH (25 % by weight in MeOH, 25.4 mL, 111 mmol) was added to a
solution of 25 (15.0 g, 55.6 mmol) and
MeOH (200 mL) at rt. After 20 min,
the reaction was quenched with gla-
cial HOAc until pH �7 and concen-
trated. The crude residue was dissolved in Et2O (100 mL) and H2O
(100 mL). The layers were separated and the aqueous layer was extracted
with CH2Cl2 (5� 75 mL). The combined organic layers were washed with
brine (1� 100 mL), dried (MgSO4), and concentrated.


Glacial HOAc (9.50 mL, 167 mmol) was added to a 0 8C solution of the
crude epoxy ester, LiBr (14.5 g, 167 mmol) and THF (100 mL). The
reaction was allowed to warm to rt overnight and then diluted with Et2O
(100 mL) and H2O (100 mL). The layers were separated and the organic
layer was washed with cold saturated aqueous NaHCO3 (2� 50 mL), brine
(1� 50 mL), dried (Na2SO4), and concentrated. The crude residue was
purified by chromatography on silica gel (3:1 hexanes/Et2O then 3:1 Et2O/
hexanes then Et2O) to give 26 (10.2 g, 93%) as a colorless oil that was
homogeneous by TLC analysis: 1H NMR (500 MHz, CDCl3): d� 3.90 ±
3.85 (m, 1 H), 3.69 (s, 3H), 3.51 (dd, J� 10.3, 3.9 Hz, 1 H), 3.39 (dd, J� 10.4,
6.7 Hz, 1H), 2.51 (t, J� 7.1 Hz, 2H), 2.08 ± 1.80 (m, 2 H); 13C NMR
(125 MHz, CDCl3): d� 173.8, 69.7, 51.5, 38.7, 29.8, 29.6; IR (film): nÄ � 3451,
2953, 1734, 1438, 1174, 1092 cmÿ1; ES-MS: m/z : calcd for C6H11BrO3Na
[M�Na]�: 232.98, found: 232.9; [a]25


D ��6.32 (c� 1.0 in CHCl3).


Methyl-5-bromo-4R-O-tert-butyldimethylsilylpentanoate (27): TBSOTf
(8.50 mL, 37.0 mmol) was added to a ÿ78 8C solution of 26 (6.50 g,
30.8 mmol), 2,6-lutidine (7.17 mL,
61.6 mmol), and CH2Cl2 (50 mL).
The reaction was maintained at
ÿ78 8C for 1 h, warmed to rt for 1 h,
quenched with saturated aqueous NaHCO3 (100 mL) and diluted with
EtOAc (100 mL). The layers were separated and the organic layer was
washed with 1m HCl (2� 50 mL), saturated aqueous NaHCO3 (1� 50 mL),
brine (1� 50 mL), dried (MgSO4), and concentrated. The crude residue
was purified by chromatography on silica gel (8:1 hexanes/Et2O then 3:1
hexanes/Et2O then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes) to give 27
(6.51 g, 65%) as a colorless oil that was homogeneous by TLC analysis:
1H NMR (500 MHz, CDCl3): d� 3.92 ± 3.84 (m, 1 H), 3.62 (s, 3H), 3.23
(ddd, J� 14.8, 10.3, 4.4 Hz, 2 H), 2.33 (t, J� 7.4 Hz, 2H), 2.15 ± 1.95 (m,
1H), 1.88 ± 1.75 (m, 1H), 0.84 (s, 9H), 0.046 (s, 3H), 0.018 (s, 3H); 13C NMR
(125 MHz, CDCl3): d� 173.5, 70.4, 51.4, 36.8, 30.2, 29.1, 25.6, 17.9, ÿ4.6,
ÿ4.9; IR (film): nÄ � 2954, 1741, 1437, 1256, 1079, 837, 777 cmÿ1; ES-MS:
m/z : calcd for C12H25BrO3SiNa [M�Na]�: 347.1, found: 347.2; [a]25


D ��20.4
(c� 1.0 in CHCl3).


Boc-hydrazine methyl esters 28 : A solution of 27 (6.20 g, 19.1 mmol) and
THF (15.0 mL) was added to a ÿ78 8C solution of NaHMDS (1m in THF,
27.0 mL) and THF (30.0 mL). After
20 min, a solution of DBAD (5.27 g,
22.9 mmol) and THF (20.0 mL) was
added. The resulting dark yellow
solution was maintained at ÿ78 8C
for 10 min, quenched with HOAc
(5.0 mL), warmed to rt and diluted with EtOAc (100 mL) and saturated
aqueous NaHCO3 (100 mL). The layers were separated and the organic
layer was washed with 1m HCl (2� 50 mL), saturated aqueous NaHCO3


(2� 50 mL), brine (1� 50 mL), dried (MgSO4), and concentrated. The
crude residue was purified by chromatography on silica gel (8:1 hexanes/
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Et2O then 3:1 hexanes/Et2O then 1:1 hexanes/Et2O) to give 28 (5.53 g,
79%) as a 1:1 mixture of diastereomers as judged by 1H NMR analysis. This
mixture was used without further purification.


A small amount was purified for analysis by chromatography on silica gel
(8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 hexanes/Et2O) to give
the desired (R,R) diastereomer as a colorless oil that was homogeneous by
TLC analysis: 1H NMR (500 MHz, CDCl3): d� 6.40 (br s, 1 H), 4.94 (br m,
1H), 4.25 (br s, 1H), 3.67 (s, 3H), 3.30 ± 3.23 (m, 2 H), 2.06 ± 1.96 (m, 2H),
1.40 (br s, 18H), 0.87 (s, 9H), 0.065 (s, 3H), 0.010 (s, 3H); 13C NMR
(125 MHz, CDCl3): d� 172.9, 155.7, 154.9, 81.7, 80.5, 67.0, 56.6, 52.3, 38.4,
35.2, 28.1, 28.0, 25.7, 17.8, ÿ4.5, ÿ5.3; IR (film): nÄ � 3382, 3327, 2977, 1744,
1719, 1473, 1368, 1255, 1153, 1076, 839, 778 cmÿ1; ES-MS: m/z : calcd for
C22H43BrN2O7SiNa [M�Na]�: 577.2, found: 577.3; [a]25


D ��8.40 (c� 1.0 in
CHCl3).


trans- and cis-Piperazic methyl esters (29, 30): NaH (60 % dispersion in oil,
0.61 g, 15.2 mmol) was added to a 0 8C solution of 28 (6.50 g, 11.7 mmol)


and DMF (65 mL). After 20 min, the
reaction was poured into a mixture of
ice-cold EtOAc/1m HCl (1:1,
300 mL). The layers were separated
and the organic layer was washed with
1m HCl (2� 50 mL), saturated aque-
ous NaHCO3 (1� 50 mL), brine (1�
50 mL), dried (MgSO4), and concen-
trated. The crude residue was purified
by chromatography on silica gel (8:1


hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 hexanes/Et2O) to give 29
(3.0 g, 44%) followed by 30 (2.20 g, 37%), both as colorless oils
homogeneous by TLC analysis: trans-(29): 1H NMR (500 MHz, CDCl3):
d� 5.07 ± 4.83 (m, 1H), 4.23 ± 3.98 (m, 2H), 3.72 (s, 3H), 3.75 ± 2.50 (m,
1H), 2.35 ± 2.19 (m, 1H), 1.70 ± 1.65 (m, 1 H), 1.47 (s, 9H), 1.44 (s, 9 H), 0.87
(s, 9 H), 0.036 (s, 6 H); 13C NMR (125 MHz, CDCl3): d� 170.4, 154.1, 153.7,
81.9, 80.5, 63.0, 54.3, 52.1, 49.5, 33.8, 28.2, 25.7, 18.0, ÿ4.8; IR (film): nÄ �
2976, 1736, 1708, 1393, 1254, 1158, 1096, 878 cmÿ1; ES-MS: m/z : calcd for
C22H42N2O7SiNa [M�Na]�: 497.3, found: 497.3; [a]25


D �ÿ36.9 (c� 1.0 in
CHCl3); cis-(30): 1H NMR (500 MHz, CDCl3): d� 5.00 ± 4.75 (m, 1 H), 4.10
(d, J� 13.3 Hz, 0.70 H), 3.89 ± 3.84 (m, 1.3H), 3.66 (s, 3H), 3.00 (d, J�
13.2 Hz, 0.35 H), 2.79 (d, J� 13.2 Hz, 0.65 H), 1.85 ± 1.79 (m, 1 H), 1.46 ± 1.39
(m, 18 H), 0.84 (s, 3 H), 0.80 (s, 6 H), 0.009 (s, 6 H); 13C NMR (125 MHz,
CDCl3): d� 170.8, 170.5, 154.7, 154.5, 154.2, 152.3, 81.5, 80.0, 79.8, 63.3, 63.2,
52.0, 51.9, 51.7, 51.6, 50.8, 48.6, 32.7, 28.2, 28.1, 25.6, 25.5, 18.0, ÿ4.9, ÿ5.2,
ÿ5.3, ÿ5.4; IR (film): nÄ � 2976, 1768, 1735, 1700, 1418, 1365, 1173, 1133,
1095, 882 cmÿ1; ES-MS: m/z : calcd for C22H42N2O7SiNa [M�Na]�: 497.3,
found: 497.2; [a]25


D ��12.8 (c� 1.0 in CHCl3).


Piperazic acid methyl ester (31 from 30): TFA (20 mL) was added to 30
(2.30 g, 4.85 mmol) and CH2Cl2


(20 mL) at 0 8C. The reaction was
maintained at 0 8C for 30 min, at rt for
3 h and concentrated.


TeocCl (0.88 mL, 4.85 mmol) was
added to a 0 8C solution of this crude


residue, pyridine (1.18 mL, 14.6 mmol), and CH2Cl2 (20 mL). The reaction
was allowed to warm to rt overnight and was then diluted with EtOAc
(100 mL) and 1m HCl (50 mL). The layers were separated and the organic
layer was washed with 1m HCl (2� 50 mL), saturated aqueous NaHCO3


(1� 50 mL), brine (1� 50 mL), dried (MgSO4), and concentrated. The
crude residue was purified by chromatography on silica gel (3:1 hexanes/
Et2O then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes then Et2O then EtOAc)
to give 31 (1.73 g, 92%) as a colorless solid homogeneous by TLC analysis.


Hydroxypiperazic acid methyl ester (33): A solution of TBAF (1m in THF,
21.2 mL) was added to a 0 8C solution of 29 (6.70 g, 14.1 mmol) and THF


(50 mL). The resulting solution was
maintained at 0 8C for 2 h and then
poured into saturated aqueous NaH-
CO3 (200 mL) and diluted with
EtOAc (100 mL). The layers were
separated and the organic layer was


washed with 1m HCl (2� 50 mL), saturated aqueous NaHCO3 (2� 50 mL),
brine (3� 50 mL), dried (MgSO4), and concentrated. The crude residue
was purified by chromatography on silica gel (3:1 hexanes/Et2O then 1:1


hexanes/Et2O then 3:1 Et2O/hexanes then Et2O then EtOAc) to give 33
(4.06 g, 80%) as a colorless oil that was homogeneous by TLC analysis:
1H NMR (500 MHz, CDCl3): d� 5.03 (br s, 0.80 H), 4.83 (br s, 0.20 H),
4.25 ± 4.20 (m, 0.6H), 4.10 ± 3.92 (m, 1.4H), 3.64 (s, 3H), 2.90 ± 2.40 (m, 2H),
2.34 ± 2.21 (m, 1 H), 1.60 ± 1.50 (m, 1 H), 1.46 (s, 9H), 1.43 (s, 9H); 13C NMR
(125 MHz, CDCl3): d� 171.4, 155.3, 155.1, 83.3, 82.0, 63.1, 55.3, 53.3, 50.3,
34.2, 29.3; IR (film): nÄ � 3460, 2978, 1709, 1395, 1326, 1158, 1087, 993 cmÿ1;
ES-MS: m/z : calcd for C16H28N2O7Na [M�Na]�: 383.18, found: 383.1, 135;
[a]25


D �ÿ48.0 (c� 1.0 in CHCl3).


Piperazic lactone (34 from 33): DBU (5.21 mL, 34.9 mmol) was added to 33
(6.30 g, 17.5 mmol) and toluene (200 mL). The reaction was warmed to
reflux using a Dean ± Stark trap filled
with activated 4 � molecular sieves.
After 52 h, the reaction was cooled to
rt, diluted with EtOAc (100 mL), and
1m HCl (100 mL). The layers were
separated and the organic layer was washed with 1m HCl (2� 50 mL),
saturated aqueous NaHCO3 (1� 50 mL), brine (1� 50 mL), dried
(MgSO4), and concentrated. The crude residue was purified by chroma-
tography on silica gel (3:1 hexanes/Et2O then Et2O) to give an 8:1 mixture
(by 1H NMR) of 34 :33 as a colorless solid. Trituration of this solid with
hexanes/Et2O 20:1 gave a 15 ± 20:1 mixture (by 1H NMR) of 34 :33 (4.00 g,
69%) as a colorless solid which was used without further purification.


Piperazic ester (31 from 34): Solid 34 (4.70 g, 14.3 mmol) was added to TFA
(50 mL) at 0 8C. The resulting solution was maintained at 0 8C for 30 min, at
rt for 4 h, and then recooled to 0 8C.
MeOH (60.0 mL) was added, the
reaction was allowed to come to rt
overnight, and then concentrated.


TeocCl (3.13 mL, 17.2 mmol) was
added to a ÿ30 8C solution of this
crude residue, pyridine (11.6 mL, 143 mmol), and CH2Cl2 (150 mL). The
resulting solution was allowed to come to rt overnight and then
concentrated. The crude residue was purified by chromatography on silica
gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 hexanes/Et2O then
3:1 Et2O/hexanes then Et2O then EtOAc) to give the secondary alcohol
(3.60 g, 84%) as a colorless oil that was homogeneous by TLC analysis:
1H NMR (500 MHz, CDCl3): d� 4.20 ± 4.17 (m, 2 H), 4.1 ± 4.07 (br s, 1H),
3.81 (s, 3H), 3.80 ± 3.75 (m, 2 H), 3.56 (dd, J� 10.1, 3.0 Hz, 1H), 2.98 (br s,
1H), 2.30 (dt, J� 12.8, 3.2 Hz, 1H), 1.64 ± 1.62 (m, 1 H), 1.02 ± 0.98 (m, 2H),
0.008 (s, 9H); 13C NMR (125 MHz, CDCl3): d� 171.3, 155.8, 64.6, 64.3, 57.0,
52.3, 50.9, 35.9, 17.8, ÿ1.6; IR (film): nÄ � 3418, 2954, 1743, 1698, 1250, 1171,
1073, 858 cmÿ1; ES-MS: m/z : calcd for C12H24N2O3SiNa [M�Na]�: 327.14,
found: 327.0; [a]25


D ��11.3 (c� 1.0 in CHCl3).


TBSOTf (5.87 mL, 25.6 mmol) was added to aÿ78 8C solution of the above
alcohol (4.30 g, 14.1 mmol), 2,6-lutidine (6.63 mL, 56.6 mmol), and CH2Cl2


(50 mL). After 4 h, the reaction was quenched with saturated aqueous
NaHCO3 (100 mL) and diluted with EtOAc (300 mL). The layers were
separated and the organic layer was washed with 1m HCl (2� 50 mL),
saturated aqueous NaHCO3 (1� 50 mL), brine (1� 50 mL), dried
(MgSO4), and concentrated. The crude residue was purified by chroma-
tography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1
hexanes/Et2O then 3:1 Et2O/hexanes then Et2O) to give 31 (5.80 g, 98 %) as
a colorless solid that was homogeneous by TLC analysis: m.p. 71 ± 72 8C;
1H NMR (500 MHz, CDCl3): d� 4.42 ± 4.15 (m, 4 H), 3.70 (s, 3H), 3.69 ±
3.54 (m, 1H), 3.51 (dd, J� 11.7, 3.0 Hz, 1H), 2.75 (br s, 1 H), 2.22 ± 2.19 (m,
1H), 1.76 ± 1.55 (m, 1H), 1.10 ± 1.00 (m, 2H), 0.84 (s, 9H), 0.044 (s, 3H),
0.038 (s, 3H), 0.004 (s, 9 H); 13C NMR (125 MHz, CDCl3): d� 170.7, 155.9,
65.6, 64.7, 57.4, 52.3, 51.4, 37.6, 25.8, 18.1, 17.9, ÿ1.35, ÿ1.42, ÿ4.64; IR
(film): nÄ � 2954, 1747, 1699, 1252, 1171, 1094, 838 cmÿ1; ES-MS: m/z : calcd
for C18H38N2O5Si2Na [M�Na]�: 441.22, found: 441.3; [a]25


D �ÿ20.5 (c� 1.0
in CHCl3).


Penteoic acid (36): 2m LiOH (100 mL) was added to a vigorously stirred
mixture of 35 (19.3 g, 38.9 mmol) and THF (100 mL) at 0 8C. After 3 h, the
mixture was diluted with Et2O (100 mL) and the layers were separated. The
organic layer was extracted with 1m
NaOH (3� 50 mL) and the organic
layer was discarded. The combined
aqueous layers were acidified with
conc. HCl until a pH 2 ± 3 and extract-







Himastatin 41 ± 63
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ed with EtOAc (3� 100 mL). The combined organic layers were dried
(Na2SO4) and concentrated to give 36 (9.10 g, 71 %) as a colorless oil which
was used without further purification.


A small amount of the crude residue was purified for analysis by
chromatography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O
then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes then Et2O): 1H NMR
(500 MHz, CDCl3): d� 9.76 (br s, 1 H), 6.74 (br s, 1 H), 5.80 ± 5.61 (m, 1H),
5.21 ± 5.00 (m, 2H), 2.85 ± 2.49 (m, 2 H), 1.60 ± 1.37 (m, 18); 13C NMR
(125 MHz, CDCl3, 558C): d� 171.6, 154.1, 134.1, 117.8, 84.0, 64.6, 61.8, 33.5,
28.1; IR (film): nÄ � 3582, 3284, 2980, 1717, 1393, 1369, 1151 cmÿ1; ES-MS:
m/z : calcd for C15H27N2O6 [M�H]�: 331.19, found: 331.19; [a]25


D ��13.7
(c� 0.46, CHCl3).


cis-Bromo lactone 37: Solid NBS (1.94 g, 11.0 mmol) was added to a 0 8C
solution of crude acid 36 (3.60 g, 11.0 mmol) and toluene (75.0 mL). After


45 min, the resulting orange solution
was diluted EtOAc (100 mL) and
quenched with saturated aqueous
Na2S2O3 (100 mL). The layers were
separated and the organic layer was
washed with brine (1� 100 mL),


dried (MgSO4), and concentrated. The crude residue was purified by
chromatography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O
then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes) to give the trans diaster-
eomer (650 mg, 15 %) and 37 (2.92 g, 65%) both as colorless solids that
were homogeneous by TLC analysis: 1H NMR (500 MHz, CDCl3): d� 6.50
(br s, 1 H), 5.21 (br s, 0.8 H), 4.95 (br s, 0.2 H), 4.65 ± 4.57 (m, 1H), 3.58 ± 3.45
(m, 2H), 2.76 ± 2.65 (m, 1 H), 2.40 ± 2.21 (m, 1H), 1.50 (s, 18H); 13C NMR
(125 MHz, CDCl3, 55 8C): d� 171.9, 155.5, 154.1, 82.8, 81.8, 75.3, 58.7, 32.7,
30.7, 28.2, 28.1; IR (film): nÄ � 3311, 2978, 1798, 1735, 1709, 1368, 1243, 1163,
1015, 758 cmÿ1; ES-MS: m/z : calcd for C15H26BrN2O6 [M�H]�: 409.10,
found: 409.10; [a]25


D �ÿ23.1 (c� 0.52, CHCl3).


Piperazic lactone (34 from 37): NaHMDS (1m in THF, 4.70 mL) was added
to a 0 8C solution of 37 (1.75 g, 4.27 mmol) and DMF (20.0 mL). After 1.5 h,


the reaction was quenched with satu-
rated aqueous NH4Cl (30 mL) and
diluted with EtOAc (100 mL). The
layers were separated and the aque-
ous layer was extracted with EtOAc


(2� 25 mL). The combined organic layers were washed with brine (1�
50 mL), dried (MgSO4) and concentrated.


Ac2O (0.5 mL) was added to the crude residue. After 2 h, the reaction was
concentrated and the crude residue was purified by chromatography on
silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 hexanes/Et2O
then 3:1 Et2O/hexanes then Et2O) to give 34 (900 mg, 64%) as a colorless
solid that was homogeneous by TLC analysis: 1H NMR (500 MHz, CDCl3):
d� 4.87 (br s, 1H), 4.65 (br s, 1H), 4.11 (br d, 1 H), 3.16 (br d, 1H), 2.34 ±
2.29 (m, 1 H), 2.02 (d, J� 12.3 Hz, 1H), 1.49 (s, 9H), 1.45 (s, 9H); 13C NMR
(125 MHz, CDCl3, 55 8C): d� 170.4, 154.3, 153.2, 82.7, 82.0, 74.5, 55.8, 47.2,
36.2, 28.2, 28.0; IR (film): nÄ � 2978, 2852, 1797, 1707, 1477, 1368, 1254, 1151,
1023, 936 cmÿ1; ES-MS: m/z : calcd for C15H24N2O6Na [M�Na]�: 351.16,
found: 351.2; [a]25


D ��13.8 (c� 0.5 in CHCl3).


cis-Piperazic acid (32): 2m LiOH (30 mL) was added to a 0 8C solution of 31
(5.10 g, 12.2 mmol) and THF (50 mL). After 10 min, the reaction was


diluted with EtOAc (100 mL) and
acidified with 2m HCl until a pH 2 ±
3 was reached. The layers were sep-
arated and the aqueous layer was
extracted with EtOAc (3� 50 mL).
The combined organic layers were


washed with brine (2� 50 mL), dried (Na2SO4), and concentrated to give
32 (5.0 g, �100 %) as a near colorless oil. Analysis of the crude 1H NMR
showed the absence of the methyl ester singlet at d� 3.64. This crude acid
was used without further purification.


dd-Threonine allyl ester 38 : A mixture of allyl alcohol (40.0 mL, 0.592 mol),
d-threonine (8.00 g, 67.3 mmol), p-TsOH (15.3 g, 80.7 mmol), and C6H6


(200 mL) was refluxed for 42 h using a
Dean ± Stark trap and then concen-
trated. The crude salt was used with-
out further purification.


TBSCl (22.0 g, 0.148 mol) was added to a 0 8C mixture of the crude residue,
imidazole (23.0 g, 0.337 mol) and CH2Cl2 (150 mL). The mixture was
allowed to come to rt overnight and then concentrated. The crude residue
was dissolved in EtOAc (300 mL), washed with 1m NaOH (4� 50 mL),
brine (1� 50 mL), dried (Na2SO4), and concentrated to give 38 (�21.0 g,
>100 %) as a near colorless oil that was used without further purification.


A small amount was purified for analysis by chromatography on silica gel
(3:1 hexanes/Et2O then 3:1 Et2O/hexanes then Et2O then EtOAc) to give
38 as a colorless oil that was homogeneous by TLC analysis: 1H NMR
(500 MHz, CDCl3): d� 5.84 ± 5.78 (m, 1H), 5.23 (d, J� 17.1 Hz, 1H), 5.13
(d, 10.4 Hz, 1 H), 4.52 (dd, J� 13.1, 5.9 Hz, 1H), 4.43 (dd, J� 13.1, 5.9 Hz,
1H), 4.21 ± 4.18 (m, 1H), 3.18 ± 3.16 (m, 1 H), 1.48 (s, 2H), 1.13 (d, J�
6.3 Hz, 3 H), 0.73 (s, 9H), 0.072 (s, 3 H),ÿ0.13 (s, 3H); 13C NMR (125 MHz,
CDCl3): d� 173.9, 131.7, 118.4, 69.3, 65.4, 60.5, 25.4, 20.6, 17.6, ÿ4.6, ÿ5.5;
IR (film): nÄ � 3390, 2955, 2890, 1742, 1253, 1156, 1076, 837 cmÿ1; ES-MS:
m/z : calcd for C13H28NO3Si [M�H]�: 274.18, found: 274.2, 135; [a]25


D �
�16.8 (c� 1.0 in CHCl3).


Dipeptide 40 : EDCI (9.80 g, 51.3 mmol) was added to a 0 8C solution of
Fmoc-l-leucine (39) (18.0 g, 51.3 mmol), DMAP (20 mg), and CH2Cl2


(150 mL). After 10 min, a solution of
crude 38 (�14.0 g, 51.3 mmol) and
CH2Cl2 (100 mL) was added. The
reaction mixture was maintained at
0 8C for 2 h and then concentrated.
The crude residue was purified by
chromatography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O
then 1:1 hexanes/Et2O) to give the Fmoc-dipeptide (26.0 g, 96%) as a
colorless oil that was homogeneous by TLC analysis: 1H NMR (500 MHz,
CDCl3): d� 7.74 (d, J� 7.5 Hz, 2H), 7.74 ± 7.58 (m, 2H), 7.40 ± 7.37 (m, 2H),
7.31 ± 7.26 (m, 2H), 6.77 (d, J� 9.0 Hz, 1H), 5.89 ± 5.84 (m, 1H), 5.44 (d, J�
7.9 Hz, 1H), 5.31 (dd, J� 17.2, 1.1 Hz, 1H), 5.20 (d, J� 10.4 Hz, 1H), 4.62 ±
4.22 (m, 8H), 1.78 ± 1.60 (m, 3 H), 1.18 (d, J� 5.9 Hz, 3 H), 0.98 (s, 6H), 0.84
(s, 9H), 0.045 (s, 3 H), 0.16 (s, 3 H); 13C NMR (125 MHz, CDCl3): d� 172.3,
169.9, 156.0, 143.6, 141.2, 131.3, 127.6, 126.9, 125.0, 119.8, 118.9, 68.7, 66.9,
66.0, 57.6, 53.5, 47.0, 41.4, 25.5, 24.7, 22.8, 21.9, 20.9, 17.6, ÿ4.5, ÿ5.4; IR
(film): nÄ � 3429, 3301, 2930, 1719, 1672, 1518, 1253, 1095, 1036, 837 cmÿ1;
ES-MS: m/z : calcd for C34H48N2O6SiNa [M�Na]�: 631.3, found: 631.5, 135;
[a]25


D �ÿ27.9 (c� 1.0 in CHCl3).


Piperidine (7.50 mL, 76.0 mmol) was added to a 0 8C solution of the Fmoc-
dipeptide (25.0 g, 41.1 mmol) and CH3CN (100 mL). The resulting mixture
was allowed to warm to rt over 3 h and then concentrated. The crude
residue was purified by chromatography on silica gel (8:1 hexanes/Et2O
then 3:1 hexanes/Et2O then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes then
Et2O then EtOAc) to give 40 (14.5 g, 92%) as a colorless oil that was
homogeneous by TLC analysis: 1H NMR (500 MHz, CDCl3): d� 7.76 (d,
J� 9.4 Hz, 1 H), 5.82 ± 5.75 (m, 1 H), 5.21 (d, J� 28.1 Hz, 1 H), 5.12 (d, J�
10.4 Hz, 1H), 4.51 ± 4.37 (m, 4H), 3.35 (dd, J� 9.5, 4.16 Hz, 1H), 1.66 ± 1.58
(m, 2H), 1.34 ± 1.31 (m, 3 H), 1.05 (d, J� 6.2 Hz, 3H), 0.84 (d, J� 22 Hz,
3H), 0.80 (d, J� 6.1 Hz, 3H), 0.75 (s, 9 H), 0.073 (s, 3H), ÿ0.14 (s, 3H);
13C NMR (125 MHz, CDCl3): d� 175.9, 170.1, 131.4, 118.5, 68.5, 65.6, 57.3,
53.3, 43.8, 25.4, 24.5, 23.1, 21.2, 20.8, 17.5, ÿ4.6, ÿ5.5; IR (film): nÄ � 3376,
2955, 2858, 1748, 1673, 1506, 1255, 1156, 1096, 838, 778 cmÿ1; ES-MS: m/z :
calcd for C19H39N2O4Si [M�H]�: 387.3, found: 387.4, 135; [a]25


D �ÿ12.5
(c� 1.0 in CHCl3).


Tripeptide 41: HATU (6.10 g, 16.1 mmol) was added to a 0 8C solution of
amine 40 (9.60 g, 24.5 mmol), crude acid 32 (5.00 g, 12.4 mmol), HOAt
(3.40 g, 24.8 mmol), collidine
(4.90 mL, 37.1 mmol), and CH2Cl2


(100 mL). The reaction mixture was
allowed to warm to rt overnight and
then concentrated. The crude residue
was taken up in EtOAc (100 mL) and
washed with 1m HCl (3� 50 mL),
saturated aqueous NaHCO3 (3�
50 mL), brine (1� 50 mL), dried (MgSO4), and concentrated. The crude
residue was purified by chromatography on silica gel (3:1 hexanes/Et2O
then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes then Et2O) to give 41 (6.82 g,
72%) as a colorless oil that was homogeneous by TLC analysis: 1H NMR
(500 MHz, CDCl3): d� 7.00 ± 6.98 (m, 1H), 6.73 ± 6.71 (d, J� 9.3 Hz, 1H),
5.92 ± 5.86 (m, 1 H), 5.33 ± 5.23 (m, 2H), 4.59 ± 4.46 (m, 5 H), 4.22 ± 4.19 (m,
2H), 4.19 ± 4.18 (m, 1H), 3.75 ± 3.72 (m, 1H), 3.42 ± 3.40 (m, 1 H), 2.75 ± 2.68
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(m, 1 H), 2.32 ± 2.30 (m, 1 H), 1.71 ± 1.56 (m, 4 H), 1.16 (d, J� 6.3 Hz, 3H),
1.02 ± 0.98 (m, 2H), 0.95 (d, J� 6.3 Hz, 3H), 0.92 (d, J� 6.2 Hz, 3 H), 0.86 (s,
9H), 0.85 (s, 9H), 0.074 (s, 3 H), 0.062 (s, 3H), 0.040 (s, 12 H), 0.005 (s, 3H);
13C NMR (125 MHz, CDCl3): d� 172.2, 170.4, 170.1, 155.7, 131.5, 119.1,
68.5, 66.0, 65.8, 64.5, 58.8, 57.9, 51.4, 50.9, 40.2, 37.4, 25.6, 24.8, 22.8, 22.1,
21.0, 18.0, 17.8, 17.7,ÿ1.5,ÿ4.3, ÿ4.7,ÿ4.8, ÿ5.3; IR (film): nÄ � 3358, 3285,
2955, 2857, 1737, 1698, 1668, 1522, 1252, 1176, 1127, 837 cmÿ1; ES-MS: m/z :
calcd for C36H72N4O8Si3Na [M�Na]�: 795.46, found: 795.5, 135; [a]25


D �
ÿ25.4 (c� 1.0 in CHCl3).


Fmoc-ll-hydroxyisovaleric acid chloride (42): Neat allyl bromide (22.0 mL,
254 mmol) was added to a 0 8C solution of (S)-hydroxy isovaleric acid


(10.0 g, 84.8 mmol), Cs2CO3 (30.3 g,
93.2 mmol), and DMF (200 mL). Af-
ter 2 h at 0 8C, the reaction was
diluted with EtOAc (100 mL) and


1m HCl (100 mL). The layers were separated and the organic layer was
washed with 1m HCl (2� 50 mL), saturated aqueous NaHCO3 (2� 50 mL),
brine (1� 50 mL), dried (MgSO4), and concentrated to give a near colorless
oil (�13 g) that was used without further purification.


Neat pyridine (7.30 mL, 89.9 mmol) was added to a 0 8C solution of this
crude residue, Fmoc-Cl (12.2 g, 47.2 mmol) and CH2Cl2 (100 mL). The
resulting solution was maintained at 0 8C for 1 h and then concentrated.
The crude residue was dissolved in Et2O (100 mL) and washed with 1m HCl
(2� 50 mL), brine (1� 50 mL), dried (MgSO4), and concentrated to give a
near colorless oil (�18 g) that was used without further purification.


PhSiH3 (6.60 mL, 53.9 mmol) was added to a 0 8C solution of this crude
residue, [Pd(Ph3P)4] (1.04 g,0.898 mmol), and THF (150 mL). The resulting
solution was allowed to warm to rt overnight and then concentrated. The
crude residue was purified by chromatography on silica gel (8:1 hexanes/
Et2O then 3:1 hexanes/Et2O then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes
then Et2O) to give the acid (12.1 g, 78 %) as an off-white solid that was
homogeneous by TLC analysis: m.p. 152 ± 154 8C; 1H NMR (500 MHz,
CDCl3): d� 7.77 (d, J� 7.5 Hz, 2H), 7.63 (dd, J� 10.9, 7.6 Hz, 2 H), 7.42 (t,
J� 7.5 Hz, 2 H), 7.31 (t, J� 7.4 Hz, 2 H), 4.90 (d, J� 4.1 Hz, 1H), 4.52 (dd,
J� 9.9, 6.8 Hz, 1H), 4.40 ± 4.29 (m, 2H), 2.49 ± 2.35 (m, 1 H), 1.12 (d, J�
7.0 Hz, 3H), 0.97 (d, J� 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3): d�
175.6, 154.9, 143.4, 143.0, 141.2, 127.9, 127.2, 125.3, 125.1, 120.0, 79.3, 70.4,
46.6, 30.1, 18.7, 17.0; IR (film): nÄ � 3065, 3020, 1749, 1719, 1450, 1280, 1217,
996, 757 cmÿ1; ES-MS: m/z : calcd for C20H20O5Na [M�Na]�: 363.13, found:
363.1; [a]25


D �ÿ3.18 (c� 1.0 in CHCl3).


N,N-Dimethyl-2-chloro-propenyl amine (2.20 mL, 16.3 mmol) was added
to a 0 8C solution of this acid (3.70 g, 10.9 mmol) and CH2Cl2 (30.0 mL).
After 45 min, an aliquot was removed and concentrated. 1H NMR
inspection of this sample indicated that full conversion to the acid chloride
had occurred. The solution of acid chloride was used without further
manipulation.


Tetrapeptide 43 : A solution of 41 (2.60 g, 3.37 mmol), collidine (4.40 mL,
33.5 mmol), and CH2Cl2 (10.0 mL) was added at 0 8C to a freshly prepared
solution of 42 (3.70 g, 10.9 mmol) in CH2Cl2 (30.0 mL). The reaction
mixture was allowed to come to rt overnight and was then quenched with


saturated aqueous NaHCO3 (30 mL)
and diluted with EtOAc (300 mL).
The layers were separated and the
organic layer was washed with 1m
HCl (3� 50 mL), saturated aqueous
NaHCO3 (2� 50 mL), brine (1�
50 mL), dried (MgSO4), and concen-
trated.


Piperidine (3.30 mL, 33.5 mmol) was
added to a 0 8C solution of this crude


residue and CH3CN (50.0 mL). The resulting mixture was maintained at
0 8C for 30 min, at rt for 1 h and then concentrated. The crude residue was
purified by chromatography on silica gel (8:1 hexanes/Et2O then 3:1
hexanes/Et2O then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes then Et2O) to
give 43 (2.70 g, 92 %) as a colorless oil that was homogeneous by TLC
analysis: 1H NMR (500 MHz, CDCl3): d� 8.32 (d, J� 6.7 Hz, 1H), 6.71 (d,
J� 8.7 Hz, 1H), 5.91 ± 5.85 (m, 1H), 5.30 (d, J� 7.2 Hz, 1H), 5.22 (d, J�
10.3 Hz, 1H), 4.75 ± 3.86 (m, 10 H), 3.45 ± 3.36 (m, 1H), 3.25 ± 3.15 (m, 1H),
2.15 ± 1.84 (m, 3H), 1.65 (br s, 3 H), 1.11 (d, J� 6.3 Hz, 3 H), 1.06 ± 0.89 (m,
14H), 0.83 (s, 9 H), 0.14 ± ÿ 0.03 (m, 21H); 13C NMR (125 MHz, CDCl3):


d� 175.9, 171.9, 170.0, 169.5, 158.0, 131.6, 118.8, 72.9, 69.0, 67.0, 66.1, 65.8,
64.2, 57.5, 56.0, 54.0, 52.1, 40.6, 31.8, 30.8, 25.6, 24.6, 22.9, 21.8, 20.7, 19.7,
18.0, 17.8, 17.6, 15.4,ÿ1.5,ÿ4.3,ÿ5.1,ÿ5.2,ÿ5.3; IR (film): nÄ � 3443, 3301,
2930, 1733, 1696, 1682, 1507, 1362, 1251, 1126, 837, 777 cmÿ1; ES-MS: m/z :
calcd for C41H80N4O10Si3Na [M�Na]�: 895.51, found 895.7, 135; [a]25


D �
�1.58 (c� 1.0 in CHCl3).


Troc-dd-valine (44): TrocCl (7.20 mL, 52.2 mmol) was added to a 0 8C
solution of d-valine (5.10 g, 43.5 mmol) and aqueous 2m NaOH (50 mL).
The resulting solution was maintained
at 0 8C for 1 h, at rt for 1.5 h, and then
diluted with H2O (100 mL) and Et2O
(100 mL). The layers were separated,
the aqueous layer was extracted with
Et2O (2� 100 mL), and the combined organic extracts were discarded. The
aqueous layer was acidified with 1m HCl (100 mL) and extracted with
EtOAc (3� 100 mL). The combined organic layers were dried (Na2SO4)
and concentrated. The crude residue was purified by chromatography on
silica gel (3:1 hexanes/Et2O then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes
then Et2O) to give 44 (8.96 g, 70%) as a colorless solid that was
homogeneous by TLC analysis: m.p. 147 ± 150 8C; 1H NMR (500 MHz,
CDCl3): d� 11.5 (br s, 1H), 6.25 ± 6.33 (m, 0.3 H), 5.51 (d, J� 9.1 Hz, 0.7H),
4.83 ± 4.67 (m, 2H), 4.37 (dd, J� 9.1, 4.6 Hz, 0.7 H), 4.35 ± 4.30 (m, 0.3),
2.40 ± 2.25 (m, 1H), 1.19 ± 0.86 (m, 6 H); 13C NMR (125 MHz, CDCl3): d�
177.0, 154.6, 95.3, 74.7, 59.0, 31.1, 19.0, 17.3; IR (film): nÄ � 3431, 3272, 3020,
1719, 1515, 1216, 1115, 756 cmÿ1; ES-MS: m/z : calcd for C8H12Cl3NO4Na
[M�Na]�: 393.97, found: 314.0; [a]25


D �ÿ4.11 (c� 1.0 in CHCl3).


Pentadepsipeptide acid 45 : IPCC (0.373 mL, 3.41 mmol) was added to a
ÿ50 8C solution of Troc-d-valine (44, 1.43 g, 4.87 mmol), TEA (0.476 mL,
3.41 mmol), DMAP (178 mg,
1.46 mmol), and CH2Cl2 (10 mL). Af-
ter 3 min, a solution of 43 (850 mg,
0.975 mmol) and CH2Cl2 (5 mL) was
added. The reaction mixture was
allowed to come to rt over 6 h and
then diluted with EtOAc (100 mL)
and 1m HCl (20 mL). The layers were
separated and organic layer was wash-
ed with 1m HCl (3� 20 mL), saturat-
ed aqueous NaHCO3 (2� 30 mL),
brine (1� 20 mL), dried (MgSO4), and concentrated. The crude residue
was purified by chromatography on silica gel (8:1 hexanes/Et2O then 3:1
hexanes/Et2O then 1:1 hexanes/Et2O then 3:1 Et2O/hexanes) to give the
fully protected pentadepsipeptide (953 mg, 85%) as a colorless oil that was
homogeneous by TLC analysis: 1H NMR (500 MHz, CDCl3): d� 8.34 (br s,
1H), 6.76 ± 6.69 (m, 1 H), 5.88 ± 5.79 (m, 1H), 5.53 ± 5.41 (m, 1 H), 5.27 (d,
J� 17.1 Hz, 1 H), 5.19 ± 5.10 (m, 2H), 4.90 ± 4.22 (m, 11 H), 4.00 ± 3.74 (m,
2H), 3.66 ± 3.33 (m, 1 H), 2.42 ± 1.95 (m, 5 H), 1.81 ± 1.55 (m, 2H), 1.09 (d,
J� 6.2 Hz, 3 H), 0.97 ± 0.75 (m, 41 H), 0.006 ± ÿ 0.067 (m, 21H); 13C NMR
(125 MHz, CDCl3): d� 171.9, 170.3, 169.8, 154.2, 131.5, 118.8, 95.3, 74.5,
68.8, 65.7, 64.5, 59.1, 57.5, 56.2, 52.0, 39.9, 31.2, 25.5, 24.3, 22.8, 21.8, 20.6,
19.0, 17.8, 17.7, 17.4, 17.1, ÿ1.6, ÿ4.4, ÿ5.3; IR (film): nÄ � 3441, 3298, 2956,
1736, 1717, 1697, 1508, 1251, 1126, 838 cmÿ1; ES-MS: m/z : calcd for
C49H90Cl3N5O13Si3Na [M�Na]�: 1168.48, found: 1168.6, 135; [a]25


D ��13.6
(c� 1.0 in CHCl3).


A solution of ZnCl2 (1m in Et2O, 100 mL) was added to this pentadep-
sipeptide (4.00 g, 3.49 mmol) and CH3NO2 (10.0 mL). The Et2O was
evaporated with a stream of argon and the resulting solution was
maintained at rt for 41 h. The reaction was diluted with EtOAc (200 mL)
and quenched with 1m HCl (50 mL). The layers were separated and organic
layer was washed with 1m HCl (3� 50 mL), saturated aqueous NaHCO3


(2� 50 mL), brine (1� 50 mL), dried (Na2SO4), and concentrated.


TBSOTf (6.40 mL, 27.9 mmol) was added to a ÿ78 8C solution of the crude
residue, lutidine (6.50 mL, 55.8 mmol), and CH2Cl2 (25 mL). The solution
was maintained atÿ78 8C for 4 h, and then poured into a mixture of EtOAc
(200 mL) and saturated aqueous NaHCO3 (50 mL). The layers were
separated and organic layer was washed with 1m HCl (3� 50 mL),
saturated aqueous NaHCO3 (2� 50 mL), brine (1� 50 mL), dried
(MgSO4), and concentrated. The crude residue was purified by chroma-
tography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1
hexanes/Et2O then 3:1 Et2O/hexanes then Et2O) to give the free piperazic
NH-derivative (3.32 g, 95 %) as a colorless oil that was homogeneous by
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TLC analysis: 1H NMR (500 MHz, CDCl3): d� 6.88 (d, J� 9.3 Hz, 1H),
6.81 (d, J� 9.9 Hz, 1 H), 6.65 (d, J� 9.6 Hz, 1H), 5.95 ± 5.87 (m, 1H), 5.67
(d, J� 7.4 Hz, 1H), 5.31 (d, J� 17.2 Hz, 1 H), 5.23 (d, J� 10.4 Hz, 1 H), 5.00
(d, J� 6.6 Hz, 1 H), 4.92 (d, J� 12.0 Hz, 1H), 4.85 ± 4.77 (m, 2H), 4.75 ± 4.70
(m, 2H), 4.67 (dd, J� 9.6, 4.0 Hz, 1H), 4.64 (dd, J� 12.9, 6.2 Hz, 1H),
4.40 ± 4.32 (m, 1 H), 4.31 (d, J� 12.0 Hz, 1H), 3.83 (br s, 1H), 2.85 ± 2.76 (m,
3H), 2.41 ± 2.33 (m, 1 H), 2.29 ± 2.14 (m, 1H), 1.85 ± 1.77 (m, 1 H), 1.68 ± 1.51
(m, 3 H), 1.12 (d, J� 6.2 Hz, 3H), 1.05 (d, J� 6.2 Hz, 3H), 1.00 (d, J�
6.7 Hz, 3 H), 0.99 (d, J� 6.7 Hz, 3H), 0.87 (t, J� 7.1 Hz, 6H), 0.82 (s, 9H),
0.78 (s, 9H), 0.070 (s, 3H), 0.0012 (s, 3 H), ÿ0.016 (s, 3H), ÿ0.066 (s, 3H);
13C NMR (125 MHz, CDCl3): d� 173.7, 172.6, 171.3, 170.4, 168.1, 154.5,
131.3, 119.3, 95.5, 74.4, 69.3, 66.3, 62.2, 59.0, 57.3, 54.0, 52.5, 49.3, 43.2, 31.9,
30.2, 29.4, 25.9, 25.7, 24.5, 23.2, 21.6, 21.0, 19.1, 18.7, 18.6, 18.3, 17.8, 17.1,
ÿ4.5, ÿ5.0, ÿ5.2, ÿ5.7; IR (film): nÄ � 3388, 2958, 1735, 1717, 1672, 1509,
1470, 1375, 1160, 1101, 914, 836 cmÿ1; ES-MS: m/z : calcd for
C43H78Cl3N5O11Si2Na [M�Na]�: 1024.42, found: 1024.6, 135; [a]25


D ��19.7
(c� 1.0 in CHCl3).


PhSiH3 (0.810 mL, 6.58 mmol) was added to a 0 8C solution of this
derivative (3.30 g, 3.29 mmol), [Pd(Ph3P)4] (50 mg) and THF (20 mL).
After 45 min, the reaction was quenched with H2O (0.50 mL) and
concentrated. The crude residue was purified by chromatography on silica
gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 hexanes/Et2O then
3:1 Et2O/hexanes then Et2O) to give 45 (2.71 g, 86%) as a colorless solid
that was homogeneous by TLC analysis: m.p. 226 ± 228 8C; 1H NMR
(500 MHz, CDCl3): d� 6.87 (d, J� 7.3 Hz, 1 H), 6.82 (d, J� 9.5 Hz, 1H),
6.23 (d, J� 9.4 Hz, 1H), 5.69 ± 5.66 (m, 1 H), 4.99 (d, J� 7.0 Hz, 1 H), 4.88
(d, J� 12.0 Hz, 1H), 4.84 ± 4.62 (m, 2H), 4.61 ± 4.59 (m, 1 H), 4.52 (dd, J�
9.5, 4.4 Hz, 1H), 4.45 (d, J� 12.0 Hz, 1 H), 4.45 ± 4.38 (m, 1H), 3.83 (br s,
1H), 2.85 ± 2.73 (m, 3 H), 2.42 ± 2.30 (m, 1 H), 2.28 ± 2.18 (m, 1 H), 1.89 ± 1.75
(m, 1 H), 1.65 ± 1.45 (m, 3 H), 1.08 (d, J� 6.2 Hz, 3H), 1.04 (d, J� 6.8 Hz,
3H), 1.00 ± 0.80 (m, 15H), 0.88 (s, 9H), 0.81 (s, 9H), 0.11 (s, 3 H), 0.10 (s,
3H), 0.057 (s, 3H), 0.0064 (s, 3 H); 13C NMR (125 MHz, CDCl3): d� 173.5,
172.5, 171.9, 171.3, 168.5, 154.5, 95.4, 74.6, 68.4, 62.1, 59.1, 57.1, 54.0, 52.3,
49.2, 42.7, 31.7, 30.4, 29.4, 25.9, 25.7, 24.5, 23.0, 21.8, 19.4, 19.0, 18.7, 18.4, 18.0,
17.8, 17.1, ÿ4.8, ÿ5.0, ÿ5.1, ÿ5.6; IR (film): nÄ � 3382, 3019, 1733, 1671,
1515, 1255, 1215, 1103, 1036, 836 cmÿ1; ES-MS: m/z : calcd for
C40H74Cl3N5O11Si2Na [M�Na]�: 984.39, found: 984.5, 135; [a]25


D ��19.8
(c� 1.0 in CHCl3).


trans-Hexadepsipeptide dimer 46 : HATU (489 mg, 1.29 mmol) was added
to a ÿ10 8C solution of 24 (240 mg, 0.322 mmol), 45 (1.24 g, 1.29 mmol),


HOAt (350 mg, 2.57 mmol),
collidine (0.51 mL,
3.86 mmol), and CH2Cl2


(5.0 mL). The reaction mix-
ture was stirred at ÿ10 8C
for 19 h, 0 8C for 22 h, rt for
11 h and then quenched with
1m HCl (5 mL) and diluted
with EtOAc (30 mL). The
layers were separated and
the organic layer was wash-


ed with 1m HCl (3� 10 mL), saturated aqueous NaHCO3 (3� 10 mL),
brine (1� 10 mL), dried (MgSO4), and concentrated. The crude residue
was purified by chromatography on silica gel (8:1 hexanes/Et2O then 3:1
hexanes/Et2O then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes then Et2O
then EtOAc) to yield 46 (565 mg, 67%) as a colorless oil that was
homogeneous by TLC analysis: 1H NMR (500 MHz, CDCl3): d� 7.90 ± 7.80
(m, 1H), 7.35 ± 7.15 (m, 5 H), 6.80 ± 6.41 (m, 6H), 5.65 ± 4.32 (m, 26H),
4.12 ± 3.78 (m, 6 H), 3.10 ± 2.65 (m, 10 H), 2.50 ± 2.17 (m, 6 H), 1.81 ± 1.33 (m,
8H), 1.15 ± 0.75 (m, 96 H), 0.54 ± 0.39 (m, 12H), 0.31 ± 0.01 (m, 24H);
13C NMR (125 MHz, CDCl3): d� 174.4, 173.3, 171.4, 171.2, 171.0, 170.9,
170.8, 170.1, 169.7, 169.4, 169.3, 169.2, 169.1, 169.0, 168.3, 168.2, 168.1, 167.8,
166.7, 154.5, 154.4, 154.2, 154.1, 153.6, 153.5, 150.5, 150.4, 149.2, 149.0, 135.8,
135.0, 132.7, 132.2, 131.5, 131.4, 131.2, 129.2, 129.1, 129.0, 128.0, 127.9, 127.2,
127.1, 125.3, 123.0, 118.4, 118.2, 110.1, 109.8, 95.6, 95.1, 86.5, 86.4, 82.2, 82.1,
82.0, 76.5, 74.5, 74.3, 70.0, 69.8, 66.5, 66.2, 62.1, 62.0, 59.5, 59.4, 59.1, 56.6,
54.2, 54.0, 53.4, 52.4, 49.3, 49.2, 46.7, 46.1, 43.2, 43.0, 42.8, 42.6, 42.2, 32.5,
31.5, 30.3, 30.2, 29.5, 29.4, 26.0, 25.9, 25.8, 25.6, 25.5, 24.5, 24.3, 23.2, 22.9,
21.8, 21.6, 19.3, 19.1, 18.8, 18.7, 18.6, 18.4, 18.3, 18.2, 18.0, 17.9, 17.7, 17.5, 17.3,
16.6, 6.7, 6.6, 5.4, 5.3, ÿ4.7, ÿ4.8, ÿ4.9, ÿ5.0, ÿ5.2, ÿ5.3, ÿ5.5, ÿ5.6, ÿ5.7,
ÿ5.8; IR (film): nÄ � 3381, 2932, 1734, 1676, 1644, 1442, 1254, 1102,


834 cmÿ1; ES-MS: m/z : calcd for C120H202Cl6N14O26Si6Na [M�Na]�:
2656.16, found: 2656.3, 135; [a]25


D �ÿ119 (c� 0.65 in CHCl3).


trans-Hexadepsipeptide carboxylic acid dimer 47: PhSiH3 (0.15 mL,
1.23 mmol) was added to a 0 8C solution of 46 (530 mg, 0.201 mmol),
[Pd(Ph3P)4] (20 mg) and
THF (5 mL). The resulting
solution was maintained at
0 8C for 45 min, warmed to
rt for 15 min, quenched with
H2O (0.20 mL) and then
concentrated. The crude
residue was purified by
chromatography on silica
gel (8:1 hexanes/Et2O then
3:1 hexanes/Et2O then 1:1
Et2O/hexanes then 3:1 Et2O/hexanes then Et2O then EtOAc) to give 47
(469 mg, 91%) as a colorless oil that was homogeneous by TLC analysis:
1H NMR (500 MHz, CDCl3): d� 7.80 ± 6.41 (m, 12H), 5.80 ± 5.52 (m, 2H),
5.35 ± 4.38 (m, 16H), 4.10 ± 3.79 (m, 4 H), 3.08 ± 2.17 (m, 16H), 1.82 ± 1.20
(m, 8 H), 1.18 ± 0.75 (m, 96 H), 0.55 ± 0.31 (m, 12H), 0.28 ± ÿ 0.10 (m, 24H);
13C NMR (125 MHz, CDCl3): d� 174.2, 173.1, 171.3, 171.2, 170.3, 169.8,
168.2, 167.9, 154.5, 154.3, 153.6, 151.3, 134.1, 132.0, 128.5, 128.4, 128.0, 127.5,
127.0, 125.3, 110.5, 95.4, 95.1, 82.7, 76.4, 74.6, 74.5, 74.3, 69.6, 62.1, 59.2, 55.8,
54.0, 53.3, 49.2, 49.1, 42.8, 32.5, 31.7, 31.6, 31.4, 30.4, 30.2, 29.5, 29.4, 26.0,
25.8, 24.4, 24.1, 23.2, 22.7, 22.5, 22.1, 21.9, 21.6, 19.8, 19.3, 19.2, 19.0, 18.8,
18.6, 18.4, 18.3, 18.2, 17.9, 17.3, 17.1, 16.8, 6.7, 6.6, 5.7, 5.5, 5.4, ÿ4.7, ÿ4.8,
ÿ4.9, ÿ5.0, ÿ5.2, ÿ5.5, ÿ5.6; IR (film): nÄ � 3378, 3302, 2956, 1731, 1675,
1642, 1253, 1217, 1116, 834 cmÿ1; ES-MS: m/z : calcd for C114H194Cl6N14O26-
Si6Na [M�Na]�: 2576.09, found: 2576.4, 135; [a]25


D �ÿ94.5 (c� 0.65 in
CHCl3).


Isohimastatin (1): Pb/Cd couple (300 mg) was added to a vigorously stirred
mixture of 47 (305 mg, 0.120 mmol), THF (5.0 mL), and aqueous 1m
NH4OAc (5.0 mL). After
1.5 h, the layers were separat-
ed, and the aqueous layer was
extracted with EtOAc (4�
5 mL). The combined organic
layers were dried (Na2SO4)
and concentrated. This crude
amino acid (250 mg, �95 %)
was split into two equal batch-
es and used without further
purification.


HATU (86.0 mg, 0.227 mmol) was added to a solution of the crude amino
acid (�125 mg), HOAt (62.0 mg, 0.454 mmol), iPr2NEt (0.12 mL,
0.681 mmol), and DMF (40.0 mL) at rt. The resulting solution was
maintained at rt for 28 h and then concentrated. The resulting crude
residue was dissolved in EtOAc (10 mL) and washed with aqueous 1m HCl
(3� 5 mL), saturated aqueous NaHCO3 (3� 5 mL), brine (1� 5 mL), dried
(Na2SO4), and concentrated. The two batches of cyclic dimer 48 (�145 mg
each) were recombined at this stage and used without further purification.


A solution of TBAF (1m in THF, 3.40 mL) was added to a 0 8C solution of
the crude residue 48 (�290 mg), HOAc (0.583 mL, 10.2 mmol), and THF
(3 mL). The resulting solution was allowed to warm to rt, maintained at rt
for 55 h and then concentrated to a slurry. The reaction mixture was filtered
through a short pad of sand and washed with CH2Cl2 (200 mL). The filtrate
was discarded. The remaining white solid was washed with hot MeOH
(250 mL) until all the solid had dissolved and the filtrate was concentrated
to give 1 (85.4 mg, 48%) as a white solid that was >95 % pure as judged by
13C NMR analysis: m.p. >400 8C (dec); 1H NMR (500 MHz, [D6]DMSO):
d� 8.24 (d, J� 8.4 Hz, 2 H), 7.68 (d, J� 8.1 Hz, 2H), 7.35 (s, 2H), 7.20 ± 7.15
(m, 4 H), 7.00 (d, J� 4.2 Hz, 2 H), 6.54 (d, J� 8.2 Hz, 2H), 5.94 (s, 2H), 5.75
(d, J� 7.3 Hz, 2H), 5.52 (d, J� 4.3 Hz, 2H), 5.45 (d, J� 6.0 Hz, 2H), 5.29
(d, J� 5.2 Hz, 2H), 5.20 (d, J� 11.8 Hz, 2 H), 4.98 ± 4.90 (m, 4 H), 4.61 (dd,
J� 8.4, 4.3 Hz, 2H), 4.55 ± 4.48 (m, 2 H), 4.30 (dd, J� 8.8, 4.0 Hz, 2H),
3.90 ± 3.82 (m, 2 H), 3.60 ± 3.50 (m, 2 H), 2.90 ± 2.75 (m, 3 H), 2.49 (d, J�
13.2 Hz, 2H), 2.06 ± 1.90 (m, 6 H), 1.71 ± 1.60 (m, 2H), 1.60 ± 1.51 (m, 2H),
1.49 ± 1.39 (m, 2 H), 1.05 (d, J� 6.3 Hz, 6H), 0.95 ± 0.80 (m, 24 H), 0.39 (d,
J� 6.9 Hz, 6 H), 0.23 (d, J� 6.9 Hz, 6 H); 13C NMR (125 MHz, DMSO):
d� 170.6, 170.4, 170.3, 169.9, 169.2, 147.9, 132.2, 127.1, 121.2, 110.8, 86.0,
84.0, 75.1, 67.3, 61.8, 58.9, 55.6, 53.7, 52.7, 50.8, 49.6, 43.8, 42.3, 31.7, 29.1, 28.8,
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24.1, 23.1, 22.3, 18.7, 18.6, 17.7, 17.4, 17.3; IR (film): nÄ � 2957, 2931, 2857, 1689,
1253, 1100, 1083 cmÿ1; ES-MS: m/z : calcd for C72H104N14O20Na [M�Na]�:
1507.74, found: 1508.1, 135.


Allyl ester 49 : Neat TESOTf (10.4 mL, 45.1 mmol) was added to a 0 8C
solution of 11 (2.60 g, 50.4 mmol), 2,6-lutidine (10.5 mL, 90.3 mmol), and


CH2Cl2 (20 mL). The resulting solu-
tion was allowed to warm to rt over-
night and then quenched with satu-
rated aqueous NaHCO3 (100 mL) and
diluted with EtOAc (100 mL). The


layers were separated and the organic layer was washed with aqueous 1m
HCl (2� 50 mL), brine (1� 50 mL), dried (Na2SO4), and concentrated.


EDCI (1.70 g, 8.90 mmol) was added to a 0 8C solution of the crude residue,
allyl alcohol (31.0 mL, 451 mmol), DMAP (20 mg), and CH2Cl2 (50 mL).
The resulting solution was allowed to warm to rt overnight and then
concentrated. The crude residue was purified by chromatography on silica
gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes then
3:1 Et2O/hexanes then Et2O) to give 49 (2.40 g, 78 %) as a yellow solid that
was homogeneous by TLC analysis: m.p. 112 ± 114 8C; 1H NMR (500 MHz,
CDCl3): d� 9.41 (d, J� 9.3 Hz, 2H), 8.71 (s, 1 H), 8.03 (d, J� 8.4 Hz, 2H),
7.74 ± 7.62 (m, 2 H), 7.53 (t, J� 7.5 Hz, 2 H), 7.10 ± 7.01 (m, 1 H), 6.69 (t, J�
7.4 Hz, 1H), 6.51 (t, J� 8.2 Hz, 1H), 5.45 ± 5.31 (m, 1H), 5.12 ± 5.01 (m,
2H), 4.98 (s, 1H), 4.91 (d, J� 7.8 Hz, 1 H), 4.75 (s, 1H), 3.98 (dd, J� 13.0,
5.7 Hz, 1H), 3.80 (dd, J� 13.0, 5.8 Hz, 1 H), 2.78 (d, J� 12.6 Hz, 1 H), 2.53
(dd, J� 12.6, 9.0 Hz), 0.56 (t, J� 7.9 Hz, 9 H), 0.20 ± 0.08 (m, 6H); 13C NMR
(125 MHz, CDCl3): d� 170.0, 150.1, 136.5, 131.3, 131.2, 130.6, 129.5, 129.1,
128.2, 127.6, 125.4, 125.0, 124.5, 119.1, 118.2, 110.3, 89.3, 82.6, 66.0, 61.0, 43.4,
6.4, 5.1; IR (film): nÄ � 3408, 3020, 2956, 1727, 1612, 1216, 1162, 908 cmÿ1;
MS: m/z : calcd for C34H38N2O5SSiNa [M�Na]�: 637.22, found: 637.3, 135;
[a]25


D �ÿ156 (c� 1.0 in CHCl3).


Pyrroloindoline 50 : Freshly prepared Al(Hg) (1.0 g) was added to a
vigorously stirred mixture of 49 (2.90 g, 4.72 mmol) and THF/H2O 10:1


(200 mL) at 0 8C. The resulting mix-
ture turned from bright yellow to gray
over 1 h indicating consumption of 49.
The mixture was filtered through a
pad of celite (EtOAc) and concen-
trated. The crude residue was purified


by chromatography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O
then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes then Et2O then EtOAc) to
give 50 (1.17 g, 69 %) as a near colorless oil that was homogeneous by TLC
analysis: 1H NMR (500 MHz, CDCl3): d� 7.20 (d, J� 8.1 Hz, 1 H), 7.11 (dt,
J� 7.5, 1.2 Hz, 1H), 6.73 (dt, J� 7.4, 0.7 Hz, 1 H), 6.57 (d, J� 7.9 Hz, 1H),
5.75 ± 5.60 (m, 1H), 5.25 ± 5.10 (m, 2H), 4.86 (s, 1 H), 4.35 ± 4.22 (m, 2H),
4.03 (dd, J� 7.3, 5.3 Hz, 1 H), 2.67 (dd, J� 12.7, 7.4 Hz, 1H), 2.50 (dd, J�
12.7, 5.3 Hz, 1H), 0.83 (t, J� 3.3 Hz, 9 H), 0.50 ± 0.30 (m, 6 H); 13C NMR
(125 MHz, CDCl3): d� 172.9, 149.4, 131.7, 130.5, 129.6, 124.4, 118.5, 118.1,
110.1, 90.0, 84.4, 65.3, 59.4, 44.5, 6.6, 5.5; IR (film): nÄ � 3368, 2875, 1737,
1612, 1470, 1203, 1008 cmÿ1; ES-MS: m/z : calcd for C20H31N2O3Si [M�H]�:
375.20, found: 375.2, 135; [a]25


D �ÿ70.3 (c� 1.0 in CHCl3).


trans-Hexadepsipeptide monomer 51: The same procedure for the
preparation of 46 was used with the following amounts: HATU (198 mg,


0.52 mmol), 50 (195 mg, 0.52 mmol),
acid 45 (250 mg, 0.26 mmol), HOAt
(141 mg, 1.04 mmol), collidine
(273 mL, 2.08 mmol), and CH2Cl2


(3.0 mL) to give 51 (224 mg, 66%)
as a colorless oil that was homoge-
neous by TLC analysis: 1H NMR
(500 MHz, CDCl3): d� 7.80 ± 7.00
(m, 3H), 6.80 ± 6.41 (m, 4H), 5.71 ±
5.40 (m, 2 H), 5.38 ± 4.35 (m, 11H),


4.10 ± 3.90 (m, 2 H), 3.85 (br s, 1H), 3.05 ± 2.62 (m, 5H), 2.41 ± 2.16 (m, 2H),
1.78 ± 1.35 (m, 4 H), 1.18 ± 0.75 (m, 48H), 0.46 ± 0.31 (m, 6 H), 0.25 ± 0.20 (m,
12H); 13C NMR (125 MHz, CDCl3): d� 174.5, 173.4, 171.4, 171.2, 171.1,
170.9, 170.8, 170.0, 169.7, 169.3, 169.1, 168.2, 168.1, 167.9, 166.8, 154.6, 153.6,
151.7, 150.5, 131.6, 131.5, 131.4, 130.6, 127.4, 126.7, 124.9, 124.8, 118.6, 118.4,
118.3, 117.7, 109.9, 109.6, 95.6, 95.2, 86.5, 86.4, 81.8, 81.7, 76.5, 75.8, 74.5, 74.3,
70.1, 69.8, 66.6, 66.3, 62.2, 62.1, 59.5, 59.3, 59.2, 59.1, 56.6, 55.8, 54.1, 54.0,
53.4, 52.5, 52.4, 49.3, 49.2, 43.0, 42.9, 42.7, 42.5, 32.6, 31.5, 31.3, 30.4, 30.3,
29.6, 29.4, 26.0, 25.9, 25.8, 25.5, 24.5, 24.4, 23.2, 23.0, 22.5, 21.8, 21.7, 19.4,


19.3, 19.2, 18.8, 18.7, 18.6, 18.5, 18.3, 18.2, 18.0, 17.4, 16.7, 6.7, 6.6, 5.6, 5.4, 5.3,
ÿ4.7, ÿ4.8, ÿ4.9, ÿ5.0, ÿ5.1, ÿ5.4, ÿ5.5, ÿ5.6; IR (film): nÄ � 3382, 2956,
1733, 1676, 1642, 1255, 1039, 1004, 755 cmÿ1; ES-MS: m/z : calcd for
C60H102Cl3N7O13Si3Na [M�Na]�: 1340.58, found: 1340.8, 135; [a]25


D �ÿ86.6
(c� 0.65, CHCl3).


trans-Hexadepsipeptide carboxylic acid monomer 52 : The same procedure
for the preparation of 47 was used with the following amounts: PhSiH3


(36.0 mL, 0.295 mmol), 51 (195 mg,
0.148 mmol), [Pd(Ph3P)4] (20 mg),
and THF (3.0 mL) to give 52
(174 mg, 92 %) as a colorless oil that
was homogeneous by TLC analysis:
1H NMR (500 MHz, CDCl3): d�
7.75 ± 6.39 (m, 7H), 5.70 ± 5.58 (m,
1H), 5.22 ± 4.37 (m, 10 H), 4.16 ± 3.60
(m, 2 H), 3.15 ± 2.15 (m, 7H), 1.80 ±
1.30 (m, 4 H), 1.16 ± 0.71 (m, 48H),
0.45 ± 0.30 (m, 6H), 0.29 ± 0.01 (m, 12 H); 13C NMR (125 MHz, CDCl3): d�
174.2, 173.7, 172.3, 172.0, 171.7, 171.5, 171.3, 171.2, 170.1, 169.9, 168.7, 168.3,
166.9, 135.0, 134.3, 132.0, 131.0, 130.7, 128.4, 127.5, 127.4, 125.4, 124.4, 118.3,
117.6, 110.2, 109.9, 95.5, 95.4, 95.2, 87.2, 86.8, 82.0, 81.9, 76.4, 75.8, 74.8, 74.6,
74.4, 69.7, 69.1, 62.3, 59.5, 59.2, 59.1, 55.7, 53.8, 53.2, 52.5, 49.3, 49.2, 46.8,
43.4, 42.9, 42.4, 32.7, 31.6, 31.3, 30.5, 30.2, 29.6, 29.5, 26.0, 25.9, 25.8, 25.5,
24.4, 24.2, 23.4, 23.0, 21.9, 20.0, 19.5, 19.0, 18.7, 18.6, 18.3, 18.0, 17.7, 17.6, 17.1,
ÿ4.6, ÿ4.7, ÿ4.9, ÿ5.0, ÿ5.6; IR (film): nÄ � 3379, 3298, 2956, 1735, 1675,
1642, 1253, 1108, 1038, 756 cmÿ1; ES-MS: m/z : calcd for C57H98Cl3N7O13-
Si3Na [M�Na]�: 1300.55, found: 1300.7, 135; [a]25


D �ÿ76.4 (c� 0.4 in
CHCl3).


trans-Cyclic monomer 3 : The same procedure for the preparation of 1 was
used with the following amounts: Pb/Cd couple (100 mg), 52 (158 mg,
0.12 mmol), THF (3.0 mL), aqueous
1m NH4OAc (3.0 mL); HATU
(11.0 mg, 0.029 mmol), the crude ami-
no acid (�120 mg), HOAt (45.0 mg,
0.327 mmol), iPr2NEt (57.0 mL,
0.327 mmol), and DMF (75.0 mL);
TBAF (1m in THF, 1.44 mL), the
crude cyclic monomer (�130 mg),
HOAc (0.24 mL, 4.52 mmol), and
THF (1.0 mL) to give 3 (76.6 mg, 76 %) as a colorless solid that was
homogeneous by TLC analysis: m.p. >320 8C (dec); 1H NMR (500 MHz,
CDCl3): d� 7.50 (br s, 1H), 7.40 ± 7.20 (m, 2 H), 7.01 (t, J� 7.6 Hz, 1H), 6.74
(t, J� 7.4 Hz, 1H), 6.55 (br s, 1H), 6.45 (d, J� 7.8 Hz, 1H), 5.84 (br s, 1H),
5.77 (s, 1H), 5.45 (d, J� 4.8 Hz, 1 H), 5.17 (d, J� 10.0 Hz, 1 H), 4.86 (d, J�
5.7 Hz, 1H), 4.74 (dd, J� 9.0, 3.0 Hz, 1 H), 4.74 ± 4.58 (m, 3 H), 4.52 (s, 1H),
4.33 (d, J� 12.3 Hz, 1 H), 4.28 (s, 1 H), 3.63 (s, 1 H), 3.15 ± 3.00 (m, 1 H), 2.72
(d, J� 14.0 Hz, 1 H), 2.60 (t, J� 13.5 Hz, 1 H), 2.60 ± 2.55 (m, 1 H), 2.14 (d,
J� 14.7 Hz, 1 H), 2.08 ± 1.97 (m, 1H), 1.95 ± 1.81 (m, 1 H), 1.80 ± 1.72 (m,
1H), 1.70 ± 1.58 (m, 3 H), 1.23 (d, J� 6.2 Hz, 3H), 1.00 ± 0.95 (m, 9 H), 0.90
(d, J� 6.2 Hz, 3 H), 0.51 (d, J� 6.5 Hz, 3 H), 0.28 (d, J� 6.7 Hz, 3H);
13C NMR (125 MHz, CDCl3): d� 171.8, 171.7, 171.3, 171.0, 170.9, 170.5,
148.2, 131.6, 129.7, 124.4, 120.4, 111.1, 86.6, 84.9, 75.9, 68.0, 62.2, 58.8, 56.5,
55.7, 53.1, 52.4, 50.0, 43.6, 32.1, 29.4, 28.6, 24.9, 23.0, 22.7, 19.3, 18.8, 18.1,
17.4, 17.1; IR (film): nÄ � 3324, 2963, 1736, 1653, 1526, 1428, 1204, 1100 cmÿ1;
ES-MS: m/z : calcd for C36H53N7O10Na [M�Na]�: 766.38, found: 766.5, 135;
[a]25


D �ÿ48.3 (c� 1.0 in CHCl3).


trans-Pyrroloindoline-dd-valinol : tert-Butyl ester 11 (110 mg, 0.213 mmol)
was added to TFA (1.50 mL) at 0 8C. The reaction was maintained at 0 8C
for 30 min, at rt for 3 h and concen-
trated.


EDCI (82.0 mg, 0.430 mmol) was add-
ed to a 0 8C solution of this crude
residue, d-valinol (66.0 mg,
0.640 mmol), DMAP (10 mg), and
CH2Cl2 (10 mL). The reaction was
allowed to warm to rt overnight and then concentrated. The crude residue
was taken up in EtOAc (100 mL) and washed with 1m HCl (2� 50 mL),
saturated aqueous NaHCO3 (1� 50 mL), brine (1� 50 mL), dried
(MgSO4), and concentrated. The crude residue was purified by chroma-
tography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1
Et2O/hexanes then 3:1 Et2O/hexanes then Et2O then EtOAc) to give the
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title compound (58.0 mg, 50%) as a pale yellow solid that was homoge-
neous by TLC analysis: m.p. 201 ± 204 8C; 1H NMR (500 MHz, CDCl3): d�
9.25 (d, J� 9.2 Hz, 2H), 8.72 (s, 1H), 8.01 (d, J� 8.3 Hz, 2H), 7.69 ± 7.66 (m,
2H), 7.52 ± 7.49 (m, 2 H), 7.13 (d, J� 7.36 Hz, 1H), 7.08 ± 7.06 (m, 1 H), 6.80
(d, J� 8.5 Hz, 1H), 6.73 (t, J� 7.4 Hz, 1H), 6.60 (d, J� 8.0 Hz, 1H), 5.59 (s,
1H), 5.26 (s, 1 H), 4.39 (dd, J� 9.9, 0.2 Hz, 2H), 3.09 ± 3.03 (m, 2H), 3.03 (s,
1H), 3.00 ± 2.92 (m, 1 H), 2.74 (d, J� 13.4 Hz, 1 H), 2.48 ± 2.44 (m, 2H),
1.24 ± 1.20 (m, 1H), 0.48 (d, J� 6.8 Hz, 3H), 0.33 (d, J� 6.8 Hz, 3H);
13C NMR (125 MHz, CDCl3): d� 170.9, 148.2, 137.4, 131.3, 131.2, 130.8,
129.8, 129.4, 125.6, 125.5, 124.4, 124.2, 120.8, 110.9, 88.0, 85.3, 62.9, 62.8,
57.6, 41.2, 28.6, 18.7, 18.5; IR (film): nÄ � 3382, 3278, 3018, 1652, 1216, 909,
756 cmÿ1; ES-MS: m/z :calcd for C30H31N3O5SNa [M�Na]�: 568.19, found:
568.1; [a]25


D �ÿ69.9 (c� 1.0 in CHCl3).


trans-Degradation product (53): Freshly prepared Al(Hg) (500 mg) was
added to a vigorously stirred mixture of the sulfonylated dipeptide (58.0 g,


0.107 mmol) and THF/H2O 10:1
(20 mL) at 0 8C. The resulting mixture
turned from bright yellow to gray
over 1 h indicating consumption of
starting material. The mixture was
filtered through a pad of celite
(EtOAc) and concentrated. The
crude residue was purified by chro-


matography on silica gel (3:1 hexanes/Et2O then 3:1 Et2O/hexanes then
Et2O then EtOAc then 1:1 EtOAc/MeOH) to give 53 (15 mg, 50%) as a
pale yellow solid. Further purification by chromatography on silica gel
(Et2O then CH2Cl2 then 8:1 CHCl3/MeOH then 4:1 CHCl3/MeOH then
MeOH) gave 53 (10.0 mg, 31 %) as a colorless solid that was homogeneous
by TLC analysis: m.p. >310 8C (dec); 1H NMR (500 MHz, MeOH): d�
7.12 (dd, J� 7.4, 0.7 Hz, 1 H), 6.96 (dt, J� 7.7, 1.16 Hz, 1H), 6.64 (dt, J� 7.4,
0.6 Hz, 1 H), 6.52 (d, J� 7.9 Hz, 1H), 4.93 (s, 1H), 4.00 (dd, J� 8.8, 6.5 Hz,
1H), 3.43 ± 3.41 (m, 3 H), 2.57 (dd, J� 13.4, 8.9 Hz, 1 H), 2.15 (dd, J� 13.5,
6.5 Hz, 1H), 1.60 ± 1.58 (m, 1H), 0.66 (d, J� 6.8 Hz, 3 H), 0.0.57 (d, J�
6.8 Hz, 3H); 13C NMR (125 MHz, MeOH): d� 177.2, 150.4, 133.3, 130.6,
124.6, 120.2, 111.8, 90.5, 88.5, 63.4, 63.2, 57.6, 45.4, 30.2, 19.9, 18.7; IR (film):
nÄ � 3352, 2944, 1642, 1467, 1117, 1027 cmÿ1; ES-MS: m/z : calcd for
C16H23N3O3Na [M�Na]�: 328.16, found: 328.1, 135; [a]25


D �ÿ2.97 (c�
0.35 in MeOH).


cis-Degradation product 54 : Neat TMSOTf (0.760 mL, 3.94 mmol) was
added to a 0 8C solution of 14 (100 mg, 0.197 mmol), 2,6-lutidine (1.40 mL,
11.8 mmol), and CH2Cl2 (3 mL). The resulting solution was allowed to


warm to rt over 4 h and then
quenched with saturated aqueous
NaHCO3 (50 mL) and diluted with
EtOAc (100 mL). The layers were
separated and the organic layer was
washed with aqueous 1m HCl (3�
50 mL), brine (1� 50 mL), dried
(Na2SO4), and concentrated.


EDCI (76.0 mg, 0.396 mmol) was added to a 0 8C solution of this crude
residue, d-valinol (61.0 mg, 0.592 mmol), DMAP (10 mg), and CH2Cl2


(3 mL). The reaction was allowed to warm to rt overnight and then
concentrated. The crude residue was purified by chromatography on silica
gel (8:1 hexanes/Et2O then 1:1 hexanes/Et2O then Et2O then EtOAc) to
give a mixture of the 3a-OH and the 3a-OTMS ether (50 mg) as a near
colorless oil which was used without further purification.


Piperidine (19.0 mL, 0.190 mmol) was added to a 0 8C solution of this
mixture (50 mg) and CH3CN (2 mL). The resulting solution was allowed to
warm to rt over 3 h and then concentrated. TFA (1.0 mL) was added to a
0 8C solution of this residue and CH2Cl2 (1.0 mL). After 10 min, the
reaction was concentrated and the crude residue was purified by
chromatography on TEA treated silica gel (3:1 Et2O/hexanes then Et2O
then EtOAc then 3:1 EtOAc/MeOH) to give 54 (30 mg, 50%) as a colorless
solid that was homogeneous by TLC analysis: m.p.>250 8C (dec); 1H NMR
(500 MHz, MeOH): d� 7.25 (d, J� 7.1 Hz, 1H), 7.09 (dt, J� 7.8, 1.10 Hz,
1H), 6.76 (dt, J� 7.4, 0.5 Hz, 1 H), 6.62 (d, J� 7.9 Hz, 1H), 5.06 (s, 1 H), 3.73
(dd, J� 11.2, 5.9 Hz, 1 H), 3.67 ± 3.65 (m, 1H), 3.55 (dd, J� 11.4, 4.4 Hz,
1H), 3.48 (dd, J� 11.3, 6.4 Hz, 1H), 3.31 (s, 3H), 2.62 (dd, 12.4, 6.0 Hz,
1H), 2.30 (t, J� 11.8 Hz, 1 H), 1.82 ± 1.81 (m, 1 H), 0.90 (d, J� 6.8 Hz, 3H),
0.0.85 (d, J� 6.8 Hz, 3 H); 13C NMR (125 MHz, MeOH): d� 172.6, 151.5,
131.9, 131.2, 125.2, 120.6, 111.2, 90.0, 85.7, 63.1, 60.8, 58.0, 46.1, 30.0, 20.1,


18.7; IR (film): nÄ � 3300, 2964, 1673, 1566, 1203, 1137, 1027 cmÿ1; ES-MS:
m/z : calcd for C16H23N3O3Na [M�Na]�: 328.16, found: 328.1, 135; [a]25


D �
ÿ59.0 (c� 0.5 in MeOH).


Pyrroloindoline tert-butyl ester 56 : Neat pyridine (9.30 mL, 116 mmol) was
added to a 0 8C solution of 14 (4.00 g, 14.5 mmol), ClCO2Bn (8.20 mL,
58.0 mmol), and CH2Cl2 (100 mL).
The resulting solution was allowed
to warm to rt overnight and then
concentrated. The crude residue was
dissolved in EtOAc (100 mL) and
washed with 1m HCl (2� 50 mL), brine (1� 50 mL), dried (MgSO4), and
concentrated. This residue was purified by chromatography on silica gel
(8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes then 3:1
Et2O/hexanes then Et2O) to give the bis-carbamate (5.00 g, 63 %) as a near
colorless oil that was homogeneous by TLC analysis: 1H NMR (500 MHz,
CDCl3): d� 7.63 (br s, 1H), 7.36 (d, J� 7.4 Hz, 1H), 7.29 ± 7.16 (m, 11H),
7.08 (t, J� 7.4 Hz, 1H), 6.08 (s, 1H), 5.21 ± 4.43 (m, 4H), 3.96 (br s, 1 H), 3.75
(s, 1 H), 2.77 (dd, J� 12.9, 7.7 Hz, 1H), 2.40 (dd, J� 12.9, 9.1 Hz, 1H), 1.46
(br s, 9H); 13C NMR (125 MHz, CDCl3): d� 171.0, 153.9, 153.3, 141.4,
135.8, 135.6, 132.2, 130.5, 128.5, 128.3, 128.2, 128.0, 127.9, 124.1, 123.1, 117.4,
83.7, 81.9, 81.4, 67.6, 67.2, 59.9, 37.5, 27.6; IR (film): nÄ � 3426, 2978, 1720,
1395, 1323, 1152, 1079, 735 cmÿ1; ES-MS: m/z : calcd for C31H32N2O7Na
[M�Na]�: 567.21, found: 567.3; [a]25


D �ÿ79.9 (c� 1.0 in CHCl3).


A solution of DBU (10.0 mL, 66.2 mmol) and DMF (50 mL) was added to a
solution of the bis-carbamate (9.00 g, 16.5 mmol), TBSCl (14.8 g,
99.2 mmol), and DMF (300 mL). The resulting solution was maintained
at rt for 8 h, and was then diluted with EtOAc (400 mL) and poured into
aqueous 1m HCl (200 mL). The layers were separated and the organic layer
was washed with aqueous 1m HCl (3� 100 mL), saturated aqueous
NaHCO3 (1� 100 mL), brine (2� 100 mL), dried (MgSO4), and concen-
trated. The crude residue was purified by chromatography on silica gel (3:1
hexanes/Et2O then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes) to give 56
(10.6 g, 97%) as a colorless oil that was homogeneous by TLC analysis:
1H NMR (500 MHz, CDCl3): d� 7.71 (br s, 1H), 7.38 ± 7.22 (m, 12 H), 7.12 (t,
J� 7.4 Hz, 1H), 6.00 (br s, 1 H), 5.40 ± 4.40 (m, 4 H), 3.89 (br s, 1H), 2.87 (dd,
J� 12.3, 7.1 Hz, 1H), 2.41 (t, J� 12.2 Hz, 1 H), 1.60 ± 1.22 (br m, 9 H), 0.74
(s, 9H), ÿ0.29 ± ÿ 0.50 (m, 6H); 13C NMR (125 MHz, CDCl3): d� 170.6,
154.4, 153.1, 142.4, 136.0, 132.1, 130.6, 128.3, 128.2, 128.0, 123.9, 118.0, 85.2,
81.5, 81.0, 67.4, 59.6, 38.5, 27.8, 25.3, 17.7, ÿ3.9, ÿ4.4; IR (film): nÄ � 3032,
2953, 2856, 1717, 1479, 1285, 1151, 837 cmÿ1; ES-MS: m/z : calcd for
C37H46N2O7SiNa [M�Na]�: 681.30, found: 681.6, 135; [a]25


D �ÿ64.2 (c� 1.0
in CHCl3).


5-Iodo-pyrroloindoline tert-butyl ester 57: The same procedure for the
preparation of 17 was used with the following amounts: ICl (1.50 mL,
30.4 mmol), 56 (2.00 g, 3.04 mmol),
2,6-di-tert-butyl-4-methyl pyridine
(6.23 g, 30.4 mmol), and CH2Cl2


(20 mL). The crude residue was puri-
fied by chromatography on silica gel
(8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes) to give 57
(1.75 g, 73%) as a light yellow foam that was homogeneous by TLC
analysis: 1H NMR (500 MHz, CDCl3): d� 7.65 (d, J� 7.2 Hz, 1 H), 7.62 (s,
1H), 7.48 ± 7.03 (m, 11H), 5.97 (br s, 1H), 5.50 ± 4.40 (m, 4H), 3.92 (br s,
1H), 2.81 (dd, J� 12.4, 7.2 Hz, 1H), 2.38 (dd, J� 12.4, 10.3 Hz, 1H), 1.62 ±
1.24 (br m, 9 H), 0.74 (s, 9H), ÿ0.32 ± ÿ 0.45 (m, 6H); 13C NMR (125 MHz,
CDCl3): d� 170.4, 154.3, 152.9, 142.1, 139.3, 135.8, 134.8, 132.8, 128.3, 128.2,
128.0, 119.9, 86.3, 84.9, 81.6, 80.8, 67.4, 59.3, 38.3, 27.7, 25.3, 17.6,ÿ3.8,ÿ4.3;
IR (film): nÄ � 2954, 2856, 1723, 1472, 1289, 1153, 1080, 1027, 838 cmÿ1;
ES-MS: m/z : calcd for C37H45N2O7SiINa [M�H]�: 807.19, found: 807.4, 135;
[a]25


D �ÿ80.4 (c� 1.0 in CHCl3).


5-Trimethylstannyl-pyrroloindoline tert-butyl ester 58 : The same proce-
dure for the preparation of 18 was used with the following amounts: Me6Sn2


(2.10 mL, 6.30 mmol), 57 (2.50 g,
3.19 mmol), [Pd(Ph3P)4] (0.37 g,
0.32 mmol) and THF (10 mL). The
crude residue was purified by chro-
matography on silica gel (8:1 hexanes/
Et2O then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes)
to give 58 (2.27 g, 87 %) as a light yellow foam that was homogeneous by
TLC analysis: 1H NMR (500 MHz, CDCl3): d� 7.71 (br s, 1 H), 7.51 (d, J�
7.9 Hz, 1 H), 7.48 (s, 1H), 7.46 ± 7.18 (m, 10H), 5.98 (br s, 1H), 5.50 ± 4.40 (m,
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4H), 3.92 (br s, 1H), 2.89 (dd, J� 12.3, 7.2 Hz, 1H), 2.40 (dd, J� 12.4,
7.3 Hz, 1 H), 1.60 ± 1.30 (br m, 9 H), 0.74 (s, 9 H), 0.31 (s, 9H), ÿ0.32 to
ÿ 0.50 (m, 6H); 13C NMR (125 MHz, CDCl3): d� 170.8, 153.1, 142.7, 137.9,
136.0, 131.8, 131.1, 128.3, 128.2, 128.0, 117.6, 85.4, 81.6, 80.9, 67.3, 59.6, 38.4,
27.8, 25.3, 17.7,ÿ3.8, ÿ4.4,ÿ9.5; IR (film): nÄ � 2953, 2930, 1723, 1477, 1419,
1321, 1261, 1107 cmÿ1; ES-MS: m/z : calcd for C40H54N2O7SiSnNa [M�Na]�:
843.26, found: 845.5, 135; [a]25


D �ÿ108 (c� 1.0 in CHCl3).


Pyrroloindoline tert-butyl ester dimer 59 : The same procedure for the
preparation of 19 was used with the following amounts: 58 (2.10 g,


2.56 mmol) in DMF (8.0 mL), 57
(2.00 g, 2.56 mmol), [Pd2dba3]
(0.25 g, 0.26 mmol), Ph3As (0.16 g,
0.51 mmol), and DMF (7.0 mL). The
crude residue was purified by chro-


matography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1
Et2O/hexanes then 3:1 Et2O/hexanes) to give 59 (2.77 g, 83 %) as a pale
yellow foam that was homogeneous by TLC analysis: 1H NMR (500 MHz,
CDCl3): d� 7.78 (br s, 2H), 7.52 (d, J� 8.0 Hz, 2 H), 7.44 (s, 2 H), 7.40 ± 7.21
(m, 20H), 6.05 (br s, 2 H), 5.40 ± 4.50 (m, 8 H), 3.96 (br s, 2 H), 2.91 (dd, J�
12.2, 7.2 Hz, 2 H), 2.45 (m, 2H), 1.60 ± 1.26 (br m, 18 H), 0.77 (s, 18H),
ÿ0.31 ± ÿ 0.40 (m, 12 H); 13C NMR (125 MHz, CDCl3): d� 170.6, 154.4,
153.1, 141.7, 136.9, 136.0, 132.9, 129.4, 128.3, 128.1, 127.7, 122.7, 118.2, 85.3,
81.7, 81.2, 67.4, 59.6, 38.5, 27.8, 25.3, 17.7, ÿ3.7, ÿ4.2; IR (film): nÄ � 2954,
2856, 1720, 1477, 1289, 1151, 1024 cmÿ1; ES-MS: m/z : calcd for C74H90N4O14-
Si2Na [M�Na]�: 1337.59, found: 1338.8, 135; [a]25


D �ÿ124 (c� 1.0 in
CHCl3).


3a-Hydroxypyrroloindoline tert-butyl ester dimer 60 : The same procedure
for the preparation of 20 was used with the following amounts: TBAF (1m


in THF, 5.50 mL), 59 (3.60 g,
2.74 mmol), and THF (20 mL). The
crude residue was purified by chro-
matography on silica gel (8:1 hexanes/
Et2O then 3:1 hexanes/Et2O then 1:1


Et2O/hexanes then 3:1 Et2O/hexanes then Et2O then EtOAc) to give the
tertiary alcohol (2.78 g, 96 %) as a light tan solid that was homogeneous by
TLC analysis: m.p. >250 8C (dec); 1H NMR (500 MHz, CDCl3): d� 7.57
(br s, 2H), 7.47 (s, 2 H), 7.41 (d, J� 8.3 Hz, 2H), 7.38 ± 7.16 (m, 20 H), 6.09 (s,
2H), 5.38 ± 4.60 (m, 8H), 4.08 (br s, 2 H), 3.97 (br s, 2H), 2.78 (dd, J� 13.0,
7.8 Hz, 2H), 2.40 (dd, J� 12.9, 8.8 Hz, 2H), 1.37 (br s, 18H); 13C NMR
(125 MHz, CDCl3): d� 171.3, 153.5, 140.5, 135.9, 135.5, 133.0, 129.1, 128.4,
128.3, 128.1, 128.0, 121.5, 117.5, 83.8, 82.1, 67.9, 67.3, 60.0, 37.8, 27.7; IR
(film): nÄ � 3409, 2977, 1719, 1478, 1367, 1258, 1153, 1082 cmÿ1; ES-MS: m/z :
calcd for C62H62N4O14Na [M�Na]�: 1109.42, found: 1109.7, 135; [a]25


D �
ÿ133 (c� 1.0 in CHCl3).


A solution of DBU (0.72 mL, 4.80 mmol) and DMF (5.0 mL) was added to
a solution of the above alcohol (2.60 g, 2.40 mmol), TESCl (1.40 g,
9.60 mmol), and DMF (10 mL) at rt. The resulting solution was maintained
at rt for 1 h, and was then diluted with EtOAc (200 mL) and poured into
aqueous 1m HCl (100 mL). The layers were separated and the organic layer
was washed with 1m HCl (2� 50 mL), saturated aqueous NaHCO3 (1�
50 mL), brine (1� 50 mL), dried (MgSO4), and concentrated. The crude
residue was purified by chromatography on silica gel (8:1 hexanes/Et2O
then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes) to
give 60 (3.00 g, 95%) as a near colorless oil that was homogeneous by TLC
analysis: 1H NMR (500 MHz, CDCl3): d� 7.78 (br s, 2H), 7.53 (d, J�
8.2 Hz, 2 H), 7.48 (s, 2 H), 7.35 ± 7.20 (m, 20H), 6.05 (br s, 2 H), 5.40 ± 4.60
(m, 8 H), 3.95 (br s, 2 H), 2.91 (dd, J� 12.3, 7.2 Hz, 2H), 2.46 (dd, J� 12.3,
10.6 Hz, 2 H), 1.60 ± 1.32 (br m, 18 H), 0.74 (t, J� 7.8 Hz, 18H), 0.40 ± 0.20
(m, 12H); 13C NMR (125 MHz, CDCl3): d� 170.6, 153.0, 141.6, 137.7, 136.7,
136.0, 129.4, 128.3, 128.3, 128.1, 122.3, 118.2, 85.1, 81.6, 81.5, 67.4, 59.6, 38.4,
27.8, 6.5, 5.4; IR (film): nÄ � 2955, 2876, 1723, 1478, 1321, 1257, 1152,
1107 cmÿ1; ES-MS: m/z : calcd for C74H90N4O14Si2Na [M�Na]�: 1337.59,
found: 1337.8, 135; [a]25


D �ÿ124 (c� 1.0 in CHCl3).


3a-Triethylsiloxypyrroloindoline tert-butyl ester dimer 61: The same
procedure for the preparation of 22 was used with the following amounts:
60 (2.70 g, 2.06 mmol) and 10% Pd/C (100 mg) in EtOAc (30.0 mL);
pyridine (1.00 mL, 12.3 mmol), the crude residue, Fmoc-HOSu (2.77 g,


8.20 mmol), and CH2Cl2 (10 mL). The
crude residue was purified by chroma-
tography on silica gel (8:1 hexanes/
Et2O then 3:1 hexanes/Et2O then 1:1


Et2O/hexanes then 3:1 Et2O/hexanes then Et2O) to give 61 (2.41 g, 96 %) as
a light pink oil that was homogeneous by TLC analysis: 1H NMR
(500 MHz, CDCl3): d� 7.81 ± 7.40 (m, 20 H), 6.70 (dd, J� 15.3, 7.9 Hz,
0.8H), 6.38 (dd, J� 15.3, 7.9 Hz, 1.2 H), 5.56 ± 5.48 (m, 1.6 H), 4.79 (br s,
4H), 4.55 ± 3.98 (m, 5.2 H), 3.58 ± 3.53 (m, 1.2 H), 2.85 ± 2.80 (m, 0.8H),
2.75 ± 2.68 (m, 0.8 H), 2.60 ± 2.45 (m, 2.4H), 1.48 ± 1.43 (m, 18H), 1.00 ± 0.79
(m, 18H), 0.65 ± 0.30 (m, 12H); 13C NMR (125 MHz, CDCl3): d� 170.6,
169.9, 154.8, 153.8, 147.5, 147.4, 146.8, 146.7, 144.0, 143.9, 143.8, 143.1, 141.6,
141.2, 141.0, 140.9, 132.5, 132.2, 130.2, 130.0, 129.9, 128.8, 128.4, 128.1, 128.0,
127.7, 127.6, 127.5, 127.3, 127.2, 126.9, 126.8, 126.7, 125.2, 124.9, 124.7, 124.4,
124.3, 121.9, 121.8, 121.7, 119.8, 119.7, 87.8, 87.4, 83.6, 82.7, 81.5, 81.1, 67.6,
65.9, 59.5, 59.3, 46.9, 43.5, 43.2, 27.8, 6.6, 6.5, 5.4, 5.3; IR (film): nÄ � 3419,
2954, 1744, 1712, 1481, 1296, 1151, 1109 cmÿ1; ES-MS: m/z : calcd for
C72H86N4O10Si2Na [M�Na]�: 1245.58, found: 1245.9, 135; [a]25


D �ÿ216 (c�
1.0 in CHCl3).


Pyrroloindoline allyl ester dimer 63 : Neat TESOTf (3.80 mL, 16.4 mmol)
was added to a 0 8C solution of 61 (1.00 g, 0.82 mmol), 2,6-lutidine
(4.80 mL, 41.0 mmol), and CH2Cl2


(6 mL). The resulting solution was
allowed to warm to rt overnight,
recooled to 0 8C, quenched with satu-
rated aqueous NaHCO3 (50 mL), and
diluted with EtOAc (100 mL). The layers were separated and the organic
layer was washed with aqueous 1m HCl (2� 50 mL), brine (1� 50 mL),
dried (Na2SO4), and concentrated to give crude diacid 62. This residue
residue was azeotroped with toluene (2� 100 mL) to remove TESOH and
was used without further purification.


A solution of DBAD (1.13 g, 4.91 mmol) and THF (10.0 mL) was added to
a 0 8C solution of the crude residue, allyl alcohol (1.10 mL, 16.4 mmol),
Ph3P (1.72 g, 6.60 mmol), and THF (20.0 mL). The resulting solution was
maintained at 0 8C for 2 h and then concentrated. The crude residue was
purified by chromatography on silica gel (8:1 hexanes/Et2O then 3:1
hexanes/Et2O then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes then Et2O) to
give 63 (792 mg, 81 %) as a light purple oil that was homogeneous by TLC
analysis: 1H NMR (500 MHz, CDCl3): d� 7.85 ± 7.21 (m, 20H), 6.65 (dd,
J� 13.7, 8.0 Hz, 0.8H), 6.28 (dd, J� 13.7, 8.1 Hz, 1.2 H), 5.90 ± 5.80 (m, 2H),
5.35 ± 5.19 (m, 4 H), 4.80 ± 4.30 (m, 8H), 4.19 ± 4.11 (m, 2 H), 2.82 ± 2.65 (m,
1.6 H), 2.49 ± 2.45 (m, 2.4 H), 0.91 ± 0.71 (m, 18H), 0.52 ± 0.24 (m, 12H);
13C NMR (125 MHz, CDCl3): d� 171.2, 170.7, 154.9, 154.0, 147.4, 147.3,
146.9, 146.8, 144.0, 143.9, 143.4, 141.7, 141.2, 141.1, 141.0, 132.8, 132.4, 131.7,
131.6, 130.1, 129.7, 128.6, 128.3, 127.9, 127.7, 127.6, 127.5, 127.3, 127.0, 125.0,
124.9, 124.6, 124.4, 122.1, 122.0, 121.8, 120.0, 119.9, 118.7, 118.2, 110.6, 109.7,
88.1, 87.7, 83.8, 82.8, 67.7, 66.2, 65.9, 65.7, 59.0, 58.8, 47.1, 47.0, 43.8, 43.2, 28.1,
6.7, 6.6, 5.7, 5.5; IR (film): nÄ � 3419, 2953, 1751, 1711, 1420, 1296, 1154,
1110 cmÿ1; ES-MS: m/z : calcd for C70H78N4O10Si2Na [M�Na]�: 1213.52,
found: 1213.9, 135; [a]25


D �ÿ205 (c� 1.0 in CHCl3).


Pyrroloindoline dimer 64 : The same procedure for the preparation of 24
was used with the following amounts: Piperidine (0.21 mL, 2.15 mmol), 63
(640 mg, 0.54 mmol), and CH3CN
(5.0 mL). The crude residue was pu-
rified by chromatography on silica gel
(8:1 hexanes/Et2O then 3:1 hexanes/
Et2O then 1:1 Et2O/hexanes then 3:1
Et2O/hexanes then Et2O then EtOAc) to give 64 (297 mg, 74%) as a near
colorless oil that was homogeneous by TLC analysis: 1H NMR (500 MHz,
CDCl3): d� 7.30 (s, 2H), 7.21 (dd, J� 8.3, 1.6 Hz, 2H), 6.54 (d, J� 8.2 Hz,
2H), 5.84 ± 5.72 (m, 2H), 5.22 (dd, J� 17.1, 1.0 Hz, 2H), 5.13 (dd, J� 10.4,
0.9 Hz, 2H), 4.95 (s, 2 H), 4.60 ± 4.45 (m, 4 H), 3.67 (dd, J� 9.3, 6.1 Hz, 2H),
2.50 (dd, J� 12.2, 6.0 Hz, 2H), 2.38 (dd, J� 12.1, 9.8 Hz, 2 H), 0.80 (t, J�
7.9 Hz, 18H), 0.51 ± 0.15 (m, 12 H); 13C NMR (125 MHz, CDCl3): d� 173.0,
148.7, 132.4, 131.5, 130.8, 128.1, 122.7, 118.3, 109.9, 91.1, 84.4, 65.4, 59.0,
46.9, 6.6, 5.5; IR (film): nÄ � 3357, 2952, 1737, 1618, 1482, 1123, 1086,
1009 cmÿ1; ES-MS: m/z : calcd for
C40H59N4O6Si2 [M�H]�: 741.38,
found: 747.7, 135; [a]25


D �ÿ49.0 (c�
1.0 in CHCl3).


cis-Hexadepsipeptide dimer (65):
The same procedure for the prepa-
ration of 46 was used with the
following amounts: HATU (509 mg,
1.34 mmol), 64 (250 mg, 0.34 mmol),







Himastatin 41 ± 63
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45 (1.29 g, 1.34 mmol), HOAt (365 mg, 2.68 mmol), collidine (0.53 mL,
4.02 mmol), and CH2Cl2 (5.0 mL). The crude residue was purified by
chromatography on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O
then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes then Et2O then EtOAc) to
give 65 (535 mg, 60%) as a near colorless oil that was homogeneous by
TLC analysis: 1H NMR (500 MHz, CDCl3): d� 7.26 ± 6.41 (m, 12H), 5.95 ±
5.58 (m, 6H), 5.41 ± 4.20 (m, 24 H), 3.81 ± 3.35 (m, 2 H), 2.85 ± 2.50 (m, 8H),
2.40 ± 2.05 (m, 6 H), 1.82 ± 1.48 (m, 8 H), 1.21 ± 0.65 (m, 96 H), 0.59 ± 0.34 (m,
12H), 0.18 ± ÿ 0.15 (m, 24 H); 13C NMR (125 MHz, CDCl3): d� 174.0,
172.3, 172.1, 171.7, 171.4, 170.9, 170.8, 169.8, 168.0, 167.8, 166.6, 154.2, 154.1,
153.5, 146.1, 145.5, 131.9, 131.8, 131.5, 131.3, 130.9, 129.6, 129.2, 127.9, 127.6,
125.3, 120.8, 119.0, 118.6, 118.2, 109.6, 109.3, 95.4, 95.3, 95.1, 88.2, 87.9, 86.1,
85.9, 76.4, 75.8, 74.4, 74.3, 68.0, 67.8, 66.1, 65.8, 65.4, 62.0, 59.9, 59.8, 59.5,
59.1, 53.9, 51.0, 49.2, 48.9, 46.6, 45.9, 45.7, 43.5, 43.3, 43.2, 32.4, 31.4, 30.3,
30.1, 29.3, 29.2, 25.9, 25.8, 25.6, 24.4, 24.3, 23.0, 22.2, 21.9, 21.7, 21.5, 19.2,
18.8, 18.7, 18.4, 18.0, 17.9, 17.8, 17.6, 17.5, 17.4, 17.1, 6.6, 6.5, 5.8, 5.6, ÿ4.2,
ÿ4.6, ÿ4.9, ÿ5.0, ÿ5.2, ÿ5.3, ÿ5.6, ÿ5.7; IR (film): nÄ � 3382, 2932, 1743,
1668, 1510, 1252, 1118, 834 cmÿ1; ES-MS: m/z : calcd for C120H202Cl6N14O26-
Si6Na [M�Na]�: 2656.16, found: 2656.5, 135; [a]25


D �ÿ15.4 (c� 1.0 in
CHCl3).


cis-Hexadepsipeptide carboxylic acid dimer 66 : The same procedure for
the preparation of 47 was used with the following amounts: PhSiH3


(0.18 mL, 1.48 mmol), 65
(650 mg, 0.25 mmol), [Pd(Ph3P)4]
(50 mg), and THF (5 mL). The
crude residue was purified by
chromatography on silica gel (8:1
hexanes/Et2O then 3:1 hexanes/
Et2O then 1:1 Et2O/hexanes then
3:1 Et2O/hexanes then Et2O then
EtOAc) to give 66 (510 mg, 81%)
as a colorless oil that was homo-


geneous by TLC analysis: 1H NMR (500 MHz, CDCl3): d� 7.41 ± 6.36 (m,
12H), 5.80 ± 5.42 (m, 4H), 5.30 ± 4.20 (m, 16 H), 3.87 ± 3.75 (m, 2 H), 2.90 ±
2.10 (m, 14H), 1.80 ± 1.41 (m, 8H), 1.20 ± 0.62 (m, 96 H), 0.59 ± 0.39 (m,
12H), 0.16 ± ÿ 0.18 (m, 24 H); 13C NMR (125 MHz, CDCl3): d� 173.6,
173.1, 172.5, 172.1, 171.7, 171.3, 171.1, 171.0, 170.0, 168.8, 168.1, 155.0, 154.2,
153.6, 145.0, 131.9, 129.5, 129.3, 127.5, 121.1, 109.7, 95.3, 95.1, 95.0, 94.5, 89.5,
88.4, 88.2, 86.3, 83.2, 74.9, 74.6, 74.5, 67.8, 62.2, 60.3, 59.4, 58.9, 54.6, 54.0,
49.2, 48.9, 45.7, 43.4, 34.5, 34.1, 32.6, 32.1, 31.6, 31.2, 30.2, 29.9, 29.5, 29.3,
29.2, 26.0, 25.8, 25.8, 25.6, 25.5, 24.4, 23.2, 23.0, 22.8, 22.4, 21.6, 21.3, 20.8,
19.4, 19.2, 18.9, 18.8, 18.6, 18.3, 18.0, 17.9, 17.8, 17.5, 17.4, 17.1, 16.8, 14.0, 13.9,
6.7, 6.6, 5.9, 5.8, 5.7, 5.6, ÿ4.9, ÿ5.0, ÿ5.1, ÿ5.7; IR (film): nÄ � 3381, 2956,
1730, 1667, 1650, 1514, 1253, 1120, 756 cmÿ1; ES-MS: m/z : calcd for
C114H194Cl6N14O26Si6Na [M�Na]�: 2576.09, found: 2576.4, 135; [a]25


D �
ÿ28.9 (c� 1.0 in CHCl3).


Himastatin (68): Pb/Cd couple (300 mg) was added to a vigorously stirred
mixture of 66 (385 mg, 0.15 mmol), THF (5.0 mL), and aqueous 1m


NH4OAc (5.0 mL). After 1.5 h, the
layers were separated and the aque-
ous layer was extracted with EtOAc
(4� 5 mL). The combined organic
layers were dried (Na2SO4) and
concentrated. This crude amino
acid (330 mg, �100 %) was split
into two equal batches and used
without further purification.


HATU (110 mg, 0.29 mmol) was added to a solution of the crude amino
acid (�165 mg), HOAt (79.0 mg, 0.58 mmol), iPr2NEt (0.15 mL,
0.87 mmol), and DMF (50 mL) at rt. The resulting solution was maintained
at rt for 28 h and then concentrated. The resulting crude residue was
dissolved in EtOAc (10 mL) and washed with aqueous 1m HCl (3� 5 mL),
saturated aqueous NaHCO3 (3� 5 mL), brine (1� 5 mL), dried (Na2SO4),
and concentrated. The two batches of cyclic dimer (�165 mg each) were
recombined at this stage and used without further purification.


A solution of TBAF (1m in THF, 5.80 mL) was added to a 0 8C solution of
the crude residue (�330 mg), HOAc (1.00 mL, 17.4 mmol), and THF
(3.0 mL). The resulting solution was allowed to warm to rt, maintained at rt
for 55 h, and then diluted with EtOAc (10 mL) and quenched with
saturated aqueous NaHCO3 (10 mL). The layers were separated and the
organic layer was washed with aqueous 1m HCl (8� 5 mL), saturated


aqueous NaHCO3 (8� 5 mL), brine (8� 5 mL), dried (Na2SO4), and
concentrated. The crude residue was purified by chromatography on silica
gel (Et2O then EtOAc then CHCl3 then 1 % MeOH/CHCl3 then 2%
MeOH/CHCl3 then 10% MeOH/CHCl3) to give 68 (76.7 mg, 34%) as a
colorless solid that was homogeneous by TLC analysis. M.p.>360 8C (dec);
1H NMR (500 MHz, CDCl3): d� 7.58 (s, 2 H), 7.43 ± 7.41 (m, 4 H), 7.28 (d,
J� 10.0 Hz, 2 H), 7.11 (d, J� 10.4 Hz, 2 H), 6.79 (d, J� 8.3 Hz, 2H), 5.91 (s,
2H), 5.81 (br s, 2H), 5.63 (d, J� 8.6 Hz, 2H), 5.42 (d, J� 12.3 Hz, 2H),
5.30 ± 5.20 (m, 4 H), 5.14 ± 5.12 (m, 4 H), 4.98 (d, J� 10.5 Hz, 2H), 4.89 (dd,
J� 9.9, 3.0 Hz, 2H), 4.50 ± 4.44 (m, 2 H), 4.25 ± 4.21 (m, 2 H), 3.82 (s, 2H),
3.62 (s, 2H), 3.06 (d, J� 13.1 Hz, 2 H), 2.85 (t, J� 13.5 Hz, 2 H), 2.76 (d, J�
14.3 Hz, 2H), 2.60 ± 2.50 (m, 2 H), 2.48 (d, J� 14.8 Hz, 2 H), 2.25 ± 2.10 (m,
4H), 1.98 ± 1.90 (m, 2H), 1.72 ± 1.65 (m, 6H), 1.41 ± 1.35 (m, 2H), 1.15 (d,
J� 6.5 Hz, 6H), 1.11 (d, J� 6.6 Hz, 6 H), 1.02 (d, J� 6.5 Hz, 6H), 1.00 (d,
J� 6.6 Hz, 6 H), 0.92 (d, J� 5.7 Hz, 6 H), 0.87 (d, J� 6.7 Hz, 6 H), 0.85 (d,
J� 6.5 Hz, 6 H); 13C NMR (125 MHz, CDCl3): d� 174.1, 173.9, 173.4, 173.2,
173.0, 172.3, 146.6, 134.3, 132.2, 128.4, 121.3, 112.6, 90.8, 86.2, 66.7, 60.8, 58.7,
57.1, 54.3, 53.8, 52.6, 49.9, 40.9, 39.4, 30.0, 29.9, 28.6, 25.3, 23.0, 21.0, 19.3,
18.9, 18.3, 17.3, 16.4; IR (film): nÄ � 3392, 2238, 2963, 1725, 1671, 1624, 1535,
1417, 1246, 1154, 914 cmÿ1; ES-MS: m/z : calcd for C72H104N14O20Na
[M�Na]�: 1507.74, found: 1508.2, 135; [a]25


D �ÿ33.8 (c� 0.35 in MeOH).


Fmoc-Pyrroloindoline 70 : Neat pyridine (5.30 mL, 65.2 mmol) was added
to a 0 8C solution of 14 (3.00 g, 10.9 mmol), Fmoc-HOSu (7.30 g,
21.7 mmol), and CH2Cl2 (75 mL).
The resulting solution was allowed
to warm to rt overnight and then
concentrated. The crude residue was
purified by chromatography on silica
gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 Et2O/hexanes then
3:1 Et2O/hexanes) to give 70 (3.00 g, 55%) as a colorless solid that was
homogeneous by TLC analysis: m.p. 157 ± 158.5 8C; 1H NMR (500 MHz,
CDCl3): d� 7.81 ± 7.10 (m, 10 H), 6.80 (t, J� 7.4 Hz, 0.30 H), 6.75 (t, J�
7.4 Hz, 0.70 H), 6.63 (d, J� 7.9 Hz, 0.30 H), 6.36 (d, J� 7.9 Hz, 0.70 H), 5.60
(s, 0.30 H), 4.94 (s, 0.70 H), 4.78 (dd, J� 10.6, 4.4 Hz, 0.70 H), 4.72 (dd, J�
10.6, 3.9, 0.70 H), 4.57 ± 4.40 (m, 0.60 H), 4.38 ± 4.24 (m, 1H), 4.21 ± 4.15 (m,
1H), 3.22 (s, 0.30 H), 3.17 (s, 0.70 H), 2.63 (dd, J� 13.8, 9.0 Hz, 0.35 H), 2.54
(dd, J� 13.8, 3.2 Hz, 0.35 H), 2.35 ± 2.24 (m, 1.3H), 1.48 (s, 3H), 1.47 (s,
6H); 13C NMR (125 MHz, CDCl3): d� 172.9, 172.7, 155.0, 154.2, 147.9,
147.5, 144.0, 143.9, 143.8, 143.2, 141.6, 141.2, 141.2, 141.1, 130.2, 129.9, 129.8,
129.5, 127.8, 127.5, 127.3, 127.1, 127.0, 125.3, 125.0, 124.7, 124.4, 123.0, 122.8,
120.0, 119.9, 119.5, 119.2, 110.5, 109.9, 87.7, 86.9, 85.8, 85.1, 82.7, 82.6, 68.1,
66.2, 60.7, 60.6, 47.1, 42.2, 41.3, 27.9, 27.8; IR (film): nÄ � 3417, 2978, 1708,
1612, 1154, 755 cmÿ1; ES-MS: m/z : calcd for C30H30N2O5Na [M�Na]�:
521.21, found: 521.4, 135; [a]25


D �ÿ111 (c� 1.0 in CHCl3).


Pyrroloindoline allyl ester 71: Neat TESOTf (8.30 mL, 36.1 mmol) was
added to a 0 8C solution of 70 (1.80 g, 3.61 mmol), 2,6-lutidine (8.40 mL,
72.2 mmol), and CH2Cl2 (12 mL). The
resulting solution was allowed to
warm to rt overnight and then
quenched with saturated aqueous
NaHCO3 (100 mL) and diluted with
EtOAc (100 mL). The layers were separated and the organic layer was
washed with aqueous 1m HCl (2� 50 mL), brine (1� 50 mL), dried
(Na2SO4), and concentrated.


A solution of DBAD (1.60 g, 7.20 mol) and THF (5 mL) was added to a 0 8C
solution of the crude carboxylic acid, allyl alcohol (2.50 mL, 36.1 mmol),
Ph3P (1.90 g, 7.20 mmol), and THF (15 mL). The resulting solution was
maintained at 0 8C for 1.5 h and then concentrated. The crude residue was
purified by chromatography on silica gel (8:1 hexanes/Et2O then 3:1
hexanes/Et2O then 1:1 Et2O/hexanes then 3:1 Et2O/hexanes then Et2O) to
give the allyl ester as a colorless oil contaminated by bis-Boc hydrazine.


Piperidine (1.43 mL, 14.4 mmol) was added to a solution of this semi-
purified residue and CH3CN (15 mL) at rt. After 1.5 h, the resulting
mixture was concentrated. The crude residue was purified by chromatog-
raphy on silica gel (8:1 hexanes/Et2O then 3:1 hexanes/Et2O then 1:1 Et2O/
hexanes then 3:1 Et2O/hexanes then Et2O) to give 71 (603 mg, 46%) as a
colorless oil that was homogeneous by TLC analysis: 1H NMR (500 MHz,
CDCl3): d� 7.21 (d, J� 7.5 Hz, 1H), 7.12 (dt, J� 7.8, 1.2 Hz, 1H), 6.76 (dt,
J� 7.4, 0.8 Hz, 1H), 6.58 (d, J� 7.9 Hz, 1H), 5.92 ± 5.84 (m, 1H), 5.30 (dd,
J� 17.2, 1.4 Hz, 1H), 5.22 (dd, J� 10.4, 1.2 Hz, 1 H), 5.22 (s, 1H), 4.65 ± 4.61
(m, 2 H), 4.32 (br s, 1H), 3.71 (dd, J� 9.6, 6.1 Hz, 1H), 2.58 (dd, J� 12.4,
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6.1 Hz, 1 H), 2.44 (dd, J� 12.6, 9.6 Hz, 1H), 0.82 (t, J� 3.5 Hz, 9H), 0.46 ±
0.30 (m, 6 H); 13C NMR (125 MHz, CDCl3): d� 172.9, 150.0, 131.5, 130.1,
129.6, 124.3, 118.3, 118.2, 109.5, 90.9, 83.9, 65.2, 58.9, 46.7, 6.5, 5.4; IR (film):
nÄ � 3349, 2911, 1737, 1611, 1470, 1132, 742 cmÿ1; ES-MS: m/z : calcd for
C20H31N2O3Si [M�Na]�: 375.19, found: 375.3, 135; [a]25


D �ÿ98.2 (c� 1.0 in
CHCl3).


cis-Hexadepsipeptide monomer 72 : The same procedure for the prepara-
tion of 46 was used with the following amounts: HATU (101 mg,


0.27 mmol), 71 (122 mg, 0.13 mmol),
acid 45 (75 mg, 0.065 mmol), HOAt
(72.0 mg, 0.53 mmol), collidine
(0.11 mL, 0.80 mmol), and CH2Cl2


(1.0 mL). The crude residue was pu-
rified by chromatography on silica gel
(8:1 hexanes/Et2O then 3:1 hexanes/
Et2O then 1:1 Et2O/hexanes then 3:1
Et2O/hexanes then Et2O) to give 72
(85.0 mg, 52%) as a colorless oil that


was homogeneous by TLC analysis: 1H NMR (500 MHz, CDCl3): d� 7.24 ±
6.20 (m, 7H), 5.98 ± 5.80 (m, 1 H), 5.65 ± 4.20 (m, 15 H), 3.82 ± 3.70 (m, 1H),
2.85 ± 2.60 (m, 4H), 2.38 ± 2.04 (m, 4 H), 1.80 ± 1.55 (m, 3H), 1.21 ± 0.60 (m,
48H), 0.45 ± 0.30 (m, 6 H), 0.18 ± ÿ 0.10 (m, 12H); 13C NMR (125 MHz,
CDCl3): d� 172.4, 172.2, 171.9, 171.5, 171.0, 170.9, 168.0, 167.9, 154.3, 146.8,
131.6, 129.5, 122.7, 122.5, 119.2, 118.8, 118.2, 117.3, 109.5, 95.4, 88.0, 86.1,
76.5, 74.5, 68.1, 67.9, 66.2, 66.0, 65.8, 65.6, 62.1, 60.1, 59.9, 59.6, 59.2, 55.8,
54.1, 54.0, 51.1, 49.3, 49.0, 46.1, 45.9, 43.5, 32.5, 31.5, 30.4, 30.2, 29.5, 29.3,
28.1, 26.0, 25.9, 25.7, 25.5, 24.6, 24.5, 23.2, 22.8, 22.3, 22.0, 21.8, 21.7, 19.3,
19.0, 18.8, 18.2, 18.0, 17.9, 17.7, 17.6, 17.2, 15.2,ÿ4.2,ÿ4.8,ÿ4.9,ÿ5.0,ÿ5.2,
ÿ5.6; IR (film): nÄ � 3382, 2932, 1738, 1671, 1112, 834, 753 cmÿ1; ES-MS:
m/z : calcd for C60H102Cl3N7O13Si3Na [M�Na]�: 1340.58, found: 1340.8, 135;
[a]25


D �ÿ31.0 (c� 0.7 in CHCl3).


cis-Hexadepsipeptide carboxylic acid monomer 73 : The same procedure
for the preparation of 47 was used with the following amounts: PhSiH3


(15.0 mL, 0.12 mmol), 72 (80.0 mg,
0.061 mmol), [Pd(Ph3P)4] (10 mg),
and THF (1.50 mL). The crude resi-
due was purified by chromatography
on silica gel (3:1 hexanes/Et2O then
1:1 Et2O/hexanes then 3:1 Et2O/hex-
anes then Et2O) to give 73 (71.1 mg,
92%) as a colorless oil that was
homogeneous by TLC analysis:
1H NMR (500 MHz, CDCl3): d�


7.40 ± 6.40 (m, 7H), 5.78 ± 5.48 (m, 2 H), 5.10 ± 4.05 (m, 8H), 3.91 ± 3.74
(m, 1H), 2.95 ± 2.51 (m, 5H), 2.40 ± 2.08 (m, 3H), 1.85 ± 1.42 (m, 3H), 1.20 ±
0.75 (m, 48H), 0.58 ± 0.39 (m, 6 H), 0.32 ± ÿ 0.11 (m, 12 H); 13C NMR
(125 MHz, CDCl3): d� 173.8, 173.2, 172.4, 172.2, 172.1, 172.0, 171.8, 171.5,
171.4, 171.1, 170.8, 169.9, 169.0, 169.2, 168.2, 134.2, 131.5, 130.5, 130.4, 130.2,
129.7, 129.0, 127.7, 124.0, 123.5, 122.8, 121.1, 119.5, 118.3, 112.7, 110.6, 109.6,
95.4, 95.1, 94.6, 89.6, 88.1, 86.4, 83.4, 83.0, 75.0, 74.9, 74.6, 71.0, 69.7, 68.1,
67.9, 65.8, 62.3, 62.2, 60.7, 59.9, 59.7, 59.4, 59.2, 58.2, 55.3, 54.7, 54.2, 54.0,
53.4, 52.0, 51.3, 49.4, 49.2, 45.9, 43.3, 43.1, 42.0, 41.8, 39.5, 32.2, 31.6, 30.6,
30.3, 29.6, 29.3, 29.2, 28.1, 26.2, 26.1, 26.0, 25.9, 25.6, 25.5, 24.7, 23.1, 23.0,
21.8, 21.0, 19.3, 19.1, 19.0, 18.8, 18.3, 18.2, 18.1, 18.0, 17.7, 17.5, 17.3, 16.8, 6.7,
5.9, 5.8, 5.7, 5.5, ÿ4.7, ÿ4.8, ÿ4.9, ÿ5.1, ÿ5.4, ÿ5.6; IR (film): nÄ � 3380,
2956, 1732, 1668, 1254, 1116, 835 cmÿ1; ES-MS: m/z : calcd for
C57H98Cl3N7O13Si3Na [M�Na]�: 1300.55, found: 1300.7, 135; [a]25


D �ÿ39.3
(c� 0.35 in CHCl3).


cis-Cyclic monomer 74 : The same procedure for the preparation of 68 was
used with the following amounts: Pb/Cd couple (100 mg), 73 (55.0 mg,
0.043 mmol), THF (3 mL), and aqueous 1m NH4OAc (3 mL); HATU
(24.0 mg, 0.064), the crude amino acid (47.0 mg), HOAt (17.0 mg,


0.13 mmol), iPr2NEt (22.0 mL,
0.13 mmol), and DMF (26 mL); TBAF
(1m in THF, 0.84 mL), the crude cyclic
monomer (�50 mg), HOAc (0.14 mL,
0.24 mmol), and THF (3.0 mL). The
crude residue was purified by chroma-
tography on silica gel (3:1 hexanes/
Et2O then 1:1 Et2O/hexanes then 3:1
Et2O/hexanes then Et2O) to give 74


(25.0 mg, 78%) as a colorless solid that was homogeneous by TLC analysis:
m.p. >260 8C (dec); 1H NMR (500 MHz, CDCl3): d� 7.41 (d, J� 4.8 Hz,
1H), 7.33 (d, J� 7.4 Hz, 1H), 7.29 (d, J� 10.0 Hz, 1H), 7.19 (t, J� 7.6 Hz,
1H), 7.10 (d, J� 10.4 Hz, 1 H), 6.89 (t, J� 7.4 Hz, 1 H), 6.76 (d, J� 7.9 Hz,
1H), 5.85 (s, 1 H), 5.80 (br s, 1H), 5.63 (d, J� 8.6 Hz, 1 H), 5.41 (d, J�
12.6 Hz, 1H), 5.20 ± 5.18 (m, 2 H), 5.13 ± 5.10 (m, 2H), 4.96 (d, J� 10.5 Hz,
1H), 4.89 (dd, J� 9.9, 2.9 Hz, 1H), 4.45 ± 4.40 (m, 1 H), 4.28 ± 4.23 (m, 1H),
3.81 (s, 1 H), 3.61 (s, 1 H), 3.06 (d, J� 14.0 Hz, 1 H), 2.83 (t, J� 13.2 Hz,
1H), 2.74 (d, J� 14.3 Hz, 1 H), 2.60 ± 2.50 (m, 1H), 2.48 (d, J� 15.1 Hz,
1H), 2.25 ± 2.10 (m, 2H), 2.00 ± 1.88 (m, 1H), 1.80 ± 1.62 (m, 3H), 1.42 ± 1.35
(m, 1 H), 1.15 (d, J� 6.5 Hz, 3H), 1.11 (d, J� 6.6 Hz, 3H), 1.00 (d, J�
6.8 Hz, 6H), 0.91 (d, J� 5.6 Hz, 3H), 0.86 (d, J� 6.5 Hz, 3H), 0.85 (d, J�
6.5 Hz, 3 H); 13C NMR (125 MHz, CDCl3): d� 174.1, 173.9, 173.4, 173.2,
173.0, 172.3, 147.7, 131.7, 129.8, 123.2, 121.0, 112.3, 90.8, 85.9, 66.6, 60.7, 58.6,
57.2, 54.2, 53.8, 52.6, 49.9, 40.9, 39.4, 30.0, 29.9, 28.6, 25.2, 22.9, 20.9, 19.3,
18.9, 18.2, 17.3, 16.4; IR (film): nÄ � 3390, 3328, 2963, 1724, 1673, 1642, 1530,
1250, 1153, 753 cmÿ1; ES-MS: m/z : calcd for C36H53N7O10Na [M�Na]�:
766.38, found: 766.5, 135; [a]25


D ��37.5 (c� 0.7 in CHCl3).
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Inulin as a Carrier for Contrast Agents in Magnetic Resonance Imaging


Daniele M. Corsi,[a] Luce Vander Elst,[b] Robert N. Muller,[b] Herman van Bekkum,[a]


and Joop A. Peters*[a]


Abstract: Magnetic resonance angiog-
raphy (MRA) has put forth an impetus
for the development of macromolecular
GdIII complexes that have a prolonged
lifetime in the vascular system. Herein,
we report the synthesis and GdIII com-
plexation of a new sugar conjugate
based on inulin and the DO3A ligand
(DO3A� 1,4,7,10-tetraazacyclododecan-
1,4,7-triacetic acid). Two API-DO3ASQ
conjugates (API�O-(aminopropyl)inu-
lin, SQ� squaric acid� 3,4-dihydroxy-3-
cyclobutene-1,2-dione) with different


degrees of substitution (ds� 0.7 and
ds� 1.5) were prepared from API by
using the diethyl ester of squaric acid as
a linking agent for the DO3A chelate.
The efficacies of the resulting GdIII


compounds were evaluated by investi-
gation of their water 1H longitudinal-


relaxation-rate enhancements at vari-
able field (NMRD). A dramatic increase
in relaxivity was observed in the more
highly substituted conjugate (ds� 1.5);
this prompted us to do a variable-
temperature 17O study in order to fur-
ther characterize the relaxation param-
eters involved in this system. [Gd(API-
DO3ASQ)] shows promising properties
for application as a contrast agent for
MRI.


Keywords: chelates ´ contrast
agents ´ gadolinium complexes ´
lanthanides ´ magnetic resonance
imaging ´ polysaccharides


Introduction


One of the most rapidly growing diagnostic techniques used
by the medical profession is magnetic resonance imaging
(MRI). This method, based on NMR techniques, allows
researchers and doctors to image the body in a noninvasive
manner. In a similar way to the NMR experiment, the signal
measured in MRI is determined by the relaxation of water
proton nuclei present in the body. Paralleling the use of MRI
as a clinical technique is the development of contrast agents.
As their name suggests, this class of pharmaceuticals enhances
the image contrast between normal and diseased tissue.


Currently, about one third of all MRI scans are made after
the administration of a GdIII-based contrast agent.[1] This
serves a dual function: to obtain images with higher resolution
and to reduce the time needed to obtain an image. Contrast
agents enhance the image contrast by preferentially influenc-
ing the relaxation efficiency of the water proton nuclei in the
target tissue. The efficiency of a contrast agent is evaluated in


terms of the relaxivity, which is defined as the relaxation-rate
enhancement of proton nuclei (from water) per mm solution
of metal ion. Owing to their high magnetic moment and long
electronic relaxation time, which leads to a high relaxation
efficiency, GdIII-based contrast agents predominate.[2±4] These
complexes contain a GdIII-bound water molecule that rapidly
exchanges with the bulk water of the body; this imparts an
efficient mechanism for the longitudinal- and transverse-
relaxation (T1 and T2) enhancement of the water protons.
These parameters determine the intensity of the water signal
and, ultimately, the contrast of the images. Ironically, the most
effective contrast agent would be the GdIII-aquo ion, which
contains eight water molecules in the first coordination
sphere,[5] but this species is toxic and precipitates as the
hydroxide at physiological pH. However, these problems may
be overcome by sequestering the GdIII ion with a strong
chelator. A delicate balance exists between sufficient binding
of the GdIII ion and loss of relaxation-enhancement function.
The optimum solution requires an octadentate chelating
ligand, which leaves an open site for the binding of one water
molecule in the first coordination sphere. Contrast agents
currently in use are linear and macrocyclic polyaminocarbox-
ylate complexes of GdIII. Scheme 1 shows some ligands.


Relaxation theory predicts that higher relaxation rates may
be obtained upon an increase in the rotational correlation
time of the GdIII complexes.[2±4] The application of high-
molecular-weight conjugates, obtained by attaching the low-
molecular-weight GdIII chelates to polymers, provides a means
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Scheme 1. Ligand structures of linear and cyclic commercially applied
contrast agents. HP� 2-hydroxypropyl, BMA�bis(methyl)amide.


to achieving an optimal rotational correlation time. In
addition, the nature of these compounds may serve to prolong
their residence time in the cardiovascular system, rendering
them amenable to applications in magnetic resonance angiog-
raphy.


Inulin is an oligosaccharide which may serve as an
interesting carrier for GdIII chelates. The structure of inulin
may be described as a polydisperse mixture of linear b-(2!
1)-linked a-d-fructofuranosyl chains with a terminal a-d-
glucopyranosyl unit at the reducing end (Scheme 2). Depend-
ing on the source, the degree of polymerization (dp) of inulin


Scheme 2. Representative structure of inulin.


varies from 10 to 30. This leads to an average molecular
weight distribution between 1500 and 5000 Da,[6] which is a
favorable range for the preparation of macromolecular
conjugates. Aqueous solutions of inulin, as well as inulin
derivatives, have a low viscosity which is an advantageous
property for contrast agents. Furthermore, inulin is not
metabolized in blood, and studies have indicated that inulin
derivatives behave in the same manner; this makes them
pharmacologically inert.[7] The synthesis of an inulin con-
jugate with diethylenetriaminepentaacetic acid (DTPA)
which has a degree of substitution of about 0.2 has been
reported.[8] Its efficacy for relaxation enhancement of the
water 1H NMR signal was found to be slightly higher than that
of commercial contrast agents.


Various other macromolecular systems which incorporate
DTPA or functionalized DOTA (1,4,7,10-tetraazacyclode-
cane-1,4,7,10-tetraacetic acid) and biopolymers such as dex-


tran and polylysine have also been reported.[9±14] The synthe-
ses involved in these conjugates have several disadvantages
that stem from undesirable side-reactions, laborious proce-
dures, and low yields. For these reasons, alternative synthetic
routes for obtaining conjugated species that involve activated
ligand systems are of particular interest. Recently, Aime et al.
reported the synthesis of polylysine and polyornithine con-
jugates with DO3A by using a squaric acid derivative as a
linking agent.[15] This approach proved to be far simpler than
previously reported methods and the desired products were
isolated in good yield.


Here, we report on the synthesis, purification, and charac-
terization of novel inulin conjugates linked through diethyl
squarate to the DO3A ligand. Nuclear magnetic resonance
dispersion (NMRD) investigations and variable-temperature
17O NMR measurements of the complexes formed with GdIII


were conducted in order to assess their relaxation-enhancing
abilities and to gain insight into the parameters which govern
these relaxation processes.


Results and Discussion


Synthesis of conjugates and metal complexes : Insulin-
DO3ASQ conjugates were obtained by following the reac-
tions outlined in Scheme 3. This route required the addition of
a modified inulin derivative with a functionalized chelate
ligand (DO3A) that carries the tether for the two species.
Inulin was chosen, in part, because of the flexibility of the
polymer chain which allows for the preparation of derivatives
that have higher degrees of substitution (ds : defined as the
number of substituents per fructose unit, where the maximum
ds is three). Modified polymers with high degrees of
substitution may then generate more rigid GdIII conjugates,
an important factor for increasing the rotational-correlation
time (tR).[16] O-(Aminopropyl)inulin (API) was selected as a
starting material as it is easily accessible through the
cyanoethylation of inulin.[17] Reduction of the nitrile groups
was accomplished with Li metal in liquid ammonia/methanol
at low temperature to yield the amino-substituted inulin
API.[18] Studies have indicated that the cyanoethyl groups in
cyanoethyl inulin (CEI) are distributed uniformly along the
inulin chain and that within each fructose unit, the 4-position
is the most reactive toward cyanoethylation.[19] The exact
distribution of substituents can be determined by following
guidelines developed previously.[19] For the CEI derivatives
synthesized, the molar fractions of fructose units with
substituents at the 3-, 4-, and 6-positions are 0.18, 0.37, and
0.16 (ds� 0.7) and 0.40, 0.71, and 0.37 (ds� 1.5), respectively.
During the reduction of the nitrile groups, essentially no
dealkylation occurred and, therefore, it can be assumed that
the distribution of the functional groups remained unchanged.


Two APIs that have different degrees of substitution (ds�
0.7 and 1.5) were synthesized from inulin (dp� 25, long-chain
fraction). These materials were coupled to the well-known,
strong-chelating macrocyclic ligand DO3A by using diethyl
squarate as an activated linking agent (see Scheme 3).
DO3ASQ-est, the ester precursor of DO3A, was prepared
by treating DO3A, protected as the tri-tert-butyl ester, with
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diethyl squarate; this follows a similar procedure to that
reported recently.[15] Attempts to couple the protected
DO3ASQ-est with API, followed by treatment with trifluoro-
acetic acid, failed owing to degradation of the inulin chain.
Therefore, DO3ASQ-est was deprotected with trifluoroacetic
acid to produce DO3ASQ, which is the starting compound in
the synthesis of the conjugates. The DO3ASQ (in excess) was
subjected to a second coupling with API under aqueous
conditions and in the presence of a base. The resulting
conjugate was purified by gel-permeation chromatography in
order to remove any unreacted DO3ASQ and residual base.
Two API-DO3ASQ conjugates that had degrees of substitu-
tion of 0.7 and 1.5 were prepared and purified. The average
molecular weights of purified materials were determined to
be �12 000 and 22 000 Da, respectively, which is in good
agreement with the calculated values (�12 470 and 22 100 Da
for ds 0.7 and 1.5, respectively). Formation of the linked
conjugates is further supported by inspection of the 1H and
13C NMR spectra which show the disappearance of the ethoxy
proton and carbon signals of the parent DO3ASQ compound,
as well as slight variations in the signals that correspond to
free API and DO3ASQ.


The coordination geometry of [Gd(DO3ASQ)] is similar to
that of other DOTA-like complexes in which the GdIII ion is
bound by the four N atoms of the macrocycle. In this case, it is
also bound by the three carboxylate oxygen atoms of the arms.
Studies reported by Aime et al. indicated that the squaric acid
moiety participates in the chelation of the GdIII ion.[15] The
coordination cage is completed by one bound water mole-
cule.[15] For the API-DO3ASQ conjugates, the formation of
GdIII complexes was achieved by using an NMR titration
procedure in which complete complexation is detected by
monitoring the 17O NMR signal of the solvent water.[3] In a
typical experiment, a solution of the ligand in D2O is placed in
a 10 mm NMR tube and titrated with solid portions of GdCl3 ´


6 H2O at 75 8C while maintaining neutral pH. Complexation
occurs immediately, and free GdIII ions are easily detected by
a dramatic increase in the 17O water chemical shift. The
amount of API-DO3ASQ required for back titration of the
excess GdIII may then be determined by evaluation of the
chemical shift data (see Figure 1 for plot). From the titration
data, and from the known degrees of substitution in the ligand
conjugates, we were able to determine the average
relative composition of GdIII chelate/inulin chain as 17
[Gd(DO3ASQ)]/inulin (WM� 15 000, ds� 0.7) and 37
[Gd(DO3ASQ)]/inulin (WM� 28 000, ds� 1.5).


Figure 1. Plot of GdIII induced chemical 17O shift of water (d) versus the
amount of GdCl3 ´ 6H2O for GdIII complexation titration of 114.3 mg API-
DO3ASQ (ds� 1.5) in 2.4 mL D2O at 75 8C and 7.05 T.


Variable-temperature 17O NMR and NMRD measurements :
The conjugate with a high degree of substitution, [Gd37{API-
(DO3ASQ)37}], was investigated by water 1H longitudinal-


Scheme 3. Synthetic route to API-DO3ASQ conjugates.
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relaxation-time measurements at several temperatures (5, 15,
25, 37, and 45 8C), at magnetic-field strengths varying between
2.5� 10ÿ4 and 1.2 T (NMRD), and by variable-temperature
17O NMR shift and relaxation measurements in order to assess
the relaxation processes in this system. For comparison,
NMRD measurements on the nonconjugated [Gd(API-
DO3ASQ)] complex were included in this study. The 17O
NMR relaxation studies on the nonconjugated complex have
been reported previously by Aime et al.[15] The equations
applied for the analysis of these data are given in the
Appendix.


The shape of the NMRD curves (Figure 2), particularly the
local maximum at a resonance frequency of about 20 MHz, is
characteristic for high-molecular-weight compounds with
slow molecular tumbling.[2] A dramatic increase in the


Figure 2. NMRD profiles at 37 8C of a) [Gd(DO3ASQ)], b) [Gd17{API-
(DO3ASQ)17}], and c) [Gd37{API-(DO3ASQ)37}]. The lines are guides to
the eye.


relaxivity is observed in going from [Gd17{API-(DO3ASQ)17}]
(ds� 0.7) to [Gd37{API-(DO3ASQ)37}] (ds� 1.5). This sug-
gests a large increase in the rotational-correlation time with
increasing degree of substitution which may be ascribed to a
substantial reduction in local motions owing to the increasing
steric hindrance. Apparently, these local motions contribute
significantly to the over-all rotational-correlation time at a
low ds but to a much lesser extent at a higher ds.


A reasonable fit of the NMRD and 17O NMR data of
[Gd37{API-(DO3ASQ)37}] with Equations (1) ± (17) (see Ap-
pendix) was obtained with the parameters compiled in Table 1
(see Figure 3). For comparison, previously published data for
the ªnonconjugated chelateº [Gd(DO3ASQ)] have been
included in Table 1.[15] A constraint was introduced during
the fitting procedure by fixing the hydration number, q, at ª1º.
The correctness of this assumption is confirmed by the value
obtained for the scalar coupling constant (A/�h), which is
similar to values reported for other GdIII polyaminocarbox-
ylate complexes that have one inner-sphere water mole-
cule.[20, 21] The shift induced by a GdIII complex to the water
17O resonance is proportional to q, if the exchange between
GdIII bound water and the bulk is rapid on the NMR
timescale.[3] If q had had a value other than one, this would
have been reflected in the 17O chemical shifts at high


Figure 3. Temperature dependence of a) the reduced 17O transverse (~)
and longitudinal (� ) relaxation rates of [Gd37{API-(DO3ASQ)37}], ex-
pressed as the ln(1/Tir), and the reduced chemical shifts, Dwr , and
b) NMRD profile of [Gd37{API-(DO3ASQ)37}] at 37 8C. The lines repre-
sent simultaneous least-squares fits (see text).


temperature. In that case, the incorrect assumption of q� 1,
would have been reflected in the value of A/�h obtained in the
fitting procedure [see Appendix, Eq. (4)).


The residence time of water in the first coordination sphere
of GdIII in the conjugate at 298 K (t298


M � was determined to be
260 ns, a value which is typical for DTPA and DOTA-type
compounds, yet an order of magnitude smaller than those
found for the bis(amide)-DTPA ligands.[20, 22] This number is
somewhat higher than that reported for the free
[Gd(DO3ASQ)] of 134 ns.[15] The relaxivity as a function of
temperature shows a maximum at about 30 8C (see Figure 4).
This indicates that, below this temperature, tM is limiting the
relaxivity: tM>T1M (see Appendix, Eq. (13)). Increasing the
temperature results in a decrease of tM and, consequently, an
increase in r1. Above 30 8C, T1M becomes the limiting factor.
This parameter increases with temperature and, therefore, r1


decreases upon increasing the temperature (for T> 30 8C).
However, it is clear that at 37 8C the water exchange rate does


Table 1. Parameters obtained from the analysis of 17O NMR and NMRD
data.


Parameter [Gd37{API-(DO3ASQ)37}] [Gd(DO3ASQ)][a]


t298
M [ns] 260� 10 134


DHM [kJ molÿ1] 46� 2 41
t298


R [ps] 735� 25 78� 2
ER [kJ molÿ1] 10.4� 13 ±
t298


v [ps] 66� 5 19� 3
Ev [kJ molÿ1] 1[b] ±
A/�h [�106 rad sÿ1] ÿ 3.6� 0.2 ±
D2 [�1019 sÿ2] 0.56� 0.06 6.3� 0.4
dg2


L 0.19� 0.03 ±
D298


GdH [�10ÿ9 m2 sÿ1] 1.6� 0.2 ±
EDGdH [kJ molÿ1] 24.7� 2.6 ±


[a] The data listed for [Gd(DO3ASQ)] have been reported previously by
Aime, et al. in ref. [15] and are provided here for comparison. [b] It was
necessary to fix this parameter while fitting the data, since the calculation
failed if it was left as variable.
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not pose any limitations in achieving relaxation enhancements
for the macromolecular [Gd(API-DO3ASQ)] conjugates.


In order to assess the relevance of the rotational correlation
time (t298


R � obtained from the fit, it was necessary to rule out
possible problems arising from the distribution of molecular
weights of the inulin conjugates. Simulations to investigate the
effect of molecular-weight distribution were carried out by
constructing a dataset of 20 calculated r1 values for a range of
tR values (100 to 190 ps) and by using fixed typical values for
the other parameters. The resulting r1 values were averaged,
by assuming a Lorentzian distribution of the tR values, and
then entered into a normal fitting procedure. The parameters
obtained from this fit were found to be in good agreement
with the input (within error) and the resulting tR value
corresponded well with the average value; this indicates that
fitting the experimental data should, in principle, be possible
and not be problematic owing to a distribution of molecular
weights.


It should be noted that the tR value is much smaller than
expected for such a macromolecular compound, based solely
on its molecular weight. From the Debye ± Stokes ± Einstein
equation, tR is estimated as 10ÿ8 s for compounds in this
molecular weight-range.[23] This discrepancy in tR value may
be accounted for by local rotations of the tether that connects
the GdIII chelate to the polymer; these may be more rapid
compared with the overall rotation of the conjugate. Similar
observations have been reported for macromolecular com-
pounds with GdIII chelates attached to other polymeric
carriers, including polylysine,[15, 24] polyornithine,[15] dex-
trans,[16] and dendrimers.[25] As already stated above, the
mobility of the tether will decrease upon increase of the ds
due to an increase of the steric crowding. This may explain the
disproportional increase in relaxivity upon increase of the ds
of the conjugate.


The values obtained for the parameters that determine the
electronic relaxation rates (t298


v and D2) are outside the range
of values usually observed. Attempts to fit the experimental
data of the conjugates with these parameters fixed at more
common values failed, particularly in the region between 1
and 5 MHz, which appears to be flatter than expected. Similar
phenomena in the low-field region have been observed
for [Gd(DO3ASQ)]-linked polylysine and polyornithine
conjugates[15] and for interactions of noncovalent, paramag-
netic adducts with human serum albumin.[26, 27] It is known,
however, that the generally applied equations are inappro-
priate to describe the low-field range of the NMRD profile
for slow-rotating systems, especially as regards the electron-
spin system.[28] Aime et al. have suggested that higher
relaxivities observed in this region may be due to contribu-
tions from water molecules bound to the surface of
the GdIII macromolecule and within the vicinity of the
paramagnet.[15]


Clinically, MRI exams are performed at a magnetic field
between 0.5 and 2 T (corresponding with a 1H resonance
frequency of 20 ± 85 MHz). The relaxivity of the newly
developed Gd37[(API-(DO3ASQ)37] at 20 MHz and 37 8C
(20.3 mmÿ1 sÿ1, see Figure 2) is about five times higher than
that of the currently commercially available contrast agents. It
is clear that the inulin conjugates, particularly those with a


Figure 4. Temperature dependence of the longitudinal proton relaxivity at
20 MHz for Gd37[API-(DO3ASQ)37]. The line is a guide to the eye.


high degree of substitution, possess very efficient relaxation-
rate-enhancing properties and, therefore, are promising
potential MRI contrast agents.


Conclusion


This report has highlighted the synthesis and relaxivity
properties of an interesting new conjugate, [Gd(API-
DO3ASQ)]. NMRD studies of two conjugates that have
different degrees of substitution show a dramatic increase in
relaxivity from ds� 0.7 to 1. 5. Apparently, the local motion
decreases upon increase of ds. A molecular model has shown
this to be a reasonable explanation. Analysis of the variable-
temperature 17O NMR and NMRD data suggests that both
the rotational correlation time (tR) and the electronic
relaxation time (T1e) appear to increase without a corres-
ponding decrease in the water exchange rate. To our knowl-
edge, such a high relaxivity (20.3 mmÿ1 sÿ1 at 37 8C) has never
been measured for a sugar conjugate; this makes [Gd(API-
DO3ASQ)] a promising new potential contrast agent.


Experimental Section


Materials and methods : Diethyl squarate and gadolinium chloride (GdCl3 ´
6H2O) were obtained from Aldrich and used without further purification.
17O-enriched water (10 % labeling) was purchased from Cortec (Paris,
France). All other reagent-grade chemicals were purchased from commer-
cial sources and used without further purification. Inulin (dp 25) was
donated by Sensus Coöperatie Cosun U.A. (Roosendaal, The Nether-
lands). This ªlong-chainº fraction was obtained by recrystallization of
inulin (dp 10), thereby selectively removing the low-molecular-weight
components. O-(Aminopropyl)inulin samples with degrees of substitution
(ds) of 0.7 and 1.5 were synthesized from inulin (dp 25) by following a
procedure described previously.[18] The tris(tert-butyl ester) of DO3A was a
gift from Prof. J. Klaveness (University of Oslo, Norway).
Residual salts formed in the preparation of API and API-DO3ASQ were
removed by ultrafiltration of aqueous solutions at neutral pH with a UTC-
60 membrane filter (Toray Industries, Tokyo, Japan) under high pressure
(20 bar N2). Solid samples of [Gd(API-DO3ASQ)] were isolated after
lyophilization.


Tris(tert-butyl ester) of 10-(2-ethoxy-3,4-dioxo-1-cyclobutenyl)-1,4,7,10-
tetraazacyclododecan-1,4,7-triacetic acid (DO3ASQ-est): This compound
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was prepared in a similar manner to that recently reported by Aime et al.[15]


One equivalent of triethylamine (0.51 g) was added to a solution of the
DO3A-tris(ester) ´ HBr (3.0 g, 5.0 mmol) in ethanol (45 mL). After 5 min,
diethyl squarate (1.1 g, 6.4 mmol) in ethanol (20 mL) was added to the
stirred mixture in one portion and stirring was continued at room
temperature for four days. The reaction progress was followed by TLC
(SiO2, CHCl3/acetone, 1:1) by noting the consumption of diethyl squarate
(Rf� 0.60). The solvents were evaporated to leave a crude residue which
was purified by column chromatography on SiO2 with a gradient of CHCl3/
acetone (4:1 ± 1:9); this yielded 3.1 g (96 %) of a pale yellow viscous oil.
1H NMR (300 MHz, CDCl3): d� 4.72 (q, J� 7.1 Hz, 2 H), 3.93 (t, J� 6.0
Hz, 2 H), 3.78 (t, J� 6.0 Hz, 2H), 3.26 (s, 2 H), 3.25 (s, 4 H), 2.98 (m, 4H),
2.72 (m, 8H), 1.42 (s, 27 H), 1.30 (t, J� 7.1 Hz, 3 H); 13C NMR (75.5 MHz,
CDCl3): d� 189.0, 182.0, 176.1, 172.0, 170.6, 80.9, 69.2, 58.0, 57.6, 55.4, 54.9,
54.5, 53.1, 52.9, 52.2, 51.9, 49.6, 48.8, 28.1, 15.8; IR (neat): nÄ � 2978, 2933,
2843, 1797, 1731, 1714, 1605 cmÿ1; Rf� 0.50 (SiO2, CHCl3/acetone, 1:1).


10-(2-Ethoxy-3,4-dioxo-1-cyclobutenyl)-1,4,7,10-tetraazacyclododecan-
1,4,7-triacetic acid (DO3ASQ): DO3ASQ-est (0.5 g) was dissolved in neat
trifluoroacetic acid (5 mL) and stirred for 18 h at room temperature. The
resulting solution was concentrated in vacuo; this left a golden residue
which was taken up in a minimal amount of methanol (2 mL). Addition of
diethyl ether afforded a white solid which was collected, washed with
diethyl ether, and dried in vacuo to yield 0.35g (95 %) of the DO3ASQ.
FAB MS: m/z : 471 [M�H]� ; 1H NMR (300 MHz, D2O, pD 5.0): d � 4.71
(q, J� 7.2 Hz, 2H), 4.10 ± 3.70 (m, 10H), 3.51 ± 3.30 (m, 12H), 1.39 (t, J�
7.2 Hz, 3 H); 13C NMR (75.5 MHz, D2O, pD 5.0): d � 189.9, 185.9, 179.4,
177.3, 174.7, 172.7, 73.3, 56.3, 56.1, 55.0, 53.0, 51.2, 51.1, 50.1, 49.7, 16.4.


O-(Aminopropyl)inulin-DO3ASQ (ds � 0.7) (API-DO3ASQ): O-(Ami-
nopropyl)inulin (ds� 0.7, 0.18 g, 0.5 mmol amino groups) was dissolved in
H2O (2 mL), after which, triethylamine (2 mL, 27 mmol) was added to the
stirred solution. After 5 min, a solution of DO3ASQ (0.33 g, 0.6 mmol) in
H2O (3 mL) was added in one portion, and the solution was stirred at room
temperature for ten days. The reaction was monitored by GPC-HPLC
(TSK-Gel 3000 PWXL, 0.2m NaCl, 20 8C, flow rate� 0.5 mL minÿ1) for the
disappearance of DO3ASQ. The resulting mixture was concentrated in
vacuo to leave a yellow residue. This material was redissolved in ethanol
and addition of diethyl ether precipitated a pale yellow powder (0.4 g).
Unreacted DO3ASQ and residual base were removed by size exclusion
chromatography (Sephadex G-25, H2O eluent) and the fractions were
analyzed by GPC-HPLC. Pure fractions (Rt� 14.3 min) were collected and
freeze-dried (yield� 0.19 g). 1H NMR (300 MHz, D2O, pD 5.0): d � 4.40 ±
3.60, 3.36, 3.07, 1.89; 13C NMR (75.5 MHz, D2O, pD 5.0): d � 184.1, 183.5,
176.4, 174.5, 170.3, 170.0, 104.9, 82.7, 82.1, 78.3, 75.8, 69.9, 63.6, 62.5, 58.2,
55.0, 53.0, 52.2, 50.9, 43.2, 32.1, 28.5.


O-(Aminopropyl)inulin-DO3ASQ (ds � 1.5) (API-DO3ASQ): O-(Ami-
nopropyl)inulin (ds� 1.5, 0.20 g, 1.0 mmol amino groups) was dissolved in
H2O (2 mL), after which, triethylamine (5 mL, 35 mmol) was added to the
stirred solution. After 5 min, a solution of DO3ASQ (0.61 g, 1.2 mmol) in
H2O (3 mL) was added in one portion, and the solution was stirred at room
temperature for ten days. The reaction was monitored by GPC-HPLC
(TSK-Gel 3000 PWXL, 0.2m NaCl, 20 8C, flow rate� 0.5 mL minÿ1) for the
disappearance of DO3ASQ. The resulting mixture was concentrated in
vacuo to leave a yellow residue. This material was redissolved in ethanol
and addition of diethyl ether precipitated a pale yellow powder (0.4 g).
Unreacted DO3ASQ and residual base were removed by SEC (Sephadex
G-25, H2O eluent) and fractions were analyzed by GPC-HPLC. Pure
fractions (Rt� 14.3 min) were collected and freeze-dried (yield� 0.36 g).
1H NMR (300 MHz, D2O, pD 5.0): d � 4.40 ± 3.60, 3.31, 3.04, 2.98, 1.98
(shoulder), 1.89; 13C NMR (75.5 MHz, D2O, pD 5.0): d � 183.4, 183.2,
179.1, 173.5, 170.1, 169.8, 105.5, 84.5, 82.4, 80.5, 78.2, 76.1, 72.7, 69.9, 63.0,
62.3, 59.1, 58.1, 55.2, 52.6, 43.2, 39.1, 32.2, 28.8, 28.4.


Preparation of GdIII complexes: The complexes were formed by titration of
aqueous solutions (D2O) of the ligand with solid aliquots of GdCl3 while
maintaining neutral pH by addition of NaOH(aq). The formation of the
complex was monitored by measuring the 17O NMR signal shift of water at
75 8C.[3] The presence of free GdIII was readily detected by a dramatic
increase in the chemical shift and width of the signal, whereupon evaluation
of the titration data allowed the amount of ligand required for complete
complexation of free GdIII to be determined. The solutions were then
adjusted to pH 9 to precipitate any remaining GdIII as the hydroxide, which


was then removed by centrifugation. Finally, the solutions were neutralized
and freeze-dried to yield solid samples.


Physical methods : 1H (300 MHz), 13C (75.5 MHz) and 17O (40.7 MHz)
NMR spectra were recorded on a Varian INOVA-300 spectrometer with
5 mm (1H and 13C NMR) or 10 mm sample tubes (17O NMR). Chemical
shifts are reported as d values. For measurements in D2O, tert-butyl alcohol
was used as an internal standard with the methyl signal calibrated at d� 1.2
(1H) or 31.2 (13C). D2O (100 %) was used as an external chemical shift
reference for 17O resonances. The pH of samples was measured at ambient
temperature with a Corning 125 pH meter with a calibrated micro-
combination probe purchased from Aldrich. The pH values reported are
direct meter readings without correction for D-isotope effects. HPLC
(SEC) analysis was carried out with a set-up consisting of two consecutive
UltraHydrogel Shodex columns (OHpak SB-802.5HQ and OHpak SB-
803 HQ) and a NaCl (0.9 %)/MeOH (70:30 v/v) mobile phase at a flow rate
of 0.8 mL minÿ1. Detection was performed with a refractive index detector
(Waters) and a diode array (Waters). The columns were calibrated with
standard dextrans.
The 1/T1 NMRD profiles were measured at 5, 15, 25, 37, and 45 8C with an
IBM Research Relaxometer by using the field-cycling method and covering
a continuum of magnetic fields from 2.5� 10ÿ4 to 1.2 T. This corresponds to
a proton Larmor frequency range of 0.01 ± 50 MHz. The variable-temper-
ature 17O measurements were performed at a magnetic field of 7.05 Twith a
Varian INOVA-300 spectrometer equipped with a 5 mm probe. An
aqueous solution of the GdIII complex of [Gd37{API-(DO3ASQ)37}] with
a GdIII concentration of 0.027m at pH 5.0 was prepared for this study. In
addition, an acidified water sample (pH 5.0) was used as a reference for
these measurements. Solutions were prepared with 17O-enriched water
(5%) and the samples were sealed under an argon atmosphere. For each
temperature, spectral parameters were collected for both the GdIII complex
and the acidified water sample. The measurements were conducted without
a frequency lock and no sample spinning. Longitudinal relaxation rates
(1/T1) were determined with the inversion-recovery method,[29] and the
transverse relaxation rates (1/T2) were obtained by the Carr ± Purcell ±
Meiboom ± Gill spin-echo technique.[30]


Calculations : Experimental variable-temperature 17O NMR and NMRD
data were fit with a computer program written by EÂ . ToÂ th and L. Helm
(University of Lausanne, Switzerland) using Micromath Scientist ver-
sion 2.0 (Salt Lake City, UT, USA).
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Appendix


17O NMR spectroscopy : From the measured 17O NMR relaxation rates
(1/T1 and 1/T2) and the angular frequencies (w) of the [Gd(API-
DO3ASQ)] solution and of the acidified water reference (1/T1A, 1/T2A


and wA) it is possible to calculate the reduced relaxation rates and chemical
shifts (1/T1r, 1/T2r and wr) by using Equations (1) ± (3).[31±34]
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in which 1/T1M and 1/T2M represent the relaxation rates for bound water
molecules, tM is the residence lifetime of a bound water molecule, DwM is
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the chemical shift difference between the bound water molecules and the
bulk water (in the absence of a paramagnetic interaction) and PM is the
mole fraction of bound water. The overall outer-sphere contribution to the
chemical shift is given by Dwos. Previous investigations have shown that the
outer-sphere contributions to the relaxation rates in Equations (1) and (2)
may be omitted.[21, 35]


The value of DwM is determined by the chemical shift of the GdIII-bound
water molecules which is governed by the hyperfine interaction between
the GdIII electron spin and the 17O nucleus [Eq. (4)].


DwM�
gLmBS�S � 1�B


3kBT


A


�h
(4)


Here, gL is the isotropic LandeÂ g-factor (gL� 2.0 for GdIII), S is the electron
spin (S� 7/2 for GdIII), B is the magnetic field, kB is the Boltzmann
constant, and A/�h is the hyperfine or scalar coupling constant. The outer-
sphere contribution to Dwr may be assumed to have a temperature
dependence similar to DwM, which is given by Equation (5), in which Cos is
an empirical constant.


Dwos�CosDwM (5)


The 17O longitudinal relaxation rates for bound water molecules in GdIII


solutions are dominated by dipole ± dipole and quadrupolar interac-
tions[21, 35] and are given by Equation (6)
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in which m0/4p is the magnetic permeability in a vacuum, �h is the Dirac
constant, gI is the nuclear gyromagnetic ratio, gS� gLmB/�h is the electron
gyromagnetic ratio (gs� 1.76� 1011 rad sÿ1 Tÿ1 for
gL� 2.0), rGdO is the distance between the electron
charge and the 17O nucleus, tdi


ÿ1� tM
ÿ1�Tie


ÿ1� tR
ÿ1.


Tie is the electronic relaxation time, tR is the rota-
tional correlation time for the GdIII-O vector, I is the
nuclear spin (I� 5/2 for 17O), c is the quadrupolar
coupling constant and h is the asymmetry parameter.
The 17O transverse relaxation rates of bound water
molecules in GdIII chelates are governed by elec-
tron ± nucleus scalar mechanisms and may be ex-
pressed in terms of Equation (7) in which tis


ÿ1�
tM
ÿ1�Tie


ÿ1.[21, 36]
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For GdIII complexes, the electronic relaxation rates may be interpreted in
terms of the zero field splitting (ZFS) interaction,[37] which results from
transient distortions of the complex, and a spin rotation (SR) mechanism
[Eq. (8)].[38±40]
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The ZFS contribution to the longitudinal and transverse electronic
relaxation rates may be accurately described by Equations (9) and (10).[41]
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Here, D2 represents the mean-square ZFS energy and tv is the correlation
time, which describes the modulation of the electronic-spin-state splitting.
The spin rotation (SR) contribution is a magnetic-field-independent
mechanism which may be approximated with Equation (11) in which
dg2


L�Sidg2
Li, which refers to the deviations from the free-electron value of


gL.
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It should be noted that the transverse electronic-relaxation rates have a
negligible influence on the 1H and 17O relaxation rates.


Nuclear magnetic resonance dispersion (NMRD): In NMRD studies,
relaxivity, r1 (sÿ1 mmÿ1), is the usual notation for the longitudinal proton-
relaxation-rate enhancements, with the overall relaxivity resulting from
inner-sphere and outer-sphere contributions [Equation (12)].


r1� r1is� r1os (12)


While the inner-sphere contribution is a short-range interaction arising
from the chemical exchange of water molecules in the first coordination
sphere of the GdIII ion, the outer-sphere effects result from long-range
interactions with the bulk water which diffuses in the vicinity of the
paramagnetic center. The inner-sphere contribution to the observed
relaxivity is given by Equation (13).
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Here q is the number of inner-sphere water molecules in the GdIII chelate.
The 1H longitudinal relaxation rate of inner-sphere water molecules is
dominated by dipolar interactions and may be expressed by the Solomon ±
Bloembergen equation[42, 43] [Eq. (14)])
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in which wI and wS are the proton and electron Larmor frequencies,
respectively, and rGdH is the effective distance between the gadolinium
electron spin and the water protons (fixed at 3.1� 10ÿ10 m).


The outer-sphere contribution to the observed relaxivity can be described
by Equations (15) and (16).[44]


Here Re is the real part of the complex number, NA is Avogadro�s number,
aGdH is the distance of closest approach of an outer-sphere water molecule
to the GdIII ion, DGdH is the diffusion coefficient, and tGdH is the correlation
time which corresponds to a2


GdH/DGdH. The electronic-relaxation depend-
ence is expressed by the spectral density functions, Jos (wi, Tje) (j� 1, 2) in
Equation (16).


All correlation times and DGdH, are assumed to obey an exponential
temperature dependence [Eq. (17)] in which tT


x and t298
x are the values of


the concerned parameter at temperature T and 298.15 K, respectively, Ex is
the associated activation energy and R is the gas constant.
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Towards a Correlation of Absolute Configuration and Chiroptical Properties
of Alkyl Aryl Sulfoxides: A Coupled-Oscillator Foundation of the Empirical
Mislow Rule?


Carlo Rosini,* Maria Irene Donnoli, and Stefano Superchi[a]


This paper is dedicated to Professor Kurt Mislow


Abstract: The absorption and circular
dichroism (CD) data for a series of alkyl
aryl sulfoxides 1 ± 16 of known S config-
uration have been analyzed. The strong
bathochromic effect exerted by the nitro
group in the para position of the phenyl
sulfoxides indicates that the sulfur atom
acts as an electron donor moiety towards
the phenyl ring. Such behavior requires
a significant 2p(C) ± 3sp3(S) overlap, and
therefore the phenyl (and p-substituted
phenyl) sulfoxides 1±12, as well as the
2-naphthyl sulfoxides 15 and 16, must
assume a conformation which permits
such orbital overlap. The steric effect of
the peri hydrogen in 1-naphthyl-substi-
tuted compounds 13 and 14 does not
allow a conformation of this type, and in
these compounds the above-mentioned
2p(C) and 3sp3(S) orbitals are posi-
tioned in almost orthogonal planes. This
conformational difference is clearly


shown by the absorption spectra: com-
pounds 1 ± 12, 15, and 16 show the lowest
energy s! s* transition of the sulfoxide
chromophore at approximately 250 nm,
indicating the existence of a conjugated
S�O chromophore. In contrast, the cor-
responding absorption in 13 and 14
occurs at about 200 nm, indicating the
presence of an isolated S�O chromo-
phore. The CD spectra of 13 and 14
show a negative, couplet-like feature
between 250 and 200 nm. This spectral
feature can be interpreted in terms of
exciton coupling between the allowed
s! s* transition of the isolated S�O
chromophore at 200 nm and the 1B


transition of the naphthalene chromo-
phore. In fact, the Harada ± Nakanishi
rule predicts a negative CD couplet for
an S-configured sulfoxide in the confor-
mation found by UV analysis, as found
experimentally. The CD spectrum of 13
is quantitatively reproduced by DeVoe
coupled-oscillator calculations, strongly
implying that a coupled-oscillator mech-
anism is operative in determining the
optical activity of 13 and 14. This
approach has also tentatively been ex-
tended to the conjugated sulfoxides 1 ±
12, taking into account the coupling of
the benzene chromophore 1La transition
with the s!s* transition of the S�O
chromophore. In this case the Harada ±
Nakanishi rule also predicts a negative
CD couplet for the S-configured sulf-
oxides, as found experimentally.


Keywords: asymmetric synthesis ´
circular dichroism ´ configuration
determination ´ conformation anal-
ysis ´ sulfoxides


Introduction


Despite the recognized importance of enantiopure sulfoxides
as bioactive compounds,[1] valuable synthetic intermediates,[2]


and ligands[3]for asymmetric synthesis, reliable and general
methods for configurational assignment of these compounds
are still lacking. In particular, no safe correlations between
circular dichroism (CD) data and structure have been
described, presumably because the origin of the chiroptical
properties of the sulfoxide chromophore is not yet well


understood. In a series of seminal papers, Mislow et al.[4]


examined the chiroptical properties of several alkyl phenyl
sulfoxides of known configuration and formulated an empiri-
cal rule to correlate CD data and absolute configuration, but
only Gottarelli et al.[5] addressed the problem of a nonempir-
ical understanding of the optical activity of the aliphatic
episulfoxide chromophore. After these papers, a few re-
ports[6, 7] have appeared in which the absolute configurations
at the sulfur stereogenic centers of some alkyl aryl sulfoxides
have been assigned simply by comparing CD spectra of
structurally related compounds, without addressing the issue
of the understanding of the mechanism that induces optical
activity in these compounds. This deficiency has recently been
pointed out by Gawronski, who noted[8] that until now the
absolute configurations of aryl sulfoxides have not been
derived from CD spectra. The intention of this paper is to
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analyze the absorption and CD spectra of several alkyl aryl
sulfoxides of different structures and known absolute config-
urations, with the aim of identifying the main mechanism
responsible for the induction of optical activity in this
chromophore and to formulate a simple and reliable, non-
empirical relationship between spectrum and structure.


Results and Discussion


Synthesis: The subjects of this investigation are compounds
1 ± 16 (Scheme 1). They were prepared in optically active form
by following a previously described procedure:[7, 9] prochiral
alkyl aryl sulfides were stereoselectively oxidized, by using
tBuOOH in the presence of a chiral complex formed in situ
from [Ti(iPrO)4], H2O, and (R,R)-1,2-diphenylethane-1,2-
diol, to give the corresponding sulfoxides in 60 ± 80 %


chemical yields and ees up to 80 % for alkyl aryl sulfoxides
and up to 99 % for aryl benzyl sulfoxides. The absolute
configuration was assigned by comparison of [a]D in the case
of the known compounds 1 ± 10, 13, and 15,[10] while for the
remaining derivatives 11, 12, 14, and 16 it was assigned[7] by
comparison of their CD curves with those of similar com-
pounds of known configuration. All the compounds 1 ± 16 are
S-configured.


Absorption and CD spectraÐthe empirical Mislow rule : So
that the absorption and CD data of alkyl aryl sulfoxides might
be discussed in a concise and clear manner, compounds 1 ± 16
were divided into four classes, according to the nature of their
aromatic and alkyl moieties (Scheme 1). Class A comprises
alkyl phenyl sulfoxides; the aromatic moiety is kept constant


Scheme 1. Alkyl aryl sulfoxides 1 ± 16, divided into four classes.


and the alkyl residue is varied. Class B encompasses
sulfoxides with a p-substituted phenyl moiety, together with
either a methyl or a benzyl group; the para substitution on the
aromatic ring is varied, while the alkyl residues remain the
same. 1-Naphthyl alkyl and 2-naphthyl alkyl sulfoxides were
separated into classes C and D, respectively. The main
features of the absorption and CD spectra of 1 ± 16 are
collected in Table 1, while the absorption and CD spectra of
compounds 2, 8, 9, 13, and 15 (representative examples of
each one of the classes above) are given in Figure 1, Figure 2,
Figure 3, Figure 4, and Figure 5 (see below), respectively. We
first analyzed the CD and UV spectra of phenyl and p-
substituted phenyl alkyl sulfoxides belonging to classes A and
B. The spectra of all these compounds presented similar
features; in the range of 195 ± 300 nm they showed two
absorption maxima withÐin the CD spectraÐtwo corre-
sponding Cotton effects of opposite sign. For example, the
spectra of 2 (Figure 1) and 8 (Figure 2) featured absorption
bands at about 200 ± 220 nm (e� 12 000) and about 250 nm
(e� 8000), while Cotton effects were observable in their CD
spectra at 210 ± 220 nm (De� 25 ± 30) and 245 nm (De�ÿ 15).


Abstract in Italian: Sono stati analizzati gli spettri di
assorbimento e di dicroismo circolare (DC) degli alchil aril
solfossidi 1 ± 16, di configurazione assoluta S. Un gruppo nitro
in posizione para del fenil solfossido esercita un forte effetto
batocromo, indicando che l�atomo di zolfo agisce come
elettron donatore nei confronti dell�anello benzenico. Tale
fenomeno richiede una significativa sovrapposizione degli
orbitali 2p(C) ± 3sp3(S), per cui sia i solfossidi fenilici p-
sostituiti 1 ± 12 che quelli 2-naftilici 15 e 16 devono avere una
conformazione tale da permettere la sovrapposizione di questi
orbitali. L�effetto sterico dell�idrogeno peri nei composti
1-naftil sostituiti 13 e 14 non permette una conformazione di
questo tipo e quindi in questi derivati gli orbitali 2p(C) e
3sp3(S) sono su piani ortogonali. Questa differenza conforma-
zionale � chiaramente mostrata dagli spettri di assorbimento: i
composti 1 ± 12,15 e16 presentano la transizione s! s* di pi�
bassa energia del cromoforo solfossidico a circa 250 nm,
suggerendo la presenza di un cromoforo S�O coniugato. Al
contrario, in 13 e 14 lo stesso assorbimento si trova a circa
200 nm, indicando la presenza di un cromoforo S�O isolato.
Gli spettri di DC di 13 e 14 presentano una specie di couplet
eccitonico negativo tra 250 e 200 nm. Tale andamento spettrale
puoÁ essere attribuito all�accoppiamento eccitonico tra la
transizione permessa s! s* a 200 nm del cromoforo S�O
isolato e la transizione 1B del cromoforo naftalenico. Infatti,
per un solfossido di configurazione assoluta S ed avente la
conformazione che abbiamo ricavato dall�analisi UV, la regola
di Harada ± Nakanishi prevede un couplet negativo nello
spettro di DC, come osservato sperimentalmente. Lo spettro
DC di 13 � stato riprodotto quantitativamente adoperando il
modello ad oscillatori accoppiati dovuto a DeVoe, conferman-
do che, effettivamente, l�attività ottica di 13 e 14 � determinata
da un fenomeno di accoppiamento eccitonico. Questo tratta-
mento � stato tentativamente esteso anche ai solfossidi coniu-
gati 1 ± 12, prendendo in considerazione l�accoppiamento della
transizione 1La del cromoforo benzenico con la transizione
s! s* del cromoforo S�O. Anche in questo caso la regola di
Harada e Nakanishi prevede, per solfossidi di configurazione
S, un couplet negativo, come trovato sperimentalmente.
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Figure 1. The electronic absorption (UV) and circular dichroism (CD)
spectra of 2 in acetonitrile.


Figure 2. The electronic absorption (UV) and circular dichroism (CD)
spectra of 8 in acetonitrile.


Regarding compounds of class A, we may observe that the
nature of the alkyl R group does not affect the shape either of
the absorption or of the CD spectra, at least in the wavelength
range studied (see Table 1 and Figures 1 and 2). Also, p-
substitution, which varies in compounds of class B, has only
negligible effects on the position and intensity of the above


bands, both in absorption and CD spectra, with the exception
of the NO2 group, which gives rise to a strong bathochromic
shift of both bands (compare the data for 1, 6, 7, and 8 with
those of 9 in Table 1 and Figure 2 with Figure 3). It is
important to note that all the compounds studied, possessing


Figure 3. The electronic absorption (UV) and circular dichroism (CD)
spectra of 9 in acetonitrile.


the same S absolute configuration, show the same negative/
positive sequence in the sign of their Cotton effects, on
moving from longer to shorter wavelengths. This correlation
was first formulated[4] in 1965 by Mislow et al. , who examined
the CD spectra of some alkyl phenyl sulfoxides, differing only
in the size of the R group (Me, Et, iPr, etc.). The data
presented here also extend the validity of this rule to p-
phenyl-substituted compounds. In order to understand the
origin of such spectral features, a more detailed analysis of the
transitions involved is needed. The absorption and CD spectra
of alkyl phenyl sulfoxides have been studied in the past by
Mislow et al.,[4] who assigned the 255 nm transition to an
excitation of an electron of the S�O lone pair into a higher
energy s* orbital. This absorption band is in fact shifted
towards the blue on changing from a nonprotic (e.g.,
acetonitrile) to a protic (e.g., methanol) solvent, the absorp-
tion bands exhibiting behavior typical of lone-pair excitations.


Table 1. Main CD data[a] (in acetonitrile).


Ar R l [nm] (De)


1 Ph Me 244 (ÿ13.9); 216 (�28.5)
2 Ph Et 247 (ÿ14.2); 217 (�25.8)
3 Ph nBu 247 (ÿ15.7); 218 (�27.8)
4 Ph iPr 250 (ÿ12.0); 216 (�25.2)
5 Ph PhCH2 257 (ÿ30.4); 226 (�48.1)
6 p-MeC6H4 Me 245 (ÿ15.4); 220 (�23.1)
7 p-MeOC6H4 Me 246(ÿ23.6); 225 (�26.2)
8 p-BrC6H4 Me 249 (ÿ14.8); 222 (�27.9); 196 (ÿ20)
9 p-NO2C6H4 Me 293 (ÿ2.9); 234 (�5.1); 217 (ÿ3.6); 208 (�1.1); 197 (ÿ9.2)


10 p-MeC6H4 PhCH2 254 (ÿ20.8); 222 (�29.1)
11 p-MeOC6H4 PhCH2 255 (ÿ34.0); 230 (�36.6)
12 p-NO2C6H4 PhCH2 300 (ÿ8.2); 247 (�8.3); 230 (ÿ7.0); 216 (�7.3); 197 (ÿ15.1)
13 1-naphthyl Me 288 (ÿ8.9); 225 (ÿ44.5); 199 (�34.0)
14 1-naphthyl PhCH2 292 (ÿ14.4); 237 (ÿ39.6); 210 (�28.9)
15 2-naphthyl Me 247 (ÿ11.2); 223 (�34.0)
16 2-naphthyl PhCH2 256 (ÿ23.5); 242 (ÿ17.9); 225 (�51.3); 198 (�14.9)


[a] Data corrected to 100 % ee.
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The experimental and theoretical work of Gottarelli et al.,[5]


has also shown that, in dialkyl sulfoxides, the lowest energy
s! s* transition, situated at approximately 210 nm, is
allowed both magnetically and electrically, clearly pointing
out that this transition is very similar to the n!p* one in
ketones. For alkyl aryl sulfoxides, we can therefore relate the
transition at 245 nm to a conjugated sulfoxide chromophore.
The 220 nm band may instead be assigned to the 1La transition
of the benzene chromophore; in a strongly perturbed benzene
chromophore (benzaldehyde, methyl benzoate, thioanisole,
etc.[11]) this is allowed, with polarization along the CAr-
perturber axis. The absorption spectrum of the a-naphthyl
substituted compound 13 reveals features typical of the a-
substituted naphthalene chromophore (Figure 4),[12] with a
band at 290 nm and a second absorption at 225 nm. The first


Figure 4. The electronic absorption (UV) and circular dichroism (CD)
spectra of 13 in acetonitrile.


band corresponds to the allowed 1La transition, which, being
polarized along the short axis, is strongly affected by a
substituent in the 1-position and red-shifted with respect to
the analogous absorption in the parent naphthalene. The 1Lb


transition, which occurs at 310 nm in naphthalene, is not
observable because, as generally happens in the a-substituted
compounds, it is covered by the more intense 1La band. The
intense absorption at about 220 nm is associated with the
allowed 1Bb transition (polarized along the long axis of the
naphthalene nucleus). As far as the CD spectrum of 13 is
concerned, a negative Cotton effect (De�ÿ 9) is found,
corresponding to the 1La transition (288 nm), followed by an
intense negative Cotton effect that corresponds to the
naphthalene 1B transition, and by a positive band at 199 nm.
The latter absorption was assigned by Baker et al.[6b] to the
s! s* transition of the S�O chromophore, although no
experimental proof for this assignment was provided. How-
ever, we observed that the positive Cotton effect, at 199 nm in
CH3CN, is clearly blue-shifted to 191 nm in methanol, thus
confirming the s! s* character of the absorption in this
spectral region. To summarize, in both the similar S sulfoxides
13 and 14 we have, in the range 250 ± 200 nm, a sequence of
negative/positive CD bands, with the negative one associated
with the naphthalene chromophore 1B transition and the
positive one (200 nm) with the sulfoxide chromophore s! s*


transition. The absorption and CD data for the 2-naphthyl
sulfoxide 15 (Figure 5) look very different from those of 13. In
fact, we are now dealing with a b-substituted naphthalene
chromophore, and the absorption spectrum shows all the
features of such.[12] The b-substitution mainly affects the 1Lb


and 1Bb transitions (long-axis polarization) rather than the 1La


transition (short-axis polarization), so very weak absorptions


Figure 5. The electronic absorption (UV) and circular dichroism (CD)
spectra of 15 in acetonitrile.


are visible between 300 and 330 nm (1Lb), while the allowed
1La and 1B transitions can be observed at about 280 nm and
225 nm, respectively. The most striking difference between
the absorption spectra of 13 and 15 is that the latter displays
an allowed absorption in the 230 ± 270 nm range, whereas no
such bands are present in the spectrum of 13. The 250 nm
band in the absorption spectrum of 15 is of the same nature
(s!s* of the conjugated sulfoxide chromophore) as the
analogous band in compounds 1 ± 12 ; indeed, on changing
from CH3CN to methanol as solvent, this absorption is
significantly blue-shifted. Clearly, the intense band at 223 nm
is associated with the naphthalene 1B transition. In the CD
spectrum of 15 (Figure 5), Cotton effects associated with both
the 1Lb and the 1La transition are observable between 320 and
270 nm, while two bands of opposite sign (negative/positive
sequence for S absolute configuration at the sulfur atom) are
present between 270 and 200 nm, and are associated with the
sulfoxide s!s* transition and the naphthalene 1B transition,
respectively. It is interesting to note that in 15 the sulfoxide
s! s* transition occurs at longer wavelengths than 1B, while
the opposite sequence is found in the spectrum of 13. In this
respect, the CD behavior of 15 and 16 strictly resembles that
of compounds 1 ± 12. This simple phenomenological analysis
of the absorption and CD spectra of the sulfoxides 1 ± 16
strongly endorses the validity of the Mislow rule, and
increases its scope considerably.


Conformational considerations : Since the aim of this inves-
tigation is to formulate a nonempirical correlation between
CD spectrum and absolute configuration, knowledge of the
most populated conformations of compounds 1 ± 16 is re-
quired. From this point of view, the examination of the UV
spectra carried out in the previous paragraph provides very
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useful results. As a matter of fact, within the series 1±12, only
p-NO2 substitution dictates a strong bathochromic shift of the
absorption bands, in comparison with the unsubstituted
compound (see Table 1 and Figure 1 vs Figure 3). In contrast,
p-Me, p-Br, and p-OMe substituents have negligible effect
(see Table 1 and Figure 1 vs Figure 2). Behavior of this kind
has previously been observed in the case of alkyl phenyl
sulfides and was interpreted[13] as a strong indication that the
sulfur atom acts as an electron donor, by using its lone pair
electrons, but not as an electron acceptor, which would
involve the vacant d orbitals. In the case at hand, the
significant red shift, caused solely by substitution with a
strongly electron-withdrawing group, must mean that only
these groups can extend the conjugation, that is, a negative
charge is placed on the para C atom.[14] Clearly, this effect will
operate only if there is an efficient 2p(C) ± 3sp3(S) overlap. In
order to have such an overlap, the structure[15] of the alkyl
phenyl sulfoxides 1 ± 12 must be that described in Scheme 2
(left) for a sulfoxide of S absolute configuration. The second


Scheme 2. The 2p(C) ± 3sp3(S) overlap in alkyl phenyl sulfoxides 1 ± 12
(left), and the absence of overlap in 1-naphthyl compounds 13 and 14
(right).


observation concerns compounds 13 ± 16. It has been ob-
served that the absorption spectra of a-naphthyl derivatives
13 and 14 are significantly different from those of their b-
naphthyl counterparts 15 and 16, which show an allowed
transition in between the naphthalene 1La (l� 290 nm) and
1Bb (l� 220 nm) bands at about 255 nm. Clearly, according to
its frequency position, intensity, and solvent effects, this band
is associated with the s!s* transition of a conjugated S�O
chromophore, as discussed above. In contrast, this band is
absent between 230 and 280 nm in the absorption spectrum of
13 and 14, while an allowed transition is present on the high-
energy side of 1Bb. This last band, taking into account its
energy position, intensity, and behavior on changing the
solvent, has been assigned to the s! s* transition of an
isolated S�O chromophore (vide supra). Therefore, while we
have a conjugated sulfoxide chromophore for compounds 1 ±
12, 15, and 16, in the case of 13 ± 14 we have an isolated S�O
chromophore. As far as compounds 13 and 14 are concerned,
owing to the steric hindrance exerted by the peri hydrogen,
the sulfoxide is forced into a conformation in which the
smallest group on sulfur points towards the hydrogen in the
8-position, and the most stable conformation for an S
sulfoxide is that represented in Scheme 2 (right). In this
situation, the lone pair cannot give rise to overlap with the
2p orbitals of the aromatic nucleus, which lie in an orthogonal
plane. This conformational choice can be supported as
follows: first of all, it has been shown by NMR spectroscopy
that the above-described conformer is the most stable in
1-naphthyl-tert-butyl sulfoxide.[16] This compound[6b] and 13,
which have the same configuration, have spectra completely


similar in number, sign, position, and intensity of their Cotton
effects, clearly establishing the similar conformational situa-
tion of these two compounds. It is also well known that, in
aromatic amides derived from 1-(1-naphthyl)ethylamine, the
hydrogen linked to the chiral center is directed[17] towards the
peri hydrogen. Furthermore, the solid state structure of 1-(2-
bromonaphthyl)tert-butyl sulfoxide shows that the lone pair,
which is the smallest substituent, points towards the bromine,
which is the largest atom.[18, 19] The conformational analysis
developed so far deserves some additional comment. The
chosen conformations of compounds 1 ± 16 are determined by
a compromise between electronic (orbital overlap and, there-
fore, stabilization by resonance) and repulsive steric factors.
The above analysis, although completely qualitative, is
supported by clear experimental evidence. It is interesting
to point out that, in the case of 13, such conformational
findings agree with the result of ab initio calculations reported
by Benassi et al.,[15] while in the case of alkyl phenyl sulfoxides
there are some slight differences. In fact, in the ab initio
structures, the 2p(C) ± 3sp3(S) overlap seems not to play a
large role. However, it has to be noticed that very recent
density functional theory (DFT) calculations on vinyl sulf-
oxides have clearly indicated that some interactions between
the sulfur lone pair and the double bond contribute signifi-
cantly to stabilization of a specific conformation, overwhelm-
ing even repulsive steric interactions.[20] This particular aspect
deserves further theoretical investigation.


CD analysis and formulation of a nonempirical configuration
correlation : Once the nature of the electronic transitions
present in the absorption spectra of compounds 1 ± 16 has
been understood, and a reasonable conformational assign-
ment made for compounds 1 ± 12, 15, and 16 on the one hand
and compounds 13 ± 14 on the other, a nonempirical analysis
of the CD spectra can be attempted. Let us start our analysis
by considering first the case of compounds 13 ± 14 in the 200 ±
250 nm range. In their UV spectra (between 200 and 250 nm),
these compounds have a couple of electronically allowed
transitions to which, in the CD spectra, correspond to two
Cotton effects of almost equal intensity and opposite sign. As
we have previously shown, the S�O and the naphthyl
chromophores do not overlap, and so we are entitled to treat
this system using the coupled-oscillator model for nondegen-
erate transitions.[21] We shall employ such a model at a
qualitative level, using the aromatic chirality rule[22] of Harada
and Nakanishi. The conformational situation is that reported
in Scheme 2 (right) and two chromophores are present: the
sulfoxide and the a-naphthalene. The isolated sulfoxide
chromophore, following the analysis of Gottarelli et al.,[5]


has a s! s* transition located at about 210 nm and polarized
along the C1 ± C2 direction of the C1ÿ(S�O)ÿC2 moiety. In this
range, the a-naphthalene chromophore shows the 1Bb tran-
sition, polarized along the long axis. As show in Figure 6, in
which an S-configured compound is depicted, these dipole
moments define a negative chirality, and so a negative couplet
is to be expected in the corresponding spectral range, as
observed experimentally. The qualitative analysis discussed
above can be put on a quantitative basis by using coupled-
oscillator calculations of optical activity, by means of DeVoe�s







Alkyl Aryl Sulfoxides 72 ± 79


Chem. Eur. J. 2001, 7, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0077 $ 17.50+.50/0 77


Figure 6. In 1-naphthyl methyl sulfoxide of S absolute configuration, the
transition dipole moment of the 210 nm s! s* excitation of the S�O
chromophore, polarized along the CAr ± CR direction, and the 1Bb transition
dipole moment of the naphthalene chromophore, polarized along the long
axis, define a negative chirality. A negative couplet is therefore to be
expected between 200 and 250 nm.


all-order polarizabity model.[23, 24] This model has been
successful in formulating spectra/structure relationships for
organic molecules,[25] high-molecular-weight compounds,[26]


and coordination compounds.[27] DeVoe calculations were
carried out on the 1-naphthyl substituted sulfoxides, choosing
1-naphthyl methyl sulfoxide as a model compound and
arbitrarily assuming S configuration at the stereogenic sulfur
center. The molecular geometry represented in Scheme 2
(right) and Figure 6 was employed as input geometry. A single
oscillator, polarized along the long axis of the naphthalene
ring and with a polarizability of 40 D2 centered at 220 nm was
employed to describe the naphthalene 1Bb transition. At the
same time, a single oscillator polarized along the CMe ± CAr


direction, with a polarizability of 10 D2, was employed to
describe the 210 nm transition of the sulfoxide chromophore.
The relative orientation of the two dipoles in the sulfoxide
molecule is reported in Figure 6. In this manner, the
absorption spectrum is satisfactorily reproduced, l� 225
(emax� 41 000), 210 nm (emax� 20 000), while the experimental
values are l� 225 (emax� 50 000), 210 nm (emax� 30 000). The
calculated CD spectrum shows extremes at 225 nm (De ÿ88)
and 206 nm (De �95), which compare satisfactorily with the
experimental ones (l 225 nm (De ÿ45), l 200 nm (De �35)).
These results clearly indicate that the coupled-oscillator
mechanism is the main source of optical activity in this range,
and that other mechanisms such as electric magnetic cou-
pling[28] can be disregarded. Considering that the UV/CD
features of 1 ± 12, 15, and 16 are very similar to those of 13 ± 14
analyzed above (i.e., two electronically allowed transitions
are present in the electronic spectrum, with two correspond-
ing Cotton effects of opposing sign and similar intensity in the
CD spectrum), it is tempting to use the coupled-oscillator
model for the former compounds as well. Even if this model
can correctly be applied only to systems with negligible orbital
overlap and electron exchange between the interacting
chromophores,[21] it has also been used in cases in which such
orbital overlap cannot be disregarded, such as distorted
dienes,[29] in 1,1'-binaphthyls with small dihedral angles,[30] and
in twisted 2,2'-bipyridines,[25p] always providing qualitatively
correct answers. We feel justified then in tentatively subjecting
the conjugated sulfoxide chromophores 1 ± 12, 15, and 16 to
the same treatment, by means of the exciton model, at least at
a qualitative level.[31] For S-configured sulfoxides 1±12, the
conformation in Scheme 2 (left) is allowed. In such a


structure, the 1La transition dipole and the sulfoxide transition
moment define a negative chirality (Figure 7) and, thus, a
negative CD couplet should be observed, as found exper-
imentally. Compounds 15 and 16 have two possible extremes


Figure 7. In an alkyl p-substituted phenyl sulfoxide of S absolute config-
uration, the transition dipole moment of the s! s* excitation of the S�O
chromophore, polarized along the CAr ± CR direction, and the 1La transition
dipole moment of the substituted benzene chromophore, define a negative
chirality. A negative couplet is therefore to be expected between 200 and
280 nm.


for ªconjugatedº conformations, as represented below in
Figure 8, differing in the relative orientation of the oxygen
and the H atom on C1: transoid (top) and cisoid (bottom). In
these structural situations, the electric dipole of the 1B
transition of the naphthalene chromophore and that of the
allowed transition of the sulfoxide moiety define a positive
and negative chirality, respectively. As a negative couplet is
present in the CD spectrum, our coupled-oscillator analysis
indicates that the transoid conformation is the prevailing one,
even if we cannot at present provide any explanation of this
fact.


Figure 8. The two conjugated conformations allowed for 15. In the
transoid conformation (top), the 1B transition dipole of the allowed s!
s* transition of the sulfoxide chromophore defines a negative chirality,
while in cisoid conformation (bottom) the same dipoles define the opposite
chirality.


Conclusion


Even if this analysis does not constitute an exhaustive
interpretation of the chiroptical properties of alkyl aryl
sulfoxides, a few important conclusions can be drawn. First
of all, a number of different alkyl aryl sulfoxides have become
available in optically active form by means of our efficient and
versatile enantioselective oxidation methodology, allowing
comparative study of the UV/CD spectra of differently
substituted compounds. Secondly, such comparative and







FULL PAPER C. Rosini et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0078 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 178


systematic analysis has enabled us to define the conformations
of these species, distinguishing between conjugated sulfoxides,
which possess a typical allowed transition at 250 nm, and
nonconjugated compounds in which the above band is
missing. In the former case, there is a significant 2p(C) ±
3sp3(S) overlap that is completely absent in the latter. In
other words, we have pointed out the possible importance of
electronic effects in defining the conformational behavior of
these compounds, and then the dilemma, raised by Mislow in
his seminal 1965 paper,[4b] about the role played by a 2p(C) ±
3sp3(S) versus 2p(C) ± 3d(S) overlap has been resolved in
favor of the former. It is interesting to note that this significant
result has been achieved mainly by the use of ultraviolet
absorption spectroscopy. This technique is the method of
choice here, where we have conjugated and nonconjugated
sulfoxide chromophores, depending on steric effects, that is, a
typical case of steric hindrance to resonance. This shows how
UV spectroscopy, a method underused in structural analysis,
gives, at least on some occasions, a quick and sure answer.
From a stereochemical point of view, we have demonstrated
that, at least in the case of the nonconjugated sulfoxides, the
coupled-oscillator mechanism is the source of optical activity
(at least in the 250 ± 200 nm range); this allows safe and
reliable correlation between CD spectrum and absolute
configuration at the sulfur stereogenic center. We have also
proposed the extension of the same treatment to the
conjugated sulfoxidesÐat least at a qualitative levelÐtaking
into account the fact that some conjugated molecules have
been treated previously[25p, 29, 30] in terms of such a model and
the correct answer obtained (vide supra). As we stated at the
beginning of this paragraph, this paper does not pretend to be
a conclusive treatment of the relationships between chirop-
tical properties and stereochemistry in the alkyl aryl sulf-
oxides, because some questions are still open: i) the role
played by electronic effects in determining the structure
would merit subjection to theoretical studies by means of
quantum mechanical techniques, in order to understand the
electronic nature of the CÿS bond in depth; ii) the question of
the extension of the exciton model to the conjugated systems
represents another important challenge. Even here, the
assistance of more sophisticated calculations will certainly
be important in defining the mechanisms responsible for the
optical activity. This would certainly solve the problem of the
optical activity of the conformationally nonhomogeneous
sulfoxides 15 and 16. Work is in progress along these lines.


Experimental Section


General : HPLC analyses were performed at room temperature on Daicel
Chiralcel OB (cellulose tribenzoate) or Chiralcel OJ (cellulose tris(p-
methylbenzoate)) columns.[7] Melting points were determined with a Kofler
hot-stage apparatus and are uncorrected. 1H NMR (300 MHz) and
13C NMR spectra were recorded in CDCl3. Optical rotations were
measured with a JASCO DIP-370 digital polarimeter. Absorption and
CD spectra were recorded on a JASCO J 600 spectropolarimeter at RT in
acetonitrile (c� 6� 10ÿ3m) in 0.1 and 1.0 mm cells. During measurement,
the instrument was thoroughly purged with N2. CCl4 was distilled from
CaH2 and stored over activated 4 � molecular sieves. [Ti(iPrO)4] was
distilled prior to use under N2 atmosphere. Commercially available tert-
butyl hydroperoxide (TBHP, 70 % in water) was purchased (Aldrich) and


used without further purification. Analytical and preparative TLC were
performed on Merck 60 F-254 0.2 mm and 2.0 mm silica gel plates,
respectively, and column chromatography was carried out with Merck 60
silica gel (80 ± 230 mesh). Enantiomerically pure (R,R)-1,2-diphenylethane-
1,2-diol was prepared by asymmetric dihydroxylation of (E)-stilbene.[32]


Racemic sulfoxides were prepared by oxidation of the corresponding
sulfides with 30% hydrogen peroxide, according to literature procedures.[33]


General procedure for catalytic oxidation of sulfides. [Ti(iPrO)4] (23.6 mL,
0.08 mmol) and H2O (28.8 mL, 1.6 mmol) were added dropwise and
sequentially to a suspension of (R,R)-diphenylethane-1,2-diol (34.3 mg,
0.16 mmol) in CCl4 (5 mL). The sulfide (1.61 mmol) was added to the
resulting homogeneous solution and was with stirred at room temperature
for 15 min. The solution was then cooled to 0 8C, and TBHP (70 % in water,
440 mL, 3.22 mmol) was added. The mixture was left stirring at 0 8C for 2 h,
then diluted with CH2Cl2, and dried over Na2SO4 for a few minutes. After
filtration and evaporation of solvent, the residue was immediately purified
by preparative TLC (Et2O as eluent) or column chromatography (EtOAc),
isolating the pure sulfoxide.
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Synthesis of the Enantiomers of 6-Deoxy-myo-Inositol 1,3,4,5-Tetrakisphos-
phate, Structural Analogues of myo-Inositol 1,3,4,5-Tetrakisphosphate


Graeme Horne and Barry V. L. Potter*[a]


Abstract: d-myo-Inositol 1,3,4,5-tetra-
kisphosphate [Ins(1,3,4,5)P4] is pro-
duced rapidly from the established sec-
ond messenger d-myo-inositol 1,4,5-tris-
phosphate [Ins(1,4,5)P4] in stimulated
cells. Despite extensive investigations, in
particular concerning its potential role
in mediating cellular Ca2� influx, no
exact cellular function has been de-
scribed for this inositol phosphate; how-
ever, binding sites have been identified
in a number of tissues and it has been
shown to act synergistically with
Ins(1,4,5)P3 . To assist in the elucidation
of the mechanism of action and struc-
tural requirements within the Ins-


(1,3,4,5)P4 moiety that are necessary
for recognition and activation of the
receptor, structural analogues of this
tetrakisphosphate are required. Routes
for the synthesis of racemic 6-deoxy-
myo-inositol 1,3,4,5-tetrakisphosphate
[6-deoxy-dl-Ins(1,3,4,5)P4] and the chi-
ral antipodes d- and l-6-deoxy-myo-
inositol 1,3,4,5-tetrakisphosphate are de-
scribed here. The racemic tetrakisphos-
phate was synthesised from dl-1,2-O-


isopropylidene-myo-inositol in eight
steps. Deoxygenation at C-6 was ach-
ieved following the Barton ± McCombie
procedure. Both chiral tetrakisphos-
phates were synthesised through resolu-
tion of racemic cis-diol 6-deoxy-1,4,5-tri-
O-p-methoxybenzyl-myo-inositol with
the chiral auxiliary (S)-(�)-O-acetyl-
mandelic acid. Absolute configuration
was confirmed by synthesis of the known
d-6-deoxy-myo-inositol. Both d-6-de-
oxy-Ins(1,3,4,5)P4 and its enantiomer
will be useful tools to unravel the
enigmatic role of Ins(1,3,4,5)P4 in the
polyphosphoinositide pathway of signal
transduction.


Keywords: signal transduction ´ chi-
ral resolution ´ cyclitols ´ myo-
inositol polyphosphates


Introduction


The involvement of myo-inositol polyphosphates in signal
transduction through the phosphoinositide pathway has
stimulated the need for the synthesis of molecules that will
interfere with, or modulate, the process of cellular signalling.[1]


The process of signal transduction via the second messenger
d-myo-inositol 1,4,5-trisphosphate [Ins(1,4,5)P3 , 1] (Figure 1)
starts when a cell surface receptor activates the enzyme
phospholipase C-b via a G-protein.[2] This enzyme hydrolyses
the membrane phospholipid, phosphatidylinositol 4,5-bis-
phosphate to produce diacylglycerol and Ins(1,4,5)P3 as
signalling molecules. Ins(1,4,5)P3 interacts specifically at an
N-terminal binding site of a tetrameric Ins(1,4,5)P3 receptor-
operated Ca2� channel in order to release Ca2� from non-
mitochondrial stores.[3] After this Ca2� release the signal must
be removed and this is accomplished by one or more
metabolic pathways. An Ins(1,4,5)P3 5-phosphatase removes
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Figure 1. myo-Inositol phosphates.


the 5-phosphate group from Ins(1,4,5)P3 to give d-myo-
inositol 1,4-bisphosphate [Ins(1,4)P2, 2] which is inactive for
Ca2� release.[4] Ins(1,4,5)P3 can also be phosphorylated by a
cytosolic 3-kinase to give d-myo-inositol 1,3,4,5-tetrakisphos-
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phate[5] [Ins(1,3,4,5)P4 , 3] which is subsequently degraded to
d-myo-inositol 1,3,4-trisphosphate [Ins(1,3,4)P3, 4]. Ins(1,3,
4)P3 is subsequently metabolised by one of two possible
pathways. The products d-myo-inositol 1,3-bisphosphate [Ins-
(1,3)P2, 5] and/or d-myo-inositol 3,4-bisphosphate [Ins(3,
4)P2 , 6] are subsequently converted into monophosphates
which are ultimately dephosphorylated to inositol 7. It has
now emerged that Ins(1,3,4)P3 can be phosphorylated by a
6-kinase to d-myo-inositol 1,3,4,6-tetrakisphosphate [Ins(1,3,
4,6)P4 , 8][6] which can be further phosphorylated to d-myo-
inositol 1,3,4,5,6-pentakisphosphate [Ins(1,3,4,5,6)P5, 9]. The
latter higher polyphosphate is metabolised to three com-
pounds, phytic acid [InsP6 , 10], d-myo-inositol 3,4,5,6-tetra-
kisphosphate [Ins(3,4,5,6)P4, 11] and d-myo-inositol 1,4,5,6-
tetrakisphosphate [Ins(1,4,5,6)P4 , 12]. Such higher polyphos-
phates have long been known to provide phosphate storage
and to modulate the oxygen affinity of haemoglobin in plants
and avian erythrocytes, respectively.[7, 8] Recently, it was
reported that these higher inositol polyphosphates have a
direct role in the regulation of gene expression.[9, 10] Inositol
phosphate signalling has also been implicated in the induction
of genes whose proteins catabolise arginine with the effect
being mediated through Ins(1,4,5,6)P4. Ins(3,4,5,6)P4 has been
shown to inhibit Ca2� dependent Clÿ currents in T84 colonic
epithelial cells[11] as well as inhibiting receptor mediated Ca2�


dependent Clÿ currents in CFPAC-1 cells.[12] This latter effect
identifies proteins that bind this particular polyphosphate as
potentially important therapeutic targets for pathological
conditions such as cystic fibrosis.


Release of Ca2� from intracellular stores is one effect of the
phosphoinositide pathway, but subsequent Ca2� entry through
plasma membrane channels is also crucial. Experiments have
demonstrated a potential role for Ins(1,3,4,5)P4 acting syn-
ergistically with Ins(1,4,5)P3


[13±16] and Ins(1,3,4,5)P4 has been
shown to independently mobilise intracellular Ca2� through
the Ins(1,4,5)P3 receptor.[17]


The exact reasons for the rapid production of Ins(1,3,4,5)P4


following receptor stimulation are currently unclear; how-
ever, essentially there are three possibilities: 1) the phosphor-
ylation of Ins(1,4,5)P3 to Ins(1,3,4,5)P4 is considered to be an
off signal terminating the release of Ca2� by Ins(1,4,5)P3 ; 2)
Ins(1,3,4,5)P4 is a metabolic intermediate with no other
function; 3) Ins(1,3,4,5)P4 has a second messenger function
itself, initiated through binding to its own specific intracellular
receptor. In particular, a role mediating Ca2� entry through
plasma membrane channels has been proposed. Despite
proposals that option 2) may be correct[18] the function of
Ins(1,3,4,5)P4 as another potential second messenger involved
in Ca2� release has not been unambiguously resolved.[19]


However, we have recently suggested a role for Ins(1,3,4,5)P4


in facilitating store-operated Ca2� influx in cells by inhibition
of Ins(1,4,5)P3-5-phosphatase[20] and this may ultimately prove
to be the real function of Ins(1,3,4,5)P4, with Ins(1,3,4,5)P4


acting as a long-lived bi-modal ªmemoryº molecule. An
Ins(1,3,4,5)P4-sensitive Ca2�-permeable channel has been
characterised from endothelial cells[21] and Ins(1,3,4,5)P4


binding proteins have been identified from pig[22] and
rat[23, 24] cerebellum and porcine platelets.[25] The latter exam-
ple has been characterised and identified as a putative


Ins(1,3,4,5)P4 receptor and is a member of a family of GTPase
activating proteins (GAP) designated as GAPIP4BP. The highly
specific nature of Ins(1,3,4,5)P4 binding to GAPIP4BP has been
demonstrated[26] and it is apparent that phosphorylation of the
1, 3 and 5 positions is essential for high affinity binding and
that there is some tolerance of phosphorylation of the
6-hydroxyl group, but none of phosphorylation of the
2-hydroxyl group.


Recently, it was reported that the interaction of
Ins(1,3,4,5)P4 with the pleckstrin homology (PH) domain of
Bruton�s tyrosine kinase (Btk) may be involved in B-cell
activation and development;[27] mutations in the Btk PH
domain causing human X-linked agammaglobulinaemia
(XLA) and murine X-linked immunodeficiency (Xid) are
associated with dramatically reduced Ins(1,3,4,5)P4-binding
activity. We also reported an X-ray crystal structure of
synthetic Ins(1,3,4,5)P4


[28] bound to the PH domain of Btk[29]


and determination of the phosphate pKa values of
Ins(1,3,4,5)P4 .[30] In order to investigate the possibility of a
second messenger function for Ins(1,3,4,5)P4 the synthesis of
structural analogues of this molecule is of continuing interest.
We have recently reported the synthesis of d-2-deoxy-myo-
inositol 1,3,4,5-tetrakisphosphate from d-glucose.[31] To fur-
ther enhance and elucidate these structure-activity studies on
the Ins(1,3,4,5)P4 specific GAPIP4BP binding protein,[32±34] and
for other applications[20] we required a synthesis of both
enantiomers of 6-deoxy-Ins(1,3,4,5)P4. Additionally, such
structurally modified Ins(1,3,4,5)P4 analogues are of consid-
erable use as head-group surrogates for inositol phospholipids
which themselves have been shown to have signalling roles.[35]


We now report here the synthesis of 6-deoxy-Ins(1,3,4,5)P4 in
racemic and chiral form by resolution of partially blocked
myo-inositol derivatives using the chiral auxiliary (S)-(�)-O-
acetylmandelic acid.


Results and Discussion


Alkylation of tetraol rac-14,[36] obtained from myo-inositol,
(Scheme 1) following the stannylene acetal procedure using p-
methoxybenzyl chloride (PMBCl) in the presence of dibutyl
tin oxide (Bu2SnO) and tetrabutylammonium iodide (Bu4NI),
yielded two major products rac-15 (tR� 0.19) and rac-16 (tR�
0.28) [ether/hexane 2:1]. This selectivity can be explained by
considering the stannylene acetals formed and the reactivity
of the individual oxygen atoms involved. These acetals exist as
dimers in which the tin atoms are at the centre of a trigonal
bipyramid with the butyl groups occupying the equatorial
positions. The more electronegative of the two oxygen atoms
is co-ordinated with only one tin atom whereas the less
electronegative oxygen atom is co-ordinated to two tin atoms.
The regioselectivity observed in such reactions is a conse-
quence of a cascade of effects beginning with the selection of a
particular pair of hydroxyls for stannylene formation followed
by orientation of the more electronegative oxygen in an apical
position which is intrinsically the more reactive. The observed
regioselectivity reported here can be rationalised by consid-
ering the stannylene acetals that are most likely to be formed
and the reactivity of the individual oxygen atoms in each
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Scheme 1. i) p-methoxybenzyl chloride, Bu4NI, Bu2SnO, toluene, 120 8C,
16 h (rac-15, 32 %; rac-16, 41 %); ii) NaH, CS2, THF, 1 h; then MeI, 1 h;
then iii) Bu3SnH, AIBN, toluene, 120 8C, 1 h (83 %); iv) 80% AcOH,
100 8C, 1 h (77 %); v) PMB-Cl, Bu4NI, Bu2SnO, toluene, 120 8C, 16 h
(76 %); vi) BnBr, NaH, DMF, room temperature, 4 h (84 %); vii) 10% TFA
(CH2Cl2), room temperature, 30 min (71 %); viii) dibenzyl diisopropyl-
phosphoroamidate, 1H-tetrazole, CH2Cl2, room temperature, 1 h; then m-
CPBA, ÿ78 8C, 1 h (79 %); ix) Pd/C (10 %), MeOH/H2O 9:1, H2, 80 psi,
16 h, and purification by Q-Sepharose Fast Flow ion-exchange chromatog-
raphy (87 %). All compounds are racemic.


cyclic system. It can be presumed that initially two acetals are
formed (1,6 and 4,5) and in these the oxygen atoms at
positions 1 and 4 will occupy the more reactive apical position
and hence be preferentially alkylated. The stannylene acetal
formed between the remaining trans diol (hydroxyl groups on
positions 5 and 6) does not result in the preferential alkylation
of one specific hydroxyl. However, the small difference
noticed in the alkylation (32% for alkylation of position 5
and 41 % for position 6) can be explained through the
assumed higher electronegativity of the hydroxyl group at
position 6. Differentiation between the two monols rac-15 and
rac-16 was effected by NMR methods.


The next step of the synthesis required deoxygenation at
position 6. Deoxygenation of sugar hydroxyls is readily
performed by metal hydride reduction of halides, sulphonates
and epoxides as well as radical deoxygenation of thiocarbonyl
derivatives (Barton ± McCombie reaction).[37]-[41] Of these
methods available, radical deoxygenation was chosen because
of its suitability for the deoxygenation of secondary alcohols
and its compatibility with benzyl ethers and acetals/ketals.
Treatment of rac-15 with carbon disulfide (CS2) in the


presence of sodium hydride (NaH) in anhydrous THF
followed by addition of methyl iodide (MeI) and work-up
yielded the corresponding S-methyl xanthate as a non-
isolated intermediate. The crude residue was then dissolved
in anhydrous toluene with tributyl tin hydride (Bu3SnH) and
2,2'-azobis(2-methylpropionitrile) (AIBN) being added. Re-
flux followed by work-up and purification yielded rac-17.
Removal of the cis-isopropylidene group was accomplished
by careful treatment of rac-17 with 80 % aqueous acetic acid
(AcOH) with the resulting cis-diol being selectively alkylated
with PMBCl in the presence of Bu2SnO and Bu4NI in
refluxing toluene, yielding monol rac-19. Benzylation of rac-
19 with benzyl bromide (BnBr) in DMF at ambient temper-
ature with NaH as base yielded fully protected racemic
6-deoxy-myo-inositol derivative rac-20. The p-methoxybenzyl
protecting groups were then removed selectively using 10 %
trifluoroacetic acid (TFA) in dichloromethane[42] leaving
tetraol rac-21. Initial attempts at the deprotection of the p-
methoxybenzyl ethers employed 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) as oxidant[43] but problems associated
with isolation of the resulting tetraol from the aqueous work-
up negated the use of this procedure.


For the introduction of phosphate groups into tetraol rac-21
the phosphitylating reagent bis(benzyloxy) (diisopropylami-
no)phosphine[44, 45] was chosen. Treatment of tetraol rac-21
with this phosphitylating reagent and 1H-tetrazole followed
by oxidation of the tetrakisphosphite intermediate afforded
fully protected dl-2-O-benzyl-1,3,4,5-tetrakis-O-[bis(benzyl-
oxy)phospho]-6-deoxy-myo-inositol (rac-22). All the benzyl
protecting groups were removed from the fully blocked
compound in one step by hydrogenation. The crude residue
was purified by ion-exchange chromatography on Q-Sephar-
ose Fast Flow and, after pooling and evaporation of fractions
was accurately quantified by total phosphate assay.[46] The
final racemic dl-6-deoxy-myo-inositol 1,3,4,5-tetrakisphos-
phate (rac-13) eluted at 65 ± 85 % 1m TEAB and was isolated
as its triethylammonium salt. Removal of all phosphate benzyl
groups was confirmed by 1H-coupled 31P NMR spectroscopy;
the observed sextet for each dibenzylated phosphate changed
to a doublet for each deprotected phosphate.


In order to synthesise the two diastereisomers of 6-deoxy-
1,3,4,5-tetrakisphosphate-myo-inositol 13 and ent-13 it was
necessary to resolve a suitable racemic precursor. This is best
achieved through the selective introduction of a chiral
auxiliary with subsequent separation of the two resulting
diastereoisomers. Racemic cis-diol rac-18 provided an ex-
cellent precursor for resolution since equatorial hydroxyl
groups can be acylated selectively. (S)-(�)-O-Acetylmandelic
acid (23) was chosen for resolution of cis-diol rac-18 ; unlike
the enantiomers of commonly used camphanic acid chloride,
both R and S isomers are cheaply available. Additionally, (S)-
(�)-O-acetylmandelic acid has previously been used success-
fully in this laboratory for the resolution of several blocked
myo-inositol derivatives.[45, 47, 48]


Coupling of dl-6-deoxy-1,4,5-tri-O-p-methoxybenzyl-myo-
inositol (rac-18) with (S)-(�)-O-acetylmandelic acid (23) at
low temperature yielded the two diastereoisomers 24 and 25
(Scheme 2), (structures determined after the determination of
the chirality of derived pentaols 26 and ent-26, respectively,
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Scheme 2. i) DMAP, DCC, CH2Cl2, ÿ20 8C (38 % for 24, 40 % for 25); ii)
NaOH, MeOH, reflux, 30 min (87 % for 18, 81 % for ent-18); iii) PMB-Cl,
Bu2SnO, Bu4NI, toluene, 120 8C, 16 h (72 % for 19, 77% for ent-19); iv)
BnBr, NaH, DMF, room temperature, 4 h (67 % for 20, 81% for ent-20);
v) 10% TFA (CH2Cl2), room temperature, 30 min (83 % for 21, 77% for
ent-21); vi) dibenzyl diisopropylphosphoroamidate, 1H-tetrazole, CH2Cl2,
room temperature, 1 h; then m-CPBA, ÿ78 8C, 1 h (74 % for 22, 68 % for
ent-22); vii) Pd/C (10 %), MeOH/H2O 9:1, H2, 80 psi, 16 h, and purification
by Q-Sepharose Fast Flow ion-exchange chromatography (85 % for 13 and
61% for ent-13). DMAP: 4-dimethylaminopyridine, DCC: dicyclohexyl-
carbodiimide.


see below). Selectivity for the equatorial hydroxyl group was
achieved by keeping the initial temperature at ÿ20 8C. No
acylation of the axial hydroxyl group was detected (by
1H NMR) with both 24 and 25 being separated by flash
chromatography. The purity of the samples was gauged by
1H NMR analysis which revealed two singlets (corresponding
to CH3CO2CH(Ph)CO2) at d� 5.98 for isomer 24 and 5.99 for
isomer 25. No impurities were detected in either sample. The
distinctive chemical shift value for the H-2 proton for each
diastereoisomer was also indicative of the high purity of each
diastereoisomer and provided for a tentative determination of


the absolute configuration of each isomer. These values of
d� 4.10 (24) and 4.37 (25) are in good agreement with H-2
chemical shifts for similar compounds previously synthesised
and resolved using (S)-(�)-O-acetylmandelic acid as the
chiral auxiliary.[47, 48] In all cases an H-2 chemical shift of
approximately d� 4.15 has been observed for the d-isomer
with an H-2 chemical shift value of approximately d� 4.40
being detected for the corresponding l-isomer. Similarly, the
TLC mobilities of the diastereoisomers resulting from the use
of (S)-(�)-O-acetylmandelic acid as chiral auxiliary also
provide for a tentative determination of the absolute config-
uration of each isomer. In all cases the tR value of the d-isomer
has been lower than that of the l-isomer.


Deacylation of isomers 24 and 25 with methanolic sodium
hydroxide solution yielded enantiomers 18 and ent-18,
respectively. The equatorial hydroxyl group of each enantio-
meric cis-diol was selectively alkylated with PMBCl yielding
the respective monols 19 and ent-19 which were subsequently
benzylated, followed by the selective removal of the p-
methoxybenzyl protecting groups affording tetraols 21 and
ent-21. These chiral tetraols were then phosphitylated,
oxidised, and the products deprotected and purified by ion-
exchange chromatography followed by accurate quantifica-
tion by total phosphate assay[46] yielding d- and l-6-deoxy-
Ins(1,3,4,5)P4 13 and ent-13, respectively, as their triethylam-
monium salts.


To establish the absolute configuration of antipodes 18 and
ent-18 we used d-6-deoxy-myo-inositol[49] as a reference. This
compound was readily accessible from 18, with the l-isomer
being easily obtained from ent-18. Thus, removal of the p-
methoxybenzyl groups of both enantiomers by hydrogenation
provided pentaols 26 and ent-26, respectively (Scheme 3). The
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Scheme 3. i) Pd/C (10 %), MeOH/H2O 9:1, H2, 80 psi, 16 h (quantitative
yields for both 26 and ent-26).


specific rotation of 26 was found to be [a]D��6.3 and agreed
well with the literature value of �7. The specific rotation of
ent-26 was found as expected to be equal and opposite to the
literature value for 26. 6-Deoxy-Ins(1,4,5)P3 has been pre-
pared by several routes[50, 51] and some of its biological
properties studied.[50±52] Similarly, 3-deoxy[53] and 3-position
modified analogues[54, 55] of Ins(1,4,5)P3 have also been
synthesised and some of their biological properties stud-
ied.[53, 54] Whilst this work was in progress a route to d-
6-deoxy-Ins(1,3,4,5)P4 (13) only, starting from d-galactose
was reported.[56]
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We anticipate that the present compounds will find consid-
erable application in studies on the enigmatic nature of
Ins(1,3,4,5)P4 activity. Unlike the enantiomers of Ins(1,4,5)P3 ,
because of the regioisomeric arrangement of phosphate groups
(Figure 2), l-6-deoxy-Ins(1,3,4,5)P4 could also bind to Ins-
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Figure 2. Regioisomeric arrangement of phosphate groups in Ins(1,3,4,
5)P4 and 6-deoxy-Ins(1,3,4,5)P4 . A : Superimposition of phosphate groups
in both d- and l-Ins(1,3,4,5)P4. B : Superimposition of phosphate groups of
both d- and l-6-deoxy-Ins(1,3,4,5)P4 . As a consequence of this regioiso-
meric overlap of phosphate groups, l-6-deoxy-Ins(1,3,4,5)P4 could also
bind to Ins(1,3,4,5)P4 receptors.


(1,3,4,5)P4 receptors. We anticipate that l-6-deoxy-Ins-
(1,3,4,5)P4 (ent-13) may show unusual binding properties in
its own right. Experimental data for 6-deoxy-dl-Ins(1,3,4,5)P4


and the chiral antipodes 6-deoxy d- and l-Ins(1,3,4,5)P4


regarding binding to the Ins(1,3,4,5)P4 ªreceptorº and the
Ins(1,4,5)P3 receptor and interaction with metabolic enzymes
will be published elsewhere. Preliminary data indicate that the
d-isomer binds to GAPIP4BP, interacts potently with Ins-
(1,4,5)P3/Ins(1,3,4,5)P4 5-phosphatase and facilitates Ins-
(1,4,5)P3-mediated activation[20] of the store operated Ca2�


current ICRAC, but to a lesser extent than Ins(1,3,4,5)P4 itself.


Experimental Section


Dry toluene and dichloromethane were distilled from calcium hydride and
stored over 4 � molecular sieves; tetrahydrofuran was distilled from
sodium/benzophenone. Molecular sieves (4 �) were predried in an oven
and activated for 1 h under vacuum at 250 8C. Ether is diethyl ether. All
aqueous (aq) solutions were saturated unless otherwise stated. Reactions
were carried out at room temperature under nitrogen in predried glassware
unless otherwise stated. Sodium hydride (NaH) was a 60% dispersion in
mineral oil. Analytical thin-layer chromatography (TLC) was performed
on pre-coated plates (Merck TLC aluminium sheets silica 60 F254, Art. No.
5554): the products were visualised by ultraviolet radiation and staining


with ethanolic phosphomolybdic acid, or with ethanolic sulphuric acid
followed by charring. Column chromatography was carried out under
pressure on Sorbsil C60 silica gel. NMR spectra (31P, 1H, 13C, COSY,
HETCOR) were recorded on a Varian Mercury 400 spectrometer with
signals being assigned by 1D, DEPT, and 2D spectra (COSY, HETCOR).
Chemical shifts were measured in parts per million (ppm) relative to
tetramethylsilane (TMS), deuterium oxide (D2O), D6-dimethyl sulfoxide
([D6]DMSO), or D4-methanol (CD3OD). Coupling constants are quoted in
Hz and refer to 3JH,H unless stated otherwise. The 31P NMR shifts were
measured in ppm relative to external 85% phosphoric acid. Melting points
(uncorrected) were determined using a Reichert ± Jung Thermo Galen
Kofler block. Low-resolution mass spectra were recorded by the University
of Bath Mass Spectrometry Service using �ve and ÿve Fast Atom
Bombardment (FAB) with 3-nitrobenzyl alcohol (NBA) as the matrix.
High resolution mass spectrometry was carried out by the University of
Bath Mass Spectrometry Service. Elemental analyses were carried out by
the Micro-Analysis Department in the School of Chemistry at the
University of Bath. Optical rotations were measured using an Optical
Activity Ltd. AA-10 polarimeter; [a]D values are given in 10ÿ1 deg cm2 gÿ1


and all rotations were measured at ambient temperature. Ion-exchange
chromatography was performed on an LKB-Pharmacia medium pressure
ion exchange chromatograph using Q-Sepharose and gradients of TEAB as
eluent. Fractions containing phosphate were assayed by a modification of
the Briggs phosphate test.[46]


ddll-2,3-O-Isopropylidene-1,4,5-tri-O-p-methoxybenzyl-myo-inositol (rac-
15) and ddll-2,3-O-isopropylidene-1,4,6-tri-O-p-methoxybenzyl-myo-inosi-
tol (rac-16): A mixture of rac-14[36] (4.4 g, 10 mmol), Bu2SnO (22.6 g,
90 mmol), Bu4NI (18 g, 56 mmol) and p-methoxybenzyl chloride (18.48 g,
16 mL, 118 mmol) and toluene (150 mL) was heated under reflux with 4 �
molecular sieves in a Soxhlet apparatus for 16 h. TLC (ether/hexane 2:1)
revealed two major products with tR values of 0.28 and 0.19. The solution
was cooled and washed with H2O (2� 100 mL), brine (100 mL), dried
(MgSO4) and concentrated in vacuo. The crude syrup was purified by flash
chromatography (ether/hexane 2:1) to provide dl-2,3-O-isopropylidene-
1,4,5-tri-O-p-methoxybenzyl-myo-inositol (rac-15) as a white crystalline
solid (3.7 g, 32%) and dl-2,3-O-isopropylidene-1,4,6-tri-O-p-methoxyben-
zyl-myo-inositol (rac-16) as a colourless syrup (4.76 g, 41 %). rac-15: TLC:
tR� 0.19 (ether/hexane 2:1); m.p. 89 8C; 1H NMR (400 MHz, CDCl3): d�
7.33 ± 6.80 (m, 12 H, ArH), 4.80 ± 4.61 (m, 4H, CH2), 4.78,4.64 (AB, 2H,
CH2), 4.25 (dd, 1H, J� 3.9, 5.1 Hz, H-2), 4.08 (t, 1H, J� 6.6 Hz, H-3), 3.99
(t, 1H, J� 9.7 Hz, H-6), 3.77 (s, 9H, OCH3), 3.65 (dd, 1H, J� 6.6, 9.0 Hz,
H-4), 3.51 (dd, 1 H, J� 3.9, 9.8 Hz, H-1), 3.24 (t, J� 9.0 Hz, H-5), 1.47, 1.33
(2s, �3H, 2�CH3); 13C NMR (100 MHz, CDCl3): d� 159.49, 159.35,
159.26 (p-Cq-Ar), 130.77, 130.68, 130.22 (Cq-Ar), 129.85, 129.81, 129.72 (o-
CH-Ar), 114.06, 113.89 (m-CH-Ar), 110.00 (Cdioxolane), 82.39 (C-4), 81.71 (C-
5), 79.67 (C-3), 76.71 (C-1), 74.98 (CH2), 74.30 (C-2), 73.59 (CH2), 72.51
(CH2), 71.95 (C-6), 55.59 (OCH3), 28.28 (CH3), 26.27 (CH3); MS (FAB�,
NBA): m/z (%): 579.3 (29) [MÿH]� ; MS (FABÿ, NBA): m/z (%): 733.3
(100) [M�NBA]� , 579.2 (15) [MÿH]� ; HRMS-FAB (m/z): [M]� calcd for
C33H40O9, 580.26724; found, 580.26414; elemental analysis calcd (%) for
C33H40O9: C 68.26, H 6.94; found C 68.40, H 6.93. rac-16: TLC: tR� 0.28
(ether/hexane 2:1); 1H NMR (400 MHz, CDCl3): d� 7.30 ± 6.84 (m, 12H,
ArH), 4.83 ± 4.62 (m, 4 H, CH2), 4.82, 4.63 (AB, 2 H, CH2), 4.34 (dd, 1H, J�
4.1, 5.6 Hz, H-2), 4.06 (dd, 1 H, J� 5.9, 6.7 Hz, H-3), 3.76 (m, 10 H, H-6,
OCH3), 3.63 (m, 2H, H-1, H-4), 3.44 (br t, 1H, J� 9.1 Hz, H-5), 1.51, 1.35
(2s, 2� 3H, 2�CH3); 13C NMR (100 MHz, CDCl3): d� 158.93, 158.87,
158.83 (p-Cq-Ar), 130.12, 130.10, 129.80 (Cq-Ar), 129.33, 129.31 (o-CH-Ar),
113.58, 113.50, 113.49 (m-CH-Ar), 109.51 (Cdioxolane), 81.27 (C-4), 80.09 (C-
6), 78.75 (C-3), 76.57 (C-1), 74.47 (C-2), 74.36 (CH2), 73.16 (C-5), 72.80
(CH2), 72.47 (CH2), 55.12 (OCH3), 27.68 (CH3), 25.70 (CH3); MS (FAB�,
NBA): m/z (%): 579.3 (11) [MÿH]� ; MS (FABÿ, NBA): m/z (%): 733.2
(100) [M�NBA]� ; HRMS-FAB (m/z): [M]� calcd for C33H40O9 580.26724;
found 580.26414; elemental analysis calcd (%) for C33H40O9: C 68.26, H
6.94; found C 68.40, H 6.99.


ddll-6-Deoxy-2,3-O-isopropylidene-1,4,5-tri-O-p-methoxybenzyl-myo-
inositol (rac-17): dl-2,3-O-Isopropylidene-1,4,5-tri-O-p-methoxybenzyl-
myo-inositol (rac-15, 5 g, 8.6 mmol) was dissolved in THF (50 mL) and
stirred under nitrogen at 0 8C for 10 min. NaH (400 mg, 10 mmol) was
added and the solution was stirred for an additional 10 min. CS2 (723 mg,
570 mL, 9.5 mmol) was added dropwise at 0 8C and the mixture was stirred
at room temperature for 30 min afterwhich MeI (1.35 g, 592 mL, 9.5 mmol)
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was added and the reaction mixture was stirred for an additional 30 min.
TLC analysis (toluene/ethyl acetate 8:3) revealed all starting material had
been consumed and the mixture was concentrated in vacuo to yield a
yellow syrup. The crude residue was dissolved in CH2Cl2 and washed with
H2O (2� 50 mL), dried (MgSO4), and the solvent evaporated. The residue
was dissolved in toluene (50 mL) and Bu3SnH (5.82 g, 5.38 mL, 20 mmol)
and AIBN (40 mg) were added. The mixture was refluxed for 1 h, cooled
and concentrated in vacuo. The crude residue was purified by flash
chromatography (ether/hexane 2:1) to yield dl-6-deoxy-2,3-O-isopropyli-
dene-1,4,5-tri-O-p-methoxybenzyl-myo-inositol (rac-17) as a colourless
syrup (4.03 g, 83 %): 1H NMR (400 MHz, CDCl3): d� 7.31 ± 6.82 (m, 12H,
ArH), 4.79, 4.69, 4.60, 4.53, 4.58, 4.54 (3AB, 6H, CH2), 4.27 (bdd, 1 H, J�
3.9, 5.1 Hz, H-2), 4.00 (dd, 1 H, J� 5.1, 6.6 Hz, H-3), 3.58 (dd, 1 H, J� 6.6,
9.4 Hz, H-4), 3.52 (dt, 1 H, J� 3.9, 12.1 Hz, H-1), 3.24 (ddd, 1 H, J� 4.3, 9.4,
11.7 Hz, H-5), 2.11 (br dt, 1H, J� 4.3, 12.1 Hz, H-6eq), 1.88 (q, 1H, J�
12.1 Hz, H-6ax), 1.50, 1.49 (2 s, 2� 3H, 2�CH3); 13C NMR (100 MHz,
CDCl3): d� 159.48, 159.30, 159.20 (p-Cq-Ar), 131.14, 130.82, 130.12 (Cq-
Ar), 129.76, 129.70, 129.53 (o-CH-Ar), 114.07, 113.99, 113.84 (m-CH-Ar),
110.15 (Cdioxolane), 84.34 (C-4), 80.61 (C-3), 76.88 (C-5), 75.47 (C-2), 73.87
(CH2), 72.33 (CH2), 71.67 (C-1), 70.76 (CH2), 55.60 (OCH3), 30.17 (C-6),
28.44 (CH3), 26.85 (CH3); MS (FABÿ NBA): m/z (%): 563.3 (34) [MÿH]� ;
HRMS-FAB: (m/z): [M]� calcd for C33H40O8 564.27232; found 564.26707;
elemental analysis calcd (%) for C33H40O8: C 70.19, H 7.14; found C 70.00,
H 7.01.


ddll-6-Deoxy-1,4,5-tri-O-p-methoxybenzyl-myo-inositol (rac-18): dl-6-De-
oxy-2,3-O-isopropylidene-1,4,5-tri-O-p-methoxybenzyl-myo-inositol (rac-
17, 8.5 g, 15 mmol) was dissolved in 80 % aqueous acetic acid (100 mL)
and heated at 50 8C for 30 min. The solution was allowed to cool to room
temperature before being poured into iced-water (100 mL). The aqueous
layer was extracted with ethyl acetate (4� 100 mL) and the combined
organic layers were washed to neutrality with NaHCO3 (6� 150 mL), dried
(MgSO4), and concentrated in vacuo. The crude residue was purified by
flash chromatography (toluene/ethyl acetate 8:3) to yield dl-6-deoxy-1,4,5-
tri-O-p-methoxybenzyl-myo-inositol (rac-18) (6.09 g, 77%): m.p. 125 ±
126 8C; 1H NMR (400 MHz, CDCl3): d� 7.29 ± 6.81 (m, 12 H, ArH), 4.87,
4.63, 4.59, 4.53, 4.50, 4.46 (3 AB, 6 H, CH2), 4.16 (br t, 1 H, J� 2.3 Hz, H-2),
3.79 (m, 10 H, H-4, OCH3), 3.40 (m, 3H, H-1, H-3, H-5), 2.08 (m, 2 H, H-6eq,
H-6ax); 13C NMR (100 MHz, CDCl3): d� 159.50, 159.35, 159.26 (p-Cq-Ar),
130.98, 130.61, 130.00 (Cq-Ar), 129.79, 129.51, 129.46 (o-CH-Ar), 114.10,
114.00 (m-CH-Ar), 81.58 (C-4), 77.47, 74.16, 72.45 (C-1, C-3, C-5), 74.99
(CH2), 71.81 (CH2), 70.68 (CH2), 69.67 (C-2), 55.62 (OCH3), 30.14 (C-6);
MS (FAB�, NBA): m/z (%): 523.3 (30) [MÿH]� ; MS (FABÿ, NBA): m/z
(%): 677.3 (82) [M�NBA]� , 523.3 (100) [MÿH]� ; HRMS-FAB: (m/z):
[M]� calcd for C30H36O8 524.24102; found 524.23801; elemental analysis
calcd (%) for C30H36O8: C 68.69, H 6.92; found C 68.90, H 6.98.


ddll-6-Deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (rac-19): A
mixture of dl-6-deoxy-1,4,5-tri-O-p-methoxybenzyl-myo-inositol (rac-18,
5.24 g, 10 mmol), Bu2SnO (2.98 g, 12 mmol), Bu4NI (4.8 g, 13 mmol), and p-
methoxybenzyl chloride (2.03 g, 1.76 mL, 13 mmol) in toluene (100 mL)
was heated under reflux with 4 � molecular sieves in a Soxhlet apparatus
for 16 h. The solution was cooled and washed with H2O (2� 50 mL), brine
(100 mL), dried (MgSO4) and concentrated in vacuo. The crude syrup was
purified by flash chromatography (ether/hexane 1:1 to 2:1) to provide dl-6-
deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol as a white crystalline
material (rac-19) (4.90 g, 76%): m.p. 115 ± 116 8C; 1H NMR (400 MHz,
CDCl3): d� 7.29 ± 6.81 (m, 16H, ArH), 4.79, 4.77, 4.66, 4.62, 4.61, 4.58, 4.47,
4.44 (4 AB, 8 H, CH2), 4.20 (br s, 1 H, H-2), 3.84 (t, 1 H, J� 9.4 Hz, H-4),
3.81 ± 3.79 (3s, 12H, OMe), 3.33 (m, 3 H, H-1, H-3, H-5), 2.14 ± 2.09 (m, 1H,
H-6eq), 1.94 (q, 1 H, J� 12.1 Hz, H-6ax); 13C NMR (100 MHz, CDCl3): d�
159.40, 159.34, 159.20, 159.16 (p-Cq-Ar), 131.49, 130.94, 130.49, 130.10 (Cq-
Ar), 129.80, 129.63, 129.47, 129.41 (o-CH-Ar), 114.06, 113.98, 113.96, 113.88
(m-CH-Ar), 82.38 (C-4), 80.23, 77.60, 73.78 (C-1, C-3, C-5), 75.73 (CH2),
72.54 (CH2), 72.30 (CH2), 70.48 (CH2), 68.49 (C-2), 55.61 (OCH3), 30.18 (C-
6); MS (FAB�, NBA): m/z (%): 643.3 (30) [MÿH]� ; MS (FABÿ, NBA):
m/z (%): 797.4 (100) [M�NBA]� ; HRMS-FAB: (m/z): [M]� calcd for
C38H44O8 644.29854; found 644.29747; elemental analysis calcd (%) for
C38H44O8: C 70.79, H 6.88; found C 70.60, H 6.85.


ddll-2-O-Benzyl-6-deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol
(rac-20): dl-6-Deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (rac-
19, 5 g, 7.7 mmol) was dissolved in DMF (70 mL) and stirred at 0 8C for
10 min. NaH (400 mg, 10 mmol) was added and the solution was stirred at


0 8C for a further 10 min afterwhich benzyl bromide (1.54 g, 1.07 mL,
9 mmol) was added and the solution was stirred for 2 h. The reaction was
quenched by addition of MeOH and the solvent was evaporated. The crude
residue was dissolved in ether and was washed with H2O (2� 50 mL), dried
(MgSO4) and concentrated in vacuo. The crude residue was purified by
flash chromatography (ether/hexane 1:1 to 2:1) to yield dl-2-O-benzyl-6-
deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (rac-20) as a colour-
less syrup (4.78 g, 84%): 1H NMR (400 MHz, CDCl3): d� 7.42 ± 6.82 (m,
21H, ArH), 4.89, 4.84, 4.77, 4.74, 4.60, 4.55, 4.59, 4.58, 4.40, 4.37 (5 AB, 10H,
CH2), 4.02 (br s, 1 H, H-2), 3.94 (dd, 1H, J� 9.1, 9.7 Hz, H-4), 3.80 ± 3.78 (3 s,
12H, OCH3), 3.35 (m, 1H, H-5), 3.23 (m, 2 H, H-1, H-3), 2.11 (m, 2 H, H-6);
13C NMR (100 MHz, CDCl3): d� 159.25, 159.18, 159.13 (p-Cq-Ar), 139.47,
131.62, 131.07, 130.96, 130.48 (Cq-Ar), 129.89, 129.45, 129.36, 129.18 (o-CH-
Ar), 128.27 (m-CH-Ar), 127.89 (o-CH-Ar), 127.35 (p-CH-Ar), 114.00,
113.95, 113.93, 113.86 (m-CH-Ar), 82.90 (C-4), 81.32 (C-3), 78.13 (C-5),
75.70 (CH2), 75.33 (C-1), 75.22 (C-2), 73.96 (CH2), 72.67 (CH2), 72.27
(CH2), 70.67 (CH2), 55.63 (OCH3), 31.04 (C-6); MS (FAB�, NBA): m/z
(%): 733.4 (70) [MÿH]� ; MS (FABÿ, NBA): m/z (%): 887.5 (100) [M�
NBA]� ; HRMS-FAB: (m/z): [M]� calcd for C45H50O9 734.34549; found
734.33974; elemental analysis calcd (%) for C45H50O9: C 73.97, H 6.75;
found C 73.50, H 6.88.


ddll-2-O-Benzyl-6-deoxy-myo-inositol (rac-21): dl-2-O-Benzyl-6-deoxy-
1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (rac-20, 1.3 g, 1.7 mmol)
was dissolved in CH2Cl2/TFA (9:1, 40 mL) and stirred at room temperature
for 30 min. The reaction mixture was concentrated in vacuo and the crude
residue was redissolved in toluene. The solvent was evaporated and the
crude residue was purified by flash chromatography (ethyl acetate/acetone
1:0 to 0:1) to yield dl-2-O-benzyl-6-deoxy-myo-inositol (rac-21, 461 mg,
71%): 1H NMR (400 MHz, [D6]DMSO): d� 7.41 ± 7.19 (m, 5 H, ArH), 4.78,
4.76 (AB, 2 H, CH2), 4.65 ± 4.55 (m, 4 H, 4�OH), 3.65 (s, 1H, H-2), 3.52 (m,
1H, H-1), 3.32 (ddd, 1H, J� 3.9, 5.1, 12.9 Hz, H-4), 3.14 (m, 2H, H-3, H-5),
1.67 (t, 2 H, J� 8.6 Hz, H-6eq, H-6ax); 13C NMR (100 MHz, [D6]DMSO):
d� 140.63 (Cq-Ar), 128.48 (m-CH-Ar), 127.66 (o-CH-Ar), 127.44 (p-CH-
Ar), 83.11 (C-2), 75.72 (C-4), 74.66 (CH2), 73.24, 70.23 (C-3, C-5), 67.79 (C-
1), 30.41 (C-6).


ddll-2-O-Benzyl-1,3,4,5-tetrakis[bis(benzyloxy)phospho]-6-deoxy-myo-
inositol (rac-22): A mixture of bis(benzyloxy)(diisopropylamino)phos-
phine (1.63 g, 1.13 mL, 4.8 mmol) and dl-2-O-benzyl-6-deoxy-myo-inositol
(rac-21, 150 mg, 0.6 mmol) in CH2Cl2 (3 mL) was stirred for 15 min at 0 8C.
1H-Tetrazole (350 mg, 5 mmol) in CH2Cl2 (2 mL) was added and the
reaction was stirred for a further 1 h. The solution was cooled to ÿ78 8C
and m-CPBA (862 mg, 5 mmol) was added and the mixture was stirred for
one further hour. The reaction mixture was diluted with CH2Cl2 (8 mL) and
washed with water (20 mL), 10 % sodium metabisulfite (20 mL) and
NaHCO3 (20 mL), dried (MgSO4), and concentrated in vacuo. The
resulting syrup was purified by flash chromatography (ether/hexane 1:1
to 2:1) to give dl-2-O-benzyl-1,3,4,5-tetrakis [bis(benzyloxy)phospho]-6-
deoxy-myo-inositol (rac-22) as a colourless syrup (613 mg, 79%): 1H NMR
(400 MHz, CDCl3): d� 7.33 ± 7.14 (m, 45H, ArH), 5.06 ± 4.91 (m, 17 H, H-4,
CH2), 4.70, 4.65 (AB, 2 H, CH2), 4.43 (br s, 1H, H-2), 4.18 (m, 2H, H-1,
H-5), 4.09 (m, 1H, H-3), 2.52 (m, 1H, H-6eq), 2.30 (q, 1 H, J� 12.1 Hz,
H-6ax); 13C NMR (100 MHz, CDCl3): d� 139.63 (Cq-Ar), 127.46 (m-CH-
Ar), 126.66 (o-CH-Ar), 126.43 (p-CH-Ar), 78.31 (C-2), 76.06 (C-3), 75.76
(CH2), 73.67 (C-4), 72.40, 72.34 (C-1, C-5), 70.15 ± 69.73 (CH2), 32.24 (C-6);
31P NMR (162 MHz, CDCl3) [1H decoupled] d�ÿ0.35, ÿ0.62, ÿ1.05,
ÿ1.07 (4s, 4�P), [1H coupled] d�ÿ0.32, ÿ0.59, ÿ1.01, ÿ1.04 (4 sextet,
3JP,H� 7.9 Hz, 4�P); MS (FAB�, NBA): m/z (%): 1295 (100) [M]� ; MS
(FABÿ, NBA): m/z (%): 1447.2 (70) [M�NBA]� ; HRMS-FAB: (m/z):
[M]� calcd for C69H70O17P4 1295.35635; found 1295.36816; elemental
analysis calcd (%) for C69H70O17P4: C 63.99, H 5.45; found C 64.00, H 5.51.


ddll-6-Deoxy-myo-inositol 1,3,4,5-tetrakisphosphate (rac-13): dl-2-O-Ben-
zyl-1,3,4,5-tetrakis[bis(benzyloxy)phospho]-6-deoxy-myo-inositol (rac-22,
120 mg, 92 mmol) was dissolved in the minimum amount of MeOH/H2O
9:1 and was hydrogenated for 16 h under 80 psi, in the presence of twice the
amount of 10 % Pd/C. The catalyst was removed by filtration and the
filtrate was concentrated to give crude racemic tetrakisphosphate rac-13.
The residue was then purified by ion-exchange chromatography using a
gradient of 1m TEAB (0 ± 100 %). The title compound rac-13 eluted
between 65 ± 85 % TEAB and after pooling and evaporation of fractions
was obtained as the triethylammonium salt (60 mg, 87%). 1H NMR
(400 MHz, CD3OD): d� 4.48 (q, 1H, J� 9.0 Hz, H-4), 4.31 (br s, 1H, H-2),
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4.14 (m, 2H, H-1, H-5), 4.05 (dt, 1 H, J� 2.7, 10.2 Hz, H-3), 2.37 (m, 1H,
H-6eq), 2.10 (q, 1 H, J� 12.1 Hz, H-6ax); 31P NMR (162 MHz, CD3OD) [1H
decoupled]: d� 1.94, 1.31, 1.27, 0.96, (4 s, 4�P); [1H coupled]: d� 2.02, 1.59,
1.52, 1.17 (4d, 3JP,H� 9.1 Hz, 4�P).


dd- and ll-3-O-[S-(�)-O-Acetylmandelyl]-6-deoxy-1,4,5-tri-O-p-methoxy-
benzyl-myo-inositol (24 and 25): A mixture of dl-6-deoxy-1,4,5-tri-O-p-
methoxybenzyl-myo-inositol (rac-15) (4 g, 7 mmol), (S)-(�)-O-acetylman-
delic acid (23) (1.55 g, 8 mmol), and DMAP (60 mg, 0.5 mmol) in CH2Cl2


(20 mL), was stirred at ÿ20 8C. A solution of DCC (1.75 g, 8.5 mmol), in
CH2Cl2 (10 mL), was added dropwise over 1 h at ÿ20 8C and stirring
continued overnight. TLC (ether/hexane 3:2) showed two major products
of tR� 0.28 and 0.21. The reaction mixture was filtered through Celite,
which was washed thoroughly with CH2Cl2 (2� 100 mL). The solvent was
evaporated to give a syrup which was purified by flash chromatography
using ether/hexane (1:1 to 3:2) to provide d-3-O-[S-(�)-O-acetylmandel-
yl]-6-deoxy-1,4,5-tri-O-p-methoxybenzyl-myo-inositol (24) (2.03 g, 38%)
and l-3-O-[S-(�)-O-acetylmandelyl]-6-deoxy-1,4,5-tri-O-p-methoxyben-
zyl-myo-inositol (25) (2.14 g, 40%). 24: TLC: tR� 0.21 (ether/hexane
3:2); m.p. 112 ± 113 8C; [a]D��25.7 (c� 1 in methanol); 1H NMR
(400 MHz, CDCl3): d� 7.60 ± 6.8 (m, 17H, ArH), 5.98 (s, 1 H,
O2CCH(OAc)Ph), 4.72 (dd, 1 H, J� 2.3, 9.8 Hz, H-3), 4.70, 4.63, 4.57,
4.53, 4.40, 4.38 (3 AB, 6 H, CH2), 4.10 (br s, 1 H, H-2), 3.94 (t, 1 H, J� 9.8 Hz,
H-4), 3.38 ± 3.31 (m, 2 H, H-1, H-5), 2.19 (s, 3H, OAc), 2.10 (dt, 1 H, J� 4.7,
12.1 Hz, H-6eq), 1.89 (q, 1H, J� 12.1 Hz, H-6ax); 13C NMR (100 MHz,
CDCl3): d� 170.73, 168.37 (CO), 159.47, 159.25, 159.17 (p-Cq-Ar), 133.73,
130.99, 130.75 (Cq-Ar), 129.85, 129.53, 129.46 (o-CH-Ar), 129.40 (p-CH-
Ar), 128.99 (o-CH-Ar), 127.57 (m-CH-Ar), 114.12, 113.97, 113.83 (m-CH-
Ar), 79.37 (C-4), 77.31 (C-5), 76.04 (C-3), 75.24 (CH2), 75.05
(O2CCH(OAc)Ph), 73.46 (C-1), 72.35 (CH2), 70.70 (CH2), 68.44 (C-2),
55.59 (OCH3), 30.29 (C-6), 21.16 (OAc); MS (FAB�, NBA): m/z (%): 699.3
(20) [MÿH]� ; MS (FABÿ, NBA): m/z (%): 853.4 (85) [M�NBA]� , 699.3
(100) [MÿH]� ; HRMS-FAB (m/z): [M]� calcd for C40H44O11 700.28837;
found 700.282715. 25: TLC: tR� 0.28 (ether/hexane 3:2); [a]D��12.0 (c�
1 in methanol); 1H NMR (400 MHz, CDCl3): d� 7.53 ± 6.67 (m, 17H, ArH),
5.99 (s, 1 H, O2CCH(OAc)Ph), 4.72 (dd, 1 H, J� 2.3, 9.8 Hz, H-3), 4.56 ±
4.27 (m, 6H, CH2), 4.37 (br d, 1H, J� 2.3 Hz, H-2), 3.89 (t, 1 H, J� 9.8 Hz,
H-4), 3.39 (m, 1H, H-1), 3.31 (m, 1 H, H-5), 2.18 (s, 3H, OAc), 2.10 (dt, 1H,
J� 4.7, 12.4 Hz, H-6eq), 1.92 (q, 1H, J� 12.15, H-6ax); 13C NMR (100 MHz,
CDCl3): d� 170.10, 168.41 (CO), 159.49, 159.20, 158.92 (p-Cq-Ar), 133.30,
130.82, 130.60 (Cq-Ar), 129.64, 129.52, 129.44 (o-CH-Ar), 129.26 (p-CH-
Ar), 129.05 (o-CH-Ar), 128.17 (m-CH-Ar), 114.14, 113.902, 113.59 (m-CH-
Ar), 79.14 (C-4), 76.92 (C-5), 76.04 (C-3), 74.92 (O2CCH(OAc)Ph), 74.58
(CH2), 73.11 (C-1), 72.05 (CH2), 70.45 (CH2), 68.11 (C-2), 55.24 (OCH3),
29.95 (C-6), 20.66 (OAc); MS (FAB�, NBA): m/z (%): 699.3 (35) [MÿH]� ;
MS (FABÿ, NBA): m/z (%): 853.3 (60) [M�NBA]� , 699.3 (100) [MÿH]� ;
HRMS-FAB: (m/z): [M]� calcd for C40H44O11 700.28837; found 700.28301.


dd-6-Deoxy-1,4,5-tri-O-p-methoxybenzyl-myo-inositol (18): A mixture of
d-3-O-[S-(�)-O-acetylmandelyl]-6-deoxy-1,4,5-tri-O-p-methoxybenzyl-
myo-inositol (24, 1.6 g, 2.3 mmol), sodium hydroxide (2 g, 50 mmol) and
methanol (50 mL) was heated at reflux temperature for 30 min. The
mixture was cooled to room temperature and neutralised by careful
addition of carbon dioxide. The resulting solid was diluted with water
(25 mL) and evaporated to dryness in vacuo. The crude product was
extracted with CH2Cl2 (4� 100 mL) which was then evaporated off leaving
the title compound d-6-deoxy-1,4,5-tri-O-p-methoxybenzyl-myo-inositol
(1.04 g, 87%); [a]D��7.2 (c� 0.9 in CH2Cl2); HRMS-FAB: (m/z): [M]�


calcd for C30H36O8 524.24102; found 524.23549; elemental analysis calcd
(%) for C30H36O8: C 68.69, H 6.92; found C 68.40, H 6.88. NMR and mass
spectrum data as for rac-18.


ll-6-Deoxy-1,4,5-tri-O-p-methoxybenzyl-myo-inositol (ent-18): was ob-
tained in an identical fashion to that described for 18 (600 mg, 81%).
[a]D�ÿ8.1 (c� 1 in CH2Cl2); HRMS-FAB: (m/z): [M]� calcd for C30H36O8


524.24102; found 524.23807; elemental analysis calcd (%) for C30H36O8: C
68.69, H 6.92; found C68.40, H 6.85. NMR and mass spectrum data as for
rac-18.


dd-6-Deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (19): A mixture
of d-6-deoxy-1,4,5-tri-O-p-methoxybenzyl-myo-inositol (18, 750 mg,
1.4 mmol), Bu2SnO (400 mg, 1.6 mmol), Bu4NI (591 mg, 1.6 mmol), and
p-methoxybenzyl chloride (234 mg, 200 mL, 1.5 mmol) in toluene (30 mL)
was heated under reflux with 4 � molecular sieves in a Soxhlet apparatus
for 16 h. The solution was cooled and washed with H2O (2� 50 mL), brine


(100 mL), dried (MgSO4) and concentrated in vacuo. The crude syrup was
purified by flash chromatography using ether/hexane 2:1 to provide d-6-
deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (740 mg, 72%) as a
colourless syrup; [a]D� 0ÿ 1 (c� 1 in dichloromethane); HRMS-FAB:
(m/z): [M]� calcd for C38H44O8 644.29854; found 644.29590; elemental
analysis calcd (%) for C38H44O8: C 70.79, H 6.88; found C 70.40, H 6.83.
NMR and mass spectrum data as for rac-19.


ll-6-Deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (ent-19) was ob-
tained in an identical fashion to that described for 19 and isolated as a
colourless syrup (791 mg, 77%). [a]D�ÿ1.4 (c� 0.7 in dichloromethane);
HRMS-FAB: (m/z): [M]� calcd for C38H44O8 644.29854; found 644.29319;
elemental analysis calcd (%) for C38H44O8: C 70.79, H 6.88; found C 70.20,
H 6.88. NMR and mass spectrum data as for rac-19.


dd-2-O-Benzyl-6-deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (20):
d-6-Deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (19, 500 mg,
0.8 mmol) was dissolved in DMF (10 mL) and stirred at 0 8C for 10 min.
NaH (50 mg, 1.2 mmol) was added and the solution was stirred at 0 8C for a
further 10 min afterwhich benzyl bromide (171 mg, 118 mL, 1 mmol) was
added and the solution was stirred for 2 h. The reaction was quenched by
addition of MeOH and the solvent was evaporated. The crude residue was
dissolved in ether and was washed with H2O (2� 20 mL), dried (MgSO4)
and concentrated in vacuo. The crude residue was purified by flash
chromatography using ether/hexane (1:1 to 2:1) to yield d-2-O-benzyl-6-
deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (365 mg, 67%):
[a]D��13.2 (c� 1.1 in acetone); HRMS-FAB (m/z): [M]� calcd for
C45H50O9 734.34549; found 734.34021. NMR and mass spectrum data as for
rac-20.


ll-2-O-Benzyl-6-deoxy-1,3,4,5-tetra-O-p-methoxybenzyl-myo-inositol (ent-
20) was obtained in an identical fashion as that described for 20 (475 mg,
81%): [a]D�ÿ7.0 (c� 1 in acetone); HRMS-FAB: (m/z): [M]� calcd for
C45H50O9 734.34549; found 734.34101. NMR and mass spectrum data as for
rac-20.


dd-2-O-Benzyl-6-deoxy-myo-inositol (21): d-2-O-Benzyl-6-deoxy-1,3,4,5-
tetra-O-p-methoxybenzyl-myo-inositol (20, 250 mg, 0.35 mmol) was dis-
solved in CH2Cl2/TFA (9:1, 15 mL) and stirred at room temperature for
30 min. The reaction mixture was concentrated in vacuo and the crude
residue was redissolved in toluene. The solvent was evaporated and the
crude residue was purified by flash chromatography ethyl acetate/acetone
(1:0 to 0:1) to yield d-2-O-benzyl-6-deoxy-myo-inositol (71 mg, 83%):
[a]D��3.8 (c� 0.76 in acetone). NMR data as for rac-21.


ll-2-O-Benzyl-6-deoxy-myo-inositol (ent-21) was obtained in an identical
fashion to that for 21 (93 mg, 77%): [a]D�ÿ3.0 (c� 1 in acetone). NMR
data as for rac-21.


dd-2-O-Benzyl-1,3,4,5-tetrakis[bis(benzyloxy)phospho]-6-deoxy-myo-
inositol (22): A mixture of bis(benzyloxy)(diisopropylamino)phosphine
(650 mg, 634 mL, 1.9 mmol) and d-2-O-benzyl-6-deoxy-myo-inositol
(60 mg, 0.24 mmol) in CH2Cl2 (4 mL) was stirred for 15 min at 0 8C. 1H-
Tetrazole (140 mg, 2 mmol) in CH2Cl2 (3 mL) was added and the reaction
was stirred for a further 1 h. The solution was cooled to ÿ78 8C and m-
CPBA (345 mg, 2 mmol) was added and the mixture was stirred for 1 h. The
reaction mixture was diluted with CH2Cl2 (8 mL) and washed with water
(20 mL), 10 % sodium metabisulfite (20 mL) and NaHCO3 (20 mL), dried
(MgSO4), and concentrated in vacuo. The remaining syrup was purified by
flash chromatography (ether/hexane 1:1 to 2:1) to give d-2-O-benzyl-
1,3,4,5-tetrakis[bis(benzyloxy)phospho]-6-deoxy-myo-inositol as a colour-
less syrup (230 mg, 74%): [a]D��9.0 (c� 1 in methanol); HRMS-FAB:
(m/z): [M]� calcd for C69H70O17P4 1294.35635; found 1294.35745; elemental
analysis calcd (%) for C69H70O17P4: C 63.99, H 5.45; found C 63.60, H 5.48.
NMR and mass spectrum data as for rac-22.


ll-2-O-Benzyl-1,3,4,5-tetrakis[bis(benzyloxy)phospho]-6-deoxy-myo-
inositol (ent-22) was obtained in an identical fashion as to that for 22 and
was isolated as a colourless syrup (281 mg, 68%): [a]D�ÿ8.3 (c� 0.9 in
methanol); HRMS-FAB: (m/z): [M]� calcd for C69H70O17P4 1294.35635;
found 1294.35843; elemental analysis calcd (%) for C69H70O17P4: C 63.99 H
5.45; found C 63.50, H 5.52. NMR and mass spectrum data as for rac-22.


dd-6-Deoxy-myo-inositol 1,3,4,5-tetrakisphosphate (13): d-2-O-Benzyl-
1,3,4,5-tetrakis[bis(benzyloxy)phospho]-6-deoxy-myo-inositol (80 mg,
60 mmol) was dissolved in the minimum amount of MeOH/H2O 9:1 and
was hydrogenated for 16 h under 80 psi, in the presence of twice the
amount of 10 % Pd/C. The catalyst was removed by filtration and the
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filtrate was concentrated to give crude tetrakisphosphate 13. The residue
was then purified by ion-exchange chromatography using a gradient of 1m
TEAB (0 ± 100 %). d-6-Deoxy-myo-inositol 1,3,4,5-tetrakisphosphate
eluted at 65 ± 85 % TEAB and after pooling and evaporation of fractions
was obtained as the triethylammonium salt (40 mg, 85 %). [a]D��9.8 (c�
0.3 in water, pH approximately 4). NMR data as for rac-13.


ll-6-Deoxy-myo-inositol 1,3,4,5-tetrakisphosphate (ent-13) was obtained in
an identical fashion to that described for 13 (25 mg, 61%). [a]D�ÿ8.5 (c�
0.35 in water, pH approximately 4). NMR data as for rac-13.


dd-6-Deoxy-myo-inositol (26): d-1,4,5-Tri-O-p-methoxybenzyl-myo-inositol
(30 mg, 0.06 mmol) was dissolved in the minimum amount of MeOH/H2O
9:1 and was hydrogenated for 16 h under 80 psi, in the presence of twice the
amount of 10 % Pd/C. The catalyst was removed by filtration and the
filtrate was concentrated to give crude pentaol 26. The residue was then
purified by flash chromatography using ethyl acetate/acetone as the eluent
(1:0 to 0:1) to yield title compound in quantitative yield. [a]D��6.3 (c�
1.37 in water) lit. [a]��7.0.[49]


ll-6-Deoxy-myo-inositol (ent-26) was obtained in an identical fashion to
that described for 26. [a]D�ÿ7.0 (c� 1.37 in water).
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Supramolecular Detection of Metal Ion Binding: Ligand Conformational
Control of Cholesteric Induction in Nematic Liquid Crystalline Phases


Steffen Zahn,[b] Gloria Proni,[a, c] Gian Piero Spada,*[a] and James W. Canary*[b]


Abstract: Tripodal tetradentate ligands
may act as chemosensor molecules.
Their ability to torque a nematic into a
cholesteric phase increases upon com-
plexation with copper ion. Moreover,
changes in overall shape of the com-
plexes induced by different metals and
counter ions were transferred sensitively
to the supramolecular level, observed by
proportionate changes in the degree of


twisting. Modification of the oxidation
state of the metal center also gave large
changes in twisting power; this suggests
potential application in electrochemical


molecular switches. The handedness of
the induced cholesteric phase is related
to the stereochemistry of the ligand: The
small amount of chiral dopant needed
for the LC technique (less than 2 nmol)
suggests the possible determination of
the absolute configuration of the parent
primary amines of the ligands.


Keywords: chirality ´ circular di-
chroism ´ coordination chemistry ´
liquid crystals ´ supramolecular
chemistry


Introduction


The structure (and symmetry) of liquid crystals arises from the
balance of noncovalent inter- and intramolecular interactions
involving small amounts of energy.[1] This implies that liquid
crystalline materials are highly sensitive to chiral perturba-
tion. It is well known, in fact, that doping a nematic phase with
a nonracemic chiral compound induces the formation of a
cholesteric phase:[2] The chiral information is transferred from
the solute molecules to the bulk solvent and amplified. This
amplification process has been extensively used for solving
stereochemical problems[3] in which information on confor-
mation or configuration of the dopant are obtained from
studying the stereochemistry of the induced cholesteric phase.
Furthermore, this phenomenon allowed the detection of small
amounts of chiral nonracemic compounds.[4, 5]


Here we report that tripodal tetradentate ligands may act as
chemosensor molecules: Their ability to twist a nematic phase


increases upon copper ion complexation. The molecular
chirality is transferred first from the molecular to supra-
molecular level and then the chiral shape of the complex is
sensed by the nematic solvent. Furthermore, the value of the
twisting power depends critically on the chiral shape of the
complexes. We discuss here the discrimination of the different
oxidation states of copper metal centers in connection with
the different ligand conformations in the complex. This
observation opens the road to possible electrochemical
molecular switches that may find applications in the LC-
display technology. Finally, the cholesteric induction may be
used as a tool for assigning the absolute configuration of the
ligands and hence of their parent primary amines.


In earlier investigations with the tris[(2-pyridyl)methyl]-
amine (TPA, 1) family of ligands,[6, 7] we observed in crystallo-
graphic structures of ZnII and CuII complexes a distinct twist
of the pyridine rings. That is, the planes of the pyridine rings
were always tilted with respect to the central axis (N-Zn-Cl in
Figure 1) of the molecule, which results in propeller-like
structures.


Figure 1. Ligand TPA, and typical complexes.
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We found that it was possible to bias the helical twist by
incorporation of a substituent in one of the CH2 groups of the
ligand, creating a chirality center (e.g. 2). We showed that this
chirality center dictates the handedness of the propeller-like
helicity of the pyridine moieties in compounds 2 ± 4.[7, 8]


The compounds were characterized in the solid state by
X-ray crystallography and in solution by circular dichroism
(CD).[7] Similar observations were made for a series of related
compounds.[8] From the CD spectra of the complexes we
assigned the absolute sense of the orientation of the quinoline
rings in solution.[9] Complexes of several metal ions were
studied; it was found that only metals that bind the ligand in a
trigonal bipyramidal coordination geometry (ZnII, CuII)
engendered a C3-like conformation (Figure 2) in the ligand


Figure 2. Conformations of ligands in trigonal bipyramidal (C3), square
pyramidal (Cs), and octahedral (Cs) metal ion coordination geometries.


and thus gave the propeller twist and large CD amplitudes.
Metal ions forming octahedral complexes with 3 (FeII, CdII)
enforced a distorted ligand conformation (Cs, Figure 2), no
twist, and low amplitude CD spectra. We utilized the


conformation dependence of the chiroptical properties to
the develop a ªsmartº chemosensor for metal ions based on
CD and fluorescence spectroscopy.[10]


In this paper, we explore the twisting power of nematic
liquid crystalline phases as a potential detection mechanism


for metal ion sensors. In this
first study, we shall focus on the
issues of efficacy of twist induc-
tion and examine the potential
sensitivity available by this
technique.


Results and Discussion


A series of coordination complexes of enantiomerically pure
ligands 3[6] and 4[8] were prepared by precipitation methods.
CD spectra of these complexes are shown in Figure 3 and
Figure 4. The gross features of these spectra are consistent
with those discussed with related, published complexes. While


Figure 3. CD spectra of (S)-3 and its CuI, CuII, and CdII complexes.


Figure 4. CD spectra of (S)-4 and its CuI, CuII, and CdII complexes.


Abstract in Italian: Ligandi tetradentati tripodali possono
agire da chemosensori; la loro capacitaÁ di trasformare una fase
nematica in colesterica aumenta a seguito della complessazione
con ioni rame. Inoltre le variazioni di forma dei complessi
indotte dai diversi metalli e controioni sono state apprezza-
bilmente trasferite a livello supramolecolare e osservate
attraverso le corrispondenti variazioni del grado di twist.
Modifiche dello stato di ossidazione del centro metallico hanno
portato a grosse variazioni di potere torcente suggerendo
possibili applicazioni in dispositivi molecolari elettrochimici. Il
senso del colesterico indotto eÁ in relazione con la stereochimica
del ligando: la piccola quantitaÁ di soluto chirale necessaria per
la tecnica a cristalli liquidi (meno di 2 nmol) ne suggerisce il
possibile uso nella determinazione della configurazione asso-
luta delle ammine primarie da cui i ligandi sono ottenuti.
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the UV/Vis spectra in the 200 ± 270 nm region are virtually
identical for the free ligands and all of the complexes, the CD
spectra differ markedly. The detailed analysis of the spectra
will be discussed below.


The liquid crystal approach : A detailed investigation of the
cholesteric induction requires the definition of the ªhelical
twisting powerº (i.e., the ability of a chiral dopant to twist a
nematic phase).[5] This can be numerically expressed by b


defined in Equation (1), where p is the cholesteric pitch, c the
dopant molar fraction and r its enantiomeric excess.


b� (p ´ c ´ r)ÿ1 (1)


The sign of b is taken to be positive for a right-handed (P)
induced cholesteric and negative for a left-handed (M) phase.
From a stereochemical point of view, b characterizes a chiral
dopant in a way similar to the classical rotatory power.
Nevertheless, the origin of the two quantities is completely
different. The optical rotation (as the other chiroptical
quantities) is a consequence of the interaction between light
and matter, while the cholesteric induction originates from a
solute ± solvent interaction. Reasonably, we can expect that
the LC technique should be primarily sensitive to the
molecular shape rather than to the electronic characteristics
of the substituents present. The quantification of b requires
the determination of the pitch and the sense of the cholesteric.
This can be obtained with the nonspectroscopic Grandjean ±
Cano method.[11, 12]


The cholesteric induction phenomenon has been exten-
sively used as a tool for assigning absolute configuration.[3]


The approach may be simply correlative (when we compare
the handedness of the cholesteric phase induced from the test
molecule with that of analogous compounds of known
configuration) or rational. In this latter case a model which
relates the molecular chirality to the cholesteric chirality is
required: The most successful model, originally proposed in
1983,[13] allows the determination of the configuration of
binaphthyl (or more generally biaryl) atropoisomers.[3] More
recently, a purely theoretical approach was proposed.[14]


Irrespective of the approach adopted, a reliable method
requires relatively high twisting power (>10 mmÿ1). A pre-
requisite that a molecule must possess in order to show high
twisting power is the presence of at least two planar (or quasi-
planar) molecular fragments chirally twisted one with respect
to the other in a relatively rigid conformation. In particular, P-
skewed aromatic groups generate right-handed (P) choles-
teric as a consequence of the transfer of chirality from the
dopant to the bulk of the solvent through the chiral
conformation of the latter.[3]


The free ligands : The helical twisting power of the two free
ligands 3 and 4 in the nematic MBBA are relatively small (1 ±
6 mmÿ1), as expected for very flexible molecules.[3] The result
parallels observations made by CD spectroscopy, where the
free ligands show spectral amplitudes typical of heteroaro-
matic compounds with attached chirality centers.[6] This low
propensity to torque the nematic phase implies that different
LCs can exert different stabilization on molecular conforma-


tions modifying the actual conformation and/or the solute
alignment leading to different handed cholesterics. Indeed,
compound 4 shows twisting powers of almost the same small
absolute value but opposite sign in the two solvents MBBA
and E7.


The induction experiments were also carried out in E7. In
general, similar trends with lower magnitudes were observed.
Solubility of some complexes was lower in E7.


Complexes of 3 : When ligand 3 is complexed with CuI or CuII


ions, the twisting power increases by about 50 times (up to
98 mmÿ1). This effect is a consequence of a) the molecular re-
organization due to complexation that reduces the conforma-
tional mobility of 3 and b) the transfer of the chirality from the
molecular level to the supramolecular arrangement. The large
increase in twisting power correlates with the large increases
in amplitude of the chiroptical properties of the complexes
when studied in solution.[7] Both the solution and LC data are
consistent with the conformationally flexible ligand which
wraps around the metal ion and forms a geometrically
defined, highly chiral structure in the complex. The structure
of the related complex [CuII((R)-3)(CH3CN)](O2CF3)2 was
previously established by X-ray crystallography (Figure 5),
circular dichroism, UV/Vis spectroscopy, and elemental
analysis.[9] The complex showed a trigonal bipyramidal (tbp)
coordination geometry for the metal ion in the solid state; the
solution spectra were consistent with this assignment. When
the metal ion is tbp, the ligand adopts a C3 conformation,
which orients the two quinoline moieties in a highly asym-
metric manner, with projection angle of �128. The (R)-3
ligand displays a left-handed (L) helical chirality for the
orientations of the planes of the heterocycles.


From inspection of Table 1, we notice that CuI (and CuII)
complexes of the S-configured ligand 3 induces a left-handed
(M) cholesteric. This chiral transfer (ligand to solvent
organization) is mediated by the configuration around the
metal center. In fact, the above-mentioned data as well as
semi-empirical calculations of [CuII((S)-3)Cl]� indicate that


Table 1. Helical twisting powers b and g factors of (S)-3 and (S)-4 and of
their CuI, CuII, and CdII complexes.


Dopant b (SD) in MBBA g (De/e, �103) in MeOH


3 n.d.[a] 0.01
3 ´ CuII(ClO4)(PF6) ÿ 98 (9) 5.60
3 ´ CuIICl(ClO4) ÿ 59.1 (8) 3.70
3 ´ CuIICl(PF6) ÿ 65 (3) 3.58
3 ´ CuIPF6 ÿ 65 (4) 2.20
3 ´ CdIII2 ÿ 12.9 (0.7) 0.82


4[b] � 2.2 (0.2) 1.22
4 ´ CuIINCS(ClO4) ÿ 28.3 9.10
4 ´ CuIINCS(SCN) ÿ 19.0 (1.7) 8.75
4 ´ CuII(ClO4)(PF6) ÿ 23.7 (0.3) 6.71
4 ´ CuIICl(ClO4) ÿ 14.5 (0.3) 3.90
4 ´ CuIICl(PF6) ÿ 6.5 (0.2) 3.78
4 ´ CuIPF6


[b] ÿ 67.0 (3) 2.68
4 ´ CuIClO4 ÿ 48.0 (5) 1.95
4 ´ CuINCS j< 3 j 1.01
4 ´ CdIII2 ÿ 2.6 (0.4) 1.36


[a] n.d.: not detectable; isotropic at low dopant concentration. [b] The
enantiomer was measured.
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ligand 3, with an S configuration of the chirality center at the a


carbon, would display a D (right-handed) propeller-like twist
(see Figure 5). The correlation between the D configuration of
the complex and the M handedness of the cholesteric was
already described for the tris(pentane-2,4-dionate)metal(iii)


Figure 5. Top and side views of crystallographic structure of [Cu(3)-
(CH3CN)](O2CF3)2.[9]


C3 complex[15, 16] and rationalized in terms of a molecular
model similar to that proposed for biaryls.[13] In the three-
bladed propeller, only two blades at a time can interact (and
twist) the liquid crystalline host. For a D configuration, the
spatial relationship between any pairs of blades has the same
handedness of an M-biaryl (this same approach was used to
interpret the excitonic CD spectra of the complexes);[9]


accordingly, a D configuration may be associated with a left-
handed (M) cholesteric.


As shown in Figure 6, we noted a correlation between the
magnitude of b and the g factor (ratio of anisotropic and
isotropic extinction coefficients, also called the anisotropy or


Figure 6. Graphical correlation of g against b for 3 ´ CuII and 4 ´ CuII


complexes.


dissymmetry factor[17]). For the series of CuII complexes of 3,
the correlation between b and g is very strong as the counter
ion is changed. Thus, factors that affect the g factor also
appear to affect the helical twisting power. The counterions
ClO4


ÿ and PF6
ÿ are weakly or noncoordinating, while Clÿ is


more strongly coordinating, and distorts the complex as to
reduce both g and b.


Since they are based on fundamentally different phenom-
ena, why should b and g correlate with one another in this
system? Both numbers are related, in part, to the dihedral


angle between the planes of the chromophores, or in other
words, to the overall ªtwistº of the ligand in the complex. This
was already mentioned in the discussion of b. As the CD
spectra of the CuII complexes of 3 can be described using the
coupled oscillator model,[9] the spectral amplitude should vary
with interchromophore dihedral angle. However, this angle is
not the only factor that affects these parameters, as illustrated
by the fact that the slopes of the line generated by complexes
of 3 and 4 are quite different. The transfer of chirality from
complex to the solvent is likely to be different in the two
complexes, resulting in different slopes. The CuI complex also
displayed a fairly high b.


To test the important role of the ligand conformation in
determination of the value of b further, we measured the
twisting power of the CdII complex with 3. This metal ion is
known to form six coordinate, octahedral complexes with
related ligands.[18] Such metal ion geometry induces a Cs


conformation, which would not produce the propeller-like
asymmetry which is also expressed by the low g factor (0.82).


Complexes of 4 : The CuII complexes of 4 gave b values only
3 ± 14 times greater than that of the free ligand. Similar to the
CuII complexes of 3, a linear relationship between the g factor
and the helical twisting power was observed (Figure 6).
However, the slope is far less steep, which results from both
larger g numbers and smaller bs than observed for analogous
complexes of 3. Larger g numbers are observed due to the
presence of three pairwise, additive interactions between the
three quinoline chromophores,[8] while in 3 a maximum of one
interaction is possible. The most likely explanation for the
smaller b values is that CuII complexes of 4 transfer chiral
information to the nematic solvent less efficiently. Complexes
of 4 with CuII that give large b and g values are those that
favor tbp coordination geometry for the metal (and thus C3


conformation of the ligand) as judged by spectroscopic
analysis of the d ± d transitions.[8] Thus, even though CD and
other data suggest that the NCSÿ containing complexes have
highly, anisotropic, pseudo-C3 symmetry, their bs are not even
half the size of the corresponding 3 ´ CuII complexes. The CuII


complexes featuring no thiocyanate were found to adopt
preponderant square pyramidal like structure, which leads to
lower g factor and b value. This geometry does not enforce
strongly achiral orientations of the heterocycle rings, so that
the symmetry is broken only by the small perturbation
exerted by the stereogenic center. The shape does not show, in
this case, the feature of a chiral propeller whose presence is
responsible for the high b values of copper complexes of 3.
The 4 ´ CdI2 complex, was studied as a control experiment
since the expected octahedral geometry would not produce
the propeller-like asymmetry which is also reflected in the
very low g factor (1.36). As expected a b value similar in
magnitude to that of the free ligand 4 could be found.


Complexation of ligand 4 with CuI, in the absence of
thiocyanate, lead to high twisting power, similar in magnitude
to those observed for the complexes of 3 and much higher
compared with CuII complexes of 4. The similar twisting
power of 4 ´ CuIPF6 and 3 ´ CuIPF6 suggests that only two
blades are needed for the induction of a cholesteric meso-
phase if the dopant features a C3 propeller-like structure.
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Interestingly NCSÿ greatly diminishes both b and g in
4 ´ CuINCS. If thiocyanate is employed the C3 symmetry
vanishes. In this complex, one quinoline donor is decoordi-
nated, with the thiocyanate is strongly bound to the copper
center leading to a distorted structural arrangement.[8] In fact
the b obtained in E7 was ÿ3.5 and in MBBA j < 3 j which is
quite different from the other CuI complexes investigated.


General comments : The measurements of b are quite
sensitive, requiring as little as 2 nmol of material for
complexes with twisting powers in the order of 50, as shown
by many of the present complexes. With miniaturization and
device engineering, one might expect even lower detectable
limits. These levels of detection suggest potential for further
development of metal ion sensors[10] or further enhancements
in detectability of absolute configurations of primary amines.[19]


Conclusion


The sensitivity of liquid crystals to chiral perturbations has
been exploited to detect the different symmetry complexes
obtained from tripodal tetradentate ligands 3 and 4 and Cu�


and Cu2� ions. Modification of the oxidation state of the metal
ion in the complexes can significantly alter the twisting power
of the complex; this suggests potential applications in the
development of electrochiral liquid crystalline materials,
possibly with attractive features such as low power consump-
tion and bistability. Selection of counterion and ligand allows
control of the observed twist. The correlation between g and b


draws attention to common factors that affect these two
seemingly disparate parameters, yet the differences observed
emphasizes and clarifies the critical role that transfer of chiral
information from the dopant to the nematic solvent plays in
the overall twist induction phenomenon.


The pronounced difference between the metal ion com-
plexes and the free ligands combined with high sensitivity
suggests possible applications to metal ion sensors. Indeed,
the intense twist induced by the complexes 3 ´ Cu2�, the
relative ease of synthesis of the ligand 3, the small amount of
chiral compound needed for the LC technique (less than
2 nmol) support this notion as well as the possibility of
determination of the absolute configuration of primary
amines.


Experimental Section


All reagents and solvents were purchased from commercial sources and
used as received unless noted otherwise. The ligands 3 and 4 were prepared
as reported previously.[8, 9] The following were distilled under nitrogen
before use: diethyl ether from sodium/benzophenone and methylene
chloride from CaH2. Melting points were obtained with a MEL-TEMP II
apparatus and are uncorrected. CD spectra were recorded on an AVIV
202 SF spectropolarimeter. CD and UV/Vis spectra were recorded in
methanol.


General procedure for the pitch measurement : Cholesteric pitch values
and helical handednesses were obtained utilizing the lens version[20] of the
Grandjean ± Cano method[1, 12] using a standard 16 Zeiss microscope
equipped with a digital videocamera at room temperature. Cholesteric
solution were prepared by dissolving the chiral solute in the nematic
solvent MBBA (N-(4-methoxybenzilidene)-4-butylaniline) or E7 (eutectic


mixture from Merck of 4-cyano-4'-pentyl/-heptyl/-octyloxy biphenyl and
4-cyano-4'-(4''-pentylphenyl) biphenyl). In a typical experiment, 20 mg of a
solution containing about 1 nmol mgÿ1 of chiral dopant were used, the
detectable limit of each cholesteric induction experiment is, in the most
favorable cases, less than 2 nmol of complex.


Complex 3 ´ CuII(ClO4)(PF6): (Caution! Perchlorate salts of metal com-
plexes with organic ligands are potentially explosive. They should be handled
in small quantity and with caution.) A solution of Cu(ClO4)2 ´ 6H2O
(185 mg, 0.5 mmol) in methanol (5 mL) was added through a pipet to a
solution of 3 (200 mg, 0.5 mmol) in methanol (10 mL). After stirring for
about 10 min, a solution of NaPF6 (416 mg, 2.5 mmol) in methanol (5 mL)
was added. A precipiate started to form upon addition of diethyl ether and
was collected after 1 h stirring. The solid was washed with plenty of diethyl
ether and dried to yield the title compound (210 mg, 60 %). M.p. 180 8C
(decomp.); UV/Vis: l (e)� 233 (69 500 molÿ1 dm3 cmÿ1); elemental analysis
calcd (%) for C27H24N4CuClO4PF6: C 45.51, H 3.39, N 7.86; found: C 45.32,
H 3.54, N 7.79.


Complex 3 ´ CuIICl(ClO4): A solution of Cu(ClO4)2 ´ 6H2O (97.6 mg,
0.263 mmol) in MeOH (2 mL) was added through a pipet to a solution of
3 (107 mg, 0.263 mmol) in methanol (10 mL). After the reaction mixture
was stirred for about 10 min, a solution of NaCl (15.4 mg, 0.263 mmol) in
H2O (2 mL) was added. A precipitate formed immediately. The product
was filtered, washed with diethyl ether and dried in vacuo to yield the title
compound (90 mg, 56%). M.p. 205 8C (decomp.); UV/Vis: l (e)� 232
(68 800 molÿ1 dm3 cmÿ1); elemental analysis calcd (%) for C27H24N4Cu-
Cl2O4: C 53.78, H 4.01, N 9.29; found: C 53.79, H 3.84, N 9.48.


Complex 3 ´ CuIICl(PF6): Ligand 3 (200 mg, 0.5 mmol) and CuCl2 ´ 2H2O
(90 mg, 0.53 mmol) were mixed in methanol (15 mL). The solution was
stirred at room temperature for 1 h and NaPF6 (416 mg, 2.5 mmol) in
methanol (5 mL) was added, whereupon a precipitate gradually formed.
After the reaction mixture was stirred for a further 30 min, the solid was
collected by filtration, washed with diethyl ether and dried in vacuo to yield
the title compound (310 mg, 97 %). M.p. 196 8C (decomp.); UV/Vis: l (e)�
232 (68 300 molÿ1 dm3 cmÿ1); elemental analysis calcd (%) for
C27H24N4CuClPF6: C 50.01, H 3.73, N 8.64; found: C 50.46, H 3.57, N 8.77.


Complex 3 ´ CuIPF6 : Freshly distilled CH2Cl2 (10 mL) was added to 3
(110 mg, 0.27 mmol) and [Cu(MeCN)4]PF6 (100 mg, 0.27 mmol) in an inert
glovebox. The solids gradually dissolved, and the solution became yellow.
The yellow solution was allowed to stir for 15 min. Diethyl ether (50 mL)
was used to precipitate a yellow solid. After filtration, the solid was washed
with diethyl ether and dried under vacuum, resulting in 142 mg (85.5 %) of
the yellow product. m.p. 191 8C (decomp.); UV/Vis: l (e)� 231
(68 600 molÿ1 dm3 cmÿ1); elemental analysis calcd (%) for C27H24N4CuPF6:
C 52.9, H 3.94, N 9.13; found: C 52.78, H 3.95, N 9.08.


Complex 3 ´ CdIII2 : A solution of CdI2 (70 mg, 0.19 mmol) in methanol
(2 mL) was added dropwise through a pipet to a warm solution of 3 (78 mg,
0.19 mmol) in methanol (5 mL). Upon cooling, a white precipitate formed
at room temperature. The precipitate was collected, washed with methanol
and dried in vacuo to yield a white powder (108 mg, 73%). M.p. 165 8C
(decomp.); UV/Vis: l (e)� 231 (61 600 molÿ1 dm3 cmÿ1); elemental analysis
calcd (%) for C27H24N4CdI2: C 42.07, H 3.13, N 7.27; found: C 41.92, H 3.11,
N 7.23.


Complex 4 ´ CuIINCS(ClO4): A solution of Cu(ClO4)2 ´ 6H2O (81.5 mg,
0.22 mmol) in methanol (2 mL) was added through pipet to a solution of 4
(100 mg, 0.22 mmol) in methanol (10 mL). After the solution was stirred
for about 10 min, a solution of KSCN (21 mg, 0.216 mmol) in methanol
(1 mL) was added. A precipiate started to form immediately and was
collected after 1 h stirring. The solid was washed with plenty of diethyl
ether and dried to yield the title compound (124 mg, 83.3 %). M.p. 162 8C
(decomp.); UV/Vis: l (e)� 232 (124 000 molÿ1 dm3 cmÿ1); elemental anal-
ysis calcd (%) for C32H26N5CuClO4S: C 56.88, H 3.87, N 10.36; found: C
56.82, H 3.74, N 10.06.


Complex 4 ´ CuIINCS(SCN): Ligand 4 (200 mg, 0.44 mmol) and CuCl2 ´
2H2O (75 mg, 0.44 mmol) were added to methanol (3 mL). The solution
was stirred at room temperature for 1 h and KSCN (128 mg, 1.3 mmol) in
methanol (2 mL) was added, whereupon a precipitate gradually formed.
After the reaction mixture was stirred for 30 min the solid was collected by
filtration, washed with methanol and dried in vacuo to yield the title
compound (250 mg, 90 %). M.p. 116 8C (decomp.); UV/Vis: l (e)� 230
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(128 000 molÿ1 dm3 cmÿ1); elemental analysis calcd (%) for C33H26N6CuS2:
C 62.49, H 4.13, N 13.25; found: C 62.28, H 3.98, N 13.39.


Complex 4 ´ CuII(ClO4)(PF6): A solution of Cu(ClO4)2 ´ 6 H2O (162 mg,
0.438 mmol) in methanol (10 mL) was added through pipet to a solution of
4 (200 mg, 0.44 mmol) in methanol (20 mL). After the reaction mixture was
stirred for about 10 min, a solution of NaPF6 (367 mg, 2.2 mmol) in
methanol (8 mL) was added. A precipiate started to form immediately and
was collected after 1 h stirring. The solid was washed with plenty of diethyl
ether and dried to yield the title compound (287.8 mg, 86.2 %). M.p. 200 8C
(decomp.); UV/Vis: l (e)� 231 (116 000 molÿ1 dm3 cmÿ1); elemental anal-
ysis calcd (%) for C31H26N4CuClO4PF6: C 48.83, H 3.43, N 7.35; found: C
49.10, H 3.61, N 7.34.


Complex 4 ´ CuIICl(ClO4): A solution of Cu(ClO4)2 ´ 6H2O (73.8 mg,
0.2 mmol) in MeOH (1 mL) was added through a pipet to a solution of 4
(91 mg, 0.2 mmol) in methanol (5 mL). After the reaction mixture was
stirred for about 10 min, a solution of NaCl (11.7 mg, 0.2 mmol) in H2O
(0.5 mL) was added. A precipitate formed immediately. The product was
filtered, washed with diethyl ether and dried in vacuo to yield the complex
(64 mg, 49 %). M.p. 182 8C (decomp.); UV/Vis: l (e)� 231
(113 000 molÿ1 dm3 cmÿ1); elemental analysis calcd (%) for C31H26N4Cu-
Cl2O4: C 57.02, H 4.01, N 8.57; found: C 56.98, H 3.97, N 8.58


Complex 4 ´ CuIICl(PF6): Ligand 4 (100 mg, 0.22 mmol) and CuCl2 ´ 2H2O
(29.5 mg, 0.22 mmol) were mixed in methanol (15 mL). The solution was
allowed to stir at room temperature for 1 h and NaPF6 (184 mg, 1.1 mmol)
in methanol (3 mL) was added, whereupon a precipitate gradually formed.
After the reaction mixture was stirred for 30 min the solid was collected by
filtration, washed with diethyl ether and dried in vacuo to yield the title
compound (133.1 mg, 87 %). M.p. 180 8C (decomp.); UV/Vis: l (e)� 231
(115 000 molÿ1 dm3 cmÿ1); elemental analysis calcd (%) for
C31H26N4CuClPF6: C 53.30, H 3.75, N 8.02; found: C 53.47, H 3.77, N 8.01.


Complex 4 ´ CuIPF6 : Freshly distilled CH2Cl2 (10 mL) was added to 4
(100 mg, 0.22 mmol) and [Cu(MeCN)4]PF6 (80 mg, 0.21 mmol) in an inert
glovebox. The solids gradually dissolved, and the solution turned yellow.
The yellow solution was stirred for 15 min. Diethyl ether (50 mL) was used
to precipitate a yellow solid. After filtration the solid was washed with
diethyl ether and dried under vacuum, resulting in the yellow product
(114.4 mg, 78.4 %). M.p. 198 8C (decomp.); UV/Vis: l (e)� 230 (100 000);
elemental analysis calcd (%) for C31H26N4CuPF6: C 56.15, H 3.95, N 8.45;
found: C 55.91, H 3.75, N 8.35.


Complex 4 ´ CuIClO4 : Freshly distilled CH2Cl2 (15 mL) was added to 4
(200 mg, 0.44 mmol) and [Cu(MeCN)4]ClO4 (142 mg, 0.434 mmol) in an
inert glovebox. The solids gradually dissolved, and the solution turned
yellow. The yellow solution was stirred for 15 min. Diethyl ether (70 mL)
was used to precipitate a yellow solid. After filtration the solid was washed
with diethyl ether and dried under vacuum, resulting in the yellow product
(260 mg, 96%). M.p. 175 8C (decomp.); UV/Vis: l (e)� 230 (101 000);
elemental analysis calcd (%) for C31H26N4CuClO4: C 60.29, H 4.24, N 9.07;
found: C 60.23, H 4.21, N 9.01.


Complex 4 ´ CuINCS : A suspension of CuSCN (27 mg, 0.223 mmol) in cold
dimethylsulfoxide (2 mL) was added to a hot solution of 4 (100 mg,
0.22 mmol) in dimethylsulfoxide (3 mL). The solution gradually turned
clearer and was stirred for 30 min. After the solution was evaporated to
dryness the remaining solid was taken up in CH2Cl2 (10 mL). Diethyl ether
(40 mL) was used to precipitate a yellow solid. After filtration, the solid was
washed with diethyl ether and dried under vacuum, resulting in the yellow
product (92 mg, 73%). M.p. 130 8C (decomp.); UV/Vis: l (e)� 231
(120 000); elemental analysis calcd (%) for C32H26N5CuS: C 66.70, H
4.55, N 12.15; found: C 66.91, H 4.48, N 12.35.


Complex 4 ´ CdIII2 : A solution of CdI2 (307 mg, 0.839 mmol) in methanol
(10 mL) was added dropwise through a pipet to a warm solution of 4
(380 mg, 0.837 mmol) in methanol (50 mL). Upon cooling, a white
precipitate formed at room temperature. The precipitate was collected,
washed with methanol and dried in vacuo to yield a white powder (600 mg,
87%). M.p. 170 8C (decomp.); UV/Vis: l (e)� 231 (95 300); elemental
analysis calcd (%) for C31H26N4CdI2: C 45.36, H 3.19, N 6.82; found: C
45.32, H 3.11, N 6.73.
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Aza-[3,3]-Claisen Enolate Rearrangement in Vinylaziridines:
Stereoselective Synthesis of Mono-, Di-, and Trisubstituted
Seven-Membered Lactams


Ulf M. Lindström[b] and Peter Somfai*[a]


Dedicated to the memory of Tomas JarevaÊng


Abstract: Several 2,3-disubstituted vinylaziridines have been N-acylated and
subjected to LiHMDS in THF at ÿ78 8C. Upon warming to room temperature, the
resulting amide enolates underwent a highly stereoselective [3,3]-sigmatropic
rearrangement to give mono-, di-, and trisubstituted seven-membered lactams in
good yields. The scope and limitations of the process have been investigated by using
variously substituted vinylaziridines. A kinetically controlled process proceeding
through a six-membered boatlike transition state assembly has been invoked to
explain the stereochemical outcome of the reaction.


Keywords: CÿC coupling ´ lactams
´ rearrangements ´ vinylaziridines


Introduction


Efficient methods for the stereoselective formation of CÿC
bonds are of importance in organic synthesis. For this reason,
much effort has been, and still is, devoted to the development
of such methodology. Frequently, these methods involve a
reaction that proceeds through a cyclic transition state in a
concerted bond reorganization, that is, a pericyclic reaction,
which usually allows for accurate prediction of the stereo-
chemical outcome of the reaction. Two well-known examples
of this type are the sigmatropic [2,3]-Wittig[1±3] and [3,3]-
Claisen rearrangements,[4±8] of which many variants have been
explored. Those with an oxygen in the migrating s-bond are
the most frequently investigated, whereas the aza- or thia-
analogues have received less attention. The rearrangement of
allylic ester enolates (Scheme 1a, X�O, Y�Oÿ) known as
the Ireland ± Claisen rearrangement has found broad appli-
cation in modern synthetic organic chemistry as a result of its
relatively mild reaction conditions and the high degree of
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Scheme 1. a) Prototype of a [3,3]-rearrangement; b) Aza-[3,3]-Claisen
enolate rearrangement of N-acyl vinylaziridines.


control it offers over the relative stereochemistry in the
product. However, as with the regular Claisen rearrangement,
the aza-analogue, that is, the amide enolate (Scheme 1a, X�
N, Y�Oÿ), has received considerably less attention.


2-Vinylaziridines have been found useful for the synthesis
of diverse compounds such as aza-heterocycles,[9±12] b-lac-
tams,[13, 14] dipeptide isosteres,[15, 16] and sphingosines.[17] Anal-
ogously to vinylcyclopropanes and vinylepoxides, the inherent
ring strain associated with vinylaziridines provides a thermo-
dynamic driving force for efficient ring-opening or ring-
expansion reactions.[18, 19] Vinylaziridines have mainly been
associated with conjugate addition of organocuprates to
produce allylamines,[20] sigmatropic [1,3]-rearrangements into
pyrroline derivatives,[21] and aza-[2,3]-Wittig rearrangement
of N-alkyl vinylaziridines to give di- and trisubstituted
tetrahydropyridines.[10, 22±25] N-Alkyl vinylaziridines have also
been shown to be viable substrates for a thermal [1,5]-
hydrogen shift to give allylic amines.[26±28] Despite these
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efforts, the more widespread use of vinylaziridines as inter-
mediates in organic synthesis is hampered by the lack of
efficient and general routes for their preparation. In an effort
to alleviate this limitation, we recently developed a general
and enantioselective synthesis of NÿH vinylaziridines with the
prospect that they would function as precursors for all types of
N-substituted vinylaziridines (Scheme 2).[29]


R
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R


R1


NH2


HO
R


R1


NH
b


3a-e2a-e


a


1a    R=OBn, R1=H


 b   R=CH2Ph,  R1=H


c   R=H, R1=(E)-CH2OBn


d   R=OBn, R1=(E)-CH3


 e   R=OBn, R1=(Z)-CH3 (E:Z 1:13)


Scheme 2. Reagents and conditions: a) NH4OH, microwave irradiation,
30 W, 8 min, 86 ± 93%; b) DEAD, Ph3P, PhMe, D, 50 ± 61%.


Vinylepoxides can easily be obtained in high enantiomeric
excess by asymmetric epoxidation of allylic alcohols followed
by a Swern ± Wittig olefination procedure,[30] or by the
recently disclosed regio- and enantioselective epoxidation of
conjugated dienes.[31] Aminolysis of vinylepoxides 1 a ± e by
using a microwave-assisted protocol resulted in a stereo-
specific and highly regioselective ring opening to give amino
alcohols 2 a ± e (86 ± 93 %).[32] The subsequent ring closure of
the amino alcohols 2 a ± e by using standard Mitsunobu
conditions [PPh3, diethyl azodicarboxylate (DEAD)] afford-
ed vinylaziridines 3 a ± e (50 ± 61 %) with their configuration
inverted compared with the starting vinylepoxides.[29] The
added flexibility of this approach, compared with separate
synthetic endeavors for each individual vinylaziridine target,


should hopefully serve to establish vinylaziridines as useful
intermediates in organic synthesis beyond their present scope.
In a desire to increase the synthetic potential of vinylazir-
idines even further, we developed, and recently communi-
cated, an aza-[3,3]-Claisen rearrangement in N-acyl vinyl-
aziridines as a novel method to seven-membered lactams
(Scheme 1b).[33] Although there are some elegant examples of
stereocontrolled construction of seven-membered nitrogen
heterocycles,[34±38] this is still an underdeveloped area in
organic synthesis when one considers the potential these
compounds have displayed as scaffolds for conformationally
constrained peptidomimetics in drug design[39, 40] and as
intermediates in the synthesis of natural products.[34]


Herein is described the preparation of a number of N-acyl
vinylaziridines and their base-induced ring expansions into
seven-membered unsaturated lactams. Scope and limitations
have been investigated by varying the substituents on the
vinylaziridine.


Results and Discussion


Synthesis of N-acyl vinylaziridines : The N-acyl vinylazirid-
ines 4 a ± 4 n used in the present study were synthesized by
treating the corresponding NÿH vinylaziridines with acetic,
propionic, benzyloxyacetic, N-Boc glycine, or N-Boc alanine
anhydride in the presence of Et3N and a catalytic amount of
4-dimethylaminopyridine (DMAP, Table 1). The N-acyl vinyl-
aziridines were unstable to silica gel purification and were
used directly in the subsequent Claisen rearrangements.
Accordingly, all yields of tetrahydroazepinones reported
herein refer to such two-step sequences.


Rearrangement in 2,3-disubstituted vinylaziridines : Variously
substituted vinylaziridines have been prepared as described
above and examined as substrates for the projected aza-[3,3]-


Table 1. Acylation and [3,3]-rearrangement of vinylaziridines 3a ± e.[a]
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(R3CH2CO)2O
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NÿH Vinylaziridine R1 R2 R3 N-Acyl Vinylaziridine[b] Lactam R2 Yield [%][c]


1 3 a OBn H H 4 a 5a H 83
2 3 b CH2Ph H H 4 b 5b H 83
3 3 b CH2Ph H CH3 4 c 5c[d] H 85
4 3 b CH2Ph H OBn 4 d 5d H 81
5 3 b CH2Ph H NHBoc 4 e 5e H 76
6 3 c H (E)-CH2OBn H 4 f 5 f a-CH2OBn 73
7 3 d OBn (E)-CH3 H 4 g 5g a-CH3 71
8 3 e OBn (Z)-CH3 (E :Z 1:13) H 4 h 5h b-CH3


[e] 73
9 3 c H (E)-CH2OBn CH3 4 i 5 i a-CH2OBn 60


10 3 d OBn (E)-CH3 CH3 4 j 5 j a-CH3 64
11 3 e OBn (Z)-CH3 (E :Z 1:13) CH3 4 k 5k b-CH3


[e] 61
12 3 c H (E)-CH2OBn NHBoc 4 l 5 l a-CH2OBn 63


[a] All acylation reactions were run in CH2Cl2 at ÿ78 8C with 1.1 equiv anhydride, 2 equiv Et3N, and DMAP (cat.). The rearrangements were performed in
THF atÿ78 8C!RTusing 2 equiv LiHMDS. [b] The crude N-acyl vinylaziridines were not subjected to further purification after work up. [c] Isolated yields
after SiO2 chromatography using 2 ± 3 % iPrNH2 in the eluent. The yields refer to two steps from the corresponding NÿH vinylaziridine. [d] (a/b 22:1).
[e] The isomeric ratio of 4h (E :Z 1:13) was retained in the rearrangement.
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Claisen enolate rearrangement. The results from the rear-
rangements of all trans-2,3-disubstituted vinylaziridines are
collected in Table 1. When N-acetyl vinylaziridine 4 a was
treated with LiHMDS (lithium bis(trimethylsilyl)amide) in
THF at ÿ78 8C and warmed to room temperature, the C7-
substituted lactam 5 a was formed in 83 % yield over two steps
from NÿH vinylaziridine 3 a (Table 1, entry 1). Repetition of
the procedure with 4 b gave 5 b in equally good yield (83 %,
entry 2).


Much of the synthetic utility of the Claisen rearrangement
arises from its high degree of control over the stereochemical
outcome. To investigate whether this would apply to the
present rearrangements, several more highly substituted
vinylaziridines (4 c ± 4 l) were synthesized, which after ring
expansion should give 3,7-di-, 4,7-di-, and 3,4,7-trisubstituted
lactams. Indeed, deprotonation of 4 c, the a-benzyloxy
derivative 4 d, and the glycine amide 4 e, which are known to
give preferentially the corresponding (Z)-enolates,[41, 42] and
rearrangement gave the cis-3,7-disubstituted tetrahydroaze-
pinones 5 c (85 %, a/b 22:1, entry 3), 5 d (81 %, entry 4), and
5 e (76%, entry 5), respectively. The last two products gave
only single detectable diastereomers. Similarly, (Z)-alkenyl
derivative 4 h and (E)-alkenyl derivatives 4 f and 4 g were
rearranged into trans-4,7-disubstituted lactam 5 h (73%, en-
try 8) and cis-4,7-disubstituted lactams 5 f (73 %, entry 6) and
5 g (71%, entry 7), respectively, as single detectable diastereo-
mers in each case. This indicates that the stereochemistry of
the olefin is retained throughout the reaction. Trisubstituted
lactams were obtained by rearranging vinylaziridines 4 i
through to 4l (entries 9 ± 12). Once again only single diastereo-
mers were detected, although the yields dropped to around
60 %.


When vinylaziridine 4 m, obtained by acylating 3 b with the
anhydride of N-Boc-l-alanine, was subjected to standard
rearrangement conditions, the result was only unchanged
starting material. However, refluxing for one hour following
deprotonation at ÿ78 8C gave the rearranged product in 58 %
yield, surprisingly not as the tert-butyl carbamate but as the
urea derivative 5 m (Scheme 3). Standard isolation procedure
for all the lactams described herein includes doping the
solvent used for chromatography with 2 ± 3 % iPrNH2 to avoid
minor decomposition and accompanying lower yields. It is
assumed that the unexpected formation of 5 m is most likely to
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Scheme 3. Reagents and conditions: LiHMDS (2 equiv), THF, ÿ78 8C!
D ; SiO2 chromatography (EtOAc/pentane 8:1� 3% iPrNH2), 58%.


be the result of intramolecular nucleophilic attack by the
anionic amide oxygen on the carbamate, and this leads to the
formation of the 5,7-fused bicyclic oxazolidinone 6, which
should be susceptible to nucleophilic ring opening by iPrNH2


on silica gel. In line with this, rearrangement of 4 m followed
by flash chromatography and excluding the addition of
iPrNH2 to the eluent gave only unidentifiable material and
none of 5 m. Finally, the 5,7-disubstituted lactam 5 n was
obtained in 85 % yield by acetylation and rearrangement of
NÿH vinylaziridine 3 f (Scheme 4).
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Scheme 4. Reagents and conditions: a) 1.1 equiv Ac2O, 2 equiv Et3N, cat.
DMAP, CH2Cl2,ÿ78 8C; b) 2 equiv LiHMDS, THF,ÿ78 8C!RT, 85% for
two steps.


Conformational studies : Molecular modeling[43] indicated that
the seven-membered ring preferably adopts a conformation,
in which the b-C3 proton and the C7 methine proton are in
close proximity. This was confirmed by NOE experiments,
and revealed significant NOE�s between these two protons in
all of the lactams. This corroborates the cis-relation between
the substituents of the 3,7-disubstituted lactams 5 c ± e (Fig-
ure 1). Determination of relative configuration of the 4,7-
disubstituted and the 3,4,7-trisubstituted lactams also re-
quired additional inspection of the relevant proton couplings.
For the 3,3,7-trisubstituted lactam 5 m, strong NOEs were
observed between the protons of the b-C3 methyl and the C7
proton.
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Figure 1. Conformational analysis of the seven-membered unsaturated
lactams.


Mechanistic considerations : The high selectivities observed in
the [3,3]-rearrangements of this investigation suggest that the
reaction follows a highly ordered, probably concerted reac-
tion pathway, in which the relative stereochemistry of the
substrate is effectively communicated to the product, as is
often described for other rearrangements of this kind. All of
the results from the rearrangements of vinylaziridines 4 can
be rationalized by assuming that the reaction proceeds
through the six-membered boatlike transition state assem-
bly 7 (Scheme 5). It should be noted that boatlike transition
states have been invoked previously to explain the outcome in
Claisen-type rearrangements of certain cyclic substrates,
while the acyclic cases are generally believed to involve
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Scheme 5. Proposed transition state structure (7).


chairlike transition state structures.[6, 7] The main features of 7
are the olefin and enolate moieties, which are cis-related in
order to facilitate bond formation. Both these groups adopt an
endo conformation, which projects over the three-membered
ring. Bond formation between the enolate and the alkene and
concomitant opening of the aziridine give the observed
products. This model correctly accounts for i) the formation
of a-C3 isomers 5 c ± e and i ± l when deprotonating and
rearranging 4 c ± e and i ± l ; the sound assumption is that
(Z)-enolates are involved in each case,[41, 42] and ii) the
stereochemical outcome when using the alkenyl deriva-
tives 4 f ± l. It is also presumed that the ease with which these
transformations occur is a consequence of the considerable
relief of ring strain when one goes from a three- to a seven-


membered ring.[18] Some addi-
tional support for the above
was obtained when we tried to
rearrange vinylaziridine 8. De-
protonation followed by warm-
ing to room temperature and
quenching with D2O gave com-
pletely deuterated starting ma-


terial (10 %), along with decomposed material; this indicated
that for steric reasons the enolate derived from 8 is not
capable of attaining the required transition state structure to
participate in the [3,3]-rearrangement.


In order to verify that the observed high selectivities of the
rearrangements were actually the result of a kinetically
controlled process and not due to a base-promoted equilibra-
tion of an initially formed mixture, the b-C3 methyl substi-
tuted lactam 11, the C3-epimer of 5 c, was synthesized.
Starting from lactam 5 b, deprotonation using BuLi followed
by quenching with Boc-anhydride gave N-Boc protected
lactam 9 in 95 % yield (Scheme 6).[44] Methylation was best
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Scheme 6. Reagents and conditions: a) BuLi (1.1 equiv), (Boc)2O
(2 equiv), THF,ÿ78 8C! 0 8C, 95 %; b) LiHMDS (2 equiv), MeI (2 equiv),
THF,ÿ78 8C! 0 8C, 76 %; c) trifluoroacetic acid (TFA, 1.5 equiv), CH2Cl2,
RT, 82%; d) LiHMDS (2 equiv), THF, ÿ78 8C!RT; phosphate buffer,
recovered 11.


effected using LiHMDS and methyl iodide in THF, and this
furnished, as a single diastereomer, the trans-3,7-disubstituted
lactam 10 in 76 % yield. The reason for the high diastereose-
lectivity observed in this alkylation is not clear but may be
rationalized by assuming that the enolate derived from 9 will
adopt a conformation, in which the N-Boc moiety will be
oriented on the a-face of the ring to minimize unfavorable
allylic strain with the C7-substituent. This would favor
electrophilic attack from the less hindered b-face. Standard
deprotection of 10 then gave amide 11 in 82 % yield. This
simple synthetic route towards the epimer of 5 c is gratifying
as it complements the [3,3]-rearrangement to provide access
to both a- and b-C3-substituted lactams. When 11 was
subjected to rearrangement conditions, standard isolation
procedures gave only unchanged starting material. Apparent-
ly, epimerization does not occur under these conditions, which
indicates that the reaction is kinetically controlled and
strongly supports the initial assumption that our postulated
transition state assembly can be used to predict the stereo-
chemical outcome of these rearrangements.


In conclusion, we have shown that N-acylated vinylazir-
idines are excellent substrates in the base-induced aza-[3,3]-
Claisen enolate rearrangement to furnish, highly stereoselec-
tively, mono-, di-, or trisubstituted seven-membered lactams.
A kinetically controlled, concerted reaction pathway, pro-
ceeding through a six-membered boatlike transition state
assembly, is proposed and supported by experimental results.
This reaction should serve to make vinylaziridines more
attractive as precursors for the synthesis of larger N-hetero-
cycles. Work is now in progress to apply this reaction for the
synthesis of natural products and peptidomimetics.


Experimental Section


General : For general experimental details, see Supporting Information.


Typical procedure for the N-acylation and rearrangement of vinylazirid-
ines 3a ± f


(7R)-7-Benzyloxymethyl-1,3,4,7-tetrahydroazepin-2-one (5a): Ac2O
(0.011 mL, 0.117 mmol) was added to a solution of vinylaziridine 3a
(0.0201 g, 0.106 mmol), Et3N (0.030 mL, 0.212 mmol), and a few crystals of
DMAP in CH2Cl2 (2 mL) at ÿ78 8C. After 20 min, the reaction was
quenched with phosphate buffer (pH 7), diluted with Et2O, and washed
with water, NaHCO3 (sat. aq), and brine. Drying (Na2SO4) and concen-
tration gave the crude N-acyl vinylaziridine 4 a, which was taken on to the
next step without further purification. 1H NMR (300 MHz, CDCl3): d�
7.39 ± 7.24 (m, 5 H), 5.54 ± 5.28 (m, 3 H), 4.59 (s, 2 H), 3.71 (dd, J� 10.9,
4.1 Hz, 1 H), 3.67 (dd, J� 10.9, 4.6 Hz, 1 H), 3.08 (dd, J� 7.6, 2.7 Hz, 1H),
2.75 (ddd, J� 4.5, 2.8, 2.7 Hz, 1H), 2.09 (s, 3H); 13C NMR (100 MHz,
CDCl3): d� 181.5, 138.1, 134.3, 132.6, 132.5, 128.9, 128.3, 120.5, 73.4, 68.4,
43.3, 42.9, 24.7; IR (neat): nÄ � 3400, 3060, 3030, 2980, 2920, 2860, 1680 cmÿ1.


The crude aziridine 4a from above was dissolved in THF (1 mL) and added
to a solution of LiHMDS (1.0m in hexanes; 0.236 mL, 0.236 mmol) in THF
(1 mL) atÿ78 8C. After 20 min, the cooling bath was removed, and after an
additional 0.5 h at RT, the reaction was quenched with phosphate buffer
(pH 7). The mixture was diluted with Et2O and then washed with water and
brine. Drying (Na2SO4), concentration, and flash chromatography (hep-
tane/EtOAc 2:1, 3 % iPrNH2) furnished lactam 5 a (0.0202 g, 83%). [a]D�
ÿ9.5 (c� 1.31 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.40 ± 7.29 (m,
5H), 6.14 (br s, 1H), 5.79 (m, 1H), 5.42 (dd, J� 11.6, 2.4 Hz, 1 H), 4.56 (s,
2H), 4.39 (br m, 1H), 3.52 (dd, J� 9.5, 4.4 Hz, 1H), 3.43 (dd, J� 9.5, 8.5 Hz,
1H), 2.90 (ddd, J� 5.1, 4.1, 3.1 Hz, 1 H), 2.52 ± 2.30 (m, 3 H); 13C NMR
(100 MHz, CDCl3): d� 176.5, 137.6, 131.9, 129.0, 128.5, 128.3, 126.6, 73.7,


BnO


N


O
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72.2, 50.3, 34.3, 25.0; IR (neat): nÄ � 3360, 2910, 2860, 1660 cmÿ1; HRMS
(CI� ): calculated for C14H18NO2 [M�H]�: 232.1337; found: 232.1335.


(7R)-1-N-tert-Butylcarbonate-7-phenethyl-1,3,4,7-tetrahydroazepin-2-one
(9): BuLi (1.6m in hexanes, 0.314 mL, 0.502 mmol) was added to a solution
of lactam 5b (0.090 g, 0.418 mmol) in THF (5 mL) atÿ78 8C. After 10 min,
(Boc)2O (0.115 mL, 0.502 mmol) was added. The mixture was allowed to
attain ÿ45 8C over 2 h, after which the reaction was quenched with NH4Cl
(sat. aq). The mixture was poured into Et2O and water. The organic phase
was washed with water, NaHCO3 (sat. aq), and brine, sequentially. Drying
(Na2SO4) and removal of the solvent at reduced pressure furnished the
spectroscopically pure lactam 9 (0.125 g, 95 %). [a]D�ÿ127.1 (c� 0.96 in
CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.32 ± 7.16 (m, 5H), 5.82 (m, 1H),
5.72 (m, 1H), 4.87 (q, J� 7.0 Hz, 1 H), 2.91 (m, 1 H), 2.72 (m, 2H), 2.48 (m,
2H), 2.24 (m, 1H), 2.11 (m, 1 H), 1.51 (s, 9 H); 13C NMR (100 MHz, CDCl3):
d� 175.4, 141.2, 129.9, 128.7, 128.7, 128.5, 126.3, 83.2, 55.0, 39.3, 38.4, 33.5,
28.4, 24.5; IR (CDCl3): nÄ � 3210, 2910, 2860, 1700, 1670 cmÿ1; HRMS (CI�
): calculated for C19H26NO3 [M�H]�: 316.1913; found: 316.1895.


(3R,7R)-1-N-tert-Butylcarbonate-3-methyl-7-phenethyl-1,3,4,7-tetrahy-
droazepin-2-one (10): LiHMDS (1.0m in hexanes, 0.057 mL, 0.057 mmol)
was added to a solution of lactam 9 (0.015 g, 0.048 mmol) in THF (2 mL) at
ÿ78 8C. After 25 min, MeI (0.009 mL, 0.144 mmol) was added at ÿ50 8C.
The reaction mixture was allowed to attain RT, and after 4 h at RT, NH4Cl
(sat. aq) was added. The mixture was poured into Et2O and water. The
organic phase was washed with water and brine, sequentially. Drying
(Na2SO4) and removal of the solvent at reduced pressure furnished the
crude lactam 10 as a single diastereomer. Purification by flash column
chromatography (pentane/EtOAc 25:1! 15:1) afforded pure lactam 10
(0.012 g, 76%). [a]D�ÿ100.4 (c� 0.56 in CHCl3); 1H NMR (400 MHz,
CDCl3): d� 7.33 ± 7.16 (m, 5H), 5.77 (m, 2H), 4.88 (m, 1 H), 2.98 (m, 1H),
2.73 (m, 2 H), 2.37 ± 2.24 (m, 2 H), 2.14 (m, 2 H), 2.10 (dd, J� 8.0, 1.1 Hz,
1H), 1.51 (s, 9H), 1.20 (d, J� 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3):
d� 177.0, 154.3, 141.0, 129.5, 128.4, 128.3, 128.1, 126.0, 82.7, 55.1, 40.4, 38.9,
33.3, 33.1, 28.1, 17.5; IR (CDCl3): nÄ � 3220, 2930, 2910, 2860, 1690,
1670 cmÿ1; HRMS (CI� ): calculated for C20H28NO3 [M�H]�: 330.2069;
found: 330.2065.


(3R,7R)-3-Methyl-7-phenethyl-1,3,4,7-tetrahydroazepin-2-one (11): Tri-
fluoroacetic acid (0.006 mL, 0.072 mmol) was added to a solution of
lactam 10 (0.012 g, 0.036 mmol) in CH2Cl2 (2 mL) at RT. The solution was
stirred overnight, after which it was poured into Et2O and water. The
organic phase was washed with NaOH (0.5m), water, and brine, sequen-
tially. Drying (Na2SO4) and removal of the solvent at reduced pressure
furnished the crude lactam. Purification by flash column chromatography
(heptane/EtOAc 4:1, 1% iPrNH2) afforded pure lactam 11 (0.0068 g,
82%). [a]D�ÿ44.7 (c� 0.42 in CHCl3); 1H NMR (400 MHz, CDCl3): d�
7.34 ± 7.16 (m, 5 H), 6.04 (br s, 1H), 5.77 (m, 1 H), 5.62 (ddt, J� 11.8, 6.0,
2.2 Hz, 1H), 3.61 (m, 1H), 2.96 ± 2.62 (m, 3H), 2.20 (m, 2H), 2.06 (m, 2H),
1.19 (d, J� 6.8 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d� 140.5, 128.8,
128.5, 128.2, 126.2, 51.8, 38.4, 37.9, 32.9, 32.5, 16.8; IR (CDCl3): nÄ � 3210,
2910, 2860, 1670 cmÿ1; HRMS (CI� ): calculated for C15H20NO [M�H]�:
230.1545; found: 230.1550.
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Synthesis, Mesomorphism, and Unusual Magnetic Behaviour of Lanthanide
Complexes with Perfluorinated Counterions


Yury G. Galyametdinov,*[a, b] Wolfgang Haase,[b] Larisa Malykhina,[a] Andrey Prosvirin,[a, b]


Ildar Bikchantaev,[a, b] Ajdar Rakhmatullin,[a] and Koen Binnemans*[c]


Abstract: Lanthanide complexes of the
Schiff base ligand 4-dodecyloxy-N-hexa-
decyl-2-hydroxybenzaldimine and with
perfluorinated alkyl sulfate counterions
were synthesised. All of the metal com-
plexes show a smectic A mesophase. The
viscosity of this mesophase is much
lower than that of analogous compounds
with nitrate or alkyl sulfate counterions.
The behaviour of these new highly


anisotropic molecular magnetic materi-
als was studied using high-temperature
X-ray measurements in an external
magnetic field and temperature-depen-
dent magnetic susceptibility measure-


ments. The meff -versus-temperature
curve is more comparable with those
expected for nematic phases than for
smectic phases. The luminescence spec-
trum of a EuIII compound shows that the
values of the second rank crystal field
parameters are very large. The huge
magnetic anisotropy can be related to
this strong crystal-field perturbation.


Keywords: lanthanides ´ liquid crys-
tals ´ magnetic properties ´ metal-
lomesogens


Introduction


Research in the field of metal-based liquid crystals (metal-
lomesogens) started about 25 years ago and the experience
gained by different workers over this period now makes it
possible to synthesise mesomorphic materials with desirable
liquid-crystalline properties.[1] Several studies have been
devoted to liquid-crystalline lanthanide complexes with
salicylaldimine ligands.[2±11] These metallomesogens combine
the interesting magnetic properties of the lanthanide with the
advantages of supramolecular organisation in the mesophase.
Lanthanide complexes can have a huge magnetic anisotro-


py[4, 5, 12±15] and magnetic birefringence,[35, 10, 16] or can be
strongly luminescent.[17] Such substances could be appropriate
building blocks for easily alignable soft magnetic molecular
materials.[10] The molecules of a mesogenic compound in the
liquid-crystalline phase can be aligned by applying an external
magnetic field. For magnetic-field-induced alignment, the
compounds need to have a nonzero magnetic anisotropy Dc.
Moderate transition temperatures (less than 100 8C) are
preferable to facilitate physical studies of these compounds
in the mesophase. Low transition temperatures have been
obtained by replacing nitrate or chlorine anions with alkyl
sulfates. The transition temperatures of the alkyl sulfate
complexes [LnL3(CnH2n�1SO4)3] are 80 to 100 8C lower than
the corresponding temperatures for chloride and nitrate
derivatives.[6, 8] A high magnetic anisotropy is not a sufficient
condition for easy alignment of liquid crystals in an external
magnetic field, and a mesophase with a low viscosity is also
desirable. All of the metal complexes which have been
prepared up to now (with nitrate, chloride, and alkyl sulfate
counterions), displayed a very viscous mesophase.


We found that the viscosity of the mesophase could reduced
by replacing the alkyl sulfate counterions with the perfluori-
nated analogues CF3(CF2)5CH2SO4


ÿ or CHF2(CF2)5CH2-
SO4


ÿ. In the present study, we describe the synthesis,
characterisation, magnetic, and luminescence properties of
these lanthanide complexes of the Schiff base ligand 4-do-
decyloxy-N-hexadecyl-2-hydroxybenzaldimine (Ligand L)
with perfluorinated alkyl sulfate counterions. We also discuss
how substitution of H atoms by F atoms has a strong influence
on the mesomorphic and magnetic behaviour.
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Results and Discussion


Synthesis : The lanthanide complexes were obtained in a
three-step reaction, which is summarised in Scheme 1. In the
first step, sodium perfluoroalkyl sulfates were prepared. In the
second step two series of lanthanide perfluoroalkyl sulfates
were synthesised by a metathesis reaction between a hydrated
lanthanide chloride and sodium 1H,1H-dodecafluoroheptyl
sulfate (Series a) or 1H,1H,7H-undecafluoroheptyl sulfate
(Series b). Finally the lanthanide perfluoroalkyl sulfates
reacted at room temperature with an equimolar amount of
the corresponding Schiff base ligand (salicylaldimine, Li-
gand L). Ligand L was synthesised according to a literature
procedure.[10] The lanthanide complexes precipitated as pale
yellow powders. They were filtered, washed with ice-cold
absolute ethanol, and dried in vacuo.


Scheme 1. Synthesis of the lanthanide complexes with Schiff base ligands
and perfluorinated alkyl sulfate counterions.


As shown in previous work,[9, 10] salicylaldimine ligands bind
in a zwitterionic form to the central lanthanide ion. Based on
C,H,N elemental analysis results, 1H NMR data (at d� 12.79,
an NH signal was observed with an integrated intensity
corresponding to three protons), and magnetic moment
measurements at room temperature, it was found that the
stoichiometry of the complexes is consistent with the formula
[Ln(L)3(RFSO4)3], in which RF stands for CF3(CF2)5CH2


(Series a) or CHF2(CF2)5CH2 (Series b).


Liquid crystalline behaviour : Ligand L is not mesomorphic,[10]


but all of the complexes show liquid crystallinity. The thermal
behaviour of the lanthanide complexes has been investigated
by hot stage polarising microscopy, by differential scanning
calorimetry (DSC), and by high temperature X-ray diffrac-
tion. Under the microscope both series of complexes exhibit a
fan-shaped texture, which is typical for the smectic A
mesophase (SA). It is noteworthy that the substances obtained
in the present work exhibit a more fluid mesophase than
previously described lanthanide-containing metallomesogens.
This reduction in viscosity is obtained by using counterions
with perfluorinated alkyl chains. In Table 1 the phase


transition temperatures of the complexes are presented. The
transition temperature dependence on the type of lanthanide
ion is presented in Figure 1 and Figure 2. In Series a, the width
of the mesophase stability range increases over the lanthanide
series. This behaviour is opposite to what was found for Schiff


Figure 1. Dependence of the transition temperature of the [LnL3(RFSO4)3]
complexes on the type of lanthanide ion (for Series a, RF�CF3(CF2)5CH2):
&: crystal! SA transition; ~: SA! isotropic liquid transition.


base complexes with nitrate counterions. [7] The same
behaviour is found for Series b. Remarkable for this type of
compounds is that the clearing points of ErIII complex 19 and
YbIII complex 20 are distinctively higher than those of the
other lanthanide complexes.


Because the perfluorinated alkyl sulfate counterions have a
much larger molar volume than nitrate or chloride ions, the


Table 1. Mesophase behaviour of the lanthanide complexes with per-
fluorinated counterions [Ln(L)3(RF SO4)3].


No. Ln RF
[a] Cr ± SA


[b, c] SA ± I[b] DT [8C][d]


T [8C] T [8C]


1 La a 110 121 11
2 Pr a 113 120 7
3 Nd a 114 122 8
4 Eu a 110 125 15
5 Gd a 106 119 13
6 Tb a 103 119 16
7 Ho a 96 120 24
8 Er a 98 125 27
9 La b 111 131 20


10 Ce b 114 131 17
11 Pr b 115 135 20
12 Nd b 109 133 24
13 Sm b 106 131 25
14 Eu b 106 132 26
15 Gd b 108 126 18
16 Tb b 99 128 29
17 Dy b 102 125 23
18 Ho b 98 125 27
19 Er b 98 140 42
20 Yb b 103 138 35


[a] RF�CF(CF2)5CH2 (Series a); RF�CHF2(CF2)5CH2 (Series b).
[b] Cr� crystalline solid, SA� smectic A phase, I� isotropic liquid. [c] Be-
cause of the often complex thermal behaviour of the compounds in the
solid state, we ignore here the presence of a possible highly ordered
mesophase (SX) between the crystalline state and the SA phase. [d] DT�
mesophase stability range of the SA phase (in 8C).







Lanthanide Complexes of Schiff bases 99 ± 105


Chem. Eur. J. 2001, 7, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0101 $ 17.50+.50/0 101


Figure 2. Dependence of the transition temperature of the [LnL3(RFSO4)3]
complexes on the type of lanthanide ion (for Series b, RF�
CHF2(CF2)5CH2): &: crystal! SA transition; ~: SA! isotropic liquid
transition.


former counterions have a greater influence on molecular
packing in the crystal than nitrates or chlorides do. This larger
molecular volume reduces the interlayer interaction energy in
the crystal and as a consequence the melting points decrease.
The smaller interlayer interactions result in a less viscous
mesophase (observable as enhanced fluidity of the samples in
the microscope). One of the characteristics of these metal-
lomesogens is their ability to form glassy mesophases, so that
the structure of the mesophase can be frozen into the solid
state. Additionally, we observed some degree of supercooling
for the clearing points, that is the clearing points were at a
higher temperature when the compounds were heated than
when the compounds were cooled.


The liquid-crystalline structure of the lanthanide complexes
was also characterised by X-ray diffraction at elevated
temperatures. As an example, the X-ray diffraction patterns
of the erbium complex [ErL3{CHF2(CF2)5CH2SO4}3] (8) at the
different temperatures are shown in Figure 3. Two sharp
reflections in the small-angle region (2q� 2.648 and 5.608) and
a diffuse reflection around 2q� 198 were detected. This X-ray
pattern indicates the presence of a disordered smectic phase.
There are some features (sharpness of the peaks) that indicate
that highly ordered and crystal (recrystallisation process)
phases are present. The thickness of the smectic layer d
obtained by application of Bragg�s law to the small-angle peak
is 44.5 �. The lengths of the Schiff base, Ligand L, and of the
complex were calculated by molecular modelling to be 43.4 �
and 47.0 �, respectively. The differences between the calcu-
lated and experimental data can be explained by penetration
of the alkyl chains of one layer into another. Alternatively the
smaller experimental smectic layer distances can be explained
by strong thermal motion of the alkyl chains on heating in
mesophase.


The DSC plot of GdIII compound 5 is shown in Figure 4. In
DSC traces we could observe an endothermic peak before the
melting point (determined by optical microscopy) for several
samples. Although the sample does not become fluid at this
transition point, microscopic investigation showed that the
compound behaves like a wax in this case. From X-ray data it
was not possible to unambiguously assign this phase. Al-
though further investigation is necessary, we can already


Figure 3. X-ray diffraction patterns of ErIII complex 19 at the different
temperatures: a) starting material, T� 25 8C, d� 45 �; b) Sx phase, T�
90 8C, d� 44 �; c) SA phase, T� 115 8C, d� 34 �.


anticipate the existence of a highly ordered smectic meso-
phase (Sx). Most likely, this phase corresponds to a state with
partially molten alkyl chains. As will be discussed further, an
SA! Sx mesophase could also be observed by magnetic
measurements.


Orientational behaviour of mesophase in a magnetic field :
The behaviour of the new compounds in an external magnetic
field was investigated by means of X-ray diffraction and by
magnetic susceptibility measurements. With X-ray diffraction
measurements on an oriented mesophase in a magnetic field,
it is possible to determine the alignment direction of the
molecules in the magnetic field and to determine the sign of
the magnetic anisotropy Dc. If the molecular long axis is
parallel to the direction of the magnetic field, the magnetic
anisotropy Dc is positive, whereas a perpendicular alignment
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Figure 4. DSC trace of GdIII compound 5 (first heating ± cooling run).
Endothermic peaks point upwards. The complex melting behaviour is
clearly visible.


corresponds to a negative sign of Dc. Temperature-dependent
magnetic susceptibility measurements and the sign of Dc are
necessary to determine the magnitude of the magnetic
anisotropy Dc. In the X-ray diffraction experiments, the
capillary containing the sample was heated to a temperature
several degrees above the clearing point and slowly cooled
down in a permanent magnetic field of 1.2 T until the
mesophase was reached. The sample was exposed to X-rays
for several hours. The photoplates of the oriented samples
showed two sharp inner reflections and a diffuse reflection in
the wide-angle area, which gives evidence for a liquid-
crystalline SA phase. For the EuIII and ErIII complexes 14
and 19 we observed a sharp peak at 45 �, corresponding to
the interlayer distance in a direction parallel to the magnetic
field. The average value of the angle between the director and
the molecular long axis is equal to 208 (on a photoplate f
corresponds to the width of the first reflex). We can calculate
the order parameter according to formula S� (3cos2fÿ 1)/2.
For the oriented mesophase, S� 0.8 for the rigid part of the
molecule. In a direction perpendicular to the magnetic field
we observed two peaks: a diffuse reflection at 11 � (corre-
sponding to the distance between the rigid parts of the
compounds), while a diffuse reflection (4.2 �) is provided by
the intralayer distance between the molten aliphatic chains.
The width of the first reflection (�208) corresponds to the
order parameter S� 0.8 for the rigid part of the molecule as in
the former case. The width of the second reflection is �458,
which corresponds to the order parameter S� 0.2 for the
molten alkyl chains of the molecule.


We also obtained the photoplates of the X-ray diffracto-
grams for compounds [TbL3{CHF2(CF2)5CH2SO4}3] (16) and
[HoL3{CF3(CF2)5CH2SO4}3] (7) aligned by a magnetic field in
the SA phase. The photoplates for TbIII and HoIII compounds
16 and 7 look the same as those of the former compounds but
rotated by 908 ; a sharp peak at 45 � in a direction


perpendicular to the magnetic field and two diffuse peaks in
a direction parallel to the magnetic field were observed. We
can thus conclude that the complexes of ErIII and EuIII are
oriented with their molecular long axis parallel to the
magnetic field, while the TbIII and HoIII complexes are
oriented with their long molecular axis perpendicular to the
magnetic field. This behaviour is in agreement with what can
be expected on the basis of knowledge of the sign of the
magnetic anisotropy for the different lanthanide ions.[18]


Magnetic susceptibility measurements: To investigate the
orientation behaviour of the mesogenic lanthanide derivatives
in a magnetic field and to obtain quantitative information
about the value of the magnetic anisotropy, we carried out
temperature-dependent magnetic susceptibility measure-
ments in the liquid-crystalline phase. The substances were
initially heated to the isotropic phase and then cooled slowly
to the smectic phase in an applied magnetic field of 1.5 T. An
increase of the magnetic susceptibility and thus of the
effective magnetic moment meff was observed at the isotrop-
ic-to-mesophase transition (Figure 5). This effect can be


Figure 5. Effective magnetic moments meff (MB) versus temperature T [8C]
of HoIII complex 18 and ErIII complex 19 in an applied magnetic field of
1.5 T: *: heating run for 18 ; *: cooling run for 18 ; &: heating run for 19 ; &:
cooling run for 19.


explained as a magnetic-field-induced alignment in the liquid-
crystalline phase of a magnetically anisotropic sample with its
axis of maximum susceptibility cor parallel to the magnetic
field. In the isotropic phase, one obtains the isotropic
susceptibility (ciso), whereas in the oriented mesophase, the
maximum component of the c-tensor (cor) is recorded. The
alignment of the mesophase is only observed when cooling
from the isotropic phase and not when heating the solid
compound. The lower viscosity of the mesophase close to the
clearing point makes alignment easier than for a mesophase
close to the melting point. If Dc� ck ÿ c?< 0, the molecular
long axis is oriented perpendicular to the direction of the
magnetic field and in the oriented phase c? will be measured.
Therefore we can calculate the magnitude of Dc including
orientation behaviour, from X-ray measurement of the
negative sign of Dc� ck ÿ c? using Dc�ÿ3(corÿ ciso) for the
HoIII and TbIII compounds. In the EuIII, LaIII, GdIII and ErIII


compounds we can propose a positive sign and Dc�
1.5(corÿ ciso). The values (corÿ ciso) were calculated in the
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following manner: (corÿ ciso)� [m2
eff (Cr)ÿ m2


eff (I)]/(8TSÿCr).
The experimental corÿ ciso data at the phase transition
temperature and the estimated values of the magnetic
anisotropy Dc for LnL3X3 compounds are given in Table 2.


In contrast to previous results [4, 10] in which we observed
one steep jump, for the present series we have two jumps in
the magnetic susceptibility value during the cooling process.
This could indicate the existence of an additional (more
ordered) mesophase between the crystalline and SA phases.[19]


This is in agreement with the X-ray diffraction and DSC data.
In the case of compounds with a high magnetic anisotropy,
temperature-dependent magnetic susceptibility measure-
ments are a sensitive method for detecting phase transitions.
In the literature, not many examples are known of the use of
magnetic susceptibility measurements for observing phase
transitions. For instance, Bahadur reported a jump in the
magnetic susceptibility curve of N-(p-hexyloxybenzylidene)-
p-toluidine at the nematic to smectic B transition.[20] The
increase in the effective magnetic moment meff at the clearing
point is not as sharp as was observed for the complexes with
nitrate counterions. The magnetic moment smoothly increases
when cooling the smectic mesophase, in a way similar to the
nematic mesophase.[21] The unusual shape of the meff-versus-
temperature curve will be the subject of further theoretical
study.


Interestingly, the magnetic anisotropy values of the inves-
tigated compounds are very sensitive to the nature of the
counterion structure. For example, Dc for the HoIII derivatives
7 and 18 (Table 2) changes from ÿ9100� 106 cm3 molÿ1, to
ÿ12830� 106 cm3 molÿ1 when the counterion is changed from
CF3(CF2)5CH2SO4 to CHF2(CF2)5CH2SO4. The highest values
of Dc are found for DyIII and HoIII complexes with orientation
of the molecular long axis perpendicular to the direction of
the applied magnetic field. In our previous work the
maximum value of the magnetic anisotropy was found for
the TbIII complexes.[4, 10] This can explained by the difference
in the order parameter, because the observed value of the
magnetic anisotropy of the samples is proportional to Dc


multiplied by the order parameter of the liquid crystal S. The
difference in viscosity of the present and former series can
account for the difference in orientation behaviour. Another
reason could be a change in the structure of the first
coordination sphere and thus to a change in the crystal-field
parameters. The crystal-field parameters have a significant
influence on the magnetic anisotropy. We compared the


magnetic susceptibility anisotropies of the fluorine-containing
Schiff base complexes of the lanthanides with the values
obtained for the previously described[4, 10] derivatives with
nitrate and sulfate counterions (Table 3). It is evident from the


data in Table 3 that the fluorinated derivatives of the different
ions always have the highest magnetic anisotropy. The
fluorinated complexes of DyIII exhibit the highest values of
Dc in the series of different metals and counterions. Because
the mesophase of the lanthanide complexes can be super-
cooled to a glassy mesophase, it is possible to obtain
anisotropic magnetic materials by cooling the mesophase in
a magnetic field.


Luminescence properties: Because the magnitude of mag-
netic anisotropy Dc depends on the strength of the crystal-
field perturbation,[22] we measured the luminescence spectrum
of EuIII compound 14 to have an estimate of the crystal-field
strength (Figure 6). When the compound was irradiated with
light of 393 nm (ca. 25445 cmÿ1) a red photoluminescence
could be observed. It is noteworthy that the luminescence
intensity is much stronger than that of corresponding com-
pounds with nitrate counterions. All of the transitions start
from the 5D0 excited state and the luminescence peaks
correspond to 5D0! 7FJ transitions. The luminescence spec-


Table 2. Magnetic properties of the compounds [Ln(L)3(RFSO4)3].


Compound Ln RF
[a] T [8C] meff [BM] Orientation to H (corÿ ciso) [b] Dc [b]


Cr ± SA SA ± I theor I SA Cr


6 Tb a 80 109 9.7 9.29 9.57 9.63 ? 2280 ÿ 6840
7 Ho a 80 120 10.5 10.24 10.47 10.65 ? 3035 ÿ 9100


12 Nd b 104 121 3.6 3.62 3.69 3.70 ? 195 ÿ 580
14 Eu b 98 124 3.4 3.79 3.97 3.97 k 470 700
16 Tb b 79 108 9.7 9.44 9.69 9.84 ? 2740 ÿ 8220
17 Dy b 93 102 10.5 10.10 10.67 11.00 ? 6490 ÿ 19470
18 Ho b 81 122 10.5 9.97 10.30 10.56 ? 4280 ÿ 12840
19 Er b 80 130 9.5 9.58 9.88 10.15 k 3985 5980


[a] RF�CF(CF2)5CH2 (Series a); RF�CHF2(CF2)5CH2 (Series b). [b] All susceptibilities c are listed in units 106 cm3 molÿ1 at the temperature TS±Cr.


Table 3. Dependence of the magnetic susceptibility anisotropy (Dc) on the
type of counterion in lanthanide complexes LnL3X3 with Schiff base
ligands.


Ln X L Dc[a]


n m


Ho NO3 12 16 ÿ 4756
Ho CHF2(CF2)5CH2SO4 12 16 ÿ 12840
Dy NO3 14 18 ÿ 7794
Dy C12H25SO4 14 18 ÿ 9804
Dy CHF2(CF2)5CH2SO4 12 16 ÿ 19470
Tb NO3 14 18 ÿ 4665
Tb CHF2(CF2)5CH2SO4 12 16 ÿ 8220
Tb C8H17SO4 12 16 ÿ 3910


[a] All susceptibilities c are expressed in the units 106 cm3 molÿ1 at the
temperature Tc±s
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Figure 6. Luminescence spectrum of EuIII compound 14 at 77 K. The
excitation wavelength was 393 nm.


trum is well resolved at 77 K and crystal-field fine structure
could be observed. The 5D0! 7F0 transition could be detected
at 17 320 cmÿ1 (577.36 nm). Other peaks were observed in this
spectral region at 17 164 cmÿ1 (582.61 nm), 16 798 cmÿ1


(595.30 nm), and 16 768 cmÿ1 (596.39 nm). Although the
peaks at 16798 and 16 768 cmÿ1 could easily be assigned to
the 5D0! 7F1 transition, assignment of the peak at 17 164 cmÿ1


was more difficult. This peak could in principle be assigned to
the 5D0! 7F1 transition or to the 5D0! 7F0 transition (in the
case that two nonequivalent sites are present in the com-
pound). However, there is strong evidence that this transition
belongs to the 5D0! 7F1 transition group. In this case, the
crystal-field levels of the 7F1 manifold are located at 156, 522,
and 552 cmÿ1, so that the barycenter is at 410 cmÿ1. According
to Antic-Fidancev, a correlation exists between the position of
the 5D0 level of Eu3� and the position of the barycenter of the
7F1 manifold.[23] If the 5D0 level is at 17 300 cmÿ1, the bary-
center of the 7F1 manifold is expected at about 400 cmÿ1,
which is in good agreement with our experimental values
(17 320 and 410 cmÿ1, respectively). Because especially second
rank (k� 2) Bk


q crystal-field parameters contribute to the
magnetic anisotropy, we determined the B2


0 and B2
2 crystal-


field parameters using the analytical expression for the matrix
elements given by Görller-Walrand and Binnemans.[24] Not
enough experimental data are available for determination of
all crystal-field parameters. Although the actual crystal-field
symmetry is C1, we took C2v symmetry as an approximation in
order to avoid complex crystal-field parameters. We use the
Wybourne normalisation (with Ck


q operators).[25] We found
the following values for the second rank crystal-field param-
eters: jB2


0 j� 1170 cmÿ1 and jB2
2 j� 56 cmÿ1 for the case that


the crystal-field level at 156 cmÿ1 is the <0 j state. The value
of the crystal-field parameter B2


0 is very large, and only a few
compounds are known with a larger second-rank crystal field
effect.[26] Because the crystal-field parameters do not drasti-
cally change over the lanthanide series, we can assume that
the other lanthanide ions also have a large B2


0 crystal-field
parameter. Therefore we can find evidence for the origin of
the huge magnetic anisotropy of our compound in the strong
crystal-field effect.


Conclusion


New liquid-crystalline lanthanide complexes with perfluori-
nated alkyl sulfate counterions and having low transition
temperatures and a highly fluid mesophase have been
synthesised. Two jumps in the magnetic susceptibility curve
on the alignment of the materials in a mesophase in a
magnetic field were detected. Both X-ray and magnetic data
give evidence for the existence of a highly ordered mesophase.
The magnetic behaviour of the lanthanide metallomesogens is
rather sensitive to the type of counterion. The behaviour of
smectic mesogenic compounds in a magnetic field (a smooth
increase of the magnetic anisotropy with decrease in temper-
ature) is similar to that observed for nematic liquid crystals. In
fact, new highly anisotropic molecular materials have been
obtained by magnetic field alignment of mesogenic complexes
of the lanthanides with perfluorinated alkyl sulfate counter-
ions. The huge magnetic anisotropy can be related to a strong
crystal-field perturbation.


Experimental Section


General : NMR spectra were recorded on a UNITY-300 spectrometer
(299.95 MHz, 1H; 282.23 MHz, 19F) equipped with a 5 mm probe. The
chemical shifts of 1H were measured relative to internal CHCl3 (d� 7.26).
The chemical shifts of 19F were measured relative to external C6F6 (d�
ÿ163). Temperatures and textures of phase transitions were determined by
a polarisation microscope equipped with a hot stage and with a computer-
driven temperature controller giving an accuracy better then �0.05 8C.
Differential scanning calorimetry (DSC) measurements were carried out
on a Mettler-Toledo DSC 821e module (scan rate of 10 8C minÿ1 under a
nitrogen flow). The high temperature X-ray measurements where obtained
with a STOE STADI 2 diffractometer, with a linear position sensitive
detector (STOE mini PSD). Monochromatic CuKa radiation was obtained
using a curved germanium detector (111 plane). The sample was placed in a
Lindemann glass capillary and heated in an electric furnace. The temper-
ature of the furnace was controlled by a Eurotherm temperature controller.
The X-ray diffractogram of the mesophase oriented by a magnetic field was
recorded on a flat film. The sample was in a Lindemann capillary and was
aligned by two permanent magnets of 1.2 T. The temperature-dependent
magnetic susceptibilities were recorded on a Faraday type magnetometer,
using a home-built heating device.[27] The measurements presented were
done using a computer-controlled Cahn RG microbalance and a Bruker
B-MN 200/40 power supply.[28] The applied field was 1.5 T. In order to
achieve good alignment of the molecules, cooling rates were 1 8Cminÿ1 or
less. The molar susceptibilities were corrected for the underlying diamag-
netism applying Pascal�s scheme.[29] Magnetic moments were obtained
using the formula meff/mB� 2.828(cT)1/2. Luminescence spectra were re-
corded at ambient temperature and at liquid nitrogen temperature (77 K)
using a home-built apparatus. A water-cooled 450 W xenon lamp was used
as the excitation source. Wavelength selection was achieved by a
Sciencetech Model 9050 monochromator. Luminescence light was meas-
ured at an angle of 908 with respect to the excitation beam. The emission
light was analysed using a McPherson monochromator (1200 lines mmÿ1).
For detection, the signal of a photomultiplier was measured using a photon
counting system (Stanford Research Systems SR400 Two Channel Gated
Photon Counter). Wavelength calibration achieved by using the emission
lines of a mercury lamp. The samples were cooled in a bath cryostat
(Oxford Instruments). For the luminescence spectra, the metal complexes
were mixed with KBr and pressed to a pellet.


Sodium 1H,1H-dodecafluoroheptyl sulfate (CF3(CF2)5CH2OSO3Na):
1H,1H-Dodecafluoroheptanol-1 (2 mL, 50 mmol) was added dropwise to
oleum (2 mL, 40 mmol) with cooling (0 8C) and stirring. The reaction
mixture was stirred for 30 min, and the temperature was allowed to rise to
room temperature. The mixture was poured into ice-cold water (50 mL)
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and was neutralised to pH 7 with powdered sodium carbonate. The product
was precipitated by adding sodium chloride. The white powder was filtered
off and recrystallised from ethanol (2.2 g, 85 %). Elemental analysis calcd
(%) for C7H2F13O4SNa (452.12): C 18.60, H 0.45, F 54.63; found: C 18.85, H
0.47, F 54.85.


Lanthanum tris[1H, 1H ± dodecafluoroheptyl sulfate (La[CF3(CF2)5CH2O-
SO3]3): Ethanolic solutions of lanthanum chloride heptahydrate (0.028 g ,
0.1 mmol) and sodium 1H,1H-dodecafluoroheptyl sulfate (0.15 g,
0.3 mmol) were mixed at room temperature. The sodium chloride
precipitate was filtered off. The product was precipitated from the filtrate
by partially evaporating the solvent, yielding 0.12 g (71 %) of a white
powder. Elemental analysis calcd (%) for C21H6F39O12S3La (1425.75): C
17.68, H 0.42 , F 51.95; found: C 17.80, H 0.50, F 51.99.


Lanthanum complex 1: Lanthanum tris[1H,1H-dodecafluoroheptyl sulfate]
(0.069 g, 0.01 mmol) was added to an ethanol solution of Ligand L (0.08 g,
0.03 mmol) at 30 8C. The precipitate was filtered off and dried in vacuo,
yielding 0.09 g (85 %) of a yellow powder. 1H NMR (300 MHz, CDCl3):
d� 0.90 (t, 3 H; CH3), 1.20 ± 1.50 (m, 47H; CH3, CH2), 1.71 (m, 2H;
NCH2CH2), 2.24 (m, 2 H; OCH2CH2), 3.57 (t, 2H; NCH2), 3.82 (t, 2H;
OCH2), 4.02 (m, 2H; SOCH2), 6.25 (d, J� 8.1 Hz, 1H; H-aryl), 6.64 (d, 1H;
H-aryl), 6.99 (d, J� 8.1 Hz, 1H; H-aryl), 7.79 (s, 1H; CH�N), 12.79 (s, 1H;
NH); 19F NMR (282.23 MHz, CDCl3): d�ÿ123.23 (m, 2F), ÿ125.43 (s,
2F), ÿ126.51 (s, 2F), ÿ126.83 (s, 2F), ÿ132.94 (s, 2F), ÿ140 30 (d, 3F);
elemental analysis calcd (%) for C126H195F39N3S3O18La (3015.9): C 50.18, H
6.51, N 1.39; found: C 50.21, H 6.48, N 1.44.


All other complexes: were prepared as above on a similar scale. The C,H,N
analysis results are available as Supporting Information.
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A Systematic Examination of the Morphogenesis of Calcium Carbonate in the
Presence of a Double-Hydrophilic Block Copolymer


Helmut Cölfen* and Limin Qi[a]


Abstract: In this paper, a systematic
study of the influence of various exper-
imental parameters on the morphology
and size of CaCO3 crystals after room-
temperature crystallization from water
in the presence of poly(ethylene glycol)-
block-poly(methacrylic acid) (PEG-b-
PMAA) is presented. The pH of the
solution, the block copolymer concen-
tration, and the ratio [polymer]/[CaCO3]
turned out to be important parameters
for the morphogenesis of CaCO3,
whereas a moderate increase of the
ionic strength (0.016m) had no influ-


ence. Depending on the experimental
conditions, the crystal morphologies can
be tuned from calcite rhombohedra via
rods, ellipsoids or dumbbells to spheres.
A morphology map is presented which
allows the prediction of the crystal
morphology from a combination of pH,
and CaCO3 and polymer concentration.
Morphologies reported in literature for


the same system but under different
crystallization conditions agree well
with the predictions from the morphol-
ogy map. A closer examination of the
growth of polycrystalline macroscopic
CaCO3 spheres by TEM and time-re-
solved dynamic light scattering showed
that CaCO3 macrocrystals are formed
from strings of aggregated amorphous
nanoparticles and then recrystallize as
dumbbell-shaped or spherical calcite
macrocrystal.


Keywords: aggregation ´ block co-
polymers ´ calcium ´ calcium carbo-
nate ´ colloids ´ morphogenesis


Introduction


The synthesis of inorganic materials of specific size and
morphology is a key aspect in fields as diverse as modern
materials, catalysis, medicine, electronics, ceramics, pigments,
and cosmetics.[1±4] Compared with the size control, the
morphology control or morphogenesis is more demanding
to achieve by means of classical procedures of colloid
chemistry.[5] Biological systems, on the other hand, use organic
molecules (mostly proteins and polysaccharides) that function
variously as nucleators, cooperative modifiers, and as matrices
or molds for minerals. They exert exact control over the
processes of biomineralization, which results in unique
inorganic ± organic hybrids (e.g., seashells, bone, teeth, dia-
tomea, and many others) with their structure, size, and
morphology regulated to optimally fit their functions as
materials.[6±10] The strategy that organic additives and/or
templates with complex functionalization patterns are used
to control the nucleation, growth, and alignment of inorganic
crystals has been universally applied for the biomimetic
synthesis of inorganic materials with complex form.[1]


One of the most intensely examined systems is calcium
carbonate (CaCO3), which is abundant in biominerals, but
also of industrial importance due to its wide use as a filler in
paints, plastics, rubber, or paper.[11] Among more than
60 known biominerals, the two polymorphs of CaCO3, calcite
and aragonite, are by far the most common, whereas vaterite,
a less stable polymorph, is not commonly formed by
organisms.[12, 13] Biomimetic synthesis of CaCO3 crystals in
the presence of organic templates and/or additives has been
intensively investigated in recent years. Langmuir monolay-
ers,[14±18] ultrathin organic films,[19] self-assembled films,[20±22]


and foam lamellae[23] have been used as effective templates
for the controlled growth of CaCO3 crystals, focussing on the
control of the polymorph and crystal orientation. Crosslinked
gelatin films,[24, 25] polymer substrates,[11] and crystal-imprinted
polymer surfaces[26] have also recently been used to direct the
controlled growth of CaCO3 crystals. It has been shown that
special functional low molecular weight and polymeric
additives exhibit large influences on the crystallization of
CaCO3.[27±30] CaCO3 films have been successfully prepared in
the presence of both organic substrates and soluble polymeric
additives.[31, 32] The protein macromolecules isolated from
mollusk shells[12, 33, 34] and intracrystalline macromolecules
from sea urchin spines[35] have shown distinct control on the
polymorph of CaCO3 crystals. Interestingly, a designed
peptide has been synthesized and used for the conforma-
tion-dependent control of the calcite morphology.[13] More-
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over, emulsion foams,[36] water-in-oil microemulsions,[37] pseu-
dovesicular double emulsions,[38] and gold colloids[39] have
been used as templates to achieve the morphogenesis of
CaCO3 with complex morphologies.


Recently, a new class of functional polymers, the so-called
double-hydrophilic block copolymers[40] was developed for
mineralization purposes. These polymers consist of one
hydrophilic block designed to interact strongly with the
appropriate inorganic minerals and surfaces, and another
hydrophilic block that does not interact (or only weakly) with
mineral surfaces and mainly promotes solubilization in water.
Owing to the separation of the binding and the solvating
moieties, these polymers turned out to be extraordinarily
effective in crystallization control for calcium carbonate,[40±42]


calcium phosphate,[43] barium sulfate,[44, 45] and zinc oxide.[46]


For example, calcite or vaterite spheres, twins, and hollow
spheres were obtained.[41] These preliminary experiments,
however, seem to be part of a more complex overall scenario,
since other authors have used similar polymers, but observed
under other operating conditions elongated calcite parti-
cles.[42]


It is therefore the aim of the present paper to vary a range
of accessible parameters, namely pH, polymer concentration,
ionic strength, and the relative amount of mineral to polymer
for one distinct polymer, a double-hydrophilic block copoly-
mer of the type PEG-b-PMAA, to shed light on the ways how
the polymer influences the calcium carbonate growth. It will
be shown that a whole ªzooº of rather archetypic morphol-
ogies of calcite, such as rods, ellpsoids, spheres, twinned
superstructures, and dumbbells can be obtained at room
temperature by a simple solution synthesis.


Experimental Section


Materials : Unless otherwise stated, all chemicals were obtained from
Aldrich and used without further purification. Homopolymers poly(eth-
ylene glycol) monomethyl ether (PEG, MW� 5000 gmolÿ1) and poly(meth-
acrylic acid, sodium salt) (PMAA, MW� 6500 gmolÿ1) were purchased
from Polysciences and Aldrich, respectively. A commercial block copoly-
mer poly(ethylene glycol)-block-poly(methacrylic acid) (PEG-b-PMAA,
PEG� 3000 g molÿ1, PMAA� 700 gmolÿ1) was obtained from Gold-
schmidt, Essen (Germany). The copolymer was purified by exhaustive
dialysis before it was used in the crystallization of calcium carbonate.


Crystallization of CaCO3 : The precipitation of CaCO3 was carried out in
glass vessels at room temperature (ca. 22 8C). Aqueous solutions of Na2CO3


(0.5m) and of CaCl2 (0.5m) were first prepared as stock solutions. In a
typical synthesis, a solution of Na2CO3 (0.5m, 0.32 mL) was injected into an
aqueous solution of PEG-b-PMAA (20 mL, 0.2 g Lÿ1) and the pH of the
solution was adjusted to a desired pH (e.g., pH 10) by using HCl or NaOH.
Then a solutuion of CaCl2 (0.5m, 0.32 mL) was injected quickly into the pH-
adjusted solution under vigorous stirring by using a magnetic stirrer; this
gave a final CaCO3 concentration of 8mm. The mixture was stirred for
1 min, and then the solution was covered and allowed to stand under static
conditions for a time of 24 h (unless otherwise specified) before the product
was collected for characterization. In the experiments, the starting pH was
varied from 11 to 9, the concentration of PEG-b-PMAA was varied from 1
to 0.05 g Lÿ1 (50 ± 1000 ppm), and the final concentration of CaCO3 was
varied from 16 to 4mm. As reference experiments, the homopolymers PEG
and PMAA were used in the crystallization experiments to replace the
copolymer PEG-b-PMAA, with all the other conditions kept the same.


Characterization : The resulting CaCO3 precipitates were characterized by
scanning electron microscopy (SEM) on a DSM 940 A (Carl Zeiss, Jena)
microscope and by transmission electron microscopy (TEM) with a Zeiss
EM 912 Omega microscope. Thin-section samples (�50 nm in width) for
TEM were prepared by polymerization in epoxy resin followed by cutting
with a Leica Ultracut UCT ultramicrotome. Powder X-ray diffraction
(XRD) patterns were recorded on a PDS 120 diffractometer (Nonius
GmbH, Solingen) with CuKa radiation. Infrared spectra were collected by
using a Nicolet Impact 400 FTIR spectrometer on KBr pellets. The
dynamic light scattering (DLS) experiments were performed with a
laboratory-built goniometer with temperature control (�0.05 K), an
attached single-photon detector ALV/SO-SIPD, and a multiple tau digital
correlator ALV 5000/FAST from ALV (Langen, Germany). The light
source was an INNOVA 300 argon-ion laser operated at l� 488.0 nm in
single-frequency mode and powered at approximately 800 mW. The light-
scattering quartz cuvette cells (Hellma, Mülheim/Germany) were charged
with the freshly prepared stock solutions by directly filtering them through
ANOTOP filters (Merck, Germany) with 800 nm pore size. By recording
the correlation functions every 30 seconds for approximately 180 min, the
onset of timing of our experiments was synchronized with the event of
mixing the solution.


Results


Figure 1 shows the typical electron microscopy (EM) pictures
of CaCO3 particles obtained in the presence of the homo-
polymers PEG and PMAA, and the copolymer PEG-b-
PMAA under the standard synthesis condition with a polymer
concentration of 0.2 g Lÿ1, a CaCO3 concentration of 8 mm,
and a starting pH of 10.


Similar to the case of the control experiment in which no
polymeric additives were present, well-defined rhombohedral
crystals characteristic of calcite were produced in the presence
of PEG, as shown in Figure 1a; this suggests that the presence
of pure PEG has no effect on the crystal morphology. On the


Figure 1. CaCO3 particles obtained in the presence of a) PEG, b) PMAA, and c) PEG-b-PMAA. [polymer]� 0.2 gLÿ1, [CaCO3]� 8mm, pH� 10.
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other hand, large ill-defined irregular-shaped aggregates
consisting of rounded particles were obtained in the presence
of PMAA (Figure 1b), typical for the strong interaction
between the carboxylic acid groups of PMAA and the
crystallizing CaCO3, which effectively suppresses crystal
growth. The corresponding XRD result suggests that the
elementary globules consist of nanocrystallites of calcite with
a size of about 40 nm, as revealed by line width analysis of the
(104) diffraction peak. These results are basically consistent
with the reported results obtained from the crystallization of
CaCO3 in the presence of pure PEG and PMAA with similar
molecular weights.[42]


When the double-hydrophilic block copolymer PEG-b-
PMAA was used as an additive, the crystallization of CaCO3


resulted in crystals that exhibited an unusual morphology, that
is, a twinned morphology with rough surfaces (Figure 1c) is
found. The obtained particles are rather uniform in size and
shape, with an average length and width of 6.4 and 2.1 mm,
respectively. TEM pictures (not shown) reveal that both ends
of the particles exhibit the faceted surfaces indicative of the
stable calcite {104} faces.[19, 42] The XRD pattern shown in
Figure 2 (left, curve A) exhibits only sharp calcite reflections,
confirmation that the crystal superstructure is composed of
well-crystallized calcite crystals. The corresponding IR spec-
trum (Figure 2, right, curve A) shows sharp bands at 874 and
712 cmÿ1 characteristic of calcite;[12, 30] this provides further
evidence for the pure calcite composition of the product.


It is interesting to note that the same type of block
copolymer has been explored by Marentette et al.,[42] but
under the experimental conditions they investigated, ellipsoi-
dal calcite particles with residual calcite {104} faces at the tips
were obtained, and the resulting morphology evidently
depends on the reaction conditions. Such twinned, ªpeanut-
likeº particles of Mg-containing calcite can be produced
relatively simply in the presence of Mg2� ions,[47, 48] and we
assume that in our case the polymethacrylic acid units block
the calcite growth in a similar fashion as the Mg2� ions do.
Peanut-like particles of pure calcite were also obtained by the
microwave-activated precipitation of CaCO3 from homoge-
neous Ca-citrate-complexed solutions,[49] and, again, it has


been assumed that the citrate
blocks the growth centers in a
similar fashion.


On the other hand, the found
morphologies do not seem to be
specific for a certain crystal/
modifier pair, since evidently
the same modifier applied in
two earlier experiments under
different addition conditions
and relative concentrations re-
sulted in particles with very
differerent morphologies.[41, 42]


Therefore, we varied in the
following both the pH and the
relative concentrations to get a
more detailed view into the
crystallization mechanism.


Effect of pH : The variation of pH drastically changed the
morphology of the produced CaCO3 crystals, although the XRD
results suggest that all the products obtained consist of calcite
crystals. Figure 3 shows the SEM pictures of the products
obtained under the standard conditions but at various pHs.


It can be seen that uniform dumbbell-like particles around
5.6 mm in length and 1.6 mm in width, which exhibit well-
defined faceting on the outer surfaces of the dumbbells, were
produced by decreasing the pH from 10 to 9.5. When the pH
was further decreased to pH 9, rodlike particles with lengths
up to 15 mm and aspect ratios of up to seven were obtained;
these possess rhombohedral ends and faceted side surfaces.
These rodlike particles are reminiscent of the rhombohedral
crystals, elongated along the c axis, crystallized in the presence
of low molecular weight phosphate-containing additives.[27]


The increase of pH to pH 10.5 and 11 resulted in the
formation of a mixture of ellipsoidal particles and irregular
aggregates; the results for both pH are evidently very similar.
The obtained ellipsoidal particles also exhibit residual faces at
the tips, apparently resembling the ellipsoidal calcite particles
obtained by Marentette et al.[42] (these authors worked at
pH 10, but they employed a different mixing method), but are
about 2.5 mm long and therefore smaller than the reported
ellipsoidal particles (average sizes larger than 10 mm).


It is observed that the particle size is at a maximum at pH 9,
that is, the nucleation rate is lowest at the lowest pH. This has
to be related to the influence of pH on both the protonation
degree of the carboxylic acid groups in the PMAA block of
the copolymer and the CaCO3 supersaturation of the solution.


As known from the neutralization curve (not shown here)
of the PEG-b-PMAA block copolymer, in the pH range 9 ± 11
the carboxylic acid groups are practically completely charged
and form a polyanionic chain. The remaining minor difference
in protonation is presumably not relevant for changing the
rate of nucleation.


On the other hand, the solution supersaturation increases
with increasing pH, which is due to the hydrocarbonate/
carbonate buffer equilibrium, coupled with an increasing
nucleation rate of CaCO3. The nucleation rate at high pH,
such as 11 and 10.5, is so high that morphology control is


Figure 2. Left) XRD patterns and right) IR spectra of CaCO3 particles obtained in the presence of PEG-b-
PMAA. [CaCO3]� 8mm, pH� 10, [polymer]� 0.2 (A) and 0.05 gLÿ1 (B). ªVº denotes peaks from vaterite.
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already partially lost. Here two different types of calcite
particles are formed; the TEM graphs show both ellipsoids
and irregular stars.


This is in agreement with an additonal observation:
precipitation takes place practically immediately at high pH,
whereas with decreasing pH the induction time of CaCO3


precipitation increased considerably. This is just another
expression for the decrease of the supersaturation making the
crystallization control by the polymer more efficient. In this
context, it is should be noted that the crystals are mostly
rodlike or ªsimpleº at lowest pH, whereas the formation of
twins and peanuts gets increasingly more pronounced at
higher pH. This shows that not only primary nucleation, but
also secondary nucleation on the side surfaces depends on the


supersaturation ratio, that is,
both the systematic trends of
particle size and shape depend
on the same set of parameters.
The limit of pure rods would be
obtained when primary nuclea-
tion is slowed down by the
adsorption of the PEG-b-
PMAA block copolymers at
the crystal planes parallel to
the c axis of calcite and when
secondary nucleation is com-
pletely suppressed.


Effect of the polymer concen-
tration. Figure 4 shows the typ-
ical EM pictures of CaCO3


particles obtained at PEG-b-
PMAA concentrations lower
than the standard concentra-
tion (0.2 g Lÿ1). At the polymer
concentration of 0.1 g Lÿ1, sev-
eral micrometer-long rod-like
or branched particles with rug-
ged and faceted surfaces were
produced (Figure 4a); this is in
agreement with the XRD ob-
servations of calcite crystals.


If the polymer concentration
was further decreased to 0.05 g Lÿ1, many small spherical
particles (0.6 ± 1.6 mm) in addition to the rugged species were
obtained (Figure 4b). TEM with higher magnification reveals
that the spherical particles exhibit rough surfaces and no
surface faceting, while the averaged roughness is below the
50 nm scale. The XRD pattern of this sample is shown in
Figure 2 (left, curve B), which shows weak and broad
diffraction peaks from vaterite, a metastable polymorph of
CaCO3, in addition to the sharp diffraction peaks from calcite,
an indication that the obtained spherical particles consist at
least partly of vaterite nanocrystallites. The corresponding IR
spectrum (Figure 2, right, curve B) also shows the presence of
a band at 744 cmÿ1, which is characteristic of vaterite,[12, 30] in
addition to the bands corresponding to calcite; this provide


Figure 3. CaCO3 particles obtained in the presence of PEG-b-PMAA. [polymer]� 0.2 gLÿ1; [CaCO3]� 8 mm ;
pH� a) 9, b) 9.5, c) 10.5, and d) 11.


Figure 4. CaCO3 particles obtained in the presence of PEG-b-PMAA. [CaCO3]� 8 mm ; pH� 10; [polymer]� a) 0.1, and b) and c) 0.05 gLÿ1. Sample c) was
aged for two months.







FULL PAPER H. Cölfen, L. Qi


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0110 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 1110


further evidence for the coexistence of calcite and vaterite in
the product. In our experience, such a coexistence is usually
an indication for a metastable state. Consequently, after the
sample consisting of calcite particles and spherical vaterite
particles was aged for two months, the spherical particles
totally disappeared and only particles exhibiting well-defined
surface faceting were left (Figure 4c), suggesting a complete
transformation from vaterite to calcite. A similar observation
has been reported for the mixture of spherical vaterite
particles and calcite particles produced in the presence of an
alkylethersulfonate surfactant by homogeneous precipitation,
which changed into pure calcite on extended aging time.[50] It
is well known that vaterite transforms readily and irreversibly
into the stable calcite form through a solvent-mediated
process.[51±53] We can conclude from these observations that
at concentrations as low as 50 mg Lÿ1, the double hydrophilic
polymers loose their ability to control the CaCO3 morphology
and modification. If the underlying process is an adsorption
process, we can define an equilibrium constant k�
[polymerads]/[polymer] per unit area of CaCO3 and, evidently,
there must be a critical surface coverage Scr by the polymer to
promote morphological changes of the growing crystal.


Ostwald-ripening and solvent-mediated recrystallization
processes depend on the presence of a favourable difference
in interface energy as a driving force. It must be underlined
that all other structures presented before were stable against
aging, that is, there is no positive interface energy difference
which drives the process. This means that at coverages above
Scr, the system does not loose
(or even gains) energy by ex-
posing crystal surfaces that can
adsorb polymer. It is a question
of thermodynamics that at the
Scr the interface energy is zero,
while it is by definition negative
at higher concentrations (all
these considerations just hold
for crystals being large com-
pared to the polymer).


This goes well with the ob-
servation that stable vaterite
particles (although vaterite is
metastable in pure water) can
be produced in the presence of
organic additives that can sta-
bilize the vaterite surface, such
as bis(2-ethylhexyl)sodium sulfonate (AOT)[53] or double-
hydrophilic block copolymers that contain a poly(ethylene-
imine)-poly(acetic acid) block.[41] Recently, stable spherical
vaterite particles (1 ± 2 mm) were also produced in the
presence of a carboxylate-terminated dendrimer.[30] It is
assumed that in these cases the preferential adsorption of
the polymer on vaterite relative to calcite can at least balance
the relative loss in the crystallization energy.


From the fact that in our low-concentration experiment
vaterite spheres were obtained, whereas only calcite crystals
were produced in the control experiments in which all other
experimental conditions are kept the same (without the
polymer), we can speculate that well below the concentration


at which PEG-b-PMAA is able to stabilize and modify
crystals, it can play a role in initiating the nucleation of
vaterite. Alternatively, the vaterite growth could be explained
by a kinetic inhibition of the calcite nuclei by the limiting
amount of polymer. In classical nucleation theory,[54] subcrit-
ical nuclei of all potential polymorphs are stochastically
formed and dissolved, and just those nuclei which pass a
critical size (defined by crystallization enthalpy and interface
energy) can continue to grow. If a polymer lowers the
interface energy of a specific polymorph (and the interface
energy is lowered already below the critical surface coverage),
it is this polymorph which is specifically nucleated. This
concept is consistent with the recent finding that carboxylate
copolymers were able to initiate the vaterite nucleation from
stable supersaturated solutions through binding of the cal-
cium ions at the ionized carboxylic groups.[11]


At higher polymer concentrations (such as 0.1 g Lÿ1) which
maintain higher surface coverages than Scr, the interplay of
nucleation and growth becomes more complicated, because
the polymorph that is most efficiently nucleated is also the
one for which growth is most effectively stopped. This is
presumably why we observe an induction period starting from
this concentration, at which a considerable amount of CaCO3


is kept stable in solution, and only calcite is grown through a
slow crystallization process.


A new type of morphology was produced when the polymer
concentration was increased to concentrations higher than
standard (0.2 g Lÿ1). Figure 5 shows that dumbbell-like par-


ticles were produced in the presence of 0.5 g Lÿ1 PEG-b-
PMAA, the size of which seems to be very broadly dispersed
with a few large particles over 10 mm down to many small
particles less than 5 mm.


The images also show the rough surfaces of the large
dumbbells though the typical residual faces of calcite are hard
to see. The XRD measurement, however, reveals that these
particles are composed of pure calcite.


Further increase of the polymer concentration to 1 g Lÿ1


resulted in the extension of the heads of the dumbbells that
finally close to nearly spherical particles, though smaller
peanutlike particles were still present, presumably from the
early stages of the dumbbell growth (Figure 6a).


Figure 5. CaCO3 particles obtained in the presence of PEG-b-PMAA. [polymer]� 0.5 gLÿ1, [CaCO3]� 8 mm,
pH� 10; observed after 24 h.
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One can clearly observe the existence of equators or
notches on the large spheres. An enlarged micrograph (Fig-
ure 6b) suggests that the large spheres also exhibit a rough
outer surface. TGA analysis of the CaCO3 spheres revealed
only a low polymer content of 2.8 wt % in contrast to the much
higher polymer contents up to 40 wt% found for spherical
particles nucleated at higher polymer concentrations.[41]


The inner structure of the dumbbell-like particles was
preliminarily revealed by a TEM picture from a thin-section
sample. It can be seen that each dumbbell is composed of
primary calcite (as revealed by WAXS) ªbricksº, which are
rod-like at least in the outer part of the crystal. These
crystallites are aligned in a way that is reminiscent of the
electric-dipole field lines of a rod-shaped seed crystal
discussed by Kniep for the growth of fluoroapatite[55] (see
Figure 6c and d). The distance between the single-crystal
building blocks is reasonably well defined (�5 nm) and
presumably houses the polymer layers. The distance between
the building blocks matches well with that expected for a
double layer of PEG-b-PMAA with the PEG block of
3000 g molÿ1.


Figure 6d also reveals that the crystallites on the outer part
of the particle are bigger than those in the inner part; this is
probably a secondary nucleation event that causes the
observed rough surface of the dumbbells (see also Figure 5).


Other examples of spherical calcite colloids are found for
the precipitation of magnesian calcite in the presence of


magnesium ions[47, 56, 57] or ob-
tained with a double-hydrophil-
ic block copolymer as a modi-
fier at high concentrations.[41] In
all these cases, the mode of
formation of the spherical su-
perstructure remained un-
solved. Again, it must be under-
lined that both shape and size
distribution do not change even
after long resident times within
the mother solution, that is no
Ostwald ripening or recrystalli-
zation takes place consistent
with observations for CaCO3


spheres obtained by another
route.[57] This means that the
high polydispersity results from
a slow, continuous nucleation
process: the same polymer that
acts at very low concentrations
as a nucleation agent inhibits
primary nucleation at higher
concentrations.


In order to gain additional
evidence for the formation
mechanism of the complicated
calcite morphologies obtained
here, we tried to follow the
morphological development of
the calcite spheres at different
crystallization times. Figure 7


shows typical EM micrographs of the samples prepared at
various early stages from the solution that yielded the calcite
spheres shown in Figure 6 after 24 h.


As the solution was slightly opaque, but not obviously
turbid, for the first 90 minutes SEM was not suited to
characterize the structures in this inhibition period. TEM
samples were prepared at 30 and 60 minutes by simply
dropping a drop of the solution on carbon-coated copper
grids, waiting for one minute and removing the mother
solution by using filter paper. As shown in Figure 7a, only
loose aggregates of evidently amorphous nanoparticles (20 ±
30 nm, evidenced by the corresponding electron diffraction)
were observed for the 30 minute-old sample.


We deduced from this observation that the actual very high
supersaturation at early stages is lowered by the formation of
a blockcopolymer-stabilized amorphous intermediate rather
than of CaCO3 nanocrystals. In other words, the crystalliza-
tion inhibition operates neither through dissolved molecular
species nor through molecules sequestered onto the polymer,
but involves an amorphous colloidal intermediate. Similar
amorphous particles were observed for the 60 minute sample
although the nanoparticles constituting the aggregates seem
to grow and aggregate further (Figure 7b).


After 90 minutes of aging, the solution became turbid, and
large micron-sized particles were generated and characterized
by SEM. From Figure 7c we can see that already at the early
stages larger species (larger than 10 mm) are formed. These


Figure 6. CaCO3 particles obtained in the presence of PEG-b-PMAA. [polymer]� 1 gLÿ1, [CaCO3]� 8 mm,
pH� 10; observed after 24 h. Micrographs of a dumbbell at different magnifications (a and b) and TEM pictures
of a ªthin-sectionº at different magnifications (c and d).
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big particles resemble in shape
and size the big spherical calcite
particles in the final blend
shown in Figure 6, that is, the
particles do not further grow in
the remaining time of the reac-
tion. This means that the nucle-
ation of the calcite nanostruc-
tures from the amorphous in-
termediates is slow; however,
the crystallization is relatively
fast. The overall crystallization
mechanism is in addition self-
limiting: the growth stops when
the outer branched or facetted
shell is applied.


After 120 min, the turbidity
had considerably increased;
this is caused by the increase
of the total number of the
particles produced, as visual-
ized by SEM. As shown in
Figure 7d, more smaller dumb-
bells were generated, while no
change in size was observed for
the previously formed large
spheres. Considering the pres-
ence of a large number of the
smaller peanuts and dumbbells
in the final product shown in
Figure 6, it can be concluded
that the large spheres were more favorably formed at the
earlier stages of crystallization, whereas smaller dumbbells
were more favorably produced at later stages, leading to the
very broad distribution of the final particles. This can be
attributed to the fact that either the amount of CaCO3


available for crystallization (this is most probably the
amorphous precursor; the molecular supersaturation is pre-
sumably constant) or the amount of polymer necessary for
morphology control is lowered with time.


However, as TEM and SEM investigations potentially
suffer from drying artifacts, we performed time-dependent
dynamic light scattering on a crystallizing solution under the
conditions of Figure 7 to study the growth of the crystallites in
solution (see Figure 8). The mixing of the reactants was set as
t� 0.


As it can be seen in Figure 8a, three regimes can be
distinguished from the time dependence of the turbidity.
Already after two minutes, the particles have a diameter of
about 140 nm; this clearly states that the primary amorphous
particles seen in TEM with diameters of 20 ± 30 nm are
already aggregated. The turbidity in region 1 (2 ± 7 min)
rapidly increases, which is caused by an increasing particle
size and number. In region 2 (7 ± 50 min), the turbidity stays
constant or slightly decreases, whereas the averaged particle
size still increases up to 1000 nm. This is usually the case when
the increase in particle size is balanced by a decrease in the
particle number, that is, the amorphous precursors either
aggregate to larger units or the whole sample undergoes


Figure 7. CaCO3 particles obtained in the presence of PEG-b-PMAA after a) 30, b) 60, c) 90, and d) 120 min of
mixing. [polymer]� 1 g Lÿ1, [CaCO3]� 8mm, pH� 10.


Figure 8. Time dependence of a) the hydrodynamic diameter and the
turbidity as well as of b) the apparent particle size distributions.
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recrystallization to a few, much
larger species. It must be stated
that big crystals are less visible
in our scattering experiment,
because we are leaving the
region of Rayleigh scattering
and enter the domain of Mie
and Fraunhofer diffraction. Al-
so, because of the slowing down
of the relaxation processes, the
sampling period is not long
enough to allow for sufficient
sampling statistics: the size data
gets more noisy.


In region 3 (t> 50 min), both
size and turbidity decrease; this
indicates the formation of the macroscopic particles shown in
Figure 7c which then precipitate and leave the scattering
volume, that is, the sample is depleted of CaCO3. In this
period, light scattering is simply not appropriate anymore to
characterize the process. It must be stated that the reprodu-
cibility of these experiments is not very high, as it must be
expected for all processes with induction periods. However,
all turbidity/size curves have a similar overall shape, but the
starting sizes, slope, and consequently onset of crystallization
vary for each experiment.


Therefore it is not suprising that the TEM observations in
Figure 7 do not exactly match those in Figure 8 as the
crystallization kinetics depends on mixing conditions and
reactor size; however, the overall scenario seems to be
supported by the solution experiments. Already after ten
minutes (shortly after the steep turbidity increase in Fig-
ure 8a), the particle size distribution shows particles with sizes
well exceeding the micron range. This trend is amplified with
time (Figure 8b; this represents the increasing polydispersity,
which is indicative of parallel continuous nucleation and
growth processes that also result in the diversity of shapes (see
also Figure 5 and Figure 6). However, as the smallest ob-
served particles of about 140 nm in Figure 8a are almost
completely absent after 50 min, the pool of the amorphous
primary particles seems to be exhausted.


Effect of the CaCO3 concentration : To examine the effect of
the CaCO3 concentration on the crystallization, the crystal-
lization experiment was repeated at lower and higher
concentrations (4 mm and 16 mm, compared with the standard
of 8 mm). At the lower CaCO3 concentration of 4 mm,
peanutlike particles (2.2 ± 2.8 mm) with rather rough surfaces,
which are shown by the corresponding XRD result to be
composed of calcite, were obtained (Figure 9a).


The obtained peanutlike particles are smaller than the
particles obtained under the standard conditions and the
outgrowth extent of both ends of the peanuts seems to be
larger; this is attributed to the increase in the relative ratio of
polymer to CaCO3. Decreasing the CaCO3 concentration
evidently has a similar result as increasing the polymer
concentration, it is just that the system has been diluted by a
factor of two.


If the CaCO3 concentration was increased to twice the
standard concentration, that is, 16 mm, a mixture of spherical
vaterite particles and less-defined calcite particles that exhibit
surface faceting were obtained, an event which is very similar
to the sample obtained at the standard CaCO3 concentration
but at a low polymer concentration of 0.05 g Lÿ1 (Figure 4b).
Similarly, the vaterite spheres disappeared with aging, and
only the calcite species remain. The observed events seem
again be consistent with the decrease of the ratio of polymer
and CaCO3, and the overall concentration (in the restricted
range covered) seems to be of secondary importance. Both
CaCO3 concentration experiments indicate that the relative
proportion between the polymer and CaCO3 concentrations is
more relevant for determining the polymorph and morphol-
ogy of the produced particles.


To exclude a possible effect of a higher ionic strength on
crystallization (given by the free counterions of the precur-
sors, in our case Na� and Clÿ), we also carried out the
crystallization experiment under the standard conditions
(8 mm CaCO3), but with additional 16 mm NaCl. The product
was essentially the same as the product obtained under the
standard conditions, suggesting that the effect of ionic
strength or long-range electrostatic interactions is negligible
in the chosen limited range.


Discussion


A double-hydrophilic block copolymer PEG-b-PMAA con-
sisting of a binding block and a solvating block was used as an
effective crystal growth modifier to control the crystallization
of CaCO3. Various morphologies of calcite particles, such as
rod-, peanut-, and dumbbell-like, and spherical and ellipsoi-
dal, have been successfully produced in the presence of PEG-
b-PMAA at room temperature by a simple solution synthesis
method, which provides an easy route to the biomimetic
morphogenesis of calcite. The influences of important exper-
imental factors including pH, the polymer concentration, and
the CaCO3 concentration on the size and morphology of the
produced CaCO3 particles have been investigated in detail.


The pH can influence the morphology of the calcite
particles significantly with ellipsoidal and irregular particles
formed at high pH, such as pH 11 and 10.5, peanut- and


Figure 9. CaCO3 particles obtained in the presence of PEG-b-PMAA. [polymer]� 0.2 gLÿ1, pH� 10, [CaCO3]�
a) 4, and b) 16mm
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dumbbell-like particles formed at medium pH, such as pH 10
and 9.5, and rod-like particles formed at low pH, such as pH 9.
The effect of pH on the calcite crystallization in the presence
of PEG-b-PMAA can be interpreted in terms of the influence
of pH on both the protonation degree of the carboxylic acid
groups in the PMAA block of the copolymer and the
supersaturation of the solution, although the COOH groups
can be considered to be completely deprotonated so that the
pH effect on the solution supersaturation is the main effect.
Also, the polymer concentration plays an important role in
determining both the polymorph and morphology of the
CaCO3 particles. Spherical vaterite particles, which complete-
ly transform into calcite particles with longer aging, were
produced together with calcite particles at the lowest polymer
concentration. Peanut- and dumbbell-like, and large spherical
calcite particles appeared successively with increasing the
polymer concentration. However, the study on the influence
of the CaCO3 concentration on the morphology of the CaCO3


particles revealed that the relative proportion between the
polymer and CaCO3 concentrations plays an important role in
determining the characteristics of the obtained CaCO3


particles rather than the absolute concentrations.
All this information can be summarized in a diagram which


we call morphology map. This is shown in Figure 10. Such
diagram has the useful feature to allow the prediction of
morphologies that can be expected for given experimental
conditions.


The fact that this morphology map is general for the PEG-
b-PMAA/CaCO3 system is underlined by the fact that
literature reported morphologies, which were obtained under
crystallization conditions other than those applied in this
study fit well into the map in Figure 10.[41, 42] The particles with
calcite faces at both ends, obtained with a very similar block
copolymer and reported by Marentette et al.,[42] basically
represent the intermediate between the rather undefined
calcite particles at very low polymer concentrations and the
peanutlike particles. Also, the CaCO3 spheres which we found
in an earlier work in a double-jet reactor[41] are exactly the
shape which we should expect for such a high [polymer]/
[CaCO3] ratio. This strongly indicates that the influence of the


polymer on the crystallization of CaCO3 at a given pH
prevails over that of other parameters like reactor type,
stirring speed, and so forth; this is important for the prediction
of morphologies that just depend on the concentration of the
polymer CaCO3 and the pH.


The position of the critical surface coverage was also
included in Figure 10, but it can only be considered as
approximate as this value cannot be exactly measured, only its
position can be concluded from the observed morphologies.


The formation of the usually equator-containing spheres
that consist of pure calcite was further studied by carrying out
a time-dependent crystallization experiment, which indicated
that the finally observed spheres grow from amorphous
nanocrystalline aggregates via dumbbell-shaped macrocrys-
talline intermediates with continuous nucleation of the
macrocrystals.


A similar progressive growth of fluoroapatite superstruc-
tures in gelatin matrices from rods to peanuts, dumbbells,
notched spheres, and finally spheres has been recently
reported by Kniep et al.[55, 58] The fractal branching of
successive generations, which results in the morphogenesis
of the fluoroapatite spheroids, together with the overall
symmetry of the self-assembled aggregates has been consid-
ered as a consequence of intrinsic electric fields, which take
over control of the aggregate growth.


In our case, TEM micrographs from thin-sectioned samples
of dumbbell-like particles (Figure 7c) have also indicated the


alignment of rodlike nanocrys-
tals along field lines, but not a
strict fractal structure. Howev-
er, a torus-shaped cavity
around an elongated seed,
which has been clearly ob-
served for the fluoroapatite
spheroaggregate and success-
fully simulated by assuming a
fractal model,[58] could not be
detected in our study. Never-
theless, although we only ob-
serve aggregates of amorphous
CaCO3 nanoparticles rather
than an elongated primary seed
crystal,[55, 58] the crystallization
of these aggregates to dumbbell
or spherical microparticles is
similar to the fractal growth


observed for fluoroapatite.[55, 58] However, in contrast to the
fluoroapatite case, we observe secondary crystallization
events on the surface of the micron-sized aggregates. Spher-
ulitic growth can also be discussed as mechanism as the
general random growth of a spherulite manifests in a linear
time dependence of the particle size;[64] this indeed seems to
be indicated by the results from the light scattering experi-
ments (see Figure 8a). However, the occurrence of the
dumbbell-shaped particles cannot be explained with this
growth model. Nevertheless, as a precursor to spherulitic
growth, the ªsheaf of wheatº mechanism is discussed,[63] which
in analogy to the observations of Kniep et al.[55, 58] suggests
that the meeting of the opposite ends of the sheafs results in


Figure 10. Morphology map of CaCO3 in presence of PEG-PMAA showing the morphology dependence of
CaCO3 in dependence of pH and the ratio [polymer]/[CaCO3] for which the unit for both concentrations is gLÿ1.
The particles are drawn to scale. Arrows indicate when several morphologies were observed simultaneously.
Morphologies reported for the same system in refs. [41] and [42] are also included and drawn in grey.
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spherical particles exhibiting equators.[59] Recently, Tracy
et al. have used this mechanism to explain the formation of
spherical magnesian calcite particles synthesized in the
presence of both Mg2� and SO4


2ÿ ions although it could not
be proved by kinetic observations as in our case due to a very
fast formation of the spheres.[57] We think our present results,
which show almost all the progressive stages of evolving from
aggregates of nanocrystallites via dumbbells to spheres,
strongly support such a growth mechanism. The discussed
growth mechanism of spheres via dumbbells that are com-
posed of small and often rodlike primary crystallites seems to
be adapted by various inorganic systems ranging from the
already discussed CaCO3,[41, 57] fluoroapatite[55, 58] to Ba-
SO4


[44, 45] to peanutlike iron oxides obtained from amorphous
precursors by a sol gel method.[60±62]


It is also interesting to note that two papers about the
general crystallization phenomenon of spherulitic growth
discuss growth in a locally highly viscous environment in
which the crystallization is slow.[63, 64] If we consider the
aggregates of amorphous nanocrystals (Figure 7), which are
the precursor materials for the final spheres, the local viscosity
of these aggregates can be considered to be high; this slows
down the calcite crystallization and thus may be a condition
for the observed spherulitic growth of the macrocrystals.


The produced calcite particles with various morphologies
are promising candidates for materials due to the importance
of shape and texture in determining many properties of
materials.[1] The successful realization of the biomimetic
morphogenesis of calcite by using a double-hydrophilic block
copolymer as a crystal growth modifier extends the possibil-
ities of previous attempts of inorganic morphogenesis[1, 2, 58]


and could also have some important biological implications.
The tremendous potential of block copolymers as effective
tools for the controlled synthesis of inorganic crystals with
unusual morphologies has been further demonstrated by the
present work. It is expected that double-hydrophilic copoly-
mers can be similarly applied to many other systems than
those already successfully studied (CaCO3,[41, 42] Cax(PO4)y ´
H2O,[43] BaSO4


[44, 45] and ZnO[46]) as an effective crystal growth
modifier. Copolymers that contain more complex patterns of
chemical groups may provide even more effective tools for the
controlled synthesis of inorganic crystals and this possibility is
currently being studied.
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Abstract: Organometallic polymers
were prepared by acyclic diyne meta-
thesis (ADIMET) or by Pd-catalyzed
coupling of 1,3-diethynylcyclobutadi-
ene(cyclopentadienyl)cobalt with a suit-
ably substituted diiodobenzene. The
polymers obtained by Heck coupling
show a degree of polymerization (Pn) of
20 ± 60. The monomers for ADIMET
were made by the Pd-catalyzed coupling
of [1,3-bis(trimethylsilylethynyl)-2,4-
bis(trimethylsilyl)cyclobutadiene](cy-
clopentadienyl)cobalt to 1-bromo-2,5-


dialkyl-4-propynylbenzenes in the pres-
ence of KOH in yields of 40 ± 48 %. The
monomers carry hexyl, ethylhexyl, and
(S)-3,7-dimethyloctyl side chains. Poly-
merization of the propynylated mono-
mers furnishes organometallic polymers
with a Pn of up to 230 arylene-ethynyl-


ene units. The polymers were fully
characterized by polarizing microscopy,
transmission electron microscopy, circu-
lar dichroism, differential scanning cal-
orimetry, and X-ray diffraction (XRD).
They show nematic, lyotropic liquid
crystalline phases as well as chiroptical
properties from which aggregation in
poor solvents and in the solid state can
be concluded. Lamellar or irregular
honeycomb-shaped morphologies in
these organometallic polymers can be
detected by electron microscopy.


Keywords: aggregation ´ conjuga-
tion ´ liquid crystals ´ organometal-
lic compounds ´ polymers ´ supra-
molecular chemistry


Introduction


Aggregation and supramolecular ordering is an increasingly
important topic of macromolecular science.[1] Aggregates of
conjugated polymers such as poly(paraphenylene-vinyl-
ene)s,[2] poly(paraphenylene-ethynylene)s (PPE),[3] or poly-
thiophenes[4] have significantly different physical, optical, and
electronic properties from those of single molecules of these
polymers. Aggregation of conjugated polymers is (potential-
ly) relevant to device technology[5a, b] and molecular electron-
ics,[5b] but is likewise of fundamental interest. Organometallic
materials have been a focus of considerable attention during
the last decade.[6, 7] The field has flourished since Manners�
elegant synthetic access to high-molecular-weight polyferro-
cenylsilanes by ring-opening polymerization (ROP).[8] Orga-
nometallic polymers can combine exotic structures with
attractive properties. Redox activity, electric conductivity, or


magnetic responses are easily achieved.[6] While a significant
amount of literature deals with the synthesis of organo-
metallic polymers,[6±9] their properties have been less well
explored. Only a handful of reports describe their liquid
crystalline and phase behavior.[9] Even less is known about the
aggregation of organometallic polymers[9a] and how far they
resemble structurally related organic systems. In this contri-
bution, we describe novel, conjugated, organometallic poly-
mers 9 a ± c (including a chiral example, 9 c) prepared by
acyclic diyne metathesis (ADIMET)[10, 11] and give a full
account[9b] of the synthesis of the liquid crystalline, organo-
metallic PPE derivatives 3 a ± f. The aggregation, phase (i.e.
liquid crystalline) behavior and morphology of 3 and 9 a ± c
are examined.


Results and Discussion


Simple organometallic PPEs 3 : In 1,3-diethynyl-substituted
cyclobutadiene complexes, the two alkyne groups are ar-
ranged in a linear fashion, which is suitable for the synthesis of
rigid organometallic polymers. Vollhardt�s diethynyl (1) is
available on a multigram scale and can be used for this
purpose.[12] The Pd-catalyzed coupling of diynes to aromatic
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diiodides is a powerful method for the synthesis of poly(ar-
ylene-ethynylene)s.[13] We have demonstrated previously,[9b]


that careful optimization of the reaction conditions results in
the coupling of 1 a and 1 b to aromatic iodides 2 a ± e under
Heck ± Cassar ± Sonogashira ± Hagihara conditions.[13±15] The
choice of amine base was critical and only piperidine led to
polymers 3 with acceptable molecular weights and polydis-
persities (PDI).[13a, c] Table 1 gives yield, molecular weight and


PDI of 3 a ± f. The molecular weights of 3 a ± f are within the
expected range owing to the use of a Pd2�-catalyst precursor
that consumes a fraction of the diyne 1 b to form the
catalytically active [(PPh3)2Pd0]. The created stoichiometric
imbalance prevents the formation of high-molecular-weight
polymers 3.


The polymers 3 were purified either by double precipitation
into methanol and pentane or by preparative gel-permeation
chromatography (3 d). They are yellow or red to tan-colored,
form strong, free-standing, transparent films when cast from
chloroform solution, and are stable under ambient conditions
for extended (years) periods of time (Scheme 1).


Organometallic polymers by alkyne metathesis : Recently, we
reported a simple protocol for alkyne metathesis that utilizes
a mixture of [Mo(CO)6] and 4-chlorophenol or 4-trifluoro-
methylphenol in situ.[10b, c, 11] This ºinstantº catalyst forms in
off-the-shelf reagents at elevated temperatures. It metathe-
sizes dipropynylated benzenes to high-molecular-weight poly-
(phenylene-ethynylene)s (10) with extrusion of 2-butyne.[10]


R


R R


R R


R


CH3H3C


n
10


10a: R = hexyl, 10b: R = 2-ethylhexyl, 10c: R = 3,7-dimethyloctyl


These catalysts are effective for hydrocarbon monomers, but
the high temperatures required and the aggressive phenols
may be incompatible with organometallic monomers. We
envisioned 8 a ± c (see Scheme 2 below) as substrates for
ADIMET (see Scheme 3) which would form the organo-
metallic polymers 9. ADIMET is suited to access high-
molecular-weight conjugated organometallic polymers and
allows the synthesis of organometallic polyarylene-ethynyl-
enes in which the organometallic units are separated by two
phenylene-ethynylene groups (9) rather than by one, such as
in 3.


Monomer synthesis : The monomers 8 a ± c should be acces-
sible from 1 b[12] and the hitherto unknown 4-bromo-2,5-
dialkylpropynylbenzenes (7 a ± c) by Pd-catalysis (Scheme 2).
The dibromides 5,[10d, 13] prepared from 4, were treated with
n-BuLi (ÿ78 8C, THF). Treatment of the intermediate mono-
lithiated benzene with elemental iodine furnished 6 a ± c in


high yields in a streamlined
version of Godt�s protocol.[16]


In Heck type couplings, aryl
iodides are more active than
aryl bromides, and the reaction
of 6 a ± c with an equimolar
amount of propyne selectively
leads to 7 a ± c in 65 ± 75 %
yield. Attempts to couple 7 a ±
c to 1 b by utilizing NEt3 at
80 8C furnished 8 in only 13 ±


Table 1. Substituent pattern, yield, molecular weight, and polydispersities
of polymers 3 a ± f.


3 R1 R3 Yield [%] Mn [�103] Pn
[a] Mw/Mn


a H hexyl 75 4.7 18 3.5
b SiMe3 H 86 4.3 18 1.7
c H dodecyl 79 24 58 2.8
d SiMe3 hexyl 74 5.1 18 2.6
e SiMe3 dodecyl 79 4.9 12 4.1
f SiMe3 (S)-3,7-dimethyloctyl 80 21 29 3.0


[a] GPC data according to polystyrene standard in chloroform.


Scheme 2. Synthesis of the monomers 8. 1b : R1�TMS, R2�H, 1c : R1�R2�TMS; R4� hexyl, 2-ethylhexyl, (S)-2,7-dimethyloctyl. a) Br2, RT, 12 h.
b) n-BuLi, ÿ78 8C, I2. c) (PPh3)2PdCl2/CuI piperidine, RT, 12 h. d) (PPh3)2PdCl2/CuI/PPh3 20% KOH in EtOH HN(iPr)2, 838C, 12 h.


Scheme 1. Synthesis of the oganometallic polymers 3 by Pd-catalyzed coupling. 1a : R1�R2�H, 1 b : R1�TMS,
R2�H; R3�H, hexyl, (S)-2,7-dimethyloctyl, dodecyl. a) (PPh3)2PdCl2, CuI, piperidine.
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15 % yield. Heitz has reported an in situ deprotection/
coupling scheme,[17] in which TMS-substituted alkynes were
directly connected to aromatic halides. A slight variation of
this protocol couples 1 c to 7 in diisopropylamine as solvent/
base, with [(PPh3)2PdCl2]/CuI as catalyst, and with ethanolic
KOH as deprotecting agent to selectively remove the TMS
groups at the alkyne units. The ADIMET monomers 8 a ± c
are isolated in a respectable 40 ± 48 % yield (Scheme 2).[15±17]


Polymerization reaction : The use of 20 mol% [Mo(CO)6] in
combination with 100 mol % 4-trifluorocresol is necessary for
the successful ADIMET of 8 a ± c.[18] The reaction was
conducted for 16 h at 150 oC in 1,2-dichlorobenzene. Similar
conditions have previously been optimized for the synthesis of
PPEs 10[14a] and furnished the yellow or yellow-brown poly-
mers 9 a ± c after a standard workup (Scheme 3). 1H NMR and


13C NMR spectra demonstrated that 9 had formed without
appreciable defects and reinforced our notion that instant
catalysts effectively metathesize dipropynylated monomers as
long as no basic hetero atoms (i.e. with free electron pairs) are
present. The difference in solubility of the polymers 9 a ± c,
which is dependent on their side chains, is remarkable.
Polymer 9 a (R� hexyl) is almost insoluble. Only 40 % of
the precipitate, mostly low-molecular-weight material, could
be redissolved by sonication in chloroform. The introduction
of branching into the side chains, such as in 9 b (R� 2-
ethylhexyl), leads to improved solubility. The (S)-3,7-dime-
thyloctyl substituent gives polymers 9 c, which are very
soluble, even in hexanes, yet the chiral 9 c forms almost
quantitatively and has a high degree of polymerization
(Scheme 3).


Table 2 displays the molecular weights of 9 a ± c, with 9 c
consisting of chains with a number average of 2.3� 102


arylene-ethynylene units (determined by gel permeation
chromatography; GPC). Since the monomer contains three
arylene-ethynylene units, a Pn of 77 results in a molecular
weight (Mn) of 85 kDa. In the 1H NMR spectra of polymers
9 a ± c the propyne end groups at d� 2.06 were hardly
detectable, if at all, which is additional evidence for their
substantial molecular weights. Alkyne metathesis is thus


effective for making 9. ADIMET is competitive to Pd-
catalyzed couplings and actually superior to the Pd-catalyzed
couplings in terms of yield, molecular weight, and purity of
the obtained polymers.


Optical and chiroptical proper-
ties of 3 f and 9 a ± c : UV/Vis
spectra of PPEs 10 in poor
solvants or in the solid state
have a strong aggregation-
induced band at 439 nm.[3a]


The likely reason for the occur-
rence of this aggregate-induced
band is the planarization of the
PPE backbone.[19b] We com-
pared UV/Vis spectra of the
organometallic polymers 9 a ± c
and 3 a ± f taken in pure
chloroform, chloroform/metha-
nol mixtures, and in the solid
state. Sample spectra of 9 c,
which is representative for poly-
mers 3 and 9, are shown in


Figure 1 (top). The differences between solution and the
solid-state spectra both in 3 as well as in 9 are small. The
availability of the chiral polymers 9 c and 3 f allowed their
aggregation to be examined by circular dichroism (CD)
spectroscopy.[3, 19] The bottom half of Figure 1 shows the CD
spectra of 9 c in the presence of an increasing amount of
methanol as nonsolvent.


For up to 50 % methanol, no CD signal is visible for 9 c. At
higher methanol concentrations, a derivative, ªbisignateº
(with both positive and negative sign) CD signal centered at
374 nm develops. The intensity of this signal increases until
the methanol content reaches 70 %. More methanol leads to a
weaker CD signal, owing to precipitation of 9 c. The g value of
9 c reaches 0.0026Ða factor of three smaller than that of the
corresponding PPE 10 c,[3b] but more than double the value
determined by Scherf for a dialkoxy-substituted PPE.[18a] The
distinctly bisignate and symmetric shape of the signal
indicates aggregation of the polymer chains owing to the
interaction of the chromophores through exciton coupling.[1±3]


In contrast, the structurally similar PPEs 10 c have a CD
spectrum in which the aggregate band is almost ªmonosign-
ateº and could arise from a largely intramolecular contribu-
tion. The aggregation in dialkyl PPEs 10 is preceded by
planarization,[18b] while the bisignate band in 9 c suggests the


Scheme 3. Alkyne metathesis to the polymers 9. R4� hexyl, 2-ethylhexyl, (S)-2,7-dimethyloctyl, dodecyl.
a) Mo(CO)6, pHOC6H4CF3, 1,2-dichlorobenzene, 145 8C, 48 h, H3Cÿ�ÿCH3 " .


Table 2. Substituent pattern, yield, molecular weight, and polydispersities
of polymers 9 a ± c.


9 R1 R4 Yield Mn GPC Pn
[a] GPC Pn NMR[b] Mw/Mn


[%] (103)


a SiMe3 hexyl 40% 37 43 34 3.4
b SiMe3 2-ethylhexyl 83% 60 61 ± 2.9
c SiMe3 (S)-3,7-


dimethyloctyl
93% 85 77 97 3.7


[a] GPC data according to polystyrene standard in chloroform. [b] Pn was
determined by NMR spectroscopy by integrating over the residual propyne
protons at d� 2.01 and comparing the integrals with that of the Cp ring.
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presence of only intermolecular processes upon aggregate
formation. Polymer 9 c cannot planarize owing to its structural
constraints (vide infra). Its aggregates are not detectable by
UV/Vis spectroscopy. Contrary to this, in most conjugated
organic polymers, aggregate formation is accompanied by
changes in the UV/Vis spectra. In the chirally substituted
polymer 3 f, benzene and cyclobutadiene-CpCo units alter-
nate. Addition of methanol to a solution of 3 f in chloroform
does not lead to the appearance of a CD spectrum, even at
high concentrations, neither does 3 f show any chiroptical
activity in the solid state, unlike 9 c. The bulky organometallic
fragments in 3 f must disrupt the interaction of the chiral side
chains, by acting as a stereochemical ªinsulatorº. To under-
stand this behavior it was necessary to obtain information on
the solid-state structures of 3 and 9.


Solid-state structure and liquid crystalline phase behavior of 3
and 9 : The polymers 3 and 9 are isolated as yellow to tan-
colored powders when precipitated from methanol and
pentane. Films obtained by either solution casting or spin-
coating are yellow and transparent. These films appear
isotropic (black) under an optical microscope (crossed polar-
izers). The ªas obtainedº polymers 3 and 9 are amorphous and
give a weak halo of scattered intensity as their powder X-ray-
diffraction pattern. When polymer 3 d was recrystallized from
pentane, by slow evaporation, distinct diffraction peaks in its
XRD pattern were observed (d� 11.2 (100), 7.1, 6.4, 5.1, 4.8,
4.3, 3.7 �). The bulky cobalt complex prevents the formation
of parallel stacks; therefore, regardless of their orientation,
the polymer chains of 3 or 9 will not be capable of assuming
flat, boardlike structures. Instead, a cylindrical morphology


may be expected.[19] A molecular model of a single chain of 3 d
(PC Spartan Pro, MM2 force field) is shown in Figure 2. The
ªwing-spanº of the bistrimethylsilyl-substituted cyclobuta-
diene complexes is 10.5 �. This value corresponds fairly well


Figure 2. Representation of a polymer chain of 3e. The calculation was
performed with the MM2 force-field by utilizing Spartan Pro. Note the
irregular conformational and rotational positions of the bulky side chains
and the likewise bulky CpCo units in this polymer.


to the d spacing of 11.2 � observed in the diffraction pattern
of 3 d, and suggests 11.2 � as the distance between two
polymer chains. The hexyl groups could be folded into the
remaining space and would not contribute significantly to
intermolecular order in these polymers. In 3 f a d spacing of
11.5 � is obtained, close to the value of the (100) spacing of
3 d. These diffraction data are substantially different from the
ones obtained for the dihexyl-substituted PPEs 10 a.[10c] PPEs
form doubly lamellar, sanidic or ªsmecticº phases, in which
the wing-span of the solubilizing groups attached to the
benzene nucleus is directly correlated to the prominent low-
angle (100) diffraction peak.[10c, d]


The diffraction peak recorded at 6.4 � for 3 d could
represent half of the repeating unit along the long axis of
the macromolecule; this indicates that it is the (020)
diffraction, with the (010), (030) and so forth systematically
absent due to an interdigitated packing of the main chains.
How to further interpret the diffraction data is not clear
though. For both polymers 3 and 9 it would be difficult to
assume the same structure in the solid state as for 10. The
polymers 9 show only diffuse scattering in their XRD
patterns[20] and do not develop a diffraction pattern after
crystallization. Either 9 is truly disordered, or any crystalline/
liquid crystalline (i.e., ordered) domains are very small.


The bulky organometallic groups will most likely force 3 d
and 3 f into a cylindrical phase. We expect their liquid
crystalline behavior to be different from that of dialkyl PPEs
10, for which highly ordered, flat, doubly lamellar ªsmecticº
phases have been reported. Heating an amorphous film of 3 d
to temperatures above 155 oC leads to a Schlieren texture,
which is indicative of a nematic phase.[20] Variable temper-
ature XRD shows that all crystalline order has disappeared at
this temperature; this corroborates the inference that it is a
nematic phase. The isotropic state has not been reached by
220 oC, at which temperature 3 d begins to decompose,
changing from yellow to dark brown. This enantiotropic
behavior is supported by differential scanning calorimetry
(DSC), in which 3 d shows an endothermic phase transition at
130 oC (0.42 kcal molÿ1 per repeating unit, side-chain melting)
and a structural change at 155 oC. These transitions are only


Figure 1. Top: UV/Vis spectrum of 9 c in chloroform (~), in methanol/
chloroform 70:30 (&), and in the solid state (�). Bottom: CD spectrum of
9c in chloroform with increasing content of methanol.
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observed in the first heating curve but occur reproducibly in
different samples. No transitions are recorded upon cooling or
reheating; this suggests that the polymer�s solid-state struc-
ture is ªarrestedº after the first heating cycle. The phase
behavior of copolymers 9 is different. Amorphous films of
rubbery or plastic 9 b and 9 c do not develop any texture
(polarizing microscope) when heated. This is surprising, as the
rigid organometallic chains of 9 should impart sufficient order
to give a thermotropic-nematic phase.


It is possible to obtain lyotropic-nematic phases of 9 by slow
evaporation of solutions of 9 b and 9 c in an atmosphere of
chloroform over a period of several days (see Figure 3). In
these preparations, well-developed Schlieren type textures
occur. Heating the specimen to 110 8C under a polarizing
microscope gives rise to an isotropic, ªblackº melt. Recooling
to ambient temperature keeps 9 in the amorphous state,
without optical birefringence, and suggests that re-entry into
the liquid crystalline phase is kinetically hindered. Attempts
to monitor the disappearance of the liquid crystalline phase of
9 b and 9 c by DSC were not successful. This suggests that the
enthalpy for this phase transition (and its degree of order) is
very small indeed. This behavior is similar to that of 3 e (vide
supra). The absence of XRD patterns in 9 in the presence of
a Schlieren texture suggests a nematic liquid crystalline
phase.[19] The incorporation of a second phenylene-ethynylene
unit into the main chain (i.e., polymer 9) severely disrupts the
solid-state ordering of the rigid organometallic rods and
leads to their weak angular correlation (parallel alignment).
Efficient packing in 9 seems to be frustrated, so that even by
slow evaporation of a solution of 9 b and 9 c in 1,2-dichloro-
benzene or chloroform, respectively only a lyotropic nematic
liquid crystalline phase is observed.


Transmission electron microscopy (TEM) of 3 d, 3 f, and 9 c :
To obtain more information about the solid state structure of
the novel organometallic polymers, TEM was performed
upon 3 d, 3 f and 9 c. Suitable films were obtained by layering a
dilute solution of the polymer in dichloromethane carefully
onto a water surface. Carbon shading of the polymer films at
an angle of 58 was used to maximize the contrast. Polymer 9 c
forms irregular honeycombed nanostructures which are
composed of fibrils 25 ± 42 nm wide (Figure 4, top). The fibrils
enclose open spaces of 100 ± 250 nm. This morphology
resembles the open nano-networks observed by Müllen and
Rabe in the self-assembly of PPEs on surfaces.[5, 21] In contrast
to 9 c, both 3 d and 3 f exhibit clear lamellar morphologies
(Figure 4, middle and bottom). Polymer 3 d shows brush-type
lamellae, similar to the ones reported for another polymer
that contains 1 as its structural element.[9c] Single lamellae in
these brushes are approximately 18 nm wide: the width of one
lamella thus corresponds to the length of one polymer strand
(3 d, Pn� 18, length of repeating unit in 3� 1.1 nm, chain
length of 3 d� 20 nm). These data support the idea of a
perpendicular orientation of the long axis of the polymer
chains (3 d) in these fibrils, similar to that which was observed
in ref. [9c]. The chiral polymer 3 f has a slightly higher
molecular weight (Pn� 21, d� 24 nm) and the observed width
of the lamellae is increased to 28 nm. In addition, Figure 4
(bottom) shows that only 3 ± 5 lamellae are grouped together.


Figure 3. Schlieren texture of the frozen lyotropic phase under crossed
polarizers of a polarizing microscope. Top: Polymer 9 c (R� 2-ethylhexyl).
Middle: Polymer 9b (R� (S)-3,7-dimethyloctyl). Bottom: Polymer 3 f.
That this polymer forms batons, and not schlieren, suggests a higher,
lamellar order in the arrangement of the main chains.
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The lamellae are quite short, 0.2 ± 0.3 mm, but considerably
beyond the length of a single polymer chain of 3 f. The
morphologies of 3 resemble those of the high-molecular-
weight bisethylhexyl PPE 10 b, in which lamellar structures
(width� 36 nm) are observed. In the case of 10 b, the length
axes of the polymer chains and the fiber are aligned in
parallel, owing to the very high aspect ratio of 10 b,[10c, d] so
that, despite their resemblance, the super-structures of 3 and
10 originate from distinctly different molecular arrangements.


Comparison of polymers 3, 9, and 10 : PPEs 10 are the
polymers in this series that show the highest degree of order
(for an in-depth discussion of solid-state structures of PPEs 10
see refs. [10c, d, 13a]). PPEs show a) strong XRD patterns,
b) strong UV/Vis responses when comparing solution to solid-
state spectra,[3a] c) strong chiroptical responses,[3b] d) well-
developed thermotropic liquid crystalline phases,[10d] and
e) well-resolved lamellar morphologies in which the axes of
polymer chains and fibrils are aligned when examined by
TEM.[10c]


Polymers 9 a) are XRD amorphous, b) have identical
solution and solid-state UV/Vis spectra, c) have a substantial
ªbisignateº chiroptical display response, but d) only develop
lyotropic nematic phases, and e) irregular honeycomb mor-
phologies with fairly well defined features on the 100 nm
scale.


Polymers 3 have a) significant XRD patterns, but these are
only weakly influenced by the nature of the solubilizing alkyl
chains, b) identical solution and solid-state UV/Vis spectra,
c) no chiroptical signal, but d) enantiotropic thermotropic
liquid crystalline behavior. The polymers 3 d and 3 f form
e) spectacularly developed lamellar phases in which the long
axes of the fibrils are perpendicularly oriented to the axes of
the polymer chains.


Polymers 9 are only weakly ordered and form irregular-
honeycomb nanostructures, but noticeably show aggregation
according to their CD spectra. Polymers 3 display a much
higher solid-state order, but of a distinctly different type from
that in PPEs 10. While 10 are lamellar, boardlike struc-
tures,[10c, d] the bulky polymers 3 probably assume a lamellar-
cylindrical phase, in which the TMS groups and not the alkyl
chains are the primary structure-defining elements. A lamel-
lar cylindrical phase would explain the absence of a chirop-
tical response and yet the development of highly ordered
supramolecular structures.


Conclusion


This contribution describes the synthesis of the novel
conjugated polymers 9, which contain cyclobutadiene com-
plexes in the main chain. The polymers were made by
ADIMET of 8 with [Mo(CO)6]/4-hydroxybenzotrifluoride
mixtures. The investigation of the materials properties of 3


Figure 4. Top: TEM picture of a thin film of polymer 9c. The irregular
honeycombs are separated by fibrils which are 25 ± 42 nm thick. Middle:
Lamellar brushes of polymer 3 d. The lamellae are 20 nm wide and several
mms long. Bottom: Short lamellae formed by 3 f. The lamellae are 28 nm
wide and 0.2 ± 0.3 mm long. All pictures were obtained after carbon shading
of films deposited onto a copper grid. Bars indicate size of features.
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and 9 and their comparison to the PPEs 10 leads to a series in
which the degree of order decreases from 10> 3� 9. A
satisfying model for the solid-state structure of 3 (a lamellar
cylindrical ordering), fundamentally different from the struc-
ture reported for the related organic polymers 10, is proposed
on grounds of the collected optical, thermal, and TEM data.
The aggregation behavior of these organometallic polymers
was examined and is a consequence of effective side-chain
interactions in the solid state; in some cases, this results in an
induced backbone ± backbone interaction (polymers 9). The
introduction of organometallic units into conjugated polymers
thus opens up possibilities of structural order not accessible to
organic reference polymers of similar topology. In the future
we will examine the semiconductor properties of 3 and 9 in
proof-of-concept solid-state devices.


Experimental Section


General instrumentation : NMR spectra were obtained on Varian Gem-
ini 200 and Varian Mercury 400 Instruments, or on a Bruker AC 300 or
Bruker AMX 500 spectrometer. The IR spectra were obtained on a Nicolet
FTIR 320. The mass spectra were obtained on a Varian CH7a and a VG
Instruments ZAB 2. UV/Vis spectra were recorded on a Perkin ± Elmer
Lambda15 and a Jasco Series V 530 UV/Vis spectrophotometer. GPC was
performed on a Shimadzu LC6AD with a SCL10A system controller by
utilizing a Waters StyragelHMWGE 7.8� 300 mm column with polysty-
rene standards and chloroform (flow rate 1 mL minÿ1) as eluent. DSC was
performed on a Mettler DSC 30. Polarizing microscopy was performed on a
Zeiss Axiophot or a polarizing microscope from Polish Optical Works
equipped with a homebuilt camera system. TEM was performed in the
South Carolina Electron Microscopy Center, at the University of South
Carolina on a Hitachi H 8000 or on a Jeol100 CX II with an attached digital
AMT CCD camera. Circular dichroism (CD) spectroscopy was performed
on a Jasco Series J715 spectropolarimeter at the MPI für Polymer-
forschung. Powder diffraction was performed on a Rigaku D/Max 2200
powder X-ray diffractometer at 298 K.


Preparation of films for transmission electron microscopy (TEM) and
polarizing microscopy : Suitable films for TEM were obtained by dissolving
the respective polymer (3, 9) in chloroform or dichloromethane. A small
drop of the highly diluted solution was then placed on a water surface very
carefully, to avoid the drop sinking to the bottom of the container. Held by
the surface tension of water, the solution spread out to give a very thin film
that was lifted from the surface by a nitrocellulose-coated copper grid used
for TEM. The grid was carefully dried and then placed in a carbon
evaporator, where it was shaded at an angle of 58 to obtain maximum
contrast. Suitable specimens for polarizing microscopy were either
obtained by spin casting a dilute solution of the respective polymer (3, 9)
onto a glass slide or by casting a drop of a concentrated solution of the
polymer onto a glass slide and evaporating the solvent in a saturated
atmosphere of chloroform. After 48 h the lyotropic or frozen lyotropic
textures had formed and were examined by polarizing microscopy.


General experimental conditions : The Pd-catalyzed couplings were
performed under inert conditions with exclusion of air and water. House
nitrogen (obtained from the evaporation of commercial liquid nitrogen)
was utilized without further purification. ACS reagent grade 1,2-dichlo-
robenzene, chloroform, dichloromethane, and piperidine were used as
obtained. THF was distilled over potassium benzophenone prior to use for
the halogen ± metal exchange experiments. The catalysts and catalyst
precursors, including [(Ph3P)2PdCl2], [Mo(CO)6], and 4-(trifluoromethyl)-
phenol, were used as obtained. Analytical thin-layer chromatography was
performed on Merck silica-gel plates (on aluminum foil), and preparative
column chromatography was performed with Merck flash silica gel (230 ±
400 mesh). Eluents are given in the specific experimental descriptions.
Melting points are uncorrected. Elemental analyses were performed by
Willi Dindorf at the Institut für Organische Chemie der Universität Mainz.


General procedure ªAº for the synthesis of polymers 3a ± f from the Pd-
catalyzed coupling of 1 with 2 : Under a blanket of dry N2, an oven-dried
Schlenk flask was charged with CuI (10 mol %), [(PPh3)2PdCl2] (2 ±
5 mol %), and an equimolar amount of 1 and 2. Then piperidine (approx.
10 mL) was added. The mixture was stirred for 18 ± 24 h at a temperature of
21 ± 26 8C. During this time, precipitation of insoluble ammonium salts and
a considerable darkening of the reaction mixture were observed. Removal
of the ammonium salts by filtration and high-vacuum transfer of the
piperidine was followed by precipitation of the crude polymer into
methanol. The resulting yellow flakes were filtered, redissolved in chloro-
form, and precipitated into cold pentane. The suspension was held at
ÿ10 8C for 24 h and filtered cold. The precipitated polymer 3 was collected
and dried at ambient temperature under high vacuum for 24 h.


Synthesis of 3 a : According to general procedure A, 1 a (151 mg,
0.669 mmol), 1,4-dihexyl-2,5-diiodobenzene (333 mg, 0.669 mmol),
[(PPh3)2PdCl2] (23.7 mg, 0.0033 mmol), and CuI (4.2 mg, 0.022 mmol)
were dissolved in piperidine (10 mL) and allowed to react. Workup resulted
in a yellow, film-forming material 3 a. Yield: 241 mg, 71%; IR (KBr): nÄ �
3105, 2955, 2925, 2856, 2190 cmÿ1; 1H NMR (CDCl3): d� 7.18 (s, 2H), 5.06
(s, 5H), 4.66 (s, 2 H), 2.46 (br s, 4H), 1.61 (br s, 4H), 1.36 (br s, 12H), 0.93
(br s, 6H), end groups are visible at d� 7.56 (s); this is suggestive of a proton
in the vicinity of a CÿI group; 13C NMR (CDCl3): d� 142.21, 132.14, 128.32,
91.50 (alkyne-C), 89.33 (alkyne-C), 81.67 (Cp-C), 64.62, 55.85, 34.43, 32.11,
31.04, 29.63, 23.14, 19.02; elemental analysis calcd (%) for [C31H35Co]n


([466.54]n): C 75.95, H 7.36; found C 71.13, H 7.25 (incomplete combustion).


Synthesis of 3 b : According to general procedure A, 1b (142 mg,
0.385 mmol), 1,4-diiodobenzene (127 mg, 0.385 mmol), [(PPh3)2PdCl2]
(14.2 mg, 0.020 mmol), and CuI (2.8 mg, 0.015 mmol) were dissolved in
piperidine (10 mL) and allowed to react. Workup resulted in a red, film-
forming material 3b. Yield: 140 mg, 82%; IR (KBr): nÄ � 3015, 2962, 2898,
2192, 2127 cmÿ1; 1H NMR (CDCl3): d� 7.27 (s, 4H), 4.97 (s, 5H), 0.37 (s,
18H), end groups give weak singlets at d� 7.11, 7.64; 13C NMR (CDCl3):
d� 130.94, 123.66, 91.08 (alkyne-C), 81.68 (Cp-C), 77.11, 76.08, 65.39,ÿ0.31
(Si(CH3)3); elemental analysis calcd (%) for [C25H27CoSi2]n ([442.58]n): C
67.85, H 6.15; found C 62.54, H 6.11 (incomplete combustion).


Synthesis of 3c : According to general procedure A, 1 a (150 mg,
0.674 mmol), 1,4-didodecyl-2,5-diiodobenzene (450 mg, 0.674 mmol),
[(PPh3)2PdCl2] (24.7 mg, 0.035 mmol), and CuI (5.3 mg, 0.028 mmol) were
dissolved in piperidine (10 mL) and allowed to react. Workup resulted in a
yellow, film-forming material 3c. Yield: 339 mg, 79%; IR (KBr): nÄ � 3104,
2953, 2923, 2853, 2188 cmÿ1; 1H NMR (CDCl3): d� 7.17 (s, 2 H), 5.06 (s,
5H), 4.67 (s, 2 H), 2.65 (br s, 4 H), 1.55 (br s, 4 H), 1.29 (br s, 36 H), 0.88 (br s,
6H); 13C NMR (CDCl3): d� 142.20, 132.95, 122.95, 91.45 (alkyne-C), 89.29
(alkyne-C), 81.58 (Cp-C), 64.61, 55.78, 35.82, 33.76, 32.48, 31.54, 31.50,
31.38, 31.19, 24.52, 15.71; elemental analysis calcd (%) for [C43H59Co]n


([634.86]n): C 81.31, H 9.37; found C 76.86, H 9.04 (incomplete combus-
tion).


Synthesis of 3 d : According to general procedure A, 1b (177 mg,
0.480 mmol), 1,4-dihexyl-2,5-diiodobenzene (239 mg, 0.480 mmol),
[(PPh3)2PdCl2] (17.0 mg, 0.024 mmol), and CuI (5.4 mg, 0.028 mmol) were
dissolved in piperidine (10 mL) and allowed to react. Workup resulted in a
red, film-forming material 3 d. Yield: 229 mg, 78%; IR (KBr): nÄ � 3105,
2956, 2927, 2869, 2190, 2132 cmÿ1; 1H NMR (CDCl3): d� 7.14 (s, 2 H), 5.00
(s, 5H), 2.67 (br s, 4 H), 1.60 (br s, 4 H), 1.35 (br s, 12H), 0.92 (br s, 6 H), 0.39
(s, 18H); 13C NMR (CDCl3): d� 141.83, 132.53, 123.61, 93.93 (alkyne-C),
90.84 (alkyne-C), 81.96 (Cp-C), 76.28, 66.24, 34.66, 32.63, 31.29, 29.87, 23.47,
14.64, 0.04; UV/Vis (CHCl3): lmax (e)� 361 nm (24 600); (80 % MeOH):
lmax (e)� 355 nm (24 200); (film): lmax� 361 nm; elemental analysis calcd
(%) for [C37H51CoSi2]n ([610.90]n): C 72.75, H 8.14; found C 66.65, H 8.14
(incomplete combustion).


Synthesis of 3e : According to general procedure A, 1 b (161 mg,
0.438 mmol), 1,4-didodecyl-2,5-diiodobenzene (292 mg, 0.438 mmol),
[(PPh3)2PdCl2] (17.0 mg, 0.024 mmol), and CuI (4.0 mg, 0.021 mmol) were
dissolved in piperidine (10 mL) and allowed to react. Work up resulted in a
red, film-forming material 3e. Yield: 280 mg, 82 %; IR (KBr): nÄ � 3105,
2955, 2925, 2845, 2190, 2128 cmÿ1; 1H NMR (CDCl3): d� 7.14 (s, 2H), 4.99
(s, 5 H), 2.66 (br s, 4H), 1.61 (br s, 4 H), 1.28 (br s, 36H), 0.89 (t, 3J(H,H)�
6.1 Hz, 6 H), 0.38 (s, 18H); 13C NMR (CDCl3): d� 141.84, 132.53, 123.63,
93.92 (alkyne-C), 90.86 (alkyne-C), 81.96 (Cp-C), 76.26, 66.25, 34.69, 32.70,
31.53, 30.46, 30.26, 30.12, 23.54, 14.63, ÿ0.05 (Si(Me3)3); elemental analysis
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calcd (%) for [C49H75CoSi2]n ([779.22]n): C 73.19, H 9.50; found C 68.95, H
10.01 (incomplete combustion).


Synthesis of 3 f : According to general procedure A, 1b (101 mg,
0.275 mmol), 1,4-diiodo-2,5-bis[(S)-3,7-dimethyloctyl]benzene (163 mg,
0.267 mmol), [(PPh3)2PdCl2] (1.9 mg, 0.0028 mmol), and CuI (3.0 mg,
0.0016 mmol) were dissolved in piperidine (3 mL) and allowed to react.
Workup resulted in a yellow-brown, soluble material 3 f. Yield: 140 mg,
71%; IR: nÄ � 2953, 2867, 2360, 2184 cmÿ1; 1H NMR (CDCl3): d� 7.09 (s,
2H), 4.94 (s, 5 H), 2.63 (br s, 4 H), 1.60 ± 1.13 (br m, 20 H), 0.94 (m, 6H), 0.85
(m, 12H), 0.26 (s, 18 H); 13C NMR (CDCl3): d� 141.02, 131.62, 122.91, 93.21
(alkyne-C), 90.02 (alkyne-C), 81.26 (Cp-C), 75.47, 65.42, 39.35, 37.81, 37.53,
37.25, 37.03, 32.63, 32.51, 31.32, 31.18, 27.97, 24.68, 22.751, 22.64, 19.63, 1.00;
UV/Vis (CHCl3): lmax (e)� 364 nm (24 200); (80 % MeOH): lmax (e)�
357 nm (23 800); (film): lmax� 366 nm.


General procedure ªBº for the synthesis of compounds 6 a ± c : A solution
of 5a ± c in THF was cooled to ÿ788C under an inert atmosphere. After
addition of n-BuLi, the reaction mixture was stirred for 20 min. The
monolithiated intermediate was treated with a solution of iodine in dry
THF. Reduction of the excess iodine with a saturated solution of Na2SO3,
aqueous workup, extraction with hexanes, and removal of solvent in vacuo,
followed by column chromatography (hexanes), furnished 6a ± c.


Synthesis of 6a : An oven-dried Schlenk flask was charged with 5 a (10.0 g,
24.7 mmol) and THF (200 mL). n-BuLi (18.5 mL, 29.6 mmol, 1.6m in
hexane), then iodine (7.53 g, 29.7 mmol) in THF (50 mL) were added
according to general procedure B. Crystallization from ethanol yielded
colorless crystals of 6a. Yield: 8.50 g, 75%; 1H NMR (CDCl3): d� 7.60 (s,
1H), 7.31 (s, 1H), 2.62 (t, 3J(H,H)� 7.8 Hz, 4H), 1.57 ± 1.52 (m, 4H), 1.37 ±
1.30 (m, 12 H), 0.90 ± 0.87 (m, 6H); 13C NMR (CDCl3): d� 144.46, 141.33,
140.11, 132.62, 124.35 (ar-Br), 98.78 (ar-I), 40.17, 35.40, 31.70, 30.21, 29.91,
29.13, 29.09, 22.71, 14.22.


Synthesis of 6 b : An oven-dried Schlenk flask was charged with 5b (24.0 g,
52.1 mmol) and THF (150 mL). n-BuLi (44.0 mL, 61.6 mmol, 1.4m in
hexane), then iodine (15.9 g, 62.6 mmol) in THF (150 mL) were added
according to general procedure B to give a colorless oil 6b. Yield: 22.72 g,
86%; 1H NMR (CDCl3): d� 7.59 (s, 1H), 7.29 (s, 1H), 2.58 ± 2.56 (m, 4H),
1.71 ± 1.66 (m, 2H), 1.27 ± 1.28 (m, 16 H), 0.92 ± 0.87 (m, 12H); 13C NMR
(CDCl3): d� 143.45, 141.31, 141.11, 140.40, 133.83, 124.57 (ar-Br), 99.16 (ar-
I), 44.21, 39.67, 39.28, 32.33, 32.20, 28.72, 25.61, 25.45, 23.15, 14.24, 10.91.


Synthesis of 6 c : An oven-dried Schlenk flask was charged with 5 c (6.07 g,
11.8 mmol) and THF (100 mL). n-BuLi (8.8 mL, 14.1 mmol, 1.6m in
hexane), then iodine (3.64 g, 14.3 mmol) in THF (50 mL) were added
according to general procedure B to give a colorless oil 6c. Yield: 5.76 g,
93%; 1H NMR (CDCl3): d� 7.61 (s, 1H), 7.32 (s, 1H), 2.67 ± 2.53 (m, 4H),
1.60 ± 1.40 (m, 4H), 1.39 ± 1.23 (m, 12 H), 1.20 ± 1.12 (m, 4H), 0.97 ± 0.94 (m,
6H), 0.89 ± 0.87 (d, 3J(H,H)� 6.6 Hz, 12H); 13C NMR (CDCl3): d� 144.73,
141.60, 140.11, 132.64, 124.38 (ar-Br), 98.77 (ar-I), 39.41, 37.94, 37.60, 37.28,
37.15, 37.11, 33.15, 32.91, 28.11, 24.88, 24.85, 22.91, 22.83, 19.84, 19.79.


General procedure ªCº for the synthesis of 7 a ± c : A Schlenk flask of
known volume that contained the appropriate amount of a 4-bromo-2,5-
di(alkyl)iodobenzene 6a ± c, [(PPh3)2PdCl2], and CuI was evacuated. After
addition of piperidine, the reaction vessel was filled with 1 atm of propyne.
A colorless precipitate formed after 30 min. The reaction mixture was
stirred or shaken for a total period of 12 h. Aqueous workup and extraction
with hexanes furnished 7a ± c after chromatography (silica gel/hexanes).


Synthesis of 7 a : Compound 6 a (6.01 g, 13.3 mmol), [(PPh3)2PdCl2] (0.194 g,
0.277 mmol), CuI (0.030 g, 0.16 mmol) and piperidine (20 mL) were
allowed to react in a 300 mL Schlenk flask according to general procedure
C to furnish 7a as colorless oil. Yield: 3.35 g, 75%; IR: nÄ � 2940, 2859,
2233 cmÿ1; 1H NMR (CDCl3): d� 7.32 (s, 1 H), 7.20 (s, 1 H), 2.69 ± 2.61 (m,
4H), 2.06 (s, 3H), 1.64 ± 1.56 (m, 4H), 1.54 ± 1.32 (m, 12 H), 0.92 ± 0.89 (m,
6H); 13C NMR (CDCl3): d� 143.57, 138.78, 133.26, 132.27, 123.44 (ar-Br),
122.53, 89.07 (alkyne-C), 77.93 (alkyne-C), 35.63, 33.86, 31.79, 31.74, 30.44,
29.93, 29.18, 22.75, 22.71, 14.16, 14.14, 4.30; UV/Vis (CHCl3): lmax (e)� 253
(19 600), 259 nm (20 400); MS (70 eV, EI): m/z (%): 364 (100) [M]� ;
elemental analysis calcd (%) for C21H31Br (363.37): C 69.41, H 8.60; found
C 69.40 H 8.67.


Synthesis of 7 b : Compound 6 b (7.89 g, 15.5 mmol), [(PPh3)2PdCl2] (0.108 g,
0.155 mmol), CuI (0.015 g, 0.079 mmol), and piperidine (20 mL) were
allowed to react in a 350 mL Schlenk flask according to general procedure
C to furnish 7b as colorless oil. Yield: 3.80 g, 60 %; IR: nÄ � 2928, 2871 cmÿ1;


1H NMR (CDCl3): d� 7.26 (s, 1H), 7.13 (s, 1 H), 2.57 ± 2.53 (m, 4H), 2.04 (s,
3H), 1.67 ± 1.61 (m, 2 H), 1.30 ± 1.24 (m, 18H), 0.88 ± 0.84 (m, 12H);
13C NMR (CDCl3): d� 142.91, 138.03, 134.51, 133.58, 123.77 (ar-Br), 122.65,
89.43 (alkyne-C), 78.29 (alkyne-C), 40.25, 39.94, 39.32, 38.26, 32.65, 32.47,
29.00, 28.85, 25.78, 25.58, 23.16, 14.24, 14.21, 10.97, 10.86, 4.54; UV/Vis
(CHCl3): lmax (e)� 253 (17 750), 260 nm (18 300); MS (70 eV, EI): m/z (%):
420 (100) [M]� ; elemental analysis calcd (%) for C25H39Br (419.48): C 71.58,
H 9.37; found C 71.68, H 9.32.


Synthesis of 7c : Compound 6 c (5.76 g, 10.2 mmol), [(PPh3)2PdCl2] (0.104 g,
0.149 mmol), CuI (0.015 g, 0.078 mmol), and piperidine (20 mL) were
allowed to react in a 225 mL Schlenk flask according to general procedure
C to furnish 7 c as colorless oil. Yield: 3.30 g, 70%; IR: nÄ � 2925, 2868 cmÿ1;
1H NMR (CDCl3): d� 7.32 (s, 1H), 7.20 (s, 1 H), 2.75 ± 2.56 (m, 4H), 2.06 (s,
3H), 1.64 ± 1.41 (m, 4 H), 1.41 ± 1.23 (m, 12H), 1.19 ± 1.15 (m, 4 H), 0.96 (d,
6H, 3J� 6.4 Hz), 0.89 (d, 12 H, 3J� 6.8 Hz); 13C NMR (CDCl3): d� 144.02,
139.21, 133.31, 132.42, 123.48 (ar-Br), 122.54, 89.25 (alkyne-C), 77.94
(alkyne-C), 39.46, 39.44, 38.03, 37.33, 37.21, 37.17, 33.35, 32.92, 32.88, 31.66,
28.11, 24.92, 24.85, 22.87, 22.79, 19.82, 19.79, 4.51; UV/Vis (CHCl3): lmax


(e)� 252 (18 700), 259 nm (19 400); MS (70 eV, EI): m/z (%): 476 (100)
[M]� ; elemental analysis calcd (%) for C29H47Br (475.59): C 73.24, H 9.96;
found C 73.95, H 9.81.


General procedure ªDº for the synthesis of 8a ± c : Compounds 7 a ± c, the
organometallic complex 1c, PPh3, [(PPh3)2PdCl2], CuI and a measured
amount of 5% ethanolic KOH were dissolved in diisopropylamine under
nitrogen. The solution was heated under reflux for 12 h. Addition of
hexanes to the reaction mixture, aqueous workup, and removal of the
solvent in vacuo, followed by column chromatography (silica gel/hexanes)
gave 8 a ± c as yellow oils.


Synthesis of 8a : Compound 7a (0.492 g, 1.35 mmol), 1 c (0.330 g,
0.642 mmol), PPh3 (0.018 g, 0.069 mmol), [(PPh3)2PdCl2] (0.024 g,
0.034 mmol), CuI (3.0 mg, 0.016 mmol), and ethanolic KOH (5%, 3 mL)
were dissolved in diisopropylamine (5 mL) according to general procedure
C to furnish 8a. Yield: 0.230 g, 40%; IR: nÄ � 2926, 2856, 1493 cmÿ1;
1H NMR (CDCl3): d� 7.17 (s, 2 H), 7.11 (s, 2 H), 4.96 (s, 5 H), 2.08 (s, 6H),
1.64 ± 1.58 (m, 8H), 1.35 ± 1.32 (m, 24H), 0.97 ± 0.89 (m, 12 H), 0.37 (s, 18H);
13C NMR (CDCl3): d� 141.77, 140.67, 132.14, 131.45, 122.65, 122.54, 92.67
(alkyne-C), 89.95 (alkyne-C), 89.80 (alkyne-C), 81.11 (Cp-C), 78.76
(alkyne-C), 75.38, 65.44, 34.10, 33.89, 31.98, 31.73, 30.61, 30.47, 29.80,
29.30, 29.15, 22.79, 22.72, 14.26, 4.67,ÿ0.09; UV/Vis (CHCl3): lmax (e)� 313
(4960), 330 nm (5300); MS (70 eV, EI): m/z (%): 933 (100) [Mÿ 2 CH3]� ;
elemental analysis calcd (%) for C61H85CoSi2 (964.61): C 78.49, H 9.18;
found C 78.00, H 9.81.


Synthesis of 8 b : Compound 7b (1.83 g, 4.37 mmol), 1c (1.03 g, 2.01 mmol),
PPh3 (0.052 g, 0.023 mmol), [(PPh3)2PdCl2] (0.071 g, 0.10 mmol), CuI
(0.010 g, 0.053 mmol), and ethanolic KOH (5%, 3 mL) were dissolved in
diisopropylamine (5 mL) according to general procedure C to furnish 8b.
Yield: 1.05 g, 48 %; IR: nÄ � 2957, 2927, 2871, 1461 cmÿ1; 1H NMR (CDCl3):
d� 7.15 (s, 2H), 7.09 (s, 2H), 4.96 (s, 5 H), 2.63 ± 2.60 (m, 8 H), 2.08 (s, 6H),
1.69 ± 1.67 (m, 4H), 1.35 ± 1.29 (m, 36H), 0.93 ± 0.85 (m, 24 H), 0.37 (s, 18H);
13C NMR (CDCl3): d� 140.74, 139.68, 132.73, 132.64, 123.26, 122.86, 92.63
(alkyne-C), 90.35 (alkyne-C), 89.99 (alkyne-C), 81.12 (Cp-C), 79.17
(alkyne-C), 75.32, 65.56, 40.26, 40.09, 38.07, 32.60, 32.50, 31.69, 28.94,
25.82, 25.71, 23.19, 23.17, 22.77, 14.29, 14.23, 11.01, 4.70, ÿ0.05; UV/Vis
(CHCl3): lmax (e)� 314 (43 350), 330 nm (45 080); MS (70 eV, EI): m/z (%):
1045 (100) [Mÿ 2CH3]� ; elemental analysis calcd (%) for C69H101CoSi2


(1045.64): C 79.26, H 9.74; found C 79.09, H 10.21.


Synthesis of 8 c : Compound 7c (2.04 g, 4.30 mmol), 1 c (1.02 g, 1.98 mmol),
PPh3 (0.042 g, 0.17 mmol), [(PPh3)2PdCl2] (0.061 g, 0.087 mmol), CuI
(8.0 mg, 0.042 mmol) and ethanolic KOH (5 %, 3 mL) were dissolved in
diisopropylamine (5 mL) according to general procedure C to furnish 8c.
Yield: 0.943 g, 43%; IR: nÄ � 2953, 2925, 1493 cmÿ1; 1H NMR (CDCl3): d�
7.18 (s, 2H), 7.12 (s, 2 H), 4.97 (s, 5H), 2.77 ± 2.61 (m, 8H), 1.40 ± 1.21 (m,
24H), 1.20 ± 1.10 (m, 8 H), 0.98 ± 0.95 (m, 12H), 0.90 ± 0.87 (m, 24H), 0.38 (s,
9H); 13C NMR (CDCl3): d� 142.09, 140.84, 131.88, 131.54, 122.77, 122.51,
92.75 (alkyne-C), 89.96 (alkyne-C), 89.75 (alkyne-C), 81.16 (Cp-C), 78.77
(alkyne-C), 75.42, 65.43, 39.46, 39.44, 38.04, 37.75, 37.42, 37.22, 32.91, 32.71,
31.69, 31.49, 28.09, 24.86, 24.83, 22.84, 22.76, 22.73, 19.79, 14.24, 4.69,ÿ0.03;
UV/Vis (CHCl3): lmax (e)� 313 (63 150), 329 nm (64 730); MS (70 eV, EI):
m/z (%): 1157 (100) [Mÿ 2TMS]� ; elemental analysis calcd (%) for
C77H117CoSi2 (1157.86): C 79.87, H 10.19; found C 78.93, H 9.89.
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General procedure ªEº for the polymerization of 8a ± c : Monomers 8a ± c
and the catalyst precursors [Mo(CO)6] (20 mol %) and 4-hydroxybenzotri-
fluoride (1 equiv with respect to the monomer 8 a ± c) were dissolved in 1,2-
dichlorobenzene and stirred for 48 h at 150 8C, while butyne was removed
by a slow stream of nitrogen. The solution was cooled and the precipitated
polymers 9a ± c were dissolved by the addition of CH2Cl2. The organic layer
was washed with 20 mL of each of H2O, 10% NaOH, and 25% HCl.
Addition of methanol precipitated the polymer 9, which was filtered and
vacuum-dried.


Synthesis of 9 a : Compound 8a (0.234 g, 0.251 mmol), 4-hydroxybenzotri-
fluoride (0.041 g, 0.24 mmol), and [Mo(CO)6] (0.013 g, 0.049 mmol) in 1,2-
dichlorobenzene (10 mL) were allowed to react according to general
procedure E. Workup after sonication of the precipitated polymer in CHCl3


for 1 h resulted in the brittle yellow 9 a. Yield: 0.090 g, 40 %, soluble
fraction; IR: nÄ � 2917, 2849, 1498, 1461 cmÿ1; 1H NMR (CDCl3): d� 7.28
(br s, 2H), 7.15 (br s, 2H), 4.97 (br s, 5H), 2.78 ± 2.67 (br m, 8H), 1.65 ± 1.53
(br m, 8 H), 1.32 (br m, 24H), 0.88 (br m, 12H), 0.06 (br s, 18H); 13C NMR
(CDCl3): d� 141.68, 140.88, 132.22, 131.66, 123.41, 122.03, 93.43 (alkyne-
C), 89.85 (alkyne-C), 81.16 (Cp-C), 75.59, 65.41, 34.19, 31.91, 30.71, 29.78,
29.36, 22.81, 14.26, ÿ0.05; UV/Vis (CHCl3): lmax (e)� 382 nm (23 150);
(70 % MeOH): lmax (e)� 389 nm (21 050); (film): lmax� 386 nm.


Synthesis of 9b : Compound 8 b (0.461 g, 0.441 mmol), 4-hydroxybenzotri-
fluoride (0.072 g, 0.44 mmol), and [Mo(CO)6] (0.023 g, 0.083 mmol) in 1,2-
dichlorobenzene (10 mL) were allowed to react according to general
procedure E. Workup resulted in the brown plastic polymer 9b. Yield:
0.363 g, 83 %; IR: nÄ � 2957, 2922, 2869, 2183, 1503 cmÿ1; 1H NMR (CDCl3):
d� 7.21 (br s, 2H), 7.12 (br s, 2H), 4.96 (br s, 5 H), 2.62 (br m, 8 H), 1.70
(br m, 4H), 1.28 (br m, 36H), 0.89 ± 0.84 (br m, 24 H), 0.06 (br s, 18H);
13C NMR (CDCl3): d� 140.63, 139.82, 132.72, 132.59, 124.00, 122.44, 93.32
(alkyne-C), 90.38 (alkyne-C), 81.16 (Cp-C), 75.51, 65.51, 40.14, 38.42, 38.10,
32.48, 32.38, 28.94, 28.72, 25.75, 23.21, 14.25, 11.02, 10.98, ÿ0.01; UV/Vis
(CHCl3): lmax (e)� 378 nm (39 580); (70 % MeOH): lmax (e)� 375 nm
(37 780); (film): lmax� 378 nm; elemental analysis calcd (%) for C65H91-
CoSi2 (986.59): C 78.95, H 10.08; found C 77.49, H 9.32.


Synthesis of 9 c : Compound 8 c (0.435 g, 0.376 mmol), 4-hydroxytrifluoro-
benzene (0.062 g, 0.37 mmol), and [Mo(CO)6] (0.018 g, 0.068 mmol) in 1,2-
dichlorobenzene (10 mL) were allowed to react according to general
procedure E to give the rubbery polymer 9 c. Yield: 0.381 g, 93 %; IR: nÄ �
2953, 2867, 2183, 1497 cmÿ1; 1H NMR (CDCl3): d� 7.26 (br s, 2H), 7.13 (br s,
2H), 4.94 (br s, 5H), 2.70 (br m, 8 H), 1.64 ± 1.46 (br m, 8H), 1.32 ± 1.24 (br m,
24H), 1.12 (br m, 8H), 0.95 (br m, 8H), 0.84 (br m, 24H), 0.04 (br s, 18H);
13C NMR (CDCl3): d� 141.98, 141.05, 131.90, 123.51, 122.00, 92.96 (alkyne-
C), 89.90 (alkyne-C), 81.18 (Cp-C), 75.58, 65.37, 39.43, 38.17, 37.77, 37.34,
32.97, 31.89, 31.58, 30.16, 29.75, 28.08, 24.87, 22.78, 19.82, ÿ0.01; UV/Vis
(CHCl3): lmax (e)� 380 (42 500); (70 % MeOH): lmax (e)� 386 nm (38 450);
(film): lmax� 382 nm; elemental analysis calcd (%) for C73H106CoSi2


(1097.71): C 79.65, H 9.89; found C 74.77, H 9.80; incomplete combustion.
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Simple Syntheses, Structural Diversity, and Tishchenko Reaction Catalysis of
Neutral Homoleptic Rare Earth(ii or iii) 3,5-Di-tert-butylpyrazolatesÐ
The Structures of [Sc(tBu2pz)3], [Ln2(tBu2pz)6] (Ln�La, Nd, Yb, Lu), and
[Eu4(tBu2pz)8]
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Kevin C. Lim,[c] Brian W. Skelton,[c] and Allan H. White[c]


Abstract: The homoleptic rare-earth
pyrazolate complexes [Sc(tBu2pz)3],
[Ln2(tBu2pz)6] (Ln�La, Nd, Sm, Lu),
[Eu4(tBu2pz)8] and the mixed oxidation
state species [Yb2(tBu2pz)5] (tBu2pz�
3,5-di-tert-butylpyrazolate) have been
prepared by a simple reaction between
the corresponding rare-earth metal and
3,5-di-tert-butylpyrazole, in the presence
of mercury, at elevated temperatures. In
addition, [Yb2(tBu2pz)6] was prepared
by redox transmetallation/ligand ex-
change between ytterbium, diphenyl-
mercury(ii) and tBu2pzH in toluene,
whilst the same reactants in toluene
under different conditions or in diethyl
ether gave [Yb2(tBu2pz)5]. The com-


plexes of the trivalent lanthanoids dis-
play dimeric structures [Ln2(tBu2pz)6]
(Ln�La, Nd, Yb, Lu) with chelating h2-
terminal and h2 :h2-bridging pyrazolate
coordination. The considerably smaller
Sc3� ion forms monomeric [Sc(tBu2pz)3]
of putative D3h molecular symmetry,
with pyrazolate ligands solely h2-bond-
ed. [Eu4(tBu2pz)8] is a structurally re-
markable tetranuclear EuII complex
with two types of europium centres in
a linear array. The outer two are bonded


to one terminal and two bridging pyr-
azolates, and the inner two are coordi-
nated by four bridging ligands. Unpre-
cedented m-h5:h2 pyrazolate ligation is
observed, with each outer Eu2� sand-
wiched between two h5-bonded pyrazo-
late groups, which are also h2-linked to
an inner Eu2�. The two inner Eu2� ions
are linked together by two equally
occupied components of each of two
symmetry related, disordered pyrazolate
groups with one component h4:h2 bridg-
ing and one h3:h2 bridging. [La2-
(tBu2pz)6] has also been shown to be a
Tishchenko reaction catalyst with sev-
eral organic substrates.


Keywords: catalysts ´ lanthanides ´
N ligands ´ pyrazolates ´ rare-earth
metals ´ structure elucidation


Introduction


Pyrazolate coordination chemistry[1] has recently received a
major injection of structurally unprecedented and exciting
compounds. Thus several new coordination modes, for
example, i) m3-h1:h2 :h1,[2, 3] ii) m-h2 :h2,[4] iii) p-h1 (C-bonded),[5, 6]


iv) p-h3 (N2C),[6] v) h5[7] and vi) m3-h1:h1:h1[3] have been
reported since 1997, and greatly enrich the established i) m-


h1:h1, ii) h2 and iii) h1 (N-bonded) pyrazolate ligation.[1] In
addition h2 coordination has been extended from f-block
elements[1, 8] to early d-block elements[1e, 9±13] and some main
group metals.[14, 15] Recent studies have provided several
routes to lanthanoid pyrazolate complexes with the metals
being in � III[6, 16] or � II[4, 17] oxidation states. The majority of
structurally characterised rare-earth pyrazolates are hetero-
leptic complexes,[4, 16, 17] consistent with the large size of Lnn�


which permits coordination of neutral co-ligands, most
commonly derived from the synthesis solvent, giving com-
plexes of general composition [Ln(Rmpz)n(L)x] (R are possi-
ble substituents and L are auxiliary neutral molecules; m�
0 ± 3, n� 2 or 3; e.g., L�DME (1,2-dimethoxyethane)[16e,h, 17] ,
THF (tetrahydrofuran)[4, 16a,b,f,g] , Ph3PO[16b,f] , pyridine[16c] ,
4-tert-butylpyridine[16c,d] , n-butylimidazole[6c) ] ;�� 1 ± 3). Neu-
tral homoleptic complexes [Ln(Rmpz)n] (n� 2 or 3) are of
considerable structural interest, since the metal has to achieve
coordination saturation in the absence of co-ligands, for
example by intra- or inter-molecular interactions with hydro-
carbon ligand fragments, but the sole known examples are in
the preliminary report of the present study.[18]
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Recently, we have successfully employed the direct reaction
between rare-earth elements and 2,6-diphenylphenol
(HOdpp) at elevated temperatures to yield homoleptic
[Ln(Odpp)n] (n� 2, 3) complexes and the mixed oxidation
state [Ln2(Odpp)3][Ln(Odpp)4].[19, 20] It has now been found
that this simple method can be used to prepare homoleptic
pyrazolate complexes, and a preliminary account of the
synthesis of trivalent, divalent and mixed oxidation 3,5-di-
tert-butylpyrazolatolanthanoid complexes has been given.[18]


We now provide a detailed account of the synthesis of
homoleptic rare-earth (including scandium) 3,5-di-tert-butyl-
pyrazolates [Ln(tBu2pz)n], a structural survey establishing the
effect of metal-ion size and including the remarkable [Eu4-
(tBu2pz)8], which introduces a new mode of pyrazolate
coordination, and the application of the lanthanum complex
as a Tishchenko reaction catalyst.


Results and Discussion


Synthesis : Reaction of 3,5-di-tert-butylpyrazole with an excess
of rare-earth metal, in the presence of mercury, under vacuum
at elevated temperatures without any added solvent, followed
by extraction with hot toluene, crystallisation and drying,
affords the complexes [Sc(tBu2pz)3] (1), [Ln2(tBu2pz)6] (Ln�
La 2, Nd 3, Sm 4, Lu 5), [Eu4(tBu2pz)8] (6) and [Yb2(tBu2pz)5]
(7) in good yields [Eq. (1)].


Ln�ntBu2pzH ÿ!Hg [Ln(tBu2pz)n]�n/2 H2 (n� 2, 2.5 or 3) (1)


Mercury assists by way of metal surface amalgamation/
cleaning, while the molten ligand possibly acts initially as a
solvent until the reaction mixture solidifies. Mercury metal
has been shown previously to be an important component in
these direct syntheses.[19, 20]


This simple synthetic method is generally very versatile in
giving homoleptic complexes of the rare earths in various
oxidation states. However, since the reaction in Equation (1)
yields only the mixed oxidation state complex 7 for Ln�Yb,
alternative routes to homoleptic YbIII and YbII complexes
were sought. Thus, a prolonged redox transmetallation/ligand
exchange reaction in toluene between Yb metal, diphenyl-
mercury and 3,5-di-tert-butylpyrazole was found to give
[Yb2(tBu2pz)6] (8), [Eq. (2)]. With a shorter reaction time,
the mixed oxidation state species 7 was obtained [Eq. (3)].
Oxidation of 7 to 8, on extended reaction [Eq. (4)] may
involve formation and protolysis of [Yb2(tBu2pz)5Ph].


2Yb�6 tBu2pzH�3 HgPh2 ÿ!Hg [Yb2(tBu2pz)6] (8)�3 Hg�6PhH (2)


4Yb�10 tBu2pzH�5 HgPh2 ÿ!Hg 2 [Yb2(tBu2pz)5] (7)�5Hg�10 PhH (3)


27�2 tBu2pzH�HgPh2 ÿ! 28�Hg�2 PhH (4)


By contrast with the success in obtaining 8, attempts to
prepare [Yb(tBu2pz)2] were unsuccessful. Thus redox trans-
metallation/ligand exchange between Yb metal, HgPh2 and
tBu2pzH in diethyl ether (sometimes non-coordinating in
crowded systems) gave mainly 7 with some 8, and attempted
desolvation of [Yb2(tBu2pz)4(thf)2][4] in hot toluene, then at


180 8C under vacuum, resulted in incomplete reaction and
some YbIII formation. Attempted metathesis by the reaction
given in Equation (5)


Yb� I2 ÿ!C6H14 YbI2 ÿ!tBu2pzK


C6H14 then PhMe
[Yb(tBu2pz)2] (5)


gave both YbII and YbIII species. The system presented
considerable difficulties owing to the insolubility of most of
the reagents in the non-polar solvents. Further reduction of
the mixed oxidation state 7 was attempted with ytterbium
metal plus mercury in molten 1,2,4,5-tetramethylbenzene at
300 8C for a prolonged period, but surprisingly there was no
appreciable reaction. An attempt to oxidise the europium(ii)
complex 6 to [Eu(tBu2pz)3] with tBu2pzH also failed.


Microanalytical data established the composition
[Ln(tBu2pz)3] for the dried complexes 1 ± 5 and 8, and
[Eu(tBu2pz)2] for 6. This is in contrast with the isolation of
complexes 2, 3, 5, and 8 as solvated single crystals of
composition [Ln2(tBu2pz)6] ´ 2 PhMe before drying. The struc-
tures of 1 ± 3, 5, 6 and 8 were established by single-crystal
X-ray studies (below). The mass spectra of 1 ± 5 displayed
[Ln(tBu2pz)3]� ions with progressive loss of tBu2pz ligands,
and MeH (or Me) fragments (cf. failure to obtain a spectrum
for 3 in the preliminary communication[18]). In some cases,
species of higher molecular weight with tBu2pzH coordinated
were also observed. Both 2 and 3 gave Ln2 containing ions
consistent with their dimeric structures (below), whilst
tetranuclear 6 failed to give metal-containing ions. For 3, 4,
and 8, UV/visible ± near-IR absorptions characteristic[21] of
the appropriate Ln3� ions were observed, whilst features
indicative[21] of Eu3� species in the UV/visible ± near-IR
spectrum of 6 were absent in THF or xylene. 1H NMR studies
of the trivalent rare-earth complexes 2, 3, 5 and 8 suggested
that the dimeric moieties dissociate in [D8]THF, as a result of
solvent coordination [Eq. (6)], or that rapid exchange occurs
between terminal and bridging pyrazolate ligands, since only
single tBu and H4(pz) resonances were observed.


[Ln2(tBu2pz)6]�4C4D8O > 2[Ln(tBu2pz)3(C4D8O)2] (6)


However, in the NMR spectrum of complex 2 in [D6]ben-
zene two H4 resonances and a broadened tBu resonance were
observed, consistent with the preservation of the dimeric
structure in this solvent.


Structural investigations : X-ray structure determinations have
been carried out for the trivalent complexes 1 ± 3, 5, and 8, as
well as divalent 6, augmenting that of the structure of the
mixed valent 7, reported in the preliminary communication.[18]


For the homoleptic trivalent complexes, the full range of rare-
earth ion sizes (from Sc3� to La3�) has been encompassed. In
addition, the structure of the parent 3,5-di-tert-butylpyrazole
has been obtained at low temperature and redetermined (cf.
ref. [22]) at room temperature.


The structure of [Sc(tBu2pz)3] (1): The low-temperature
single-crystal structure of 1 establishes the compound to be
monomeric with one molecule comprising the asymmetric
unit (Figure 1). Three symmetrically chelating h2-pyrazolate
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Figure 1. A single molecule of [Sc(tBu2pz)3] (1) projected quasi-normal to
the putative C3 axis of the quasi D3h coordination environment.


ligands (Table 1) are coordinated to scandium, with the six
coordinate ScN6 geometry closely trigonal prismatic and the
pyrazolate planes parallel to the putative C3 axis, which in turn
is closely aligned to the crystallographic c axis. Although 1 has
a similar molecular array to those of the recently determined


[M(h2-tBu2pz)3] complexes (M�Al[15] or Ti[13]), it is not
isomorphous with them. In the latter pair, the three ligands
are related by a three-fold axis in space group P3Å (cf. P21/c for
1). Nevertheless, the angles between the centres of the NÿN
bonds [N(n0); e.g., N(10) is the centre of the bond between
N(11) and N(12); (N(10)-Sc-N(20) 118.2; N(10)-Sc-N(30)
120.3; N(20)-Sc-N(30) 121.58 ; S 360.08] are only slightly
divergent from 1208, and the ScÿN(n0) lengths show little
variation (average 1.987(4) �). It is interesting that similar
six-coordination should be maintained over metals varying in
ionic radii by approximately 0.2 � (Sc3�, 0.75; Ti3�, 0.67; Al3�,
0.54 �).[23] Subtraction of appropriate ionic radii from hMÿNi
(M� Sc (Table 1), Ti and Al) gives 1.37, 1.37 and 1.38 �,
respectively, consistent with similar bonding. The value for 1
lies at the upper end of the range 1.27 ± 1.38 for lanthanoid
pyrazolates,[16a,b,e,f, 17] but is close to that (1.35 �) found in


[K([18]crown-6)(dme)(h1-PhMe)][Er(h2-tBu2pz)4],[6] the sole
reported homoleptic lanthanoid h2-pyrazolate. Compound 1 is
the first neutral homoleptic, solely h2-bonded, rare-earth
pyrazolate. Values for the N-Sc-N bite angles (Table 1)
correlate well with the ion size, being smaller than that
(43.18(9)8) of the much smaller [Al(tBu2pz)3],[15] comparable
with those (38 ± 418) of [Ti(h2-tBu2pz)4][9] (ionic radius of eight
coordinate Ti4� is 0.74 �)[23] and larger than those (31 ± 358) of
[Ln(R2pz)3L2] complexes[16] and [Er(h2-tBu2pz)4]ÿ .[6]


The structures of [Ln2(tBu2pz)6] (Ln�La 2, Nd 3, Lu 5, Yb
8): The low-temperature structure determinations of the
complexes 2, 3, 5 and 8 show them to be isolated from toluene
as solvated dimers [Ln2(tBu2pz)6] ´ 2 PhMe, all isomorphous.
In Figure 2 (top and middle) the structures for the largest (2)
and the smallest (5) lanthanoid are shown, respectively. Each
dimer is disposed about a crystallographic inversion centre in
space group P1Å, with Z being one dimeric formula unit with
associated solvent per unit cell and Ln(tBu2pz)3 ´ PhMe being
the asymmetric unit. Each lanthanoid ion is eight coordinate
with two terminal h2-pyrazolate ligands and two bridging m-
h2 :h2 ligands. The latter binding has only been observed once
previously, namely in [Yb2(tBu2pz)4(thf)2],[4] but the current
four structures suggest that it is of more general significance.
The Ln,N(n1,n2) (n� 2 or 3) planes are quasi-coplanar with
the terminal tBu2pz ligands, as each plane intersects the
corresponding C3N2 plane at 2.5 ± 5.7(1)8. The bridging ligands
lie with the pyrazolate planes quasi-normal to the Ln ´´´ Ln*
axis (* denotes the inversion relation). This is clearly
manifested by the angle between the Ln ´´ ´ Ln* line and the
C3N2 plane of the bridging ligand (ligand 1; 2 79.2(1); 3
88.03(8); 8 89.14(9); 5 89.24(6)8). Thus ligand 1 is significantly
more tilted in the La complex 2 than in 3, 5 and 8 as is evident
from a comparison of the top and middle structures in
Figure 2. Metal atom deviations d Ln, Ln* (� Ln (1ÿx, 2ÿ y,
2ÿ z)) from the bridging ligand C3N2 plane are: 2 1.650(6),
ÿ2.307(4); 3 1.888(4), ÿ2.006(4); 8 1.825(5), ÿ1.859(5); 5
1.819(3), ÿ1.847(3) �, and are much more unsymmetrical for
La, though the change is foreshadowed with Nd. Accordingly,
a structural variation appears to be developing for La with
slightly unsymmetrical ligation by the bridging ligands. When
the structure of 2 (Figure 2, bottom) is viewed down the La ´´´
La* axis, it can be seen that there is incomplete overlap
between ligands 3* and 2 and between 2* and 3, whereas the
corresponding pyrazolates are eclipsed in 5. In each case, the
bridging ligands (1, 1*) are twisted to either side. This
presumably results from accommodation of the bulk of the
tert-butyl groups, and is consistent with dodecahedral stereo-
chemistry about the metals.


For all complexes, the terminal ligands are symmetrically h2


coordinated with the maximum variation in LnÿN(n1) and
LnÿN(n2) (n� 2 or 3) bond lengths of 0.035 � (Table 2). Each
terminal LnÿN bond length decreases by 0.17 ± 0.19 � from 2
to 5 (Table 2) consistent with a reduction of 0.18 � in the
radius for eight-coordinate Ln3� from La3� to Lu3�.[23] The
average value (1.29 �) from subtraction of the eight-coordi-
nate ionic radii from the LnÿN bond length is at the low end of
the range[16a,b,e,f, 17] 1.27 ± 1.38 � for heteroleptic pyrazolato-
lanthanoid complexes, by contrast with the Sc complex 1.


Table 1. Selected bond geometries of the Sc environment in [Sc(tBu2pz)3]
(1); r is the ScÿN bond length [�], other entries being the angles [8]
subtended at Sc by the relevant atoms at the head of the row and
column.[a]


Atom r N(12) N(21) N(22) N(31) N(32)


N(11) 2.109(1) 38.71(6) 109.03(6) 122.41(6) 106.82(5) 124.50(5)
N(12) 2.107(2) 121.48(6) 107.05(6) 123.27(6) 112.84(6)
N(21) 2.115(1) 38.71(6) 111.35(6) 122.88(6)
N(22) 2.105(1) 127.54(6) 110.57(5)
N(31) 2.100(1) 38.72(6)
N(32) 2.126(1)


[a] Sc-N(n1)-N(n2) are 70.57(8), 70.26(8), 71.64(8)8 ; Sc-N(n2)-N(n1)
70.73(9), 71.03(8), 69.65(8)8 ; Sc-N(n1)-C(n5) 178.4(1), 178.0(1), 179.2(1)8 ;
Sc-N(n2)-C(n3) 178.8(1), 178.7(1), 177.2(1)8 (n� 1, 2, 3). The scandium
deviates from the C3N2 ligand planes by 0.026(3), 0.037(3), 0.027(3) �.
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Figure 2. Top: A view of [La2(tBu2pz)6] (2), normal to the La ´´´ La* line.
Middle: A view of [Lu2(tBu2pz)6] (5), normal to the Lu ´´´ Lu* line. Bottom:
A view of 2 projected down the La ´´´ La* axis; tert-butyl groups removed
for clarity.


For the m-h2 :h2 ligands, bridging is highly symmetrical with
differences between LnÿN(1n) and Ln*ÿN(1n) (n� 1 or 2)
�0.01 � for 3, 5, and 8, but slightly larger (ca. 0.05 �) for 2,
the slight lengthening being on the side of the ligand tilt


(Figure 2 top). However, chelation is unsymmetrical with
differences between LnÿN(11) and LnÿN(12) and between
Ln*ÿN(11) and Ln*ÿN(12) of 0.145, 0.15 (2), 0.16, 0.17 (3),
0.20, 0.21 (8), 0.20, 0.21 � (5), respectively (Table 2), the
increased asymmetry in chelation with reduction in Ln3� size
consistent with increased steric strain. Whilst LnÿN(11) and
Ln*ÿN(12) show the expected decrease (0.18, 0.17 �) from 2
to 5, the decrease for LnÿN(12) is unusually small (0.13 �)
and for Ln*ÿN(11) unusually large (0.23 �). Subtraction of
ionic radii from Ln(Ln*)ÿN(1n) (n� 1 or 2) bond lengths
(Table 2) gives approximately constant values (1.42 ± 1.45 �)
for Ln(Ln*)ÿN(11), except for La*ÿN(11) (1.48 �), and near
constant values (1.61 ± 1.63 �) for Ln(Ln*)ÿN(12), except for
LaÿN(12) (1.58 �). These data also suggest a developing
structural deviation for 2 (Ln�La). The structural gradation
from Ln�Lu (5) to Ln�La (2), but within the context of the
same overall structure, is particularly evident from nonbond-
ing Ln ´´´ C separations for the bridging pyrazolate ring. Thus,
Ln* ´´ ´ C(13) (5 3.662(3); 2 3.655(4) �) and Ln* ´´´ C(15) (5
3.430(2); 2 3.471(2) �) separations do not show the expected
increase (ca. 0.18 �) from Ln�Lu to Ln�La, appropriate
for tilting of the ligand towards La* in 2. By contrast, Ln ´´´
C(13) (5 3.672(3); 2 3.888(4) �) and Ln ´´ ´ C(15) (5 3.455(2); 2
3.731(4) �) increase by more than 0.18 � from Lu to La,
consistent with inclination of the ligand away from La. Tilting
reflects a trend towards increased coordination favoured by
reduced steric crowding with the largest lanthanoid, even
though it does not lead to actual La ´´´ C interactions.


Evidence of distinctive features for 2 is also observed
sporadically in the bond angles and interplanar angles,
(Table 2 and (mainly) supplementary data deposited at the
Cambridge Crystallographic Data Centre; see Experimental


Table 2. Selected bond lengths [�] and angles [8] for complexes
[Ln2(tBu2pz)6] ´ 2 PhMe (Ln�La 2, Nd 3, Yb 8 and Lu 5).[a]


2 3 8 5


LnÿN(11) 2.593(3) 2.555(2) 2.422(2) 2.411(2)
LnÿN(12) 2.738(4) 2.719(3) 2.617(4) 2.609(2)
LnÿN(10) 2.571 2.548 2.421 2.407


LnÿN(11*) 2.638(3) 2.556(2) 2.415(3) 2.404(2)
LnÿN(12*) 2.787(3) 2.729(2) 2.624(3) 2.614(2)
LaÿN(10*) 2.621 2.554 2.425 2.404


LnÿN(21) 2.462(3) 2.403(3) 2.301(4) 2.286(2)
LnÿN(22) 2.439(3) 2.383(2) 2.268(3) 2.251(2)
LnÿN(20) 2.345 2.291 2.172 2.159


LnÿN(31) 2.454(3) 2.395(2) 2.269(4) 2.262(2)
LnÿN(32) 2.460(2) 2.401(2) 2.297(3) 2.285(2)
LnÿN(30) 2.360 2.293 2.171 2.162


Ln ´´´ Ln* 4.0290(5) 3.9011(3) 3.6862(4) 3.6663(2)


N(10)-Ln-N(20) 97.0 99.7 100.9 100.8
N(10*)-Ln-N(30) 106.0 101.8 102.0 101.8
N(10)-Ln-N(30) 142.6 142.5 141.8 142.2
N(10*)-Ln-N(20) 141.6 141.4 140.4 140.8
N(20)-Ln-N(30) 100.6 100.9 100.1 100.1
N(10)-Ln-N(10*) 78.2 80.2 81.0 80.7
N(11)-Ln-N(12) 30.5(1) 30.94(8) 32.5(1) 32.67(7)
N(21)-Ln-N(22) 33.1(1) 34.0(1) 35.9(2) 36.1(1)
N(31)-Ln-N(32) 32.9(1) 34.0(1) 36.2(2) 35.9(1)
N(11*)-Ln-N(12*) 30.0(1) 30.85(8) 32.4(1) 32.65(7)


[a] Asterisked atoms are inversion related. N(n0) is the midpoint of the
bond N(n1)ÿN(n2).
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Section). For example, there is a significant variation in the
intracentroid angles N(10)-Ln-N(20) and N(10*)-Ln-N(30)
between Ln�La and Ln�Nd (Table 2), but not for the
related N(10)-Ln-N(30) and N(10*)-Ln-N(20) angles. Values
for the N(n1)-Ln-N(n2) bite angles (Table 2) show the
expected (see discussion of 1) increase with decrease in
lanthanoid ion size for both bridging and terminal pyrazolate
ligands.


The structure of [Eu4(tBu2pz)8] (6): The low-temperature
structure determination of complex 6 establishes it to be a
linear tetranuclear species (Figure 3 top and middle) with the
outer Eu atoms coordinated by one terminal (h2) and two (at
first sight) m-h2 :h2-pyrazolate ligands, whilst the inner Eu


Figure 3. Top and middle: [Eu4(tBu2pz)8] (6); the two deconvoluted
components devoid of their tBu substituents. Bottom: The ligand environ-
ment between Eu(1) and Eu(1*) viewed down the Eu(1) ´´ ´ Eu(1*) line,
both disordered components of ligand 1 and 1* being shown.


atoms have four apparent m-h2 :h2 ligands. Although the
precision of the determination is inferior to that of the
dimers, as a consequence of the considerable substituent
disorder, the structure is of major interest because of its
novelty in pyrazolate coordination. The molecule is centro-
symmetric, one half of the [Eu4(tBu2pz)8] unit comprising the
asymmetric unit. Effectively it is a dimer of dinuclear units
[{Eu2(tBu2pz)4}2]. Bridging ligand 1 and the symmetry related
1* are disordered (Figure 3 top and middle) over two possible
positions with equal occupancy. Figure 3 (bottom) shows both
disordered components of 1 and 1* situated between Eu(1)
and Eu(1*); considerable crowding is observed.


The bridging ligands 2 and 3 are almost coplanar with the
plane defined by Eu(1),N(n1,n2) (n� 2 or 3), respectively,
(deviations 0.26(2), 0.15(2) �, respectively) in the same way
that terminal ligands 2 and 3 of [Ln2(tBu2pz)6] are near
coplanar with Ln,N(n1,n2) (n� 2 or 3) planes (Figure 2 top
and middle). Furthermore, none of the bridging pyrazolate
ligands of 6 is perpendicular to the Eu4 axis; ligands 1, 1', 2 and
3 are substantially inclined at angles of 62.4(5), 60.9(6), 47.2(4)
and 46.1(3)8, respectively.


Bridging ligands 2 or 3 are inclined towards Eu(2) and away
from Eu(1), whilst the disordered components, ligands 1 and
1' (Figure 3 top and middle) are tilted towards Eu(1*) and
away from Eu(1). Ligands 1*, 1*' have inverse behavior. The
EuÿNbr bond lengths cover a wide range (2.38(1) ± 2.95(1) �;
Tables 3 ± 5), the shortest surprisingly being less than EuÿNter


(2.429(6), 2.493(6) �). Bridging is unsymmetrical with longer
bond lengths to the Eu atom towards which the ligand tilts
(Tables 3 ± 5), and greater asymmetry is associated with
ligands 1, 1' than with 2 or 3. As a consequence of the
inclination of the pyrazolate ligands, there are close contacts
between pyrazolate ring carbons and the Eu atoms towards
which the ligands tilt (Table 3). Many of these can be argued to
be bonding interactions (below), and their formation in
response to coordination unsaturation and the relatively large
size of Eu2� (the radius for six-coordination corresponds to


Table 3. Selected molecular geometries for the europium environment of
[Eu4(tBu2pz)8] (6).


Eu(1) r [�] Eu(1*) r [�] Eu(2) r [�]


N(11) 2.38(1) N(11) 2.95(1) N(21) 2.749(9)
N(12) 2.46(2) N(12) 2.74(1) N(22) 2.737(9)
N(11') 2.47(2) C(13) 3.14(1) C(23) 3.12(1)
N(12') 2.41(2) C(14) 3.54(1) C(24) 3.32(2)
N(21) 2.65(1) C(15) 3.44(2) C(25) 3.16(1)
N(22) 2.59(1) N(11') 2.82(1) N(31) 2.734(9)
N(31) 2.603(8) N(12') 2.92(1) N(32) 2.74(1)
N(32) 2.59(1) C(13') 3.36(1) C(33) 3.03(2)
N(10) 2.32 C(14') 3.47(2) C(34) 3.24(1)
N(10') 2.34 C(15') 3.21(2) C(35) 3.08(1)
N(20) 2.52 N(10) 2.76 N(41) 2.429(6)
N(30) 2.50 N(10') 2.78 N(42) 2.493(6)
Eu(1*) 3.9327(8) N(20) 2.64
Eu(2) 3.9035(7) N(30) 2.64


N(40) 2.36


[a] Primed and unprimed atoms with the same number are equally
occupied disordered components, as shown in Figure 3. Asterisked atoms
are related by inversion. [b] r is the distance from the europium atom at the
head of the column to the following atoms. Non-bonding distances are
given in italics. EuÿN(n0) is the distance to the N(1)ÿN(2) centre of
pyrazolate n.
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that for eight- coordinate La3�)[23] is considered to account for
the tilting of the pyrazolate ligands.


All the proposed Eu ´´ ´ C bonding interactions (Eu(2):
3.03(2) ± 3.32(2); Eu(1): 3.14(1) ± 3.36(1) �; Table 3) lie well
within the sum (3.8 �) of the metallic radius (pseudo
van der Waals radius) of Eu (2.06 �)[24] and the van der Waals
radius of an aromatic ring (1.73 �).[25] Additional contacts to
Eu(1) in the range 3.44(1) ± 3.54(1) also meet this criterion,
but are viewed as more marginal in their interaction (see
below). All are somewhat longer than hEuÿCi (2.83 and
3.00 �, respectively) of the naphthalenide dianion bridged
[(Eu(dme)2I)2(m-h4:h4-C10H8)][26] and the indisputably p-arene
bonded [Eu(h6-C6Me6)(AlCl4)2]4,[27] but this is not unreason-
able for intramolecular hp-tBu2pz-Ln interactions. In [Eu2-
(Odpp)4] (Odpp� 2,6-diphenylphenolate), intramolecular p-
Ph ´´´ EuII coordination with Eu ´´´ C interactions 2.987(4) ±
3.240(4) � has been established for formally three and four
coordinate Eu2�.[19] A higher limit, consistent with the current
proposals, would be expected for formally six and eight
coordinate Eu2�. In [{Eu{1,3-(SiMe3)2C5H3}2}1], a formally six
coordinate Eu2� ion forms intermolecular (agostic) Eu ´´´
C(Me) interactions of about 3.09 ± 3.30 �[28] , similar to those
currently observed. Also relevant to 6, dimeric [{La(OAr)2(m-
[O:h6-Ar]-OAr)}2] (Ar� 2,6-iPr2C6H3) is held together by h6-
Ar ´´´ La p interactions of 2.979(10) ± 3.164(9) �[29] , and six-
coordinate La3� is 0.14 and 0.22 � smaller than six- and eight-
coordinate Eu2�, respectively.[23] Thus the proposed Eu ´´´ C
interactions (Table 3 ± 5) are in accord with reported intra-
and intermolecular p-arene ± Ln interactions. With the
Eu(2) ´´´ C interactions added to the long Eu(2)ÿN(n1) and
Eu(2)ÿN(n2) (n� 2 or 3) bonds, it is proposed that ligands 2
and 3 are p-h5-bonded to Eu(2), in addition to their stronger
h2-bonding to Eu(1). Consistent with this, the Eu(2)ÿCen


(Cen� centroid of the pyrazolate ring) vectors intersect the
ligand 2 and 3 ring planes at angles of 87.8(4) and 84.6(3)8,
respectively, close to the 908 optimum for p bonding. The
same ligands are nearly coplanar with the Eu(1),N(n1,n2)
(n� 2 or 3) plane (above), indicative of a s-h2-tBu2pz-Eu(1)
interaction. Thus ligands 2 and 3 bind m-h5 :h2 to Eu(2) and
Eu(1), illustrating a new type of pyrazolate coordination.
(Alternatively the bridging of ligands 2 and 3 to Eu(2) could
be described as p-h2-N2�p-h3-C3). The {Eu(1)(tBu2pz)2} unit
forms an h5-sandwich with Eu(2), which also has a terminal h2-
pyrazolate.


Similar evaluation of the Eu(1*) ´´´ C interactions in con-
junction with the Eu(1,1*)ÿN bond lengths suggests that
Eu(1*) is (minimally) p-h3-(N,N,C)-bonded by ligand 1 and p-
h4-(N2C2)-bonded by ligand 1'. (Both could be viewed as p-h5-
bonded with a more generous view of Eu ´´ ´ C interactionsÐ
see also below). Consistent with this, Eu(1*)ÿCen(1,1') makes
angles of 81.0(5) and 84.9(5)8 with the ligand 1 and 1' planes.
Accordingly ligands 1 and 1' bind m-h2 :h3 and m-h2:h4


respectively to Eu(1*). The latter form is new, but the former
has been recently observed in [KEr(tBu2pz)4]n.[6] Given the
very short Eu(1)ÿN(11,12) and Eu(1)ÿN(11',12') binding and
the not overlarge displacement of Eu(1) from the 1 and 1'
ligand planes (0.50(3), 0.39(3) �), the h2-bonding can be
viewed as essentially s-h2-(N2).


Subtraction of ionic radii for six- and eight-coordinate Eu2�


from Eu(2) ´´´ C and Eu(1*) ´´ ´ C distances, respectively, gives
the residual values listed in Table 6. The bulk of the values fall
within the upper limit �2.16 � suggested for p-arene ´´´ Ln
bonding from consideration of a wide range of structures.[30]


Moreover it can be suggested that the values (Table 6) are
overestimated as the coordination numbers of six and eight
for Eu(2) and Eu(1*) are actually higher owing to Eu ´´´ C
interactions. Under these circumstances, some consideration
could also be given to viewing the Eu(1*)ÿC(14,15,14')
contacts as weakly bonding.


The terminal ligand 4 is almost parallel (4.7(3)8) to Eu4, and
the bonding to Eu(2) is more unsymmetrical (Table 3)
(Eu(2)ÿN(41), N(42) differ by 0.064 �) than for the terminal
ligands in 2, 3, 5 and 8. Subtraction of the ionic radius for
six-coordinate Eu2� from hEu(2)ÿN(4n)i gives 1.29 �, which
is at the low end of the range (1.27 ± 1.38 �) for hetero-
leptic lanthanoid complexes,[16a,b,e,f, 17] but in keeping with the
value derived from hLnÿNteri of [Ln2(tBu2pz)6] complexes
(above).


Table 4. Selected bond angles for the europium environment of [Eu4-
(tBu2pz)8] (6).


N(11)-Eu(1)-N(12) 33.7(6) N(10'*)-Eu(1)-N(20) 113.3


N(11')-Eu(1)-N(12') 33.1(4) N(10'*)-Eu(1)-N(30) 159.6
N(21)-Eu(1)-N(22) 31.2(3) N(11)-Eu(1*)-N(12) 28.3(5)
N(31)-Eu(1)-N(32) 31.9(3) N(11')-Eu(1*)-N(12') 28.0(4)
N(10)-Eu(1)-N(10*) 55.9 N(21)-Eu(2)-N(22) 29.8(3)
N(10)-Eu(1)-N(20) 100.6 N(31)-Eu(2)-N(32) 30.3(3)
N(10)-Eu(1)-N(30) 134.0 N(41)-Eu(2)-N(42) 32.6(3)
N(10')-Eu(1)-N(20) 142.1 N(20)-Eu(2)-N(30) 78.9
N(10')-Eu(1)-N(30) 93.2 N(30)-Eu(2)-N(40) 137.6
N(20)-Eu(1)-N(30) 83.9
N(10')-Eu(1)-N(10'*) 80.0


[a] Primed and unprimed atoms with the same number are equally
occupied disordered components, as shown in Figure 3. Asterisked atoms
are related by inversion.


Table 5. Interplanar dihedral angles (q [8]) for [Eu4(tBu2pz)8] (6).[a]


Plane n� 1 n� 1' n� 2 n� 3 n� 4


D 72.8(5) (72.8(5)) 49.3(4) 46.1(3) 7.3(3)
1 34.3(8) 58.3(7) 34.5(6) 70.9(6)
1' 24.9(7) 66.0(7) 74.9(7)
2 86.1(5) 52.7(5)
3 41.4(4)


[a] N(41,42), C(43,44,45), Eu(2), Eu(1) with inverses are taken as the
reference plane D (c2� 4277); other planes n are the C3N2 pyrazolates.


Table 6. Residual values [�] obtained by subtraction of the ionic radius[23]


for six-coordinate Eu2� (for Eu(2)) and eight-coordinate Eu2� (for Eu(1*))
from Eu ´´´ C distances of 6. Non-bonding distances are given in italics.


Contact Residual value Contact Residual value


Eu(2) ´´ ´ C(23) 1.95 Eu(1*) ´´ ´ C(13) 1.89
Eu(2) ´´ ´ C(24) 2.15 Eu(1*) ´ ´ ´ C(14) 2.29
Eu(2) ´´ ´ C(25) 1.99 Eu(1*) ´ ´ ´ C(15) 2.19
Eu(2) ´´ ´ C(33) 1.86 Eu(1*) ´´ ´ C(13') 2.11
Eu(2) ´´ ´ C(34) 2.07 Eu(1*) ´ ´ ´ C(14') 2.22
Eu(2) ´´ ´ C(35) 1.91 Eu(1*) ´´ ´ C(15') 1.96
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Comparison of the structures of complexes 6, 7, and 8 :
Relationships are evident between the structures of 6, 8, and
that of the mixed oxidation state complex 7 (shown without
the tBu groups for simplicity), reported in the preliminary
communication.[18]


In complex 8, each Yb has two terminal (h2) and two
bridging (m-h2 :h2) pyrazolate ligands, and YbIII of 7 has a
similar environment. Likewise, there are one terminal and
two bridging pyrazolates attached to the outer Eu atoms of 6
and YbII of 7. Accordingly, replacement of a terminal
{YbIII(h2-tBu2pz)2} moiety of 8 by {YbII(h2-tBu2pz)}, analogous
to an {Eu(h2-tBu2pz)} unit of 6, gives the structure 7. However,
the mode of attachment of the terminal {LnII(h2-tBu2pz)}
group differs in 6 and 7. In the latter, {YbII(h2-tBu2pz)} is h2-
bonded to two m-h2 :h2 pyrazolates, each inclined at 59.0(3)8 to
the YbII ´ ´ ´ YbIII line, and there is the possibility of very weak
interactions of C(3) and C(5) of the pyrazolates with YbII. By
contrast, the terminal {Eu(h2-tBu2pz)} units of 6 are each h5-
sandwiched by two m-h5:h2-pyrazolate ligands, which are
inclined at 47.2(4) and 46.1(3)8 to the Eu4 line. The terminal
YbÿN bond lengths of 8 (Table 2) are comparable with
YbIIIÿNter (2.287(7), 2.270(7) �) of 7,[18] whilst subtraction of
0.15 �, the difference in the six coordinate ionic radius
between Eu2� and Yb2�, from terminal Eu(2)ÿN(41,42) bond
lengths (Table 3) of 6 gives 2.28 and 2.34 �, similar to
YbIIÿNter (2.334(7) �) of 7.[18] In 7, the two bridging YbIIIÿN
bond lengths (2.402(8), 2.425(8) �) are close to the shorter of
the bridging YbÿN bond lengths of 8, but about 0.2 � less
than the longer ones (Table 2). Further, subtraction of 0.15 �
from hEu(2)ÿN(21,22,31,32)i gives 2.47 �, a value that is
significantly smaller than that for YbIIÿNbr (2.534(8),
2.587(8) �) of 7, indicating weaker attachment to Yb than
Eu, probably as a consequence of sharing the bridging tBu2pz
with the more Lewis acidic YbIII.


Ligand tBu2pzH : The structural studies of the complexes were
complemented by determination of the structure of 3,5-di-
tert-butylpyrazole at 153 K, and a reinvestigation of the
structure at room temperature with higher precision than
recently reported[22] (recorded as at 295 K in the Cambridge
Data Base). The results of an accompanying variable-temper-
ature solid-state NMR study were rationalised in terms of the
population of conformers differing in NH hydrogen disposi-
tions between pairs of centrosymmetrically related pairs of
molecules, and of occupancy of two sets of rotationally related
tert-butyl 5 sites, by thermal excitation.[22] In our structure at


about 153 K, the NH hydrogen can be resolved and refined
over two sites corresponding to association with either
nitrogen, occupancies 0.74(3)/0.75(3) (two different crystals)
and complements, but with rotational disorder only resolvable
in tert-butyl 5 (see Figure 4 for numbering scheme), occupan-
cies of the two sets of sites being 0.614(5)/0.609(6) and their


Figure 4. The tBu2pzH dimer, determined at room temperature, showing
the disorder of 3- and 5-tBu groups and the NH hydrogens.


complements. Any disorder of tert-butyl 3 is on a scale not
permitting resolution, presumably no more than a few
percent. At about 300 K, our unit cell dimensions agree
closely with those reported,[22] presumptively at T� 295 K. In
the present work, the tert-butyl 5 component and hydrogen
site occupancies (major components, in correspondence for all
experiments in assignment) were 0.566(9) and 0.57(5). Only
the former value is not significantly different from previous
data (0.60(4)/0.9-error unspecified).[22] Furthermore, it is also
found that tert-butyl 3 dispositions are now resolvable over two
sets of sites, occupancies 0.879(5) and its complement (Fig-
ure 4).


Thus from 153 K to room temperature, disorder in tert-
butyl 5 increases so that occupancy of the major component
falls from 0.614(5) to 0.566(9), a significant difference in the
present experiments. Similarly, the occupancy of the major
component of disorder in tert-butyl 3 falls from about 1 to
0.879(5), seemingly a greater change and, at the least, likely to
be a contributing component to the NMR behaviour, which
was interpreted[22] solely in terms of a change in tert-butyl 5
disorder.


Comparison with the ligand dimensions of complex 1
(Table 7) shows NÿN bond lengthening in the complex with
consistent changes in the N-based angles. A significant
asymmetry, of consistent magnitude through the more precise
determinations, and seemingly unaffected by disorder, is
found in the exocyclic angles to the either side of the bonds to
the pendants at C(3,5).
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Catalytic studies : Compound 2 was also examined as catalyst
in the Tishchenko reaction (or Claisen ± Tishchenko reac-
tion),[31] the dimerization of aldehydes to form the corre-
sponding carboxylic ester [Eq. (7)], normally carried out with
aluminium alkoxides as homogeneous catalysts.[32±34]


(7)


The reaction has been known for about a century[31] and its
industrial importance is mirrored in numerous patents.[32, 33]


Thus the Tishchenko ester of 3-cyclohexenecarbaldehyde is
the precursor for the formation of environmentally durable
epoxy resin,[32] and benyzl benzoate is used as chewing gum
flavor and in the perfume industry for the production of
mochus.[35] Recently, it was shown the lanthanoid complexes
[(C5Me5)2LaCH(SiMe3)2][36] and [Ln{N(SiMe3)2}3][37] are high-
ly active Tishchenko reaction catalysts. With high Lewis
acidity and easy interchangeability of the ligand sphere, the
compounds [Ln{N(SiMe3)2}3] have a number of further
advantages such as ready accessibility (the yttrium compound
is available commercially), environmentally benign metals,
the highest reported activities, and high durability of the
catalysts.


The catalytic properties of 2 (Ln�La) in the Tishchenko
reaction were compared with those of [La{N(SiMe3)2}3], the
most active of the silylamide catalysts. Various benzaldehydes
as well as some aliphatic aldehydes were used to assay the
efficacy of 2 as a precatalyst. The reaction rates for some
selected substrates and the yields for all substrates were
determined by NMR spectroscopy in [D6]benzene with
approximately 5 mol % catalyst at 21 8C (Table 8). Turnover
frequencies (tof) were determined from a turnover of 50 %
and the large range of applications of 2 is also given in Table 8.
It can be seen from entry 1, that benzaldehyde is converted to
benzyl benzoate in quantitative yield, but, in comparison with
[La{N(SiMe3)2)}3],[37] at moderate rates. On the other hand the
yields are significantly higher than those reported recently for
ªhigh-speedº aluminum-based catalysts.[38] In contrast the
aliphatic aldehydes (entry 7 ± 10) and o-phthalaldehyde (en-
try 11) are converted in quantitative yields with extremely


high tofs. These data are comparable with those for [La-
{N(SiMe3)2}3].[37]


Since lanthanoid catalysts are sometimes inhibited by
heteroatoms, substituted benzaldehydes were used as sub-
strates to determine the tolerance of 2 to functional groups. To
exclude the steric influence of the substituents, para-substi-
tuted benzaldehydes were chosen as substrates (Table 8,
entries 2 ± 6). It can be seen from Table 8 that halogen
substituents on the substrate decrease the yield and the
turnover compared with the unsubstituted reactants. When
the heteroatoms O and S are present, no Tishchenko reaction
takes place. Presumably these atoms coordinate to the
catalyst and hamper the catalytic activity. As observed for
benzaldehyde, the tofs for 2 as a catalyst for substituted
benzaldehydes (Table 8) are lower than those observed for
[La{N(SiMe3)2}3].[39]


Structural and steric factors appear to contribute to the
lower reactivity of 2 than [La{N(SiMe3)2}3]. Thus, 2 retains a


Table 7. Comparison of ligand geometries [bond lengths in � and angles in 8] of tBu2pzH and 1.


tBu2pzH 1
153 K 300 K[a] ligand 1 ligand 2 ligand 3 hSci


N(1)-N(2) 1.365(1) 1.364(2) 1.397(2) 1.399(2) 1.402(2) 1.399(2)
N(1)-C(5) 1.344(1) 1.339(2) 1.343(2) 1.343(2) 1.338(2)


�
1.343(2)


N(2)-C(3) 1.338(1) 1.336(2) 1.342(2) 1.342(2) 1.347(2)
C(3)-C(4) 1.404(1) 1.391(3) 1.391(3) 1.393(3) 1.393(3)


�
1.395(3)


C(4)-C(5) 1.385(1) 1.380(3) 1.396(3) 1.399(2) 1.395(3)


C(5)-N(1)-N(2) 112.71(8) 111.4(3) 108.0(1) 108.1(1) 108.4(1)
�


108.1(1)
N(1)-N(2)-C(3) 104.89(8) 106.0(1) 108.2(1) 108.2(1) 107.7(1)
N(2)-C(3)-C(4) 110.43(9) 109.6(2) 108.9(2) 108.7(1) 108.8(2)


�
108.7(1)


N(1)-C(5)-C(4) 109.95(9) 106.4(2) 108.6(2) 108.6(2) 108.7(2)
C(3)-C(4)-C(5) 106.02(9) 106.6(2) 106.3(3) 106.4(2) 106.4(2) 106.4(1)
N(1)-C(5)-C(51) 122.36(9) 122.3(2) 120.9(2) 121.7(1) 121.1(2) 121.2(3)
C(4)-C(5)-C(51) 131.7(1) 131.35(2) 130.3(2) 129.7(2) 130.2(2) 130.1(3)
N(2)-C(3)-C(31) 120.22(9) 120.5(2) 120.9(2) 120.7(2) 121.9(2) 121.2(5)
C(4)-C(3)-C(31) 129.34(9) 129.9(2) 130.2(2) 130.5(1) 129.2(2) 130.0(6)


[a] Same crystal as for the measurement at 153 K.


Table 8. Tishchenko reaction with 2 as catalyst.[a]


reactant product tof/
La atom
[hÿ1]


conversion in
NMR scale
[%][a]


R R


1 phenyl 4.2 quant.
2 4-fluorophenyl < 1 87
3 4-chlorophenyl ± 22
4 4-bromophenyl ± 16
5 4-methylthiophenyl ± ±
6 4-methoxy ± ±
7 i-propyl > 1500 quant.
8 t-butyl ± 96
9 3-cyclohexenyl > 1500 quant.


10 cyclohexyl > 1500 quant.


11 ± quant.


[a] 21 8C; 5 mol % 2 in [D6]benzene.
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dimeric structure in [D6]benzene (above), the reaction
solvent, and substrate-induced dissociation of 2 into a
monomer is probably a necessary prelude to catalytic activity.
By contrast [La{N(SiMe3)2}3] is monomeric and is less
hindered, despite the size of the N(SiMe3)2 groups, than
dimeric 2, which has four bulky tBu2pz around each La
(Figure 2, top). Moreover, catalysis by [La{N(SiMe3)2}3]
involves complete loss of the ligand sphere, a less likely
occurrence with the bidentate tBu2pz donors. Of the two
compounds, HN(SiMe3)2 and tBu2pzH, produced by ligand
loss, the latter will compete for coordination sites on La,
unlike the former.


Conclusion


The direct reaction between lanthanoid metals and 3,5-di-tert-
butylpyrazole is an effective and simple route to homoleptic
rare-earth pyrazolates. For the trivalent complexes, the small-
est metal (Sc) gives a monomer with solely h2-pyrazolates,
whereas the lanthanoids give dimers, [{Ln(h2- tBu2pz)2(m-
h2 :h2-tBu2pz)}2], regardless of metal ion size. Nevertheless,
some structural deviations are evident with the largest
lanthanoid. The novel tetranuclear structure observed for
[Eu4(tBu2pz)8] introduces the new pyrazolate coordination
modes m-h5:h2 and m-h4 :h2 and also includes the rarely
observed m-h3 :h2 ligation. Tishchenko reaction catalysis is
effected by the La complex 2.


Experimental Section


General : Homoleptic lanthanoid pyrazolates are extremely air and water
sensitive, hence all operations were carried out in an inert atmosphere
(purified Ar or N2). 1H and 13C chemical shifts are referenced to internal
solvent resonances and reported relative to SiMe4.


Preparative studies : Handling methods, analytical procedures, and solvent
purifications were generally as described previously.[20, 40] Diethyl ether was
purified as described previously for THF,[40] and [D8]THF was purified,
transferred, and stored as described previously for [D6]benzene.[20] Low
solubility precluded 13C NMR examination of 2 in [D6]benzene, in which
the dimeric nature is maintained. IR data (4000 ± 650 cmÿ1) are for
compounds as Nujol mulls. Each listed m/z value for metal-containing
ions (where the metal has more than one isotope) is the most intense peak
of a cluster with an isotope pattern in good agreement with the calculated
pattern. Lanthanoid metals were obtained as powders or chunks from
either RhoÃ ne-Poulenc, Phoenix (USA) or Johnson-Mattey Rare Earth
Products (REACTON Grade). 3,5-Di-tert-butylpyrazole was synthesised[41]


by treating 2,2,6,6-tetramethyl-3,5-heptanedione with an equimolar
amount of hydrazine hydrate in refluxing ethanol. The pyrazole was then
recrystallised from acetone/light petroleum. The dimeric complexes 2 ± 5,
tetranuclear 6 and the mixed oxidation state complex 7 melt above 220 8C,
as the reaction mixtures giving these compounds solidified at 220 8C or
higher. Specific values are given for 1, 3 (representative dimer) and 6.


Catalytic studies : Flamed Schlenk-type glassware either on a dual manifold
Schlenk line or interfaced to a high vacuum line (10ÿ4 torr), or a Braun dry
box was used. Diethyl ether and THF were purified over sodium and
distilled under N2 from Na/K/benzophenone, whilst toluene and pentane
were distilled from LiAlH4. All solvents for vacuum line manipulations
were stored in vacuo over LiAlH4 in resealable flasks. Deuterated solvents
(Aldrich 99 atom % D) were degassed, dried, and stored in vacuo over Na/
K alloy in resealable flasks. NMR spectra were recorded on a Bruker
AC250 instrument. All organic substrates were from Aldrich.


Preparation of [Sc(tBu2pz)3] (1): A mixture of Sc chunks (0.36 g,
8.0 mmol), tBu2pzH (0.72 g, 4.0 mmol) and mercury metal (2 drops) was
heated in a sealed tube at 220 8C and then at 250 8C for a total of 39 h. The
product partly sublimed in the tube as colourless single crystals suitable for
X-ray crystal structure determination. The bulk product was extracted with
hot toluene (80 mL). Evaporation to 10 mL and cooling to ambient
temperature for several hours gave colourless microcrystalline 1, which was
dried under vacuum at 100 8C for 2 h. Yield: 0.49 g (63 %); m.p. 165 ±
168 8C; IR: nÄ � 1527 (s), 1503 (s), 1416 (s), 1361 (s), 1313 (m), 1252 (s),
1230 (s), 1206 (m), 1114 (w), 1057 (s), 1020 (s), 972 (s), 823 (w), 802 cmÿ1


(s); MS (70 eV, EI): m/z (%): 582 (27) [Sc(tBu2pz)3]� , 567 (45)
[Sc(tBu2pz)3ÿMe]� , 403 (12) [Sc(tBu2pz)2]� , 387 (27) [Sc(tBu2pz)2ÿ
MeH]� , 371 (8) [Sc(tBu2pz)2ÿ 2MeH]� , 276 (6) [Sc(tBu2pz)2ÿ 2C4H8ÿ
Me]� , 180 (25) [tBu2pzH]� , 165 (100) [tBu2pzHÿMe]� ; 1H NMR
([D8]THF): d� 1.20 (s, 54 H; tBu), 6.07 (s, 3H; H4);
1H NMR([D6]benzene): d� 1.39 (s, 54H; tBu), 6.35 (s, 3 H; H4); 13C
{1H}NMR ([D8]THF): d� 159.16 (C3,5), 103.19 (C4), 32.62 (C(CH3)), 31.65
(C(CH3)); elemental analysis calcd (%) for C33H57N6Sc (582.81): C 68.00, H
9.86, N 14.42, Sc 7.71; found C 67.74, H 9.66, N 14.58, Sc 7.62.


Preparation of [La2(tBu2pz)6] (2): A mixture of La powder (1.12 g,
8.1 mmol), tBu2pzH (0.72 g, 4.0 mmol) and mercury metal (2 drops) was
heated in a sealed tube at 220 8C for 24 h. The reaction mixture was
extracted twice with hot toluene (70 and 50 mL) to give a colourless
solution, which was reduced in volume under vacuum. Colourless single
crystals of [La2(tBu2pz)6] ´ 2PhMe appeared in a few hours and were
collected for structure determination. Further evaporation gave the bulk
product which was dried at 80 8C under vacuum affording the unsolvated
complex. Yield: 0.51 g (57 %); IR: nÄ � 1521 (s), 1503 (s), 1412 (s), 1361 (s),
1305 (m), 1252 (s), 1220 (s), 1204 (m), 1018 (s), 1007 (m), 982 (s), 813 (m),
793 cmÿ1 (s); MS (70 eV, EI): m/z (%): 791 (10) [La(tBu2pz)3(tBu2pzH)ÿ
4MeHÿH]� , 775 (4) [La(tBu2pz)3(tBu2pzH)ÿ 5 MeHÿH]� , 739 (14)
[La2(tBu2pz)3ÿ 4 MeÿMeH]� , 723 (4) [La2(tBu2pz)3ÿ 4Meÿ 2MeH]� ,
676 (14) [La(tBu2pz)3]� , 661 (12) [La(tBu2pz)3ÿMe]� , 497 (24)
[La(tBu2pz)2]� , 481 (27) [La(tBu2pz)2ÿMeH]� , 465 (8) [La(tBu2pz)2ÿ
2MeH]� , 180 (20) [tBu2pzH]� , 165 (100) [tBu2pzHÿMe]� ; 1H NMR
([D8]THF): d� 1.23 (s, 108 H; tBu), 6.11 (s, 6H; H4); 1H NMR ([D6]ben-
zene): d 1.31 (br m, 108 H; tBu), 6.24 (s, 4 H; H4 pzter), 6.47 (s, 2 H; H4 pzbr);
elemental analysis calcd (%) for C66H114La2N12 (1353.49): C 58.56, H 8.49,
La 20.53, N 12.42; found C 58.67, H 8.45, La 20.59, N, 12.69.


Preparation of [Nd2(tBu2pz)6] (3): Details of the preparation and
characterisation, apart from X-ray crystallography, melting point, and the
mass spectrum which could not previously be obtained, are given in the
preliminary communication.[18] M.p.: 263 ± 264 8C; MS (70 eV, EI): m/z (%):
681 (12) [Nd(tBu2pz)3]� , 666 (22) [Nd(tBu2pz)3ÿMe]� , 500 (27)
[Nd(tBu2pz)2ÿ 2 H]� , 486 (30) [Nd(tBu2pz)2ÿMeH]� , 470 (12)
[Nd(tBu2pz)2ÿ 2 MeH]� , 354 (55) [Nd2pzÿH]� , 326 (28)
[Nd(tBu2pzH)H2]� , 180 (20) [tBu2pzH]� , 165 (100) [tBu2pzHÿMe]� ;
owing to the 13C contribution to a multicarbon molecule, ions containing
144Nd (and 142Nd13C2) are the most intense peaks of some neodymium-
containing clusters.


Preparation of [Sm2(tBu2pz)6] (4): A mixture of Sm powder (1.50 g,
10.0 mmol), tBu2pzH (0.54 g, 3.0 mmol) and mercury metal (2 drops) was
heated in a sealed tube under vacuum at 200, 220 and then 250 8C for a total
of 90.5 h. Work up as for 2 and crystallisation for several days gave
colourless crystals, which were dried as for 2, to give 4. Yield: 0.39 g (57 %);
IR: nÄ � 1523 (m), 1506 (s), 1414 (m), 1362 (s), 1303 (w), 1253 (s), 1224 (s),
1204 (w), 1018 (m), 1006 (w), 979 (s), 809 (s), 796 cmÿ1 (s); MS (70 eV, EI):
m/z (%): 689 (17) [Sm(tBu2pz)3]� , 674 (29) [Sm(tBu2pz)3ÿMe]� , 510 (20)
[Sm(tBu2pz)2]� , 494 (19) [Sm(tBu2pz)2ÿMeH]� , 331 (9) [Sm(tBu2pz) ]� ,
315 (18) [Sm(tBu2pz)ÿMeH]� , 181 (21) [tBu2pzH2]� , 165 (100)
[tBu2pzHÿMe]� ; UV/Vis/near IR (THF): lmax (e)� 362 (16), 374 (19),
404 (14), 944 (8), 1063 (14), 1072 (16), 1085 (16), 1107 (10), 1227 (33), 1256
(sh, 12), 1361 nm (21); elemental analysis calcd (%) for C66H114N12Sm2


(1376.49): C 57.59, H 8.35, N 12.21, Sm 21.85; found C 57.45, H 8.18, N 12.28,
Sm 21.97.


Preparation of [Lu2(tBu2pz)6] (5): A mixture of Lu grains (1.05 g,
6.0 mmol), tBu2pzH (0.54 g, 3.0 mmol) and mercury metal (2 drops) was
heated in a sealed tube at 250 8C and then 270 8C for a total of 48 h.
Extraction as for 2 and evaporation to 5 mL gave colourless single crystals
of [Lu2(tBu2pz)6] ´ 2PhMe on standing overnight, and a few were removed
for X-ray crystallography. Further standing gave the bulk product, which
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was dried as for 2, to give 5. Yield: 0.35 g (49 %); IR: nÄ � 1525 (s), 1507 (s),
1416 (s), 1361 (s), 1316 (m), 1251 (s), 1228 (s), 1206 (m), 1112 (w), 1019 (s),
973 (s), 798 cmÿ1 (s); MS (70 eV, EI): m/z (%): 712 (42) [Lu(tBu2pz)3]� , 697
(67) [Lu(tBu2pz)3ÿMe]� , 533 (11) [Lu(tBu2pz)2]� , 517 (15) [Lu(tBu2pz)2ÿ
MeH]� , 501 (9) [Lu(tBu2pz)2ÿ 2 MeH]� , 341 (36) [Lu(tBu2pzH)ÿCH2]� ,
180 (17) [tBu2pzH]� , 165 (100) [tBu2pzHÿMe]� ; 1H NMR ([D8]THF): d�
1.22 (s, 108 H; tBu), 6.12 (s, 6 H; H4); elemental analysis calcd (%) for
C66H114Lu2N12 (1425.69): C 55.60, H 8.06, Lu 24.55, N 11.79; found C 55.87,
H 8.13, Lu 24.20, N 12.01.


Preparation of [Eu4(tBu2pz)8] (6): A mixture of Eu chunks (0.76 g,
5.0 mmol), tBu2pzH (0.27 g, 1.5 mmol) and mercury metal (2 drops) was
heated in a sealed tube under vacuum at 220 8C for 15.5 h. Extraction as for
2 and evaporation to 50 mL gave bright yellow crystals of [Eu4(tBu2pz)8] in
a few days; some were removed for X-ray crystallography. The bulk
product was dried as for 2. Yield: 0.37 g (95 %); m.p. 355 ± 359 8C; IR: nÄ �
1499 (s), 1300 (m), 1249 (s), 1217 (s), 1206 (s), 1164 (w), 1006 (s), 993 (s),
798 (s), 778 cmÿ1 (s); MS (70 eV, EI): m/z (%): 180 (22) [tBu2pzH]� , 165
(100) [tBu2pzHÿMe]� ; UV/Vis/near IR (THF) and (xylene): no peaks
attributable to EuIII were observed; elemental analysis calcd (%) for
C88H152Eu4N16 (2042.26): C 51.75, H 7.50, Eu 29.77, N 10.98; found C 51.53,
H 7.68, Eu 29.33, N 11.20.


Preparation of [Yb2(tBu2pz)5] (7): Details of the preparation and
characterisation are given in the preliminary communication.[18]


Preparation of [Yb2(tBu2pz)6] (8): A mixture of ytterbium chips (3.46 g,
20.0 mmol), mercury (2 drops), tBu2pzH (1.80 g, 10.0 mmol) and diphenyl-
mercury(ii) (1.77 g, 5.0 mmol) was refluxed in toluene (80 mL) under
nitrogen for 9 h to give a dark red reaction mixture. The reaction mixture
was then stirred at ambient temperature for 10 h and turned yellow. After
filtration, storage for several days at room temperature gave yellow single
crystals of [Yb2(tBu2pz)6] ´ 2 PhMe. Some were used for X-ray crystal
structure determination. The bulk product was dried as for 2, giving 8.
Yield: 0.55 g (23 %); IR: nÄ � 3288 (w) (an impurity of tBu2pzH), 1526 (m),
1509 (s), 1406 (m), 1362 (s), 1306 (w), 1278 (w), 1253 (s), 1225 (m), 1206
(m), 1019 (m), 1006 (m), 992 (w), 978 (m), 966 (m), 814 (m), 796 cmÿ1 (m);
MS (70 eV, EI): m/z (%): 892 (14) [Yb(tBu2pz)2(tBu2pzH)2]� , 711 (68)
[Yb(tBu2pz)3]� , 695 (66) [Yb(tBu2pz)3ÿMeH]� , 624 (6) [Yb(tBu2pz)3ÿ
tBuÿ 2 Me]� , 531 (39) [Yb(tBu2pz)2ÿH]� , 516 (19) [Yb(tBu2pz)2ÿ
MeH]� , 500 (4) [Yb(tBu2pz)2ÿ 2 MeH]� , 353 (45) [Yb(tBu2pz)]� , 337
(62) [Yb(tBu2pz)ÿMeH]� , 321 (20) [Yb(tBu2pz)ÿ 2MeH]� , 276 (22)
[Yb(tBu2pz)ÿ 2MeHÿ 3Me]� , 180 (23) [tBu2pzH]� , 165 (100) [tBu2pzHÿ
Me]� ; 1H NMR ([D8]THF): d�ÿ39.38 (s, 6H; H4), ÿ14.83 (br s, 108 H;
tBu), 1.07 (s; tBu, tBu2pzH impurity), 5.84 (s; H4, tBu2pzH impurity), 11.18
(s; NH, tBu2pzH impurity); UV/Vis/near IR (THF): lmax (e)� 933 (10),
975 nm (156); elemental analysis calcd (%) for C66H114N12Yb2 (1421.77): C
55.75, H 8.08, N 11.82, Yb 24.34; found C 55.56, H 8.27, N 11.64, Yb 24.29.


Attempted preparation of [Yb(tBu2pz)2]


Method A : A mixture of Yb powder (2.00 g, 11.6 mmol), tBu2pzH (0.52 g,
2.9 mmol) and mercury metal (2 drops) was heated in a sealed tube under
vacuum at 240 8C for 116 h (cf. 5 h at 220 8C for 7).[18] The colour of the
reaction product suggested it to be 7 despite the prolonged reaction time.
The reaction product was then extracted with hot toluene (80 mL) and
filtered giving a dark orange-red solution to which a large excess of
ytterbium metal powder (0.49 g, 2.9 mmol) and mercury (2 drops) were
added. After vigorous stirring for 6 days in hot toluene, the reaction
mixture was filtered giving a dark orange-red solution, which was
evaporated to 3 mL. The solution was kept at ÿ20 8C for a few days
resulting in formation of dark orange-red crystals which were isolated and
dried under vacuum; The 1H NMR spectrum of the product [D8]THF
showed it to be complex 7.[18]


Method B : A mixture of ytterbium chips (3.46 g, 20.0 mmol), tBu2pzH
(1.80 g, 10.0 mmol), diphenylmercury(ii) (1.77 g, 5.0 mmol) and mercury
(2 drops) was stirred in refluxing toluene (80 mL) under nitrogen for 4.5 h.
The dark red-orange reaction mixture was filtered and reduced in volume
to about 5 mL resulting in deposition of orange-red crystalline 7, which was
dried under vacuum. Yield: 1.35 g (54 %); IR, UV/Vis/near IR (toluene)
and 1H NMR ([D8]THF) spectra were identical with those previously
reported.[18]


Method C : A mixture of amalgamated ytterbium chips and mercury
(19.5 g, excess), tBu2pzH (0.72 g, 4.0 mmol) and diphenylmercury(ii)
(0.71 g, 2.0 mmol) was refluxed in diethyl ether (80 mL) under nitrogen


for 21 h followed by stirring at room temperature for 37 h and ultrusoni-
cation for 1.5 h. The reaction mixture was filtered giving a clear yellow
solution, which was concentrated to 5 mL. Yellow-orange crystals formed
in a few hours. These were dried under vacuum. 1H NMR ([D8]THF)
revealed that the product was 7 with impurities of 8 and tBu2pzH.


Method D : A mixture of 7 (0.25 g, 0.21 mmol), amalgamated ytterbium
chips (14.6 g, excess) and 1,2,4,5-tetramethylbenzene (1.34 g, 10.0 mmol)
was heated in an evacuated sealed tube for 48 h at 300 8C. The reaction
mixture was extracted with hot toluene (70 mL) and filtered giving an
orange solution, shown to contain 7 by UV/Vis/near IR spectroscopy.


Method E : A Schlenk flask was charged with ytterbium metal powder
(3.00 g, 17.3 mmol), iodine (0.88 g, 3.5 mmol) and light petroleum (50 mL).
The purple reaction mixture was stirred at ambient temperature for 30 h,
during which time it changed colour from initial purple to orange and
finally green. tBu2pzK (0.76 g, 3.5 mmol), which was prepared from KH
and tBu2pzH in toluene by a reported method,[6] was added to the reaction
mixture and the stirring continued overnight, followed by ultrasonication
for 24 h. Solvent was taken off and replaced by toluene followed by further
ultrasonication for 4 days until all green colour disappeared. The reaction
mixture was then refluxed for further 2 h. Attempts to filter the reaction
mixture were unsuccessful as fine metal passed through a Celite pad. This
partly settled on standing, enabling separation of some supernatant orange-
yellow solution. The visible/near IR spectrum showed lmax� 976 (YbIII),
420, 336 nm (YbII).


Method F : Crude [{Yb(tBu2pz)(m-tBu2pz)(thf)}2], prepared by the reported
method,[4] was dissolved in hot toluene (80 mL). Evaporation of the solvent
under vacuum and heating the resulting red solid under vacuum at 180 8C
for 2 h gave a residue shown to contain residual THF and [Yb2(tBu2pz)6] by
the 1H NMR spectrum ([D6]benzene).


Attempted preparation of [Eu(tBu2pz)3]: A thick walled Carius tube was
charged with [Eu4(tBu2pz)8] (0.26 g, 0.13 mmol), tBu2pzH (0.092 g,
0.51 mmol) and xylene (2 mL). Heating the reaction mixture at 220 8C
(12 h) then progressively at 270 8C and at 300 8C failed to achieve any
reaction.


Structure determinations : Full spheres of low-temperature CCD area-
detector diffractometer data were measured (Bruker AXS instrument; T
ca. 153 K; w-scans; 2qmax� 588 ; monochromatic MoKa radiation, l�
0.71073 �) yielding a total of Nt reflections, merging after ªempiricalº/
multiscan absorption correction to N unique reflections (Rint quoted), with
No reflections [F> 4s(F)] being considered ªobservedº and used in the full-
matrix least-square refinements [anisotropic displacement parameter
refinement for non-hydrogen atoms; (x, y, z, Uiso)H were refined for the
free ligand, and for complex 5 only, being constrained at estimated values
for the remainder]. Conventional R, Rw (weights: (s2(F)�0.0004(F 2)ÿ1) are
quoted on jF j at convergence. Neutral atom complex scattering factors
were employed within the Xtal 3.4 program system.[42] Pertinent data/
results are given below and in the figures and tables; full atomic parameters
and non-hydrogen geometries have been deposited at the Cambridge
Crystallographic Data Centre (see below). In the figures, displacement
ellipsoid amplitudes are shown at the 50 (153 K), or 20% (293 K) level.
Hydrogen atoms where shown have arbitrary radii of 0.1 �. Carbon atoms
are denoted by number only. Individual features, variations, difficulties,
etc., are shown as ªvariataº.


Crystal/refinement data


Ligand tBu2pzH : C11H20N2, M� 180.3, orthorhombic, space group Pbca
(no. 61), Z� 8. Cell and coordinate settings follow those of ref. [22].


(T ca. 300 K): a� 11.482(1), b� 21.112(2), c� 9.984(1) �, V� 2420 �3


1calcd� 0.989 gcmÿ3. mMo� 0.59 cmÿ1; crystal size: 0.45� 0.45� 0.20 mm;
�transmission� (min/max)� 0.63/0.91. Nt� 23562, N� 3114 (Rint� 0.030),
No� 1949. R� 0.057, Rw� 0.066. jD1max j� 0.16(1) e �ÿ3. Crystals were
grown from a saturated acetone/hexane solution.


Variata : The present cell dimensions are essentially consistent with those of
ref. [22] (a� 11.4779(3), b� 21.1004(1), c� 9.9801(2) �, V� 2417 �3) for
which the only record of the temperature of the determination (295 K) is in
the Cambridge Crystallographic Data Base deposition. In ref. [22] tert-
butyl ªIIº (C(5n) in the present report) is described as rotationally
disordered over two sets of sites, occupancies 0.60(4) and its complement.
In the present refinement, site occupancies were refined to 0.566(9) and its
complement; in addition, a disordered component has been resolved for
the other tert-butyl group C(3n), occupancies refining to 0.879(5) and
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complement. Generally, hydrogen atom parameters would not refine
meaningfully, excepting those associated with the nitrogen atoms, occu-
pancies 0.57(5) (H(1) and complement (H(2)).


tBu2pzH (T ca. 153 K; same crystal): a� 11.357(1), b� 20.688(2), c�
9.871(1) �, V� 2319 �3. 1calcd� 1.033 gcmÿ3. mMo� 0.61 cmÿ1; �transmis-
sion� (min/max)� 0.71/0.96. Nt� 22444, N� 2974 (Rint� 0.023), No� 2483.
R� 0.042, Rw� 0.050. jD1max j� 0.25(1) e �ÿ3.


Variata : At low temperature, ªthermalº parameters of C(3n), now
modelled as ordered, were consistent with the remainder of the structure.
tert-Butyl C(5n) remain disordered at this temperature, occupancies now
refining to 0.614(5) and complement, all hydrogens refining in (x, y, z, Uiso),
occupancies 0.74(3) (H(1)) and its complement.


tBu2pzH (T ca. 153 K; crystal obtained by sublimation): a� 11.363(2), b�
20.708(3), c� 9.880(1) �, V� 2325 �3. 1calcd� 1.030 gcmÿ3. mMo� 0.61 cmÿ1;
specimen: 0.35� 0.20� 0.06 mm; �transmission� (min/max)� 0.69/0.86.
Nt� 22815, N� 3009 (Rint� 0.036), No� 2060. R� 0.045, Rw� 0.049.
jD1max j� 0.17(2) e �ÿ3. Refinement as for the other specimen, occupancies
C(5n) 0.609(6), H(1) 0.75(3).


[Sc(tBu2pz)3] (1): C33H57N6Sc, M� 582.8, monoclinic, space group P21/c
(no. 14), a� 10.696(1), b� 19.743(2), c� 17.474(2) �, b� 102.163(2)8, V�
3607 �3. 1calcd� 1.073 gcmÿ3, Z� 4. mMo� 4.2 cmÿ1; crystal size: 0.45�
0.30� 0.25 mm; �transmission� (min/max)� 0.79/0.89. Nt� 41 797, N�
9120 (Rint� 0.022), No� 7510. R� 0.047, Rw� 0.058. jD1max j�
0.96(4) e�ÿ3.


Variata : tert-Butyl group 25 was modelled as rotationally disordered about
the pendant bond, over two sets of sites, occupancies refining to 0.601(9)
and complement. (x, y, z, Uiso)H were refined for all the hydrogen atoms
except those associated with this disorder and on methyl 132 where
ªthermal motionº was high.


[La2(tBu2pz)6] ´ 2 PhMe (2) ´ 2 PhMe : C80H130La2N12, M� 1537.8, triclinic,
space group P1Å (no. 2). a� 12.478(1), b� 13.858(2), c� 13.912(2) �, a�
119.045(2), b� 96.435(2), g� 94.904(2)8, V� 2062.6 �3. 1calcd� 1.238 gcmÿ3,
Z� 1. mMo� 10.7 cmÿ1; crystal size: 0.28� 0.15� 0.10 mm; �transmission�
(min/max)� 0.73/0.83. Nt� 20 650, N� 10151 (Rint� 0.034), No� 7335. R�
0.039, Rw� 0.043. jD1max j� 1.21(8) e �ÿ3.


[Nd2(tBu2pz)6] ´ 2 PhMe (3) ´ 2 PhMe : C80H130Nd2N12, M� 1558.5, triclinic,
space group P1Å (no. 2), a� 12.4301(9), b� 13.807(1), c� 14.0146(10) �,
a� 119.480(1), b� 96.436(1), g� 95.262(1)8, V� 2050.4 �3. 1calcd�
1.254 g cmÿ3, Z� 1. mMo� 13.0 cmÿ1; crystal size: 0.40� 0.38� 0.13 mm;
�transmission� (min/max)� 0.77/0.90. Nt� 24 095, N� 10 069 (Rint� 0.026),
No� 8766. R� 0.033, Rw� 0.041. jD1max j� 2.0(1) e �ÿ3.


[Yb2(tBu2pz)6] ´ 2 PhMe (8) ´ 2PhMe : C80H130Yb2N12, M� 1606.1, triclinic,
space group P1Å (no. 2). a� 12.352(2), b� 13.757(2), c� 14.071(2) �, a�
120.260(2), b� 96.136(2), g� 95.340(2)8, V� 2023.1 �3. 1calcd� 1.318 gcmÿ3,
Z� 1. mMo� 23.5 cmÿ1; crystal size: 0.40� 0.40� 0.25 mm; �transmission�
(min/max)� 0.64/0.80. Nt� 20098, N� 9814 (Rint� 0.024), No� 8530. R�
0.033, Rw� 0.042. jD1max j� 1.66(8) e �ÿ3.


[Lu2(tBu2pz)6] ´ 2PhMe (5) ´ 2PhMe : C80H130Lu2N12, M� 1609.9, triclinic,
space group P1Å (no. 2). a� 12.3650(8), b� 13.7324(9), c� 14.0544(9) �,
a� 120.340(1), b� 96.024(1), g� 95.485(1)8, V� 2017.3 �3. 1calcd�
1.325 g cmÿ3, Z� 1. mMo� 24.8 cmÿ1; crystal size: 0.30� 0.25� 0.15 mm;
�transmission� (min/max)� 0.67/0.91. Nt� 23601, N� 9863 (Rint� 0.018),
No� 9098. R� 0.023, Rw� 0.029. jD1max j� 1.49(3) e�ÿ3.


Variata : Difference map residues refined convincingly throughout as
toluene of crystallisation, site occupancies set at unity after trial refine-
ment, albeit with high ªthermal motionº, but without disorder.


[Eu4(tBu2pz)8] (6): C88H152Eu4N16, M� 2042.1. a� 13.134(2), b� 13.577(2),
c� 15.743(2) �, a� 76.975(3), b� 73.277(2), g� 65.419(2)8, V� 2426.8 �3.
1calcd� 1.397 g cmÿ3, Z� 1 centrosymmetric tetramer. mMo� 26.0 cmÿ1; crys-
tal size: cuboid, ca. 0.1 mm; �transmission� (min/max)� 0.60/0.84. Nt�
28994, N� 12073 (Rint� 0.042), No� 5776. R� 0.056, Rw� 0.066. jD1max j
� 3.36(6) e �ÿ3.


Variata : As modelled in space group P1Å, ligand 1 was distributed over two
sets of sites, occupancies set at 0.5 after trial refinement; tert-butyl group
(45n) was modelled as disordered over two sets of sites, occupancies
refining to 0.650(9) and its complement.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-148044 ±


CCDC-148052. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


General catalytic testing procedure : NMR-scale reaction: [La2(tBu2pz)6]
(0.05 mmol) was weighed under protective gas into an NMR tube.
[D6]benzene (ca. 0.7 mL) was condensed into the NMR tube, and the
mixture was frozen at ÿ196 8C. The reactant (1.0 mmol) was injected onto
the solid mixture, and the whole sample was frozen at ÿ196 8C. To
determine the reaction kinetics the sample was melted and mixed just
before the insertion into the core of the NMR machine (to). The ratio
between the reactant (product) and the catalyst was exactly calculated by
comparison of the integration of all CHO (CH2O) signals with the C(CH3)3


signals, which were used as an internal standard for the kinetic measure-
ments.
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The Importance of Dihydrogen Complexes HnGe(H2)� (n� 0,1) to the
Chemistry of Cationic Germanium Hydrides: Advanced Theoretical and
Mass Spectrometric Analysis


Phillip Jackson,[b] Nadja Sändig,[a] Martin Diefenbach,[a] Detlef Schröder,[a]


Helmut Schwarz,*[a] and Ragampeta Srinivas[c]


Abstract: Investigations of [Ge,Hn]ÿ/0/�


(n� 2,3) have been performed using a
four-sector mass spectrometer. The re-
sults reveal that the complexes
HnGe(H2)� (n� 0,1) play an important
role in the unimolecular dissociation of
the metastable cations. Theoretical cal-
culations support the experimental ob-
servations in most instances, and the
established view that the global mini-
mum of [Ge,H2]� is an inserted structure
may need reexamination; CCSD(T,full)/
cc-pVTZ//CCSD(T)/6-311��G(d,p)
and B3LYP/cc-pVTZ studies of three


low-lying cation states (2A1 HGeH�, 2B2


Ge(H2)� and 2B1 Ge(H2)�) indicate a
very small energy difference (ca.
4 kcal molÿ1) between 2A1 HGeH� and
2B2 Ge(H2)� ; B3LYP favours the ion ±
molecule complex, whereas coupled-
cluster calculations favour the inserted
structure for the global minimum. Sin-


gle-point multireference (MR) averaged
coupled-pair functional and MR-config-
uration interaction calculations give
conflicting results regarding the global
minimum. We also present theoretical
evidence indicating that the orbital-
crossing point implicated in the
spin-allowed metastable dissociation
HGeH�*!Ge(H2)�*!Ge��H2 lies
above the H-loss asymptote. Thus, a
quantum-mechanical tunneling mecha-
nism is invoked to explain the prepon-
derance of the H2-loss signal for the
metastable ion.


Keywords: ab initio calculations ´
dihydrogen complexes ´ germanium
´ hydrides ´ ion ± molecule reactions
´ mass spectrometry


Introduction


Element hydrides are amongst the simplest chemical entities
to examine theoretically and spectroscopically. Due to the
uncomplicated nature of the sigma-bonding interaction hy-
drogen shares with heavier elements and coordination
centres, hydride studies have often been used to elicit periodic
and/or group trends. According to Squires, MÿH bond
strengths (M� transition metal) can be derived from an
appreciation of the metal�s electron affinity alone.[1] Inves-


tigations on metal hydrides have also contributed significantly
to the understanding of the effects of heavy nuclei on
molecular electronic structure.[2±6]


Pertaining to relativistic effects and group trends, hydrides
of the heavy Group IV A elements have been the subject of a
number of theoretical investigations;[6±10] however, there is
still limited experimental information available for the heavy-
atom substituted MHn, n� 1 ± 3. This can probably be
attributed to the difficulty of preparation and handling of
the heavier tetrahydrides (both SiH4 and SnH4 spontaneously
ignite in air [11]) from which it is relatively simple to derive the
lower hydrides. In spite of their significance to the chemistry
of semiconducting film preparation, GeH2 and GeH3 as well
as their ions have only recently attracted the attention of
experimentalists.[12±16] Of paramount importance is the uni-
molecular dissociation of XH4, X� Si, Ge [Eq. (1)], which has


XH4 ÿ! XH2�H2 (1)


been studied at very high levels of theory.[7] The reactions of
neutral GeH2 with a number of simple molecules have also
been monitored,[14, 16] while selected charge-induced conden-
sation reactions of ionised GeH4 have been investigated by
using high-pressure ion-trap mass spectrometry (MS).[17, 18]


The thermochemistry of some of the simpler reactions
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observed in the MS studies, such as neutral and ionic
decompositions for GeHn


0/� (n� 2,3) and various GeÿH bond
strengths, have been evaluated theoretically using the G1
method[19, 20] and at the multireference configuration inter-
action (MRSDCI/CASSCF) level.[21]


The theoretical results presented demonstrate that at least
some of the widely held assumptions regarding ground state
structure of [Ge,H2]� might be incorrect, and reexamination
might be useful. Moreover, the experimental results reveal
new processes for germanium hydride ions, hitherto unde-
scribed in the literature. Where possible, calculations are used
to support or refute our proposals based on the experimental
results.


Experimental Section and Computational Methods


For a detailed description of the experiment and the instrument used, the
reader is advised to consult the review by Schalley et al.[22] and references
therein. Briefly, the experiments were performed by using a four-sector
modified HF-ZAB AMD 604 mass spectrometer with BEBE configura-
tion,[23] where B and E represent magnetic and electric sectors respectively.
GeHn


ÿ/� (n� 2,3) were generated by chemical ionisation (CI) of GeH4


(Union Carbide). Under these conditions, GeH4 is capable of acting as its
own CI gas, that is to say, GeH4


ÿ/� ions are metastable and react with other
neutral compounds by proton/hydrogen transfer pathways. Typical source
conditions are as follows: pressure about 10ÿ4 mbar, source temperature
200 8C, trap current 100 mA, repeller voltage near 0 V, ion extraction
voltage 8 kV, m/Dm� 1500. Collisional activation (CA) of B(1)/E(1)-mass
selected GeHn


� was effected in collision cells positioned between E(1) and
B(2) using He as a target gas. In all collision experiments, the target gas
pressure was maintained such that, after transiting, 80% of the parent ion
beam was recovered. This corresponds to an average of 1.1 ± 1.2 collisions
per ion.[24] CA products were recorded by scanning the second magnetic
sector B(2). Metastable ion (MI) dissociations of GeHn


� were monitored
for B(1)/E(1)-mass selected ions in a similar experiment, but with the
collision cells devoid of gas (p< 2 ± 3� 10ÿ9 mbar).
Neutralisation-reionisation (NR) and charge reversal (CR) experiments
were performed with B(1)/E(1)-mass selected ions, by utilising the dual
collision cells between sectors E(1) and B(2). Cation neutralisation was
achieved by collision with Xe at 80 % transmittance, while reionisation to
cations was achieved by collision of the neutrals with O2, again at 80%
transmittance; according to the charges of the projectile and product ions
this is referred to as �NR�. For ÿCR� and ÿNR� experiments, O2 was the
target used throughout. Any ions remaining after the first collision event in
the NR experiments were deflected from the primary neutral beam using
an electrode maintained at a high
voltage (2 kV) positioned before the
second collision cell. In order to detect
a reionisation signal, the neutral spe-
cies must be stable for approximately
at least a few microseconds. NR- and
CR-MS spectra were averaged over
100 acquisitions in order to obtain
sufficient S/N ratios, while CA spectra
were averaged over 20 ± 50 acquisi-
tions. NIDD spectra were derived
from quantitative analysis of the
ÿNR� and ÿCR� spectra as described
previously (NIDD� neutral and ion
decomposition difference).[25] In the
NIDD scheme, fragmentations occur-
ring at the neutral stage appear as
positive signals, while processes of the
ionic species give rise to negative
peaks.
Density functional calculations[26] for
[Ge,H2]ÿ/0/� were performed by using


the Gaussian 94 software[27] on IBM RS/6000 computers running AIX 4.2.1.
The structures were investigated as follows: first, geometry optimisations
were performed using the 3-parameter hybrid density functional method of
Becke (B3LYP)[28±30] in conjunction with basis sets of triple-zeta qual-
ity.[31±34] The respective basis sets were supplemented with single p and d
functions for Ge, and one s and one p function for H (6 ± 311��G(d,p)).
The nature of each stationary point located at this level of theory was then
established by subsequent frequency analysis. Vertical detachment, ionisa-
tion, and recombination energies (VDEs, VIEs, VREs, respectively) were
derived from single-point calculations using optimised geometries of
relevant minima. We have also reoptimised the structures of GeH2


ÿ/0/�


using B3LYP in conjunction with the triple-zeta, correlation-consistent
basis sets.[35±37] These results confirm that, at least using the hybrid DFT
method, the smaller triple-zeta basis set suffices for an investigation of the
chemistry of germanium hydride molecules and ions. As precautionary
measures (particularly for the anions), reoptimisations at the CCSD(T)/
6 ± 311��G(d,p) level have been performed and single point energies
obtained for these structures using CCSD(T,full)/cc-pVTZ calculations.
The relative energies of the three lowest energy cation structures were also
investigated using internally-contracted multireference configuration in-
teraction (IC-MRCI) and averaged coupled-pair functional (MR-ACPF)
calculations. The active space comprised the Ge(3d4s4p) and H(1s)
orbitals. The multireference calculations were performed on a CRAY-
YMP supercomputer using the MOLPRO 96 suite of programmes.[38]


Results and Discussion


This report is divided into two sections, with the results for the
dihydride and trihydride species discussed separately. We
conclude each section with a discussion of the NIDD spectra,
and the implications of our results for earlier experimental
measurements. We have refrained from an extended compar-
ison of theoretically derived and experimental spectroscopic
constants for [Ge,H2]ÿ/0/� and direct the interested reader to
the relevant literature.[7, 10, 15, 19±21, 39]


[GeH2]ÿ/0/�


The collisional activation spectrum of 70GeH2
� with He as the


target gas holds no surprises (Figure 1), other than perhaps
the relative abundances of the fragment peaks (m/z 71: m/z 70
�0.62:1.00). That is, loss of H2 appears to be more favourable
than loss of H. This suggests that either a side-on or an end-on
isomer, Ge(H2)�, is formed in large amounts in the CI source,
or interconversion between the inserted structure HGeH�


Figure 1. Spectra for [Ge,H2]�/ÿ ions generated by the chemical ionisation of GeH4. a) CA mass spectrum. b) MI
mass spectrum. c) �NR� mass spectrum; the parent peak at m/z 72 is also due to interferent 72Ge�. d) ÿCR� mass
spectrum. e) ÿNR� mass spectrum.
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and either kind of Ge(H2)� isomer is facile. Frontier orbital
considerations suggest end-on approach of the dihydrogen
will result in formation of 1S GeH� and 2S H as a H2 s/Ge 4pz


donation will weaken the H2 bond, and Ge 4s/H2 s*
interaction will have a similar effect. Without recourse to
theoretical calculations, it is impossible to arrive at definitive
answers concerning the relative abundances of the side-on
and inserted isomers.


To further investigate the possible existence of a side-on
ion ± molecule complex Ge(H2)�, we have monitored the
metastable ion decay of the mass-selected parent ion beam on
the microsecond time scale. This spectrum is also presented in
Figure 1 and can be regarded as confirmation of the presence
of an ion ± molecule complex, in that loss of H2 prevails over
that of H atom by more than an order of magnitude (m/z 71:
m/z 70 �1:22). Once again, however, the ratio of the ion
molecule complex to the inserted structure is unclear. All
previous theoretical studies[18±21] have considered only the
inserted isomers, while it is clear from this spectrum that the
IM-complex very likely also plays a role.


Given that the stability of neutral GeH2 is firmly estab-
lished,[13] the �NR� spectrum of 70GeH2


� is useful only for the
relative fragment ion abundances (m/z 70: m/z 71). This is
especially true considering the parent peak is isobaric with
72Ge�. In the �NR� experi-
ments, a significant fraction of
the survivor signal (if not all)
will be attributable to 72Ge�,
but of course this contaminant
cannot give rise to fragment
peaks. We did not select
76GeH2


� for analysis as m/z 78
is contaminated with metasta-
ble 74GeH4


� and (possibly)
small amounts of 73GeH5


�.
Thus, our discussion of the
�NR� spectrum is limited to
relative ion ± neutral geome-
tries and Franck ± Condon over-
lap between the initial and final
states.


Thus, the relatively small sur-
vivor peak in Figure 1 c indi-
cates that most of the 70GeH2


�


undergoes fragmentation (re-
covery signal is 15 % of the
total ion current), as either a
metastable on the neutral sur-
face during the first transition,
or on the cation surface after
the reionisation event. The
small survivor signal is not sur-
prising if a large fraction of the
parent ion exists as Ge(H2)�, as
ion ± molecule complexes rare-
ly survive vertical neutralisa-
tion because of the removal of
the electrostatic component of
the bonding. In any case, the


neutral complex Ge(H2), if it is bound at all, would reside in a
very shallow minimum, because H2 has no dipole moment and
a very low polarisability. The base peak in the �NR�-spectrum
corresponds to loss of H2 (60 % total ion current), which again
lends credence to our proposal that a significant fraction of
[70Ge,H2]� exists as Ge(H2)�.


In both the ÿCR� and ÿNR� spectra of [70Ge,H2]ÿ , the base
peak corresponds to the survivor signal. Analysis of the
isotopomer distribution in the CI source reveals that the
contribution of 72Geÿ to the peak at m/z 72 is negligible, so we
can assume that Franck ± Condon factors must be quite
favourable for anionic GeH2


ÿ during both direct two-electron
transfers and single-electron transfers (via the neutral sur-
face) to the cation surface. Indeed, this can be directly
investigated using ab initio methods, and the results of the
[Ge,H2]ÿ/0/� study are discussed in the following paragraphs.


A schematic diagram of the potential energy surfaces of
[Ge,H2]ÿ/0/� calculated at the CCSD(T,full)/cc-pVTZ//
CCSD(T)/6 ± 311��G(d,p) level is presented in Figure 2.
The surfaces are zero-point-energy corrected using scaled
vibrational frequencies determined using density functional
theory (B3LYP/6 ± 311��G(d,p)). A comparison of B3LYP
energetics calculated by using the cc-pVTZ and
6 ± 311��G(d,p) basis sets (Table 1) suggests the smaller


Figure 2. Potential energy surfaces for [Ge,H2]ÿ/0/� calculated at the CCSD(T,full)/cc-pVTZ//CCSD(T)/
6 ± 311��G(d,p) level of theory. Note that, except for the encircled region (Minimum Energy Crossing Point,
MECP) discussed in the text, all other crossings are tentative. Relative energies are in kcal molÿ1.
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triple-zeta basis set suffices at this level for the cations and
neutral compounds, although there are additional problems
concerning low-lying electronic states on the ground state
cation surface. That is, a proper multireference CI treatment
of the three cation states (separated by only 2.2 kcal molÿ1 at
B3LYP/6 ± 311��G(d,p)) is necessary to resolve the global
minimum. It is perhaps significant that none of the other
theoretical studies of [Ge,H2]� have even considered the
possible existence of Ge(H2)�, yet our experimental results
strongly point to their existence. Moreover, two electronic
states of this complex were located during the B3LYP
investigations, although spurious minima can arise through
exchange ± correlation grid inadequacies, and the GeÿH bond
length in 2B1 Ge(H2)� does seem extraordinarily long.


In addition to reservations regarding the true cation ground
state, which warrants reexamination at a multireference level
of theory (see below) and the existence of the 2B1 state of
Ge(H2)�, DFT results for anions should always be viewed
cautiously. This is for the following reason: It has been argued
in the past that all anions should be unbound at the pure
density functional level of theory, with boundedness resulting
from basis set incompleteness.[40] To evaluate how this might
affect the theoretical electron affinity of GeH2, some insight
can be gained through evaluation of electron affinity (Ge) at


various DFT levels (see Table 2) and a comparison with the
experimental values.[41] On the basis of this information, we
conclude that the errors for B3LYP/6 ± 311��G(d,p) are not
large; note, however, that the larger cc-pVTZ basis set
gives consistently lower electron affinities for all DFT
approaches.


Given that DFT has performed, or will perform, poorly in
some instances for the anion and cation, the surfaces
important to this study have been recalculated at the
CCSD(T)/cc-pVTZ//CCSD(T)/6 ± 311��G(d,p) level of
theory using the B3LYP geometries as initial guesses, and in
addition, single-point internally contracted multireference
configuration interaction calculations, IC-MRCI/cc-pVTZ//
CCSD(T)/6 ± 311��G(d,p), and averaged coupled-pair
functional calculations, MR-ACPF/cc-pVTZ//CCSD(T)/
6 ± 311��G(d,p), have been performed for the three lowest
minima located on the cation doublet surface. These results
appear alongside the density functional and coupled cluster
results in Table 1. Before discussing the bond strengths and
other useful data, it is pertinent to review the anion, neutral,
and cation potential-energy surfaces at the CCSD(T,full)/
cc-pVTZ//CCSD(T)/6 ± 311��G(d,p) level of theory (Fig-
ure 2), and the vertical versus adiabatic transition energies
calculated for selected minima (from v� 0) located at this


Table 1. B3LYP and CCSD(T) energies and geometries for [Ge,H2]ÿ/0/� and various fragments. The coupled-cluster SCF energies are from single-point
CCSD(T,full)/cc-pVTZ//CCSD(T)/cc-pVTZ calculations. IC-MRCI/cc-pVTZ//CCSD(T)/6 ± 311��G(d,p) energies for the three lowest energy isomers of
[Ge,H2]� are also given.


E [Hartree] Erel [kcal molÿ1] rGeH [�] rHH [�] qHGeH [8] ZPE [kcal molÿ1]


2B1 HGeHÿ B3LYP/6-311��G(d,p) ÿ 2078.18117 0.0 1.623 91.3 6.2
B3LYP/cc-pVTZ ÿ 2078.27268 0.0 1.628 91.3
CCSD(T) ÿ 2076.81263 0.0 1.611 92.1


1A1 HGeH B3LYP/6 ± 311��G(d,p) ÿ 2078.14263 24.4 1.591 90.9 6.8
B3LYP/cc-pVTZ ÿ 2078.23605 23.2 1.597 90.8
CSD(T) ÿ 2076.78089 20.1 1.581 92.5


3B1 HGeH B3LYP/6 ± 311��G(d,p) ÿ 2078.10215 50.0 1.538 119.8 7.2
B3LYP/cc-pVTZ ÿ 2078.19389 49.9 1.545 119.7
CCSD(T) ÿ 2076.74590 42.2 1.528 119.3


3A2 Ge(H2) B3LYP/6 ± 311��G(d,p) ÿ 2078.09293 55.8 2.276 0.761 19.3 7.2
B3LYP/cc-pVTZ ÿ 2078.18939 52.7 2.234 0.764 19.7
CCSD(T) unbound


2B2 Ge(H2)�[a] B3LYP/6 ± 311��G(d,p) ÿ 2077.81284 233.1 2.185 0.770 20.3 7.3
B3LYP/cc-pVTZ ÿ 2077.90866 230.4 2.234 0.773 20.4
CCSD(T) ÿ 2076.44476 232.8 2.448 0.755 17.7
IC-MRCI ÿ 2076.25395 5.0[b]


2B1 Ge(H2)�[a] B3LYP/6 ± 311��G(d,p) ÿ 2077.80940 235.3 2.407 0.757 18.1 7.3
B3LYP/cc-pVTZ ÿ 2077.90527 230.6 2.365 0.758 18.4
CCSD(T) ÿ 2076.44138 234.9 2.710 0.749 15.9
IC-MRCI ÿ 2076.25387 4.8[b]


2A1 HGeH�[a] B3LYP/6 ± 311��G(d,p) ÿ 2077.81096 234.3 1.548 120.3 7.1
B3LYP/cc-pVTZ ÿ 2077.90187 234.7 1.558 120.3
CCSD(T) ÿ 2076.45116 228.8 1.533 120.5
IC-MRCI ÿ 2076.26147 0.0[b]


4A2 HGeH� B3LYP/6 ± 311��G(d,p) ÿ 2077.69407 305.7 1.758 79.0 3.7
B3LYP/cc-pVTZ ÿ 2077.77111 314.7 1.759 78.5
CCSD(T) ÿ 2076.32091 308.6 1.682 73.5


Table 2. Electron affinity in kcal molÿ1 of Ge atom at various DFT levels.


BLYP BPW91 PW91PW91 G96PW91 B3LYP BHLYP B1LYP exp.


6 ± 311��G(d,p) 27.8 32.7 33.7 32.2 30.6 26.5 27.0 28.7
cc-pVTZ 20.6 27.5 27.8 28.1 24.8 21.7 21.1







Cationic Germanium Hydrides 151 ± 160


Chem. Eur. J. 2001, 7, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0155 $ 17.50+.50/0 155


level (Table 3). These transition energies were calculated by
using density functional theory.


According to the calculations, 2B1 HGeHÿ is the global
minimum for the anion. No ion ± molecule complexes were
located on either the doublet or quartet surfaces, and all linear
isomers were found to be significantly higher in energy.
Inspection of Figure 2 reveals that the lowest energy dissoci-
ation asymptote corresponds to loss of dihydrogen, which
requires 29.7 kcal molÿ1. Adiabatic dissociation to 4S Geÿ� 1Sg


H2 is not possible from the global minimum, thus the lowest
fission energy corresponds to loss of atomic hydrogen, which
costs 68.2 kcal molÿ1. This is much greater than the energy
required to detach the electron from 2B1 HGeHÿ, (electron
affinity (GeH2), B3LYP/6 ± 311��G(d,p)� 25.6 kcal molÿ1,


CCSD(T,full)/cc-pVTZ//CCSD(T)/6 ± 311��G(d,p)�
20.7 kcal molÿ1). The experimental value determined by Line-
berger and co-workers[41] is 25.5 kcal molÿ1, so the B3LYP
value is in excellent agreement with experiment in this
instance, probably as a result of the fortuitous cancellation of
errors, especially given the discrepancy between the exper-
imental and B3LYP/6 ± 311��G(d,p) values for the electron
affinity of Ge.


The difference between the vertical and adiabatic detach-
ment values for the transition to the singlet surface is
relatively small (Table 3), so that the first collision in either
a two-step ÿCR� or ÿNR� process results in energy deposition
to a low vibrational level on the singlet surface, probably v�
0. As all transitions DS�� 1/2 are allowed, we have also


investigated vertical detachment to the triplet
neutral surface. In contrast to the favourable
Franck ± Condon factors which result in the
formation of a relatively cool singlet neutral
after vertical detachment of 2B1 HGeHÿ, tran-
sitions to the triplet surface deposit some 12 kcal
molÿ1 into the neutral. This is below the calcu-
lated D(3B1 HGeÿH) bond fission energy
(48.6 kcal molÿ1), but very close to the asymp-
tote corresponding to the spin-allowed dissoci-
ation into 3P Ge� 1Sg H2. Given that dissociation
via this asymptote will require molecular rear-
rangement from HGeH to Ge(H2), and thus an
orbital crossing on the triplet surface (from B1 to
A2 according to B3LYP/6 ± 311��G(d,p)), the


Table 1. (Continued)


(cont) E [Hartree] Erel [kcal molÿ1] rGeH [�] rHH [�] qHGeH [8] ZPE [kcal molÿ1]


4Su
� HGeH�[c] B3LYP/6 ± 311��G(d,p) ÿ 2077.57774 378.7 1.651 180.0 9.5


2S H[c] B3LYP/6 ± 311��G(d,p) ÿ 0.50226
B3LYP/cc-pVTZ ÿ 0.50216
CCSD(T) ÿ 0.49981


1Sg
� H2 B3LYP/6 ± 311��G(d,p) ÿ 1.17957 0.744 6.3


B3LYP/cc-pVTZ ÿ 1.18000 0.743
CCSD(T) ÿ 1.17234 0.744


4S Geÿ B3LYP/6 ± 311��G(d,p) ÿ 2076.97810
B3LYP/cc-pVTZ ÿ 2077.04453
CCSD(T) ÿ 2075.59314


3P Ge[c] EA [kcal molÿ1][d] IE [kcal molÿ1][e]


B3LYP/6 ± 311��G(d,p) ÿ 2076.90985 30.6 180.6
B3LYP/cc-pVTZ ÿ 2077.00500 24.8 182.0
CCSD(T) ÿ 2075.55123 26.3 181.9


2P Ge�[c] B3LYP/6 ± 311��G(d,p) ÿ 2076.62207
B3LYP/cc-pVTZ ÿ 2076.71492
CCSD(T) ÿ 2075.26140


3Sÿ GeHÿ B3LYP/6 ± 311��G(d,p) ÿ 2077.56341 1.633 2.4
B3LYP/cc-pVTZ ÿ 2077.65611 1.638
CCSD(T) ÿ 2076.19815 1.621


2P GeH[c] B3LYP/6 ± 311��G(d,p) ÿ 2077.52295 1.598 2.7
B3LYP/cc-pVTZ ÿ 2077.61763 1.605
CCSD(T) ÿ 2076.16092 1.588


1S� GeH�[c] B3LYP/6 ± 311��G(d,p) ÿ 2077.25461 1.592 2.9
B3LYP/cc-pVTZ ÿ 2077.33088 1.591
CCSD(T) ÿ 2075.87859 1.584


[a] At the ACPF/cc-pVTZ//CCSD(T)/6 ± 311�G(d,p) level, 2B2 Ge(H2)� is the ground state by a mere 0.6 kcal molÿ1 ; E [Hartree] 2B2 Ge(H2)��
ÿ2076.38901, 2A1 HGeH��ÿ2076.38805, 2B1 Ge(H2)��ÿ2076.38560. [b] For the IC-MRCI results, Erel(2A1 HGeH�) has been set to 0.0 kcal molÿ1.
[c] B3LYP/6 ± 311��G(d,p) results taken from ref. [45]. [d] Experimental value: EA� 28.7 kcal molÿ1.[41] [e] Experimental value: IE� 182.2 kcal molÿ1.[46]


Table 3. Relative energies for vertical versus adiabatic transitions calculated at the B3LYP/
6 ± 311��G(d,p) level. ESP is total energy of product at reactant geometry.


Transition Type ESP


[Hartree]
Ev


[kcal molÿ1]
DEvÿa


[kcal molÿ1]


2B1 HGeHÿ! 1A1 HGeH detachment ÿ 2078.14033 25.63 1.5
2B1!HGeHÿ! 3B1 HGeH detachment ÿ 2078.08247 61.94 12.5
2B1 HGeHÿ! 2A1 HGeH� charge reversal ÿ 2077.79114 244.75 12.6
1A1 HGeH! 2A1 HGeH� ionisation ÿ 2077.79428 218.59 10.6
3B1 HGeH! 2A1 HGeH� ionisation ÿ 2077.81089 182.77 < 0.1
3A2 Ge(H2)! 2B2 Ge(H2)� ionisation ÿ 2077.81262 175.90 0.1
2A1 HGeH�! 1A1 HGeH recombination ÿ 2078.12288 ÿ 195.73 12.5
2A1 HGeH�! 3B1 HGeH recombination ÿ 2078.10208 ÿ 182.68 < 0.1
2B2 Ge(H2)�! 3A2 Ge(H2) recombination ÿ 2078.09278 ÿ 175.67 < 0.1
2B2 Ge(H2)�! 1A1 HGeH recombination ÿ 2078.06359 ÿ 157.35 50.1
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relative energy of the crossing point, and thus the rate of
internal conversion, will largely determine the likelihood of
fragmentation. This point was located by manually scanning
the potential energy surface while maintaining C2v symme-
try,[42] until a geometry was located at which the states were
essentially degenerate (DESCF j 3B1ÿ 3A2 j< 0.02 kcal molÿ1).
The classical barrier for the interconversion is 40.0 kcal molÿ1


above 3B1 HGeH. The bond length and the bond angle at
which the two states are isoenergetic are re� 1.645(8) �,
qHGeH� 65.02(3)8. Thus, the energy imparted by the transition
from the anion still appears to be insufficient to cause
dissociation via this asymptote; however, we will not discount
this completely, as coupling between sufficiently anharmonic
vibrational states may lead to tunneling and dissociation,
either directly (CCSD(T), see Table 1) or via excited 3A2


Ge(H2), which, of course, will dissociate as it is bound by a
mere 1.4 kcal molÿ1.


We now turn our attention to the cation surfaces. Inspection
of Figure 2 reveals that the cation situation is distinct from
those encountered for the neutral or anion; that is, three
structures are very close in energy, and at the level of theory
applied, it remains unclear which is indeed the global
minimum. Two of these structures are ion ± molecule com-
plexes, 2B2 Ge(H2)� and 2B1 Ge(H2)� ; the latter is probably an
encounter complex.


According to B3LYP/6 ± 311��G(d,p) calculations, the
cation global minimum is 2B2 Ge(H2)�, and the inserted
structure on this surface (2A1) is 1.2 kcal molÿ1 less stable.
With the bigger basis set, the B3LYP energy difference
between the 2B2 and 2A1 states increases to 4.3 kcal molÿ1, but
the situation is reversed at the CCSD(T,full)/cc-pVTZ//
CCSD(T)/6 ± 311��G(d,p) level, with 2A1 HGeH� more
stable than 2B2 Ge(H2)� by 4.0 kcal molÿ1. Clearly, this is a
problem that must be resolved by using higher levels of
theory; in an effort to see how the relative energies vary with
increasingly sophisticated calculations, MR-ACPF/cc-pVTZ//
CCSD(T)/6 ± 311��G(d,p) and IC-MRCI/cc-pVTZ//
CCSD(T)/6 ± 311��G(d,p) single-point energies were ob-
tained for each of the three low-lying cation states. Again, the
results are ambiguous with the MRCI calculations favouring
the inserted structure, whereas the MR-ACPF calculations
favour the ion ± molecule complex. Without geometry opti-
misations at these computationally expensive levels as well as
consideration of spin-orbit effects, the cation global minimum
cannot be unequivocally established; nevertheless, the pres-
ent results establish that both isomers are important for the
cationic species.


All three cation minima are shallow with respect to the 2P
Ge��1Sg


� H2 asymptote, which is only 8.2 kcal molÿ1 above
2A1 HGeH� according to CCSD(T,full)/cc-pVTZ//CCSD(T)/
6 ± 311��G(d,p). The energies of the minima on the ground
state surface with respect to this asymptote conveniently
explains the high abundance of the H2-loss signals in the MI
and CA spectra of [70Ge,H2]� .


There are no spin barriers on the ground state cation
surface that hinder dissociation either via loss of H or H2,
although loss of H2 by the inserted structure will again
proceed via internal conversion to either 2B1 or 2B2 states of
Ge(H2)�. In a method analogous to that previously applied[42]


to locate the crossing point on the triplet neutral surface, the
point of intersection between the inserted and ion ± molecule
structures on the cation surface was also found. The classical
barrier for this process is 38.1 kcal molÿ1 (B3LYP/
6 ± 311��G(d,p)) which is very close to the dissociation
limit 1S�GeH��2S H (this point is above this asymptote at the
B3LYP/6 ± 311��G(d,p) level). The structure at the crossing
point is: re� 1.673(4) �, qHGeH� 68.84(4)8, (DESCF j 2B2ÿ 2A1 j
< 0.02 kcal molÿ1). The close proximity of the crossing point to
the H-loss exit channel (41.9 kcal molÿ1 above 2A1 HGeH�)
suggests both processes will be competitive, with a small
fraction of the ions interconverting and then dissociating via
the 1S�GeH��2S H exit channel. Once again, theory is able to
account for the H-loss peak detected in the MI spectrum of
[70Ge,H2]� .


Now that we have elicited an appreciation of the dissoci-
ation requirements for the cation surface and have explained
some of the observed experimental phenomena, we are in a
position to discuss the consequences of ionisation events that
have been probed experimentally. Noting the significant
difference in the bond angles of 1A1 HGeH and 2A1 HGeH�,
it is not surprising that the difference between the vertical and
adiabatic ionisation energies of 1A1 HGeH is 10.6 kcal molÿ1


(Table 3). The situation is quite different for 3B1 HGeH, with
near coincident adiabatic and vertical ionisation energies,
which suggests low vibrational states of 2A1 HGeH�, most
probably v� 0, will be populated by vertical ionisation from
the triplet precursor.


If we now recall that ÿCR� can be a two-step as well as a
one-step process, and assuming that the parent anion 2B1


HGeHÿ is formed in low vibrational states, it is unlikely that
the collisional electron detachment generates large amounts
of 3B1 HGeH from simple thermochemical considerations. If
3B1 HGeH is formed, it will be in a high vibrational state
(Franck ± Condon overlap for the 2B1 HGeH! 3B1 HGeH is
poor), so whichever transitions dominate, it is likely that the
inserted cation that is formed will be vibrationally excited.
According to our calculated crossing point, the inserted cation
does not possess the requisite energy to dissociate by loss of
H2 after vertical ionisation from 1A1 HGeH. Likewise, single-
step charge reversal results in an inserted cation with
12.6 kcal molÿ1 internal energy, which again is insufficient
for this process, unless either an oblique collisional activation
mechanism is invoked (small impact parameter with vibra-
tional, accompanying electronic excitation), or there is
quantum tunneling arising from vibronic coupling.


The poor Franck ± Condon overlap between 2A1 HGeH�


and 1A1 HGeH is manifested in the calculated (internal)
energy imparted to the neutral during recombination from the
ground vibrational state of 2A1 HGeH� (12.5 kcal molÿ1,
Table 3). Thus, all the cations in, or close to, the zero level
should survive recombination to the singlet neutral surface, as
the first crossing point is more than 25 kcal molÿ1 higher in
energy. In addition, the Franck ± Condon factors for transi-
tions from ground state 2B2 Ge(H2)� to 3A2 Ge(H2) are quite
favourable (D (REaÿREv) <1 kcal molÿ1), and if the calcu-
lations are correct, no fragmentation should be observed
during �NR� of 2Ge(H2)�. Why then, are the Hn loss signals so
abundant in the �NR� spectrum? The explanations provided
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above are feasible, but the
CCSD(T) results for 3A2


Ge(H2) are revealing; no bound,
neutral germanium ± dihydrogen
complex could be located at this
level of theory. That is to say, 3A2


Ge(H2) is a grid artefact of the
exchange-correlation quadrature
in DFT calculations. Therefore,
neutralisation of the ion ± mole-
cule complexes Ge(H2)� should
result only in dissociation.


If the theoretical value for
IE(Ge) can be used to
gauge the accuracy of IEv for
molecular species (IE(Ge),
B3LYP/6 ± 311��G(d,p)�
7.83 eV, IEexp� 7.90 eV,[43, 44]


DE< 2 kcal molÿ1), at the very least a qualitative appreciation
of transitions likely to result in dissociation can be gained
from the B3LYP calculations. We are still confronted with the
problem that with the present software it is still not feasible to
calculate vertical IEs for high initial reactant states, as we
have no a priori knowledge of the vibrational spacings. This is
particularly important for our interpretations regarding two-
step ÿCR� processes in which the neutral intermediate is
vibrationally excited. Nevertheless, if the probability of the
transition to v� 0 is poor, the Franck ± Condon factors for
transitions to higher states must be more favourable, with the
probability of system crossing increasing as higher, more
anharmonic states are accessed. The higher the final vibra-
tional state, the higher the chance of system crossing.


Finally, let us return to the experimental data by the
quantitative analysis of the ÿNR� and ÿCR� spectra in terms
of the NIDD scheme.[22, 25] Here, positive intensities are
indicative of neutral dissociations, whereas the negative are
indicative of dissociations on the ion surfaces. ÿNIDD�


analysis of GeH2
ÿ yields a positive signal (17%) for the Ge�


fragment and a negative one (ÿ14 %) for GeH� ; the recovery
signal is almost unchanged. The loss of H, predominantly on
the cation surface, is readily rationalised by a comparison of
the bond strengths D(HGe�ÿH), 30.0 kcal molÿ1, and
D(HGeÿH), 70.2 kcal molÿ1, which is more than twice this
value. What is unusual is that many of the neutrals formed
during the two-step ÿNR� process possess the energy to
overcome what appears to be a significant internal conversion
barrier. Whether the anions formed in the CI source are
electronically or vibrationally excited is open to speculation,
but it appears as though either an oblique collisional
activation mechanism or vibronic-coupled tunneling is oper-
ative.


[Ge,H3]ÿ/0/�


The MI spectrum of the trihydride cation [76Ge,H3]� is
presented in Figure 3; contributions from isobaric species
are negligible due to the non-existence of 75Ge. Losses of Hn,
n� 1 ± 3, are prominent; particularly surprising is the high
intensity of H loss (n� 1). Noting that internal conversion for


[Ge,H2]� appears to be facile, the spectra of [Ge,H3]� will
therefore be complicated by the superposition of the subse-
quent decompositions of [Ge,H2]� . It is possible to determine,
using the MI spectrum of CI-generated GeH2


�, approximate
branching ratios of GeH3


� if some simple assumptions are
made, namely 1) the peak at m/z 76 in the trihydride MI
spectrum is entirely due to decompositions of the product
76GeH2


�, as concerted loss of H3 is unlikely, and 2) the
metastable behaviour of the [Ge,H3]�-decomposition product
GeH2


� equals that of CI-generated GeH2
�. This, of course, is a


tenuous assumption, as a fraction of CI-generated GeH2
�


might be formed by direct electron ionisation of GeH2,
although at the pressures maintained in the CI source, this
should only be a small fraction of the ions detected down-
stream. Nevertheless, these ions might constitute the meta-
stable component of the ion beam. Fortunately, the errors that
will be introduced by this approximation will, in any case, be
small (see below).


The Ge� fragment represents 30 % of the metastable ion
products, while 35 % of GeH2


� formed from metastable
[Ge,H3]� does not dissociate before reaching the detector.
Using the ratio of 1:22 (vide supra), the GeH� ion current can
be adjusted for decompositions arising from GeH2


�. The
metastable ion decomposition scheme is given in Equa-
tion (2). The percentages for [Ge,H3]� are only for those ions
that react between the source and detector, whereas those for
[Ge,H2]� can be summed to give an approximate percentage
of metastable GeH2


� product ions that dissociate before
reaching the detector. Given that source pressures can have
pronounced effects on the metastable ion current, the ratios
presented will be extremely sensitive to this variable and the
ion internal energy.


0:35


ÿH.! [Ge,H2]�


0:05! GeH+�H .


[Ge,H3]�
. 0:32


ÿH.! [Ge,H3]�
. (2)


0:95! Ge+�H2


0:33


ÿH2


! GeH+


Figure 3. Spectra for [Ge,H3]�/ÿ ions generated by the chemical ionisation of GeH4. a) CA mass spectrum. b) MI
decomposition mass spectrum. c) �NR� mass spectrum. d) ÿCR� mass spectrum. e) ÿNR� mass spectrum.
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The CA spectrum of [Ge,H3]� , once corrected for meta-
stable decompositions, is quite interesting. For instance, after
MI adjustment, H loss accounts for only one-tenth of the total
fragment-ion current. The most abundant peak once again
corresponds to H2 loss, and it is apparent that HGe(H2)�


complexes are important to the chemistry of the trihydride
cation (Table 4).


While consecutive fragmentations also complicate the
interpretation of the �NR� spectrum of [GeH3]� , the mere
observation of a recovery signal in conjunction with the
negligible role of isobaric interferences obviously implies that
the neutral [Ge,H3]0 radical is stable on a microsecond
timescale. Hence, some of the cation states can survive
vertical recombination and the subsequent reionisation event.
Similarly, the ÿCR� spectrum of [Ge,H3]ÿ shows a distinct
recovery signal due to the two-electron oxidation of the
anionic to the cationic species. Notably, the recovery signal is
most abundant in the ÿNR� mass spectrum. These differences
result in a ÿNIDD� spectrum of [Ge,H3]ÿ in which the losses
of H . and H2 give rise to negative signals and thus take place
predominantly on the cation surface (m/z 78, I�ÿ10, m/z 77,
I�ÿ12), whereas the NIDD signal for the survivor is
distinctly positive (m/z 79, I� 13); the remaining NIDD peak
is Ge� (m/z 77, I� 9).


In order to shed further light on these experimental results,
we briefly examined the [Ge,H3] system using the B3LYP
approach (Table 4). As with [Ge,H2]� , we find two isomers for
the cationic species of which the classical germyl cation
GeH3


� is, however, by about 10 kcal molÿ1 more stable than
the dihydrogen complex HGe(H2)�. The same holds true for
the neutral and anionic germyl species GeH3


0 and GeH3
ÿ,


respectively. Irrespective of the charge, the three germyl
species GeH3


�/0/ÿ possess a three-fold axis and all are
thermodynamically stable with resepct to losses of atomic
and/or molecular hydrogen. Of particular interest with respect
to the CR and NR experiments in the present context are the
geometry differences between the different charge states and
the resulting differences between vertical and adiabatic
electron transfers. Thus, the germyl anion as well as the
neutral have pyramidal structures which may formally be
ascribed to sp3 hybridisation of germanium. The main changes
upon electron detachment from GeH3


ÿ to afford GeH3
0


concerns the GeÿH bond lengths which decrease by almost
0.1 �. This difference results in DEvÿa� 13.2 kcal molÿ1 for
electron detachment in a keV collision (Table 5). Instead, the
GeÿH bond lengths are almost unperturbed in the transition
from neutral to cationic germyl, while hybridization changes
from sp3 to sp2, that is formation of a planar germyl cation.


Table 4. B3LYP energies and geometries for [Ge,H3]ÿ/0/�.


E [Hartree] Erel [kcal molÿ1] ZPE [kcal molÿ1] rGeH [�] qHGeH [8] qoop [8] [a]


1A1 GeH3
ÿ (C3v) ÿ 2078.82192 0.0 11.1 1.616 93.7 32.6


3A1 GeH3
ÿ (C3v) ÿ 2078.74008 51.4 12.1 1.546 110.1 18.8


2A1 GeH3 (C3v) ÿ 2078.76131 38.0[b] 12.5 1.541 110.8 18.0
2A'' HGe(H2) (Cs) ÿ 2078.72647 60.4 11.1 1.601 81.0[c] 88.4[d]


2.132[e]


0.769[f]


1A1' GeH3
� (D3h) ÿ 2078.46635 223.1[b] 13.0 1.524 120.0 0.0


1A' HGe(H2)� (Cs) ÿ 2078.44842 234.4 12.0 1.590 69.4[c] 0.0[d]


2.129[e]


0.773[f]


3A'' HGe(H2)� (Cs) ÿ 2078.36822 284.7 11.3 1.602 102.4[c] 92.6[d]


1.903[e]


0.773[f]


BDE [kcal molÿ1][g]


2B1 GeH2
ÿ�H . ÿ 2078.68343 86.9 86.9


1A1 GeH2�H . ÿ 2078.64462 111.3 73.2
3A2 Ge(H2)�H . ÿ 2078.59519 142.3 82.4
2A1 GeH2


��H . ÿ 2078.31322 319.2 96.1
2B2 Ge(H2)��H . ÿ 2078.31510 318.0 83.7
3Sÿ GeHÿ�H2 ÿ 2078.74298 49.5
2P GeH�H2 ÿ 2078.70252 74.9 15.0
1S� GeH��H2 ÿ 2078.43418 243.3 8.9


[a] Deviation from planarity (i. e. from D3h symmetry). [b] The calculated adiabatic EA(GeH3)� 1.657 eV and IE(GeH3)� 8.022 eV agree well with the
experimental figures of 1.61� 0.12 eV and 7.948� 0.005 eV, respectively.[43, 44] [c] Angle to the bond centre of the H2 unit. [d] Dihedral angle. [e] Distance to
the bond centre of the H2 unit. [f] HÿH distance in the dihydrogen unit. [g] Bond energy of second fragment to first fragment.


Table 5. Relative energies for vertical versus adiabatic transitions calculated at the B3LYP/6 ± 311��G(d,p) level. ESP is total energy of product at reactant
geometry.


Transition Type ESP [Hartree] Ev [kcal molÿ1] DEvÿa [kcal molÿ1]


1A1 GeH3
ÿ! 2A1 GeH3 detachment ÿ 2078.74029 51.22 13.2


1A1 GeH3
ÿ! 1A1' GeH3


� charge reversal ÿ 2078.36794 284.87 61.8
2A1 GeH3! 1A1' GeH3


� ionisation ÿ 2078.43727 203.34 18.3
2A'' HGe(H2)! 1A' HGe(H2)� ionisation ÿ 2078.44349 177.57 3.1
1A1' GeH3


�! 2A1 GeH3 recombination ÿ 2078.75285 ÿ 179.78 5.3
1A' HGe(H2)�! 2A''HGe(H2) recombination ÿ 2078.72562 ÿ 173.94 0.5
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Again, this change in geometry is associated with a consid-
erable DEvÿa of 18.3 kcal molÿ1. Nevertheless, these amounts
of internal energy can still be accomodated by part of the
neutral species resulting in the distinct recovery signals in the
NR spectra. These computational results can also pleasingly
explain the pronounced difference between the intensties of
the recovery signals in the ÿCR� compared to the ÿNR� and
the resulting positive ÿNIDD� peak for the survivor. Thus, the
stepwise NR transition from GeH3


ÿ to GeH3
0, which thenÐ


after relaxation for about a microsecondÐis ionised from
GeH3


0 to GeH3
�, is associated with much more favourable


Franck ± Condon factors than the direct, two-electron oxida-
tion of GeH3


ÿ to GeH3
� upon charge reversal. Indeed,


DEvÿa� 61.8 kcal molÿ1 for anion oxidation to the cation is
much larger than the sum of the energies deposited in the
germyl species in two single-electron transfer events. Hence,
these results nicely confirm the notion that stepwise electron
transfer in the NR sequence is a much softer event that direct
two-electron transfer upon charge reversal.[22, 25] Finally, the
comparably low abundance of the recovery signal in Figure 3c
can again be regarded as a hint for the contribution of
hydrogen complexes to the mass selected [Ge,H3]� beam,
because the Franck ± Condon factors of the �NR� sequence
otherwise do not appear particularly unfavourable.


Conclusion


Theory and experiment demonstrate the existence of ger-
mylidene GeH2


ÿ/0/� and germyl GeH3
ÿ/0/� as long-lived


molecules, as anions, neutral species, and cations. However,
the mass spectrometric results presented in this study imply
that HnGe(H2)� complexes (n� 0,1) are of central importance
in the gas-phase chemistry of cationic germanium hydrides;
similarly, HnSi(H2)� species might play a role in silane
plasmas. Reappraisal of the true ground state of [Ge,H2]� is
warranted on the basis of these experimental and computa-
tional results. It is not surprising that this is the first
observation of HnGe(H2)� as significant difficulties are
encountered in accessing the ion ± molecule complexes from
the neutral species or anions due to poor Franck ± Condon
factors. On the other hand, this can be advantageous for
electronic state selection of the hydride cations.


Internal conversion barriers for [HGeH! Ge(H2)]0/� were
calculated at the B3LYP/6 ± 311��G(d,p) level of theory, as
well as vertical and adiabatic detachment, recombination, and
ionisation energies. The theoretical barrier heights suggest
vibronic coupling, resulting in quantum-tunneling, is impor-
tant for these orbital-forbidden transitions. Neutral GeH2 is
an attractive candidate for laser-spectroscopic experiments to
probe 1) the minimum energy crossing point for the singlet ±
triplet surface, and 2) if it is possible to generate in good
yields, the energy onset for photodissociation of 3B1 HGeH
yielding H2. The former experiment will provide information
regarding spin-orbit mediated spin transitions, whereas the
latter should provide some insight into quantum-tunneling/
vibronic coupling.
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Synthesis of Enantiopure Homoallylic Ethers by Reagent Controlled Facial
Selective Allylation of Chiral Ketones


Lutz F. Tietze,* Berthold Weigand, Ludwig Völkel, Christian Wulff, and Christian Bittner[a]


Dedicated to Professor Horst Kunz on the occasion of his 60th birthday


Abstract: The stereoselective allylation of chiral methyl ketones to give tertiary
homoallylic ethers, which can easily be transformed into homoallylic alcohols, is
described. Reaction of the enantiopure ketones 8a ± d and the racemic ketones 26a ± d
with the norpseudoephedrine derivative 2 or ent-2 and allylsilane in the presence of a
catalytic amount of trifluoromethanesulfonic acid, led to a series of homoallylic
ethers with good to excellent diastereoselectivity (85:15 to >97:3). The allylation is
reagent controlled and nearly independent from the stereogenic centers in the
substrates. A partial kinetic resolution was observed using the racemic ketones
26 a ± d. In the reaction of the chiral ketones 8 a ± d with the achiral reagents
ethoxytrimethylsilane and allylsilane only a low diastereoselectivity was observed.


Keywords: amino alcohols ´ double
stereodifferentiation ´ homoallylic
alcohols ´ silanes


Introduction


The facial-selective addition of allylmetals to aldehydes or
acetals to obtain enantiopure homoallylic alcohols or ethers is
a widely used process in organic chemistry.[1] Typically, either
an equimolar amount of a chiral allyl reagent such as
allylboranes and allyltitanium compounds, or chiral acetals
or chiral catalysts are employed.[2±5] However, all of these
reagents, which give excellent selectivity with aldehydes, fail
when applied to simple ketones.[6]


Recently we have demonstrated that reaction of aliphatic
aldehydes with allylsilanes in the presence of the trimethyl-
silyl ether of N-trifluoroacetylnorpseudoephedrine (2) and a
catalytic amount of TMSOTf leads to secondary homoallylic
ethers with an asymmetric induction of >99:1.[7] Reductive
cleavage using sodium in liquid ammonia provides the
corresponding enantiopure homoallylic alcohols. In contrast
to the other known allylation methods, this procedure can also
be applied for the stereoselective synthesis of tertiary
homoallylic ethers and alcohols using simple ketones as
starting material ;[8] allylation of for example the ketone 1
gives the homoallylic alcohol 5 in �96 % ee through the ether
4 (Scheme 1). Noteworthy, the allylation of ketones and
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CH2Cl2, -78 oC


+


Scheme 1. Allylation of ketone 1 with 3 in presence of 2.


aldehydes creates the opposite absolute configuration at the
newly formed stereogenic center due to different reaction
mechanisms.[7, 8]


Reaction of chiral substrates with chiral reagents under
formation of a new stereogenic center usually leads to the
formation of a ªmatched and a mismatched pairº.[9] Rather
frequently only one of the possible diastereomers can be
obtained with high selectivity. It is therefore of great synthetic
relevance whether a procedure allows the selective formation
of the possible diastereomers independent of the configura-
tion of the stereogenic centers in the substrate.[7] For the facial
selective allylation of chiral ketones we prepared the four
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enantiopure methyl ketones 8 a ± d (see Scheme 2) containing
at least a stereogenic center in the a- or b-position. In
addition, we also synthesized and employed the racemic
ketones 26 a ± d (see Scheme 5) to investigate whether a
kinetic resolution is possible. Finally, we allylated the
enantiopure ketones 8 a ± d using achiral reagents to deter-
mine the induced diastereoselectivity in this type of trans-
formation.


Results and Discussion


Synthesis and allylation of enantiopure aliphatic methyl
ketones 8 a ± d : Ketone 8 a was obtained from commercially
available (ÿ)-dihydrocarveol (6) in an overall yield of 88 % by
protecting the hydroxyl group with TBDPSCl and subsequent
ozonolysis of the alkenyl moiety (Scheme 2). For comparison
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Scheme 2. Synthesis of enantiopure ketones 8 a ± d. a) TBDPSCl, imida-
zole, RT; b) O3, CH2Cl2/MeOH, ÿ78 8C, PPh3; c) TBAF, THF, RT;
d) MeMgCl, THF, ÿ78 8C; e) H2, Pd/C, MeOH, 71 %; f) Dess ± Martin
periodinane, CH2Cl2, RT, 80 %; g) TBDPSCl, imidazole, THF, RT;
h) NaOH, iPrOH/H2O, 70 8C; i) MeLi, Et2O, ÿ78 8C.


8 a was deprotected with TBAF ´ 3 H2O to give 9.[10] For the
synthesis of 8 b, (R)-citronellal (10) was treated with MeMgCl
to yield alcohol 11 which was first hydrogenated and then
oxidized to give 8 b in 48 % overall yield.[11] The b-silyloxy-
ketone 8 c was synthesized from enantiopure b-hydroxyester
12 in 52 % yield by protection of the alcohol moiety to give 13,
subsequent saponification, and treatment of carboxylic acid
14 with methyllithium.[12±14] Finally, the methyl ketone 8 d
containing a phenyl group at the stereogenic center was


obtained from commercially available (R)-3-phenylbutyric
acid (15) by treatment with methyllithium.[15]


For the investigation of the double stereodifferentiation,
the enantiopure methyl ketones 8 a ± d were allylated in
presence of the (S,S)- and (R,R)-norpseudoephedrine deriv-
atives 2 and ent-2, respectively, to obtain the diastereomeric
homoallylic ethers 16/17 a ± d and 19/20 a ± d (Scheme 3). The
allylations were carried out in a domino-type reaction by
mixing two equivalents of the chiral ketones 8 a ± d with 2 as
well as ent-2 and 2.5 equivalents allylsilane 3 in dichloro-
methane atÿ78 8C, subsequent addition of a catalytic amount
of TfOH and stirring for 3 d at ÿ78 8C.[16] The reaction of
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Scheme 3. Allylation of enantiopure ketones 8 a ± d in the presence of 2
and ent-2.


unbranched ketones usually proceeds within a few hours,
although in the case of the chiral ketones 8 the reaction is
slower. For comparison of all transformations we therefore
used a reasonable long reaction time. However, in the
reaction of 8 a and 2 the allylation was not complete even
after that time. All reactions proceeded rather well with only
small amounts of the alcohols 18 and ent-18 as by-products
and not converted starting material 8 a ± d and 2/ent-2. We
have recently found that the two-fold excess of the methyl
ketones can be reduced to one equivalent by using additives,
such as diisopropyl ketone without any loss in reactivity or
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selectivity;[8] this procedure, however, failed with ketones
8 a ± c. In contrast, in the reactions of 8 d the yields of the
homoallylic ethers 16 d/17 d and 19 d/20 d could be increased
from 25 % to 67 % by addition of 10 equivalents diisopropyl
ketone in presence of two equivalents of 2 and ent-2,
respectively. The additive does not undergo an allylation
under the reaction conditions.


The obtained facial selectivity in the allylations of 8 a ± d
ranged from 85:15 for the reaction of 8 d in the presence of
ent-2 to >97:3 for 8 c with 2 and ent-2 (Table 1). Noteworthy,
in the reaction of 8 a with a stereogenic center in the a-
position, no epimerization did take place. The difference in
the selectivities found for the reactions of 8 a ± d with 2 and
ent-2 was either very small or was non-existent, which clearly
indicates a strong reagent control. The ratio of the formed
homoallylic ethers 16 a ± d/17 a ± d and 19 a ± d/20 a ± d was
determined by 13C NMR spectroscopy of the crude products.


Induced diastereoselectivity of the allylation of chiral methyl
ketones 8 a ± d with achiral reagents : For comparison we also
performed the allylation of the chiral ketones 8 a ± d with
achiral reagents. Reaction of 8 b ± d with ethoxytrimethylsi-
lane (21) and allylsilane 3 led to the homoallylic ethers 22 b ± d
applying the same conditions as described for the trans-
formations with 2 and ent-2 (Scheme 4).


O
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TMS
, TfOH
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8 a-d 21 22 a-d
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Scheme 4. Allylation of enantiopure ketones 8 a ± d in the presence of
achiral 21.


Surprisingly, methyl ketone 8 a did not react under these
conditions and only the starting material was recovered. In the
other cases a mixture of diastereomers was formed with a
rather low selectivity ranging from 1.5 to 2.1:1 (Table 2). The
diastereomeric ratios were determined by gas column chro-
matography and 13C NMR spectroscopy. A separation of the
isomers by preparative chromatography was, however, not
possible.


Allylation of racemic chiral ketones 26 a ± d in the presence of
ent-2 : A general procedure for the synthesis of enantiopure


products is the reaction of racemic chiral substrates with
enantiopure reagents or catalysts by kinetic resolution. For
this purpose we prepared the racemic ketones 26 a ± c and
used them together with the commercially available racemic
26 d for the allylation in the presence of ent-2
(Scheme 5).[12±15, 18]
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Scheme 5. Synthesis of racemic ketones rac-26 a ± d. a) TBDPSCl, imida-
zole, THF, RT; b) NaOH, iPrOH/H2O, 70 8C; c) MeLi, Et2O, ÿ78 8C;
d) MeLi, Et2O, ÿ78 8C; e) MeLi, Et2O, 0 8C.


In these reactions four diastereomers were formed. How-
ever, as expected the two isomers 29 a ± d and 29-ent-a ± d
were the major or as for the reaction of 26 a the only products;
in the other cases three out of the four possible isomers could
be detected by gas chromatography and 13C NMR spectros-
copy (Scheme 6). The ratio of the major and minor isomers 29
and 30 ranged from 89:11 to >97:3, whereas for the major
isomers 29 a-d/ent-a ± d a ratio of 1.4:1 to 2.1:1 was observed;
this indicates that under the applied reaction conditions a
partial kinetic resolution did occur (Table 3). Since the kinetic
resolution usually depends on the stage of transformation we
determined the ratio of the major isomers formed in the
allylation of racemic 26 c after 12 h, 1 d, 3 d, and 5 d.[17] As
expected, with increasing transformation a decrease of the
kinetic resolution from 1.6:1 to 1.5:1 was observed.


Table 1. Synthesis of homoallylic ethers 16 a ± d/17a ± d and 19a ± d/20a ± d
from enantiopure ketones 8a ± d (2 equiv) in the presence of 2 and ent-2
(1 equiv).


Ketone Reagent Product Ratio[a] [a]D
[b] Yield/ %[c]


8a 2 16 a/17 a 97:3 � 11.3 36 (91)
8a ent-2 19 a/20 a 96:4 ÿ 29.0 64 (84)
8b 2 16 b/17 b 90:10 � 24.3 52 (87)
8b ent-2 19 b/20 b 89:11 ÿ 18.0 44 (73)
8c 2 16 c/17c > 97:3 � 11.2 41 (85)
8c ent-2 19 c/20c > 97:3 ÿ 20.0 44 (79)
8d 2 16 d/17 d 87:13 ÿ 26.6 67 (76)
8d ent-2 19 d/20 d 85:15 � 24.3 66 (80)


[a] Determination by 13C NMR spectroscopy. [b] c� 0.5 in CHCl3. [c]
Yields in brackets are based on recovered starting material.


Table 2. Allylation of enantiopure ketones 8 a ± d (2 equiv) in the presence
of achiral 21 (1 equiv).


Ketone Product Diastereomeric Yield/%
ratio


8a 22 a ± ±[a]


8b 22 b 2.0:1[b] 82
8c 22 c 1.5:1[c] 89
8d 22 d 2.1:1[b] 75


[a] No conversion. [b] Determination by GC. [c] Determination by
13C NMR spectroscopy.
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Scheme 6. Allylation of ketones rac-26a ± d in the presence of ent-2.


A preparative separation of the isomers and their structure
elucidation was not possible. However, in analogy to the
products obtained from 8 a ± d in the presence of ent-2 the
newly formed stereogenic center in 29 a ± d and 29-ent-a ± d
should have the R configuration.


Structure elucidation of the homoallylic ethers : The structure
of the obtained homoallylic ethers 16 a ± d, 17 a ± d, 19 a ± d and
20 a ± d, as well as 22 b ± d, 29 a ± d and 30 a ± d was determined
by 1H and 13C NMR spectroscopy. The relative configuration
of the stereogenic centers in the products was correlated to an
X-ray crystallographic analysis obtained for 16 d.[19] As
representatives for all new products the 1H NMR spectra of
16 d and 22 d are discussed. The hydrogens at the vinyl group
of 16 d resonate at d� 5.02 ± 5.12 and d� 5.68 ± 5.82 as
multiplets; for the methyl group at the newly formed stereo-
genic center a singulet at d� 0.81 is observed, and the
norpseudoephedrine moiety gives signals at d� 4.53 as a
doublet with J� 3.8 Hz and a multiplet at d� 3.98 ± 4.12. The
signals for the phenyl groups are found at d� 7.12 ± 7.32 and
the signal for the NH group at d� 5.97 as a broad doublet with
J� 8.0 Hz. The diastereotopic protons 3-H resonate at d�
2.28 ± 2.36 and 5-H at d� 1.77 ± 2.00. For the benzylic hydro-
gen 6-H a multiplet at d� 2.90 ± 3.10 and for 7-H a doublet at


d� 1.05 with J� 6.8 Hz is found. The 1H NMR spectrum of
22 d is quite similar to that of 16 d, except that the signals for
the ephedrine moiety are missing. Instead signals for the
ethoxy group are found at d� 3.24 as a quartet with J� 7.0 Hz
and at d� 1.04 as a triplet with J� 7.0 Hz for the major
diastereomer.


Conclusion


The described allylation of methyl ketones using the nor-
pseudoephedrine derivative 2 as well as ent-2 and allylsilane 3
is the only method known at this time, which allows the highly
stereoselective preparation of enantiopure tertiary homoal-
lylic ethers and alcohols from simple ketones. The method
shows a strong reagent control allowing a good to excellent
facial selectivity up to >97:3 independent of the stereogenic
centers in the substrate. Thus, the selectivity for the ªmatched
and mismatched pairsº is nearly identical. Using racemic
mixtures of chiral methyl ketones, a partial kinetic resolution
was observed, which, however, is not very pronounced.


Experimental Section


General aspects : All reactions were performed in flame-dried glassware in
an atmosphere of argon unless noted otherwise. Melting points were
determined on a Mettler FP61 and are uncorrected. Optical rotations were
measured on a Perkin ± Elmer 241 digital polarimeter in a 1 dm cell. IR
spectra were recorded on a Bruker IFS 25 FT-IR instrument and 1H NMR
and 13C NMR spectra with a Bruker AM-300, a Varian VXR-200 or a
Varian VXR-500. Chemical shifts were reported on the d scale relative to
CDCl3 as an internal standard. Mass spectra were measured at 70 eV with a
Varian MAT 311A. GC analysis was carried out with hydrogen as carrier
gas on a DB 1701 column (J&W Scientific, 0.25 mm� 50 m). HPLC
analysis was carried out on a Chiralcel OD-R (250 mm, 0.46 cm). TLC
chromatography was performed on precoated silica gel SIL G/UV254


aluminum plates (Macherey Nagel), and silica gel 32 ± 63 (0.032 ±
0.064 mm) (Macherey Nagel) was used for column chromatography.
Microanalyses were carried out by the Mikroanalytisches Labor des
Instituts für Organische Chemie der Universität Göttingen.


(1R,2R,5R)-5-Isopropenyl-2-methyl-1-(tert-butyldiphenylsilanyloxy)-cy-
clohexane (7): A solution of (ÿ)-dihydrocarveol (6) (1.54 g, 10.0 mmol),
TBDPSCl (3.02 g, 11.0 mmol), and imidazole (1.50 g, 22.0 mmol) in dry
DMF (6 mL) was stirred for 2 h at room temperature. The mixture was
poured into a mixture of CH2Cl2 (100 mL) and water (400 mL). The layers
were separated and the aqueous layer was extracted with CH2Cl2 (3�
50 mL) and the combined organic layers were dried over Na2SO4. The
solvent was evaporated in vacuo and the crude product was purified on
silica gel (n-pentane/tert-butyl methyl ether 10:1) to give 7 (3.73 g,
9.50 mmol, 95%). [a]20


D �ÿ46.38 (c� 1, CHCl3); 1H NMR (200 MHz,
CDCl3): d� 0.72 ± 1.81 (m, 11H), 0.97 (d, J� 6.0 Hz, 3 H), 1.07 (s, 9H),
3.20 ± 3.36 (m, 1 H), 4.46 ± 4.67 (m, 2H), 7.29 ± 7.78 (m, 10H); 13C NMR
(50.3 MHz, CDCl3): d� 19.36, 19.52, 20.91, 27.06, 30.93, 33.31, 40.43, 40.99,
43.89, 78.41, 108.1, 127.6, 127.4, 129.3, 129.4, 134.4, 135.2, 135.8, 135.8, 136.0,
149.5; IR (film): nÄ� 3070, 3050, 3014, 2930, 2858, 1108, 888, 740 cmÿ1; MS
(70 eV, CI): m/z (%): 410 (100) [M�NH3�H]� , 802 (20) [2�M�NH3]� .


(1''R,3''R,4''R)-1-{4''-Methylcyclohexyl-3''-(tert-butyldiphenylsilanyloxy)}-
ethanone (8a): Ozone was bubbled through a solution of alkene 7 (1.96 g,
5.00 mmol) in a mixture of CH2Cl2 (100 mL) and MeOH (20 mL) atÿ78 8C
until a blue color remained permanent. The solution was saturated with
nitrogen and PPh3 (1.70 g, 6.47 mmol) in CH2Cl2 (7 mL) was added. The
mixture was stirred for 10 min and then allowed to warm to room
temperature. The solvent was evaporated and the residue purified on silica
gel (n-pentane/tert-butyl methyl ether 9:1) to give the methyl ketone 8a
(1.83 g, 4.65 mmol, 93%). [a]20


D �ÿ73.38 (c� 1, CHCl3); 1H NMR


Table 3. Allylation of racemic chiral ketones 26a ± d (2 equiv) in the
presence of ent-2 (1 equiv) for 3 d.


Ketone Product Ratio 29a ± d/ent-29 a ± d Ratio 29 :30 Yield/ %[c]


26a 29a/29-ent-a 1.4:1[a] > 97:3[a] 45 (84)
26b 29b/29-ent-b 1.5:1[a] 92:8[a] 51 (79)
26c 29c/29-ent-c 1.5:1[a, b] 91:9[a, b] 21 (85)[d]


26d 29d /29-ent-d 2.1:1[a, b] 90:10[a, b] 71


[a] Determination by 13C NMR spectroscopy. [b] Determination by GC.
[c] Yields are based on ent-2, in brackets are the numbers based on
recovered ent-2. [d] Reaction time: 5 d.
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(200 MHz, CDCl3): d� 0.80 ± 2.13 (m, 8 H), 0.98 (d, J� 6.5 Hz, 3H), 1.06 (s,
9H), 1.88 (s, 3 H), 3.22 ± 3.32 (m, 1 H), 7.32 ± 7.72 (m, 10H); 13C-NMR
(50.3 MHz, CDCl3): d� 19.16, 19.45, 27.06, 27.33, 27.68, 32.43, 37.38, 40.08,
50.39, 77.55, 127.4, 127.6, 129.5, 129.7, 135.7, 210.4; IR (film): nÄ� 3070, 3050,
2932, 2894, 1710, 1108, 740, 704 cmÿ1; MS (70 eV, CI): m/z (%): 395 (100)
[M�H]� , 412 (20) [M�NH3�H]� , 804 (6) [2�M�NH3]� .


(4R)-4,8-Dimethylnonan-2-one (8b): A solution of alkene 9 (843 mg,
4.94 mmol) in MeOH (90 mL) was hydrogenated under a pressure of 1 atm
H2 in the presence of a catalytic amount of palladium on activated carbon
(300 mg, 5 % Pd/C) for 1 h. After removal of the catalyst by filtration over
silica gel and the solution was concentrated in vacuo. The saturated alcohol
was obtained as a colorless liquid (604 mg, 3.51 mmol, 71%). 1H NMR
(200 MHz, CDCl3): d� 0.86 (d, J� 6.5 Hz, 6H), 0.89 (d, J� 6.0 Hz, 3H),
1.08 ± 1.58 (m, 12 H), 3.84 ± 3.94 (m, 1H).


A solution of Dess ± Martin periodinane (1.25 g, 2.91 mmol) in CH2Cl2 was
added to a solution of the alcohol (455 mg, 2.64 mmol) in CH2Cl2 at 0 8C
and stirring was continued for 30 min. The mixture was warmed to room
temperature, Et2O (85 mL) and 1.3m aqueous NaOH (20 mL) was added.
The organic layer was separated, washed with water (25 mL), 1.3m aqueous
NaOH (20 mL), and dried over Na2SO4. After removal of the solvent, the
residue was purified by column chromatography (n-pentane/tert-butyl
methyl ether 9:1) to give ketone 8 b (360 mg, 2.11 mmol, 80 %). [a]20


D �
�9.58 (c� 1, CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.77 (d, J� 6.0 Hz,
6H), 0.80 (d, J� 6.5 Hz, 3H), 0.98 ± 1.25 (m, 6H), 1.30 ± 1.51 (m, 1 H), 1.82 ±
1.94 (m, 1 H), 2.04 (s, 3H), 2.12 (dd, J1� 8.0 Hz, J2� 16.0 Hz, 1 H), 2.32 (dd,
J1� 7.0 Hz, J2� 16.0 Hz, 1H); 13C NMR (50.3 MHz, CDCl3): d� 19.82,
22.57, 22.67, 24.72, 27.93, 29.27, 30.35, 37.15, 39.08, 51.26, 208.7.


(R)-4-(tert-Butyldiphenylsilanyloxy)-pentan-2-one (8c): A 1.6m solution
of methyllithium in Et2O (8.00 mL, 12.8 mmol) was added dropwise within
30 min at ÿ78 8C under stirring to a solution of 14 (2.00 g, 5.84 mmol) in
anhydrous Et2O (80 mL). Stirring was continued for 30 min, the mixture
was warmed to 0 8C and then quenched by addition of saturated aqueous
NH4Cl (100 mL). The layers were separated and the aqueous layer was
extracted with Et2O (4� 30 mL). The combined organic extracts were
washed with brine and dried over Na2SO4, the solvent was evaporated, and
the residue was purified by column chromatography (n-pentane/tert-butyl
methyl ether 15:1). Ketone 8c was obtained as a colorless oil (1.27 g,
3.73 mmol, 64%). [a]20


D �ÿ2.58 (c� 1, CHCl3); 1H NMR (200 MHz,
CDCl3): d� 1.03 (s, 9H), 1.09 (d, J� 6.0 Hz, 3H), 2.05 (s, 3 H), 2.46 (dd,
J1� 6.0 Hz, J2� 15.0 Hz, 1H), 2.64 (dd, J1� 6.0 Hz, J2� 15.0 Hz, 1 H), 4.31
(m, 1 H), 7.37 ± 7.59 (m, 10 H); 13C NMR (50.3 MHz, CDCl3): d� 19.14,
23.61, 26.90, 30.98, 53.19, 66.46, 127.4, 127.6, 129.5, 129.7, 135.7, 207.2; IR
(film): nÄ� 3070, 3056, 2962, 2932, 2894, 1716 (C�O), 1470, 1372, 1426, 1134,
1108, 1020, 740, 704 cmÿ1.


(S)-4-Phenyl-2-pentanone (8d): A 1.6m solution of methyllithium
(12.6 mL, 20.1 mmol) was added dropwise at ÿ78 8C with stirring for
30 min to a solution of (S)-3-phenylbutric acid (15, 1.50 g, 9.13 mmol) in dry
Et2O. Stirring was continued for 30 min and the mixture was allowed to
warm to 0 8C. Saturated aqueous NH4Cl solution (135 mL) was added, the
organic layer separated, the aqueous layer extracted with Et2O (4�
50 mL), and the combined organic extracts washed with brine, dried over
Na2SO4, and concentrated in vacuo. The residue was purified by column
chromatography (n-pentane/tert-butyl methyl ether 9:1) to give ketone 8d
(815 mg, 5.02 mmol, 54 %) as a colorless liquid. [a]20


D ��40.08 (c� 0.5,
CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.27 (d, J� 7.0 Hz, 3H), 2.06 (s,
3H), 2.64 (dd, J1� 8.0 Hz, J2� 16.5 Hz, 1H), 2.77 (dd, J1� 6.5 Hz, J2�
16.5 Hz, 1H), 3.32 (m, 1H), 7.15 ± 7.34 (m, 5H); 13C NMR (CDCl3,
50.3 MHz): d� 21.99, 30.54, 35.41, 51.94, 126.2, 126.7, 128.4, 146.1, 207.8.


(1R,3R,5R)-1-(3-Hydroxy-4-methylcyclohexyl)-ethanone (9): Tetrabutyl-
ammonium fluoride trihydrate (158 mg, 0.50 mmol) was added to a
solution of silyl ether 8a (100 mg, 0.25 mmol) in THF and stirring was
continued for 3 h. The solvent was evaporated in vacuo and the crude
product was purified by column chromatography on silica gel to give 9
(31 mg, 0.20 mmol, 80%).


(4R)-4,8-Dimethylnon-7-en-2-ol (11): A solution of methylmagnesium
chloride (3m, 4.80 mL, 14.6 mmol) in THF was added at ÿ78 8C to a
solution of (R)-citronellal (10). After 1 h the reaction mixture was warmed
to 0 8C and an 20 % aqueous solution of NH4Cl (4 mL) was added. The
organic layer was separated and the aqueous layer extracted with Et2O
(4� 40 mL). The combined organic extracts were dried over Na2SO4 and


concentrated in vacuo. The residue was purified by column filtration (n-
pentane/tert-butyl methyl ether 9:1) to give alcohol 11 (1.73 g, 10.2 mmol,
84%). 1H NMR (CDCl3, 200 MHz): d� 0.91 (d, J� 6.0 Hz, 3 H), 1.16 ± 1.69
(m, 13 H), 1.38 (s, 1 H), 1.97 ± 2.01 (m, 2H), 3.82 ± 4.00 (m, 1 H), 5.09 (m,
1H).


(R)-3-(tert-Butyldiphenylsilanyloxy)-butyric acid methyl ester (13):
TBDPSCl (2.37g, 9.59 mmol) was added dropwise at 15 8C to a solution
of (R)-3-hydroxybutyric acid methyl ester 12 (1.11 g, 9.59 mmol) and
imidazole (1.65g, 23.8 mmol) in anhydrous THF (5 mL) and the reaction
mixture was stirred for 2 h at room temperature. The precipating solid was
filtered and washed with THF (3� 10 mL). Water (40 mL) was added to
the combined organic phases and the mixture was concentrated to 40 mL.
EtOAc (40 mL) was added and the organic layer was separated, washed
with water (2� 40 mL), and dried over Na2SO4. The solvent was removed
in vacuo and the residue was purified by flash column chromatography
(n-pentane/tert-butyl methyl ether 9:1) to give silyl ether 12 (3.00 g,
8.41 mmol, 88 %). 1H NMR (200 MHz, CDCl3): d� 1.05 (s, 9H), 1.11
(d, J� 6.0 Hz, 3 H), 2.38 (dd, J1� 6.0 Hz, J2� 15.0 Hz, 1H), 2.58
(dd, J1� 7.4 Hz, J2� 15.0 Hz, 1H), 3.59 (s, 3 H), 4.32 (m, 1 H), 7.30 ± 7.76
(m, 10 H).


(R)-3-(tert-Butyldiphenylsilanyloxy)-butyric acid (14): Ester 13 (2.75 g,
7.71 mmol) and NaOH (0.62 g, 15.4 mmol) were dissolved in isopropanol
(155 mL) and water (55 mL) and heated to 70 8C for 2 h with stirring. The
mixture was cooled to ambient temperature and treated with 1n aqueous
HCl (250 mL) and extracted with Et2O (4� 100 mL). The combined
organic layers were dried over Na2SO4 and the solvent was removed in
vacuo to give carboxylic acid 14 (2.16 g, 6.31 mmol, 81 %) as a white solid
which was used without further purification. M.p. 115 8C (pentane, tert-
butyl methyl ether); [a]20


D ��1.88 (c� 1, CHCl3); 1H NMR (200 MHz,
CDCl3): d� 1.04 (s, 9 H), 1.14 (d, J� 6.3 Hz, 3H), 2.43 (dd, J1� 6.0 Hz, J2�
15.0 Hz,1 H), 2.55 (dd, J1� 6.0 Hz, J2� 15.0 Hz, 1H), 4.27 (m, 1 H), 7.36 ±
7.70 (m, 10 H); 13C NMR (50.3 MHz, CDCl3): d� 19.14, 23.36, 26.84, 44.05,
66.64, 127.4, 127.5, 129.6, 129.7, 135.7, 176.9.


rac-3-(tert-Butyldiphenylsilanyloxy)-butyric acid ethyl ester (rac-24): Re-
action of rac-3-hydroxybutyric acid ethyl ester (rac-23, 2.00 g, 15.1 mmol)
with TBDPSCl was performed as described for 13 to give rac-24 as a
colorless oil (5.21 g, 14.1 mmol, 93 %). 1H NMR (200 MHz, CDCl3): d�
1.05 (s, 9 H), 1.12 (d, J� 7.5 Hz, 3 H), 1.20 (t, J� 8.0 Hz, 3H), 2.38 (dd, J1�
6.5 Hz, J2� 15.0 Hz, 1H), 2.76 (dd, J1� 7.5 Hz, J2� 15.0 Hz, 1H), 4.06 (q,
J� 8.0 Hz, 2H), 4.36 (m, 1H), 7.30 ± 7.78 (m, 10H); 13C NMR (50.3 MHz,
CDCl3): d� 14.08, 19.12, 23.56, 26.82, 44.59, 60.15, 66.83, 127.5, 127.5, 129.5,
129.5, 135.7, 171.3.


rac-3-(tert-Butyldiphenylsilanyloxy)-butyric acid (rac-25): A solution of
rac-24 (3.70 g, 10.00 mmol) and NaOH (1.13 g, 28.0 mmol) in isopropanol
(200 mL) and water (60 mL) was stirred for 4 h at 60 8C. The workup was
carried out as described for 14 to give carboxylic acid rac-25 (3.17 g,
9.15 mmol, 92 %) as a colorless solid.


rac-4-(tert-Butyldiphenylsilanyloxy)-pentan-2-one (rac-26a): Reaction of
rac-25 (2.00 g, 5.84 mmol) in anhydrous Et2O (80 mL) with 1.6m solution
methyllithium (6.00 mL, 12.8 mmol) as described for 8 c gave rac-26a
(1.39 g, 4.08 mmol, 70%) as a colorless solid. M.p. 42 8C (pentane, tert-butyl
methyl ether).


rac-4-Phenyl-2-pentanone (rac-26 b): Reaction of rac-3-phenylbutyric acid
(rac-27, 1.64 g, 10.0 mmol) with a 1.6m solution of methyllithium in Et2O
(13.8 mL, 22.0 mmol) as described for 8 d gave rac-26 b as a colorless oil
(5.61 mmol, 910 mg, 56%).


rac-3-Phenyl-2-pentanone (rac-26 c): Reaction of rac-2-phenylbutyric acid
(rac-28, 1.64 g, 10.0 mmol) in Et2O (120 mL) with a 1.6m solution
methyllithium (13.3 mL, 22.2 mmol) as described for 8d gave rac-26 c
(1.15 g, 7.08 mmol, 71 %) after column chromatography (n-pentane/tert-
butyl methyl ether 9:1) as a colorless liquid. 1H NMR (200 MHz, CDCl3):
d� 0.83 (t, J� 7.5 Hz, 3H), 1.71 (ddq, J1� 6.0 Hz, J2� 7.5 Hz, J3� 14.0 Hz,
1H), 2.05 (s, 3H), 2.11 (ddq, J1� 6.5 Hz J2� 7.5 Hz, J3� 14.0 Hz, 1 H), 3.52
(t, J� 7.5 Hz, 3H), 7.17 ± 7.46 (m, 5 H).


General procedure for the allylation of ketones 8 and 26 : Trifluormetha-
nesulfonic acid (0.14 mmol) was added at ÿ78 8C with stirring to a solution
of ketones 8a ± d or rac-26a ± d (0.50 mmol), (S,S)- or (R,R)-2-trifluoro-
acetamido-1-trimethylsiloxy-1-phenyl-propane (2 or ent-2, 0.25 mmol) or
ethoxytrimethylsilane (22, 0.25 mmol), and allyltrimethylsilane (3,
0.63 mmol) and stirring was continued at ÿ78 8C for 3 d. The reaction
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was quenched by addition of triethylamine (100 mL) and the mixture
poured into water (5 mL). The organic phase was separated and the
aqueous phase extracted with CH2Cl2 (2� 5 mL). The combined organic
phases were washed with brine, dried over Na2SO4, and concentrated in
vacuo. Purification of the residue by column chromatography (n-pentane/
tert-butyl methyl ether 15:1) gave the corresponding homoallylic ethers
16a ± d, 17a ± d, 19a ± d, 20a ± d, 22b ± d, 29a ± d/29-ent-a ± d, and 30a ± d/
30-ent-a ± d, respectively.


(4R,1''R,2''R,1''''R,3''''R,4''''R)-4-(2''-Trifluoroacetamido-1''-phenyl-propoxy)-
4-(3''''-tert-butyldiphenylsilanyloxy-4''''-methyl-cyclohexyl)-pent-1-ene
(19 a): According to the general procedure, reaction of ketone 8a (197 mg,
0.50 mmol) with ent-2 (80 mg, 0.25 mmol) gave the homoallylic ether 19a
(106 mg, 0.16 mmol, 64%) as colorless needles, along with recovered ent-2
(20 mg, 0.06 mmol, 20 %). M.p. 181 8C (pentane); [a]20


D �ÿ29.08 (c� 0.5,
CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.49 (s, 3H), 0.64 ± 1.77 (m, 8H),
0.99 (d, J� 6.5 Hz, 3H), 1.03 (s, 9 H), 1.09 (d, J� 7.2 Hz, 3H), 2.06 (dd, J1�
7.0 Hz, J2� 15.0 Hz, 1 H), 2.31 (dd, J1� 7.5 Hz, J2� 15.0 Hz, 1 H), 3.14 ± 3.24
(m, 1 H), 4.07 (m, 1H), 4.48 (d, J� 3.7 Hz, 1 H), 4.86 ± 5.01 (m, 2 H), 5.45 ±
5.61 (m, 1 H), 6.26 (br d, J� 8.0 Hz, 1H), 7.08 ± 7.74 (m, 15H); 13C NMR
(50.3 MHz, CDCl3): d� 16.41, 19.23, 19.50, 21.70, 25.88, 27.08, 32.99, 36.69,
40.60, 40.64, 44.10, 51.59, 73.90, 78.51, 79.94, 115.8 (q, 1JCF� 289 Hz), 117.9,
126.7, 127.3, 127.4, 127.7, 128.2, 129.3, 129.4, 133.6, 135.9, 141.1, 156.3 (q,
2JCF� 37 Hz); IR (KBr): nÄ� 3312, 3110, 3074, 3048, 3030, 2962, 2936, 2868,
2865, 1706, 1208, 1188, 1162, 1110, 1092, 1058, 914, 758, 702 cmÿ1; MS:
(70 eV, CI): m/z (%): 683 (100) [M�NH3�H]� ; C39H50O3NF3Si (665.35):
calcd C 70.40, H 7.57; found C 70.50, H 7.64.


(4S,1''S,2''S,1''''R,3''''R,4''''R)-4-(2''-Trifluoroacetamido-1''-phenyl-propoxy)-4-
(3''''-tert-butyldiphenylsilanyloxy-4''''-methyl-cyclohexyl)-pent-1-ene (16 a):
According to the general procedure, reaction of ketone 8 a (197 mg,
0.50 mmol) with 2 (80 mg, 0.25 mmol) gave the homoallylic ether 16a
(60 mg, 0.09 mmol, 36%) as a highly viscous oil, along with recovered 2
(44 mg, 0.14 mmol, 55%). 1H NMR (200 MHz, CDCl3): d� 0.61 (s, 3H),
0.64 ± 1.70 (m, 11 H), 0.99 (d, J� 6.5 Hz, 3H), 1.05 (s, 9H), 2.13 (m, 2H),
3.20 ± 3.31 (m, 1H), 3.96 (m, 1H), 4.44 (d, J� 4.0 Hz, 1 H), 4.85 ± 4.98 (m,
2H), 5.39 ± 5.55 (m, 1H), 6.24 (br d, J� 8.0 Hz, 1H), 7.04 ± 7.71 (m, 15H);
13C NMR (50.3 MHz, CDCl3): d� 16.21, 19.34, 19.50, 21.87, 26.17, 27.02,
32.91, 36.40, 40.41, 40.56, 43.78, 51.55, 73.50, 78.72, 79.79, 115.8 (q, 1JCF�
288 Hz), 117.9, 126.7, 127.6, 128.1, 128.2, 128.4, 129.3, 129.4, 133.6, 141.1,
156.4 (q, 2JCF� 37 Hz); IR (film): nÄ� 3330, 3134, 3072, 3030, 2972, 2934,
2894, 2860, 1722, 1210, 1166, 1112, 1078, 1028, 916, 756, 704 cmÿ1; MS
(70 eV, CI): m/z (%): 683 (100) [M�NH3�H]� .


(4R,6S,1''R,2''R)-4,6,10-Trimethyl-4-(2''-trifluoroacetamido-1''-phenyl-prop-
oxy)-undec-1-ene (19 b): According to the general procedure, reaction of
ketone 8b (85.0 mg, 0.50 mmol) with ent-2 (80 mg, 0.25 mmol) gave the
homoallylic ether 19b (49 mg, 0.11 mmol, 44 %) as colorless needles, along
with recovered ent-2 (23 mg, 0.70 mmol, 29 %). M.p. 54 8C (pentane);
[a]20


D �ÿ18.08 (c� 0.5, CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.79 ±
1.03 (m, 12 H), 1.06 ± 1.73 (m, 13H), 2.32 (m, 2H), 4.08 (m, 1H), 4.60 (d, J�
3.5 Hz, 1H), 5.04 ± 5.10 (m, 2H), 5.70 ± 5.94 (m, 1H), 6.45 (br d, J� 8.0 Hz,
1H), 7.20 ± 7.42 (m, 5 H); 13C NMR (50.3 MHz, CDCl3): d� 17.22, 22.00,
22.58, 22.73, 24.02, 24.94, 27.98, 28.66, 39.27, 39.44, 43.64, 47.48, 51.97, 74.37,
79.75, 115.7 (q, 1JCF� 288 Hz), 118.1, 126.5, 127.7, 128.3, 134.3, 141.7, 156.4
(q, 2JCF� 37 Hz); IR (KBr): nÄ� 3306, 3078, 3034, 2958, 2928, 2870, 1702,
1568, 1208, 1188, 1164, 914, 756, 702 cmÿ1; MS (70 eV, CI): m/z (%): 459
(100) [M�NH3�H]� , 900 (5) [2�M�NH3�H]� ; C25H38F3NO2 (441.75):
calcd C 68.00, H 8.66; found: C 68.18, H 8.86.


(4S,6S,1''S,2''S)-4,6,10-Trimethyl-4-(2''-trifluoroacetamido-1''-phenyl-prop-
oxy)-undec-1-ene (16 b): According to the general procedure, reaction of
ketone 8b (85 mg, 0.50 mmol) with 2 (80 mg, 0.25 mmol) gave the
homoallylic ether 16b (57 mg, 0.13 mmol, 52%) as colorless needles, along
with recovered 2 (28 mg, 0.09 mmol, 35%). M.p. 54 8C (pentane); [a]20


D �
�24.38 (c� 0.5, CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.80 ± 1.75 (m,
25H), 2.38 (m, 2H), 4.10 (m, 1H), 4.60 (d, J� 4.0 Hz, 1H), 5.07 ± 5.12 (m,
2H), 5.71 ± 5.96 (m, 1H), 6.42 (br d, J� 8.0 Hz, 1H), 7.18 ± 7.46 (m, 5H);
13C NMR (50.3 MHz, CDCl3): d� 17.13, 22.11, 22.56, 22.70, 24.16, 24.87,
27.97, 28.56, 39.19, 39.27, 43.86, 47.49, 51.90, 74.29, 79.74, 115.8 (q, 1JCF�
288 Hz), 118.0, 126.6, 127.7, 128.2, 134.4, 141.5, 156.4 (q, 2JCF� 37 Hz); IR
(KBr): nÄ� 3310, 3106, 3080, 2964, 2932, 2870, 1704, 1640, 1202, 1160, 914,
756, 700 cmÿ1; MS (70 eV, CI): m/z (%): 459 (100) [M�NH3�H]� , 900 (5)
[2�M�NH3�H]� .


(4R,6R,1''R,2''R)-4-Methyl-4-(2''-trifluoroacetamido-1''-phenyl-propoxy)-6-
(tert-butyldiphenylsilanyloxy)-hept-1-ene (19 c): According to the general
procedure, reaction of ketone 8 c (170 mg, 0.50 mmol) with ent-2 (80 mg,
0.25 mmol) gave the homoallylic ether 19c (69 mg, 0.11 mmol, 44%) as
colorless needles, along with recovered ent-2 (30 mg, 0.09 mmol, 35%).
M.p. 77 8C (pentane); [a]20


D �ÿ20.08 (c� 0.5, CHCl3); 1H NMR (200 MHz,
CDCl3): d� 0.84 (s, 3 H), 1.11 (d, J� 7.0 Hz, 3 H), 1.14 (d, J� 7.0 Hz, 3H),
1.19 (dd, J1� 14.5 Hz, J2� 4.0 Hz, 1H), 1.97 (dd, J1� 14.5 Hz, J2� 8.5 Hz,
1H), 2.28 (ddd, J1� 1.0 Hz, J2� 7.0 Hz, J3� 13.5 Hz, 1 H), 2.36 (dd, J1�
1.0 Hz, J2� 7.5 Hz, J3� 13.5 Hz, 1 H), 2.90 (m, 1H), 4.01 (m, 1 H), 4.55 (d,
J� 4.0 Hz, 1 H), 5.02 ± 5.12 (m, 2 H), 5.67 ± 5.81 (m, 1H), 6.30 (br d, J�
8.0 Hz, 1H), 7.10 ± 7.33 (m, 10H); 13C NMR (50.3 MHz, CDCl3): d� 16.73,
19.09, 23.55, 25.67, 26.96, 44.47, 49.81, 51.68, 67.11, 74.27, 78.28, 115.8 (q,
1JCF� 288 Hz), 118.2, 126.6, 127.4, 127.5, 128.6, 129.4, 129.6, 134.1, 141.1,
156.0 (q, 2JCF� 37 Hz); IR (KBr): nÄ� 3302, 3106, 3072, 3044, 2964, 2934,
2896, 2858, 1702, 1214, 1186, 1164, 1108, 1066, 916, 760, 704 cmÿ1; MS
(70 eV, CI): m/z (%): 629 (100) [M�NH3�H]� ; C35H44F3NO3Si (611.82):
calcd C 68.71, H 7.24; found C 68.63, H 7.41.


(4S,6R,1''S,2''S)-4-Methyl-4-(2''-trifluoroacetamido-1''-phenyl-propoxy)-6-
(tert-butyldiphenylsilanyloxy)-hept-1-ene (16 c): According to the general
procedure, reaction of ketone 8c (170 mg, 0.50 mmol) with 2 (80 mg,
0.25 mmol) gave the homoallylic ether 16c (62 mg, 0.10 mmol, 41%) as
colorless needles, along with recovered 2 (35 mg, 0.11 mmol, 44 %). M.p.
81 8C (pentane); [a]20


D ��11.28 (c� 0.5, CHCl3); 1H NMR (200 MHz,
CDCl3): d� 0.87 (d, J� 6.0 Hz, 3H), 0.91 (s, 3 H), 0.91 (s, 9 H), 1.10 (d, J�
6.8 Hz, 3H), 1.53 (dd, J1� 7.2 Hz, Jl� 14.5 Hz, 1 H), 1.75 (dd, J1� 6.0 Hz,
J2� 14.4 Hz, 1H), 2.24 (ddd, J1� 1.0 Hz, J2� 7.0 Hz, J3� 14.0 Hz, 1H), 2.36
(ddd, J1� 1.0 Hz, J2� 7.5 Hz, J3� 14.0 Hz, 1H), 3.84 ± 4.12 (m, 2H), 4.44 (d,
J� 3.8 Hz, 1 H), 4.94 ± 5.06 (m, 2 H), 5.57 ± 5.81 (m, 1H), 6.30 (br d, J�
8.0 Hz, 1 H), 7.06 ± 7.36 (m, 15 H); 13C NMR (50.3 MHz, CDCl3): d� 17.05,
19.12, 24.40, 25.32, 27.00, 43.74, 49.86, 51.82, 66.89, 74.17, 78.25, 115.5 (q,
1JCF� 288 Hz), 118.0, 126.5, 127.3, 127.6, 128.2, 129.4, 129.6, 134.2, 135.9,
141.2, 156.0 (q, 2JCF� 37 Hz); IR (KBr): nÄ� 3302, 3106, 3072, 3044, 2964,
2934, 2896, 2858, 1702, 1214, 1186, 1164, 1108, 1066, 916, 760, 704 cmÿ1; MS
(70 eV, CI): m/z (%): 629 (100) [M�NH3�H]� ; C35H44F3NO3Si (611.82):
calcd C 68.71, H 7.24; found C 68.49, H 7.20.


(4R,6S,1''R,2''R)-4-Methyl-4-(2''-trifluoroacetamido-1''-phenyl-propoxy)-6-
phenyl-hept-1-ene (19 d): According to the general procedure, reaction of
ketone 8 d (81 mg, 0.50 mmol) with ent-2 (80 mg, 0.25 mmol) and diiso-
propylketone (285 mg, 2.50 mmol) gave the homoallylic ether 19 d (72 mg,
0.17 mmol, 67 %) as colorless needles, along with recovered ent-2 (10 mg,
30 mmol, 13%). M.p. 90 8C (pentane, tert-butyl methyl ether); [a]20


D �
�24.38 (c� 0.5, CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.84 (s, 3H),
1.11 (d, J� 7.0 Hz, 3 H), 1.14 (d, J� 7.0 Hz, 3 H), 1.19 (dd, J1� 14.5 Hz, J2�
4.0 Hz, 1H), 1.97 (dd, J1� 14.5 Hz, J2� 8.5 Hz, 1 H), 2.28 (ddd, J1� 1.0 Hz,
J2� 7.0 Hz, J3� 13.5 Hz, 1 H), 2.36 (dd, J1� 1.0 Hz, J2� 7.5 Hz, J3� 13.5 Hz,
1H), 2.90 (m, 1 H), 4.01 (m, 1H), 4.55 (d, J� 4.0 Hz, 1H), 5.02 ± 5.12 (m,
2H), 5.67 ± 5.81 (m, 1H), 6.30 (br d, J� 8.0 Hz, 1H), 7.10 ± 7.33 (m, 10H);
13C NMR (50.3 MHz, CDCl3): d� 16.91, 24.41, 25.61, 35.87, 43.48, 47.64,
51.87, 74.44, 79.46, 115.9 (q, 1JCF� 288 Hz), 118.2, 126.7, 127.0, 127.8, 128.3,
128.4, 134.1, 141.3, 148.7, 155.4 (q, 2JCF� 37 Hz); IR: nÄ� 3310, 3084, 3072,
3030, 2970, 2930, 2854, 1702, 1204, 1184, 1164, 1056, 918, 762, 700 cmÿ1; MS
(70 eV, CI): m/z (%): 451 (100) [M�NH3�H]� .


(4S,6S,1''S,2''S)-4-Methyl-4-(2''-trifluoroacetamido-1''-phenyl-propoxy)-6-
phenyl-hept-1-ene (16 d): According to the general procedure, reaction of
ketone 8 d (81 mg, 0.50 mmol) with 2 (80.0 mg, 250 mmol) and diisopropyl
ketone (285 mg, 2.50 mmol) gave the homoallylic ether 16d (72 mg,
0.17 mmol, 66%) as colorless needles along with 2 (8 mg, 0.02 mmol, 10%).
M.p. 72 8C; [a]20


D �ÿ26.68 (c� 0.5, CHCl3); 1H NMR (300 MHz, CDCl3):
d� 0.81 (s, 3H, 4-CH3), 1.05 (d, J� 6.8 Hz, 3H, 7-H3), 1.24 (d, J� 7.2 Hz,
3H, 3'-H2), 1.77 (dd, J1� 4.0 Hz, J2� 14.5 Hz, 1H, 5-Ha), 2.00 (dd, J1�
8.7 Hz, J2� 14.5 Hz, 1H, 5-Hb), 2.28 (ddd, J1� 1.0 Hz, J2� 7.2 Hz, J3�
13.9 Hz, 1 H, 3-Ha), 2.36 (ddd, J1� 1.0 Hz, J2� 7.6 Hz, J3� 13.9 Hz, 1H,
3-Hb), 3.00 (m, 1 H, 6-H), 3.98 (m, 1 H, 2'-H), 4.53 (d, J� 3.8 Hz, 1 H, 1'-H),
5.09 (m, 2 H, 1-H2), 5.68 ± 5.82 (m, 1H, 2-H), 5.97 (br d, J� 8.0 Hz, 1H,
N-H), 7.12 ± 7.32 (m, 10H, phenyl-H); 13C NMR (50.3 MHz, CDCl3): d�
16.72, 24.36, 25.81, 35.80, 43.08, 47.57, 51.59, 74.56, 79.23, 115.7 (q, 1JCF�
288 Hz), 118.0, 126.6, 126.9, 128.0, 128.2, 128.4, 134.0, 141.6, 148.8, 156.1 (q,
2JCF� 37 Hz); IR (KBr): nÄ� 3340, 3080, 3028, 2968, 2930, 2872, 1704, 1454,
1206, 1178, 1158, 1108, 918, 764, 704 cmÿ1; MS (70 eV, CI): m/z (%): 451
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(100) [M�NH3�H]� ; C25H30F3NO2 (433.50): calcd C 69.26, H 6.98; found C
68.91, H 6.70.


(6R)-4,6,10-Trimethyl-4-ethoxy-undec-1-ene (22 b): According to the gen-
eral procedure, reaction of ketone 8b (324 mg, 2.00 mmol) with 21 (118 mg,
1.00 mmol) gave the diastereomeric homoallylic ethers 22b (197 mg,
0.82 mmol, 82%) as a colorless oil. 1H NMR (200 MHz, CDCl3, mixture
of diastereomers): d� 0.86 (d, J� 6.5 Hz, 6H), 0.94 (d, J� 6.5 Hz, 3H),
1.02 ± 1.70 (m, 16 H), 2.20 (ddd, J1� 1.0 Hz, J2� 6.0 Hz, J3� 13.5 Hz, 1H),
2.31 (ddd, J1� 1.0 Hz, J2� 5.0 Hz, J3� 13.0 Hz, 1 H), 3.38 (q, J� 7.0 Hz,
2H), 4.97 (m, 2H), 5.70 ± 5.94 (m, 1 H); 13C NMR (50.3 MHz, CDCl3,
mixture of diastereomers): d� 15.89, 21.30, 21.49, 22.63, 22.72, 23.62, 23.91,
24.86, 25.27, 27.93, 28.00, 28.59, 38.99, 39.15, 39.26, 39.30, 43.62, 44.63, 56.00,
77.64, 117.0, 134.8, 134.9; IR (film): nÄ� 2956, 2928, 2870, 1640, 1446, 1376,
1114, 1074, 1016, 846 cmÿ1; MS (70 eV, CI): m/z (%): 258 (100)
[M�NH3�H]� ; C16H32O (240.42): calcd C 79.93, H 13.43; found C 8.63,
H 13.20.


(6R)-4-Methyl-4-ethoxy-6-(tert-butyldiphenylsilanyloxy)-hept-1-ene
(22 c): According to the general procedure, reaction of ketone 8 c (600 mg,
1.76 mmol) with 21 (104 mg, 0.88 mmol) gave the diastereomeric homo-
allylic ethers 22 c (320 mg, 0.77 mmol, 89 %) as a colorless oil. 1H NMR
(200 MHz, CDCl3, mixture of diastereomers): d� 0.86 (s, 3H, 4-CH3), 0.95
(s, 9 H), 0.96 (s, 9H), 1.01 ± 1.32 (m, 6H), 1.55 (dd, J1� 5.0 Hz, J2� 15.0 Hz,
1H), 1.68 (dd, J1� 7.0 Hz, J2� 15.0 Hz, 1 H), 2.01 (ddd, J1� 1.0 Hz, J2�
6.0 Hz, J3� 13.5 Hz, 1 H), 2.12 (ddd, J1� 1.0 Hz, J2� 5.0 Hz, J3� 13.5 Hz,
1H), 3.20 (q, J� 7.0 Hz, 2H), 3.22 (q, J� 7.0 Hz, 2H), 4.00 (m, 1 H), 4.77 ±
5.03 (m, 2 H), 5.48 ± 5.73 (m, 1 H), 7.41 ± 7.71 (m, 10 H); 13C NMR
(50.3 MHz, CDCl3, mixture of diastereomers): d� 15.75, 19.18, 24.83,
24.97, 26.86, 68.22, 27.05, 47.15, 55.94, 59.73, 67.96, 75.19, 117.2, 127.3, 127.5,
129.5, 134.4, 136.1; IR: nÄ� 3070, 3053, 2960, 2932, 2896, 2858, 1428, 1110,
1080, 1004, 914, 740, 704 cmÿ1; MS (70 eV, CI): m/z (%): 428 (100)
[M�NH3�H]� ; C26H38O2Si (410.67): calcd C 76.04, H 9.33; found C 76.14,
H 9.33.


(6S)-4-Methyl-4-ethoxy-6-phenyl-hept-1-ene (22 d): According to the gen-
eral procedure, reaction of ketone 8d (648 mg, 4.00 mmol) with 21 (236 mg,
2.00 mmol) gave the diastereomeric homoallylic ether 22d (350 mg,
1.50 mmol, 75%) as a colorless oil. 1H NMR (200 MHz, CDCl3, mixture
of diastereomers): d� 1.00 (s, 3H), 1.04 (t, J� 7.0 Hz, 3 H), 1.27 (d, J�
7.0 Hz, 3 H), 1.74 (dd, J1� 5.5 Hz, J2� 14.0 Hz, 1 H), 1.90 (dd, J1� 6.0 Hz,
J2� 14.0 Hz, 1H), 2.16 (ddd, J1� 1.0 Hz, J2� 7.5 Hz, J3� 13.5 Hz, 1H), 2.22
(ddd, J1� 1.0 Hz, J2� 8.0 Hz, J3� 13.5 Hz, 1H), 2.95 (oct, J� 7.0 Hz, 1H),
3.19 ± 3.40 (m, 2H), 4.93 ± 5.05 (m, 2 H), 5.63 ± 5.84 (m, 1H), 7.11 ± 7.32 (m,
5H); 13C NMR (50.3 MHz, CDCl3, mixture of diastereomers): d� 15.74,
22.16, 24.01, 24.80, 24.87, 35.42, 35.57, 43.07, 43.67, 45.63, 45.75, 56.05, 56.09,
76.42, 117.2, 125.6, 127.0, 128.3, 134.6, 149.1; IR (film): nÄ� 3074, 3026, 2972,
2928, 2872, 1640, 1452, 1374, 1154, 1112, 1074, 918, 762, 700 cmÿ1; MS
(70 eV, CI) m/z (%): 250 (100) [M�NH3�H]� ; C16H24O (232.36): calcd C
82.70, H 10.41; found C 82.46, H 10.31.


(4R,6R,1''R,2''R)- and (4R,6S,1''R,2''R)-4-Methyl-4-(2''-trifluoroacetamido-
1''-phenyl-propoxy)-6-(tert-butyldiphenylsilanyloxy)-hept-1-ene (29 a and
29-ent-a): According to the general procedure, reaction of ketone rac-26a
(170 mg, 0.50 mmol) with ent-2 (80.0 mg, 0.25 mmol) gave a diastereomeric
mixture of homoallylic ethers 29 a and 29-ent-a (68.0 mg, 112 mmol, 45%)
as colorless needles, along with recovered ent-2 (31 mg, 0.10 mmol, 39%).
1H NMR (200 MHz, CDCl3, mixture of diastereomers): d� 0.77 (s, 3H),
0.94 (s, 3H), 0.92 (d, J� 6.5 Hz, 3 H), 0.99 (s, 9H), 1.01 (s, 9 H), 1.11 (d, J�
7.0 Hz, 3 H), 1.13 (d, J� 7.0 Hz, 3H), 1.57 ± 1.75 (m, 2H), 2.18 ± 2.46 (m,
2H), 3.96 ± 4.08 (m, 2 H), 4.47 (d, J� 3.0 Hz, 1H), 4.49 (d, J� 3.0 Hz, 1H),
4.94 ± 5.14 (m, 2H), 5.63 ± 5.80 (m, 1H), 6.32 (br d, J� 8.0 Hz, 1H), 7.08 ±
7.76 (m, 15H); 13C NMR (50.3 MHz, CDCl3, mixture of diastereomers):
d� 16.74, 17.06, 19.13, 23.56, 24.40, 25.31, 25.68, 26.97, 43.73, 44.74, 49.65,
49.81, 51.67, 51.81, 66.87, 67.11, 74.14, 74.25, 78.22, 78.26, 115.5 (q, 1JCF�
288 Hz), 117.9, 118.1, 127.3, 127.5, 127.7, 128.2, 134.9, 135.8, 135.9, 141.2,
156.3 (q, 2JCF� 37 Hz); IR (film): nÄ� 3314, 3070, 3050, 2968, 2934, 2894,
1722, 1704, 1208, 1184, 1164, 1110, 1068 1056, 918, 756, 702 cmÿ1; MS:
(70 eV, CI): m/z (%): 629 (100) [M�NH3�H]� .


(4R,6R,1''R,2''R)- and (4R,6S,1''R,2''R)-4-Methyl-4-(2''-trifluoracetamido-1''-
phenyl-propoxy)-6-phenyl-hept-1-ene (29 b and 29-ent-b): According to the
general procedure, reaction of ketone rac-26b (324 mg, 2.00 mmol) with
ent-2 (320 mg, 1.00 mmol) and diisopropyl ketone (1.14 g, 10 mmol) gave a
diastereomeric mixture of homoallylic ethers 29b and 29-ent-b (221 mg,


512 mmol, 51%) as colorless needles, along with recovered ent-2 (72 mg,
0.07 mmol, 28%). M.p. 73 8C; 1H NMR (200 MHz, CDCl3, mixture of
diastereomers): d� 0.83 (s, 1 H), 0.88 (s, 1 H), 1.06 ± 1.40 (m, 7H), 1.61 ± 2.12
(m, 2H), 2.29 (ddd, J1� 1.0 Hz, J2� 7.5 Hz, J3� 13.5 Hz, 1H), 2.38 (ddd,
J1� 1.0 Hz, J2� 7.5 Hz, J3� 13.5 Hz, 1H), 2.78 ± 3.10 (m, 1 H), 4.00 (m, 1H),
4.52 (d, J� 4.0 Hz, 1 H), 4.55 (d, J� 4.2 Hz, 1 H), 4.95 ± 5.20 (m, 2 H), 5.60 ±
5.87 (m, 1H), 5.96 (br d, J� 8.0 Hz), 6.30 (br d, J� 8.0 Hz), 7.08 ± 7.59 (m,
10H); 13C NMR (125.7 MHz, CDCl3, mixture of diastereomers): d� 16.87,
16.91, 24.41, 24.54, 25.60, 25.96, 35.86, 35.97, 43.18, 43.46, 47.63, 47.69, 51.66,
74.20, 74.42, 74.64, 79.40, 79.46, 115.8 (q, 1JCF� 288 Hz), 117.9, 118.2, 118.3,
125.8, 125.9, 126.5, 126.7, 127.0, 127.7, 127.8, 128.2, 128.3, 128.4, 134.1, 141.3,
141.6, 148.7, 148.9, 156.5 (q, 2JCF� 37 Hz); IR (KBr): nÄ� 3340, 3078, 3031,
2965, 2930, 2872, 1704, 1454, 1206, 1178, 1158, 1107, 921, 767, 701 cmÿ1; MS
(70 eV, CI): m/z (%): 451 (100) [M�NH3�H]� ; C25H30F3NO2 (433.50):
calcd C 69.26, H 6.98; found C 68.91, H 6.70.


(4R,5R,1''R,2''R)- and (4R,5S,1''R,2''R)-4-Methyl-4-(2''-trifluoroacetamido-
1''-phenyl-propoxy)-5-phenyl-hept-1-ene (29 c and 29-ent-c): According to
the general procedure, reaction of ketone rac-26c (81 mg, 0.50 mmol) with
ent-2 (80 mg, 0.25 mmol) gave after a reaction time of 5 d a diastereomeric
mixture of homoallylic ethers 29c and 29-ent-c (23 mg, 0.05 mmol, 21%) as
colorless needles, along with recovered ent-2 (51 mg, 0.16 mmol, 64%).
M.p. 103 8C (pentane); 1H NMR (200 MHz, CDCl3, mixture of diaster-
eomers): d� 0.57 (t, J� 7.0 Hz, 3H, 7-H3), 0.87 (s, 3 H, 4-CH3), 1.30 (d, J�
7.5 Hz, 3H, 3'-H3), 1.15 ± 1.28 (m, 2 H, 6-H2), 2.38 (m, 2H, 3-H2), 2.53 ± 2.67
(m, 1H, 5-H), 4.25 (m, 1 H), 4.76 (d, J� 4.0 Hz, 1 H), 4.78 (d, J� 4.0 Hz,
1H), 5.08 ± 5.20 (m, 2 H), 5.88 ± 6.02 (m, 1 H), 6.36 (br d, J� 7.5 Hz, 1H),
7.08 ± 7.41 (m, 10 H); 13C NMR (50.3 MHz, CDCl3, mixture of diastereom-
ers): d� 12.56, 12.78, 13.50, 16.99, 17.13, 21.66, 21.94, 22.13, 23.65, 40.75,
41.32, 42.37, 51.51, 51.89, 55.56, 74.65, 80.77, 115.9 (q, 1JCF� 288 Hz), 117.9,
118.4, 126.4, 126.6, 127.7, 127.8, 128.1, 128.1, 133.9, 134.0, 141.2, 141.4, 156.4
(q, 2JCF� 36 Hz); IR: nÄ� 3320, 3086, 3062, 3030, 2968, 2936, 2904, 2882,
1698, 1204, 1182, 1164, 1076, 1062, 1026, 918, 762, 702 cmÿ1; MS: (70 eV,
CI): m/z (%): 451 (100) [M�NH3�H]� ; C20H28NO2F3 (371.44): calcd C
69.26, H 6.98; found C 69.36, H 7.20.


(4R,5R,1''R,2''R)- and (4R,5S,1''R,2''R)-4-Methyl-4-(2''-trifluoroacetamido-
1''-phenyl-propoxy)-5-methyl-hept-1-ene (29 d and 29-ent-d): According to
the general procedure, reaction of ketone rac-26d (50 mg, 0.50 mmol) with
ent-2 (80 mg, 0.25 mmol) gave a diastereomeric mixture of homoallylic
ethers 29d and 29-ent-d (66 mg, 0.18 mmol, 71 %) as colorless needles. M.p.
50 8C (pentane); 1H NMR (200 MHz, CDCl3, mixture of diastereomers):
d� 0.64 (t, J� 7.5 Hz, 3 H), 0.80 ± 0.99 (m, 9H), 0.91 (s, 3 H), 1.16 (d, J�
7.0 Hz, 3H), 1.18 (d, J� 7.0 Hz, 3H), 2.37 (m, 2 H), 3.60 (d, J� 3.5 Hz, 1H),
4.09 (m, 1H), 3.56 (d, J� 3.5 Hz, 1 H), 5.05 ± 5.16 (m, 2 H), 5.74 ± 5.97 (m,
1H), 6.40 (s, 1 H), 7.20 ± 7.40 (m, 5 H); 13C NMR (50.3 MHz, CDCl3, mixture
of diastereomers): d� 12.47, 12.94, 13.50, 13.61, 16.60, 16.78, 21.62, 21.84,
23.74 23.81, 40.48, 40.57, 42.05, 42.37, 42.57, 51.93, 51.99, 74.38, 81.56, 116.0
(q, 1JCF� 288 Hz), 117.7, 117.8, 117.9, 125.9, 127.1, 128.4, 134.4, 134.6, 141.5,
156.6 (q, 2JCF� 36 Hz); IR (KBr): nÄ� 3070, 3030, 2970, 2938, 2882, 1726,
1704, 1564, 1210, 1186, 1164, 1088, 916, 760, 702 cmÿ1; MS (70 eV, CI): m/z
(%): 389 (100) [M�NH3�H]� ; C20H28NO2F3 (371.44): calcd C 64.67, H 7.60;
found C 64.88, H 6.79.
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The Gas-Phase Reaction Between Hydroxide Ion and Methyl Formate:
A Theoretical Analysis of the Energy Surface and Product Distribution


Josefredo R. Pliego, Jr. and JoseÂ M. Riveros*[a]


Abstract: The potential energy surface
for the prototype solvent-free ester
hydrolysis reaction: OHÿ�HCOOCH3!
products has been characterized by high
level ab initio calculations of MP4/6-
311�G(2df,2p)//MP2/6-31�G(d) qual-
ity. These calculations reveal that the
approach of an OHÿ ion leads to the
formation of two distinct ion-molecule
complexes: 1) the MS1 species with the
hydroxide ion hydrogen bonded to the
methyl group of the ester, and 2) the
MS4 moiety resulting from proton ab-
straction of the formyl hydrogen by the


hydroxide ion and formation of a three-
body complex of water, methoxide ion
and carbon monoxide. The first complex
reacts to generate formate anion and
methanol products through the well
known BAC2 and SN2 mechanisms.
RRKM calculations predict that these
pathways will occur with a relative
contribution of 85 % and 15 % at
298.15 K, in excellent agreement with


experimentally measured values of 87 %
and 13 %, respectively. The second com-
plex reacts by loss of carbon monoxide
to yield the water ± methoxide complex
through a single minimum potential
surface and is the preferred pathway in
the gas-phase. This water ± methoxide
adduct can further dissociate if the
reactants have excess energy. These
results provide clear evidence that the
preferred pathways for ester hydrolysis
in solution are dictated by solvation of
the hydroxide ion.


Keywords: ab initio calculations ´
gas-phase reactions ´ hydrolysis


Introduction


The ability to recreate well known chemical reactions in the
gas-phase under single collision conditions has made a dramatic
contribution towards our understanding of intrinsic reactivity
and the role that solvents play in determining chemical pro-
perties in condensed phases. This is particularly true for reac-
tions involving ionic species for which gas-phase ion chemistry
can provide valuable information regarding thermodynamic
parameters, rate constants, and mechanistic details.


One of the most ubiquitous reactions that has been
extensively explored in the gas-phase involves negatively
charged nucleophiles with alkyl formates[1] as prototypes of
nucleophilic attack in carbonyl systems. Surprisingly enough,
the most important reaction pathway for simple nucleophiles
such as HOÿ, ROÿ, Fÿ, and others, corresponds to a base
induced elimination of CO, with the subsequent formation of
a gas-phase solvated anion as in reaction (1):


Nuÿ�HCOOR! [NuHOR]ÿ�CO (1)


This preferred mode of reaction is particularly interesting in
the case of OHÿ vis-aÁ -vis the more common process of base-
catalyzed ester hydrolysis.


Ester hydrolysis plays a central role in a large number of
chemical and biochemical processes.[2] It is well known that
most esters undergo basic hydrolysis by nucleophilic attack of
the hydroxide ion onto the carbonyl carbon to yield a
tetrahedral intermediate, namely the so-called BAC2 mecha-
nism. In rare cases, nucleophilic attack of the hydroxide ion on
the saturated alkyl carbon leads to the final products in one
step through an SN2 or BAL2 mechanism. While the equivalent
reaction to ester hydrolysis has been well characterized
in the gas-phase,[3] two important points have emerged
from such studies: a) For alkyl formates, reaction (1)
and/or base induced elimination reaction promoted at the


b-carbon of the alkyl group (for R�Et or larger group) are
preferred over conventional hydrolysis,[1c] and b) the SN2
pathway is competitive with the BAC2 mechanism and can
in fact be more important as shown in the CF3COOR
esters.[3]


Results obtained in different laboratories for the gas-phase
reaction of OHÿ (including studies of 18OHÿ) with HCOOCH3


illustrate convincingly the qualitative and quantitative differ-
ences with solution and are summarized in Scheme 1. The
disparity between the product distribution in the gas-phase
and in solution clearly points out the importance of solvation
effects in determining overall reactivity.
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HO-  +   HCOOMe


MeO-(H2O)  +  CO                                59%


(and MeO- + H2O + CO)


HCOO-  +  MeOH         BAC2                32%


HCOO-  +  MeOH         SN2                   9%


Scheme 1. Different gas-phase reaction mechanisms for the reaction of
OHÿ with HCOOCH3.


Large differences are also observed between the rate
constants for the gas-phase and solution reactions. The most
recent measurements for the gas-phase OHÿ/HCOOMe
reaction at 298 K yield an overall rate constant of 4.4�
1010 mÿ1 sÿ1, a value close to 80 % of that predicted by collision
theory.[1j] By comparison, the rate constant for the basic
hydrolysis of methyl formate in aqueous solution amounts to
3.84� 101mÿ1 sÿ1.[4]


How can the differences illustrated above be reconciled
within the realm of modern chemical thinking? On the one
hand, bridging the gap between gas-phase and solution
behavior from an experimental point of view remains a
formidable challenge. On the other hand, the increasing
reliability of present day theoretical calculations on isolated
molecules and simulations of their behavior in condensed
phases provide a powerful and alternative approach towards
deciphering the changes observed between gas-phase and
solution reactivity. For example, the effect of microsolvation
on competitive gas-phase E2 and SN2 reactions has been
theoretically studied with density functional methods,[5] while
one of us has recently used a combination of theoretical
methods to elucidate the mechanisms of some common
organic reactions.[6] Thus, studies directed towards character-
izing the energy surface and dynamic features of reactions
such as those shown in Scheme 1, and their solution counter-
part, are very timely in our ultimate goal to properly
understand solvent effects in chemical reactions. This interest
is well illustrated by recent theoretical studies concerning the
addition of hydroxide ion to formaldehyde,[7] formamide,[8]


and phosphate esters[9] in aqueous solution.
In spite of the importance of ester hydrolysis, reports aimed


at describing the energy surface for these reactions are
relatively few and recent. Jorgensen et al.[10] performed the
first ab initio theoretical calculations of the reactions shown in
Scheme 1 at the HF/4-31�G level. Their results hinted that
the gas-phase decarbonylation reaction is likely to proceed by
a single minimum potential without an intermediate transition
state and would thus be expected to be very favorable from an
energetic point of view. A few years later, Pranata[11] explored
the energy surface for the SN2 and BAC2 mechanistic
possibilities at the MP2/6-31�G(d)//HF/6-31�G(d) level of
theory and concluded that the BAC2 is expected to be the more
favorable pathway among these two mechanisms. Very
recently, Zhan et al.[12] have reported the gas phase potential
energy surface for the reaction of the hydroxide ion with a
series of esters, including methyl formate, at the MP2/6-31�
�G(d,p)//B3LYP/6-31��G(d,p) level. Again, this study was
primarily concerned with the reaction at the carbonyl center
and explicitly addressed the question of proton exchange
between the oxygen atoms of the tetrahedral intermediate.


These calculations revealed that this proton exchange has a
much higher barrier than the elimination of methanol, a fact
that may explain why this exchange was not observed in the
gas-phase reaction.[13]


The present report was motivated by the need to explore
the energy surface for all the reaction pathways of Scheme 1
at a high level of theory coupled with statistical rate theories
that could estimate the expected branching ratio for the
hydrolysis reaction as a function of the internal energy of the
reaction. In a second phase, we hope to report similar results
for the reaction in aqueous solution in order to understand the
preference for carbonyl attack in condensed phases. Calcu-
lations for the energy surface of ester hydrolysis in aqueous
solutions have already attracted some attention as illustrated
by two very recent calculations.[14, 15]


Results and Discussion


Ab initio calculations : The potential energy surface for the
interaction of hydroxide ions with methyl formate was
investigated at the MP2/6-31�G(d) level of theory. The
minima and transition state structures were obtained by full
geometry optimization. Harmonic frequency analysis was
used to characterize the nature of the stationary points. Single
point higher level energy calculations were then carried out
using the MP2/6-311�G(2df,2p) and MP4/6-31�G(d) meth-
ods. An additivity approximation of the correlation energy
was used in order to obtain effective MP4/6-311�G(2df,2p)
reaction and activation energies. The results are presented in
Tables 1 and 2 and in Figures 1 to 4 and are discussed in the
following section. All calculations were performed with the
GAUSSIAN94 suite of programs.[16]


Results of the ab initio calculations : Figure 1 shows the
reaction steps for the interaction of hydroxide ion with methyl
formate in the gas phase. Each step is numbered and
the corresponding transition state for each step is identified
as TSn.
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Figure 1. Pathways for the gas-phase hydrolysis reaction of OHÿ with
HCOOCH3.


The calculated structures for the minima on the energy
surface relevant to the different steps and transition states are
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shown in Figures 2 and 3 where only the most relevant
geometric parameters are displayed for illustration purposes.
Table 1 displays the calculated reaction energies at several
levels of theory for the different reaction steps. Table 2
displays the calculated activation energies at different levels
of theory for the different steps outlined in Figure 1. We have


Figure 2. Structure of intermediates and transition states resulting from
attachment of the hydroxide ion on the methyl group of the ester.


Figure 3. Structure of intermediates and transition states resulting from
abstraction of the formyl hydrogen by the hydroxide ion.


only considered the most stable isomer of methyl formate,
namely the Z structure[17] which is about 6 kcal molÿ1 more
stable than the E structure.


At the MP2/6-31�G(d) level of theory, the interaction of
an hydroxide ion with methyl formate leads to the formation
of two ion ± neutral complexes, MS1 and MS4. The fate of
these two complexes on the energy surface can be analyzed
separately:
a) The MS1 complex is predicted to be 16.5 kcal molÿ1


(including zero point vibrational energies) more stable
than the reactants at our best level of theory (MP4/6-311�
G(2df,2p)). This complex MS1 can then proceed through
steps 2 and 4.
Step 2 represents the attack of the hydroxide ion on the
methyl group (the SN2 mechanism) leading to the formate
anion ± methanol complex (MS2) through the TS2 local
transition state. At our best level of theory, step 2 is
calculated to have an activation barrier of 6.9 kcal molÿ1,
somewhat lower than those previously calculated[11, 12] at
lower levels of electron correlation. Finally, complex MS2
can dissociate to free formate anion plus methanol and our
results predict a dissociation energy of 17.7 kcal molÿ1.
The second reaction path available for the MS1 complex is
through transition state TS4 leading to the formation of
the tetrahedral intermediate (MS3). The activation barrier
is small, 3.3 kcal molÿ1, and the tetrahedral intermediate is
calculated to be very stable, 30.3 kcal molÿ1 below the
energy of the OHÿ�HCOOCH3 reactants. This value
refers to the most stable isomer of the MS3 intermedi-
ate.[18] Finally, step 5 represents the unimolecular elimi-
nation of methanol from the tetrahedral intermediate
leading to the formate ± methanol complex (MS2). This
step involves a barrier amounting to 4.8 kcal molÿ1.
The overall exothermicity for the hydrolysis reaction is
then calculated to be ÿ42.1 kcal molÿ1 at 0 K which is in
very good agreement with the experimental value[19] of
ÿ39.5� 2.3 kcal molÿ1.


b) The MS4 complex (see Figure 3) is predicted to exist at the
MP2/6-31�G(d) level of theory and results from the
association of the hydroxide ion to the formyl hydrogen.
The classical barrier for proton abstraction from the
formyl group leading to the MS5 complex amounts to
2.4 kcal molÿ1. However, increasing the size of the basis set
and extending the level of electron correlation decreases
this barrier to ÿ0.1 kcal molÿ1. Inclusion of the zero point
vibrational energies further decreases the barrier to
ÿ3.0 kcal molÿ1. Thus, these results suggest that the MS4
complex is probably not a minimum energy structure on
the potential energy surface, and the approach of the
hydroxide ion to the formyl hydrogen of the methyl
formate is best described as leading directly to the MS5
complex. While our best level of theory is a composite
energy, it is known that this additivity scheme is accurate
and finds widespread use in the G1, G2, G2(MP2), and
other similar methods. Furthermore, it is clear from the
results in Table 2 that increasing the electron correlation
from MP2 to MP4 has a very small effect on the barrier.
Thus, we believe that our highest level calculations are
accurate and reliable. Our conclusion is similar to that
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proposed by Jorgensen et al.[10] based on calculations at a
much lower level of theory. By comparison, Zhan et al.[12]


and Pranata[11] have not explored this pathway. The MS5
complex is an interesting moiety since it corresponds to a
methoxide ion bound to two neutral molecules, H2O and
CO. This intermediate complex can undergo dissociation
through two pathways. The first possibility (steps 9 and 11)
involves the loss of carbon monoxide at an expense of
6.7 kcal molÿ1 followed by fragmentation of the water ±
methoxide adduct (MS6) requiring an additional energy
of 23.2 kcal molÿ1. This value is in excellent agreement with
the reported experimental binding energy of 23.9 kcal
molÿ1 for the CH3Oÿ(H2O) adduct.[20] For the second
pathway (steps 10 and 12), water is lost in the first step as a
result of the abstraction of the formyl proton with an
energy requirement of 19.1 kcal molÿ1. The anionic
ÿCOOCH3 species formed in this reaction is characterized
by an oxygen(methoxide) ± carbon(CO) distance of
1.556 � that is indicative of covalent bonding. By compar-
ison, this same distance is calculated to be 2.060 � in the
[CH3OÿÿO] moiety of the MS5 complex. However, the
ÿCOOCH3 carbanion can further decompose to carbon
monoxide and methoxide ion with an endothermicity of
10.8 kcal molÿ1 (step 12). The energy of the CO�
CH3Oÿ�H2O products is calculated to lie 0.03 kcal molÿ1


above that of the OHÿ�HCOOCH3 reactants. This value
should be compared with the experimental overall endo-
thermicity of 3.1� 1.1 kcal molÿ1.[19]


Another possible pathway involves transition state TS7 and
connecting the MS4 complex to the MS3 tetrahedral inter-
mediate. However, since the MS4 structure does not survive
as a minimum at higher level of theory, TS7 must connect the
MS5 complex to the MS3 intermediate. The energy barrier for
this latter pathway is calculated to be 16.5 kcal molÿ1.


Qualitative analysis of the gas phase reaction pathways : While
a rigorous analysis of the OHÿ/HCOOMe reaction would
ideally be based on dynamic calculations similar to those used
for gas-phase SN2 reactions,[21] this is still a very complex task
for a system with so many reaction channels. An alternative
approach is to apply statistical unimolecular rate theory to the
intermediates of these ion/molecule reactions. Since gas phase
ion-molecule reactions are typically studied at low pressures
using techniques such as ion cyclotron resonance or flowing
afterglow, the fate of intermediate ion-molecule complexes
can be treated within the realm of a microcanonical ensemble.
In this section we initially make a qualitative analysis of the
reaction system to predict which products should be observed
based on the ab initio calculations. In the next section, we
present an RRKM calculation of the rate constant for
rearrangement of the MS1 complex to predict the branching
ratio between the SN2 mechanism and the BAC2 mechanism
for the gas-phase reaction.


Figure 4 summarizes the results for the potential energy
surface profile of the OHÿ�HCOOCH3 system in the gas-
phase. A static approach along this energy surface reveals that
the approximation of the hydroxide ion to the methyl formate
leads to a decrease of the potential energy and initial
formation of the MS1 and MS4 (and MS5) complexes as the
most probable events. In fact, when we freeze the oxygen-
(hydroxide) ± oxygen(ester) distance at 5 � and subsequently
optimize the remaining geometrical variables, the system
relaxes to structures similar to the MS1 and MS4 complexes.
The direct approach of the hydroxide ion to the carbonyl
carbon leading to tetrahedral intermediate (MS3) also
proceeds without a formal energy barrier. However, direct
formation of MS3 is expected to have a low probability since it
requires a very specific orientation of the colliding species in
the collision event. These considerations suggest that gas-
phase collisions between a hydroxide ion and the ester will
lead preferentially to either complex MS1 or MS5 with only a
small fraction of collisions probably leading directly to the
tetrahedral intermediate (MS3). Thus, the product distribu-
tion can be viewed as being dictated by the unimolecular
fragmentation of the long lived MS1 and MS5 complexes.


Complex MS1 is formed with at least 16.50 kcal molÿ1 of
internal energy. Thus, this complex is expected to proceed
readily along pathways 2 and 4 which are characterized by
energy barriers of 6.9 and 3.2 kcal molÿ1, respectively. For
systems that can be adequately described by statistical rate
theories, the branching ratio for these two channels will
depend on the number of states of the respective transition
states. Reaction through TS2 leads to the MS2 complex which


Table 1. Reaction energies for the HCOOCH3�OHÿ process.[a]


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


MP2/6-31�G* ÿ 16.70 ÿ 45.63 19.37 ÿ 15.62 ÿ 30.01 ÿ 18.10 ÿ 14.22 ÿ 6.00 8.68 20.84 26.28 14.13
MP2/6-311�G(2df,2p) ÿ 17.07 ÿ 44.74 19.21 ÿ 16.01 ÿ 28.73 ÿ 18.89 ÿ 14.20 ÿ 6.46 7.74 19.44 25.86 14.16
MP4/6-31�G* ÿ 16.88 ÿ 45.51 19.37 ÿ 15.57 ÿ 29.94 ÿ 18.52 ÿ 13.93 ÿ 8.92 10.08 21.69 25.63 14.02
MP4/6-311�G(2df,2p)[a,b] ÿ 17.25 ÿ 44.62 19.21 ÿ 15.97 ÿ 28.65 ÿ 19.32 ÿ 13.90 ÿ 9.38 9.13 20.30 25.21 14.05
DZPE 0.75 1.36 ÿ 1.53 2.20 ÿ 0.84 0.38 2.57 ÿ 1.51 ÿ 2.45 ÿ 1.22 ÿ 2.05 ÿ 3.28
DE[c] ÿ 16.50 ÿ 43.26 17.68 ÿ 13.77 ÿ 29.49 ÿ 18.94 ÿ 11.33 ÿ 10.88 6.68 19.07 23.17 10.78


[a] Energies in kcal molÿ1. [b] Additivity approximation. [c] Reaction energies including DZPE.


Table 2. Activation energies for the reaction pathways of the gas-phase
HCOOCH3�OHÿ system.[a]


Step 2 4 5 7 8


MP2/6-31�G* 8.96 3.32 7.93 5.68 2.44
MP2/6-311�G(2df,2p) 9.35 3.46 7.67 5.78 ÿ 0.05
MP4/6-31�G* 7.17 2.87 7.01 5.25 2.40
MP4/6-311�G(2df,2p)[b] 7.56 3.01 6.76 5.34 ÿ 0.09
DZPE ÿ 0.60 0.18 ÿ 1.94 0.29 ÿ 2.95
DE=[c] 6.96 3.19 4.82 5.63 ÿ 3.04


[a] Energies in kcal molÿ1. [b] Additivity approximation. [c] Activation
energies including DZPE.
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is located 59.8 kcal molÿ1 below the energy of the reagents. In
the absence of thermalizing collisions, these energy-rich MS2
ion-neutral complexes are expected to undergo facile disso-
ciation to methanol and formate anion, predicted to be
17.7 kcal molÿ1 above MS2. The other pathway, namely
reaction through step 4, leads to the tetrahedral intermediate
(MS3) which is located 30.3 kcal molÿ1 below the energy of the
reactants. This species can then proceed to the MS2 complex
through TS5, and a barrier of 4.8 kcal molÿ1, and finally
dissociate to methanol plus formate anion. Thus, both the SN2
and BAC2 mechanism arise from a common intermediate,
MS1, to yield the products of gas-phase hydrolysis.


The (MS5) complex, located 29.8 kcal molÿ1 below the
energy of the reactants, has two possible dissociation path-
ways. Step 9 involves the loss of CO and formation of the
solvated anion CH3Oÿ(H2O) and requires only 6.7 kcal molÿ1,
while the loss of H2O through step 10 requires 19.1 kcal molÿ1.
The large difference in energy requirements for these two
channels suggests that observation of proton abstraction to
yield ÿCO2CH3 (MS7) is unlikely in this case although the
actual branching ratio will also depend on the number of
states for each generalized transition state. The fact that
proton abstraction is not observed experimentally[1] is in
agreement with our prediction that formation of the MS6
complex plus carbon monoxide are the major products. It is
also reasonable to expect that further dissociation of the MS6
complex to yield CH3Oÿ�H2O as final products would be a
very sensitive function of the energy content of the reactants.
These predictions are fully borne out by the experimental
observations.[1c] In addition to these dissociation channels,
rearrangement through TS7 is another possibility. However,
due to the high barrier of 16.5 kcal molÿ1 for this step
compared with 6.7 kcal molÿ1 for step 9 and the tighter
characteristics of the transition state TS7, this pathway should
not play an important role in the fate of the MS5 complex.


RRKM calculations for the BAC2 and SN2 rate constants : The
use of RRKM calculations on intermediate complexes to
determine the efficiency of ion/molecule reactions proceeding


through double well potential
energy surfaces was first ap-
plied by Brauman and co-work-
ers in their classical study of
gas-phase SN2 reactions,[22] and
later extended to gas-phase nu-
cleophilic reactions in carbonyl
systems.[23] This approach has
been successful in providing a
quantitative interpretation of
the outcome of these reactions.
Nevertheless, recent dynamic
calculations on gas-phase SN2
reactions reveal that results ob-
tained from this type of
straightforward statistical rate
theory approach must be
viewed with caution because
of the possibility of poor cou-
pling between the low-frequen-


cy vibrations associated with complex formation and the rest
of system, and insufficient time for proper internal energy
redistribution.[24] In the present case, an estimate of the
overall efficiency of the reaction is more difficult because it
would be necessary to have some dynamical information on
the trajectories and their partition between the MS1 and MS5
complexes. This in turn is necessary to make an estimate of the
branching ratio of all reaction channels. On the other hand,
considerable insight can be gained by looking at the fate of
each complex.


Since formation of CH3Oÿ(H2O) and CO (or the dissoci-
ated products) proceeds along a single minimum surface
according to our highest level calculation, an estimate of the
efficiency of MS5 to proceed through step 9 as opposed to
returning to reactants could be modeled by RRKM calcu-
lations by using variational transition state theory for both
cases. Yet, this calculation does not provide much insight on
the overall product distribution and was not pursued in the
present study.


On the other hand, the branching ratio for the SN2 and the
BAC2 mechanisms can be estimated by adequate modeling of
the unimolecular decomposition of MS1 along steps 2 and 4
and calculation of the corresponding rate constants. This is an
important consideration for comparing gas-phase with solu-
tion behavior. Thus, we have used RRKM theory[25] to
calculate the unimolecular rate constants for steps 2 and 4
assuming that the system can be described by a statistical
theory. The necessary energy and vibrational data to perform
these calculations were generated by our ab initio calculations
and the relevant parameters are shown in Table 3. The Zhu
and Hase program[26] was used for the RRKM calculations by
considering J� 0. The results are presented in Figures 5 and 6,
where the unimolecular rate constants and the relative yield
for steps 2 and 4 are calculated as a function of the internal
energy of the MS1 complex. A degeneracy of two was used for
the reaction path corresponding to step 4 due to the
possibility of the hydroxide ion approaching the carbonyl
center either from above or below. For both cases, the rate
constants increase with energy but the relative yield reveals
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Figure 4. Calculated energy profile of the gas-phase OHÿ�HCOOCH3 reaction.
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Figure 5. Calculated unimolecular rate constants for the MS1 complex to
undergo the BAC2 and SN2 reactions as a function of internal energy.


that the BAC2 mechanism decreases at higher internal energy.
At the lowest energy possible of 16.50 kcal molÿ1 the yields of
the SN2 and BAC2 mechanism are 11.1 % and 88.9 %, while at
30.5 kcal molÿ1 the yields become 28.6 % and 71.4 %, respec-
tively.


In order to compare our theoretical calculations with the
experimental data, it is necessary to determine the amount of
energy available to the MS1 complex. At thermal equilibrium
at 298.15 K, the MS1 complex will have an energy E *:


E*�DEMS1�DERÿDEMS1


where E * is the energy available for reaction, DEMS1 is the
energy released upon formation of MS1 including zero point
vibrational energy, ER is the thermal contribution to the
energy of the reactants, and EMS1 is the thermal rotational and
translational energy of the MS1 complex. These values
amount to DEMS1� 16.50 kcalmolÿ1, ER� 4.30 kcalmolÿ1,


Figure 6. Calculated relative yield of the BAC2 and SN2 mechanism for the
gas-phase reaction OHÿ�HCOOCH3!� HCOOÿ�CH3OH.


EMS1� 1.78 kcal molÿ1, resulting in E *� 19.0 kcal molÿ1. Us-
ing this energy value, we find that the yields of the SN2 and
BAC2 mechanisms are 15 % and 85 %, respectively. This
calculation is in excellent agreement with the value obtained
by DePuy et al.[1f, 1g] of 13 % and 87 %, but lower than the 27 %
and 73 % values obtained in these laboratories.[3] Since the
measurements in our laboratory were based on drift cell ion
cyclotron resonance experiments, it is quite likely that the ions
in our experiments were not fully thermalized. The higher
contribution of the SN2 reaction in our case is in fact consistent
with the expected behavior for the intermediate complex MS1
at higher levels of internal energy.


Conclusion


The results obtained in the present calculations provide a high
level description of the energy surface relevant to the gas-
phase hydrolysis reaction. Furthermore, the combination of
these calculations with simple RRKM calculations on the
reaction intermediates provides excellent agreement with the
observed experimental product distribution between the SN2
and BAC2 mechanisms. These results also point out that proper
interpretation of these mechanistic details requires not only
the characterization of the overall energy surface of the
reaction but some consideration of the actual dynamics of the
processes.


How can these results be interpretated qualitatively to the
behavior in condensed phases? Hydroxide ions are known to
form a very stable complex with one water molecule, and
studies of hydroxide ion ± water clusters show that the
hydroxide ion can support up to four water molecules inside
its first coordination shell.[27, 28] Thus, in a strongly solvating
medium such as H2O, the water molecules deactivate the
highly reactive hydroxide ion. As a consequence, many
reactions involving the hydroxide ion in aqueous solution
are slow and its basicity is considerably decreased. Thus,
abstraction of the formyl hydrogen is expected to be much less
favorable and in fact becomes unimportant in condensed
phases. These differences and a more elaborate explanation of


Table 3. Harmonic vibrational frequencies (in cmÿ1) obtained at the MP2/
6-31�G(d) level of theory and used in the RRKM calculations.


MS1 TS2 TS4


39 88 110
66 125 195
69 155 232


191 184 244
238 305 272
275 352 289
329 357 358
351 591 764
777 775 938
888 1047 1024


1042 1114 1207
1210 1150 1231
1225 1218 1278
1291 1339 1431
1434 1427 1480
1528 1435 1522
1556 1443 1579
1568 1704 1761
1753 2967 3001
2972 3234 3126
3090 3431 3157
3172 3433 3209
3216 3717 3730
3732







Gas-Phase Reactions 169 ± 175


Chem. Eur. J. 2001, 7, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0175 $ 17.50+.50/0 175


the effect of solvation on the two channels for ester hydrolysis
will be the subject of an upcoming report.
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Comb-Type Cationic Copolymer Expedites DNA Strand Exchange
while Stabilizing DNA Duplex


Won Jong Kim, Tsutomu Ishihara, Toshihiro Akaike, and Atsushi Maruyama*[a]


Abstract: The accelerating effect of cat-
ionic substances on the DNA strand
exchange reaction between a 20 bp
DNA duplex and its complementary
single strand was studied. A polycationic
comb-type copolymer, that consists of a
poly(l-lysine) backbone and a dextran
graft chain (PLL-g-Dex) and known to
stabilize triplex DNA, expedites the
strand exchange reaction under physio-
logical relevant conditions. Electrostati-
cally a small excess of the copolymer let


to a 300 ± 1500-fold increase in the DNA
strand exchange while large excess of
spermine or cetyltrimethylammonium
bromide, a cationic detergent known to
promote markedly hybridization of
complementary DNA strands, shows


only a slight effect. The efficacy of the
copolymer was not affected by a 10 mm
Mg2� concentration. Notably the copoly-
mer promotes the strand exchange re-
action while it stabilizes double-strand-
ed DNA. The stabilization of strand
exchange intermediates consisting of the
parent duplex and the single strand by
the copolymer is believed to be respon-
sible for the observed acceleration be-
havior.


Keywords: DNA recognition ´
DNA strand exchange ´ graft co-
polymer ´ oligonucleotides ´ poly-
cations


Introduction


The DNA strand exchange between double-stranded (ds) and
single-stranded (ss) DNAs is a pivotal process in the repair of
DNA damage and genetic recombination. Thus, growing
interest has been placed on its mechanism. Escherichia coli
RecA protein promotes homologous pairing by a strand
exchange mechanism in vivo and in vitro.[1] The RecA protein
has multivalent binding sites with DNAs and forms an
intermediate complex with both dsDNA and ssDNA, in
which they align homologously. Therefore a three-stranded
intermediate is believed to be a kinetic transition state.[2] We
have previously reported that polycationic comb-type copoly-
mer (aPLL-g-Dex) having hydrophilic side chains promotes
and stabilizes duplex and triplex DNA formation by reducing
the counterion condensation effect accompanied by duplex or
triplex formation.[3, 4] Thermodynamic and kinetic studies
have shown that the aPLL-g-Dex copolymer increases the
equilibrium association constant of the triplex formation by
two orders of magnitude.[5] The copolymer-mediated triplex
formation is attributed kinetically to a considerable increase
in the association rate rather than a decrease in the


dissociation rate.[5] These facts suggest that the copolymer
stabilizes not only the matured triplex structure but also the
intermediate complex consisting of dsDNA and the third
DNA strand. Although the three-stranded intermediates in
the strand exchange reaction are different from that in the
Py ´ Pu:Pu or Py ´ Pu:Py motif triple-helix formation, both
intermediates must be suffering from the electrostatic obsta-
cle due to accumulation of phosphate anions. We hypothe-
sized that the polycationic copolymer could also accelerate
the strand exchange reaction between ssDNA and dsDNA
through stabilization of the strand exchange intermediates.
We have estimated the effect of aPLL-g-Dex copolymer on
the strand exchange between DNA duplex and its comple-
mentary ssDNA. It was found that the copolymer and not
polyamine (spermine) nor a cationic detergent (i.e., cetyltri-
metylammonium bromide, CTAB) significantly accelerates
strand exchange reaction. To our knowledge, it is the first
demonstration of a synthetic polymer that shows the obvious
acceleration of DNA strand exchange reaction between non-
modified DNAs.


Results and Discussion


Cationic substances investigated and the ODN sequences
used in this study are shown in Figure 1a and b.


The time course of strand exchange between fluorescein-
labeled dsDNA (F-dsDNA) and its complementary DNA at
37 8C is shown in Figure 2a, in which the slower and faster
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Fax: (�81)-45-924-5122
E-mail : amaruyam@bio.titech.ac.jp
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ODN E1: 5'-TCATAATCAGCCATACCACA-3'
ODN E2: FITC-5'-TGTGGTATGGCTGATTATGA-3'
ODN E3: 5'-TGTGGTATGGCTGATTATGA-3'
ODN E4: 5'-ATGGTGAGCAAGGGCGAGGA-3'
ODN E5: FITC-5'-TCCTCGCCCTTGCTCACCAT-3'
ODN E6: 5'-TCCTCGCCCTTGCTCACCAT-3'


b)


a)


Figure 1. a) Structural formulas of aPLL-g-Dex (1), ePLL-g-Dex (2),
spermine (3), and cetyltrimetylammonium bromide (CTAB) (4). b) ODN
sequences used in this study; the ODN sequences of the target duplexes
(E1/E2, E4/E5) are located between 1421 bp and 1440 bp, 683 bp and
702 bp of the plasmid pEGFP-N2 (Clontech Laboratories, Inc., Palo Alto),
respectively.


migration bands correspond to the original F-dsDNA and
fluorescein-labeled ssDNA (F-ssDNA) dissociated from the
dsDNA. The exchange reaction in the absence of the
copolymer hardly occurred and less than 20 % of the duplex
was replaced by unlabeled ssDNA after 6 h incubation at
37 8C. In contrast, most of the F-DNA in the duplex was
replaced within 5 min in the presence of the copolymer.


We then estimated formation of non-labeled dsDNA as
shown in Figure 3, in which the F-dsDNA was incubated with
or without ssDNA for 18 h at 37 8C in the presence or absence
of the copolymer and then analyzed by gel electrophoresis.
Ethidium bromide (Et-Br) staining of the gel clearly indicated
the formation of dsDNA without fluorescein-label (Figure 3a
versus b, lanes 5 and 6). Incubation of F-dsDNA without the
complementary DNA in the absence or presence of the
copolymer did not result in any dissociation of the F-ODN
even after 18 h at 37 8C (Figure 3a, lanes 1 and 2). Therefore,
the observed dissociation of F-ssDNA from the duplex was
due to the strand exchange reaction and not to spontaneous
dissociation of the duplex.


To assess the kinetic effect of the copolymer, the same
exchange reaction was carried out at 15 8C (Figure 2b). We
still observed the drastic effect of the copolymer. The
exchange reaction in the presence of the copolymer was
almost completed after 6 h incubation, while scarce exchange
reaction was observed in the absence of the copolymer. The
time course of strand exchange in the absence or presence of
aPLL-g-Dex copolymer at 37 8C and 15 8C is depicted in
Figure 2c, in which the degree to which exchange took place


Figure 2. Strand exchange reaction in the absence or presence of the
copolymer. The fluorescein-labeled duplex (E1/E2, 0.62 mm) was incubated
at a) 37 8C or b) 15 8C with complementary ssDNA (E3, 3.08 mm) in PBS
buffer (10 mm sodium phosphate, 0.5 mm EDTA, 150 mm NaCl, pH 7.2) in
the absence or presence of 2.2mm copolymer (polymer/DNA charge
ratio� 2) for various time periods indicated above each lane. After
incubation, the mixtures were separated on 13 % PAAm gel and photo-
graphed. c) Time course of strand exchange reaction at 37 8C (open
symbols) or 15 8C (closed symbols) in the absence (circle) or presence
(square) of the copolymer.


Figure 3. Gel electrophoresis images of reaction mixtures with a) or
without b) ethidium bromide staining (Et-Br). Reaction mixtures indicated
above the gel were incubated for 18 h at 37 8C. The mixtures were analyzed
on 13% PAAm gel, and photographed with or without Et-Br staining. F-ds,
F-ss, ds, and ss, respectively, denote FITC-labeled double, FITC-labeled
single, double-, and single-stranded oligonucleotides. Under this condition
the exchange reaction proceeded to great extent even in the absence of the
copolymer, resulting in similar gel profile to that in the presence of
copolymer (Figure 3a, lane 5 versus 6).
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was calculated in percent using following Equation (1) to take
into account the theoretical fraction of the exchanged product
under equilibrium as 100 %.


Degree of exchange (%)�F� ([D]�[S])/[S]� 100 (1)


where F, [D], and [S] are the fraction of exchanged
fluorescein-labeled DNA, the initial concentrations of fluo-
rescein-labeled duplex, and complementary ssDNA, respec-
tively. Apparent rates of the exchange reaction at 15 8C were
determined by pseudo first-order kinetic analyses (Figure 4
and Table 1). The copolymer increased the exchange rates by
more than 300-fold (E1/E2 duplex with E3) and 1400-fold
(E4/E5 duplex with E6). The accelerating efficiency of the
copolymer was then compared with that of spermine or


Figure 4. Pseudo first-order plots of strand exchange reactions, where F is
the fraction of exchanged fluorescein-labeled DNA. a) The fluorescein-
labeled duplex (E1/E2, 0.62 mm) was incubated at 15 8C with 5 molar excess
of complementary ssDNA (E3, 3.08 mm) in PBS buffer in the presence of
2.2mm PLL-g-Dex copolymer (polymer/DNA charge ratio� 2, &), 3 mm
CTAB (� /ÿ charge ratio� 2.3, ^) or in the absence of cationic substance
(*). b) Pseudo first-order plots of the strand exchange between fluorescein-
labeled duplex (E4/E5, 0.62 mm) and 10 molar excess of complementary
ssDNA (E6, 6.2 mm). Other conditions are the same as in Figure 4a.


CTAB. As summarized in Table 1, the detectable acceleration
effect on the strand exchange reaction is observed for CTAB
and not for spermine while the copolymer shows the
pronounced effect. Spermine is known to stabilize Py ´ Pu:Py
motif triplex moderately under physiological ionic environ-
ment[6] but, it scarcely accelerates the strand exchange
reaction. Similarly, CTAB which was reported to expedite
significantly the renaturation of complementary DNA strands
[7] is not effective in accelerating the strand exchange. Note


that comb-type copolymers having e-polylysine backbone
failed to accelerate the exchange reaction (Table 1). Cationic
charge densities along the polymer backbone are considered
to be a key factor in the acceleration behavior. In addition, the
accelerating effect of aPLL-g-Dex was not significantly
influenced by 10 mm MgCl2 (Table 1) which stabilizes the
dsDNA. A similar tendency was obtained when a strand
exchange study using a set of ODNs with different sequences
was examined (Table 1).


Using modified ODNs accelerated strand displacement
within dsDNA has previously been demonstrated.[8, 9] Peptide
nucleic acids (PNAs) is known to hybridize to dsDNA with a
homopyrimidine ± homopurine stretch through triple helical
intermediates.[8] Accelerated hybridization of PNA or ODNs
conjugated with a cationic peptide or protein to non-
homopyrimidine ± homopurine dsDNA within inverted repeat
and AT-rich sequences was also described.[9] In either cases,
dsDNA with the modified ODN has higher stability than the
native DNA duplex. Therefore, the exchange reaction is
partly driven by the negative change in free energy owing to
the stable duplex formation. This fact makes it difficult to
understand strand exchange mechanisms because the mod-
ification affects thermodynamics of not only the exchanged
products but also intermediate complexes. In contrast to the
above cases, unmodified ODNs are employed in this study, so
that the dsDNA product is the same after the reaction as the
parent dsDNA before the reaction. The exchange reaction
proceeded under equilibrium conditions and thereby was
accompanied by no change in free energy. Hence, stabilization
of the intermediate complexes to reduce activation energy
would be a major role of the copolymer.


The strand exchange reaction promoted by the copolymer
may be explained by two distinct reaction models that differ in
the intermediate complexes; i) spontaneous and partial
unwinding (breathing) of the parent duplex, followed by the
heteroduplex formation with third ssDNA, branch migration,
and elongation of the exchanged duplex, or ii) formation of
triple-stranded intermediates by the use of non-Watson ±
Crick interactions[2, 10] followed by dissociation of ssDNA


Table 1. The strand exchange reactions in the absence or presence of the
cationic substances.[a]


ODNs Substance Degree of
exchange [%][b]


k'[mÿ1 sÿ1] k'(rel.)


E1/E2�E3[c] none 2.8 0.14 1
1 mm spermine 5.0 n.d.[d] n.d.
10 mm spermine 3.2 n.d. n.d.
3 mm CTAB 15.2 0.96 6.7
30 mm CTAB 9.6 n.d. n.d.
14.3 mm ePLL-g-Dex[e] 10.4 n.d. n.d.
2.2 mm aPLL-g-Dex[e] 78.7 47.3 330
2.2 mm aPLL-g-Dex[e,f] 70.6 40.2 281


E4/E5�E6[g] none 4.8 0.043 1
3 mm CTAB 34.1 2.05 47.1
3.8 mm aPLL-g-Dex[e] 87.1 63.6 1460


[a] All reactions were carried out at 15 8C in 10mm sodium phosphate buffer
(pH 7.2) containing 150 mm NaCl and 0.5 mm EDTA. [b] % Exchange degree
obtained with 3 h incubation. [c] Exchange reaction of E1/E2 duplex with
5 molar excess of E3. [d] Not determined. [e] Polymer/DNA charge ratio� 2.
[f] Strand exchange reaction in the presence of 10mm MgCl2. [g] Exchange
reaction of E4/E5 duplex with 10 molar excess of E6.
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strand. The former model appeared to be reasonable for the
strand exchange between short DNAs because of frequent
breathing of the duplex ends. However, this interpretation
was challenged by the fact that the copolymer stabilizes DNA
duplex.[4] The Tm of the E1/E2 duplex was increased by 12 8C
in the presence of the copolymer (Figure 5), which implies
that the copolymer considerably reduces the spontaneous
breathing of the duplex. Alternatively, it may be possible that
the copolymer expedites the strand exchange through stabi-
lization of the triple-stranded intermediates described in the
latter model. Further studies including spectroscopic obser-
vation and strand exchange reaction using circular (or longer)
DNA are needed to identify the mechanism involved in the
copolymer-mediated strand exchange.


Figure 5. UV/Tm profile of duplex (E4 and E6) in the presence or absence
of aPLL-g-Dex copolymer. ODN E4 and E6 were dissolved in 10 mm
sodium phosphate buffer containing 150 mm NaCl (pH 7.2). The UV/Tm


curves were recorded at heating rate of 0.5 K per min with a DU-640
spectrometer (Beckman) equipped with a micro-Tm apparatus.


Spermine is known to stabilize both a DNA duplex and
triplex in solutions with low ionic strength. However, the
stabilizing efficacy of spermine is considerably reduced with
increasing ionic strength. Conversely, the copolymer with
much lower concentration than spermine maintains its strong
stabilization efficacy over the physiological ionic strength; this
indicates a considerably stronger interaction of the copolymer
with DNA due to its higher multivalency of cations. Although
there is such a strong interaction, the copolymer, unlike
cationic homopolymers including polylysine, does not induce
a change in the highly ordered structure of a DNA duplex and
triplex.[3a,d] These unique properties of the copolymer may
play an important role in the observed acceleration of the
DNA strand exchange.


Experimental Section


Oligonucleotide purification and duplex preparation : Oligodeoxynucleo-
tides (ODNs) and 5'-fluorescein-labeled ODNs (F-ODNs) were purchased
from Nippon Fluor Mills Co. (Tokyo, Japan). ODNs were purified by
reverse-phase high performance liquid chromatography (HPLC) and
analyzed by matrix-assisted laser desorption time-of-flight (MALDI-
TOF) mass spectrometry. A fluorescently labeled DNA duplex was
obtained by mixing F-ODN (E2 or E5) and its complementary ODN (E1
or E4) in equimolar amounts and annealing at 958C for 5 min, followed by
slow cooling to room temperature over 12 h. The formation of the duplex


was checked by a polyacrylamide gel (PAGE) or HPLC and isolated from
free ssDNA by HPLC if needed.


Synthesis of polycationic comb-type copolymers : Comb-type copolymers
(aPLL-g-Dex and ePLL-g-Dex) were synthesized by reductive amination
reaction of aPLL ´ HBr (Mn: 20 000, BACHEM California Inc., Torrance,
USA) or ePLL ´ HCl (Mw: 5100, Chisso Co., Tokyo Japan) with dextran
(Mn: 5900, Dextran T-10, Phamacia Biotech, Uppsala, Sweden), as
described previously.[3, 11] The resulting copolymers were isolated by
ultrafiltration to remove unreacted Dex. Finally, the copolymers were
lyophilized. 1H NMR spectroscopy and gel permeation chromatography
(GPC) were employed to characterize the resulting copolymers.


DNA strand exchange reaction : Phosphate-buffered solutions (PBS)
(5 mL) with or without a cationic reagent (either copolymer, spermine, or
CTAB) was added to PBS buffer (10 mL, 10mm sodium phosphate, 0.5 mm
EDTA, 150 mm NaCl, pH 7.2) on ice, containing dsDNA (15.4 pmol).
Strand exchange reaction was initiated by adding PBS (5 mL) with the
complementary ODN (77 pmol) which had the same sequence as the
F-ODN of the duplex. The polymer/DNA ([amino groups]copolymer/[phos-
phate groups]DNA) charge ratio was kept constant at a value of two
throughout this study. After incubation for various periods of time at 37 8C
or 15 8C, the reaction was stopped by cooling the samples on ice and
analyzed on 13% PAGE. If cationic substance was added to the reactions
during incubation, the respective buffer (5 mL) with salmon sperm DNA
(or SDS for CTAB) was also added to dissociate the cationic substance
from DNA before electrophoresis.[3b] The amount of F-ODN in each band
was quantified with Biofil Bioimage Analyser (Vilber Lourmat, France).


Acknowledgement


We thank Professor Mitsuo Sekine for valuable discussion and assistance of
MALDI-TOF mass spectrometry measurement and Dr. Andrew Cohen for
critical reading of the manuscript. This work was supported in part by
grant-in-aids (11 167 225 and 12480 260) for scientific research from
Ministry of Education, Science, Culture, and Sports of Japan. T.I. was
supported by a fellowship from the Japan Society of the Promotion of
Science and W.J.K. was supported by the Japanese Government Scholar-
ship.


[1] a) J. W. Roberts, C. W. Roberts, N. L. Craig, E. M. Phizicky, Cold
Spring Harbor Symp. Quant. Biol. 1979, 43, 917 ± 920; b) T. Shibata, C.
DasGupta, R. P. Cunningham, C. M. Radding, Proc. Natl. Acad. Sci.
USA 1979, 76, 1638 ± 1642; c) K. Mcentee, G. M. Weinstock, I. R.
Lehman, Proc. Natl. Acad. Sci. USA 1979, 76, 2615 ± 2619; d) E.
Cassuto, S. C. West, J. Mursalim, S. Conlon, P. Howard-Flanders, Proc.
Natl. Acad. Sci. USA 1980, 77, 3962 ± 3966; for review, see: e) P. R.
Bianco, R. B. Tracy, S. C. Kowalczykowski, Frontiers Biosci. 1998, 3,
570 ± 603.


[2] a) A. Stasiak, A. Z. Stasiak, T. Koller, Cold Spring Harbor Symp.
Quant. Biol. 1984, 49, 561 ± 570; b) P. Hsieh, C. S. Camerini-Otero,
R. D. Camerini-Otero, Genes Dev. 1990, 4, 1951 ± 1963; c) B. J. Rao, B.
Jwang, C. M. Radding, J. Mol. Biol. 1990, 213, 789 ± 809.


[3] a) A. Maruyama, M. Katoh, T. Ishihara, T. Akaike, Bioconjugate
Chem. 1997, 8, 3 ± 6; b) A. Ferdous, H. Watanabe, T. Akaike, A.
Maruyama, Nucleic Acids Res. 1998, 26, 3949 ± 3954; c) A. Ferdous, H.
Watanabe, T. Akaike, A. Maruyama, J. Pharm. Sci. 1998, 87, 1400 ±
1405; d) A. Maruyama, H. Watanabe, A. Ferdous, M. Katoh, T.
Ishihara, T. Akaike, Bioconjugate Chem. 1998, 9, 292 ± 299; e) A.
Ferdous, T. Akaike, A. Maruyama, Biomacromolecules 2000, 1, 186 ±
193; f) A. Ferdous, T. Akaike, A. Maruyama, Bioconjugate Chem.
2000, 11, 520 ± 526.


[4] A. Maruyama, Y. Ohnishi, H. Watanabe, H. Torigoe, A. Ferdous, T.
Akaike, Colloids Surf. 1999, B16, 273 ± 280.


[5] H. Torigoe, A. Ferdous, H. Watanabe, T. Akaike, A. Maruyama, J.
Biol. Chem. 1999, 274, 6161 ± 6167.


[6] K. J. Hampel, P. Crosson, J. S. Lee, Biochemistry 1991, 30, 4455 ± 4459.
[7] B. W. Pontius, P. Berg, Proc. Natl. Acad. Sci. USA 1991, 88, 8237 ± 8241.
[8] P. E. Nielsen, M. Egholm, R. H. Berg, O. Buchardt, Science 1991, 254,


1497 ± 1500.







FULL PAPER A. Maruyama et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0180 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 1180


[9] a) M. Iyer, J. C. Norton, D. R. Corey, J. Biol. Chem. 1995, 270, 14712 ±
14717; b) T. Ishihara, D. R. Corey, J. Am. Chem. Soc. 1999, 121, 2012 ±
2020.


[10] a) V. B. Zhurkin, G. Raghunathan, N. B. Ulyanov, R. D. Camerini-
Otero, R. L. Jernigan, J. Mol. Biol. 1994, 239, 181 ± 200; b) M. G. Kim,
V. B. Zhurkin, R. L. Jernigan, R. D. Camerini-Otero, J. Mol. Biol.
1995, 247, 874 ± 889; c) K. A. Kumar, K. Muniyappa, J. Biol. Chem.


1992, 267, 24824 ± 24 832; d) S. K. Jain, R. B. Inman, M. M. Cox, J.
Biol. Chem. 1992, 267, 4215 ± 4222; e) G. Bertucat, R. Lavery, C.
Prevost, Biophys. J. 1999, 77, 1562 ± 1576.


[11] A. Maruyama, T. Ishihara, J. S. Kim, S. W. Kim, T. Akaike, Bioconju-
gate Chem. 1997, 8, 735 ± 742.


Received: October 16, 2000 [F2803]








The Effect of pH on the Reactions of Catalytically Important
RhI Complexes in Aqueous Solution: Reaction of
[RhCl(tppms)3] and trans-[RhCl(CO)(tppms)2] with Hydrogen
(TPPMS�mono-sulfonated triphenylphosphine)


Ferenc JooÂ ,*[a, b] JoÂ zsef KovaÂcs,[b] Attila Cs. BeÂnyei,[a]


Levente NaÂdasdi,[b, c] and GaÂbor Laurenczy[c]


Abstract: Hydrolysis and hydrogena-
tion of [RhCl(tppms)3] (1) and trans-
[RhCl(CO)(tppms)2] (2) was studied in
aqueous solutions in a wide pH range
(2< pH< 11) in the presence of excess
TPPMS (3-diphenylphosphinyl-benze-
nesulfonic acid sodium salt). In acidic
solutions hydrogenation of 1 yields a
mixture of cis-mer- and cis-fac-[RhClH2-
(tppms)3] (3 a, b) while in strongly basic
solutions [RhH(H2O)(tppms)3] (4) is
obtained, the midpoint of the equilibri-
um between these hydride species being
at pH 8.2. The paper gives the first
successful 1H and 31P NMR spectroscop-
ic characterization of a water soluble


rhodium(i)-monohydride (4) bearing on-
ly monodentate phosphine ligands. Hy-
drolysis of 2 is negligible below pH 9 and
its hydrogenation results in formation of
[Rh(CO)H(tppms)3] (5), which is an
analogue to the well known and indus-
trially used hydroformylation catalyst
[Rh(CO)H(tppts)3] (6) (TPPTS�
3,3',3''-phosphinetriyltris(benzenesul-
fonic acid) trisodium salt). It was shown
by pH-potentiometric measurements


that formation of 5 is strongly pH
dependent in the pH 5 ± 9 range; this
gives an explanation for the observed
but previously unexplained pH depend-
ence of several hydroformylation reac-
tions. Conversely, the effect of pH on the
rate of hydrogenation of maleic and
fumaric acid catalyzed by 1 in the 2<
pH< 7 range can be adequately descri-
bed by considering solely the changes in
the ionization state of these substrates.
All these results warrant the use of
buffered (pH-controlled) solutions for
aqueous organometallic catalysis.


Keywords: biphasic catalysis ´ hy-
drides ´ hydroformylation ´ hydro-
genation ´ rhodium


Introduction


Catalysis by water soluble phosphine complexes in aqueous
solutions[1] and in aqueous ± organic two-phase systems[2] has
developed into a most successful way for product isolation
and catalyst recycling both on the laboratory and industrial
scale.[3±7] Of the several versions of liquid ± liquid biphasic
catalysis based on the use of immiscible organic[8] (among
them fluorous[9, 10]) or ionic[11, 12] liquids and supercriticial
fluids,[13, 14] only the Shell higher olefin process[15] (SHOP) is
currently in large scale operation while there are at least six


industrial processes using aqueous ± organic biphasic technol-
ogy.[5±7, 16, 17] Due to its elegant simplicity, the Ruhrchemie ±
RhoÃ ne Poulenc (RCH-RP) propene hydroformylation proc-
ess[6, 17] is unquestionably the benchmark and clearest example
of the operational, environmental and economical advantages
made possible by conducting a large scale reaction in an
aqueous ± organic two-phase system. The key to the success of
this process was the use of a highly hydrophylic rhodium
catalyst, [Rh(CO)H(tppts)3] (6) containing the TPPTS 7
(3,3',3''-phosphinetriyltris(benzenesulfonic acid) trisodium
salt) ligand. This important achievement triggered an im-
mense effort of research into aqueous organometallic catal-
ysis which resulted in detailed mechanistic description of
several important processes such as olefin hydroformyla-
tion,[18] hydrogenation,[19] ring opening metathesis polymer-
ization[20] or vinylic/allylic substitutions.[21]


For an excellent performance in homogeneous organic
reactions the catalysts have to be solubilized in aqueous
mixtures, which usually translates into ligand modification.
Two notable representatives of the ever-growing family of
water soluble phosphine ligands[16, 19] are the mono-sulfonated
triphenylphosphine, TPPMS, 8 (3-diphenylphosphinyl-benze-
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nesulfonic acid, sodium salt[22]) and TPPTS, 7.[3, 23] It is often
assumed that in aqueous ± organic two-phase reactions water
simply gives a liquid phase which dissolves the catalyst and
that nothing else happens. Several observations show this is
not the case.[24] For example, Delmas et al. observed that the
biphasic hydroformylation of 1-octene catalyzed by
[RhCl(cod)]2�7 (COD� 1,5-cyclooctadiene) proceeded with
a higher rate at pH 10 than at pH 7.[25] Yan et al. have
determined a maximum in the rate and selectivity of 1-hexene
hydroformylation at pH 7 using a catalyst prepared in situ
from RhCl3 and P[C6H4-4-O(CH2CH2O)6H]3.[26] A similar
rate increase with increasing pH was found by Mieczynska
et al. in hydrogenation and hydroformylation of unsaturated
alcohols catalyzed by [Rh(acac)(CO)2]�PNS (PNS�
Ph2PCH2CH2CONHC(CH3)2CH2SO3Li).[27] We suggested
earlier that in hydrogenation of [RhCl(tppms)3] (1) in water
a [RhH(tppms)3 or 4] monohydrido-species was formed instead
of [RhClH2(tppms)3] (3) as the primary product of oxidative
addition.[28a] A similar effect was invoked also in case of
hydrogenations catalyzed by [RhCl(pta)3] in aqueous solu-
tions (PTA� 1,3,5-triaza-7-phosphaadamantane).[28b, c] How-
ever, we were unsuccessful in characterizing the supposed
[RhHP3or 4] species (P� 8 or PTA) by NMR spectroscopy.
Formation of a similar rhodium(i) monohydride was proposed
by Leitner et al. in the [RhCl(tppts)3]-catalyzed hydrogena-
tion of CO2 in the presence of aminesÐagain without a direct
NMR evidence.[29] On the other hand, hydrogenation of
[RuCl2(tppms)2]2 (in the presence of excess TPPMS) at
controlled pH at several points in the 1< pH< 12 range
together with 1H and 31P NMR measurements revealed that


the midpoint of the equilibrium shown in Equation (1) was
around pH 6 and it could be easily shifted each way by the
addition of acid or base.[30] This led to very pronounced
changes in the rate and selectivity of hydrogenation of
unsaturated aldehydes[30, 31] as well as of aqueous bicarbon-
ate.[32]


[RuClH(tppms)3]�H2�TPPMS > [RuH2(tppms)4]�H��Clÿ (1)


The purpose of this paper is to describe the effects of
varying pH on the hydridorhodium(i) complexes formed
in aqueous solutions from [RhCl(tppms)3] (1) and
[RhCl(CO)(tppms)2] (2) and to relate the changes in the
reactivity of these complexes to their catalytic performance.
Compound 1 is a water soluble analogue of the Wilkinson�s
catalyst, [RhCl(PPh3)3] (9); properties of the latter in organic
solvents are known in very fine detail.[19, 33] Similarly, 2 is the
precursor of [Rh(CO)H(tppms)3] (5) analogous to the im-
portant hydroformylation catalyst [Rh(CO)H(tppts)3] (6).
Some information regarding the hydride species formed from
[RhCl(tppts)3] (10) in neutral and strongly acidic solutions is
available from the work of Larpent and Patin,[34] however,
despite several efforts rhodium(i) hydrides in basic aqueous
solutions have not been characterized before. Also, HorvaÂth
has shown that in water 6 is less prone to phosphine
dissociation than [Rh(CO)H(PPh3)3] (11) in toluene, suppos-
edly due to a network of hydrogen bonds and cation binding
between the nine sulfonate groups.[35] Such indirect effects of
the aqueous phase are outside the scope of the present study.


Results and Discussion


Reaction of 1 and molecular hydrogen : When 1 was dissolved
under argon in water with an orange color in acidic and with a
red color in basic solutions (30 8C, 0.2m KCl was used to
provide sufficient ionic strength for pH measurements) a
certain amount of H� was produced, this amount being a
function of the actual pH of the solution. Upon admission of
H2 the color of the solutions turned yellow independent of the
pH and this was accompanied by a second stage of proton
liberation. We have followed these reactions by using a pH-
potentiometric apparatus for automatic compensation of any
acidification (see Experimental Section). The actual time
course of both proton producing processes at a constant pH 10
is shown on Figure 1. The first step can be ascribed to the
hydrolysis of the complex under an argon atmosphere,
yielding [Rh(OH)(tppms)3] (12) while the second one in-
dicates a heterolytic fission of H2 with concomitant proton
formation. Hydrogenation of 1 was investigated at several
constant pH values in the 2< pH< 11 range; the results are
summarized on Figure 2. It can be seen, that hydrolysis does
not take place at all at pH 2, and its extent is less than 10 % at
pH 4 (front set of bars). Interestingly, even in strongly basic
solutions (pH 11) the amount of protons formed is only about
35 % relative to rhodium. Herrmann et al. have shown that 10
gives [Rh(OH)(tppts)3] (13) with 70 ± 90 % isolated yield
upon standing of its aqueous solution at room temperature.[36]


In our case, incomplete hydrolysis of 1 can be explained


Abstract in Hungarian: A [RhCl(tppms)3] (1) eÂs transz-
[RhCl(CO)(tppms)2] (2) komplexek hidrolíziseÂt eÂs hidrogeÂ-
nezeÂseÂt tanulmaÂnyoztuk vizes oldatban, szeÂles pH tartomaÂny-
ban (2< pH< 11), TPPMS feleslegben (TPPMS� 3-difenil-
foszfinil-benzolszulfonsav naÂtrium soÂ). Savas oldatban 1
hidrogeÂnezeÂsekor cisz-mer- eÂs cisz-fac-[RhClH2(tppms)3],
3a, b keÂpzoÂÂdik, míg eroÂÂsen luÂgos oldatban [RhH(H2O)-
(tppms)3] (4) alakul ki. E keÂt, egymaÂssal egyensuÂlyban
keÂpzoÂÂdoÂÂ komplex koncentraÂcioÂja pH 8.2 eseteÂn azonos. Dol-
gozatunkban elsoÂÂkeÂnt adjuk meg egy kizaÂroÂlag egyfoguÂ foszfin
ligandumot tartalmazoÂ monohidridoroÂdium(i) komplex 4 1H
eÂs 31P NMR jellemzoÂÂit. 2 hidrolízise pH 9 alatt elhanyagolhatoÂ
meÂrteÂkuÂÂ, hidrogeÂnezeÂse soraÂn pedig [Rh(CO)H(tppms)3] (5)
keÂpzoÂÂdik, ami a joÂl ismert [Rh(CO)H(tppts)3] (6) ipari
hidroformilezoÂÂ katalizaÂtor analoÂgja (TPPTS� 3,3',3''-fosz-
fintriil-benzolszulfonsav naÂtrium soÂ). pH-potenciometrikus
meÂreÂsekkel kimutattuk, hogy a pH 5 ± 9 tartomaÂnyban 5
keÂpzoÂÂdeÂse eroÂÂsen pH-függoÂÂ, ami magyaraÂzatot ad több
hidroformilezeÂsi folyamat koraÂbban is eÂszlelt de mindeddig
nem eÂrtelmezett pH-függeÂseÂre. Ugyanakkor, baÂr a maleinsav eÂs
fumaÂrsav 1 aÂltal katalizaÂlt hidrogeÂnezeÂseÂnek sebesseÂge a
2< pH< 7 tartomaÂnyban szinteÂn eroÂÂsen függ a pH-toÂl, ezt a
jelenseÂget kelloÂÂen eÂrtelmezhetjük kizaÂroÂlag e szubsztraÂtumok
ionizaÂcioÂs aÂllapotaÂnak megvaÂltozaÂsaÂval. Mindezen eredmeÂ-
nyek arra figyelmeztetnek, hogy a vizes közeguÂÂ feÂmorganikus
katalízisben aÂllandoÂ pH-juÂ (pufferelt) oldatokat kell hasznaÂlni.
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Figure 1. Time course of proton production upon dissolution and hydro-
genation of [RhCl(tppms)3] (1) in aqueous solution at pH 10. [1]� 1.8�
10ÿ3m, [8]� 5.4� 10ÿ3m, [KCl]� 0.2m, 0.1 MPa Ar or H2, T� 30 8C.


Figure 2. Proton production upon hydrolysis (Ar) and hydrogenation of
[RhCl(tppms)3] (1) at various constant pH in the 2< pH< 11 range. [1]�
1.8� 10ÿ3m, [8]� 5.4� 10ÿ3m, [KCl]� 0.2m, 0.1 MPa Ar or H2, T� 30 8C.


considering the presence of a 1000 times excess of Clÿ over
Rh. However, the presence of 12 in these solutions was
confirmed by 31P NMR data[37] although the spectra are not
well resolved probably due to the exchange with the excess of
8. Due to the ligand excess ([8]:[1]� 3) formation of
[Rh(OH)(tppms)2]2 need not be considered.


Replacement of the argon atmosphere by hydrogen results
in further proton production in the 4< pH< 11 range, on top
of that observed in the hydrolysis process. The middle set of
bars on Figure 2 represents this additional proton production,
while the back set shows the combined amount of protons
produced upon dissolution and hydrogenation. It should be
emphasized that 1 does react with H2 at pH 4 but this reaction
is not accompanied by proton production. On the other
extreme, a stoichiometric amount of H� is formed in the
reaction of 1 and H2 at pH 10. Based on these results
combined with spectroscopic evidence (see below), the
processes taking place in aqueous solutions of 1 under argon
and hydrogen can be represented by Equations (2) ± (5):


[RhCl(tppms)3] (1)�H2O > [Rh(OH)(tppms)3] (12)�Clÿ�H� (2)


[RhCl(tppms)3] (1)�H2 > [RhClH2(tppms)3] (3a, b) (3)


[RhClH2(tppms)3] (3a, b)�H2O >
[RhH(H2O)(tppms)3] (4)�Clÿ�H� (4)


[Rh(OH)(tppms)3] (12)�H2 > [RhH(H2O)(tppms)3] (4) (5)


Oxidative addition of H2 to 1 as in Equation (3) gives the
dihydridorhodium(iii) complex, [RhClH2(tppms)3] (3) in an
ªelectroneutralº reaction, as no ions are formed during the


reaction. One proton is produced in the hydrolysis of 1
[Eq. (2)] and in the dehydrochlorination of 3 [Eq. (4)], the
latter reaction yields the monohydridorhodium(i) species,
[RhH(H2O)(tppms)3] (4). The same monohydride is produced
in the reaction of [Rh(OH)(tppms)3] (12) with H2 [Eq. (5)];
however, this reaction is again electroneutral. For this reason
the front set of bars on Figure 2 directly gives the relative
amount of 12 at the indicated pH on the mol fraction scale,
and the back set shows the same for 4.


Reductive elimination of HCl from various transition metal
compounds is a well known process often used to obtain
highly reactive low valent complexes.[38] Compounds of the
general formula [RhClH2(PR3)3] readily undergo such dehy-
drochlorination upon addition of a base such as Et3N or alkali ;
this was frequently applied for generation of active catalysts
for ketone reduction (PR3�PPh3 and various optically active
tertiary phosphines).[39] The procedure for the preparation of
[HRh(PPh3)4] also calls for the use of KOH.[40] However, one
should consider that the reductive elimination of HCl is a
reversible process and in a one-phase procedure it is retarded
by the H� and Clÿ produced. Extraction of HCl, for example
as [Et3NH]�Clÿ into a separate aqueous phase,[41a] or using an
aqueous alkali such as 40 % w/w NaOH[41b] shifts the reaction
completely towards dehydrochlorination. Even with no added
base water as solvent facilitates processes such as in Equa-
tions (2) and (4) due to the strong solvation of ions, especially
that of H�.


Notably we have made several attempts to isolate
[HRh(tppms)4] in solid form. Both the direct synthesis[40]


and the generally applicable TPPMS/PPh3 metathesis[22, 42]


methods failed and at best yielded a mixture of rhodium
hydrides based on the several absorptions in the hydride
stretching region of the infrared spectrum. In a similar
attempt [HRh(tppts)4] could also not be prepared.[36a]


The strength of our novel potentiometric approach is its
capabilility of indicating the pH boundaries within which a
certain species exists as an appreciable or even major
component of the reaction mixture. With a few excep-
tions[30, 31] metal ion hydrolysis in homogeneous or biphasic
aqueous organometallic catalysis has been neglected so far
and the formation of hydroxo-complexes was addressed only
by preparative methods.[36] Only a few studies describe the
effect of pH variation on the kinetics of hydrogenation[28, 43, 44]


and hydroformylation[25±27] reactions. Quantitative measure-
ments of proton production (or consumption) at several
constant pH values in the widest possible pH range, as shown
above, provide important additional information on the ªpH
windowº for the formation of catalytically important com-
plexes. On the other hand these pH-static hydrogenations can
only give an estimate regarding the chemical composition of
such species, not to mention structural information.


Characterization of the hydride species at various pH values
by 1H and 31P NMR spectroscopy: When 1 and a two-fold
excess of 8 was dissolved in water containing HClO4 (0.1m)
and pressurized with 6 MPa of H2, the originally deep orange
solution turned light yellow. With multinuclear NMR spec-
troscopy under medium gas pressure we observed the
quantitative formation of two rhodium-dihydride species,
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cis-mer-[RhClH2(tppms)3] (3 a) (23%) and cis-fac-
[RhH2X(tppms)3] (3 b) (77 %, X�H2O or Clÿ) as shown in
Scheme 1.[45] Addition of three equivalents NaCl to the
reaction mixture resulted in an increase of the proportion of
the cis-mer-dihydride (up to 50 %), while a ten-fold excess of
chloride shifted significantly the equilibrium further towards
the formation of 3 a (88 %). Although solely on the basis of 1H
and 31P NMR spectra it is not possible to discriminate
between X�H2O or X�Clÿ as the ligand in axial position in
these complexes, such an effect of excess chloride suggests the
coordination of a chloride ion in 3 a, and a water molecule in
3 b. These data are in good agreement with those observed by
Larpent et al.[34] for the analogous Rh-TPPTS hydrides under
similar conditions in strongly acidic solutions.
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Scheme 1. Hydrolysis and hydrogenation equilibria in the aqueous sol-
ution of [RhCl(tppms)3] (1) under argon or hydrogen. P�TPPMS (8).


In contrast to the above findings, completely different
NMR spectra were recorded using a strongly basic (0.1m
NaOH) aqueous solution of 1, although a similar color change
to light yellow was observed upon addition of 6 MPa H2. Both
in the 1H and 31P NMR spectra only broad signals were
observed in the temperature range of 2 ± 90 8C which may be
due to fast exchange with the solvent and excess TPPMS.
However, in solutions containing 20 % v/v methanol the
signals sharpened and well resolved spectra could be ob-
tained. At pH 13.0 the only species, formed in quantitative
yield was the monohydride: [RhH(H2O)(tppms)3] (4) con-
taining the hydride, aqua, and the three phosphine ligands in a
trigonal bipyramidal geometry (Scheme 1). Oxidation of
TPPMS to phosphine oxide was always observed in strongly
basic solutions, however its extent usually did not exceed 10 %
of all phosphorus which means that there was enough free
TPPMS left if needed for a tetrakis-phosphine species.[40, 47, 48]


However, the 1H and 31P NMR spectra[46] clearly show that
such a compound is not formed; the instability of the putative
[HRh(tppms)4] complex is also indicated by the failed
attempts of its preparation and can be ascribed to the large
steric demand of the meta-sulfonated triphenylphosphine
ligand.


As mentioned earlier, the existence of a species, such as 4,
has been inferred before from various observations, however,
well resolved 1H NMR spectra of such compounds have never
been obtained.[28, 29] Thus this paper gives the first direct


evidence for the formation of rhodium(i)-monohydride in
aqueous solutions containing only monodentate phosphine
ligands. Part of the difficulties of obtaining well resolved
spectra in basic aqueous solutions is caused by a hydride
exchange with the solvent; indeed, we have observed a fast
H ± D exchange in solutions of 1 in D2O under moderate H2


pressure (2 MPa) which is markedly accelerated upon in-
creasing the pH.[49]


The acidity of hydrido transition metal complexes is an
important question of chemical bonding and homogeneous
catalysis, however, only a few acid dissociation constants
(pKa) are known for rhodium complexes in aqueous solu-
tions.[50] 3 a, b yields 4 with concomitant HCl loss, that is not in
a simple acid deprotonation process; therefore it cannot be
characterized by a single pKa . Nevertheless, our pH-potentio-
metric measurements establish that under the particular
experimental conditions used the pH at which 3 and 4 are
present in 50:50 molar ratio is equal to pH 8.2, showing the
thermodynamic acidity of 3 a,b being close that of
[Rh13(CO)24H2]3ÿ.[50]


Hydrogenation of maleic and fumaric acid as a function of pH
with 1 as a catalyst precursor : In order to study possible
effects of the change in the catalyst�s composition brought
about by changes in the pH we studied the hydrogenation of
maleic and fumaric acids in a wide pH range. Initial rates of
hydrogen uptake at 60 8C were determined by gas volumetry;
results are shown on Figures 3 and 4. The Figures also show
the molar distribution a) of the undissociated (H2A) and
deprotonated (HAÿ and A2ÿ) forms of the substrate acids as a
function of pH, calculated with acid dissociation constants
taken from the literature.[51]


Figure 3. The effect of pH on the initial rate of hydrogenation of maleic
acid (MA) catalyzed by [RhCl(tppms)3] (1) in aqueous solution. [1]� 1.0�
10ÿ3m, [MA]� 5.0� 10ÿ2m, T� 60 8C, ptotal� 0.1 MPa. The calculated
distribution (a%) of nondissociated (H2A) and dissociated (HAÿ, A2ÿ)
maleic acid is also shown.


Figure 4. The effect of pH on the initial rate of hydrogenation of fumaric
acid (FA) catalyzed by [RhCl(tppms)3] (1) in aqueous solution. [1]� 5.2�
10ÿ4m, [FA]� 5.0� 10ÿ2m, T� 60 8C, ptotal� 0.1 MPa. The calculated dis-
tribution (a %) of nondissociated (H2A) and dissociated (HAÿ, A2ÿ)
fumaric acid is also shown.
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The most striking feature of these graphs is in that while the
rate of maleic acid hydrogenation goes through a deep
minimum with increasing pH, the case of fumaric acid is just
the opposite and a sharp maximum is seen. Both extrema
coincide with the highest concentration of the HAÿ form of
the acids. It is an intriguing question why the monoanion of
maleic acid reacts sluggishly in contrast to the monoanion of
fumaric acid which was found an extremely reactive substrate;
presently we do not have the answer. However, it can be also
seen from the Figures, that most of the changes in the rate of
these hydrogenations occur below pH 6 ± 7 where the majority
of rhodium is present as dihydride 3, and that there is no
significant further change in the hydrogenation rate upon
increasing the relative amount of monohydride 4 by raising
the pH to 7 ± 10. It can be concluded therefore that in case of
these substrates the dihydride>monohydride equilibrium
has little or no influence on the overall rate of the hydro-
genation. Interestingly in line with the known higher reac-
tivity of Wilkinson�s catalyst towards cis-olefins, maleate
esters are reduced faster by 9 in organic solvents than the
corresponding fumarates.[33] This general trend is also ob-
served with 1 in strongly acidic and strongly basic aqueous
solutions, that is with the H2A and A2ÿ forms of the substrates.
In sharp contrast to this, the monoanion, HAÿ formed from
the trans-olefinic acid is reduced about seven times faster than
the corresponding cis-isomer. In this case the effect of pH can
be linked to the changes caused in the ionization state of the
substrates. This conclusion agrees with that of Andersson
et al. who studied the hydrogenation of acetamidoacrylic acid
catalyzed by a water soluble cationic bisphosphine complex,
[Rh(bdppts)(nbd)]� (BDPPTS� tetrasulfonated 1,4-bis-
(diphenylphosphinyl)butane, NBD� norbornadiene). They
have found that the reaction proceeded with the same
mechanism both in organic and aqueous solvents and the
pH effects on the rate in aqueous solution were ascribed solely
to the dissociation/protonation of the substrate.[42]


Reaction of 2 with molecular hydrogen : In striking contrast to
Vaska�s compound, trans-[IrCl(CO)(PPh3)2], the analogous
rhodium complex trans-[RhCl(CO)(PPh3)2] (14) does not
form the corresponding dihydride in benzene or toluene
solutions at 20 8C and 0.1 MPa hydrogen, although it catalyzes
slow hydrogenation of olefins and aldehydes under more
harsh conditions.[33] Compound 2,[52a,b] the water soluble
analogue of 14,[52c,d] has been known for quite some time,
although it has only now been characterized by NMR
spectroscopy; the data confirm its trans-geometry.[53] In order
to obtain detailed data on the possible effects of a base on
reactions of this carbonyl complex similar to 1, 2 was
hydrogenated in several solutions of constant pH using a
ligand excess ([8]:[2]� 3). The golden yellow solutions of 2 did
not show any change when stirred under H2 at pH 3 but
turned significantly to deeper yellow at pH 10.5 and in
sufficiently basic solutions proton production was observed
by pH potentiometry. The detailed results concerning proton
formation in these solutions are presented on Figure 5.


Two features are apparent on Figure 5 especially in
comparison with Figure 2. First, there is virtually no hydroly-
sis of 2 below pH 9 and even at pH 10 its extent is only about


Figure 5. Proton production upon hydrolysis and hydrogenation of trans-
[RhCl(CO)(tppms)2] (2) at various constant pH in the 4< pH< 10 range.
[2]� 2.4� 10ÿ3m, [8]� 7.2� 10ÿ3m, 0.1 MPa Ar or H2, T� 35 8C.


5 %. Therefore practically the total amount of proton
production can be ascribed to the formation of 5 in a direct
reaction of 2 with hydrogen. The second, even more important
observation, is in that monohydride 5 is not formed in
appreciable quantities at pH�5 but is formed in yields>90 %
at pH �9. These reactions are summarized in Scheme 2.
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Scheme 2. Hydrolysis and hydrogenation equilibria in aqueous solution of
trans-[RhCl(CO)(tppms)2] (2) under argon or hydrogen. P�TPPMS (8).


It was not possible to record useful NMR spectra of
[Rh(CO)(OH)(tppms)2] (15) due to its low solubility even in
strongly basic solutions. However, at pH 10 finely resolved
spectra were obtained for 5 which was fully characterized by
1H, 31P, and 13C NMR spectroscopy.[54] We note that 13C-
enriched 2 was not formed in measurable ratios when an
aqueous solution of 2 was placed under 13CO at room
temperatureÐobviously the exchange is very slowÐbut could
be obtained in quantitative yield in the fast reaction of 1 and
13CO in methanol. The NMR data obtained by us for 5 are
very close to the corresponding parameters[35, 36, 48, 52d] deter-
mined for 6 (or 11) and are consistent with a trigonal-
bipyramidal structure of 5 with the three TPPMS ligands in
the equatorial plane. This structural correspondence gives
further evidence to the general observation that there are only
minor differences in the chemical properties of 7 and 8 and
complexes thereof.


The observed effect of pH on the formation of 5 (together
with the similarity of complexes of 7 and 8) explains the
results of Delmas et al.[25] who found a substantial increase in
the rate of hydroformylation of 1-octene with 6 on an increase
in the pH from 7 to 10, despite proton is not involved in the
catalytic reaction. Such a rise in the pH should indeed result in
a higher concentration of 6 and consequently in that of the
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real catalytic species, [Rh(CO)H(tppts)2], formed from 6 by
phosphine dissociation. It is apparent from the NMR data that
the effects of pH on hydrogenation of 1 and 2 bear no
connection to the presence of sulfonate substituent(s) in the
ligands. Therefore it seems reasonable to assume that similar
pH effects are responsible for the rate increase in the
hydroformylation and hydrogenation experiments of Yan
et al.[26] and MieczyÂnska et al.[27] where the tertiary phosphine
ligands in the [Rh(CO)HP3] catalyst carry poly(ethene
glycol)- and alkylsulfonato-type substituents, respectively.


Conclusion


We have characterized some important protic equilibria of
water soluble hydroxo- and hydridorhodium complexes
including the first NMR characterization of a long anticipated
Rh(i)-monohydride, [RhH(H2O)(tppms)3], in basic aqueous
solution. It is shown that applying water in homogeneous or
aqueous ± organic biphasic systems for organometallic catal-
ysis can be by no means regarded as using just another inert
(innocuous) solvent. The molecular state of catalytically
important transition metal complexes may be strongly influ-
enced by the solution pH and this effect explains seemingly
unreasonable kinetic features of such important reactions as
hydrogenation and hydroformylation. A systematic study of
the effect of pH and the use of buffered aqueous solutions of
the appropriate pH in case of synthetically useful processes
may bring gratifying results and, in fact, is a must in aqueous
organometallic catalysis.


Experimental Section


All manipulations were done under an inert atmosphere (argon, N2 or H2)
using conventional Schlenk techniques.


Instrumentation : Hydrogenations at controlled pH were carried out in a
magnetically stirred, jacketed reactor equipped with a RadelkisOP-0808P
combined glass-Ag/AgCl electrode, gas inlet/outlet, a capillary inlet for
base delivery and a sampling port closed by a rubber septum.[30] If required,
an ABU91 autoburette (Radiometer) supplied 0.2m KOH into the reactor
to keep the pH constant. The autoburette was controlled by a PC used also
for data collection. The amount of H� produced in the reaction was
calculated from the known volume and exact concentration of base.
Medium pressure (p< 12 MPa) NMR measurements were carried out
using sapphire NMR tubes[55] and the 1H, 13C, and 31P NMR spectra were
collected by Bruker AC200, AM 360 and DRX400 NMR spectrometers.
1H, 13C, and 31P NMR spectra are referenced to 3-(trimethylsilyl)-1-
propanesulfonic acid sodium salt (TSPSA, Fluka), to internal or external
solvent peaks and 85% phosphoric acid, respectively. The spectra were
fitted with WINNMR, GNMR 4.0, and NMRICMA/MATLAB programs
on a PC. Infrared spectra were recorded on a PE Paragon1000 PC FTIR
spectrometer in KBr discs. For hydrogen uptake measurements a constant
pressure gas-volumetric apparatus was used temperature controlled to
�0.1 8C by a Julabo F25 ultrathermostat/circulator.


Reagents : All solvents were purified by distillation and carefully deaerated
before use. Doubly distilled water was used throughout. TPPMS (8) was
prepared by sulfonation of PPh3, and compounds 1 and 2 by phosphine
metathesis in 9 and in trans-[RhCl(CO)(PPh3)2] using tetrahydrofuran
solutions as described earlier.[22, 42] The purity of the products was routinly
checked by NMR[53] and by FTIR spectroscopy [KBr, 2 : n� 1980 cmÿ1


(C�O, vs) and absence of TPPMS oxide, n� 1120 cmÿ1 (P�O, s) in both 1
and 2]. D2O (99.9 %) was purchased from Cambridge Isotope Laboratories.
H2, N2, and Ar were acquired from Carbagas-CH or from Messer


(Hungary). Rhodium(iii) chloride was purchased from Pressure Chemicals.
Maleic and fumaric acids were supplied by Aldrich and were recrystallized
from aqueous ethanol. Other reagents (Na2HPO4, NaH2PO4, HClO4)
obtained from Fluka and Aldrich were used as received.
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Polycationic (Mixed) Core ± Shell Dendrimers for Binding and
Delivery of Inorganic/Organic Substrates
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Anne-Marie Noordman,[a] Anthony L. Spek,[b] and Gerard van Koten*[a]


Abstract: The convergent synthesis of a
series of polycationic aryl ether den-
drimers has been accomplished by a
convenient procedure involving quanti-
tative quaternarization of aryl(poly)-
amine core molecules. The series has
been expanded to the preparation of the
first polycationic, mixed core ± shell den-
drimer. All these dendrimers consist of
an apolar core with a peripheral ionic
layer which is surrounded by a less polar
layer of dendritic wedges. These cation-
ic, macromolecular species have been
investigated for their ability to form
assemblies with (anionic) guest mole-


cules. The results obtained from UV/Vis
and NMR spectroscopies, and MALDI-
TOF-MS demonstrate that all the cat-
ionic sites throughout the dendrimer
core are involved in ion pair formation
with anionic guests giving predefined
guest/host ratios up to 24. The large
NMR spectroscopic shifts of resonances
correlated with the groupings located in


the core of the dendrimers, together
with the relaxation time data indicate
that the anionic guests are associated
with the cationic core of these dendrim-
ers. The X-ray molecular structure of the
octacationic, tetra-arylsilane model de-
rivative [Si(C6H3{CH2NMe3}2-3,5)4]8� ´
8 Iÿ shows that the iodide counterions
are primarily located near the polycat-
ionic sphere. The new polycationic den-
drimers have been investigated for their
catalytic phase-transfer behavior and
substrate delivery over a nanofiltration
membrane.


Keywords: dendrimers ´ nanofiltra-
tion ´ noncovalent interactions ´
phase-transfer catalysis ´ polyca-
tions


Introduction


Dendritic polymers[1] with regular and well-defined uni-
molecular architectures currently attract much interest as
soluble supports[2] or as so-called dendritic boxes or molecular
containers.[3] The micro-environment inside these materials is
usually less densely packed compared with the sterically
congested outer shell, which enables the encapsulation of
(small) organic guests in the dendritic host. The latter offers
the possibility to convert these macromolecules into bio-
logically important delivery systems which can release organic
guest molecules by means of external stimulus, for example


irradiation or pH changes.[4] Most of the dendritic containers
reported so far use the concept of closing the dendrimer
surface in order to be able to keep the guest molecules inside
the dendrimer host. In this case, high generation dendrimer
species with sufficient loading of peripheral groups are
needed for an effective binding of guest molecules inside
their cavities. However, up to now, few reports exist on well-
defined molecular containers that exhibit flexible binding
properties specifically inside its internal cavities which do not
depend on the peripheral crowding of the system but solely on
the binding properties at the core.[5a±c]


Here, we focus on this particular aspect by using a different
approach of binding guest molecules inside dendritic host
systems. Two types of polycationic species[5d] were designed;
the first one is constructed from polyaryl(di)amine core
molecules and contains an ionic core shell and a less polar
outer shell. The second type is derived from a relatively large,
carbosilane dendritic core producing polycationic mixed
core ± shell dendrimer species with a potentially variable,
but with a distinct distance between the core of the molecule
and the ionic layer (Figure 1).


These new polycationic dendrimers can potentially be used
for the multiple incorporation of anionic guests inside their
core or cavities. Both types of cationic dendrimers should be
capable of specific binding to a number of different anionic,
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organic substrates through electrostatic forces[6] regardless of
the steric features on the surface. Moreover, this behavior is
likely to be fully reversible, which could be relevant for an
eventual reuse of the system. The application of these systems
in phase-transfer catalysis and substrate delivery over a
nanofiltration membrane is presented.


Results and Discussion


Synthesis of model species : In order to investigate whether
arylamine building blocks could be used for the construction
of larger (dendritic) macromolecules, we first carried out
quaternarization of a model tetra-arylsilane compound,
namely Si(C6H3{CH2NMe2}2-3,5)4 (abbreviated as Si(NCN)4)
(1 a)[7] with various alkyl halides. In order to be able to vary
the amount of anchoring groups and the final structure of the
polycationic products we have also prepared core molecule
1 b (Scheme 1). Core molecules 1 a and 1 b give rise to eight
and four ammonium centers, respectively, after quaternariza-
tion. Core molecule 1 b was obtained as a white solid by in situ
treatment of an excess of [LiC6H4(CH2NMe2)-4] with SiCl4 in
Et2O at ÿ788C as described earlier for 1 a.[7]


Treatment of 1 a with an excess of methyl iodide at RT in
CH2Cl2 led to the immediate precipitation of a white solid
material, which was isolated by centrifugation. 1H NMR
spectroscopic analysis performed in D2O pointed to selective
formation of the octatrimethylammonium derivative
[Si(C6H3{CH2NMe3}2-3,5)4]8� ´ 8 Iÿ (2) in nearly quantitative


Figure 1. Schematic representation of two types of polycationic macro-
molecular hosts for anionic guest molecules.
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Scheme 1. Synthesis of core molecules 1 a and b and model polycationic
species 2 ± 4.


Abstract in Dutch: Dit onderzoek beschrijft een serie poly-
kationische arylether-dendrimeren, die in kwantitatieve op-
brengst zijn verkregen door reactie van dendritische benzyl
bromides met organosilanen die vier aryl(di)amine substituen-
ten bevatten. Deze dendrimeren zijn opgebouwd uit een
polykationische kern en een polaire buitenlaag. Tevens wordt
de synthese van het eerste gemengde, polykationische dendri-
meer beschreven. Dit nieuwe type dendrimeer bestaat achter-
eenvolgens uit een [G1] carbosilaandendrimeer kern, een poly-
ionische tussenlaag en een polaire buitenlaag opgebouwd uit
[G1] FreÂchet type dendrons. De bindingscapaciteiten van deze
dendrimeren ten aanzien van anionische gast-molekulen zijn
onderzocht. Spectroscopische metingen (UV/Vis, NMR en
MALDI-TOF) wijzen erop dat alle kationische centra in de
dendrimeren beschikbaar zijn voor de vorming van ionparen.
Zo is het mogelijk om een maximum aantal van 24 anionische
gasten te binden. De grote NMR spectroscopische verschuivin-
gen gecombineerd met relaxatiemetingen van de groepen die
aanwezig zijn in de kern van de dendrimeren, duiden op een
duidelijke associatie van de anionen met de kationische centra
van de dendrimeren. De kristalstructuur van de octakationi-
sche model-verbinding [Si(C6H3{CH2NMe3}2-3,5)4]8� ´ 8 Iÿ laat
zien dat de (jodide) anionen zich voornamelijk in de buurt van
de kationische centra bevinden. De nieuwe polykationische
dendrimeren zijn gebruikt in fase-transfer katalyse en voor het
transport van organische substraten door nanofiltratiemem-
branen.
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yield. This procedure proved to be of general use and the octa-
ethyl and octa-octyl derivatives 3 and 4 were also isolated as
white solids in good yields by treatment of 1 a with ethyl
bromide and octyl iodide, respectively (Scheme 1).


Compounds 2 ± 4 are hygroscopic solids melting between
73 ± 77 8C without decomposition, unlike the polycationic
materials prepared by Stoddart et al.[8] The composition of 2 ±
4 was confirmed by NMR spectroscopy, fast atom bombard-
ment (FAB) mass spectroscopy, and elemental microanalysis.
The FAB mass spectra of 2 ± 4 showed characteristic isotopic
distributions at m/z 1801.0, 1585.1, and 2587.0, corresponding
to [2ÿ I]� , [3ÿBr]� , and [4�Hÿ I]� , respectively. Beside
these easily assignable peaks, the spectra also showed other
complicated isotope patterns that most likely resulted from
the exchange of halide anions with matrix molecules,[9a] as
well as degradation of the quaternary ammonium salts via
CÿN bond cleavage.[10]


The solubility characteristics
of these dendritic cationic de-
rivatives varied upon increasing
the length of the alkyl halide:
Octamethylated 2 is only solu-
ble in H2O and MeOH whereas
the octa-octylated derivative 4
is insoluble in water and dis-
solves readily in relatively non-
polar solvents such as CH2Cl2


and CHCl3. This effect can be
rationalized by assuming that
the aliphatic octyl chains in 4
strongly interact with each oth-
er and thus shield the hydro-
philic polycationic core, similar
to a reversed micelle. The
1H NMR spectra recorded for
4 at different concentrations
showed more than one set of
resonances for the aromatic
protons and CH2N and NMe2


groupings. Similar dependen-
cies of the NMR spectroscopic
patterns on the concentration
of dendritic ammonium salts
have been reported.[9b]


X-ray crystal structure of 2 :
Although several groups have
characterized organic mole-
cules crystallographically con-
taining triorganoammonium io-
dide moieties,[11] the structure
of 2 in the solid state is the first
example of a polyammonium
derivative containing more
than four of such groupings
within a single molecule. More-
over, this X-ray crystal struc-
ture can be regarded as a rep-
resentative model for the poly-


cationic core of the dendrimer species presented here (see
below). Crystals of 2 were obtained from a 2:1 mixture of
MeOH/EtOH at ÿ20 8C. The polycationic part of the
molecular structure of 2 is depicted in Figure 2, top and
relevant bond lengths and angles are given in Table 1.
Crystallographic data and other related details are summar-
ized in the Experimental Section.


It should be noted that the refinement of the data was
troublesome because of the large disorder of the solvent
molecules and partial disorder of the iodide anions. A first
impression of the unique solid state structure of octacationic 2
could be obtained emphasizing a fully methylated species with
eight quaternarized amine moieties forming a soft, cationic
sphere at about 5.9 � from the centroid Si center. Although
partially disordered, the larger part of the iodide anions are
primarily located near/between the cationic centers (Figure 2,


Figure 2. Top: Displacement elipsoid plot (ORTEP, 50% probability level) of the polycationic part of the
molecular structure of 2. Hydrogen atoms, iodide anions, and cocrystallized, disordered solvent molecules have
been omitted for clarity. Bottom: Space-filling model of the molecular structure of the polycationic unit of 2
together with the iodide anions.
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bottom). The presence of the relatively large iodide anions
near the cationic core could be responsible for the minor
deviations from ideal geometry found for some bond lengths
and angles (Table 1). The key point of this structure is that it
substantiates earlier implications that anions could be ac-
comodated inside dendritic structures by means of ion pair
formation,[8] though in solution this feature may not be fully
retained.


Synthesis of polycationic aryl ether dendrimers : The dendritic
molecules 5 ± 8 (Scheme 2) were constructed from the tetra-


Table 1. Selected bond lengths [�] and angles [8] for 2 with esd�s in
parentheses.


bond lengths
SiÿC11 1.896(17) SiÿC21 1.878(19)
SiÿC31 1.891(18) SiÿC41 1.854(19)
N11ÿC111 1.60(5) N12ÿC121 1.47(2)
N11ÿC112 1.42(4) N12ÿC122 1.53(2)
N11ÿC113 1.57(3) N12ÿC123 1.50(2)


bond angles
C11-Si-C21 105.7(8) C11-Si-C31 108.0(7)
C11-Si-C41 111.7(8) C21-Si-C31 116.4(8)
C21-Si-C41 108.4(8) C31-Si-C41 106.7(7)
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Scheme 2. Synthesis of the polycationic dendrimers 5 ± 8.
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arylsilane building blocks 1 a and 1 b, and FreÂchet-type
dendrons (abbreviated as [G1]-Br or [G2]-Br)[12a] under mild
reaction conditions (CH2Cl2, RT). These dendrons contain a
benzyl bromide focal point that can be used for the selective
and quantitative quaternarization of the nitrogen atoms
present in the core molecules 1 a and 1 b.[12b] This gave almost
quantitative yields (95 ± 100 %) of the functionalized macro-
molecules 5 ± 8 as white, hygro-
scopic solids. These dendrimer
species were fully characterized
by NMR spectroscopy (1H and
13C{1H}), electrospray mass
spectrometry (ES-MS), and
combustion analyses, which
confirmed in all cases the iso-
lation of a single product. The
ES-MS spectra recorded for
5 ± 8 showed, for example, the
presence of multiple cationic
fragment ions at m/z 969.3
(calcd for [5ÿ 2 Br]2� : 969.1),
1818.6 (calcd for [6ÿ 2 Br]2� :
1818.1), 1849.8 (calcd for
[7ÿ 2 Br]2� : 1849.9), and
2338.7 (calcd for [8ÿ 3 Br]3� :
2338.5), respectively.


Compounds 5 ± 8 are soluble
in solvents such as CH2Cl2 and
toluene, but are essentially in-
soluble in water. This behavior
strongly suggests that the local,
ionic environment inside these
dendrimers is well-shielded by
the outer, polyether dendrons
(cf. the position of the iodide
anions in the structure of 2).
Molecular mechanics studies[13]


performed on 7 and 8 support-
ed this assumption and showed
that these dendrimers are able
to adopt structures in which
potential guests can be embed-
ded in the internal cavities (Fig-
ure 3).


Preparation and analysis of a
mixed core ± shell dendrimer
species : Beside the preparation
of dendrimers with a central
ionic core, we have also pre-
pared a polycationic mixed
dendrimer species 9
(Scheme 3). The synthesis of 9
was realized by treatment of the
known carbosilane dendrimer
[G1]-SiMe2ÿNCN[7] with a
slight excess of a first genera-
tion FreÂchet-dendron [G1]-Br
as described for the preparation


of 5 ± 8 (see below) to give the new dendrimer species
[G1]-SiMe2ÿNCN ´ 24 [G1]-Br (9) as a white solid in quanti-
tatively yield. Dendrimer 9 consists of three distinctive layers:
a rather apolar carbosilane inner shell, a middle ionic shell,
and an less polar outer shell.


1H and 13C{1H} NMR spectroscopic analysis of this new
dendrimer showed that all the tertiary amines had successfully


Figure 3. Space-filling models of the calculated energy-minimized polycationic structures of 7 and 8.
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been quaternized with [G1]-Br FreÂchet dendrons. The 29Si{1H}
NMR spectrum recorded for 9 showed only two distinctive
broad peaks at d� 0.77 and ÿ2.07. The resonances corre-
sponding to the central silicon and those for the inner layer of
silicon nuclei, most probably coincide at d� 0.77. The increase
in broadness of the Si resonances is indicative of a decrease in
molecular motion upon introduction of [G1] dendrons. The
structure of 9 was further supported by elemental analysis and
ES-MS. The ES mass spectrum recorded for 9 displayed
distinctive peaks at m/z 3171.4 (calcd for [9ÿ 4 Br]4� : 3171.7),
2521.5 (calcd for [9ÿ 5 Br]5� : 2521.3), and 2088.0 (calcd for
[9ÿ 6 Br]6� : 2087.8).


Preparation and analysis of host ± guest systems : We decided
to investigate the exchange of the bromide anions in 5 ± 9 for
anionic organic molecules. In a model study, the CH2Cl2-
insoluble dye methyl orange (abbreviated as MO) was
selected as a diagnostic probe for spectroscopic analysis.
The set-up for the anion exchange in the various polycationic
dendrimers is outlined in Figure 4. In a two-phase layer
system (Figure 4A), stoichiometric amounts of MO were
dissolved in water (orange color) along with one of the
polycationic dendrimers 5 ± 9 in CH2Cl2 (colorless). Thorough
mixing of the two layers gave rise to almost instantaneous
decolorization of the water layer and concomitant coloriza-
tion of the organic phase; this indicated the exchange of
bromide for MO anions. These two-phase mixtures can be
stored for months without any observable colorization of the
water layer. The precise mechanism of formation of these
dye ± dendrimer assemblies is not known. It has been postu-
lated that similar phase-transfer processes are accompanied
by diffusion of water into the dendrimer core.[3h] The dye ±
dendrimer assemblies were studied by UV/Vis spectroscopy
(residual amount of MO in the water layer), 1H NMR
spectroscopy, and MALDI-TOF mass spectrometry (CH2Cl2


layer). From the spectroscopic investigations, the number of
MO molecules present in the dendrimer could be quantified
(Table 2). The spectroscopic analyses pointed to a full
exchange of bromide for MO anions and, therefore, suggest
that all ammonium cations in the dendritic hosts are available
for the formation of dye ± dendrimer assemblies. It should be
noted that the use of both a stoichiometric amount and an
excess of MO in the two-phase system (Figure 4) leads to
quantitative exchange of bromide for MO anions in the
dendrimer species 5 ± 8. Another interesting aspect is
that the number of guests could easily be regulated and
monitored. The addition of less than the stoichiometric
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1H NMR spectroscopy
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Figure 4. Set-up for the assembly of inorganic/organic anions with the
polycationic dendrimer species 5 ± 10.


amount (1 ± 3 equiv) of MO with respect to the number of
cations present in dendrimer 5, led to the assembly of one,
two, or three MO anions with the cationic dendrimer,
respectively, as was easily recognized in the 1H NMR spectra
by the increase in intensity of new resonances at d� 8.02, 7.78,
7.69, and 6.68 (all doublets, ArH) and 3.02 (singlet, NMe2


group) that were attributed to MO guest anions. The 1H NMR
spectra of these MO-containing species showed a stepwise
increase in Dd for the NMe2 groups of the cationic core unit in
5 upon binding more MO anions, which allowed the (further)
NMR spectroscopic assignment.


It should be mentioned that the assembly of MO with the
polycationic dendrimeric structures 5 ± 8 is fully reversible.
The addition of an excess of bromide anions to the water
phase completely decolorized the organic layer and, simulta-
neously, colorized the water phase. The dye anions could also
be liberated by lowering the pH of the mixture. This gave rise
to the formation of the corresponding acid of MO, which is
soluble in both the organic as well as the water phase.


The dye ± dendrimer assemblies 5 ´ 4 MO, 6 ´ 4 MO, 7 ´ 8 MO,
8 ´ 8 MO, and 9 ´ 24 MO were isolated as bright orange solids,
which are soluble in CH2Cl2, THF, and benzene similar to the
bromide-containing, polycationic dendrimers.[14] The NMR
spectra of these MO-containing species proved to be very
illustrative. The resonances assigned to the dendrimer core
were broadened, while the signal belonging to the NMe2


grouping of MO was found as a relatively sharp resonance.
Additionally, for the dendrimer core unit typical upfield shifts
were found for the NMe2 grouping, while downfield shifts
were observed for the ArH of the core unit (Table 3 and
Figure 5, Supporting Information).[15]


The line-broadening in the 1H NMR spectra of 5 ± 8 and the
corresponding MO assemblies was further qualitatively
analyzed by performing spin-lattice (T1) and spin ± spin (T2)
relaxation measurements.[16] The T1 relaxation times for
several groups (especially the ArH and NMe2 groups of the
core unit) showed a steady increase with increasing molecular
weight, that is from 5 to 6 and from 7 to 8 (see also Supporting


Table 2. The number of MO molecules incorporated into the dendrimers
5 ± 9 and 10 determined by 1H NMR and UV/Vis spectroscopy.


Dendrimer 1H NMR UV


5 4.1 4.0
6 4.0 3.5
7 8.2[a] 8.0
8 7.5[a] 8.0
9 23.7 n.d.[b]


10 4.0 n.d.[b]


[a] Integration less accurate because of line broadening. [b] Not deter-
mined.
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Figure 5. MALDI-TOF-MS spectra recorded for A) 7 ´ 8MO and B) 8 ´
8MO.


Information). On the other hand, the T2 relaxation times for
the same moieties decreased with higher molecular weights.
This has been followed by line shape analysis of the NMe2


grouping present in the cores of the molecules 5 ± 8. The
1H NMR spectra of the MO-containing dendrimer species
showed increased overlap between the resonances corre-


sponding to the NMe2 grouping of the core and the NMe2


grouping of the MO guest molecules. Nevertheless, an
increase in T1 and further decrease of T2 was clearly noted
when compared with their parent species. These data are in
line with earlier reports on relaxation time data measured for
dendrimer species.[3e, 17]


From the latter results, it seems reasonable to assume that
the MO anions are associated with the polycationic dendri-
mers. As a consequence, the dendrimer core unit will be more
shielded from the lattice (i.e. , solvent) compared with the
dendrimers 5 ± 8, giving rise to the observed higher T1 and
lower T2 relaxation times. Molecular modeling[13] has been
used to estimate the size of the FreÂchet dendrons [G1]-Br,
[G2]-Br as well as of the MO anion itself. These calculated
data showed, in the case of putative close anion ± cation
interactions, that the MO anions are partially sticking out of
the dendrimers 5 and 7, while the MO anions in 6 and 8 could
be completely shielded by the aryl ether dendrons.


MALDI-TOF-MS was carried out for 5 ´ 4 MO to further
confirm the proposed composition of the host ± guest system.
The MS-spectrum of 5 ´ 4 MO was complicated by the large
number of ion peaks. Nevertheless, all the main peaks could
be readily assigned, and characteristic peaks at m/z 2996.02
and 2692.85 were observed corresponding to the molecular
and fragment ions [M�H]� (calcd for: 2996.19) and [Mÿ
MO]� (calcd for: 2691.84), respectively. The large number of
other peaks is most probably due to in situ fragmentation
processes (e.g., loss of multiple anions and the earlier
mentioned CÿN bond cleavage) and/or exchange with matrix
anions. One of the main fragmentation patterns indicated the
loss of an NMe2 fragment that most likely originated from the
complexed MO anions. For the larger composites (involving
the dendrimers 6 ± 8), however, a clear confirmation of the
proposed structures was more difficult due to an increased
fragmentation behavior and matrix ± MO anion exchange.
Accordingly, no direct molecular ion was observed for 6 ´
4 MO. However, illustrative in this respect is the presence of
peaks at m/z 4239.3 (calcd for: 4239.4) and 4390.3 (calcd for:
4389.7), which were attributed to the fragment ions
[M�DHBÿ 2 MO]� (DHB� 3,5-dihydroxy-benzoic acid)
and [MÿMO]� , respectively. The latter indirectly pointed
to the proposed host ± guest stoichiometry. Under similar
conditions, a fragment ion at m/z 5350.5 (calcd for: 5350.8)
was observed for 7 ´ 8 MO (Figure 5A) which was ascribed to
[MÿMO]� , while in the case of 8 ´ 8 MO a peak at m/z 8746.4
(assigned to [MÿMO]�) could be clearly detected (Fig-
ure 5B).


Mode of interaction between host and guest : To confirm that
electrostatic interactions are the predominant attractive
forces in these structures, we have studied the phase transfer
of MO into CH2Cl2 by a sterically less congested model
compound 10 (Scheme 4). This model compound was pre-
pared analogously to 5 ± 9 and isolated as a white solid in
quantitative yield. Using the set-up depicted in Figure 4, this
tetracationic derivative 10 was also found to form assemblies
with MO anions. However, in contrast to the MO-assemblies
of the core ± shell dendrimeric species 5 ± 9, this particular
MO-containing compound (i.e. , 10 ´ 4 MO) is sparingly soluble


Table 3. Selected 1H NMR spectroscopic data for the core resonances of
the dendrimers 5 ± 10 and their MO-containing derivatives in CDCl3 at
RT.[a]


Compound Cationic sites ArH NMe2


Si[C6H4(CH2NMe2
�)2-4]4-core


5 4 7.77 (d) 2.98
5 ´ 4MO ±[b] 2.83
6 4 7.76 (br) 2.97
6 ´ 4MO ±[b] 2.88


Si[C6H3(CH2NMe2
�)2-3,5]4-core


7 8 8.41, 8.19 3.07
7 ´ 8MO 8.88, 8.75 2.78
8 8 8.35, 8.75 (br) 3.00
8 ´ 8MO 8.92, 8.72 (br) 2.81


[G1]ÿ[C6H3(CH2NMe2
�)2-3,5]12-core[c]


9 24 8.14 (br)[d] 3.06
9 ´ 24MO 8.10 (br)[d] 2.85


Me2Si[C6H3(CH2NMe2
�)2-3,5]2-core


10 4 8.35, 8.20 3.02
10 ´ 4MO 8.55, 8.37 2.92


[a] All chemical shifts are listed in ppm and signals are singlet resonances
unless stated otherwise. Abbreviations used: d� doublet, br�broad signal,
MO�methyl orange. [b] The ArHcore of these species are coincident with
other ArH of the dendrimer. [c] [G1]� Si[(CH2)3Si[(CH2)3ÿSiMe2ÿ]3]4 .
[d] For a possible explanation see ref. [15].
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Scheme 4. Synthesis of the less congested dendritic species 10.


in aromatic solvents. This indicates a less efficient shielding of
the ionic part by the FreÂchet dendrons in this molecule.


1H NMR spectroscopic quantification by specific signal
integration (Table 2) suggested, just as in the case of 5 and 6,
the presence of four MO anions in 10 ´ 4 MO. This provided
further evidence that the MO complexation by these cationic
dendrimers is primarily based on electrostatic interactions.
However, the possibility of p ± p stacking between the
aromatic parts in MO and the attached dendrons leading to
an even larger stabilization of the host ± guest system could
not be excluded. To investigate this in more detail, compound
4 was also used as a potential phase-transfer agent. This
derivative was also shown to be able to ªextractº MO from the
water layer and it seems therefore unlikely that p ± p


interactions play a pivotal role in the binding of MO anions
by the cationic dendrimers 5 ± 9.


Scope of the new host ± guest systems : In a subsequent study,
several other inorganic/organic substrates were tested as
possible guests for the dendritic hosts 5 ± 8 by using similar
procedures as described for the MO anion exchange proce-
dure. The sodium salt of pyrene-1-sulfonic acid (Figure 4) was
successfully extracted by the cationic dendrimer 5 from the
water phase. The presence of anionic pyrene guests in 5 was
evident from the recorded 1H NMR spectrum, in which two
distinctive doublets were found at d� 9.41 and 8.78, which
were attributed to H1 and H10 (see Figure 4). Also in this
case, signal integration pointed to a full (i.e., four pyrene
guests) loading in 5. Interestingly, this material with anionic
pyrene guest showed a much lower solubility in CH2Cl2 when
compared to 5 ´ 4 MO.


Likewise, the formation of other guest molecule assemblies
was also demonstrated by 1H NMR spectroscopy. These other
type of molecules include carboxylic acid derivatives such as
methyl red (i.e., 4-(4-dimethylamino-phenylazo)benzoic
acid), sulfates such as p-cresol sulfate, and chromate anions
(Cr2O7


2ÿ). The preliminary findings indicate that the poly-
cationic dendrimer species 5 ± 8 and 9 can bind different kinds
of anionic inorganic/organic substrates.


Applications : We have investigated the potential use of the
polycationic dendrimers 7 and 8 in phase-transfer catalysis.
For this purpose, we selected the SN2 reaction between
(excess) potassium cyanide and benzyl bromide to afford
benzyl cyanide (Scheme 5) under biphasic conditions (i.e., a
CH2Cl2/H2O system). The formation of the nitrile product was


Br CN
KCN


CH2Cl2/H2O


7 or 8


Scheme 5. SN2 reaction between benzyl bromide and KCN catalyzed by 7
and 8 in a biphasic experiment.


monitored by 1H NMR spectroscopy. Gradually a singlet
resonance at d� 3.75 appeared while the singlet resonance
corresponding to the CH2Br group of the starting material
decreased simultaneously. In the absence of 7 or 8 as a
catalyst, minor formation of benzyl cyanide was observed
after 20 h (�6 %). However, in the presence of 7 and 8
(0.01 mol % catalytic ammonium groupings) a much higher
conversion of 40 and 59 %, respectively, was noted after 20 h.
This clearly shows the suitability of these new polycationic
dendrimers as micro-reactor systems.[18]


Another interesting and rapid developing area in the field
of dendrimer chemistry is the use of membrane technology.
Membrane reactor systems in combination with catalytically
active, nanosized metallodendrimers have recently been used
to bridge the gap between homogeneous and heterogeneous
catalysis.[2d, e] These membrane experiments showed that
recycling of dendrimer catalysts is very promising. We there-
fore anticipated that the newly presented host ± guest systems,
in which MO guests are bonded through electrostatic forces,
would be retained by a suitable membrane filter.


To study this in more detail, a commercially available
dialysis membrane with a cut-off mass of 1000 g molÿ1 was
loaded with the strongly orange-colored dendrimer 7 ´ 8 MO
(MW� 5655 g molÿ1) and placed into a sealed system. After
72 h, no evidence for leaching of the dendrimer 7 ´ 8 MO into
the bulk solution (CH2Cl2) could be obtained. Addition of an
excess of [Bu4N]PF6 led to a fast colorization of the bulk
CH2Cl2 solution (<1 h) and a slow, almost complete decol-
orization of the dialysis bag. The presence of the MO anion in
the bulk solution could be confirmed by lowering the pH,
which led to a fast color change from yellow/orange to purple/
red. After repeated dialysis with [Bu4N]PF6 dissolved in
CH2Cl2, the contents of the dialysis membrane were subjected
to NMR spectroscopic analysis (1H, 19F, and 31P). The
spectroscopic data were compared with the NMR spectro-
scopic data obtained for an authentic sample of 7 ´ 8 PF6. This
comparison unambiguously revealed the presence of 7 ´ 8 PF6


in the membrane vessel after this dialysis procedure and
therefore indicated that dendrimer 7 already has an appro-
priate size for retention in a membrane system.


Conclusion


In summary, a synthetic strategy for the formation of stable
assemblies based on a range of inorganic/organic substrates







Polycationic Dendrimers 181 ± 192


Chem. Eur. J. 2001, 7, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0189 $ 17.50+.50/0 189


and novel, cationic dendritic containers is presented. These
polycationic dendrimers are quantitatively prepared with
simple building blocks. The assembly of anionic, organic
molecules with these cationic dendrimers is fully reversible
and can be regulated by addition of other anions or lowering
the pH of the medium. Moreover, the molecular containers
can be fine-tuned with respect to the amount of potential
guests by a predesign of the arylamine silane core or by
changes in stoichiometry between host and guest. These
characteristics make this type of molecular container ex-
tremely versatile for a range of applications. For example,
these polycationic polymers have a great potential as dendri-
meric microreactors while applications in controlled substrate
delivery can be foreseen. In addition, the cavities in these
dendrimers could be of great use in shape-selective (or phase-
transfer) catalysis. Further studies are being carried out to
explore the use of these polycationic dendrimers in a number
of these applications as well as a more detailed investigation
of the location of the anionic guest molecules in these
polycationic dendrimers.


Experimental Section


General : All air-sensitive manipulations were carried out in an inert
atmosphere using standard Schlenk techniques. All solvents were carefully
dried and distilled prior to use. Standard chemicals were purchased from
Acros Chimica or Aldrich and used without further purification. The
compounds 1b,[7] [G1]-Br,[12a] and [G2]-Br[12a] were prepared according to
previously reported procedures. 1H, 13C{1H}, 31P, 19F, and 29Si{1H} NMR
spectroscopic measurements were carried out on a Varian Inova/Mercury
200 or 300 MHz spectrometer at 25 8C and chemical shifts (d) are given in
ppm with TMS or H3PO4 as external standards or relatively to the residual
solvent peak. The MALDI-TOF mass spectra were acquired using a
Voyager-DE BioSpectrometry Workstation mass spectrometer (PerSeptive
Biosystems Inc., Framingham, MA, USA). ES-MS spectra were obtained
from the Analytical Chemistry department, Utrecht University. Elemental
analyses were performed by Dornis und Kolbe, Mülheim/Ruhr, Germany.


Si(CN)4 (1 b): tBuLi (15 mL, 1.5m in pentane, 22.5 mmol) was added at
ÿ78 8C to a solution of 1-bromo-4-[(dimethylamino)methyl]-benzene
(2.79 g, 13.0 mmol) dissolved in THF (40 mL). The resulting white
suspension was stirred for about 10 min and subsequently SiCl4 (0.3 mL,
2.6 mmol) was added. After the mixture reached RT, the suspension was
stirred for an additional period of 19 h. The reaction mixture was quenched
with an excess of H2O. The organic layer was seprated and the H2O layer
extracted with pentane (2� 40 mL). The solvent was removed under
reduced pressure to give a yellow viscous oil. To remove siloxane
impurities, the yellow oily product was filtered through a path of silica
with CH2Cl2/NEt3 120:1 v/v as eluent and recrystallized from pentane to
afford 1b as a white solid material (0.70 g, 1.24 mmol, 47 %). 1H NMR
(200 MHz, C6D6): d� 7.80 (d, 8H, 3J� 7.6 Hz, ArH), 7.38 (d, 8H, 3J�
7.6 Hz, ArH), 3.26 (s, 8 H, CH2N), 2.07 (s, 24H, N(CH3)2); 13C{1H} NMR
(50 MHz, C6D6): d� 141.5, 137.0, 133.6, 128.3 (ArC), 64.5 (CH2N), 46.6
(N(CH3)2); MS (MALDI-TOF, DHB): m/z : 565.8 [M�H]� ; elemental
analysis calcd (%) for C36H48N4Si (565.9): C 76.54, H 8.57, N 9.92, Si 4.67;
found: C 76.39, H 8.67, N 9.85, Si 4.85.


Preparation of model compounds : General procedure : The polycationic
compounds 2 ± 4 were prepared by mixing 1a with an excess of MeI, EtBr,
or octyliodide in CH2Cl2 and the initially clear reaction mixtures were
stirred at room temperature (<24 h). After removal of all volatiles, the
products were obtained as white solids by washing with pentane and drying
in vacuo.


Si(NCN)4 ´ 8 MeI (2): White solid (0.41 g, 85%); m.p. 73 ± 74 8C; 1H NMR
(200 MHz, D2O): d� 8.19 (s, 8H, ArH), 7.88 (s, 4H, ArH), 4.62 (s, 16H,
CH2N), 3.16 (s, 72 H, N(CH3)3); 13C{1H} NMR (75 MHz, D2O): d� 145.3,
142.4, 137.9, 131.8 (4�ArC), 71.0 (CH2N), 55.7 (N(CH3)3); MS (FAB): m/z :


1801 [Mÿ I]� ; elemental analysis calcd (%) for C56H100N8SiI8 (1928.8): C
34.87, H 5.23, N 5.81, Si 1.46; found: C 34.89, H 5.26, N 5.74, Si 1.57.


Si(NCN)4 ´ 8 EtBr (3): White solid (170 mg, >99%); m.p. 76 ± 77 8C;
1H NMR (200 MHz, D2O): d� 8.04 (s, 8H, ArH), 7.88 (s, 4 H, ArH), 4.61
(s, 16 H, ArCH2N), 3.41 (q, 16H, J� 7.0 Hz, CH2CH3), 3.03 (s, 48H,
N(CH3)2), 1.36 (t, 24H, J� 7.0 Hz, CH2CH3); 13C{1H} NMR (50 MHz,
D2O): d� 142.6, 139.5, 134.6, 128.7 (4�ArC), 66.0 (ArÿCH2N), 60.2
(CH2), 49.1 (N(CH3)2), 7.8 (CH3); MS (FAB): m/z : 1585.1 [MÿBr]� ;
elemental analysis calcd (%) for C64H116N8SiBr8 (1665.0): C 46.17, H 7.02, N
6.73, Si 1.69; found: C 46.28, H 7.08, N 6.73, Si 1.75.


Si(NCN)4 ´ 8 octyl-I (4): Off-white solid (0.20 g, 73%); m.p. 75 ± 76 8C;
1H NMR (200 MHz, CDCl3): d� 8.36 (m, 4H, ArH), 8.32 (m, 8 H, ArH),
5.11 (br s, 16 H, ArCH2N), 3.65 (m, 16H, CH2CH2N), 3.26 (br s, 48H,
N(CH3)2), 1.79 (m, 16H, CH2CH2N), 1.66 (m, 32H, -CH2-, octyl), 1.35 ± 1.25
(m, 48 H, -CH2-, octyl), 0.88 (t, 24 H, CH3, octyl); 13C{1H} NMR (50 MHz,
CDCl3): d� 142.9, 140.8, 135.6, 128.9 (4�ArC), 66.4 (ArCH2N), 65.3
(CH2CH2N), 49.8 (N(CH3)2), 31.7, 29.2, 29.1, 26.3, 22.9, 22.6 (6�CH2,
octyl), 14.1 (CH3, octyl); MS (FAB): m/z : 2587.0 [M�Hÿ I]� ; elemental
analysis calcd (%) for C112H212N8SiI8 (2714.3): C 49.56, H 7.87, N 4.13;
found: C 49.83, H 7.78, N 4.87.


Si(CN)4 ´ 4 [G1]-Br (5): A mixture of 1 b (0.18 g, 0.31 mmol) and [G1]-Br
(0.48 g, 1.25 mmol) in CH2Cl2 (25 mL) was stirred for 3 d at room
temperature under nitrogen. The slightly yellow reaction mixture was then
filtered through a path of Celite, dried over MgSO4, and concentrated in
vacuo. The product was isolated in quantitative yield as a white solid.
1H NMR (300 MHz, CDCl3): d� 7.77 (br d, 8 H, 3J� 8.4 Hz, ArH), 7.40 ±
7.10 (m, 48 H, ArH), 6.73 (br s, 8H, ArH), 6.71 (br s, 4H, ArH), 5.37 (br s,
8H, CH2N), 5.05 (br s, 8 H, OCH2), 4.80 (br s, 8 H, NCH2), 2.98 (br s, 24H,
NMe2); 13C{1H} NMR (75 MHz, CDCl3): d� 160.1, 136.8, 136.3, 135.1,
133.4, 130.0, 128.9, 128.7, 127.9, 112.6, 104.1 (ArC), 70.4 (broad, overlapping
CH2N), 67.5 (CH2O), 48.8 (N(CH3)2); MS (ES, THF): m/z : 969.3 [Mÿ
2Br]2�, 777.7 [Mÿ [G1]-Brÿ 2 Br]2�, 619.7 [Mÿ 3 Br]3�, 492.0 [Mÿ [G1]-
Brÿ 3Br]3�, 444.9 [Mÿ 4 Br]4� ; elemental analysis calcd (%) for
C120H124Br4N4O8Si ´ 8 H2O (2242.1): C 64.28, H 6.29, N 2.50; found: C
64.25, H 6.08, N 2.51.


Si(CN)4 ´ 4 [G2]-Br (6): A mixture of 1 b (79.3 mg, 0.14 mmol) and [G2]-Br
(0.44 g, 0.54 mmol) in freshly distilled CH2Cl2 (25 mL) was stirred for 24 h
at room temperature under nitrogen. The slightly yellow reaction mixture
was concentrated in vacuo, and the residue was washed with Et2O (5�
50 mL). The product was isolated as a white pellet by centrifugation,
dissolved in CH2Cl2, dried over MgSO4, filtered, and concentrated in vacuo
to give 6 as a white solid in quantitative yield. 1H NMR (300 MHz, CDCl3):
d� 7.76 (m, 8H, ArH), 7.60 ± 6.90 (br m, 96H, ArH), 6.73, 6.65, 6.62, 6.49
(br m, 36H, ArH), 5.10 ± 4.60 (br signal, 64 H, all CH2 groups), 2.97 (br s,
24H, N(CH3)2); 13C{1H} NMR (75 MHz, CDCl3): d� 160.1, 138.7, 136.7,
133.3, 129.9, 128.8 128.5, 128.0, 127.6, 112.3, 106.6, 104.0, 101.6 (ArC), 70.0
(br, overlapping CH2N), 67.5 (br, overlapping CH2O), 48.7 (br, N(CH3)2);
MS (ES, THF): m/z : 1818.6 [Mÿ 2 Br]2�, 1413.9 [Mÿ [G2]-BrÿBr]2�,
1185.5 [Mÿ 3Br]3�, 916.2 [Mÿ [G2]-Brÿ 2 Br]2�, 869.3 [Mÿ 4Br]4� ;
elemental analysis calcd (%) for C232H220Br4N4O24Si (3796.0): C 73.41, H
5.84, N 1.48, Br 8.42; found: C 73.62, H 5.91, N 1.54, Br 8.34.


Si(NCN)4 ´ 8 [G1]-Br (7): A mixture of 1a (0.10 g, 0.13 mmol) and [G1]-Br
(0.45 g, 1.40 mmol) in freshly distilled CH2Cl2 (25 mL) was stirred for 96 h
at room temperature under nitrogen. The slightly yellow reaction mixture
was concentrated in vacuo, whereupon Et2O (15 mL) was added to the
residue. The resultant mixture was stirred for 24 h, and the crude product
was isolated by centrifugation. The product was washed with Et2O (15 mL)
to remove the excess of [G1]-Br and isolated in quantitative yield after
drying in vacuo. 1H NMR (300 MHz, CDCl3): d� 8.41 (br s, 8 H, ArH), 8.19
(br s, 4H, ArH), 7.29 ± 7.15 (m, 80H, ArH), 7.00 (br s, 16 H, ArH), 6.57 (br s,
8H, ArH), 5.19 (br s, 48H, OCH2�CH2N), 4.84 (br s, 16H, NCH2), 3.07
(br s, 48H, NMe2); 13C{1H} NMR (75 MHz, CDCl3): d� 159.8, 143.3, 140.5,
136.3, 135.4, 129.3, 128.6, 128.4, 128.0, 127.7, 112.5, 104.2 (ArC), 70.2
(OCH2), 67.7, 66.0 (CH2NCH2), 48.8 (N(CH3)2); MS (ES, THF): m/z : 1849.8
[Mÿ 2Br]2�, 1206.5 [Mÿ 3Br]3�, 1078.8 [Mÿ [G1]-Brÿ 3 Br]3�, 884.8
[Mÿ 4Br]4�, 789.1 [Mÿ [G1]-Brÿ 4Br]4�, 597.6 [Mÿ 3 [G1]-Brÿ 4 Br]4� ;
elemental analysis calcd (%) for C216H228N8Br8O16Si (3859.5): C 67.22, H
5.95, N 2.90, Br 16.56; found: C 67.38, H 5.86, N 2.82, Br 16.68.


Si(NCN)4 ´ 8 [G2]-Br (8): A mixture of 1a (58 mg, 73 mol) and [G2]-Br
(0.48 g, 0.59 mmol) in freshly distilled CH2Cl2 (25 mL) was stirred for 24 h
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at room temperature under nitrogen. The slightly yellow reaction mixture
was concentrated in vacuo, and the residue was washed with Et2O (5�
50 mL). The product was isolated as a white solid by centrifugation,
dissolved in CH2Cl2, dried over MgSO4, filtered, and concentrated in vacuo
to give 8 in quantitative yield. 1H NMR (300 MHz, CDCl3): d� 8.35 (br s,
8H, ArH), 7.89 (br s, 4 H, ArH), 7.27 ± 6.98 (br m, 160 H, ArH), 6.58, 6.54,
6.41 (br overlapping signals, 72H, ArH), 4.95 ± 4.50 (m, 128 H, all CH2


groups), 3.00 (br s, 48 H, N(CH3)2); 13C{1H} NMR (75 MHz, CDCl3): d�
160.1, 159.9, 139.0, 136.8, 129.4, 128.6, 128.0, 127.8, 112.5, 106.7, 104.5, 101.6
(ArC), 70.0 (br, all CH2O), 67.6 (br, all CH2N), 48.9 (br, N(CH3)2); MS (ES,
THF): m/z : 2338.7 [Mÿ 3 Br]3� ; elemental analysis calcd (%) for
C440H420N8Br8O48Si (7255.5): C 72.84, H 5.83, N 1.54; found: C 72.68, H
5.96, N 1.53.


[G1]-SiMe2ÿNCN ´ 24[G1]-Br (9): A mixture of [G1]-SiMe2ÿNCN (0.19 g,
0.0499 mmol) and [G1]-Br (0.45 g, 1.17 mmol) in CH2Cl2 (30 mL) was
stirred for 20 h. Subsequently the solvent was removed in vacuo and the
remaining solid washed with Et2O (50 mL) to yield 9 as an off-white solid
(0.64 g, 0.0492 mmol, 99%). 1H NMR (200 MHz, CDCl3): d� 8.14 (m,
36H, ArH), 7.26 (br m, ArH), 6.90 (s, 48H, ArH), 6.60 (s, 24 H, ArH), 5.14
(br s, 48 H, CH2N), 5.00 (br s, 96H, CH2O), 4.50 (br s, 48H, NCH2), 3.06
(br s, 144 H, N(CH3)2), 1.20, 0.84, 0.49 (3�m, 96 H, SiCH2CH2CH2Si), 0.26
(br s, 72 H, Si(CH3)2); 13C{1H} NMR (75 MHz, CDCl3): d� 159.95, 149.87,
143.17, 140.90, 137.78, 136.22, 129.17, 128.52, 128.05, 127.73, 112.43, 104.05
(12�ArC), 70.21 (CH2O), 67.65, 66.99 (2�CH2N), 48.86 (N(CH3)2), 20.27,
18.65, 17.41 (SiCH2CH2CH2Si, overlapping signals), ÿ2.55 (Si(CH3)2);
29Si{1H} NMR (60 MHz, CDCl3): d� 0.77 (br signal, Sicore�Siinner), ÿ2.07
(br, SiMe2Ph); MS (ES, CH3CN): m/z : 3171.4 [Mÿ 4Br]4�, 3075.9 [Mÿ
[G1]-Brÿ 4Br]4�, 2521.5 [Mÿ 5Br]5�, 2444.9 [Mÿ [G1]-Brÿ 5 Br]5�,
2088.0 [Mÿ 6 Br]6�, 2023.93 [Mÿ [G1]-Brÿ 6 Br]6� ; elemental analysis
calcd (%) for C720H852N24Si17O48Br24 (13 006): C 66.49, H 6.60, N 2.58, Br
14.75; found: C 67.06, H 6.39, N 2.44, Br 14.28.


Me2Si(NCN)2 ´ 4 [G1]-Br (10): This compound was prepared in a similar
way as described for 5 ± 8. A mixture of Me2Si(NCN)2


[19] (0.21 g, 0.48 mmol)
and [G1]-Br (0.70 g, 1.97 mmol) in CH2Cl2 (25 mL) was stirred for 4 h. The
solvent was removed under reduced pressure and the solid residue was
washed with Et2O to give 10 as a white solid (0.75 g, 0.40 mmol, 84%).
1H NMR (200 MHz, CDCl3): d� 8.35 (s, 2H, ArH), 8.20 (s, 4 H, ArH),
7.34 ± 7.24 (m, 40 H, ArH), 6.91 (s, 6 H, ArH), 6.64 (s, 3H, ArH), 5.00 (s,
16H, CH2O), 4.77 (s, 16H, overlapping CH2N), 3.02 (s, 24 H, N(CH3)2), 0.63
(s, 6 H, Si(CH3)2); 13C{1H} NMR (50 MHz, CDCl3): d� 160.2, 141.8, 141.0,
136.5, 129.2, 128.9, 128.6, 128.4, 128.2, 127.8, 112.8, 112.5, 104.7 (ArC), 70.5
(CH2O), 67.6 (br, overlapping CH2N), 49.2 (br, NCH3)2), ÿ2.0 (br,
Si(CH3)2); elemental analysis calcd (%) for C102H120N4SiO8Br4 (1973.9): C
65.24, H 6.44, N 2.98; found: C 65.38, H 6.38, N 2.90.


Preparation and characterization of MO-dendrimer assemblies : All
solutions were prepared at room temperature in the presence of air, using
freshly distilled CH2Cl2 and de-ionized water. Two stock solutions were
prepared: A solution of one of the dendrimer species in dichloromethane
(3� 10ÿ4 ± 8�ÿ4m) and a solution of methyl orange in water. In a typical
procedure, five two-phase systems were prepared in such manner that the
ratio between bromide anions in the dendrimer and methyl orange anions
ranged from 1:4 to 5:4 (in the case of 5 and 6) or from 2:8 to 10:8 (in the
case of 7 and 8). The two-phase systems were mixed for 20 h and then the
layers were separated for analysis. The water layers were diluted to such an
extend that the ultimate amount of methyl orange still present in the water
layers could be determined with UV/Vis absorption spectroscopy using a
calibration curve derived from a series of samples with known concen-
trations of methyl orange in water. The UV/Vis experiments evidenced that
the dendrimer systems are only able to exchange either a maximum of 4 or
8 MO anions, whereas an excess of MO remains in the H2O layer of the
two-phase system. The dichloromethane layers were washed with water,
dried over Na2SO4, and concentrated in vacuo. The isolated orange solids
were analyzed with 1H NMR spectroscopy in CDCl3 and with MALDI-
TOF-MS. The peak assignments were based on the appearance of new
signals in the 1H NMR spectra, which were attributed to the presence of
MO anions and on a stepwise increase in Dd for several groups of the
dendrimers upon assembly with an increasing number of MO anions. From
the obtained data, the maximum amount of MO in the (dendrimeric)
assemblies (i.e., 5 ± 10) was calculated and these results are summarized in
Table 2 (see main text).


For 5 ´ 4MO (Mw� 2995.8): 1H NMR (300 MHz, CDCl3): d� 8.02 (d, J�
8.1 Hz, 8H, ArH(MO)), 7.78 (d, J� 9.0 Hz, 8H, ArH(MO)), 7.69 (d, J�
7.8 Hz, 8H, ArH(MO)), 7.26 ± 7.18 (m, 56H, ArH), 6.68 (d, J� 9.3 Hz, 8H,
ArH(MO)), 5.20 (br s, 8H, ArCH2), 4.90 (s, 16H, ArOCH2), 4.63 (br s, 8H,
ArCH2), 3.02 (s, 24 H, NMe2(MO)), 2.83 (br s, 24H, core NMe2); MS
(MALDI-TOF, DHB): m/z : 3298.8 [M�2DHB]� , 3147.8 [M�DHB]� ,
2996.0 [M�H]� , 2800.2 [MÿMOÿNMe2�DHB]� , 2692.9 [MÿMO]� ,
2648.7 [MÿMOÿNMe2]� , 2496.6 [Mÿ 2MOÿNMe2�DHB]� , 2345.7
[Mÿ 2MOÿNMe2]� , 2194.6 [Mÿ 3MOÿNMe2�DHB]� , 2150.6 [Mÿ
3MOÿ 2 NMe2�DHB]� .


Dendrimer 6 ´ 4 MO (Mw� 4693.8): 1H NMR (300 MHz, CDCl3, 60 8C): d�
8.02 (br d, J� 8.1 Hz, 8 H, ArH(MO)), 7.71 (br d, J� 9.0 Hz, 8 H, ArH-
(MO)), 7.65 (br d, J� 8.7 Hz, 8 H, ArH(MO)), 7.31 ± 7.19 (m, 96H, ArH),
6.71 (br s, 8H, ArH), 6.61 ± 6.58 (br, 24 H, overlapping ArH(MO), ArH),
6.46 (br s, 12H, ArH), 4.90, 4.83, 4.66 (br s, 64 H, all ArOCH2, ArCH2), 2.95
(s, 24 H, NMe2(MO)), 2.88 (br s, 24H, core NMe2); MS (MALDI-TOF,
DHB): m/z : 4239.3 [M�DHBÿ 2MO]� , 4390.3 [MÿMO]�


Dendrimer 7 ´ 8MO (Mw� 5655.1): 1H NMR (200 MHz, CDCl3): d� 8.88
(br s, 8H, ArHcore), 8.75 (br s, 4H, ArHcore), 7.89 (d, J� 8.4 Hz, 16H,
ArH(MO)), 7.79 (d, J� 8.8 Hz, 16 H, ArH(MO)), 7.69 (d, J� 8.6 Hz, 16H,
ArH(MO)), 7.18 (m, 80 H, ArH), 6.69 (d, J� 9.2 Hz, 16H, ArH(MO)), 6.67
(br s, 16 H, ArH), 6.52 (br s, 8 H, ArH), 4.80 (m, 48 H, overlapping ArCH2


and ArOCH2), 4.54 (br s, 16 H, ArCH2), 3.04 (s, 48H, NMe2(MO)), 2.78
(br s, 48H, core NMe2); MS (MALDI-TOF, DHB): m/z : 5350.5 [Mÿ
MO]� .


Dendrimer 8 ´ 8 MO (Mw� 9051.1): 1H NMR (200 MHz, CDCl3): d� 8.92
(br s, 8 H, ArHcore), 8.72 (br s, 4H, ArHcore), 7.87 (br d, J not resolved, 16H,
ArH(MO)), 7.71 (br d, J� 8.1 Hz, 16 H, ArH(MO)), 7.66 (br d, J not
resolved, 16H, ArH(MO)), 7.23 (br m, 160 H, ArH), 6.76, 6.47, 6.38 (m,
88H, ArH�ArH(MO)), 4.76, 4.70 (m, 128 H, all ArOCH2�ArCH2), 2.93
(br s, 48H, NMe2(MO)), 2.81 (br s, 48 H, core NMe2); MS (MALDI-TOF,
DHB): m/z : 8746.4 [MÿMO]� , 8443.1 [Mÿ 2MO�H]� .


Dendrimer 9 ´ 24MO (Mw� 18393): 1H NMR (200 MHz, CDCl3): d� 8.10
(m, 84 H, ArHcore), 7.92 (br d, J� 6.8 Hz, 48H, ArH(MO)), 7.73 (br d, J�
8.8 Hz, 48H, ArH(MO)), 7.65 (br d, J� 8.2 Hz, 48H, ArH(MO)), 7.18 (m,
240 H, ArH), 6.72 (br s, 48 H, ArH), 6.59 (br d, J� 8.4 Hz, 48H, ArH(MO)),
6.49 (br s, 24 H, ArH), 4.81 (m, 192 H, all ArOCH2�ArCH2), 2.95 (s, 144 H,
NMe2(MO)), 2.85 (br s, 144 H, core NMe2), 1.25 (br m, SiCH2CH2CH2Si),
0.88 (br m, SiCH2CH2CH2Si), 0.68 (br m, SiCH2CH2CH2Si), 0.26 (br s, 72H,
carbosilane dendrimer CH2); MS (MALDI-TOF, DHB): m/z : �10000 ±
15000 (broad peak).


Dendrimer 10 ´ 4MO (Mw� 2871.7): 1H NMR (200 MHz, CDCl3): d� 8.55
(s, 2H, ArHcore), 8.37 (s, 4H, ArHcore), 7.98 (d, 8 H, J� 9.2 Hz, ArH(MO)),
7.85 (d, 8 H, J� 8.6 Hz, ArH(MO)), 7.76 (d, 8 H, J� 8.0 Hz, ArH(MO)),
7.32 ± 7.25 (m, 40H, ArH), 6.75 ± 6.63 (m, 20 H, ArH�ArH(MO)), 6.64 (s,
3H, ArH), 4.95 (m, 24 H, CH2O�CH2N), 4.53 (s, 8H, CH2N), 3.09 (s, 24H,
NMe2(MO)), 2.92 (br s, 24H, core NMe2), 0.08 (s, 6H, Si(CH3)2); 13C{1H}
NMR (50 MHz, CDCl3): d� 160.19, 152.79, 147.13, 143.60, 141.26, 139.44,
136.46, 129.01, 128.71, 128.17, 127.90, 126.88, 125.57, 122.20, 112.29, 111.77,
104.75 (17 ArC), 70.37 (CH2O), 68.50 (br, overlapping CH2N), 49.08 (br,
NCH3)2), 40.61 (N(CH3)2, MO), ÿ3.23 (br, Si(CH3)2); MS (MALDI-TOF,
DHB): m/z : 2566.1 [MÿMO]� , 1958.7 [Mÿ 3MO]� .


Phase-transfer catalysis : A typical experiment is as follows: A mixture of
KCN (0.28 g, 430 m mol) in H2O (5 mL), benzyl bromide (0.19 g,
111 mmol) in CH2Cl2 (5 mL) and 8 (10.6 mg, 0.012 mmol catalytic
ammonium groups) was stirred vigorously at ambient temperature.
Samples for 1H NMR spectroscopic analysis were taken after 3 and 20 h.
Conversions were determined by signal integration and compared with the
noncatalyzed run.


Membrane experiment : A commercially available dialysis membrane with
a cut-off mass of 1000 g molÿ1 (SIGMA) was loaded with a solution of
7 ´ 8MO (7.0 mg, 1.24 mmol) in CH2Cl2 (ca. 10 mL). The contents of the
dialysis tubing were placed into a sealed system containing CH2Cl2


(300 mL) and H2O (0.5 mL). After 3 d of gently stirring and replacing
the CH2Cl2/H2O mixture twice, an excess of NBu4PF6 (4.8 g) was added to
the bulk solution. The dialysis tubing slowly started to decolorize with a
simultaneous colorization of the CH2Cl2 bulk solution. The bulk solution
was replaced two times within 3 d with a dialysis solution of NBu4PF6 (4.2 ±
4.5 g) in CH2Cl2. Then the dialysis bag was thoroughly washed with CH2Cl2


to remove excess of NBu4PF6 still present in the tubing and subsequently
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disconnected from the set-up. After isolation of the contents by extraction
with CH2Cl2 and drying in vacuo, an off-white solid was obtained which was
subjected to NMR spectroscopic analysis. The whole procedure was carried
out twice and confirmed the reproducibility of the membrane experiment.
The NMR spectroscopic data was compared with an authenthic sample of
7 ´ 8PF6, which was synthesized by a similar procedure as described for the
MO-containing dendrimers using the two-phase system depicted in Fig-
ure 4 loaded with 7 (in CH2Cl2) and an excess of sodium hexafluorophos-
phate (in H2O). Spectroscopic data for 7 ´ 8 PF6 : 1H NMR (300 MHz,
CDCl3): d� 8.01 (br s, 8 H, ArH), 7.86 (s, 4H, ArH), 7.33 ± 7.25 (br m, 40H,
ArH), 6.68 (s, 8 H, ArH), 6.47 (br s, 16 H, ArH), 5.01 (br s, 32 H, CH2O), 4.06
(br s, 16H, CH2NCH2), 3.77 (br s, 16H, CH2NCH2), 2.62 ± 2.47 (br s, 48H,
N(CH3)2); 19F NMR (282 MHz, CDCl3): d�ÿ70.30 (d, 1J(F,P)� 714 Hz);
31P NMR (81 MHz, CDCl3): d�ÿ143.14 (m, 1J(F,P)� 714 Hz).


Crystal data and data collection


Crystal data for 3 : C56H100N8SiI8�solvent; colorless block-shaped crystal
(0.40� 0.25� 0.20 mm), Mw� 1928.8 (excluding solvent), triclinic, space
group P1Å (no. 2), with a� 13.803(4), b� 15.634(2), c� 22.290(6) �, a�
98.89(2)8, b� 93.89(2)8, g� 103.16(2)8, V� 4600.7(19) �3, Z� 2, 1calcd


�1.51 gcmÿ3, m(MoKa)� 2.6 mmÿ1. X-ray data were collected on a Nonius
CAD4T diffractometer (rotating anode, MoKa radiation, T� 150 K, w scan,
qmax� 27.58). Data were corrected for absorption using psi-scan data. The
structure was solved by Direct Methods (SHELXS97) and refined on F 2


(SHELXL97). The cation could be refined with anisotropic thermal
parameters for the non-hydrogen atoms. Hydrogen atoms were taken into
account at calculated positions. Several of the iodine anions were found to
be disordered over several sites. In addition, the crystal structure contains
several solvent molecules of crystallisation. Due to their positional disorder
their nature could not be identified satisfactorly. A disorder model with
partially occupied sites was refined to take the scattering matter into
account in the structure factor calculations. Convergence was reached at
R� 0.11 for 7799 reflections with I> 2s(I) and 730 parameters (wR2�
0.36). A residual density map showed no features apart from absorption
artifacts near iodine.


Crystallographic data (excluding structure factors) for the structure of 2
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-102 002.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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Importance of Packing Coefficients of Host Cavities in the Isomerization of
Open Host Frameworks: Guest-Size-Dependent Isomerization in Cholic Acid
Inclusion Crystals with Monosubstituted Benzenes


Kazunori Nakano,[b] Kazuki Sada,*[a] Yukio Kurozumi,[a] and Mikiji Miyata*[a]


Abstract: The crystal structures of in-
clusion compounds of cholic acid (CA)
with 28 monosubstituted benzenes have
been systematically investigated. All of
the crystals belong to the monoclinic
space group P21 and have bilayer struc-
tures with one-dimensional molecular
channels that can include guest com-
pounds. They are classified into four
types of host frameworks that depend on
the conformations and stacking modes
of the host compound. The host frame-
works and the host ± guest ratios depend
primarily on the molecular volumes of


the guest compounds. The packing co-
efficient of the host cavity (PCcavity),
which is the volume ratio of the guest
compound to the host cavity, is used to
clarify the relationship between the
guest volume and isomerization of the
host frameworks. The value of PCcavity


for stable inclusion compounds lies in


the range of 55 ± 70 %. Compounds out
of this range induce isomerization of the
host frameworks. The packing coeffi-
cients of other host ± guest compounds,
in which the guest components are
included in the host cavities through
steric dimensions and van der Waals
forces, are also in this range. These
results indicate that PCcavity is a useful
parameter correlation for guest recog-
nition and isomerization of the host
frameworks.


Keywords: cholic acid ´ host ± guest
systems ´ inclusion compounds ´
molecular recognition ´ packing co-
efficients


Introduction


It is well known that steric complementation between host
cavities and guest components is required to form host ± guest
compounds as a result of a key-and-lock mechanism in
molecular recognition. In particular, the size of the included
components plays a primary role in the inclusion of guest
molecules in the open host frameworks.[1] Qualitatively, the
guest compounds that just fit into the steric dimensions of the
host cavities are included, while larger or smaller compounds
are not included. However, there have been few reports
concerned with quantitative analyses and estimations of the
size of the host cavities and the guest compounds. Recently,
Rebek, Jr. and Mecozzi[2] estimated the volumes and intro-


duced the term packing coefficients of the host cavities
(PCcavity), which is defined as the ratio between the molecular
volume of the guest component included in the host cavity
and the volume of the void in the host cavity, as the parameter
to estimate the steric fit between the host and the guest.
According to molecular mechanics calculations, a value for
PCcavity of 0.55� 0.1 gives the best binding constants for the
resulting host ± guest complexes. However, in the crystalline
state, there have been no reports that have attempted to
understand the guest inclusions by PCcavity. Only molecular
volumes have been used in discussions on the specific
reactions or guest recognitions in the solid state.[3, 4] For
example, Ohashi and co-workers revealed that photoisom-
erization of ligands in a series of cobaloxime complexes is
controlled by the molecular volumes of the reaction cavities.[3]


Gerdil used molecular volumes to rationalize optical reso-
lution and isomerization of trans-stilbene in the host frame-
works of tri-o-thymotide.[4] Therefore, investigations of
PCcavity of lattice inclusion crystals would confirm that the
size of the guest compounds plays an important role in the
formation of the inclusion crystals as well as in the guest-
dependent isomerization of the open host frameworks.


Recently, many attempts to design robust nanoporous host
frameworks in the crystalline state have been developed with
host molecules which have multiple and divergent functional
groups that use hydrogen bonding to form the connectiv-
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ities.[5] However, molecular design of the host cavities in the
crystalline state is still difficult because of the inability to
predict and control the crystal structures.[6] Moreover, isomer-
ization of the open host frameworks has been widely accepted
as a substantial property of organic host compounds. The
discovery dates back to the 1950�s, soon after the structural
confirmation of the organic clathrate compounds of tri-o-
thymotide.[7] Since then many host compounds have been
reported with open host frameworks that are dependent on
the guest sizes, shapes, and functional groups.[8±15] However,
most of the structural investigations have focused on a variety
of the host frameworks with a few guest components that have
different steric dimensions and functional groups. In order to
understand the molecular recognition of a host compound,
structural characterizations of many different open host
frameworks as well as investigations of the scope and
limitations of the guest incorporation are required. Advances
in rapid X-ray structural analyses and computer graphic
software for the visualization of crystal structures enable us
readily to investigate many crystal structures in a short period.
In this report, we describe the investigations of twenty-eight
crystal structures of cholic acid (CA) inclusion compounds


with a series of monosubstituted benzenes. To our knowledge,
this is the first attempt to understand molecular recognition of
the host compound by means of various crystal structures. CA
is a commercially available steroidal bile acid and has an
unusual facially amphiphilic molecular structure. All three
hydroxy groups are directed towards the steroidal a-face to
form a hydrophilic face and two methyl groups are directed
towards the b-face to form a lipophilic face. Recently, the
face-differentiating molecular structure has attracted much
attention as a molecular scaffold for artificial receptors or
combinatorial chemistry.[16] On the other hand, molecular
complexes with small alcohols as guests have been known
since 1885 in the crystalline state, and a crystallographic study
revealed that the guest alcohols are included in a cage-type
host cavity.[17, 18] More recently, we found that CA includes a
wide range of organic compounds, mostly with 1:1 host:guest
ratios and that they form bilayer-type structures constructed
from hydrogen bonds between the hydrophilic faces and
van der Waals associations between the lipophilic
faces.[15, 19±22] The guest compounds are entrapped by van
der Waals forces and steric complementation in a one-dimen-
sional host cavity, that is, a molecular channel in the lipophilic
layer. Further extensive studies reveal that CA has at least
nine distinguishable host frameworks depending on the guest
compounds.[15a] In the bilayer structures, four basic types of
host frameworks have been characterized on the basis of
conformational isomerization of the side chain and stacking
modes in the lipophilic layers. They contain identical host ±
host hydrogen-bond networks and the lipophilic host channels
with slightly different steric dimensions. Therefore, we believe
that CA would be a suitable host compound to investigate the
role of steric fitting between the guest components and the
host cavities for guest-dependent isomerization of the host
frameworks. Moreover, CA is commercially available and
relatively cheap, which enables us to try repeated recrystal-
lizations from various organic compounds on a large scale. In
this report, we describe systematic investigations of the host
frameworks of CA to clarify the steric factors of guest
incorporations and guest-dependent isomerization of the host
frameworks.


Results and Discussion


Formation of inclusion crystals and bilayer structures of CA:
Table 1 shows monosubstituted benzenes included by CA.
The host ± guest ratios and the crystallographic parameters
are summarized in Tables 2 and 3, respectively. Figures 2 ± 5
(see later) illustrate the crystal structures viewed down along
crystallographic b axis. A common feature found in the crystal
structures is a bilayer structure with alternate stacking of
lipophilic layers and hydrophilic layers. The facially amphi-
philic molecular structure of CA gives rise to the bilayer
structure by means of van der Waals association of the
lipophilic faces and hydrogen bonding between the hydro-
philic faces.[15a] The rigid molecular shape makes the layer
corrugated, and the offset stacking of the lipophilic faces
yields one-dimensional host channels in the lipophilic layers.


All the crystal structures, except that with 57
(C6H5CH2OH), contain identical host ± host hydrogen-bond
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networks, irrespective of the chemical properties of the
guest compounds. Figure 1a shows the hydrogen-bond
network of CA with 1 as a typical example. The cyclic
hydrogen bond network enables the arrangement of the
host molecules into a two-dimensional array. The
hydroxyl group of 57 is inserted into the cyclic host ±
host hydrogen-bond network, while the amino group of
58[20a, 21a] forms weak hydrogen bonds with the hydroxy
groups of the host molecules (Figure 1b,c). Unfortu-
nately, disorder of the guest 56 in the host cavity is so
severe that we could not investigate the orientations of
the guest component accurately. However, the hydroxyl
group of 56 probably forms a guest-to-host hydrogen
bond in a similar manner to 58.


Classification of host frameworks : The bilayer struc-
tures are robust, common structural motifs of the CA
inclusion crystals. These crystals are classified into four
subtypes based on two conformations (gauche and
trans) of the steroidal side chain, and two types of
interdigitation of the methyl groups (a and b) in the
lipophilic faces.[15a] A combination of the two factors
gives the four types; a-gauche, b-trans, b-gauche, and a-
trans, which are illustrated in Figures 2, 3, 4, and 5,
respectively.


Table 1. Monosubstituted benzenes that form inclusion compounds with
cholic acid (CA).


Com-
pound


R Com-
pound


R Com-
pound


R


1 H 21 C(�O)H 41 CH2CO2CH3


2 CH3 22 C(�O)CH3 42 CH2CO2CH2CH3


3 CH2CH3 23 C(�O)CH2CH3 43 OCOCH3


4 CH�CH2 24 C(�O)(CH2)2CH3 44 OCOCH2CH3


5 C�CH 25 C(�O)CH(CH3)2 45 CH2OCOH
6 (CH2)2CH3 26 C(�O)(CH2)3CH3 46 CH2OCOCH3


7 CH2CH�CH2 27 C(�O)(CH2)4CH3 47 CH2OCOCH2CH3


8 C(CH3)�CH2 28 C(�O)C6H5 48 CH2OCOC(CH3)�CH2


9 (CH2)3CH3 29 (CH2)2C(�O)CH3 49 CH2OCO(CH2)2CH3


10 CH2CH(CH3)2 30 CO2CH3 50 OCH3


11 (CH2)4CH3 31 CO2CH2CH3 51 OCH2CH3


12 (CH2)5CH3 32 CO2(CH2)2CH3 52 OC6H5


13 C6H11 33 CO2CH(CH3)2 53 OCH2C6H5


14 CH2C6H5 34 CO2(CH2)3CH3 54 CH2OCH3


15 F 35 CO2CH2CH(CH3)2 55 C�N
16 Cl 36 CO2C(CH3)3 56 OH
17 Br 37 CO2(CH2)4CH3 57 CH2OH
18 I 38 CO2(CH2)2CH(CH3)2 58 NH2


19 CH2Cl 39 CO2(CH2)5CH3 59 NHCH3


20 CH2Br 40 CO2C6H5 60 NHCH2CH3


61 NO2


Table 2. Host ± guest ratios, molecular volumes, and host frameworks of inclusion compounds of CA.


R Host ± Molecular Host R Host ± Molecular Host
guest guest volume framework guest guest volume framework


ratio [�3] ratio [�3]


ÿH (1) 1:1 83.4 a-gauche ÿCO2CH2CH3 (31) 2:1 149.0 a-trans
ÿF (15) 1:1 88.4 a-gauche ÿCH2CO2CH3 (41) 2:1 149.3 a-trans
ÿOH (56) 1:1 93.0 b-trans ÿCH2OCOCH3 (46) 2:1 149.5 a-trans
ÿNH2 (58) 1:1 95.8 a-gauche ÿOCOCH2CH3 (44) 2:1 149.6 a-trans
ÿCl (16) 1:1 97.5 a-gauche ÿCH2CH(CH3)2 (10) 2:1 153.2 a-trans
ÿCH3 (2) 1:1 100.8 a-gauche ÿ(CH2)3CH3 (9) 2:1 153.3 a-trans
ÿBr (17) 1:1 101.8 a-gauche ÿC(�O)(CH2)2CH3 (24) 2:1 155.9 a-trans
ÿC�N (55) 1:1 102.0 a-gauche ÿ(CH2)2C(�O)CH3 (29) 2:1 156.3 a-gauche
ÿC(�O)H (21) 1:1 104.0 a-gauche ÿC(�O)CH(CH3)2 (25) 2:1 156.3 a-trans
ÿC�CH (5) 1:1 104.9 b-gauche ÿCO2CH(CH3)2 (33) 2:1 165.7 a-gauche
ÿI (18) 1:1 107.9 a-gauche ÿOC6H5 (52) 2:1 166.0 a-gauche
ÿNO2 (61) 1:1 109.6 a-gauche ÿCH2CO2CH2CH3 (42) 2:1 166.9 a-gauche
ÿOCH3 (50) 1:1 110.4 a-gauche ÿCO2(CH2)2CH3 (32) 2:1 167.0 a-trans
ÿCH2OH (57) 1:1 110.7 a-trans ÿCH2OCOCH2CH3 (47) 2:1 167.2 a-trans
ÿCH�CH2 (4) 1:1 111.2 a-gauche ÿ(CH2)4CH3 (11) 2:1 170.6 a-gauche
ÿNHCH3 (59) 1:1 113.4 b-trans ÿC(�O)(CH2)3CH3 (26) 2:1 173.7 a-trans
ÿCH2Cl (19) 1:1 114.5 b-trans ÿCH2C6H5 (14) 2:1 173.9 a-trans
ÿCH2CH3 (3) 1:1 117.7 b-trans ÿC(�O)C6H5 (28) 2:1 176.0 a-trans
ÿCH2Br (20) 1:1 119.1 b-trans ÿC6H11 (13) 2:1 176.2 a-trans
ÿC(�O)CH3 (22) 1:1 120.9 a-gauche ÿCH2OCOC(CH3)�CH2 (48) 2:1 177.4 a-trans
ÿCH2OCH3 (54) 1:1 127.6 b-trans ÿCO2C(CH3)3 (36) 2:1 182.5 a-trans
ÿC(CH3)�CH2 (8) 1:1 127.7 a-gauche ÿOCH2C6H5 (53) 2:1 183.2 a-gauche
ÿCH2CH�CH2 (7) 1:1 127.9 b-trans ÿCO2(CH2)3CH3 (34) 2:1 184.4 a-trans
ÿOCH2CH3 (51) 1:1 128.1 b-trans ÿCO2CH2CH(CH3)2 (35) 2:1 184.4 a-gauche
ÿNHCH2CH3 (60) 1:1 130.1 b-trans ÿCH2OCO(CH2)2CH3 (49) 2:1 184.7 a-gauche
ÿOCOCH3 (43) 1:1 131.0 b-trans ÿCO2C6H5 (40) 2:1 186.4 a-gauche
ÿCO2CH3 (30) 1:1 131.5 b-trans ÿ(CH2)5CH3 (12) 2:1 188.5 a-gauche
ÿCH2OCOH (45) 1:1 131.8 b-trans ÿC(�O)(CH2)4CH3 (27) 2:1 191.4 a-trans
ÿ(CH2)2CH3 (6) 1:1 136.0 b-trans ÿCO2(CH2)4CH3 (37) 2:1 201.6 a-trans
ÿC(�O)CH2CH3 (23) 1:1 138.9 b-trans ÿCO2(CH2)2CH(CH3)2 (38) 2:1 201.9 a-trans


ÿCO2(CH2)5CH3 (39) 2:1 219.9 a-trans
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Table 3. Lattice parameters and dihedral angles for 1:1 inclusion compounds of CA.


Space group a [�] b [�] c [�] a [8] b [8] g [8] V [�3] Y [8] Reference


a-gauche
benzene (1) P21 13.63 8.04 14.08 114.3 1406 63 [19d]
fluorobenzene (15) P21 13.57 8.06 14.10 114.4 1405 62 this work
aniline (58) P21 13.80 8.07 14.09 116.0 1410 61 [20a, 21a]
chlorobenzene (16) P21 13.66 8.10 14.03 114.6 1411 60 this work
toluene (2) P21 13.74 8.04 14.01 114.1 1421 61 this work
bromobenzene (17) P21 13.69 8.10 14.01 114.6 1413 65 this work
benzonitrile (55) P21 13.64 8.16 14.03 113.9 1428 58 this work
benzaldehyde (21) P21 13.57 8.11 14.06 113.7 1417 58 this work
iodobenzene (18) P21 13.68 8.10 14.09 114.2 1423 61 this work
nitrobenzene (61) P21 13.58 8.11 14.05 113.5 1418 60 [21a]
anisole (50) P21 13.57 8.08 14.23 114.7 1417 59 this work
styrene (4) P21 13.57 8.15 14.24 114.6 1431 60 this work
acetophenone (22) P21 13.72 8.09 14.23 113.7 1447 58 [19b]
ethyl acetate P21 13.67 7.82 14.10 113.5 1382 [21b]
ethyl propionate P21 13.57 7.97 14.24 113.5 1411 [21b]
2-fluoroaniline P21 13.61 8.15 14.03 113.7 1425 [20d]
4-fluoroaniline P21 13.83 8.11 13.99 115.5 1416 [20d]
3,4-difluoroaniline P21 13.93 8.14 14.03 115.9 1430 [20d]
4-fluoroacetophenone P21 13.54 8.15 14.35 113.3 1456 [20c]
2-fluorobenzyl alcohol P21 13.42 8.51 13.98 113.2 1467 [20e]
b-trans
phenol (56) P21 12.07 7.92 16.39 111.9 1455 ÿ 163 this work
N-methylaniline (59) P21 12.00 7.96 16.22 111.6 1441 ÿ 167 this work
benzyl chloride (19) P21 12.34 7.82 16.24 111.7 1456 ÿ 174 this work
ethylbenzene (3) P21 12.41 7.83 16.28 111.8 1469 ÿ 174 this work
benzyl bromide (20) P21 12.29 7.83 16.30 111.5 1459 ÿ 169 this work
benzylmethyl ether (54) P21 12.11 7.94 16.24 109.9 1468 ÿ 169 this work
allylbenzene (7) P21 12.43 7.88 16.33 112.1 1483 ÿ 173 this work
phenetol (51) P21 12.11 7.97 16.12 108.5 1475 ÿ 171 this work
N-ethylaniline (60) P21 12.14 7.95 16.14 108.2 1481 ÿ 171 this work
phenyl acetate (43) P21 12.26 7.90 16.67 109.7 1478 ÿ 180 this work
benzyl formate (45) P21 12.09 7.96 16.21 109.7 1468 ÿ 169 this work
n-propylbenzene (6) P21 12.07 7.84 16.25 109.8 1447 ÿ 172 [19f]
n-propiophenone (23) P21 12.30 7.94 16.24 109.2 1499 ÿ 170 this work, [22a]
3-fluoroacetophenone P21 12.79 7.81 16.17 113.1 1486 [20c]
2-chloroacetophenone P21 12.58 7.98 16.05 112.2 1492 [20c]
3-methyl-N-nitrosopiperidine P21 12.35 7.68 16.36 111.1 1447 [22b]
1,5-dimethyl-N-nitrosopiperidine P21 12.75 7.88 16.36 112.0 1525 [22b]
4-fluoro-n-propiophenone P21 16.67 8.15 12.06 113.2 1506 [22a]
b-gauche
ethynylbenzene (5) P21 12.26 7.80 15.47 106.8 1417 70 this work
propyl acetate P21 16.80 7.88 12.11 118.1 1415 [21b]
isopropyl acetate P21 16.60 7.98 12.14 117.8 1423 [21b]
a-trans
benzylalcohol (57) P21 12.64 8.61 13.90 105.2 1459 ÿ 160 this work
acrylonitrile P21 12.18 7.88 14.30 104.2 1331 [15c]
methacrylonitrile P1 12.53 14.16 8.28 90.9 94.9 107.2 1396 [15d]
g-valerolactone P21 13.01 8.00 14.05 104.8 1414 [19c]
4-fluorobenzyl alcohol P21 12.63 8.61 13.81 105.2 1449 [20e]
methyl acetate P1 12.22 8.19 14.20 90.2 105.7 94.0 1364 [21b]
methyl acetate� isopropyl acetate P1 12.29 8.24 14.25 90.4 105.8 95.0 1382 [21e]
acetone�o-dichlorobenzene P1 12.47 8.25 14.21 91.1 106.3 94.4 1399 [21e]
N-nitrosopiperidine P21 13.27 7.91 13.82 106.0 1394 [22b]


Figure 1. Hydrogen-bond networks of CA with a) 1, b) 57, and c) 58. The carbon, nitrogen, and oxygen atoms are represented by open, dotted, and filled
circles, respectively.







Host-Guest Chemistry 209 ± 220


Chem. Eur. J. 2001, 7, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0213 $ 17.50+.50/0 213


a-gauche Type : This host framework (Figure 2) was found as
the first example of a channel-type crystal structure of CA
with 22 in 1988.[19b] Since this discovery, some monosubsti-
tuted benzenes, such as 1,[19d] 58,[20a, 21a] 61[21a] , and other
compounds[20b±e, 21b] have been reported to give this type. The
dihedral angles of the side chain at C(17)-C(20)-C(22)-C(23)
(y) are between 588 and 658. This conformation refers to the
gauche type. In the lipophilic layers, the methyl carbon C(18)
in the upper layer is located between the methyl carbons
C(18) and C(19) of the opposite layer. The stacking is of the a-
type. Therefore, this host arrangement is classified as a-


gauche. In addition nine compounds with the aromatic guest
compounds 2, 4, 15, 16, 17, 18, 21, 50, and 55 (reported herein)
are included in this type. The crystallographic parameters of
all of these host-guest compounds are in a narrow range:
13.565< a< 13.801 �, 8.038< b< 8.164 �, 14.011< c<
14.235 �, 113.52< b< 116.018, and 1405.4<V< 1446.7 �3.


b-trans Type : The torsion angles y are in the range from
ÿ1678 to ÿ1808. This conformation refers to the trans type
(Figure 3). In the lipophilic layers, the methyl carbon C(19) in
the upper layer is located between the methyl carbons C(18)


Figure 2. Molecular packing diagrams of a-gauche type inclusion crystals of CA with a) 1, b) 15, c) 58, d) 16, e) 2, f) 17, g) 55, h) 21, i) 18, j) 61, k) 50, l) 4, and
m) 22. The figures are viewed down along the crystallographic b axis. The carbon, nitrogen, oxygen, halide atoms are represented by open, dotted, filled, and
shadowed circles, respectively.
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and C(19) of the opposite layer. This is b-type stacking.
Sliding of the upper layer of the a-type stacking by �4.5 �
gives the b-type stacking. This host framework already has
been reported in the crystal structures of CA with other
aliphatic compounds.[20c, 22a, 22b] Thirteen aromatic compounds
(3, 6, 7, 19, 20, 23, 43, 45, 51, 54, 56, 59, and 60) are included in
this host framework. Regardless of the guest species, the
lattice parameters of the b-trans type are also within a narrow
range; 12.001< a< 12.434 �, 7.821< b< 7.965 �, 16.118<
c< 16.671 �, 108.194< b< 112.0608, and 1441.3<V<
1498.8 �3.


b-gauche Type : From our current study of aromatic guests,
only guest 5 affords the b-gauche type structure in the CA
host ± guest compound (Figure 4). The torsion angle of the
side chain is 708, which corresponds to the a-gauche type. The
interdigitation of the methyl groups in the lipophilic layer is
same as the b-trans type. This type of structure, however, is
known in the crystal structures of CA with aliphatic esters.[21b]


a-trans Type : From our current study of aromatic guests, only
guest 57 affords a 1:1 a-trans type of conformation (Figure 5).
The torsion angle isÿ1608, which corresponds to the trans type.


Figure 3. Molecular packing diagrams of b-trans type inclusion crystals of CA with a) 56, b) 59, c) 19, d) 3, e) 20, f) 54, g) 7, h) 51, i) 60, j) 43, k) 45, l) 6, and
m) 23. The figures are viewed down along the crystallographic b axis. The carbon, nitrogen, oxygen, halide atoms are represented by open, dotted, filled, and
shadowed circles, respectively.
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Figure 4. Molecular packing diagram of a b-gauche type inclusion crystal
of CA with 5. The figure is viewed down along the crystallographic b axis.
The carbon and oxygen atoms are represented by open and filled circles,
respectively.


Figure 5. Molecular packing diagram of a a-trans type inclusion crystal of
CA with 57. The figure is viewed down along the crystallographic b axis. The
carbon and oxygen atoms are represented by open and filled circles,
respectively.


The interdigitation of the methyl groups in the lipophilic side
is the a-stacking. Since the X-ray crystallographic study of the
inclusion compounds of CA with g-valerolactone,[19c] there
have also been reports that some aliphatic compounds also
afforded this host framework, which is further classified
into two crystal systems; monoclinic[15c, 20e, 22b] and triclin-
ic.[15d, 21b, 21e]


Sizes and shapes of host cavities : The crystal structures of the
host frameworks are affected by the guest compounds.
However, differences between the lattice parameters of the
a-gauche or the b-trans type are within only 3 %. This
indicates that the size and the shape of the host cavities are
essentially identical within the same host framework, regard-
less of the functional groups or the steric dimensions of the
guest components. Variations of the host channels only
originate from the four types of host architectures. Namely,
CA can provide at least four different host cavities to include
the monosubstituted benzenes by isomerization of the host
framework. Table 4 summarizes the free volumes of the host
cavities in a unit cell, calculated by Cerius2.[23] The mean
values of the host cavities in the unit cell of the a-gauche and
b-trans type are 330� 14 �3 and 392� 11 �3, respectively,
when the volumes of the host cavities were calculated by
means of a 0.7 � radius probe. The difference in volume is
62 �3, which is similar to the volume difference calculated
with a 1.0 � radius probe.[24] The free volumes of CA with 5 in
the b-gauche host framework and with 57 in the a-trans
framework are 351 �3 and 354 �3, respectively. Therefore, the
order of the volumes is as follows: a-gauche<a-trans and b-
gauche< b-trans. The b-trans-type host frameworks have the
largest host cavities of the CA host.


Figures 6 and 7 illustrate the cross-sectional views sliced
perpendicular to or parallel to the axis of the channel at the


Figure 6. Cross-sections of the host channels sliced perpendicular to the
direction of the channel; a) CA with 1 as a typical example for a-gauche
type, b) CA with 3 as b-trans type, c) CA with 5 as b-gauche type, and d) CA
with 57 as a-trans type, respectively. The guest molecules are omitted.
Carbon, hydrogen, and oxygen atoms are represented in white, gray, and
black, respectively. The bold line along X ± Y indicates the position sliced
parallel to the direction of the channel which is shown in Figure 7.


Table 4. Molecular volume, cavity volume, packing coefficient, length, and
thickness of guest molecules.


Guest Molecular Vcavity
[a] PCcavity


[b] PCcrystal
[c] l th


volume [�3] [�3] [%] [%] [�] [�]


a-gauche
ÿH (1) 83.4 298.1 56.0 71.6 7.4 3.4
ÿF (15) 88.4 319.2 55.4 71.0 7.9 3.4
ÿNH2 (58) 95.8 336.0 57.0 70.5 8.1 3.4
ÿCl (16) 97.5 327.6 58.0 72.0 8.5 3.5
ÿCH3 (2) 100.8 334.5 60.3 71.3 8.2 4.3
ÿBr (17) 101.8 318.9 63.8 72.4 8.9 3.7
ÿC�N (55) 102.0 328.4 62.1 72.8 9.2 3.4
ÿC(�O)H (21) 104.0 331.0 62.8 72.5 8.7 3.4
ÿI (18) 107.9 351.6 61.4 72.3 9.1 4.0
ÿNO2 (61) 109.6 326.4 67.2 73.9 8.7 3.4
ÿOCH3 (50) 110.4 332.0 66.5 72.6 9.5 4.3
ÿCH�CH2 (4) 111.2 345.7 64.3 71.7 9.7 3.4
ÿC(�O)CH3 (22) 120.9 344.9 70.1 73.9 9.6 4.3


b-trans
ÿOH (56) 93.1 390.0 47.7 [d] 8.0 3.4
ÿNHCH3 (59) 113.4 373.7 60.7 72.1 9.6 4.3
ÿCH2Cl (19) 114.5 370.1 61.9 71.2 9.0 5.1
ÿCH2CH3 (3) 117.7 386.1 61.0 70.8 9.5 4.9
ÿCH2Br (20) 119.1 400.4 59.5 71.6 9.2 5.3
ÿCH2OCH3 (54) 127.6 398.6 64.0 71.8 10.0 5.2
ÿCH2CH�CH2 (7) 127.9 393.9 64.9 72.4 9.5 5.8
ÿOCH2CH3 (51) 128.1 389.2 65.8 72.2 11.0 4.3
ÿNHCH2CH3 (60) 130.1 406.8 64.0 71.4 11.0 4.3
ÿOCOCH3 (43) 131.0 399.4 65.6 71.6 10.0 5.5
ÿCH2OCOH (45) 131.8 387.7 68.0 72.5 11.0 5.4
ÿ(CH2)2CH3 (6) 136.0 387.2 70.2 73.7 10.0 5.1
ÿC(�O)CH2CH3 (23) 138.9 407.5 68.2 73.5 11.0 4.3


b-gauche
ÿC�CH (5) 104.9 351.1 59.8 71.5 10.0 3.4


a-trans
ÿCH2OH (57) 110.7 354.0 62.5 70.6 8.7 5.2


[a] Vcavity is the volume of the cavity in the unit cell calculated with a 0.7 �
radius probe. [b] PCcavity is the packing coefficient of the guest components
in the host cavity: PCcavity� (molecular volume)� 2/Vcavity� 100. [c] PCcrystal


is the packing coefficient of the whole crystal. [d] PCcrystal cannot be
calculated because of the disorder.
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Figure 7. Cross-sections of the host channels sliced parallel to the direction
of the channel; a) CA with 1 as a typical example for a-gauche type, b) CA
with 3 as b-trans type, c) CA with 5 as b-gauche type, and d) CA with 57 as
a-trans type, respectively. The guest molecules are omitted. Carbon,
hydrogen, and oxygen atoms are represented in gray, white, and black,
respectively.


same positions. The perpendicular cross-sections of a-gauche,
b-trans, b-gauche, and a-trans are nearly elliptical, large
elliptical, distorted round, and round, respectively. The
parallel cross-sections permit us to clarify the difference of
the shapes between the gauche and the trans types. The host
cavities in the a- and b-gauche types have square grooves,
while those in the a- and b-trans types have triangular
grooves.


Size-dependent isomerization of host frameworks : Most of
the monosubstituted benzenes are incorporated in two
common types, a-gauche and b-trans. The size of the guest
compounds contribute to isomerization of the host frame-
work. The smaller guests in the range of 83.4 ± 127.7 �3 prefer
the a-gauche type and the larger guests in the range of 93.0 ±
138.9 �3 tend to form the b-trans type (Table 2). This is a good
agreement with the fact that the b-trans host framework has a
119 % larger cavity than the a-gauche framework. When the
molecular volumes of the guest compounds exceed the upper
limit of the b-trans type, 140 �3, the host ± guest ratios change
from 1:1 to 2:1 and simultaneously the host frameworks
isomerize from the b-trans type to the a types. As the a types
have smaller cavities than b-trans, and the number of guest
components in the unit cell is reduced. Both of the host
frameworks and the host ± guest ratios change with an
increase in guest volume in the order, a-gauche lattice at 1:1
stoichiometry<b-trans lattice at 1:1 stoichiometry<a-gauche
or a-trans lattice at 2:1 stoichiometry. This indicates that the
guest-dependent isomerization of the host frameworks as well
as the change of the host ± guest stoichiometries enable CA to
include a variety of monosubstituted benzenes.


Shape-dependent isomerization of host frameworks : The
volumes of the guest compounds play a primary role for the
isomerization of the host frameworks. Small and large guest
compounds are included in the a-gauche or the b-trans type,
respectively. However, it is possible to incorporate the
medium-size guests (93.0 ± 127.7 �3) in both of the host
lattices. In these cases, the shape of the guest compounds
determine the host frameworks. To specify the shapes, we
introduce two parameters: length of the longitudinal molec-
ular axis l, and thickness of the guest molecules, th (Figure 8).
They are estimated based on geometrical calculations from
the molecular models (Table 4).


Figure 8. Length (l) and thickness (th) of guest molecules were defined
from molecular modeling.


The guest compounds included in the a-gauche type have
l< 9.7 � and th< 4.3 �, while those in the b-trans type have
l> 9.0 � and th> 4.3 �, except for 56. This means that the
shorter and thinner molecules prefer to form the a-gauche
lattice, while longer and thicker molecules prefer the b-trans
lattice. For example, 50 and 3 have similar volumes and l on
account of the similar size of the substituent groups. However,
th of the former is smaller than that of the latter, because the
torsion angle between the terminal methyl group and the
phenyl ring in the former guests is 08, but in the latter it is 908.
The difference between the thicknesses gives the different
host frameworks. When the molecular volumes are in the
boundary between two host frameworks, the shape deter-
mines the host frameworks. Furthermore, the characteristic
shapes of 5 and 57 give an explanation of the two less common
types. The length (l� 10.0) of 5 is too large to be incorporated
in the a-gauche lattice, but the volume is too small for it to be
incorporated in the b-trans lattice. It prefers the unique cavity
of the b-gauche lattice. The center of the cavity is narrowed
because of the gauche conformation of the side chain. The
acetylene moiety just fits into the narrow corridor, as shown in
Figure 6c. For guest 57, the thickness (th� 5.2 �) is beyond
the range in the a-gauche framework (3.4 �< th< 4.3 �), and
the volume is too small for the b-gauche lattice. Therefore, the
molecular shape and the hydroxyl group of 57 contribute to
the formation of the a-trans type. Molecule 56 is an excep-
tional guest. In spite of the small volume (93.1 �3) and the
short thin molecular shape (l� 8.0 �, th� 3.4 �), it has a b-
trans type host. Unfortunately, even at low temperatures, we
could not confirm the orientation of the guest compound in
the host cavity because of the disorder of the phenyl ring,
while the host framework was found to be of the b-trans type.
The disorder can be understood by the fact that the size of the
guest molecule is too small for the host cavity. The host ± guest
hydrogen bonding between 56 and the host compound may
force the guest molecule to arrange in the specific direction in
the larger host cavity.
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Packing coefficients of host cavities : In order to understand
the size-dependent isomerization and the guest recognition of
CA, the estimations of the steric fit between the host cavities
and guest components are required. We used the packing
coefficients of the host cavities (PCcavity) as a parameter for the
steric fit of the guest component into the host cavity. This
parameter is calculated from the free volume of the host
cavities and the molecular volume of the guest compounds in
the unit cell. Table 4 summarizes the PCcavity of all the
examined inclusion crystals, together with PCcrystal , the ratios
between the volumes of the unit cell and the molecular
volumes of all components in the unit cell. PCcavity of the a-
gauche and b-trans host cavities, except for the complex with
56, is statistically distributed in the ranges 62� 5 % and 65�
3 %, respectively. The similar values found for each host
framework indicate that PCcavity is independent of the shape
and size of the host frameworks. In a series of guest
compounds included in the same host frameworks, PCcavity


tends to increase with increasing guest volume, because the
volumes of the host cavities are less sensitive than those of the
guest molecules. Guests with packing coefficients of >70 %
do not form stable inclusion crystals; they induce isomer-
ization to another host framework that has a larger host cavity
or/and reduce the host-to-guest ratios. This is because close
packing gives rise to steric repulsion between the host
molecules and the guest components and restrictions in the
freedom of motion of the guest components in the host


cavities. On the other hand, guests with packing coefficients of
<55 % also do not form the inclusion crystals and induce
isomerization to another host framework that has smaller host
cavities. Therefore, the optimal values PCcavity (55 ± 70 %)
should be required to form the stable inclusion compounds,
particularly when the guest components are entrapped in the
host cavities by the steric dimensions and van der Waals
forces. These results indicate that PCcavity is a good parameter
for the estimation of the steric fit and plays an important role
in the formation of the host ± guest compounds, the host ±
guest ratios, and the isomerization of the host frameworks.
On the other hand, guest 56, which has a hydrogen-bonding
functional group, has the lowest PCcavity (48 %). The size of the
guest components is small; however, the host framework is
the biggest. This steric misfit decreases the packing coefficient
of 56. The host ± guest hydrogen bonding would hold the guest
molecule within the relatively large host cavity. Therefore,
additional strong intermolecular interactions, such as p ± p


interactions and hydrogen bonds, between a host cavity and a
guest compound expand the range of PCcavity. Since there have
been many examples of the host ± guest compounds in
crystalline state, we performed the calculation of PCcavity of
the selected host ± guest compounds that have one-dimen-
sional host channels without any host ± guest hydrogen bonds,
as shown in Table 5. The packing coefficients of the host
cavities are in the range of those observed in the host
frameworks of CA. Larger packing coefficients are reached if


Table 5. Packing coefficients of the selected crystalline inclusion compounds.


Host Guest No. of guest Molecular Vcavity
[a] PCcavity


[b] Reference
molecules in volume [�3] [%]
the unit cell [�3]


9-(3,5-dihydroxyphenyl)anthracene methyl acetate 4 76.9 486.9 63.2 [10]
9-(3,5-dihydroxyphenyl)anthracene ethyl acetate 4 94.1 551.0 68.3 [10]
9-(3,5-dihydroxyphenyl)anthracene acetone 4 66.3 440.4 60.2 [10]
9-(3,5-dihydroxyphenyl)anthracene 2-butanone 4 83.5 505.6 66.1 [10]
9-(3,5-dihydroxyphenyl)anthracene 3-pentanone 4 100.8 612.6 65.8 [10]
9-(3,5-dihydroxyphenyl)anthracene 3-hexanone 4 119.0 684.1 69.6 [10]
9-(3,5-dihydroxyphenyl)anthracene 4-heptanone 4 136.1 742.6 73.3 [10]
9-(3,5-dihydroxyphenyl)anthracene cyclohexanone 4 106.4 605.5 70.1 [10]
9-(3,5-dihydroxyphenyl)anthracene methyl benzoate 4 131.5 668.5 78.7 [10]
9-(3,5-dihydroxyphenyl)anthracene isopropyl benzoate 4 165.7 866.7 76.5 [10]
9-(3,5-dihydroxyphenyl)anthracene isopropyl benzoate 4 165.7 898.1 73.8 [10]
9-(3,5-dihydroxyphenyl)anthracene acetophenone 4 120.9 668.7 72.3 [10]
9-(3,5-dihydroxyphenyl)anthracene benzoquinone 4 97.6 547.4 71.3 [10]
9-(3,5-dihydroxyphenyl)anthracene tetramethylbenzoquinone 4 164.7 804.6 81.9 [10]
9-(3,5-dihydroxyphenyl)anthracene nitrobenzene 12 109.6 1819.0 72.3 [10]
(guanidinium)2 azobenzene-4,4'-disulfonate 1,4-dibromobenzene 1 119.5 175.9 67.9 [14]
(guanidinium)2 azobenzene-4,4'-disulfonate 1,4-divinylbenzene 1 139.3 189.6 73.5 [14]
(guanidinium)2 4,4'-biphenyldisulfonate 1,4-dibromobenzene 4 119.5 712.4 67.1 [14]
(guanidinium)2 4,4'-biphenyldisulfonate 1,4-divinylbenzene 6 139.3 1249 66.9 [14]
(guanidinium)2 4,4'-biphenyldisulfonate nitrobenzene 8 109.6 1203 72.9 [14]
(guanidinium)2 4,4'-biphenyldisulfonate 1-nitronaphthalene 4 153.0 717.3 85.3 [14]
(guanidinium)2 4,4'-biphenyldisulfonate naphthalene 1 127.0 149.5 84.9 [14]
1,1',6,6',7,7'-hexahydroxy-3,3'-dimethyl-5,5'- acetone 2 66.3 226.3 58.6 [12]
diisopropyl-(2,2'-binaphthalene)-8,8'-dicarboxaldehyde
1,1',6,6',7,7'-hexahydroxy-3,3'-dimethyl-5,5'-x 1-butanal 2 84.1 224.5 74.9 [12]
diisopropyl-(2,2'-binaphthalene)-8,8'-dicarboxaldehyde
1,1'-binaphthyl-2,2'-dicarboxylic acid bromobenzene 2 101.8 314.0 64.8 [13b]
1,1'-binaphthyl-2,2'-dicarboxylic acid o-xylene 4 117.6 704.3 66.8 [13a]
1,1'-binaphthyl-2,2'-dicarboxylic acid m-xylene 2 117.8 353.6 66.6 [13a]
1,1'-binaphthyl-2,2'-dicarboxylic acid p-xylene 2 117.5 340.4 69.0 [13a]


[a] Vcavity is the volume of the cavity in the unit cell calculated with a 0.7 � radius probe. [b] PCcavity� (molecular volume)� (number of guest molecule in unit
cell)/Vcavity� 100.
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the compounds are stabilized by p ± p interactions. Unfortu-
nately, the upper and lower limits of PCcavity are not clear
because of a lack of systematic structural investigation of each
host framework. However, these results indicate that the
appropriate PCcavity (55 ± 70 %) should be required to form the
stable inclusion compounds. These facts suggest that the
optimal PCcavity is independent of both the host compounds
and the host frameworks. Upper and lower limits of the
PCcavity are affected by the interactions between host cavities
and guest components.


The behavior of the packing coefficients with respect to the
formation of the inclusion crystals is quite similar to those of
the tennis-ball-type host compounds in solution.[16] Suitable
packing coefficients of the host cavities are required to form
stable complexes. Comparison of the absolute value of PCcavity


between them may have no sense because an accurate
estimation of the host cavities has been never achieved in
the solid state nor in solution. However, the range of packing
coefficients in the inclusion cavities is smaller than those of
organic crystals (66 ± 77 %)[6] or protein cores,[25] and slightly
larger than those of the calculated results of the encapsulated
complexes in the solution (46 ± 64 %) or the liquid state (44 ±
56 %) (Figure 9).[2] This indicates that guest molecules in the
host cavities of lattice inclusion compounds have an inter-
mediate mobility and anisotropy, which corresponds to
dynamic properties and selective reactions of guest compo-
nents in the host cavities.


Figure 9. Packing coefficients in various states: organic crystals,[6] protein
cores,[25] inclusion crystals, encapsulated hosts,[2] and liquid state.[2]


Conclusions


We have described the systematic structural investigations of
inclusion compounds of CA with a series of monosubstituted
benzenes. The four host frameworks are acquired by a change
in the conformation of the side chain and the type of
interdigitation between the methyl groups. Each host frame-
work can include a limited range of guest compounds.
Moreover, formation of the host ± guest compounds, host ±
guest ratios, and the structures of the host frameworks depend
mainly on the volumes of the guest components. This indicates
that the spatial fit between the guest components and the host
cavities plays a primary role for guest inclusion in the
crystalline state, and that the guest compounds act as
templates for the host frameworks. In order to clarify the
role of the guest volume to enclathration in the crystalline


state more precisely, we calculated the packing coefficients of
the host cavities of inclusion crystals of CA as well as other
known host compounds. This is the first application of PCcavity


for the correlation of guest recognition in lattice inclusion
compounds. The values of PCcavity are statistically distributed
in the range of 55 ± 70 %, when the guest components are
included in the host cavities by van der Waals interactions and
steric complementation. The optimal PCcavity should be
required to form the stable inclusion crystals, because
compounds out of this range give rise to isomerization or
collapse of the host frameworks. Moreover, we found that
PCcavity is not dependent on the host compounds and the host
frameworks. Calculations of the PCcavity of the guest candi-
dates help to predict the boundary of isomerization of the host
framework and the host ± guest ratio. Guest candidates should
be carefully designed to have the appropriate packing
coefficients in order to construct the expected host frame-
works. On the other hand, the importance of the guest
components in the construction of the designed host frame-
works has recently been recognized.[5] This means that guest
compounds act as a template for host frameworks. Our results
support this idea and give us insight into the design of guest
components and establishment of the desired host framework.
Computer-aided molecular modeling enables us to calculate
the void volumes of the host cavity on the basis of the host
frameworks designed from the molecular structure. The
spatial requirements of the guest components can be esti-
mated from PCcavity and the volumes of the designed host
cavity. Therefore, we believe that the packing coefficient will
be useful to design and predict host frameworks. This should
become the first step for designing the organic host com-
pounds with directed specific guest recognition. Finally, this
work indicates that PCcavity of the inclusion compounds is
intermediate between the liquid state and the solid state and
that packing coefficients can be correlated with mobility and
anisotropy of the included components. These results link
molecular recognition in the solid state with that in solution.


Experimental Section


General methods : All chemicals and solvents were commercially available
and used without any further purification. Infrared spectra were recorded
on a JASCO IR-Report-100 or JASCO IR-810 spectrometer. Differential
scanning calorimetry (DSC), and thermal gravimetry (TG), were per-
formed on a Rigaku TAS100 system; �10 mg samples were heated from 40
to 230 8C at a heating rate of 5 8C minÿ1. X-ray powder diffraction (XRD)
patterns were measured with a Rigaku RINT-1100 diffractometer at room
temperature.


Preparation of the inclusion crystals :


Method A : CA (100 mg) was dissolved by warming in the liquid guest
(usually 2 ± 3 mL), and the resulting solution was allowed to stand at room
temperature. The needle-like crystals were collected and dried on the filter
paper.


Method B : If CA was insufficiently soluble in the liquid guest, 1-butanol
was used as a solvent: CA (100 mg) was dissolved with warming in
1-butanol (0.4 mL), and the liquid guest (usually 1 ± 2 mL) was poured into
the resulting solution. The crystals were isolated in the same manner as in
Method A.


Crystal structure determinations : X-ray diffraction data were collected on a
Rigaku AFC-7R four-circle diffractometer or a RAXIS-IV diffractometer
with a two-dimensional area detector and graphite-monochromatized
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MoKa radiation. Lattice parameters were obtained by least-squares analysis
of 25 reflections measured in the range 20< 2q< 25 for the four-circle
diffractometer and reflections for 3 oscillation images for the area detector.
Direct methods (SHELEX 86 or SIR 92) were used for the structure
solution. The structure was refined by the full-matrix least-squares
procedure with the program TEXSAN.[26] In the case of CA ´ 3, CA ´ 15,
CA ´ 17, CA ´ 45, CA ´ 50, CA ´ 51, CA ´ 54, and CA ´ 57, non-hydrogen atoms
of the host compound were refined with anisotropic displacement
parameters. The guest molecules were located unambiguously in differ-
ence-electron density maps and refined anisotropically with bond length
restraints. Hydrogen atoms were placed in idealized positions and were not
subjected to further refinement. In the case of CA ´ 56, only the host
molecule was refined with anisotropic displacement parameters because
the guest molecule was completely disordered. In all the other crystals, all
non-hydrogen atoms were refined with anisotropic displacement param-
eters and hydrogen atoms of the host molecule were placed in idealized
positions and refined as riding atoms with the relative isotropic displace-
ment parameters. Hydrogen atoms of the guest molecule were placed in
idealized positions and not refined. All calculations were performed with
the TEXSAN crystallographic software package.[26] The conditions of
measurement and structural details are listed in the Supporting Informa-
tion (Table II).


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-145690 to
CCDC-145711. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223 336-033; e-mail : deposit@ccdc.cam.ac.uk).


Molecular graphics : A molecular graphics study was carried out by with the
computer software based on MODRASTE.[27] The atomic radii of hydro-
gen, carbon, and oxygen in the cross-sectional views were fixed at 1.20 �,
1.60 �, and 1.45 �, respectively.


Calculations : The volumes of the host cavities were calculated from the
atomic coordinations with the program Free Volume[28] in the Cerius2


software package (version 4.0).[23] The following values were used for the
atomic radii : H� 1.20 �, C� 1.70 �, N� 1.65 �, O� 1.60 �, F� 1.47 �,
Cl� 1.75 �, Br� 1.85 �, I� 1.98 �. The calculation involves rolling of a
spherical probe along the interior surface, but there is no universally
accepted radius of the probe. Rebek, Jr. et al. reported that the packing
coefficient of 55� 9 % gives the best binding of the host ± guest complex in
solution when a 0.7 � radius probe is used.[2] Rebek also stated that the size
of the probe gave rise to a tolerance error range for a larger cavity
calculation. We also used the same size probe to calculate the CA cavities
because all of the cavities have enough volume. The employment of the
same size probe would permit the comparison of the cavity volumes and the
packing coefficients in solution and the solid state. We wish to emphasize
here that the cavity volumes or packing coefficients are not used as
absolute values but as relative values for each crystal.
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Synthesis of Clustered Glycoside ± Antigen Conjugates by Two One-Pot,
Orthogonal, Chemoselective Ligation Reactions: Scope and Limitations


Cyrille Grandjean,* HeÂleÁne Gras-Masse, and Oleg Melnyk*[a]


Abstract: Major histocompatibility class II antigens have been bound to clustered
glycosides for selective targeting of the dendritic cell mannose receptor. Di-, tetra-,
and octavalent glycoside ± antigen conjugates have been obtained after two,
orthogonal, hydrazone/thioether ligations, performed by using thio derivatives of
d-mannose, d-galactose, or d(ÿ)-quinic acid, glyoxylyl (or hydrazino)-N-chloroace-
tylated lysinyl trees, and N-terminal hydrazino (or glyoxylyl) peptide antigens.
Successful one-pot condensations have been developed to account for the nature of
the antigens and the valency of the trees.


Keywords: antigens ´ carbohydrates
´ chemoselectivity ´ dendrimers ´
hydrazones


Introduction


Selective targeting of dendritic cells promises much for
synthetic vaccine strategies. Unique among leukocyte pop-
ulations for their ability to initiate, stimulate, or inhibit the
immune response,[1] dendritic cells are also particularly
notable for their ability to activate helper-T cells, which in
turn affect both cytotoxic T lymphocyte and humoral re-
sponses, by a mechanism involving presentation of exogenous
antigen peptide fragments by the major histocompatibility
class II molecules.[2] Presented antigens are internalized by
the dendritic cells by fluid phase macropinocytosis or by an
uptake mediated by a mannose receptor, then entering into
the endocytic pathway for processing.[3] The latter mode of
internalization has been reported by Engering et al.[4] and Tan
et al.[5] to be between 200 and 10 000 times more potent than
endocytosis in in vitro stimulation of T cell clone prolifer-
ation. Thus, specific antigen delivery to the dendritic cells, via
the mannose receptor, should overcome the intrinsic low
immunogenicity of peptides and improve vaccine efficacy.


However, it has been reported that the mannose receptor
can selectively bind and internalize molecules or microorgan-
isms coated with d-mannose, l-fucose, or N-acetyl-d-glucos-
amine residues[6] by means of simultaneous interaction with
several carbohydrate recognition domains, in accordance with


the cluster effect.[7] Therefore, in the context of an ongoing
vaccine program, a work plan was devised to synthesize
antigens linked to numerous glycosides and to optimize
antigen presentation by varying the nature, number, and
interresidue separations of the glycosides and the antigens. Of
the many natural or synthetic poly-mannosylated or -fucosy-
lated mannose receptor ligands thus far reported,[8] only a few
had been coupled to peptide antigens,[5] and these few, despite
a heavy emphasis upon the essential role played by the
mannose receptor, had been obtained by a strategy of a type
seemingly inappropriate for the repetitive approach desirable
for the preparation of a large set of ligands. Thus, the project
comprised: a) the preparation of dendrimeric cores bearing
two sets of chemocompatible functional groups, b) the syn-
thesis of glycosides and antigens derivatized with comple-
mentary functional groups, and c) the subsequent assembly,
after two orthogonal chemical ligations, of purified, fully
deprotected partners (Scheme 1).


Chemical ligation, which consists of the chemoselective
coupling of two unique and mutually reactive functional
groups in aqueous media, has been developed largely in
protein synthesis, scoring notable successes with both native
chemical ligation and expressed protein ligation.[9] These
methodologies have been extended to the preparation of
peptide ± oligonucleotide conjugates[10] and glycopeptides,
and even to the remodeling of cell surfaces.[11] Still, the
employment in biomolecular synthesis of multiple ligation is
exceedingly rare. Various protein or peptide conjugates have
been obtained using two sequential ligations of either oxime
or thioether.[12] Transposition of native chemical ligation to
solid-phase conditions enabled Canne et al.[13] and Camarero
et al.[14] to prepare proteins and peptides by performing up to
three ligations. Synthesis of template-assembled synthetic
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proteins (TASPs) provides further examples of stepwise
oxime or thioether ligations.[15] With the exception of solid-
phase chemical ligation, these syntheses required additional
steps to unmask the reactive functional groups. To date,
Canne�s preparation of the cMyc-Max factor (a heterodimeric
transcription factor) by means of thioester/oxime ligation,[16]


remains the only example in which a biomolecule has been
synthesized by a one-pot combination of two orthogonal
ligations. Such a strategy has also been suggested by Mutter
et al.[17] for TASP design.


We report here the synthesis of hydrazino (or glyoxylyl) N-
chloroacetyl-l-lysinyl trees and their coupling with thio
derivatives of d-mannose, d-galactose, or d-(ÿ)-quinic acid,
and N-terminal glyoxylyl (or a-hydrazinoacetyl) peptide
antigens using novel, combined thioether/hydrazone ligation
reactions (Scheme 1).


Results and Discussion


Ligation with hydrazino-N-chloroacetyl-ll-lysinyl trees:


As a first approach, an investigation was undertaken of the
reaction between N-chloroacetyl-l-lysinyl cores[18] bearing a
hydrazine function, N-terminal glyoxylyl antigen peptides,
and (2-thioethyl) a-d-mannopyranoside 10. Di- and tetrava-
lent chloroacetyl-lysinyl trees 2 and 5 a were elaborated by
using the Fmoc/tert-butyl solid phase peptide synthesis
strategy[19] on a Rink amide resin (Scheme 2). The e-amino


group of the first lysine to be
introduced was deliberately not
incorporated into the dendri-
meric scaffold, so as to permit
its later transformation into a
hydrazino group by solid-phase
N-electrophilic amination with
N-Boc-3-(4-cyanophenyl)oxa-
ziridine (BCPO).[20] The reac-
tion between primary amines
and BCPO is known for low
yields, owing to the formation
of Schiff bases between re-
leased 4-cyanobenzaldehyde
and the unchanged amines.


Adaptation of the N-electrophilic amination to the solid
phase enabled the unwanted imines to be hydrolyzed
selectively back to the starting amines, which could then be
treated once more with BCPO. This cycle was repeated until


Scheme 2. Synthesis of hydrazino-(N-chloroacetyl)lysinyl cores. Com-
pound 1 was synthesized on a Rink amide Nleu AM PS resin;
a) ClCH2COOH (8 equiv/NH2), DIC (4 equiv/NH2), DMF, 1 h; b) TFA/
CH2Cl2 1:99, continuous flow; c) BCPO (1 equiv), CH2Cl2, room temper-
ature, 3 h, then N-benzylhydrazine dihydrochloride (1 equiv), DMF/
AcOH/H2O 85:15:5, 3� 10 min, then neutralization with iPrNEt2/CH2Cl2


5:95, 2� 2 min, (all operations repeated 4 times); d) TFA/anisole 10:1, 0 8C,
1 h; e) Fmoc-l-Lys(Fmoc)-OH (4 equiv/NH2), HBTU/HOBt/iPrNEt2


(4:4:12 equiv/NH2), NMP, 40 min; f) piperidine/NMP 20:80, 20 min; 20%
overall yield for 2 and 8�4% overall yield for 5a and 5 b, 3% for 6; Boc�
tert-butyloxycarbonyl; Mtt� 4-methyltrityl ; DIC� diisopropylcarbodi-
imide; DMF�dimethylformamide; TFA� trifluoroacetic acid; Fmoc� 9-
fluorenylmethoxycarbonyl; HBTU�N-[1H-benzotriazol-1-yl)-(dimethyl-
amino)methylene]-N-methylmethanaminium hexafluorophosphate N-ox-
ide; HOBt� 1-hydroxybenzotriazole; NMP� 1-methyl-2-pyrrolidone.


Abstract in French: Des antig�nes de classe II ont eÂteÂ lieÂs aÁ des
clusters d�hydrates de carbone afin de permettre le ciblage du
mannose reÂcepteur des cellules dendritiques. Des antigeÁnes
conjugueÂs aÁ 2, 4 ou 8 glycosides ont eÂteÂ obtenus graÃce aÁ deux
ligations orthogonales, hydrazone/thioeÂther, reÂaliseÂes aÁ partir
de deÂriveÂs soufreÂs du d-mannose, du d-galactose ou de l�acide
d-(ÿ)-quinique, d�arbres de lysine N-chloroaceÂtyleÂs porteurs
d'un groupe glyoxylyle (ou hydrazino) et d'antigeÁnes modifieÂs
par un groupe hydrazino (ou glyoxylyle) en position N-
terminale. Des condensations en un seul pot efficaces ont pu
eÃtre deÂveloppeÂes en fonction de la nature des antigeÁnes et de la
valence des arbres.


Scheme 1. Double ligation strategy for antigen-associated glycodendrimers. Present study: X�ClCH2COÿ;
X'�HSÿ; Y�NH2ÿNHÿ (or HCOCOÿ); Y'�HCOCOÿ (or NH2ÿNHÿ); c�ÿSCH2COÿ; y�ÿNHÿN� (or
�NÿNHÿ).
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complete transformation was achieved. The procedure was
automated, and proved useful for the synthesis of various
peptides containing Lys(NH2), Orn(NH2), or a-hydrazino-
acetyl residues, which have already been employed success-
fully in hydrazone ligations.[21] Peptidyl resin 1 was first
deprotected by treatment with 1 % TFA in CH2Cl2,[22] and
treated with BCPO (Scheme 2). After five cycles and cleavage
from the resin, core 2 was obtained in 20 % overall yield. The
second generation core 5 a was secured in a much lower yield
and proved to be contaminated by the unmodified, parent
lysinyl tree 5 b(5 a/5 b : 2:1). Conversion was probably limited
as a consequence of steric hindrance. In this case, the overall
yield could not be improved by simply increasing the number
of BCPO cycles: the electrophilic amination process in fact
favored the formation of a more hydrophilic by-product (6),
the NMR and mass spectral data of which were suggestive of a
cyclic structure. Compound 6 arises from intramolecular
substitution of a chlorine atom by the Ne-end of the incoming
hydrazine group during the neutralization step of the N-ami-
nation process.[23] Nonetheless, to validate the double ligation
strategy, we synthesized the tetanus toxoid-derived, promis-
cuous immunogenic peptide TT830±846, augmented with an N-
terminal serine (7) (Scheme 3). Compound 7 was further


Scheme 3. Preparation of the antigens. a) NaIO4 (1.2 equiv), AcOH/0.1m
aq KH2PO4, room temperature, 5 min, then HO(CH2)2OH in excess, 72%;
b) bromoacetic acid (8 equiv), DIC (4 equiv), DMF, 20 min, then added to
peptidyl resin, DMF, 1 h; c) BocNHNH2 (4 equiv), iPrNEt2 (6 equiv),
DMF, overnight; d) TFA/anisole/H2O 95:2.5:2.5, room temperature, 3 h,
40%.


oxidized to the a-oxo-aldehyde 8 in 72 % yield, upon treat-
ment with sodium metaperiodate.[24] (2-Thioethyl) a-d-man-
nopyranoside 10[23] was selected as the glycoside partner.
Stored as its disulfide derivative 9, this compound was
reduced by n-tributylphosphane prior to use (Scheme 4).


Scheme 4. Preparation of the thio derivatives. a) nBu3P (1 equiv), nPrOH/
H2O 1:1, room temperature, overnight; b) HS(CH2)2NH2, HCl (1 equiv),
K2CO3, H2O, 50 8C, overnight, then air, room temperature, 24 h; 71%.


Core 2 was first treated with a-oxo-aldehyde 8 in DMF/
citrate-phosphate buffer (pH 5.2) (Scheme 5).[25] After com-
pletion of the reaction (monitored by RP-HPLC), 10 was
introduced into the mixture and the pH was adjusted to 8 ± 8.5
(paper) by addition of solid K2CO3


[26±28] to give construct 11 in
an isolated yield of 35 % (Table 1, entry 1). A mixture of
hydrazino and amino cores, 5 a and 5 b, was treated similarly
to give the antigen-bearing cluster 12 a, together with the
tetramannosylated l-lysinyl tree 12 b, in 37 and 52 % yield,
respectively (Figure 1, Table 1, entry 2). These encouraging
results led to the proposition of a novel route, which would
overcome the above-discussed difficulties associated with the
preparation of trees functionalized with a hydrazino group,
avoid the exposure of the antigen to sodium periodate, and be
applicable to a broader range of epitopes. For example, the
hydrazone ligation of peptides terminating in N-proline and
modified with an a-glyoxylyl function is highly problematic.
These derivatives in fact give rise, after nucleophilic intra-
molecular attack on the carbonyl group by the amide nitrogen
of the third amino acid in the chain, to stable cyclic hetero-
cycles.[29] This drawback might be circumvented by following a
reverse strategy: that is, the coupling of glyoxylyl N-(chloro-
acetyl)lysinyl cores with hydrazino peptide antigens.


Ligation with glyoxylyl-N-chloroacetyl-L-lysinyl trees :


The lysinyl cores 15, 16, and 17 were synthesized in 18 ± 31 %
yields on a poly(ethyleneglycol) dimethylacrylamide copoly-
mer (PEGA) resin, using a novel linker[30] derived from
tartaric acid, which generates the glyoxylyl group upon
cleavage from the solid support.[31]
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The synthesis of an N-proline-terminated epitope HA307±319


was undertaken in parallel (Scheme 3). Modification of the
hydrazino moiety was achieved by acylation, with bromo-
acetic acid anhydride, of the peptidyl resin 18 at its N-termi-
nus to give 19, followed by nucleophilic substitution with
commercial tert-butylcarbazate.[32]


Modified antigen 20 was finally obtained, as the sole
product and in 40 % overall yield, after deprotection and


Figure 1. RP-HPLC chromatogram of the crude mixture from the
sequential hydrazone/thioether ligation of epitope 8, mixture of trees 5 a/
5b and sugar derivative 10. Chromatographic conditions: TSK gel (Toso-
Haas) C18 (110 �, 2 mm, 4.6� 50 mm). Flow rate 1.5 mL minÿ1, 50 8C.
Buffer A: 0.05 % aqueous TFA. Buffer B: 0.05 % TFA in CH3CN/H2O 80/
20. Gradient: 0 % B for 5 min, 0 ± 100 % B over 10 min, 100 % B for 1 min,
0% B for 2 min; the upper inset and the lower inset correspond to the
positive ESI-MS of compound 12b and to ESI-MS true mass scale of
compound 12a, respectively.


cleavage from the resin by treatment with acid. It proved
necessary to adopt the Fmoc/tert-butyl synthesis strategy
and not to use acetonitrile as an RP-HPLC purification
solvent.[33]


Scheme 5. Orthogonal hydrazone/thioether ligation reactions between hydrazino-(chloroacetyl)lysinyl cores, the glyoxylyl peptide antigen 8 and the thio
sugar derivative 10.


Table 1. Assembling of conjugates by double orthogonal ligation.


Entry Thio Tree Antigen Procedure[a] Comments or
compound yield [%]


1 10 2 8 A 35
2 10 5 a 8 A 37
3 10 15 20 A 43
4 10 16 20 A 40
5 10 17 20 A 18
6 10 17 20 B 51
7 26 17 20 B 41
8 29 17 20 B 35
9 10 17 33 B 45


10 10 17 32a B aggregation
11 10 16 32a B aggregation
12 10 16 32a [b] aggregation
13 10 16 32a [c] 40% conversion[d]


14 10 16 32a C 59
15 26 16 32a C 42
16 29 16 32a C 35


[a] Procedure A: hydrazone ligation in DMF/citrate-phosphate buffer pH 5
3:2, then thioether ligation; procedure B: thioether ligation in DMF/H2O
90:10, K2CO3, then hydrazone ligation in DMF/citrate ± phosphate buffer;
procedure C: hydrazone ligation in 2-methyl-2-propanol/H2O 90:10, then
thioether ligation. [b] Thioether/hydrazone DMF/0.1m NaOAc pH 4.6.
[c] Thioether/hydrazone DMF/H2O/tBuOH 4:1:5. [d] Estimated yield
from RP-HPLC.
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With these building blocks in hand, the next step was to
examine their ability to convert into the target molecules. A
one-pot double orthogonal reaction was used. Compounds 15,
16, and 17 were coupled with hydrazino antigen 20 to furnish
the corresponding ligated fragments (as detected by RP-
HPLC). Then, the second ligation was accomplished by
addition of 10 and adjustment of the pH to 8 ± 8.5, to give
constructs 21, 22, and 24 in 43, 40, and 18 % yields,
respectively (Schemes 6 and 7, Table 1, entries 3 ± 5). How-
ever, these buffer conditions were detrimental to the thio-
etherification, which was very sluggish for the preparation of
octavalent conjugate 24, as reflected in the actual yield and
the complex RP-HPLC profile (Figure 2 a, b). As explained
previously,[26, 34] the presence of water reduces the nucleophi-
licity of the thiol, thus lowering the reaction rate and leading


to incomplete substitution, while simultaneously favoring
the disulfide formation that consumes the starting material.
Thus, we considered performing the thioetherification
before the hydrazone ligation in almost dry DMF, since the
glyoxylyl group, being stable, would not be expected to
interfere during the substitution reaction. The thioether-
ification proceeded smoothly to furnish intermediate 23
(Figure 2 c), which was further treated with 10. The presence
in the crude mixture of the desired tree 24, together with
reformed disulfide 9, was confirmed by RP-HPLC, in marked
contrast with the profile observed when the alternative
route was applied (compare Figure 2 d and b). We were
actually able to obtain the fully assembled octameric con-
struct 24 in a considerably improved yield of 51 % (Table 1,
entry 6).[35]


The same conditions were applied to the ligation of antigen
20, lysinyl core 17, and 2-thioethyl a-d-galactopyranoside
26[23] and the thio derivative of d-(ÿ)-quinic acid 29. The
latter compound was obtained in 71 % yield from quinide
27,[36] which was treated with cysteamine in degassed H2O.
Compound 29 was purified and stored as its disulfide
derivative 28, and reduced prior to use (Scheme 4). Quinic
acid was chosen since, apart from its use in evaluating the
scope of the methodology, it can act as a potential mannopyr-
anose mimic to the mannose receptor,[37] whereas galactose
should provide conjugates unrecognizable, a priori, by this
receptor. Octameric constructs 30 and 31 were obtained by


Scheme 6. Products of orthogonal hydrazone/thioether ligation reactions between glyoxylyl-(chloroacetyl)lysinyl cores 15 and 16, the hydrazino peptide
antigens, and the thio sugar derivatives.
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Scheme 7. Products of orthogonal hydrazone/thioether ligation reactions
between glyoxylyl(chloroacetyl)lysinyl core 17, the thio sugar derivatives
and the hydrazino peptide antigens.


following the sequential thioether/hydrazone procedure,
in 41 and 35 % isolated yield, respectively (Table 1, entries 7
and 8).


The next study was of variation in the nature of the antigen.
Thus, compounds 32 a and 33 (epitopes TT830±846 and
HSP653±14, modified at their N-termini by an a-hydrazino-
acetyl group) were synthesized as described for compound 20
and obtained in 15 and 32 % overall yields (Scheme 3).
Although the hydrazone ligation step was slower than
observed previously, 33 reacted under mild conditions with
lysinyl core 17 and mannose derivative 10 to furnish the
double-ligated construct 34 (Table 1, entry 9) in 45 % yield
(60 % based on recovered epitope) (Scheme 7). However, 32 a
led to a complex mixture when treated under the same
conditions. Tetanus toxin derivative 32 a proved to be stable in
a DMF/citrate-phosphate buffer for at least two hours (Fig-
ure 3, entry a), but aggregated in a few minutes upon coupling
either with tree 17 (Figure 3b, Table 1, entry 10) or with
glycosylated trees. The same reaction profile was observed by
analytical RP-HPLC when the reaction was conducted with
the smaller tree-like compound 16 (Table 1, entry 11), or when
switched from citrate ± phosphate to the occasional substitu-
te,[25b±d, 25g] 0.1m acetate buffer (pH 4.6), (Table 1, entry 12). To
enhance the hydrophilic character of the difficult epitopic
sequence for 32 a, trifluoroacetate counterions were substi-
tuted with chloride moieties to give 32 b. No improvement in
the reaction profile was observed, however. The influence of
the solvent was then examined. The use of DMSO, known to
disrupt aggregation of peptides and to increase the hydrazone
ligation rate considerably (compared to DMF)[25f] was pre-
cluded by the thioether ligation. As an alternative, we had
found that 2-methyl-propan-2-ol had a beneficial effect upon
hydrazone ligations that involved hydrophobic partners such
as lipopeptides.[38] And indeed, performance of the hydrazone
ligation in a tBuOH/DMF/citrate ± phosphate buffer reduced
aggregation and permitted partial coupling (Table 1, entry
13). The condensation of epitope 32 a with core 16 in tBuOH/
H2O 90/10 (i.e. , in the absence of DMF and salts) was
attempted next (Table 1, entry 14). Hydrazone ligation went
to completion overnight under these conditions, although the


material proved not entirely
soluble (Figure 3c and d). The
crude mixture was treated fur-
ther with 2-thioethyl a-d-man-
nopyranoside 10 dissolved in
H2O, in the presence of K2CO3


at room temperature, to give a
clean polysubstitution (Fig-
ure 3e). Tetramannosylated
epitope conjugate 35 was ob-
tained in 59 % yield after RP-
HPLC purification (Scheme 6).
The double ligation was not as
efficient when performed using
a reverse procedure; that is,
thioether followed by hydra-
zone condensation. Nor was it
when the experiments were re-
peated with epitope 32 b, with


Figure 2. Synthesis and characterization of octavalent compound 24. RP-HPLC chromatogram of the crude
mixtures from: a) the hydrazone ligation of tree 17 and hydrazino antigen 20; b) the thioether ligation of the
hydrazone intermediate with sugar derivative 10; c) the thioether ligation of tree 17 with 2-thioethyl a-d-
mannopyranoside 10 after 36 h; d) the second ligation with hydrazinoantigen 20 overnight; chromatographic
conditions: TSK gel (TosoHaas) C18 (110 �, 2 mm, 4.6� 50 mm). Flow rate 1.5 mL minÿ1, 50 8C. Buffer A: 0.05 %
aqueous TFA. Buffer B: 0.05 % TFA in CH3CN/H2O 80/20. Gradient: 0 % B for 5 min, 0 ± 100 % B over 10 min,
100 % B for 1 min, 0 % B for 2 min; the inset corresponds to the ESI-MS true mass scale of compound 24.
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chloride counter-ions. Finally, conjugates 36 and 37 (Table 1,
entries 15 and 16) were assembled, following the hydrazone/
thioether sequence in tBuOH, from core 16, epitope 32 a, and
either compound 26 or 29, in 42 and 35 % yield, respectively
(Scheme 6).


Conclusion


This study provides new insights into chemoselective ligation.
In particular, the reliability of combined thioether/hydrazone
ligation for the preparation of conjugates has been demon-
strated. N-chloroacetylated lysinyl trees, modified with either
a hydrazino or a glyoxylyl group, proved to be valuable
intermediates. Moreover, the latter are very promising since
they are readily accessible and bear the two sets of electro-
philic groups, thus preventing side reactions. In the context of
our studies, the sequential procedure, using buffered DMF or
2-methyl-propan-2-ol, or employing the reversed order of
ligation reactions, facilitated the preparation of antigens
linked to up to four glycosides. To date, no limitation has
been found regarding the thio-functionalized segment. This
procedure can also circumvent the difficulties related to the
coupling of epitopes terminating in N-proline. Further studies
will be required to extend this methodology to the prepara-
tion of octameric trees linked to difficult epitopic sequences.
However, vectorization of antigens by tetrameric glycoside
clusters seems to be sufficient for targeting the mannose
receptor.[5a]


Experimental Section


General : Analytical reverse-phase
high performance liquid chromatogra-
phy (RP-HPLC); separations were
performed either upon a Beckman
System Gold or on a Shimadzu LC-
9A system, using a TSK super ODS gel
(TosoHaas) (110 �, 2 mm, 4.6�
50 mm) column at a flow rate of
1.5 mL minÿ1 (monitoring and analy-
sis), a Vydac C18 (100 �, 2 mm, 4.6�
300 mm) or a Beckman Ultrapore C18
(100 �, 5 mm, 4.6� 250 mm) at a flow
rate of 1 mL minÿ1 (analysis), with
detection at 215 or 230 nm at 50 8C.
Semipreparative RP-HPLC separa-
tions were performed on a Shimad-
zu LC-4A system, on a Hypersil hy-
perprep C-18 (300 �, 8 mm, 10�
260 mm) column at a flow rate of 3
or 5 mL minÿ1, with detection at either
215 or 230 nm at 50 8C. Solvent system
A: 0.05 % TFA in water; solvent
system B: 0.05 % TFA in 80% aceto-
nitrile/20 % water; solvent system C:
0.05 % TFA in 60% acetonitrile/40 %
water; solvent system D: 0.03 % HCl
in water; solvent system E: 0.03 %
HCl in 80 % acetonitrile/20 % water;
solvent system F: 0.05 % TFA in 40%
iPrOH/60 % water; solvent system G:
0.03 % HCl in 40% iPrOH/60% wa-
ter. ESI-MS spectra were recorded on
a Micromass Quatro II Electrospray


Mass Spectrometer. 1H and 13C NMR spectra were recorded on a Bruker
DRX 300 spectrometer in H2O/D2O 90:10. Chemical shifts are given in
ppm and referenced to internal 3-trimethylsilyl-[D4-2,2,3,3]propionic acid
sodium salt (TMSP).


Compounds were checked for homogeneity by analytical RP-HPLC, using
two different solvent systems (solvent systems A/B and A/F), and by
analytical capillary zone electrophoresis in a 75 mm� 500 mm fused silica
capillary, with a 28 mA current and a 30 kV field in an Applied Biosystems
Model 270A-HT system (Foster City, USA). Separations were performed
either at 50 8C using a 50 mm sodium borate migration buffer at pH 9.2, or a
20 mm citrate buffer at pH 2.47 and at 40 8C. Lysinyl trees and epitopes
were also characterized by amino acid analysis after total acidic hydrolysis
of the peptidyl resin with 1 mL of propionic acid/12n HCl (1:1) at 110 8C
for 24 h.


Synthesis of 2-{Na,Ne-di-[(1Sn,3R,4Sn,5R)-1,3,4,5-tetrahydroxycyclohex-
ane-1-carboxamido-1-yl]}ethyl disulfide 28 : A mixture of quinic acid 1,5-
lactone 27 (52 mg, 0.3 mmol) and cysteamine hydrochloride (34 mg,
1 equiv) in degassed H2O containing solid K2CO3 (pH 8 ± 9, paper) was
stirred overnight at 50 8C. The mixture was further stirred at room
temperature in the presence of air for another 24 h before being purified by
RP-HPLC [gradient: 100 ± 0 to 80 ± 20 (A/C), 15 min, then isocratic] to
furnish 28 (70 mg, 71 %) as a white powder after lyophilization: 1H NMR:
d� 8.24 (t, 3J(H,H)� 5.8 Hz, 2 H; 2 NH), 4.05 (ddd, 3J(H,H)� 3, 3, and
6.2 Hz, 2H; 2 H-3), 3.90 (ddd, 3J(H,H)� 4.7, 9, and 11.6 Hz, 2 H; 2 H-5),
3.40 (t, 3J(H,H)� 6.4 Hz, 4 H; 2 CH2), 3.38 (dd, 3J(H,H)� 3 and 9 Hz, 2H;
2 H-4), 2.73 (t, 3J(H,H)� 6.4 Hz, 4 H; 2 CH2), 1.94 ± 1.83 (m, 6H; 4 H-2 and
2 H-6), 1.77 (dd, 3J(H,H)� 11.6 and 13.4 Hz, 2 H; 2 H-6'); 13C NMR: d�
177.5 (2 CON), 77.8 (2 C-1), 75.4 (2 C-4), 70.8 (2 C-3), 66.7 (2 C-5), 40.7
(2 C-6), 38.5, 37.5, and 37.1 (4 CH2 and 2 C-2); TOF-PDMS: m/z : 469
[M�H]� .


Solid-phase peptide synthesis : All peptidic compounds were synthesized
using the Fmoc/tert-butyl strategy. The coupling steps were performed
using a fourfold excess of amino acid per amine subjected to HBTU/HOBt/
DIEA activation in NMP.


Figure 3. Stability of epitope 32a and synthesis and characterization of tetravalent construct 35. RP-HPLC
chromatograms from: a) and b) epitope 32a in DMF/citrate ± phosphate buffer (pH 5) (3:2, room temperature),
2 h alone and in the presence of tree 17, 10 min, respectively; c) and d) hydrazone ligation of tree 16, epitope 32a
in tBuOH/H2O 90/10, after 1 h and overnight, respectively; chromatographic conditions: TSK gel (Toso-
Haas) C18 (110 �, 2 mm, 4.6� 50 mm). Flow rate 1.5 mL minÿ1, 50 8C. Buffer A: 0.05 % aqueous TFA. Buffer B:
0.05 % TFA in CH3CN/H2O 80/20. Gradient: 0% B for 5 min, 0 ± 100 % B over 10 min, 100 % B for 1 min, 0% B
for 2 min; the inset corresponds to the ESI-MS true mass scale of compound 35.
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Synthesis of the hydrazino-N-chloroacetylated lysinyl trees : These com-
pounds were synthesized manually on a Rink amide-Nleu-AM-PS resin
(substitution, 0.38 mmol gÿ1) (Senn Chemicals), by using the Fmoc/tert-
butyl strategy. Lysinyl core of valency 2 as synthesized on a 0.25 mmol scale.
Lysinyl core of valency 4 was synthesized on a 0.1 mmol scale. Typically,
with coupling monitored by the TNBS test,[39] HBTU dissolved in NMP
(4 equiv) was added to a mixture of the amino acid (4 equiv), HOBt
(4 equiv), and DIEA (8 equiv) in NMP. After stirring for 1 min, the mixture
was added to the peptidyl resin (1 equiv) solvated in NMP containing
DIEA (4 equiv), and mechanically shaken for 40 min. After filtration, the
peptidyl resin was washed with NMP (3� 2 min), and CH2Cl2 (3� 2 min).
Each coupling was followed by a capping with Ac2O/DIEA/CH2Cl2 10/5/85
for 10 min, followed by washing with CH2Cl2 (3� 1 min). Cleavage of the
Fmoc protecting groups was achieved by treatment with 20% piperidine in
NMP (1� 2 min, 1� 20 min), followed by washing first with NMP (2�
2 min), and then with CH2Cl2 (2� 1 min). Fmoc-b-Ala-OH was anchored
to the resin first (for the preparation of the second generation lysinyl cores,
0.26 equiv of Fmoc-b-Ala-OH was coupled, to diminish the load to
0.1 mmol). Chain protection of the first lysinyl residue introduced was
effected by means of a 4-methyltrityl moiety. The other lysinyl residues
were added as their Fmoc-l-Lys(Fmoc)-OH derivatives. After the third
and fourth coupling steps, the peptidyl resin was deprotected and acylated
using a fourfold excess of preformed chloroacetic anhydride, prepared by a
DCC activation, to provide the first and second level carrier cores. The
methyltrityl group of the e-NH2 of the first lysine residues was removed by
a continuous flow of 1 % TFA in CH2Cl2. The three cores were then
subjected to the N-electrophilic amination procedure. The peptidyl resins
were placed in an Applied Biosystems 431A peptide synthesizer (Foster
City, CA), and subjected five times to the following cycles: 1) N-Boc-3-(4-
cyanophenyl)oxaziridine (Acros Organics, Noisy le Grand, France)
(1 equiv) in CH2Cl2 (6 mL) for 30 min (Boc-3-(4-cyanophenyl)oxaziridine
was introduced as a solid in the cartridges normally used for peptide
synthesis. The reagent was dissolved in the cartridge with CH2Cl2 and the
solution transferred immediately to the reaction vessel); 2) CH2Cl2 and
DMF washes; 3) N-benzylhydrazine dihydrochloride (50 mg) in DMF/
Ac2O/H2O 85/15/10 (5 mL) for 30 min, 3 times; 4) DMF and CH2Cl2


washes; 5) 5 % DIEA in CH2Cl2 for 2 min, twice; 6) CH2Cl2 washes. A
Kaiser test was performed after these cycles to monitor conversion. The
cores were then cleaved from the resin and deprotected by TFA/anisole 10/
1 (11 mL per gram of peptidyl resin), for 1 h at 0 8C, precipitated in cold
diethyl ether/heptane 1/1, centrifuged, dissolved in water and lyophilized.


Compound 2 (26 mg, 20%) was obtained as a white powder after RP-
HPLC purification [gradient: 100:0 to 90:10 (A/B), 20 min], followed by
lyophilization; 1H NMR: d� 8.37 (d, 3J(H,H)� 6.3 Hz, 1 H; lysyl aNH),
8.28 (d, 3J(H,H)� 7.1 Hz, 1H; lysyl aNH), 8.14 (br t, 1H; lysyl eNH), 8.00 (t,
3J(H,H)� 5.7 Hz, 1H; alanyl NH), 7.41 and 6.71 (2 br s, 2� 1 H; NH2),
4.15 ± 4.06 (m, 2 H; 2� lysyl a-H), 4.00 and 3.95 (2 s, 2� 3H; 2�CH2),
3.38 ± 3.27 (m, 2H; b-alanyl b-H), 3.10 (dt, 3J(H,H)� 6.6 and 6.6 Hz, 2H;
lysyl e-H), 2.98 (t, 3J(H,H)� 7.6 Hz, 2 H; lysyl e-H), 2.33 (t, 3J(H,H)�
6.4 Hz, b-alanyl a-H), 1.67 ± 1.46 (m, 6H, 4� lysyl b-H and 2� lysyl d-H),
1.43 ± 1.30 (m, 2 H; 2� lysyl d-H),1.29 ± 1.17 (m, 4 H; 4� lysyl g-H);
13C NMR: d� 177.1, 174.2, 173.9, 170.2, and 170.0 (5 NC�O), 54.6 and
54.0 (2� lysyl a-C), 51.5 (lysyl e-C), 39.8 (lysyl e-C), 36.2 and 34.9 (b-alanyl
a-C and b-C), 42.7 and 42.4 (2�CH2), 30.8 and 30.7 (2� lysyl b-C) 28.0
(lysyl d-C), 24.0 (lysyl d-C), 22.5 and 22.4 (2� lysyl g-C); TOF-PDMS: m/z :
576 [M�(CH3)2C�Na]� , 554 [M�(CH3)2C]� .


Compound 5 a (25 mg, 12%) was obtained as a white powder (contami-
nated (ca. 33%) with the unreacted lysinyl core) after RP-HPLC
purification [gradient: 100:0 to 80:20 (A/B), 20 min, then 80:20 to 70:30
(A/B), 25 min], followed by lyophilization together with a more hydro-
philic cyclic by-product, 6 (6 mg, 3%), formed by intramolecular nucleo-
philic substitution of one chloride by the NHe of the hydrazino group (the
ability of this by-product to react with a-oxo-aldehyde to furnish hydrazone
was used to confirm the integrity of the NHe); for 5 a and 5 b : positive ESI-
MS: m/z : 922 [M�H]� , 480 [M�H�K]2� and 907 [M�H]� , 473
[M�H�K]2�, respectively. for 6 (3%), 1H NMR: d� 8.34 (d, 3J(H,H)�
7.2 Hz, 1H; lysyl aNH), 8.29 (d, 3J(H,H)� 6.4 Hz, 1H; lysyl aNH), 8.28 (d,
3J(H,H)� 8.2 Hz, 1 H; lysyl aNH), 8.19 (d, 3J(H,H)� 8.4 Hz, 1H; lysyl
aNH), 8.10 (t, 3J(H,H)� 5.9 Hz, 1 H; lysyl eNH), 8.03 (t, 3J(H,H)� 6.0 Hz,
1H; lysyl eNH), 8.00 (t, 3J(H,H)� 5.9 Hz, 1H; lysyl eNH), 7.91 (t,
3J(H,H)� 6.0 Hz, 1 H; b-alanyl NH), 6.71 and 7.42 (2�br s, 2�H; NH2),


4.24 ± 4.01 (m, 4H; 4� lysyl a-H), 3.99, 3.97, and 3.94 (3� s, 3� 2H; 3�
ÿCOCH2Cl), 3.52 and 3.47 (2 AB systems, 3J(H,H)� 14.2, 2� 1 H;
ÿCOCH2NHÿ), 3.37 ± 3.17 (m, 2H; b-alanyl b-H), 3.11 ± 2.97 (m, 6H, 6�
lysyl e-H), 2.70 ± 2.90 (m, 2H; 2� lysyl e-H), 2.33 (t, 3J(H,H)� 6.7 Hz, 2H;
b-alanyl a-H), 1.68 ± 1.52 (m, 8 H, 8� lysyl b-H), 1.42 ± 1.27 (m, 8H, 8�
lysyl d-H), 1.25 ± 1.13 (m, 8H, 8� lysyl g-H); positive ESI-MS: m/z : 886
[M�H]� , 462 [M�H�K]2�.


Synthesis of the glyoxylyl-N-chloroacetylated lysinyl trees : Synthesis and
full characterization of these constructs will be reported elsewhere.[31]


Synthesis of the antigen peptides : All epitopes were synthesized on a
0.25 mmol scale on a Rink amide-Nleu-AM-PS resin (substitution,
0.38 mmol gÿ1) (Senn Chemicals), on an Applied Biosystems A431 peptide
synthesizer. The side chain protecting group for Fmoc-l-Lys-OH was tert-
butoxycarbonyl; the side chain protecting group for Fmoc-l-Ser-OH,
Fmoc-l-Glu-OH, Fmoc-l-Thr-OH, Fmoc-l-Tyr-OH, and Fmoc-l-Asp-OH
was a tert-butyl group; the side chain protecting group for Fmoc-l-Asn-
OH, Fmoc-l-Gln-OH, and Fmoc-l-His-OH was a trityl group; the side
chain protecting group for Fmoc-l-Arg-OH was a 2,2,4,6,7-pentamethyl-
dihydrobenzofuran-5-sulfonyl group.


HCO-CO-TT830±846 (8): The peptide was cleaved from the resin and
deprotected using TFA/H2O/iPr3SiH 95/2.5/2.5 (10 mL per gram of peptidyl
resin), for 3 h at room temperature, precipitated in cold diethyl ether,
centrifuged, dissolved in water and lyophilized. Peptide Ser-TT830±846 (7)
(38.5 mg, 6%) was obtained as a white powder after semi-preparative RP-
HPLC [gradient: 100:0 to 75:25 (A/B), 50 min] purification and lyophili-
zation; TOF-PDMS: m/z : 2068 [M�H]� .


Peptide Ser-TT830±846 (7) (9 mg, 3.56 mmol) was dissolved in aqueous 0.1m
KH2PO4, and the pH adjusted to 7 by adding 1n NaOH. NaIO4 (3.3 mg,
1.2 equiv) dissolved in H2O (300 mL) was then added, and the mixture was
stirred at room temperature for 10 min and the reaction quenched by
adding ethylene glycol (15 mL). The mixture was diluted with 50% aqueous
AcOH, filtered, and purified by RP-HPLC [gradient: 100:0 to 80:20 (D/E),
7 min, then 80:20 to 75:25 (D/E), 18 min], to furnish 8 (5.5 mg, 72 %) as a
white powder after lyophilization; TOF-PDMS: m/z : 2059.1 [M�Na]� .


H2N-Gly-HA307±319 (20): Following automated synthesis, one half of the
peptidyl resin (0.125 mmol) was deprotected and coupled twice manually
using a fourfold excess of preformed bromoacetic anhydride (prepared by
DIC activation (20 min) in DMF), followed by washing with DMF (3�
1 min) and CH2Cl2 (3� 2 min). Then, tert-butylcarbazate (66 mg, 4 equiv)
was added to the peptidyl resin, solvated in DMF containing DIEA
(174 mL, 8 equiv). The mixture was stirred mechanically overnight and then
washed with DMF (3� 1 min), CH2Cl2 (3� 2 min), and Et2O (2� 1 min).
Finally, peptide was cleaved from the resin and deprotected with TFA/
anisole/H2O 95/2.5/2.5 (10 mL) for 3 h at room temperature, precipitated in
cold diethyl ether, centrifuged, dissolved in water, and lyophilized. H2N-
Gly-HA307±319 (20) (101 mg, 40%) was obtained as a white powder after
semi-preparative RP-HPLC purification [gradient: 100:0 to 50:50 (A/F),
90 min], and lyophilization; positive ESI-MS: m/z : 1575 [M�H]� .


H2N-Gly-TT830±846 (32 a, 32b): After automated synthesis, peptidyl resin
was deprotected and coupled twice manually using a fourfold excess of
preformed bromoacetic anhydride (prepared by DIC activation (20 min) in
DMF), followed by washing with DMF (3� 1 min) and CH2Cl2 (3� 2 min).
Then, tert-butylcarbazate (66 mg, 4 equiv) was added to the peptidyl resin,
solvated in DMF containing DIEA (174 mL, 8 equiv). The mixture was
stirred mechanically overnight, and then washed with DMF (3� 1 min),
CH2Cl2 (3� 2 min), and Et2O (2� 1 min). Finally, the peptide was cleaved
from the resin and deprotected with TFA/iPr3SiH/H2O 95/2.5/2.5 (10 mL)
for 1.5 h at room temperature, precipitated in cold diethyl ether,
centrifuged, dissolved in water, and lyophilized. One half of the crude
H2N-Gly-TT830±846 was purified by semi-preparative RP-HPLC [gradient:
100:0 to 75:25 (A/F), 25 min, then isocratic (A/F)] to furnish 32 a (51 mg,
15%) as a white powder after lyophilization; positive ESI-MS: found:
2052.0; calcd 2052.5; m/z : 1026.7 [M�2H]2�, 684.8 [M�3H]3�, 514.0
[M�4H]4�. The other half of the crude peptide was purified by semi-
preparative RP-HPLC [gradient: 100:0 to 80:20 (D/G), 50 min, then
isocratic (D/G)] to furnish 35b (30 mg, 11 %) as a white powder after
lyophilization.


H2N-Gly-HSP653±14 (33): Peptide 33 was cleaved from the resin and
deprotected with TFA/anisole/iPr3SiH/H2O 90/2.5/2.5/2.5 (10 mL) for 2 h at
room temperature, precipitated in cold diethyl ether, centrifuged, dissolved







FULL PAPER C. Grandjean, O. Melnyk, H. Gras-Masse


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0238 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 1238


in H2O/AcOH, and lyophilized. One quarter of the crude H2N-Gly-
HSP653±14 was purified by semipreparative RP-HPLC [gradient: 100:0 to
85:15 (A/F), 15 min, then 85:15 to 80:20 (A/F), 10 min, then isocratic (A/
F)] to furnish 33 (39 mg, 32%) as a white powder after lyophilization;
positive ESI-MS: found: 1479.0; calcd 1479.6; m/z : 740.5 [M�2H]2�, 494.1
[M�3H]3�.


General procedures for the double ligation : All solvents were degassed by
bubbling N2 through them before use.


Procedure A : Hydrazino- or a-oxo-aldehyde lysinyl tree (0.5 ± 2 mmol) was
treated overnight at room temperature under nitrogen with modified
antigen peptide (1 equiv) in DMF/citrate-phosphate buffer pH 5 3:2 (500 ±
1000 mL), with monitoring by RP-HPLC. In parallel, the disulfide
derivative (1.5 equiv per chloroacetyl moiety to be substituted), dissolved
in nPrOH/H2O 1/1 (500 mL), was treated at room temperature overnight
under nitrogen with tri-n-butylphosphane (1 equiv per disulfide). Com-
pletion of the reaction was monitored by RP-HLPC. The mixture was
concentrated under reduced pressure for 20 min, and then dissolved in H2O
(100 mL) and added to the former reaction mixture, diluted with DMF
(900 ± 1400 mL, so as to obtain 80% aqueous DMF), and the apparent pH
adjusted to 8 ± 8.5 (paper) by addition of solid potassium carbonate. The
mixture was stirred at room temperature for 24 ± 48 h (monitoring by RP-
HPLC), diluted with H2O, frozen, and lyophilized. Compounds were
obtained as white powders after RP-HPLC and lyophilization.


Procedure B : The disulfide derivative (1.5 equiv per chloracetyl moiety to
be substituted), dissolved in nPrOH/H2O 1/1 (500 mL), was treated
overnight with tri-n-butylphosphane (1 equiv per disulfide) at room
temperature under nitrogen. Completion of the reaction was monitored
by RP-HLPC. The mixture was concentrated under reduced pressure for
20 min, and then dissolved in H2O (50 mL) and added to 1 ± 2 mmol of the
glyoxylyl-lysinyl tree (1 equiv) dissolved in DMF (600 mL). The apparent
pH was adjusted to 8 ± 8.5 (paper) by addition of solid potassium carbonate.
The mixture was stirred under nitrogen at room temperature for 24 ± 48 h
and monitored by RP-HPLC. Citrate/phosphate buffer (350 mL) and
modified antigen peptide were then introduced. The pH was adjusted to 5.2
by addition of 1n aqueous HCl. The mixture was stirred for a further 12 h at
room temperature, diluted with H2O, frozen, and lyophilized. Compounds
were obtained as white powders after RP-HPLC purification and
lyophilization.


Procedure C : The disulfide derivative (1.5 equiv per chloroacetyl moiety to
be substituted), dissolved in nPrOH/H2O 1/1 (500 mL), was treated
overnight with tri-n-butylphosphane (1 equiv per disulfide) at room
temperature under nitrogen. Completion of the reaction was monitored
by RP-HLPC. The mixture was concentrated under reduced pressure for
20 min. In parallel, 0.4 mmol of the glyoxylyl-lysinyl tree 16 was treated with
the modified antigen (1 equiv) in tBuOH/H2O (180 ± 20 mL) at room
temperature under nitrogen, and monitored by RP-HPLC. On completion,
the reaction mixture was transferred to the crude thio derivative solution
and the apparent pH adjusted to 8 ± 8.5 (paper) by addition of solid
potassium carbonate. After completion of the reaction, the crude mixture
was diluted with H2O, lyophilized and frozen, and lyophilized once more.
Compounds were obtained as white powders after RP-HPLC and
lyophilization.


Divalent conjugate 11: This compound (0.55 mg, 35 %) was obtained
following procedure A; RP-HPLC [gradient 100:0 to 80:20 (A/B), 10 min,
then 80:20 to 70:30 (A/B), 40 min]; positive ESI-MS: m/z : 2976.2 [M�K]� ,
1469.8 [M�2H]2�, 980.2 [M�3H]3�, 735.4 [M�4H]4�.


Tetravalent conjugate 12 a : The double ligation was carried out on 5a,
which contained about 33 % of untransformed lysinyl core 5b, following
procedure A. Compound 12a (1.15 mg, 37 %) was obtained, together with a
more hydrophilic compound (12 b, 0.91 mg, 52 %) after RP-HPLC [gra-
dient 100:0 to 80:20 (A/B), 10 min, then 80:20 to 70:30 (A/B), 40 min]; 12a,
positive ESI-MS: found: 3754; calcd 3755.43; m/z : 1878.7 [M�2H]2�,
1252.6 [M�3H]3�, 939.6 [M�4H]4� ; 12b, positive ESI-MS: m/z : 1722.4
[M�H]� , 861.5 [M�2H]2�.


Divalent conjugate 21: This compound (1.18 mg, 43 %) was obtained
following procedure A; RP-HPLC [gradient 100:0 to 85:15 (A/B), 15 min,
then 85:15 to 75:25 (A/B), 20 min, then isocratic]; positive ESI-MS: found:
2574; calcd 2575; m/z : 1288.2 [M�2H]2�, 859.3 [M�3H]3�, 644.7 [M�4H]4�.


Tetravalent conjugate 22 : This compound (1.49 mg, 40 %) was obtained
following procedure A; RP-HPLC [gradient 100:0 to 85:15 (A/B), 10 min,


then 85:15 to 75:25 (A/B), 25 min, then isocratic]; positive ESI-MS: found:
3391; calcd 3392.0; m/z : 1696.5 [M�2H]2�, 1131.5 [M�3H]3�, 848.9
[M�4H]4�.


Octavalent conjugate 24 : This compound (1.99 mg, 18%) or (5.14 mg,
51%) was obtained following procedure A or B, respectively; RP-HPLC
[gradient 100:0 to 85:15 (A/B), 15 min, then 85:15 to 75:25 (A/B), 20 min,
then isocratic]; positive ESI-MS: found: 5025; calcd 5025.9; m/z : 1676.0
[M�3H]3�, 1257.3 [M�4H]4�.


Octavalent conjugate 30 : This compound (0.90 mg, 41 %) was obtained
following procedure B; RP-HPLC [gradient 100:0 to 85:15 (A/B), 15 min,
then 85:15 to 72:28 (A/B), 25 min, then isocratic]; positive ESI-MS: found:
5024.0; calcd 5025.9; m/z : 1257.5 [M�4H]4�, 1006.1 [M�5H]5�.


Octavalent conjugate 31: This compound (1.52 mg, 35%) was obtained
following procedure B; RP-HPLC [gradient 100:0 to 90:10 (A/B), 10 min,
then 90:10 to 75:25 (A/B), 50 min]; positive ESI-MS: found: 5112; calcd
5114.1; m/z : 1704.9 [M�3H]3�, 1278.9 [M�4H]4�, 1030.9 [M�5H�K]5�,
859.3 [M�5H�K]6�.


Octavalent conjugate 34 : This compound (0.40 mg, 45 %) was obtained
following procedure B; RP-HPLC [gradient 100:0 to 75:25 (A/B), 15 min,
then 75:25 to 70:30 (A/B), 30 min]; positive ESI-MS: found: 4927.5; calcd
4928.6; m/z : 1643.7 [M�3H]3�, 1233.2 [M�4H]4�, 999.3 [M�3H�Na�K]5�.


Tetravalent conjugate 35 : This compound (0.45 mg, 59%) was obtained
following procedure C; RP-HPLC [gradient 100:0 to 60:40 (A/B), 70 min];
positive ESI-MS: found: 3867; calcd 3869.5; m/z : 1290.1 [M�3H]3�, 968.0
[M�4H]4�, 774.6 [M�5H]5�.


Tetravalent conjugate 36 : This compound (0.55 mg, 35%) was obtained
following procedure C; RP-HPLC [gradient 100:0 to 75:25 (A/B), 20 min,
then 75:25 to 65:35 (A/B), 20 min, then isocratic]; positive ESI-MS: found:
3868.5; calcd 3869.5; m/z : 1290.6 [M�3H]3�, 968.0 [M�4H]4�, 783.6
[M�5H]5�.


Tetravalent conjugate 37: This compound (0.71 mg, 42%) was obtained
following procedure C; RP-HPLC [gradient 100:0 to 75:25 (A/B), 20 min,
then 75:25 to 60:40 (A/B), 30 min]; positive ESI-MS: found: 3912; calcd
3913.6; m/z : 1305.0 [M�3H]3�, 979.1 [M�4H]4�, 783.6 [M�5H]5�.
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Hydrothermal Synthesis, X-Ray Structure and Complex Magnetic Behaviour
of Ba4(C2O4)Cl2[{Fe(C2O4)(OH)}4]
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Abstract: Hydrothermal reaction of
iron(iii) chloride, barium chloride and
sodium oxalate in a narrow stoichiom-
etry range produces the title compound
Ba4(C2O4)Cl2[{Fe(C2O4)(OH)}4] (1).
This new iron(ii) oxalate crystallises in
the tetragonal space group P42/mnm :
a� 13.811(3), c� 7.026(2) �. The struc-
ture consists of parallel chains of m2-
hydroxy-bridged iron(ii) ions. These are
connected by bridging oxalates to form
an anionic framework with large chan-
nels that contain the remaining barium,
chloride and oxalate counter ions. Mag-


netisation studies on an oriented single
crystal of 1 revealed a magnetic phase
transition at 32 K and a strong easy-
plane anisotropy at all temperatures.
Above Tc the compound behaves as an
S� 2 XY antiferromagnetic chain, show-
ing a broad maximum in the suscepti-
bility at about 70 K. We determined the
intrachain coupling J and the interchain


coupling J' to be ÿ7 cmÿ1 and
�0.4 cmÿ1, respectively. The low-tem-
perature phase is an ordered antiferro-
magnetic state. Zero- and longitudinal-
field muon spin-rotation/relaxation
studies support this interpretation; be-
low Tc oscillations in the muon spin-
autocorrelation function are observed
giving unambiguous evidence for a non-
zero sublattice magnetisation and proof
of a long-range magnetically ordered
state.


Keywords: hydrothermal synthesis
´ iron ´ magnetic properties ´ MuSR
´ O ligands


Introduction


The search for new molecular-based magnetic materials has
shown that such simple ligands as azide,[1] cyanide,[2] dicyan-
amide[3] and oxalate[4] have structural chemistry of consider-
able complexity. The attractiveness of these ligands lies both
in the fact that they provide good superexchange pathways for


magnetic coupling and that they coordinate in predictable
ways facilitating a ªcrystal engineeringº approach to syn-
thesis. These anions are commonly combined with ancillary
ligands, such as polypyridyls and other multidentate nitrogen
heterocycles, in order to achieve a wider range of structural
types. The inherent low solubility of coordination network
materials makes it difficult in many cases to obtain the
product in a microcrystalline form necessary for good
characterisation. We have recently shown that solvothermal
synthesis is a good way of crystallising molecular-based
magnetic materials,[5] particularly when small anions such as
oxalate[6] and squarate[7] are used. This approach has several
advantages, including the ability to synthesis otherwise
unobtainable materials and the possibility to form new
materials in which the structure is modified by presence of
included small ions, such as halides and Group 1 and 2 cations,
within the lattice. In general we are able to prepare materials
which are similar to minerals in their density of spin carriers,
but which have the structural diversity of conventional
molecular-based materials.


Results and Discussion


Synthesis : Ba4(C2O4)Cl2[{Fe(C2O4)(OH)}4] (1) was discov-
ered during a systematic study of the hydrothermal chemistry
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of the ternary system FeCl3/Na2C2O4/BaCl2. Experiments
performed across the whole compositional phase diagram
revealed the iron(ii) mineral humboldtine, a-[Fe(C2O4)-
(H2O)2], to be particularly stable, forming the major solid
phase for a very wide range of starting compositions.
However, there exists a narrow region in which 1 can be
formed exclusively. There are two important features of the
synthesis on which we will comment. Firstly, under hydro-
thermal conditions the aqueous iron(iii) ions are reduced to
iron(ii) in the product. This, along with similar observations of
metal reductions in many hydrothermal transition metal/
carboxylate[6, 8] reactions, is accounted for by the Nernst
equation, which shows how redox potentials are directly
related to temperature and the product of the activities of the
species involved. Secondly, although no base is employed in
the synthesis, the product contains hydroxide ions. Despite the
fact that the dissociation constant of water increases with
increasing temperature, we believe that (as under ambient
conditions) the hydrolysis is facilitated by the iron(iii) ions.
This contention is supported by the fact that all attempts to
prepare 1 starting from FeCl2 were unsuccessful, yielding only
humboldtine, thus showing no evidence of hydrolysis and
implying that hydrolysis must occur before the reduction of
the metal ions. We have previously observed a similar effect[6]


in the synthesis of [Fe2(OH)2(C2O4)].
To date we have been unable to prepare analogues of 1 by


replacing iron, barium and chloride with any other transition
metal, alkali earth metal or halide, respectively.


Structure : Compound 1 crystallises in the primitive tetragonal
space group P42/mnm. Its structure is comprised of an anionic
coordination network with the stoichiometry Fe(OH)(C2O4)
which contains large cavities occupied by barium, chloride
and additional oxalate ions (Figures 1 and 2). This combina-


Figure 1. Part of an iron hydroxide oxalate chain of 1 with associated
barium, chloride and noncoordinated oxalate ions. Thermal ellipsoids are
at the 50% probability level.


tion of ions appears to be crucial in stabilising this framework
structure as no other related combination of ions has
produced anything similar. This is not surprising in view of
the range of interactions found in 1 which include electro-
static, hydrogen and covalent bonding in addition to steric
effects. The network consists of octahedral iron(ii) ions


Figure 2. Packing diagram of 1, viewed along the tetragonal c axis, and
showing how Fe(OH) chains are held together in a square lattice. Type-1
and type-2 channels can be seen containing barium and chloride ions or
oxalate ions, respectively.


bridged by hydroxide and oxalate groups. Each iron atom is
coordinated to two hydroxides in a trans geometry with the
remaining coordination sites occupied by unidentate oxygen
atoms from four oxalate anions. The hydroxides are m2-
bridging to adjacent iron atoms; this leads to the formation of
a chain of vertex-sharing FeO6


polyhedra zig-zaging along the
crystallographic c axis. The axes
of the individual polyhedra are
displaced by an angle of 28.88
from the c axis (Figure 3). The
oxalates which are part of the
anionic network each bridge
four iron ions, two from one
chain and two from an adjacent
chain. In this way the chains are
linked into a square lattice.
There are two types of channel
running parallel to the c axis.
These alternate like the black
and white squares on a chess-
board. Type-1 channels have
concave edges and contain the
chloride ions which lie on the 42


screw axis. Towards the edges of
these channels and on opposite faces are pairs of barium
cations providing a tetrahedral environment for the chloride
ions which sit at the centre of the channel. The convex type-2
channels are filled with columns of oxalate anions, which
coordinate to the barium ions in the neighbouring channels.
The anionic network, as well as the barium and chloride ions
form an I-centred lattice, but this centring is broken by the
orientation of the oxalate ions which alternate between
neighbouring type-2 channels.


Figure 3. The canted chain
structure of vertex-shared
ªFeO6º octahedra showing the
coordination environment of
network oxalate ions and the
two superexchange pathways (J
and J').
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The local reduction in symmetry produced by placing the
D2h oxalate anion in the square channels of the lattice network
is clearly seen in the infrared spectrum of this material. The
hydroxy groups of the Fe(OH) chain are directed into the
centre of the channels and form two types of bifurcated
hydrogen bonds in which one hydroxy, O5H5 points towards
the O-C-C-O side of the anion and the other, O4H4 is directed
towards the O2Cÿ end of the oxalate. Consequently, both the
stretching and bending OH modes are split reflecting the two
different OH environments.


The iron(ii) environment is tetragonally compressed with
the two FeÿO (hydroxide) bonds averaging 1.998(2) �; the
average FeÿO (oxalate) bond is 2.214(5) �. This Jahn ± Teller
distortion is both predicted and often seen for this ion. The
barium ions are nonacoordinate with seven oxygen and two
chloride ligands. The BaÿO bond lengths range from 2.574(7)
to 3.156(2) �, while the BaÿCl bond length is 3.176(6) �


Magnetism


Powder susceptibility measurements : The paramagnetic sus-
ceptibility shows a very broad maximum reaching 3.38�
10ÿ2 cm3 molÿ1 at 65(�5) K. This behaviour is not well
modelled by Curie ± Wiess law. Plotting the product cT versus
T shows a continuous decrease on cooling, giving strong
support for an overall antiferromagnetic exchange interac-
tion. The room temperature moment of 3.45 mB per iron ion is
well below the value of 4.89 mB expected for an isolated S� 2
iron(ii) ion; this suggests that either exchange coupling or
zero-field splitting effects are significant even at this temper-
ature.


Single-crystal measurements : The high crystallographic sym-
metry of 1 means the susceptibility tensor cij is uniaxial with
its principal axis coincident with the principal crystallographic
axis. Thus two independent components ck and c? were
measured (with an applied field H� 100 G) parallel and
perpendicular to the crystallographic c axis, respectively.
Their temperature dependence is shown in Figure 4. The most
striking feature is that c?� ck for all temperatures. On
cooling, ck goes through a broad maximum at 70(�5) K. No
such maximum exists for c?. At 32 K there is an abrupt change
in behaviour marked by discontinuities in c? and the gradient


Figure 4. Thermal dependence of the parallel and perpendicular static
susceptibilities in an applied field of 100 G.


of ck. Below this temperature c? rises steeply at first then
levels off, while ck after initially decreasing levels off to a non-
zero value as T approaches 0 K.


It is clear that there are two magnetic phases. The changes
in c? and dck/dT at 32 K are linked to the onset of long-range
ordering. This is clearly seen by plotting dckT/dT, which is
approximately proportional to the magnetic specific heat
capacity.[9] Here a l-like anomaly at 32 K is indicative of a
second-order magnetic phase transition. Thus the high-
temperature phase is principally a paramagnetic state, while
the low-temperature phase is an antiferromagnetically or-
dered state. In both phases the magnetic behaviour is
complex. The discussion of this behaviour starts from the
microscopic perspective of single ion behaviour and then
considers the effects of exchange coupling on the observed
susceptibility. The octahedral, high-spin iron(ii) ions have a
large tetragonal compression (�10 %) which splits the 5T2g


state into a lower lying 5B2g orbital singlet and a 5Eg doublet
state. Here the splitting parameter D is positive and we can
expect an XY-like single-ion anisotropy in which the ion has
an easy-plane of magnetisation with m?> mk (for
whichkand? refer to the z axis of the crystal field).[10] It is
reasonable to assume that the behaviour of the paramagnetic
phase is determined predominantly by the single-ion proper-
ties particularly at the highest temperatures (e.g., for
T� 10 Tc) at which cooperative interactions will be less
significant. Using this approximation we can relate the
observed magnetisations to the microscopic moments of the
iron(ii) ions parallel and perpendicular to the local crystal field
z axis. This is done by taking the average direction cosines[11]


between the local crystal field axis and the applied field. Using
the values for Mk and M? (M�magnetisation) at 300 K we
obtain a value for the ratio g?/gk � 3.9 (g is the LandeÂ g factor).
While it has been noted previously that such XY-like spin
anisotropy is more prevalent in uniaxial crystals,[12] in this case
it originates from the single-ion properties and not just as a
consequence of crystallographic symmetry.


The spin ± spin coupling interactions in a molecular-based
magnetic material are governed by the superexchange path-
ways. In 1 there are two types of superexchange pathways that
together connect all the ions into a three-dimensional net-
work. The first is the single-atom m2-hydroxide bridge (J) and
the second is a trans oxalate bridge (J') (see Figure 3). The
hydroxy-bridged network forms a simple one-dimensional
chain with an Fe ± Fe separation of 3.513(1) �, while the
oxalate-mediated interactions link an ion to four others in
neighbouring chains, Fe ´´ ´ Fe 6.906(2) �. Together these
couplings J and J' form a tetragonally distorted, simple cubic
net. In general, shorter bridges mediate stronger superex-
change couplings. On this basis the two-bond coupling J
should be very much greater than the five-bond pathway of J'.
Thus we may expect this system to behave as an array of
chains running parallel to the c axis, with a strong intrachain
interaction and a much weaker interchain coupling. It has
been rigorously shown from thermodynamic arguments that
isolated chains cannot sustain long-range order (regardless of
any single-ion or exchange anisotropy) because of an inordi-
nate cost in entropy.[9] In such cases there will be no magnetic
phase transition above T� 0 K.
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The expected behaviour for an antiferromagnetically
coupled chain of spins for which the interchain interaction is
zero is characterised by a broad maximum in c(T) and a non-
zero intercept[13] at T� 0 K. If the interchain interaction is
small but finite, as the thermal energy is reduced the effects of
the interchain coupling will become more significant and
eventually a cross-over from one- to three-dimensional
behaviour will occur. This is often marked by a phase
transition to a state of long-range order. This is exactly what
we observe; on cooling, ck and c? have broad features (ck has a
distinct maximum at about 70 K) indicative of short-range
antiferromagnetic correlations and a one-dimensional char-
acter. Further cooling sees a sharp phase transition at 32 K to
some form of long-range ordered antiferromagnetic state.


The behaviour of a chain of interacting isotropic spins is
given by the Heisenberg Hamiltonian [Eq. (1)] and although
this equation is analytically insoluble, certain approximations
have allowed the thermodynamic properties to be calculated.
Using a classical approach Fisher[14] has derived Equa-
tion (2a).


H�ÿ2Si Si ´ Si�1 (1)


ck �
Ng2m2


BS�S � 1�
3 kBT


1 � u


1ÿ u


� �
(2a)


u� coth[2 JS(S�1)/kBT]ÿkBT[2JS(S�1)]ÿ1 (2b)


After adding a constant term to account for the Van Vleck
temperature-independent contribution to the paramagnet-
ism[15] a reasonable least-squares fit was obtained for ck in the
range 32�T� 300 K, with J�ÿ7.6(2) cmÿ1. In an alternative
method Weng[16] has used numerical methods to determine
the behaviour of a quantum spin S� 2 antiferromagnetic
chain. This is approximated by the polynomial expansion
subsequently published by Hatfield[17] [Eq. (3), in which A�
2.0000, B� 71.938, C� 10.482 and D� 955.56].


ck �
Ng2m2


b


kBT
[


A � B�jJjkBT�2
1 � C�jJjkBT� � D�jJjkBT�3] (3)


After adding a temperature-independent component this
equation gave a superior fit (Figure 5) yielding a value of J�
ÿ6.3(2) cmÿ1. The behaviour of 1 deviates from these models
in two important respects. Firstly, the shape of ck is not
mirrored by c? . Secondly, ck shows a slight deviation from the
model across the whole temperature range. At the lowest
temperatures (as T approaches TC) this discrepancy may be
accounted for by the onset of interchain interactions. While
deviations at higher temperatures could be due to our
simplified choice of model, it is clear that at the very least a
planar Heisenberg model is required. With respect to the low-
temperature deviations, similar systems have previously been
modelled by combining these equations with a mean-field
term to account for the interchain interactions.[15, 18] This did
not significantly improve the quality of the fit in the present
case. We can however deduce a value for the interchain
interaction by employing Oguchi�s method[19] which relates
Tc, S and jJ j to jJ' j . This method is particularly successful
when the coupling ratio h (equal to jJ' j / j J j ) is small. Thus we
obtain h� 0.063 and jJ' j� 0.4 cmÿ1.


Figure 5. The best-fit curve (solid line) of Weng�s expression for an
antiferromagnetically coupled spin 2 chain [Eq. (3)Ðsee main text].


Single-crystal susceptibility measurements allow us to
determine the anisotropy, a useful quantity in interpreting
the magnetic behaviour. The anisotropy for a uniaxial
material is given by Equation (4).


A� �c? ÿ ck�
�c? � ck�


(4)


Here (in a paramagnetic state) if the magnetic moments are
rigorously confined to the perpendicular plane then A��1, if
the moments are constrained to the unique axis then A�ÿ1
and if there is no preferential orientation for the moments
then A� 0. These extreme scenarios correspond to the XY,
Ising and Heisenberg models, respectively. For real systems at
finite temperatures we can expect intermediate values of A.
The temperature dependence of the anisotropy of 1 is shown
in Figure 6. The sample displays an easy plane of magnet-


Figure 6. The thermal dependence of the anisotropy, as defined in
Equation (4).


isation for all temperatures; however, there are significant
changes in the value of A over the measured temperature
range. A qualitative interpretation can be achieved by
considering appropriate sources of anisotropy.


Firstly there is an inherent contribution from the single-ion
properties. The combined action of spin-orbit coupling and a
reduced crystal-field symmetry (tetragonal compression)
splits an otherwise degenerate ground-state manifold. As
the temperature is lowered the effective g values will
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approach those of the single-ion ground state. A second cause
of anisotropy derives from the spin ± spin interaction. To
completely describe the coupling of two spin vectors (Si and
Sj) a coupling tensor Jij is required. While symmetry may
constrain certain elements of Jij,.it is always possible to
deconvolute a third-order second-rank tensor into three
component parts, such that Jij� JE� Dij�dij (where E is a
unit tensor). Here J is the isotropic exchange, Dij is the
symmetric anisotropic exchange interaction, which deter-
mines the preferred axis of orientation of the aligned spins,
and dij is the antisymmetric exchange term (the Dzialoshin-
ski ± Moriya term), which stabilises non-collinear spin config-
urations. Both Dij and dij represent non-Heisenberg exchange
interactions.[20] Such non-Heisenberg exchange contributions
can be caused by spin ± orbit couplings in transition metal
systems or by inherently anisotropic dipole ± dipole interac-
tions.


In a magnetically ordered phase the dominant cause of aniso-
tropy derives from the anisotropic internal fields associated
with each sublattice magnetisation. In this way the ordered
state reinforces certain spin orientations making a perturbation
much more difficult. This is demonstrated by a classical two-
sublattice antiferromagnet, for which induction of a magnetic
moment along the principal axis of the spins is energetically
much more difficult than in the perpendicular direction,
resulting in apparent XY-like anisotropy with c?> ck.


With these ideas in mind we can qualitatively account for
the changes in anisotropy. On cooling, the increase in A
corresponds to an increase in XY-character; we attribute this
to the single-ion anisotropy which we know is large. The
anisotropy reaches a local maximum at 140 K and then
decreases below this temperature. This corresponds approx-
imately to the region where the intrachain coupling Jij


becomes the dominant interaction. The decrease in A must
be equated with a tendency for the anisotropic component of
the coupling (Dij) to align the spins along the chain direction.
As we continue to cool the sample, the anisotropy reaches a
minimum at 75 K and then begins to increase. The rate of
increase reaches a maximum at the phase transition after
which it levels off to a constant value in the low-temperature
antiferromagnetic phase. The enhancement of the anisotropy
below TC must be due to the anisotropy of the internal fields
in this ordered phase. In the region around TC it is not clear to
what extent each of the sources of anisotropy is contributing
to the overall behaviour and consequently the overall spin
configuration remains ambiguous.


The magnetisation as a function of the applied field for both
parallel and perpendicular orientations (Figure 7) show no
dramatic differences on either side of TC. For Mk we see an
exceptionally linear relationship with intercepts at the origin.
Such a high degree of linearity is typical of antiferromagnet-
ism. It seems that although at 40 K the phase is not magneti-
cally ordered the strong intrachain coupling results in an
antiferromagnetic character. For the perpendicular orienta-
tion there is even less apparent difference in the magnet-
isation curves at 20 and 40 K. The shape of the curve is a little
more unusual and bears some of the hallmarks of canted
antiferromagnetism. Initially M? rises steeply and then at
higher fields (H> 1000 G) settles down to a linear relation-


Figure 7. Single-crystal field-dependent magnetisation curves for parallel
and perpendicular orientations with measurements made above and below
the magnetic phase transition.


ship of the form M?�M0�cH. The interpretation of the
quantities M0 and c is not clear, as the sample is not a simple
canted antiferromagnet. M0 is not a spontaneous magnet-
isation, but corresponds to a spin configuration that is more
easily obtained. Once this configuration has become saturated
the more usual linear relationship between M and H takes
over.


Single-crystal magnetic studies are of vital importance in
interpreting the behaviour of magnetic systems. This is
particularly so for molecular-based materials in which com-
plex structures are built from metal ions usually in low
symmetry environments. In the present system the high
crystallographic symmetry considerably simplifies the process
of performing single-crystal magnetisation measurements.
The utility of this approach is immediately clear as the
magnetic phase transition and large XY anisotropy are not
evident in measurements on powder samples. Most aspects of
the observed behaviour have been successfully rationalised
from structural considerations. From a microscopic perspec-
tive the distortion from octahedral geometry around the iron
ion leads to XY spin anisotropy, whilst the crossover in
magnetic lattice dimensionality at the phase transition fits
perfectly with that expected from a consideration of the
couplings within the structure.


Muon spin-rotation/relaxation (MuSR) studies: MuSR is a
very useful and sensitive probe of magnetic and dynamic
behaviour.[21] In the experiment positive muons are implanted
into the sample with 100 % spin polarisation. The muon decay
(tm� 2.2 ms) into a positron is mediated by a parity-violating
weak interaction, the effect of which is to cause an enhanced
positron emission in the direction of the muon spin at the
moment of decay. By measuring the spatial and temporal
distribution of the emitted positrons we can deduce the
evolution of the muon spin polarisation with time. In the
longitudinal geometry used here this means counting posi-
trons in the forward N�(t) and backward Nÿ(t) direction. The
asymmetry of the polarisation is given as CGz(t)� [N�(t)ÿ
aNÿ(t)]/[N�(t)�aNÿ(t)], where C is a normalisation constant,
a is an experimental parameter to correct for different
efficiencies of the forward and backward detectors and Gz(t)
is the normalised muon spin autocorrelation function.
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The results of zero-field experiments are shown in Figure 8.
Above 32 K the depolarisation shows a complex form; it is not
satisfactorily fit by either simple Gaussian or Lorentzian
decay function but appears to have intermediate behaviour.
In paramagnetic materials the electronic spin fluctuations
normally occur on too rapid a time scale to provide an


Figure 8. A waterfall plot of the zero-field muon depolarisation curves at
selected temperatures. Whilst the scale is correct for the data at 10 K, all
other plots are vertically shifted for clarity.


effective depolarisation mechanism. If the sample possesses
nuclei with non-zero nuclear moments the relaxation may be
effected by the distribution of fields caused by the random
orientation of the nuclear spins. Nuclear spin relaxation rates
are very much longer than the muon lifetime and so have a
static distribution of internal fields. Larmor precession of the
muon in a range of fields quickly leads to spin relaxation by a
dephasing of the muon spin polarisation. In 1 we believe the
1H nuclei provide the largest component to the static random
fields experienced by the muons. This is in part due to their
close proximity to the likely muon implantation sites. A
distribution of static fields results in a longitudinal depolar-
isation curve Gz(t) with the static Kubo ± Toyabe form. Such a
curve is characterised by an initial Gaussian-like decay and
subsequent recovery should occur at longer times to 1/3 of its
initial asymmetry. We do not observe this recovery, but do see
a mixture of Gaussian behaviour at short times and exponen-
tial decay at longer times suggesting a dynamic component to
the muon spin relaxation. The zero-field data can be well
fitted with the dynamic form of the Kubo-Toyabe function,[22]


for which s/n� 0.5 (s is the static component of the relaxation
and is related to the distribution of internal fields caused by
non-zero nuclear moments and n is effectively a muon hop
rate). In this model the dynamic component is based on a
ªstrong collision theoryº for muon diffusion (hopping). This is
not an ideal description of electronic spin fluctuations,
nevertheless in the absence of other models we believe that
the dynamic Kubo ± Toyabe model at least provides a useful
parameterisation. At 120 K the hop rate is �0.3 msÿ1. On
cooling below 60 K this dynamic component is seen to


increase significantly so that at 33 K it is�0.55 ms-1 (Figure 9).
At high temperatures spin fluctuations are rapid, cooling
slows these fluctuations down and their efficiency in depolar-
ising the muon spin is increased giving an increase in the
dynamic depolarisation rate. This interpretation is supported
by the 50 G longitudinal field measurements at which the


Figure 9. The thermal dependence of the muon spin-relaxation parame-
ters; a0 is the initial asymmetry, l is the overall damping factor, sKT and nKT


are the static and dynamic components of the Kubo ± Toyabe model.


Gaussian character of the relaxation function is completely
suppressed. This external field decouples the static nuclear
and dynamic electronic components, since it is much larger
than the dipolar nuclear fields but small enough not to perturb
significantly the dynamic electronic behaviour. Hence these
depolarisation curves are well modelled with a slowly decay-
ing Lorentzian function. The very slow nature of the muon
spin relaxation (a loss of �15 % of the initial asymmetry after
15 ms) results in a large error associated with the relaxation
rate, nevertheless the values obtained are comparable with
the rates obtained from the zero-field experiments.


Between 33 and 32 K there is a great change in the
evolution of the muon depolarisation curve (Figure 8). At
32 K the Gaussian component is lost, the value of the initial
asymmetry has decreased (Figure 9) and most strikingly a
damped oscillatory component is evident (Figure 10). This
behaviour, seen in other molecular magnets[23] is unambiguous
proof of a phase transition to a magnetically ordered
commensurate phase where the observed oscillations are
due to Larmor precession of implanted muons in the internal
magnetic field. Since the Larmor frequency can be simply
related to the magnetic field strength by wL� gmH, in which gm


is the magnetogyric constant for the muon (135 MHz Tÿ1), the
thermal evolution of the oscillation frequency is a direct
measure of the evolution of the internal field at the muon site.
That we only observe one oscillation frequency suggests that
there is one site for the implanted muon or that at least there
is only one site for which the internal field is within the
measurable range for this experiment. From a chemical
perspective this is expected to be on O3, the coordinately least
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Figure 10. Best fit for the oscillatory component at T� 31 K; unambiguous
evidence of Larmor precession and the existence of a non-zero mean value
for the internal field at the muon site.


saturated oxygen on the isolated oxalate within the type-2
channels. The thermal dependence of the oscillation frequen-
cy and thus of the internal field is shown in Figure 11 along
with the predicted behaviour from mean field theory.


Figure 11. Calculated thermal evolution of the magnetic field experienced
by the muon from the oscillation frequencies below Tc. Also shown (solid
line) is the mean-field theory prediction.


Conclusion


This work reports the synthesis, crystal structure and magnetic
behaviour of a new iron(ii) oxalate compound. Compound 1
was discovered during a systematic study of the hydrothermal
reactions of FeCl3/Na2C2O4/BaCl2 system. Compound 1
appears to crystallise in an I-centred tetragonal unit cell;
however, alternate orientations of the oxalate within the
channels breaks this symmetry resulting in a primitive lattice.
The structure has a very strong one-dimensional character
with vertex-sharing FeO6 polyhedra connected into chains
that run parallel to the c axis. The magnetic behaviour of 1 is
surprisingly complex, in that even a qualitative explanation
requires many aspects of magnetochemistry to be considered.
It is clear from the susceptibility studies and zero-field MuSR
experiments that 1 has a magnetic phase transition at 32 K.
Above this temperature the behaviour is of an antiferromag-
netically coupled spin 2 chain. The large positive single-ion
anisotropy has, on average, its axis parallel to the chain, thus


the spins are confined perpendicular to the chain direction.
Using appropriate available models we derive the intrachain
coupling, J and the interchain coupling, J' to be ÿ7 and
�0.4 cmÿ1, respectively. This value of J' is quite large for such
a separation between iron ions, and it is likely that it contains
a significant dipolar contribution, particularly in view of the
probable spin orientations. In the three-dimensional antifer-
romagnetically ordered phase MuSR studies provide a direct
measure of the thermal evolution of the sublattice magnet-
isation. In conjunction with complimentary neutron diffrac-
tion experiments currently underway this data will help us
deduce the ground-state structure of the antiferromagnetic
phase. This molecular-based material provides a rare and
useful example of a spin 2 material with planer anisotropy.
Such a system provides an excellent opportunity to see how
the interplay of various forms of magnetic anisotropy conspire
to control its behaviour.


Experimental Section


Infrared spectra were recorded on a Nicolet Impact 410 FTIR spectrometer
as KBr pellets. C, H, N and Cl analysis was determined by the UEA
analytical service. All chemicals were used as received without further
purification.


Tetrabarium dichloride oxalate tetra[iron(iiii)hydroxyoxalate] (1): Sodium
oxalate (261 mg, 1.95 mmol) and barium chloride dihydrate (780 mg,
3.20 mmol) were added to a solution of iron(iii) chloride hexahydrate
(312 mg, 1.16 mmol) in distilled water (10 mL). The reaction mixture was
placed in a 23 cm3 Teflon-lined autoclave and heated to 220 8C for
100 hours, then cooled back to room temperature. Filtration gave golden-
yellow needles of the product (yield: 160 mg, 0.24 mmol, 41 %). Elemental
analysis calcd (%) for Ba4Fe4Cl2C10O24H4: C 8.86, H 0.30, Cl 5.25; found C
8.79, H 0.26, Cl 4.35; IR (Kbr): nÄ 3370 (s, br, OH), 3234 (s, br, OH), 2918
(w), 2763 (w), 1625 (vs, br, C�O), 1359 (m), 1317 s, 925 (m, br, OH), 844 (m,
br, OH), 780 (s), 756 (w), 503 (m), 466 cmÿ1 (w).


Tetrabarium dichloride oxalate tetra[iron(iiii)deuteroxyoxalate]: The deu-
terated analogue can be formed by using the same molar ratios of
anhydrous reagents and reacting in D2O. IR (KBr): nÄ 2921 (vw), 2852 (vw),
2506 (m, br, OD), 2411 (m, br, OD), 1634 (vs, br, C�O), 1361 (m), 1317 (s),
807 (w), 780 (s), 710 (m, OD), 623 (m, OD), 527 (m), 493 (m), 472 (m),
458 cmÿ1 (m).


X-ray crystallography: Ba4(C2O4)Cl2[{Fe(C2O4)(OH)}4] crystallises as or-
ange-yellow needles. The room temperature data were collected from a
fragment with dimensions 0.16� 0.04� 0.04 mm on a Rigaku R-axis II
image plate diffractometer equipped with a rotating anode X-ray source
with graphite monochromated MoKa radiation (l� 0.71073 �). A series of
45 f oscillation photographs were measured (Df� 58) with a crystal to
detector distance of 69 mm, giving data to a resolution of 0.76 �. Cell
dimensions were obtained by refinement of 105 reflections in the range
8.88� 2q� 55.768 from a single frame. Full details of the data collection
are given in Table 1. The data were indexed and scaled by using the
programs DENZO and SCALEPACK. The structure was solved by direct
methods and the positions of subsequent atoms obtained from Fourier
difference maps. All non-hydrogen atoms were refined anisotropically by a
full-matrix least-squares on F 2. Hydrogen atoms were added in calculated
positions and refined by using a riding model. Solution and refinement was
performed with SHELXTL software. Fractional atomic coordinates and
equivalent isotropic thermal parameters are displayed in Table 2, while
selected bond lengths and angles are given in Table 3. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-146191. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).
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Magnetic susceptibility measurements : Single-crystal and powder magnetic
susceptibility measurements were performed on a Quantum Design MPMS
SQUID magnetometer. The diamagnetic contribution to the susceptibility
was calculated from Pascal�s constants[24] to be ÿ189� 10ÿ6 cm3 molÿ1. The
orientated single-crystal experiments were performed on a square prism
with approximate dimensions of 0.40� 0.15� 0.15 mm. This was attached
to a fine cotton fibre with a small amount of Apezion K grease so that the
long axis was parallel to the fibre. The orientation of the crystal and fibre
was fixed in a polythene straw, such that the long axis was a) parallel to the
applied field and then b) perpendicular. The induced magnetisation was


measured parallel to the applied field. Temperature-dependant measure-
ments were made in a field of 100 G from 1.7 to 300 K and field dependent
measurements made between 0 and 5.5 T at 20, 30 and 40 K.


MuSR experiments : Muon spin rotation/relaxation experiments were
performed on the MuSR instrument at the ISIS facility of the Rutherford ±
Appleton Laboratory. A finely ground sample of 1 weighing approximately
5 g was lightly pressed into an aluminium mount and held in place with a
Mylar film window. The aluminium holder was then masked from the muon
beam by a silver plate leaving a sample target with diameter 2.2 cm and a
depth of 2 mm. The sample was mounted in a 4He cryostat and placed in the
MuSR instrument in the longitudinal geometry. Zero- and longitudinal-
field measurements were taken over a range of temperatures from 10 to
120 K. In the case of zero-field measurements the background contribution
from the Earth and other extraneous sources in the experiment hall were
compensated for by a set of orthogonal Helmholtz coils. A 20 G transverse
field measurement was also performed on a standard silver sample for
instrument calibration purposes.
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Table 1. Crystallographic information for compound 1.


formula Fe2Ba2ClC5O12H2


Mw 675.90 g molÿ1


crystal system tetragonal
space group P42/mnm (no. 136)
a [�] 13.811(3)
c [�] 7.026(2)
V [�3] 1340.2(6)
Z 4
1calcd [gcmÿ1] 3.350
F(000) 1236
crystal size [mm] 0.16� 0.04� 0.04
q range [8] 2.09 ± 28.34
index range ÿ 17� h� 17


ÿ 18� k� 18
ÿ 9� l� 9


reflections collected 10527
independent reflections 946
Rint 0.0798
data/parameters 944/64
R1 [I> 2s(I)] 0.0395
wR2 [all data] 0.1464
goodness-of-fit, S 1.122
largest peak/hole [e �ÿ3] 1.979/ÿ 2.536


Table 2. Fractional atomic coordinates and average displacement param-
eters. Ueq is defined as one third of the trace of the othoganalized Uij tensor.


x y z Ueq


Ba(1) 0.4964(1) 0.1916(1) 0 29(1)
Fe(1) 0.7415(1) 0.2585(1) 0.2502(1) 17(1)
Cl(1) 0.5 0 0.25 27(1)
O(1) 0.5896(2) 0.2398(2) 0.3413(4) 29(1)
O(2) 0.3948(2) 0.2274(2) 0.3407(4) 29(1)
C(1) 0.5490(4) 0.2387(4) 0.5 19(1)
C(2) 0.4360(4) 0.2313(4) 0.5 19(1)
O(3) 0.4861(5) 0.3777(5) 0 88(3)
C(3) 0.4613(4) 0.4613(4) 0 31(2)
O(4) 0.7904(3) 0.2096(3) 0.5 27(1)
H(4) 0.8380(3) 0.1620(3) 0.5 32(1)
O(5) 0.6921(3) 0.3079(3) 0 24(1)
H(5) 0.6445(3) 0.3555(3) 0 29(1)


Table 3. Selected bond lengths [�] and angles [8].


Fe1ÿO1 2.209(3) Ba1ÿO1 2.802(3) Fe1ÿO2 2.219(3)
Ba1ÿO2 2.819(3) Fe1ÿO4 1.998(2) Ba1ÿO3 2.574(7)
Fe1ÿO5 2.006(3) Ba1ÿO4 3.156(2) Ba1ÿO5 3.1438(14)
C1ÿC2 1.563(8) Ba1ÿCl1 3.1761(6) C1ÿO1 1.249(3)
C2ÿO2 1.257(3) C3ÿC3A 1.51(2) C3ÿO3 1.205(8)
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Fe1-O4-Fe1A 122.9(3) O2-C2-C1 117.1(2) Fe1-O5-Fe1A 122.4(3)
O3-C3-O3A 123.0(10) O3-C3-C3A 118.5(5)
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XÿH (X�C, N, O, P, S) Bond Activations Induced by
b-Heterosubstituted Zirconaindenes


Victorio Cadierno,[a] Maria Zablocka,[b] Bruno Donnadieu,[a] Alain Igau,[a]


Jean-Pierre Majoral,*[a] and Aleksandra Skowronska[b]


Abstract: The azazirconacyclopentene-
substituted phosphines 3 and 4 have
been found to activate the CÿH bonds of
acetylenic systems, such as methylpro-
piolate, diphenylphosphinoacetylene
and phenylacetylene, or of methylene
compounds, such as malonitrile and
diethylmalonate, to give complexes
5 a ± c, 6 a and 6 b. CÿH bond activation


also takes place with vinylacetate. Sim-
ilar reactions with amines, alcohols,
enolisable ketones, phenols, phospho-
nates, thiols and a second-generation
SH-terminated dendrimer lead through


XÿH bond activation (X�N, O, P, S) to
new complexes 8 a ± c, 9, 12 a,b, 13, 14 a ±
c, 15, 16 a and 16 b. The azazirconacy-
clopentene-substituted amine 20 reacts
to form analogous complexes. ZrÿX
bonds of these complexes (X�C, N, O,
S) can be cleaved with diphenylchloro-
phosphine to give PÿX phosphorus de-
rivatives in high yield.


Keywords: CÿH activation ´ den-
drimers ´ phosphorus ´ zirconium


Introduction


The activation of CÿH bonds is currently one of the most
fascinating challenges encountered in the construction of
organic molecules. Two recent reviews have pointed out how
important this process is from an economical point of view.[1, 2]


In particular, CÿH bond activation initiated by transition
metal complexes has been the subject of a number of reports
in organometallic chemistry. Indeed a lot of electronically
unsaturated metal complexes have been found to activate
CÿH bonds and different strategies have been proposed. One
can cite 1,2-additions at M�X units (X�O,[3] NR,[4, 5] CRR'[6]),
oxidative addition of a late transition metal,[7] s-bond meta-
thesis,[8] homolytic cleavage by UV ± excited mercury atoms,[9]


activation at porphyrin ± RhII complexes[10] and heterolytic
activation by late transition metals in polar media.[11] CÿH
bond activation at d0 metal centres is found to be effective,
since these complexes remove hydrocarbons reversibly;[5] in
this case concerted processes are generally assumed to take
place.


In a previous work, it was shown that a non-isolated
complex, that is, the (h2-1,2-diphenylhydrazido(2ÿ ))zirco-


nocene complex Cp2Zr(N2Ph2) I reacts with phenylacetylene
or acetophenone to give the corresponding complexes II
resulting from CÿH and OÿH bond insertion on a zirconium ±
nitrogen bond of the coordinatively unsaturated intermediate
I[12] (Scheme 1).


Scheme 1. Reactivity of (h2-1,2-diphenylhydrazido(2)) zirconocene com-
plex I with phenylacetylene and acetophenone.


Our research, which is concerned with the studies of
interactions between Group 4 elements and main group
elements, has shown that the presence of phosphino groups
in a- or b-position relative to a zirconium centre can often
induce unusual reactions in comparison to those observed
with more classical organic zirconium species.[13] Therefore,
we reasoned that stable azazirconacyclopentene-substituted
phosphines such as 3 and 4 (16-electron zirconium ± nitrogen
bond species, see Scheme 2 below) might allow similar or new
activation processes in milder experimental conditions than
those already reported.[12] We describe here the unique
properties of the phosphines 3 and 4 and their corresponding
amines that allow sp and sp3 CÿH as well as XÿH bond
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activations (X�O, N, P, S) in
the formation of new 18-elec-
tron zirconium complexes;
these last complexes can be
used as efficient reagents for
the formation of phosphorus
species bearing PÿC, PÿO,
PÿN or PÿS bonds.


Results and Discussion


We have already reported that
thermolysis of diphenylzircono-
cene Cp2ZrPh2 in the presence
of bis(diisopropylamino)- or
bis(dicyclohexylamino)cyano-
phosphine (1 or 2) generates
azazirconacyclopentenes 3 or 4,
respectively, in high yield.[14]


This reaction takes place in
mild conditions, that is, heating
under reflux in toluene for
45 min, in contrast to the reac-
tion of Cp2ZrPh2 with organic
nitriles, which requires 17 h of
heating at 110 8C to go to com-
pletion.[15]


CÿH bond activation : Treatment of 3 with methylpropiolate
in toluene at room temperature resulted in the formation of
the 18-electron zirconium complex 5 a in 93 % isolated yield
(Scheme 2). The 31P{1H} NMR spectrum of 5 a exhibits a
single signal at d� 60.8 (3 : d� 45). Besides the signals from
the methylpropiolate fragments at d� 110.6 (C�) and 154.7
(C�O), a deshielded peak is detected at d� 142.6 in the
13C NMR spectrum, which is characteristic of an sp carbon
atom from the acetylenic moiety directly bound to the
zirconium atom. IR spectroscopy confirms the presence of a
carbon ± carbon triple bond (n(C�C)� 2039 cmÿ1) and that of
a NH group (n(NÿH)� 3355 cmÿ1). The NH group is also
detected in the 1H NMR spectrum; a doublet is observed at
d� 10.01 (JHP� 5.6 Hz). These data are in agreement with the
proposed structure for 5 a. The solid-state structure of 5 a has
been corroborated by a single-crystal X-ray diffraction study.
An ORTEP diagram of 5 a is shown in Figure 1 with selected


Scheme 2. Reactivity of azazirconacyclopentene 3 with acetylenic deriv-
atives.


bond lengths and angles. The most striking features of the
molecular structure will be discussed later.


This preliminary experiment shows that the azazirconacy-
clopentene 3 can activate a sp CÿH bond. This result
encouraged us to investigate the reaction of 3 with other
acetylenic systems. Indeed, Scheme 2 shows that a similar
activation proceeds with other alkynes, such as diphenylphos-
phinoacetylene or phenylacetylene, and leads to the forma-
tion of complexes 5 b and 5 c respectively.


This CÿH bond activation is not limited to sp CÿH bond,
since activation of a sp3 CÿH bond also occured when 3 was
treated with malonitrile or with diethylmalonate (Scheme 3).


Scheme 3. Reactivity of azazirconacyclopentene 3 with malonitrile and
diethylmalonate.


The resulting complexes 6 a and 6 b were obtained as pure
products in high yield. The formation of a NH bond was
confirmed by 1H NMR (6 a dNH� 9.38, JHP� 5.1 Hz; 6 b dNH�
10.1, JPH� 4.7 Hz) and by IR (6 a : n(NH)� 3286 cmÿ1; 6 b :
n(NH)� 3290 cmÿ1).


Remarkably, sp3 CÿH bond activation of vinyl acetate takes
place when this reagent is treated with 3 in the same
experimental conditions as those reported above. Complex 7


Figure 1. Molecular structure of 5a with crystallographic numbering scheme. Selected bond lengths (�) and
bond angles (8): ZrÿC21 2.3571(19); ZrÿN1 2.3269(17); ZrÿC11 2.328(2); C11ÿC12 1.211(3); C21-Zr-N1 67.61(6);
N1-Zr-C11 71.19(7).
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was isolated and fully characterized (Scheme 4). The NMR
data are in accord with the proposed structure. In particular, a
characteristic deshielding signal at d� 58.1 in the 13C NMR
spectrum is observed for the methylene unit directly bonded
to the zirconium atom.


N
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P(NiPr2)2


H
CH2


OO
CH CH2


CH3
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CH CH2
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Scheme 4. Reactivity of azazirconacyclopentene 3 with vinylacetate.


The imino carbon chemical shift in the 13C NMR spectrum
constitutes an excellent probe with which to follow CÿH bond
activation and 18-electron zirconium complex formation of
the experiments that have been described up to this point. The
dC�N signal moves downfield from d� 191.3 (3) to 201.6 ± 205.3
(5a ± c, 6a,b, 7), while the carbon phosphorus coupling constant
increases from 19 Hz (3) to 39.2 ± 41 Hz (5 a ± c, 6 a,b, 7).


XÿH (X�O, N, P, S) bond activation : In order to investigate
the generality of the reaction, the reaction of 3 and 4 with
alcohols was studied. Addition of one equivalent of methanol
to a solution of 3 or 4 in toluene at room temperature affords
the new 18-electron complexes 8 a or 9, which arise from the
formal 1,2-addition of methanol on the zirconium ± nitrogen
bond of 3 and 4 (Scheme 5). These compounds are stable
species that are easily isolated
and characterized. The addition
of a second equivalent of meth-
anol to 8 a or 9 or treatment of 3
or 4 directly with two equiva-
lents of methanol afford the N-
unsubstituted imines 10 or 11,
which result from methanolysis
of the zirconium sp2 carbon
bond in 3 and 4 or 8 a
and 9 with the release of
[Cp2Zr(OMe)2] (Scheme 5).
Alcohols such as isopropyl al-
cohol and phenol react in a
similar manner to give rise to
the complexes 8 b and 8 c, re-
spectively (Scheme 5).


Interestingly, enol forms of
ketones undergo similar reac-
tions. Acetophenone, acetone
and cyclohexanone are convert-
ed into zirconium derivatives
12 a, 12 b and 13 respectively in
the presence of complex 3
(Scheme 6). Compound 12 a
was isolated in crystal form
and a single-crystal X-ray anal-
ysis was performed to confirm
its structure (Figure 2).
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11 R= NCy2
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Scheme 5. Reactivity of azazirconacyclopentenes 3 and 4 with alcohols
and phenols.
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Scheme 6. Reactivity of azazirconacyclopentene 3 with ketones.


Figure 2. Molecular structure of 12a with crystallographic numbering scheme. Selected bond lengths (�) and
bond angles (8): ZrÿO 2.1497(13); OÿC11 1.333(2); C11ÿC12 1.336(3), ZrÿN1 2.2957(15); ZrÿC25 2.3836(17);
C25-Zr-N1 67.19(1); N1-Zr-O 70.14(1).
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The azazirconacyclopentene 3 can be converted to the
corresponding 18-electron zirconium complexes 14 a ± c, 15,
16 a and 16 b through reaction with aromatic amines (aniline,
p-toluidene, 4-amino benzonitrile), phosphonates (such as
(EtO)2P(O)H) or thiols (thiophenol, benzylmercaptan)
(Scheme 7). These one-pot reactions yield ZrÿN, ZrÿP and
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Scheme 7. Reactivity of azazirconacyclopentene 3 with amines, phospho-
nate and thiols.


ZrÿS species as single products. Polyfunctionalized macro-
molecules as SH-terminated dendrimers[16] also react easily to
afford the first example of a neutral zirconadendrimer. The
reaction of a second-generation dendrimer, 17 (1 equiv),
which incorporates twelve terminal SH groups on the surface,
and 3 (12.2 equiv) gives 18 in 72 % yield after work-up
(Scheme 8). The reaction can be followed by 31P NMR
spectroscopy in which the signal of 3 disappears with the
concomitant increase of a new signal at d� 58.2. The 1H and
13C NMR spectra of 18 have signals at dNH� 9.87 (JHP�
5.4 Hz) and dPC�N� 204.4 (JCP� 40.6 Hz), respectively.
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Scheme 8. Reactivity of azazirconacyclopentene 3 with a second-gener-
ation SH-terminated dendrimer.


Scope and limitations : No intermediate species were observed
by 1H and 31P NMR spectroscopy during the reaction. This
XÿH bond activation can be viewed as a formal 1,2-addition
to a single 16-electron zirconium ± nitrogen covalent bond,


which affords a 18-electron zirconium ± nitrogen dative bond
species. Although a concerted four-centre mechanism cannot
be ruled out, it is reasonable to postulate that the first step is
the protonation of the cyclic imino nitrogen atom followed by
the attack of the activated nucleophile Xÿ on zirconium with
formation of a ZrÿX covalent bond. The basicity of the cyclic
imino nitrogen atom plays a key role in this process. Aliphatic
amines do not react with 3, while aromatic amines, which are
less basic than aliphatic amines, react cleanly.


A question remains: does the presence of a phosphino
group present in 3 and 4, or the presence of any exocyclic
group bearing a donor heteroatom, increase the basic
character of the cyclic imino nitrogen atom and facilitate
XÿH bond activation? To answer this question, two types of
experiments were performed.


The first experiment consists of the treatment of the
metallacycle 19,[15] which bears a methyl group on the sp2


imino carbon atom, with diphenylphosphino acetylene
Ph2PÿC�CÿH. No reaction takes place; this suggests that
the role of the phosphorus lone pair in 3 or 4 renders the cyclic
imino nitrogen atom more basic through delocalisation along
the PÿC�N linkage.
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A new azazirconacyclopentene 20 was prepared to confirm
this assumption; its reactivity with diphenylphosphinoacet-
ylene and phosphonate (EtO)2P(O)H was investigated. The
preparation of the complex 20 involves the heating of
[Cp2ZrPh2] under reflux with diisopropylamino cyanamide
in toluene for 1 h (Scheme 9). Reactions of 20 with diphenyl-
phosphinoacetylene and phosphonate proceed at room tem-
perature in toluene for 30 min. The products are, as expected,
the 18-electron zirconium metallacycles 21 and 22, which are
formed through CÿH and PÿH bond activation (Scheme 9). It
is clear that the nitrogen lone pair of the exocyclic amino
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Scheme 9. Reactivity of azazirconacyclopentene 20 with diphenylphos-
phinoacetylene and phosphonate.
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group in 20 plays the same role as the phosphorus lone pair in
3 and 4.


In order to gain more insight in the scope and limitations of
these XÿH bond activation processes, we investigated the
reactivity of the acyclic complex 23, which was prepared


through addition of the Schwartz reagent [Cp2ZrHCl] to
bis(diisopropylamino)cyanophosphine.[17] We anticipated that
23 would not react as the cyclic systems 3 and 4 did, because
complex 23 can be considered as an organometallic com-
pound with heteroallene structure and an sp-hybridized
nitrogen atom. A similar heteroallene structure was found
for (benzylideneamino)zirconocene chloride 24.[18] The X-ray
structure of 24 revealed the presence of an almost linear
Zr-N-C moiety (170.5(5)8) with a C�N bond length of
1.259(7) �, which is somewhat shorter than that of a normal
sp2 C�N double-bond system. These data are in marked
contrast with those observed both for the cyclic azazircona-
cyclopentene 19 (Zr-N-C 119.0(2)8, C�N 1.290(4) �),[15] 5 a
(Zr-N-C 123.54(14)8, C�N 1.294(3) �), and 12 a (Zr-N-C
125.22(3)8, C�N 1.283(2) �). As expected, no reaction was
detected when the acyclic metallocomplex 23 was treated
either with diphenylphosphinoacetylene or with the bis-
phosphonate derivative H2C[P(O)(OEt)2]2. Retrocoordina-
tion of the nitrogen lone pair to the zirconium moiety is likely
to account for the lack of reactivity of 23.


All the new 18-electron azazirconacyclopentenes with
ZrÿX bonds (X�C, N, O, P, S) are potentially starting
reagents for the formation of a variety of derivatives by means
of ZrÿX bond cleavage. Preliminary experiments show that,
for example, addition of an electrophile such as diphenyl-
chlorophosphine to these complexes allows the quantitative
formation of phosphorus species with PÿC, PÿN, PÿO and
PÿS bonds (Scheme 10). Reactions take place at room
temperature over a few hours. In addition to the formation
of these compounds, the 18-electron azazirconacyclopentene
25 is isolated in high yield.


Scheme 10. Reactivity of diphenylchlorophosphine with azazirconacyclo-
pentenes 5b, 14 a, 8 a and 16 a.


Conclusion


The azazirconacyclopentene-substituted phosphines 3, 4 and
amine 20 are useful new reagents for XÿH (X�C, N, O, P, S)
bond activation. This remarkable behaviour results from the
combination of two facts: i) the presence of the phosphorus
lone pair in 3 and 4 (or the nitrogen lone pair in 20) renders
the cyclic imino nitrogen atom more basic through delocal-
isation along the PÿC�N unit and ii) the presence of a 16-
electron zirconium ± nitrogen covalent bond in 3, 4 (or 20)
allows a 18-electron zirconium ± nitrogen dative bond to be
incorporated in a stable heterosubstituted-cyclopentene bicy-
clic structure. One can describe the later compounds as
betaines III with the imino nitrogen bearing the positive


charge and Zr bearing the negative charge. The resulting
ZrÿX bonds can be readily cleaved, as shown when an
electrophile like diphenylchlorophosphine is added to some
of these systems. This work is being extended to the study of
other bond activation processes and to the investigation of
ZrÿX bond cleavages as a method of preparation of a variety
of organic and organometallic species.


Experimental Section


General Remarks : Experiments were conducted under a dry argon
atmosphere with standard Schlenk techniques. Reagents were purchased
from commercial suppliers and used without further purification. Solvents
were dried by standard methods and distilled under argon before use.
Nuclear magnetic resonance (NMR) spectra were recorded on Brucker
AC 200, AM 250 or MSL 400 spectrometers. Chemical shifts are reported in
ppm relative to SiMe4 (1H; 13C) or H3PO4 (31P). IR spectra were recorded
on a Perkin Elmer FT 1725x spectrometer. Mass spectra and elemental
analyses were performed by the analytical service of the Laboratoire de
Chimie de Coordination (LCC) of the CNRS.


Complexes 5 a ± c : Methyl propiolate (0.061 mL, 0.692 mmol) was added to
a solution of 3 (0.384 g, 0.692 mmol) in toluene (8 mL) at room temper-
ature. The mixture was stirred at room temperature for 15 min and then
evaporated to dryness. The resulting solid residue was extracted with
pentane (15 mL) and filtered. The volatiles were removed from the
solution to give the yellow solid 5a (0.411 g, 93 % yield). The same
procedure was used to prepare 5b (0.478 g, 87% yield) from 3 (0.398 g,
0.718 mmol) and diphenylphosphinoacetylene (0.150 g, 0.718 mmol) and to
prepare 5 c (0.322 g, 90% yield) from 3 (0.302 g, 0.545 mmol) and phenyl-
acetylene (0.059 mL, 0.545 mmol).


Compound 5a : IR (KBr): nÄ � 1586 (C�N), 1710 (C�O), 2039 (C�C),
3355 cmÿ1 (NÿH); 31P{1H} NMR (C6D6): d� 60.8 (s); 1H NMR (C6D6): d�
1.11 (d, JHH� 6.6 Hz, 12H; CH3), 1.23 (d, JHH� 6.6 Hz, 12 H; CH3), 3.27 (m,
4H; NCH), 3.54 (s, 3H; OCH3), 5.73 (s, 10 H; CHCp), 6.97 ± 7.21 (m, 2H;
CHarom), 7.48 (d, JHH� 7.1 Hz, 1H; CHarom), 8.25 (d, JHH� 7.9 Hz, 1H;
CHarom), 10.01 ppm (d, 1 H; JHP� 5.6 Hz, NH); 13C{1H} NMR (C6D6): d�
24.4 (d, JCP� 6.0 Hz; CH3), 25.1 (d, JCP� 5.0 Hz; CH3), 49.6 (d, JCP�
10.9 Hz; NCH), 51.5 (s; OCH3), 108.4 (s; CHCp), 110.6 (s; �C), 122.9,
129.5, 141.7 (s; CHarom), 129.7 (d, JCP� 23.2 Hz; CHarom), 142.6 (s; �CZr),
145.8 (d, JCP� 23.9 Hz; ZrCC), 154.7 (s; C�O), 197.3 (d, JCP� 5.6 Hz; ZrC),
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204.7 (d, JCP� 40.7 Hz; PC�N); elemental analysis calcd (%) for
C33H46N3O2PZr (638.94): C 62.03, H 7.25, N 6.57; found: C 62.09, H 7.23,
N 6.61.


Compound 5b : IR (KBr): nÄ � 1572 (C�N), 2020 (C�C), 3293 cmÿ1 (NÿH);
31P{1H} NMR (C6D6): d�ÿ30.4 (s, PPh2), 60.0 (s, (iPr2N)2P); 1H NMR
(C6D6): d� 1.07 (d, JHH� 6.6 Hz, 12H; CH3), 1.17 (d, JHH� 6.5 Hz, 12H;
CH3), 3.20 (m, 4H; NCH), 5.84 (s, 10H; CHCp), 6.99 ± 8.06 (m, 13H;
CHarom), 8.25 (d, JHH� 8.1 Hz, 1 H; CHarom), 10.13 (d, JHP� 5.7 Hz, 1H;
NH); 13C{1H} NMR (C6D6): d� 24.5 (d, JCP� 6.1 Hz; CH3), 25.2 (d, JCP�
4.9 Hz; CH3), 49.6 (d, JCP� 10.3 Hz; NCH), 108.5 (s; CHCp), 110.3 (d, JCP�
3.2 Hz; �CP), 122.8, 128.9, 130.1 and 141.7 (s; CHarom), 128.8 (d, JCP�
17.7 Hz; CHarom), 129.9 (d, JCP� 17.9 Hz; CHarom), 133.2 (d, JCP� 20.0 Hz;
CHarom), 141.5 (d, JCP� 9.7 Hz; iPPh2), 145.9 (d, JCP� 23.7 Hz; ZrCC), 166.3
(d, JCP� 8.1 Hz;�CZr), 197.8 (d, JCP� 5.9 Hz; ZrC), 204.2 (d, JCP� 41.1 Hz;
PC�N); elemental analysis calcd (%) for C43H53N3P2Zr (765.07): C 67.50, H
6.98, N 5.49; found: C 67.52, H 6.95, N 5.53; MS (FAB/MNBA): m/z : 764
[M�H]� .


Compound 5c : IR (KBr): nÄ � 1576 (C�N), 2089 (C�C), 3335 cmÿ1 (NÿH);
31P{1H} NMR (C6D6): d� 60.2 (s); 1H NMR (C6D6): d 1.07 (d, JHH� 6.6 Hz,
12H; CH3), 1.18 (d, JHH� 6.6 Hz, 12H; CH3), 3.20 (m, 4 H; NCH), 5.87 (s,
10H; CHCp), 7.01 ± 7.26 (m, 5H; CHarom), 7.56 ± 7.63 (m, 3 H; CHarom), 8.25
(d, JHH� 7.8 Hz, 1 H; CHarom), 10.20 (d, JHP� 5.8 Hz, 1 H; NH); 13C{1H}
NMR (C6D6): d� 24.4 (d, JCP� 6.5 Hz; CH3), 25.1 (d, JCP� 4.9 Hz; CH3),
49.5 (d, JCP� 10.9 Hz; NCH), 108.4 (s; CHCp), 118.9 (s; �C), 122.7, 125.9,
128.7, 129.4, 131.8 and 141.8 (s; CHarom), 129.8 (d, JCP� 13.0 Hz; CHarom),
139.7 (s; �CZr), 146.0 (d, JCP� 23.7 Hz; ZrCC), 198.0 (d, JCP� 5.6 Hz;
ZrC), 203.4 (d, JCP� 40.3 Hz; PC�N), iPh not observed; elemental analysis
calcd (%) for C37H48N3PZr (657.01): C 67.64, H 7.36, N 6.39; found: C 67.59,
H 7.40, N 6.34.


Complex 6a : Malononitrile (0.022 g, 0.330 mmol) was added to a solution
of 3 (0.183 g, 0.330 mmol) in toluene (5 mL) at room temperature. The
mixture was stirred at room temperature for 10 min and then evaporated to
dryness. The resulting solid residue was extracted with pentane (10 mL)
and filtered. The volatiles were removed from the solution to give 6a as a
yellow solid(0.170 g, 83% yield). IR (KBr): nÄ � 1561 (C�N), 2080 (C�N),
3286 cmÿ1 (NÿH); 31P{1H} NMR (C6D6): d� 61.4 (s); 1H NMR (C6D6): d�
1.11 (d, JHH� 5.8 Hz, 12H; CH3), 1.14 (d, JHH� 5.9 Hz, 12 H; CH3), 3.19 (m,
4H; NCH), 5.69 (s, 10H; CHCp), 5.96 (s, CH), 6.92 ± 7.35 (m, 3 H; CHarom),
8.16 (d, JHH� 7.8 Hz, 1 H; CHarom), 9.38 (d, JHP� 5.1 Hz, 1H; NH); 13C{1H}
NMR (C6D6): d� 24.4 (d, JCP� 6.6 Hz; CH3), 24.9 (d, JCP� 4.4 Hz; CH3),
49.7 (d, JCP� 10.7 Hz; NCH), 110.8 (s; CHCp), 112.8 (s; ZrCH), 123.1, 130.2,
141.1 (s; CHarom), 130.5 (d, JCP� 12.8 Hz; CHarom), 145.2 (d, JCP� 21.9 Hz;
ZrCC), 150.6 (s; C�N), 197.3 (d, JCP� 5.0 Hz; ZrC), 205.3 (d, JCP� 41.2 Hz;
PC�N); elemental analysis calcd (%) for C32H44N5PZr (620.92): C 61.90, H
7.14, N 11.27; found: C 61.85, H 7.17, N 11.32.


Complex 6b : Diethylmalonate (87.6 mL, 0.577 mmol) was added to a
solution of 3 (0.320 g, 0.577 mmol) in toluene (6 mL) at room temperature.
The mixture was stirred at room temperature for 30 min and then
evaporated to dryness. The resulting solid residue was extracted with
pentane (20 mL) and filtered. The volatiles were removed from the
solution to give 6 b as a yellow solid (0.338 g, 82 % yield). IR (KBr): nÄ �
3920 cmÿ1 (NÿH); 31P{1H}NMR (C6D6): d� 46.8; 1H NMR (C6D6): d� 1.14
(t, JHH� 6.7 Hz, 6 H; CH2CH3), 1.16 (d, JHH� 6.6 Hz, 12 H; CHCH3), 1.28
(d, JHH� 6.7 Hz, 12H; CHCH3), 3.69 (m, 4H; CH), 4.16 (q, 4 H; JHH�
6.8 Hz, CH2), 6.03 (s, 10 H; CHCp), 7.21 (m, 3 H; CHarom), 8.4(m, 1H;
CHarom), 10.1 (d, JHP� 4.7 Hz, 1H; NH); 13C{1H} NMR(C6D6): d� 15.2 (s;
CH2CH3), 15.4 (s; CH2CH3), 24.5 (d, JCP� 6.7 Hz; CHCH3), 24.8 (d, JCP�
6.0 Hz; CHCH3), 49.1 (d, JCP� 11.7 Hz; ZrCH), 57.7 (s; CH2), 62.8 (s; CH2),
66.37 (s; CHZr), 111.5 (s; CHCp), 123.2 (s; CHarom), 129.5 (s; CHarom), 129.9
(d, JCP� 19.7 Hz; CHarom), 141.3 (s; CHarom), 148.0 (d, JCP� 29.2 Hz; ZrCC),
169.8 (s; C�O), 174.8 (s; C�O), 196.8 (d, JCP� 5 Hz; ZrC), 201.6 (d, JCP�
40.9 Hz; C�N); elemental analysis calcd (%) for C36H54O4N3PZr (715.03):
C 60.47, H 7.61, N 5.88; found C 60.41, H 7.58, N 5.85.


Complex 7: Complex 3 (0.295 g, 0.532 mmol) was treated with vinyl acetate
(0.049 mL, 0.532 mmol) in the same manner as 6a and 6b. Compound 7 was
isolated as a yellow solid (0.269 g, 79% yield). IR (KBr): 1591 (C�N), 1630
(C�O), 3315 cmÿ1 (NÿH); 31P{1H} NMR (C6D6): d� 55.9 (s); 1H NMR
(C6D6): d� 1.12 (d, JHH� 6.8 Hz, 12H; CH3), 1.15 (d, JHH� 6.8 Hz, 12H;
CH3), 2.98 (s, 1 H; CH2), 3.30 (m, 4 H; NCH), 3.41 (s, 1 H; CH2), 4.21 (d,
JHH� 6.2 Hz, 1H; �CH), 4.75 (d, JHH� 14.0 Hz, 1 H; �CH), 5.94 (s, 10H;


CHCp), 6.98 (dd, JHH� 14.0, 6.2 Hz, 1H;�CH), 7.01 ± 7.32 (m, 3 H; CHarom),
8.22 (m, 1H; CHarom), 9.62 (d, JHP� 5.5 Hz, 1 H; NH); 13C{1H} NMR
(C6D6): d� 24.5 (d, JCP� 6.4 Hz; CH3), 24.8 (d, JCP� 4.5 Hz; CH3), 49.6 (d,
JCP� 11.1 Hz; NCH), 58.1 (s; CH2), 91.6 (s;�CH2), 111.1 (s; CHCp), 122.7,
129.5, 141.2 (s; CHarom), 130.0 (d, JCP� 15.0 Hz; CHarom), 146.9 (d, JCP�
24.2 Hz; ZrCC), 148.2 (s; �CH), 168.2 (s; C�O), 198.7 (d, JCP� 6.1 Hz;
ZrC), 202.1 (d, JCP� 39.2 Hz; PC�N); elemental analysis calcd (%) for
C33H48N3O2PZr (640.92): C 61.84, H 7.54, N 6.55; found: C 61.81, H 7.57, N
6.60.


Complexes 8 a ± c and 9 : Methanol (0.020 mL, 0.505 mmol) was added to a
solution of 3 (0.280 g, 0.505 mmol) in toluene (5 mL) at room temperature.
The mixture was stirred at room temperature for 15 min and then
evaporated to dryness. The resulting solid residue was extracted with
pentane (20 mL) and filtered. The volatiles were removed from the
solution to give the yellow solid 8a (0.245 g, 83 % yield). The same
experimental procedure was used for the preparation of 8 b [from 3
(0.233 g, 0.420 mmol) and isopropanol (0.032 mL, 0.420 mmol)], 8c [from 3
(0.222 g, 0.401 mmol) and phenol (0.037 g, 0.401 mmol)] and 9 [from 4
(0.289 g, 0.404 mmol) and methanol (0.016 mL, 0.404 mmol)].Complexes
8b,c and 9 were obtained as yellow solids in 81, 87 and 71 % yield,
respectively.


Complex 8a : IR (Kbr): nÄ � 1576 (C�N), 3335 cmÿ1 (NÿH); 31P{1H} NMR
(C6D6): d� 56.9 (s); 1H NMR (C6D6): d� 1.13 (d, JHH� 6.6 Hz, 12H; CH3),
1.18 (d, JHH� 6.5 Hz, 12H; CH3), 3.24 (m, 4 H; NCH), 3.86 (s, 3 H; OCH3),
5.90 (s, 10H; CHCp), 7.03 ± 7.25 (m, 2 H; CHarom), 7.52 (d, JHH� 7.3 Hz, 1H;
CHarom), 8.19 (m, 1H; CHarom), 9.80 (d, JHP� 5.9 Hz, 1 H; NH); 13C{1H}
NMR (C6D6): d� 24.6 (d, JCP� 6.0 Hz; CH3), 49.5 (d, JCP� 10.9 Hz; NCH),
59.6 (s; OCH3), 110.0 (s; CHCp), 122.4, 129.0, 141.8 (s; CHarom), 129.5 (d,
JCP� 11.7 Hz; CHarom), 148.3 (d, JCP� 23.1 Hz; ZrCC), 198.8 (d, JCP�
36.5 Hz; PC�N), 199.2 (d, JCP� 7.8 Hz; ZrC); elemental analysis calcd
(%) for C30H46N3POZr (586.89): C 61.39, H 7.89, N 7.16; found: C 61.41, H
7.92, N 7.13.


Complex 8b : IR (KBr): nÄ � 1566 (C�N), 3236 cmÿ1 (NÿH); 31P{1H} NMR
(C6D6): d� 58.1 (s); 1H NMR (C6D6): d� 1.13 (d, JHH� 6.3 Hz, 12H; CH3),
1.17 (d, JHH� 6.7 Hz, 12H; CH3), 1.27 (d, JHH� 5.7 Hz, 6H; OCHCH3),
3.26 (m, 4H; NCH), 3.98 (sept, JHH� 5.7 Hz, 1 H; OCH), 5.87 (s, 10H;
CHCp), 7.02 ± 7.30 (m, 2H; CHarom), 7.52 (m, 1H; CHarom), 8.21 (d, JHH�
7.8 Hz, 1H; CHarom), 9.69 (d, JHP� 6.2 Hz, 1H; NH); 13C{1H} NMR (C6D6):
d� 24.4 (d, JCP� 6.5 Hz; CH3), 25.1 (d, JCP� 5.3 Hz; CH3), 27.9 (s;
OCHCH3), 49.4 (d, JCP� 10.9 Hz; NCH), 70.7 (s; OCH), 110.0 (s; CHCp),
122.2, 129.2, 141.6 (s; CHarom), 129.5 (d, JCP� 13.2 Hz; CHarom), 147.9 (d,
JCP� 23.5 Hz; ZrCC), 198.2 (d, JCP� 38.7 Hz; PC�N), 199.7 (d, JCP�
5.2 Hz; ZrC); elemental analysis calcd (%) for C32H50N3POZr (614.96): C
62.50, H 8.19, N 6.83; found: C 62.42, H 8.22, N 6.91.


Complex 8c : IR (KBr): nÄ � 1568 (C�N), 3410 cmÿ1 (NÿH); 31P{1H} NMR
(C6D6): d� 56.7 (s); 1H NMR (C6D6): d� 1.09 (d, JHH� 6.5 Hz, 12H; CH3),
1.10 (d, JHH� 6.5 Hz, 12H; CH3), 3.24 (m, 4 H; NCH), 5.92 (s, 10H; CHCp),
6.80 ± 7.45 (m, 8 H; CHarom), 8.25 (m, 1H; CHarom), 9.71 (d, JHP� 5.7 Hz, 1H;
NH); 13C{1H} NMR (C6D6): d� 24.4 (d, JCP� 7.0 Hz; CH3), 24.7 (d, JCP�
5.4 Hz; CH3), 49.5 (d, JCP� 10.6 Hz; NCH), 110.9 (s; CHCp), 120.2, 122.6,
129.6, 129.7, 129.9, 130.1, 141.2 (s; CHarom), 147.1 (d, JCP� 23.6 Hz; ZrCC),
168.9 (s; iOPh), 199.1 (d, JCP� 5.1 Hz; ZrC), 201.2 (d, JCP� 38.7 Hz;
PC�N); elemental analysis calcd (%) for C35H48N3POZr (648.97): C 64.77,
H 7.45, N 6.47; found: C 64.69, H 7.49, N 6.51.


Complex 9 : IR (KBr): nÄ � 1591 (C�N), 3325 cmÿ1 (NÿH); 31P{1H} NMR
(C6D6): d� 62.9 (s); 1H NMR (C6D6): d� 0.83 ± 2.14 (m, 40H; CH2), 2.90
(m, 4 H; NCH), 3.84 (s, 3H; OCH3), 5.95 (s, 10 H; CHCp), 7.07 ± 7.26 (m, 2H;
CHarom), 7.53 (d, JHH� 7.2 Hz, 1H; CHarom), 8.33 (m, 1H; CHarom), 9.94 (d,
JHP� 6.1 Hz, 1H; NH); 13C{1H} NMR (C6D6): d� 26.3, 27.5 (s; CH2), 35.6
(d, JCP� 5.7 Hz; CH2), 59.6 (br; NCH, OCH3), 110.0 (s; CHCp), 122.3, 128.9,
141.6 (s; CHarom), 129.7 (d, JCP� 10.5 Hz; CHarom), 148.2 (d, JCP� 24.2 Hz;
ZrCC), 198.6 (d, JCP� 38.2 Hz; PC�N), 199.5 (d, JCP� 5.8 Hz; ZrC);
elemental analysis calcd (%) for C45H62N3POZr (747.17): C 72.33, H 8.36, N
5.62; found: C 72.28, H 8.30, N 5.70.


Iminophosphines 10, 11: For the first step, methanol (0.029 mL, 0.734 mmol
or 0.028 mL, 0.702 mmol) was added to a solution of 3 (0.203 g,
0.367 mmol) or 4 (0.251 g, 0.351 mmol) in toluene (5 mL) at room
temperature for 15 min and then evaporated to dryness. The resulting
solid residue was extracted with pentane (15 mL) and filtered. The volatiles
were removed from the solution to give 10 (0.107 g, 87 % yield) and 11
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(0.145 g, 90% yield) as yellow powders. In the second step the same
procedure was followed, however, 8a replaced 3 and 9 replaced 4.


Compound 10 : IR (KBr): nÄ � 1583 (C�N), 3219 cmÿ1 (NÿH); 31P{1H} NMR
(C6D6): d� 64.9 (s); 1H NMR (C6D6): d� 0.96 (d, JHH� 6.6 Hz, 12 H; CH3),
1.11 (d, JHH� 6.7 Hz, 12H; CH3), 3.06 (m, 4 H; NCH), 7.15 (m, 3H; CHarom),
8.10 (m, 2 H; CHarom), 11.14 (d, JHP� 12.5 Hz, 1 H; NH); 13C{1H} NMR
(C6D6): d� 24.7 (d, JCP� 5.4 Hz; CH3), 49.4 (br; NCH), 128.5, 128.7, 130.0
(s; CHarom), 142.1 (d, JCP� 29.1 Hz; iPh), 188.2 (d, JCP� 30.7 Hz; PC�N);
elemental analysis calcd (%) for C19H34N3P (335.47): C 68.02, H 10.21, N
12.52; found: C 68.10, H 10.15, N 12.63; MS (DCI/CH4): m/z : 336 [M�H]� .


Complex 11: IR (KBr): 1567 (C�N), 3222 cmÿ1 nÄ(NÿH); 31P{1H} NMR
(C6D6): d� 70.8 (s); 1H NMR (C6D6): d� 0.83 ± 2.11 (m, 40H; CH2), 2.80
(m, 4H; NCH), 7.15 (m, 3 H; CHarom), 8.12 (m, 2 H; CHarom), 11.27 (d, JHP�
12.2 Hz, 1H; NH); 13C{1H} NMR (C6D6): d� 26.4, 27.5 (s; CH2), 35.8 (d,
JCP� 2.6 Hz; CH2), 59.7 (br; NCH), 128.4, 128.5, 129.9 (s; CHarom), 142.6 (d,
JCP� 28.8 Hz; iPh), 188.7 (d, JCP� 32.3 Hz; PC�N); elemental analysis
calcd (%) for C31H50N3P (495.73): C 75.10, H 10.16, N 8.47; found: C 74.98,
H 10.12, N 8.70; MS (DCI/CH4): m/z : 496 [M�H]� .


Complexes 12a,b and 13 : Acetophenone (0.083 mL, 0.718 mmol) was
added to a solution of 3 (0.398 g, 0.718 mmol) in toluene (8 mL) at room
temperature. The mixture was stirred at room temperature for 10 min and
then evaporated to dryness. The resulting solid residue was extracted with
pentane (15 mL) and filtered. The volatiles were removed from the
solution to give the yellow solid 12a (0.426 g, 88 % yield). The same
procedure with 3 (0.261 g, 0.471 mmol) and acetone (0.035 mL, 0.471 g) or
3 (0.287 g, 0.519 mmol) and cyclohexanone (0.053 mL, 0.519 mmol) to
prepare complexes 12a (0.265 g, 92 %yield) and 13 (0.264 g, 78 % yield),
respectively.


Complex 12a : IR (KBr): nÄ � 1566 (C�N), 3345 cmÿ1 (NÿH); 31P{1H} NMR
(CD2Cl2): d� 54.1 (s); 1H NMR (CD2Cl2): d� 1.11 (d, JHH� 6.6 Hz, 12H;
CH3), 1.32 (d, JHH� 6.6 Hz, 12 H; CH3), 3.46 (m, 4 H; NCH), 3.82 (s, 1H;
�CH), 4.46 (s, 1H;�CH), 6.09 (s, 10H; CHCp), 7.02 ± 7.69 (m, 8H; CHarom),
8.12 (m, 1H; CHarom), 9.51 (d, JHP� 5.3 Hz, 1 H; NH); 13C{1H} NMR
(CD2Cl2): d� 24.0 (d, JCP� 7.3 Hz; CH3), 24.1 (d, JCP� 6.9 Hz; CH3), 49.2
(d, JCP� 11.2 Hz; NCH), 82.1 (s;�CH2), 110.1 (s; CHCp), 122.1, 125.8, 126.9,
127.7, 128.7, 140.6 (s; CHarom), 129.1 (d, JCP� 16.8 Hz; CHarom), 143.6 (s;
iPh), 146.6 (d, JCP� 24.6 Hz; ZrCC), 166.7 (s; �C), 197.3 (d, JCP� 5.6 Hz;
ZrC), 201.3 (d, JCP� 37.7 Hz; PC�N); elemental analysis calcd (%) for
C37H50N3POZr (675.01): C 65.80; H 7.46, N 6.22; found: C 65.77, H 7.52, N
6.18.


Complex 12b : IR (KBr): nÄ � 1521 (C�N), 3335 cmÿ1 (NÿH); 31P{1H} NMR
(C6D6): d� 56.8 (s); 1H NMR (C6D6): d� 1.11 (d, JHH� 6.6 Hz, 6H; CH3),
1.13 (d, JHH� 6.6 Hz, 18 H; CH3), 1.94 (s, 3H; OCCH3), 3.30 (m, 4 H; NCH),
3.67 (d, JHH� 1.1 Hz, 1H;�CH), 4.00 (d, JHH� 1.1 Hz, 1 H;�CH), 5.96 (s,
10H; CHCp), 6.99 ± 7.43 (m, 3 H; CHarom), 8.22 (m, 1H; CHarom), 9.60 (d,
JHP� 5.8 Hz, 1 H; NH); 13C{1H} NMR (C6D6): d� 24.5 (d, JCP� 6.5 Hz;
CH3), 24.9 (d, JCP� 5.5 Hz; CH3), 26.3 (s; OCCH3), 49.5 (d, JCP� 11.1 Hz;
NCH), 82.4 (s;�CH2), 110.7 (s; CHCp), 122.5, 129.5, 141.2 (s; CHarom), 129.7
(d, JCP� 14.9 Hz; CHarom), 146.9 (d, JCP� 24.2 Hz; ZrCC), 167.5 (s; �C),
199.1 (d, JCP� 5.6 Hz; ZrC), 201.2 (d, JCP� 38.8 Hz; PC�N); elemental
analysis calcd (%) for C32H48N3POZr (612.94): C 62.70, H 7.89, N 6.85;
found: C 62.65, H 7.93, N 6.78.


Complex 13 : IR (KBr): nÄ � 1576 (C�N), 3305 cmÿ1 (NÿH); 31P{1H} NMR
(C6D6): d� 56.5 (s); 1H NMR (C6D6): d� 1.13 (d, JHH� 6.4 Hz, 12H; CH3),
1.14 (d, JHH� 6.4 Hz, 12H; CH3), 1.45 (m, 2 H; CH2), 1.75 (m, 4 H; CH2),
2.36 (m, 2 H; CH2), 3.28 (m, 4H; NCH), 4.35 (t, JHH� 3.6 Hz, 1 H; �CH),
5.87 (s, 10H; CHCp), 7.03 ± 7.20 (m, 2 H; CHarom), 7.44 (d, JHH� 7.2 Hz, 1H;
CHarom), 8.20 (m, 1H; CHarom), 9.60 (d, JHP� 5.9 Hz, 1 H; NH); 13C{1H}
NMR (C6D6): d� 23.2, 25.1, 26.0, 33.4 (s; CH2), 24.5 (d, JCP� 6.5 Hz; CH3),
24.7 (d, JCP� 6.4 Hz; CH3), 49.6 (d, JCP� 10.8 Hz; NCH), 94.4 (s; �CH),
110.7 (s; CHCp), 122.4, 129.5, 141.1 (s; CHarom), 129.6 (d, JCP� 14.6 Hz;
CHarom), 146.8 (d, JCP� 24.0 Hz; ZrCC), 161.8 (s; �C), 199.4 (d, JCP�
5.3 Hz; ZrC), 200.9 (d, JCP� 38.2 Hz; PC�N); elemental analysis calcd
(%) for C35H52N3POZr (653.01): C 64.37, H 8.02, N 6.43; found: C 64.28, H
7.98, N 6.51.


Complexes 14a ± c : The same procedure as above for complexes 12 and 13
was used here to react 3 (0.205 g, 0.370 mmol) with aniline (0.033 mL,
0.370 mmol) or 3 (0.233 g, 0.420 mmol) with benzylamine (0.046 mL,
0.420 mmol) or 3 (0.280 g, 0.505 mmol) with 4-aminobenzonitrile (0.060 g,


0.505 mmol) to give the yellow powders 14a (0.187 g, 78% yield), 14b
(0.247 g, 89% yield) and 14c (0.291 g, 87% yield), respectively.


Complex 14a : IR (KBr): nÄ � 1561 (C�N), 3226 (NÿH), 3325 cmÿ1 (NÿH);
31P{1H} NMR (CD2Cl2): d� 56.8 (s); 1H NMR (CD2Cl2): d� 1.11 (d, JHH�
6.6 Hz, 12 H; CH3), 1.31 (d, JHH� 6.7 Hz, 12H; CH3), 3.42 (m, 4H; NCH),
3.64 (s, 1H; NH), 5.96 (s, 10H; CHCp), 6.33 (m, 3H; CHarom), 6.96 ± 7.27 (m,
4H; CHarom), 7.63 (d, JHH� 7.4 Hz, 1H; CHarom), 8.10 (m, 1H; CHarom), 9.16
(d, JHP� 5.5 Hz, 1H; �NH); 13C{1H} NMR (CD2Cl2): d� 24.0 (d, JCP�
6.8 Hz; CH3), 24.1 (d, JCP� 6.8 Hz; CH3), 49.2 (d, JCP� 11.0 Hz; NCH),
109.5 (s; CHCp), 116.0, 122.0, 128.7, 141.1 (s; CHarom), 129.1 (d, JCP�
15.1 Hz; CHarom), 146.2 (d, JCP� 25.5 Hz; ZrCC), 159.4 (s; iPh), 196.8 (d,
JCP� 5.6 Hz; ZrC), 203.9 (d, JCP� 39.1 Hz; PC�N); elemental analysis
calcd (%) for (647.99): C 64.87, H 7.62, N 8.64; found: C 64.79, H 7.64, N
8.70.


Complex 14b : IR (KBr): nÄ � 1564 (C�N), 3315 cmÿ1 (NÿH); 31P{1H} NMR
(C6D6): d� 54.5; 1H NMR (C6D6): d� 1.04 (d, JHH� 6.6 Hz, 12 H; CH3),
1.12 (d, JHH� 6.6 Hz, 12H; CH3), 2.11 (s, 3 H; CH3), 3.29 (m, 4H; CH), 3.75
(s, 1H; NÿH), 5.80 (s, 10H; CHCp), 7.22 (m, 8H; CHarom), 8.15 (m, 1H;
CHarom), 8.32 (m, 1 H; CHarom), 9.36 (d, JHP� 5.5 Hz, 1H; �NH); 13C{1H}
NMR (C6D6): d� 21.2 (s; CH3), 24.4 (s; CH3), 24.5 (s; CH3), 49.7 (d, JCP�
10.7 Hz; CH), 110.0 (s; CHCp), 112.5 (s; CHarom), 124.5 (s; Carom), 125.4 (s;
CHarom), 126.0 (s; CHarom), 127.6 (s; CHarom), 130.2 (s; CHarom), 141.8 (s;
CHarom), 145.5 (d, JCP� 24.2 Hz; ZrCC), 157.6 (s; iPh), 196.0 (d, JCP�
5.1 Hz; ZrC), 204.5 (d, JCP� 38.6 Hz; PC�N); elemental analysis calcd
(%) for C36H51N4PZr (662.02): C 65.31, H 7.76, N 8.46; found: C 65.27, H
7.72, N 8.41.


Complex 14c : 31P{1H} NMR (C6D6): d� 56.6; 1H NMR(C6D6): d� 0.93 (d,
JHH� 5.7 Hz, 12H; CH3), 1.07 (d, JHH� 6.8 Hz, 12 H; CH3), 3.15 (m, 4H;
NÿH), 4.06 (s, 1 H; NÿH), 5.68 (s, 10H; CHCp), 7.3 (m, 5H; CHarom), 8.1 (m,
1H; CHarom), 8.23 (m, 1H; CHarom), 8.0 (d, JHH� 5.2 Hz, 1 H; CHarom), 11.1
(d, JHP� 12.2 Hz, 1 H; �NH); 13C{1H} NMR (C6D6): d� 24.5 (d, JCP�
5.3 Hz; CH3), 49.7 (d, JCP� 11 Hz; NÿCH), 92.6 (s; CN), 110.3 (s; CHCp),
112.5 (s; CHarom), 122.8 (s; CÿCNarom), 123.6 (s; CHarom), 141.8 (s; CHarom),
146.7 (d, JCP� 24.7 Hz; Carom), 163.1 (s; iPh), 197,0 (d, JCP� 5.9 Hz; ZrC),
205.4 (d, JCP� 39.1 Hz; PC�N); elemental analysis calcd (%) for C36H48


N5PZr (673.01): C 64.25, H 7.19, N 10.41; found: C 64.21, H 7.21, N 10.36.


Complex 15 : Again, the same procedure that was used from the
preparation of complexes 12 and 13 was followed with 3 (0.324 g,
0.585 mmol) in toluene (8 mL) and diethylphosphite (0.075 mL,
0.585 mmol). Complex 15 was obtained as an orange solid (0.377 g, 93%
yield). IR (Kbr): nÄ � 1576 (C�N), 3305 cmÿ1 (NÿH); 31P{1H} NMR (C6D6):
d� 57.6 (s; (iPr2N)2P), 143.8 (s; (EtO)2P�O); 1H NMR (C6D6): d� 1.12 (d,
JHH� 6.6 Hz, 12H; CH3), 1.18 (d, JHH� 6.6 Hz, 12H; CH3), 1.33 (t, JHH�
7.1 Hz, 6 H; OCH2CH3), 3.27 (m, 4 H; NCH), 3.97 (dt, JHH� 7.1 Hz, JHP�
4.2 Hz, 4H; OCH), 6.05 (s, 10H; CHCp), 6.99 ± 7.22 (m, 2H; CHarom), 7.39 (d,
JHH� 7.2 Hz, 1 H; CHarom), 8.27 (m, 1 H; CHarom), 9.61 (d, JHP� 5.7 Hz, 1H;
NH); 13C{1H} NMR (C6D6): d� 18.3 (d, JCP� 4.3 Hz; OCH2CH3), 24.4 (d,
JCP� 6.5 Hz; CH3), 25.1 (d, JCP� 5.2 Hz; CH3), 49.5 (d, JCP� 10.4 Hz;
NCH), 55.9 (d, JCP� 13.8 Hz; OCH2), 111.0 (s; CHCp), 122.5, 129.6, 141.2 (s;
CHarom), 129.9 (d, JCP� 16.0 Hz; CHarom), 146.8 (d, JCP� 23.6 Hz; ZrCC),
199.7 (d, JCP� 4.8 Hz; ZrC), 201.6 (d, JCP� 39.9 Hz; PC�N); elemental
analysis calcd (%) for C33H53N3O3P2Zr (692.96): C 57.19, H 7.70, N 6.06;
found: C 57.12, H 7.73, N 6.13.


Complexes 16a,b : The same procedure that was used from the preparation
of complexes 12 and 13 was followed with 3 (0.257 g, 0.463 mmol) in
toluene (5 mL) and thiophenol (0.047 mL, 0.463 mmol) or with 3 (0.201 g,
0.362 mmol) in toluene (5 mL) and benzylmercaptan (0.042 mL,
0.362 mmol) to give the yellow powders, 16a (0.274 g, 89% yield) or 16b
(0.199 g, 81% yield).


Complex 16a : IR (KBr): nÄ � 1591 (C�N), 3296 cmÿ1 (NÿH); 31P{1H} NMR
(C6D6): d� 57.3 (s); 1H NMR (C6D6): d� 1.12 (d, JHH� 6.6 Hz, 12H; CH3),
1.17 (d, JHH� 6.7 Hz, 12H; CH3), 3.30 (m, 4 H; NCH), 5.82 (s, 10H; CHCp),
6.98 ± 7.70 (m, 8 H; CHarom), 8.34 (m, 1H; CHarom), 9.87 (d, JHP� 5.4 Hz, 1H;
NH); 13C{1H} NMR (C6D6): d� 24.5 (d, JCP� 6.8 Hz; CH3), 25.1 (d, JCP�
5.3 Hz; CH3), 49.7 (d, JCP� 11.6 Hz; NCH), 110.2 (s; CHCp), 122.8, 122.9,
128.0, 128.5, 128.9, 129.7, 133.5, 141.9 (s; CHarom), 129.9 (d, JCP� 17.6 Hz;
CHarom), 146.3 (d, JCP� 25.2 Hz; ZrCC), 151.2 (s; iPh), 197.4 (d, JCP�
6.1 Hz; ZrC), 204.4 (d, JCP� 40.6 Hz; PC�N); elemental analysis calcd
(%) for C35H48N3PSZr (665.04): C 63.21, H 7.27, N 6.31; found: C 63.27, H
7.19 N 6.40.
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Compound 16b : IR (KBr): nÄ � 1571 (C�N), 3276 cmÿ1 (NÿH); 31P{1H}
NMR (C6D6): d� 57.7 (s); 1H NMR (C6D6): d� 1.10 (d, JHH� 6.6 Hz, 12H;
CH3), 1.17 (d, JHH� 6.6 Hz, 12H; CH3), 3.28 (m, 4H; NCH), 3.94 (s, CH2),
5.80 (s, 10H; CHCp), 6.99 ± 7.79 (m, 8 H; CHarom), 8.31 (m, 1 H; CHarom), 9.63
(d, JHP� 5.4 Hz, 1 H; NH); 13C{1H} NMR (C6D6): d� 24.5 (d, JCP� 6.7 Hz;
CH3), 25.1 (d, JCP� 5.0 Hz; CH3), 38.1 (s; CH2), 49.6 (d, JCP� 11.2 Hz;
NCH), 109.6 (s; CHCp), 122.8, 126.4, 128.8, 129.6, 141.9 (s; CHarom), 129.8 (d,
JCP� 17.3 Hz; CHarom), 146.3 (s; iPh), 146.6 (d, JCP� 24.4 Hz; ZrCC), 197.6
(d, JCP� 6.1 Hz; ZrC), 204.1 (d, JCP� 40.8 Hz; PC�N); elemental analysis
calcd (%) for C36H50N3PSZr (679.07): C 63.67, H 7.42, N 6.18; found: C
63.61, H 7.38, N 6.24.


Dendritic complex 18 : The dendrimer G2(SH)12 17 (0.378 g, 0.076 mmol) in
THF (15 mL) was added to a solution of 3 (0.505 g, 0.912 mmol) in
toluene(5 mL) at room temperature. The mixture was stirred at room
temperature for 1 hour and then evaporated to dryness. The resulting solid
residue was washed with diethyl ether (5 mL). The product 18 was obtained
as a yellow solid (0.320 g, 72 % yield). 31P{1H} NMR (C6D6): d� 51.6 (s; Po),
58.2 (s; PC�N), 61.7 (s; P1, P2); 1H NMR ([D]8THF): d� 1.12 (d,


JHH� 6.6 Hz, 144 H; CH3), 1.17 (d, JHH� 6.6 Hz, 144 H; CH3), 1.96 (t,
JHH� 6.9 Hz, 24H; CH2CH2), 2.52 (t, JHH� 7 Hz, 24 H; CH2-S-Zr), 2.94 (t,
JHH� 7.2 Hz, 24 H; CH2ÿCO), 3.35 (m, 111 H; CHCH3 and NÿCH3), 5.82 (s,
120 H; CHCp), 7.45 (m, 129 H; CHarom and CH�N), 8.34 (m, 12H; CHarom),
9.87 (d, JHH� 5.4 Hz, 12H; NH); 13C{1H} NMR ([D]8THF) d� 24.3 (s;
CH2), 24.6 (d, JCP� 6.8 Hz; CH3), 25.1 (d, JCP� 6.8 Hz; CH3), 27.8 (s; CH2),
29.3 (s; CH2), 32.0 (s; NÿCH3), 33.1 (d, JCP� 12.9 Hz; PNCH3), 49.7 (d,
JCP� 11.9 Hz, CH; iPr), 110.2 (s; CHCp), 121.8 (br d, JCP0,1� 3 Hz; 2C0,1),
123.2 (br s; CHarom), 128.3 (s; 3C0,1), 129.5, 129.9 (br s; CHarom), 132.2 (s;
4C0,1), 137.6 (s; CH�N), 138.9 (d, JCP1� 12.9 Hz; CH�N), 146.3 (d, JCP�
25.2 Hz; ZrCC), 151.4 (d, JCP� 7.8 Hz; 1C0), 151.5 (d, JCP1� 6 Hz; 1C1), 147.2
(s; C�O), 197.4 (d, JCP� 6.1 Hz; ZrÿC), 204.4 (d, JCP� 40.6 Hz; PC�N);
elemental analysis calcd (%) for C564H756N78O33P22S22Zr12 (10634.72): C
63.70, H 7.16, N 10.27; found: C 62.94, H 6.98, N 10.06.


Azazirconacyclopentene 20 : Diisopropylaminocyanamide (0.063 mL,
0.420 mmol) was added to a solution of diphenylzirconocene (0.157 g,
0.420 mmol) in toluene (5 mL). The mixture was heated at 90 8C for 1 h,
then evaporated to dryness. The resulting solid was extracted with pentane
(20 mL) to give the yellow solid 20 (0.163 g, 92%). IR (KBr): nÄ � 1576 cmÿ1


(C�N); 1H NMR (C6D6): d� 1.26 (d, JHH� 6.8 Hz, 12 H; CH3), 3.80 (sept,
JHH� 6.8 Hz, 2H; CH), 5.94 (s, 10 H; CHCp), 7.12 (m, 4H; CHarom); 13C{1H}
NMR(C6D6): d� 22.6 (s; CH3), 48.9 (s; NCH), 111.1 (s; CHCp), 141.6
(CHarom), 160.8 (s; C�N), 162.6 (s; CHarom), 189.0 (s; CHarom); elemental
analysis calcd (%) for C23H28N2Zr (423.71): C 65.20, H 6.66, N 6.61; found:
C 65.08, H 6.61, N 6.57.


Complex 21: Diphenylphosphinoacetylene was added (0.109 g, 0.52 mmol)
to a solution of 20 (0.220 g, 0.52 mmol) in toluene (5 mL) at room
temperature. The mixture was stirred for 30 min, then evaporated to
dryness. The resulting solid was extracted with pentane (20 mL) to give 21
as a yellow powder (0.237 g, 72%). IR (KBr): nÄ � 1573 (C�N), 2015 (C�C),
3418 cmÿ1 (NÿH); 1H NMR (C6D6): d� 0.94 (d, JHH� 6.8 Hz, 12 H; CH3),
3.73 (sept, JHH� 6.8 Hz, 2 H; NCH), 5.87 (s, 10H; CHCp), 7.12 (m, 12H;
CHarom), 8.05 (m.2 H; CHarom); 13C{1H}NMR (C6D6): d� 21.7 (s; CH3), 49.4
(s; NCH), 108.4 (s; CHCp), 122.7 (s; CHarom), 126.4 (s; CHarom), 128.6 (s;
CHarom), 128.8 (s; CHarom), 129.0 (s; CHarom), 133.0 (s; CHarom), 133.4 (s;
CHarom), 141.7 (s; C�CÿPh), 142.2 (s; CHarom), 169.0 (d, JCP� 8.4 Hz;
C�CÿZr), 174.0 (s; CHarom), 194.1 (s; CHarom), C�N not detected; elemental
analysis calcd (%) for C37H39N2PZr (633.92): C 70.10, H 6.2, N 4.42; found:
C 70.04, H 6.12, N 4.34.


Complex 22 : The same procedure that was used to prepare complex 21 was
also used to prepare 22. The starting reageants were 20 (0.247 g,
0.585 mmol) in toluene (5 mL) and diethylphosphite (0.075 mL,
0.585 mmol). Complex 22 was obtained as a yellow solid (0.296 g, 91%
yield). IR (KBr): nÄ � 1572 (C�N), 3413 cmÿ1 (NÿH); 1H NMR (C6D6): d�
1.03 (d, JHH� 6.8 Hz, 12H; CH3), 1.31 (q, JHH� 7.0 Hz, 6 H; CH3CH2), 3.41


(sept, JHH� 6.8 Hz, 2 H; NCh), 3.88 (m, 4 H; CH2), 6.03 (s, 10H; CHCp), 7.11
(m, 2 H; CHarom), 7.32 (d, JHH� 7.8 Hz, 1 H; CHarom), 7.48 (d, JHH� 7.8 Hz,
1H; CHarom); 13C{1H} NMR (C6D6): d� 21.3 (s; CH2CH3), 21.7 (s; CHCH3),
49.6 (s; CHCH3), 55.5 (d, JCP� 11.1 Hz; CH2), 111.2 (s; CHCp), 122.4 (s;
CHarom), 126,4 (s; CHarom), 127.9 (s; CHarom), 141.3 (CHarom), 173.1 (s;
CHarom) 196.3 (s; CHarom) 198.3 (s; C�N); elemental analysis calcd (%) for
C27H39N2O3PZr (561.81): C 57.72, H 6.99, N 4.98; found: C 57.68, H 6.94, N
4.93.


ZrÿM cleavage with Ph2PCl : Ph2PCl was added to a solution of 5b (0.420 g,
0.550 mmol), 14a (0.420 g, 0.650 mmol), 8a (0.246 g, 0.420 mmol), or 16a
(0.279 g, 0.420 mmol) in toluene (6 mL) in stoichiometric amount. The
mixture was stirred for 2 h (monitored by 31P NMR) then evaporated to
dryness. The resulting phosphorus species Ph2PÿC�CÿPPh2,


[19]


Ph2PÿNHPh,[20] Ph2POMe[21] or Ph2PSH[22] were extracted with pentane
and characterized by comparison of their NMR data with that reported in
the literature.


X-ray structure analysis of 5a and 12a : Crystallographioc data are
summarised in Table 1. Data were collected at low temperature (160 K)


on a STOE imaging plate diffraction
system (IPDS) equipped with an
Oxford Cryosystems cooler device.
The structures were solved by Direct
Methods (SIR92)[23] and refined by
least-squares procedures on Fo. All
hydrogen atoms were located on a


difference Fourier maps, but they were introduced in calculation in
idealized positions (d(CÿH)� 0.96 �) with an isotropic thermal parame-
ters fixed at 20% higher than those of the carbon atoms to which they were
connected; their atomic coordinates were recalculated after each cycle of
refinement. The exception was the hydrogen atom H1 (connected to the N1
atom), which was isotropically refined. For both structures non-hydrogen
atoms were anisotropically refined. The procedures of least-squares
refinement were carried out by minimizing the function Sw(jFo jÿjFc j )2,
where Fo and Fc are the observed and calculated structure factors,
respectively. A weighting scheme[24] was used in the last refinement cycles.
Models reached convergence with the formulas: R�S(j jFo jÿ jFc j j)/S jFo j ,
Rw� [Sw(j jFo jÿ jFc j j)2/S(jFo j )2]1/2. The calculations were performed with


Table 1. Crystallographic data, summary of data collection and refinement
of 5 a and 12 a.


5a 12a


formula C33H46N3O2PZr ´ 0.5 toluene C37H50N3OPZr
Mw 677.99 675.02
1calcd [g cmÿ3] 1.32 1.33
m [cmÿ1] 3.96 3.97
F(000) 708.29 1412.55
crystal system triclinic monoclinic
space group P1Å P21/c
a [�] 11.950(2) 12.131(2)
b [�] 12.424(2) 12.298(2)
c [�] 13.167(3) 19.535(3)
a [8] 68.69(2) 90.0
b [8] 80.05(2) 92.34(2)
g [8] 69.69(2)8 90.0
V [�3] 1705.6(3) 3385.7(4)
Z 2 4
crystal size [mm] 0.30� 0.30� 0.20 0.35� 0.30� 0.20
crystal shape parallelepiped parallelepiped
color light yellow light yellow
measured reflections 16689 26516
independent reflections 6193 6444
merging R value 0.0277 0.0397
R 0.0279 0.0288
Rw 0.0311 0.0337
D1max/min [e �3] 0.698/ÿ 0.620 0.674/ÿ 0.550
G.O.F (S) 0.7 1.04
weighting scheme Chebyshev Chebyshev
reflections used [I> 2s(I)] 5380 5063
parameters 393 393
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a CRYSTALS programs,[25] and the drawing of the molecules was realized
with the aid of CAMERON.[26] The atomic scattering factors were taken
from International Tables for X-ray Crystallography.[27] Crystallographic
data (excluding structures factors) for the structures reported in this paper
have been deposited to the Cambridge Crystallographic Data Centre as
supplementary publication numbers CCDC-145620 (5a) and CCDC-
145621 (12a). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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A Potentiometric and 51V NMR Study of the Aqueous
H�/H2VO4


ÿ/H2O2/l-a-Alanyl-l-histidine System**


Hauke Schmidt,[a] Ingegärd Andersson,[a] Dieter Rehder,[b] and Lage Pettersson*[a]


Abstract: The speciation in the quater-
nary aqueous H�/H2VO4


ÿ/H2O2/l-a-
alanyl-l-histidine (Ah) system has been
determined from quantitative 51V NMR
measurements and potentiometric data
(glass electrode). The study was per-
formed in 0.150m Na(Cl) medium at
25 8C. Data were evaluated with the
computer program LAKE, which is able
to treat combined EMF and NMR data.
The pKa values for Ah were determined
as 8.06, 6.72 and 2.64. In the ternary H�/
H2VO4


ÿ/Ah system, two complexes,
(H�)p(H2VO4


ÿ)q(Ah)r, for which (p, q,
r) values of (0, 1, 1) and (1, 1, 1) with log
b0,1,1� 2.52� 0.03 and log b1,1,1� 9.40�


0.05 (pKa� 6.88), respectively, explain
all data. The errors given are 3s. In the
quaternary H�/H2VO4


ÿ/H2O2/Ah sys-
tem, eight complexes were determined
in addition to all binary and ternary
complexes, four with a V/X/Ah ratio
1:1:1 and four with a ratio 1:2:1 (X�
peroxo ligand). VX2Ah2ÿ and VX2Ahÿ


(pKa� 8.19) are the main complexes and
predominate in the pH range 5 to 9.
Three additional minor species have also


been found but their compositions could
not be determined owing to their small
amounts. Equilibria are slow, significant
decomposition of peroxide occurs only
in acidic solutions. Data in the pH range
5 to 10 have been used for the LAKE
calculations. Chemical shifts, composi-
tions, and formation constants for the
eight quaternary complexes are given,
and equilibrium conditions are illustrat-
ed in distribution diagrams. Structural
proposals for VX2Ah2ÿ and VX2Ahÿ are
made from 1H and 13C NMR measure-
ments.


Keywords: bioinorganic chemistry ´
NMR spectroscopy ´ peptides ´
peroxo complexes ´ vanadates


Introduction


Vanadium as a biometal in its �v and �iv/�iiioxidation states
is founded on, inter alia, the action (mostly inhibitory) of
vanadate towards phosphate-metabolising enzymes.[1] This
includes the insulin-mimetic behaviour of vanadate, perox-
ovanadate, vanadyl and several vanadium complexes,[2] which
is most probably because of inhibition of a protein tyrosine
phosphatase.[3] In addition vanadium is present in the cofactor
for some nitrogenases and haloperoxidases. The structure of a
chloroperoxidase from the mould Curvularia inaequalis (C.i.)
has recently been determined by X-ray diffraction both in its
native and its peroxo form.[4] This enzyme catalyses the two-
electron oxidation of chloride by peroxide, and a peroxova-
nadium complex presumably is the active intermediate.[5] In


the native form, vanadium is in a trigonal-bipyramidal array in
a O4N donor set with only one covalent link to the enzyme by
Ne of a histidine residue. In the peroxo form the geometry of
the retained O4N donor set changes to tetragonal pyramidal.


In order to model unspecific vanadium binding to proteins,
the complexation behaviour of vanadate to protein fragments,
for example dipeptides, is of interest. 51V NMR data for
vanadium complexes with different dipeptides have been
published.[6, 7] The vanadium binding to l-a-alanyl-l-histidine
(Ah) has been investigated in
0.600m Na(Cl) medium at
25 8C to obtain information on
the complexation of vanadium
in biogenic compounds
through ligands dominated by
nitrogen functional groups.[8]


The coordinating functions in
those and in other vanadate dipeptide systems studied over
the last decade have been determined to be the terminal
amino group, the terminal carboxylate and the deprotonated
peptide-N.[9] The imidazole residue of alanylhistidine does not
coordinate to vanadium, possibly because of its involvement
in protonation/deprotonation equilibria of the imine-N.[8] The
speciation for the H�/H2VO4


ÿ/Ah system has now been
rechecked in 0.150m Na(Cl) medium, at 25 8C, as we intended
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to investigate the quaternary H�/H2VO4
ÿ/H2O2/Ah system at


physiological medium and accurate knowledge of the ternary
H�/H2VO4


ÿ/Ah system under these conditions is therefore
necessary.


Systems with peroxo and/or bis-peroxo vanadates and
peptides have been extensively studied by 51V NMR spectros-
copy.[10] The crystal structure of the complex (NEt4)-
[VO(O2)(GlyGly)] shows the same tridentade coordination
mode of the dipeptide[11] which was presumed for the ternary
vanadium dipeptide complexes in solution.[9] Investigations
with histidine containing peptides have also revealed com-
plexation of diperoxovanadate with the imidazole residue of
histidine.[12] Interestingly, the imidazole binding to vanadium
is favoured by the presence of peroxide, while vanadium ±
imidazole complexes without peroxide are very weak.[13] In
addition to the unspecific interaction of vanadate and
proteins, peroxovanadate complexes with histidine- or histi-
dine-containing peptides can be considered as structural
models for the peroxo form of C.i. chloroperoxidase owing
to similarities in their structural properties.[4b]


Since no full speciation of the quaternary H�/H2VO4
ÿ/


H2O2/Ah system has been reported so far, a detailed inves-
tigation of this system was performed, with quantitative 51V
NMR spectroscopic and potentiometric data. These data were
treated with the computer program LAKE, which is designed
to simultaneously treat multimethod data.[14] Furthermore, 1H
and 13C NMR measurements were made to obtain informa-
tion about structural properties of new quaternary complexes.


Results and Discussion


Subsystems : To establish the complete speciation in the
ternary H�/H2VO4


ÿ/Ah and the quaternary H�/H2VO4
ÿ/


H2O2/Ah systems, the equilibrium constants for the sub-
systems H�/H2VO4


ÿ, H�/Ah and H�/H2VO4
ÿ/H2O2 have to be


accurately known under the same experimental conditions.
The ionic medium was chosen to represent physiological
concentrations, 0.150m Na(Cl) and a temperature of 25 8C.


The speciation in the vanadate system has already been
published (Table 1).[15] For Ah no acidity constants have been
reported in 0.150m Na(Cl) medium. Four potentiometric
titrations were carried out to establish the speciation in this
binary system. To find the exact amount of Ah in the chemical
from Bachem, the concentration of the ligand and the acidity
constants were optimised together, using the computer
program LAKE, and 91.2 % of the chemical was found to
be Ah. This is in contrast to the ethanol content quoted for the
commercially available chemical and is attributed to attempts
to remove the ethanol by evaporation. The acidity constants
obtained from these titrations are presented in Table 2.


The ternary H�/H2VO4
ÿ/H2O2 system has recently been


investigated in 0.150m Na(Cl) medium.[13] Depending on both
the pH and the peroxide to vanadate ratio, VX, VX2, V2X4


and VX3 were found as major species (X� peroxo ligand). In
addition, some minor vanadium peroxide complexes also
appear. Table 3 shows the full speciation of this ternary
system.


The H�/H2VO4
ÿ/Ah system : The full speciation of this ternary


system was determined from 51V NMR data, which were
recorded in the pH range 2.2 to 10.6. The spectra show a
relatively broad signal at d�ÿ518 over a wide pH range with
an optimum integral intensity near pH 6 (Figure 1). This
observation agrees with the results from the earlier study in
0.600m Na(Cl) medium.[8a] In acidic solutions, the resonance
signal of the VAh complex overlaps with the V10'' peak, one of
the three resonance signals from the decavanadate species
(see Figure 1). Therefore, integral deconvolution is necessary
and was performed with the program WIN-NMR, distributed
by Bruker. Two series of 51V NMR spectra have been
recorded: constant c(V) with variable c(Ah) at neutral pH,
and constant concentrations of the reactants with variable pH.


The experimental data were evaluated with the computer
program LAKE as described in reference [8a] to find the set
of complexes that gives the best fit to experimental data. Two
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Table 1. Species and formation constants for the inorganic vanadates
(0.150m Na(Cl), 25 8C) used in LAKE calculations on the VAh and VXAh
systems.[15]


p, q Notation Formula log b pKa


ÿ 1, 1 V1 HVO4
2ÿ ÿ 8.17


0, 1 H2VO4
ÿ 0 8.17


2, 1 VO2
� 7.00


ÿ 2, 2 V2 V2O7
4ÿ ÿ 16.19


ÿ 1, 2 HV2O7
3ÿ ÿ 5.85 10.34


0, 2 H2V2O7
2ÿ 2.65 8.50


ÿ 2, 4 lÿV4 V4O13
6ÿ ÿ 9.98


ÿ 1, 4 HV4O13
5ÿ ÿ 0.63 9.35


0, 4 V4 V4O12
4ÿ 9.24


0, 5 V5 V5O15
5ÿ 11.17


4, 10 V10 V10O28
6ÿ 50.28


5, 10 HV10O28
5ÿ 56.90 6.62


6, 10 H2V10O28
4ÿ 61.07 4.17


7, 10 H3V10O28
3ÿ 62.93 1.86


Table 2. Species and acidity constants for l-a-alanyl-l-histidine (0.150m
Na(Cl), 25 8C).


p, q Notation log b (3s) pKa


ÿ 1, 1 Ahÿ ÿ 8.06 (1)
0, 1 Ah 0 8.06
1, 1 Ah� 6.72 (1) 6.72
2, 1 Ah2� 9.36 (1) 2.64


Table 3. Species and formation constants for the H�/H2VO4
ÿ/H2O2 system


(0.150m Na(Cl), 25 8C) used in LAKE calculations on the VXAh system.[13]


p, q, r Notation log b (3s) pKa
51V NMR shift


ÿ 1, 1, 1 VX2ÿ ÿ 2.27 (6) ÿ 624.5
ÿ 1, 1, 2 VX2


2ÿ 3.61 (10) ÿ 764.5
0, 1, 2 VX2


ÿ 11.28 (9) 7.67 ÿ 691.1
ÿ 1, 1, 3 VX3


2ÿ 5.14 (10) ÿ 732.2
ÿ 1, 2, 4 V2X4


3ÿ 16.48 (20) ÿ 754.5
*2, 1, 1 *VX� 11.51 (9) ÿ 539.5


2, 2, 3 V2X3 23.73 (19) ÿ 669
ÿ 1, 2, 1 V2X3ÿ ÿ 0.34 (10) ÿ 621.8 [VX]


ÿ 563.0 [V]
ÿ 1, 2, 2 V2X2


3ÿ 5.33 (13) ÿ 737.0 [VX2]
ÿ 554.9 [V]


*ÿ 1, 2, 2 *V2X2
3ÿ 3.6 ÿ 633.6
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Figure 1. 51V NMR spectra of aqueous solutions at c(V)� 3.7 mm, c(Ah)�
16mm at different pH values.


complexes, (H�)p(H2VO4
ÿ)q(Ah)r, with (p, q, r) values (0, 1, 1)


and (1, 1, 1) with log b0,1,1� 2.52� 0.03 and log b1,1,1� 9.40�
0.05 (pKa� 6.88) provide the best fit. The errors given are 3s.
The differences from the results of the earlier study in 0.600m
Na(Cl) are only marginal. The pKa of the VAh complex (6.88)
is very similar to the value for Ah� (6.72), and indicates that
the proton of the histidine residue is responsible for this
protonation step. In addition, changing the pH does not alter
the position of the 51V NMR shift, which indicates that the
protonation site is located far away from the vanadium center.
This is in agreement with the proposed structure for the
complex (Scheme 1), obtained from 1H, 13C and 14N NMR
data in an earlier study.[9a]


Scheme 1. Proposed structures of VAhÿ and VAh. It has not yet been
clarified whether the vanadium is penta- or hexacoordinate.[8a]


The distribution for all vanadium-containing species was
calculated in the pH range 2 to 11 (c(V)� 4 mm, c(Ah)�
16 mm) and is shown in Figure 2. The two VAh species exist
from pH 2.5 to 9.5 and predominate in the pH range 5 to 8. A
maximum of 70 % of the vanadium is integrated into the
ternary complexes at pH 6. An earlier study by Elvingson
et al.[8a] under the same conditions in 0.600m Na(Cl) medium
(Figure 2b, marked #) shows a lower percentage of the VAh
species at the maximum, this is explained by the more
favoured formation of highly charged species like V4O12


4ÿ in
the higher ionic strength medium used in this study. Figure 3


Figure 2. Distribution of vanadium (FV) versus pH at c(V)� 4mm,
c(Ah)� 16 mm. FV is defined as the ratio between c(V) in a species and
total c(V). a) All vanadium-containing species are shown except those with
<5 % of total c(V). b) The sum of the decavanadates, oligovanadates,
monovanadates and VAh species are shown. The corresponding amounts of
oligovanadates and VAh species in 0.600m Na(Cl) medium[8a] (marked with
#) are shown by dashed curves.


Figure 3. Distribution of alanylhistidine (FAh) versus pH at c(V)� 4 mm,
c(Ah)� 16 mm.


shows the distribution of Ah (FAh) versus pH for the same
concentrations used in Figure 2. Here, a maximum amount of
20 % of the ligand is integrated into the ternary complexes.


The H�/H2VO4
ÿ/H2O2/Ah system : Upon addition of H2O2 to


solutions containing vanadate and Ah, a large number of new
resonance signals appear at higher field than those from
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binary vanadates and ternary vanadate alanylhistidine spe-
cies. This indicates the formation of peroxovanadate species
and quaternary peroxovanadate complexes with Ah. The
chemical shifts and assignments for the peaks are presented in
Table 4 and Figure 4. The preliminary assignments for the
quaternary species were made by comparing the results with
those of earlier investigations in peroxovanadate ligand
systems, for example, the peroxovanadate ± imidazole sys-
tem.[13] Only one of the new quaternary species (*VXAh)
shows a change in the 51V NMR shift due to protonation/
deprotonation. The asterisk in Table 4 indicates the formation
of an isomeric species. For all other complexes, no changes in
the chemical shift occur.


Equilibria in this quaternary system are slow due to slow
formation of the peroxovanadate ± dipeptide complexes and
the slow decomposition of decavanadate initially formed in
weakly acidic solutions (pH range 3 to 6). Serial 51V NMR
measurements of vanadate- and Ah-containing solutions were
carried out after addition of peroxide to determine the
equilibration time and the influence of decavanadate and
peroxide decomposition. A total of seven serial measure-
ments was recorded with different V/H2O2/Ah ratios in the
pH range 3.6 to 7.4. At neutral pH, the bis(peroxo)species
(VX2Ah, *VX2Ah) are already fully formed after 2 h, while an
equilibrium for the monoperoxo (VXAh) species is not
established until 12 to 15 h have elapsed. It has not been
clarified whether the monoperoxo species are formed origi-
nally from the components (V, Ah or the complex VAh) or
whether their formation is due to decomposition of diperoxo
species. In acidic solutions (pH 3 to 4), where only small
amounts of quaternary complexes are formed, the formation
of all peroxovanadium species (mainly VX2) is controlled by
the slow decomposition of decavanadate which takes up to 6 h
under these conditions. In addition, reformation of decava-
nadate species occurs after this time because of decomposi-
tion of peroxide in acidic solutions. Figure 5 shows the results
of a serial 51V NMR measurement of a solution with the V/
H2O2/Ah ratio 1/1.7/4.4 at pH 5.2. The formation of the
bis(peroxo)vanadium species is relatively fast, while decom-
position of decavanadate and the formation of the monoper-
oxovanadium species takes about 10 to 15 h. Therefore, the
equilibration time was estimated as 15 h and all solutions for
quantitative measurements were allowed to equilibrate for at
least this period of time after addition of hydrogen peroxide.


Figure 4. 51V NMR shifts in the H�/H2VO4
ÿ/H2O2/Ah system versus pH.


The three additional minor species at d�ÿ595 (P1), ÿ627 (P2), and ÿ712
(P3) have not been determined.


The complexation of vanadium with peroxide is quite
strong; at, for example, a ratio H2O2/V� 2, almost all of the
vanadium is present in the form of peroxovanadates and
quaternary complexes. In addition, the complexation of Ah to
vanadium is enhanced by the presence of peroxide; in the
ternary H�/H2VO4


ÿ/Ah system, a large excess of Ah is
necessary to get appreciable amounts of vanadium bound in
ternary complexes (see above and reference [8a]). The same
observation has been made in a study of the quaternary H�/
H2VO4


ÿ/H2O2/imidazole system where the complexation of
imidazole to vanadium is extremely favoured by the presence
of peroxide.[13]


The potentiometric data and the 51V NMR integral and
shift data for VXAh, *VXAh, *VX2Ah and VX2Ah (Figure 4)
were evaluated with the computer program LAKE to find
compositions and formation constants for the set of com-
plexes which best explain the experimental data. The results
of these calculations are presented in Table 4. Eight com-
plexes, four with a V/H2O2/Ah ratio 1:1:1 and four with a ratio
1:2:1, gave the best explanation. In a preliminary communi-
cation, we reported calculations for only three complexes with
the ratio 1:2:1.[16] A recent evaluation of the experimental
data revealed the presence of an additional complex. No
attempts were made to evaluate the composition of the very
minor species which gave rise to resonances at d�ÿ595,
ÿ627 and ÿ712 (marked P1, P2 and P3 in Figure 4) owing to
very small integral values for these signals. The minor species
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Table 4. Species and formation constants for the H�/H2VO4
ÿ/Ah and the


H�/H2VO4
ÿ/H2O2/Ah system (0.150m Na(Cl), 25 8C).


p, q, r, s Notation log b (3s) pKa
51V NMR shift


0, 1, 0, 1 VAhÿ 2.52(3)
1, 1, 0, 1 VAh 9.40 (5) 6.88 ÿ 518.0
0, 1, 1, 1 VXAhÿ 7.68 (21)
1, 1, 1, 1 VXAh 14.80 (5) 7.12 ÿ 659.9
0, 1, 1, 1 *VXAhÿ 8.01 (8) ÿ 683.3
1, 1, 1, 1 *VXAh 13.93 (8) 5.92 ÿ 626.7
ÿ 1, 1, 2, 1 *VX2Ah2ÿ 5.56 (18)


0, 1, 2, 1 *VX2Ahÿ 13.58 (9) 8.02 ÿ 738.9
ÿ 1, 1, 2, 1 VX2Ah2ÿ 6.29 (6)


0, 1, 2, 1 VX2Ahÿ 14.48 (4) 8.19 ÿ 749.7
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Figure 5. 51V NMR spectra of an aqueous solution at c(V)� 3.3 mm,
c(Ah)� 14.4 mm, c(H2O2)� 5.7mm, pH� 5.2 after different reaction times.


at d�ÿ627 appears at pH values higher than 5 where the shift
of *VXAh, d�ÿ626 at pH 3, already has moved to higher
field, indicating that these are different complexes.


Two complexes, VX2Ah2ÿ and VX2Ahÿ, with (p, q, r, s)
values (ÿ1, 1, 2, 1) and (0, 1, 2, 1) (see Equation (1) in
Experimental Section), give the best fit for the data of the
main resonance signal at d�ÿ750. At a H2O2/V ratio of 2,
this signal predominates in the pH range 5 to 8. The resonance
signal at d�ÿ739 was found to arise from isomeric species
denoted *VX2Ah2ÿ and *VX2Ahÿ. The two signals for
monoperoxovanadium species (d�ÿ660 and ÿ683/ÿ 626)
exist over a wide pH range (3 to 8) with maximum amounts at
pH 5. At a H2O2/V ratio of 1, these signals predominate in
weakly acidic solutions. Two complexes for each signal,
VXAhÿ and VXAh for d�ÿ660, and *VXAhÿ and *VXAh
for d�ÿ683/ÿ 626, give the best fit for the data. VXAhÿ and
*VXAhÿ, and VXAh and *VXAh are isomers. As *VXAh
shows a change in the 51V NMR shift due to its deprotonation,
the shift data for this peak could be used in the calculations.


Figure 6 shows the distribution of vanadium (FV) versus pH
at different conditions. At a H2O2/V ratio 2 (Figure 6a; c(V)�
4 mm, c(H2O2)� 8 mm, c(Ah)� 8 mm), bis(peroxo)vanadium
species predominate over the whole pH range. The two
complexes VX2Ah2ÿ and VX2Ahÿ, calculated for the main 51V
NMR signal at d�ÿ750 predominate in the pH range 6 to 8
with a maximum amount of about 70 % at pH 7, while the
isomer *VX2Ahÿ makes up about 10 % of the overall
vanadium amount. In more acidic or alkaline solutions,
ternary bis(peroxo)vanadates are the predominant species.
This distribution confirms that the complexation of vanadate
with peroxide is quite strong. Furthermore, the complexation
of alanylhistidine to vanadate is favoured by the presence of
peroxide. In contrast to the ternary H�/H2VO4


ÿ/Ah system, no
large excess of the dipeptide is necessary to get appreciable
amounts of quaternary complexes.


At low vanadium concentrations (c(V)� 0.1 mm), with a
ten-fold excess of H2O2 and a five-fold excess of Ah (Fig-
ure 6b), all of the vanadium is bound in diperoxovanadate and
the two VX2Ah species of the main 51V NMR signal. The
diperoxovanadates predominate over the whole range. At


Figure 6. Distribution of vanadium (FV) versus pH. All vanadium-con-
taining species are shown except those with <5 % of total c(V).
a) Distribution at c(V)� 4 mm, c(H2O2)� 8 mm, c(Ah)� 8mm.
b) Distribution at c(V)� 0.1 mm, c(H2O2)� 1 mm, c(Ah)� 0.5mm.
c) Distribution at c(V)� 4mm, c(H2O2)� 4mm, c(Ah)� 8 mm. The sum
of binary vanadates, ternary peroxovanadates and VAh species and the
different quaternary VXAh species are shown.


physiological pH, approximately 30 % of the vanadium are
bound in VX2Ah complexes.


The distribution of vanadium becomes more complicated if
less than two equivalents of peroxide are present. Addition of
only one equivalent of peroxide to a solution containing
vanadate and Ah gives rise to the formation of several
monoperoxovanadium complexes particularly in weakly
acidic solutions. The distribution diagram calculated for a
H2O2/V ratio of 1 (Figure 6c; c(V)� 4 mm, c(H2O2)� 4 mm,
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c(Ah)� 8 mm) exhibits VXAh and *VXAh species with
maximum formation at pH 5. At physiological pH, VX2Ahÿ


is still the predominant complex, and comprises more than
30 % of the vanadium. Furthermore, at this H2O2/V ratio,
ternary VAh complexes are present with an optimum at pH 5
to 7.


Comparison of the 51V NMR shift value for the predom-
inant complex VX2Ahÿ with the data for the recently
investigated H�/H2VO4


ÿ/H2O2/imidazole (Im) system (in
which the resonance signal for the complex VX2Imÿ appears
at d�ÿ750)[10b, 13] indicates nitrogen coordination to vana-
dium through the imidazole residue of Ah (Scheme 2).
1H NMR measurements on a solution with a maximum


Scheme 2. Coordination of nitrogen to vanadium through the imidazole
residue of Ah.


amount of the complex VX2Ahÿ (c(V)� 40 mm, c(H2O2)�
80 mm, c(Ah)� 60 mm, pH� 7.45) show significant differences
for the shifts of the imidazole residue protons between the
free and the bound ligand, while no noticeable changes in the
shifts for the other protons occur (Table 5). These changes
towards lower field are caused by the deshielding effect of the
oxovanadium(v) unit and indicate the interaction of this unit
with the imidazole residue of Ah. Since the pKa for VX2Ahÿ


(8.19) is very similar to that for Ah (8.06), it is likely that the
proton on the terminal ammonium group accounts for the
protonation/deprotonation. In addition, the deprotonation of


VX2Ahÿ occurs without any noticeable change in the 51V
NMR shift, which indicates that the protonation site is located
far away from the vanadium centre. Also, 13C NMR measure-
ments on the same solution do not significantly differ for the
shifts of the carbon atoms of the dipeptide backbone between
the free and the bound ligand, either (Table 5).


In conclusion, we have shown that vanadate forms several
mononuclear complexes with alanylhistidine in the presence
of peroxide and we present stoichiometries and formation
constants for them. In particular, the bis(peroxo) VX2Ahÿ


complex is quite strong and exhibits coordination through the
imidazole residue in contrast to ternary vanadate ± dipeptide
complexes with alanylhistidine, where the functional side
chain does not participate in the coordination. Thus, VX2Ahÿ


can be considered as a structural model for the peroxo form of
C.i. chloroperoxidase.[4b] Furthermore, from insulin mimetic
considerations and possible medicinal application of vana-
dium complexes, it is of interest that even at low vanadium
concentrations high percentages of the total vanadium can be
bound in VX2Ahÿ at physiological pH. Possible insulin
mimetic effects of VX2Ahÿ will be tested in the near future
using cell cultures.


Experimental Section


Chemicals and analyses : Sodium chloride (E. Merck p. a.) was dried at
180 8C and used without further purification. In the NaCl medium, the
concentration of the cation was kept constant indicated by Na(Cl). A
vanadate stock solution (1m) was prepared by the dissolution of sodium
metavanadate (E. Merck p. a.) in hot water. After cooling, the solution was
filtered and standardised by evaporation to the solid. Diluted solutions of
hydrogen peroxide (E. Merck, 30 %) were standardised against potassium
permanganate and used without further purification. l-a-alanyl-l-histidine,
C9H14O3N4 (Bachem, ethanol content 18 %, H2O content 0.5 mol molÿ1),
was stored at less than 0 8C, but was heated to 25 8C before use. Possible
interference by the ethanol content of the dipeptide has been checked by
NMR spectroscopy. There is no difference in the complexation behaviour
of pure and ethanol-containing Ah.[8] Furthermore, formation constants for
vanadate ethanol esters have been shown to be negligible.[17] The ethanol-
containing chemical could therefore be used. Possible interactions between
Ah and peroxide have been checked by 1H and 13C NMR measurements,
which show no changes after addition of peroxide. Diluted solutions of
hydrochloric acid (E. Merck p. a.) were standardised against tris(hydrox-
ymethyl)aminomethane (TRIZMA base, Sigma). Sodium hydroxide sol-
utions were prepared from a saturated NaOH solution (50 % NaOH and
50% H2O) and standardised against hydrochloric acid. Boiled distilled
water, stored under a CO2 trap, was used for the preparation of all
solutions. Alkaline solutions were prepared and stored under argon.


Notation : The equilibria studied are written with the components H�,
H2VO4


ÿ, H2O2 and Ah. Thus, complexes are formed according to
Equation (1).


pH��qH2VO4
ÿ�rH2O2�sAh> (H�)p(H2VO4


ÿ)q(H2O2)r(Ah)s
pÿq (1)


Formation constants are denoted bp,q,r,s, and complexes are given the
notation (p,q,r,s) or VqXrAhs


nÿ. X is used instead of the peroxo ligand to
shorten the formulae. The total concentrations of vanadate, hydrogen
peroxide and l-a-alanyl-l-histidine are denoted c(V), c(H2O2) and c(Ah)
and are given in mm in the figures.


Equilibration of the solutions : Before the measurements in the ternary H�/
H2VO4


ÿ/Ah system, the solutions were stored overnight for equilibration.
In the quaternary H�/H2VO4


ÿ/H2O2/Ah system, the samples were in
general prepared by addition of hydrogen peroxide to equilibrated
solutions containing vanadate and dipeptide. However, cross-checks were
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Table 5. 1H/13C NMR shifts in the H�/H2VO4
ÿ/H2O2/Ah system (c(V)�


40mm, c(H2O2)� 80 mm, c(Ah)� 60mm, pH� 7.45).


Atom number[a] d(Ah)[b] [ppm] d(VX2Ah) [ppm] Dd[c] [ppm]


Ha (d) 1.46 1.46 0.00
Hb (q) 3.96 3.95 ÿ 0.01
Hc (dd) 4.45 4.43 ÿ 0.02
Hd (ABX) 3.08/3.27 3.09/3.31 0.01/0.04
He (s) 7.92 8.22 0.30
Hf (s) 7.05 7.29 0.24
C1 19.21 19.51 0.30
C2 51.68 51.68 0.00
C3 173.81 174.10 0.29
C4 57.60 59.85 2.25
C5 179.11 179.64 0.53
C6 29.65 31.00 1.35
C7 130.91 137.10 6.19
C8 135.06 138.55 3.49
C9 120.48 127.22 6.74


[a] See Scheme 2. [b] Free ligand in the presence of VXnAh species.
[c] Dd�d(VX2Ah)ÿd(Ah).
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performed by addition of hydrogen peroxide before the dipeptide or the
acid/base. The time for complete equilibration was determined by serial 51V
NMR measurements as 12 to 15 h. In particular, the formation of the
monoperoxo species is slow. In addition, the process of complex formation
is slowed down by decomposition of decavanadates initially formed in the
pH range 3 to 6. Therefore, the solutions were allowed to stand overnight
for equilibration. Owing to substantial decomposition of peroxide in acidic
solutions, only 51V NMR integral data in the pH range 5 to 10 were used for
calculations. In this pH range, decomposition of peroxide is only marginal,
but was taken into account. The peroxide concentrations used in the
calculations were determined based on the presumption that all peroxide is
bound to vanadium and no free peroxide exists. 51V NMR shift data,
however, were used without any restrictions.


Potentiometric measurements : The EMF measurements in the binary H�/
Ah system were carried out as potentiometric titrations in 0.150m Na(Cl)
medium at 25 8C with an automated potentiometric titrator as described in
reference [8a] . For the ternary H�/H2VO4


ÿ/Ah and the quaternary H�/
H2VO4


ÿ/H2O2/Ah systems, pH was measured on separately prepared


\(point\) solutions using an Ingold U402-M6-S7/100 combination electrode


which was calibrated against buffer solutions of known pH in 0.150ãm
Na(Cl).


NMR measurements : 51V NMR spectra were recorded as described in
reference [13]. Chemical shifts are quoted relative to VOCl3. 1H/13C NMR
spectra were measured in 5 mm/10 mm tubes at 500.13 MHz/125.77 MHz
on a Bruker AMX-500 MHz spectrometer at 25� 1 8C. The spectra were
externally referenced against the sodium salt of [D4-2,2,3,3]3-(trimethylsi-
lyl)propionic acid in D2O, and dioxane in [D6]benzene, respectively. All
chemical shifts are given in ppm relative to TMS.


Potentiometric data : The acidity constants for Ah were determined from
four titrations with a total of 84 points. The pH range was 1.5 ± 8.1 and the
total concentration range 5< c(Ah)/mm< 18. Due to slow equilibration in
the ternary H�/H2VO4


ÿ/Ah and the quaternary H�/H2VO4
ÿ/H2O2/Ah


systems and to the decomposition of hydrogen peroxide, particularly in
acidic solutions, no titrations were performed for these systems. Potentio-
metric data for these systems were obtained by measurement of ªpointº
solutions with a combination electrode.


NMR data : In the ternary H�/H2VO4
ÿ/Ah system eighteen spectra were


recorded in the ranges 2.2<pH< 10.6, 3.4< c(V)/mm< 4 and 2< c(Ah)/
mm< 32. In the quaternary H�/H2VO4


ÿ/H2O2/Ah system, a total of 60
spectra and seven serial measurements were recorded in the ranges 3.4<
pH< 11.3, 0.5< c(V)/mm< 15.8, 1.0< c(H2O2)/mm< 26.0 and 0.4< c(Ah)/
mm< 28.3. The pH of each solution was measured directly after recording
the NMR spectrum.


Calculations : The EMF and quantitative 51V NMR data were evaluated
using the least squares program LAKE[14] as described previously in
reference [8a]. The LAKE program is able to calculate formation constants
from a combination of different kinds of data. In the present work,
potentiometric data and quantitative 51V integral and shift data have been
used. Calculation and plotting of distribution diagrams were performed
using the program SOLGASWATER.[18]
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Synthesis, Characterisation, Crystal Structures, Reactivity, and
Electrochemistry of Ruthenium ± Nitrido, Ruthenium ± Cobalt ± Imido and
Ruthenapyrrolidone Carbonyl Clusters Containing Alkyne Ligands


Emmie Ngai-Man Ho,[a] Zhenyang Lin,[b] and Wing-Tak Wong*[a]


Abstract: Thermolysis of [Ru3(CO)9(m3-
NOMe)(m3-h2-PhC2Ph)] (1) with two
equivalents of [Cp*Co(CO)2] in THF
afforded four new clusters, brown [Ru5-
(CO)8(m-CO)3(h5-C5Me5)(m5-N)(m4-h2-Ph-
C2Ph)] (2), green [Ru3Co2(CO)7(m3-
CO)(h5-C5Me5)2(m3-NH){m4-h8-C6H4-
C(H)C(Ph)}] (3), orange [Ru3(CO)7(m-
h6-C5Me4CH2){m-h3-PhC2(Ph)C(O)N-
(OMe)}] (4) and pale yellow [Ru2-
(CO)6{m-h3-PhC2(Ph)C(O)N(OMe)}] (5).
Cluster 2 is a pentaruthenium m5-nitrido
complex, in which the five metal atoms
are arranged in a novel ªspikedº square-
planar metal skeleton with a quadruply
bridging alkyne ligand. The m5-nitrido N
atom exhibits an unusually low frequen-


cy chemical shift in its 15N NMR spec-
trum. Cluster 3 contains a triangular
Ru2Co ± imido moiety linked to a ruthe-
nium ± cobaltocene through the m4-h8-
C6H4C(H)C(Ph) ligand. Clusters 4 and
5 are both metallapyrrolidone com-
plexes, in which interaction of diphenyl-
acetylene with CO and the NOMe
nitrene moiety were observed. In 4,
one methyl group of the Cp* ring is
activated and interacts with a ruthenium
atom. The ªdistortedº Ru3Co butterfly


nitrido complex [Ru3Co(CO)5(h5-
C5Me5)(m4-N)(m3-h2-PhC2Ph)(m-I)2I] (6)
was isolated from the reaction of 1 with
[Cp*Co(CO)I2] heated under reflux in
THF, in which a RuÿRu wing edge is
missing. Two bridging and one terminal
iodides were found to be placed along
the two RuÿRu wing edges and at a
hinge Ru atom, respectively. The redox
properties of the selected compounds in
this study were investigated by using
cyclic voltammetry and controlled po-
tential coulometry. 15N magnetic reso-
nance spectroscopy studies were also
performed on these clusters.


Keywords: cluster compounds ´ co-
balt ´ N ligands ´ NMR spectros-
copy ´ ruthenium


Introduction


Mixed-metal clusters have been increasingly used in catalysis
over the last three decades, and there is evidence that
cooperative effects may lead to improved properties when
compared with homometallic systems.[1±3] The presence of
different metals in the same complex may have synergistic
effects in catalytic activity.[4, 5] The application of the isolobal
analogy[6] and the development of metal-exchange reactions[7]


by Stone and Vahrenkamp, respectively, are two successful
approaches to the rational synthesis of heterometallic clusters.
Another established strategy is the use of an assembling
ligand to assist cluster build-up, by the coordination of


additional metal-ligand fragments. In this way low nuclearity
complexes that contain alkyne ligands can be employed as
precursors for the construction of higher nuclearity alkyne
clusters.[8±10] Besides, ligand-bridged cluster complexes with
alkynes have revealed a tendency for the alkyne ligands to
bond to the bridging ligands.[10±12]


We have examined the reactions of the methoxynitrido
carbonyl cluster [Ru3(CO)9(m3-CO)(m3-NOMe)] with alkyne
ligands; this resulted in the isolation of a series of nitrene/
nitrido clusters [Ru3(CO)9(m3-NOMe)(m3-h2-PhC2R')], [Ru4-
(CO)9(m-CO)2(m4-NR)(m4-h2-PhC2R')] (R�H, OMe or
C(O)OMe; R'�H or Ph) and [Ru6(CO)13(m-H)(m5-N)(m3-h2-
PhC2Ph)2] in moderate yields.[9, 10] It has also shown that the
reactivity of [Ru3(CO)9(m3-NOMe)(m3-h2-PhC2R')] differs
markedly from those of its precursors [Ru3(CO)9(m3-CO)(m3-
NOMe)] and [Ru3(m-H)2(CO)9(m3-NOMe)], both of which
have been extensively studied.[13±15] We also found that the
treatment of triruthenium methoxynitrido carbonyl clusters
with mononuclear cobalt complexes resulted in NÿO bond
scission and led to butterfly Ru3Co nitrido clusters in high
yields.[16, 17] Reaction of [Ru3Co(m-H)(h5-C5Me5)(CO)9(m4-N)]
with alkynes to give a square-planar m4-NH cluster is
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observed.[16] These findings prompted us to examine cluster
building and ligand rearrangement by the reaction of an
alkyne-containing cluster [Ru3(CO)9(m3-NOMe)(m3-h2-
PhC2Ph)] (1) with [Cp*Co(CO)2] and [Cp*Co(CO)I2].


Results and Discussion


Synthesis, structure and spectroscopyÐreaction of [Ru3-
(CO)9(m3-NOMe)(m3-h2-PhC2Ph)] (1) with [Cp*Co(CO)2]:
A solution mixture of [Ru3(CO)9(m3-NOMe)(m3-h2-PhC2Ph)]
(1) and two equivalents of [Cp*Co(CO)2] heated under reflux
in THF darkens to a colour near black over a 12 hour period.
Chromatographic separation of the product mixture gave, in
order of elution, trace amounts of red [Ru4(CO)12(m4-h2-Ph-
C2Ph)],[18] yellow [Ru4(CO)9(m-CO)2(m4-NOMe)(m4-h2-PhC2-
Ph)][10] and purple [Ru2Co(CO)6(m3-CO)(h5-C5Me5)(m3-
NH)],[16] brown [Ru5(CO)8(m-CO)3(h5-C5Me5)(m5-N)(m4-h2-
PhC2Ph)] (2) (15%), yellow [Ru4(CO)9(m-CO)2(m4-NH)(m4-
h2-PhC2Ph)][19] (10 %), brown [Ru3Co(CO)6(m-CO)2(h5-C5-
Me5)(m4-NH)(m4-h2-PhC2Ph)][16] (12 %), green [Ru3Co2(CO)7-
(m3-CO)(h5-C5Me5)2(m3-NH){m4-h8-C6H4C(H)C(Ph)}] (3) (3%),
orange [Ru3(CO)7(m-h6-C5Me4CH2){m-h3-PhC2(Ph)C(O)N-
(OMe)}] (4) (26%) and pale yellow [Ru2(CO)6{m-h3-
PhC2(Ph)C(O)N(OMe)}] (5) (8%) (see Scheme 1). The
structures of clusters 2 ± 4 were unambiguously established
by single-crystal X-ray diffraction analyses and supported by
1H and 15N NMR, IR and electronic absorption spectroscopy
as well as FAB mass spectrometry (Table 1). While the
crystallisation of cluster 5 met with little success, it was
characterised by various spectroscopic methods. These com-


pounds are essentially stable in air in the solid state and have
varying degrees of stability in n-hexane.


Complex 2 readily crystallised from a brown fraction. The
positive FAB mass spectrum of 2 displayed a parent envelope
at m/z 1140 with an isotopic distribution consistent with the
presence of five ruthenium atoms. The IR spectrum of the
compound shows the vibration absorptions for both terminal
and bridging carbonyl ligands. The presence of a C5Me5 group
was apparent from 1H NMR spectroscopy (singlet at d� 1.29),
while integration of the resonances in the aromatic region
suggested the presence of a diphenylacetylene ligand (two Ph
groups). The 15N NMR spectrum exhibited a single resonance
at d� 381.5 (s), which is consistent with the presence of a
nitrido ligand. The UV-visible absorption maxima and
corresponding molar absorption coefficients of 2 in CH2Cl2


are listed in Table 1. Two shoulder electronic absorption
bands at 320 nm and 400 nm are revealed for cluster 2. The
structure of 2 was determined by a single-crystal X-ray
diffraction analysis, and a molecule is shown in Figure 1.
Selected bond lengths and angles are given in Table 2.


Compound 2 consists of five metal atoms arranged in a
manner that can be described as a square planar with a
ªspikedº atom Ru(5) attached to Ru(4). A m5-nitrido N atom
and a quadruply bridging alkyne lie on opposite sides of the
Ru4 square. This Ru5 metal skeleton is seldom observed, and
the interstitial nitride atom occupies an unusual type of cavity,
in which it is connected to all five metal atoms. The structures
of most of the nitrido clusters (T-shaped, butterfly, square
pyramidal and octahedral) are related by an octahedral (or
part thereof) geometry about the nitrogen.[20] The notable
exceptions are the hexanuclear nitrido clusters of the cobalt
triad (trigonal prismatic),[21] the PtRh10 mixed-metal nitrido


Scheme 1. Treatment of cluster 1 with two equivalents of [Cp*Co(CO)2] led to the formation of the new clusters 2, 3, 4 and 5 in 15%, 3%, 26% and 8%
yields, respectively. Cluster 2 was also directly synthesized from the reaction of 1 with pentamethylcyclopentadiene and 1,3-cyclohexadiene in low yield (4 %).
Thermolysis of cluster 4 with [Ru3(CO)12] in n-octane lead to the isolation of the known [Ru6(m3-H)(CO)12(m-CO)(m4-h2-CO)2(h5-C5Me5)] cluster.
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Figure 1. The molecular structure of [Ru5(CO)8(m-CO)3(h5-C5Me5)(m5-
N)(m4-h2-PhC2Ph)] (2) with the atom numbering scheme.


cluster (trigonal bipyramidal surrounding N)[22] and the
hexaruthenium ± nitrido cluster (wing-tip-bridged butterfly
surrounding N).[10] The molecule of 2 contains an approximate
plane of symmetry that passes through the Ru(2), Ru(4),
Ru(5), N(1), C(12) and C(13). Ignoring the rotational
conformation of the phenyl rings, the overall structure
conforms to the Cs point group. The ruthenium ± ruthenium
bond lengths span a small range, 2.6363(8) ± 2.7701(7) �,
which are appreciably shorter relative to those of the RuÿRu
single bond in [Ru3(CO)12] (2.8555 �).[23] The shortest bonds
contain the edge-bridging carbonyl ligands, and the shortest of
these is Ru(4)ÿRu(5) [2.6363(8) �]. This shortening could be
due to the existence of a localised multiple bond or the
influence of the bridging carbonyl ligand.[24] The existence of
these bridging ligands reflects the electronic imbalance that
would otherwise be associated with Ru(1), Ru(2) and Ru(3),
and Ru(4) and Ru(5) in their absence. Ru(5) has a h5-
coordinated C5Me5 ligand with a distance of 1.830 �, which is
transferred from an external [Cp*Co(CO)2] complex. The
interaction between the Cp*ÿ ligand and the Ru(5) atom is
similar to a previous report,[16] and the corresponding positive
charge is proposed to be delocalised through the cluster. The
supporting argument comes from the short bond length of
Ru(4)ÿRu(5) [2.6363(8) �]. Ru(1), Ru(2), Ru(3) and Ru(4)
are arranged to give a distorted square plane, with mean
deviation 0.21 � from the least-square plane. This Ru4 square
is capped on one side by a m5-nitrido ligand, which lies above
the mean plane of 1.021 �. Apart from interacting with all


four metals in the square, it also bonded to the ªspikedº Ru(5)
atom. The angle between the Ru(4)ÿRu(5) ªspikedº edge and
the mean plane is 77.18. An interesting feature is that the
nitrido ligand apparently does not lie above the centroid of
the square, and appears to have been pushed toward the
Ru(4)ÿRu(5) ªspikedº edge. The Ru(4)ÿN(1)� 2.088(4) �
and Ru(5)ÿN(1)� 1.985(4) � bond lengths are both shorter
than those to the atoms Ru(1), Ru(2) and Ru(3) (Ru(1)ÿN(1)
2.215(4), Ru(2)ÿN(1) 2.178(4), Ru(3)ÿN(1) 2.211(4) �). The
nitrido ligand is shown to be able to reside in this unusual and
less regular cavity. The metal skeleton of cluster 2 might be
viewed as a square pyramid with three base ± apex metal ±
metal edges missing, in which the Ru ´´´ Ru separations
(Ru(1)ÿRu(5) 3.70 � and Ru(3)ÿRu(5) 3.56 �) represent a
zero bond order. The nitrido and the quadruply bridging
diphenylacetylene groups are assigned to be five- and four-
electron donors, respectively, and the electron count for 2 is
76, which is four electrons less than expected (80).[25] Within
the formalism of the 18-electron rule, the 76-electron cluster 2
is electronically unsaturated, and a 2-electron 3-centre bond
has been proposed to delocalise among the two 17-electron
and one 16-electron centres bridged by two m-CO groups,
while a double bond is proposed to localise at the ªspikedº
edge. Alternatively, compound 2 can be described as an edge-
bridged pentagonal-bipyramidal cluster. The four Ru atoms,
Ru(1) ± Ru(4), together with the m5-N and PhC2Ph units form
the pentagonal bipyramidal structure, while the CpRu(5)
fragment acts as the edge-bridging unit. The electron count
for this cluster in such a consideration is 82. According to the
14 n�4 m�2 rule for a closo-deltahedral cluster,[25] for which n
represents the number of transition metals and m denotes the
number of main group atoms, a pentagonal bipyramidal
cluster should have 70 electrons when m� 3. Furthermore,
Mingos� capping principle[26] predicts that an edge-bridging
metal fragment adds 14 valence electrons to the total electron
count. Therefore, the total electron count (82) is two electrons
less than expected (84). The shortage of two electrons
suggests that RuÿRu double bonds may exist in the cluster
and this is consistent with the observed short bond length of
2.6363(8) � in Ru(4)ÿRu(5) bond, relative to the other four
RuÿRu bonds (an average of 2.7207 �). Molecular orbital
calculations[27] of the model [Ru5(CO)8(m-CO)3(h5-C5H5)(m5-
N)(m4-h2-HC2H)] indeed give the highest Wiberg bond order
for Ru(4)ÿRu(5) (0.199) from the NBO analysis.[28, 29] The
bond orders for the other RuÿRu bonds range from 0.08 to
0.11. Figure 2 shows the spatial plots[30] of the highest occupied
(Figure 2 top) and the lowest unoccupied (Figure 2 bottom)
molecular orbitals. The HOMO molecular orbital is more
localised on the Ru centres of the pentagonal bipyramidal
moiety. However, the LUMO is mainly localised on the
bridging CpRu fragment. The LUMO also has anti-bonding
character between the Ru and the Cp ligand.


The formation of 2 is believed to be the result of the
coupling of fragments of 1 produced at high temperature with
unfragmented molecules of 1, together with the coordination
of a Cp* ligand transferred from the external mononuclear
complex. An independent experiment was found to support
this idea. When 1 is heated in THF in the presence of an excess
of pentamethylcyclopentadiene and 1,3-cyclohexadiene, clus-
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ter 2 is obtained in 4 % yield (Scheme 1). Without 1,3-
cyclohexadiene, there is no observable reaction under similar
conditions, thus 1,3-cyclohexadiene is important and acts as a
hydrogen acceptor. Hence it is believed that in both synthetic


methods (involving [Cp*Co-
(CO)2] or Cp*H), the penta-
methylcyclopentadiene is trans-
ferred as a Cp*ÿ anion.


Cluster [Ru3Co2(CO)7(m3-
CO)(h5-C5Me5)2(m3-NH){m4-h8-
C6H4C(H)C(Ph)}] (3) was
found to be a Ru3Co2 mixed-
metal imido cluster and its mass
spectrum is easily interpreted.
A parent peak is observed at
m/z 1108, followed by the loss
of eight carbonyl groups in
succession. Thereafter, two en-


velopes corresponding to the loss of one (or two) more
cyclopentadiene ring(s) are also observed. The 1H NMR
spectrum of 3 in CD2Cl2 is somewhat complicated. Apart from
signals in the aromatic and aliphatic regions (with an integral


Table 1. Spectroscopic data for clusters 1 ± 6.


IR[a] n(CO) [cmÿ1] 1H NMR[b] d 15N HMR[c], d MS[d] m/z lmax
[e] [nm] (e� 10ÿ3


[dm3 molÿ1 cmÿ1])


1 2095 (w), 2076 (vs), 6.96 (m, 4 H, phenyl) 341.5 (s)[f] 778 (778) 316 (6.70)
2047 (vs), 2030 (vs), 6.80 (m, 6 H, phenyl) 435 (5.04)
2006 (s), 1993 (sh) 3.44 (s, 3 H, methoxy)


2 2059 (w), 2033 (s) 6.82 (m, 6 H, phenyl) 381.5 (s) 1140 (1140) 320 (9.72)[g]


2018 (vs), 1989(w) 6.41 (m, 2 H, phenyl) 400 (3.74)[g]


1962 (m), 1723 (m) 6.06 (m, 2 H, phenyl)
1.29 (s, 15 H, C5Me5)


3 2060 (w), 2035(s) 7.37 (m, 2 H, phenyl) 202.9 (d, J(15N,H)� 76.05 Hz) 1108 (1108) 285 (21.7)
2014 (m), 2003 (vs) 7.18 (m, 3 H, phenyl) 305 (21.8)
1958 (s), 1949 (m) 5.87 (d, JHH� 5.75 Hz, 1 H, phenyl) 360 (13.7)


5.78 (s, 1 H, alkenic proton) 593 (2.79)
5.40 (d, JHH� 6.55 Hz, 1 H, phenyl)
4.94 (t, JNH� 54.02 Hz, 1 H, NH)
4.48 (m, 1 H, phenyl)
4.22 (m, 1 H, phenyl)
1.67 (s, 15 H, C5Me5)
1.60 (s, 15 H, C5Me5)


4 2089 (s), 2082 (m) I 7.20 (m, 6 H, phenyl)[h] 199.0 (s) 884 (884) 290 (16.0)[g]


2033 (s), 2020 (m) 6.94 (m, 4 H, phenyl) 193.9 (s) 459 (4.44)
2012 (vs), 2003 (m) 3.23 (s, 3 H, methoxy)
1981 (s), 1978 (sh) 2.32 (d, JHH� 7.10 Hz, 1 H,CH2)
1960 (m) 2.08 (s, 3 H, Me)


1.98 (d, JHH� 7.10 Hz, 1 H,CH2)
1.95 (s, 3 H, Me)
1.33 (s, 3 H, Me)
1.15 (s, 3 H, Me)


II 7.20 (m, 6H, phenyl)
6.94 (m, 4 H, phenyl)
3.02 (s, 3 H, methoxy)
2.12 (d, JHH� 6.57 Hz, 1 H,CH2)
2.03 (s, 6 H, 2Me)
1.84 (d, JHH� 6.57 Hz, 1 H,CH2)
0.97 (s, 3 H, Me)
0.95 (s, 3 H, Me)


5 2093 (m), 2069 (vs) 7.20 (m, 5 H, phenyl) 191.1(s) 621 (621) 345 (5.86)
2028 (s), 2020 (vs) 7.03 (m, 3 H, phenyl)
2006 (m), 2001 (m) 6.79 (m, 2 H, phenyl)
1731 (m) 3.49 (s, 3 H, methoxy)


6 2053 (s), 2045 (s) 7.58 (m, 3 H, phenyl) ± 1210 (1210) ±
2024 (w), 2018 (w) 7.33 (m, 2 H, phenyl)
1987 (vs), 1968 (w) 7.11 (m, 5 H, phenyl)
1943 (w) 1.53 (s, 15 H, C5Me5)


[a] In n-hexane. [b] In CD2Cl2. [c] In CDCl3, with 1H decoupled except for cluster 3. [d] Calculated values in parentheses. [e] Measured in CH2Cl2 at 298 K.
[f] From ref. [10]. [g] Shoulder. [h] Recorded at room temperature.


Table 2. Selected bond lengths [�] and angles [8] for cluster 2.


Ru(1)ÿRu(2) 2.6926(9) Ru(1)ÿRu(4) 2.7701(7) Ru(1)ÿN(1) 2.215(4)
Ru(1)ÿC(12) 2.352(5) Ru(1)ÿC(13) 2.452(5) Ru(2)ÿRu(3) 2.6814(7)
Ru(2)ÿN(1) 2.178(4) Ru(2)ÿC(12) 2.243(6) Ru(3)ÿRu(4) 2.7387(7)
Ru(3)ÿN(1) 2.211(4) Ru(3)ÿC(12) 2.329(6) Ru(3)ÿC(13) 2.399(6)
Ru(4)ÿRu(5) 2.6363(8) Ru(4)ÿN(1) 2.088(4) Ru(4)ÿC(13) 2.121(5)
Ru(5)ÿN(1) 1.985(4) C(12)ÿC(13) 1.395(8) Ru(5)ÿCp*(c)[a] 1.830


Ru(2)-Ru(1)-Ru(4) 92.24(2) Ru(1)-Ru(2)-Ru(3) 85.83(2) Ru(2)-Ru(3)-Ru(4) 93.19(2)
Ru(1)-Ru(4)-Ru(3) 83.25(2) Ru(1)-Ru(4)-Ru(5) 86.42(2) Ru(3)-Ru(4)-Ru(5) 82.89(2)
Ru(1)-N(1)-Ru(2) 75.6(1) Ru(1)-N(1)-Ru(3) 111.5(2) Ru(1)-N(1)-Ru(4) 80.1(2)
Ru(1)-N(1)-Ru(5) 123.6(2) Ru(2)-N(1)-Ru(3) 75.3(1) Ru(2)-N(1)-Ru(4) 134.7(2)
Ru(2)-N(1)-Ru(5) 144.4(2) Ru(3)-N(1)-Ru(4) 79.1(1) Ru(3)-N(1)-Ru(5) 115.9(2)
Ru(4)-N(1)-Ru(5) 80.6(2) Ru(1)-C(12)-Ru(3) 102.8(2) Ru(2)-C(12)-C(13) 127.6(4)
Ru(1)-C(13)-Ru(3) 97.9(2) Ru(4)-C(13)-C(12) 123.6(4)


[a] Cp*(c) denotes the centroid of the C5Me5 ring.
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Figure 2. The spatial plots of the highest occupied (top) and the lowest
unoccupied (bottom) molecular orbitals for [Ru5(CO)8(m-CO)3(h5-
C5H5)(m5-N)(m4-h2-HC2H)].


ratio 5:30), six resonances of equal relative intensity are
observed in the range of d� 4.22 ± 5.87. Of the six signals a
singlet at d� 5.78 and a triplet centred at d� 4.94, with a
coupling constant of 54.02 Hz are unambiguously assigned to
the alkenic proton and the NH proton, respectively. Detailed
assignments of the protons on the diphenylacetylene ligand
were made possible with the aid of two-dimensional HH-
COSY NMR spectroscopy, see Table 1 and Scheme 1. The
resonances for the remaining four phenyl protons were
showed to be arranged in the order d� 5.87, 4.22, 4.48 and
5.40.


Green crystals of 3, suitable for diffraction studies, were
grown from a saturated solution of CHCl3/toluene at ÿ20 8C.
The molecular structure of 3 is depicted in Figure 3 and
relevant structural parameters are stated in Table 3. One and
a half molecules of C7H8, as solvent of crystallisation, were
revealed in the asymmetric unit. Cluster 3 has a triangular
Ru2Co ± imido structure linked to a ruthenium ± cobaltocene
through the m4-h8-C6H4C(H)C(Ph) ligand. The imido ligand
caps the Ru2Co metal core through the coordination of the
nitrogen atom (Ru(1)ÿN(1) 2.066(5), Ru(2)ÿN(1) 2.016(5)
and Co(1)ÿN(1) 1.862(4) �). The Ru(1)ÿRu(2) and Ru(1)/


Ru(2)ÿCoave metal ± metal bond lengths of 2.7820(7) and
2.5901(9) �, respectively, are significantly shorter than the
corresponding values of 2.8555 �[23] and 2.618 �[31] found for
[Ru3(CO)12] and [Ru3Co(CO)13]ÿ . The imido nitrogen atom
exhibits a doublet (d� 202.9, J(15N,H)� 76.05 Hz) in its 15N
NMR spectrum. This signal is significantly downfield relative
to those of [Ru2Co(CO)6(m3-CO)(h5-C5Me5)(m3-NH)][16] (15N:
d� 131.4 (d, J(15N,H)� 76.95 Hz)); the ªlinkedº RuCo ligand
fragment is shown to be more electron withdrawing than the
two carbonyl ligands. The m3-capping C(3)ÿO(3) ligand on the
opposite side of the imido ligand is found to be placed towards
Co(1) with a bond length of 1.897(7) �, while Ru(1)ÿC(3) and
Ru(2)ÿC(3) are equal to 2.257(6) and 2.337(7) �, respective-
ly. The ªlinkedº RuCo-ligand fragment takes the place of two
radial CO ligands with respect to the known complex
[Ru2Co(CO)6(m3-CO)(h5-C5Me5)(m3-NH)],[16] bonding
through the p interaction of carbon atoms of the phenyl
group (the ipso-C atom is not involved). The C4 array, which
involves the remaining ortho- and ipso-carbon atoms in the
ring and acetylenic carbons, is bound to Co(2) (also carrying a
Cp* ligand), while C(19) and C(26) chelate Ru(3) to give a
metallacyclopentadiene ring. This is the first time that this
novel RuCo moiety has been reported. Complexes with
metallocene moieties involving diiridium,[32] dicobalt[33] and
diruthenium[34] have been reported. In previous studies,
metallocyclic rings were formed by coupling of alkynes,[35±37]


dialkynes[38, 39] and ynamines,[40] whereas the Ru(3)C(19)-
C(24)C(25)C(26) ring in 3 is obtained by the reduction of
coordinated acetylene ligand in the parent cluster 1. The two
phenyl rings are now in a trans configuration and the dihedral
angle between the rings is equal to 32.068. The utilisation of
atoms C(20) to C(23) in binding to Ru(2) and Ru(1) destroys
the aromaticity of the 1,2-C6H4 system. There is a localisation
of p electron density as indicated by alternating long and short
CÿC bonds around the coordinated atoms (C(19)ÿC(20)
1.473(8), C(20)ÿC(21) 1.449(8), C(21)ÿC(22) 1.463(9), C(22)ÿ
C(23) 1.393(8), C(23)ÿC(24) 1.500(8) and C(24)ÿC(19)
1.446(8) �). No such alternation occurs in the other six-
membered ring, defined by C(27) ± C(32), in which the CÿC
bond lengths only range from 1.37(1) through 1.413(9) �,
averaging 1.391 �. The m3-NH proton experiences a shielding
effect as it is situated above the plane of the C(19)ÿC(24)
double bond and resonates at a significantly lower frequency
of d� 4.94 than that found in [Ru2Co(CO)6(m3-CO)(h5-
C5Me5)(m3-NH)] (d� 7.46, J(N,H)� 54.80 Hz)[16] . The
Ru(3)ÿCo(2) bond (2.6105(9) �) is bridged by the
C6H4C(H)C(Ph) group, with C(19) and C(26) s-bonded to
the Ru(3) atom (Ru(3)ÿC(19) 2.129(6), Ru(3)ÿC(26)
2.104(6) �) as part of the metallacyclopentadiene ring. Three
terminal carbonyls are also attached to Ru(3). A metal ± metal
bond completes the coordination of this ruthenium atom,
which has a distorted octahedral geometry. The Co(2) atom is
p-bonded to a pentamethylcyclopentadienyl ring and also to
the four atoms (C(19), C(24), C(25), C(26)) of the ruthena-
cyclopentadienyl ring. The two rings are in a eclipse config-
uration with respect to one another. The separation between
the Co(2) atom and the atoms of the C(19)C(24)C(25)C(26)
ring are not equal. The Co(2)ÿC(19)/C(26) bond lengths
(2.109(5) and 2.132(6) �) are slightly longer than those found
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for the inner carbons (Co(2)ÿC(24)/C(25) 2.105(5) and
2.065(6) �). The perpendicular distance of Co(2) from the
plane of the ruthenacyclopentadienyl fragment is 1.678 �,
which is very similar to the distance from the Cp* ring
(1.679 �). This ruthenacyclopentadienyl ring consists of two
slightly longer bonds (C(19)ÿC(24) 1.446(8), C(25)ÿC(26)
1.442(8) �) and one shorter CÿC bond (C(24)ÿC(25)
1.431(7) �), which is an intermediate value between a CÿC
single and C�C double bond length; this is consistent with
considerable back bonding from Co(2) to the metallocyclic
ring. The bond angles within the ring are nearly 1208, and thus
this metallocyclic system can be viewed as somewhat delo-


calised diene. The planes of the
1,2-C6H4 phenyl and ruthenacy-
clic rings are essentially copla-
nar, with a mean deviation of
0.0477 �. The pentamethylcy-
clopentadienyl rings bonded to
Co(1) and Co(2) are almost
parallel to this central plane;
the dihedral angles are 7.278
and 4.658, respectively. And
the angle between the Cp* rings
is 2.638. The bonding between
the m4-h8-C6H4C(H)C(Ph) frag-
ment and the cluster is attained
through s bonds of Ru(3) with
C(19) and C(26) and a donation
of the eight p-electrons of the
C6H4 and metallacyclic rings to
Ru(1), Ru(2) and Co(2). Thus
the m4-h8-C6H4C(H)C(Ph) moi-
ety donates a total of ten elec-
trons to the whole cluster sys-
tem. If we consider the m3-NH
imido fragment as a four-elec-
tron donor, a total of 82 cluster
valence electrons results. This is
consistent with the sum of va-
lence electrons required of di-
nuclear and trinuclear systems.


Another new compound iso-
lated in this reaction is [Ru3-
(CO)7(m-h6-C5Me4CH2){m-h3-
PhC2(Ph)C(O)N(OMe)}] (4).
The spectroscopic data of 4
are presented in Table 1. Its IR
spectrum shows the presence of
CO stretching frequencies of
terminal carbonyls only. The
mass spectrum exhibits a mo-
lecular ion envelope that agrees
with the formulation proposed,
with ion peaks corresponding to
CO losses. Two absorption
bands are displayed at 290 and
459 nm in the UV-visible spec-
trum of 4. The 1H and 15N NMR
spectra of 4 are rather complex.


Other than the resonances in the aromatic region in the
1H NMR spectrum of 4, there are nine singlets and four
doublets present in the range of d� 3.23 to 0.95, which are
significantly more than expected. The 15N NMR studies of
15N-enriched samples of 4 gave two singlets at d� 199.0 and
193.9. In order to establish the molecular structure of 4, the
compound was characterised by X-ray crystallographic anal-
ysis (Figure 4). Selected bond parameters are given in Table 4.
Cluster 4 is a metallapyrrolidone cluster with an open
trimetallic core, and such a skeleton is unprecedented. The
three ruthenium atoms are joined by RuÿRu single bonds
(Ru(1)ÿRu(2) 2.937(1) and Ru(2)ÿRu(3) 2.698(1) �) with an


Figure 3. The molecular structure of [Ru3Co2(CO)7(m3-CO)(h5-C5Me5)2(m3-NH){m4-h8-C6H4C(H)C(Ph)}] (3) with
the atom numbering scheme.


Table 3. Selected bond lengths [�] and angles [8] for cluster 3.


Ru(1)ÿRu(2) 2.7820(7) Ru(1)ÿCo(1) 2.5827(9) Ru(1)ÿN(1) 2.066(5)
Ru(1)ÿC(22) 2.311(6) Ru(1)ÿC(23) 2.304(5) Ru(2)ÿCo(1) 2.5974(9)
Ru(2)ÿN(1) 2.016(5) Ru(2)ÿC(20) 2.334(5) Ru(2)ÿC(21) 2.307(6)
Ru(3)ÿCo(2) 2.6105(9) Ru(3)ÿC(19) 2.129(6) Ru(3)ÿC(26) 2.104(6)
Co(1)ÿN(1) 1.862(4) Co(2)ÿC(19) 2.109(5) Co(2)ÿC(24) 2.105(5)
Co(2)ÿC(25) 2.065(6) Co(2)ÿC(26) 2.132(6) C(19)ÿC(20) 1.473(8)
C(19)ÿC(24) 1.446(8) C(20)ÿC(21) 1.449(8) C(21)ÿC(22) 1.463(9)
C(22)ÿC(23) 1.393(8) C(23)ÿC(24) 1.500(8) C(24)ÿC(25) 1.431(7)
C(25)ÿC(26) 1.442(8) N(1)ÿH 0.87 Co(1)ÿCp*(c)[a] 1.686
Co(2)ÿCp*(c)[a] 1.679


Ru(2)-Ru(1)-Co(1) 57.77(2) Ru(2)-Ru(1)-C(22) 72.8(2) Ru(2)-Ru(1)-C(23) 90.2(2)
C(22)-Ru(1)-C(23) 35.1(2) Ru(1)-Ru(2)-Co(1) 57.26(2) Ru(1)-Ru(2)-C(20) 92.9(1)
Ru(1)-Ru(2)-C(21) 74.0(2) C(20)-Ru(2)-C(21) 36.4(2) C(19)-Ru(3)-C(26) 77.0(2)
Ru(1)-Co(1)-Ru(2) 64.97(2) Ru(1)-N(1)-Ru(2) 85.9(2) Ru(1)-N(1)-Co(1) 82.1(2)
Ru(2)-N(1)-Co(1) 84.0(2) Ru(3)-C(19)-C(24) 117.2(4) C(19)-C(24)-C(25) 112.6(5)
C(24)-C(25)-C(26) 116.6(5) Ru(3)-C(26)-C(25) 116.2(4)


[a] Cp*(c) denotes the centroid of the C5Me5 rings.
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opening angle of 118.22(4)8 and are bridged by the m-h6-
tetramethylfulvene and the m-h3-PhC2(Ph)C(O)N(OMe) li-
gands. Ru(1) adopts a distorted ªpiano stoolº coordination
geometry. One of the methyl groups of the Cp* ligand has
undergone a CÿH bond activation and transforms into a CH2


group, which forms a s-bond with Ru(2), thus producing a
four-membered ring that contains the C(10) and C(11) carbon
atoms of the Cp* ring and the Ru(1) and Ru(2) atoms of the
cluster. The carbon atoms of all methyl groups are displaced
from the average plane of the five-membered ring (which is
planar within 0.0153 �) in the direction opposite to the Ru(1)
atom. In contrast, the C(10), which belongs to the methylene
group s-bonded to the Ru(2) atom, is displaced from the Cp-
ring plane by 0.123 � in the direction of the Ru(1) atom. The
inclination angle of the C(10)ÿC(11) vector to the Cp-ring
plane in 4 is 6.38. This C5 plane is 1.878 � from the Ru(1)
atom. The distance between Ru(2) and the exo-methylene
carbon C(10) is 2.24(1) �, which is similar to the 2.240(9) �
found in [Ru6(CO)14(m-h1:h5-C5Me4CH2)(m6-C)][41] and the


2.204(10) � in [Ru6(CO)14(m-
s :h5-C5H4CH2)].[42] The Ru(2)-
C(10)-C(11) angle (102.4(7)8) is
close to the theoretically ex-
pected valence angle for a sp3


carbon (109.58). These features
are all consistent with the fol-
lowing coordination mode of
the tetramethylfulvene ligand:
the five-membered ring of the
fulvene ligand is bound to the
Ru(CO)2 fragment in h5 fash-
ion, while the exo-methylene
part is bound to Ru(2) in h1


fashion. It is believed that the
Ru(2)ÿCH2 bond is essentially
a single s bond, with no signifi-
cant contribution from the ole-
finic structure as observed in
the complex [(h5-C5Me5)(h6-
C5Me4CH2)TiCH2].[43] The
Ru(1)ÿC(10) and Ru(1)ÿC(11)
bond lengths of of 2.90 � and
2.26(1) �, respectively, indi-
cate that there is no interaction
between the methylene group
and Ru(1). It should be noted,
however, that the bond be-
tween the exo-methylene car-
bon and a ring carbon (C(10)ÿ
C(11) 1.41(1) �) is somewhat
shorter than the other four Cÿ
C(Me) single bonds projecting
out of the five-membered ring.
This fact can be interpreted as a
sign of the remaining double-
bond character on the C(10)ÿ
C(11) bond of the fulvene li-
gand. The disposition of the C5


ring and the exocyclic CH2 arm
is similar to that encountered in [Ru6(CO)14(m-h1-h5-
C5Me4CH2)(m6-C)],[41] which has been isolated from the
thermolysis of [Ru6(CO)17(m6-C)] with C5Me5H. Thermolysis
of 4 with a slight excess of [Ru3(CO)12] in n-octane gives the
known [Ru6(m3-H)(CO)12(m-CO)(m4-h2-CO)2(h5-C5Me5)][44]


cluster in low yield. Apart from the tetramethylfulvene
ligand, Ru(2)ÿRu(3) (2.698(1) �) is bridged by the m-h3-
PhC2(Ph)C(O)N(OMe) ligand, which is derived from the
coupling of the nitrene ligand, CO and the acetylene ligand in
starting cluster 1. This flyover-type ligand is coordinated to
ruthenium atoms through N(1), C(20) and C(21) and is
attached to Ru(3) through a s bond from C(21) and a dative
bond from N(1). The bonding to Ru(2) involves a p


interaction with C(20)�C(21) and a s bond from N(1). The
coupling of the m3-NOMe ligand with another fragment, CO
and PhC2Ph in this case, is rather rare, and the only example
we are aware of is [Ru2(CO)6{m-h3-HC2(Ph)C(O)N-
(OMe)}].[10] The metallapyrrolidone ring system involving
Ru(3), N(1), C(8), C(20) and C(21) is essentially planar, with


Figure 4. The molecular structure of [Ru3(CO)7(m-h6-C5Me4CH2){m-h3-PhC2(Ph)C(O)N(OMe)}] (4) with the
atom numbering scheme.


Table 4. Selected bond lengths [�] and angles [8] for cluster 4.


Ru(1)ÿRu(2) 2.937(1) Ru(2)ÿRu(3) 2.698(1) Ru(2)ÿN(1) 2.215(7)
Ru(2)ÿC(10) 2.24(1) Ru(2)ÿC(20) 2.294(9) Ru(2)ÿC(21) 2.263(9)
Ru(3)ÿN(1) 2.068(8) Ru(3)ÿC(21) 2.061(10) O(9)ÿN(1) 1.421(10)
O(8)ÿC(8) 1.22(1) O(9)ÿC(9) 1.44(1) N(1)ÿC(8) 1.41(1)
C(8)ÿC(20) 1.48(1) C(10)ÿC(11) 1.41(1) C(20)ÿC(21) 1.42(1)
Ru(1)ÿCp*(c)[a] 1.8778


Ru(1)-Ru(2)-Ru(3) 118.22(4) Ru(1)-Ru(2)-N(1) 105.1(2) Ru(1)-Ru(2)-C(10) 73.9(3)
Ru(1)-Ru(2)-C(20) 152.7(3) Ru(1)-Ru(2)-C(21) 165.9(2) Ru(3)-Ru(2)-N(1) 48.6(2)
Ru(3)-Ru(2)-C(10) 144.7(3) Ru(2)-Ru(3)-N(1) 53.4(2) N(1)-Ru(3)-C(21) 76.0(4)
N(1)-O(9)-C(9) 110.7(7) Ru(2)-N(1)-Ru(3) 78.0(3) Ru(2)-N(1)-O(9) 129.1(5)
Ru(3)-N(1)-O(9) 121.2(6) Ru(3)-N(1)-C(8) 118.1(6) N(1)-C(8)-C(20) 105.9(9)
Ru(2)-C(10)-C(11) 102.4(7) Ru(1)-C(11)-C(10) 117.3(7) C(8)-C(20)-C(21) 115.2(9)
Ru(3)-C(21)-C(20) 116.0(7)


[a] Cp*(c) denotes the centroid of the C5Me5 ring.
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maximum deviations of 0.2615 � from planarity associated
with C(8), and the Ru(2) atom is found to lie at 1.965 � from
this pentagonal base plane. The metallapyrrolidone carbonyl
is not bonded to either metal atom, whereas the nitrogen atom
bridges both metals asymmetrically. The dative bond to Ru(3)
is significantly shorter (2.068(8) �) than the s bond to Ru(2)
(2.215(7) �). As a consequence of these N ± Ru interactions
and the coupling of N(1) to C(8), there should be a single-
bond interaction between N(1) and O(9) (bond length
1.421(10) �). Nevertheless, this N(1)ÿO(9) bond is shorter
than that of the starting cluster 1 (1.453(4) �).[10] The solution
structure of 4 is more complicated than its solid-state
structure, as evidenced by the 1H and 15N NMR studies. One
may suspect the presence of isomerisation or a rearrangement
process in solution. This assumption was supported by the
variable-temperature 1H NMR study of cluster 4. Upon an
increase in the temperature from 213 to 293 K, two sets of
signals are distinguished, with the integral ratio gradually
changing from 1:1.62 to 1:1.17 and no broadening or
coalescence of signals being observed. The singlets at d�
3.23 and 3.02 are assigned to the methoxy groups of each
isomer. The sharp signal of the C5Me5 ligand is now replaced
by four magnetically nonequivalent methyl signals at d� 2.08,
1.95, 1.33 and 1.15 for isomer I and d� 2.03, 0.97 and 0.95 for
isomer II, and two doublets at d� 2.32 and 1.98 (Jgem(H,H)�
7.10 Hz) for I and d� 2.12 and 1.84 (Jgem(H,H)� 6.57 Hz) for
II, due to an exocyclic CH2 group.


To establish the exchange process of the two isomers, the
two-dimensional EXSY 1H NMR experiment was performed
at 298 K in CD2Cl2, as shown in Figure 5, with a mixing time of
100 ms. Strong magnetization transfer peaks were observed
between the resonances of the two isomers. All the 1H NMR
signals are shown to exchange pairwise. On the basis of the
above-reported assignment, the pairwise exchanges (for the
protons other than the phenyl groups) that take place are
summarised in Table 5. The magnetization transfer indicates
that there is a facile isomerisation between the two forms.
There is no basis for specifically assigning the individual
exchange of phenyl protons in the two isomers. The nature of
isomerisation is not clear although one may suggest that some
restriction in the rotation of this NÿO bond is present and
leads to two isomers of 4. However, the energy barrier for
conversion is rather large and is not in agreement with
conformational change due to simple NÿO bond rotation. An
alternative way to give isomeric forms of 4 is the flipping of
the four-membered ring defined by Ru(1), Ru(2), C(10) and
the centroid of Cp* (maximum deviation 0.08 �), but there is
no strong evidence to support this process.


The carbons that originated in the coordinated alkyne are
bonded to the Ru(2)ÿRu(3) edge as a s,p-vinyl ligand. The
C(20)ÿC(21) distance within the ligand is 1.42(1) �, typical of
a p-bonded olefin ligand and corresponding to a bond order of
1 ± 2. It is noteworthy that this organic ligand also contributes
six electrons to the core, the same as the m-h6-tetramethylful-
vene fragment when regarding the dative bond from N(1) and
the h2-coordinated olefin as two-electron donors and the s-
bonded N and C atoms as one-electron donors.


Crystallisation of the pale yellow band gave yellow crystals
of 5, formulated as [Ru2(CO)6{m-h3-PhC2(Ph)C(O)N(OMe)}]


Figure 5. Contour plot of a two-dimensional EXSY 1H NMR experiment
for 4 in CD2Cl2 at 298 K. The mixing time was 100 ms. Full spectrum (top)
and expanded spectrum (bottom) of selected region. i indicates impurities.


from its mass spectrum. (Table 1) The 1H and 15N NMR
spectra confirm the presence of organic groups. Furthermore,
other than characteristic absorptions of terminal carbonyl


Table 5. The assignment of the pairwise exchanges for the protons other
than those on the phenyl groups of isomers I and II of cluster 4.


I II Assignment
d d


3.23 $ 3.02 methoxy
2.32 $ 2.12 methylene proton
2.08 $ 2.03 methyl
1.98 $ 1.84 methylene proton
1.95 $ 2.03 methyl
1.33 $ 0.95 methyl
1.15 $ 0.97 methyl
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groups, the infrared spectrum in the n(CO) stretching region
has a weak band at 1731 cmÿ1, which could be attributed to a
ketonic carbonyl group. The spectroscopic data of 5 indicate
its structure to be analogous to the crystallographically
determined [Ru2(CO)6{m-h3-HC2(Ph)C(O)N(OMe)}].[10]


They displayed similar IR spectra, particularly the n(CO)
band present in the carbonyl
group of the metallacycle. All
the other complexes isolated in
this reaction are known com-
pounds and were identified by a
comparison of their spectro-
scopic data with those reported.


Reaction of [Ru3(CO)9(m3-NO-
Me)(m3-h2-PhC2Ph)] (1) with
[Cp*Co(CO)I2]: Heating com-
plex 1 with [Cp*Co(CO)I2] un-
der reflux in THF for 2 hours
afforded a dark brown solution.
A new mixed-metal carbonyl
cluster [Ru3Co(CO)5(h5-C5Me5)-
(m4-N)(m3-h2-PhC2Ph)(m-I)2I] (6)
was isolated in low yield
(Scheme 2). It was character-
ised by various spectroscopic
methods (Table 1) and its struc-
ture was also established by
single-crystal X-ray crystallog-
raphy. Cluster 6 contains a dis-
torted Ru3Co butterfly skeleton
with a nitrido ligand bonded to
all four metal centres and with a
RuÿRu wing-edge found to be
missing. Its IR spectrum reveals
only terminal carbonyl ligand
activity. The positive FAB mass
spectrum displayed a molecular
ion peak at m/z 1210 and
daughter ions due to successive
loss of carbonyls. In the
1H NMR spectrum, apart from
the singlet due to the Cp*
ligand, there are multiplets in
the aromatic region, with an
integration of ten protons
compared to Cp* (15 protons).
Unfortunately, the extremely
poor yield of 6 precludes any
satisfactory 15N NMR measure-
ments.


The molecular structure of
the tetranuclear mixed-metal
nitrido cluster 6 is shown in
Figure 6, with selected inter-
atomic distances and angles
summarised in Table 6. In the
solid state, the four metal atoms
in 6 define a distorted butterfly


geometry less one wing-edge RuÿRu bond. A similar Ru3Co
metal skeleton has previously been observed.[16] The Cp*Co
unit is at one of the wing-tips of the butterfly, opposite to the
iodide groups which bridge the Ru(1) ´´´ Ru(2) and Ru(2)ÿ
Ru(3) wing edges; the third iodine atom is terminally
coordinated to an equatorial site of the Ru(3) atom. A m3-
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Scheme 2. Reaction of cluster 1 with two equivalents of [Cp*Co(CO)I2] afforded cluster complex 6 in low yield.


Table 6. Selected bond lengths [�] and angles [8] for cluster 6.


I(1)ÿRu(1) 2.733(2) I(1)ÿRu(2) 2.689(2) I(2)ÿRu(2) 2.654(2)
I(2)ÿRu(3) 2.874(2) I(3)ÿRu(3) 2.703(2) Ru(1)ÿRu(3) 2.751(2)
Ru(1)ÿCo(1) 2.650(2) Ru(1)ÿN(1) 2.06(1) Ru(1)ÿC(16) 2.23(1)
Ru(1)ÿC(17) 2.22(1) Ru(2)ÿRu(3) 2.779(2) Ru(2)ÿN(1) 2.037(10)
Ru(3)ÿCo(1) 2.767(2) Ru(3)ÿN(1) 1.98(1) Ru(3)ÿC(16) 2.01(1)
Co(1)ÿN(1) 1.79(1) Co(1)ÿC(17) 1.97(1) C(16)ÿC(17) 1.39(2)
Co(1)ÿCp*(c)[a] 1.726


Ru(1)-I(1)-Ru(3) 75.58(4) Ru(2)-I(2)-Ru(3) 60.20(4) Ru(3)-Ru(1)-Co(1) 61.61(5)
C(16)-Ru(1)-C(17) 36.4(5) I(1)-Ru(2)-I(2) 164.43(6) I(2)-Ru(3)-I(3) 88.29(5)
Ru(1)-Ru(3)-Ru(2) 73.85(4) Ru(1)-Ru(3)-Co(1) 57.40(5) Ru(2)-Ru(3)-Co(1) 86.28(5)
Ru(1)-Co(1)-Ru(3) 60.99(5) Ru(1)-N(1)-Ru(2) 108.6(5) Ru(1)-N(1)-Ru(3) 85.8(4)
Ru(1)-N(1)-Co(1) 86.8(4) Ru(2)-N(1)-Ru(3) 87.4(4) Ru(2)-N(1)-Co(1) 164.6(6)
Ru(3)-N(1)-Co(1) 94.2(5) Ru(1)-C(16)-Ru(3) 80.9(5) Ru(1)-C(16)-C(17) 71.4(8)
Ru(3)-C(16)-C(17) 103.8(9) Ru(1)-C(17)-Co(1) 78.4(5) Co(1)-C(17)-C(16) 116.6(10)


[a] Cp*(c) denotes the centroid of the C5Me5 ring.


Figure 6. The molecular structure of [Ru3Co(CO)5(m5-C5Me5)(m4-N)(m3-h2-PhC2Ph)(m-I)2I] (6) with the atom
numbering scheme.







Ruthenium Clusters 258 ± 271


Chem. Eur. J. 2001, 7, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0701-0267 $ 17.50+.50/0 267


h2-PhC2Ph ligand caps the Ru2Co wing face. The centroid of
the Cp* ligand is found to be 1.726 � from Co(1). The metal ±
metal bond lengths in 6 are in the range of 2.650(2) to
2.779(2) �. The Ru(1) ´´´ Ru(2) separation (3.32 �) repre-
sents a zero bond order, which is bridged by a three-electron
m-I group. The nitrido N atom is asymmetrically bonded to the
four metal atoms (bond length range 1.79(1) ± 2.06(1) �), with
the nitrido atom tilted towards Co(1). The Ru(1)-N(1)-Ru(3)
and Ru(2)-N(1)-Co(1) angles are found to be 85.8(4) and
164.6(6)8 respectively, both of which deviate from those found
in the ªrealº butterfly cluster, [Ru3Co(m-H)(CO)9(h5-
C5Me5)(m4-N)] (Ru(1)-N(1)-Ru(3) 83.1(1) and Ru(2)-N(1)-
Co(1) 175.0(2)8).[16] The alkyne ligand is bound to the Ru2Co
triangular face in the common m3-h2- k bonding mode, with the
CÿC bond parallel to the Ru(3)ÿCo(1) wing edge and offset
towards Ru(1). The MÿCalkyne bond lengths may be divided
into two groups: two long bonds to Ru(1) atom (Ru(1)ÿC(16)
2.23(1) and Ru(1)ÿC(17) 2.22(1) �) and two short ones
(Ru(3)ÿC(16) 2.01(1) and Co(1)ÿC(17) 1.97(1) �). The
Ru(3)ÿCo(1) edge (2.767(2) �) parallel to the alkyne bond
is somewhat longer than the Ru(1)ÿRu(3) and Ru(1)ÿCo(1)
separations (Ru(1)ÿRu(3) 2.751(2) and Ru(1)ÿCo(1)
2.650(2) �). The alkyne group causes the Cp* ligand to
displace below this Ru2Co triangular plane, with a dihedral
angle between planes of 79.98. The alkyne originates from the
starting Ru3 cluster 1, and moves to the Ru2Co wing face in 6
with the CÿC bond parallel to Ru(3)ÿCo(1). This orientation
may be correlated with the electron-accepting properties of
the three metal fragments constituting the cluster.[45] The


more electron-attracting frag-
ments appear to locate in the
ªbasalº positions II or III, rath-
er than in the ªapicalº position
I, see Figure 7.


Model calculations indicate
that the alkyne behaves as an
overall donor of electron den-
sity and bonds most strongly to


positions II and III, so that the more electron-accepting
fragments will locate at these positions. Thus, in cluster 6, the
least electron-attracting Ru(1), with only one iodide ligand, is
located in the ªapicalº position I, while Ru(3) with two
iodides and the Cp*Co fragments occupy the ªbasalº posi-
tions II and III. The m-I and the m3-h2-PhC2Ph ligands are both
regarded as three- and four-electron donors, respectively,[46]


hence a cluster valence electron (CVE) count of 64 results;
this is consistent with a tetranuclear cluster with only four
metal ± metal bonds.


15N NMR spectroscopy: The chemical shift in 15N NMR
spectroscopy is sensitive to local geometry and it is a useful
tool in characterising nitrido and nitrene clusters. Upon
thermolysis of 1 with [Cp*Co(CO)2], cluster 2 was formed
which exhibits a 15N chemical shift at d� 381.5. The coordi-
nation mode of the m5-nitrido N atom in 2, in which the five
ruthenium atoms arranged as a ªspikedº, square-planar metal
skeleton, is unprecedented. When considering cluster 2 as
square pyramidal with three base-apex metal ± metal edges
missing, the m5-N atom gives an unusual upfield shift of d�


83.4 relative to the semi-interstitial nitrogen atom in [Ru5-
(CO)14(m5-N)]ÿ (d� 464.9).[47] Even on protonation of this
anion, a decrease of only d 27 ± 30 is proposed to be observed
in the chemical shift value.[48] Cluster 2 is strictly an outlier to
the correlation, stated by Mason,[49, 50] between the shift and a
compression of the interstitial (in which the interstitial shares
all its valence electrons in s and p bonding with the cluster).
This considerable scatter introduced into the correlation by
irregularity in the cavity produced by disposition of external
capping acetylene ligand. Higher field (greater shielding at
nitrogen) shifts in this unsaturated 76 electron cluster may be
attributed to anisotropic effects similar to that in aromatic
compounds.[51] In cluster 2, the ªspikedº ruthenium bonded to
the nitrene N atom and may be viewed as a substituent to a
ª{Ru4(CO)11(m4-N)(m4-h2-PhC2Ph)}º fragment. Combining the
results obtained before,[10] the substituents of ÿH (d� 47.6,
J(15N,H)� 70.54 Hz), ÿC(O)OMe (d� 79.9), ÿOMe (d�
301.6) andÿRu (d� 381.5) modify the electronic environment
and even the chemical shifts of the nitrogen atom in these
clusters, according to their electron-accepting ability. The
imido group in cluster 3 was found to display a doublet
nitrogen resonance at d� 202.9 (J(15N,H)� 76.05 Hz). This
observed J(15N,H) coupling constant is fully consistent with
calculated value with a deviation of only 0.38 %. The 15N ± H
coupling can be converted to 14N ± H coupling by the equation
J(14N,H)�ÿ0.713� J(15N,H), in which ÿ0.713 comes from
g14/g15.[52] Cluster 3 is somewhat like [Ru2Co(CO)6(m3-CO)(h5-
C5Me5)(m3-NH)] (d� 131.4, J(15N,H)� 76.95 Hz) by further
linkage to a {RuCo(CO)3(h5-C5Me5)} fragment through the m4-
h8-C6H4C(H)C(Ph) ligand. The coupling constant (76.05 Hz)
for direct 15N ± H interaction in this m3-NH imido group is
similar to those reported (�77 Hz).[16] Clusters 4 and 5 are
both metallapyrrolidone complexes. These two clusters differ
from each other by further coordination of a {Ru(CO)2(m-h6-
C5Me4CH2)} moiety in cluster 4. The measurements made in
this study on these ruthenium clusters are the first reported
for complexes that have exclusively metallapyrrolidone
ligands, m-h3-PhC2(Ph)C(O)N(OMe). Their 15N resonances
are located at d� 193.9 and 199.0 for 4 and d� 191.1 for 5 ;
this range is found to be a clear window for a characteristic
nitrogen environment. The coordination of the extra {Ru-
(CO)2(m-h6-C5Me4CH2)} fragment in 4 leads to a downfield
shift of only a few ppm in its 15N NMR spectrum. In the 1H
fully coupled 15N NMR spectra, those singlets present for
clusters 4 and 5 split into doublets (d� 199.0, 3J(15N,H)�
3.03 Hz; d� 193.9, 3J(15N,H)� 3.13 Hz; d� 191.1,
3J(15N,H)� 3.15 Hz). The parent cluster [Ru3(CO)9(m3-
CO)(m3-NOMe)] is reported to have a 3J(15N,H) coupling
constant of 4.4 Hz.[53] Together with the results in our previous
report,[10, 16, 17] a close relationship between the cluster struc-
ture and the chemical shift of the cluster nitrogen atom in 15N
NMR spectra has fruitfully developed into an easy and rapid
method for the analysis of the products in this system.


Electrochemistry : In order to investigate the redox properties
of the compounds prepared in this study, the electrochemistry
of clusters 1, 2 and 4 has been examined in CH2Cl2 by using
cyclic voltammetry and controlled potential coulometry, with
n-tetrabutylammonium hexafluorophosphate (TBAHFP) as a


MII MIII


MI


C C


Figure 7. Labelling scheme for
M3(m3-h2-C2) fragment.
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supporting electrolyte. The redox potential values obtained
are presented in Table 7; for comparison, compound [Ru3-
(CO)9(m3-CO)(m3-NOMe)] (A), which has been reported
previously, is also listed.[16]


The parent cluster A, which reacts with excess diphenyl-
acetylene to produce cluster 1, undergoes a single, irreversible
one-electron transfer step with Epc�ÿ1.66 V against Ag/
AgNO3 yielding the corresponding anion Aÿ. In addition to
this reduction step, cluster A also exhibits an irreversible
anodic wave at Epa� 1.11 V. Controlled potential coulometry
at the oxidation step (Ew� 1.25 V) indicates that this anodic
process consumes 1 faraday molÿ1 of A. On the basis of the
relative peak currents of the cathodic and anodic waves, the
reduction process is thus assigned to be an one-electron step.
The irreversibility of these processes implies cluster decom-
position and further investigation was terminated. It is
believed that the incorporation of an alkyne ligand in the
cluster framework might lead to changes in redox behaviour.
The cyclic voltammogram of compound 1 in dichloromethane
contained an irreversible cathodic wave at Epc�ÿ1.62 V
against Ag/AgNO3, along with weak oxidations at ÿ0.82 and
ÿ0.13 V. The region in which weak oxidation waves appear
was initially empty, with the waves appearing after the
cathodic wave was traversed. Cyclic voltammetric measure-
ments were obtained at scan rates varying from 50 to
1000 mV sÿ1, but the DEp values remained virtually un-
changed. For 1, an additional irreversible anodic wave was
located at Epa� 1.12 V. Applying a working potential (Ew) at
1.25 V, controlled potential coulometry showed that it in-
volves 1 faraday molÿ1 of 1 in this oxidation step. The
similarity of the relative peak heights for both couples within
a given voltammogram points to the same number of
electrons being involved in the oxidation and reduction of
cluster 1. One-electron accession in the cluster 1 is believed to
afford the 51 electron cluster 1ÿ, which is unstable and loses a
CO ligand to give the 49 electron species [Ru3(CO)8-
(NOMe)(PhC2Ph)]ÿ ,[54] following an EC mechanism (E�
electrochemical process, C� chemical process). A well-de-
fined reduction peak is observed for 2 at Epc�ÿ1.12 V. The
reversal of the scan direction just after this cathodic peak is
traversed leads to anodic peaks at ÿ1.00 and ÿ0.75 V.
Controlled potential coulometric tests with respect to this


cathodic process (Ew�ÿ1.3 V) show that it involves the
consumption of two electrons per molecule. Similarly, an
irreversible two-electron reduction wave is observed in the
square pyramidal cluster [Ru5N(CO)14]ÿ .[54] The analysis of
the cyclic voltammetric response at scan rates varying from 50
to 1000 mVsÿ1 indicates that the process occurring at the
cathodic wave, to which the reoxidation peaks are related,
seems to be due to a charge transfer with a low degree of
reversibility. In addition the anodic-to-cathodic peak current
ratio decreases in the range from 50 to 1000 mVsÿ1. These
data are consistent with a process in which a rapid chemical
reaction follows the formation of the electrogenerated
species. The reoxidation daughter peaks is attributed to the
oxidation of the resulting electroactive compounds (EEC/
ECEC mechanism) or, alternatively, to the oxidation of a
product that results from a further chemical reaction (EECC/
ECECC mechanism). Besides, cluster 2 can also be oxidised,
as shown by the presence of an anodic CV wave with Epa�
0.99 V on a positive-potential scan. A weak reduction wave is
observed atÿ0.42 V upon scan reversal. Based on the relative
peak heights, the oxidative wave is tentatively assigned to the
�2/0 redox couple. In comparison to the closely related
clusters [Ru4(CO)9(m-CO)2(m4-NR)(m4-h2-PhC2Ph)] [R�
OMe, H and C(O)OMe][16] which exhibit only irreversible
reductions at about Epc�ÿ1.3 V within the solvent limits,[16]


cluster 2 is shown to have a lower reduction potential. The
same discussion has been afforded in the bonding calculation
of cluster 2. Since cluster 2 is electron deficient, it is expected
that the reduction is more feasible. From the feature of the
LUMO, one can also conclude that the reduction mainly
occurs at the Ru(5) centre. The HOMO, however, has
noticeable a bonding interaction in the pentagonal bipyrami-
dal moiety. The oxidation is expected to affect the stability of
the pentagonal bipyramidal framework (see Figure 2). The
cyclic voltammogram of cluster 4 in CH2Cl2 consists of
irreversible reduction and oxidation processes at peaks
located at Epc�ÿ1.7 and Epa� 0.76 V, respectively. No
evidence for the reversibility of either redox couple was
observed when the scan rate was increased to 1 V sÿ1.
Controlled potential coulometry is run at 0.9 V, and indicates
an overall consumption of two electrons per molecule.
According to the similar relative peak currents of the cathodic
and anodic electron transfer processes, we would assume that
both reduction and oxidation steps involve two electrons per
molecule. It is important to note that in the backscan after
traversing the cathodic peak, new daughter peaks ÿ0.82 and
ÿ0.13 V arise; these are clearly due to fast reorganization
reactions of the instantaneously electrogenerated dianionic
complex 42ÿ. This process is akin to an ECEC or EEC
reaction.


Conclusion


The deoxygenation chemistry of triruthenium methoxynitrido
carbonyl cluster, [Ru3(CO)9(m3-CO)(m3-NOMe)] has been
studied in detail to give the coordinated nitrido or nitrene
ligands. This work describes examples of the formation of a
variety of cluster derivatives bearing alkyne ligands. The


Table 7. Electrochemical data[a] for compounds 1, 2, 4 and [Ru3(CO)9(m3-
CO)(m3-NOMe)] A[16]


Oxidation Reduction
Epa [V][b] Epc [V][b]


A 1.11 ÿ 1.66
1 1.12 ÿ 1.62
2 0.99 ÿ 1.12
4 0.76 ÿ 1.70


[a] � 10ÿ3m cluster in 0.1m TBAHFP in dichloromethane at 298 K, the
working electrode was a glassy carbon electrode, the auxiliary and the
reference electrodes were a platinum wire and Ag/AgNO3, respectively.
Scan rate was 100 mV sÿ1. The potentials are referenced to the Ag/AgNO3


(0 V) under the same conditions, calibrated with ferrocene. [b] Epa and Epc


are the anodic and cathodic potentials, respectively.
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isolation of [Ru3(CO)9(m3-NOMe)(m3-h2-PhC2Ph)] (1) in high
yields has afforded us an opportunity to study their reactiv-
ities in detail. Thermolysis of such a cluster with excess
[Cp*Co(CO)2] initiates the formation of a pentaruthenium m5-
nitrido cluster 2, in which the five metal atoms are arranged in
a novel ªspikedº square-planar framework. This cluster is
rather rare, as it has four electrons less than expected;
however, it is quite stable upon isolation. The alkyne ligand
plays a special role in the assembly of this higher cluster of
ruthenium. This is strongly suggested by the observation that
the ligand can adopt the quadruply bridging bonding mode.
The m5-nitrido N atom exhibits a signal in the 15N NMR
spectrum at an unusually low frequency; this is a counter-
example to the ªcompression-deshieldingº correlation.[47, 48] In
addition, the reaction provides a striking example of the
chemical activation of an m3-NOMe group upon coupling with
CO and alkyne ligands to give metallapyrrolidone complexes
in moderate yields. Another parallel process of CÿH activa-
tion of the methyl group in the C5Me5 ligand is observed in
cluster 4. Crystal structure analysis revealed that the ligand
bridges the RuÿRu bond in 4 through both ªalkeneº carbons
and the NOMe nitrogen atom. This mode of attachment gives
each metal a formal 18-electron count and confers high
thermal and chemical stability on the complex.


Experimental Section


General procedures : All reactions and manipulations were carried out
under argon by using standard Schlenk techniques, except for the
chromatographic separations. Solvents were purified by standard proce-
dures and distilled prior to use. All chemicals, unless otherwise stated, were
purchased commercially and used as received. [Ru3(CO)9(m3-CO)(m3-
NOMe)],[53] [Ru3(CO)9(m3-NOMe)(m3-h2-PhC2Ph)][10] and [PPN][15NO2][55]


were prepared by the literature methods. Reactions were monitored by
analytical thin-layer chromatography (Merck Kieselgel 60F254) and the
products were separated by thin-layer chromatography on plates coated
with silica (Merck Kieselgel 60GF254). Infrared spectra were recorded on a
Bio-Rad FTS-7 IR spectrometer, with 0.5 mm calcium fluoride solution
cells. 1H NMR spectra were recorded on a Bruker DPX 300 NMR
spectrometer with CD2Cl2 and referenced to SiMe4 (d� 0), 15N NMR
spectra on a Bruker DPX 500 NMR spectrometer with CDCl3 as the solvent
and liquid NH3 as a reference. The two-dimensional 1H EXSY spectrum
was obtained on a Bruker DPX 500 NMR spectrometer at 298 K by using
the following parameters: spectrometer frequency 500 MHz, mixing time
100 ms, sweep width 4251.701 Hz with 1024 data points in the f2 dimension
and 256 data points in the f1 dimension, acquisition time 0.120 s with
4 scans. Zero-filling in f1 was applied to the final spectrum to yield a 1024�
512 data set. Positive and negative ionization fast atom bombardment
(FAB) mass spectra were recorded on a Finnigan MAT 95 mass spectrom-
eter, with m-nitrobenzyl alcohol or a-thioglycerol as matrix solvents.
Electronic absorption spectra were obtained on a Hewlett-Packard 8453
diode array UV/Vis spectrophotometer by using quartz cells with 1 cm path
length at room temperature. Microanalyses were performed by Butter-
worth Laboratories (UK).


Reaction of [Ru3(CO)9(m3-NOMe)(m3-h2-PhC2Ph)] (1) with [Cp*Co-
(CO)2]: A solution of 1 (200 mg, 0.257 mmol) in THF (60 mL) was heated
with 2 equivalents of [Cp*Co(CO)2] (129 mg, 0.514 mmol) under an argon
atmosphere. The colour of the solution changed to dark brown upon
heating under reflux for 12 hours. The solvent was removed in vacuo. The
residue was redissolved in a small amount of CH2Cl2 and separated by
preparative TLC plates by using n-hexane/dichloromethane (2:1, v/v) as
the eluent. Four new products, as well as several known compounds,
were isolated in the following order of elution: trace amounts of red
[Ru4(CO)12(m4-h2-PhC2Ph)][18] (Rf� 0.85), yellow [Ru4(CO)9(m-CO)2(m4-


NOMe)(m4-h2-PhC2Ph)][10] (Rf� 0.83), purple [Ru2Co(CO)6(m3-CO)(h5-
C5Me5)(m3-NH)][16] (Rf� 0.80), brown [Ru5(CO)8(m-CO)3(h5-C5Me5)-
(m5-N)(m4-h2-PhC2Ph)] (2) (Rf� 0.75, 26.4 mg, 0.023 mmol, 15%),
yellow [Ru4(CO)9(m-CO)2(m4-NH)(m4-h2-PhC2Ph)][19] (Rf� 0.70, 17.4 mg,
0.019 mmol, 10 %), brown [Ru3Co(CO)6(m-CO)2(h5-C5Me5)(m4-NH)(m4-h2-
PhC2Ph)][16] (Rf� 0.65, 28.2 mg, 0.031 mmol, 12%), green [Ru3Co2-
(CO)7(m3-CO)(h5-C5Me5)2(m3-NH){m4-h8-C6H4C(H)C(Ph)}] (3) (Rf �0.48,
8.54 mg, 0.0077 mmol, 3 %), orange [Ru3(CO)7(m-h6-C5Me4CH2){m-h3-
PhC2(Ph)C(O)N(OMe)}] (4) (Rf� 0.25, 59.1 mg, 0.067 mmol, 26 %) and
pale yellow [Ru2(CO)6{m-h3-PhC2(Ph)C(O)N(OMe)}] (5) (Rf� 0.20,
19.2 mg, 0.031mmol, 8%). Elemental analysis calcd (%) for
C35H25NO11Ru5 2 : C 36.84, H 2.19, N 1.23; found: C 36.9, H 2.3, N 1.2;
elemental analysis calcd (%) for C42H41NO8Co2Ru3 3 : C 45.49, H 3.70, N
1.26; found: C 45.3, H 3.6, N 1.4; elemental analysis calcd (%) for for
C33H27NO9Ru3 4 : C 44.80, H 3.05 N 1.58; found: C 44.9, H 3.2, N 1.5.


Reaction of 1 with pentamethylcyclopentadiene and 1,3-cyclohexadiene : A
solution of complex 1 (30 mg, 0.039 mmol) in THF (30 mL) was heated
with 1 drop each of pentamethylcyclopentadiene and 1,3-cyclohexadiene
under an argon atmosphere. The initial yellow solution changed to brown
upon heating under reflux. After 12 hours, the reaction mixture was dried
under reduced pressure. The residue was redissolved in CH2Cl2 (2 mL) and
separated by preparative TLC, with n-hexane/CH2Cl2 (2:1, v/v) as the
eluent to afford one brown band 2 (Rf� 0.75) in 4% yield (1.06 mg,
0.0009 mmol). The reaction of complex 1 with only a drop of penta-
methylcyclopentadiene in similar conditions was attempted. The reaction
was monitored by IR and spot TLC; however, no change was observed.
About 75% of the starting material was recovered upon separation on
preparative silica plates.


Reaction of 4 with [Ru3(CO)12]: Compound 4 (30 mg, 0.034 mmol) and a
slight excess [Ru3(CO)12] (26.0 mg, 0.041 mmol) were dissolved in n-octane
(30 mL). The orange solution was heated to reflux for 4 hours. The solvent
was then removed under reduced pressure and the residue was purified by
chromatography on TLC plates with n-hexane/CH2Cl2 (6:1, v/v) as eluent.
Two consecutive bands were eluted, [Ru3(CO)12] (Rf� 0.95, 12.1 mg,
0.019 mmol) and [Ru6(m3-H)(CO)12(m-CO)(m4-h2-CO)2(h5-C5Me5)][44] (Rf�
0.60, 2.56 mg, 0.0022 mmol, 3 %).


Reaction of 1 with [Cp*Co(CO)I2]: Complex 1 (50 mg, 0.13 mmol) and
[Cp*Co(CO)I2] (36.7 mg, 0.077 mmol) were dissolved in THF (50 mL). The
dark purple solution was heated at 65 8C for 2 hours, which resulted in the
formation of a deep brown solution. The solvent was removed under
reduced pressure and the residue separated by preparative TLC with n-
hexane/CH2Cl2 (3:2, v/v) as the eluent. The only product isolated was
[Ru3Co(CO)5(h5-C5Me5)(m4-N)(m3-h2-PhC2Ph)(m-I)2I] (6) (Rf� 0.40,
2.33 mg, 0.0019 mmol, 3 %) accompanied by decomposition. Elemental
analysis calcd (%) for C29H25NO5I3CoRu3 6 : C 28.76, H 2.07, N 1.16; found:
C 28.9, H 2.1, N 1.1.


Electrochemical studies : Electrochemical measurements were carried out
by using an EG &G Princeton Applied Research (PAR) Model 273A
potentiostat/galvanostat connected to an interfaced computer that em-
ployed PAR 270 electrochemical software. Cyclic voltammograms were
obtained with a gas-sealed (argon) two-compartment cell, equipped with a
glassy carbon working electrode (Bioanalytical), platinum wire auxiliary
(Aldrich) and Ag/AgNO3 reference (Bioanalytical) electrodes at room
temperature. n-Tetrabutylammonium hexafluorophosphate (TBAHFP;
0.1 mol dmÿ3) in anhydrous deoxygenated CH2Cl2 was used as a supporting
electrolyte. Ferrocene was added at the end of each experiment as an
internal standard.[56] Potential data (vs Ag/AgNO3) were checked against
the ferrocene (0/� 1) couple; under the actual experimental conditions the
ferrocene/ferrocenium couple is located at �0.18 V in dichloromethane.
Bulk electrolyses were carried out in a gas-tight cell consisting of three
chambers separated at the bottom by fine frits, with a carbon cloth
(80 mm2) working electrode in the middle, and Ag/AgNO3 reference and Pt
gauze auxiliary electrodes in the lateral chambers. The working potential
(Ew) for reduction and oxidation processes was about 0.15 V negative and
positive of the corresponding electrode potential (Ep), respectively; all
coulometric experiments were completed in duplicate.


Crystallography : Crystals suitable for X-ray analyses were glued on glass
fibres with epoxy resin or sealed in 0.3 mm glass capillary. Intensity data
were collected at ambient temperature either on a Rigaku-AFC7R
diffractometer (complex 2) or a MAR research image plate scanner
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(complexes 3, 4 and 6) equipped with graphite-monochromated MoKa


radiation (l� 0.710 73 �) by using wÿ 2q and w scan types, respectively.
Details of the intensity data collection and crystal data are given in Table 8.
The diffracted intensities were corrected for Lorentz and polarization
effects. The Y scan method was employed for semi-empirical absorption
corrections for 2 ;[57] however, an approximation to absorption correction by
inter-image scaling was applied for 3, 4 and 6. Scattering factors were taken
from ref. [58a] and anormalous dispersion effects[58b] were included in Fc.


The structures were solved by direct methods (SIR92[59] for 2, 3 and
SHELX86[60] for 4, 6) and expanded by Fourier-difference techniques.
Atomic coordinates and thermal parameters were refined by full-matrix
least-squares analysis on F, with the ruthenium atoms and non-hydrogen
atoms being refined anisotropically. The hydrogen atom of the nitrene
moieties and metal hydride were located by Fourier difference synthesis,
while those of the organic moieties were generated in their ideal positions
(CÿH 0.95 �). Calculations were performed on a Silicon-Graphics com-
puter, using the program package TEXSAN.[61] Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-142397 to CCDC-142400. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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Synthesis and Metal Binding Properties of Salicylate-, Catecholate-,
and Hydroxypyridinonate-Functionalized Dendrimers


Seth M. Cohen, SteÂphane Petoud, and Kenneth N. Raymond*[a]


Abstract: The synthesis, characteriza-
tion, and metal-binding studies of che-
late-functionalized dendrimers is report-
ed. Salicylate, catecholate, and hydroxy-
pyridinonate bidentate chelators have
been coupled to the surface of both
poly(propyleneimine) (Astramol) and
poly(amidoamine) (Starburst, PA-
MAM) dendrimers up to the fifth gen-
eration (64 endgroups). A general meth-
od has been developed for the facile and
high quality chromatographic purifica-


tion of poly(propyleneimine) and poly-
(amidoamine) dendrimer derivatives.
One- and two-dimensional (TOCSY)
1H NMR experiments and electrospray
ionization mass spectrometry (ESI-MS)
have confirmed the exhaustive coupling
of these chelators to the primary amine
functionalities of the dendrimers. Spec-


trophotometric titrations were used to
investigate the metal binding ability of
these macrochelates. Spectral analysis
shows that ferric iron binding to these
ligands is localized to the chelating
endgroups. The ability of these dendritic
polymers to bind large numbers of metal
ions may lead to applications as metal
sequestering agents for waste remedia-
tion technologies.Keywords: dendrimers ´ iron ´


metal sequestration


Introduction


The synthesis of new dendrimers represents a rapidly growing
field of chemistry and nanotechnology.[1, 2] Included in these
investigations is the study of metal-containing dendrimers.
Dendrimers have been prepared that contain metals at the
core,[3±5] within the branches,[6] and at the periphery of the
macromolecular structure.[7±10] These macromolecules have
been pursued as challenging synthetic targets as well as for
potential applications in various technologies.[1, 9, 11] Although
many metal-modified dendrimers have been synthesized, only
one report describes the use of dendrimers for the specific
purpose of sequestering large amounts of metal ions from
their environment.[12]


Catecholamides are powerful Lewis base chelators found in
bacterial siderophores, sequestering agents for the hard Lewis


acid Fe3�. Chelators related to catecholamides including
salicylamides,[13] 1,2- and 3,2-hydroxypyridinonamides (1,2-
HOPO and 3,2-HOPO, respectively),[14] and 2,3-dihydroxy-
terephthalamides[15] are also good chelators for a variety of
hard metal cations such as Fe3�, Pu4�, and Gd3�.[16] The high
stability of the metal complexes formed with catechol-
amides[17, 18] (and several catecholamide derivatives) promot-
ed the investigation of these ligands in various applications
including iron chelation therapy,[18] magnetic resonance
imaging,[14] and waste remediation.[16]


Herein we describe the synthesis, characterization, and
metal-sequestering properties of dendrimers substituted with
salicylate, catecholate, and 3,2-hydroxypyridinonate chelators
(Scheme 1). Two different types of commercially available
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O NH O NH


O
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R R


Fe Fe


HN O
R


Fe


Scheme 1. Diagram of the three binding units that were appended to
poly(amidoamine) and poly(propyleneimine) dendrimers. Catecholamide
(CAM, left), 3,2-hydroxypyridinonamide (HOPO, middle), and salicyl-
amide (SAM, right) chelators.


dendrimers, poly(amidoamine) and poly(propyleneimine)
polymers, have been functionalized with up to 64 bidentate
chelators. A high quality and throughput purification was
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Fax: (1) 510-486-5283
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Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author. The
information includes two-dimensional TOCSY 1H NMR for Star-
burst(Bn3,2HOPO)32, 1H NMR for Astramol(Bn3,2HOPO)32 (11) and
Astramol(H3,2HOPO)32 (12), experimental spectra of Astramol-
(HSAM)32 (4) and Astramol(CAM)32 (8) titrated with FeCl3, and plot
of absorbance at 450 nm for Astramol(HSAM)32 (4) and at 498 nm for
Astramol(CAM)32 (8) versus equivalents of Fe3� per bidentate chelator.
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developed which should be applicable to many derivatives of
these extensively studied, commercially available dendrimers.
The coupling of the dendrimer surface was confirmed by total
correlation spectroscopy (TOCSY) experiments and electro-
spray ionization mass spectrometry (ESI-MS). The ability of
these dendrimers to bind Fe3� was investigated using batch
spectrophotometric titration methods. These dendrimer-
based ligands, which incorporate strong metal chelators,
may be useful in a number of metal ion sequestering
applications.


Results and Discussion


Synthesis : The synthesis of the dendrimer ligands followed
essentially the same protocol regardless of whether salicylate,
catecholate, or 3,2-hydroxypyridinonate chelates were attach-
ed to either poly(propyleneimine) or poly(amidoamine)
dendrimers (Scheme 2). An activated ester of the chelate[14, 19]


was added to a solution of the dendrimer dissolved in a
minimum amount of CH2Cl2 (poly(propyleneimine)) or
CH2Cl2/MeOH (poly(amidoamine)). The mixtures were
monitored by TLC and typically allowed to react for about
18 h. A variety of purification methods were investigated
including dialysis, extractions, and silica flash chromatogra-
phy. Ultimately, purification by using flash chromatography
on deactivated alumina was found to be effective. An alumina
slurry with CH2Cl2 was prepared with 3 ± 15 % (by weight) of
water. The evaporated reaction mixture was redissolved in a
minimum amount of CH2Cl2 and was loaded onto the column.
The side products were removed by elution with CH2Cl2 and
the protected dendrimer chelate was eluted with 5 ± 20 %
MeOH in CH2Cl2. This chromatographic method could be
performed rapidly (15 min), and consistently gave pure
products with dendrimers as large as the fourth and fifth
generations (32 and 64 terminal groups, respectively). The
benzyl protecting groups of the chelators were then quanti-
tatively removed by using 1:1 glacial acetic acid/concentrated


HCl to give the macrochelates
as polyhydrochoride salts.


NMR spectroscopy: The purity
of these dendrimers could not
be consistently characterized
with elemental analysis, as the
benzyl-protected dendrimers
trapped organic solvents (e. g.
CH2Cl2, MeOH), while the de-
protected dendrimers were ex-
tremely hygroscopic (due to the
fact that they were isolated as
polyhydrochloride salts). The
use of NMR spectroscopy in
characterizing these dendrim-
er ± chelates was critical for
three primary reasons. First,
simple 1H and 13C NMR spectra
provided strong qualitative evi-
dence for the purity of these
compounds.[6] Second, two-di-
mensional total correlation
spectroscopy (TOCSY) NMR
experiments were used to con-
firm that coupling of the surface
amines with the desired che-
lates was exhaustive within the
limits of the NMR experiment
(ca. 95 %).[20] Finally, NMR
spectra demonstrated that the
removal of the benzyl protect-
ing groups, using glacial acetic
acid/concentrated HCl, was
nearly quantitative.


The 1H and 13C NMR spectra
of the protected ligands con-
firmed the effectiveness of the
synthesis and purification pro-
cedures. The resonance signals
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Scheme 2. Synthesis of the dendrimers.
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for the chelator and dendrimer protons could be easily
distinguished with no evidence of any major impurities. The
total loss of the aromatic and methylene resonances assigned
to the benzyl protecting groups in the deprotected dendrim-
ers, as evidenced by the 1H and 13C NMR spectra, suggests
that the reaction was nearly quantitative under the conditions
described (see Supporting Information). The spectra clearly
show that all the resonances of the benzyl protecting groups
disappear and only the aromatic and amide resonances
remain in the downfield region.


1H NMR peak integration has been previously used to
evaluate the completeness of reaction of dendrimer terminal
groups.[21] However, few details have been reported on how
these integrations were performed and which dendrimer
resonances were used as an integration reference. Because of
the large number of protons associated with the dendrimer
structure, we sought to determine a specific set of dendrimer
resonances that could be used as a standard for integration.
The well resolved 1H NMR spectra of the benzyl-protected
dendrimer ± chelates prompted the use of total correlation
spectroscopy (TOCSY) as a means by which to determine a
set of reference resonances. TOCSY experiments demon-
strated that the terminal dendrimer methylene (methylene
group adjacent to the terminal amide group) of both the
poly(propyleneimine) and poly(amidoamine) dendrimers
could be easily assigned as shown in Figure 1. Because
TOCSY correlates adjacent protons, the terminal methylene
group produces a cross-peak with the aromatic amide proton.
This cross-peak was used to assign the terminal methylene
resonances of the dendrimer. In the poly(propyleneimine)
dendrimers this resonance is very well separated from any


Figure 1. One-dimensional 1H NMR (top) and two-dimensional total
correlation spectroscopy (TOCSY, bottom) of Astramol(Bn3,2HOPO)32.
Cross-peaks are observed in the TOCSY spectrum between the aromatic
amide proton and the terminal methylene protons of the dendrimer (inset).
This assignment allowed for precise determination of the coupling
efficiency. Amide bond formation was found to be complete in all of the
compounds prepared.


other signals, therefore allowing for a straightforward com-
parison of peak areas to determine the degree of coupling.
Comparison of protons associated with the chelating groups
and those of the dendrimer terminal methylene protons
(which is equal to two times the number of dendrimer arms)
confirmed that the dendrimer surface amines reacted with the
desired chelator to at least 95 % completion. Similar analyses
were performed for the poly(amidoamine) derivatives. Al-
though the terminal methylene groups in the PAMAM
dendrimers are not as cleanly separated, peak integration
also indicated essentially complete coupling (see Supporting
Information). Both dendritic polymers, when subjected to
identical synthetic and purification methodologies provided
clean, low dispersity polydentate ligand systems.


Mass spectrometry : Matrix-assisted laser desorption time-of-
flight (MALDI-TOF) mass spectrometry has been the
technique of choice for characterizing various dendrim-
ers.[20, 22, 23] MALDI-TOF has been used because this ioniza-
tion technique produces ions of low internal energy that
minimizes the fragmentation of the analyte, allowing detec-
tion of the product ion peak. MALDI-TOF predominantly
produces singly charged ions, and therefore in the case of
macromolecules, requires detection systems with very high
mass ranges. An alternative method, electrospray ionization
mass spectrometry (ESI-MS), has recently become an ex-
tremely powerful tool for studying supramolecular and
macromolecular structures.[24±29] Like MALDI-TOF experi-
ments, ESI-MS is also a very gentle ionization method that
minimizes the fragmentation of the analyte molecules. How-
ever, unlike MALDI-TOF that produces mostly singly
charged ions, ESI-MS produces multiply charged ions provid-
ing several peaks of different charge states for the same
macromolecular system.[4, 30, 31] Because the mass-to-charge
ratio is reduced by the production of multiply charged ions,
ESI-MS requires relatively low mass range detectors which
provides for improved mass resolution.


Good mass spectra were obtained for the poly(propylene-
imine) dendrimers following addition of approximately 10 %
formic acid to the analyte (Figure 2). The addition of acid
appeared to improve the mass spectra regardless of whether
the dendrimer endgroups were hydrophobic (benzyl-protect-
ed chelates) or hydrophilic (deprotected chelates) in nature,
suggesting that signal enhancement may have been due to
increased protonation of the internal tertiary dendrimer
amines.[32] The high molecular weight of these dendrimers
does not permit direct observation of the molecular ion peak
by ESI-MS. Therefore, to confirm the deconvolution results of
these experiments, a complementary MALDI-TOF experi-
ment was also performed. Astramol(H3,2HOPO)32 (12) gave
the expected molecular ion peak (as determined by the ESI-
MS experiments) in the MALDI-TOF analysis (see Exper-
imental Section). The advantage of ESI-MS in these systems
was further illustrated by the fact that the MALDI-TOF data
could not be obtained for several of the dendrimer ± chelates
that were successfully measured by electrospray methods.
Only a few dendrimers with poly(propyleneimine) cores
could not be analyzed by electrospray mass spectrometry. In
general, the compounds that were difficult to analyze by ESI-
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Figure 2. Electrospray ionization mass spectrum of Astramol(Bn3,2HO-
PO)32. Several multiply charged peaks (m/z 2810 [M4��4H], 2248
[M5��5H], 1873 [M6��6H]) are observed corresponding to a molecular
weight of 11234.31� 0.50.


MSwere of higher molecular weight (>15 000 amu). High
quality 1H NMR (one- and two-dimensional), 13C NMR, and
IR were used to characterize these large dendrimers. Because
all the dendrimers were synthesized and purified using
identical methods the spectroscopic data for the higher
molecular weight dendrimers was presumed sufficient for
their characterization for use in metal-binding experiments.


The poly(amidoamine) dendrimers, which possess the same
endgroups as the poly(propyleneimine) dendrimers, gave
poor ESI-MS results. No conditions were found that provided
acceptable spectra for any dendrimer with a poly(amido-
amine) core, only broad irresolvable signals were obtained for
these compounds. No difference in the spectral quality were
seen between protected ligands (hydrophobic) and depro-
tected ligands (hydrophilic). Addition of formic acid also did
not improve spectral results. Ultimately, the characterization
of poly(amidoamine) dendrimer ± chelates relied on the high-
resolution 1H NMR (one- and two-dimensional), 13C NMR,
and IR data. Again, considering that the poly(amidoamine)
and poly(propyleneimine) dendrimers were synthesized and
purified using identical methods the spectroscopic data for the
poly(amidoamine) derived compounds provided satisfactory
characterization of these ligands. In addition, the similar
metal-binding behavior of the poly(amidoamine) dendrimers
and the poly(propyleneimine) dendrimers suggests that the
quality of the poly(amidoamine) compounds were sufficient
for investigating their metal-sequestering properties.


Metal-binding properties : In order to evaluate the Fe3�


binding properties of these dendrimers, UV/Vis spectropho-
tometric titrations were performed by addition of up to
50 equivalents of anhydrous FeCl3 to basic solutions of the
dendrimers in anhydrous DMSO. Batch titrations were
executed on samples that were incubated at 37 8C for 15 h
before spectral acquisition (to avoid kinetic effects). Five
dendrimers were investigated in order to evaluate the differ-
ent binding groups (salicylamide, catecholamide, and 3,2-
hydroxypyridinonamide), dendrimer generations (16 and 32


branches), and dendrimer structures (poly(amidoamine) and
poly(propyleneimine)) that were synthesized. The ligand-to-
metal charge transfer (LMCT) band of the Fe3� complexes
formed with the 3,2-hydroxypyridinonamide dendrimers
appears at lower energy and is more distinct from the p!
p* bands centered on the ligand (compared to the corre-
sponding complexes formed with salicylamide and catechol-
amide groups). Therefore, 3,2-hydroxypyridinonate dendrim-
ers were studied to evaluate the metal-binding effects of
different dendrimer sizes and core structures by titrating
Astramol(H3,2HOPO)16, Astramol(H3,2HOPO)32, and Star-
burst(H3,2HOPO)32. The salicylamide and catecholamide
binding properties were analyzed by using the dendrimers
Astramol(HSAM)32 and Astramol(H2CAM)32, respectively.


Titrations of the hydroxypyridinonate dendrimers, Astra-
mol(H3,2HOPO)16, Astramol(H3,2HOPO)32, and Star-
burst(H3,2HOPO)32 with Fe3� displayed similar spectral
behavior. Addition of a small amount iron to the dendrimer
solutions produced a purple-red color. The color of these
solutions arises from the formation of tris-bidentate com-
plexes that possess a LMCT band with maxima at approx-
imately 430 and 538 nm (Figure 3). The large number of
intermediate iron species formed between the chelating
groups of the dendrimer prevents rigorous determination of
the formation constants of the resulting complexes by analysis
of the experimental spectra.[33±36] However, plots of absorb-
ance versus equivalents of Fe3� were used as a qualitative
assessment of these systems.[37] The intensity of the LMCT
bands increase until a 1:3 ratio of iron to bidentate chelator is
obtained in each titration (e. g. ca. 10 equivalents for Astra-
mol(H3,2HOPO)32 and Starburst(H3,2HOPO)32 and ca.
5 equivalents for Astramol(H3,2HOPO)16). At these stoichi-
ometries the dendrimers show a break in absorbance as
evidenced in Figure 3. These data suggest that the HOPO-
functionalized dendrimers bind Fe3� in a tris-bidentate fash-
ion and that the dendrimer architecture is sufficiently flexible
to permit the formation coordinatively saturated metal
complexes. These experiments show that the different den-
drimer sizes and structures (e.g. poly(amidoamine) and
poly(propyleneimine)) do not strongly influence the metal
binding properties of the chelating endgroups.


Addition of Fe3� to Astramol(H2CAM)32 results in a pink-red
solution due to a strong LMCT band centered at 498 nm (see
Supporting Information). A plot of absorbance versus equiv-
alents of Fe3� for Astramol(H2CAM)32 showed a different
result to that found for Astramol(HHOPO)32. The present
titrations and dendrimer purity introduce some uncertainty in
determining the binding stochiometry. Changes in the ab-
sorption at 498 nm increase linearly up to approximately
0.3 equivalents of Fe3� per chelator, after which the absorb-
ance at the LMCT remains essentially constant (see Support-
ing Information). This implies the formation of the tris-
bidentate complex as seen in the HOPO-derivatized den-
drimer. However, unlike the HOPO systems, no plateau in
absorbance is observed during the titration. After 0.3 equiv-
alents of Fe3� the Astramol(H2CAM)32 dendrimer has an
insufficient number of chelators to bind all ferric ions in an
exclusively tris-bidentate fashion. Therefore, the ligand can
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either 1) form only tris-bidentate complexes and leave excess
metal ion in solution (as observed for the HOPO-based
dendrimers), or 2) form coordinately unsaturated mixtures of
tris-, bis-, and mono-bidentate complexes, thereby sequester-
ing as much iron as possible. The second model was supported
by two essential observations. First, the continued increase in
the LMCT band after 0.3 equivalents of iron indicates that the
dendrimer is binding more Fe3� than could be accommodated
by only tris-bidentate complexes. If the dendrimer only
formed tris-bidentate complexes complete saturation would
be observed at 0.3 equivalents of iron per chelator (vide


supra). Second, direct visual inspection showed the formation
of unsaturated (mono- and bis-bidentate) iron complexes.
Solutions of Astramol(H2CAM)32 with iron displayed a
remarkable color change with increasing iron concentration.
At less than 10 equivalents of iron per dendrimer (which
corresponds to less than 0.3 equivalents of iron per chelator)
the solutions appeared pink-red in color. At greater than
10 equivalents of iron the solutions became purple. Finally, at
greater than about 32 equivalents of iron, where more than
one equivalent of iron is present for every catecholamide, the
solutions turned pale green. These color changes correspond-


Figure 3. Intense ligand-to-metal charge transfer (LMCT) bands are observed upon metal complexation by chelate-substituted dendrimers. Experimental
spectra of Astramol(H3,2HOPO)16 (top left), Astramol(H3,2HOPO)32 (middle left), and Starburst(H3,2HOPO)32 (bottom left) with FeCl3 in anhydrous
DMSO. Changes in absorption demonstrate formation of tris-bidentate metal complexes. Plot of absorbance at 558 nm versus equivalents of Fe3� per
bidentate chelator (dendrimer endgroup) for the titration with Astramol(H3,2HOPO)16 (top right), Astramol(H3,2HOPO)32 (middle right), and
Starburst(H3,2HOPO)32 (bottom right).
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ed to a 59 nm shift in the absorbance maximum of the LMCT
band of the metal complexes from 498 to 557 nm. This change
in color is consistent with the known colors of the previously
reported tris-, bis-, and mono-catecholamide iron complexes,
which are typically red, purple, and green in color, respec-
tively.[35, 36] The lack of saturation behavior in the catechola-
mide dendrimers may be the consequence of competition with
protons. Unlike the HOPO dendrimers (pKa 6.12), the
catecholamide ligands are much more basic (pKa values of
8.42 and 12.1).[38] In Astramol(H2CAM)32 the pyridine base is
not sufficient to completely deprotonate all of the catechol-
amide ligands, resulting in the formation of lower denticity
complexes.


Addition of Fe3� to a solution of Astramol(HSAM)32


immediately caused the solution to become bright orange
due to formation of a LMCT band (see Supporting Informa-
tion). This band shows a maximum at 450 nm as expected for a
ferric tris-salicylate complex.[13] Monitoring changes in the
LMCT absorption at 450 nm showed the formation of the tris-
bidentate species, with a clear break from linear absorbance
behavior at 0.3 equivalents of Fe3� per bidentate chelator (see
Supporting Information). This change, at a ratio of ten
equivalents of Fe3� for one equivalent of Astramol(HSAM)32,
correlates well with the ligand stoichiometry, since Astra-
mol(HSAM)32 has 32 chelating units and can bind a maximum
of ten Fe3� atoms in a tris-bidentate fashion. However, unlike
the discrete saturation behavior observed in the HOPO-
functionalized systems, the salicylate system shows evidence
for further reaction with added Fe3�, in a manner similar to
that seen in the titration of Astramol(H2CAM)32. The
intensity of the LMCT band continues to gradually increase
with increasing iron concentration. The LMCT band also
shifts approximately 20 nm to lower energy by the end of the
titration (determination of the final lmax is obscured from
strong ligand absorbances at high energy, see Supporting
Information). Complete saturation is not obtained with as
much as 45 equivalents of iron per dendrimer, suggesting that
Astramol(HSAM)32 switches from tris- bidentate to a mixture
of bis- and mono-bidentate complexes with increasing iron
concentration. As in the HOPO systems, the salicylate
chelates form neutral tris-bidentate complexes with Fe3�.
However, the salicylate dendrimers also form lower denticity
complexes in contrast to the HOPO compounds. This differ-
ence in complexation behavior can also be attributed to the
differences in pKa for salicylate and hydroxypyridinonate tris-
bidentate complexes. Salicylamide ligands are more basic
(pKa 8.03)[13] than the corresponding HOPO chelators and
therefore will be more effectively competed for by protons to
form lower denticity complexes.[13, 39]


In summary, these dendrimer ligands demonstrate linear
changes in absorbance at concentrations corresponding to the
formation of tris-bidentate ferric complexes. It is possible that
intermolecular complexation reactions occurred during the
titrations, forming cross-linked, polymeric materials. How-
ever, the high solubility of these systems throughout the
titrations strongly suggets that metal chelation was predom-
inantly intramolecular, although the possilibity of low levels
of cross-linking cannot be excluded. The titrations of Astra-
mol(H3,2HOPO)32, Starburst(H3,2HOPO)32, and Astra-


mol(H3,2HOPO)16 with Fe3� showed that the metal binding
behavior is essentially independent of the size and structure of
the dendrimer polymer, but rather is governed by the nature
of the chelating groups. The analyses performed by monitor-
ing the LMCT transitions show that the HOPO-based
dendrimers exhibit saturation behavior, forming only tris-
bidentate complexes upon addition of iron. However, the
more basic salicylamide- and catecholamide-based dendrim-
ers appear to form lower denticity complexes. The absorption
data are consistent with highly localized metal binding at the
chelator endgroups appended to the dendrimer scaffold.


Conclusion


A novel series of metal-chelating dendrimers has been
synthesized by using a variety of catecholamide-derived
bidentate ligands. These polydentate chelators have been
characterized by one- and two-dimensional 1H NMR,
13C NMR, and IR spectroscopy, and electrospray ionization
mass spectrometry (ESI-MS). The metal-binding properties
of these hyperbranched polymers have been investigated by
using batch spectrophotometric titrations. Tris-bidentate and
lower denticity modes of metal binding were identified. Metal
binding is specifically localized to the chelating endgroups,
with complexation halting at the formation of tris-bidentate
complexes in the HOPO-based systems. These materials are a
new metal-sequestering motif with a high loading capacity
that may find use in metal separation technologies.[12]


Experimental Section


General : Unless otherwise noted, starting materials were obtained from
commercial suppliers and used without further purification. Flash silica gel
chromatography was performed using Merck silica gel 40 ± 70 mesh. Flash
alumina gel chromatography was performed using Fluka Basic Brockman
Activity I Alumina 60 ± 325 mesh. Mass spectra were recorded at the Mass
Spectrometry Laboratory, College of Chemistry, University of California,
Berkeley. Electrospray ionization mass spectrometry (ESI-MS) was
performed on a VG-BIOQ (Micromass) triple quadrapole mass spectrom-
eter. 1H and 13C NMR spectra were recorded on an AMX 300 or AMX 400
Bruker superconducting Fourier transform spectrometer or a DRX 500
Brucker superconducting digital spectrometer. Infrared spectra were
measured using a Nicolet Magna IR 550 Fourier transform spectrometer.


Spectrophotometric titrations : Batch spectrophotometric titrations were
performed by using a Perkins-Elmer Lambda 9 spectrophotometer
scanning from 260 to 800 nm in a 1.0 cm quartz Suprasil cell. Titrations
were performed in anhydrous DMSO (Aldrich) as some of the metal
complexes precipitated from water during equilibration. Dendrimer
solutions were prepared in anhydrous DMSO (Aldrich) with a stock FeCl3


solution (also in anhydrous DMSO) and an excess of pyridine (0.490 mL)
as base to a total volume of 3.0 mL. The final dendrimer concentrations
were between 1.4� 10ÿ5 and 8.9� 10ÿ6m. The exact concentration of the
FeCl3 stock solution was determined by atomic absorption analysis. All
samples were equilibrated by incubation in a thermostatic shaker at 37 8C
for at least 15 h.


Representative synthesis of dendrimer ± chelate conjugates : Astramol
third-generation (16 terminal amines) dendrimer (0.15 mmol) was dis-
solved in CH2Cl2 (10 mL). To this solution was added 3-benzoxy-1-methyl-
4-(2-thioxothiazolidin-1-yl)carbonyl-2-pyridinone[14] (2.5 mmol) in CH2Cl2


(2 mL). The solution was protected from light and stirred for about 18 h.
The mixture was evaporated to dryness and the remaining pale yellow
residue was purified by flash alumina column chromatography (30 g,
deactivated with 1.5 mL of water; elution with CH2Cl2 followed by 5 ± 20%
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MeOH in CH2Cl2). Removal of solvent and oven drying gave a colorless oil.
The product was extremely pure according to 1H and 13C NMR spectra.
Reported yields (vide infra) were calculated from the initial quantities of
unfunctionalized dendrimer starting materials (the chelators were added in
slight excess).


Representative deprotection of dendrimer ± chelate conjugates : Astra-
mol(Bn3,2HOPO)16 (0.11 mmol) was dissolved in a 1:1 mixture of
concentrated HCl and glacial acetic acid (30 mL). The mixture was sealed
and stirred for about 48 h. The reaction mixture was evaporated to dryness
and the remaining residue coevaporated with MeOH (5� 30 mL) to give a
beige foam which was dried in a vacuum oven. If required, the foam could
be passed through a Sephadex LH-20 column (MeOH eluant) to remove
excess HCl. Yields of greater than 80% were obtained for the deprotection
reactions, based on products where all tertiary amines are protonated and
the dendrimers are isolated as polyhydrochloride salts.


Astramol(BnSAM)16 (1): Colorless oil. Yield: 90%. IR (film from CDCl3):
nÄ � 1652, 2807, 2869, 2944, 3034, 3399 cmÿ1; 1H NMR (400 MHz, CDCl3,
25 8C): d� 1.38 ± 1.51 (br s, 60 H; CH2), 2.16/2.27 (br s, 84H; CH2), 3.25 (br d,
32H; CONHCH2), 5.03 (s, 32H; OCH2), 6.90 (d, J� 8.3 Hz, 16H; ArH),
6.98 (t, J� 7.5 Hz, 16H; ArH), 7.31 (br m, 96H; ArH), 7.86 (br t, 16H;
CONHCH2), 8.11 (d, J� 7.7 Hz, 16H; ArH); 13C NMR (400 MHz, CDCl3,
25 8C): d� 24.4 (CH2), 26.8 (CH2), 38.0 (CH2), 51.2 (CH2), 52.1 (CH2), 71.2
(CH2-O), 112.7 (ArC), 121.4 (ArC), 122.3 (ArC), 127.8 (ArC), 128.6 (ArC),
128.9 (ArC), 132.1 (ArC), 132.4 (ArC), 135.7 (ArC), 156.7 (ArC), 165.1
(C�O); (�)-ESI-MS: m/z : 1685 [M3��3H], 1264 [M4��4H], 1011
[M5��5H].


Astramol(HSAM)16 ´ 14 HCl (2): Beige foam. 1H NMR (500 MHz,
[D6]DMSO, 25 8C): d� 2.03/2.27 (br s, 60 H; CH2), 3.20/3.37 (br s, 116 H;
CH2), 6.81 (t, J� 7.4 Hz, 16H; ArH), 6.88 (d, J� 8.2 Hz, 16H; ArH), 7.32 (t,
J� 7.4 Hz, 16H; ArH), 7.97 (d, J� 7.8 Hz, 16H; ArH), 9.12 (br s, 16H;
CONHCH2), 10.79 (br s, 8 H; ArOH), 11.11 (br s, 8 H; ArOH); 13C NMR
(500 MHz, [D6]DMSO, 25 8C): d� 18.1 (CH2), 23.5 (CH2), 36.7 (CH2), 49.2
(CH2), 50.4 (CH2), 115.6 (ArC), 117.7 (ArC), 118.9 (ArC), 128.4 (ArC),
134.0 (ArC), 160.4 (ArC), 169.6 (C�O); (�)-ESI-MS: m/z : 1204
[M3��3H], 903 [M4��4H], 723 [M5��5H], 603 [M6��6H].


Astramol(BnSAM)32 (3): Colorless foam. Yield: 64 %. IR (film from
CH2Cl2): nÄ � 1652, 2808, 2869, 2943, 3033, 3398 cmÿ1; 1H NMR (500 MHz,
CDCl3, 25 8C): d� 1.36/1.52 (br s, 124 H; CH2), 2.13/2.26/2.36 (br s, 180 H;
CH2), 3.22 (br s, 64H; CONHCH2), 4.98 (s, 64H; OCH2), 6.86 (br d, 32H;
ArH), 6.93 (br t, 32H; ArH), 7.28 (br s, 192 H; ArH), 7.84 (br s, 32H;
CONHCH2), 8.06 (br d, 32 H; ArH); 13C NMR (500 MHz, CDCl3, 25 8C):
d� 24.3 (CH2), 26.7 (CH2), 38.0 (CH2), 51.1 (CH2), 51.8 (CH2), 52.0 (CH2),
71.0 (CH2-O), 112.7 (ArC), 121.3 (ArC), 122.2 (ArC), 127.7 (ArC), 128.5
(ArC), 128.8 (ArC), 131.9 (ArC), 132.3 (ArC), 135.7 (ArC), 156.6 (ArC),
165.0 (C�O); (�)-ESI-MS: m/z : 3414 [M3��3H], 2562 [M4��4H], 2049
[M5��5H], 1708 [M6��6H].


Astramol(HSAM)32 ´ 30 HCl (4): Off-white powder. 1H NMR (500 MHz,
[D6]DMSO, 25 8C): d� 2.02/2.28 (br s, 124 H; CH2), 3.20/3.36 (br s, 244 H;
CH2), 6.80 (br s, 32 H; ArH), 6.86 (br d, J� 7.0 Hz, 32H; ArH), 7.31 (br s,
32H; ArH), 7.93 (br s, 32 H; ArH), 9.07 (br s, 32H; CONHCH2), 10.70 (br s,
16H; ArOH), 11.09 (br s, 16H; ArOH); 13C NMR (500 MHz, [D6]DMSO,
25 8C): d� 18.0 (CH2), 23.6 (CH2), 36.7 (CH2), 49.2 (CH2), 50.4 (CH2), 115.6
(ArC), 117.7 (ArC), 118.9 (ArC), 128.4 (ArC), 134.0 (ArC), 160.3 (ArC),
169.6 (C�O); (�)-ESI-MS m/z 1840 [M4��4H], 1472 [M5��5H], 1227
[M6��6H], 1052 [M7��7H].


Astramol(Bn2CAM)16 (5): Colorless glass. Yield: 83 %. IR (film from
CDCl3): nÄ � 1653, 2806, 2868, 2944, 3032, 3384 cmÿ1; 1H NMR (400 MHz,
CDCl3, 25 8C): d� 1.41 ± 1.56 (br s, 60 H; CH2), 2.22/2.32 (br s, 84H; CH2),
3.22 (br s, 32H; CONHCH2), 4.99 (s, 32 H; OCH2), 5.03 (s, 32H; OCH2),
7.03 (br s, 32 H; ArH), 7.33 (br m, 160 H; ArH), 7.60 (br s, 16H; ArH), 7.91
(br s, 16H; CONHCH2); 13C NMR (400 MHz, CDCl3, 25 8C): d� 24.2
(CH2), 26.8 (CH2), 38.2 (CH2), 51.4 (CH2), 52.1 (CH2), 71.2 (CH2-O), 76.3
(O-CH2), 116.7 (ArC), 123.1 (ArC), 124.3 (ArC), 127.6 (ArC), 128.2 (ArC),
128.6 (ArC), 128.7 (ArC), 136.5 (ArC), 146.7 (ArC), 151.7 (ArC), 165.2
(C�O); (�)-ESI-MS m/z 2250 [M3��3H], 1688 [M4��4H], 1350
[M5��5H].


Astramol(H2CAM)16 ´ 14HCl (6): Amber foam. 1H NMR (300 MHz,
[D6]DMSO, 25 8C): d� 1.97 (br s, 60 H; CH2), 3.12 (br s, 116 H; CH2), 6.61
(br t, 16H; ArH), 6.88 (br d, 16H; ArH), 7.15 (br t, 16 H; CONHCH2), 7.37
(br d, 16 H; ArH), 9.01 (br s, 16H; ArOH), 9.18 (br s, 16H; ArOH);


13C NMR (400 MHz, [D6]DMSO, 25 8C): d� 23.7 (CH2), 36.8 (CH2), 50.5
(CH2), 115.5 (ArC), 117.9 (ArC), 118.4 (ArC), 119.4 (ArC), 146.6 (ArC),
150.0 (ArC), 170.4 (C�O); (�)-ESI-MS: m/z : 1289 [M3��3H], 967
[M4��4H], 774 [M5��5H], 645 [M6��6H].


Astramol(Bn2CAM)32 (7): Colorless glass. Yield: 25 %. IR (film from
CDCl3): nÄ � 1653, 2811, 2868, 2946, 3032, 3386 cmÿ1; 1H NMR (400 MHz,
CDCl3, 25 8C): d� 1.35 ± 1.55 (br s, 124 H; CH2), 2.17/2.29/2.38 (br s, 180 H;
CH2), 3.16 (br s, 64H; CONHCH2), 4.93 (s, 64 H; OCH2), 4.98 (s, 64H;
OCH2), 6.96 (br s, 64 H; ArH), 7.20/7.28/7.33 (br s, 320 H; ArH), 7.51 (br s,
32H; ArH), 7.85 (br s, 32H; CONHCH2); 13C NMR (500 MHz, CDCl3,
25 8C): d� 24.1 (CH2), 26.7 (CH2), 38.1 (CH2), 51.2 (CH2), 52.0 (CH2), 71.0
(O-CH2), 76.1 (CH2-O), 116.5 (ArC), 122.9 (ArC), 124.2 (ArC), 127.5
(ArC), 128.0 (ArC), 128.5 (ArC), 128.6 (ArC), 136.5 (ArC), 146.5 (ArC),
151.6 (ArC), 165.1 (C�O).
Astramol(H2CAM)32 ´ 30HCl (8): Off-white powder. 1H NMR (300 MHz,
[D6]DMSO, 25 8C): d� 1.96/2.25 (br s, 124 H; CH2), 3.24/3.39 (br s, 244 H;
CH2), 6.61 (br t, 32 H; ArH), 6.88 (br d, 32H; ArH), 7.13 (br t, 32H;
CONHCH2), 7.33 (br d, 32 H; ArH), 8.98 (br s, 32 H; ArOH), 9.18 (br s,
32H; ArOH); 13C NMR (500 MHz, [D6]DMSO, 25 8C): d� 18.0 (CH2),
23.6 (CH2), 36.8 (CH2), 37.3 (N-CH3), 49.3 (CH2), 50.5 (CH2), 115.5 (ArC),
117.9 (ArC), 118.4 (ArC), 119.3 (ArC), 146.5 (ArC), 149.9 (ArC), 170.3
(C�O).


Astramol(Bn3,2HOPO)16 (9): Colorless oil. Yield: 84%. IR (film from
CDCl3): nÄ � 1601, 1647, 2870, 2948, 3065, 3381 cmÿ1; 1H NMR (500 MHz,
CDCl3, 25 8C): d� 1.37 ± 1.44 (br s, 60 H; CH2), 2.22/2.31 (br s, 84H; CH2),
3.16 (d, J� 6.2 Hz, 32H; CONHCH2), 3.53 (s, 48 H; NCH3), 5.29 (s, 32H;
OCH2), 6.64 (d, J� 7.1 Hz, 16 H; ArH), 7.05 (d, J� 7.1 Hz, 16H; ArH), 7.29
(d, J� 7.3 Hz, 48 H; ArH), 7.37 (d, J� 6.5 Hz, 32H; ArH), 7.89 (br s, 16H;
CONHCH2); 13C NMR (400 MHz, CDCl3, 25 8C): d� 24.1 (CH2), 26.6
(CH2), 37.6 (N-CH3), 38.1 (CH2), 51.2 (CH2), 52.0 (CH2), 74.7 (O-CH2),
104.8 (ArC), 128.7 (ArC), 129.0 (ArC), 131.1 (ArC), 132.2 (ArC), 136.3
(ArC), 146.1 (ArC), 159.5 (ArC�O), 163.2 (C�O); (�)-ESI-MS: m/z : 2775
[M2��2H], 1850 [M3��3H], 1388 [M4��4H].
Astramol(H3,2HOPO)16 ´ 14 HCl (10): Beige foam. 1H NMR (500 MHz,
[D6]DMSO, 25 8C): d� 1.98/2.25 (br s, 60 H; CH2), 3.17/3.34 (br s, 116 H;
CH2), 3.42 (s, 48 H; NCH3), 6.54 (d, J� 6.8 Hz, 16 H; ArH), 7.12 (d, J�
6.8 Hz, 16H; ArH), 8.70 (br s, 16 H; CONHCH2), 10.76 (br s, 8 H; ArOH),
11.10 (br s, 8 H; ArOH); 13C NMR (500 MHz, [D6]DMSO, 25 8C): d� 18.0
(CH2), 23.5 (CH2), 36.9 (CH2), 37.3 (N-CH3), 49.2 (CH2), 50.2 (CH2), 102.8
(ArC), 117.3 (ArC), 128.1 (ArC), 148.5 (ArC), 158.3 (ArC�O), 166.6
(C�O); (�)-ESI-MS: m/z : 2053 [M2��2H], 1369 [M3��3H], 1027
[M4��4H].


Astramol(Bn3,2HOPO)32 (11): Amber foam. Yield: 79%. IR (film from
CDCl3): nÄ � 1602, 1652, 2869, 2948, 3065, 3384 cmÿ1; 1H NMR (500 MHz,
CDCl3, 25 8C): d� 1.37/1.44/1.56 (br s, 124 H; CH2), 2.21/2.32/2.39 (br s,
180 H; CH2), 3.16 (d, J� 5.6 Hz, 64 H; CONHCH2), 3.50 (s, 96H; NCH3),
5.27 (s, 64 H; OCH2), 6.59 (d, J� 7.0 Hz, 32H; ArH), 7.03 (d, J� 6.9 Hz,
32H; ArH), 7.27 (d, J� 7.4 Hz, 96H; ArH), 7.36 (d, J� 6.6 Hz, 64H; ArH),
7.89 (br s, 32 H; CONHCH2); 13C NMR (500 MHz, CDCl3, 25 8C): d� 24.1
(CH2), 26.6 (CH2), 37.5 (N-CH3), 38.1 (CH2), 51.1 (CH2), 51.8 (CH2), 52.0
(CH2), 74.5 (O-CH2), 104.7 (ArC), 128.5 (ArC), 128.6 (ArC), 128.9 (ArC),
131.1 (ArC), 132.2 (ArC), 136.2 (ArC), 145.9 (ArC), 159.4 (ArC�O), 163.1
(C�O); (�)-ESI-MS: m/z : 2810 [M4��4H], 2248 [M5��5H], 1873
[M6��6H].


Astramol(H3,2HOPO)32 ´ 30 HCl (12): Pale yellow foam. 1H NMR
(500 MHz, [D6]DMSO, 25 8C): d� 1.99/2.29 (br s, 124 H; CH2), 3.20/3.34
(br s, 244 H; CH2), 3.41 (s, 96H; NCH3), 6.52 (br d, 32H; ArH), 7.11 (br d,
32H; ArH), 8.69 (br s, 32 H; CONHCH2), 10.72 (br s, 16 H; ArOH), 11.10
(br s, 16H; ArOH); 13C NMR (500 MHz, [D6]DMSO, 25 8C): d� 17.9
(CH2), 23.5 (CH2), 36.9 (CH2), 37.3 (NCH3), 49.2 (CH2), 50.3 (CH2), 102.7
(ArC), 117.0 (ArC), 128.1 (ArC), 148.7 (ArC), 158.3 (ArC�O), 166.8
(C�O); (�)-ESI-MS: m/z : 2088 [M4��4H], 1671 [M5��5H], 1392
[M6��6H], 1194 [M7��7H], 1045 [M8��8H]; (�)-MALDI-TOF: m/z :
8350 [M��H].


Astramol(Bn3,2HOPO)64 (13): White oil. Yield: 52%. IR (film from
CDCl3): n� 1602, 1653, 2870, 2947, 3065, 3383 cmÿ1; 1H NMR (500 MHz,
CDCl3, 25 8C): d� 1.34/1.42/1.57 (br s, 188 H; CH2), 2.18 ± 2.54 (br s, 372 H;
CH2), 3.13 (br s, 128 H; CONHCH2), 3.44 (s, 192 H; NCH3), 5.20 (s, 128 H;
OCH2), 6.50 (br s, 64 H; ArH), 6.99 (br s, 64H; ArH), 7.23/7.32 (br m, 320 H;
ArH), 7.86 (br s, 64H; CONHCH2); 13C NMR (500 MHz, CDCl3, 25 8C):
d� 24.2 (CH2), 26.6 (CH2), 37.5 (NCH3), 38.0 (CH2), 51.1 (CH2), 51.5 (CH2),
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52.0 (CH2), 74.4 (OCH2), 104.6 (ArC), 128.6 (ArC), 128.9 (ArC), 131.3 (ArC),
132.3 (ArC), 136.3 (ArC), 145.8 (ArC), 159.4 (ArC�O), 163.2 (C�O).


Astramol(3,2HOPO)64 ´ 62 HCl (14): Pale amber foam. 1H NMR
(500 MHz, [D6]DMSO, 25 8C): d� 1.98 (br s, 254 H; CH2), 3.41 (br s,
498 H; CH2), 3.45 (br s, 192 H; NCH3), 6.54 (br s, 64H; ArH), 7.15 (br s,
64H; ArH), 8.70 (br s, 64 H; CONHCH2); 13C NMR (500 MHz, [D6]DMSO,
25 8C): d� 23.5 (CH2), 36.9 (CH2), 37.2 (NCH3), 50.3 (CH2), 102.7 (ArC),
117.0 (ArC), 128.9 (ArC), 148.7 (ArC), 158.2 (ArC�O), 166.8 (C�O).


Starburst(Bn2CAM)32 (15): Beige foam. Yield: 51 %. IR (film from CDCl3):
nÄ � 1558, 1653, 2831, 2940, 3066, 3300 cmÿ1; 1H NMR (400 MHz, CDCl3,
25 8C): d� 2.16/2.24/2.39/2.56/2.64 (br s, 292 H; CH2), 3.18 (br s, 128 H;
CH2), 3.29 (s, 64H; CONHCH2), 4.99/5.02 (br s, 128 H; OCH2), 7.01 (br s,
64H; ArH), 7.30 (br m, 352 H; ArH), 7.64 (br s, 60 H; NH), 8.13 (br s, 32H;
CONHCH2); 13C NMR (400 MHz, CDCl3, 25 8C): d� 33.9 (CH2), 39.4
(CH2), 50.2 (CH2), 71.1 (OCH2), 76.2 (OCH2), 116.9 (ArC), 122.5 (ArC),
124.4 (ArC), 127.7 (ArC), 128.2 (ArC), 128.6 (ArC), 128.8 (ArC), 136.4
(ArC), 146.5 (ArC), 151.8 (ArC), 166.4 (C�O), 173.1 (C�O), 173.3 (C�O).


Starburst(H2CAM)32 ´ 30 HCl (16): Off-white foam. 1H NMR (500 MHz,
[D6]DMSO, 25 8C): d� 2.67 (br s, 128 H; CH2), 3.24/3.35 (br s, 388 H; CH2),
6.92 (s, 32H; ArH), 7.24 (d, 3J� 7.5 Hz, 32H; ArH), 7.35 (d, 3J� 6.5 Hz,
32H; ArH), 8.47/8.60 (br s, 60H; NH), 8.98 (br s, 32 H; CONHCH2), 10.38
(br s, 64H; ArOH); 13C NMR (500 MHz, [D6]DMSO, 25 8C): d� 34.9
(CH2), 38.9 (CH2), 50.0 (CH2), 115.3 (ArC), 117.8 (ArC), 118.3 (ArC), 119.3
(ArC), 146.5 (ArC), 150.0 (ArC), 169.6 (C�O), 170.4 (C�O).


Starburst(Bn3,2HOPO)32 (17): White oily solid. Yield: 57%. IR (film from
CDCl3): nÄ � 1542, 1652, 2830, 2942, 3086, 3298 cmÿ1; 1H NMR (500 MHz,
CDCl3, 25 8C): d� 2.20/2.42/2.61/2.66 (br s, 292 H; CH2), 3.14/3.23 (br s,
128 H; CH2), 3.31 (s, 64 H; CONHCH2), 3.51 (s, 96 H; NCH3), 5.30 (s, 64H;
OCH2), 6.54 (br d, 32H; ArH), 7.09 (d, J� 7.0 Hz, 32H; ArH), 7.31/7.37 (m,
160 H; ArH), 7.58/7.78 (br s, 60H; NH), 8.15 (br s, 32H; CONHCH2);
13C NMR (400 MHz, CDCl3, 25 8C): d� 33.8 (CH2), 37.6 (NCH3), 38.9
(CH2), 39.6 (CH2), 50.0 (CH2), 52.3 (CH2), 74.5 (OCH2), 104.4 (ArC), 128.7
(ArC), 128.9 (ArC), 129.0 (ArC), 131.2 (ArC), 132.6 (ArC), 136.2 (ArC),
145.9 (ArC), 159.5 (ArC�O), 164.0 (C�O), 172.5 (C�O), 172.9 (C�O).


Starburst(H3,2HOPO)32 ´ 30HCl (18): Pale yellow solid. 1H NMR
(500 MHz, [D6]DMSO, 25 8C): d� 2.67 (br s, 128 H; CH2), 3.21/3.34 (br s,
388 H; CH2), 3.43 (s, 96 H; NCH3), 6.57 (d, J� 7.0 Hz, 32 H; ArH), 7.15 (d,
J� 5.5 Hz, 32H; ArH), 8.44 (br s, 32 H; CONHCH2), 8.61/8.68 (br s, 60H;
NH), 10.39 (br s, 32 H; ArOH); 13C NMR (500 MHz, [D6]DMSO, 25 8C):
d� 29.3 (CH2), 37.3 (NCH3), 39.1 (CH2), 39.4 (CH2), 49.0 (CH2), 52.0
(CH2), 102.8 (ArC), 117.0 (ArC), 128.1 (ArC), 148.8 (ArC), 158.3
(ArC�O), 166.8 (C�O), 169.6 (C�O), 170.5 (C�O).
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Synthesis, Structure, and Magnetic Properties of Three New One-
Dimensional Nickel(ii) Complexes: New Magnetic Model for the First One-
Dimensional S� 1 Complex with Alternating Ferro-Ferromagnetic Coupling


Montserrat Monfort,*[a] Immaculada Resino,[a] M. Salah El Fallah,[a] Joan Ribas,[a]


Xavier Solans,[b] MerceÂ Font-Bardia,[b] and Helen Stoeckli-Evans[c]


Abstract: Three new one-dimensional
nickel(ii) complexes with the formulas
trans-[Ni(N-Eten)2(m1,3-N3)]n(ClO4)n (1),
trans-[Ni(N-Eten)2(m1,3-N3)]n(PF6)n (2),
and cis-[Ni(N-Eten)(m1,1-N3)2]n (3) (N-
Eten�N-Ethylethylenediamine) were
synthesized and characterized. Com-
plex 1 has the P21/c space group and
consists of a structurally and magneti-
cally alternating one-dimensional anti-
ferromagnetic system with end-to-end
azido bridges. Compound 2 has the P1Å


space group and has alternate units in its
structure but consists of a magnetically


uniform one-dimensional antiferromag-
netic system with end-to-end azido
bridges. Complex 3 has the I2/a space
group and may be described as a struc-
turally and magnetically alternating
one-dimensional ferromagnetic system
with double azido bridged ligands in an
end-on coordination mode. The cMT
versus T plots for compound 3 suggest
an intramolecular ferromagnetic inter-


action between adjacent NiII ions and
metamagnetism at low temperature (be-
low 10 K). The magnetization measure-
ments versus applied field confirm this
metamagnetic ordering. In order to
describe the magnetic data of this com-
pound we developed a general formula
for the magnetic susceptibility of the
isotropic ferro-ferromagnetic S� 1 Hei-
senberg chain in terms of the alternation
parameter a (�J2/J1); this assumed a
variation of cMT versus the length N.Keywords: azides ´ magnetic


properties ´ N ligands ´ nickel


Introduction


Over the last few years, the design of one-dimensional
magnetic materials has been an active area of research in
coordination chemistry. There are several good reasons for
this. The most important of these is that the position they
occupy between high-nuclearity clusters and 3-D extended
lattices provides new possibilities for understanding more
phenomena that cannot be explained at a higher dimension.
In fact, extended systems of a variety of metals and ligands
have been characterized, and these provide very interesting


information about magnetostructural correlations in these
compounds.[1±4]


When we focus our attention on one-dimensional com-
pounds with azido bridges, the large number of uniform or
alternate antiferromagnetic systems and the number of
alternate ferro-antiferromagnetic systems contrast with the
paucity of ferromagnetic chains.[5] It is well-known that
usually the end-to-end (EE) coordination mode of the azido
bridge couple spins antiferromagnetically, while the end-on
(EO) coordination mode couple spins ferromagnetically, but
for very large M-m1,3-N3ÿM bond and torsion angles the
magnetic coupling may be reversed.[6]


To our knowledge, all one-dimensional compounds with EE
azido bridges or those containing simultaneously both kinds
of coordination mode (EE and EO) show a global antiferro-
magnetic behavior.[5a] The only exception to this is [{Ni(5-
methylpyrazole)4(m1,3-N3)}n](ClO4)n ´ nH2O,[7] in which the
torsion angle for the EE azido bridge is 75.78 ; this is in the
range where the antiferromagnetic contribution is minimized
to favor the ferromagnetic contribution.[6] Only one 1-D
compound with a double EO azido bridge and ferromagnetic
coupling with MnII ions has been studied in depth and
characterized.[8] In this compound, three different manganese
atoms are present along the chain. The sequence of these
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manganese ions forces four different bridges in the chain, and
this results in alternating coupling constants. The similar bond
parameters in the different bridges allow the magnetic results
to be fitted to the conventional equations[9] due to the absence
of a model for this complicated system. Miller et al.[10] recently
published work concerning a layer of ferromagnetic 1-D
coupled [Mn(m1,1N3)2] chains bridged together with m-pyra-
zine. In this case, the cMT was fitted to the same conventional
equation[9] for the evaluation of the ferromagnetic interaction
through the azide ligands. This was done with one additional
mean-field correction in order to assess the interchain
antiferromagnetic interactions through the bridging pyrazine
ligands. Previously, some of the authors reported two
complexes of general formula [Ni(L)(m1,1-N3)2], (L� dia-
mine).[11] In this case, the magnetic coupling was evaluated
as an average value using the expression developed by T. de
Neef for the uniform S� 1 ferromagnetic chain.[12]


Here, we report the synthesis, structure, and magnetic
properties of three new one-dimensional compounds. React-
ing the N-Eten (N-Eten�N-Ethylethylenediamine) with NiII


in the ratio 2:1, we obtain two free positions in the NiII


environment that can be occupied by the N3
ÿ bridging ligand


in the cis or trans position; this gives a cationic dinuclear
compound or a 1-D cationic compound. Sometimes a mono-
nuclear complex can appear.[7] Here, if this ratio has been
applied, we have been able to separate two one-dimensional
compounds, trans-[Ni(N-Eten)2(m1,3-N3)]n(ClO4)n (1) and
trans-[Ni(N-Eten)2(m1,3-N3)]n(PF6)n (2), in which the NiII ions
are bridged by one azido ligand in the EE mode. In
compound 1, two different azido bridges are present in the
chain. The NiII ions are related by an inversion center located


in the central nitrogen of each azido bridge; this means that
the compound has a structurally and magnetic alternating
antiferromagnetic chain. Compound 2 shows the same distri-
bution around the NiII, but in this case two different NiII ions
are present, located in an inversion center; all the azido
bridges are equivalent, and this gives a structural antiferro-
magnetic uniform chain.


Otherwise, if the ratio is changed to 1:1 for amine:NiII, four
positions around the NiII are free and can be occupied by the
N3
ÿ ligand, and this gives a neutral [Ni(N-Eten)(m1,1-N3)2]n (3)


compound, in which the NiII ions are bridged by two azido
ligands, in the EO mode. All the NiN6 octahedra are
equivalent, but alternatively the NiII ions are related by an
inversion center or by a binary axis; this sequence leads to a
structural and ferromagnetic alternating chain.


A large number of suitable models have been developed to
explain and quantify the magnetic alternation in the linear
1-D compounds. Hatfield et al.[13] have solved numerically the
magnetic exchange for alternating antiferromagnetic chains
of spin S� 1=2. In the same way, other new expressions have
been developed to evaluate the magnetic susceptibility for
S� 1=2 chains with alternating ferro- and antiferromagnetic
exchange couplings, and S� 1 alternating antiferromagnetic
or alternating ferro-antiferromagnetic chains.[14, 15] In contrast,
no analytical expression has yet been proposed for the
magnetic susceptibility of S� 1 chains, which are character-
ized by simultaneously different ferro and ferromagnetic
couplings. Therefore, we felt it appropriate to extend those
calculations and attempt to develop such an expression.


Results and Discussion


Description of the structures


trans-[Ni(N-Eten)2(m1,3-N3)]n(ClO4)n (1): The structure con-
sists of cationic chains of nickel atoms linked by EE azido
bridges, isolated by ClO4


ÿ anions found in the interchain
space. The chain runs along the diagonal of the (0 1 0) plane
(Figure 1). In the chain structure, each NiII atom is coordi-
nated by two bidentate N-Eten ligands and two azido ligands
in a distorted octahedral trans arrangement. A labeled scheme
of the cationic part is shown in Figure 2. The four N atoms of
the diamine ligands and the NiII atom are in the same plane.
All the NiII atoms are equivalent but they are linked by two
different azido bridges and related by the inversion center
located at the central nitrogen of the azido groups. This
produces a structurally alternating chain. The two NiÿNazido


distances are the shortest (1.863(4) and 1.884(3) �), and the
two longest distances are for two NiÿNamine coordinated to
Ethyl ligands (2.0894(4) and 2.103(3) �). The two bond angles
related to the azido ligands are NiÿN1ÿN2 134.8(3) and
NiÿN3ÿN4 143.7(4)8. Each fragment of five NiÿN3ÿNi atoms
is coplanar, and consequently the torsion angle is 1808. The
main bond lengths and angles are listed in Table 1.


trans-[Ni(N-Eten)2(m1,3-N3)]n(PF6)n (2): This structure also
consists of cationic chains of nickel atoms linked by EE azido
bridges, isolated by PF6


ÿ anions found in the interchain space.


Abstract in Catalan: S�han sintetitzat i caracteritzat tres nous
compostos monodimensionals de níquel(ii) de foÂrmula trans-
[Ni(N-Eten)2(m1,3-N3)]n(ClO4)n (1), trans-[Ni(N-Eten)2(m1,3-
N3)]n(PF6)n (2) i cis-[Ni(N-Eten)(m1,1-N3)2]n (3), (N-Eten�
N-Ethylethylenediamine). El compost 1 cristal litza en el grup
P21/c i consisteix en un sistema monodimensional antiferro-
magneÁtic amb ponts azidur ªend-to-endº alternat tant estruc-
tural com magneÁticament. El compost 2 cristal litza en el grup
P1Å i consisteix tambeÂ en un compost monodimensional
antiferromagneÁtic amb ponts azidur ªend-to-endº alternat
estructuralment, peroÁ uniforme des del punt de vista magneÁtic.
El complex 3 cristal litza en el grup I2/a i es pot descriure com
un sistema monodimensional ferromagneÁtic, alternat tant
estructural com magneÁticament amb dobles ponts azidur amb
el mode de coordinacioÂ ªend-onº. Les graÁfiques de cMT
respecte a T per aquest uÂltim compost suggereixen una
interaccioÂ intramolecular ferromagneÁtica entre ions NiII veïns
i metamagnetisme a baixes temperatures (per sota 10 K). Les
mesures de magnetitzacioÂ respecte el camp, confirmen aquest
metamagnetisme. Per tal de descriure i interpretar els valors
magneÁtics obtinguts, hem desenvolupat una foÂrmula general
per la susceptibilitat magneÁtica per a cadenes isotropiques S� 1
tipus Heisenberg alternades ferro-ferromagneÁticament en fun-
cioÂ del paraÁmetre d�alternança a (�J2/J1), assumint la variacioÂ
de cMT en funcioÂ de la longitud N.
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Figure 1. View of the unit cell of trans-[Ni(N-Eten)2(m1,3-N3)]n(ClO4)n (1).
The hydrogen atoms are omitted for clarity.


Figure 2. ORTEP drawing of the cationic part of trans-[Ni(N-Eten)2(m1,3-
N3)]n(ClO4)n (1) that shows atom labeling scheme. Ellipsoids at the 50%
probability level.


The chain runs along the [0 0 1] direction (Figure 3). An
ORTEP plot of the cationic part is shown in Figure 4. The
main bond lengths and angles are gathered in Table 2. There


Figure 3. View of the unit cell of trans-[Ni(N-Eten)2(m1,3-N3)]n(PF6)n (2).
The hydrogen atoms and PF6


ÿ units are omitted for clarity.


Figure 4. ORTEP drawing and labeling scheme of the cationic part of
trans-[Ni(N-Eten)2(m1,3-N3)]n(PF6)n (2). Ellipsoids at the 50% probability
level.


are two different NiII in the chain located at the inversion
center; this produces an alternating structural chain with only
one kind of azido bridge. Each NiII is surrounded by six
nitrogen atoms; four of them belong to two diamines in trans


Table 1. Selected bond lengths [�] and angles [8] for [Ni(N-Eten)2-
(m1,3-N3)]n(ClO4)n (1).


NiÿN1 1.884(3) NiÿN3 1.863(4)
NiÿN5 1.989(4) NiÿN6 2.103(3)
NiÿN7 1.971(4) NiÿN8 2.089(4)
N3ÿNiÿN1 173.2(2) N3ÿNiÿN7 78.7(19)
N1ÿNiÿN7 95.9(15) N3ÿNiÿN5 103.6(2)
N1ÿNiÿN5 82.0(15) N7ÿNiÿN5 177.6(11)
N3ÿNiÿN8 95.2(16) N1ÿNiÿN8 80.0(14)
N7ÿNiÿN8 80.45(14) N5ÿNiÿN8 99.6(15)
N3ÿNiÿN6 89.4(16) N1ÿNiÿN6 95.4(14)
N7ÿNiÿN6 100.5(13) N5ÿNiÿN6 79.2(15)
N8ÿNiÿN6 175.4(10) N2ÿN1ÿNi 134.8(3)
N4ÿN3ÿNi 143.7(4) N3ÿN4ÿN3#2 180.0(1)
N1ÿN2ÿN1# 180.0


Table 2. Selected bond lengths [�] and angles for [Ni(N-Eten)2(m1,3-
N3)]n(PF6)n (2).


Ni1ÿN1 2.152(3) Ni2ÿN21 2.111(4)
Ni1ÿN11 2.073(4) Ni2ÿN22 2.129(4)
Ni1ÿN12 2.148(4) N1ÿN2 1.161(4)
Ni2ÿN3 2.153(3) N2ÿN3 1.154(5)
N1ÿNi1ÿN1#1 180.0 N3ÿNi2ÿN3#2 180.0
N11ÿNi1ÿN11#1 180.0 N21ÿNi2ÿN21#2 180.0
N12ÿNi1ÿN12#1 180.0 N22ÿNi2ÿN22#2 180.0
N11ÿNi1ÿN12#1 97.3(15) N21ÿNi2ÿN22 97.29(17)
N11ÿNi1ÿN12 82.5(2) N21ÿNi2ÿN22 82.71(17)
N11ÿNi1ÿN1 92.47(15) N21ÿNi2ÿN3 92.76(16)
N11ÿNi1ÿN1#1 92.70(18) N21ÿNi2ÿN3#2 87.2(2)
N3ÿN2ÿN1 178.3(4) N2ÿN1ÿNi1 134.8(3)
N2ÿN3ÿNi2 123.4(3)
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positions, and two of them belong to N3
ÿ bridging ligands,


which are also in the trans position. The NiN6 core is a slightly
distorted octahedron. The four N atoms of the diamine
ligands and the NiII atom are in the same plane. All the
NÿNiÿN angles in trans positions are 1808, and the NiÿNazide


distances are 2.152(3) � for Ni1 and 2.153(3) � for Ni2,
respectively. There are two different NiÿNamine distances for
each different NiII ion, the longer of these always corresponds
to the NiÿNamine coordinated to the Ethyl ligand. The
NiÿNamine bond lengths range from 2.073(4) to 2.148(4) �.
The NiÿN3ÿNi torsion angle is 140.18. The Niÿazido angles
are NiÿN1ÿN2� 134.8 and NiÿN3ÿN2� 123.4.


cis-[Ni(N-Eten)(m1,1-N3)2]n (3): The structure consists of neu-
tral chains of nickel atoms linked by double EO azido bridges
along the [0 0 1] axis (Figure 5). Two different [Ni(N-Eten)-


Figure 5. View of the unit cell of cis-[Ni(N-Eten)(m1,1-N3)2]n (3). The
hydrogen atoms are omitted for clarity.


(m1,1-N3)2] units may be found along the chain. In one of them,
the NiII atoms are related by an inversion center, and in the
other the two metal ions are related by a twofold axis. An
ORTEP plot of the basic unit of cis-[Ni(N-Eten)(m1,1-N3)2]n


is shown in Figure 6. Each NiII ion is octahedrally coordi-
nated to four different N3


ÿ ligands and one N-Eten in the cis
position. The NiN6 octahedron is markedly distorted. The
Ni1ÿN6ÿNi1#2ÿN6#2 centro symmetric ring is planar and has
a bond angle NiÿNazidoÿNi� 103.38 and NiÿNazido distances of
2.127(2) and 2.105(19) �. In this ring, the NiÿNi distance is
3.3195(5) �. The two azido ligands are parallel to each other
and form an angle of 78 with the NiÿNazidoÿNiÿNazido plane.
The Ni1ÿN3ÿNi1#1ÿN3#1 ring is not planar; the NiÿNazidoÿNi
angle is 100.68, the NiÿNazido distances are 2.1382 and
2.172(2) �, and the NiÿNi distance is 3.3163(3) �. The two
azido ligands form, with the mean ring plane, an angle of
30.58. The two different units are at an angle of 83.838 to each
other as a consequence of their cis position; for this reason,


Figure 6. ORTEP view of cis-[Ni(N-Eten)(m1,1-N3)2]n (3) with atomic
numbering scheme and 50% thermal ellipsoids.


the chain is not completely parallel to the [0 0 1] crystallo-
graphic axis and has a zigzag skeleton. The shortest interchain
Ni ´´ ´ Ni separation is 7.857 �, and there are weak hydrogen
bonds between the hydrogen of the amine of one chain and
the uncoordinated nitrogen of the azide of the neighboring
one {N1ÿH1N ´´´ N5 [3/2ÿ x, 3/2ÿ y, 1/2ÿ z] (H1NÿN5
distance is 2.60(3) �) and N2ÿH2N ´´´ N8 [5/2ÿ x, y, ÿz]
(H2NÿN8 distance is 2.52(2) �)}. The main bond lengths and
angles are gathered in Table 3.


Magnetic studies


trans-[Ni(N-Eten)2(m1,3-N3)]n(ClO4)n (1): The magnetic data in
the range 300 ± 4 K are plotted in Figure 7. The cMT plot shows
a regular decay from 0.9944 cm3 K molÿ1 at room temperature
and tends to zero when the temperature decreases. The molar
susceptibility value (3.429� 10ÿ3 cm3 molÿ1) increases when
the temperature decreases; it reaches a maximum of 4.742�
10ÿ3 at 105.5 K, and below this temperature the curve
decreases continuously to 4 K. The continuous decrease in
the cMT value and the position of the maximum observed in


Table 3. Selected bond lengths [�] and angles [8] for [Ni(N-Eten)-
(m1,1-N3)2]n (3).


Ni1ÿN1 2.115(2) N4ÿN5 1.152(3)
Ni1ÿN2 2.104(2) Ni1ÿN6 2.127(2)
Ni1ÿN3 2.138(2) Ni1ÿN6#2 2.105(19)
Ni1ÿN3#1 2.172(2) N6ÿN7 1.199(3)
N3ÿN4 1.201(3) N7ÿN8 1.146(3)
N3ÿNi1ÿN3#1 79.31(9) N6ÿNi1ÿN6#2 76.69(9)
Ni1ÿN3ÿNi1#1 100.3(9) Ni1ÿN6ÿNi1#2 103.31(9)
N3ÿNi1ÿN1 95.93(10) N6ÿNi1ÿN1 94.29(10)
N3ÿNi1ÿN2 97.62(9) N6ÿNi1ÿN2 87.93(9)
N3#1ÿNi1ÿN1 91.21(10) N6#1ÿNi1ÿN1 169.53(9)
N3#1ÿNi1ÿN2 172.57(9) N6#1ÿNi1ÿN2 91.91(8)
N3ÿN4ÿN5 179.0(3) N6ÿN7ÿN8 179.5(3)
Ni1ÿN3ÿN4 122.38(18) Ni1ÿN6ÿN7 132.19(17)
Ni1#1ÿN3ÿN4 121.11(18) N1#2ÿN6ÿN7 123.79(17)
N3ÿNi1ÿN6 168.93(8) N6ÿNi1ÿN3#1 96.25(8)
N3ÿNi1ÿN6#2 93.50(9) N6#2ÿNi1ÿN3#1 95.02(9)
N1ÿNi1ÿN2 82.34(10)
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Figure 7. Plots of observed cM (&) and cMT (*) versus T for trans-[Ni(N-
Eten)2(m1,3-N3)]n(ClO4)n (1). Solid line represents the best theoretical fit
(see text).


the thermal variation of the cM clearly indicate the existence
of strong antiferromagnetic intrachain interactions. If the
existence of different azido bridges along the chain is taken
into account, the experimental data can be fitted by using the
Borras[14] expression for alternating antiferromagnetic chains;
the value of the coupling parameters were optimized up to the
values J1�ÿ68.4 cmÿ1, J2�ÿ37.6 cmÿ1 (a� J2/J1� 0.55), and
g� 2.38. According to the structural data and the previous
magneto structural correlation,[6] two very different values of
J are expected for the two different bridges. For both of these,
the torsion angle is 1808 (the optimum situation for the
antiferromagnetic coupling), but the NiÿNÿN angles are quite
different. This situation permits the greater values of J
(ÿ68.4 cmÿ1) to be assigned to the bridge with a small angle
(134.88) and the lower values (ÿ37.8 cmÿ1) to the greater
angle (147.78). This correlation compares well with those
reported in the literature.[5a]


trans-[Ni(N-Eten)2(m1,3-N3)]n(PF6)n (2): The plot of the mag-
netic data in the 300 ± 4 K range is shown in Figure 8. The
general behavior corresponds to an antiferromagnetically
coupled system, with a room-temperature cMT value of
1.14 cm3 K molÿ1, which decreases continuously and tends to
zero when the temperature decreases. cM shows a maximum at
18 K and then increases. The increase in the susceptibility


Figure 8. Molar magnetic susceptibility (&) and the cMT (*) product versus
T for trans-[Ni(N-Eten)2(m1,3-N3)]n(PF6)n (2). Solid line shows the best fit
obtained (see text).


when the compound cools down to very low temperature is
most likely to be due to a small quantity of monomeric NiII


ions in the polycrystalline powder sample. According to the
structural data, the existence of two kinds of NiII ions and only
one kind of azido bridge provides only one intramolecular
coupling constant, J, and two different and alternating g
values. Taking into account the very small differences
between the two NiII environments, we interpreted the
experimental data with an average g value. The final
expression of the susceptibility is shown in Equation (1).


cM� cchain(1ÿ1)� 2Nb
2g2


3kT
1 (1)


In Equation (1), we take into account the proportion, 1, of a
monomeric impurity, of which the susceptibility is assumed to
follow Curie�s law. cchain is the susceptibility of an infinite
isotropic Heisenberg antiferromagnetic chain of S� 1 spin
given by Weng.[16] Least-squares fitting of the experimental
data led to the following values: J�ÿ13.6 cmÿ1, g� 2.16, and
1� 0.07. In this case, the results are also comparable with
those obtained for related compounds.[5] The position of the
maximum indicates moderate antiferromagnetic coupling
between NiII ions through the N3


ÿ bridge in agreement with
the J values. If we compare the values of the coupling
constants obtained for 1 and 2, we observe that the NiÿNÿN
angle is smaller for compound 2, and this favors the magnetic
coupling. However, the NiÿN3ÿNi torsion angle for 1 is 1808,
which is the optimum value for the magnetic coupling, and
also the NiÿNazide distances are small, which is significant from
the magnetic point of view. The experimental data are in
agreement with the theoretical previsions.[6]


cis-[Ni(N-Eten)(m1,1-N3)2]n (3): The cryomagnetic behavior is
shown in Figure 9. At room temperature, cMT is equal to
1.64 cm3 K molÿ1 for all values of the applied field; a value
slightly above that would be expected for isolated NiII ions


Figure 9. Plot of cMT versus temperature at four values of the applied field
for cis-[Ni(N-Eten)(m1,1-N3)2]n (3). Solid line shows the best fit obtained
(see text). Inset plot of cM versus temperature.


with local spin S� 1. cMT increases more and more rapidly as
T is lowered, then exhibits a very sharp maximum around
10 K with cMT� 6.3 cm3 K molÿ1 (the value of cMT and the
temperature for the maximum remains unchanged for all
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values of the applied field), and decreases as T is lowered
further. A maximum of cM is observed at TN� 10 K. This
behavior is characteristic of NiII intrachain ferromagnetic
interaction, with a long-range antiferromagnetic ordering of
the ferromagnetic chains that occur at TN. As a result of this
antiferromagnetic interaction, the compound can be consid-
ered as a metamagnet.[17]


Further support for this comes from magnetization versus
applied field plots at three temperatures (2, 5, and 10 K) from
0 to 50 000 G (Figure 10). The curves at 2 and 5 K have the


Figure 10. Magnetization versus applied field at three temperatures for
cis-[Ni(N-Eten)(m1,1-N3)2]n (3).


sigmoidal shape (more markedly at lower temperature)
expected for a metamagnet. Initially the magnetization
increases slightly with increasing field because of antiferro-
magnetic interchain interactions. Subsequently it increases
abruptly for a phase transition to a ferromagnetic state, and
finally it reaches a saturation magnetization plateau around
2.1 Nb, which corresponds to the value expected for a NiII


compound with all the local spins oriented along the field
direction. The plot at 2 K exhibits a change of sign q2M/qH2 at
Hc� 10 KG; this value for the field is sufficient to overcome
the weak antiferromagnetic interchain interaction and to lead
to a ferromagnetic-like state.[18] The curve at 10 K (TN) shows
typical behavior for a ferromagnet.


To fit the magnetic data in the paramagnetic region, we
developed a new mathematical expression.


Magnetic model : The Hamiltonian for the Heisenberg alter-
nating ferro-ferromagnetic chain can be written as in Equa-
tion (2).


H�ÿ
XNÿ1


i�1


(J1S2iS2i�1� J2S2iS2iÿ1) (2)


In Equation (2), N is the
number of spin pairs. J1 and J2


are the nearest neighbor ferro-
magnetic exchange interac-
tions; a positive J means ferro-
magnetic coupling.


By applying the usual com-
putational technique, based on
the calculation of the properties


of finite rings of increasing size (N� 2, 3, 4, and 5) and then
extrapolating them to infinite, we have determined the
product of the reduced susceptibility and reduced temper-
ature (crTr) (see below) of alternating ferro-ferromagnetic
chains for different values of a (a� J2/J1, a is between 0 and
1). In these calculations, we used the computer program
CLUMAG, which uses the irreducible tensor operator formal-
ism (ITO).[19] For example when a� 0.8, we can see from
Figure 11 the crTr curves of the chains when N is 2, 3, 4, and 5
(solid line) and the infinite curve calculated by extrapolation
(dashed line).


Figure 11. Theoretical curves of crTr versus KT/J1.


The product crTr , which depends on Tr, can be easily
generated by applying the same strategy reported in the
literature.[13] This involves the fitting of all the theoretical crTr


curves (N� infinite) with a� 0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 to
give the following rational expression in Equation (3).


crTr� (A�BTr�CT2
r �T3


r �/(DTr�ET2
r �T3


r � (3)


In Equation (3), cr� (3/2)cMJ1/Ng2b2 and the reduced
temperature Tr is given by kT/J1.


The A ± E values are the fitting coefficients, which depend
on a. Such dependence can be described by the use of the
polynomial expression of second and third degree in a


[Eqs. (4 a) and (4 b)].


Y1� x01a
2� x11a� x21, when a is between 0 and 0.4 (4 a)


Y2� x02a
3� x12a


2� x22a� x32 , when a is between 0.4 and 1.0 (4 b)


In these expressions, Yi can be A ± E, and xii is aii ± eii . The
two sets of coefficients proposed according to the values of a


are reported in Table 4.


Table 4. Coefficients for the polynomials valid in the ranges 0�a� 0.4 and 0.4�a� 1.


A B C D E


0�a� 0.4 a01�ÿ2.9718 b01�ÿ4.8205 c01� 0.413168 d01�ÿ1.02505 e01�ÿ0.0161168
a11� 1.72567 b11�ÿ1.2537 c11�ÿ2.54782 d11�ÿ0.437735 e11�ÿ3.14937
a21�ÿ0.037885 b21� 0.704729 c21� 1.20196 d21� 0.511936 e21� 0.529942


0.4�a� 1 a02�ÿ0.920563 b02�ÿ0.42654 c02� 0.891021 d02�ÿ1.12551 e02� 0.748354
a12� 2.14971 b12� 1.33776 c12�ÿ1.62232 d12� 2.48341 e12�ÿ1.2567
a22�ÿ1.62319 b22�ÿ1.57569 c22� 1.9104 d22�ÿ1.84808 e22� 0.771037
a32� 0.541133 b32�ÿ0.124497 c32�ÿ0.312675 d32� 0.586753 e32�ÿ0.88762
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The product crTr can be converted to the product cMT in the
habitual form to give Equation (5).


cMT� (2/3)(Ng2b2/K)(AX3�BX2�CX� 1)/(DX2�EX� 1) (5)


In this expression, X� J1/kT� 1/Tr . The expression with the
two sets of A ± E coefficients is valid for Tr�KT/J1� 0.38.


Coupling constants calculations : The experimental data were
fit to the above equation in the range 300 ± 30 K. With
allowance for all the parameters to vary, the best least-square
fit shown in Figure 9 gives J1� 57.3 cmÿ1, J2� 29.0 cmÿ1, a�
0.507, g� 2.26, and R� 1.2� 10ÿ4. Despite the mathematical
quality of the fit, the values of the coupling constants should
be chemically reasonable in comparison with those for
dinuclear compounds with a double EO bridge. All these
complexes are coupled ferromagnetically and have a
NiÿNazidoÿNi angle close to 101 ± 1058. The J values lie
between 25 ± 50 cmÿ1.[5a] This result is also consistent with
the calculations performed by Ruiz et al,[20] which predict a
narrow range of the NiÿNazidoÿNi bond angle (�88) around
1048, and minor J differences should be expected.


Conclusion


The reaction of Ni(ClO4)2 ´ H2O or Ni(NO3)2 ´ H2O (with or
without NH4PF6) with N-Eten (N-Ethylethylenediamine) and
NaN3 in aqueous solution and in several ratios allowed the
synthesis and characterization of three new one-dimensional
complexes: trans-[Ni(N-Eten)2(m1,3-N3)]n(ClO4)n (1) consists
of a structurally and magnetically alternating one-dimen-
sional antiferromagnetic system with end-to-end azido
bridges; trans-[Ni(N-Eten)2(m1,3-N3)]n(PF6)n (2) consists of
structurally alternating but magnetically uniform one-dimen-
sional antiferromagnetic system with end-to-end azido
bridges; cis-[Ni(N-Eten)(m1,1-N3)2]n (3) consists of a structur-
ally and magnetically alternating one-dimensional ferromag-
netic system with double azido bridged ligands in end-on
coordination mode. For the last of these systems, a new
general formula for the magnetic susceptibility of the ferro-
ferromagnetic S� 1 Heisenberg chain has been developed.


Experimental Section


Infrared spectra and magnetic measurements : Infrared spectra (400 ±
4000 cmÿ1) were recorded from KBr pellets on a Nicolet 520 FTIR
spectrophotometer. Magnetic measurements for 1 and 2 were carried out
on polycrystalline samples with a pendulum type magnetometer (MAN-
ICS DSM8) equipped with a helium continuous-flow cryostat that worked
in the temperature range 4 ± 300 K and a BruckerBE15 electromagnet. The
magnetic field was approximately 15000 G. For compound 3, a Quantum
DesingMPMS SQUID susceptometer that worked in the temperature
range 300 ± 2 K under a different external magnetic field (500, 1000, 2000,
6000 G) was used. Magnetization versus applied field measurements were
made in the range 0 to 50000 G at temperatures of 2, 5, and 10 K. All
magnetic measurements were performed on macroscopic crystals ground to
a fine powder. Diamagnetic corrections were estimated from Pascal tables.


Synthesis : Caution! The azido and perchlorate complexes can be poten-
tially explosive. Only a small amount of material should be prepared, and
this should be handled with care.


trans-[Ni(N-Eten)2(m1,3-N3)]n(ClO4)n (1): A solution of N-Eten (0.35 g,
4 mmol) in water (20 mL) was added dropwise to a stirred aqueous solution
(20 mL) of Ni(ClO4)2 ´ 6 H2O (0.73 g, 2 mmol), followed by the slow
addition of a solution of NaN3 (0.13 g, 2 mmol) in water (10 mL). The
clear dark blue solution was filtered to remove any impurities and left to
stand undisturbed at room temperature. Single blue crystals of 1 were
collected after two weeks; the yield was approximately 75%. Elemental
analysis calcd (%) for C8H24ClN7NiO4 (376.50): C 25.6, H 6.5, N 26.1; found
C 25.5, H 6.5, N 26.2.


trans-[Ni(N-Eten)2(m1,3-N3)]n(PF6)n (2): An aqueous solution (10 mL) of
NaN3 (0.13 g, 2 mmol) was added slowly to a solution of Ni(NO3) ´ 6H2O
(0.58 g, 2 mmol) and N-Eten (0.35 g, 4 mmol) in ethanol/water (1:1, 30 mL).
After filtration to remove any impurities, NH4PF6 (0.40 g, 2.5 mmol)
dissolved in water (15 mL) was added with continuous stirring. The solution
was left undisturbed, and well-formed blue crystals of 2 were obtained after
several days; the yield was approximately 70 %. Elemental analysis calcd
(%) for C8H24F6N7NiP (422.02): C 22.8, H 5.7, N 23.3; found C 22.7, H 5.9, N
23.2.


cis-[Ni(N-Eten)(m1,1-N3)2]n (3): The new complex was synthesized by
adding dropwise a solution of N-Eten (0.18 g, 2 mmol) in water (10 mL) to
a stirred aqueous solution (20 mL) of Ni(NO3) ´ 6 H2O (0.58 g, 2 mmol),
followed by the slow addition of a solution of NaN3 (0.26 g, 4 mmol) in
water (10 mL). Then a dilute hydrochloric acid was added until a neutral
pH was obtained. After a few minutes, a small quantity of greenish-white
solid precipitated. This was filtered off and discarded. Slow evaporation of
the clear dark green solution for three weeks at room temperature
provided X-ray quality pale-green monocrystals; the yield was approx-
imately 70%. Elemental analysis calcd (%) for C4H12N8Ni (230.95): C 20.9,
H 5.3, N 48.7; found C 20.8, H 5.1, N 48.1.


IR spectra : In addition to the bands of the N-Eten, very strong bands
corresponding to the characteristic nas of the azido ligand appeared at
2000 ± 2150 cmÿ1. This band appeared at about 2060 and 2100 cmÿ1 for the
EO and EE bridging modes, respectively.[21] For compounds 1 and 2, it
appeared at 2090 and 2080 cmÿ1, respectively, while for 3 it split at 2065 and
2032 cmÿ1. The ns mode was shown at 1300 cmÿ1 only in the compound with
EO bridging mode or in the compound where the EE mode was
asymmetric. Only in compound 3 was the triplet band centered at
1300 cmÿ1 attributable to the ns EO-azido group shown. The bands
attributable to the perchlorate and hexafluorophosphate appeared at
normal frequencies.


Crystal structure determination : Crystals of 1 (0.1� 0.1� 0.2 mm), of 2
(0.1� 0.1� 0.2 mm), and of 3 (0.45� 0.25� 0.10 mm) were selected and
mounted on an MAR345 diffractometer with an image plate detector for 1,
on a Enraf-Nonius CAD4 four circle diffractometer for 2, and on a Stoe
Image Plate Diffraction System for 3. The crystallographic data, conditions
retained for the intensity data collection, and some features of the structure
refinements are listed in Table 5. Unit cell parameters were determined


Table 5. Crystal data and structure refinement for trans-[Ni(N-Eten)2(m1,3-
N3)]n(ClO4)n (1), trans-[Ni(N-Eten)2(m1,3-N3)]n(PF6)n (2), and cis-[Ni-
(N-Eten)(m1,1-N3)2]n (3).


1 2 3


formula C8H24ClN7NiO4 C8H24F6N7NiP C4H12N8Ni
Mw 376.50 422.02 230.95
space group P21/c P1Å I2/a
a [�] 7.74000(10) 8.301(7) 10.5963(8)
b [�] 17.54700(10) 9.386(8) 15.6922(10)
c [�] 10.37100(10) 11.8160(12) 11.3429(10)
a [8] 90 80.29 90
b [8] 106.1030(1) 83.72 96.094(10)
g [8] 90 70.29 90
V [�3] 1353.26(2) 852.9(10) 1875.4(2)
Z 4 2 8
T [8C] 20(2) 20(2) 20(2)
1calcd [gcmÿ3] 1.848 1.643 1.636
m(MoKa) [mmÿ1] 1.662 1.297 1.954
R 0.054 0.046 0.025
WR 0.174 0.111 0.048
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from automatic centering of 5368 reflections (3< q< 308) for 1, 25 reflec-
tions (12< q< 21) for 2, and 5000 reflections (2.22< q< 25.868) for 3 and
refined by least-squares methods. Intensities were collected with graphite
monochromatized MoKa radiation using the f scan technique for 1 and 3,
and w/2q for 2. A total of 11 013 reflections (3827 independent reflections
Rint� 0.048) were collected for 1 in the range 2.35<q< 39.70, 2949 re-
flections (2949 independent reflections) for 2 in the range 2.33< q< 24.96,
and 7243 reflections (1738 independent reflections Rint� 0.054) for 3 in the
range 2.22< q< 25.868. 2256 reflections for 1, 2209 for 2, and 1214 for 3
were assumed as observed, if the condition I> 2s(I) was applied. Lorentz
polarization was carried out. The crystal structures were solved by
Patterson synthesis with the SHELXS-97 computer program[22] and refined
by full matrix least-squares methods using the SHELXL-97 computer
program.[23] The function minimized was Sw[jF0 j 2ÿjFc j 2] where w�
1/[s2(F 2


0 �� (0.1221P)2] for 1, w� 1/[s2(F 2
0 �� (0.0773P)2] for 2, and w�


1/[s2(F 2
0 �� (0.221P)2] for 3 were P�jF0 j 2� 2 jFc j 2)/3. Fourteen hydrogen


atoms for 2 and twelve for 3 were located from a difference synthesis and
refined with an isotropic temperature factor. The remaining H atoms for 1
and 2 were computed and refined isotropically using a riding model. The F
atoms of compound 2 were disordered. The final R factor was 0.054
(WR2� 0.174) for 1, 0.046 (WR2� 0.111) for 2, and 0.025 (WR2� 0.048)
for 3 using all observed reflections. Number of refined parameters were 212
(1), 323 (2), and 166 (3); maximum shift/esd� 0.00 for 1, 0.003 for 2, and
0.001 for 3 ; maximum and minimum peaks in the final difference synthesis
were 0.474 and ÿ0.441 (1), 0.955 and ÿ0.908 (2), and 0.242 and ÿ0.261 (3)
e�ÿ3, respectively. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
nos. CCDC-143 993 for 1, CCDC-143 994 for 2, and CCDC-143995 for 3.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk.).
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Self-Assembly and Selective Guest Binding of Three-Dimensional Open-
Framework Solids from a Macrocyclic Complex as a Trifunctional Metal
Building Block


Kil Sik Min and Myunghyun Paik Suh*[a]


Abstract: The nickel(ii) hexaazamacro-
cyclic complex (1) containing pendant
pyridine groups has been synthesized by
the one-pot template condensation re-
action of amine and formaldehyde.
From the self-assembly of 1 with depro-
tonated cis,cis-1,3,5-cyclohexanetricar-
boxylic acid, H2CTCÿ and CTC3ÿ,
three-dimensional supramolecular open-
frameworks of [Ni(C20H32N8)][C6H9-
(COOH)2(COO)]2 ´ 4 H2O (2) and [Ni-
(C20H32N8)]3[C6H9(COO)3]2 ´ 16H2O (3),
respectively, have been constructed. The
solids 2 and 3 are insoluble in all
solvents. X-ray crystal structure of 2
indicates that each nickel(ii) macrocyclic
complex binds two H2CTCÿ ions in trans
position and two pendant pyridine
groups of the macrocyclic complex are
involved in hydrogen-bonding interac-
tions with the hydroxy groups of
H2CTCÿ belonging to the neighboring
macrocyclic complexes, which provides
the beltlike one-dimensional chain com-
posed of rectangular synthons. The one-


dimensional chains are linked together
through lattice water molecules by the
hydrogen-bonding interactions to gen-
erate two-dimensional networks, which
are again connected to each other by the
offset p ± p stacking interactions be-
tween the pendant pyridine rings to give
rise to a three-dimensional structure in
which channels are present. The X-ray
crystal structure of 3 indicates that each
nickel(ii) macrocyclic unit binds two
CTC3ÿ ions in trans position and each
CTC3ÿ ion coordinates three nickel(ii)
macrocyclic complexes to form a two-
dimensional layer, in which pendant
pyridine rings are involved in the hydro-
gen bonding and the herringbone p ± p


interaction. Between the layers, the
pendant pyridine rings belonging to the


neighboring layers participate in the
offset p ± p stacking interactions, which
gives rise to a three-dimensional net-
work structure. The network creates
channels running parallel to the a, b,
and c axes, which are filled with guest
water molecules. The X-ray powder
diffraction patterns indicate that the
frameworks of 2 and 3 are deformed
upon removal of water guests but re-
stored upon rebinding of water. The host
solids 2 and 3 bind [Cu(NH3)4](ClO4)2 in
MeCN with a binding constant (Kf) of
210mÿ1 and 710mÿ1, respectively, while
they do not bind [Cu(en)2](ClO4)2 (en�
ethylenediamine). The dried solids of 2
and 3 do not interact with benzene and
toluene, but they differentiate methanol,
ethanol, and phenol in toluene solvent
with the Kf values of 42, 14, and 12mÿ1,
respectively, for 2, and 13, 8.2, and
8.9mÿ1, respectively, for 3. In terms of
binding sites for guest molecules, the
solid 3 has greater capacity than the
solid 2.


Keywords: host ± guest chemistry ´
hydrogen bonds ´ macrocyclic
ligands ´ stacking interactions ´
supramolecular chemistry


Introduction


Much effort has been invested in the attempts at the design
and synthesis of metal-organic coordination networks having
specific network topologies and potentially interesting prop-
erties.[1±12] Self-assembly of organic molecules and metal-ion


building blocks may yield multidimensional networks con-
taining channels or cavities of various sizes and shapes, which
can be applied in adsorption and separation processes as well
as in catalysis.[13±18] However, the supramolecules with large
cavities are often interpenetrated or catenated and become
condensed materials in the solid state.[19] Furthermore, the
frameworks of the solids containing pores or channels often
collapse upon removal of guest inclusions due to the crystal
packing forces. To become a useful new class of molecular-
based material, the solid should sustain its cavities even after
the removal of the guests, or be able to restore them upon
guest binding. Therefore, the rational design and construction
of open frameworks with proper building blocks is very
important.


[a] Prof. Dr. M. P. Suh, K. S. Min
School of Chemistry & Molecular Engineering
and Center for Molecular Catalysis
Seoul National University, Seoul 151-747 (Republic of Korea)
Fax: (�82) 2-886-8516
E-mail : mpsuh@snu.ac.kr
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In the self-assembly of supra-
molecular networks, macrocy-
clic complexes have seldom
been employed as metal build-
ing blocks.[20,21] Previously, we
constructed three-dimensional
networks of the molecular
brick-wall and honeycomb-type
from a macrocyclic complex
containing pendant hydroxy
groups and 1,3,5-benzenetricar-
boxylate.[20] In these networks,
the macrocyclic complex acts as
a bifunctional building block,
involving metal ± ligand coordi-
nation and the hydrogen-bond-
ing interactions. However, they
were not robust. They lost crys-
tallinity upon exposure to the
air and dissociated into the
building blocks upon dissolution
in water.


To build more robust and
insoluble three-dimensional open frameworks, we have syn-
thesized the nickel(ii) macrocyclic complex containing pyridyl
pendant chains, [Ni(L1)](ClO4)2 ´ 2 H2O (1) (Scheme 1), as a
trifunctional metal building block. We expected that the
complex would induce extensive hydrogen bonding and p ± p


stacking interactions as well as metal ± ligand coordination, so
that the solid constructed from it may become robust. In the
self-assembly of 1 with cis,cis-1,3,5-cyclohexanetricarboxylic


acid (H3CTC) in the presence of base, we have constructed
two different three-dimensional networks. Depending upon
the degree of deprotonation of H3CTC, we have obtained
three-dimensional networks [Ni(C20H32N8)][C6H9(COOH)2-
(COO)]2 ´ 4 H2O (2), which consists of linear chains with
rectangular synthons, and [Ni(C20H32N8)]3[C6H9(COO)3]2 ´
16 H2O (3), which consists of puckered honeycomb-like sheets
(Scheme 1). The solids 2 and 3 are insoluble solids and contain
cavities and channels, which are deformed upon removal of
water guests but restored upon rebinding of the guests. They
selectively bind [Cu(NH3)4](ClO4)2 in MeCN over [Cu(en)2]-
(ClO4)2. They bind the organic guests such as MeOH, EtOH,
and PhOH with different binding constants. Herein we report
syntheses, structures, and properties of 1 ± 3 and the selective
guest binding of 2 and 3.


Results and Discussion


Synthesis and X-ray structure of [Ni(L1)](ClO4)2 ´ 2 H2O (1):
The macrocyclic complex 1 was prepared as a building block
for the construction of three-dimensional networks. The
complex was synthesized in MeOH by the one-pot template
condensation reaction of ethylenediamine, formaldehyde, and
4-(aminomethyl)pyridine in the presence of nickel(ii) ion. The
synthetic method was modified from those previously devel-
oped in our laboratory.[22±25] The complex was isolated from
the reaction mixture by protonating the pyridyl nitrogen
atoms of the macrocycle with the acid. The protonated
compound was treated with triethylamine to obtain 1. The
compound 1 is soluble in DMF, Me2SO, MeCN, MeNO2, and
hot H2O.


An ORTEP drawing for the cation of 1 is shown in
Figure 1 a. Table 1 gives selected bond lengths and angles. The
nickel(ii) ion displays a square-planar coordination geometry
by binding to the four secondary nitrogen donors of the


Abstract in Korean:


Scheme 1. Self-assembly of 1 with H2CTCÿ and CTC3ÿ.
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Figure 1. a) An ORTEP view of the cation of 1 with atomic numbering
scheme (thermal ellipsoids at 40% probability). b) The two-dimensional
network of 1 formed by hydrogen bonding. Hydrogen bonds are indicated
as by ´ ´´ lines.


macrocycle at an average NiÿN bond length of 1.934(3) �.
The pendant pyridine groups of the macrocycle are not
involved in either intra- or intermolecular coordination of
metal ion. The complex possesses an inversion center at the
nickel atom. The macrocyclic ligand adopts thermodynami-
cally the most stable R,R,S,S (trans-III) configuration,[26] and
thus the pyridyl pendants are positioned above and below the
square coordination plane. The six-membered chelate rings
adopt a chair conformation and the five-membered chelate
rings assume a gauche conformation. The CÿN bond lengths
and the C-N-C angle involving the bridgehead tertiary
nitrogen atom N3 are 1.447(3) � (av) and 113 ± 1158, respec-


tively, indicating significant contribution of sp2 hybridization
of the bridgehead nitrogen atoms.[22±25] The pendant pyridine
groups of the macrocycle are involved in the hydrogen-
bonding interaction with lattice water molecules: N4 ´´´ OW1


2.818(6) �, N4-HW2-OW1 178.48. In addition, the oxygen atoms
of the lattice water molecules interacting with the pyridyl
pendants of a macrocycle act as hydrogen acceptors to form
additional hydrogen bonds with secondary amines of the
neighboring macrocycle: OW1 ´´´ N1 2.908(5) �, OW1-H1-N1
135.28. Owing to these hydrogen-bonding interactions, all the
macrocyclic complexes are linked together, resulting in a two-
dimensional network (Figure 1b). Perchlorate anions are
located between the two-dimensional sheets and the oxygen
atom of the perchlorate ion forms a hydrogen bond with the
secondary amine of the macrocycle (O1(xÿ 1, y, z) ´ ´ ´ N2
3.080(6) �, O1-H2-N2 157.18).


Self-assembly and properties of three-dimensional open
frameworks 2 and 3 : The self-assembly of 2 and 3 is
schematically described in Scheme 1. Our synthetic strategy
for the three-dimensional open frameworks was based on the
metal ± ligand coordination between 1 and the carboxylate
anion derived from cis,cis-1,3,5-cyclohexanetricarboxylic acid
(H3CTC) as well as on hydrogen bonding and p ± p stacking
interactions[27] induced by the pendant pyridyl groups of 1. In
the self-assembly in MeCN/H2O (1/1 v/v), pyridine or triethyl-
amine was added as a base to deprotonate H3CTC. When
pyridine was used as a base, H2CTCÿ underwent a self-
assembly reaction with 1 to generate the three-dimensional
network of 2. When triethylamine was used as a base, CTC3ÿ


underwent a self-assembly reaction with 1 to generate the
three-dimensional network of 3. The supramolecular solids 2
and 3 are pink and they never lose guest water molecules in
the air at room temperature and maintain their crystallinity.
Furthermore, they are completely insoluble in water and in
organic solvents such as MeCN, MeOH, EtOH, MeNO2,
CHCl3, THF, DMF, DMSO, toluene, acetone, hexane, and
benzyl alcohol. However, when solids 2 and 3 (20 mg) were
immersed in an aqueous solution of 0.1m HClO4 (1 mL) they
dissolved immediately into the solution and dissociated into
the building blocks, giving rise to a yellow solution. When 2
and 3 (20 mg) were added to an aqueous solution of 0.1m
NaOH (1 mL), they dissolved slowly into the solution to
provide a pink solution.


The diffuse reflectance spectra of 2 and 3 show maximum
absorptions at 267, 335, 507, and 640 nm and at 260, 332, 509,
and 655 nm, respectively; these are the characteristic chro-
mophores for the nickel(ii) ion coordinated with N4O2


donors.[28]


Molecular-based materials that can sustain their frame-
works even after the removal of guest molecules are very
important in view of the development of new classes of porous
substances. The thermogravimetric analysis (TGA) trace of 2
(Figure 2a) shows a weight loss of 7.6 % at 94 8C, which
corresponds to the loss of four guest water molecules per unit
formula. No chemical decomposition was observed up to
200 8C. The TGA trace of 3 (Figure 2b) shows a weight loss of
14.6 % at 85 8C, corresponding to the loss of sixteen guest
water molecules per unit formula. No chemical decomposi-


Table 1. Selected bond lengths [�] and angles [8] for 1.[a]


Ni1ÿN1 1.934(3) N4ÿC9 1.323(7)
Ni1ÿN2 1.934(3) C1ÿC2 1.487(6)
N1ÿC1 1.487(5) C4ÿN1' 1.501(5)
N2ÿC2 1.480(5) C5ÿC6 1.496(5)
N2ÿC3 1.493(5) C6ÿC10 1.369(6)
N3ÿC3 1.435(5) C6ÿC7 1.377(6)
N3ÿC4 1.434(5) C7ÿC8 1.384(7)
N3ÿC5 1.473(5) C9ÿC10 1.367(7)
N4ÿC8 1.311(7)
N1-Ni1-N2 86.52(13) C2-C1-N1 106.3(3)
N1-Ni1-N2' 93.48(13) N2-C2-C1 106.7(3)
C1-N1-C4' 110.8(3) N3-C3-N2 114.8(3)
C1-N1-Ni1 108.4(2) N3-C4-N1' 113.7(3)
Ni1-N1-C4' 117.2(3) N3-C5-C6 111.7(3)
C2-N2-C3 111.3(3) C10-C6-C7 116.6(4)
C2-N2-Ni1 108.3(2) C10-C6-C5 121.7(4)
C3-N2-Ni1 117.7(2) C7-C6-C5 121.7(4)
C3-N3-C4 113.4(3) C6-C7-C8 118.8(5)
C3-N3-C5 115.1(3) N4-C8-C7 124.0(5)
C4-N3-C5 114.4(3) N4-C9-C10 122.6(5)
C8-N4-C9 117.1(4) C6-C10-C9 120.9(5)


[a] Symmetry transformations used to generate equivalent atoms: ': ÿx,
ÿy, ÿz.
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Figure 2. a) Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) traces for 2. b) TGA and DTA traces for 3.


tion was observed up to 225 8C. The X-ray powder diffraction
(XRPD) patterns (see Figure 3d and Figure 4d) for the solids
2 and 3, which were heated at 140 and 170 8C, respectively,
revealed that they had turned into other crystalline forms.


The XRPD patterns of 2 and 3 as prepared and the
desolvated solids are compared in Figure 3 and Figure 4,
respectively. Although the desolvated solids maintain the


Figure 3. The XRPD patterns of: a) original solid 2, [Ni(C20H32N8)][C6H9-
(COOH)2(COO)]2 ´ 4H2O; b) dried solid (at 90 8C for 3 h), [Ni(C20H32-
N8)][C6H9(COOH)2(COO)]2; c) solid obtained by immersing b in 1:1 H2O/
MeCN for 10 min; d) solid 2 heated at 140 8C for 30 min.


crystal morphologies as observed under a microscope, their
XRPD patterns show different peak positions and intensities
compared with those of the original crystals. However, when
the dried solids were immersed in a mixture of MeCN/H2O
(1/1 v/v) for 10 min, XRPD patterns fully coincident with


Figure 4. The XRPD patterns of: a) original solid 3, [Ni(C20H32N8)]3-
[C6H9(COO)3]2 ´ 16H2O; b) dried solid (at 80 8C for 3 h under vacuum),
[Ni(C20H32N8)]3[C6H9(COO)3]2. c) solid obtained by immersing b in 1:1
H2O/MeCN for 10 min. d) solid 3 heated at 170 8C for 30 min.


those observed for the original solids were regenerated. In
addition, when water vapor was diffused into the dehydrated
solids of 2 and 3, respectively, the XRPD patterns (see Figures
S1 and S2 in the Supporting Information) were also regen-
erated for 2 and 3. The three-dimensional networks 2 and 3
constructed by the highly cooperative hydrogen bonding and
p ± p stacking interactions, as verified by the X-ray crystal
structures, are sufficiently robust for the reversible exclusion
and inclusion of the guest water molecules. The dried solids of
2 and 3 may be applied as adsorbents of water and water vapor.


X-ray crystal structure of [Ni(C20H32N8)][C6H9(COOH)2-
(COO)]2 ´ 4 H2O (2): An ORTEP drawing of the fundamental
building unit of 2 is shown in Figure 5a. Table 2 shows the
selected bond lengths and angles. The coordination geometry
around the nickel(ii) ion is a tetragonally distorted octahedron
in which the nickel(ii) ion is coordinated to the four secondary


Table 2. Selected bond lengths [�] and angles [8] for 2.[a]


Ni1ÿN1 2.068(2) C7ÿC8 1.378(4)
Ni1ÿN3 2.049(2) C9ÿC10 1.391(5)
Ni1ÿO1 2.147(2) O1ÿC11 1.258(3)
N1ÿC1 1.471(3) O2ÿC11 1.255(3)
N1ÿC2 1.484(3) O3ÿC12 1.199(5)
N4ÿC8'' 1.320(5) O4ÿC12 1.306(4)
N4ÿC9'' 1.320(5) C4ÿC1' 1.515(4)
C1ÿC4' 1.515(4) C5ÿC6 1.513(4)
C6ÿC7 1.380(4) O5ÿC13 1.211(4)
C6ÿC10 1.383(4) O6ÿC13 1.310(4)
N1-Ni1-N3 94.08(8) O5-C13-O6 122.7(3)
N1'-Ni1-N3 85.92(8) N4'''-C8-C7 123.0(3)
N1-Ni1-O1 93.41(7) N4'''-C9-C10 123.6(3)
N3-Ni1-O1 87.24(7) C6-C10-C9 118.4(3)
C1-N1-Ni1 104.71(14) C11-O1-Ni1 134.1(2)
C2-N1-Ni1 113.23(15) O1-C11-O2 124.6(2)
C3-N3-Ni1 113.74(14) O1-C11-C14 118.8(2)
C4-N3-Ni1 105.77(14) O2-C11-C14 116.6(2)
C8''-N4-C9'' 117.7(3) O3-C12-O4 123.1(3)
O4-C12-C16 112.8(3) O3-C12-C16 123.8(3)
O5-C13-C18 123.5(3) O6-C13-C18 113.7(2)


[a] Symmetry transformations used to generate equivalent atoms: ':ÿx� 1,
ÿy, ÿz ; '': x, y� 1, z ; ''': x, yÿ 1, z.
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nitrogen atoms of the macrocycle as well as to two oxygen
atoms of two H2CTCÿ ions located trans. The average NiÿN
and NiÿO bond lengths are 2.059(1) and 2.147(2) �, respec-
tively. The nickel(ii) macrocyclic complexes are linked togeth-
er to form a three-dimensional network. The two pendant
pyridine groups of each macrocyclic complex are involved in
hydrogen-bonding interactions with the hydroxy groups of
H2CTCÿ coordinating the neighboring macrocyclic com-
plexes: N4 ´´´ O6 (ÿx� 1, ÿy, ÿz� 1) 2.658(3) �, N4-H6-
O6 174.48. This creates rectangular supramolecular synthons
(Figure 5b), which are linked together to form a one-dimen-
sional chain extending along [011Å]�1/2a direction by sharing
the opposite corners of the rectangles. The Ni ´´´ Ni distance in
the rectangular synthon is 14.435(2) � and the effective size of
the rectangular cavity is 3.8� 9.8 � as measured by the van
der Waals surface of the opposing wall. The cavities are filled
with water guest molecules. Within a one-dimensional chain,
the free carbonyl oxygen atom of the coordinated carboxylate
forms intramolecular hydrogen bonds with a secondary amine
of the macrocycle (O2 ´´ ´ N3(ÿx� 1, ÿy, ÿz) 2.893(3) �, O2-
H3-N3 148.58) as well as with a lattice water molecule (O2 ´´´
OW1(ÿx� 1, ÿy, ÿz) 2.740(3) �). The one-dimensional


chains are linked together by the hydrogen-bonding and
p ± p stacking interactions. In particular, a free carboxylic acid
group of H2CTCÿ belonging to a chain forms a hydrogen bond
with a lattice water molecule (OW1): (O4 ´´´ OW1 (x� 1, yÿ 1,
zÿ 1) 2.632(4) �, O4-H4-OW1 162.98) which again interacts
with the free carbonyl oxygen atom of the coordinated
carboxylate group belonging to the neighboring chain (O4 ´´´
OW1(x� 1, yÿ 1, zÿ 1) 2.632(4) �, OW1 ´´´ O2(ÿx� 2, ÿyÿ 1,
ÿzÿ 1) 2.740(3) �, O4-OW1-O2, 113.48), which leads to the
two-dimensional network extending along the (211) plane
(Figure 5c). The two-dimensional layers are connected to-
gether by the offset p ± p stacking interactions[27] between the
pendant pyridine rings (Figure 5d). The pyridine rings are
positioned parallel (q� 0.08) to each other, with an interpla-
nar separation of 3.50 ± 3.52 �. The offset angle between the
pyridine ring planes is 28.68. The offset p ± p stacking
interactions between the two-dimensional sheets extend along
the (222) plane. Owing to these interchain interactions,
compound 2 becomes a three-dimensional network, which
generates channels as shown in Figure 5e. The void volume of
the cavities in a unit cell is 106 �3, which equals 9.7 % of the
unit cell volume.[29]


Figure 5. a) An ORTEP view of the cation of 2 with atomic numbering scheme (thermal ellipsoids at 50% probability). b) A one-dimensional chain of 2.
c) A two-dimensional sheet formed by hydrogen-bonding interactions between one-dimensional chains. Hydrogen bonds are indicated by ´´´ lines. d) A CPK
representation showing offset p ± p stacking interactions between the two one-dimensional chains of 2. The effective void size is about 3.8� 9.8 �. e) CPK
representation of the three-dimensional network of 2. (white: nickel(ii) ion, red: oxygen, blue: nitrogen, violet: carbon of pyridine, gray: carbon of
macrocycle, yellow: carbon of H2CTCÿ).
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X-ray crystal structure of [Ni(C20H32N8)]3[C6H9(COO)3]2 ´
16 H2O (3): An ORTEP view of the fundamental building
unit of 3 is shown in Figure 6a. Table 3 gives the selected bond
lengths and angles. The coordination geometry around the
nickel(ii) ion is a tetragonally distorted octahedron. The
nickel(ii) ion is coordinated to four secondary amine donors of
the macrocycle as well as to two oxygen atoms from two
CTC3ÿ ions. The average NiÿN and NiÿO bond lengths are
2.049(2) and 2.147(2) �, respectively. Since each nickel(ii) ion
is coordinated to two CTC3ÿ ions and each CTC3ÿ binds to
three nickel(ii) macrocyclic units, the stoichiometry of the
network is Ni2�/CTC3ÿ� 3:2, which generates two-dimen-
sional layers extending along the (111Å) plane. The metal ±
metal distances around CTC3ÿ are NiA ´´´ NiB 8.127(2),
NiA ´´´ NiC 9.813(2), and NiB ´´ ´ NiC 8.703(2) �. Since the
cyclohexane ring of CTC3ÿ has a chair conformation, the two-
dimensional layer is not flat. In the structure of the two-
dimensional sheet, six nickel(ii) macrocyclic complexes and
six CTC3ÿ form a ring, which is a basic motif of the molecule
(Figure 6b). The effective size of the cavities in a two-
dimensional layer is estimated as 4.0 �� 8.5 �. Three of the
six macrocyclic complexes and three of the six CTC3ÿ ligands
are located above and the rest are positioned below the mean
plane. The two-dimensional network is reinforced with the
hydrogen-bonding and p ± p stacking interactions. The un-
coordinated carbonyl oxygen atoms of CTC3ÿ form intra-


molecular hydrogen bonds with secondary amines of the
macrocycle: N2A ´´´ O2A (ÿx, ÿy, ÿz) 2.903, N2B ´´´
O2B(ÿx� 1, ÿy, ÿz� 1) 2.847 N1C ´´´ O2C(ÿx� 1, ÿyÿ 1,
ÿz) 2.944 �, N-H-O 149.9 ± 153.08. The free C�O bond
lengths of CTC3ÿ (1.239 ± 1.267 �) are therefore comparable
to those of coordinated CÿO bond lengths (1.218 ± 1.258 �).
The pendant pyridyl groups are involved in extensive p ± p


Figure 6. a) An ORTEP view of the trinuclear unit of 3 with atomic numbering scheme (thermal ellipsoids at 15% probability). b) A CPK representation of
a single layer of 3. The effective size of a void is about 4.0� 8.5 �. c) Side view of two-dimensional layers of 3. The p ± p stacking interactions are indicated by
´´´ lines for intralayer interactions and by &&& lines for interlayer interactions. d) CPK view of the packed structure of 3 showing the channels. (orange:
nickel(ii) ion, red: oxygen, blue: nitrogen, violet: carbon of pyridine, gray: carbon of macrocycle, yellow: carbon of CTC3ÿ).


Table 3. Selected bond lengths [�] and angles [8] for 3.


NiAÿN1A 2.075(5) NiCÿO1C 2.186(3)
NiAÿN2A 2.066(4) C7ÿO1A 1.245(6)
NiAÿO1A 2.096(3) C7ÿO2B 1.239(6)
NiBÿN1B 2.066(4) C8ÿO1B 1.218(6)
NiBÿN2B 2.029(4) C8ÿO2B 1.267(6)
NiBÿO1B 2.160(3) C9ÿO1C 1.258(7)
NiCÿN1C 2.017(6) C9ÿO2C 1.249(7)
NiCÿN2C 2.013(6)
N1A-NiA-N2A 86.11(18) C9-O1C-NiC 135.4(4)
N1A-NiA-O1A 89.00(17) O1A-C7-C1 117.2(4)
N2A-NiA-O1A 86.89(16) O1A-C7-O2A 125.3(4)
N1B-NiB-N2B 86.54(19) O2A-C7-C1 117.4(4)
N1B-NiB-O1B 87.93(16) O1B-C8-C3 118.7(4)
N2B-NiB-O1B 87.35(15) O1B-C8-O2B 123.2(4)
N1C-NiC-N2C 92.4(3) O2B-C8-C3 118.0(5)
N1C-NiC-O1C 86.8(2) O1C-C9-C5 119.1(5)
N2C-NiC-O1C 91.4(2) O1C-C9-O2C 122.7(5)
C7-O1A-NiA 135.3(3) O2C-C9-C5 118.2(5)
C8-O1B-NiB 133.9(3)
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stacking interactions. Within a layer, the two pyridine rings
involving N4A and N4B are p ± p stacked with the herring-
bone structure: H ´´´ centroid 2.699 �, C-H-centroid 146.98,
centroid ´´´ centroid 4.737 �, dihedral angle between two
pyridine rings 83.38. Between the layers, the pendant pyridine
groups involving N4B and N4C located in a layer undergo
offset p ± p interactions[27] with pyridine groups involving N4C
and N4B, respectively, which are positioned in the neighbor-
ing layers (Figure 6c). The interplanar separation of the
pyridine rings is 3.35 ± 3.64 � (centroid ´´ ´ centroid, 3.829 �)
and the dihedral angle between the pyridine ring planes is
5.488. Owing to these interlayer offset p ± p interactions,
compound 3 becomes a three-dimensional network. The
wavelike layers are stacked and separated by 9.241 � as
estimated from the XRPD patterns; the closest metal ± metal
distance between the layers is 9.537 �. The packing structure
for the multilayers shows that channels are generated in the
solid (Figure 6d). The void volume of the cavities in a unit cell
is 514 �3 (20.8 % of the unit cell volume).[29] The cavities are
filled with guest molecules, 16 water molecules per unit
formula. Some guest water molecules form hydrogen bonds
with free carbonyl oxygen atoms of CTC3ÿ (O2A ´´´
OW8(ÿx� 1, ÿy, ÿz) 2.730, O2B ´´´ OW8 2.677, O2C ´´´
OW1(ÿx� 1, ÿy, ÿz) 2.802, O2C ´´´ OW3(ÿx� 1, ÿy, ÿz)
2.744 �) pyridine pendants of the macrocycle (N4A ´´´ OW4


(ÿx, ÿy, ÿz� 1) 2.969, N4C ´´´ OW2 (ÿx� 1, ÿy, ÿz� 1)
3.077 �), and with the other water inclusions (OW1 ´´´ OW2


2.732, OW1 ´´´ OW8 2.834, OW4 ´´´ OW8 (xÿ 1, y, z) 2.870,
OW6 ´´´ OW7(ÿx, ÿy� 1, ÿz) 2.676, OW6 ´´´ OW7 2.714 �).


Binding of 2 and 3 with copper(iiii) complexes as guests : When
the host solid 2 or 3, which contains guest water molecules,
was immersed in a solution of [Cu(en)2](ClO4)2 in MeCN, the
absorbance of copper(ii) solution did not change, indicating
that the solid did not bind the complex. However, in the case
of the MeCN solution of [Cu(NH3)4](ClO4)2, the absorbance
of the copper(ii) solution was reduced and the pale pink color
of the host solid changed to blue. The blue color of the solid
changed to pale pink when the solid was immersed in water,
indicating that binding of the complex was reversible. Since
[Cu(NH3)4](ClO4)2 turned into the hydroxide in water, where-
as [Cu(en)2](ClO4)2 was stable, the binding of the CuII


complexes in the host was measured in MeCN. The perchlo-
rate complexes [Cu(NH3)4](ClO4)2 and [Cu(en)2](ClO4)2 were
chosen as the guests because they were soluble in MeCN,
while [Cu(en)2](Cl)2 and [Cu(en)2](NO3)2 were insoluble in
MeCN. The time required to attain equilibrium was estimated
by monitoring the changes of the guest concentration


spectrophotometrically, and the host solids were immersed
in the guest solution until the equilibrium was reached. To
obtain Kf and [BS]o/w values for the host ± guest complex
formation according to Equation (2)(see Experimental Sec-
tion), the absorbance changes for the MeCN solutions of
[Cu(NH3)4](ClO4)2 were measured at 594 nm by varying the
initial concentration of the copper(ii) complex ([G]o) with the
measured amount of the host solid. For complexation of
[Cu(NH3)4](ClO4)2 to 2 and 3, the plots of [BS ´ G] (the
concentration of G bound to BS) against [G] are illustrated in
Figure 7. Analysis of the data[30] provides Kf� 210mÿ1 for 2


Figure 7. Binding of a) 2 and b) 3 with [Cu(NH3)4](ClO4)2.


and Kf� 710mÿ1 for 3 at 25 8C. The values of [BS]o/w indicate
that the host solids 2 and 3 have 0.34 and 0.29 binding sites,
respectively, for the copper(ii) guest molecule per formula
weight of the solid. The results are summarized in Table 4. The
host ± guest compounds were characterized by elemental
analysis and IR spectra (see Table S1 and Figures S3 ± S4 in
the Supporting Information) as well as XRPD patterns
(Figure 8 and Tables S2 and S3 in the Supporting Informa-
tion). The host ± guest compounds show XRPD patterns in
which several peaks appear at the same positions as those of
the original crystals, indicating that the host framework
structures are maintained even after the inclusion of the
copper(ii) complex. The selective inclusion of [Cu(NH3)4]-
(ClO4)2 may be attributed to the size-fit of the guest into the
channels of the host solid and its better ability to form
hydrogen bonds with carbonyl oxygen atoms of H2CTCÿ and
CTC3ÿ directed to the inside of the channels. The estimated
sizes of [Cu(NH3)4]2� and [Cu(en)2]2� are 5.1� 5.1� 4.0 �3


Table 4. Inclusion of host solids 2 and 3 with various guests.


2 3
Guest Kf [mÿ1] [BS]o/w guest [mol] included Kf [mÿ1] [BS]o/w guest [mol] included


[mmol gÿ1] per unit formula of [mmol gÿ1] per unit formula of
host solid host solid


[Cu(NH3)4](ClO4)2 210� 16 0.36� 0.01 0.34� 0.01[a] 710� 55 0.14� 0.002 0.29� 0.004[a]


MeOH 42� 3 6.7� 0.1 5.9� 0.1[b] 13� 0.4 11� 0.1 19� 0.4[b]


EtOH 14� 0.9 4.7� 0.1 4.1� 0.1[b] 8.2� 0.3 7.1� 0.1 12� 0.2[b]


PhOH 12� 0.6 1.3� 0.02 1.1� 0.02[b] 8.9� 0.6 10� 0.2 18� 0.4[b]


[a] Host solid as prepared. [b] Dried solid.
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Figure 8. XRPD patterns of a) original solid 2 ; b) solid 2 with [Cu(NH3)4]-
(ClO4)2 guest; c) original solid 3 ; d) solid 3 with [Cu(NH3)4](ClO4)2 guest.


and 6.5� 9.6� 4.4 �3, respectively, and the diameter of ClO4
ÿ


is 5.8 �. The fact that the host solids 2 and 3 selectively bind
[Cu(NH3)4](ClO4)2 over [Cu(en)2](ClO4)2 also implies that the
binding of the copper(ii) complex took place in the channels
rather than through adsorption on the solid surface.


Inclusion of 2 and 3 with organic guest molecules : When the
desolvated host solid 2 or 3 was immersed in toluene
containing measured amount of benzene, the concentration
of benzene did not change, indicating that benzene molecules
were not bound to 2 or 3. However, when the solid was
immersed in a toluene solution containing methanol, ethanol,
or phenol, the concentration of the compound changed as
measured by GC. The binding of these organic guests in the
host solid may be attributed to their hydrogen-bonding
interactions as well as to the size-fit with the host cavity.
With a measured amount of the host solid, the concentration
changes of the organic guest were measured with various
initial concentrations of the guest ([G]o), and then the data
were fitted to Equation (2) to obtain the Kf value.[30] The plots
of [BS ´ G] (the concentration of G bound to BS) against [G]
for the solids 2 and 3 are illustrated in Figures 9 and 10,


Figure 9. Binding of host solid 2 with organic guests: a) MeOH (&);
b) EtOH (*); c) PhOH (~).


Figure 10. Binding of host solid 3 with organic guests: a) MeOH (&);
b) PhOH (~); c) EtOH (*).


respectively. The values of the binding constants Kf and the
binding site ([BS]o/w) are summarized in Table 4. The values
of [BS]o/w indicate that the host solid 2 binds 1 ± 6 guest
organic molecules and that the host solid 3 binds 12 ± 19 guest
molecules per formula unit, depending on the guests. The total
volumes of the bound guests per unit formula of 2 estimated
from [BS]o/w values are 397 �3 for MeOH, 395 �3 for EtOH,
and 161 �3 for PhOH. For the host solid 3, they are 1280 �3


for MeOH, 1260 �3 for EtOH, and 2630 �3 for PhOH. This
indicates that the total volumes of the maximum numbers of
included guests are much greater (1.5 ± 5.1 times) than the
total cavity volume of the host solids (106 �3 for 2 and 514 �3


for 3). As discussed later, the XRPD patterns indicate that the
guests are included in the space between the layers (as
evidenced by an increase in the cell dimensions) as well as
inside the channels. The Kf values indicate that the host solid 2
binds guests in the order of MeOH>EtOH>PhOH and the
host solid 3 binds guests in the order of MeOH>


PhOH>EtOH. In terms of Kf values, the host solid 2 binds
all three guests more strongly than the solid 3. On the other
hand, [BS]o/w values indicate that the solid 3 has greater
capacity for binding the guest molecules.


The host ± guest compounds were characterized by elemen-
tal analysis and IR spectra (Table S1 and Figures S5 ± S10 in
the Supporting Information) as well as by XRPD patterns
(Figure 11 and Figure 12). When the elemental analysis was
carried out for the solid after immersing it in a solution of
MeOH or EtOH in toluene, the data showed that far fewer
MeOH and EtOH molecules than estimated from the [BS]o/w
values were bound to the host solid (Table S1 in the
Supporting Information). In the case of PhOH, however,
the data indicated that the same numbers of PhOH molecules
as estimated from [BS]o/w values were bound to the host
(Table S1 in the Supporting Information). In particular, when
the solid 3 was immersed in an aqueous solution of PhOH for
12 h instead of in toluene solution, the elemental analysis
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Figure 11. XRPD patterns of: a) original solid 2 ; b) dried solid 2 binding
MeOH; c) dried solid 2 binding EtOH; d) dried solid 2 binding PhOH.


Figure 12. XRPD patterns of: a) original solid 3 ; b) dried solid 3 binding
MeOH; c) dried solid 3 binding EtOH; d) dried solid 3 binding PhOH;
e) solid 3 binding PhOH in H2O.


indicated that PhOH molecules were bound in addition to
water molecules (Table S1 in the Supporting Information and
Figure 12). The fact that the solid is able to bind PhOH even
in water implies its potential application to remove PhOH
from contaminated water.


The XRPD patterns for the guest-bound host solids 2 and 3
are presented in Figure 11 and Figure 12 and Tables S2 ± S3 in


the Supporting Information, and the cell parameters estimat-
ed herefrom are summarized in Table 5. As seen in Table 5, all
the guest-bound host solids show increased cell dimensions
and volumes, contrary to the case of the copper(ii) guest. This
probably happens because the guest molecules are included
between the layers as well as inside the channels. Interestingly,
when the solids binding MeOH, EtOH, and PhOH were
immersed in a MeCN/H2O mixture for 30 min, exactly the
same patterns as for the original host solid were regenerated
(Figure S11 in the Supporting Information). This again
implies that the host solids may be used as adsorbing materials
for such organic molecules. Although we have tried to grow
single crystals in which the guest molecules are included, we
have not succeeded in obtaining single crystals suitable for
X-ray diffraction studies.


In conclusion, we have assembled three-dimensional supra-
molecular networks by using a nickel(ii) macrocyclic complex
containing pendant pyridyl groups and cis,cis-1,3,5-cyclo-
hexanetricarboxylic acid. The macrocyclic complex collec-
tively induces metal ± ligand coordination, hydrogen bonding,
and p ± p stacking interactions to produce quite robust and
insoluble solids. The solids selectively bind [Cu(NH3)4](ClO4)2


over [Cu(en)2](ClO4)2 in MeCN solution and differentiate
MeOH, EtOH, and PhOH in toluene.


Experimental Section


General methods : All chemicals and solvents used in the syntheses were of
reagent grade and were used without further purification. For the inclusion
studies, MeCN and toluene were dried with molecular sieves prior to use.
Infrared spectra were recorded with a Perkin Elmer 2000 FTIR spectro-
photometer. Elemental analyses were performed by the analytical labo-
ratory of Seoul National University. UV/Vis diffuse reflectance spectra
were recorded with a Cary 300 Bio UV/Vis spectrophotometer. Thermog-
ravimetric analysis (TGA) and differential thermal analysis (DTA) were
performed under N2(g) at a scan rate of 5 8C minÿ1 using a Rigaku Tas-100
system. X-ray powder diffraction data were recorded on a Mac Science
M18XHF-22 diffractometer at 50 kV and 100 mA for CuKa (l� 1.54050 �)
with a scan speed of 58minÿ1 and a step size of 0.028 in 2q. Gas
chromatographic (GC) experiments were conducted by using a HP6890
Series GC system which was fitted with a 30 m� 0.25 mm� 0.25 mm cross-
linked polydimethylsiloxane capillary column and interfaced with a GC
ChemStation. The column temperature was programmed from 100 8C
(5 min) to 300 8C (2 min) at the rate of 25 8C minÿ1. A flame ionization
detector was used.


Table 5. Cell constants for 2, 3, and their inclusion compounds.


Compound a [�] b [�] c [�] a [8] b [8] g [8] V [�3]


2[a] 9.521 11.224 11.345 79.52 77.83 68.61 1096.1
2 ´ [Cu(NH3)4](ClO4)2


[b] 9.611 11.296 11.444 79.25 77.07 68.32 1117.8
2 ´ MeOH[c] 10.194 12.244 13.037 64.61 94.51 66.92 1291.4
2 ´ EtOH[c] 11.051 12.382 13.394 113.17 89.08 53.36 1271.4
2 ´ PhOH[c] 9.921 14.053 18.434 55.56 109.80 101.44 1994.4
3[a] 12.570 14.714 15.015 108.33 108.42 91.66 2475.7
3 ´ [Cu(NH3)4](ClO4)2


[b] 12.253 14.970 15.712 112.34 108.56 97.31 2423.7
3 ´ MeOH[c] 14.550 13.711 16.401 80.71 117.91 86.12 2814.6
3 ´ EtOH[c] 15.243 15.961 16.571 113.00 63.26 121.82 2996.2
3 ´ PhOH[c] 9.676 18.051 19.692 66.31 89.76 62.94 2736.5
3 ´ PhOH(H2O)[d] 12.053 20.884 18.702 63.49 83.38 49.93 3120.4


[a] Original solid. [b] Inclusion of guest was made in MeCN. [c] Inclusion of guest was made in toluene. [d] Inclusion of guest was made in water. Cell
parameters of inclusion compounds ([b], [c], and [d]) were determined by the TREOR computer program.
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Synthesis : safety note : Although we have experienced no problem with the
compounds reported in this work, perchlorate salts of metal complexes with
organic ligands are often explosive and should be handled with great caution.


[Ni(L1� 2 H)](ClO4)4 ´ 2 H2O : Ethylenediamine (6.8 mL, 0.10 mol), para-
formaldehyde (6.0 g, 0.20 mol), and 4-(aminomethyl)pyridine (10.8 g,
0.10 mol) were slowly added to a stirred solution of Ni(OAc)2 ´ 4H2O
(12.4 g, 0.05 mol) in methanol (75 mL). The mixture was heated under
reflux for 24 h. The solution was filtered while hot and the filtrate was
concentrated to about 1�5 of the original volume. HClO4 (60 %, 20 mL) was
added to the yellow-brown solution and the solution was allowed to stand
in a refrigerator until yellow crystals formed, which were filtered off,
washed with methanol, and dried in air. Yield: 35%; FTIR (Nujol mull):
nÄ � 3543(br s), 3212(s), 3175(s), 3100(s), 1640(s), 1600(s), 1505(s), 1100(s),
625(s) cmÿ1; UV/Vis (H2O): lmax (e)� 445 nm (54mÿ1cmÿ1); elemental
analysis calcd (%) for NiC20H38N8Cl4O18 (879.07): C 27.33, H 4.36, N 12.75;
found: C 26.90, H 3.92, N 12.52.


[Ni(L1)](ClO4)2 ´ 2 H2O (1): An excess amount of triethylamine (2 mL) was
added to a suspension of [Ni(L1� 2H)](ClO4)4 ´ 2H2O (2.5 g) in MeCN
(40 mL). The complex dissolved in the solution and yellow crystals of
[Ni(L1)](ClO4)2 ´ 2 H2O formed in a few minutes. The crystals were filtered
off, washed with water, and dried in air. Crystals suitable for the X-ray
diffraction study were obtained by recrystallization of the compound in hot
water. Yield: 90%; FTIR (Nujol mull): nÄ � 3590(br s), 3195(s), 1650(m),
1605(s), 1565(m), 1100(s), 625(s) cmÿ1; UV/Vis (MeNO2): lmax (e)� 450 nm
(68mÿ1cmÿ1); elemental analysis calcd (%) for NiC20H36N8Cl2O10 (678.15):
C 35.42, H 5.35, N 16.52; found: C 35.24, H 4.93, N 16.59.


[Ni(C20H32N8)][C6H9(COOH)2(COO)]2 ´ 4H2O (2): The nickel(ii) complex
1 (0.17 g, 0.245 mmol) was dissolved in a mixture of MeCN and H2O (1:1
v/v, 12 mL), and a solution containing cis,cis-1,3,5-cyclohexanetricarboxylic
acid (H3CTC) (0.11 g, 0.49 mmol) and pyridine (0.8 mL) in MeCN (6 mL)
was added dropwise. The pink solution was allowed to stand at room
temperature until pale pink crystals formed, which were filtered off,
washed with MeCN/H2O, and dried in air. Yield: 78%; FTIR (Nujol mull):
nÄ � 3479 (br s), 3284 (s), 3175 (s), 2539 (br m), 1958 (br m), 1713 (s), 1692 (s),
1611 (s), 1567 (s), 1243 (s), 1180 (s), 980 (s), 851 (s), 793 (s), 654 (s) cmÿ1;
UV/Vis (diffuse reflectance spectrum): lmax� 267, 335, 507, 640 nm;
elemental analysis calcd (%) for NiC38H62N8O16 (945.66): C 48.27, H 6.61,
N 11.85; found: C 48.33, H 6.65, N
12.17.


[Ni(C20H32N8)]3[C6H9(COO)3]2 ´
16H2O (3): A solution containing
cis,cis-1,3,5-cyclohexanetricarboxylic
acid (H3CTC) (0.022 g, 0.098 mmol)
and an excess amount of triethylamine
(0.3 mL) in MeCN (5 mL) was added
dropwise to a solution of 1 (0.10 g,
0.15 mmol) in MeCN/H2O (1:1 v/v,
10 mL). The resulting pink solution
was allowed to stand at room temper-
ature until pale pink crystals formed,
which were filtered off, washed with
MeCN/H2O, and dried in air. Yield:
70%; FTIR (Nujol mull): nÄ � 3364
(br s), 3229 (s), 3147 (s), 1651 (m),
1605 (s), 1556 (s), 1385 (s), 1344 (s),
1276 (s), 1219 (m), 1182 (m), 1150 (m),
1030 (s), 998 (s), 914 (m), 859 (m), 802
(s), 770 (m), 739 (m) 643 (m) cmÿ1;
UV/Vis (diffuse reflectance spec-
trum): lmax� 260, 332, 509, 655 nm;
elemental analysis calcd (%) for
Ni3C78H146N24O28 (2044.23): C 45.83,
H 7.20, N 16.44; found: C 45.71, H 6.89,
N 16.42.


X-ray diffraction measurements : Sin-
gle crystals were mounted on an
Enraf ± Nonius CAD4 diffractometer.
The unit cell parameters were deter-
mined from 25-machine-centered re-
flections with 20< 2q< 278 for 1, 22<


2q< 268 for 2, and 22< 2q< 258 for 3. Intensities were collected with
graphite-monochromated MoKa radiation, using the w ± 2q scan. Three
standard reflections were measured every 2 h as orientation and intensity
control and no significant intensity decay was observed. Data were
corrected for Lorentz and polarization effects. Absorption correction was
not made. For 1, among 2523 reflections measured in the range 4.36< 2q<


49.948, 1897 were assumed to be observed (F> 4s(F)). For 2, among
3756 reflections measured in the range 3.70< 2q< 49.928, 3432 were
assumed to be observed (F> 4s(F)). For 3, among 7471 reflections
measured in the range 3.46< 2q< 50.448, 4300 were assumed to be
observed (F> 4s(F)). The crystal structures were solved by direct
methods[31] for 1 and 3 and by Patterson methods[31] for 2, and refined by
full-matrix least-squares refinement using the SHELXL-97 computer
program.[32] All non-hydrogen atoms in 1, 2, and 3 were refined anisotropi-
cally, except N4B, C6B, C7B, C8B, C9B, and C10B in 3 which have large
thermal disorder. For 1 and 3, the positions of all hydrogen atoms were
allowed to ride on their bonded atoms with the isotropic displacement
factors fixed with values 1.2 times those of the bonded atoms. The aqua
hydrogen atoms in 1 were located from the difference Fourier maps and
refined with isotropic displacement factors. For 2, acid protons were
located from the difference Fourier maps and refined isotropically and the
remaining hydrogen atoms were positioned geometrically and refined by
using a riding model. The crystallographic data of 1 ± 3 are summarized in
Table 6. Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC-
141617 (1), CCDC-141618 (2), and CCDC-141619 (3). Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223 336 ± 033; e-mail : deposit@
ccdc.cam.ac.uk).


Binding of 2 and 3 with copper(iiii) complexes: The formation constant Kf for
the complexes formed between a binding site (BS) of the insoluble hosts
and a guest molecule (G) can be defined as kad/kde [Eq. (1)] by analogy with
the Langmuir isotherm for adsorption of gas molecules on solid surfa-
ces.[21, 30] Plots of the concentration of G bound to BS ([BS ´ G]) against [G]
were made and the Kf value and [BS]o values were estimated by the analysis
of the data according to Equation (2). In the experiment, total concen-


Table 6. Crystallographic data for the compounds 1 ± 3.


Compound 1 2 3


chemical formula NiC20H36N8Cl2O10 NiC38H62N8O16 Ni3C78H146N24O28


formula weight 678.15 945.66 2044.23
crystal system monoclinic triclinic triclinic
space group P21/c P1Å P1Å


a [�] 9.489(1) 9.521(1) 12.570(2)
b [�] 8.757(1) 11.224(2) 14.714(3)
c [�] 17.527(2) 11.345(2) 15.015(3)
a [8] 79.52(1) 108.33(2)
b [8] 99.96(1) 77.83(1) 108.42(2)
g [8] 68.61(1) 91.66(1)
V [�3] 1434.4(2) 1096.1(3) 2475.7(8)
Z 2 1 1
1calcd [g cmÿ3] 1.570 1.433 1.371
l [�] 0.71069 0.71069 0.71069
m [mmÿ1] 0.929 0.522 0.649
temperature [K] 293 293 293
GOF 1.028 1.077 0.896
F(000) 708 502 1090
no. of data collected 2750 4051 7877
no. of unique data 2523 3756 7471
no. of obsd data 1897 3432 4300
[F> 4s(F)]
no. of variables 195 294 574
R1


[a] (4s data) 0.0523 0.0556 0.0774
wR2


[b] (4s data) 0.1503 0.1453 0.1823


[a] R1�Sj jFoj ÿ jFcj j/S jFoj. [b] wR2(F 2)� [Sw(F 2
o ÿF 2


c �2/Sw(F 2
o �2]1/2. w� 1/[s2(F 2


o �� (0.1156P)2], where P�
(F 2


o�2F 2
c �/3 for 1. w� 1/[s2(F 2


o�� (0.1216 P)2� 0.1073 P], where P� (F 2
o�2F 2


c �/3 for 2. w� 1/[s2(F 2
o��


(0.1463P)2], where P� (F 2
o�2 F 2


c �/3 for 3.
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tration of guest ([G]o) was varied to keep the q values ranging between 20
and 80 %.


BS�G�kad


kde


BS ´ G


Kf�
kad


kde


��BS �G�
�BS��G� (1)


If q is defined as fractional coverage,


q� �BS �G�
�BS�o


� �G�
��G� � 1=Kf�


then
�BS �G�


w
� ��BS�o=w��G�
��G� � 1=Kf�


(2)


where w is amount of host solid per unit volume of the solution (mg mLÿ1).


Freshly prepared pink crystals of 2 and 3 were ground in a mortar until they
became microcrystalline powder. The solid sample (50 ± 100 mg) whose
weight was accurately measured was immersed in the MeCN solutions
(5 mL) of [Cu(en)2](ClO4)2 and [Cu(NH3)4](ClO4)2, respectively, for 24 h at
25 8C. The initial concentrations of the copper(ii) complexes were varied as
5.61� 10ÿ3 ± 2.82� 10ÿ2m for 2 and 6.48� 10ÿ4 ± 3.46� 10ÿ2m for 3 to keep
the q value 0.2 ± 0.8. The absorption changes of the complexes were
measured spectrophotometrically, and the data were fitted to Equation (2).
The time attaining the equilibrium for the host ± guest complex formation
was estimated by monitoring the change of the guest concentration
spectrophotometrically. A typical time dependency of a guest binding is
shown in Figure S12 in the Supporting Information. According to this, we
assumed that the equilibrium could be reached in 24 h.


Binding of 2 and 3 with organic guests : Pale pink crystals of 2 and 3 were
ground in a mortar until they became a microcrystalline powder and then
they were dried at 80 8C under vacuum for 6 h. The solid (20 ± 50 mg) whose
weight was measured exactly was immersed in the toluene solutions (1.0 ±
2.5 mL) containing benzene, methanol, ethanol, and phenol, respectively,
for 7 h at 30 8C. The initial concentrations of methanol, ethanol, and phenol
were varied as 1.44� 10ÿ1 ± 2.09m, (0.98 ± 5.0)� 10ÿ1m, and 3.00� 10ÿ2 ±
1.23m, respectively, to keep the q values ranging 20 ± 80 %. The concen-
tration changes of the organic guests were measured by GC using dodecane
as the internal standard. The data were fitted to Equation (2). A typical
time dependency of a guest binding is represented in Figure S13 in the
Supporting Information. According to the data, we assumed that the
equilibrium could be attained within 7 h.
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Mild and Efficient Flavin-Catalyzed H2O2 Oxidations


Alexander B. E. Minidis and Jan-E. Bäckvall*[a]


Abstract: Based on a previously discovered method for amine oxidations using
flavins as catalysts and hydrogen peroxide as oxidant, a comparative kinetic study
using NMR spectroscopy was undertaken with a series of flavins for amine and
thioether oxidations. Included in this series is the newly prepared 7,8-difluoro-1,3-
dimethyl-5-ethyl-5,10-dihydroalloxazine. This study shows that flavins, which bear
electron-donating groups on the aromatic ring and/or the N-10 position, are less
active and are deactivated during the course of the reaction. Moreover, flavins that
are alkylated at the N-1 position instead of the N-10 position and having either no
substituents or electron-withdrawing groups on the aromatic ring, remain the most
active and stable.


Keywords: flavins ´ homogeneous
catalysis ´ hydrogen peroxide ´ ox-
idation


Introduction


The oxidation of organic substrates as for example amines and
thioethers with stoichiometric flavin hydroperoxides has been
known for more than two decades.[1] A more economical and
environmentally friendly system with only catalytic amounts
of flavin has so far been limited to a few publications involving
the oxidation of secondary amines to nitrones,[2] sulfoxida-
tions, [2, 3] and Baeyer ± Villiger oxidation of selected sub-
strates.[4] Only recently we discovered that flavin 1 could be
used as catalyst in a mild and efficient oxidation of tertiary
amines with hydrogen peroxide as terminal oxidant,[5] which
also leads to a synthetically more viable reaction.


Because of the difference in catalytic activity of earlier
employed flavins 2 ± 5 compared with 1,[1±5] we wanted to
investigate if there was a correlation between the catalytic
activity of these flavins and the substitution pattern and/or the
electronic properties due to the substituents. Thus, a series of
flavins (1 ± 6) was prepared and employed in the oxidation of
tertiary amines and thioethers. In addition to N oxidation,[5]


the sulfoxidation is of current interest, since most methods for
oxidation of thioethers to sulfoxides have several limita-
tions.[6, 7]
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Results and Discussion


Flavins 1 ± 5 and the novel difluoro compound 6 were
synthesized according to literature procedures,[4, 5a, 8, 9] and
used as catalysts as described for the oxidation of tertiary
amines.[5a] To observe conversion over a given time some
reactions were followed by NMR spectroscopy, which also
allows for initial rate determination based upon a pseudo-first
order mechanism.[2]


Sulfoxidation with 1 as catalyst : We first studied the oxidation
of a set of different thioethers to sulfoxides by H2O2 catalyzed
by flavin 1 (Table 1). The results demonstrate the effective-
ness and mildness of the new oxidation system. Only a small
amount of catalyst 1 was necessary (1.8 mol %) and a minor
excess of the final oxidant H2O2 (1.75 equiv) was used.[10]


Methanol was chosen as a solvent and no inert reaction
conditions such as dry solvents or an oxygen-free atmosphere
were necessary.[1±3]


[a] Prof. Dr. J.-E. Bäckvall, Dr. A. B. E. Minidis
Department of Organic Chemistry, Arrhenius Laboratory
Stockholm University, 106 91 Stockholm (Sweden)
Fax: (�46) 8-154908
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Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry or from the author. Kinetic
curves for the multiple addition experiments and a mass spectrum for 6
are available (four pages).
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As expected, aliphatic sulfides and electron-rich aryl alkyl
sulfides are oxidized faster than electron-poor aryl alkyl
sulfides (Table 1).[6, 7] It is noteworthy that no overoxidation
was observed in any of the cases studied. Esters (e.g. 21), acids
(e.g. 19), and alkenes (e.g. 21) are also compatible with this
oxidation system.[11] Other mild sulfoxidation methods such as
catalytic MTO (methyltrioxorhenium) with H2O2 oxidize
both the carbonÿcarbon double bond, as well as the sulfur


of the thioether unit.[7e, 12] The aniline thioether 11
demonstrates, that deactivated amines are also compat-
ible with this oxidation system. Only a quinone
thioether could not be oxidized.[13] For dithiane 17
many procedures exist for its selective mono- and
dioxidation, however, all of them have drawbacks such
as the requirement of low temperature or strong
oxidants.[14] The flavin/H2O2 system yields only the
mono-oxide, even if two equivalents of hydrogen
peroxide are employed.


Comparing the results in Table 1 with the previously
reported results for N-oxidation,[5a] the rate enhance-
ments are in general equally high for the S- and N-
oxidation. Considering that the background reaction for
dialkyl sulfides is fast, the rate enhancement achieved
for such substrates is especially noteworthy. On the
other hand, even though the background reaction for
substrates such as diphenyl sulfide is very slow (11 %
conversion in four days), the catalyzed reaction (11 %
conversion in 160 min) results in a rate enhancement of
approximately the same range as most other substrates
(41:1 and 4280:1, respectively).


In addition, the reaction is not limited to the
arbitrarily chosen amounts of catalyst and hydrogen
peroxide. These amounts can be lowered to render an
equally effective, albeit slower, system, which never-
theless gives full conversion (Table 1, entry 1 vs 2 and
entry 6 vs 7).


As mentioned earlier, the solvent of choice was
methanol. However, other polar solvents such as
acetonitrile, acetone, tert-butanol, and DMSO work
almost equally well, although with lower rates (Table 2).
Methylene chloride works fine with urea hydrogen
peroxide, whereas with aqueous H2O2 the reaction stops
after about 25 % conversion due to phase separation
and extraction of the flavin intermediate into the
aqueous phase. Sodium peroxide as terminal oxidant
gave almost no conversion.


Catalytic amine- and sulfide-oxidations have been
described in the literature only for N,N-3,10-dimethy-
lated flavin derivatives such as 4 and 5.[1±3] Catalysts
based on such a substitution pattern result only in low
rate enhancements, whereas the N,N-1,3-dimethylated
flavin 1 is a highly active catalyst as shown above for
sulfoxidations and previously for amine oxidations.[5a]


These findings led us to investigate the possible reasons
for this difference in activity.


Relative rates of different flavins in catalytic N- and S-
oxidation : To gain further insight into the influence of
the substitution pattern of flavins on their catalytic


activity, flavins 1 ± 6 were prepared and compared in the H2O2


oxidation of tertiary amines (Figure 1) and sulfides (Figure 2).
The new 7,8-difluoro derivative 6 was synthesized according to
Scheme 1. Attempts to synthesize the 7,8-dichloro derivative
of 1 failed under the reductive alkylation conditions em-
ployed for preparing such reduced flavin structures.[5a] Flavins
bearing other electron-withdrawing substituents such as a
nitrile would most likely fail under these conditions as well.[15]


Table 1. Flavin-catalyzed sulfide oxidation.[a]


R1 S
R2 R1 S


R2


O
cat. 1
H2O2


CH3OH or CD3OD


Substrate Product mol % Time Conv./%[b] Rate
flavin [min] (yield/%)[c] enhance-


ment[d]


1
S
O


S


7 8


1.83 60 100
(quant)


74:1
(7100:1)[e]


2 7 8 0.50 360[f] 99[g] n.d.
(98)


3
Br


S


Br


S
O


9 10


1.63 160 95.8 45:1
(4730:1)[e]


4
H2N


S


H2N


S
O


11 12


1.33 23 99.9 12:1
(1440:1)[e]


5
MeO


S


MeO


S
O


13 14


1.60 45 99.5 36:1
(3620:1)[e]


6 S S O
2 2


15 16


1.60 15 99
(quant)


12.5:1
(735:1)[e]


7 15 16 0.10 175 98.5 2:1
(2040:1)[e]


8 S S S S
O


17 18


1.70 20 99[h] n.d.


9 HO


O
S


HO


O
S
O


5 5
19 20


1.28 15 100
(quant)


n.d.


10 O


O
S


O


O
S
O


21 22


1.08 30 99.0 n.d.


[a] Substrate (0.223 mmol) was dissolved in methanol (600 mL, [D4]MeOH for NMR
measurement). Catalyst 1 (3 ± 4 mmol) and H2O2 (40 mL, 30 % aq. solution,
0.392 mmol) were added at 25 8C (no inert conditions). For the NMR experiments
the tube was shaken well until a homogenous solution was obtained. [b] Determined
by 1H NMR spectra. [c] Isolated yield. [d] Describes the rate enhancement of
catalyzed versus noncatalyzed reaction (see Experimental Section for details). In
parenthesis the estimated ratio of reactivities of the catalytic flavin hydroperoxide
and H2O2 is given (see [e]). [e] Estimated ratio of reactivities of the catalytic flavin
hydroperoxide and H2O2, which is corrected for the amount of catalyst and amount
of H2O2 to obtain an appropriate comparison of the two peroxides ({rate
enhancement/amount catalyst)} ´ equiv. H2O2).[5] [f] Only 1.0 equiv H2O2 (30 % in
water) was used. [g] TON� 198. [h] With 2 equiv H2O2 no formation of 1,3-dioxide
was detectable after 1 h.
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A general trend (Figures 1
and 2) is that N,N,N-1,3,5-tri-
substituted flavins (1, 2, and 6)
show significantly higher activ-
ity than the corresponding
N,N,N-3,5,10-trisubstituted an-
alogues (3, 4, and 5). As can
also be seen from the Figures,
flavin 1 is an efficient catalyst
with high initial rates resulting
in full substrate conversions.
Catalyst 6 gave full conversion
within about 1 h, although the
initial rate was slightly lower
than that of 1. Flavin 2 showed
the same high initial rate as
catalyst 1 in the N-oxidation,
but the activity is lost during the
course of the reaction. A sim-
ilar deactivation of 2 was also
observed in the S-oxidation. A
likely explanation for the deac-
tivation of 2 is that the electron-
donating groups on the aromat-
ic ring (7,8-dimethyl) make it
electron rich enough to become
sensitive towards oxidative deg-
radation. Nevertheless, flavin 2
results in a much higher sub-
strate conversion than catalysts
3 ± 5. Compounds 3 ± 5 differ
from 1 in that they have elec-
tron-donating substituents on
the nitrogen in position 10
(i.e., they are N,N,N-3,5,10-tri-
substituted) and when em-
ployed as catalysts they result
in only a slightly enhanced
activity over the noncatalyzed
reaction. The very low activity
of 5 actually seems to be the


result of a disadvantageous substituent combination: elec-
tron-donating groups on the aromatic ring and trialkylation at
nitrogens in positions 3, 5, and 10. Flavin 4, which differs from
5 only in that the 7,8-dimethyl groups have been removed, was
a better catalyst than 5.


The mechanism of the flavin-catalyzed N- and S-oxidations
is given in Scheme 2. Initial preactivation by molecular
oxygen produces the flavin hydroperoxide I.[16] Transfer of
the electrophilic oxygen to the substrate via II gives the 4a-
hydroxy intermediate III. Elimination of the hydroxide ion
from III gives IV, which can react with hydrogen peroxide to
regenerate flavin hydroperoxide I. Taking into consideration
the reaction mechanism in Scheme 2 and the fact that the
oxygen transfer (I! II! III) to the substrate is most likely
the rate-limiting step,[5a] electron-donating groups on the
aromatic ring seem to stabilize the peroxo intermediate I, thus
making it less reactive.[17] Consequently, a flavin with two


Table 2. Solvents and oxidants in oxidation of 7.


Oxidant Solvent mol %
flavin 1


Time
[min]


Conv. [%][a]


30% H2O2 CD3OD ± 60 7.5
30% H2O2 CD3OD 1.6 55 100
30% H2O2 CD3CN 1.7 60 76
30% H2O2 [D6]acetone 1.7 60 23
30% H2O2 tBuOH 1.5 60 60
30% H2O2 [D6]DMSO 2.9 60 14
30% H2O2 CD2Cl2 1.7 20[b] 26
H2O2 ´ urea CD2Cl2 1.7 60 100
H2O2 ´ urea MeOH 1.8 60 91
H2O2 ´ urea MeOH/H2O (20:1) 1.7 60 100
H2O2 ´ urea abs. MeOH[c] 1.6 60 100
Na2CO3 ´ 1.5 H2O2 MeOH 1.8 60 13


[a] Conversion to sulfoxide 8. [b] Reaction stopped after ca. 25 %
conversion due to phase separation and extraction of the flavin inter-
mediate into the aqueous phase. [c] Methanol was dried over activated
molecular sieves with a stream of argon passing through the solvent for 1 h.


Figure 1. Comparison of flavins in the N-oxidation of N,N-dimethyl benzylamine.


Figure 2. Comparison of flavins in the S-oxidation of 7.
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Scheme 2. Proposed catalytic cycle.


electron-withdrawing substituents in the 7- and 8-positions
and methylated nitrogens in positions 1 and 3 is expected to
result in increased reaction rates. When the 7,8-difluoro flavin
6 was employed as catalyst, this flavin did indeed show
different properties compared with all other catalysts. There is
a significant induction period, presumably due to the fact that
the flavin precursor is less reactive towards activation by
molecular oxygen.[18] After this initial phase though, the
reaction proceeds quite rapidly.


If more substrate and oxidant are added at the end of the
reaction, the subsequent reaction rates are as fast as in the first
run in both the N- (Figure 1) and S oxidation (Figure 2). This
was demonstrated for catalyst 6 in the S-oxidation of
4-methylphenyl methylsulfide (7) and N oxidation of N,N-
dimethylbenzylamine and for catalyst 1 in S-oxidation of
4-methylphenyl methylsulfide (7) (see Supporting Informa-
tion). The fact that 6 is obviously as stable as 1 in contrast to
all other flavin catalysts supports the hypothesis of electron-
donating groups having a negative effect on the catalytic
properties. The reason why it does not show an overall higher
reaction rate could be due to a change in the rate-limiting step.
With 6, the reoxidation of III! I, that is, IV! I, (Scheme 2)
should be slower compared with that of 1. If I turns into a
more powerful oxidant (higher oxidation potential) because
of the electron-withdrawing groups, it should be more difficult
to reoxidize the corresponding reduced form IV back to I.
Thus, the reoxidation may become the rate-determining step
and there would not be full equilibrium between IV and I.
Even if the reoxidation does not become the rate-limiting step
the increased oxidation potential may shift the equilibrium


between I and III so that the con-
centration of I becomes very low.[19]


Consequently, even though step I!
II may have become faster for 6, a
lower concentration of I will result
in an overall reaction rate which is
less than one would expect by just
considering the oxidation potential
of I.


The flavin hydroperoxide derived from O2 and 5, analogous
to I, has been previously studied by Bruice[1c±e] and shown to
be between 5� 103 and 104 times as active as hydrogen
peroxide in stoichiometric N oxidations. This rate enhance-
ment is of the same order of magnitude as that estimated for
the hydroperoxide of 1.[5a] An interesting question therefore is
why 5 does not work well in the catalytic reaction. To explain
this one would have to assume that the reduced form III b
(analogous to III) is not efficiently recycled to flavin hydro-
peroxide because of degradation and/or slow kinetics. It is
likely that the slow step in this recycling is the dissociation of
the hydroxy group to give the charged species IVb. This is
supported by results by Murahashi,[2] who found that the rate-
limiting step in S- and N oxidation with 7,8-dimethyl-N,N-
3,10-dimethyl-flavin corresponding to 5[20] is the elimination
of the hydroxy ion from the 4a-hydroxy intermediate III b to
give a cationic isoalloxazine (IVb). In fact, for the oxidation
of a secondary amine the rate constant for step III b! IV b
was 3600 times smaller than the rate constant for the O
transfer from flavin hydroperoxide to nitrogen.[20] For the
N,N-1,3-dimethylated flavins (1, 2, and 6) the step III! IV
(Scheme 2) should be faster due to formation of a fused
aromatic system (alloxazine).[21] Thus, the higher catalytic
activity of 1, 2, and 6 would be due to a more efficient
recycling of III to I (Scheme 2).


N


N


N


N O


Me
O


O
H


IIIb


Me


Me


Me


N


N


N


N O


Me
O


IVb


Me


Me


Me


HO


Conclusion


In summary, we have extended the use of our simple flavin/
hydrogen peroxide system to the oxidation of thioethers to
sulfoxides, which are accessible in short reaction times in
quantitative yields. The comparative kinetic study of different
flavin catalysts has shown that those based on the nitrogen
substitution of the natural riboflavin with substituents on N-3
and N-10 are less active catalysts than their corresponding
N,N-1,3-dialkylated counterparts. Furthermore, it was shown
that flavins, which are alkylated at positions N-1 and N-3,
having either no substituents such as 1 or electron-with-
drawing groups such as 6 on the aromatic ring, result in highly
efficient catalysts. The higher activity of N,N,N-1,3,5-trisub-
stituted flavins (alloxazine system, 1, 2, and 6) over their
N,N,N-3,5,10-trisubstituted counterparts (isoalloxazine sys-
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Scheme 1. Synthesis of 6. a) H3BO3, HOAc; b) K2CO3, MeI, DMF, 50 8C; c) H2, Pd/C, CH3CHO, HCl,
EtOH/H2O.
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tem, 3 ± 5) is thought to be due to the higher rate of
dissociation of the hydroxy group from the 4a-hydroxy
intermediate of the former flavins to give an alloxazine
(III). Flavins 1 and 6 are each accessible in only three steps
with their precursors being much easier to handle than those
bearing substituents at the N-10 instead of the N-1 position.[22]


These two flavins are therefore the preferred choice of
catalyst for the described mild and efficient N- and S
oxidation. Finally, these results are also important in view of
developing more efficient chiral flavin catalysts,[3] where a
suppression of the relatively fast background reaction is
essential.


Experimental Section


General : 1H, 13C, and 19F NMR spectra were recorded on a Varian
300 MHz and 400 MHz Gemini instruments. Chemical shifts are reported
in ppm using residual solvent as internal standard.[23] IR spectra were
measured on a Perkin ± Elmer Spectrum One FTIR. MS spectra were
measured on a Thermo QuestGCQ plus via direct inlet. Elemental
analyses were performed by Analytische Laboratorien, Lindlar (Germa-
ny). Reagents were purchased from Lancaster or Aldrich, except 1,2-
diamino-4,5-difluorobenzene (Apollo). Deuterated solvents were pur-
chased from Cambridge Isotope Laboratories, except [D6]acetone (Sigma)
and CD3CN (Dr. Blaser AG, Basel). 6-(Methylthio)hexanoic acid (19) was
prepared according to Vederas and Liu.[24] Flavins 2 ± 5 have all been
previously described and were synthesized accordingly.[4, 8, 9] Flavin 1 was
prepared according to Bergstad and Bäckvall.[5a] For the final work-up of
1 ± 5, the method described below for compound 6 was used.


7,8-Difluoroalloxazine (23): The procedure described by Bergstad and
Bäckvall was followed[5a] using diamino-difluorobenzene (500 mg,
3.47 mmol) which gave a pale yellow powder (868 mg, 86 %). M.p.
>280 8C;[25] 1H NMR ([D6]DMSO, 300 MHz): d� 11.99 (br, 1H; NH),
11.77 (br, 1H; NH), 8.27 (dd, J� 8.4, 10.8 Hz, 1 H; arom H), 7.97 (dd, J�
8.0, 11.6 Hz, 1 H; arom H); 13C NMR ([D6]DMSO, 75.4 MHz): d� 188.7,
160.6, 150.5, 147.8, 139.0 (dd, J� 444.8, 12.2 Hz), 134.7 (dd, J� 434.0,
12.0 Hz), 116.6 (d, J� 16.8 Hz), 113.7 (d, J� 18.3 Hz); 19F NMR
([D6]DMSO, 376.3 MHz): d�ÿ126.8 (ddd, J� 20, 11, 9 Hz, 1F), ÿ133.9
(ddd, J� 20, 11, 9 Hz, 1 F); MS (EI): m/z (%): 251 (15), 250 (100) [M]� ; IR
(KBr): nÄ � 3564 (m), 3478 (m), 3073 (s), 2932 (m), 2840 (s), 1747 (vs),
1724 (vs), 1685 (vs), 1635 (m), 1589 (s), 1578 (s), 1513 (vs), 1497 (s),
1446 (m), 1404 (m), 1354 (s), 1287 (s), 1245 (s), 1228 (s), 1159 (m),
1041 (w), 892 (s), 865 (m), 844 (m), 811 (m), 802 (m), 748 (m), 690 (w),
658 (m), 638 (w), 592 (m), 528 (s), 497 (s), 455 cmÿ1 (m); elemental analysis
calcd (%) for C10H4F2N4O2 (250.2): C 48.01, H 1.61; found C 47.01,
H 1.71.


7,8-Difluoro-1,3-dimethylalloxazine (24): The procedure described by
Bergstad and Bäckvall was followed,[5a] using 7,8-difluoroalloxazine
(717 mg, 2.86 mmol) and yielded a yellow solid (785 mg, 98.5 %). M.p.
197 8C; 1H NMR (CDCl3, 300 MHz): d� 8.08 (dd, J� 8.0, 9.6 Hz, 1H;
arom H), 7.77 (dd, J� 7.6, 10.4 Hz, 1 H; arom H), 3.80 (s, 3 H; N-CH3), 3.60
(s, 3 H; N-CH3); 13C NMR (CDCl3, 75.4 MHz): d� 159.1, 155.0 (dd, J�
263.2, 16.1 Hz), 151.7 (dd, J� 257.2, 16.0 Hz), 150.2, 145.4, 141.1 (d, J�
12.1 Hz), 136.8 (d, J� 10.7 Hz), 129.5, 115.9 (dd, J� 17.5, 2.3 Hz), 113.3 (d,
J� 18.3 Hz), 29.7, 29.3; 19F NMR (CDCl3, 376.3 MHz): d�ÿ122.6 (ddd,
J� 18.3, 10.7, 7.6 Hz, 1F), ÿ129.6 (ddd, J� 18.3, 10.7, 7.6 Hz, 1F); MS (EI):
m/z (%): 280 (7), 279 (39), 278 (76) [M]� , 167 (100); IR (KBr): nÄ �
3550 (m), 3476 (m), 3413 (s), 3044 (m), 2962 (w), 2924 (w), 1727 (s),
1680 (vs), 1637 (m), 1564 (s), 1513 (m), 1487 (s), 1432 (m), 1414 (s), 1379 (s),
1360 (m), 1299 (s), 1248 (s), 1198 (m), 1174 (m), 1101 (w), 1066 (w), 982 (w),
913 (m), 858 (m), 832 (w), 810 (w), 764 (vw), 745 (w), 731 (w), 645 (w),
615 (m), 568 (w), 489 (w), 478 (m), 459 cmÿ1 (m); elemental analysis calcd
(%) for C12H8F2N4O2 (278.2): C 51.81, H 2.90; found C 52.05, H 3.01.


7,8-Difluoro-1,3-dimethyl-5-ethyl-5,10-dihydroalloxazine (6): A modified
procedure from Bergstad and Bäckvall was followed,[5a] where a large


excess of solid sodium dithionite instead of a dithionite solution was used
during the work-up. Notably the product is highly air sensitive in solution
and a rapid work-up is necessary. This demands that all necessary
equipment must be assembled and accessible in advance. Reaction with
7,8-difluoro-1,3-dimethylalloxazine (600 mg, 2.15 mmol) yielded a yellow-
green solid (65 mg, 10%). Due to its oxygen sensitivity, the NMR sample of
6 was prepared under argon in degassed CDCl3 having a layer of aqueous
(D2O) Na2S2O4 on top; a MS spectra could also be obtained[26] using this
solution directly after preparation. 1H NMR (CDCl3, 300 MHz): d� 6.71
(dd, J� 7.5, 11.4 Hz, 1H; arom H), 6.38 (dd, J� 7.2, 10.2 Hz, 1 H; arom H),
5.42 (br, 1 H; NH), 3.45 (s, 3 H; N-CH3), �3.44 (overlap; q, J� 7.2 Hz, 2H;
CH2), 1.16 (t, J� 6.9 Hz, 3H; CH3); 19F NMR (CDCl3, 282.2 MHz): d�
ÿ142.2 (m, 1 F), ÿ143.7 (m, 1F); MS (EI): m/z (%): 309 (19), 308 (77)
[M]� , 307 (91), 279 (100).


General procedure for the kinetic study : The conversion rates of the
reactions performed in the presence or absence of flavin catalyst were
determined by integration of the corresponding 1H NMR signals for the
sulfide and product sulfoxide. For most compounds the RÿSMe signals
were integrated; however, in a few cases CHSMe or CH2SMe signals were
integrated due to better separation from other peaks. The rate enhance-
ment was calculated by division of the rate at low conversion (�10 %), for
the catalyzed reactions usually after one minute reaction time.


A) With flavin catalyst


4-Methylphenyl methyl sulfoxide : Flavin 1 (1.06 mg, 3.89 mmol) was added
to a solution of 4-methylphenyl methylsulfide (30 mL, 0.223 mmol) in
[D4]MeOH (600 mL) in an NMR tube. The tube was shaken well, followed
by the addition of H2O2 (40 mL, 30% aq. solution, 0.392 mmol) to the
solution and the time measurement was started. If shaken well again, all of
1 dissolved immediately to give a yellow solution. The reaction was
followed by 1H NMR spectroscopy (usually at 1 ± 2 min intervals for the
first 10 min, then 5 min intervals for another 20 min and 10 min intervals
until completion).[27] The NMR data for 8 was in accordance to the
literature.[28]


Oxidation of other thioethers : The reactions were followed by 1H NMR
spectra for 20 ± 60 min (1 ± 2 min intervals for the first 5 ± 10 min, thereafter
5 min intervals).[29] The NMR data of the products were in accordance to
literature: 1-methanesulfinyl-4-methoxy-benzene (14),[28] 1-bromo-4-meth-
anesulfinyl-benzene (10),[30] 4-methanesulfinyl-aniline (12),[31] 1,3-dithiane-
1-oxide (18),[32] dibutylsulfoxide (16),[28] diphenylsulfoxide,[28] 6-(methyl-
sulfinyl)hexanoic acid (20).[24]


B) Without flavin catalyst


4-Methylphenyl methyl sulfoxide : H2O2 (40 mL, 30% aq. solution,
0.392 mmol) was added to a solution of 7 (30 mL, 0.223 mmol) in
[D4]MeOH (600 mL) in an NMR tube. The reaction was monitored
immediately by 1H NMR for 24 h (77 % conversion). The NMR data of
product 8 was in accordance to literature data.[28]


Oxidation of other thioethers : The reactions were followed for 60 ± 180 min
for comparison and initial rate determination in connection with the
catalyzed reactions. For diphenylsulfide the reaction was followed for 5 d
(14 % conversion).


General procedure for preparation of sulfoxides (4-methylphenyl methyl
sulfoxide): Flavin 1 (1.06 mg, 3.89 mmol) was added to a solution of
4-methylphenyl methylsulfide (30 mL, 0.223 mmol) in MeOH (600 mL),
followed by the addition of H2O2 (40 mL, 30 % aq. solution, 0.392 mmol)
and stirred for one hour. Alternatively the reaction mixture from the NMR
experiments can be used and submitted to work-up as follows: A small
amount of dithionite (ca. 10 mg) was added and the mixture diluted with
diethyl ether (20 mL). Washing with water and drying over sodium sulfate
gave a white solid (31.5 mg, >99%). The NMR data of product 8 was in
accordance to the literature.[25]
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Abstract: Intramolecular electron-
transfer phenomena in the radical
anions derived from the partial reduc-
tion of diradicals (E,E)-p-divinylben-
zene-b,b'-ylene bis(4-tetradecachlorotri-
phenylmethyl) diradical (1) and (E,E)-
m-divinylbenzene-b,b'-ylene bis(4-tetra-
decachlorotriphenylmethyl) diradical
(2) have been studied by optical and
ESR spectroscopy. The synthetic meth-
odology used allows for complete con-


trol of the geometry of diradicals 1 and
2, which have para and meta topologies,
respectively, as well as of their E/Z
isomerism. This fact is used to show
the influence of the different topologies
on the ease of electron transfer, which is


larger for the para than for the meta
isomer, in which a small or negligible
electronic coupling is observed. A re-
lated monoradical compound (E)-bis-
(pentachlorophenyl)[4-(4-bromophenyl-
b-styryl)-2,3,5,6-tetrachlorophenyl]-
methyl radical (3), which has only one
such redox site, has also been obtained
and studied for comparison purposes.


Keywords: electron transfer ´
mixed-valent compounds ´ organic
radicals ´ radical ions


Introduction


In the last few years, considerable interest has been shown in
the study of long-range intramolecular electron-transfer
(IET) phenomena in systems formed by donor and acceptor
units covalently attached by a rigid organic bridge.[1] The
interest arises from the potential use of such systems as
molecular wires on integrated molecular-sized devices[2] and,
from a theoretical point of view, in studying the roles of the
various parameters that govern the intramolecular electron-
transfer rate. These studies could give new insights into
natural processes such as photosynthesis and allow the rules
for the prediction and control of electron propagation in
molecular wires to be worked out.[3] Mixed-valence com-
pounds with at least two redox sites that have different
oxidation states and are linked by a bridge that mediates the
transfer of electrons from one site to the other are excellent


candidates for such studies, since intramolecular electron-
transfer phenomena can be monitored easily by the study of
intervalence transitions. Indeed, the electronic interaction
between the two redox sites is characterized by the electronic
coupling parameter (Vab), which has the dimension of energy,
and can be obtained from the position, intensity, and width of
the intervalence transition band, which generally occurs in the
near infrared.[4]


Most of the mixed-valence complexes that have been
shown to exhibit intervalence transitions are homo- and
heterodinuclear metallic complexes in which two metal atoms
with different oxidation states are connected through an
organic bridging ligand. In contrast, purely organic mixed-
valence compounds have so far received only limited atten-
tion, probably owing to their high instability.[5] These com-
pounds are characterized by a high delocalization of the
electron involved in the intervalence transition along the
molecular skeleton, although the role of such a delocalization
is still not completely understood. A prime objective of our
research has been the synthesis and characterization of purely
organic analogues of mixed-valence complexes by using
polychlorinated triphenylmethyl radical units. Such radicals
are particularly interesting, not only because they have a large
persistency, displaying high thermal and chemical stabilities,
but also because they are electroactive species that give rise,
either chemically or electrochemically, to the corresponding
anions and cations which are also quite stable species.[6] As a
consequence, we thought it would be interesting to obtain and
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study symmetrical molecules that consist of two of these
radicals linked by different types of bridges. These diradicals
could be converted by a partial reduction (or oxidation) to the
corresponding radical anion (or radical cation), and the
resulting mixed-valence species would therefore display
interesting long-range electron-transfer phenomena. Such
phenomena were observed, prior to this work, in a purely
organic compound composed of three such triphenylmethyl
units covalently connected to an organic bridge.[7]


In order to maximize the electron-transfer rates in mixed-
valence compounds, the choice of the bridge is crucial. Both
its electronic structure and the effective distance between the
redox centers are known to play a critical role in determining
the ease of electron transfer. For these reasons, we designed
two structurally well-defined diradicals that incorporate
phenylene/vinylene units as bridges. The objective was two-
fold. Firstly, such spacers give rise to structures in which the
extended p conjugation ensures the existence of a long-range
electronic coupling between the terminal radicals.[8] Indeed,
prior to this work, homo- and heteronuclear metallic com-
plexes with phenylene and/or vinylene units that promoted


through-bond, photo-induced energy or electron transfer over
considerable distances (i.e. , 20 �) have already been de-
scribed.[9] Secondly, phenylene and vinylene units allow the
construction of series of compounds in which the distance
between the active components, as well as the connectivity,
can be gradually varied. Moreover, the high degree of rigidity
of these spacers avoids any through-space electron transfer
during thermally induced encounters between both sides of
the molecule.[10]


This paper is devoted to the study, by optical and ESR
spectroscopy, of the intramolecular electron-transfer phe-
nomena in the radical anions derived from the partial
reduction of pure organic diradicals 1 and 2.


These diradicals, which exhibit a defined topology and
isomerism, consist of two polychlorinated triphenylmethyl
radicals linked by divinylphenylene bridges.[11] The divinyl-
phenylene bridge is expected to be very efficient in trans-
mitting the electronic interaction, as was previously shown in
binuclear ruthenium- and osmium-based bis-terpyridyl com-
plexes.[12] In addition, the synthetic methodology used allows
complete control of the E/Z isomerism of diradicals 1 and 2,
which have para and meta topologies, respectively. We will
show that the topology clearly influences the ease of electron
transfer. Indeed, small or negligible Vab coupling is expected
to appear when the triphenylmethyl radical units are con-
nected in the meta position, in contrast to when the two units
are in the para position. Finally, the related monoradical
compound 3, which has only one such redox site, has also been
obtained and studied for comparison purposes.


Results and Discussion


Synthesis : The synthetic route for preparing radicals 1 ± 3 is
based on two main steps. The first step is the synthesis of their


Abstract in Catalan: Es presenta l�estudi de fenoÁmens de
transfer�ncia electroÁnica mitjançant espectroscoÁpies oÁptiques i
de RPE en anions radicals procedents de la reduccioÂ parcial
dels biradicals (E,E)-p-divinilbenz�-b,b'-il� bis[4-tetradecaclo-
rotrifenilmetil] (1) i (E,E)-m-divinilbenz�-b,b'-il� bis[4-tetra-
decaclorotrifenilmetil] (2). La metodologia sint�tica emprada
permet tenir un control complet de la geometria dels biradicals
1 i 2, els quals presenten topologies para i meta, respectiva-
ment, com tambØ de la seva isomeria E/Z. Aquest fet s�utilitza
per mostrar l�influ�ncia de les diferents topologies en la
capacitat de transfer�ncia electroÁnica, la qual es major per
l�isoÁmer para que pel meta, pel qual s�observa un acoblament
electroÁnic molt feble o negligible. Per raons comparatives,
tambØ s�ha obtingut el compost monoradicalari (E)-bis(penta-
clorofenil)[4-(4-bromofenil-b-estiril)-2,3,5,6-tetraclorofenil]-
metil (3), el qual nomØs presenta un centre redox.


Abstract in French: Le transfert Ølectronique intramolØculaire
dans les radicaux anions obtenus par rØduction partielle des
biradicaux (E,E)-p-divinylbenz�ne-b-b'-ylØne bis[4-tetradØca-
chlorotriphØnylmØthyl] (1) et (E,E)-m-divinylbenz�ne-b-b'-
yl�ne bis[4-tetradØcachlorotriphØnylmØthyl] (2) a ØtØ ØtudiØ
par spectroscopies optique et RPE. La mØthodologie synthØ-
tique utilisØe permet un controÃle complet de la gØomØtrie des
biradicaux 1 et 2, qui prØsentent les topologies para et mØta
respectivement, ainsi que de leur isomØrie Z/E. Ceci est utilisØ
pour montrer l�influence des diffØrentes topologies sur la
facilitØ du transfert d�Ølectron, qui se rØv�le plus grande pour
l�isom�re para que pour le mØta, ce dernier ne prØsentant qu�un
couplage Ølectronique faible ou nØgligeable. Enfin un mono-
radical apparentØ, le (E)-bis(pentachlorophØnyl)[4-(4-bromo-
phØnyl-b-styryl)2,3,5,6-tØtrachlorophØnyl]mØthyl (3), qui ne
prØsente qu�un site redox de ce type, a aussi ØtØ obtenu et ØtudiØ
aux fins de comparaison.
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triphenylmethane precursors by a Wittig reaction, while the
second step is the generation of the corresponding mono- or
dicarbanion by an acid ± base reaction, followed by the
subsequent oxidation of such carbanions to the corresponding
mono- or diradical.


Treatment of the bromomethane derivative 4,[13] with
triphenylphosphine yielded the substituted phosphonium
bromide 5 (Scheme 1). This was coupled with p-bromoben-
zaldehyde by a Wittig reaction to give the corresponding


Scheme 1.


polychlorinated triphenylmethane (E)-6, which is the precur-
sor of radical (E)-3. This reaction is strongly stereoselective,
since it yields exclusively the E isomer.[14] Such stereoselec-
tivity is explained by considering that the ylide derived from
the phosphonium bromide 5 is stabilized by the presence of
the polychlorinated aromatic
ring. Indeed, it has been shown
experimentally that, with elec-
tron-withdrawing groups which
stabilize the betaine form, the
natural preference of ylides is
to give mainly the E isomer.[15]


The Z/E isomer distribution of
the Wittig products is also
strongly influenced by the na-
ture of the base used in the
preparation of the ylide;[16] in
this case potassium tert-butox-
ideÐthe base of choice for


maximizing the yields of E olefins.[17] Finally, the synthesis
of the monoradical (E)-3 was undertaken by treating the
triphenylmethane precursor (E)-6 with an excess of
nBu4N�OHÿ and subsequent oxidation of the resulting anion
with p-chloranil in a one-pot reaction. Remarkably, the
resulting radical species retained the E configuration of its
precursor in spite of the use of a strong base and an oxidizing
agent.


The E configuration of radical 3 and its precursor 6, was
experimentally confirmed by preparing mixtures of the Z and
E isomers of both compounds. With this aim, the Horner ±
Emmons coupling reaction of p-bromobenzaldehyde with
phosphonate 7 was carried out.[18] The substituted phospho-
nate 7 was obtained by treating the bromomethane derivative
4 with an excess of triethylphosphite (Scheme 2). The reaction
of 7 with p-bromobenzaldehyde in the presence of potassium
tert-butoxide then yielded a mixture of the (E)-6 and (Z)-6
isomers. Both isomers were isolated by chromatography and
unequivocally assigned by FTIR and 1H NMR spectroscopy.
The isolation of both isomers also allowed us to obtain the
radicals (E)-3 and (Z)-3 by treatment of the triphenylme-
thanes (E)-6 and (Z)-6, respectively, with an excess of
nBu4N�OHÿ and subsequent oxidation of the resulting anions
with p-chloranil. It must be emphasized that the chromato-
graphic retention indexes and the spectra of (E)-3 and (E)-6
were in excellent agreement with those obtained for the
compound resulting from the Wittig reaction and its corre-
sponding radical; this confirmed the stereoselectivity of the
last reaction.


Diradicals 1 and 2 were prepared by following a similar
procedure. As shown in Scheme 3, the phosphonium bromide
5 was coupled with p-phthaldehyde and m-phthaldehyde by a
bis-Wittig reaction to give the bistriphenylmethane deriva-
tives 8 and 9, respectively. It must be emphasized that the bis-
Wittig reaction is also strongly E,E selective, as spectroscopi-
cally ascertained.


Afterwards, the synthesis of the diradical species 1 and 2
was undertaken by treating the corresponding triphenylme-
thane precursors 8 and 9 with an excess of nBu4N�OHÿ and
subsequent oxidation of the resulting dianions with p-
chloranil in a one-pot reaction. Diradicals 1 and 2 were
isolated as dark brown (75 %) and green (68 %) solids,
respectively, and were characterized as the E,E isomers. As
described for the monoradical (E)-3, no isomerization of
double bonds was noticed for either diradical by spectroscopic


Scheme 2.
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Scheme 3.


techniques. Finally, it is worth noting that both diradicals are
highly persistent and thermally stable in the solid state and
also in diluted solutions, even when exposed to air. No
enhanced reactivities of the diradicals with respect to their
monoradical counterparts were observed.


Physicochemical characterization : Semiempirical AM1 cal-
culations were performed to explore the geometry and the
conformation of diradicals 1 and 2 around the vinylene
bridges and their possible influence in the IET (intramolec-
ular electron-transfer) processes.[19] The resulting minimized
geometries for the para and meta isomers are shown in
Figure 1. The AM1-optimized structure of diradical 1 has an
extended S-shaped profile, whereas that of diradical 2 has a
U-shaped profile. The origin of such different profiles is the
different topological para and meta substitution of the
divinylphenylene bridge; this results in a significantly larger
through-space distance between the two electron active
sites[20] in diradical 1 (18.7 ± 18.9 �) than in 2 (15.1 ± 16.9 �).


In the case of the para isomer, the degrees of twist of the
inner aromatic group of the triphenylmethyl units, with
respect to their adjacent vinylene moiety, are 458 and 528 ;
this deviates strongly from coplanarity. In addition, the two
vinylene moieties are bent and twisted out of the plane
defined by the central p-phenylene ring. Indeed, the dihedral
angles between the two vinylene moieties and the central
p-phenylene ring are 448 and 508. Similar deviations from
coplanarity were observed for the meta isomer. In this case,
the degrees of twist of the inner aromatic group of each
triphenylmethyl unit with respect the plane defined by the
vinylene moieties are 408 and 608, and the dihedral angles
between the two vinylene moieties and the central m-phenyl-
ene ring are 458 and 528. The fact that the phenylene, vinylene,


Figure 1. AM1 semiempirical optimized structure of diradical 1 (top) and
diradical 2 (bottom).


and triphenylmethyl units are severely twisted in relation to
each other confirmed the lack of effective conjugation in these
polyaromatic systems. The absence of effective conjugation
seems to be common to most of the oligomers so far described
in the literature, and especially to other vinylene-phenylene-
vinylene-bridged redox systems. For instance, the solid-state
structure of a bis-octamethylferrocenyl complex, bridged by
one of the aforementioned units, showed that the vinylene,
phenylene, and cyclopentadienyl subunits are twisted in
relation to each other with torsion angles of 218 and 138.[21]


It must be noted that, as far as intramolecular electron-
transfer phenomena are concerned, the main distance to be
considered is the through-bond distance between the two
electron active sites;[20] that is, the sum of bond lengths
corresponding to the conjugated pathway. These distances,
measured from one radical alpha-carbon atom to the other,
are 24.1 and 22.7 � for diradicals 1 and 2, respectively.
However, as will be shown later on by ESR spectroscopy, the
average distance between the two spinsÐthe average inter-
spin separationÐin both diradicals differs from the nominal
separation, either through-space or through-bond between
the two radical alpha-carbon atoms obtained from the AM1
minimized structures, owing to the different extent of the
delocalization in the diradicals.


Electrochemical studies in CH2Cl2, with nBu4NPF6 (0.1m)
as supporting electrolyte (vs SCE) and a Pt wire as a working
electrode, were done at room temperature. In the cyclic
voltammogram (CV) of monoradical 3 only one reduction
process was observed at a potential ofÿ0.32 V (vs. SCE). The
presence of only one reduction process is in accordance with
the presence of a unique, electrochemically active, chlorinated
triphenylmethyl unit. The CV of diradicals 1 and 2 also show
only one reversible reduction process at a constant potential
of approximately ÿ0.23 V (vs SCE), in spite of the presence
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of two electronically active triphenylmethyl units. This result
suggests the presence of very weak or negligible electronic
interactions between the triphenylmethyl units of diradicals 1
and 2, since in the case of a strong or moderate electronic
interaction between the two units, two electrochemical waves
would be anticipated. Only if both units exhibit very weak or
negligible electronic interactions, would the two standard
redox potentials be very close and a single two-electron wave
be observed, with minor differences in shape compared with a
true bielectronic process. The cyclic-voltammetric peak
separations of the reversible reduction waves for diradicals
1 and 2 are 83 and 78 mV, respectively; this is similar to what is
observed for the monoradical 3 (80 mV). Such separation is
one criterion for electrochemical reversibility and the sepa-
ration observed for radicals 1 ± 3 is close to the expected
theoretical value of 59 mV. The slightly higher peak separa-
tion may arise from the high resistance of the solutions used
for the measurements.


The magnetic susceptibility of powder samples of radicals
1 ± 3 was measured over a temperature range of 4 ± 300 K. The
cT versus T plot of radical 3 gives a straight line down to low
temperatures, at which point a small downward deviation is
observed.[22] This deviation can be described by the Curie ±
Weiss law with a q of ÿ0.6 K, which indicates the presence of
weak intermolecular antiferromagnetic interactions. The
effective magnetic moment found at room temperature
(1.69 mB) was in agreement with that expected for a compound
with only one unpaired electron (1.73 mB). Diradicals 1 and 2
also follow the Curie ± Weiss law, down to low temperatures,
with qs of ÿ4 K and ÿ0.4 K, respectively, owing to weak
intra- and/or intermolecular antiferromagnetic interactions.
The effective magnetic moments found at room temperature
were 2.41 and 2.43 mB for diradicals 1 and 2, respectively.
These values are in excellent agreement with the theoretical
effective magnetic moment expected for a noninteracting pair
of doublets (2.45 mB).


UV-visible spectra of diradicals 1 and 2 were recorded and
compared with those obtained for the analogous monoradical
3. Relevant data are shown in Table 1. Visible spectra of
polychlorotriphenylmethyl radicals usually show an intense
absorption band at 386 nm and two weaker bands centered
around 565 ± 605 nm, all of which are assigned to the radical
character of the triphenylmethyl units.[6] In the case of radicals


1 ± 3, owing to the presence of a certain degree of electronic
delocalization, bathochromic shifts with enhanced absorptiv-
ities compared with unsubstituted chlorinated triarylmethyl
radicals would be expected. This behavior is indeed observed
for monoradical 3 and diradical 2, which show similar
absorption positions although with approximately double
absorptivity values for the latter, owing to the presence of two
apparently noninteracting radical centers. By contrast, for
diradical 1, substantially larger bathochromic shifts and
enhanced absorptivities are observed, as expected from the
larger electronic delocalization present in this compound
owing to its para connectivity.


X-band ESR spectra of radicals 1 ± 3 were obtained in
CH2Cl2 over a temperature range of 180 ± 293 K. The isotropic
ESR spectra at 300 K were fairly well simulated by using the
parameters given in Table 1. The experimental and simulated
spectra of radicals 1 and 3 are given in Figure 2 for
comparison purposes. The spectra of radicals 1 ± 3 at room
temperature had lines corresponding to the coupling of the


Figure 2. Simulated and experimental isotropic-solution EPR spectra of
radicals 1 (right) and 3 (left) in CH2Cl2 at 200 K.


unpaired electrons with the different nuclei of nonzero
magnetic moments, that is, with 1H and the naturally abundant
13C nuclei. Computer simulation gave the isotropic g values
(giso) and the isotropic hyperfine-coupling constants (ai). The
giso values obtained were 2.0022, 2.0024, and 2.0028 for
radicals 1, 2, and 3, respectively, and are very close to those


Table 1. Relevant UV/Vis and ESR data.


ESR[a,b] UV/Vis[e]


DH1/2 aH aCa aCarom D/hc E/hc l [nm] (e ´ 10ÿ3)


1 0.95 0.95 (2H) 14.0 5.9, 6.4 3.9 ´ 10ÿ4 [c] 600(3.2), 440(20.7), 386(57.4), 339(33.1)
1 .ÿ 0.85 1.90(1 H) [d] [d] ± ± [f]


12ÿ ± ± ± ± ± ± 606(46.4), 522(49.3), 339(32.3)
2 0.98 0.90(2 H) 13. 9.0 5.5, 6.5 2.3 ´ 10ÿ4 [c] 573(3.1), 415(26.0), 385(33.7)
2 .ÿ 0.58 1.80(2 H) [d] [d] ± ± [f]


0.60 (2H)
22ÿ ± ± ± ± ± ± 570(49.4), 525.4(51.4), 293(39.2)
3 1.00 1.80(1 H) 29.5 10.7, 13.0 ± ± 567(1.5), 430(15.9), 386(28.2), 295(22.4)
3ÿ ± ± ± ± ± 570(22.9), 525(22.6), 301(18.3)


[a] In CH2Cl2 solutions at RT; except for 1 .ÿ and 2 .ÿ which were taken at 200 K. [b] Line widths and hyperfine-coupling constants (in Gauss) are computer-
simulated values, the g values found were similar, 2.0027(3), for all open-shell species. Zero-field splitting parameters (in cmÿ1) observed in frozen solutions
at 120 K. Principal components of g tensors for 1 .ÿ and 2 .ÿ are gx�2.0033, gy�2.0033, gz�2.0010 and gx�2.0029, gy�2.0029, gz�2.0025, respectively. These
values were determined by simulation of frozen ESR spectra. [c] Negligible. [d] Not observed. [e] In CH2Cl2 solution at RT. [f] See text.
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observed for other polychlorotriphenylmethyl radicals.[6]


More interesting is the comparison of the values of the
isotropic hyperfine-coupling constants with those of the
hydrogen nuclei of the vinylene moieties and with those of
some of the carbon nuclei of the triphenylmethyl unit. For
instance, the ESR spectrum of radical 3 at 300 K displays two
main symmetrical lines caused by hyperfine coupling with one
hydrogen atom of the ethylene moiety, whereas, in the case of
diradicals 1 and 2 three lines are observed. Moreover, the
values of the coupling constants for diradicals 1 and 2 are
approximately half that of those found for monoradical 3. It is
then possible to conclude that the two electrons in diradicals 1
and 2 are interacting magnetically, with a magnetic exchange
coupling constant J that fulfills the following condition: J� ai .


The absolute values of zero-field splitting parameters,
jD/hc j and jE/hc j , for diradicals 1 and 2 were obtained from
the simulated spectra of both diradicals in frozen CFCl3 and
are given in Table 1. These parameters arise from the dipolar
magnetic interactions between the two unpaired electrons and
can be used to calculate the average interspin separation in a
given compound. Therefore, from the zero-field splitting
parameter jD/hc j in cmÿ1 and Equation (1),[23] an average
interspin separation of 19 or 22 � was found for diradicals 1
and 2, respectively.


r�
�


3g2b2


2 hc


1


jD=hcj


�1=3


(1)


The average interspin separation found for diradical 1 is
smaller than the nominal separation between the two alpha
carbon atoms (vide supra) where most of the spin density of
polychlorinated triphenylmethyl radicals is localized. This
result is in agreement with the existence of a certain degree of
electronic delocalization owing to the para connectivity of the
divinylphenylene bridge that reduces the effective separation
of the two spins in 1. As expected, the average interspin
separation found for diradical 2 is much closer to the nominal
separation between the two alpha carbon atoms owing to the
lower degree of electronic conjugation in the meta isomer
relative to the isomer with para connectivity. Finally, ESR
measurements of frozen dilute solutions of both diradicals
over a 4 ± 100 K range revealed that a very weak magnetic
interaction exists between the two unpaired electrons, since
the signal intensity for both diradicals follows Curie�s law.
This result, along with the J� ai condition, permits the limits
for the intramolecular exchange coupling constant for dirad-
icals 1 and 2 to be estimated, that is 15 cmÿ1� J/hc�
10ÿ3 cmÿ1.


Intramolecular electron-transfer process : Determination of
the experimental electronic coupling parameter Vab has been
undertaken by spectroelectrochemistry by using a previously
described methodology.[24] This methodology is based on the
reduction of diradicals 1 and 2 and the simultaneous
observation of the corresponding electronic absorption spec-
tra, regularly recorded during the reduction process for
different values of the average number of electrons added
(n) such that 0� n� 2. This situation allows the evolution of
the electrochemical reaction to be controlled simply by
monitoring the evolution of the characteristic radical and


anion bands. The different reduced species that can be derived
from both diradicals are depicted schematically in Scheme 4.
As can be seen here, diradicals 1 and 2, as well as the dianion
12ÿ and 22ÿ, are homovalent species, whereas the radical
anions 1.ÿ and 2 .ÿ should be regarded as a mixed-valence
species. Thus, only the last species may show intervalence
transition bands that usually appear at low energies, that is, in
the near-infrared region.


Scheme 4.


During the reduction of diradical 1, the sharp band at
386 nm, characteristic of the radical chromophore, decreases
until it completely disappears for n� 2, while the band at
339 nm does not change at all. At the same time, two new
broad and intense bands grow at 522 and 606 nm; these
correspond to the continuous formation of the dianion 12ÿ.
Similar behavior was observed for diradical 2. During the
reduction process, the sharp, intense band centered at 385 nm
decreases progressively until it completely disappears for n�
2. Simultaneously, two new broad and intense bands grow at
525 and 570 nm, characteristics of the dianion 22ÿ. The
evolution of the UV-visible spectra during the course of the
reduction of diradical 2 is shown in Figure 3. The observation
of some well-defined isosbestic points during reduction of
diradicals 1 and 2 indicates that no by-products are generated
by decomposition processes during such electrochemical
reductions.


The main difference in the stepwise coulometric titration of
diradicals 1 and 2 is the observation of a new band centered at
1400 nm for the radical anion 1.ÿ , shown in Figure 4. Indeed,
during the reduction process of diradical 1, a weak, broad
band centered at 1400 nm appears and develops until the
complete formation of 1.ÿ . Afterwards, the intensity of this
band decreases until it disappears when the dianion 12ÿ is
completely formed. This is the typical behavior expected for
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Figure 3. Evolution of the UV/Vis spectrum during the course of the
reduction of diradical 2. The number of added electrons is given on each
spectrum.


Figure 4. Corrected electronic spectra for the mixed-valence species 1.ÿ :
(ÐÐ) experimental spectrum; (- - - -) simulated spectrum� sum of the
intervalence transition band (± ±±) and the transition band corresponding
to the radical and/or anion chromophore (´ ´ ´ ´ ). The two bands at 1200 and
1350 nm are artifacts due to solvent absorption.


an intervalence band caused by the presence of an intra-
molecular electron-transfer phenomenon in the mixed-va-
lence species 1.ÿ . On the other hand, no intervalence band at
1400 nm, or even at larger or smaller wavelengths, was
detected for the radical anion 2 .ÿ formed during the reduction
of diradical 2.


Optically activated electron-transfer process in 1.ÿ : The
assignment of the band centered at 1400 nm as an interva-
lence transition was confirmed by theoretical calculations
following the method previously employed by Nelsen et al.[25]


The energy of an intervalence transition (l) comes from two
different contributions, lin and lout , which correspond to the
energy contributions produced by the arrangements of the
internal part of the system (the molecule) and the outer
medium (the solvating medium), respectively, when the
electron is transferred. The inner shell term, or internal
Marcus term, for polychlorinated triphenylmethyl radicals,
lin� 0.214 eV, was obtained by quantum mechanical calcula-
tions at the AM1 level performed on the (C6Cl5)3C


. frag-
ment.[26] The outer shell term was estimated using the Marcus
dielectric continuum model shown in Equation (2).


lout� 14.41 g(r,R)g (2)


Here g is the Marcus solvent parameter, which is 0.380 for
CH2Cl2, g(r,R) is the geometrical parameter of the electron
active center and lout is given in eV. The g(r,R) parameter is
calculated from the effective radius, r, of the localized


chargeÐrepresented as a sphere centered at the carbon
atomÐand R, the distance between the centers of the two
electron active centers by using Equation (3).


g(r,R)� 1


r
ÿ 1


R
(3)


With r� 5.4 �, determined from the X-ray structure of the
(C6Cl5)3C


. radical,[6e] and R� 19 � as the limit distance
between the two electron active sites, vide supra, one obtains
lout� 0.726 eV. Summation of both contributions yields l�
0.939 eV, which is in fairly good agreement with the exper-
imental value of 0.787 eV, vide infra, determined from the
position of the intervalence band. Interestingly, lin provides a
noteworthy contribution to the total energy of the interva-
lence transition l here, whereas in the related case of partly
oxidized tertiary aromatic amines this term was almost
negligible relative to lout .[5d]


In order to determine the effective electronic coupling Vab


(in cmÿ1) between the redox sites of diradical 1 experimen-
tally, we can use Equation (4), developed by Hush.


Vab� [2.05� 102ÿ ���������������������������
emaxnmaxDn1=2


p
]Rÿ1 (4)


Here Vab is given in cmÿ1, R is the effective separation of the
redox sites (in �), emax is the maximum extinction coefficient
(in mÿ1 cmÿ1), nÅmax is the transition energy, and nÄ1/2 is the full-
width at half-height (both in cmÿ1) of the intervalence
absorption band. After correction for the comproportionation
equilibrium between the different redox forms of 1, 1.ÿ , and
12ÿ, and the deconvolution of the experimental spectrum,[27]


the following parameters for the intervalence absorption band
were obtained: nÄmax� 6349 cmÿ1 (i.e. l�Eopt� 0.787 eV),
DnÄ1/2� 2940 cmÿ1, and emax� 677mÿ1 cmÿ1. Application of
these parameters to Equation (4) provides an effective
electronic coupling for 1.ÿ of Vab� 121 cmÿ1 (0.015 eV), when
R� 19 � is used.


Thermally activated electron-transfer processes : The electron
transfer in 1.ÿ was also studied by ESR spectroscopy. For this
purpose, the electrochemical reduction of 1 was performed
until an almost complete reduction to 12ÿ was achieved.
Besides the desired mixed-valence species 1.ÿ , the resulting
solution mainly contained the EPR-silent species 12ÿ and,
therefore, the resolution of the spectra is good. The ESR
spectrum of 1.ÿ at 200 K displays two symmetrical lines
(Figure 5) with an 1H hyperfine-coupling constant very close
to that of the monoradical 3 (Table 1). This result clearly
demonstrates that, at this temperature and on the ESR
timescale, the unpaired electron of radical anion 1.ÿ is
localized on only one-half of the molecule, that is, on one
stilbene-like moiety.


As depicted in Figure 5, when the temperature is increased,
a new central line gradually emerges between the two initial
ones. This evolution is consistent with the increase of the
electron-jump rate on going from 200 K (the slow-exchange
limit) to 300 K (the fast-exchange limit), owing to a thermally
activated electron transfer between the two equivalent sites;
this leads to the coupling of the unpaired electron of 1.ÿ with
two equivalent 1H nuclei. The ESR spectra of 1.ÿ at various
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temperatures were fairly well simulated by using the rates
given in Figure 5 and the Heinzer program.[28] The best fit was
made by varying the rate constant kth for the thermally
activated electron transfer between the two equivalent sites.
The resulting kth values were plotted using a linear Eyring plot
[ln(kth/T) vs. 1/T] from which a value for the energy barrier to
the thermal electron transfer, DH*, of 0.117 eV was obtained.


According to Hush theory, Eopt corresponds to the energy
for the vertical electron transfer between the sites. As shown
in Figure 6, at the limit of a vanishingly small electronic


interaction (i.e., Vab� 0), the
thermal barrier to electron
transfer is predicted to be one
fourth of Eopt , because of the
usual parabolic shape of the
energy wells, according to
Equation (5),


DH*� (Eopt/4)ÿVab (5)


In the present case, this equa-
tion is not fulfilled, because
DH* (0.117 eV) is appreciably
lower than one-fourth of the
optical energy (0.787/4�
0.197 eV). A naïve argument
would be to assign the differ-
ence to the presence of a sig-
nificant electronic coupling.
This would give Vab� 0.080 eV,
a value much higher than the
one found experimentally from
the intensity of the intervalence
transition with Equation (4),
that is, 0.015 eV. Several hy-
potheses can be considered to


explain the difference in Vab


values obtained by both meth-
ods: i) The determination of Vab


by a difference between two
terms of comparable magnitude
from Equation (5), is certainly
highly inaccurate. ii) Some
processes such as nuclear tun-
neling could contribute to low-
ering the effective thermal en-
ergy barrier. iii) The use of
Equation (4) to calculate Vab


may not be correct for organic
compounds in which there is a
certain degree of electronic de-
localization. In fact, the separa-
tion between the redox sites, R,
which is employed in Equa-
tion (4), is not perfectly defined
because, in the ground state, the
wave function of the electron is
not fully localized on the alpha
carbon atom, but has an impor-


tant extension onto the adjacent phenyl rings. This fact has
already been pointed out by Nelsen et al.[29] and by two of the
authors for organic nitrogen compounds.[5d]


The ESR spectrum of 2 .ÿ at 200 K has two symmetrical
lines, each one with a shoulder, caused by the hyperfine
coupling with the hydrogen atoms of the ethylene moiety. The
ESR spectrum at 200 K was fairly well simulated by using the
parameters given in Table 1. The experimental and simulated
ESR spectra are compared in Figure 7. One of the resulting 1H
hyperfine-coupling constants is very close to that observed for


Figure 7. Experimental (top) and simulated (bottom) ESR spectra of the
mixed-valence species 2 .ÿ in a frozen solution of CH2Cl2 at 200 K.


monoradical 3 and the mixed-valence radical anion species
1.ÿ , whereas the second one is considerably smaller. Similar
behavior has been observed in other polychlorinated bis(tri-
phenylmethyl) systems.[30] When the temperature is increased
no evolution is observed, which confirms that, at least within
the temperature range studied, intramolecular electron trans-
fer is not observed because it is slower than the timescale of
the ESR experiment. This result, together with the lack of an
intervalence band transition in the absorption spectra,
suggests that there is a localization effect in the radical-anion
species 2 .ÿ . Previous experimental and theoretical studies
performed on diferrocenylbenzenes showed that such local-
ization occurs when the two electroactive centers are con-


Figure 5. Experimental and simulated ESR spectra of 1.ÿ at different temperatures in CH2Cl2 with 0.1m of
nBu4NPF6. The spectra were recorded at the very end of the reduction process, at which stage the major species
present in the solution is the ESR-silent dianion 12ÿ. Most of the observed ESR signal is due to 1.ÿ since, for
statistical reasons, diradical 1 must have negligible concentration. The simulated spectra were performed with
1H(1 H)� 1.90 G, DH1/2� 0.85 G, and the electron exchange rate constant given on each spectrum.


Figure 6. Potential energy
curves for the mixed-valence
radical anions that can be de-
rived from diradicals 1 and 2 ;
these represent the system at
any geometry along the nuclear
coordinate. The electron is vi-
brationally localized in one of
the redox centers owing to the
presence of an activation en-
ergy barrier (DH), although
such a barrier may be overcome
by an external optical or ther-
mal stimulus to promote an IET
process.
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nected in the meta position, whereas if they are connected in
the para position, intramolecular electron transfer across the
phenylene ring is observed.[31] Similar results have also been
detected in polynorbornyl and divinyl alkane systems. Indeed,
recent studies have shown that Vab values are markedly larger
for polynorbornyl dienes than for the divinyl alkanesÐby as
much as 35 % for the shorter members and 20 % for the larger
members. These surprising results indicate that simple n-alkyl
bridges are more effective mediators of through-bond cou-
pling over long distances than polynorbornyl bridges, even
though the chromophore units in the latter are connected by
two alkyl relays, rather than one. The authors infer from these
results that there is interference between the various coupling
pathways in the polynorbornyl bridge.[32]


Conclusion


Diradicals 1 and 2, which only differ in their topological
connectivity, have been synthesized and characterized. The
AM1-minimized structures allowed us to evaluate the
through-bond and through-space distances between their
electron active sites. However, ESR experiments confirmed
that the average interspin separation found for diradical 1 is
smaller than the nominal separation between the two radical
carbon atoms where most of the unpaired electrons are
located. On the other hand, the average interspin separation
for diradical 2 is very close to the nominal separation between
the two alpha C atoms; this suggests a larger electronic
localization effect. Such averaged interspin distances are
crucial when considering the Vab electronic coupling. Intra-
molecular electron-transfer phenomena in the mixed-valence
radical-anion species 1.ÿ have been observed and studied by a
spectroelectrochemical titration and temperature-variable
ESR experiments. Interestingly, 1.ÿ constitutes one of the
rare examples of a mixed-valence species for which the
determination of both the optical and thermal energies for
electron transfer is possible.[29] In contrast to 1.ÿ , no electron
transfer was observed for 2 .ÿ , a result that can be ascribed to
the localization of frontier orbitals in the latter radical anion
because of the meta connectivity of this non-KekuleÂ molecule.


Experimental Section


All solvents were reagent grade from SDS and were used as received unless
otherwise indicated. All reagents, organic and inorganic, were of high
purity grade and obtained from Merck, Fluka, and Aldrich. Elemental
analyses were obtained in the Servei de Microanalisi del CID (CSIC),
Barcelona.
Direct current (dc) magnetic susceptibility measurements were carried out
on a Quantum Design MPMS SQUID susceptometer with a 55 kG magnet
and an operating range of 4 ± 320 K. All measurements were collected in a
field of 10 kG. Background correction data were collected from magnetic
susceptibility measurements on the holder capsules. Diamagnetic correc-
tions, estimated from the Pascal constant, were applied to all data for
determination of the molar paramagnetic susceptibilities of the com-
pounds. EPR spectra were recorded on a BrukerESP-300E spectrometer
operating in the X-band (9.3 GHz). The signal-to-noise ratio was increased
by accumulation of scans with the F/F lock accessory to guarantee a high-
field reproducibility. Precautions were taken to avoid undesirable spectral-
line broadening, such as that arising from microwave power saturation and


magnetic field over-modulation. To avoid dipolar broadening, the solutions
were carefully degassed three times by using vacuum cycles with pure
argon. The g values were determined against the DPPH (1,1-diphenyl-1-
picrylhydrazyl) standard (g� 2.0035). Electrochemical experiments were
performed with an Electromat 2000 system (ISMP Technologies), by using
a platinum wire as working electrode and a saturated calomel electrode
(SCE) as reference electrode. Anhydrous CH2Cl2 was freshly distilled over
P2O5 under nitrogen. Commercial tetrabutylammonium hexafluorophos-
phate (Fluka, electrochemical grade) was used as the supporting electro-
lyte. UV/Vis and near-IR were recorded with a Shimadzu UV-PC 3101 and
a Beckman Acta MVI spectrophotometers. Reductions were performed by
electrolysis in a two-compartment cell with CH2Cl2 as solvent and 0.1m
tetrabutylammonium tetrafluoroborate as supporting electrolyte. The
progress of the reduction was followed coulometrically. The 1H NMR
spectra were recorded with a BrukerFT80 spectrometer (1H NMR
80 MHz).
The geometries of diradicals 1 and 2 were minimized by using UHF-AM1
semiempirical minimizations.[33] These calculations were performed with
the HyperChem 3 molecular modeling package. The initial input ge-
ometries (excluding the propeller-like arrangement of each triaryl moiety)
were kept planar, that is, the dihedral angles defined by the vinylene
moieties and the phenylene rings were set to 08. Moreover, for each
diradical, two different initial input conformations were used, which
differed by a 1808 rotation around one of the single bonds that connects the
central phenylene unit and one of the vinylene moieties,. It is important to
note that, independently of the input model used, the minimized ge-
ometries converged to similar close-lying minima.


{4-[Bis(2,3,4,5,6-pentachlorophenyl)methyl]-2,3,5,6-tetrachlorobenzyl}(tri-
phenyl)phosphonium bromide (5): Compound 4 (3.00g, 3.66 mmol) and
triphenylphosphine (1.50 g, 5.72 mmol) in dry benzene (200 mL) was
heated under reflux for 20 h. The product precipitated from the reaction
was filtered, washed with benzene, and dried to yield pure compound 5
(3.91 g, 92.1 %). 1H NMR (CDCl3): d� 7.70 (m, 15H), 7.33 (s, 6H), 6.90 (d,
1H), 5.85 (d, 2 H); IR (KBr): nÄ � 1585, 1480, 1435, 1370, 1295, 1110, 995,
840, 810, 755, 685, 495 cmÿ1; UV/Vis (THF): l (e)� 305 (1530), 295 (1406),
275 (7800), 219 (140 000) nm; elemental analysis calcd (%) for
C38H18BrCl14PC6H6: C 45.56, H 2.09, Br 6.89, Cl 42.79; found: C 45.44, H
2.34, Br 6.87, Cl 42.86.


Diethyl 4-[bis(2,3,4,5,6-pentachlorophenyl)methyl]-2,3,5,6-tetrachloro-
benzyl phosphonate (7): A solution of the bromomethyl derivative 4
(3.00g, 3.66 mmol) in an excess of triethylphosphite (3.63 g, 21.84 mmol)
were heated under reflux for 2 h at 155 8C. After this time, distilled water
(25 mL) was added and the resulting mixture heated under reflux for an
additional 30 min. The resulting compound was extracted with chloroform
and evaporated under reduced pressure. The product was then purified by
chromatography (hexanes) to yield pure compound 7 (3.2 g). 1H NMR
(CDCl3): d� 7.01 (1H), 4.04 (q, J� 7.10 Hz, 4H), 3.77 (d, J� 22.54 Hz,
2H), 1.27 (t, J� 7.10 Hz, 6H); IR (KBr): nÄ � 2980, 2930, 1370, 1340, 1295,
1260, 1160, 1130, 1050, 1025, 965, 805 cmÿ1. UV/Vis (THF): l (e)� 302
(1170), 293 (1130), 250 (32 596), 222 (105 730) nm; elemental analysis calcd
(%) for C24H13O3Cl14P: C 32.88, H 1.49, Cl 56.62; found C 33.03, H 1.68,
Cl 56.54.


1-[Bis(2,3,4,5,6-pentachlorophenyl)methyl]-4-[2-(4-bromomethyl)ethenyl]-
2,3,5,6-tetrachlorobenzene (6):


Method A : Potassium tert-butoxide (0.14 g, 1.28 mmol) was added to a
solution of the phosphonate compound 7 (0.48 g, 0.55 mmol) in dry
tetrahydrofuran (10 mL) at room temperature. The resulting yellow-orange
ylide solution was stirred for 15 min. Then, 4-bromobenzaldehyde (0.13 g,
0.72 mmol) was added. The solution, which immediately turned a very
intense purple color, was stirred for 1 h. The final suspension was quenched
with HCl (1n, 8 mL) to give a yellowish-brown suspension that was stirred
an additional hour. The resulting compound was extracted with chloro-
form, washed with water, and dried over sodium sulfate. The organic
solvent was evaporated under reduced pressure. Pure (E)-6 (0.181 g) and
(Z)-6 (0.228 g) were obtained by chromatography (SiO2, chloroform/
hexanes 1:1). (E)-6 : 1H NMR (CDCl3): d� 7.45 (ABq, J� 8.5 Hz, 4H), 7.05
(3H, m); IR (KBr): nÄ � 3015, 2925, 1635, 1590, 1535, 1490, 1405, 1365, 1340,
1295, 1240, 1140, 1075, 1010, 965, 940, 870, 805, 790, 715, 645, 532, 495 cmÿ1;
UV/Vis (CDCl3): l(´)� 302 (24 500), 220 (112 000) nm; elemental analysis
calcd (%) for C27H7BrCl14 : C 35.73, H 0.78; found C 36.40, H 1.08, Br 8.74,
Cl 54.76. (Z)-6 : 1H NMR (CDCl3): d� 7.08 (ABq, J� 8.5 Hz, 4 H), 7.02 (s,
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1H), 6.62 (ABq, J� 12.0 Hz, 2 H); IR (KBr): nÄ � 3015, 2983, 1725, 1585,
1485, 1370, 1335, 1295, 1240, 1130, 1070, 1010, 830, 805, 760, 710, 680, 655,
640, 550, 530, 460, 425 cmÿ1; UV/Vis (CDCl3): l (e)� 284 (13 000), 221
(115 000) nm; elemental analysis calcd (%) for C27H7BrCl14: C 35.73, H
0.78; found C 35.85, H 0.78.


Method B : Potassium tert-butoxide (0.089 g, 0.8 mmol) was added to a
solution of the phosphonium bromide 5 (0.86 g, 0.80 mmol) in dry
tetrahydrofuran (20 mL) at room temperature. The resulting yellow-red
ylide-type solution was stirred for 15 min. Then 4-bromobenzaldehyde
(0.15 g, 0.82 mmol) was added. The solution immediately turned a very
intense red color and stirring was continued for 20 h. The suspension was
quenched with HCl (1n, 4 mL) to give a slightly yellowish solution that was
stirred for an additional hour. Finally, water (20 mL) was added, and the
mixture was extracted with chloroform. The organic layer was washed three
times with water, dried over sodium sulfate, and evaporated under reduced
pressure. The product was purified by chromatography (hexanes) and
characterized as pure (E)-6 (95 %).


Bis(pentachlorophenyl)[4-(4-bromophenyl-b-styryl)-2,3,5,6-tetrachloro-
phenyl]methyl radical (3)


Isomer (E)-3 : An aqueous solution of tetra n-butyl ammonium hydroxide
(0.3 mL, 0.45 mmol) was added to a solution of compound (E)-6 (0.289 g,
0.32 mmol) in dry tetrahydrofuran (5 mL) at room temperature. The
resulting red-purple solution was stirred for 35 min, then p-chloranil
(0.204 g, 0.83 mmol) was added. The resulting intensely brown solution was
stirred for 1 h. After this time, the solution was evaporated to dryness and
the resulting product was purified by chromatography (SiO2, chloroform/
hexanes 1:1) to yield compound (E)-3 (0.270 g). IR (KBr): nÄ � 1630, 1585,
1505, 1485, 1400, 1330, 965, 815, 805, 735, 710 cmÿ1; elemental analysis calcd
(%) for C27H6BrCl14: C 35.77, H 0.67, Br 8.81, Cl 54.75; found C 35.90, H
0.49, Br 8.89, Cl 54.96.


Isomer (Z)-3 : An aqueous solution of tetra n-butyl ammonium hydroxide
(0.15 mL, 0.22 mmol) was added to a solution of compound (Z)-6 (0.125 g,
0.14 mmol) in dry tetrahydrofuran (5 mL) at room temperature. The
resulting red-purple solution was stirred for 35 min, then p-chloranil
(0.118 g, 0.48 mmol) was added. The resulting intensely brown solution was
stirred for 1 h. After this time, the solution was evaporated to dryness, and
the resulting product was purified by chromatography (SiO2, chloroform/
hexanes 1:1) to yield compound (Z)-3 (0.270 g). IR (KBr): nÄ � 1520, 1485,
1400, 1330, 805, 735, 710 cmÿ1; elemental analysis calcd (%) for
C27H6BrCl14: C 35.77, H 0.67, Br 8.81, Cl 54.75; found C 35.90, H 0.38, Br
8.89, Cl 54.96.


1-[Bis(2,3,4,5,6-pentachlorophenyl)methyl]-4-{(E)-2-{4-{(E)-2-{4-[bis-
(2,3,4,5,6-pentachlorophenyl)methyl]-2,3,5,6-tetrachlorophenyl}ethenyl}-
phenyl}ethenyl}-2,3,5,6-tetrachlorobenzene (8): Potassium tert-butoxide
(0.075g, 0.67 mmol) was added to a solution of the phosphonium bromide
5 (0.676 g, 0.58 mmol) in dry tetrahydrofuran (15 mL) at room temper-
ature. The resulting yellow-red ylide solution was stirred for 15 min. Then
1,4-dicarboxaldehydebenzene (0.043 g, 0.32mmol) was added, and the
solution, which turned progressively purple, was stirred overnight. The final
suspension was quenched with HCl (1n ; 50 mL) to give a yellowish
solution, which was stirred for 20 min. The resulting precipitate was
filtered, washed with ethanol, H2O, and chloroform, and was characterized
as compound 8 (yield 65%). 1H NMR (CCl4 D2O): d� 7.25 (s, 4H), 7.00 (m,
6H); IR (KBr): nÄ � 3010, 2920, 1635, 1530, 1510, 1410, 1360, 1335, 1290,
1135, 960, 865, 800, 710, 680, 640, 525, 505 cmÿ1; elemental analysis calcd
(%) for C48H10Cl28 : C 36.50, H 0.63, Cl 62.86; found C 36.56, H 0.64, Cl
62.81.


(E,E)-p-Divinylbenzene-b,b''-ylene-bis(4-tetradecachlorotriphenylmethyl)
diradical (1): An aqueous solution of tetrabutylammonium hydroxide
(0.04 mL, 0.06 mmol) was added in the dark to a suspension of 8 (0.07 g,
0.24 mmol) in dry tetrahydrofuran (15 mL). The resulting purple solution
was stirred for 1.5 h. After this time, an excess of p-chloranil (0.036 g,
0.14 mmol) was added and the stirring continued for a further 30 min.
Elimination of the solvent gave a residue which was passed through silica
gel (CCl4) to give the diradical 1 as a solid, which was stable in contact with
the atmosphere at temperatures up to 150 8C (yield 80 %). IR (KBr): nÄ �
3025, 1624, 1510, 1330, 1255, 960, 810, 800, 800 cmÿ1; elemental analysis
calcd (%) for C48H8Cl28 : C 36.53, H 0.57, Cl 62.83; found C 36.59, H 0.62, Cl
62.86.


1-[Bis(2,3,4,5,6-pentachlorophenyl)methyl]-4-{(E)-2-{3-{(E)-2-{4-[bis-
(2,3,4,5,6-penta-chlorophenyl)methyl]-2,3,5,6-tetrachlorophenyl}ethenyl}-
phenyl}ethenyl}-2,3,5,6-tetrachlorobenzene (9): Potassium tert-butoxide
(0.163 g, 1.4 mmol) was added to a solution of the phosphonium bromide
5 (1.19 g, 1.026 mmol) in dry tetrahydrofuran (30 mL) at room temperature.
The resulting yellow-red ylide solution was stirred for 15 min, then 1,3-
dicarboaldehydebenzene (0.08 g, 0.6 mmol) was added. The solution, which
turned progressively wine-red, was stirred for 16 h. The final suspension
was quenched with HCl (1n, 20 mL) to give a yellowish solution that was
stirred for 20 min. The resulting precipitate was filtered, washed with
ethanol, H2O, and chloroform, and characterized as compound 9 (yield
61%). 1H NMR (CDCl3): d� 7.67 (m, 1 H), 7.53 (m, 3 H), 7.12 (m, 4 H), 7.07
(s, 2 H); IR (KBr): nÄ � 3010, 2920, 1640, 1535, 1520, 1365, 1340, 1295, 1240,
1135, 960, 860, 808, 715, 680, 645, 530, 495 cmÿ1; elemental analysis calcd
(%) for C48H10Cl28 : C 36.50, H 0.63, Cl 62.86; found C 36.63, H 0.47, Cl
62.50.


(E,E)-m-Divinylbenzene-b,b''-ylene-bis(4-tetradecachlorotriphenylmethyl)
diradical (2): An aqueous solution of tetrabutylammonium hydroxide
(0.07 mL, 0.08 mmol) was added in the dark to a suspension of 9 (0.09 g,
0.32 mmol) in dry tetrahydrofuran. The resulting purple solution was
stirred for 1.5 h. After this time, an excess of p-chloranil (0.024 g,
0.09 mmol) was added and the stirring continued for 30 min. Elimination
of the solvent gave a residue which was passed through silica gel (CCl4) to
give the diradical 2, which was obtained as a solid that was stable in contact
with the atmosphere at temperatures up to 150 8C (yield 68%). IR (KBr):
nÄ � 2920, 1510, 1340, 1260, 960, 815, 780, 755 cmÿ1; elemental analysis calcd
(%) for C48H8Cl28: C 36.53, H 0.57, Cl 62.83; found C 37.20, H 0.53, Cl 62.27.
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{DOTA-bis(amide)}lanthanide Complexes: NMR Evidence for Differences in
Water-Molecule Exchange Rates for Coordination Isomers


Shanrong Zhang,[a] Zoltan Kovacs,[a] Shawn Burgess,[a] Silvio Aime,[c]


Enzo Terreno,[c] and A. Dean Sherry*[a, b]


Abstract: Two derivatives of 1,4,7,10-
tetraazacyclododecane with trans-ace-
tate and trans-amide side-chain ligating
groups have been prepared and their
complexes with lanthanide cations ex-
amined by multinuclear NMR spectros-
copy. These lanthanide complexes exist
in aqueous solution as a mixture of
slowly interconverting coordination iso-
mers with 1H chemical shifts similar to
those reported previously for the major
(M) and minor (m) forms of the tetra-
acetate ([Ln(dota)]ÿ) and tetraamide
([Ln(dtma)]3�) complexes. As in the
[Ln(dota)]ÿ and [Ln(dtma)]3� com-
plexes, the m/M ratio proved to be a
sensitive function of lanthanide size and
temperature. An analysis of 1H hyper-
fine shifts in spectra of the Yb3� com-
plexes revealed significant differences


between the axial (D1) and non-axial
(D2) components of the magnetic sus-
ceptibility tensor anisotropy in the m
and M coordination isomers and the
energetics of ring inversion and m,M
isomerization as determined by two-
dimensional exchange spectroscopy
(EXSY). 17O shift data for the Dy3�


complexes showed that both have one
inner-sphere water molecule. A temper-
ature-dependent 17O NMR study of bulk
water linewidths for solutions of the
Gd3� complexes provided direct evi-
dence for differences in water exchange
rates for the two coordination isomers.


The bound-water lifetimes (t298
M � in the


M and m isomers of the Gd3� complexes
ranged from 1.4 ± 2.4 ms and 3 ± 14 ns,
respectively. This indicates that 1) the
inner-sphere water lifetimes for the
complexes with a single positive charge
reported here are considerably shorter
for both coordination isomers than
the corresponding values for the
[Gd(dtma)]3� complex with three pos-
itive charges, and 2) the difference in
water lifetimes for M and m isomers in
these two series is magnified in the
[Gd{dota-bis(amide)}] complexes. This
feature highlights the remarkable role of
both charge and molecular geometry in
determining the exchange rate of the
coordinated water.


Keywords: lanthanides ´ macrocy-
clic ligands ´ NMR spectroscopy ´
water exchange


Introduction


The trivalent lanthanide ions (Ln3�) provide a versatile series
of spectroscopic probes for biological experiments, including
applications as MRI contrast agents,[1, 2] NMR shift re-
agents,[3, 4] in vivo temperature reporters,[5±7] luminescent
probes,[8, 9] and RNA cleavage catalysts.[10] There is consid-
erable interest in using macrocyclic-based ligands (L) in these
applications because of the high thermodynamic stability and
kinetic inertness of the resulting [LnL] complexes. Two


interesting physical features of many lanthanide complexes
([LnL]) derived from 1,4,7,10-tetraazacyclododecane (cyclen)
are the presence of two stereochemical isomers (designated
the major (M) and minor (m) isomers in studies of the
[Ln(dota)]ÿ complexes; DOTA� 1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid) and the differences in water
exchange rates for cyclen derivatives with different coordi-
nating side-arms. [Gd(dota)]ÿ , for example, has a single inner-
sphere-bound water molecule that exchanges relatively rap-
idly with bulk water (t298


M � 244 ns as measured by 17O
NMR).[11] This parameter is considered fundamental in
optimizing the relaxivity of MRI contrast agents because
transfer of proton relaxation between water bound at the
paramagnetic center and bulk water should not be limited by
exchange. Conversely, the water relaxivity of [Gd(dtma)]3� (in
which DTMA is the tetra-substituted N-methyl amide of
DOTA) is limited by slow exchange of a single inner-sphere
water molecule (t298


M � 19 ms).[12] Water exchange in [Gd{dtpa-
bis(methylamide)}] (DTPA�diethylenetriamine-N,N',N'',N'''-
pentaacetic acid) is also much slower[11] than in [Gd(dtpa)]2ÿ,
so this appears to be a general feature of complexes that
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contain amide side-chain ligating groups. Since water ex-
change in these complexes occurs by a dissociative mecha-
nism, the simplest explanation for these differences is that the
water exchange rate decreases with the inverse of the overall
complex charge, with positively charged systems like
[Gd(dtma)]3� displaying much slower water exchange than
negatively charged systems like [Gd(dota)]ÿ . However, more
recently Aime et al.[13] reported that water exchange is about
50 times faster in the twisted, square antiprismatic isomer (m)
than in the isomeric square antiprismatic (M) complex of
identically charged lanthanide tetraamide complexes. This
indicates that factors other than the charge of the complex
play a role in determining the water exchange rate in
lanthanide macrocyclic complexes. Separate 17O resonances
for bound water were also recently observed for [Eu-
(dotam)]3� (DOTAM is the simple tetraamide of dota) and
a reanalysis of water exchange in this system revealed that
molecular exchange (as reported by 17O NMR spectroscopy)
and prototropic exchange (as reported by 1H NMR spectros-
copy) were equivalent for these complexes in acetonitrile.[14]


Again, water exchange was found to be 40-fold faster in the m
isomer compared with the M isomer (t298


M � 3 ms vs 120 ms,
respectively). More recently, Woods, et al.[15] studied a series
of diastereomeric gadolinium complexes of the DOTA-
tetra(carboxyethyl) derivative and found that the R,R,R,R
complex stereoisomer existed predominately as the m isomer,
whereas the R,S,R,S complex was largely the M isomer. Here,
as with [Gd(dota)]ÿ , 17O NMR linewidth data alone could
not distinguish differences in water exchange rates for the
two isomers, but empirical fit of the rates along with an
independent measure of isomer populations led to the
conclusion that the bound-water lifetime for the m isomer
was constant (t298


m � 45 ns) for a series of DOTA-type
complexes.


In an effort to explore how complexes that contain ligands
which differ only in the type of side-chain donor might alter
water exchange and isomer populations, we synthesized two
new cyclen-based macrocyclic derivatives containing two
acetate- (like DOTA) and two amide-ligating (like DOTAM
and DTMA) side chains. The synthetic route to such mixed
side-chain systems has been reported previously.[16] Reported
here are the results of multinuclear (1H, 13C, and 17O) NMR
studies of lanthanide complexes of the two bis-amide deriv-
atives DOTA-2DMA and DOTA-2APA.


Results and Discussion


High-resolution NMR spectra of the [Ln(dota-2dma)]� com-
plexes : The 1H NMR spectrum of [Ce(dota-2dma)]� showed
14 well-resolved resonances (Figure 1), characteristic of a


Figure 1. 1H NMR spectra of [Eu(dota-2dma)]� (25 8C), [Sm(dota-
2dma)]� (ÿ10 8C), [Sm(dota-2dma)]� (25 8C), [Pr(dota-2dma)]� (25 8C),
and [Ce(dota-2dma)]� (25 8C), top to bottom.


single complex with effective C2 symmetry. The 1H resonances
in spectra of the Pr3�, Nd3�, and Sm3� complexes were broad,
while the spectrum of [Eu(dota-2dma)]� showed two sets of
relatively sharp resonances, characteristic of two isomeric
species in slow exchange. This last feature, also characteristic
of the parent tetraacetate (DOTA)[15, 17±22] and tetraamide
(DTMA) lanthanide complexes,[12, 13] was seen for all of the
remaining heavier [Ln(dota-2dma)]� complexes (see for
example the spectrum of [Yb(dota-2dma)]� in Figure 2).
The 1H resonances of [Pr(dota-2dma)]� and [Nd(dota-
2dma)]� narrowed somewhat upon cooling to ÿ10 8C (data
not shown), while 1H spectrum of [Sm(dota-2dma)]� (with 6 ±
7 broad peaks at 25 8C) collapsed into �20 sharper peaks at
ÿ10 8C (Figure 1). This indicates that a mixture of isomers is
indeed present in all [Ln(dota-2dma)]� complexes (as ob-
served directly for the heavier Ln complexes), but that
chemical exchange among them appears to be a sensitive
function of cation size, converging from rapid interconversion
between isomers in [La(dota-2dma)]� to slow exchange in
[Eu(dota-2dma)]� .


The high-frequency regions of the 1H NMR spectra of the
Eu3� and Yb3� complexes of DOTA-2APA, DOTA-2DMA,
and DOTA are compared in Figure 2. The two hyperfine-
shifted resonances shown in the spectra of [Eu(dota)]ÿ and
[Yb(dota)]ÿ have been assigned to ethylene protons posi-
tioned near the fourfold symmetry axis[17] (previously desig-
nated as H4)[18] in two, slowly interconverting, coordination
isomers. The H4 resonances of the major (M) and minor (m)
isomers are labeled in the spectra. Hyperfine-shifted reso-
nances were also observed in this same chemical shift region
in the 1H spectra of [Eu(dota-2apa)]� , [Eu(dota-2dma)]� ,
[Yb(dota-2apa)]� , and [Yb(dota-2dma)]� . The remaining
resonances in these spectra displayed a chemical shift pattern
similar to those in spectra of [Eu(dota)]ÿ and [Yb(dota)]ÿ ,
complicated of course by the twofold symmetry of the bis-
acetate/bis-amide substituents. Interestingly, two H4 resonan-
ces were resolved in the spectrum of the M isomer (as
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Figure 2. High-frequency regions of the 1H NMR spectra of two [Ln(dota-
2dma)]� , [Ln(dota-2apa)]� , and [Ln(dota)]ÿ complexes (top-to-bottom)
recorded at 25 8C. (Eu3�, left; Yb3�, right). The H4 resonances of the M and
m isomers are labeled (M, M'' and m, m'' identify degeneracies lifted by the
twofold axis of symmetry in the bis-amide complexes).


expected for a complex with twofold symmetry), while the
two H4 resonances of the m species are nearly coincident.
This is especially evident in the spectrum of [Yb(dota-2apa)]�


in which the H4 resonance of the m isomer is broader than the
remaining resonances at 25 8C. The H4 resonances of the m
species in all four samples could be resolved into two
resonances upon cooling the samples to near 0 8C. The
differences in magnetic degeneracy of the H4 resonances of
the M and m species could have contributions from two
sources. First, all protons experience smaller hyperfine shifts
in the m isomer, so any magnetic difference between the two
H4 protons is less evident than the H4 protons of the M
isomer. Second, the coordinated acetate and amide oxygens in
the m species are thought to have a smaller twist angle relative
to the four nitrogens and thus the m isomer may more closely
approximate axial symmetry (see hyperfine-shift section
below).


The m/M species ratio in the spectrum of [Eu(dota)]ÿ as
measured by the H4 resonance areas (Figure 2) is 0.36,
somewhat higher than the ratio reported elsewhere.[19±22] This
ratio is known to be sensitive to ionic strength and can differ
slightly from one sample preparation to another. Aime
et al.[13] have recently shown that the m/M ratio increases in
Eu3� complexes of tetraamide derivatives of DOTA in
proportion to the number of alkyl groups on the amide,
increasing to m/M� 2 for the dimethylacetamide derivative.
Their data show that as the steric bulk of the amide
substituents increase, the twisted, square antiprismatic struc-
ture (m) becomes more favored. A similar trend is found here
for the DOTA-bis(amide) systems. As shown in Figure 2 and
reported in Table 1, the m/M ratio increases from 0.36 for
[Eu(dota)]ÿ to �0.78 for the bis-amide complexes, [Eu(dota-
2apa)]� and [Eu(dota-2dma)]� . The observation that the m/M
ratios for the two bis-amide ligand complexes are equal
suggests that the steric demands of the dimethylamide (dma)


and piperazineamide (apa) side chains are similar in these
systems.


The 13C NMR spectra of these complexes (not shown)
provide a second measure of the m/M isomer ratio. As
expected, there are two carboxyl resonances in the spectrum
of [Eu(dota)]ÿ corresponding to the m (d� 211) and M (d�
200) isomers. In this case, the paramagnetic shift of the m
species is larger than that of M species; this is likely due to a
contact contribution at the 13C nuclei that is less prominent at
the 1H nuclei. The 13C spectra of [Eu(dota-2apa)]� and
[Eu(dota-2dma)]� each show four carbonyl resonances in this
region corresponding to the two carboxyl and amide groups in
the major and minor isomers (the spectrum of [Eu(dota-
2apa)]� has an additional carbonyl singlet from the uncoordi-
nated acetyl groups). Again, the paramagnetic shifts (contact
plus hyperfine) measured in the bis-amide complexes are
somewhat smaller that those measured for [Eu(dota)]ÿ , and
the d chemical shift between the carboxyl and amide
resonances in the M isomer is larger than in the m isomer.
Integration of these peaks provided a second measure of m/M
for the Eu3� complexes (Table 1). A comparison of m/M ratios
for each complex shows that the values determined by
1H NMR spectra tend to be somewhat higher than the values
determined by 13C NMR spectra; this probably reflects
nonuniform excitation of the most highly shifted resonances
in the 1H spectra. Nevertheless, it is quite clear from both sets
of data that the M isomer dominates in [Eu(dota)]ÿ , while the
m isomer is favored in both [Eu(dota-2apa)]� and [Eu(dota-
2dma)]� .


The most notable difference between the 1H spectra of the
Yb3� and Eu3� complexes is the m/M isomer ratio (see
Figure 2). For the smaller Yb3� ion, the m isomer is slightly
more populated in [Yb(dota)]ÿ , but the M isomer predom-
inates over the m isomer in both [Yb(dota-2apa)]� and
[Yb(dota-2dma)]� . In the mixed bis-amide systems, the m/M
ratio averages 0.21 (Table 1). It has been suggested that the
resonance corresponding to the m isomer of [Yb(dota)]ÿ may
actually be an eight coordinate species lacking a water
molecule,[22] so it is possible that m species seen here in the
1H spectra of [Yb(dota-2apa)]� and [Yb(dota-2dma)]� may
also differ in structure from the m species detected in 1H
spectra of [Eu(dota-2apa)]� and [Eu(dota-2dma)]� . The exact
details of these structural elements must await crystallo-
graphic analysis of the species in question.


2D-EXSY NMR of [Eu(dota-2dma)]�: 2D-EXSY spectra of
[Eu(dota-2dma)]� proved useful in assigning the 1H resonan-
ces and in measuring activation parameters for the intra-
molecular enantiomerizations. Similar techniques have been
used to measure interchange between m,M isomers in 1H


Table 1. Ratio of minor/major (m/M) isomers for two [Ln{dota-
bis(amide)}]� complexes at 25 8C.


Eu3� Yb3�
1H NMR 13C NMR 1H NMR


DOTA-2DMA 0.77 0.64 0.25
DOTA-2APA 0.78 0.71 0.17
DOTA 0.36 0.30 0.54
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spectra of [Yb(dota)]ÿ .[20, 24] A 2D-EXSY spectrum of [Eu-
(dota-2dma)]� (0.2m) collected at 20 8C and with a mixing
time of 20 ms is shown in Figure 3. The spectrum shows many
off-diagonal peaks, but the easiest to analyze for our purposes


Figure 3. 2D-EXSY spectrum of [Eu(dota-2dma)]� at 500 MHz, 20 8C,
�0.2m, and pH 7.2. tmix� 20 ms, 32� 256 scans, the data matrix was zero-
filled to 1 K� 1 K. The corresponding cross peaks can be found for all
exchange subgroups. For clarity, only {H4M, H4m, H3M and H3m} (solid
line) and {H4M'', H4m'', H3M'' and H3m''} (dotted line) were connected to
guide the eye.


were those due to exchange between H4M,H4m (which
reflects arm rotations of the acetate and amide groups) and
H3M,H4M (which reflects enantiomerization due to ethyl-
ene ring inversions plus arm rotations). Of the less highly
shifted ring proton resonances, the resonance assigned to H3
is well resolved from the others in this region. The cross-peak
volumes of H4M',H4m' and H4M',H3M' are shown as a
function of mixing time (20 8C) in Figure 4. As a first


Figure 4. The curves of the relative intensities of Ic/Id versus the mixing
time at 20 8C for [Eu(dota-2dma)]� , where C4'4' and C4'3' represent for the
cross peaks of H4M',H4m' and H4M',H3M', respectively.


approximation, the cross (Ic) and diagonal (Id) peak intensities
are related to the mixing time (tmix), the relaxation time of
exchanging nucleus (T1), and the exchange rate (kex) by
Equation (1).


Ic


Id


/ �1ÿ exp(ÿ2 kextmix)] exp
�
ÿtmix


T1


�
(1)


The kinetic parameters determined by fitting data such as
those shown in Figure 4 are listed in Table 2. The free energy
of activation for arm rotation and enantiomerization, DG=�
66.0� 2.5 and 64.6� 3.4 kJ molÿ1, respectively, were found to


be nearly equal and similar to those reported previously
for [La(dota)] (60.7� 1.2 kJ molÿ1, enantiomerization),[17]


[Yb(dota)] (65.1� 0.8 kJ molÿ1, enantiomerization and
65.7� 1.3 kJ molÿ1, arm rotation),[24] and [La(dota-dea)]3�


(58.5 kJ molÿ1, enantiomerization; DOTA-DEA is the tetra-
kisdiethylamide of DOTA).[25] Interestingly, the activation
energy for enantiomerization in [Eu(dota-2dma)]� is slightly
lower than that for arm rotation, opposite that found[24] for
[Yb(dota)]ÿ . The enantiomerization and arm rotation rates
for [Eu(dota-2dma)]� were 29 and 17 sÿ1, respectively, at
25 8C.


Analysis of the 1H hyperfine shifts of [Yb(dota-2dma)]�: The
hyperfine 1H NMR shifts observed for Yb3� complexes are
considered to be largely pseudocontact in origin,[26] so
structural information can be derived by fitting the observed
shifts to the dipolar Equation (2),


Di
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�
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�
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�
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�
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�
�cxy


�
sin2qsinf
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�� (2)


in which r, q, and f are the spherical coordinates of the ith
nucleus in the molecular coordinate system with the Yb3� ion
located at the origin, c is the magnetic susceptibility tensor,
and Trc� cxx� cyy� czz . For clarity, the molecular coordinate
system was converted into the principal magnetic axis system
by diagonalizing the c susceptibility matrix into axial (D1�
cxxÿ 1/3Trc) and non-axial (D2� cxxÿ cyy) terms. The dia-
magnetic component of each shift was assumed to be constant
(an average value of 3 ppm was used for all diamagnetic shifts
upon complexation by La3� or Lu3�). Many resonances in the
1H NMR spectrum of [Yb(dota-2dma)]� could be assigned by
direct comparison with those of [Yb(dota)]ÿ or with those of
[Eu(dota-2dma)]� based upon the EXSY spectra discussed
above, while others could not be assigned by simple inspec-
tion. A complete assignment was achieved by using the Shift
Analysis technique described by Forsberg et al.[25] Molecular


Table 2. Kinetic parameters (298 K) for [Eu(dota-2dma)]� derived from 2D-
EXSY NMR spectra.


Process lnA Ea DH= DS= DG=


[kJ molÿ1] [kJ molÿ1] [kJ molÿ1] [J Kÿ1 molÿ1] [kJ molÿ1]


arm rotation 27.2 60.5 58.0 ÿ 26.7 66.0
enantiomerization 34.5 77.1 74.6 33.3 64.7
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mechanics calculations (MM� ) were performed after fixing
the Yb3�ÿOcarboxyl bond lengths to 2.279 � as found exper-
imentally[22] for [Lu(dota)]ÿ and the Yb3�ÿOamide (2.355 �),
the Yb3�ÿN (2.633 �), and Yb3�ÿOwater bond lengths
(2.427 �) to those reported[13] for [Dy(dtma)]3� (a tetraamide
system). All remaining atomic bond lengths and angles in the
molecule were allowed to vary during energy minimization,
essentially following the procedure outlined in Forsberg,
et al.[25] By using this procedure, two minimum energy
structures were found, one corresponding to the square
antiprism (M) structure and another to the twisted square
antiprism (m). The coordinates of all protons in each structure
were then entered into the Shift Analysis program and the
resonance assignments were reshuffled to give the best
agreement between calculated and observed hyperfine
shifts.


We first tested the method by generating proton coordi-
nates for the m and M structures of [Yb(dota)]ÿ . Comparisons
were done by using [Yb(dota)]ÿ hyperfine shifts from the
literature (from 1H spectra recorded at ÿ2 8C)[17] and from
our own data (from 1H spectra recorded at 25 8C). An analysis
of the hyperfine shifts recorded at ÿ2 8C[17] gave D1 values of
4022 and 2585 for the M and m isomers, respectively, and D2


values near zero, as expected for complexes with axial
symmetry. The hyperfine shift analysis performed by Brittain
and Desreux[19] using earlier published crystal coordinates[27]


of [Eu(dota)]ÿ gave agreement factors (R� [S(DcalcdÿDobs)2/
SDobs


2]) of 3.6 % and 11 % for the M and m isomers,
respectively, while our analysis of their data gave much better
agreement factors, R� 0.19 % and 0.58 % for M and m,
respectively. This indicates that the crystal coordinates of
[Eu(dota)]ÿ do not serve as useful reference points for the
structure of [Yb(dota)]ÿ in solution and that the coordinates
generated by MM� minimization better describe the hyper-
fine shifts. A discrepancy between two different published
crystal structures of [Eu(dota)]ÿ has been recently noted.[28]


An assignment of all 1H resonances of [Yb(dota-2dma)]� ,
and a comparison of the measured versus calculated shifts by
using the combined MM� and Shift Analysis method is
presented in Table 3. As found in the [Yb(dota)]ÿ analysis,


there was excellent agreement for both the M and m isomers
of [Yb(dota-2dma)]� (R� 0.48 % and 0.47 %, respectively).
Although the axial D1 term dominates the hyperfine shift for
most protons near the twofold symmetry axis of these
complexes, the non-axial D2 term is quite significant for
others, especially the H5 and H6 protons. Interestingly, the D2


term has opposite signs for the two isomers (D2 is ÿ1213 for
the M isomer and �926 for the m isomer).


Water coordination number of [Dy(dota-2dma)]� and [Dy-
(dota-2apa)]�: It has been shown[29] that the 17O shift of bulk
water in the presence of a Dy3� complex, assuming rapid
exchange, can provide a direct readout of the number of inner-
sphere water molecules (q). Plots of 17O shifts versus complex
concentration were linear over the concentration range 5 ±
50 mm (data not shown), and the slopes of such plots divided
by the contribution of a single water molecule (40 ppmmÿ1)[29]


indicated that q� 1.3� 0.1 for both [Dy(dota-2dma)]� and
[Dy(dota-2apa)]� at 25 8C. Titrations performed at higher
temperatures (50 8C) gave identical values, thus proving that
the value of q determined in this experiment was not limited
by exchange at 25 8C. Furthermore, this result indicates that
the M,m interconversion does not affect the q value
suggesting that both isomers in the Dy3� complexes have a
single inner-sphere water molecule. A q value significantly
greater than 1 was also been reported[29] for [Dy(dota)]ÿ and
attributed to a non-zero dipolar contribution to the measured
17O contact shift.


17O linewidth analysis of [Gd(dota-2dma)]� and [Gd(dota-
2apa)]�: The temperature dependence of the paramagnetic
contribution to the 17O water transverse relaxation rate (R2p)
of [Gd(dota-2dma)]� and [Gd(dota-2apa)]� are reported in
Figure 5 (top). The shape shown by these profiles is very
different from those reported previously[13±15, 30] for related
GdIII chelates, for which smooth curves are more typically
seen. Given that high-resolution 1H NMR spectra of the
[Ln(dota-2dma)]� and [Ln(dota-2apa)]� complexes show that
two isomers coexist in solution in similar amounts, is it easy to
ascribe the shapes of the profiles shown in Figure 5 (top) to
two isomeric species endowed with very different exchange
lifetimes. Further support for this model was gained by
measuring the proton relaxivity (r1) of the two Gd3� com-
plexes as a function of the temperature (Figure 5, bottom).
For both chelates the resulting profiles are far from the
regular pseudoexponential decay expected for systems con-
taining one coordinated water molecule in fast exchange with
the bulk solvent. It is straightforward to suggest that the two
species present in solution are the m and M isomers observed
in the 1H NMR spectra of the corresponding Eu and Yb
analogues. Further support comes from recent observations
made on the NMR spectra of [EuIII(dota-tetrakis(amide)]
derivatives in CD3CN (for which it has been possible to
observe the signals of the coordinated water molecules);[13, 14]


these have shown that the twisted antiprismatic isomer (m)
has a water exchange lifetime significantly shorter than that
seen for the antiprismatic isomer (M).


Before carrying out a detailed analysis of the variable-
temperature 17O R2p data on the basis of contributions from


Table 3. Experimental and predicted 1H chemical shifts for [Yb(dota-
2dma)]�.


M isomer m isomer
LIS[a] (exptl) LIS[a] (calcd) LIS[a] (exptl) LIS[a] (calcd)


H1 ÿ 28.5 ÿ 24.1� 2.6 ÿ 19.0 ÿ 14.3� 1.7
H1' ÿ 73.4 ÿ 64.5� 2.6 ÿ 46.5 ÿ 41.8� 1.6
H2 19.6 20.4� 1.6 12.2 15.3� 1.0
H2' 13.2 7.0� 1.9 0.8 2.3� 1.0
H3 24.7 25.4� 1.6 10.4 11.0� 1.0
H3' 16.6 13.8� 1.6 10.8 13.0� 1.0
H4 125.4 128.5� 2.9 72.4 71.8� 1.6
H4' 120.8 116.6� 2.8 72.4 73.4� 1.6
H5 ÿ 58.8 ÿ 63.7� 2.7 ÿ 52.3 ÿ 55.0� 1.9
H5' ÿ 74.9 ÿ 81.1� 2.4 ÿ 49.0 ÿ 51.5� 1.9
H6 ÿ 40.0 ÿ 39.8� 1.7 ÿ 18.5 ÿ 16.3� 1.0
H6' ÿ 33.3 ÿ 33.5� 1.8 ÿ 34.7 ÿ 31.5� 1.0
D1 3807.1� 65.4 2409.9� 38.6
D2 ÿ 1212.7� 68.5 925.9� 42.5
R 0.0048 0.0047


[a] LIS� lanthanide-induced shift.
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Figure 5. Temperature dependence of the 17O water linewidth (top), R2P,
and the 1H water relaxivity (bottom), r1, of [Gd(dota-2dma)]� and
[Gd(dota-2apa)]� at 2.1 T and 0.47 T, respectively.


the two isomers, it is necessary to include the temperature
dependence of the m/M ratio. The m/M ratio (as measured by
1H NMR) of each EuL complex ranged from �0.83 (5 8C)
to�0.69 (60 8C). By using these data and Equation (3), DHo


was estimated at ÿ2.56 kJ molÿ1.
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2p values (Ro
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2d� were
treated as the sum of two contributions arising from the m and
M isomers at the molar concentration given by Equation (4):
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in which R2Mi
o and Dw2Mi


o (i�M or m) represent the
transverse relaxation rate and the chemical shift difference
(with respect the bulk water) of the metal-bound water
molecule. The first term is dominated by the nucleus-electron
scalar relaxation mechanism that may be evaluated through
Equation (5):
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in which S is the electronic spin quantum number (7/2
for GdIII), A/�h is the Gd-17O scalar coupling constant and tEji


(j� 1,2) are the correlation times for the dynamic processes


that modulate the scalar interaction. The scalar interaction
can be described by the longitudinal and the transverse
electronic relaxation times (T1Ei and T2Ei) modulated by the
exchange lifetime of the metal bound water molecule
[Eq. (6)].


tÿ1
Eji� to


Mi
ÿ1�Tÿ1


jEi (6)


The scalar coupling constant is related to the electron
unpaired spin density at the 17O nucleus and mainly depends
on the distance between the metal ion and the metal bound
17O nucleus. Since this distance does not seem to vary
significantly for polyaminocarboxylate GdIII chelates with a
single inner-sphere water molecule, we used the A/�h value
reported for [Gd(dota)]ÿ (ÿ3.8� 106 rad sÿ1)[31] for both
isomers (m and M).


For GdIII complexes TjEi is basically related to the modu-
lation of the transient zero-field splitting (ZFS) of the
electronic spin states arising from dynamic distortions of the
ligand field caused by the solvent collisions. This can be
described by Bloembergen-Morgan-Rubinstein theory as
given in Equations (7) and (8).
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Here D2
i is related to the square of the mean transient ZFS


energy, tvi is the correlation time for the collision-related
modulation of the ZFS hamiltonian and ws is the electronic
Larmor frequency.


The temperature dependence of Ro
2Mi is, therefore, ex-


pressed by the temperature effect on to
Mi, tvi , and wo


Mi


according to Equations (9) and (10).
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Here the subscripts k refer to the two dynamic processes
(k�M, v), DHki is their activation enthalpy, B is the magnetic
field strength, kB is the Boltzmann constant, ge is the free-
electron LandeÁ factor (2.0023), and mB is the Bohr magneton.


Given the large number of the parameters involved in the
fitting of the 17O R2p data, we found it necessary to fix some of
them. In particular, it was assumed that the two isomers have
the same value of q (� 1), of DHvi (10 kJ molÿ1), and of DHMi


(50 kJ molÿ1). With these constraints, the result of the fitting
procedure is quite satisfactory. As shown in Table 4, the most


Table 4. Relaxometric parameters for M and m isomers for the [Gd{dota-
bis(amide)}]� complexes as determined from 17O NMR line-shape analysis.


Parameter [Gd(dota-2dma)]� [Gd(dota-2apa)]�


M isomer m isomer M isomer m isomer


t298
M [ns] 1350� 70 14.2� 1.0 2350� 120 3.0� 0.5


D2� 1019 [sÿ2] 1.1� 0.5 0.6� 0.1 0.8� 0.2 1.8� 0.7
tv [ps] 9.7� 1.0 2.0� 0.2 5.3� 0.2 3.6� 0.2
T1e at 2.1 T [ns] 26.6 17.5 22.0 7.6
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important result is the large difference (ca. two orders of
magnitude) in the water exchange lifetime for the two
isomers. Furthermore, it is interesting to point out that the
M isomers of both [Gd{dota-bis(amide)}] complexes have
longer T1E values [calculated at 2.1 T through Eq. (8)] than
the corresponding m isomers. It is likely that such an effect
reflects the structural differences of the coordination cage of
the two isomers, yielding a longer T1E for the more compact M
isomer.


This analysis leads to two main conclusions: i) as in the
[Gd{dota-tetrakis(amide)}] systems,[13, 14] it is the m isomer
which shows faster water exchange and ii) the ratio of water
exchange rates for the two isomers in the [Gd{dota-tetra-
kis(amide)}] systems (�40-fold in CD3CN[13, 14]) seems to be
magnified in the [Gd{dota-bis(amide)}] complexes considered
in this work (100- to 780-fold). Once again it is worth noting
that this finding is highly relevant to the design of more
powerful GdIII-based contrast agents for MRI application
whose proton relaxivity can be limited by a relatively long
exchange lifetime of the coordinated water molecule.[31]


Finally, it may be of interest to evaluate the practical
limitations in assessing different exchange lifetimes in the
presence of an isomeric mixture. On the basis of a number of
simulations (not shown), one can easily show that the 17O Ro


2p


measurements are sensitive to the presence of isomers with
different water exchange lifetimes only if the isomeric ratio is
higher than 0.3 (assuming water exchange in the dominant
isomer is 100-fold faster). Conversely, if the m/M ratio �1,
then it is possible to discriminate water exchange lifetimes
only if they differ by at least two orders of magnitude.


Conclusion


The [Ln{dota-bis(amide)}]� complexes, like the [Ln(dota)]ÿ


and [Ln{dota-tetrakis(amide)}]3� complexes, exist in solution
as a mix of two structural coordination isomers, presumably
the same square antiprism (M) and twisted square antiprism
(m) structures as detected in solution and found in the solid
state for [Ln(dota)]ÿ complexes. As with the [Ln(dota)]ÿ and
[Ln{dota-tetrakis(amide)}]3� complexes, the m/M isomer ratio
for these complexes is a sensitive function of Ln3� cation size
(the m isomer is favored with the larger Ln3� cations, while the
M isomer is favored for the smaller cations)[22] and steric bulk
of the ligand side-chains (greater steric bulk favors the m
isomer).[13] Previous 17O NMR temperature-dependent line-
width measurements on Gd3� complexes with tetraacetate
DOTA-like ligands and tetrakisamide DOTAM-like ligands
yielded smooth curves that did not directly reveal differences
in water exchange rates for the m and M isomers. However,
unusually slow water-exchange kinetics in some of the
tetrakisamide complexes has permitted direct detection of
bound water signals and this provided the first direct evidence
for differences in water exchange rates for the two coordina-
tion isomers.[13, 14, 32] Since that remarkable observation, the
temperature-dependent 17O NMR linewidth data has been
reevaluated in the context of two distinctly different exchange
rates for water molecules. That reanalysis has revealed that
the water exchange rates in the m and M species of


[Gd(dotam)]3� differ by �40 to 50-fold. In the mixed bis-
acetate bis-amide complexes reported here, the 17O NMR
linewidth data provided direct evidence for two species in
solution endowed with very different exchange lifetimes. A
combined fitting of the 17O and 1H water linewidths revealed
that the difference in bound water lifetimes in the m (3 ±
14 ns) and M (1.4 ± 2.4 ms) species is greatly magnified in
[Gd(dota-2dma)]� and [Gd(dota-2apa)]� . Interestingly, the
water lifetime of the M species in these complexes is about the
same as that estimated recently for the M species in several
[Gd(dota)]-like complexes.[15] However, the water lifetimes
estimated in that study[15] were based upon the assumption
that the difference in lifetimes for the m and M species is
identical for [Gd(dota)]-like complexes and the more slowly
exchanging [Gd{dota-tetrakis(amide)}]3� systems. If this as-
sumption is correct, then substitution of two amides for two
acetates has little effect on water exchange in the square
antiprism structure (M), but actually increases the water
exchange rate in the twisted square antiprism (m) structure.
This leads to the conclusion that water exchange in these
complexes is influenced less by complex charge (the [Gd-
(dota)]-like complexes are all negatively charged, whereas
[Gd(dota-2dma)]� and [Gd(dota-2apa)]� carry a single pos-
itive charge) and more by coordination geometry. These
observations suggest that it may ultimately prove possible to
fine-tune water exchange in lanthanide complexes from a few
nanoseconds to perhaps as long as milliseconds by designing
ligands with multiple side-chain pendant arms with different
coordination and steric properties.


Experimental Section


NMR measurements and data processing : Variable-temperature, proton-
solvent longitudinal relaxation times were measured at 20 MHz at Torino
on a Spinmaster spectrometer (Stelar, Mede(PV), Italy) by means of the
inversion-recovery technique (16 experiments, four scans). The reproduci-
bility in T1 measurements was within 1%. The temperature was controlled
by a JEOL airflow heater equipped with a copper constantan thermocou-
ple. The actual temperature in the probe head was measured with a
Fluke 52k/j digital thermometer with an uncertainty of 0.5 K. Variable-
temperature 17O NMR measurements were performed on a JEOL EX-90
(2.1 T) spectrometer equipped with a 5 mm probe, by using a D2O external
lock. 1H and 13C NMR spectra were recorded on a Varian INOVA-500
spectrometer, with observing frequencies of 500 and 125.7 MHz, respec-
tively. 1H,1H 2D-EXSY experiments were performed on the same
spectrometer by using methods used previously.[19, 24] The mixing times
(tmix) were varied from 0 to 100 ms by using 32 scans and 256 increments
and the data were zero-filled to 1024� 1024 for spectral processing. tert-
Butyl alcohol (0.5 % v/v) was used as internal reference for 1H and 13C
spectra recorded in D2O. Hyperfine paramagnetic shifts were analyzed
using a program developed by Forsberg et al.[25] referred to in the text as
Shift Analysis. Molecular mechanics minimizations (MMX) were per-
formed by using the MM� force field in HyperChemTM (release 5.01,
Hypercube, Inc).


Complex preparation : Lanthanide complexes of DOTA-2DMA and
DOTA-2APA were prepared by mixing a 1:1 molar ratio of LnCl3 in water
and the ligand in water followed by addition of NaOH to maintain pH
between 7 and 8. The reaction mixtures were stirred at room temperature
for a minimum of 24 hours until free Ln3� ions could no longer be detected
by using xylenol orange as indicator (in 0.2m NaAc/HAc buffer solution at
pH 5.2). The samples were then freeze dried to remove water and the
resulting solid was redissolved in D2O for NMR measurements.
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Synthesis and characterization of ligands.


1-Acetyl-4-bromoacetyl piperazine : 1-Acetylpiperazine (1.0 g, 6.1 mmol)
was dissolved in dichloromethane (100 mL). Diisopropylethylamine (1.1 g,
6.7 mmol, 10 % excess) was added to the solution and the reaction vessel
was cooled to ÿ90 8C. Bromoacetylbromide (1.7 g, 5 % excess) was
dissolved in dichloromethane (10 mL) and added dropwise to the reaction
vessel over 5 min. The reaction was allowed to warm to room temperature
and then extracted with 10% HBr solution (3� 10 mL). The dichloro-
methane phase was dried over sodium sulfate/potassium carbonate and
decolorized with activated carbon. After filtering off the activated carbon,
the solvent was removed under vacuum by rotary evaporation. The residue
was washed with (3� 20 mL) diethyl ether to yield a white powder (1.2 g,
79%). 1H NMR (CDCl3): d� 3.90 (br s, 2 H; methylene protons), 3.65
(br m, 4 H; CH3NCH2CH2N), 3.54 (br m, 4 H; CONCH2CH2N), 2.14 (s, 3H;
methyl protons); 13C NMR(CDCl3): d� 169.18 (NCOCH2Br), 165.50
(NCOCH3), 46.50, 46.23, 45.52, 45.74, 41.89, 41.72, 40.92, 40.70 (ring
carbons), 25.38 (NCOCH2Br), 21.14 (NCOCH3); elemental analysis calcd
(%) for C8H13N2BrO2: C 38.57, H 5.26, N 11.25; found: C 39.62, H 5.39, N
11.25.


4,10-Bis(1-acetyl-4-carbamoylmethylpiperazine)-1,7-bis(tert-butoxycarbo-
nylmethyl)-1,4,7,10-tetraazacyclododecane : Di-tert-butyl 1,4,7,10-tetraaza-
cyclododecane-1,7-diacetate (1.2 g, 3.0 mmol) was dissolved in anhydrous
acetonitrile (20 mL). Potassium carbonate (3 g, 18 mmol, 350 % excess)
was suspended in the reaction solution. 1-Acetyl-4-bromoacetyl piperazine
(1.52 g, 6.1 mmol, 2% excess) in acetonitrile (10 mL) was then added to the
reaction vessel. The reaction was stirred at 40 8C for 24 h and 60 8C for 8 h.
The potassium carbonate was filtered off and the solvent was removed by
rotary evaporation. The residue was dissolved in dichloromethane (25 mL)
and the solution was extracted with water (3� 25 mL). The organic phase
was dried over sodium sulfate for 24 h. The solvent was removed under
vacuum to give 2.0 g of yellow solid. This crude product was loaded onto a
neutral alumina column (200 g) and eluted with 2 % methanol 98%
acetonitrile. The fractions containing the pure product were combined, and
the solvent removed to give colorless solid (1.8 g, 67%). 1H NMR (CDCl3):
d� 3.61 (s, 2 H; NCH2CON), 3.43 (s, 2 H; CH2COOtBu), 3.52 (br, 16H;
CONCH2CH2NCO), 2.82 (br, 16 H; NCH2CH2N), 2.15 (s, 6 H; CH3), 1.46
(s, 18 H; C(CH3)3); 13C NMR(CDCl3): d� 172.50 (NCH2COO-tert-butyl),
171.50, 169.31 (NCOCH3), 52.51, 48.53 (macrocyclic ring carbons) 46.50,
46.23, 45.52, 45.74, 41.89, 41.72, 40.92, 40.70 (piperazine carbons), 25.38
(C(CH3)3), 21.14 (NCOCH3); HRFAB: m/z : 759.4739 [M�Na]�


(deviation�ÿ0.8); elemental analysis calcd (%) for C36H64N8O8 ´ 2HBr:
C 48.11, H 7.40, N 12.47; found C 48.24, H 7.44, N 12.53.


4,10-Bis(1-acetyl-4-carbamoylmethyl-piperazine)-1,4,7,10-tetraazacyclodo-
decane-1,7-diacetic acid (DOTA-2APA): 4,10-Bis(1-acetyl-4-carbamoyl-
methylpiperazine)-1,7-bis(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacy-
clododecane (1.0 g, 1.1 mmol) was placed into a 250 mL round-bottom flask
and dissolved in HCl (6m, 50 mL). This solution is stirred at room
temperature for 0.5 h. The solvent was removed by rotary evaporation at
5 mbar, and the residue was placed under high vacuum to remove the
excess HCl. The residue was partially dissolved in water (0.5 mL) and then
completely dissolved by adding absolute ethanol (4 mL). Diethyl ether
(200 mL) was added dropwise to this stirred solution to precipitate the
product. The product was filtered under a nitrogen atmosphere to yield a
white hygroscopic powder (0.9 g, 94%). 1H NMR (D2O): d� 3.67 (br, 8H;
COCH2NCH2CH2NCH2CON), 3.65 (br, 4H; NCH2COO), 3.63 (br, 4H;
NCH2CON), 3.55 (br, 8 H; COCH2NCH2CH2NCH2CON), 3.49 (br, 2H;
CONCH2CH2NCO), 3.37 (br, 2 H; CONCH2CH2NCO), 3.15 (br, 2H;
CONCH2CH2NCO), 3.07 (br, 2H; CONCH2CH2NCO), 2.15 (s, 3 H;
NCOCH3); 13C NMR (D2O): d� 175.33 (NCH2CON), 173.58
(NCH2COO), 164.57 (br, NCOCH3), 55.88 (br, NCH2CON), 53.84
(NCH2COO), 52.62, 48.65 (br, macrocyclic carbons), 46.21, 46.14, 44.76,
44.50, 42.65, 42.30, 41.88, 41.76 (piperazine carbons), 21.16 (NCOCH3);
HRFAB: m/z : 625.3672 [M�H]� (deviation�ÿ0.2); elemental analysis
calcd (%) for C28H48N8O8 ´ 2HBr ´ 2HCl: C 36.44, H 6.44, N 12.14, (Cl�Br)
25.00; found: C 36.53, H 6.26, N 12.11, (Cl�Br) 25.44.


1,7-Bis(tert-butoxycarbonylmethyl)-4,10-bis(dimethylcarbamoylmethyl)-
1,4,7,10-tetraazacyclododecane : Di-tert-butyl 1,4,7,10-tetraazacyclodode-
cane-1,7-diacetate (1.00 g, 2.5 mmol) was dissolved in anhydrous acetoni-
trile (10 mL) and potassium carbonate (1.5 g) was added. Bromoacetic acid
dimethylamide was dissolved in acetonitrile (5 mL), and the solution was
added to the reaction mixture in small portions. The mixture was stirred at


50 8C for two days. Acetonitrile was removed by rotary evaporation, and
the residue was taken up in dichloromethane (20 mL). Potassium carbo-
nate/potassium bromide was filtered off, and the solvent was removed by
rotary evaporation. The yellow amorphous solid (1.70 g) crystallized upon
treatment with diethyl ether (20 mL). The product was filtered on a
Schlenk filter, washed with diethyl ether (3� 10 mL) and dried in nitrogen
stream to give a white powder (1.56 g, 90.7 %). 1H NMR (CDCl3,
500 MHz): d� 1.47 (s, 18H; tBu), 2.15 (br; NH�), 2.93 (s, 6H; NCH3),
2.99 (s, 6H; NCH3), 2.6 ± 3.6 (br, 16H; NCH2); 13C NMR (CDCl3,
125 MHz): d� 27.78 (CCH3), 35.19 (NCH3), 36.24 (NCH3), 49.10 (br,
NCH2), 52.12 (br, NCH2), 55.29 (NCH2CO), 56.78 (NCH2CO), 81.37
(OCCH3), 169.95 (CO), 171.82 (CO); elemental analysis calcd (%) for
C28H54N6O6 ´ 1.47 HBr: C 48.76, H 8.11, N 12.19; found: C 48.79, H 8.04, N
12.12.


4,10-Bis(dimethylcarbamoylmethyl)-1,4,7,10-tetraazacyclododecane-1,7-
diacetic acid (DOTA-2DMA): 1,7-bis(tert-butoxycarbonylmethyl)-4,10-
bis(dimethylcarbamoylmethyl)-1,4,7,10-tetraazacyclododecane (1.00 g,
1.4 mmol) was dissolved in a small amount of water (2 ± 3 mL) and 20%
hydrochloric acid (10 mL) was added. After the mixture was stirred at
room temperature for 1 h, the water/hydrochloric acid was removed by
rotary evaporation at 5 mbar. The residue was taken up with diethyl ether
(10 mL), filtered on a Schlenk filter, and dried in a stream of nitrogen to
give a white solid (0.98 g, 99%). 1H NMR (D2O, 500 MHz): d� 2.97 (s, 6H;
NCH3), 2.99 (s, 6H; NCH3), 3.11 (non-first-order multiplet, 8 H; NCH2),
3.52 (br s, 8 H; NCH2), 3.58 (br s, 4H; NCH2CO), 4.38 (br s, 4H; NCH2CO);
13C NMR (D2O, 125 MHz): d� 37.06 (NCH3), 37.5 (NCH3), 49.34 (NCH2),
53.44 (NCH2), 54.39 (NCH2CO), 56.88 (NCH2CO), 166.41 (CO), 175.21
(CO); elemental analysis calcd (%) for C20H38N6O6 ´ 1.47 HBr ´ 1.66 HCl ´
2.43 H2O: C 35.21, H 6.80, N 12.32; found: C 35.21, H 6.80, N 12.33.
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Spectroelectrochemical Characterisation of poly[Ni(saltMe)]-Modified
Electrodes**


Miguel Vilas-Boas,[a] Cristina Freire,*[a] Baltazar de Castro,[a] Paul A. Christensen,[b] and
A. Robert Hillman[c]


Abstract: Electrogenerated polymers
based on the nickel(ii) complex 2,3-di-
methyl-N,N'-bis(salicylidene)butane-2,3-
diaminatonickel(ii), poly[Ni(saltMe)],
were characterised by in situ FTIR and
UV/Vis spectroscopy and ex-situ EPR
spectroscopy in order to gain insights
into film structure, electronic states and
charge conduction. The role of the nickel
ions during film oxidation was probed by
using EPR to study naturally abundant
Ni and 61Ni-enriched polymers. The data
from all the spectroscopic techniques
are consistent, and clearly indicate that


polymerisation and redox switching are
associated with oxidative ligand based
processes; coulometry suggests that one
positive charge was delocalised through
each monomer unit. EPR provided
evidence for the non-direct involvement
of the metal in polymer oxidation: the
polymer is best described as a poly-
phenylene-type compound (conducting


polymer), rather than an aggregation of
nickel complexes (redox polymer), and
the main charge carriers are identified as
polarons. An explanation for the high
electrochemical stability and conductiv-
ity of poly[Ni(saltMe)] with respect to
that of poly[Ni(salen)] is proposed,
based on stereochemical repulsion be-
tween monomeric units; this can impose
a less compact supramolecular structure
on polymers with bulkier substituents.Keywords: electroactive polymers ´


electrochemistry ´ EPR spectros-
copy ´ nickel ´ Schiff bases


Introduction


The redox chemistry of [Ni(salen)]-based polymers (salen�
N,N'-bis(salicylidene)ethylenediamine dianion) is a matter of
current interest due to the potential application of these
modified electrodes in heterogenous electrocatalysis. Previ-
ous studies of the oxidative chemistry of poly[Ni(salen)][1±8]


have failed to provide an unambiguous assignment of the
redox surface couple. Recently, we carried out a spectroelec-
trochemical characterisation of poly[Ni(salen)],[9] and have
shown that the polymer, although based on a bona fide co-
ordination compound, behaves rather like a polyphenylene.
No electrochemical activity was detected that was attributable
to the nickel centre, and it was postulated that the role of
these centres was to establish a bridge between the bipheny-
lene moieties, and under the moderate conditions used
(potential range 0.0 ± 1.0 V versus Ag/AgCl 0.1 mol dmÿ3


NaCl), the main charge carriers were proposed to be polar-
ons.[9] The above study has provided important insights into
the nature of the redox surface couple and charge carriers, but
it was limited by the low stability of poly[Ni(salen)] at high
doping levels, due to its irreversible over-oxidation. The
spectroelectrochemical characterisation of nickel-salen based
polymers at potentials higher than 1.0 V versus Ag/AgCl
0.1 mol dmÿ3 NaCl warrants further investigation.


To extend our studies in this field, and in order to
electrosynthesise polymers with good electrochemical per-
formance over a wider potential range, two possible structural
modification strategies could be pursued: introducing sub-
stituents either at 1) the aldehyde moieties or 2) the imine
bridge. We decided to investigate the second option, and to
replace the four hydrogen atoms of the imine bridge of
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[**] [Ni(saltMe)]� 2,3-dimethyl-N,N'-bis(salicylidene)butane-2,3-diami-
natonickel(ii).
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[Ni(salen)] with methyl groups to increase specifically the
imine bridge bulkiness. The complex 2,3-dimethyl-N,N'-bis-
(salicylidene)butane-2,3-diaminatonickel(ii), [Ni(saltMe)] has
been prepared,[10] and its oxidative chemistry in CH3CN
studied.[11] The monomer electropolymerises on Pt electrodes
in CH3CN/0.1 mol dmÿ3 TEAP (TEAP� tetraethylammoni-
um perchlorate) and exhibits, in the potential range 0.0 to
1.3 V, a reversible oxidative electrochemical behaviour with
two redox couples at E1/2(I)� 0.65 V and E1/2(II)� 0.91 V.
When compared with poly[Ni(salen)], this new polymer
exhibits much higher conductivity and greater stability/
durability when exposed to solutions of CH3CN/0.1 mol dmÿ3


TEAP. These properties have allowed a detailed study of the
kinetics of charge propagation and redox dynamics within a
polymer based on a [NiII(salen)]-type complex.[11, 12] The use
of cyclic voltammetry and chronoamperometry[11] led to an
estimate of the product of the diffusion coefficient and
concentration of electroactive species, D1/2C, for the second
electrochemical process. The comparison of these values for
the anodic and cathodic reactions, as well as their dependence
on film thickness, was interpreted as arising from the entry
and exit of ClO4


ÿ and CH3CN between film and solution
during redox switching. The combined in situ electrochemical
quartz crystal microbalance and probe beam deflection
technique (EQCM-PBD) provided a detailed description of


the mobile species involved in the redox switching[12] and
confirmed the uptake of ClO4


ÿ as the major contribution to
charge compensation. Moreover, in the second process,
(E1/2(II)� 0.91 V), significant solvent entry was observed
together with anion insertion. A quantitative evaluation of
the transferred species showed that two molecules of solvent
were involved per anion transferred.


Coulometric studies on poly[Ni(saltMe)][11] have indicated
that, for the wide potential range used, approximately one
positive charge is de-localised per monomer unit. This result
contrasts markedly with that of poly[Ni(salen)], for which the
doping level n' was 0.62 (potential range, 0.0 ± 1.0 V), which
corresponds to two positive charges delocalised over three
monomer units. This result provided the first indication that
the oxidation of poly[Ni(salen)], was a ligand-based process.[9]


For poly[Ni(saltMe)], as its oxidation degree is one, no
unambiguous assignment for the polymer active site could be
made on the basis of the electrochemical and physico-
chemical data alone. Complementary studies on the electronic
structure of the films were clearly required, and a full
spectroscopic characterisation is essential to achieve a clear-
cut distinction between ligand- and metal-based oxidative
behaviour. Additionally, the high electrochemical stability of
poly[Ni(saltMe)] in the potential range 0 ± 1.3 V, allows the
spectroelectrochemical characterisation of the polymer at
high levels of doping (at E> 1.0 V).


In situ ellipsometric studies[13] on the growth and electro-
chemical cycling of poly[Ni(saltMe)] films showed a steady
decrease in the real part of the refractive index (n) at 632.8 nm
during electrochemical oxidation of the as-grown film, in the
region of the first oxidative process. At higher potentials, this
deacrease was observed to level out. In contrast, both the
imaginary part of the refractive index (k) and the thickness of
the film were seen to increase on oxidation. The latter result
finds a counterpart in the strong increase in mass detected by
EQCM,[13] associated with solvent and anion entry into the
film. The variation of n and k can be correlated with the
changes in the near IR region and UV/Vis spectra of the film,
respectively.


Herein we report the complete characterisation of the
redox switching of poly[Ni(saltMe)] over the potential range
0.0 to 1.3 V by in situ FTIR and UV/Vis spectroscopies and ex
situ EPR studies. In order to probe the role of the nickel ions
during film oxidation, we have performed EPR studies using
naturally abundant Ni and 61Ni-enriched polymers.


Results and Discussion


In situ FTIR experiments : Figure 1a shows cyclic voltammo-
grams taken during the growth of a poly[Ni(saltMe)] film on
the reflective Pt electrode employed in the in situ FTIR cell,
and Figure 1b shows a cyclic voltammogram of the as-grown
film in fresh acetonitrile solution in the absence of the
monomer. The charge under the anodic wave in Figure 1b is
about 8.2 mC, compared to about 4.7 mC under the cathodic
sweep, suggesting considerable charge trapping over the
timescale of the cyclic voltammetry experiment.


Abstract in Portuguese: Descreve-se a caracterizaçaÄo espec-
troscoÂpica de um polímero preparado electroquimicamente a
partir do complexo 2,3-dimetil-N,N'-bis(salicilidene)butano-
-2,3-diiminato-níquel(ii), caracterizaçaÄo que utilizou teÂcnicas in
situ (espectroscopia de infravermelho com transformada de
Fourier e de ultravioleta-visível) e ex situ (ressonaÃncia para-
magneÂtica electroÂnica - RPE) para obter informaçaÄo sobre a
estrutura do filme e dos estados electroÂnicos que lhe estaÄo
associados, quer no estado reduzido e oxidado, bem como
sobre o mecanismo de conduçaÄo. Foi tambeÂm estudada a
influeÃncia do catiaÄo níquel(ii) no processo de oxidaçaÄo,
recorrendo a RPE de polímeros preparados com níquel de
abundaÃncia natural e com 61Ni. Os resultados fornecidos pelas
diferentes teÂcnicas espectroscoÂpicas formam um conjunto
coerente e mostram claramente que a electropolimerizaçaÄo e
a oxidaçaÄo do filme envolvem processos electroquímicos
associados ao ligando, muito embora os resultados coulomeÂ-
tricos apontem para a existeÃncia no polímero oxidado de uma
carga positiva deslocalizada por unidade monomeÂrica. A RPE
confirmou o naÄo envolvimento directo do catiaÄo metaÂlico
durante o processo de oxidaçaÄo do filme, pelo que o polímero
tem um comportamento que se assemelha mais ao de um
composto do tipo polifenileno, um polímero condutor em que
os principais transportadores de carga saÄo polaroÄes, do que a
um polímero redox formado por um agregado de complexos
de níquel. Finalmente, eÂ avançada uma explicaçaÄo para a
elevada estabilidade electroquímica de poli[Ni(saltMe)] rela-
tivamente aÁ do polímero homoÂlogo poli[Ni(salen)] e que se
baseia na existeÃncia de maiores repulsoÄes estereoquímicas entre
as unidades monomeÂricas causadas pelos grupos metilo da
ponte de diimina que se traduzem numa estrutura supramo-
lecular menos compacta para poli[Ni(saltMe)].
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Figure 1. Cyclic voltammograms of a 0.64 cm2 Pt disk electrode immersed
in 0.1 mol dmÿ3 TEAP/CH3CN, between 0.0 and 1.3 V at 0.1 Vsÿ1 collected
during: a) the anodic polymerisation of 1 mmol dmÿ3 [Ni(saltMe)]; b) the
cycling of the poly[Ni(saltMe)]-modified electrode. c) the potential
dependence of the cumulative charge passed, obtained: (&) from the cyclic
voltammogram in b), (*) during the FTIR experiment depicted in Figure 4.


Figure 1c shows a plot of the cumulative charge passed
during the cyclic voltammetry experiment shown in Figure 1b,
and for comparison the charge passed during the FTIR
experiment discussed below (see Figure 4a) is also shown.
There is clearly a good agreement between the two sets of
data, with considerable hysteresis in the anodic and cathodic
sweeps of the two experiments, and the FTIR data also
supports the postulate of charge trapping. This latter obser-
vation is interesting given the considerably longer time scale
over which measurements were made in the FTIR experi-
ment, (35 s per spectrum, i. e. per data point), compared to the
cyclic voltammetry, (0.10 V sÿ1 scan rate, 1 s per data point).


Figure 2 shows ªabsoluteº in situ FTIR spectra,[9] that is,
normalised to the bare platinum electrode in the CH3CN/
0.1 mol dmÿ3 TEAP, of i) the monomer, and ii) the polymer at
0.3 V; the absorbance of the monomer spectrum was in-
creased by a factor of 6 for clarity. There are a number of
significant differences between the two spectra in the ranges
1500 ± 1300 cmÿ1 and 1170 ± 1000 cmÿ1. The region between
1300 and 1550 cmÿ1 of the monomer spectrum shows a broad
loss feature, attributable to acetonitrile and to incomplete
nulling of the solvent features. This effectively obscures any of
the monomer (gain) features in this region. However, the
bands at 1606, 1534 and 1328 cmÿ1 may be assigned to the


Figure 2. Absolute in situ FTIR reflectance spectra (8 cmÿ1 resolution, 100
co-added and averaged scans, 40 kHz detector speed) in 0.1 mol dmÿ3


TEAP/CH3CN of: i) 1 mmol dmÿ3 [Ni(saltMe)]; ii) the poly[Ni(saltMe)]
modified electrode depicted in Figure 1 at 0.0 V. See text for details. A�
absorbance.


C�N stretching vibration, and vibrations of the chelate
ring[9, 14] (see below), and clearly occur at the same frequencies
in the spectra of the monomer and polymer. This suggests that
the co-ordination around the nickel centre is the same in the
monomer and polymer. A number of weak gain features can
be discerned superimposed upon the broad acetonitrile loss
feature in Figure 2 (between 1300 ± 1500 cmÿ1). This region
covers the range over which the phenyl ring vibrations would
be expected to absorb. The differences in this region between
the monomer and polymer spectra suggest that polymer-
isation occurs through the phenyl rings, as has been observed
for poly[Ni(salen)].[9] In order to try and identify the sites
where polymerisation occurs in the phenyl ring, we have
synthesised the homologous monomer with chloride substitu-
ents in the 3- and 5-positions of the phenyl ring, 2,3-dimethyl-
N,N'-bis(3,5-dichlorosalicylidene)butane-2,3-diaminatonicke-
l(ii), [Ni(3,5-Cl4-saltMe)], and studied its spectroelectrochem-
ical properties. The cyclic voltammograms obtained under the
same experimental conditions as for [Ni(saltMe)] (Figure 3)


Figure 3. Cyclic voltammograms of a 0.64 cm2 Pt electrode immersed in
1 mmol dmÿ3 [Ni(3,5-ClsaltMe)]/0.1 mol dmÿ3 TEAP/CH3CN, between 0.0
and 1.3 V at 0.1 Vsÿ1.


show repetitive cycles and two reversible oxidation processes
at E1/2(I)� 1.23 V and E1/2(II)� 1.42 V (v� 0.1 Vsÿ1); we
observe no irreversible process corresponding to polymer-
isation. These results indicate that polymerisation does not
occur when positions 3 and 5 are blocked, and this confirms
that polymerisation occurs by coupling the phenyl groups
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through these positions. A more detailed study on the
spectroelectrochemical characterisation of the oxidative
process of this complex will be published elsewhere.[15]


Figures 4 a and b show ªabsoluteº spectra taken during the
oxidation of the polymer in 0.10 V steps from 0.3 ± 1.3 V. They
are very similar to those observed during the oxidation of
poly[Ni(salen)]: i) a broad electronic absorption grows above


Figure 4. Absolute in situ FTIR reflectance spectra (8 cmÿ1 resolution, 100
co-added and averaged scans, 40 kHz detector speed) of the poly[Ni-
(saltMe)]-coated electrode in 0.1 mol dmÿ3 TEAP/CH3CN taken at 0.1 V
intervals from 0.3 to 1.3 V: a) full range spectrum, 1000 ± 6600 cmÿ1 from
0.3 V i) to 1.3 V xi); b) 1000 ± 1700 cmÿ1, from 0.3 V i) to 1.3 V xi). c) Plot of
the potential dependence of: (*) the absorbance of the electronic band IE


at 5600 cmÿ1; (&) the integrated IRAV intensity xI over the spectral range
1000 to 1700 cmÿ1 for both the anodic and cathodic sweeps. A� absorb-
ance.


about 1700 cmÿ1, resulting from the generation of charge
carriers in the polymer on oxidation, and ii) selected IRAV
bands in the fingerprint region, caused by the motion of the
charge carriers,[16±18] which increase in intensity with increas-
ing potential. The growth of a strong optical absorption in the
near-IR region on oxidation of the polymer is entirely in
accord with the concomitant decrease in the real part of the
refractive index (n) mentioned above.[13] The Kramers ± Kro-
nig dispersion relations[19] clearly show that the strong
absorptions at lower energies than the probing wavelength
at which n is measured lead to a decrease in n.


Figure 5a ± c show the absolute spectra obtained for the
poly[Ni(salen)] and poly[Ni(saltMe)] films at a) 0.3 V, b) 1.0 V,
and c) the difference spectra at 1.0 V, that is, the spectra


Figure 5. Absolute in situ FTIR reflectance spectra (8 cmÿ1 resolution, 100
co-added and averaged scans, 40 kHz detector speed) in the region 1000 ±
1700 cmÿ1 of: i) a poly[Ni(saltMe)]-coated electrode in 0.1 mol dmÿ3


TEAP/CH3CN; ii) poly[Ni(salen)]-coated electrode in 0.1 mol dmÿ3


TEAP/CH3CN, taken at: a) 0.3 V, b) 1.0 V, and c) the spectra collected at
1.0 V and normalised to the spectra collected at 0.3 V. A� absorbance.


collected at 1.0 Vand normalised to the relevant spectra taken
at 0.3 V. In agreement with the data on the poly[Ni(salen)]
films, it is clear from Figures 4 a and b, and Figures 5 a ± c that
the oxidation of poly[Ni(saltMe)] includes significant ligand
involvement, with ligand features being enhanced on oxida-
tion right across the fingerprint region (IRAV bands),[16±18]


including the regions where the characteristic phenyl vibra-
tions are expected to absorb. This provides the first indication
that, although the doping level for poly[Ni(saltMe)] is 1,[11] the
polymer behaves as a delocalised system (ligand-based
oxidation process), rather than as a collection of discrete
nickel redox centres.


By using the analysis developed for polymeric heterocycles,
typified by polythiophenes,[18] and already employed in the
analysis of the in situ IR data on poly[Ni(salen)],[9] the
integrated intensities of all the features between 1000 and
1700 cmÿ1 (xI) and the absorbance of the electronic band at
5600 cmÿ1 (IE) were plotted as a function of potential for the
anodic and cathodic stepping experiment (Figure 4c). The two
plots clearly track each other, show considerable hysteresis
and provide evidence for charge trapping. When the film is
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held at 0.3 V for several minutes, the charge measurements
and FTIR data are reproduced (Figures 1 c and 4 c). This
implies that the difference in charge passed/IR intensity
between the anodic and cathodic sweeps in a cyclic voltammo-
gram or FTIR experiment are removed, and hence the process
that gives rise to this difference is reversible with time, as
would be expected for charge trapping. In addition, the
behaviour at potentials> 1.1 V (see Figure 4c) is reproduci-
ble, showing that the decline in the intensities of the IRAVs
and electronic band at 1.3 V was a reversible process, and not
due to an irreversible ªover-oxidationº of the film.[16] The
maxima in the anodic and cathodic sweeps in Figure 4 c occur
at approximately the same potentials as the anodic and
cathodic peaks in the cyclic voltammogram in Figure 1b, and
have roughly the same intensities. These observations suggest
that the amount of species that are produced initially during
the anodic sweep, increase when cathodic charge is being
passed during the cathodic sweep.


Figure 6a and b show the spectra in Figure 4a and b
collected at potentials above 0.8 V (i. e. in the region of the
inflexion on the anodic sweep of the cyclic voltammogram),


Figure 6. The in situ FTIR reflectance spectra in Figure 4 collected at
potentials above 0.8 V normalised to the spectrum taken at 0.8 V: a) 1000 ±
6600 cmÿ1 from 0.9 V (i) to 1.3 V (v); b) 1000 ± 1700 cmÿ1, from 0.9 V (i) to
1.3 V (v). A� absorbance.


but normalised to that taken at 0.8 V. It is clear that the
features seen to increase in intensity as the film is oxidised up
to 1.2 V, assigned to species A, are lost at the higher potentials,
whilst there is a gain of new features near 1122, 1512, 1541,
1574 and 1641 cmÿ1, although these are significantly weaker in
intensity, as may be seen from Figure 6b. These new features,
which we assign to species B, are more clearly seen in the
spectrum collected at 1.3 V normalised to that taken at 1.1 V
(Figure 7a and b). In this spectrum the absorptions of species


Figure 7. The in situ FTIR reflectance spectrum taken at 1.3 V in Figure 4
and normalised to that collected at 1.1 V: a) 1000 ± 6600 cmÿ1 and b) 1000 ±
1700 cmÿ1. c) Plot of the intensity of the 1641 cmÿ1 feature in Figure 4
versus potential for both the anodic and cathodic sweeps. A� absorbance.


A appear as loss features, and the absorptions of the new
species, B, are easily seen as gains. On reversing the direction
of the potential steps, these new features increase in intensity
until 1.1 V, after which they decrease; again, they do not
return to baseline. Figure 7c shows a plot of the intensity of
one of the representative bands of the species B, that at
1641 cmÿ1 as a function of potential for both the anodic and
cathodic stepping experiments.


Analysis of Figure 7a suggests that the loss of A at higher
potentials has an electronic feature associated with it, with a
maximum near 4000 cmÿ1. However, from Figure 7a we can
deduce that the amount of A converted to B is very small. The
electronic band intensity at potentials higher than 0.8 V is
high, and so subtracting the spectrum at 0.8 V from that at
1.3 V means that the actual shape of the electronic loss feature
cannot be judged accurately. That the intensity at 4000 cmÿ1 in
Figure 4a, the frequency of the apparent maximum in Fig-
ure 7a, tracks exactly that of the maximum near 5600 cmÿ1,
suggests that the electronic loss band in the spectrum
collected at 1.3 V in Figure 7a is indeed distorted. The above
discussion suggests a charging mechanism of the form
depicted in Scheme 1, where N is the neutral polymer, A
and B are the charge carrier species defined above, and the
small letters are stoichiometric coefficients.


The behaviour of the band near about 1100 cmÿ1 in
Figure 4b is interesting as it appears to increase in intensity
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cN! dA (0.3 ± 1.2 V)


eA! fB� (d ± e)A (1.2 ± 1.3 V)


gN! hB (0.8 ± 1.3 ± 1.1 V)


fB! jA (1.3 ± 0.8 V)


(h ± f)B! kN (1.1 ± 0.8 V)


(d ± e�j)A! lN (0.8 ± 0.3 V)


(f�h) � (k�l)< c


Scheme 1.


and broaden as the potential is increased; this is due to the
fact that there are actually three features in this region, near
1100 cmÿ1, 1085 cmÿ1 and 1115 cmÿ1. The feature near
1100 cmÿ1 is potential independent, whilst the intensities of
the other two features increase as the film is oxidised. The
behaviour of the 1085 cmÿ1 and 1115 cmÿ1 bands may be more
clearly observed in difference spectra, that is where the
spectra collected during the experiment depicted in Figure 4b
at potentials>0.3 Vare normalised to that taken at 0.3 V, (see
Supporting Information; Figures S1a) and b)). The sharp
upward rise in the spectra between the 1085 cmÿ1 and
1115 cmÿ1 features is due to the underlying, and unmoving,
1100 cmÿ1 band; this effectively renders an accurate frequen-
cy determination of the features either side difficult. In situ
FTIR spectra of poly[Ni(saltMe)] films in acetonitrile using
tetraethylammonium hexafluorophosphate as the supporting
electrolyte show almost identical features to those in Fig-
ure 4b (and S1b in the Supporting Information), except that
the bands near 1100 cmÿ1, 1085 cmÿ1 and 1115 cmÿ1 are
absent. Given that ClO4


ÿ is known to absorb near
1100 cmÿ1, and the feature splits on co-ordination,[20] we
attribute the 1100 cmÿ1 band to ClO4


ÿ in solution in the thin
layer, and the other two features to ClO4


ÿ drawn into the
polymer film on oxidation. Figure 8 shows a plot of the area


Figure 8. Plot of the potential dependence of the integrated IRAV
intensity xI at 1085 cmÿ1 for both the anodic and cathodic sweeps, obtained
from the in situ FTIR reflectance spectra of the poly[Ni(saltMe)]-coated Pt
electrode in 0.1 mol dmÿ3 TEAP/CH3CN normalised to that collected at
0.3 V (Figure S1; see Supporting Information).


under the 1085 cmÿ1 band as a function of potential during the
oxidation and subsequent reduction of the poly[NisaltMe]
film, calculated from the difference spectra (as in Figure S1a
in the Supporting Information). The plot clearly shows the
charge trapping and potential dependent behaviour expected
on the basis of the data discussed above, and in agreement
with the EQCM/PBD paper.[12]


From Figure 5a ± c, it can be seen that the ÿC�N stretch
near 1610 cmÿ1[9, 14] occurs 10 cmÿ1 lower in the poly-
[Ni(saltMe)] spectra than in poly[Ni(salen)], as would be
expected when the R groups of ÿC�NÿCR2ÿ are changed
from H to CH3. In contrast, the two next highest features in
frequency, near 1550 and 1601 cmÿ1, occur at the same values
in both poly[Ni(salen)] and poly[Ni(saltMe)] films. These
bands have been attributed to the inter-ring phenyl CÿC
stretch and to the quinonoid C�C stretch,[21] respectively, and
are not expected to be effected by changing the nature of the
bridge between theÿC�Nÿ groups.


From Figure 4b and S1 b (see Supporting Information), it
can be seen that the bands near 1328 and 1534 cmÿ1 decrease
in intensity on film oxidation: the former is reasonably intense
in the polymer at 0.3 V, whilst the latter, though somewhat
weaker, has almost completely disappeared at 1.1 V (Figure
S1; Supporting Information). Figure 9 shows the reflectance


Figure 9. Comparison of: i) the absolute in situ FTIR reflectance spectrum
of poly[Ni(saltMe)] taken at 0.3 V, and the FTIR transmission spectrum in
KBr pellets of; ii) the monomer, [Ni(saltMe)], and iii) the ligand H2saltMe.
T� transmittance.


spectrum of the polymer at 0.3 V, and the transmittance
spectra of the monomer and free H2saltMe ligand in KBr
pellets. From Figure 9 it can be seen that the bands at 1328 and
1534 cmÿ1 are absent in the free ligand spectrum, suggesting
that they are due to a vibration introduced by the metal ion. A
similar effect was noted in the IR spectra of a complex related
to [Ni(salen)], in which the CH2ÿCH2 bridge was replaced by
a benzene ring:[14] a band near 1345 cmÿ1 in the spectrum of
the complex was absent from the spectrum of the free ligand,
and was attributed to a vibration of the six-membered chelate
ring formed by the metal ion and the co-ordinated ligand
atoms.


The dependence of the intensities of the two loss features
near 1328 and 1534 cmÿ1 on the potential suggests that they
are not due to the same vibration or group (see Figure S2 in
the Supporting Information): the band at 1328 cmÿ1 appears
to follow the behaviour of the IRAVs/electronic band,
whereas that at 1534 cmÿ1 is somewhat bizarre and difficult
to explain.


In our previous work on poly[Ni(salen)],[9] it was found that
there were three carriers formed during the oxidation up to
1.1 V. However, this was not found to be the case with the
poly[Ni(saltMe)] film. All the IRAV bands have shown
essentially the same behaviour as that seen in Figure 4c, with
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the intensity of any feature only decreasing in the cathodic
sweep at potentials< 0.8 V, despite appreciable cathodic
current flowing at potentials< 1.0 V. Moreover, plots of 1/xI


versus 1/xE were linear over the potential range 0.6 ± 1.1 V, and
with zero intercept, (see, for example, Figure S3 in the
Supporting Information which shows the plot for the
1122 cmÿ1 feature). This suggests a single dominant charge
carrier up to 1.1 V, (in agreement with the EPR data, see
below), and that neither carrier ± carrier interaction nor mean
chain length dominates the observed behaviour.[18, 22, 23] The
very small amount of species B, generated at potentials
>0.8 V, is insufficient to influence the 1/xI versus 1/xE plots,
and it is by no means proven that B is a carrier.


In situ UV/Vis spectroscopy: The transmission spectra
acquired during the deposition of a [Ni(saltMe)] film by
cycling the working electrode between 0.0 ± 1.3 V, reveal a
new band at l� 475 nm for potentials higher than 0.9 V in the
positive going scan, corresponding to the beginning of the
oxidation (see Figure S4, Supporting Information). The
intensity of this band increases until it reaches a maximum
at 1.0 V on the negative scan (beginning of the cathodic wave)
and then starts to decrease. At the end of the cycle, there is an
increase in absorbance over the full spectral range due to the
film formation.


After the electrodeposition, the modified electrodes were
transferred to monomer-free CH3CN solutions, cycled from
0.0 ± 1.3 V at 0.01 Vsÿ1, and electronic spectra collected at
0.1 V intervals. Figure 10a shows the spectra of the film in the
neutral state (obtained at 0.0 V) as well as that of the
monomer. Both spectra are qualitatively similar and typical of
NiII compounds in a square-planar geometry. They show a
broad low intensity band at l� 550 nm (assigned to the three
unresolved d-d electronic transitions, dxy {dz2 ; (dyz, dxz), and
dx2ÿy2}),[24] and medium and high intensity bands at l< 450 nm
(due to CT and intraligand transitions) that are shifted to
slightly lower wavelengths in the polymer. The similarity
between the monomer and polymer spectra provides an
indication that the co-ordination sphere of nickel remains
unchanged upon polymerisation.


As the polymer is oxidised, the accumulated spectra show
an isosbestic point at l� 371 nm, and an increase in intensity
in the regions around l� 400, 500 and> 820 nm, and a
decrease in absorbance for the region l� 320 nm (Fig-
ure 10b). By depicting the latter spectra as differential
spectra, referenced to that of the polymer in the neutral
state, Figure 10c, two different behaviours for the electronic
band absorbances can be observed above 0.5 V in the positive
going scan: 1) a decrease of the band at l� 320 nm; 2) and an
increase in absorbance for the bands at l� 404, 440(sh), 527,
and> 820 nm (high-energy edge of a band extending into the
near-IR).


In order to get information on the near-IR region electronic
bands, we have used a spectrometer capable of recording
spectra at higher wavelengths. However, the scanning mode of
this instrument required us to obtain spectra at fixed
potentials, instead of dynamically during potential cycling.
The successive transmission spectra (first of three scans)
referenced to that of the [Ni(saltMe)] solution, acquired


Figure 10. UV/Vis transmission spectra of a poly[Ni(saltMe)]-coated
electrode in 0.1 mol dmÿ3 TEAP/CH3CN; a) comparison between [Ni-
(saltMe)] (i) monomer and (ii) polymer at 0 V referenced to 0.1 mol dmÿ3


TEAP/CH3CN; b) spectra collected from 0 to 1.3 V at 0.1 V intervals and
referenced to 0.1 mol dmÿ3 TEAP/CH3CN; c) differential spectra of b) with
reference to that of the neutral polymer; differential spectra obtained
during potential stepping in 0.1 V intervals from: d) 0.3 to 0.9 V, and e) 1.0
to 1.3 V. A� absorbance.
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during a potential stepping experiment and the respective
differential spectra with reference to that of the neutral
polymer are shown in Figure 10d and e. These spectra are
similar to those obtained by potential cycling, suggesting that
the chromophores are the same and are stable, independent of
the potential control function. By using a wider spectral range
it was possible to see that the high-energy edge present at l>


820 nm in Figure 10b and c, corresponds to an electronic
transition, for which the band maximum is still not defined at
the edge of the spectral range used, lmax> 1400 nm. Due to the
similarity of the spectral range of this instrument to that of the
FTIR spectrometer, it is possible to attribute unequivocally
this electronic band to that observed by FTIR at� 5600 cmÿ1.


Figure 11 a ± e display plots of the band absorbance from
Figure 10d and e as a function of potential. We can distinguish
three different patterns for band absorbance variation:


Figure 11. Plots of the absorbance of electronic bands versus E for lmax: (a)
320, (b) 404, (c) 444, (d) 496 and (e) 1400 nm and plots of the diferential
absorbance of electronic bands versus q for for lmax : (a') 320, (b') 404, (c')
444, (d') 496 and (e') 1400 nm. Symbols: (*) positive scan; (*) negative
scan. A� absorbance.


1) bands at lmax� 404 and l> 1400 nm, start to increase at
0.5 V, reach a maximum around 1.0 V in the forward scan, and
decrease thereafter until the positive potential limit (1.3 V);
2) the band at lmax� 527 nm increases from 0.7 V until 1.3 V


(positive potential limit), but with a continuous shift in lmax


(496 nm at 1.3 V); 3) the band at lmax� 320 nm decreases from
0.5 V and reaches a minimum near 1.3 V. The band at 444 nm
has a behaviour intermediate between the first two types: it
increases from 0.5 V ± 1.3 V, but decreases above 1.3 V. This
suggests that its absorbance (A) versus potential (E) profile
must be similar to that of the band at 404 nm, since its
absorbance for E> 0.9 V is strongly influenced by the high
intensity band at 496 nm.


Spectra obtained after several scans are identical to that of
the first scan, with regard to electronic features and Abs vs E
profiles. The corresponding cyclic voltammograms do not
show any decrease in current intensity and remain reversible
at the end of the potential cycling. This is an indication that
the high electrochemical stability and conductivity observed
for the polymer in CH3CN/0.1 moldmÿ3 TEAP and in the
potential range 0 ± 1.3 V, have parallels in the high stability of
film electronic structure. Moreover, as the first cycle effect
detected in the electrochemical studies[11] and in the combined
EQCM/PBD data[12] has no correspondence in the UV/Vis
spectra, it may be concluded that it must be associated with
structural/morphological polymer rearrangements, and not
changes in the electronic structure of the polymer. Spectra
acquired during potential cycling or stepping, for films of
different thickness, show the same electronic features, the
same A versus E profiles, and the same stability patterns.


Electronic spectra were also acquired during film redox
switching in DMF and (CH3)2SO to study the behaviour in
these strongly co-ordinating solvents. In the first scan the
respective differential spectra show the same electronic bands
and the same A versus E profiles as those observed in CH3CN,
but with a significant decrease in absorbance; the correspond-
ing cyclic voltammograms show one irreversible process at
0.93 V. In subsequent scans a substantial decrease in current
intensity and absorbance is observed; furthermore, when no
electrochemical responses are detected, no electronic bands
are observed during the positive potential half cycle. As the
polymer remains at the electrode surface, these observations
suggest that the polymer became electroinactive and hence,
all the bands observed in the electronic spectra during redox
switching are related to polymer electroactivity. In these
strongly co-ordinating solvents, interactions between the
solvent molecules and the nickel centre may occur, which
induce a significant change in the polymer electronic structure
and breaking of the ligand p-delocalised system. No evidence
for oxidation of the metal centre could be found in the EPR
spectra (see below) for polymers conditioned in these
solvents, confirming the electroinactivity of the resulting
nickel polymer.


Another point is that the electronic band maxima and A
versus E profiles observed in CH3CN exactly match those
observed for poly[Ni(salen)][9] (for the same potential range)
and for other similar nickel polymers with different imine
bridges.[25] The same electronic bands, although with band
maxima shifted to slightly higher energies and similar A versus
E profiles, are also observed for the homologous copper-based
polymers.[26]


By coupling of coulometric data (extracted from the
voltammograms) with the absorbance of the different bands
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for the redox switching in CH3CN (Figure 11a' ± e'), it is
possible to estimate the molar extinction coefficients e (l)/
molÿ1 dm3 cmÿ1 for each electronic band by using Equa-
tion (1), where F is the Faraday constant and q (C cmÿ2) is the


A(l)� e�l�q
nF


(1)


charge density. Estimates of the molar extinction coefficients
for the electronic bands at 320, 404, 444, 496 and 1400 nm
were obtained from the slopes of straight-line regions where
absorbance changes are maximal in Figure 11a' ± e'. Using the
value of n� 1 for the number of electrons transferred per
monomer unit obtained by the coulometric data,[11] the
following values were calculated: e(320 nm)� 7100 molÿ1


dm3 cmÿ1, e(404 nm) �3100 molÿ1 dm3 cmÿ1, e(444 nm)�
2700 molÿ1 dm3 cmÿ1, e(496 nm)� 7100 molÿ1 dm3 cmÿ1 and
e(1400 nm)� 5200 molÿ1 dm3 cmÿ1. These values are similar
to those obtained for poly[Ni(salen)][9] and provide a strong
indication that these electronic bands, which are associated
with charge conduction within the polymer, must correspond
to electronic transitions betweeen states that have large
contributions from ligand-based orbitals. This confirms that
polymer oxidation is a ligand based process.


EPR spectroscopy : Poly[Ni(saltMe)] films exhibit EPR
spectra with only one radical-type isotropic signal at g�
2.007 with a peak-to-peak distance of 0.25 mT (Figure 12a).


Figure 12. Ex situ EPR spectra at 77 K of: a) poly[Ni(saltMe)] in the
oxidized state obtained; b) poly[61Ni(saltMe)] obtained under the same
conditions as a); c) [Ni(saltMe)] oxidized in (CH3)2SO by constant-
potential electrolysis at 1.3 V; d) [61Ni(saltMe)] obtained under the same
conditions as c); e) Simulation of the spectrum d.


The signal intensity depends on the potential (low intensity
for the neutral state and high intensity for oxidised state) and
on the temperature (the spectra are much more intense at
77 K).


The isotropic radical-type EPR spectra can be compared
with those obtained for the oxidised monomeric species in
DMF and (CH3)2SO (Figure 12c), which are typical of metal
centred oxidised species, with large g tensor anisotropy and gav


in the range of 2.167 ± 2.170 [gav� 1/3(gx� gy� gz)],[10] and that
have been attributed to the NiIII six-co-ordinate complexes
[NiIII(saltMe)(DMF)2]� and [NiIII(saltMe)((CH3)2SO)2]� . The
comparison between the spectra obtained for the oxidised
species in the strongly co-ordinating solvents and in CH3CN


indicates that the polymerisation and electroactivity of
poly[Ni(saltMe)] in the latter solvent are ultimately ligand-
centred processes, even for this polymer which has a doping
level of 1.


In order to highlight the role of the nickel centre in the
electronic structure of the polymer, we have electrosynthes-
ised the polymer from 61Ni-enriched monomer and obtained
its EPR spectrum. The EPR spectrum of poly[61Ni(saltMe)]
(Figure 12b) obtained in the same experimental conditions as
those for naturally abundant nickel polymers, does not exhibit
any detectable hyperfine couplings or line broadening due to
coupling of the unpaired electron with the 61Ni (I� 3/2)
centre. For comparison, we have also obtained the EPR
spectra of the 61Ni enriched oxidised monomeric complexes in
(CH3)2SO. The spectrum shows the same g values as those of
the natural abundant complex (gx� 2.263, gy� 2.230 and gz�
2.026), but exhibits well resolved 61Ni hyperfine splittings in
the high field region (one quartet with jAz j 61Ni� 33.24
gauss), and a small broadening of the gx and gy signals, due to
the unresolved hyperfine couplings in this region (jAx j�jAy j
61Ni� 5.00 gauss).


The EPR spectrum for the enriched polymer proves
conclusively that there is no NiIII in the oxidised polymer
(even for the high potential used) and that no direct
detectable interaction between the nickel centre and the
unpaired spin takes place. However, small indirect interac-
tions between the metal and the unpaired spin (by polar-
isation mechanisms) can not be excluded, as the large
bandwidth that characterises the powder solid-state EPR
spectra may be responsible for the non-observance of any
change in the 61Ni-enriched polymer spectra when compared
with those of natural abundance nickel polymer spectra. The
delocalised p-ligand system responsible for the conduction
may probably include the nickel centre, but with the nickel
acting only as an innocent bridging atom between the two
phenyl rings of the monomer. That the conduction path may
be very close to or include the nickel atom is also suggested by
the FTIR, as the intensity of vibrations due to the six-
membered chelate ring is strongly affected during redox
switching.


The EPR signal of polymers in the neutral state (obtained
either by potential cycling ending at 0.0 V, or by electrolysis at
1.3 V followed by equilibration at 0.0 V) is six times less
intense than that of polymers in the oxidised state (at 1.0 or
1.3 V). This is another indication of the occurrence of spin
trapping, observed using FTIR. Moreover, no other EPR
signal was detected in experiments where the polymer was
obtained at 1.3 V and then conditioned for 5 min at three
different potentials (1.0, 1.3 and 1.6 V). These results point to
formation of a single type of ligand-based paramagnetic
species during polymer oxidation, as has been suggested by
FTIR data, and can be compared with the EPR spectra of
poly[Ni(salen)], for which three signals have been detected.[9]


EPR spectra of polymers conditioned in (CH3)2SO at
positive potentials show the same radical-type signal, but
much less intense than that observed in CH3CN. Radical
signal intensity depends on conditioning time, with longer
times implying less intense signals. This suggests that decom-
position of radical paramagnetic species occurs in this solvent.
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After several positive cycles in (CH3)2SO, the polymers have
no electrochemical responses and are EPR silent.


EPR data provide direct evidence that polymerisation of
[Ni(saltMe)] and film oxidation in CH3CN are ligand-based
processes, and that the paramagnetic species produced in the
potential range between 0.5 and 1.3 V are responsible for the
electroactivity and charge conduction in the polymers.


Conclusion


We were able to show by three independent spectroscopic
techniques (in situ FTIR and UV/Vis and ex situ EPR) that
polymerisation of [Ni(saltMe)] and redox switching of poly-
[Ni(saltMe)] involve oxidative ligand based processes. This
latter result is even more remarkable when coulometric
studies have shown that one positive charge was delocalised
through one monomer unity.


This non-direct interference of the metal in the oxidation
process is clearly seen in the EPR data, in which identical
radical-type spectra for 61Ni-enriched and natural abundance
Ni polymers have been observed. Although we were not able
to prove unequivocally that the charge conduction is through
the de-localised p system that contains the metal atom, the
other possibility for charge conduction, through phenyl
moieties in stacked polymers, has been excluded by ellipso-
metric studies.[13] The significant increase in the thickness that
occurs during polymer oxidation (approximately 20 %), due
to the ingress of anions and solvent into the film, will prevent
any electrical conduction during redox switching.


The spectroelectrochemical studies of the homologous
copper-based polymers, to be published elsewhere,[26] have
shown that these polymers also have the same electronic
bands, but slightly shifted to higher energies, and similar A
versus E profiles. The comparison with the nickel-based
polymers also suggests that the metal atom does not directly
interfere in the electroactivity of the polymers, but does have
a contribution to the p-delocalised system responsible for the
charge conduction


Poly[Ni(salen)] and poly[Ni(saltMe)] have the same elec-
tronic bands and A versus E profiles, and furthermore the
same lmax for electronic bands and A versus E profiles are also
observed for polymers based in nickel monomers derived
from salicylaldehyde, but with other imine bridges: 2,2'-
dimethylethylene ± poly[Ni(saldMe)],[25] and cyclohexane ±
poly[Ni(salhd)].[25] These are strong indicators that the ligand
active sites are associated with molecular orbitals that do not
involve atoms of the imine bridge.


The coupling of the data from all the spectroscopic
techniques suggests that the dominant charge carriers in
poly[Ni(saltMe)] are polarons, as observed for poly[Ni-
(salen).[9] In this context, we propose the polaronic model[27]


to interpret the UV/Vis spectroscopic data during the doping
process: the electronic band at 320 nm (3.88 eV) is assigned to
the intervalence band as it decreases upon oxidation. Bands at
404, 444 nm (3.07, 2.79 eV) and at 5600 cmÿ1 (0.69 eV) show
the same A versus E profile, indicative that they are associated
with the same charge carriers, polarons. These three electronic
bands can thus be assigned to transitions within states in the


band gap generated during polymer oxidation: 1) from the
valence band to the bonding polaron level (0.69 eV); 2) from
the valence band to the anti-bonding polaron level (3.07 eV);
3) and from the bonding to the anti-bonding polaron level
(2.79 eV).


A check for this assignment can be provided by noting that:
1) the sum of the lowest energy transitions, 2.79�0.69�
3.48 eV, is close (within 13 %) to that of the high energy band
at 3.07 eV, and 2) the sum of the energy for the electronic
transitions originated on the intervalence band, 3.07�0.69�
3.79 eV is close to the energy of the observed band gap
(3.88 eV).


The behaviour of the band at lmax� 527 nm is unique and
different from the bands assigned to polarons: its lmax shifts
with potential (lmax� 527 nm at 0.7 V to 496 nm at 1.3V) and
the maximum in the A versus E plot is at higher potential
relative to the other bands. These observations suggest that
the electronic states between which we observe the electronic
transitions are formed (and changing) as the polymer is
oxidised, up to a potential of 1.3 V. Coupling these observa-
tions with the fact that, during polymer oxidation, a new
highly delocalised p system is formed through the quinoid
bond between two phenyl rings, we assign this band to a
charge transfer transition between the metal and the new
electronic structure of the ligand in the oxidised state.


One important feature that emerges from the comparison
between poly[Ni(saltMe)] and poly[Ni(salen)] is that the
similarity in their electronic structure in the reduced and
oxidised state has no counterpart in their electrochemical
performances and conductivity. The former polymer exhibits
very high electrochemical stability and conductivity in
CH3CN/0.1 mol dmÿ3 TEAP. Replacing the hydrogen atoms
in the imine bridge with methyl groups increases simulta-
neously the bulkiness and electron-donating properties of the
substituents. However, as the conduction path does not
include the imine bridge, polymer electroactivity is not
strongly dependent on the electronic properties of its
substituents. We can thus consider that the bulkiness of the
methyl substitutents is indirectly responsible for the differ-
ences in electrochemical stability/conductivity between poly-
[Ni(saltMe)] and poly[Ni(salen)]. We propose further that the
steric effect is ultimately responsible for structural differences
between the two films, probably arising from different film
compaction.


EQCM-PBD and ellipsometry data[12, 13] have shown that
poly[Ni(saltMe)] behaves as a homogenous film and that a
significant increase in thickness occurs during the redox
switching as a consequence of anion ingress and solvent
swelling. However, similar information could not be gathered
for poly[Ni(salen)], as its low electrochemical stability has
prevented ellipsometry studies and the characterisation of its
redox dynamics, thereby precluding direct structural compar-
ison between the two polymers.


Some indirect insights into polymer compaction can be
gained by extrapolation of the known crystal packing of their
monomers. Whereas [Ni(salen)] exists as dimers with Ni ´´´ Ni
intermolecular distance less than 3.5 �,[28] in the asymmetric
unit of [Ni(saltMe)] there are three independent molecules
with intermolecular Ni ´´´ Ni distances longer than 5.56 �.[29]
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The differences in crystal packing have been attributed to the
imine bridge methyl groups, which prevent close contact
between monomers and generate an open crystal structure
when compared to that of [Ni(salen)]. These repulsive forces
must also be present in poly[Ni(saltMe)] and would impose an
open and flexible structure, which would be responsible for
the observed facile anion ingress and solvent swelling. The
analogy with monomer structure would predict a more
compact structure for poly[Ni(salen)] which would hinder
the necessary movement of species from solution into the film
associated with polymer charge transfer.


Our results suggest that the supramolecular structure of
these nickel-based polymers may play a key role in the control
of their electrochemical stability by governing the movement
of mobile species between film and solution during redox
switching. We are pursuing the characterisation (by EQCM-
PBD and ellipsometry) of similar nickel polymers, in which
the imine bridges have stereochemical requirements inter-
mediate between those of salen and of saltMe, in an attempt
to correlate electrochemical stability/performance with film
structure.


Experimental Section


Materials : [Ni(saltMe)], 2,3-dimethyl-N,N'-bis(salicylidene)butane-2,3-di-
aminatonickel(ii), was prepared by published procedures,[10] and recrystal-
lised from acetonitrile. The complex [61Ni(saltMe)] was prepared by
addition of ethanolic solution of the ligand to an ethanolic solution of
61NiNO3 obtained from the digestion of metallic 61Ni (Oak Ridge National
Laboratories) with concentrated HNO3 (Merck p. a.).[30] Tetraethylammo-
nium perchlorate (TEAP; Fluka, puriss) was used as received and kept in
an oven at 60 8C. Acetonitrile (Fisions, HPLC grade) was refluxed twice
over CaH2 and distilled under nitrogen before use. DMF and (CH3)2SO
(Merck, pro analysi.) were used as received.


IR spectroscopy: The FTIR spectrometer employed was a BioRad FTS-60.
Spectra were obtained at 8 cmÿ1 resolution, and comprised 100 co-added
and averaged scans at a detector speed of 40 kHz. The FTIR spectrometer
was controlled by an Oxsys Micros Electrochemical Interface, which also
controlled the electrochemistry in the spectroelectrochemical cell. The
spectroelectrochemical cell was of a standard three-electrode, thin-layer
design, which is described in detail elsewhere.[18, 22, 23] The window
employed was a 2.5 cm diameter, 0.3 cm thick CaF2 plate. The counter
electrode was a Pt gauze loop, and the reference electrode was a
commercial (S.H. Scientific) Ag/AgCl electrode, separated from the cell
itself by a salt bridge containing TEAP (0.1 mol dmÿ3)/CH3CN, to minimise
contamination by water. The working electrode was a solid ªtop hatº-
shaped piece of Pt polished on the exposed face, of area 0.64 cm2. In the
difference spectra presented, a reference spectrum Sr was collected at a
reference potential Er . The potential was then stepped down or up in 0.1 V
increments, and spectra Sn taken at each potential En, after the potential
had been held for ten seconds at the specified value. The spectra are
represented as log10(Sn/Sr) ªabsorbanceº versus nÄ (cmÿ1). ªAbsoluteº
spectra, for instance of the polymer, were obtained by collecting a
reference spectrum from the uncoated Pt electrode immersed in CH3CN/
0.1 mol dmÿ3 TEAP. The solution in the cell was then replaced with
electrolyte containing the monomer, the polymer grown, and the growth
solution replaced with CH3CN/0.1 mol dmÿ3 TEAP. The thickness of the
layer was then adjusted and the solvent absorptions monitored by using the
real time display option on the spectrometer; the spectrum of the polymer
was collected once the solvent absorptions had been as close as possible
annulled.


UV/Vis transmission spectroscopy : We used either a Hewlett Packard
HP8451 or a Perkin Elmer Lambda 19 UV/VIS/NIR spectrometer.
Spectroscopic measurements were made in situ in transmission mode, with


the electrode under potential control, using an Autolab PGSTAT20
potentiostat/galvanostat. The working electrode was an indium tin oxide
(ITO)-coated conducting glass (Balzers) and its area (typically 2.0 cm2) was
defined by a silicone sealant (Dow Corning 3145 RTV). All potentials were
measured and quoted with respect to a Hg/HgCl2 (NaCl 0.1 mol dmÿ3)
reference electrode; the counter electrode was Pt gauze. The Hewlett
Packard HP8451A spectrophotometer was programmed to acquire spectra
at 10 s intervals in the range 300 ± 820 nm during potential sweeping, while
the Perkin Elmer spectrometer was programmed to acquire spectra in the
range 300 ± 1600 nm at fixed potentials, incremently stepped in 0.1 V
intervals from 0 to 1.3 V and back to 0 V. A background spectrum
(0.1 mol dmÿ3 TEAP/Solv, Solv�CH3CN, DMF and (CH3)2SO) and a
reference spectrum (1 mmol dmÿ3 [Ni(saltMe)] in 0.1 mol dmÿ3 TEAP/
Solv) were collected before electrode modification.


Electron paramagnetic resonance : EPR spectra were obtained with an
X-band Bruker ESP 300E spectrometer at room temperature and 77 K.
Spectra were calibrated with diphenylpicrylhydrazyl (dpph; g� 2.0037) and
the magnetic field was calibrated by use of MnII in MgO. The samples were
prepared as poly[Ni(saltMe)] and poly[61Ni(saltMe)]-modified Pt wires,
(f� 0.025 cm) that were inserted into quartz EPR tubes (f� 0.4 cm). The
EPR parameters were obtained by simulation using the programme Win
EPR Simfonia (Bruker).


Methods : Poly[Ni(saltMe)] films for UV/Vis and for FTIR measurements
were deposited by cycling the potential of the working electrode between
0.0 and 1.3 V of a CH3CN solution 1 mmol dmÿ3 in [Ni(saltMe)] monomer
and 0.1 mol dmÿ3 TEAP; scan rates were 0.01 or 0.1 V sÿ1 for UV/Vis and
0.1 Vsÿ1 for FTIR studies. After electropolymerisation, the modified
electrode was rinsed thoroughly with dry CH3CN and the experiments were
carried out on films immersed in solutions 0.1 mol dmÿ3 TEAP; the solvents
were CH3CN, DMF, and (CH3)2SO for UV/Vis and CH3CN for FTIR. Films
with different thickness were prepared by changing the number of potential
cycles used. The electroactive polymer surface coverage for each film, G


(mol cmÿ2), was obtained by coulometric assay in monomer-free solution
under the assumption that one positive charge is delocalised per one
monomer unit.[11] The voltammograms used in the calculation of the
electroactive surface coverage were performed at 0.01 V sÿ1.
Poly[Ni(saltMe)] and poly[61Ni(saltMe)] films for EPR studies were
produced by different methodologies depending on the desired redox
state: 1) films were obtained by cycling the potential between 0.0 and 1.3 V
and ending at 0.0 V (neutral state); 2) films were produced by holding the
potential of the working electrode at 1.0 V or 1.3 V for 15 or 10 min,
respectively (oxidised states); 3) films were obtained by holding the
potential at 1.3 V for 10 min in a solution containing the monomer, and
then transferred to a monomer-free CH3CN solution and the potential was
held for 5 min at 0 V (neutral state), 1.0 V, 1.3 V, and 1.6 V (oxidised states),
and 4) films were obtained at 1.3 V and then transferred to a (CH3)2SO
monomer free solution and the potential held at 1.3 V for 5 min. After
preparation the films were immediately inserted in EPR tubes.
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